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The extragalactic y—ray and neutrino emission may have a contribution from dark matter (DM)
annihilations. In the case of discrepancies between observations and standard predictions, one could
infer the DM pair annihilation cross section into cosmic rays by studying the shape of the energy
spectrum. So far all analyses of the extragalactic DM signal have assumed the standard cosmological
model (ACDM) as the underlying theory. However, there are alternative DM scenarios where the
number of low-mass objects is significantly suppressed. Therefore the characteristics of the y—ray
and neutrino emission in these models may differ from ACDM as a result. Here we show that the
extragalactic isotropic signal in these alternative models has a similar energy dependence to that
in ACDM, but the overall normalisation is reduced. The similarities between the energy spectra
combined with the flux suppression could lead one to misinterpret possible evidence for models
beyond ACDM as being due to CDM particles annihilating with a much weaker cross section than
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expected.

I. INTRODUCTION

Finding signatures of dark matter (DM) annihilation
or decay in the sky is key to establishing its microscopic
nature. One promising avenue is the detection of an
anomalous population of cosmic rays and electromagnetic
emission in DM haloes. Haloes of well identified dwarf
galaxies and clusters of galaxies have been targeted in
~v—ray [1-19] and neutrino [20-24] searches. No anoma-
lous signal has been found yet. The isotropic diffuse sig-
nal that originates from all mass DM haloes, including
those outside our cosmic neighbourhood, is now also un-
der close scrutiny [25-28].

While the intensity of the flux expected from individ-
ual haloes for a given DM mass depends mostly on the
DM density profile in the targeted region and is fairly
straightforward to compute, estimates of the extragalac-
tic emission are much more uncertain and challenging.
Not only do the predictions require a good knowledge of
the internal structure of haloes, but they also require the
determination of their abundance in the past Universe,
and at all possible scales.

The halo abundance can be predicted using N-body
simulations or can be inferred from the linear perturba-
tion theory matter power spectrum using semi-analytical
techniques'. Different analytical models have been de-
veloped [29-50] and a number of parameterisations have
been suggested to fit the simulations [51-63]. However,

1 Analytical calculations are calibrated to the output of N-body
simulations which provide a way to assess the validity of the
results.

the resolution of the current simulations is not sufficient
to establish the halo abundance at very low masses (cor-
responding to small smoothing scales) and high redshifts,
a limitation which could hinder flux estimates. A solu-
tion to compute the extragalactic flux stemming from
DM annihilations is to extrapolate the halo abundance
found at high masses using numerical or semi-analytical
techniques, down to the smallest mass scales.

However, this approach can generate large uncertain-
ties since the presence of low-mass haloes in galactic
haloes (and in the Universe in general) is under debate.
This is referred to as the “missing satellite” problem
in the standard model of cosmology, ACDM, which is
based on a cosmological constant and cold dark matter
(CDM) and seems to over predict the existence of such
objects [64, 65]. While the current discrepancy with ob-
servations could be due to the baryonic processes affect-
ing galaxy formation such as feedback [66], a number of
alternative DM models has been proposed to solve this
issue as well as the “too big to fail”, “cusp vs. core”
and “satellite alignment” problems [67, 68]. A simpler
explanation however (if feedback is not the right solu-
tion) could be that these anomalies are a manifestation
of the impact of DM interactions with other particles on
the form of the primordial matter fluctuations [69-71].

In standard ACDM scenarios, where heavy and weakly
interacting massive particles (WIMPs) are the prime DM
candidates, such interactions are known to have a negligi-
ble effect on structure formation. In this case, the impact
of a late kinetic decoupling time on the free-streaming
scale leads to a cut-off scale in the linear matter power
spectrum between M, = 10712 — 1074M, [69, 71-89).
So all cosmologically relevant structures, including the
smallest ones, are expected to contribute to the diffuse



extragalactic emission in CDM models.

The more general approach taken in Refs. [69, 71] how-
ever, shows that there are many more possible DM mod-
els, some of which predict a different pattern of structure
formation due to a large collisional damping effect, even
though they are WIMP candidates [77, 90]. For example,
if DM particles interact with photons or neutrinos with a
cross section o =~ 10733 (mpym/GeV) cm?, one expects
a cut-off in the linear matter power spectrum around a
smooth scale of ~100 kpc [70, 91-96], and therefore a
suppression of the number of haloes smaller than those
which host dwarf galaxies. The results are similar if the
interactions occur with baryons or with the DM itself,
but the cross section has to be about ten orders of mag-
nitude larger than that with photons or neutrinos to pro-
duce similar results [71, 97, 98].

DM interactions lead to a different linear perturba-
tion theory matter spectrum than the case of warm dark
matter (WDM). The matter power spectrum, P(k), of
interacting dark matter (IDM) features damped oscilla-
tions, referred to as dark oscillations, below the colli-
sional damping cut-off scale, while the equivalent power
spectrum for a thermal WDM relic can be approximated
by a steep exponential cut-off (see, e.g., Ref. [99]). The ef-
fect of an oscillating P(k) on large scale structures and on
the Milky-Way-size haloes was simulated in Refs. [100-
103]. The results show that such a suppression in P(k)
can actually explain the “missing satellite” and “too big
to fail” problems [104]. However, most importantly for
our purposes, these simulations provide us with the halo
abundance down to the scale of dwarf galaxies and at
large redshifts, which allows us to explore the impact of
such a damped linear matter power spectrum on the es-
timate of the isotropic cosmological fluxes of y—rays and
neutrinos from DM annihilations.

In Section IT we summarize the main ingredients enter-
ing the calculation of the isotropic cosmological fluxes of
the products of DM annihilations. In Section I1I we de-
scribe IDM scenarios and their cosmological signatures.
The description of the simulations used in this work is
given in Section IV and the results presented in Sec-
tion V. Finally, we draw our conclusions in Section VI.

II. EXTRAGALACTIC EMISSION FROM DM
ANNIHILATIONS

Here we summarize some well-known general expres-
sions and definitions for the calculation of the isotropic
extragalactic y—ray and neutrino flux from DM annihila-
tions, which apply to the different scenarios we consider.

A. Extragalactic y—ray flux

The contribution to the diffuse y—ray emission arising
from the annihilation of DM particles in a single halo of

mass M at a given redshift z is given by” [105, 106]

dn(Ey) B 1 (o) 9
= 2 2 <,0 > x
dEy M= 4dwx2(z) 2miy M,z
_ dN(E)
7(Eo,%) E Br, — 2/ 1
¢ N (1)

where x(z) is the comoving distance of the halo, {(ov)
is the averaged DM annihilation cross section times rel-
ative velocity of the pair, mpy is the DM mass, and
<p2> ‘M = [4mr?p?(r, M, z)dr is proportional to the
14

enhancement for a single halo of density p with respect
to a smooth distribution. The optical depth of attenu-
ation of y—rays in the extragalactic background light is
given by 7(Ey, z), and we adopt the model of Ref. [107].
dN; /dE is the differential y—ray energy spectrum per an-
nihilation into the channel ¢, with branching ratio Br;. In
Eq.(1), Ey is the energy at the Earth and E = Ey(1 4+ 2)
is the energy at the source. To calculate the spectrum
at the source, we make use of the results presented in
Ref. [108], which were computed using PYTHIA 8.1 [109]
and include electroweak corrections [110].

Taking into account the number density of haloes per
unit mass at different redshifts, the contribution of all
haloes at all cosmological distances is given by

d¢7(E0) _ <UU> p121170 dz 52(2’) >
dEy 2 m¥y J H(z)
. AN, (Eo(1+ 2))
7(Ep,z) ) s
) 3By, 2 @)

3

where H(z) = Ho\/Qm,o(1+2)% + Qa = Hoh(z) is the
Hubble parameter as a function of redshift, pn ¢ is the
comoving matter density today and £2(z) is the enhance-
ment factor at a given redshift, which is defined in Sec-
tion IT C.

B. Extragalactic neutrino flux

In the case of neutrinos, there are two main differences
in the calculation of the isotropic extragalactic flux with
respect to the case of y—rays. Firstly, neutrinos inter-
act only via weak interactions and hence, they traverse
cosmic distances without any significant absorption. Sec-
ondly, neutrinos experience flavour oscillations. Whereas
they are produced in some combination of flavour eigen-
states, propagation over cosmic distances results in av-
eraged flavour oscillations. Therefore, the integrated
neutrino flux from DM annihilations in all haloes of all

2 Note that this expression is valid when DM particles and an-
tiparticles are identical. Otherwise, an extra factor of 1/2 must
be added.



masses at all redshifts is given by

do,, (Eo)  (ov) P?n,o dz
et (S Pae H()w)x 3)

ug i EO(l +2))

Z‘Ua2|2|Uﬁ1|2ZBrz )

where dN,, ;/dE is the flux of neutrinos of flavour 8 at
the source after DM annihilations into channel i, and U
is the leptonic mixing matrix. For the analysis, we use
the latest vfit results [111] (see also Refs. [112, 113]).

C. Enhancement factor £2(2)

The enhancement factor £2(z) in Eqgs. (2) and (4) is
given by [106]

o) 2 BORL) [ gy M ) g
)= 208 [ an TS G0,
(4)
where A is the overdensity parameter used to define
spherical haloes (M = Ma = 47/3 Ap.(z) RY) which
we set to A = 200 (see Section IV), p.(z) is the criti-
cal density of the Universe at redshift z, dn(M, z)/dM is
the halo mass function for haloes of mass M at redshift z
and &%;(M, z) is the enhancement of the signal of a single
halo, and is defined as [27]

M__(7)
Ape(z) (p)* ®)

€2, represents the enhancement in flux compared to that
produced by a smooth DM distribution with density
A(2) pe(2), in a volume 47R3 /3. For a Navarro-Frenk-
White (NFW) profile [114, 115], £2; has an analytical
form in terms of the concentration parameter, c = Ra /7
(rs is the scale radius), given by [27]

g -l @0-0+97)
Hlxrw ~ 9 In(l+c)—c(l+e)~1

51%/[(M7 Z) =

&nlc(M

(6)

III. ALTERNATIVE DM MODELS AND
POWER SPECTRA

The standard model of cosmology assumes that DM is
well described by a collisionless fluid. In practice, this
means that one assumes that the DM interactions are
far too weak to have any effect on structure formation.
However, in most models, DM must have non negligi-
ble interactions (with standard model particles or with
particles in the dark sector) to explain the observed DM
abundance. It is therefore important to determine the
impact of such interactions on the formation of objects
in the Universe.

DM interactions have two main effects on the pri-
mordial DM fluctuations: first, they induce a collisional

damping (a generalisation of the Silk damping effect);
secondly, they delay the free-streaming of the DM parti-
cles [69, 71]. Fluctuations are therefore first erased by the
DM scattering with standard model (or dark sector, in-
cluding the DM itself) particles and the scales that have
not been erased by the collisions may eventually be erased
by the DM free-streaming.

The strength of the effect is governed by the ratio of
the elastic cross section of DM with a given species to
the DM mass [70, 91-96]. The larger the ratio, the larger
the effect of collisional damping. The characteristics of
the species the DM interacts with (energy density and
velocity) play a very important role. For a fixed value of
the cross section-to-mass ratio, the collisional damping
effect is the largest if DM interacts with photons or neu-
trinos rather than with itself or with baryons, since the
energy densities and velocities of photons and neutrinos
are much larger than those of the baryons or the DM
particles.

The collisional damping of primordial DM fluctuations
induces a damped oscillating linear matter power spec-
trum with a cut-off scale that is essentially given by the
collisional damping scale. This gives rise to an exponen-
tial cut-off in the linear P(k), like for WDM. However,
the competition between pressure due to collisions and
gravity generates, at smaller scales, an oscillatory pat-
tern in the matter power spectrum, like that seen in the
case of Silk damping [116].

Numerical simulations of the impact of these inter-
actions on structure formation have been performed
in Refs. [100, 101]. It was shown that even a weak
DM elastic scattering cross section with neutrinos or
photons could have a huge impact on Milky Way-like
haloes and smaller structures, if DM is lighter than a
few GeV. Typically, a cross section larger than o 2
10733 (mppn/GeV) cm? would erase all dwarf galaxies
in a Milky Way-like halo. This constraint is expected
to become more stringent with the next generation of
large-scale-surveys [117], like DEST [118] and LSST [119],
and the inclusion of baryonic physics in the simulations,
thus demonstrating the importance of taking into ac-
count even small interactions, which are relevant for the
relic density calculations.

In the total absence of DM interactions (the pure col-
lisionless case) and assuming light DM particles, the DM
free-streaming scale is Ig o mDN{?’ [69, 71, 99]. To make
sure that small objects such as dwarf galaxies can form
(i.e., lgs < 100 kpe), thermally produced DM particles
must be heavier than a few keV; a conclusion which is
also in agreement with Lyman-alpha forest analyses [120].
Scenarios featuring keV particles are examples of colli-
sionless WDM scenarios. Collisionless candidates heavier
than a few keV, and produced thermally®, are well de-

3 However, see, for instance, Ref. [121] for warmer-than-thermal
candidates.



scribed by CDM (with a different expression for the free-
streaming scale [69]). In the presence of interactions (the
case of IDM) the expression for the free-streaming scale
is different and depends on both the DM mass and the
interaction cross section. Besides, even for small cross
sections, the collisional damping scale could still domi-
nate over the free-streaming scale.

In general, IDM models are very similar to WDM,
even though the suppression of power in the linear mat-
ter power spectrum is not as drastic as with WDM due
to the oscillations. Therefore, the isotropic extragalactic
flux produced by the products of DM annihilations is ex-
pected to be similarly suppressed in both cases. Thus,
the question we want to address is whether these alter-
native matter power spectra could lead to very different
~v—ray or neutrino fluxes than those predicted in the stan-
dard CDM scenario.

To compute the extragalactic emission in IDM sce-
narios, we consider their halo mass function and
concentration-mass relation as a function of redshift and
assume the canonical value for the DM annihilation cross
section into standard model particles. For IDM, we as-
sume that the DM annihilation and scattering cross sec-
tions are not connected so that the matter power spec-
trum serves as a template of alternative ACDM scenar-
ios. From the simulations, we use the information on
the structures that are present in the redshift interval
z = [0, 4]. The larger the redshift, the more suppressed
the small scale structures [122]. Hence, in these alterna-
tive DM models, the main contribution to the signal is
expected to come from very late times, i.e., from even
lower redshifts than in the standard scenario. In prin-
ciple, this could induce differences in the shape of the
~v—ray and neutrino spectra.

IV. SIMULATIONS

We use the output of the DM simulations performed in
Ref. [101] to account for DM-radiation interactions, using
the parallel N-body TreePM code GADGET-3 [123]. The
simulations were performed from z = 49 to z = 0, and
assumed that interactions were negligible at late times
(z < 49). The matter power spectrum at z = 49 was
obtained from a modified version of the Boltzmann code
CLASS [94], using the best fitting values of the cosmo-
logical parameters obtained by the Planck collaboration,
using the “Planck + WP” dataset [124] and assuming a
ACDM cosmology. In principle, a consistent treatment
of an interacting DM model would require one to use the
best fitting cosmology for a given scattering cross section.
However, the parameters for ACDM lie well within the
one standard deviation of such best fits. Therefore one
can use the same values of the cosmological parameters
as given by the Planck collaboration to perform the IDM
simulations. The initial conditions were created with an
adapted version of a second-order Lagrangian perturba-
tion theory code [125].

To provide a suitable dynamical range, simulations in
both a large volume (100 ~~! Mpc) and a small volume
(30 h=! Mpc) were run with 10243 DM particles. The
gravitational softening was set to 5% of the mean par-
ticle separation to avoid artificially enhanced two-body
relaxation processes between the particles.

For the identification of the dark matter haloes in the
simulations, we used the AMIGA halo finder [126], which
identifies collapsed structures as spherically overdense re-
gions of radius Rypg with a mean density given by

3 Maoo

53— = 200p:(2) ,
In Ry 00 pe(2) (7)

where Mago is the halo mass®.

We then averaged the density in shells around the
centre-of-mass for all haloes in a given mass bin, as done
in Ref. [101] to determine the density profiles. The result-
ing density distribution is found to be in good agreement
with the NFW parameterisation, which is completely
characterised by the concentration parameter. The latter
is in turn determined by using the approach described in
Ref. [127].

Combining the results of the two simulation volumes
with their respective resolutions and, also binning the
DM haloes by mass, we were able to determine a median
concentration parameter cooo(Mago, z) for the following
redshift and mass intervals

o for 2 < 1: 9.6 < log,q Mago [h "' My] < 14.8
o for z = 2: 9.6 < logyo Maoo [h~'My) < 14
[h™" Mo
[h™ Mo

7

o for z =3: 9.6 < logyy Mago [h"*My] < 13.6
o for 2 =4: 9.6 < log;q Mago [ "1 Mg] < 13.2

for the models with DM-radiation interactions. The de-
clining upper limit with increasing redshift simply reflects
the fact that no structure above that mass range had
formed in the simulation volume. The lower limit is cho-
sen so as to avoid contamination by spurious haloes [101],
which would otherwise distort the concentration-mass re-
lation. Such haloes are a feature in simulations of models
with damped input spectra (see, e.g., Ref. [128]).

In what follows, we show results for the case of elas-
tic scatterings of DM particles off photons with a cross
section oo = 2.0 x 1072 (mpy/GeV) x o1 (o7 is the
Thomson cross section).

V. RESULTS

We now describe the extragalactic fluxes in the IDM
scenario we consider and discuss the main differences
with respect to the standard CDM case.

4 This definition of a halo differs slightly from the one used in
Ref. [101], so the measured halo properties may show some dif-
ferences from the results presented there.



A. The halo mass function

The number density of haloes per unit mass as a func-
tion of mass and redshift is quantified by the comoving
halo mass function [51],

dn(M,z)  pmo dlno™?
dM M2 dlnM

flo(M,z)), (8)

where the function f(o) represents the fraction of mass
in collapsed haloes per unit interval in Ino~! and, if all
the mass is inside haloes, it satisfies [ f(o)dIno™" = 1.
The variance of the linear density field, o(M, 2), is given
by

_ (D(z)\* [ dkk® P(k)
Uz(M’Z)_<D(0)) & on2

where D(z) is the growth factor, P(k) is the matter power
spectrum which is smoothed on a mass-dependent scale,
R(M)3 =3 M/4mpm 0, with a spherical top-hat window,
W (r, R), whose Fourier transform is W (kR). For the al-
ternative IDM scenarios considered here, where there is
a strong suppression in power at small scales, this win-
dow function does not reproduce correctly the halo mass
function [101, 129]. A mass-dependent correction to the
Sheth-Tormen halo mass function [43-45] could, in prin-
ciple, solve this discrepancy [129],

dn(M,z) ( .

W(kR)]®>,  (9)

(10)

_ Mim \ % dnipm,st(M, 2)
dM

BM dM ’

where My, = 4.3x10% 41 M is the half mode mass, the
scale at which the transfer function is half that for CDM,
and o = 0.6 and 8 = 0.5 are free parameters® which
were found after fitting the results of the simulations for
Mago > 10° h=t My, [101], for the scattering cross section
used here. Note that the subindex pm,st in Eq. (10)
indicates the use of the IDM power spectrum and the
Sheth-Tormen parameterisation. Moreover, we have used
a different criterion to identify halos from that used in
Ref. [101], so we have also used a different normalisation,
A = 0.285, from the one usually quoted for the Sheth-
Tormen halo mass function for CDM, A = 0.322.
However, as seen in Ref. [101], the aforementioned
correction term, which works for WDM [129], does
not reproduce the IDM results for masses below M ~
10° h~! M. An alternative correction term is given by

dn(M,z) (1 N Mhm>a (1 N Mhm>6 dncowm,st (M, 2)
dM BM M dM

(1)

where @ = —1.0, 8 = 033, v = 1 and 6 = 0.6 are

found by fitting the results of IDM simulations. Now,

5 Notice that in Ref. [101] there is a typo in the value quoted for
8.
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FIG. 1. Halo mass function at z = 0 for IDM with an elastic
DM-~ (similarly for DM-v) scattering cross section ge; = 2.0
1072 (mpm/GeV) x o1 (blue dots). The fitting functions in
Eq. (10) (solid red line) and Eq. (11) (solid black line), and
the Sheth-Tormen parameterisation for the standard CDM
scenario [43-45] (dashed black line) with normalisation A =
0.285, are also shown.

the subindex cpwm,sT refers to the usual Sheth-Tormen
parameterisation for the CDM power spectrum, but with
A =0.285.

In Fig. 1 we show the halo mass function at z = 0 and
compare it with the standard result from CDM, for which
we have used the Sheth-Tormen parameterisation [43—
45]. The suppression of the number of low-mass haloes
occurs for masses below Mgy ~ 101 A= My and be-
comes significant at smaller masses. The results obtained
with both functions, Eq. (10) (solid red line) and Eq. (11)
(solid black line) are displayed for comparison. However,
through the rest of the paper we will use Eq. (11), since
this is a more correct description of the halo mass func-
tion in the IDM scenario we consider. Nevertheless, the
differences are negligible, even if Eq. (10) does not prop-
erly account for the smallest resolved structures. Note
that for masses below Magg ~ 10° A1 Mg the contribu-
tion of both these fits to the halo mass function to the
enhancement factor is completely subdominant. This in-
dicates that, under our assumption about the behaviour
of the concentration parameter at small masses (see next
subsection), the contribution of the halo mass function
to the final result mainly comes from the scales which are
resolved in the simulations. Thus, our mass extrapola-
tions actually induce very small uncertainties.
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FIG. 2. Concentration parameter as a function of halo mass
for four different redshifts, z = 0,1,2,4 (from top to bottom
at small masses). The coloured symbols represent the results
from the IDM simulations with an elastic DM~ (or similarly
for DM-v) cross section ge1 = 2.0 X 107° (mpm/GeV) X or,
whereas the lines correspond to the CDM parameterisation in
Ref. [127]. The error bars mark the 20% to 80% interval for
the scatter in the halo concentration in each mass bin.

B. Density profile and concentration

As mentioned above, the density profiles of the haloes
in our simulations are in good agreement with an NFW
profile, which can be characterised by the concentration
parameter. In Fig. 2 we show the concentration-mass re-
lation for four different redshifts (coloured symbols). As
discussed in Ref. [101], the median value of the concen-
tration parameter for IDM is significantly lower in the
mass bins below the half-mode mass compared to CDM
(coloured lines), which is explained by the delayed for-
mation of low-mass haloes in these alternative scenar-
ios. This effect is more pronounced for larger cross sec-
tions [101].

Although not statistically significant, we find an up-
turn at high masses in the concentration parameter at
some of the highest redshifts considered, but this is signif-
icantly less pronounced than for CDM®. However, there
are very few haloes at these high masses and consequently
they have little impact on the signal.

6 Although for CDM, unrelaxed haloes in transient stages of their
evolution have been claimed as the possible cause of this up-
turn [130].
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FIG. 3. Enhancement factor £2(z), divided by h(z), as a func-
tion of redshift for IDM with a DM-v (or similarly for DM-
v) elastic cross section oo = 2.0 x 1072 (mpm/GeV) X or
and for CDM. Results are shown for Muyin = 1076471 Mo
(black lines) and Mmin = 4 x 10°h™! Mg (magenta lines).
The solid lines are for IDM and the dashed lines for CDM.
For comparison, we also show the enhancement factor for
CDM when the concentration parameter is kept constant be-
low Mey, =4 x 10° b~ Mg (dot-dashed blue line).

C. Enhancement factor

As discussed in previous sections, the enhancement
in the isotropic extragalactic y—ray and neutrino flux
from DM annihilations depends on the number density
of haloes of all masses at all redshifts and on their internal
properties, i.e., their concentration parameter. However,
we only have access to these quantities over a limited
mass range from the simulations, so we have to rely on
extrapolations to lower masses. For the halo mass func-
tion we use Eq. (11), which was obtained from a fit to
the simulation results. On the other hand, in Ref. [131]
an upturn in the concentration parameter at low masses
was found for WDM scenarios with suppressed small-
scale perturbations, which is also hinted from our re-
sults at z = 4 (Fig. 2). However, in the absence of
more conclusive results, we take the concentration pa-
rameter to be constant below the minimum halo mass
for which we can determine the halo density profile, i.e.,
Mcut =4 x 109 h_l M@.

In Fig. 3 we show the enhancement factor £2(z) (di-
vided by h(z)) as a function of redshift for IDM and
CDM using different assumptions. We depict the re-
sults obtained using the extrapolations of the halo mass
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be Muin = 107 A~ M.

function and the concentration down to a minimum mass
Mypin = 1076 A=t M, for IDM (solid black line) and for
CDM (dashed black line). As one can see, the enhance-
ment factor for CDM is an order of magnitude larger than
for IDM. We also show the enhancement factor computed
using only the halo mass range fully resolved in the sim-
ulations, i.e., My, = 4 x 10° h=! My, for IDM (solid ma-
genta line) and for CDM (dashed magenta lines). From
the comparison of the two black and two magenta lines
between themselves, we note that the contribution of low-
mass haloes is very important in the case of CDM, while
it is subdominant for IDM, which is expected from the
suppression of power at small scales. Therefore, the re-
sult for the IDM case is quite stable with respect to ex-
trapolations, unless the behaviour of the concentration
parameter at small scales turns out to be similar to the
CDM case. This will need to be addressed in the future.
Finally, we also show the result for CDM by extrapolat-
ing the concentration parameter in the same way as done
for IDM (dot-dashed blue line). As can be seen, the com-
bination of the abundance of haloes and the growth of the
concentration parameter down to small scales implies a
much larger enhancement factor for CDM than for IDM
scenarios.

D. Extragalactic fluxes

Now that we have all the necessary ingredients, we can
compute the isotropic extragalactic y—ray and neutrino
fluxes from DM annihilations in IDM scenarios and com-
pare them with the results from the standard CDM case.
As done in the rest of the paper, we consider as our de-
fault value for the scattering cross section (strictly for
DM-7 interactions), oo = 2.0 x 10~?(mpum/GeV) x or.

The results are shown in Figs. 4 and 5 for the cases
of y—ray and neutrino fluxes, respectively. In both fig-
ures we assume (ov) = 3 x 10720 cm3 /s and consider two
DM annihilation channels: annihilations into bb (purple
lines) and 7t7~ (black lines), as representative of soft
and hard spectra, respectively. In the left (right) panels
we consider a DM mass of 10 GeV (1 TeV). We show the
expected fluxes for the IDM scenario (thick solid lines)
and for the standard CDM case (thick dashed lines). In
all cases we notice that in IDM models, the effect of the
suppression of the power spectrum at small scales is an
overall reduction in the flux with respect to that expected
in the standard CDM scenario, which can be of about
an order of magnitude for the chosen value of the elas-
tic scattering cross section. This suppression is approxi-
mately constant over the entire energy range. Therefore,
in case of a signal, the similarities between the energy
spectra combined with the flux suppression in IDM sce-
narios could lead to the misinterpretation of possible ev-
idence for models beyond ACDM as being due to CDM
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particles annihilating with a smaller cross section than
the true one. Let us stress that, whereas the uncertain-
ties associated with the modeling of the cosmological en-
hancement factor in the standard CDM scenario are ex-
pected to be of a factor of a few (see, e.g., Ref. [27]), the
suppression in IDM scenarios can be much larger.

To determine the impact of the concentration parame-
ter on the flux, we also estimate the y—ray and neutrino
fluxes in the CDM scenario by assuming the same ex-
trapolation of the concentration parameter at low masses
as in the IDM scenario (thin dot-dashed lines in Figs. 4
and 5). We observe that, using a constant concentration
for masses below M, = 4x10° h=1 M, the CDM fluxes
are only slightly greater than the IDM fluxes. Therefore
we conclude that the larger values of the y—ray and neu-
trino fluxes in CDM with respect to IDM are not due
to the larger number of low-mass haloes, but rather to
the behaviour of the concentration parameter for CDM,
which grows with decreasing halo mass unlike the extrap-
olation we have assumed for IDM.

VI. CONCLUSIONS

We have investigated the isotropic extragalactic signals
expected from DM annihilations into y—rays and neutri-
nos, in models where the linear matter power spectrum is
suppressed due to DM interactions with radiation (pho-
tons or neutrinos). We have described this signal in gen-
eral terms in Sec. IT and discussed IDM models in Sec. III.
The matter power spectrum for these models shares some
similarities with that for WDM, but exhibits, in addition,
an oscillatory pattern that is similar to baryonic acoustic
oscillations [100].

The isotropic extragalactic signal depends on the abun-
dance and on the structure of haloes of all masses and up
to redshifts of a few. In order to estimate these fluxes in
IDM, we use the results of the simulations performed in
Ref. [101], bearing in mind that these simulations have
a limited mass resolution below which, we have to rely
on extrapolations. Thus, we used Eq. (11) as our the
halo mass function, the result of a fit to the simulations
data, and assumed a constant concentration parameter
for halo masses smaller than M., = 4 x 109 h~1 My, (see
Secs. IV and V). However, to assess the effect of either a
constant concentration parameter or a cut in the power
spectrum or both, we also estimated the fluxes in the
standard CDM model, with either a cut-off mass scale or
a constant concentration below Mgy = 4 x 109 h~1 M.

Our results, presented in Sec. V, show that the spectra
of the extragalactic signal for these IDM models have a
similar energy dependence in shape to that expected for
CDM. However, the expected flux in the IDM scenario
can be very strongly reduced with respect to CDM, due
to the suppression of small-scale structures and the be-
haviour of the concentration parameter. Should DM in-
teract significantly with radiation and such an isotropic
signal be detected, it is very likely that it could be mis-
interpreted as being due to DM annihilations in CDM
models with a smaller annihilation cross section. How-
ever, using the angular power spectrum of the extragalac-
tic signal or cross correlating that signal with possible
DM signatures in the Milky Way might actually show in-
consistencies and point towards a deviation from CDM.

With this possible degeneracy in mind, detecting such
a signal could actually be a new avenue to probe DM
interactions with Standard Model particles.
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