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Abstract

We show that the main features of the annual modulation of the signal expected in a WIMP direct detection experim
its sinusoidal dependence with time, the occurrence of its maxima and minima during the year and (under some circum
even the one-year period, are modified for anisotropic galactic halos. The most relevant effect is a peculiar distortio
time-behaviour at low recoil energies for tangential anisotropies. The observation of these effects could provide a dire
measuring (or setting limits on) the local degree of anisotropy of the velocity distribution of the dark matter particles.
 2003 Published by Elsevier B.V.
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1. Introduction

It is widely believed, as suggested by a host of in
pendent cosmological and astrophysical observati
that most of the matter in the Universe is not visib
revealing its existence only through gravitational
fects. In particular, data on the rotational curves
galaxies indicate that the galactic visible parts are
rounded by dark halos which extend up to seve
times the size of the luminous components.

The best candidates to provide dark matter
galaxies are Weakly Interacting Massive Partic
(WIMP). Several WIMP direct-detection experimen

E-mail address: fornengo@to.infn.it (N. Fornengo).
0370-2693/$ – see front matter 2003 Published by Elsevier B.V.
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are operating [1], with the goal of measuring t
nuclear recoil energy (in the keV range) expec
to be deposited in solid, liquid or gaseous targ
by the scattering of the non-relativistic dark ha
WIMPs. Expected rates are small and the expone
decay of the WIMP recoil-spectrum mimics that
the background at low energies. However, a spec
signature can be exploited in order to disentan
a WIMP signal from the background: the annu
modulation of the rate [2]. This effect, expected to
of the order of a few per cent, is induced by the rotat
of the Earth around the Sun, which periodica
changes the WIMP flux relative to the detector. T
observation of the annual modulation effect is wid
known to be a smoking gun for the discovery
galactic dark matter. The annual modulation eff
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has been experimentally investigated by the DAM
Collaboration, which has indeed reported a posi
evidence by using a 100 kg sodium iodide detector

In the present Letter we show that the annual m
ulation signature has additional features as comp
to what is usually assumed, features that have the
markable property of being sensitive to the shape
our galactic halo in velocity space. The usual sin
soidal time-dependence of the rate with maximum
minimum) around June 2nd is altered in a pecu
way for local anisotropies in the velocity distributio
The type and amount of anisotropy is observable in
specific distortions of the time-dependence of the r
The study of the time-behaviour of the annual modu
tion signal is therefore a unique probe of the local
gree of anisotropy of the dark matter particles boun
to our Galaxy.

2. The annual modulation effect

Due to the rotation of the disk around the galac
center, the Solar system moves through the WI
halo, assumed to be at rest in the galactic rest fram
the following, we will assume a right-handed syste
of orthogonal coordinates: thex axis in the galactic
plane, pointing radially outward; they axis in the
galactic plane, pointing in the direction of the di
rotation; thez axis directed upward, perpendicular
the galactic plane. Notice that our system differs fr
standard “galactic coordinates” by the different cho
of thex axis, which for us is directed outward.

The relative velocity between the WIMP halo a
the detector is given by the Earth velocity�vE , as
seen in the galactic rest frame. It is the sum of th
components: the galactic rotational velocity�vG =
(0, v0,0) kms−1 (we will assume:v0 = 220 kms−1),
the Sun proper motion�vS = (−9,12,7) kms−1 [4]
and the Earth orbital motion�uE(t) [4]:

(1)vE
x = vG

x + vS
x + uE(λ)cosβx cos

[
ω(t − tx)

]
,

(2)vE
y = vG

y + vS
y + uE(λ)cosβy cos

[
ω(t − ty)

]
,

(3)vE
z = vG

z + vS
z + uE(λ)cosβz cos

[
ω(t − tz)

]
,

whereλ is the ecliptic longitude, which is function o
time. We can expressλ as [4]:

λ = L + 1.915◦ sing + 0.020◦ sin2g,
where

L = 280.460◦ + 0.9856474◦ t,

g = 357.528◦ + 0.9856003◦ t,

and t denotes the time expressed in days relative
UT noon on December 31. In Eqs. (1)–(3)uE(λ) =
〈uE〉[1 − e sin(λ − λ0)] is the modulus of the Eart
rotational velocity, which slightly changes with tim
due to the small ellipticitye of the Earth orbit (〈uE〉 =
29.79 kms−1, e = 0.016722 andλ0 = 13◦ ± 1◦) [4].
In Eqs. (1)–(3) theβi denote the ecliptic latitudes an
the ti are the phases of the three velocity compone
βx = 174.4697◦, βy = 59.575◦, βz = 29.812◦ and
tx = 76.1 day, ty = 156.3 day, tz = 352.4 day. The
angular velocity has a period of 1 year, and is given
ω = 2π/(365 days). With the numbers given abov
the modulus of the Earth velocity changes in time a

vE ≡ |�vE | 
 233.5+ 14.4 cos[ω(t − t0)]
(in km s−1), where t0 
 152 days, i.e., June 2n
Notice the slight offset betweent0 and ty , due to the
composition of the velocity components. As a go
approximation,vE is usually taken as:vE = (v0 +
vS
y ) + 〈uE〉cosβy cos[ω(t − t0)].

The direct detection differential ratedR/dER is
proportional to the integral:

(4)I(vmin) =
∫

w�vmin

d �w fES( �w)

w
,

wherefES andw are the local WIMP velocity DF an
the WIMP velocity, respectively, in the Earth’s re
frame; vmin is the minimum value ofw for a given
recoil energyER, WIMP massmW and nuclear targe
massmN and is given by

vmin ≡ √
ER/(2mN)(mW + mN)/mW .

By indicating with f (�v) and �v the local WIMP
velocity DF and the WIMP velocity in the galact
reference frame, the following transformations hold

(5)�v → �w = �v − �vE(t),

(6)f (�v) → fES( �w) = f
( �w + �vE(t)

)
,

which imply thatI(vmin), and sodR/dER, develops
a time dependence induced by�vE(t).

Direct detection is sensitive to local (solar neig
bourhood) galactic properties: the rateR is in fact
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(8)
proportional to the local dark matter densityρl [5]
and probes thelocal velocity distribution of dark mat
ter particles although, in general, the velocity DF i
function of the position in the Galaxy [5]. Therefor
in our discussionf (�v) denotes the dark matter velo
ity DF in the neighbourhood of the Sun.

In our analysis, the properties that we will deri
on the time-behaviour of the direct detection r
are independent of the value of the local ma
density: the relevant function which describes
time-behaviour,I(vmin), depends only onf (�v) and
not onρl . Therefore, the features that we will sho
are pure properties on the shape of the behaviou
the annual modulation effect as a function of time, a
they are decoupled from the absolute normaliza
given byρl .

The two quantities relevant to direct detectio
ρl and f (�v), can be determined in a self-consiste
way by means of a complete halo modeling (see,
instance, Ref. [5] and references therein): in this w
a correlation betweenρ(�r) andf (�v) can be found. Ou
of the two, onlyf (�v) matters for determining the time
behaviour of the annual modulation effect.

3. The isotropic isothermal sphere

In the case of the isothermal sphere model the
is given by a truncated isotropic Maxwellian whic
depends only onv ≡ |�v|:

(7)f (v) = N exp

(
− 3v2

2σ 2

)∣∣∣∣
v�vesc

,

whereσ is the WIMP r.m.s. velocity, given byσ 2 =
3v2

0/2. It is clear that, through the change of referen
frame of Eq. (6),I(vmin) depends on time onl
throughvE . Since the relative change ofvE during
the year is of the order of a few per cent, we c
approximateI(vmin) with its first-order expansion in
the small parameterε ≡ δvE/vE , around its mean
valueI0(vmin):

I(vmin) − I0(vmin) ∝ cos
[
ω(t − t0)

]
.

The well-known result is then obtained that the WIM
rate has a sinusoidal time-dependence with the s
phase (t0 
 June 2nd) asvE , for all values ofvmin.
This is shown in Fig. 1, whereI(vmin) is plotted as a
function of time for various values ofvmin.
Fig. 1. Time-dependence ofI(vmin) for an isotropic isotherma
sphere. The different curves refer to values ofvmin ranging from
0 (lower) to 400 (upper) km s−1, in steps of 20 km s−1 (the dashed
curves correspond tovmin = 100, 200 and 300 km s−1). The vertical
dashed line denotest = 152 days.

4. Anisotropic models

As a simple generalization of the isothermal sph
model to a triaxial system in velocity space, we us
multivariate Gaussian:

(8)f (�v) = N exp

(
− v2

x

2σ 2
x

− v2
y

2σ 2
y

− v2
z

2σ 2
z

)∣∣∣∣
v�vesc

,

whereN is the normalization constant. Forvesc→ ∞,
then

N = [(
2πσ 2

x

)(
2πσ 2

y

)(
2πσ 2

z

)]−1/2
.

The usual isothermal sphere is the spherical limit
Eq. (8), obtained with:σx = σy = σz ≡ σ/

√
3. In order

to discuss the effect of anisotropy at fixed WIMP me
kinetic energy, we will fixσ 2 = σ 2

x + σ 2
y + σ 2

z as

in the isothermal case (σ 2 = 3v2
0/2) and discuss ou

results in terms of the two independent paramet
λ12 ≡ σx/σy andλ32 ≡ σz/σy .

Eq. (8) is a useful parametrization to study veloc
anisotropies at the Solar system position. This dist
ution function may not hold everywhere in the Gala
since the class of models described by Eq. (8) do
satisfy the collisionless Boltzmann equation, but o
the lowest order moments. However, since direct
tection can only probe local halo properties, Eq.
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Fig. 2. The same as in Fig. 1, for an anisotropic model w
λ12 ≡ σx/σy = 0.2 andλ32 ≡ σz/σy = 0.8.

represents a useful parametrization to illustrate the
fects induced by local anisotropies in velocity spac

At variance with the isothermal sphere, nowI(vmin)

depends in general on all the three components of�vE ,
and not simply onvE . We can write:

(9)fES( �w) = N exp
[−(�r + �η)2],

where we have defined the reduced (dimensionl
variables:

ri = wi√
2σi

,

ηi = vE
i√
2σi

= η0
i + δηi cos

[
ω(t − ti)

]
(i = x, y, z).

In the isotropic case (isothermal sphere) one
η0
x,z � 1, η0

y ∼ 1 andδηi � 1. The presence of th

order-one parameterη0
y and of the small oscillation

amplitudesδηi allows the Taylor-expansion ofI(vmin)

in terms of theεi ≡ δηi/η
0
y parameters. A straightfor

ward calculation shows that the conclusions of the p
vious section are recovered.

On the contrary, allowing anisotropies such th
λ12 < 1 and/orλ32 < 1, the values of the paramete
ηx,z andδηx,z are enhanced, and the time-depende
of vE

x andvE
z in I(vmin) may become important. A

example of this situation is shown in Fig. 2, where
time evolution ofI(vmin) is plotted forλ12 = 0.2 and
λ12 = 0.8 (i.e.: (σx, σy, σz) = (42,208,166) kms−1).
This choice ofλ12, λ32, which refers to a tangentia
anisotropy, corresponds to triaxial models discuss
for instance, in Refs. [5,6]. The amount of tangen
anisotropy used in Fig. 2 is similar to the one discus
in the triaxial halo models of Ref. [6], where a sizea
velocity anisotropy was obtained for halos with m
anisotropic dark matter density profile:σR/σT 
 0.16
(σR andσT denote the radial and tangential veloc
dispersions). A distortion of the curves of Fig. 2,
compared to the familiar sinusoidal time-dependen
appears: this effect may be explained by the fact
now δηx ∼ 1, a Taylor-expansion of the type us
in the isothermal sphere case breaks down an
full numerical calculation of the integral of Eq. (4
is required. The final result is not sinusoidal. Th
peculiar behaviour is more pronounced at low val
of vmin (i.e., low recoil energies) namely forvmin �
80 km s−1, for which the distortion is strong and th
maxima (in absolute value) of the rate are shifted
compared to the standard case [7]. For larger va
of vmin the distortion is less pronounced, and it d
away whenvmin � 230 kms−1. This may be explaine
by the fact that, asvmin grows, the integral of Eq. (4
becomes less sensitive to the parameterηx since it
gets increasingly dominated by WIMPs with velociti
along they axis, which is the one along which th
boost due to the galactic rotation is directed.
notice that for values ofvmin around (100–200)km s−1

a distortion is present, but the amplitude of t
modulation is suppressed and therefore difficult
detect.

As a second example, in Fig. 3 we plotI(vmin) as
a function of time for the caseλ12 = 10,λ32 = 3 (i.e.:
(σx, σy, σz) = (257,26,77) kms−1). This situation is
representative of a radial anisotropy. In this case,
have further enhanced the contribution ofδηy over
δηx,z, so that one should expect to draw the sa
conclusions as in the isothermal sphere case,
the usual sinusoidal time-dependence of the rate
a phase close toty ∼ t0. This is indeed the case
except for a narrow interval of values ofvmin around
vmin 
 210 km s−1. In this range,I(vmin) develops
two maxima because, for that particular choice
vmin, there is an exact cancellation in the first term
the expansion inεy = δηy/η

0
y , so that the termO(ε2

y )

proportional to cos2[ω(t − ty)] sets in. This particula
cancellation of the first term in the Taylor expansion
I(vmin) happens also for the isothermal-sphere mo
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Fig. 3. The same as in Fig. 1, for an anisotropic model w
λ12 ≡ σx/σy = 10 andλ32 ≡ σz/σy = 3. The curves refer to
vmin = 0 (lower), 180, 190, 200 (dashed), 210, 220, 230, 240,
(upper) km s−1.

but in that case the size of the quadratic term
strongly suppressed becauseεy is much smaller. In a
WIMP direct detection experiment this effect wou
show up in a very peculiar way: a halving of th
modulation period of the rate in a narrow range
recoil energies. Notice, however, that in order to h
some realistic chance to detect this effect, it sho
show up in one of the experimental energy binsjust
above threshold, where the highest signal/backgrou
ratio is usually attained. This peculiar effect d
to radial anisotropies would be in any case v
difficult to detect, since it would require large rad
anisotropies in order to be visible. The values ofλ12
andλ32 used in Fig. 3, which show the effect as visib
at the percent level, are actually large:σR/σT 
 3.
Systems where the radial velocity dispersion is m
larger than the tangential velocity dispersion m
be instable, for instance, they may suffer “firehos
instability [8] for axis ratios in excess of 2: 5. These
considerations imply that this type of distortion
annual modulation is likely to be suppressed a
therefore difficult to observe, unless the experime
sensitivity is at a level better than a percent.

In order to establish a link between our discuss
and WIMP direct detection experiments [1], in Fig.
we plot vmin as a function of the quenched nucle
Fig. 4. Values ofvmin as a function of the quenched nucle
recoil energiesEee = qER , for: NaI scintillators [3], Ge ionization
detectors [1] and Te bolometers [1]. For each panel, the diffe
curves refer to WIMP masses of: 20 GeV (solid), 50 GeV (dotte
100 GeV (dashed), 200 GeV (long-dashed) and 1 TeV (dot-dash
The dashed vertical lines denote the current energy thresholds.

recoil energyEee ≡ qER (q is the quenching factor
for the target nuclei: Na, I, Ge, Te and for differe
WIMP masses. The vertical dashed lines show c
rent energy thresholds achieved by each type of
tector. Fig. 4 shows that values ofvmin � 80 km s−1,
i.e., sufficiently low to observe a sizeable distortion
fect as the one discussed for tangential anisotropy,
respond to WIMP recoil energies below the thresh
of present direct detection experiments, and that
effect would be more easily detected at higher WIM
masses. However, a foreseeable lowering of the thr
old, down to 0.5–1 KeV, could be enough to obse
the distortion. On the other hand, for radial anisotro
we can conclude that the recoil energy correspo
ing to a halving of the modulation period can actua
coincide with the experimental thresholds within t
reach of present-day detectors for 20 GeV� mW �
100 GeV, depending on the particular target nucle
In this respect, we note that the properties of the
nual modulation effect observed by the DAMA/N
experiment [3] (a one-year-period sinusoidal beh
iour in the 2–6 KeV energy bins [3,5]) implies th
the DAMA/NaI experiment is potentially able to s
constraint on strong radial anisotropies.
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5. Conclusions

In the present Letter we have shown that the ty
cal features of the annual modulation of the signa
WIMP direct searches, i.e., the sinusoidal depende
of the rate with time, the position of its maxima a
minima during the year and even the period, are alte
in dark matter halos with anisotropic velocity distri
utions. Depending on the pattern of anisotropy, diff
ent situations may occur: local tangential anisotrop
induce a peculiar departure at low energies from
usual sinusoidal time-dependence, along with a s
in the position of the extrema of the signal during t
year; local radial anisotropies may produce a halv
of the modulation period for a specific and restric
range of recoil energies, which depends on the am
of anisotropy. The former effect turns out to be re
vant at low recoil energies, actually close or below
threshold of present-day experiments, while the la
should be already within the reach of current det
tors. In particular, the properties of the annual modu
tion effect observed by the DAMA/NaI experiment [
may indicate that strong radial local anisotropies
excluded, while tangential anisotropies may be e
favoured over the isotropic case, since the best fit to
modulation phase is smaller than the isotropic valu
152 days [3]: this is compatible with our discussion
local tangential anisotropy for a NaI detector with
2 KeV energy threshold.

We conclude that the annual modulation effect
addition to being a powerful signature of the existen
of dark matter particles in the Galaxy, offers also
unique possibility of measuring local properties
the galactic halo which are otherwise hardly testa
directly, namely, the local distribution of dark matt
particles in velocity space and specifically their deg
of anisotropy. The features discussed in this Let
which up to now have been neglected, will ha
to be taken into account in present and future d
matter direct searches when anisotropic models
considered.
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