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• M31 system is comprised of 
galactic disk (disk of stars, gas, 
and dust), stellar halo, 
circumgalactic medium, 
satellite population (shown 
with circles), extended CR 
halo, and DM halo.  

• LAT analysis so far has focused 
on 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. 

• Our region of interest is similar 
to that used by PAndAS, as 
shown in the image.

The M31 System

R~150 kpcM33

credit: PAndAS, Martin et al. 2013



The Local Group on FIRE 3

Figure 1. Visualizations of our simulated hosts and their environments. The face-on pseudo-color images are 40 kpc across; the edge-on images span 30 kpc
with a height of 15 kpc. The density maps show the highest 3D density along a given line-of-sight through a cube 2 Mpc on a side, centered on the mid-point
of the pair. All of the maps adopt logarithmic color scales; the stellar maps range from 10-9–3⇥ 10-2 M� pc-3, the dark matter from 10-8–1 M� pc-3, and
the gas from 10-8–100 M� pc-3. Circles around the hosts indicate a radius of 300 kpc; the more massive host halo is on the right and is indicated by a dashed
circle. The massive galaxy on the outskirts of Thelma & Louise (with Mvir = 4.5⇥1011M�, M⇤(< 20 kpc) = 1.58⇥1010M�) is > 1 Mpc from both hosts,
excluding it from the analyses that follow.

MNRAS 000, 1–19 (2018)

The M31 System (Dark Matter)

• 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. 
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M31MW

credit: Garrison-Kimmel et al. 2018



Fermi-LAT Observations
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• Data: 7.6 years (2008-08-04 to 2016-03-16) 
• Full ROI is a 60º radius centered at the position of M31 
• Energy range: 1-100 GeV in 20 bins logarithmically spaced 
• left: full count range. right: 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 
• 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.
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GALPROP Parameters 

• 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.
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fuse emissions (radio, X-rays, �-rays) in 2D and 3D. The CR
injection and propagation parameters are derived from local
CR measurements. The Galactic propagation includes all sta-
ble and long-lived particles and isotopes (e±, p̄, H-Ni) and
all relevant processes in the interstellar medium. The radial
distribution of the CR source density is parametrized as

⇢(r) =

✓
r + r1

r� + r1

◆a

⇥ exp

✓
�b⇥ r � r�

r� + r1

◆
, (1)

where r is the Galactocentric radius, r� = 8.5 kpc, and the
parameter r1 regulates the CR density at r = 0. The injec-
tion spectra of CR species are described by the rigidity (R)
dependent function

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 =
0, 1, 2) are the break rigidities, si are the smoothing parame-
ters (si = ⌥0.15 for |�i| 7 |�i+1|), and the numerical values
of all parameters are given in Table 1. Some parameters are
not in use, so for p and He, we have only �i=0,1,2 and Ri=0,1.

Heliospheric propagation is calculated using the dedicated
code HelMod4. HelMod is a 2D Monte Carlo code for helio-
spheric propagation of CRs, which describes the solar mod-
ulation in a physically motivated way. It was demonstrated
that the calculated CR spectra are in a good agreement with
measurements including measurements outside of the ecliptic
plane at different levels of solar activity and the polarity of
the magnetic field. The result of the combined iterative ap-
plication of the GALPROP and HelMod codes is a series of
local interstellar spectra (LIS) for CR e

�, e+, p, He, C, and O
nuclei (Boschini et al. 2017, 2018a,b) that effectively disen-
tangle two tremendous tasks such as Galactic and heliospheric
propagation.

For our analysis we used a GALPROP-based combined
diffusion-convection-reacceleration model with a uniform
spatial diffusion coefficient and a single power law index over
the entire rigidity range as described in detail in Boschini et al.
(2017). Since the distribution of supernova remnants (SNRs),
conventional CR sources, is not well determined due to the
observational bias and the limited lifetime of their shells,
other tracers are often employed. In our calculations we use
the distribution of pulsars (Yusifov & Küçük 2004) that are
the final state of evolution of massive stars and can be ob-
served for millions of years. The same distribution was used
in the analysis of the �-ray emission from the Inner Galaxy
(IG) (Ajello et al. 2016).

We adopt the best-fit GALPROP parameters from Boschini
et al. (2017, 2018a), which are summarized in Table 1. The
spectral shape of the injection spectrum is the same for all
CR nuclei except for protons. The corresponding CR spectra
are plotted in Figure 2. Also plotted in Figure 2 are the latest
AMS-02 measurements from Aguilar et al. (2014, 2015a,b)
and Voyager 1 p and He data in the local interstellar medium
(Cummings et al. 2016). The modulated LIS are taken from
Boschini et al. (2017, 2018a) and correspond to the time frame
of the published AMS-02 data. In addition, we plot the LIS
for the (“Yusifov”) IEMs used in Ajello et al. (2016) for the
analysis of the inner Galaxy (IG), which we use as a reference
model in our study of the systematics for the M31 field (see

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.

Appendix B.2). Overall, the LIS for the M31 model are in
good agreement with the AMS-02 data.

We note that there is a small discrepancy in the modulated
all-electron (e� + e

+) spectrum between ⇠4–10 GeV that,
however, does not affect our results. Electrons in this energy
range do not contribute much to the observed diffuse emis-
sion. The upscattered photon energy is ✏1 ⇠ ✏0�

2, where
✏0 and � are the energy of the background photon and the
Lorentz-factor of the CR electron, correspondingly. For our
range of interest ✏1⇠5 GeV, we need CR electrons of ⇠35
GeV for ✏0 ⇠1 eV optical photons and even higher for IR and
CMB, while the number density of optical photons in the ISM
is very small. Additionally, we perform several systematic
tests throughout this work, including fits with three different
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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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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) =
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◆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
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1 + (R/Ri)

�i��i+1
si

�si
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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/
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GALPROP Model Parameters
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b
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b
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D0 [1028 cm2 s�1] 4.3 7.87
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c
⌘ 0.91 1.0

c Alfvén speed, vA [km s�1] 28.6 34.8
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e
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e
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�p,0 1.69 1.90

e
�p,1 2.44 2.39

e
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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



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
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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.
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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. 
• As a test, we freely scale the normalization of the isotropic component in FM31, along with the other sources. The isotropic 

normalization obtains a value of 1.46 +/- 0.06. The residual emission remains qualitatively the same.  
• 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. 

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)



Results for Baseline Fit

• Fit is performed by scaling the 
diffuse sources and point sources 
self-consistently. 

• Flat residuals in the tuning region 
(TR). 

• Positive residual emission in FM31 
between ~3-20 GeV at the level of 
~5%.  

• Spatial residuals show structured 
excesses and deficits in the first 
energy bin—most notably, a large 
arc structure extending from the 
upper left corner around to the 
projected position of M33 (shown 
with a yellow triangle) 

• The residual emission in the second 
energy bin (corresponding to the 
excess in the fractional count 
residuals) is more uniformly 
distributed, although the arc 
structure can still be seen. 
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The Arc Template 
• Emission associated with the arc feature in 

the residuals is found to correlate with the 
local foreground HI column density, as well 
as properties of the dust, including regions 
where the dust is relatively cold.  

• 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). 

• 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. 

• Even with the addition of the arc template, 
the excess emission persists. 



The Arc Template 
• Emission associated with the arc feature in 

the residuals is found to correlate with the 
local foreground HI column density, as well 
as properties of the dust, including regions 
where the dust is relatively cold.  

• 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). 

• 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. 

• Even with the addition of the arc template, 
the excess emission persists. 

index of arc = ~-2.4 
inconsistent with standard 
gas-related emission



A Systematic Excess 

• We perform 9 main variations of the fit, using 3 different IEMs. 
• We conclude that a systematic excess is present between ~3-20 GeV at the level of ~3-5%. 
• The signal is only flattened with the FSSC IEM (intended for point source analysis), when fitting all components in the 

signal region (including the index of the Galactic diffuse component), whereas all other fits result in an excess. Our 
benchmark model is the M31 IEM. 

• Our analysis shows that the characterization of the HI-related emission along the line of sight is a significant 
systematic uncertainty for observations towards M31’s outer halo. All models we have tested use similar underlying HI 
maps. This will be fully addressed in a forthcoming work.
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• Three components: IG, SH, FOH 
• Fit components with PLEXP 

spectral model, self-consistently 
with other model components, 
including the arc template. 

• IG consistent with previous 
detections 

• SH and FOH significantly detected 
(>5 sigma) 

• Addition of M31-related 
components flattens the excess in 
the fractional residuals

M31-Related Components 
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IG

SH 
~120 kpc

FOH 
~200 kpc

• Three components: IG, SH, FOH 
• Fit components with PLEXP 

spectral model, self-consistently 
with other model components, 
including the arc template. 

• IG consistent with previous 
detections 

• SH and FOH significantly detected 
(>5 sigma) 

• Addition of M31-related 
components flattens the excess in 
the fractional residuals

M31-Related Components 
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Results for 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.  

!15



Summary and Conclusion

• We present the first search for extended emission from M31 in gamma-rays out to a 
distance of ~200 kpc from its center. 

• We perform an in-depth analysis of the systematic uncertainties related to the 
observations. 

• We find evidence for an extended excess that appears to be distinct from the conventional 
MW foreground, having a total radial extension upwards of 120-200 kpc from the center 
of M31. 

• The excess is found between ~3-20 GeV at the level of ~3-5%. 
• We discuss plausible interpretations of the excess emission but emphasize that 

uncertainties in the MW foreground, and in particular, modeling of the H I-related 
components, have not been fully explored and may impact the results. 

• The isotropic component is also an important systematic uncertainty when it comes to 
determining if the excess signal does in fact have a physical association with the M31 
system. 

• We find that a DM interpretation provides a good description of the excess emission and 
is consistent with the DM interpretation of the GC excess. 

• We also find that the structured gamma-ray emission in FM31 is positionally coincident 
with numerous M31-related observations, and most notably, the M31 cloud (see paper).  

• M31 is a very rich system, and more work is needed to better understand these new 
observations.  

 Thank You!
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