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Effect of realistic astrophysical inputs on the phase and shape of the weakly interacting massive
particles annual modulation signal
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The orbit of the Earth about the Sun produces an annual modulation in the weakly interacting massive
particles(WIMP) direct detection rate. If the local WIMP velocity distribution is isotropic then the modulation
is roughly sinusoidal with maximum in June; however, if the velocity distribution is anisotropic the phase and
shape of the signal can change. Motivated by conflicting claims about the effect of uncertainties in the local
velocity distribution on the interpretation of the DAMA annual modulation sigaat the possibility that the
form of the modulation could be used to probe the structure of the Milky Way) hatstudy the dependence
of the annual modulation on various astrophysical inputs. We first examine the approximations used for the
Earth’s motion about the Sun and the Sun’s velocity with respect to the Galactic rest frame. We find that overly
simplistic assumptions lead to errors of up to ten days in the phase and up to tens of percent in the shape of the
signal, even if the velocity distribution is isotropic. Crucially, if the components of the Earth’s velocity
perpendicular to the motion of the Sun are neglected, then the change in the phase which occurs for anisotropic
velocity distributions is missed. We then examine how the annual modulation signal varies for physically and
observationally well-motivated velocity distributions. We find that the phase of the signal changes by up to 20
days and the mean value and amplitude change by up to tens of percent.
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. INTRODUCTION m, =52 GeV and cross sectibgo,=7.2x 10" ° nb with the
3-0 allowed region encompassing masses and cross sections
in the rangé 30 Ge\)m, <100 GeV and 10° nb<{o,

Arguably the best motivated nonbaryonic dark matter can e
<10 ° nb[7].

didate is the neutralindthe lightest supersymmetric par- . L )
ticle), and direct detection experiments are just reaching the 1aKen at face value this allowed region is incompatible
sensitivity required to probe the relevant region of parametelVith the exclusion limits from the Cryogenic Dark Matter
space[1]. Since the expected event rates are so smafP€arch(CDMS) [9], Edelweiss[10], and Zeplin I[11] ex-

[O(10 5-10) counts kg'day * see, e.g., Ref§2,3]] dis- periments. While these exclusion limits depend relatively

tinguishing a putative weakly interacting massive particleV€akly on the WIMP velocity distributiorivarying by of
(WIMP) signal from backgrounds due to, for instance, ney-Crder tens of percent for fixed, [12,13) the annual modu-

trons from cosmic-ray-induced muons or natural radioactiv/2tion signal depends sensitively on the halo model assumed

ity, is crucial. The Earth’s motion about the Sun provides twol 14—21 and the region of WIMP mass—cross-section param-
potential WIMP smoking gungi) an annual modulatiopd] ~ ©ter space corresponding to the DAMA signal may be sig-
and(ii) a strong direction dependeniés of the event rate. In nificantly enlarged if ponstandard halo model; are consid-
principle the dependence of the differential event rate on th&€d[14,15,19. In particular Belliet al. [19] carried out an
atomic mass of the detectésee, e.g., Ref§2,3)) is a third extended analysis of the DAMA data, for a Ia_r_ge range of
possibility; however, this would require good control of sys- halo models and parameters, and found a significant enlarge-

tematics for detectors composed of different materials. Whildn€nt of the allowed region to encompasses masses in the

direction sensitive detectors probably offer the best long!@ng€ 301Ge\eCmX<27O GeV and cross sections in the
0% nb<{o,<6x10 % nb. However, as recently

term prospects for the unambiguous detection of WiMpsfange 1 _
and development of such a detector is underf@yannual- Pointed out by Copi and Kraus20] and Fornengo and

modulation searches are already feasible using large detectgfPPel[21], the phase of the annual modulation can be sig-
masse$7]. nificantly different if the WIMP velocity distribution is an-

If the local WIMP velocity distribution is isotropic then Isotropic and the time variation may not l:_)e close to sinu-
the annual modulation is roughly sinusoidal with a maximum50|dal[18,2]]. In fact, in apparent contradiction to the results

. ) .. of Belli et al.[19], Copi and Kraus$20] found, considering

n ea_rly Jl_Jne(when the ?ompqneqt of the Earthsv_elocny Na similar range of halo models, that the DAMA annual
the direction of the Sun’s motion is larggsind amplitude of

order a few percent. The DAMA Collaboration, using a de-

tector consisting of Nal crystal scintillators, haye detgcted an "Here{=p, /(0.3 GeV cn®) parametrizes the uncertainty in the
annual modulation with roughly these properties, which they .., wimp density,p

. . . Wy

interpret as a WIMP signdl7]. Assuming a standard halo  2the jower limitm,>30 GeV is imposed by hand and represents
model with a Maxwellian velocity distribution and circular the somewhat model-dependent limit on the neutralino mass from
velocity v,=220 km s!, they find a best fit WIMP mass accelerator sparticle searchesg.,[8]).
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modulation signal could not be made compatible with theve: 29.79 km s1. The annual modulation is mainly deter-

exclusion limits from the CDMS and Edelweiss experimentsmined by the component of the Earth’s motion in the direc-
Motivated by this apparent conflict, and also the possibiltion of the Sun’s orbi

ity that if a WIMP annual modulation signal were detected

its phase and shafdé8,20,2] could allow us to probe the
structure of the Milky Way(MW) halo, we study in detail the

4

Veo()=vetuvesinycosa(t),

astrophysical uncertainties in the calculation of the annuaf/here a(t)=2m(t—1tg)/T, T=1 yr, t,~153 days(June
modulation signal. In Sec. Il we concentrate on the motion o2"d, y~30° is the angle between the axis of the ecliptic and
the Earth relative to the Galactic rest frame. In Sec. Il wethe galactic plane, and is measured in days. Sinae,
discuss the local WIMP velocity distribution, in particular > Ve if the velocity distribution is close to isotropic, the
the importance of using physically and observationally regdifferential event ra_te can be expanded in a Taylor series in
sonable models. In Sec. IV we examine the effects of th€0Sa(t) so that, to first ordef4]:

modeling of the Earth’s motion and the local velocity distri-
bution on the phase and amplitude of the signal and the
extent to which it can be approximated by a sinusoidal varia-

tion, before concluding with a discussion in Sec. V.

IIl. MOTION OF THE EARTH

The differential WIMP elastic scattering rate due to scala

interactions is given by2]

po3 (Mp+ mX)z

= 2.3

dR _ 2 2
E(ED={0p AT(E,HFX(q) |, (D)

mpmy

wherepg ;=0.3 GeV cm 2 (and¢ is defined so that the local
WIMP density is{pg3), o, is the WIMP scattering cross
section on the protony, is the local circular velocityA and

drR
E(E,t)wRo(EHRl(E)COSa(t), (5)
with Ry(E)>Ry(E), i.e., the modulation is roughly sinu-
soidal.

A commonly used[16,22,15,20 expression for the
Earth’s motion in Galactic coordinateX(Y,Z), whereX is
'toward the Galactic centeY,in the direction of rotation, and
Z toward the north Galactic pole, is

Ve(t)=vd —sina(t),cosa(t)siny, —cosa(t)cosy].

(6)

This expression assumes that the Earth’s orbit is circular and
the axis of the ecliptic lies in th¥-Z plane[16].

A more accurate expression for the components of the
Earth’s velocity relative to the Sun can be found by using the
expression for the Sun’s ecliptic longitudeom, e.g., p. 77

F(q) are the mass number and form factor of the targef; o+ [23]), A=L-+1°.915 sirg+0.020°sin & where L

nuclei, respectivelyE is the recoil energy of the detector

nucleus, andr'(E) is defined, so as to be dimensionless, a

[2]
\/;U c

2

= f,(0)

J'Umin

T(E,t)=

)

v,
v

wheref ,(t) is the WIMP speed distribution in the rest frame

of the detector, normalized to unity, ang,, is the minimum
WIMP speed that can cause a recoil of enelfgy

1/2

, )

E(m,+my)?
vmin: - 5

2
2mimp

wherem, is the atomic mass of the detector nuclei.
The WIMP velocity distribution in the rest frame of the

=280°.460+ 0°.9856008 is the mean longitude of the Sun,
Scorrected for aberratiorg=357°.528+ 0°.9856008 is the
mean anomalypolar angle of orbjt andt is the time in days
from 1200 Universal Tim&on 31 Dec 1999, and transform-
ing from ecliptic to Galactic coordinatég.g., p. 13 of Ref.
[23]). Lewin and Smith[3] carried out his procedure and
found

Ve(t) =ve(N)[COSB,SIN(N —\,),COSBy

X sin(A —\y),C0SB,SIN(N—\,)], (7
where v(\)=vd 1—esin(A—\g)], €=0.016722, and\,
=13°+1° are the ellipticity of the Earth’s orbit and the
ecliptic longitude of the orbit's minor axis, respectively, and
Bi=(—5°.5303,59°.575,29°.812) and \;=(266°.141,
—13°.3485,179°.3212) are the ecliptic latitudes and longi-
tudes of the X,Y,Z) axes, respectively.

Fornengo and Scopdl21l] used a similar expression

detector is found by making a time-dependent Galilean transyhere the the nonuniform motion of the Sun in right ascen-

formationv—V=v-+v(t), wherevg(t) is the Earth's veloc-

sion is neglected in the coordinate transformation so that the

ity relative to the Galactic rest frame, which has two compo-sin(\—\;) terms in Eq.(7) above are replaced by dogt

nents: the Earth’s orbit about the Sun and the Sun’s motion-t;)],

with respect to the Galactic rest frame.

A. Orbit about the Sun

where t;=(76.1,156.3,352.4) days andw

SFor simplicity we ignore the Sun’s motion with respect to the
local standard of rest in this section.

The Earth moves in a close to circular orbit, inclined at an “Universal Time is equivalent to Greenwich Mean Time to within
angle of roughly 60° to the Galactic plane, with orbital speedan accuracy of seconds.
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FIG. 1. The components of the orbital velocity of the Earth in  FIG. 2. The differences between the expressions for the velocity
GalacticX,Y,Z coordinates i, x, top panel,v,v, middle panel; of the Earth in Galactic coordinatga (ve x),A(vey),A(ve2), top,
andv,z, bottom panglfound using the assumptions discussed in middle, and bottom panel, respectivehelative to the full expres-
the text:(i) assuming that the Earth’s orbit is circular and the eclip- sion, including the ellipticity of the Earth’s orbit and the nonuni-
tic lies in theX-Y plane[Eq. (6), short dashed lings(ii) ignoring form motion of the SufEg. (7) and Ref[21]]. Line types as in Fig.
the ellipticity of the Earth’s orbit and the nonuniform motion of the 1. Note the larger scale used v, y).

Sun in right ascensiofEq. (8) and Ref[18], long dashed link (iii )
including the ellipticity of the Earth’s orbit but not the nonuniform
motion of the SunRef. [21], dot-dashed ling and (iv) including
the ellipticity of the Earth’s orbit and the nonuniform motion of the
Sun [Eq. (7) and Ref.[3], solid ling]. Time is measured in days
from noon on 31 Dec 2002.

ecliptic lies in theY-Z plane[Eqg. (6)] leads to large errors in
the X andZ components. The other three expressions are in
relatively good agreement for all three components.

B. Motion of the Sun

=2ml(1 year). Gelmini and Gondol¢18] used a slightly We now consider the motion of the Sun, which can be

simpler expression, which neglects the ellipticity of the gjijeq into two components: the motion of the local stan-
Earth’s orbit and the nonuniform motion of the Sun in right 4.4 of rest(LSR) and the Sun’s peculiar motion with re-

ascension. In terms of the Sun’s ecliptic longitude, whlchSpect to the LSRy o, pec. The “standard values” often used

under these approximations is given Byt)=w(t—t;),  in WIMP event rate calculations date back to Kerr and
wheret, is the spring(verna) equinox,t;=79.55 days, Lynden-Bell's 1986 “Review of Galactic constant$25];
L R _ however, since then the Hipparcos satellite has provided ac-
Ve(t) =vd eSink(t) —e,cosh(t)], (8)  curate measurements of the motions of large numbers of

R R nearby stars, allowing more accurate determinations of the
wheree; ande; are in the Sun’s direction at the spring equi- Galactic constants, so the “standard values” should be up-

nox and summer solstice, respectively: dated.
The standard value used for the Sun’s peculiar motion,
e,=(—0.0670,0.4927 0.8676, with respect to the LSR, i8¢ pec=(10,15,8) km st [25],
while Lewin and Smith[3] use v pec=(9,12,7) km s,
&,=(—0.9931-0.1170,0.0103p (9)  Wwith errors of order a few km's' in each component leading

to an uncertainty of several days in the phase of the modu-
These expressions for the components of the Earth's ofation [18]. The value determined more recently using data
bital velocity are displayed in Fig. 1, and the deviations befrom Hipparcos isve pec=(10.0,5.2,7.2) km's' [26,27,
tween the expressions in Fig. 2. In the plots time is measurewith the stated errors in each component being roughly
in days from noon on 31 Dec 2002, but the correct time0.5 km st
(measured in days from noon on 31 Dec 1P8%used in the Assuming that the MW is axisymmetric, then the motion
calculations. If time is erroneously measured from the beginof the LSR is, by definition(Ov(Rp),0), wherev(Ry) is
ning of the year rather than the beginning of 2000, then thighe circular velocity at the solar radius. Kerr and Lynden-
leads to a horizontal shift in the curves of 0.27 days for everyBell combined a large number of independent determinations
year elapsed since 2000. The deviations inYr@mponent of the circular velocity and found,=222.2 km st with
are reassuring smafbf order a few perceit however, as- standard deviation 20 kmi'$ [25]. The proper motions of
suming that the Earth’s orbit is circular and the axis of theCepheids measured by Hipparcos allow accurate determina-
tions of the Oort constantd and B [28], which lead to a
value for the circular velocity, in terms of the Galactocentric
5This figure is for 2003 and is accurate to within about 0.04 daysdistance Ry: v (Rp)=(27.2£0.9)(Ro/kpc) km st [27].
The time at which the spring equinox occurs increases by 0.24 day@ne possible caution is that this calculation assumes that
a year(see, e.g., Ref.24]). stars move on circular orbits, which may lead to a systematic
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error as the MW is not exactly axisymmetfi27]. Accurate R 7 T 1 T
very long baseline interferometry measurements of the

proper motion of the SgrA radio source at the Galactic 2
center provides an alternative, marginally inconsistent, deter-
mination of v.: (30.1+0.9)(Ry/kpc) km st [29,27. In

this case nonzero peculiar motion of Sgrfaroduces a sys-
tematic error. UsindR;=8.0+ 0.5 kpc from the most recent
compilation of determinations oR, [30] leads tov(Rg)
=(218+15) km s'! from Cepheids andv(R,)=(241
+17) km s ! from SgrA*.

1.5

(0./Y, )

0.5

IIl. LOCAL WIMP VELOCITY DISTRIBUTION

o
~
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c,/v, )R
Data analyses nearly always assume a standard halo (@4/o.n)

model with an isotropic Maxwellian velocity distribution: FIG. 3. Physically and observationally reasonable values,of

ando [o,= (v~ 05) 2. Inside the dotted lines the ratio of any
1 2, 2 two of the velocity dispersions is no greater than 1:3 and inside the
f(v)= Tzusexq —Vveh), (100 solid lines the anisotropy parametgris in the range & 8<0.4.
T Ueh Restricting the axial ratios of the density distribution would further

) o ) rule out some sets of values inside the solid lines.
wherev, y is the contribution of the halo to the local circular

velocity, which corresponds to a spherically symmetric dengyanset al. do not consider parameter values for which the

. . . . . 72 . .
sity distribution withpocr =<, i.e., an isothermal sphere. Ob- a4ig of any two of the velocity dispersions is more than 3:1,
servations and numerical simulations indicate that galaxy hasq a5 to avoid models which are afflicted by instabilifi@g].
los are in. fact triaxial and anisotropic, howeysee Ref[13] We will now briefly examine what sets of values of the
for a review. As the size{14,16-2] and phas¢20,21] of  \g|qcity dispersions are reasonable for the logarithmic ellip-
the annual modulation signal depend quite sensitively on thgigal model, if the Sun is located on the intermediate axis of
halo model assumed, the realistic modeling of the WIMPhe hajo(the deviations from an isotropic velocity distribu-
velocity distribution is crucial when extracting parameters Olijon are smaller on the major axi82,13). On the interme-

exclusion limits from data or comparing results from differ- yiate axis the velocity distribution can be written as
ent experiments.

The steady state phase-space distribution function of a 2 2 2
. . : L . Uy Uy Uy
collection of collisionless particles is given by the collision- f(v)= —eXp( S S . ) ,
less Boltzmann equation, and the velocity dispersién$), (2m)¥20,0 40, 207 205 207
of the system are calculated via the Jeans equations, which (13)

are found by taking moments of the collisionless Boltzmann o ) )
equation(see, e.g.[31]). Solutions to the Jean’s equations With the velocity dispersions given by
have the property that the tensoﬁz(vi—vi)(vj—vj) is 2 4
symmetric, so that at any point a set of orthogonal axes can 2 Ue,hP

be chosen such thar is diagonal(i.e., of=0Fd;) [31]. T 24 p(1-p2tq D)’

However, as discussed in Ref81,32, there is no equation

of state relating the components of the velocity dispersion to v2.(2q72—p2)

the density, so solving the Jeans equations requires assump- 0'5): C'h—,

tions, which may or may not be physically reasonable, about 2(1-p~%+q7?)

the shape and/or orientation of Evanset al.[32] presented

the logarithmic ellipsoidal model[which has potential Ugh(z_ p~?)

d(x,y,2) = (v2/2)In(P+y*p 2+2q )] which is the sim- o= —" (12

- h 2142y
plest triaxial, scale-free generalization of the isothermal 2(1=p"+a ")

sphere. They argued that principle axes aligned with conical . .
coordinates correspond to physical distribution functions ane{vherep andq are cqnstaqts which saﬂsfys@;pi 1. and
calculated the corresponding velocity dispersions. On th re related to the axial ratios of the density distributian,

axes of the halo conical coordinates are locally equivalent t y

cylindrical polar coordinates and the local velocity distribu- T

tion can be approximated by a multivariate Gaussian with 12— pA(pP°g°+p°—q°)

principle axes aligned with theX(Y,Z) Galactic axes. This 1 g%+ p?— p2g? '

form has been widely used in calculations of the WIMP di-

rection detection ratg32,22,19,13,20,21 however, a multi- 20202 — p2+ 2

variate Gaussian with arbitrary velocity dispersions need not 12 a”(p7q”—p"+q’) (13)
correspond to a physically sensible halo model. For instance g+ p2—p2q?
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FIG. 4. The dependence dfv,i,,t) on the approximations used when calculating the Earth’s orbit for, from top to bottémGat
Umin=100,500,400,300, and 200 km*swith line types as in Fig. 1 for the standard halo moggiper panéland for the fiducial triaxial
model, see the text for detailbottom panel Note the change in the phase of the annual modulationfge=100 km s * (see the text and
Ref. [41] for a further discussion of the change in phase which occurs for amgl). We have fixedv =150 km st and Vo, pec
=(10.0,5.2,7.2) km s here.

andvy is a constant isotropy parameter, which in the sphericagjalaxy halos. There is no simple algebraic relation between
limit p=q=1 is related to the anisotropy parameter

NG
2(0%)

: (14

by — y=2p. Note thate? +o5=vZ, ando,>0,.

If we requires;/3<o;<30j, so as to avoid models which
might be affected by instabilitids32], then the velocity dis-

persions lie in the ranges 082r,/v.y<0.71, 0.71

<04lv;<0.95, and 0.24 o, /v, <2.0. If we also require

thel;’s and thegy’s. If we require 0.6<1;<1.0 and 0.3I,
<1.0 (see, e.g., Ref.34] for a review of constraints on the
shape of dark matter halpthen some of the previously al-
lowed sets of velocity dispersions are now excluded.

The logarithmic ellipsoidal model may not be a unique
solution to the Jeans equatiof@end there is no reason to
expect the Sun to be located on one of the axes of the,halo
but otherwise there is no reason for the principle axes of the
velocity distribution to correspond to the axes of the halo. In
other words a multivariate Gaussian velocity distribution
with axes corresponding to the axes of the halo and arbitrary

that 0<p3<0.4, as found at the solar radius in simulatedyelocity dispersions may not correspond to a physically rea-
halos [33], then o is further restricted to 0. Ko /vy

<0.92. In Fig.

3 we plot the values af, and o4 (o7

sonable halo model. While the constraints on the axial ratios
and anisotropy of the halo we have imposed are not cast in

=v§’h— 0'(215) which satisfy these two requirements. We still stone, they illustrate that only restricted sets of values of the
need to check that the axial ratios of the density distributiorvelocity dispersions correspond to observationally and physi-
are in reasonable agreement with observed and simulatemlly reasonable halo models, and that the ratios of the ve-
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FIG. 5. As Fig. 4 for the dependence Bfv i, ,t) on the values used for the Sun’s velocity with respect to the LRy, in km s
(10.0, 5.2, 7.2 (Refs.[26,27], solid line), (0, 0, O (dotted ling, (10, 15, § (Ref.[25], short dashed line (9, 12, 7 (Ref.[3], long dashed
line). The full expression for the Earth’s oriRef.[3] and Eq.(7)] is used here.
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TABLE I. The time, t,, at whichT(vy,,t) is largest; the largest percentage deviation froa y, ,t)
calculated using the full expression for the Earth’s velocm&fax; the largest percentage deviation from a
sinusoidally varyingT (v min,t) with the same mean, amplitude, atd An for each of the expressions for
the Earth’s velocity discussed in Sec. Il for the standard isotropic halo model. Using only the component of
the Earth’s motion in the Galactic plane is denoted by “zeroth order”; “first order” denotes the assumption
that the axis of the ecliptic lies in thé-Z plane[Eq. (6)]; “GG” denotes neglecting the ellipticity of the
Earth’s orbit and the nonuniform motion of the S[Ref.[18] and Eq.(8)]; “FS” denotes neglecting the
nonuniform motion of the SuiiRef. [21]); and “LS” includes the ellipticity of the Earth’s orbit and the
nonuniform motion of the SufRef.[3] and Eq.(7)]. Where a range of values is given the quantity varies
with v, and the left (right) hand value is forv =200 (500) km s'. Here we have fixedv.p,
=150 km s ' and used o pe=(10.0,5.2,7.2) kms',

Earth’s orbit tpeak (days AL ASh
Zeroth order 153 —2.4%—15.6% 0.1%-—11.1%
First order 145 2.6%—-19.0% 0.3%-6.6%
GG 148-149 2.2%-15.6% 0.4%7.2%
FS 146-147 2.2%-15.8% 0.5%-6.7%
LS 147-148 n/a 0.7%—5.1%

locity dispersions cannot be too large. Simulations providesmall, high density, clumps could survive to the present day
further support for this argument. Helmi, White, and Springel[36,13,37. Stiff and Widrow[38] have recently developed a
[35] examined the simulation particles withe 4 kpc box technique which uses test particles to probe the velocity dis-
located 8 kpc from the center of a Milky Way like halo and tribution at a single point within a numerical simulation.
found that, apart from a clump of fast moving particles fromThey find a local velocity distribution consisting of a series
a late accreting subhalo, the velocity distribution was wellof discrete peaks, and argue that the smooth background
approximated by a multivariate Gaussian, with principal axisfound previously in simulations may be, at least partly, a
velocity dispersions in the ratio 1:1.08:1.27. If, in fact, the consequence of the use of a finite volume to measure the
local dark matter distribution is not smootkee below for velocity distribution. Even if the local phase-space distribu-
discussion of this possibilily then the local velocity distri- tion bears no trace of the first WIMP clumps to form, more
bution could not be approximated by a multivariate Gaussiamassive subhalos which have been accreted onto the MW
with any set of velocity dispersions. We conclude that therelatively recently, and have sufficiently eccentric orbits,
large velocity dispersion ratios found by Fornengo andcould produce coherent streams of high velocity WIMPs at
Scopel to produce extreme distortions of the annual modulathe solar radiu$39,35.
tion[(1:5:4) and (10:1:3)]21] are unlikely to correspond An additional complication is that the contribution of the
to a realistic halo model. visible components of the MW to the circular velocity at the

It is possible that the local WIMP distribution may not be Solar radius is non-negligible, and may even dominate that
completely smooth, or in other words that the phase-spacef the halo(see, e.g., Refs40,33). Self-consistent halo
distribution has not reached a steady state. The density andodels can, in principle, be builtaking into account various
velocity distributions of the “particles” in numerically simu- observations using Eddington’s formuld17,19; however,
lated halos are relatively smooth at the solar rafi8&35; building mass models of the Milky Way is a complex and
however, WIMP direct detection experiments probe the darkll-constrained procesgt0,27); a small change in the obser-
matter distribution within a local sub-mpc region and evenvational constraints can lead to a large change in the proper-
the highest resolution simulations have less than 100 “parties of the dark halo. In Dehnen and Binney’s mass models,
ticles” per kpé. Furthermore the first neutralino clumps to where the halo is described by a spheroidal density distribu-
form have mass more than ten orders of magnitude smallgion, the contribution of the MW halo to the circular velocity
than the smallest subhalos resolved in numerical simulationat the solar radius lies in the range.yRy)=110
[36], and it is possible that the cores of some of these first- 180 km s * [40], while Mooreet al. find, for halos with a

TABLE Il. As in Table | for the fiducial triaxial halo model.

Earth’s orbit t, (days AL ASh
Zeroth order 153 —1.5%—11.6% 0.1%—4.7%
First order 147-142 2.2%-12.5% 0.3%%.0%
GG 153-146 2.0%-9.6% 0.4%-2.3%
FS 151-144 2.0%-9.9% 0.4%2.7%
LS 152-144 n/a 0.3%—3.2%
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TABLE lll. As in Table | for the motion of the Sun relative to TABLE IV. As Table Il for the fiducial triaxial halo model.
the LSR, withA,':',aX the maximum deviation fronT (v ,;,,) found

usingu o, pec—(10.0,5.2,7.2) km'st, as found from Hipparcos data  ve pedkm s!)  t, (days AMYR ASinsoid
[26]. The full expression for the Earth’s orljiRef. [3] and Eq.(7)]
is used here. (0,0,0 159-153  2.4%-13.8%  0.1%-2.6%
(10, 15, 8 152-146 2.8%-20.1% 0.2%—-2.5%
Vo pedkmsh) t, (days AR Asn (9,12, 9 153-147  1.9%-13.6%  0.2%-2.8%
(10.0,5.2, 7.2 152-143 n/a 0.3%-3.2%
(0,0,0 157 3.1%-19.3% 0.7%-5.6%
(10, 15, 8 148 4.0%—-30.0% 0.6%-4.9% . . )
(9,12, 9 149 2.7%—20.0% 0.6%-4.9% amplitude of the modulation reaches a maximum before de-
(100' 5’2 72 147-148 n/a 0.7%-5.19% creasing again. For the standard halo model this maximum

occurs at roughly 220 km¢, whereas for the fiducial tri-
axial model the maximum is at around 250 kmtsand
central density CUS[{DOCI'_]'B, taking 190 km §1<UC(RO) T(200 km §1,t)~T(300 km §1,t). In Flg. 5 we p|0t
<230 kms?! and using a smaller set of constraints, T(vr,"i“'t) _produped by each of the sets of valu_es for the
100 km s < (Ro) <120 km s * [33]. We therefore con- Sun’s motion with respect to the LSR discussed in Sec. Il.
clude that a Pelatively conservative range of values is To provide a quantitative comparison Tables | and Il con-

100 km §l<vc,h(Ro)<200 kms! and that the “stan- tain the day at whichl'(vm,t) (and hence the differential

" _ 1 event ratg is largest, t,, the maximum deviation from
dard” value,v(Ro) =220 km s, is probably too large. T(vmin.t) calculated using the full expression for the Earth’s

motion [Eq. (7)], and the maximum deviation from a sinu-
IV. RESULTS soidally varyingT(vmin,t) with the same mean, amplitude,

To compare theoretical predictions with experimental dat&2Ndtp. for the standard halo model and the fiducial triaxial
requires the detector atomic mass, form factor and resolyndel, respectively. Tables Ill and IV contain the same data
tion, and the relationship between the nuclear recoil energiP" T(Umin't)_ found using each of the sets of values for the
and the energy detected, to be taken into acc¢ses, e.g., un’s velocity with respect to the LSR. For reference the
Ref.[3]). As the DAMA Collaboration’s raw data is not pub- DAMA Collaboration have carried out a fit to the modulation
licly available instead of working with the differential event ©f their data using the functioh cog2(t—t,)/T], and when
rate we look at the detector independent quarfity,,,t), | IS fixed at one year they fourigf=144+13 _dags[?l
as defined in Eq(2). The relation between,,, and the de- The time at which the event rate is maximuwaries by
tected energy is given, for various target nuclei and WIMPYP 0 ten days, depending on the expression used for the
masses, in Fig. 4 of Ref21]. For reference, the DAMA Earths vel_ocny, qnd depends on,, if the velocity distribu-
experiment has a measured energy threshold of 2 keV whiclion is anisotropic[20,21]. If only the component of the
correspondsfor iodine which dominatesto a recoil energy Earth’s velocity in theY direction is used, then the change in

threshold of 22 keV, which fom, =50(200) GeV requires a the phase which occurs for anisotropic halos is missed. The
minimum WIMP vel,ocityv _ =§09(146) km st three sophisticated expressions produce results which are in
min .

reasonably good agreement, however, with maximum devia-
tions of around a few percent far,,<400 km s'1. For
largerv i, the exact form of the high energy tail of the speed
We will start by examining the effects of the modeling of distribution becomes important, so that using a different ex-
the motion of the Earth on the phase and shape of the annuptession for the Earth’s velocity produces a large fractional
modulation signal. We use two fiducial halo models: thechange inT(v,n,t). As the mean event rate is small for
standard halo modélvith an isotropic Maxwellian velocity largev i, the absolute errors are small, though, and there-
distribution and the logarithmic ellipsoidal modg32], with  fore not so important from an experimental point of view.
the Earth located on the intermediate axis and parameter val- The maximum deviations from a sinusoiddv ,i,,t) are
uesp=0.99=0.8, andy= —0.62 corresponding to axial ra- no more than a few percent far,;<400 km s, as is
tios 1:0.78:0.48 an@=0.4. The later model is intended as expected since the error in neglecting the second and higher
a specific, somewhat arbitrary but not unreasonable, exampterder terms in the Taylor expansion ©((vey/ve)?
of an anisotropic halo model. In both cases we takg ~0.01). The amplitude of the annual modulation is largest
=150 km s'%. In Fig. 4 we plo T(vyin.t) produced by for largev i, [4], as in the tail of the speed distribution the
each of the expressions for the Earth’s motion discussed ifraction of particles with speed greater than some fixed value
Sec. Il, for five specific values af ;. As has long been changes significantly with(t), the Taylor expansion is then
known (see e.g. Refl41]), for smallv,,, the phase of the inappropriate and the deviation from sinusoidal variation be-
modulation is reversed. Furthermore,gg, is increased the comes largéup to around 109 For the fiducial anisotropic
model we have chosen the deviations happen to be smaller

A. Motion of the Earth

0ur plots look superficially different to those of Fornengo and
Scopel as they normalize to the event rate on 1 January whereas wéFor simplicity we neglect the “flip” in the phase which occurs at
subtract the mean event rate. smallv i, in this discussion.
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FIG. 6. The dependence &{(v i, t) on the contribution of the FIG. 7. The shift in the phasé(t,), and the fractional change
halo to the local circular velocity ., for the standard halo model j, the amplitude ofT(v,mn,t), A(amp) (relative to the standard
for (from top to bottom v ,=100,200 and 300 krr_ré_and Uch  isotropic halo modélfor the logarithmic ellipsoidal model with the
=100 (dotted ling, 125 (short dashed line 150 (solid line), 175 gyn |ocated on the intermediate axis for parameter values for which
(long dashed ling and 200 km s* (dot-dashed line the ratio of any two of the velocity dispersions is no greater than 1:3

(dot9 and for which also the anisotropy parameter is in the range
than for the standard isotropic halo model, but this is not thd<pB<0.4 and the axes ratios are &6,<1 and 0.3<I,<1
case in general. (crosses From top to bottomy ;= 100,300,500 km st. The con-

The time at which the event rate is maximum is I,e|ati\,e|ytribution of the halo to the local circular velocity is fixed afp,
weakly dependent on the Sun’s velocity with respect to the= 150 km s™.

LSR (provided that it is not neglected entirglyrowever, the

maximum deviation fronT (v i,,t) found using the Hippar- lated halos, as discussed in Sec. lll. In Fig. 7 we plot the shift
cos values for the Sun’s velocity depends strongly on thén the time at whichT (v y,,t) is maximum,At,, and the
component in theY direction and can be large. Finally we fractional change in the amplitude of the variation of
note that combining a poor approximation for the Earth’sT(vmin,t) relative to that for the standard isotropic halo
orbit with an erroneous value for the Sun’s velocity with model, for v,=100,300, and 500 kmS, fixing v.p,

respect to the LSR would produce even larger errors. =150 km s 1. In Fig. 8 we plot the fractional changes in the
mean and amplitude of the variation Bfv ,,t) relative to
B. Local WIMP velocity distribution the standard isotropic halo model.

The region of WIMP mass-cross-section parameter space If we consider all sets of velocity dispersions for which
. . ) ) ; . /3< <30, the shift int, has magnitude of up to 40 days
consistent with the DAMA annual modulation signal de- giras gi= 20 P g P Y

pends strongly on the contribution of the halo to the circularand IS quite strongly dependent . The change in the

. : S litude is of order 10 s of percent far,,=2100 and
velocity at the solar radius,; y(Ry) [14]. To explicitly illus- amp 1 _ 1
trate the reason for this, in Fig. 6 we plotv p,,t) for 300 km s and up to a factor of 5 fov jp=500 km s,
v min= 100,200, and 300 km$ for values ofv., in the
range 100—200 km's, for the standard halo model. As 1 0.5
(and hence the typical WIMP velocitys decreased the value 0 il
of upin, at which the modulation flips phase and also thatat — _ g g B v 10w 0w 1 om0y 100 1
which the amplitude of the modulation reaches a local maxi- -0.2 -0.1 0 0.1 0.2
mum are both smaller. For instance, fof,=100 km st —
the local maximum occurs at roughly,,,=155 km s* )

©
<l

compared withv ;=220 km s * for v, ;=150 km s'*. 0
As our aim is to examine how physical and observational -0.
constraints restrict changes in the phase and shape of the
annual modulation signafather than to carry out a detailed 5F
comparison with experimental dateve focus on the loga- F
rithmic ellipsoidal model, which reproduces some of the im- T A e
portant featurestriaxiality and velocity anisotropyof real —60 —40 -20 0 20 40 60
galaxy halos. We examine the form ®{v,,t), with the
Sun located on the intermediate axis, for the sets of values of
the velocity dispersions that are unlikely to lead to instabili- FIG. 8. As Fig. 7 for the fractional change in the mean,
ties and those which also correspond to halos with axis ratiog (mean), and amplitudeA (amp), of T(vmin.t) (relative to the
and velocity anisotropy consistent with observed and simustandard isotropic halo model

A(mean)
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0.5 . — T tude, and phase relative to the standard isotropic halo model
o E 3 with v, =150 km s, for the same sets of velocity disper-
0.5 E Co T sion ratios but now withy, ;=200 km s'1. The changes in
2 40 _50 40 the S|gnal due to the changedny are _of the same order of
. magnitude as the changes from varying the other parameters
o T EE of the model.
5 0F E We do not find shifts in, as large as those found by Copi
I B 1 T and Kraus$20] and Fornengo and Scog@1l]. For many of
-40 -20 40 the sets of parameter values we have considered the shift in
20 Fr————— — t, is large enough to be incompatible with the phase of the
10 E E DAMA annual modulation signal, however. This suggests
. F L E that if all three components of the Earth’s velocity are_in-
) 40 “20 o 20 20 cluded when calculating the event rate, then the consider-

ation of anisotropic halo models may not lead to as large an
A(t,) (days) increase in the region of WIMP mass and cross-section pa-
- o _ rameter space corresponding to the DAMA annual modula-
FIG. 9. ASJI’ll Fig. 7 for the logarithmic eII|p'50|daI _model Wlth tion signal as found in Ref19]. As the DAMA data are not
ven=200km s, compared to the standard isotropic halo with \, pjiciy available, however, it is not possible to confirm this.
Ueh= 150 km s . TP? diamonds denote the standard isotropic halo Finally we overview the effect of streams of particles on
with v, ;=200 km s - the annual modulation signal. A stream of particles with neg-

] ) ] ] ) ligible velocity dispersion would produce a contribution to
while the change in the mean is even larger increasing fronq-(vmm't) which is a stef, the position and amplitude of
10 s of percent fov ;=100 km $'* to more than an order which varies with timg39]:

of magnitude av ;=500 km s'!. The large change in the

mean and amplitude for large,;, occur because the loga- \/Evc‘h Ps
rithmic ellipsoidal model has a more extended tail of high T )= 2 Iposvdl)
velocity particles than the standard halo mdded,32; how- st mine 2
ever, as noted in Sec. Ill, the mean event rate is very small 0 for vmin>v(t),

for largev i, When only sets of velocity dispersions which (15

correspond to halos with realistic axis ratios and velocityWhere is the density of the stream ang(t) is the speed of
anisotropy are considered the maximum shiftjis roughly Ps

50% smaller and the the maximum chanae in the mean .t_he stream in the rest frame of the detector, which is time
0 Ximu ge | S"qjependent due to the time dependence of the Earth’s velocity.

nal is roug_hly an order of magmtu.de _smaller, v_vh|ch |II.us— The variation of the amplitude and position of the step de-
trates the importance of only considering velocity distribu-

. ) . end on the relative orientation of the Earth’s orbit and the
tions that are physically and/or observationally reasonableg

. . : rbit of the clump; for a clump of fixed velocity the closer
Note that the stanQard isotropic_hala modwlmch'hasﬁ the alignment of the clump’s path with the Earth’s orbit the
=0 andl;=1,=1) lies at the edge of the observational con-

: . larger the variation inv((t) (in the extremely improbable
straints we impose. . . case that the clump’s path was perpendicular to the Earth’s
In Figs. 9 and 10 we plot the shifts in the mean, ampll'orbit there would be no variatignAs outlined in Ref[39], if
such a step were detected in the differential energy spectrum

for vyn<vdt),

0.5 pr T T T then the density, speed, and direction of the stream respon-
0K o S sible could, in principlgwith a large number of events and a
05 T T detector with good energy resolutjprbe recovered. Mul-
’ 02 -0.1 0 0.1 0.2 tiple streams would produce multiple steps at different ener-
- {f ——— 77— gies with c_iifferent temporal \_/ariations, which might be dif_-
E E 3 ficult to disentangle. Even if most of the dark matter is
S 0 = E smoothly distributed a high velocity v(=500 kms 1)
R R T T = stream of particles from a late accreting clump could produce
-2 0 a step in the differential event rate at large energy, the posi-
ROp— 7 T 1T 3 tion of which would be modulated as discussed abi@8j.
10 - However, as the event rate decreases roughly exponentially
o I T with increasing energy this would only be detectable with

2200 ~100 0 100 200 very large statisticfarge target mass and exposuw simi-
lar signal would be produced if there is a population of ex-
tragalactic WIMP{42].

A(mean)

FIG. 10. As in Fig. 8 for the logarithmic ellipsoidal model with
Uep=200 km s, compared to the standard isotropic halo with
Uep=150 km s *. The diamonds denote the standard isotropic halo ®The velocity dispersion would in fact be finite, but small, and
with v, =200 km s . would lead to a broadening in the stgg9].
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V. DISCUSSION model, that restricting the choice of parameter values to

We have investigated the effect of uncertainties in astroEhose that are physically and observationally reasonable se-

physical inputs(the motion of the Earth with respect to the riously restricts the changes in the signal. We have also ar-

) AL ued that a multivariate Gaussian velocity distribution, with
Galactic rest frame and the local WIMP velocity distribution 3 . »
on the calculation of the WIMP annual modallation signal.axes corresponding to the axes of the halo and velocity dis-

Accurate calculation of the shape and phase of the annueglﬁrs"onS with large ratios, is unlikely to correspond to a

; : . ysically reasonable halo model.
E]:r?rl:’?ti?erllocsiltgn\?vlitr:e?euslrisct ilcl) Eﬂge%ucnoqép%gegskegfir:?o It is often assumed that the contribution of the luminous
y P ; components of the MW to the circular velocity at the solar
account properly. If the components perpendicular to the

. . s radius is negligible so that v.(Ro)~v(Ro)
Sun's '.m°“°” are .neglected, tmene_rgy c.iep_end_ehs.hlft n ~220 kms . This is not the case and in fact there is a large
tp, which occurs if the local velocity distribution is aniso-

tropic, is missed. Neglecting the motion of the Sun with uncertainty in the valug ofcH(Ro) [40,33, which is Impor-
tant since(as we saw in Sec. Il Bthe mean and amplitude
respect to the local standard of rest, ., leads to an error fth dh h : f
of around 10 days it,, and uncertainties in leadtoan 2 the event ratéand hence the region o WlMP Mass- cross-
arror of order a few ;jays i, (as stated ir?'Fgeeci[18]) and section parameters space corresponding to an observed
b ) . . "
errors in the shape of the signal which grow from a femedUIatlon[M’l% depend quite sensitively an ((Ro).

ercent at low enerdies to more than 10% at hiah ener Finally we discussed the possibility that the local WIMP

P S 9 . | ) o at g Wyistribution is not completely smoofl33,39,3§. If the local

Approximating the modulation with a sinusoid with the same ark matter distribution consists of a number of streams of

i 0

$1r¢]3an, amp]ltttjde, and p_hlaseh produces (_erro:z of utp th> 10 Barticles with small velocity dispersion, then the event rate
€ errors Int, are crucial when comparing theoretical ex-, 4 contain a number of steps, the amplitude and position

pectations with the modulation observed by the DAMA Col- of which would vary with time[38]. Even if there is a

laboration[7] (which has phase,= 144+ 13 days). The er- y )

. ! ) ..~ = smooth background WIMP distribution, high velocity
rors in the shape of the signal induced by uncertainties in thgtreams from late accreting subha88,35 may be detect-
Earth’s motion are currently less important, but may becom !

. ) . . le with nergy resolution an large number of
important for annual modulation searches with tonne S'Z%\?eents good energy resolution and a large number o

detectorgsuch as the planned GENIUS detedi)), espe- In summary, it is important to properly take into account

I%i!lty I(;;\'E?bw'?g;[‘l tﬁo%(t;icgérggrrrr;%tlg_n naatiout the local ve- astrophysical uncertaintie@ot just in the WIMP velocity
ity distribul v 'gnal. distribution, but also in the motion of the detector with re-

If the local WIMP velocity is anisotropic then the phase : .
X spect to the Galactic rest frapgnehen calculating the WIMP
[20,21), amplitude[15,18,18, and even shapd 8,21] of the nnual modulation signal. Analyzing data assuming a sinu-

annual modulation signal can change. We have investigate oidal modulation with fixed phase could lead to erroneous

focusing on the logarithmic ellipsoidal halo model, how theconstraints on or best fit values for the WIMP mass or cross

fo”‘? of th_e annual modulation _changes for para_metersection, or even worse a WIMP signal could be overlooked.
choices which correspond to physically and observanonall;b the other hand, using unrealistic halo models or param-

reasonable halo models._We fo_und that for_ rgasona_\ble_sets 8ler values could lead to overly restrictive exclusion limits or
values for the velocity dispersions the shifttin, which is a misleadingly large range of allowed values of the WIMP
energy dependent, can be up to 20 days and the mean a ss and cross section

amplitude of the signal change by tens of percent, at experi- '
mentally accessible energies. It is possible that other halo
models could produce larger changes in the annual modula-
tion signal; however, we have shown, in the context of this A.M.G. was supported by the Swedish Research Council.
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