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Abstract. Numerical simulations of structure formation have recorded a remarkable progress
in the recent years, in particular due to the inclusion of baryonic physics evolving with the
dark matter component. We generate Monte Carlo realizations of the dark matter sub-halo
population based on the results of the recent hydrodynamical simulation suite of Milky Way-
sized galaxies [1]. We then simulate the gamma-ray sky for both the setup of the 3FGL and
2FHL Fermi Large Area Telescope (LAT) catalogs, including the contribution from the anni-
hilation of dark matter in the sub-halos. We find that the flux sensitivity threshold strongly
depends on the particle dark matter mass, and more mildly also on its annihilation chan-
nel and the observation latitude. The results differ for the 3FGL and 2FHL catalogs, given
their different energy thresholds. We also predict that the number of dark matter sub-halos
among the unassociated sources is very small. A null number of detectable sub-halos in the
Fermi-LAT 3FGL catalog would imply upper limits on the dark matter annihilation cross
section into bb of 2-1072¢ (5-107%%) cm? /s with Mpy= 50 (1000) GeV. We find less than one
extended sub-halo in the Fermi-LAT 3FGL catalog. As a matter of fact, the differences in
the spatial and mass distribution of sub-halos between hydrodynamic and dark matter-only
runs do not have significant impact on the gamma-ray dark matter phenomenology.
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1 Introduction

One of the most intriguing mysteries in modern Physics is that about 85% of all matter in
the Universe is of unknown origin [2]. Despite the extraordinary achievements in measuring
the gravitational effect of this missing component, called dark matter (DM), still no direct
evidence of its particle nature has been verified. One of the most well-motivated classes
of DM particle candidates is represented by Weakly Interacting Massive Particles (WIMPs)
(see for instance refs. [3, 4] for a review). WIMPs can naturally achieve the correct relic
DM abundance through self-annihilation in the early Universe, and can be searched for
with several techniques. Besides direct DM detection experiments and searches at colliders,
indirect DM searches aim to detect the fluxes of stable particles produced by DM annihilation
or decay processes. Among the possible final products of DM interactions, gamma rays are
one of the most promising channels for DM detection, since they preserve the spectral and
spatial features of the prompt DM signal.

Recent years have witnessed a steady progress in the field of DM indirect detection
through gamma rays. In particular, the Large Area Telescope (LAT), aboard the Fermi satel-
lite, is currently one of the most sensitive instruments collecting gamma rays from the whole
sky. The Fermi-LAT Collaboration and other groups have already set severe constraints
on the WIMP DM parameter space with searches towards dwarf spheroidal galaxies [5],
of gamma-ray lines [6, 7], in the diffuse Galactic and extragalactic emission [8-10], galaxy
clusters [11] and the Galactic Centre [12, 13].

It is well known that the sensitivity to DM detection in a specific target depends crucially
on the distribution of DM in that particular environment. In the context of the concordance
ACDM cosmology [2, 14], a firm theoretical prediction is that structures in the Universe form



in a hierarchical way. DM, interacting through gravity, collapses into structures known as
DM halos [15, 16], which assemble in a bottom-up way from the least massive, gradually
merging to create larger systems [17]. These theoretical predictions are confirmed by nu-
merical simulations of structure formation modeling the gravitational interaction of the DM
component in a full cosmological set-up (also known as DM only or N-body simulations),
which have been widely successful at reproducing the large-scale distribution of structures in
the Universe [18-20].

On smaller scales, i.e. within individual DM halos, the results obtained from numerical
simulations are more uncertain. At those scales baryon physical processes, that give origin
to the present-day galaxy population, and that might also have a substantial effect on the
DM distribution in halos [21-23] and its detection, are at play. A complete understanding
of galaxy formation and evolution would require simulating these physical processes from
first principles, but this turns out to be an incredibly challenging task given the extreme
dynamic range of scales that has to be resolved. Notwithstanding these difficulties — and the
inevitable limitations they entail to a fully predictive theory of galaxy formation — remarkable
progress has been accomplished in the field over the last years. Hydrodynamical simulations
of galaxy formation are now able to produce a galaxy population whose properties are in broad
agreement with the observational constraints [24-26]. Moreover, the goal of forming a disc
galaxy like our own Milky Way (MW), which for decades has been one of the most intricate
problems in the context of ACDM cosmological simulations, seems now to be achieved by
many groups using different numerical techniques [1, 27-34].

A robust prediction of cosmological simulations (with or without the inclusion of baryons)
is that DM halos are populated by smaller substructures, usually referred to as sub-halos
(SHs). The largest sample of galactic SH population include dwarf galaxies, which typically
contain a modest amount of baryonic matter, i.e. gas and stars. However, dwarfs are only the
small “visible” portion of a larger population of DM SHs which lack any significant baryonic
content and are therefore not detectable in the optical wavelength. Besides the objects that
are too faint to be in the reach of current optical surveys such as the Dark Energy Survey
(DES) [35-37], there might exist a number of totally dark SHs that do not contain any star
or gas. At present, the number of dwarf galaxies discovered in the Local Group is about
30 [5, 36, 38, 39]. As DM dominated structures, SHs could emit gamma rays created by
WIMPs self-annihilation and they may be detected as individual sources in the sky, depend-
ing on the signal intensity and on the astrophysical background along the line of sight. On top
of that, SHs that are too faint to be detected as individual sources would instead contribute
to the diffuse gamma-ray emission [40] and signatures for this unresolved population of SHs
might be looked for in the gamma-ray diffuse background intensity, e.g. [41, 42], and /or small
scale gamma-ray anisotropies, e.g. [43, 44].

The Fermi-LAT Collaboration recently released the third catalog of point sources (3FGL)
[45] that contains sources detected after four years of operation in the energy range 0.1 —
300 GeV with Pass 7 data. The 3FGL catalog contains about 3000 sources, where the large
majority of detected objects at a latitude |b| > 20° are extragalactic Active Galactic Nuclei
(AGN). Fermi-LAT also recently released a new event-level analysis, Pass 8, that increases
significantly the acceptance of the telescope and, at the same time, improves its angular
resolution [46]. Exploiting these improvements, the Fermi-LAT Collaboration has compiled
and released the second catalog of hard Fermi-LAT sources (2FHL) [47]. This catalog fills
the energetic data gap with current atmospheric Cherenkov telescopes and contains about



360 sources detected with 80 months of exposure time and between 50 — 2000 GeV.

In both catalogs, a large fraction of sources remain unassociated: about 15% in the
2FHL and 30% in the 3FGL. The probabilistic association of sources made by Fermi-LAT
takes into account the density of sources in the region around the gamma-ray source and
its distance to close-by objects detected in other wavelengths'. Hence, unassociated sources
are point-like gamma-ray emitters detected as such by the LAT, but lacking association with
astrophysical objects known in other wavelengths. Interestingly, the sample of unassociated
sources in the Fermi-LAT catalogs might already contain gamma-ray emitting DM SHs.
Their identification requires the determination of a realistic sensitivity flux threshold to the
specific detection of DM SHs, which is lacking in the current literature and is one of the
primary goals of the present work.

We analyze the detectability of DM SHs in current Fermi-LAT catalogs. Previous works
have already addressed this issue [48-51], examining the 3FGL source catalog and modeling
the DM SHs distribution in a MW like galaxy, based on the N-body simulation Via Lactea
IT [52]. The authors of [48] identified 24 3FGL bright sources that may be consistent with DM
(with mass about ~ 20 — 70 GeV) annihilation in Galactic SHs, as well as with faint gamma-
ray pulsars. In [49] they further scrutinized the source 3FGL J2212.54-0703 from the previous
subset, as a possible DM SH and gave also a plausible alternative astrophysical explanation.
Both works set constraints on the DM annihilation cross section. Ref. [50] updates the
prior studies predicting a smaller number (at most ~10) of SHs which could possibly be
detected by the Fermi-LAT as unassociated sources. More recently, ref. [53] revisited the
previous analyses focusing on the prospects of detecting DM SHs with the future Cherenkov
Telescope Array observatory [54]. Using machine learning classifiers, ref. [55] recently looked
for novel source classes in the sample of 3FGL unassociated sources. They found 34 potential
candidates and placed upper limits on the number of Galactic SHs and, correspondingly, on
the DM annihilation cross section. Finally, the authors of [51] revisited the constraints on the
DM annihilation cross section inferred from searches for SHs candidates among the Fermi-
LAT 3FGL unassociated sources. They consider the cosmological N-body simulations Via
Lactea II [52] and ELVIS [56] to model the local dark matter SH population. Their placed
limits on the DM annihilation cross section are slightly weaker than those from dwarfs while
being stronger than those found by ref. [50]. Our work further improves the antecedent
studies with an array of novelties:

e The prediction of the DM SHs gamma-ray signal is based on one of the most recent
cosmological numerical simulations that includes baryonic physics [1, 57]. For the first
time, we model the signal as expected in both hydrodynamic and DM only simulations
of the MW and we compare the results, quantifying possible differences.

e The setups of both 3FGL and 2FHL Fermi-LAT catalogs are simulated to derive the
sensitivity of the LAT to DM SHs detection, the advantage being a wider DM mass
coverage.

e Instead of using a fixed flux detection threshold, as usually done, we provide a realistic
estimation for the sensitivity of the LAT to the DM flux from SHs at high-latitude as
a function of DM annihilation channel, DM mass and SH Galactic latitude. We show

! Association using only gamma rays is possible only for pulsars, for which the LAT could detect the
gamma-ray pulsation and thus classify it as a pulsar. However, this kind of association is extremely rare.



that the accurate determination of the sensitivity to DM spectra leads to significant
differences with respect to a fixed flux threshold.

o We estimate the detectability of extended DM SHs comparing the extension of gamma-
ray emission from DM interaction with the minimum extension detected in the 3FGL
catalog.

We focus on the detectability of SHs as individual point sources in Fermi-LAT catalogs
(i) for improving on previous works on this topic as explained above, and (ii) for providing
robust predictions which do not require critical extrapolations beyond the simulation’s res-
olution limits (in mass and space), but rely only on simulation data instead. Indeed, as we
will see in what follows, the brightest SHs are, in general, the most massive ones. As such,
our predictions of the number of detectable SHs as individual sources depend only on the
simulation data. On the other hand, determining the distribution and luminosity function of
lower-mass SHs, the majority of which will remain undetectable as single point sources and
could contribute to the diffuse gamma-ray background [41], would rely on extrapolations of
the simulation’s results beyond its mass resolution limit. This extrapolation procedure is the
main theoretical uncertainty that affects the predictions at small scales [58], and we do not
tackle this issue down to the smallest SHs masses in the present work. We also remind that
faint (i.e. unresolved by the LAT) extragalactic sources such as blazars or Radio Galaxies are
predicted to give a large contribution to the diffuse gamma-ray background (see e.g. [59, 60]).
Nevertheless, we will discuss the effect that adding lower-mass SHs has on our predictions.

The paper is structured as follows. In section 2, we describe how we model the DM SHs
distribution — quantifying the discrepancies between the hydrodynamic scenario and the pure
DM one — and their annihilation flux into gamma rays. In section 3 we derive the Fermi-LAT
sensitivity to DM spectra in the 3FGL and 2FHL catalogs setups. In section 4 we present
implications for DM phenomenology, namely the number of detectable SHs, constraints on
the DM annihilation cross section, and source count distribution. In section 5 we discuss
the possibility of resolving the extension of the detectable SHs. Finally, in section 6 we
summarize our conclusions.

2 Dark matter in the Galaxy and gamma-ray signals

For modeling the SH population in the Galaxy, we use the results of two cosmological sim-
ulations of a MW-size halo [57]. The first simulation is the full hydrodynamic run Aq-C-4
in [1] (“Hydro” run hereafter), while the second one is a control DM-only simulation of the
same halo (from now on, the DMO run) [57]. Both these simulations use the initial con-
ditions of the halo C of Aquarius Project [61] (hereafter AQO8) at resolution level 4 (see
table 1 for details). While the DMO simulation models only gravitational interactions of the
DM component, the Hydro case is equipped with a comprehensive galaxy formation physics
model largely based on the Illustris simulation [1, 24]. This model includes the most impor-
tant physical processes for galaxy formation and its main constituents are: (i) a module for
radiative cooling of the gas; (ii) a subgrid description of the interstellar medium and star
formation out of the dense gas (n ~ 0.1 cm~3) following the prescriptions of [62], modified for
a Chabrier [63] initial mass function; (iii) routines following stellar evolution and in particu-
lar tracking mass and metal return from type I, type Ia supernovae and AGB stars to the
interstellar medium; (iv) stellar feedback in the form of galactic winds following a kinetic im-
plementation in which the wind velocity is scaled to the size of the underlying DM halo; and



Run Ry Moy, Mgas mpwMm €
(kpc) (10" Mg) (10° M) (10° Mg)  (pc)

DMO 326 2.04 - 3.2 340

Hydro 311 1.77 0.5 2.7 340

Table 1. Characteristic parameters of the two (DMO and Hydro) simulation runs at z = 0. The
virial radius Ryi, is defined as a sphere enclosing an over-density of 178 with respect to the critical
density. Mo is the total mass included inside Ryi;; mgas and mpy are the mass resolution of gas and
DM, respectively. Finally, € is the gravitational softening length of the DM particles. For gas cells
the softening length is adaptive and scaled proportionally to their sizes. Its minimum physical value
is the same as the one used for DM particles.

(v) modules for supermassive black hole seeding, accretion, merging and the associated AGN
feedback. For reason of space we do not enter into the detail of the galaxy formation physics
implementation here, but refer the reader instead to refs. [1, 29, 64] for a full description.
Both runs are performed with the moving-mesh code Arepo [65], a highly versatile code for
cosmological simulations that models the hydrodynamics via a finite volume technique on an
unstructured Voronoi mesh. This mesh is allowed to move with the gas, thus adapting to the
flow characteristic and giving rise to a manifestly Galilean-invariant method that combines
the strengths of both Lagrangian and Eulerian approaches yielding superior results in terms
of accuracy. The evolution of the two simulated halos is followed from very high redshift
(z = 127) down to redshift zero.

We model the SH distribution in the halo in two steps: First, we analyze the results
of the Hydro and DMO simulations and we derive analytic parameterizations of the SH
spatial and mass distributions. Secondly, using the analytic prescriptions for the statistical
distribution of SH position and mass, we generate a mock population of Galactic SHs in
multiple Monte Carlo realizations. In this section we describe these two steps in more detail.

2.1 Modeling the dark matter distribution in the Galaxy

We consider the distribution of SHs as predicted by simulations of galaxy formation that
include the effect of baryons in the galaxy evolution process. There exist three main processes
driven by baryonic physics: adiabatic contraction, tidal disruption and reionization, which
act jointly to shape the DM distribution in both the host halo and in its SHs. The effects
of these processes are respectively of: (i) increasing the density in the center of the Galaxy,
(ii) removing both DM and luminous matter and redistribute them in the SHs and (iii)
evaporating the gas and preventing gas accretion from the intergalactic medium. As a result
of the baryonic actions, usually one finds fewer SHs in the Hydro simulations than in the
DMO ones. In particular, fewer low-mass SHs are generated in the Hydro case [57]. Typically,
there are also differences in the abundance and spatial distribution of the SHs, especially in
the central region of the main halo. Such a depletion is caused by (a) gravitational shocks
as SHs pass in the vicinity of the disk [e.g. 66, 67] and (b) the contracted DM distribution
generated by the cooling of baryons at the center of the halo [e.g. 68-70] As a consequence
of these processes, tidal disruption is enhanced and SHs are disrupted more often, up to a
factor of two, in the center [71, 72].

The two simulations under study model the formation of a 2.04 x 10'2 My and a
1.77 x 10'2 Mg halo, in the DMO and Hydro case respectively, and of their substructures.
The typical parameters of the two simulations are summarized in table 1. To identify the



10°— ' : 1071E~ -- d‘w/(mx‘ Mo
: t  bwmO -2 . F  DMO i
. {  Hydwo 10-3k AN H4  Hydro ]

10% 1@ AN
/6 ] _- _____ 2 1074 \ ]
2 : —rk E"‘%l\ = 1075 _u,;,%‘ 1

S op ~i=---~|--q--4--1 2% , 6
= 0 [T S 107 -t ]
S : \'3\'\\.\ E 1077 ugﬁ; .
= 10~} \1\7 < 1078 ]
: % 1079F ]
: 10710} N
1072 : . ! 10711 _ L L ! I I -
107t 10° 100 10® 107 10® 10° 10 10"
7/ Ryir Mgy [M)]

Figure 1. Left panel: Spatial distribution n(r) of SHs in the Hydro (red points) and DMO (black
points) runs [57], normalized to the total number of SHs in the DMO run. The dashed red (black)
line is the best fit for an Einasto parameterization of the spatial profile, see eq. (2.1). The dotted
vertical line indicates the position of the Sun for the DMO run. Right panel: SH differential mass
abundance dN/dM in the Hydro (red points) and DMO (black points) run. The lower limit of the
mass axis corresponds to the smallest SH mass in AQO8 (MIH" = 105 My). Overlaid (dashed black
curve) is the mass distribution function that best fits the AQOS8 results [61].

SHs we used the Amiga halo finder [73, 74], a density-based algorithm which determines
prospective SHs centers with the use of a hierarchy of adaptive grids that are also employed
to collect the particles potentially associated to any given center. The final structures are
then found by iteratively removing gravitationally unbound particles, assuming spherical
symmetry, from the potential candidates identified in the previous step. We stress that this
procedure is applied in the Hydro case to find all SHs of the main halo regardless of their
stellar content. SHs identified in the Hydro simulation can be either dark or luminous, and
thus be identified as dwarf satellite galaxies. Whether or not a SH is able to form stars
depends on its mass, having that low-mass SHs are likely to be dark, while at the high-mass
end they tend to host a stellar component. The mass range for which this transition occurs
is ~ 1078 Mg, [57].

In order to avoid resolution effects, which may affect the properties of the SHs identified
in the simulations and, consequently, our analysis, we apply two cuts to the sample of SHs
identified by the halo finder. First, we consider SHs formed by at least 20 particles. Second,
we adopt a restriction on the SHs minimum value of the maximum rotational velocity, vmax.
In both runs we require that vmax 2> /(M (< Tmax) G/(2.8¢€) 2> 4 km/s, where G is the
universal gravitational constant G = 4.3 x1073 pc Mg~ (km/s)? and e is the gravitational
softening length; rpa.x is defined as the radius at which vyax is reached. As a result, the
DMO (Hydro) run provides a reliable subsample of ~ 1200 (800) SHs with masses Mgy 2
mpm X 20 ~ 5.4 x 105 M. Typically, discrepancies between hydrodynamic and DMO runs
are expected for halos with masses larger than 10° — 107 M, where stars can form, as also
found in ref. [57]. However, while studying the impact of hydrodynamics in the mass and
spatial distribution of Galactic SHs, we will also discuss the effect of lower-mass SHs (see
section 4).




SH spatial distribution. From the simulations’ data, we analyze the spatial distribution
of SHs in the Galaxy and perform a fit to the radial number density of SHs n(r) for both the
DMO and Hydro runs with an Einasto function [75]:

)/ )onio = n-zexp { - 2 [() -1} (2.1)

Here r is the distance from the galactic center, n(r) is normalized to the total number (n)pyo
of SHs in the DMO run (in analogy with ref. [57]). The free parameters in the fit are n_s, o,
and r_o. The best-fit values that we find by minimising the x? are: n_s = 0.66+0.06 (0.50+
0.0.03), @ = 1.17£0.15 (2.204+0.29) and the scale radius r_y = 0.64+0.02 (0.65+0.02) Ry,
in the DMO (Hydro) simulation, respectively. We show in figure 1 (left panel) the result of
the fit to n(r) for the DMO and Hydro runs. The distance r is normalized to the virial radius
of the main halo? (RPMO = 326 kpc and RLYY = 311 kpc). As already shown in [57], the
radial number density of SHs in the Hydro run is consistently lower than in the DMO one,
thus meaning that the SHs are being disrupted more often in the Hydro simulation.

SH mass distribution. Most of numerical simulations in the literature (including AQO8
[61]) have shown that the SH differential mass abundance is well described by a power law
dN/dM ~ M~*M  whose slope is slightly shallower than —2, over many decades in mass. In
figure 1 (right panel) we show the number of SHs per unit mass interval, where the slope
of the SH mass distribution for both the DMO and Hydro runs are the same and consistent
with AQOS8 results, having apr = 1.9 [57].

DM distribution and density profile of the SHs. The gamma-ray emissivity from
DM annihilation in SHs is determined by the internal spatial profile of the DM SH. Contrary
to the main halo, whose DM density profile has been demonstrated to differ significantly
in DMO and Hydro runs [21, 57, 76, 77], in the simulations considered here the SH DM
density profiles in the Hydro simulation are very similar to their counterparts in the DMO
run [57]. We assume that the radial DM density profile of the SHs is described by the Einasto

parametrization [78]:
ptr) = peen | - - [() -1} (22)

where r is the distance from the center of the SH. We fix a, = 0.16, in agreement with what
was found in AQO08. Therefore, the SHs density profile is described by a function with two
free parameters: the specific density ps and the scale radius rs, defined at the point where
p(r) has a slope close to a power law with index —2. Given the mass of the SHs and rs, ps
is fully determined. On the other hand, rs has to be determined from the simulation results.
Assuming that the density distribution of DM within each SH follows an Einasto profile,
there are two quantities which are sufficient to determine the density profile uniquely: the
mass of the SH (or equivalently vpax) and rpax = 2.189 r [61].

From the simulation data, we find that the values of ry.x are correlated with the SH
mass. We perform a fit to the ry.x data as a function of Mgy with a polynomial function.
We derive the best-fit parameterization to be in the form:

logo(rmax/kpc) = a + b logyo(Msu/Me) + ¢ (10g10(MSH/M®))2 (2.3)

2Avir(z) = 178 is the adopted virial over-density.




with best-fit parameters®: a = —5.384, b = 1.156, ¢ = —0.056 for the Hydro run. The
standard deviation of the data around the best-fit value is 0 = 0.145. In figure 2 we show 7ax
as a function of the SH mass from the DMO and Hydro runs. We overlay the corresponding
best-fit relation rmax — Mgy for the Hydro case. By comparing the values of ry.x for the
Hydro and DMO case, we can see that the impact of baryonic physics on the scale radius of
the SHs is actually mild: the values of ryax in the Hydro case are quite similar to their DMO
counterparts. In general, given a Mgy, rs tends to be only slightly smaller in the DMO case.

We emphasize that the polynomial fit can be considered reliable in the parameter range
tested by the simulation, that is 5 x 108 < Mgy < 1010 My, Its extrapolation, especially at
larger masses, may be affected by sizeable statistical uncertainties. We note that assuming,
for example, a linear distribution of rya.y, implies that at a given Mgy the ryax is larger,
and hence the scale radius r, is also larger, thus leading to different results for the DM
annihilation signal.

Indeed the scale radius, rs = Tmax/2.189, which is closely correlated to the SH mass
accretion history, affects the computation of the astrophysical factor (see eq. (2.7)) appearing
in the DM gamma-ray flux: smaller rs correspond to denser halos (see eq. (2.2)).

Concentration. A very useful parameter that can be introduced to describe the internal
DM halos structure is the concentration. This quantity and its different parameterizations
(in terms of SH mass, circular velocity and radial distance) have been widely analyzed in the
literature, e.g. [52, 79-82]. In full generality, the concentration parameter c is defined as the
mean over-density within the radius of the peak circular velocity rya.x in units of the critical
density of the Universe at present (p. = 147.897 Mg /kpc?):

C:ﬁ(rmax):2<vma)<>2’ (2.4)

Per Ho rmax

where Hy = 73 km s~ !Mpc~! is the Hubble constant. Equivalently, the concentration param-
eter can be cast as the ratio between the virial radius (the radius which encloses an average
DM density ~ 200 x p.,) and the scale radius:

Tvir
= . 2.5
c - (2.5)

SHs are in general more concentrated than field halos of the same mass, due to the tidal force
that removes material from their outer regions, see e.g. [83]. It has also been shown that the
SH concentration depends on the mass of the SH and on its distance from the center of the
main halo [52, 79, 80]. Different concentration parameterizations depending on the SH mass
and the distance have been proposed [52, 79, 80], for both main halos and SHs. Nevertheless,
in the present work we will not use any analytical parameterization of the concentration
which, having been derived for other simulation results, might bias our results. Instead, we
directly use the output data of the simulation — namely the distribution of r,,x — to model
the scale radius.

Monte Carlo simulation. Based on the modeling outlined above and derived by analyzing
the simulations’ data, we generate 100 Monte Carlo realizations of the SHs population in a
MW-like Galaxy, for both the DMO and Hydro cases. The number of simulated SHs in each

3To optimize the fit, we have removed the few isolated points with masses Msy > 5 x 10° M.
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Figure 2. 7.y as a function of the SH mass, Mgy for the Hydro (red) and DMO (black) simulation
runs. Overlaid, in blue, the best-fit relation for the Hydro run as in eq. (2.3).
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Figure 3. Scatter plot of J-factor values, J, as a function of the SH mass, Mgy in one Hydro
realization of our Monte Carlo simulation. The color-bar represents the distance of the SH from
Earth, hereafter dgy.

realization is consistent with the total DM mass in the original numerical simulation [57]. In
total, we generate about 800 (1200) SHs in each Hydro (DMO) Monte Carlo realization.

For each SH, we randomly extract its position in the Galaxy and its mass from the
spatial and mass distributions outlined above. We also include the uncertainty on the best-
fit parameters of the distributions, in order to account for the the halo-to-halo variation
more realistically, i.e. the variation that would be present if we had disposed of more than
one main host halo. The viral radius of each SH is defined as the tidal radius of the SH,
modeled according to eq. (12) of AQO8, and dependent on the SH position and mass.

In the Monte Carlo simulation, given the SH mass, we compute the value of ryay from
the polynomial best-fit and we add a 30 log-normal dispersion about the best-fit relation in
figure 2. We then get the value of 75 = pax/2.189 [61].



2.2 Dark matter annihilation gamma-ray signatures

DM particle annihilation produces gamma rays through direct emission, the so-called prompt
mechanism, and through indirect processes, such as the Inverse Compton scattering of final
electrons and positrons with low-energy ambient photons, or bremsstrahlung of the same
population of electrons and positrons with the interstellar gas. Usually different primary
annihilation channels are studied assuming a branching ratio of 100% in each channel sep-
arately. Here, we take into account one typical hadronic annihilation channel, bb, and the
leptonic channel that gives the largest DM gamma-ray flux, i.e. 777~. For both pairs, the
most important gamma-ray emission mechanism is the prompt one [8, 84]. We therefore do
not include any secondary emission in this analysis.

The flux of photons, F', integrated over the energy range AE = E; — Fy from a given re-
gion of the sky and produced by the annihilation of self-conjugated DM particles is calculated

as: <O_’U>

Flp, ) = m gy By T (2.6)

where Mpy; is the DM particle mass, (ov) is the thermal averaged annihilation cross section,
I, ,Eo] 1s the integrated energy spectrum Zjg, g = fgj dNpy/dE dE in the energy range
[Eo, F1]. The energy spectra of gamma rays produced from DM annihilation in bb and 77~
channels are taken from [84], where they are calculated using PYTHIA 8 [85] event generator.
Finally, J is the geometrical factor defined as:

emax
=27 sin 2(p .
T2 /0 40 sin (0) /1” (r(1,0))dl, (2.7)

min

where 0 is the opening angle with respect to the line of sight [ that points to the center of
the SH; 6, is set to 0 and thus corresponds to the direction of the SH center, while 0y, is
7. The radial distance r from the center of the SH is defined as r? = d* + 12 — 21d cos ().

The J-factor encodes the information about the geometry of the emission and it is a
direct measure of the intensity of the signal, being Fig, g, o< J. We compute the J-factor for
the two sets of SHs in our Monte Carlo simulations. In figure 3 we show the values of the
J-factor versus the SH mass for the Hydro case. The color code indicates the distance of
the SH from Earth (in kpc), assuming the Sun distance from the Galactic center to be 8.5
kpc — blue being the solutions for the closest SHs and red those for the farthest ones. We
have proven that the results for the Hydro and DMO cases are fully comparable, as it can
already been deduced from figure 2. Given the mild difference between the Hydro and the
DMO cases, in the following we will show results only for the Hydro case.

Another important ingredient for the determination of the DM annihilation gamma-ray
signal is the spectral energy distribution of the signal, the dNpy/dE. We will provide in the
next section the flux sensitivity to detect a DM SH as a function of the DM channel, mass
and Galactic latitude. This result is derived simulating the gamma-ray flux from DM SHs
and analyzing the simulations with FermiLAT Science Tools in order to find significance of
their emission. It is thus useful to model the emission from DM annihilation with a spectral
shape already included in the Science Tools. Among all the possible functions (see Science
Tools*) the more flexible is the so called super-exponential cutoff parameterization, given by

‘http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source_models.html
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Figure 4. Fit to DM annihilation gamma-ray spectra from ref. [84] with the super-exponential cutoff
function (eq. (2.8)), for Mpy = 10, 100, 800, 5000 GeV (curves from left to right). In the left (right)
panel a bb (7777) annihilation channel is assumed. The spectra from ref. [84] are normalized, dividing
by the factor (8 x m x Mgy,).

the following equation [45]:

oM (ptev]) = K <EEO)_F6XP ( (EEt)ﬁ> 2

where Ey = 10° MeV is the pivot energy, I is the spectral index, E.y; is the energy cutoff
and [ is the curvature index. Depending on the DM mass, I' = [0.90, 0.10] and the spectrum
has an exponential cutoff after the peak, which is located at an energy of about Epjcax =
Mpi /20 for bb channel, and Epeax = Mpwn/3 for 7777 channel. We perform a fit to the DM
annihilation gamma-ray spectra taken from [84] using eq. (2.8). This functional form provides
a very good fit to DM spectra for all DM masses between 8 and 10° GeV. The values of the
best-fit parameters are reported in table 2 for both bb and 777~ DM annihilation channels.

3 Fermi-LAT sensitivity to dark matter spectra

The main aim of this paper is to predict the detectability of Galactic DM SHs, modeled
according the latest hydrodynamic simulations, by the Fermi-LAT. At this scope we imple-
ment, for the first time, the characteristics of both the low-energy 3FGL (E > 0.1 GeV) and
the high-energy 2FHL (E > 50 GeV) Fermi-LAT catalogs. One of the main novelties of this
paper is the realistic estimation of the flux sensitivity of Fermi-LAT to DM SHs detection.
The flux sensitivity is defined as the flux at which the Test Statistic (TS)? for the SH detec-
tion is equal to 25. This is the typical TS value adopted in the Fermi-LAT catalogs to claim
the detection of sources. Previous works have assumed a fixed threshold to determine the
detection of SHs (see e.g. [48, 50]). In this work, we show how the sensitivity flux depends on
the DM annihilation channel, DM mass and position of the SH in the sky. The assumption
of a fixed sensitivity threshold could turn out to be not accurate enough for the following
reasons:

®The TS is defined as TS=2(log L() — log £(0)) where L(y) is the likelihood for the presence of the

source (the spectrum of the source depends on generic parameters ux) and £(0) is the likelihood of the null
hypothesis of background only emission (by the interstellar and isotropic emission).
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Mpw K | T | Bw | B8] K | T | EBuw | B |
8 9.735-10~ ' | 0.096 | 7.294-10' | 0.594 || 8.491-10~13 | 0.303 | 1.676-10° | 1.210
10 4.989-10~M | 0.143 | 8.624-10" | 0.581 || 4.833-10~ | 0.280 | 1.996-10° | 1.170
15 3.435-10~ ' | 0.000 | 6.617-10" | 0.520 || 1.738-10~13 | 0.223 | 2.653-10° | 1.093
20 1.817-10~1 | 0.000 | 6.908-10' | 0.498 | 8.150-10~* | 0.200 | 3.313-10% | 1.054
30 7.806-10~2 | 0.000 | 7.021-10' | 0.468 || 2.691-10~'* | 0.197 | 4.806-10° | 1.028
40 4.109-10~12 | 0.000 | 7.455-10 | 0.452 || 1.211-10~* | 0.210 | 6.484-10° | 1.026
50 2.674-10~ | 0.000 | 7.295-10' | 0.437 || 6.561-10~1° | 0.221 | 8.187-10% | 1.025
60 1.802-1012 ] 0.000 | 7.487-10' | 0.427 | 3.960-10~° | 0.239 | 1.018-10% | 1.036
80 9.890-10~13 | 0.000 | 7.605-10" | 0.412 || 1.808-10~1 | 0.273 | 1.456-10% | 1.063
100 | 6.552-10~13 [ 0.000 | 7.196-10" | 0.398 | 9.964-10~16 | 0.290 | 1.880-10% | 1.074
150 | 2.960-10~13 | 0.000 | 6.834-10' | 0.376 || 3.557-10~16 | 0.363 | 3.281-10* | 1.146
200 | 1.669-10~13 | 0.009 | 6.613-10' | 0.362 || 1.861-10~16 | 0.437 | 5.035-10* | 1.226
300 | 4.641-107'* | 0.142 | 1.279-10% | 0.368 || 8.019-10~17 | 0.528 | 8.753-10° | 1.321
400 | 2.098-10~™ | 0.209 | 1.842-102 | 0.369 || 4.603-10~17 | 0.589 | 1.284-10° | 1.393
500 | 1.134-107'* | 0.269 | 2.560-10% | 0.371 || 3.013-10~17 | 0.627 | 1.688-10° | 1.431
600 | 7.073-1071° | 0.305 | 3.222-10% | 0.372 || 2.154-10~17 | 0.658 | 2.113-10° | 1.468
800 | 3.685-10~™ [ 0.337 | 4.000-10% | 0.370 || 1.273-10~17 | 0.698 | 2.965-10° | 1.509
1000 | 2.034-10~% | 0.397 | 5.907-10% | 0.372 | 8.507-10~8 | 0.726 | 3.823-10° | 1.533
1500 | 8.566-10716 | 0.431 | 7.715-10% | 0.364 | 4.081-10~ 8 | 0.766 | 5.952-10° | 1.555
2000 | 4.796-10716 | 0.444 | 8.698-10% | 0.356 || 2.407-10~'® | 0.787 | 8.052-10° | 1.558
3000 | 1.995-10-6 | 0.491 | 1.273-10% | 0.353 || 1.149-10~ '8 | 0.814 | 1.228-10° | 1.559
4000 | 1.155-10716 | 0.494 | 1.336-10° | 0.343 || 6.703-10~ 19 | 0.827 | 1.632-10° | 1.535
5000 | 7.032-10~17 [ 0.530 | 1.822-10°% | 0.345 || 4.473-10~19 | 0.839 | 2.053-106 | 1.531
6000 | 5.035-10~17 | 0.527 | 1.811-10% | 0.337 || 3.160-10~19 | 0.844 | 2.444-10° | 1.508
8000 | 2.944-10~17 | 0.526 | 1.845-10% | 0.327 || 1.801-10~19 | 0.849 | 3.184-10° | 1.461
10000 | 1.826-10~17 | 0.557 | 2.488-10% | 0.329 || 1.185-10~19 | 0.856 | 3.966-10° | 1.445
15000 | 8.692-10~ | 0.554 | 2.477-10° | 0.314 || 5.408-10~2° | 0.863 | 5.759-10° | 1.380
20000 | 5.204-10~™ | 0.545 | 2.303-10% | 0.303 | 3.033-10~2" | 0.864 | 7.370-10° | 1.315
30000 | 2.394.10718 | 0.562 | 2.745-103 | 0.295 || 1.359-1072° | 0.866 | 1.047-107 | 1.235
50000 | 9.194-10~ 19 | 0.574 | 3.126-103 | 0.284 || 5.003-10=2! | 0.870 | 1.581-107 | 1.111
100000 | 3.213-10°"® [ 0.138 | 1.230 | 0.172 | 1.910-1072° [ 0.359 | 1.000 | 0.133

Table 2. Values of the parameters K (in MeV~1), T', E.y (in MeV), and 3 entering the super-
exponential cutoff function eq. (2.8), from a fit to the gamma-ray spectra from DM annihilation, for
bb (columns from 2 to 5) and 77~ channels (columns from 6 to 9) at given DM mass Mpy (in GeV).

e The spectral representations of sources in Fermi-LAT catalog are energy power laws
with spectral index I' (dN/dE « E~'), or suitable modifications for correcting curved
or exponentially cut-off spectra. The LAT, as shown in [45], has a strong bias for the
detection of sources with a given flux as a function of the spectral index. Indeed, the

telescope detects more easily lower photon fluxes for sources with harder spectra. This
bias could be alleviated considering energy fluxes (S = [, ;qoy dN/dE E dE) instead of
photon fluxes above 100 MeV (F = [, dN/dE dE), as done in [50], or considering
photon fluxes integrated above 1 GeV, as in [48]. However, even when considering
photon fluxes for £ > 1 GeV or energy fluxes, a dependence on the spectrum assumed
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for the source still remains and, as a consequence, the sensitivity threshold might vary
up to a factor of 2 [45]. By assuming a fixed sensitivity threshold, the dependence of
the sensitivity itself on the specific source spectrum is ignored, hence leading to possible
biases.

e Both the angular resolution and the acceptance of the LAT strongly depend on energy.
The angular resolution, for example, is a factor 5 better at 1 GeV than at 100 MeV. This
is quite relevant for the detection of DM SHs, since the shape of the DM annihilation
gamma-ray energy spectrum changes significantly as a function of the annihilation
channel and DM mass. For example, the peak of the spectrum for a DM candidate
annihilating into bb and with a mass Mpy = 10 GeV is at a few hundreds MeV, while
for Mpy = 100 GeV the peak appears at few GeV. Indeed, as we will show in the next
sections, there is a strong dependence of the sensitivity on the DM particle mass.

e AGN are the most numerous source population detected by the LAT and the estimation
of the sensitivity flux from Fermi-LAT catalogs is thus mostly related to the gamma-ray
spectrum of these objects. However, DM gamma-ray spectra are very different from the
spectral energy distribution of AGN. Most of AGN spectra are modeled in the 3FGL
with a power law spectra with an average index of about I' = 2.4 while, as shown in
section 2.2, the DM spectrum can be well parametrized by a super-exponential cutoff.
Therefore, assuming a fixed sensitivity threshold for DM SHs detection based on the
sources in the 3FGL and 2FHL catalogs further ignores the dependence on the spectral
shape of the signal.

In this section we present the method that we have developed to estimate the flux sensitivity
of Fermi-LAT to DM SH gamma-ray spectra. We start fully simulating the gamma-ray
sky, including the interstellar and isotropic emissions. Then, we simulate DM SHs with
different DM masses, both for bb and 777~ annihilation channels. We also consider different
positions of SHs in the sky, by positioning them at different Galactic latitudes, b. We neglect
the longitude dependence of the sensitivity flux because at high latitudes (]b] > 20°) the
longitudinal variations of the background emissions are negligible compared to the changes
induced by variations of the Galactic latitude. All-sky gamma-ray maps are created for the
same exposure times, energy range and instrument response functions of the two adopted
catalogs. Implementing the sensitivity also for the 2FHL catalog (beside the 3FGL one) is
motivated by the fact that this is the first Fermi-LAT source catalog made with the new
Pass 8 event selection. Given the significant improvement of this new dataset, we can provide
precise predictions for the detection of DM SHs in an energy range that will be of particular
interest for the future Cherenkov Telescope Array observatory [54] (see also ref. [53]).

Operationally, we generate gamma-ray maps of the emission of DM SHs at different
latitudes and for different DM channel and masses. We then run the typical detection pipeline
in the Binned Likelihood case of the Fermi-LAT Science Tools®, which includes running the
gtselect, gtmktime, gtbin, gtsrcmap and finally gtlike tools. For each DM annihilation
channel, DM mass and latitude we derive the flux for which TS=25: this represents the
sensitivity flux for that particular DM SH configuration. We note that the uncertainty on
the SH flux threshold (also for very bright SHs) depends on the specific run of the Fermi-LAT
Science Tools and can vary within a factor of about 20%.

Shttp://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/binned_likelihood_tutorial.html
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In the next two sections we show the results for the sensitivity flux for the 3FGL and
2FHL catalog setups.

3.1 Sensitivity to dark matter fluxes for the 3FGL catalog setup

In the case of the 3FGL catalog setup we consider 4 years of data (from 2008 August 4, to
2012 July 3) and the energy range 0.1 — 300 GeV. As done in the 3FGL catalog, in order to
reduce the contamination from the Earth limb, events with zenith angles larger than 100° are
excised. We simulate the interstellar emission model (IEM) using gll_iem v05_revl.fit,
the isotropic template using iso_source v05.txt and DM SHs at different longitudes and
latitudes in the sky. We vary the DM mass between 8 GeV and 10 TeV. We adopt 10
logarithmic bins and a region of interest (ROI) with a radius of 15° around each DM SH,
dividing it in spatial bin with size of 0.2 x 0.2 deg?. We aim at finding a DM SH flux for
different position in the Galaxy, DM mass and annihilation channel, and derive the relation
between this flux and the SH TS.

In the left panel of figure 5 (figure 6) we show the sensitivity flux for bb (7777) for
a selection of DM masses, as a function of the Galactic latitude b. In the right panel, we
report the same information but fixing two latitude values. For each DM mass, fluxes larger
than a specific curve would be detected with TS > 25. That means that a SH made of DM
particles of given mass could be resolved by the Fermi-LAT (in its 3FGL configuration) if the
emitted flux above 0.1 GeV is above that threshold. For both annihilation channels, the flux
sensitivity threshold is a mild decreasing function of the latitude. As one moves away from the
Galactic plane (i.e. towards high latitudes) the intensity of the IEM decreases and therefore
the detection of a fainter halo is easier because of the lower background. Additionally, the
dependence of the flux sensitivity threshold on the DM mass is also peculiar: going from 8
GeV to about 300 GeV the sensitivity flux threshold decreases significantly (by a factor of
~ 10), while for DM masses larger than a few hundreds GeV the sensitivity flux decreases
only slightly, and settles to values ~ 107° ph/cm?/s. On the one hand, for small DM masses
the flux sensitivity is larger because the slope of the DM gamma-ray spectrum is softer than
for heavier DM masses (cf. figure 4) and, as explained above, the LAT detects smaller fluxes
for sources with harder spectra at E > 0.1 GeV [86]. Moreover, for DM masses above
O(100) GeV the peak of the energy spectrum is at energies where the LAT point spread
function (PSF) becomes smaller and the acceptance larger. For example, the peak of the
energy spectrum for annihilation into bb and DM mass of 10 GeV is at ~ 400 MeV where the
PSF is 2° and the acceptance is about 2.25 m?sr. On the other hand, for a candidate with a
DM mass of 300 GeV, the gamma-ray energy spectrum peaks at ~ 10 GeV, where the PSF is
0.2° and the acceptance is 2.50 m?sr. The smaller size of the PSF and the larger acceptance
explain the order of magnitude of difference in the sensitivity flux threshold between these two
cases. Finally, for DM masses larger than 300 GeV the flux sensitivity decreases only mildly,
because the PSF and the acceptance at the position of the gamma-ray energy spectrum peak
are worse. In this case, only the shape of the energy spectrum matters for the detection and
all the considered mass candidates have similar spectral energy distributions.

3.2 Sensitivity to dark matter fluxes for the 2FHL catalog setup

In this section we report the results for the flux sensitivity for the 2FHL catalog setup. We
have considered 80 months of data (from August 2008 to April 2015) and the energy range
50 — 2000 GeV divided into 5 logarithmic energy bins. The Pass 8 SOURCE class of data
has been used with an ROI centered around each DM SH with a radius of 10° and a spatial
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Figure 5. Flux sensitivity threshold of Fermi-LAT 3FGL to DM annihilation spectra for bb annihila-
tion channel. Left panel: Flux sensitivity threshold as a function of position (latitude) of the SH for,
from top to bottom, Mpym = 8 (black), 30 (red), 80 (blue), 300 (green), 600 (brown), 1200 (orange)
GeV. Right panel: Flux sensitivity threshold as a function of DM mass for b = 20° and 60° of the SH.

= =

(&) (&

= =

= =)

= =

) 9

O O

i i

S S

A A 3

3 €S
R S SN S SN —n L i j.

0 10 20 30 40 50 60 70 80 90 10* 10% 103 104
b [deg] Mpy [GeV]

Figure 6. Same as in figure 5 but for 777~ annihilation channel.

binning 0.1 x 0.1 deg?. We vary the DM mass between 100 GeV and 100 TeV, since DM
masses smaller than 100 GeV have the most of the gamma-ray spectrum below 50 GeV.
We use the gll iem v06.fits and iso P8R2_SOURCE_V6_v06.txt templates. In figure 7 (for
bb) and 8 (for 7777) we report the flux sensitivity threshold as a function of latitude for a
selection of DM masses (left panels), and as a function of Mpy for fixed b = 60° and 20°
(right panels). In the case of the 2FHL, the sensitivity profile shows an opposite trend with
respect to the 3FGL case, since it increases with DM mass, reaching a plateau for Mpy ~ 1
TeV. The flux sensitivity does not change for DM masses Mpy > 1 TeV. A DM SH made
of TeV mass particles has the same chance to be detected by the Fermi-LAT as a O(10)
TeV DM mass SH. The sensitivity flux threshold grows from 100 GeV to 1 TeV because the
energy threshold for the 2FHL is 50 GeV. In this energy range and for the considered DM
masses, the gamma-ray spectrum has a very soft shape with peak at £ < 50 GeV. Then,
for Mpy > 1 TeV the peak falls inside the 2FHL energy range, the sensitivity flattens and
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Figure 7. Flux sensitivity threshold of Fermi-LAT 2FHL to DM annihilation spectra for bb annihila-
tion channel. Left panel: Flux sensitivity threshold as a function of position (latitude) of the SH for,
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GeV (orange). Right panel: Flux sensitivity threshold as a function of DM mass for b = 20° and 60°
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Figure 8. Same as in figure 7 but for 777~ annihilation channel.

reaches a plateau. For Mpy > 1 TeV the sensitivity threshold remains constant because the
shape of the energy spectrum for these mass candidates is quite similar.

4 Detectability of dark matter sub-halos

In this section we report our results for the detectability of DM SHs. We give our predictions
in terms of i) the number of detectable SHs in the 3FGL and 2FHL catalogs setups, ii)

bounds on the DM annihilation cross section and iii) the source count distribution of DM
SHs, compared to the one of blazars.
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Figure 9. Number of detectable SHs as a function of the annihilation cross section, (ov), for a fixed
DM mass value. The black solid line represents the average over 100 Monte Carlo realizations of the
SH population, while the grey band is the corresponding lo uncertainty. The vertical dashed blue
lines are the 95% confidence level cross section upper limits from the Fermi-LAT dwarfs analysis [5].
Top left panel: Mpy=100 GeV, 3FGL sensitivity, DM DM — bb. Top right panel: Mpy=100 GeV,
3FGL sensitivity, DM DM — 77~ Bottom panel: Mpy=1 TeV, 2FHL sensitivity, DM DM — bb.

4.1 Number of detectable sub-halos and limits on dark matter annihilation cross
section

The SHs that are detectable by the LAT are those with a flux above the Fermi-LAT sensi-
tivity flux threshold (for a specific catalog setup) and which could potentially be among the
unassociated sources in the 3FGL and 2FHL catalogs. The reference Fermi-LAT sensitivity
fluxes have been discussed in the previous section. While the number of detectable SHs
relates to the brightest end of the SH luminosity function, the faintest SHs remain below
threshold and thus only contribute to the total SH source count distribution.

In order to derive the number of detectable SHs, for all the SHs in our Monte Carlo
realizations (see section 2.1) we compute the gamma-ray flux above a given energy according
to eq. (2.6) and assuming an Einasto DM density profile in the SHs. We then compare the
predicted flux with the sensitivity flux threshold, depending on the latitude of the individual
SH, both for the 3FGL and 2FHL setups, as derived in section 3. A SH is defined as
detectable if the predicted gamma-ray flux is larger than the sensitivity flux threshold at the
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SH position.

In figure 9, we show the dependence of the number of detectable SHs on the annihilation
cross section for different choices of the DM mass, DM annihilation channel and catalog
sensitivity. The number of detectable SHs increases with the (ov) almost linearly. If we
consider the 95% confidence level upper limits on (ov) from the Fermi-LAT analysis of
dwarf galaxies [5], about one SH could be present in the Fermi-LAT catalogs.

In particular, we checked that, fixing the annihilation cross section to the one constrained
by the dwarfs analysis [5] and assuming the 3FGL catalog sensitivity, the number of detectable
SHs is only mildly dependent on the DM mass if we assume a bb annihilation channel, while
it decreases more rapidly as a function of the DM mass for DM DM — 777~. In the case of
the 2FHL, instead, the number of detectable SHs slightly increases with DM mass. However,
in all cases we deal with very small numbers of detectable SHs, i.e < O(1). The number of
detectable SHs that might already be among the unassociated sources of the 3FGL catalog
turns out to be 0.940.8 for Mpy = 8 GeV. For the 2FHL, Npetectable 1S €ven smaller: 0.040.2
for Mpy = 10 TeV. These are very small numbers compared to the amount of unassociated
sources in the 3FGL (1062) and 2FHL (48) catalogs, and are compatible with the fact that
no emission from the direction of known dwarf galaxies has been observed yet.

Such small numbers of detectable SHs are lower than what found in the literature, mostly
because here we fully model the sensitivity of the Fermi-LAT to DM SHs, as explained in
section 3. We checked that using a fixed energy flux detection threshold — as given by the
energy flux integrated above 1 GeV' and equal to the minimum flux of sources (in the 3FGL),
4.0-10713 erg/cm? /s — we get twice more detectable SHs. On the other hand, using the energy
flux that gives the peak of the energy flux distribution, namely 1.35-107!2 erg/cm? /s, leads to
20% less detectable SHs for Mpy = 100 GeV with respect to the former optimistic threshold.

In figure 10 we display the distance to the observer dgy vs the mass Mgy for all SHs in
our 100 Monte Carlo realizations, and highlight the ones with a flux larger than the Fermi-
LAT 3FGL sensitivity flux. We obtain few detectable SHs (depicted with black stars), with
distances dgy € [10,300] kpc and Mgy > 2 - 107 M. Contrary to what assumed in previous
analyses (see e.g. [48]) we find that the detectable dark and luminous SHs may be more
massive than ~ 107 M. We wish to stress that even if the minimum mass for SHs to host
star formation is about 107> Mg, dark SHs (i.e. without stars) are realized in the simulation
up to masses ~ 10° My, and hence coexist together with luminous SHs in the mass range
1075h=1 — 109~ ' M, [57]. Larger mass SHs are instead much more likely to have a stellar
counterpart and therefore to be detected in the optical wavelength as dwarf galaxies. We also
show in figure 10 the value of the scale radius r of each SH vs the SH mass. The smallest
rs values correspond to undetectable SHs, independently of Mgy. Detectable SHs can have
rs ranging from 0.4 kpc to 3 kpc, regardless the value of the SH mass.

The small (or even null) number of detectable DM SH candidates among the Fermi-
LAT unassociated sources allows us to set upper limits on the DM annihilation cross section
(ov). For each DM mass, we define as upper limit the value of (ov) for which the number
of detectable SH is smaller than a given number Ncangidate of DM SH candidates. Should
Ncandidate b€ zero, the most stringent constraints on (ov) would be inferred. However, the
number of unassociated sources in the two catalogs is not zero, and we do expect some DM
SHs among them. Indeed, the case in which Ngandidate = NUnassociated Would give the most

"We use this quantity in order to reduce the bias between the source flux and the photon index, see [86].
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Figure 10. Left panel: SH distance from the observer, dsy, as a function of the SH mass, Mgy,
for the detectable SHs (black stars) and the SHs below threshold (grey points). Right panel: Scale
radius 7, as a function of Mgy for the detectable SHs (black stars) and the SHs below threshold (grey
points). We adopt the 3FGL sensitivity and DM annihilation into bb. The results are shown for all
100 Monte Carlo realizations of the SH population.

conservative upper limits, not accounting for the fact that many unassociated sources are
very likely going to be identified as standard astrophysical objects.

In the following, we will show upper limits on (ov) assuming Ncandidate = 0, 5 and 20.
We consider the number Ncandidate Of brightest SHs (in terms of J-factor) for all the 100
Monte Carlo realizations, and we define the upper limit on (ov) as the maximum value of
(ow) for which the SHs fluxes are equal to the sensitivity flux thresholds — for a given catalog
— at the corresponding SHs position. We depict in figure 11 the upper bounds on the (ov),
assuming the possible detection of 0 (cyan), 5 (red) and 20 (grey) SHs, for the 3FGL catalog
setup (upper panels) and DM annihilation channel into bb (left panel) or 7+7~ (right panel),
and for the 2FHL catalog setup for bb annihilation channel (bottom panel). The bounds
for the detection of Ncandidate = D and 20 result weaker than those derived with the Pass
8 analysis of dwarf galaxies [5]. On the contrary, the limits derived assuming Ncandidate =
0 are very tight and competitive with limits from dwarfs galaxies. The reason is that the
brightest SH in all realizations has a very high flux. For example, the gamma-ray flux of
the brightest SH with DM mass of 100 GeV and with thermal cross section is on average
1.6 x 1072 ph/cm? /s, thus above the sensitivity threshold at b=30° (~ 7 x 1071° ph/cm?/s,
cf. figure 5).

The dependence of the cross section upper limits on the DM mass can be understood as
follows: The annihilation cross section is derived from eq. (2.6) as {(ov) ~ (®4rM3,,)/(TI),
and, taking into account only the quantities dependent on the DM mass, (ov) o< (®M3,,)/(Z).
The integrated gamma-ray energy spectrum from DM annihilation for bb channel is Z o M&i‘/{.
On the other hand, the sensitivity flux goes as ¢ MS&'S for Mpy < 100 GeV and
® oc Myt for Mpy > 100 GeV (see figure 5). Therefore, (av) oc M3S, for Mpy < 100 GeV
and {ov) oc M2 for Mpy > 100 GeV, as shown in figure 11.

In full analogy, it is possible to explain the trend of the upper limits in the case of
the 2FHL. In this case, for Mpy € [100,500] GeV, T M]%'IQ/I and ¢ x MB‘I@[ so that the
annihilation cross section decreases as (ov) oc M %4 On the other hand, for Mpy > 500
GeV the flux sensitivity flattens (see figure 8) and Z oc My, so that roughly (ov) oc M0
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Figure 11. Upper limits on (ov) derived assuming 20 (grey), 5 (red) and 0 (cyan) SHs candidates in
Fermi-LAT catalogs, together with the bounds from the dwarf galaxies Fermi-LAT analysis [5]. Top
left (right) panel: Annihilation into bb (7777) and 3FGL catalog setup. Bottom panel: Annihilation
into bb and 2FHL catalog setup.

as observed in figure 11 (bottom panel).

With a larger number of DM SHs candidates, the bounds reported in figure 11 get
looser and increase less steeply. This fact has important consequences: First of all, in the
3FGL catalog there are about 1000 unassociated sources and decreasing this number — even
by a factor of 10 — would not have a large impact on the upper limits inferred on (ov). On
the other hand, in the 2FHL catalog there are about 50 unassociated sources: reducing the
number of unassociated sources in this catalog by a factor of two would improve the bounds
on {(owv) by a factor of almost 10.

Future gamma-ray experiments, such as CTA [54] at TeV energies and new concept
Compton-Pair Production Telescopes like Compair [87] and e-ASTROGAM [88] at the MeV
scale, will improve on the sensitivity to detect point sources and DM SHs. As mentioned
in section 2.1, DM SHs are classified into dwarf galaxies (i.e. luminous SHs) or dark SHs
according to the presence or absence of a stellar component. The lower (non-zero) stellar mass
of the Hydro selected SHs is 1.4 x 10*M,. We here estimate the probability to detect dwarf
galaxies as DM SHs with a future gamma-ray instrument with a factor of 5 better sensitivity
than the LAT above 100 MeV. This improvement could be achieved by e-ASTROGAM or

—90 —



10 o e
— N 1078 e . 1
-10 ~ : M E X I :
N&p 10100 %O Iﬁﬁﬂ ;
<10 B , 3 3 ] o
2] x 10714 Lo L SR i Ry | i
~ — : : :
C\IE 10712- NE : : :
(S ~13 O 5 L 5 :
= 107 =107 R A o .
2 107 M =) 3 : : :
§|% 1015} — Average “Eh 10716 = 7 ,,,,,,,, —— Average |
T e A S N lo | & lo
‘ ‘ §  1FGL source counts I 2FHL source counts
10*17 ] ] T T T 1 . 10*17 L 1 I I I
1072 107 1071° 1079 10% 1077 10°¢ 107 1072 107 1071 1070 1078
’ ; 2
Fooicev [ph/cm?/s] Fosocev [ph/cm?/s]

Figure 12. Source count distribution, or Log N — Log F', of all SHs in the mock Galactic SH population
for DM annihilation into bb. Left panel: 3FGL catalog setup, Mpy=100 GeV and (ov) = 1072°
cm?/s. The blue solid line represents the best-fit to the LogN — LogF of the blazars population
in the 1IFGL [86]. The black solid line is the average over 100 Monte Carlo realizations of the SH
populations, while the grey band is the corresponding 1o uncertainty. Right panel: Same as in the left
panel but with the 2FHL catalog setup and source count distribution of blazars as derived in ref. [89].

Compair at MeV energies. We consider DM annihilation into bb for DM mass of 100 GeV and
thermal cross section. In the Hydro simulation, the fraction of luminous SHs in the mass bins
Mgy = [10%7—107,107—108,10%—10%,10°—10'°, 1019~ 10'"] is N (M, > 1.4x10*M)/Nsu
= [0.000, 0.024, 0.409, 0.857, 1.000]. Running our analysis for the SHs detectability with an
improved flux sensitivity, we find that the average number of detectable SHs in each bin of
mass is [0.0, 0.24, 0.34, 0.57, 0.91]. Combining these two results together, we obtain that 2.1
SHs would be detectable on average and 1.5 out of these would be dwarf galaxies. Therefore,
given the input of the adopted simulation, a future gamma-ray experiment a factor of 5 more
sensibile than the LAT has the power to detect a few SHs, with a probability of 75% to detect
a dwarf galaxy.

4.2 The LogN — LogF relationship for dark matter sub-halos

An important characterization of astrophysical source populations is given by the so-called
Log N — LogF, or the source count distribution N as a function of the integrated flux F', which
can provide information also about the faintest end of the flux distribution for a specific source
population. For all the simulated SHs in the 100 Monte Carlo realizations of a Galactic SH
population, we compute the photon flux F' as given by eq. (2.6). We derive dN/dF choosing
a binning of the photon flux and considering for each i-th bin %(R) = N;/A;, where F; is
the center of the flux bin with a width A; and N; is the number of SHs with a given flux in
that bin. For each flux bin we compute the mean and the standard deviation of N; over all
Monte Carlo realizations, and we estimate the average and the 1o dispersion for the dN/dF.
Finally, we compare this result with the same observable derived for AGN in the 1FGL [86]
and 2FHL [89] catalogs.

In figure 12 we show the Log N — Log F' of all simulated DM SHs, with integrated flux
above 0.1 GeV and 50 GeV respectively for the 3FGL (left panel) and 2FHL (right panel)
catalog setups. For comparison, we overlay the expected source count distribution from
blazars in the 1IFGL [86] and the recent estimate for high-energy blazars from the 2FHL [89].

— 21 —



We consider annihilation into bb and DM mass of 100 GeV for the 3FGL and the 2FHL. The
cross section is fixed to {(ov) = 1072% cm?/s. The LogN — LogF of DM SHs shows a sharp
cutoff at high fluxes, that corresponds to few very bright SHs — in the case of the chosen
annihilation cross section this is at about 5 x 1077 (5 x 10~?) ph/cm? /s for integrated fluxes
above 0.1 (50) GeV. The numerous faint and undetectable SHs populate the Log N — Log F
at low fluxes. Regardless of the choice of the integration energy threshold, the SHs source
count is strongly subdominant with respect to the observed flux distribution of AGN in both
the 3FGL and 2FHL catalogs. This effect becomes stronger when considering lower values
of (ow), which are consistent with current limits from dwarf galaxies.

4.3 On the relevance of the smaller scales: Mgy > 10° M

As already mentioned in section 2, the hydrodynamic simulation studied in this work has
a mass resolution of 5.4 x 10% M. Although we are mostly interested in analyzing the
differences between the Hydro and DMO runs, usually expected to be important for quite
massive SHs, we anyhow investigate the effect of lower-mass SHs. We proceed arguing for
the Hydro case only.

Adopting the prescriptions outlined in section 2, we simulate on average 38000 SHs
from 10° Mg (which is the mass resolution of AQO8) up to 5.4 x 10° Mg, and derive 74
from 7. by extrapolating to low masses its polynomial dependence on Mgy as described
in section 2.1. The results of this new Monte Carlo realization are presented in figure 13,
for DM annihilating into bb and mass mpy = 100 GeV, and for 3FGL catalog setup. We
show the average LogN — LogF of the SHs with masses > 5.4 x 106 My (as resolved by
the original simulation) as red dashed line and the average Log N — LogF of the SHs with
masses 10° < Mgy < 5.4 x 10 M as a green dashed line. The black line shows the total
source count distribution from the sum of the two populations of SHs. For the sake of
comparison, we further show as blue line the expected source count distribution from blazars
in the 1FGL [86]. Adding lower-mass SHs increases the number of sources per unit flux
at very small fluxes. This fact has no impact on the number of detectable SHs nor on the
constraints on the annihilation cross section. This result is consistent with figure 10, where
SHs with Mgy < 107 Mg, (thus well above the mass resolution of the simulation) are not
detectable as point sources. Nonetheless, those SHs would unavoidably contribute to the
diffuse gamma-ray emission [41]. Although very challenging because of the many theoretical
uncertainties, and of the unavoidable contribution from unresolved blazars and Misaligned
AGN (see e.g. [59, 60]), it is possible to look for those unresolved SHs in the intensity [40]
and small scale fluctuations [44] of the gamma-ray sky. While we do not address this search
here, it will be certainly an interesting topic to explore in future work.

5 Spatial extension of dark matter sub-halos

In this section we discuss one of the clearest signatures for the detection of a DM SH as a
gamma-ray source: its spatial extension. Indeed, should an unassociated source be detected
by the LAT with a non-zero spatial extension at high latitude, it would be a tantalizing
hint of a signal from DM SH. Up to now only associated astrophysical objects have been
found as extended, and no unassociated object has been detected with a spatial extension.
Estimations of the number of extended SHs that could be detected in the 3FGL have been
performed in previous works comparing the scale radius r with the size of the PSF. Ref. [50],
for example, employs the parameter Ra,, = arctan (r5/dsn) to perform the analysis of the
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spatial extension. This parameter represents the angular size associated to the scale radius
of the SH. R, is then compared to the size of the PSF for PTREP_SOURCE_V15, which at 1
GeV is 0.8°. Nevertheless, the definition of Ra,g is not precisely comparable with the way
extended sources are studied in the 3FGL catalog. Indeed the size of 3FGL extended sources
is determined as the angle Oy inside which the 68% of the gamma-ray intensity is contained.

We calculate here the gamma-ray flux for different angular distances from the center of
each DM SH and we infer the angular distance dg% inside which the 68% of the gamma-ray
flux is contained. We choose a different approach also to estimate the sensitivity of the LAT
to detect extended sources. We use the extension of 3FGL sources and the error on their
position to estimate the angular extension sensitivity of the telescope. First of all, we note
that the angular extension of the least extended 3FGL sources is between 0.14° — 0.20° for
W44 and 0.16° for HESS J1303-631 [45]. We can then infer the error on the determination
of the position of 3FGL sources (at |b] > 20°), using the parameter Conf_68_Semiminor,
reported in Fermi-LAT catalogs (see e.g. [45]) to parametrize the 68% confidence level of
the dimension of the source if modeled with an ellipse. This parameter is ~ 0.10° for most
sources with T'S = 25 and |b| > 20°. This value can be used as an estimation of the lower
limit on the spatial extension of a source that can be found in the 3FGL.

We follow two approaches: A conservative one, where we take as a reference angle for
the SH spatial extension the size of W44 (O = 0.16°), and a more optimistic choice where
we consider the average value of Conf_68_Semiminor for sources with TS = 25 in the 3FGL
(Oext = 0.10°). The latter choice is nevertheless not too optimistic, if we consider that with
Pass 8 PSF Type 3 (the PSF quality quartile with the best angular resolution®) there is
an improvement with respect to the 3FGL (Pass 7) of at least a factor of two in angular
resolution. If dg% is larger than Ogyt, then the SH is considered extended. We analyze only
SHs with a flux larger than the sensitivity flux threshold derived for the 3FGL catalog setup.

Working with all 100 Monte Carlo realizations, a DM mass Mpy = 40 GeV, annihilation
into bb and the thermal cross section we have on average, for each realization, 0.5 extended

Shttps://wuw.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
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sources when conditioned to Oyt = 0.16°, while using the optimistic approach (Oexs = 0.10°)
we get 0.8 extended sources per realization. These estimated numbers for extended sources
in the 3FGL catalog are smaller than what has been derived in ref. [50], where 4 extended
objects were predicted (assuming Mpy = 40 GeV and thermal annihilation cross section).
Indeed, the sensitivity flux threshold used in the analysis performed by [50] is different and,
as we have shown in the previous sections, this brings to different predictions in the number
of detectable SHs. We are as well using a different approach to define whether a DM SH can
be detected as extended source.

The DM SHs that we find to be extended show the following features: Mgy > 2-107 M,
and distance < 80 kpc. On average, the smaller is the mass of the extended SH, the smaller
is the distance. For example, SHs with Mgy ~ 1 - 10®M,, are at most located on average at
30 kpc of distance, while less massive objects with Mgy ~ 2- 107 M, can be as far as 15 kpc.

In figure 14 we show the flux profile as a function of the angular separation for two
extended SHs: the first (SH 1) has a mass Mgy = 1.9 - 10° Mg, rs = 1.1 kpc and dsy =46
kpc, the second (SH 2) has a mass Mgy = 4.7 - 10° M, 7 = 1.4 kpc and dsg = 80 kpe.
We highlight in the same plot the angular distance Oy for our optimistic and conservative
scenarios. The angular profile for DM SHs has a steeply decreasing shape that is much
different than a Gaussian profile, as it can be seen from the figure. This intrinsic distribution,
once convolved with the LAT PSF, would show the sharp peak smoothed over a larger solid
angle, making the angular emission more similar to a Gaussian function. The presence (and
shape) of the extension by itself is not sufficient to claim an evidence of DM SH. Would a
source be detected as extended, it should be an unassociated source in the 3FGL and future
Fermi-LAT catalogs before being claimed a possible DM SH . An additional remark is that
given the improvement in the LAT sensitivity with Pass 8, future catalogs will contain many
more sources than the 3FGL catalog. With an increasing number of detected sources, the
probability of having two gamma-ray sources detected with a distance of the order of the
LAT PSF, and thus looking as a single extended source, is not negligible. This hypothesis
therefore should be considered when an extended unassociated Fermi-LAT source will be
discovered, and even more if the source spectrum will show a good match with a DM-like
spectrum.

6 Summary and conclusions

We have presented a realistic estimation of the detectability of Galactic dark matter sub-halos
in the Fermi-LAT 3FGL and 2FHL catalogs. Based on one of the most recent hydrodynamic
simulations for structure formation, the Hydro-Aquarius simulation [1, 57], we have modeled
the spatial and mass distribution of sub-halos in a Milky Way-like Galaxy. We have generated
Monte Carlo realizations of the Galactic sub-halo population (with minimum mass Mgy ~
5x10% M) for the hydrodynamic and pure dark matter scenarios. Our first motivation was to
investigate the impact of hydrodynamics on the distribution and properties of Galactic dark
matter sub-halos, and consequently on the gamma-ray signal expected from those structures.
At this scope, we have compared the scale radius typical of each sub-halo, deeply related to
the sub-halo mass accretion history and to the concentration parameter. Being a physical
parameter of the radial sub-halo density, it is indeed a crucial quantity for the determination
of the gamma-ray flux. We modeled r, directly from the simulation data of ry.x. Although
baryons affect the abundance and internal structure of sub-halos (especially the more massive
ones), these discrepancies do not substantially alter the predictions on rg. This conclusion
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Figure 14. Flux profile as a function of the angular separation from the center of two extended DM
SHs with a flux larger than the sensitivity flux threshold of the 3FGL setup: Mgy = 1.9 - 10° M,
rs = 1.1 kpc and dspy =46 kpc (solid black line), and Mgy = 4.7 - 10° Mg, 75 = 1.4 kpc and dgyg = 80
kpc (dashed black line). The red solid line corresponds to a Gaussian profile with Oyt = 0.16°. The
optimistic and conservative Oqy are highlighted by the vertical green and blue line respectively.

holds as well for the geometrical factor J-factor, which is a direct measure of the intensity
of the gamma-ray signal.

In order to estimate the realistic sensitivity for the Fermi-LAT to detect dark matter
sub-halos, we have introduced some novelties. In particular, we fully account for dependence
of the sensitivity flux threshold on the dark matter annihilation channel, the dark matter
mass and the sub-halo position in the main halo. We have overcome the simplistic approach
of considering a fixed sensitivity flux threshold, showing in particular the strong dependence
of the sensitivity flux threshold on the dark matter mass. Moreover, we have presented the
prospects of detection of sub-halos among the unassociated sources of two Fermi-LAT cata-
logs: probing different energy ranges, the results for SFGL and 2FHL result complementary.

We have studied the dark matter annihilation gamma-ray signatures, from Galactic
sub-halos in terms of: (1) the number of detectable sub-halos in the two catalogs, (2) the
bounds on the dark matter annihilation cross section, (3) the source count distribution and
(4) the sub-halos extension. Our results show that the largest number of detectable sub-
halos, that might already be among the unassociated sources of the 3FGL catalog, is at
most 0.9 + 0.8 for Mpy = 8 GeV — with (ov) fixed to the upper limit derived from the
latest analysis of dwarf spheroidal galaxies. The prediction for the 2FHL catalog is lower:
Npetectable = 0.0 & 0.2 for Mpy = 10 TeV. These tiny numbers allow to set constraints on
the dark matter annihilation cross section into gamma rays. Although the upper limits on
(ow) for the detection of Ngandidate = D or 20 sub-halos are weaker than those derived with
the Pass 8 analysis of dwarf galaxies [5], they become quite competitive assuming zero sub-
halo candidates. For values of (ov) consistent with the current limits from dwarf galaxies,
we have also found that the sub-halos source count distribution is suppressed by more than
three orders of magnitude with respect to the observed flux distribution of blazars in both
the 3FGL and 2FHL catalogs. Moreover, we have investigated the impact of adding smaller
mass sub-halos (10> My< Mgy < 5 x 105 M) to the sub-halo population. Their effect is
to increase the number of sources per unit flux at very small fluxes. As a consequence, they
have no effect on the number of detectable sub-halos and on the bounds to the annihilation
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cross section for current sensitivities.

One discriminating feature for the identification of dark matter sub-halos would be the
spatial extension of the source. About one sub-halo of our simulated population turns out to
be detectable in the 3FGL as extended source. We recall that conservative assumptions have
been made in the present work. Indeed, we expect a great improvement with the new Pass
8 4FGL, which could significantly increase the number of detectable sub-halos, and possibly
lead to the identification of some unassociated sources with dark matter halo substructures
thanks to their spatial extent. As an illustrative example of future progresses, we have
considered a gamma-ray instrument with a factor of 5 better sensitivity than the LAT above
100 MeV, an improvement that can be achieved by new concept MeV telescopes such as
e-ASTROGAM [88] and Compair [87]. Given the input of the adopted simulation, we have
found that it will be possible to detect a few sub-halos (about 2.1), with a probability of 75%
(1.5/2.1) to detect a dwarf galaxy.

We finally also note the relentless efforts in the numerical simulations for the reliable
inclusion of the effects of baryons in the formation of galactic structures. These latter research
leaves room open to further inspections, once Milky Way size halos will be realized with even
greater resolution.
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