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Abstract

We show that the main features of the annual modulation of the signal expected in a WIMP direct detection experiment, i.e.,
its sinusoidal dependence with time, the occurrence of its maxima and minima during the year and (under some circumstances)
even the one-year period, are modified for anisotropic galactic halos. The most relevant effect is a peculiar distortion of the
time-behaviour at low recoil energies for tangential anisotropies. The observation of these effects could provide a direct way of
measuring (or setting limits on) the local degree of anisotropy of the velocity distribution of the dark matter particles.

0 2003 Published by Elsevier B.V.

1. Introduction are operating [1], with the goal of measuring the
nuclear recoil energy (in the keV range) expected
to be deposited in solid, liquid or gaseous targets
by the scattering of the non-relativistic dark halo
WIMPs. Expected rates are small and the exponential
decay of the WIMP recoil-spectrum mimics that of
the background at low energies. However, a specific
signature can be exploited in order to disentangle
a WIMP signal from the background: the annual
modulation of the rate [2]. This effect, expected to be
of the order of a few per cent, is induced by the rotation
of the Earth around the Sun, which periodically
changes the WIMP flux relative to the detector. The
observation of the annual modulation effect is widely
known to be a smoking gun for the discovery of
~ E-mail address: fornengo@to.infn.it (N. Fornengo). galactic dark matter. The annual modulation effect

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

The best candidates to provide dark matter in
galaxies are Weakly Interacting Massive Particles
(WIMP). Several WIMP direct-detection experiments
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has been experimentally investigated by the DAMA where
Collaboration, which has indeed reported a positive
evidence by using a 100 kg sodium iodide detector [3]. L =280460° +0.9856474 1,
In the present Letter we show that the annual mod- g = 357528 + 0.9856003 ¢,
ulation signature has additional features as compared
to what is usually assumed, features that have the re-
markable property of being sensitive to the shape of
our galactic halo in velocity space. The usual sinu-
soidal time-dependence of the rate with maximum (or
minimum) around June 2nd is altered in a peculiar
way for local anisotropies in the velocity distribution.
The type and amount of anisotropy is observable in the
specific distortions of the time-dependence of the rate.
The study of the time-behaviour of the annual modula-
tion signal is therefore a unique probe of the local de-
gree of anisotropy of the dark matter particles bounded
to our Galaxy.

and: denotes the time expressed in days relative to
UT noon on December 31. In Egs. (1)—@5 (1) =
(uE)[1 — esin(x — Ag)] is the modulus of the Earth
rotational velocity, which slightly changes with time
due to the small ellipticity of the Earth orbit (uf) =
29.79 kms'1, ¢ = 0.016722 andy = 13 + 1°) [4].

In Egs. (1)—(3) thes; denote the ecliptic latitudes and
thet; are the phases of the three velocity components:
Bx = 1744697, B, = 59575, B, = 29.812 and

t, = 76.1 day,t, = 1563 day,, = 3524 day. The
angular velocity has a period of 1 year, and is given by
w = 27 /(365 days. With the numbers given above,
the modulus of the Earth velocity changes in time as:

Vg = |Ug| ~ 23354+ 14.4cosw(t — 1g)]
2. The annual modulation effect . 1 .
(in kms™), where rp >~ 152 days, i.e., June 2nd.

Due to the rotation of the disk around the galactic 'Votice the slight offset betweeg andty, due to the
center, the Solar system moves through the Wimp COMPposition of the velocity components. As a good
halo, assumed to be at rest in the galactic rest frame. magproxwgaﬂon,v,; is usually taken asvp = (vo +
the following, we will assume a right-handed system Vy) 1 (~) C0spycodw(t — o). ,
of orthogonal coordinates: the axis in the galactic The _d|rect detec_:tlon differential ratéR/dEr is
plane, pointing radially outward; the axis in the proportional to the integral:
galactic plane, pointing in the direction of the disk - fes(w)
rotation; thez axis directed upward, perpendicular to £ (Vmin) = / dw ——, (4)
the galactic plane. Notice that our system differs from W vmin
standard “galactic coordinates” by the different choice where fes andw are the local WIMP velocity DF and
of thex axis, which for us is directed outward. the WIMP velocity, respectively, in the Earth’s rest

The relative velocity between the WIMP halo and frame: vmin is the minimum value ofv for a given
the detector is given by the Earth velocitf, as rgcoji energyE g, WIMP massny and nuclear target
seen in the galactic rest frame. It is the sum of three massny and is given by
components: the galactic rotational velocitf =
(0, vo, 0) kms™1 (we will assumewg = 220 kms1), Umin=+/ ERr/(2my) (imw +my)/mw.

S ~1
;hnedtShuenEgr(:ﬁ?)rrl:i]ch%méti(;}ﬁé(t?’[dlf]z" 7) kms™ [4] By indicating with £(v) and v the local WIMP
: velocity DF and the WIMP velocity in the galactic

w

vE =09 + v +uf (3) cospy codw(t — 1)], (1) reference frame, the following transformations hold:
vl =07+ +uf () cospycodot —1y)]. (2 P> w=10-0E@0), (5)
vE =00 + 03 +uf (1) cosp; codw(t —1,)], (3) F@) — fes@) = f(w+3E@)), (6)
wherex is the ecliptic longitude, which is function of ~ which imply thatZ (vmin), and sod R/d Er, develops
time. We can expressas [4]: a time dependence induced by(z).

_ _ Direct detection is sensitive to local (solar neigh-
A =L +1915 sing + 0.020°sin 2g, bourhood) galactic properties: the rakeis in fact
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proportional to the local dark matter density [5]
and probes thiocal velocity distribution of dark mat-
ter particles although, in general, the velocity DF is a
function of the position in the Galaxy [5]. Therefore,
in our discussionf (v) denotes the dark matter veloc-
ity DF in the neighbourhood of the Sun.

In our analysis, the properties that we will derive
on the time-behaviour of the direct detection rate
are independent of the value of the local matter
density: the relevant function which describes the
time-behaviourZ (vmin), depends only ory¥ (v) and
not on p;. Therefore, the features that we will show
are pure properties on the shape of the behaviour of
the annual modulation effect as a function of time, and
they are decoupled from the absolute normalization
given by ;.

The two quantities relevant to direct detection,
o1 and f(v), can be determined in a self-consistent
way by means of a complete halo modeling (see, for
instance, Ref. [5] and references therein): in this way,
a correlation between(7) and f (v) can be found. Out
of the two, onlyf (v) matters for determining the time-
behaviour of the annual modulation effect.

3. Theisotropicisothermal sphere

In the case of the isothermal sphere model the DF
is given by a truncated isotropic Maxwellian which
depends only om = |9
2

3v
20

: Q)

V< Vesc

2

ﬂw=Nw%

whereo is the WIMP r.m.s. velocity, given by? =
31)5/2. Itis clear that, through the change of reference
frame of EqQ. (6),Z(vmin) depends on time only
throughvg. Since the relative change of: during
the year is of the order of a few per cent, we can
approximateZ (vmin) With its first-order expansion in
the small parametet = Svg/vg, around its mean
valueZo(vmin):

Z(vmin) — Zo(vmin) x cogw (1 — 10)].
The well-known result is then obtained that the WIMP
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Fig. 1. Time-dependence &f(vmin) for an isotropic isothermal
sphere. The different curves refer to valuesvgfi, ranging from
0 (lower) to 400 (upper) kmisl, in steps of 20 kms! (the dashed
curves correspond tgni, = 100, 200 and 300 knts'). The vertical
dashed line denotes= 152 days.

4. Anisotropic models

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

Jﬁ
2 202

whereN is the normalization constant. Fogsc— oo,
then

N =[(270?) (27105) (2707)]

The usual isothermal sphere is the spherical limit of
Eq. (8), obtained withs, = o, = 0, = o/+/3. In order
to discuss the effect of anisotropy at fixed WIMP mean

kinetic energy, we will fixo? = 02 4+ 02 + o2 as

Z
in the isothermal caser@ = 3v3/2) and discuss our
results in terms of the two independent parameters:
Al2=0x/0y andizp = 0;/0y.

Eq. (8) is a useful parametrization to study velocity
anisotropies at the Solar system position. This distrib-
ution function may not hold everywhere in the Galaxy,

v2

)

V< Vesc

f@) =

-1/2

rate has a sinusoidal time-dependence with the samesince the class of models described by Eq. (8) do not

phase { >~ June 2nd) a®g, for all values ofvmin.
This is shown in Fig. 1, wher&(vmin) is plotted as a
function of time for various values ofyin.

satisfy the collisionless Boltzmann equation, but only
the lowest order moments. However, since direct de-
tection can only probe local halo properties, Eq. (8)
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This choice ofi12, A32, which refers to a tangential
anisotropy, corresponds to triaxial models discussed,
for instance, in Refs. [5,6]. The amount of tangential
anisotropy used in Fig. 2 is similar to the one discussed
in the triaxial halo models of Ref. [6], where a sizeable
velocity anisotropy was obtained for halos with mild
anisotropic dark matter density profileg /or >~ 0.16
(or andor denote the radial and tangential velocity
dispersions). A distortion of the curves of Fig. 2, as
compared to the familiar sinusoidal time-dependence,
appears: this effect may be explained by the fact that
now én, ~ 1, a Taylor-expansion of the type used
in the isothermal sphere case breaks down and a
full numerical calculation of the integral of Eq. (4)
0 100 200 300 is required. The final result is not sinusoidal. This

t (day) peculiar behaviour is more pronounced at low values
of vmin (i.e., low recoil energies) namely famin <
80 kms1, for which the distortion is strong and the
maxima (in absolute value) of the rate are shifted as
compared to the standard case [7]. For larger values
of vmin the distortion is less pronounced, and it dies
away whenmin > 230 kmsL. This may be explained
by the fact that, asmin grows, the integral of Eq. (4)
becomes less sensitive to the parametersince it
gets increasingly dominated by WIMPs with velocities
fes(i) = N exp[—(F + ﬁ)z]’ (9) along they axis, which isf the one al_ong_which the

_ ) ) boost due to the galactic rotation is directed. We

where we have defined the reduced (dimensionless)otice that for values afimin around (100-200) knts

variables: a distortion is present, but the amplitude of the
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Fig. 2. The same as in Fig. 1, for an anisotropic model with
Mo =o0yx/oy =02 andrzp =0, /0y =0.8.

represents a useful parametrization to illustrate the ef-
fects induced by local anisotropies in velocity space.

Atvariance with the isothermal sphere, N®\Wnin)
depends in general on all the three componenig:of
and not simply onvg. We can write:

= Wi ’ modulation is suppressed and therefore difficult to
V20, detect.
vE As a second example, in Fig. 3 we plbBtvmin) as
ni = ﬁ =1+ 8n; cojo(r —5)] (i=x,y,2). a function of time for the casi;» = 10,132 =3 (i.e.:
1

(0x, 0y, 0;) = (257,26, 77) kms™1). This situation is

In the isotropic case (isothermal sphere) one has representative of a radial anisotropy. In this case, we
n?. < 1,79~ 1andén; < 1. The presence of the have further enhanced the contribution &f, over
order-one paramete;?, and of the small oscillation 45, ., so that one should expect to draw the same
amplitudesy; allows the Taylor-expansion @{vmin) conclusions as in the isothermal sphere case, with
in terms of thee; = Sm/n?, parameters. A straightfor-  the usual sinusoidal time-dependence of the rate and
ward calculation shows that the conclusions of the pre- a phase close te, ~ #. This is indeed the case,
vious section are recovered. except for a narrow interval of values of;, around

On the contrary, allowing anisotropies such that vmin ~ 210 kms™. In this rangeZ(vmin) develops
A2 < 1 and/orizz < 1, the values of the parameters two maxima because, for that particular choice of
nx.; andén, , are enhanced, and the time-dependence vmin, there is an exact cancellation in the first term of
of v£ and vE in Z(vmin) May become important. An  the expansion ir, = (Sny/ng, so that the tern(D(eﬁ)
example of this situation is shown in Fig. 2, where the proportional to co§w (¢ — t,)] sets in. This particular
time evolution ofZ (vmin) is plotted forii2 = 0.2 and cancellation of the first term in the Taylor expansion of
r12=0.8 (i.e.: (oy, 0y, 07) = (42,208 166) km s ). Z(vmin) happens also for the isothermal-sphere model,
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Fig. 3. The same as in Fig. 1, for an anisotropic model with
M2 = ox/oy = 10 and A3z = 0;/0y = 3. The curves refer to:
vmin = 0 (lower), 180, 190, 200 (dashed), 210, 220, 230, 240, 250
(upper) kms1.

but in that case the size of the quadratic term is
strongly suppressed becauseis much smaller. In a
WIMP direct detection experiment this effect would
show up in a very peculiar way: a halving of the
modulation period of the rate in a narrow range of
recoil energies. Notice, however, that in order to have
some realistic chance to detect this effect, it should
show up in one of the experimental energy bjng
above threshold, where the highest signal/background
ratio is usually attained. This peculiar effect due
to radial anisotropies would be in any case very
difficult to detect, since it would require large radial
anisotropies in order to be visible. The valuesi\g$
andiz2 used in Fig. 3, which show the effect as visible
at the percent level, are actually largeg /o7 ~ 3.
Systems where the radial velocity dispersion is much
larger than the tangential velocity dispersion may
be instable, for instance, they may suffer “firehose”
instability [8] for axis ratios in excess of:5. These
considerations imply that this type of distortion of
annual modulation is likely to be suppressed and
therefore difficult to observe, unless the experimental
sensitivity is at a level better than a percent.

In order to establish a link between our discussion
and WIMP direct detection experiments [1], in Fig. 4
we plot vmin as a function of the quenched nuclear
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Fig. 4. Values ofvpjy as a function of the quenched nuclear
recoil energies,. = q Eg, for: Nal scintillators [3], Ge ionization
detectors [1] and Te bolometers [1]. For each panel, the different
curves refer to WIMP masses of: 20 GeV (solid), 50 GeV (dotted),
100 GeV (dashed), 200 GeV (long-dashed) and 1 TeV (dot-dashed).
The dashed vertical lines denote the current energy thresholds.

recoil energyE,.. = g Er (¢ is the quenching factor)
for the target nuclei: Na, |, Ge, Te and for different
WIMP masses. The vertical dashed lines show cur-
rent energy thresholds achieved by each type of de-
tector. Fig. 4 shows that values ofin < 80 kms'1,

i.e., sufficiently low to observe a sizeable distortion ef-
fect as the one discussed for tangential anisotropy, cor-
respond to WIMP recoil energies below the threshold
of present direct detection experiments, and that the
effect would be more easily detected at higher WIMP
masses. However, a foreseeable lowering of the thresh-
old, down to 0.5-1 KeV, could be enough to observe
the distortion. On the other hand, for radial anisotropy,
we can conclude that the recoil energy correspond-
ing to a halving of the modulation period can actually
coincide with the experimental thresholds within the
reach of present-day detectors for 20 Ge¥my <

100 GeV, depending on the particular target nucleus.
In this respect, we note that the properties of the an-
nual modulation effect observed by the DAMA/Nal
experiment [3] (a one-year-period sinusoidal behav-
iour in the 2—6 KeV energy bins [3,5]) implies that
the DAMA/Nal experiment is potentially able to set
constraint on strong radial anisotropies.
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5. Conclusions
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to be taken into account in present and future dark
matter direct searches when anisotropic models are

In the present Letter we have shown that the typi- considered.

cal features of the annual modulation of the signal of

WIMP direct searches, i.e., the sinusoidal dependence

of the rate with time, the position of its maxima and Acknowledgements
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