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INTRODUCTION

‣ 511 keV = rest mass energy of the electron 
(positron) 

‣ Detection of gamma ray emission at 511 keV 
unambiguously indicates annihilation of 
positrons 

‣ ~50 years of observations indicate positron 
annihilation is occurring in the Milky Way ISM 
(Johnson+1972 -> Siegert+2018 in prep) 

‣ ~5 x 1043 positrons annihilate each second in 
the Milky Way (Siegert+2016) 

‣ Linewidth, low energy continuum: Annihilation 
in 104 K, partially ionized ISM (Churazov+2005, 
Siegert+2016) 

‣ Absence of excess >511 keV: Positrons injected 
at less than a few MeV (Aharonian & Atoyan 
1981, Beacom & Yuksel 2007)

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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Total Bulge spectrum (best fit parameters):
γ−Continuum: AC = 0.27±0.20
Narrow line: I = 0.96±0.07, FWHMSKY = 2.59±0.17 keV, ∆E0 =  0.09±0.08 keV
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Total Disk spectrum (best fit parameters):
γ−Continuum: AC = 5.58±1.03
Narrow line: I = 1.66±0.35, FWHMSKY = 2.47±0.51 keV, ∆E0 =  0.16±0.18 keV
Ortho−P’s:   I = 5.21±3.25, fPs = 0.902±0.192

(b) Disk.

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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Positron production

Positron propagation

Positron annihilation
Observable 

Information about ISM where 
annihilation occurs

Information about diffusion coefficient 
& cosmic ray propagation 

Information about Galactic magnetic 
field

Information about physics of underlying 
source (nucleosynthesis? compact 
objects? Exotic phenomena?)

‣ Positron astrophysics provides an opportunity to 
understand cosmic ray propagation, if we can 
better understand the source of positrons 

‣ MeV gamma ray astronomy is vital for obtaining 
direct information about nucleosynthesis and 
galactic chemical evolution  

‣ MeV gamma ray astronomy also provides an 
opportunity to develop robust statistical tools 
and analysis of large, complex, low S/N data sets

MEV GAMMA RAY ASTRONOMY IS 
IMPORTANT FOR ALL AREAS OF 

ASTROPHYSICS, PARTICULARLY IN THE 
‘MULTI-MESSENGER ASTRONOMY’ ERA -  

TALK TO THE PEOPLE WHO UNDERSTAND 
THE GAMMA RAY DATA, THEIR ANALYSIS, 

AND THEIR IMPLICATIONS FOR YOUR FIELD 
OF ASTRONOMY. 



POSITRON 
MICROPHYSICS
with Roland M. Crocker, Ivo Seitenzahl, Joshua 
Machacek, Daniel Murtagh, Danny Cocks, Xi Ella 
Wang*, Thomas Siegert, Roland Diehl, Gleb 
Gribakin



E. Churazov, MPA press release 2005

POSITRON MICROPHYSICS

‣ Positrons can annihilate with any electron, 
even those bound to atoms. Positronium 
formation is thought to be the most 
common annihilation mechanism in the 
ISM (Jean+06, Churazov+2011, Siegert
+2016) 

‣ The annihilation of positronium results in a 
complex spectrum, not a simple delta 
function or Gaussian at me+ = 511 keV. This 
can be seen in the Galactic e+e- line 

‣ We usually split the lives astrophysical 
positrons into two phases: ‘in-flight’ and 
‘thermalized’ 

+ + +

e.g.positronium formation via charge exchange

1. 2. 3.

Annihilates to 
2 photons

Annihilates to 
3 (+) photons

o-Ps continuum

p-Ps line

F. H. PANTHER | ANU RSAA



POSITRON MICROPHYSICS

‣ ~100% of positrons are annihilating via 
positronium formation. 

‣ Charge exchange with hydrogen is 
usually assumed to be the sole channel 
for positronium formation, as hydrogen 
is so abundant and the cross-section for 
annihilation is large 

‣ In order to undergo this process, 
positrons must have an energy that 
exceeds the ‘charge exchange 
threshold’: Thermalized positrons in the ISM 

have energies w~1.3 eV 

The cross-section for 
annihilation interactions is very 

small at these energies
F. H. PANTHER | ANU RSAA

Panther+2018c, published today in Phys Rev D



ANNIHILATION TIMESCALES

▸ tloss ~ 1 Myr 

▸ tann ~ 5 Myr 

▸ Thermalized positrons annihilating 
today may have sat around in a ‘low 
energy reservoir’ for several Myr 

▸ Allows for the possibility that positrons 
were injected in some kind of outburst 
~ 10 Myr ago (e.g. from SMBH/AGN 
Dermer+1997, Totani 2006, Cheng
+2007)

F. H. PANTHER | ANU RSAA

Panther+2018c, published today in Phys Rev D



UPDATING THE ISM MODEL 

10%

0.1%
1%

F. H. PANTHER | ANU RSAA



POSITRONIUM FORMATION

Atomic number

F. H. PANTHER | ANU RSAA



ALKALI METAL CROSS-SECTIONS

F. H. PANTHER | ANU RSAA

Panther+2018c, published today in Phys Rev D



NEW ANNIHILATION TIMESCALES

▸ tloss ~ 1 Myr 

▸ tann < 1 Myr 

▸ Positrons annihilating today, including 
thermalised positrons, must have been 
produced in the last ~1 Myr 

▸ Rules out a number of episodic 
positron injection scenarios 

▸ There is still a lot of opportunity to 
connect plasma physics experiment 
and theory to astrophysical positrons

F. H. PANTHER | ANU RSAA

Panther+2018c, published today in Phys Rev D



1. “Outside in” transport (Prantzos+2006, Higdon+2009)

2. Special source: SMBH? (Jean+2016, Totani 2006), 
Dark Matter (Finkbeiner & Weiner+2007, Boehm

+2009)?

4. “Inside out” 
Transport: 

Diffusion (Jean
+2009, Alexis

+2012).  
Advection 

(Panther+2018a)

Some positron production and transport scenarios

3. Old stars: 
Microquasars? 

(Guessoum+2006, 
Siegert+2016b), 

supernovae 
(Crocker+2017)

F H Panther | Australian National University

Sun

See Panther 2018b for a recent review

F. H. PANTHER | ANU RSAA



POSITRON ANNIHILATION IN 
THE NUCLEAR OUTFLOWS 
OF THE MILKY WAY
with Roland M. Crocker, Yuval Birnboim, Ivo 
Seitenzahl, Ashley Ruiter



POSITRONS ARE TETHERED BY THE MAGNETIC FIELD

‣ The idea of positrons being able to propagate 
over several kpc isn’t new (Dermer+1997, 
Cheng+2006, Prantzos+2006, Higdon+2009) 

‣ The propagation of positrons over large 
distances from the centre of the Galaxy was 
investigated in Jean+2009, Martin+2011, 
Alexis+2014 

‣ Most works come to the same conclusion: 
positrons can only travel large distances via 
diffusion if they interact predominantly with 
large scale magnetic fields. 

F. H. PANTHER | ANU RSAA

Ordered large-
scale magnetic 
field lines

Warm, partially ionised 
plasma 

~kpc

‣ Reality: Magnetic field in the ISM is 
dominated by small-scale magnetic 
fluctuations 

‣ Turbulent magnetic field tends to 
confine positrons within ~100pc of 
their production sites 

‣ What if the plasma has some kind of 
motion? 



POSITRON ANNIHILATION IN COOLING GAS

‣ Positron annihilation occurs in plasma with a 
temperature of ~104 K 

‣ Annihilation spectrum only encodes 
information about the ISM conditions when 
the positron annihilates 

‣ Can the ISM cool to a state that explains the 
spectrum in a shorter time than the positron 
annihilates? 

‣ Churazov+2011: Yes, for Collisional Ionisation 
Equilibrium (CIE) cooling and a range of initial 
temperatures

Churazov+2011

Positron annihilation spectrum from the GC 1739

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.

C⃝ 2010 The Authors, MNRAS 411, 1727–1743
Monthly Notices of the Royal Astronomical Society C⃝ 2010 RAS
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POSITRON TRANSPORT AND THE FERMI BUBBLES

‣ Evidence for a bipolar nuclear outflow in the Milky Way originated in ~2003 
(Bland-Hawthorn & Cohen 2003) 

‣ The 2010 discovery of the Fermi Bubbles (Su+2010, Dobler+2010) provide 
additional evidence of an outflow from the Galactic nuclear region, casting 
doubts on the model of a static ISM in this region

Are positrons “catching a ride” in the 
outflow that inflates the Fermi 

Bubbles, and cools as it does so 
(e.g. Crocker+2011)? Can they 
explain the annihilation in the 

Galactic bulge?

F. H. PANTHER | ANU RSAA

Fermi Collaboration



MODELLING THE NUCLEAR OUTFLOW

‣  r0 ~ r(Central Molecular Zone) ~ 100 pc 

‣  mass and energy injected by CMZ star 
formation (observed ~ 0.1Msun/yr) 

‣  wind accelerated to v0 at r0 (v0 ~ 200 - 
1500 km s-1) 

‣  Initial temperature -> kinetic power ~ 
thermal component (T0 ~ 105 - 108 K) 

‣  Opening angle -> pi Str (results 
insensitive to choice of opening angle)

C. Battersby

F. H. PANTHER | ANU RSAA

Nuclear outflow

r0 Hot, ionised plasma

To Fermi Bubbles 



MODELLING THE NUCLEAR OUTFLOW

‣  Explore properties of steady-
state wind up to 2 kpc from 
the Galactic centre for range 
of parameter space: 

Energy flux -> 1038 - 1040 erg s-1 
Mass flux -> 10-3 - 100 Msun yr-1 

‣ Positrons move passively at 
the wind velocity (c.f. Jean
+2009, magnetic confinement) 

‣ Wind decelerates due to 
Galactic potential 
(Breitschwert+1991) 

‣ Identical physics for lower 
2kpc in Crocker+2015

supplied by these interstellar medium (ISM) phases (with
the hot plasma dynamically dominant) accelerates a
nuclear wind that quickly reaches 500 km s−1. The
dense and massive molecular gas torus circumscribing the
injection region collimates this outflow and directs it
perpendicular to the plane. Shocks driven into the hot
ISM, which is more dense at low latitudes, may account
for the X-ray edges observed by Bland-Hawthorn &
Cohen (2003). Radiative shocks driven into atomic and/
or molecular gas may also contribute.

2. The bubbles are inflated by the injection of hot plasma in
the nuclear outflow over timescales of at least a few ×
108 yr. Characteristic scales for the mean mechanical
power and mass flux into the bases of the bubbles are
∼1040 erg s−1 and ∼0.1Me yr−1, respectively.

3. This outflow, however, is not powerful enough—given
the strong gravitational field, the thermal pressure of the
overlying halo gas, and the occurrence of gas cooling—to
break out of the Galaxy.

4. Instead, the outflow generates the two Fermi bubbles and
associated phenomena. The bubbles inflate against an
atmosphere of non-negligible pressure. An important
ingredient of our scenario is that recent work indicates
that the gas density and pressure in the halo, especially in

the vicinity of the bubbles, are larger than has often been
assumed in the past (e.g., Stocke et al. 2013; Miller &
Bregman 2014).7

5. The bubbles develop the classical wind-blown bubble
structure of (starting from the smallest scales and
working outward)(i) a reverse shock, (ii) a CD, and
(iii) a forward shock; see Figure 3.

6. The CD separates ISM material sweptup and shocked in
the downstream of the forward shock from shocked
bubble material in the downstream of the internal reverse
shock. (In our model, the γ-ray edge of the bubbles is
identified with the CD.)8

Figure 1. Schematic showing the main features of the north bubble according to our model.

7 A further consideration is that it is increasingly likely that the gas around the
bubbles is itself in a flow driven into the halo by star formation occurring in the
Milky Way’s molecular ring (at galactocentric radius of ∼4 kpc) and/or the bar
(Breitschwerdt et al. 1991, 2002; Everett et al. 2008, 2010; Kretschmer
et al. 2013; de Boer & Weber 2014); halo density models that assume
hydrostatic equilibrium may not convey the full story in the inner Galaxy.
8 We tentatively identify some of the γ-ray substructure in the base of the
bubbles—e.g., the cocoon (Su & Finkbeiner 2012; Ackermann et al. 2014)—as
IC emission from upstream cosmic-ray electrons interacting with the dense
photon fields close to the disk before reaching the shocks and from downstream
electrons that have been reaccelerated upon reaching one of the shocks (but are
not able to reach very far past them).

3

The Astrophysical Journal, 808:107 (29pp), 2015 August 1 Crocker et al.

F. H. PANTHER | ANU RSAA

Crocker+2015



MODELLING THE NUCLEAR OUTFLOW

‣ For a given point in parameter space calculate trajectories as a function of 
galactocentric radius: 
‣  Mass density 
‣  Temperature 
‣  Wind velocity 
‣  Ionization fraction of hydrogen based on CIE (Sutherland & Dopita 1993) 

‣ Each trajectory represents the trajectory of a positron in the model. 

‣ Positrons travel outwards at wind velocity v 

‣ Positrons are injected at the wind launching radius with initial energy w0 and 
followed until they thermalize (and annihilate ‘instantly’ - cf Panther+2018c) 

‣ The radius at which the positron annihilates is recorded, as is the ISM 
temperature where the positron annihilates

F. H. PANTHER | ANU RSAA



POSITRON MICROPHYSICS

Positrons are ‘mildly’ 
relativistic:  
Radiative losses through 
ionisation and coulomb losses. 
Other processes make 
negligible contribution

Adiabatic losses dominate 
over radiative processes:  
Adiabatic index allowed to 
vary (w/ assumption of 
ideal EoS)

positron 
adiabatic 
index as a 
function of 

energy

4 F. H. Panther et al.

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

MNRAS 000, 1–5 (2015)

Panther+2018a
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ANALYSIS

‣ We introduce a parameterisation of the 
Galactic bulge model intensity profile, 
and the positron injection energy 
spectrum 

‣ The smooth, Gaussian model describing 
the 511keV morphology is a model and 
care should be taken not to 
overinterpret the model. The real 
emission may not be smooth. 

‣ wlow, whigh: mean energy at which 50% of 
positrons are injected into the ISM 

‣ Rin, Rout: mean radii at which 50% of 
positrons annihilate based on the 
intensity profile

whigh ~ 0.8 MeVwlow ~ 0.4 MeV

Rin = 250 pc Rout = 1.3 kpc

F. H. PANTHER | ANU RSAA



RESULTS
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POSITRONS AND 
THERMONUCLEAR 
SUPERNOVAE
with Roland M. Crocker, Ivo Seitenzahl, Ashley 
Ruiter, Stuart Sim, Chris Lidman



INTROUCTION

▸ The optical light curves of SNe Ia are 
powered by the decay of radioactive 
material, specifically from the 56Ni 
decay chain 

▸ 56Ni -> 56Co + y -> 56Fe + e+ + y 

▸ The deposition of e+ kinetic energy 
powers the IR light curve at late times 
(100+ days)



INTRODUCTION

▸ Gamma ray observations of SN2014J 
provided direct evidence for the synthesis 
of radioactive 56Ni (Churazov+2014, 
Siegert & Diehl 2015, Churazov+2015) 

▸ Thermonuclear supernovae have been 
suggested as the origin of Galactic 
positrons for a long time (Chan & 
Lingenfelter 1991, Milne+1999, Prantzos
+2006, 2011) but escape fractions are 
uncertain by up to an order of magnitude 

▸ The expected distribution of SNe Ia in the 
Milky Way does not reflect the distribution 
of positron annihilation - SNe Ia are NOT 
associated with ’old’ stellar populations 
(Panther+2018 in prep)

Panther+2018d in prep.



TYPE IA SUPERNOVA DIVERSITY

▸ Not all SNe Ia are the same: even 
‘normal’ SNe Ia (the ones used as 
standardisable candles) show 
diversity 

▸ We do not fully understand the 
progenitors, explosion 
mechanisms nor nucleosynthesis in 
thermonuclear supernovae

The Extremes of Thermonuclear Supernovae 3

Fig. 1 Phase space of potentially thermonuclear transients. The absolute B-band magnitude at peak
is plotted against the light-curve decline rate, expressed by the decline within 15 d from peak in
the B band, Dm15(B) (Phillips, 1993). The different classes of objects discussed in this chapter
are highlighted by different colours. Most of them are well separated from normal SNe Ia in this
space, which shows that they are already peculiar based on light-curve properties alone. The only
exception are 91T-like SNe, which overlap with the slow end of the distribution of normal SNe Ia,
and whose peculiarities are almost exclusively of spectroscopic nature. References to individual
SNe are provided in the respective sections.

Taubenberger 2017



WHAT SORT OF TRANSIENT COULD EXPLAIN GALACTIC POSITRONS

▸ Require a transient that replicates the total rate 
of positron production in the Galaxy, and the 
relative production rates in the Galactic bulge, 
disk and nuclear bulge

4
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Because SNe 91bg represent 10 of the 31 thermonuclear supernovae  
in early type galaxies in the LOSS sample32,35 and, spectrally, the bulge 
is an early type galaxy (of Hubble type2 E0), we set the current bulge 
SN 91bg to the all SN Ia relative rate at fSN91bg,bulge =  0.32 ±  0.16 (2σ). 
We determine (see Supplementary Information) the rate of ordi-
nary bulge SN Ia (excluding SN 91bg) to be RSNIa,bulge =  9.8 ×  10−2/
century from which = . ×− .

+ . −R 4 6 10SN91bg,bulge 2 7
4 4 2/century. Given 

our assumption (retrospectively justified by an analysis of the data; 
see Supplementary Information) of a universal efficiency per unit 
stellar mass formed for creating positron sources (here understood 
to be SNe 91bg), we can then also calculate the current SN 91bg rate 
in the disk and the nuclear bulge as (1.4 ±  0.7) ×  10−1/century and 
(4.7  ±   2.3)  ×   10−3/century, respectively, thus implying a SN 91bg 
Galactic recurrence time of twait ≈  530 yr.

Integrating over disk supernova explosions up to 4.55 Gyr ago, 
we find that a mean 44Ti yield . .− .

+ .
⊙M f0 029 ( /0 32)0 11

0 18
SN91bg,bulge  is 

required to reproduce the observed abundance of 44Ca relative to 
56Fe (from 56Ni synthesized in SNe Ia and core-collapse SNe) for 
a characteristic delay time consistent with the other constraints 
(Fig. 3, orange curve). Adopting = . ⊙M M0 02944 Ti  and the Galactic 

SN 91bg rate already determined, we predict the current positron 
injection rate shown as the red curve in Fig. 3. This saturates, within 
errors, the absolute positron luminosity of the Galaxy (minus the 
positron luminosity of 4 ×  1042 e+ s−1 due to 26Al decay) within a tp 
range consistent with the other constraints.

The mean 44Ti yield per SN 91bg implied by this analysis,  
∼ 0.03 M☉, is close to the direct estimates we can make for CO white 
dwarf–He white dwarf mergers using our BPS data (Fig. 4), assum-
ing a quasi-hydrostatic configuration, as seems to be warranted on 
the basis of our procedure for calculating the 56Ni yield of the same 
explosions. It is also well within the range found for He detonation 
yields with nuclear network codes in single-zone simulations of 
explosive He burning: for ∼ 0.3 M☉ of He with substantial admix-
tures of 12C, 16O or 14N at a fixed density of 106 g cm−3, temperatures 
(2–4) ×  109 K and using a 203 nuclide network, ref. 31 finds 44Ti yields 
ranging up to 0.12 M☉. In full numerical hydrodynamic calculations 
of the detonation of He shells of mass 0.15–0.3 M☉ on top of CO 
white dwarf cores of mass 0.45–0.6 M☉, ref. 36 found 44Ti yields of 

. − . × − ⊙M(0 58 3 1) 10 2 . Adding N and C pollution into the He shell 
can act to significantly increase the 44Ti yield (and decrease the 56Ni 
yield) of the He detonation.

Our approach—to estimate the relevant nucleosynthesis yields 
by assuming that the merger remnant reaches hydrostatic equilib-
rium before detonating—appears viable, but awaits confirmation 
with high-resolution, three-dimensional numerical hydrodynamic 
simulations post-processed with a detailed nuclear network code. To 
our knowledge, no such simulation has been performed in the cor-
rect mass range to directly test our scenario and it is thus essentially 
an hypothesis that the CO–He white dwarf binary mergers detonate  
to yield 44Ti masses in the range 0.013–0.03 M☉; we commend such 
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Figure 3 | Constraints on the characteristic delay time tp of the main 
source of Galactic positrons. Curves plot the following quantities as 
a function of the delay time tp: (B/D)mod/(B/D)obs (blue curve), ratio of 
current modelled bulge to disk positron source occurrence divided by 
the observationally inferred8 ratio of bulge to disk positron luminosities 
0.42 ±  0.09; (N/B)mod/(N/B)obs (green curve), ratio of current modelled 
nucleus to bulge positron source occurrence divided by the observationally 
inferred8 ratio of nucleus to bulge positron luminosities (8.3± 2.1) ×  10−2;  
Tot MW pos prdcn (red curve), ratio of the modelled 44Ti positron luminosity 
of the Milky Way to the observed non-26Al luminosity (central value 
4.6 ×  1043 s−1 (ref. 8) for 0.029"M☉ 44Ti per explosion and f91bg,bulge =  0.32; and 
Pre-solar 44:56 (orange curve), ratio of the mass of 44Ca to 56Fe in pre-solar 
material divided by the observed52 value of 1.34 ×  10−3 (negligible error) 
adopting a core-collapse and SN 91bg 56Fe yield of 0.1"M☉ and an SN Ia 56Fe 
yield of 0.6"M☉ and assuming (1) 0.029"M☉ 44Ti per SN 91bg (lower bound 
on band) and (2) 0.029"M☉ 44Ti per SN 91bg and, in addition, 1 ×  10−4"M☉ 
44Ti per core collapse and 3 ×  10−5"M☉ 44Ti per SN Ia (upper bound on band). 
The heavy and light coloured bands cover the 1σ and 2σ uncertainties, 
respectively, in each measured quantity (except for the orange band  
which spans the systematic uncertainties in mean core-collapse and SN Ia 
44Ti production). The group of vertical lines labelled by τCO−He shows  
the central value and ± 1σ extent of the best-fit delay time for the CO  
white dwarf–He white dwarf mergers in the BPS model; the vertical  
lines at 300 and 1,000"Myr bracket τSN Ia, the characteristic delay time  
for SNe Ia (ref. 44); these occur at too short a delay time to explain the 
positron phenomenology.
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Figure 4 | Modelled white dwarf masses and inferred synthesized masses 
of 56Ni and 44Ti. The graph shows the modelled total (blue dots) and 
secondary (He; yellow dots) white dwarf masses at the time of merger 
and the inferred synthesized masses of 56Ni (green dots) and 44Ti (orange 
dots) versus delay time. We assume that the CO and He white dwarfs 
merge to form an object (of mean mass 0.91"M☉, dashed blue line) that 
reaches quasi-hydrostatic equilibrium before exploding. For the 56Ni yield 
we use the combined mass of both white dwarfs to which we apply an 
interpolation35 of the modelled49 mass of 56Ni yielded in detonations of 
single, sub-Chandrasekhar white dwarfs; the steep dependence of the 
56Ni yield on the total mass is reflected in the scatter of the green points. 
The 56Ni yields (mean ⊙ ⊙σ=M M0.11 , 0.05 ) are within the range of the 
observationally inferred50 56Ni mass for a sample of 15 SNe 91bg (mean 

⊙ ⊙σ=M M0.09 , 0.05 , solid green lines). The 44Ti yield of this channel,  
which depends on the amount of He in the correct density range  
(∼ 105− 106"g"cm−3), is similarly estimated (see the Supplementary 
Information) at ⊙ σ± M(0.024 0.0028) (1 ), consistent with the 

⊙−
+ M0.029 0.11

0.18  determined in the main text for the Galactic positron  
source and shown as the dashed red lines.

B:Dobserved/B:Dmodel = 1

A number (from Siegert+2016)

B:Dmodel =
Rate of e+ prod. in disk

B:Dmodel =

B:Dmodel [tp]=
Rate of transient in bulge [tp]

Rate of transient in region [tp] = Delay Time Distribution [t, tp]Star Formation Rate [t] *

Rate of e+ prod. in bulge

Rate of transient in disk [tp]

Rate of transient in disk e+ per event*
Rate of transient in bulge e+ per event*

dt

2
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N/B =  (8.3 ±  2.1) ×  10−2 (ref. 8), again statistically equal to the ratio 
of the stellar masses of these structures:

= . ± . × . ± . ×
= . ± .

⊙ ⊙M M M M/ (1 4 0 6) 10 /(1 6 0 2) 10
0 09 0 04

N bulge
9 10

Together, these facts imply that a single type of positron source con-
nected to old stars could explain the global distribution of positron 
injection in the Galaxy—in contrast, putative exotic sources associ-
ated with the inner Galaxy, such as dark matter or the central super-
massive black hole, cannot explain the disk positron signal.

Qualitatively, given the strong bulge signal, it has long been 
appreciated that a positron source connected to old stellar popula-
tions is preferred. For instance, ordinary type Ia (thermonuclear) 
supernovae (SNe Ia) have been a theoretically favoured, putative 
source of Galactic positrons2,12. Alternatively, following older sug-
gestions13, it was recently noted14 that flaring microquasars, also 
plausibly connected to old stars in some instances, seem capable of 
sustaining the Galactic positron annihilation rate.

However, the updated empirical situation now allows us to 
address the question of positron source age more quantitatively. To 
do this, we use the formalism of delay time distributions (DTDs; 
Fig. 1) and the known star formation histories of the bulge, disk and 
nucleus (Fig. 2) to find the positron source delay time tp between 
star formation and the formation of a transient source that can 
reproduce the inferred8 B/D and N/B positron luminosity ratios. 
We adopt the parsimonious assumption (retrospectively justified by 
a global analysis of the data; see Supplementary Information) that 
the time-integrated efficiency for positron source creation per unit 
mass star formation is invariant throughout the Galaxy.

The blue and green bands in Fig. 3 show the modelled, current 
B/D and N/B ratios normalized to the observationally inferred 
positron injection ratios as a function of the positron source delay 
time tp. Given that both bands show agreement of the model and 
observations for tp ≈  3–6 Gyr, we conclude that a single type of posi-
tron source, arising in stellar objects of this characteristic age and 
older, can explain the gross distribution of positron annihilation in  
the Galaxy.

But what is this source? We have already seen that positron 
injection energy constraints rule out many scenarios for positron 
creation. However, the required low injection energies are entirely 
compatible with a positron origin in the β+ decay of radionuclides 
synthesized in stars and/or stellar explosions2,12. Important positron- 
producing decay chains (with their markedly different total life-
times shown in parentheses) are: 56Ni →   56Co →   56Fe (∼ 80 days); 
44Ti →  44Sc →  44Ca (∼ 60 years); and 26Al →  26Mg (∼ 717,000 years). 
We consider each of these isotopes in turn.

Given the rates of SNe Ia and their prodigious yield of 56Ni  
(∼ 0.6 M☉ per event), if only a few per cent15 of the positrons released 
in the 56Ni →   56Co →   56Fe decay chain could reach the ISM, then 
they could sustain the total diffuse Galactic positron production12. 
However, this explanation fails for two reasons: (1) the typical delay 
time of an SN Ia is too short to reproduce the observed Galactic 
annihilation line distribution (see Fig. 3 and ref. 2); and (2) recent 
analyses based on pseudo-bolometric SN Ia light curves constructed 
with the inclusion of infrared data (missing in earlier studies) indi-
cate complete positron trapping in SN Ia ejecta to late times of ≳ 800 
days16–18, implying that very few positrons (≪ 1%) escape to the ISM.

Similarly, the long decay time of 26Al (comparable to the 105− 106  
year positron ISM thermalization timescale7) guarantees that the 
flux of the 1.809 MeV gamma ray line associated with 26Al is in a 
steady state, whereas the total intensity of this line normalizes 
the total 26Al production in the Galaxy to only 4 ×  1042 s−1 (ref. 8),  
≲ 10% of the Galactic value. Moreover, the 26Al emission is distrib-
uted along the Galactic plane, correlated with massive stars19, and 
does not match the overall annihilation morphology.

This leaves 44Ti as the only viable radionuclide source of posi-
trons. The fact that the 44Ti  →   44Sc  →   44Ca decay chain has a 60 
year decay time opens an interesting potentiality. On the one hand, 
such a decay time means that supernova ejecta have expanded to 
low densities before the daughter positrons are released and such 
positrons are extremely likely15 to reach the ISM. On the other hand, 
this decay time is considerably less than the positron ISM thermal-
ization time, meaning that, depending on the recurrence time of 
Galactic 44Ti sources, the total mass of 44Ti in the Galaxy need not 
be in a steady state (even while the ISM daughter positrons of 44Ti 
are in a steady state).

However, any 44Ti scenario for Galactic positron production 
is also constrained by the following consideration. The observed 
abundance of 44Ca relative to 56Fe in Solar System material indicates 
that Galactic 44Ti production at a look-back time tlook-back >  4.55 Gyr 
would have generated a positron luminosity of (0.3− 1.2) ×  1043 e+ s−1 
(refs 8,12,15), ≲ 25% of the current value. Thus if 44Ti is currently the 
source of most positrons, the Galactic 44Ti injection rate must be sig-
nificantly larger now than between the Big Bang and the formation 
of the Solar System 4.55 Gyr ago. This requirement is naturally sat-
isfied for 44Ti sources that occur at roughly the same few Gyr delay 
times required by the Galactic distribution of positron annihilation.

As a further consideration, it is conventionally assumed that core-
collapse supernovae deliver most of the 44Ti in the Galaxy via alpha-
rich freeze-out near the mass cut between the proto-neutron star and 
the ejecta. However, although evidence exists for the synthesis of a 
few ∼ 10−4 M☉ of 44Ti in three specific supernova remnants20, the num-
ber of remnants currently emitting in the 44Ti gamma ray and X-ray 
lines is too small to be a comfortable match to the number expected 
if such sources were responsible for most Galactic 44Ca (ref. 21). Core-
collapse nucleosynthesis models do not yield sufficient 44Ti to explain 
the abundance of 44Ca in mainstream, pre-Solar System material22. 

0 2 4
t (Gyr)

6 8 10

tp = 5.4 Gyr
s = –1.6
α = 3.7

tp = 0.3 Gyr
s = –1.0
α = 4.0

12 14

0

20

40

60

80

100

N
o.

 o
f m

er
ge

rs
 (a

rb
itr

ar
y 

no
rm

al
iz

ed
 sc

al
e) SN Ia

SN 91bg

Figure 1 | Binned CO white dwarf–He white dwarf mergers within our  
BPS model. The data points with error bars given by ± N  together with 
DTD curves for SNe Ia and CO white dwarf–He white dwarf mergers 
(identified with SN 91bg-like events) are plotted as a function of time 
(increasing from the star formation event towards the present); the DTD 
curves are arbitrarily scaled in the vertical direction. The DTD returns 
RX[t], the rate of events of type X at epoch t (measured since the Big 
Bang) when convolved with the previous star formation history (SFH) 
of a region: ′ ′ ′∫ν= −R t t t t[ ] DTD[ ] SFH[ ] dt ,t

X X 0  where vX is the number 
of events of type X that result from every solar mass of stars formed 
(see the Supplementary Information). We adopt a DTD of the form44: 

∝ +α α−t t t t tDTD[ ] [( / ) ] / [( / ) 1],s
p p  where tp is the characteristic delay 

time. For the SN Ia DTD, we set the parameters of the DTD function to be 
tp =  0.3"Gyr, s =  − 1.0 and α =  4 following ref. 44. From fitting the BPS data on 
the CO white dwarf–He white dwarf mergers, we find (see Supplementary 
Information) that = −

+t 5.4p 0.6
0.8"Gyr, = − −

+s 1.6 0.5
0.4 and α= −

+3.7 1.0
1.2 (1σ errors).  

The vertical dashed lines are at 0.3 and 5.4"Gyr.



ONE POSSIBILITY: 1991BG-LIKE SUPERNOVAE

Elliptical SpiralsS0
F. H. PANTHER | ANU RSAA

Panther+2018d in prep

▸ In Crocker+2017, we identified SN1991bg-
like supernovae as a possible positron source 

‣ Subclass of thermonuclear supernovae 
(Type Ia supernovae - SNe Ia) 
‣ No hydrogen in spectra, strong Si II in 

absorption 

‣ The largest subclass of peculiar SNe Ia - 
~15% of all SNe Ia, and ~30% in early-type 
galaxies 

‣ Peculiar both spectroscopically and 
photometrically: 
‣ Photometrically: sub-luminous at 

maximum light, “fast decliners” 
‣ Spectroscopically: Strong Ti II in 

absorption



OBSERVING THE HOST GALAXIES OF ‘POSITRON FACTORY’ 
SUPERNOVAE

‣ Wide Field IFU observations with ANU 2.3m 
Telescope and WiFeS  

‣  38” x 25” aperture centered on SN location, 
even if SN is offset from host - want the 
properties local (~few kpc) of the SN location 

‣ SNe 91bg are selected from the 
spectroscopically confirmed BSNIP sample 
(Silverman+2012) 

‣ Classical observing, with 4-6 x 1200s science 
exposures, with 2 x 900s sky exposures 

‣ Final sample of 12 spectra extracted from 3” x 
3” seeing-limited aperture centered on SN 
location 

‣ Ask me if you’re interested - I could give an 
entire separate talk on this

Spirals

Large offset

Ellipticals/S0

F. H. PANTHER | ANU RSAA



LOOKING FORWARD 
WITH INTEGRAL



▸ Understanding of the backgrounds 
associated with INTEGRAL (Diehl+2018) 
means we are are in an exciting time for 
MeV gamma-ray astronomy 

▸ Longitude-velocity diagram of the 511keV 
line in the Galaxy (Siegert+2018 subd.) 

▸ New constraints on positron injection 
energy in the inner Galaxy 

▸ Extending INTEGRAL coverage to high 
latitudes - the Milky Way halo and the 
Fermi Bubbles (TIMELESS, PI Bodaghee) 

▸ Lots of other exciting work happening 
here at MPE 
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F. H. PANTHER | ANU RSAA

LOOKING FORWARD WITH INTEGRAL



SUMMARY
▸ Positron astrophysics is still in its early days of development, but provides a 

unique possibility of understanding cosmic ray propagation 

▸ Connecting lab-based experiments to astrophysical observations via simulation 
will be key to decoding information in the positron annihilation spectrum 

▸ Understanding the origin of Galactic positrons is key to better understanding the 
chemical evolution and nucleosynthesis in our Galaxy and external galaxies 

▸ The MeV gamma-ray regime is an important window into processes that shape 
galaxies across cosmic time in the multi-messenger era 

▸ We are only beginning to scratch the surface of understanding the diversity of 
thermonuclear supernovae 

▸ I am on the job market, and will be at MPE until tomorrow afternoon if you have 
questions about my work. 

fiona.panther@anu.edu.au | @fipanther | auntiematter.space


