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ABSTRACT

The Fermi-LAT collaboration has recently reported the clixd@ of angular power above the
photon noise level in the duse gamma-ray background between 1 and 50 GeV. Such signal
can be used to constrain a possible contribution from Daattdf-induced photons. We es-
timate the intensity and features of the angular power spec(APS) of this potential Dark
Matter (DM) signal, for both decaying and annihilating Dvhdiédates, by constructing tem-
plate all-sky gamma-ray maps for the emission produceddgttiactic halo and its substruc-
tures, as well as in extragalactic (sub)halos. The DM dhistion is given by state-of-the-art
N-body simulations of cosmic structure formation, namelyl&finium-II for extragalactic
(sub)halos, and Aquarius for the galactic halo and its slaish&Ve use a hybrid method of
extrapolation to account for (sub)structures that arevoéthe resolution limit of the simula-
tions, allowing us to estimate the total emission all the wawn to the minimal self-bound
halo mass. We describe in detail the features appearing@iABS of our template maps and
we estimate the eect of various uncertainties such as the value of the minlmald mass,
the fraction of substructures hosted in a halo and the shiffedM density pro le. Our
results indicate that the uctuation APS of the DM-inducedission is of the same order as
the Fermi-LAT APS, suggesting that one can constrain thigolthetical emission from the
comparison with the measured anisotropy. We also quartéyuncertainties acting our
results, nding “theoretical error bands” spanning morarthtwo orders of magnitude and
dominated (for a given particle physics model) by our lackmdwledge of the abundance of
low-mass (sub)halos.

1 INTRODUCTION Pavlidou & Venters 2008; Inoue & Totani 2009; Abdo el al. 2010

Abazajian et al. 2011; Stecker & Venters 2011; Singal etGl122,
The isotropic gamma-ray background (IGRB) is the radiatiat star-forming galaxie¢Bhattacharya et &l. 2009; Fields etial. 2010;
remains after the resolved sources (both extended and-lgait Makiya et al.| 2011] Ackermann etial. 2012b; Lackietlal. 2012;
and the galactic foreground (produced by the interactionasf Chakraborty & Fielos 2012yadio galaxies(Stawarz et al. 2006;
mic rays with the interstellar medium) are subtracted fromaill- Massaro & Ajello 2011; Inolie 201 pulsars and milli-second pul-
sky gamma-ray emission. §uaranteedcomponent of the IGRB sars (Faucher-Giguere & Loéeb 2010; Siegal-Gaskins &t al. 2011),
is the emission of unresolved known sources, whose cottitsiibu Gamma-Ray Burstasanova et él. 2008) aifgipe la Supernovae
has been estimated from population studies of their redatoen- (Lien & Fields|2012). Additional processes may also conuiteb
terparts: blazars (Stecker et all_1993; Stecker & Salarnon 1996; to the IGRB such as cosmological structure formation shocks
Muecke & Pohll 1998] Narumoto & Totani 2005; Derimer 2007;
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(e.g..Loeb & Waxman 2000; Gabici & Blasi 2003), and interac-
tions of cosmic rays (CRs) with the extragalactic backgdblight
(EBL) (Kalashev et al. 2009) or with small solar system bedie
(Moskalenko & Porter 2009).

Current estimates, however, suggest that the total uvesbol
emission from the classes listed above is not able to acdount
the whole IGRB intensity (e.d._Ajello 2011), which strengris
the possibility that additional, uncon rmed sources arguiead to
match the data. Gamma rays from Dark Matter (DM) annihifatio
or decay could explain the missing emission.

DM is the dominant matter component of the Universe, re-
sponsible for approximately one quarter of the energy denst
day (e.g. Jarosik et al. 2011). We know little about its natapart
from the fact that it has to be non baryonic. A well-studieaissl
of DM candidates is that of Weakly Interacting Massive R#at
(WIMPs), whose masses and interactions (set by the scaleaif w
interactions), oer promising non-gravitational signals for their de-
tection in the near future. Within the context of annihitgtiDM,
WIMPs are favoured by the fact that they naturally have & d#n-
sity that matches the observed DM abundance [(e.g. Kolb &8iurn
1994;| Bertone et al. 2005), while for decaying DM, it has been

2009;| Siegal-Gaskins etlal. 2011) and associated with DMI¢AN
2005; [Ando & Komatsu_2006;_Ando etlal. 2007b; Cuoco et al.
2007/ 2008; Taoso etlal. 2009; Siegal-Gaskins 2008; Fometesa
2009;! Siegal-Gaskins & Pavlidou 2009; Ando 2009; Zavald.et a
2010;[lbarra et al. 2010; Cuoco et al. 2011). The comparidon o
these predictions with the Fermi-LAT APS data can, in princi
ple, constrain the contribution of each source class to GRH
(Cuoco et all 2012). The analysis from Ackermann etal. (2012
seems to suggest an interpretation in terms of a single ptipal
of unresolved, unclustered objects, due to the fact thaAP® is
roughly scale-independent over the energy range analyidad.
recent measurement can then be used to complement other con-
straints on a possible DM contribution to the IGRB. In theseir&
paper, we take a rst step in obtaining such constraints ligiting
and updating the prediction of the DM-induced emissiono(tigh
decay and annihilation) and its associated APS, as welltasas
ing the uncertainties involved. The comparison of thesdiptiens
with the Fermi-LAT APS data will be done in a follow-up study.

In order to compute the DM-induced APS we combine the re-
sults of twoN-body simulations of the galactic (Aquarius, hereafter
AQ, ISpringel et all 2008) and extragalactic (Millennium-kere-

shown that WIMPs can have a decay lifetime larger than the age after MS-Il,|Boylan-Kolchin et gl. 2009) DM structures, tore

of the Universe, and are therefore viable DM candidates ésge
Bolz et al. 2001, Arvanitaki et al. 2009). WIMPs are also atpe
ing because their existence is predicted by fundamentakitse

struct all-sky maps of the gamma-ray emission coming froen th
annihilation and decay of DM in the Universe around us. Alifio
we only focus here on the study of the anisotropy patterngen t

beyond the Standard Model of Particle Physics, such as Super gamma-ray emission, these maps reprepensea useful tool for

symmetry (SUSY), Universal Extra-Dimensions or model$wit
parity. In this paper we assume that DM is made of WIMPs, witho
making a speci ¢ assumption about the theoretical parftigsics
model from which WIMPs arise.

This work is concerned wittndirect detectiorof DM, i.e., the
possibility of revealing the presence of DM from detectidéit®an-
nihilation or decay products. In particular, we focus her¢he case
of gamma rays as by-products, studying the possible canitpito
to the IGRB coming from the DM annihilations (or decays) ie th
smooth DM halo of the Milky Way (MW) and its galactic subhalos
as well as from extragalactic (sub)halos. These contobsthave
already been estimated in the past using analytical and mcethe
techniques (e.g. Ullio et &al. 2002; Taylor & Silk 2003; Andodd;
Ando & Komatsu 2006 _Ando et al. 2007b; Siegal-Gaskins 2008;
Ando [2009;| Fornasa etlal. 2009; Zavala et al. 2010; Ibarrh et a
2010j Hutsi et al. 2010; Cirelli et al. 2011; Zavala et al. 20T he

future projects on indirect DM detection and we plan to méieart
available shortly after the publication of the follow-uppea dedi-
cated to the comparison with the Fermi-LAT APS data.

The extragalactic component is expected to be almost
isotropic (see, e.d.. Zavala ef al. 2010), while the smoathadic
one is characterized by an intrinsic anisotropy, as a caresenp
of our position in the MW halo. The presence of galactic subha
los, however, reduces the expected gradient of the DM-iedluc
gamma-ray ux as one moves away from the Galactic Center (GC)
In fact, due to the large abundance of substructures andrtteee
extended distribution, strong gamma-ray emission is atpeced
quite far away from the GC (as it can be seen, e.q., in Sprietgel
2008; Fornasa et al. 2009; Cuesta et al. 2011; SanchezeCGatral.
2011).

Even though numerical simulations represent the most reli-
able method to model the non-linear evolution of DM, they are

recent Fermi-LAT measurement of the energy spectrum of the limited by resolution. Since the minimum self-bound malg, ()
IGRB has been used to put constraints on the nature of the DM of DM halos is expected to be many orders of magnitude below

candidate by requiring that the DM-induced emission shaad
exceed the observed IGRB (Abdo etlal. 2010a; Hutsilet al.|2010
Zavala et al. 2011; Calore et/al. 2012). The constraintveérare
quite competitive: for instance, the most optimistic scenaon-
sidered by Abdo et al. (2010a) puts a strong upper limit tcaiia-
hilation cross section, which is already of the order of tiermal
relic value for a DM particle lighter than 200-300 GeV.

The energy spectrum is not the only piece of information we
can extract from the IGRB. Thanks to the good angular resoiut
of Fermi-LAT, itis also possible to measure its angular posyec-
trum (APS) of anisotropies. Ackermann et al. (2012a) regzbe
detection of angular power in the multipole range betweenl55
and 504 with a signi cance that goes from 7.2%in the energy bin
between 2 and 5 GeV) to 2.7(between 10 and 50 GeV), which
represents the rst detection of intrinsic anisotropieshe IGRB.

There are dierent predictions for the normalization and
shape of the APS produced by dirent populations of unresolved
sources, both astrophysical (Ando etial. 2007a; Ando & Eauli

the capabilities of current simulatidhshis poses a challenge for
an accurate prediction and represents one of our largestesou
of uncertainty (e.g. Taylor & Silk_2003;_Springel et al. 2008
Siegal-Gaskins 2003; Ando 2009; Fornasa et al.|2009; Zatah
2010; | Kamionkowski et al.. 2010; Sanchez-Conde etal. 12011;
Pinzke et al. 2011; Gao etlal. 2011). To address this probhem,
use a hybrid method that models the (sub)halo populaticwbitle
mass resolution of the simulations by extrapolating thealitur

of the resolved structures in the MS-1l and AQ simulationsaals
lower masses. Furthermore, we compute multiple sky mags wit
di erent values oM, to determine with more precision what is
the impact of this parameter on the the DM-induced emis3ida.

1 The actual value oMpn is related to the nature of the DM particle,
with typical values covering a quite large range, approxatyabetween
10 12M and 103M (e.g!Profumo et al. 2005; Bringmann 2009).
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also consider possible ects due to dierent DM density pro les
for the smooth halo of the MW.

Such a detailed study of the uncertainties associated tth t
APS allows us to quantify, in addition to the normalizatiamda
shape of the APS, a “theoretical uncertainty band”, thakt pvidve
to be useful in the comparison of our predictions with thenfier
LAT APS data.

The paper is organized as follows. In Sek. 2 we describe the

mechanisms responsible for the gamma-ray emission from DM a
nihilation or decay. We then present how the data from thelMS-

and AQ simulations are used to construct template maps of DM-

induced gamma-ray emission from extragalactic DM (sulogal
(Sec[B) and from the smooth galactic halo and its subhales. (S
[@). In Sec[b we present the energy and angular power spdigra,
cussing the dierent components and estimating their uncertainties.
We discuss the implications of our results in $éc. 6, while.@és
devoted to a summary and our conclusions.

2 DARK-MATTER-INDUCED GAMMA-RAY EMISSION

In the case of DM annihilation, the gamma-ray intensity (tkd
as the number of photons collected by a detector per unitezf, ar
time, solid angle and energy) produced in a directiois:

4.y = Law” X LdNEQ+D)
= 8 M os o dE

(2 )e ==EE);

@)

where E is the observed photon energy, is the mass of the
DM particle and ( annv) its annihilation cross section. The sum
runs over all annihilation channels, each one charactbiBea
branching ratio,B', and photon spectrum (yieldiN' =dE, com-
puted at the energy of emission. The integration is overitieedf
sight (parameterized by) to account for the redshift-dependent
DM density eld d = cdzH2) ®. The exponential factor ac-
counts for photon absorption from pair production due te@rint
actions with the EBL along the line of sight, parametrizedaoy
optical depth gg.(z E ), which we take from the model developed
in|Dominguez et &l. (20:L.) The rst part of the integrand in Eq.
[@is usually referred to as the “particle physics factor” anty de-

pends on the properties of DM as a particle, whereas the decon

part is called the “astrophysical factor” and depends on Biwvis
distributed in spae

In the case of DM decay, E[} 1 should be re-written as:
d _ _ 1 ¢ dX BdNi(E(1+z))
dE ) - m l:os: i iT

((@; Ve EBL(ZE);

@)

where the decay lifetimeis used instead of the annihilation cross
section and the dependence on density is linear insteachdf gfic.
In the current section we describe the particle physicofact

2 We have not checked the ect of other EBL attenuation models, since
for the energies we consider in this work (from 0.5 GeV to 50/f¢he
contribution of the damping EBL factor is marginal.

3 The particle physics and astrophysical factors are not tetelp inde-
pendent from each other: the presenc®gfin, which is xed by the parti-
cle physics nature of the DM candidate, determines the mimirtsub)halo
mass scale to be considered. Moreover, the dependence shifrésiboth
for the DM distribution and for the energy in the photon yidid =dE.

¢ 0000 RAS, MNRASDOQ, 000-000

introducing the mechanisms of gamma-ray production censit
Secs[B andl4 are devoted to the astrophysical factor.

As mentioned in the Introduction, rather than considering a
speci ¢ particle physics model, we focus on a general WIMRdia
date, which, for our purposes, is completely de nedby ( annV)
or , and its gamma-ray photon yield. The latter receives domtri
tions from three dierent mechanisms of emission:

Prompt emission This radiation comes from the products
of DM annihilationdecay directly, without any interaction with
external particles. Within this rst category, one can itigtiish
three di erent processes) gamma-ray lines from direct anni-
hilation/decay into photonsj) hadronization of quarks followed
by neutral pion decay into photons aiid) gamma rays from
nal state radiation and internal bremsstrahlung whenehere
are charged nal states. For DM annihilation, the branchiag
tios for monochromatic lines are usually subdominant anitequ
model-dependent (at least for SUSY models), while for DM de-
cay, emission lines may be more prominent (Choi et al. 2010;
Vertongen & Wenigern 2011; Gomez-Vargas etlal. 2012). In this
work, we do not consider the emission from monochromatiedin
instead, we focus on mechanisri¥ and iii), which are char-
acterized by a continuum emission (e.g. Fornengolet al. ;2004
Bertone et al. 200%; Bergstrom eflal. 2005; Bringmann (ct0f182.
The continuum emission induced by hadronization shows stene
pendence on the DM mass and the particular annihilateray
channel, but it is a mild one and the shape is more or less unive
sal. Finally, internal bremsstrahlung may also contribotkicing
harder spectra and the possibility of bumps near the energy c
set bym (see e.d. Bringmann etlal. 2008, 2009, 2012).

Inverse Compton (IC) up-scatteringhis secondary radiation
originates when low energy background photons are upesgedtt
by the leptons produced by DM annihilatidecay. Since large
factors are required, usually one focuses on the case df@ahsc
and positrons interacting with the Cosmic Microwave Baokmd
(CMB) photons and with starlight (either directly or re-tesed
by dust). The amplitude of the IC emission and its energy -spec
trum depends on the injection spectrunetfe and on the energy
density of the background radiation elds (Colafrancestale
2006;| Profumo & Jeltema 2000; Zavala etlal. 2011). For massiv
DM candidates, those IC photons can fall within the energgea
detected by Fermi-LAT and, in some cases, represent a signi
cant contribution to the DM-induced emission (Profumo &dela
2009] Meade et al. 2010; Hutsi etlal. 2010; Pinzke &t al.[2(B4¢
AppendiXA for details on the computation of the IC emissidfe
note that for the case of extragalactic DM (sub)halos (Spwe3
only consider the CMB as a background source. This is mainly
because the bulk of the emission comes from small (sub)halos
(see Sec[5l1) that are essentially empty of stars and tneref
lack any starlight background (see e.g. Profumo & Jelten@20
Zavala et all 2011). On the other hand, for the case of the MW
smooth halo, a complete model for the MW radiation eld isdise

(see Sed.411).

Hadronic emissionThis radiation comes from the interac-
tion of hadrons produced by DM annihilatiolecay with the
interstellar gas, and its contribution depends on the figec
spectrum of hadrons and on the spatial distribution of ambi-
ent gas. To implement this component we follow the method
described in_Delahaye etlal. (2011) (see also Chalis! et dl1;20
Vladimirov et al. 20111) and present the details of the caliboih
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Figure 1. Gamma-ray intensity from DM annihilation (solid lines) ate-
cay (dashed lines) coming from the MW smooth halo (see [S&). Bor
the “b-model” (black, red and yellow lines) the mass of the DM pudeti
is 200 GeV for the case of annihilation and 2 TeV for decay. \8&ume
(an¥) =3 10%cmPsland =2 10%s, respectively. For the *

model” (blue and green lines) the parameters are the saneptefar the
mass which is 2 TeV for both annihilating and decaying DM.dRland
blue lines indicate prompt-emission, red and green IC gamisand yellow
hadronic emission. The latter is not shown for theodel.

in AppendiXB. We only consider this additional componenmttfe
case of the MW smooth DM halo.

As benchmarks, in the remainder of this paper, we consider tw
commonly-used annihilatiddecay channels, with which we illus-
trate the role of the dierent mechanisms: d@-model” for annihi-
lation/decay entirely intdob quarks B, = 1) and a “-model” for
annihilatioridecay into * (B = 1). The photon and*=e yields
are computed using the tables presented in Cirellilet al Ip0For
both cases, we x the annihilation cross section and dedayitne
to3 10%cmPs ! and 2 10%s, respectively. The DM mass is
selected to be 200 GeV for theechannel in the case of annihilating
DM and 2 TeV otherwise. These values are chosen to be slightly
below the most recent exclusion limits set by the Fermi-LAifad
(Ackermann et al. 2011; Dugger etlal. 2010; Huang gt al.|2011)

In Fig.[d we compare the gamma-ray production mechanisms
listed above. The lines indicate the energy spectrum of tthis-e
sion from annihilation (solid) or decay (dashed) of DM in the
MW smooth halo (see Sdc. 4.1). For thenodel, prompt emission
(black lines) always dominates over IC (red lines) and haidro
emission (yellow lines), both for annihilation and decay tbe
other hand, for the-model, IC (blue lines) overcomes the prompt-
emission (green lines) at low energies. For thmodel, hadronic
emission is negligible and is not plotted.

3 THE GAMMA-RAY EMISSION FROM
EXTRAGALACTIC (SUB)HALOS

3.1 Resolved (sub)halos in the Millennium-II simulation
(EG-MSII)

The MS-II follows the formation and evolution of DM strucasrin

a comoving cube of = 100 Mpch on a side and a total of (2160)
simulation particles| (Boylan-Kolchin etal. 2009). The siation

is done within the context of a WMAP1 cosmology with the fol-
lowing parameters: , = 0:25, =0:75,h=0:73, g=09and

ns = 1; where and are the contribution from matter and cos-
mological constant to the madssergy density of the Universe, re-
spectivelyhis the dimensionless Hubble constant parameter at red-
shift zero,ns is the spectral index of the primordial power spectrum,
and g is the rms amplitude of linear mass uctuations in 8 Mpc
spheres at redshift zero. Its mass resolution896 16°M =h and
there are 68 snapshots recording the particle distribatioin erent
redshifts between= 127 andz = 0.

Instead of working directly with the particles in the simula
tions, we use the MS-II (sub)halo catalogs, which are canted
using a friend-of-friends (FOF) algorithm_(Davis etlal. £9&nd
the SUBFIND code (Springel etlal. 2001) that identi es dadfund
substructures within FOF halos. Dealing with the (sub)twta-
logs, instead of the particle data, has two advantagesmitich less
expensive computationally and, more importantly, it agoiesolu-
tion e ects near the centre of DM (sub)halos, where the simulation
particles severely underestimate the DM density (note ttiatis
precisely the region with the highest gamma-ray productiia).

On the other hand, we are neglecting the contribution froerl
mass that does not belong to (sub)halos. The emission xate fr
unclustered regions, however, is likely to be negligiblpessally
for DM annihilations (see, e.g. Angulo & White 2009 who analy
ically estimated that between 80-95% of the mass is in cedldp
objects. In the case of decaying DM this suggests that, bieceg
ing unbound particles, we underestimate the luminositabgost,
20%).

The MS-II (sub)halo catalog contains the global properties
needed for each object: its virial mab&oo (de ned as the mass
up tor,go, Where the enclosed density is 200 times the critical den-
sity), its maximum circular velocitymax and the radiusqax where
this velocity is attained. The latter two quantities congliedeter-
mine the annihilatiofdecay luminosity for each halo if we assume
that they have a spherically symmetric density distributiiven by
a Navarro-Frenk-White (NFW) pro le_(Navarro etlal. 1997 h&
number of gamma rays (per unit of time and energy) coming from
a (sub)halo with a boundary ato is then given byl = fpplf,
where:

= (ann¥) X ﬁ 3

e T dE’

0 r‘;'lax ' 1 #

L Lan= 123 ; 4
ann Gzrmax (1+ 0200)3 ' ( )

for the case of annihilation, and

fpp = ! X B dN ; 5

PP —— | "4E (5)

V2 r ' C #
L Laecay™ 214295 In(1+ o00) 70— ®)

for the case of decay.
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The concentratiom,gg is also determined frortmax andrmax
inverting the following relation (e.@. Springel et al. 2008
|
Vinax_* _ 200 oo .
H(2) rmax 3 In(1+ 0 Ca0eX(1+ Coo0)

The choice of the NFW density pro le is motivated by its uni-
versality and by the fact that it gives a good t to simulatetD
(sub)halos over a large mass range. However, assuming Dier
density pro les could have an impact on the total gamma-raise
sion, as well as on the shape and normalization of the APSsA di
cussion about this possible source of uncertainty is lefSkc[6.

We de ne as EG-MSII the signal coming from (sub)halos in
the MS-II catalogs with at least 100 particles; below thisnau

14:426

@)

ber, the mass and abundance of DM objects in the MS-Il can be-

come unreliable. This sets an “ective” mass resolution dfl,es =
6:89 1M =h for the extragalactic contribution. DM structures
with less than a few thousand particles can beded by numer-
ical e ects (gravitational softening and two-body relaxatiore se
e.g..Diemand et al. 2004) that could in uence the valued&/gf«
andrmax and, as a consequendgun Or Lgecay We implement the
prescription described in Zavala et al. (2010) to correcttfi@se

e ects.

T T TrTTT ‘ T
This work (z<0.01)

This work (0.19 < z < 0.22)
Zavalaetal. (0.19 <z<0.22)
This work (1.57 <z < 1.70)
Zavala et al. (1.57 <z < 1.70)

HHH‘ HHHH‘ I H\‘ HHHH‘ HHHH‘ LI

2100
3
104}
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10° -
"
10| | "n“» -M‘
N B
107 Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il i
0 100 200 300 400 500
Multipole

Figure 2. Fluctuation APS of anisotropies of the gamma-ray intensity
produced by DM annihilating in extragalactic (sub)halosoieed in the

In order to simulate the past light cone we need to probe a vol- MS-Il, and located in a shell corresponding o< 0.01 (black line),

ume which is much larger than the MS-II box. To do this, we fol-
low closely the procedure given lin Zavala et al. (2010) whiah
be summarized as follows. The region around the observer is d
vided into concentric shells, each of them centered in riéidgrace
on the discrete values corresponding to each simulation output.
The volume de ned by each shell has a xed size in redshifcepa
and a corresponding comoving thickness which is lled willkrm-
tical, non-overlapping copies of the MS-I1I box at the reéishi(see
Fig. 9 oflZavala et al. 2010). In order to compute the DM-iretlic
gamma-ray emission from a given directionwe follow the line of
sight de ned by that crosses the MS-Il replicas, and sum up the
emission produced in all the (sub)halos encountered. Thegr
tion into a 2-dimensional map is done with the HEALPIx paaag
(Gorski et all 2005), assumingside =512, corresponding to an
angular area of approximately 410 © sr for each pixel. If a given
halo subtends an area larger than this value, then it isderes as
an extended source. In this case, each of the pixels covegrateb
particular halo is lled with a fraction of the total halo Iunosity,
assuming the corresponding projected surface densityigaro

To avoid the repetition of the same structures along the line
of sight (which would introduce spurious periodicity alamdgs di-
rection), Zavala et al. (2010) used an independent randtetion
and translation of the pattern of boxes that tessellatels shell.
This method, however, still leaves a spurious angular tirom
at a scale corresponding to the comoving size of the simula-
tion box, which mainly manifests itself as a peak in the AP&-ce
teredon? = 2=
in redshift, since each copy of the MS-Il cube covers smaltet
smaller angles. This implies that the periodicity-indupegk will
be located at a dierent multipole for each shell. Once the contri-
butions from all shells are added up, thiseet is largely averaged
out, and the total APS is free from any evident features (spelR
of [Zavala et all 2010). Nevertheless, the spurious ang@eog-
icity, in addition to the fundamental angular correlati@seciated
with , introduces smaller scale harmonics thatet multipoles
larger than'?. Although these additional peaks are much smaller

4 https/healpix.jpl.nasa.gov
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0:19< z< 0:22 (red and yellow lines) andd7 < z < 1:70 (green and blue
lines). Yellow and blue lines refer to the map-making althori presented
inZavala et al.|(201.0), while the black, red and green lin@sespond to
our improved algorithm; see text for details. The grey bawdiad the black
line indicates the 1 standard deviation among 10 @irent realizations of
the rst shell z< 0:01).

than the fundamental one, we decided to reduce this spuzicct
by randomly rotating and translating every single repliéin the
past light cone instead of doing so only for every concersthiell.

The improvement of the new method becomes evident in Fig.

[@where we show the comparison between the uctuationﬁﬁ(Rﬁ

individual shells) computed with our map-making code (red a
green lines) and the original one by Zavala etlal. (2010)Igyel
and blue lines). The yellow and red lines refer to the shethwi
z = 0:21, while the blue and green lines are for 1:63. The small-
scale spurious harmonics essentially disappear in the netivau
and the fundamental mode, although still present, is greadluced
relative to the previous method.

The map-making code produces realizations of the distribu-
tion of DM halos around the observer through random rotation
and translations of the MS-II boxes that Il the volume of thast-
light cone. In order to quantify the ect of this random component
in the simulated signal, we generate 10atient realizations of the
rst shell (corresponding t@ < 0:01) and compute the uctua-
tion APS for each of them. We only consider theeet of having

. This angular scale decreases as we go deeper di erent random rotations for the rst shell since it is expécte

be more important for nearby resolved structures, whildlslag
larger redshifts are less acted. In FiglR we plot the average APS
over these 10 realizations (black line) as well as theuctuation
(grey band). We can see that theeet induced on the APS is rela-
tively small (at least compared to the other sources of tairgies
introduced later) and we neglect it from now on.

All halos up toz = 2 are considered when computing the ex-
tragalactic signal. By this redshift, the cumulative enassas al-
ready reached& 80% of the total signal (in the case of prompt

5 The APS will be formally de ned in Se€ 5.2.
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emission 90% of the signal actually comes from< 1; see
Fig. 9 of|Profumo & Jeltema 2009 and Fig. 11 |of Zavala ét al.
2010). The rst shell of the extragalactic map starts at dadise

of Rmin = 583 kpc, corresponding to approximately twice the virial
radius of the galactic halo. The volume within this distaiscded
with the data from the AQ simulation (see Sec. 4).

In the upper panels of Fif] 3 we show the gamma-ray inten-
sity of the EG-MSII component at 4 GeV for the rst snapshot(
0:01), in the case of annihilating DM (left panefs, = 200 GeV,

( anm¥) =3 102%cnPs * andB, = 1) and decaying DM (right
panelsm =2TeV, =2 10?sandB, = 1). The characteristic
laments of the cosmic web and individual DM halos are clgarl
visible, as well as (at least for the case of decaying DM) ssute
halos hosted in large DM clumps. In the second row of this egur
we show the intensity up to= 2: the map is much more isotropic,
even if some of the prominent, closest structures can stifiden.

3.2 Unresolved main halos (EG-UNRESMain)

We describe now how we model the contribution of unresolved
main halos, (i.e. those with masses belds), a contribution that
we call EG-UNRESMain. Since this is a regime which goes below
the MS-II mass resolution, we are forced to resort to somamags
tions concerning both the distribution and the individuaperties

of DM halos. Our approach is similar to the onel of Zavala et al.
(2010): we use main halos in the MS-Il to perform an analytic

to the single-halo luminosity (i..(M) de ned in Eqs[# anfll6) as
well as to the following function:

P Lv)
M logM

F(M) = In 10L(M)$; 8)
which is the total luminosity of main halos with a mass in tbg-I
arithmic mass range logM logM=2, divided by its mean value

M and the width of the logarithmic mass bin. The second equal-
ity shows howF(M) depends on the halo mass function= M

in the bin considered. By extrapolating the t obtained fofM)
aboveM,, it is possible to estimate the gamma-ray intensity due
to DM main halos belowM,.s down to di erent values oMin. In
Zavala et al.[(2010) (see their Figs. 5 and 6), the authorpaocea

the predictions of such an extrapolation, in the case ofraliaion,
with the result of an analytical model based on the formaligm
Sheth et al.[(2001) for the halo mass function land Ekelet @01(P

for the concentration-mass relation. The total ux in uralesd
main halos with a mass betwebf,, = 10 ®M =handM,agrees
within a factor of 5 between the two approaches.

This missing ux is then added to the emission of resolved ha-
los with mass between39 10° and 689 10°M =h (halos with
particle number between 20 and 100). The decision to boostlyp
these halos is equivalent to assuming that halos smallariha
share the same spatial clustering as those within that naager
This assumption is motivated by the fact that the two-poartes-
lation function of halos approaches an asymptotic valueaaly at
these masses (see Fig. 7 of Boylan-Kolchin ét al. 2009).

Nevertheless, the actual clustering of low-mass main halos
is unknown and, even if they trace the distribution of moresima
sive objects, treating their contribution simply as a bdastor for
the halos with lowest masses in the MS-II may overestima# th
true clustering. Assuming, instead, that they are disteithumore
isotropically would reduce their contribution to the tofe®S (es-
pecially at low multipoles), although it is dicult to estimate pre-
cisely by how much. In what follows we assume that the uncer-

tainty in the clustering of unresolved main halos is smatl aan
be ignored.

The same procedure described above is also applied for the
case of DM decay.

3.3 Unresolved subhalos

In this section we describe how we account for the emissiom fr
unresolved subhalos, i.e):subhalos with masses beldw.s that

are hosted by main halos in the MS-Il catalogs, d@indsubha-
los of unresolved main halos. We do not consider sub-subhalo
since their contribution is likely negligible in comparisdsee,
e.g., Martinez et al. 2009). Note also that, at least at lod re
shifts, most of these subhalos have been removed by tidapbisty
(Springel et al. 2008).

For the extragalactic emission, the impact of unresolvédd su
halos on the intensity and angular anisotropy spectra enésdy
to boost the luminosity of the host by a certain amount. Thus,
principle, any method that provides boosts within the rasfgehat
has been found previously in the literature is a reasonatde The
method we use here has the advantage of having a single parame
ter (k in Eq.[9) that controls the abundance of substructure, which
can be easily adjusted to obtain the subhalo boosts thattesre
reported in the past.

Kamionkowski & Koushiappas (2008) and
Kamionkowski et al. [(2010) propose a method to compute
the subhalo boost factor for the annihilation rate of a Mk& DM
halo, providing an expression for the total boost faBgiH Muw ),
as well as the dierential prole Ba(Mmw;r) (expressing the
boost factor at a distance from the center of the halo). This
prescription was calibrated with the Via Lactea Il simudati
(Diemand et &l. 2008). The distribution of particles in thisula-
tion is used to derive the probabiliB( ; r) of having a value of the
DM density between and + d at a distance from the center
of the main halo. Two dierent components contribute R ; r):
the rst one is Gaussian and corresponds to the smooth DM halo
while for higher values of , the probability is characterized by
a power-law tail due to the presence of subhalos (see Fig. 1 of
Kamionkowski et al. 2010). The fraction of the halo volumattis
lled with substructures is well tted bﬁ:

|
sm(r)

+ 0:26
1 sm(f = 100 kpc) ’

fs(r) = k ©)
withk = 7 10 3. P(; r) is then used to derive an expression for
toe boost factoBan{(r) in the case of annihilating DMBani(M; r) =

o d P(; 1) 2= 2(r), where nayis a maximum density, which

is of the order of the density of the earliest collapsing silivh (see
below) and ¢, is the density of the smooth component.

Sanchez-Conde etlal. (2011) extended the previous mevhod t

halos of all sizes, adopting a slight modi cation to the diion of
fs(r):

! 0:26

sm(r = 3:56

1
rs)

fs(r) = k

6 Since current simulations are many orders of magnitude dweay re-
solving the whole subhalo population down Ngnin, fs(r) is known with
limited precision and represents one of the implicit uraiattes of our pre-
dictions.

¢ 0000 RAS, MNRASD0Q, 000-000
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Figure 3. All-sky maps of the gamma-ray intensity (in units of cfa sr 1GeV 1) at 4 GeV from DM annihilation (left panels) and DM decay fiigranels).
The gure shows the emission of all DM (sub)halos down to theotution limit of the MS-II (EG-MSII component). In the ugprow only nearby structures
(z< 0:01) are considered, while in the second row the emission at8 is considered. In the last row we plot the emission fromxdHagalactic (sub)halos
(resolved and unresolved) down My, = 10 8M =h with the LOW subhalo boost (see text for details). In all sasmnihilation or decay intb quarks is

assumed: for annihilating DMn = 200 GeV with a cross section of 310 25cmPs

1, while for decaying DMm = 2 TeV with a lifetime of 2 10%’s. The

photon yield receives contributions from prompt emissiod &C o the CMB photons (see Séd. 2). In each map we subtract thkyativerage intensity of
that component, after moving to a logarithmic scale. Nogedherent scales in the rst row.

wherer is the scale radius of the host halo given in|]<pNe note
that this implies that halos of all masses have the samel delia
pendence offs, only rescaling it to the particular size of the halo.
This is partially supported by the mass-independent ratigti-
bution of subhalos found in simulations (€.g. Angulo
Using Eq[ID. Sanchez-Conde et al. (2011) found Bagt< 2 for
the MW dwarf spheroidals, whilB,,, 30 60 for galaxy clus-
ters (integrating up to the tidal and virial radius, respety). In
both cases, the morphology of the total gamma-ray emission ¢
ing from the halo is modi ed since the subhalo contributioakas
the brightness pro le atter and more extended.

For the case of annihilating DM, we account for the contri-
butlon of unresolved subhalos by implementing the proceddr

- al. (2011) in two drent ways:

7 The value of 3.56 is chosen so that, for the MW halo in Via Ladte
Eqgs[I0 anflo are identical.

¢ 0000 RAS, MNRASDOQ, 000-000

for the subhalos of unresolved main halos we integrate
Fann(M)Ban(M) to compute the total luminosity fromal i, t0 Mies.
The result of this integral is then used to boost up the epnissi
of main halos in the MS-Il with a mass betweer3d 1C° and
6:89 10°M =h.

for subhalos belonging to main halos that are resolved in the
simulation we boost up the luminosity of each halo by the mass
dependent boodB,n(M) (i.e. the integral oB,,i(M;r) up to the
virial radius). If the halo is extended, in addition to a tdtami-
nosity boost, we assume a surface brightness pro le as diyen
BanM; ). We need to apply a correction to this procedure since
these equations account for subhalos from a minimum rivggs
up to the mass of the main hald, whereas subhalos with masses
aboveM,s are resolved and already accounted for in the simula-
tion (they belong to the EG-MSII component). To correct tust
double-counting, we simply compute (and subtract) the sioris
due to subhalos down to a minimal mass equa¥lt@, = Mies.
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We note that changind/nin corresponds to changingnax.
From Kamionkowski et al. (2010), the maximum density in aohal
is the density that its smallest subhalo had at the momesnsthi-
halo formed:

@ Cgoo(Mmin;ZF)
12 f(cz00(Mmin; ZF))
where f(x) = In(1 + x) xH1 + X). The epoch of collapse-

max(Mmin) = crit(ZF); (11)

there is no need to model this contribution since these doblaae

too small to be detected by the subhalo nder and their mass is
already accounted for in the mass of the host halo. Sincesfoayd

ing DM the total luminosity of a halo is proportional to its ssathe
unresolved subhalos contribute to what we call the “smooth-c
ponent®. This is strictly valid only if we consider the total halo
luminosity. If the intensity pro le is needed, we should safer
that the true spatial distribution of unresolved subhadcesxpected

as a function of halo mass can be computed using the sphericalto be di erent from that of the smooth component. In the case of

collapse model of DM halo formation and evolution (see,,e.g.
Sanchez-Conde et al. 2007 and references therein), whimlvss
that for low masses, up to 1 M =h, all halos collapse approxi-
mately at the same redshift; = 40. The initial concentrations are
set by the formation epoch, which means that halos thatps#lat
roughly the samer will have similarcyoo(z:). Thus, according to
Eqg. 11, all low-mass subhalos will be characterized rougglyhe
same max 251 10°M =kpc (for Mmin < 1M =h), after xing

Co00(ZF) to a constant value of 3.5 as suggested by simulations (e.g.

Diemand et al. 2006; Zhao et al. 2009)Ve compute a for a set

of reference values d1.i, (see also Sec. 6.4, noting that > 5

for Myin . 10°M =h, which implied that we can safely assume
C200(zr) = 3:5 (Zhao et al. 2009). Note also that, by using the case
of Miin = Mres = 6:89 10°M =hwe can correct for the aforemen-
tioned problem of double-counting the subhalos with maabese

the MS-Il mass resolution.

Recently,
timated the substructure boost for DM halos of mass ranging
from those of dwarf spheroidals to those of galaxy clustéhey
point to substantially larger boost factors than those doby
Sanchez-Conde et al.
mainly a consequence of the drent methodologies. In the former
cases, the subhalo mass function and the concentrationeias
tion are power-laws calibrated at the resolved masses drapex
lated to lower unresolved masses. On the contrary, in theaddty
Kamionkowski et al. (2010) (with the modi cation implemexatin
Sanchez-Conde et al. 2011), the dependenc¥gp is atter to-
wards lower masses due to the limit on the natal concentistio

Nevertheless, using the procedure described in the previou
paragraphs, we can obtain similar subhalo boosts to thasa gi
by Pinzke et al. (2011) and Gao et al. (2011) if wabstantially
increase the parameter that controls the abundance ofrgcbst
ture in Eq. 10 tok = 0:15. Both casesk(= 7 103 as in
Sanchez-Conde et al. 2011, aknd 0:15 to reproduce the results
of Pinzke et al. 2011 and Gao et al. 2011) are consideredsmp#hi
per as representative of scenarios with a small and a lalgeku
boost and are referred in the following as the LOW and HIGH sce
narios, respectively. These two cases represent the extvalues
reported in the literature for the contribution of unresal\vsub-
halos. By obtaining predictions for the total DM-inducedission
for these extrema, we aim at estimating how large is the tamiogy
associated with the unresolved subhalo population. Paesiriag
such uncertainty in this way represents a “hybrid” approaaice
it does not rely completely either on a direct extrapolatibthe re-
sults of simulations (Zavala et al. 2010) or on analyticainestes
such as the stable clustering hypothesis (Afshordi et dl0R0

Up to now, the discussion of how to model unresolved subha-
los refers only to the case of annihilating DM. For decaying,D

8 Here, a matter power spectrum parametrized as in Bardeén(£986)
was used to computg-, with the most recent values of the cosmological
parameters and with no exponential cut-at the minimal mass of DM
halos.

Pinzke et al. (2011) and Gao et al. (2011) also es-

the extragalactic emission we neglect thiget since only the halos
that are close by appear extended in the maps, while the \@st m
jority appear as point sources. For the case of the galattigséon

we comment on this issue on Sec. 4.2.

4 THE GAMMA-RAY EMISSION FROM THE
MILKY-WAY HALO

4.1 The smooth Milky-Way halo

Our model for the emission from the smooth DM halo of our own
galaxy is partially based on the results of the Aquarius guij
(Springel et al. 2008; Navarro et al. 2008). With the goaltafig-

ing the evolution and structure of MW-size halos, the Aqusri
project selected a group of MS-II halos with properties Emto

the MW halo and resimulated them at increasing levels of-reso
lution. The di erent AQ halos are characterized by virial masses
between 0.95 and2 10'>M =hand have a variety of mass accre-
tion histories (Boylan-Kolchin et al. 2010). In this seng8®y are

(2011) for the same mass range. This ighot expected to be a perfect match to the dynamical progestie

our own MW halo, but rather to be a representative sample of MW
size halos within the context of the CDM paradigm. We conside
here the halo dubbed Ag-A-1, containing more than one hiltiar-
ticles within rooo and having a mass resolution of 1280=h. A
careful analysis of the density pro le of the smooth compunef

the Ag-A-1 halo performed by Navarro et al. (2008) shows that
simulation data is best tted by an Einasto pro le (prefatrever

an NFW pro le):

! " ! #
2 ra
withr , 1514 kpc, ,=3:98 10°M /kpand  0:170.

Stellar dynamics and microlensing observations can be used
to constrain the absolute value of the DM density at the joosit
of the Earth, .. Di erent results point towards a range of values
between 0.2 and 0.5 Géym® (Prada et al. 2004; Catena & Ullio
2010; Pato et al. 2010; Salucci et al. 2010; locco et al. 2044}
ing that a di erent value for the local DM density would shift up or
down our predictions for the intensity of the emission froiv Bn-
nihilatior/decay in the MW smooth halo proportionally tf. and

loc, respectively, we decide to renormalize the value gfof Ag-
A-1 in order to reproduce a reference value gf = 0:3 GeVicm?®
(a similar approach was used in Pieri et al. 2011).

To build our template map for the smooth MW halo, we as-
sume that the observer is located at the solar circle at aristof
8.5 kpc from the GC and we integrate the DM-induced emission

9 For the case of DM annihilation note that, although the mdssnce-
solved subhalos is also accounted for as part of the “smamtiponent”,
this does not imply that their contribution to the gammairagnsity is al-
ready considered since the annihilation rate is not prapwt to the DM
density, but to the density squared.

¢ 0000 RAS, MNRASDO(, 000-000
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Figure 4. All-sky map of the galactic gamma-ray intensity (in unitsonfi s 1sr 1GeV 1) at 4 GeV from DM annihilation (left panels) and decay (right
panels). In the rst row, we show the emission from the smaddw halo, while the contribution of resolved subhalos in thguarius Ag-A-1 halo (GAL-AQ
component) is shown in the second row. The maps on the lashdigate the total galactic emission accounting for the Midésth halo and its (resolved and

unresolved) subhalos down Kmi, = 10 M =h (for the LOW subhalo boost).

As in Fig. B) = 200 GeV, the cross section is 310 26cm’s L andB, = 1

for the left panels, whilen = 2 TeV with a lifetime of 2 10?’s andBy, = 1 for the right ones. The intensity includes contributiormsyf prompt emission and
IC with the CMB photons (see Sec. 2). For the emission of the dfiféoth halo we also consider IC with the complete ISRF, abagdhadronic emission.
The non-prompt emission alone is shown in the smaller panveldapping with the maps of the rst row. In each map we satitthe all-sky average intensity
of that component, after moving to a logarithmic scale. Nbéedi erent scale in the derent panels.

along the line of sight up to a distance of 583 kpcX(5 r,q of AQ-
A-1). This distance marks the transition between our galactd
extragalactic regimes and it is selected because the Adréldis

still simulated with high resolution up to this radius, andhiere-
fore provides a better representation of the outermosonegf the
MW halo than the MS-Il. For the smooth component, in addition
to the prompt emission and secondary emission from IC seatte
ing with the CMB photons, we also consider the emission due to
IC scattering with the complete InterStellar Radiationd{¢SRF)
provided in Moskalenko et al. (2006) as well as hadronic siois
from interactions with the interstellar gas (see Apperslideand

B for details). The rst row in Fig. 4 shows the gamma-ray emis
sion from DM annihilation (left panel) and decay (right pBria

the smooth MW halo. The secondary emission correlated \Wwéh t
MW ISRF and the interstellar gas can be seen along the galacti
plane and is plotted independently in the small panels appihg
with the maps of the rst row.

¢ 0000 RAS, MNRASDOQ, 000-000

4.2 The Milky Way subhalos (GAL-AQ and GAL-UNRES)

This section focuses on the contribution of galactic sulhaleal-

ing withi) subhalos that are resolved in the Ag-A-1 halo, (which we
refer to as the GAL-AQ component) aiidl subhalos with masses
below the mass resolution of AQ (which we call the GAL-UNRES
component). As we did in Sec. 3.1, we use the subhalo catalog t
compute the luminosity of each object from \gax andrqax val-
ues?. Only subhalos with more than 100 particles are considered,
resulting in an “e ective” AQ mass resolution of:71 10°M .
The gamma-ray intensity in a given directioris then obtained by
summing up the contribution from all subhalos encountetedg
the line of sight, up to a distance of 583 kpc. The GAL-AQ compo

10 As in the case of extragalactic (sub)halos, we correct theesaofViax
andrmax for numerical e ects (see Sec. 3.1).
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nent is shown in the second row of Fig. 4 in the case of antibia
(left) and decay (right).

For an annihilating DM candidate, the contribution of unre-
solved galactic subhalos is accounted for using the sanueguoe
as for unresolved extragalactic subhalos described in38¢in-
troducing the LOW and HIGH cases as representatives of scena
ios with a small and a large subhalo annihilation boost. TGS\
boost is taken again directly from Kamionkowski et al. (2p&a0d
Sanchez-Conde et al. (2011) (which assukes?7 10 %), while
the HIGH boost is tuned to reproduce the results of Springal.e
(2008) who estimated a total subhalo boost of 232 (integgatp to
I'.00 for the Ag-A-1 halo and foM i, = 10 M =h); we reproduce
this result using = 0:21,

In the case of decaying DM, we note that the mass contained
in resolved subhalos is2 10"'M ( 15% of My for the Ag-A-
1 halo, if we consider subhalos down t71 10°M , see Eq. 5 of
Springel et al. (2008). This goes up t®3 10"*M if we extrapo-
late the subhalo mass function downNty, = 10 ®M =h, which
implies that unresolved subhalos contribute to the halosniasd
hence to the total decay luminosity) slightly less than Ikesbones
(see end of Sec. 3.3). Thus, an upper limit to the gamma-tapin
sity from DM decay coming from these unresolved subhalosean
obtained by considering the ux coming from resolved subkal
which is less than 1% of the ux coming from the smooth com-
ponent. Hence, we decide to ignore the contribution of wivesl
subhalos to the amplitude of the galactic DM-decay emission

Regarding the contribution to the APS from unresolved subha
los, we note that although subhalos just below the massutizol
of Ag-A-1 ( 10°M ) might still contribute to the anisotropies,
mainly through a Poisson-like APS, their abundance is sgelar
(the subhalo mass function grows AsM ) that the intrinsic
anisotropies of the gamma-ray intensity produced by themlavo
be very small. Because of this, the APS at multipoles abov&00
is likely dominated by subhalos with masses abovML.0(see Sec.
5.2 and the top panel of Fig. 8 of Ando 2009), allowing us tdeety
the contribution of subhalos with lower masses. We haveecbri
this is indeed the case using the analytical model of And@%20
(see discussion in Sec. 5.2.2 and Appendix D).

Name Description
DM halos and subhalos in MS-II catalogs
EG-MSII with more than 100 particles (i.e. with

amass larger thalles= 6:89 10°M =h)

EG-UNRESMain

extragalactic DM (main) halos with a mass
betweenMpy,in andMes = 6:839 10°M =h

EG-LOW

resolved and unresolved (sub)halos down to
Mmin. The unresolved subhalos are simulated
following Sanchez-Conde et al. (2011) with
k=7 103
(includes EG-MSII and EG-UNRESMain)

EG-HIGH

resolved and unresolved (sub)halos down to
Mmin. The unresolved subhalos are simulated
following Sanchez-Conde et al. (2011) with
k=015
(includes EG-MSII and EG-UNRESMain)

MW smooth

smooth MW DM halo, parametrized by an
Einasto pro le as in Navarro et al. (2008),
and normalized to a local DM density of
0.3 GeVen?®

GAL-AQ

DM subhalos in the AQ catalogs
with more than 100 particles (i.e. with a
mass larger than:711 10°M )

GAL-UNRES (LOW)

DM subhalos with a mass betwedhhin
and 171 10°M , simulated
following Sanchez-Conde et al. (2011)
withk=7 103

GAL-UNRES (HIGH)

DM subhalos with a mass betwedhin
and 171 10°M , simulated
following Sanchez-Conde et al. (2011)

with k= 0:2
GAL-LOW MW smooth+ GAL-AQ +
GAL-UNRES (LOW)
GAL-HIGH MW smooth+ GAL-AQ +

GAL-UNRES (HIGH)

We dp not take into account anrjihilation boosts due Taple 1. Summary table of the nomenclature used in the paper to fglenti
to ne-grained phase-space structures like streams and-cau the di erent components of the DM-induced emission.

tics. For a standard DM model without speci c boost mech-
anisms (e.g. Sommerfeld enhancement) thesects are sub-
dominant (Vogelsberger et al. 2007; White & Vogelsberged&®0
Vogelsberger et al. 2009; Vogelsberger & White 2010). If alme
anism like the Sommerfeld enhancement is invoked, nergdi
streams increase signi cantly the main halo annihilatidout
their contribution is typically still less than that from tshalos
(Zavala et al. 2011).

Finally, in Tab. 1 we summarize the nomenclature used to

5 ENERGY AND ANGULAR POWER SPECTRA OF THE
DARK-MATTER-INDUCED GAMMA-RAY EMISSION

identify the di erent components of DM-induced extragalactic and Before showing the analysis of our simulated maps, we nae th
changing the particle physics scenario (i.e. consideridg arent
value form andor selecting a dierent annihilatiofdecay chan-
nel) would require, in principle, re-running our map-makicode
for the extragalactic intensity, since the photon emissjoectrum

is redshifted along the line of sight. This is a computatilynex-
pensive task given that one complete realization takesoappr
mately 50000 CPU hours. However, this is not necessary since
is possible, given a reference all-sky map obtained for tiquéar
particle physics model, to derive the corresponding magafdif-
ferent model simply applying a set of re-normalization dastfor

di erent redshifts. Such prescription is described in detalp-

galactic emission introduced in the present section antdemte-
vious one.

11 The formalism by Kamionkowski et al. (2010) overestimates $ub-
halo abundance in the inner region of the MW-like halo, ngméthin 20

kpc. To correct for this, we assume that within this radibe,spatial distri-
bution of unresolved subhalos follows the AQ distributibaing well tted

by an Einasto pro le with = 0:678 andr , = 199 kpc.

pendix C.
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as a function of redshift at 4 GeV from DM annihitet (left panel) and DM

decay (right panel) fojbj > 10 . Solid black lines correspond to the contribution from tesd (sub)halos in the MS-Il (EG-MSII), while the solid grenes

include in addition the boost from unresolved main halos{E#ERESMain, se
and the emission from unresolved subhalos down to a minimassMp,i, =
HIGH case, respectively. In all cases, annihilation or giéct bottom quarks i

e Section 3.2). The solid red and blue linelside all the previous components
10 8M according to the method described in Section 3.3 for the LOW a
s assumed: for annihilating Dil, = 200 GeV and (anv) = 3 10%%cmss 1,

while for decaying DMm = 2TeVand =2 10?’s. The photon yield receives contributions from prompt sinis and IC of the CMB photons. The

dashed grey line shows the “astrophysical” part of the difmigh an arbitrary
in Egs. 1 and 2.

5.1 Analysis of the energy spectrum
5.1.1 Extragalactic emission

Fig. 5 shows the average DM-induced gamma-ray intensityipier
redshift of our simulated extragalactic maps as a functiored-
shift (left and right panels for DM annihilation and DM decag-
spectively), for an energy of 4 GeV. The average is computed o
the whole sky except for a strip of 1@&long the galactic plane,
since this is the region used in Abdo et al. (2010c) to deteemi
the Fermi-LAT IGRB energy spectrum. Note that the intensity
each concentric shell lling up the volume of the past liglne
is divided by the width of the particular shell in redshifese z
this is roughly equivalent to computing the average of thegrand
of Egs. 1 and 2 over the redshift interval of each shell. Thenin
sity from extragalactic resolved (sub)halos in the MS-IGEEISII)

is shown with a solid black line. This same contribution iswh
with a dashed grey line once the photon yidl =dE is removed
from the intensity (arbitrary normalization) in Egs. 1 andeaving
only the “astrophysical” part of the signal. In the case dfihita-
tion, the grey line is essentially at, with all redshifts roibuting
equally to the gamma-ray intensity (see also Fig. 1 of Abdal.et
2010a). Note that, in principle, the EBL attenuation shdédvis-
ible in the shape of the grey dashed line, but at 4 GeV ieceis
negligible and the line only depends on how the DM distrititi
changes witlz. In the case of decaying DM, the astrophysical part
of the signal drops more quickly with redshift since it is poo-
tional to the DM density (which in average grows/ag1 + 2)%)
instead of to the density squared. Once the modulation gbhioe
ton yielddN =dE s included, we see that the majority of the signal
comes from low redshifts (more so for decaying DM): in order t

¢ 0000 RAS, MNRASDOQ, 000-000

normalization) for the EG-MSII comparigby neglecting thelN =dE factor

contribute to the emission at 4 GeV, photons coming from éiigh
redshifts need to be more energetic, and their intensitpaispbd
due to a lower photon yield. For the benchmark shown in Fig. 5,
the signal drops by a factor of 3 5fromz=0toz=1.

Once the EG-MSII component is boosted up to include the
contribution of unresolved main halos (EG-UNRESMain) with
masses down tW,i, = 10 ®M =h, the signal increases by a factor
of 7 ( 15) in the case of DM annihilation (decay). The con-
tribution of unresolved main halos is given by integratifg,(M)
and Fgeca(M) in EQ. 8 from Mmin t0 Mes. These cumulative lu-
minosities are ultimately connected to the halo mass fancind
the single-halo luminositiels,n(M) andLgecaM) in Egs. 4 and 6.
Interestingly, they combine to produce a mass-dependenttilco-
tion that diverges towards lower masses in the case of DMhanni
lation (Fann(M) /M %4, but converges in the case of DM decay
(Faeca(M) /' M ©92). This is the reason why the EG-UNRESMain
component is much larger than the resolved component inabe c
of annihilating DM, while the two remain rather similar foechy-
ing DM. This implies that for the case of decay, the signalss e
sentially independent dfl.,n, as long aMp, is low enough (see
below).

The total emission is obtained by summing the previous com-
ponents and the contribution of unresolved subhalos dowuhjg.
The LOW (red line) and HIGH (blue line) scenarios in the lefhpl
bracket the uncertainty associated with the subhalo dartioin,
for a xed value of Mmin = 10 M =h. We can see that unresolved
(sub)halos boost the signal by a factor between 25 and 400 com
pared to the EG-MSII component. As noted before, such uncer-
tainty is not present in the case of decaying DM, since thércon
bution of unresolved (sub)halos is essentially negligiblete that
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Figure 6. Average of the gamma-ray intensity coming from DM annilwliat(left) and DM decay (right) as a function of observed ggdor jbj > 10 . Solid
lines are for the extragalactic contribution, while dasliees are for the galactic one. The color coding for the sliries is the same as in Fig. 5, while for
the dashed lines, the green one indicates the contribufitreemooth MW halo, the black one is for resolved subhalesL({@Q) and the red and blue lines
indicate the emission from the MW smooth halo and its unkegbsubhalos (GAL-UNRES) in the LOW and HIGH case respdgtianly for the left panel).
The observational data points with error bars refer to thasueement of the IGRB as given in Abdo et al. (2010c).

the subhalo boost is smaller at high redshifts since the eurmb
massive resolved main halos decreases with redshift arahtre
overall subhalo boost decreases as well.

halo (GAL-AQ, black dashed line), the smooth MW halo (green
dashed line), and from unresolved subhalos (dowrvitq, =
10 ®M =h, red and blue dashed lines, for annihilating DM). We

Fig. 6 shows the energy spectrum of the average amplitude see that the emission from resolved galactic subhalos éntally

of the extragalactic (solid lines) DM-induced gamma-raginsity.

negligible, indeed being roughly two orders of magnitudeken

We only consider an energy range between 0.5 GeV and 50 GeV,than the one from the smooth component (both for annihdgatin

approximately the same range where the IGRB Fermi-LAT daga a
available (Abdo et al. 2010c). As in Fig. 5, the average ismated
in the region withjbj > 10 . The left (right) panel is for annihilating
(decaying) DM. The color-coding of the solid lines is the saas
in Fig. 5. The full extragalactic signal, including resalvend unre-
solved (sub)halos, is expected to lie between the solidmddbue
lines.

In the case of DM annihilation, the extragalactic contridut
is dominated by unresolved (sub)halos. This predictioeegwell
with those from previous works. For instance, the grey band i
Fig. 2 of Zavala et al. (2011) can be compared with our “uncer-
tainty” range bracketed by the red and blue I#3e3o be precise,
the methodology implemented in the present paper and théone
Zavala et al. (2011) are not identical, since the emissionnoé-
solved subhalos is accounted for in a giient way. Nevertheless,
we nd that the range covered between our LOW and HIGH sub-
halo boosts is similar to those reported in Fig. 2 of Zavakl et
(2011) (see also Abdo et al. 2010a).

5.1.2 Galactic emission

In Fig. 6 we also show the galactic DM gamma-ray intensity, re
ceiving contributions from the resolved subhalos of the AhG-

12 Note, however, that although the DM particle mass and thénhaation
channel are the same, the annihilation cross section irRkiZavala et al.
(2011) is a factor of 5 lower than the one we use in Fig. 6.

and decaying DM). The eect of unresolved subhalos is impor-
tant only for DM annihilation and it is estimated to be betwéess
than a factor of 2 (LOW, dashed red) and 10 (HIGH, dashed blue)
times more than the smooth component. This represents ar-imp
tant di erence with respect to what is found for the extragalactic
case, where the subhalo boost can be even larger than twis orde
of magnitude. It can, however, be understood by noting trathie
extragalactic case a given main halo and its subhalos aageldc
essentially at the same distance from the observer, whil¢hfo
galactic case, the observer is located much closer to theh@e t
to the bulk of the subhalo emission (on the outskirts of the)ha
This is something that has already been noted by Springél et a
(2008), where the subhalo boost to the smooth componenteof th
Ag-A-1 halo (down toMpy, = 10 M =h) was estimated to be
1.9, whereas for a distant observer it was 232. The value ®f 1.
is smaller than what we nd for the HIGH case, even if the total
boost of 232 for the case of a distant observer is compatiitle w
our value. This is due to the slightly dérent radial distribution of
the unresolved subhalos in the HIGH scenario, compared & wh
is found in Springel et al. (2008).

In the case of decaying DM, the gamma-ray intensity is dom-
inated by the smooth component (approximately compatitille w
the results of Ibarra et al. 2010).

Comparing the total galactic and extragalactic contrimgi
we see that they are of the same order for the energy rangenand a
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nihilatior/decay channel explored in Figt% This is roughly con-
sistent with what has been reported previously (e.g, see3rij
Abdo et al. 2010a, and also Figs. 1 and 2 of Hutsi et al. 2010).

For the particular DM candidates explored in Fig. 6, theltota
DM-induced emission is able to account for the observed IGRB
intensity if the HIGH subhalo boost is considered (at leasrie
energy bin).

5.2 Analysis of the angular power spectrum of anisotropies

We consider now the statistical properties of the anisi¢éopf
our simulated maps, which is the main objective of the pregan
per. Two slightly di erent de nitions of the APS will be used)
the so-called “intensity APS"G:), de ned from the decomposi-
tion in spherical harmonics of the two-dimensional sky mépra
subtracting the average value of the intensity over the sigjon

considered:
*
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2+
andii) the so-called “ uctuation APS"C."®"), which is dimension-
less and is obtained from the decomposition ofrtHative uctua-
tions of an all-sky map. The uctuation APS can be obtainexirfr
the intensity one simply dividing bd =dEiZ.

The intensity APS has the advantage of being an additive
guantity, meaning that the intensity APS of a sum of mapsas th
sum of the intensity APS of each individual component (assgm
that the maps are uncorrelated, otherwise their croseletions
should also be taken into account). On the other hand, theiaic
tion APS of multiple components can be summed only after mul-
tiplying by the square of the relative emission of each conepd
with respect to the total:

Xt i=dEi2

X
uct —
7“1 :dEizC‘;i -

cCY' h %i °C = frcyet: (14)

In order to compare directly the APS from our maps with the
Fermi-LAT APS measurement, it would be necessary to conside
the same target region as in Ackermann et al. (2012a), naskin
the known point sources and the region along the galacticepla
(jbj 6 30 ), where the contamination due to the galactic foreground
emission is larger. In this work we only present the APS asiobt
directly from our maps and leave the comparison to the Fési-
APS data for future work.

We use HEALPIix to compute the APS of our template maps,
and note that the APS is conventionally plotted once migtipby
“( +1)=2 , which for large multipoles is proportional to the vari-
ance of 4 (see Eq. 35 of Zavala et al. 2010).

5.2.1 Extragalactic APS

The upper panels of Fig. 7 show the uctuation APS of our teatgl
maps at an observed energy of 4 GeV for the case of annilglatin
DM (left panel) and decaying DM (right panel), using the sauae
ticle physics benchmark models used in Figs. 5 and 6 (de med i

13 Notice the slightly dierent shapes of the energy spectra of the extra-
galactic and galactic components due to redshifting andophabsorption
at high energies in the case of extragalactic objects.
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Sec. 2). The color-coding is also the same as Fig. 5: sokd lindi-
cate extragalactic components, while dashed ones stagdlfmtic
ones. The minimal halo mass is assumed td/hg = 10 ¢M =h.

The uctuation APS (upper panels) illustrates clearly tfife d
ference in the intrinsic anisotropies pattern of theeent compo-
nents which can be summarized as follétvs
Resolved (sub)halos in MS-1I (EG-MSlix the case of DM anni-
hilation, the extragalactic signal from the resolved (balds (solid
black line) is less steep than a pure shot-noise power spectr
characteristic of perfectly unclustered sources and,urprisingly,
itis in agreement with the results found by Zavala et al. @{%ee
the black solid line of their Fig. 12). At large multipolehjg com-
ponent is approximately compatible also with the top rigimgd of
Fig. 2 of Ando et al. (2007b).

Unresolved subhalos of MS-1I main haldke solid yellow and pur-
ple lines correspond to the case in which the emission ofvedo
main halos is boosted up by the contribution of unresolvézhat
los, for the LOW and HIGH subhalo boosts, respectively. We se
that at large angular scales, where the APS is related tdubtec

ing of main halos, the yellow and purple lines have a largemad-
ization than the black one, although their shapes are ajypadaly

the same. This is because subhalos give a larger boost todste m
massive halos, which are also more clustered (biased) ténire-
diate scales, from = 30 to 100, the APS gets shallower re ecting
the internal distribution of subhalos within the largesblsawhich

is considerably less peaked than their smooth density eso Fi-
nally, at larger multipoles’ (> 100), the emission is dominated by
low-mass main halos and thus the yellow and violet solidsliae
essentially on top of the solid black line.

Unresolved main halos (EG-UNRESMain the other hand, the
solid green line indicates the case in which the contrilbufrom
unresolved main halos is added to the resolved componest. Th
uctuation APS of the EG-UNRESMain component alone is char-
acterized by a lower normalization than the solid black,|siace

we assume that unresolved main halos have the same diistnilofit
the least massive halos in MS-1l (see Sec. 3.2). Moreovesgtlare
mainly point sources (and very numerous), thus their AP®ss |
steep than the case of the EG-MSII component, being mainkise
tive to what is called the “2-halo term”, i.e., to correlatsbetween
points in di erent halos (e.g. Ando & Komatsu 2006). The green
line can be compared with the dashed line in Fig. 12 of Zaviadd. e
(2010): we note a signi cant dierence for > 40, where the APS

in Zavala et al. (2010) is closer to a pure shot-noise belhavidis

di erence already appears in Fig. 2 where the APS obtained with
the code used in Zavala et al. (2010) exhibits more powengéla
multipoles than what we nd with our improved map-making eod
We speculate that the steep APS of the dashed line in Fig. 12 of
Zavala et al. (2010) is a consequence of the spurious feathas
can be seen in Fig. 2 and that we have reduced in the presekt wor
Total extragalactic emissiorance the unresolved subhalo boost is
applied to halos below and above the MS-1l mass resolutierloy
tain the full extragalactic emission, for either the LOWIi{gaed
line) or HIGH (solid blue line) subhalo cases. The contiidutof
unresolved halos (even with the subhalo boost) to the u@ina
APS is subdominant and the shape of the solid red and blug line
is exactly the same as the solid yellow and purple lines,eesp
tively. The decrease in the normalization is due to the faat the

14 We remind the reader that the extragalactic APS iscted by a de cit
of power at large angular scales due to nite size of the MBelx.
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Figure 7. Upper panels: Fluctuation APS of the template gamma-raysmaan observed energy of 4 GeV for annihilating DM (left) aletaying DM
(right). The particle physics parameters (includiéig,y) as well as the color coding are the same as those in Figs. 5.a8dlid (dashed) lines indicate
the extragalactic (galactic) emission. Bottom panels: e as the upper panels but for the intensity APS (see EqTH8)upper panels give a measure
of the relative anisotropies of the dirent components, whereas the bottom panels are an abs@aturement of the anisotropies and clearly show which
components dominate the APS. The grey dashed line (witkrampinormalization) indicates a Poissonian APS independe multipole.

resolved structures generate anisotropies that only ibotérto a
small fraction of the total emission (tHefactor in Eq. 14).

In the lower panels of Fig. 7 we show the intensity APS, which
allow us to estimate the absolute contribution of theedént com-
ponents. Large values of the intensity APS can be obtaired &
particularly anisotropic component or from a very brigheofhe
angular dependence for all components is the same as in tie- u
ation APS, but now, due to a very small average intensityFiGe
MSII component has the lowest intensity APS (black solig)jn
followed by the solid green line, corresponding to the sunthef
EG-MSII and EG-UNRESMain components (even if the uctua-
tion APS is larger for the former than for the latter). Once thll

extragalactic emission is considered (solid red and bhes}i, the
intensity APS is between a factor of 100 and 80* larger than the
intensity APS of EG-MSII, depending on the subhalo boostuse
Notice that the solid yellow and purple lines (that only it re-
solved (sub)halos and the subhalo boost to the resolvedhmbir)
have essentially the same intensity APS as the solid red kaed b
lines, which implies that the total intensity APS of the DIVhén-
lation signal is dominated by the extragalactic unresokudhalos
of the massive main halos.

In the case of DM decay (right panels), we can see that the
uctuation APS of the EG-MSII component (solid black linegah
the same shape as the solid green line (which adds the agidrib
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Figure 8. Ratio of the uctuation APS of the extragalactic maps (resdl
(sub)halos, EG-MSII) between the case of annihilating aechying DM
(for the same particle physics models as in previous gur€kg black line
corresponds to the DM-induced emission uzto 2:07 while the red line
only accounts for the emission in the rst shetl€ 0:01).

of EG-UNRESMain), but a higher normalization. This is bessu
the signal is dominated by the massive resolved (sub)Halesilso
see this in the case of the intensity APS (bottom right pangigre
the contribution of low-mass halos to the intensity APS isees
tially negligible (the solid green line overlaps with thdiddlack
line).

The uctuation APS of the extragalactic maps for the case of
DM annihilation and DM decay are very similar. This can bensee
more clearly in Fig. 8, where we plot the ratio of the uctumati
APS of the EG-MSII component in the case of annihilating agd d
caying DM. The black line corresponds to the APS of the pigsit:-|
cone up toz < 2:07, while for the red line we only consider the
rst concentric shell £ < 0:01). The red line shows that the an-
nihilation and decay cases are drent mainly at large multipoles
( > 50 60) where the APS is sensitive to the inner halo pro-
le: the more extended the surface brightness pro le is, kbss
steep the APS is. Thus, we expect the APS to be steeper (at larg
multipoles) for the case of annihilating DM than for decayDM.
However, this eect is only evident for the objects that are closer
to us: (sub)halos that are further away appear point-like ttfie
angular resolution of the maps) and, in that case, the sigoa
annihilation and decay becomes indistinguishable, asae/stby
the black line in Fig. 8.

5.2.2 Galactic APS

The dashed lines in Fig. 7 indicate our results for the APShef t
galactic components. They can be summarized as follows:

MW smooth halosince the position of the observer isset with
respect to the GC, the DM-induced emission associated with o
own galaxy is larger when looking towards the GC. This create
a large scale dipofé, that can be seen in the APS of the smooth
component (dashed green lines in Fig. 7), which decreases mo
rapidly for the case of decay than for annihilation sincelthei-
nosity pro le is more centrally concentrated in the latter.
Resolved AQ subhalos (GAL-AQ@):contrast to the previous case,
the emission from the resolved subhalos (GAL-AQ, dashedkbla
lines) is much more anisotropic at larger multipoles, beaiatier
similar in shape to the extragalactic one. The exact shaybeof
GAL-AQ contribution can be aected by the position of the ob-
server relative to the local subhalo population: if a subligivery
close to the observer, it would appear as a very extendeaeour

15 strictly speaking the e=ct of having an emission peaking towards one
particular direction does not act only the APS at = 1, as a real dipole,
but extends to much larger multipoles.
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in the sky map increasing the power at low multipoles, maltirey
APS steeper. In order to quantify this ect, we constructed 100
di erent sky-maps of the GAL-AQ component, randomly chang-
ing the position of the observer in the surface of a sphereecet

in the GC with a radius of 8.5 kpc. We nd that the rst and third
quartiles of the distribution (at= 200) are located only a factor of
2 below and above the median, respectively.

Unresolved galactic subhalos (GAL-UNRE#®)evaluate the con-
tribution of unresolved galactic subhalos to the APS weofelthe
method presented in Ando (2009), which uses analyticatiosis

to calculate the APS from galactic substructures for a spetsub-
halo distribution and luminosity function. The details oframple-
mentation are described in Appendix D. Basing our subhaldatso
on the results of Springel et al. (2008) (both for a LOW and HIG
boost), the contribution of unresolved galactic substmes to the
intensity APS is small: for annihilation, the contributitmthe APS

is less than 10% of that from resolved subhalos, while for decay
their contribution is at most a few percent of that from reed|
subhalos. We therefore choose to not include this contabub
the APS.

Overall, considering the galactic and extragalactic ébutr
tions, the APS signal is clearly dominated by the smooth bafo-
ponent in the case of DM annihilation, although the extraciid
emission could be important at very large multipoles(300) if
subhalos give a large boost. On the contrary, for DM decayeia
tragalactic emission dominates already fror& 20 and it is only
at the very large scales that the anisotropy of the smoothdah-
inates the signal. However, if a mask is introduced alongy#iac-
tic plane (as in Ackermann et al. 2012a), we expect that ttaba
between galactic and extragalactic components will charmgleic-
ing signi cantly the impact of all the components charaized by
a large emission around the GC (see Sec. 6).

6 DISCUSSION
6.1 Redshift dependence of the extragalactic APS

In Fig. 9, we divide the extragalactic gamma-ray emissioreit
shift bins (each bin including 4 MS-II snapshots) and corapghe
uctuation APS for the EG-LOW component (i.e. the total emis
sion, including all (sub)halos, down i, = 10 ®M =h and with

a LOW subhalo boost) in each bin. The APS is computed at an
energy of 4 GeV. We can see that for both, DM annihilationt (lef
panel) and DM decay (right panel), the lower redshifts asratr
terized by a larger anisotropy. This is due to the fact thavtsiume

of the past light cone grows with redshift, as well as the nend$
gamma-ray emitting (sub)halos. Thus, the rst snapshaslaose
characterized by the lowest number of (sub)halos and are mor
a ected by their discrete distribution. Moreover, the cltistg of

DM (sub)halos is larger at lower redshifts. The peaks thateno-
wards higher multipoles with increasing redshift are a rentrof

the spurious eect related to the periodicity of the MS-II box dis-
cussed in Sec. 3.1. For a particular redshift, the peaksatelithe
angular size of the MS-II box at that redshift (what we callédn
Sec. 3.1): multipoles smaller thah are a ected by a loss of power
due to the missing modes at wavelenghts larger than the M&x||
and therefore we cannot trust our predictions beléwr his fact is,
however, not relevant for a comparison with the Fermi-LATSAP
data, since we are mainly interested in the multipole ramgeden

* = 155 and 500, where the extragalactic APS is dominated by the
rst redshifts, for which*? < 20 30.
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Figure 9. Fluctuation APS for the extragalactic gamma-ray intensitsning from DM annihilation (left) and DM decay (right) for cerent redshift bins. The
APS is computed at an energy of 4 GeV and for the LOW subhalstl{oothe case of annihilation) withly,i, = 10 ®M =h. Theb-model is assumed.

6.2 Energy dependence of the APS

The extragalactic uctuation APS increases with incregsém-
ergy, a fact already pointed out in the past (Ando & Komats0620
Zavala et al. 2010; Ibarra et al. 2010) and related to thehifiate-
pendence discussed in the previous section: following Eqttie
total uqy.lation APS at a particular enerdy can be written as
the sum ; f2(E )C," over the uctuation APS of each concentric
shellC,"* normalized by the square of the relative emission in the
i-th shell with respect to the total. Since individual shelfe thin
in redshift space, each singl®* does not depend on energy, and
thus changing the energy only has theset of modifying thef;
factors that determine the balance among the APS of thereint
shells. Thesd; factors depend on the annihilatidecay channel
selected for the particular DM candidate, as well as on howhmu
the DM density changes withwithin a particular shell (see Fig. 5).
For high energies, the shells that contribute the most tsiteal,
i.e. those with the largedt factors, are the rst shells, which are
characterized by the largest APS. Thus, the total uctua#dS
increases as energy increases.

Note, however, that in the cases where the uctuation APS is
dominated by the galactic emission, the uctuation anigogrwill
not change with energy, neither in normalization nor in ghap

6.3 Inner density pro le of DM (sub)halos

When dealing with the extragalactic emission, we have asdum
that (sub)halos have a smooth NFW density pro le, which iareh
acterized by a slope that tends asymptotically 1dfor small radii,
and lies between the steeper Moore (Moore et al. 1999) areticor
Burkert (Burkert 1996) pro les. Current high resolutidfbody
simulations have demonstrated that the Einasto pro le (ypro-
duces an even better t than NFW. The slope of the Einastolpro
decreases as a power-law as the distance from the centeadesr
and it is shallower than NFW at small radii.

It is also important to note that the process of galaxy forma-
tion within DM halos has an impact on the DM distribution ireth
central regions where it is believed that the halo is adiealy
contracted resulting in a more concentrated DM distribufe.g.
Mo et al. 1998; Gnedin et al. 2004; Ahn et al. 2007). Howewer, r

cent hydrodynamical simulations with strong supernovaeltfack
claim that including the eect of baryons can actually result in
the development of a central DM core in intermediate massshal
(Pontzen & Governato 2011; Maccio' et al. 2011).

For the extragalactic emission, the uncertainty on therinne
DM density pro le has very limited eect on the APS since only a
small fraction of (sub)halos cover more than one pixel inroaps,
and also because, even if the object is characterized bydede
emission, the dierence between a cuspy or cored pro le is only
noticeable at very small projected radii. On the other haredo
expect a change in the total intensity of the DM-induced siois
for instance, if an Einasto pro le is used instead of a NF\W th
annihilation rate per halo will increase by 50% (Zavala e@ll0).
Considering the extreme cases of a Burkert and a Moore prihée
di erence is roughly an order of magnitude (Profumo & Jeltema
2009). For decaying DM the total luminosity of a halo is dthec
proportional to its mass, independently of the DM pro le @s®d.

For the galactic emission, the reasoning above applieseto th
resolved subhalos. On the other hand, assuming erelnt pro le
for the smooth halo may have a stronger impact on the APSg sinc
this represents the largest contribution (at least at lowtipales,
and particularly for the case of annihilating DM). Theeet of as-
suming a NFWF rather than an Einasto pro le is evident at low
multipoles (with the APS of the former being smaller thanAliRS
of the latter), but the dierence becomes smaller at larger multi-
poles. This can be explained by noting that the emissionridsva
the GC is larger with respect to the anti-center in the casanof
Einasto pro l€", resulting in a more anisotropic APS. The di-
ences are less evident for the case of decaying DM.

Finally, it is important to remember that any uncertaintyhia
inner MW density pro le will be reduced if the region arouniaket
GC is masked. For instance, fiif > 30, the di erent reasonable
DM pro les are practically indistinguishable (Bertone é¢t2009).

16 Taken from Prada et al. 2004 and normalized to the same |ecesity
than the Einasto pro le introduced in Sec. 4.1.

17 If the two pro les are normalized to the same density at 8.5,kpe
NFW will have a larger intensity within 10 pc, but in the region between
1 kpc and 10 kpc from the GC (where the majority of the emissimmes

from) an Einasto pro le is characterized by a larger density
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Figure 11. Ratio of the total uctuation APS (galactic and extragaiicfor di erent values oMmin with respect to the reference cadig,, = 10 M =h.
The APS is computed at 4 GeV. The left panel refers to the daaenthilating DM with the HIGH subhalo boost, while the rigtanel is for decaying DM.
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Figure 10. Total gamma-ray intensity from DM annihilation (solid ls)e

and DM decay (dashed lines) at 4 GeV as a function of the minirala
massMmin. The LOW and HIGH subhalo boosts (see Secs. 3.3 and 4.2) are
shown with black (red) lines, respectively. The emissiosliren computed
only for the values oMy, indicated by the full dots, while the lines are
obtained by interpolation.

6.4 The minimum self-bound halo mas$Vinin

The particle nature of DM determines the small-scale cuito
the matter power spectrum of density uctuations, and hettee
value of Mpin. For neutralinos, the most common WIMP DM can-
didates, typical values foW i, go from 10'*M =hto 10 M =h
(e.g. Bringmann 2009). Although this range can be consitase
a reference for all WIMP candidates, a particular scenaiighm
lie outside this range. In order to investigate the impaatliokr-
ent values oM, in our predictions, we generate template maps
for My, equal to 10*2M =hand 1M =h. We also consider a few
larger values (namelly,i, = 103, 1¢F, 6:89 10° and 13°M =h)
that, although clearly far above the expected mass rang# iieiP
models, are discussed in order to understand how halos efetit
masses contribute to the gamma-ray intensity and APS.

In terms of the mean gamma-ray intensity, we can see the
impact of changingMn, in Fig. 10; solid (dashed) lines for the

¢ 0000 RAS, MNRASDOGQ, 000-000

case of DM annihilation (decay), while black and red linefere

to the LOW and HIGH subhalo boosts, respectively. For arnihi
lation, the mean ux decreases only by a factor of5 between
Mmin = 10 12M =h and 1M =h, for the LOW case, while the dif-
ference is one order of magnitude for the HIGH case. For even
higher values oMy, the intensity stays essentially constant for
the LOW case, while it decreases further for the HIGH case un-
til reaching a plateau. In both cases, the point where threngity
reaches an approximately constant value marks the regiemewh
the total intensity passes from being dominated by the gataa-

tic component (for lowMn;,) to being dominated by the emission
in the MW (for largerMpi,). The transition happens at the larger
values ofMp, for the HIGH subhalo boost, because (see Sec. 5.1)
increasing the subhalo abundance produces more signiecatts

for the extragalactic emission than for the galactic one.

In the case of DM decay (as discussed before), the bulk of
the emission is dominated by large mass halos and, in pkatjcsi
already accounted for in (sub)halos with masses larger 16&n
10°M =h, with smaller objects contributing only marginally.

The e ect of My,in on the total APS is shown in Fig. 11: the
two panels indicate the ratio of the uctuation APS at 4 GeV fo
7 values of Mp, with respect to the reference case Mf,, =
10 ®M =h. The panel on the left shows the case of an annihilat-
ing DM candidate with a HIGH subhalo boost: looking at Fig.
7, for Myin = 10 ®M =h, the total intensity APS is dominated
by the MW smooth halo, while the contribution of extragaiact
(sub)halos plays a role only at large multipoles. Now, gdiagn
Mmin = 10 © to 10 2M =h does not have a strong impact on the
galactic component but it makes the total extragalacticssion
increase by a factor of a few (see Fig. 10). The netat, follow-
ing Eq. 14, is that the total uctuation APS decreases bextess
intensity is associated with the component that domindtest-
tensity APS (i.e. the galactic one). This is also the reasiy tive
total uctuation APS increases frolmi, = 10 ¢ to 1, 1¢ and
1M =h. When the total emission starts to be dominated by the
MW smooth halo (i.e. above approximatelyl0°M =h), there is
essentially no change to the APS due to variationdjif..

The same features appears in the case of a LOW subhalo boost
(the gure is not present), even if this case is characterizg a
smaller relative dierence (all the lines are within one order of
magnitude), and, since the emission of the DM smooth haltssta
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Figure 12. Energy spectrum of the average gamma-ray intensity from DM
annihilation (color lines) or decay (black line) from exgedactic and galac-
tic (sub)halos. The blue and red lines correspond to the LOQ&HIGH
subhalo boosts, respectively, so that the lled grey ardeéen them cor-
responds to the uncertainty due to the subhalo boost, fored value of
Mnmin- The red (blue) shaded area around the red (blue) solidriieates
the uncertainty in changing the valueMfyi, from 10 12to 1M =h, for the
LOW (HIGH) scenario boost. The solid black line shows thedron for

a decaying DM candidate and the black shaded area (appeariaghick-
ening of the solid black like) indicates the uncertainty fracging Mpmin
from 10 2to 1 M =h. The observational data points with error bars refer
to the measurement of the IGRB as given in Abdo et al. (2010aly the
emission withjbj > 10 is considered. The DM candidates are described in
Sec. 2.

to dominate already a#l,» = 1 M =h, the APS does not change
for Mnin larger than that value.

The right panel in Fig. 11 is for decaying DM: the dirent
lines follow the same behaviour as for annihilating DM bug &f-
fect of changingVmi, is highly reduced. The only important devi-
ation is for the largest value dfl,,: at low multipoles the APS is
still dominated by the smooth MW halo and, thus, we expecy onl
adi erent normalization. However, when the extragalactic ammp
nent becomes relevant, the dashed red line decreases &d¢haus
extragalactic uctuation APS foMy, = 10?M =his smaller than
the case aMn,i, = 10 ®M =h since it is sensitive, at these multi-
poles, to the inner DM pro le of the largest objects.

6.5 Theoretical uncertainty bands

In the current section we summarize our predictions for trergy
and angular power spectra of the DM contribution to the IGRB
emission. We also present “theoretical error bands” thethat the
uncertainties discussed in the previous sections. Theskgtons
are given only for a xed particle physics scenario (ihvenodel,
see Sec. 2), while the analysis of drent DM candidates, (i.e.,
changingm , the annihilation cross section, decay life time and an-
nihilatior/decay channels), will be discussed in a follow-up paper.

tween the red (LOW subhalo boost) and blue line (HIGH subhalo
boost) spans approximately a factor of 50 and quanti es treet
tainty associated with the unknown subhalo boost, for a waide

of Mmin = 10 8M =h. The additional red and blue shaded areas in-
dicate the uncertainties introduced by changing the vafue g,
between 10?M =h and 1M =h. For the case of decaying DM,
our predictions are completely determined by massive (@ib3

so the theoretical uncertainties are much smaller tharhfocase

of DM annihilation. The Fermi-LAT data from Abdo et al. (2690
are also plotted with error bars.

Fig. 13 summarizes our predictions for the DM-induced APS
(intensity APS in the left panel and uctuation APS in thehig
panel). Contrary to the plots presented in the previoussestthe
APS is now computed after having integrated the gamma-rag-em
sion between 2 and 5 GeV. Moreover, the APS has been averaged i
bins of * = 50 starting from = 5, and we introduce a mask cov-
ering the region withbj < 30 . We approximately correct for the
e ect of the mask by dividing the raw APS by the fraction of the
sky fsy left unmasked, as it was done in Ackermann et al. (2012a).
All of this is for comparison purposes with the Fermi-LAT APS
data in the same energy bin, taken from Ackermann et al. 28612a
The inclusion of the mask has strongeets both on the average
emission of the smooth MW halo and on its APS since we are
masking the region where the signal peaks. On the other liand,
has a limited eect on the extragalactic emission. After masking,
the total intensity APS for annihilating DM is dominated g tre-
solved galactic subhalos in the case of the LOW subhalo fzowkt
by the extragalactic unresolved (sub)halos for the HIGHhaidh
boost, i.e., contrary to what is shown in Fig. 7, the smooth MW
halo only represent a subdominant contribution. For dexpiM,
all these three components (extragalactic emission,ves@alac-
tic subhalos and the smooth MW halo) have a comparable itgens
APS.

In Fig. 13, the red and blue lines indicate our predictiorns fo
an annihilating DM candidate in the LOW and HIGH scenarie, re
spectively. Thus, the grey area indicates the uncertasgp@ated
with the unknown subhalo boost. If we had plotted only theaext
galactic intensity APS in the left panel, the LOW case woudsiéh
been a factor 500 below the line for the HIGH case (as in Fig. 7)
However, the resolved galactic subhalos increase thesityehPS
for the LOW case, while having a less important role for th&HI
case. Thus, the red and blue lines are only one order of magni-
tude away from each other. Moreover, the uncertainty dud{g
is completely negligible in the LOW case since the APS ismdete
mined by the galactic resolved subhalos, and thus is nottsens
to changes M. The same is true for the case of decaying DM
(black line), whose APS is determined by massive (sub)halos

The right panel of Fig. 13 shows the uctuation APS: the red
line, corresponding to the LOW subhalo boost is now above the
blue line, relative to the HIGH subhalo boost. This is beeathe
galactic subhalos (the component that dominates the tdR& iy
the former case) are associated with a larger intrinsicoamigy
than the extragalactic (sub)halos, which dominate the APtBe
latter case.

We conclude this section with a comment on the comparison
between our predictions for the DM-induced APS with the Ferm
LAT data shown in Fig. 13. Although a rigorous comparisorefs |
for future work we can already see that the uctuation APSrfro

The energy spectrum of the DM-induced signal (averaged over 18 we do not mask the point sources in the l-year catalog, as in

the region withjbj > 10 ) is shown in Fig. 12. The grey area be-

Ackermann et al. (2012a), so that oiggy is 0.5.
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DM annihilation is of the same order, and has a similar shape,

Quantifying the impact of these uncertainties helps us rstded-

the data (at least in the case of the LOW subhalo boost). On theing which are the ones that primarily ect the APS, as well as to

contrary, for a decaying DM candidate, the predictions ateam-
patible with a at APS and they are also characterized by aabr
ization which is too low.

Nevertheless, even if the annihilating DM candidate we used
here is able to reproduce the same level and shape of the- uctu
ation APS inferred from the data, it still does not represent-
able interpretation, since such a candidate is charaeteby a very
low intensity APS (left panel). Improvements in the anadysi the
gamma-ray data are still possible both from the experinieside
(e.g. increasing the statistics, especially at high eesjgand from
the theoretical side (e.g. one can think of selecting, fahdaM
candidate, the energy bin that maximizes the DM-inducezhisity
APS).

7 SUMMARY AND CONCLUSIONS

In the present paper we generated all-sky gamma-ray maps fro
the annihilatiofdecay of DM in extragalactic (sub)halos and in the
halo and subhalos of the MW. Apart from the prompt gamma-ray
emission, we also considered emission due to the IC saaiteri
of e"=e produced in the annihilation or decay with CMB pho-
tons and, for the smooth MW halo, additional contributioresf
starlight (either directly or re-scattered by dust) and sbecalled
“hadronic emission” (see Appendices A and B) are also censitl

The DM distribution was modeled using state-of-the{dst
body simulations: Millennium-II for extragalactic (sulajos and
Aquarius (Ag-A-1) for the galactic halo and its subhalos.com-
pute the extragalactic emission, we improved the algoritten
scribed in Zavala et al. (2010) and simulated the past ligiec
up toz = 2. The MS-II allows us to account for the emission
of structures with a mass larger thates 10°M =h. We then
considered the intensity from unresolved (sub)halos dowm t
minimum self-bound masMp,, by a hybrid method that com-
bines an extrapolation of the behaviour of the least massve
solved halos in MS-Il with the subhalo boost model introdlice
in Kamionkowski & Koushiappas (2008) and Kamionkowski et al
(2010) and re ned in Sanchez-Conde et al. (2011). On theroth
hand, the galactic emission was modeled assuming that thetem
halo of the MW is given by an Einasto pro le, renormalized to a
value of 0.3 GeVerm?® for the local DM density. Resolved galactic
subhalos are taken directly from the Aquarius simulatiaw(al to
amass of 10°M ), while the contribution of unresolved galactic
subhalos is estimated by means of the same procedure ustbe for
extragalactic emission.

The template maps of the DM-induced emission were then
used to derive the energy spectrum of theadent components

from 0.5 GeV and 50 GeV (see Fig. 6). The main goal of the paper

is the characterization of the anisotropies of the DM-iretlemis-

sion, which was done in Sec. 5.2, where we computed the APS of

the di erent components up fo= 500 (see Fig. 7), which is the
range covered by the recent Fermi-LAT analysis of the AP®ef t
di use gamma-ray emission (Ackermann et al. 2012a).

We also discuss the possibleeets of modifying some of the
assumptions in our modeling of the DM distribution. Mostatay,
we consider two dierent scenarios with a small and a large subhalo
contribution (referred to as LOW and HIGH throughout thet}ex
Additionally, we study how the energy spectrum and APS ddpen
on the value of the minimal self-bound halo maés;,. A discus-
sion on the eects of using dierent DM halo pro les is also given.

¢ 0000 RAS, MNRASDOQ, 000-000

associate a “theoretical uncertainty band” to our preoini
The main results of our study are:

An improvement of the procedure used in Zavala et al. (2010)
to compute the extragalactic DM-induced intensity intrcidg in-
dependent rotations for each of the replicas of the sinariaibx.
This notably reduces spurious features in the APS of thelaieul
maps due to residual correlations introduced by the pagiiydof
the MS-II box.

For annihilating DM, the total extragalactic emission (ewad!
(sub)halos down td,i, = 10 ®M =h are considered) is a factor
of 20 (500) larger than the emission produced in the (subjhad-
solved by the MS-Il simulation. On the other hand, the exlactic
emission for decaying DM is dominated by the structureslveso
in the simulation, with a total intensity that only increadsy a fac-
tor of 2 once unresolved objects are taken into account.

The e ect of including unresolved subhalos is less important
for the galactic component, since these are mainly locatetie
outskirts of the MW halo, far from the observer, contrary lte t
nearby GC that produces a signi cant contribution to thenalg
Our prediction for the total galactic intensity (down by, =
10 5M =h) is between a factor of 2 and 10 times larger than the
emission of the smooth MW (for annihilating DM). The contrib
tion of unresolved subhalos is negligible in the case of Dage

The extragalactic intensity APS in the case of annihilabig
is dominated by unresolved (sub)halos. The intensity ARBeofo-
tal emission is between 100 and 510* times larger than if only
the resolved MS-II (sub)halos are considered, even thasghd-
tuation APS is lower than the uctuation APS of the resolvede
ponent. In the case of the galactic substructures, thedityeAPS
is dominated by the resolved subhalos (which have the langes
trinsic anisotropies of all components) in the Aquariusoh@own
to 10°M ), while unresolved subhalos are not expected to con-
tribute. The total intensity APS is dominated by the smoot¥ D
halo of the MW, at least for low multipoles, while above= 300,
the extragalactic contribution becomes important (if th€H sub-
halo boost is assumed).

The case of decaying DM is quite dirent: the APS of the
smooth MW halo decreases more rapidly, so that the totahinte
sity APS is dominated by extragalactic halos arourrd 20  30.
Galactic subhalos, on the other hand, are characterizeargg |
anisotropies but their low intensity forces them to playyoalmi-
nor role in the total intensity APS.

Both for annihilating and decaying DM, the total intensity
APS depends mainly on structures in the local Universe, wlith
jects located at > 0:26 contributing to less than 10% of the total
signal.

Changing the value o, from 1 to 10*?M =h has a very
small e ect for decaying DM, while our predictions can change
dramatically for annihilating DM, especially for a HIGH shado
boost: the left panel of Fig. 13 shows that an uncertaintyirabat
two orders of magnitude is associated with the total intgrsPS
in this case.

In a future work the DM template maps produced here will
be used to derive constraints on the particle physics nafubav
from a comparison with the Fermi-LAT data. In Fig. 13 we made
a rst comparison for a particular DM candidate used in thizrky
and nd that even if the DM-induced uctuation APS is of thasa
order of the Fermi-LAT data (for DM annihilation), this parlar
DM candidate is not able to account for the bulk of the sigreal d
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Figure 13. Total intensity APS of the gamma-ray emission from DM anaifon (color lines) or decay (black line) in extragalaaiied galactic (sub)halos.
The blue and red lines correspond to the LOW and HIGH subtmdsts, respectively, so that the lled grey area betweemtberresponds to the uncertainty
due to the subhalo boost, for a xed value Mf,i,. The red (blue) shaded area around the red (blue) solidritiedtes the uncertainty in changing the value
of Mmin from 10 2to 1M =h, for the LOW (HIGH) case. The solid black line shows the peéidi for a decaying DM candidate and the small black shaded
area, appearing as a thickening of the solid black linecitifig the uncertainty in changifgmin from 10 12to 1 M =h. The APS is measured in the energy
bin between 2 to 5 GeV. The observational data points withrdrars refer to the measurement of the APS as given in Ackerragal. (2012a). A region of

30 around the galactic plane has been masked and the APS hakibeed with a binsize of *

tected by Fermi-LAT since its intensity APS is too low. A moig
orous comparison (coupled with a scan over a reasonabléBit o
models and using a broader energy range) is still requireddar

to derive more conclusive statements. Based on the enesgy sp
tra of the DM candidates considered here relative to the oneds
IGRB (see Fig. 6), the APS of the 2-5 GeV energy band shown in
Fig. 13 is likely not the optimal choice for setting constitai but

it should be considered as an example for the comparisoreleetw
the Fermi-LAT data and our predictions.

Itis also important to note that the majority of the IGRB emis
sion is expected to be produced by standard astrophysical un
solved sources, such as blazars, star-forming galaxiepalgdrs.
Thus, a complete study of the IGRB emission can only be per-
formed with a model that also includes these contributiomshis
case, the so-called “energy anisotropy spectrum”, i.e.ubria-
tion APS at a xed multipole but as a function of the energyais
particularly useful observable since it has been shown riiad-
ulations in the energy anisotropy spectrum may mark trimmsit
between regimes where dirent classes of sources are responsi-
ble for the bulk of the IGRB intensity (Siegal-Gaskins & Rdol
2009).

In any case, the study of the IGRB energy spectrum and of its
anisotropies are not the only tools one can resort to for tingys
of the IGRB nature. For instance, in Xia et al. (2011) the argh
compute the cross-correlation of the Fermi-LAT data with &#m-
gular distribution of objects detected in dirent galaxy surveys.
Assuming that these objects represent the detected cparteof
unresolved astrophysical sources contributing to the IGRBy
used the cross-correlation measurement to put constraimtie
IGRB composition. Moreover, Dodelson et al. (2009), Baxteal.
(2010) and Malyshev & Hogg (2011) showed that the analysis of

= 50. The DM candidates are described in Sec. 2.

the probability distribution of the photon counts can bedusé
ciently to distinguish a DM signal from a cumulative emiesi
of astrophysical sources in the IGRB data. In principle, ieps
produced in the present paper represent unique tools tackkte
techniques exploited in Xia et al. (2011) and Dodelson €R&09)
by including a possible DM contribution.
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APPENDIX A: INVERSE COMPTON EMISSION

only for massive DM candidates (see Fig. 1): in the case obthe
model, with a mass of 200 GeV, the IC emission is located almos
2 orders of magnitude below the prompt emission and is daetha
by interactions with the ultraviolet component of the ISRFthe
case of a decaying DM particle, though the mass is highesithe
nal gets stronger because it is not concentrated around@hena
the average over the whole sky is larger. Moreover, for the cd
decaying DM, the signal is proportional to the inverse of Eid
mass, whereas in the annihilating case it is inversely ptapal

The secondary IC emission has been described in detail in tg jts square. For themodel the same dierence appears between

Blumenthal & Gould (1970), where the authors also provide- us
ful formulae to reproduce their calculation. This processststs

in a transfer of momentum from a high energy cosmic ray (CR)
electron or positron to a low energy photon of the ISRF.

A model for the ISRF provided by Moskalenko et al. (2006) is
publicly available on the GALPROP webpadeln order to com-
pute the IC emission using semi-analytical methods, it isveo
nientto tthe GALPROP model of the ISRF as a sum of ve black-
body spectra (e.g. Delahaye et al. 2010). One of these isMig, C
while the others come from a t to the model and have less physi
cal meaning, although they derive from dust and stellar gionis.

In this procedure, it is necessary to assume a homogene®¥s 1S
which might impact on the morphology of the resulting gamma-
ray emission, although it should be quite moderate sindatians

of the ISRF aect both thee*=e spatial density and gamma-ray
emissivity in opposite directions.

Apart from the ISRF, one also needs to know #iee dis-
tribution and propagation in the galaxy in order to compb&IC
emission. These processes are governed by the followingsidin-
loss equation (neglecting convection and re-acceleratiects):

rOEX ) ZOEN=EX), (A1)
where f(E; X) is thee*=e number density per unit of energy at
the pointx, D(E; x) is the di usion coe cient whileb(E) describes
the energy losses (due to synchrotron and IC emissionsallfFin
Q(E; x) indicates the source term which in our case is DM annihi-
lation/decay.

Eq. Al governs diusion inside a so-called dision zone,
outside of which electrons and positrons are not con ned lagm
netic elds and escape from the galaxy. The caéents de ning
the di erent terms in Eq. Al are constrained by the available ob-
servational data (mainly the boron-to-carbon CR ratio),itmpor-
tant uncertainties are still present (see, e.g. Donata 2084 and
their de nition of the MINNMED/MAX scenarios). We use here the
semi-analytical methods described in Delahaye et al. (Pad&h
take into account the full expression of the energy lossethén
Klein-Nishina regime.

As explained in Boehm et al. (2010), the morphology of the
galactic IC emission created by teé=e produced by DM anni-
hilation/decay is very sensitive to the choice of the CR propaga-
tion parameters and hence, the results should be taken auth c

annihilation and decay and it is even stronger since the esaa®
the same for both cases. Moreover, since in this case thepprom
emission is much lower than for theemodel, IC and prompt emis-
sion become of comparable importance, especially belowel G

The DM-induced IC emission is implemented in a &li-
ent way for the dierent components that constitute the emis-
sion: for the smooth halo of the MW, the complete ISRF given
by Moskalenko et al. (2006) is used, solving Eq. Al and consid
ering the propagation @& =e produced by DM annihilatioidecay
before they interact with the ISRF. On the other hand, foetttea-
galactic (sub)halos and for the galactic subhalos (bottived and
unresolved), we only consider IC scattering with the CMBtphs,
and ignore the propagation ef=e (spatial di usion is ignored
in Eq. A1, and only IC energy losses are considered). In princ
ple, the secondary IC emission from massive halos (and séme o
the most massive subhalos) may be more realistically destif
a full propagation model that includes theeet of baryons and
secondary emission contributed by starlight and infrarght lis
applied instead (e.g., see Colafrancesco et al. 2006, 20/0thé
case of the Coma galaxy cluster and the Draco dwarf sphéyoida
However, the contribution of extragalactic structures gathctic
subhalos is dominated by low-mass objects where star fa@mat
is highly suppressed and thus are expected to have a ratlaéir sm
stellar component or be devoid of stars.

Finally, we note that when we use the complete ISRF pro-
vided in Moskalenko et al. (2006), the template maps for tbe |
emission (Cartesian maps with 9080 pixels) have a poorer reso-
lution than the maps obtained from the prompt emission (HEXL
Maps withN.side=512) due to the substantial numericalat re-
quired in solving Eqg. Al. For our purposes it is enough toire-b
the Cartesian maps into a HEALPIx pixelization.

APPENDIX B: HADRONIC EMISSION

The hadronic emission is the mechanism that contributeketist

to our signal but it has a derent spatial morphology with respect
to the others considered in this work. We only account fan thie
case of the smooth MW halo. It comes from the interaction of CR
protons and anti-protons with interstellar gas. To compzuteh a
component one needs to derive {ivep intensity everywhere in the

di usion halo. To do so, we follow the semi-analytical method of

tion. Here we use the same propagation model parameters as foBarrau et al. (2002) using the propagation parameters dft&B

the protons and anti-protons related to the hadronic eaniqsiee

scenario in Donato et al. (2004) which gives a good t to thedoe

Appendix B) and we assume the MED scenario mentioned above. to-carbon observational data. Once v distribution has been

The uncertainty in the resulting gamma-ray intensity cambiee
large, depending on the arrival direction, and the resuts also
change with dierente*=e propagation models. Nevertheless, we
neglect this source of uncertainty noting that IC emissrele-
vant only for a fraction of the energy range considered herk a

19 https/galprop.stanford.edu
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obtained, it is convolved with the gamma-ray productiorssrsec-
tion?® (taken from Huang et al. 2007) and the interstellar gasidistr
bution (taken from Pohl et al. 2008). See Delahaye et al.{pfik
more details on the computation.

20 Note that, following F.W. 1967, we consider here that pretand anti-
protons have the same cross-section.
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Contrary to the IC emission, this component is less depdnden
on the choice of propagation parameters due to the fact thtins
propagate much further than electrons and tend to smoothlout
small scale eects. Moreover, the hadronic emission naturally fol-
lows the interstellar gas distribution. A source of undetiawhich
we neglect, may come from the presence of DM substructuras ne
the galactic disk, which may alter locally the gamma-ragsity.

We note that the angular resolution of the hadronic com-
ponent is mainly limited by the resolution of the gas maps:
0:5deg 0:5deg Cartesian maps. As for the case of the IC emis-
sion, these maps are transformed into HEALPix maps.

APPENDIX C: MAP MAKING FOR A GENERIC
PARTICLE PHYSICS MODEL

In this section we describe the implementation of an appnaké
method that can be used to obtain a full-sky map of the DM-¢edu
extragalactic emission for any particle physics modekgia refer-
ence map obtained for a speci ¢ model. Thanks to this methed w
only need to run once our map-making code, saving computatio
time.

For the purposes of computing the DM-induced emission,
each particle physics model is de ned by the mass of the DMiiean
date, its annihilation cross sectionyv) (or decay lifetime ), and
the branching fractions for derent annihilation (or decay) chan-
nels with the corresponding photon yiel@®,anddN=dE. Unless
the model has a velocity-dependent cross section (a case metd
explore here), (annV) is constant, as itisin the case of decay, and,
therefore, it is just a multiplicative factor in Egs. 1 andTke pho-
ton yield, however, depends on redshift. In the case of thectea
halo emission, the redshift variation across the DM souixegsg-
ligible, but for the extragalactic component, the addidlbintegra-
tion over redshift links together the astrophysical andphsicle
physics factors in Egs. 1 and 2.

We bene t from the fact that the past-light cone in our sim-
ulated maps is divided in concentric shells with a small niftls
width z(see Sec. 3.1). It is then always possible to nd a partic-
ular redshift value contained withinz (calledzes) so that we can
take the factodN =dE outside the integral in Eq. 1 and write the
intensity coming from that shell &s

: Cant) < g AN(E (1+ Zer))
o -8 dE
Z

d @ % 2; )e =B@E):

z

(E;

v 2
(C1)

In principle, each line of sight (pixel) in the sky map will\veaa
di erent value o (for the same shell) since the integrand in the
r.h.s. of Eq. C1 changes according to the DM density eld intea
direction. The set of valudiefg corresponding to the pixels in a
given map and their averaggs can be determined by comparing,
pixel per pixel, a full map of the DM-induced intensity (ugifully
Eqg. 1) and a map containing only the result of the integrahin t
r.h.s. of Eq. C1 (which we call &map). This needs to be done sep-
arately for all the dierent shells since.; changes shell by shell,
and then combined to produce the total observed emission map
There are no approximations made up to this point. We ar-
gue now that a map for a generic particle physics model can be

21 An analogous equation for the case of decaying DM can beemritf
course.

reconstructed multiplying the J-map by the correspondiagigie
physics factor evaluated at the setfdf,gobtained for our refer-
ence case as described above. Moreover, to a very good &pprox
mation, the pixel average valugs can be used instead of the full
setfz‘re,g We test these arguments by using this technique to recon-
struct the gamma-ray map for an annihilating DM candidatida wi
a mass of 2 TeV, a cross-section of§v) = 3 10 26cm’s  and
annihilating only into leptons obtained from a sky map for a ref-
erence case of a DM candidate with a mass of 200 GeV, the same
cross section, but with an annihilation channel into bottprarks.
We then compare the reconstructed map with one corresppimlin
the same particle physics scenario but obtained direatiy fthe
complete map-making code. The test is restricted to the ESB-M
component for an energy of 10 GeV and to the simulation output
corresponding ta = 3:1 and z = 0:25, which is larger than the
shell with the largest redshift “thickness” we considertistwork.
We nd that the reconstructed map has essentially the sanfe AP
as the original maps, and the average intensities of the teygsm
agree at the level of 1%. This reconstruction method is nbt on
precise when the reconstructed map is obtained accourtirtge
pixel dependence df¢, but also when the constant average value
Zet is Used for all pixels.

We are then con dent that this procedure can be used to re-
construct maps of the extragalactic gamma-ray emissiomrigr
particle physics model.

APPENDIX D: ANISOTROPY FROM UNRESOLVED
GALACTIC SUBHALOS

In the present section we described how we implement theadeth
described in Ando (2009) to compute the APS of galactic unre-
solved subhalos.

For the subhalo radial distribution we adopt an Einasto lgro
with parameters chosen to match those of the Ag-A-1 main: halo
Myo= 94 10 M ,r , =199 kpc,c , = 1:24, and = 0:678,
with the normalization set by the fraction of the smooth hakss
Mzo0 in subhalosfyy, We requirefs,, = 0:136 for subhalo masses
inthe range ¥ 10° to 10° M , which is the fraction of the halo
mass found in resolved subhalos in Ag-A-1; extrapolatirgrttass
function to My, below the minimum resolved subhalo mass leads
to larger values of,,. We take the subhalo mass function slope to
be 1.9, and evaluate the anisotropy for several valueligf.

The substructure luminosity function for annihilation etelr-
mined by assuming the subhalo luminosity is related to théalo
mass byl (Msyp) = AK(MgysM ) , with K = bgy( V)N =(2n?) and
A a normalization set related to the “astrophysical factdré.con-
sider two sets of the mass-luminosity parametérar{d ), chosen
to reproduce the LOW and HIGH cases in the text. The HIGH case
extrapolate$.(Msup) t0 Mmin Using the same relation found to tthe
resolved subhalos in Ag-A-1; the mass-luminosity relai®oal-
ibrated to the measured mass-concentration relation asudres
each subhalo is well-described by a NFW density pro le. Far t
HIGH case we také\ = 6:48 10°M2, kpc 3 and = 0:77. The
LOW case assumeA = 321 10°MZ, kpc * and = 0:86 for
subhalos wittMgy, < 1.7 10° M , and the same parameters as the
HIGH case for subhalos witMg,, > 1:7 10° M . The LOW case
corresponds to a scenario in which subhalo concentratimmease
more mildly with decreasing subhalo mass, and hence in th& LO
case the contribution to the intensity and APS from low-ntags
halos is reduced relative to the HIGH case. For decay, theadab
luminosity is always directly proportional to the subhalass.
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We calculated the APS from unresolved subhalos after mask- Boylan-Kolchin M., Springel V., White S. D., Jenkins A., Leon

ing the region withjbj < 30 . We nd that for this subhalo model,
the contribution to the total intensity APS from unresolsedbha-
los for both annihilation and decay is small. For annihdlatthis
contribution is  10% of the contribution from the resolved sub-
halos for the HIGH case, and 5% for the LOW case. For both
the LOW and HIGH cases the majority of this contribution from
unresolved subhalos originates from subhalos with madsesea
10° M . For decay we nd that the contribution from unre-
solved subhalos is at most a few percent of the resolved fubha
anisotropy. Since these contributions are small comparedher
sources of uncertainty in the APS, we do not include them.
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