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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk
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t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
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t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).

 

−135 −90 −45 45 90 135
−45

0

45

Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX
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✓iMi j +
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t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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actual data, by fitting a time-dependent scaling parameter, ✓i,t in
Eq. (1), per background component in addition to the proposed
sky model scaling parameters.

In general, the detection of di↵use emission with a coded-
mask telescope like SPI, i.e. emission on angular scales compa-
rable to the FoV, relies on the correct comparison of flux in one
pointing with that in another. Such emission will add only small
variations from its pattern of relative detector ratios to the to-
tal signal. Furthermore, the average contribution from extended
large-scale emission during the observations around a particular
target on the sky will not vary much as the 5⇥ 5 dithering is per-
formed. It will however likely change when the target direction
of pointings is redirected by a significant fraction of the tele-
scope FoV or more. The fixed relative detector patterns, derived
for instrumental background lines and instrumental background
continuum, are our key tools allowing the shadowgrams from
the mask to be distinguished, as they change between pointings.
Systematic mismatches of the celestial and background detec-
tor patterns may make it more di�cult to find mask-encoded
sky signals, and can thus reduce the sensitivity. We perform a
re-normalisation of background detector patterns whenever the
telescope is re-oriented to target a location in the sky that is more
distant from the current than ⇠ one FoV; re-scaling by fitting at
three-day intervals for each of the two background components
is adequate to recover proper normalisation.

The adequacy of our background model has been assessed in
Fig. 5, showing �2�d.o.f. for each energy bin. For the entire SPI-
camera (black), the values scatter around a value of 1713 (cor-
responding to a reduced �2 of 1.0014 with 1 211 021 degrees of
freedom (d.o.f.)) and fall well into a 3� goodness-of-fit interval
(orange area). No particular energy region is overemphasised in
the maximum likelihood fits, nor are single detectors deviant. In
total, our background model fitting determines 3772 parameters
per energy bin.

3. Results and Interpretation

We determine spectra of sky emission from fits of intensity co-
e�cients for each energy bin in a 40 keV wide range around
the 511 keV line. Figure 3 shows for each energy bin the de-
tection significance of the celestial signal, based on our as-
sumed description of the sky in terms of the six components
in Table 2 (see Sect. 2.3). The significance is calculated using
the likelihood-ratio between a background-only fit to the data
and a fit including the background plus six celestial sources. The
di↵erence of d.o.f. in each energy bin is consequently 6. The
dominant annihilation line at 511 keV is very clear with a total
significance of 58�, but characteristic ortho-positronium con-
tinuum on the low-energy side of the line is also detected with
high significance, as is the underlying di↵use Galactic contin-
uum emission (Bouchet et al. 2011). The continuum emission is
predominantly from the disk and from the Crab and Cyg X-1.

3.1. Different emission components

The inner Galaxy is found to be the brightest region of the anni-
hilation gamma-ray sky, confirming previous findings. It is de-
tected with a significance of more than 56� (e.g. Jean et al. 2006;
Churazov et al. 2011). We also detect a signal away from the
inner Galaxy. Our disk-like emission component has a signifi-
cance of 12�. The surface brightness of annihilation radiation
for this disk component is rather low. The di↵use gamma-ray
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Fig. 3. Detection of gamma-rays from the Galaxy in the spectral range
of positron annihilation signatures. The significance of detecting a sig-
nal from the sky, summed over all spatial components as described in
the text, is given for each 0.5 keV wide bin in units of�. We can identify
the intense line at 511 keV, together with an ortho-positronium contin-
uum from positron annihilation, and an underlying gamma-ray contin-
uum emission component.

Table 3. Correlation coe�cients for the six simultaneously fitted sky
components.

NB BB Disk GCS Crab CX-1
NB 1.000
BB �.836 1.000

Disk .118 �.365 1.000
GCS �.535 .224 �.028 1.000
Crab �.018 .050 �.102 .004 1.000
CX-1 �.005 .003 .051 .001 �.004 1.000

Notes. Mean coe�cients are given across all energy bins.

continuum emission from the Galaxy (Bouchet et al. 2011) is
the strongest signal in the disk, clearly detected even in this
40 keV band. The two strongest continuum sources in this en-
ergy band, the Crab and Cyg X-1 (point sources), are also de-
tected, at 31� and 11�, respectively; their spectral parameters
are consistent with literature values (see Sect.3.1.4). In the cen-
tre of the Galaxy, an additional point-like source (or cusp, i.e.
a point-like source that was recognised above the di↵use bulge
emission to improve the overall fit to INTEGRAL observations
in the 511 keV annihilation line) is needed to improve the fit.
Fixing the positions and extents of the other components, we
find a significance of 5� for this component.

The signals from the di↵erent sky components cannot be de-
termined independently, and we have calculated correlation co-
e�cients for the values found for their intensities from the co-
variance matrix in the maximum likelihood fits. These are given
in Table 3. Average values are given since the energy dependence
is negligible, being less than 0.01%.

We now discuss the results for each of the sky components.
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,

A84, page 3 of 16

Sky maps: 
• Best fit models to emission based on 

specific sky backgrounds
• Multiple Gaussians - disk, broad and 

narrow bulge
• Apparent detection of “Galactic 

Center Source” - point source or 
distributed? 

Spatial resolution of 
INTEGRAL/SPI: ~2 deg

Siegert+2016
F H Panther | Australian National University



T. Siegert et al.: Gamma-ray spectroscopy of positron annihilation in the Milky Way

Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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FIG. 6 Spectrum of the inner Galaxy as measured by various
instruments, compared to various theoretical estimates made
under the assumption that positrons are injected at high en-
ergy: the four pairs of curves result from positrons injected at
100, 30, 10 and 3 MeV (from top to bottom) and correspond
to positrons propagating in neutral (solid) or 50% ionized
(dotted) media (from Sizun et al., 2006). This constrains the
injected positron energy (or, equivalently, the mass of decay-
ing/annihilating dark matter particles) to a few MeV.

2008) and is mostly due to emission from cosmic-ray elec-
trons and positrons (Sec. IV.B.2). The corresponding
emission processes are modelled in detail in e.g. the
GALPROP code (Strong et al., 2007), which includes 3D
distributions of interstellar gas and photon fields, as well
as all relevant interaction cross sections and constraints
from near-Earth observations of cosmic-ray fluxes and
spectra. This model reproduces well the entire range of
γ-ray observations, from keV to GeV energies; however,
there exist tantalizing hints of residual emission in the
MeV region, when comparison is made to COMPTEL
measurements 5: the data points appear to lie on the
high side of model predictions. In view of the possible
systematic uncertainties of such measurements, but also
of the parameters of GALPROP code and the possible
contributions of unresolved X-ray binaries, some (though
little) room is still left for a contribution of in-flight e+

annihilation to the MeV continuum.

The physics of the in-flight annihilation of positrons
will be analyzed in Sec. V. Here we simply note
that the corresponding constraints on the injection en-

5 The CGRO/COMPTEL data points have an uncertainty of up
to a factor 2 due to the difficulty of producing skymaps with
a Compton telescope with high background. The most reliable
COMPTEL values come from a maximum-entropy imaging anal-
ysis and are model-independent, but the zero level is uncertain
and contributes to the systematic error. The enormous gap in
sensitivity between the current Fermi mission (>30 MeV) and
the 1-30 MeV range (sensitivity factor ∼100 !) highlights the
urgent need for new experiments in the MeV range.

ergy of positrons wee pointed out many years ago by
Agaronyan and Atoyan (1981). They showed that the
positrons which are responsible for the Galactic 511 keV
line cannot be produced in a steady state by the decay of
the π+ created in proton-proton collisions or else the in-
flight annihilation emission should have been detected. A
similar argument was used by Beacom and Yüksel (2006)
and Sizun et al. (2006) to constrain the mass of the dark
matter particle which could be the source of positrons in
the Galactic spheroid (see section IV.C). If such parti-
cles produce positrons (in their decay or annihilation) at
a rate which corresponds to the observed 511 keV emis-
sion, then their mass should be less than a few MeV, oth-
erwise the kinetic energy of the created positrons would
have been sufficiently high to produce a measurable γ-
ray continuum emission in the 1-30 MeV range (Fig. 6).
The same argument allows one to constrain the initial
kinetic energy of positrons and thus to eliminate several
classes of candidate sources, like e.g. pulsars, millisecond
pulsars, magnetars, cosmic rays etc., as major positron
producers (Sec. IV. D).

2. Gamma-rays and positrons from radioactive 26Al

26Al is a long-lived (half-life τ1/2=7.4 105 yr) radioac-
tive isotope. It decays by emitting a positron, while the
de-excitation of daughter nucleus 26Mg emits a charac-
teristic γ-ray line at 1808.63 keV. Based on predictions of
nucleosynthesis calculations in the 1970’s, Arnett (1977)
and Ramaty and Lingenfelter (1977) suggested that its
γ-ray emission should be detectable by forthcoming space
instruments. The detection of the 1809 keV line from the
inner Galaxy with the HEAO-C germanium spectrometer
(Mahoney et al., 1982) came as a small surprise (Clayton,
1984) because of its unexpectedly high flux (∼4 10−4

cm−2 s−1). Being the first radioactivity ever detected
through its γ-ray line signature, it provided direct proof
of ongoing nucleosynthesis in our Galaxy (see review by
Prantzos and Diehl, 1996).
Several balloon experiments, and in particular the

Gamma-Ray Spectrometer (GRS) aboard the Solar Max-
imum Mission (SMM) rapidly confirmed the HEAO-C
finding (Share et al., 1985). Early experiments had large
fields of view (130o for SMM, 42o for HEAO-C) with no
or modest imaging capabilities. The first map of Galactic
1.8 MeV emission was obtained with the COMPTEL in-
strument aboard CGRO (Diehl et al., 1995), which had
a spatial resolution of 3.8o (FWHM) within a field of
view of 30o. The sky map derived from the 9-year sur-
vey of COMPTEL is shown in Fig. 7. Unlike the 511
keV maps of Fig. 3 and 4 the 26Al emission is concen-
trated along the Galactic plane (brightest within the in-
ner Galactic radian) and is irregular, with emission max-
ima aligned with spiral-arm tangents. The Cygnus region
stands out as a significant and bright emission region.
The ”patchy” nature of the 26Alγ-ray emission suggests
that massive stars are the most important contributors
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).

 

−135 −90 −45 45 90 135
−45

0

45

Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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FIG. 6 Spectrum of the inner Galaxy as measured by various
instruments, compared to various theoretical estimates made
under the assumption that positrons are injected at high en-
ergy: the four pairs of curves result from positrons injected at
100, 30, 10 and 3 MeV (from top to bottom) and correspond
to positrons propagating in neutral (solid) or 50% ionized
(dotted) media (from Sizun et al., 2006). This constrains the
injected positron energy (or, equivalently, the mass of decay-
ing/annihilating dark matter particles) to a few MeV.

2008) and is mostly due to emission from cosmic-ray elec-
trons and positrons (Sec. IV.B.2). The corresponding
emission processes are modelled in detail in e.g. the
GALPROP code (Strong et al., 2007), which includes 3D
distributions of interstellar gas and photon fields, as well
as all relevant interaction cross sections and constraints
from near-Earth observations of cosmic-ray fluxes and
spectra. This model reproduces well the entire range of
γ-ray observations, from keV to GeV energies; however,
there exist tantalizing hints of residual emission in the
MeV region, when comparison is made to COMPTEL
measurements 5: the data points appear to lie on the
high side of model predictions. In view of the possible
systematic uncertainties of such measurements, but also
of the parameters of GALPROP code and the possible
contributions of unresolved X-ray binaries, some (though
little) room is still left for a contribution of in-flight e+

annihilation to the MeV continuum.

The physics of the in-flight annihilation of positrons
will be analyzed in Sec. V. Here we simply note
that the corresponding constraints on the injection en-

5 The CGRO/COMPTEL data points have an uncertainty of up
to a factor 2 due to the difficulty of producing skymaps with
a Compton telescope with high background. The most reliable
COMPTEL values come from a maximum-entropy imaging anal-
ysis and are model-independent, but the zero level is uncertain
and contributes to the systematic error. The enormous gap in
sensitivity between the current Fermi mission (>30 MeV) and
the 1-30 MeV range (sensitivity factor ∼100 !) highlights the
urgent need for new experiments in the MeV range.

ergy of positrons wee pointed out many years ago by
Agaronyan and Atoyan (1981). They showed that the
positrons which are responsible for the Galactic 511 keV
line cannot be produced in a steady state by the decay of
the π+ created in proton-proton collisions or else the in-
flight annihilation emission should have been detected. A
similar argument was used by Beacom and Yüksel (2006)
and Sizun et al. (2006) to constrain the mass of the dark
matter particle which could be the source of positrons in
the Galactic spheroid (see section IV.C). If such parti-
cles produce positrons (in their decay or annihilation) at
a rate which corresponds to the observed 511 keV emis-
sion, then their mass should be less than a few MeV, oth-
erwise the kinetic energy of the created positrons would
have been sufficiently high to produce a measurable γ-
ray continuum emission in the 1-30 MeV range (Fig. 6).
The same argument allows one to constrain the initial
kinetic energy of positrons and thus to eliminate several
classes of candidate sources, like e.g. pulsars, millisecond
pulsars, magnetars, cosmic rays etc., as major positron
producers (Sec. IV. D).

2. Gamma-rays and positrons from radioactive 26Al

26Al is a long-lived (half-life τ1/2=7.4 105 yr) radioac-
tive isotope. It decays by emitting a positron, while the
de-excitation of daughter nucleus 26Mg emits a charac-
teristic γ-ray line at 1808.63 keV. Based on predictions of
nucleosynthesis calculations in the 1970’s, Arnett (1977)
and Ramaty and Lingenfelter (1977) suggested that its
γ-ray emission should be detectable by forthcoming space
instruments. The detection of the 1809 keV line from the
inner Galaxy with the HEAO-C germanium spectrometer
(Mahoney et al., 1982) came as a small surprise (Clayton,
1984) because of its unexpectedly high flux (∼4 10−4

cm−2 s−1). Being the first radioactivity ever detected
through its γ-ray line signature, it provided direct proof
of ongoing nucleosynthesis in our Galaxy (see review by
Prantzos and Diehl, 1996).
Several balloon experiments, and in particular the

Gamma-Ray Spectrometer (GRS) aboard the Solar Max-
imum Mission (SMM) rapidly confirmed the HEAO-C
finding (Share et al., 1985). Early experiments had large
fields of view (130o for SMM, 42o for HEAO-C) with no
or modest imaging capabilities. The first map of Galactic
1.8 MeV emission was obtained with the COMPTEL in-
strument aboard CGRO (Diehl et al., 1995), which had
a spatial resolution of 3.8o (FWHM) within a field of
view of 30o. The sky map derived from the 9-year sur-
vey of COMPTEL is shown in Fig. 7. Unlike the 511
keV maps of Fig. 3 and 4 the 26Al emission is concen-
trated along the Galactic plane (brightest within the in-
ner Galactic radian) and is irregular, with emission max-
ima aligned with spiral-arm tangents. The Cygnus region
stands out as a significant and bright emission region.
The ”patchy” nature of the 26Alγ-ray emission suggests
that massive stars are the most important contributors
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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FIG. 6 Spectrum of the inner Galaxy as measured by various
instruments, compared to various theoretical estimates made
under the assumption that positrons are injected at high en-
ergy: the four pairs of curves result from positrons injected at
100, 30, 10 and 3 MeV (from top to bottom) and correspond
to positrons propagating in neutral (solid) or 50% ionized
(dotted) media (from Sizun et al., 2006). This constrains the
injected positron energy (or, equivalently, the mass of decay-
ing/annihilating dark matter particles) to a few MeV.

2008) and is mostly due to emission from cosmic-ray elec-
trons and positrons (Sec. IV.B.2). The corresponding
emission processes are modelled in detail in e.g. the
GALPROP code (Strong et al., 2007), which includes 3D
distributions of interstellar gas and photon fields, as well
as all relevant interaction cross sections and constraints
from near-Earth observations of cosmic-ray fluxes and
spectra. This model reproduces well the entire range of
γ-ray observations, from keV to GeV energies; however,
there exist tantalizing hints of residual emission in the
MeV region, when comparison is made to COMPTEL
measurements 5: the data points appear to lie on the
high side of model predictions. In view of the possible
systematic uncertainties of such measurements, but also
of the parameters of GALPROP code and the possible
contributions of unresolved X-ray binaries, some (though
little) room is still left for a contribution of in-flight e+

annihilation to the MeV continuum.

The physics of the in-flight annihilation of positrons
will be analyzed in Sec. V. Here we simply note
that the corresponding constraints on the injection en-

5 The CGRO/COMPTEL data points have an uncertainty of up
to a factor 2 due to the difficulty of producing skymaps with
a Compton telescope with high background. The most reliable
COMPTEL values come from a maximum-entropy imaging anal-
ysis and are model-independent, but the zero level is uncertain
and contributes to the systematic error. The enormous gap in
sensitivity between the current Fermi mission (>30 MeV) and
the 1-30 MeV range (sensitivity factor ∼100 !) highlights the
urgent need for new experiments in the MeV range.

ergy of positrons wee pointed out many years ago by
Agaronyan and Atoyan (1981). They showed that the
positrons which are responsible for the Galactic 511 keV
line cannot be produced in a steady state by the decay of
the π+ created in proton-proton collisions or else the in-
flight annihilation emission should have been detected. A
similar argument was used by Beacom and Yüksel (2006)
and Sizun et al. (2006) to constrain the mass of the dark
matter particle which could be the source of positrons in
the Galactic spheroid (see section IV.C). If such parti-
cles produce positrons (in their decay or annihilation) at
a rate which corresponds to the observed 511 keV emis-
sion, then their mass should be less than a few MeV, oth-
erwise the kinetic energy of the created positrons would
have been sufficiently high to produce a measurable γ-
ray continuum emission in the 1-30 MeV range (Fig. 6).
The same argument allows one to constrain the initial
kinetic energy of positrons and thus to eliminate several
classes of candidate sources, like e.g. pulsars, millisecond
pulsars, magnetars, cosmic rays etc., as major positron
producers (Sec. IV. D).

2. Gamma-rays and positrons from radioactive 26Al

26Al is a long-lived (half-life τ1/2=7.4 105 yr) radioac-
tive isotope. It decays by emitting a positron, while the
de-excitation of daughter nucleus 26Mg emits a charac-
teristic γ-ray line at 1808.63 keV. Based on predictions of
nucleosynthesis calculations in the 1970’s, Arnett (1977)
and Ramaty and Lingenfelter (1977) suggested that its
γ-ray emission should be detectable by forthcoming space
instruments. The detection of the 1809 keV line from the
inner Galaxy with the HEAO-C germanium spectrometer
(Mahoney et al., 1982) came as a small surprise (Clayton,
1984) because of its unexpectedly high flux (∼4 10−4

cm−2 s−1). Being the first radioactivity ever detected
through its γ-ray line signature, it provided direct proof
of ongoing nucleosynthesis in our Galaxy (see review by
Prantzos and Diehl, 1996).
Several balloon experiments, and in particular the

Gamma-Ray Spectrometer (GRS) aboard the Solar Max-
imum Mission (SMM) rapidly confirmed the HEAO-C
finding (Share et al., 1985). Early experiments had large
fields of view (130o for SMM, 42o for HEAO-C) with no
or modest imaging capabilities. The first map of Galactic
1.8 MeV emission was obtained with the COMPTEL in-
strument aboard CGRO (Diehl et al., 1995), which had
a spatial resolution of 3.8o (FWHM) within a field of
view of 30o. The sky map derived from the 9-year sur-
vey of COMPTEL is shown in Fig. 7. Unlike the 511
keV maps of Fig. 3 and 4 the 26Al emission is concen-
trated along the Galactic plane (brightest within the in-
ner Galactic radian) and is irregular, with emission max-
ima aligned with spiral-arm tangents. The Cygnus region
stands out as a significant and bright emission region.
The ”patchy” nature of the 26Alγ-ray emission suggests
that massive stars are the most important contributors
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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FIG. 6 Spectrum of the inner Galaxy as measured by various
instruments, compared to various theoretical estimates made
under the assumption that positrons are injected at high en-
ergy: the four pairs of curves result from positrons injected at
100, 30, 10 and 3 MeV (from top to bottom) and correspond
to positrons propagating in neutral (solid) or 50% ionized
(dotted) media (from Sizun et al., 2006). This constrains the
injected positron energy (or, equivalently, the mass of decay-
ing/annihilating dark matter particles) to a few MeV.

2008) and is mostly due to emission from cosmic-ray elec-
trons and positrons (Sec. IV.B.2). The corresponding
emission processes are modelled in detail in e.g. the
GALPROP code (Strong et al., 2007), which includes 3D
distributions of interstellar gas and photon fields, as well
as all relevant interaction cross sections and constraints
from near-Earth observations of cosmic-ray fluxes and
spectra. This model reproduces well the entire range of
γ-ray observations, from keV to GeV energies; however,
there exist tantalizing hints of residual emission in the
MeV region, when comparison is made to COMPTEL
measurements 5: the data points appear to lie on the
high side of model predictions. In view of the possible
systematic uncertainties of such measurements, but also
of the parameters of GALPROP code and the possible
contributions of unresolved X-ray binaries, some (though
little) room is still left for a contribution of in-flight e+

annihilation to the MeV continuum.

The physics of the in-flight annihilation of positrons
will be analyzed in Sec. V. Here we simply note
that the corresponding constraints on the injection en-

5 The CGRO/COMPTEL data points have an uncertainty of up
to a factor 2 due to the difficulty of producing skymaps with
a Compton telescope with high background. The most reliable
COMPTEL values come from a maximum-entropy imaging anal-
ysis and are model-independent, but the zero level is uncertain
and contributes to the systematic error. The enormous gap in
sensitivity between the current Fermi mission (>30 MeV) and
the 1-30 MeV range (sensitivity factor ∼100 !) highlights the
urgent need for new experiments in the MeV range.

ergy of positrons wee pointed out many years ago by
Agaronyan and Atoyan (1981). They showed that the
positrons which are responsible for the Galactic 511 keV
line cannot be produced in a steady state by the decay of
the π+ created in proton-proton collisions or else the in-
flight annihilation emission should have been detected. A
similar argument was used by Beacom and Yüksel (2006)
and Sizun et al. (2006) to constrain the mass of the dark
matter particle which could be the source of positrons in
the Galactic spheroid (see section IV.C). If such parti-
cles produce positrons (in their decay or annihilation) at
a rate which corresponds to the observed 511 keV emis-
sion, then their mass should be less than a few MeV, oth-
erwise the kinetic energy of the created positrons would
have been sufficiently high to produce a measurable γ-
ray continuum emission in the 1-30 MeV range (Fig. 6).
The same argument allows one to constrain the initial
kinetic energy of positrons and thus to eliminate several
classes of candidate sources, like e.g. pulsars, millisecond
pulsars, magnetars, cosmic rays etc., as major positron
producers (Sec. IV. D).

2. Gamma-rays and positrons from radioactive 26Al

26Al is a long-lived (half-life τ1/2=7.4 105 yr) radioac-
tive isotope. It decays by emitting a positron, while the
de-excitation of daughter nucleus 26Mg emits a charac-
teristic γ-ray line at 1808.63 keV. Based on predictions of
nucleosynthesis calculations in the 1970’s, Arnett (1977)
and Ramaty and Lingenfelter (1977) suggested that its
γ-ray emission should be detectable by forthcoming space
instruments. The detection of the 1809 keV line from the
inner Galaxy with the HEAO-C germanium spectrometer
(Mahoney et al., 1982) came as a small surprise (Clayton,
1984) because of its unexpectedly high flux (∼4 10−4

cm−2 s−1). Being the first radioactivity ever detected
through its γ-ray line signature, it provided direct proof
of ongoing nucleosynthesis in our Galaxy (see review by
Prantzos and Diehl, 1996).
Several balloon experiments, and in particular the

Gamma-Ray Spectrometer (GRS) aboard the Solar Max-
imum Mission (SMM) rapidly confirmed the HEAO-C
finding (Share et al., 1985). Early experiments had large
fields of view (130o for SMM, 42o for HEAO-C) with no
or modest imaging capabilities. The first map of Galactic
1.8 MeV emission was obtained with the COMPTEL in-
strument aboard CGRO (Diehl et al., 1995), which had
a spatial resolution of 3.8o (FWHM) within a field of
view of 30o. The sky map derived from the 9-year sur-
vey of COMPTEL is shown in Fig. 7. Unlike the 511
keV maps of Fig. 3 and 4 the 26Al emission is concen-
trated along the Galactic plane (brightest within the in-
ner Galactic radian) and is irregular, with emission max-
ima aligned with spiral-arm tangents. The Cygnus region
stands out as a significant and bright emission region.
The ”patchy” nature of the 26Alγ-ray emission suggests
that massive stars are the most important contributors
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,

A84, page 3 of 16

Current Observations

Spectra:
• Important information about the ISM 

conditions where positrons annihilate 
• Some clues about potential sources 10

FIG. 6 Spectrum of the inner Galaxy as measured by various
instruments, compared to various theoretical estimates made
under the assumption that positrons are injected at high en-
ergy: the four pairs of curves result from positrons injected at
100, 30, 10 and 3 MeV (from top to bottom) and correspond
to positrons propagating in neutral (solid) or 50% ionized
(dotted) media (from Sizun et al., 2006). This constrains the
injected positron energy (or, equivalently, the mass of decay-
ing/annihilating dark matter particles) to a few MeV.

2008) and is mostly due to emission from cosmic-ray elec-
trons and positrons (Sec. IV.B.2). The corresponding
emission processes are modelled in detail in e.g. the
GALPROP code (Strong et al., 2007), which includes 3D
distributions of interstellar gas and photon fields, as well
as all relevant interaction cross sections and constraints
from near-Earth observations of cosmic-ray fluxes and
spectra. This model reproduces well the entire range of
γ-ray observations, from keV to GeV energies; however,
there exist tantalizing hints of residual emission in the
MeV region, when comparison is made to COMPTEL
measurements 5: the data points appear to lie on the
high side of model predictions. In view of the possible
systematic uncertainties of such measurements, but also
of the parameters of GALPROP code and the possible
contributions of unresolved X-ray binaries, some (though
little) room is still left for a contribution of in-flight e+

annihilation to the MeV continuum.

The physics of the in-flight annihilation of positrons
will be analyzed in Sec. V. Here we simply note
that the corresponding constraints on the injection en-

5 The CGRO/COMPTEL data points have an uncertainty of up
to a factor 2 due to the difficulty of producing skymaps with
a Compton telescope with high background. The most reliable
COMPTEL values come from a maximum-entropy imaging anal-
ysis and are model-independent, but the zero level is uncertain
and contributes to the systematic error. The enormous gap in
sensitivity between the current Fermi mission (>30 MeV) and
the 1-30 MeV range (sensitivity factor ∼100 !) highlights the
urgent need for new experiments in the MeV range.

ergy of positrons wee pointed out many years ago by
Agaronyan and Atoyan (1981). They showed that the
positrons which are responsible for the Galactic 511 keV
line cannot be produced in a steady state by the decay of
the π+ created in proton-proton collisions or else the in-
flight annihilation emission should have been detected. A
similar argument was used by Beacom and Yüksel (2006)
and Sizun et al. (2006) to constrain the mass of the dark
matter particle which could be the source of positrons in
the Galactic spheroid (see section IV.C). If such parti-
cles produce positrons (in their decay or annihilation) at
a rate which corresponds to the observed 511 keV emis-
sion, then their mass should be less than a few MeV, oth-
erwise the kinetic energy of the created positrons would
have been sufficiently high to produce a measurable γ-
ray continuum emission in the 1-30 MeV range (Fig. 6).
The same argument allows one to constrain the initial
kinetic energy of positrons and thus to eliminate several
classes of candidate sources, like e.g. pulsars, millisecond
pulsars, magnetars, cosmic rays etc., as major positron
producers (Sec. IV. D).

2. Gamma-rays and positrons from radioactive 26Al

26Al is a long-lived (half-life τ1/2=7.4 105 yr) radioac-
tive isotope. It decays by emitting a positron, while the
de-excitation of daughter nucleus 26Mg emits a charac-
teristic γ-ray line at 1808.63 keV. Based on predictions of
nucleosynthesis calculations in the 1970’s, Arnett (1977)
and Ramaty and Lingenfelter (1977) suggested that its
γ-ray emission should be detectable by forthcoming space
instruments. The detection of the 1809 keV line from the
inner Galaxy with the HEAO-C germanium spectrometer
(Mahoney et al., 1982) came as a small surprise (Clayton,
1984) because of its unexpectedly high flux (∼4 10−4

cm−2 s−1). Being the first radioactivity ever detected
through its γ-ray line signature, it provided direct proof
of ongoing nucleosynthesis in our Galaxy (see review by
Prantzos and Diehl, 1996).
Several balloon experiments, and in particular the

Gamma-Ray Spectrometer (GRS) aboard the Solar Max-
imum Mission (SMM) rapidly confirmed the HEAO-C
finding (Share et al., 1985). Early experiments had large
fields of view (130o for SMM, 42o for HEAO-C) with no
or modest imaging capabilities. The first map of Galactic
1.8 MeV emission was obtained with the COMPTEL in-
strument aboard CGRO (Diehl et al., 1995), which had
a spatial resolution of 3.8o (FWHM) within a field of
view of 30o. The sky map derived from the 9-year sur-
vey of COMPTEL is shown in Fig. 7. Unlike the 511
keV maps of Fig. 3 and 4 the 26Al emission is concen-
trated along the Galactic plane (brightest within the in-
ner Galactic radian) and is irregular, with emission max-
ima aligned with spiral-arm tangents. The Cygnus region
stands out as a significant and bright emission region.
The ”patchy” nature of the 26Alγ-ray emission suggests
that massive stars are the most important contributors
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Fig. 4. Spectrum of annihilation gamma-rays from the bulge a) and the disk b). The best fit spectrum is shown (continuous black line), as decom-
posed in a single 511 keV positron annihilation line (dashed red), the continuum from annihilation through ortho-positronium (dashed olive), and
the di↵use gamma-ray continuum emission (dashed blue). Fitted and derived parameters are given in the legends. See text for details.
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Fig. 5. Background model performance measured by �2-d.o.f. for each
energy bin (i) for the entire SPI camera (left axis, black data points);
and (ii) for two example detectors (right axis, detector 00 blue, detector
13 green). The ideal value of 0.0 (corresponding to a reduced �2 of 1.0)
is shown as a dotted line, together with the 1, 3, and 5� uncertainty
intervals for a �2-statistic with 1211021 d.o.f. The majority of points
fall into the 3� band. No excess is evident either in the energy domain
or for particular detectors.

3.1.1. The disk of the Galaxy

The disk of the Galaxy is represented in our model by a two-
dimensional Gaussian. We find a longitude extent of 60+10

�5 de-
grees, and a latitude extent of 10.5+2.5

�1.5 degrees (1� values). In an
independent analysis for the 511 keV line in a single 6 keV wide
energy bin (Skinner et al. 2014), the disk extension parameters
are found in the range of 30-90� in longitude and around 3� in
latitude. Their study included the impact of di↵erent bulge pa-
rameters and di↵erent background methods. Assuming the back-
ground model described in Sect. 2.4 and the above mentioned
bulge model, in our spectrally resolved analysis, we can reduce
the uncertainty on the (model-dependent) disk extent.

Our best disk extent is obtained by optimising for both the
annihilation line and Galactic continuum components at the

same time, for the energy region 490 to 530 keV. We find that the
disk extent is also sensitive to how the central parts of the Galaxy
are modelled, due to their overlap (see Appendix A.4 for fur-
ther discussion of the bulge morphology dependence). Scanning
solutions with di↵erent disk extents, given a fixed/optimal con-
figuration of the bulge, and point sources, we find a maximum
likelihood solution in each energy bin. In total, for a grid of
10 ⇥ 10 di↵erent longitude and latitude widths, ranging from
�l = 15�, ..., 150�, and �b = 1.5�, ..., 15�, respectively, models
have been calculated for each of the 80 bins, and then fitted to-
gether with the other five sky model components and the two
background model components. All model scaling parameters,
flux per energy bin and component, have been re-optimised for
each point of this model grid.

Figure 6 shows the dependence of the disk and the bulge
511 keV line intensity on the assumed disk-extent parameters.
Contours indicate the uncertainty on the disk extent, as derived
from the component-wise fit. As the disk becomes larger, its
511 keV line flux estimate increases because also very low sur-
face brightness regions in the outer disk, and at high latitudes,
contribute to the total flux (top). The individual relative uncer-
tainties of each tile are almost constant at ⇠20% for the disk, and
⇠5% for the bulge. The bulge 511 keV line intensity is hardly de-
pendent on the disk size (bottom). Over the disk longitude and
latitude grid, the line flux changes by ⇠15%, whereas the 1�-
uncertainty on the line-flux from this scan is essentially constant
at 0.96 ⇥ 10�3 ph cm�2 s�1 (see Sect. 3.1.2 for further discus-
sion). In the inner parts of the Galaxy (|l| <⇠ 45�), confusion be-
tween the bulge and the disk components causes the bulge to
appear weaker compared to the disk. The uncertainty of the in-
tensity of the 511 keV line can be estimated from the tangents of
equal flux as they intersect the (2� log(L) = 1)-contours (where
L is the likelihood, see Appendix A.1 for details). A disk ex-
tent around 60� in longitude, and 10.5� in latitude, as suggested,
does not agree with disk parameters obtained by other methods,
focussing on the line only (e.g. Bouchet et al. 2010). The spectra
per component retain their line shape and properties in a rea-
sonably wide region around these best values, and systematic
changes in total annihilation intensity remain small compared to
statistical uncertainties.
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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FIG. 6 Spectrum of the inner Galaxy as measured by various
instruments, compared to various theoretical estimates made
under the assumption that positrons are injected at high en-
ergy: the four pairs of curves result from positrons injected at
100, 30, 10 and 3 MeV (from top to bottom) and correspond
to positrons propagating in neutral (solid) or 50% ionized
(dotted) media (from Sizun et al., 2006). This constrains the
injected positron energy (or, equivalently, the mass of decay-
ing/annihilating dark matter particles) to a few MeV.

2008) and is mostly due to emission from cosmic-ray elec-
trons and positrons (Sec. IV.B.2). The corresponding
emission processes are modelled in detail in e.g. the
GALPROP code (Strong et al., 2007), which includes 3D
distributions of interstellar gas and photon fields, as well
as all relevant interaction cross sections and constraints
from near-Earth observations of cosmic-ray fluxes and
spectra. This model reproduces well the entire range of
γ-ray observations, from keV to GeV energies; however,
there exist tantalizing hints of residual emission in the
MeV region, when comparison is made to COMPTEL
measurements 5: the data points appear to lie on the
high side of model predictions. In view of the possible
systematic uncertainties of such measurements, but also
of the parameters of GALPROP code and the possible
contributions of unresolved X-ray binaries, some (though
little) room is still left for a contribution of in-flight e+

annihilation to the MeV continuum.

The physics of the in-flight annihilation of positrons
will be analyzed in Sec. V. Here we simply note
that the corresponding constraints on the injection en-

5 The CGRO/COMPTEL data points have an uncertainty of up
to a factor 2 due to the difficulty of producing skymaps with
a Compton telescope with high background. The most reliable
COMPTEL values come from a maximum-entropy imaging anal-
ysis and are model-independent, but the zero level is uncertain
and contributes to the systematic error. The enormous gap in
sensitivity between the current Fermi mission (>30 MeV) and
the 1-30 MeV range (sensitivity factor ∼100 !) highlights the
urgent need for new experiments in the MeV range.

ergy of positrons wee pointed out many years ago by
Agaronyan and Atoyan (1981). They showed that the
positrons which are responsible for the Galactic 511 keV
line cannot be produced in a steady state by the decay of
the π+ created in proton-proton collisions or else the in-
flight annihilation emission should have been detected. A
similar argument was used by Beacom and Yüksel (2006)
and Sizun et al. (2006) to constrain the mass of the dark
matter particle which could be the source of positrons in
the Galactic spheroid (see section IV.C). If such parti-
cles produce positrons (in their decay or annihilation) at
a rate which corresponds to the observed 511 keV emis-
sion, then their mass should be less than a few MeV, oth-
erwise the kinetic energy of the created positrons would
have been sufficiently high to produce a measurable γ-
ray continuum emission in the 1-30 MeV range (Fig. 6).
The same argument allows one to constrain the initial
kinetic energy of positrons and thus to eliminate several
classes of candidate sources, like e.g. pulsars, millisecond
pulsars, magnetars, cosmic rays etc., as major positron
producers (Sec. IV. D).

2. Gamma-rays and positrons from radioactive 26Al

26Al is a long-lived (half-life τ1/2=7.4 105 yr) radioac-
tive isotope. It decays by emitting a positron, while the
de-excitation of daughter nucleus 26Mg emits a charac-
teristic γ-ray line at 1808.63 keV. Based on predictions of
nucleosynthesis calculations in the 1970’s, Arnett (1977)
and Ramaty and Lingenfelter (1977) suggested that its
γ-ray emission should be detectable by forthcoming space
instruments. The detection of the 1809 keV line from the
inner Galaxy with the HEAO-C germanium spectrometer
(Mahoney et al., 1982) came as a small surprise (Clayton,
1984) because of its unexpectedly high flux (∼4 10−4

cm−2 s−1). Being the first radioactivity ever detected
through its γ-ray line signature, it provided direct proof
of ongoing nucleosynthesis in our Galaxy (see review by
Prantzos and Diehl, 1996).
Several balloon experiments, and in particular the

Gamma-Ray Spectrometer (GRS) aboard the Solar Max-
imum Mission (SMM) rapidly confirmed the HEAO-C
finding (Share et al., 1985). Early experiments had large
fields of view (130o for SMM, 42o for HEAO-C) with no
or modest imaging capabilities. The first map of Galactic
1.8 MeV emission was obtained with the COMPTEL in-
strument aboard CGRO (Diehl et al., 1995), which had
a spatial resolution of 3.8o (FWHM) within a field of
view of 30o. The sky map derived from the 9-year sur-
vey of COMPTEL is shown in Fig. 7. Unlike the 511
keV maps of Fig. 3 and 4 the 26Al emission is concen-
trated along the Galactic plane (brightest within the in-
ner Galactic radian) and is irregular, with emission max-
ima aligned with spiral-arm tangents. The Cygnus region
stands out as a significant and bright emission region.
The ”patchy” nature of the 26Alγ-ray emission suggests
that massive stars are the most important contributors
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Fig. 4. Spectrum of annihilation gamma-rays from the bulge a) and the disk b). The best fit spectrum is shown (continuous black line), as decom-
posed in a single 511 keV positron annihilation line (dashed red), the continuum from annihilation through ortho-positronium (dashed olive), and
the di↵use gamma-ray continuum emission (dashed blue). Fitted and derived parameters are given in the legends. See text for details.
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Fig. 5. Background model performance measured by �2-d.o.f. for each
energy bin (i) for the entire SPI camera (left axis, black data points);
and (ii) for two example detectors (right axis, detector 00 blue, detector
13 green). The ideal value of 0.0 (corresponding to a reduced �2 of 1.0)
is shown as a dotted line, together with the 1, 3, and 5� uncertainty
intervals for a �2-statistic with 1211021 d.o.f. The majority of points
fall into the 3� band. No excess is evident either in the energy domain
or for particular detectors.

3.1.1. The disk of the Galaxy

The disk of the Galaxy is represented in our model by a two-
dimensional Gaussian. We find a longitude extent of 60+10

�5 de-
grees, and a latitude extent of 10.5+2.5

�1.5 degrees (1� values). In an
independent analysis for the 511 keV line in a single 6 keV wide
energy bin (Skinner et al. 2014), the disk extension parameters
are found in the range of 30-90� in longitude and around 3� in
latitude. Their study included the impact of di↵erent bulge pa-
rameters and di↵erent background methods. Assuming the back-
ground model described in Sect. 2.4 and the above mentioned
bulge model, in our spectrally resolved analysis, we can reduce
the uncertainty on the (model-dependent) disk extent.

Our best disk extent is obtained by optimising for both the
annihilation line and Galactic continuum components at the

same time, for the energy region 490 to 530 keV. We find that the
disk extent is also sensitive to how the central parts of the Galaxy
are modelled, due to their overlap (see Appendix A.4 for fur-
ther discussion of the bulge morphology dependence). Scanning
solutions with di↵erent disk extents, given a fixed/optimal con-
figuration of the bulge, and point sources, we find a maximum
likelihood solution in each energy bin. In total, for a grid of
10 ⇥ 10 di↵erent longitude and latitude widths, ranging from
�l = 15�, ..., 150�, and �b = 1.5�, ..., 15�, respectively, models
have been calculated for each of the 80 bins, and then fitted to-
gether with the other five sky model components and the two
background model components. All model scaling parameters,
flux per energy bin and component, have been re-optimised for
each point of this model grid.

Figure 6 shows the dependence of the disk and the bulge
511 keV line intensity on the assumed disk-extent parameters.
Contours indicate the uncertainty on the disk extent, as derived
from the component-wise fit. As the disk becomes larger, its
511 keV line flux estimate increases because also very low sur-
face brightness regions in the outer disk, and at high latitudes,
contribute to the total flux (top). The individual relative uncer-
tainties of each tile are almost constant at ⇠20% for the disk, and
⇠5% for the bulge. The bulge 511 keV line intensity is hardly de-
pendent on the disk size (bottom). Over the disk longitude and
latitude grid, the line flux changes by ⇠15%, whereas the 1�-
uncertainty on the line-flux from this scan is essentially constant
at 0.96 ⇥ 10�3 ph cm�2 s�1 (see Sect. 3.1.2 for further discus-
sion). In the inner parts of the Galaxy (|l| <⇠ 45�), confusion be-
tween the bulge and the disk components causes the bulge to
appear weaker compared to the disk. The uncertainty of the in-
tensity of the 511 keV line can be estimated from the tangents of
equal flux as they intersect the (2� log(L) = 1)-contours (where
L is the likelihood, see Appendix A.1 for details). A disk ex-
tent around 60� in longitude, and 10.5� in latitude, as suggested,
does not agree with disk parameters obtained by other methods,
focussing on the line only (e.g. Bouchet et al. 2010). The spectra
per component retain their line shape and properties in a rea-
sonably wide region around these best values, and systematic
changes in total annihilation intensity remain small compared to
statistical uncertainties.
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,

A84, page 3 of 16

Current Observations

Spectra:
• Important information about the ISM 

conditions where positrons annihilate 
• Some clues about potential sources 10

FIG. 6 Spectrum of the inner Galaxy as measured by various
instruments, compared to various theoretical estimates made
under the assumption that positrons are injected at high en-
ergy: the four pairs of curves result from positrons injected at
100, 30, 10 and 3 MeV (from top to bottom) and correspond
to positrons propagating in neutral (solid) or 50% ionized
(dotted) media (from Sizun et al., 2006). This constrains the
injected positron energy (or, equivalently, the mass of decay-
ing/annihilating dark matter particles) to a few MeV.

2008) and is mostly due to emission from cosmic-ray elec-
trons and positrons (Sec. IV.B.2). The corresponding
emission processes are modelled in detail in e.g. the
GALPROP code (Strong et al., 2007), which includes 3D
distributions of interstellar gas and photon fields, as well
as all relevant interaction cross sections and constraints
from near-Earth observations of cosmic-ray fluxes and
spectra. This model reproduces well the entire range of
γ-ray observations, from keV to GeV energies; however,
there exist tantalizing hints of residual emission in the
MeV region, when comparison is made to COMPTEL
measurements 5: the data points appear to lie on the
high side of model predictions. In view of the possible
systematic uncertainties of such measurements, but also
of the parameters of GALPROP code and the possible
contributions of unresolved X-ray binaries, some (though
little) room is still left for a contribution of in-flight e+

annihilation to the MeV continuum.

The physics of the in-flight annihilation of positrons
will be analyzed in Sec. V. Here we simply note
that the corresponding constraints on the injection en-

5 The CGRO/COMPTEL data points have an uncertainty of up
to a factor 2 due to the difficulty of producing skymaps with
a Compton telescope with high background. The most reliable
COMPTEL values come from a maximum-entropy imaging anal-
ysis and are model-independent, but the zero level is uncertain
and contributes to the systematic error. The enormous gap in
sensitivity between the current Fermi mission (>30 MeV) and
the 1-30 MeV range (sensitivity factor ∼100 !) highlights the
urgent need for new experiments in the MeV range.

ergy of positrons wee pointed out many years ago by
Agaronyan and Atoyan (1981). They showed that the
positrons which are responsible for the Galactic 511 keV
line cannot be produced in a steady state by the decay of
the π+ created in proton-proton collisions or else the in-
flight annihilation emission should have been detected. A
similar argument was used by Beacom and Yüksel (2006)
and Sizun et al. (2006) to constrain the mass of the dark
matter particle which could be the source of positrons in
the Galactic spheroid (see section IV.C). If such parti-
cles produce positrons (in their decay or annihilation) at
a rate which corresponds to the observed 511 keV emis-
sion, then their mass should be less than a few MeV, oth-
erwise the kinetic energy of the created positrons would
have been sufficiently high to produce a measurable γ-
ray continuum emission in the 1-30 MeV range (Fig. 6).
The same argument allows one to constrain the initial
kinetic energy of positrons and thus to eliminate several
classes of candidate sources, like e.g. pulsars, millisecond
pulsars, magnetars, cosmic rays etc., as major positron
producers (Sec. IV. D).

2. Gamma-rays and positrons from radioactive 26Al

26Al is a long-lived (half-life τ1/2=7.4 105 yr) radioac-
tive isotope. It decays by emitting a positron, while the
de-excitation of daughter nucleus 26Mg emits a charac-
teristic γ-ray line at 1808.63 keV. Based on predictions of
nucleosynthesis calculations in the 1970’s, Arnett (1977)
and Ramaty and Lingenfelter (1977) suggested that its
γ-ray emission should be detectable by forthcoming space
instruments. The detection of the 1809 keV line from the
inner Galaxy with the HEAO-C germanium spectrometer
(Mahoney et al., 1982) came as a small surprise (Clayton,
1984) because of its unexpectedly high flux (∼4 10−4

cm−2 s−1). Being the first radioactivity ever detected
through its γ-ray line signature, it provided direct proof
of ongoing nucleosynthesis in our Galaxy (see review by
Prantzos and Diehl, 1996).
Several balloon experiments, and in particular the

Gamma-Ray Spectrometer (GRS) aboard the Solar Max-
imum Mission (SMM) rapidly confirmed the HEAO-C
finding (Share et al., 1985). Early experiments had large
fields of view (130o for SMM, 42o for HEAO-C) with no
or modest imaging capabilities. The first map of Galactic
1.8 MeV emission was obtained with the COMPTEL in-
strument aboard CGRO (Diehl et al., 1995), which had
a spatial resolution of 3.8o (FWHM) within a field of
view of 30o. The sky map derived from the 9-year sur-
vey of COMPTEL is shown in Fig. 7. Unlike the 511
keV maps of Fig. 3 and 4 the 26Al emission is concen-
trated along the Galactic plane (brightest within the in-
ner Galactic radian) and is irregular, with emission max-
ima aligned with spiral-arm tangents. The Cygnus region
stands out as a significant and bright emission region.
The ”patchy” nature of the 26Alγ-ray emission suggests
that massive stars are the most important contributors
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Fig. 4. Spectrum of annihilation gamma-rays from the bulge a) and the disk b). The best fit spectrum is shown (continuous black line), as decom-
posed in a single 511 keV positron annihilation line (dashed red), the continuum from annihilation through ortho-positronium (dashed olive), and
the di↵use gamma-ray continuum emission (dashed blue). Fitted and derived parameters are given in the legends. See text for details.
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Fig. 5. Background model performance measured by �2-d.o.f. for each
energy bin (i) for the entire SPI camera (left axis, black data points);
and (ii) for two example detectors (right axis, detector 00 blue, detector
13 green). The ideal value of 0.0 (corresponding to a reduced �2 of 1.0)
is shown as a dotted line, together with the 1, 3, and 5� uncertainty
intervals for a �2-statistic with 1211021 d.o.f. The majority of points
fall into the 3� band. No excess is evident either in the energy domain
or for particular detectors.

3.1.1. The disk of the Galaxy

The disk of the Galaxy is represented in our model by a two-
dimensional Gaussian. We find a longitude extent of 60+10

�5 de-
grees, and a latitude extent of 10.5+2.5

�1.5 degrees (1� values). In an
independent analysis for the 511 keV line in a single 6 keV wide
energy bin (Skinner et al. 2014), the disk extension parameters
are found in the range of 30-90� in longitude and around 3� in
latitude. Their study included the impact of di↵erent bulge pa-
rameters and di↵erent background methods. Assuming the back-
ground model described in Sect. 2.4 and the above mentioned
bulge model, in our spectrally resolved analysis, we can reduce
the uncertainty on the (model-dependent) disk extent.

Our best disk extent is obtained by optimising for both the
annihilation line and Galactic continuum components at the

same time, for the energy region 490 to 530 keV. We find that the
disk extent is also sensitive to how the central parts of the Galaxy
are modelled, due to their overlap (see Appendix A.4 for fur-
ther discussion of the bulge morphology dependence). Scanning
solutions with di↵erent disk extents, given a fixed/optimal con-
figuration of the bulge, and point sources, we find a maximum
likelihood solution in each energy bin. In total, for a grid of
10 ⇥ 10 di↵erent longitude and latitude widths, ranging from
�l = 15�, ..., 150�, and �b = 1.5�, ..., 15�, respectively, models
have been calculated for each of the 80 bins, and then fitted to-
gether with the other five sky model components and the two
background model components. All model scaling parameters,
flux per energy bin and component, have been re-optimised for
each point of this model grid.

Figure 6 shows the dependence of the disk and the bulge
511 keV line intensity on the assumed disk-extent parameters.
Contours indicate the uncertainty on the disk extent, as derived
from the component-wise fit. As the disk becomes larger, its
511 keV line flux estimate increases because also very low sur-
face brightness regions in the outer disk, and at high latitudes,
contribute to the total flux (top). The individual relative uncer-
tainties of each tile are almost constant at ⇠20% for the disk, and
⇠5% for the bulge. The bulge 511 keV line intensity is hardly de-
pendent on the disk size (bottom). Over the disk longitude and
latitude grid, the line flux changes by ⇠15%, whereas the 1�-
uncertainty on the line-flux from this scan is essentially constant
at 0.96 ⇥ 10�3 ph cm�2 s�1 (see Sect. 3.1.2 for further discus-
sion). In the inner parts of the Galaxy (|l| <⇠ 45�), confusion be-
tween the bulge and the disk components causes the bulge to
appear weaker compared to the disk. The uncertainty of the in-
tensity of the 511 keV line can be estimated from the tangents of
equal flux as they intersect the (2� log(L) = 1)-contours (where
L is the likelihood, see Appendix A.1 for details). A disk ex-
tent around 60� in longitude, and 10.5� in latitude, as suggested,
does not agree with disk parameters obtained by other methods,
focussing on the line only (e.g. Bouchet et al. 2010). The spectra
per component retain their line shape and properties in a rea-
sonably wide region around these best values, and systematic
changes in total annihilation intensity remain small compared to
statistical uncertainties.
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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FIG. 6 Spectrum of the inner Galaxy as measured by various
instruments, compared to various theoretical estimates made
under the assumption that positrons are injected at high en-
ergy: the four pairs of curves result from positrons injected at
100, 30, 10 and 3 MeV (from top to bottom) and correspond
to positrons propagating in neutral (solid) or 50% ionized
(dotted) media (from Sizun et al., 2006). This constrains the
injected positron energy (or, equivalently, the mass of decay-
ing/annihilating dark matter particles) to a few MeV.

2008) and is mostly due to emission from cosmic-ray elec-
trons and positrons (Sec. IV.B.2). The corresponding
emission processes are modelled in detail in e.g. the
GALPROP code (Strong et al., 2007), which includes 3D
distributions of interstellar gas and photon fields, as well
as all relevant interaction cross sections and constraints
from near-Earth observations of cosmic-ray fluxes and
spectra. This model reproduces well the entire range of
γ-ray observations, from keV to GeV energies; however,
there exist tantalizing hints of residual emission in the
MeV region, when comparison is made to COMPTEL
measurements 5: the data points appear to lie on the
high side of model predictions. In view of the possible
systematic uncertainties of such measurements, but also
of the parameters of GALPROP code and the possible
contributions of unresolved X-ray binaries, some (though
little) room is still left for a contribution of in-flight e+

annihilation to the MeV continuum.

The physics of the in-flight annihilation of positrons
will be analyzed in Sec. V. Here we simply note
that the corresponding constraints on the injection en-

5 The CGRO/COMPTEL data points have an uncertainty of up
to a factor 2 due to the difficulty of producing skymaps with
a Compton telescope with high background. The most reliable
COMPTEL values come from a maximum-entropy imaging anal-
ysis and are model-independent, but the zero level is uncertain
and contributes to the systematic error. The enormous gap in
sensitivity between the current Fermi mission (>30 MeV) and
the 1-30 MeV range (sensitivity factor ∼100 !) highlights the
urgent need for new experiments in the MeV range.

ergy of positrons wee pointed out many years ago by
Agaronyan and Atoyan (1981). They showed that the
positrons which are responsible for the Galactic 511 keV
line cannot be produced in a steady state by the decay of
the π+ created in proton-proton collisions or else the in-
flight annihilation emission should have been detected. A
similar argument was used by Beacom and Yüksel (2006)
and Sizun et al. (2006) to constrain the mass of the dark
matter particle which could be the source of positrons in
the Galactic spheroid (see section IV.C). If such parti-
cles produce positrons (in their decay or annihilation) at
a rate which corresponds to the observed 511 keV emis-
sion, then their mass should be less than a few MeV, oth-
erwise the kinetic energy of the created positrons would
have been sufficiently high to produce a measurable γ-
ray continuum emission in the 1-30 MeV range (Fig. 6).
The same argument allows one to constrain the initial
kinetic energy of positrons and thus to eliminate several
classes of candidate sources, like e.g. pulsars, millisecond
pulsars, magnetars, cosmic rays etc., as major positron
producers (Sec. IV. D).

2. Gamma-rays and positrons from radioactive 26Al

26Al is a long-lived (half-life τ1/2=7.4 105 yr) radioac-
tive isotope. It decays by emitting a positron, while the
de-excitation of daughter nucleus 26Mg emits a charac-
teristic γ-ray line at 1808.63 keV. Based on predictions of
nucleosynthesis calculations in the 1970’s, Arnett (1977)
and Ramaty and Lingenfelter (1977) suggested that its
γ-ray emission should be detectable by forthcoming space
instruments. The detection of the 1809 keV line from the
inner Galaxy with the HEAO-C germanium spectrometer
(Mahoney et al., 1982) came as a small surprise (Clayton,
1984) because of its unexpectedly high flux (∼4 10−4

cm−2 s−1). Being the first radioactivity ever detected
through its γ-ray line signature, it provided direct proof
of ongoing nucleosynthesis in our Galaxy (see review by
Prantzos and Diehl, 1996).
Several balloon experiments, and in particular the

Gamma-Ray Spectrometer (GRS) aboard the Solar Max-
imum Mission (SMM) rapidly confirmed the HEAO-C
finding (Share et al., 1985). Early experiments had large
fields of view (130o for SMM, 42o for HEAO-C) with no
or modest imaging capabilities. The first map of Galactic
1.8 MeV emission was obtained with the COMPTEL in-
strument aboard CGRO (Diehl et al., 1995), which had
a spatial resolution of 3.8o (FWHM) within a field of
view of 30o. The sky map derived from the 9-year sur-
vey of COMPTEL is shown in Fig. 7. Unlike the 511
keV maps of Fig. 3 and 4 the 26Al emission is concen-
trated along the Galactic plane (brightest within the in-
ner Galactic radian) and is irregular, with emission max-
ima aligned with spiral-arm tangents. The Cygnus region
stands out as a significant and bright emission region.
The ”patchy” nature of the 26Alγ-ray emission suggests
that massive stars are the most important contributors
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Fig. 4. Spectrum of annihilation gamma-rays from the bulge a) and the disk b). The best fit spectrum is shown (continuous black line), as decom-
posed in a single 511 keV positron annihilation line (dashed red), the continuum from annihilation through ortho-positronium (dashed olive), and
the di↵use gamma-ray continuum emission (dashed blue). Fitted and derived parameters are given in the legends. See text for details.
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Fig. 5. Background model performance measured by �2-d.o.f. for each
energy bin (i) for the entire SPI camera (left axis, black data points);
and (ii) for two example detectors (right axis, detector 00 blue, detector
13 green). The ideal value of 0.0 (corresponding to a reduced �2 of 1.0)
is shown as a dotted line, together with the 1, 3, and 5� uncertainty
intervals for a �2-statistic with 1211021 d.o.f. The majority of points
fall into the 3� band. No excess is evident either in the energy domain
or for particular detectors.

3.1.1. The disk of the Galaxy

The disk of the Galaxy is represented in our model by a two-
dimensional Gaussian. We find a longitude extent of 60+10

�5 de-
grees, and a latitude extent of 10.5+2.5

�1.5 degrees (1� values). In an
independent analysis for the 511 keV line in a single 6 keV wide
energy bin (Skinner et al. 2014), the disk extension parameters
are found in the range of 30-90� in longitude and around 3� in
latitude. Their study included the impact of di↵erent bulge pa-
rameters and di↵erent background methods. Assuming the back-
ground model described in Sect. 2.4 and the above mentioned
bulge model, in our spectrally resolved analysis, we can reduce
the uncertainty on the (model-dependent) disk extent.

Our best disk extent is obtained by optimising for both the
annihilation line and Galactic continuum components at the

same time, for the energy region 490 to 530 keV. We find that the
disk extent is also sensitive to how the central parts of the Galaxy
are modelled, due to their overlap (see Appendix A.4 for fur-
ther discussion of the bulge morphology dependence). Scanning
solutions with di↵erent disk extents, given a fixed/optimal con-
figuration of the bulge, and point sources, we find a maximum
likelihood solution in each energy bin. In total, for a grid of
10 ⇥ 10 di↵erent longitude and latitude widths, ranging from
�l = 15�, ..., 150�, and �b = 1.5�, ..., 15�, respectively, models
have been calculated for each of the 80 bins, and then fitted to-
gether with the other five sky model components and the two
background model components. All model scaling parameters,
flux per energy bin and component, have been re-optimised for
each point of this model grid.

Figure 6 shows the dependence of the disk and the bulge
511 keV line intensity on the assumed disk-extent parameters.
Contours indicate the uncertainty on the disk extent, as derived
from the component-wise fit. As the disk becomes larger, its
511 keV line flux estimate increases because also very low sur-
face brightness regions in the outer disk, and at high latitudes,
contribute to the total flux (top). The individual relative uncer-
tainties of each tile are almost constant at ⇠20% for the disk, and
⇠5% for the bulge. The bulge 511 keV line intensity is hardly de-
pendent on the disk size (bottom). Over the disk longitude and
latitude grid, the line flux changes by ⇠15%, whereas the 1�-
uncertainty on the line-flux from this scan is essentially constant
at 0.96 ⇥ 10�3 ph cm�2 s�1 (see Sect. 3.1.2 for further discus-
sion). In the inner parts of the Galaxy (|l| <⇠ 45�), confusion be-
tween the bulge and the disk components causes the bulge to
appear weaker compared to the disk. The uncertainty of the in-
tensity of the 511 keV line can be estimated from the tangents of
equal flux as they intersect the (2� log(L) = 1)-contours (where
L is the likelihood, see Appendix A.1 for details). A disk ex-
tent around 60� in longitude, and 10.5� in latitude, as suggested,
does not agree with disk parameters obtained by other methods,
focussing on the line only (e.g. Bouchet et al. 2010). The spectra
per component retain their line shape and properties in a rea-
sonably wide region around these best values, and systematic
changes in total annihilation intensity remain small compared to
statistical uncertainties.
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,

A84, page 3 of 16

Open Questions

How do we explain the morphology of positron 
annihilation?

Putative positron sources are usually associated with star formation - why 
is the bulge so bright when it is devoid of star formation?

F H Panther | Australian National University



T. Siegert et al.: Gamma-ray spectroscopy of positron annihilation in the Milky Way

Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,

A84, page 3 of 16

Open Questions

How do we explain the morphology of positron 
annihilation?

Putative positron sources are usually associated with star formation - why 
is the bulge so bright when it is devoid of star formation?

How do positrons get from their production sites to their 
annihilation sites? 

Propagation of “low” energy (~ MeV) positrons is poorly 
understood

F H Panther | Australian National University



T. Siegert et al.: Gamma-ray spectroscopy of positron annihilation in the Milky Way

Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).

 

−135 −90 −45 45 90 135
−45

0

45

Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).

 

−135 −90 −45 45 90 135
−45

0

45

Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).

 

−135 −90 −45 45 90 135
−45

0

45

Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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T. Siegert et al.: Gamma-ray spectroscopy of positron annihilation in the Milky Way

Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,

A84, page 3 of 16

Explaining the GB 511 keV line

F H Panther | Australian National University
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,

A84, page 3 of 16

Explaining the GB 511 keV line
Annihilation spectrum only encodes information about 

the ISM conditions when the positron annihilates

F H Panther | Australian National University



T. Siegert et al.: Gamma-ray spectroscopy of positron annihilation in the Milky Way

Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Figure 12. Left: expected annihilation spectrum for a 500-keV positron in a 100-K plasma with the hydrogen degree of ionization of 0.025. Right: the same
as in the left-hand panel, but for 104-K plasma and η = 0.016. The lines show as follows: solid black line – total annihilation spectrum; solid red line – total
line spectrum; solid blue line – othro-positronium continuum; dotted black line – in-flight charge exchange; dotted red line – thermalized positron annihilation
with bound electrons; dotted blue line – radiative recombination of thermalized positrons; dotted green line – direct annihilation; magenta – charge exchange
for thermalized positrons.

Figure 13. Comparison of different time-scales relevant for annihilation of
positrons in a cooling ISM as a function of its temperature: cooling of gas
(black), slowing down of positrons (blue) and annihilation of thermalized
positrons (red). Calculations are done for the proton density of 1 cm−3. The
initial energy of positrons is assumed to be 500 keV. The dotted vertical lines
separate the areas where cooling or annihilation dominates. For temperatures
in the range from ∼3 × 104 to ∼3 × 106 K, the gas can cool faster than
thermalized positrons annihilate. For instance, if 500-keV positrons are
born in an ∼106-K ISM, the gas will cool down to a few 104 K before the
positrons have a chance to annihilate. Once the temperature has dropped, the
thermalized positrons will annihilate and the observer will see a gamma-ray
spectrum indicating annihilation in an ∼104-K gas, regardless of the initial
ISM temperature.

direct annihilation with free and bound electrons, charge exchange
with hydrogen and radiative recombination.

From Fig. 13 it is clear that for temperatures in the range from
∼3 × 104 to ∼3 × 106 K, the gas is able to cool faster than
thermalized positrons can annihilate. For temperatures outside this
range, the annihilation time is shorter than the cooling time and
the medium can to a first approximation be regarded as static. The
most interesting conclusion that can be drawn from the comparison
of time-scales in Fig. 13 is that if ∼500-keV positrons are born
in an ∼106-K ISM, then the gas temperature will drop8 to a few
104 K before the positrons have a chance to annihilate. Once the
ISM has cooled down, the positrons will annihilate and the observer
will measure spectral characteristics typical of annihilation in warm
gas, with no indication that the positrons were born in a hot medium.

We now proceed with calculating spectra expected for annihi-
lation of positrons in a cooling ISM. This implies solving a time-
dependent problem: for given initial gas temperature T0 and kinetic
energy of positrons E0, find the annihilation spectrum emitted while
the gas cools down to a given final temperature T1. We solve this
problem using a modified version of our Monte Carlo code, which
retains from the original version the algorithms for the description
of slowing down, thermalization and annihilation of positrons (in a
pure hydrogen plasma).

The outcome of this calculation crucially depends on the assump-
tions made about the ionization state of the ISM during its cooling
from !106 to "104 K. In real astrophysical situations, a radiatively
cooling plasma is expected to be substantially overionized relative
to CIE, since the characteristic cooling time is shorter than the
time-scale of hydrogen recombination. This will influence both the
ISM cooling rate and the fate of positrons. We therefore adopt the
temperature dependencies for the non-equilibrium ionization state

8 In the absence of an external source of heat.
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Figure 12. Left: expected annihilation spectrum for a 500-keV positron in a 100-K plasma with the hydrogen degree of ionization of 0.025. Right: the same
as in the left-hand panel, but for 104-K plasma and η = 0.016. The lines show as follows: solid black line – total annihilation spectrum; solid red line – total
line spectrum; solid blue line – othro-positronium continuum; dotted black line – in-flight charge exchange; dotted red line – thermalized positron annihilation
with bound electrons; dotted blue line – radiative recombination of thermalized positrons; dotted green line – direct annihilation; magenta – charge exchange
for thermalized positrons.

Figure 13. Comparison of different time-scales relevant for annihilation of
positrons in a cooling ISM as a function of its temperature: cooling of gas
(black), slowing down of positrons (blue) and annihilation of thermalized
positrons (red). Calculations are done for the proton density of 1 cm−3. The
initial energy of positrons is assumed to be 500 keV. The dotted vertical lines
separate the areas where cooling or annihilation dominates. For temperatures
in the range from ∼3 × 104 to ∼3 × 106 K, the gas can cool faster than
thermalized positrons annihilate. For instance, if 500-keV positrons are
born in an ∼106-K ISM, the gas will cool down to a few 104 K before the
positrons have a chance to annihilate. Once the temperature has dropped, the
thermalized positrons will annihilate and the observer will see a gamma-ray
spectrum indicating annihilation in an ∼104-K gas, regardless of the initial
ISM temperature.

direct annihilation with free and bound electrons, charge exchange
with hydrogen and radiative recombination.

From Fig. 13 it is clear that for temperatures in the range from
∼3 × 104 to ∼3 × 106 K, the gas is able to cool faster than
thermalized positrons can annihilate. For temperatures outside this
range, the annihilation time is shorter than the cooling time and
the medium can to a first approximation be regarded as static. The
most interesting conclusion that can be drawn from the comparison
of time-scales in Fig. 13 is that if ∼500-keV positrons are born
in an ∼106-K ISM, then the gas temperature will drop8 to a few
104 K before the positrons have a chance to annihilate. Once the
ISM has cooled down, the positrons will annihilate and the observer
will measure spectral characteristics typical of annihilation in warm
gas, with no indication that the positrons were born in a hot medium.

We now proceed with calculating spectra expected for annihi-
lation of positrons in a cooling ISM. This implies solving a time-
dependent problem: for given initial gas temperature T0 and kinetic
energy of positrons E0, find the annihilation spectrum emitted while
the gas cools down to a given final temperature T1. We solve this
problem using a modified version of our Monte Carlo code, which
retains from the original version the algorithms for the description
of slowing down, thermalization and annihilation of positrons (in a
pure hydrogen plasma).

The outcome of this calculation crucially depends on the assump-
tions made about the ionization state of the ISM during its cooling
from !106 to "104 K. In real astrophysical situations, a radiatively
cooling plasma is expected to be substantially overionized relative
to CIE, since the characteristic cooling time is shorter than the
time-scale of hydrogen recombination. This will influence both the
ISM cooling rate and the fate of positrons. We therefore adopt the
temperature dependencies for the non-equilibrium ionization state

8 In the absence of an external source of heat.
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,

A84, page 3 of 16

Modelling the nuclear outflow
Free expanding wind zone 
• Explore properties of steady-state 

wind for range of parameter space: 

Energy flux -> 1038 - 1040 erg s-1

Mass flux -> 10-3 - 100 Msun yr-1

•Wind density evolves due to mass 
conservation 

•Wind decelerates due to 
gravitational potential 
(Breitschwerdt+) 

•Wind cools due to radiative and 
adiabatic cooling 

F H Panther | Australian National University

Galactic plane

~2 kpc
Ve

rti
ca

l h
ei

gh
t a

bo
ve

 p
la

ne



T. Siegert et al.: Gamma-ray spectroscopy of positron annihilation in the Milky Way

Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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by Ė and Ṁ as described above. The ionization fraction of hydrogen
in the plasma is given by CIE (Sutherland et al. 2013) which varies
as a function of temperature. Typical inital temperatures range from
⇠ 106 � 107 K with outflow velocities of ⇠ 300 � 1500 km s�1.
The density of the medium evolves due to mass conservation in the
outflow, i.e. the density at time t is

⇢[t] = Ṁ

2v[t]⌦(r0 + v[t]t)2 , (7)

where t = 0 where the flow is launched at r0 with velocity v0.
The temperature evolves due to adiabatic and radiative losses. The
adiabatic cooling rate at time t is

dT

dt

����ad
= �2 (� � 1)v[t]T0

(r0 + v[t]t)

✓ ⇢[t]
⇢0

◆ �ad�1
, (8)

where �ad = 5/3 for the non-relativistic gas. The radiative cooling
rate is
dT

dt

����rad
= � ⇤

n

2
2ntot
3kb
, (9)

where ⇤/n2 is the normalized cooling function from Sutherland
et al. (2013) assuming CIE. The ionization state of the medium and
the densities of the di�erent species are computed from the same
cooling tables.
Positrons with an inital energy of w0 at r0 are evolved simultane-
ously. Positrons lose energy through both adiabatic and radiative
loss processes. As the adiabatic losses of the positrons dominate,
and continuous radiative losses with species other than hydrogen in
the ISM (helium and metals) are subdominant, we assume positrons
interact only with hydrogen and free electrons. The adiabatic energy
loss rate for positrons at time t is

dw

dt

����ad
= �2

(� � 1)v[t]w0
(r0 + v[t]t)

✓ ⇢[t]
⇢0

◆ ��1
. (10)

We find that the adiabatic energy losses of the positrons always
dominate over the radiative energy losses. The radiative energy
losses of the positrons are predominantly due to ionization losses
(Ginzburg 1979):

dw

dt

����ion
= �7.7⇥10�9 nH

�


ln
✓ (� � 1)�2 �2(511keV)2

2I

2

◆
+

1
8

�
eV s�1,

(11)

where nH is the number density of neutral hydrogen, I = 13.8 eV
is the ionization energy of hydrogen and � is the Lorentz factor for
a positron with kinetic energy w.
The energy loss rate due to plasma losses are given by (Huba 2013),

dw

dt

����pla
= �1.7 ⇥ 10�8 ne

�
ln⇤C

Z w/kbT

0
dxx

1/2
e

�x�

(w/kbT )1/2
e

�w/kbT ) eV s�1, (12)

⇤C =

q
kbT/4⇡nee

2

max(2e

2/mu

2, ~/mu)
, u =

r
3E

m

�
r

8kbT

⇡m

cm s�1. (13)

with ne the electron density, m is the electron mass and e the elec-
tron charge.
Trajectories of positrons are calculated and recorded until they ei-
ther a) reach a maximum radius of 8 kpc or b) thermalize. In the
latter case, we consider positrons thermalized if they reach an en-
ergy of 6.8 keV. This positron energy is consistent with an ISM
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Figure 1. Contour showing regions of parameter space wherew0 ⇠ 0.8 MeV
positrons thermalize at rtherm[w0 ⇠ 0.8 MeV] ⇠ rout (blue shaded region,
dot-dashed contours) and where the outflow has cooled to 104 K at rout
(blue shaded region, solid contours). Similar contours for positrons with
w0 ⇠ 0.4 MeV and rtherm[w0 ⇠ 0.4 MeV] ⇠ rin are shown in red. The
black line delineates the region of the parameter space where the outflow
stalls before reaching rout, which are excluded in our model.

temperature of ⇠ 104 K. The ISM conditions (temperature, density
and ionization fraction) at thermalization are recorded, as it ther-
malization radius, rtherm. We then consider the regions of our input
parameter space occupied by positrons that thermalize

3 RESULTS

To assist in comparing our results to the best fit morphology of the
positron annihilation signal described by Siegert et al. (2016b),
we transform their two-dimensional intensity map into a one-
dimensional radial intensity profile. The best fit Bulge profile from
Siegert et al. (2016b) is the superposition of two two-dimensional
Gaussian distributions representing a spatially narrow component
of emission associated with the Galactic bulge, and a spatially broad
component of emission associated with the same region. We cal-
culate the total integrated flux associated with this radial profile,
and hence calculate the radius within which half of the total flux
is observed. Based on this radius, we then calculate a mean inner
radius (rin ⇠ 250 pc) and a mean outer radius (rout ⇠ 1.3 kpc) to
characterise the observed profile. We choose to proceed with the
analysis in this way - as opposed to calculating radial intensity pro-
files from our model - both to simplify the subsequent analysis and
to take into account that the distribution of the positron annihilation
radiation described in Siegert et al. (2016b) is a best fit model, and
the smooth nature of the profile is a property of the model, not
necessarily the positron annihilation signal itself.
The deceleration of the wind due to the gravitational potential of
the Galaxy allows us to introduce a further constraint on the sce-
nario we present. If the wind stalls before reaching rout, it is not
possible for positrons to be transported to radii consistent with the
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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by Ė and Ṁ as described above. The ionization fraction of hydrogen
in the plasma is given by CIE (Sutherland et al. 2013) which varies
as a function of temperature. Typical inital temperatures range from
⇠ 106 � 107 K with outflow velocities of ⇠ 300 � 1500 km s�1.
The density of the medium evolves due to mass conservation in the
outflow, i.e. the density at time t is

⇢[t] = Ṁ

2v[t]⌦(r0 + v[t]t)2 , (7)

where t = 0 where the flow is launched at r0 with velocity v0.
The temperature evolves due to adiabatic and radiative losses. The
adiabatic cooling rate at time t is

dT

dt

����ad
= �2 (� � 1)v[t]T0

(r0 + v[t]t)

✓ ⇢[t]
⇢0

◆ �ad�1
, (8)

where �ad = 5/3 for the non-relativistic gas. The radiative cooling
rate is
dT

dt

����rad
= � ⇤

n

2
2ntot
3kb
, (9)

where ⇤/n2 is the normalized cooling function from Sutherland
et al. (2013) assuming CIE. The ionization state of the medium and
the densities of the di�erent species are computed from the same
cooling tables.
Positrons with an inital energy of w0 at r0 are evolved simultane-
ously. Positrons lose energy through both adiabatic and radiative
loss processes. As the adiabatic losses of the positrons dominate,
and continuous radiative losses with species other than hydrogen in
the ISM (helium and metals) are subdominant, we assume positrons
interact only with hydrogen and free electrons. The adiabatic energy
loss rate for positrons at time t is

dw

dt

����ad
= �2

(� � 1)v[t]w0
(r0 + v[t]t)

✓ ⇢[t]
⇢0

◆ ��1
. (10)

We find that the adiabatic energy losses of the positrons always
dominate over the radiative energy losses. The radiative energy
losses of the positrons are predominantly due to ionization losses
(Ginzburg 1979):

dw

dt

����ion
= �7.7⇥10�9 nH

�


ln
✓ (� � 1)�2 �2(511keV)2

2I

2

◆
+

1
8

�
eV s�1,

(11)

where nH is the number density of neutral hydrogen, I = 13.8 eV
is the ionization energy of hydrogen and � is the Lorentz factor for
a positron with kinetic energy w.
The energy loss rate due to plasma losses are given by (Huba 2013),

dw

dt

����pla
= �1.7 ⇥ 10�8 ne

�
ln⇤C

Z w/kbT

0
dxx

1/2
e

�x�

(w/kbT )1/2
e

�w/kbT ) eV s�1, (12)
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q
kbT/4⇡nee

2

max(2e
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2, ~/mu)
, u =

r
3E

m

�
r

8kbT

⇡m

cm s�1. (13)

with ne the electron density, m is the electron mass and e the elec-
tron charge.
Trajectories of positrons are calculated and recorded until they ei-
ther a) reach a maximum radius of 8 kpc or b) thermalize. In the
latter case, we consider positrons thermalized if they reach an en-
ergy of 6.8 keV. This positron energy is consistent with an ISM
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Figure 1. Contour showing regions of parameter space wherew0 ⇠ 0.8 MeV
positrons thermalize at rtherm[w0 ⇠ 0.8 MeV] ⇠ rout (blue shaded region,
dot-dashed contours) and where the outflow has cooled to 104 K at rout
(blue shaded region, solid contours). Similar contours for positrons with
w0 ⇠ 0.4 MeV and rtherm[w0 ⇠ 0.4 MeV] ⇠ rin are shown in red. The
black line delineates the region of the parameter space where the outflow
stalls before reaching rout, which are excluded in our model.

temperature of ⇠ 104 K. The ISM conditions (temperature, density
and ionization fraction) at thermalization are recorded, as it ther-
malization radius, rtherm. We then consider the regions of our input
parameter space occupied by positrons that thermalize

3 RESULTS

To assist in comparing our results to the best fit morphology of the
positron annihilation signal described by Siegert et al. (2016b),
we transform their two-dimensional intensity map into a one-
dimensional radial intensity profile. The best fit Bulge profile from
Siegert et al. (2016b) is the superposition of two two-dimensional
Gaussian distributions representing a spatially narrow component
of emission associated with the Galactic bulge, and a spatially broad
component of emission associated with the same region. We cal-
culate the total integrated flux associated with this radial profile,
and hence calculate the radius within which half of the total flux
is observed. Based on this radius, we then calculate a mean inner
radius (rin ⇠ 250 pc) and a mean outer radius (rout ⇠ 1.3 kpc) to
characterise the observed profile. We choose to proceed with the
analysis in this way - as opposed to calculating radial intensity pro-
files from our model - both to simplify the subsequent analysis and
to take into account that the distribution of the positron annihilation
radiation described in Siegert et al. (2016b) is a best fit model, and
the smooth nature of the profile is a property of the model, not
necessarily the positron annihilation signal itself.
The deceleration of the wind due to the gravitational potential of
the Galaxy allows us to introduce a further constraint on the sce-
nario we present. If the wind stalls before reaching rout, it is not
possible for positrons to be transported to radii consistent with the
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,

A84, page 3 of 16

Calculating positron trajectories

Introduce a parameterisation of the Galactic bulge model intensity profile, and the 
positron injection energy spectrum

whigh ~ 0.8 MeV
wlow ~ 0.4 MeV

wlow, whigh: mean energy at which 50% 
of positrons are injected into the ISM

Rin = 250 pc Rout = 1.3 kpc

F H Panther | Australian National University



T. Siegert et al.: Gamma-ray spectroscopy of positron annihilation in the Milky Way

Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,

A84, page 3 of 16

Results

38.8 39.0 39.2 39.4 39.6 39.8 40.0

-2.5

-2.0

-1.5

-1.0

Log[E
�
s erg-1]

Lo
g[
M�
yr
M

⊙
-
1 ]

r therm
[w0

~ 0.
8 M
eV]

~ rou
t

Positrons with 
initial kinetic 

energies whigh 
advect to rout 

For annihilation 
spectra to be 

consistent with 
observations, 

these positrons 
must annihilate 
in a 104 K ISM

Wind stalls 
before reaching 

1.3 kpc

F H Panther | Australian National University

Panther+2017, arXiv:1710.02613



T. Siegert et al.: Gamma-ray spectroscopy of positron annihilation in the Milky Way

Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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Fig. 1. Sky exposure with SPI for the data set analysed. The units of
the map are given in cm2s. The equivalent exposure time is calculated
for 19 detectors with an e↵ective area of ⇠75 cm2 for photon energies
around 511 keV. The contours, starting from the innermost, correspond
to exposures of 22 Ms, 16 Ms, 9 Ms, 4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and
0.1 Ms, respectively. The total exposure time is 160 Ms.

e.g. from solar flare events. Our dataset thus consists of 160 Ms
of exposure, with 73 590 telescope pointings. Taking into ac-
count the detectors failures, 1 214 799 individual spectra are to
be analysed.

2.2. Analysis method

Our analysis method is based on a comparison of measured data
with predicted data from models. The comparison is performed
in a data space consisting of the counts per energy bin measured
in each of SPI’s detectors for each individual exposure (pointing)
as part of the complete observation.

We describe data dk per energy bin k as a linear combination
of the sky contribution, i.e. model components Mi j, to which the
instrument response matrix Rjk is applied for each image ele-
ment j, and the background, i.e. components Bik for line and
continuum instrumental background. Scaling parameters ✓i for
NI are provided for sky and NB background components:

dk =
X

j

R jk

NIX

i=1

✓iMi j +
X

t

NI+NBX

i=NI+1

✓i,tBik. (1)

We fit these scaling parameters, using the maximum likeli-
hood technique, applied to energy bins covering the spectral
range of interest. The energy band used, from 490 to 530 keV
with 0.5 keV energy bins, is chosen to allow the study of the
shape of the 511 keV annihilation line, together with the ortho-
positronium continuum, and a Galactic gamma-ray continuum.
The scaling parameters ✓i for the NI sky components are set
constant in time, while the scaling parameters for the NB back-
ground components, ✓i,t, are allowed to vary with time t (see
Sect. 2.4).

For each camera configuration, corresponding to a given
number of working detectors, a specific imaging response func-
tion is applied to each of the sky model components to account
for the shadowgram of the mask. These response functions are
di↵erent for the o↵-diagonal terms, which account for scattering
in dead detectors followed by detection in another detector. This
e↵ect creates a tail in the expected spectrum towards lower en-
ergies. For photons between 490 and 511 keV, this tail contains
about 3% of the line flux (see also Churazov et al. 2011).
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Fig. 2. Image showing the model components as assessed in the sky
model fit study. The components are related to the ones from Skinner
et al. (2014), see Table 2 for details. The weighted sum of fluxes for each
celestial component in the 80 bins in the analysed energy band from 490
to 530 keV is shown. Two additional point sources to improve the fit,
the Crab and Cyg X-1, are not shown. The image has been scaled by
taking the cube root to emphasise the low surface-brightness and extent
of the disk.

2.3. Celestial emission modelling

In our spectral fits, we use a multi-component description of the
distribution of the emission over the sky. In a recent analysis
of a similar data set in a single 6 keV energy bin, centred on
the 511 keV line, Skinner et al. (2014) propose a representa-
tion of the positron annihilation sky in which the emission from
the disk is represented by a two-dimensional Gaussian function
with di↵erent widths in longitude and latitude, and that from the
bulge as the sum of three components: two symmetrical three-
dimensional Gaussians and a third component which is consis-
tent with a point source. One of the Gaussians representing the
bulge is o↵set to negative longitudes while the other components
are centred at the Galactic centre (in the case of the point-like
component, the position is actually taken as that of Sgr A*, see
Fig. 2). Point sources are added at the positions of the Crab, and
Cyg X-1. Although such modelling includes correlations among
components, it can be seen as an alternative to having a large
number of pixels on the sky or orthogonalised functions that
have no astrophysical basis, as it associates sky components with
plausible and explicit source regions. The six components used
for modelling the celestial emission in the energy range from 490
to 530 keV are listed in Table 2. As the latitude and longitude ex-
tent of the disk are considered the most uncertain parameters, for
our spectroscopic analysis in fine energy bins, we scan the plau-
sible parameter region with 100 di↵erent disk shapes/extents in
both, longitude and latitude width (see Sect. 3.1.1).

In total, we use NI = 6 components to model the celestial
emission in this energy range, in addition to a two-component
background model (NB = 2), described below. The celestial
emission in this energy range is dominated by the bright 511 keV
line emission from the Galaxy’s centre, modelled by a nar-
row bulge (NB) and a broad bulge (BB), and the low surface-
brightness disk. In the centre of the Milky Way, a point-like
source, called Galactic Centre Source (GCS) was used to de-
scribe the morphology. The two strongest continuum sources
in the sky, the Crab and Cygnus X-1, have been added to the
sky models in order to improve the maximum likelihood fit (see
Sect. 3.1.4 for the significances of these point sources in the anal-
ysed energy range).

In our model fitting we obtain model amplitudes in each
of the 80 energy bins, for each of the sky model components,
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