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Dark matter annihilation in the local group
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Under the hypothesis of a dark matter composed by supersymmetric particles such as neutralinos, we
investigate the possibility that their annihilation in the halos of nearby galaxies could produce detectable fluxes
of y photons. Expected fluxes depend on several, poorly known quantities such as the density profiles of dark
matter halos, the existence and prominence of central density cusps and the presence of a population of
subhalos. We find that, for all reasonable choices of dark matter halo models, the intensityyafathéux
from some of the nearest extragalactic objects, such as M31, is comparable to or higher than the diffuse
galactic foreground. We show that next generation ground-based experiments could have the sensitivity to
reveal such fluxes which could help us to unveil the nature of dark matter particles.
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[. INTRODUCTION Milky Way halo [10-12 or in Galactic substructures
[13,14; the possibility of looking at extragalactic sources
The nature of the dark mattg§DM) is a fundamental has also been suggestedB,15—-20. Unfortunately, our par-
missing piece of the dark puzzle of the Universe, and repretial knowledge of those astrophysical processes that govern
sents one of the hottest challenges facing particle physics artie assembly of DM concentrations did not allow us to make
Cosmo'ogy today‘ The latest observational d:a_thprefer a firm predictions on DM deteCtablllty In particular, the cen-
flat universe with a~23% mass fraction of DM, seeded with tral structure of the DM halos and the prominence of small

Gaussian, scale independent adiabatic perturbations. TI&le structures within the smooth DM halo are far from
bulk of DM is believed to be “cold,” i.e. composed by being well determined. The purpose of this work is to ex-

weakly interacting particles that were nonrelativistic at theplore the possibility of extending DM searches to extragalac-

epoch of decoupling. The most popular candidate for colc}iC sources in our local group of galaxiésG) and to make

dark matter(CDM) is the lightest supersymmetric particle robust predictions about their actual detectability with

(LSP) which, in most supersymmetry breaking scenarios, i round-based experiments once model uncertainties are
! Ipersy Ty bre 9 ) '’ taken into account. Supersymmetric LSP are not the only
the neutralingy. Neutralinos are spig-Majorana fermions,

. A articles which can produce annihilation signedsy.[21]),
linear combinations of the neutral gauge bosons and ne“trglet in this work we focus on the contribution of neutralinos

Higgs doublet spartnerg®=aB+bWs;+cH+dHJ. Inthe  only.

popular supergravity(SUGRA) or SUGRA-like models, The outline of the paper is as follows. In Sec. Il we dis-

where gaugino universality is required, its mass is concuss the theoretical framework and present the predictions

strained by accelerator searches and by theoretical considdrom the smooth halo models. In Secs. Ill and IV we show

ations of thermal freeze-out to lie in the range 50 GeVhow predictions change when the presence of Supermassive

=<m,=10 TeV[2,3]. Neutralinos decouple at a temperature Black Holes(SMBH) and that of a population of subgalactic

that is roughlym,/20; hence, they behave like CDM. R halos are taken into account. Section V deals with the actual

parity is conserved, neutralinos are stable and can changketectability of LG sources and Galactic subhalos by ground-

their cosmological abundance only through annihilation,based detectors. Our conclusions are presented in Sec. VI.

which implies that the resulting production of detectable

matter, antimatter, neutrinos and photons is enhanced in high II. THEORETICAL FRAMEWORK

density regions like the center of virialized DM halos. At low ] ) ]

energies, direct detection terrestrial experiments are being !N @ phenomenological approach which considers the LSP

performed to measure the energy deposited by elasti@s @ I;)M'car!dldgte, the expected photon flux from neutralino

neutralino-nucleon scatterinfé,5). In addition to direct ~a@nnihilation is given by

searches, indirect detection of DM through its annihilation

products can be implement¢6é,7], which are necessary for do (E) 1 m\2, ) )
am;,

(oqv) rmaxp)z((r) 2

2m? Jo  D?

energies greater than 250 GeV. Most indirect searches rely —dEy = V:Eyz NVbe75( E,—m,

on detection of antimattdi8,9] and y rays produced in the

dN,
+; dEbe dr. (@)
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In this formula, the dependence of the flux on particle phys{25]. Similarly, analytical arguments did not yet lead to a
ics inputs and on cosmological inputs is factorized. definitive, unique predictioh26—-28§.

Particle physicsThe first sum in brackets representy a The most stringent constraints on the shape of DM halos
line, i.e. the 1-loop mediated proceggy— vy or xx—Z2vy. are currently obtained from N-body simulations. Although
Since neutralinos move at Galactic spg2d], their annihi-  the resolution in numerical experiments is still an isE2@,
lation occurs at rest and the outgoing photons carry an emadvances in numerical techniques have allowed us to dis-
ergy equal ¢y final stat¢ or very close Zv final stat¢ to ~ cover that DM halos have universal density shape§)
the neutralino mass. For the correspondingines we have ~pg(r/rs)~ “. While singular isothermal halos characterized
N,,=2 and Nz,=1 monochromatic final state photons. by a steep ~2 cusp are ruled out, current numerical experi-
Branching ratio®,,~b,,~ 103 imply that the photon flux ments do not allow us to discriminate among the Moore
is dominated by the continuum emission rather than byythe profile [30] characterized by = 1.5 and the shallower NFW
lines. The continuum emission is given by the second sum gprofile [31] with a=1 (or slightly shallower one§24)). In
Eg. (1) running over all the tree-level final states. At the treethis paper we assume that the actual shape of the DM density
level, neutralinos annihilate into fermions, gauge bosonsprofiles is bracketed by the Moore and the NFW models and
Higgs particles and gluons. Decay and/or hadronization ithus we can obtain a fair estimate of current model uncer-
7% give a continuum spectrum of photons emerging from tainties by considering both of them in our analysis. Both
the #° decay. Depending on the annihilation channel, themodels have central cusps where the neutralino annihilation
continuum differential energy spectrum can be parametrizedate is greatly enhanced. The scale radids,and the scale
asdN, /dx= ax 1% X wherex=E,/m,, a~O(1) and density,ps, can be fixed by observatiorithe virial mass of
b~0(10). These spectra have been calculated #) using  the halo or its rotation velocilyand theoretical consider-

a PYTHIA Monte Carlo simulation. Branching ratlmp- cal-  ations that allow us to determine the concentration parameter
culations for each process involved in the sum and the evalws=r;, /rs (where the virial radiusr,;,, is defined as the
ation of the total annihilation cross secti¢m,v) depend on radius within which the halo average density is 200
the assumed supersymmetric model. Here we consider as a Since the largesy-ray fluxes are expected from nearby
unique annihilation channel the one into W bosorg objects, we have considered only the 44 nearest LG galaxies
—W"W~, with parametersa=0.73 andb=7.76 in the and their parent halos. Table | lists the masses, positions
above mentionediN, /dx formula. We also use the con- (from [32]) and virial radii of the galaxies which are more
straint to the value of the thermally averaged annihilationrelevant for our analysis, along with their scale radii and
crosssectioio,v) given by the neutralino number density at scale densities computed assuming a Moore profile. Their
the freeze-out epocl8]: concentration parametergygyw and Cyoore=0.64 Cyrw,
have been computed according [83] assuming CDM
, 3x107% cmPs! power spectrum with a shape paramdter0.2, normalized
Xt (o) ' (2) to 0g=0.9. In our analysis we have also included the giant
elliptical galaxy M87 at the center of the Virgo cluster whose
where h is the Hubble constant,H, in units of predicted annihilation flux was already computed [A].
100 km st Mpc™! and Q, is the average density of neu- The mass, distance and the virial radius of M87, listed in
tralinos in units of critical densityy,=3H%/87G. Table |, are taken frorh34].

Unless otherwise specified, throughout the paper we con- Since the intensity of the-ray flux is proportional tcpf(,
sider neutralinos with a mass of 1 TeV and cross sectiomreat attention must be paid in modeling the central region of
(o0)=2%x10"26cm 3571, the halo. The fact that the Moore model predicts a divergent

CosmologyThe last term in Eq(1) describes the geom- flux from the halo center implies that there must exist a mini-
etry of the problem and assumes that the DM is concentrateghum radius/ iy, within which the self-annihilation ratg
in a single, spherical DM halo of radius,,, and density ~[<¢rav)nx(rmm)]*1 equals the dynamical timetgy,

profile p,(r) located at distanc® from the observer. The N(G;X)—UZ, wherep  is the mean halo density within,,
integral can be easily generalized to any DM distribution[35). We have used this prescription to determigg, for all
once the DM density along the line of sight,(r), is speci-  our 44 halos and model their DM distribution with a NFW or

fied. ) o a Moore profile with a small constant copg/(ryi,). The
An accurate evaluation of this integral should account fofesyiting profiles are

the fact that DM halos are triaxial rather than spherical ob-
jects[23]. Deviations from sphericity do not change appre-

ciably the y-ray flux from LG objects within the typical ac- ngw

ceptance angle of the detectors (0.1°—1°) and would only Px(1)= ; C\2 F=Fmin
enhance the Galactic flux by a modest 1524 and thus

will not be considered here. The shapes of the halo density rng rng

profiles are poorly constrained by observations, especially

near the center. Indeed, recent measurements of the dwarf nfw

galaxy rotation curves, as well as of the intracluster medium Px(N)=py (Tmin),  I'<Imin 3
and of the gravitational lensing, could not discriminate be-
tween dark halos with constant density core and cusps for the NFW case, and
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TABLE I. Input parameters for the-ray flux prediction are shown for our Galaxy, M87 and for the LG
galaxies brighter than the Galactic foreground. Masses and distances are takéB4}ovfirial radii were
calculated following the prescription given in the text. Scale radii and scale densities were computed assum-

ing a Moore profile.

moore moore

Galaxy mass distance I ir re X
name Mo) (kpo) (kpo) (kpo) (Mg kpc™)
MW 1.0x 10'? 8.5 205 345 1.x10°
Sagittarius 9.410° 24 20 2.5 2.x10°
SMC 2.5x10° 58 28 3.6 2.x10°
LMC 1.4x 10 49 49 6.8 1.&10°
M31 2.0x 102 770 258 47.3 8.810°
M33 4.0< 101 840 70 10.6 1.6810°
M87 4.2} 10" 1.5x 10 1.55x 10° 461 2.6x10°
pmoore Figure 2 shows thg smootjrray Galactic fpregrou_nd for
p ()= < = >Tmin a Moore(continuous lingand a NFW(dotted ling profile as
r ' r ' a function of ¢, the angle from the Galactic CentégC).
( rmoore) 1+ ( rmoore) Fillgd triangle.s represent thefluxes fr.om those LG galaxies
s s which are brighter than the Galactic foreground and from
M87, assuming a Moore profile. The fluxes from the Small
pX(r):pTOO“‘(rmm), r<rmin (4) and Large Magellanic CloudsSMC, LMC), M31 and, to a

for the Moore case.

Figure 1 shows an Aitoff projection of the angular posi-

lesser extent, M87 are above the Galactic level. In some
cases, such as, M33 and Sagittarius, extragalactic and Galac-
tic contributions are comparable. Similar considerations are

tion of these LG galaxies in Galactic coordinates. The size o¥2lid for the case of a NFW profiléfilled dots, despite the

each point is proportional to thg-ray flux from Moore mod-

els, measured within a viewing angle of 1°.

significant reduction of the extragalactic fluxes that cause
M33 and Sagittarius to be dimmer than the Galactic fore-
ground.

As shown by[13], high energyy-ray flux from nearby
extragalactic halos with a Moore density profile can be larger
than they-ray foreground produced by neutralino annihila- 7
tion in our Galaxy. This is not an entirely trivial point as °
distant extragalactic objects are not resolved within the typi- 9
cal 1° angular resolution of the-ray detectors. To check
whether our conclusions still hold for shallower density pro-
files, we have computed theray flux using both Moore and
NFW models for our LG halos and compared it to the Ga-
lactic foreground. In this work all fluxes are computed above -
100 GeV within an anglAQ =102 sr. Note that none of
the particle physics assumptions affect the ratio between Ga
lactic and extragalactic fluxes that we will focus on.
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FIG. 2. Integratedy-ray flux within AQ =102 sr as a function

of the angular distance from the GC. Filled triangles and filled dots
FIG. 1. Aitoff projection of the 44 nearest LG galaxies in Ga- represent the fluxes from brightest extragalactic objects predicted

lactic coordinates. The size of each symbol is scaled toythay

assuming a Moore and a NFW profile, respectively. The continuous

flux emitted by a host DM halo with a Moore profile within a and the dashed curves show the predicted Galactic foreground for

viewing angle of 1° from the halo center.
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Ill. BLACK HOLES, CUSPS AND CORES

=1

B
2T

The previous results do not account for those astrophysi- § ; Moore -

A .,
. . . LI
cal processes which may modify the density near the halc = - °

center, like the presence of a central SMBH. The effect of aé
SMBH on the central shape of a DM profile is, in fact, rather 5
controversial. The adiabatic growth of a SMBH of masg 216"

at the center of a DM halo would steep the slope of the A

i

Fmin
10 pc
= 100 pc

— MW contribution

density profile toppge*r~7% 2.2<y<2.5 within a radius  © .| i
rh=GMg/o?, wherea, is the 1D RMS velocity dispersion g o & -
of the DM particles[36]. As a consequence, the expected 1ZZ L A

y-ray emission would be larger in galaxies hosting SMBHs. 1©
However, when one takes into account dynamical processe &
such as merger and orbital decay of an off-centered SMBH -+
[37], this central “spike” disappears or is greatly weakened. E
Moreover, in a CDM cosmology the assembly of black holes

at the center of galaxies is the end-product of the hierarchica 1o
build up of their parent halos. In this scenario pregalactic i
black holes become incorporated through series of merger — -is[, (0

into larger and larger halos, sink to the center owing to dy- < 20 40 B0 8O oo 1200 440 160 &0
namical friction, form a binary systef88] and eventually ¥ (degrees)
coalesce 39] with the emission of gravitational waves. The £ 3 |ntegratedy-ray flux from the brightest LG members
process of formation and decay of black hole binaries transsomputed assuming a standard Moore prdfilied triangle and a
fers angular momentum to the DM particles, ejects them viayoore profile truncated at 10 pc and 100 fffled squares and
a gravitational slingshot effect and thus decreases the masfied dots, respectively The continuous line shows the expected
density around the binarj40,41]. The net result is either a Galactic annihilation foreground.

constant density corgl2] or a shallower DM density profile

0.5 it ; _ ;
~r within a radiusr.,;=10—100 pc, with a conse- . . .
gﬁent decrease of the neucturtalinos annihilation f4g. is the presence of a density spike at the center of DM halos,
that is difficult to reconcile with the observed rotation curves

Observations indicate that SMBHSs are only found in large

galaxies. Indeed, among the LG galaxies only the Milky WayOf nearby dwarf galaxief25]. A second aspect is related to

and M31 harbor a SMBH, while a possible black hole inthe measured zero-point of the Tully-Fisher relation for spi-
M33 would have a mass sénaller than 3000 [44]. Assum- ral galaxies[46], which is smaller than the CDM-predicted

ing that the presence of a SMBH creates a constant densi €. Whether these _discrepancies are genuine_ or artifacts
core of similar size in both the dark and stellar components. rising from observational biasée.g. beam-smearing effect

_ : in determining the rotation velocities of dwarf galaies
we expect a small cone,,;=0.38 pc in our Galaxy45] and ; . L
one ofr,,~10 pc at the center of M3[42]. As a conse- numerical effectge.g. limited resolution in CDM N-body

quence, the SMBH phenomenon would only decrease thgxperiment}s is still a matter of debate. A seconq problem,
expectedy-ray flux from M31 by a factor of 3, still well also related to the excess small-scale power in the CDM

above the Galactic foreground. In fact, our predictions do no{mdel’ is the wealth of subgalactic, virialized halos that do

change much even under the somewhat extreme hypothegfgt appear to have an observational counterftiaetso called

that all DM halos hosting LG galaxies have a constant den_satelhte catastrophg30]). Numerical simulations have in-

sity core of size 10—100 pc. Indeed, when repeating our cal(-jeed shown that a CDM halo of the size of our Galaxy

: : : hould have about 50 satellites with circular velocities
culation using both NFW and Moore profiles truncated at 1 1 ¢
and 100 pc we do find that the DM depletion near the halo>20 kms" instead of the dozen observed 0f¢]. Due to

center causes a significant decrease ofytiray flux which, the hle_rarchlcal_ nature _of the clustering process in a CDM
however, does not prevent a few objects from shinningcenano’ the mismatch is also found on larger systems of the

prominently above the Galactic foreground. Results ar ize of the LG. Model predictions for halos witiirc
shown in Fig. 3 in which the fluxes from Moore DM halos

=35 kms ! might be reconciled with observations by de-
(filled triangles, already shown in Fig. 2, are compared to laying the formation epoch of DM halos or by computing
the cases of Moore profiles truncatedraf= 10 pc (filled

their peak rotation velocity with different techniqup48].
squaresand atr ;=100 pc(filled circles.

For lighter halos, however, the lack of a luminous counter-
parts could be either ascribed to astrophysical procdsses
pernovae explosion, stellar feedback, gas heating by ionizing
radiation of cosmic originthat suppress star formation or to
a genuine disruption of the DM subhalos by gravitational
Despite its remarkable success in explaining the large maides within their massive host. Finally, invoking the warm
jority of current observations, the excess power on smaltlark matter scenario decreases the small scale power and
scales in theA CDM concordance model has led to what is thus avoids the satellite catastrophe but would postpone the
sometimes callethe CDM crisis One aspect of this problem reionization of the Universe to an epoch too late to be con-

IV. HALO SUBSTRUCTURES
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sistent with the recent WMAP observations of the cosmic Moore NEW,
microwave backgroun{#9]. i L A T A
Here we account for the presence of a population of DM __ s at mean orita acius T ——
subhalos and investigate their effect on the neutralino anni- [ - s e e
hilation signal. Model predictions and related uncertainties ™ == ®eemen o Tht R - s oo s ]
are obtained using both numerical experiments and theoretig | ek M|
cal arguments. N e T ]
Large N-body simulation§30,50 have shown that DM *- W/ 1 ]
halos host a population of subhalos characterized by a distri [ - T gl rMMl‘u?|JLJ“ff
bution function giving the probability of finding a subhalo of | N
massm at distance from the halo center, that can be mod- gl 0o L
a

eled as followq51]:
m )1' r\?
I 1+ —
my rsh

whererS"is the core radius of the subhalos distribution X
is the mass of the parent halo ahds a constant set to obtain ¢ i
500 subhalos of mass=1PM in a halo with my=2
X 10"M ¢, [50]. The annihilation rate within subhalos may ot oo v,
contribute significantly to the totay-ray flux. According to R . e
[13,14] the y-ray Galactic foreground can be enhanced by

over two orders of magnitude by the presence of a popula- FIG. 4. Number of Galactic halogottom) and their average
tion of subhalos, an effect that may also help to explain thdidal radius(top) as a function of the Galactic radius for a Moore
y-ray flux excess found in EGRET ddta2]. To account for ~ (left) and NFW(right) density profile. Short-dashed histogram: no
this eﬁ‘ect' we have populated all the halos of our LG galax_tldal Strlpplng a”OWed Continuous Iine:- tidal radius Computed at
ies including our own with a population of subhalos accord-the_mean orbital radius. Long_dashed: tidal radius computed at the
ing to the distribution functior(5) and computed their con- Pericenter of the subhalo orbit. In all cases shawg=20% m
tribution to they-ray annihilation flux. For each subhalo we 2dfc =0.05r; .

use the same density profiles as its massive host. Current

N-body simulations do not allow us to model E&) very t!on," i.e. we assume t_hat a_II the mass .beyond the. suk_)halo
precisely. In particular, the mass clumped in subhasg, tidal radlus,rtid, is Ipst ina s_lngle or_blt vylthoqt affecting |ts.
and the value Ofih are poorly constrained. To account for central density profile. The tidal radius is defined as the dis-

these model uncertainties we have generated several diffei2Nce from the subhalo center at which the tidal forces of the

ent subhalos distributions that explore the edges of the paloSt potential equal the self-gravity of the subhalo. In the

tid

“18 g

" u | ]
Ngp(r,m)=A (5) S0 g 1 T a
r e} T i ]

T

)
R AP
okl K a]\“ 0

rameter spacém,,,r3"]. Following [51] we have semmy, Roche limit,

equal to 10% and 20% of the total DM halo’s masg,, and s

the core radiusrih, to be 5% and 30% of the parent halo [ (r)=( m r 6)
virial radius,r", . Subhalos were generated in a mass range t'd 2my(<r)) '

[Mpin 0.1 My ] and within a distanceUHi, from the halo cen-

ter. We setm,,=10°M for Galactic halos andm,;,, Wwherer is the distance from the halo center. We truncate all
=10'M,, for the extragalactic ones since the slope of thesubhalos at their tidal radii and discard those wigh<rs,
subhalo mass distribution, E¢p), is shallow enough to en- for which the binding energy is positive and the system is
sure that for a fixed value afi;; the contribution to the total dispersed by tides. Even in this case, we estimate the model
y-ray flux from halos with masses smaller them,;, be-  uncertainties by considering three different cases: no tidal
comes negligiblg14,24). stripping, tidal radius computed at the mean orbital radius
Very high resolution N-body experiments show that in aand tidal radius computed at the pericenter of the orbit
CDM scenario a large fraction of the subhalo population sur{which is typically 1/5 of the mean orbital radius
vives the complete tidal disruptid@3]. However, these sub- ~ The short-dashed histograms in the two bottom panels of
halos are tidally stripped of a fraction of their mass originat-Fig. 4 show the radial distribution of all Galactic subhalos
ing debris streams and possibly changing their originawith M>10°M,, distributed according to Eq5) in which
profile at all radii, thus lowering the annihilation luminosity m¢=20% my andr§h=5% rﬂir for both a Moore(left) and
of the accreted systeni®4,48,53. Because of their finite a NFW (right) density profile. Including the tidal stripping
resolution, the N-body experiments used to model &). effect destroys all subhalos near the Galactic Center and
underestimate the role of these tidal fields and therefore dmodifies their radial distribution. The effect is larger for the
not allow a reliable sampling of the low mass tail of the Moore model(which is less concentrated than the NFW pro-
subhalo distribution at smail To better account for gravita- file) and increases with the strength of the tidal fiéle.
tional tides we follow[48] and use the “tidal approxima- when tides are computed at the pericenter of the orbit, long-
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FIG. 5. Integratedy-ray flux within AQ =102 sr for Moore(a) and NFW(b) DM halos populated with subhalos. Galadfiistograms
and extragalacti¢symbols fluxes are shown for the different subhalo populations described in the text.

dashed histogram The two top panels show the average net effect that is more apparent for a Moore density profile, is
tidal radius,rq of the subhalo population that survive, tidal that of decreasing significantly the Galacticray fore-
stripping. ground, as shown by the histogram drawn with a continuous
The effect of subhalos on the emitted annihilation flux isline in Figs. %a) and b). The flux from extragalactic ob-
shown in Fig. %a) for the case of a Moore profile and in Fig. jects (filled squaresis comparatively less affected by tidal
5(b) for a NFW profile. The histogram drawn with a dotted effects and in some cases may actually be enhanced when the
line shows the diffusey-ray flux obtained by adding the chance of bright foreground extragalactic subhalos becomes
contribution to the smooth Galactic emission of a subhalmon-negligible. As a result, taking into account the tidal strip-
population distributed according to E¢) in which m, ping effects increases the prominence of extragalactic
=20% my and ri"=5%r" . Filled dots show the flux sources over the Galactic foreground. If one further accounts
from the most prominent external objects, computed by addfor the eccentricity of the subhalo orbits and assumes tidal
ing together the halo flux to that of all their subhalos within stripping occurs at their pericenter, then the Galagticay
1° from the center and by neglecting gravitational tides. Théoreground(dashed histograjrand the flux from extragalac-
presence of subhalos dramatically boosts up the level of thiéc objects(filled triangleg further decrease to a level similar
Galactic foregrounddot-dashed curyeby a factor 10-100, to that of Fig. 2.
depending on the halo profile, while increasing the flux from To better quantify the uncertainties in modeling the sub-
extragalactic sources by a more modest factor 2-5. As Aalo population we list in Table Il the fractional variation of
consequence, the Galactic foreground becomes dominated bye y-ray flux from the extragalactic sources when varying
the local subhalo emission, resulting in the irregujaray ~ the model parameters. The quantity displayedds=(dS"
Galactic brightness profiles that outshine all extragalactic ob—®°)/®°, where®? is the flux from a smooth profile while
jects but M31 and the LMC. the flux ®s" also accounts for the subhalo population. We
These results, which are consistent with thosg1&f14], have focused on the two brightest LG objects, M31 and the
change significantly when tidal fields are accounted for. TheMC. It is worth noticing that, due to their different dis-

TABLE Il. The effect of including subhalos on the-ray flux from LMC and M31 in different halo
models. Each entry specifies the fractional flux variation with respect to the smooth halo model. The choice
of parameters is encoded in each model label as specified in the text.

oP
Galaxy 0510dd 0520dd 3010dd 3020dd 0520d0 0520d5
LMC (Moore) —-0.12 -0.21 -0.12 -0.21 +1.35 —0.22
LMC (NFW) —0.07 —0.18 —0.09 —0.18 +0.90 —0.18
M31 (Moore) +0.25 +0.52 +0.03 +0.03 +2.69 —0.10
M31 (NFW) +0.78 +1.59 +0.02 +0.05 +1.93 +2.09
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tances from our Galaxy, while the flux from M31 is produced 90°E  30°N
in the central 16—36 Kpédepending on the model profjle @ &0
the LMC flux is produced in a much smaller region of radius ¢ so F
1-1.4 Kpc. The various models explored are listed in Table§ 40 F
Il and are characterized by a label in which the first two *

digits indicate the extent of the core radius of the subhalo3 °

distribution (e.g. 30 means$"=30%r}},), the subsequent 5’

two digits characterize the mass clumped in subh@as 20 _T_)ZEO

for m,=20% my) and the last two letters indicate the G _ o o . » | ‘ ‘. .
model tidal field 0= no tidal effectsdd=tidal radius com- g 50 100 150 200 250 300 30
puted at the mean orbital radiu$5=tidal radius computed

17°E 22°S 45° E 80° S
: 8o [ :
60 |

at the pericenter

In all dd models considered, the flux from M31 is in-
creased by the presence of subhalos while the flux from
LMC decreases. This discrepancy reflects the different effec
of the tidal field that, as we have seen, disrupts all the sub-

40 F °s

TRFITTITT]T

20 F
o0®

halos near the halo center and thus decreases the flux fror —20 P 2

the nearby LMC, while the flux from M31, which is pro- R

duced in a broader region, receives a significant contribution 60 s ‘

from the nearby, foreground subhalos in M31. Varying in : e o B Pl Y
0 100 200 300 0 100 200 300

the allowed range does not change the fluxes appreciably
while increasing the core radius of the subhalo distribution
decreases the M31 flux significantly but does not change FIG. 6. Angular positions of our 44 LG galaxiétlled dots
significantly the flux received from the nearer LMC. Finally, inclusive of M87 and the GC in galactic coordinates. Shaded re-
neglecting the tidal fieldd0 mode) has the rather obvious gions have zenith angles smaller than 30° at the ARGO(sjiper
effect of increasing the flux from both extragalactic objects.pane), HESS site(lower left) and a hypothetical Antarctic site
Enhancing the tidal disruption effe€t5 mode) generally  (lower righy. Terrestrial longitude and latitude of each site are in-
decrease the annihilation flux, apart from the case of M31dicated above each panel.

NFW, in which the flux is enhanced by the combined effect

Galactic longitude (degrees)

of the halo distance and the large DM concentration. their lower energy threshold~50 GeV) and greater sensi-
tivities make them suitable for our purposes.
V. DETECTABILITY Large field of view arraysUnconventional air shower ar-

rays at energies: TeV constitute viable alternative toe@en-

In this section we explore the actual detectability of thekov telescopes. Unlike standard air shower arrays, these de-
y-ray fluxes from both the extragalactic sources and the Gaectors can reconstruct lower energy showers by dense
lactic foreground. sampling of the shower particles. This can be achieved by

Satellite borne experiments, such as GLASH|, have operating the detector at very high altitude in order to ap-
very small effective areas at energie250 GeV and thus proach the maximum size development of low energy show-
are inefficient in revealing high energy photons from neu-ers and by using a full coverage layer of counters. Operating
tralino annihilation. The need for larger collecting areas cararge field of view arrays like ARGQ60] and MILAGRO
only be met by those ground-based experiments designed {61] have worse angular resolution and background rejection
detect the products of generic atmospheric showers. Thesban ACT detectors, but are able to explore the whole sky
detectors were not originally meant to explore exotic physwith a duty cycle of about 100%.
ics, yet recent advances in technology have allowed them to Due to the complementarity of ACTs and large field of
reach unprecedented high sensitivities and they can now bdew arrays, we explore and compare the capabilities of these
used to detect high energy photons from neutralino annihiladetectors to reveal the-ray flux from neutralino annihila-
tion. tion in extragalactic object62]. All analyses, including our
_ Cerenkov detectorsElectrons generated in showers emit own, have shown that the best place to look for DM annihi-
Cerenkov light during their passage through the atmospherdation signals is the GC, and indeed presently available and
It reaches the ground in the form of-a100 meters wide future detectors should be able to detect syalay emission.
light pool. Cerenkov detectors have good angular and enerHowever, most of them ar@r will be) located in the North-
getic resolution, operate with a duty cycle of about 10% andern Hemisphere where the GC can only be seen for short
have a very good hadronic background rejection. Their smalperiods and at uncomfortably large zenith angles. In Fig. 6
angle of view (~5°) makes them suitable for the observa- the angular positions of our extragalactic objgditted dotg
tions of point sources like LG galaxies. Currently operatingare shown in Galactic coordinates, superimposed to the areas
Cerenkov telescopes such as WHIPP[AE5] and HEGRA  that can be seen with a zenith angle smaller than 30° from
[56] do not have enough sensitivity to detect faint extragavarious experimental siteshaded areasin the following
lactic sources. Planned Activee@nkov TelescopeACT)  we estimate the detectability afray fluxes from either ex-
such as HES$57], MAGIC [58] and VERITAS[59] with  ternal LG galaxies or subhalos within our Galaxy.
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A. Detectability of external galaxies 15°

In the following we will focus on the detectability of M31 ‘-‘Z
since it is the extragalactic object with the larggstay flux g
visible from the Northern hemisphere. g™

The detectability of the continuum flux from M31 is com- A
puted by comparing the number gfevents expected from &
this source to the fluctuations of background events. This Extrg
ratio, which we callo in the following, is given by 16" L ""‘“\99@9‘1‘/}; » b
DM \ g(EC’?ETe
y 4

¢
AST(E, 0 dEds )
n \/T—afm f 7 ( ) dE 12

Y

e VAQ dé '
" \/ f > AL, 0)— 2 dEds

bck

(7) 167" E continuum signal
where T is the time during which the source is seen with poo e N e
zenith angled<30° ande,n=0.7 is the fraction of signal ol | %
events within the optimal solid angl&Q corresponding to " T 70 80 80100 200 300 400 500 500 700
the angular resolution of the instrument. The effective detec- Energy (GeV)

tion areasA®'" for electromagnetic and hadronic induced FIG. 7. Intearated ira of photons f oM inilation i
showers are defined as the detection efficiency times the geo- - /- ‘N€grated spectra of photons from DM anniflation in
31 for different values of the neutralino mass, specified by the

2?;”C@Ldﬁ;ig'ggnzg;;;g{fTiogasleof;? Izregeezg:ﬂ ogxlevYabels, computed assuming a Moore profile filled with a population
y s » dep 9 of subgalactic halos unaffected by tides. Both the continuum emis-

the y-photon energy, Wh"e’f for a e}_enkov apparatus we sion (curveg and they-line contribution(filled doty are shown.
have as_sumed a Conservatlve. effective area 6m;b Note The relevant backgrounddashed lingsare shown for comparison.
that while the latter can be increased by adding together

more Gerenkov telescopes, the former is intrinsically limited  The Galactic diffuse emission along M31 line of sight
by the number of hits reaching the ground and cannot bé&l2] turned out to be negligible with respect to the annihila-
much greater than our fiducial value. Finally we have astion signal and has been neglected. .

sumed an angular resolutiaf=1° and hadron-photon iden-  In Fig. 7 the various backgrounddashed linesare com-
tification efficiencies ofe=75% for the case of a large field Pared to the integrated energy spectrg ghotons from DM

of view array and¢=0.1° ande=99% for the @renkoy annihilation in M31, computed assuming a Moore DM pro-

apparatus. These values are appropriate for the energy ranQE and a population of subhalos unaffected by tidal effects.
of interest. e various curves refer to different neutralino masses, as

Backgrounds.In our analysis the M31 flux is much specified by the labels. Filled dots represent the expected

smaller than electron, hadron and diffuggay backgrounds y-line fluxes.

that must then be taken into account. We have considered trm;l'%g(rﬁ_ (;3 agﬁgjp(?;?\j ett 2 ?hgxg: (;t:r?s;tri]\t/i?/rgﬁegg fg?me
following values for the background levels: v

large field of view arrayupper ling and the @renkov tele-
scope(lower ling). The 50 detection curves assume 1 year of

deh s p data taking for the large field of view array and 20 days
JOdE _14E ” o? s s GaV (8 pointing for the @renkov telescope.
The results show that annihilation signals from M31,
) which are too faint for large field of view arrays, are well
for the hadronic backgroun®3], within reach of next generationeBenkov telescopes.
e B. Detectability of subhalos in our Galaxy
dd) =6.9% 1072E73.3 € (9) . . S s .

dOdE > cn? s srGeV The only way of detecting signals from annihilation in

Galactic subhalos is through blind searches since model pre-
dictions specify the subhalo distribution but not their precise
for the electron backgroun@®4], and spatial positions. In this regard, the use of a large field of
view array has the advantage of collecting signals from a
dobdisruce wide area of the sky, while ACTs would only allow us to
————=1.38x10 °E" 21 (10)  survey a much smaller region.
S cn? s srGeV To estimate the chances of detecting-aay signal with
either detectors we performed ideal observations with both
for the diffuse extragalactic gamma emission, as extrapolateithstruments and computed the significance of an annihilation
from EGRET data at lower energig85]. signal using Eq(7).

Y
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FIG. 8. 50 sensitivity curves for a high altitude full coverage air
shower array(upper line and for a @renkov cell(lower line), FIG. 9. Significance of the-ray signal from Galactic subhalos
computed using the parameters specified in the text. The curv@s @ function of the angle of view from the GC, for a large field of

shows the same flux from M31 displayed in Fig. 6 for the case of &/ieW array (dot9 and for a @renkov telescopétriangles. The
neutralino mass of 1 TeV. considered subhalo distribution is not affected by any tidal effect.

We restrict our observations to all directions with| h bined with th Il extensi £ th
<30° if |I|<40° around the GC antb|<10° elsewhere '€ ¥-fay sources combined with the small extension ot the

provided that they are within a zenith angle of 30°. TheseSUrveyed area make it very hard to detect the annihilation

constraints allow us to ignore the Galactic diffuse photonSignal from Galactic subhalos using@nkov telescopes.

contribution to the background emission and the effects of Ve then conclude that only satellite borne experiments
the atmospheric depth. like GLAST will have the chance to detegtray photons

For the case of a large field of view array we have choseiffom Galactic subhalos and to study their spatial distribution
the ARGO experimental sit66.06 h E, 30.18° N in Tibet  [14].
and considered the case of a 365 days observation with a
detector having an angular resolution of 1°. Each point in VI. DISCUSSION AND CONCLUSIONS
Fig. 9 represents the significance ofyaay signal detection :
in such an experiment, plotted as a function/ofthe angle In this work we have computed the expecteday flux
from the GC. Each filled dot accounts for the annihilation’om DM annihilation in the nearest LG galaxies, under the
flux received from all Galactic subhalos with the sathat assumption that the bulk of DM is constituted by neutralinos.
have entered the detector field of view during the observaPredicted fluxes depend on a number of assumptions like the
tion. The Galactic signal in absence of subhalos is also plotshape of the DM halo density profiles, the possible existence
ted for referencéopen dots The significance detection level and the distribution of a population of subgalactic halos, and
is very small at allys but in a couple of cases where a very the dynamical influence of SMBHSs located at the halo cen-
nearby subhalo crosses the line of sight. The results shol@rs. Uncertainties in these theoretical models that propagate
that it would be impossible, using a large field of view array,into flux predictions have been evaluated by systematically
to identify the Galactic subhalo origin of any detectgday  exploring the space of the currently accepted model param-
flux. eters.

For the case of an ACT we have chosen the VERITAS site It turns out that, in all cases considered, the fluxes from
(8.87h W, 33° N) in Arizona. In this case we have consid- the Small and the Large Magellanic Clouds, M31 and M87
ered the results of a 20 days “stacking” observation in whichare well above the level of the-ray annihilation Galactic
an instrument with an angular resolution of 0.1 degreedgoreground. Uncertainties in the predicted Galactic emission
points toward different directions characterized by the samare quite large(they vary by a factor~100) and mainly
value of . The results of this experiment are represented byesult from the poorly known modeling of the DM substruc-
the triangles in Fig. 9. Since each point represents a 20 daysres within our Galaxy. This scatter actually increases when
observation we have sampled only a few angledlthough  considering more exotic possibilities that would further boost
the significance of the ACT detections is higher than in theup the Galactic foreground like the existence of caustics in
case of a large field of view array, the serendipitous nature othe DM distribution[66] or the presence of a population of
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mini subhalos allowed by the very small cutoff mass in the In the hypothesis of both a NFW and a Moore DM density
CDM spectra 67]. Neutralino annihilation in subhalos con- profile we have estimated the possibility of detecting the
tributes less toy-ray flux from extragalactic sources, result- annihilation signals from Galactic subhalos and extragalactic
ing in much smallefby a factor of~10) model uncertainties sources using those ground based instruments sensitive
and more robust flux predictions. enough to detecy photons in the~50 GeV-few TeV en-

In Sec. Il we have assumed that the inner slope of the DMergy band, such as ACTs or large field of view arrays. We
density profilep(r)ocr ~“is in the range 1.8 «<1.5 follow-  have found that the expected fluxes from Galactic subhalos
ing the indications of numerical experiments rather than usare too faint to be detected by ground-based observatories.
ing observational constraints. The reason was that currerftheir existence and distribution could instead be probed by
observations do not provide a self-consistent scenario. Inaext generation satellite borne experiments such as GLAST.
deed, recent determinations based on the x-ray properties € the other hand, ground-based experiments should be able
the intercluster medium seem to indicate a steep DM densit{o detect a few extragalactic objects such as LMC and M31.
profile 1.0<«<2.0, provided that clusters with disturbed In particular, we have been focusing on M31 which turned
x-ray surface brightness are removed from the sampleut to be the brightest extragalactic object visible jn most
[68,69. On the other hand, the rotation curves measured in axperimental sites. We have shown that next generatem C
sample of LSBs by70] are consistent, on average, with a enkov telescopes should be capable of revealingjthay
shallower density profilex=0.2. However, when the full flux from M31 at a significance leve=50 in a 20 days
extent of the rotation curves is taken into account rather thapointing observation. These results have been obtained using
the inner region only, then the recovered density profiles liea quite conservative observational setup and theoretical mod-
between the NFW and the Moore oj&4]. Another study of  eling. Increasing the number ofe@nkov cells(as already
high resolutionH « rotation curves for dwarf and LSBr2] planned for some future experimenisr the serendipitous
has ruled out neither profiles as steeprasl nor a constant superposition of a nearby Galactic subhalo would certainly
density core. Finally, indications for shallow profilest ( increase the chance of detecting an annihilation signal along
=0.52+0.3) were found by combining stellar dynamics andthe M31 direction. The capability of detecting extragalactic
strong lensing data in a sample of brightest cluster galaxiesignals is not shared by large shower arrays, which due to
[73], and from microlensing events toward the G@ ( their lower sensitivity will not be able to detect such a faint
=0.4, in the hypothesis that the MW halo is spherically sym-source. It is worth stressing that the GC does remain the best
metric[74]). However, estimates based on weak gravitationaplace to consider for detecting DM annihilation signatures.
lensing in x-ray luminous clusters indicate a much steepebnfortunately, and unlike M31, it is not visible from the

profile with 0.9<@<1.6[75]. Northern Hemisphere where most of the ground-based detec-
The previous examples show that the current observatiorirs are(or will be) located. o
neither support nor reject profiles as shallowsas0.5 or 0. Finally, it is worth stressing that our predictions assume

Therefore, while we regard the NFW and the Moore profileshat DM is made of neutralinos. However, the natural factor-
as the most likely cases based on N-body results, we alsgation of particle physics and cosmology in the problem
want to keep an eye on the shallow profile case. For thigddressed in this paper makes it straightforward to extend
purpose we have estimated the expectady flux from both ~ our approach to other kinds of weakly interacting DM can-
M31 and LMC in the case of shallow profiles.df=0.5 then ~ didates.

the M31 flux is~50 times smaller than in the NFW case and

decreases by a further factor of 10 with a flat care 0.
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