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Abstract

The Andromeda galaxy is the closest spiral galaxy to us and has been the subject of numerous
studies. It harbors a massive dark matter 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 42°
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 )~ray telescopes. Using 7.6 yr of FermiLarge Area
Telescope (Fermi~LAT) observations, we make a detailed study of the y-ray emission between 1—
100 GeV toward M31’s outer halo, with a total field radius of 60° centered at M31, and perform
an in-depth analysis of the systematic uncertainties related to the observations. We use the cosmic-
ray propagation code GALPROP to construct specialized interstellar emission models to
characterize the foreground j~ray emission from the MW, including a self-consistent
determination of the isotropic component. We find evidence for an extended excess that appears to
be distinct from the conventional MW foreground, having a total radial extension upward of ~120-
200 kpc from the center of M31. 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.

Keywords

astroparticle physics; cosmic rays; dark matter; galaxies: individual (M31); Galaxy: halo; gamma
rays: diffuse background

1. Introduction

The Andromeda galaxy, also known as M31, is very similar to the Milky Way (MW). It has
a spiral structure and is comprised of multiple components, including a central super-
massive black hole, bulge, galactic disk (the disk of stars, gas, and dust), stellar halo, and
circumgalactic medium, all of which have been studied extensively (Roberts 1893; Slipher
1913; Pease 1918; Hubble 1929; Babcock 1939; Mayall 1951; Arp 1964; Rubin & Ford
1970; Roberts & Whitehurst 1975; Henderson 1979; Beck & Grave 1982; Brinks & Burton
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1984; Blitz et al. 1999; Ibata et al. 2001, 2005, 2007; de Heij et al. 2002; Ferguson et al.
2002; Braun & Thilker 2004; Galleti et al. 2004; Zucker et al. 2004; Barmby et al. 2006;
Faria et al. 2007; Gil de Paz et al. 2007; Li & Wang 2007; Huxor et al. 2008; Richardson et
al. 2008; Braun et al. 2009; McConnachie et al. 2009; Corbelli et al. 2010; Garcia et al.
2010; Hammer et al. 2010; Mackey et al. 2010; Peacock et al. 2010; Saglia et al. 2010; Li et
al. 2011; Lauer et al. 2012; McConnachie 2012; Lewis et al. 2013; Bate et al. 2014; Huxor et
al. 2014; Veljanoski et al. 2014; Ade et al. 2015; Bernard et al. 2015; Lehner et al. 2015;
McMonigal et al. 2015; Conn et al. 2016; Kerp et al. 2016). Furthermore, the Andromeda
galaxy, like all galaxies, is thought to reside within a massive dark matter (DM) halo (Rubin
& Ford 1970; Roberts & Whitehurst 1975; Faber & Gallagher 1979; Bullock et al. 2001;
Carignan et al. 2006; Banerjee & Jog 2008; Seigar et al. 2008; Tamm et al. 2012; Velliscig et
al. 2015). The DM halo of M31 is predicted to extend to roughly 300 kpc from its center and
have a mass on the order of 1012 Mg, which amounts to approximately 90% of the galaxy’s
total mass (Klypin et al. 2002; Seigar et al. 2008; Corbelli et al. 2010; Tamm et al. 2012;
Fardal et al. 2013; Shull 2014; Lehner et al. 2015). For cold DM, the halo is also predicted to
contain a large amount of substructure (Blitz et al. 1999; Braun & Burton 1999; de Heij et
al. 2002; Braun & Thilker 2004; Diemand et al. 2007; Kuhlen et al. 2007; Springel et al.
2008; Zemp et al. 2009; Moliné et al. 2017), a subset of which hosts M31’s population of
satellite dwarf galaxies (McConnachie 2012; Collins et al. 2013; Conn et al. 2013; Ibata et
al. 2013; Martin et al. 2013; Pawlowski et al. 2013). The combined M31 system and a
similar system in the MW are the primary components of the Local Group. The distance
from the MW to M31 is approximately 785 kpc (Stanek & Garnavich 1998; McConnachie et
al. 2005; Conn et al. 2012), making it relatively nearby. Consequently, M31 appears
extended on the sky. Because of this accessibility, M31 offers a prime target for the study of
galaxies—and indeed, a wealth of information has been gained from observations in all
wavelengths of the electromagnetic spectrum (e.g., see the references provided at the
beginning of the introduction).

The FermiLarge Area Telescope (Fermi~LAT) is the first instrument to significantly detect
M31 in y-rays (Abdo et al. 2010; Ogelman et al. 2011). Prior to Fermi-LAT, other
pioneering experiments set limits on a tentative signal (Fichtel et al. 1975; Pollock et al.
1981; Sreekumar et al. 1994; Hartman et al. 1999), with the first space-based y-ray
observatories dating back to 1962 (Kraushaar & Clark 1962; Kraushaar et al. 1972). Note
that M31 has not been significantly detected by any ground-based )~-ray telescopes, which
are typically sensitive to energies above ~100 GeV (Abeysekara et al. 2014; Funk 2015; Bird
2016; Tinivella 2016).

The initial M31 analysis performed by the Fermi~LAT Collaboration modeled M31 both as
a point source and an extended source, finding marginal preference for extension at the
confidence level of 1.8 (Abdo et al. 2010). In order to search for extension, a uniform-
intensity elliptical template is employed, where the parameters of the ellipse are estimated
from the /R/S 100 1m observation of M31 (Miville-Deschenes & Lagache 2005). This
emission traces a convolution of the interstellar gas and recent massive star formation
activity (Yun et al. 2001; Reddy & Yun 2004; Abdo et al. 2010) and can be used as a
template for modeling the )-ray emission.
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Since the initial detection, further studies have been conducted (Dugger et al. 2010; Li et al.
2016; Pshirkov et al. 2016a, 2016b; Ackermann et al. 2017a). A significant detection of
extended -ray emission with a total extension of 0°9 was reported by Pshirkov et al.

(2016b), where the morphology of the detected signal consists of two bubbles symmetrically
located perpendicular to the M31 disk, akin to the MW Fermi bubbles. Most recently, the
Fermi-LAT Collaboration has published their updated analysis of M31 (Ackermann et al.
2017a). This study detects M31 with a significance of nearly 10¢, and evidence for
extension is found at the confidence level of 4o. Of the models tested, the best-fit
morphology consists of a uniform-brightness circular disk with a radius of 0°4 centered at

M3L1. The y-ray signal is not found to be correlated with regions rich in gas or star formation
activity, as was first pointed out by Pshirkov et al. (2016b).

In this work, we make a detailed study of the y-ray emission observed toward the outer halo
of M31, including the construction of specialized interstellar emission models (IEMs) to
characterize the foreground emission from the MW, and an in-depth evaluation of the
systematic uncertainties related to the observations. Our ultimate goal is to test for a y-ray
signal exhibiting spherical symmetry with respect to the center of M31, as there are
numerous physical motivations for such a signal.

In general, disk galaxies like M31 may be surrounded by extended cosmic-ray (CR) halos
(Feldmann et al. 2013; Pshirkov et al. 2016a). Depending on the strength of the magnetic
fields in the outer galaxy, the CR halo may extend as far as a few hundred kpc from the
galactic disk. However, the actual extent remains highly uncertain. The density of CRs in the
outer halo is predicted to be up to 10% of that found in the disk (Feldmann et al. 2013). Disk
galaxies like M31 are also surrounded by a circumgalactic medium, which is loosely defined
as a halo of gas (primarily ionized hydrogen) in different phases, which may extend as far as
the galaxy’s virial radius (Gupta et al. 2012; Feldmann et al. 2013; Lehner et al. 2015;
Pshirkov et al. 2016a; Howk et al. 2017). In addition, the stellar halo of M31 is observed to
have an extension 250 kpc (Ibata et al. 2007; McConnachie et al. 2009; Mackey et al. 2010).
CR interactions with the radiation field of the stellar halo and/or the circumgalactic gas
could generate y-ray emission.

Some hints of the extent and distribution of the M31 halo may be gained from observations
of the distributions of well-studied objects clearly tied to the M31 system. In Section 5, we
compare the distribution of the observed y-ray emission in the M31 field to such features as
M31’s population of globular clusters (Galleti et al. 2004; Huxor et al. 2008, 2014; Mackey
et al. 2010; Peacock et al. 2010; Veljanoski et al. 2014) and M31’s population of satellite
dwarf galaxies (McConnachie 2012; Collins et al. 2013; Martin et al. 2013). We note that
Fermi~LAT does not detect most of the MW dwarfs (Ackermann et al. 2015b), and likewise
we do not necessarily expect to detect most of the individual M31 dwarfs. The dwarfs are
included here primarily as a qualitative gauge of the extent of M31’s DM halo—and more
generally, in support of formulating the most comprehensive picture possible of the M31
region. We also compare the observed y-ray emission to the M31 cloud (Blitz et al. 1999;
Kerp et al. 2016), which is a highly extended, lopsided gas cloud centered in projection on
M31. It remains uncertain whether the M31 cloud resides in M31 or the MW, although most
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recently Kerp et al. (2016) have argued that M31’s disk is physically connected to the M31
cloud.

Finally, we note that, due to its mass and proximity, the detection sensitivity of M31 to DM
searches with y-rays is competitive with the MW dwarf spheroidal galaxies, particularly if
the signal is sufficiently boosted by substructures (Falvard et al. 2004; Fornengo et al. 2004;
Mack et al. 2008; Dugger et al. 2010; Conrad et al. 2015; Gaskins 2016). Moreover, M31 is
predicted to be the brightest extragalactic source of DM annihilation (Lisanti et al. 2018a,
2018b). At a distance of ~785 kpc from the MW (Stanek & Garnavich 1998; McConnachie
et al. 2005; Conn et al. 2012) and with a virial radius of a few hundred kpc (Klypin et al.
2002; Seigar et al. 2008; Corbelli et al. 2010; Tamm et al. 2012; Fardal et al. 2013; Shull
2014; Lehner et al. 2015), the diameter of M31’s DM halo covers 242° across the sky.
However, there is a high level of uncertainty regarding the exact nature of the halo geometry,
extent, and substructure content (Kamionkowski & Kinkhabwala 1998; Blitz et al. 1999;
Braun & Burton 1999; de Heij et al. 2002; Braun & Thilker 2004; Helmi 2004; Bailin &
Steinmetz 2005; Allgood et al. 2006; Bett et al. 2007; Hayashi et al. 2007; Kuhlen et al.
2007; Banerjee & Jog 2008; Law et al. 2009; Saha et al. 2009; Zemp et al. 2009; Banerjee &
Jog 2011; Velliscig et al. 2015; Bernal et al. 2016; Garrison-Kimmel et al. 2017).

Our analysis proceeds as follows. In Section 2, we describe our data selection and modeling
of the interstellar emission. In Section 3, we present the baseline analysis of the M31 field
and perform a template fit, including the addition of M31-related components to the model.
In Section 4, we compare the radial intensity profile and emission spectrum of the M31-
related components to corresponding predictions for DM annihilation toward the outer halo
of M31, including contributions from both the M31 halo and the MW halo in the line of
sight. In Section 5, we compare the structured y-ray emission in the M31 field to a number
of complementary M31-related observations. Section 6 provides an extended summary of
the analysis and results. Supplemental information is provided in Appendices. In Appendix
A, we briefly describe the models for diffuse Galactic foreground emission. In Appendix B,
we consider some additional systematics pertaining to the observations. Appendix C
provides the details of calculations of the DM profiles discussed in the paper.

2. Data and Models
2.1. Data

The Fermi Gamma-ray Space Telescope was launched on 2008 June 11. The main
instrument on board Fermiis the Large Area Telescope. It consists of an array of 16 tracker
modules, 16 calorimeter modules, and a segmented anticoincidence detector. Fermi~LAT is
sensitive to y-rays in the energy range from approximately 20 MeV to above 300 GeV. A
full description of the telescope, including performance specifications, can be found in
Atwood et al. (2009), Abdo et al. (2009b), and Ackermann et al. (2012a).

Our region of interest (ROI) is a region with a radius of 60° centered at the position of M31,
(I, b) = (121°17, - 21°57). We employ front and back converting events corresponding to the

P8R2_CLEAN_V6 selection. The events have energies in the range 1-100 GeV and have
been collected from 2008 August 04 to 2016 March 16 (7.6 yr). The data are divided into 20

Astrophys J. Author manuscript; available in PMC 2021 October 27.



1duosnue Joyiny VSN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Karwin et al. Page 5

bins equally spaced in logarithmic energy, with 0°2 x 0°2 pixel size. The analysis is carried

out with the Fermi~LAT ScienceTools (version v10r0p5).3 In particular, the binned
maximum likelihood fits are performed with the gtfike package.

Figure 1 shows the total observed counts between 1-100 GeV for the full ROI. Two different
count ranges are displayed. The map on the left shows the full range. The bright emission
along 0° latitude corresponds to the plane of the MW. The map on the right shows the
saturated counts map, emphasizing the lower counts at higher latitudes. Overlaid is a green
dashed circle (21° in radius) corresponding to a 300 kpc projected radius centered at M31,
for an M31-MW distance of 785 kpc, i.e., the canonical virial radius of M31. Also shown is
M31’s population of dwarf galaxies. The primary purpose of the overlay is to provide a
qualitative representation of the extent of M31’s outer halo and to show its relationship to
the MW disk. Note that we divide the full ROI into subregions, and our primary field of
interest is a 28° x 28° square region centered at M31. We refer to this region as field M31
(FM31), as further discussed below.

2.2. Foreground Model and Isotropic Emission

The foreground emission from the MW and the isotropic component (the latter of which
includes unresolved extragalactic diffuse y-ray emission, residual instrumental background,
and possibly contributions from other Galactic components that have a roughly isotropic
distribution) are the dominant contributions in y-rays toward the M31 region. We use the CR
propagation code GALPROP#(v56) to construct specialized IEMs to characterize the MW
foreground emission, including a self-consistent determination of the isotropic component.
These foreground models are physically motivated and are not subject to the same caveats®
for extended source analysis as the default IEM (hereafter referred to as the FSSC IEM)
provided by the Fermi-LAT Collaboration for point source analysis (Acero et al. 2016).
Here, we provide a brief description of the GALPROP model (Moskalenko & Strong 1998,
2000; Strong & Moskalenko 1998; Strong et al. 2000; Ptuskin et al. 2006; Strong et al. 2007;
Vladimirov et al. 2011; J6hannesson et al. 2016, 2018; Porter et al. 2017; Génolini et al.
2018), and more details are given in Appendix A.

The GALPROP model self-consistently calculates spectra and abundances of Galactic CR
species and associated diffuse emissions (radio, X-rays, y-rays) in 2D and 3D. The CR
injection and propagation parameters are derived from local CR measurements. The Galactic
propagation includes all stable and long-lived particles and isotopes (&*, p, H-Ni) and all
relevant processes in the interstellar medium. The radial distribution of the CR source
density is parameterized as

r+r1
r®+r1

a r—rg
p(r) =( ) X exp|—b X ot rl), (€H)]

3available at http://fermi.gsfc.nasa.gov/ssc/data/analysis.
4pvailable at https://galprop.stanford.edu.
The list of caveats on the Fermi-LAT diffuse model is available at https://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT _caveats.html.
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where ris the Galactocentric radius, 7 = 8.5 kpc, and the parameter r; regulates the CR
density at 7= 0. The injection spectra of CR species are described by the rigidity (R)
dependent function

Vi—yi-i-l 5

- 2 S.
g(R)(RIR,) Y°HOU +(R/Ri) ] v

where y{i=0, 1, 2, 3) are the spectral indices, R{7=0, 1, 2) are the break rigidities, s;are
the smoothing parameters (S;= + 0.15 for |}/i| s |}/i+ l|), and the numerical values of all

parameters are given in Table 1. Some parameters are not in use, so for pand He, we have
only y;=0,1, 2and Rj=g 1.

Heliospheric propagation is calculated using the dedicated code HelMod.8 HelMod is a 2D
Monte Carlo code for heliospheric propagation of CRs, which describes the solar
modulation 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 application of the GALPROP and HelMod codes is a series
of local interstellar spectra (LIS) for CR ¢, €, p, He, C, and O nuclei (Boschini et al. 2017,
2018a, 2018b) that effectively disentangle 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). Because the distribution
of supernova remnants (SNRs), conventional CR sources, is not well-determined, due to
observational bias and the limited lifetime of their shells, other tracers are often employed.
In our calculations, we use the distribution of pulsars (Yusifov & Kii¢lik 2004) that are the
final state of evolution of massive stars and can be observed for millions of years. The same
distribution was used in the analysis of the y-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,
2015b) and Voyager 1 pand 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 1G, which we use as a
reference model in our study of the systematics for the M31 held (see Appendix B.2).
Overall, the LIS for the M31 model are in good agreement with the AMS-02 data.

Savailable at http://www.helmod.org/.
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We note that there is a small discrepancy in the modulated all-electron (¢~ + €*) spectrum
between ~4-10 GeV, but it does not affect our results. Electrons in this energy range do not
contribute much to the observed diffuse emission. The upscattered photon energy is e; ~
€074 where e and y are the energy of the background photon and the Lorentz-factor of the
CR electron, correspondingly. For our range of interest e; ~ 5 GeV, we need CR electrons of
~35 GeV for g ~ 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 IEMs (M31, 1G, and
FSSC IEMs), as well as a fit in a tuning region (TR) surrounding FM31 on the south.

Figure 3 shows the total IEM in the energy range 1-100 GeV. The model includes =°-decay,
inverse Compton (IC), and Bremsstrahlung components. Overlaid is the ROl used in this
analysis. From the observed counts (Figure 1), we cut an 84° x 84° ROI, which is centered at
M31. The green dashed circle is the 300 kpc boundary corresponding to M31’s canonical
virial radius (of ~21°), as also shown in Figure 1.

We label the held within the virial radius as FM31, and the region outside (and below
latitudes of —21°57) we label as the TR. Longitude cuts are made on the ROI at /= 168° and

/=72°. The former cut is made to stay away from the outer Galaxy, where the gas
distribution becomes more uncertain due to the method used for placing the gas at
Galactocentric radii, i. e., Doppler-shifted 21 cm emission. The latter cut is made to prevent
the observations from including additional model component (i.e., A4, as described below),
which would further complicate the analysis.

The y-ray maps generated by GALPROP correspond to ranges in Galactocentric radii, and
their boundaries are shown in Figure 4 (A1-A8), which also depicts an overhead view of the
annuli. The line of sight for the ROI, as seen from the location of the solar system, is
indicated with dashed—dotted red lines. Maps for the individual processes are shown in
Figures 5 and 6.

The H 1 maps GALPROP employs are based on LAB’ + GASS® data, which for our ROI
corresponds to LAB data only (Kalberla et al. 2005). We note that there is a newer EBHIS®
survey that covers the whole northern sky, but the LAB survey suffices for our purposes.
Aside from that, the development of the new H 1 maps for GALPROP based on the EBHIS
survey would require a dedicated study. The H i-related y-ray emission depends on the H |
column density, which depends on the spin temperature of the gas. We assume a uniform
spin temperature of 150 K. The gas is placed at Galactocentric radii based on the Doppler-
shifted velocity and Galactic rotation models. FM31 has a significant emission associated
with H 1 gas. The emission is dominated by A5, with further contribution from A6-A7.

On the other hand, there is very little contribution from Hy, which is concentrated primarily
along the Galactic disk. The emission in FM31 only comes from A5. The 2.6 mm line of the
12C0O molecular J=1 — 0 transition is used as a tracer of H,, assuming a proportionality

TThe Leiden/Argentine/Bonn Milky Way H I survey.
8 GALEX Arecibo SDSS Survey; GALEX = the Galaxy Evolution Explorer, SDSS = Sloan Digital Sky Survey.
9The Effelsberg-Bonn H | Survey.
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between the integrated line intensity of CO, MACO), and the column density of Hy, MH>),
given by the factor Xco. We use the X values from Ajello et al. (2016), which are
tabulated at different Galactocentric radii with power-law interpolation. In particular, the
values relevant for this analysis are 1.4 x 1020, 7.2 x 1019, and 7.0 x 1020 (cm™2 K1 km™1
s), for radii 7.5, 8.7, and 11.0 (kpc), respectively.

The foreground emission from H 1 is subdominant. Modeling of this component is based on
pulsar dispersion measurements. We use the model from Gaensler et al. (2008).

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. Heavier elements in the gas are neglected.

Our model also accounts for the dark neutral medium (DNM), or dark gas, which is a
component of the interstellar medium that is not well traced by 21 cm emission or CO
emission, as described in Grenier et al. (2005), Ackermann et al. (2012b), and Acero et al.
(2016). For any particular region, the DNM comprises unknown fractions of cold dense H 1
and CO-free or CO-quiet H,. Details for the determination of the DNM component are
described in Ackermann et al. (2012b).

In summary, a template for the DNM is constructed by creating a map of “excess” dust
column density (B— V)res. A gas-to-dust ratio is obtained for both H 1 and CO using a linear
fit of the MH 1) map and WACO) map to the (B - V) reddening map of Schlegel et al.
(1998). In general, the method is all-sky, and a constant gas-to-dust ratio is assumed
throughout the Galaxy. Subtracting the correlated parts from the total dust results in the
residual dust emission, (B - V)res, Which is then associated with the DNM. In the current
study, the DNM is incorporated into the H 1 templates; see Ackermann et al. (2012b) for
details.

The IC component arises from up-scattered low-energy photons of the Galactic interstellar
radiation field (ISRF) by CR electrons and positrons. The ISRF (optical, infrared, and
cosmic microwave background) is the result of the emission by stars, and scattering,
absorption, and re-emission of absorbed starlight by dust in the interstellar medium. The
ISRF is highly anisotropic because it is dominated by the radiation from the Galactic plane.
An observer in the Galactic plane thus sees mostly head-on scatterings, even if the
distribution of the CR electrons is isotropic. This is especially evident when considering IC
scattering by electrons in the halo, i.e., the diffuse emission at high Galactic latitudes.

We employ the anisotropic formalism of the IC component (Moskalenko & Strong 2000).
From the GALPROP code, we use the standard ISRF model file (standard.dat) and standard
scaling factors of 1.0 for optical, infrared, and microwave components. In Figure 7, 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 ratio is close to unity toward the GC, increases with Galactic longitude and
latitude, and reaches maximum at midlatitudes toward the outer Galaxy. The bottom figure
shows the energy dependence of the ratio for four different spatial points, including M31.
Unless otherwise stated, all reference to the IC component implies the anisotropic
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formalism. Further, the y-ray skymaps for IC A6 and A7 are highly degenerate, so we
combine them into a single map A6+A7.

The IC component anticorrelates with the isotropic component. The isotropic component
includes unresolved extragalactic diffuse emission, residual instrumental background, and
possibly contributions from other Galactic components that have a roughly isotropic
distribution. The spectrum of the isotropic component depends on the IEM and the ROI used
for the calculation. The spectrum also depends on the data set, because the residual
instrumental background differs between data sets. We calculate the isotropic component
self-consistently with the M31 IEM, and the spectrum is shown in Figure 8. Table 2 gives
the corresponding best-fit normalizations for the diffuse components.

The main calculation is performed over the full sky, excluding regions around the Galactic
plane and the Inner Galaxy: |4 = 30°, 45° < /< 315°. We note that, even though it is not
actually an all-sky fit, we refer to it as “all-sky” for simplicity hereafter. The fit includes
3FGL sources fixed. Sun and moon templates fixed, Wolleben (2007) component (Loop |
two-component spatial template), all-sky r°-decay and (anisotropic) IC normalization
scaled, and all-sky Bremsstrahlung fixed. Furthermore, we calculate the isotropic component
in the different sky regions: north, south, east, and west, as detailed in Figure 8. Also shown
are the isotropic components resulting from the M31 IEM using the isotropic IC formalism,
the FSSC IEM, and the IG IEM (which uses the isotropic IC formalism). At lower energies,
the intensities of the spectra calculated in the south and west (both regions associated with
the M31 system) are lower than those of the spectra calculated in the north and east.
Correspondingly, the IC normalizations are higher for the south and west. Interestingly,
independent of the IEM used in the fit, the isotropic spectrum features a bump at ~10 GeV.

In general, the model contains inherent systematic uncertainties due to a number of different
factors, including the correlations between the different model components, uncertainties
related to the determination of the DNM, and the presence of any unmodeled spatial
variation in the spin temperature, CR density, and/or ISRF density. These issues will be
addressed throughout this analysis.

2.3. Tuning the IEM

Figure 9 shows the total model counts for the full ROI. The bottom panel shows the TR, for
which we mask the 300 kpc circle around M31 and latitudes north of —21°57. The primary

purpose of the TR is to fit the normalization of the isotropic component. The isotropic
component is an all-sky average by definition, but it may have some local spatial variations
because the instrumental background may also vary over the sky. The TR is also used to set
the initial normalizations of the IC components because they are anticorrelated with the
isotropic component.

The fit is performed by uniformly scaling each diffuse component as well as all 3FGL
sources in the region. Note that the model includes all sources within 70° of the ROI center,
but only the sources in the TR are scaled in the fit. As a test, we also perform the fit by
keeping the 3FGL sources in the TR fixed, and we find that the best-fit normalizations of the
diffuse components are not very sensitive to the scaling of the point sources. Likewise, it is
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not necessary to scale the point sources outside of the TR, which are included in order to
account for the spillover of the instrumental PSF. The fit uses the spectral shape of the
isotropic spectrum derived from the all-sky analysis. The H 1t component is fixed to its
GALPRORP prediction because it it subdominant compared to the other components. The
Bremsstrahlung component possesses a normalization of 1.0 £ 0.6, consistent with the
GALPRORP prediction. In our further fits in the FM31 region, these components remain fixed
to their all-sky GALPROP predictions.

Figure 10 shows the best-fit spectra and fractional count residuals resulting from the fit in
the TR. The corresponding best-fit normalizations and integrated flux are reported in Table
3. The isotropic component possesses a normalization of 1.06 + 0.04, consistent with the all-
sky average. The H 1 7° A6 component shows a fairly high normalization with respect to the
model prediction, which is likely related to the fact that it only contributes near the edge of
the region.

The fractional residuals are fairly flat over the entire energy range, but worsen somewhat at
higher energies, although they remain consistent with statistical fluctuations. We note that
there does appear to be a subtle systematic bias in the fractional residuals, where the data are
being overmodeled between ~6-20 GeV and ~50-100 GeV, with excess emission between
~20-50 GeV. This may be due to the spectral shape of the 3FGL sources in the region that is
not properly accounted. For the sources, we use their spectral parameterizations rather than
the binned data points, which may or may not be a good representation of the true spectra at
high energies where the statistical fluctuations are significant.

Figure 11 shows the correlation matrix10 for the fit. The isotropic component is
anticorrelated with the 1C components. The IC components are also anticorrelated with the
H 1 A5 component. The H, component shows very little correlation with the other
components, but its contribution is very minimal in the TR.

Figure 12 shows the spatial count residuals for three different energy bins, as indicated
above each plot. The bins are chosen to coincide with positive residual emission that is
observed in FM31, as discussed in Section 3. Residuals are shown using a color map from
the colorcet package (Kovesi 2015).

Two notable features can be observed in the residuals. Near (/, ) ~ (156°, —35°), a deep hole
can be seen in the first energy bin. A comparison to the H 1 column density maps (see Figure
5) suggests that this overmodeling is likely related to a feature in the gas. Note that the hole
also contains a BL LAC (3FGL J0258.0+2030). The second notable feature is located near
(4, b) ~ (84°, —40°). This is a flat spectral radio quasar (3FGL J2254.0+1608). As a test,
these trouble regions were masked, and we found that they do not significantly impact the
normalizations of the diffuse components. Otherwise, the residual maps in all three energy
bins are fairly smooth, exhibiting no obvious features.

107he correlation
covABx (020B)”

&(,) of two parameters A and B s defined in terms of the covariance (cov) and the standard deviation (o): C=
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3. Analysis of the M31 Field

3.1. Baseline Fit and Point-source-finding Procedure

The data set employed in this work is approximately two times larger than the one used to
derive the 3FGL. Therefore, in conjunction with the baseline fit, we search for additional
point sources in FM31 to account for any unmodeled point-like structure that may otherwise
contribute to the residual emission. The procedure we employ is similar to the one developed
in Ajello et al. (2016). The point sources are initially modeled with the 3FGL. A maximum
likelihood fit is performed by freeing the normalization of the 3FGL sources, as well as the
H 1- and Hy-related components. The top of FM31 also has contribution from IC A8, and its
normalization is freed in the fit. The normalizations of the isotropic and IC components (A5
and A6-A7) remain fixed to their best-fit values obtained in the TR. The H n and
Bremsstrahlung components are fixed to their GALPROP predictions. Note that the
Bremsstrahlung component possesses a normalization of 1.0 £ 0.6 in the TR, consistent with
the GALPROP prediction.

A wavelet transform is applied to the residual map to find additional point source candidates.
We employ PGWave (Damiani et al. 1997), included in the Ferm/~LAT Science-Tools,
which finds the positions of the point source candidates according to a user-specified signal-
to-noise criterion (we use 3o) based on the assumption of a locally flat background. Because
PGWave does not provide spectral information, we model the spectrum of each point source
candidate with a power-law function and determine the initial values of the parameters via a
maximum likelihood fit in the field, while all other components are held constant.

The determination of the spectrum is further refined by performing additional maximum
likelihood fits concurrently with the other components in the region, i.e., 3FGL point
sources, H 1 A5-A7, and H, A5. All point sources within a 30° radius of the field center are
included in the model; however, only sources within a 20° radius are fit. The extra padding is
included to account for the instrumental PSF. Owing to the large number of point sources
involved, the fit is performed iteratively, starting with the point sources (and point source
candidates) with largest significance of detection. All point source candidates with a test
statistic (TS)11 TS = 9 are added to the model. Parameters for the additional point sources
are summarized in Table 4.

Figure 13 shows the TS map calculated after the initial fit in FM31, before finding additional
point sources. To reduce computational time, all components are held fixed to their best-fit
values obtained in the initial fit. The TS map is calculated using the g#tsmap function
included in the ScienceTools. Note that we do not include an M31 template for the
calculation. Overlaid on the map are the additional point sources that we found using our
procedure. In total, we found four sources with TS = 25 (apart from the M31 source), and
17 sources with 9 < TS < 25. A point source is found corresponding to the M31 disk, but
this source is removed for the baseline fit. Thus, no M31 component is included (and the
M31 source likewise is not listed in Table 4). Many of the new sources are correlated with

11For a more complete explanation of the TS resulting from a likelihood fit, see Mattox et al. (1996) and https://
fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Likelihood/.
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large-scale structures that are also visible in the residual maps; these are likely spurious
sources that are actually features in the diffuse emission.

Figure 14 shows the final results for the flux and count residuals for the baseline fit in
FM31, including additional point sources, with the normalizations of the isotropic and IC
components fixed to their best-fit values obtained in the TR. The corresponding best-fit
normalizations and integrated flux are reported in Table 5. Note that the reported errors are
1o statistical error only.

Below ~5 GeV, the emission is dominated by H 1 A5, IC A5, and the isotropic component, in
order of highest to lowest. A crossover then occurs, and the order is reversed above ~5GeV.
The 3FGL sources also become more dominant at higher energies. The cumulative spectrum
of the additional point sources is consistent with that of the 3FGL sources, although the flux
is roughly an order of magnitude less.

The fractional residuals show an excess between ~3-20 GeV at the level of ~4%, and the
data are somewhat overmodeled above and below this range. The overmodeling is expected
as the fit tries to balance the excess with the negative residuals. This is in contrast to the TR,
which shows fairly good agreement over the entire energy range. The normalizations of H |
A5 and A6 are low with respect to the GALPROP predictions, and likewise with respect to
the values obtained in the TR and the all-sky fit. The normalization of H 1 A7 is high with
respect to the GALPROP prediction. The normalization of H is also high, but its
contribution is minimal in FM31.

The spatial count residuals (data—model) resulting from the baseline fit are shown in Figures
15 and 16. The residuals are integrated in three different energy bins, as indicated above
each plot. The energy bins are chosen to coincide with the positive residual emission
observed in the fractional energy residuals. The residuals show structured excesses and
deficits. In the first energy bin, a large arc structure is observed. The upper-left corner shows
bright excess emission, which extends around the field toward the projected position of
M33. This structure is similar to what is seen in the TS map (Figure 13). Positive residual
emission is also observed at the position of the M31 disk. In addition, the first energy bin
shows deep overmodeling toward the top of the map and around the M31 disk. The second
energy bin shows positive residual emission that is roughly uniform throughout the field,
although the arc structure is also visible. In the third energy bin, some holes can be seen,
corresponding to poorly modeled 3FGL sources, but otherwise no obvious structures can be
identified.

Figure 16 shows the same spatial residuals in gray scale, intentionally saturated in order to
bring out weaker features. Overlaid are the point sources in the region, both 3FGL (green
markers) and additional sources found in this analysis (red markers). Most of the additional
sources are correlated with the arc structure. A majority of the 3FGL sources are AGN and
are modeled with power-law (PL) spectra. We attempted to optimize the 3FGL spectra by
fitting with a LogParabola spectral model, but this did not significantly change the positive
residual emission, as discussed further in Appendix B.
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3.2. Analysis of the Galactic H i-related Emission in FM31

The structured excesses and deficits are an indication that the foreground emission may not
be accurately modeled. In particular, the large arc structure observed in the first energy bin
points to poorly modeled H 1 gas in the line of sight. The H i-related y-ray emission depends
on the column density of the gas, which in turn depends on the spin temperature. For this
analysis, the spin temperature is assumed to have a uniform value of 150 K; however, in
reality, it may vary over the region.

To further investigate the systematic uncertainty relating to the characterization of H 1 in the
line of sight, we first compare the residual maps to the column densities for A5-A7, as
shown in Figure 17. For visual clarity, the top row shows the column density filled contour
maps. The units are 1020 cm™2, and the levels are indicated on the maps. The second row
shows the H 1 contours overlaid to the residual map integrated between 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°).

The last row shows the same maps as the middle row, but for a 5° radius centered at M31.
The /RIS 100 pm map of M31 is overlaid. Also overlaid are the regions corresponding to the
two main spatial cuts that are made on the underlying H 1 maps when constructing the MW
IEM. The spatial cuts correspond to cuts in velocity space, where the velocity is defined
relative to the local standard of rest (LSR). Here, we summarize all of the pertinent cuts
made to the underlying H 1 gas maps:

1. M31 cut (solid red box in Figure 17): 119° < /< 123°, -23°5 < b< —19°5, V[ sR
<-120kms™L.

2. M31 cut (dashed green box in Figure 17): 121° < /< 123°, -22° < b < -19°.5,
-120km st < Y sg < -50 km s71.

3. M33cut: 132°5< /< 134°5, -33 < < -30 -460 km 51 < V{gg < - 60 kms™L.

4, Anything above a given height zis assumed to be local gas (A5). The height is 1
kpc for R < 8 kpc, but then increases linearly with /2 with a slope of 0.5 kpc/kpc.
The cut is applied after determining the radial distance with the rotation curve
and obtaining an estimate of z.

5. Everything with | V{ sg| > 170 km s~ and |4 > 5° is considered to be
extragalactic.

6. Everything with Vf sgr < -100 km s~ and |4 > 30° is considered to be
extragalactic.

Note that these are the same cuts as are made for the official FSSC IEM. It was pointed out
in Ackermann et al. (2017a) that, for -50 km's =1 < V| gg < —30 km s ~1 foreground
emission from the MW blends with the remaining signal from M31 at the northeasternl2 tip
of M31, and it is estimated that up to ~40% of the M31 signal might have been incorporated

L2For all directions relating to M31. north is up and east is to the left.
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in the MW IEM on some lines of sight in this direction. Furthermore, there may be
additional H 1 gas in M31’s outer regions that is wrongly assigned to the MW, as discussed
further in Section 5. Overall, the cuts (velocity and space) made to the underlying H 1 maps
may be introducing systematics in the morphology of the extended M31 emission.

Also shown in Figure 17 are the 3FGL sources in the region with TS = 25. In particular, we
consider the two point sources located closest to the M31 disk, because we are ultimately
interested in ascertaining 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. We identify this
source as potentially spurious, in that it may actually be part of a larger diffuse structure.

Because of the poor data—model agreement and the poor description of the H i-related
components, we allowed for additional freedom in the fit by also scaling the IC components
(A5 and A6-A7) in FM31. The fit is performed just as for the baseline fit. Figure 18 shows
the resulting flux and residuals, and the corresponding best-fit normalizations are reported in
Table 6. Overall, a better fit is obtained. The likelihood value is —log L = 143268, whereas
the tuned fit is —log L = 143302.

The H 1 A5 component obtains a normalization of 1.04, which is comparable to the value
obtained in the TR and close to the GALPROP model prediction. The normalization of H |
A6 is still low at ~40% of the model prediction. We note that the H 1 A6 flux is less than that
of H1 A7, due to the fact that the radial extension of A6 is 1.5 kpc, compared to A7’s radial
extension of 5 kpc. The normalization of IC A5 is consistent with the value obtained in the
TR. On the other hand, the normalization of IC A6-A7 has a value of 0.9 + 0.3, compared to
the TR value of 3.5 + 0.4. The normalization of IC A8 is very high, but this is a weak
component with contribution only toward the top of the field. Note that, because IC A8 only
contributes at the very top of the field, it is not well-constrained; this allows its
normalization to increase, but its overall effect on the residuals remains subdominant.
Despite the additional freedom, the model is unable to flatten the positive residual emission
between ~3-20 GeV, and it actually becomes slightly more pronounced. The spatial
residuals for this fit are qualitatively consistent with the residuals in Figure 15. The
correlation matrix for the fit is given in Figure 19.

As already discussed, the H 1 column density depends on the value of the spin temperature,
which is used to convert the observed 21 cm brightness temperature to column densities. In
general, the spin temperature may have some spatial variation. The CR density may also
vary over the field, and likewise for the ISRF density. To account for these possibilities, we
divide FM31 into three equal subregions: top, middle, and bottom. Each subregion is then
further divided into equal right and left halves. In each subregion, we rescale the diffuse
components. The point sources remain fixed to the best-fit values obtained in the baseline fit
(with IC scaled).

The fractional energy residuals that result from this rescaling are shown in Figure 20. The
black data points show the residuals resulting from the baseline fit (over the entire field)
calculated in the given subregion. The top row shows the residuals for the fit performed in
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the top, middle, and bottom regions, respectively. The second and third rows show the
results for rescaling the normalizations in the regions that are further divided into right and
left halves.

Even with these smaller subregions, the model is unable to flatten the positive residual
emission between ~3-20 GeV. Note that, for many of these subregions, the best-fit
normalizations of the diffuse components resulting from the rescaling are not very physical,
as some of the components go to zero because they are not constrained very well and the fit
simply tries to optimize the likelihood. Nevertheless, the model is still unable to fully flatten
the residuals.

Meanwhile, the residuals do start to become a bit more uniformly distributed. For example,
when performing the fit over the entire field, the residuals in the top left are much more
pronounced than the top right. For the rescaling in the different subregions, the top left
residuals are decreased (between ~3-20 GeV), whereas the top right residuals become a bit
more pronounced. The same general trend can be seen in most of the subregions. The
residuals are fairly flat in the bottom right, but the bottom left (which contains M33) shows
positive residual emission.

3.3. Arc Template

Thus far, the model has been unable to flatten the positive residual emission observed
between ~3-20 GeV. Furthermore, the spatial residuals show structured excess and deficits.
It may be due to some foreground MW gas that is not traced well by the 21 cm emission. On
the other hand (or in addition), the positive residual emission may be related to the M31
system, for which no model components are currently included. We note that the behavior of
the residuals is qualitatively the same even when masking the inner region of the M31 disk
(0°4).

Our ultimate goal is to test for a y~ray signal exhibiting spherical symmetry with respect to
the center of M31, because there are numerous physical motivations for such a signal.
However, before adding these components to the model, we employ a template approach to
account for the arc-like feature observed in the spatial residuals. This feature may be related
to foreground MW emission, but is not obviously related to the M31 system.

The first two panels in Figure 21 show the spatial residuals integrated between 1 and 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).
Overlaid is the geometry used to help facilitate the template construction. All geometry is
plotted based on the general equation of an ellipse, which can be written as

a_z{(x — h)cos¢p + (y — k)sinqﬁ}2

@®)
+ b7 2{(x — h)sing + (y — k)cosp}> = 1,

where the center is given by (A, k), aand b are the major and minor axes, respectively, and ¢
is the orientation angle of the ellipse. All geometrical parameters are given in Table 7. Note
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that the geometry corresponds to the y-ray emission as observed in the stereographic
projection, with the pole of the projection centered at M31. The plotted coordinate system
(solid axes) is centered at M31 and oriented with respect to the position angle of the M31
disk (38°). The large dashed green circle has a radius of 8°5 (/n = 117 kpc). The

corresponding border facilitates the cut for the northeast side, and the radius is determined
by the bright emission in the upper left corner. The inner ellipse is used to facilitate the cut
on the southwest side. This cut follows the natural curvature of the arc. Any emission not
connected to the large arc is removed.

The resulting normalized template is shown in the far right panel of Figure 21. By adding

the arc template to the model, we obtain a cleaner view toward M31’s outer halo, and we are
able to make inferences regarding the origin of the arc structure. We test two variations of
the fit. In one variation, we add a single template for the full arc. The arc is given a PL
spectral model and the spectral parameters (normalization and index) are fit simultaneously
with the other components in the region, just as for the baseline fit. In the second variation of
the fit, the arc template is divided into a north component (arc north: » > - 16°5) and a south

component (arc south: » < - 16°5). The cut is made right below the bright emission in the

upper left corner. Both components are given PLEXP spectral models (power-law function
with exponential cutoff), and the spectral parameters (normalization, index, and cutoff) of
each component are allowed to vary independently. This allows the north component to be at
a different distance along the line of sight than the south component, because different
distances may correspond to different spectral parameters. Note that we also tried a number
of different variations to the arc fit, and they all gave results similar to those from the two
variations that we show here.

Results for the fits are given in Figure 22. The top panels show best-fit spectra, and bottom
panels show the remaining fractional residuals. For comparison, black dashed lines show the
best-fit H 1 spectra that result from the baseline fit, as shown in Figure 18. For visual clarity,
we show just the arc template and gas-related components. Spectra for the other components
are qualitatively consistent with the results shown in Figure 18. The arc template is unable to
flatten the positive residual emission between ~3-20 GeV, but the split arc fit with PLEXP
spectral models does provide flatter residuals above ~20 GeV. The correlation matrix for the
arc north and south fit is shown in Figure 23.

Table 8 gives the best-fit normalizations for the diffuse components for both fits, as well as
the overall likelihoods. Note that the normalizations are comparable for both fit variations.
The last two columns report the total integrated flux and intensity for the arc north and south
fit, which has the best likelihood. The corresponding best-fit parameters for the arc template
components are reported in Table 9. For the baseline fit (Figure 18), the total integrated flux
for H1 A5 is (189.3 + 6.9) x 1072 ph cm™2 s™1 For the arc north and south fit, the total
integrated flux for H 1 A5 plus the arc flux is (165.0 + 10.4) x 10~%ph cm~2s~L. Thus, with
the arc template, the total H 1 A5 flux is decreased by ~13%. The flux is later increased
when adding the M31-related components to the model, in addition to the arc template, as
discussed in Section 3.4. With the arc template, the H 1 A6 normalization has a value close to
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the GALPROP prediction. The normalization for IC A8 remains high, but this is a weak
component with contribution only toward the top of the field.

Spatial residuals resulting from the arc north and south fit are shown in Figure 24. Results
for the full arc fit are very similar. To give a sense of the deviations, we show the fractional
residuals, where we divide by the model counts for each pixel. The residuals are divided into
three energy bins, just as for the residuals in Figure 15. The arc structure no longer
dominates the residuals, as expected. In the first energy bin, bright emission can be seen at
the center of the map, corresponding to the inner galaxy of M31. In addition, the residuals in
the first bin still show structured excesses and deficits, possibly associated with emission
from M31’s outer disk and halo. The second energy bin coincides with the positive residual
emission observed in the fractional energy residuals. The spatial distribution of the emission
is roughly uniform throughout the held, although small-scale structures can be observed.
The third energy bin is roughly uniform, with no obvious features. The distribution of the
residual emission in FM3L1 is further quantified in Section 3.5, where we consider the
symmetry of the excess.

In Figure 25, we plot the measured local average emissivity per H atom, resulting from all
fits in FM31. The solid gray curve comes from the baseline fit with 1C scaled, and gives a
proper estimate of the emissivity in FM31. The dashed gray curve comes from the arc fit
with PL spectral model: it only includes the contribution from the H 1 A5 component, but not
the emission associated with the arc. The best-fit normalizations are listed in the legend.
Also plotted is the corresponding measurement made in Casandjian (2015), which is
determined from a fit including absolute latitudes between 10-70°. Additionally, we plot the
results from Ackermann et al. (2012c), for which the emissivity is determined from different
nearby molecular cloud complexes within ~300 pc from the solar system. Last, we plot the
measurements from Abdo et al. (2009a), as determined from a midlatitude region in the third
Galactic quadrant, i.e 200° < /< 260° and 22° < |f < 60°. The local emissivity as determined
from FM31 is slightly lower (referring to the baseline normalization of 1.04), but it is
consistent within 1o with these other measurements. This is not surprising, given that the
analysis 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 2kpc thick
(Table 1), while FM31 is projected toward the outer Galaxy where the CR density is
predictably low.

As can be seen, inclusion of the arc template into the fit improves its quality significantly.
Meanwhile, the origin of the arc itself 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 distinctly flatter than the rest of CRs.

In Figure 26, we show the dust temperature map and the £(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 to 20 in increments of 5. The dust
temperature serves as a possible proxy for the gas temperature. In this analysis, we have
assumed a uniform spin temperature of 150 K, but as can be seen in the top panel of Figure
26, much of the arc template correlates with cold regions in the dust, indicating that at least
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part of the corresponding residuals may be caused by an underprediction of the H 1 column
density.

As can be seen in Figure 26, much of the arc template closely correlates with the foreground
dust; it likewise correlates with the local H 1 column density, as seen in Figure 17, indicating
that the corresponding emission is most likely due to inaccuracies in the foreground model.
Although our model already corrects for the DNM, the method is full-sky and may use an
incorrect gas-to-dust ratio for this particular region. In addition, the method also assumes a
linear conversion between gas and dust, which may not actually be the case. Furthermore,
we note that, while the spatial correlation between the arc template and properties of the dust
is clearly visible toward the Galactic plane and the extended arm at the far right of the map,
the region associated closest with M33 (in projection) and its general vicinity is not as
obviously correlated.

The analysis described in this section clearly shows that the arc is associated with the gas,
but its components have a spectral index of ~2.0-2.4, noticeably flatter than the rest of the H
1 gas ~2.75 in the ROI (Figure 22). This may imply that the spectrum of CR particles
interacting with gas in this direction is flatter than the spectrum of the old component of CRs
that is altered by the long propagation history. Indeed, radio observations and sometimes X-
and y~-rays reveal structures, often referred to as “radio loops,” that cover a considerable area
of the sky. The best-known is Loop I, which has a prominent part of its shell aligned with the
North Polar Spur, but other circular structures and filaments also become visible in
polarization skymaps. There are at least 17 known structures (for details, see Vidal et al.
(2015) and references therein) with radii of tens of degrees that can be as large as ~80°, for
Loop XI. The spectral indices of these structures indicate a nonthermal (synchrotron) origin
for the radio emission, but the origin of the loops is not completely clear. One of the major
limitations is the lack of precise measurements of their distances. The current explanations
include old and nearby SNR, bubbles/shells powered by OB associations, and some others.

It turns out that a part of the shell of Loop 111 seems to be associated with the north part of
the arc (Figure 27), and Loops Il and Il1s are covering the entire ROI. The presence of
accelerated electrons associated with the Loop 11 shell hints that protons with a flat
spectrum could also be present there. This may explain the distinctly different spectral index
of the arc template and an exponential cutoff significantly below 50 GeV (Figure 22 right)
that corresponds to the ambient particle energies below ~1 TeV. We shall not speculate
further whether the whole arc or only a part of it is associated with the Loop 111 shell or with
other Loops, leaving a detailed analysis for a followup paper.

3.4. M31 Components

The baseline model seems unable to account for the total emission in FM31. We now
proceed to add to the model M31-related components, for which we make the simplifying
assumption of spherical symmetry with respect to the center of M31. For the inner galaxy,
we add a uniform disk with a radius of 0°4, consistent with the best-fit morphology in

Ackermann et al. (2017a). We add a second uniform template centered at M31 with a radial
extension of 0°4 < r < 8°5. This is the geometry as determined in Figure 21, which was used
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to help facilitate the construction of the arc template. We note that, although the outer radius
was set by the bright residual emission in the upper-left corner, it also happens to encompass
a large H 1 cloud centered in projection on M31, possibly associated with the M31 system
(i.e., the M31 cloud), as well as a majority of M31’s globular cluster population and stellar
halo, which will be further discussed in Section 5. The radial extension corresponds to a
projected radius of 117 kpc. We label this component the FM31 spherical halo.

Last, we add a third uniform template with a radial extension of » > 8°5, covering the

remaining extent of the field. This corresponds to M31’s far outer halo, and it likewise
begins to approach the MW plane toward the top of the field. This is the template that suffers
most from Galactic confusion. We label this component as the FM31 far outer halo.

All of the M31-related component are given PLEXP spectral models, and the spectral
parameters (normalization, index, cutoff) are fit with the arc template and the other baseline
components. We note that the spectra of the M31 components have also been fit with a
power law per every other energy band, as well as a standard power law, and the results are
consistent with the PLEXP model (see Appendix B.3). The fit is performed in the standard
way, just as for the baseline fit. We perform two main variations of the fit, amounting to
different variations of the arc template. For one variation, we use the full arc template with
PL spectral model. For the second variation, we use the north and south arc templates with
PLEXP spectral models.

The intensities and residuals resulting from the fits with the arc template and M31
components are shown in Figure 28. The left panel is for the full arc template with PL
spectral model. The right panel is for the north and south arc templates with PLEXP spectral
model. Black dashed lines show the best-fit spectra for the H 1 A5 (top), A6 (bottom), and
A7 (middle) components. The black dashed-dotted line shows the isotropic component,
which remains fixed to its best-fit value obtained in the TR, just as for all other fits. The
best-fit spectra of the remaining components are similar to that shown in Figure 18, and are
omitted here for visual clarity. 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. The best-fit normalizations and flux for the diffuse components are
reported in Table 10, as well as the fit likelihood. Best-fit parameters for the arc template and
M31-related components are reported in Tables 11 and 12.

We note that, for the M31-related components, the TS is defined as —2Alog L; it is the value
reported by pylikelihood (a fitting routine from the Fermi~LAT ScienceTools package),
without refitting. In order to obtain a more conservative estimate of the statistical
significance of the M31-related components—and in particular, the components
corresponding to the outer halo—we make the following calculation. We define the null
model as consisting of the standard components (point sources and diffuse), arc template
(north and south), and M31 inner galaxy component. Then, for the alternative model, we
also include the spherical halo and far outer halo components. We find that the alternative
model is preferred at the confidence level of roughly 8¢ (—2Alog L = 63).
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The total integrated flux for the H 1 A5 component plus the arc north and south components
is (185.6 + 12.9) x 1072 ph cm~2 571, consistent with that of the baseline fit (with IC scaled).
The normalization of the H 1 A6 component is consistent with the GALPROP prediction.
The normalization of the H 1 A7 component is still a bit high (2.8 + 0.4). The normalizations
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 ~10GeV is at the
same level as that of the M31-related components, 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 additional 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
toward 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, there
is a hardening of the index for the local annulus, with a significantly increasing hardening
toward the outer Galaxy. This result is in direct contrast to the gradual softening that 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 respect to the
results in the TR and the GALPROP predictions (see Appendix B.1). The anomaly is most
clearly evident for the outer Galaxy rings, A6 and A7, and it is also these rings that are
found to be partially correlated with the M31 system, as is clearly seen in Figure 17. In
particular, the H 1 A7 component obtains a best-fit index Aa 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 supports the conclusion that there is some significant anomaly in FM31.
This particular fit is also able to do a better job at flattening the excess in the fractional
energy residuals, but some excess emission still remains. To quantify the remaining excess,
we fit the M31-related components. In this case, the spherical halo is still detected at ~3-4¢o
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 (|4
> 50°), and the normalization 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 spectrum, with the normalization
determined in a TR 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
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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
fractional 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
qualitatively the same). This illustrates how the application of an improper IEM for analysis
of largely extended emission can alter the physical results.

We note that, as a test, we have also performed the fit with the M31 IEM by freely scaling
the isotropic component in FM31, along with the other diffuse components and point
sources. In this case, the isotropic component obtains a normalization of 1.46 + 0.06, and the
excess in the fractional count residuals remains qualitatively the same. We do not consider
this to be a proper procedure for our analysis, but nevertheless this test shows that, even with
an increase in the normalization of the isotropic emission upward of 46%, the residual is still
observed.

A summary of the excess in the fractional count residuals for all fit variations tested in this
analysis is shown in Figure 29. 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.

3.5. Symmetry of the Residual Emission in FM31

In this section, we further test the symmetry of the residual emission in FM31. We divide the
spherical halo and far outer halo templates into north and south components. The cut is
made at the midpoint of FM31 along the horizontal direction (parallel to the Galactic plane),
corresponding to a latitude of ~ — 21°5. This allows for deviation from spherical symmetry,

as well as a gradient with respect to the Galactic plane.

We first calculate the fractional count residuals in the different regions without fitting any of
the M31-related templates. These results are shown in Figure 30, and they correspond to the
spatial residuals shown in Figure 24, resulting from the baseline fit with the arc north and
south templates. The excess can be seen for both the spherical halo and far outer halo
regions. For the spherical halo region, the excess appears to be more prominent in the north
compared to the south, although it is present in both. For the far outer halo region, the excess
is prominent in the north, whereas the residuals in the south are fairly flat.

We quantify the symmetry of the residual emission by fitting templates for the different
regions simultaneously with the other components of the IEM. The M31-related components
include the inner galaxy and the northern and southern regions of the spherical halo and far
outer halo (five components in total). Each component is given a PLEXP spectral model, and
the spectral parameters are allowed to vary independently (although the components are fit
simultaneously). The fit also includes the arc north and south components. Last, we scale the
diffuse components and point sources in the standard way.
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The resulting spectra for the northern and southern regions of the spherical halo and far
outer halo are shown in Figure 31. For reference, we also overlay the spectra for the full
M31-related components (from Figure 28). The spectra for the arc components are very
similar to the results shown in Figure 28, so we do not show them here. The corresponding
best-fit parameters for the halo components are reported in Table 13. All components are
significantly detected (with a significance >50).

The spherical halo region is slightly brighter in the north than in the south. The best-fit
spectra for the two components have similar spectral shapes and are qualitatively consistent
with that of the full template. We note that we have elected to define north and south with
respect to the plane of the MW. However, if the spherical halo component is, in fact,
physically associated with the M31-system, then it may be just as well to cut the two halves
with respect to the major axis of M31 (38°), which may increase the symmetry between
north and south. However, our primary objective here is to simply quantify the gross
properties of the residual emission; a more detailed determination of the morphology is left
for a follow-up study.

The far outer halo region shows a significant spectral variation between the north and south.
The northern component has a high spectral curvature, identical to the spectral shape that
results when fitting the full template, and is generally brighter than the southern component.

The correlation matrix for the fit is shown in Figure 32. The southern components for both
the spherical halo and far outer halo have a stronger anticorrelation with the IEM, compared
to the northern components. In particular, the southern components have relatively strong
anticorrelations with ICA5 and H 1 A7. We also note that the southern component of the
spherical halo has some anticorrelation with the arc template, whereas the northern
component does not. The normalizations of the diffuse components are mostly in agreement
with those obtained for the fit with the full M31-related templates. However, the IC A6-A7
component obtains a best-fit normalization of 0.42 £ 0.38, which may not be very physical
and is in contrast to the values obtained for the other fits in FM31. These results highlight
one major shortcoming of this test: namely, the northern and southern regions correlate
differently with the IEM, and this can potentially lead to inaccuracies regarding the actual
symmetry of the tentative signal. This is especially problematic for the excess in FM31,
because the corresponding emission lies well below the foreground/background emission.

The fit with the north and south M31-related templates further shows the importance of the
MW modeling—and also that the excess is likely to contain a significant MW component. In
particular, the excess emission associated with the far outer halo is likely to be related to the
MW. Indeed, the Galactic disk region directly above FM31 has many complications, and it is
known to contain extended excess y-ray emission of unknown origin (Acero et al. 2016). In
addition, the region (in projection) also contains an extended high-velocity cloud known as
Complex H (Hulsbosch 1975; Blitz et al. 1999; Lockman 2003; Simon et al. 2006), which
has been postulated to be either a dark galaxy of the Local Group or an example of a cold
accretion flow onto the MW (Simon et al. 2006). Here, we only point out a couple of these
associated difficulties, but our primary goal is to quantify the rough properties of the excess
emission.
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A portion of the excess emission is also likely related to the M31 system—in particular, the
emission associated with the spherical halo region. We note that, of the four halo
components, the overall intensity is highest for the northern spherical halo. Given the
significant modeling uncertainties, we conclude that the excess emission in FM31 is
significantly detected and has a total radial extension upward of ~120-200 kpc from the
center of M31. The lower limit corresponds to the boundary of the spherical halo, and the
upper limit corresponds to the boundary of the far outer halo. This conclusion encapsulates
the possibility that the excess emission may have contributions from both M31 and the MW;
it also refers to the emission associated with the arc template, the nature of which remains
unclear.

4. The Smooth Component of the Residual Emission in FM31 and Dark

Matter

The dominant component of the residual emission in FM31 has a total radial extension
upward of ~120-200 kpc from the center of M31, corresponding to the excess between ~3—
20 GeV in the fractional count residuals. It is plausible that a portion of the signal may be
related to M31’s DM halo. In general, the exact properties (i.e., the geometry, extent, and
substructure content) of M31’s DM halo remain highly uncertain. Here, we make some
simplifying assumptions to get a rough sense of the consistency between the observed signal
and a possible DM interpretation. In particular, we check for consistency with the DM
interpretation of the excess y-ray emission observed in the Galactic center (Goodenough &
Hooper 2009; Hooper & Goodenough 2011; Hooper & Linden 2011; Abazajian &
Kaplinghat 2012; Gordon & Macias 2013; Hooper & Slatyer 2013; Huang et al. 2013, 2016;
Abazajian et al. 2014, 2015; Calore et al. 2015a, 2015b; Zhou et al. 2015; Ajello et al. 2016,
2017; Carlson et al. 2016; Daylan et al. 2016; Karwin et al. 2017; Ackermann et al. 2017b;
Agrawal & Randall 2017). This by no means encompasses all possibilities, and more
detailed evaluations are left for future studies.

In addition to M31’s DM halo, we also consider the contribution from the MW’s DM halo
along the line of sight, because this component has not been explicitly accounted for in our
analysis. If such a component actually exists, then it may be at least partially absorbed by
the isotropic component, as well as the other components of the IEM. However, it will not
necessarily be fully absorbed, and a portion of such a signal could be contained in the M31-
related components.

The left panel of Figure 33 shows the radial profile of the y-ray intensity for the M31-related
components. Red square markers show the fit with the full M31-related templates, including
the arc north and south with PLEXP. Purple circle markers show the fit with the M31-related
templates divided into north and south components (from Figure 31 ). The individual
intensities of the divided north and south components are a bit higher than the intensity of
the combined template, because of the different correlation of the tentative signal in these
regions with the IEM components (see Figure 32 and the corresponding discussion in
Section 3.5). The intensity of the M31-related emission is far less in the outer regions than it
is toward the inner galaxy. Furthermore, the signal is not detected in the TR. This is
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consistent with the hypothesis that the emission originates (at least partially) from the M31
system.

In the figure, we compare the radial dependence of the observed intensity to the predicted
intensity for a DM signal. Plots of the corresponding Jfactors and a description of all
parameters for the predicted y-ray flux due to DM annihilation are given in Appendix C. For
the DM attribute guantity, Equation (4), we use the best-fit values as determined from the
GC excess in Karwin et al. (2017). The uncertainty bands for each of the three intensity
profiles come from the uncertainty in the DM attribute quantity (as described in Appendix
C). The black band shows the corresponding intensity profile for the MW DM component
along the line of sight. Note that, in general, there is also expected to be an additional
contribution from the local DM filament between M31 and the MW.

We find that the radial intensity profile of the positive residual emission in FM31 is roughly
consistent with a cold DM scenario that includes a large boost factor due to substructures.
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. We note that, for the radial intensity profile in Figure 33, we
have not included an MW prediction for the high substructure model; our main intention
here is just to get a rough sense of the consistency with a DM interpretation. However, the
MW substructure high prediction would generally also be relevant, and it would imply that a
significant portion of the MW halo signal would need to be almost fully absorbed by the
isotropic component and other components of the IEM.

We again stress that the properties of the excess emission observed toward the outer halo
have a strong dependence on the modeling of the IEM. This is partially reflected by the large
uncertainty in the radial profile between the two different fit variations, as can be seen in the
left panel of Figure 33. We also stress that the excess in FM31 is likely to contain a
significant contribution from the MW. In particular, the emission associated with the far
outer halo is more likely to be related to the MW than the M31 system. Still, the nature of
this emission remains unclear.

The right panel in Figure 33 shows a spectral shape comparison with the excess emission
observed in the Galactic center (Ajello et al. 2016). The band for the Galactic center excess
shows the systematic + statistical uncertainty (although it is dominated by the systematics);
it is shown for an arbitrary normalization. We find that the spectra of the M31-related
components are qualitatively consistent with the uncertainty band of the Galactic center
excess. We note that the spectrum of the far outer halo component has a higher curvature at
low energies. If this is indeed a real feature of the signal (and not just a systematic effect),
then it could be related to secondary processes. If the DM produces some fraction of leptons,
then the leptons may generate secondary y-ray emission from IC and Bremsstrahlung, due
to interactions with the ISRFs and gas (Cirelli et al. 2013; Lacroix et al. 2014; Abazajian et
al. 2015). For M31, the secondary emission may have a dependence on the radial distance
from the center of M31, because the stellar halo and gaseous halo also have a radial
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dependence. However, this possibility would need to be quantified to get a better sense of
the effect.

Also plotted in the right panel of Figure 33 is the isotropic component. The intensity of the
M31-related components is below that of the isotropic component by a factor of ~5. There is
a bump in the isotropic spectrum around ~10 GeV (as is more clearly seen in Figure 8), and
this energy also somewhat corresponds to the peak emission of the M31-related components.
This suggests that the isotropic emission may include a contribution that originates from
similar processes in the extended halo of the MW. As it pertains to DM in particular, this
issue is significantly complicated and lies beyond the scope of this work, but related
discussions can be found in Cuoco et al. (2011), Cholis et al. (2014), Fornasa & Sanchez-
Conde (2015), Ajello et al. (2015), and Ackermann et al. (2015a).

We note that the DM could be decaying (see Blanco & Hooper (2019) and references
therein). In this case, the y-ray signal would be morphologically more consistent with the
excess observed in FM31 without requiring a large boost from substructures, because it
scales as the DM density, as opposed to the square of the density for annihilation. Here, we
restrict the interpretation to annihilating DM, also in the context of the GC excess. We leave
a more complete DM study, including decaying DM, to a followup work.

We also note that, aside from DM, another possible interpretation of the signal—if it truly
originates from the M31 system—would be that it arises from CR interactions with the
ionized gas of M31’s circumgalactic medium. We do not rule out this possibility; however, if
the emission is dominated by CR interactions with the ionized gas, then this would imply
that the CR spectrum and distribution are significantly different in M31’s outer galaxy than
that measured locally in the MW.

Additionally, the observed intensity of the M31-related components would imply a relatively
high emissivity in M31’s outer regions, compared to the local MW measurements. However,
based on a study of the y~ray emission from a sample of high- and intermediate-velocity
clouds in the halo of the MW, Tibaldo et al. (2015) concluded that the y-ray emissivity per
H atom of the clouds decreases as a function of distance from the disk, with indications of a
~50-80% decline of the CR density within a few kpc.

Likewise, from an analytical study of the MW, Feldmann et al. (2013) estimate that the CR
density in the outer halo may be up to 10% of that found in the disk. Their predicted y-ray
spectrum is shown in Figure 33, right panel, with a green forward-hatch band. Note that the
predicted intensity level in their model is based on the prediction for an MW signal, but we
are mostly interested in a spectral shape comparison. The study in Feldmann et al. (2013)
uses a distribution of H i gas derived using a high-resolution hydrodynamical simulation,
along with reasonable estimates for the distribution of CRs in the outer halo of the MW. The
spatial extent of the CR halo is the greatest modeling uncertainty. The two CR distributions
used in their calculation fall to half of their density (not including the density within the disk
itself) by 60kpc and 360 kpc, respectively. These distributions define their uncertainty band
in the figure.
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Considering the radial extent, spectral shape, and intensity of the M31-related components,
it seems unlikely that the corresponding emission is dominated by CR interactions with the
ionized gas of M31’s circumgalactic medium.

5. The Structured p-Ray Emission in FM31 and Complementary M31-

related Observations

Although the M31-related components are detected with high statistical significance and for
multiple IEMs (Appendix B), the corresponding intensity lies below that of the isotropic
emission, and therefore the signal has a strong dependence on the systematic uncertainties of
the isotropic component. In addition, our analysis has demonstrated that the characterization
of H 1 along the line of sight is a significant systematic uncertainty for analysis of the M31
field, including the contribution from the DNM. Overall, y-ray observations of M31’s outer
halo are significantly complicated by confusion with the Galactic and isotropic emission,
due to the halo’s large extension on the sky.

To gauge the full extent of the uncertainty pertaining to the H i-related components, and to
help mitigate the uncertainty pertaining to the isotropic component, in this section we
supplement our analysis by observing the structured )-ray emission in FM31 in a (semi)
model-independent way. As a qualitative gauge, we also compare this emission to some of
the main tracers of M31’s outer disk and halo.

We observe the y-ray emission in a (semi) model-independent way by removing the H I-
related A5-A8 components from the model (including the Bremsstrahlung component). In
addition, we remove the two point sources closest to the M31 disk (3FGL J0040.3+4049 and
3FGL J0049.0+4224), and we remove the new point sources that we find with our
procedure, as most of these sources are found to correlate with the diffuse structures in the
residuals (see Figure 13). All other sources are held fixed to their best-fit values obtained in
the baseline fit (with I1C scaled). This effectively amounts to removing only the known
smooth diffuse sources and point sources from the data—or equivalently, observing only the
structured emission.

The resulting count residuals (data—model) integrated between 1 and 100 GeV are shown in
Figure 34. The color scale corresponds to counts/pixel, and the pixel size is 0°2 x 0°2. The

images are smoothed using a 1° Gaussian kernel. This value roughly corresponds to the PSF
(68% containment angle) of Fermi-LAT, which is ~1° at 1 GeV. The corresponding pixel
distribution is shown in Figure 35. All of the pixels have positive counts, which is why we
set the lower limit of the plot range to zero. Maps are shown in the cubehelix color scheme
(Green 2011). Contours for the disk regions of M31 and M33 (Gratier et al. 2010) are
overlaid. Bright emission corresponding to M31’s inner galaxy can be observed. The
emission can be seen to extend continuously along M31’s major axis in the northeast!3
direction, which then continues to extend upward until blending with the bright emission of
the MW plane. This feature is lopsided, as the southwest side shows a more distinct cutoff

13For M31-related directions, north points up and east points to the left.
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away from the inner galaxy. The large arc feature observed in the residuals is also clearly
visible in the emission.

We have found that the M31-related components are roughly consistent with arising from
DM annihilation. Because there is still a high level of uncertainty regarding the actual nature
of DM, especially on galactic scales, we cannot rule out the possibility that the smooth
residual emission may in fact have a DM origin. The same also applies for some of the
structured emission in FM31. Therefore, we consider the main tracers of M31’s outer disk
and halo, as these are some of the few observational handles available when searching for a
DM signal from the outer regions of the M31 system.

In Figure 36, we overlay the boundaries for the M31 inner galaxy (solid cyan circle) and
spherical halo (dashed black circle) components. We also overlay the M31 disk, the M31
cloud (Blitz et al. 1999; Kerp et al. 2016), M33, Wright’s cloud (Wright 1979), M31’s
population of globular clusters (Galleti et al. 2004; Huxor et al. 2008; Mackey et al. 2010;
Peacock et al. 2010; Huxor et al. 2014; Veljanoski et al. 2014), M31’s population of satellite
galaxies (McConnachie 2012; Collins et al. 2013; Ibata et al. 2013; Martin et al. 2013;
Pawlowski et al. 2013), and clouds of Complex H (Hulsbosch 1975; Blitz et al. 1999;
Lockman 2003; Simon et al. 2006). The spherical halo component is found to enclose 61%
(22/36) of M31’s dwarf galaxy population, which increases to 72% (26/36) if including the
dwarfs that are within ~1° of the spherical halo boundary. We stress that this is only done as
a qualitative gauge of M31’s outer halo. We do not expect these systems to outshine the
local MW emission. In particular, we do not expect to detect the individual M31 dwarfs, as
they are mostly undetected in the MW. We also do not expect to detect the individual
globular clusters. We do note, however, that we find features in the data that are positionally
coincident with some of these tracers, and most prominently with the M31 cloud. Further
investigation is left for a follow-up study.

6. Summary, Discussion, and Conclusion

The goal of this work is to search for extended y-ray emission originating beyond the
galactic disk of M31, and to examine the implications for CRs and DM. There are two
primary motivations for this search. First, CR interactions with M31’s circumgalactic
medium and/or stellar halo could generate a detectable signal in y-rays. Second, M31’s DM
halo has a large extension on the sky and could produce a detectable signal within currently
allowed DM scenarios, which would be complementary to other targets—and specifically, to
the Galactic center. Our primary field of interest (FM31) is a 28° x 28° square region, which
amounts to a projected radius of ~200 kpc from the center of M31. Our study complements
previously published results on M31 (Abdo et al. 2010; Ogelman et al. 2011; Pshirkov et al.
2016a, 2016b; Ackermann et al. 2017a) and is the first to explore the farthest reaches of the
M31 system in y-rays.

Because of the extended nature of the signal we are investigating, modeling the bright
foreground of the MW is the greatest challenge in performing this analysis. The IEM
provided by the FSSC cannot be used as a primary foreground model for this study, as it /s
notintended for the analysis of extended sources (see footnote 5) (Acero et al. 2016). We
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construct specialized IEMs for the analysis of FM31 by employing the CR propagation code
GALPRORP, including a self-consistent determination of the isotropic component.
Additionally, we use a template approach to account for inaccuracies in the foreground
model relating to the neutral gas along the line of sight.

The parameters of the GALPROP model are tuned to the measured LIS of CRs, including
the latest AMS-02 measurements. We have adopted the best-fit parameters from the tuning
procedure performed in Boschini et al. (2017, 2018a), where GALPROP and HelMod are
implemented in an iterative manner, thereby accounting for solar modulation in a physically
motivated way when fitting to the local CR measurements.

The total IEM consists of individual components for z°-decay, IC, and Bremsstrahlung, and
the components are defined in Galactocentric annuli. In total, there are eight annuli; for
FM31, however, only annulus 5 (the local annulus) and beyond contribute to the foreground
emission. FM31 has a significant emission associated with H 1 gas, but there is very little
emission from Hy gas. A uniform spin temperature of 150 K is assumed for the baseline
IEM. The foreground emission from H i and Bremsstrahlung are subdominant. Our model
also accounts for the DNM. The anisotropic formalism is employed for the calculation of the
IC component. To model the point sources in the region, we employ the 3FGL as a starting
point, and because of the larger statistics of our data set, we account for additional point
sources self-consistently with the M31 IEM by implementing a point source-finding
procedure, which is based on a wavelet transform algorithm.

We calculate the isotropic component self-consistently with the M31 IEM. The main
calculation is performed over the full sky in the following region: |4 = 30°, 45° < /< 315°.
To better determine the normalization of the isotropic component, we use a TR directly
below FM31, outside of the virial radius. The best-fit normalization is found to be 1.06

+ 0.04, and this remains fixed for all other fits with the M31 IEM. The isotropic component
anticorrelates with the IC components, and we also use the TR to initially constrain the
normalizations of the IC components (A5 and A6—A7) for the fit in FM31. The fit in the TR
yields a model that describes the data well across the entire region and at all energies. The
best-fit normalizations of the IEM components in the TR are all in reasonable agreement
with the GALPROP predictions.

For the initial baseline fit in FM31, we freely scale the normalizations of the H 1 and H, 7°-
related components concurrently with the point sources. The normalizations of the isotropic
and IC components (A5 and A6-A7) remain fixed to their best-fit values obtained in the TR.
The top of FM31 has a minor contribution from IC A8, and it is also freely scaled in the fit.
Finally, the H 1 and Bremsstrahlung components remain fixed to their GAFPROP
predictions. Note that the Bremsstrahlung component possesses a normalization of 1.0 + 0.6
in the TR, consistent with the GAFPROP prediction.

The baseline fit in FM31 results in positive residual emission in the fractional count
residuals between ~3-20 GeV. The residual emission in this corresponding energy range is
fairly smooth and extends over the entire held. The spatial residuals also show structured
excesses and deficits, primarily at lower energies (~1-3 GeV). Because of this poor data—
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model agreement, additional freedom is given to the fit, including freely scaling the IC
components in FM31 and rescaling the diffuse components in smaller subregions. The latter
fit is performed in order to allow for any unmodeled spatial variation in the CR density,
ISRF density, and/or spin temperature. We find that the general features of the residual
emission persist even with these variations.

A significant fraction of the structured excess emission in FM31 is found to be spatially
correlated with the H 1 column density and the foreground dust, including regions where the
dust is relatively cold. This may be indicative of a spatially varying spin temperature, which
is not properly accounted for by the rescaling in the smaller subregions. Correspondingly,
the structured residual emission may be related to inaccuracies in the modeling of the DNM,
which in general is determined as part of an all-sky procedure. A part of the shell of Loop IlI
is also present in FM31, while Loops Il and IlIs cover it completely. This may imply that
some of the gas-related emission in the region is produced by a population of particles with
the spectrum that is harder than that of the old CR population. Note that the H 1 =°-related
y-ray component is dominant in FM31 for energies below ~5 GeV.

Therefore, we refine the baseline IEM by constructing a template to account for potential
mismodeling of these components. The template is obtained by selecting the excess
emission in FM31 that correlates with H 1 tracers. We refer to this as the arc template. This
procedure accounts for any unmodeled H 1 (or other Galactic gas), as well as any
mismodeling in its line-of-sight distance, spin temperature, and spectral index variations.

We find that the specialized IEMs for the analysis of FM31, both the baseline model and the
baseline model with the arc template, yield an extended excess at the level of ~3-5 % in the
~3-20 GeV energy range. We have also tested a number of additional systematic variations
to the fit. With the M31 IEM, we allowed for additional freedom by varying the index of the
IC components and the H i-related components using a PF scaling. The fit was also
performed with two alternative IEMs: namely, the IG and FSSC IEMs. Each alternative IEM
has its own self-consistently derived isotropic component and additional point sources. In
addition, we tested systematic variations to the spectra of 3FGF sources (although the point
sources are not a major uncertainty for this analysis). In total, we perform nine main
variations of the fit (see Figure 29), using three different IEMs (although all IEMs share
similar underlying H 1 maps). The excess is observed for all of the physically motivated
IEMs intended for extended source analysis.

Using our benchmark model (the M31 IEM), we have demonstrated that the excess is robust
against the systematic studies of the MW foreground emission that we have considered, and
that it significantly decreases outside of FM31 (as evidenced by the lack of a similar excess
in the TR). This indicates that the excess originates at least partially from outside of the MW
and it is significant toward M31. However, we do not rule out the possibility that the signal
may also include an MW component, as discussed below.

We note that, apart from the structured residual emission correlated with the foreground gas
and dust, which is accounted for with the arc template, other structured excesses and deficits
in FM31 are found to be correlated with the major axis of the M31 disk. Likewise, a portion
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of the H 1 column densities in the outer Galaxy (A6 and A7) are found to be correlated with
M31’s major axis as well. This is an indication that some of the gas currently assigned to the
MW may actually reside in the M31 system, as was also pointed out in Ackermann et al.
(2017a). This will be fully addressed in a forthcoming work.

A component of the residual emission in FM31 is observed to be positionally coincident
with the projected position of M33, and a portion of this emission may have an actual
physical association; however, further investigation has been left for future studies. Aside
from the structured excesses and deficits, which are observed primarily in the lower energy
range (~1-3 GeV), the majority of the excess emission is roughly uniformly distributed
across FM31, corresponding to the positive residual emission observed in the fractional
count residuals between ~3-20 GeV.

To determine whether the excess presents a spherically symmetric gradient about the center
of M31, which would lend support to the hypothesis that it originates from there, we
perform a further fit in FM31 by including three symmetric uniform templates centered at
M31. This also allows us to quantify the spectrum and gradient of the positive residual
emission. The templates are fit concurrently with the other components of the baseline IEM,
including the arc template.

The inner disk (inner galaxy) has a radial extension of 0°4 (5.5 kpc projected radius). This is

the best-fit morphology as determined in Ackermann et al. (2017a), and it corresponds to the
bright y~ray emission toward M31’s inner galaxy. The intermediate ring (spherical halo) has
a radial extension from 0°4 < r < 8°5 (117 kpc projected radius). This extension excludes

most of the residual emission associated with the arc template, while also enclosing a
majority of M31’s globular cluster population and stellar halo, as well as the M31 cloud.
The outer ring (far outer halo) covers the remaining extent of FM31, corresponding to a total
projected radius of ~200 kpc. and likewise it begins to approach the MW plane toward the
top of the field. We find that all templates are significantly detected (with a significance of
>50). Furthermore, the M31-related components are able to flatten the positive residual
emission in the fractional count residuals.

For the fit with the arc template and M31-related components, the best-fit normalizations of
the IEM components are overall in good agreement with the GALPROP predictions, and
they also agree with the best-fit normalizations obtained for the all-sky fit in the
determination of the isotropic component. The total integrated flux for the H1 A5
component plus the arc north and south components is 185.6 + 12.9 ph cm™2 s71, consistent
with that of the baseline fit (with IC scaled). In turn, the corresponding local average
emissivity is consistent with the measurements made in Abdo et al. (2009a), Ackermann et
al. (2012c), and Casandjian (2015).

The normalization of the H 1 A6 component is consistent with the GALPROP prediction.
The normalization of the H 1 A7 component is a bit high at 2.8 + 0.4 (as for all fits in FM31),
but this component may contain a fraction of gas that actually resides in the M31 system—
as was discussed previously and shall be further discussed below. The normalizations of the
IC A5 and A6-A7 components are consistent with the all-sky average obtained in the
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isotropic calculation (Table 2). The normalization of the IC A8 component is high, which is
true for all fits in FM31, but this component is subdominant and only contributes along the
top of the field, corresponding to the Galactic plane.

The spectrum and intensity for the inner galaxy are consistent with previously published
results. We note, however, that the spectrum derived between 1 and 100 GeV is softer than
that derived between 300 MeV and 300 GeV (albeit consistent within errors). This is due to
the energy range used for the calculation. The spherical halo and far outer halo have
intensities that are much dimmer than the inner galaxy and present a mild intensity gradient,
tapering off with distance from the center of M31. Their spectra are significantly different
from all the other extended components in FM31. They peak between ~5-10 GeV, and drop
off below and above these energies more steeply than all other contributions. We find it
difficult to reconcile these spectra with the possibility that the excess emission originates
solely within the MW, further setting it apart from known Galactic sources. Beyond these
general features, the spectra for the two outer annuli differ from each other, with the far
outer halo presenting a harder spectrum at low energies.

To further test the symmetry of the residual emission in FM31, we also perform a fit in
which we divide the spherical halo and far outer halo templates into north and south
components, allowing the spectral parameters of each component to vary independently
(although all components are fit simultaneously). The cut is made at the midpoint of FM31
along the horizontal direction (parallel to the Galactic plane), corresponding to a latitude of
—21°5. The fit is otherwise performed just as for the fit with the full M31-related templates

(including the arc north and south). We find that all components are significantly detected
(with a significance >50). The results for this test further demonstrate the importance of the
MW modeling and that the excess is likely to have a significant MW component. In
particular, the emission associated with the far outer halo is more likely to be related to the
MW than the M31 system. Still, the nature of this emission remains unclear.

Given the approximately uniform spatial distribution of the excess emission (as most clearly
indicated by the fit with the full M31-related templates), understanding its interplay with the
isotropic component is crucial. We have investigated this issue and concluded that the excess
emission is robust within the systematic uncertainties in the isotropic component we have
considered. Our treatment of the isotropic component can primarily be found in Section 2.3,
Figure 8, Appendix B.2, and Appendix B.3. We note, however, that the isotropic emission
has a bump-like feature in the energy range that somewhat overlaps with the peak in the
spectrum of the M31-related components (as is most clearly seen in Figure 8). This might
suggest that the isotropic emission may include a component that originates from similar
processes in the extended halo of the MW.

These results show that, if the excess emission originates from the M31 system (at least
partially), its extension reaches a distance upward of ~120-200 kpc from the center of M31.
This is consistent with the expectation for a DM signal, as the virial radius for the DM halo
extends at least this far. To test this interpretation, we compare these results with the
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 also
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consider the contribution from the MW’s DM halo along the line of sight, as this component
has not been explicitly accounted for in this analysis. If such a component actually exists,
then it may be at least partially embedded in the isotropic component, as well as the other
components of the IEM, but it will not necessarily be fully absorbed. Note that, in general,
there is also expected to be some contribution from the local DM filament between M31 and
the MW.

We consider different assumptions for the amount of DM substructure in M31 (and the
MW), and we find that if one assumes a cold DM scenario 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.

This is an intriguing finding, however, its implications are far-reaching, and a better
understanding of the MW foreground is crucial before drawing any stronger conclusions.
Another crucial aspect is complementarity with other DM targets. Although these results are
consistent with other observations in y-rays, namely the GC excess and the constraints from
dwarf spheroidal galaxies, they imply that a large boost factor from substructures would
contribute to a DM signal from the MW halo. As already stated, this contribution has not
been accounted for in this analysis and might be at least partially embedded in the isotropic
component as well as other components of the MW foreground. Likewise, the M31-related
components might contain some contribution from the MW DM halo along the line of sight,
as well as some contribution from the local DM filament between M31 and the MW. From
our substructure calculations, we estimate that the intensity of an MW DM contribution in
FM31 may be on the order of ~1-10% of the isotropic intensity. Investigating this possibility
in more detail requires a dedicated analysis that lies beyond the scope of this work.

The CR halo of M31 might extend tens to hundreds of kpc from the center of M31. It is
possible that some of the emission in FM31 results from CR interactions with the ionized
gas of M31’s circumgalactic medium and/or stellar halo, which also extend well beyond the
galactic disk. However, based on the radial extent, spectral shape, and intensity of the M31-
related components, it seems unlikely that the corresponding emission is dominated by these
types of CR interactions.

We have also investigated the structured residual emission in FM31, as well as the emission
correlated with the H 1 »~ray maps, and compared them to different tracers of M31’s outer
disk and halo. These tracers include the M31 cloud, as well as M31’s populations of
globular clusters and satellite galaxies. We find features in the data that are positionally
coincident with some of these tracers, and most prominently with the M31 cloud. This is a
further indication that some of the structured emission observed in FM31 originates from
M31 rather than the MW. This in turn implies that the total y-ray emission from the M31
system extends well beyond the inner regions of the galactic disk. The M31 system is very
rich, and further analysis of these findings lies beyond the scope of this paper. Our primary
focus in this analysis is the more significant smoother component of the signal.
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In summary, we present the first search for extended emission from M31 in y-rays out to a
distance of ~200 kpc from its center. We find evidence for an extended excess that appears to
be distinct from the conventional MW foreground, having a total radial extension upward of
120-200 kpc from the center of M31. We discuss plausible interpretations for the excess
emission, but emphasize that uncertainties in the MW foreground—and in particular,
modeling of the H 1-related components—have not been fully explored and may impact the
results. The results also have a close link with the isotropic component (and likewise the IC
components), which may be inevitable considering the nature of the signal under
investigation. We find that a DM interpretation provides a good description of the observed
emission and is consistent with the GC excess DM interpretation. However, better
understanding of the systematics—and complementarity with other DM searches, as
discussed in the paper—is critical to settle the issue.
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Appendix A: Description of the Baseline IEMs

The baseline IEMs are built using GALPROP-based models (Ackermann et al. 2012b). The
GALPROP code for CR propagation and diffuse emission (Moskalenko & Strong 1998;
Strong & Moskalenko 1998) has been under development since 1996 and is a de facto
standard in astrophysics of CRs. It solves the CR transport equation with a given source
distribution and boundary conditions for all CR species. This includes all relevant processes,
such as the Galactic wind (convection), diffusive reacceleration in the interstellar medium,
energy losses, nuclear fragmentation, radioactive decay, and production of secondary
particles and isotopes. The numerical solution of the transport equation is based on a Crank-
Nicholson implicit second-order scheme. Diffusion of CRs in the Galaxy is assumed to be
homogeneous and isotropic within a cylindrical volume, defined by the parameters zand r,
which give the position along the longitudinal and polar axes. The spatial boundary
conditions assume free particle escape. For a given halo size, the diffusion coefficient, as a
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function of momentum and propagation parameters, is determined from secondary-to-
primary ratios.

The GALPROP code computes a full network of primary, secondary, and tertiary CR
production starting from input source abundances. Starting with the heaviest primary
nucleus considered (e.g., 54Ni, A = 64), GALPROP uses the dependency tree to compute the
source terms for each propagated species, while production and propagation of secondary et
and p are calculated at the final steps. Calculations of nuclear fragmentation and production
of secondary isotopes are detailed in Génolini et al. (2018). The inelastically scattered pand
p are treated as separate components (secondary p, tertiary p). GALPROP includes K-
capture, electron stripping and pick up, and knock-on electrons.

The y-ray and synchrotron emissivities are calculated using the propagated CR distributions,
including a contribution from secondary &* (Strong et al. 2004a; Porter et al. 2008).
Production of 7° and secondary é* is calculated using parameterizations by Kamae et al.
(2006), KachelrieR & Ostapchenko (2012), and Kachelriess et al. (2014). The IC scattering
is treated using the formalism for an anisotropic photon field (Moskalenko & Strong 2000)
with the full spatial and angular distribution of the ISRF (Porter & Strong 2005; Porter et al.
2008, 2017). The electron Bremsstrahlung calculations are described in Strong et al. (2000).
Intensity skymaps are then generated using line-of-sight integrations where the gas-related
y-ray intensities (7z°-decay, Bremsstrahlung) are normalized to the column densities of H |
and H, for Galactocentric annuli based on recent 21 cm and CO survey data. More details
can also be found in Ptuskin et al. (2006), Strong et al. (2007), Vladimirov et al. (2011), and
Johannesson et al. (2016), as well as in the description of the most recent version of
GALPROP v.56 (Moskalenko et al. 2017; Porter et al. 2017, and references therein).

The interstellar gas distributions and gas-related y-ray emission are the cornerstones of the
analysis presented in this paper. The Galactic gas content is dominated by atomic (H 1) and
molecular hydrogen (H,), which are present in approximately equal quantities (~10% Mg) in
the inner Galaxy, but with very different radial distributions. Helium represents ~10% by
number and is usually assumed to be distributed similarly to the neutral gas. There is also a
small fraction of low-density ionized hydrogen (H 11). The Hy gas is distributed within R <
10 kpc, with a peak at ~5 kpc and a scale height of ~70 pc. It is concentrated mainly in dense
clouds of typical density ~103 atom cm~2 and masses 10*-10%Mg. The H, gas cannot be
detected directly on large scales, but the 115 GHz emission of the molecule 12CO is a good
“tracer” because it forms in the dense H, clouds (Bolatto et al. 2013). The recent result
obtained from a complete CO survey and infrared and Hi maps gives Xco = M,/ Weo =
(1.8-2.0) x 1020 cm=2 K~1 km™1 s (Dame et al. 2001 Bolatto et al. 2013). Observations of
the diffuse y-ray emission from the local medium and the whole Galaxy indicate that the
local values are smaller and there are variations even in the local clouds (0.63-1.0) x 1020cm
~2K-1km=1 s (Ackermann et al. 2012c), while a gradual increase of Xcq toward the outer
Galaxy is observed on the larger scale (Strong et al. 2004b; Ackermann et al. 2012b).

H 1 gas is mapped via its 21 cm emission line, which gives both distance (from the Doppler-
shifted velocity and Galactic rotation models) and density information. The H 1 gas extends
out to ~35 kpc, with a scale height of ~200 pc in the inner Galaxy that increases
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considerably in the outer Galaxy (Kalberla & Kerp 2009). This results in an increase in the
surface density with distance from the Galactic center that peaks at 10-20 Mg, pc ~2 at ~12
kpc before it starts falling exponentially with a scale length of 3.75 kpc. The H 1 disk is
asymmetric with warping in the outer disk, and extends up to about 5 kpc above the Galactic
plane in the north. The gas density is ~1 atom cm~3 in the Galactic plane out to a
Galactocentric radius of ~14 kpc, beyond which it decreases quickly. Less studied is a cold
component of H 1, which does not emit at 21 cm and correlates with the H, distribution
(Kolpak et al. 2002; Grenier et al. 2005). Its presence is detected using absorption spectra
measured against bright radio sources or by using the dust reddening maps.

For the purposes of calculation of )-ray skymaps, all interstellar gas (H 1, H») is assigned to
the Galactocentric annuli, providing column density maps for each annulus (so-called gas
maps). Because the kinematic resolution vanishes for directions near the Galactic center and
Galactic anti-center, the gas maps are interpolated across the regions |4 < 10° and |180° — / <
10°. However, these regions do not overlap with the fields analyzed in this paper. The main
uncertainty in deriving the H 1 column densities MH 1) is the H 1 spin temperature, which is
used to correct for the opacity of the 21 cm line.

Infrared emission from cold interstellar dust is also employed in the determination of the H |
and H, gas maps. Dust reddening maps, £(B - V), are used to correct for uncertainties in
MH 1) and M(CO), which may not trace all of the neutral gas. Because the quantity of dust
traced by £(B - V) cannot be reliably determined in regions with high extinction, two
magnitude cuts (2 and 5 mag) are applied to the maps. The extinction is highest along the
MW plane and toward the inner Galaxy, but does not have a significant effect for the M31
field.

The ionized hydrogen (H 1) averages only a few percent of the density of the neutral gas.
However, because of its extended spatial distribution, it contributes significantly to the y-ray
emission at high latitudes. The modeling of H 11 is based on pulsar dispersion measurements
(Gaensler et al. 2008).

The ISRF is a major component in calculation of the skymap distribution of the IC emission.
The Galactic ISRF (optical, infrared, and cosmic microwave background) is the result of the
emission by stars, along with scattering, absorption, and re-emission of absorbed starlight by
dust in the interstellar medium. Because dust is optically thick to starlight, one has to model
the radiation transport to obtain the spatial distribution of the ISRF intensity and spectrum
throughout the Galaxy. The major uncertainties in calculations of the ISRF include the
distribution of stars and star classes in the Galaxy, as well as the distribution of dust and its
properties.

B: Additional Systematic Checks

In this section, we check some additional systematics pertaining to the observations. Using
the M31 IEM, we vary the index of the IC components and the H i-related components. In
addition, we repeat the analysis with two different IEMs: namely, the IG IEM and the FSSC
IEM. We also take a closer look at the 3FGL point sources in FM31. Last, we check the
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systematics relating to CR contamination in the detector. Note that both of the additional
IEMs employ the same underlying gas maps (H 1 and H5), which are also used for the M31
IEM, and so these tests do not address the systematics relating to the 3D gas distribution in
the line of sight. In particular, the H 1 maps for all IEMs use the same cuts in velocity and
space for M31.

B.1. The M31IEM

Using the M31 IEM, we perform additional variations of the fit. First, we vary the index of
the IC components using a PL scaling. Otherwise, the fit is performed in the standard way,
including iterating over all the point sources. Table 14 reports the normalizations and indices
of the diffuse components for the fit in the TR, and the resulting fractional count residuals
are shown in the left panel of Figure 37. The IC components show a hardening toward the
outer Galaxy. The normalization of the isotropic component is higher than the value found in
the main analysis, but still consistent within 1o. The count residuals are qualitatively
consistent with what is found in the main analysis. The improvement in the fit is —2ALog L
= 6.

Table 15 reports the normalizations and indices of the diffuse components for the fit in
FM31, and the resulting fractional count residuals are shown in the right panel of Figure 37.
The IC components show a hardening toward the outer Galaxy, consistent with the results
for the TR. The normalization of H 1 A5 is 1.22 + 0.04, compared to its baseline value of
1.04 £ 0.04. The fractional count residuals still show a clear excess between ~3-20 GeV,
with the data being over-modeled above and below this range. For this particular fit, the
isotropic normalization was held fixed to its original value of 1.06. We also tested repeating
the fit with the isotropic normalization fixed to 1.12 (from the TR with I1C index scaled), but
the results where essentially the same. To verify, we also repeated the arc fit with the M31
components, and the results are qualitatively consistent with those found in the main
analysis.

TR IC Index Scaled FM31 IC Index Scaled
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Figure 37.
Fractional energy residuals resulting from varying the index of the IC components using a

PL scaling. Otherwise, the fit is performed in the standard way. The left shows the results for
the TR and the right is for FM31.
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Table 14

Scaling the Index for the IC Components in the TR

Component  Normalization Index, Aa

H1 7° A5 1.09 +£0.03
H1 7°, A6 52+1.33
H 1 =°, A7 0.00 + 0.06
H, 7°, A5 2.10+0.12
IC, A5 2.11+0.15 0.07 £ 0.04
IC, A6-A7 3704 -0.21 +£0.09
Isotropic 1.12+£0.06

Note. We vary the index of the IC components using a PL scaling dAV/dE « EBa The new effective index is the original
index plus the best-fit index; i.e., add the exponents.

Table 15

Scaling the Index for the IC Components in FM31

Component  Normalization Index, Aa

H1 7° A5 1.22+£0.04

H1 7°, A6 0.35+0.2

H1 =° A7 243+04

H, 7°, A5 27403

IC, A5 1.86+0.1 -0.07 £0.03
IC, A6-A7 1.35+04 -0.32+£0.08
IC, A8 43.3+158 -06+0.1

Note. We vary the index of the IC components using a PL scaling d\V/dE o EBa The new effective index is the original
index plus the best-fit index; i.e., add the exponents.

Table 16
Scaling the Index for the H 1-Related Components in the TR

Component  Normalization Index, Aa

HIn A5 1124001  -0.01+0.01
H 1 7°, A6 6.05+069  -0.56+0.12
HI e, A7 0.00+0.1 0+0
H, 7°, A5 2.1+0.07

IC, A5 2.31+0.02

IC, A6-A7 3.34+0.15
Isotropic 1.01+0.01

Note. We vary the index of the H I-related components using a PL scaling dAV/dE o £Da The new effective index is the
original index plus the best-fit index; i.e., add the exponents.
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Table 17
Scaling the Index for the H i1-Related Components in FM31
Component  Normalization Index, Aa
HI 7, A5 139£004  -0.13+0.02
H1 7, A6 061+027  -0.24+0.35
HI e, A7 301+042  -039+0.11
H, 7°, A5 2.83+0.26
IC, A5 16+0.11
IC, A6-A7 1.13+0.29
IC, A8 0.00+0.01
Note. We vary the index of the H I-related components using a PL scaling dAV/dE o EBa The new effective index is the
original index plus the best-fit index, i.e., add the exponents.
We also test varying the index of the H i-related components using a PL scaling. The best-fit
normalizations and indices for the fit in the TR are reported in Table 16. The best-fit index
for H 1 A5 is consistent with zero, thereby returning the original spectral shape. The H 1 A6
and H 1 A7 components show significant changes in index and/or normalization, but their
contributions at the TR are very minor and not constrained well. Consequently, their
normalization can become very high (H 1 A6) or go to zero (H 1 A7), but with minimal
impact on the fit in the TR.
We next scale the index for the H i-related components in FM31. Results for this fit are
reported in Table 17. The H 1-related emission shows a significant hardening toward the
outer Galaxy. The H 1 A5 component obtains a best-fit index Aa of —0.13 £ 0.02, in direct
contrast to the result from the TR. For the outer Galaxy, the H 1 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.
Spectral Index (CR Protons)
At @ FM3L HI AS-A7 (baseline: GALPROP fit to LIS) ¥ i FM31 HI-Related Index Scaled
TR HI AS (index scaled: a-lc T Ll T 1 ity 1 L 1 ] LI
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Figure 38.
Left: the index of the H i1-related emission as a function of Galactocentric radius. The black

circles give the baseline index for the M31 IEM corresponding to the GALPROP prediction
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E> dN/dE [MeV cm®stsrt]

(~2.75). The cyan circle is the best-fit index for the local annulus obtained in the TR (using
the M31 IEM), which is consistent with the GALPROP prediction. The red squares show the
results for scaling the index of the H 1-related components in FM31. The middle ring, A8,
has the smallest radial extension—and likewise, it has the largest error bars. We also repeat
the fit using the IG IEM, which only has one outer ring. The results for the IG IEM are
shown with blue diamonds, and they are qualitatively consistent with the M31 IEM. For
comparison, we also show other measurements. The purple upward-pointing triangles are
from Acero et al. (2016). For the local ring, the fit includes all longitudes and 10° < | <
70°; for the outer Galaxy (last two rings), the fit includes all latitudes and 90° < /< 270°.
The gray rightward-pointing triangles are from Yang et al. (2016). The fit is performed in the
latitude range |4 < 5°. The green dashed band is also from Yang et al. (2016), and it shows
the 1o average photon index (above 2 GeV) in the region 10° < |4 < 15° and 90° < /< 150°,
which corresponds to the M31 direction. Last, the brown dashed curve is a model fit from
Recchia et al. (2016), which is based on nonlinear CR propagation in which transport is due
to scattering and advection off self-generated turbulence. These other studies find evidence
for a gradual softening toward the outer Galaxy. There is clearly a significant anomaly in
FM31. Right: fractional energy residuals resulting from scaling the index of the H i-related
components, for both the M31 IEM and the I1G IEM.
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Figure 39.
The isotropic component includes unresolved diffuse extragalactic emission, residual

instrumental background, and possibly contributions from other Galactic components that
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have a roughly isotropic distribution. The spectrum has a dependence on the IEM and the
ROI used for the calculation, as well as the data set. For the IG IEM (which uses the
isotropic 1C sky maps), we calculate the All-Sky (solid black line) isotropic component in
the following region: |4 = 30°, 45° < /= 315°. We also calculate the isotropic component in
the different sky regions as follows. North: &= 30°, 45° < /< 315° (orange dashed line).
South: =< -30°, 45° < /=< 315° (green dashed line). East: |{ = 30°, 180° < /=< 315° (blue
dashed line). West: |4 = 30°, 45° < /< 180° (purple dashed line). The calculations are
performed using a log parabola (LP) scaling for the diffuse components. In addition, we
calculate the isotropic spectrum at high latitudes (|4 = 50°), scaling just the normalizations
of the diffuse components. The brown squares show the official FSSC isotropic spectrum
(iso_P8R2_CLEAN_V6_v06). The gray band is our calculated isotropic component
systematic uncertainty for the IG IEM, as shown in Figure 8.
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Flux and Residuals (FM31, IG IEM)
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Figure 40.

Flux (upper panel) and fractional count residuals (lower panel) for the fit in FM31 with the
IG IEM. The H 1 and Bremsstrahlung components are fixed to their GALPROP predictions.
The normalizations of the IC, H i-related, and H-related components are fit to the y-ray
data in FM31, as well as 3FGL sources within 20° of M31, along with additional point
sources that we find using our procedure. The fit is performed with the high-latitude
isotropic component fixed to its nominal value (1.0). The bottom panel shows the fractional
residuals, and the blue band shows the corresponding fractional residuals for the baseline fit
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(with IC scaled) with the M31 IEM. For reference, the residuals (data—model) are also
plotted in the upper panel (faint gray band).

The left panel of Figure 38 shows the index as a function of Galactocentric radius. Note that
the values reported from this analysis are obtained by fitting a PL to the )~ray spectrum for
energies above 2 GeV (i.e., the photon index). Also shown are the results of the template fits
from Acero et al. (2016) and Yang et al. (2016), as well as a model interpretation from
Recchia et al. (2016). The index of the gas-related emission from those fits shows evidence
of a gradual softening toward the outer Galaxy, which may also provide a hint to the origin
of the flat CR gradient in the outer Galaxy (Strong & Mattox 1996; Strong et al. 2004;
Recchia et al. 2016). The results obtained in FM31 clearly show an anomaly with respect to
these other measurements, as well as an anomaly with respect to the results in the TR and
the GALPROP predictions. The anomaly is most clearly evident for the outer Galaxy rings,
A6 and A7, and it is also these rings that are found to be partially correlated with the M31
system, as is clearly seen in Figure 17. Because of this, we also tested the fit with the IG
IEM, which only has one outer ring (see Table 1). The results for the IG IEM are
qualitatively consistent with the M31 IEM. These results support our conclusion that the
MW IEM may be holding a fraction of gas that actually resides in the M31 system, as
already discussed in the main text.
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Figure 41.
Spatial count residuals (data—model) resulting from the fit in FM31 with the IG IEM for

three different energy bands, as indicated above each plot. The energy bins are chosen to
coincide with the excess observed in the fractional residuals. The color scale corresponds to
counts/pixel, and the pixel size is 0°2 x 0°2. The images are smoothed using a 1° Gaussian

kernel. This value corresponds to the PSF (68% containment angle) of Fermi-LAT, which is
~1° at 1 GeV. For reference, the position of M33, (/,5) = (133°61, —31°33), is shown with a

yellow triangle.
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Table 18

Normalizations of the Diffuse Components and Integrated Flux

Component  IG IEM Original Corrected Flux (x1079) (phcm™2  Intensity (x1078) (ph cm
Value Value sh “2g71lgr )

HI 7° A5 0.78 £0.02 121 0.94 179.4+58 76.3+25

HI ° A6 0.75+0.08 1.74 1.3 258+2.7 110+11

H, 7°, A5 1.1+0.2 14 15 23+04 1.0+0.2

IC, A5 18+0.1 15 2.7 86.4+54 36.7+2.3

IC, A6 20+£03 18 3.6 545+6.9 23.1+29

Note. Diffuse normalizations and flux for the IG IEM. The original values are from Ajello et al. (2016), and they give the
initial scaling with respect to the GALPROP predictions. The corrected value is then the product of the original value with
the current value (second column). Intensities are calculated by using the total area of FM31, which is 0.2352 sr. The fit
uses the high-latitude isotropic spectrum fixed to 1.0.

The fractional count residuals that result from this fit are shown in the right panel of Figure
38. The fit does a better job at flattening the residuals, but excess emission still remains. To
quantify the remaining excess, we fit the M31-related components. All other diffuse
components are held fixed to the values obtained in the baseline fit, except for the
normalizations of the gas components, which are rescaled. We also iterate through all the
point sources. In this case, the spherical halo component is detected at ~3oand 4o, for the
M31 and IG IEMs, respectively. The spectrum remains qualitatively consistent with the
results obtained in the main analysis. The far outer halo is not significantly detected.

The purpose of this test was to allow for a gradual softening toward the outer Galaxy, as has
been reported in other studies. We instead found a significant hardening. This result is
included here only as a systematic check, but it is not a proper description of the foreground
gas-related emission. However, it does further support the conclusion that there is some
significant anomaly in FM31.

Inner Galaxy IEM

The analysis is repeated with the IG IEM. Like the M31 IEM, the IG IEM is also a
GALPROP-based model. There are, however, some important differences between the two,
as summarized in Table 1. The IG IEM was initially tuned to Pass 7 data, whereas we use
Pass 8 data in this analysis. This is fine for the diffuse components, as we retune their
normalizations in FM31; however, the isotropic spectrum needs to be recalculated self-
consistently with the data set. The isotropic spectrum for the 1G IEM recalculated with Pass
8 data is shown in Figure 39, where we show it calculated for the all-sky analysis and
separately for specific regions. We use the same data selection as for the main analysis. For
the fit in FM31, we use the high-latitude spectrum fixed to its nominal value (1.0). This is in
contrast to the M31 IEM which uses the all-sky spectrum tuned directly to a TR region south
of FM31. Further, the IG IEM uses the isotropic approximation for the IC component,
whereas the M31 IEM uses the anisotropic formalism.
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The baseline fit is performed just as it is in the main analysis. Results for the baseline fit are
shown in Figure 40. The top panel in Figure 40 shows the best-fit spectra and the bottom
panel shows the resulting fractional count residuals. The blue band shows the corresponding
residuals for the M31 IEM (baseline with IC scaled). Results for the two IEMs are very
similar. Overall, the M31 IEM performs better over the entire energy range, showing
marginal improvements compared to the IG IEM. The spatial residuals are shown in Figure
41, and they are also qualitatively similar to those found with the M31 IEM. The best-fit
normalizations and corresponding flux and intensities for the diffuse components are
reported in Table 18. The table includes the original best-fit normalizations from Ajello et al.
(2016), as well as the corrected value, which is obtained by taking the product of the original

value with the updated value.
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The maps show the difference between the spatial residuals resulting from the baseline fit
and the spatial residuals resulting from the 3FGL optimized fit. For the optimized fit, the PL
spectral models are replaced with LogParabola spectral models. Three energy bins are
shown, just as in Figure 15. Green crosses show 3FGL sources with TS > 25, and slanted
green crosses show 3FGL sources with 9 < TS < 25. For the baseline fit, numerous 3FGL
sources with PL spectral models were overmodeling in bins 1 and 3, and undermodeling in
bin 2, as seen in Figure 16. As seen here, in bins 1 and 3, the 3FGL overmodeling is deeper
for the baseline fit, resulting in the surrounding blue regions, and in bin 2, the 3FGL
undermodeling is more severe for the baseline fit, resulting in the surrounding red regions;
i.e., numerous 3FGL sources show improvement in the spatial residuals with the optimized

fit.
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Figure 43.

All 3FGL sources in FM31 with a PL spectral model are fit with a LogParabola spectral
model. The spectral parameters for each source (norm, a, B, Ep) are initially set to the
corresponding values for the respective PL spectra, with Sinitially set to zero. Optimization
of the 3FGL sources leads to marginal improvement in the fractional energy residuals, and
most notably for the high energy deficit in the last few energy bins. The corresponding
differences for each energy bin are reported in Table 19. For the baseline fit, the likelihood
value is —log L = 143349; for the optimized 3FGL fit, it is —log L = 143308.

In addition to the positive residual emission between ~3-20 GeV, the fractional count
residuals for both IEMs also show a high energy deficit in the last few energy bins, reaching
as high as ~20%. Note, however, that the data in these higher bins are limited, and the error
bars are fairly large. Likely related to a portion of the high energy deficit are the point
sources in the held. Most of the 3FGL sources in FM31 are active galactic nuclei, and are
modeled with power law spectral models. Many of these sources are overmodeling in the
lower and higher energy bins, and undermodeling in the intermediate range, as seen in
Figure 16. This is an indication that some of the sources may be more consistent with a
different spectral model, such as a log parabola (LP) dMdE = Ny(El Ep) ~@POIEE) We
have tested this by replacing the PL spectral models of all 3FGL sources with LP models.
The spectral parameters for each source (norm, a, B, Ep) are initially set to the
corresponding values for the respective PL spectra, with ginitially set to zero. The fit is
otherwise performed in the standard way. Figure 42 shows the difference in the spatial
residuals for the baseline fit and the optimized fit. In bins 1 and 3, the 3FGL overmodeling is
deeper for the baseline fit, resulting in the surrounding blue regions; in bin 2, the 3FGL
undermodeling is more severe for the baseline fit, resulting in the surrounding red regions.
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Table 19

Difference in Fractional Energy Residuals

Energy Bin  Baseline-Optimized
1 -0.004
2 -0.004
3 0.0004
4 0.003
5 0.005
6 0.007
7 0.008
8 0.009
9 0.008
10 0.006
11 0.004
12 0.0003
13 -0.004
14 -0.01
15 -0.02
16 -0.03
17 -0.05
18 -0.06
19 -0.08
20 -0.12

Note. The corresponding plot is shown in Figure 43.
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Table 20
The 3FGL Parameters for FM31
Name I (deg) b(deg)  Significance Flux Spectral Index Classification
(6 =4/TS)  (x107) (ph Type
cm2s7h
3FGL 111.66 -26.19 4.20 0.30 PL 2.35 ua
J0001.6+3535
3FGL 11096 -30.75 6.30(7.12) 0.30 (0.37 PL 2.55 (3.02 ua
J0003.4+3100 +0.07) +0.31)
3FGL 116.49 -4.91 5.40 0.50 PL 2.18 ua
J0003.5+5721
3FGL 113.33 -23.61 10.50 (7.19) 0.60 (0.44 PL 2.62 (3.09 fsrq
J0006.4+3825 +0.08) +0.39)
3FGL 11491 -15.87 4.60 (3.52) 0.30 (0.15 PL 2.42(2.19 ua
J0006.6+4618 + 0.06) +0.33)
3FGL 113.98 -22.01  4.50 (8.87) 0.30 (0.36 PL 2.28(2.18 ua
J0007.9+4006 +0.06) +0.17)
3FGL 115.33 -15.00 24.70 (30.90) 2.00 (1.88 PL 2.02 (2.06 bll
J0008.0+4713 +0.05) +0.06)
3FGL 116.12 -11.80 36.50 (38.42) 3.10 (2.51 PL 1.93 (1.97 bll
J0009.3+5030 +0.06) +0.05)
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Name | (deg) b (deg) Significance Flux Spectral Index Classification

(c =4TS) (107 (h  Type

cm2s7h

3FGL 118.08 -4.48 5.50 0.40 PL 1.91 bll
J0014.7+5802
3FGL 117.91 -6.65 6.40 0.40 PL 211 beu
J0015.7+5552
3FGL 11443  -32.53 5.00 (9.03) 0.20 (0.25 PL 1.86 (1.75 bil
J0018.4+2947 +0.04) +0.17)
3FGL 117.84 -15.73 4.20 0.20 PL 2.78 ua
J0022.7+4651
3FGL 117.75 -17.68 9.00 (6.50) 0.50 (0.34 PL 2.57 (2.73 fsrq
J0023.5+4454 +0.07) +0.30)
3FGL 118.95 -23.51 5.00 0.20 PL 2.56 ua
J0032.5+3912
3FGL 120.99 -2.98 27.50 2.70 PL 1.90 bll
J0035.9+5949
3FGL 12058 -19.31 7.00 (7.27) 0.30(0.28 PL 1.96 (2.21 beu
J0039.1+4330 +0.06) +0.22)
3FGL 120.67 -22.00 6.40 (5.80) 0.10 (0.16 PL 1.13 (1.80 bcu
J0040.3+4049 +0.06) +0.30)
3FGL 120.82 -26.17 4.60 (4.81) 0.20 (0.16 PL 1.98 (2.02 bll
J0041.9+3639 +0.05) +0.26)
3FGL 120.14 -39.52 6.10 0.40 PL 2.35 fsrq
J0042.0+2318
3FGL 12113 -21.55 5.80 0.40 PL 2.56 gal
J0042.5+4117
3FGL 121.16 -28.42 22.60 (41.16) 1.60 (2.56 PL 2.04 (1.96 fsrq
J0043.8+3425 +0.06) +0.05)
3FGL 121.06 -41.40 22.30 1.40 PL 1.90 bil
J0045.3+2126
3FGL 122.33 -5.89 18.10 1.60 PL 2.22 bil
J0047.0+5658
3FGL 12242  -8.07 5.00 (3.32) 0.10 (0.10 PL 1.33 (1.95 beu
J0047.9+5447 +0.07) +0.43)
3FGL 12191 -40.26 14.20 0.90 PL 2.33 fsrq
J0048.0+2236
3FGL 12222 -23.02 9.20 (17.40) 0.50 (0.73 PL 1.88 (1.95 bil
J0048.0+3950 +0.06) +0.10)
3FGL 12245 -20.46 6.90 (6.47) 0.30 (0.17 PL 1.77 (1.64 ua
J0049.0+4224 +0.05) +0.21)
3FGL 12459 -29.58 8.30 (6.41) 0.50 (0.31 PL 2.41(2.80 fsrq
J0058.3+3315 +0.06) +0.31)
3FGL 12492 -17.86 4.10 (3.06) 0.30 (0.11 PL 2.27 (2.08 ua
J0102.1+4458 +0.03) +0.18)
3FGL 125.09 -20.54 12.70 (6.69) 0.50 (0.32 PL 2.69 (2.84 fsrq
J0102.3+4217 +0.06) +0.31)
3FGL 124.87 -14.16  20.30(28.19) 2.20 (2.33 PLEXP 2.20 (1.77 PSR
J0102.8+4840 +0.10) +0.24)
3FGL 124.43 -4.41 51.50 6.20 LP 2.25 fsrq
J0102.8+5825
3FGL 124,74 -9.21 10.40 (11.93) 0.70 (0.55 PL 2.04 (1.93 bll
J0103.4+5336 +0.06) +0.12)
3FGL 12585 -23.32 8.10 (11.63) 0.40 (0.54 PL 2.33(2.44 bil
J0105.3+3928 +0.05) +0.17)
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Name | (deg) b (deg) Significance Flux Spectral Index Classification
(c =4TS) (107 (h  Type

cm2s7h
3FGL 12548 -13.87 27.50 (36.90) 3.40 (3.09 PLEXP 2.11(0.75 PSR
J0106.5+4855 +0.08) +0.28)
3FGL 129.14 -39.86 81.10 8.70 LP 2.03 BLL
J0112.1+2245
3FGL 128.19 -30.53  44.50 (36.55) 3.00 (2.55 PL 2.36 (2.57 fsrq
J0112.8+3207 +0.07) +0.07)
3FGL 126.58 -12.90 12.20 (14.97) 0.90 (0.86 PL 2.30 (2.26 fsrq
J0113.4+4948 +0.07) +0.12)
3FGL 129.85 -37.21 17.00 1.20 PL 1.99 bil
J0115.8+2519
3FGL 127.69 -10.69 6.60 (6.10) 0.50 (0.37 PL 1.98 (2.30 bcu
J0121.7+5154 +0.08) +0.21)
3FGL 130.28 -28.03 9.60 (8.37) 0.30 (0.22 PL 1.48 (1.64 bl
J0122.8+3423 +0.05) +0.18)
3FGL 128.19 -7.95 4.60 0.40 PL 2.53 ua
J0127.4+5433
3FGL 127.92 -5.95 5.80 0.50 PL 2.59 ua
J0127.5+5634
3FGL 129.05 -13.58 5.00 (5.39) 0.30(0.34 PL 2.45(3.19 ua
J0127.6+4851 +0.08) +0.58)
3FGL 133.12  -36.29 7.10 0.20 PL 3.10 fsrq
J0127.9+2551
3FGL 129.87 -17.86 7.50 (4.19) 0.50 (0.19 PL 2.33(2.47 fsrq
J0128.5+4430 +0.06) +0.31)
3FGL 128.56 -6.63 4.90 0.30 PL 1.90 bcu
J0131.3+5548
3FGL 130.96 -18.82 5.00 (3.64) 0.30(0.13 PL 2.30 (2.12 beu
J0133.3+4324 +0.05) +0.39)
3FGL 128.23 -2.93 4.30 0.40 PL 221 ua
J0133.3+5930
3FGL 134.74 -35.24 12.00 0.80 PL 1.99 bcu
J0134.5+2638
3FGL 132.41 -22.94  56.90 (67.43) 4.90 (4.38 PL 1.70 (1.65 bil
J0136.5+3905 +0.07) +0.03)
3FGL 130.79 -14.30  55.90 (54.10) 5.10 (4.81 LP 2.27(1.80 fsrq
J0137.0+4752 +0.11) +0.21)
3FGL 129.02 -4.09 13.50 (4.68) 1.20 PL 2.06 (0.81 bcu
J0137.8+5813 (3823.16 +0.10)

+ 846.66)
3FGL 137.28 -34.30 50.60 (64.04) 450 (5.72 LP 2.16 (2.22 bll
J0144.6+2705 +0.11) +0.16)
3FGL 131.76 -9.88 9.90 (15.25) 0.50 (0.55 PL 1.77 (1.61 beu
J0148.3+5200 +0.06) +0.11)
3FGL 132,72 -12.99 5.10 (3.68) 0.30(0.18 PL 2.62 (2.30 ua
J0149.6+4846 +0.06) +0.31)
3FGL 136.19 -24.17 5.60 (5.52) 0.30 (0.26 PL 2.41 (2.64 bcu
J0152.2+3707 +0.07) +0.32)
3FGL 133.98 -14.82 4.30 0.20 PL 2.55 ua
J0154.1+4642
3FGL 13469 -16.86 7.80 (9.35) 0.40 (0.47 PL 2.18 (2.28 bil
J0154.9+4433 +0.07) +0.18)
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Name | (deg) b (deg) Significance Flux Spectral Index Classification

(©c =yTS) (107 (ph  Type

cm2s7h

3FGL 136.43 -21.93 11.70 0.60 PL 2.50 bcu
J0156.3+3913
3FGL 136.78 -18.84 7.90 0.50 PL 2.28 bil
J0202.5+4206
3FGL 140.79  -29.64 36.90 3.20 LP 2.20 bil
J0203.6+3043
3FGL 140.53 -28.15 9.90 0.40 PL 2.94 fsrq
J0204.8+3212
3FGL 140.22 -24.88 6.00 0.20 PL 1.70 bil
J0208.6+3522
3FGL 137.20 -15.88 6.70 0.40 PL 1.97 bil
J0209.5+4449
3FGL 134.64 -6.99 4.50 0.40 PL 2.69 bcu
J0211.7+5402
3FGL 134.93 -7.65  25.10(29.05) 2.70 (2.59 LP 2.19(1.25 ua
J0212.1+5320 +0.10) +0.33)
3FGL 135.77 -9.07 7.20 0.40 PL 2.04 bil
J0214.4+5143
3FGL 139.52 -1751 44.00 5.40 PLEXP 2.29 PSR
J0218.1+4233
3FGL 141.87 -22.92 13.90 1.00 PL 2.58 bcu
J0218.9+3642
3FGL 142.61 -23.48 48.40 4.60 PL 2.28 FSRQ
J0221.1+3556
3FGL 140.15 -16.77 121.30 19.30 LP 1.94 BLL
J0222.6+4301
3FGL 141.71  -20.03 7.80 0.50 PL 2.40 ua
J0223.6+3927
3FGL 101.24 -17.24 5.20 0.20 PL 1.51 ua
J2300.0+4053
3FGL 103.39 -13.99 51.70 6.50 PLEXP 1.96 PSR
J2302.7+4443
3FGL 100.34 -21.06 13.00 0.70 PL 1.82 bil
J2304.6+3704
3FGL 100.41  -24.02 66.90 5.30 LP 2.34 FSRQ
J2311.0+3425
3FGL 103.05 -19.46 5.50 0.20 PL 2.79 ua
J2313.1+3935
3FGL 108.87 -9.18 4.30 (6.40) 0.30 (0.23 PL 2.02(1.89 ua
J2321.3+5113 +0.08) +0.25)
3FGL 106.57 -15.37 4.60 0.30 PL 2.64 fsrq
J2321.6+4438
3FGL 101.69 -27.08 26.40 2.10 LP 2.25 fsrq
J2321.9+3204
3FGL 102.87 -24.78 8.90 0.30 PL 1.44 bil
J2322.5+3436
3FGL 106.07 -17.80 25.10 1.80 PL 1.89 bil
J2323.9+4211
3FGL 10551 -19.98 23.40 2.00 LP 2.01 bll
J2325.2+3957
3FGL 10554 -22.17 13.20 (3.42) 0.80 (3.91 PL 1.93(2.15 bil
J2329.2+3754 +1.47) £0.51)
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Name | (deg) b (deg) Significance Flux Spectral Index Classification
(6 =4/TS) (x107) (ph Type
cm2s7h

3FGL 108.26  -19.62 4.40 0.30 PL 2.23 ua
12337.5+4108

3FGL 108.14 -22.04  4.20 (5.94) 0.30 (0.16 PL 1.92 (1.73 ua
12340.7+3847 +0.05) +0.22)

3FGL 107.45 -2620  6.80 (9.91) 0.30 (0.41 PL 1.75 (1.97 bl
12343.7+3437 +0.05) +0.15)

3FGL 11289 -9.90  32.00 (41.02)  2.40 (2.74 PL 1.78 (191 bil
12347.0+5142 +0.07) +0.05)

3FGL 11374  -7.13 4.70 0.20 PL 1.73 beu
12347.9+5436

3FGL 10757 -33.78  4.20 (5.44) 0.20 (0.20 PL 2.15 (2.27 ua
J2354.0+2722 +0.06) +0.27)

3FGL 11267 -1564  6.30 (3.35) 0.40 (0.16 PL 2.48 (2.65 fsrq
12354.1+4605 +0.06) +0.46)

3FGL 11172 -21.03  9.10(10.94) 0.40 (0.44 PL 1.72 (2.00 bl
12356.0+4037 +0.05) +0.14)

3FGL 11169 -2326  5.90 (9.10) 0.40 (0.37 PL 2.08 (2.11 ua
J2358.5+3827 +0.05) +0.17)

3FGL 11201 -2231  4.70 (4.87) 0.30 (0.19 PL 2.21(2.14 fsrq
12358.9+3926 +0.07) +0.33)

Note. All 3FGL sources within 20° of M31 are listed, along with their original corresponding parameters from the 3FGL
catalog available at http://vizier.cfa.harvard.edu/viz-bin/VizieR. In total, there are 95 sources. Parentheses give updated
values from this work (with the M31 IEM). There are 44 sources that are actually in FM31, as can be seen in Figure 16.
Although we scale the parameters for all sources within 20° of M31, we only give updated values for the sources with a
resulting significance >3o (which amounts to 48 sources). Note that sources outside of the held (within 30° of M31) are
included in the model to account for the PSF of the detector, as discussed in the text. The reported flux is integrated
between 1 and 100 GeV. For the 3FGL catalog, the significance is derived from the likelihood test statistic (TS) for 100
MeV-300 GeV. and for this work, the significance is derived from the energy range 1 GeVV-100 GeV. The spectral indices
also result from the respective energy ranges. The spectral types are either power law (PL), power law with exponential
cutoff (PLEXP), or log parabola (LP). The classifications are as follows: ua—unassociated; fsrq—hat spectral radio quasar;
bcu—blazar candidate of uncertain type; bll—Dbl lac type of blazar; psr—pulsar.

The fractional energy residuals resulting from the optimized fit are shown in Figure 43, and
the corresponding difference between the optimized fit and the baseline fit is reported in
Table 19. The optimized 3FGL improve the high energy deficit in the last few energy bins by
6-12%. However, the optimization does not have a significant impact on the positive
residual emission between ~3-20 GeV. Properties of all 3FGL sources within 20° of FM31,
including updated spectral parameters from the baseline fit with the M31 IEM, are

summarized in Table 20.

FSSC IEM

We also repeat the analysis using the official IEM provided by the Fermi Science Support
Center (FSSC IEM) for point source analysis. We note, however, that the FSSC IEM
generally 7s notintended for extended source analysis (see footnote 5) (Acero et al. 2016).
Construction of the FSSC IEM is based on a template fitting approach. In this approach, the
intensities of the model components are not calculated based on CR data and propagation
models as they are for the GALPROP-based IEMs; rather, a linear combination of gas and
IC components is fit to the y-ray data, based on corresponding spatial correlations (Acero et
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al. 2016). The different gas column density maps offer spatial templates for y-ray photons
originating mainly from m°-decay and Bremsstrahlung emission. For the IC component,
there is no direct observational template, and so it must be calculated. The FSSC IEM
employs an IC template from the GAFPROP code. We note that the FSSC IEM contains
patches to account for extended excess emission (EEE) of unknown origin, also referred to
as the “rescaled 1C component.” The region toward the north of FM31 (primarily in the MW
plane) contains such a patch.

Flux and Residuals (FM31, FSSC IEM)
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Figure 44.
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The top panel shows the best-fit spectra resulting from the FSSC IEM using the Clean data
class (with the Galactic diffuse index fixed). The bottom panel shows the resulting fractional
count residuals. Black squares are for the Clean class (with the Galactic diffuse index fixed),
green circles show the same fit but with the index of the Galactic diffuse component freed,
and blue triangles are for the UltraCleanVeto (UCV) class (with Galactic diffuse index
fixed). All components are fit in FM31, including the isotropic.

Figure 44 shows results for the baseline fit with the FSSC IEM. The fit is performed over the
energy range 300 MeV-300 GeV, using the same ROI as for the main analysis. The
normalizations of the diffuse components, Galactic and isotropic, are freely scaled in FM31,
along with the 3FGL point sources and additional sources that we find with our procedure.
Note that the index of the Galactic diffuse component is held fixed. The top panel in Figure
44 shows the best-fit spectra using the Clean data class. The bottom panel shows the
fractional count residuals. Black squares are for the Clean selection. The best-fit
normalizations and flux for the isotropic and Galactic diffuse components are reported in
Table 21. The spatial residuals resulting from the baseline fit are shown in Figure 45. They
are qualitatively consistent with the results for the GALPROP IEMs.

We also repeat the fit while freeing the index of the Galactic diffuse component.The best-fit
index and normalizations are reported in Table 22 and the fractional count residuals are
shown with green circles in the bottom panel of Figure 44. As can be seen, this variation is
able to flatten the excess between ~3-20 GeV. We again stress that the FSSC IEM is not
intended for extended source analysis, especially for weak sources, and this result illustrates
how an application of an improper IEM can alter the physical results.

Using the FSSC IEM, we also repeat the observations with the UltraCleanVeto data
selection. The isotropic background was found to be enhanced by a factor of ~2 at 1-3 GeV
within 20° of the Ecliptic/Equator compared to the poles, ascribed to primary CRs
misclassified as photons.14 The UltraCleanVeto data selection removes this anisotropy.
More generally, the UltraCleanVeto selection is the cleanest of all data classes, with respect
to CR contamination in the detector. Shown in the bottom panel of Figure 44 are the
fractional residuals resulting from the UltraCleanVeto selection (blue triangles). The
brackets in Table 21 give the best-fit normalizations for the fit. Note that the index of the
Galactic diffuse component is held fixed. The results are qualitatively consistent with the
clean data selection.

Table 21

Normalizations of the Diffuse Components and Integrated Flux for the FSSC IEM

Component FSSC IEM Flux (x107% (ph cm™2s™1)  Intensity (x1078) (ph cm=2s71sr 1)

Galactic 0.98 + 0.0002 1861.1 + 0.4 7911402
Diffuse  [1.002 + 0.004]

14For a discussion regarding the enhanced isotropic emission within 20° of the Ecliptic/Equator, see https://fermi.gsfc.nasa.gov/ssc/
data/analysis/LAT_caveats.html.
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Component FSSC IEM Flux (x107% (phcm™2s™1)  Intensity (x1078) (ph cm=2s71sr71)

Isotropic 1.04 +0.005 635.0 +3.3 2700+ 1.4
[1.04 +0.02]

Note. Diffuse normalizations and flux for the FSSC IEM with the Clean data selection. For reference, the normalizations in
brackets are for the UltraCleanVeto data selection. Intensities are calculated by using the total area of FM31, which is
0.2352 sr.

Table 22
Scaling the Index of the Galactic Diffuse Component for the FSSC IEM

Component Normalization Index, Aa

Galactic Diffuse  0.900 £ 0.007  -0.033 + 0.002
Isotropic 1.07+£0.01

Note. For this fit, we free the index of the Galactic diffuse component d\V/dE o E~Ba_ The fit is otherwise performed in
the standard way.

We fit the M31-related components (not including the arc template) using the FSSC IEM,
with the index of the Galactic diffuse component fixed. The best-fit spectra are shown in
Figure 46. For this fit, the normalization of the isotropic component is held fixed to its best-
fit value obtained in the baseline fit (1.04). The fit can also be performed by freeing the
normalization of the isotropic component, but in this case the M31-related components are
assigned more counts and the isotropic normalization is decreased. All other components are
fit simultaneously in the standard way. Two variations of the fit are performed. In one
variation, the M31-related components are given PL spectral models. In the second
variation, the M31-related components are fit with a power law per every other energy band
over the range 0.3-300 GeV. The free parameters include an overall normalization, as well
as the index in each respective energy bin. Note that a PLEXP spectral model does not
provide a good fit for the extended energy range. Defining the null model to be everything
but the spherical halo and far outer halo components, and the alternative model to include
the halo components, the significance of the fit is —2AlogL = 176.

The inner galaxy component shows a harder spectrum when fitting over the energy range
300 MeV-300 GeV, compared to 1GeVV-100GeV. Interestingly, the spectrum for the inner
galaxy component (when fit in energy bands) appears to show two distinct features: one
bump near 7 GeV and a second bump near 1 GeV. However, the data become limited as the
energy approaches 10 GeV, and only upper limits are obtained for higher energies.
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Spatial count residuals (data-model) resulting from the fit in FM31 with the FSSC IEM for
three different energy bands, as indicated above each plot. The energy bins are chosen to
coincide with the excess observed in the fractional residuals. The color scale corresponds to
counts/pixel, and the pixel size is 0°2 x 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°. For reference, the position of M33, (I, 5) = (133°61, — 31°33), is shown with a

yellow triangle.
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Figure 46.
The M31-related components (not including the arc template) are added to the model and fit

with the FSSC IEM. For this fit, the normalization of the isotropic component is held fixed
to its best-fit value obtained in the baseline fit (1.04). All other components are fit
simultaneously in the standard way. Two variations of the fit are performed. In one variation,
the M31-related components are given PL spectral models (dashed blue curves). In the
second variation, the M31-related components are fit with a power law per every other
energy band over the range 0.3-300 GeV (dashed gray curves). The free parameters include
an overall normalization, as well as the index in each respective energy bin. Corresponding
results for the M31 IEM are shown with solid purple curves.
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The spectra for the spherical halo component are fairly consistent for the two IEMs. For the
far outer halo component, the FSSC IEM shows a bump near 1 GeV. For this fit, we do not
include the arc template, and the bump at ~1 GeV may be related to inaccuracies in the
foreground model, akin to that which is accounted for using the arc template. Otherwise, the
spectra for the far outer halo are consistent for the different IEMs. Both the spherical halo
and far outer halo components show a sharp spectral cutoff at lower energies.

B.4. The Inner Galaxy

The inner galaxy of M31 has previously been detected, and we compare our results with the
results from these other studies as a consistency check. To be consistent with the other
studies, we use the FSSC IEM and a 14° x 14° ROI. We use an energy range of 0.3-300
GeV, with the PBR2_SOURCE event class, and the same time range as for the main analysis.
Our baseline model consists of the FSSC isotropic (iso_P8R2_SOURCE_V6_v06), Galactic
diffuse (gll_iem_v06), and 3FGL point sources. The model includes all 3FGL sources within
20° of M31, but only sources within 10° are freely scaled in the fit (normalization and
index).

We also find new point sources using our procedure. The procedure is employed self-
consistently with the FSSC IEM, and we include an M31 template based on the /R/5100 ym
map of the galaxy. TS maps for the region with and without the additional sources are
computed using the gttsmap package (included in the Fermi~LAT ScienceTools) and are
shown in Figure 47. The additional point sources are overlaid. Point sources with TS = 25
are shown with red crosses, while sources with 9 < TS < 25 are shown with red angled
crosses. We find that the agreement between the data and the model significantly improves
with the additional point sources, i.e., the initial TS map shows a bright extended region in
the lower right-hand corner. The point source-finding procedure models this region as three
point sources (all with very soft spectra), and as can be seen in the final TS map, these
sources do a fairly good job in absorbing the excess. However, this structure is more likely
part of a larger extended component, as discussed in the main analysis. We also find that the
peaks in the initial TS map are in good agreement with the positions of the additional point
sources.

One of the new point sources is located close to M31, as seen in Figure 47. Other studies
have observed a source at a similar location (Pshirkov et al. 2016b; Ackermann et al. 2017a).
In Pshirkov et al. (2016b), the source is detected with TS = 11.2 and is attributed to a nearby
AGN (FSRQ B3 0045+013). In Ackermann et al. (2017a), the source was found to have a
TS =12, where the TS map is calculated for energies between 1 and 100 GeV, in a 3°5 x 3°5

region around M31, with M31 modeled as a point source. From our procedure, we find this
source to have a TS = 14. We point out here, for the first time, that this source is spatially
coincident with NGC 205, having an angular separation of ~0°16. NGC 205 is an irregular

dwarf elliptical galaxy of M31, and it has a number of open issues that are associated with
its star formation history, total gas content, and its orbital history (Welch et al. 1998; Demers
et al. 2003; Marleau et al. 2006; Howley et al. 2008; Monaco et al. 2009). Theoretical
arguments support a history of violent supernova explosions in NGC 205, but no SNRs have
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[degrees from M31]

been detected (Lucero & Young 2007; De Looze et al. 2012). We leave further discussion to
a forthcoming analysis.

TS Map (initial) TS Map (final)

[degrees from M31]

0 0
[degrees from M31] [degrees from M31]

10 20 0 10 20 30
2AlogL 2AloglL

Figure 47.
TS map before and after the additional point sources are included in the model. Note that

M31 is modeled with an elliptical template based on the /R/5100 pm map of the galaxy The
region shown is a 14° x 14° square, centered at M31 (white circle). The color scale
corresponds to the TS value (2A log L), as calculated by gttsmap. Overlaid on the initial TS
map are the positions of the additional point sources that we find with procedure. Point
sources with TS = 25 are shown as red crosses, and sources with 9 < TS < 25 are shown as
angled red crosses.

Table 23

Comparison of Measured Values for the Inner Galaxy of M31

Template  -log(L) TS Index Flux Isotropic Galactic Energy Reference
(x1079) Normalization ~ Normalization Range
(ph cm
=271
M31 IEM 54 2.8 05+0.1 1-100 This study
+0.3 GeV
Baseline -4745 0.970 + 0.002 1.0167 0.3-100 This study
FSSC +0.0009 GeV
Point —4771 52 2.75 2.16 0.96 £ 0.03 1.02 £0.01 0.3-100 This study
FSSC +0.15 +0.35 GeV
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Template  -log(L) TS Index Flux Isotropic Galactic Energy Reference
(x107%  Normalization =~ Normalization Range
ehep
251
IRIS -4776 62 2.46 3.29 0.96 +0.01 1.017 £ 0.003 0.3-100 This study
FSSC +0.07 +0.24 GeV
Fermi 25.5 25 0.2-20 Abdo et al.
Point +0.3 GeV (2010)
Fermi 29 2.1 11.0 0.2-20 Abdo et al.
IRIS 0.3 +6.7 GeV (2010)
Fermi 0°4 97 2.4 10.0 0.1-100  Ackermann
. : +0.1 +20 GeV etal.
Disk (2017a)
Pshirkov 62 2.64 19+03 0.3-100 Pshirkov et
Point +0.15 GeV al. (20164,
2016b)
Pshirkov 79 24 26+04 0.3-100 Pshirkov et
IRIS +0.12 GeV al. (2016a,
2016b)

Note. Comparison of the y-ray emission when modeling M31 both as a point source and an extended source, where the
extended source is based on estimates from the /R/S 100 pm map of the galaxy. Our baseline model consists of the FSSC
isotropic (iso_P8R2_SOURCE_V6_v06), Galactic diffuse (gll_iem_v06), and 3FGL point sources. For this calculation, we
use a 14° x 14° ROI, in order to be consistent with the other studies. The reported flux is integrated over the entire energy
range. The TS is defined as —2Alog L.

The initial analysis by the Ferm/-LAT collaboration modeled the emission in M31 both as a
point source and using an elliptical template. All of the relevant measurements from that
analysis are given in Table 23. Also shown in Table 23 are the updated measurements from
Ackermann et al. (2017a), the measurements from Pshirkov et al. (2016a, 2016b), and our
current measurements (using the FSSC IEM). When M31 is modeled as a point source using
a power law spectrum, the best-fit index has a value of 2.75 + 0.15, the total flux integrated
over the energy range 0.3-300 GeV is (2.16 + 0.35) x 102 ph cm=2 s~ and the significance
is TS = 52. When modeled using the /R/S elliptical template, the spectrum is harder, having
an index of 2.46 + 0.07, the total flux is (3.29 + 0.24) x 102 ph cm~2 s~ and the statistical
significance is TS = 62.

Table 24

Comparison for the Gas and Bubble Templates

Template -log(L) TS Index Flux Isotropic Galactic Reference
(x1079) (ph Normalization Normalization
cm2s7h

Baseline -4875 0.91+£0.01 1.017 £ 0.004 This study
FSSC
Gas FSSC —4880 10 2.30 28+0.3 0.909 + 0.005 1.016 + 0.002 This study

+0.05
Bubbles -4880 10 2.33 1.96 £0.20 0.910 + 0.006 1.017 £ 0.003 This study
FSSC +0.07
Pshirkov 22 23x01 32+10 Pshirkov et al.
Gas (20163,

2016b)
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Template -log(L) TS Index Flux Isotropic Galactic Reference
(x1079) (Ph Normalization Normalization
cm2s7h
Pshirkov 28 2301 26+0.6 Pshirkov et al.
Bubbles (20164,
2016b)

Note. Our baseline model consists of the FSSC isotropic (iso_P8R2_SOURCE_V6_v06), Galactic diffuse (gll_iem_v06),
3FGL point sources, new sources determined from our point source-finding procedure, and an M31 template based on the
/RIS 100 pm map of the galaxy. For this calculation, we use a 14° x 14° ROI. We use an energy range of 300 MeVV-300
GeV. The gas template is a uniform 0°9 disk centered at M31, and the bubble template consists of two uniform 0°45 disks

perpendicular to the M31 disk. For each respective fit, the respective template is added in addition to the /R/Stemplate.
Note that Pshirkov et al. (2016b) find an additional source (TS = 11.2) near M31, and when including this source in the fit,
the TS for the gas template reduces to 15. The change in TS for the bubble template was not reported. We found a source in
a similar location with TS = 14. The TS is defined as —2Alog L.

The seeming discrepancies could be attributed to the different energy ranges and exposure
times. With our GALPROP-based IEM, and using the energy range 1-100 GeV, the index
for the inner galaxy template (0°4 uniform disk) is 2.8 + 0.3. This is a somewhat softer

spectrum than that measured in Ackermann et al. (2017a), namely 2.4 £ 0.1, although the
two values are still consistent within 1o This is likely attributed to the energy range used for
the fit. The spectral analysis in Ackermann et al. (2017a) shows a flattening of the flux
below 1 GeV, which would result in a hardening of the spectrum. When repeating the fit
with the FSSC IEM between 300 MeV-300 GeV, we obtain a best-fit index of 2.4 + 0.1 for
the inner galaxy component.

Evidence of a spherical y-ray halo around M31 with a 0°9 extension is reported in Pshirkov

et al. (2016a). In Pshirkov et al. (2016b), the morphology of the extended y-ray emission is
reported to consists of two bubbles symmetrically located perpendicular to the M31 disk,
akin to the MW Fermi bubbles. We have tested both these templates. We found that there is
evidence of an extended )-ray halo around M31, but we found no statistical preference
between the disk template and the bubble template. The corresponding measured values are
given in Table 24. In their analysis, they used a disk (bubble) template + the /R/Stemplate.
Performing the fit in this way, we found that both templates, disk and bubbles, have a TS =
10. Moreover, the characterization of the H 1 along the line of sight is a significant
systematic uncertainty when it comes to determining the actual morphology of the extended
emission from M31.

Appendix C: Details for the Dark Matter Radial Profiles

Observational evidence for DM in M31 comes from measurements of its rotational velocity
curve. Some of the earliest of these measurements were published by Babcock (1939),
Rubin & Ford (1970), and Roberts & Whitehurst (1975). These observations provide coarse-
grained properties of the dark matter distribution near the central regions of the halo where
the galaxy resides. With the existing data, the fine-grained structure of DM and its
distribution outside of the galaxy is primarily inferred from simulated halos.

In 1997, a variety of studies culminated in the realization that the spherically averaged mass
distribution of DM halos can be accurately described by an approximately universal profile,
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determined by the halo mass and halo characteristic density, as introduced by Navarro,
Frenk, and White (NFW; Navarro et al. 1997; Hayashi et al. 2007). However, individual DM
halos are not necessarily expected to be smooth or spherically symmetric, especially on
galactic scales (Kamionkowski & Kinkhabwala 1998; Braun & Burton 1999; Blitz et al.
1999; de Heij et al. 2002; Helmi 2004; Braun & Thilker 2004; Bailin & Steinmetz 2005;
Allgood et al. 2006; Bett et al. 2007; Diemand et al. 2007; Hayashi et al. 2007; Kuhlen et al.
2007; Banerjee & Jog 2008; Springel et al. 2008; Law et al. 2009; Zemp et al. 2009; Saha et
al. 2009; Banerjee & Jog 2011; Velliscig et al. 2015; Bernal et al. 2016; Moliné et al. 2017;
Pawlowski et al. 2017).

DM halos can form irregular shapes, depending on their environment and formation history.
In general, the geometry may either be spherical, ellipsoidal with an allowed minor to major
axis ratio d/aas low as ~0.4, or even lopsided. In addition, the local filament structure of the
cosmic web may also affect the halo geometry (Zhang et al. 2009; Carlesi et al. 2016;
Pawlowski et al. 2017). Moreover, M31 and the MW cannot necessarily be considered as
two isolated halos—in fact, it is possible that they are interacting and may be connected by a
DM filament (Carlesi et al. 2016; Pawlowski et al. 2017), and such a feature would predict
additional DM substructures in the M31 field of view.

Simulations of cold DM, extended to smaller scales with semi-analytic models of
hierarchical structure formation, indicate that halo substructure amounts to as much as ~10-
40% of the total (MW-size) halo mass; however, simulation resolution remains a limiting
factor in these studies (Diemand et al. 2007; Kuhlen et al. 2007; Springel et al. 2008; Zemp
et al. 2009; Moliné et al. 2017). The presence of substructure is especially important for
indirect detection, as it provides a significant boost to the annihilation intensity, such that the
substructures dominate over the NFW profile, except near the halo center. Note that the flux
enhancement is most important for more massive halos, as they enclose more hierarchical
levels of structure formation (Ng et al. 2014; Sanchez-Conde & Prada 2014). Thus, in the
case of dwarf galaxies, a boost factor is not expected to be as important for indirect searches.
The main uncertainty pertaining to the boost factor is the low-mass behavior of the halo
substructures, which includes the number of low-mass halos and their individual density
profiles. In addition, the presence of the galactic disk is predicted to have an effect on the
substructure content. Tidal forces near the disk may act to break apart the substructure,
resulting in a smaller substructure fraction within a radial distance of ~50 kpc (Garrison-
Kimmel et al. 2017).

The prompt y-ray flux for DM annihilation is given by

= J, 4
¥ 47mmi dE

dE

where the summation is over annihilation final states fi.e., up-type quarks, down-type
quarks, leptons, etc.), dN{/dE is the number of photons produced for a single annihilation

into final state 7, (o) is the thermally averaged cross section for final state £ /m, is the DM
particle mass, and 7 = 2(4) for self-conjugate (non-self-conjugate) DM. The total cross

Astrophys J. Author manuscript; available in PMC 2021 October 27.



1duosnue Joyiny VSN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Karwin et al.

Page 60

section {oV) is the sum of the cross sections for all final states {4/ The quantity in large
brackets, referred to as the DM attribute quantity, depends on the particle nature of the DM.
Note that we take all annihilation channels to be s-wave dominated (for which ov does not
depend on V) over the kinetic energies found in the M31 halo. Other velocity-dependent
scenarios can be considered, but in these cases the velocity distribution of M31 must be
modeled and the average {ov) must be included in the line-of-sight integration of J
(Campbell et al. 2010).

The Afactor (J) characterizes the spatial distribution of the DM, and is given by the integral
of the mass density squared, over the line of sight. When describing the dark matter
distribution as an ensemble of disjoint dark matter halos, the Jfactor is:

J= ZAQdQAOSdsp?(ri(sj n)), ®)

summed over all halos in the line of sight (LoS), where pj() is the density distribution of
halo / and rji(s, n) is the position within that halo at LoS direction n and LoS distance s. The
spherically averaged DM halo density profile po(7) for each halo is often taken to be a
generalized NFW profile (however, other profiles are also possible):

-7 r—=3
p(r)=ps(RL) (H%) . ®)

N

Here,  specifies the inner spectral slope of the profile, Rsis the scale radius, and psis the
scale density, often determined for the MW halo from the local DM density.

Jfactors determined from these spherically averaged profiles (denoted J) are an
underestimate of the total JAfactor (denoted J ) because of the effect of the nonspherical
structure. This underestimate is typically encoded with a boost factor (B) such that

J' =BJ, )]
with B determined from the model of halo substructure.

To give a sense of the DM properties typically implicated by the GC excess, we use the
results from Karwin et al. (2017) (the pseudoscalar interaction model) for the DM attribute
quantity, which is based on the IG IEM. The spectral characteristics for this model favor a
DM particle with a mass in the range ~50-190 GeV and annihilation cross section {oV) in
the range ~3 x 10726 — 8 x 10725cm3s™1. For masses above ~175 GeV, the annihilation final
state is mostly up-type quarks; below 175 GeV, the annihilation final state is mostly down-
type quarks. For each case, a small fraction (5%) of the annihilation also goes to leptonic
final states. Note that other DM scenarios are also possible, but the corresponding DM mass
and annihilation cross section typically fall in the ranges given above. Also note that an
excess in the AMS-02 antiproton spectrum has recently been reported (Cuoco et al. 2017;
Cholis et al. 2019), which implies a DM interpretation consistent with the GC excess;
however, see Reinert & Winkler (2018) for a less optimistic view.
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The hatched regions in Figure 33 show predicted intensity profiles for DM annihilation in
M31 corresponding to three different DM substructure scenarios. The blue (slanted hatch)
region shows a smooth NFW halo appropriate for warm DM models that do not produce
significant structure below the dwarf galaxy scale (Pagels & Primack 1982; Peebles 1982;
Olive & Turner 1982; Colombi et al. 1996; Maccio0 et al. 2012; Lovell et al. 2014; Bose et al.
2016, 2017). Other alternatives to warm DM are the scenarios of late kinetic decoupling
(Bringmann et al. 2016) and dark acoustic oscillations through self-interactions, through
interactions with the standard model (Boehm et al. 2001; Boehm & Schaeffer 2005; Hooper
et al. 2007), or interactions with a dark sector thermal bath (Feng et al. 2009; van den
Aarssen et al. 2012; Cyr-Racine & Sigurdson 2013; Buckley et al. 2014; Cherry et al. 2014;
Cyr-Racine et al. 2014, 2016; Binder et al. 2016; Huo et al. 2018). The parameters of the
NFW profile are as follows: mass = 1012 Mg, concentration = 11.2, Ryirial = 210 Kpc, Rscale
=18.9 kpc, ¥ =1.0.

The presence of a (DM) y-ray halo around M31 would likely indicate that the line of sight
extends through a similar halo surrounding the MW. To obtain a simple estimate for this
scenario, we model M31 and the MW as two isolated spherical halos separated by 785 kpc,
both described by the same NFW mass profiles (as given above) and having the same
substructure content. We calculate +factors for an observer inside the MW halo at a distance
of 8.5 kpc from the Galactic center. Our standard cold DM halo substructure is modeled with
a radial dependent subhalo mass function with tidally truncated density profiles, as described
in Ludlow et al. (2016) and Han et al. (2016). The relevant parameters are as follows: overall
(M31) boost factor = 4.16, substructure mass fraction = 13%, minimum halo mass = 1076
M. This scenario corresponds to the expected DM signal for a typical ACDM cosmology
with thermal WIMP DM. The corresponding intensity profiles are plotted in Figure 33, and
labeled as NFW + Substructure (Low). The green (slanted cross-hatch) region shows the
M31 component, and the black band shows the corresponding MW component in the line of
sight.

The black (vertical cross-hatch) region, labeled NFW + Substructure (High), shows a
scenario in which DM is produced very cold, such that the smallest substructures around 10
=6 Mg, have large concentrations that dominate the Jfactor, as described in Gao et al.
(2012). Corresponding Ffactors are given in Figure 48.
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Figure 48.
The blue solid line shows a smooth NFW halo appropriate for warm DM models that do not
produce significant structure below the dwarf galaxy scale. The parameters of the NFW
profile are as follows: mass = 1012 Mg, concentration = 11.2, Ryirial = 210 kpc, Rscale = 18.9
kpc, ¥ = 1.0. The green (lower) dashed line, labeled NFW + Substructure (Low), shows the
expected DM for a typical ACDM cosmology with thermal WIMP DM. For the NFW +
Substructure (Low): overall boost factor = 4.2, substructure fraction = 13%, minimum halo
mass = 107% Mg. The corresponding MW contribution along the line of sight is shown with
a thin dashed purple line. The black (upper) dashed line, labeled NFW + Substructure (high),
shows a scenario in which DM is produced very cold, such that the minimum mass
structures form with very high concentrations. These smallest structures would dominate the
annihilation signal. For the NFW + Substructure (High), we use results from Gao et al.
(2012).
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Figure 1.
Observed counts (left) and saturated counts (right) for a 60° radius centered at M31, and an

energy range of 1-100 GeV. The green dashed circle (21° in radius) corresponds to a 300
kpc projected radius centered at M31, for an M31-MW distance of 785 kpc, i.e., the
canonical virial radius of M31. Also shown is M31 ’s population of dwarf galaxies. M31 and
M33 are shown with cyan triangles, and the other dwarfs are shown with 1 ° green circles,
each centered at the optical center of the respective galaxy. The sizes of the circles are a bit
arbitrary, although they roughly correspond to the point-spread function (PSF; 68%
containment angle) of Ferm/-LAT, which is ~1° at 1 GeV. Most of the MW dwarfs are not
detected by Fermi-LAT, and so we do not necessarily expect the individual M31 dwarfs to
be detected. The primary purpose of the overlay is to provide a qualitative representation of
the extent of M31 ” s outer halo, and to show its relationship to the MW disk. Note that ~3
dwarfs (which are thought to be gravitationally bound to M31) reach as for as ~300 kpc,
with one dwarf (And XXVII1) reaching as far as ~360 kpc, as seen in the figure.

Astrophys J. Author manuscript; available in PMC 2021 October 27.




1duosnue Joyiny VSN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Karwin et al.

Page 69

CR Protons LIS
25

rrrrrrorrryorvorviyrorriy v rriy v vl

AMS-82 (Aguilar et al. 2015)

o o O o B B R RN
(=]
@
I

5 ’ Voyager 1 (Cummings et al. 2016) |
50l ] == Boschini et al. 2017 _
If -=--- Boschini et al. 2017 (modulated)
251 ; == IG IEM (Ajello et al. 2016) ]
_.ﬂ,/ — M31 IEM
[N TN T N NN TN T 1 N TN T 1 [N T T 0 O N |

E2-7 df/dE [(MeV/n)*7 ecm? s sri]

e Py
: eioz 103 104 10° 10° 107 10%
Energy [MeV/n]

CR Helium LIS

11-4“| LI, LN L L L AL L L L L L LB L LB
w
- — —
[ 1.2
~
1.0 i
(%]
~
iB 8 ——— ]
=
>0.6
2 AMS-82 (Aguilar et al. 2015)
xE Voyager 1 (Cummings et al. 2016)
—0.41 ==+ Boschini et al. 2017 7
LS ---- Boschini et al. 2017 (modulated)
0.2 == IG IEM (Ajello et al. 2016) =
=

o =— M31 IEM
l‘:B ..d"‘{ 1l 1 L1l 1 1l 1 L1l 1 Liil 1 L1l
o, -ioz 103 10% 105 108 107 108

Energy [MeV/n]
CR Electrons + Positrons LIS

w
5

rrry I ll‘ll L) LR T L]
= AMS-82 (Aguilar et al. 2014)
== Boschini et al. 2018
-=-=- Boschini et al. 2018 (modulated)—
== IG IEM (Ajello et al. 2016)
=— M31 IEM

FN
I

w

=

E} df/dE [MeVZ cm? s™! sr!]
[ Y]

Eoz 103 104 10° 10° 107 10%
Energy [MeV]

Figure 2.
The LIS for CR protons (top), He (middle), and all electrons (e~ + €; bottom). The latest

AMS-02 measurements from Aguilar et al. (2014, 2015a, 2015b) are shown with red
squares. The green dashed line shows the results from Boschini et al. (2017, 2018a), which
we employ GALPROP and HelMod together in an iterative manner to derive the LIS. We
adopt their derived GALPROP CR parameters, and the LIS for our IEM (M31 IEM: solid
black line) are roughly the same. The thin dotted black line shows the LIS modulated with
HelMod (Boschini et al. 2017, 2018a). Yellow triangles show the Voyager 1 pand He data in
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the local interstellar medium (Cummings et al. 2016). Voyager 1 electron data are below 100
MeV and therefore are not shown. In addition, we show the LIS for the (“Yusifov”) IEM in
Ajello et al. (2016), which we use as a reference model in our study of the systematics for
the M3L1 field (see Appendix B.2).
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Figure 3.
The total interstellar emission model (IEM) for the MW integrated in the energy range 1-

100 GeV. The color corresponds to the intensity, and is shown in logarithmic scale. The
intensity level is for the initial GALPROP output, 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 model has
contributions from z°-decay, (anisotropic) IC emission, and Bremsstrahlung. Overlaid is the
ROI used in this analysis. From the observed counts (Figure 1) we cut an 84° x 84° ROlI,
which is centered at M31. The green dashed circle is the 300 kpc boundary corresponding to
M31’s canonical virial radius (of ~21°), as also shown in Figure 1. We label the field within
the virial radius as field M31 (FM31), and we label the region outside (and south of latitudes
of —21°57) as the tuning region (TR). Longitude cuts are made on the ROl at /= 168° and /=

72°, as discussed in the text. For reference, we also show the region of the Galactic Center
(GC), which corresponds to a 15° x 15° square centered at the GC.
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Figure 4.
Schematic of the eight concentric circles that define the annuli (A1-A8) in the IEM, as

described in the text. The ranges in Galactocentric radii are reported in the legend. Note that
the full extension of A8 is not shown. Only A5-A8 contribute to the Galactic foreground
emission for the field used in this analysis.
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Figure 5.
Gas-related components of the IEM (rz°-decay related to H 1, H 11, and H,, and

Bremsstrahlung emission) integrated in the energy range 1-100 GeV. The components
correspond to different annuli, as indicated above each plot. The color corresponds to the
intensity, and is shown in logarithmic scale. The intensity level is for the initial GALPROP
outputs, before tuning to the y-ray data. The maps are shown in a Plate Carrée projection,
and the pixel size is 0.25 deg/pix. Overlaid is the ROI used in this analysis, as well as the GC
region (see Figure 3).
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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 corresponds to the intensity, and is shown in
logarithmic scale. The intensity level is for the initial GALPROP outputs, before tuning to
the y-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
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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.
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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 four different
spatial points, including M31. The ratio is close to unity toward the GC, increases with
Galactic longitude and latitude, and reaches maximum at midlatitudes toward the outer
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Galaxy. 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.
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Figure 8.

The spectrum of the isotropic component has a dependence on the IEM and the ROI used for
the calculation, as well as the data set. For the M31 IEM (which uses the AIC sky maps), we
calculate the all-sky (solid black line) isotropic component in the following region: |4 = 30°,
45° < /< 315°. We also calculate the isotropic component in the different sky regions, as
follows. North: b= 30°, 45° < /< 315° (orange dashed line). South: b < -30°,45° < /<
315° (green dashed line). East: |4 = 30°, 180° < /=< 315° (blue dashed line). West: |§ =
30°, 45° < /< 180° (purple dashed line). See Table 2 for the corresponding best-fit
normalizations. Magenta triangles show the all-sky isotropic component for the M31 IEM
derived using the isotropic IC formalism. The brown squares show the official FSSC
isotropic spectrum (iso_P8R2_CLEAN_V6 v06). The gray band is our calculated isotropic
systematic uncertainty for the IG IEM, which uses the isotropic IC formalism (see Appendix
B.2).
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Figure 9.

Total model counts for the full ROI. For the tuning region (TR), we mask within the 300 kpc
circle and latitudes above —21°57, as discussed in the text.
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Figure 10.

Flux (upper panel) and fractional count residuals (lower panel) for the fit in the TR. The H 1
component is fixed to its GALPROP prediction. The normalizations of all other diffuse
components are freely scaled, as are all 3FGL sources in the region. The residuals show
fairly good agreement over the entire energy range.
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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.
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Spatial count residuals (data—model) resulting from the fit in the TR for three different

energy bands, as indicated above each plot. The energy bins are chosen to coincide with an
excess that is later observed in the fractional energy residuals for the fit in FM31, as
discussed in the text. The color scale corresponds to counts/pixel, and the pixel size is

0°2 x 0°2. The images are smoothed using a 1° Gaussian kernel. This value corresponds to
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the PSF (68% containment angle) of Fermi-LAT, which is ~1° at 1 GeV.
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Figure 13.

The TS map is calculated after the baseline fit in FM31 (tuned). Overlaid are the additional
point sources found by our procedure. Red crosses represent new sources with TS = 25, and
red slanted crosses represent new sources with 9 < TS < 25.
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Figure 14.

Flux (upper panel) and fractional count residuals (lower panel) for the fit in FM31 (tuned).
The H 1 and Bremsstrahlung components are fixed to their GALPROP predictions. The
normalizations of the IC (A5 and A6—A7) and isotropic components are held fixed to the
values obtained in the tuning region. The normalizations of the H 1- and Hy-related
components are fit to the y-ray data in FM31, as well as 3FGL sources within 20° of M31,
in addition to point sources that we find using our procedure. Note that the top of FM31 has
contribution from IC A8, and its normalization is also freed in the fit. The fractional
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residuals show an excess between ~3-20 GeV, reaching a level of ~4% (error bars show 1o
statistical error). Above and below this range, the data are overmodeled as the fit tries to
balance the excess with the negative residuals. This is in contrast to the fit in the TR, which
shows fairly good agreement over the entire energy range. For reference, the residuals (data—
model) are also plotted in the upper panel (faint gray band).
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Figure 15.
Spatial count residuals (data—model) resulting from the fit in FM31 (tuned) for three

different energy bands, as indicated above each plot. The energy bins are chosen to coincide
with the excess observed in the fractional residuals. The color scale corresponds to counts/
pixel, and the pixel size is 0°2 x 0°2. The images are smoothed using a 1° Gaussian kernel.

This value corresponds to the PSF (68% containment angle) of Ferm/i-LAT, which is ~1° at
1GeV. For reference, the position of M33, (1,b) = (133°61, — 31°33), is shown with a yellow

triangle.
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Figure 16.

Same residual maps as shown in Figure 15. Here, we show the maps in gray scale, and
intentionally saturate the images to bring out weaker features. Overlaid are the point sources
in the region. Crosses show sources with TS = 25, and slanted crosses show sources with 9
< TS < 25. Fermi 3FGL sources are shown in green, and new sources found in this analysis
are shown in red.
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Top row: H 1 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 1020 cm™2, and the levels are indicated on the maps.
Middle row: the same H 1 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
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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 /R/S 100 /m map of M31 are overlaid. The levels
shown range from 6 to 22 MJy sr~L. Also overlaid are the regions corresponding to the two
main cuts (space and velocity) that are made on the underlying gas maps when constructing
the MW IEM, as detailed in the text. Last, 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, because 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.
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Figure 18.

Additional freedom is given to the baseline fit. The IC components are fit simultaneously
with the other contributing diffuse components and point sources. The isotropic component
remains fixed to its value obtained in the TR (1.06).
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Figure 19.
Correlation matrix for the FM31 baseline fit with the IC components scaled.
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Figure 20.
Fractional residuals calculated in different spatial regions. The field is evenly divided into

top, middle, and bottom regions. Each slice is then further divided into right and left halves.
The regions are indicated above each plot. Black data points show the residuals resulting
from the baseline fit (which is over the entire field, with 1C scaled in addition to the other
contributing components). We then rescale the diffuse components in the different
subregions, masking the rest of the region and keeping the point sources fixed to their
baseline values (green data points). This is done to allow for a spatially varying spin
temperature and/or CR and ISRF densities, which would in turn change the normalizations
of the y-ray components. Even in these smaller regions, the diffuse components are unable
to flatten the residuals, with the exception of the bottom right, which is fairly flat.
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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: » > — 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.
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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 1 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 it likewise has a greater
overall flux. Correspondingly, the gray markers (squares, circles, and triangles) show the H i
AS5-AT7 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 1o error. The arc template is unable to
flatten the excess between ~3-20 GeV.
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Figure 23.

The correlation matrix for the arc north (AN) and south (AS) fit.
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Figure 24.

Spatial count residuals resulting from the arc fit. To give a sense of the deviations, here we
show the fractional residuals, where we divide by the model counts for each pixel. The
residuals are integrated in three energy bins, just as for the residuals in Figure 15. We show
residuals from the arc north and south fit with the PLEXP spectral model. Residuals for the
full arc fit with the PL spectral model are very similar. As expected, the arc structure no
longer dominates the residuals. The position of M33 is indicated with a yellow triangle, and
the center of M31 is indicated with a 0°4 open circle.
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Figure 25.
The average local (A5) emissivity per H atom. The solid gray curve comes from the baseline

fit with IC scaled, and it gives the proper estimate of the emissivity in FM31. The dashed
gray curve comes from the arc fit with PL spectral model: it only includes the contribution
from the H 1 A5 component, but not the emission associated with the arc. The blue data
points (squares) are from Casandjian (2015), and the corresponding error bars are systematic
+statistical. The fit includes absolute latitudes between 10-70°. The data points for the
different regions (red circles, green upward-pointing triangles, and yellow rightward-
pointing triangles) are from Ackermann et al. (2012c), and the corresponding error bars are
statistical only (1o). The teal band shows the total uncertainty (statistical+systematic) from
the same analysis (from the erratum). The different regions are among the nearest molecular
cloud complexes, within ~300 pc from the solar system. We also plot (as black leftward-
pointing triangles) the measurements from Abdo et al. (2009a), as determined from a
midlatitude region in the third Galactic quadrant.
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Top panel shows the dust temperature map for FM31, and the bottom panel shows the dust
reddening map from Schlegel et al. (1998), as discussed in the text. Overlaid are contours for
the arc template. Contours for the /R/5100 tm map of M31 are also overlaid in the top
panel. The cyan triangle shows the (projected) position of M33.
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Figure 27.
Left: FM31 residuals from the baseline fit (with I1C scaled) with the Loop 111 shell plotted

over it. The two lines correspond to two somewhat different positions and radii obtained
from continuum and polarization observations (Vidal et al. 2015). The shell radius is
approximate and the shell itself can be several degrees thick. The shaded area gives an idea
of the error associated with the parameters of the shell. Right: M31’s virial radius (300 kpc)
is shown with a cyan dashed circle, and cyan triangles show the positions of M31 and M33.
The gray circles show Loop Il at the top and Loop Il at the bottom. Loop Ills (which is only
visible in polarization) is shown with a dashed—dotted magenta circle.
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Figure 28.
M31-related components are added to the model, along with 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 1 A5 (top), A6 (bottom),
and A7 (middle) components. The black dashed-dotted 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 omitted here for visual clarity. Downward-pointing triangles give upper limits.
Bands give the 1o 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.
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Figure 29.
A systematic excess can be observed between ~3-20 GeV at the level of ~3-5%. Systematic

overmodeling is also present above and below this range. We note that there is one model for
which the signal can be flattened (shown with green circles). This results from using the
FSSC IEM (intended for point source analysis) and fitting both the isotropic and Galactic
diffuse (including the index) 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 different models are as follows. Black squares: FSSC IEM, fitting
the isotropic and Galactic diffuse (with index fixed) in the signal region, using Clean data,
corresponding to the fit in Figure 44. Blue upward-pointing triangles: same as for the black
squares, but using UltraCleanVeto (UCV) data; see Appendix B.3 for details. Green circles:
same as for the black squares, but also freeing the index of the Galactic diffuse. Orange
diamonds: M31 IEM baseline fit, varying the index of the IC components A5-A8 using a
power law scaling, corresponding to the fit in Figure 37. Purple rightward-pointing triangles:
M31 IEM baseline fit, varying the index of the H i-related components A5-A8 using a
power-law scaling, corresponding to the fit in Figure 38. Note that, in this case, FM31 shows
a significant anomaly in the index of the gas-related emission toward the outer Galaxy, as is
clearly shown in Figure 38. Blue band: M31 IEM baseline fit, corresponding to the fit in
Figure 18. Green band: M31 IEM tuned fit, corresponding to the fit in Figure 14. Pink band:
M31 IEM arc fit, corresponding to the fit in Figure 22 (this is our primary model). Black
band: inner Galaxy (1G) IEM, corresponding to the fit in Figure 40.
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Figure 30.

The fractional count residuals calculated over the different spatial regions corresponding to
the spherical halo and far outer halo components, as indicated above each plot. Note that
these are the residuals before adding the M31-related components, and they correspond to
the spatial residuals shown in Figure 24, resulting from the baseline fit with the arc north
and south templates. The goal here is to further examine the symmetry of the residual
emission associated with the M31-related components. We consider the northern and
southern regions of the templates, where the cut is made at the midpoint of FM31 along the
horizontal direction (parallel to the Galactic plane), corresponding to a latitude of —21°5.

The first column shows the residuals calculated over the entire region, for the spherical halo
and far outer halo, respectively. The second column shows the residuals in the north, and the
third column shows the residuals in the south.
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Figure 31.

The best-fit spectra resulting from the symmetry test fit, where the spherical halo and far

outer halo templates are divided into north and south components, and the spectral

parameters for each component are allowed to vary independently. The cut is made at the

midpoint of FM31 along the horizontal direction (parallel to the Galactic plane),
corresponding to a latitude of —21°5. The northern components are shown with square

markers, and the southern components are shown with circle markers. Downward-pointing
triangles give upper limits. Also overlaid are the spectra for the full component fit (with arc

north and south), as shown in Figure 28.
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Figure 32.

Correlation matrix for the symmetry test fit. In addition to the standard components, the fit
includes components for the arc north and south (AN and AS), inner galaxy (not shown
here), spherical halo north and south (SHN and SHS), and the far outer halo north and south
(FHN and FHS).
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Figure 33.
Left: radial intensity profile for the M31-related components. Red square markers show the

results from the north and south arc template with PLEXP. The profiles for the PL arc fit are
basically the same. Purple circle markers show the results from the fit with the M31-related
templates divided into north and south components (from Figure 31). For reference, we
compare the radial profile to expectations for DM annihilation in the line of sight. Note that
this also includes the contribution from the MW’s DM halo in the line of sight, which has
not been accounted for in our analysis and may be at least partially embedded in the
isotropic component and Galactic diffuse components. Likewise, the M31-related
components may contain a significant contribution from the MW’s extended halo. Details
regarding the DM profiles are given in Appendix C. Right: spectral shape comparison to the
Galactic center excess (for an arbitrary normalization), as observed in Ajello et al. (2016).
Also shown is a prediction for CRs interacting with the ionized gas of the circumgalactic
medium from Feldmann et al. (2013). Note that the prediction is for an MW component, but
we are primarily interested in a spectral shape comparison.
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Figure 34.
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 x 0°2. The images are
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smoothed using a 1° Gaussian kernel. This value corresponds to the PSF (68% containment
angle) of Fermi-LAT, which is ~1° at 1 GeV. Maps are shown in the cubehelix color scheme
(Green 2011). In the top row, contours for the /R/S 100 ym 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 1 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 toward the
MW disk. We stress that these maps have not subtracted any Galactic H i-related emission.
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Figure 35.
Pixel distribution of the smoothed residual map (1 GeVV-100 GeV) after removing the H -

related components, as shown in Figure 34. The yellow dashed lines are at 0 and 4 counts.
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Figure 36.

The structured »~ray emission in FM31 is overlaid with some M31-related objects observed
at other wavelengths. We stress that this is only done as a qualitative gauge of M31’ s outer
halo. In the figure we have not subtracted any Galactic H i-related emission, and we do not

expect the M31-related observations to outshine the MW emission, as discussed in the text.
Contours for the ///5100 pm map of M31 are overlaid. The solid cyan circle (0°4) shows

the boundary of the FM31 inner galaxy component, and the black dashed circle (8°5) shows

the outer boundary of the FM31 spherical halo component, as detailed in Section 3.4.
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Overlaid are H 1 emission contours from the HI4P1 all-sky survey based on EBHIS and
GASS (Bekhti et al. 2016), integrated over the velocity range —600 km s™1 < V| gg < -95
km s~1. M31’s confirmed globular clusters are shown with black stars. M31’s population of
dwarf galaxies is shown with open black triangles. The M31 cloud can be seen (albeit
obscured by globular clusters). We note the serendipitous enclosure by the spherical halo of
the M31 cloud, as well as a majority of M31’s globular cluster population and dwarf
galaxies. H 1 contours corresponding to M33 can be seen in the lower-left corner. The hook-
shaped gas cloud to the right of M33 is Wright’s cloud. The red gas contours toward the top
of the map are clouds of Complex H. The black H 1 contours toward the top of the field
correspond to the plane of the MW, and likewise for the bright (white) y-ray emission. To
the far right of the field, a bright arm of emission extends to higher latitudes. Although not
considered when making the overlay, the M31-related observations can be seen to trace the
left boundary of the arm. This may be an observational bias, due to foreground gas and dust.
We stress that these maps have not subtracted any Galactic H i-related emission.
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GALPROP Model Parameters

Parameter M31 IEM 1G IEM
az [kpc] 4 6
arkpc] 20 20
b a 15 1.64
b b 35 4.01
b 0.0 0.55
ry
Dy [10% cm? 571 43 7.87
s 0.395 0.33
¢ 0.91 10
7
cAvaén speed, va [km s™1] 28.6 34.8
g - 12.4
Veonv,0 [kms 1]
dchonv/D’Z [km s~ kpc™] 10.2
e 7 116
Rp0 [GV]
¢ 360
Ry [GV]
€ 1.69 1.90
¥Ypo
¢ 2.44 2.39
Yol
¢ 2.295
Yp2
¢ 7
ReolGV]
¢ 330
Rie1 [GV]
€ 171
He0
¢ 2.38
THel
¢ 221
YHe,2
¢ 0.19
ReolGV]
€ 6 2.18
Re1 [GV]
y 95 21717
Re2 [GV]
¢ 257
Yeo
€ 1.40 16
Yel
¢ 2.80 243
Ye2
¢ 2.40 4.0
Ye3
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Parameter M31 IEM IG IEM
pr [10°cm2s1sr'l MeVY] 4.63 4.0
fJe [1071t cm™2 571 srl MeV-1] 1.44 0.011
9 A5 [kpc] 8-10 8-10
9 p6 [kpc] 10-11.5 10-50
9 AT [kpc] 115-16.5
9 A8 [kpc] 16.5-50
h IC Formalism Anisotropic  Isotropic
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Notes. 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).

aHan geometry: Zis the height above the Galactic plane, and ris the radius.

b . .
CR source density. The parameters correspond to Equation (1).

cDiffusion: D(R) « /3’7,1?5. Here, D(R) is normalized to Dy at 4.5 GV.

dCOﬂVGCtiOﬂZ veonv(2) = veonv,0 + (Aveonv/d2)z.

e . . S . .
Injection spectra: The spectral shape of the injection spectrum is the same for all CR nuclei except for protons. The parameters correspond to

Equation (2).

r . . A
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.

gBoundaries for the annuli that define the IEM. Only A5 (local annulus) and beyond contribute to the foreground emission for FM31.

h . .
Formalism for the inverse Compton (IC) component.
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Table 2

Normalizations for Calculations of the Isotropic Component

o

Region 7

AIC

All-sky  1.319 +0.005
North 1.430 £ 0.010
South 1.284 +0.006
East 1.397 £ 0.009
West 1.287 +0.006

1.55+0.04
1.14+0.05
1.86 +£0.05
1.07+0.05
1.88 +0.05

Note. See Figure 8 for definition of the regions.
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Table 3

Baseline Values for the IEM Components in the TR

Component Normalization  Flux (x107% (ph cm=2s71)  Intensity (x1078) (ph cm=2s7tsr7Y)
H I ° A5 1.10+£0.03 439.4+110 153.1+3.8

H I ° A6 50+13 106+£2.8 3.7+10

H, 7°, A5 21401 126+0.7 44+03
Bremsstrahlung 1.0+06 100.4 +58.3 35.0+20.3

IC, A5 23+01 274.7+£14.0 95.7+4.9

IC, A6-A7 35+04 457+48 159+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 are 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. Note that the reported errors are 1o statistical only (and
likewise for all tables).
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New Point Sources for FM31

Table 4

Name TS I(deg) b(deg) Indexa  Flux(x10729) (ph cm=2s71)
FM31_1 34 12458 -32.60 2.61+0.34 29+0.7
FM31_2 31 12266 -29.25 2.78+0.33 28+0.7
FM31_3 31 117.71 -26.83 2.33+0.27 25+0.6
FM31_4 29 13186 -27.70 214x0.24 1905
FM31_5 24 127.49 -9.62 3.81+0.67 3.9+09
FM31_6 23 12991 -10.13 3.09+0.39 34+09
FM31_7 18 12832 -1058 2.25%0.31 23%0.8
FM31_8 18 11153 -22.79 3.32+0.55 2.7+0.8
FM31_9 17 11805 -31.02 241+0.34 1.7+£06
FM31_10 17 119.73 -25.66 4.26+1.26 21+0.6
FM31_11 16 11044 -25.71 2.90+0.47 21+0.7
FM31_12 15 108.73 -29.55 2.17+0.36 15+06
FM31_13 14 126.34 -11.63 3.12+0.57 24+08
FM31_14 14 118.27 -9.50 3.97+0.96 2.7+0.9
FM31_15 13 11061 -33.64 3.90+0.95 18+06
FM31_16 13 120.13 -30.65 2.81+0.55 1706
FM31_17 12 133.80 -8.37 2291044 1.7+£0.8
FM31_18 11 126.84 -20.78 2.23+0.37 13+05
FM31_19 11 106.53 -28.95 4.85%1.60 1706
FM31 20 11 116.65 -2521 5.39+1.48 16+06
FM31_21 10 127.83 -27.92 2.48+0.45 13+05
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Note. The sources are fit with a power-law spectral model dAV/0E o« £~ 2. The table gives the best-fit index, as well as the total flux, integrated
between 1 GeV-100 GeV.
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Table 5
Baseline Values for the IEM Components in FM31 (Tuned)

Component  Normalization  Flux (x107% (ph cm=2s7)  Intensity (x1078) (ph cm=2s71 sr71)

H1 7° A5 0.82+0.01 149.7+25 63.6+1.1
H1 7°, A6 0.1+0.2 11+24 05+1.0
H1 =° A7 32+04 171+20 73+09
H, n°, A5 29+0.3 39+04 1.7+0.2
IC, A8 61.3+13.0 11.3+24 48+1.0

Note. The normalizations of the isotropic and IC components (A5 and A6-A7) are held fixed to their best-fit values obtained in the TR. The
normalizations of the r°-related (H I and H2) components are fit to the y-ray data in FM31. Note that the middle of FM31 has contribution from IC
A8, and its normalization is also freely scaled. We also fit all 3FGL sources within 20° of M31, as well as additional point sources that we find
using our procedure. Intensities are calculated by using the total area of FM31, which is 0.2352 sr. Note that the reported errors are 1o statistical
only (and likewise for all tables).

Astrophys J. Author manuscript; available in PMC 2021 October 27.



1duosnuey Joyiny YSYN 1duosnuey Joyiny YSYN

1duosnuel Joyiny VSN

Karwin et al.

Table 6

Baseline Values for the IEM Components in FM31 (IC Scaled)

Component  Normalization  Flux (x107% (ph cm=2s7)  Intensity (x1078) (ph cm=2s71sr71)
H I ° A5 1.04 £0.04 189.3+6.9 80.5+2.9
H I =° A6 04+0.2 44+25 19+10
H1 7%, A7 29+04 158+21 6.7+8.8
H, 7°, A5 27%03 3704 1.6+0.2
IC, A5 24+0.1 125.0+7.0 53.1+3.0
IC, A6-A7 09+0.3 17.3+64 7327
IC, A8 80.5+16.4 148+3.0 6.3£1.3
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Note. The isotropic component is held fixed to the best-fit value obtained in the TR (1.06). All other diffuse sources and point sources are freely
scaled in FM31, including the IC components. This is in contrast to the FM31 tuned fit, where the IC components are held fixed to the best-fit
values obtained in the TR. Intensities are calculated by using the total area of FM31, which is 0.2352 sr.
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Table 7

Geometrical Parameters for the Arc Template

Component 2a(deg) 2b(deg) ¢(deg)
M31 position angle axis 25 0 38
M31 perpendicular axis 25 0 128
Dashed circle 17 17 38
Dashed ellipse 17 7 38

Note. M31 geometry is centered at (i, k) = (121°17, — 21°57). Angles are defined with respect to the positive x-axis (Cartesian plane), and

they correspond to the major axis of the ellipse. Note that the geometry corresponds to the y-ray emission as observed in the stereographic
projection, with the pole of the projection centered at M31.
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