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Table 1. Star-produced radioisotopes relevant to gamma-ray line astronomy.

Isotope Production site Decay chain Half-life γ-ray energy (keV)
and intensity

7Be Nova 7Be
ϵ−→ 7Li* 53.3 d 478 (0.11)

56Ni SNIa, CCSN 56Ni
ϵ−→ 56Co* 6.075 d 158 (0.99), 812 (0.86)

56Co
ϵ(0.81)−→ 56Fe* 77.2 d 847 (1), 1238 (0.67)

57Ni SNIa, CCSN 57Ni
ϵ(0.56)−→ 57Co* 1.48 d 1378 (0.82)

57Co
ϵ−→ 57Fe* 272 d 122 (0.86), 136 (0.11)

22Na Nova 22Na
β+(0.90)−→ 22Ne* 2.61 y 1275 (1)

44Ti CCSN, SNIa 44Ti
ϵ−→ 44Sc* 60.0 y 68 (0.93), 78 (0.96)

44Sc
β+(0.94)−→ 44Ca* 3.97 h 1157 (1)

26Al CCSN, WR 26Al
β+(0.82)−→ 26Mg* 7.4·105 y 1809 (1)

AGB, Nova

60Fe CCSN 60Fe
β−

−→ 60Co* 1.5·106 y 59 (0.02)

60Co
β−

−→ 60Ni* 5.27 y 1173 (1), 1332 (1)
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Highlights:	
•  56Ni	decay	chain	detected	from	SN	1987A	(core-collapse)	and	SN	2014J	(thermonuclear)															
=>	new	insights	on	the	(asymmetric)	explosion	mechanisms	(see	Diehl	2017)	
•  44Ti	detected	from	2	SNRs,	Cas	A	and	SN	1987A,	no	other	source	found	in	γ-ray	surveys	
(Tsygankov	et	al.	2016)	=>	synthesis	in	a	rare	class	of	SNe	(see	also	Crocker	et	al.	2017)?	

•  26Al	and	60Fe	diffuse	radioac:vi:es	(flux	ra:o	of	15%)	=>	hot	ISM	proper:es	(Krause	et	al.	2015)		
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Key	performances	
E 

(keV) 
FWHM 
(keV) Origin SPI sensitivity 

(ph cm-2 s-1) 

e-ASTROGAM 
sensitivity  

(ph cm-2 s-1) 

Improvement 
factor 

511 1.3 
Narrow line component of the 

e+/e- annihilation radiation from 
the Galactic center region 

5.2 × 10-5 4.1 × 10-6 13 

847 35 56Co line from thermonuclear SN 2.3 × 10-4 3.5 × 10-6 66 

1157 15 
44Ti line from core-collapse SN 

remnants 9.6 × 10-5 3.6 × 10-6 27 

1275 20 
22Na line from classical novae of 

the ONe type 1.1 × 10-4 3.8 × 10-6 29 

2223 20 Neutron capture line from 
accreting neutron stars 1.1 × 10-4 2.1 × 10-6 52 

4438 100 
12C line produced by low-energy 

Galactic cosmic-ray in the 
interstellar medium 

1.1 × 10-4 1.7 × 10-6 65 
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1.  Thermonuclear supernovae (SN Ia): Eugene Churazov, Roland Diehl, Jordi 
Isern, and Vincent Tatischeff 

2.  Core collapse supernovae: Jordi Isern, Mark Leising, Roland Diehl, and 
Vincent Tatischeff 

3.  Nova explosions: Margarita Hernanz, Jordi José, Pierre Jean, et al. 

4.  Diffuse gamma-ray line emissions: Roland Diehl, Nikos Prantzos, and Vincent 
Tatischeff 

5.  Galactic positron annihilation radiation: Nikos Prantzos, Pierre Jean, Jordi 
Isern, and Vincent Tatischeff 
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•  First	(and	brightest)	gamma-ray	line	detected	from	outside	the	solar	system	
(Johnson	et	al.	1972;	Leventhal	et	al.	1978)	

•  F511	=	2.7	×	10-3	ph	cm-2	s-1	=>	Galac:c	positron	annihila:on	rate	of	∼	5	×	1043	s-1	

•  Three	dis:nct	annihila:on	regions	in	the	Galaxy:	disc,	bulge	and	center	(nucleus)	
(Skinner	et	al.	2014)	

•  Bulge/disk	ra:o	of	∼	1.4	(Weidenspointer	et	al.	2008)	now	reduced	to	0.58	±	0.13	
with	the	detec:on	of	more	low	surface	brightness	emission	(Siegert	et	al.	2016)	
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The Galactic distribution of the 511 keV electron positron annihilation radiation Gerald Skinner
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Figure 2: Cut at b = 0 through the model in Fig. 1.

Table 1: The components of the sky distribution model B. In addition, point sources at the positions of the
Crab nebula and of Cyg X-1 were fitted.

Component Type rms width (deg) Centre (deg) Flux ⇥104

l b l b (photons cm�2 s�1)
a) Disk 2-d Gaussian 90 3 0 0 14
b) Wider bulge 3-d Gaussian 8.7 8.7 0 0 7.3
c) Narrow bulge " " 2.5 2.5 -1.15 -0.25 2.8
d) Central component Compact 0 0 -0.06 -0.05 1.2

3.1 A Central Component ?

It is notable that the best-fit geometric models of the bulge emission include a central cusp,
represented in the model B by a point source. The position of the point source has been taken as
that of Sgr A*, but with the ⇠ 3� resolution of the SPI instrument this is indistinguishable from
l,b = (0,0), the separation being only 0.07�. Fig. 3 shows the c2 contours as the location of this
component is varied.

With this resolution it is of course difficult to be certain just how compact this component must
be. Fig. 4 shows how c2 varies when the point source is replaced by a 3-dimensional Gaussian
distribution of different widths. It appears that the central component has a characteristic scale no
more than a few hundred pc.

3.2 The Bulge Offset

We confirm the conclusion that the observed asymmetry is better represented as an offset of the
bulge emission than by the somewhat artificial splitting of the disk emission into two imbalanced
halves with an associated diskontinuity at l = 0 used in the analysis of [5].

We have investigated the extent to which the data indicate which of the components of our
geometric model are offset. Offsetting the widest bulge component ((b) in Table 1) improves the fit
very little but offsetting the narrower one (c) leads to a significant improvement as seen in Fig. 3. It
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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

Siegert et al. 2016 
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•  Diffuse	emission	in	the	1	-	100	MeV	range	constraints	the	energy	of	the	released	
positrons,	because	of	the	con:nuum	radia:on	from	in-flight	annihila:on,	 														
Ee+	<	3	MeV	(Beacom	&	Yuksel	2005),	Ee+	<	7.5	MeV	(Sizun	et	al.	2006)	

•  Rules	out	e+	produc:on	in	cosmic-ray	interac:ons	(p	+	p),	in	pulsars	and	magnetars	
(γ +	γ,	γ +	B),	as	well	as	from	“canonical”	(i.e.	GeV)	dark	mamer	annihila:on/decay	

of the COMPTEL flux in the 3–10 MeV band is rather flat,
shows no excess in the bulge region that could be identified
as a signature of LDM radiation. In order to fill the gap
between the data and the GALPROP model in the bulge with
LDM radiation, we would need to simultaneously explain
the outer disk deficit, by adding another model component
from a totally different origin which would be present only
outside the Galactic bulge region. Such an hypothesis
seems unrealistic.

Additional tuning of the GALPROP model permits to
enhance the predicted CR flux in the COMPTEL energy
range, notably by using a less conventional model with a
rapid upturn in the CR electron spectrum [51,52].
However, this idea causes energetic problems and has no
natural motivation: while the origin of the discrepancy with
the data is still debated, a population of unresolved sources
is more likely [52]. Moreover, such a model would explain
the COMPTEL observations over the whole longitude
range. Thus, we should derive our constraints simply
through the absence of any excess in the bulge with respect
to the disk in the COMPTEL data.

D. Empirical approach

In this paragraph, we drop the idea of using a full model
approach which, as discussed previously, has the drawback
of leaving completely out of consideration the fact that,
outside the energy range of the positronium [49] and the
511 keV line [3], no continuum excess has been detected in
the bulge with respect to the surrounding Galactic plane.

Therefore, taking note of the more disclike than bulge-
like morphology suggested by COMPTEL skymaps and
profiles above 1 MeV, we assume that most of the emission
detected by both COMPTEL and SPI have their origin in
either unresolved faint point sources or diffuse mecha-
nisms other than those related to LDM particles.
Assuming a relative uniformity of this !-ray background
along the Galactic plane, we derive the mean COMPTEL
intensity in a wide region !jlj< 30"; jbj< 5"# and use it as
an estimate of background for smaller regions. An addi-
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FIG. 6 (color online). Longitude profile of the 3–10 MeV diffuse flux measured by COMPTEL in a latitude band of $5"

(histogram). Left: the data is compared to a global model (thick line) including the GALPROP model of diffuse emission from
cosmic-ray interactions, composed of a dominating inverse Compton component (dotted line) and a smaller Bremsstrahlung
component (dashed line), to which we added the model of LDM emission (thin solid line), computed here for an injection energy
Einj of 10 MeV and assumed to have a Gaussian morphology with 8" FWHM. As the discrepancy between the COMPTEL data and the
GALPROP model concerns high longitudes as well as the Galactic center, trying to explain all of the Galactic bulge gap through the
LDM emission is not reasonable because the outer-bulge disparity would remain unexplained. Right: thus, in Sec. IV D we dismiss the
idea of modeling the observations completely; we acknowledge the relatively flat profile of the COMPTEL data in the inner disk region
and use the mean intensity as a baseline, requiring that an eventual excess caused in the Galactic bulge by LDM radiation remains
within data uncertainties.
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FIG. 7 (color online). Comparison between the total diffuse
spectrum expected from a 20" wide region at the Galactic center
and the diffuse fluxes measured by IBIS (full squares), SPI
(circles), COMPTEL (open squares), and EGRET (triangles).
Instead of taking the predictions from cosmic-ray interaction
codes as a base level for our LDM model like in Fig. 5, we now
use a powerlaw (straight line) !-ray background—already dis-
played in Fig. 5—compatible with both SPI and COMPTEL
data.

CONTINUUM !-RAY EMISSION FROM LIGHT DARK MATTER . . . PHYSICAL REVIEW D 74, 063514 (2006)
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positron annihilation time scale. However, if LMXRB posi-
trons are produced in the inner accretion disks by processes
depending on parameters of the binary system (e.g., tempera-
ture, depending on black hole mass) then only a few of those
systems may be important eþ producers; their spatial distri-
bution may not be represented at all by the one of all hard
LMXRBs.

The morphology of the observed 511 keV emission pro-
vides also some interesting constraints in the case of dark
matter particles as positron sources (under the assumption of
negligible eþ propagation). An illustration of such an analy-
sis is provided by Ascasibar et al. (2006), who convolved the
positron maps predicted for various light DM particle scenar-
ios and types of DM halo profiles with the response function
of SPI. Comparison to the data showed that (i) particle
candidates with velocity dependent cross sections are ex-
cluded as the main source of 511 keV emission,
(ii) fermionic DM candidates are also excluded, since they
need to exchange too light charged particles, and
(iii) decaying dark matter cannot be the main source of
low-energy positrons, because the resulting flux profile is
too flat, compared to SPI data. Note that this latter feature
is a generic property of all models involving decaying parti-
cles, where the positron production (and annihilation) rate is
proportional to the DM density profile: even ‘‘cuspy’’ pro-
files, such as the NFW (see Fig. 12), do not provide a !-ray
flux profile sufficiently peaked toward the inner Galaxy.
Annihilating or deexciting DM produces positrons at a rate
proportional to the square of the DM density profile (see
Sec. IV.C.2) and leads to a much more peaked !-ray profile.
Ascasibar et al. (2006) found that light scalar annihilating
particles remain as a possible candidate, provided the DM
halo is at least as cuspy as the NFW profile with !" 1 (see
bottom panel of Fig. 21); however, as stressed in Sec. III.E,
astrophysical evidence favors flatter DM halo profiles.

The proximity of the Galactic center and the expected
high density of DM particles there make it the prime target

for the detection of all kinds of radiation emitted indirectly
by DM (either decaying, annihilating, or deexciting).
However, because of the uncertainties presently affecting
the density profile of DM halos (see Sec. III.E) and the
possible contamination of the signal by more conventional
astrophysical sources, other potential targets have been
sought. The dwarf spheroidal (dSph) satellites of the
Milky Way, with their high mass-to-light ratio and relative
proximity, may constitute such targets. Hooper et al. (2004)
suggested that the light DM hypothesis could be tested on the
nearby (25 kpc) dSph galaxy Sagittarius, which appears
to be dominated by dark matter. A search for the expected
annihilation signal at 511 keV (Cordier et al., 2004) was
unsuccessful.

4. Summary of candidate sources

The main features of the candidate eþ sources discussed in
this section are summarized in Table IX. As already empha-
sized, eþ production rates of all those sources are extremely
uncertain (except those of 26Al, 44Ti, and GCRs) and the
values listed above should be considered as optimistic rather
than typical ones. Only in the case of novae may the esti-
mated production value be used to eliminate those sources as
important eþ producers. Source morphology and high energy
of produced positrons appear to exclude pulsars, magnetars,
and GCRs as major contributors to the observed 511 keV
emission from the bulge. Source morphology alone would
exclude hypernovae and GRBs. The high energy of produced
positrons disfavors ms pulsars, as well as p-p collisions from
any source (microquasars, LMXRB jets, the central SMBH).
This still leaves several potentially important eþ contributors,
but none of them has the observed morphology of 511 keV
emission.

Thus, assuming that positrons annihilate near their sources,
one has to conclude that

(i) either an unknown class of sources dominates eþ pro-
duction, or

TABLE IX. Properties of candidate positron sources in the Milky Way.

Source Process EðeþÞa eþ rateb Bulge/diskc Comments
(MeV) _Neþð1043 s%1Þ B=D

Massive stars: 26Al "þ decay "1 0.4 <0:2 _N, B=D: Observationally inferred
Supernovae: 24Ti "þ decay "1 0.3 <0:2 _N: Robust estimate
SNIa: 56Ni "þ decay "1 2 <0:5 Assuming feþ;esc ¼ 0:04
Novae "þ decay "1 0.02 <0:5 Insufficient eþ production
Hypernovae/GRB: 56Ni "þ decay "1 ? <0:2 Improbable in inner MW
Cosmic rays p-p "30 0.1 <0:2 Too high eþ energy
LMXRBs !-! "1 2 <0:5 Assuming Leþ " 0:01 Lobs;X

Microquasars (#Qs) !-! "1 1 <0:5 eþ load of jets uncertain
Pulsars !-!=!-!B >30 0.5 <0:2 Too high eþ energy
ms pulsars !-!=!-!B >30 0.15 <0:5 Too high eþ energy
Magnetars !-!=!-!B >30 0.16 <0:2 Too high eþ energy
Central black hole p-p High ? Too high eþ energy, unless B> 0:4 mG

!-! 1 ? Requires eþ diffusion to "1 kpc
Dark matter Annihilation 1 (?) ? Requires light scalar particle, cuspy DM profile

Deexcitation 1 ? Only cuspy DM profiles allowed
Decay 1 ? Ruled out for all DM profiles

Observational constraints <7 2 >1:4

aTypical values are given.
beþ rates: in roman: observationally deduced or reasonable estimates; in italic: speculative (and rather close to upper limits).
cSources are simply classified as belonging to either young (B=D< 0:2) or old (< 0:5) stellar populations.

N. Prantzos et al.: The 511 keV emission from positron . . . 1033

Rev. Mod. Phys., Vol. 83, No. 3, July–September 2011

From Prantzos et al. 2011, Rev. Mod. Phys.  

?	

?	

?	

✔	
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• With	the	revised	upwards	disk	contribu:on	(Siegert	et	al.	2016),	both	the	bulge/disk	
and	nucleus/bulge	luminosity	ra:os	are	consistent	with	the	stellar	mass	ra:os	

⇒  A	single	β+	source	connected	to	old	stars	could	explain	the	global	distribu:on	
•  	Proposed	source:	SN1991bg-like	thermonuclear	SNe	producing	∼ 0.03	Msol	of	44Ti		
via	detona:on	of	CO-He	WD	binary	mergers	with	a	recurrence	:me	of	∼ 530	years	

⇒  May	also	explain	the	lack	of	44Ti-emipng	SNRs	and	the	solar	system	abund.	of	44Ca	

Crocker et al. 2017, Nature Astronomy, vol. 1, id. 0135	
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Figure 1: The star formation rates (SFRs) of the disc and bulge adopted in this work and

the resulting SN Ia and SN91bg rates plotted as function of lookback time (measured backward

from the present). The SFRs (solid curves) are plotted in M� year�1; the SN rates (dotted and

dashed) are shown in century�1. The SFRs are constrained to integrate (once stellar mass loss

is accounted for) to the existing stellar masses of the various regions and to match their stellar

age distributions3. For stellar masses we adopt4: a current total stellar mass of the Milky Way

of (5.2 ± 0.5) ⇥ 10

10 M�, total mass in the bulge volume of (1.6 ± 0.2) ⇥ 10

10 M� and a stellar

mass in the disc outside the bulge volume of (3.7 ± 0.5) ⇥ 10

10 M�. The star formation rate in

the bulge and disc both peaked 12-13 Gyr ago but, setting aside the nuclear bulge, the bulge has

experienced negligible star formation since about 10 Gyr ago39, whereas the disc has continued to

host star formation at a rate ⇠ 1 � 2M� year�1 up until the present. Note that the disc SN91bg

rate is the only illustrated rate currently increasing with cosmic time (the nuclear bulge SN91bg

rate, not shown here, is also currently increasing). The SN rates are calculated using the formalism

of delay time distributions (see caption to Fig. 2) with t
p

= 0.3 Gyr and s = �1.0 for SNe Ia and

t
p

= 5.4 Gyr and s = �1.6 for SN91bg.
19
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•  511	keV	line	shape	and	Ps	frac:on	in	the	
bulge	consistent	with	annihila:on	in	a	
mixture	of	warm	(T	∼ 8000	K)	neutral	and	
ionized	phases	of	ISM	(Jean	et	al.	2006)	
•  Very	limle	is	known	on	the	propaga:on	of	the	
positrons	from	their	sources	to	the	region	of	
annihila:on			
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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. 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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•  e-ASTROGAM	will	perform	
a	deep	Galac:c	survey	of	
the	positron	annihila:on	
radia:on	

⇒  Detailed	morphology	of	
the	various	components	
(disk,	wide	bulge,	narrow	
bulge,	central	source)	

⇒  Possible	detec:on	of	
individual	star	forming	
regions	(e.g.	Cygnus)	

⇒  Point	sources	(e.g.	
microquasars)?	

⇒  A	single	β+	source	(which	
one?)	to	explain	the	
global	distribu:on	
(together	with	26Al)?	

Thick	disk	model	of	Siegert	et	al.	(2016)	

Disk	model	of	Alexis	et	al.	(2014)	


