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alternatively the annihilation of dark matter (DM) particles. As an astrophysical interpretation
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1. Introduction

For nearly ten years, the Large Area Telescope mounted on the Fermi Gamma-Ray Space Tele-
scope (Fermi-LAT) has been taking enormous amounts of high-quality data in the energy range be-
tween 20 MeV and 300 GeV. Extensive analyses of this data revealed a gamma-ray excess around
the MW’s Galactic center with respect to galactic diffuse emission models and point sources. The
excess’ properties have been studied and established over the time, see e.g [1]. The excess was
found to peak around 2 GeV and its spatial extension is well-fit by a contracted Navarro-Frenk
White DM profile. However, recent analyses claim that the GCE signal is more likely to origi-
nate from a population of unresolved point-sources within the MW’s central region favoring an
alternative explanation of the GCE in terms of the gamma-ray emission of MSPs [2]. Despite the
controversial discussion whether or not MSPs are able to reproduce the excess’ spectral and radial
distribution, they are about to become the current consensus model explaining the GCE.

On the other side, a recently published analysis of Fermi-LAT [3], evaluating data taken within
88 months, was able to detect M31 in gamma-rays as a spatially extended object at 40 improving
an old result that only yielded a marginal spatial extension. The extension is best-fit by a uniform
disk of radius 0.38° £0.05° corresponding to a (5.21 +0.69) kpc region given the distance to M31
of 785 kpc. Moreover, the emission does not correlate with dust or star-forming activity in the
disk. Having at hand a MW-like object whose disk does not interfere much with the emission
in the center and where the region of gamma-ray emission is comparable to the size of the MW
bulge, we can cross-check if a certain model that works for one of the galaxies is also consistent
with the measurement of the other one. To this end, we want to explore in more detail two possible
explanations that could account for the GCE as well as the extended emission of M31: MSPs inside
the bulges of both galaxies and DM annihilation in the central regions of M31.

2. Millisecond pulsar emission in the Milky Way and M31

To investigate the pulsar explanation in both galaxies, we consider the formation of MSPs
inside the bulge of the respective galaxy only.! In general, there are two ways in which an MSP
can emerge from a former pulsar: (i) The progenitor of the pulsar was already part of a tightly
bound binary system with an extreme mass ratio which stayed intact even after the supernova. This
system would then naturally evolve into an MSP. The number of MSPs due to this primordial
formation would be proportional to the stellar mass in the region of interest; (ii) due to a two-body
encounter of a pulsar with another star inside the galactic bulge a binary system is formed. The
probability of such a formation scales with the square of the stellar density p. in the region of
interest but is suppressed by the mean velocity dispersion ¢ of stars in that area because it weakens
the gravitational focusing. This channel was assigned the name dynamical formation and there are
experimental confirmations of this process [5].

Our goal is to estimate the luminosity in gamma-rays of the galactic bulges of the MW and
M31. The stellar density in this part of a galaxy is usually higher than elsewhere so that it is quite
likely that on top of primordially formed MSPs we can also expect a non-negligible number of

IThere might be the possibility of deposition of MSPs due to infalls of globular clusters which get disrupted by tidal
forces [4].
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dynamically formed MSPs.
In order to quantify the impact of both formation mechanisms we suggest a simple toy model for
the overall number density of MSPs nysp inside the bulges which is given by

nnsp(r) = A (ps(r))a, + B (p+(r)*)a/ 0, 2.1)

where r denotes the distance to the Galactic center, A and B are normalization constants and (-) d
indicates that we are applying a smoothing to the stellar densities because MSPs obtain a “kick-
velocity” in the moment of their birth so that they migrate from their original birthplace depending
on the magnitude of the velocity. For the properties of the stellar density in the MW bulge and its
nuclear stellar cluster (NSC), a region of the enhanced stellar density found in the inner ~ 10 pc,
we use the reported values in [6] whereas in the case of M31 we adopt the results of [7]. By taking
into account kick velocity estimates reported in the literature, we estimate that d; = 700 — 900 pc,
while d; is negligible.

PRIMORDIALLY FORMED MSPS: We use the local information about 66 MSPs in the MW
disk which yields an approximation of the gamma-ray luminosity function (dN / dL,,)MW of the
MW. Following the approach of [8], we are able to predict the MSP luminosity of the MW bulge
<LErim> by a rescaling to the mass of the bulge using

rim Myw b /Lm"lX < dN )
primy : L, — dL,, 2.2
<Lb > I Y dLy MW Y ( )

MMW min

where Myw and Muw, b are the total mass of the MW and the bulge mass of the MW, respectively.
The idea is to recycle this method also in the case of M31 where we simply rescale the expression
to Mu31p instead of Myw . Our strategy is based on the fact that the primordial channel is propor-
tional to the stellar density of the bulge or equivalently the mass inside this object. In this way, we
obtain the luminosity that can be expected from the “A-term” of Eq. 2.1.

Taking into account the uncertainties associated with the used quantities, we derived for
our own galaxy Lﬁi\gvn bulge = 2.0732 x 10%7 erg s7! and for M31 on the other side, Ligrf bulge =
7.51’;_230 x 1037 erg s~!. The interpretations of both estimates are different in the following sense:
The available experimental measurement of the MSP-like gamma-ray luminosity in a region 20°
around the MW’s Galactic center is about Lg/l[)\sf\/, <200 = 2.2ﬂ:g x 10%7 erg s~! [1]. Thus, the pri-
mordial channel can fully explain this emission within the derived uncertainty. However, under
the assumption that the total observed emission from M31 is only due to an MSP-like compo-
nent, we find the luminosity of the signal to be much higher than LPf" bulge> NAMely L3RS buge =
(284 4) x 10’7 erg s~!. Although our prediction of the luminosity of M31’s bulge exhibits large
uncertainties, we are only consistent with the observation at a 2¢ level. This result is not com-
pletely unexpected since there are other sources of gamma-rays that could add to the signal. Also,
the contribution from the dynamical channel could make the discrepancy less significant.

DYNAMICALLY FORMED MSPs: The most dominant contribution to dynamical formation
comes from the NSC. As densities of NSCs are comparable to those of globular clusters, where
dynamical formation dominates, we use the correlation between the stellar density and gamma-ray
luminosity observed in globular clusters to estimate the gamma-ray luminosity (due to dynamical
formation) of these environments. This correlation was studied in [5] and we display in Fig. 1 (left)
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its application to the NSCs of both galaxies. The result of this approximation indicates that the
luminosity from the dynamical channel is only about 5% of the primordial channel’s luminosity
for each galaxy under study. Hence, we do not spoil our finding for the MW but, on the other hand,
our prediction for M31 is still consistent with the observation only at a 2¢ level so that there is
space for additional contributions apart from MSPs.

In Fig. 1 (right) we show the radial profile of the primordial and dynamical formation channel
(where the extent of the NSC is dominated by the LAT PSF), normalizing the "A-term" to reproduce
the overall luminosity calculated previously. We find that the predictions fit the observed emission
quite well and they do not overshoot the upper limit on the gamma-ray flux of the Galactic center
within the innermost 2° displayed as a red point.

Although there is no analog of the radial profile of the GCE for M31, we can make use of the
morphology analysis of the M31’s gamma-ray emission in [3]. Besides the uniform disk template
which yields the best-fit result to the LAT measurement, the authors studied other templates like
the Spitzer/IRAC maps at 3.6 um which trace old stars that dominantly reside inside M31°s bulge.
In fact, this template provides a better fit to the gamma-ray signal than maps with star formation
tracers and gas in M31.

Our model predicts an emission of M31 due to a population of unresolved point sources which
follows the stellar density in the bulge and which needs to be smoothed with a kpc-kernel due to
the migration of primordial MSPs. Hence, the accordingly smoothed Spitzer/IRAC maps at 3.6
wm provide a template capturing the basic prediction of our toy model. Repeating the morphology
analysis of [3] with this template improves the fit of the unsmoothed IRAC maps but the resulting
test statistics is within 2.4 o of the best-fit test statistics of the uniform disk template.
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Figure 1: (Left) Scaling relation of gamma-ray luminosity Ly of globular clusters with the stellar
encounter rate, from [5]. The points for inner bulge regions and NSCs of MW (red circles and
squares) and M31 (purple circles and squares) are added according to the chosen stellar density
profiles. (Right) Radial profile of the GCE emission, shown together with the best fit model from
Eq. 2.1 using a smoothing scale d; = 900 pc (black line) and d» = 0 pc (orange & brown lines).
The normalization of the p,—term is chosen to match the data of Calore+ 2015 ([9]), while the
normalization of the p2—terms is derived relative to the findings of the left plot.

3. M31 gamma-ray emission from DM

An explanation of the GCE by DM annihilation cannot be excluded from the current data, thus
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it is an intriguing question if the observed gamma-ray emission of M31 is also consistent with the
state-of-the-art limits on the thermally-averaged annihilation cross section of (WIMP) DM. In fact,
according to the DM template fit of [3], this scenario cannot be excluded and a more detailed study
is necessary.

The first step in our study concerns the modeling of the theoretically expected gamma-ray flux
from M31. This flux takes into account the particle physics properties of DM and its astrophysical
distribution in the DM halo:

d®  (ov)

R didQ |, 3.1
dE, 87rm22 dEy //px) G-D
AQ los.

where m, denotes the mass of the DM particle, (ov) the annihilation cross section, R; the branching
ratio to the i annihilation channel and dN;/ dE, its differential yield of gamma-rays from a single
DM annihilation event which we take from PPPC4DMID [10]. p,(/ ) refers to the DM density
distribution of the object under study. This density distribution is part of the term in parenthesis
which is usually dubbed J—factor. As the J—factor depends on the squared DM density profile
it is very sensitive to overdensities along the line of sight. M31 is centered inside a large DM
halo but such a large parent halo hosts a large number of small subhalos and even further levels
of substructure. Those subhalos will lead to a substantial boost of the host halo’s /—factor. Thus,
it will be important to carefully model the substructure according to recent results of N—body
simulations as well as astronomical observations.

To account for the uncertainty of the DM distribution in M31, we define two limiting DM
templates (MAX and MIN) which include both a smooth component and a substructure component.
Moreover, we also create a benchmark template (MED) that states a realistic DM distribution
in M31 based on recent observations and simulations. We will use the publicly available code
CLUMPY [11] to generate J—factor maps of M31.

As a matter of fact, M31 seems to be the only well-studied galaxy which was argued to require
the effect of adiabatic contraction around its central region [12]. Therefore, we adopt this profile
as the smooth component in our benchmark (MED) template. The smooth DM component of the
remaining two models are taken from [7]. We find that the Burkert profile minimizes and the
Einasto profile maximized the total emission among the listed DM distributions. These profiles are
totally specified by their scale radius r; and density normalization py given in Tab. 1.

We need to specify several parameters that govern the amount and distribution of subhalos in
a given object. The parameters with the largest impact are:

The index « of the subhalo mass function dn/dM following a power-law,
the fraction of the DM halo mass which is stored in substructure fyp,
the minimal mass of DM subhalos My, and

- the subhalo concentration parameter cqg.

We rely on the most recent model of the concentration parameter of subhalos® [13] and we show
in Tab. 1 our definitions of the three models which are based on Fig. 7 in [14] to account for the
mutual dependencies among the remaining three parameters.

2To this end, we make use of a developer’s version of CLUMPY which already features this concentration model.
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Figure 2: (Left) Radial J—factor profiles using the three DM templates of M31. The two vertical
dashed lines in red display the spatial extension of the gamma-ray signal from M31 and our ROI
of 14° x 14° up to which we perform the analysis, respectively. (Right) Expected Fermi-LAT and
HAWC sensitivities for DM annihilating into bb and assuming a DM distribution in M31 according
to the MED model. The yellow bands display the 68% C.L. whereas the green bands show the 95%
C.L.

’ ‘ smooth profile ‘ * ‘ Jsub ‘ Muin [Mo)] ‘ €200 ‘
MIN rs = 9.06 kpc, p?iﬂ;e,gg % 107 M. /kpc3 1.9 | 0.12 100
MAX rs =178 kpc, pf:a;tloz < 10° M. kpc? 2.0 | 045 10-12 [13]
MED ry = 22(.1?5]312)12,;11[1)}0, Z)Ztiffigi\;v kpc3 1.9 0.19 10~©

Table 1: Summary of the three DM models for M31.

The LAT analysis closely follows the approach of [15] which was used to derive bounds on
the DM annihilation cross section analyzing the gamma-ray emission from the Small and Large
Magellanic Clouds. We scan the parameter space of annihilating DM with masses from 10 GeV
to 10 TeV while focusing on the bb and T+ 7~ channels. An estimate of the sensitivity of the MED
template to DM annihilations into bb is shown in Fig. 2 together with the estimate of the HAWC
observatory, which will provide complementary limits at higher masses.
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