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Abstract

It is widely believed that dark matter exists within galaxies and clusters of galaxies. Under the assumption that this

dark matter is composed of the lightest, stable supersymmetric particle, assumed to be the neutralino, the feasibility of

its indirect detection via observations of a diffuse gamma-ray signal due to neutralino annihilations within M31 is

examined. To this end, first the dark matter halo of the close spiral galaxy M31 is modelled from observations, then the

resultant gamma-ray flux is estimated within supersymmetric model configurations. We conclude that under favourable

conditions such as the rapid accretion of neutralinos on the central black hole in M31 and/or the presence of many

clumps inside its halo with r�3=2 inner profiles, a neutralino annihilation gamma-ray signal is marginally detectable by

the ongoing collaboration CELESTE.

� 2003 Elsevier B.V. All rights reserved.
1. Introduction

The existence of cosmic dark matter is required

by a multitude of observations and arguments,

such as the excessive peculiar velocities of galaxies

within clusters of galaxies or gravitational arcs,
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indicating much deeper gravitational potentials

within clusters than those inferred to be present

from only the luminous matter content. Also an

epoch of Big Bang nucleosynthesis predicts a

fractional contribution of baryons to the critical

density, Xb, significantly smaller than the total X in

form of clumpy matter inferred to exist from ob-
servations of large-scale galactic peculiar velocities

(e.g., X � 0:3). Establishing the nature of the dark

matter is one of the outstanding problems and

challenges in cosmology. Virtually all proposed

candidates require physics beyond the standard

model of particle physics. A candidate particularly
ed.
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well-suited to the formation of the observed large-

scale structure, is a weakly interacting particle with

comparatively small velocities before the onset of

structure formation (i.e. cold dark matter, here-

after CDM).

Due to the small thermal velocity of CDM,
fluctuations survive from the early universe on all

scales. CDM is a bottom up scenario in which

structures develop as small clumps collapse and

undergo series of merging resulting in the hierar-

chical formation of massive dark matter halos.

These halos are the hosts of baryonic systems,

from galaxies to clusters, which cooled and con-

densed by dissipating energy. Cosmological N -
body simulations describe well this non-linear

complex series of mergers, accretion events and

violent relaxation which are in general agreement

with observations but are subject to some diffi-

culties on galactic scales. An overview of these is-

sues was recently presented by [1]. It remains to be

seen if the discrepancies on small scales may be

solved by the particulars of baryonic physics (e.g.
star formation, feedback, galactic black holes), or

if indeed, the paradigm of cold dark matter is

being challenged. In contrast, the excellent per-

formance of cold dark matter (with initial adia-

batic, scale-invariant density perturbations) on

large scales seems still undiminished.

On the particle physics side, supersymmetric

models are believed to provide the most promising
approach to physics beyond the standard model.

Supersymmetry can cure in principle several con-

ceptual shortcomings of this model, although de-

finitively compelling scenarios are still to come. Of

interest for us here is the prediction of, as yet un-

detected, bosonic particles for each fermionic

standard model particle, and vice versa, expected

to lie in the approximate mass range of �100
GeV–1 TeV which are actively searched for at

present and future colliders. In particular, the

lightest supersymmetric particle (LSP), under the

assumption of its stability (R-parity conservation)

or at least quasi-stability on the cosmological time

scale, may serve as the dark matter particle as long

as it is neutral (i.e. a neutralino). Moreover, its

interactions are believed such that it would behave
as CDM, and its relic abundance may be naturally

of order X � 1 within the minimal supersymmetric
extension of the standard model (MSSM), for re-

view see [2]. This is of course a very exciting pos-

sibility.

There is a large number of ongoing under-

ground experiments attempting to detect neutral-

inos within the solar system by ‘‘direct’’ scattering
on nuclei. An alternative approach for the detec-

tion of neutralinos is via their occasional annihi-

lation in dark matter halos, and observation of the

resultant gamma-rays (and/or neutrinos). How-

ever, when it comes to quantitative predictions in

relation to experimental detection, one has to

tackle with astrophysical uncertainties such as the

halo modelling of the astrophysical object under
consideration, as well as with particle physics un-

certainties related to our ignorance of the physics

underlying supersymmetry breaking. The possible

detection of such a gamma-ray signal from the

spiral galaxy M31 (Andromeda), at a distance of

700 kpc, is the subject of the present paper. We will

deal mainly with two complementary issues: (i) we

give different models of the dark halo component
in addition to the disk and bulge components

previously studied in the literature; (ii) assuming

this dark matter is accounted for by the lightest

neutralino of the MSSM, we analyze the gamma-

ray fluxes that can originate from the pair anni-

hilation of these particles, in terms of model

assumptions such as minimal supergravity.

The paper is organized as follows: Section 2 is
devoted to M31 halo modelling. In Section 3 we

first recall briefly the basic ingredients and tools we

use for the study of the supersymmetric dark

matter signature and then present the main pre-

dictions. Section 4 explores the discovery potential

of the Cherenkov Low Energy Sampling and

Timing Experiment (CELESTE). Section 5 is de-

voted to a quantitative discussion of possible sig-
nal enhancement due to clumpiness and black hole

presence in M31.
2. Modelling the neutralino halo around M31

2.1. Rotation curve of M31 without dark halo

The late-type Sb spiral galaxy M31 lies at a

distance of 700 kpc. The visible part mostly con-
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sists of a bulge and a disk. The present analysis is

based upon the investigation of the neutral hy-

drogen content of M31, and the model-indepen-

dent derivation of the velocity field, performed by

Braun [3]. The rotation curve, after correction for

the ellipticity which the spiral exhibits in the inner
5 kpc, is well fitted with two mass components

which are both traced by optical observations: (i)

A bulge––with total mass 7.8 ± 0.5 · 1010M�––and

assuming a mass-to-light ratio of � bulge ¼ 6:5�
0:4� B;� where � B;� is the mass-to-light ratio for

the Sun. This value may be compared to the limit

of 3:76� bulge 6 5:7 that has been derived from

synthetic stellar models [4] assuming the same
bulge color and a population age lying in the range

from 9.5 to 15.5 Gyr; (ii) the disk with a mass of

1.22 ± 0.05 · 1011M� in the inner 28 kpc.

These contributions of the disk and the bulge

components to the rotation curve are plotted in

Fig. 1. Note that this figure reproduces Fig. 8b of

[3]. Braun concludes that no dark halo is necessary

to account for the velocity field inside M31. This
Fig. 1. The rotation velocity data points of the spiral Sb galaxy

M31 are well fitted by the two-component model discussed in

[3]. The mass-to-light ratios––in the blue band––of the bulge

and the disk––dotted curves––are respectively � bulge ¼ 6:5�
0:4� B;� and � disk ¼ 6:4� 0:4� B;�. This leads to the global ro-

tation solid curve. Note that � disk is too large to be consistent

with the young stars that populate the disk.
result relies, nevertheless, on the crucial assump-

tion that the mass-to-light ratio of the disk is

� disk ¼ 6:4� 0:4� B;�. Such a large value does not

agree with estimates based on the blue color of the

disk and on synthetic spectra of young stellar

populations which it contains [4]. The mass-to-light
ratio � disk of a purely stellar component should

actually not exceed �3:8� B;�. In addition, a disk as

massive as that proposed by Braun should gener-

ally be unstable. We therefore feel that Braun has

overestimated the importance of the disk so that a

halo around M31 is indeed a viable possibility.
2.2. Rotation curve of M31 including a dark halo

Since a disk and a bulge may not be enough to

model the rotation velocity of M31, we have as-

sumed the presence of an additional mass com-

ponent in terms of a spherical halo whose mass

density profile is generically given by

qvðrÞ ¼ q0

r0
r

� �c ra0 þ aa

ra þ aa

� ��

: ð1Þ

A cored isothermal profile with core radius a
corresponds to c ¼ 0, a ¼ 2 and � ¼ 1. A NFW

profile [5] is obtained with c ¼ 1, a ¼ 1, and � ¼ 2,
whereas Moore�s distribution [6] is recovered if

c ¼ � ¼ 3=2 and a ¼ 1. For a given halo profile our

mass models have two free parameters: the mass-

to-light ratio of the disk and that of the bulge.

While there is ample freedom on the relative im-

portance of the disk and the halo, the observations

set stringent constraints on the structure of the

neutralino halo and actually favours a NFW [5]
distribution. This is illustrated in Fig. 2 where the

central singularity of the neutralino density has

been set equal to c ¼ 1=2 (left panel) and c ¼ 3=2
(right panel). The contributions of the bulge and

the disk correspond to the dotted and dashed

curves, respectively, whereas the dashed–dotted

lines denote the halo. The global rotation––solid––

curves fail to match the observation points for
medium range of R (a) and below 5 kpc (b). We

have therefore disregarded these profiles in what

follows and have concentrated on the NFW

(c ¼ 1) case. This is not surprising insofar as a 1=r
spherical profile leads to the same rotation curve



Fig. 2. A massive halo has been assumed in both plots by taking small yet plausible values for the mass-to-light ratios of the bulge––

� bulge ¼ 3:5� B;�––and of the disk––� disk ¼ 2:5� B;�. The left panel corresponds to a value of c ¼ 1=2 for the halo mass density sin-

gularity near the center whereas the right panel features the case of a Moore�s profile with c ¼ 3=2. In both cases, the observations are

not well reproduced by the global rotation––solid––curves.
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as a disk with constant surface mass density. We
note, however, that it has been also claimed that a

cored halo (including a somewhat heavier disk and

lighter bulge) may also provide a good fit of the

rotation curve [7].

The neutralinos potentially concealed around

M31 should annihilate and produce high-energy

photons. The corresponding flux at Earth, nc––per
unit of time, surface, and solid angle–– may be
expressed as

dnc
dtdS dX

¼ 1

4p
hrviNc

2m2
v

Z
los

q2
v ds ¼

1

4p
hrviNc

2m2
v

JðRÞ;

ð2Þ
where mv is the neutralino mass and hrviNc de-

notes the thermally averaged annihilation rate

yielding Nc gamma-rays in the final state. The as-

trophysical part of the expression consists in the

integral J along the line of sight of the neutralino
density squared q2

v. Assuming a spherical halo with

radial extension Rmax leads to

JðRÞ ¼ 2

Z ffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
max�R2

p

0

q2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 þ R2

p� �
ds ð3Þ
for a direction with impact parameter R off the
center of M31. Because the density decreases

steeply at large distances (see Eq. (1)), our results

are not sensitive to the actual value of the radial

cut-off Rmax. The next step is the sum of the line of

sight integral J over the solid angle subtended by

the source

R ¼
Z

JðRÞdX: ð4Þ

We are interested in the number Ic of high-energy
photons––collected per unit of time and surface––

that originate from a circular region with angular

radius hobs. The previous expression simplifies into

R ¼ 2p
Z hobs

0

JðRÞ sin hdh; ð5Þ

where R=D ¼ tan h ’ h and D � 700 kpc is the

distance to M31. Integrating relation (2) over the

source leads to the gamma-ray signal

Ic ¼ ð3:18� 10�13 photons cm�2 s�1Þ

� hrviNc=2

10�25 cm3 s�1

� �
500 GeV

mv

� �2

R19; ð6Þ
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where R19 denotes R expressed in units of 1019

GeV2 cm�5.

In order to estimate the gamma-ray emission of

an hypothetical neutralino halo around M31, we

have considered an intermediate NFW halo with
bulge and disk mass-to-light ratios of � bulge ¼
4:2� B;� and � disk ¼ 4:2� B;� (left panel of Fig. 3).

The parameter R19 of expression (6) reaches 1 in

the inner 3.5 kpc which corresponds to 5 mrad,

field of view of CELESTE and 1.2 up to 28 kpc

which is the M31 radius. A fiducial model for the

neutralino has been assumed with mv ¼ 500 GeV

and annihilation cross-section multiplied by mean
Fig. 3. A c ¼ 1 neutralino halo is added to the bulge and to the disk

values for the mass-to-light ratios of � bulge ¼ 4:2� B;� and � disk ¼ 4:2� B

mass-to-light ratios as in Fig. 2 (see also Table 1). The global––solid

Table 1

Three different models for M31 are featured in this table

Model � bulge � disk R19(3.5 kp

1 6.5 6.4 0

2 4.2 4.2 1

3 3.5 2.5 3

When the mass-to-light ratios of the bulge and of the disk are respec

(Fig. 1). The intermediate halo (second line) corresponds to the left pa

of Fig. 3. The line of sight integral R19ðRÞ is expressed in units of 1019

photons collected per cm2 and per s, for a circular region encompassin

mass is mv ¼ 500 GeV with an annihilation cross-section such that hr
velocity and average number of c in final state:

hrviNc=2 ¼ 10�25 cm3 s�1. The corresponding

gamma-ray fluxes are respectively 3.2 · 10�13 and

3.8 · 10�13 photons cm�2 s�1 as presented in Table

1. In the right panel of Fig. 3, a more massive halo

has been considered. The mass-to-light ratios of
the bulge and of the disk are � bulge ¼ 3:5� B;� and

� disk ¼ 2:5� B;�, respectively. In this more favour-

able situation for detection, the gamma-ray emis-

sion is increased by a factor of 3 with respect to the

previous case. Recent data at radial distance 156

r6 30 kpc, employing different data reduction

analysis than that by Braun imply the presence of
of M31. In the left panel, an intermediate case is featured with

;�. The right panel corresponds to a maximal halo with the same

––rotation curve is in good agreement with the data of [3].

c) R19(28 kpc) Ic(3.5 kpc) Ic(28 kpc)

0 0 0

1.2 3.2· 10�13 3.8· 10�13

3.7 10.2· 10�13 11.8· 10�13

tively � bulge ¼ 6:5� B;� and � disk ¼ 6:4� B;�, no halo is necessary

nel of Fig. 3, and the massive halo (third line) to the right panel

GeV2 cm�5 whereas the flux IcðRÞ corresponds to the number of

g the inner 3.5 and 28 kpc, respectively. The assumed neutralino

viNc=2 ¼ 10�25 cm3 s�1.
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more mass at large radius than in Braun�s curve

and a flatter mass distribution [8]. Therefore one

may well be close to the most favourable case.
2 We have also disactivated the gl � 2 constraint. Clearly a

more refined treatment should require consistency with the

standard model predictions [12]. Furthermore, absence of

charge and/or color breaking minima is not checked within

our (exploratory) approach [13].
3. Supersymmetric model predictions

In the present section we concentrate on more

specific particle physics model predictions of the

gamma-ray fluxes. The aim is to implement, test and

use a computational tool which allows to scan over

various observables related to supersymmetric dark

matter. This is achieved through an interfacing of

two public codes, DarkSUSY [10] and SUSPECT
[11], which we dub hereafter DSS (DarkSUSY-

SUSPECT). Significant features on both particle

physics and cosmology sides are thus combined

within our approach. For instance, we will study the

effects of universality versus non-universality of

the soft supersymmetry breaking parameters and/or

the (necessary) requirement of radiative electroweak

symmetry breaking, both on the cosmological relic
density of the neutralino LSP as well as on the

gamma-fluxes from LSP annihilation in the halo of

M31 as modelled in the previous section.

3.1. MSSM parameterization

We will focus mainly on the minimal supergra-

vity scenario (mSUGRA), where the soft break-
ing of supersymmetry occurs in a hidden sector,

which communicates with the visible sector only

via gravitational interactions, and translates to the

observable particle physics sector in the form of

soft masses and trilinear couplings among the

scalar fields as well as mass terms in the gaugino

sector [9]. We make the usual simplifying assump-

tion of common universal values of these parame-
ters at the grand unified theory (GUT) energy scale

MGUT, i.e. mscalarsðMGUTÞ � m0, MgauginosðMGUTÞ �
m1=2, AtrilinearðMGUTÞ � A0. Thus, starting from the

common scalar soft supersymmetry breaking (SSB)

mass

m2
~QQ ¼ m2

~UU ¼ m2
~DD ¼ m2

~LL ¼ m2
~EE ¼ m2

~HH1
¼ m2

~HH2
� m2

0;

the common SSB gaugino mass

M1 ¼ M2 ¼ M3 � m1=2;
the common SSB trilinear coupling

At ¼ Ab ¼ As � A0

and unified gauge couplings a1 ¼ a2 ¼ a3 � aGUT,
all taken at the GUT scale, the relevant low energy

quantities are obtained from the renormalization

group evolution of these parameters from MGUT

down to a scale of the order of the electroweak

scale. At this scale electroweak symmetry breaking

is required through the minimization equations [2],

1
2
M2

Z ¼ �mm2
1 � tan2 ðbÞ�mm2

2

tan2 ðbÞ � 1
; ð7Þ

sin 2b ¼ 2Bl
�mm2
1 þ �mm2

2

; ð8Þ

where �mm2
i � m2

Hi
þ l2 þ radiative corrections, l is

the supersymmetric mixing parameter of the two

higgs doublets superfields and B is the corre-

sponding SSB parameter in the higgs potential.

For a given tan b at the electroweak scale (defined
as the ratio of the two Higgs vacuum expectation

values hH 0
2 i=hH 0

1 i), one determines from the above

equations the l parameter (up to a sign ambiguity)

and the B parameter consistent with the physical

value of the Z boson mass MZ . In SUSPECT [11]

the procedure is carried out including radiative

corrections to the above EWSB conditions, re-

normalization group evolution to 1-loop order for
the soft parameters, and to 2-loop order for gauge

and Yukawa couplings (including threshold cor-

rections from the supersymmetric spectrum). The

full MSSM mass spectrum and couplings are

computed and fed to DarkSUSY [10]. Various

phenomenological constraints are taken into ac-

count (e.g. consistency with top, bottom and s
masses, present experimental limits on superpart-
ner and Higgs masses, limits from bottom decay

b ! sc, no charged LSP, . . .), some of which are

implemented in SUSPECT and others in Dark-

SUSY. 2
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Apart from mSUGRA with independent pa-

rameters m0, m1=2, A0, tan b, signðlÞ, we will also

consider an alternative and less constrained case

study with seven free parameters at the electro-

weak scale, namely l, M2, mA, tan b, m~qq, Ab, At.

Here M2 is the soft wino mass (we still assume the
GUT relation between M2 and soft bino mass M1),

mA is the physical CP-odd higgs mass, m~qq the

common value of all soft scalar masses at the

electroweak scale. Furthermore, we do not require

the EWSB constraints Eqs. (7) and (8) in this

context. It should be understood, however, that

such configurations are considered here only as a

test case of the sensitivity of gamma fluxes and
neutralino relic density to large departure from

more physically motivated parameterizations such

as mSUGRA. We will refer to these configurations

as low energy universality (LEU).

Finally, we will also consider configurations

motivated by the focus point behaviour within

mSUGRA [14]. This allows in principle large m0

values (in the TeV range) without having to fine-
tune the parameters in Eq. (7). This comes about

due to a peculiar behaviour in the running of m2
H2

from the GUT scale to the electroweak scale, which

renders this soft mass fairly insensitive to the su-

persymmetry parameters provided that tan b is

moderate or large. The implication for neutralino

dark matter can be important as the LSP would

acquire a non-negligible higgsino component (in
contrast to the generic mSUGRA almost purely

bino prediction). This would affect the relic density

as well as the gamma fluxes from LSP annihilation

into W or Z pairs, when kinematically allowed, are

no more suppressed as compared to the fermion–

anti-fermion channels. Nonetheless, the ‘‘natural-

ness’’ of the focus point is actually moderated by a

high sensitivity to the top quark mass in relic
density calculations [15]. We will thus adopt here-

after a qualitative standpoint where m0 is allowed

to be in the TeV range, disregarding fine-tuning

issues. We dub these configurations FP-mSUGRA.

3.2. Relic density

In addition to the phenomenological or theo-
retical constraints mentioned in the previous sec-

tion, one should impose conservatively [16] that
the LSP relic density be in the cosmologically fa-

voured region 0:1KXvh2 K 0:3. However, we will

also consider in the region 0:025KXvh2 K 0:1
where we will apply a renormalization procedure

on the expected fluxes.

Over the last decade the neutralino LSP relic
density has been extensively studied in the litera-

ture (for reviews cf. [17–19]). For simplicity we

focus mainly on those regions of the parameter

space where co-annihilation effects [20] are unim-

portant in the estimate of Xvh2. For large tan b
values, Higgs resonances can enhance drastically

the LSP annihilation leading to very small Xvh2.
Such effects are taken into account in our study.
The actual bottom and top quark masses become

a key issue in this case [21]. We come back to

this point later on when discussing benchmarks

points.

When far from co-annihilation and resonance

regions, the relic density can be estimated through

[22]:

Xvh2 ’
1:07� 109xf

g1=2
H

Mpl ðGeVÞ aþ b
2xf

� � ; ð9Þ

where xf � mv=Tf � 25 provides the approximate

freeze-out temperature, and gH counts the massless

degrees of freedom at the typical temperature.

Here a and b are defined as usual through the
Taylor expansion in relative velocity of the ther-

mally averaged annihilation cross-section times the

neutralino velocity where hrvi [23] is

hrvi ¼ aþ b
T
mv

þ O
T 2

m2
v

 !
: ð10Þ

Note that the relation (10) is no more a good ap-

proximation in cases where resonance effects on

the annihilation rate become important [20].

3.3. mSUGRA versus general MSSM

In this section we compare the results of simu-

lations for MSSM (DarkSUSY) with mSUGRA

models (DSS).

3.3.1. Benchmark points comparisons

The SUSY benchmark models have been pro-

posed by [24,25] to provide a common way of
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comparing the SUSY discovery potential of the

future accelerators such as LHC or linear colliders.

The 13 SUSY scenarios correspond to 13 configu-

rations of the five mSUGRA parameters with the

trilinear coupling parameter A0 set to 0. The models

fulfill the conditions imposed by LEP measure-
ments, the gl � 2 result (which in our case will be

not fulfilled), and the relic density constraint:

0:1 < Xvh2 < 0:3.
The aim of the present section is to derive the

gamma ray fluxes for some of these benchmark

models with our current MC simulation programs:

DarkSUSY [10] and SUSPECT [11], which were

described previously. The value of Xvh2 is calcu-
lated in the DarkSUSY part where only vþv02 co-

annihilations and annihilations related to the Higgs

sector channels are included. As a consequence of

these software limitations, the physically accessible

SUSY domain in this study corresponds to models

B, C, G, I and L of [24,25]. The simultaneous use of

the SUSPECT and DarkSUSY package allows to

perform RGE evolution from the GUT scale to
EWSB scale. Table 2 presents the initial GUT scale

parameter values as well as other input parameters

to DarkSUSY, calculated by SUSPECT (l,M1,M2,

M3, m~QQ; ~UU ;~DD;~LL;~EE, mA). Note that for each benchmark

point, only one of the mSUGRA soft scalar masses
Table 2

Benchmark models in various simulations

Model B C G

m1=2 255 408 3

m0 102 93 1

tanb 10 10 2

sign(l) + + +

EWSB scale [GeV] 492.8 721.2 7

GUT scale [GeV] 2.17· 1016 0.30· 1016 1

mv0 99.4 162.3 1

Rg 0.968 0.988 0

l 351.5 542.5 5

mA 395.8 603.9 5

M1 103.6 166.0 1

M2 194.7 308.0 2

M3 622.7 929.2 9

m~qq 537.8 787.0 7

We show the initial GUT scale parameter values as well as the electro

each benchmark point, only one of the mSUGRA soft scalar masses (d

sensitivities to illustrate the differences between mSUGRA and LEU

GUT scale and EWSB scale values are also quoted as well as neutral
(denoted m~qq) is given in the table. This mass cor-

responds to typical sensitivities when illustrating

the differences between mSUGRA and LEU cases

(where in the latter m~qq is the common scalar mass).

The GUT scale and EWSB scale values are also

quoted as well as neutralino mass and gaugino
fraction, Rg.

Table 3 presents the resulting relic density values

with different theoretical assumptions correspond-

ing either to mSUGRA or to LEU as described in

Section 3.1 whereas Table 4 gives results for gam-

ma-ray flux, Uc respectively. In order to be free

from the Galactic Center halo modelling, a renor-

malization factor on the astrophysical part of the c
flux computation has been applied. This allows a

meaningful comparison between our results and

those of [24,25]. The comparison between LEU and

mSUGRA in Tables 3 and 4 are made, using for

LEU the common scalar mass m~qq given in Table 2,

as explained before. As far as benchmark points

with large tan b are concerned, the relic density is

very sensitive to the input bottom mass since the
latter controls the position of the s-channel CP-odd

Higgs exchange pole [21].

The effect of applying radiative corrections has

been found to be below 25% on flux predictions.

The results obtained here are also compared to
I L

83 358 462

25 188 326

0 35 45

+ +

19.1 657.4 836.1

.90· 1016 1.99· 1016 1.86· 1016
55.1 144.8 190.2

.987 0.985 0.990

00.0 479.2 593.7

45.4 472.4 548.4

58.5 147.7 193.1

95.4 276.0 358.6

00.3 849.6 1071

67.2 718.7 907.9

weak scale parameters calculated by SUSPECT. Note that for

enoted m~qq) is given in the table. This mass corresponds to typical

cases (when m~qq is the common scalar mass for the latter). The

ino mass and gaugino fraction, Rg.



Table 3

The relic neutralino density, Xvh2, as obtained in our simula-

tions assuming a bottom mass of mb ¼ 4:61 GeV (neglecting

radiative corrections)

Model B C G I L

LEU

(DarkSUSY)

1.37 4.20 1.34 0.26 0.11

mSUGRA

(DSS)

0.19 0.32 0.29 0.18 0.10

Paper [24,25] 0.18 0.14 0.16 0.16 0.21

The input parameters are specified in Table 2.
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those in [24], where a different mSUGRA MC has
been used and a more complete set of co-annihi-

lation channels has been included. The observed

differences on flux predictions of at most �25%

between our results and those in [24] may well be

explained by different treatments of the fragmen-

tation processes with p0 in the final state.

The results given in Table 4 on the gamma-ray

flux from the Galactic Center are given for NFW
[5] halo density parameterization, determined

above a threshold of 1 GeV within a solid angle of

10�3 sr. For comparison, the flux from M31 has

been also evaluated for the same energy threshold

and acceptance value, assuming a NFW profile

and the astrophysical halo model of M31 given by

model 3 in Table 1.

3.3.2. Predictions from ‘‘wild scan’’ simulations

We have also performed ‘‘wild scans’’ both, in

minimal SUGRA and in the less restrictive LEU

(as defined above). To achieve this, 3000 models

have been simulated in the 0:025KXvh2 K 0:3
region. The value of the lower limit on Xvh2 equal
to 0.025 has been used with a renormalization

procedure for flux estimation described below (for
Xvh2 K 0:1). The low values of Xvh2 may indicate
Table 4

The predicted gamma-ray flux in units of 10�12 cm�2 s�1 from the gala

from M31 within a solid angle H ¼ 10�3 sr

Model B C

G.C. NFW LEU 146.8 14.9

G.C. NFW mSUGRA 146.5 15.5

Ref. [24,25] 84.29 10.19

Ref. [24,25] renormalized 204.8 24.76

M31 NFW mSUGRA 1.75 0.19
that the main component of the dark matter is not

the SUSY LSP and other contributions should be

considered. The conditions of the performed sim-

ulations were for:

LEU 7 parameters:

10 < jlj < 5000;

10 < jM2j < 1600;

10 < mA < 1000;

1:001 < tanðbÞ < 60;

50 < m~qq < 1000;

�3 < At=m~qq < 3;

�3 < Ab=m~qq < 3:

mSUGRA 5 parameters:

sign ðlÞ not constraint

50 < m0 < 3000;

50 < m1=2 < 1600;

0:1 < jA0j < 2000;

3 < tanðbÞ < 60:

Only co-annihilation with vþ or v02 has been
considered which is relevant when the higgsino

component of neutralino becomes substantial. All

results for the integrated gamma fluxes from M31

as a function of the v01 mass were obtained for a

NFW profile and model 3 in Table 1, and for

gamma-ray energy threshold of 30 GeV. The decay

channels with p0 in the final state subsequently

decaying into cs, such as b�bb, W þW �, Z0Z0, HH , . . . ,
ctic center for gamma-rays with energy Ec > 1 GeV emanating

G I L

103.6 723.5 1225

104.6 721.0 1229.1

63.90 535.0 992.4

155.3 1300 2412

1.25 8.65 15.0
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were provided by the PYTHIA 6.1 program which

is included in data format of the DarkSUSY

package.

Fig. 4 shows the integrated flux as a function of

the neutralino relic density Xvh2. The shape of the

envelope corresponding to maximal fluxes can be
understood qualitatively by using Eqs. (2), (9), and

(10) and maximizing hrvi in the parameter space.

For instance in the b�bb channel, hrvi reaches a

maximum when the lightest bottom is degenerate

with the LSP leading to hrvimax / m�2
v , that is

Xmin
v / m2

v. Combining this with the appropriate

dependence of Nc on mv which can be obtained

from the energy distribution [26]

dNc

dE
¼ a

e
�b E

mv

mvð E
mv
Þ1:5

ð11Þ

by integrating over the full spectrum,Z 1

Emin

dNc

dE
dE

¼ 2a
ffiffiffiffiffiffiffiffiffi
mv

Emin

r
e
�b

Emin
mv

(
þ Erf

ffiffiffiffiffiffiffiffiffiffiffi
bEmin

mv

s" # 
� 1

! ffiffiffiffiffiffi
bp

p
)
;

ð12Þ
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Fig. 4. The integrated c flux from M31 as a function of Xvh2 in
a mSUGRA ‘‘wild scan’’. A renormalization procedure for

Xvh2 6 0:1 has been applied on flux values as described in the

text.
where Emin is an acceptance energy cut, one re-

covers a behaviour similar to the envelope shown

in Fig. 4.

A renormalization procedure has been used

for low Xvh2 values where the dark matter halo
should not be dominated by the neutralinos. For

values of Xvh2 below 0.1 the predicted flux is

renormalized by the ratio ðXvh2=0:1Þ2 to account

for neutralinos only contributing partially to the

dark halo. As a result of this procedure, the

obtained fluxes went down by a factor of 10 at

low values of Xvh2. The effect of the renormaliza-

tion procedure described above is also shown in
Fig. 4.

Fig. 5 presents the integrated gamma flux as a

function of mv for the LEU scheme. The expected

fluxes for M31 are of the order of 10�13 c cm�2 s�1

and show only a weak dependence on the gaugino

fraction of the neutralino. Comparing to mSU-

GRA predictions shown in Fig. 6, clear differences

are observed:

• the unification at GUT scale and electroweak

symmetry breaking constraints lead to the ex-

clusion of an important number of models in
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Fig. 5. The integrated c flux from M31 as a function of mv for

Ec > 30 GeV. Each point corresponds to a model in our ‘‘wild

scan’’ LEU simulations. Three different ranges of gaugino

fraction are considered.
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Fig. 6. The integrated c flux from M31 as a function of mv in

mSUGRA scan. The constraints applied (as described in the

text) remove a large number of LEU allowed configurations.
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Fig. 7. The integrated c flux from M31 as a function of mv in

the so-called focus point scenario (large m0 values).
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Fig. 8. The integrated c flux from M31 as a function of MA=mv.

Here only fluxes above 2� 10�14 are presented. A large en-

hancement at 2mv equal to MA is observed.
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mSUGRA models, which are present in the

LEU scheme,

• the mSUGRA model reduces the number of

viable Higgsino-like models when compared to

the LEU model, and

• mSUGRA models generally show factor �5
lower fluxes at low values of mv as compared

to LEU models.

The benchmark model points are also presented.

Fig. 7 presents mSUGRA results in case of the

so-called ‘‘focus point’’ inspired scenario where m0

values may vary up to 3 TeV. In this case there are

more viable models with a neutralino of compar-
atively large Higgsino content than in mSUGRA

and the mean fluxes reach values predicted by

LEU.

The CP-odd Higgs mass resonance effect (i.e.

mA � 2mv0 ) on the annihilation cross-section and

predicted fluxes has also been examined. Fig. 8

presents an increase of the integrated flux at the

mA pole by at least an order of magnitude com-
pared to the region far from the resonance. This

effect reflects increase of the predicted fluxes for

large tan b shown in Fig. 9, as the CP-odd Higgs

s-channel dominates at large tan b in the mSU-

GRA frame.
4. Detection of dark matter in M31 with CELESTE

4.1. The CELESTE experiment

The CELESTE is located on the site of Th�eemis

in the French Pyr�een�eees. It detects gamma-rays in
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Fig. 9. The integrated c flux from M31 as a function of tan b.
Here the highest fluxes also correspond to the CP-odd Higgs

contributions.
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the high-energy domain and was designed to fill

the energy gap between satellites and imaging at-

mospheric Cherenkov telescopes (IACTs). While

the former have been so far limited to �10 GeV

because of a too small effective detection area, the

energy domain covered by the latter starts at �200

GeV due to the noise arising from the night sky

background. The energy window around 50 GeV
has been opened by CELESTE during the winter

1999–2000 by the detection of the Crab nebula and

its flux measurement at 60 GeV [27]. Nearly at the

same time, CELESTE detected the active Galactic

nuclei (AGN) Mkn 421 during a series of flares. It

was the first sub-100 GeV detection of this nearby

blazar and the emission observed by CELESTE

showed a clear correlation with the flux recorded
above 250 GeV by the CAT telescope, operating

on the same site [28]. Before these results, the sub-

100 GeV region was the only part of the electro-

magnetic spectrum which remained unexplored.

The access to this region is of great importance for

a number of key questions in high-energy gamma-

ray astrophysics. For instance, the high-energy

part of some AGNs can dominate the entire
spectrum, giving new insight into their structure

as well as the particle acceleration and cooling

processes occurring in their vicinity. Pulsars could
be also very promising sources: since their gamma-

ray spectrum is believed to decrease sharply at

a few tens of GeV, the observation of the pre-

dicted spectral cut-off should strongly constrain

the models describing the particle acceleration in

their magnetosphere. Concerning galactic cosmic-
rays, the current belief of their acceleration in

shell-like supernoværemnants could be also tested

in a few cases by the observation of high-energy

gamma-rays. Apart from astrophysical issues, we

propose here to use CELESTE for the study of

dark matter and searches for the indirect signa-

tures of neutralinos, namely their gamma-ray

signal above 50 GeV coming from neutralino an-
nihilations in M31. At the latitude of Th�eemis (42�
North), M31 transits very close to Zenith.

The CELESTE experimental setup is fully de-

scribed in [27]. This detector records the Cherenkov

light emitted by the secondary particles produced

during the development of the cosmic-ray atmo-

spheric showers. In order to reduce the night-sky

noise and to achieve a low energy threshold, CE-
LESTE uses 40 heliostats (53 since January 2002)

of the former solar plant in Th�eemis, with a total

collection area of �2000 m2. An efficient discrimi-

nation between c and hadron-induced showers al-

lows to extract the gamma-ray signal from the

more abundant charged cosmic-ray background

(mostly protons, helium nuclei and electrons). The

event analysis is based on the differences between
both types of showers regarding the homogeneity

and the time dispersion of the Cherenkov light pool

as sampled by the heliostats. After the detector

trigger and all analysis cuts, the gamma-ray ac-

ceptance at Zenith has been parameterized as a

function of the energy [29]:

AðEÞ ¼ A0 1

�
� exp

�
� E � E0

Ec

�	
; ð13Þ

with A0 ¼ 1:37� 104 m2, E0 ¼ 34:7 GeV and
Ec ¼ 56:2 GeV.

4.2. Simulation results

The flux predictions of mSUGRA models were

folded with the acceptance function of the CE-

LESTE detector. Fig. 10 shows the expected count

rates from M31 in units of c=min. The most op-
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timistic models predicts values of the order of
10�3, which should be compared with the 4.9

c=min which are observed by CELESTE from the

Crab nebula (the standard candle for high-energy

gamma-ray astronomy) [29]. Note that these re-

sults were obtained without any signal enhance-

ment effect expected from clumpiness of the dark

matter halo or possible black hole neutralino ac-

cretion. Since the sensitivity level of atmospheric
Cherenkov detectors is proportional to 1=

ffiffiffiffiffiffiffiffi
Tobs

p
,

only sources with a flux of a few tenths of the Crab

nebula flux can be detected within realistic obser-

vation times. Therefore the overall enhancement

due to astrophysical effects has to exceed at least a

factor of 100 for detection of a gamma-ray signal

from neutralino annihilations to become feasible.

Since the goal of this paper is only exploratory and
theoretical, we do not perform here a more accu-

rate sensitivity analysis. A forthcoming publica-

tion of the CELESTE collaboration will present

the complete discussion of the CELESTE sensi-

tivity to the SUSY signatures.

A possibility of the shape discrimination with

the energy differential flux measurement in CE-

LESTE has been also studied. The expected shape
for gamma-rays produced in v0v0 annihilations are
described by a decreasing exponential function

with the exponent strongly depending on mv. This
sharp exponential cut-off should be compared with

standard astrophysical source power law expecta-

tions.

The shape discrimination relies on the assump-

tion of the c detection from the considered source,

in our case M31. The event selection and cuts on
the kinematical variables of the c candidates allow
to enhance the c contribution to the measured

sample with respect to the charged cosmic-ray ini-

tiated showers. In order to reduce further the

charged cosmic-ray background and to optimize

the signal to background ratio, various procedures

such as a sliding window type method can be

considered. This analysis will be addressed in de-
tails elsewhere.

Fig. 11 presents predicted energy differential

distributions for various mv ranges after the ren-

ormalization of the total integrated fluxes. Here an

almost scaling variable equal to Ec=mv was used as

proposed by [26]. No background contribution has

been taken into account here. These results suggest

an increase in sensitivity with mv. However, due to
the CELESTE acceptance varying with energy, a

realistic discrimination measurements can only be

considered for neutralino masses above 200 GeV.

It is interesting to note that only models with
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substantial co-annihilation and large tan b can

lead to acceptable dark matter densities for Xvh2

above 200 GeV.
5. Impact of astrophysical parameters

5.1. Halo clumpiness

Early simulations of the growth of CDM ha-

los found smooth tri-axial structures, but higher

resolution simulations revealed that a significant

fraction of the mass may lie in sub-structures (sub-

halos) orbiting in virialized dark matter halos [30–
32]. Such substructures seem to extend down to the

smallest mass scale, possibly well below that of the

most massive globular clusters.

The CDM scenario, however, predicts a larger

number of sub-structures in galactic halos than

the observed number of dwarf satellites in the

Milky Way [31,33]. The cases of gas expulsion by

supernova-driven winds or the failure of gathering
enough gas for stellar formation were considered

in [31] as possible explanations. In this case there

would be a large number of clumps with few stars,

and some of the known high-velocity gas clouds

may possibly trace them. It has been also shown

recently that there is good agreement between the

rotation curves of the largest satellites and those

found in N -body simulations, provided star for-
mation is less efficient in these satellites [34]. The

possibility that the anomalous image flux ratios

observed in several gravitational lenses could be

explained by low mass satellites in the lensing

galaxy was also explored [35]. It was found that

the required projected satellite mass fraction is of

the same order as those predicted in CDM simu-

lations, illustrating that there is general agreement
between the underlying theory for structure for-

mation and observed structures.

In order to estimate the effect of clumpiness we

calculate first the contribution to the flux of a

DRACO-type object with virial velocity v ¼ 10

km s�1, and central mass M � 108M� modelled by

using a NFW profile with scale radius rs ¼ 0:4 kpc

and density q0 ¼ 6� 10�24 g cm�3. This is obtained
by calculating the sum of the line of sight integral

R, as defined in Section 2, over the field of view of
CELESTE which we denote by R10 (R10 ¼ R19

ð3:5 kpcÞ defined in Section 2). It is expressed in

units of ”1019 GeV2 cm�5 as before. Such a single

DRACO-type clump orbiting around M31 would

yield R10
D � 0:03, to be compared with R10

M31 � 3 for

M31 (cf. Section 2).
Now we consider the mass and the radial dis-

tribution of clumps orbiting around a halo. The

sub-halo mass function is a power law close to

dnðmÞ=dm / ðm=MHÞ�1:9
[30] where MH is the mass

of the halo. The radial distribution of clumps in a

halo, deduced from N -body simulations, behaves

as nðrÞ / ½1þ ðr=rcÞ2��3=2
[36]. Combining these

two equations we obtain the distribution of clumps
having a mass m at radial distance r:

nðr;mÞ / ðm=MHÞ�1:9
1
h

þ ðr=rcÞ2
i�3=2

/ v�3:8 1
h

þ ðr=rcÞ2
i�3=2

; ð14Þ

where v is the virial velocity of the clump. This

equation is normalized to the number of clumps of

a given mass predicted by CDM simulations.

About 1000 clumps with velocities above v ¼ 10
km s�1 are expected in a galactic halo having the

mass of M31 [6]. We truncate the clump mass

distribution between 16 v6 10 km s�1. We con-

sider two spatial distributions of clumps: a com-

pact distribution with core radius rc � 16 kpc and

a more extended distribution with rc � 30 kpc.

Both are independent of the clump mass. In these

profiles, around 75% of the clumps are within the
core radius.

The total integrated contribution of clumps with

vP 1 km s�1 is R � 2500� RD ¼ 77. Therefore the

flux from M31 may be boosted by a clumpiness

factor �77/3� 25. The clumps in the field of view

of CELESTE yield respectively R10 ¼ 20 for

rc � 16 kpc and R10 ¼ 10 for rc � 30 kpc, that is a

factor 3.3–6.6 larger than the smooth profile of
M31.

Globular clusters are known to continuously

loose stars due to tidal forces from the halo

gravitational potential. Mass is stripped from the

outer regions of globular clusters and evaporates

mainly at each passage through the disk. This is

why it is generally argued that globular clusters do

not have dark matter except perhaps in an inner
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bubble. The structural evolution of sub-halos was

recently analyzed in [37], which shows that the

tidal radius of distant satellites is well beyond their

optical radius. This may also explain why the

distant globular cluster Palomar 13 (at a distance

of 24.3 kpc) is well fitted by a NFW profile [38], i.e.
this anomalous globular cluster could, in fact, be a

Milky Way dark clump which has not been de-

stroyed or modified by the galactic tidal field [39].

The central mass-to-light ratio of the distant sat-

ellites Palomar 13 and DRACO (at a distance

of 80 kpc) are, respectively, 40 (M=L)� and 80

(M=L)�, whereas for nearby globular clusters it is

approximately 3 (M=L)�. We assume that this is
the signature of enhanced particle evaporation in

the inner region of clumps. To account empirically

for this effect we have divided by 2 the central

density of the clumps at radial distance r ¼ 20 kpc,

by 20 that of objects at r ¼ 10 kpc and have

ignored clumps at smaller radius. With this hy-

pothesis the most massive objects within r ¼ 10

kpc have a mass <5 · 106M�. In any case, a sig-
nificant fraction of more massive objects is for-

bidden by the observations because it would

dynamically heat the disk (see below).

With the hypothesis of evaporation, the inte-

grated contribution of clumps is R ¼ 11–34 for the

whole of M31 and to R10 ¼ 0:75–2.2 in CE-

LESTE�s field of view, indicating only very modest

enhancement factors of the gamma-ray signal.
If a large number of massive satellites orbit

within the M31 halo, their passages through the

disk causes disk heating [40] or may induce

warping motions [41]. This is confirmed by recent

N -body CDM simulations of the Milky Way [42].

In the case of a KCDM cosmology, however, the

clumps are less massive and are located at larger

radial distance than in standard CDM, so only a
small number get near the disk. In that case they

do not heat the disk efficiently [42,43]. We have

already approximately accounted for the first effect

by ignoring the most massive clumps with mass

109M� in the inner regions of galaxy. In order to

account for an ‘‘extended halo distribution’’, as in

[42], we have considered the same clump distri-

bution as before but with core radius 100 kpc and
the same mass spectrum. With that distribution

the clump flux in CELESTE�s field of view is
R10 ¼ 2:2 without evaporation, or R10 ¼ 1:0 with

the hypothesis of evaporation.

These c ray signal enhancement factors due to

halo clumpiness should be compared to those de-

termined by N -body simulations of Milky Way

type objects. Whereas earlier results by one group
[44] indicate a two order of magnitude effect, more

recent simulations [45] find only a factor �2 en-

hancement. Another study performed on the

clumpiness enhancement factor, in particular in

case of M87, observation [46] predict values be-

tween 13 and 40. These calculations were extended

for Milky Way or M31 type galaxy case leading to

the values of the clumpiness enhancement factor of
the order of 20 [47].

5.2. Black hole accretion

The central region of M31 contains a very

compact object with a mass �3.6 · 107M� which is

assumed to be a supermassive black hole (SBH)

[48,49]. The dynamical effect of a SBH on a distri-
bution of nearby WIMPS was studied by [49] in the

case of the Milky Way. The adiabatic growth of a

SBH at the center of a halo produces a spike with

density q / r�c, 2:26 c6 2:5 within a radius�10 pc

for a SBH like that in M31. In such a spike the

density reaches the annihilation density 108M� pc3

in a significant region surrounding the black hole

producing a huge enhancement of the annihilation
flux. This calculation assumes a very high-accretion

rate and a stable dynamical regime during an ex-

tremely long period. In fact the accretion rate for

the assumed black hole adiabatic growth is much

higher than the current estimates of present-day

growth-rates [8,50]. Several authors have discussed

more realistic scenarios (i.e. [51,52]). In the CDM

scenario, large halos grow through the merging of
smaller building blocks. Galaxies as massive as the

Milky Way or M31 have certainly experienced

significant merging in the last Gyrs. There may be

several SBH progenitors coming from the mergers,

a SBH may be spiraling into the galactic potential.

Motions of the SBH transfer energy to the particles

lowering their density [53]. Thus, even if at early

times a massive BH was present in a dense envi-
ronment resulting in a rapid adiabatic growth of

the BH surrounded by a dense spike, there are a
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number of accidental events and perturbations dur-

ing the life of the SBH which all tend to destroy the

spike. Nevertheless a SBHwill continuously accrete

material. If it is coinciding with the dynamic center

of a galaxy for a sufficiently long period it will built

a central dark matter density cusp.
We performed N -body simulations assuming

initial dark matter density profiles of q / r�að1þ
r=rcÞ�b

with 06 a6 1 and under the hypothesis of

the existence of a massive central black hole––

SBH. These simulations were performed with the

aid of the public code Gadget [54]. In each case,

the density distribution reaches a stable limit with

q / r�1:5, independent of the initial profile, within
dynamical time of 106 years. An example of such

simulations is shown in Fig. 12. This illustrates

that a stable configuration which may be build in

within a relatively short time.
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Fig. 12. Example of simulation showing the variation of den-

sity profile due to a massive SBH of 3.7 · 107M�. The initial

profile is in q / r�0:75. The final profile in q / r�1:5 is reached in

less than 106 years. The density is in M� pc�3.

Table 5

Impact of astrophysical parameters such as clumpiness of the M31 ha

contributions added

Clump distribution Dynamics SBH env

Compact No evaporation SIS spike

Extended No evaporation SIS spike

Compact No evaporation q / r�1:5

Extended No evaporation q / r�1:5

Compact Evaporation q / r�1:5

Extended Evaporation q / r�1:5
The gamma-ray flux enhancement due to the

existence of such a dark matter spike as compared

to a NFW profile is of the order of 1þ ½lnðrmax=
rminÞ � 1�rmax=R where rmin and rmax are respectively

the minimum and maximum radius of the profile in

r�1:5 and R is the radius of the initial region with
profile in r�1. Taking R ¼ 3:5 kpc, 206 rmax 6 100

pc, and rmin ¼ 10�5 pc which is �11 Schwarzschild

radii, we get an only modest enhancement factor

between 1.08 and 1.45. It is seen that the enhance-

ment factor is small, nevertheless, the presence of

the SBH in this complicated multicomponent ob-

ject warrants a singular profile at small radius. This

is also important with regard to evidence that the
universal singular CDM profiles [55,56] are not

seen in the dark halos of low surface brightness

galaxies [57]. In these objects, however, there are

numerous suggestions for a hidden baryonic com-

ponent [58–60] which may modify its inner profile

complicating the interpretation of dwarf halos [61].

Finally in some cases the hypothesis of a central

spike may be valid. This may happen if there is a
density increase during a short period near the

SBH, for example when a massive clump is falling

in the SBH. As soon as the profile is steeper than

r�1:5 the logarithmic term in the enhancement

factor is replaced by a power of the inner radius. In

the case of a singular isothermal (SIS) spike of 1 pc

the total flux within 3500 pc is boosted by a factor

29. The impact of clumpiness and black holes are
summarized in Table 5. The global enhancement

factor on expected flux may vary between 5 and

100, depending on the clumpiness of the halo and

CDM-accreting SBH. In particular, the large

variation between R and R10 in case of an extended

clump distribution (last line of Table 5) is due to
lo and SBH in its center, on flux predictions, smooth and clump

ironment R R10

165 100

140 90

80 20

55 6

25 6

40 5
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the small angular size of the instrument compared

to the compact distribution case (line 3 of Table 5).
6. Conclusions

The putative dark matter content of M31 has

been estimated and modelled from its observed

rotation velocity profile, by adding a NFW dark

halo to the observed disk and bulge component.
The study of the benchmark models in case of

M31 allowed to qualify the DarkSUSY and

SUSPECT MC programs used for gamma flux

predictions in CELESTE experiment. Only models

I and L (large tan b) could be considered as

favourable for the detection. This conclusion is

confirmed by a further study of the so-called ‘‘wild

scan’’ simulation in mSUGRA scheme. Various
aspects such as dependence of the results on heavy

quark masses or CP-odd higgs pole contribution

have been investigated.

We have taken into account the atmospheric

electron and CR proton backgrounds to the M31

signal and applied the CELESTE gamma-ray

energy dependent acceptance factors. Assuming

a smooth neutralino halo around M31 leads to
photon rates at the telescope of order a few 10�3

counts perminute. The strongest signal corresponds

to supersymmetric configurations where the neu-

tralino mass mv exceeds �200 GeV. As a realistic

observation would require at least a signal of order

a tenth of that of the CRAB––4.9 photons per

minute––we estimate that a gamma-ray annihila-

tion signal from M31 is beyond the reach of an
atmospheric Cerenkov detector of the CELESTE

generation if the neutralinos are smoothly dis-

tributed in that galaxy. On the other hand, if the

halo is made of clumps with inner profiles �aa la

Moore or if there is strong accretion going on

around the central black hole, the expected signal

may be enhanced by two orders of magnitude and

could become detectable. We conclude therefore
that a survey of M31 with CELESTE is worth

being undertaken. Such an observational effort

could also shed light on alternative dark matter

emitting gamma-rays, such as Kaluza–Klein par-

ticles [62] or possibly even baryonic dark clouds

[63].
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