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Indirect search for dark matter: Prospects for GLAST

Sébastien Peirani,* Roya Mohayaee,† and Jose´ A. de Freitas Pacheco‡
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Possible indirect detection of neutralino, through itsg-ray annihilation product, by the forthcoming GLAST
satellite from our galactic halo, M31, M87, and the dwarf galaxies Draco and Sagittarius is studied.g-ray
fluxes are evaluated for two representative energy thresholds, 0.1 and 1.0 GeV, at which the spatial resolution
of GLAST varies considerably. Apart from dwarfs, which are described either by a modified Plummer profile
or by a tidally truncated King profile, fluxes are compared for halos with central cusps and cores. It is
demonstrated that substructures, irrespective of their profiles, enhance theg-ray emission only marginally. The
expectedg-ray intensity above 1 GeV at high galactic latitudes is consistent with the residual emission derived
from EGRET data if the density profile has a central core andmx<50 GeV, whereas for a central cusp only
a substantial enhancement would explain the observations. From M31, the flux can be detected above 0.1 and
1.0 GeV by GLAST only ifmx<300 GeV and if the density profile has a central cusp, a case in which a
significant boost in theg-ray emission is produced by the central black hole. For Sagittarius, the flux above 0.1
GeV is detectable by GLAST provided the neutralino mass is below 50 GeV. From M87 and Draco the fluxes
are always below the sensitivity limit of GLAST.
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I. INTRODUCTION

The nature of dark matter~DM! remains a major unre
solved problem in astroparticle physics. Main evidences
dark matter come from astrophysical observations. The r
tion curve of a typical spiral galaxy flattens or slowly ris
beyond the optical radius which includes most of the g
axy’s luminosity@1,2#. The flattening of the rotation curve
indicates the presence of DM at large radii~a few tens of
kpc!: a result which is confirmed, up to scales of 30 kpc,
the study of close binary systems@3#. Among other evi-
dences is the confinement of hot x-ray coronae around g
ellipticals which requires a massive dark halo@4,5#. At the
center of spirals or giant ellipticals, kinematical data indic
a large ratio of the baryon to dark matter density~B/DM!
@6–8#. On the contrary, for dwarf galaxies it seems that
presence of a substantial amount of DM in the very cen
regions is required to explain the kinematical data@9#. On
large scales, the average mass to light ratio~M/L ! for galaxy
clusters@10#, the infall of the Local Group towards the Virg
cluster@11#, the velocity dispersion of galaxies@12#, and the
angular power spectrum of the cosmic microwave ba
ground~CMB! radiation@13# have been long providing evi
dences for dark matter. Various CMB experiments and d
tances to type-Ia supernovae favor a flat universe of t
density parameterVT'1 and the matter density paramet
Vm'0.30 @14,15#. The total baryonic contribution, fixed e
ther by the primordial nucleosynthesis of light elements
by the secondary acoustic peaks observed by CMB exp
ments such as WMAP, isVb'0.04 @13#, indicating that on
large scales gravitational forces are mainly due to nonb
onic matter. In view of all these evidences, the inevita

*Electronic address: peirani@obs-nice.fr
†Electronic address: roya@obs-nice.fr
‡Electronic address: pacheco@obs-nice.fr
1550-7998/2004/70~4!/043503~15!/$22.50 70 0435
r
a-

l-

nt

e

e
l

-

-
al

r
ri-

y-
e

question arises: what is dark matter made of?
Most dark matter candidates which arise in the stand

model of particle physics are excluded by the present ob
vational constraints. For instance, neutrinos (n) which de-
couple relativistically from the primordial plasma and have
high relic abundance are the primary hot dark matter~HDM!
candidates. However, in a HDM universe, small-scale str
tures, of typical galaxy sizes, are erased by relativis
streaming, hence neutrinos are ruled out as DM candida
Moreover, WMAP data set a robust upper limitVnh2

,0.0076 to their density@13#. Supersymmetric~SUSY! ex-
tensions of the standard model lead to many more new
candidates such as s-neutrinos, axions, gravitinos, phot
and cryptons@16#. Presently, the most plausible SUSY da
matter candidate is neutralino (x) which is the lightest su-
persymmetric particle. Neutralino is stable and hence i
candidate relic from Big Bang, ifR-parity quantum number
introduced to avoid a too rapid decay of proton, is conser
as is the case in the minimal supersymmetric extension of
standard model~MSSM!. Neutralino is an electrically neutra
Majorana fermion whose massmx can range from a few
GeV to a few hundreds of TeV. A lower limit of aboutmx

;30 GeV has been set by the LEP accelerator@17#, while an
upper limit of mx;340 TeV is favored theoretically to pre
serve unitarity@18#.

In the past few years, major experiments have gone
derway for thedirect or indirect detection of dark matter
particles@19#. Direct-detection experiments, such as DAMA
EDELWEISS, CRESST, and IGEX are among many oth
@20#, which basically measure the energy~up to tens of keV!
deposited at the detector by the elastic scattering of d
matter particles from the detector nuclei. Direct detect
experiments also use the annual modulation of the signal
to the orbital motion of the Earth around the Sun in their D
search. Clearly, the event rate, the search strategy and
analysis strongly depend on the spatial distribution of d
matter and its dynamics in the galactic halo, which are n
©2004 The American Physical Society03-1



ab
re
te
n-
an

be
th

on
a

av

u
e

n
ed
op
ex

o
n
fo
dd
n

-

u-
th
at
te

-
e

av
th

fo
a
th
lo
e
r i
e

ll
a

n-
th
a
c
e
us
am
d

ns
y
free

-

e-
ub-
x-

tons
e
a

ino

on,
her
y in

up-
rves
-

ntral

are
c-
rs

the
als,
not

of a
pos-
nd
atio
sid-
due

k-
the
ss

PEIRANI, MOHAYAEE, AND de FREITAS PACHECO PHYSICAL REVIEW D70, 043503 ~2004!
unfortunately, well understood. For instance, it is not est
lished if dark matter halos are dynamically relaxed structu
or not. Whether dark matter is homogeneously distribu
with isotropic velocity distribution or whether there are i
homogeneities such as local streams, e.g., like that m
fested through the tidal arms of the Sagittarius dwarf@21,22#
is not entirely clear. The leading trail of Sagittarius could
showering matter down upon the Solar System, affecting
local halo density and perturbing the velocity distributi
@23#. The presence of very high density structures such
caustics, if survived up to the present day, could also h
dramatic effects on direct searches@24#. Moreover, dark ha-
los are generally not at rest and have considerable ang
momentum@25#, whose vector direction is probably not th
same as those of the present spin axes of~baryonic! disks
@26#. If this was the case for the Galaxy, then significa
variations in the modulation of the signal would be expect
All of these are just a few of many uncertainties about pr
erties of DM in the halos which overshadow the search
periments.

The indirect detection experiments search for products
self-annihilation of neutralinos such as energetic lepto
hadrons, and also particles which would emerge in the
lowup hadronization and fragmentation processes. In a
tion to g-ray lines generated through the annihilation cha
nels xx̄→gg and xx̄→Z0g, the annihilation of two
neutralinos also produces ag-ray continuum as a conse
quence of the neutral pion decay. Besides these energeticg ’s,
neutrinos are also produced either in quark jets (bb̄ interac-
tions! or in the decay oft leptons and gauge bosons. Ne
trinos produced in the former process are less energetic
those produced in the latter. Neutralinos can be deceler
by scattering off nuclei and then accumulating at the cen
of the Earth and or at the center of the Sun~or inside any
other gravitational potential well!, thus increasing the anni
hilation rate. However, so far different experiments design
to detect decay products like high-energy neutrinos h
only managed to set upper limits on fluxes coming from
Earth’s center or from the Sun@27#.

The g-ray emission on the other hand is expected,
instance, from the galactic center and other massive d
matter halos. Since the annihilation rate depends on
square of the local density, the distribution of DM in the ha
is of crucial importance. The degree of clumpiness, the d
sity profile of a dark matter halo, and in particular whethe
has a central cusp or not, as well as the presence or abs
of a central supermassive black hole~SMBH!, could influ-
ence the annihilation rate. Other events such as the infa
small satellites, which are not totally disrupted by tid
forces, can locally enhance theg-ray emission@28#.

The prediction ofg-ray fluxes requires two separate i
puts: that coming from particle physics for issues such as
interaction cross section and the number of photons per
nihilation, and the input from astrophysics for problems su
as the spatial distribution of dark matter in potential sourc

Most studies on indirect DM detection explore vario
decay channels of neutralino annihilation in the huge par
eter space of MSSM, consisting of 91 real parameters an
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phases~most of them can be absorbed by field redefinitio
@29#!. In the effective MSSM model, where the low-energ
parameters are constrained by accelerator data, seven
parameters still remain~the higgsino mass parameterm, the
gaugino mass parameterM2, the ratio of the Higgs vacuum
expectation values tanb, the mass of the CP-odd Higgs bo
sonmA , the scalar mass parameterm0 and the trilinear soft
SUSY-breaking parametersAb andAt). The computation of
SUSY particle spectrum is therefore a difficult and som
times uncertain procedure, which is often done using p
licly available numerical codes like SUSPECT able to e
plore the full parameter space@30#. In this work, we take a
different approach and assume that the number of pho
produced per annihilation,Qg , can be evaluated under th
assumption that thexx̄ annihilation process is similar to
QCD jet. In this picture, the evaluation ofQg is rather simple
sinceit depends only on one scale parameter, the neutral
mass.

The astrophysical aspect of the neutralino flux calculati
which concerns the dark matter distribution, remains rat
uncertain. Numerical simulations suggest that the densit
the central regions of dark halos varies asr}1/r b, whereb
takes on values such asb51 @31# or b53/2 @32#. However,
as we mentioned earlier, a cusp profile is not always s
ported by the observational data such as the rotation cu
of bright galaxies@1#. Moreover, in order to avoid the inevi
table divergence of theg-ray emission rate calculated from
these cusp profiles, various assumptions about the ce
density or cutoff radius are always made~see, for example,
Refs.@28,33,34#!. As a consequence, the value of the squ
of the density integrated along the line of sight in the dire
tion of the galactic center performed by different autho
varies by as much as four orders of magnitude~see Table I!.
The density profile and the M/L ratio also depends on
type of the galaxy, e.g., as compared to normal spir
dwarfs seem to have a much higher M/L ratio and do
seem to have a central cusp. Thus, as far as the selection
suitable source is concerned, many factors such as the
sible density profile of the source, the level of backgrou
contamination, the distance to the source, and the M/L r
should be taken into account. Different studies have con
ered the galactic center direction as a privileged source
to its high column density. However, theg-ray emission
from our halo is highly contaminated by the local bac
ground, mostly produced by cosmic ray interactions with
interstellar environment. Background contamination is le

TABLE I. Reduced intensity in the direction of the galactic
center.

Profile *r2 ds (GeV2 cm25) Reference

Moore 3.331026 @33#

NFW 2.831025 @35#

Core 3.031022 @35#

Cusp 2.431022 @36#

NFW 5.231025 @34#

SWTS 1.831024 @34#
3-2
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significant for sources outside the galactic plane and extra
lactic sources which subtend a small solid angle at the de
tor. Because of their proximity, the galactic center and
nearby dwarfs, Draco and Sagittarius, offer unique sites
dark matter detection. Due to their considerably large d
matter content, M31 and, in particular, M87 are also pot
tial g-ray sources. These are the sources that we shall
sider in this paper. We have calculatedg-ray fluxes from the
Milky Way, M31, and M87 using two different density pro
files: the first one is a very steep but nondiverging cen
profile based on very recent numerical simulations@37#,
while the second is a core profile~Plummer profile! chosen
because the energy distribution, the density, and the pote
are known in a closed form. The Plummer profile also lea
to a finite mass and the density does not diverge at the ce
For Draco, we have used a density profile resulting from
dynamical model whereas a King profile was adopted
Sagittarius. In addition to these computations, we have si
lated halos with clumps in order to verify how substructu
affect the predictedg-ray fluxes and have found that clump
ness enhances the predicted emission only marginally, in
agreement with some previous claims@33,38# and in agree-
ment with others@34#.

Unlike most previous studies which estimate flux
mainly for atmospheric Cherenkov telescopes~ACT’s! such
as CELESTE and VERITAS, in this work, we consider t
possibility of detection by the future Gamma-ray Large-Ar
Space Telescope~GLAST!, which has various obvious ad
vantages over ACT’s, the more important of which are
follows: ~i! lower energy threshold, allowing to probe ne
tralino masses above 10 GeV,~ii ! the background is mainly
due to the diffuse extragalactic emission, and~iii ! the spatial
resolution varies with the threshold energy, allowing us
probe the halo density profile.

Our results suggest that GLAST may detect M31 at en
gies above 0.1 and 1.0 GeV if the neutralino mass is less
300 GeV and only if the profile is cusped. Core profil
require neutralino masses lower than upper limits establis
by accelerator data. Thus GLAST can put constraints
only on the neutralino mass but also on the density pro
combining the different spatial resolution at different en
gies. According to our computations, in spite of having
very massive halo, emission from M87 cannot be detec
either above 0.1 or 1.0 GeV. However, for M87, there a
enough evidences for the presence of a central SM
@39,40# which can form a central dark matter ‘‘spike’’ an
which would consequently boost theg-ray flux by a factor of
about 200, producing a detectable signal.

For the dwarf spheroids Draco and Sagittarius, we eva
ate the flux and demonstrate thatg-ray emission from Draco
is below the sensibility limit of GLAST, whereas Sagittariu
can be detected above 0.1 GeV energy threshold, if the
tralino mass is<50 GeV.

This paper is organized as follows. In Sec. II, we discu
the g-ray emission and the flux equation. The annihilati
rate and the number of photons produced per annihila
event are discussed in Sec. III. In Sec. IV we discuss
astrophysical parameters required for the flux calculation
Sec. V, we present our numerical results for emission fr
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the galactic halo, M31, M87, Draco, and Sagittarius. In S
VI, we demonstrate how clumpiness of halos would effe
theg-ray flux. In Sec. VII we study flux enhancement effec
due to the central SMBH in M31 and M87, and finally
Sec. VIII, we summarize our results and conclude our wo

II. g-RAY FLUX

Let us assume that dark matter halos are constituted
neutralinos: the lightest supersymmetric particle in ma
SUSY models~for a review of SUSY dark matter, see Re
@41#!. Neutralino is a linear superposition,

x5aB̃B̃1aW̃W̃1aH̃1
H̃11aH̃2

H̃2 , ~1!

of four mass eigenstates whereB̃ and W̃ are gauginos~the
superpartners of electroweak gauge bosons! and H1,2 are
higgsinos. If the sumaB̃

2
1aW̃

2
.0.9, the neutralino isgaugino

type, while it ishiggsinotype if that sum is less than 0.1.
We further assume that in the early Universe, neutralin

were in thermal equilibrium with the primordial plasma an
that their present density was fixed at the freezeout, i.e
the temperatureT* when they decoupled from the other pa
ticle species. At freezeout, the annihilation rate is com
rable to the expansion rate of the Universe and, moreo
neutralinos are nonrelativistic (kT* ,mxc2). After decou-
pling, neutralinos can annihilate via the following channe

xx̄→ l l̄ ,qq̄,W1W2,Z0Z0,H0H0,Z0H0,W6H7 ~2!

into leptons and antileptons (l l̄ ), quarks and antiquarks
(qq̄), charged (W6 and H6) and neutral (H0 and Z0)
bosons, respectively.

The decay of neutral pions formed in the hadronizat
process is the dominant source of continuumg rays. Besides
the continuum emission, two annihilation channels may p
duce g-ray lines. The first isxx̄→gg, where the photon
energy is;mx and the second isxx̄→Z0g, where the pho-
ton energy satisfieseg5mx2mZ

2/(4mx). The latter process
is only important for neutralino masses higher th
;45 GeV.

Since neutralinos are Majorana particles, their density
equal to that of antineutralinos and hence the annihilat
rate per unit volume is

«xx̄5^sxx̄v&S rx

mx
D 2

, ~3!

where^sxx̄v& is the thermally averaged annihilation reactio
rate,mx is the neutralino mass, andrx is the neutralino mat-
ter density. If the source is spatially extended, the radiat
intensity I g(r p), measured at a given projected distancer p
from the center, is

I g~r p!5
^sxx̄v&

4pmx
2

QgI, ~4!

where
3-3
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I5E rx
2~As21r p

2!ds ~5!

is the reduced intensity, Qg is the number of photons abov
a certain energy threshold produced per annihilation, and
integral is carried along the line of sight. The fluxf g within
a solid angle DV subtended by the detector (dV
52pr p drp /D2 for a small angular distance! is

f g5E I g dV5
2p

D2E I g~r p!P~r p!r p drp , ~6!

whereD is the distance to the source andP(r p) is the point-
spread function~PSF! of the detector. In the case of GLAST

we adopt a Gaussian PSF@P(r p)5e2r p
2/2s2

# whose width
depends on the energy. The GLAST project specificat
gives the width at which 68% of the signal is include
which yieldss(0.1 GeV)'1.05° ands(1 GeV)'0.17°.

III. NEUTRALINO ANNIHILATION RATE:
VALUES OF Šsxx̄V‹ AND Qg

In order to compute theg-ray flux from Eq.~6!, different
physical and astrophysical parameters should be calcula
First is the average annihilation rate, which will be estima
under the assumptions already mentioned, i.e., that neu
nos are initially in thermal equilibrium and decouple atT* ,
when the annihilation rate equals the expansion rate.
latter is determined by the Friedman equation relating
Hubble parameter to the total energy density. As we s
see, neutralinos decouple at temperatures in the ra
0.4–70 GeV, depending on their assumed mass. Once
tralinos decouple, their comoving number remains alm
constant, but their concentration with respect to phot
changes, since other particles which decouple later, prod
a ‘‘reheating’’ of the photons due to entropy conservation.
this case, the ratio between the temperature after and be
a given decoupling depends on the variation of the effec
number of degrees of freedom as (ge f f,be f /ge f f,a f t)

1/3, where

ge f f~T!5
1

2 ( S gB1
7

8
gFD ~7!

and the sum is over all bosonsB and fermionsF present in
the primordial plasma. For temperatures above 0.4 GeV
below 80 GeV one would expect that quarks and gluons
present and that the gauge bosons (W6 andZ0) have already
disappeared. In this case, the main particles contributin
ge f f are photons, gluons, the three leptons, and their anti
ticles ~the tauon decouples atT* ;1.8 GeV), as well as thei
associated neutrinos and antineutrinos, the six quarks,
their antiquarks.

Under these conditions one obtains~see, for instance, Ref
@42#! the balance equations

Vxh65
2 5

6.883107

ge f f~T* !
mx~GeV!y3/2e2y, ~8!
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^sxx̄v&5
8.82310236Age f f~T* !

gxmx~GeV!
y21/2ey cm3 s21, ~9!

where y5mxc2/kT* and h65 is the Hubble parameter in
units of 65 km s21 Mpc21. From these equations, once th
density parameter is fixed, the decoupling temperature
the annihilation rate per particle can be computed for a gi
neutralino mass. Here we adopt the cosmologically accep
value ofVx50.26 and assume that the neutralino mass
in the range 10<mx<2000 GeV. In this case, the decou
pling temperature parametery varies within the interval
22.5<y<28.2, corresponding to the temperature range m
tioned above. The thermally averaged annihilation react
rate varies very little, (7.7–9.5)310227 cm3 s21 and is com-
parable to values adopted in other studies@28,43#.

A major difficulty in the calculation of the number ofg ’s
per annihilation stems from the unclear details of the h
ronization and gamma-ray emission in the large-dimensio
parameter space of SUSY models. Here, we use an app
mation to the numerically computed QCD fragmentati
functions taken from@44,45#. We assume that hadronizatio
and subsequentg-ray emission is similar to the decay o
QCD jets and that the annihilation of two neutralinos resu
in two jets, each of energy;mx . Using the fragmentation
function of jets into photons, neutrinos, and baryons, wh
is known to a good approximation up to a few TeV@44,46#,
the number of photons per annihilation and per jet produ
in the energy intervalx,x1dx is

dQg

dx
5

5

8 S 16

3
22Ax2

4

Ax
1

2

3
x23/2D , ~10!

where the dimensionless energy is defined asx5eg /(mx),
with eg being the photon energy. Therefore the total num
of photons per annihilation event above the threshold ene
eg,th is simply given by

Qg52E
xth

1 dQg

dx
dx, ~11!

where the factor 2 takes into account the formation of t
jets rather than one, due to momentum conservation.

In Fig. 1 we show the photon production rate^sxx̄v&Qg
in cm3 s21 for two threshold energies~0.1 and 1.0 GeV! as a
function of the neutralino mass. The rates, in spite of o
simplifying assumptions, are in good agreement with e
mates derived from SUSY numerical codes@28,43#. This is
not surprising since the parameters required in SUSY co
are chosen to match the expected relic density. We h
taken a reversed approach, i.e., we fix the relic density
and then compute the annihilation rate using the bala
equations~8! and ~9!. As a consequence, both procedur
should give comparable results, but our method has the
vantage of using only one free parameter, the neutra
mass.
3-4
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FIG. 1. The variation with the neutralino mas
of the photon production rate per annihilatio
above the energy thresholdseg,th , 0.1 and 1.0
GeV.
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IV. ASTROPHYSICAL PARAMETERS: VALUES OF I
In the previous section, we have evaluated the annih

tion rate^sxx̄v& and the total number of photons per ann
hilation event above a given energy thresholdQg . In this
section, we evaluate the reduced intensityI, given by Eq.~5!
whose value is needed for the evaluation of theg-ray flux
~6!. The integral in Eq.~5! is often evaluated assuming
density profile of the general form,

r~r !5
r*

~r /r * !b~11r /r * !g
, ~12!

wherer* andr * are the characteristic density and radius
b51 and g52, one obtains the so-called Navarro-Fre
and White~NFW! profile @31#, while if b5g51.5 one ob-
tains the so-called Moore profile@32#. Clearly, when inte-
grated along the line of sight passing through the center
required by expression~5!, both of these two profiles di
verge. Various tricks are used to overcome this difficu
One can impose a finite central density such asrx

5mxH0 /^sxx̄v&, since denser regions will be depleted
high neutralino annihilation rates@33#. High resolution simu-
lations are also used to study the behavior of the den
profile in the very central regions of halos. However, ev
thehighestresolution simulations are presently unable to
solve the very inner structure of halos and different extra
lations are needed to obtain the central density. In orde
illustrate this point, Table I compares different values of de
sity squared along the direction of the galactic center gi
by the expression~5! estimated by several authors. In fac
these reduced intensities correspond to valuesaveragedover
a given solid angle representative of the spatial resolution
the detector.

Simple inspection of Table I shows that the integral~5!
may vary by four orders of magnitude according to the
sumed profile. Consequently, severe uncertainties o
shadow the value of the predictedg-ray flux.
04350
-

f

as

.

ty
n
-
-

to
-
n

of

-
r-

Rather recently, the inner structure of dark halos
LCDM cosmology was revisited@37# and the new ‘‘a pro-
file,’’

r~r !5r* expH 2
2

a F S r

r *
D a

21G J , ~13!

fitting the numerical results was proposed, which has sev
advantages over Eq.~12!. First, the total mass and the centr
density are finite which solve the aforementioned diverge
problem in the evaluation of the central intensity. Second,
logarithmic slope decreases inwards more gradually t
NFW or Moore profiles. According to simulations, the p
rametera is restricted to be in the range 0.1–0.2 and here
adopt for M31 and the Milky Way the suggested value
a50.17 @37#. The two remaining parameters,r* and r * ,
can be estimated if the total halo mass and one other phy
quantity such as the maximum circular velocity are know
However, the rotation curve within the effective radiusis not
dominated by dark matter@25# and so the maximum rotation
velocity is not a robust quantity. The halo of M31, as w
shall see, is probably similar to our own halo which impli
that the dark matter energy density at a distance of about
kpc from the center should be comparable to that observe
the solar vicinity, i.e., 0.4 GeV cm23. We use this value to-
gether with the total mass of M31 to fix the parametersr*
and r * .

Present observational data constraining the mass of
halo of M31 are rather poor. For instance, the rotation cu
seems to be well explained with just the baryonic matter
the bulge and the disk, whose mass distributions are tra
by the blue light@47#. This does not exclude the existence
a dark matter halo whose contribution to the gravitatio
force, and hence its effect on the rotation curve, would
more relevant only at distances larger than few tens of k
Direct estimates of the halo mass of M31 are based on
peculiar motion of the Local Group~LG! and on the kine-
matics of its satellites. A new solution for the solar motio
which includes the 32 probable members of the Local Gro
3-5
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and assumes virial equilibrium, leads to a total mass for
LG of (2.360.6)31012 M ( @48#. Using the projected mas
method@49,50#, the contribution of the M31 subgroup~in-
cluding only seven satellites! to the total mass of the LG
amounts to (13.361.8)31011 M ( @48#. A similar result
(12.326.0

11831011 M () was obtained@51#, including 10 satel-
lites, 17 distant globular clusters, and 9 halo planetary ne
lae, while a firm upper bound of 2431011 M ( was derived
from a similar analysis including 15 satellites and new rad
velocity data@52#. Using the kinematical data on these 1
satellites and the projected mass estimator@50#, we have ob-
tained a mass of (1.560.5)31012 M ( for M31. Other indi-
rect estimates based on disk formation and cusp dark m
halo expected forLCDM cosmology predict a mass of 1.
31012 M ( @53#. We adopt the value 1.531012 M ( , which
is compatible with all of these different estimates.

Subsequently, using the mass of M31 and also the lo
density of 0.4 GeV cm23 which we argued for earlier in this
section, we obtain the two parameters defining thea profile
~13!: r* 54.5310225 g cm23 andr * 511.6 kpc. We empha
size that these parameters give, in terms of the total pote
energy uWu, a gravitational radius of r g5GM2/uWu
'250 kpc, which is a typical value that we have found
our numerical simulations for halos of similar masses@25#.

Since the high B/DM ratios observed in the central
gions of galaxies is contradictory with a cusp in the D
density profile, we have also considered a profile with a c
tral core to represent the dark matter distribution inside
los. We assumed a Plummer density profile,

r~r !5
r0

@11~1/3!~r /r 0!2#5/2
, ~14!

and since the central density and total mass are finite,
distribution function depends only on the total ener
@ f (E)5KuEu7/2# and the gravitational potential can also
obtained in a closed form. Using the two constraints m
tioned earlier in this section, we obtain the two paramet
defining the profile ~14! in the case of M31:r052.8
310224 g cm23 and r 0512.2 kpc.

For M87, the properties of the gaseous x-ray corona w
determined in Ref.@54#. From the density and temperatu
profiles of the hot gas, the total mass inside a given radir
can be computed under the assumption of hydrostatic e
librium. After correction for the contribution of baryon
~stars and gas! to the gravitational forces, the dark matt
distribution can be evaluated@54#. Remarkably, such a dis
tribution can be well represented by ana profile with the
parameters a50.20,r* 51.07310225 g cm23, and r *
579.9 kpc. Integration of this profile gives a mass of 9
31012 M ( inside a radius of 100 kpc, in agreement wi
other estimates@54#. However, we cannot exclude that
distances less than a few kpc, such a profile would be inc
sistent with observations.

These parameters, summarized in Table II~for dwarf
spheroidals see details in Sec. V!, will be used in our predic-
tions of the expectedg-ray flux from neutralino annihilation
in M31 and M87. In Fig. 2 we show the expected intens
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profile for M31 and M87 as a function of the angular di
tance to the center. These profiles were derived numeric
from Eq. ~4!, for an energy threshold of 0.1 GeV andmx

550 GeV. The comparison uses only density profiles w
central cusps, defined by the parameters discussed ab
Note that although M31 has a less massive halo, its cen
brightness is expected to be higher than that of M87.

V. NUMERICAL RESULTS

A. Flux from the galactic halo

It is instructive to compare our results with previous es
mates of the reduced intensity~5! in the direction of the
galactic center. In our work, the integral of the dens
squared along the line of sight is 1.631026 GeV2 cm25 if the
a profile ~13! is adopted. This compares quite well with th
value of Ref. @33#, based on extrapolation from high
resolution simulations, but is one order of magnitude hig
than those given in a few of the previous works@34,35#,
where NFW profiles were adopted. Using the core profi
this integral~5! is equal to 1.231023 GeV2 cm25, consider-
ably smaller than estimates for profiles with central cusps
would be expected, but still one order of magnitude high
than some others which also consider a core profile~see, for
example, Ref.@35# whose estimate ofI is given in Table I!.

In the energy range 0.1–1.0 GeV, cosmic-ray interactio
give a substantial contribution to theg-ray emission origi-
nated from the galactic disk. The electron component p
duces high-energy photons either by inverse Compton s
tering or bremsstrahlung, while protons produceg photons
via the decay of neutral pions generated in collisions w
interstellar matter. In a previous work which uses EGR
data, at high galactic latitudes a significant residual inten
of 1027–1026 photons cm22 s21 sr21 above 1 GeV is
claimed even after correction for the expected backgroun

TABLE II. Values of the parameters used in the density profil

M31
cusp: a50.17 r* 54.5310225 g/cm3

r * 511.6 kpc
core: r052.8310224 g/cm3

r 0512.2 kpc

M87
cusp: a50.20 r* 51.07310225 g/cm3

r * 579.9 kpc

Draco
Modified Plummer profile:

b520.34
g521.03

r053.8310223 g/cm3

Sagittarius
King profile:

r t52 kpc
r c50.55 kpc

r052.2310224 g/cm3
3-6
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FIG. 2. Intensity profiles for M31 and M87
for photon energies above 0.1 GeV. Intensiti
were computed using the cusp density profi
~13! andmx550 GeV.
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cosmic rays and the diffuse extragalactic emission@55#.
These residual intensities although marginal have rather
teresting implications for the halo density profile. We co
puted the expected intensity, averaged over cells of 0
30.5° as considered in Ref.@55#, in the directionb590°.
Table III gives the expected intensity as a function of t
neutralino mass for thea profile ~with a central cusp! and the
Plummer profile~with a central core!.

The results summarized in Table III show that at hi
latitudes, contrary to what is obtained in the direction of t
galactic center, the Plummer profile produces an inten
higher than that derived from thea profile. This is easily
understood since the latter profile gives a larger mass c
centration near the center while the former has a shallo
mass distribution. Furthermore, Table III shows that inten
ties derived from thea profile are always below the EGRE
residual intensity. In this case, an important intensity
hancement by clumps is necessary to explain the EGR
residuals@33,38#. Intensities derived from the Plummer pro
file are comparable to EGRET values ifmx,50 GeV, a limit
not inconsistent with the lower bound derived from LEP.
we shall see in Sec. VI, the enhancement of theg-ray emis-
sion produced by subhalos is rather small, with boost
exceeding a factor of 2. Presently, a firm conclusion can
be made since the EGRET residuals are in the sensib
limit of the instrument. This situation is expected to impro
greatly with the forthcoming GLAST.

TABLE III. Intensity ~in photons cm22 s21 sr21) above 1 GeV
in the directionb590°.

mx ~GeV! a profile Plummer profile

30 1.131028 1.931027

50 6.431029 1.131027

100 2.831029 4.931028

200 1.131029 2.131028

300 6.8310210 1.231028

500 3.4310210 6.131029
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B. Fluxes from M31 and M87

The detection ofg rays with energies around 50 Ge
from M31 was considered by the CELESTE Collaborati
@56#. Their study shows that the annihilation signal could
detectable by CELESTE formx>200 GeV, if the M31 halo
is very clumpy and/or if there is a strong accretion onto
central supermassive black hole@56#.

M87, the giant elliptical galaxy at the center of the Virg
cluster, is also a potential source ofg rays produced byxx̄
annihilation@57#. If it is simply assumed that the neutralin
mass is 1 TeV and that the photon production rate above
threshold energy of 50 GeV is ^sxx̄v&Qg51.5
310224 cm3 s21, the predictedg-ray flux from M87 would
be below the sensibility of the present ACT’s@57#. However,
detection by the new generation of ACT’s like VERITA
would be possible if there is an enhancement by a factor
due to the clumpiness of the halo@57#. In this work, we
consider the possibility of detection by GLAST, which h
various obvious advantages over the atmospheric Cheren
telescopes, which we have mentioned in Sec. I.

The photon production rate above a given energy is

Rg5^sxx̄v&Qg5
4p f g,min

E P~r p!dVE rx
2ds

mx
2 , ~15!

where f g,min is the minimum flux above a certain photo
energy detectable by GLAST and we have used Eqs.~4! and
~6!. Values of f g,min varies from oneg-ray experiment to
another, and here we use the sensibility curves summar
in Ref. @58#. The production rateRg given by the above
expression represents the minimum required value for
production of a detectable signal. In Fig. 3 we plot the mi
mum photon production rate and the photon production r
derived in Sec. III as a function of the neutralino mass, for
energy threshold of 0.1 GeV. The required minimum prod
tion rates are shown for both thea profile and the Plummer
profile. Numerical calculations were performed adopting
distance of 770 kpc for M31.
3-7
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FIG. 3. Minimum photon production rate re
quired for detection derived from Eq.~15! and
theoretical estimates as a function of the ne
tralino mass for an energy threshold of 0.1 Ge
~see Fig. 1!. Minimum production rates are
shown for the halo of M31 with cusp (a profile!
and core~Plummer! profiles.
3

0
th
h

1.
e
d

th
6
a
a
s

e
en
s
t

c-
the
ro-

te in

e-
c-

tial
of

n-

by
he
tion
ved
Figure 3 demonstrates that detectable fluxes from M
can be produced by both density profiles ifmx<25 GeV. In
fact, the relatively large acceptance angle of GLAST at 1
MeV, includes a substantial fraction of the halo, reducing
expected differences due to different density profiles. T
situation is rather different when the threshold energy is
GeV ~Fig. 4!. In this case, the detector acceptance angl
considerably reduced and only a central cusp would lea
enough projected mass to produce a detectable flux ifmx

<20 GeV. These mass limits are slightly smaller than
lower bound derived from LEP@17#, but masses as low as
GeV have been derived from WMAP data in the frame of
effective MSSM model without gaugino-mass unification
the GUT scale@59#. In Sec. VII we discuss how these limit
are changed by the presence of a central SMBH.

In spite of its extremely massive halo, the predicted flux
from M87 are about one order of magnitude below the s
sibility limit of GLAST in the range 0.1–1.0 GeV, due to it
large distance~17 Mpc! from us and in spite of the fact tha
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a substantial fraction of a far halo would lie within the a
ceptance angle of the detector. As in the case of M31,
central SMBH strengthens considerably the emission, p
ducing a detectable signal, as we shall shortly demonstra
Sec. VII.

C. Fluxes from dwarf spheroidals

Accumulating radial velocity data on stars of dwarf sph
roidal ~dSph! in the past years, have been providing convin
ing support for large M/L ratios and hence a substan
amount of dark matter in these galaxies. The possibility
detectingg-ray emission from dSph’s due to neutralino a
nihilation has been considered in some recent works@35,57#,
most of which emphasize on the energy range covered
ACT’s. In the photon energy range of around 0.1 GeV, t
acceptance angle of GLAST covers a considerable frac
of the galaxy, hence increasing the amplitude of the recei
signal.
-

-
of
FIG. 4. Minimum photon production rate re
quired for detection@Eq. ~15!# and theoretical es-
timates as a function of the neutralino mass~see
Fig. 1! for an energy threshold of 1.0 GeV. Mini
mum production rates are shown for the halo
M31 with cusp (a profile! and core~Plummer!
profiles.
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FIG. 5. Minimum photon production rate
@Eq. ~15!# and theoretical rates~Fig. 1! for ener-
gies above 0.1 and 1.0 GeV as a function of t
neutralino mass.
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Once again, the predicted flux depends on the dark ma
density profile of dSph’s. The light distribution in these sy
tems is well described by isotropic King models@60#. How-
ever, in the case of Draco the velocity dispersion ris
slightly with the increasing radius, ruling out the possibili
that the DM distribution is similar to that of light@61#. The
observed velocity dispersion profile can be reproduced
models in which the dark matter distribution is significan
more extended than light, having also a tangential anisotr
in the velocity dispersion@61#. These models are based on
modified Plummer potential and density family, charact
ized essentially by three parameters:r 0 , b, andg. The first
defines the core or the scale radius, the second determ
the mass distribution (b51 implies that DM follows light!,
and the third measures the velocity anisotropy.

The potential is given by@62#

f~r !5f0S 11
r 2

r 0
2D b/2

, ~16!

wheref0 is related to the central matter density by the eq
tion r053ubuf0 /(4pGr0

2). The central density can also b
explicited in terms of the projected central velocity disp
sion s as @62#

r05
s2

p3/2Gr0
2

F~b,g!, ~17!

whereF(b,g)5(51b2g)G(5/21b/2)/G(21b/2).
According to Ref.@61#, the best parameters describing t

Draco system are:r 0598.6 ~0.2 kpc at a distance of 72 kpc!,
b520.34 andg521.03 ~implying tangential velocity an-
isotropy!. Since the observed central projected velocity d
persion is 8.5 km s21, from Eq.~17! one obtains for the cen
tral densityr053.8310223 g cm23.

We have used this modified Plummer model and the
rameters above to estimate theg-ray flux from Draco. If we
adoptmx530 GeV, corresponding to the lower limit derive
from accelerator data, the expectedg-ray flux from Draco
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above 0.1 GeV is about 1.3310210 cm22 s21, which is
about one order of magnitude less than the sensibility
GLAST at this energy threshold. Higher neutralino mas
will give still lower fluxes. A similar result is obtained for 1.
GeV energy threshold.

The situation is more complicated in the case of Sa
tarius since this dSph is partially disrupted by the tid
forces. Up to now, the different proposed models are not a
to reproduce adequately the age and the observed structu
this dSph. Most of the models suggest that the system
disrupted after one to two orbits while observations indic
ten or more.

Numerical simulations aiming to describe the merger h
tory of this dwarf assumed either a Plummer@22# or a King
profile @63# for the progenitor. These studies suggest that
mass of the core is in the range (5220)3108 M (

@22,63,64#.
Here we model the mass distribution of Sagittarius by

isotropic King profile, since no significant velocity dispe
sion gradient is detected across the main body of the gal
The tidal radius is ill defined in this system, but it should
smaller than 4 kpc in order to account for the 2–3-G yr-o
M giants which were formed in the core and then esca
through the tidal boundary. If we take respectively for t
tidal and core radiir t52 kpc andr c50.55 kpc, the total
mass is about 1.83109 M ( , consistent with simulations by
Ref. @63#. Since the central projected velocity dispersion
11.4 km s21 @64#, the resulting central density isr0
50.03 M ( pc23. In Fig. 5 we show the minimum photo
production rate required for detection and the theoretical
as a function of the neutralino mass. Emission from Sa
tarius can be detected by GLAST above 0.1 GeV, if the n
tralino mass is<50 GeV, but not above 1 GeV, due to th
small acceptance angle at these energies.

VI. EFFECTS OF CLUMPS ON THE FLUX

NumericalN-body simulations show that dark matter h
los contain a large number of self-bound substructur
which correspond to about 5–15 % of their total ma
3-9



c
b

e

e
tte
nt
om
to

ns
h
u

at
v
b-
n

s
d

e
so
v
o

o
ra

h

b

14
e
.
u
e
ric
E

e
,
fil
y
lo

FW
the
law
or-
f-
s:

tral
r

We
the
to

by
s.

he
par-

-

f
ar
the
ter,
in

azi-

a
for
files
ith
s of
n-
all

the
tral
gni-
nts
nd
be
e
of

en-
y a

he

ost
at
gest
y
of
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@65,66#. These substructures are the consequence of the
ture of small satellites, which have not yet been disrupted
tidal forces. Since theg-ray emissivity depends on th
square of the density, these substructures enhance theg-ray
flux relative to that expected for a smooth halo. Howev
whether this enhancement is significant or not is still a ma
of debate. In some simulations, an important enhanceme
g-ray flux due to clumpiness was reported for emission fr
our halo @33#, while other numerical simulations seem
have indicated only a very small boost of the signal@34#. The
enhancement due to clumps not only depends on the de
profile of the clumps but also on their number density. T
predicted number of massive substructures exceed the n
ber of observed satellites of the Milky Way or M31, by
least one order of magnitude, which has been causing se
problems forLCDM model. For instance, a number of su
halos with masses above 108 M ( as high as 500 has bee
assumed in recent works@28#.

Here, to study the effects of clumpiness and the effect
the density profile of clumps on the flux, we have ma
many different experiments with manytest halosthat we
have produced numerically. In this way, we have been abl
study the effects of clumpiness for halos with very high re
lution and with various different profiles. Our test halos ha
the characteristic parameters of M31, with typical mass
Mh51.531012 M ( , constituted by 53107 particles, corre-
sponding to a mass resolution of 33104 M ( . In the first
experiment, the particles are distributed in a spherical v
ume of radius 250 kpc, comparable to the gravitational
dius expected for halos of such a mass~see Ref.@25#!, ac-
cording to thea profile. This will be ourreference halo. In
the next trials, we consider halos with substructures. T
number of clumpsNcl in the mass rangem2m1dm is as-
sumed to obey@34,65#

dNcl5
A

m1.78
dm. ~18!

The normalization constantA is calculated by requiring the
total mass in the clumps to be 10% of the halo mass and
assuming subhalos masses in the range 105.5–109.25 M ( .
The minimum number of particles in the clumps is about
while the more massive ones have 45 000 particles. Th
figures correspond to mass bins built as described below
spite of the low number of particles in the small clumps, o
results are not seriously affected, since most of the flux
hancement is due to the massive structures. For nume
convenience, the number of clumps was calculated from
~18! within logarithmic bins of width equal to 0.25.

Clumps were distributed according to the~normalized!
probability distribution p(r )d3r 5@r(r )/Mh#d3r , where
r(r ) is assumed to have ana profile, which gives the prob-
ability to find a clump at a distancer within the volume
elementd3r . The stripping process caused by tidal forc
seems to reduce the density of a clump at all radii and
particular, in the central regions, producing a density pro
with a central core@67#. This result was further confirmed b
simulations which found that the inner structure of subha
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are better described by density profiles shallower than N
@34#. However, other simulations seem to indicate that
central regions of clumps are well represented by power-
density profiles, which remain unmodified even after imp
tant tidal stripping@68#. To test the importance of these di
ferences for the flux, we allow for both of these possibilitie
we simulate both test halos with clumps having a cen
core r(r )}1/(r 01r )2 or NFW profile and study how ou
results would change from one to the other~see Fig. 6!.

We recall that theg-ray intensity~4! depends on the in-
tegral along the line of sight of the square of the density.
define the enhancement factor to be the ratio between
reduced intensity calculated for halos with substructures
that calculated for our reference halo~with no substructure!.
The numerical evaluation of intensities was performed
dividing the halo volume in a large number of small cube
The cube volume varies logarithmically, being smaller in t
central regions in order to increase the accuracy in the
ticle density. For angular distancesu.1°, the number of
cubes is about 106 whereas near the center (u,1°) this
number increases up to 153106. We have checked our algo
rithm for computing the reduced intensityI by comparing
from direct integration of Eq.~13!. Errors are of the order o
2–3 % if the integration is carried along line of sights f
from the center, but can reach values of up to 10% if
integration is performed along directions close to the cen
due to resolution problems. Intensities were calculated
steps ofDu50.1° andDc51.0°, with u and c being, re-
spectively, the angular distance to the center and the
muthal angle around the center of the galaxy.

In Fig. 7 we show themaximumenhancement factor as
function of the angular distance to the center of M31
some selected trials. In the upper panel clumps have pro
with central cores whereas in the lower panel a profile w
central cusp was adopted. We notice that, up to distance
about 4° –5°, higher than the resolution of GLAST, indepe
dent of the clump profile, the enhancement is very sm
~about 10%!, in agreement with the previous results~see,
e.g., Ref.@34#!. Larger enhancements may be obtained at
outskirts of the halo and, in this case, clumps with cen
cusps produce a strengthening almost one order of ma
tude higher than clumps with cores. However, two poi
must be emphasized:~i! these enhancements are local a
when convolved with the PSF of the detector, they will
attenuated;~ii ! as shown in Fig. 2, at 1° from the center th
intensity has already decreased by almost four orders
magnitude. Thus, at the halo boundaries, even with an
hancement factor of 40–50, the expected flux received b
detector pointing away from the center will be below t
detectability limit.

VII. EFFECTS OF CENTRAL SUPERMASSIVE
BLACK HOLES

Fast-growing observational evidences indicate that m
elliptical galaxies and bulges of spirals harbor SMBH’s
their centers. In particular, recent spectroscopic data sug
the existence of SMBH’s in M31, M87, and in the Milk
Way @69#. These kinematical data, if interpreted in terms
3-10
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FIG. 6. Two-dimensional thin slices of the ha
los containing 53107 particles, which we have
numerically modeled to study effects of clump
ness on theg-ray emission. The top panel show
one of our reference halos, which has the char
teristics of M31, with ana profile and no sub-
structures. The bottom slice shows a halo w
10% of its mass distributed in substructur
which, in the particular two-dimensional plo
shown here, have NFW profiles. The number
substructures is taken from the power law~18!
and their centers are distributed according to ana
profile. The clumps are highlighted by reducin
the number of points of the background halo pa
ticles.
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Keplerian motions, indicate a mass of 4.53107 M ( for the
SMBH in the center of M31 @69# and of about 2.8
3109 M ( for that in the center of M87@39,40#. Kinematical
data on stars very near Sagittarius A, the radio source
posed to be in the galactic center, represent the best evid
in favor of the existence of a SMBH in the Milky Way@70#,
whose mass is 2.63106 M ( .

If a black hole grows inside a dark matter halo, suppo
to be constituted by a dissipationless fluid, the dens
around it also grows since the gravitational attraction of
black hole causes a shrinking of the orbits inside the sph
of influence, whose radius is given byr bh5GMbh/s2, where
s is the initial one-dimensional velocity dispersion of da
matter. If the growth is adiabatic@71#, that is if tP

!Mbh/Ṁbh!tR, wheretP is the orbital time scale,Ṁbh the
black hole accretion rate, andtR the relaxation time scale
then a central spike will be formed inside the sphere of
fluence, having a central cusp profile of the form
04350
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r g
. ~19!

The value of the exponentg depends on the initial state o
the matter distribution. On the one hand, if the initial dens
profile has a central core, then the resulting spike is a pow
law with g53/2 @71,72#. On the other hand, an initial power
law profile with an exponentg0 will produce a steeper den
sity profile with an exponentg5211/(42g0) @73#.

The adiabatic scenario is questionable: first because
predicted accretion rates are considerably higher than
current estimates@74# and second because massive galax
like M31, M87, and the Milky Way have most probably e
perienced several merging episodes@25#, which may have
perturbed or even destroyed the central spike. Neverthe
we will assume in our calculations that there is a putat
spike formed around the SMBH under adiabatic conditio
3-11



-
is-

n

re

PEIRANI, MOHAYAEE, AND de FREITAS PACHECO PHYSICAL REVIEW D70, 043503 ~2004!
FIG. 7. Plots show the variation of the en
hancement factor as a function of the angular d
tance~in degrees! from the center, for halos with
characteristics of M31. Clumps have either a
isothermal~top plot! or a NFW profile~bottom
plot!. In each case, three different simulations a
shown to illustrate statistical fluctuations.
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For M31, previous simulations@56# give a spike profile
rsp}r 21.5 which is formed in less than 106 yr. According to
@56# this profile gives a small enhancement of about 45
with respect to a NFW profile, of theg-ray emission from
M31. Here we adopt the following procedure. We assum
smooth transition atr bh from the spike to the backgroun
profile rh , which is given either by thea profile or by the
Plummer profile, i.e.,

A

r bh
g

5rh~r bh!, ~20!

a condition which allows us to determine the constantA.
Since the power-law profile diverges at the center, we m
introduce a cutoff radiusr min fixed either by the self-
annihilation rate or by capture into the black hole. Using
former condition, the cutoff radius is given by
04350
,

a

st

e

r min5S A^sxx̄v&tbh

mx
D 1/g

, ~21!

wheretbh is the age of the SMBH, here taken to be equal
1010 yr. For M31 the radius of the sphere of influence
about 7.7 pc. We have first considered a profile with a cen
core given by the Plummer profile for the background, wh
results in a spike profile,rsp}r 21.5. Theg-ray flux was com-
puted as before from Eq.~6!, using Eq.~19! in the interval
r min<r<r bh and the Plummer profile~14! for r .r bh. No
significant enhancement is obtained whether the thresh
energy is taken at 0.1 GeV or at 1.0 GeV. However, a diff
ent result is obtained if we use thea profile ~13! as the
background profile. The spike profile is much steeperg
'2.3), causing a more rapid increase of the density towa
the center and an important enhancement of theg-ray flux.
The strengthening of the signal is about a factor of 38 at
GeV and increases up to a factor of 55 at 1 GeV, due to
3-12
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higher spatial resolution of GLAST at higher energies. A
consequence, if the halo of M31 has a profile with a cen
cusp, theg-ray emission can be detected by GLAST at 0
GeV if mx<300 GeV and at 1.0 GeV ifmx<500 GeV.
These limits are considerably larger than those derived
Sec. V and open new possibilities to impose bounds on
neutralino mass and/or on the dark matter distribution.

The effects of a central spike are more dramatic in M
since this galaxy has an extremely massive central b
hole. The radius of influence of this SMBH is about 97 p
As we have seen in Sec. IV, the dark matter profile of M
can be quite well represented by thea profile ~13!. Thus the
central spike has also a profilersp}r 22.3, but the greater
dark matter mass inside the sphere of influence produce
enhancement larger than that obtained for M31. The bo
factor is about 200 at 0.1 GeV and 234 at 1.0 GeV. Th
large factors lead to detectable signals either at 0.1 Ge
mx<60 GeV or at 1.0 GeV ifmx<100 GeV.

VIII. CONCLUSIONS

Observational results favor a universe whose main ma
content is nonbaryonic and dark. Presently, the most p
sible DM candidate is neutralino; the lightest stable sup
symmetric electrically neutral Majorana fermion. The pos
bility that neutralinos might be detected indirectly throu
their annihilation products such asg rays and neutrinos ar
explored by increasingly more sophisticated experime
which mainly search for energetic neutrinos from the cen
of the Earth or the Sun and or forg rays from the galactic
halo and various extragalactic sources. Although, the goa
DM detection has not yet been achieved, upper bounds h
been set on parameters such as neutralino mass.

In this work, theg-ray emission from neutralino annih
lation has been studied. Our aim has been to use the re
of indirect search experiments mainly GLAST to constra
the neutralino mass and the halo density profiles as bes
possible. Hence we have used a simple description of
annihilation process in which the only free parameter is
neutralino mass. We have estimated the photon produc
rate by fixing the present relic neutralino density to its eq
librium value at the decoupling temperature (Vx50.26) fa-
vored by the latest CMB data and by assuming a QCD
description of the annihilation process. Photon product
rates above 0.1 and 1.0 GeV are in the range 10226 up to
10224 ph cm3 s21 for the considered range of masses (
<mx<2000 GeV), consistent with results derived from s
persymmetric codes such as DarkSUSY and SUSPECT.
mass interval that is explored here is compatible with
lower bound (;30 GeV) given by the accelerator data a
with the recent upper limit (;800 GeV) set by the elasti
scattering of neutralinos from protons, including constrai
imposed by new measurements of the anomalous mag
moment of the muon (gm22) @75#.

The DM density profile, was studied in the light of th
different spatial resolution of the future experiment GLAS
at different energies. Two different dark matter density p
files were adopted in our calculations: a profile with cent
cusp, in agreement with results of numerical simulations
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one with a central core, more representative of the obse
tional data on rotation curves of bright spirals. These profi
are characterized by two parameters determined by the
mass and by the mass density of dark matter at a given
tance to the center of the halo~in the case of the Milky Way
and M31! or using data on the x-ray emissivity~in the case
of M87!. For dSphs, a modified Plummer profile, able
account for the observed raising velocity dispersion profi
was adopted for Draco whereas a King profile was assum
for Sagittarius.

We have studied, by generating and experimenting w
many different numerically simulated halos, the effect
clumpiness on theg-ray emission from M31 and conclud
that the enhancement is less than a factor of 2 for detec
centered on the object and having acceptance solid angle
1025–1023 sr21. The local enhancement factor can be
large as 40–50 at the boundaries of halos with central cu
However, the absolute fluxes expected for a detector poin
away from the center will be, in general, below the limit
detectability. These conclusions are in agreement with s
ies on the clumpiness effects either in the galactic h
@34,76# or in M31 @77#, where maximum enhancement fa
tors of about a factor of 3 were obtained.

Our calculations show that if the dark matter halo of t
Milky Way has a density profile with a central core, then t
expectg-ray intensity above 1 GeV in the directionb590°
and averaged over a solid angle of 0.5°30.5°, is comparable
to the EGRET bounds@55#, if mx<50 GeV. However, a
profile with a central cusp gives an expected intensity at le
one order of magnitude smaller, requiring an important
hancement due to the halo clumpiness to explain the d
This could be an additional argument in favor of hig
baryon-to-dark matter ratios in the central regions of brig
galaxies, in agreement with analyses of rotation curves.

Different spatial resolution at different energies
GLAST permits us to obtain information either on the ne
tralino mass or on the dark matter distribution in the hal
Combining the information on both energy thresholds, fo
possibilities arise which are written below.

For M31, including effects of the spike produced by t
central SMBH, the following situations may occur:

~i! If no detection is made at either energies then one m
draw the conclusions thatmx>20 GeV and that the profile
has a central core.

~ii ! If detection is made at both energy thresholds then
profile has a central cuspand mx<300 GeV.

~iii ! If detection is made at 0.1 GeV but not at 1.0 Ge
then we may conclude that the profile has a central coreand
mx<20 GeV.

~iv! Detection at 1.0 GeV but not at 0.1 GeV would res
from a central cusp in the density profileand 300<mx

<500 GeV.
A similar analysis for M87 yields
~i! If no detection is made at either energies then one m

draw the conclusions that thea profile is not valid at the
center where the density profile probably has a core ormx

>100 GeV.
~ii ! If detection is made at both energy thresholds then

a profile is a good representation of the dark matter dis
3-13
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bution near the center andmx<60 GeV.
~iii ! If detection is made at 0.1 GeV but not at 1.0 Ge

then we may conclude that profile has a central core bu
limits can be set on the neutralino mass unless a spe
density profile is adopted.

~iv! Detection at 1.0 GeV but not at 0.1 GeV would ind
cate that the a profile is acceptable and 60<mx

<100 GeV.
Because of their high dark matter content and their re

tive proximity the dSph Draco and Sagittarius are among
most favorable sources ofg rays resulting from neutralino
annihilation. However, we conclude that in spite of its lar
M/L ratio, the expected signals from Draco will not be d
pa

tro

R

R

J

ys

Pa

27

o

nd

04350
o
fic

-
e

tectable in the energy range of GLAST. On the contrary,
results suggest that an emission detectable by GLAST ab
0.1 GeV is expected for Sagittarius, if the neutralino mas
below 50 GeV, a limit compatible with the LEP lower boun
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