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Many galaxy clusters have giant halos of nonthermal radio emission, indicating the presence of
relativistic electrons in the clusters. Relativistic protons may also be accelerated by merger and/or accretion
shocks in galaxy clusters. These cosmic-ray (CR) electrons and/or protons are expected to produce gamma
rays through inverse-Compton scatterings or inelastic pp collisions respectively. Despite of intense efforts
in searching for high-energy gamma-ray emission from galaxy clusters, conclusive evidence is still missing
so far. Here we report the discovery of > 200 MeV gamma-ray emission from the Coma cluster direction
with an unbinned likelihood analysis of the 9 years of Fermi-LAT Pass 8 data. The gamma-ray emission
shows a spatial morphology roughly coincident with the giant radio halo, with an apparent excess at the
southwest of the cluster. Using the test statistic analysis, we further find tentative evidence that the gamma-
ray emission at the Coma center is spatially extended. The extended component has an integral energy flux
of ~2 x 10712 ergecm™2s~! in the energy range of 0.2-300 GeV and the spectrum is soft with a photon
index of ~ — 2.7. Interpreting the gamma-ray emission as arising from CR proton interaction, we find that
the volume-averaged value of the CR to thermal pressure ratio in the Coma cluster is about ~2%. Our
results show that galaxy clusters are likely a new type of GeV gamma-ray sources, and they are probably

also giant reservoirs of CR protons.
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I. INTRODUCTION

Galaxy clusters, the largest gravitationally bound struc-
tures in the Universe, are thought to form through mergers
and accretion of smaller structures. The merger-driven
shocks and turbulence may accelerate particles to relativ-
istic energies (e.g., see [1] for a recent review). The
presence of relativistic electrons in intracluster medium
(ICM) as well as magnetic fields has been demonstrated by
the detections of Mpc-scale nonthermal synchrotron radio
halos in many clusters [2]. CR proton acceleration has also
been predicted in galaxy clusters [3—7], although at differ-
ent levels for different acceleration scenarios. Gamma-ray
emission can be produced by the neutral pion decay in the
hadronic scenario, or by inverse-Compton (IC) scatterings
of the cosmic microwave background (CMB) photons
on ultra-relativistic electrons [8—12]. In the reacceleration
model for radio halos (e.g., [13—17]), protons can also be
accelerated and consequently produce also gamma rays,
although at a level that is smaller than that generally
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expected from the pure hadronic models. Thus, galaxy
clusters have long been expected to be gamma-ray sources
and the flux of gamma-ray emission would provide crucial
constraints on the origin of the radio halos. Observationally,
gamma-ray emission from clusters of galaxies were searched
for a long time, including both individual cluster analysis
and stacking procedures, but all these attempts resulted in
nondetection or insignificant detection so far (e.g., [18-28]).
Very recently, Ref. [29] claimed a >4.5¢ detection of a
ringlike structure at the outskirts of the clusters in the Fermi-
LAT stacking analysis of galaxy clusters. Nondetection of
gamma rays from the central galaxy clusters thus poses a
challenge for the theoretical picture.

The Coma cluster of galaxies is the nearest massive
clusters at a distance of ~100 Mpc. It shows evidence of
efficient particle acceleration, as suggested by the presence
of a giant radio halo and radio relics [30,31]. The cluster
lies near the Galactic North Pole where the Galactic diffuse
gamma-ray intensity is at a minimum. Together with the
fact that there are broadband observations from radio to
hard x-ray frequencies, these make the Coma cluster a good
candidate to search for CR-induced gamma-ray emission.

© 2018 American Physical Society
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Ackermann et al. [28] performed a binned likelihood analysis
of the six years of Fermi-LAT Pass 8 data of the Coma cluster.
They find two residual structures within the virial radius of the
cluster, but the statistical significance of this emission is
below the threshold to claim detection of gamma-ray emis-
sion from the cluster. In this work, we perform an unbinned
likelihood analysis of the nine years of Fermi-LAT Pass 8
data, with careful modeling of the background sources. For
the first time, we discover the gamma-ray emission above
200 MeV from the direction of the Coma cluster. We further
find tentative evidence that the gamma-ray emission at the
Coma center is spatially extended, which may be related to
the bulk of the Coma cluster.

II. DATA SELECTION AND ANALYSIS

For this work, we use 9 years (MET 239557417-
522806178) of public Pass 8 LAT data. We select FRONT +
BACK converting photons corresponding to the SOURCE
class with energies from 200 MeV to 300 GeV within
a 12° region of interest (ROI) centered at the Coma
cluster center at a;,000 = 194.95°, 85000 = 27.98°. We use
recommended time selection of (DATAQUAL>0)& &
(LAT.CONFIG ==1) and limit the data selection to zenith
angles less than 90°, allowing us to effectively remove
photons originating from the Earth limb.

A. Background model

In our background model, we include all sources listed in
the third Fermi-LAT catalog of pointlike and extend sources
(3FGL) [32], along with 4 non-3FGL pointlike sources
reported in Ref. [28] within the region of ROl enlarged by 5°.
We include also the standard diffuse emission background,
i.e., the foreground for Galactic diffuse emission and the
background for spatially isotropic diffuse emission [33],
recommended for performing data analysis of Pass 8 LAT
data. One shortcoming of using the 3FGL catalog (based on
4 yr of LAT observations) to search within a data set covering
9 yr is that spectral parameters may have substantially
changed. To account for this variability, we leave the
normalizations and spectral index free for all sources that
are inside ROI and allow the normalization of the templates
used to model the Galactic foreground and isotropic
diffuse emission to vary freely. In addition, for the 3FGL
sources outside ROI, we freeze all their parameters to
the catalog values. We make use of the Science Tools
package (v10rOp5) with the PSR2_SOURCE_V6 instru-
ment response functions and carry out a standard unbinned
likelihood analysis for the background. We use the gttsmap
tool to search for any additional gamma-ray sources inside
the Coma cluster considering a 4° x 4° region centered on
the Coma center, see Fig. 1. For each pixel in the map the
gttsmap tool evaluates the test statistic (TS), defined as
TS =-2(InLy—1InL), where L, is the maximum-
likelihood value for null hypothesis and L is the maximum
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FIG. 1. Gaussian kernel (¢ = 0.1°) smoothed TS map of the
Coma cluster region output from gttsmap in the energy band
0.2-300 GeV. The map has a dimension of 4°x4° and a
resolution of 0.1° per pixel. The white dotted circle is the region
subtended by the virial radius, 6,9y = 1.23°. The diamond pl
represents the position of TS value peak. The contours corre-
spond to measurements of the Coma cluster using the Westerbork
Synthesis Telescope (WSRT) at a central frequency of 352 MHz
([34]). The WSRT observations are smoothed with gaussian
kernel (¢ = 0.05°). Contours start at 1 mJy beam™' and increase

in steps of 6 mJy beam™'.

likelihood with the additional source under consideration.
According to Fig. 1, a residual structure appears to be
roughly coincident with the radio halo region, but the
position of peak TS values locates at the southwest side
of the Coma cluster, as shown by a diamond (namely p1) in
Fig. 1. The best position of pl given by gitfindsrc tool is
(194.148°,27.683°) 4 0.093° (the uncertainty corresponds
to 95% confidence level).

After we submitted the first version of our paper [35],
Fermi-LAT Collaboration distributed the preliminary
Fermi-LAT list of sources (FL8Y) [36] based on the first
eight years Pass 8 data and the diffuse background of the
3FGL model. Our discovery of the excess at the position of
pl is confirmed by the FL8Y source list, with a name FL8Y
J1256.6 4+ 2741. The Fermi-LAT Collaboration did not
find any known source associated with FL8Y J1256.6 +
2741 using their automatic source association methods.
Since most of the gamma-ray-emitting AGNs are sources of
radio emission, we also search for possible radio sources
associated with p1l in the radio source catalogs of NASA/
IPAC EXTRAGALACTIC DATABASE (NED) [37]. Three
faint radio sources are located within the 95% containment
radius given by the gtfindsrc tool, as shown in Fig. 2. Their
radio flux densities are 0.271 £ 0.096 mJy for C3A-049,
0.290 £ 0.096 mJy for C3A-903 at 1.4 GHz [38],
and 11.2 + 1.4 mJy for [K94] 125406.04 4 280046.7 at
1.42 GHz [39]. We can estimate the gamma-ray luminosity

063006-2



DETECTION OF GAMMA-RAY EMISSION FROM THE COMA ...

PHYS. REV. D 98, 063006 (2018)

28.0

27.8

325

30.0

DEC--STG
N
~
<

27.5

25.0
27.54

225

20.0

194.5 194.3 194.2 194.0 193.8

RA---STG

FIG. 2. 0.6° x 0.6° TS map centered at the position of p1 in the
energy band 0.2-300 GeV. The blue triangles represent the radio
sources found in the catalogs of NED. The blue dotted circle is
95% position uncertainty of pl derived with the gtfindsrc tool.
The white cross represents the position of pl.

of these sources if the gamma-ray emission is mostly
due to Compton scattering of the radio-producing electrons
by the CMB, a reasonable expectation in light of the
conclusion reached by Ref. [40] in their analysis of Fermi-
LAT measurements of the radio galaxy Cen A. We find that
the expected gamma-ray luminosity is so low that any
physical association with the three radio sources is
disfavored.

Since the number of sources inside ROI increases
significantly in the FL8Y source list (compared to the
3FGL source list), we use the FL8Y source list as an
updated background model in the subsequent analysis.
Note that FL8Y J1256.6 + 2741 is treated as a source that
we are interested.

B. Cluster spatial modeling and likelihood analysis

First, we assume that the gamma-ray excess within the
Coma cluster arises from a single component. We consider
extended spatial templates similar to that in [28], which
include (1) a cored profile template and (2) a disk template.
The predicted profile of the gamma-ray emission depends
on the exact models and it could be shallower than the radio
emission. The cored profile template in [28] assumes that
the profile of gamma-ray emission follows the relation

£,(0) = (1+%)~"/4, where r, = 0.25° is the core radius.

The disk template assumes a uniform distribution of the
gamma-ray emission up to the virial radius R, (here the
subscript 200 refers to an enclosed density 200 times above
the critical density of the Universe). Furthermore, assuming
that the gamma-ray flux distribution traces the observed
radio and x-ray flux distribution, we consider two addi-
tional templates for the gamma ray emission profile, i.e.,

the radio emission template and x-ray emission template.
The radio emission template is based on the measurements
of the Coma radio halo and relics using the Westerbork
Synthesis Telescope (WSRT) at 352 MHz [34]. The x-ray
emission template is based on a merged EPIC-pn image of
the Coma cluster of galaxies with XMM-Newton in the
0.3-2.0 keV energy band [41]. To investigate whether the
gamma-ray emission within the Coma cluster could be
attributed to a single point source, we also consider the
point source models A and B corresponding to pointlike
emission at the center of the Coma cluster and at the location
of peak TS value (i.e., the position of pl), respectively.

Since there are two residual structures, one being
roughly coincident with the radio halo region and the other
being coincident with the peak TS value, we also consider
the two-component model (ext+ pl), i.e., a spatially
extended source plus a pointlike source at the position
of pl. To investigate whether the additional source is
extended, we also study the peener +p1 model, ie., a
pointlike source at Coma center plus a pointlike source at
pl. All these spatial models are shown in Table I.

To save the computation time, we perform an unbinned
likelihood analysis fixing the parameters of all pointlike
sources to their maximum likelihood values obtained from
the background-only model fit. The normalizations of the
Galactic and isotropic diffuse components are still left free.

III. RESULTS

The results for the unbinned likelihood analysis are
summarized in Table I. Comparing the TS values of various
single-component models, we reject the hypothesis that all
the gamma-ray emission originates from the center point-
like source because of the significantly lower TS value for
the point source model A [42]. However, we can not
distinguish between the point source model B and the
single-component extended emission models, since their
TS values are close.

Further, by comparing the two-component models with
the point source model B, we investigate whether the
gamma-ray emission within the Coma cluster entirely
arises from the possible pointlike source at pl. We find
that the TS value is increased by 15.2 for the radio + p1
model compared to the point source model B, supporting
the presence of an additional gamma-ray source. To
evaluate the false detection probability for an additional
source, we performed 800 simulations, assuming the point
source model B is the true source model of emission within
the Coma cluster and fitting the simulated data with the
radio + p1 model. It is found that only 1 out 800 simu-
lations result in TS,4io4p1 — TSp1 > 15.2, corresponding
to a chance occurrence of <1.25x 1073 (>3.00) (see
Appendix A for more details).

In addition, we investigate the spatial extension of the
additional source at the Coma center by comparing the
radio + p1 model with p.epe; + p1 model. We find the TS
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TABLE I. Unbinned likelihood analysis results for energy band 200 MeV-300 GeV.
Photon flux Energy flux

Spatial model (x10™ phem™2s7!) (x10712 ergem™2s71) Power-law index TS

Disk 3.14 +£0.54 2.52£0.59 2.65 +0.25 38.9

Core 3.08 £0.52 2.50 +£0.59 2.64+£0.25 40.1

Radio 2.74 £0.48 2.11£043 2.70 £0.24 429

X-ray 2.39 £ 044 1.70 £0.35 2.81 £0.28 37.2

Point Source A (Peenter) 1.94 £0.42 1.12£0.43 3.24 +0.94 23.4

Point Source B (pl) 1.92 +£0.43 1.45 +£0.26 2.73+0.19 41.3

Disk + pl 2.45 £+ 0.65 1.78 £0.81 278 £0.53 534
0.67 £ 0.35 0.82 £0.31 2.30£0.26

Core + pl 243 +0.63 1.82 £0.76 2.73 £0.46 543
0.65 £ 0.35 0.80 £ 0.30 2.30+0.27

Radio + p1 2.25 £0.55 1.66 £ 0.49 2.76 £0.36 56.5
0.53 £0.30 0.75 £0.30 2.224+0.27

X-ray + pl 1.79 £0.53 1.23 £0.44 2.81 £0.28 52.9
0.72 £ 0.37 0.85+£0.29 2.334+0.27

Peenter + P1 1.13 £ 0.51 0.65 +1.08 3.23 £4.00 45.7
1.14 £0.42 1.08 £ 0.38 249 +£0.27

Notes. The disk model is a uniform disk with a radius corresponding to the virial radius 8,yy. The core model is a
predicted gamma-ray flux profile (see the text for details). The point source model A and B correspond to point
sources at the center of the Coma cluster (peenier) @and at the position of pl in Fig. 1, respectively. In each two-
component model, the flux and spectral index of each single component are listed in the top/bottom line, which the
bottom line corresponds to point source at pl. The associated uncertainty refers to the 68% error reported by HESSE

algorithm embedded in the gtlike tool.

value is increased by 10.8 (i.e., TSpgiotpt — I'Sp, . 4pl =
10.8), which favors that the source at the Coma center is
extended. For the two-component models, we find that the
additional extended component always contributes a dom-
inant part to the whole gamma-ray flux. We find that the
gamma-ray spectrum of the extended component is
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FIG. 3. Spectral energy distributions (SEDs) of the extended

emission component of the Coma cluster for the single radio
model (red) and radio 4+ pl model (blue). The upper limits at
95% confidence level are derived when the TS value for the data
points are lower than 4.

soft, with a photon spectral index of I'=2.6-2.8
(dN,/de, x €;"). Considering the extended radio tem-
plates, we provide the spectral energy distribution
(SED) for the extended component, which is showed in
Fig. 3. The energy flux in 0.2-300 GeV is about
2x 10712 ergem™2s7!, leading to a total gamma-ray
luminosity of L,(0.2-300 GeV) ~2 x 10% ergs™'.

IV. SYSTEMATIC UNCERTAINTIES

To assess the robustness of our results we perform a
number of systematic checks. Concerning the favored
radio 4+ pl model, we quantify the variation of the photon
flux and spectral index for the extended component. In
particular, we investigate how the detection significance
of the gamma-ray emission (TS,,gio1p1), the significance
for the presence of an additional source at the Coma
center (indicated by TS,4o+p1 — TSp1), and the signifi-
cance for an extended spatial structure (indicated by
TSradio+pt — TSp,,,..+p1) change in the systematic checks.

Peenter

A. ROI size and free sources

We first vary the ROI size from 8° to 15° radius to repeat
our analysis and find that the photon flux and spectral index
change by at most ~5%. The variations are at most 4 for the
TS adio+p1 — TSp1 and less than 2 for TS, 4i04p1 — TSy, 4p1»
indicating a small impact. Similarly, we vary the radius
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within which the spectrum parameter of pointlike sources
are free. The changes of the resulting photon flux and
spectral index are at most 3%. The impacts on the detection
significance and the significance for an extended spatial
structure are both small.

B. Event classes

At a high Galactic latitude where Coma is located, the
residual cosmic rays are non-negligible contamination,
especially for analyzing a source with relatively large
extension. We therefore repeat our analysis using the
CLEAN and ULTRACLEANVETO event class data
[43], which have lower background rates but smaller
effective areas. To check the impact due to the angular
resolution of the data set, we also do an analysis for the
front conversion events of SOURCE event class, which
have intrinsically better angular resolution (also smaller
effective areas). We find that using the data sets with
different event class or using only the front conversion data
change the photon flux and the spectral index by at most
18%. Due to decreasing event counts by ~40% for
ULTRACLEANVETO class data and FRONT event type
data, the decrease of the TS;giop1 Vvalue of ~40% is
reasonable, as shown in Fig. 4. We also find that the variations
of the TS;gio+p1 —TSp1 and TS,ugio4p1 =TS, +p1 Values,
compared to the standard result listed in Table I, are less
than 4 in all the tests, implying a small impact due to
selection of event class.

C. Low-energy thresholds

We study the impact caused by different low-energy
thresholds of 100, 300, 500, and 800 MeV. The spectral
index changes by less than 8%. We find that the detection
significance of the source decreases as the low-energy
threshold increases, which is simply due to decreasing
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FIG. 4. TS value of the Coma emission for various spatial
models using different event class data.
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FIG. 5. The TS values of the Coma emission for various spatial
models using different low-energy thresholds.

number of event counts. However, the detection signifi-
cance for an additional source and the significance for
the extended emission, as indicated by TS p1 — TSy
and TS, 4io4p1 — TSy, +p1 respectively, roughly keeps the
same for different low-energy thresholds (see Fig. 5). It is
noteworthy that the bright source 3FGL J1224.9 + 2122
(namely FL8Y J1224.9 + 2122 in FL8Y source list) can
affect the TS value for 100 MeV-300 GeV energy band
analysis, although it is located ~10.5° away from Coma
center. If we fix the spectral parameters of this source to
those in 3FGL, the obtained results of the extended Coma
emission would differ from the case when its spectral
parameters are left free. We find the impact from the bright
source can be neglected when we increase the lower-energy
threshold to >200 MeV or fix its parameters to those
reported in the FL8Y source list.

D. Diffuse background models

Although Coma is located at a high Galactic latitude,
the uncertainty from Galactic diffuse foreground modeling
may still be significant. We thus compare results obtained
by using the standard diffuse emission model with those
obtained by using alternative diffuse emission models. We
use the maps of the predicted Galactic diffuse gamma-ray
emission derived in Ref. [44] as the start point of our
template creation [45]. Reference [44] provides 128 sets of
maps corresponding to different model parameters. We
adopt 16 sets among them, which varies in the most
important parameters involved in the template creation,
including CR source distribution (Lorimer, SNR), halo size
(4, 10 kpc), spin temperature (150 K, 10° K), and E(B — V)
magnitude cut (2, 5 mag) [44,46]. We use the spatial
templates for z° decay, bremsstrahlung radiation and IC
gamma rays generated by GALPROP [47] to replace the
standard Galactic foreground model. We also use a different
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FIG. 6. The TS values of Coma emission derived by an
unbinned analysis for 16 alternative Galactic diffuse gamma-
ray templates.

set of isotropic diffuse templates that are created to accom-
modate the alternative Galactic diffuse models. For simplic-
ity, we do not fit the different components along the line of
sight separately for these models, but only adopted a free
overall normalization for each of the 7Y, bremsstrahlung and
IC templates, since at high Galactic latitudes the vast majority
of gas resides in the neighborhood of the solar system. We
emphasize that these 16 models may not cover the complete
uncertainty of the systematics involved in interstellar emis-
sion modeling. The resulting uncertainty should therefore
only be considered as an indicator of the systematic uncer-
tainty due to the mismodeling of the Galactic diffuse fore-
ground emission. We find that varying the diffuse emission
models changes the photon flux and spectral index by at most
~30%. As shown in Fig. 6, the value of TS io1p1 — TSy
ranges from 15 to 21, indicating a small impact for the
detection significance of an additional source. In addition, the
value of TS,,gio4p1 — TSp+p1 18 in the range of 10-17,

which implies that different diffuse models do not change the
nature of the extendedness of the additional gamma-ray
emission.

We summarize the results on systematic uncertainties in
Table II. The largest uncertainty in the photon flux and
spectral index arises from the uncertainty in the Galactic
diffuse foreground, while other discussed systematic effects
have only minor influence.

V. DISCUSSIONS

Compared with Ref. [28], our analysis is different in the
following aspects: (1) We use an unbinned likelihood
analysis, which is useful for faint sources although it costs
more computing time; (2) We use an updated pointlike
source list (i.e., FLL8Y) and free more background source
model parameters; (3) We use a larger data set of 9 years of
Fermi-LAT observations; (4) We consider more spatial
models, especially the two-component models, which are
not discussed in earlier works. Our result constitutes the first
detection of GeV emission from the direction of the Coma
cluster. We also find tentative evidence that the gamma-ray
emission at the Coma center is spatially extended.

To compare our results with that in Ref. [28], we also
perform a binned likelihood analysis with events selection
similar to the unbinned likelihood analysis. We find that the
improvement of TS value for an additional source, as
indicated by TS,.4io+p1 — TSpi, ranges from 6 to 12, which
is slightly lower than that derived by the unbinned analysis.
The significance for the extended gamma-ray emission, as
indicated by (TS,4o1p1 — TSy, +p1)> 1S lower than that
given by the unbinned analysis (see the Appendix B for
more details).

It has been suggested that relativistic electrons can
produce gamma rays through inverse-Compton (IC) scatter-
ing of CMB photons [8—12], while protons produce gamma
rays through p p collisions with the ICM. Theoretically, it is
expected that gamma-ray emission above 200 MeV is

TABLE II. Systematic uncertainties.

Variation of input Photon flux  Spectral index Range of Range of Range of
Type parameters impact impact TSragiorpt  TSradio+pt = TSpi TSragiorpt = TSp,. +p1
ROI size® 8°-15° <5% <3% (56, 60) (12, 17) 9, 12)
Free radius’ 4o-12° <3% <3% (55, 58) (14, 17) (10, 12)
Event class Alt. event class® <16% <7% (37, 57) (11, 16) 6, 11)
Low-energy 100-800 MeV e <8% (33, 57) (11, 16) 6, 14)

threshold*

Diffuse modeling ~ Alt. diffuse models® <30% <18% (56, 69) (15, 21) (10, 17)

Notes. Overview of systematic uncertainties.

*We select the ROI size of 8°, 10°, and 15° radius to repeat our analysis.
®We fix the normalizations and spectral indexes to the background-only fitting values for sources outside the region of 4°, 6°, 8°,

and 12°.

“The CLEAN, UNTRACLEANVETO, and FRONT conversion SOURCE events are used to perform the analysis.
9The low-energy thresholds of 100, 300, 500, and 800 MeV are used.

°See the Part D of Sec. IV for details.
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dominated by the hadronic process in the cluster core region,
whereas in the outskirts region the IC emission is the
dominant component [9,12]. Assuming a single power-
law spectral extrapolation, a bright hard x-ray emission
would be expected due to the soft spectrum with an photon
index of I' ~ 2.7. However, a recent joint analysis of Swift
Burst Alert Telescope and the XMM-Newton observations
places a conservative limit on the nonthermal, hard x-ray
emission of <4.2 x 10712 ergem™2s7! in 20-80 keV [48],
which disfavors the IC process as the dominant mechanism to
produce the gamma-ray emission. Of course, the assumption
of a single power-law electron spectrum may not be true as
the acceleration mechanism is not well understood for cluster
shocks, so we can not rule out the leptonic scenario. On the
other hand, the hadronic scenario, invoking the cosmic-ray
proton interaction, does not suffer from this spectrum
constraint due to the characteristic pion-decay gamma-ray
spectrum. The flux of gamma rays produced by cosmic-ray
protons can be used to infer the cosmic ray content in ICM.
This is reflected by the volume-averaged value of the CR to

thermal energy ratio, defined as f. = g—h where U, is the
1l

CR energy density and Uy, = %nng is the thermal energy
density. By comparing the observed gamma-ray flux with the
prediction, we find f. ~ 2% for the Coma cluster (see the
Appendix C for more details).

Beside the structure that are roughly coincident with the
radio halo, another residual structure is evident on the
southwest side of the radio halo. This structure is spatially
coincident with a sharp, low surface-brightness front of
synchrotron radio emission (see Fig. 3 of Ref. [34]). There
is also a corresponding edge in the x-ray surface-brightness
and jump in temperature (see Fig. 2 of Ref. [49]). This
structure may reflect a shock induced by the infall of a
substructure onto the Coma cluster [34,49]. The gamma-
ray emission around this structure may not be produced
dominantly by the hadronic process, since the density of the
ICM, as the target for pp collisions, is low at this radius.
Then the gamma-ray emission should arise from the IC
process, which indicates that the shock must be able to
accelerate electrons to energies of at least y, ~ 10°.
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APPENDIX A: SIMULATION

We first simulate the background, including the sources
listed in FL8Y source list, Galactic diffuse emission and
isotropic diffuse emission, using the LAT simulation tool
gtobssim. The background sources are simulated with the
same spectral and spatial model parameters as our results of
the background-only fit. To evaluate the detection signifi-
cance of an additional source assuming a pointlike source at
the position of pl, we further simulate the pointlike source
of pl on top of the simulated background. The pointlike
source is simulated with a power-law spectral model with
integrated flux of 1.92 x 10™° phcm™2s~! in the energy
range from 200 MeV to 300 GeV and a photon spectral
index of 2.74, which are the best-fit parameters for the point
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FIG. 7. Top: Distribution of TS values for a pointlike source
at pl derived from fitting 800 Monte Carlo data sets with the
point source model B. Bottom: Cumulative distribution of the
TSiagiorpt — TSp1 for estimating the detection significance of
the additional emission component.
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source model B. In total, 800 Monte Carlo data sets are
generated. We then do an unbinned likelihood analyses for
these data sets using the point source model B and the
radio + pl model respectively. Considering the large
amount of computational time for unbinned analyses, we
fix all the background parameters in the fit to the simulated
data, but free the normalizations of the Galactic and
isotropic diffuse background. The distributions of TS,
and TS, 404 p1 — TS are plotted in Fig. 7. Only 1 out 800
simulations result in TS, 404 p1 — TSp; > 15.2, correspond-

ing to a chance occurrence of < 1.25 x 1073, i.e., the
detection significance of > 3.00 confidence level.

We perform a second set of 120 simulations to survey the
impact of parameter degeneracy between the extended
emission and the point source emission. We simulate a
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FIG. 8. Distribution of the photon flux (top) and photon index

(bottom) of the respective radio and pl components derived from
fitting 120 simulated data sets with the radio 4 pl model. The red
and blue are for the radio emission component and the pointlike
emission component, respectively. The dotted lines represent the
input parameters of the simulations.

source with the same spatial distribution and spectral
parameters (Table I) as that obtained in the radio + pl
model fit on top of the background, and then do an
unbinned likelihood analysis using the radio 4+ pl model.
As shown in Fig. 8, we find a small bias of ~0.4 x
10~ phcm=2 s~ in flux for the radio component compared
with our input flux (~2.2 x 10~ phcm™s7!), indicating
only a small degeneracy between the extended emission
and the point source emission.

APPENDIX B: A BINNED
LIKELIHOOD ANALYSIS

To compare our results with that in Ref. [28], we also
perform a binned likelihood analysis with event selection
similar to the unbinned likelihood analysis. We select
photons with energies from 200 MeV to 300 GeV within
a square of 15° x 15° centered at the Coma cluster center.
Similar to the unbinned analysis, we use the same data cut,
including zenith angles less than 90° and time intervals
of (DATAQUAL > 0) & &(LATCONFIG == 1). We di-
vide our data into 24 logarithmically spaced bins in energy
and use a spatial binning of 0.1° per pixel. We perform a
background-only fit and adopt the same free parameter
strategy as that of the unbinned analysis, as described in
Part A of Sec. II. The gttsmap tool produces a TS map with
a dimension of 4° x 4°, shown in Fig. 9, in which similar
residual structures are found.

Considering the spatial templates listed in Table I, we
perform a binned likelihood analysis for the gamma-ray
emission within the Coma cluster. Due to that the largest
system uncertainty originate from the diffuses emission
models, we also perform a test using 16 alternative diffuse
emission models. The results are shown in Table III and
Fig. 10. We note that the significance of the detection
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FIG. 9. Gaussian kernel (6 = 0.1°) smoothed TS map for the
binned analysis in the energy band 0.2-300 GeV. The denotations
of the white dotted circle, diamond and blue counter are the same
as Fig. 1.
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TABLE III. Binned likelihood analysis results for energy band 200 MeV-300 GeV.

Spatial model Photon flux (x10™ phcm™2s7!) Energy flux (x107!2 ergecm™2s7!) Power-law index TS

Disk 2.15+0.57 1.47 £0.65 2.88+0.71 154

Core 2.13+0.56 1.53 £0.59 2.80 £ 0.54 16.4

Radio 2.01 £0.50 1.55 £0.41 270 £0.33 21.5

X-ray 1.79 £0.47 1.27 £0.34 2.81 £0.36 19.4

Point Source A 1.65 +£0.50 091 +£0.57 339+£231 14.3

Point Source B 1.49 £0.44 1.18 £0.26 2.67+0.25 253

Disk + p1 1.15+0.68 048 £0.41 5.14+4.12 28.3
0.93+0.37 0.97 £0.26 241 +£0.22

Core + pl 1.43 £ 0.66 0.79 £1.22 3.38£4.25 28.5
0.73 £0.49 0.86 £ 0.41 233+0.25

Radio + pl 1.55 +£0.66 1.11 £0.44 2.80+0.46 313
0.50 + 0.40 0.72+£0.29 2.21+£0.36

X-ray +pl 1.31 +0.60 0.88 +0.38 2.81 +£0.36 30.3
0.59 £0.41 0.77 £0.29 227 £0.33

Peenter + P1 1.11 £0.56 0.58 £ 0.64 3.57 £4.67 28.9
0.79 £ 0.44 0.89 +£0.35 2.36 £0.28

Notes. The disk model is a uniform disk with a radius corresponding to the virial radius 0,,. The core model is a predicted gamma-
ray flux profile (see the text for details). The point source model A and B correspond to point sources at the center of the Coma
cluster and at the position of p1 in Fig. 1, respectively. In each two-component model, the flux and photon spectral index of the each
component are listed in the top/bottom line. The associated uncertainty refers to the 68% error reported by HESSE algorithm

embedded in the gtlike tool.

decreases obviously, with 14 < TS < 32 for different
spatial models. We find that the improvement of TS value
for an additional source, as indicated by TS,,gio1p1 — TSp1,
ranges from 6 to 12, which is slightly lower than that
derived by the unbinned analysis. The significance for
the extended gamma-ray emission, as indicated by
(TSraigo+p1 — TSp,,,.+p1)s 18 also lower than that given by
the unbinned analysis.

We check the TS values for the binned analysis using a
smaller spatial bin (i.e., a binning of 0.025° per pixel). We
find that the significance has only a very small increase (the
TS value increases by only 2).
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FIG. 10. The TS values of Coma emission derived by a binned
method for 16 alternative Galactic diffuse gamma-ray templates.

APPENDIX C: ESTIMATE OF THE CR TO
THERMAL ENERGY RATIO

The collision rate between CR protons with the ICM is

dN.
_dtL = 0,11, CTlg, (C1)
where 6,, ~2.5 x 1072° cm? is the interaction cross sec-

tion for pp collisions at GeV energies, n, is the number
density of the ICM and n,, is the number density of CR
protons at energy €. Roughly, the collisions produce two
photons of energy e, = %K€Cr, where k ~ 0.17 is the fraction
energy transferred from the proton to secondary pions.
The total gamma-ray luminosity within the virial radius
Rvir is [26]

Rvir
ethot(ey) = / 2€7appng(r)ncr(r)c47rr2dr. (C2)
0

Assuming the CR number follows a power-law distribution
with the form ne,(€c) = ner(€0) (£) 77 (e 2 €9 =1GeV),
the energy density of CRs is Uy = [ n.de.. The nor-
malization of the CR energy density can be obtained
by assuming a constant CR to thermal energy density
ratio, U, = f.Uy. The energy density of thermal gas of
Uy = %nng, where T = 10® K is the temperature of the
ICM of the Coma cluster. For simplicity, we assume that the
density of the thermal gas follows an isotheral beta model,
which is n, = ng[1 + (r/r.)?]7#/?, where ny is the central
density, .. is the cluster core radius and /3 is the slope of the

063006-9



XI, WANG, LIANG, PENG, YANG, and LIU

PHYS. REV. D 98, 063006 (2018)

density profile outside of the core. We take ny=
3x 1072 cm™, r. = 290 kpc and 8 = 2/3 for the Coma
cluster. According to Table I, the differential luminosity of
the Coma cluster at 200 MeV is about €, L, (200 MeV) =~

10** ergs~!. Comparing this with the above equation, we

obtain that the volume averaged value of the CR to thermal
energy ratio is

(C3)

[1] G. Brunetti and T. W. Jones, Cosmic rays in galaxy clusters
and their nonthermal emission, Int. J. Mod. Phys. D 23,
1430007 (2014).

[2] L. Feretti, G. Giovannini, F. Govoni, and M. Murgia,
Clusters of galaxies: Observational properties of the diffuse
radio emission, Astron. Astrophys. Rev. 20, 54 (2012).

[3] B. Dennison, Formation of radio halos in clusters of galaxies
from cosmic-ray protons, Astrophys. J. 239, 1.93 (1980).

[4] P. Blasi and S. Colafrancesco, Cosmic rays, radio halos and
nonthermal X-ray emission in clusters of galaxies, Astro-
part. Phys. 12, 169 (1999).

[5] K. Murase, S. Inoue, and K. Asano, Cosmic rays above the
2ND Khnee from clusters of galaxies, Int. J. Mod. Phys. D
18, 1609 (2009).

[6] C. Pfrommer and T. A. EnBlin, Constraining the population
of cosmic ray protons in cooling flow clusters with y-ray and
radio observations: Are radio mini-halos of hadronic ori-
gin?, Astron. Astrophys. 413, 17 (2004).

[7] U. Keshet and A. Loeb, Using radio halos and minihalos to
measure the distributions of magnetic fields and cosmic rays
in galaxy clusters, Astrophys. J. 722, 737 (2010).

[8] A. Loeb and E. Waxman, Cosmic y-ray background from
structure formation in the intergalactic medium, Nature
(London) 405, 156 (2000).

[9] F. Miniati, T. W. Jones, H. Kang, and D. Ryu, Cosmic-ray
electrons in groups and clusters of galaxies: Primary and
secondary populations from a numerical cosmological
simulation, Astrophys. J. 562, 233 (2001).

[10] P. Blasi, S. Gabici, and G. Brunetti, Gamma rays from
clusters of galaxies, Int. J. Mod. Phys. A 22, 681 (2007).

[11] D. Kushnir and E. Waxman, Nonthermal emission from
clusters of galaxies, J. Cosmol. Astropart. Phys. 8 (2009)
002.

[12] A. Pinzke and C. Pfrommer, Simulating the y-ray emission
from galaxy clusters: a universal cosmic ray spectrum and
spatial distribution, Mon. Not. R. Astron. Soc. 409, 449
(2010).

[13] G. Brunetti, G. Setti, L. Feretti, and G. Giovannini, Particle
reacceleration in the Coma cluster: Radio properties and
hard X-ray emission, Mon. Not. R. Astron. Soc. 320, 365
(2001).

[14] V. Petrosian, On the nonthermal emission and acceleration
of electrons in coma and other clusters of galaxies, As-
trophys. J. 557, 560 (2001).

[15] G. Brunetti and A. Lazarian, Acceleration of primary and
secondary particles in galaxy clusters by compressible
MHD turbulence: From radio haloes to gamma-rays,
Mon. Not. R. Astron. Soc. 410, 127 (2011).

[16] G. Brunetti, S. Zimmer, and F. Zandanel, Relativistic
protons in the Coma galaxy cluster: First gamma-ray
constraints ever on turbulent reacceleration, Mon. Not. R.
Astron. Soc. 472, 1506 (2017).

[17] A. Pinzke, S.P. Oh, and C. Pfrommer, Turbulence and
particle acceleration in giant radio haloes: The origin of seed
electrons , Mon. Not. R. Astron. Soc. 465, 4800 (2017).

[18] O. Reimer, M. Pohl, P. Sreekumar, and J.R. Mattox,
EGRET Upper limits on the high-energy gamma-ray emis-
sion of galaxy clusters, Astrophys. J. 588, 155 (2003).

[19] M. Ackermann, M. Ajello, A. Allafort, L. Baldini, J. Ballet,
G. Barbiellini, D. Bastieri, K. Bechtol, R. Bellazzini, R. D.
Blandford et al., , GeV Gamma-ray flux upper limits from
clusters of galaxies, Astrophys. J. 717, L71 (2010).

[20] M. Ackermann, M. Ajello, A. Allafort, L. Baldini, J. Ballet,
G. Barbiellini, D. Bastieri, K. Bechtol, R. Bellazzini, R. D.
Blandford er al., Constraints on dark matter annihilation in
clusters of galaxies with the Fermi large area telescope,
J. Cosmol. Astropart. Phys. 5 (2010) 025.

[21] T. Arlen, T. Aune, M. Beilicke, W. Benbow, A. Bouvier,
J.H. Buckley, V. Bugaev, K. Byrum, A. Cannon, A.
Cesarini et al., Constraints on cosmic rays, magnetic fields,
and dark matter from gamma-ray observations of the coma
cluster of galaxies with veritas and FERMI, Astrophys. J.
757, 123 (2012).

[22] U. Keshet, D. Kushnir, A. Loeb, and E. Waxman, Prelimi-
nary evidence for a virial shock around the coma galaxy
cluster, Astrophys. J. 845, 24 (2017).

[23] S. Zimmer, J. Conrad, and A. Pinzke, in American Astro-
nomical Society Meeting Abstracts #219 (2012), Vol. 219
of American Astronomical Society Meeting Abstracts,
p- 207.01.

[24] J. Han, C. S. Frenk, V.R. Eke, L. Gao, S. D. M. White, A.
Boyarsky, D. Malyshev, and O. Ruchayskiy, Constraining
extended gamma-ray emission from galaxy clusters, Mon.
Not. R. Astron. Soc. 427, 1651 (2012).

[25] S. Ando and D. Nagai, Fermi-LAT constraints on dark
matter annihilation cross section from observations of the
Fornax cluster, J. Cosmol. Astropart. Phys. 7 (2012) 017.

[26] B. Huber, C. Tchernin, D. Eckert, C. Farnier, A. Manalaysay,
U. Straumann, and R. Walter, Probing the cosmic-ray content
of galaxy clusters by stacking Fermi-LAT count maps,
Astron. Astrophys. 560, A64 (2013).

[27] F. Zandanel and S. Ando, Constraints on diffuse gamma-ray
emission from structure formation processes in the Coma
cluster, Mon. Not. R. Astron. Soc. 440, 663 (2014).

[28] M. Ackermann, M. Ajello, A. Albert, W.B. Atwood,
L. Baldini, J. Ballet, G. Barbiellini, D. Bastieri, K. Bechtol,

063006-10


https://doi.org/10.1142/S0218271814300079
https://doi.org/10.1142/S0218271814300079
https://doi.org/10.1007/s00159-012-0054-z
https://doi.org/10.1086/183300
https://doi.org/10.1016/S0927-6505(99)00079-1
https://doi.org/10.1016/S0927-6505(99)00079-1
https://doi.org/10.1142/S0218271809015564
https://doi.org/10.1142/S0218271809015564
https://doi.org/10.1051/0004-6361:20031464
https://doi.org/10.1088/0004-637X/722/1/737
https://doi.org/10.1038/35012018
https://doi.org/10.1038/35012018
https://doi.org/10.1086/323434
https://doi.org/10.1142/S0217751X0703529X
https://doi.org/10.1088/1475-7516/2009/08/002
https://doi.org/10.1088/1475-7516/2009/08/002
https://doi.org/10.1111/j.1365-2966.2010.17328.x
https://doi.org/10.1111/j.1365-2966.2010.17328.x
https://doi.org/10.1046/j.1365-8711.2001.03978.x
https://doi.org/10.1046/j.1365-8711.2001.03978.x
https://doi.org/10.1086/321557
https://doi.org/10.1086/321557
https://doi.org/10.1111/j.1365-2966.2010.17457.x
https://doi.org/10.1093/mnras/stx2092
https://doi.org/10.1093/mnras/stx2092
https://doi.org/10.1093/mnras/stw3024
https://doi.org/10.1086/374046
https://doi.org/10.1088/2041-8205/717/1/L71
https://doi.org/10.1088/1475-7516/2010/05/025
https://doi.org/10.1088/0004-637X/757/2/123
https://doi.org/10.1088/0004-637X/757/2/123
https://doi.org/10.3847/1538-4357/aa794b
https://doi.org/10.1111/j.1365-2966.2012.22080.x
https://doi.org/10.1111/j.1365-2966.2012.22080.x
https://doi.org/10.1088/1475-7516/2012/07/017
https://doi.org/10.1051/0004-6361/201321947
https://doi.org/10.1093/mnras/stu324

DETECTION OF GAMMA-RAY EMISSION FROM THE COMA ...

PHYS. REV. D 98, 063006 (2018)

R. Bellazzini et al., Search for gamma-ray emission from the
coma cluster with six years of Fermi-LAT data, Astrophys.
J. 819, 149 (2016).

[29] I. Reiss, J. Mushkin, and U. Keshet, Detection of virial
shocks in stacked Fermi-LAT clusters, arXiv:1705.05376.

[30] G. Giovannini, L. Feretti, T. Venturi, K.-T. Kim, and P. P.
Kronberg, The halo radio source Coma C and the origin of
halo sources, Astrophys. J. 406, 399 (1993).

[31] M. Thierbach, U. Klein, and R. Wielebinski, The diffuse
radio emission from the coma cluster at 2.675 GHz and
4.85 GHz, Astron. Astrophys. 397, 53 (2003).

[32] F. Acero, M. Ackermann, M. Ajello, A. Albert, W.B.
Atwood, M. Axelsson, L. Baldini, J. Ballet, G. Barbiellini,
D. Bastieri et al., FERMI Large area telescope third source
catalog, Astrophys. J. Suppl. Ser. 218, 23 (2015).

[33] F. Acero, M. Ackermann, M. Ajello, A. Albert, L. Baldini, J.
Ballet, G. Barbiellini, D. Bastieri, R. Bellazzini, E. Bissaldi
et al., Development of the model of galactic interstellar
emission for standard point-source analysis of FERMI large
area telescope data, Astrophys. J. Suppl. Ser. 223, 26
(2016).

[34] S. Brown and L. Rudnick, Diffuse radio emission in/around
the coma cluster: Beyond simple accretion, Mon. Not. R.
Astron. Soc. 412, 2 (2011).

[35] We presented the discovery of the gamma-ray source in the
first version of the submitted paper (arXiv:1709.08319v1),
after which Fermi-LAT Collaboration distributed the pre-
liminary Fermi-LAT list of sources (FL8Y).

[36] https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fI8y/.

[37] https://ned.ipac.caltech.edu/forms/nearposn.html.

[38] N. A. Miller, A. E. Hornschemeier, and B. Mobasher, A deep
very large array radio continuum survey of the core and
outskirts of the coma cluster, Astrophys. J. 137, 4436 (2009).

[39] K.-T. Kim, Radio observations of the coma cluster of
galaxies and its intermediate vicinity. II. A master list of
radio sources, Astron. Astrophys. Suppl. Ser. 105, 403
(1994).

[40] A. A. Abdo, M. Ackermann, M. Ajello, W. B. Atwood, L.
Baldini, J. Ballet, G. Barbiellini, D. Bastieri, B. M. Baughman,

K. Bechtol et al., Fermi gamma-ray imaging of a radio galaxy,
Science 328, 725 (2010).

[41] U.G. Briel, J.P. Henry, D.H. Lumb, M. Arnaud, D.
Neumann, N. Aghanim, R. Gastaud, J. P. D. Mittaz, T.P.
Sasseen, and W. T. Vestrand, A mosaic of the coma cluster
of galaxies with XMM-Newton, Astron. Astrophys. 365,
L60 (2001).

[42] J. Lande, M. Ackermann, A. Allafort, J. Ballet, K. Bechtol,
T. H. Burnett, J. Cohen-Tanugi, A. Drlica-Wagner, S. Funk,
F. Giordano et al., Search for spatially extended Fermi large
area telescope sources using two years of data, Astrophys. J.
756, 5 (2012).

[43] https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/
Cicerone/Cicerone_Data/LAT DP.html.

[44] M. Ackermann, M. Ajello, W. B. Atwood, L. Baldini, J.
Ballet, G. Barbiellini, D. Bastieri, K. Bechtol, R. Bellazzini,
B. Berenji et al., Fermi-LAT observations of the diffuse
y-ray emission: Implications for cosmic rays and the
interstellar medium, Astrophys. J. 750, 3 (2012).

[45] https://galprop.stanford.edu/PaperlISuppMaterial/.

[46] E. de Palma, T.J. Brandt, G. Johannesson, and L.
Tibaldo (for the Fermi LAT Collaboration), A method for
exploring systematics due to galactic interstellar emission
modeling: Application to the Fermi-LAT SNR catalog,
arXiv:1304.1395.

[47] A.E. Vladimirov, S.W. Digel, G. Joéhannesson, P.F.
Michelson, I.V. Moskalenko, P.L. Nolan, E. Orlando,
T. A. Porter, and A. W. Strong, GALPROP WebRun: An
internet-based service for calculating galactic cosmic ray
propagation and associated photon emissions, Comput.
Phys. Commun. 182, 1156 (2011).

[48] D.R. Wik, C. L. Sarazin, A. Finoguenov, W. H. Baumgartner,
R. F. Mushotzky, T. Okajima, J. Tueller, and T. E. Clarke, The
lack of diffuse, non-thermal hard x-ray emission in the coma
cluster: The Swift burst alert telescope’s eye view, Astrophys.
J. 727, 119 (2011).

[49] D.M. Neumann, D.H. Lumb, G.W. Pratt, and U.G.
Briel, The dynamical state of the coma cluster with
XMM-Newton, Astron. Astrophys. 400, 811 (2003).

063006-11


https://doi.org/10.3847/0004-637X/819/2/149
https://doi.org/10.3847/0004-637X/819/2/149
http://arXiv.org/abs/1705.05376
https://doi.org/10.1086/172451
https://doi.org/10.1051/0004-6361:20021474
https://doi.org/10.1088/0067-0049/218/2/23
https://doi.org/10.3847/0067-0049/223/2/26
https://doi.org/10.3847/0067-0049/223/2/26
https://doi.org/10.1111/j.1365-2966.2010.17738.x
https://doi.org/10.1111/j.1365-2966.2010.17738.x
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/
https://ned.ipac.caltech.edu/forms/nearposn.html
https://ned.ipac.caltech.edu/forms/nearposn.html
https://ned.ipac.caltech.edu/forms/nearposn.html
https://ned.ipac.caltech.edu/forms/nearposn.html
https://ned.ipac.caltech.edu/forms/nearposn.html
https://doi.org/10.1088/0004-6256/137/5/4436
https://doi.org/10.1126/science.1184656
https://doi.org/10.1051/0004-6361:20000024
https://doi.org/10.1051/0004-6361:20000024
https://doi.org/10.1088/0004-637X/756/1/5
https://doi.org/10.1088/0004-637X/756/1/5
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Data/LAT_DP.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Data/LAT_DP.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Data/LAT_DP.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Data/LAT_DP.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Data/LAT_DP.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Data/LAT_DP.html
https://doi.org/10.1088/0004-637X/750/1/3
https://galprop.stanford.edu/PaperIISuppMaterial/
https://galprop.stanford.edu/PaperIISuppMaterial/
https://galprop.stanford.edu/PaperIISuppMaterial/
http://arXiv.org/abs/1304.1395
https://doi.org/10.1016/j.cpc.2011.01.017
https://doi.org/10.1016/j.cpc.2011.01.017
https://doi.org/10.1088/0004-637X/727/2/119
https://doi.org/10.1088/0004-637X/727/2/119
https://doi.org/10.1051/0004-6361:20021911

