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Detectability of neutralino clumps via atmospheric Cherenkov telescopes
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High resolutionN-body simulations have revealed the survival of a considerable substructure within galactic
halos. Assuming that the predicted dark matter clumps are composed of annihilating neutralinos, we examine
their detectability via atmospheric Cherenkov telescopes~ACTs!. Depending on their density profile, individual
neutralino clumps should be observable via theirg-ray continuum and line emissions. We find that the con-
tinuum signal is the most promising signal for detecting a neutralino clump, being significantly stronger than
the monochromatic signals. Limits from the line detectability can help lift degeneracies in the supersymmetric
~SUSY! parameter space. We show that by combining the observations of different mass clumps, ACTs can
explore most of the SUSY parameter space. ACTs can play a complementary role to accelerator andg-ray
satellite limits by exploring relatively large neutralino masses and less concentrated clumps. We develop a
strategy for dark matter clump studies by future ACTs based on VERITAS specifications and encourage the
development of techniques to identify primaries. This can reduce the background by an order of magnitude.
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I. INTRODUCTION

The presence of a dark matter component is infer
through gravitational interactions in galaxies and clusters
galaxies. Its contribution is estimated to be about 30% of
critical density of the Universe. This dark matter cannot
all baryonic. Constraints from primordial nucleosynthe
and cosmic background radiation measurements limit
baryonic content of the Universe to be at most about 4%
the critical density. The remaining.26% of the critical den-
sity is believed to be composed of a, yet to be observed,
dark matter~CDM! particle.

Among the several candidates proposed for the nonb
onic dark matter, the leading scenario involves weakly in
acting massive particles~WIMPs!. Weakly interacting relics
from the early universe with masses from some tens of G
to some TeV can naturally give rise to relic densities in
range of the observed dark matter density. WIMPs are a
well motivated by theoretical extensions of the stand
model of particle physics. In particular, the lightest sup
symmetric particle~LSP! in supersymmetric extensions o
the standard model can be a WIMP that is stable due
R-parity conservation. In most scenarios the LSP is neu
and is called the neutralinox ~for a review see, e.g.,@1#!.

Neutralinos may be detected directly as they traverse
Earth, may be generated in future particle colliders, and m
be detected indirectly by observing their annihilation pro
ucts. Direct neutralino searches are now underway in a n
ber of low background experiments with no consensus de
tion to date. Collider experiments have been able to pl
some constraints on the neutralino parameter space~see, e.g.,
@2#!, but a large region of the parameter space is still un
plored. Indirect searches offer a viable and complemen
alternative to direct searches and accelerator experiment
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particular, neutralino annihilation in the galactic halo can
observed viag rays, neutrinos, and synchrotron emissi
from the charged annihilation products@3–12#.

The rate of neutralino annihilation is proportional to th
neutralino number density squared (;n2), thus the stronges
signals are likely to come from either the galactic cen
@3–8#, or the higher density nearby clumps of dark matter
our halo@8–11#. The dark matter density in the galactic ce
ter depends strongly on the formation history of the cen
black hole @13#, and its g-ray emission due to neutralin
annihilation may be difficult to distinguish from other bar
onic g-ray sources. As an alternative, the clumpy nature
CDM halos provides a number of high density regions, ot
than the galactic center.

Clumps of dark matter distributed throughout galaxy h
los is a generic prediction of high-resolution CDM simul
tions ~see, e.g.,@14–17#!. This high degree of substructure
what has remained from the merging of small halos to fo
the larger halos~either cluster or galaxy halos!. Simulations
show that about 10% to 15% of the total mass of a giv
halo is in the form of smaller mass clumps. These clumps
ideal sites for neutralino annihilation and can be observed
their g-ray signal@8–10#, and via their synchrotron emissio
@11#. Here, we study in detail theg-ray emission from the
nearest clumps of dark matter via atmospheric Cheren
telescopes~ACTs!, such as VERITAS@18#, HESS @19#,
MAGIC @20#, and CANGAROO-III @21#. We explore the
neutralino parameter space for the continuum, thegg, and
the Zg lines and calculate the flux of different mass clum
assuming different clump density profiles and VERITA
specifications. We find that the larger mass clumps can
easily detected by the next generation ACTs and that
detectability of the smaller mass clumps can help const
the neutralino parameter space. Future ACT observations
only limited by their threshold energy and will be more e
fective for neutralino masses above;50 to 100 GeV, a range
of neutralino masses that nicely complements accelerator
satellite studies of the neutralino parameter space.
©2002 The American Physical Society06-1
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In Sec. II, we discuss the structure and the mass spec
of the dark matter clumps that we assume in our study
Sec. III, we present the neutralino parameter space for c
tinuum g rays, thegg, and theZg line emission using
DARKSUSY @38#. In Sec. IV, we discuss the characteristics
ACTs and the relevant backgrounds. Our results and str
gies for CDM clump detection are shown in Sec. V. Final
we conclude in Sec. VI.

II. THE DARK MATTER CLUMPS

A. The nearest clumps

According toN-body simulations@14–16#, substructures
of masses>107M ( survive in significant numbers in galac
tic halos. Within the virial radius of a galactic halo abo
10%–15% of the mass is in the form of dark matter clum
The mass spectrum for the simulated dark matter clump
galactic halos is of the form~e.g.,@15,16#!

dNclump

dMclump
}Mclump

2a , ~1!

for clumps with massMclump*107M ( , the lowest resolv-
able mass, approximately. Clumps are more numerous
less massive they are, thus one would expect a large num
of relatively light clumps. Simulations finda.1.9 ~e.g.,
@15#!. We adopt the same value here and extrapolate to lo
masses than those presently resolved by simulations. W
this extrapolation we can estimate the numbers of clump
specific mass bins, as well as the distances to the neare
these clumps.

In order to find the proportionality constant in Eq.~1!, we
normalize the mass function so that 500 satellites e
within the galactic halo with masses above 108M ( , in
agreement with the predictions ofN-body simulations for a
halo like ours@15#. Thus we find for the predicted numbe
Nclump, of clumps with massM greater thanMmin , in solar
masses,

Nclump~M>Mmin!55003
~Mmax/Mmin!

0.921

~Mmax/108M (!0.921
~2!

whereMmax is the maximum mass clump in the halo. Usin
our halo as the host within which the clumps are orbiting,
assumeMmax.1%Mhost.231010M ( .

The number,NMclump
, of clumps predicted in several mas

bins that lie in the mass range from 102M ( up to 108M ( are
tabulated in the first and second columns of Table I.
choose each bin labeled byMclump to contain clumps with
mass in the range@0.5Mclump,5Mclump#, and calculate
NMclump

5Nclump(M > 0.5Mclump) 2 Nclump(M > 5Mclump).
The numbers appear to be high enough, and even tho
they are consistent with simulations, the question whet
they can be realistic is raised. Contrary to what was initia
believed, namely that large numbers of substructures wi
a galactic halo might threaten the stability of the disk, now
days we know that this is not the case~for a recent review,
see@17#!. It has been found, first, that the orbits of satell
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substructures in present-day halos very rarely take them
the disk@22#, and second, that disk overheating and stabi
would become real problems only when interactions w
numerous, large satellites@e.g., the Large Magellanic Cloud
~LMC!# take place@23,24#. Consequently, these numbers c
be considered perfectly realistic. In the third column of Tab
I we give values of the mean inter-clump distance in a s
cific mass bin, assuming that the clumps are homogeneo
distributed within the virial extend of the halo. Thus, in th
third column we have the quantitydmean5Rv ir ial /NMclump

1/3 ,

with Rv ir ial the virial radius of the galactic halo which w
take to be equal to 300 kpc. However, clumps are unlikely
be homogeneously distributed in the host halo. It is believ
that they are distributed in a way similar to the way t
smooth component of the dark matter halo is distribu
~e.g., @25#!. Thus, we estimate another measure for the d
tance, the distance to the nearest clump for each mass bi
follows: first, we calculate the fractionf of the total dark
matter of the galaxy which is in the form of clumps of ma
Mclump and takef .NMclump

Mclump/Mhost. For a local dark

matter density.0.01M ( /pc3 and using the above fraction
we find the local dark matter density which is in clumps o
specific mass. Going from the mass to the number den
we find the distance to the nearest clump,dnearest

.36 kpc/NMclump

1/3 ~see also@26,27#!. As we can see from

Table I,dnearestcan be a factor of ten smaller than the me
distance as calculated in the homogeneous distribution c
We usednearest below when estimatingg-ray fluxes from
different clumps.

One should keep in mind that since we only have one h
to probe, our galactic halo, the actual distances to the nea
clumps will have large fluctuations. For a number of realiz
tions of the clumpy halo ing rays, see@10#. Instead of simu-
lating the sky, we focus on the strategy for future ACT stu
ies based ondnearest. As will be shown, the results we deriv
can be easily extended to accommodate different clump
tances from the ones we use. A deeper understanding o
clump space distribution awaits higher resolution simu
tions.

B. The structure of the dark matter clumps

We model the clumps using three different mass den
profiles, r(r ), the singular isothermal sphere~SIS! profile,

TABLE I. Numbers of clumps, mean and nearest clump d
tances.

Mclump NMclump
dmean dnearest

(M () ~pc! ~pc!

102 2.13108 504 61
103 2.63107 1014 123
104 3.23106 2037 246
105 4.13105 4050 490
106 5.23104 8040 973
107 6.63103 16023 1939
108 8.23102 32013 3874
6-2
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DETECTABILITY OF NEUTRALINO CLUMPS VIA . . . PHYSICAL REVIEW D66, 083006 ~2002!
the profile of Moore et al.@15#, and the Navarro-Frenk
White ~NFW! profile @28# density profile. The SIS profile is
described by

r~r !5
ro

r 2
, ~3!

and represents a reasonable upper limit to the degree of
tral concentration of the clumps. At the center, the SIS d
sity profile diverges asr 22. The Moore et al. density profile
is given by

r~r !5
ro

~r /r s!
1.5@11~r /r s!

1.5#
~4!

wherero and r s are the characteristic density and scale
dius of the configuration, respectively. This profile is the o
suggested by numerousN-body simulations and is used i
our study as representative of the intermediate concentra
cases, at least compared to the other two density profiles.
divergent at the center where it behaves asr 21.5, whereas at
large distances (r .r s) it behaves asr 23. The NFW profile
@28# can be written as

r~r !5
ro

~r /r s!~11r /r s!
2

. ~5!

This profile was the first proposed density profile for the d
matter halos produced in simulations. It is divergent at
center with anr 21 behavior, namely it is shallower, les
centrally concentrated than both the SIS and the Moore e
profiles. At larger radii, NFW behaves asr 23, exactly the
same way as the Moore et al. profile. Note that the t
quantities,ro and r s , in the NFW and Moore et al. profile
are not the same for the same clump~for a comparison, see
@29#!. We choose to use the NFW profile as the least centr
concentrated density profile. The density profile derived fr
Taylor and Navarro~TN! @30,31#, which is even shallower a
the center behaving asr 20.75, is a possibility; it will give
lower fluxes than the cuspier NFW, with the latter, as will
seen in what follows, being difficult to detect. The TN w
be even more difficult to detect, implying for its detectabili
neutralino annihilation cross sections higher than the relev
range of values as predicted by supersymmetric models

Our final three choices represent well a range of poss
concentrations of clumps in the galactic halo. In reality,
SIS configuration is very hard to achieve dynamically a
has been recently ruled out for most of the clumps in
halo by Energetic Gamma Ray Experiment Telesco
~EGRET! bounds@10#. We consider the SIS case to illustra
the range of clumps more highly concentrated than Mo
et al. In addition, individual clumps may vary in concentr
tion, given a range of possible initial conditions for a da
matter overdensity. Thus, an individual clump may be m
highly concentrated than the mean. A possible range in c
centrations should be kept in mind in general searches s
as the one we study here.
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For a specific clump mass and distance, we need to de
mine the parameters of each of the three profiles. In the c
of the SIS, we use the following two conditions to calcula
ro and the radius of the clump,Rclump:

~1! The volume integral of the density must yield the ma
of the clump:

E
0

Rclump
r~r !dV5Mclump. ~6!

~2! The density of the clump at distanceRclump from its
center must equal the local density,rG , of the galactic~host!
halo at distancer clump, with r clump the distance of the clump
from the center of the host halo:

rG~r clump!5rclump~Rclump!. ~7!

For the case of either the Moore et al. or the NFW dens
profile, we use Eqs.~6! and~7!, but we need a third equatio
since we have three unknown quantitiesro , r s , andRclump.
The third condition comes from the requirement that the
dius of the clump be~smaller or! equal to the tidal radius
~see, e.g.,@32#!. This guarantees that the clump is not tida
stripped. Thus,

Rclump5Rtidal.r clumpF Mclump

3MG~r clump!
G1/3

~8!

with MG(r clump) the galactic halo mass inside a sphere
radius r clump. The SIS configuration is also stable again
tidal stripping, as can be seen by considering the sim
meaning of Eqs.~7! and ~8!.

In both Eqs.~7! and ~8! we need to specify the densit
profile of the galactic halo. Both the Moore et al. and t
NFW profile are acceptable profiles for its description. F
thermore, for our purposes, they are essentially equiva
descriptions. Convergence studies have shown that these
density profiles are very similar at radii above;1% of the
virial radius ~e.g., @29#!. For a virial radius for our halo
;300 kpc, this means that the two density profiles are d
ferent only within the inner 3 kpc. Given that we are at 8
kpc from the galactic center, and given the nearest clu
distances presented in Table I, the relevant distances from
center of the halo we are concerned with are far larger tha
kpc; thus, it is not of crucial importance whether the NFW
the Moore et al. density profile is used for the galactic h
@33#. We choose the NFW profile to model the galactic ha
regardless of the density profile assumed for the clumps.
r s we use 27.7 kpc to match simulation results@9#. To find
roG , the characteristic density for our galaxy, we normal
the density profile so that the peak circular velocityv is
about 220 km/sec, and thus

roG5
Rov2

4pr s
3G

F ln~11xo!2
xo

11xo
G21

~9!

with xo5Ro /r s , and Ro58.5 kpc our galactocentric dis
tance. Finally,
6-3
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ARGYRO TASITSIOMI AND ANGELA V. OLINTO PHYSICAL REVIEW D 66, 083006 ~2002!
rG~r !.
6.183108M ( /kpc3

~r /27.7 kpc!@11~r /27.7 kpc!#2
. ~10!

One final characteristic of the dark matter clump struct
is the core radius. Inside some radiusRcore , the annihilation
rate becomes so large that the overdensity is destroyed a
as it can fill the region, yielding thus a constant density co
Following @3#, we find Rcore by equating the annihilation
time scale to the free-fall time scale,

tann5t f f→Fr~Rcore!

mx
^sv&G21

5
p

4
A 2Rclump

3

GMclump
. ~11!

In this way we derive a maximum possibleRcore . The actual
value might be smaller. Note that the choice ofRcore affects
only the results for the SIS density profile since, as can
easily verified for the simple case of an unresolved clum
the flux coming from such a clump scales asRcore

21 ~see Sec.
IV !. In the case of the Moore et al. density profile theRcore

dependence of the flux is via the factor 0.67(1/xclump
1.5 21)

20.005logxclump2logxcore, approximately, with xclump
5Rclump/r s andxcore5Rcore /r s . Namely, the Moore et al
conclusions are not sensitive to the exact choice ofRcore
@34#. In the case of the core-dominated fluxes of an S
clump, using the maximumRcore will yield the minimum
fluxes. As will become clear from our results, however, t
conclusions do not change, at least qualitatively, since
SIS is steep enough to be detectable even when using t
minimum fluxes.

Below we discuss the annihilation cross sections into
ther continuum or monochromaticg rays. We find that the
dominant cross section times relative velocity product co
sponds to annihilation into the continuum,^sv&cont. , and
even though, in principle, all annihilation channels contrib
in smearing out the central cusp, we use this dominant c
section in Eq.~11! to find Rcore .

III. NEUTRALINO ANNIHILATION AS A GAMMA-RAY
SOURCE

A. The neutralino-supersymmetric models for dark matter

Following @27,35–37#, we work in the frame of the mini-
mal supersymmetric extension of the standard mo
~MSSM! using the computer codeDARKSUSY @38#. The gen-
eral R-parity conserving version of this model is charact
ized by more than a hundred free parameters. It is of co
mon practice to make some simplifying assumptions wh
leave only 7 parameters, the Higgsino mass parameterm, the
gaugino mass parameterM2, the ratio of the Higgs vacuum
expectation values given by tanb, the mass of theCP-odd
Higgs bosonmA , the scalar mass parametermo , and the
trilinear soft SUSY-breaking parametersAt andAb for third
generation quarks~for a discussion of the model and th
simplification procedure, the results of whichDARKSUSY in-
corporates, see@39–41#!.

The LSP in most models is the lightest of the neutralin
Neutralinos are a linear superposition of four neutral spin-
Majorana particles: the superpartners of the Higgs bos
08300
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namely the neutral,CP-even HiggsinosH̃1
0 andH̃2

0, and the
superpartners of the electroweak gauge bosons, namely
B-ino B̃ and theW-ino W̃3. After electroweak symmetry
breaking, these gauge eigenstates mix. The diagonaliza
of the corresponding tree-level mass matrix gives the n
tralinos,

x̃ i
05Ni1B̃1Ni2W̃31Ni3H̃1

01Ni4H̃2
0 .

The lightest of these, thex5x̃1
0, is assumed to be the LS

and is referred to asthe neutralino. Due toR-parity conser-
vation the neutralino is stable, since there is no allowed s
for it to decay into. Its mass is somewhere between so
tens of GeV up to several TeV. It is cold, namely no
relativistic when decoupled, and is considered one of
most plausible candidates for the CDM particle.

Using DARKSUSY, we made random scans of the para
eter space, with overall limits for the seven MSSM para
eters as given in Table II. For the neutralino and charg
masses, one-loop corrections were used in accordance
@42#, whereas for the Higgs bosons the leading logarthim
two-loop radiative corrections were calculated using the c
FEYNHIGGSFAST@43# incorporated inDARKSUSY.

We scanned the parameter space to obtain the bound
of the allowed SUSY parameter space which we plot in Fi
1–3, 5, and 7. For each model, we checked whether i
excluded by accelerator constraints. We used the latest
straints available in theDARKSUSY package, namely the 200
constraints which are adequate for our purposes. The m
important constraints come from thee1e2 collider LEP at
CERN, with respect to the lightest chargino and the light
Higgs boson mass, as well as constraints fromb→sg ~for
more details see, e.g.,@35# and references therein!. For each
model consistent with the accelerator constraints, we ca
lated the correspondingVxh2, with Vx the neutralino relic
density in units of the critical density, andh the Hubble
parameter today in units of 100 km s21 Mpc21. DARKSUSY

calculates the relic density solving the Boltzmann equat
numerically, while taking into account resonances a
thresholds, and all the tree-level 2-body annihilation ch
nels ~see@37,44#!. We take into account the coannihilation
between the lightest neutralino and the heavier neutrali
and/or charginos only if the mass difference is less th
30%, obtaining thus a relic density with accuracy.5%,
which is reasonable for our purposes. Lastly we are in
ested in models in which the corresponding relic abunda
contributes a significant, but not excessive, amount to
overall density. We choose the range

TABLE II. The ranges of parameter values used in the scan
the SUSY parameter space.

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

unit GeV GeV 1 GeV GeV 1 1

Min 250000 250000 3.0 0 100 23 23
Max 150000 150000 60.0 10000 3000013 13
6-4
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DETECTABILITY OF NEUTRALINO CLUMPS VIA . . . PHYSICAL REVIEW D66, 083006 ~2002!
0.1<Vxh2<0.3 ~12!

to be consistent with cosmological constraints. The low
limit in inequality ~12! is chosen on the basis that for valu
lower than 0.1 there is not enough dark matter to pla
significant role in structure formation, or to constitute a lar
fraction of the critical density. The upper bound is chosen
the basis that, given that there is a minimum age for
Universe, there is a maximum value that the dark ma
density can have. The upper limit 0.3 corresponds to a m
mum age of 12 Gyr approximately~see, e.g.,@45#!. Note that
the choice of 0.3 for the upper limit can be considered g
erous, especially given the results from recent SN obse
tions @46,47#, which constrain the allowed relic density t
aboutVxh2.0.15, withh2.1/2.

B. Gamma-rays from neutralino annihilation

Neutralinos annihilate through a variety of channels.
will focus on the continuumg rays, and on the two mono
chromatic lines that are produced through the cascade de
of other primary annihilation products. The continuum co
tribution is mainly due to the decay ofp0 mesons produced
in jets from neutralino annihilations. Schematically,

x1x̄→p0

�g1g. ~13!

To model the fragmentation process and extract informa
on the number and energy spectrum of theg-rays produced,
we adopt a simplified version of the Hill spectrum@48,49#
for the total hadron spectrum produced by quark fragme
tion based on the leading-logarithmic approximation~LLA !,

dNh

dxh
.

15

16
xh

23/2~12xh!2 ~14!

wherexh5Eh /mx , andEh is the energy of a hadron in a je
with total energy equal to the neutralino mass,mx . Assum-
ing that all the hadrons produced are pions, which is v
close to reality, and assuming that each pion family ta
approximately 1/3 of the total pion content of each jet,
may write for thep0 spectrum

dNp0

dxp
.

5

16
xp

23/2~12xp!2 ~15!

with xp5Ep0 /mx . Furthermore, the probability per unit en
ergy that a neutral pion with energyEp0 produces a photon
with energyEg through the process shown in Eq.~13! is
2/Ep0. Thus, from Eq.~15! we get for the continuum photo
spectrum,

dNcont.

dxg
.E

xg

1 2

y

dNp0

dy
dy ~16!

with xg5Eg /mx andy5Ep0 /mx .
The continuum signal lacks distinctive features; th

might make it difficult to discriminate from other possib
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g-ray sources. A more unique signature is given by mo
chromaticg-rays, which arise from loop-induced s-wave a
nihilations into thegg and theZg final states. These line
are free of astrophysical backgrounds. The respectivespectra
for the two lines are as follows: for thegg, 2 photons at
Eg.mx ; for theZg, 1 photon atEg.mx2mZ

2/4mx , as can
be easily verified by the conservation laws and the fact t
the neutralinos are expected to be highly non-relativistic.

Note that for highmx values, the energies of the two line
are expected to coincide. Furthermore, in the case of theZg
line, the energy of the photon becomes vanishingly smal
mx tends tomZ/2. Below mx5mZ/2, theZg process is no
longer kinematically allowed.

IV. THE GAMMA-RAY SIGNAL

A. Fluxes and counts

We derive the fluxes for resolved and unresolved clum
as a function of the neutralino parameters, and the size
distance of the clumps, assuming the nearest clump for e
mass bin. To turn the estimated fluxes into photon cou
collected by an ACT, we need to specify the characteris
of the particular ACT. We choose to use VERITAS as t
standard next generation ACT and list its specifications
Table III.

The number,R, of annihilations per unit volume and tim
is

R5n2^sv& i ~17!

wheren is the number density of neutralinos, and^sv& i is
the thermally averaged product of the cross section times
relative velocity@50# for the continuumg rays (i 5cont.),
the 2g line (i 5gg), and theZg line (i 5Zg). Denoting by
Ni the number ofg rays emitted per annihilation, with en
ergy Eg above the energy thresholdEth used, thenNgg52
~provided thatmx>Eth), and NZg51 ~provided thatmx

2mZ
2/4mx>Eth); Ncont. can be obtained by integrating th

spectrum given by Eq.~16!,

Ncont.~Eg>Eth!5E
xth

1 dNcont.

dxg
dxg5

5

6
xth

3/22
10

3
xth15Axth

1
5

6Axth

2
10

3
, ~18!

wherexth5Eth /mx .

TABLE III. VERITAS specifications.

Energy range 50 GeV–50 TeV
Energy resolution 15%
Effective area Angular resolution

13108 cm2 58 at 100 GeV
43108 cm2 38 at 300 GeV
13109 cm2 28 at 1 TeV
6-5
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The emission coefficientj i , namely the number of emit
ted photons per unit time and volume, will be

j i5Nin
2^sv& i5

Nir
2^sv& i

mx
2

~19!

wherer is the mass density of neutralinos.
Given the expression for the emission coefficient, we c

calculate the flux coming from a clump. The observed flux
the Earth depends on whether the object is resolved or u
solved by the ACT, namely, whether the angular size of
clump is larger or smaller than the angular resolution of
instrument. More specifically, in the case where the clu
under consideration is unresolved, its flux at the Ea
Funres

i , is given by the volume integral of the emission c
efficient divided by the area 4pd2,

Funres
i 5

1

4pd2E0

Rclump
j id

3R5
1

4pd2

Ni^sv& i

mx
2 E

0

Rclump
r2d3R

~20!

whered denotes the distance of the clump from the Earth a
Rclump is, as before, the clump radius. At this point, note th
d andr clump @appearing in Eqs.~7! and~8!# are two different
quantities;d is the distance of the clump from the Eart
whereasr clump is the distance of the clump from the cent
of the Milky Way. For a clump with galactic coordinate
( l ,b), the two quantities are related via the expression,

r clump
2 5d21Ro

222dRocosl cosb ~21!

with Ro58.5 kpc. If the clumps are resolved, the corr
sponding flux at the Earth,Fres

i , is given by the integral
along the line of sight of the emission coefficient,

Fres
i 5

1

4pElos
j idz5

1

4p

Ni^sv& i

mx
2 E

los
r2dz. ~22!

In the case of the unresolved sources, the source co
Nunres

i , will be simply,

Nunres
i 5Funres

i Ae f ft ~23!

with Ae f f the effective collecting area of the instrument ant
the integration time. For a resolved clump, we can define
surface brightnessm i as seen by an ACT as

m i5Fres
i Ae f ft ~24!

whereAe f f and t are the same as above. To obtain the nu
ber of photons,Nres

i , that the instrument will collect from
the source, assuming that we observe the central pixel
integrate the surface brightness of the source over a
centered on the source with angular radius equal to the
gular resolution of the instrumentsu ,

Nres
i 5E

0

2p

dfE
0

su
m iudu. ~25!
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The angular resolution of the instrument defines a maxim
projected sizeRmax for a clump at distanced by su
5Rmax/d. Similarly, u5R/d. Substituting Eqs.~22! and
~24! in Eq. ~25! we obtain

Nres
i 5

1

4pd2

Ni^sv& i

mx
2

Ae f ftE
0

2p

dfE
0

Rmax
RdRE

los
r2dz.

~26!

We find that most clumps we considered will be resolv
by future ACTs, e.g., VERITAS@51#. Thus, we focus on the
resolved fluxes and counts when discussing our result
Sec. V. For the diffuseg-ray contribution of clumps in the
halo of our galaxy see@9,10#.

B. Background counts

The detectability of the clumps depends on their fluxes
compared to the possible background contributions. As
discuss below, the dominant background contributions
due to electronic and hadronic cosmic ray showers. Effort
discriminate between photon primaries versus charged
maries can help improve considerably the detectability
dark matter clumps. We also discuss the galactic and extr
lactic g-ray backgrounds, as well as the contribution fro
the rest of the dark matter halo component.

1. Electronic and hadronic cosmic ray showers

For the background rate ofg-like hadronic showers we
use the integral spectrum presented in@52#,

dNh

dV
~E.Eth!56.131023S Eth

1 GeVD
21.7

cm22 s21 sr21.

~27!

This was derived from data taken with the Whipple 10
telescope. VERITAS is expected to have an improv
method for rejecting charged primary showers compared
the Whipple telescope. However, aiming at a conserva
treatment, we do not take this into account. For the electr
induced background we use the following integrated sp
trum @53#:

dNe2

dV
~E.Eth!53.031022S Eth

1 GeVD
22.3

cm22 s21 sr21.

~28!

The electron-induced showers at Whipple are indistingui
able fromg rays and can be rejected only on the basis
their arrival direction, whereas the hadron-induced show
are more extended on the ground than the electron-indu
ones. Furthermore, we see that cosmic-ray electrons ha
steeper spectrum than cosmic-ray nuclei and dominate
background at low energies.

2. Extragalactic and galacticg-ray emission

For the extragalactic diffuse emission, we use a fit to
EGRET data, valid for the energy range from 30 MeV
;100 GeV@54#
6-6
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dNeg

dVdE
5~7.3260.34!31029

3S E

451 MeVD
22.1060.03

MeV21 cm22 s21 sr21.

~29!

The galactic diffuse emission is thought to be mainly d
to cosmic-ray protons and electrons interacting with the
terstellar medium. It is enhanced towards the galactic ce
and the galactic disk, and has been measured by EG
@54,55# up to about 10 GeV. For its differential spectrum w
use the expression provided in@52#, namely a power law
fall-off in energy of the form

dNG

dE
~E,l ,b!51026N0~ l ,b!

3S E

1 GeVD
a

GeV21 cm22 s21 sr21.

~30!

The factorN0 depends only on the galactic coordinates (l ,b)
and has been fixed using EGRET data at 1 GeV~see@52#,
and references therein!. It is given by

N0~ l ,b!5
85.5

A11~ l /35!2A11@b/~1.11u l u0.022!#2

10.5 i f u l u>30°

5
85.5

A11~ l /35!2A11~b/1.8!2
10.5

i f u l u,30° ~31!

with l andb varying in @2180°,180°# and @290°,90°#, re-
spectively. This expression is in reasonable agreement
data especially towards the galactic center. The exponea
in principle depends on both the energy range and the ga
tic coordinates; as in@52,56#, we usea522.7, assuming the
behavior continues at higher energies.

It is also important to obtain an estimate of theg-ray
counts due to neutralino annihilation in the smooth dark m
ter component of the galactic halo. The flux of continuumg
rays of the smooth halo component is given by

Fsmooth~c!5
1

4p

Ncont.^sv&

mx
2 E

los
rG

2 ~ l !dl~c! ~32!

with rG given by Eq.~10!, andc the angle of the direction
of observation with respect to the direction of the galac
center. This flux is clearly enhanced towards the central
gions of the galaxy~for more details see, e.g.,@9#!. In order
to estimate a value close to the maximum possible smo
component counts, Nsmooth, we use the direction
c510°—close to the center. The flux coming from this d
rection is approximately
08300
e
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Fsmooth~E.Eth!.3.5310226Ncont.

3
^sv&cont. /cm3 s21

mx
2/g2

s21 cm22 sr21. ~33!

The emission due to the total clumped component of
dark matter halo, as seen in@9,10#, overwhelms the smooth
componentg-ray emission. Note that neither the smooth n
the clumped componentg-ray emission constitutes an add
tional background for our study. For example, part or all
the extragalactic background, which we have already ta
into account, would be due to numerous, unresolved clum
in our halo. In fact, this has allowed Ref.@10# to place strong
limits on the neutralino parameter space for clumped ha
with SIS and Mooreet al. clump profiles, by comparing the
clumped componentg-ray emission with the extragalacti
diffuse g-ray emission@Eq. ~29!#. In particular, a SIS clump
distribution would surpass EGRET bounds for all of t
SUSY models usually considered for neutralinos.

In order to estimate the relative importance of the seve
contributions we assume an ACT observation with the f
lowing characteristics: Ae f f5108 cm2, t5100 h, Eth
550 GeV, su50.1°. For these parameters, we find t
countsNe2.1278, Nh.2718, Neg.6, NG.225 ~for mx

5100 GeV and, referring to the continuumg rays, for a
typical cross section̂sv&cont.55310227 cm3 s21 we ob-
tain Nsmooth.0, rounding off to the closest integer!. To cal-
culate the galactic background counts, we made the con
vative assumption of the maximum possible background a
thus, used (l ,b)5(0°,0°). This background is anisotropi
and will be lower at higher galactic latitudes. Evidently, t
main backgrounds for ACT searches are the hadronic
electronic backgrounds. Only if the composition of primari
can be identified, the galactic and the extragalactic diffu
g-ray backgrounds become important; this would be hig
desirable, given that the galactic background is~at least! an
order of magnitude lower than the cosmic ray induced ba
grounds.

We chose to keep a conservative estimate of the ba
grounds by considering the two dominant backgrounds,
electronic and the hadronic cosmic-ray induced ones, si
as we have shown above, the other contributions are at l
one order of magnitude lower. Thus, the background cou
in the case of the continuum are

Nb~E>Eth!5
dNb

dV
~E>Eth!DVAe f ft ~34!

where we definedNb /dV as the sum of the hadronic and th
electronic cosmic ray induced backgrounds, as given by E
~27! and~28!, respectively. In the case of the lines the bac
ground counts are given by

Nb~E5Eo!5FdNb

dV
~E>E1!2

dNb

dV
~E>E2!GDVAe f ft

~35!
6-7
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whereEo stands for the energy of the line andE1 ,E2 stand
for (12RE)Eo and (11RE)Eo respectively, withRE denot-
ing the energy resolution of the detector.

Note that the only anisotropic background—t
galactic—is negligible in comparison with the charged p
ticle backgrounds. This makes our calculations essenti
independent of the exact direction of the clump in the s
Any particular choice of galactic coordinates would not lim
the generality of our conclusions with respect to the obse
ability of the clumps. The only assumption we should ma
is that the clumps are more likely to be found away from
galactic plane. This is to be expected since simulations s
that the orbits of CDM satellites in present-day halos v
rarely take them near the disk~e.g.,@22#!. This is not a very
constraining assumption—all directions in the sky that av
the galactic disk are essentially equivalent—and thus,
only really important quantity with respect to the location
a clump is its distance from us. The exact galactic coo
nates can in principle be important via Eqs.~7! and~21!, but
it turns out that this is not the case. For example, conside
the clumps with massMclump5108M ( and a nearest dis
tance of about 4 kpc~see Table I!, we find that putting such
a clump towards the galactic center yieldsrG
.2.83109M ( kpc23, whereas putting it in the exact oppo
site direction, towards the anticenter, yieldsrG
.1.33109M ( kpc23; namely, there is no significan
variation.

V. RESULTS

A. The detectability condition

The background follows Poisson statistics and as suc
exhibits fluctuations of amplitudeANb. For given technical
and observation parameters, the minimum detectable flu
g rays for an ACT is determined by the condition that t
significanceS exceeds a specific number,Ms , of standard
deviations,s, or that the number of detected photons e
ceeds a specific numberNo . Namely,

S5
Ns

ANb

>Ms ~36!

and

Ns>No . ~37!

The first condition simply defines what achieving anMs-s
detection requires. The second condition ensures that we
tain sufficient statistics ofg-ray events and is useful esp
cially at the higher energies (>1 TeV), where the back-
grounds are negligible, and thus the first condition is usel
The second condition also shows that at high energ
whether the source will be detectable or not is determi
only from its high energy spectrum~and the ACT character
istics!. Given that we start at tens of GeV energy thresho
we check for the first condition making sure that the seco
condition is satisfied as well. We require a 5-s detection
level (Ms55). As has been already mentioned, for all t
mass bins studied, the nearest clump can be resolved
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standard ACT angular resolutions~see Table III!, and thus
we use Eq.~26! for Ns , whereas for the background we us
either Eq.~34! or Eq. ~35!, depending on whether we stud
the continuum or the lines, respectively.

Using the aforementioned detectability condition, we c
constrain the SUSY parameter space. In addition to the
known neutralino parameters,^sv& i and mx , we do not
know the precise density profiles of the dark matter clum
In the figures that will follow, we take under consideratio
the profile uncertainties by using the three density profi
mentioned before~the SIS, Moore et al., and NFW profiles!.
We then set the constraints on the neutralino parameter s
as follows: we substitute Eq.~26! for Ns , and Eqs.~34! or
~35! for Nb , as well as the expressions forNi in condition
~36!, and then we solve the resulting inequality with resp
to ^sv& i . This yields an inequality of the form

^sv& i> f ~ I ,Ae f f ,t,Eth ,dNb /dV,DV,Ms!mx
2 . ~38!

In other words, anMs-s detection for givenAe f f , t, Eth ,
dNb /dV, DV, andMs can be obtained as long as^sv& i is
above a certain value which depends onmx

2 and the integral
of the density squared, which we have denoted byI. Thus,
plotting inequality~38! with the equality sign onto the SUSY
parameter space, we divide the SUSY parameter space
the detectable@above the line defined by Eq.~38!# and the
undetectable@below the line defined by Eq.~38!# regions.

In another set of figures, we show the flux for a giv
clump as a function ofmx , assuming a typical value
^sv& typ , for the cross section. This is interesting to be co
pared to the dominating backgrounds, as well as to what
call the minimum detectable fluxFmin , which we define
using again the detectability criterion given in Eq.~36!. More
specifically, for the minimum required source countsNs,min ,
so that anMs-s detection level be achieved we will hav
from Eq. ~36!

Ns,min5MsANb. ~39!

For Ns,min5FminAe f ft we obtain

Fmin5
MsANb

Ae f ft
. ~40!

This is separately applicable for the continuum and the lin

B. Continuum g rays

The minimum detectable neutralino annihilation cro
section into continuumg rays as a function of neutralino
mass for a 102M ( and a 108M ( dark matter clump is shown
in Fig. 1. These curves were obtained using condition~38!
for Ae f f5108 cm2, t53.53105 s ~100 h!, Eth550 GeV and
su568 ~these are also the parameters we use for the res
the figures, unless otherwise stated!. In the same figure, the
three cases of clump modeling using a NFW, a Moore et
or a SIS density profile are shown. Note that by plotting t
results for the minimum and the maximum clump mas
that we considered, 102M ( and 108M ( , respectively, any
other clump mass choice lies in between. The same is
6-8
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DETECTABILITY OF NEUTRALINO CLUMPS VIA . . . PHYSICAL REVIEW D66, 083006 ~2002!
for the density profiles, at least with respect to the degre
central concentration: any profile steeper than the NFW
softer than the SIS will be a curve between the two limiti
curves defined for a specific clump mass, by the SIS and
NFW profiles, and as an example we plot the Moore et
case.

In the case of a 102M ( clump, we see that if the clump
were described by a density profile as centrally concentra
as the SIS, then it would be detectable for most neutra
parameters, unlessmx&70 GeV. The same clump modele
with the Moore et al. profile has good chance of being
tected, since for a large range ofmx the^sv&cont.2mx curve
is below most of the possible models. Furthermore, note
given the recent results from@10#, these highly centrally con
centrated clumps would have to be a rare event among
centrations of halo clumps.

The same results are plotted for a clump with ma
108M ( . The minimum detectablêsv&cont. for all the three

FIG. 1. The minimum detectablêsv&cont. versusmx for the
SIS, the Moore et al., and the NFW profile. The clump masses u
are 102M ( and 108M ( . The dots represent allowed SUSY mode
~see text for details!. The lines represent the 5-s detection for
Ae f f5108 cm2, Eth550 GeV, su568, and for 100 h of observa
tion. Only SUSY models that lie above the corresponding curve
yield a detectable signal.
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profiles goes down by approximately two orders of mag
tude, compared to the 102M ( case. As a result, such a ma
sive clump is most likely detectable, even if it is best d
scribed by the least concentrated density profile, the NF
Note also that, referring to the low mass clumps, the NF
case is, compared to the other density profiles, the most
sistent profile with EGRET bounds@10#.

The way the constraints imposed on the SUSY param
space depend on the mass of the clump is depicted in Fig
assuming a Moore et al. density profile, and for the sa
observation parameters as in Fig. 1. The results are plo
for four different clump masses: 102M ( , 104M ( , 106M (

and 108M ( . As evident, the higher mass clumps have be
chances of detectability, since the higher the mass of
clump, the larger the part of the SUSY parameter space
lies above the minimum detectable cross section^sv&cont.
versus themx curve; equivalently, the higher the mass, t
stronger the constraints on the SUSY parameter space
the non-detectability of an otherwise detected clump~via,
e.g., its synchrotron emission@11#! imposes, given that if the
clump is not detected by ACTs, all the models above
^sv&cont.-mx curve will be excluded.

The minimum neutralino mass that can be explored a
depends on the observation features, and more importa
on the energy threshold. To show the role of the ene
threshold,Eth , in the detectability of the clumps for th
SUSY parameter space, in Fig. 3 we plot the same kind
curves as in previous figures, using a 105M ( Moore et al.
clump and for three different energy thresholds: 50, 100 a
250 GeV, for 100 h of observation and forAe f f and su in
agreement with Table III. Using a higher energy thresh
means both a largerAe f f and a better angular resolution, a
well as lower contributions from the backgrounds, whi
makes it clear that ACTs are well-suited to explore the hig
mx range of the neutralino parameter space. On the o
hand, the lower the energy threshold the larger the part of
parameter space that ACTs can explore, but even in the
case of the smallest energy threshold, the low mass par
eter space which corresponds to a broad range of^sv&cont.

ed

ll

FIG. 2. The minimum detectablêsv&cont. versusmx for Moore
et al. clumps withMclump5102M ( , 104M ( , 106M ( and 108M ( .
The dots and the other parameters are as in Fig. 1.
6-9
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will remain unexplored regardless of the mass of the clum
This demonstrates the need for complementary observa
at lower energies, such as observations with GLAST@57#,
accelerator searches, and direct searches.

Our second set of results concerns the flux coming fro
clump as a function of neutralino mass. Following the tre
given by theDARKSUSY models, we choose a typical cros
section for the annihilation into the continuum̂sv& typ
.5310227 cm3 s21. Note that the SUSY parameter space
not extremely wide in the continuum case, at least for n
tralino masses above.80 GeV, and thus the choice of
typical cross section is reasonable. The flux as a function
mx for ^sv& typ , and for clump massesMclump5102M ( and
Mclump5108M ( is shown in Fig. 4. As above, we show th
results for the three different density profiles we used. T
energy threshold was set to 50 GeV. On the same plot and
the same energy threshold, the electronic and hadronic b
grounds, as well as the 5-s minimum detectable flux,Fmin
@defined in Eq.~40!#, are plotted usingAe f f5108 cm2 and
t53.53105 s ~100 h!. In these plots a clump of a specifi
mass and density profile will be detectable for those n
tralino masses for which its flux is greater or equal to
minimum detectable fluxFmin . We will call this range of
neutralino massesthe mx detectability range.

From Fig. 4 we see that a 102M ( NFW clump will not be
detectable~regardless ofmx), a SIS clump of the same mas
has anmx detectability rangemx*55 GeV, whereas if the
clump density distribution is better described by a Moore
al. profile, themx detectability range will be 87 GeV&mx

&2.9 TeV, approximately. In the case of a 108M ( clump,
the SIS profile has anmx detectability rangemx*53 GeV.
Similarly for the Moore et al. 108M ( clump mx*65 GeV,
whereas the same clump if modeled with an NFW pro

FIG. 3. The minimum detectablêsv&cont. versusmx for a
105M ( Moore et al. clump, and for three different energy thres
olds,Eth : 50 GeV, 100 GeV and 250 GeV. The lines represent
5-s detection for 100 h of observation, for an angular resolut
su568, 58 and 38, and for energy thresholdEth550 GeV, 100
GeV and 250 GeV, respectively, and for an effective collective a
Ae f f , equal to 108 cm2 for the cases of 50 GeV and 100 GeV an
equal to 33108 cm2 for the case of 250 GeV. The other paramete
are fixed as in Fig. 1.
08300
.
ns

a
d

-

of

e
or
k-

-
e

t

will have an mx detectability range 77 GeV&mx&5 TeV.
Focusing on the intermediate case, the Moore et al. pro
we see that in terms of constraints onmx , the detectability of
low mass clumps provide both a lower and an upper lim
~i.e., detectability range of the formmx,min&mx&mx,max),
whereas the higher-mass clump detectability provides on
weaker lower limit~i.e., detectability range of the formmx

*mx,min8). Note that the same conclusions, if applied in t
case of a clump known to exist but which turns out to
non-detectable by ACTs, imply constraints on the neutral
parameter space which are complementary to the above
tectability ranges. Namely, the non-detectability of the clum
will imply that mx cannot be in the detectability range, an
thus the corresponding part of the SUSY parameter sp
will be excluded. Actually, as can be seen from all figur

-
e

a,

FIG. 4. The flux of continuumg rays as a function ofmx for
^sv&cont.55310227 cm3 s21 and for the SIS, Moore et al., an
NFW profile. The clump masses used are 102M ( and 108M ( . Also
shown are the two dominant background contributions, the hadr
cosmic ray and the electronic cosmic ray induced ones. The da
line represents the minimum flux of the clump at the Earth, requi
so that a 5-s detection level be achieved forAe f f5108 cm2, Eth

550 GeV, su568, and 100 h of observation. Formx values cor-
responding to fluxes higher thanFmin , the clumps will be detect-
able in the continuum.
6-10
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TABLE IV. Minimum and maximum possible fluxes for the three different density profiles—see tex
details. All fluxes are in photons cm22 s21 and masses are inM ( .

Mclump 102 104 106 108

Fmin 2.131029 1.331028 7.6310211 3.431027

SIS Fmax 2.831028 1.731027 9.7310210 4.431026

Fmin 6.5310213 4.0310212 2.4310211 1.4310210

Moore Fmax 1.6310210 9.7310210 6.131029 3.331028

Fmin 7.9310215 4.3310214 2.4310213 1.3310212

NFW Fmax 2.6310212 1.4310211 8.1310211 4.2310210
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referring to the continuum signal, it will be the non
detectability that will impose the strongest constraints on
SUSY parameter space. Furthermore, although the large
clump mass the easier to detect, having a range of clu
masses is needed in order to determine the neutralino pa
eters. As we discuss below, the constraints can become s
ger when information on the line emission is combined w
the better detectable continuumg rays.

Lastly, given the SUSY parameter space and
^sv&cont. /mx

2 dependence of the flux, we find the minimu
Fmin and maximumFmax flux above 50 GeV that a clump o
a specific mass and density profile can emit. We do tha
finding from the SUSY parameter space what^sv&cont. and
mx

2 combinations yield the minimum and maximu
^sv&cont. /mx

2 ratio, respectively. In this way, we bracket th
flux of a clump and we know that, even for density profil
other than the three used here, as long as they are somew
between the NFW and the SIS, their flux will be somewh
in the interval@Fmin ,Fmax#. The results of this calculation
are shown in Table IV. For the minimum possible clum
flux, Fmin , we chose mx55 TeV and ^sv&
510227 cm3 s21. This combination yields a representativ
lower flux value, at least for the horizontal feature of SUS
models in the largemx range~even lower fluxes are obtaine
for the low mass and low cross section part of the SU
parameter space, but this range is not likely to be access
by ACTs, anyway!. For the maximum possible clump flux
Fmax, we used mx560 GeV and ^sv&
52310226 cm3 s21, which is a combination that quite reli
ably gives the maximum possible flux. For comparison,
Table V we give the minimum required flux,Fmin,det. , so
that a 5s detection be obtained for certainEth ,Ae f f and t

TABLE V. Minimum detectable fluxes for specific energ
thresholds, effective areas and integration times so that a 5-s de-
tection be obtained. All fluxes are in photons cm22 s21, energies in
GeV, areas in cm2 and integration times in s.

Eth Ae f f t Fmin,det.

50 1.03108 3.53105 8.9310212

100 1.03108 3.53105 4.6310212

250 1.03108 3.53105 2.0310212

50 1.03109 3.53105 2.8310212

50 1.03108 2.63106 3.2310212

50 1.03108 3.23107 1.1310213
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combinations, as was calculated using Eq.~40! and assuming
the hadronic and electronic backgrounds as the domin
ones.

From the two tables we see that the least likely case
clumps, namely clumps as dense as the SIS, can be e
detectable in less than 100 h. In the case of the Moore e
profile, the higher mass clumps (>106M () will be easily
detectable since bothFmin and Fmax exceed the minimum
required flux,Fmin,det. , to achieve a 5-s detection level. The
lower mass clumps have an easily detectableFmax, but not
necessarily a detectableFmin . A 104M ( Moore et al. clump
would have a detectableFmin for either a large integration
times (2.63106 s.1 month), or for larger collective area
~e.g., 109 cm2 at 50 GeV!, which is not among the abilities
of both existing and upcoming ACTs. Finally, NFW clump
with Mclump*106M ( are detectable and this is particular
important given the EGRET constraints placed on the m
concentrated clumps, such as SIS and Moore et al. clum
In contrast, even a whole year of observation (3.23107 s)
would not be enough to detect smaller mass NFW clum
with fluxes that are closer to the correspondingFmin .

C. Monochromatic g rays

The minimum detectable cross section^sv&gg for annihi-
lation into monochromaticg rays with energy equal tomx ,
as a function ofmx , is shown for Mclump5102M ( and
Mclump5108M ( in Fig. 5. The constraining curves stop
Eth , which in this case is 50 GeV~below this the cross
section is non-zero, but the number of photons with ene
above 50 GeV coming from neutralinos with mass less th
50 GeV is, of course, 0!. A first, clear difference, in compari
son with the continuumg rays, is the fact that the SUSY
parameter space is significantly wider with respect to
cross section. Therefore, imposing constraints on the SU
parameter space using the detectability~or non-detectability!
of the clumps through theirgg line emission will be harder
than through their continuum emission. Nevertheless, if lin
are detected in addition to the continuum, the degenerac
the SUSY parameter space will be lifted since a narrow
range of models would fit both detections.

This is depicted more quantitatively in Fig. 6 where w
present the flux of monochromaticg rays as a function of
mx , as well as the minimum detectable flux and the tw
major background contributions. Note that in this case b
the minimum detectable flux and the background fluxes
pend onmx , given that the energy of the monochromaticg
6-11
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rays is equal tomx . As we did in the case of the continuum
to find the flux coming from a given clump we assume
typical cross section, in order to express the flux only a
function of mx . Based on the SUSY parameter space p
sented in Fig. 5, we choose the large cross section region
use ^sv&gg52310230 cm3 s21. This value yields a flux
close to the maximum possible flux such that a compari
can be attempted with the continuum case, which is ge
ally stronger. We see, however, from Fig. 6 that even in t
case, thegg line will not be observable with upcomin
ACTs. More specifically, forMclump5102M ( the chances of
observing such a light clump in the monochromaticg-ray
lines are bad, regardless of neutralino mass. With respe
the density profile, neither the Moore et al. nor the NFW w
be detectable. In the case of a density profile between
Moore et al. and the SIS, observability could be achiev

FIG. 5. The minimum detectablêsv&gg as a function ofmx for
the SIS, the Moore et al., and the NFW profile. The clump mas
used are 102M ( and 108M ( . The dots represent allowed SUS
models. We require a 5-s detection level forAe f f5108 cm2, Eth

550 GeV, su568, energy resolutionRE515%, and for 100 h of
observation. For a specific clump mass and a specific density
file, and for the above instrument and observation characteris
only the SUSY models that lie above the corresponding curve
yield a detectable signal.
08300
a
-
nd

n
r-
s

to
l
he
d

imposing at the same time an upper limit onmx . In the case
of Mclump5108M ( , a Moore et al. clump will be detectabl
as long asmx&4.5 TeV, whereas the same clump, if d
scribed by an NFW profile, would be detectable only ifmx

&68 GeV.
The case is similar for theZg line. Results for the SUSY

parameter space are presented in Fig. 7, forMclump
5102M ( and 108M ( . In these figures we require thatEg

>Eth . Using the fact thatEg5mx2mZ
2/4mx , this implies

that the neutralino mass

mx>
Eth1AmZ

21Eth
2

2
~41!

which translates tomx*77 GeV forEth550 GeV. The two

s

o-
s,
ll

FIG. 6. The flux ofgg monochromaticg rays as a function of
mx , assuming^sv&gg.2310230 cm3 s21, and for the SIS, the
Moore et al., and the NFW profile. The clump masses used
102M ( and 108M ( . Also shown as functions ofEg5mx are the
two dominant background contributions, the hadronic cosmic
and the electronic cosmic ray induced ones. The dashed line re
sents the minimum flux,Fmin , required so that a 5-s detection be
achieved forAe f f5108 cm2, Eth550 GeV, su568, and 100 h of
observation. Formx values corresponding to fluxes higher tha
Fmin , the clumps will be detectable in thegg line.
6-12
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lines are expected to coincide at relatively largemx , and
thus, the conclusions for both are similar with the differen
that due to the above constraint theZg line explores the
parameter space starting from higher neutralino masses c
pared to thegg line. In addition, the SUSY models corre
sponding tomx above 500 GeV are less dispersed in the c
of the Zg line than in the case of thegg. Again, this will
help lift degeneracies of neutralino models, if any clumps
detected.

The flux as a function of neutralino mass assuming
maximum^sv&Zg53310230 cm3 s21 is shown in Fig. 8. In
general the conclusions are the same as in thegg line. The
light clumps are not very promising with respect to th
detectability. A 108M ( Mooreet al.clump will be detectable
as long asmx&6 TeV. Note, however, that this is true und

FIG. 7. The minimum detectablêsv&Zg as a function ofmx for
the SIS, the Moore et al., and the NFW profile. The clump mas
used are 102M ( and 108M ( . The dots represent allowed SUS
models. We require a 5-s detection level forAe f f5108 cm2, Eth

550 GeV, su568, energy resolutionRE515%, and for 100 h of
observation. For a specific clump mass and a specific density
file, and for the above instrument and observation characteris
only the SUSY models that lie above the corresponding curve
yield a detectable signal.
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the assumption of the maximum̂sv&Zg , and thus of the
maximum possible flux.

VI. DISCUSSION AND CONCLUSIONS

The results presented above were based on spe
choices for the detector and the observation parameters.
worth noting that these results can be easily scaled w
some of these parameters. For instance, the effective
Ae f f and observation timet have a simple scaling. The mini
mum detectablêsv& for a specificmx scales as 1/(Ae f ft)

1/2.
An order of magnitude lower̂sv& could be explored using
two orders of magnitude higherAe f ft, for example,Ae f f
5109 cm2 and t53.53106 s (.40 days!. This would be

s

o-
s,
ll

FIG. 8. The flux ofZg monochromaticg rays as a function of
mx , assuming^sv&Zg.3310230 cm3 s21, and for the SIS, the
Moore et al., and the NFW profile. The clump masses used
102M ( and 108M ( . Also shown, as functions ofmx , are the two
dominant background contributions, the hadronic cosmic ray
the electronic cosmic ray induced ones. The dashed line repres
the minimum flux,Fmin , required so that 5-s detection be achieved
for Ae f f5108 cm2, Eth550 GeV, su568, and 100 h of observa-
tion. For mx values corresponding to fluxes higher thanFmin , the
clumps will be detectable in theZg line.
6-13



,
r

th
n
e
t-
st
th
th

um
er
th
ve
je

th
ux
r

nc
th

su
y,

ou
-

fo
th
E
te
er
n
a
te
th
on
e
t
d

ra
ro
lt

to

he
k-
si
h
tra

o
ila
ain
pl

o

al-
cted
line

r an
r

, if

w
l-
per
r-

ed

is
he
ays,
u-
M

m-
the

n

th
.
the
ite
re

ily

bil-
n-
p-
of
ps.

l in
. If
hes
e-
en-
be
ove
d
ass
, di-

ARGYRO TASITSIOMI AND ANGELA V. OLINTO PHYSICAL REVIEW D 66, 083006 ~2002!
very helpful in the case of the hard to detect lines~see Fig. 5
and Fig. 7!. If some clumps are detected in the continuum
reasonable strategy would be to subsequently search fo
weaker line signal over a longert. Similarly, the minimum
detectable flux plotted in Figs. 4, 6, and 8, depends on
combinationAe f ft. With respect to the angular resolutio
su , the minimum detectablêsv& has a dependance of th
form }1/ADV, approximately, while the minimum detec
able fluxes are}ADV. Note that although the neare
clumps are resolved, we used the angular resolution of
instrument and not the angular size of the clumps as
relevant angle for the collection of background noise, ass
ing that we observe the central pixel of the source—wh
most of the source counts originate from—treating thus,
source with respect to the backgrounds as being effecti
unresolved. If, instead, one uses the angular size of the ob
as the relevant angle for the collection of noise, both
detectable cross sections and the minimum detectable fl
are about two and one orders of magnitude higher fo
108M ( and a 102M ( clump, respectively.

An essential parameter in our calculations is the dista
of the source from the Earth, which we assumed to be
estimated distance to the nearest clump. However, our re
can be easily extended to larger distances or, equivalentl
lower numbers of clumps given the 1/d2 dependence of the
flux, which is actually the most significant dependence of
results on the distance@58#. For example, one order of mag
nitude larger distance makes the minimum^sv& that can be
explored two orders of magnitude higher; the same is true
the minimum detectable fluxes. This is very useful given
recent bounds on SIS and Moore et al. clumps from EGR
data@10#. More specifically, only NFW clumps can popula
the whole halo as seen in CDM simulations without ov
whelming EGRET limits. For the other density profiles, co
sistency with EGRET data could imply, e.g., a smaller th
currently believed clump abundance, which would transla
in our case, to larger distances of the clumps. Using
above scaling of our results with distance, it is easy to c
clude with respect to the clump detectability in any oth
case that would change the distance estimate. Similar is
case for the density profile assumed for the clumps; the
tectability of a density profile, e.g., with central concent
tion in between that of the Moore et al. and the NFW p
files, can be predicted, at least qualitatively, using our resu

The choice of the energy threshold will be a crucial fac
determining what will be the minimummx values accessible
to ACTs. An energy threshold low enough, along with t
ability of ACTs to identify primaries leading thus to bac
grounds smaller by an order of magnitude, are highly de
able for future ACTs, if they are to be used to explore t
SUSY parameter space and detect even the less concen
clumps such as the NFW case.

In addition, we would like to re-emphasize the strategy
combining observations in the continuum and the annih
tion lines for different clump masses in order to constr
more effectively the SUSY parameter space. For exam
from Figs. 4 and 6 we saw that a low mass clump has anmx

detectability range of the formmmin&mx&mmax. Combin-
ing this with line observations, one could narrow the range
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neutralino masses. More precisely, one should study the
lowed models in SUSY parameter space that fit the dete
continuum flux and check which ones give a detectable
signal.

The detectability of the lines can yieldmx detectability
ranges of the formmx<mmax8 for various combinations of
clumps masses and density profiles, assuming a typical o
optimum^sv& for the neutralino annihilation. Assuming fo
the lines the maximum̂sv&, a 108M ( Moore et al. clump
will be detectable both in the continuum and in the lines
mx is somewhere between 65 GeV and 4.5 TeV, wheremx

*65 GeV comes from the continuum limit andmx

&4.5 TeV comes from the lines. Although not a very narro
interval in mx , excluding the very low mass end of the a
lowed neutralino mass range in combination with an up
mx limit for detectability, can be very useful. It would na
row down the range in̂sv&cont. significantly. Another ex-
ample is that of a 108M ( NFW clump which is detectable in
either the continuum~detectability range: 77 GeV<mx

&5 TeV) or the gg line ~detectability range: mx

<68 GeV), but not both. This fact can, in principle, be us
to extract information about the mass of the clump.

Our study of the detectability of clumps by ACTs
closely tied to the lack of knowledge with respect to t
SUSY parameters. Thus our results can be used in two w
depending mainly on what will be determined first, the ne
tralino parameters or the distribution and profiles of CD
clumps. If clumps are discovered first~for example, through
synchrotron emission or from GLASTg-ray observations!,
g-ray studies by ACTs can help narrow the neutralino para
eter space. In most cases, the strongest constraints on
SUSY parameter space arise from the non-detectability ig
rays of a clump seen, e.g., in the microwaves@11# rather than
its detectability as, for example, in the case of a 108M (

Moore et al. clump. Such a clump will be detectable in bo
the continuum and the lines ifmx is between 65 and 4.5 TeV
This large range of neutralino masses can be ruled out if
clump is not detected by VERITAS. This can become qu
useful in the future. For the time being, what is even mo
important is that such a clump, if existent, will be eas
detectable almost for any possible neutralino mass.

Summarizing, we conclude that the chances of detecta
ity of dark matter clumps in the galactic halo, due to co
tinuum g rays produced by neutralino annihilation via u
coming ACTs are very good, especially in the case
relatively massive and highly centrally concentrated clum
The signatures expected in the form of thegg and theZg
lines are less easily detectable, but can be quite usefu
lifting degeneracies among neutralino SUSY parameters
we figure out the neutralino parameters first, ACT searc
will be strong tests of the CDM model predictions with r
spect to both the substructure in galactic halos and the d
sity profiles of the substructure clumps. ACT searches will
able to explore large ranges of neutralino masses ab
*50 GeV ~or more, depending on the energy threshol!.
These studies will complement the searches for lower m
neutralinos, accessible through high energy accelerators
rect and other indirect detection methods, and satelliteg-ray
telescopes such as GLAST.
6-14
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