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The extragalactic background light (EBL) observed at rpidtivavelengths is a promising tool to probe
the nature of dark matter. This radiation might contain ai§icant contribution from gamma-rays produced
promptly by dark matter particle annihilation in the manydsaand subhalos within our past-light cone. Addi-
tionally, the electrons and positrons produced in the alatibin give energy to the cosmic microwave photons to
populate the EBL with X-rays and gamma-rays. To study thigels, we create full-sky maps of the expected
radiation from both of these contributions using the highetution Millennium-I1I simulation of cosmic struc-
ture formation. Our method also accounts for a possibleradraent of the annihilation rate by a Sommerfeld
mechanism due to a Yukawa interaction between the dark nmtécles prior to annihilation. We use upper
limits on the contributions of unknown sources to the EBL ¢oigtrain the intrinsic properties of dark matter
using a model-independent approach that can be employeteatpéate to test different particle physics mod-
els. These upper limits are based on observational measatsrspanning eight orders of magnitude in energy
(from soft X-rays measured by the CHANDRA satellite to garmangs measured by theermi satellite), and
on expectations for the contributions from non-blazanactjalactic nuclei, blazars and star forming galaxies.
To exemplify this approach, we analyze a set of benchmarknSanfield-enhanced models that give the correct
abundance of dark matter, satisfy constraints from the osmtrowave background, and fit the cosmic ray
spectra measured by PAMELA aermi without any contribution from local substructure. We findttthese
models are in conflict with the EBL constraints unless therdoution of unresolved substructure is small and
the dark matter annihilation signal dominates the EBL. Wectude that provided the collisionless cold dark
matter paradigm is accurate, even for conservative essratthe contribution from unresolved substructure
and astrophysical backgrounds, the EBhtiseastas sensitive a probe of these types of scenarios as the cosmic
microwave background. More generally, our results disfaroexplanation of the positron excess measured by
the PAMELA satellite based only on dark matter annihilaiiothe smooth Galactic dark matter halo.

PACS numbers: 95.35.+d,95.85.Nv,95.85.Pw

I. INTRODUCTION The excess of positrons in cosmic rays above 10 GeV reported
by the PAMELA experiment|3] is one of these observations,
. .__and although other astrophysical sources, such as pulars [
A l:_)road cl_ass of particles known as Wea_kly Interacting, supernova remnants [5], could explain the signal, tise po
Massive Particles (WIMPs), are the best studied and arguablyijiv, of dark matter annihilation remains attractivedamas
the most favored candidates to be the primary component gfiyated a significant number of papers on the topic. It is
cosmic dark matter._The most prominent example of such Paliowever necessary to invoke large annihilation rates aed sp
ticles is the neutralino th:_;\t arises ”at“”’!“y IN SUPETSYNM ific annihilation channels to explain the anomalies withkda
try (SUSY); for recent reviews on neutralino dark matter Se§y e annihilation alon&[6]. These rates are orders ofiinag
[4, 12]. .WIMPS can explain the observed abundance of dar de larger than the ones obtained assuming the standard val
matter in a natural way and because they beha"?_ as cold daﬂ s for the annihilation cross section that give the conedict
matter (CDM) they_are also favored by the prevaililgDM density of dark matter. Due to their higher densities, sulsst
cosmology, which is the most successful model of Structure,, o i the Iocal dark matter distribution can boost the-ann
formatl_on to date. Furthermore, most WlMPS are particylarl hilation rates, but not to the required leviel [7]. The narehr
?Pp‘?a"”g because they offer a _relatlvely high _chance @bdet collapse of collisionless dark matter halos leads to theéor
tionin the near future, through: i) direct detection expeMiS i, of caustics, which due to their high density could signi
on Earth looking for the recoil of ordinary matter by scatter ., nyy increase the annihilation rate. However, this inseeis
ing of WIMPs, andii) |nd|r¢ct search.e_s th_at look for starutlar actually much less significant than previously thought 8, 9
model particles produced in the annihilation of WIMPs. In the inner parts of halos, it is essentially negligible aad
A number of observations in recent years have highlightedhot be invoked to explain the high annihilation rates reegir
anomalies that might be caused by dark matter annihilatiorto explain the PAMELA measurements.

Alternatively, an elegant solution may lie in an enhance-

ment of the annihilation cross section by a Sommerfeld mech-
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easily be large enough to explain the anomalous excess-of cos By using this approach we are also able to easily include a
mic ray positrons. velocity-dependent annihilation cross section via a Somme
The annihilation rate can however not be arbitrarily largefeld mechanism. Typically, the enhancement is inversedy pr
either as it is constrained by different observables. Farmex portional to the local velocity dispersion of dark mattertpa
ple, dark matter annihilation can ionize and heat the photoncles. Since our method is based on average values of the anni-
baryon plasma at recombination, creating perturbatiotssn hilation rate inside halos and their subhalos, the Somrterfe
Cosmic Microwave Background (CMB) angular power spec-enhancement is simply given by the mean velocity dispersion
trum [13£15]. It can also alter the relic abundance of darkn each halo (subhalo), which is available in the simulation
matter significantly[[16, 17], and produce important and ~ and can be measured accurately.
y—type distortions of the CME [17, 18]. Allthese observables The paper is organized as follows. In Sectidn II, we out-
hence constrain the degree to which the Sommerfeld mechéine the formalism to calculate the extragalactic backgrbu
nism can enhance the cross section. Nevertheless, it is posgadiation coming from in situ and up-scattered photons. A
ble to satisfy all these constraints and at the same timeexpl description of the Sommerfeld enhancement model we used
the positron excess measured by PAMELA [19]. and its implementation is given in Sectionl Ill. The observa-
An additional set of observations with the potential to con-tional upper limits and main results of our work on the cosmic
strain the annihilation cross section can come from theyanal Packground radiation are presented in Sedfidn IV. Finally w
sis of the extragalactic background radiation at multipgees ~ Presenta summary and conclusions in Setibn V.
lengths. The annihilation of WIMPs can manifest itself as a
cosmic background radiation with gamma-ray photons being
produced promptly in all extragalactic sources with highkda
matter density[[20-28]. This gamma-ray radiation is com-
plemented towards lower energies by a diffuse extragalacti Our goal is to analyze the cosmic dark matter annihila-
background in photons that were not produced directly in théion background (CDMAB), or more specifically, the radia-
annihilation but gained energy via inverse Compton sdater tion produced by dark matter annihilation in all extragétac

off the energetic electrons and positrons produced duriag t Sources integrated over all redshifts along the line-ghsof
annihilation [29=31]. a fiducial observer, located at= 0, for all directions on its

The data collected by several telescopes over the |adyvo-dimensional full sky. To this end, we first define the loca
decades have given us a measurement of the extragalactic RJ20t0Nn emissivity:

diation background from soft X-rays to hard gamma-rays (e.g

II.  ANNIHILATION RADIATION FORMALISM

[32]). In this broad energy range, most of the radiationis ex & = fw%EpX (£)%S(0vel(T)),  fwimp = i_]; <m}2>0
pected to be produced by astrophysical mechanisms differen my 1
from dark matter annihilation. This has been partially con- (1)

firmed by accounting for the radiation of known sources an Tﬁretrﬁx an?lpx are the dmasz ar;d fdtehnsny OftW[[MRSﬂ’ )0
by estimating the contribution of an expected population of S the thermally averaged product of th€ constant S-wave ann

sources yet to be observed. This combined set of obser\xisatiorli‘"aﬁon cross section and the velqcity in t.he absgnce of-Som
and expectations puts strong constraints on the contoibofi ”.‘e”‘e'd enha_npement, ath/dE IS t.he dn‘ferenUaI photon
dark matter annihilation, being specially stringent in soét- yield per annihilation. The velocity dispersion dependant
X-ray regime wherev 90% of the emission comes from X- tor S(UVC_I) boosts the_ value ofow)o through a Som_merfeld
ray point sources, mostly Active Galactic Nuclei (AGN)I[33] mechanism (see sectibnllll). We note that for consistehey, t

and on the gamma-ray regime where blazars and star-formin lue of (ov)( should also give the correct dark matter relic

galaxies are expected to contribute significantly to thekbac ensi L e :
ground radiation, at the level of 70% [34,/35]. The CDMARB is given by the specific intensity, the energy

The hypothetical background radiation coming from (or be_?;r?éwgtons received per unitarea, time, solid angle andygner
ing up-scattered in) all dark matter halos and their sulshalo '
within our past light cone has been studied by differentargth 1 dr o (Bo.)
in the past using analytic approaches to model cosmic struc- I'= e /5(E0(1 +2), Z)me =@
ture formation. An approach based directly on high-resmfut
numerical simulations is however desirable since it more acwhere the integral is over the whole line of sighis the co-
curately captures the non-linear phase of the evolutioenev moving distance andl, is the photon energy measured by the
though the simulation imposes a resolution limit for small-observer at = 0. Note that€ is evaluated at the blue-shifted
est structure. It is then possible to construct simulated sk energy(1+z)E, along the line-of-sight to compensate for the
maps of the background radiation that give a more completeosmological redshifting. The exponential term with areff
description of the signal. Such an approach was developetie optical depthr(Ep, ) takes into account the absorption
in [3€] to analyze the extragalactic gamma-ray radiatian pr of photons by the matter and radiation field along the line-of
duced in situ by annihilation using the state-of-the-atéfi-  sight. The relevant processes of photon absorption and thei
nium Il simulation [37]. In this paper, we extend this apprioa treatment are described in Appendix B.
to include the contribution from CMB photons scattered by In this work, we focus on two different contributions to the
the electrons and positrons produced during annihilation.  differential photon yield per annihilation evediV/dE. In
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the following, we describe these contributions that wemgfe  This is because spatial diffusion is only relevant at reddyi
asin situ andup-scattereghotons. small scales, within a few kpc of the center of dark matter ha-
los [38]. However, we are interested in a cosmological back-
ground radiation where most of the signal in a given area in
A. In situ photons the sky comes from unresolved sources far away, where spa-
tial diffusion is clearly irrelevant. In this case, the stgestate
The in-situ photons are directly created due to the annisolution to Eq.[(B) can be approximated by:
hilation process. They are in the gamma-ray energy rang

and are produced by three mechanisms: (i) continuum emis=—(FE,, z) =~ L/ . dE. Qo(FEe, T)

sion following the decay of neutral pions produced durirg th dE be(Ee, 2) J.

hadronization of the primary annihilation products; (iijpm (ov)o ( py(Z) 2 _dfe
noenergetic lines for WIMP annihilation in two-body final =5 <m—x) S(0vel(@)) 77 (Be, 2)- (4)

states containing photons; (iii) internal bremsstrahlwumngn
the final products of annihilation are charged, leading ® th  The energy loss raté,(E., z), for electrons and positrons
emission of an additional photon in the final state. Processeceives contributions from different interaction preses IC

(i) is dominant at most gamma-ray energies, but processexattering with ambient photons, synchrotron radiatiothen

(i) and (iii) produce distinctive spectral features ingic to  ambient magnetic field, Coulomb scattering with free elec-
the annihilation phenomenon. This in situ contributionhe t  trons, ionization of atoms and bremsstrahlung radiatidn-in
CDMAB has been studied in detail before by different au-teractions with the ambient matter field. As we explain in
thors. In this work we follow the analysis of [36], extending Appendix A, among all these cooling processes we only con-

their results to lower energies as described below. sider the first one since it dominates the photon energy range
we are ultimately interested in. The energy loss term in[&y. (
is hence given by Eq_(A1).
B. Up-scattered photons We further assume that the electrons and positrons pro-

duced in the annihilation process lose energy and reach equi
The up-scattered photons originate in differently produce librium instantaneously (in a cosmological time framegtsc
background photons that gain energy due to their intenastio tering the CMB photons at the same redshift at which the an-
with particles produced in the annihilation of dark matise  nihilation takes place (e.g. [39]). These up-scatteredqi®
concentrate exclusively on Inverse Compton (IC) scatteaim  have a differential photon spectrum given by:
the mechanism contributing to the up-scattering of these ph dNie a7 ~
tons, and on the CMB as the main photon background. There —==(E,z2) = /dEc ——(FEe,2) Pc (E,E.,2), (5)
are additional backgrounds, like stellar and infraredtlitjiat dE
are dominant close to galactic discs in the center of redbtiv  where the IC power per scattered photon energy is:
massive halos. However, most of the CDMAB comes from
the integrated effect of low mass halos and subhalos (see Ap-p, (E, E,, 2) = c/dE nems(E, 2)okn(E, Ee, E). (6)
pendix[@). In these places, the stellar component is rather
b o o 1 h O 1 1€ £, 0 i he rumber ety f i photons
Electrons and positrons are the annihilation byproduats paIn the energy rangel?, £ + dE) at redshift::
ticipating in the scattering. These particles are quitegeate _ _ 81 FE2dE
and have therefore usually a large= 1/,/1 — (v/c)? factor. nems (B, 2)dE = = :
This implies that they can up-scatter low energy photons to (he)” explE/ (ks To(1 + 2))] — 1
significantly higher energies, because of tifedependence whereT;, = 2.725 K is the CMB temperature today, which
of the peak energy of up-scattered photons. In this procesgacreases with redshift likél + z)Tp. Finally, oxx is the
CMB photons increase their energy into the X-ray and lowdifferential Klein-Nishina cross-section for IC scattegi
gamma-ray regimes [29]. oN 2
The differential electron (and positron) yield that is kelet ~ 3or [ mec
for the IC up-scattering of the CMB photons is found by solv- kN (B, Ee, B) = AR <Te> G(g.Te), (8
ing a diffusion equation that takes into account the diffasi
and energy losses of these patrticles:

0 dne { dnc} 0 [ dnc]
— =V | DV—ri| 4+ =— [be—| + Qc, (3) 21—

. A eqd
wheredn,./dE, is the equilibrium electron spectrum), = 9)
D.(FE., ) is the diffusion coefficienth. = b.(Ee, Z) is the with
energy loss term an@. = Q.(F., %) = &./E.[71] is the _
source function. Spatial diffusion due to scattering onithe 4FE, E

homogeneities of the ambient magnetic field can be neglected Lo = (mec?)?’ 9= T.(E.—E) (10)

()

whereo is the Thomson cross-section, the electron mass,
and
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Note that the Klein-Nishina cross-section depends on the incases chosen above, and use Ed. (11) to get the average anni-
creased energy of the up-scattered phdiothe energy of the hilation boostS(o.1) for each halo. Since we can estimate
original CMB photonE, and on the energg, of the electron the change on the values 6f,.x andoye max for a differ-
that does the IC scatter. The limits for the various integral ent set of parameters, the results we obtain later using thes
above are given by the kinematic constraint of the IC scatterrepresentative cases serve us to analyze the whole range of
ing requiringl /[4(E./(mec?))?] < q < 1. possibilities that are expected for a Sommerfeld mechanism
produced by a Yukawa potential.
The Sommerfeld enhancement alters the relic density of
. SOMMERFELD ENHANCEMENT dark matter|[16, 17]. During freeze-out, while the Sommer-
feld enhancement is generalty(1), it is not negligible and
We include in our analysis a scenario where the annihilatiogan consequently have &/(1) effect on the relic density (re-
is enhanced by the Sommerfeld mechanism (2.g/[10-12, 40Jyuiring a reduction of the underlying annihilation cross-se
restricting it to the case where the interaction between WM tion to compensate). After kinetic decoupling of the dark
prior to annihilation is mediated by a scalar boson of masgnatter from the radiation bath, the typical velocities o th
m, through a Yukawa potential with coupling constant ~ dark matter particles decrease rapidly: even for non-r&sbn
(e.g. [41]). This case encompasses the large majority of thébout unsaturated) enhancement, the enhanced annihitat@®n
models that are typically used in the literature to accoant f keeps pace with the universe’s expansion, and for resonant e
the Sommerfeld enhancement, including the most common dfancement the dark matter annihilations can actuatipuple
these whereS oc 1/ (the so-called t /v” boost). Evenin  (depending on the relative temperatures of freeze-ougtkin
models with nearly-degenerate interacting states anditii-m decoupling and saturation of the enhancement), greatlycred
ple force carriers, while the details of the enhancemefarlif ing the relic density. Once the enhancement saturatesnthe a
the general features remain similar. The enhancement sattihilation rate no longer keeps pace with the expansion rate
rates at sufficiently low velocities due to the finite range ofand the comoving density of dark matter remains fixed. In all
the Yukawa interaction. For certain combinationsagfand ~ cases there is a significant effect on the relic density, and i
mg, resonances associated with zero-energy bound states gyder to produce the correct abundance today, the valueof th
pear [78]. Close to these resonances, the enhancement génihilation cross-section before the onset of the eniraane
significantly larger for low velocities and scaleslg®?,,. In needs to be smaller than for the case without Sommerfeld en-
this case, the enhancement also saturates eventually thee to hancement.
finite lifetime of the states. Regardless of the values of the This result is relevant because it implies that any particle
parameters, the boost to the cross-section disappearg{for Wphysics model without enhancement chosen to satisfy the ob-
locities comparable to the speed of light. This argument haservational bounds on the abundance of dark matter needs to
often been invoked to infer that the dark matter relic dgnsit be revised once the enhancementis included to test whather o
is unaffected by the Sommerfeld enhancement, but it has bedt it still gives the correct relic density. The fully costnt
shown recently that this assumption is not correct [17]. way to do so is to incorporate the Sommerfeld enhancement
A detailed description of the Sommerfeld model studiedinto a Boltzmann code and re-sample the parameter space of
here has been presented elsewhere (e.g. | [12, 41]). For tileat particular model to find allowed regions. Here, we fol-
purposes of this work, we follow the description ofl[17] and low a simpler approach. According to [17], the valud@b),
mention that the enhancemef{ir,|) to thes-wave contribu-  should be lower by a factor between 1 and 10 compared to the

tion to the annihilation rate is given by: case without enhancement in order to get the correct refie de
sity. The precise reduction factgfk,, depends on the intensity
(ov) = (ov)0S(Ovel), of the enhancemenfy ~ 0.1 near resonances arfg ~ 0.5

1 1 oy off-resonance. Therefore, by multiplyifgv)o by the corre-
S(0vel) = (237/ S(B)p2e B /10w dﬁ) , (11)  spondingfq factor, we roughly take into account the effect
TV Jo on the relic density. In this way, a model without enhance-
_ . . . 4. ment that gives the correct relic density wihw), will also
wheref} = v.ci/c is the relative velocity between the annihi give the right relic abundance with Sommerfeld enhancement

lating pair[79]. ided it ihilati tion in th ly Undeei
For definiteness, we choose two sets of parameters that fe{?LOV' edIts anfiniation cross section in the early Unseas
chosen to bgq(ov)o.

within currently favored regions of the parameter spacg. (e.

[41]): case i) off-resonanceings/m, = 5 x 1074, a. =

3x 1072 and case ii) near-resonanee;, /m,, = 2.98 x 1074,

ae = 3 x 1072, The former is representative of the standard IV. EXTRAGALACTIC CDMAB

“1/v" boost with a maximum enhancemesit,... ~ 2000 for

ovel,max ~ 1075, The latter is a typical resonance case with The procedure we follow to construct the simulated sky

S o 1/0ye at intermediate velocities anfl < 1/02, atlow  maps of the contribution of dark matter annihilation to the

velocities up to a saturatiof,.x ~ 10° for oyel max ~ 6 x X-ray and gamma-ray extragalactic background radiation is

1077, essentially an extension of the one discussed. in [36]. For a
By solving the Schrodinger equation for s-wave annihila-detailed description of the map-making technique we used,

tion in the non-relativistic limit, we obtais'(5) for the two  we hence refer the reader to section 5.1 of that paper.



According to Eq.[(I1), the local annihilation rate depends on
the square of the local density of dark matter. For the compu- L B e
tation of the cosmological background from an N-body simu-
lation, it is more reliable to use analytically integratedhqti-
ties over whole dark matter halos (based on scaling lanasdest
with extremely high-resolution simulations of MW-like loal
[42]) instead of trying to use individual simulation paktis 10.00
directly, which are subject to stronger resolution effeutsl :
numerical noise [36]. Using this method, each pixel in oyr sk
maps receives contributions of all intervening resolveld$a
and subhalos along its corresponding past light cone. Addi-
tionally, we add the expected contribution of unresolveaist
tures down to the damping scale limit of WIMPE)( M,
see sections 5.2-5.4 of [36]). Since we are exploring the cas 0.10¢
with Sommerfeld enhancement in this paper, the formulae :
given in [36] need to be altered accordingly. In Appendix C [
we describe how we accomplish this. 0.01 !

The signal depends of course on the value of the photon 10°°* 10 102 10° 10?
yield dN/dE as well, which contains contributions from in E(GeV)
situ and up-scattered photons. These are determined by the
Intr!nSIC propertles of WlMP.S' Asan exqmgle, we tgke a neu-FIG. 1: Photon yield for dark matter annihilation in the Xtrand
tralino with a main annihilation channel inté. In particular,

b h K DOi ithin th inimal .. _gamma-ray energy range for-a 185 GeV neutralino annihilating
we use a benchmark point within the minimal supergravityjy, 4, The contributions from in-situ and up-scattered CMB pho-

(MSUGRA) framework (model L in Table | of [36]). This (gns are shown with solid red and blue lines, respectivety:. réf-
benchmark point has, ~ 185 GeV with annihilationintdb  erence, the in-situ and equilibrium electron yields fromibiation

with a99% branching ratio, andov) ~ 6.2 x 10~27cm3s 1. are shown with dashed red and green lines respectively hitite

It belongs to the so-called “bulk region” within the mSUGRA rium spectrum as defined in EQ] (4) was scaled by a factafof®
5-dimensional parameter space that is consistent witkeotirr to show it in the same figure). Also shown in the figure with akla
constraints on the relic density of neutralinos (|f netnes dotted line i.S the total photon yield from benchmark modef Table
make up for all the observationally inferred dark matter-den 1. See section IVIC.

sity). We obtain the photon, electron and positron yields fo

this model using the numerical codarkSUSY[43,44] with

the interfacdSAJET[45]. mum and minimum values of the extrapolation for unresolved

In Fig.[d, we show the final photon yield spectrum for dark subhalos, which encompasses the astrophysical uncetaint
matter annihilation in the X-ray and gamma-ray energy rangéﬂ the contribution by low-mass subhalos that can not be re-
for the example just described. The contributions fromfa si Solved by the Millennium Il simulation (see Appenflik C). The
and up-scattered CMB photons are shown with solid red angnedium-gray and dark-gray shaded regions are for the cases
blue lines, respectively. For reference, the in situ and-equ With Sommerfeld enhancement, off- and near-resonance, re-
librium electron (positron) yields from annihilation afecsvn ~ spectively.
with dashed red and green lines, respectiviely [80]. The main According to Fig[2, any model with a photon yield similar
bump and secondary peak that are clearly shown for the in sitto the one we used as an example (see [Hig. 1), and with a
photons correspond to the two main mechanisms mentioned imass~ 200 GeV and{owvy) ~ 6 x 10~27ecm3s~!, could be
sectior 1[4, neutral pion decay and internal bremsstradplun ruled out, depending on how relevant the contribution from
respectively. The figure shows clearly that although in thisunresolved halos and subhalosis. Any significant Somnterfel
case the largest photon yield is in the gamma-ray regimegnhancementis clearly ruled out by absolute measuremgnts o
there is a significant amount of X-ray radiation produced bythe background in this case.

IC scatter of the CMB photons. The contribution from up- |t is important to note that the Sommerfeld mechanismiis of
scattered CMB phOtonS is the dominant feature for other Palrelevance for neutralinos 0n|y for mas%ﬁev in the case of

ticle physics models. As an example of this we show infig.1a minimal SUSY model like mMSUGRA (e.d. [12,40]). In this
the total photon yield for one of a set of benchmark modelsase, the force carriers responsible for the enhancement ar
that we use later in sectibn M C. The Shape and nOfma“Z&tiOﬂqe W and Z gauge bosons [81] Therefore, boosts of order
for this benchmark model 1 (see Table 1) are representdtive o, 1000 or even larger are only possible for neutralinos with

all the benchmark models we will use. much higher masses than the model we have chosen as an ex-

Fig.[2 shows the contribution from dark matter annihilationample in Figs[1l andl2. The net effect of a higher neutralino
to the X-ray and gamma-ray extragalactic background radiamass in the input photon and positron (electron) spectra is a
tion for the particular SUSY model described above. The casshift of the X-ray and gamma-ray peaks shown in these figures
without Sommerfeld enhancement is shown within the light-towards higher energies. Nevertheless,dh&dFE spectrum
gray shaded region. This region is bracketed by the maxishown in Fig[l is generic for any model with a WIMP an-

100.00

1.00E

E2dN/dE(GeV)




mates of the extragalactic emission at these energies loave n
been possible [33, 53]. In the rang&eV < Ey < 200 keV,

the extragalactic X-ray background has been studied irildeta
by satellites such as CHANDRA, SWIFT and INTEGRAL.
We take the absolute measurements obtained using the latter
two satellites according to the analysis|ofi[46] (red syrstol
Fig.[2), [47] (orange symbols) and [32] (yellow symbols). At
intermediate energie8)0 keV < Ey < 30 MeV, the mea-
surements come from the Solar Maximum Mission (SMM)
[49] and COMPTEL [[50]. These measurements are shown
with green and light blue points, respectively. Finally- ob
servations based on EGRET [51] and recentlyrermi [52]

have estimated the cosmic background in gamma-rays from
40 MeV to 100 GeV. These estimates are shown with dark
blue and purple symbols, respectively.

Eol [Gevem™2sr7's™']

The observational data we have described above give a
T T T, measurement of the total extragalactic X-ray and gamma-ray
10 10 10 10 10 background radiation. Over the full energy range, most of
Eo [Gev] the signal is expected to come from photons produced by dif-
ferent astrophysical sources in mechanisms that are tedela
FIG. 2: CDMAB spectrum including in-situ and up-scattered & to dark matter annihilation. The contribution from the datt
photons (gamma-rays from annihilation and CMB photons up-is likely to be a subdominant component of the total signal,
scattered to X-ray energies by electrons and positrons efatit ~ which is especially true at lower energies. Upper limitshie t
nihilation) for the cases of no-enhancement (light-grahance-  emission that have not been accounted for by known sources
ment away from a resonance (medium-gray) and near a resenanor £, < 8 keV, have been found using CHANDRA data (red
(dark-gray). The upper and lower limits of each stripe beatke  5rrows) [33]. Approximately less thar®% of the integrated
uncertainty in the extrapolation of unresolved subhalothésim- g6 ific intensity is unresolved betwekkeV< E, < 8 keV.
ulation. All cases are for a model with annI2|‘7lI|atI30n 1maunhm For hard X-rays [0 keV < E, < 200 keV), most of the emis-
bb, my ~ 185 GeV and{ovjo ~ 62 x 10~ Tem's” . They sion is expected to come from Compton-thin Active Galactic

all give approximately the correct relic density. Obseosz from > -
soft X-rays to gamma-rays are marked with red to violet,og  Nuclei (AGN). We use the model presented|in! [48] to put a

ing approximately a rainbow color pattern: red symbbld [46  conservative upper limit on the unresolved component of the
arrows (Chandra/ [33]), orange symbols (INTEGRAL.|[47]pl-y emission at these energies (yellow arrows)[82]. The madeli
low symbols (SWIFT BAT, [32]), yellow arrows_[48], green are inthe MeV range is more uncertain. According to some anal-
(SMM, [49)), light blue (COMPTEL,L[50]), blue (EGRET. [51}yi-  yses, blazars are thought to contribute significantly toaldée
olet (Fermi-LAT, [52]), violet arrows|[34, 35]. The points with error  ation [54], but others argue for non-blazar AGNs as the main
bars are absolute measurements withor 1o errors. The arrows  contributors to the MeV radiatiof [55]. We will not attempt
pointing downwards are best estimate upper limits of thesmived 4 ngel the contribution of these sources due to this centro
component of the signal, that s, the signal that can not betated versy, but we note that the constraints on the contributfon o
for by already known or expected sources. dark matter annihilation to the MeV background are expected
to be significantly lower than those seen in [Fiy. 2. Recently,

nihilating mainly intobh. If such a generic model allows the the Fermi-LAT collaboration has estimated the blazar contri-
infating mainly 1 . u 9 ' W bution to the gamma-ray background in thé — 100 GeV

inclusion of a new scalar boson responsible of the Sommerénergy range. Its total specific intensity in this energygean

feld enhancement, then the formalism described in Seldiibn I‘%

. ; . .e. its integrated flux between these energies) down to the
is applicable and Fig12 shows the expected level of enhanc inimum detected source flux is 16% of the derived value

ment of the CDMAB due to this mechanism. for the cosmic gamma-ray background|[34]. We use the en-

The symbols shown in Fid12 represent inferences fOrérgy spectrum given by these authors (see their Table 6 and

the extragalactic X_—ray and gamma-ray bapkground ra_matlo Fig. 20) to account for the blazar contribution noting thns t
based on observational data as described in the following. is a conservative estimate since undetected sourcesrprtai
contribute to the signal, see below. Star forming galaxies
. are also expected to be a significant source of gamma-rays
A. Observations in this energy range. We use the model by [35] to include
this contribution (see their Fig. 1), which accounts4053%

We are interested in measurements of the cosmic baclef the total specific intensity. We note that the energy spec-
ground radiation in an energy range going from soft X-raystrum of the contribution of star forming galaxies to the cos-
to gamma-rays0.1 keV < E, < 100 GeV. Because for mic gamma-ray background (as plotted in Fiy. 2, ilgy])

Ey < 1 keV the signal is completely dominated by galactic peaks atF, ~ 0.3 GeV, dominating over the blazar spec-
and local emission that varies with time and position, estitrum, and drops more steeply towards higher energies than



the total background. AE, > 10 GeV blazars dominate over Eq. (2) can be written as:
star forming galaxies with a spectrum shallower than the ob- ¢

served background. In this way, both populations combined I(Ey) = 87TE0fWIMP(E0(1 +27)

account for~ 86% (~ 46%) of the measured specific in- P2(%, 2) S (0vel (7, 2)) e~ (Fo-2)

tensity atFy ~ 0.3 GeV (Ey ~ 70 GeV). Over the whole / dz, (12)
(1+2)3 H(z)

0.1 — 100 GeV energy range, they account fer69% of the
total integrated flux. Based on this, the corresponding uppewhereH (z) is the Hubble parameter [83]. In general, we do
limits on the contribution from additional sources are show not know the value ot*, it is model dependent. Neverthe-
with violet arrows in Fig[R. less, we can safely approximate the upper limit of the irgtegr

We should comment on the uncertainties associated to th'(re] Eq. (12) by = 4 in the case of the lowest X-ray energies

contribution of blazars and star forming galaxies. For dte | and byz = 1 for the higher gamma-ray energies (and values

ter, these are connected to the gamma-ray luminosity fomcti in between for intermediate energies). This is because

. L . . of the signal is produced far < 4 (z < 1) in the former (lat-
of galaxies which is ultimately related to the time-deperide ter) case. The relevant redshift range is significantly smal

global star formation rate density. The possible behaviorg high . h h b . | :
of the gamma-ray luminosity function and the most relevan t higher energies where photon absorption plays an impor-
ant role. This approximation is good enough for any model

sources of uncertainty in the model (more_ |mportar_1tly thewith a photon yield spectrumdN/d E similar to the one de-
cosmic star formation rate and the normalization given by

the inferred gamma-ray luminosity of the Milky-Way) have picted in Fig[1. More generally, for any model with a photon

. ] . e . ield that is monotonically decreasing with energy, thedar
been considered by [56] using a similar modeling to that oﬁlnajority of the signal at any given energy would come from

[35]. The authors find that star forming galaxies account for

relatively low redshifts, since the contribution from hagh
between10% to 90% of the EBL measured by FERMI at . ' .
Fo ~ 0.3 GeV (see Fig. 1 of [86]) with a spectral shape very redshifts would correspond to higher-energy (and hence les

similar to the model we have chosen here. Since the Comrebundant) initial photons, This is true because the asyieph

bution from star forming galaxies is quite uncertain ang¢sin cal part of the specific intensity that goes in the integrahd o

the fiducial model we use lies closer to the upper value qu' (12), excluding the absorption factor, is essentiaby f

this contribution, we explore below the effects that a IowerWlth redshift (see for example Fig. 1 0f[52]). Thus, we can

contribution has in our results (see secfion IV C). If the ob-
served count distribution of blazars is extrapolated to Hex

use the observed upper limits on the unaccounted conwibuti
to I(Ey), and the values of this same quantity predicted by a

then their contribution to the total observed signal betwee reference particle physics model to estimate upper limits o

0.1 GeV and100 GeV is ~ 23(+9)% (including statistical Fwnap (Eo(1+27)): o
and systematic uncertainties) [34]. As we mentioned before N REF rEF 000 (Eo)
this percentage drops to 16(+9)% when only sources down Fwmap (Bo(1 +27)) < fwive (Eo(1 + 2 ))IREF(EO) ’
to the minimum flux are considered. Aty ~ 0.3 GeV the (13)
minimum contribution from blazars to the measured specifiavhere the values associated with the reference model are
intensity is~ 7% (including uncertainties). Taking the lower given with a superscripREF. The values of:* and zREF
limits of all these uncertainties into account, star forgnin are in the interval0, 4) for £, ~ 107> GeV and in the in-
galaxies and blazars would contribute minimally ®y17%  terval (0,1) for E; ~ 10 GeV. By choosing:grgr = 0, SO
atEy ~ 0.3 GeV, a factor of 5 lower than the estimate we use f}EF . is evaluated at the measured energy rather than the
here. (higher) effective energy of injection, we obtain a conserv
tive constraint, since this function is monotonically deas-
ing with respect to energy. Taking a higher value fgir
will strengthen the bound. By choosing = 0, we evalu-
ate fwivp at the lowest possible energy for the purpose of
comparing to the limit: this is not conservative for models
B. Constraints on particle physics models where fwnvp is @ monotonically falling function of energy,
in the sense that taking a larget leads to a weaker limit,

With the procedure we have previously outlined, we canbUt since the S'gnal IS dom_mated by the lowest redshifes, th
esulting uncertainty is quite small. We denote the upper

compare the prediction of any given particle physics mode : L -
with the observational upper limits shown in FIg. 2. The Lound onfwvr (E) obtained by setting” = zrpr = 0

MAX
model gives a photon and a positron (electron) input spectrgy\/{/‘glgié?é a reference model the example we have used
from the annihilation, and our map-making code produces P

AX i
simulated map for a prescribed energy. A full spectrum can b roughoutthe text, and computg/;yi;, for the cases without

. . énhancement, and with Sommerfeld boost, off-resonance and
then produced once maps at different energies are coretiruct . . .
near-resonance. The exclusion regions we obtain are shown

It is possible however to present robust limits on the parin Fig.[3 with the light-gray, medium-gray and dark-gray re-
of the signal that only depends on the intrinsic properties ogions, respectively, for these three cases, assuming a min-
WIMPs, namelyfwvp in Eq. (). This can be done by noting imum extrapolation for the contribution of unresolved sub-
that there exists a redshift along the line-of-sight for which  structures to the simulated maps. The dashed lines show how
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FIG. 3: Limits on the value offwme for dark matter annihila- FIG. 4. Constraints on the local value of the thermally agethan-
tion according to observations of the cosmic X-ray and garmema  nihilation cross section (assuming a MB velocity distribaotwith
background radiation. The light-gray, medium-gray anckdgay o = 150kms™") as a function of WIMP mass for annihilation
areas mark exclusion regions for the case with no Sommeefeld into ™~ final states. These constraints come from observations of
hancement, off- and near-resonance enhancement, reshecin the cosmic X-ray and gamma-ray background radiation. Thkewi
the case where the contribution of unresolved substrustiréghe  contour shows th@o best fit region of this model to the PAMELA
signal is minimal. The dashed lines show how these regiomsxar  positron data as presented in][52]. The other line stylescatmts
tended if this contribution is maximal. The area betweenlithé are as in Fig.B.

of each shaded region and its corresponding dashed linemenco

passes the uncertainty on the contribution of unresolvéthedos.

The symbols with error bars in the bottom show the theorktina h imil h he black d d li h .
certainty on the construction of this figure from Hig. 2; sext for as a very similar shape to the black dotted line shown in

details. The thick magenta line is for the SUSY model we haesiu  i9-[1, which is by the way shared by all the benchmark mod-

as an example: & 185 GeV neutralino annihilating intéb with  €ls we describe in section [M C. For this case, andiiqr >
(ov)o =6 x 107 cmPs™ 1. 100 GeV, the up-scattered photons contribute dominantly to

the background radiation. Instead of showing constraints
on {ov)o we show in Fig[# the constraints dav)y =

these exclusion limits are extended if a maximum extrapolasS(over = 150kms™!)(ov)o, which is a thermal average over a
tion is taken. The right- and down-wards error bars in the figMaxwell-Boltzmann (MB) velocity distribution with a velec
ure mark the uncertainty in the values:ofandzREF, respec- ity dispersion ofl50 kms™'(5 x 10~* ¢). This roughly cor-
tively. As mentioned before, the amplitude of the uncetsain responds to the estimated local dark matter one-dimerisiona
depends on the value of the observed energy, being lower fofelocity dispersion. For both cases of Sommerfeld enhance-
higher energies. The thick magenta line shows the value ohentwe are considering:(ove = 150kms™) ~ 230. With
fwimp for our reference case. this choice, we can compare the constraints coming from the

The validity of a given model can be tested directly usingextragalactic background radiation with the local valués o
Fig. 3 without the need of computing the CDMAB for this (ov) that better fit the PAMELA data for an explanation of
model. Keep in mind that for the cases with Sommerfeld enthe positron excess based solely on dark matter annihilatio
hancement, the value ¢5v), in fwimp is the value of the s- The violet contour in Fig]4 shows ther best fit region ac-
wave annihilation cross section without Sommerfeld enbanc cording to [52]. For this particular model with annihilatio
ment. into .~ with a branching ratio 0of00%, the constraints we

Once a specific model is choseliy/dE is calculated and ~ find do not favor an explanation of the PAMELA data based
Fig.[3 can be used to produce constraint§@n), as a func-  only on dark matter annihilation fon, > 260 GeV (a similar
tion of WIMP mass. As an example, we take a model withconclusion was found in [20, 52]). A large saturated Sommer-
annihilation into leptons, specificalfy™ .~ with a branching ~ feld enhancementS,.. > 2000) essentially rules out this
ratio of 100%. Models such as this are typically used in the Possibility.
literature to explain the anomalous abundance of posiirons  We note that any model tested using Eig. 3 also needs to be
cosmic rays above 10 GeV reported by the PAMELA satel-checked for consistency with the correct relic density. -Con
lite [6]. We useDarkSUSY[43] to compute the in situ positron trary to Fig.[2 that was used to exemplify a case where a
(electron) and photon spectra. The resulting total photeldy  specific model gives the correct dark matter abundance with



and without enhancement (recall that for the former we mul-
tiplied the value ofov) without enhancement by a factg 100.00F ~ T oo
to accomplish this, see end of section Il1), the upper linit o c
fwimp in Eqg. (I3) deliberately does not take this into account.
In this way, the upper limits on the cases with and without
Sommerfeld enhancement in FigH.]3-4 are not related to each 10.00¢
other through their values dév),. i

C. Benchmark models fitting the cosmic ray excesses 1.00 ]

08BS,min MOD
fWIMP /fWIMP

In addition to the reference™y~ model, we investigate
benchmark models recently presented.in [19], which produce 0.10F
the correct thermal relic density, fit the cosmic ray (CR) ex- ;
cesses measured by PAMELA aRdrmi, and are currently
allowed by bounds 08,,,,x from the cosmic microwave back-

ground. Whereas our previous reference models demonstrate (O 0 I oY ! RSP R
the effect of Sommerfeld enhancement on the EBL constraints 0.01 0.10 1.00 10.00
in a broad class of scenarios, these benchmarks allow us to E(Gev)

test specific proposed models, and compare our bounds to

those from the cosmic microwave background. The paramg . s: Ratio of the observed bound g to the value predicted

eters characterizing these models are summarized in abledy the model, for each of the six benchmarks in Tdble I: 1=red,

see|[19] for further details [84]. 2=green, 3=blue, 4=yellow, 5=violet, 6=cyan. Energies rehbe
The benchmarks feature dark matter masses in the 1-1ratiois less than 1 are ruled out. For the purposes of thisdjgue

TeV range, with nearly-degenerate excited states0.1 — 1 assume minimal contribution from unresolved substructure

MeV above the ground state. Both Sommerfeld enhancement

and annihilation to Standard Model final states occur via vec

tor mediators with masses,, ranging from200 — 900 MeV.  factor of~ 7 — 10. Fig.[3 displays the ratig hip /[ iaip

These models were chosen to fit the CR data wiltontri-  for these models. With a larger contribution from unresdlve

bution from local substructure, so they are not perfectly-co substructure, all the benchmarks can be ruled outindepénde

sistent with the assumptions of this work. However, the Somof astrophysical contributions to the EBL.

merfeld enhancement in these models saturates at rejativel There are several effects that could ameliorate this conflic

high velocities in order to evade constraints from the CMB,in addition to the small substructure correction mentioaled

and thus we expect the substructure boost to the locally meaeady. The uncertainty on the estimationf@fip, as shown

sured CR signals to be only a factoref1.5 — 5, based on in Fig. [3, can alleviate the tension slightly (by less than a

the results of|[57]. We neglect this effect in the following factor of 2); a potentially larger effect is the uncertaiy

discussion; if the local substructure boost is substattiesh  the subtraction of astrophysical contributions to the EBL.

these benchmarks would also significantly overpreeliet™ our best estimate for the contribution of astrophysicalses
cosmic rays, and are less interesting for direct compasitmn is too high (by a factor of up te- 5, as discussed previ-
data. ously), then in the case of minimal contribution from unre-

Since these benchmark models have lower value$,@f. ~ solved (sub)halos the tension diminishes significantithis
than the off-resonance case we considered in[Fig. 3, we singase however, dark matter annihilation would need to be dom-
ply scale-down the upper limits of the latter to the appropri inantly responsible for the EBL in the energy range observed
ate value of each benchmark model. We note that althoughy Fermi, unless other effects reduce the dark matter signal.
S(ovel) does not have the same shape for the benchmark mod- Star forming galaxies dominate the astrophysical gamma-
els than for the Yukawa case, the previous approximation isay background model we have used 603 GeV < Ey <
good enough because most of the signal comes from strug0 GeV, whereas blazars dominate at higher energies. The
tures that are already in the saturated regime. In any casegntribution of the former to the total observed signal is pa
this approximation actually underestimates the signahfitee  ticularly important to constrain the role of dark matter duimn
benchmark models becauSéo..)) is larger in the intermedi- lation. To illustrate this, we translate the constraintg'@ip
ate velocity dispersions than in the Yukawa case for the samgiven in Fig[3 to constraints on the value of the annihilatio
value of S ax- cross section at saturation by taking the valuémf).,; =

We find that these benchmarks are in conflict widrmi Smax{(ov)o as a free parameter limited by tRermi measure-
measurements in the energy rangeé.3 — 20 GeV, even in  ments and the astrophysical background. Eig. 6 shows these
the case ofinimal contribution from unresolved substruc- constraints as a function ¢fs™i(E > 0.1GeV), the contri-
ture, if the current best estimates of contributions froazbats  bution of star forming galaxies to the observed integrated fl
and star-forming galaxies to the EBL are subtracted from théetweer.1 GeV and100 GeV. We show the constraints only
data. The conflict is maximal & ~ 300 MeV, where itisa for the case of minimal contribution of unresolved subhalos
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Benchmark ngAnnihilation Channelm (MeV)|m,, (TeV)| ac |6 (MeV)| omaxloio
1 11:2et : pF o nt 900 1.68 |0.04067 0.15 530
2 1:1:2et : pF o nt 900 1.52 |0.03728 1.34 360
3 Lldet: pt ot 580 1.55 |0.03523 1.49 437
4 Lldet: pt ot 580 1.20 |0.03054 1.00 374
5 Lilet : p* 350 1.33 |0.02643 1.10 339
6 e* only 200 1.00 |0.01627 0.70 171

TABLE I: Particle physics parameters and saturated aratibit cross sections for benchmark points.

The six benchmark models appear with the same colors as in
Fig.[5. As areference, the values(efy)s.; that fit the cosmic ™™™ T T T T T T
ray excesses for these models are marked with arrows next to 105k |

the vertical axis on the right side. The other two models we ! ]
have used throughout the paper are also included in the fig- - 1
ure: m, = 185 GeV annihilating intobb (magenta line) and [ ]
m,, = 1.5 TeV annihilating intou™* 1~ (black line). For the - .
benchmark models and for the" .~ model, the constraint I ]
on (ov)satr decreases rapidly witfiie™i(E > 0.1GeV), be-

cause these models are constrainefiat~ 0.3 GeV where 1024k |
the contribution from star forming galaxies peaks. Even as- s ]
suming only &% contribution of star forming galaxies (recall i 1

that we have usetB% as a fiducial value), the constraints on
(ov)sas Still exclude the values needed by these models to fit
the cosmic ray excesses. Thiemodel is more independent of
the star forming contribution since this model is constedin
at Ey ~ 10 GeV, where blazars dominate. 1072 L, o o . . . "

We would like to mention that the model we have used to in- 00 01 02 03 04 05 06
clude the contribution from star forming galaxies assurhas t fsr ™(E>0.1GeV)
the Milky-Way gamma-ray specific intensity has a power law
energy spectrum with an exponent-e2.7 for £ > 0.6 GeV  F|G. 6: Constraints to the annihilation cross section atrsaion
[35], which seems to be too steep at high energies accorgs a function of the contribution from star forming galaxieshe
ing to the recent analysis of thermi-LATcollaboration that  observed integrated flux between GeV and100 GeV as measured
points to an exponent close te2.5 for £ > 10 GeV (see byFermi. The values above the lines are excluded. We have taken the
Table | and Fig. 3 ofi[58]). Assuming a shallower spectrummodel given ini[35] to get the spectral shape of this contidou We
for the Milky-Way gamma-ray specific intensity would result show the six benchmark models of Table 1, setling)s.. as a free
in a contribution of star forming galaxies to the EBL with a Parameter, with the same colors as in Eig. 5. The small arrews
shallower spectrum as well, making it more relevant at highe'© the vertical axis on the right side mark the corresponafaiges
energies that it is in the model we have used in this work, an f (gv)sas for these benchmarks as given in Table 1. We also show

. . . . . e results for a model with annihilation info" .~ and a mass of
slightly strengthening the derived constraints in Fig8 ahd 1.5 TeV (black line), and the model we used as reference in Eigs. 1

Blat high energies. Nevertheless, the most relevant umwrta 3. 5 185 Gev neutralino annihilating intéb (magenta line). As
is the overall contribution of star forming galaxies disgesin  in Fig.[§ we have assumed a minimal contribution from unesbl

the previous paragraph and whose effects are shown ifilFig. 6ubstructures. Blazars are assumed to contribute by a firedrat
(16%) in the energy range measured fgrmi[34].

T

<ov>,, [cmis™)

We have assumed a low-mass cutofflof ¢ M : kinetic
decoupling can occur quite late in models of this type [59],
leading to a higher cutoff of up t@.1 — 1 M, [6Q]. However,
we estimate that a change of five orders of magnitude in thénce between those profiles modifies the gamma-ray signal
low-mass cutoff will affect the final result by a factor of gnl by roughly an order of magnitude. The presence of signif-
2 — 6, and the high end of this range will only be attained foricant dark matter self-interactions and nearly-degepezat
non-minimal contributions from unresolved (sub)halos.(i. Cited states in models of this type can lead to disruption of
scenarios that are presently in conflict with even the unsublow-mass halos and the depletion of central density cuses (s
stracted data, for these benchmark models). If the slope we-d. [61/ 62] and references therein); while these effemitdic
have assumed for the central density profile of the halos igotentially reduce the tension with the EBL data, theiruAcl
steeper than reality, this could also affect our limits byae-f ~ sion is beyond the scope of our current analysis.
tor of a few: the NFW profile we have chosen lies between the We therefore see that in a CDM scenario, in the context of
Moore and Burkert profiles considered byl[29], and the differ current structure formation models, the EBL can robustty ac
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as a more sensitive probe of Sommerfeld-enhanced dark matent typical cases: i) an off-resonance case where the twost
ter annihilation scenarios than the cosmic microwave backthe annihilation cross section scaleslds.., and ii) a near-
ground. Removing tension with the EBL for the benchmarkresonance case where the boost godsag,,.
models we have tested seems to demand minimal contribu- We have found that observational upper limits on the un-
tions to the signal from unresolved substructure, @n@ddi-  known contributions to the X-ray and gamma-ray background
tion either dark matter structure formation must be modifiedradiation put significant constraints on the contributiconi
from a pure collisionless CDM scenario, or the contributiondark matter annihilation (see Figl 2 for a comparison with a
to the EBL from blazars and galaxies must be at the low engarticular model). These upper limits are especially gt
of current estimates. in the gamma-ray regime due to recent measurements reported
by theFermi-LATexperiment, together with well-founded ex-
pectations for the contributions of blazars and star-fagmi
V. SUMMARY AND CONCLUSIONS galaxies|[34, 35, 52].
We introduced a model-independentway to give constraints
A positive detection of a non-gravitational signature akda on the intrinsic properties of WIMPs by “factoring-out” the
matter would be a breakthrough in our understanding of thigistrophysical part of the signal, namely, the one that dégpen
still mysterious form of matter. Current experiments ontEar on the density field of dark matter, which is accurately given
looking for signals of interactions between dark and orgina by the N-body simulation we have used. The constraints we
matter intensify the efforts to reach the necessary sensiti obtain for the remaining “particle physics” factdfi{ivp, see
ties to either largely constrain the parameter space ofmahi  Eq.[1), appear on Fi@] 3. This figure can be used as a tem-
SUSY theories that predict the favorite dark matter cartdida plate to test whether or not a given particle physics modael vi
the neutralino, or to find a definite signal [63]. lates the observational constraints. Although for the eadte
The existence of dark matter could also be confirmedSommerfeld enhancement we only presented two particular
through the detection of ordinary matter produced durireg th cases, Fid.13 can still be easily used to scale the constngint
annihilation of WIMPs in regions of high dark matter den- or down for other realizations of these types of models.
sity. This annihilation is expected to produce a populatibn By selecting a particle physics model and computing the
gamma-ray photons that would make dark matter halos visiblphoton yielddN/dE (composed by in situ and up-scattered
in the gamma-ray sky. The cumulative effect of these gammaEMB photons, see sections Tl A, 11 B and Hig. 1), it is possible
rays produced outside our galactic halo creates a cosmie bacto give direct constraints for the annihilation cross sects
ground that adds up to the one produced by other sources suahfunction of WIMP mass. We show an example of this in
as blazars and star forming galaxies. Fig.[4, where a model annihilating into" 1.~ final states was
This hypothetical background radiation is also populatecchosen. For this particular model, the constraints we obtai
at lower energies by a fraction of the original CMB photonsdisfavor the scenario where the positron excess measured by
that on their journey towards us are scattered by energetitie PAMELA satellite is explained by dark matter annihiati
electrons and positrons produced during the annihilation oalone (of course, there could still be some subdominant DM
WIMPs. They gain energy in the process and reach us as Xsontribution to the signal). Furthermore, we have presknte
ray and gamma-ray photons. constraints on specific “benchmark” Sommerfeld-enhanced
In this work, we have used the state-of-the-art Millenniummodels selected to fit the cosmic ray spectra measured by
Il simulation [37] that follows the formation and evolutioi ~ PAMELA andFermiwithout any contribution from local sub-
structure formation in &aCDM cosmology, to produce sim- structure, while obtaining the correct relic density argpest-
ulated sky maps of this conjectured cosmic background. Ouing bounds from the cosmic microwave background. We find
method includes the signal coming from all halos and subhathat these models are in conflict with our constraints, emen i
los resolved in the simulation as well as a careful extrajmia the case of minimal contributions from unresolved substruc
to account for the contribution of unresolved structureat th ture. This tension could diminish significantly if the cabtr-
are expected to exist all the way down to masses of abaut  tion to the cosmic gamma-ray background from blazars and
Earth mass, that correspond to the damping mass limit of ongtar forming galaxies is quite low (current uncertainties a
of the most studied type of WIMPs: 100 GeV neutralino. still large, particularly in the latter, and put a minimumu&
This paper extends the analysis bfl[36] by including: i) of 17% of the observed signal & ~ 0.3 GeV which is a fac-
the X-ray and soft gamma-ray contribution to the backgroundor of 5 lower than the estimate we have used here, see the last
radiation by CMB photons that gain energy through Inverseparagraph of sectidn IVIA). Another interesting possipitit
Compton scattering of the electrons and positrons producei@concile these models lies in taking into account the réle o
during annihilation[85]; ii) a detailed treatment of a Soevm  self-interactions between dark matter particles, inhirette
feld mechanism that enhances the annihilation cross sectiomodels, in the formation and evolution of dark matter struc-
leading to a significantly larger annihilation rate from klar tures (this can lead for example to the formation of central
matter structures with low velocity dispersions. The Somme density cores in low-mass halos [61]).
feld enhancement has been invoked to explain the anomalous The main sources of uncertainty in our modelling from the
excess of cosmic ray positrons above 10 GeV reported bgstrophysical part of the signal are, in order of importarmce
the PAMELA satellite (e.g.[[11]). We present results usingthe contribution of unresolved substructures, which isesnc
this enhancement for two sets of parameters chosen to repriin by roughly two orders of magnitude; ii) the concentati
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of dark matter in the inner part of halos. In this work we CMB photons is given by:
have used a NFW density profile. If an Einasto profile is used

2
instead, which is currently favored by high resolution simu be(Eo, 2)ic = 2.5 x 10°7(1 + 2)4 < Ee ) GeV/s (AL)
lations of single halos, the annihilation rate for each halo ’ GeV

increased by0% [3€]; iii) the value of the minimum mass The energy loss due to synchrotron radiation in the ambient

of bound halos madg of WIMPs; iv) the approximation_s usedmagnetic fieldB, which has a spatial and temporal functional
for electron and positron losses, and photon absorptiaan (Sedependence is given by:

Appendices A and B).

It is worth mentioning that the fine-grained structure ofdar N _w( B 2 E, ?
matter halos is predictgd to be a supgrposition of streantns wi be(Ee, 2)syn & 0.254 x 10 (M—G) <@> GeV/s

very small internal velocity dispersions. If the annihibat (A2)
cross section is independent of the velocity dispersioenth The magnitude of the magnetic field has large spatial varia-
the contribution of these fundamental streams and their-asstions, going from~ 10uG in the cores of galaxy clusters [66]
ciated caustics to the annihilation rate is essentiallyigibde ~ to ~ 0.1uG in the intergalactic medium in clusters[67]. Thus,
[9]. However, this could change dramatically in Sommereld synchrotron losses are expected to be comparable to IGlosse
enhanced models due to the large boosts expected in tlomly in the regions with the strongest magnetic fields, such
streams. We explore this in appendik D and find that despitas the centers of galaxy clusters. Although dark matter-anni
the more prominent role of streams in these type of modelgjilation is copious in high density regions such as these, th
their contribution is still significantly smaller than thaftsub-  contribution from subhalos and low-mass halos is in average
halos, due to the saturation of the enhancement at low velocmore significant than the one from the center of massive halos
ties, and can be safely neglected. associated to galaxy clusters. Furthermore, the strerighieo

In spite of these uncertainties, and thanks to increasingljnagnetic field is not expected to increase as rapidly with red
better measurements of the cosmic X-ray and gamma-ra§hift as the CMB energy density. This makes the synchrotron
background radiation, and to our better understandingef thlosses less significant than the IC losses at high redshifts.
contribution to it by AGNSs, blazars and star-forming gaéesi The electrons and positrons produced in the annihilation
an analysis like ours produces competitive constraints-conProcess also lose energy due to ionisation of neutral atochs a
pared to those obtained in other indirect searches, such &Pulomb scattering with free electrons present in the amtbie
those based on dwarf galaxiés|[64]. Our work can also béeld. The energy loss rate of both processes is essentmally i
viewed as complementing that of other works| [29-31], thadependent of energy and is given by:
have presented a similar analysis using analytical appesac 17 [ MH
to model the astrophysical part of the signal instead of high be(Ee, 2)ion ~ 18.4 x 10 (cm—*3) GeV/s  (A3)
resolution N-body simulation, as we have done here.

be(Be, 2)cout ~ 55.4 x 10717 (%) GeV/s (A4
m

wherenyg andn. are the local number densities of neutral
hydrogen and free electrons, respectively. Bremsstratiamn
diation is another source of energy loss that also depends on
the local density of the ambient ionized and neutral mate-
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the IC scatter of CMB photons. An up-scattered CMB pho-
ton will have an average energy ofc ~ 4/3(E./m.)*E
[68], whereE, andm, are the energy and mass of the scat-
tering electron, and’ is the energy of the photon before the
event, thus fos;c ~ 10~7 GeV the electron energies of rel-
The processes briefly summarized here are described in devance are of the order 625 GeV atz = 0. For these en-

tail in [65]. Since the CMB energy density scales with reftshi ergies, ionisation, coulomb and bremsstrahlung losses dom
as(1 + z)*, the energy loss term due to IC scattering with theinate over IC losses only if the ambient density of electrons

Appendix A: Energy losses for electrons and positrons
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and neutral hydrogen ig 10=2 cm=2. In the local ISM  We assume that halos (or subhalos) have a NFW density
ne ~ 0.1 cm~3 [69]. In galaxy clusters the average gas den-profile[86] [72], and an average boost fack(iz..) given by

sity is~ 1073 cm~3 [38] and in dwarf spheroidals like Draco the mean velocity dispersion of its particles. Thus:

itis ~ 1079 cm™3 [[7Q]. Since the largest contribution to the

production of electrons and positrons comes from the accu- ;, _ (5 )/ 2 () dV = S(5 )1-23 Vinax (C2)
mulated effect of annihilation in low-mass halos and subsal b = 2\Gvel) [ PNFWLT = PGl T

which have clearly low ambient densities of ordinary matter , ) .

we can safely neglect the impact of these three processes Hf1€re the last scaling relation was found oy [42] with.x
energy loss. They could be of relevance in the center of ma?@_elng the radius where the rotation curve reaches its maxi-

sive halos at low redshift, but they are negligible for theraf ~ MUM Vinax- It is important to consider the impact of numer-
full-sky signal. ical resolution on the values of,.« andV,,.x. The values

of rnax are increasingly overestimated for smaller structures
whereas the opposite is true fidr,. [36,.73]. We have hence

. . corrected these quantities following the prescription3gf][
Appendix B: Photon absorption

For energies> 10 GeV measured at = 0, the dominant 2. Unresolved structures
mechanism of photon absorption is that due to the intenactio
between the gamma-ray photons produced in the annihilation The previous description is used for all structures that are
process and the lower energy starlight photons produced ifesolved by the MS-II simulation. However, we want to ob-
galaxies (i.e., pair production with the ambient photordfiel  tain predictions down to the minimum mass for bound WIMP
As mentioned in Sectidnlll, this absorption is parameterée  halos. For neutralinos this is 1M, which clearly lies
an exponential term with an effective optical depttto, 2).  many orders of magnitude below current simulations. For
We adopt the most recent treatment of| [71] to calculate the. 100 GeV neutralinos, the damping mass lies in the range
values of the optical depth as a function of energy and rétdshi 10—% — 10~* M, whereas for- 1 TeV neutralinos, the range
For this purpose, we take their fiducial 1.2 model and make & 10~!' — 10~7 M. For simplicity, we assume that these
bilinear interpolation following their Fig. 11. reference values for neutralinos are generically valicbtber

For lower observed energies downtol0~¢ GeV, the Uni-  WIMPs and choose a fiducial value i~ %4~ 'M, for all the
verse is basically transparent to photons produced at asygi cases we analyze in this paper, noting that the precise vélue
redshift betweerr = 0 andz = 10 (e.g. Fig. 3 of|[[31]). In  this mass is a source of uncertainty in our results.
this paper we are considering a range of energies that extend To incorporate these unresolved structures into our maps,
slightly towards lower energied{~" GeV). In this regime, we follow an analogous procedure to the one developed in
photoionization and Compton scattering are important mech[3€], that we briefly describe in the following, dividing ittio
anisms of energy loss. As can be seen from Fig. 3 of [31]unresolved main halos and unresolved subhalos.
T ~ 1 at these energies for photon sources located-at7.
This means that these processes would suppress an impor-
tant fraction of photons coming from dark matter structures a. Unresolved halos
atz > 7. However, most of the emission from annihilation
comes from sources at < 3 (~ 60% of the total emission The total annihilation luminosity coming from main halos

at these energies), which is a region essentially tranapare in a given mass range can be computed using the function:
Thus, we are ignoring these mechanisms noting that we could

be overestimating the predicted signal at the percent,level Fu(My) = > Ly (C3)
which is clearly a minor effect for the purposes of this work. EA ) = MyAlog My’

where the sum is over all the luminositié§ of halos (given

by Eq.[C2) with masses in the randeg M, + Alog M, /2,

and M, is the mean halo mass in each bin. In the absence

of Sommerfeld enhancement the functiéh(M,,), hence-

forth called: FXSE(M,,), is a power law in the intermediate

to low mass regime (see Fig. 4 of [36]). Once the Sommerfeld

boost is applied to each main halo, the power law behavior of

The total annihilation luminosity (including in situ and-up £, (M,,) is modified by the functiot$ (G .;).

scattered photons) coming from a halo (or subhalo) of volume The minimum halo mass we can rely on to compute

V is given by: Fy(My) is My, = 6.89 x 108 h~tM, (100 simulation parti-
cles). Below this mass we need to extrapol&téMy,) using

_ = _E 22 - the information we have 06(a.1), and on the extrapolation
Ly = /Vc‘?(x) dv = 5 fWIMP/VpX(x) S(ovel()) AV made forFNSE(My,). The value ofMy;,, translates into a lim-

Appendix C: The astrophysical factor, luminosity from halos
and subhalos

1. Resolved structures

E iting value ofo that we obtain directly from the simulation
/ e § .
= 5 fwnr Ly (C1)  dataioyel jim(z = 0) ~ 3.4 % 10~° [87]. Therefore, we obtain
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a fit to the power law behavior df, (M),) in the last resolved  from unresolved subhalos following an analogous procedure
mass range of the MS-1l and extrapolate this function down tdo the one described in [36]. It follows a methodology simila
the damping mass limit taking into account the saturation oto that of the previous subsection and rests on the analf/sis o

S (Gyel)- the following quantity:

The ratio of annihilation emission coming from all halos
contained in a cosmic volum&g with masses larger than Fuu (]\/[sub) _ (%) _ S Ly (C6)
M, to the emission produced by a smooth homogeneous st My, L} ) MsmnAlog Mt

distribution of dark matter, with average density, filling

this volume is approximately given by: where Mg, and L, (given by Eq. [CP) are the mass and
luminosity of a given subhalo. The total luminosity of albsu

1 < Fh (M, i i is gi :
F(My, > Miin) ~ 5 / b (M) dMy.  (C4) halos relative to that of their host is given by:
PeVE I, 010

. . . 1 MO L Faup ( j\j[l‘b)

For a given redshift, the ratio of the values 6fM, > £ (Armax pAp) ~ _/ <_h) "2 AMgu,

Myin) with and without enhancement below the saturation > Ly Jig-s  \ My In10

mass is roughly given b§, . . _ Ccn
Using Eq. [CH), we estimate the contribution from the un-where M 2* is the mass of the most massive subhalo within

resolved main halos down to the damping mass limit by asthe host. _ _

suming that the radiation from the missing halos in the mass T0 simplify the analysis of’.;, in the case of Sommerfeld

rangel0—6 A= 1M, to ~ 6.89 x 10% h~1M, is distributed on ~ €nhancement, we approximatg,, by:

the sky in the same way as the one from the smallest masses . NSE &

we can resolve in the simulation, which we adopt as the masg, , ~ ( _ My, ) Sngub) > Liw — ,(Msub)FNEE

range betweem.4 x 10% h~ "My and~ 6.89 x 10 h~'Mg S(My) LS ) MgwpAlog Mgu, — S(My) ™

(halos with 20 to 100 particles). This assumption is justifie ~ ~ (C8)

because the clustering bias seems to asymptotically agproawheresS(My) andS (M) are average enhancementsiidy

a constant value for low halo masses [37]. and for the subhalo mass rangeg M, + Alog Mgub/2,
Using the extrapolated behavior Bf (M,) in Eq. [C3) we respectively. These averages are given by _the comb|r_1a_lt|on 0

compute the boost factd, by which each halo in the mass ovei(M) andS(ove), and we obtain them directly by fitting

rangel.4 — 6.89 x 103 h~'M, needs to be multiplied such the simulation data. _ N

that the luminosity of the unresolved main halos is accalinte ~ The average boost as a function of halo mass and redshift is

for as well: well described by:
o —6p7—1 81,—1 _ oSE
bﬁNSEJ,”) _ f(A07° h™tMp,6.89 x 10° h™'Mg), (S(Mu, 2))(i.1) = (Su0Gn(2) M )i iy (C9)
f(1.4 x 108 h—1Mg, 6.89 x 108 h=1Mg )sim
~ (60,90,2.4 x 10%) (C5) where Sy o is a normalization factor and all redshift depen-

dence has been put int@,(z) (recall that this dependence
Note thathy, is effectively the ratio off (M}, > My,;,) com-  comes from ther.i (M) relation).
puted analytically between the cutoff mass limit and the 100 For case i), there are two characteristic masses that mark th
particle limit, and computed in the simulation for the lowves transitions below whicly — S,,.x and above whiclt — 1.
resolved mass range. The superscrig&SE, ,4:) are for ~ The characteristic masses are redshift dependent and can be
the cases without Sommerfeld enhancement, off-resonan@btained by matching the three regimes. For case ii), there
(Smax = 2000) and near-resonancé,{., = 10°), respec- are three such characteristic masses marking the trambitio
tively. The value ob, is nearly independent of redshift up to tween saturationS ~ 1/02,, S ~ 1/oy andS — 1. For
z = 2.1. For higher redshifts, the power law fit to Ef._{C3) both cases we find that the fitting functions are a very good
is unreliable for the extrapolation because the population approximation up ta = 2.1.
halos over the resolved mass range becomes too small. For subhalos we apply a similar procedure using:

— SE
(S(Msuba Z3 Mh))(lu) = (Ssub,OGsub(Z)Mgﬁ;‘b)(i,ii)a
b. Unresolved subhalos (C10)
which has the same functional form as Hg.](C9) but with an
Cold dark matter halos contain numerous substructures thanplicit dependence on the mass of the host which takes care
contribute significantly to their total annihilation lunaisity.  of the fact that subhalos can only have Sommerfeld boosts tha
For massive halos, this contribution largely exceeds thidieo  are larger than those of their hosts. Thus, if for examplesa ho
smooth main halo. For a MW-like halo the total luminosity is saturated, all its subhalos are saturated as well and vee ha
from all its subhalos down to the damping mass is between S, = S,. For this particular case it is easy to see that the
and2000 times larger than its own smooth component [36]. contribution of substructures to the luminosity of the higlo
The Sommerfeld mechanism increases the contribution ahe same as in the case without enhancemgnpt, = Sﬂ%E
substructures even further due to their low velocity disjper ~ To obtain the parameters in EG.(C10) we only analyze main
relative to that of their host. We now calculate the contidou  halos with more than 500 subhalos.
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In both cases the different regimes are divided by transitio to simplify Eq. [CI3). It can be shown th#t,, ~ fNPF and
subhalo masses analogous to the ones for hosts. The fittirgnceF}, &~ SmaxFror, theNfroost & Smaxfhos,. Thus, for
procedure is less reliable than in the case of halos. In pacase i) we have that:
ticular, the scatter on the slope of the power law for a given ‘
redshift, measured with quartiles, is of the ordei 0%, and beun? & BN € (2,60) (C14)
the median can change up to the same amount betweef . )
andz = 2.1. The scatter of the normalization at a given red-where the numerical values were obtained for the case of no

shift is of the order of a factor of 2, and for different redt)i ~ €nhancement in [36]. . _
its median can change up to a factor of 4. The case of resonant enhancement is more complex, since

As for halos, we consider the subhalo population to be comthe saturation mass is lower than in the non-resonant cake an
plete down taM, = 6.89 x 108 h—'M,,. Below this mass, thus the non-saturated regime has a more relevant influence

we use Eqs[{Q7-C10) to add the contribution of unresolve@" fboost- However, we can show that in general:
subhalos to each of the resolved halos. The valuggf* in < g ¢NSE C15
Eq. (C7) is given byMmax = Afy;, if the halo has subhalos fooost < Smaxfboost- (C15)

sub
and M2 = fiax My, With fiax = 0.05 otherwise. In the T . . NSE
i . o o prove this we note that SiN6g,—boost = Sm: ,
former case we distribute the missing luminosity among all P G8o—boost maxfuo—boost

_ _ NSE )
resolved subhalos, in the latter we simply add it to the hosttNUSTboost = fno—boost + ] = SmaxFno-boost T [-+-]- There

The precise value of,,. has little impact on the results. fore to prove Eq[(CI5) we just need to show that:
Considering resolved an unresolved subhalos we find that

halo 0102 h,~ 1M, h 11,1.04 x 10%) f 680107 O80X10% \h pNsE
a halo o o has fun, € (11,1.04 x 10%) for case Fan o dMy, < Sonas FNSEENSE g7
L sub h

i), and foup € (4.13 x 103,6.86 x 10°) for case ii), that is 0-6 10-6
~ 6, ~ 3000 times more than in the case without Sommerfeld_ = _ (C16)
enhancement, respectively. This is true because each subhalo in a host can be en-

Finally, we need to add the subhalo contribution to all mainhanced by Sy, at the most, that means that the to-
halos with masses below/y,,. To do so, we compute an (@ Iur/‘nlnosny of all th/e%eSEsubh_alos is bounded By
overall boost factobsy;, to the luminosity of all main halos fsubly, < Smax(fsunLy,) "%, Since by definitionFy, ~

between the damping scale limit afd;.,: In(10) Ly, d Ny /d My, whered Ny, /dMy, is the number of ha-
los in the mass rang#f,, + dM,,, we have that:f,,, F, <
b fhoost (1076 A~ "M, 6.89 x 108 h™ M) Simax(fsubFi)NSE, which proves Eq[{C16). After doing the
S hoost (1076 A 1Mo, 6.89 x 108 A 1My calculation we find that:
(C11) )
Wherefuo_boost IS given by: beup ™) € (2,42) (C17)
fro—boost (107° h 7'M, 6.89 x 10° ™' Mg) ~ We take the range of values in Eqs. {({14-[C17) as extrema re-
6.89x10% Fa(My) flecting the uncertainties on the extrapolation procedlihey
/10 . w10 dMy (C12)  should then bracket the true result.

andf,oost CAN be written as: . S
Appendix D: Annihilation in fundamental streams

fhoost (1079 h ™ My, 6.89 x 10% h ™M) ~
/6.89><108 Fu(My) To compute the luminosity coming from annihilation in
1

[1+ foun(fmax M, Mn)] = dMy. (C13)  streams, we use the methodology described!inl[8, 9] that in-
0—6 nl0 . .. . .
tegrates the geodesic deviation equation together witiNthe
For the cases with Sommerfeld enhancement, Eq.]1(C11)ody equations of motion to follow the evolution of the fine-
can be simplified by noting the following. The integral in grained structure of dark matter halos. This method was ap-
Eqg. (C12) is dominated by the mass range where the Sonplied to the Milky-Way size objects simulated by the Aquariu
merfeld enhancement is already saturated, this is bedguse projectin [9], we took their results from one of these obgect
is always a power law, monotonically increasing with mass, In Fig.[4, we show the spherically averaged radial profiles
and the saturation massa/, s,¢) is relatively close taM);y, of the annihilation luminosity for the smooth halo componen
and much larger than the damping mass. For instance in cageed), computed using the local mean density, and for the fine
), Mp sat ~ 7 x 108 h=1Mg (14 2)~1, thus even at high red- grained intra-stream component (blue). The solid and dhshe
shifts, the contribution of the unsaturated part is alwagg-n lines are for the differential and cumulative profiles respe
ligible. In case ii),My sat ~ 1.5 x 10° A~ 1My (1 + 2)7%8,  tively. The upper panel shows the case without Sommerfeld
which means that the aforementioned contribution is largeenhancement and the lower one the near-resonance case with
than in case i) but we still find it to contribute minimally to a o..-dependent boost factof,.x ~ 10°) as described in
the integral, less thaih0%. Therefore, we can approximate sectior1ll.
Eq. [CI2) by: fuo—boost & Smaxae o oosts Wherefisry, o Looking at the cumulative distribution in Figl. 7, we see that
is the value of Eq.[{C12) in the case of no Sommerfeld enat the virial radius,;r»q, the ratio of the total intra-stream
hancement. For case i), a similar approximation can be usddminosity to the total smooth luminosity is 10~ in the
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FIG. 7: Differential (solid) and cumulative (dashed) rddieofiles
of the annihilation luminosity for the smooth halo companged)
and for the streams component (blue) for the cases with attauti
Sommerfeld enhancement in the lower and upper panels tasggc
The former, is for the near-resonance case described irosddl
that has a saturation value §f,.x ~ 10°.
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case with no enhancement. This ratio increases 8 once

the extreme case of near-resonance enhancement is included
Thus, due to the low velocity dispersion of dark matter par-
ticles in streams, the annihilation rate in streams doramat
over the rate given by the smooth mean density contribution.
This contribution from streams remains nevertheless figni
icantly smaller than the subhalo contribution. Considgrin
subhalos with masses down 16-5M,, the ratio of the to-

tal subhalo to smooth luminosity for MW-like halos lies ireth
range:2 — 2 x 103 for the case without Sommerfeld enhance-
ment andt x 103 — 7 x 106 for the near-resonance case (see
sectiorf. C2b). The subhalo contribution is at leld¥i0 times
larger than the stream contribution when the annihilatioss
section is not enhanced by a Sommerfeld mechanism. Once
the latter is included, it boosts all components (smooth; su
halos and streams) accordingly by a factor which is bounded
by Sna.x. Because the subhalo contribution is dominated by
the smallest unresolved subhalos and these are esseittially
the saturated regime, they are boosted by the same amount as
the streams, and thus prevail as the dominant component of
the annihilation luminosity in a halo.
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