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ABSTRACT: We study the origin of the positron excess observed in the local cosmic-ray
spectrum at high energies, and relate it to the cosmic rays and gamma-ray emission across
the entire Galaxy. In particular, we explore the hypothesis of a single, dominant source
accountable for primary electron-positron pairs. Since we are agnostic about the physical
nature of the underlying source population, we consider four models that are representative
of young pulsars, old stars (as a tracer of millisecond pulsars), and annihilating dark matter
particles. In the dark matter hypothesis, we consider both a cored and a cuspy model for the
halo in the Milky Way. Then, we compare the associated gamma-ray sky maps with Fermi-
LAT data. We find that the emission arising from pulsar wind nebulae is fairly concentrated
near the mid plane, and therefore additional cosmic-ray sources must be invoked to explain
the emission at the center of the Galaxy. If the local positron excess were mainly due to
millisecond pulsars, inverse Compton scattering by the particles injected would naturally
account for a non-negligible fraction of the central gamma-ray emission. The same process
would lead to a tension for a standard NFW dark matter profile, exceeding the gamma-ray
data by almost a factor of 2 in some regions of the Galaxy. Although the results for an
isothermal, cored profile are in agreement with these data, the cross section needed in both
cases is around 2 orders of magnitude above the thermal cross-section, disfavouring the
dark matter interpretation.
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1 Introduction

After more than a century of intense research, the origin of cosmic-ray (CR) positrons is still
not fully understood. It is now widely accepted that most Galactic CRs are accelerated in
supernova remnants [1]. Secondary positrons, produced by the collision of the relativistic
protons with the surrounding interstellar matter, are able to account for the observed spectrum
of Galactic positrons up to ~ 10 GeV [2]. However, observational evidence strongly suggests
the presence of an additional Galactic source yet to be identified. Positrons lose their energy
through a variety of processes, until they eventually annihilate with electrons in the interstellar
medium. The morphology of the 511keV line (see, e.g., [3], and references therein) exhibits
an unexpected excess near the Galactic centre. This excess is more consistent with the
morphology of the Milky Way bulge than with the distribution of the supernova remnants,
which traces more closely the Galactic disk (see, e.g., refs. [4, 5]). Moreover, the PAMELA
experiment measured in 2008 the energy spectrum of different CR species between 1 and
100 GeV [6]. While the results obtained for the positron abundance at energies below 10 GeV
were fairly compatible with the predictions of the theoretical models based on a secondary
origin (i.e. from primary proton spallation), it became clear that extra sources of primary
positrons were necessary to explain the observed positron fraction above that energy. These
results were later confirmed by other experiments, such as AMS-02 [7] and the Fermi Large
Area Telescope (Fermi LAT) [8], and a secondary origin of the high-energy positrons has been
confidently ruled out by comparison with the antiproton spectrum [9]. The nature of the
required source of primary positrons is nonetheless heavily debated, and several theories have
been proposed. Currently, the most favoured candidates are Pulsar Wind Nebulae (PWN) [10-
16] and the annihilation of Dark Matter (DM) particles within the Milky Way halo [17-20].
These two sources have been extensively studied, focusing on reproducing the local positron
spectrum without discussing the implications beyond the Solar neighbourhood in detail.



A complementary view of the CR population arises from the observation of their gamma-
ray radiation. The measurements conducted by Fermi LAT have significantly enhanced our
comprehension of the high-energy sky in the past 15 years. However, there are some features
of the diffuse emission whose origin is still an open question. The GeV excess around the
centre of the Milky Way, discovered in 2009 [21-33], was soon reported to be consistent with
DM annihilation on the basis of both its spectrum and its spherically-symmetric spatial
morphology. Subsequent studies proposed a population of re-accelerated MilliSecond Pulsars
(MSPs) as an alternative explanation [34, 35]. These sources would also inject positrons
throughout the whole Galaxy, and therefore they have also been considered as possible
contributors to the local positron excess [36, 37].

Many previous studies of the gamma-ray sky describe it in terms of spatial and spectral
templates that trace different components [e.g. 38-40], while more physically-motivated
models of the injection and propagation of CR do not specifically address the positron excess
problem [41-45]. In this work, we test whether the contribution of DM, PWN or MSP could
account for both the high-energy positrons observed in the Solar neighbourhood, as well as the
gamma-ray emission from the whole Galaxy. The aim of this work is not to derive constraints
or upper limits to the different possible models here considered, but to explore the possibility,
as a proof of concept, of building a self-consistent model that is able to explain simultaneously
the origin of all CR species, including positrons, as well as 100% of the gamma-ray emission.
This is, of course, a challenging endeavour, given the large number of parameters involved, and
to our knowledge there is as yet no broad consensus on its feasibility, nor the minimum number
of components that are required to account for all the known ‘excesses’ in the multi-messenger
data. The CR propagation model used in this work is fully described in section 2. We follow a
model-agnostic approach, where the positron energy spectrum is set by comparing to the local
measurements [19, 46-50], and the spatial distribution depends on the nature of the sources
tested in this work. The adopted injection spectra are discussed in section 3. Since we are not
relying on any specific physical model, our conclusions will be valid for any source population
that a) explains the local positron excess b) its spatial distribution is akin to those studied
in the present work (i.e. young/old stars, and a cored/cuspy dark matter halo). Section 4
focuses on the comparison between the predicted gamma-ray emission and the all-sky maps
from the Fermi-LAT Collaboration.! The implications for the DM, PWN, and MSP scenarios

are discussed in section 5, and our main conclusions are briefly summarised in section 6.

2 Cosmic-ray propagation model

We assume that the injection and propagation of cosmic rays in the Milky Way is governed
by the stationary advection-diffusion equation [51, 52]:
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! Fermi-LAT data repository: https://fermi.gsfc.nasa.gov/ssc/data/access/.
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where U; denotes the spectrum (number of particles per unit volume per unit momentum)
of CR species ¢, D is the spatial diffusion coefficient, and v,, is the effective wind velocity
in the Galaxy; p denotes the momentum of the particles, and D, refers to diffusion in
momentum space; the p and the following term represent the momentum and the adiabatic
losses, respectively; @; is the source term (injection spectrum per unit time); ¢ represents
the speed of light, § and v are the velocity and Lorentz factor, respectively, ng,s is the
number density of the interstellar gas particles, o;_; is the spallation cross-section of species
J into ¢ by collision with gas particles, 7;_,; represents the lifetime for spontaneous decay,
0i = 3 < Oij, and /7 = Yi<i 1/Tisj.

This equation is solved numerically using the DRAGON CR. propagation code? [53] on a
uniform spatial and energy grid. We use a simulation box given by a 2-dimensional cylindrical
spatial grid with radial coordinate R € [0,12] kpc and 121 grid points, and vertical coordinate
z € [—18,18] kpc with 361 grid points, i.e. a uniform spatial resolution of 0.1 kpc in both
dimensions, and study energies in the range Ej € [10 MeV, 100 TeV], using 90 logarithmically
spaced energy bins. Note that these radial and vertical scales correspond to the size of the
simulation box in each dimension, not to the physical scales of the Galactic halo, which will
be discussed in section 2.2. We verified that the adopted resolution and box size ensure
numerical convergence within a few percent. In the radial direction, our setup is identical
to [15]; in the vertical direction, we increase the box height in order to improve our modelling
of the gamma-ray emission at high latitudes.

2.1 Source terms

Following previous works [e.g 15, 54, 55|, we use a broken power-law
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to model the injection of protons and heavier nuclei by SuperNova Remnant (SNR) shocks.
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For electrons, an additional exponential cut-off e=#/Feut is included at high energies. The
overall normalisation constant Qo = Q(Rg,0, Ep), i.e. the injection rate at the Solar location
(R = Rp = 8.3kpc, z = 0) at an arbitrary reference energy Fy = 1GeV, as well as the
logarithmic slopes aq, a1, a9, and the break energies E1 and F», are free parameters to
be determined independently for each particle species, whose values are set to reproduce
the local CR data.

In order to explain the observed positron spectrum, it is necessary to postulate a new
source of primary electron-positron pairs, which we refer to as the ‘extra component’. To
model its injection spectrum as a function of energy, we use a single power-law with an
exponential cut-off [56]:

Qextra(Ra 2 E) = QO S(R, Z) (f,o)ae_E/Ecut’ (23)

https://github.com/cosmicrays/DRAGON2-Beta_ version.


https://github.com/cosmicrays/DRAGON2-Beta_version

where the normalisation @), the logarithmic slope a and the cut-off energy FE..; are varied as
free parameters, while Fy = 1 GeV merely denotes, once again, the reference energy adopted
to express (Qp. Although every single pulsar (PWN or MSP) may feature a unique injection
spectrum, this simple analytical form provides a fair approximation to describe the sum over
the whole population of individual sources. In the context of DM annihilation, instead of
assuming a specific particle physics model (e.g. mass and branching ratios for the different
annihilation channels), we here remain completely agnostic about the precise nature of the
DM particles, and simply use this phenomenological injection spectrum under the assumption
that their annihilation is the main physical mechanism responsible for the local positron
excess. The spectrum of particles produced by DM annihilation could feature sharp cut-offs.
However, we will limit ourselves to study simple exponential ones.

Regarding the spatial distribution S(R, z), we adopt a Ferriere [57] profile:

R—Ry |7 z \? z \?
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SsNr(R,2) =T 3exp< 15 0.325) + lO 79exp< <0.212> +0.21exp <0.636)
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to describe the distribution of Galactic SNR.
For PWN, we adopt a Lorimer profile [58]:

R — Rg !z!)
2,
R 0.2 (25)

R 1.9
Spwn(R, z) = (R) exp<—5.0
O]

to describe the distribution of pulsars in the Milky Way.

The only MSPs capable of accelerating particles above 10 GeV are those inside compact
binary systems [36]. A limited number of these systems have been discovered in the Galaxy
so far, and so their distribution is poorly known. Therefore, we decide to use a McMillan
profile in this case: [59]

98.4 R? + (2/0.5) 896 2l R
Snisp (R, 2) = - “03 95
msp (R, 2) (1+ R’/O.075)1'8 eXp( 2.12 + 2-300 exp( .3 2.5)
183 H R >
_lE R 2.6
+‘g.gooexp< 09 3.02) (26)

where R’ = \/R? + (2/0.5)2. This function describes the overall distribution of stars within
the Galaxy, as a first order approximation of the location of MSPs.

Finally, the annihilation rate of DM particles in the Milky Way halo is proportional to
the square of the DM density, whose behaviour in the innermost regions is still debated (the
so-called “cusp-core” problem [60-63]). In this work, we will study two distributions: the one
proposed in ref. [64] following the results found in cosmological simulations (the so-called
‘NFW’ profile), and an isothermal (ISO) profile [65]. These are representative of both cuspy
and cored DM distributions, respectively. The difference between cuspy and cored profiles
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Figure 1. Particle injection profiles as a function of Galactocentric radius at z = 0 (left) and in
terms of height from the Galactic plane at R = 2kpc (right).

lie at the center of the DM halo, while the former has a pronounced peak, the latter is flat.
The NFW and ISO profiles squared read as follows:

1
Snew () = G B v
1
SISO(T) - (1 ¥ (T/Tiso)2)2
where r = v/ R? + 22 is the spherical radial coordinate, whereas rs = 20 kpc [66] and 7i5, =
3.5kpc [67] denote the scale radius of the DM halo in each profile.

The spatial distributions of the different CR sources are shown in figure 1. The density
of SNR and PWN is quite uniform across the inner Milky Way disk, peaking a few kpc away
from the Galactic centre, whereas MSP and DM are much more concentrated, tracing the
morphology of the stellar bulge and of the DM halo, respectively. Therefore, they are expected
to yield very different predictions about the CR and gamma-ray spectra in the innermost
regions of the Galaxy, once they match the Solar neighbourhood measurements. As one can see
on the right panel, the DM profiles (both NFW and ISO) extend up to much higher latitudes
that the exponentially decaying injection profiles of the pulsar scenario (PWN and MSP).

(2.7)

(2.8)

2.2 Propagation parameters

The energy losses considered in this work are pion production, Coulomb scattering, ion-
ization, bremsstrahlung, inverse Compton scattering (including the Klein Nishina regime)
and synchrotron radiation, all of them included by default in DRAGON [see appendix C.10
in 53]. For the magnetic field, we use the model of [68], adding a turbulent component
to match the observed local value of ~ 6 puG [57]. We assume the shape of the turbulent
component as [69, 70]

R—-R
By = Boaumy e~ 2 ) exp(~ 2|/ ), (29

where z; is the scale height of the Galactic magnetic field, not to be confused with the size
of the simulation box, By tub = 5.5 uG, 1o = 8.5kpc.



Rimax [kp€] | Zmax [kpc] | Do [cm?/s] 1) va [km/s] | z [kpc] | (Pmod) | ko
12 18 1.1 x 10%® | 0.68 13.0 4 0.58 | 1.5

Table 1. Box size and propagation parameters of our model, manually set by comparison with local
measurements of the CR spectra. Dy is specified at a referenge rigidity of 1 GV.

In order to ensure self-consistency, we adopt the same gas density model as the HERMES?
code [71], that we will later use to compute the gamma-ray emission. This model is composed
of 11 Galactocentric rings of gas column density derived from the HI4PTI survey [72] and the
CfA survey [73] for atomic and molecular gas, respectively. For the molecular gas, we use
a constant X¢o factor of 1.9 x 102 ecm™2K~1/(km s~1) [74].

We make use of the DRAGON default cross sections, described in [75], to calculate the
nuclear secondaries, and the Kamae cross section [76] to calculate the secondary electrons
and positrons.

For the diffusion coefficient, we assume that it follows a single power-law in particle
rigidity p, and it increases exponentially with the height |z| over the Galactic mid-plane,
driven by the decay of the magnetic field [55]:

)
D(p.2) = Do(;ﬂ) exp(l2]/#1), (2.10)

with reference rigidity po = 1 GV. The normalisation Dy, the logarithmic slope §, and the
characteristic scale height z; are free parameters of the model (see table 1). This leads to a
diffusion in momentum space, also known as re-acceleration, whose coefficient is given by [52]:

4 p211124

Do = S5 =@ =9 D)

(2.11)

where vy is the Alfvén velocity and (D) is the spatial diffusion coefficient from eq. (2.10)
averaged over all the directions.

3 Cosmic-ray spectra

In order to determine the free parameters in our model, we make use of 7 years of B/C, He,
p, e~ and e data from AMS [77], as well as H.E.S.S. measurements of the combined e~ + e*
spectrum [78]. We also consider the Voyager-1 mission data [79] to investigate the effect of
the Sun at low energies, that we describe by means of the Force Field approximation [80, 81]
for simplicity, where the modulation potential (¢moq) is an additional free variable. This
description has large uncertainties, especially at low energies, but a more detailed modelling
of the Heliosphere is beyond the scope of this work.

Any physically motivated model of the Galactic CRs necessarily involves a large number
of free parameters. In our case, we have six (normalisation, logarithmic slopes, and breaks)
for the primary injection of each particle species (electrons, protons, Helium, Carbon, and
Oxygen) by SNR, another three (normalisation, slope, and cut-off) for the extra component (be

3https://github.com/cosmicrays/hermes.
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it PWN, MSP, or DM), and five more associated to particle propagation. Our prior knowledge
of their true values is, at best, uncertain, and they are strongly degenerate. Exploring in
a proper way such a vast parameter space with (6 x 5+ 3 x 3+ 5) = 44 dimensions and
evaluating the uncertainties associated to the fits (with, e.g. a Markov-Chain Monte Carlo
approach) is extremely challenging from a computational point of view. Moreover, it would
only provide a rigorous quantification of the statistical uncertainties, yet neglecting the
significant systematic biases incurred by our choice of astrophysical parameters associated to
the Milky Way, such as the gas density, magnetic field, radiation field, and spatial distribution
Si(R, z) of the different sources.

For these reasons, we do not attempt to find the model that best fits the observational
data. Instead, this work aims to investigate whether it is possible to explain all the available
CR and gamma-ray measurements in terms of two source populations, namely SNR, and
the ‘extra component’, and whether PWN, MSP, or DM would be viable candidates for
the latter. To that end, we adjust manually the parameter values until we find a ~ 1o
agreement with the data.

3.1 Procedure and baseline model

We first set the CR propagation parameters and the primary injection of nuclei in the baseline
SNR model. We reproduce the local data on hadronic species by exploring combinations of
the propagation parameters. Then, we do the same for the injection spectrum of primary
electrons by SNR, constrained by the corresponding spectra at very low and high energies.
Finally, we investigate and discuss the injection of additional primary electrons and positrons
in our four ‘extra component’ scenarios. During this procedure, we could not explain the
low energy tail of the positron spectrum by only varying the propagation parameters of the
model, with a flux prediction always around a factor of 2 below the data. Because of that,
and given the uncertainties in the modelling of the local flux of secondary positrons [82-85],
we apply a fudge multiplicative factor, k, to the cross section. This parameter, constant
with the energy, simply scales the cross section. It is included in our tuning procedure and
allows us to reproduce the low energy positrons.

In the baseline model, all CRs are injected by sources following the distribution of
supernova remnants. The proposed values of the propagation parameters are quoted in
table 1, whereas the injection of each particle species is specified in table 2. The predictions
for the CR flux, J(E), of this model are compared in figure 2 with the available observational
measurements. Although some discrepancies are still present, one may conclude that, in
general, all the hadronic spectra (H, He, B/C, and O) are fairly well reproduced, taking
into account current systematic uncertainties.

The most notable deviation corresponds to the Boron-to-Carbon ratio, both at low and
high energies. We find that above ~ 100 GeV this ratio starts to deviate more significantly from
the data. This has been explained in the literature as a change in the diffusion regime [48, 86].
However, we do not model such a feature because it introduces more degenerate free parameters
in our procedure. In our case, where such a break is not modelled, we note that it is necessary
to introduce a similar feature in the injection spectra [87] at the energy scale we label as
E5. For Oxygen, Carbon and Helium, we adopt Fo = 100 GeV, and a somewhat larger value



Species Qo —ap FEq —aq FEs -9 Eeut
[GeV~tm™3 Myr~!] [GeV] [GeV] [GeV]

¢} 1.72 x 1077 2.00| 7.0 |225| 100 | 2.03 —

C 1.33 x 1077 2.00| 7.0 |223| 100 | 2.03 —

He 3.62 x 1076 200 | 7.0 |221| 100 |2.05 —

H 2.17 x 107 1.80 | 7.0 | 221 | 335 |2.05 —
e 7.91 x 1077 200 | 80 |270| 60 | 246 |2x10*

Table 2. Injection parameters of the baseline SNR model. The normalization of the injection spectra,
Qo, is given at Fy = 1 GeV; E; is the energy of the different breaks; E.,; denotes the cut-off energy,
and «; are the logarithmic slopes of the injection spectra.

is required in order to accurately reproduce the observed proton spectrum, that displays a
significant feature at Fo ~ 300 GeV. In the intermediate energy range F; < E < FEs, our
logarithmic slope «; is slightly steeper than the canonical value o« ~ —2.

In what concerns the propagation parameters, that are mainly determined by the
secondary species B and e™, we observe that the resulting diffusion index § = 0.68 is a bit
above the values typically obtained from the quasi-linear theory of diffusion, which predicts
an index ranging between 1/3 and 1/2, depending on the turbulence model [88]. Nevertheless,
recent studies have also given results consistent with ours [16, 48, 89, 90]. The Alfvén velocity
varies a lot among the different studies, but it is typically lower than 40 km/s [15, 44, 46, 49, 50],
which is consistent with our result of 13km/s. A height z; = 4kpc has been typically used
and is in agreement with current observations of the °Be isotope [48, 49]. The modulation
potential is also in good agreement with the results of ground-based measurements [80, 81].
Its effect is shown e.g. in the proton spectrum in figure 2, where the solid and dash-dotted
lines show the spectrum with and without the solar modulation, respectively. The same
modulation value of (¢pmod) = 0.58 is used for every particle. Its uncertainty of £0.1, according
to [15, 80, 81], is shown as a gray band in the protons and leptons spectra. The impact of the
modulation is stronger in the positrons, since the same modulation values result in a wider
uncertainty band. Finally, we consider that our fudge multiplicative factor for the positron
production cross-section, k,, is compatible with the present uncertainties [82].

3.2 Extra component

Regarding the extra component, we look for the normalisation, injection index and cut-
off energy that is consistent with the positron and electron spectra observed at the Solar
neighbourhood for each one of the adopted source morphologies (PWN, MSP, DM NFW and
DM ISO). The numerical results are given in table 3, and figure 3 shows the comparison
between the model predictions and the experimental data.

The injection index and cut-off in the young pulsar scenario are 1.55 and 750 GeV,
respectively, which is in good agreement with the expected PWNe index injection from
gamma-ray observations, between 1.2-2.2 [13, 91]. In the case of the MSP, our result of
1.5 also fits well in the typical range (1.5-2.5) used for MSPs [92, 93]. The two considered
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Figure 2. CR spectrum of our model at Earth for Oxygen and Carbon, the latter is multiplied by
0.1 for a better visibility (top left); Boron-to-Carbon ratio (top right); Helium (middle left); protons
(middle right); electrons and positrons at low energies (bottom left); and all-leptons at high energies
(bottom right), compared to data from either AMS-02 [77], Voyager [79], or HESS [78]. The nuclei
fluxes are multiplied by E27, while the CR leptons by E2. For Helium and protons, we show the effect
of the solar modulation by showing AMS data (red) and Voyager data (blue). For the low-energy
leptons, the red and blue colors stand for e~ and e™, respectively. The dashed lines and grey bands
show the solar modulation uncertainty.



Model Qo —a | Byt
[GeV~!m™3 Myr—!] [GeV]

DM NFW 1.22 x 10719 1.30 | 900
DM ISO 1.22 x 10710 1.30 | 900
PWN 3.97 x 107 1.55 | 750
MSP 1.97 x 107° 1.50 | 800

Table 3. Injection parameters of our ‘extra component’ in every scenario; see eq. (2.3) for details.
The parameters are described as in table 2.

DM scenarios are consistent with o = —1.30 and F¢yt = 900 GeV. Although there is a large
difference between both DM distributions in the innermost region of the Galaxy, at larger
Galactic radii their behaviour is quite similar. Therefore, both models yield the same set of
injection parameters. These values are more difficult to interpret, since we do not assume
a theoretical annihilation spectrum, but the cut-off energy hints towards a DM particle
mass of the order of ~ 1-10TeV.

By construction, all the extra component models yield similar results in the Solar vicinity.
However, large differences are expected both at the Galactic centre, as well as far from the
Galactic plane, due to their different spatial distribution. Figure 4 shows the resulting CR
electron (left) and positron (right) spectra at the center of the Milky Way. The effect of
introducing the extra e”e™ pairs according to our four prescriptions is clearly noticeable.
While the MSP and both DM scenarios produce a significant boost in the electron and
positron content over a broad energy range, PWN represent a minor correction with respect
to the baseline model accounting for SNR injection alone.

4 Gamma rays

Having obtained a description of the distribution of CRs within the Galaxy, we now proceed
to compute their associated gamma-ray emission. To do this, we make use of the HERMES*
code [71], where we include different processes: bremsstrahlung and Inverse Compton Scat-
tering (ICS), coming from leptons, and 7° decay, from protons and helium. In addition, they
all include the extragalactic gamma-ray background (EGRB) described in [94, 95].

The Fermi-LAT data is extracted using an observation time ranging from 04-08-2008
to 31-12-2020, selecting CLEAN events from the PASS8 data and the PSR3_ CLEAN_ V3
version of the instrument response function. Events with zenith angle 6, < 100° and events
given when the LAT instrument was at rocking angles 6, < 52° are removed. Our resulting
skymaps are calculated using a Healpix projection parameter nside = 256, in order to
approximately match the LAT data resolution at high energies.

Since all the scenarios share the same baseline hadronic component, they feature the

0

same 7 results, which can be considered as a minimal baseline model. Our CO-to-H2

conversion factor X¢o is lower than the values used in recent studies [e.g. 45, 96], where even

“https://github.com/cosmicrays/hermes.
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a variable factor depending on the Galactic radius is considered. The gamma-ray emission
of the baseline SNR model can be seen in appendix A.

We show our gamma-ray maps and their residuals with respect to Fermi-LAT data in the
energy range 10-100 GeV in the left and right columns of figure 5, respectively. We perform
a 2° Gaussian smoothing in order to mitigate random statistical fluctuations. One may see
the effect of point sources as compact blue circles in the residual images, but modelling these
components is beyond the scope of this work.

— 11 —



10° 10°

104
0 W 103
7 9
& £ 102
S = S
Q =" = [J]
S : —— 2 10
) = v v | T
¥ 1004 DM NFW e~ \\ % 10°f — DMNFwWe*
My - M
iy —— DMISOe ~ \ fin —— DMISOe*
N
1071y — PWNe~ --- Secondary e~ Mg \ 1071y — PWNe* ~
MSP e~ —.— Primary e~ . MSP e+ --- Secondary e* \
1072 > 1072 A
107t 10° 10! 10?2 103 104 10° 107! 10° 10! 10?2 103 104 10°
Ex [GeV] Ex [GeV]
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Away from point sources, all our scenarios are able to reproduce the observations with an
accuracy of the order of ~ 30%, with a few exceptions. On the one hand, the PWN and MSP
scenarios clearly need the introduction of another physical component (the so-called ‘Fermi
bubbles’ [97, 98]) in order to match the data above and below the center of the Milky Way.
On the other hand, DM annihilation within a cuspy (NFW) halo overshoots the observed
emission by a factor of ~ 2 at intermediate latitudes (|b| ~ 10°). This problem may be
mitigated by invoking a cored, ‘DM ISO’ halo. Note that at higher latitudes (|b] < 50°),
DM annihilation would be able to account for a large fraction of the gamma-ray emission
that is usually attributed to the Fermi bubbles.

We also study the spectra of our models at different regions of the sky, which are shown
in figure 6. Although our approach does not aim to accurately reproduce the observational
measurements, it is able to unambiguously highlight significant discrepancies. In a region
of 3° radius (shown as a black circle in figure 5) at the center of the Galaxy (top row), the
DM NFW model reproduces well the spectra, while the others are clearly below the data
above 1 GeV. On the other hand, the excess of the DM NFW scenario at energies 2 3 GeV
is evident, e.g., at [ = 0°, b = —7° (second row). Since our analysis does not include the
prompt emission of gamma-rays, which may actually dominate over the ICS component for
DM annihilation, a cuspy halo would be in tension with the gamma-ray observations if the
annihilation of DM particles was responsible for a significant fraction of the high-energy
positrons. A more detailed analysis, including this component, could be carried out in order
to constrain the inner slope of the density profile. Based on our study, a cored DM profile
such as our DM ISO model cannot be confidently ruled out. On the other hand, both PWN
and MSP pulsar scenarios are perfectly compatible with the data, yet in this case one must
necessarily invoke additional sources to explain the gamma-ray sky.

At variance with previous studies [41, 44], where the 7° component dominates at every
region of the Galaxy, one can readily see in figure 6 that ICS from the extra source of
positrons may make a sizable contribution to the observed gamma-ray emission. For instance,
at [ =0° b= —7° (second row) and F = 100 GeV, it is actually the dominant component
for all the scenarios that we have considered.
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5 Discussion

In principle, any of the proposed scenarios could be, at least, partially responsible for the
local positron excess. Although the excess of the NF'W scenario with respect to the observed
emission is relatively mild (taking into account the uncertainties in the model), the missing
gamma-ray components make it significant. In this regard, a cored DM (ISO) halo is
compatible with the data and, therefore, favoured. Prompt emission of gamma rays should
be investigated in order to derive more stringent constraints on the allowed density profiles,
as already done in [17, 99] when finding non compatibility with the DM hypothesis. Given
the uncertainties in the astrophysical ingredients of our model (e.g. gas density, radiation and
magnetic fields across the Milky Way), we also consider that a more thorough exploration
of the parameter space is necessary if we want to completely and confidently rule out the
DM annihilation hypothesis [100].

On the opposite extreme, PWN are the only explanation of the local positron excess that
would not have a significant gamma-ray imprint. While this is a positive trait in terms of
compatibility, it implies that a more complicated model, with a combination of sources, would
be needed to reproduce the observed gamma-ray emission. Thus, using the Occam’s razor
argument, PWN would be disfavoured if another scenario could be found that self-consistently
accounted for both the local spectra and the Galactic gamma ray sky. Since our approach is
quite model independent, this result applies to any explanation of the local positron excess
associated to the young stellar population or simply concentrated near the Galactic plane
for whatever reason. In this sense, MSP, or any other candidate source that follows the
distribution of the old stellar population, provides a much better match in the central regions,
and therefore these types of scenarios are certainly worth further scrutiny.

In addition to these considerations, derived from the predicted gamma-ray emission, one
may take our phenomenological approach one step further and assess whether the parameters
that we adopted are realistic, or at least compatible with our current knowledge. Even if the
injection spectrum is tuned to match the local measurements, additional constraints may
be obtained based on the energy budget available to each scenario.

To calculate the energy input, we integrate the source spectrum over the whole Galaxy.
In our PWN model, the total power injected across the whole Galaxy is (dE/dt)pwn = 7.2 X
103" erg/s. There are thousands of known young pulsars in the Milky Way, many of which are
expected to host PWN and/or gamma-ray halos (see e.g. [101]). The average power per single
source is thus of the order of 1034 —103° erg/s, consistent with observed spin-down luminosities.
For the MSP scenario, the total injected power increases to (dF/dt)ysp = 1.5 x 1038 erg/s.
Although only ~ 50 MSP have been discovered so far, it is estimated that their total number
could be of the order of (2-7) x 103 [37], yielding a similar average power per individual
source. Whether this number is realistic or not depends on the physical mechanism of pair
production. Our results are consistent with [14], who advocate for a 10 per cent efficiency in
the conversion of spin-down luminosity in PWN. For MSP, somewhat lower values (1-10%)
are reported by [37]. In such a case, the gamma-ray emission could be significantly smaller
than predicted by our model.

For DM annihilation, the injected power in form of e~ e™ pairs needed to reproduce the
local positron excess amounts to (dE/dt)xpw = 6.9 x 103 erg/s and (dE/dt)iso = 4.1 x
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1038 erg/s. In the Solar neighbourhood, both density profiles inject a power density per unit
volume (du/dt)pm,e = 6.3 x 10728 GeV /em?/s. This power density results from integrating
in energy eq. (2.3) at the Solar position and is to be compared with the theoretical rate

2
(d“> ~ PDMO (42 (5.1)
dt Jpme — MbM

Assuming a DM particle mass of 1 TeV (as suggested by our results) and a local DM density
poMe ¢ = 0.4GeV em ™3 [102], we have (ov) ~ 3.9 x 10724 cm? /s for both models, which is
two orders of magnitude above the thermal annihilation cross-section, consistent with the
constraints obtained by [103] for the injection of electron-positron pairs with identical initial
energy Ey = mpyc? and [104] for different annihilation channels.

This value may be regarded as a lower limit if we take into account that we are considering
only the injected leptons, while part of the energy in a DM annihilation is actually emitted
as prompt gamma-ray photons. Even in this case, the result is already in conflict with the
current constraints for a cuspy DM distribution [105]. On the other hand, let us note that a
particle with mpyg 2 ~ 1-100 GeV and {ov) ~ 3 x 10726 cm3 /s, with a non-negligible leptonic
branching ratio (after accounting for prompt emission and other annihilation channels), might
be responsible for a fraction of both the positrons in the Solar neighbourhood [106] and
the Galactic gamma-rays in this energy range.

6 Conclusions

We have studied the positron excess in the local CR spectrum [6], whose origin might be
related to new physics or may unveil new astrophysical mechanisms at play in the Milky Way.
In addition to the secondary positron population produced in CR collisions with the Galactic
gas, in this proof-of-concept work we introduced an extra source that injects symmetrically
ete™ pairs. At variance with other studies, we do not impose any particular model, but
manually adjust the injection parameters to reproduce the local measurements of the lepton
spectra [77, 78]. In doing so, our conclusions are valid regardless of the actual physical
mechanism(s) responsible for pair production. We considered four different scenarios for the
nature of the positrons source and its distribution within the Galaxy: two for annihilation of
DM particles, with squared NFW [64] and isothermal [65] DM halo density profiles, and two
related to the pulsar population; PWN following a Lorimer [58] profile, and MSP (assumed to
trace old stars) with a McMillan [59] profile. Since all our models reproduce, by construction,
the local spectra, they yield the same positron spectrum at the Earth position, but not in
other places of the Galaxy. To build these models, we only looked at local CR data and did
not investigate their synchrotron emission, which depends on the magnetic field assumed.
This might have an impact on the lepton distribution within the Galaxy, and therefore on the
resulting ICS emission [107]. Then, we computed the gamma-ray emission associated to each
scenario and compared the predicted all-sky maps with the available data from Fermi-LAT,
to test whether the different scenarios proposed could explain the positron emission observed
at Earth without being in conflict with gamma-ray data in other Galactic regions.

We first built a SNR model by comparing to CR data. Then, we added to this model
the emission of ICS and bremsstrahlung coming from the electrons injected by SNRs and
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the extra source matching AMS-02 positron data. Our results should be taken as a minimal
model, as not every possible gamma-ray contribution is included. The X¢o value that we
used for the molecular gas density is rather low, leading to a low 7¥ contribution. Neither
the gamma-ray point-like sources, the Fermi Bubbles nor DM prompt emission were included.
Therefore, any overshoot of the data means that there are significant tensions, even with
the high uncertainties in the modelling.

The predicted gamma-ray emission from our DM NFW scenario fits well the data in the
center of the Galaxy. However, it has a significant tension at intermediate latitudes, where the
DM ISO scenario has a better agreement with the data. In the case of PWN and MSP, they
are both below the data in both regions of the Galaxy. This means that there is some freedom
for the addition of the components that are missing in our minimal model. The energetics of
the PWN and MSP scenarios are consistent with the observed luminosities of single sources.
In the case of DM, the resulting cross-section of 3.9x10724 cm?/s is higher than the allowed
values by the current constraints [105] for a cuspy, NFW-like DM distribution. Although the
constraints for a cored ISO profile should be weaker, there might also be some tension with
our result, since we are not considering the prompt DM emission, i.e. the usually dominant
component in the gamma-ray domain. Besides that, our results might be useful to set
additional constraints even in the models where the prompt emission is suppressed [e.g. 108].

None of our single scenarios is able to simultaneously fit the positron excess and the
Galactic center emission at the same time. We have shown, for the first time in an agnostic
and model-independent way, that a cuspy DM distribution responsible for the local positron
excess is in tension with the gamma-ray data at intermediate Galactic latitudes. We cannot
rule out any of the scenarios given all the uncertainties in the modelling. However, there is
a preference for a cored DM distribution, which is in agreement with the gamma-ray data,
over a cuspy one. Furthermore, and regardless of the actual physical origin of the extra
positrons, we found that the contribution from ICS emission is expected to be significant
at intermediate latitudes.

All in all, and given all the findings in this work, we are optimistic about our aim of
connecting and explaining simultaneously both the positron excess and the whole gamma-ray
sky. Extending the energy range and considering other wavelengths will be very helpful for
this purpose. Besides this, a more realistic setup combining our studied scenarios might
yield more satisfactory results. These possibilities, together with the addition of the missing
gamma-ray components, will be explored out in a future work.
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A SNR contribution to the leptonic gamma-ray emission

As stated in section 4, the 7% component of the gamma-ray sky comes from the baseline
SNR injection. However, this baseline model also contributes to the leptonic gamma-ray
emission through its secondary electrons and positrons. The residuals of this baseline model
and their contribution to the total gamma-ray emission can be found in figure 7 and figure 8,
respectively. The results are similar to those of the PWN scenario, since this profile does
not inject many extra e”e™ pairs far from the Galactic plane.

SNR

Latitude b [deg]

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
(model-data)/data

Figure 7. Residuals of the baseline SNR model.
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