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Effect of halo modeling on weakly interacting massive particle exclusion limits

Anne M. Green
Physics Department, Stockholm University, Stockholm, S106 91, Sweden

~Received 18 July 2002; published 11 October 2002!

WIMP direct detection experiments are just reaching the sensitivity required to detect galactic dark matter in
the form of neutralinos. Data from these experiments are usually analyzed under the simplifying assumption
that the Milky Way halo is an isothermal sphere with Maxwellian velocity distribution. Observations and
numerical simulations indicate that galaxy halos are in fact triaxial and anisotropic. Furthermore, in the cold
dark matter paradigm galactic halos form via the merger of smaller subhalos, and at least some residual
substructure survives. We examine the effect of halo modeling on WIMP exclusion limits, taking into account
the detector response. Triaxial and anisotropic halo models, with parameters motivated by observations and
numerical simulations, lead to significant changes which are different for different experiments, while if the
local WIMP distribution is dominated by small scale clumps then the exclusion limits are changed dramati-
cally.

DOI: 10.1103/PhysRevD.66.083003 PACS number~s!: 98.70.Vc, 98.80.Cq
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I. INTRODUCTION

Arguably the best motivated nonbaryonic dark matter c
didate is the neutralino~the lightest supersymmetric pa
ticle!, and current direct detection experiments are just rea
ing the sensitivity required to probe the relevant region
parameter space@1#. The most stringent exclusion limits o
weakly interacting massive particles~WIMPs! in general
currently come from the Edelweiss@2# and Cryogenic Dark
Matter Search~CDMS! experiments@3#, with competitive
constraints also having been produced by Heidelbe
Moscow@4# and IGEX@5#. The sensitivity to WIMPs will be
improved significantly in the short term future by the cont
ued operation of Edelweiss, and CDMS moving in a lo
background environment at the Soudan mine@6#, and in the
longer term by, for instance, the planned GENIUS proj
@7#.

The direct detection event rate, and its energy distribut
depend crucially on the WIMP speed distribution. Data a
lyzes nearly always assume a standard smooth halo m
with isotropic Maxwellian velocity distribution. The chang
in the expected signal has been calculated for various n
standard halo models of varying degrees of sophistica
@8–11#. For models which are effectively close to Maxwe
ian, while there may be a significant change in the ann
modulation and angular dependence of the signal, the cha
in the mean~averaged over time and recoil direction! differ-
ential event rate is typically small@8#. Models with triaxiality
or velocity anisotropy may however produce a significa
change even in the mean differential event rate@9,10#. Fur-
thermore all of the nonstandard halo models which have
viously been considered are essentially smooth.1 N-body
simulations, however, produce dark matter halos which
well as being triaxial with anisotropic velocity distribution

1An exception is Sikivie’s late infall model@12#, which contrary to
the standard picture of halo formation in cold dark matter~CDM!
cosmologies~see, e.g., Refs.@13,14#! assumes axial symmetry an
cold collapse.
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@13,14# also contain substructure@15#. A number of groups
have recently investigated the local dark matter distribut
numerically @16,13,14#, using different methods and reach
ing, to some extent, different conclusions.

Triaxiality, anisotropy and clumping in the WIMP veloc
ity distribution could potentially have a significant effect o
the WIMP direct detection signal. Constraints~and in the
future possibly best fits! calculated assuming a standa
Maxwellian halo could be erroneous@10#. On the other hand
more optimistically, it might be possible to derive useful i
formation about the local velocity distribution, and hence t
formation of the galactic halo, if WIMPs were detecte
@14,16#. Belli et al. @17# have recently reanalyzed the DAMA
Collaborations annual modulation signal@18# for a range of
halo models, finding that the allowed region of WIMP mas
cross-section parameter space is significantly enlarged.
illustrates that it is important to take into account uncerta
ties in halo modeling when comparing exclusion lim
and/or allowed regions from different experiments.

Given the importance of the local dark matter distributi
for direct detection experiments we devote Sec. II to a
tailed discussion of the global properties of real and sim
lated dark matter halos and recent work on the local d
matter distribution@16,13,14#. In Sec. III we examine the
effect of realistic halo modeling on exclusion limits. We fir
investigate triaxial and anisotropic halo models, with para
eter choices motivated by the observations and simulatio
and then, more speculatively examine the possible effect
small subhalos.

II. GALAXY HALOS

A. Global properties

Observational constraints on the structure of dark ma
halos depend on the relation of luminous tracer populati
to the underlying density distribution, and are complicat
by galactic structure and projection effects. Reference@19#
concludes that in the outskirts of spiral galaxies t
intermediate-to-long axis ratio is likely to be greater th
0.8, while the short-to-long axis ratio is largely unco
©2002 The American Physical Society03-1
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strained with values in the range 0.3–1.0 reported, with so
correlation between the method used and the value obta
~see Refs.@19# and @20# for details and references!. For the
Milky Way ~MW!, analysis of local stellar kinematics give
an estimate for the short-to-long axis value of 0.760.1 @20#,
while the great circle tidal streams observed from the Sa
tarius dwarf galaxy rule out ratios of less than 0.7 in t
outer halo at high confidence@21# ~in a flattened potentia
angular momentum is not conserved, so that orbits pre
and tidal streams lose their coherence!. The ~an!isotropy of
velocities in the MW halo is even harder to probe, howe
there is some evidence that galactic globular clusters m
have preferentially radial orbits@22#.

Given the difficulties involved in ‘‘observing’’ galaxy ha
los it makes sense to turn to numerical simulations for inf
mation on their possible structure. Current simulations
galaxy halos within a cosmological context can resolve s
kpc scales~see e.g.@15,23#!. Discrepancies between the h
los produced in these simulations~which have lots of surviv-
ing dwarf galaxy sized subhalos and steep central profi!
and observations, have led to claims of a crisis for the c
dark matter model~see Ref.@24# and references therein fo
extensive discussion!. Most relevant for the local dark matte
distribution is the subhalo problem which may be, at le
partly, due to complications in comparing the observed lu
nous matter with the dark matter distribution from the sim
lations. In particular it has been argued that gas accre
onto low mass halos may be inhibited after reionization
that a large fraction of the subhalos remain dark@25#. It has
also been shown that if the observed dwarf galaxies th
selves have dark halos, then their masses have been u
estimated and correcting for this would go toward resolv
the discrepancy with observations@26,27#. The survival of
subhalos is at least partly due to their concentrated profi
so any modification to the simulations which produced ha
with shallower central profiles could also reduce the num
of surviving subhalos. Despite the ongoing debate regard
the detailed comparison of the small scale properties
simulated halos with observations, cosmological simulati
may still provide us with useful information about the glob
properties of dark halos.

The shape of simulated halos varies, not just between
ferent halos of the same mass, but also as a function of ra
within a single halo, strongly if the halo has undergone
major merger relatively recently. Two high resolution Loc
Group halos studied in detail in Ref.@13# have axis ratios of
1:0.78:0.48 and 1:0.45:0.38 at the solar radius a
1:0.64:0.40 and 1:0.87:0.67 at the virial radius. Adding d
sipative gas to simulations tends to preserve the short-to-
axis ratio while increasing the intermediate-to-long axis ra
@28#.

The anisotropy parameterb(r ), defined as

b~r !512
^vu

2&1^vf
2 &

2^v r
2&

, ~1!

where^vu
2&, ^vf

2 & and ^v r
2& are the means of the squares

the velocity components evaluated at radiusr, also varies
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with radius. Typicallyb(r ) grows, although not monotoni
cally, from roughly zero in the center of the halo to close
one at the virial radius, with non-negligible variation b
tween halos~see Fig. 23 of Ref.@29#!. The high resolution
galactic mass halos studied in Ref.@30# haveb(R() in the
range 0.1–0.4, corresponding to radially biased orbits.

B. Local dark matter distribution

In CDM cosmologies structure forms hierarchically, fro
the top down@31#. Small objects~often known as subhalos!
form first, with larger objects being formed progressively v
mergers and accretion. The internal structure of large gal
size halos is determined by the dynamical processes w
act on the accreted components. Dynamical friction cau
subhalos with massM*109M ( to spiral toward the cente
of their parent halo within a Hubble time@32#, while the tidal
field of the main halo can strip material away from a subh
@32,26# producing tidal streams along its orbit@33#.

The local dark matter distribution cannot be probed
rectly by cosmological simulations; the smallest subhalos
solvable in the highest resolution simulations have mass
order 107M ( and it is not possible to fully resolve substru
ture within subhalos. Little substructure is found within th
central regions of simulated halos, however it is not kno
whether the subhalos have been destroyed by tidal strip
or if this is purely a resolution effect@13#. This is crucial for
the local dark matter distribution as the solar radius (R(

'8 kpc) is small compared with the radius of the MW ha
which from observations is thought to be in excess of 1
kpc @19#, while simulated halos with the same peak circu
velocity as the MW have virial radii2 of order 200 kpc. The
computing power required to directly probe the local da
matter distribution will probably not be available for a d
cade or so@13#, therefore other numerical@13,14# and semi-
analytic@16# approaches have been used to address the p
lem.

Stiff, Widrow and Frieman@16# employ a semianalytica
approach, calculating the subhalo distribution as a funct
of mass and accretion redshift using the extended Pr
Schechter formalism@35# and then evolving individual late
accreting smooth subhalos within a growing spherical ha
to find the probability distribution of the overdensity at th
solar radius. They find that there is a high~of order one!
probability that there is a density enhancement of;3% of
the mean halo density in the solar neighborhood, and
probability of an enhancement roughly equal to the ba
ground density is non-negligible~of order 0.01!.3 They show
that if the velocity of the clump, or stream, with respect
the Earth is high enough it will produce a shoulder in t
differential event rate at high energies.

2The virial radius is the radius which separates the virialized a
infall regions of simulated halos and has a mean density within i
178 ~100! times the critical density atz50 in the standard~with
cosmological constant! CDM cosmology@34#.

3These probabilities are lower limits as they only include the c
tributions of subhalos accreted afterz51.
3-2
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EFFECT OF HALO MODELING ON WEAKLY . . . PHYSICAL REVIEW D66, 083003 ~2002!
Mooreet al. @13# take a region with dynamical propertie
similar to the local group, resimulated at higher resolut
from a standard CDM cosmological simulation, and ident
a subhalo with mass similar to the Draco dwarf galaxy. Th
then resimulate this subhalo up until its merger with the p
ent halo, at which point roughly 10% of its mass is in t
form of ~sub!subhalos. To assess the effect of tidal frictio
subhalos with smooth density profiles are evolved within
smooth galactic potential and it is found that small subha
orbiting at the solar radius which are accreted onto the
lactic halo early retain most of their mass due to their h
central densities.

Moore et al. conclude that the phase space distribution
the solar radius will depend crucially on the Galaxy’s merg
history and on the internal structure of the smallest subha
arguing that it is possible that the local dark matter den
could be zero or that a single dark matter stream with sm
velocity dispersion could dominate or that many tid
streams could overlap to give a smooth distribution. The
lution to this problem depends on the extent to which
substructure within subhalos is destroyed prior to their ac
tion onto the main halo. The subhalos are of course a
formed hierarchically themselves from smaller subhalos. T
free-streaming length of neutalinos is so small that the fi
clumps to form have massM;10212M ( @36#, however, and
to follow the accretion and destruction of subhalos thou
such a large hierarchy of scales would be decidedly n
trivial.

Helmi, White and Springel@14# take a cosmologica
LCDM simulation, where the second largest cluster has b
resimulated at higher resolution and then scaled down in
to match the MW. Most of the mass in the inner halo h
been in place for 10 Gyr and the smallest resolvable subh
do not survive to the present day at the solar radius. T
argue that the only way a small subhalo with high dens
could exist in the solar neighborhood atz50 is if it were
first accreted by a large halo which subsequently had a m
merger with the main progenitor of the galactic halo. Th
conclude that the local dark matter velocity distribution
well approximated by a smooth multivariate Gaussian, w
clumps of high velocity particles present if the MW halo h
undergone a recent major merger.

In summary, numerical simulations produce galaxy ha
which are significantly triaxial and anisotropic, with th
shape and anisotropy of a halo depending on its individ
merger history, a picture which is broadly supported by o
servations. This indicates that, even if the local velocity d
tribution is relatively smooth, the standard spherical isotro
Maxwellian halo model may not be a good approximatio
Furthermore, galaxy halos are formed hierarchically from
accretion of smaller subhalos, which may not be comple
destroyed by tidal friction, so that the local dark matter co
be distinctly nonsmooth. It is even possible that the d
matter could be distributed largely in small dense clum
There is currently no consensus on the local dark ma
velocity distribution however, with the results obtained d
pending on the method used to extrapolate to small sc
below the resolution limit of cosmological simulations,
this possibility should be regarded as speculative.
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III. EFFECTS ON EXPERIMENTAL ANALYSIS

The differential WIMP event rate due to scalar intera
tions can be written in terms of the WIMP scattering cro
section on the proton,sp @37#:

dR

dE
5zspF r0.3

Apv0

~mp1mx!2

mp
2mx

3
A2T~E!F2~q!G , ~2!

where the local WIMP densityrx is normalized to a fiducial
value r0.350.3 GeV/ cm3, such thatz5rx /r0.3, mA is the
atomic mass of the target nuclei,E is the recoil energy of the
detector nucleus, andT(E) is defined as@37#

T~E!5
Apv0

2 E
vmin

` f v

v
dv, ~3!

wheref v is the WIMP speed distribution in the rest frame
the detector, normalized to unity, andvmin is the minimum
detectable WIMP speed

vmin5S E~mx1mA!2

2mx
2mA

D 1/2

. ~4!

A. Triaxiality and anisotropy

We will first examine the change in the WIMP speed d
tribution for triaxial and anisotropic, but still smooth, ha
models. To date two self-consistent triaxial and/or ani
tropic halo models have been studied in relation to WIM
direct detection: the logarithmic ellipsoidal model@9# and the
Osipkov-Merritt anisotropy model@38#, studied in Ref.@10#.
We will extend the previous work by focusing on paramet
which span the range of halo properties discussed in Se
above and including the detector response.

The logarithmic ellipsoidal model@9# is the simplest tri-
axial generalization of the isothermal sphere and the velo
distribution can be approximated by a multivariate gauss
on either the long or the intermediate axis~see Appendix A
for further details!.4 We consider parameter valuesp50.9,q
50.8 corresponding to axial ratios 1:0.78:0.48~as used in
Ref. @9#!, andp50.72,q50.70 corresponding to 1:0.45:0.38
and locations on the long and intermediate axes. The firs
of axial ratios is typical of the values found in simulation
and roughly consistent with observations, while the secon
arguably rather extreme. We use values of the anisotr
parameterg ~which in the spherical limitp5q51 is related
to b by 2g52b) which giveb50.1 and 0.4, and are tabu
lated in Table I. The speed distributions, in the rest frame
the Sun normalized to unity, are plotted in Fig. 1 along w
that for the standard Maxwellian halo model. For both po
tions the triaxial models have a wider spread in speeds t
the standard model, so that the differential event rate w
decrease less rapidly with increasing recoil energy, but
change is small on the major axis. This is because the cha

4Of course there is no reason to expect the Sun to be locate
one of the axes of the halo.
3-3
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in the speed distribution is largely determined by the veloc
dispersion in thef direction. On the major axis, for param
eter values which give 0.1,b,0.4, all three components o
the velocity have roughly the same dispersion, whereas
the intermediate axis the velocity dispersion in thef direc-
tion is significantly larger than that in thez direction. Note
that the speed distributions we consider deviate less from
standard Maxwellian than those considered by Refs.@9# and
@17# as they use more extreme values forg ~namely 16 and
21.78).

In the Osipkov-Merritt~OM! model ~see Appendix B for
further details!, which assumes a spherically symmetric de
sity profile, the velocity anisotropy varies as a function
radius as

b~r !5
r 2

r 21r a
2

, ~5!

so that the degree of anisotropy increases with increa
radius, as is found in numerical simulations. Following R
@10# we assume a Navarro-Frenk-White~NFW! @39# density
profile5 with scale radiusr s520 kpc. We use values of th
anisotropy radiusr a520,12, and 9.8 kpc which correspon
to b(R0)50.14,0.31 and 0.4, respectively. For the first tw
values analytic fitting functions for the distribution functio
have been provided by Widrow@40#. The resulting speed

TABLE I. The values of the anisotropy parameterg in the loga-
rithmic ellipsoidal model required to produceb50.1 and 0.4.

b p50.9, q50.8 p50.72,q50.7

intermediate axis
0.1 0.07 4.02
0.4 20.62 2.01

major axis
0.1 21.00 21.39
0.4 21.33 21.60
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distributions are plotted in Fig. 2 along with that for th
standard Maxwellian halo model. The excess at largev is
due to the increased number of particles on very elonga
nearly radial orbits@10#.

To assess the effect of changes in the speed distribu
on exclusion limits we need to take into account the detec
response, including the difference between the observed
ergy of an event and the actual recoil energy, nonzero en
threshold and energy resolution~see Ref.@41# for further
details!, as these factors may blur out the effects of chan
in the speed distribution. We consider a Ge76 detector with
energy thresholdET54 keV with the same properties~reso-
lution and form factor! as that used by the IGEX experime
@5#, which is optimized for detecting double-beta decay. T
resulting differential event rates, per kg per day per keV,
plotted in Fig. 3, for the OM speed distributions in Fig. 2, f
WIMPs with mass mx550 GeV and cross sectionsp
510245 m2. We see that, in this model, the differential eve
rate does not deviate linearly from that of the standard h
model as the degree of anisotropy is increased. Since fu
detectors, optimized for WIMP detection, will have low
thresholds and better energy resolution, we also plot the

FIG. 2. The speed distributions for the standard halo mo
~solid line!, and the OM anisotropy model withb50.13, 0.31 and
0.4 ~dotted, short-dashed, and long-dashed!.
r
FIG. 1. The speed distributions, in the rest frame of the Sun, for the standard halo model~solid line!, and triaxial models on the majo
axis ~upper panel! and intermediate axis~lower panel! for p50.9, q50.8 andb50.1/0.4 ~dotted and short dashed! and for p50.72,q
50.7 andb50.1/0.4~long dashed and dot dashed!.

5Varying the inner slope of the density profile does not significantly affect the local velocity distribution@10#.
3-4
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FIG. 3. The differential event rate for the OM anisotropy model, with speed distributions as plotted in Fig. 2, formx550 GeV and
sp510245 m2 for the IGEX detector~upper panel! and for an ‘‘ideal’’ Ge detector~lower panel!.
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ferential event rates for an ‘‘ideal’’~i.e., completely unreal-
istic! A576 detector where the full recoil energy is detecte
the energy resolution is perfect andET50 keV.6 The differ-
ence between the differential event rates is then larges
small recoil energies, and would therefore be more sign
cant for an experiment with a lower threshold energy.

In Fig. 4 we plot the exclusion limits found from th
IGEX data by requiring that the data in no more than o
energy bin exceed its 99.77% confidence limit, so as to p
duce 90% overall confidence limits@42#, for the logarithmic
ellipsoidal model and for the OM anisotropy model. We a
plot the exclusion limits from the Heidelberg-Moscow~HM!
experiment@4# for the OM anisotropy model in Fig. 5. Com
paring Figs. 4 and 5 we see that the change in the exclu
limits depends not only on the halo model under consid
ation, but also on the data being used; for IGEX the cha
in the exclusion limits is largest for large WIMP masse
while for HM the change is largest for small WIMP masse
For different WIMP masses, different energy ranges can
most constraining; for the IGEX data the lowest energy bin
always the most constraining, while for HM as the WIM
mass increases the constraint comes from higher energy
It should therefore be borne in mind when com
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paring exclusion limits from different experiments, th
changing the assumed WIMP speed distribution will affe
the limits from different experiments differently.

The change in the exclusion limits is not huge~of order
tens of percent! for the experiments we have considere
however, these experiments are not optimized for WIMP
tection. As illustrated in Fig. 3 the change in the different
event rate, and hence the exclusion limit, would be sign
cantly larger for an experiment with better energy resolut
and lower threshold energy. We have also seen that diffe
models with the same value for the anisotropy parameteb
have very different speed distributions, and hence a differ
effect on the exclusion limits. Furthermore it is conceivab
that the local WIMP velocity distribution may deviate eve
further from the standard Maxwellian distribution than t
models that we have considered.

B. Clumps

Even if dynamical processes produce a smooth ba
ground dark matter distribution, late accreting clumps m
lead to a local density enhancement and velocity clump
@14,16#, and produce a shoulder in the differential event ra
ctor, due
FIG. 4. The exclusion limits from the IGEX experiment for the logarithmic ellipsoidal model, located on the intermediate axis~upper
panel! and for the OM model~lower panel!. Line types as in the lower panel of Fig. 1 and Fig. 2, respectively.

6Somewhat counterintuitively, at low energies the differential event rate for the IGEX detector is higher than that for the ideal dete
to the finite energy resolution of the IGEX detector.
3-5
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ANNE M. GREEN PHYSICAL REVIEW D66, 083003 ~2002!
if their density and velocity with respect to the Earth a
large enough. For the experiments we have been conside
the lower energy bins are most constraining, so that o
very rare high density and velocity streams would hav
non-negligible effect on the exclusion limits. The effect
these late accreting clumps on the annual modulation
directional signals would be more significant however@16#.

We will now turn our attention to the consequences of
more speculative possibility that small subhalos may surv
at the solar radius. We could then be located within a subh
with local density in excess of the mean value
0.3 GeV cm23, on the other hand it is even possible that w
could be in a region between clumps and streams where
WIMP density is zero@13#. In the latter case all attempts a
WIMP direct detection would be doomed to failure, and e
clusion limits would tell us nothing about the WIMP cro
section. At the other extreme a tiny subhalo at the Ear
location would produce a distinctive signal and, due to
enhanced density, make it easier to detect WIMPs of a gi
cross section. Subhalos withM!109M ( would have negli-
gible velocity dispersion and hence a delta-function sp
distribution. The resulting theoretical differential event ra
would be a step function with amplitude inversely propo
tional to the speed of the subhalo with respect to the Ea
and position increasing with increasing relative speed
WIMP mass. Consequently for small subhalo velocities a
WIMP masses there would be no constraint on the WIM
cross section~no WIMPs would have sufficient energy t
cause an observable recoil!, but as the WIMP mass is in
creased the constraints would become much tighter as
all the WIMPs would be energetic enough to cause event
a given recoil energy. In Fig. 6 we plot the exclusion lim
on zsp from the IGEX data for subhalos with various rel
tive speeds7 dominating the local WIMP distribution. Unlike
the smooth halo models for this data set, as the WIMP m
is increased higher energy bins are most constraining,
this leads to sharp changes in the exclusion limits due to
sharp transition from no WIMPs to all WIMPs having suf
cient energy to cause events of a given recoil energy. N

7In reality the subhalo speed would be another unknown varia

FIG. 5. The exclusion limits from the HM experiment for th
OM model. Lines as in Fig. 2.
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that the high density of a subhalo would lead toj.1, so that
the exclusion limits on the WIMP cross section would
tighter ~by some unknown factor! than for the standard halo
model.

How dense could small scale clumps be? Dark ma
clump densities are usually parametrized in terms of th
concentration,c, defined as

c5
Rvir

r s
, ~6!

whereRvir is the virial radius andr s is the scale radius, the
radius at which the effective logarithmic slope of the dens
profile is equal to22 ~see e.g. Refs.@43,44#!. Low mass
halos typically form earlier, when the density of the Univer
is higher, so that their concentrations are higher than thos
larger halos@39# and Bullocket al. @43# and Eke, Navarro
and Steinmetz~ENS! @44# have recently constructed to
models which reproduce the scaling of concentration w
mass and redshift for the simulated galaxy-sized halos.

Since the first neutralino clumps to form have mass
order 10212M ( @36#, the first generation of halos which ar
formed in the same way as galaxy sized halos~via the accre-
tion and merger of smaller clumps! will have mass of order
10210M ( , and virial radii of order 0.01 pc. While thes
clumps are tiny by cosmological standards, they are still re
tively large compared to the distance traveled by the Sun
year (1024 pc). Extrapolating the Bullocket al. and ENS
toy models way beyond their intended range of applicabi
produces significantly different ‘‘guesstimates’’ forc for M
;10210M ( halos of 150 and 30, respectively@45#. Subhalos
within larger halos may in fact be more concentrated th
isolated halos of the same mass as dense regions ten
collapse earlier and tidal stripping may steepen their den
profiles @43#. The tidal radius@32# of a 10210M ( subhalo
orbiting in the MW halo at the solar radius is of ord
1023 pc, so the dense central regions of these subh
should survive tidal stripping@13,26#. The density of simu-
lated halos diverges toward their center, so as a measue.

FIG. 6. The exclusion limits from the IGEX data if a subha
with negligible velocity distribution moving with spee
200, 400, 600 kms21 relative to the earth~dotted, short dashed
long dashed! dominates the local density.
3-6
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the typical density of a subhalo we use the mean den
within the scale radius, assuming a NFW density profile@39#:

r~r !}
r s

r ~11r /r s!
2

. ~7!

For c530(150) this gives r50.9(70) GeV cm23, or
equivalentlyz53(200). We emphasize that this rough ca
culation relies on the extrapolation of the concentration-m
scaling models far beyond the regime in which they ha
been numerically tested~isolated galaxy mass halos! and the
numbers obtained should probably not be taken seriousl
does illustrate, however, thatif small subhalos survive the
they may lead to a significant local enhancement in t
WIMP density, and that understanding the small scale st
ture of galactic halos is crucial for realistic modeling of t
WIMP velocity distribution.

IV. DISCUSSION

Rapid progress is being made in the field of WIMP dire
detection, with experiments closing in on the sensitivity
quired to detect neutralinos, if they constitute a no
negligible fraction~greater than 1024) of the halo density
@46#. Data analyses usually assume the simplest halo mo
an isothermal sphere with Maxwellian velocity distributio
There is no clear justification, either observational or th
retical, for this assumption apart from simplicity. In fact n
merical simulations@13–15# and observations@19,20,22#
suggest that galaxy halos are triaxial and anisotropic.
local density distribution may also be non-smooth, with la
accreting subhalos leading to velocity clumping@14,16#.
More speculatively it is even possible that the dark ma
could be mainly distributed in tiny dense clumps, so that
local density distribution could be dominated by a sing
clump, or could even be zero@13#. It is therefore crucial to
examine the effect of realistic halo modeling on the WIM
direct detection signal.

In this paper we have investigated the change in exclus
limits due to triaxiality, velocity anisotropy and small sca
clumping, taking into account detector performance and
ing parameter values motivated by numerical simulatio
and observations. Triaxiality and velocity anisotropy lead
non-negligible changes in the exclusion limits, even for d
tectors with relatively poor energy resolution. Furthermo
the changes are different for different data sets and dep
on how the anisotropy is modeled. If the local WIMP dist
bution is dominated by small scale clumps then the lo
density may be zero~making it impossible to detect WIMPs!
or significantly enhanced~making it easier to detect WIMP
with a given cross section!, and the exclusion limits are
changed dramatically. Clearly the survival of subhalos at
solar radius is a very important issue for WIMP direct det
tion.

Even if the local WIMP distribution is smooth, to deriv
reliable constraints on WIMP parameters and compare
sults for different experiments a framework needs to be
veloped for dealing with the uncertainty in the WIMP velo
ity distribution: either the development of a framework f
08300
ty
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parametrizing deviations from a baseline model, or the es
lishment of an agreed set of benchmark models, spanning
range of plausible WIMP velocity distributions.
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APPENDIX A: LOGARITHMIC ELLIPSOIDAL MODEL

The logarithmic ellipsoidal model@9# is the simplest tri-
axial generalization of the isothermal sphere and the velo
distribution can be approximated by a multivariate Gauss
on either the long or the intermediate axis:

f ~v !5
1

~2p!3/2s rsfsz

expS 2
v r

2

s r
2

2
vf

2

sf
2

2
vz

2

sz
2D . ~A1!

On the intermediate axis

s r
25

v0
2p24

~21g!~12p221q22!
,

sf
2 5

v0
2~2q222p22!

2~12p221q22!
,

sz
25

v0
2~22p22!

2~12p221q22!
, ~A2!

and on the major axis

s r
25

v0
2

~21g!~p221q2221!
,

sf
2 5

v0
2~2q2221!

2~p221q2221!
,

sz
25

v0
2~2p2221!

2~p221q2221!
, ~A3!

wherep andq are constants which satisfyq2<p2<1 and are
related to the axial ratios of the density distribution,I 1,2, by

I 1
25

p2~p2q21p22q2!

q21p22p2q2
,

I 2
25

q2~p2q22p21q2!

q21p22p2q2
, ~A4!

andg is a constant isotropy parameter, which in the spher
limit p5q51 is related tob @as defined in Eq.~1!# by
2g52b.
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APPENDIX B: OSIPKOV-MERRITT MODEL

The distribution function of a self-gravitating system wi
spherically symmetric density profiler(r ) is given, assum-
ing an isotropic velocity distribution, by Eddington’s formu
@32# ~see also Refs.@40,10#!:

f ~«!5
1

A8p2 F E0

« d2r

dC2

dC

A«2C
1

1

A«
S dr

dC D
C50

G ,

~B1!

where C(r )52F(r )1F(r 5`), F(r ) is the potential of
the system,«52E1F(r 5`)52Ekin1C(r ), and E and
Ekin are the total and kinetic energy, respectively. In t
Osipkov-Merritt model@38# the distribution function also de
pends on the angular momentum,L, of the system through
the variableQ:
se

in

o-

.

R

08300
Q[«2
L2

2r a
2

, ~B2!

wherer a is the anisotropy radius, which is related tob by

b~r !5
r 2

r 21r a
2

, ~B3!

so that the degree of anisotropy increases with increa
radius. The distribution function in the Osipkov-Merri
model is found by replacing« by Q and r(r ) by (1
1r 2/r a

2)r(r ) in Eq. ~B1!, which then has to be solved nu
merically. Analytic fitting functions have been provided b
Widrow @40# for selected values ofr a, for the NFW density
profile @39#. Note that physical models only exist forr a
.r a,min, wherer a,min depends on the potential.
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