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In the cold dark matter model of structure formation, galaxies are assembled hierarchically from mergers and
the accretion of subclumps. This process is expected to leave residual substructure in the galactic dark halo,
including partially disrupted clumps and their associated tidal debris. We develop a model for such halo
substructure and study its implications for dark mat@®iMP and axion detection experiments. We combine
the Press-Schechter model for the distribution of halo subclump massedNwaitlly simulations of the
evolution and disruption of individual clumps as they orbit through the evolving Galaxy to derive the prob-
ability that the Earth is passing through a subclump or stream of a given density. Our results suggest that it is
likely that the local complement of dark matter particles includes a 1-5 % contribution from a single clump.
The implications for dark matter detection experiments are significant, since the disrupted clump is composed
of a “cold” flow of high-velocity particles. We describe the distinctive features due to halo clumps that would
be seen in the energy and angular spectra of detection experiments. The annual modulation of these features
would have a different signature and phase from that for a smooth halo and, in principle, would allow one to
discern the direction of motion of the clump relative to the galactic center.
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[. INTRODUCTION overestimate of the MACHO fraction in the Galak3— 6.
One difficulty with the analysis of microlensing experi-

A cornerstone of modern cosmology is the hypothesis thaments is that there is no consensus on how a MACHO halo
most of the matter in the Universe is nonluminous and morevould form. The theoretical situation is significantly better
than likely nonbaryonic. The most convincing evidence forfor cold dark mattefCDM) candidates such as weakly inter-
dark matter comes from spiral galaxies similar to our own.acting massive particlgsVIMPs) and axions. In CDM mod-
The rotation curve of a typical spiral is observed to be flat orels, theoretical arguments amttbody simulations indicate
rising slowly well beyond the Holmberg radius which en- that structure forms hierarchically: small-scale objects col-
closes 90% of the galaxy’s total luminosity. The usual inter-lapse first and subsequently merge to form systems of in-
pretation is that spiral galaxies are embedded in extendecreasing size. It is often assumed that once subsystems are
halos of dark mattefe.g.,[1]). The rotation curve probes the assembled into galaxy-size objects, structure on subgalactic
spherically averaged integrated mass distribution—a flat roscales is erased through processes such as tidal stripping,
tation curve, for example, implies a density profiir) violent relaxation, and phase mixid@]. The resulting par-
«r~2. However, observations have so far yielded relativelyticle distribution of galaxy halos would be relatively smooth
little information about the detailed structure of dark halos,in both position and velocity space. This viewpoint is now
e.g., their shapes, and even less is known about their strubeing challenged by high-resolutiddbody simulations of
ture on small scales. halo formation in cold dark matter modelg.g., [8,9]):

An understanding of the structure of the Galaxy's darkgalaxy-size halos in these simulations have a great deal of
halo is paramount for dark matter detection experimentsurviving substructure in the form of subclumps and tidal
since they rely on halo model predictions to develop searcstreams. This appears to contrast with the observed structure
strategies. Moreover, the analysis and interpretation of thef the Milky Way, which has relatively few luminous satel-
experimental data, e.g., the derivation of particle physics palites. The discrepancy has stimulated the revival of models in
rameter constraints from detections or nondetections, musthich the dark matter has some property—e.g., interactions
contend with the large uncertainties in these models. Ther non-negligible velocity dispersion—which prevents it
microlensing experiments designed to detect massive conirom collapsing on small scalés.g.,[10—-12). The alterna-
pact halo object§MACHOSs) provide a cautionary tale in tive is that dark halosre in fact as clumpy as is seen in the
this regard. It has been demonstrated that flattening, velocitgimulations, but that gas collapse and/or star formation have
space anisotropy, and rotation of the halo, all of which arenot occurred in a large fraction of the galactic subclumps and
consistent with other constraints, impact significantly on theherefore they are not observgd3]. Moreover, there is
interpretation of the datf2]. In addition, small-scale struc- mounting evidence for the existence of tidal streams at large
ture in the form of a clump or stream of MACHOs moving galactocentric distances in the Milky Wag4-16, as ex-
between us and the Large Magellenic Cloud could lead to apected in a hierarchical cold dark matter mofks].
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Theoretical predictions for WIMP and axion detection ex- Therefore, an alternative approach is required. Our analysis
periments have, for the most part, sidestepped the issue ebmbines results from phenomenological models of halo
halo substructure. The most widely used halo model for dariiormation—namely ~ the  extended  Press-Schechter
matter search experiments is an isothermal sphere with nofiormalism—with numerical simulations designed to follow
zero core radius and a truncated Maxwellian velocity distri-the evolution of individual subclumps in a background gravi-
bution (e.g., [17]). Although other halo models have been tational potential. The ingredients of the model calculation
considered, in general they assume a smooth distributiof'® provided in Sec. II. Details about the_ gravitational poten-
function for the dark mattefe.qg.,[18,19). An exception is tial assumed.for the Galaxy and the |n!t|al structure of the
the work of Sikivie et al. [20-22, who assume that halo clumps are given in Sec. Ill. Our numerical expenm'ents are
formation takes place through the accretion of successiveescribed in Sec. IV and the results are presented in Sec. V.
spherical shells of matter. Spherical infall models haveEXPerimental signatures for WIMP and axion detection ex-
proved to be quite useful in the study of structure formationPeriments are discussed in Sec. VI. ,
[23]. For example, self-similar infall mode[&4,25 provide We note at th(_a outset .that.our model for substructure in
exact, fully nonlinear solutions for the distribution function the Galaxy halo is simplified in a number of respects; nev-
describing a collapsing system of collisionless particles in aif"theless, we expect it to yield a qualitatively accurate pic-
expanding universe. A characteristic of these models is thdt/ré of the possible deviations from smoothness in the local
the dark matter distribution at each location in the halo isPhase space of halo dark matter. For other recent investiga-
composed of distinct streams of particles. The velocity dislions of the obseryatlonal |mpI|cat|_ons .of halo .substructure,
persion within individual streams is small—a reflection of S€€[5,32—34; earlier work on possible implications of halo
the fact that the initial distribution of particles is “cold.” clumpiness for dark matter detection includ@s,36.

Each stream is characterized by a different velocity that is

directed either invygrd or outward, with-60 inqlividua_l Il PROBABILITY DISTRIBUTION

streams at the position of the Sl_Jn. From a practical point of OF HALO SUBSTRUCTURE

view, most of these can be viewed as components of a

smooth background of particles whose velocity dispersion is We aim to estimate the probability that the local comple-
given by the spread in velocities of the streams. Howevernnent of dark matter particles includes a measurable contri-
streams associated with shells that have been accreted feution from a gravitationally bound clump or tidal stream.
cently, i.e., those passing through the central regions of thi#/e focus on clumps that have made up to four orbits through
Galaxy for the first, second, or third time, have speeds thathe Galaxy by the present day—i.e., clumps that started to
are significantly higher than the characteristic “thermal” fall into the Milky Way at a redshifz<1. The local distri-
speed of the bulk of the particles. They should therefore béution of dark matter particles is therefore divided into two
observable as distinct features in the energy spectrum of dagdomponents—a smooth background composed of particles
matter particles detected on Earth. Some of the implicationthat were accreted at early timése substructure of which

of this model for WIMP detection have been considered byhas since been erased by dynamical procgssesinhomo-
Copi et al.[26,27 and Gelmini and Gondolf28]. geneous material from recent accretion events. We assume

The conclusions of Sikiviet al.[20—22 are valid only in  that for z<1 changes in the gravitational potential of the
so far as the spherical infall model actually applies to theGalaxy are gradual and that clump-clump interactions can be
formation of the galactic halo. In this paper, we study theignored. Under these assumptions, recent accretion events
consequences for dark matter detection of substructure in th@n be studied numerically by evolving individual subclumps
galactic halo formed in the context of the more realistic hi-in a smooth, time-dependent model potential. Our assump-
erarchical clustering scenario for cold dark matter. Halo subtions are based on a variety of arguments which indicate that
structure is assumed to be in the form of cold subclumps anthe recent accretion rate onto the inner parts of the Galaxy
their tidal debrige.g.,[30,29)—the remnants of hierarchical has been relatively low. The coldness and thinness of the
mergers and accretion—rather than cold infalling shellsgalactic disk, for example, limit the infall rate of satellites
While some of the observational signatures of substructursince they can transfer energy to stars in the f&R. Mea-
formed in the hierarchical model are qualitatively similar to surements of the ages and metallicities of stars in the Milky
those of the spherical infall model, the interpretation is quitéWay’s halo suggest that less than 10% of the halo stars come
different. At its core, hierarchical clustering is a random pro-from recent merger even{88,39. By contrast, numerical
cess. Our results are therefore expressed as a probability thgitnulations and theoretical modeling imply that the mass of
a given feature will appear in the angular or energy distributhe extended dark halo has grown by a factor of 2 or more
tion of events for a dark matter experiment. By contrast, thesincez=1. The conclusion is that most of the material ac-
spherical infall model is deterministic once the profile of thecreted recently resides in the outer parts of the halo. Our

initial density perturbation is specified. analysis focuses on those few clumps that reach the inner
The most straightforward way to investigate this probabil-regions of the Galaxy.
ity distribution would be to use standaidbody simulations Our results are expressed in terms of a probability distri-

and simply look at the phase space distribution in regiondution functiond P/dp, wheredP is the probability that the
corresponding to the solar neighborhood. However, as illusdensity of dark matter particles in the solar neighborhood
trated by Moord31], current simulations do not have suffi- associated with a single clump or stream is betwpeand
cient resolution to fully probe the inner regions of dark halos.p+dp. In general, we can write
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dp . 400 [
$=JN(zta,m.p,-)f(zta.m.p;,p)dztadpjdm (2.1 :
300 [
where M(zi,,m, p;)dzdp;dm is the number of clumps ac-
creted by the Galaxy with mass betweenand m+dm, C
turnaround redshift betweeny, andz,,+ dz, and orbital pa- 100 |
rameters (e.g., angular momentumbetween p; and p; :
+dp;. The turnaround redshift is defined as the epoch at 0
which a clump breaks away from the expansion and begins 05
to fall in toward the center of the Galax/is modeled using t/t,
the extended Press-Schechter formalism®e Sec. I). The
dynamical evolution of accreted clumps within the galactic
halo is encoded in the functiofi(z,,m,p;;p)dp, which s %0 ' + s %0 ¢ . +
gives the probability that a clump characterized by the pa-~ 2% = 200
rametersm, z,,, andp; contributes a density betwegnand 100
p+dp to the present-day density of dark matter in the solar 0
neighborhood. 06 08 1 06 08 1

Before proceeding to the elements of the model, we first /'t L/t
rgduce the calculation dfto amore tractable proplem. Con- FIG. 1. Schematic illustration of the change in variables fym
sider a volumeV repre;entatwe ,Of the solar qelghborhooq.to t used in evaluatinglP/dp. Top: six orbits that reach different
For example, for an axisymmetric model consisting of a th'nradii att=t,. Bottom: two orbits used to approximate the contribu-
stellar disk and flattened dark matter halo, an appropriatgons pracketed by orbita—c andd—f of the top panel.
choice forV is a thin circular tube in the disk plane with
(large radiusrs=8.5 kpc, the distance between the Sun ancof orbits at various times. In Fig. 1, for example, instead of
the galactic center. Imagine thetis filled with hypothetical  following the different orbitsa,b,c and evaluating them at
observers capable of making local measurements of the dagk-+ it is possible to follow a single orbit and evaluate it at
matter particles. For a given clump, we then hatie three different times such that the dynamical states at
=V~*dV/dp, wheredV/V is the fraction of observers who 4’ b’ ¢’ correspond closely to those above. Technically, it
measure the dark matter density of the clump to be betweegan pe justified as follows: Let, andr,, denote the turn-
p andp+dp. We will estimatef by usingN-body simula-  around redshift and associated turnaround radius of a clump
tions to follow the orbital evolution and disruption of ac- that reaches perigee today on itth passage through the
creted clumps in the evolving galactic halo, as described ifhner parts of the Galaxy. The simulations are performed
Sec. IV. _ _ with initial conditions selected from the set,(, z,), with
. We adopt a spherically symmetric model for the Galaxy.the provision thatiS/dp is evaluated by performing an inte-
in which case the remaining parameters in Ejl) can be  gra| over timet taken from the time, of apogee before the
simplified considerably. Deviations from spherical symmetrynp passage through the inner Galasty<t,) to the time
alter the orbits of individual clumps but since we are inter-¢ “of apogee after thath passaget(,;>tg). As illus-
ested in properties of an ensemble of cluntpg., number of  yateq in Fig. 1, this essentially corresponds to a change in

and density within streamshe results assymin_g a spherical Eg. (2.2 from an integration ovez,, to an integration over
halo should provide an adequate approximation. For spherigith a sum ovemn.

cal models, there is a one-to-one relation between a clump’s |, principle, z, depends on the angular momentum
turnaround radius , and z;, (see Sec. Il1B. The sole re-  hrqygh the usual orbit equations. Howev@must be rela-
maining parameter required to fully specify the orbit of thetively small, sincer >t for 1<n<4, and therefore the de-

clump is_ the specific angular momentunat turnaround. For pendence of, onJ is negligible. Equatiori2.2) can then be
a spherically symmetric Galaxy model, the local voluwe

s [
T 200 [

400 400

written
can be replaced by a thin spherical shell of surface Szl
radiusrs. Equation(2.1) then takes the form dpP ° 11 dz,
=> | =21, -, fn(J,m)f/\/’(zn,J,m)dem
dinp =1 |Hg dt |4
o= | Mzadm G dzdlim @2 @3
E_47TI’§ (zta! 1m)E Ziy m ( )
where

Despite the symmetry, evaluation of E(R.2) appears
i ; T P H ds

daunting, since one must sample the space of initial condi f.(3,m)= 0 dt (2.4)
tions (z,,J) for all clump masses and in each case deter- me ' ’
mined S/dp from the output of a separalébody simulation
run to the present epodh-t,. This difficulty is alleviated by and where, for convenience, the probability distribution
noting that the present state for the large space of orbitdunction is now defined with respect to gnrather thanp.
initial conditions can be sampled by considering a smaller seThe quantityf,, is dimensionless and will be used exten-
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sively in the discussion that follows. To evaluate E2.3), The extended Press-Schechter formaligih42 provides
we select representative clumps characterizethpd, andn, a phenomenological model for the growth of a dark matter
and follow their evolution vidN-body simulations in a time- halo; it is based on the assumption that nonlinear objects
dependent model gravitational potential for the Galaxy. Hy-undergo spherical collapse, starting from Gaussian initial
pothetical observers located @measure the density as the conditions. In this model, if the present mass of the galactic
different clumps pass by, allowing one to determipenu-  halo isM, then at redshifz the average number of progeni-
merically. tors of this halo that have mass betwemrand m+dm is

The response of a dark matter detector to particles in given approximately by42—-44
clump or stream depends on their velocity distribution as

well as their density. We can estimate the velocity dispersion dN q 1 My 6.(2)—6:(0)

in a stream using Liouville'’s theorem, which states that the am®™ o= m _ 312

density of particles in phase space is conserved. Consider an 2 [2(m)=2(Mo)]

infalling, initially virialized clump of massvi with an initial [6.(2)— 8,(0)]% || d2
characteristic density; and two-dimensional velocity dis- X XA oIS (m) =S (Mo)] || dm dm (3.1

persion o;= (47/3)Y6GY2M 31 Here, p; is the virial
density, which we take to be 200 times the critical density ofwhereX (M) is the variance in the present density fluctuation
the Universe at the formation time of the cluniphis defi-  field smoothed in a top-hat window of radiuR
nition agrees with the results from numerical simulations for=(3M/4mpo)3, p, is the present mean density of the
an (=1, A=0 universe[40] and is used by convention for Universe, ands.(z) is the amplitude that a linear density
other cosmologies as weliSuppose that the density of the perturbation, extrapolated to the present epoch, must have in
final disrupted clump at the detector g . By Liouville’s  order for the associated object to reach turnaround by red-

theorem, the corresponding velocity dispersion will be shift z In a matter-dominated, Einstein—de Sittéy=1)
13 universe,  6.(2)=6.(1+2), where  5,0=0¢(tg)
R Po =0.15(37%)?®=1.44. Note that this differs from the more
pi common value ofé.o=1.69 since the latter is associated
13 e with the c_ollapse time, not the time of turnarqund. In other
—30 kms PD ( Pi ) cosmological models, the time dependencédiffers from
10'%M , 0.030p 0.0%5 ' the expression above, while the value &f, is relatively

insensitive to cosmological parametéesg.,[42]). For defi-
2.9 niteness, we assume a cold dark matter model Universe with
Qo+ 0Q,=1, 0y=0.3, andh=0.7, whereh is the present
value of the Hubble parameter in units of
A00km s Mpci, andQ, andQ, are the contributions to
gwe total mass density, in units of the critical dengity;,

wherepg=0.3 GeV cm 3=5.4x10 25 gcm 2 is the esti-
mated value for the meaibackground density of dark mat-
ter particles in the solar neighborhood. The fiducial value o
0.0305 has been used, since the streams that are likely t
have the biggest impact in a detection experiment have
present densityp~0.03g (see Sec. Y The last factor on
the right-hand side of Eq2.5 depends on the formation
time of the clump, but only weakly. The essential point is
that the velocity dispersion of the disrupted clump is signifi-
cantly less than the bulk velocity of the clump particles rela-
tive to the Earth, which is typically several hundred kit s
for recently accreted clumps. The clump or stream therefor
appears as a “cold,” high-velocity distribution of particles.

om nonrelativistic mattefdark matter and baryoihand the
cosmological constant. The primordial power spectrum is
chosen to have the scale-invariant form expected from infla-
tion, P;(k)~k, and the present spectrum is normalized to
agree with the observed cluster abundance, irg= 0.90.
(This particular value is obtained from the algorithm de-
scribed in[45].) This choice of cosmological model fixes the
8xpression fors,(z) and also determines(M).

The average growth rate of a dark matter halo can be
determined using Eq3.1). Nusser and Shet#4] (see also
[42,46) have developed a simple algorithm for generating

lll. GALACTIC HALO MODEL possible histories of the most massive progenitor, several of

In this section, various quantities required to evaluate Eqwhich are shown in Fig. 2. Though there is significant sto-
(2.3 are derived. chasticity in the various histories we assume a simple power-
law model for the growth in mass of the galactic halo

A. Growth of the galactic halo
M(t)=Mq

t (23
We assume that the growth of dark matter halos proceeds g) ' 3.2

by hierarchical clustering, i.e., that halos are assembled from

smaller systems through merger and accretion events. Theherea= 1.5(solid line in Fig. 2 for the cosmology that we
rate at which the galactic halo accretes matter enters the catave used. We adopt a Milky Way halo mabk,=2
culation ofd P/dp in two ways:(i) directly, through the fac- x10°M,, the value derived ii47] from observations of
tor AV, and(ii) indirectly, since the potential well of the Gal- globular clusters and satellite galaxies. The exact details of
axy is becoming deeper with time, causing the orbits ofthe halo growth do not significantly affect our calculation of
individual clumps to contract. dP/dp, since it is the long term deepening of the potential
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Io00, Where the latter is defined as the radius within which
the mean density of the halo is 20Q(t). For the A CDM

12 — _____________________ model, the turnaround radius can then be written
: (t) 2( M@ | 520 kpdQq(1+2z)%+1
— r = _— = Z
S @ 800mpon(D P
S unf —Qo)‘1’3<—) . (3.5
# o

It is well known that the Press-Schechter mass distribu-
tion used above does not agree precisely with results from
N-body simulationge.g.,[48]). The mass function obtained
from N-body simulations generally has more high-mass ob-
Ly jects and fewer low-mass objects than the Press-Schechter
08 —0.6 -04 -02 0 distribution predicts. Correcting this difference would have

log,q(t/t,) little effect on our final value fod P/dp. The more massive
infalling clumps would create larger tidal tails, thereby in-

FIG. 2. Three realizations of the growth of &20'“M, dark  creasing the probability of encountering one today. On the
halo. The heavy straight line is the analytic fitting form&t)  other hand, there would also be fewer low-mass objects fall-
=M(t/to)"* used to calculatelP/dp. ing into the Milky Way. Taken together, these effects should

, ) partially cancel, suggesting that the error introduced by using
well of the Galaxy that is most important, not the short tefmine press-Schechter distribution instead of the numerically

fluctuations in the merger rate. In addition, we make thejetermined distribution should be small. Moreover, the
reasonable assumption that the angular momentum distriby egs-Schechter expression for the progenitor distribution at

tion for the accreting clumps is independent of their mass, sg,qqerate redshift is more accurate than the Press-Schechter
that theJ-dependence al separates out. This assumption, mass function at late times.

together with Eqs(3.1) and (3.2), yields the following ap-
proximate form for\:

105

10

B. Galactic potential

Our simulations follow the evolution of an individual
clump in a rigid, time-dependent gravitational potential de-
signed to represent the Galaxy. We adopt a three-component
where x(J,z) is the normalized clump distribution as a model for the galactic potential out to a truncation radius,
function of angular momentum at turnaroupfidJx(J,Zw)  ryne, Which is determined by the total mass of the system.

=1]. In principle, xy may be determined from simulations or Beyond the truncation radius, the potential is assumed to be
from a detailed analysis of tidal torques in the hierarchicalkeplerian:

clustering scenario. For the present discussion, we assume a

te) ¢ 1dN
./\/(Zta,J,m)=aM0(i) d_mX(J'Zta)’ (3.3

scaling form fory, namely x(J,z) = x[ I/ Jeirc(Zia) ] Where Phaiot Psphert Paisk I T <Tyunc,
Jeire(Zip) is the angular momentum for a clump in a circular d= GM (3.6)
orbit at the radiusry,. In particular, we assume that the ——+d, i r>ryyne

clumps are uniformly distributed i#?. y then takes the form '
_ _ 277 . 2 The model halo is described by a logarithmic potential, the
X(3:20) 3= 0 Umax= )28 Jeie(2a)3dd - (39 spheroid by a Hernquist potentigt9], and the disk by the

where ©(x) is the Heaviside functionf=Jg/Jmax, and  spherical analog of a Miyamoto-Nagai potentia8]. While
Jmax IS @ model parameter that characterizes the spread ie shapes of dark halos are not well constrained, the results
angular momentum of the clumps. We adopt a valuggof of Ibataet al.[54] on the tidal stream associated with Sagit-
=2, implying that the maximum angular momentum that atarius suggest that the Milky Way halo potential is close to
clump can have is one-half that required for circular orbits. [tspherical. The assumption of a spherical disk potential is less
is trivial to consider different choices g8 since dP/dp realistic but should not affect our results significantly: while
scales withB?. At most, with our choice of3, we overesti- & planar disk would cause the orbits of an otherwise spherical
matedP/dp by a factor of 4(Th|s would require merging model to precess and leave the orbit plane, it will not affect
clumps to be on circular orbits which is very unlikglyn ~ the properties upon which our subsequent calculations are
fact, B could be significantly higher than 2 if infaling mMost dependent—the number and density of the tidal
clumps are on predominantly radial orbits. streams. The components of the galactic potential in our

Though halos are never in true virial equilibrium, ap- model are thus
proximate equilibrium is reached provided no major merger
events have occurred in the recent past. It is then customary

1
2 2 2
: . o . = + .
to set the turnaround radius equal to twice the virial radius, Phaio™ 5 UhaioIN(r*+a%), 8.7

2
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GMspher I L Im;.m‘xm.‘. xl I ] ] ]

Pepre= ~ —rpp (38 P . ]

GM 350 .

disk r ]

D ik = — —(r2+02)1,2, (3.9 I :

where vae, M, and a are all time-dependent, witM(t) - 300 - )
given by Eq.(3.2. We assume that,,,. and a scale with & | ot e on el i
time at the same rate ag [Eq. (3.5]. The time dependence - .
of vhap IS then set by the relation 3 250 L i
GM rtzrunc+ a2 F o onomon @xox mox oomooox xx xom x xf) A

Uhalo™ r 2 (3-1@ i 7

trunc e r b

200 — —

. . . ) | oo o Ak %o owx x w % x ) we w x _

The disk and spheroid potentials are assumed to be time L _
independent. The values used for the disk and bulge are th [ momm ok mx s x cme e o ne oo x ek x|
same as those found ifb3]: b=0.7 kpc, c=6.5 kpc, L1 ol T

M gpher= 3.4X 10'M o, and M gig=10""M . However, we

adopt slightly different values for the present-day halo pa-
rameters: a(tg)=16.5 kpc and vnydto) =200 kms?t, 400
These parameters imply a circular speed @t of

220 kms!, the accepted IAU value. Additionally, the im-

plied mass of the Milky Way halo within 200 kpc i8I,
=2X10M, in agreement with recent work on the dynam-

ics of satellite galaxies and globular clust¢4g]. The cur- 300
rent value of the truncation radius in our model rig,nc

=216 kpc and the rotation curve is relatively flat out to this

radius. —
Selected orbits for which the clump reaches perigee at theé 200

present timety=13.5 Gyr, on its first, second, third, or ~
fourth orbits through the Galaxy are shown in the lower =
panel of Fig. 3. To construct these orbits, the
(ra,J)-parameter space is sampled at random, and those ini

tial conditions for which the orbits satisty<rg att=t, are 100
marked in the upper panel of Fig. 3. The decrease in apoge

with time is due to the time-dependent nature of the galactic
potential. The orbits are followed from turnaround, which
occurs at redshiftez;=0.26, z,=0.56, z;=0.79, andz,

=1.0, respectively. 0.4

C. Structure of clumps at turnaround - . .
FIG. 3. Initial condition parameter space and corresponding or-

We next turn our attention to the structure of the clumps abjts. Upper:r,,—J parameter space for orbits that are near the sur-
turnaround, before they have been subjected to the tidghce S at t=t,. The strips of points at,,=380, 285, 230, and
fields of the Galaxy. We treat the clumps as composed purely9s kpc correspond to particles that re&diter 1, 2, 3, or 4 orbits
of dark matter, i.e., we ignore the dynamical effects of bary-through the Galaxy, respectively. The large dots are the initial con-
ons in the clumps. Numerical simulatio(esg.,[45,55) sug-  ditions used in the numerical simulations. Lower: Distance from the
gest that the density profiles of dark matter halos have @galactic center as a function of time for the orbits shown in the
“universal” shape characterized by an inner power-law cuspupper panel.
and anr ~3 density falloff at large radii. These include the
Navarro-Frenk-Whitg NFW) profile [45] and that proposed
by Mooreet al. [55]. However, for convenience, we model
the infalling clumps as Hernquist sphefd$], for which the
density profile is given by

where p.i; is the critical density for closure is the scale
radius of the halo, and, is the characteristic density in units
of pgit- Since the density falls off asymptotically faster than
r—3, this model has the practical advantage that the total
mass is finiteM = 2wé&.p.ir@®, without having to impose a

4 truncation radius. Furthermore, the corresponding particle
p(r) &2 (3.1  distribution function,f(E), can be expressed analytically for
Peit  r(r+a)d’ ‘ the Hernquist modél49], while no closed form is available
for the NFW or Moore profilegshowever, se¢50-52).
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The characteristic densit, and scale length are deter- we T T T T T T T
mined using the algorithm outlined by Navarro, Frenk, and -
White [45]. Given the virial massiM 5, and the redshift at 1] S .
which the halo is identifiedin our case the turnaround red- \\\
shift), both the virial radiusr,oy, and characteristic density, 100 | ~ E
&, can be calculated, independent of the halo model as ; 4
sumed. The virial mass and virial radius are defined through  10:£ "',%
the relation ;

B 102 <
800 S S
200= ~5~ T 200Pcrit - (3.12 2 N
3 10 3 N E
For the Hernquist model, the virial mass, as derived from Eq. . _ \\ _
i AN 3
(3.1) is : N 3
2 01 F AN
M 0= 277 Eop .;ﬁ&- (3.13 N g
200 cHcrit (r200+ a)z, . L0-¢ . 3
when combined with the definition d1,40 [Eq. (3.12] it T Y R R U BT
yie|ds 0.01 0.1 1 10
T/ T
400
§c:TX(1+X)21 (3.19 FIG. 4. Density profiles for Hernquigsolid curve and NFW

(dashed curyemodels assuming a virial mass,’M), . The shaded

i ds to densities at the detectorpefl03
where x=r . Th n ndr re known, the '€9'on correspon ) . P PB
ere 200/ Thus, oncec and rao are known, the —10"%pg wherepg=6x 10 is the density of dark matter par-

scale lengtha can be readily calculated. ticles in the background

While we implicitly assumed a 1-to-1 correspondence be- '
tweené. anda, the results oN-body simulations show that
there is an intrinsic scatter in th&—a relationship[45].  The resulting expression fof,, can be compared directly
This stochasticity will not significantly alter the results since with the measurement df, in the simulationgEq. (2.4)], as
these fluctuations are largely erased when we integrate ovee will see in the next section.
the ensemble of infalling clumps.

The details of the density profile for the clumps.g.,
Hernquist vs NFW should not significantly alter our results. V. NUMERICAL SIMULATIONS OF CLUMP EVOLUTION
As shown in Fig. 4, the central profiles have the samé
behavior, while the NFW profile falls off less rapidly at large ~ We use numerical simulations to study the effects of tidal
r. However, it is the intermediate region, where the density idields on clumps as they pass through the inner regions of the
close to the background dark matter density in the solafalaxy. Clumps of various masses, initially described by the
neighborhood(the shaded region in the figyr¢hat is of  Hernquist spheres, are set on orbits such that a point particle
greatest interest. The central cores of the accreting clumpaith the same initial conditions would reach the solar radius
remain compact while the outer regions are quickly strippedoday. The clumps are followed as they move through the
by the tidal field of the Galaxy. Since the density falloff is rigid, time-dependent Galaxy potential described in Sec.
more gradual for the NFW model the resulting tidal streamdll B.
would be longer, slightly increasing the probability that the
solar system is in a low density stream today. Thus, the
choice of a Hernquist profile should underestimaidp at Code implementation and density measurements
low clump densities.

As described above, the calculation @P/dp requires dioi back q ial and I h
that we evaluate the quantitfs, in Eq. (2.4) for various fed to incorporate a background potential and to allow the

clump parameters. An approximate form figr is found by calculation of densities situ at specified time intervals. The

assuming that the clump is unaffected by the tidal field of thé€NSIty at any pointr; is approximated by taking the
Galaxy. In this limit, weighted average ove nearest neighbors:

Our simulations use the Barnes-Hut treec8@ modi-

Hy, dV

fo=——
" 47Tr§v,'nd|np

N
(3.19 p(roz;l mW(r; 1), (4.)

whereu, ,, is the radial velocity of the clump on itsth pass
through the solar neighborhoadee Fig. 3. The quantity =~ wherem; is the mass of th¢th nearest particle(r;,r;) is
dV/dp is readily calculated from the clump density profile. the symmetric smoothing kernel,
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1 we expect the clump to be ripped apart by the halo tidal field
W(ri,rj)= N(W(|ri_rj|/Hi)+W(|ri_rj|/Hj)), before it is appreciably slowed by dynamical friction; as a
! (4.2) result, the effective clump magas far as friction is con-
' cerned is reduced, again rendering friction unimportant. To
whereV,=47H?/3, H is half the distance to thidth near- ~ see this, a crude estimate of the ratio of the tidal and dynami-

est neighbor to an observer gt and cal friction forces gives
3 : Fic M |?3/500 kmst|2
1-—(2—x)x% if x<1, ~4x10°3 13 (4.6
4 ( ) F tidal 10°M o Uclump v

w(X)= (4.3

wherevy is the ratio of the clump density to the local smooth
halo density. Furthermore, if we were to include dynamical
0 otherwise. friction, it would cause more clumps to pass through the
solar neighborhoodon their way to the galactic cenjein-

This method is used extensively in smooth particle hydrodycreasing the probability of detecting a clump.
namics simulations.

Clumps are modeled with f(@articles. The time stefit
is dynamically adjuste@57] using

[ €
At=«
a

1
max

1 .
Z(2—x)3 if 1<x<2,

V. RESULTS

Figure 5 provides snapshots of°M clumps that reach
the solar neighborhood today on their first, second, third and
fourth orbits through the Galaxy. The effects of tidal fields on
the clumps are clearly evident. During the first couple of
wheree is the softening lengtha,, is the maximum accel- orbits, a clump is stretched into a long tidal stream which, by
eration that any particle has for that time step, and0.5is  the third and fourth orbits, wraps around the Galaxy. How-
a fixed parameter adjusted to optimize the performance ofver, the high density clump cores survive for many dynami-
the treecode. The softening length is taken to be 1/40th of theal times.
scale radius of the infalling halo. We have checked that the Figure 6 illustrates what our sphere of hypothetical ob-
results do not change significantly when the number of parservers see as a clump passes through the inner part of the
ticles is increased or the time step reduced. Galaxy for the first time. There are two distinct regions of

The quantityf,, is calculated by placing fictitious observ- high measured density where the clump enters and exits the
ers on a spherical shell of radiug=8.5 kpc centered on the r=r sphere. Thus, at this instant, a small fraction of observ-
model Galaxy. At regular intervals throughout the simula-ers measure a high density of high-velocity clump particles
tion, these “observers” record their local density using thewhile most of the observers measure a relatively low density
method described above. “6bservers are used in order to of clump particles.
ensure that no significant stream or clump slips through the Figure 7 shows the measured valued pés a function of
surfaceS undetected. p for 10°M, clumps that reach the inner region of the Gal-

We note that the effects of dynamical friction on the evo-axy by the present epoch on their first, second, third, or
lution of the clumps are not included in the code. Dynamicalfourth orbit. The analytic resultEq. (3.15] is shown for
friction due to the motion of a clump through the galactic comparison. For clumps on their first passage through the
halo would cause a steady deceleration of the clump in th@hner region of the Galaxy, the numerical and analytic results
direction of its motion, leading it to spiral into the center of for f, as a function op have roughly the same form. This is
the Galaxy. These effects should be negligible for the probto be expected since tidal fields have only just started to
lem at hand, since the time scale for dynamical friction isdisrupt the clump by this stage in its evolution. The analytic
generally much longer than the age of the Universe. Foresult underestimates the measured values by a faetar
example, for a clump of madd =10°M, traveling at speed This is easily understood as follows: In evaluating E315

(4.4)

Ueump=500 km st through the halo, with a perigee of  we sety, =550 kms?, the characteristic velocity of the
=8.5 kpc, the time scale for the clump to spiral into theclump at the solar radius. In fact, we should use the compo-
galactic center is at least nent of the clump velocity normal to the sphere of observers
5 which, for orbits whose turnaround radius is comparable to
r V% voump 10°Mg re, is considerably less than 550 km's
tric=2 8.5 kp 500 km st M Gyr Tidal effects distort the shape of thHg vs p curve. The
(4.5 general trend is to increase the probability at low densities
and decrease the probability at high densities, the transition
(cf. Binney and Tremaingl], Sec. 7.1 This is a conserva- occurring atp=10 2pg. Note that for very high densities,
tive underestimate of the friction time scale because it asf, approaches the value expected from the analytic results.
sumes the clump spends all its time at perigee and ignoreBhese regions are at the centers of the clumps where the
the spatial extent of the clump. A clump more massive thardensities are so high that they are not tidally disrupted.
this which penetrates the solar orbit could in principle suffer Our result forP(pp>p), the probability that the Earth is
significant dynamical friction. However, even in this case,passing through a stream of density greater thas shown
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FIG. 5. Snapshots of 20
clumps whose center of mass is
near the surfac8 att=t, on their
first (upper lefy through fourth
(lower right orbits through the
Galaxy. The surfaceS is repre-
sented by the sphere in the center
of each panel. Darker regions cor-
respond to higher densities. The
symbols used for the particles are
elongated in the direction of their
velocity. The “O” in the lower left
panel signifies the position of an
observer used later in the discus-
sion.

\ “'“\‘\ *,\“

V!
SRURRY

in Fig. 8. This figure indicates that there is a high probabilitythe solar neighborhood. Though these clumps and associated
for the Earth to be passing through a clump or stream wittiidal streams have a smaller galactocentric velo¢itey
density~3% of the mean local halo density;. The prob-  break away from the Hubble flow at a smaller raglitigeir
ability drops precipitously with density to values below 0.01 velocity in the Earth frame can be large. However, the pri-
for streams that would contribute a density comparable tanary assumption of our model, that we can divide the dark
that of the background. matter into a smooth background containing most of the halo
The separate contributions ¢id®/dp from objects on their
first through fourth passages through the Galaxy are shown
in Fig. 9. The largest contributions come from objects that
have made several passes through the Galaxy. This is prima-
rily due to the increase in accretion rate with turnaround
redshift. Additionally, clumps are stripped of particles with
each passage through the galactic center so that the tidal
stream of, say a “fourth-pass clump” wraps several times
around the Galaxy. Thus, the contributions to the density can
come from what are essentially independent phase space
streams. One might be concerned that our assumption of a
spherically symmetric Galaxy potential artificially forces
these streams to lie in a single plane, enhand®gdp at
large p. However, we are confident that our cutoff at fourth-
pass clumps is sufficiently conservative that this should not
be a big effect—the streams only wrap around the Galaxy a
few times and the likelihood of the stream intersecting itself
in the solar neighbohood is very small. FIG. 6. Sphere of observers and the density they measure as a
Clumps that have orbited the Galaxy more than four timesstream passes through. Darker regions of the sphere correspond to
can also produce cold, high velocity streams of particles irhigher measured densities.
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FIG. 7. The quantityf, as a function of density for M FIG. 9. Contribution todP/d Inp from objects on their first

clumps that reacts at t=ty on their first through fourth orbits through fourth pass througB (lower line through to upper line,
through the Galaxy. Solid lines show the analytic results assumingespectively.
no tidal disruption while the symbols show the results obtained

from the numerical simulations. The two types of symbols corre- d mi infalling hal beqi break d
spond to two different choices of orbital angular momentum showrM@ss and minor inialling halos, begins to break down at

in Fig. 3—crosses are the higher angular momentum, triangles are’ 1. In particular, forz=1 merging halos constitute a sig-
the lower angular momentum. nificant fraction of the halo mass and the smooth background

potential assumption is no longer valid. Since early accretion
events only add to the signal of interest, our results represent
a lower limit on the importance of accretion events for dark
matter detection experiments.

Finally, we turn to the velocity distribution of particles as
a clump or stream passes through the observation shell
The velocity space coordinates of particles within 0.5 kpc of
Sfor the four snapshots in Fig. 5 (I clumps that have
made 1-4 passes through the Galaxy by the present gpoch
are shown in Fig. 10. On its first pass through the inner part
of the Galaxy, the clump is tidally disrupted with particles
spreading out along the orbit of the clump center-of-mass. In
velocity space, particles have a fairly tight distribution in
speed but are spread out in direction as we expect from
Liouville’s theorem. By the third pass through the galactic
center, several streams are apparent and the velocity distri-
bution becomes rather complicated.

More relevant for our purposes is the velocity space dis-
tribution as determined by a given observer. For illustrative
purposes, we choose observer “O” located at the instanta-
neous position of the center of mass for the clump in Fig. 5
that has made three passes thro@glrigure 11 shows the
velocity space distribution for particles within 0.5 kpc©f
The distribution is anisotropic with an rms dispersion along
™ o i S ""1'0 the direction of motion of 19 km's and dispersion along

P/ Poncegroms the two transverse directions of 34 km'sand 53 km §1_,
again consistent with what one expects from Liouville’s

FIG. 8. Probability for the Earth to be passing through a streantheorem. A more detailed discussion of the evolution of a
with local density greater thap. p is given in units of the back- satellite’s velocity space distribution and the connection with
ground densitypg=0.3 GeV cm 3=8x10"3Mpc 3. Liouville’s theorem can be found if29].

—_

3.7% clump

0.1
30% clump
50% clump

._.
o
&
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i Thaeat MRS dR  oopy F2<Q>f°° & 6
500 - T 500 [~ Vo, ! o~ v)— .
i 1 i o dQ  2m?m, owin U
E or § 4 £ of - where o is the scattering cross sectiop, is the local
=" i =" WIMP density,F(Q) is a form factor for the WIMP-nucleon
[ ] [ 1 interaction, andyi,=(Qmy/2m?)¥2 Heref,(v) is the nor-
%0 7 er ' ] malized distribution of WIMP speedq f,(v)dv=1] in the
g ‘5(‘)0' — [') — '5(')0' & b '5(‘)0' — (') — '5(;0‘ J rest frame of the detector, obtained by integrating the three-
) v [kmy/s] ’ v, [kmy/s] dimensional veloci_ty dist.ributiorf(v) over all angles. In
B N keeping with the discussion of the previous section, we as-
i Pass 3 i  Pass4 | sume that the local distribution of WIMPs can be split into a
500 1 i "] 500 N ] smooth background and a single coherent clump or stream,
- - so that
g oL 18 oL ]
s 0 s o v dR dRg dRc
- - ...' i —=—+— (62)
i ] [ S dQ dQ dQ
500 - R 4 s00 [ g 5
L 1 [ | 1 [ 00PR
-500 0 500 -500 0 500 =TF2(Q)[TB(Q)+TC(Q)], (6.3
v, [km/s] v, [km/s] 2mym,

FIG. 10. Distribution in velocity space of particles within
0.5 kpc of the observer shef for clumps on their first through
fourth orbit through the Galaxy. Particle distributions are the sam
as in Fig. 5. Velocities are projected onto the orbitey)X plane.

where the subscriptB and C refer to the background and
clump, respectively, angg denotes the smooth local halo
edensity in the absence of the clump. The remaining terms are

given by
VI. EXPERIMENTAL SIGNATURES OF ACCRETED [ dv
CLUMPS AND STREAMS Te(Q)= - fip(v) —- (6.9
A. WIMP search experiments
and
At present, over twenty groups around the world have q
. o . Pc * 1%
dep]oyed or are in the process of building terrest_nal detectors Te(Q) =— fic(v) —. (6.5)
designed to search for WIMHS8]. These experiments at- P8 Jumin v
tempt to measure the energy deposited when a WIMP inter- o
acts with a nucleus in the detector. A WIMP of massthat A standard model for the halo background velocity distri-

scatters elastically with a nucleus of masg recoils with an b_uti_on is the Maxwellian distribution, assumed to be isotro-
energy  of Q=(mr2v2/mN)(1—cos¢9*), where m, pic in the rest frame of the Galaxy:

=mym, /(my+m,) is the reduced mass, is the speed of

the WIMP relative to the nucleon, angf is the scattering fg(v')=
angle in the center-of-mass frame. Of this recoil energy, only 773/2035

a fractionq is observed in the detector. However, since the

value ofq is a function of detector design, we will continue Wherev’ is the WIMP velocity in the rest frame of the Gal-
to discuss detection rates in terms of the recoil energy ratheé¥Xy, andvg is the two-dimensional halo velocity dispersion,
than the quenched values. The differential detection(mee ~ corresponding approximately to the circular velocity at the
unit detector magscan then be writterte.g.,[17]): position of Sun in the Galaxy,s=220 kms*. LetVeg be
the velocity of the Earth relative to the Galaxy frartes-
sumed to be nonrotatifngso thatv’ =v+Vgg. Transforming

ev g (6.6)

LN LA L L . L L I O L 0L L L O B IS L Y B

50 xy ] r ] the distribution(6.6) into the Earth framde.g.,[59]) and
: substituting into Eq(6.4) yields
0 :_ _: _:_ _: 1 Umint Ves (Umin_VEB)
_ ] T ] Te(Q)= 2VEB[erf( U )_erf s I
g B __:_I Ly ’l-"L'I | |_: (67)

oo b by oo d

500 550 -50 0 50

In what follows, we use a slightly more complicated expres-
FIG. 11. Three projections of the velocity space distribution of Sion that assumes a velocity-space cutoff at the escape speed

particles within 0.5 kpc of the observer “O” that is indicated in the of the Galaxy with the value ,s=575 kms* (e.g.,[59]).

lower left panel of Fig. 5. Velocities are given in km’s If we assume that the velocity distribution of the WIMPs in a
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clump is Maxwellian and isotropic in the rest frame of the 01 g T TETTTTTTTT T TR T e

clump, with internal velocity dispersion:, then oot b

Umint VeC Umin— VEC 10-
erf —erf 3
Uc Uc 10—+ !

(6.9

Pc
peVec

dR/dQ

Tc(Q)= >

10s L .
0O 50 100 150 0 50 100 150 O 50 100 150
Q (keV) Q (keV) Q (keV)

where V¢ is the relative velocity of the Earth and the
clump.

It is straightforward to understand heuristically the effect
of a WIMP clump on the nuclear recoil energy spectrum ina 1ok
dark matter detector. The key observation is that the clumgg 3
internal velocity dispersiomc~50 km s, is small com- 2

0.01

10 £

pared toVgc~525 kmst. In the limit vc/Vec—0, the 1o-°;

clump particle distribution function in the frame of the Earth .

. - . . . . 10—0 1l LIS T N T L1y B
IS given byflc(v)“5(v __VEC): from EQ-(G-]-): th'$ implies 0 50 100 150 0 50 100 150 0 50 100 150
that the detection rate is constant, with an amplitude propor- Q (keV) Q (keV) Q (keV)

tional to IV, if Vec>vmin(Q) and zero otherwise. That

is, the detection rate is constant at sn@lland zero beyond FIG. 12. Theoretical differential event rate per kg per keV per

day as a function of recoil energy for different clump speeds as

; — 92\ /2
Zomevar\?ii);lr:;;nso\r/]ill: Qg]s?xthezrlgg\r/ti(’:s/vglbc-li—there\ll:tliﬁl/z ,:)Of th measured in the rest frame of the Earth. The clump speeds are, from
max Y, y Seft to right, 401, 569, and 698 km'$ corresponding to a clump

clump changes. Including the nonzero clump velocity dlsper-moving through the Galaxy withcg=525 km s ! at angles rela-

sion v turns this sharp cutoff in the detection rate into aye o Vg Of 45°, 90° and 135 °, respectively. The upper panels

smooth shoulder, with a width proportionalée. are forF(Q) =1, the lower forF (Q) = exp(~ Q/(2Qy)). The dotted,
As discussed above, the distribution of particles in veloC-yashed, and solid lines are the detection rates due to the back-

ity space for a tidally disrupted clump is anisotropic. In par-ground, the clump and the clump plus background, respectively.
ticular, the dispersion is a factor of 2—3 times smaller alongrarameters chosen for the calculation age/pg=0.03, oo=4
the orbit of the clump(defined byV¢g, the velocity of the  x107% cn?, m,=50 GeV, my=68.5 GeV and,Qy=52.7 keV.
clump in the Galaxy frameas compared with the transverse The remainder of the figures uB¢Q) = 1; however, this figure can
directions (cf. Fig. 11). f,c(v) is calculated in the Earth be used as a guide for the effects one would expect. Note that the
frame of referencein Fig. 10, the distribution of about a  scales are offset between the upper and lower panels.
point displaced from the origin by:g). The width of the
peak off,-(v) therefore depends on the angle betw¥enR 0=52.7 keV for a Ge-based detec{@9] (lower panels
andVcg. When these velocities are collinear, the distribu-As anticipated, forF(Q)=1, the contribution from the
tion is relatively narrow. When they are close to perpendicuclump is well-approximated by a step function @with a
lar, the distribution is somewhat broader. In either case, thénore pronounced contribution from the clump at larger val-
dispersion inv is small compared with the dispersion of ues of Vgc. Though the number of events per energy bin
particles in the background. Thus, velocity space anisotropylecreases as\{c, the total number of events increases as
alters the detailed shape of the feature in a recoil spectrung... A positive feature of the clump signal, in terms of
but not its general characteristics. While it is straighforwarddetectability, is that it dominates over the background halo
to include velocity space anisotropy in the calculations thakignal at high recoil energy, where radioactive backgrounds
follow, doing so increases the number of parameters angre generally small. A negative feature is that the absolute
complicates the discussion. Therefore we work under the asfetection rate associated with a clump is not likely to be
sumption that the clump velocity dispersion is isotropic.  |arge (which is why it is subdominant at lower energieso

The recoil energy spectra foWgc=401, 569, and a large total detector mass would be necessary. In the case
698 kms* are shown in Fig. 12. These velocities corre-with the exponential form factor, the flat plateau and back-
spond to a clump moving with a speed ofcg  ground halo signal are both exponentially attenuated by the
=525 km s ! relative to the Galaxy at an angle with respectsame factofa simple tilt in a semilog plot The ratio of the
toVggof45°, 90°, 135°,respectively. Fdfzgwe use number of events due to a clump of stream relative to the
the Sun’s velocity relative to the GalaXgeasonal modula- number of events due to the background is therefore un-
tion will be discussed below In this example, we have as- changed by a form factor. However the event rate in the
sumed a clump with local density equal to 3% of the localregion where we expect a feature due to a clump or stream is
halo density, i.e.pc=9x10"3 GeV cm * at the position of  reduced. For simplicity we adopt(Q) =1 for the remainder
the Earth, which Fig. 8 shows to be a common occurrencenf the discussion. Figure 12 can then be used as a guide for
dR/dQ is given in units of events per kg of detector per keV the reader to transform the spectra to one appropriate for any
per day with assumed parameterg=4x10% cn?, m,  given detector.
=50 GeV, andny=68.5 GeV corresponding to Ge de- Figure 13 shows recoil spectra for various WIMP masses.
tector. In addition, we have used two nuclear form factorsThe background spectra exhibit the usual dependence with
F(Q)=1 (upper panelsand F(Q)=exp(—Q/(2Q)) with m, : spectra for smallem, fall off faster with Q. Likewise,
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FIG. 13. Theoretical differential event rate for WIMP masses ‘3«)&

m, =25 GeV (dashed ling m, =50 GeV((solid ling), andm, =75
GeV (dotted ling. In each case, we show the event rate for both

are the same as in Fig. 12. the solar system. Also shown is the Sun and its direction of motion

around the galactic center and the Earth and its orbit around the

) . o Sun. Spectral features due to streams A and B will have the maxi-
the clump feature moves to higher energiesnasis in-  mum seasonal modulation while streams C and D will show no
creased. seasonal modulation. The modulation of the feature due to stream B

While the hierarchical model gives statistical predictions(A) will be in phase (180° out of phasevith that of the back-
for the clump density, velocity, and velocity dispersion, theground.
seasonal variation of the signal depends on the relative ve-
locity of the clump and the Sun, which we cannot predict the seasonal modulation of the background sidmdl] is
priori. Figure 14 shows several choices for the clump orshown by the two sets of dotted curves. The fractional modu-
stream velocity vector. The direction of motion of the Sunlation signal,
around the galaxy and the orbit of the Earth around the Sun
(the plane of which is perpendicular to the pagee also (dR/dQ) june= (dR/AQ) pec
shown. The Earth is at the upper left point of its orbit on FQ)= (ARIA0) ot (ARIAQ) (6.9

. . June Dec

about June 2 and at the lower right six months later. For
directions A or B, the annual modulation of the clump signal,
that |s the amplitude of th_e yearly variation in the maximumground in phaseand A (feature and background out of
recoil energyQax, 1S maximal, of order 25% peak to peak; hase.
for streams C and D,.perpendicular to Earth’s orbit, there is |t the recoil spectral feature due to the clump can be de-
no seasonal modulation of the clump signal. For stream Ayected, then it should be possible in principle to determine
Qmax reaches a minimum on June 2 and a maximum sixhe physical parameters of the dark matter stream: its density,
months later; for stream B, the situation is reversed. Notejirection of origin, velocity, and velocity dispersion. The
that the four directions shown here all lie in the plane definednaximum recoil energy associated with the clu@p., de-
by the Sun’s velocity and the orbital axis of the Earth aroundiermines the produci,Vec. The background halo signal
the Sun. In such cases, the annual modulation of the clumipself determineam,vg; if vy is sufficiently reliably deter-
signal is in phaséor antiphasgewith the annual modulation mined from the galaxy rotation curve, th&fxc can be ex-
of the background haléwhich is set by the relative velocity tracted. The clump velocity dispersior is then determined
of the Earth with respect to the galactic halwith a peak or  from the width of the clump recoil shoulder ne&
trough on June 2. We emphasize that this is a special case: mQax, and the clump densitg. from the relative ampli-
general, the clump orbit will not lie in this plane and will tude of the clump and background halo signals. Finally, the
therefore have a different phase from that of the smootlphase of the clump modulation signal constrains the plane of
background halo. Consequently, the phase of the clump sighe clump orbit, while the amplitude of the clump modula-
nal modulation constrains the clump direction of motion. tion signal, along with the parameters above, constrains the

Figure 15 shows the seasonal modulation for examples AMirection of the clump velocity vector in that plane. In prac-
and B of Fig. 14. The two solid lines show the shifts in thetice, of course, given finite detector energy resolution, the
spectrum due to seasonal variation of the clump signal, whilgresence of radioactive backgrounds, low counting rates, and

is shown in Fig. 16 for both Bclump feature and back-
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FIG. 17. Relative event rate as a function of recoil angle for a
Maxwellian backgrounddotted ling, a 3% clump(dashed ling
and clump plus backgroun@olid line). #=0 corresponds to a re-
coil event in the direction opposite to that of the Sun’s motion
around the Galaxy. Velocity of clump and Sun are assumed to be
colinear. Left: Clump moving in the same direction as the Sun.

104 A
Il L] | ] 1 | ] I x

0.01

o -3 Dec ™ - ; ) . .
- 10 3 E Right: Clump moving opposite to the Sun. Clump speed in the rest
E E 4 frame of the Galaxy is 525 km'$. Other parameters are the same
o - . as in the previous figures.

10-4 N

possible confusion due to more than one clump, the dynami-
cal information that will be extracted is likely to be more
50 100 limited.
Q (keV) A new generation of WIMP detectors with directional sen-
sitivity [e.g., Directional Recoil Identification From Tracks
FIG. 15. Theoretical event rate vs recoil energy for Jiswid ~ (DRIFT) [60]] is now under development. The ability to
lines) and Decembe(dashed lines Thin lines are the signal from measure the nuclear recoil direction would provide a new
the background; thick lines are the signal from the background plusivenue for constraining the clump speed and direction rela-
a 3% clump. Upper panel: The modulation of stream and backtive to the Sun. Figure 17 shows the angular recoil spectra
ground are in phaséstream B from Fig. 14 Lower panel: The  for two special cases: clump travelling through the halo in
modulation of thg stream and background are 180 ° out of phas&e same direction as the Sun and clump traveling in the
(stream A from Fig. 14 opposite direction from the Sun. In each case, we assume
that the clump speed in the galactic rest frame is 525 kfn s
We choose a clump dispersians=25 km s ! which is a
factor of two smaller than what was used in the previous
discussion.(Recall that the velocity dispersion is smaller
along the direction of motion of the clump than in the two
transverse directions. Since we are considering the special
case where clump and solar system velocities are colinear,
we select a dispersion at the low end of the expected range.
When the WIMP stream is travelling in the same direction as
the Sun there is an increased probability of forward scatter-
ing. When the stream travels against the sun’s motion, rear-
ward scattering is increased. Note that there is an appreciable
signal when clump and Sun are moving in the same direction
whereas the feature in the energy spectrum for this case is
barely detectable.

P Y=Y B EE T RIS T BT B. Axion search experiments
0 50 100 150

Q (kev) Axions are pseudoscalar particles that arise in theories

FIG. 16. Fractional modulation signdél(Q) as defined in Eq. deSIgngd to solve the strongP p_roblem(e.g., [61]). A_I' .
(6.9 vs Q. The solid line shows the result for the background. ThetnOUgh in most models these particles are extremely light, in
dashed line shows the result for background plus stream B of Fighe early Universe, they are nonrelativistic and therefore be-
14 (modulation signal of stream in phase with that of background have like other cold dark matter candidates. The direct de-
The dotted line shows the result for background plus stream Aection scheme for these particles relies on their coupling to
(modulation signal of stream 180 ° out of phase with that of back-photons @yy) [62,63. In a magnetic field, the axion can
ground. convert into a microwave photon with an energy equal to the
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| RN S S B B S B S S B B B B B B VII. CONCLUSION

Dark matter detection experiments may provide a new
window to the Universe. If successful, the results would have
dramatic implications for the field of particle physics, lead-
ing to physics beyond the standard model. The implications
for cosmology would be equally important since dark matter
represents-30% of the energy density of the Universe and
~90% of the mass in gravitationally bound structures. The
results presented here suggest that dark matter search experi-
ments can also provide clues to the formation history of the
galactic halo.

Most analyses of direct detection experiments take, as a
starting point, the assumption that the velocity-space distri-
bution of dark matter particles in the solar neighborhood is
smooth and approximately Maxwellian. Howevébody

0 200 200 800 800 simulations indicate that.CDM halos have a'high degree of
v (km s-1) substructure due to undigested lumps and tidal streams. To
what extent can this substructure affect the results of dark

FIG. 18. Speed distribution for Maxwellian backgroudight matter detection experiments? Currébody simulations
lines), and clump plus backgrountheavy lines. Shown are distri-  do not have the resolution to answer this quesf@H. It is
bution functions for Junésolid lineg and Decembefdashed linegs  for this reason that we have developed a hybrid approach
assuming seasonal modulation of clump and background are ihased on the extended Press-Schecter formalisniNasmty
phase(stream B in Fig. 1#and a clump velocity dispersionc  simulations of individual clumps evolving in a background
=50 kms L. Also shown is the distribution function for June as- potential.
suming a velocity dispersion of 25 km (dotted. A clump speed Our main results are summarized in Fig. 8. Taken at face
relative to the Sun of 569 kn1'$ was chosen. value, they imply that there is a high probability for the local
density of dark matter particles to be enhanced by a clump or

axion’s total (rest mass plus kinetieenergy; this signal can stream with a density equal te3% of the background. The

be detected with a suitably tuned microwave cavity. In thisprobability drops precipitously as a function of clump den-
respect, axions would provide a more direct picture of thesity and is negligible for densities comparable to that of the
distribution function of dark matter. The axion energy spec-background.

trum in Fig. 18 shows that significant features can be intro- A dynamically “cold” dark matter stream with a density
duced into the spectrufthick lines which are not presentin ~3% of the background can produce an observable feature
the pure Maxwellian background modghin lines. Here, inthe energy or angular spectra of a terrestrial search experi-
we have assumed the same parameters as in our discussiomnagnt. For recently accreted clumps and their associated tidal
WIMP detection via nuclear recoilvg~50 kms't, Vgc  Streams, the anticipated features appear at high energies pre-
=569 kms !, pc/pg=0.03). The feature appears as a pla-Cisely where the signal from the background drops dramati-
teau at high velocities, right where the background is dropcally. In addition, the seasonal modulation of the stream’s
ping rapidly. Moreover, if the clump dispersion is smaller, signal will be different from that of the background. In prin-
the feature appears as a distinct secondary peak. This is i#ple, energy and angular spectra would allow one to extract
lustrated by the dotted curve where we assumg various clump parameters such as its internal velocity disper-
=25 kms 1. sions, and velocityspeed and directigmelative to the Earth.

By following the motion of the secondary peak through- We conclude by noting that this model of halo substructure
out the course of a year, considerable additional informatiogould yield other observable detection signatures that would
about the dynamics of the stream can be determined. Thee interesting to explore—for example, in events arising
range of velocities over which the peak moves correspondom WIMP annihilations in the cores of accreted clumps.
to the angle of the stream with respect to the plane of the
Earth’'s orb_it. For example, a stream perpendicular to the ACKNOWLEDGMENTS
Earth’s orbit would show no variation over the course of a
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