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Motivation
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• The Andromeda Galaxy is the closest spiral galaxy to us and has been the subject of numerous studies.  
• LAT analysis so far has focused on the galactic disk region. 
• Our study complements previously published results on M31 and is the first to explore the farthest reaches of the 

M31 system in gamma-rays.
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Motivation
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• M31 harbors a massive dark matter (DM) halo which may span up to ~600 kpc across and comprises ~90% of the 
galaxy's total mass.  

• This halo size translates into a large diameter of 42º on the sky for an M31-Milky Way (MW) distance of 785 kpc, but its 
presumably low surface brightness makes it challenging to detect with gamma-ray telescopes. 

• The entire M31 DM halo is seen from the outside, so we see the extended integral signal. For the MW we see through the 
halo, so it can be easily confused with diffuse components. 

• Line of sight ostensibly includes:                                                                                                                                       
M31 DM halo + secondary M31 emission + local DM filament between M31 and MW + MW DM halo. 

The big picture (illustrative)

MW-M31-Like Pairs (for example) from Garrison-Kimmel et al. 2018 (link)

https://arxiv.org/pdf/1806.04143.pdf


Looking Towards the Dark Matter Halo of M31

In practice, the DM halos of M31 and the 
MW may deviate significantly from 
spherical symmetry, with an enhanced DM 
density in the direction of M31, relative to a 
gamma-ray observer inside the Milky Way. 

As indicated by: 
• The Great Plane of Andromeda (GPoA). 
• The highly lopsided distribution of M31 

satellites, with ~80% lying on the side closest 
to the MW. 

• The Vast Polar Orbital Structure of the MW. 
• The local filament structure. 
• The M31 cloud, with an  H I mass of 

~10^8-10^9 M_sun at the distance of M31. 
• Complex H, with an H I mass of ~10^7 at 30 

kpc from the GC. 
• Simulations of MW-M31-like galaxy pairs.



Observations
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Event Selection: 
• Front and back events, P8R2_Clean_V6 selection 
• Data: 7.6 years (2008-08-04 to 2016-03-16) 
• Full ROI is a 60º radius centered at the position of M31 (l,b) = (121.17º,-21.57º). 

Our primary field of interest, FM31, is a 28º x 28º region centered at M31.  
• Energy range: 1-100 GeV in 20 bins logarithmically spaced 
• Pixelation: 0.2º x 0.2º 
• Fermi-LAT Science Tools v10-00-05 (run on UCI HPC, v10r0p5)

Images: 
• Top: full count range. Bottom: saturated counts, emphasizing lower counts at 

high latitudes.  
• Dashed green circle (21º in radius) corresponds to a 300 kpc projected radius, 

for an M31-MW distance of 785 kpc, i.e. the virial radius. 
• M31 and M33 are shown with cyan triangles, and the rest of M31’s dwarf galaxy 

population are shown with small green circles. 
• The primary purpose of the overlay is to provide a qualitative 

representation of M31’s outer halo and to show its relationship to the MW 
disk. 

• Note: we do not expect to detect most of the M31 dwarfs, as the MW dwarfs are 
mostly undetected. 
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physically motivated and are not subject to the same caveats3
1

for extended source analysis as the FSSC IEM provided by2

the Fermi–LAT collaboration for point source analysis (Acero3

et al. 2016). Here we provide a brief description of the GAL-4

PROP model (Moskalenko & Strong 1998, 2000; Strong &5

Moskalenko 1998; Strong et al. 2000; Ptuskin et al. 2006;6

Strong et al. 2007; Vladimirov et al. 2011; Jóhannesson et al.7

2016; Porter et al. 2017; Jóhannesson et al. 2018; Génolini8

et al. 2018), and more details are given in Appendix A.9

The GALPROP model calculates self-consistently spectra10

and abundances of Galactic CR species and associated dif-11

fuse emissions (radio, X-rays, �-rays) in 2D and 3D. The CR12

injection and propagation parameters are derived from local13

CR measurements. The Galactic propagation includes all sta-14

ble and long-lived particles and isotopes (e±, p̄, H-Ni) and15

all relevant processes in the interstellar medium. The radial16

distribution of the CR source density is parametrized as17

⇢(r) =

✓
r + r1

r� + r1

◆a

⇥ exp

✓
�b⇥ r � r�

r� + r1

◆
, (1)

where r is the Galactocentric radius, r� = 8.5 kpc, and the18

parameter r1 regulates the CR density at r = 0. The injec-19

tion spectra of CR species are described by the rigidity (R)20

dependent function21

q(R) / (R/R0)
��0

2Y

i=0


1 + (R/Ri)

�i��i+1
si

�si
, (2)

where �i(i = 0, 1, 2, 3) are the spectral indices, Ri(i =22

0, 1, 2) are the break rigidities, si are the smoothing parame-23

ters (si = ⌥0.15 for |�i| 7 |�i+1|), and the numerical values24

of all parameters are given in Table 1. Some parameters are25

not in use, so for p and He, we have only �i=0,1,2 and Ri=0,1.26

Heliospheric propagation is calculated using the dedicated27

code HelMod4. HelMod is a 2D Monte Carlo code for helio-28

spheric propagation of CRs, which describes the solar mod-29

ulation in a physically motivated way. It was demonstrated30

that the calculated CR spectra are in a good agreement with31

measurements including measurements outside of the ecliptic32

plane at different levels of solar activity and the polarity of33

the magnetic field. The result of the combined iterative ap-34

plication of the GALPROP and HelMod codes is a series of35

local interstellar spectra (LIS) for CR e

�, e+, p, He, C, and O36

nuclei (Boschini et al. 2017, 2018a,b) that effectively disen-37

tangle two tremendous tasks such as Galactic and heliospheric38

propagation.39

For our analysis we used a GALPROP-based combined40

diffusion-convection-reacceleration model with a uniform41

spatial diffusion coefficient and a single power law index over42

the entire rigidity range as described in detail in Boschini et al.43

(2017). Since the distribution of supernova remnants (SNRs),44

conventional CR sources, is not well determined due to the45

observational bias and the limited lifetime of their shells,46

other tracers are often employed. In our calculations we use47

the distribution of pulsars (Yusifov & Küçük 2004) that are48

the final state of evolution of massive stars and can be ob-49

served for millions of years. The same distribution was used50

in the analysis of the �-ray emission from the Inner Galaxy51

(IG) (Ajello et al. 2016).52

3 The list of caveats on the Fermi–LAT diffuse model is avail-
able at https://fermi.gsfc.nasa.gov/ssc/data/analysis/
LAT_caveats.html

4 Available at http://www.helmod.org/

Table 1
GALPROP Model Parameters

Parameter M31 IEM IG IEM
a
z [kpc] 4 6

a
r [kpc] 20 30

b
a 1.5 1.64

b
b 3.5 4.01

b
r1 0.0 0.55

c
D0 [1028 cm2 s�1] 4.3 7.87

c
� 0.395 0.33

c
⌘ 0.91 1.0

c Alfvén speed, vA [km s�1] 28.6 34.8
d
vconv,0 [km s�1] 12.4 · · ·

d
dvconv/dz [km s�1 kpc�1 ] 10.2 · · ·

e
Rp,0 [GV] 7 11.6

e
Rp,1 [GV] 360 · · ·

e
�p,0 1.69 1.90

e
�p,1 2.44 2.39

e
�p,2 2.295 · · ·

e
RHe,0 [GV] 7 · · ·

e
RHe,1 [GV] 330 · · ·

e
�He,0 1.71 · · ·

e
�He,1 2.38 · · ·

e
�He,2 2.21 · · ·

e
Re,0 [GV] 0.19 · · ·

e
Re,1 [GV] 6 2.18

e
Re,2 [GV] 95 2171.7

e
�e,0 2.57 · · ·

e
�e,1 1.40 1.6

e
�e,2 2.80 2.43

e
�e,3 2.40 4.0

f
Jp [10�9

cm

�2
s

�1
sr

�1
MeV

�1] 4.63 4.0
f
Je [10�11

cm

�2
s

�1
sr

�1
MeV

�1] 1.44 0.011
g A5 [kpc] 8–10 8–10
g A6 [kpc] 10–11.5 10–50
g A7 [kpc] 11.5–16.5 · · ·
g A8 [kpc] 16.5–50 · · ·
h IC Formalism Anisotropic Isotropic

Note. — For reference, we also give corresponding values for the
(“Yusifov”) IEMs used in Ajello et al. (2016) for the analysis of the
inner Galaxy (IG).
a Halo geometry: z is the height above the Galactic plane, and r is the
radius.
b CR source density. The parameters correspond to Eq. (1).
c Diffusion: D(R) / �

⌘
R

� . D(R) is normalized to D0 at 4.5 GV.
d Convection: vconv(z) = vconv,0 + (dvconv/dz)z.
e Injection spectra: The spectral shape of the injection spectrum is the
same for all CR nuclei except for protons. The parameters correspond
to Eq. (2).
f The proton and electron flux are normalized at the Solar location at
a kinetic energy of 100 GeV. Note that for the IG IEM the electron
normalization is at a kinetic energy of 25 GeV.
g Boundaries for the annuli which define the IEM. Only A5 (local an-
nulus) and beyond contribute to the foreground emission for FM31.
h Formalism for the inverse Compton (IC) component.

We adopt the best-fit GALPROP parameters from Boschini53

et al. (2017, 2018a), which are summarized in Table 1. The54

spectral shape of the injection spectrum is the same for all55

CR nuclei except for protons. The corresponding CR spectra56

are plotted in Figure 2. Also plotted in Figure 2 are the latest57

AMS-02 measurements from Aguilar et al. (2014, 2015a,b)58

and Voyager 1 p and He data in the local interstellar medium59

(Cummings et al. 2016). The modulated LIS are taken from60

Boschini et al. (2017, 2018a) and correspond to the time frame61

of the published AMS-02 data. In addition, we plot the LIS62

for the (“Yusifov”) IEMs used in Ajello et al. (2016) for the63

analysis of the inner Galaxy (IG), which we use as a reference64

model in our study of the systematics for the M31 field (see65

Appendix B.1). Overall, the LIS for the M31 model are in66
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Note. — For reference, we also give corresponding values for the
(“Yusifov”) IEMs used in Ajello et al. (2016) for the analysis of the
inner Galaxy (IG).
a Halo geometry: z is the height above the Galactic plane, and r is the
radius.
b CR source density. The parameters correspond to Eq. (1).
c Diffusion: D(R) / �

⌘
R

� . D(R) is normalized to D0 at 4.5 GV.
d Convection: vconv(z) = vconv,0 + (dvconv/dz)z.
e Injection spectra: The spectral shape of the injection spectrum is the
same for all CR nuclei except for protons. The parameters correspond
to Eq. (2).
f The proton and electron flux are normalized at the Solar location at
a kinetic energy of 100 GeV. Note that for the IG IEM the electron
normalization is at a kinetic energy of 25 GeV.
g Boundaries for the annuli which define the IEM. Only A5 (local an-
nulus) and beyond contribute to the foreground emission for FM31.
h Formalism for the inverse Compton (IC) component.

We adopt the best-fit GALPROP parameters from Boschini53

et al. (2017, 2018a), which are summarized in Table 1. The54

spectral shape of the injection spectrum is the same for all55

CR nuclei except for protons. The corresponding CR spectra56

are plotted in Figure 2. Also plotted in Figure 2 are the latest57

AMS-02 measurements from Aguilar et al. (2014, 2015a,b)58

and Voyager 1 p and He data in the local interstellar medium59

(Cummings et al. 2016). The modulated LIS are taken from60

Boschini et al. (2017, 2018a) and correspond to the time frame61

of the published AMS-02 data. In addition, we plot the LIS62

for the (“Yusifov”) IEMs used in Ajello et al. (2016) for the63

analysis of the inner Galaxy (IG), which we use as a reference64

model in our study of the systematics for the M31 field (see65

Appendix B.1). Overall, the LIS for the M31 model are in66
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Source Density (top) and  
Injection Spectrum (bottom)

• GALPROP-based (v56) combined 
diffusion-convection-reacceleration 
model with a uniform spatial 
diffusion coefficient and a single 
power law index over the entire 
rigidity range.  

• Injection and diffusion parameters 
are derived from local CR 
measurements, including AMS-02 
and Voyager 1. 

• Use the GALPROP parameters from 
Boschini et al. 2017,2018, which 
employ GALPROP and HelMod. 

• CR source density based on the 
distribution of pulsars. 

• IG IEM from Ajello et al. 2016 used 
as a reference model in our study of 
the systematics for the M31 field.



Interstellar Emission Model 

• Total IEM for the MW integrated between 1-100 GeV. 
• The color corresponds to the intensity and is shown in log scale. The intensity level corresponds to the initial 

GALPROP output, before tuning to the gamma-ray data. 
• IEM has contributions from pi-0 decay, (anisotropic) IC emission, and Bremsstrahlung emission (see next slide). 
• IEM is defined in Galactocentric annuli (A1-A8), but only A5-A8 contribute to the foreground emission towards 

M31. 
• The green dashed circle corresponds to M31’s virial radius. Our primary field of interest, FM31, lies within the 

virial radius, and we use the region outside (and below latitudes of -21.5º) as a tuning region (TR). 
• For reference we also show the GC region, which corresponds to a 15º x 15º square centered at the GC.
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To allow for arbitrary energy binning of the photon data
while still handling strong energy dependence of the IRFs,
we integrate Equations (A1) and (A2) semi-analytically. We
use power-law interpolation of the tabulated input values of
the IRFs and model. For the PSF weighting in Equation (A2), we
use a single effective power-law index for the entire bin because
fine structure within the energy bin is lost in the conversion to
counts.

While employing a spherical harmonic decomposition for the
convolution of the PSF with the sky maps is extremely efficient,
it has limitations. We are limited to using an azimuthally
symmetric PSF and must assume the PSF is the same over
the entire sky. Fortunately, the tabulated Fermi-LAT PSF is
azimuthally symmetric and its variations over the sky are
minimal due to both the uniform exposure of the Fermi-LAT
in its nominal survey mode operation, and the small variations
of the PSF with incident angle.72

Having the model converted to counts and properly con-
volved, we calculate the likelihood using

L(X) =
∑

i,j

Di(θj) log(Fi(θj, X)) − Fi(θj, X) − log(Di(θj)!),

(A6)
where Di(θj) are the binned photons for energy bin i and
HEALPix pixel j, and X are the parameters of the model. The
best-fit parameters are found by maximizing the likelihood using
Minuit2.73

APPENDIX B

GENERATION OF H i AND CO GAS ANNULI

Under the assumption of uniform circular motion around
the Galactic center with rotation curve V (R), the velocity
with respect to the local standard of rest of a region with
Galactocentric distance R viewed toward direction l, b (in
Galactic coordinates) is

vLSR = R⊙

(
V (R)

R
− V⊙

R⊙

)
sin(l) cos(b). (B1)

This relation provides a one-to-one relationship between vLSR
and R for any given LOS. We use the parameterized rotation
curve of Clemens (1985) using the IAU-recommended values
R⊙ = 8.5 kpc for the distance from the Galactic center to the
Sun and V⊙ = 220 km s−1 for the velocity of the Sun around
the Galactic center (Kerr & Lynden-Bell 1986).74 We applied
this relation to the 21 cm LAB survey of H i (Kalberla et al.
2005) and the 115 GHz Center for Astrophysics survey of CO
(Dame et al. 2001) to transform the spectral measurements into
maps of the emission for a range of Galactocentric annuli. The
boundaries of the annuli are given in Table 1. The ∼1 kpc
width of the annuli is set by the finite non-circular (random
and systematic) motions of the gas traced by these surveys
as well as internal velocity dispersions of molecular clouds.
These non-circular and internal motions limit the practical linear
resolution of the velocity-to-distance relation. The outer annuli
are broader because the gradient of vLSR with Galactocentric
distance decreases approximately as 1/R beyond the solar circle.

72 http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
73 http://seal.web.cern.ch/seal/MathLibs/Minuit2/html/
74 Use of more recent rotation curves and LSR (Sofue et al. 2009; Francis &
Anderson 2009) would not significantly affect our analysis.

Due to non-circular motion of gas in the Galaxy, a small
fraction of the emission has forbidden velocities. This can be
due to the vLSR being greater than the terminal velocity or having
an incorrect sign. In our procedure, for the former case the
emission is assigned to the tangent point annulus, while for the
latter the gas is assigned to the local annulus (i.e., the one that
spans R⊙ = 8.5 kpc). In addition, if the gas is placed above
a certain height above the Galactic plane, it is assumed to be
local. The height differs between the gas distributions and was
chosen to be 1 kpc for H i and 0.2 kpc for CO. These values were
chosen to be significantly larger than the scale heights of the gas
distributions (e.g., Nakanishi & Sofue 2003, 2006).

The kinematic resolution of the method vanishes for direc-
tions near the Galactic center and Galactic anti-center. There-
fore, we linearly interpolate each annulus independently across
the ranges |l| < 10◦ and |180 − l| < 10◦ to get an estimate of
the radial profile of the gas. To estimate N(H i) or W(CO) at the
edge of the region, we calculate the average over a longitude
range ∆l = 5◦ on each side of the boundary. The interpolated
values are then scaled to match the total N(H i) or W(CO) along
each LOS in the regions that were interpolated.

Note that the innermost annulus is entirely enclosed within
the interpolated region, necessitating an alternate method to
estimate its column density. For H i this is accomplished by
assuming the innermost annulus contains 60% more gas than its
neighboring annulus. This is a conservative number considering
that observations have shown that there is gas depletion in the
radial range ∼1.5–3 kpc (see Ferrière et al. 2007 for a review).
For CO, we assign all high-velocity emission in the innermost
annulus. Here, high velocity means

vLSR < (−50 + 3l) km s−1, (B2)

and

vLSR >

{
25 km s−1 l < 0
(10 + 3l) km s−1 l >= 0.

(B3)

These values were found after visual inspection of the CO data.
The specific distribution in the innermost 1.5 kpc does not alter
the results of this paper in a significant way.

The CO data are from the 115 GHz composite survey of Dame
et al. (2001) covering the latitude range |b| < 30◦. The coverage
is not complete for that range but it is believed that no significant
emission is missing. To increase the signal to noise in the data the
CO data have been filtered with the moment masking technique
(Dame et al. 2001) applied to each component of the survey
independently to accurately account for varying noise levels.
The sampling grid spacing of the component surveys varies from
0.◦125 to 0.◦25, but we rebin to a resolution of 0.◦25 for the annuli.
This degradation of angular resolution does not affect the DGE
analysis significantly for two main reasons. First, the angular
resolution of Fermi-LAT below 5 GeV where the majority of
photons are detected is larger than 0.◦25. Second, the N(H i)
annuli are limited anyway to 0.◦5 sampling (see below), limiting
any gains from better CO sampling to the inner Galactic ridge.

The H i data are from the 21 cm composite LAB survey
of Kalberla et al. (2005) covering the entire sky with a 0.◦5
sampling. Limited correction has been made for absorption
against bright background radio sources and pixels with large
negative brightness temperature are replaced with a linear
interpolation in longitude between neighboring pixels. Emission
from the Small Magellanic Cloud, Large Magellanic Cloud,
and Andromeda M31 is excluded from the annuli. The observed
brightness temperature, TB, is converted to column density under

30

Gas is placed at Galactocentric radii based 
on Doppler shifted emission and Galactic 
rotational models (Ackerman et al 2012):



Interstellar Emission Model 

• FM31 has a significant contribution from 
emission related to H I gas, but there is very 
little contribution for H2 gas. 

• H I map GALPROP employs is based on 
LAB+GASS data, which for our ROI 
corresponds to LAB data only. 

• A uniform spin temperature of 150 K is 
assumed. 

• Our model also accounts for the dark neutral 
medium. 

• The distribution of He in the interstellar gas is 
assumed to follow that of hydrogen, with a He/
H ratio of 0.11 by number. 

• Anisotropic formalism used for IC calculation. 
• H I A5 and IC A5 are the dominant 

contributions in FM31 below ~5 GeV. 
• IC A8 has minor contribution towards top of 

the field.
!8



Isotropic Component 

• We use the “all-sky” isotropic spectrum.   
• Fit includes 3FGL sources fixed, sun and moon 

templates fixed, Wolleben component, all-sky pi-0 decay 
and IC normalization scaled, and all-sky Bremsstrahlung 
fixed (see above table). 

• Note that regardless of the fit variation, the spectrum of 
the isotropic contains a bump near ~10 GeV.

Systematic checks for the isotropic component: 
• The spectrum is calculated self-consistently with the M31 IEM. 
• The normalization is determined in the TR: 1.06 +/- 0.04. This remains fixed for all fits in FM31. 
• We repeat the analysis using the IG IEM, which has its own self-consistently derived isotropic component. In 

this case the isotropic spectrum is determined at high latitudes, and the normalization remains fixed to its nominal 
value (1.0) for the fits in FM31. 

• We also repeat the analysis with the FSSC IEM and corresponding isotropic spectrum. For this variation we use 
an extended energy range of 300 MeV - 300 GeV. The normalization of the isotropic component is fit in FM31 
(along with the Galactic diffuse and point sources). The best-fit normalization is found to be 1.04 +/- 0.005. 

• Using the FSSC IEM, we repeat the analysis using both the Clean and UltraCleanVeto selection. 
• Although the residual emission in FM31 is found to be (very) roughly uniformly distributed over the entire field, the 

residual emission in FM31 is not found to be isotropic. 
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Isotropic Calculation for IG 
IEM, corresponding to the 
gray band in the bigger 
figure.

M31 IEM

IG IEM
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Figure 6. Anisotropic Inverse Compton (AIC) components of the interstellar
emission model for the MW in the energy range 1–100 GeV. The color corre-
sponds to the intensity, and is shown in logarithmic scale. The intensity level
is for the initial GALPROP outputs, before tuning to the �-ray data. The map
is shown in a Plate Carrée projection, and the pixel size is 0.25 deg/pix. The
IC A6 and A7 components are highly degenerate, and so we combine them
into a single map A6+A7. Overlaid is the ROI used in this analysis, as well
as the GC region (see Figure 3). Note that we use the anisotropic IC maps
as our default component. Unless otherwise stated, all reference to the IC
component implies the anisotropic formalism.

Figure 8. Table 2 gives the corresponding best-fit normaliza-1

tions for the diffuse components.2

The main calculation is performed over the full sky exclud-3

ing regions around the Galactic plane and the Inner Galaxy:4

|b| � 30�, 45�  l  315�. We note that even though it5

is not actually an all-sky fit, we refer to it as ’all-sky’ for6

simplicity hereafter. The fit includes 3FGL sources fixed,7

sun and moon templates fixed, Wolleben (2007) compo-8

nent (Loop I two-component spatial template), all-sky ⇡

0-9

decay and (anisotropic) IC normalization scaled, and all-sky10

Bremsstrahlung fixed. Besides, we calculate the isotropic11

component in the different sky regions: north, south, east, and12

west, as detailed in Figure 8. Also shown are the isotropic13

components resulting from the M31 IEM using the isotropic14

IC formalism, the FSSC IEM, and the IG IEM (which uses15

the isotropic IC formalism). At lower energies the intensities16

of the spectra calculated in the south and west (both regions17

associated with the M31 system) are lower than that of the18

Figure 7. The IEM employs the anisotropic IC sky maps, as discussed in the
text. For comparison we show the differential flux ratio (AIC/IC) between
the anisotropic (AIC) and isotropic (IC) inverse Compton components (all-
sky). The top figure shows the spatial variation of the ratio at 1 GeV. The
bottom figure shows the energy dependence of the ratio for 4 different spatial
points, including M31. The ratio is close to unity towards the GC, increases
with Galactic longitude and latitude, and reaches maximum at mid-latitudes
towards the outer Galaxy. Note that we use the anisotropic IC maps as our de-
fault component. Unless otherwise stated, all reference to the IC component
implies the anisotropic formalism.

Table 2
Normalizations for Calculations of the

Isotropic Component

Region ⇡

0 AIC

All-sky 1.319 ± 0.005 1.55 ± 0.04
North 1.430 ± 0.010 1.14 ± 0.05
South 1.284 ± 0.006 1.86 ± 0.05
East 1.397 ± 0.009 1.07 ± 0.05
West 1.287 ± 0.006 1.88 ± 0.05

Note. — See Figure 8 for definition of the
regions.

spectra calculated in the north and east. Correspondingly, the19

IC normalizations are higher for the south and west. Interest-20

ingly, independently on the IEM used in the fit, the isotropic21

spectrum features a bump at ⇠10 GeV.22

2.3. Tuning the IEM23

Figure 9 shows the total model counts for the full ROI.24

The bottom panel shows the TR, for which we mask the 30025

kpc circle around M31 and latitudes north of �21.57�. The26

primary purpose of the TR is to fit the normalization of the27

isotropic component. The isotropic component by definition28

is an all-sky average, but it may have some local spatial vari-29

ations, since the instrumental background may also vary over30

(M31 IEM)
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Figure 10. Flux (upper panel) and fractional count residuals (lower panel)
for the fit in the TR. The H II component is fixed to its GALPROP prediction.
The normalizations of all other diffuse components are freely scaled, as well
as all 3FGL sources in the region. The residuals show fairly good agreement
over the entire energy range.

2015).1

Two notable features can be observed in the residuals. Near2

(l, b)⇡(156�,�35�) a deep hole can be seen in the first en-3

ergy bin. Comparing to the H I column density maps (see4

Figure 5), this over-modeling is likely related to a feature in5

the gas. Note that the hole also contains a BL LAC (3FGL6

J0258.0+2030). The second notable feature is located near7

(l, b)⇡(84�,�40�). This is a flat spectral radio quasar (3FGL8

J2254.0+1608). As a test, these trouble-regions were masked9

and it’s found that they do not significantly impact the nor-10

malizations of the diffuse components. Otherwise the residual11

maps in all three energy bins are pretty smooth, exhibiting no12

obvious features.13

3. ANALYSIS OF THE M31 FIELD14

3.1. Baseline Fit and Point Source Finding Procedure15

The data set employed in this work is approximately two16

times larger than the one used to derive the 3FGL. There-17

fore, in conjunction with the baseline fit, we search for addi-18

tional point sources in FM31 to account for any un-modeled19

point-like structure that may otherwise contribute to the resid-20

ual emission. The procedure we employ is similar to the one21

developed in Ajello et al. (2016). The point sources are ini-22

tially modeled with the 3FGL. A maximum likelihood fit is23

performed by freeing the normalization of the 3FGL sources,24

as well as the H I- and H2-related components. The top of25

FM31 also has contribution from IC A8, and its normaliza-26

tion is freed in the fit. The normalizations of the isotropic and27

IC components (A5 and A6 – A7) remain fixed to their best-fit28

values obtained in the TR. The H II and Bremsstrahlung com-29

ponents are fixed to their GALPROP predictions. Note that30

the Bremsstrahlung component possesses a normalization of31

1.0 ± 0.6 in the TR, consistent with the GALPROP predic-32

Table 3
Baseline Values for the IEM Components in the TR

Component Normalization Flux (⇥10

�9
) Intensity (⇥10

�8
)

(ph cm�2 s�1) (ph cm�2 s�1 sr�1)

H I ⇡0, A5 1.10 ± 0.03 439.4 ± 11.0 153.1 ± 3.8
H I ⇡0, A6 5.0 ± 1.3 10.6 ± 2.8 3.7 ± 1.0
H2 ⇡

0, A5 2.1 ± 0.1 12.6 ± 0.7 4.4 ± 0.3
Bremsstrahlung 1.0 ± 0.6 100.4 ± 58.3 35.0 ± 20.3
IC, A5 2.3 ± 0.1 274.7 ± 14.0 95.7 ± 4.9
IC, A6 – A7 3.5 ± 0.4 45.7 ± 4.8 15.9 ± 1.7
Isotropic 1.06 ± 0.04 248.1 ± 10.4 86.4 ± 3.6

Note. — The normalizations of the diffuse components are freely scaled,
as well as all 3FGL sources in the region. The fit uses the all-sky isotropic
spectrum. Intensities are calculated by using the total area of the TR, which is
0.287 sr.

Figure 11. Correlation matrix for the fit in the TR. For brevity IC A6 – A7
is labeled as ICA67, and the isotropic component is labeled as Iso.

tion.33

A wavelet transform is applied to the residual map to34

find additional point source candidates. We employ PG-35

Wave (Damiani et al. 1997), included in the Fermi–LAT Sci-36

enceTools, which finds the positions of the point source can-37

didates according to a user-specified signal-to-noise criterion38

(we use 3�) based on the assumption of a locally flat back-39

ground. Since PGWave does not provide spectral information,40

we model the spectrum of each point source candidate with a41

power law function and determine the initial values of the pa-42

rameters via a maximum likelihood fit in the field, while all43

other components are held constant.44

The determination of the spectrum is further refined by per-45

forming additional maximum likelihood fits concurrently with46

the other components in the region, i.e. 3FGL point sources,47

H I A5–A7, and H2 A5. All point sources within a 30� ra-48

dius of the field center are included in the model; however,49

only sources within a 20� radius are fit. The extra padding50

is included to account for the instrumental PSF. Owing to the51

large number of point sources involved, the fit is performed52

iteratively starting with the point sources (and point source53

candidates) with largest significance of detection. All point54

Results for the TR: 
• Diffuse components listed in the table are scaled in the fit. 
• Isotropic possesses a normalization of 1.06 +/- 0.04, which remains fixed for all fits in FM31. 
• Bremsstrahlung possesses a normalization of 1.0 +/- 0.6, which also remains fixed for all fits in FM31. 
• 3FGL sources in the TR are also scaled in the fit, but they do not significantly impact the normalizations of the 

diffuse components. 
• The model describes the data well across all energies and over the entire region. 
• Residuals worsen at higher energies, but still consistent with statistical fluctuations. Possibly related to poorly 

modeled 3FGL spectra. We note that it’s also possible that the IEM may be compensating for an un-modeled 
component, i.e. a MW halo component.   

• Normalizations of diffuse components all within reasonable agreement with the GALPROP predictions   
(note: IC A6-A7 is a bit high. Same for H I A6, but this component has very little contribution in the TR). 
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Results for Baseline Fit in FM31 

Results for the Baseline Fit in FM31: 
• Fit is performed by scaling the diffuse sources and point sources self-consistently. 
• Positive residual emission observed between ~3-20 GeV at the level of ~5%. 
• Spatial residuals show structured excess and deficits, primarily in the 1st energy bin. Residuals in the 2nd bin are 

more uniformly distributed, although structures can still be seen. 
• A large arc feature can be observed in the residuals, beginning at the upper-left corner of the field, which then 

extends around to the projected position of M33 (shown with a yellow triangle). 
• Performed two primary variations of the initial baseline fit with the M31 IEM: (1) fixed the normalizations of 

IC components to best-fit values obtained in the TR. (2) Freely scaled the IC components in FM31 along with the 
other diffuse components: similar results. 

• Rescaled the diffuse components in smaller subregions: unable to flatten the residuals. 
• Allowed for a radial-dependent spectral variation in the H I components and IC components by using a power 

law scaling: no change in the spectral shape, and unable to flatten residuals.

!11



Results for Baseline Fit in FM31 

Results for the Baseline Fit in FM31: 
• Fit is performed by scaling the diffuse sources and point sources self-consistently. 
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Figure 17. Top Row: H I column density contours for A5, A6, and A7, as indicated above each plot. For reference, a yellow circle (0.4�) centered at M31 is
overlaid, and a yellow triangle is overlaid at the position of M33. The units are 10

20
cm

�2, and the levels are indicated on the maps. Middle Row: The same
H I column density contours are overlaid on the residual maps for FM31. The maps are integrated over the entire energy range 1–100 GeV. The residual emission
is observed to be correlated with the column densities. In addition, the column densities of A6 and A7 are observed to be correlated with the major axis of M31
(the position angle of M31 is 38�). Bottom Row: The same maps as for the middle row but for a 5

� radius centered at M31. Contours for the IRIS 100 µm
map of M31 are overlaid. The levels shown range from 6–22 MJy sr�1. Also overlaid are the regions corresponding to the two main cuts (space and velocity)
which are made on the underlying gas maps when constructing the MW IEM, as detailed in the text. Lastly, we overlay the 3FGL sources (magenta crosses) in
the region with TS�25. In particular, we consider the two point sources located closest to the M31 disk, since we are interested in the true morphology of the
M31 emission. The source located to the right of the disk (3FGL J0040.3+4049) is a blazar candidate and has an association. The source located to the left of the
disk (3FGL J0049.0+4224) is unassociated.

Also shown in Figure 17 are the 3FGL sources in the re-1

gion with TS�25. In particular, we consider the two point2

sources located closest to the M31 disk, since we are ulti-3

mately interested in ascertaining the true morphology of the4

M31 emission. The source located to the right of the disk5

(3FGL J0040.3+4049) is a blazar candidate and has an as-6

sociation. The source located to the left of the disk (3FGL7

J0049.0+4224) is unassociated. We identify this source as8

conspicuous, in that it may actually be part of a larger diffuse9

structure.10

Analysis of the H I-Related Emission 

• Emission associated with the arc 
feature in the residuals is found to 
correlate with the local 
foreground H I column density.  

• This may be an indication of a 
spatially varying spin temperature 
and/or inaccuracies in the 
modeling of the dark neutral 
medium (which is determined as 
part of an all-sky procedure). 

• The H I column densities (A6 and 
A7) are found to be positionally 
coincident with the major axis of 
the M31 disk (the position angle 
of M31 is 38º).
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Figure 17. Top Row: H I column density contours for A5, A6, and A7, as indicated above each plot. For reference, a yellow circle (0.4�) centered at M31 is
overlaid, and a yellow triangle is overlaid at the position of M33. The units are 10

20
cm

�2, and the levels are indicated on the maps. Middle Row: The same
H I column density contours are overlaid on the residual maps for FM31. The maps are integrated over the entire energy range 1–100 GeV. The residual emission
is observed to be correlated with the column densities. In addition, the column densities of A6 and A7 are observed to be correlated with the major axis of M31
(the position angle of M31 is 38�). Bottom Row: The same maps as for the middle row but for a 5

� radius centered at M31. Contours for the IRIS 100 µm
map of M31 are overlaid. The levels shown range from 6–22 MJy sr�1. Also overlaid are the regions corresponding to the two main cuts (space and velocity)
which are made on the underlying gas maps when constructing the MW IEM, as detailed in the text. Lastly, we overlay the 3FGL sources (magenta crosses) in
the region with TS�25. In particular, we consider the two point sources located closest to the M31 disk, since we are interested in the true morphology of the
M31 emission. The source located to the right of the disk (3FGL J0040.3+4049) is a blazar candidate and has an association. The source located to the left of the
disk (3FGL J0049.0+4224) is unassociated.

Also shown in Figure 17 are the 3FGL sources in the re-1

gion with TS�25. In particular, we consider the two point2

sources located closest to the M31 disk, since we are ulti-3

mately interested in ascertaining the true morphology of the4

M31 emission. The source located to the right of the disk5

(3FGL J0040.3+4049) is a blazar candidate and has an as-6

sociation. The source located to the left of the disk (3FGL7

J0049.0+4224) is unassociated. We identify this source as8

conspicuous, in that it may actually be part of a larger diffuse9

structure.10

Analysis of the H I-Related Emission 

• Emission associated with the arc 
feature in the residuals is found to 
correlate with the local 
foreground H I column density.  

• This may be an indication of a 
spatially varying spin temperature 
and/or inaccuracies in the 
modeling of the dark neutral 
medium (which is determined as 
part of an all-sky procedure). 

• The H I column densities (A6 and 
A7) are found to be positionally 
coincident with the major axis of 
the M31 disk (the position angle 
of M31 is 38º).



The Arc Template Fit
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Results for the Arc Fit: 
• Emission associated with the arc feature in 

the residuals is also found to correlate with 
properties of the dust, including regions 
where the dust is relatively cold.  

• We construct a template for the arc 
emission by selecting the positive residual 
emission in FM31 that correlates with 
tracers of the foreground gas and dust. 
We refer to this as the arc template. 

• The arc is fit simultaneously with the 
other components. 

• Tried five variations of the fit (we only 
show two): all give similar results. This 
includes using different spectral models 
and breaking the arc into smaller 
components. 

• The arc fit is unable to flatten the 
positive residual emission between 
~3-20 GeV. 

• The index of the arc emission has a 
value ~2.0-2.4, notably flatter than the 
other gas-related emission in the field.  

• The arc emission is found to have a 
high-energy cutoff.



The Arc Template Fit 

Results for the Arc Fit: 
• The arc feature no longer dominates the residuals, as 

expected. 
• The first energy bin of the spatial residuals still shows 

structured excesses and deficits, possibly associated 
with the M31 system. 

• The positive residual emission in the second energy 
bin, associated with the excess between ~3-20 GeV, 
appears roughly uniformly distributed over the field.

!16



• We find evidence for a systematic excess between 
~3-20 GeV at the level of 3-5%.  

• There is only one case for which the signal can be 
flattened. This results from using the FSSC IEM 
(intended for point source analysis), and fitting both 
the Galactic diffuse component (including the 
index) and the isotropic component in the signal 
region.  

• The FSSC IEM is not intended for extended source 
analysis, and this result illustrates how the 
application of an improper IEM for analysis of 
largely extended emission can alter the physical 
results. The M31 IEM is our benchmark model.  

• The local average emissivity measured in FM31 is a 
bit low compared to other measurements (which 
may be expected given it’s position at high latitude 
and away from the plane), but still consistent within 
one sigma. 

!17

Summary of the Excess for all IEMs
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Figure 21. The first two panels show the spatial count residuals integrated between 1–100 GeV, resulting from the baseline fit (see Figure 18). In order to
construct a template for the large arc extending from the top left corner to the projected position of M33 (arc template), we divide the total residual map into
positive residuals (left) and negative residuals (middle). The maps show the geometry used to help facilitate the template construction (the green axes, circle, and
ellipse), as detailed in the text. The corresponding geometrical parameters are given in Table 7. The resulting arc template is shown in the far right panel. In
addition to fitting the full arc template, we also perform a variation of the fit in which the arc template is divided into a north component (arc north: b > �16.5

�)
and a south component (arc south: b  �16.5

�), where the spectral parameters of each component are allowed to vary independently. The cut is made right
below the bright emission in the upper-left corner, and it allows the north component to be at a different distance along the line of sight than the south component,
as discussed in the text. The cyan triangle shows the projected position of M33.

Figure 22. Spectra and fractional energy residuals resulting from the arc fit. Left: The full arc component is given a PL spectrum, and the normalization and
index are fit simultaneously with the other components in the region, just as for the baseline fit. Black dashed lines show the H I A5 (top), A6 (bottom), and
A7 (middle) components from the baseline fit (not the arc fit). Note that A7 has a greater radial extension than that of A6, and likewise it has a greater overall
flux. Correspondingly, the gray markers (squares, circles, and triangles) show the H I A5–A7 spectra resulting from the arc fit. The blue solid line is the best-fit
spectrum for the arc template. The bottom panel shows the remaining fractional residuals. For reference, the residuals (data – model) are also plotted in the
upper panel (faint gray band). Right: The arc template is given additional freedom by dividing it into north and south components. The arc components are
given PLEXP spectral models, and the spectral parameters (normalization, index, and cutoff) are freely scaled with the other components. Downward pointing
blue and green triangles give upper-limits. Bands give the 1� error. The arc template is unable to flatten the excess between ⇠3–20 GeV.

and 22� < |b| < 60�. The local emissivity as determined
from FM31 is slightly lower (referring to the baseline nor-
malization of 1.04), but it is consistent within 1� with these
other measurements. This is not surprising since the anal-
ysis by Ackermann et al. (2012c) is based on observations
of the well-defined gas clouds residing within ⇠300 pc from
the solar system. Meanwhile, our “local ring” is 2 kpc thick
(Table 1), while FM31 is projected toward the outer Galaxy
where the CR density is predictably low.

As we see, inclusion of the arc template into the fit improves

its quality significantly. Meanwhile, the origin of the arc it-
self remains unknown. As we show below, the arc is most
likely associated with the interstellar gas, its under-predicted
column density, and/or with particles whose spectrum is dis-
tinctly flatter than the rest of CRs.

In Figure 26 we show the dust temperature map and the
E(B�V) reddening map for FM31 from Schlegel et al.
(1998). Overlaid are contours for the arc template. The levels
correspond to the normalized flux, and they range from 1–20
in increments of 5. The dust temperature serves as a possi-
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Adding M31-Related Components to the Model

• Inner galaxy (IG): 0.4 degree disk, as 
determined from previous LAT analysis.  

• Spherical halo (SH): extending out to a 
projected radius of ~120 kpc. Set by the 
geometry from the construction of the arc 
template. Also happens to enclose most of 
M31’s globular cluster population, satellite 
population, and the M31 cloud. 

• Far outer halo (FOH): covers remaining extent 
of the field. This component approaches the 
Galactic disk and suffers worst from Galactic 
confusion. 

• Fit also includes arc template.

IG

SH 
~120 kpc

FOH 
~200 kpc



Adding M31-Related Components to the Model

• Three spherically symmetric templates centered at M31 are added to the model: inner galaxy (IG), spherical halo (SH), and far 
outer halo (FOH). 

• Templates are given PLEXP spectral models and fit simultaneously with other components of the IEM, including the arc template. Two fit 
variations are performed, amounting to two different variations in the arc template: full arc with PL, arc north and south with PLEXP.  

• Also tried different spectral models for M31-related templates: results are qualitatively consistent with PLEXP spectra. 
• IG, SH, and FOH are detected at the significance levels (sigma) of 7, 7, and 5, respectively. These are the TS values reported by 

pylikelihood without refitting. Results for the two fit variations are similar. 
• Defining the null model as all components except for the SH and FOH, the alternative model which includes the halo templates is 

preferred at the confidence level of 8 sigma. This is a more conservative estimate of the significance of the outer halo templates. 
• The M31-related components are able to flatten the positive residual emission between ~3-20 GeV, and are physically motivated. 
• Results for the IG are consistent with previous studies. Spectra for the SH and FOH are significantly different than all other diffuse 

components in FM31. 
• Diffuse components all in reasonable agreement with GALPROP predictions.
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IG : 0∘ < r ≤ 0.4∘ (5.5 kpc)
SH : 0.4∘ < r ≤ 8.5∘ (117 kpc)
FOH : r > 8.5∘ ( ∼ 200 kpc)

M31-related geometry:

• Uniform intensity templates 
centered at M31. 

• See slide 16 for an image of 
template boundaries. 

• See extra slides for further 
analysis of symmetry.
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Figure 28. M31-related components are added to the model, in addition to the arc template, and standard baseline components. The left panel is for the full arc
template with PL spectral model, and the right panel is for the north and south arc templates with PLEXP spectral model, just as in Figure 22. Black dashed
lines show the best-fit spectra for the H I A5 (top), A6 (bottom), and A7 (middle) components. The black dashed-dot line shows the isotropic component, which
remains fixed to its best-fit value obtained in the tuning region, just as for all other fits. The best-fit spectra of the remaining components are similar to that
shown in Figure 18, and are left out here for visual clarity. Downward pointing triangles give upper-limits. Bands give the 1� error. The bottom panel shows the
remaining fractional residuals, which are fairly flat over the entire energy range, and likewise show a normal distribution with a mean of zero.

Table 10
Normalizations of the Diffuse Components, Integrated Flux, and Likelihoods for the Arc Fits with

M31 Components

Component Arc Full (PL) Arc North and South Flux (⇥10

�9
) Intensity (⇥10

�8
)

(ph cm�2 s�1) (ph cm�2 s�1 sr�1)

H I ⇡0, A5 0.85 ± 0.05 0.88 ± 0.05 159.8 ± 9.1 67.9 ± 3.9
H I ⇡0, A6 0.9 ± 0.2 1.0 ± 0.2 10.3 ± 2.5 4.4 ± 1.1
H I ⇡0, A7 2.8 ± 0.4 2.9 ± 0.4 15.3 ± 2.1 6.5 ± 0.9
H2 ⇡

0, A5 2.7 ± 0.3 2.7 ± 0.3 3.7 ± 0.4 1.6 ± 0.2
IC, A5 2.2 ± 0.2 2.2 ± 0.2 115.2 ± 8.6 49.0 ± 3.7
IC, A6 – A7 1.2 ± 0.4 1.0 ± 0.4 20.1 ± 7.0 8.6 ± 3.0
IC, A8 88.5 ± 19.0 59.7 ± 20.2 11.0 ± 3.6 4.7 ± 1.5
� logL 142933 142919 · · · · · ·
Note. — Columns 2 and 3 give the best fit normalizations for the diffuse components. The last

two columns report the total integrated flux and intensity between 1–100 GeV for the arc north
and south fit. The bottom row gives the resulting likelihood for each respective fit. Intensities are
calculated by using the total area of FM31, which is 0.2352 sr.

the arc north and south components is (185.6 ± 12.9) ⇥10�9

ph cm�2 s�1, consistent with that of the baseline fit (with IC
scaled). The normalization of the H I A6 component is consis-
tent with the GALPROP prediction. The normalization of the
H I A7 component is still a bit high (2.8 ± 0.4). The normal-
izations of the IC A5 and A6-A7 components are consistent
with the all-sky average obtained in the isotropic calculation
(Table 2). The intensity of the arc south component at ⇠10
GeV is at the same level as that of the M31-related compo-
nents, and its spectrum is softer than the spectrum of the north
component.

In Appendix B we perform additional systematic checks.
Using the M31 IEM we allow for extra freedom in the fit. We
also repeat the analysis with two alternative IEMs, namely,

the IG IEM and FSSC IEM. Each alternative IEM has its
own self-consistently derived isotropic spectrum and addi-
tional point sources. Full details of these tests are given in
Appendix B. Here we summarize the main findings.

Using the M31 IEM we allow for extra freedom in the fit
by varying the index of the IC components with a PL scaling.
In this case the IC components show a spectral hardening to-
wards the outer Galaxy, for both the TR and FM31. However,
this is unable to flatten the excess in FM31, and the properties
of the excess remain qualitatively consistent with the results
presented above.

Using the M31 IEM we also vary the index of the H I-
related components using a PL scaling. In the TR the local
annulus shows no change in the index. However, in FM31
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Table 11
Results for the Arc Template (Full, PL) and M31 Components

Template area TS Flux (⇥10

�9
) Energy Flux (⇥10

�12
) Intensity (⇥10

�8
) Counts Index Cutoff, Ec

(sr) (ph cm�2 s�1) (erg cm�2 s�1) (ph cm�2 s�1 sr�1) ↵ (GeV)

Arc Full (PL) 0.080232 616 25.5 ± 1.4 118.5 ± 7.0 31.8 ± 1.7 6739 2.42 ± 0.05 · · ·
FM31 Inner Galaxy 0.000144 55 0.5 ± 0.1 1.7 ± 0.4 347.2 ± 69.4 141 2.8 ± 0.3 96.4 ± 151.6
FM31 Spherical Halo 0.0684 34 4.2 ± 1.6 19.4 ± 6.2 6.1 ± 2.3 1158 0.7 ± 1.1 2.9 ± 2.9
FM31 Far Outer Halo 0.166656 32 4.3 ± 1.9 33.8 ± 9.0 2.6 ± 1.1 1142 –1.4 ± 1.2 2.0 ± 0.7

Note. — The TS is defined as �2� logL, and it is the value reported by pylikelihood, without refitting. Fits are made with a power-law spectral model
dN/dE / E

�↵ and with a model with exponential cut off dN/dE / E

�↵
exp (�E/Ec).

Table 12
Results for the Arc Template (North and South, PLEXP) and M31 Components

Template area TS Flux (⇥10

�9
) Energy Flux (⇥10

�12
) Intensity (⇥10

�8
) Counts Index Cutoff, Ec

(sr) (ph cm�2 s�1) (erg cm�2 s�1) (ph cm�2 s�1 sr�1) ↵ (GeV)

Arc North 0.033864 438 15.5 ± 1.3 78.9 ± 6.4 45.8 ± 3.8 4027 2.2 ± 0.1 84.5 ± 100.4
Arc South 0.046368 395 11.8 ± 0.7 47.8 ± 4.1 25.4 ± 1.5 3155 2.5 ± 0.1 100.0 ± 6.6
FM31 Inner Galaxy 0.000144 53 0.5 ± 0.08 1.7 ± 0.4 347.2 ± 55.6 139 2.8 ± 0.3 100.0 ± 10.6
FM31 Spherical Halo 0.0684 39 4.5 ± 1.2 22.0 ± 6.4 6.6 ± 1.8 1223 0.9 ± 0.8 4.0 ± 3.6
FM31 Far Outer Halo 0.166656 30 3.8 ± 1.3 31.6 ± 8.7 2.3 ± 0.8 1020 –1.8 ± 1.3 1.8 ± 0.6

Note. — The TS is defined as �2� logL, and it is the value reported by pylikelihood, without refitting. Fits are made with a model with exponential cut
off dN/dE / E

�↵
exp (�E/Ec).

Table 13
Results for the Symmetry Test

Template area TS Flux (⇥10

�9
) Energy Flux (⇥10

�12
) Intensity (⇥10

�8
) Counts Index Cutoff, Ec

(sr) (ph cm�2 s�1) (erg cm�2 s�1) (ph cm�2 s�1 sr�1) ↵ (GeV)

Spherical Halo North 0.0342 89 5.1 ± 1.3 22.4 ± 5.2 14.9 ± 3.8 1388 1.2 ± 0.6 4.2 ± 3.3
Spherical Halo South 0.0342 28 2.7 ± 1.2 11.9 ± 5.1 7.9 ± 3.5 743 1.9 ± 0.5 11.6 ± 15.0
Far Outer Halo North 0.0833 89 6.8 ± 2.1 47.6 ± 9.6 8.2 ± 2.5 1805 –0.6 ± 0.8 2.4 ± 0.8
Far Outer Halo South 0.0833 31 4.7 ± 2.4 16.9 ± 11.6 5.6 ± 2.9 1233 2.7 ± 0.4 97.5 ± 21.9

Note. — The TS is defined as �2� logL, and it is the value reported by pylikelihood, without refitting. Fits are made with a model with exponential
cut off dN/dE / E

�↵
exp (�E/Ec).

there is a hardening of the index for the local annulus, with a
significantly increasing hardening towards the outer Galaxy.
This result is in direct contrast to the gradual softening which
has been reported by other studies (Acero et al. 2016; Yang
et al. 2016). FM31 clearly shows an anomaly with respect
to these other measurements, as well as an anomaly with re-
spect to the results in the TR and the GALPROP predictions
(see Section B.1). The anomaly is most clearly evident for
the outer Galaxy rings, A6 and A7, and it is also these rings
which are found to be partially correlated with the M31 sys-
tem, as is clearly seen in Figure 17. In particular, the H I
A7 component obtains a best-fit index �↵ of –0.39 ± 0.11,
which corresponds to an effective index of 2.37, compared
to its GALPROP prediction of 2.76. This result further sup-
ports the conclusion that there is some significant anomaly in
FM31. This particular fit is also able to do a better job at flat-
tening the excess in the fractional energy residuals, however,
some excess emission still remains. To quantify the remain-
ing excess we fit the M31-related components. In this case
the spherical halo is still detected at ⇠3–4� and the spectral
properties are qualitatively consistent with the main results.

For the IG IEM the spectrum of the isotropic component is
determined at high latitudes (|b| > 50�), and the normaliza-
tion is held fixed to its nominal value (1.0). This is in contrast

to the M31 IEM, for which we use the all-sky isotropic spec-
trum, with the normalization determined in a tuning region
directly below FM31. The fit is otherwise performed in the
standard way. The residuals are qualitatively consistent with
what we find for the M31 IEM.

We also repeat the fit using the FSSC IEM. We fit both the
isotropic component and the Galactic diffuse component in
the signal region, as well as the point sources. We perform the
fit with and without freeing the index of the Galactic diffuse
component. In the latter case the excess remains qualitatively
consistent with what we find for the M31 IEM (both the frac-
tional count residuals and the spatial residuals). However, in
the former case the IEM is able to flatten the excess in the
fractional count residuals (the spatial residuals remain quali-
tatively the same). This illustrates how the application of an
improper IEM for analysis of largely extended emission can
alter the physical results.

A summary of the excess in the fractional energy residuals
for all fit variations tested in this analysis is shown in Fig-
ure 29. We conclude that a systematic excess is present be-
tween ⇠3–20 GeV at the level of ⇠3–5%. The signal is only
flattened with the FSSC IEM (intended for point source anal-
ysis), when fitting all components in the signal region (includ-
ing the index of the Galactic diffuse component), whereas all



Interpretation: M31-Related Components

• Properties of M31’s DM halo remain highly uncertain, i.e. geometry, extent, and substructure content. Likewise for the MW’s DM halo. 
• We compare the observed excess with (simplified) predictions for a DM signal that originates from the M31 halo, with a spectrum and 

annihilation cross-section consistent with a DM interpretation of the GC excess. 
• We consider the contribution from both the M31 halo and the MW halo along the line of sight, since the MW component has not been 

explicitly accounted for in our analysis, and may be at least partially embedded within the isotropic component and other IEM components. 
• We consider different assumptions for the amount of DM substructure in M31 (and the MW), and we find that if a cold DM scenario is 

assumed that includes a large boost factor due to substructures, the observed excess emission is consistent with this interpretation.  
• Granted, however, the exact partitioning of individual contributions to the signal remains unclear, i.e. primary emission from M31's DM halo, 

secondary emission in M31, emission from the local DM filament between M31 and the MW, and emission from the MW's DM halo along the 
line of sight.  
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Figure 33. Residual maps showing the structured emission integrated in the energy range 1–100 GeV. The color scale corresponds to counts/pixel, and the pixel
size is 0.2� ⇥ 0.2

�. The images are smoothed using a 1

� Gaussian kernel. This value corresponds to the PSF (68% containment angle) of Fermi-LAT, which at
1 GeV is ⇠1

�. Maps are shown in the cubehelix color scheme (Green 2011). In the top row contours for the IRIS 100 µm map of M31 are overlaid, and three
zoom levels (2�, 7�, full field) centered at M31 are shown. The white circle (1�) shows the position of M33. The bottom row shows two zoom levels (1�, 3�)
centered at M33, and the H I integrated intensity map (units of K) of M33 is overlaid. In the third panel we show the M31 zoom 0 map rescaled, in order to
provide a sense of the relative intensity towards the MW disk. We stress that these maps have not subtracted any Galactic H I-related emission.

Figure 34. Pixel distribution of the smoothed residual map (1 GeV – 100
GeV) after removing the H I-related components, as shown in Figure 33. The
yellow dashed lines are at 0 and 4 counts.

plement our analysis by observing the structured �-ray emis-1

sion in FM31 in a (semi) model-independent way. As a qual-2

itative gauge, we also compare this emission to some of the3

main tracers of M31’s outer disk and halo.4

We observe the �-ray emission in a (semi) model-5

independent way by removing the H I-related A5–A8 com-6

ponents from the model (including the Bremsstrahlung com-7

ponent). In addition, we remove the two point sources8

closest to the M31 disk (3FGL J0040.3+4049 and 3FGL9

J0049.0+4224), and we remove the new point sources that10

we find with our point source finding procedure, since most11

of these sources are found to correlate with the diffuse struc-12

tures in the residuals (see Figure 13). All other sources are13

held fixed to their best-fit values obtained in the baseline fit14

(with IC scaled). This effectively amounts to removing only15

the known smooth diffuse sources and point sources from the16

data, or equivalently, observing only the structured emission.17

The resulting count residuals (data � model) integrated be-18

tween 1–100 GeV are shown in Figure 33. The color scale19

corresponds to counts/pixel, and the pixel size is 0.2� ⇥ 0.2�.20

The images are smoothed using a 1� Gaussian kernel. This21

value roughly corresponds to the PSF (68% containment an-22

gle) of Fermi-LAT, which at 1 GeV is ⇠1�. The correspond-23

ing pixel distribution is shown in Figure 34. All of the pixels24

have positive counts, which is why we set the lower limit of25

the plot range to zero. Maps are shown in the cubehelix color26

The Structured Emission in FM31
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• The characterization of the gas-related emission in FM31 is a significant systematic 
uncertainty. 

• To gauge the full extent of this uncertainty we observe the structured emission in FM31 
in a (semi) model-independent way by removing the H I-related templates from the 
model. We also remove the two point sources closest to the M31 disk, and the new 
sources.  

• This feature in the emission is found to be positionally coincident with the M31 cloud, 
which is a highly extend H I cloud centered in projection on M31, possibly associated 
with the M31 system. Further investigation is left for a follow-up study. 

• The arc feature is also clearly visible in the emission.  
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