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Λ Dark Matter Subhalos 

–  CDM N-body simulations show DM 
substructures (subhalos) appear at 
all spatially-resolved mass scales 

! Hypothesis: 

! Strategy: 

Resolved Subhalos 

Springel et al, Nature, Vol 456, 73-76 (2008). Aquarius N-body simulation 

Main Halo + Unresolved 
SubH + Resolved SubH 

" Unassociated sources will be one of the products provided by the e-ASTROGAM 
MeV catalogs, as described in the Domínguez, Barrio et al. WB contribution 

–  Subhalos can be close enough to 
be detected by DM annihilation in 
gamma-rays 

–  Low-mass subhalos do not attract 
enough baryonic matter and may be 
only bright in the gamma-ray band 

" Search for DM subhalos as High Latitude   
unassociated sources in e-ASTROGAM all-sky surveys 
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Λ DM Subhalos in Fermi-LAT 

Figure 4: Number of detectable point-like (blue) and spatially extended (green) subhalos
plotted against the annihilation cross-section for several scenarios. The dark matter particle
mass, annihilation channel, and adopted energy flux threshold are indicated on each panel.
The error bars correspond to 1 sigma due to rotating the observer position around the
Galactic Center. The J-factors of spatially extended sources were calculated by integrating
the luminosity out to to the containment angle of Fermi LAT at E

�

= 1 GeV.

around the Galactic Center, like in Fig. 3, and spatial extension is defined according to Eq.
2.5. The predicted number of detectable subhalos per panel for a thermal cross-section is
given in Table 1. Fig. 5 shows the number of detectable subhalos averaged over observer
positions for di↵erent choices of the dark matter particle mass in the case of annihilations
to bb̄ and ⌧

+

⌧

�, respectively. In Fig. 6 the number of detectable subhalos is plotted against
dark matter particle mass for a thermal cross-section and annihilations to bb̄ and ⌧

+

⌧

�,
respectively.

4.2 Upper limits on the annihilation cross-section

In Fig. 7 we present our upper limits on the dark matter annihilation cross-section as
function of the dark matter particle mass m

�

in the case of annihilations to bb̄ and in the
case of annihilations to ⌧

+

⌧

�. The solid lines were obtained by calculating the value of the
annihilation cross-section for which 95 % of the realisations predict one or more detectable
subhalos. Thus, the solid line corresponds to our 95 % confidence level constraints in the
case of no candidate dark matter subhalos in 3FGL. For annihilations to bb̄ (left panel),
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Schoonenberg et al JCAP05(2016)028  

–  Based on 3FGL detectable fluxes and Via Lactea II CDM N-body simulation 
–  Handful of subhalos expected even at low WIMP masses 

–  A few extended subhalos can be detected below Fermi-LAT UL for point sources 

! Expected DM subhalos in Fermi-LAT 



J.A. Barrio, UCM-GAE 2nd e-ASTROGAM workshop, October 14th 2017 5 

Λ Point-like DM Subhalos 
! Point-like DM subhalos in e-ASTROGAM 

–  DM annihilation in subhalos produces a gamma-ray continuum spectrum 

–  Point-like e-ASTROGAM sensitivity. Segue1 J factor, thermal relic <σv> 
–  Low-mass (~1-20 GeV) WIMP DM photons within reach of e-ASTROGAM 

σ annv = 2.2 ×10−26cm3s−1

J Ω( ) =1.5×1019GeV 2cm−5

Nieto 2017 
DM spectra: JCAP 1103 (2011) 051 

Sensitivity curves: M. Santander 
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Λ Extended DM Subhalos 
! Extended DM subhalos in Fermi-LAT 3FGL 

–  2 unassociated extended sources in 3FGL as DM subhalo candidates: 

Figure 2. Residual maps of the regions surrounding the subhalo candidate 3FGL J2212.5+0703
(left frame) and the known blazar 3FGL J2134.1-0152 (right frame). These maps display the photon
flux per square degree (above 1 GeV) and have been smoothed with a 0.15� Gaussian. Whereas the
source in the left frame shows significant evidence of spatial extension, the source in the right frame
is consistent with point-like emission.

4 Systematic Uncertainties: Assessing the Robustness of 3FGL J2212.5+0703’s

Spatial Extension

In this section, we will describe tests that we have performed in order to establish the
probability that the spatial extension observed from 3FGL J2212.5+0703 is authentic, as
opposed to being the result of problems with the di↵use emission model or confusion between
multiple nearby gamma-ray sources.

4.1 Using Associated 3FGL Sources as a Control Group

In addition to the unassociated sources discussed in the previous section, the 3FGL catalog
contains many sources that have been associated with emission observed at other wavelengths.
These sources, which are very unlikely to be dark matter subhalos, provide us with an
opportunity to test our procedure for identifying spatial extension. In order to make a fair
“apples-to-apples” comparison, we consider only those associated 3FGL sources that are
located at high latitude (|b| > 20�) and that emit a gamma-ray flux in the same range as our
12 subhalo candidates (10�9 cm�2 s�1 < F� < 4.24 ⇥ 10�9 cm�2 s�1). Of the 251 sources
that meet these criteria, 228 are associated with AGN, 16 with pulsars, six with galaxies,
and one with a globular cluster.

Following the approach described in the previous section, we have tested each of these
251 sources for evidence of (spherically symmetric) spatial extension. While we found that
none of these 251 sources exhibit as much evidence for extension as 3FGL J2212.5+0703,
the flat-spectrum radio quasar 3FGL J1310.6+3222 does prefer extension at a slightly lower
level, 2� lnL ' 19.4 (compared to 21.4 for 3FGL J2212.5+0703). Including this source, we
found that five of these 251 sources prefer extension at the level of 2� lnL > 10. In Fig. 3,
we present these results for a small sub-sample of these 251 sources. In the upper six frames
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Figure 4. The gamma-ray spectrum of 3FGL J2212.5+0703. The dashed curve denotes the spectral
shape predicted from a 30 GeV dark matter particle that annihilates to bb̄. Dark matter masses in
the range of 18.4-32.7 GeV provide a good fit to the measured spectrum.

a few or less, and we consider our estimate to represent a reasonable prediction (the au-
thors of Ref. [42], for example, arrive at a number of observable subhalos that is a factor
of a few lower than our estimate). For an annihilation cross section near the upper limit
derived from the observations of dwarf spheroidal galaxies [19, 20], we expect Fermi to de-
tect roughly one subhalo with F

threshold

> 10�9 cm�2 s�1, and perhaps as many as ⇠10 with
F
threshold

> 10�10 cm�2 s�1. If 3FGL J2212.5+0703 is in fact a dark matter subhalo (and
none of the other 11 subhalos candidates are), it would suggest an annihilation cross section
of �v ⇠ (0.12� 2.5)⇥ 10�26 cm3/s (90% CL, statistical uncertainties only). Of course, other
candidate sources could also be dark matter subhalos. In particular, several of the subhalo
candidates listed in Table 2 exhibit spectral shapes that are compatible with that observed
from 3FGL J2212.5+0703 (and from the Galactic Center excess). If any of these sources
are in fact subhalos, it would increase our estimate for the dark matter’s annihilation cross
section.

The gamma-ray flux and angular extent of 3FGL J2212.5+0703 can be used to constrain
the mass and distance of the corresponding dark matter subhalo. In the left frame of Fig. 5,
we plot the mass of a subhalo (prior to tidal stripping) that produces the gamma-ray flux
of 3FGL J2212.5+0703, as a function of distance. Here, we have assumed a dark matter
mass of 34 GeV and an annihilation cross section of �v = 2 ⇥ 10�26 cm3/s to bb̄.6 From
the flux alone, one cannot disentangle the mass of a subhalo from its proximity. From the
information contained in this plot, 3FGL J2212.5+0703 could equally well be a very large
subhalo (perhaps even an ultra-faint dwarf galaxy) located at a distance of ⇠10 kpc, or a
solar mass clump of dark matter located within a parsec or so of the Solar System.7

6
The left frame of Fig. 5 can be adjusted to reflect any value of the cross section by shifting the distance

scale by a factor of [�v/(2⇥ 10

�26
cm

3
s

�1
)]

1/2
.

7
3FGL J2212.5+0703 is located within the region of the sky covered by the Sloan Digital Sky Survey
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Bertoni et al, arXiv:1602.07303  

So the null hypothesis is reasonable and 3FGL J1924.8-
1034 is a nonvariable source.

C. The spectrum

From the above analysis, we identify 3FGL J1924.8-
1034 as a stable and spatially extended gamma-ray source
without any association in other wavelengths, which makes
it a potential candidate for a dark matter subhalo. We
assume that the gamma-ray emission observed from 3FGL
J1924.8-1034 was generated by DM annihilation. The
gamma-ray intensity generated by DM annihilation in
the DM subhalo can be described by

ΦðEÞ ¼ 1

4π
hσvi
2m2

χ

dN
dE

· Jfactor; ð6Þ

where hσvi is the annihilation cross section averaged by the
DM velocity and mχ is the rest mass of the DM particle.
Jfactor is the integration of the square of the DM density ρðrÞ
along the line of sight s, i.e.,

Jfactor ¼
Z

Ω

Z
∞

s¼0
ρ2ðrðsÞÞdsdΩ: ð7Þ

We change the spectral model to DMFitFunction4 and
perform the likelihood fit with this DM model allowing the
DM mass (mχ) and Jfactor to float freely. In the case of dark
matter annihilating into bb̄ with the annihilation cross
section hσvi ¼ 3 × 10−26 cm3=s [58], the data agrees with
a DM mass (mχ) of 43.5 GeV (see Fig. 4).
To yield the model-independent spectrum of 3FGL

J1924.8-1034, we divide the data into 15 evenly spaced
logarithmic energy bins from 300 MeV to 300 GeV. We fix
the spectral indices of all sources, and leave their normal-
izations free in the optimized model. The likelihood fit is
performed in each energy bin and the resulting spectral
energy distribution (SED) plotted in Fig. 4 is similar to that
of the Galactic center excess [26–28].
The default setting for the spectral model of 3FGL

J1924.8-1034 is PowerLaw in the 3FGL [42]. According to
the derived SED, we consider some other spectral models
(i.e., LogParabola and PLSuperExpCutoff) to perform
the likelihood fit (see Fig. 4). Comparing with the
DMFitFunction model, we find Δ lnL ¼ 4.2 for the
PLSuperExpCutoff model (only 1.3 for the LogParabola
model, −27.4 for the default PowerLaw model). However
the two spectral models are not nested, so the Wilks
theorem does not work and a comparison between them
is not straightforward [57,59]. Below we adopt the Akaike
information criterion (AIC) test [60,61] to check which one
is better. The AIC is defined as

AIC ¼ 2k − 2 lnL ð8Þ

where k is the number of parameters of the corresponding
model and the model that has a smaller AIC is the
better one.
The PLSuperExpCutoff model has two more spectral

parameters than the DMFitFunction model and the
PowerLaw model, and one more spectral parameter than
the LogParabola model. So our results AICPLSuperExpCutoff <
AICDMFitFunction < AICLogParabola < AICPowerLaw indicate
that the PLSuperExpCutoffmodel provides a better spectral
fit than other models. Due to the rather small Δ lnL, the
superiority for the PLSuperExpCutoff model is too small to
draw a conclusion.

1. Nearby source confusion

Two or more point-like gamma-ray sources in slightly
different directions (i.e., the separation between these
sources is comparable with or even smaller than the angular
resolution of the detector) will be identified as a single
spatially extended source. To check such a possibility we
define ΔTS2pts as twice the increase in the log of the
likelihood of the two close point-like sources model
compared to that of the one point-like source model:

ΔTS2pts ¼ −2ðlnLpoint − lnL2pstÞ: ð9Þ

Placing a point source A at the catalog position of
3FGL J1924.8-1034 (291.21°;−10.58°), we find the best-
fit position (291.29°;−10.32°) of the other source B with the
help of gtfindsrc. Then we fix the source B position at

FIG. 4. The spectral energy distribution (SED) of 3FGL
J1924.8-1034 (blue). Three types of spectra are shown in this
figure, including the PLSuperExpCutoff spectrum (red dashed
line), the LogParabola spectrum (green dashed line) and the
DMFitFunction spectrum of dark matter annihilation into bb̄ (for
a rest mass of 43.5 GeV) (black dashed line).

4http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source_
models.html.

3FGL J1924.8-1034: A SPATIALLY EXTENDED … PHYSICAL REVIEW D 95, 102001 (2017)

102001-5

template with a series of extended templates and vary the
width as a free parameter [35,43]. We measure the width by
the parameter θ68, defined as the angular radius which
contains 68% of the total photons from the target source.
It is difficult to attribute an astrophysical origin to a

spatially extended stable source without any association in
other wavelengths. Instead it is expected for the massive or
nearby dark matter subhalo [41]. The density in the dark
matter host halo is often considered as a Navarro-Frenk-
White (NFW) profile [46,47]. However, the shapes of
nearby subhalos, which are significantly altered by tidal
effects, are generally not well described by NFW density
profiles. Instead they prefer NFW profiles with an expo-
nential cutoff [48–52] or power-law profiles with an expo-
nential cutoff (PLE) [53].
For completeness, we choose three kinds of distribution

for the extension: (1) a two-dimensional Gaussian distri-
bution (GAUSS) [35], (2) a distribution corresponding to a
NFW dark matter density profile [41], and (3) a distribution
corresponding to a PLE dark matter density profile [53].
The NFW density profile is given by [46,47]

ρðrÞ ¼ ρ0
ðr=RsÞ½1þ ðr=RsÞ&2

ð1Þ

where Rs is the subhalo’s scale radius. We adopt the mass-
concentration model presented in Ref. [52] for subhalos.
The PLE density profile is given by

ρðrÞ ¼ ρ0
rγ

exp
!
−

r
Rb

"
; ð2Þ

where the index γ is taken as 0.74 and Rb is the cutoff
radius [53].
The extended template corresponding to the dark matter

density ρðrÞ [where rðθ; d; lÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ l2 − 2dl cos θ

p
] is

governed by

fðθÞ ¼
R∞
l¼0 ρ

2ðrðθ; d; lÞÞdl
R θmax
0 2πθ

R∞
l¼0 ρ

2ðrðθ; d; lÞÞdldθ
; ð3Þ

where the first integrals are performed over the line of sight,
θ is the angle to the center of the subhalo, θmax is the
angular radius encompassing the full extension of the
subhalo, and d is the distance to the center of the subhalo.
The width (θ68) for this extended template can be defined
as

R θ68
0 2πθ × fðθÞdθ ¼ 68%.

In order to compare these spatial templates, we do the
likelihood fit with each template. The TS for spatial
extension is defined as the change to the log likelihood,
when the point-like template is replaced with that of an
extended source:

ΔTSext ¼ −2ðlnLpoint − lnLextÞ ð4Þ

where Lpoint and Lext are the best-fit likelihood values for
the point-source model and the extended model.

TABLE I. The optimized positions of the target source and two
new additional sources.

Source name R.A. [°] Decl. [°]

3FGL J1924.8-1034 291.24 −10.48
newps1 288.20 −12.83
newps2 293.49 −10.41

FIG. 1. 5° × 5° TS map centered at the position of 3FGL J1924.8-1034. In the left (right) panel we show the TS map with (without) a
point target source included in the modeling. The green crosses represent the positions of the sources within 5° × 5° listed in Table I

3FGL J1924.8-1034: A SPATIALLY EXTENDED … PHYSICAL REVIEW D 95, 102001 (2017)

102001-3

J1924.8-1034  

Xia et al, PRD95, 102001 (2017) 

–  WIMP DM masses ~15-20 
GeV also fit the spectra # 
more photons in regime of 
e-ASTROGAM 

–  Extension could be due to 
unresolved 2 point sources 

! Extended DM subhalos 
in Fermi-LAT FGES 
–  Recently released LAT 

catalog on Galactic plane 
Extended Sources. 

–  Several interesting 
unassociated sources 
showing up 
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Λ Extended DM Subhalos 
! Extended DM subhalos in e-ASTROGAM 

–  e-ASTROGAM superior angular resolution in pair-conversion range will 
disentangle between 2 point sources from extended ones 

Figure 3. Simulated photon-count maps as measured by either Fermi LAT (top) or e-ASTROGAM
(bottom). In the left frames, the maps correspond to the emission from a single point source, while
the center and right frames depict images from a subhalo-like extended source (with �68 = 0.25�) and
from a pair of point sources (separated by 0.28�), respectively. In each case, the spectral shape and
total flux is equal to that shown in Fig. 2 for the case of m� = 30 GeV.

to a degree corresponding to �68 = 0.25�. Lastly, in the right frames, we show simulated
maps for a pair of nearby gamma-ray point sources, of equal flux and separated from one
another by a distance of 0.28�.3 Whereas it is rather di�cult to distinguish the extended
source morphology from that of two nearby point sources in the simulated Fermi maps, the
di↵erence is much more clear in the simulated e-ASTROGAM images.

To access the ability of Fermi and/or e-ASTROGAM to distinguish between these dif-
ferent morphologies, we use a given map and draw from a Poisson distribution for each bin to
produce a series of mock observations of the region. We then calculate the mean log-likelihood
with which these mock observations are described by a given model. The log-likelihood is
given as follows:

ln L = ⌃i(ki ln �i � �i � ln ki!) ,

where the sum is carried out over all angular and energy bins, ki denotes the number of
events in bin i, and �i is the number of events predicted by the model in the same bin. We
then define the test statistic (TS) that one model can be distinguished from another as twice
the di↵erence in the log-likelihood.

For the case shown in Fig. 3, we find that Fermi alone can distinguish between the single
point source model and the extended model at a level of TS=22.3 (similar to the value of

3Here and throughout this study, we consider point source pairs that are separated by an angle that is
chosen to be maximally di�cult to distinguish from the case of a single extended source. In the case of an
extended subhalo with �68 = 0.25�, this corresponds to a separation of 0.28�, whereas for �68 = 0.10� (0.05�),
we find the maximally indistinguishable separation to be 0.12� (0.06�).

– 5 –

C
hou et al, arX

iv:1709.08562  

Fermi-LAT 

e-ASTROGAM 

–  Compton photon detection 
may open the door to discover 
subhalos based on their 
extended morphology for sub-
GeV DM models 

68 Exp Astron (2017) 44:25–82

(iii) the analog readout of the DSSD signals allowing a fine spatial resolution of
about 40 µm (∼1/6 of the microstrip pitch). In the Compton domain, thanks to the
fine spatial and spectral resolutions of both the Tracker and the Calorimeter, the e-
ASTROGAM angular resolution will be close to the physical limit induced by the
Doppler broadening due to the velocity of the target atomic electrons.

Figure 2 shows an example of the e-ASTROGAM imaging capability in the MeV
domain compared to COMPTEL. The e-ASTROGAM synthetic map of the Cygnus
region was produced from the third Fermi LAT (3FGL) catalog of sources detected
at photon energies Eγ > 100 MeV [7], assuming a simple extrapolation of the
measured power-law spectra to lower energies. It is clear from this example that e-
ASTROGAMwill substantially overcome (or eliminate in some cases) the confusion
issue that severely affected the previous and current generations of gamma-ray tele-
scopes. The e-ASTROGAM imaging potential will be particularly relevant to study
the various high-energy phenomena occurring in the GC region.

e-ASTROGAM will also significantly improve the energy resolution with respect
to COMPTEL, e.g. by a factor of ∼3.2 at 1 MeV, where it will reach a 1σ resolu-
tion of #E/E = 1.3% (Fig. 19). In the pair production domain above 30 MeV, the
simulated spectral resolution is within 20–30%.

4.2.3 Field of view

The e-ASTROGAM field of view was evaluated from detailed simulations of the
angular dependence of the sensitivity. Specifically, the width of the field of view was
calculated as the half width at half maximum (HWHM) of the inverse of the sensi-
tivity distribution as a function of the polar, off-axis angle, for a constant azimuthal
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Fig. 19 Left panel–e-ASTROGAM on-axis angular resolution compared to that of COMPTEL and
Fermi/LAT. In the Compton domain, the presented performance of e-ASTROGAM and COMPTEL is the
FWHM of the angular resolution measure (ARM). In the pair domain, the point spread function (PSF)
is the 68% containment radius for a 30◦ point source. The Fermi/LAT PSF is from the Pass 8 analysis
(release 2 version 6) and corresponds to the FRONT and PSF event type. Right panel–1σ energy resolu-
tion of COMPTEL and e-ASTROGAM in the Compton domain after event reconstruction and selection
on the ARM

e-ASTROGAM coll., Exp Astron (2017) 44:25–82  

Proposed to be included in WB 
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Λ Extended DM Subhalos 
! Extended DM subhalos in e-ASTROGAM 

–  If 3FGL J2212.5+0703 is a DM subhalo, its overall flux correspond to spectra of 
plausible WIMP DM masses and J factors similar to recent ultra-faint dSph 

–  Spectra from low WIMP DM masses in optimum e-ASTROGAM sensitivity range 

Nieto 2017 

↔ J10 =1.5×10
20GeV 2cm−5

↔ J30 =1.9 ×10
20GeV 2cm−5

↔ J100 = 7.5×10
20GeV 2cm−5

σ annv = 2.2 ×10−26cm3s−1

J Ω( ) =1.5×1019GeV 2cm−5

DM spectra: JCAP 1103 (2011) 051 

Sensitivity curves: M. Santander 
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Λ Conclusion & Outlook 

! Promising strategy to look for point-like and extended DM subhalos 
as unassociated sources in e-ASTROGAM all-sky surveys 

! Both low-mass WIMP-DM models and sub-GeV DM models could 
be explored 

! Already existing extended DM Subhalos candidates from 3FGL or 
new possible candidates from FGES could be resolved with e-
ASTROGAM 

!  In a few-month scale, we will start working at IFT and UCM to 
obtain reliable Λ-CDM predictions on the DM subhalos detection 
capabilities of e-ASTROGAM, following our experience in CTA 
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Λ Back-up 
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Λ LAT DM ULs on point-like sources 

Fermi-LAT Coll., PRL , arXiv:1503.02641 
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Λ DM Subhalos in e-ASTROGAM 
! Point-like DM subhalos in e-ASTROGAM 

–  Point-like e-ASTROGAM sensitivity. Segue1 J factor, thermal relic <σv> 
–  More low-mass WIMP DM subhalos expected (or more stringent upper 

limits) than in Fermi-LAT, given than photon flux drops with WIMP mass 

DM spectra: JCAP 1103 (2011) 051 

Sensitivity curves: M. Santander 
 

50.0  
50.0  

Nieto 2017 

σ annv = 2.2 ×10−26cm3s−1

J Ω( ) =1.5×1019GeV 2cm−5
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Λ LAT/e-ASTROGAM performance 

101 102 103 104 105 106

Energy (MeV)

0.0

0.5

1.0

1.5

2.0

2.5

A
cc

ep
ta

nc
e

(m
2

sr
)

Fermi LAT

e-ASTROGAM

Figure 1. The projected accceptance (left) and 68% containment radius (right) of e-ASTROGAM,
compared to that of the Fermi’s Large Area Telescope (LAT). Although the total acceptance of e-
ASTROGAM is only competitive with that of Fermi at energies below ⇠100 MeV, the improvement
in angular resolution (by a factor of ⇠4-6 at energies between 100 MeV and 1 GeV) will be invaluable
in ascertaining the nature of Fermi’s dark matter subhalo candidates.

(ComPair) [46], and enhanced ASTROGAM (e-ASTROGAM) [47, 48].1 These instruments
are each designed to utilize both Compton scattering and pair production signals, o↵ering
unprecedented sensitivity to photons in the MeV-GeV energy range.

For concreteness, we focus in this study on the case of e-ASTROGAM. In Fig. 1 we
present the projected acceptance and 68% angular containment radius for e-ASTROGAM [47],
compared to that for the Fermi Gamma-Ray Space Telescope.2 In the case of e-ASTROGAM,
we took the acceptance to be equal to the e↵ective area reported in Ref. [47] multiplied by
0.2⇥4⇡ steridians, representing the telescope’s approximate field-of-view. Although the total
acceptance of e-ASTROGAM is competitive with that of Fermi only at energies below ⇠100
MeV, the superior angular resolution of this experiment would be invaluable in ascertaining
the nature of the subhalo candidate sources 3FGL J2212.5+0703 and 3FGL J1924.8-1034.

Previous studies have considered the prospects for detecting annihilating or decaying
dark matter with an experiment such as e-ASTROGAM, focusing on the case of relatively
light (i.e. sub-GeV) dark matter candidates, and their novel spectral features [49–51]. Here,
we instead focus on e-ASTROGAM’s ability to detect and resolve the morphology of the
dark matter subhalo candidates previously observed by Fermi.

2 Dark Matter Subhalos and Future Sub-GeV Gamma-Ray Telescopes

The gamma-ray emission from a given dark matter subhalo is described as follows:

��(E� , ✓) =
h�vi
8⇡m2

�

dN�

dE�

Z

los

⇢2(r) dl, (2.1)

where h�vi is the dark matter’s thermally averaged annihilation cross section, m� is the dark
matter’s mass, dN�/dE� is the spectrum of gamma rays produced per annihilation, and the
integral is carried out over the line-of-sight (los). The radial density profile, ⇢(r), is given
in terms of the distance to the center of the subhalo, r =

p
l2 + D2 � 2lD cos ✓, where D is

1https://asd.gsfc.nasa.gov/amego/index.html, http://www.iaps.inaf.it/eastrogam/
2http://www.slac.stanford.edu/exp/glast/groups/canda/lat Performance.htm
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(iii) the analog readout of the DSSD signals allowing a fine spatial resolution of
about 40 µm (∼1/6 of the microstrip pitch). In the Compton domain, thanks to the
fine spatial and spectral resolutions of both the Tracker and the Calorimeter, the e-
ASTROGAM angular resolution will be close to the physical limit induced by the
Doppler broadening due to the velocity of the target atomic electrons.

Figure 2 shows an example of the e-ASTROGAM imaging capability in the MeV
domain compared to COMPTEL. The e-ASTROGAM synthetic map of the Cygnus
region was produced from the third Fermi LAT (3FGL) catalog of sources detected
at photon energies Eγ > 100 MeV [7], assuming a simple extrapolation of the
measured power-law spectra to lower energies. It is clear from this example that e-
ASTROGAMwill substantially overcome (or eliminate in some cases) the confusion
issue that severely affected the previous and current generations of gamma-ray tele-
scopes. The e-ASTROGAM imaging potential will be particularly relevant to study
the various high-energy phenomena occurring in the GC region.

e-ASTROGAM will also significantly improve the energy resolution with respect
to COMPTEL, e.g. by a factor of ∼3.2 at 1 MeV, where it will reach a 1σ resolu-
tion of #E/E = 1.3% (Fig. 19). In the pair production domain above 30 MeV, the
simulated spectral resolution is within 20–30%.

4.2.3 Field of view

The e-ASTROGAM field of view was evaluated from detailed simulations of the
angular dependence of the sensitivity. Specifically, the width of the field of view was
calculated as the half width at half maximum (HWHM) of the inverse of the sensi-
tivity distribution as a function of the polar, off-axis angle, for a constant azimuthal
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Fig. 19 Left panel–e-ASTROGAM on-axis angular resolution compared to that of COMPTEL and
Fermi/LAT. In the Compton domain, the presented performance of e-ASTROGAM and COMPTEL is the
FWHM of the angular resolution measure (ARM). In the pair domain, the point spread function (PSF)
is the 68% containment radius for a 30◦ point source. The Fermi/LAT PSF is from the Pass 8 analysis
(release 2 version 6) and corresponds to the FRONT and PSF event type. Right panel–1σ energy resolu-
tion of COMPTEL and e-ASTROGAM in the Compton domain after event reconstruction and selection
on the ARM
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