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We study the possibility that an extended cosmic-ray leptonic and/or hadronic halo is at the origin of the
large-scale gamma-ray emission detected from the Andromeda galaxy (M31). We consider a broad
ensemble of nonhomogeneous diffusion scenarios and of cosmic-ray injection sources. We find that
cosmic-ray electrons and protons could be, and very likely are, responsible for part, or all, of the gamma-
ray emission fromM31, including out to more than 100 kpc from the center of the galaxy. We also simulate
possible emission from pulsars in M31 and consider the effect of regions of highly inefficient diffusion
around cosmic-ray acceleration sites, as suggested by recent TeV halo observations with Cherenkov
telescopes.
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I. INTRODUCTION

As the nearest large spiral galaxy to the Milky Way
(MW), the Andromeda galaxy (M31) has been the subject
of intense observational scrutiny, including recent detec-
tions at gamma-ray energies. While early gamma-ray
telescopes were able to only set upper limits on the
gamma-ray signal, the Fermi Large Area Telescope
(LAT) [1] was the first instrument to obtain a significant
positive detection [2]. The LAT detection was found to be
compatible both with a point source and with an extended
source emission tracing an infrared map at 100 μm
intended to indicate star-forming regions, with the extended
emission preferred nonsignificantly at the confidence level
of 1.8σ [2]. Subsequent studies of LAT data including
longer exposure have added to the evidence for gamma-ray
emission in M31, including the tentative, and controversial,
detection of potential “bubblelike” features analogous to
the Milky Way Fermi bubbles [3]. In a recent study, the
Fermi-LAT Collaboration reported a 10σ detection of M31
with a strong detection of spatially extended emission out
to ∼5 kpc at the 4σ significance level [4].
The nature and origin of the emission from the central

regions of M31 remain somewhat controversial. On the one
hand, M31’s observed gamma-ray luminosity does not
significantly deviate from the expectation from the known
scaling relationship between infrared and gamma-ray
luminosity [5,6]; this, in turn, would hint at cosmic rays,

accelerated in supernova explosions, as the physical
counterpart to the observed emission. This possibility
was quantitatively explored in [7], which found, however,
that the required input power from supernova explosion
would imply, in the case of a leptonic or hadronic or even of
a mixed scenario, a supernova rate around two orders of
magnitude larger than expected. References [8,9] explored,
instead, a dark matter annihilation scenario, where gamma
rays originate as a result of the pair-annihilation of dark
matter particles. This possibility was recently also consid-
ered in [10]. While, in principle, consistent with the so-
called, controversial, “Galactic Center Excess” in the
Milky Way [11], and marginally in tension with the non-
observation of gamma-ray emission from local dwarf gal-
axies by Fermi-LAT [12,13], this is an intriguing possibility.
Finally, unresolved emission from point sources such as
millisecond pulsars or other compact objects,which has been
considered in Fragione et al. [14] as well as in Eckner et al.
[15], remains an unavoidable component of the observed
signal, albeit with uncertain relative importance.
Other recent observations of gamma-ray emission in

M31 have searched for emission at large radii in the outer
halo of the galaxy. As part of a detailed study of the
gamma-ray emission in M31 using roughly 8 years of
Fermi-LAT data in a 60° region of interest centered at
ðl; bÞ ¼ ð121.17°;−21.57°Þ, Karwin et al. [16] reports
evidence for an extended gamma-ray excess separate from
the Milky Way foreground. This purported emission
extends out to roughly 100–200 kpc above the plane of
the galaxy, although the authors acknowledge that the
emission from the “far outer halo” (at angles from M31’s

*armcdan@clemson.edu
†profumo@ucsc.edu

PHYSICAL REVIEW D 104, 123016 (2021)

2470-0010=2021=104(12)=123016(15) 123016-1 © 2021 American Physical Society

https://orcid.org/0000-0002-9159-7556
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.104.123016&domain=pdf&date_stamp=2021-12-08
https://doi.org/10.1103/PhysRevD.104.123016
https://doi.org/10.1103/PhysRevD.104.123016
https://doi.org/10.1103/PhysRevD.104.123016
https://doi.org/10.1103/PhysRevD.104.123016


center 8.5° < r < 21°) is likely related to mismodeling of
the significant foreground emission from the Milky Way
and thus less robust than the emission from the “spherical
halo” region at angles between 0.4° < r < 8.5° and than the
robustly detected inner galaxy emission at r < 0.4°. Karwin
et al. [16], while not ruling it out, argues against an
extended cosmic-ray halo [17,18] based on the radial
extent, spectral shape, and intensity of the observed
large-radii signal. However, as we argue below, the radial
extent and intensity depend critically on assumptions on
cosmic-ray diffusion outside the Galactic plane and in the
halo, and the spectral shape is strongly affected by fore-
ground Galactic emission and from the intrinsic weakness
and limited statistics of the signal.
In this study, we study cosmic-ray electron and proton

transport in M31 under a variety of assumptions on the
nature of diffusion within and beyond the traditional
cylindrical “diffusion box”, used in Milky Way cosmic-
ray studies, around M31’s galactic plane. We note that
recent studies (see, e.g., [19,20]) advocate for the impor-
tance of cosmic-ray streaming in the energy range of
interest here and for a hadronic gamma-ray production
model; specifically, studies indicate that streaming should
be included at least at certain scales to describe cosmic-ray
outflow [21]. Recent gamma-ray spectroscopy studies in
the Milky Way also provide evidence of efficient streaming
of cosmic rays that can produce gamma-rays away from the
Galactic disk [22]. Here, for simplicity, we assume that
diffusion dominates cosmic-ray transport overall in the
large ∼100 kpc radius region of interest we consider and
leave the study of the possible effect of streaming to a
future investigation. We similarly neglect the possible
anisotropy in the diffusion coefficient; including this addi-
tional possible effect would make our models increasingly
hard to constrain and less predictive.
Since we relax the simplifying assumption of homo-

geneity for the diffusion coefficient, we solve the transport
equation via a stochastic approach in the standard way
(namely, turning the Fokker-Planck partial differential
equation describing cosmic-ray transport into a stochastic
differential equation solved by means of a Monte Carlo
method). We consider both a sharp discontinuity and a
gradual transition from the inside to the outside of the inner
diffusion region; in addition, we also consider a model, that
is becoming increasingly well motivated by observations of
TeV halos [23], where diffusion within the sites of cosmic-
ray acceleration is inefficient. Finally, we also consider a
variety of possible injection sites for the cosmic rays.
Cosmic-ray electrons and protons both produce gamma

rays as they propagate through the Galaxy. However, while
electrons radiate highly efficiently and lose energy quickly,
protons’ energy losses are significantly less efficient, with
timescales much longer than those associated with propa-
gation. At the gamma-ray energies of interest, and in the
outer regions we are concerned with, cosmic-ray electron

emission proceeds through inverse-Compton scattering,
primarily by up-scattering photons in the cosmic micro-
wave background (CMB). Cosmic-ray protons instead
produce gamma rays as a result of inelastic collisions with
the interstellar and circumgalactic medium, producing
neutral pions eventually decaying to gamma-ray pairs.
In this study, we also reassess the contribution of milli-

second pulsars and of younger pulsars to the gamma-ray
emission, making use of dedicated pulsar population syn-
thesismodeling and of observationallymotivated predictions
for gamma-ray emission from pulsars.
Our results indicate that it is quite plausible that (i) most

of the spherical halo gamma-ray emissions originate from a
cosmic-ray halo possibly extending out to M31’s virial
radius and well beyond the galactic disk. We find that this
interpretation is (ii) possible both within hadronic and
leptonic cosmic-ray scenarios, albeit in the latter case only
a fraction of the spherical-halo gamma-ray emission can be
explained. Finally, we find that (iii) the inner-galaxy
emission is most likely a combination of pulsar gamma-
ray emission and of hadronic and leptonic cosmic-ray-
induced gamma rays, somewhat attenuating the tension
with the expected supernova rate found in [7].
The remainder of this study is structured as follows: in

Sec. II, we outline our approach to solving the relevant
transport equation and give details about the diffusion and
cosmic-raymodelswe consider. Sections III and IVdetail our
results on cosmic-ray driven gamma-ray emission and on
pulsar gamma-ray emission, respectively; finally, Sec. V
presents a final discussion of our results and our conclusions.

II. SOLUTION TO THE TRANSPORT EQUATION
AND DIFFUSION MODELS

The transport of cosmic rays on galactic scales, describ-
ing the particles’ flux and energy spectrum nðx⃗; p⃗; tÞ, with
x⃗ position and p⃗ momentum, is customarily described
through diffusive processes in phase space via equations
with a structure of the type [24]

∂n
∂t þ u⃗ ·∇n ¼ ∇ · ðκ̂∇nÞ þ 1

p2

∂
∂p

�
p2κpp

∂n
∂p

�

þ 1

3
ð∇ · u⃗Þ ∂n

∂ lnpþ Sðx⃗; p; tÞ: ð1Þ

In the equation above, u⃗ is the advection speed, κ̂ the spatial
diffusion tensor, p ¼ jp⃗j, κpp the momentum-space dif-
fusion coefficient which effectively describes reaccelera-
tion, and Sðx⃗; p; tÞ describes the cosmic-ray sources.
An important consideration when discussing cosmic-ray

(CR) transport in M31 is the role of diffusive effects versus
possible contributions from winds. Typically, the star
formation activity in a galaxy can be used as an indicator
of the presence of a CR driving wind [25–27]. In [28], Hα
observations of spiral galaxies were used to estimate a
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lower limit on wind driven outflows at 3.2 ×
1040 ergs s−1 kpc−2 in terms of the star formation rate
(SFR)/per unit area which gives a total SFR of
∼0.58 M⊙ yr−1 for a radius of 20 kpc. In comparison,
recent observations of M31 over the same scale find global
SFR rates of ∼0.25–0.3 M⊙ yr−1 [29,30] (though some
other studies have found slightly higher total SFR up to
∼0.4 M⊙ yr−1 [31]). This suggests that the role of winds in
producing the halo in M31 may be a subdominant process
and motivates our interest in focusing on the diffusion
process. This is in line with previous studies of M31 and
other galaxies [32,33], as well as recent simulations [34],
where the role of winds in CR propagation is found to be of
lesser impact than diffusion.
In the context of CR transport, the diffusion equation has

been solved through a variety of methods. In Colafrancesco
et al. [35,36], a Green’s function method, with image
“charges” suitably accounting for the boundary conditions
of the problem, was developed and employed to solve for
the steady-state solution to a diffusion problem with
spherical symmetry, for arbitrary injection spectra, but
with a spatially constant energy loss term and diffusion
coefficient [see also [37]]. The method was generalized in
[8] for the calculation of the radio and inverse-Compton
emission, with the possibility to also include a spatially
dependent magnetic field and target radiation field energy
density.
An alternate approach is to solve for the differential

equation on a lattice by discretizing the problem in a
standard fashion. This method is employed by popular
codes that solve for the diffusion problem in cylindrical
coordinates such as GALPROP [38] or DRAGON [39,40].
While this method can, in principle, be adapted to different
geometries and to different assumptions on the spatial
dependence of the various transport coefficients, the

method is not easily adapted to complex diffusion setups
such as the ones we are interested in here.
Finally, using the well-known connection between the

Fokker-Planck equation and Stochastic differential equa-
tions, other codes model CR transport by means of
stochastic processes, see, for example, the CRPropa code
[41,42]. Here, we utilize precisely this approach, as it is the
most flexible to study largely inhomogeneous diffusion
setups and complex CR injection morphologies. We refer
the reader to classic literature on the equivalence between
Fokker-Planck partial differential equations and stochastic
differential equations, see, e.g., [43].
We model diffusion as a stochastic process in space (we

model energy losses separately and neglect reacceleration
and streaming). We assume diffusion to be isotropic; thus,
each pseudoparticle’s step is taken to occur in a random
direction in space. The step size is taken to correspond to
the mean free path λ, which for a diffusive process in three
dimensions is λ ≃ 3D=v, with D the (energy-dependent)
diffusion coefficient at the particle’s location and v the
pseudoparticle velocity; for instance, for typical values of
D ∼ 3 × 1028 cm2=s and v ≃ c, we get λ ≃ 1 pc. Since the
diffusion coefficient is taken to be a function of energy so is
the corresponding mean free path. To reduce the computa-
tional complexity of our simulations,weoccasionally needed
to resort to extrapolations of the results of simulations with
larger step sizes. The extrapolation procedure involves
running several simulationswith the sameparameters, except
with different step sizes.At each step size, there is a density of
particles for a given radius. The densities are extrapolated as a
function of step size, and a best fit line is produced from the
results. We then extrapolate the density to a step size of .002
using the best fit line. A visual of this procedure is shown in
Fig. 1, left.

FIG. 1. Left: illustration of an extrapolation procedure used in some of our simulations. The inner step size refers to the step size within
the diffusion region. This image represents the CRP1 diffusion setup. Right: averaged χ2 for a fit to the observed gamma-ray emission
morphology from cosmic-ray protons with an ensemble of simulation at various values of the width of the transition region δ and of the
ratio D2=D1. The optimal choice corresponds to D2=D1 ¼ 25 and δ ¼ 1000 kpc.
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To model the CR spatial distribution in steady state (the
case of interest here, since we assume all injection sources
to be in steady state), we run our simulations with a limited
number of pseudoparticles and assess the CR residence
timescale τ for pseudoparticle loss outside the region of
interest (which is typically taken to be 200 kpc, the same
region of interest used in [16], and around 2=3 of M31’s
virial radius) by fitting, after an initial transient, for the
exponential decay behavior of the number NðtÞ of pseu-
doparticles still within the diffusion region versus the total
initial number of particles Nðt ¼ 0Þ ¼ N0,

NðtÞ ≃ N0 expð−t=τÞ: ð2Þ

In practice, we fit the exponential form to the interval
0.1 < NðtÞ=N0 < 0.9 to prevent both fitting for the initial
transient corresponding to the drift to the boundary of the
diffusion region and for the noisy tail of the distribution at
the end of the simulation. Once the residence timescale τ is
found, we run extensive simulations with a large number of
pseudoparticles (on the order from 106 to 108) for a
time t ¼ τ.
We validated the procedure outlined above and the code

by comparing our results with a simplified version of the
diffusion equation’s Green function, which solves

∂n
∂t ¼ ∇ · ðκ̂∇nÞ þ δðr⃗ÞδðtÞ ð3Þ

and which reads

nðri; tÞ ¼
exp ð− r2i

4κiit
Þ

ð4πκiitÞd=2
; ð4Þ

with d the dimension and κii the diffusion coefficient in the
direction ri. We cross-checked our code for d ¼ 1;…; 3
and for isotropic and nonisotropic diffusion tensors. We
completely developed the code we employed in-house.
We neglect energy losses for the case of cosmic-ray

protons, while in the case of cosmic-ray electrons we
assume the standard quadratic dependence on energy for
energy losses for high-energy electrons,

dE
dt

≃ −b0E2; ð5Þ

with b0 ∼ 10−16 GeV−1 sec−1 [35]. Notice that here we
neglect effects related to the transition of the electron
energy losses from the Thomson to the Klein-Nishina
regime (see Ref. [44] for a recent evaluation of the impact
of this approximation); we leave it to future work to
implement the full Klein-Nishina energy loss formula.
One can integrate the equation above by separation of
variables between an initial and a final time/energy to get
(for initial time t ¼ 0)

−
1

Ef
þ 1

Ei
¼ −b0δt ¼ −b0δx=c; ð6Þ

where in the last equation we assumed that the propagation
step between collisions δx has length δx ¼ cδt because the
electrons are ultrarelativistic. Solving for Ef, one finds

Ef ¼ Ei

1þ ðb0c ÞδxEi

: ð7Þ

Expressing x in kpc and Ei in GeV, the multiplicative
constant gives

Ef ¼ Ei

1þ 10−5 δx
kpc

Ei
GeV

: ð8Þ

Thus, in the case of the electrons, we run simulations that
track not only position but also energy. We assume an
injection spectrum inspired by Fermi second-order accel-
eration, dN=dE ∼ 1=E2, and spawn electrons with energy
in proportion to that spectrum; we then track both where the
final positions of the electrons are and which energy they
have, with the proviso that for every step where the electron
has moved by a distance x the energy is reduced according
to Eq. (7) above.
Notice that while we diffuse electrons in the same way as

protons, i.e., simulating diffusion via a stochastic processed
as described above, the relevant timescale for the simu-
lation in this case is the energy-loss timescale rather than
the diffusion of the particles outside the diffusive region of
interest. The energy-loss timescale is defined by the
number of steps it takes particles to fall below an energy
such that emission of gamma rays in the energy range to
which the Fermi-LAT is sensitive to is no longer viable.
Since we are interested here primarily in emission far away
from the stellar population in M31 (and, in particular,
distances typically larger than the size of the stellar disk in
M31), the main photon field we are concerned with is the
cosmic microwave background (the inverse-Compton
emission scales with the energy density in a given radiation
field, and in the spherical halo, this is dominated by the
CMB). The average energy of a CMB photon is
Eγ ≃ 6.4 × 10−4 eV; the typical energy of the up-scattered
photon is Ef ∼ γ2eEγ, where γe is the Lorentz factor of the
incoming electron. Requiring Ef ≳ 0.1 GeV, which is at
the lowest energy detectable by the LAT, we get that
γe ¼ Ee=me ≳ ffiffiffiffiffiffiffiffiffiffiffiffiffi

Ef=Eγ

p
≃ 4 × 105, thus Emin

e ≃ 200 GeV.
Notice that the energy dependence of the diffusion
coefficient is quite critical in the case of high-energy
electrons, DðEÞ ¼ D0ðE=GeVÞξ, and adopt the canonical
Kolmogorov value of ξ ¼ 0.3. This energy dependence of
the diffusion coefficient is well supported by a variety of
studies, including direct local cosmic-ray observations [45]
and complex CR propagation modeling and simulations
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[34,46,47], along with observations of external galaxies
[32,33]. Radio observations in M31 [32] specifically have
also shown to be consistent with an energy-dependent
diffusion coefficient lending further credence to the suit-
ability of its application in this study.
We can estimate the average path length λe the electrons

take to lose their initial energy Ei from Eq. (7) above; being
a diffusive process, we first calculate the time Ti→f for the
electrons to lose energy from Ei to Ef,

Ti→f ¼ 1

b0

�
1

Ef
−

1

Ei

�
≃ 1016

GeV
Ef

sec : ð9Þ

The typical distance traveled by an electron from its
injection point is then given by

λe≃
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D0ðĒ=GeVÞξTi→f

q
∼5.8 kpc

�
Ef

GeV

�
−0.35

≈0.9 kpc;

ð10Þ

where in the last equation we assumed Ef ≃ 200 GeV.
Thus, electrons contributing IC emission off of CMB are
not expected to diffuse further than approximately 1 kpc
from the source location. Our simulations are found to be
consistent with the simple estimate above.
While in the case of electrons up-scattering CMB

photons, there is a one-to-one correspondence between
the final electron locations and the gamma-ray emission
along a given line of sightl in the case of protons, the
structure of the interstellar and circumstellar target gas
density is crucial, as the gamma-ray emissivity is propor-
tional to the line-of-sight integral of the product of the
cosmic-ray proton density and the target gas density. Given
the lack of detailed information about the gas density along
the line of sight especially between the MW and M31
centers, we choose to adopt the results of the simulations in
[48]. Specifically, we utilize their results on the gas density
along the line of sight between M31 and the MW (thick
black line in Fig. 16), up to a distance of approximately
30 kpc from M31; at that point, we match the gas density in
their simulation results for the gaseous halo of M31, Fig. 5,
left panel. Finally, we use the results of the simulations in
[49], their Fig. 1, summing upon all components, in the
innermost 1.5 kpc.
In producing the gamma-ray morphology plots, we

simply count the number of pseudoparticles corresponding
to cosmic-ray electrons, given the homogeneity of the
background radiation field. In the case of cosmic-ray
protons, we instead weigh each pseudoparticle with the
corresponding target gas density at its location and then
integrate (i.e., sum) along the given line of sight.
In order to compare our results with observations, we

digitized the map corresponding to the tentative signal (i.e.,
residual) intensity map in [16], Fig. 34, top left, using the

numpy, matplotlib, and OpenCv libraries in Python to
digitally input the image and the associated color bar, which
was then converted from RGB values back into physical
values using the nearest color index of the color bar. This was
then scaled down to the source’s original 20 × 20 pixel
resolution.We note that the source image contained overlays
for spatial reference, which resulted in artifacts upon digiti-
zing and rescaling; in order to resolve this, pixels were
manually corrected by sampling the nearest unaffected pixels
from the full-scale digitized image.

III. RESULTS

In this analysis, we test the impact of both the source
morphology and the diffusion setup on the gamma-ray
emission from (i) inelastic collisions of cosmic-ray protons
with the inter-stellar medium and (ii) inverse-Compton
emission of high-energy cosmic-ray electrons off of CMB
photons, using the simulation techniques described in the
previous section. We note that while in the galactic plane
other photon fields than the CMB have comparable energy
density to CMB photons, in the region of interest we are
concerned with CMB photons dominating on average by 1
to 2 orders of magnitude the background photon energy
density. We thus neglect other photon fields in our study.
As far as the source morphology is concerned, we

entertain three scenarios:
(1) Cosmic rays are produced near the central region of

M31; this scenario assumes that the main acceler-
ation mechanism for cosmic rays in M31 is physics
associated with the innermost region of the galaxy,
such as, for instance, accretion around, and jets
emanating from, the central supermassive black hole
of M31 (see Ref. [3] and the results of extended
Chandra X-ray observations of M31*, indicating
outburst phases and significant flux variations,
similar to those observed for Sgr A* [50]).

(2) Cosmic rays are produced in star-forming regions;
this possibility physically relies on the notion that
the main cosmic-ray acceleration sites are likely
supernova shocks, whose locations trace star-
forming regions. Observationally and theoretically,
this possibility was explored in [51,52] and in [53],
which found that a significant fraction of cosmic
rays in the Milky Way are likely injected from star-
forming regions. We use as a tracer of star-forming
regions in M31 the IR emission map from [54].

(3) Finally, we use the PrsPopPy code ([55]) to
produce a synthetic population of pulsars (see
Sec. IV for details on the population synthesis
procedure we adopt) as a proxy for a scenario where
cosmic-ray electrons and positrons are produced in
the magnetosphere of rotating neutron stars [see,
e.g., [56,57]].

We also entertain a variety of diffusion models, taking
advantage of the flexibility provided by the stochastic
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solution to the diffusion equation. In particular, we assume
the following:
(a) A traditional “leaky box” diffusion scenario (hereafter

referred to as our “benchmark” model) inspired by
similar setups for the Milky Way that successfully
reproduce the measured abundance of cosmic-ray
species [see, e.g., [38–40]]. Here, we assume that
cosmic rays diffuse primarily inside a cylindrical
diffusion region of radius 20 kpc and half-height
10 kpc (we have also considered variations of these
parameters, with marginal impact on our results
described below), effectively free-streaming outside
the diffusion region; we model this latter effect by a
sudden, steplike jump by a factor of 100 in the
diffusion coefficient outside the cylindrical box.

(b) A “constant” diffusion scenario, where cosmic rays
diffuse in an isotropic and homogeneous medium with
a constant diffusion coefficient. Albeit physically
unrealistic, this scenario aims at assuming that the
circumgalactic medium in the Local Group continues
to support cosmic-ray diffusion well outside M31 and
the Milky Way and out to much larger radii than the
galaxies’ sizes.

(c) A “gradual” spatially dependent diffusion coefficient
defined so that the diffusion coefficient inside a
cylindrical box of height zt and radius rt is D1 and,
after a transition region of size δ, it asymptotes to an
outer value D2. The distance of a point ðr; zÞ in
cylindrical coordinates from the diffusion box is

distðr;zÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr−min½r;rt�Þ2þðz−min½z;zt�Þ2

q
: ð11Þ

The diffusion coefficient at a point of cylindrical
coordinates ðr; zÞ is then calculated as

Dðr;zÞ¼D1þðD2−D1Þ
ArcTan½distðr;zÞ=δ�

π=2
: ð12Þ

We searched for the values of D2=D1 and δ producing
the gamma-ray emission morphology most closely
resembling (based quantitatively on a pixel-by-pixel
χ2 procedure) the diffuse gamma-ray emission mea-
sured in the inner halo and spherical halo of M31 [16].
For this calculation, we utilized the gamma-ray emis-
sion from cosmic-ray protons, with the procedure
explained above. The χ2 was computed by comparing
the predicted and measured emission pixel by pixel in
a 20 × 20 pixel region covering the entire region of
interest (with a radius of 27 kpc, corresponding to an
approximate angular scale of four degrees), after
normalizing both maps to the same average emission.
We show in Fig. 1, right, the results for the χ2 for
different values of δ and D2=D1. For every combina-
tion of D2=D1 and δ, we ran a set of ten independent
simulations, with the inferred standard deviation
shown in the figure. Our results indicate a preference
for large values of δ, implying, in turn, a preference for
a mild “gradient” in transitioning to the larger outer
value of the diffusion coefficient. Similarly, we ob-
serve a preference for smaller ratios of the outer to
inner diffusion coefficient. However, for large
δ ∼ 1 Mpc, we find that ratios 5≲D2=D1 ≲ 50 give
equally good fits to the observed morphology. While
there is no strong statistical preference, we adopted as
our benchmark choice the lowest χ2 central value
which corresponded to D2=D1 ¼ 25. We show in
Fig. 2 with an isolevel contour plot in the left
and with a three-dimensional rendering of a
100 × 100 kpc region on the right the resulting
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FIG. 2. Spatially varying diffusion coefficient, with the functional form in Eq. (12) andD2=D1 ¼ 25 and δ ¼ 1000 kpc. The left panel
shows curves of constant D2=D1 on the ðr; zÞ plane of cylindrical coordinates across the entire region of interest, while the right panel
shows a three dimensional plot of the same quantity, on the same plane. The inner diffusion region, with constant D ¼ D1, is bordered
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diffusion coefficient (normalized to the value inside
the inner diffusion box) in cylindrical coordinates
ðr; zÞ, with parameters corresponding to the optimal
choices D2=D1 ¼ 25 and δ ¼ 1000 kpc.

(d) As a second example of a spatially varying diffusion
coefficient, we utilize a model (which we dub “Swiss
cheese” diffusion coefficient) where inside the diffu-
sion region there exist spherical subregions of ineffi-
cient cosmic-ray transport associated with the
turbulent medium inside pulsar wind nebulae (PWNe).
This scenario reflects the recent findings of [23] that
high-energy cosmic-ray electrons diffuse much less
efficiently (around a factor 100 smaller effective
diffusion coefficient) inside PWNe than outside.
Following [58], we use the model of [59] to relate
the pulsar age to the radial size of the corresponding
PWN, and we assume a sudden transition to a
diffusion coefficient D0=100 inside the PWN; outside
the cylindrical box, we assume, as for the benchmark
model, a large diffusion coefficient 100 ×D0.

We employ slightly different sets of source distribution
and diffusion models for cosmic-ray electrons (CRE) and
protons (CRP), based on different expected injection
sources (protons are not thought to be produced by pulsars’
magnetospheres). We describe below our choices and
results.

A. Cosmic-ray electrons

Here, we present results for gamma rays from inverse-
Compton (IC) up-scattering ofCMBphotons by high-energy
cosmic ray electrons. We consider six different cases:

CRE1: Benchmark diffusion scenario (a), with CRE
injected at the very center of M31, i.e., scenario (i).

CRE2: Benchmark diffusion scenario (a), with CRE
injected in star-forming regions, i.e., scenario (ii).

CRE3: Benchmark diffusion scenario (a), with CRE
injected at the location of mature synthetic pulsar
locations, i.e., scenario (iii).

CRE4: Constant diffusion scenario (b), with CRE injected
at the very center of M31, i.e., scenario (i).

CRE5: Gradual diffusion scenario (c), with D2=D1 ¼ 25
and δ ¼ 1; 000 kpc, with CRE injected at the very
center of M31, i.e., scenario (i).

CRE6: “Swiss cheese” diffusion scenario (d), with CRE
injected at the location of mature synthetic pulsar
locations, i.e., scenario (iii).

Figure 3 shows the emission morphology from IC of
CMB photons by CRE. We notice that virtually in all cases
the emission is mostly circumscribed to the inner regions of
M31, albeit with different morphologies for the different
assumptions on diffusion and source location. The radially
averaged intensity profiles of the six cases is shown in
Fig. 4. First, we note that CRE1 and CRE5 are very similar,
indicating that the transport conditions beyond the inner
regions play a relatively mild role. In these cases, there is
also very marginal emission in the spherical halo region.
CRE2 and CRE3 also look remarkably similar, as is
somewhat expected since in both cases the CR injection
sites trace star formation. In CRE2 via the IR emission map,
we utilized as a proxy for the star formation rate, and in
CRE3 via the synthetic pulsar population model, we
constructed (described in detail in the following section).
CRE2 and CRE3 exhibit a more extended morphology

FIG. 3. Morphology of each of the six CRE cases. For each case, a contour plot of the observed gamma-ray emission from the Fermi-
LAT observations [16] is mapped over the CRE configurations for comparison.
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compared to CRE1 and CRE5 and are found to contribute
somewhat to the emission in the spherical halo region,
which is around 5 × 10−8 ph cm−2 s−1 sr−1, out to around
15 kpc. Finally, CRE6 is the model that has the most
pronounced emission in the innermost few kpc, driven by
CR electrons being “trapped” in bubbles of inefficient
transport associated with PWNe.
The results of our simulations demonstrate the feasibility

of diffusion-dominated CRE propagation out to large radii
in M31. This can have important implications on our
understanding of faint halo emission in galaxies and at
other wavelengths. In particular, ARCADE-2 results have
reported an excess of radio emission of undetermined
origin [60–63], which has been seen in other radio studies
as well [64]. If, as our results suggest, CRE propagating
through primarily diffusive processes are able to produce
emissions at large scale around their host galaxies, the
resulting diffuse synchrotron emission may have a mean-
ingful impact on the observed extragalactic radio back-
ground. However, production of synchrotron emission at
larger radii would require not only the presence of CRE but
also that there exists sufficient magnetic fields in order to
produce synchrotron radio emission.
These results are also relevant to understanding the

relation between the radio and far-infrared (FIR) emission
in galaxies, which is strongly impacted by CRE propaga-
tion. The tight radio-FIR correlation has been extensively
studied in external galaxies [65–67] including in particular
M31 [32,68,69] and has been well established over a range
of wavelengths and galaxy properties [25]. In radio-FIR
studies of M31 (e.g., [32,69]), a critical parameter in
understanding this correlation is the diffusion length scale
which is found to be around ∼1 kpc, in agreement with the
values used in our simulations. As shown in our simu-
lations, a diffusion driven CRE propagation model neglect-
ing winds can produce emission from CRE out to large
radii (e.g., CRE4 and CR5 in Fig. 4), consistent with the

gamma-ray observations, while simultaneously remaining
compatible with the diffusion parameters that characterize
the FIR-radio correlation in M31. However the radio-FIR
correlation still holds for galaxies where advection is
expected to play an important role, for instance, M33
[32] or M82 [70,71]. In these instances, it may be possible
that greater CRE injections are counteracted by shorter
escape times due to the presence of the galactic winds [71–
73]. Furthermore, regions of galaxies undergoing active
star formation commonly host turbulent magnetic fields
[74], and therefore, as the new, young CRE are injected into
the galaxy, they synchrotron radiate near their initial
injection site. This replenishment of young CRE is neces-
sary in order to maintain the radio-FIR balance in these
regions as the CRE rapidly loses energy in the turbulent
magnetic fields [75,76]. For galaxies and regions that are
not currently undergoing intense star formation activity
(e.g., most of Andromeda), in order to follow the same
radio-FIR trend, it is needed that the older CRE populations
have time to diffuse and travel throughout the galaxy and its
gaseous halo [76]. This is precisely the scenario depicted in
our simulations of M31, and we in fact see that the gamma-
ray observations are compatible with a population of older
CRE that has diffused and traveled through the galaxy and
out to large radii.

B. Cosmic-ray protons

In the case of protons, which are not produced in pulsars’
magnetospheres, we consider a different set of cases
(although, to ease the comparison with the CRE case,
we follow a similar numbering convention), specifically:
CRP1: Benchmark diffusion scenario (a), with CRP

injected at the very center of M31, i.e., scenario (i).
CRP2: Benchmark diffusion scenario (a), with CRP

injected in star-forming regions, i.e., scenario (ii).
CRP4: Constant diffusion scenario (b), with CRP injected

at the very center of M31, i.e., scenario (i).
CRP5: Inhomogeneous “gradual” diffusion scenario (c),

with D2=D1 ¼ 25 and δ ¼ 1; 000 kpc, with CRP
injected at the very center of M31, i.e., scenario (i).

CRP6′: “Swiss cheese” diffusion scenario (d), but with
CRP injected in star-forming regions, i.e., sce-
nario (ii).

As above, we show in two separate figures the results for
the morphology of the innermost 25 × 25 kpc region in
Fig. 5 and the radial intensity profile in Fig. 6. Our results
indicate that CRP1, CRP2, and CRP60 all exhibit a
relatively similar morphology, likely due to the fact that
in those cases the emission tracks quite closely the
residence time, in turn related to the diffusion coefficient.
Since protons diffuse for much longer times than electrons,
the source injection site is less critical, and information
thereof is asymptotically lost.
Larger values of the diffusion coefficient in the spherical

halo and outer halo regions, as in CRP4 and CRP5, yields,

FIG. 4. Radial intensity profile for cosmic-ray electron simu-
lations for the six diffusion and injection source profile combi-
nations discussed in the text.
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as expected, a much brighter emission at large radii;
because CRP5 has a gradual ramp up to a larger diffusion
coefficient, its relative brightness at large radii is lower than
the constant diffusion coefficient case of CRP4. This is also
clearly shown in the radial intensity profile of Fig. 6.
Our results for cosmic-ray protons indicate, as somewhat

expected, that in order to support significant emission
beyond the inner region, a comparatively small diffusion
coefficient needs to be present in the outer regions of M31,
as in CRP4 and CRP5. In either case, including when, as
shown in Fig. 2, the diffusion coefficient is almost five
times larger at the outskirts than around the inner M31
regions, the gamma-ray emission in the spherical halo and

that in the inner region are quite accurately reproduced.
Only a constant, suppressed diffusion coefficient would
explain the outermost gamma-ray emission; in this case, the
emission in the inner region would also additionally be self-
consistently explained (see the pink dashed line in Fig. 6).

C. Spectral information

Ackermann et al. [4] find that the gamma-ray emission
from M31 follows a power law with spectral index
Γ ¼ 2.4� 0.1. Here, we study the implications of spectral
information on a cosmic-ray electron or proton scenario.
The spectrum of gamma rays dN=dEγ ∼ E−Γγ from

proton-proton inelastic collisions where the primary protons
have a spectrum dN=dEp ∼ E−Γp depends on the assumed
hadronization model [see, e.g., [77]]. For instance, in the so-
called Dermer’s model [78], Γγ ¼ Γp, implying a proton
spectral index Γp ≃ 2.4, somewhat harder than what is
observed in the Milky Way, where Γp ≃ 2.6 [79]; in the
Fireball model [80], similarly, the relation is Γγ ¼
ð4=3ÞðΓp-1=2Þ, implyingΓp ¼ 2.3.We note that differences
in Γp could be related to different injection source spectra
and/or a different energy dependence of the diffusion
coefficient or both.
Spectral information in the case of cosmic-ray electrons

is significantly blurred by a variety of circumstances,
including the strongly energy-dependent diffusion, and
the unknown spectra of the relevant background radiation
up-scattered in inverse-Compton processes. However, in
this case, it is possible with our setup to study the
morphology of the predicted signal given an injection

FIG. 5. Morphology of each of the five CRP cases. For each case, a contour plot of the observed gamma-ray emission from Fermi-LAT
Karwin et al. [16] is mapped over the CRP configurations for comparison.

FIG. 6. Radial intensity profile for cosmic-ray proton simu-
lations for the five diffusion and injection source profile combi-
nations discussed in the text.
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spectrum. In the preceding section, we assumed that CRE
featured a Γe ¼ 2.0 injection spectrum. In the figures, we
study what happens assuming the distribution of CRE’s
spectra follows a softer power-law behavior; in particular,
we utilize spectra motivated by a recent analysis of Alpha-
Magnetic Spectrometer results, indicating Γe ∼ 2.7 [81],
and by radio emission from synchrotron in the Galaxy [82],
suggesting a harder CRE spectrum with Γe ≃ 2.3. We show
results for the diffusion/source setups CRE3 and CRE4 in
Fig. 7. While in the case of CRE3 softer injection spectra
yield a slightly more centrally concentrated emission than
for our Γe ¼ 2.0 benchmark, in the case of CRE4 (where
CREs are solely injected at the center) the effect of a change
in the injection spectrum is very dramatic, with the CRE
population, and thus the resulting IC signal, truncated at

very small radii (around 2 kpc for Γe − 2.7 and 6 kpc
for Γe ¼ 2.3).

IV. PULSAR EMISSION

The pulsar population in M31 is modeled using the
population synthesis code PsrPopPy [55]. In total, we
generate 10,000 pulsars using default parameters for a
Milky Way-type galaxy, appropriate in the present case. In
particular, the radial distribution is based on the analysis of
[83], while the vertical distribution assumes a two-sided
exponential with scale height of zscale ¼ 0.33 kpc. The
pulsar spin period also is given in [83] as a log-normal
distribution with μ ¼ 2.7 and standard deviation
σ ¼ −0.34. The total pulsar number was chosen as a
reasonable estimate based on estimates from [84], where
the theorized pulsar birth rate is estimated between 2.8

FIG. 7. Radial intensity profile for the diffusion/source setup CRE3 (left) and CRE4 (right) for three different injection spectra for the
cosmic-ray electrons, dN=dEe ∼ E−Γe , Γe ¼ 2, 2.3, and 2.7.

FIG. 8. Left: model pulsar population locations in relation to the galactic plane of M31. The colors of the pulsars are generated by a
standard 3-D kernel density estimation. The plane image is the deprojected 24 μm image from Gordon et al. [54]. Right: example
sample of 303 PWNe (enlarged by a factor 20).
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pulsars per century, which would give a population of
approximately 3000 pulsars and a larger possible number,
which [84] suggests could be up to a factor 5 larger.
We sample the pulsar ages homogeneously and linearly

between the ages of 103 yrs and 105 yrs, to bracket the
observationally motivated age range of pulsars exhibiting a
wind nebula (PWN) [85]. As far as the size of the PWN, we
implement the functional dependence between age and
radius of the nebula as in [58,85]. In Fig. 8, we show for
illustrative purposes an image of the pulsar locations
relative to the plane of the galaxy compared with a
deprojected 24 μm image of M31 from [54]. Notice that
in the figure we use different scales for the z axis and for the
galactic plane. The right panel of Fig. 8 shows the size of
the region of inefficient diffusion for a down selection of
303 random pulsars, enhanced for visibility by a factor 20
in size.
We utilize the synthetic population constructed as

described above to simulate the sources of high-energy
CRE in the case of CRE6, and we adopt for diffusion
scenario (iii) again from CRE6 and for CRP60 a suppressed
diffusion coefficient 100 times smaller than in the rest of
the diffusive cylindrical inner region. We also use the
synthetic pulsar population to model a further possible (and
plausible) source of gamma radiation.
As detailed in [86], the emission from gamma-ray

pulsars is found to correlate with the pulsar’s spin-down
luminosity _E. Specifically, [86] finds that while several
pulsars over a wide range of spin-down luminosities exhibit
gamma-ray luminosities Lγ ∝ _E numerous others follow a

phenomenological behavior where Lγ ∝
ffiffiffiffi
_E

p
. Noting that

the spin-down luminosity _E ∝ _P=P3, where P is the pulsar
period and _P the period derivative, and that the character-
istic pulsar age τ ¼ P=ð2 _PÞ, given our synthetic pulsar
catalog, we simulated pulsar emission from the following
two observationally motivated [86] prescriptions:
(1) Lγ ∝ _E ∝ 1=ðτP2Þ
(2) Lγ ∝

ffiffiffiffi
_E

p
∝ 1=ð ffiffiffi

τ
p

PÞ
Wealso considered amodel (0) where all pulsars produce the
same gamma-ray emission. This latter case (0) can be

considered a proxy for the emission from older, “recycled”
millisecond pulsars, as considered, for instance, in [15] and
in [14].
We show in Fig. 9 the expected gamma-ray emission

from unresolved gamma-ray pulsars from the synthetic
population we built as described above for the three
cases PWN1 where Lγ ∝ _E ∝ 1=ðτP2Þ, PWN2 where

Lγ ∝
ffiffiffiffi
_E

p
∝ 1=ð ffiffiffi

τ
p

PÞ, and in the case PWN0 where the
same gamma-ray luminosity is associated with every pulsar
in the catalog. We observe a slight increase to the extension
of the emission from PWN1 to PWN2 to the same-
luminosity case. Overall, however, the pulsar emission
appears to be relevant only for the innermost few kpc, as
also reproduced in the detailed radial intensity profile
shown in Fig. 10, where we normalize the emission to
the inner galaxy data point, shown in red.
At their observed emission peaks of around 1 GeV, the

gamma-ray luminosity of gamma-ray pulsars from the
Fermi-LAT pulsar catalog [86] and millisecond pulsars

FIG. 9. The morphology of the gamma-ray emission from unresolved gamma-ray pulsars as predicted in the population synthesis
model we constructed for the case where each pulsar features the same gamma-ray luminosity (PWN0) for Lγ ∝ _E ∝ 1=ðτP2Þ (PWN1)

and Lγ ∝
ffiffiffiffi
_E

p
∝ 1=ð ffiffiffi

τ
p

PÞ (PWN2).

FIG. 10. The radial intensity profile, normalized to the mea-
sured gamma-ray intensity from the inner regions of M31, for the
gamma-ray emission from unresolved gamma-ray pulsars as
predicted in the population synthesis model we constructed for
the case PWN0 of identical emission from each pulsar (black
triangles) of Lγ ∝ _E ∝ 1=ðτP2Þ (PWN1, purple circles) and Lγ ∝ffiffiffiffi
_E

p
∝ 1=ð ffiffiffi

τ
p

PÞ (PWN2, green squares).
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[see, e.g., [87]] is 1033–1037 ergs s−1. In order to account
for 100% of the inner galaxy emission, the typical gamma-
ray photon luminosity of each pulsar in our catalog would
need to be around 4 × 1040 ph s−1. For ∼1 GeV energies,
this translates to a luminosity of 6.4 × 1037 ergs s−1. Note
that this does not take into consideration other sources of
gamma-ray emission (e.g., star formation). Thus, while
gamma-ray emitting pulsars alone are not sufficient to
account for the total gamma-ray emission in Andromeda,
based on both morphological arguments and energetics, we
find that emission from unresolved gamma-ray pulsars in
M31 is nevertheless likely to be a significant contributor in
the inner regions of M31. In summary, based on both
morphological arguments and energetics, we find that
emission from unresolved gamma-ray pulsars in M31 is
likely to be a significant contributor in the inner regions
of M31.

V. DISCUSSION AND CONCLUSIONS

We studied the gamma-ray emission expected from the
Andromeda galaxy (M31) due to high-energy cosmic-ray
electrons and protons and by unresolved pulsar emission.
The key motivation for the present study is the detection of
gamma-ray emissions in the spherical halo and far outer halo
ofM31 [16] and the possibility that such emissionsmay be in
part or entirely associated with a cosmic-ray “halo” extend-
ing significantly beyond the disk and bulge of M31.
We considered a broad ensemble of diffusion scenarios,

including ones where diffusion is relatively efficient out to
large radii and ones where diffusion is significantly
inhomogeneous. We found that cosmic-ray electrons up-
scattering cosmic microwave background photons is likely
responsible for a significant portion of the inner region
gamma-ray emission and, possibly, of the spherical halo,
especially if diffusion is highly inefficient near the sites of
cosmic-ray electron acceleration. Cosmic-ray protons also
definitely contribute to the inner-region emission and
possibly to the emission in the outermost region, if the
increase in the diffusion coefficient from the inner regions
out to the virial radius is limited to within a factor of 5–10.
Finally, we studied the possible contribution of unresolved
pointlike sources associated with pulsars and found that
this should only contribute to the inner region, with limited
impact on the spherical halo emission.
We investigated the implications of the spectral infor-

mation from the findings of Ackermann et al. [4]; at face
value, we argued that this implies for a cosmic-ray proton
scenario a spectrum dNp=dEp ∼ E−2.4

p for a Dermer model
and dNp=dEp ∼ E−2.3

p for a fireball model. Assuming a
Kolmogorov-type diffusion, this is consistent with what
found in the Milky Way. In the case of cosmic-ray
electrons, we showed how utilizing observationally moti-
vated injection spectra, thus with a softer spectrum than our

benchmark assumption, strongly focuses the predicted
gamma-ray signal to the central regions of M31 and
suppresses it at the periphery.
Our results provide further direct evidence for an extended

cosmic-ray halo around M31 and thus possibly around our
ownGalaxy, as first entertained, for instance, in [17,18]. The
simulations presented here suggest that diffusion-dominated
CR transport is capable of driving CRs to large radii and
could provide a significant contribution to gamma-ray
emissions consistent with recent gamma-ray observations
in the outer halo ofM31 [16]. This analysis can further aid in
our understanding of the properties of galactic halos. In
particular, the presence of CRE at large radii is necessary for
the production of large-scale synchrotron halos, which could
provide a meaningful contribution to the observed radio
background. Additionally, efficient CRE diffusion in quies-
cent galaxies such asM31has beenpostulated as a significant
factor in understanding the variety of galaxies that obey the
radio-FIR correlation. This work explores and demonstrates
that under reasonable CR injection and transport models the
requiredCRhalos can be realizedwhile remaining consistent
with the observational evidence from Fermi-LAT [16].
Nevertheless, while our results give some boundaries to
their nature, the full composition of the halo in terms of its
leptonic and hadronic components and the detailed structure
of the diffusion configuration remain at present unclear.
Given the possible new-physics interpretation of the gamma-
ray emission from the outer regions ofM31 [10], the cosmic-
ray halo scenario should be carefully explored. Future
observations both at gamma-ray and at other frequencies
in conjunction with additional detailed cosmic-ray simula-
tions and predictions at other wavelengths (including, e.g.,
radio and X-ray, where detailed data exist) will help further
elucidate the origin of the gamma-ray emission from M31.
For instance, [7] showed that the inner galaxy M31 gamma-
ray emission can only be explained exclusively by cosmic-
ray electrons as long as themagnetic field in the inner regions
is highly suppressed compared to expected values in the
several micro-Gauss range. Finally, given the similarities
between M31 and the Milky Way, our results warrant
establishing whether our own Galaxy possesses an extended
cosmic-ray halo and, if so, how it would manifest observa-
tionally [see, e.g., [88]].

The data underlying this article will be shared on
reasonable request to the corresponding author.
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