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Clumpy neutralino dark matter
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We investigate the possibility to detect neutralino dark matter in a scenario in which the galactic dark halo
is clumpy. We find that under customary assumptions on various astrophysical parameters, the antiproton and
continuumg-ray signals from neutralino annihilation in the halo put the strongest limits on the clumpiness of
a neutralino halo. We argue that indirect detection through neutrinos from the Earth and the Sun should not be
affected much by clumpiness. We identify situations in parameter space where theg-ray line, positron and
diffuse neutrino signals from annihilations in the halo may provide interesting signals in upcoming detectors.
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PACS number~s!: 95.35.1d, 12.60.Jv, 14.80.Ly
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I. INTRODUCTION

The mystery of the dark matter in the Universe rema
unsolved. Among the more plausible candidates~not only
needed to solve the dark matter problem! can be found the
neutralino, the lightest supersymmetric particle in the mi
mal supersymmetric standard model~MSSM! ~for a review,
see Ref.@1#!. Another candidate is for instance the axio
which is still a viable option for a narrow range of axio
masses@2#. Irrespective of the exact nature of the dark m
ter, there are reasons to believe that its distribution in
dark halos of galaxies need not be perfectly smooth@3–5#.
For instance, early fluctuations in the dark matter may
nonlinear long before photon decoupling, evading the ar
ment of slow, linear growth after recombination. Also,
cosmic strings or other defects exist, they may seed the
mation of density-enhanced dark matter clumps.

Since very little is known about the inherently nonline
problem of generating dark matter clumps, in this paper
will use a phenomenological approach where we simply
sume the existence of clumps with a given density profi
making up a certain fraction of the total mass of the Mil
Way halo. We investigate the effect of this clumpiness on
various proposed detection methods for neutralino dark m
ter. Implications of a clumpy halo on dark matter signa
have previously been studied in Refs.@4–10#.

Detection rates depend crucially on the neutralino dis
bution in momentum and position space. Some detec
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rates, in particular those of antiprotons and photons ge
ated by neutralino annihilations in the galactic halo, incre
substantially compared to the case of a smooth dark ma
distribution. For a given set of parameters of the supersy
metric models~such as mass and couplings of the neutra
nos! we can then use present experimental limits on th
fluxes to bound the degree of clumpiness allowed in t
particular dark matter model. Alternatively, given a positi
experimental signature, we can identify regions in the co
bined parameter space of halo dark matter distribution
supersymmetric models to identify candidates consis
with the data. This approach was used recently by three o
in connection with new data from the Energetic Gamma R
Experiment Telescope~EGRET! gamma ray detector@11#.
Some of our results may be of interest also in the stand
nonclumpy scenario, which is of course included in our tre
ment and is easily recovered by putting the fraction of
halo in the form of clumps equal to zero.

II. CLUMPINESS IN THE MILKY WAY HALO

Present observational data give very poor constraints
the distribution of dark matter in the galaxy. The dynam
of the outer satellites of the galaxy clearly indicates that
minous matter provides just a fraction of the total mass of
Milky Way and that the major contribution must come fro
a dark matter halo whose size is larger than the radius of
disk. Nevertheless it is not possible to extract from pres
kinematic information any accurate knowledge of the dens
profile of the dark matter halo. It is, however, natural
assume that galactic dark matter profiles obey a law of u
versality. Then, a possible approach is to infer the functio
form of the Milky Way halo density profile from the result
of N-body simulations of hierarchical clustering in cold da
©1999 The American Physical Society06-1



fo
al

th

a
k

ld
is
as
a
.’
ar

o
p
al
ra
uc
r.
f

ur
a

it

se
fo

t
er
v

al-
of

m
an
pi
po
d

yp

e
av

oo

ed
ey
their
k

ss

we
in

o.
the
ng

ter

tter

ant

is
e

tion

p.

be
ics
kly

e
all
r a
les,
pi-
w-

el

r-
si-
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matter cosmologies, fitting the normalization parameters
known dynamical constraints. This approach has been
lowed in Ref. @12#: among the general family of spheric
density profiles,

r~xW !5r0S R0

uxW u
D gF11~R0 /a!a

11~ uxW u/a!a G ~b2g!/a

, ~1!

the case of the profile of Kravtsovet al.was considered,@13#
which is mildly singular towards the galactic center wi
g;0.2–0.4, of the profile Navarroet al. @14#, which is more
cuspy (g51), and, for comparison the modified isotherm
distribution, (a,b,g)5(2,2,0), extensively used in dar
matter detection computations.

The dark matter density profile inferred in this way shou
be regarded as the function that describes the average d
bution of dark matter in the galactic halo; the standard
sumption which is generally made at this stage is that d
matter particles in the halo form a perfectly smooth ‘‘gas
This approach is in some way arbitrary: although the d
matter particle distribution has to be regarded as smooth
intermediate length scales, probably around 0.01–1 k
there are reasons to question whether this is true on sm
scales. We here entertain the possibility that at least a f
tion of the dark matter in the halo is clustered in substr
tures with high matter density, ‘‘clumps’’ of dark matte
Several authors have introduced clumpiness as a generic
ture of cold dark matter cosmologies. Silk and Stebbins@4#
have considered clump formation in cosmic string, text
and inflationary models, giving also predictions for surviv
to tidal disruption~see also Ref.@3#!. Kolb and Tkachev@5#
have studied isothermal fluctuations giving very high-dens
dark matter clumps.

Simulations of structure formation in the early Univer
do not yet have the dynamical range to give predictions
the size and density distribution of small mass clumps~we
focus here mainly on clumps of less than around 106 solar
masses which avoid the problem of unacceptably heating
disk @4#!. The formation of clumps on all scales is, howev
a generic feature of cold dark matter models which ha
power on all length scales. If self-similarity is a guide, g
axy halos may form hierarchically in a similar way to that
cluster halos~see, e.g., Ref.@15#!.

Rather than examining the different scenarios for clu
formation, we take a more phenomenological approach
perform a detailed discussion on the implications of clum
ness on neutralino dark matter searches. We thus simply
tulate that a fractionf of the total dark matter is concentrate
in clumps, which are assumed to be spherical bodies of t
cal massM cl and matter density profilercl(r cl

W). The total
number of clumps inside the halo is given by

Nc;
f •Mh

M cl
, ~2!

whereMh is the total mass of the halo. Two opposite sc
narios seem to be plausible. There might be few he
clumps, with masses up to maybeM cl;106–108M ( ~above
which the local gravitational distortion effects would be t
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severe!; such massive bodies could in principle be identifi
from the analysis of the rotation curves of the galaxy, th
may, however, have escaped observation so far because
detection in this way may be difficult if the fraction of dar
matter in clumps is small, sayf ;1%. A second possibility
is that clumps are much lighter, withM cl less than 104–
106M ( , in which case larger fractions of the halo ma
might be in clumps~in the extreme scenario all of it!. In the
many small clumps scenario, on which we mainly focus,
can define a probability density distribution of the clumps
the galaxy which in the limit of largef, to satisfy dynamical
constraints, has to follow the mass distribution in the hal

Consider a Cartesian coordinate system with origin in
galactic center. Then the probability for a given clump bei
in the volume elementd3x at positionxW is

pcl~xW !d3x5
1

Mh
r~xW !d3x ~3!

which has the correct normalization*pcl(xW )d3x51.
It is convenient to introduce the dimensionless parame

d

d5
1

r0

E d3r cl@rcl~r cl
W!#2

E d3r cl rcl~r cl
W!

~4!

which gives the effective contrast between the dark ma
density in clumps and the local halo densityr0 . For a dark
matter density inside the clumps which is roughly const
rcl it reduces to the form

d5
rcl

r0
. ~5!

We show in Sec. IV that in the many-clumps scenario it
just the productf d which determines the increase of th
signal compared to a smooth halo in most indirect detec
methods. The productf d is directly related to the ratio of the
total dark mass in clumps to the volume of a typical clum

III. SUPERSYMMETRIC MODELS FOR DARK MATTER

Although it is possible that the halo dark matter may
composed of particles not yet predicted by particle phys
models, it is very attractive to assume that they are wea
interacting massive particles~WIMPs!. Massive particles
with weak interactions give a relic density which is of th
right order of magnitude to explain the dark matter on
scales from dwarf galaxies and upwards. We will conside
specific class of such particles, supersymmetric partic
which is general enough to illustrate the effects of clum
ness. Our results should be of more general validity, ho
ever.

We work in the minimal supersymmetric standard mod
~MSSM! as defined in Refs.@16,1#. For details on our nota-
tion, see Ref.@17#. The lightest stable supersymmetric pa
ticle is in most models the neutralino, which is a superpo
6-2
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CLUMPY NEUTRALINO DARK MATTER PHYSICAL REVIEW D 59 043506
tion of the superpartners of the gauge and Higgs fields

x̃1
05N11B̃1N12W̃

31N13H̃1
01N14H̃2

0 . ~6!

It is convenient to define the gaugino fraction of the light
neutralino,

Zg5uN11u21uN12u2. ~7!

For the masses of the neutralinos and charginos we use
one-loop corrections as given in Ref.@18# and for the Higgs
boson masses we use the leading log two-loop radiative
rections, calculated within the effective potential approa
given in Ref.@19#.

The MSSM has many free parameters, but with some s
plifying assumptions, we are left with seven paramete
which we vary between generous bounds. The ranges fo
parameters are shown in Table I. In total we have gener
about 85 000 models that are not excluded by acceler
searches. For the detection rates of neutralino dark matte
have used the rates as calculated in Refs.@11,12,22–25#.

We check each model to see if it is excluded by the m
recent accelerator constraints, of which the most impor
ones are the CERNe1e2 collider LEP bounds@20# on the
lightest chargino mass,

mx
1
1.H 91 GeV, umx

1
12mx

1
0u.4 GeV,

85 GeV, otherwise,
~8!

and on the lightest Higgs boson massmH
2
0 @which range from

72.2–88.0 GeV depending on sin(b2a) with a being the
Higgs mixing angle# and the constrains fromb→sg @21#.

We will throughout this paper assume that the neutrali
make up most of the dark matter in our galaxy. We on
consider therefore MSSM models which are cosmologica
interesting, i.e., where the neutralinos can make up a m
fraction of the dark matter in the Universe without overclo
ing it. We will choose this range to be 0.025,Vxh2,0.5.
For the relic density calculations we have used the deta
calculations performed in Ref.@17#.

IV. DETECTION METHODS CONSTRAINING
CLUMPINESS

Some observational consequences of a clumpy dark m
ter halo have been pointed out previously, such as the o
ous gain in gamma ray signal from annihilation in the ha
since the flux from a particular volume element is prop
tional to the square of the dark matter density there@4–9#.

TABLE I. The ranges of parameter values used in our scan
the MSSM parameter space. Note that several special scans a
at interesting regions of the parameter space have been perfor

Parameter m M2 tanb mA m0 Ab /m0 At /m0

Unit GeV GeV 1 GeV GeV 1 1

Min 250000 250000 1.0 0 100 23 23
Max 50000 50000 60.0 10000 30000 3 3
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Also, in Ref.@10# it was noted that the antiproton flux coul
be enhanced. In Ref.@26#, it was investigated whether en
counters with dark matter clumps on geophysical time sca
could have left imprints in ancient mica. As we show in th
section, indirect detection through cosmic antiprotons a
gamma rays set the most stringent limits on clumpy n
tralino dark matter, therefore we investigate these cases

A. Gamma rays

Since gamma rays produced in neutralino annihilations
the halo travel in straight paths essentially without any
sorption, and since the annihilation rate and hence the
would be enhanced by clumps along a particular line-
sight, the effects of clumpiness are easy to understand. N
tralino annihilation in the galactic halo may produce both
g-ray flux with a continuum energy spectrum and monoch
matic g-ray lines.

The continuum contribution~see Ref.@1#, and references
therein! is mainly due to the decay ofp0 mesons produced in
jets from neutralino annihilations. To model the fragmen
tion process and extract information on the number and
ergy spectrum of theg ’s produced we have used the Lun
Monte Carlo programPYTHIA 6.115 @27#. We have performed
the simulation for 18 neutralino masses between 10 and 5
GeV and for thecc̄,bb̄,t t̄ ,W1W2,Z0Z0, and gg annihila-
tion states. For each final state and for each neutralino m
we have simulated 2.53105 events which are tabulated loga
rithmically in energy. For any given MSSM model, we the
sum over the annihilation channels and interpolate in th
tables. For the annihilation channels not included in
simulations, like the ones with one gauge and one Hig
boson as well as those with two Higgs bosons the flux
calculated in terms of the flux from the simulated channe
We include all two-body final states at the tree level~except
light quarks and leptons! and the one-loop processesZg and
gg. For final states with Higgs bosons, we let the Hig
bosons decay in flight by summing the contributions to
gamma flux from the Higgs decay products in the Higgs r
system and then boost the spectrum averaging over d
angles. Given the annihilation branching ratios we then
the spectrum for any given MSSM model. The continuu
signal lacks distinctive features and it might be difficult
discriminate from other possible sources. It will, however,
a powerful tool to put constraints on the clumpiness para
eters.

A much better signature than the continuum contribut
is given by monochromaticg-ray lines which arise from the
loop-inducedS-wave neutralino annihilations into the 2g
and Zg final states and which have no conceivable ba
ground from known astrophysical sources. The amplitude
these two processes in the MSSM was computed only
cently at full one loop level@28,29#. Large deviations from
previous partial results~see Ref.@1#, and references therein!
were found, in particular it was pointed out that a pure hea
Higgsino has a remarkably high annihilation branching ra
both into 2g andZg, adding at least a factor of 10 to prev
ous estimates of the 2g line. A detailed phenomenologica
study is given in Ref.@12# where a smooth halo scenario wa

of
ed

ed.
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BERGSTRÖM, EDSJÖ, GONDOLO, AND ULLIO PHYSICAL REVIEW D 59 043506
considered and it was shown that the monochromatic li
could be detected by the new generation of space-
ground-basedg-ray experiments, provided that a sensible e
hancement of the dark matter density is present towards
galactic center. We examine here the perspectives of de
ing the continuum and the line signals in a given clum
scenario.

Consider a detector with an angular acceptanceDV point-
ing in a direction of galactic longitude and latitude (l ,b).
The gamma ray flux from neutralino annihilations at a giv
energyE is given by

Fg~E,DV,l ,b!.1.8731028
dS
dE

^J~ l ,b!&

3~DV! cm22 s21 sr21. ~9!

In this formula we have defined a factordS/dE which de-
pends on the nature of relic WIMPs. For the continuu
g-ray signal, the 2g line and theZg line signal, respectively
it is given by

S dS
dED

cont.g

.S 10 GeV

Mx
D 2

(
F

S vsF

10226 cm3 s21D dNg
F

dE
,

S dS
dED

2g

.S 10 GeV

Mx
D 2S 2vs2g

10226 cm3 s21D d~E2Mx!,

S dS
dED

Zg

.S 10 GeV

Mx
D 2S vsZg

10226 cm3 s21D
3dS E2MxS 12

MZ
2

4Mx
2D D . ~10!

HereMx is the neutralino mass,F are the allowed final state
which contribute to the continuum signal as specified abo
For each of these,vsF is the annihilation rate1 anddNg

F/dE
is the differential energy distribution of produced photon
The product of relative velocity and cross sectionvs2g is the
annihilation rate into the 2g final state~as given in Ref.
@28#!. Similarly, vsZg is the rate into theZg final state~as
given in Ref.@29#!. In Eq. ~9! the dependence of the flux o
the dark matter distribution, the direction of observati
(l ,b) and the angular acceptance of the detectorDV is con-
tained in the factor̂J(l ,b)&(DV). If we assume a spherica
dark matter halo in the form of a perfectly smooth distrib
tion of neutralinos, it is equal to

1Because the relative speed of neutralinos in the halo is of o
1023 of the speed of light and the annihilation occurs main
through S-wave, the thermally averaged annihilation rate is ve
well approximated by the annihilation rate at zero relative spee
04350
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^J~c!&~DV!5
1

8.5 kpc

1

DVE
DV

dV8

3E
line of sight

dLS r~L,c8!

0.3 GeV/cm3D 2

.

~11!

Here L is the distance from the detector along the line
sight,c is the angle between the direction of observation a
that of the galactic center, related to (l ,b) by cosc
5cosl cosb. The integration overdV8 is performed over
the solid angleDV centered onc.

We shall now examine the consequences of introduc
clumps in the halo. The continuumg-ray signal in the few
clumps scenario has as mentioned been examined in s
detail in the literature. Following the approach of Refs.@6,7#
and estimating the most probable distance for the nea
clump, we find in terms of the quantities introduced abo
that ^J& in the direction of the nearest clump is of the ord

^J~ccl!&~DV!*S 4p

3 D 2/3 d

8.5 kpc

1

DVS f 2
M cl

r0
D 1/3

, ~12!

where the density profile inside the clump was conside
roughly constant and the angular acceptance of the dete
DV was supposed to be greater or equal to the field of v
of the clumpDVcl;( f /d)2/3. We consider as an example th
same choice of parameters as in Ref.@7#: f ;0.01, M cl
;108M ( , d;103. In this case we find DVcl;4
31024 sr, and takingDV51023 sr, we obtain^J(ccl)&
;33104 which we can compare with the analogous quan
in a smooth halo scenario. In Fig. 7 of Ref.@12# the values of
^J&(DV51023 sr) for a detector withDV51023 sr point-
ing towards the galactic center are displayed~see also our
Fig. 1!; the value of̂ J(ccl)& is about one half of the value

er

FIG. 1. The value of̂ J(c)&(DV) for two different halo pro-
files. The contribution from the smooth and clumpy component
also given.
6-4
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CLUMPY NEUTRALINO DARK MATTER PHYSICAL REVIEW D 59 043506
for the most singular Navarroet al. profile, which gives de-
tectableg-ray lines for a relevant portion of MSSM model

The clump in our example might therefore be a ve
bright dark matter source, and a signal from neutralino an
hilation into monochromatic photons in its direction cou
potentially be detected with an Air Cherenkov Telesco
~ACT!. In practice, the probability is small of detecting su
a signal randomly pointing an instrument with a small ang
lar acceptance. It might be of some help to combine grou
and satellite-based observations. A satellite detector, w
has a wide field of view but also a much smaller effect
area with respect to an ACT, may search in the continu
g-ray spectrum for brighter spots in the sky which have
luminous counterpart. Such signals might then be identi
as clumps of dark matter if one would detect with an AC
the g-ray lines from neutralino annihilations. For such
method to be practical, higher overdensitiesd may be
needed. It should also be kept in mind that Eq.~12! gives just
a qualitative feature of the possible result; the possibility
the nearest clump of being much further away or a m
realistic density profile may change that result by orders
magnitude.

Much firmer predictions may be formulated in the ma
small clumps scenario; in this case we assume that mos
the clumps cannot be resolved even by a detector wit
rather small angular acceptance, say aboutDV;1023 sr.
There might still be some clumps which are resolvable j
because they happen to be nearby and these should be tr
as in the previous case.

From Eq.~3!, the probability for a clump of being at a lin
of sight distance (L,L1dL), a viewing angle defined by
(cosc, cosc1dcosc) and at some azimuthal angle with r
spect to the direction of the galactic center (f, f1df) is
given by

pcl~L,c!dLd coscdf5
1

Mh
r~L,c!L2dLd coscdf.

~13!

Assuming that the clumps can be regarded as point
sources, we can derive the analog of Eq.~11! ~as in the latter
we factorize out 1/4p):

^J~c!&~DV!

5
1

8.5 kpc

Ncl

DVE
DV

dV8E
line of sight

dLpcl~L,c8!

3
1

L2E d3r clS rcl~r cl
W!

0.3 GeV/cm3D 2

. ~14!

Taking Eqs.~2! and ~13! into account, this can be rewritte
as

^J~c!&~DV!;
1

8.5 kpc

f d

DVS r0

0.3 GeV/cm3D EDV
dV8

3E
line of sight

dLS r~L,c8!

0.3 GeV/cm3D . ~15!
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Comparing Eq.~15! with Eq. ~11!, we realize that in a
scenario with many small clumps the angular dependenc
the signal is different from the one in the smooth halo s
nario. This is illustrated in Fig. 1 for two different halo mod
els, picking as an examplef d520: a Navarroet al. profile
@Eq. ~1! with (a,b,g)5(1,2,1) and, in our example,r0
50.3 GeV/cm3, a59 kpc# and a modified isotherma
sphere @Eq. ~1! with (a,b,g)5(2,2,0), r0
50.3 GeV/cm3, a53.5 kpc#. The parameterf d mainly
determines the relative importance of the smooth and clum
components. An interesting feature, shown in the figure
the Navarroet al. profile, is a possible break in the angul
spectrum. This could be a possible signature to discrimin
the signal from neutralino annihilations into continuumg
rays from the galacticg-ray background, and may be indee
suggested by a recent analysis of EGRET data@11#.

We are now ready to give predictions for theg-ray flux
from neutralino annihilations. To minimize the impact of th
halo model and of experimental uncertainties, we conc
trate on the flux at high latitudes,b.60° and 0°,l
,360°(DV50.84 sr), rather than considering the flux t
wards the galactic center which as shown in Fig. 1 is ma
mal. The modified isothermal profile of Fig. 1 gives

^J~90°!&smooth~0.84 sr!1^J~90°!&clumps~0.84 sr!

.0.93~111.8f d!. ~16!

For simplicity we have made the reasonable assumption
f is small. If that is not true we have to replace 1 by
2 f )2 in the above equation@as well as Eq.~21! below#. The
analogous estimates with any of the halo models conside
in Ref. @12# are within a factor of 2 of the value given in Eq
~16!. There is therefore a very weak halo model depende
in these results. In Fig. 2~left! we plot the integratedg-ray
flux above the energy thresholdEth51 GeV for our set of
MSSM models in the smooth halo scenario. Also shown
the figure is the correspondingg-ray flux measured by the
energetic gamma ray experiment telescope~EGRET! as in-
ferred from the analysis in Ref.@30#:

Fg~E.1 GeV!5~1.060.2!31026 cm22 s21 sr21.
~17!

We can compare with this value to obtain a constraint on
allowed values of the parameterf d. It is, however, useful to
analyze this together with the analogous constraint we
derive in the scenario of many small clumps from neutral
annihilations into cosmic ray antiprotons.

B. Antiprotons

Neutralino annihilations of relic neutralinos in the gala
may produce cosmic ray antiprotons~see Ref.@1#, and refer-
ences therein, and Refs.@10,31#! mainly from jets, in a pro-
cess which is analogous to the case of continuumg rays. To
model the fragmentation process and extract information
the number and energy spectrum of the antiprotons produ
we have again used the Lund Monte Carlo programPYTHIA

6.115 and applied the same tabulation technique as for
6-5
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FIG. 2. The signal of~left! continuum gamma and~right! antiprotons versus the neutralino mass. Only models with 0.025,Vxh2

,0.5 have been included in this and the following figures.
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production of photons. Including the same set of final sta
and treating the Higgs bosons in the same way, for any gi
MSSM model we can then obtain the energy spectrum
antiproton dark matter sources.

If we assume a smooth distribution of weakly interacti
massive particles~WIMPs! in the galaxy, the production rat
of antiprotons in the volume elementd3x at the galactic po-
sition xW is given by

dRsm~xW !

dT
d3x5S r~xW !

Mx
D 2

(
F

vsF

dNp̄
F

dT
d3x, ~18!

whereT is the kinetic energy of the antiprotons. We will n
discuss here the few-clumps scenario as those prediction
extremely sensitive to the parameters which define
model. We focus instead on the many small clumps scena
treating again single clumps as pointlike sources. In this c
we find

dRcl~xW !

dT
d3x5Ncl pcl~xW !E d3r cl rcl

2 ~r cl
W!(

F
vsF

dNp̄
F

dT
d3x

5 f d
r0r~xW !

Mx
2 (

F
vsF

dNp̄
F

dT
d3x. ~19!

It is not straightforward to simulate the propagation
charged particles in the galaxy. Different models have b
proposed, and no consensus has been established ye
present results in the limit in which the propagation is mo
eled by pure diffusion, using the analytic solution derived
Ref. @31# to which we refer for further details.

The BESS Collaboration@33# has in a recent measure
ment of cosmic ray antiprotons found that the spectrum
the antiproton flux versus the kinetic energyT is consistent
with being flat forT in the range between 180 MeV and 1
GeV. We consider the value of the measured flux at so
04350
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low value of the kinetic energy, where the ‘‘trivial’’ antipro
ton flux generated by cosmic-ray reactions in the interste
medium is believed to be less dominant. AtT5400 MeV
the result found by BESS is

F p̄~T5400 MeV!51.420.6
10.9

31026p̄ cm22 s21 sr21 GeV21. ~20!

In Fig. 2~b! we compare this value with the predictions f
antiprotons from neutralino annihilations in a smooth ha
scenario@i.e., the source given as in Eq.~18!# at the same
energy, using for the diffusion model the same set of para
eters as in Ref.@31#, considering appropriate values of th
solar modulation parameters and picking as halo profile
modified isothermal distribution. It is indeed tempting
conclude that some of our models are already excluded
the BESS measurement. However, one has to keep in m
the big uncertainties involved, mainly in the antiproto
propagation; for instance it is not clear how large a fract
of antiprotons generated in the halo can penetrate the win
cosmic rays leaving the disk@32#. We introduce in the flux
predictions a rescaling factork which contains the uncertain
ties deriving from the choice of the parameters which defi
the propagation model considered and from possible de
tions from this simple approach.

We consider now the many small clumps scenario. T
production rate of antiprotons in this case is given by E
~18!; the strength of the signal compared to the smooth c
is again mainly determined by the productf d. At T
5400 MeV and for the same halo profile considered abo
we find

F p̄5k~110.75f d!F p̄
smooth. ~21!

We have checked that the coefficient 0.75 depends v
weakly on the halo profile considered and onT. A conserva-
6-6
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FIG. 3. The maximal rescaling allowed by the present limits on the antiproton flux and the continuum gamma ray flux.
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tive limit on the clumpiness parameterf d can be obtained
choosing the uncertainty factork as

kP@0.2,5#. ~22!

We consider a value off d excluded if the whole range o
possible antiproton fluxes given by Eqs.~21! and ~22! ex-
ceeds the measured value, Eq.~20!.

C. Determining the clumpiness factorf d

We have shown that in the many small clumps scena
the signals from dark matter annihilations intog rays and
antiprotons depend critically on the clumpiness param
f d. Focusing on the MSSM, we use the rescalings derive
Eqs. ~16! and ~21! to determine for each supersymmetr
model the maximal value off d for which the experimenta
constraints on the fluxes of continuum photons and antip
tons are not violated. This is shown in Fig. 3~left!, where the
maximal rescaling is given versus the neutralino mass,
where we use different symbols to indicate which of the t
bounds is more restrictive. As can be seen, the antipro
flux puts the highest constraints on the clumpiness at
masses, whereas the continuum gammas put better
straints at higher masses. We see that the present experi
tal limits constrainf d&109 for all masses.

As shown in Fig. 4, the two signals are strongly correla
since they are both produced from jets. In this sense
information we get from the two experimental limits is n
entirely complementary. At higher masses, both fluxes
down since they are both proportional to 1/Mx

2 , but the cor-
relation also decreases since the antiproton fluxes are
given in a small energy interval while the gamma ray flux
are integrated above a threshold. Hence the antiproton flu
a given low energy interval decreases more than the gam
ray flux as we go to higher neutralino masses. In Fig. 3~right!
we analyze how restrictive one detection method is co
pared to the other. Having derived for each of the MSS
models in our sample the maximal allowed value for t
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clumpiness parameterf d, in the next section we analyze th
consequences of this result for other indirect detection m
ods of neutralino dark matter.

V. OTHER DETECTION METHODS

In this section we consider the many small clumps s
nario with the highest possible value off d as given in the
previous section and investigate what effect that has on o
dark matter searches. We fix again as smooth halo distr
tion to compare with the modified isothermal distributio
Eq. ~1! with (a,b,g)5(2,2,0), r050.3 GeV cm23, a
53.5 kpc, andR058.5 kpc.

A. Monochromatic g-ray lines

As we have seen, the same scaling applies to the c
tinuum and the lineg-ray signals, it is therefore straightfor

FIG. 4. The antiproton flux versus the continuumg flux for a
smooth halo.
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FIG. 5. The number of expected photons in 0.84 sr towardsb590° collected in 4 years from~left! the 2g and~right! theZg final states.
The expected 5s limit from the GLAST detector is also shown.
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ward to derive the maximal fluxes of monochromatic ph
tons from neutralino annihilations. We perform this analy
in light of the potential of the next generation of satellit
basedg-ray detectors, and in particular of the propos
gamma-ray large area space telescope~GLAST! @34#. To
prevent uncertainties due to the choice of the dark ma
halo profile to play any role in the following discussion, w
fix again as field of view a 0.84 sr cone in the directionb
590°. In the actual experiment the detector will collect da
with a 4p sr angular acceptance; as for most halo profi
the ratio signal to squared root of the background is gre
enhanced towards the galactic center, the predictions
show are an underestimate of the possible results.

Taking into account the screening of the earth, the us
geometrical acceptance of GLAST towards a fixed point
the sky in a 0.84 sr cone is 0.21 m2 sr @35#; the energy
resolution is assumed to be 1.5%. We display in Fig. 5
number of expectedgs in 4 years of exposure time when th
fluxes have been maximally rescaled according to Fig
Also shown is the curve giving the minimum number
events needed to observe an effect at the 5s level, where, in
lack of data, we have assumed above 1 GeV a 2.7 power
falloff for the diffuseg-ray background and inferred its no
malization from Ref.@30#. As can be seen, a fair fraction o
our set of supersymmetric models can be probed under t
circumstances. Remember that the number of photons g
in Fig. 5 is towardsb590° and, depending on halo profile
we expect more events towards the galactic center, wi
larger portion of the MSSM parameter space which might
probed.

B. Diffuse neutrinos

A possibility to get a detectable neutrino flux from WIM
annihilations which has rarely been considered in the lite
ture is neutrinos from annihilation in the galactic halo.
particular importance isxx→W1W2, since theW bosons
decay in 10 % of the cases directly to a muon plus a m
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neutrino with a hard neutrino spectrum, which may facilita
detection in neutrino telescopes.

This flux would scale in exactly the same way as t
gamma flux in the presence of clumps and with futu
O (km3) neutrino telescopes, the diffuse neutrinos mig
prove more constraining than antiprotons and continuumg ’s
at high masses~several hundred GeV – TeV region! where
the rescaling can be high (f d.103).

The flux has been calculated in essentially the same
as for neutralino annihilation in the Sun or Earth@23# with
the help of the Lund Monte Carlo programPYTHIA 6.115. The
only difference is that some annihilation products will dec
and produce neutrinos in the halo, whereas they are stop
before they decay in the Sun or Earth.

The neutrino-induced muon flux from neutralino annih
lations in a smooth halo is about 1028–1 km22 yr21 sr21

above 100 GeV. Compare this with the atmospheric ba
ground of about 9500 km22 yr21 sr21 vertically and
30 000 km22 yr21 sr21 horizontally @36# for this thresh-
old. To be able to distinguish the signal from the backgrou
we have to rescale the fluxes by the allowed clumpiness
tor derived in the previous section and we also have to m
use of the fact that the signal is enhanced towards the ce
of the galaxy. Note that we cannot avoid the halo profi
dependence by looking at high latitudes~as for the gamma
rays! since we have to beat the atmospheric background.
thus have to compare the flux in the direction of the galac
center with that in some other direction~e.g., the opposite
direction! and look for an enhancement. The atmosphe
background has a zenith angle dependence, but since
Earth rotates, it is possible to view both the galactic cen
and other directions with the same zenith angleu with re-
spect to the Earth’s atmosphere~and hence keeping the a
mospheric background constant!.

The best prospects are probably given by large-area n
trino telescopes with relatively high detection thresholds. W
can imagine measuring the flux in a solid angleDV towards
6-8
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the galactic center and compare with the flux in the sa
solid angle in the opposite direction. The limit we can put
the flux is at the 3s level approximately given by

@Fm~0°!2Fm~180°!# limit.3AFbkg

EDV
, ~23!

whereE is the exposure. For the modified isothermal sphe
it turns out the best limits are obtained withDV52.5 sr, for
which we obtain^J(0°)&(DV)54.16 and^J(180°)&(DV)
51.09. In Fig. 6 we show the difference of the diffuse ne
trino flux towards the galactic center to that in the oppos
direction for a muon energy threshold of 100 GeV. Al
shown are the limits that can be reached with an exposur
10 km2 yr. For different exposures, the limits change
the square root of the exposure. If we increase the thres
from 100 GeV, we can gain a small factor in sensitivity
higher masses, but lose at intermediate masses.

An ideal neutrino detector for this signal would view th
galactic center through the center of the Earth~i.e., it should
be at 29° latitude!, since then the atmospheric background
minimal. The strength of the signal of course depends on
halo profile, but it is more likely that the halo profile
steeper towards the galactic center than the isothermal sp
and hence the signal is even bigger then envisioned here
might have to worry about other sources of high-energy n
trinos at the galactic center, such as neutrinos from the b
hole believed to exist in the center or the flux of neutrin
from cosmic ray interactions with the interstellar mediu
These other sources can probably be removed by not loo
at the very center of the galaxy or at very low galactic la
tudes. The extension of the dark halo is believed to be big
than the extension of these possible backgrounds so a c

FIG. 6. The difference of the diffuse neutrino flux towards t
galactic center to that to the antigalactic center. The fluxes are
eraged over 2.5 sr which maximizes signal to noise and they
rescaled maximally as allowed by the antiproton and continuumg
fluxes. The limits are for a neutrino telescope with an exposure
10 km2 yr.
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remove the backgrounds but keep the signal enhancem
high should be possible.

C. Positrons

From neutralino annihilation in the halo we would als
get a flux of positrons which might be detected by satel
@37# or high-flying balloon experiments@38#. The propaga-
tion of positrons is a more difficult issue than for antiproto
since positrons are so easily deflected and destroyed.
have calculated the positron fluxes usingPYTHIA 6.115 @27#
and have used the propagation model in Ref.@39# with an
energy dependent escape time~a more detailed investigation
is in preparation@40#!. In Fig. 7 we show the positron fluxe
versus the neutralino mass when they have been resc
with the maximalf d allowed by the antiproton and the con
tinuum gamma fluxes. We compare with the measuremen
the HEAT experiment@38# at 10 GeV. Also shown is the
prediction of the background at this energy as given in R
@41#. It would seem that the positrons put more stringe
bounds onf d than the antiprotons and continuumg ’s at
higher masses. The positron fluxes are, however, even m
uncertain than the antiproton fluxes and can easily be wr
by a factor of 10. Hence we cannot use the positrons
constrainf d further, but we see that we might be able to g
measurable fluxes.

D. Direct detection

For the direct rates, we have used the procedures in
@22#. Since these rates only depend on the local halo den
at present, they will as expected not put any severe c
straints on the clumpiness of the halo as a whole. They
of course be much enhanced if we happen to be insid
clump at present. As with the neutrinos from neutralino a
nihilation in the Sun or Earth we can, however, have cor

v-
re

f

FIG. 7. The positron fluxes rescaled maximally as allowed
the antiproton and continuumg fluxes. The 1994 HEAT measure
ment at 10 GeV@38# is shown together with the Stronget al. @41#
prediction for the background at this energy.
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BERGSTRÖM, EDSJÖ, GONDOLO, AND ULLIO PHYSICAL REVIEW D 59 043506
lations between these signals and the signals giving highp̄ or
g fluxes. These correlations are not very strong, howeve

E. Neutralino annihilation in the Earth or Sun

Neutrinos are produced in the annihilations through
decays of quarks, leptons, and gauge bosons produced i
primary annihilation process. During the several billion ye
the Earth and Sun have existed, there may have been a
stantial accumulation of neutralinos due to capture, i.e., s
tering and subsequent gravitational trapping.

The fluxes of neutrino-induced muons from neutralino a
nihilation in the Earth or Sun are mostly determined by
capture rates, which in turn depend on the local halo den
They are thus insensitive to different halo profiles; if the h
is clumped, there can, however, be fluctuations in the cap
rates by time, but on the average we will capture the sa
amount of neutralinos as without clumps. The amount
these fluctuations in capture rate and consequently in an
lation rate depends on the time between encounters, the
of the clumpsr cl and their overdensityd. For the small-
clumps scenario these fluctuations are expected to be s
Since these rates do not depend strongly on the clump
they will not put better constraints on the clumpiness th
the antiproton fluxes or the continuumg ’s.

VI. CONCLUSIONS

To conclude, we have found that the limits on antiprot
and continuumg fluxes already constrain in a nontrivial wa
the clumpiness of the Milky Way dark matter halo~if made
of neutralinos!. The general pattern is that at lower mass
the p̄ flux puts the best limits, but at higher masses the c
tinuum g flux is better. Within the MSSM, the allowe
clumpiness is less thanf d.109 for all neutralino masses
~assuming that the neutralinos make up most of the d
matter of our galaxy!.
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We have also investigated what the detection prosp
would be for other dark matter searches in this clumpy s
nario, where the maximal rescaling is given by the limits
the antiproton and continuumg fluxes. We have found tha
the fluxes of monochromaticg lines from halo annihilation
into theZg and 2g final states can be enhanced enough to
seen by upcoming experiments such as GLAST. We h
also found that the flux of positrons from neutralino anni
lation in the halo gets high enough to even exceed the cur
limits from the HEAT experiment. The uncertainties for th
positron flux are particularly large, however, and at pres
we can merely conclude that it is possible to obtain meas
able fluxes of positrons. The rarely mentioned diffuse n
trino flux from neutralino annihilation in the halo can, fo
heavy neutralinos, be boosted enough to show a detect
difference in flux towards the galactic center and the gala
anticenter.

It is reassuring that new detectors, such as GLAST
gamma rays and AMS for antiprotons, will obtain mo
stringent bounds on the clumpiness of the Milky Way ha
Of course, finding evidence for neutralino annihilations
the halo would be one of the most important scientific d
coveries of our time.
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@27# T. Sjöstrand, Comput. Phys. Commun.82, 74 ~1994!; PYTHIA

5.7 and JETSET 7.4., Physics and Manual, CERN-TH.7112/9
hep-ph/9508391~revised version!.

@28# L. Bergström and P. Ullio, Nucl. Phys.B504, 27 ~1997!; see
also Z. Bern, P. Gondolo, and M. Perelstein, Phys. Lett. B411,
86 ~1997!.

@29# P. Ullio and L. Bergstro¨m, Phys. Rev. D57, 1962~1998!.
@30# P. Sreekumaret al., Astrophys. J.494, 523 ~1998!.
@31# P. Chardonnet, G. Mignola, P. Salati, and R. Taillet, Ph
04350
/

.

.

Lett. B 384, 161~1996!; G. Mignola, inProceedings of the 1s
International Workshop on The Identification of Dark Matte,
Sheffield, 1996, astro-ph/9611138; A. Bottino, F. Donato,
Fornengo, and P. Salati, Phys. Rev. D~to be published!, astro-
ph/9804137.

@32# V. S. Ptuskinet al., Astron. Astrophys.321, 434 ~1997!.
@33# BESS Collaboration, A. Moiseevet al., Astrophys. J.474, 479

~1997!.
@34# GLAST detector, http://www-glast.stanford.edu
@35# E. Bloom ~private comunication!.
@36# L. V. Volkova, Sov. J. Nucl. Phys.31, 784 ~1980!; T. K.

Gaisser and T. Stanev, Phys. Rev. D30, 985~1984!; M. Honda
et al., ibid. 52, 4985~1995!; T. K. Gaisseret al., ibid. 54, 5578
~1996!.

@37# AMS Collaboration, S. Ahlenet al., Nucl. Instrum. Methods
Phys. Res. A350, 351 ~1994!.

@38# HEAT Collaboration, S. W. Barwicket al., Astrophys. J.498,
779 ~1998!.

@39# M. Kamionkowski and M. S. Turner, Phys. Rev. D43, 1774
~1991!.

@40# E. A. Baltz and J. Edsjo¨, Phys. Rev. D~to be published!,
astro-ph/9808243.

@41# A. W. Strong, I. V. Moskalenko, and V. Scho¨nfelder, Proceed-
ings of the 25th International Cosmic-Ray Conference, D
ban, 1997, astro-ph/9706010.
6-11


