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Cosmological dark matter annihilations into g rays: A closer look
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We investigate the prospects of detecting weakly interacting massive particle~WIMP! dark matter by
measuring the contribution to the extragalactic gamma-ray radiation induced, in any dark matter halo and at all
redshifts, by WIMP pair annihilations into high-energy photons. We perform a detailed analysis of the very
distinctive spectral features of this signal, recently proposed in a short letter by three of the authors: The
gamma-ray flux which arises from the decay ofp0 mesons produced in the fragmentation of annihilation final
states shows a severe cutoff close to the value of the WIMP mass. An even more spectacular signature appears
for the monochromatic gamma-ray components, generated by WIMP annihilations into two-body final states
containing a photon: the combined effect of cosmological redshift and absorption along the line of sight
produces sharp bumps, peaked at the rest frame energy of the lines and asymmetrically smeared to lower
energies. The level of the flux depends both on the particle physics scenario for WIMP dark matter~we
consider, as our template case, the lightest supersymmetric particle in a few supersymmetry breaking schemes!,
and on the question of how dark matter clusters. Uncertainties introduced by the latter are thoroughly discussed
implementing a realistic model inspired by results of the state-of-the-artN-body simulations and semianalytic
modeling in the cold dark matter structure formation theory. We also address the question of the potential
gamma-ray background originating from active galaxies, presenting a novel calculation and critically discuss-
ing the assumptions involved and the induced uncertainties. Furthermore, we apply a realistic model for the
absorption of gamma-rays on the optical and near-IR intergalactic radiation field to derive predictions for both
the signal and background. Comparing the two, we find that there are viable configurations, in the combined
parameter space defined by the particle physics setup and the structure formation scenario, for which the WIMP
induced extragalactic gamma-ray signal will be detectable in the new generation of gamma-ray telescopes such
as GLAST.

DOI: 10.1103/PhysRevD.66.123502 PACS number~s!: 95.35.1d, 14.80.Ly, 98.70.Rz
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I. INTRODUCTION

The accumulated evidence for the existence of la
amounts of nonbaryonic dark matter in the Universe is
now compelling ~for a review, see e.g.@1#!. Data on the
cosmic microwave background~CMB! @2# and supernova
observations@3# jointly fix the energy fraction in the form
matter and cosmological constant~or something similar! to
VM;0.3 andVL;0.7, respectively. At the same time, th
CMB measurements limit the contribution from ordina
baryons to less thanVB;0.05, which is in excellent agree
ment with big bang nucleosynthesis. This means that n
baryonic matter has to make up most of the matter in
Universe,VDM.VM . Incidentally, recent measurements
the large-scale distribution of galaxies independently confi
VM50.2760.06 @4#, giving further credence to these co
clusions. The current best estimate ofVM comes from a joint
analysis of CMB and large scale structure data@5# and gives
VMh250.11560.009 whereh is the Hubble constant in
units of 100 km s21 Mpc21.

When it comes to the question of how the dark matte
distributed on small, galactic and subgalactic, scales the
ation is much less clear, however~for a review, see, e.g.,@6#!.
0556-2821/2002/66~12!/123502~23!/$20.00 66 1235
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After being subject to an extensive debate, with both th
retical and observational controversies, it seems that the
dark matter~CDM! model, with dark matter made of, e.g
weakly interacting massive particles~WIMPs!, or the model
with CDM and a cosmological constant (LCDM!, are in fair
agreement with current observations, so that drastic mo
cations like strong self-interaction are not urgently called
~see, e.g.,@7#!.

Focusing on the CDM model with WIMPs as dark matt
candidates, there is an obvious interest to use as muc
possible of the knowledge of the distribution of CDM give
through state-of-the-artN-body simulations. In particular, the
distribution of dark matter plays a crucial role in most WIM
detection methods, and determines therefore the possib
of identifying the dark matter and pinning down its partic
properties.

In this vein, we recently presented a short note@8# @Berg-
str̈om, Edsjö, and Ullio ~BEU!# where, contrary to previous
predictions@9#, it was shown that in the hierarchical pictur
found in CDM simulations the cosmicg-ray signal from
WIMP annihilations may be at the level of current estima
of the extragalacticg-ray flux. In this paper we deal mor
carefully with the issues of the formation of structure in
©2002 The American Physical Society02-1
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CDM or, rather,LCDM universe, investigating the sensitiv
ity of the expected gamma-ray flux to different treatments
the structure formation process. We also address the que
of the diffuse background flux expected from various typ
of active galaxies and compare its spectral features w
those of the signal from WIMP annihilations. We consid
several sample cases in a theoretically favored WIMP s
nario, that of supersymmetric dark matter, and highlight
possibility to disentangle such signals from the backgrou
in future measurements of the extragalacticg-ray flux, in
particular with the GLAST detector. Results for both the s
nal and background components are presented impleme
a careful treatment of the absorption of high energy gam
rays in the intergalactic space caused by pair production
the optical and infrared photon background.

The paper is organized as follows. In Sec. II we set up
general formalism for computing the dark matter induc
gamma-ray flux. In Sec. III we investigate the properties
dark matter halos, on all scales of relevance to our probl
in various semianalytical and numerical simulation s
narios. Implications for the WIMP induced gamma-ray fl
are discussed in Sec. IV, while in Sec. V, we investigate
background problem, including the effects of varying with
present observational limits the slope of the energy spect
of the gamma-ray emission from active galaxies. We a
check the effects of removing some more resolved po
sources, as may be expected for the next generation of
periments. In Sec. VI we show a few examples of what s
nals can be expected for one of the favored WIMP can
dates, the neutralino, and give an estimate of sensiti
curves for the GLAST detector. Section VII contains o
conclusions.

II. THE DARK MATTER INDUCED EXTRAGALACTIC
GAMMA-RAY FLUX

There are several ways to compute the gamma-ray
generated in unresolved cosmological dark matter source
BEU the result was derived by tracing the depletion of d
matter particles with the Boltzmann equation. The appro
we describe here, in which we simply perform a sum
contributions along a given line of sight~or better, a given
geodesic!, gives the same result but shows more directly
role played by structure in the Universe. We assume a s
dard homogeneous and isotropic cosmology, described
the metric

ds25c2dt22R2~ t !@dr21Sk
2~r !dV2#, ~1!

where dV25du21sin2udf2 and where the functionSk(r )
depends on the overall curvature of the Universe:

Sk~r !5H r , k50,

arcsinr , k511,

arsinhr , k521.

~2!

In our applications, we will safely usek50 ~i.e. we assume
a flat geometry for the Universe!. The angular intervaldV
5sinududf may, e.g., correspond to the angular accepta
12350
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of a given detector. At redshiftz, dV and the radial incre-
mentdr determine the proper volume:

dV5
@R0Sk~r !#2R0

~11z!3
drdV. ~3!

Let dNg /dE(E,M ,z) be, on average, the differential energ
spectrum for the number ofg-rays emitted, per unit of time
in a generic halo of massM located at redshiftz. Even for
largeM, this source can be safely regarded as point-like a
unresolved~with the upcoming generation of gamma-ra
telescopes, it might be possible to resolve the dark-ma
induced flux from galaxies in the local group, but almo
certainly not further out!. Summing over all such source
present indV, we can find the number of photons emitted
this volume and, say, in the time intervaldt and energy range
(E,E1dE); the emission process being isotropic, the cor
sponding number of photonsdNg collected by a detector on
Earth with effective areadA during the timedt0 and in the
~redshifted! energy range (E0 ,E01dE0), is equal to

dNg5e2t(z,E0)F ~11z!3E dM
dn

dM
~M ,z!

dNg

dE
~E,M ,z!G

3
dV dA

4p@R0Sk~r !#2
dE0dt0 , ~4!

where we applied the relationdt dE5(11z)21dt0(1
1z)dE05dt0dE0, and we introduced the halo mass fun
tion dn/dM, i.e. the comoving number density of boun
objects that have massM at redshiftz @the factor (11z)3

converts from comoving to proper volume#. The first factor
in Eq. ~4! is an attenuation factor which accounts for t
absorption ofg-rays as they propagate from the source to
detector: the main effect for GeV to TeVg-rays is absorption
via pair production on the extragalactic background lig
emitted by galaxies in the optical and infrared range. D
tailed studies of this effect, involving a modeling of galax
and star formation and a comparison with data on the
tragalactic background light, have been performed by sev
groups~see, e.g.,@10–15#!. We take advantage of the resul
recently presented by the Santa Cruz group@15#; we imple-
ment an analytic parametrization of the optical deptht, as a
function of both redshift and observed energy, which rep
duces within about 10% the values for this quantity plott
in Figs. 5 and 7 in Ref.@15# (LCDM model labeled ‘‘Ken-
nicut’’; the accuracy of the parametrization is much bet
than the spread in the predictions considering alterna
models@15#!. For comparison, we have verified that the r
sults presented in Salamon and Stecker@13# ~their model in
Fig. 6, with metallicity correction! is in fair agreement with
the model we are assuming as a reference model in the
ergy range of interest in this work, i.e. below a few hundr
GeV.

The estimate of the diffuse extragalacticg-ray flux due to
the annihilation of dark matter particles is then obtained
summing over all contributions in the form in Eq.~4!:
2-2
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dfg

dE0
[

dNg

dA dVdt0dE0
5

1

4pE dr R0e2t(z,E0)E dM
dn

dM
~M ,z!

dNg

dE
„E0~11z!,M ,z…

5
c

4pE dz
e2t(z,E0)

H0h~z!
E dM

dn

dM
~M ,z!

dNg

dE
„E0~11z!,M ,z…, ~5!
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where the integration along the line of sight has been
placed by one over redshift,H0 is the Hubble parameter,c is
the speed of light andh depends on the cosmological mode

h~z!5AVM~11z!31VK~11z!21VL. ~6!

In this work we put the contribution from curvatureVK
50, in agreement with the prediction from inflation and wi
recent measurements of the microwave background@2#. Tak-
ing the limit in which all structure is erased and dark mat
is smoothly distributed at all redshifts, Eq.~5! correctly re-
duces to the analogous formula derived with the Boltzma
equation in BEU@Eq. ~4! therein#.

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq.~5! for an actual
prediction of theg-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the numbe
photons emitted per annihilation, as well as the energy
tribution of these photons: the choice of the particle phys
model fixes this element. As photons are emitted in the
nihilation of two WIMPs, the flux from each source wi
scale with the square of the WIMP number density in
source. The second element needed is then the dark m
density profile in a generic halo of massM at redshiftz.
Finally we need to know the distribution of sources, i.e.
need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from
LCDM model for structure formation: we outline here h
potheses and results entering the prediction for the dark m
ter induced flux. We start with the mass function for da
matter halos.

A. The halo mass function

Press-Schechter@16# theory postulates that the cosmolog
cal mass function of dark matter halos can be cast into
universal form

dn

dM
5

r̄0

M2
n f ~n!

d logn

d logM
~7!

where r̄0 is the comoving dark matter background dens
r̄0.rcVM with rc being the critical density atz50. We
introduced also the parametern[dsc(z)/s(M ), defined as
the ratio between the critical overdensity required for c
lapse in the spherical modeldsc and the quantitys(M ),
which is the present, linear theory, rms density fluctuation
spheres containing a mean massM. An expression fordsc is
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given, e.g., in Ref.@17#. s(M ) is related to the fluctuation
power spectrumP(k), see e.g. Ref.@18#, by

s2~M ![E d3kW̃2~k R!P~k! ~8!

where W̃ is the top-hat window function on the scaleR3

53M /4pr̄ with r̄ the mean~proper! matter density. The
power spectrum is parametrized asP(k)}knT2(k); we fix
the spectral indexn51 and take the transfer functionT as
given in the fit by Bardeenet al. @19# for an adiabatic CDM
model, with the shape parameter modified to include ba
onic matter according to the prescription in, e.g.@20#, Eqs.
~15.84! and ~15.85!. Note that the fit we use agrees with
10% with the analytic result obtained for largek in Ref. @21#,
hence it holds to the accuracy we are concerned about fo
small scales we will consider below. We normalizeP ands
by computings in spheres ofR58/h Mpc and setting the
result equal to the parameters8 (h is the usual Hubble con
stant in units of 100 km s21 Mpc21).

In Eq. ~7! f (n) is known as the multiplicity function; we
implement the form found in the ellipsoidal collapse mod
@22#:

n f ~n!52AS 11
1

n82qD S n82

2p D 1/2

expS 2
n82

2 D ~9!

where n85Aan, and the parametersq50.3 anda50.707
are derived by fitting Eq.~7! to theN-body simulation results
of the Virgo consortium@23#, while A is fixed by the require-
ment that all mass lies in a given halo, i.e.*dn f (n)51 or
*dMMdn/dM5 r̄0. Equation~9! reduces to the form origi-
nally proposed in Press-Schechter theory and valid
spherical collapse ifa51, q50 andA50.5.

To give the reader a feeling for what the distribution
mass is, as predicted by the halo mass function we are
sidering here, in Fig. 1 we plot the fraction of the total ma
in halos heavier thanM, and the fraction per mass decad
for three different redshifts,z equal to 0, 2 and 4, and for ou
default choice of cosmological model:VM50.3, VL50.7,
h50.7, Vb50.022/h2 ands850.73 @24#. Note the peak in
the distribution atM;101221013M ( for z50 rapidly mov-
ing to lower masses for larger redshifts; note also that
low mass tails are not very steep, with only 89%~81%! of
the total mass in structures heavier than 10M ( at z50 (z
52). These numbers get slightly larger if one applies
spherical collapse model instead of the ellipsoidal model
have considered here.
2-3
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B. The density profile in dark halos

In the LCDM model for structure formation, dark matte
halos are assumed to form hierarchically bottom-up
gravitational amplification of initial density fluctuations
Small structures merge into larger and larger halos and fi
configurations are self-similar, with a smooth dark mat
component and, possibly, a small fraction of the total mas
subhalos which have survived tidal stripping. We neglect
the moment eventual substructure, whose role on the W
induced signal is discussed in the next section.N-body simu-
lations seem to indicate that dark matter density profiles
be described in the form

r~r !5r8g~r /a!, ~10!

wherea is a length scale andr8 the corresponding density
The functiong(x) is found to be more or less universal ov
the whole mass range of the simulated halos, although
ferent functional forms have been claimed in different sim
lations: we will consider the result originally proposed
Navarro, Frenk and White@25# ~NFW!,

gNFW~x!5
1

x~11x!2 , ~11!

supported also by more recent simulations performed by
same group@26#, and the result found in the higher resolutio
simulation~but with fewer simulated halos! by Mooreet al.
@27# ~hereafter the Moore profile!,

FIG. 1. Fraction of total mass provided by objects heavier th
a given massM ~upper curves! or within 14 decades in mass~lower
histograms! at three different redshifts and for the mass function
derived in the ellipsoidal collapse model.
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gMoore~x!5
1

x1.5~11x1.5!
. ~12!

The two functional forms have the same behavior at la
radii and they are both singular towards the center of
halo, but the Moore profile increases much faster than
NFW profile ~nonuniversal forms, with central cusp slop
depending on evolution details have been claimed as w
@28#!. There have been a number of reports in the literat
arguing that the rotation curves of many small-size disk g
axies rule out divergent dark matter profiles, see, e
@29,30# ~note however that this issue is not settled yet, s
e.g., @31#!, while they can be fitted by profiles with a fla
density core. We consider then here as a third alterna
functional form the Burkert profile@32#,

gB~x!5
1

~11x!~11x2!
, ~13!

which has been shown to be adequate to reproduce a l
catalogue of rotation curves of spiral galaxies@33#.

Rather than bya andr8, it is useful to label a dark matte
profile by its virial massM and concentration paramete
cv ir . For the latter, we adopt here the definition by Bullo
et al. @34#: let the virial radiusRv ir of a halo of massM at
redshift z be defined as the radius within which the me
density of the halo isDv ir times the mean background de
sity r̄(z) at that redshift:

M[
4p

3
Dv ir r̄~z!Rv ir

3 . ~14!

We take the virial overdensity to be approximated by t
expression@35#, valid in a flat cosmology,

Dv ir .
~18p2182x239x2!

VM~z!
~15!

with x[VM(z)21, (Dv ir .337 for VM50.3 atz50). The
concentration parameter is then defined as

cv ir 5
Rv ir

r 22
~16!

with r 22 the radius at which the effective logarithmic slop
of the profile is22, i.e. it is the radius set by the equatio
d/dr„r 2g(r )…ur 5r 22

50. This means thatr 225a for the

NFW profile, whilex22[r 22 /a is equal to about 0.63 for
the Moore profile and to 1.52 for the Burkert profile. No
that these definitions ofRv ir and cv ir differ from those
adopted in Ref.@25# and Ref.@36#.

After identifying the behavior in Eq.~10!, Navarroet al.
noticed also that, for a given cosmology, the halos in th
simulation at a given redshift show a strong correlation
tweencv ir andM @25#, with larger concentrations in lighte
halos. This trend may be intuitively explained by the fact th
low-mass halos typically collapsed earlier, when the U
verse was denser. Bullocket al. @34# confirmed this behavior
with a larger sample of simulated halos and propose a

n

s
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FIG. 2. Concentration parameter versus mass for halos of massM at z50. On the left-hand panel we reproduce from Ref.@34# the
behavior found in a large sample of simulated halos, with a binning in mass in which each marker represents the peak in the distrib
the relative bar its 68% width; the trend is reproduced with the toy models proposed in Ref.@34# itself ~Bullock et al.! and in Ref.@36#
~ENS!. On the right-hand side, we show an extrapolation ofcv ir to the whole mass range we need to include in our analysis according t
two toy models.
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model to describe it, which improves on the toy model ori
nally outlined in@25#: On average, a collapse redshiftzc is
assigned to each halo of massM at the epochz through the
relation M !(zc)[FM , where the typical collapsing mas
M ! is defined implicitly bys„M !(z)…5dsc(z) and is postu-
lated to be a fixed fractionF of M ~following Ref. @37# we
chooseF50.015). The density of the Universe atzc is then
associated with a characteristic density of the halo atz; it
follows that, on average, the concentration paramete
given by

cv ir ~M ,z!5K
11zc

11z
5

cv ir ~M ,z50!

~11z!
~17!

whereK is a constant~i.e. independent ofM and cosmology!
to be fitted to the results of the simulations. Bullocket al.
@34# show that this toy model reproduces rather accura
the dependence ofcv ir found in the simulations on bothM
andz. We reproduce this fit atz50 in Fig. 2~left panel, solid
line!; ‘‘data’’ points and relative error bars are taken fro
@34# and just represent a binning in mass of results in th
simulated halos: in each mass bin, the marker and the e
bars correspond, respectively, to the peak and the 68% w
in the cv ir distribution. We determineK with a best fitting
procedure in the cosmologyVM50.3, VL50.7, h50.7 and
s851 adopted in theN-body simulation referred to, and the
use this value to estimate the meancv ir in other cosmologies
we findK54.4. Finally, following again Bullocket al. @34#,
we assume that, for a givenM, the distribution of concentra
tion parametersP is log-normal with a 1s deviation
D(log10cv ir ) around the mean, independent ofM and cos-
mology; we takeD(log10cv ir )50.2.

An alternative toy-model to describe the relation betwe
cv ir and M has been discussed by Eke, Navarro and St
12350
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metz @36# ~ENS!: The relation they propose has a simil
scaling inz, with however a different definition of the col
lapse redshiftzc and a milder dependence ofcv ir on M. In
our notation, they definezc through the equation

D~zc!seff~M p!5
1

Cs
~18!

whereD(z) represents the linear theory growth factor, a
seff is an ‘‘effective’’ amplitude of the power spectrum o
scaleM:

seff~M !5s~M !S 2
d ln~s!

d ln~M !
~M ! D52

ds

dM
M ~19!

which modulatess(M ) and makeszc dependent on both the
amplitude and the shape of the power spectrum, rather
just on the amplitude as in the toy model of Bullocket al.
Finally, in Eq.~18!, M p is assumed to be the mass of the ha
contained within the radius at which the circular veloc
reaches its maximum, whileCs is the parameter~indepen-
dent on M and cosmology! which has to be fitted to the
simulations. With this definition ofzc it follows that, on av-
erage,cv ir can be expressed as

cv ir ~M ,z!5S Dv ir ~zc!VM~z!

Dv ir ~z!VM~zc!
D 1/311zc

11z
. ~20!

As we already mentioned, the dependence ofcv ir on M as
given in the equation above is weaker than in the Bullo
et al. toy-model. Our best fitting procedure givesCs576
and the behavior in Fig. 2~left panel, dashed line!, which
reproduces theN-body ‘‘data’’ fairly well, with values not
2-5
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very far from those obtained in the Bullocket al. model
within the range of simulated masses, and possibly jus
slight underestimate of the mean value in the lighter m
end.

On the other hand, the extrapolation outside the simula
mass range can give much larger discrepancies as show
the right panel of Fig. 2. Solid lines are for the same mod
as those shown in the left panel (K andCs from the data fit
in the left panel!, with just s8 set equal to our preferre
value,s850.73. When going to smallM, cv ir increases in
both cases, but the growth in the model of Bullocket al. is
much faster than in the ENS model; we will show explicit
12350
a
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how this uncertainty propagates to the prediction of the d
matter inducedg-ray flux. The sensitivity of our results to
the choice of cosmological parameters is generally m
weaker: The largest effect is given by the overall linear sc
ing of cv ir (M ,z) with s8. There is also the possibility to
change the cosmological model by including other dark co
ponents; we are not going to discuss any such case in de
we just mention that a neutrino component at the level
current upper limits is not going to change severely our p
ture, while a substantial warm dark matter component m
play a crucial role ifzc is indeed defined according to th
ENS prescription.
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the factor
IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the termdNg /dE introduced above and to derive the formula for the flux. T
differential energy spectrum for the number of photons emitted inside a halo with massM at redshiftz is

dNg

dE
~E,M ,z!5

sv
2

dNg~E!

dE E dcv ir8 P~cv ir8 !S r8

Mx
D 2E d3rg2~r /a!

5
sv
2

dNg~E!

dE

M

Mx
2

Dv ir r̄

3 E dcv ir8 P~cv ir8 !
~cv ir8 x22!3

@ I 1~cv ir8 x22!#2
I 2~xmin ,cv ir8 x22! ~21!

wheresv is the WIMP annihilation cross section times relative velocity in the pair,dNg(E)/dE is the differential gamma-ray
yield per annihilation andMx is the WIMP mass. We are focusing on the case for particle-antiparticle pair annihilatio
which particle and antiparticle coincide~e.g., this happens for neutralinos, which are Majorana fermions!, hence we find the
prefactorsv/2; note that in previous literature this prefactor has often been erroneously assumed equal tosv.1 In Eq. ~21! we
applied the definition ofRv ir and introduced the integrals

I n~xmin ,xmax!5E
xmin

xmax
dx x2gn~x! ~22!

with the lower limit of integrationxmin5r min /a set, in a singular halo profile, by WIMP self-annihilations, i.e. roughly
r(r min).mx /@sv(t02tc)#, wheret0 is the age of the Universe andtc is the collapse time for the halo under investigation.
include all sources labeled by their massM, we averaged over the log-normal distributionP(cv ir8 ) centered oncv ir as given in
Eq. ~17! or Eq. ~20!.

Inserting Eq.~21! into Eq. ~5!, we find that the gamma-ray flux is

dfg

dE0
5

sv
8p

c

H0

r̄0
2

Mx
2E dz~11z!3

D2~z!

h~z!

dNg„E0~11z!…

dE
e2t(z,E0), ~23!

where we have defined

D2~z![E dM
n~z,M ! f @n~z,M !#

s~M !
U ds

dMUDM
2 ~z,M ! ~24!

1The clearest way to see the origin of the factor of 1/2 is probably to go back to the Boltzmann equation, as in BEU. In essence
view sv as the thermal average~averaged over momentum and angles! of the cross section times velocity in the zero momentum limit;
this average one integrates over all possible angles. For identical particles in the initial state, you include each possible initial st
therefore you need to compensate by dividing by a factor of 2, with the prefactor in the zero-momentum limit which becomessv/2. In the
Boltzmann equation describing the time evolution of the WIMP number density the 1/2 does not appear as it is compensated by
of 2 one has to include because 2 WIMPs are depleted per annihilation. Another way to view this is to think ofs as the annihilation cross
section for a given pair of particles. Let the number of WIMPs in a given volume beN; the annihilation rate would be given bysv times
the number of pairs, which isN(N21)/2. In the continuum limit this reduces tosvn2/2.
2-6
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and the quantity

DM
2 ~z,M ![

Dv ir ~z!

3 E dcv ir8 P~cv ir8 !
I 2„xmin ,cv ir8 ~z,M !x22…

@ I 1„xmin ,cv ir8 ~z,M !x22…#
2
„cv ir8 ~z,M !x22…

3. ~25!

FIG. 3. Average enhancement in theg-ray flux emitted in a halo of massM at redshiftz50 with respect to the case in which the sam
amount of dark matter is smoothly distributed. On the left-hand side we show how sensitive the result is to the concentration para
the right-hand side the result for three different families of dark matter density profiles is shown.
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@Note that this definition differs from that in BEU@8# by a
factor 1/(11z)3. The advantage of the present definition
that DM

2 (z,M )51 if all matter is at the mean density fo
redshiftz.# In early estimates of the WIMP induced extrag
lactic g-ray flux, see, e.g.,@9#, the role of structure was no
appreciated and the dark matter distribution was assume
be described simply by the mean cosmological matter d
sity r(z)5rcVM(11z)3. Compared to this picture
DM

2 (z,M ) gives the average enhancement in the flux due
halo of massM, while D2(z) is the sum over all such con
tributions weighted over the mass function. As we will se
the enhancement of the annihilation rate due to struc
amounts to several orders of magnitude.

A. Flux normalization

We analyze first how sensitive the flux is to the dark h
properties we discussed in Sec. III. In Fig. 3—left panel—
plot DM

2 as a function ofM, at redshiftz50 and assuming
the Moore density profile to describe dark matter halos. T
four cases displayed correspond to the two toy models
cv ir we have discussed in the previous section, and to
choices ofs8: our default values850.73@24# and the larger
value s851.02 found in another recent analysis@38# and
more in line with values often quoted in the past. For sm
M, i.e. large cv ir , DM

2 scales roughly likecv ir
3 /log2(cvir),

where the logarithmic term follows from the fact that th
halo profiles we are considering have logarithmically div
12350
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a

,
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e
r
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gent masses~which we cut at the virial radius!. It follows
that the uncertainty ons8 induces about a factor of 2 unce
tainty onDM

2 , while an indetermination of a factor of a few
is due to the model applied to extrapolatecv ir to small
masses.

In Fig. 3—right panel—we restrict tocv ir as computed
with the Bullocket al. toy model, and show the dependen
of the signal on the choice of halo profile. The spread in
predictions between the Moore profile and the Burkert p
file is around a factor of 10 independent of mass, which
much smaller than the uncertainty due to the choice of p
file when considering the dark matter inducedg-ray flux
generated in single resolved sources. This is one of the
vantages of considering the cosmological signal. Of cou
one is also less sensitive to the actual halo properties
single galaxy, the Milky Way, which are poorly known. Th
issue is analyzed further in Fig. 4 where, for a given halo
density profiler(rW), we plot the dimensionless quantity

^J~c!&DV5
1

DV

1

8.5 kpc
•S 1

0.3 GeV/cm3D 2

3E
DV

dVE
l .o.s.

d lr2~rW !, ~26!

a sum over contributions along the line of sight in a cone
apertureDV in the directionc ~this quantity often appears in
analyses of the WIMP induced flux generated in the Mil
2-7
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Way halo; normalization factors are fixed following th
choice in Ref.@39#!. We focus on a 1012M ( halo, i.e. a halo
of the size of the Milky Way or Andromeda, and assign to
the meancv ir in the Bullocket al. model; also, we choosec
in the direction of the center of the halo and consider a m
erately large acceptance angle,DV51023 sr. We let then
the distanced between the center of the halo and us va
between 1023Rv ir and 103Rv ir (Rv ir ;260 kpc in our sample

FIG. 4. Scaling of the collectedg-ray flux with the distanced
between the detector and the center of a halo, for three diffe
halo profiles. The angular acceptance of the detector is assum
be DV51023 sr. The plot is for a 1012M ( halo, the arrows indi-
cate the position on the horizontal axis for the Milky Way a
Andromeda; the case for other masses is analogous.
12350
t

-

case! and plot the correspondinĝJ& for the three halo pro-
files we introduced. The arrows in the figure mark the loc
tion on the horizontal axis of the Milky Way~MW! and
Andromeda~M31!. At larged/Rv ir we find for all halo pro-
files the 1/d2 scaling one expects for point-like sources: th
is obvious for ratios larger thand/Rv ir .Ap/DV.56, when
the halo is fully contained in the field of view; however, as
can be seen, for the Burkert and the NFW profiles such s
ing appears already for ratios one order of magnitu
smaller, and it is present essentially over the whole ra
displayed for the Moore profile. This indicates that the bu
of the flux is emitted in the inner halos: for the Moore profi
50% ~10%! of the total emitted flux is generated within
radius that is about 931026Rv ir (631029Rv ir ), for the
NFW and Burkert profiles the corresponding radii a
shifted, respectively, to 2.431022Rv ir (3.331023Rv ir ) and
631022Rv ir (2.431022Rv ir ). While the spread in predic
tions for the flux generated in the center of our Galaxy
very large~6 orders of magnitude!, the total emitted flux is a
much weaker function of the density profile—the uncertain
is roughly an order of magnitude.

This factor of 10 uncertainty is nearly independent ofM,
therefore it propagates as an order of magnitude uncerta
on the overall normalization of the WIMP inducedg-ray
flux.

The behavior ofD2 is obtained by folding the scaling o
the integrated mass function in Fig. 1 with that ofDM

2 in Fig.
3. The dominant contribution toD2 comes from very small
halos: the integrand inD2 is the product of two mildly di-
vergent quantities, the mass function timesM and DM

2 ; the
result is still convergent but relies heavily on our understa
ing of the light mass end. This is shown in the left-ha
panel of Fig. 5, where, for the Moore profile and our pr
ferred cosmology, we plotD2 at z50 restricting the range o
integration over mass. For the Bullocket al. toy model the

nt
to
nd side
d with
FIG. 5. Enhancement in the diffuseg-ray flux compared to the case when all structures in the Universe are erased. On the left-ha
the contributions of structures of given masses atz50 are shown; on the right-hand panel we show the redshift dependence, rescale
the term (11z)3/h(z).
2-8
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COSMOLOGICAL DARK MATTER ANNIHILATION S . . . PHYSICAL REVIEW D 66, 123502 ~2002!
contribution per logarithmic interval keeps increasing ev
for the lightest mass range displayed, while in the E
model it starts decreasing but rather slowly. Extrapolation
cv ir with our toy models to exceedingly small masses m
not be fully reliable; we prefer to introduce a cutoff incv ir

and hence inDM
2 at the intermediate mass rangeMcut , say

105M ( for z50, where we believe the toy models are su
ficiently trustworthy. We assume

cv ir ~M ,z!5cv ir ~Mcut ,z! ;M,Mcut . ~27!

The choice ofMcut is to some extent arbitrary; should on
make a different assumption Fig. 5 allows to scale our fi
results.

In Fig. 5, right-hand panel, we plot (11z)3D2/h, i.e. the
quantity we need to integrate overz to get theg-ray flux, see
Eq. ~23!, once folded with the emission spectrum and t
absorption factor. We consider both models forcv ir and two
schemes to defineMcut . In the first we fixMcut5105M ( for
anyz, progressively reducing the mass range over whichcv ir
is extrapolated. Another possibility is to keep the range
this extrapolation fixed: atz50 we chooseM ! /Mcut , with
M ! the largest scale allowed defined implicitly b
s„M !(z)…5dsc(z) and againMcut5105M ( ; at otherz the
same ratio is imposed~we never include extrapolations t
masses lower than 10M ( ; at the redshift of a few when
Mcut would be lower than that, we setMcut510M (). Both
schemes are rather arbitrary, we will show however that
final result is not very sensitive to them. Notice, on the ot
hand, the sharp increase of (11z)3D2 at smallz for the ENS
model, whereas a mild decrease or a flat behavior is foun
the Bullock et al. model. At largerz, the scaling in 1/h(z)
takes over.

B. Spectral signatures

We now try to estimate, in an approximate way, the le
and spectral shape of the gamma-ray flux that can be
pected for a general WIMP, leaving a more detailed disc
sion of the extragalactic background one has to fight aga
for Sec. V, and predicted signals for a more specific~super-
symmetric! dark matter candidate for Sec. VI.

The differential gamma-ray yield per WIMP pair annih
lation can be written as

dNg~E!

dE
5(

X
bgXngXd„E2Mx~12MX

2/4Mx
2!…

1(
F

bF

dNcont
F

dE
~E!. ~28!

The first term refers to prompt annihilation into two-bod
final states containing a photon, which, forbidden at tr
level essentially by definition of dark matter~zero electric
charge!, are allowed at higher order in perturbation theo
Although subdominant, they have the peculiarity of givi
monochromaticg-rays: as WIMPs in halos are nonrelativi
tic the energy of the outgoing photon is fixed by the WIM
massMx and the mass of the particleX @i.e., E5Mx for the
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2g final state andE5Mx(12MX
2/4Mx

2) for final states with
some nonzero mass particleX]. The parameterbgX is the
branching ratio into these channels andngX is the number of
photons per annihilation, i.e. 2 for the 2g final state and to 1
for the others. The second term in Eq.~28! is instead the term
due to WIMP annihilations into the full set of tree-level fin
statesF, containing fermions, gauge or Higgs bosons, who
fragmentation/decay chain generates photons; this pro
gives rise to a continuous energy spectrum.

Although there is some span in the predictions for t
photon emission rate in different particle physics models,
spectral features of the induced fluxes are quite generic
can be outlined without referring to a specific model~in Sec.
VI below we will discuss results for more specific models!.
We start discussing the monochromatic terms, focusing to
definite on the processxx̄→2g and picking for reference
some typical value for the annihilation cross section in t
channel. Consider, e.g., that in the simplest case~no reso-
nances or thresholds near the kinematically released en
in the annihilation 2Mx) the WIMP total annihilation rate is
fixed by the approximate relation@40,41#

sv;^sv&;
3310227 cm3 s21

Vxh2
;3310226 cm3 s21,

~29!

which shows the order of magnitude scaling between
thermally averaged annihilation cross section^sv& and the
WIMP thermal relic abundanceVx . Note that this relation is
only a rough approximation and that large deviations from
can appear mainly due to resonances and thresholds. In
VI below we will not use this approximate relation, but in
stead calculate the relic density including properly bo
coannihilations, resonances and thresholds. For the cu
discussion though, this approximate relation suffices. The
nihilation into two photons is a 1-loop process so, in gene
its strength is much smaller thansv; we assume, as a samp
case when this channel is relevant,b2g51023.

In Fig. 6 we show the induced extragalactic gamma
flux for 3 different values of the WIMP mass,Mx

550,100,250 GeV, and for the two schemes we have c
sidered to estimatecv ir . We consider halos modeled by th
Moore profile, with no subhalos~the effects of the latter will
be discussed in Sec. IV C!. The figure illustrates the nove
signature, first proposed in BEU, to identify a WIMP induc
component in the measured extragalactic gamma-ray b
ground, the sudden drop of the gamma-ray intensity at
energy corresponding to the WIMP mass due to the as
metric distortion of the line caused by the cosmological re
shift. The energy of theg-rays at emission determine
whether the smearing to lower energies has a sharpe
smoother cutoff: for a largerMx the absorption on the ex
tragalactic optical and infrared starlight background becom
more efficient. Spectra obtained applying the ENS toy-mo
for cv ir are similar to those derived with the Bullocket al.
model; the main difference, for masses lower than about
GeV, is a slight shift of the flux peak to lower energies. Th
effect, due to the sharp increase inD2 shown in Fig. 5 in a
2-9
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FIG. 6. Spectral signature in the extragalactic gamma-ray flux due to the annihilation of dark matter WIMPs into monoch
photons. A toy model with three choices of WIMP masses,Mx550,100,250 GeV, and fixed annihilation rate into 2g, is considered. The
signature arises because of the asymmetric distortion of the line due to the cosmological redshift, as well as by absorption of ga
generated in distant sources. The normalization of the fluxes is computed assuming halos are modelled by the Moore profile an
tration parameters are derived with the Bullocket al. toy model~left panel! or the ENS model~right panel!; solid and dashed curves refe
to two schemes for the choice of the halo mass cutoffMcut , which, as can be seen, plays a marginal role.
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regime where the absorption factor does not rapidly t
over, tends to reduce the difference in the flux normalizat
one might have foreseen looking atDM

2 alone ~in the next
generation of measurements the energy resolution will pr
ably not be better than 10% or so!. Figure 6 also illustrates
the fact that, at least for the line contributions, the treatm
of the cutoff in halo mass is not very important; there
mainly an overall scaling with the choice ofMcut at z50,
which the reader can infer from the left-hand panel of Fig
12350
e
n

b-

t

.

Typical features in the continuum contribution are illu
trated in Fig. 7. We have assumed again thatsv;3
310226 cm3 s21 and supposed that, as often happens in r
particle physics models, the dominant annihilation channe
into bb̄; the energy distribution per annihilating pair in the
rest frame is simulated with the Pythia Monte Carlo packa
@42#. As most photons are produced in the hadronization
decay ofp0s ~98.8% decay mode:p0→2g), the shape of
the photon spectrum is peaked at half the mass of the p
d in pair
tion rate,

he left
he spectral
FIG. 7. Spectral features for the extragalactic gamma-ray flux due to the photons with continuum energy spectrum emitte
annihilations of dark matter WIMPs. The cases considered here are for a WIMP toy model of given mass and fixed total annihila

assuming the dominant branching ratio isbb̄. The flux normalizations are computed under the same assumptions as in Fig. 6. In t
panel we compare the shape of the induced flux at Earth with the one at emission; in the right panel we show the dependence of t
shape on WIMP mass. For comparison, the EGRET estimate of the extragalactic background flux is shown.
2-10
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COSMOLOGICAL DARK MATTER ANNIHILATION S . . . PHYSICAL REVIEW D 66, 123502 ~2002!
about 70 MeV, and is symmetric around it on a logarithm
scale~sometimes this feature is called the ‘‘p0 bump,’’ see,
e.g.,@43#!. Had we chosen a different dominant annihilati
channel or a combination of several channels, we wo
have found very similar behaviors. As absorption becom
negligible going to low energies, two features arise wh
summing extragalactic contributions over all redshifts: T
peak in the spectrum is shifted to lower energies and the
a sharper decrease in the flux approaching the value of
WIMP mass. The first signature is probably hidden in ba
ground fluxes, see the discussion in the next section.
second feature is instead potentially interesting, especiall
case the line components are negligible: While a sens
contribution to the extragalacticg-ray background can be
provided by WIMPs in the few GeV energy range, at high
energies the WIMP induced flux is very rapidly suppress
Such behavior cannot be associated to a spectral index, w
background components are closer to a power law.

As shown on the right-hand side of Fig. 7, the WIM
induced extragalactic flux gradually flattens for heavier a
heavier WIMPs; also shown is the current estimate of
diffuse extragalactic background flux as derived from
analysis of data taken by the Energetic Gamma Ray Exp
ment Telescope~EGRET! @44#.

C. Role of subhalos

We have shown that small dense halos are providing
bulk of the WIMP inducedg-ray flux. So far we have con
sidered just the case for isolated halos; as already mentio
N-body simulations indicate that, in the clustering proce
with large halos forming by the merging of smaller objects
fraction of the latter, up to about 10% of the total mass, m
have survived tidal disruption and appear as bound subh
inside virialized halos@45,46#. From the point of view of
structure formation, the presence of rich substructure po
lations was at first seen as the main flaw in the picture fr
N-body simulations ofLCDM cosmologies, a ‘‘crisis’’ urg-
ing for a solution@45,46#, maybe with a drastic change in th
particle physics set up, see, e.g.,@47#. More recent analyse
indicate that those results should be reinterpreted and
apparent discrepancy between the number of subhalos fo
in the simulations and that of luminous satellites observe
real galaxies is fading away, see, e.g.,@48–51#. From the
point of view of dark matter detection, substructure may p
a crucial role@52#, even in the interpretation of currentl
available data. Consider, e.g., the gamma-ray halo surro
ing the Galaxy for which statistical evidence has be
claimed in data collected by the EGRET telescope@53#: the
conjecture that this may be generated by pair annihilation
relic dark matter particles is based on the possible prese
of dense dark matter clumps in the Milky Way halo@54#.

At first sight, the role of substructure may seem margi
in our context. The fraction of mass in subhalos is small a
the subhalo mass function is not likely to be significan
steeper than the mass function for isolated halos, Eq.~7!. We
expect then the number of halos in a given mass range t
larger than the number of substructures in the same ra
On the other hand, the concentration parameter in subh
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may be significantly larger than for halos: on average, s
halos arise in higher density environments, and we expe
depletion in their outskirts by tidal stripping. This trend h
indeed been observed in the numerical simulation of R
@34#, where it is shown that, on average and forM;5
31011M ( objects, the concentration parameter in subha
is about a factor of 1.5 larger than for halos.

Consider a halo of massM and suppose that, on averag
a fractionf of its total mass is provided by substructures w
mass functiondns /dMs . The differential energy spectrum
for the number of photons emitted in such a halo, rather t
by Eq. ~21!, is now given by

dNg

dE
~E,M,z!5

sv
2

dNg~E!

dE F E dcv ir8 P~cv ir8 !S ~12 f !r8

Mx
D 2

3Ed3rg2~r /a!

1EdMs

dns

dMs
Edcv ir8 Ps~cv ir8 !

3S r8

Mx
D 2E d3rg2~r /a!G

5
sv
2

dNg~E!

dE

r̄c

Mx
2 F ~12 f !2MDM

2 ~z,M !

1EdMs

dns

dMs
MsDMs

2 ~z,Ms!G . ~30!

A simple ansatz is that the subhalo mass function ha
power-law behaviordns /dMs}1/Ms

b for Ms,M (b,2 is
required for the total mass to be finite!, with the normaliza-
tion fixed by using the definition off, i.e.

E dMsMs

dns

dMs
5 f M . ~31!

This gives

dns

dMs
5~22b! f

Mb21

Ms
b

. ~32!

If we further assume thatf anddns /dMs are independent o
M, inserting Eq.~32! into Eq. ~30!, we find that the contri-
bution of subhalos can be included in the formula for t
gamma-ray flux, Eq.~23!, with the replacement

DM
2 ~z,M !→~12 f !2DM

2 ~z,M !

1~22b! f Mb22E dMsMs
12bDMs

2 ~z,Ms!.

~33!

Here DMs

2 is just DM
2 but with values ofcv ir and P(cv ir8 )

appropriate for the subhalos. It may be premature to ded
the latter fromN-body simulation results. The scalingcv ir
}M 20.3 proposed in Ref.@34# probably cannot be extrapo
2-11
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ULLIO et al. PHYSICAL REVIEW D 66, 123502 ~2002!
lated to small masses: for 105M ( subhalos we would get a
value of the concentration parameter 40 times larger than
value for halos as computed with the Bullocket al. toy
model.

A prediction for the subhalo mass function is missing
well; there are just limited studies, not fully covering th
mass range we are interested in. The currentN-body simula-
tion results are consistent with a power law behavior,
with nonuniversal slope and some indication that the indeb
is getting harder, decreasing the mass of the host halo.
find, e.g., from Fig. 5 in Ref.@55# thatb.1.66 for a 1015M (

halo. A few studies are focused on Milky Way size halo
1012M ( : from, e.g., Fig. 1 in Ref.@49# we can extract the
scalingdns /dMs}1/Ms

1.95.
The value off is a matter of debate as well. Values for th

fraction of mass in substructures quoted in the literature
in the range 1% to 10% and they often refer to the ratio
the sum of the masses of identified subhalos to the t
mass, rather than to an extrapolation performed assumi
mass function. Such a value, sayf 8, should then depend bot
on the algorithm for finding subhalos in the simulation, an
most importantly, on the resolution of the simulation. Su
pose thatf 8 refers to a simulation where, for halos of ma
M, substructures of mass down topM can be resolved; then
with our notation,

f 8M5 f Mb21@M22b2~pM!22b#, ~34!

i.e., f 5 f 8/(12p22b). If M51012M ( and p5531025

@49#, we find f 52.56f 8. It is then not implausible that the
true f, eventually to be found at future ultrahigh resolutio
simulations, may approach or even exceed 10%.

To give a feeling for the possible effect of substructu
we consider the simplified sample case in whichf and the
mass function are universal, and keep the average enha
ment in the concentration parameter as a free parameter@we
find the value ofcv ir (M ,z) for subhalos by a rigid rescalin
of thecv ir (M ,z) found for halos of the same mass and at
samez: actually, the mass range in which this rescaling m
ters is just around the cutoff massMcut5105M (]. In Fig. 8
we considerb51.95 or the slightly softerb51.90, choose
three sample values for the fraction of the mass in subhaf
and plot the ratio of the value ofD2 with and without includ-
ing subhalos as a function of the average enhancement in
concentration parameter. Sensible gains inD2 and hence in
the g-ray flux normalization are viable even for modera
enhancements in the concentration parameter. Again, th
fect of substructure is less dramatic than in the case of si
dark matter sources: the argument here is analogous to
one presented in the discussion on the role of the singula
in halo profiles.

D. Observability of subhalos in the Milky Way halo

It would be of utmost importance to test the subhalo p
ture predicted by CDMN-body simulations by collecting
information from the morphology of the Milky Way halo. A
already mentioned, a rich population of luminous satellite
not observed in the Galaxy and this was considered, u
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recent work, one the most severe ‘‘problems’’ of CDM
There are now models@50,51# to explain why small sub-
structures may be totally dark~without visible baryons!; if
this is indeed the case, WIMP annihilation might be the o
chance to perform a detailed mapping of the distribution
mass in the Milky Way. This issue has been investigated
numerous authors~for a recent analysis see, e.g., Ref.@56#!.
The problem however reduces to the study of the actual
alization of incalculable random processes and this imp
that it is very hard to estimate the probability for detection
a signal. In particular, a crucial parameter will be the locat
of the nearest dark matter clump, since this will dominate
signal. We show here how the picture we have outlined fo
generic halo applies to the Milky Way and discuss the imp
cations for the observability of subhalos.

The gamma-ray flux from a single ‘‘clump’’ of massMs
and at the distanced from the Earth is equal to

dfg
12cl

dE
5

sv
2

dNg~E!

dE

1

4pEDV
d VE

l .o.s.
d lS r~rW !

Mx
D 2

59.35310211S sv

10226 cm3 s21D S 100 GeV

Mx
D 2

3
dNg~E!

dE
DV^J~c50!&DV cm22 s21 GeV21.

~35!

The angular extension of most clumps is much smaller t
DV, hence we can use the point source approximation
our formalism the formula becomes

FIG. 8. Influence of substructure on the flux normalization
three different average fractionsf of the total mass in subhalos; w
have restricted to a specific mass function~see text! with spectral
index b and kept as a free parameter, we display on the horizo
axis the mean enhancement in the concentration parameter in
halos.
2-12
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dfg
12cl

dE
5

sv
2

dNg~E!

dE

1

4p d2

Ms

Mx
2

Dv ir r̄0

3

~cv ir8 x22!3

@ I 1~cv ir8 x22!#2

3I 2~xmin ,cv ir8 x22!. ~36!

Assumefg(E.100 MeV).1.631029 cm22 s21 @57# is
the point source sensitivity of the next gamma-ray telesc
in space, GLAST, which, as EGRET did, will map the who
gamma-ray sky. In defining a particle physics model fo
WIMP, one has to fixMx , sv and the branching ratios int
each annihilation channel. It is then possible to compute,

Ng
1005E

100 MeV
dE8

dNg~E8!

dE8
. ~37!

For eachMs we can estimate the maximum distancedMax of
the clump from us such that the WIMP induced flux is larg
than the point source sensitivity of GLAST. This is shown
Fig. 9 for one of the WIMP toy models introduced in Se
IV B: we assume thatMx550 GeV and that the total ann
hilation rate intobb̄ is sv510226 cm3 s21, and findNg

100

525.9; a generalization to other models can be obtai
very simply by scaling of these values. Six configurations
the normalization of the flux are chosen: we assume
cv ir (M ,z50) for subhalos is either equal to the mean va
found with the Bullocket al. or ENS toy models for isolated
halos ~labels ‘‘B. et al.’’ and ‘‘ENS’’ respectively! or to 4
times the value found with the Bullocket al. model ~label
‘‘subh.’’ !; we consider also the cases that subhalos are
scribed both by the Mooreet al. profile and by the NFW

FIG. 9. Maximum distancedMax of a clump from the our posi-
tion in the Galaxy for which theg-ray flux due to WIMP annihila-
tions in the clump exceeds the estimated point source sensitivit
GLAST. We picked a specific WIMP dark matter candidate, wh
we are considering a few models to relate the mass of the clumpMs

to its concentration parameter, as well as two models for the h
density profiles in the clump~see the text for details!.
12350
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profile ~the results for the Burkert profile are very close
the ones for NFW, unless the clump is very close to us,
Fig. 4!. As can be seen, unfortunately, the prediction of o
analysis is that just a few nearby clumps might be detec
by GLAST. For comparison, we show the location in t
plane of the figure of a ‘‘clump’’ that is sufficiently massiv
to have a luminous counterpart, Draco. This dwarf sphe
dal, together with other similar candidates, has been con
ered several times in the literature as a potential gamma
dark matter source, see, e.g.,@58# ~note, however, that ou
picture applies on average, rather than to a single spe
source, which might be better characterized through its ro
tion curve!.

V. THE DIFFUSE EXTRAGALACTIC GAMMA-RAY
BACKGROUND

The observability of the signal proposed here depends
the level of the diffuse extragalactic gamma ray backgrou
Contributions from several classes of unresolved disc
sources have been discussed in the literature. After EGR
maps of the gamma-ray sky, the case for a dominant con
bution from blazars is generally considered to be very stro
a large number of high-energy emitting blazars has been
served and, as we will show and contrary to other candida
their distribution of energy spectra seems to be compat
with the observed extragalactic radiation. We will then re
erive here the expected diffuse background under the
sumption that the source of the background is unresol
blazars. We will mostly follow the analysis of Salamon a
Stecker@59–61#, but update it with more recent data an
examine the expected uncertainties.

A. Basic blazar model

The basic model assumes that the diffuse gamma ray
comes from unresolved blazars. We will assume that
blazars are distributed in redshift and luminosity accord
to a luminosity functionrg(Pg ,z) wherePg is the luminos-
ity ~in units of W Hz21 sr21). The luminosity functionrg is
the comoving density in units of Mpc23 ~unit interval of
log10Pg/r)

21. We will further assume that the blazars em
gamma rays with some spectral indexa which is distributed
according to a distribution functionp(a). The absorption of
gamma rays emitted at redshiftz and observed at energyE0
is, as before, parametrized in terms of the optical de
t(E0 ,z) such that the attenuation is proportional
e2t(E0 ,z). We will here use the parametrization of the Ke
nicut model in Primacket al. @15# introduced in Sec. II. For
comparison we will also use the model of Salamon a
Stecker@13# ~their Fig. 6 with metallicity correction!. There
is also a recent estimate of the absorption by de Jager
Stecker@14#, but we will not use that model since it is no
valid abovez.0.3 which is not sufficient for our purpose. I
EGRET observations one has seen that blazars most o
time are in a quiescent state but some small fraction of t
are in a flaring state with higher luminosity and slightly d
ferent spectral index~softer, i.e. highera). We will assume
that the blazars are in the flaring state a fractionz of their

of

lo
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time and that their luminosity then is a factorAf higher than
in the quiescent state. We will also parametrize the differ
spectral indices by assuming that they come from the s
distribution functionp(a) but shifted byDaq and Da f for
the quiescent and flaring states respectively~these two quan-
he
i

f-

o
w
is

e
l

in

V

12350
t
e

tities are not independent; we have adopted here the s
notation as in Salamon and Stecker, but, alternatively,
could redefinea and introduce a single shiftDa). Putting
this together we can write the gamma ray flux~in units of
cm22 s21 sr21 GeV21) at energyE0 as
fg~E0!5
c

H0
E

log10Pg
min

log10Pg
max

d log10PgE
amin

amax
daE

zmin

zmax
dz

1

h~z!

Pg

2p\Eg, f

3@p~a2Daq!rg,q~Pg ,z!1p~a2Da f !rg, f~Pg ,z!#
dNg

dE
„E0~11z!,a…e2t(E0 ,z). ~38!
will

that

ed

ion

a

c-
In this equation, we have introduced the following:

H0 5Hubble constant today

h~z! at 5cosmology factoras defined in Eq.~6!

Eg, f50.1 GeV 5the fiducial gamma ray energy
at which the luminosity isPg

dNg

dE

5the gamma ray spectrum
~normalized to 1 atEg, f !

\ 5Planck’s reduced constant

rg,q 5the luminosity function for
blazars in quiescent state

rg, f 5the luminosity function
for blazars in flaring state. ~39!

Note that we have for clarity explicitly includedc and\ in
Eq. ~38!, but the unit conversion factors to get the flux in t
above given units are not given explicitly. Note that there
no factor of 1/4p since the luminosityPg is per sr already.
We will, as before, assume thatH0570 km s21 Mpc21,
Vm50.3 andVL50.7.

In the following subsections we will go through the di
ferent factors entering in Eq.~38!.

B. The luminosity function rg„Pg ,z…

We need to know the luminosity function as a function
redshift. Since not that many blazars are observed we
follow @59–61# and assume that the same basic mechan
~i.e. the same population of high-energy electrons! is respon-
sible for both the gamma ray and the radio flux. We can th
use the much larger catalogs of radio sources to get the
minosity function. We will assume that the luminosities
gamma and radio are related by

Pg,q5kPr

Pg, f5AfkPr ~40!

where Pg and Pr are the luminosities~in units of W
Hz21 sr21). The gamma ray luminosity is given at 0.1 Ge
s

f
ill
m

n
u-

and the radio luminosity at 2.7 GHz. The subscriptsq and f
refer to the quiescent and flaring states respectively. We
assume that the two luminosity functions are related by

rg~Pg ,z!5hr r~Pr ,z! ~41!

where rg and r r are the luminosity functions@in units of
Mpc23 ~unit interval of log10Pg/r)

21]. The factorh takes
into account possible beaming effects which could mean
not all radio blazars emit gamma rays towards the Earth~or
vice versa!. Including the effect that the blazars are assum
to be in the flaring state a fractionz of the time, we can
finally write

rg,q~Pg ,z!5~12z!hr r S Pg

k
,zD

rg, f~Pg ,z!5zhr r S Pg

Afk
,zD . ~42!

For the radio luminosity function, we use the parametrizat
by Dunlop and Peacock@62#

r r~Pr ,z!51028.15F S Pr

Pc~z! D
0.83

1S Pr

Pc~z! D
1.96G21

;

Pc~z!51025.2611.18z20.28z2
~43!

valid up toz55. This luminosity function was derived for
cosmology with H0550 km s21 Mpc21 and V05Vm51,
but we can approximately convert this to a luminosity fun
tion for our cosmology by multiplyingr with a correction
factor @62#

dVstd

dV
5

S @R0Sk~r !#2

H0h~z! D
V05Vm51,H0550 km s21 Mpc21

S @R0Sk~r !#2

H0h~z! D
our cosmology

~44!

and multiplyingPc(z) with the correction factor
2-14
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F ~DL!our cosmology

~DL!V05Vm51,H0550 km s21 Mpc21
G 2

5F @~11z!R0Sk~r !#our cosmology

@~11z!R0Sk~r !#V05Vm51,H0550 km s21 Mpc21
G 2

~45!

whereDL is the luminosity distance. The luminosity functio
Eq. ~43! is valid between Pr

min51018 W Hz21 sr21 and
Pr

max51030 W Hz21 sr21 which we will convert to limits on
Pg . Note that the exact upper and lower limits on the lum
nosity are unimportant sincePgrg that enters in Eq.~38! is
peaked well between the lower and upper limits and is v
ishingly small at the boundary. For the redshift integrati
we will as a default integrate betweenzmin50 andzmax55,
but this integration range will be, as discussed below,
stricted to include the effect of resolved blazars.

For the parametersk, h, z andAf , we will use the values
obtained in@61#,

k54310211

h51.0

z50.03

Af55.0 ~46!

wherek was determined from observations of blazars t
are observed both in radio and in gamma rays,h was deter-
mined by requiring the number counts of blazars to be c
sistent with the EGRET observations, andz and Af were
determined from EGRET blazar observations.

C. Intrinsic gamma ray spectrum

We will assume that the intrinsic gamma ray spectr
follows a power law with spectral indexa, i.e. that

dNg

dE
5S E

Ef
D 2a

~47!

whereEf50.1 is the fiducial energy at which we calcula
the luminosity Pg . Note that it is probably unrealistic to
assume that the spectrum continues to be a power law
higher energies~above a few hundred GeV!, instead we
should expect a cut or a tilt in the spectrum. However,
12350
-

-

-

t

-

to

e

will here for simplicity assume that there is no cutoff whic
means that we will probably overestimate the diffuse gam
ray background at high energies.

D. Flux from a single source

When taking resolved blazars into account we need
gamma ray flux a given blazar would produce. A blazar w
luminosityPg and spectral indexa at redshiftz will give rise
to the integrated gamma ray flux above energyEth ,

F~E0.Eth!5
Pg

2p\Ef

Eth

a21 S Eth~11z!

Ef
D 2a 1

@R0Sk~r !#2
.

~48!

This equation is valid forEth&10 GeV since here we hav
neglected absorption~which is a reasonable approximatio
for low energies!. With appropriate unit conversions this
the flux in units of rmcm22 s21 that should be compare
with the EGRET or GLAST point source sensitivity. Fo
EGRET we will use the point source sensitivity
31027 cm22 s21 @63# and for GLAST we will use 1.6
31029 cm22 s21 @57#.

E. Distribution of spectral indices

We have to choose a distribution function for the spec
indices,p(a). One option is to use the distribution of spe
tral indices of blazars as observed by EGRET,

p~a!5
1

N (
i

N
1

s iA2p
e2(a2a i )

2/2s i
2

~49!

where the sum is over the observed spectral indicesa i with
their corresponding errorss i . However, this is not the bes
choice of distribution function since sources with lowa are
easier to detect due to their harder spectrum and we wo
hence introduce a selection bias. Instead we select a d
bution function of the form

p~a!5
1

s intA2p
e2(a2a int)

2/2s int
2

~50!

where we fixa int ands int such that the predicted distributio
of a for observable blazars matches the observed distr
tion. The predicteda distribution as it should be observed b
EGRET is given by
y of
pobs~a!da5
1

Npred

4pc

H0
E

log10Pg
min

log10Pg
max

d log10PgE
zmin

zmax
dz

1

h~z!
@pint~a2Daq!rg,q~Pg ,z!1pint~a2Da f !rg, f~Pg ,z!#

3@R0Sk~r !#2da, ~51!

where we only integrate over observable blazars, which is most easily done by noting that a blazar at redshiftz, with
luminosity Pg and spectral indexa is observable if it would produce a flux above the EGRET point source sensitivit
131027 cm22 s21 integrated above 0.1 GeV. Using Eq.~48! above we can for a givenPg and a calculate the maximum
2-15
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redshift z8 at which such a blazar would be observable. This would then be our upper limit for thez-integration, i.e.zmin

50 andzmax5z8. Npred in Eq. ~51! is the total number of observable blazars and is given by

Npred5
4pc

H0
E

log10Pg
min

log10Pg
max

d log10PgE
amin

amax
daE

zmin

zmax
dz

1

h~z!
@p~a2Daq!rg,q~Pg ,z!1p~a2Da f !rg, f~Pg ,z!#@R0Sk~r !#2.

~52!

FIG. 10. Differenta distributions.~a! The solid line is the intrinsic distribution A discussed in the text, the dashed is the pred
EGRET observable distribution and the dash-dotted line is the observed EGRET distribution for the Linet al. sample@64#. ~b! The same as
in ~a! but for intrinsica distribution B and compared with the sample in the 3rd EGRET catalog@65#.
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We now have to choose a sample of observed blazars an
a int ands int such that we can reproduce the observed dis
bution of a. We have followed this procedure for tw
samples of blazars: the first one is 27 blazars by Linet al.
@64# and the second one is the 65 blazars with determi
spectral indices in the 3rd EGRET catalog@65#. Before we
do this fit, we fix the spectral shifts of blazars in quiesce
and flaring states as

Daq520.05

Da f50.20 ~53!

which are the shifts determined by Stecker and Salamon@61#
for EGRET blazars which have been observed in both q
escent and flaring states. For the two samples we then g

a int
A 52.25

Lin et al. @64#;

s int
A 50.30
12350
fit
i-

d

t

i-
t

a int
B 52.35

3rd EGRET catalog@65#.

s int
B 50.30

~54!

These values are in very good agreement with the result
@66#. We will refer to the first and second set of parameters
distribution A and B respectively. In Fig. 10~a! we compare
distribution A with the predicted EGRET distribution and th
observed EGRET distribution. In Fig. 10~b! we do the same
thing for distribution B. Note that both predicted distribu
tions fit the two observed samples rather well, but that
sample in the 3rd EGRET catalog is shifted by about
compared to the Linet al. sample. This shift is of the sam
order as the expected systematic uncertainty in the EGR
catalog. In the following, we will use distribution A as ou
default since it reproduces the EGRET observed diffuse
tragalactic background better than distribution B~see Sec.
V F below!.

The predicted number of observed blazars is given by
~52! and for the two distributions we getNpred

A 551 and
Npred

B 542, in reasonable agreement with the observed nu
ber of 66 blazars@65#. Note that we do not expect perfec
agreement since we only use a simple point source sens
2-16
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FIG. 11. The predicted diffuse gamma ray flux~multiplied byE2 to show features more clearly! for EGRET.~a! The predicted fluxes for
differenta distributions. Distribution C is like A and B but witha int52.15. As can be seen, the exact shape of the spectrum is fairly sen
to thea distribution. Also shown are the EGRET measurements of the diffuse extragalactic gamma ray background.~b! The predicted flux
for different absorption models.
d.
th
t

t

z-
tion,

d

ity, but in reality the sensitivity is much more complicate
We could easily envision that it should depend on e.g.
spectral indexa. Hence we are content that the agreemen
as good as it is. Note that we also have the freedom
change the beaming parameterh, but we choose to keep i
fixed to h51 as given in Ref.@61#.
12350
e
is
to

F. Taking resolved blazars into account

In Eq. ~38! we should only integrate over unresolved bla
ars. This is done in the same way as in the previous sec
i.e. for a given luminosityPg and spectral indexa there is a
given redshiftz8 below which the blazars will be resolve
s very

FIG. 12. The predicted diffuse gamma ray flux~multiplied by E2 to show features more clearly! for GLAST. ~a! The predicted fluxes

compared to the EGRET measurements.~b! The predicted fluxes for different absorption models. The Salamon and Stecker curve i
similar to the one in Fig. 9 in Ref.@13# ~the differences being a different cosmological model anda distribution!.
2-17
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and above which they will be unresolved. If we let the low
limit of the redshift integration,zmin be equal to this redshif
z8 we will only include unresolved blazars.

In Fig. 11 we show the predicted diffuse gamma r
fluxes for EGRET. As can be seen in~a!, our model repro-
duces the measured diffuse extragalactic background@44#
fairly well. To further illustrate the dependence on thea
distribution, we also show results for a hypotheticala distri-
bution ~C! with a int52.15. For this distribution, the agree
ment with the EGRET measurements is excellent~the slight
difference in normalization could be fixed by slightly in
creasing the beaming parameterh). We should note that ou
predictions are fairly sensitive to the exact low-a behavior of
p(a). The higher up in energy we go, the more we sam
the low-a region. In~b! we show the effects of the differen
absorption models. It is clear that as soon as we go ab
10–100 GeV, absorption effects are very important. A
keep in mind that we have not included a cutoff in the
trinsic gamma ray spectrum which would further reduce
fluxes at high energy.

In Fig. 12~a! we show the effect of different point sourc
sensitivities. We see that compared to EGRET, the supe
point source sensitivity of GLAST will reduce the diffus
gamma ray background with roughly a factor of 2. No
however, that the angular resolution of GLAST will make t
point source sensitivity worse at lower energies~or rather,
larger spectral indicesa), an effect we have not include
here. We expect that this effect would make the predic
background for GLAST slightly higher at low energies th
shown in the figure. In Fig. 12~b! we show the effect of
different absorption models for the predicted GLAST gam
ray background.

G. Uncertainties

In this section we have produced a derivation of the
pected diffuse gamma ray background assuming that it is
to unresolved blazars. There are many uncertainties
volved. First of all, it is not known whether blazars are t
only sources relevant to compute the background. The
ergy spectrum of the blazars is also not very well known,
there could be a cutoff at high energies~and even if the
spectrum is a power law, the distribution of spectral indic
is uncertain!. Even the luminosity function is rather uncerta
and the assumption of the relation between the gamma
radio luminosity functions cannot be tested until the sam
of blazars measured in both gamma and radio increases.
parameters of the model we discussed are also quite un
tain, and, as already mentioned, gamma ray absorption in
duces further uncertainties, especially at high energies
spite of all these uncertainties, the agreement we find
tween our prediction and EGRET data is quite good, a
gives some credibility to our estimate of the background
GLAST at higher energies. We have chosen as our def
model thea distribution A, which reproduces both the me
sureda distribution and the EGRET energy spectrum sa
factory, and the absorption model of Primacket al. Keep in
mind though that, above;100 GeV, the uncertainties can b
as large as a factor of a few.
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VI. APPLICATIONS TO SUPERSYMMETRIC DARK
MATTER

A. A few examples in a specific particle physics setup

So far, we have kept the discussion as general as poss
without specifying the exact identity of the WIMP making u
the dark matter. To gauge the possibility of detecting
gamma-ray signal in a realistic scenario, we now investig
one of the prime candidates for dark matter: the lightest
persymmetric particle~LSP! in the MSSM—the minimal su-
persymmetric extension of the standard model of part
physics. IfR parity is conserved, the LSP is stable; furthe
more, its coupling with lighter standard model particles e
sures that a population of such particles is present in
early Universe, with its density set by thermal equilibrium
The freeze out from equilibrium is roughly set by the LS
thermally averaged annihilation cross section; as sketche
Eq. ~29!, a weak interaction strength coupling ensures t
WIMPs have a thermal relic abundance of the order of
critical density: this is naturally the case if the LSP has z
electric and color charges.

We thus take as our template WIMP dark matter candid
the lightest neutralino,x̃1

0, in the MSSM~see@1# for a recent

review!. x̃1
0 is defined as the lightest mass eigenstate

tained from the superposition of four spin-1/2 fields, t
B-ino andW-ino gauge fields,B̃ and W̃3, and two neutral
CP-even Higgsinos,H̃1

0 and H̃2
0:

x̃1
05N11B̃1N12W̃

31N13H̃1
01N14H̃2

0 . ~55!

There are large regions in the MSSM parameter space w

FIG. 13. Extragalactic gamma-ray flux~multiplied by E2) for
two sample thermal relic neutralinos in the MSSM~dotted curves!,
summed to the blazar background expected for GLAST~dashed
curve!. Normalizations for the signals are computed assuming ha
are modelled by the Moore profile, with 5% of their mass in su
structures with concentration parameters 4 times larger thancv ir as
estimated with the Bullocket al. toy model.
2-18
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B-ino-like LSPs or neutralinos with relevant Higgsino com
ponents have a thermal relic abundance of the right orde
account for the dark matter, see, e.g.,@67#. We have used the
DARKSUSY package@68# to scan extensively the paramet
space and generate a large archive of such models. We s
those models that do not violate present accelerator and
trophysical limits and study what is the typical gamma-r
yield, both for the continuum and monochromatic spectra~in
the MSSM there are two line signals allowed:gg andZg).
With DARKSUSY @68# we calculate the relic density by nu
merically solving the Boltzmann equation properly taki
resonances, thresholds and coannihilations~between the
lightest neutralinos and other neutralinos and charginos! into
account@67#.

We focus first on neutralinos with a relic abundanceVxh2

in the interval 0.1 to 0.2, corresponding to our preferred c
mology VM;0.3 andh;0.7. There are models withsv2g
*10229 cm3 s21 over the whole mass range from 50 GeV
to a few TeV. We consider two sample cases and plot
corresponding extragalacticg-ray spectra in Fig. 13~dotted
lines!. The first model hasMx576 GeV, relatively low total
annihilation cross sectionsv56.1310228 cm3 s21 but large
branching ratios into photon states,b2g56.131022 and
bZg55.231022. The other hasMx5171 GeV, larger anni-
hilation rate sv54.5310226 cm3 s21 but b2g55.231024

and negligible branching ratio into theZg final state. The
normalization of the flux is set by assuming that dark ma
structures are described by the Moore profile, with conc
tration parameters as computed with the Bullock toy mod
and assuming the presence of a moderate amount of

FIG. 14. Extragalactic gamma-ray flux~multiplied by E2) for
two sample nonthermal dark matter candidates arising in the AM
scenario ~dotted lines! compared to the expected backgrou
~dashed curve!. Annihilation cross sections are in these cases lar
than for the models displayed in Fig. 13, however a different n
malization for the fluxes is implemented here: we consider the c
for halos modelled by the NFW profile, no substructures and c
centration parameters inferred from the Bullocket al. toy model.
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structure,f 55%, with a factor of 4 enhancement incv ir .
Under these assumptions, the neutralino inducedg-ray flux
is at the level of the diffuse background from unresolv
blazars (a distribution A! expected in GLAST, with the peak
from the monochromatic emission significantly above
~dashed curves refer to the background only, solid curve
the sum of signal plus background!.

The conditionVxh2.0.1 sets an upper bound onto th
total annihilation cross section and hence, indirectly, an
per bound on the strength of the monochromatic chann
such states however are not the dominant modes and th
fore a lower bound does not follow from imposingVxh2

,0.2: there are cases where thex̃1
0 is compatible with being

a good dark matter candidate, but the monochromatic flu
negligible. An opposite conclusion holds for the continuu
components: there are cases in which the gamma-ray y
can be slightly larger than the one for theMx5171 GeV
model, but very small regions in parameter space where
yield is significantly smaller than for the model withMx

576 GeV we show.
If we remove the constraint onVx the picture can change

drastically. In particular, there are several schemes in wh
the LSP relic abundance today is not set by its thermal r
density. One example is the case forW-ino or Higgsino-like
neutralinos in the version of the MSSM with anomaly m
diation for supersymmetry breaking~AMSB!. This scheme
induces a mapping into regions in the MSSM parame
space in which the thermal relic abundance is negligib
however, an additional ‘‘nonthermal’’ relic source is prese
due to decays into neutralinos of gravitinos or moduli field
fields that parametrize a flat direction of the theory and t
dominate the energy density in the early Universe@69,70#.
One can show that, in this context, the total annihilation ra
as well as cross sections in the 2g and Zg final states, are
forced to be very large@71#. Two examples are shown in Fig
14: one model has Mx592 GeV, sv52.5
310224 cm3 s21, b2g51.231023 andbZg52.231023; the
secondMx5180 GeV, sv52.2310224 cm3 s21, b2g51.8
31023 and bZg55.131023. The normalization of the two
extragalacticg-ray fluxes is set assuming NFW halo profile
with no substructure and concentration parameters as c
puted with the Bullock toy model. Had we chosen the Moo
profile rather than NFW, the predicted fluxes would be o
order of magnitude larger, hardly compatible with the e
tragalactic flux as inferred from EGRET data. Note tha
flux at roughly the same level is expected implementing
Burkert profile, hence the detectability of this signal is n
linked to having a singular halo profile describing dark m
ter halos.

B. Sensitivity in upcoming measurements

It is not straightforward to estimate the smallest WIM
induced component GLAST will be able to disentangle fro
the background. A firm statement about the possibility
single out the yield with continuum energy spectrum will
possible only when higher precision measurements will
low to characterize better the level and the spectral featu
of the background. The monochromatic component ha
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much better signature and might be unambiguously ide
fied. We make an attempt to make a rough estimate of
sensitivity curves for a GLAST-like instrument under a fe
schematic assumptions.

We assume the instrument has a peak effective are
8000 cm2 at energies above 10 GeV and an average ene
resolution of 15%@57#. We take an exposure of 4 year
mapping the whole sky except for the regions already
cluded in the EGRET analysis@44#, i.e. the galactic plane
ubu,10°, and the bulgeu l u,40° andubu,30°, with an av-
erage effective area which is about 20% of the peak area
set up ax2 procedure to check if we can discriminate t
spectrum of a line signal superimposed on the backgro
from the spectrum of the background only. The analysis
performed assuming a given normalization for the WIM
flux and keeping as free parameters the value of the WI
mass and annihilation cross sectionsv2g . For each param-
eter choice, we sum to this flux the diffuse background fr
unresolved blazars (a distribution A! with the normalization
computed in the previous section and already shown in F
13 and 14. We then perform a binning of the spectrum ab
10 GeV, optimizing the bin width as a function of the numb
of events in each bin and checking that we have at leas
events per bin. Naively, the statistical error in each bin wo

FIG. 15. Approximate 3s sensitivity curves for the GLAST
telescope to search for a component in the extragalactic gamm
flux induced by WIMP annihilations into monochromatic photon
The sensitivity curves are plotted in the plane WIMP mass~coin-
ciding with the energy peak in the induced flux! versus twice the
annihilation rate into two photons, and for four configurations
estimate the normalization of the flux~the highest and lowes
dashed curves correspond, respectively, to the choice in Fig. 14
Fig. 13!. Also shown is the range of the predictions ofvs2g for
neutralinos in the AMSB scenario, and the upper limit to it in t
case of thermal relic neutralinos in the MSSM, assuming their r
abundance is either in the cosmologically preferred mass ra
0.1,Vxh2,0.2, or in the less restrictive range often conside
0.025,Vxh2,0.2.
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be the square root of the number of events in the bin
second thought though, the extragalactic background com
nent will be obtained after subtracting point sources and
diffuse galactic emission, with a nontrivial propagation
errors we cannot easily retrace here. We make a simplify
assumption at this stage, expecting just a rough estimat
the true sensitivity curves. Suppose the main component
has to fight against is due to diffuse galacticg rays; such a
component can be removed after assuming a model for
fuse emission and should be, on average, about an orde
magnitude larger than the extragalactic component@44#. We
mimic this subtraction by assuming that the error in ea
energy bin is the square root of the number of events in
bin multiplied by 10. We then use thex2 criterion to dis-
criminate whether or not the obtained distribution of eve
can be fitted at 3s with a background component only wit
fixed spectral shape but arbitrary normalization.

The corresponding sensitivity curves are shown in Fig.
in the plane neutralino mass—twice the 2g annihilation rate.
Each curve corresponds to a different normalization for
extragalactic flux: from the bottom up case for Moore profi
halos with substructure introduced already in Fig. 13,
case for Moore profile halos with no substructure and c
centration parameters as computed with the Bullocket al.
toy-model or with the ENS model, and, finally, the case
NFW halos with no substructure andcv ir as in the Bullock
et al. model. Also shown in the picture are the span in t
predictions forsv2g in the AMSB scenario@71#, and ap-
proximate upper limits in the case of MSSM thermal re
neutralinos with relic abundance in the preferred range
,Vxh2,0.2, or in the less restrictive range often cons
ered 0.025,Vxh2,0.2, as deduced from our sampling
the parameter space. As can be seen, depending on the
figuration one considers, there is a fair chance that the mo
chromaticg-ray flux will be disentangled from GLAST data
The four models we have considered in Figs. 13 and 14
all above the corresponding sensitivity curves.

The same sensitivity curve can be applied to the case
the line signals generated in theZg channel by replacingMx

on the horizontal axis with the energy of the peakE
5Mx(12MZ

2/4Mx
2) and assuming the quantity on the ver

cal axis issvZg34E2/(E1AE21MZ
2)2.

C. Comparison with other signals

It is not straightforward to compare the dark matter sig
we have presented here with other indirect signals wh
were proposed soon after the idea of WIMP dark matter w
raised, two decades ago. Most analyses have been devot
the study of the detectability of gamma-rays produced in
halo of our own Galaxy or of antimatter generated by WIM
pair annihilations taking place in our local environment~say
within a few kpc, the exact number depends on the model
propagation of charged cosmic rays!, refining the original
proposals, see@1# for a detailed reference list.

Gamma rays can also be produced by WIMP annihilatio
in the Milky Way halo~see e.g.@72#!. However, as already
mentioned, the prospects for detecting gamma-rays produ
in the Milky Way are much more tied to assumptions on t

ray
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distribution of dark matter WIMPs in the galactic halo. Th
monochromatic flux generated by the sample MSSM mod
displayed in Fig. 13 and Fig. 14 in the Galactic center reg
is within the sensitivity of GLAST or the upcoming gener
tion of ground based air Cherenkov telescopes~see, e.g., the
analysis in Ref.@71#! if indeed the dark matter density profil
is singular, respectively, as in the Mooreet al. or the NFW
halo all the way to the central black hole~or maybe even
steeper than that, see the possible enhancement induce
the black hole formation discussed in@73#, but take into ac-
count also the opposite conclusions drawn in, e.g., R
@74,75#!. As suggested also by Fig. 4, even a slight deplet
in the central density can change drastically this conclus

We checked also that the four sample MSSM models
introduced, with the halo profiles considered in the cor
sponding figures, do not generate a continuum spect
component which exceeds the flux measured by the EGR
telescope@76#. A comparison with the Galactic flux at hig
latitudes in a configuration with clumps in the halo is mu
more uncertain. The flux is dominated by eventual nea
clumps, depending critically on the actual physical reali
tion which happens to correspond to the Milky Way: w
recall, on the other hand, that the signal we propose is
tained as the sum of many unresolved sources, i.e. we
automatically making an average over a set of possible c
figurations. The chance for GLAST to resolve single clum
for the sample configurations with clumps considered in F
13, can be read out of Fig. 9. The models with neutral
massesMx576, 171 GeV, have, respectively,Ng

100527.4
and 39.9; hence dotted lines corresponding to the Moore
file in Fig. 9 should be rescaled along the vertical axis
respectively, a factor of 0.096 and 0.45.

Limits from charged cosmic ray data are also mod
dependent, as again the dark matter signal is dominate
local sources; dark matter candidates may be exclude
some configurations, but allowed in others. Notice also th
especially if one focuses on the monochromatic gamma
component, such a signal is very weakly correlated to
production rate of e.g. antiprotons and positrons, see,
@77#.

VII. CONCLUSIONS

We have studied predictions and the observability of
diffuse gamma ray signal from WIMP pair annihilations
external halos. We have found configurations that imply s
nals at a detectable level for GLAST, the upcoming gamm
ray space telescope, both for nonthermal dark matter n
tralinos, such as in the anomaly-mediated supersymm
breaking model, and for thermal relic neutralinos in t
MSSM. The key ingredient to show that detectable flux
may arise, which was neglected in early estimates, is
picture, inspired by the current theory for structure format
and byN-body simulation results, that dark matter cluste
hierarchically in larger and larger halos, with light structur
more concentrated than more massive ones. For dark m
candidates in the AMSB scenario our conclusion holds in
pendently of further assumptions on the dark matter distri
tion inside halos. Pair annihilation cross sections for therm
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relic WIMPs are generally smaller; this however can be co
pensated by the enhancement in the flux one finds if,
suggested by results of simulations, we assume that d
matter profiles are singular and contain small dense subs
tures.

If the branching ratio for WIMP annihilation into mono
chromatic gamma rays is significant~about a few times 1024

or larger!, the induced extragalactic flux shows a very d
tinctive feature, the asymmetric distortion of the line due
the cosmological redshift and its sudden drop at the value
the WIMP mass. The component with continuum ene
spectrum can be at the level of background components
has less distinctive features: the flux is characterized by th
p0 bump,’’ rather than by a spectral index, with the pe
shifted to energies lower thanMp/2 and the width set by the
WIMP mass. Once a better measurement of the backgro
will be available, it will be possible to address the questi
of whether or not this signal can be disentangled from ot
eventual components.

We have discussed in detail how our predictions dep
on assumptions on the Cosmological model and the struc
formation picture applied. Unless one introduces dras
changes, such as a large warm dark matter component
cosmological parameters in the CDM setup do not pla
major role; results are mainly sensitive tos8 with about a
factor of 2 uncertainty. Larger indeterminations, of the ord
of a factor of a few, are introduced when estimating t
scaling of the concentration parameter with halo mass
extrapolations with toy models out of the mass range
N-body simulation results are needed. The functional form
the dark matter profile in single halos introduces a factor
10 uncertainty, going from the case of a 1/r 1.5 cusp in the
Moore profile to the case of nonsingular profiles; that unc
tainty is much smaller than, e.g., the one induced on
estimate of the flux from the center of our own Galaxy. T
presence of substructures inside halos may provide a fa
of a few enhancement in the flux, but this effect is mo
difficult to address: we have presented a simple and ra
generic setup, which will be possible to refine when furth
information on halos will be provided by higher resolutio
numerical simulations.

Issues related to the estimate of the background are
important as well. We have presented here a novel estim
of the expected background from unresolved blazars
GLAST, exploiting recent data and discussing critically t
uncertainties involved, including the role played by gamm
absorption.

Concluding, the present analysis has been devoted to
amining in detail an idea that three of the authors have
cently presented in a short letter@8#. This work provides
further support for such a proposal, with exciting persp
tives for upcoming measurements.
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