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INTEGRAL HAS MADE SIGNIFICANT 
CONTRIBUTIONS TOWARD PROVIDING SOME 
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GAMMA RAY LINES 
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26Al rotates with the galaxy, but faster 
than molecular gas/stars…

‣ 26Al traces massive star formation and 
their winds over ~Myr timescales

‣ Catching nucleosynthesis in the act, 
and how gas is dispersed by thermal 
feedback in gamma-rays

‣ Explaining the faster rotation wrt CO/
stars is challenging…

‣ Iron in superbubbles? (Krause+)

Galactic distribution of 26Al from SPI

Bouchet+2015
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Cas A, Grefenstette+2017

‣ CCSNe produce 44Ti at high entropy 

‣ Low 44Ti mass per event and apparent 
event rate from gamma rays can’t 
explain 44Ca/56Fe abundance in pre-
solar grains

‣ Where is the rest of the 44Ti?

Mass per event 
required to 
explain 44Ca/
56Fe abundance 
in presolar grains 
~0.01 Msun
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‣ The 44Ti decay chain is a positron producing 

decay

‣ Can 44Ti account for the Galactic positrons that 
cannot be accounted for from the decay of 
26Al and CCSN-produced 44Ti?

‣ Crocker+2017: Yes, but requires very large 
synthesis of 44Ti per event via He detonation, 
and some ‘fine tuning’ of time between events, 
and ignores positrons from other sources

‣ However, the transient described in 
Crocker+2017 is extremely consistent with 
everything we know about SN1991bg-like SNe

‣ It’s my birthday tomorrow: 1 91bg-like 
supernova within 3 Mpc please!

‣ SN1991bg - ongoing nucleosynthesis in >6Gyr 
old stellar populations. The oldest SN.
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‣ SNe Ia are used as standardisable 

candles, but there is a huge scatter in 
their optical properties

‣ There are many ways to create a 
thermonuclear explosion in a CO WD, 
and we do not understand SNe Ia nor 
their diversity

‣ Scatter in intrinsic SN Ia properties 
leads to systematics in cosmology 
beyond statistics

‣ It’s all very well to ‘remove’ these 
systematics using e.g. host galaxy 
properties, but there is more to this. 
Optical/IR yields very limited 
information.
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‣ SN2014J: First unambiguous proof that 

56Ni decay chain powers the optical SN LC

‣ Around 10% of 56Ni on surface (0.03-0.09 
Msun out of ~0.6 Msun)

‣ Positrons escape?!

‣ Optically was a fairly normal looking SNe 
Ia, but interpretations of the gamma-ray 
emission are… less normal…

‣ The dream: a large sample of SNe Ia detected 
promptly in gamma-ray from which statistically 
significant conclusions can be drawn and from 
which explosion models can be tested
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relative intensity of these two components were only
poorly constrained by the data; depending on the adopted
model, the spheroidal component was claimed to be dominant
or subdominant, i.e., the Galactic spheroidal-to-disk flux
ratio was constrained only in the broad interval
Fspher=Fdisk ! 0:2–3:3. The uncertainty on the total Galactic

511 keV line flux was also rather large, spanning the range
ð1–3Þ $ 10%3 photons cm%2 s%1.

Despite the considerable progress achieved by OSSE ob-
servations, the origin of Galactic positrons remained unclear.
The data did not constrain the morphology of the 511 keV
emission enough to clarify the underlying source population.
Yet, the strong concentration of the 511 keVemission toward
the Galactic bulge led several authors to suggest that the !þ

decay of radioactive 56Co, produced by Galactic SNIa, should
be the dominant Galactic positron source (Kinzer et al.,
1996, 2001; Milne et al., 2002). The emission from the
Galactic disk was generally attributed to radioactive !þ

decays of 26Al, 56Co, and 44Ti produced by a variety of stellar
sources (Purcell et al., 1994; Kinzer et al., 1996; Purcell
et al., 1997). In fact, 26Al had already been detected from the
inner region of the Galaxy through its characteristic "-ray
line at 1809 keV in the 1979/1980 HEAO-C data (Mahoney
et al., 1982), and its contribution to Galactic-disk eþ produc-
tion was established (see Secs. II.B.2 and IV.A.2).

3. Imaging with INTEGRAL and SPI

With the launch of ESA’s INTEGRAL observatory
(Winkler et al., 2003) in 2002 for a multiyear mission, a
new opportunity became available for the study of Galactic
eþ annihilation. The SPI imaging spectrometer (Vedrenne
et al., 2003) combined for the first time imaging with high-
resolution spectroscopy. The spatial resolution of 3'

(FWHM) of SPI, though inferior to telescopes optimized
for slightly lower energies (SIGMA, IBIS), is superior to
that of OSSE; its energy coverage and sensitivity around
the annihilation line and its large field of view allow an
improved study of the 511 keV emission morphology. The
spectral resolution of !2:1 keV (FWHM, at 0.5 MeV) is
comparable to that of other Ge detectors employed on bal-
loons or the HEAO 3 satellite, allowing for a spatially re-
solved fine spectroscopy of the signal (including the
underlying continuum emission).

The first 511 keV line and positronium continuum all-sky
maps were presented by Knödlseder et al. (2005) and
Weidenspointner et al. (2006), respectively, based on ap-
proximately 1 year of SPI data (Fig. 3). The two maps are
compatible with each other (within their uncertainties), sug-
gesting that the positronium fraction does not vary over the
sky. The images illustrate the remarkable predominance of
the spheroidal component. In contrast to OSSE data, which
suggested a relatively strong disk component, the Galactic
disk seemed to be completely absent in the first-year SPI
images. Model fitting indicated only a marginal signal from
the Galactic disk, corresponding to a bulge-to-disk flux ratio
>1 (see Knödlseder et al., 2005). This strong predominance
of the Galactic bulge, unseen in any other wavelength, stimu-
lated ‘‘unconventional’’ models involving dark matter (see
Sec. IV.C). However, Prantzos (2006) pointed out that the
data could not exclude the presence of disk emission of a

larger latitudinal extent (resulting from positrons propagating
far away from their sources), which could be rather luminous
and still undetectable by SPI, because of its low surface
brightness.

After accumulating 5 years of INTEGRAL/SPI data the
511 keV line emission all-sky image revealed also fainter
emission extending along the Galactic plane (Fig. 4). With a
much improved exposure with respect to the first year (in
particular, along the Galactic plane), 511 keV emission from
the Galactic disk is now clearly detected (Weidenspointner
et al., 2008a). However, the detailed quantitative character-
ization of components of 511 keV emission requires parame-
trizing these in the form of (necessarily idealized) spatial
emission models fitted to the data. No unique description
emerges at present, since both the spheroid and the disk may
have faint extensions contributing substantially to their total
"-ray emissivities. It turns out that the bulge emission is best
described by combining a narrow and a broad Gaussian, with

FIG. 3 (color online). 511 keV line map (top panel) and positro-
nium continuum map (bottom panel) derived from 1 year of
INTEGRAL/SPI data. From Knödlseder et al., 2005 and
Weidenspointner et al., 2006, respectively.

FIG. 4 (color online). 511 keV line map derived from 5 years of
INTEGRAL/SPI data. From Weidenspointner et al., 2008a.
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Figure 2.8: Positron annihilation radiation distribution from 3 yrs of SPI data from
Knödlseder et al. [2005] (top) and Weidenspointner et al. [2006] (bottom). The bulge

glows brightly with positron annihilation.

the sky, the annihilation sites may also vary. However, this does not seem to be the case.

Like the OSSE maps, the bulge region dominates the morphology of the SPI maps. In
constrast to the OSSE data, however, there was no apparent disk component observed after
the first year, with only a marginal significance of the disk signal and a very high bulge/disk
ratio. This high bulge/disk flux ratio spawned a number of proposals of exotic sources of
positrons, including dark matter. However, as pointed out in Prantzos [2006], a low-surface
brightness disk could not yet be ruled out by the data.

A subsequent analysis of five years of SPI data began to reveal new information [Weiden-
spointner et al., 2008a]. The improved exposure meant that low surface brightness features
which had been visible in the OSSE data, such as the Galactic disk, began to be revealed (Fig-
ure 2.9). While the emission must be described by an idealized parametric model, it became
clear that the best fit to the observed emission involved a two-component bulge model: a
narrow and broad two-dimensional Gaussian (in Galactic coordinate space) to describe the
bulge, and a thick, narrow disk component with a vertical extent of „ 7 degrees.

An alternative model was also proposed which fits the data almost equally well: an ex-
tended halo combined with a thinner disk with a thinner disk [4 degrees, Weidenspointner
et al., 2008b]. More SPI data began to reveal an apparent asymmetry in the disk emission
in one analysis [Weidenspointner et al., 2008a], however a separate analysis did not find any
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relative intensity of these two components were only
poorly constrained by the data; depending on the adopted
model, the spheroidal component was claimed to be dominant
or subdominant, i.e., the Galactic spheroidal-to-disk flux
ratio was constrained only in the broad interval
Fspher=Fdisk ! 0:2–3:3. The uncertainty on the total Galactic

511 keV line flux was also rather large, spanning the range
ð1–3Þ $ 10%3 photons cm%2 s%1.

Despite the considerable progress achieved by OSSE ob-
servations, the origin of Galactic positrons remained unclear.
The data did not constrain the morphology of the 511 keV
emission enough to clarify the underlying source population.
Yet, the strong concentration of the 511 keVemission toward
the Galactic bulge led several authors to suggest that the !þ

decay of radioactive 56Co, produced by Galactic SNIa, should
be the dominant Galactic positron source (Kinzer et al.,
1996, 2001; Milne et al., 2002). The emission from the
Galactic disk was generally attributed to radioactive !þ

decays of 26Al, 56Co, and 44Ti produced by a variety of stellar
sources (Purcell et al., 1994; Kinzer et al., 1996; Purcell
et al., 1997). In fact, 26Al had already been detected from the
inner region of the Galaxy through its characteristic "-ray
line at 1809 keV in the 1979/1980 HEAO-C data (Mahoney
et al., 1982), and its contribution to Galactic-disk eþ produc-
tion was established (see Secs. II.B.2 and IV.A.2).

3. Imaging with INTEGRAL and SPI

With the launch of ESA’s INTEGRAL observatory
(Winkler et al., 2003) in 2002 for a multiyear mission, a
new opportunity became available for the study of Galactic
eþ annihilation. The SPI imaging spectrometer (Vedrenne
et al., 2003) combined for the first time imaging with high-
resolution spectroscopy. The spatial resolution of 3'

(FWHM) of SPI, though inferior to telescopes optimized
for slightly lower energies (SIGMA, IBIS), is superior to
that of OSSE; its energy coverage and sensitivity around
the annihilation line and its large field of view allow an
improved study of the 511 keV emission morphology. The
spectral resolution of !2:1 keV (FWHM, at 0.5 MeV) is
comparable to that of other Ge detectors employed on bal-
loons or the HEAO 3 satellite, allowing for a spatially re-
solved fine spectroscopy of the signal (including the
underlying continuum emission).

The first 511 keV line and positronium continuum all-sky
maps were presented by Knödlseder et al. (2005) and
Weidenspointner et al. (2006), respectively, based on ap-
proximately 1 year of SPI data (Fig. 3). The two maps are
compatible with each other (within their uncertainties), sug-
gesting that the positronium fraction does not vary over the
sky. The images illustrate the remarkable predominance of
the spheroidal component. In contrast to OSSE data, which
suggested a relatively strong disk component, the Galactic
disk seemed to be completely absent in the first-year SPI
images. Model fitting indicated only a marginal signal from
the Galactic disk, corresponding to a bulge-to-disk flux ratio
>1 (see Knödlseder et al., 2005). This strong predominance
of the Galactic bulge, unseen in any other wavelength, stimu-
lated ‘‘unconventional’’ models involving dark matter (see
Sec. IV.C). However, Prantzos (2006) pointed out that the
data could not exclude the presence of disk emission of a

larger latitudinal extent (resulting from positrons propagating
far away from their sources), which could be rather luminous
and still undetectable by SPI, because of its low surface
brightness.

After accumulating 5 years of INTEGRAL/SPI data the
511 keV line emission all-sky image revealed also fainter
emission extending along the Galactic plane (Fig. 4). With a
much improved exposure with respect to the first year (in
particular, along the Galactic plane), 511 keV emission from
the Galactic disk is now clearly detected (Weidenspointner
et al., 2008a). However, the detailed quantitative character-
ization of components of 511 keV emission requires parame-
trizing these in the form of (necessarily idealized) spatial
emission models fitted to the data. No unique description
emerges at present, since both the spheroid and the disk may
have faint extensions contributing substantially to their total
"-ray emissivities. It turns out that the bulge emission is best
described by combining a narrow and a broad Gaussian, with

FIG. 3 (color online). 511 keV line map (top panel) and positro-
nium continuum map (bottom panel) derived from 1 year of
INTEGRAL/SPI data. From Knödlseder et al., 2005 and
Weidenspointner et al., 2006, respectively.

FIG. 4 (color online). 511 keV line map derived from 5 years of
INTEGRAL/SPI data. From Weidenspointner et al., 2008a.
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Figure 2.9: Positron annihilation radiation distribution from 5 yrs of SPI data from
Weidenspointner et al. [2008a]. The bulge glows brightly with positron annihilation,

and the disk component is visible.

evidence of this apparent asymmetry, however could not exclude it [Bouchet et al., 2008,
2010]. Regardless of the chosen morpological model, two things were clear: the emission is
dominated by the Galactic bulge, and the bulge/disk flux ratio was still high.

In Siegert et al. [2016b], 11 years of INTEGRAL data are analysed. Confirming earlier
results [Knödlseder et al., 2003, 2005; Weidenspointner et al., 2008a], the central regions of
the Galaxy show the highest intensity 511 keV line, and extended emission along the Galac-
tic disk is observed now with a high significance (12s), however this emission has a very
low surface brightness in comparison to the Galactic bulge. These observations confirm that
the observed morphology of the 511 keV line is unlike emission at any other wavelength.
This is particularly apparent when comparing the disk 511 keV line intensity to the diffuse
gamma-ray continuum emission from the Galactic disk [Bouchet et al., 2011], which is clearly
detected.

The disk of the Galaxy is represented in the Siegert et al. [2016b] best fit model by a
two-dimensional Gaussian first described in Skinner et al. [2015]. The disk has a a longitude
extent of 60`10

´5 degrees and a latitude extent of 10.5`2.5
´1.5 degrees. The disk model is somewhat

sensitive to the modelling of the central Galaxy, however the flux from the disk region is only
weakly dependent on the size of the disk.

The best fitting model for the Galactic bulge emission is two two-dimensional Gaussians,
with the ‘narrow bulge’ (NB) component centered at pl, bq “ p´1.25˝, ´0.25˝q with Gaus-
sian widths of psl , sbq “ p2.5˝, 2.5˝q, and the ‘broad bulge’ (BB) component is centered at
pl, bq “ p0˝, 0˝q, extending to psl , sbq “ p8.7˝, 8.7˝q, based on Skinner et al. [2015].

Finally, an additional emission component is found coincident with the Galactic Center.
This Galactic Center source (GCS) was first described in Skinner et al. [2015] and was found
to be distinct from the central cusp of the Galactic bulge component. In the spatial model
of Siegert et al. [2016b], the GCS is detected as a distinct component with 5s significance.
Due to the instrumental spatial resolution of SPI/INTEGRAL, it is not possible to distinguish
whether the GCS is pointlike, or extended by „ 2˝. The source is not variable on timescales
° 30 days. The properties of the best fir morphology model are described in Table 2.1.

5 Years
W

ie
de

ns
po

in
tn

er
+2

00
8

§2.6 Current constraints on positron annihilation in the Milky Way 21

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 =
�

j

R jk

NI�

i=1

�iMi j +
�

t

NI+NB�

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 2.10: Positron annihilation radiation distribution from 11 yrs of SPI data from
Siegert et al. [2016b]. The bulge glows brightly with positron annihilation. The
extended disk component, which has a large scale height in the best fit model, is

clearly visible.

2.6.3 Spectra

The morphology of the observed positron annihilation in the Milky Way tells only part of
the complex story we must understand in order to find the source of Galactic positrons.
Understanding the spectrum is equally important. As previously mentioned, the spectrum
of positron annihilation encodes a large amount of information about positron annihilation
sites and can also encode some information about the origin of the positrons.

The gamma-ray spectrum of each component of the morphological models can be used
to infer the annihilation conditions of the positrons. The positron annihilation spectrum is
typically described by four parameters (e.g. Siegert et al. [2016b]): the 511 keV line intensity
(I511), the width of the line characterised as kinematic broadening (G), and the centroid shift
(which can be interpreted as Doppler-shift from bulk motion (DE0 “ Epeak ´ 511 keV)), and
the ortho-positronium continuum intensity (IoPs). These measurements can be used to infer
the fraction of positrons annihilating via positronium formation, fPs. If a fraction fPs of the
positrons annihilates via positronium formation, ortho-positronium continuum will have an
integrated intensity of

IoPs99
4

fPs, (2.15)

where the 3/4 factor originates from the spin degeneracy of positronium meaning ortho-
positronium is formed 3/4 of the time. The remaining fraction, 1 ´ fPs will annihilate directly
to two photons. These photons, combined with the annihilation via para-positronium give a
narrow line intensity of

I51192p1 ´ fPsq ` 1
2

fPs (2.16)

Thus by measuring the relative intensities IoPs and I511, the positronium fraction fPs can be
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relative intensity of these two components were only
poorly constrained by the data; depending on the adopted
model, the spheroidal component was claimed to be dominant
or subdominant, i.e., the Galactic spheroidal-to-disk flux
ratio was constrained only in the broad interval
Fspher=Fdisk ! 0:2–3:3. The uncertainty on the total Galactic

511 keV line flux was also rather large, spanning the range
ð1–3Þ $ 10%3 photons cm%2 s%1.

Despite the considerable progress achieved by OSSE ob-
servations, the origin of Galactic positrons remained unclear.
The data did not constrain the morphology of the 511 keV
emission enough to clarify the underlying source population.
Yet, the strong concentration of the 511 keVemission toward
the Galactic bulge led several authors to suggest that the !þ

decay of radioactive 56Co, produced by Galactic SNIa, should
be the dominant Galactic positron source (Kinzer et al.,
1996, 2001; Milne et al., 2002). The emission from the
Galactic disk was generally attributed to radioactive !þ

decays of 26Al, 56Co, and 44Ti produced by a variety of stellar
sources (Purcell et al., 1994; Kinzer et al., 1996; Purcell
et al., 1997). In fact, 26Al had already been detected from the
inner region of the Galaxy through its characteristic "-ray
line at 1809 keV in the 1979/1980 HEAO-C data (Mahoney
et al., 1982), and its contribution to Galactic-disk eþ produc-
tion was established (see Secs. II.B.2 and IV.A.2).

3. Imaging with INTEGRAL and SPI

With the launch of ESA’s INTEGRAL observatory
(Winkler et al., 2003) in 2002 for a multiyear mission, a
new opportunity became available for the study of Galactic
eþ annihilation. The SPI imaging spectrometer (Vedrenne
et al., 2003) combined for the first time imaging with high-
resolution spectroscopy. The spatial resolution of 3'

(FWHM) of SPI, though inferior to telescopes optimized
for slightly lower energies (SIGMA, IBIS), is superior to
that of OSSE; its energy coverage and sensitivity around
the annihilation line and its large field of view allow an
improved study of the 511 keV emission morphology. The
spectral resolution of !2:1 keV (FWHM, at 0.5 MeV) is
comparable to that of other Ge detectors employed on bal-
loons or the HEAO 3 satellite, allowing for a spatially re-
solved fine spectroscopy of the signal (including the
underlying continuum emission).

The first 511 keV line and positronium continuum all-sky
maps were presented by Knödlseder et al. (2005) and
Weidenspointner et al. (2006), respectively, based on ap-
proximately 1 year of SPI data (Fig. 3). The two maps are
compatible with each other (within their uncertainties), sug-
gesting that the positronium fraction does not vary over the
sky. The images illustrate the remarkable predominance of
the spheroidal component. In contrast to OSSE data, which
suggested a relatively strong disk component, the Galactic
disk seemed to be completely absent in the first-year SPI
images. Model fitting indicated only a marginal signal from
the Galactic disk, corresponding to a bulge-to-disk flux ratio
>1 (see Knödlseder et al., 2005). This strong predominance
of the Galactic bulge, unseen in any other wavelength, stimu-
lated ‘‘unconventional’’ models involving dark matter (see
Sec. IV.C). However, Prantzos (2006) pointed out that the
data could not exclude the presence of disk emission of a

larger latitudinal extent (resulting from positrons propagating
far away from their sources), which could be rather luminous
and still undetectable by SPI, because of its low surface
brightness.

After accumulating 5 years of INTEGRAL/SPI data the
511 keV line emission all-sky image revealed also fainter
emission extending along the Galactic plane (Fig. 4). With a
much improved exposure with respect to the first year (in
particular, along the Galactic plane), 511 keV emission from
the Galactic disk is now clearly detected (Weidenspointner
et al., 2008a). However, the detailed quantitative character-
ization of components of 511 keV emission requires parame-
trizing these in the form of (necessarily idealized) spatial
emission models fitted to the data. No unique description
emerges at present, since both the spheroid and the disk may
have faint extensions contributing substantially to their total
"-ray emissivities. It turns out that the bulge emission is best
described by combining a narrow and a broad Gaussian, with

FIG. 3 (color online). 511 keV line map (top panel) and positro-
nium continuum map (bottom panel) derived from 1 year of
INTEGRAL/SPI data. From Knödlseder et al., 2005 and
Weidenspointner et al., 2006, respectively.

FIG. 4 (color online). 511 keV line map derived from 5 years of
INTEGRAL/SPI data. From Weidenspointner et al., 2008a.
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Figure 2.8: Positron annihilation radiation distribution from 3 yrs of SPI data from
Knödlseder et al. [2005] (top) and Weidenspointner et al. [2006] (bottom). The bulge

glows brightly with positron annihilation.

the sky, the annihilation sites may also vary. However, this does not seem to be the case.

Like the OSSE maps, the bulge region dominates the morphology of the SPI maps. In
constrast to the OSSE data, however, there was no apparent disk component observed after
the first year, with only a marginal significance of the disk signal and a very high bulge/disk
ratio. This high bulge/disk flux ratio spawned a number of proposals of exotic sources of
positrons, including dark matter. However, as pointed out in Prantzos [2006], a low-surface
brightness disk could not yet be ruled out by the data.

A subsequent analysis of five years of SPI data began to reveal new information [Weiden-
spointner et al., 2008a]. The improved exposure meant that low surface brightness features
which had been visible in the OSSE data, such as the Galactic disk, began to be revealed (Fig-
ure 2.9). While the emission must be described by an idealized parametric model, it became
clear that the best fit to the observed emission involved a two-component bulge model: a
narrow and broad two-dimensional Gaussian (in Galactic coordinate space) to describe the
bulge, and a thick, narrow disk component with a vertical extent of „ 7 degrees.

An alternative model was also proposed which fits the data almost equally well: an ex-
tended halo combined with a thinner disk with a thinner disk [4 degrees, Weidenspointner
et al., 2008b]. More SPI data began to reveal an apparent asymmetry in the disk emission
in one analysis [Weidenspointner et al., 2008a], however a separate analysis did not find any
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relative intensity of these two components were only
poorly constrained by the data; depending on the adopted
model, the spheroidal component was claimed to be dominant
or subdominant, i.e., the Galactic spheroidal-to-disk flux
ratio was constrained only in the broad interval
Fspher=Fdisk ! 0:2–3:3. The uncertainty on the total Galactic

511 keV line flux was also rather large, spanning the range
ð1–3Þ $ 10%3 photons cm%2 s%1.

Despite the considerable progress achieved by OSSE ob-
servations, the origin of Galactic positrons remained unclear.
The data did not constrain the morphology of the 511 keV
emission enough to clarify the underlying source population.
Yet, the strong concentration of the 511 keVemission toward
the Galactic bulge led several authors to suggest that the !þ

decay of radioactive 56Co, produced by Galactic SNIa, should
be the dominant Galactic positron source (Kinzer et al.,
1996, 2001; Milne et al., 2002). The emission from the
Galactic disk was generally attributed to radioactive !þ

decays of 26Al, 56Co, and 44Ti produced by a variety of stellar
sources (Purcell et al., 1994; Kinzer et al., 1996; Purcell
et al., 1997). In fact, 26Al had already been detected from the
inner region of the Galaxy through its characteristic "-ray
line at 1809 keV in the 1979/1980 HEAO-C data (Mahoney
et al., 1982), and its contribution to Galactic-disk eþ produc-
tion was established (see Secs. II.B.2 and IV.A.2).

3. Imaging with INTEGRAL and SPI

With the launch of ESA’s INTEGRAL observatory
(Winkler et al., 2003) in 2002 for a multiyear mission, a
new opportunity became available for the study of Galactic
eþ annihilation. The SPI imaging spectrometer (Vedrenne
et al., 2003) combined for the first time imaging with high-
resolution spectroscopy. The spatial resolution of 3'

(FWHM) of SPI, though inferior to telescopes optimized
for slightly lower energies (SIGMA, IBIS), is superior to
that of OSSE; its energy coverage and sensitivity around
the annihilation line and its large field of view allow an
improved study of the 511 keV emission morphology. The
spectral resolution of !2:1 keV (FWHM, at 0.5 MeV) is
comparable to that of other Ge detectors employed on bal-
loons or the HEAO 3 satellite, allowing for a spatially re-
solved fine spectroscopy of the signal (including the
underlying continuum emission).

The first 511 keV line and positronium continuum all-sky
maps were presented by Knödlseder et al. (2005) and
Weidenspointner et al. (2006), respectively, based on ap-
proximately 1 year of SPI data (Fig. 3). The two maps are
compatible with each other (within their uncertainties), sug-
gesting that the positronium fraction does not vary over the
sky. The images illustrate the remarkable predominance of
the spheroidal component. In contrast to OSSE data, which
suggested a relatively strong disk component, the Galactic
disk seemed to be completely absent in the first-year SPI
images. Model fitting indicated only a marginal signal from
the Galactic disk, corresponding to a bulge-to-disk flux ratio
>1 (see Knödlseder et al., 2005). This strong predominance
of the Galactic bulge, unseen in any other wavelength, stimu-
lated ‘‘unconventional’’ models involving dark matter (see
Sec. IV.C). However, Prantzos (2006) pointed out that the
data could not exclude the presence of disk emission of a

larger latitudinal extent (resulting from positrons propagating
far away from their sources), which could be rather luminous
and still undetectable by SPI, because of its low surface
brightness.

After accumulating 5 years of INTEGRAL/SPI data the
511 keV line emission all-sky image revealed also fainter
emission extending along the Galactic plane (Fig. 4). With a
much improved exposure with respect to the first year (in
particular, along the Galactic plane), 511 keV emission from
the Galactic disk is now clearly detected (Weidenspointner
et al., 2008a). However, the detailed quantitative character-
ization of components of 511 keV emission requires parame-
trizing these in the form of (necessarily idealized) spatial
emission models fitted to the data. No unique description
emerges at present, since both the spheroid and the disk may
have faint extensions contributing substantially to their total
"-ray emissivities. It turns out that the bulge emission is best
described by combining a narrow and a broad Gaussian, with

FIG. 3 (color online). 511 keV line map (top panel) and positro-
nium continuum map (bottom panel) derived from 1 year of
INTEGRAL/SPI data. From Knödlseder et al., 2005 and
Weidenspointner et al., 2006, respectively.

FIG. 4 (color online). 511 keV line map derived from 5 years of
INTEGRAL/SPI data. From Weidenspointner et al., 2008a.
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Figure 2.9: Positron annihilation radiation distribution from 5 yrs of SPI data from
Weidenspointner et al. [2008a]. The bulge glows brightly with positron annihilation,

and the disk component is visible.

evidence of this apparent asymmetry, however could not exclude it [Bouchet et al., 2008,
2010]. Regardless of the chosen morpological model, two things were clear: the emission is
dominated by the Galactic bulge, and the bulge/disk flux ratio was still high.

In Siegert et al. [2016b], 11 years of INTEGRAL data are analysed. Confirming earlier
results [Knödlseder et al., 2003, 2005; Weidenspointner et al., 2008a], the central regions of
the Galaxy show the highest intensity 511 keV line, and extended emission along the Galac-
tic disk is observed now with a high significance (12s), however this emission has a very
low surface brightness in comparison to the Galactic bulge. These observations confirm that
the observed morphology of the 511 keV line is unlike emission at any other wavelength.
This is particularly apparent when comparing the disk 511 keV line intensity to the diffuse
gamma-ray continuum emission from the Galactic disk [Bouchet et al., 2011], which is clearly
detected.

The disk of the Galaxy is represented in the Siegert et al. [2016b] best fit model by a
two-dimensional Gaussian first described in Skinner et al. [2015]. The disk has a a longitude
extent of 60`10

´5 degrees and a latitude extent of 10.5`2.5
´1.5 degrees. The disk model is somewhat

sensitive to the modelling of the central Galaxy, however the flux from the disk region is only
weakly dependent on the size of the disk.

The best fitting model for the Galactic bulge emission is two two-dimensional Gaussians,
with the ‘narrow bulge’ (NB) component centered at pl, bq “ p´1.25˝, ´0.25˝q with Gaus-
sian widths of psl , sbq “ p2.5˝, 2.5˝q, and the ‘broad bulge’ (BB) component is centered at
pl, bq “ p0˝, 0˝q, extending to psl , sbq “ p8.7˝, 8.7˝q, based on Skinner et al. [2015].

Finally, an additional emission component is found coincident with the Galactic Center.
This Galactic Center source (GCS) was first described in Skinner et al. [2015] and was found
to be distinct from the central cusp of the Galactic bulge component. In the spatial model
of Siegert et al. [2016b], the GCS is detected as a distinct component with 5s significance.
Due to the instrumental spatial resolution of SPI/INTEGRAL, it is not possible to distinguish
whether the GCS is pointlike, or extended by „ 2˝. The source is not variable on timescales
° 30 days. The properties of the best fir morphology model are described in Table 2.1.

5 Years
W

ie
de

ns
po

in
tn

er
+2

00
8

§2.6 Current constraints on positron annihilation in the Milky Way 21

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 =
�

j

R jk

NI�

i=1

�iMi j +
�

t

NI+NB�

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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Figure 2.10: Positron annihilation radiation distribution from 11 yrs of SPI data from
Siegert et al. [2016b]. The bulge glows brightly with positron annihilation. The
extended disk component, which has a large scale height in the best fit model, is

clearly visible.

2.6.3 Spectra

The morphology of the observed positron annihilation in the Milky Way tells only part of
the complex story we must understand in order to find the source of Galactic positrons.
Understanding the spectrum is equally important. As previously mentioned, the spectrum
of positron annihilation encodes a large amount of information about positron annihilation
sites and can also encode some information about the origin of the positrons.

The gamma-ray spectrum of each component of the morphological models can be used
to infer the annihilation conditions of the positrons. The positron annihilation spectrum is
typically described by four parameters (e.g. Siegert et al. [2016b]): the 511 keV line intensity
(I511), the width of the line characterised as kinematic broadening (G), and the centroid shift
(which can be interpreted as Doppler-shift from bulk motion (DE0 “ Epeak ´ 511 keV)), and
the ortho-positronium continuum intensity (IoPs). These measurements can be used to infer
the fraction of positrons annihilating via positronium formation, fPs. If a fraction fPs of the
positrons annihilates via positronium formation, ortho-positronium continuum will have an
integrated intensity of

IoPs99
4

fPs, (2.15)

where the 3/4 factor originates from the spin degeneracy of positronium meaning ortho-
positronium is formed 3/4 of the time. The remaining fraction, 1 ´ fPs will annihilate directly
to two photons. These photons, combined with the annihilation via para-positronium give a
narrow line intensity of

I51192p1 ´ fPsq ` 1
2

fPs (2.16)

Thus by measuring the relative intensities IoPs and I511, the positronium fraction fPs can be

11 YearsSi
eg

er
t+

20
16

POSITRON ANNIHILATION 
DISTRIBUTION WITH INTEGRAL‣ Distribution of annihilating positrons 

has changed subtly over the years, but 
remains different than one would 
naively expect (positron sources that 
can be accounted for e.g. 26Al 
concentrate in disk



POSITRON ANNIHILATION IN THE MILKY WAY: A 50 YEAR OLD PUZZLE

Bulge only

Thick disk 

+ Bulge

Asymmetric 

 disk?

§2.6 Current constraints on positron annihilation in the Milky Way 19

relative intensity of these two components were only
poorly constrained by the data; depending on the adopted
model, the spheroidal component was claimed to be dominant
or subdominant, i.e., the Galactic spheroidal-to-disk flux
ratio was constrained only in the broad interval
Fspher=Fdisk ! 0:2–3:3. The uncertainty on the total Galactic

511 keV line flux was also rather large, spanning the range
ð1–3Þ $ 10%3 photons cm%2 s%1.

Despite the considerable progress achieved by OSSE ob-
servations, the origin of Galactic positrons remained unclear.
The data did not constrain the morphology of the 511 keV
emission enough to clarify the underlying source population.
Yet, the strong concentration of the 511 keVemission toward
the Galactic bulge led several authors to suggest that the !þ

decay of radioactive 56Co, produced by Galactic SNIa, should
be the dominant Galactic positron source (Kinzer et al.,
1996, 2001; Milne et al., 2002). The emission from the
Galactic disk was generally attributed to radioactive !þ

decays of 26Al, 56Co, and 44Ti produced by a variety of stellar
sources (Purcell et al., 1994; Kinzer et al., 1996; Purcell
et al., 1997). In fact, 26Al had already been detected from the
inner region of the Galaxy through its characteristic "-ray
line at 1809 keV in the 1979/1980 HEAO-C data (Mahoney
et al., 1982), and its contribution to Galactic-disk eþ produc-
tion was established (see Secs. II.B.2 and IV.A.2).

3. Imaging with INTEGRAL and SPI

With the launch of ESA’s INTEGRAL observatory
(Winkler et al., 2003) in 2002 for a multiyear mission, a
new opportunity became available for the study of Galactic
eþ annihilation. The SPI imaging spectrometer (Vedrenne
et al., 2003) combined for the first time imaging with high-
resolution spectroscopy. The spatial resolution of 3'

(FWHM) of SPI, though inferior to telescopes optimized
for slightly lower energies (SIGMA, IBIS), is superior to
that of OSSE; its energy coverage and sensitivity around
the annihilation line and its large field of view allow an
improved study of the 511 keV emission morphology. The
spectral resolution of !2:1 keV (FWHM, at 0.5 MeV) is
comparable to that of other Ge detectors employed on bal-
loons or the HEAO 3 satellite, allowing for a spatially re-
solved fine spectroscopy of the signal (including the
underlying continuum emission).

The first 511 keV line and positronium continuum all-sky
maps were presented by Knödlseder et al. (2005) and
Weidenspointner et al. (2006), respectively, based on ap-
proximately 1 year of SPI data (Fig. 3). The two maps are
compatible with each other (within their uncertainties), sug-
gesting that the positronium fraction does not vary over the
sky. The images illustrate the remarkable predominance of
the spheroidal component. In contrast to OSSE data, which
suggested a relatively strong disk component, the Galactic
disk seemed to be completely absent in the first-year SPI
images. Model fitting indicated only a marginal signal from
the Galactic disk, corresponding to a bulge-to-disk flux ratio
>1 (see Knödlseder et al., 2005). This strong predominance
of the Galactic bulge, unseen in any other wavelength, stimu-
lated ‘‘unconventional’’ models involving dark matter (see
Sec. IV.C). However, Prantzos (2006) pointed out that the
data could not exclude the presence of disk emission of a

larger latitudinal extent (resulting from positrons propagating
far away from their sources), which could be rather luminous
and still undetectable by SPI, because of its low surface
brightness.

After accumulating 5 years of INTEGRAL/SPI data the
511 keV line emission all-sky image revealed also fainter
emission extending along the Galactic plane (Fig. 4). With a
much improved exposure with respect to the first year (in
particular, along the Galactic plane), 511 keV emission from
the Galactic disk is now clearly detected (Weidenspointner
et al., 2008a). However, the detailed quantitative character-
ization of components of 511 keV emission requires parame-
trizing these in the form of (necessarily idealized) spatial
emission models fitted to the data. No unique description
emerges at present, since both the spheroid and the disk may
have faint extensions contributing substantially to their total
"-ray emissivities. It turns out that the bulge emission is best
described by combining a narrow and a broad Gaussian, with

FIG. 3 (color online). 511 keV line map (top panel) and positro-
nium continuum map (bottom panel) derived from 1 year of
INTEGRAL/SPI data. From Knödlseder et al., 2005 and
Weidenspointner et al., 2006, respectively.

FIG. 4 (color online). 511 keV line map derived from 5 years of
INTEGRAL/SPI data. From Weidenspointner et al., 2008a.
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Figure 2.8: Positron annihilation radiation distribution from 3 yrs of SPI data from
Knödlseder et al. [2005] (top) and Weidenspointner et al. [2006] (bottom). The bulge

glows brightly with positron annihilation.

the sky, the annihilation sites may also vary. However, this does not seem to be the case.

Like the OSSE maps, the bulge region dominates the morphology of the SPI maps. In
constrast to the OSSE data, however, there was no apparent disk component observed after
the first year, with only a marginal significance of the disk signal and a very high bulge/disk
ratio. This high bulge/disk flux ratio spawned a number of proposals of exotic sources of
positrons, including dark matter. However, as pointed out in Prantzos [2006], a low-surface
brightness disk could not yet be ruled out by the data.

A subsequent analysis of five years of SPI data began to reveal new information [Weiden-
spointner et al., 2008a]. The improved exposure meant that low surface brightness features
which had been visible in the OSSE data, such as the Galactic disk, began to be revealed (Fig-
ure 2.9). While the emission must be described by an idealized parametric model, it became
clear that the best fit to the observed emission involved a two-component bulge model: a
narrow and broad two-dimensional Gaussian (in Galactic coordinate space) to describe the
bulge, and a thick, narrow disk component with a vertical extent of „ 7 degrees.

An alternative model was also proposed which fits the data almost equally well: an ex-
tended halo combined with a thinner disk with a thinner disk [4 degrees, Weidenspointner
et al., 2008b]. More SPI data began to reveal an apparent asymmetry in the disk emission
in one analysis [Weidenspointner et al., 2008a], however a separate analysis did not find any
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relative intensity of these two components were only
poorly constrained by the data; depending on the adopted
model, the spheroidal component was claimed to be dominant
or subdominant, i.e., the Galactic spheroidal-to-disk flux
ratio was constrained only in the broad interval
Fspher=Fdisk ! 0:2–3:3. The uncertainty on the total Galactic

511 keV line flux was also rather large, spanning the range
ð1–3Þ $ 10%3 photons cm%2 s%1.

Despite the considerable progress achieved by OSSE ob-
servations, the origin of Galactic positrons remained unclear.
The data did not constrain the morphology of the 511 keV
emission enough to clarify the underlying source population.
Yet, the strong concentration of the 511 keVemission toward
the Galactic bulge led several authors to suggest that the !þ

decay of radioactive 56Co, produced by Galactic SNIa, should
be the dominant Galactic positron source (Kinzer et al.,
1996, 2001; Milne et al., 2002). The emission from the
Galactic disk was generally attributed to radioactive !þ

decays of 26Al, 56Co, and 44Ti produced by a variety of stellar
sources (Purcell et al., 1994; Kinzer et al., 1996; Purcell
et al., 1997). In fact, 26Al had already been detected from the
inner region of the Galaxy through its characteristic "-ray
line at 1809 keV in the 1979/1980 HEAO-C data (Mahoney
et al., 1982), and its contribution to Galactic-disk eþ produc-
tion was established (see Secs. II.B.2 and IV.A.2).

3. Imaging with INTEGRAL and SPI

With the launch of ESA’s INTEGRAL observatory
(Winkler et al., 2003) in 2002 for a multiyear mission, a
new opportunity became available for the study of Galactic
eþ annihilation. The SPI imaging spectrometer (Vedrenne
et al., 2003) combined for the first time imaging with high-
resolution spectroscopy. The spatial resolution of 3'

(FWHM) of SPI, though inferior to telescopes optimized
for slightly lower energies (SIGMA, IBIS), is superior to
that of OSSE; its energy coverage and sensitivity around
the annihilation line and its large field of view allow an
improved study of the 511 keV emission morphology. The
spectral resolution of !2:1 keV (FWHM, at 0.5 MeV) is
comparable to that of other Ge detectors employed on bal-
loons or the HEAO 3 satellite, allowing for a spatially re-
solved fine spectroscopy of the signal (including the
underlying continuum emission).

The first 511 keV line and positronium continuum all-sky
maps were presented by Knödlseder et al. (2005) and
Weidenspointner et al. (2006), respectively, based on ap-
proximately 1 year of SPI data (Fig. 3). The two maps are
compatible with each other (within their uncertainties), sug-
gesting that the positronium fraction does not vary over the
sky. The images illustrate the remarkable predominance of
the spheroidal component. In contrast to OSSE data, which
suggested a relatively strong disk component, the Galactic
disk seemed to be completely absent in the first-year SPI
images. Model fitting indicated only a marginal signal from
the Galactic disk, corresponding to a bulge-to-disk flux ratio
>1 (see Knödlseder et al., 2005). This strong predominance
of the Galactic bulge, unseen in any other wavelength, stimu-
lated ‘‘unconventional’’ models involving dark matter (see
Sec. IV.C). However, Prantzos (2006) pointed out that the
data could not exclude the presence of disk emission of a

larger latitudinal extent (resulting from positrons propagating
far away from their sources), which could be rather luminous
and still undetectable by SPI, because of its low surface
brightness.

After accumulating 5 years of INTEGRAL/SPI data the
511 keV line emission all-sky image revealed also fainter
emission extending along the Galactic plane (Fig. 4). With a
much improved exposure with respect to the first year (in
particular, along the Galactic plane), 511 keV emission from
the Galactic disk is now clearly detected (Weidenspointner
et al., 2008a). However, the detailed quantitative character-
ization of components of 511 keV emission requires parame-
trizing these in the form of (necessarily idealized) spatial
emission models fitted to the data. No unique description
emerges at present, since both the spheroid and the disk may
have faint extensions contributing substantially to their total
"-ray emissivities. It turns out that the bulge emission is best
described by combining a narrow and a broad Gaussian, with

FIG. 3 (color online). 511 keV line map (top panel) and positro-
nium continuum map (bottom panel) derived from 1 year of
INTEGRAL/SPI data. From Knödlseder et al., 2005 and
Weidenspointner et al., 2006, respectively.

FIG. 4 (color online). 511 keV line map derived from 5 years of
INTEGRAL/SPI data. From Weidenspointner et al., 2008a.
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Figure 2.9: Positron annihilation radiation distribution from 5 yrs of SPI data from
Weidenspointner et al. [2008a]. The bulge glows brightly with positron annihilation,

and the disk component is visible.

evidence of this apparent asymmetry, however could not exclude it [Bouchet et al., 2008,
2010]. Regardless of the chosen morpological model, two things were clear: the emission is
dominated by the Galactic bulge, and the bulge/disk flux ratio was still high.

In Siegert et al. [2016b], 11 years of INTEGRAL data are analysed. Confirming earlier
results [Knödlseder et al., 2003, 2005; Weidenspointner et al., 2008a], the central regions of
the Galaxy show the highest intensity 511 keV line, and extended emission along the Galac-
tic disk is observed now with a high significance (12s), however this emission has a very
low surface brightness in comparison to the Galactic bulge. These observations confirm that
the observed morphology of the 511 keV line is unlike emission at any other wavelength.
This is particularly apparent when comparing the disk 511 keV line intensity to the diffuse
gamma-ray continuum emission from the Galactic disk [Bouchet et al., 2011], which is clearly
detected.

The disk of the Galaxy is represented in the Siegert et al. [2016b] best fit model by a
two-dimensional Gaussian first described in Skinner et al. [2015]. The disk has a a longitude
extent of 60`10

´5 degrees and a latitude extent of 10.5`2.5
´1.5 degrees. The disk model is somewhat

sensitive to the modelling of the central Galaxy, however the flux from the disk region is only
weakly dependent on the size of the disk.

The best fitting model for the Galactic bulge emission is two two-dimensional Gaussians,
with the ‘narrow bulge’ (NB) component centered at pl, bq “ p´1.25˝, ´0.25˝q with Gaus-
sian widths of psl , sbq “ p2.5˝, 2.5˝q, and the ‘broad bulge’ (BB) component is centered at
pl, bq “ p0˝, 0˝q, extending to psl , sbq “ p8.7˝, 8.7˝q, based on Skinner et al. [2015].

Finally, an additional emission component is found coincident with the Galactic Center.
This Galactic Center source (GCS) was first described in Skinner et al. [2015] and was found
to be distinct from the central cusp of the Galactic bulge component. In the spatial model
of Siegert et al. [2016b], the GCS is detected as a distinct component with 5s significance.
Due to the instrumental spatial resolution of SPI/INTEGRAL, it is not possible to distinguish
whether the GCS is pointlike, or extended by „ 2˝. The source is not variable on timescales
° 30 days. The properties of the best fir morphology model are described in Table 2.1.
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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 =
�

j

R jk

NI�

i=1

�iMi j +
�

t

NI+NB�

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 2.10: Positron annihilation radiation distribution from 11 yrs of SPI data from
Siegert et al. [2016b]. The bulge glows brightly with positron annihilation. The
extended disk component, which has a large scale height in the best fit model, is

clearly visible.

2.6.3 Spectra

The morphology of the observed positron annihilation in the Milky Way tells only part of
the complex story we must understand in order to find the source of Galactic positrons.
Understanding the spectrum is equally important. As previously mentioned, the spectrum
of positron annihilation encodes a large amount of information about positron annihilation
sites and can also encode some information about the origin of the positrons.

The gamma-ray spectrum of each component of the morphological models can be used
to infer the annihilation conditions of the positrons. The positron annihilation spectrum is
typically described by four parameters (e.g. Siegert et al. [2016b]): the 511 keV line intensity
(I511), the width of the line characterised as kinematic broadening (G), and the centroid shift
(which can be interpreted as Doppler-shift from bulk motion (DE0 “ Epeak ´ 511 keV)), and
the ortho-positronium continuum intensity (IoPs). These measurements can be used to infer
the fraction of positrons annihilating via positronium formation, fPs. If a fraction fPs of the
positrons annihilates via positronium formation, ortho-positronium continuum will have an
integrated intensity of

IoPs99
4

fPs, (2.15)

where the 3/4 factor originates from the spin degeneracy of positronium meaning ortho-
positronium is formed 3/4 of the time. The remaining fraction, 1 ´ fPs will annihilate directly
to two photons. These photons, combined with the annihilation via para-positronium give a
narrow line intensity of

I51192p1 ´ fPsq ` 1
2

fPs (2.16)

Thus by measuring the relative intensities IoPs and I511, the positronium fraction fPs can be
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relative intensity of these two components were only
poorly constrained by the data; depending on the adopted
model, the spheroidal component was claimed to be dominant
or subdominant, i.e., the Galactic spheroidal-to-disk flux
ratio was constrained only in the broad interval
Fspher=Fdisk ! 0:2–3:3. The uncertainty on the total Galactic

511 keV line flux was also rather large, spanning the range
ð1–3Þ $ 10%3 photons cm%2 s%1.

Despite the considerable progress achieved by OSSE ob-
servations, the origin of Galactic positrons remained unclear.
The data did not constrain the morphology of the 511 keV
emission enough to clarify the underlying source population.
Yet, the strong concentration of the 511 keVemission toward
the Galactic bulge led several authors to suggest that the !þ

decay of radioactive 56Co, produced by Galactic SNIa, should
be the dominant Galactic positron source (Kinzer et al.,
1996, 2001; Milne et al., 2002). The emission from the
Galactic disk was generally attributed to radioactive !þ

decays of 26Al, 56Co, and 44Ti produced by a variety of stellar
sources (Purcell et al., 1994; Kinzer et al., 1996; Purcell
et al., 1997). In fact, 26Al had already been detected from the
inner region of the Galaxy through its characteristic "-ray
line at 1809 keV in the 1979/1980 HEAO-C data (Mahoney
et al., 1982), and its contribution to Galactic-disk eþ produc-
tion was established (see Secs. II.B.2 and IV.A.2).

3. Imaging with INTEGRAL and SPI

With the launch of ESA’s INTEGRAL observatory
(Winkler et al., 2003) in 2002 for a multiyear mission, a
new opportunity became available for the study of Galactic
eþ annihilation. The SPI imaging spectrometer (Vedrenne
et al., 2003) combined for the first time imaging with high-
resolution spectroscopy. The spatial resolution of 3'

(FWHM) of SPI, though inferior to telescopes optimized
for slightly lower energies (SIGMA, IBIS), is superior to
that of OSSE; its energy coverage and sensitivity around
the annihilation line and its large field of view allow an
improved study of the 511 keV emission morphology. The
spectral resolution of !2:1 keV (FWHM, at 0.5 MeV) is
comparable to that of other Ge detectors employed on bal-
loons or the HEAO 3 satellite, allowing for a spatially re-
solved fine spectroscopy of the signal (including the
underlying continuum emission).

The first 511 keV line and positronium continuum all-sky
maps were presented by Knödlseder et al. (2005) and
Weidenspointner et al. (2006), respectively, based on ap-
proximately 1 year of SPI data (Fig. 3). The two maps are
compatible with each other (within their uncertainties), sug-
gesting that the positronium fraction does not vary over the
sky. The images illustrate the remarkable predominance of
the spheroidal component. In contrast to OSSE data, which
suggested a relatively strong disk component, the Galactic
disk seemed to be completely absent in the first-year SPI
images. Model fitting indicated only a marginal signal from
the Galactic disk, corresponding to a bulge-to-disk flux ratio
>1 (see Knödlseder et al., 2005). This strong predominance
of the Galactic bulge, unseen in any other wavelength, stimu-
lated ‘‘unconventional’’ models involving dark matter (see
Sec. IV.C). However, Prantzos (2006) pointed out that the
data could not exclude the presence of disk emission of a

larger latitudinal extent (resulting from positrons propagating
far away from their sources), which could be rather luminous
and still undetectable by SPI, because of its low surface
brightness.

After accumulating 5 years of INTEGRAL/SPI data the
511 keV line emission all-sky image revealed also fainter
emission extending along the Galactic plane (Fig. 4). With a
much improved exposure with respect to the first year (in
particular, along the Galactic plane), 511 keV emission from
the Galactic disk is now clearly detected (Weidenspointner
et al., 2008a). However, the detailed quantitative character-
ization of components of 511 keV emission requires parame-
trizing these in the form of (necessarily idealized) spatial
emission models fitted to the data. No unique description
emerges at present, since both the spheroid and the disk may
have faint extensions contributing substantially to their total
"-ray emissivities. It turns out that the bulge emission is best
described by combining a narrow and a broad Gaussian, with

FIG. 3 (color online). 511 keV line map (top panel) and positro-
nium continuum map (bottom panel) derived from 1 year of
INTEGRAL/SPI data. From Knödlseder et al., 2005 and
Weidenspointner et al., 2006, respectively.

FIG. 4 (color online). 511 keV line map derived from 5 years of
INTEGRAL/SPI data. From Weidenspointner et al., 2008a.
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Figure 2.8: Positron annihilation radiation distribution from 3 yrs of SPI data from
Knödlseder et al. [2005] (top) and Weidenspointner et al. [2006] (bottom). The bulge

glows brightly with positron annihilation.

the sky, the annihilation sites may also vary. However, this does not seem to be the case.

Like the OSSE maps, the bulge region dominates the morphology of the SPI maps. In
constrast to the OSSE data, however, there was no apparent disk component observed after
the first year, with only a marginal significance of the disk signal and a very high bulge/disk
ratio. This high bulge/disk flux ratio spawned a number of proposals of exotic sources of
positrons, including dark matter. However, as pointed out in Prantzos [2006], a low-surface
brightness disk could not yet be ruled out by the data.

A subsequent analysis of five years of SPI data began to reveal new information [Weiden-
spointner et al., 2008a]. The improved exposure meant that low surface brightness features
which had been visible in the OSSE data, such as the Galactic disk, began to be revealed (Fig-
ure 2.9). While the emission must be described by an idealized parametric model, it became
clear that the best fit to the observed emission involved a two-component bulge model: a
narrow and broad two-dimensional Gaussian (in Galactic coordinate space) to describe the
bulge, and a thick, narrow disk component with a vertical extent of „ 7 degrees.

An alternative model was also proposed which fits the data almost equally well: an ex-
tended halo combined with a thinner disk with a thinner disk [4 degrees, Weidenspointner
et al., 2008b]. More SPI data began to reveal an apparent asymmetry in the disk emission
in one analysis [Weidenspointner et al., 2008a], however a separate analysis did not find any
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relative intensity of these two components were only
poorly constrained by the data; depending on the adopted
model, the spheroidal component was claimed to be dominant
or subdominant, i.e., the Galactic spheroidal-to-disk flux
ratio was constrained only in the broad interval
Fspher=Fdisk ! 0:2–3:3. The uncertainty on the total Galactic

511 keV line flux was also rather large, spanning the range
ð1–3Þ $ 10%3 photons cm%2 s%1.

Despite the considerable progress achieved by OSSE ob-
servations, the origin of Galactic positrons remained unclear.
The data did not constrain the morphology of the 511 keV
emission enough to clarify the underlying source population.
Yet, the strong concentration of the 511 keVemission toward
the Galactic bulge led several authors to suggest that the !þ

decay of radioactive 56Co, produced by Galactic SNIa, should
be the dominant Galactic positron source (Kinzer et al.,
1996, 2001; Milne et al., 2002). The emission from the
Galactic disk was generally attributed to radioactive !þ

decays of 26Al, 56Co, and 44Ti produced by a variety of stellar
sources (Purcell et al., 1994; Kinzer et al., 1996; Purcell
et al., 1997). In fact, 26Al had already been detected from the
inner region of the Galaxy through its characteristic "-ray
line at 1809 keV in the 1979/1980 HEAO-C data (Mahoney
et al., 1982), and its contribution to Galactic-disk eþ produc-
tion was established (see Secs. II.B.2 and IV.A.2).

3. Imaging with INTEGRAL and SPI

With the launch of ESA’s INTEGRAL observatory
(Winkler et al., 2003) in 2002 for a multiyear mission, a
new opportunity became available for the study of Galactic
eþ annihilation. The SPI imaging spectrometer (Vedrenne
et al., 2003) combined for the first time imaging with high-
resolution spectroscopy. The spatial resolution of 3'

(FWHM) of SPI, though inferior to telescopes optimized
for slightly lower energies (SIGMA, IBIS), is superior to
that of OSSE; its energy coverage and sensitivity around
the annihilation line and its large field of view allow an
improved study of the 511 keV emission morphology. The
spectral resolution of !2:1 keV (FWHM, at 0.5 MeV) is
comparable to that of other Ge detectors employed on bal-
loons or the HEAO 3 satellite, allowing for a spatially re-
solved fine spectroscopy of the signal (including the
underlying continuum emission).

The first 511 keV line and positronium continuum all-sky
maps were presented by Knödlseder et al. (2005) and
Weidenspointner et al. (2006), respectively, based on ap-
proximately 1 year of SPI data (Fig. 3). The two maps are
compatible with each other (within their uncertainties), sug-
gesting that the positronium fraction does not vary over the
sky. The images illustrate the remarkable predominance of
the spheroidal component. In contrast to OSSE data, which
suggested a relatively strong disk component, the Galactic
disk seemed to be completely absent in the first-year SPI
images. Model fitting indicated only a marginal signal from
the Galactic disk, corresponding to a bulge-to-disk flux ratio
>1 (see Knödlseder et al., 2005). This strong predominance
of the Galactic bulge, unseen in any other wavelength, stimu-
lated ‘‘unconventional’’ models involving dark matter (see
Sec. IV.C). However, Prantzos (2006) pointed out that the
data could not exclude the presence of disk emission of a

larger latitudinal extent (resulting from positrons propagating
far away from their sources), which could be rather luminous
and still undetectable by SPI, because of its low surface
brightness.

After accumulating 5 years of INTEGRAL/SPI data the
511 keV line emission all-sky image revealed also fainter
emission extending along the Galactic plane (Fig. 4). With a
much improved exposure with respect to the first year (in
particular, along the Galactic plane), 511 keV emission from
the Galactic disk is now clearly detected (Weidenspointner
et al., 2008a). However, the detailed quantitative character-
ization of components of 511 keV emission requires parame-
trizing these in the form of (necessarily idealized) spatial
emission models fitted to the data. No unique description
emerges at present, since both the spheroid and the disk may
have faint extensions contributing substantially to their total
"-ray emissivities. It turns out that the bulge emission is best
described by combining a narrow and a broad Gaussian, with

FIG. 3 (color online). 511 keV line map (top panel) and positro-
nium continuum map (bottom panel) derived from 1 year of
INTEGRAL/SPI data. From Knödlseder et al., 2005 and
Weidenspointner et al., 2006, respectively.

FIG. 4 (color online). 511 keV line map derived from 5 years of
INTEGRAL/SPI data. From Weidenspointner et al., 2008a.
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Figure 2.9: Positron annihilation radiation distribution from 5 yrs of SPI data from
Weidenspointner et al. [2008a]. The bulge glows brightly with positron annihilation,

and the disk component is visible.

evidence of this apparent asymmetry, however could not exclude it [Bouchet et al., 2008,
2010]. Regardless of the chosen morpological model, two things were clear: the emission is
dominated by the Galactic bulge, and the bulge/disk flux ratio was still high.

In Siegert et al. [2016b], 11 years of INTEGRAL data are analysed. Confirming earlier
results [Knödlseder et al., 2003, 2005; Weidenspointner et al., 2008a], the central regions of
the Galaxy show the highest intensity 511 keV line, and extended emission along the Galac-
tic disk is observed now with a high significance (12s), however this emission has a very
low surface brightness in comparison to the Galactic bulge. These observations confirm that
the observed morphology of the 511 keV line is unlike emission at any other wavelength.
This is particularly apparent when comparing the disk 511 keV line intensity to the diffuse
gamma-ray continuum emission from the Galactic disk [Bouchet et al., 2011], which is clearly
detected.

The disk of the Galaxy is represented in the Siegert et al. [2016b] best fit model by a
two-dimensional Gaussian first described in Skinner et al. [2015]. The disk has a a longitude
extent of 60`10

´5 degrees and a latitude extent of 10.5`2.5
´1.5 degrees. The disk model is somewhat

sensitive to the modelling of the central Galaxy, however the flux from the disk region is only
weakly dependent on the size of the disk.

The best fitting model for the Galactic bulge emission is two two-dimensional Gaussians,
with the ‘narrow bulge’ (NB) component centered at pl, bq “ p´1.25˝, ´0.25˝q with Gaus-
sian widths of psl , sbq “ p2.5˝, 2.5˝q, and the ‘broad bulge’ (BB) component is centered at
pl, bq “ p0˝, 0˝q, extending to psl , sbq “ p8.7˝, 8.7˝q, based on Skinner et al. [2015].

Finally, an additional emission component is found coincident with the Galactic Center.
This Galactic Center source (GCS) was first described in Skinner et al. [2015] and was found
to be distinct from the central cusp of the Galactic bulge component. In the spatial model
of Siegert et al. [2016b], the GCS is detected as a distinct component with 5s significance.
Due to the instrumental spatial resolution of SPI/INTEGRAL, it is not possible to distinguish
whether the GCS is pointlike, or extended by „ 2˝. The source is not variable on timescales
° 30 days. The properties of the best fir morphology model are described in Table 2.1.
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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 =
�

j

R jk

NI�

i=1

�iMi j +
�

t

NI+NB�

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 2.10: Positron annihilation radiation distribution from 11 yrs of SPI data from
Siegert et al. [2016b]. The bulge glows brightly with positron annihilation. The
extended disk component, which has a large scale height in the best fit model, is

clearly visible.

2.6.3 Spectra

The morphology of the observed positron annihilation in the Milky Way tells only part of
the complex story we must understand in order to find the source of Galactic positrons.
Understanding the spectrum is equally important. As previously mentioned, the spectrum
of positron annihilation encodes a large amount of information about positron annihilation
sites and can also encode some information about the origin of the positrons.

The gamma-ray spectrum of each component of the morphological models can be used
to infer the annihilation conditions of the positrons. The positron annihilation spectrum is
typically described by four parameters (e.g. Siegert et al. [2016b]): the 511 keV line intensity
(I511), the width of the line characterised as kinematic broadening (G), and the centroid shift
(which can be interpreted as Doppler-shift from bulk motion (DE0 “ Epeak ´ 511 keV)), and
the ortho-positronium continuum intensity (IoPs). These measurements can be used to infer
the fraction of positrons annihilating via positronium formation, fPs. If a fraction fPs of the
positrons annihilates via positronium formation, ortho-positronium continuum will have an
integrated intensity of

IoPs99
4

fPs, (2.15)

where the 3/4 factor originates from the spin degeneracy of positronium meaning ortho-
positronium is formed 3/4 of the time. The remaining fraction, 1 ´ fPs will annihilate directly
to two photons. These photons, combined with the annihilation via para-positronium give a
narrow line intensity of

I51192p1 ´ fPsq ` 1
2

fPs (2.16)

Thus by measuring the relative intensities IoPs and I511, the positronium fraction fPs can be
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relative intensity of these two components were only
poorly constrained by the data; depending on the adopted
model, the spheroidal component was claimed to be dominant
or subdominant, i.e., the Galactic spheroidal-to-disk flux
ratio was constrained only in the broad interval
Fspher=Fdisk ! 0:2–3:3. The uncertainty on the total Galactic

511 keV line flux was also rather large, spanning the range
ð1–3Þ $ 10%3 photons cm%2 s%1.

Despite the considerable progress achieved by OSSE ob-
servations, the origin of Galactic positrons remained unclear.
The data did not constrain the morphology of the 511 keV
emission enough to clarify the underlying source population.
Yet, the strong concentration of the 511 keVemission toward
the Galactic bulge led several authors to suggest that the !þ

decay of radioactive 56Co, produced by Galactic SNIa, should
be the dominant Galactic positron source (Kinzer et al.,
1996, 2001; Milne et al., 2002). The emission from the
Galactic disk was generally attributed to radioactive !þ

decays of 26Al, 56Co, and 44Ti produced by a variety of stellar
sources (Purcell et al., 1994; Kinzer et al., 1996; Purcell
et al., 1997). In fact, 26Al had already been detected from the
inner region of the Galaxy through its characteristic "-ray
line at 1809 keV in the 1979/1980 HEAO-C data (Mahoney
et al., 1982), and its contribution to Galactic-disk eþ produc-
tion was established (see Secs. II.B.2 and IV.A.2).

3. Imaging with INTEGRAL and SPI

With the launch of ESA’s INTEGRAL observatory
(Winkler et al., 2003) in 2002 for a multiyear mission, a
new opportunity became available for the study of Galactic
eþ annihilation. The SPI imaging spectrometer (Vedrenne
et al., 2003) combined for the first time imaging with high-
resolution spectroscopy. The spatial resolution of 3'

(FWHM) of SPI, though inferior to telescopes optimized
for slightly lower energies (SIGMA, IBIS), is superior to
that of OSSE; its energy coverage and sensitivity around
the annihilation line and its large field of view allow an
improved study of the 511 keV emission morphology. The
spectral resolution of !2:1 keV (FWHM, at 0.5 MeV) is
comparable to that of other Ge detectors employed on bal-
loons or the HEAO 3 satellite, allowing for a spatially re-
solved fine spectroscopy of the signal (including the
underlying continuum emission).

The first 511 keV line and positronium continuum all-sky
maps were presented by Knödlseder et al. (2005) and
Weidenspointner et al. (2006), respectively, based on ap-
proximately 1 year of SPI data (Fig. 3). The two maps are
compatible with each other (within their uncertainties), sug-
gesting that the positronium fraction does not vary over the
sky. The images illustrate the remarkable predominance of
the spheroidal component. In contrast to OSSE data, which
suggested a relatively strong disk component, the Galactic
disk seemed to be completely absent in the first-year SPI
images. Model fitting indicated only a marginal signal from
the Galactic disk, corresponding to a bulge-to-disk flux ratio
>1 (see Knödlseder et al., 2005). This strong predominance
of the Galactic bulge, unseen in any other wavelength, stimu-
lated ‘‘unconventional’’ models involving dark matter (see
Sec. IV.C). However, Prantzos (2006) pointed out that the
data could not exclude the presence of disk emission of a

larger latitudinal extent (resulting from positrons propagating
far away from their sources), which could be rather luminous
and still undetectable by SPI, because of its low surface
brightness.

After accumulating 5 years of INTEGRAL/SPI data the
511 keV line emission all-sky image revealed also fainter
emission extending along the Galactic plane (Fig. 4). With a
much improved exposure with respect to the first year (in
particular, along the Galactic plane), 511 keV emission from
the Galactic disk is now clearly detected (Weidenspointner
et al., 2008a). However, the detailed quantitative character-
ization of components of 511 keV emission requires parame-
trizing these in the form of (necessarily idealized) spatial
emission models fitted to the data. No unique description
emerges at present, since both the spheroid and the disk may
have faint extensions contributing substantially to their total
"-ray emissivities. It turns out that the bulge emission is best
described by combining a narrow and a broad Gaussian, with

FIG. 3 (color online). 511 keV line map (top panel) and positro-
nium continuum map (bottom panel) derived from 1 year of
INTEGRAL/SPI data. From Knödlseder et al., 2005 and
Weidenspointner et al., 2006, respectively.

FIG. 4 (color online). 511 keV line map derived from 5 years of
INTEGRAL/SPI data. From Weidenspointner et al., 2008a.
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Figure 2.8: Positron annihilation radiation distribution from 3 yrs of SPI data from
Knödlseder et al. [2005] (top) and Weidenspointner et al. [2006] (bottom). The bulge

glows brightly with positron annihilation.

the sky, the annihilation sites may also vary. However, this does not seem to be the case.

Like the OSSE maps, the bulge region dominates the morphology of the SPI maps. In
constrast to the OSSE data, however, there was no apparent disk component observed after
the first year, with only a marginal significance of the disk signal and a very high bulge/disk
ratio. This high bulge/disk flux ratio spawned a number of proposals of exotic sources of
positrons, including dark matter. However, as pointed out in Prantzos [2006], a low-surface
brightness disk could not yet be ruled out by the data.

A subsequent analysis of five years of SPI data began to reveal new information [Weiden-
spointner et al., 2008a]. The improved exposure meant that low surface brightness features
which had been visible in the OSSE data, such as the Galactic disk, began to be revealed (Fig-
ure 2.9). While the emission must be described by an idealized parametric model, it became
clear that the best fit to the observed emission involved a two-component bulge model: a
narrow and broad two-dimensional Gaussian (in Galactic coordinate space) to describe the
bulge, and a thick, narrow disk component with a vertical extent of „ 7 degrees.

An alternative model was also proposed which fits the data almost equally well: an ex-
tended halo combined with a thinner disk with a thinner disk [4 degrees, Weidenspointner
et al., 2008b]. More SPI data began to reveal an apparent asymmetry in the disk emission
in one analysis [Weidenspointner et al., 2008a], however a separate analysis did not find any
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relative intensity of these two components were only
poorly constrained by the data; depending on the adopted
model, the spheroidal component was claimed to be dominant
or subdominant, i.e., the Galactic spheroidal-to-disk flux
ratio was constrained only in the broad interval
Fspher=Fdisk ! 0:2–3:3. The uncertainty on the total Galactic

511 keV line flux was also rather large, spanning the range
ð1–3Þ $ 10%3 photons cm%2 s%1.

Despite the considerable progress achieved by OSSE ob-
servations, the origin of Galactic positrons remained unclear.
The data did not constrain the morphology of the 511 keV
emission enough to clarify the underlying source population.
Yet, the strong concentration of the 511 keVemission toward
the Galactic bulge led several authors to suggest that the !þ

decay of radioactive 56Co, produced by Galactic SNIa, should
be the dominant Galactic positron source (Kinzer et al.,
1996, 2001; Milne et al., 2002). The emission from the
Galactic disk was generally attributed to radioactive !þ

decays of 26Al, 56Co, and 44Ti produced by a variety of stellar
sources (Purcell et al., 1994; Kinzer et al., 1996; Purcell
et al., 1997). In fact, 26Al had already been detected from the
inner region of the Galaxy through its characteristic "-ray
line at 1809 keV in the 1979/1980 HEAO-C data (Mahoney
et al., 1982), and its contribution to Galactic-disk eþ produc-
tion was established (see Secs. II.B.2 and IV.A.2).

3. Imaging with INTEGRAL and SPI

With the launch of ESA’s INTEGRAL observatory
(Winkler et al., 2003) in 2002 for a multiyear mission, a
new opportunity became available for the study of Galactic
eþ annihilation. The SPI imaging spectrometer (Vedrenne
et al., 2003) combined for the first time imaging with high-
resolution spectroscopy. The spatial resolution of 3'

(FWHM) of SPI, though inferior to telescopes optimized
for slightly lower energies (SIGMA, IBIS), is superior to
that of OSSE; its energy coverage and sensitivity around
the annihilation line and its large field of view allow an
improved study of the 511 keV emission morphology. The
spectral resolution of !2:1 keV (FWHM, at 0.5 MeV) is
comparable to that of other Ge detectors employed on bal-
loons or the HEAO 3 satellite, allowing for a spatially re-
solved fine spectroscopy of the signal (including the
underlying continuum emission).

The first 511 keV line and positronium continuum all-sky
maps were presented by Knödlseder et al. (2005) and
Weidenspointner et al. (2006), respectively, based on ap-
proximately 1 year of SPI data (Fig. 3). The two maps are
compatible with each other (within their uncertainties), sug-
gesting that the positronium fraction does not vary over the
sky. The images illustrate the remarkable predominance of
the spheroidal component. In contrast to OSSE data, which
suggested a relatively strong disk component, the Galactic
disk seemed to be completely absent in the first-year SPI
images. Model fitting indicated only a marginal signal from
the Galactic disk, corresponding to a bulge-to-disk flux ratio
>1 (see Knödlseder et al., 2005). This strong predominance
of the Galactic bulge, unseen in any other wavelength, stimu-
lated ‘‘unconventional’’ models involving dark matter (see
Sec. IV.C). However, Prantzos (2006) pointed out that the
data could not exclude the presence of disk emission of a

larger latitudinal extent (resulting from positrons propagating
far away from their sources), which could be rather luminous
and still undetectable by SPI, because of its low surface
brightness.

After accumulating 5 years of INTEGRAL/SPI data the
511 keV line emission all-sky image revealed also fainter
emission extending along the Galactic plane (Fig. 4). With a
much improved exposure with respect to the first year (in
particular, along the Galactic plane), 511 keV emission from
the Galactic disk is now clearly detected (Weidenspointner
et al., 2008a). However, the detailed quantitative character-
ization of components of 511 keV emission requires parame-
trizing these in the form of (necessarily idealized) spatial
emission models fitted to the data. No unique description
emerges at present, since both the spheroid and the disk may
have faint extensions contributing substantially to their total
"-ray emissivities. It turns out that the bulge emission is best
described by combining a narrow and a broad Gaussian, with

FIG. 3 (color online). 511 keV line map (top panel) and positro-
nium continuum map (bottom panel) derived from 1 year of
INTEGRAL/SPI data. From Knödlseder et al., 2005 and
Weidenspointner et al., 2006, respectively.

FIG. 4 (color online). 511 keV line map derived from 5 years of
INTEGRAL/SPI data. From Weidenspointner et al., 2008a.
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Figure 2.9: Positron annihilation radiation distribution from 5 yrs of SPI data from
Weidenspointner et al. [2008a]. The bulge glows brightly with positron annihilation,

and the disk component is visible.

evidence of this apparent asymmetry, however could not exclude it [Bouchet et al., 2008,
2010]. Regardless of the chosen morpological model, two things were clear: the emission is
dominated by the Galactic bulge, and the bulge/disk flux ratio was still high.

In Siegert et al. [2016b], 11 years of INTEGRAL data are analysed. Confirming earlier
results [Knödlseder et al., 2003, 2005; Weidenspointner et al., 2008a], the central regions of
the Galaxy show the highest intensity 511 keV line, and extended emission along the Galac-
tic disk is observed now with a high significance (12s), however this emission has a very
low surface brightness in comparison to the Galactic bulge. These observations confirm that
the observed morphology of the 511 keV line is unlike emission at any other wavelength.
This is particularly apparent when comparing the disk 511 keV line intensity to the diffuse
gamma-ray continuum emission from the Galactic disk [Bouchet et al., 2011], which is clearly
detected.

The disk of the Galaxy is represented in the Siegert et al. [2016b] best fit model by a
two-dimensional Gaussian first described in Skinner et al. [2015]. The disk has a a longitude
extent of 60`10

´5 degrees and a latitude extent of 10.5`2.5
´1.5 degrees. The disk model is somewhat

sensitive to the modelling of the central Galaxy, however the flux from the disk region is only
weakly dependent on the size of the disk.

The best fitting model for the Galactic bulge emission is two two-dimensional Gaussians,
with the ‘narrow bulge’ (NB) component centered at pl, bq “ p´1.25˝, ´0.25˝q with Gaus-
sian widths of psl , sbq “ p2.5˝, 2.5˝q, and the ‘broad bulge’ (BB) component is centered at
pl, bq “ p0˝, 0˝q, extending to psl , sbq “ p8.7˝, 8.7˝q, based on Skinner et al. [2015].

Finally, an additional emission component is found coincident with the Galactic Center.
This Galactic Center source (GCS) was first described in Skinner et al. [2015] and was found
to be distinct from the central cusp of the Galactic bulge component. In the spatial model
of Siegert et al. [2016b], the GCS is detected as a distinct component with 5s significance.
Due to the instrumental spatial resolution of SPI/INTEGRAL, it is not possible to distinguish
whether the GCS is pointlike, or extended by „ 2˝. The source is not variable on timescales
° 30 days. The properties of the best fir morphology model are described in Table 2.1.
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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 =
�

j

R jk

NI�

i=1

�iMi j +
�

t

NI+NB�

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 2.10: Positron annihilation radiation distribution from 11 yrs of SPI data from
Siegert et al. [2016b]. The bulge glows brightly with positron annihilation. The
extended disk component, which has a large scale height in the best fit model, is

clearly visible.

2.6.3 Spectra

The morphology of the observed positron annihilation in the Milky Way tells only part of
the complex story we must understand in order to find the source of Galactic positrons.
Understanding the spectrum is equally important. As previously mentioned, the spectrum
of positron annihilation encodes a large amount of information about positron annihilation
sites and can also encode some information about the origin of the positrons.

The gamma-ray spectrum of each component of the morphological models can be used
to infer the annihilation conditions of the positrons. The positron annihilation spectrum is
typically described by four parameters (e.g. Siegert et al. [2016b]): the 511 keV line intensity
(I511), the width of the line characterised as kinematic broadening (G), and the centroid shift
(which can be interpreted as Doppler-shift from bulk motion (DE0 “ Epeak ´ 511 keV)), and
the ortho-positronium continuum intensity (IoPs). These measurements can be used to infer
the fraction of positrons annihilating via positronium formation, fPs. If a fraction fPs of the
positrons annihilates via positronium formation, ortho-positronium continuum will have an
integrated intensity of

IoPs99
4

fPs, (2.15)

where the 3/4 factor originates from the spin degeneracy of positronium meaning ortho-
positronium is formed 3/4 of the time. The remaining fraction, 1 ´ fPs will annihilate directly
to two photons. These photons, combined with the annihilation via para-positronium give a
narrow line intensity of

I51192p1 ´ fPsq ` 1
2

fPs (2.16)

Thus by measuring the relative intensities IoPs and I511, the positronium fraction fPs can be
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relative intensity of these two components were only
poorly constrained by the data; depending on the adopted
model, the spheroidal component was claimed to be dominant
or subdominant, i.e., the Galactic spheroidal-to-disk flux
ratio was constrained only in the broad interval
Fspher=Fdisk ! 0:2–3:3. The uncertainty on the total Galactic

511 keV line flux was also rather large, spanning the range
ð1–3Þ $ 10%3 photons cm%2 s%1.

Despite the considerable progress achieved by OSSE ob-
servations, the origin of Galactic positrons remained unclear.
The data did not constrain the morphology of the 511 keV
emission enough to clarify the underlying source population.
Yet, the strong concentration of the 511 keVemission toward
the Galactic bulge led several authors to suggest that the !þ

decay of radioactive 56Co, produced by Galactic SNIa, should
be the dominant Galactic positron source (Kinzer et al.,
1996, 2001; Milne et al., 2002). The emission from the
Galactic disk was generally attributed to radioactive !þ

decays of 26Al, 56Co, and 44Ti produced by a variety of stellar
sources (Purcell et al., 1994; Kinzer et al., 1996; Purcell
et al., 1997). In fact, 26Al had already been detected from the
inner region of the Galaxy through its characteristic "-ray
line at 1809 keV in the 1979/1980 HEAO-C data (Mahoney
et al., 1982), and its contribution to Galactic-disk eþ produc-
tion was established (see Secs. II.B.2 and IV.A.2).

3. Imaging with INTEGRAL and SPI

With the launch of ESA’s INTEGRAL observatory
(Winkler et al., 2003) in 2002 for a multiyear mission, a
new opportunity became available for the study of Galactic
eþ annihilation. The SPI imaging spectrometer (Vedrenne
et al., 2003) combined for the first time imaging with high-
resolution spectroscopy. The spatial resolution of 3'

(FWHM) of SPI, though inferior to telescopes optimized
for slightly lower energies (SIGMA, IBIS), is superior to
that of OSSE; its energy coverage and sensitivity around
the annihilation line and its large field of view allow an
improved study of the 511 keV emission morphology. The
spectral resolution of !2:1 keV (FWHM, at 0.5 MeV) is
comparable to that of other Ge detectors employed on bal-
loons or the HEAO 3 satellite, allowing for a spatially re-
solved fine spectroscopy of the signal (including the
underlying continuum emission).

The first 511 keV line and positronium continuum all-sky
maps were presented by Knödlseder et al. (2005) and
Weidenspointner et al. (2006), respectively, based on ap-
proximately 1 year of SPI data (Fig. 3). The two maps are
compatible with each other (within their uncertainties), sug-
gesting that the positronium fraction does not vary over the
sky. The images illustrate the remarkable predominance of
the spheroidal component. In contrast to OSSE data, which
suggested a relatively strong disk component, the Galactic
disk seemed to be completely absent in the first-year SPI
images. Model fitting indicated only a marginal signal from
the Galactic disk, corresponding to a bulge-to-disk flux ratio
>1 (see Knödlseder et al., 2005). This strong predominance
of the Galactic bulge, unseen in any other wavelength, stimu-
lated ‘‘unconventional’’ models involving dark matter (see
Sec. IV.C). However, Prantzos (2006) pointed out that the
data could not exclude the presence of disk emission of a

larger latitudinal extent (resulting from positrons propagating
far away from their sources), which could be rather luminous
and still undetectable by SPI, because of its low surface
brightness.

After accumulating 5 years of INTEGRAL/SPI data the
511 keV line emission all-sky image revealed also fainter
emission extending along the Galactic plane (Fig. 4). With a
much improved exposure with respect to the first year (in
particular, along the Galactic plane), 511 keV emission from
the Galactic disk is now clearly detected (Weidenspointner
et al., 2008a). However, the detailed quantitative character-
ization of components of 511 keV emission requires parame-
trizing these in the form of (necessarily idealized) spatial
emission models fitted to the data. No unique description
emerges at present, since both the spheroid and the disk may
have faint extensions contributing substantially to their total
"-ray emissivities. It turns out that the bulge emission is best
described by combining a narrow and a broad Gaussian, with

FIG. 3 (color online). 511 keV line map (top panel) and positro-
nium continuum map (bottom panel) derived from 1 year of
INTEGRAL/SPI data. From Knödlseder et al., 2005 and
Weidenspointner et al., 2006, respectively.

FIG. 4 (color online). 511 keV line map derived from 5 years of
INTEGRAL/SPI data. From Weidenspointner et al., 2008a.
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Figure 2.8: Positron annihilation radiation distribution from 3 yrs of SPI data from
Knödlseder et al. [2005] (top) and Weidenspointner et al. [2006] (bottom). The bulge

glows brightly with positron annihilation.

the sky, the annihilation sites may also vary. However, this does not seem to be the case.

Like the OSSE maps, the bulge region dominates the morphology of the SPI maps. In
constrast to the OSSE data, however, there was no apparent disk component observed after
the first year, with only a marginal significance of the disk signal and a very high bulge/disk
ratio. This high bulge/disk flux ratio spawned a number of proposals of exotic sources of
positrons, including dark matter. However, as pointed out in Prantzos [2006], a low-surface
brightness disk could not yet be ruled out by the data.

A subsequent analysis of five years of SPI data began to reveal new information [Weiden-
spointner et al., 2008a]. The improved exposure meant that low surface brightness features
which had been visible in the OSSE data, such as the Galactic disk, began to be revealed (Fig-
ure 2.9). While the emission must be described by an idealized parametric model, it became
clear that the best fit to the observed emission involved a two-component bulge model: a
narrow and broad two-dimensional Gaussian (in Galactic coordinate space) to describe the
bulge, and a thick, narrow disk component with a vertical extent of „ 7 degrees.

An alternative model was also proposed which fits the data almost equally well: an ex-
tended halo combined with a thinner disk with a thinner disk [4 degrees, Weidenspointner
et al., 2008b]. More SPI data began to reveal an apparent asymmetry in the disk emission
in one analysis [Weidenspointner et al., 2008a], however a separate analysis did not find any
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relative intensity of these two components were only
poorly constrained by the data; depending on the adopted
model, the spheroidal component was claimed to be dominant
or subdominant, i.e., the Galactic spheroidal-to-disk flux
ratio was constrained only in the broad interval
Fspher=Fdisk ! 0:2–3:3. The uncertainty on the total Galactic

511 keV line flux was also rather large, spanning the range
ð1–3Þ $ 10%3 photons cm%2 s%1.

Despite the considerable progress achieved by OSSE ob-
servations, the origin of Galactic positrons remained unclear.
The data did not constrain the morphology of the 511 keV
emission enough to clarify the underlying source population.
Yet, the strong concentration of the 511 keVemission toward
the Galactic bulge led several authors to suggest that the !þ

decay of radioactive 56Co, produced by Galactic SNIa, should
be the dominant Galactic positron source (Kinzer et al.,
1996, 2001; Milne et al., 2002). The emission from the
Galactic disk was generally attributed to radioactive !þ

decays of 26Al, 56Co, and 44Ti produced by a variety of stellar
sources (Purcell et al., 1994; Kinzer et al., 1996; Purcell
et al., 1997). In fact, 26Al had already been detected from the
inner region of the Galaxy through its characteristic "-ray
line at 1809 keV in the 1979/1980 HEAO-C data (Mahoney
et al., 1982), and its contribution to Galactic-disk eþ produc-
tion was established (see Secs. II.B.2 and IV.A.2).

3. Imaging with INTEGRAL and SPI

With the launch of ESA’s INTEGRAL observatory
(Winkler et al., 2003) in 2002 for a multiyear mission, a
new opportunity became available for the study of Galactic
eþ annihilation. The SPI imaging spectrometer (Vedrenne
et al., 2003) combined for the first time imaging with high-
resolution spectroscopy. The spatial resolution of 3'

(FWHM) of SPI, though inferior to telescopes optimized
for slightly lower energies (SIGMA, IBIS), is superior to
that of OSSE; its energy coverage and sensitivity around
the annihilation line and its large field of view allow an
improved study of the 511 keV emission morphology. The
spectral resolution of !2:1 keV (FWHM, at 0.5 MeV) is
comparable to that of other Ge detectors employed on bal-
loons or the HEAO 3 satellite, allowing for a spatially re-
solved fine spectroscopy of the signal (including the
underlying continuum emission).

The first 511 keV line and positronium continuum all-sky
maps were presented by Knödlseder et al. (2005) and
Weidenspointner et al. (2006), respectively, based on ap-
proximately 1 year of SPI data (Fig. 3). The two maps are
compatible with each other (within their uncertainties), sug-
gesting that the positronium fraction does not vary over the
sky. The images illustrate the remarkable predominance of
the spheroidal component. In contrast to OSSE data, which
suggested a relatively strong disk component, the Galactic
disk seemed to be completely absent in the first-year SPI
images. Model fitting indicated only a marginal signal from
the Galactic disk, corresponding to a bulge-to-disk flux ratio
>1 (see Knödlseder et al., 2005). This strong predominance
of the Galactic bulge, unseen in any other wavelength, stimu-
lated ‘‘unconventional’’ models involving dark matter (see
Sec. IV.C). However, Prantzos (2006) pointed out that the
data could not exclude the presence of disk emission of a

larger latitudinal extent (resulting from positrons propagating
far away from their sources), which could be rather luminous
and still undetectable by SPI, because of its low surface
brightness.

After accumulating 5 years of INTEGRAL/SPI data the
511 keV line emission all-sky image revealed also fainter
emission extending along the Galactic plane (Fig. 4). With a
much improved exposure with respect to the first year (in
particular, along the Galactic plane), 511 keV emission from
the Galactic disk is now clearly detected (Weidenspointner
et al., 2008a). However, the detailed quantitative character-
ization of components of 511 keV emission requires parame-
trizing these in the form of (necessarily idealized) spatial
emission models fitted to the data. No unique description
emerges at present, since both the spheroid and the disk may
have faint extensions contributing substantially to their total
"-ray emissivities. It turns out that the bulge emission is best
described by combining a narrow and a broad Gaussian, with

FIG. 3 (color online). 511 keV line map (top panel) and positro-
nium continuum map (bottom panel) derived from 1 year of
INTEGRAL/SPI data. From Knödlseder et al., 2005 and
Weidenspointner et al., 2006, respectively.

FIG. 4 (color online). 511 keV line map derived from 5 years of
INTEGRAL/SPI data. From Weidenspointner et al., 2008a.
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Figure 2.9: Positron annihilation radiation distribution from 5 yrs of SPI data from
Weidenspointner et al. [2008a]. The bulge glows brightly with positron annihilation,

and the disk component is visible.

evidence of this apparent asymmetry, however could not exclude it [Bouchet et al., 2008,
2010]. Regardless of the chosen morpological model, two things were clear: the emission is
dominated by the Galactic bulge, and the bulge/disk flux ratio was still high.

In Siegert et al. [2016b], 11 years of INTEGRAL data are analysed. Confirming earlier
results [Knödlseder et al., 2003, 2005; Weidenspointner et al., 2008a], the central regions of
the Galaxy show the highest intensity 511 keV line, and extended emission along the Galac-
tic disk is observed now with a high significance (12s), however this emission has a very
low surface brightness in comparison to the Galactic bulge. These observations confirm that
the observed morphology of the 511 keV line is unlike emission at any other wavelength.
This is particularly apparent when comparing the disk 511 keV line intensity to the diffuse
gamma-ray continuum emission from the Galactic disk [Bouchet et al., 2011], which is clearly
detected.

The disk of the Galaxy is represented in the Siegert et al. [2016b] best fit model by a
two-dimensional Gaussian first described in Skinner et al. [2015]. The disk has a a longitude
extent of 60`10

´5 degrees and a latitude extent of 10.5`2.5
´1.5 degrees. The disk model is somewhat

sensitive to the modelling of the central Galaxy, however the flux from the disk region is only
weakly dependent on the size of the disk.

The best fitting model for the Galactic bulge emission is two two-dimensional Gaussians,
with the ‘narrow bulge’ (NB) component centered at pl, bq “ p´1.25˝, ´0.25˝q with Gaus-
sian widths of psl , sbq “ p2.5˝, 2.5˝q, and the ‘broad bulge’ (BB) component is centered at
pl, bq “ p0˝, 0˝q, extending to psl , sbq “ p8.7˝, 8.7˝q, based on Skinner et al. [2015].

Finally, an additional emission component is found coincident with the Galactic Center.
This Galactic Center source (GCS) was first described in Skinner et al. [2015] and was found
to be distinct from the central cusp of the Galactic bulge component. In the spatial model
of Siegert et al. [2016b], the GCS is detected as a distinct component with 5s significance.
Due to the instrumental spatial resolution of SPI/INTEGRAL, it is not possible to distinguish
whether the GCS is pointlike, or extended by „ 2˝. The source is not variable on timescales
° 30 days. The properties of the best fir morphology model are described in Table 2.1.
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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 =
�

j

R jk

NI�

i=1

�iMi j +
�

t

NI+NB�

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 2.10: Positron annihilation radiation distribution from 11 yrs of SPI data from
Siegert et al. [2016b]. The bulge glows brightly with positron annihilation. The
extended disk component, which has a large scale height in the best fit model, is

clearly visible.

2.6.3 Spectra

The morphology of the observed positron annihilation in the Milky Way tells only part of
the complex story we must understand in order to find the source of Galactic positrons.
Understanding the spectrum is equally important. As previously mentioned, the spectrum
of positron annihilation encodes a large amount of information about positron annihilation
sites and can also encode some information about the origin of the positrons.

The gamma-ray spectrum of each component of the morphological models can be used
to infer the annihilation conditions of the positrons. The positron annihilation spectrum is
typically described by four parameters (e.g. Siegert et al. [2016b]): the 511 keV line intensity
(I511), the width of the line characterised as kinematic broadening (G), and the centroid shift
(which can be interpreted as Doppler-shift from bulk motion (DE0 “ Epeak ´ 511 keV)), and
the ortho-positronium continuum intensity (IoPs). These measurements can be used to infer
the fraction of positrons annihilating via positronium formation, fPs. If a fraction fPs of the
positrons annihilates via positronium formation, ortho-positronium continuum will have an
integrated intensity of

IoPs99
4

fPs, (2.15)

where the 3/4 factor originates from the spin degeneracy of positronium meaning ortho-
positronium is formed 3/4 of the time. The remaining fraction, 1 ´ fPs will annihilate directly
to two photons. These photons, combined with the annihilation via para-positronium give a
narrow line intensity of

I51192p1 ´ fPsq ` 1
2

fPs (2.16)

Thus by measuring the relative intensities IoPs and I511, the positronium fraction fPs can be
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relative intensity of these two components were only
poorly constrained by the data; depending on the adopted
model, the spheroidal component was claimed to be dominant
or subdominant, i.e., the Galactic spheroidal-to-disk flux
ratio was constrained only in the broad interval
Fspher=Fdisk ! 0:2–3:3. The uncertainty on the total Galactic

511 keV line flux was also rather large, spanning the range
ð1–3Þ $ 10%3 photons cm%2 s%1.

Despite the considerable progress achieved by OSSE ob-
servations, the origin of Galactic positrons remained unclear.
The data did not constrain the morphology of the 511 keV
emission enough to clarify the underlying source population.
Yet, the strong concentration of the 511 keVemission toward
the Galactic bulge led several authors to suggest that the !þ

decay of radioactive 56Co, produced by Galactic SNIa, should
be the dominant Galactic positron source (Kinzer et al.,
1996, 2001; Milne et al., 2002). The emission from the
Galactic disk was generally attributed to radioactive !þ

decays of 26Al, 56Co, and 44Ti produced by a variety of stellar
sources (Purcell et al., 1994; Kinzer et al., 1996; Purcell
et al., 1997). In fact, 26Al had already been detected from the
inner region of the Galaxy through its characteristic "-ray
line at 1809 keV in the 1979/1980 HEAO-C data (Mahoney
et al., 1982), and its contribution to Galactic-disk eþ produc-
tion was established (see Secs. II.B.2 and IV.A.2).

3. Imaging with INTEGRAL and SPI

With the launch of ESA’s INTEGRAL observatory
(Winkler et al., 2003) in 2002 for a multiyear mission, a
new opportunity became available for the study of Galactic
eþ annihilation. The SPI imaging spectrometer (Vedrenne
et al., 2003) combined for the first time imaging with high-
resolution spectroscopy. The spatial resolution of 3'

(FWHM) of SPI, though inferior to telescopes optimized
for slightly lower energies (SIGMA, IBIS), is superior to
that of OSSE; its energy coverage and sensitivity around
the annihilation line and its large field of view allow an
improved study of the 511 keV emission morphology. The
spectral resolution of !2:1 keV (FWHM, at 0.5 MeV) is
comparable to that of other Ge detectors employed on bal-
loons or the HEAO 3 satellite, allowing for a spatially re-
solved fine spectroscopy of the signal (including the
underlying continuum emission).

The first 511 keV line and positronium continuum all-sky
maps were presented by Knödlseder et al. (2005) and
Weidenspointner et al. (2006), respectively, based on ap-
proximately 1 year of SPI data (Fig. 3). The two maps are
compatible with each other (within their uncertainties), sug-
gesting that the positronium fraction does not vary over the
sky. The images illustrate the remarkable predominance of
the spheroidal component. In contrast to OSSE data, which
suggested a relatively strong disk component, the Galactic
disk seemed to be completely absent in the first-year SPI
images. Model fitting indicated only a marginal signal from
the Galactic disk, corresponding to a bulge-to-disk flux ratio
>1 (see Knödlseder et al., 2005). This strong predominance
of the Galactic bulge, unseen in any other wavelength, stimu-
lated ‘‘unconventional’’ models involving dark matter (see
Sec. IV.C). However, Prantzos (2006) pointed out that the
data could not exclude the presence of disk emission of a

larger latitudinal extent (resulting from positrons propagating
far away from their sources), which could be rather luminous
and still undetectable by SPI, because of its low surface
brightness.

After accumulating 5 years of INTEGRAL/SPI data the
511 keV line emission all-sky image revealed also fainter
emission extending along the Galactic plane (Fig. 4). With a
much improved exposure with respect to the first year (in
particular, along the Galactic plane), 511 keV emission from
the Galactic disk is now clearly detected (Weidenspointner
et al., 2008a). However, the detailed quantitative character-
ization of components of 511 keV emission requires parame-
trizing these in the form of (necessarily idealized) spatial
emission models fitted to the data. No unique description
emerges at present, since both the spheroid and the disk may
have faint extensions contributing substantially to their total
"-ray emissivities. It turns out that the bulge emission is best
described by combining a narrow and a broad Gaussian, with

FIG. 3 (color online). 511 keV line map (top panel) and positro-
nium continuum map (bottom panel) derived from 1 year of
INTEGRAL/SPI data. From Knödlseder et al., 2005 and
Weidenspointner et al., 2006, respectively.

FIG. 4 (color online). 511 keV line map derived from 5 years of
INTEGRAL/SPI data. From Weidenspointner et al., 2008a.
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Figure 2.8: Positron annihilation radiation distribution from 3 yrs of SPI data from
Knödlseder et al. [2005] (top) and Weidenspointner et al. [2006] (bottom). The bulge

glows brightly with positron annihilation.

the sky, the annihilation sites may also vary. However, this does not seem to be the case.

Like the OSSE maps, the bulge region dominates the morphology of the SPI maps. In
constrast to the OSSE data, however, there was no apparent disk component observed after
the first year, with only a marginal significance of the disk signal and a very high bulge/disk
ratio. This high bulge/disk flux ratio spawned a number of proposals of exotic sources of
positrons, including dark matter. However, as pointed out in Prantzos [2006], a low-surface
brightness disk could not yet be ruled out by the data.

A subsequent analysis of five years of SPI data began to reveal new information [Weiden-
spointner et al., 2008a]. The improved exposure meant that low surface brightness features
which had been visible in the OSSE data, such as the Galactic disk, began to be revealed (Fig-
ure 2.9). While the emission must be described by an idealized parametric model, it became
clear that the best fit to the observed emission involved a two-component bulge model: a
narrow and broad two-dimensional Gaussian (in Galactic coordinate space) to describe the
bulge, and a thick, narrow disk component with a vertical extent of „ 7 degrees.

An alternative model was also proposed which fits the data almost equally well: an ex-
tended halo combined with a thinner disk with a thinner disk [4 degrees, Weidenspointner
et al., 2008b]. More SPI data began to reveal an apparent asymmetry in the disk emission
in one analysis [Weidenspointner et al., 2008a], however a separate analysis did not find any
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relative intensity of these two components were only
poorly constrained by the data; depending on the adopted
model, the spheroidal component was claimed to be dominant
or subdominant, i.e., the Galactic spheroidal-to-disk flux
ratio was constrained only in the broad interval
Fspher=Fdisk ! 0:2–3:3. The uncertainty on the total Galactic

511 keV line flux was also rather large, spanning the range
ð1–3Þ $ 10%3 photons cm%2 s%1.

Despite the considerable progress achieved by OSSE ob-
servations, the origin of Galactic positrons remained unclear.
The data did not constrain the morphology of the 511 keV
emission enough to clarify the underlying source population.
Yet, the strong concentration of the 511 keVemission toward
the Galactic bulge led several authors to suggest that the !þ

decay of radioactive 56Co, produced by Galactic SNIa, should
be the dominant Galactic positron source (Kinzer et al.,
1996, 2001; Milne et al., 2002). The emission from the
Galactic disk was generally attributed to radioactive !þ

decays of 26Al, 56Co, and 44Ti produced by a variety of stellar
sources (Purcell et al., 1994; Kinzer et al., 1996; Purcell
et al., 1997). In fact, 26Al had already been detected from the
inner region of the Galaxy through its characteristic "-ray
line at 1809 keV in the 1979/1980 HEAO-C data (Mahoney
et al., 1982), and its contribution to Galactic-disk eþ produc-
tion was established (see Secs. II.B.2 and IV.A.2).

3. Imaging with INTEGRAL and SPI

With the launch of ESA’s INTEGRAL observatory
(Winkler et al., 2003) in 2002 for a multiyear mission, a
new opportunity became available for the study of Galactic
eþ annihilation. The SPI imaging spectrometer (Vedrenne
et al., 2003) combined for the first time imaging with high-
resolution spectroscopy. The spatial resolution of 3'

(FWHM) of SPI, though inferior to telescopes optimized
for slightly lower energies (SIGMA, IBIS), is superior to
that of OSSE; its energy coverage and sensitivity around
the annihilation line and its large field of view allow an
improved study of the 511 keV emission morphology. The
spectral resolution of !2:1 keV (FWHM, at 0.5 MeV) is
comparable to that of other Ge detectors employed on bal-
loons or the HEAO 3 satellite, allowing for a spatially re-
solved fine spectroscopy of the signal (including the
underlying continuum emission).

The first 511 keV line and positronium continuum all-sky
maps were presented by Knödlseder et al. (2005) and
Weidenspointner et al. (2006), respectively, based on ap-
proximately 1 year of SPI data (Fig. 3). The two maps are
compatible with each other (within their uncertainties), sug-
gesting that the positronium fraction does not vary over the
sky. The images illustrate the remarkable predominance of
the spheroidal component. In contrast to OSSE data, which
suggested a relatively strong disk component, the Galactic
disk seemed to be completely absent in the first-year SPI
images. Model fitting indicated only a marginal signal from
the Galactic disk, corresponding to a bulge-to-disk flux ratio
>1 (see Knödlseder et al., 2005). This strong predominance
of the Galactic bulge, unseen in any other wavelength, stimu-
lated ‘‘unconventional’’ models involving dark matter (see
Sec. IV.C). However, Prantzos (2006) pointed out that the
data could not exclude the presence of disk emission of a

larger latitudinal extent (resulting from positrons propagating
far away from their sources), which could be rather luminous
and still undetectable by SPI, because of its low surface
brightness.

After accumulating 5 years of INTEGRAL/SPI data the
511 keV line emission all-sky image revealed also fainter
emission extending along the Galactic plane (Fig. 4). With a
much improved exposure with respect to the first year (in
particular, along the Galactic plane), 511 keV emission from
the Galactic disk is now clearly detected (Weidenspointner
et al., 2008a). However, the detailed quantitative character-
ization of components of 511 keV emission requires parame-
trizing these in the form of (necessarily idealized) spatial
emission models fitted to the data. No unique description
emerges at present, since both the spheroid and the disk may
have faint extensions contributing substantially to their total
"-ray emissivities. It turns out that the bulge emission is best
described by combining a narrow and a broad Gaussian, with

FIG. 3 (color online). 511 keV line map (top panel) and positro-
nium continuum map (bottom panel) derived from 1 year of
INTEGRAL/SPI data. From Knödlseder et al., 2005 and
Weidenspointner et al., 2006, respectively.

FIG. 4 (color online). 511 keV line map derived from 5 years of
INTEGRAL/SPI data. From Weidenspointner et al., 2008a.
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Figure 2.9: Positron annihilation radiation distribution from 5 yrs of SPI data from
Weidenspointner et al. [2008a]. The bulge glows brightly with positron annihilation,

and the disk component is visible.

evidence of this apparent asymmetry, however could not exclude it [Bouchet et al., 2008,
2010]. Regardless of the chosen morpological model, two things were clear: the emission is
dominated by the Galactic bulge, and the bulge/disk flux ratio was still high.

In Siegert et al. [2016b], 11 years of INTEGRAL data are analysed. Confirming earlier
results [Knödlseder et al., 2003, 2005; Weidenspointner et al., 2008a], the central regions of
the Galaxy show the highest intensity 511 keV line, and extended emission along the Galac-
tic disk is observed now with a high significance (12s), however this emission has a very
low surface brightness in comparison to the Galactic bulge. These observations confirm that
the observed morphology of the 511 keV line is unlike emission at any other wavelength.
This is particularly apparent when comparing the disk 511 keV line intensity to the diffuse
gamma-ray continuum emission from the Galactic disk [Bouchet et al., 2011], which is clearly
detected.

The disk of the Galaxy is represented in the Siegert et al. [2016b] best fit model by a
two-dimensional Gaussian first described in Skinner et al. [2015]. The disk has a a longitude
extent of 60`10

´5 degrees and a latitude extent of 10.5`2.5
´1.5 degrees. The disk model is somewhat

sensitive to the modelling of the central Galaxy, however the flux from the disk region is only
weakly dependent on the size of the disk.

The best fitting model for the Galactic bulge emission is two two-dimensional Gaussians,
with the ‘narrow bulge’ (NB) component centered at pl, bq “ p´1.25˝, ´0.25˝q with Gaus-
sian widths of psl , sbq “ p2.5˝, 2.5˝q, and the ‘broad bulge’ (BB) component is centered at
pl, bq “ p0˝, 0˝q, extending to psl , sbq “ p8.7˝, 8.7˝q, based on Skinner et al. [2015].

Finally, an additional emission component is found coincident with the Galactic Center.
This Galactic Center source (GCS) was first described in Skinner et al. [2015] and was found
to be distinct from the central cusp of the Galactic bulge component. In the spatial model
of Siegert et al. [2016b], the GCS is detected as a distinct component with 5s significance.
Due to the instrumental spatial resolution of SPI/INTEGRAL, it is not possible to distinguish
whether the GCS is pointlike, or extended by „ 2˝. The source is not variable on timescales
° 30 days. The properties of the best fir morphology model are described in Table 2.1.
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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 =
�

j

R jk

NI�

i=1

�iMi j +
�

t

NI+NB�

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 2.10: Positron annihilation radiation distribution from 11 yrs of SPI data from
Siegert et al. [2016b]. The bulge glows brightly with positron annihilation. The
extended disk component, which has a large scale height in the best fit model, is

clearly visible.

2.6.3 Spectra

The morphology of the observed positron annihilation in the Milky Way tells only part of
the complex story we must understand in order to find the source of Galactic positrons.
Understanding the spectrum is equally important. As previously mentioned, the spectrum
of positron annihilation encodes a large amount of information about positron annihilation
sites and can also encode some information about the origin of the positrons.

The gamma-ray spectrum of each component of the morphological models can be used
to infer the annihilation conditions of the positrons. The positron annihilation spectrum is
typically described by four parameters (e.g. Siegert et al. [2016b]): the 511 keV line intensity
(I511), the width of the line characterised as kinematic broadening (G), and the centroid shift
(which can be interpreted as Doppler-shift from bulk motion (DE0 “ Epeak ´ 511 keV)), and
the ortho-positronium continuum intensity (IoPs). These measurements can be used to infer
the fraction of positrons annihilating via positronium formation, fPs. If a fraction fPs of the
positrons annihilates via positronium formation, ortho-positronium continuum will have an
integrated intensity of

IoPs99
4

fPs, (2.15)

where the 3/4 factor originates from the spin degeneracy of positronium meaning ortho-
positronium is formed 3/4 of the time. The remaining fraction, 1 ´ fPs will annihilate directly
to two photons. These photons, combined with the annihilation via para-positronium give a
narrow line intensity of

I51192p1 ´ fPsq ` 1
2

fPs (2.16)

Thus by measuring the relative intensities IoPs and I511, the positronium fraction fPs can be
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relative intensity of these two components were only
poorly constrained by the data; depending on the adopted
model, the spheroidal component was claimed to be dominant
or subdominant, i.e., the Galactic spheroidal-to-disk flux
ratio was constrained only in the broad interval
Fspher=Fdisk ! 0:2–3:3. The uncertainty on the total Galactic

511 keV line flux was also rather large, spanning the range
ð1–3Þ $ 10%3 photons cm%2 s%1.

Despite the considerable progress achieved by OSSE ob-
servations, the origin of Galactic positrons remained unclear.
The data did not constrain the morphology of the 511 keV
emission enough to clarify the underlying source population.
Yet, the strong concentration of the 511 keVemission toward
the Galactic bulge led several authors to suggest that the !þ

decay of radioactive 56Co, produced by Galactic SNIa, should
be the dominant Galactic positron source (Kinzer et al.,
1996, 2001; Milne et al., 2002). The emission from the
Galactic disk was generally attributed to radioactive !þ

decays of 26Al, 56Co, and 44Ti produced by a variety of stellar
sources (Purcell et al., 1994; Kinzer et al., 1996; Purcell
et al., 1997). In fact, 26Al had already been detected from the
inner region of the Galaxy through its characteristic "-ray
line at 1809 keV in the 1979/1980 HEAO-C data (Mahoney
et al., 1982), and its contribution to Galactic-disk eþ produc-
tion was established (see Secs. II.B.2 and IV.A.2).

3. Imaging with INTEGRAL and SPI

With the launch of ESA’s INTEGRAL observatory
(Winkler et al., 2003) in 2002 for a multiyear mission, a
new opportunity became available for the study of Galactic
eþ annihilation. The SPI imaging spectrometer (Vedrenne
et al., 2003) combined for the first time imaging with high-
resolution spectroscopy. The spatial resolution of 3'

(FWHM) of SPI, though inferior to telescopes optimized
for slightly lower energies (SIGMA, IBIS), is superior to
that of OSSE; its energy coverage and sensitivity around
the annihilation line and its large field of view allow an
improved study of the 511 keV emission morphology. The
spectral resolution of !2:1 keV (FWHM, at 0.5 MeV) is
comparable to that of other Ge detectors employed on bal-
loons or the HEAO 3 satellite, allowing for a spatially re-
solved fine spectroscopy of the signal (including the
underlying continuum emission).

The first 511 keV line and positronium continuum all-sky
maps were presented by Knödlseder et al. (2005) and
Weidenspointner et al. (2006), respectively, based on ap-
proximately 1 year of SPI data (Fig. 3). The two maps are
compatible with each other (within their uncertainties), sug-
gesting that the positronium fraction does not vary over the
sky. The images illustrate the remarkable predominance of
the spheroidal component. In contrast to OSSE data, which
suggested a relatively strong disk component, the Galactic
disk seemed to be completely absent in the first-year SPI
images. Model fitting indicated only a marginal signal from
the Galactic disk, corresponding to a bulge-to-disk flux ratio
>1 (see Knödlseder et al., 2005). This strong predominance
of the Galactic bulge, unseen in any other wavelength, stimu-
lated ‘‘unconventional’’ models involving dark matter (see
Sec. IV.C). However, Prantzos (2006) pointed out that the
data could not exclude the presence of disk emission of a

larger latitudinal extent (resulting from positrons propagating
far away from their sources), which could be rather luminous
and still undetectable by SPI, because of its low surface
brightness.

After accumulating 5 years of INTEGRAL/SPI data the
511 keV line emission all-sky image revealed also fainter
emission extending along the Galactic plane (Fig. 4). With a
much improved exposure with respect to the first year (in
particular, along the Galactic plane), 511 keV emission from
the Galactic disk is now clearly detected (Weidenspointner
et al., 2008a). However, the detailed quantitative character-
ization of components of 511 keV emission requires parame-
trizing these in the form of (necessarily idealized) spatial
emission models fitted to the data. No unique description
emerges at present, since both the spheroid and the disk may
have faint extensions contributing substantially to their total
"-ray emissivities. It turns out that the bulge emission is best
described by combining a narrow and a broad Gaussian, with

FIG. 3 (color online). 511 keV line map (top panel) and positro-
nium continuum map (bottom panel) derived from 1 year of
INTEGRAL/SPI data. From Knödlseder et al., 2005 and
Weidenspointner et al., 2006, respectively.

FIG. 4 (color online). 511 keV line map derived from 5 years of
INTEGRAL/SPI data. From Weidenspointner et al., 2008a.
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Figure 2.8: Positron annihilation radiation distribution from 3 yrs of SPI data from
Knödlseder et al. [2005] (top) and Weidenspointner et al. [2006] (bottom). The bulge

glows brightly with positron annihilation.

the sky, the annihilation sites may also vary. However, this does not seem to be the case.

Like the OSSE maps, the bulge region dominates the morphology of the SPI maps. In
constrast to the OSSE data, however, there was no apparent disk component observed after
the first year, with only a marginal significance of the disk signal and a very high bulge/disk
ratio. This high bulge/disk flux ratio spawned a number of proposals of exotic sources of
positrons, including dark matter. However, as pointed out in Prantzos [2006], a low-surface
brightness disk could not yet be ruled out by the data.

A subsequent analysis of five years of SPI data began to reveal new information [Weiden-
spointner et al., 2008a]. The improved exposure meant that low surface brightness features
which had been visible in the OSSE data, such as the Galactic disk, began to be revealed (Fig-
ure 2.9). While the emission must be described by an idealized parametric model, it became
clear that the best fit to the observed emission involved a two-component bulge model: a
narrow and broad two-dimensional Gaussian (in Galactic coordinate space) to describe the
bulge, and a thick, narrow disk component with a vertical extent of „ 7 degrees.

An alternative model was also proposed which fits the data almost equally well: an ex-
tended halo combined with a thinner disk with a thinner disk [4 degrees, Weidenspointner
et al., 2008b]. More SPI data began to reveal an apparent asymmetry in the disk emission
in one analysis [Weidenspointner et al., 2008a], however a separate analysis did not find any
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relative intensity of these two components were only
poorly constrained by the data; depending on the adopted
model, the spheroidal component was claimed to be dominant
or subdominant, i.e., the Galactic spheroidal-to-disk flux
ratio was constrained only in the broad interval
Fspher=Fdisk ! 0:2–3:3. The uncertainty on the total Galactic

511 keV line flux was also rather large, spanning the range
ð1–3Þ $ 10%3 photons cm%2 s%1.

Despite the considerable progress achieved by OSSE ob-
servations, the origin of Galactic positrons remained unclear.
The data did not constrain the morphology of the 511 keV
emission enough to clarify the underlying source population.
Yet, the strong concentration of the 511 keVemission toward
the Galactic bulge led several authors to suggest that the !þ

decay of radioactive 56Co, produced by Galactic SNIa, should
be the dominant Galactic positron source (Kinzer et al.,
1996, 2001; Milne et al., 2002). The emission from the
Galactic disk was generally attributed to radioactive !þ

decays of 26Al, 56Co, and 44Ti produced by a variety of stellar
sources (Purcell et al., 1994; Kinzer et al., 1996; Purcell
et al., 1997). In fact, 26Al had already been detected from the
inner region of the Galaxy through its characteristic "-ray
line at 1809 keV in the 1979/1980 HEAO-C data (Mahoney
et al., 1982), and its contribution to Galactic-disk eþ produc-
tion was established (see Secs. II.B.2 and IV.A.2).

3. Imaging with INTEGRAL and SPI

With the launch of ESA’s INTEGRAL observatory
(Winkler et al., 2003) in 2002 for a multiyear mission, a
new opportunity became available for the study of Galactic
eþ annihilation. The SPI imaging spectrometer (Vedrenne
et al., 2003) combined for the first time imaging with high-
resolution spectroscopy. The spatial resolution of 3'

(FWHM) of SPI, though inferior to telescopes optimized
for slightly lower energies (SIGMA, IBIS), is superior to
that of OSSE; its energy coverage and sensitivity around
the annihilation line and its large field of view allow an
improved study of the 511 keV emission morphology. The
spectral resolution of !2:1 keV (FWHM, at 0.5 MeV) is
comparable to that of other Ge detectors employed on bal-
loons or the HEAO 3 satellite, allowing for a spatially re-
solved fine spectroscopy of the signal (including the
underlying continuum emission).

The first 511 keV line and positronium continuum all-sky
maps were presented by Knödlseder et al. (2005) and
Weidenspointner et al. (2006), respectively, based on ap-
proximately 1 year of SPI data (Fig. 3). The two maps are
compatible with each other (within their uncertainties), sug-
gesting that the positronium fraction does not vary over the
sky. The images illustrate the remarkable predominance of
the spheroidal component. In contrast to OSSE data, which
suggested a relatively strong disk component, the Galactic
disk seemed to be completely absent in the first-year SPI
images. Model fitting indicated only a marginal signal from
the Galactic disk, corresponding to a bulge-to-disk flux ratio
>1 (see Knödlseder et al., 2005). This strong predominance
of the Galactic bulge, unseen in any other wavelength, stimu-
lated ‘‘unconventional’’ models involving dark matter (see
Sec. IV.C). However, Prantzos (2006) pointed out that the
data could not exclude the presence of disk emission of a

larger latitudinal extent (resulting from positrons propagating
far away from their sources), which could be rather luminous
and still undetectable by SPI, because of its low surface
brightness.

After accumulating 5 years of INTEGRAL/SPI data the
511 keV line emission all-sky image revealed also fainter
emission extending along the Galactic plane (Fig. 4). With a
much improved exposure with respect to the first year (in
particular, along the Galactic plane), 511 keV emission from
the Galactic disk is now clearly detected (Weidenspointner
et al., 2008a). However, the detailed quantitative character-
ization of components of 511 keV emission requires parame-
trizing these in the form of (necessarily idealized) spatial
emission models fitted to the data. No unique description
emerges at present, since both the spheroid and the disk may
have faint extensions contributing substantially to their total
"-ray emissivities. It turns out that the bulge emission is best
described by combining a narrow and a broad Gaussian, with

FIG. 3 (color online). 511 keV line map (top panel) and positro-
nium continuum map (bottom panel) derived from 1 year of
INTEGRAL/SPI data. From Knödlseder et al., 2005 and
Weidenspointner et al., 2006, respectively.

FIG. 4 (color online). 511 keV line map derived from 5 years of
INTEGRAL/SPI data. From Weidenspointner et al., 2008a.
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Figure 2.9: Positron annihilation radiation distribution from 5 yrs of SPI data from
Weidenspointner et al. [2008a]. The bulge glows brightly with positron annihilation,

and the disk component is visible.

evidence of this apparent asymmetry, however could not exclude it [Bouchet et al., 2008,
2010]. Regardless of the chosen morpological model, two things were clear: the emission is
dominated by the Galactic bulge, and the bulge/disk flux ratio was still high.

In Siegert et al. [2016b], 11 years of INTEGRAL data are analysed. Confirming earlier
results [Knödlseder et al., 2003, 2005; Weidenspointner et al., 2008a], the central regions of
the Galaxy show the highest intensity 511 keV line, and extended emission along the Galac-
tic disk is observed now with a high significance (12s), however this emission has a very
low surface brightness in comparison to the Galactic bulge. These observations confirm that
the observed morphology of the 511 keV line is unlike emission at any other wavelength.
This is particularly apparent when comparing the disk 511 keV line intensity to the diffuse
gamma-ray continuum emission from the Galactic disk [Bouchet et al., 2011], which is clearly
detected.

The disk of the Galaxy is represented in the Siegert et al. [2016b] best fit model by a
two-dimensional Gaussian first described in Skinner et al. [2015]. The disk has a a longitude
extent of 60`10

´5 degrees and a latitude extent of 10.5`2.5
´1.5 degrees. The disk model is somewhat

sensitive to the modelling of the central Galaxy, however the flux from the disk region is only
weakly dependent on the size of the disk.

The best fitting model for the Galactic bulge emission is two two-dimensional Gaussians,
with the ‘narrow bulge’ (NB) component centered at pl, bq “ p´1.25˝, ´0.25˝q with Gaus-
sian widths of psl , sbq “ p2.5˝, 2.5˝q, and the ‘broad bulge’ (BB) component is centered at
pl, bq “ p0˝, 0˝q, extending to psl , sbq “ p8.7˝, 8.7˝q, based on Skinner et al. [2015].

Finally, an additional emission component is found coincident with the Galactic Center.
This Galactic Center source (GCS) was first described in Skinner et al. [2015] and was found
to be distinct from the central cusp of the Galactic bulge component. In the spatial model
of Siegert et al. [2016b], the GCS is detected as a distinct component with 5s significance.
Due to the instrumental spatial resolution of SPI/INTEGRAL, it is not possible to distinguish
whether the GCS is pointlike, or extended by „ 2˝. The source is not variable on timescales
° 30 days. The properties of the best fir morphology model are described in Table 2.1.
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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 =
�

j

R jk

NI�

i=1

�iMi j +
�

t

NI+NB�

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 2.10: Positron annihilation radiation distribution from 11 yrs of SPI data from
Siegert et al. [2016b]. The bulge glows brightly with positron annihilation. The
extended disk component, which has a large scale height in the best fit model, is

clearly visible.

2.6.3 Spectra

The morphology of the observed positron annihilation in the Milky Way tells only part of
the complex story we must understand in order to find the source of Galactic positrons.
Understanding the spectrum is equally important. As previously mentioned, the spectrum
of positron annihilation encodes a large amount of information about positron annihilation
sites and can also encode some information about the origin of the positrons.

The gamma-ray spectrum of each component of the morphological models can be used
to infer the annihilation conditions of the positrons. The positron annihilation spectrum is
typically described by four parameters (e.g. Siegert et al. [2016b]): the 511 keV line intensity
(I511), the width of the line characterised as kinematic broadening (G), and the centroid shift
(which can be interpreted as Doppler-shift from bulk motion (DE0 “ Epeak ´ 511 keV)), and
the ortho-positronium continuum intensity (IoPs). These measurements can be used to infer
the fraction of positrons annihilating via positronium formation, fPs. If a fraction fPs of the
positrons annihilates via positronium formation, ortho-positronium continuum will have an
integrated intensity of

IoPs99
4

fPs, (2.15)

where the 3/4 factor originates from the spin degeneracy of positronium meaning ortho-
positronium is formed 3/4 of the time. The remaining fraction, 1 ´ fPs will annihilate directly
to two photons. These photons, combined with the annihilation via para-positronium give a
narrow line intensity of

I51192p1 ´ fPsq ` 1
2

fPs (2.16)

Thus by measuring the relative intensities IoPs and I511, the positronium fraction fPs can be
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2. Special source: SMBH? (Jean+2016, Totani 2006), 
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‣ Current open questions about 
annihilation for theorists: 

‣ What do the positrons annihilate on? 
Other atoms (Panther+2018c)? Dust 
and moderation (Guessoum+1991, 
Wang+2019 in prep)? 

‣ What about ultra-low energy 
positrons (w<5 eV)? Is there a 
reservoir of low energy positrons? 
(Cocks+2019 in prep)

‣ Annihilation linewidths need to be 
recalculated with high resolution 
simulation (Panther in prep)

‣ Where are the positrons coming 
from?
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OTHER ISOTOPES: CONSTRAINING SN EXPLOSION MODELS AND MORE

‣ After SN2014J was detected in gamma-
rays, we know that similar results are 
achievable with future SNe

‣ Future MeV gamma-ray detectors with 
more sensitivity will enable 
measurement of more gamma-ray lines

‣ e.g. measurement of 48Cr decay chain 
may distinguish between SNe Ia 
explosion scenarios, and are important 
for SN cosmology

‣ 22Na from novae - constraints on novae 
as a positron source

‣ Stellar flares… 

‣ CR excitation/de-excitation lines… 

‣ We are looking beyond the Milky Way: 
Globular Clusters, dSph galaxies - talk 
to T. Siegert and I
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INTEGRAL HAS DONE WELL 

BUT WE NEED A NEW MEV TELESCOPE TO DO BETTER 

DEMONSTRATING HOW THESE ‘BIG QUESTIONS’ CAN BE 
ADDRESSED WITH MEV ASTRONOMY IS KEY TO FLYING A NEW 

INSTRUMENT IN THE COMING DECADES
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