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Effect of the galactic halo modeling on the DAMA-Nal annual modulation result:
An extended analysis of the data for weakly interacting massive particles
with a purely spin-independent coupling
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The DAMA-Nal Collaboration has observed ar4C.L. model-independent effect investigating the annual
modulation signature in the counting rate of an (Y&l setup (total exposure of 57986 kg daynd the
implications of this effect have been studied under different model-dependent assumptions. In this paper we
extend one of the previous analyses, the case of a WIMP with a purely spin-independent coupling, by discuss-
ing in detail the implications on the results of the uncertainties on the dark matter galactic velocity distribution.
We study in a systematic way possible departures from the isothermal sphere model, which is the parametri-
zation usually adopted to describe the halo. We specifically consider modifications arising from various matter
density profiles, effects due to anisotropies of the velocity dispersion tensor and rotation of the galactic halo.
The hypothesis of WIMP annual modulation, already favored in the previous analysis using an isothermal
sphere, is confirmed in all the investigated scenarios, and the effects of the different halo models on the
determination of the allowed maximume-likelihood region in the WIMP mass and WIMP-nucleon cross section
are derived and discussed.
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[. INTRODUCTION nucleon cross section for scalar interaction ghi the frac-
tional amount of local nonbaryonic DM density which is
In the last few years various technical approaches havascribed to the WIMP responsible for the effeg(1) [2,8].
been exploited in direct searches for weakly interacting masPerforming a maximum-likelihood analysis of the data, the
sive particlegWIMP) [1]. In particular, the DAMA-Nal Col- DAMA-Nal Collaboration has derived a region in the plane
laboration has collected a very large body of statistics whichnw-£o e which is compatible at @ C.L. to the ob-
allows one to look for the distinctive signature in dark matterserved effect of annual modulation. The properties of this
(DM) direct detection represented by the annual modulatiofiegion are sensitive to astrophysical inp{#s10], some of
of the ratef2—4], an effect which is due to the rotation of the Which deserve a reanalysis and a deeper insight.
Earth around the SufB]. The analysis of the DAMA-Nal One of the main m_gre_dler_lts for the calculatlon_of th_e
data after 4 years of runnin@,4], corresponding to a total expected rates is the dlstrlbutlgn»funcnon of WIMPs in their
exposure of 57986 kg day, has indeed led to the observatioix-dimensional phase spadé(r,v)d’r d® [where the po-
of an annual-modulation effect, which does not appear to bsition vector = (x,y,2) and the velocity vector v
related to any possible source of systemdis This excit-  =(v,v,,v,) are defined in the rest frame of the Galaxy
ing result has been analyzed under different hypotheses dnirect detection rateRy.; depend on the distribution func-
the properties of WIMP dark matter: purely spin independention (DF) at the Earth position in the Galaxy:
coupling [2], mixed spin-coherent interactidi6], inelastic . .
dark mattef7]. In the case of purely spin-independent inter- f(v)=F(Ro,v), 1)
actions, the annual modulation result has been shown to be R
compatible with a galactic halo composed, at least partiallyWwhereRo=(Ro,0,0) is the location of the Earth at a distance
by relic neutralinos in different classes of supersymmetrido=38.5 kpc from the galactic center and along the galactic
models[8,9]. plane. It is therefore clear that an accurate calculation of the
In the present analysis we consider the case of a WIMEXpected detection rates requires a knowledge of the phase-
with coherent interactions dominant over the spin-dependerdpace distribution functioﬁ(F,J)d3r d.
ones. The analysis of the counting rate of any direct detec- From the observational side, the most relevant piece of
tion experiment may be done in terms of the WIMP maigg  information coming from astrophysics is related to the rota-
and of the quantitgo (U wheres (U5 the WIMP-  tional velocity of objects bounded to the Galaxy:

2 GMyg(r)
% . i . . . Urot(r):—a (2)
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whereG is Newton’s constant anil,.;(r) denotes the total tion in the evaluation of DM expected rates, and has been
mass contained inside the radius|r|: used extensively in the literature, including the analysis of
the DAMA-Nal modulation datd2]. However many of its
_ 3, -, underlying assumptionésphericity of the halo, absence of
Mio(r)= fr,<rd M prodr").- (3 rotation, isotropy of the dispersion tensor, flatness of the ro-
tational curve are not strongly constrained by astrophysical
The rotational velocity therefore depends on the total matteobservations. Moreover the isothermal sphere is strictly un-

density distribution in space: physical and can only represent the behavior of the inner part
. . . of physical systems, since it has a total infinite mass and
Prot(r) = pom(r) + pyis(r), (4)  needs some cutoff at large radii.

In light of the latest experimental data on WIMP direct
searches, the issue of possible departures from the isothermal
sphere model has gained interest and prompted several dis-
pDM(F)Ef d3 F(F,J), (5) cussiong4,10,13. In the present paper we intend to analyze

this issue in a systematic way, by employing a comprehen-

where the DM density distribution function is

andp . (F) represents the contribution to the matter densit sive set of self-consistent galactic halo models. Each model
dueﬁtv)lscom opnents other than the DM. like the disk and thﬁntroduces a different degree of deviation from the simple

P o ) isothermal sphere. We consider modifications in the velocity
bulge. The local values for the rotational velocity and for the

: N distribution function which are originated from a change of
DM matter density are denoted by,=vot(Ro) and po  the gravitational potential or a change of the DM density
=ppm(Ro) and they represent two key parameters in theprofile [14—20. We classify the different models depending
calculation of WIMP direct detection rates, as it will be dis- on the symmetry properties of the galactic halo: spherical
cussed in the following. potential/density profile with an isotropic velocity disper-
In order to calculate the DF of E¢l) one must invert Eq.  sion; spherical potential/density profile with a nonisotropic
(5) taking into account observational data. This problem isvelocity dispersion; axisymmetric models; triaxial models.
affected by degeneracies that cannot be solved without addor the axisymmetric models we also consider the possibility
ing some piece of information. This explains why the veloc-of having a co-rotating or counter-rotating halo.
ity distribution represents one of the main sources of uncer- The plan of the paper is as follows. In Sec. Il we intro-
tainty in the calculation of direct detection signals. duce the formalism for the calculation of direct detection
The usual approach to this problem consists in assumingates and the annual modulation signal, and summarize the
that the system has some symmetry and that the distributioprocedure used by the DAMA-Nal Collaboration to deter-
F depends on the phase space parameters only through somgne the annual modulation region in the plane
integrals of motion(energy, angular momentymthis last mW-gggggng”) for a purely spin-independent interacting
condition automatically implies stationarity and that thew|MP. In Sec. Ill we describe the halo models that we in-
Jeans’ equations are verifigtll]. The velocity ellipsoidoj;  tend to discuss and introduce a naming scheme that will be
=(vjvj) may then be calculated as a function of the deriva-used throughout the paper. Section IV is devoted to the dis-
tives of the potentialwhich are related to the rotational ve- cussion of the constraints on the dark halo of our Galaxy
locity) by making use of Euler’s equatidil]. Physically, coming from available observational data. In Sec. V the an-
this corresponds to imposing hydrostatic equilibrium be-nual modulation region is calculated in a systematic way for
tween pressure and gravitational attraction. all the models previously introduced, and the results are dis-

The most common and widely used example of such &ussed. Finally, Sec. VI is devoted to our conclusions.
procedure, and by far the simplest, is the isothermal sphere

model. It consists in a spherical infinite system with a flat
rotational curve, which automatically impliggr)«r 2 and ll. DIRECT DETECTION RATES AND ANNUAL
the potential¥ «<In(r?) . The DF may be easily worked out, MODULATION EFFECT

and tuns  out to be a Maxwellian:f(v)eexp The expected differential event rate of a WIMP direct

(—3v%/(2v7yd), Wherev=|v| and v,ns denotes the oot search experiment is given, for a monatomic detector, by the
mean squared velocity of the WIMPs. The isothermal sphergxpression
describes a self-gravitating gas of collisionless particles in

thermal equilibrium, representing the highest entropy rear-

rangement of WIMPs in their phase space. A strong argu- dRyer
ment in favor of this last property is the “violent relaxation” dEg
model of Lynden-Bel[12], which indicates that the violently

changing gravitational field of the newly formed Galaxy may ) ) .
have led the non-interacting WIMPs to thermal equilibrium, WhereNr is the number of the target nuclei per unit of mass,
Hydrostatic equilibrium and the assumption that the velocitymy is the WIMP massw andf(w) denote the WIMP veloc-
ellipsoid is isotropic allows to calculate s through the ity and DF in the Earth framew=|w|),do/dEg is the
relation: v2,=3/202,(Ro). Due to its simplicity, the iso- WIMP-nucleus differential cross section arfk is the
thermal sphere model has become the “standard” assumpiuclear recoil energy. Notice that the detection rate is di-

p . o do
NTﬁV f AWF (W)W (W, Eq) ®)
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rectly proportional to the local DM densify,. The generali-  fronting upper limits one has to specify the galactic halo

zation of Eq.(6) to a diatomic detector, like Nal, is straight- models which have been considered in the calculation. The

forward. formalism introduced in the present paper may in fact be
The differential cross section is, in general, a sum of aused also to quantify the uncertainty in the determination of

coherent and a spin-dependent contribution. In this paper wepper limits from direct detection experiments.

consider only the case of a WIMP whose interactions are

dominated _by the coherent part. In this case the rate may be 1. HALO MODELS
expressed in terms of the WIMP-nucleon scalar cross sec-
tion, g{lucleon) a5 Let us turn now to the discussion of the galactic halo

models and of the techniques used to calculate the velocity

do [ do distribution functionf(v). The different models are classi-
dEr \dEr/ . ren fied according to the symmetry properties of their matter
density profile(or gravitational potentialand of the velocity
Fﬁ(ER) 1+my/m, 2 > (nucleon) distributi(_)n function. Wg def_ine_four cI_asseéA‘) _sphe_:rically
= —max | Trme/m ) Oscalar (7). symmetric matter density with isotropic velocity dispersion;
Er Wi (B) spherically symmetric matter density with nonisotropic

velocity dispersion;(C) axisymmetric models(D) triaxial
max: : . models. All the models which we describe in this section,
nuclear mass numbeEg ™ is the maximal recoil energy and 54 that will be used in the rest of the paper, are summarized

Fn(Eg) is the nuclear form factor for coherent interactions;n Taple 11, where we also introduce a naming scheme that
which may be parametrized with the usual Helm expressionyi| pe of practical use in the discussion.

[21].
The relation between the velocitiesandw is given by

wherem, andmy are the proton and nucleus massis the

A. Spherically symmetric matter density with isotropic
- = - velocity dispersion
V=0gtW, (8) ) , .
The first class of models is represented by those with a

(9) spherically symmetric matter denswf)zp(r) and isotro-

pic velocity distributionf(J)zf(v). These two conditions
wherev, andv, denote the velocities of the Earth and the imply that the phase-space DF depends on the space and
Sun in the Galactic rest framéi,|=vo+12 kmisec), and velocity variables only through the energy, which is an inte-
- 2 M E(E ) — _ 219
Uwrer is the Earth's orbital velocity around the Sufv§,,, ~ 9ral Of motion:F(r.v)=F(e), wheree=W(r)—-v"/2 is the

|=30 kmi/sec). Projecting Eq9) in the galactic plane, one relat!ve energy_(per unit masgof the WIMP a_md\lf s the
gets relative potential, related to the total densy,; through

Poisson’s equatiofill]:

Vg=VotUgrots

[ve| =lvo|+|verdcosy cosfw(t—ty)]  (10) V2P = — 47Gpyy,. (11)

where y is the incIilnation of the plqne of rotation with re- ntice thatp,,, refers to all the matter components of the
specc;[ to the galactic on@y=2m/T with T=1 year, ando  Gglaxy, like the disk, the bulge or the halo, as written in Eq.
=2"% June corresponds to the day when the Earth’'s velocm(4)_
Is at its maximum. , Once the total potentia¥ (r) is known, the WIMP DF

The change of reference frame of E®), (9), (10) intro- F(e) may be worked out by inverting E@5). A change of

duces through the DF(w) a time dependence in the eX- variables fromr to W allows to cast Eq(5) as[11]
pected ratdR,.;. In order to exploit this time-dependence to

extract the modulated signal from the measured counting v

rates, we follow the maximal-likelihood procedure of Ref. 47Tf F(e)V2(¥ —e)de=ppu(V). (12)
[2], to which we refer for a detailed discussion. This proce- 0
dure allows to determine the region in the plane . . . .
(my-Eouceon) \which is compatible with the modulation 53;‘?53?:&'22 %rl_rgsllgii].mversmn on Ed2), one obtains
signal. A lower bound om,, at the valuemy,=30 GeV is '

applied, to conform to the analysis of Refg,4].

The data we analyze in the present paper refer to the full F(e)= 1 ijedpf"\"(q’) kd ] (13
set of data released so far by the DAMA-Nal Collaboration J8m2de)o dV¥ Ve—v

[2] (DAMA-Nal 0-4), including also the upper limit on

goucteon phtained by the same Collaboration, as discusseth Egs.(12), (13) the normalization of¥, which is defined

in Ref.[2]. The same values of the quenching factors and ofhrough Poisson’s equation up to an arbitrary constant, is
the cut efficiences as in Refi,4] are used. We stress that fixed by requiring that¥(«)=0. The velocity distribution
also the determination of upper limits is affected by thefunctionf(v) which enters the calculation of direct detection
choice of the WIMPs DF. This means that also when con+ates is then obtained as in Eq).
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TABLE I. Values of the parameters for the spherically symmet- A maximal halo occurs wheM ,;s<M,: in this case al-

ric density profile of Eq(26). most all the local rotational velocity is supported by the halo
and the local DM density, gets its maximal valugg'®*
@ B Y a (kpo) compatible with the givem,. The opposite situation occurs
NFW [18] 1 3 1 20 whenM ;s assumes its maximal value compatible with ob-
Moore et al. [19] 15 3 15 28 serv_ations: in _this_ case, the local rotational velocity gets the
Kravtsovet al. [20] 2 3 0.4 10 maX|m_aI contrlputlon from the nonhalo components a_nd only
Jaffe[14] 1 4 2 160 a fraction ofv g is supported by the halo. At the same tipie

gets its minimal valug"", for the same . The constraints
on these parameters are discussed in Sec. IV.

Equation(13) shows that the dark matter DF(F,J) de- From the point of view of cal<_:u|at|ng the DM _DEEq.
pends not only on the halo DM density distributipg,, , but (13)]: .the occurrence of a max_lmal or nonmaximal halo
also on the density distribution of all the other galactic com-modifies the gravitational potential(r) and therefore the
ponents. This has to be the case, since the DM particle‘é‘?'oc'ty distribution funct|onf(v) s affected. Indmatmg
move inside the gravitational potential generated by all theVith Wo(r) the potential for the maximal halo, the condition

matter that makes up the Galaxy. A complete and rigoroqu Eq. (14) allows the generalization to the nonmaximal case
determination of the DM DF will therefore require to model 3S-

not only the galactic halo, but also all the otlidisk, bulge R
components of the Galaxigee, for instance Ref22]). wir=L"w |- PO |02 1
However, WIMP direct detection is directly sensitive only (r) po* (1) max|  U0° (17)

to local properties of the Galaxy, and in particular the rel-

evant parameters in the calculation of the detection rate ar€he condition of Eq(14) allows to work out the total poten-
the local rotational velocity, and the local DM matter den- tial for the case of nonmaximal halos without explicitly mod-
sity po. In fact, v, is directly related to the average WIMP eling the visible parts of the Galaxgbulk, disk: all the
kinetic energy, which is relevant in the scattering processiependence of these components is contained jg .

with the nuclei of the detector, and the change of reference As a comment, we notice that the presence of a non-
frame of Egs.(8), (9), which is crucial in determining the negligible contribution taw, from the nonhalo components
amount of annual modulation in the detection rate. Insteadglters also the velocity distribution function of the isothermal
po is a sort of normalization factor for the direct detection sphere. The standard Maxwellian form for the isothermal
rate Rye;. The dependence dRy.; essentially on local pa- sphere is in fact correct only for a maximal halo.

rameters implies that a detailed modeling of the inner ( Now that we have discussed the procedure to calculate the
<R,) part of the Galaxy, where the disk and bulge compo-velocity distribution function once the matter density of the
nents are more relevant and in general dominant over thBM is given, we proceed to introduce the different models.
halo, is not crucial for our analysis. Moreover, the matter The first type of model is a direct generalization of the
density of nonhalo components at the local position in thgsothermal sphere by introducing a core radiRs (model
Galaxy ¢ =R) is no longer dominant with respect to the Al). The density profile is

halo matter density at the same positi@ee, for instance

Ref.[22]). The bulge, in fact, can be described by using a v 3RZ+r?

spheroidal density distribution which gives a sizeable contri- pom(r) = A47G (R2+—r2)2 (18)
bution inside the first kpc from the galactic center, and it is ¢

truncated at about=2 kpc. The disk has an exponential which corresponds to the following potential for a maximal
distribution which in most of the models dies away at aboutyg|q:

4 kpc from the galactic center. We will therefore assume in

the following that in the outer Galaxy the dominant contri- vS —
bution to the matter density is given by the halo Wo(r)=— > In(Rc+r"). (19
pois<pom  for r=Ry. 19 From the analytic form of this potential we will refer to this

The only basic information which is required from the non- YP€ of model as dogarithmic model The usual isothermal
halo components is their contribution to the local rotationalSPhere(model AQ corresponds to the limR.—0:

velocity vg: b2 1
0
G pom(N)=7—= . (20)
06=07a(Ro) = - [Muist Maaol, (15) e

which corresponds to the following potential for a maximal
where halo:

2

M is(halo)= fr, Odgrlpvis(halo)(r,)- (16) Wo(r)=— ?In(rz). (21)

<R
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TABLE Il. Summary of the galactic halo models discussed in Sec. Ill. The label introduced in the first column is used throughout the text
to indicate each model in a unique way. For all the models, the numerical values of the parameters which have been used in the calculations
are given in the third column. The last column contains references to the models in the text. Models of class C have been analyzed also
including co-rotation and counter-rotation of the halo through (&g).

Class A: Spherical ppy, , isotropic velocity dispersion

A0 Isothermal sphere E@20)
Al Evans’ logarithmid15] R.=5 kpc Eqg.(18)
A2 Evans’ power-lawf 16| R.=16 kpc, 8=0.7 Eq.(23
A3 Evans’ power-lavf 16| R.=2 kpc, B=-0.1 Eq.(23
A4 Jaffe[14] Table | Eq.(26)
A5 NFW [18] Table | Eq.(26)
A6 Moore et al. [19] Table | Eq.(26)
A7 Kravtsovet al.[20] Table | Eq.(26)

Class B: Sphericalppy, , non-isotropic velocity dispersion(Osipkov-Merrit, B,=0.4)

B1 Evans’ logarithmic R.=5 kpc Eqgs.(18),(28)
B2 Evans’ power-law R.=16 kpc,=0.7 Egs.(23),(28)
B3 Evans’ power-law R.=2 kpc, B=-0.1 EQgs.(23),(28)
B4 Jaffe Table | Eqs(26),(28)
B5 NFW Table | Eqs(26),(28)
B6 Mooreet al. Table | Eqs.(26),(28)
B7 Kravtsovet al. Table | Eqs.(26),(28)
Class C: Axisymmetric ppy

c1 Evans’ logarithmic R.=0, q=1/12 Egs.(33),(34)
c2 Evans’ logarithmic R.=5 kpc,q=1/12 Egs.(33),(34)
C3 Evans’ power-law R.=16 kpc,q=0.95, 3=0.9 EQs.(37),(38)
C4 Evans’ power-law R.=2 kpc,q=1/2, B=-0.1 Egs.(37),(38)

Class D: Triaxial ppy [17] (q=0.8p=0.9

D1 Earth on major axis, radial anisotropy 6=-1.78 Eqgs.(43),(44)
D2 Earth on major axis, tangential anis. 5=16 EqQs.(43),(44)
D3 Earth on intermediate axis, radial anis. 6=—1.78 Eqgs.(43),(44)
D4 Earth on intermediate axis, tangential anis. 6=16 Eqgs.(43),(44)

For a maximal halo, the velocity distribution function arising which corresponds to the following potential for a maximal
from Egs.(20), (21) is the standard Maxwellian one. For a halo:
nonmaximal halo, a deviation is present also infae~0, as

discussed above. The rotational curve supportedyof v, RS

Eq. (19) is: Vo(r)=————= (B#0). 24

q.(19) o= s e (B0 (24)
r2

From the analytic form of this potential we will refer to this
type of model as @ower-law modellt represents the spheri-
cal limit of the more general class of axisymmetric “power-
o . . law” model of Ref.[16] which will be discussed in Sec.
It is rising for small radii and at large radii becomes flat. In|;; g The family of power-law models given by Eq24) is
the Re—0 limit, v =v, for all radii. _ _ not defined for3=0. However, wherB=0 is substituted in
A second type of spherical modeA2 and A3 is defined Eq. (23), the density of Eq(18) is recovered. In fact the

by the following matter density16]: logarithmic model turns out to have the properties of the

“missing” B=0 power law potential. Evaluating E@23)

for r=R, the parametew , can be expressed in terms of the
(23 densitypg. The rotational velocity for the power-law models
is given by:

v =03 (22)

(R2+r2)"

(1= BY,RE 3RZ+r2(1-p)
Powm 47G (R34 r2)(Bra)02’
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FIG. 1. The quantitiesM,;s (upper panel and vi%°=v (R FIG. 3. The same as in Fig. 1 withy=270 kmsec?! (the

=100 kpc)(lower panel calculated as a function @f, for the halo  ordering of all the different curves is maintained
models summarized in Table Il and fop=220 kmsec!. The

different curves correspond, from left to right, to the foIIowmg halo and it is asymptotically falling withr if 8>0 (model A2
models: A4, A0, D3, A3, A6, Al, A5, D1, A7, C1, C4, C3, A2, C2 and rising if 3<0 (model A3.
(upper panel A3, AO, D3, A5, Al, A6, A2, A4, C3, A7, C2, C1 The last family of spherical models we considerodels

(lower panel: here C4 and D1 are not plotted because they ara4—A7) is defined by the following matter density:
indistinguishable from AY The horizontal lines indicate the con-

straints discussed in Sec. IV. The B1-7 models have the same den- Ro\ " 1+ (Ry/a)® (B=7)a
sity distribution of the corresponding A1-7 models. D2 and D4 PoM= Po 0) i (26)
have the same distribution as D1 and D3, respectively. r 1+(rla)®
8.2 for the choice of values of the parameter$3, y anda sum-
2 B\PaRcr

(25) marized in Table I. Except for the Jaffe modaK), the other
three density profilegA5, A6, A7) are obtained from nu-
merical simulations of galaxy evolution.

Urot:4(R§+r2)(ﬁ+2)/2,

B. Spherically symmetric matter density
with nonisotropic velocity dispersion

E The procedure described in the previous section can be
E generalized to the case of a nonisotropic velocity distribu-
E tion, while keeping a spherically symmetric density profile.

. In this case, the most general DF is a functiore @ind of the
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P I Lo b b b b b by 1y
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4 4
/ o ] FIG. 4. Plot of the 3 annual-modulation region in the plane
100 F N I RV RN N NN NN AU NN O R

0 01020504 0506070809 1 1112131415 Ea{0ucleon) yersyusm,, using for the velocity distribution of WIMPs

p, (GeV/cm=?) the isothermal sphere modé&hodel AO, see Table )l The three

panels of the figure correspond tg=170, 220, 270 kmsed

FIG. 2. The same as in Fig. 1 fop=170 kmsec® (the order-  from left to right. Upper(lower) regions correspond tp,= pann
ing of all the different curves is maintaingd (p7®) wherepI™ and p'@* are given in Table III.
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C. Axisymmetric models
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FIG. 7. The same as in Fig. 4 for the velocity distribution of
model A3.

In the case of axial symmetry the DF depends in general
(at least on two integrals of motion, the relative binding

pendS one andL Only through the so called OSipkOV-MerI’it energy e and the Componemz of the angu'ar momentum

variable[23,11]:

Q=¢

L2

2r2’

(27)

along the axis of symmetry. The DF may be written quite
generally as the sum of an eveR () and an odd F_)

where the parameter, is related to the degree of anisotropy

B, of the velocity dispersion tensdevaluated at the Earth’s

position in the following way[23]:

Here the velocity is expressed in spherical coordinates an
Ve=vp# v, (With v?=(vd)—(v)2i=T,0,8).

tained by making the following substitutions in E43) [11]:

Bo=1

e—Q,

pom(r)—popm(r)=

Il A: the logarithmic model of Eq.(18) (model BJ), the
power-law models of Eq23) (models B2 and BBand the
models defined by Eq26) (models B4—BY. The velocity

1 ~
+ —
r2

a

v RS
2 p2, .2
vy Rgtrg

pom(r).

(29

(30

where

(28)

Fle,Ll)=F.(eL)+F_(ely),

contribution with respect tb,:

FIZ%[F(E,LZ)iF(e,—LZ)].

(31)

(32)

When Eq.(12) is extended to the axisymmetric case, the

ensity ppy turns out to depend only on the even part
1], so that, by inverting it, the DF may be determined up to

[ ] ) ‘an arbitrary odd parfE _ . The problem of the determination
~ The corresponding DF can be obtained by solving a modinf F , for an axisymmetric matter density is both analytically

double Laplace inversion on E¢l2). However, for particu-
lar families of axisymmetric potentials this problem has been
solved analytically by Evanfsl6,15. These families are the

axisymmetric generalization of the first two classes already

introduced in Sec. Il A: the first family has a logarithmic

potential, the second one has a power-law potential. We
stress that these analytic solutions For are obtained under
The models we consider are the same as discussed in Sélee assumption that the halo potential is dominant over the

other components. Therefore these solutions correspond to a
maximal halo. Even though they do not represent the most
general situation, their simplicity makes them of practical

distribution functions, which are obtained by solving the Ed-use and convenient for studying the axisymmetric case.

dington equation with the Osipkov-Merrit term, are therefore The first family of axisymmetric potential we consider is
anisotropic with a degree of anisotropy controlled by thethe logarithmic potential[15] (models C1 and G2
parameteis, related tor , as in Eq.(28).
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model A2.
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FIG. 9. The same as in Fig. 4 for the velocity distribution of

FIG. 11. The same as in Fig. 4 for the velocity distribution of

model A5. model A7.
v2 - 72 ing the property of Eq(35). This is obtained for the axisym-
Vo(R,z)=— ?In RE+R+ E , (33 metric power-law potentia[16] (models C3 and 4
whereR?=x2+y? is the radial coordinate along the galactic W,RE

¥o(R,2) (B+0). (37

plane,R; is the core radius angthe flatness parameter. The

. . : = (Rg+ R2+22q72)ﬁ/2
corresponding DM density is

v% (2q%+ 1)R§+ R2+(2—q~2)22 The corresponding matter density is:
47Gq? (RE+R?+2%q72)?

pom(R,2)=

(34 pom(R,2)

BY.RE
A7Gof?

Equations(33) and(34) are the axisymmetric generalization
of Egs.(19) and(18). The corresponding rotational curve is
obtained from Eq(22) by substituting the radial coordinate
with the radial coordinate in the galactic plaRe

By expressing as a function of#" through Eq.(33), the
density of Eq.(34) may be decomposed 8%6]:

(29%+ 1)R2+ (1— Bo?)R?+[2—q~2(1+ B)]2
(R§+ R2+22q72)(3+4)/2 ’

(38)
p=po(¥)+R%py(V), (35
Evaluating Eq.(38) for R=R;,z=0 the parameteW, can
which allows to determin& . in the form: be expressed in terms of the densify Equations(37) and
(38) are the axisymmetric generalization of E¢24) and
F+(e,Lz)=F3(e)+ L§F1+(e), (36) (23) and they possess the same properties already discussed

in Sec. Il A. As for the case of the logarithmic potential, the
leading to a particularly simple analytic solution for the DF rotational curve is obtained from E(5) by substituting the
[15]. We give it for completeness in Appendix A. The rela- radial coordinate in Eg. (25 with the radial coordinate in
tion of Eq. (35 is no longer valid for a nonmaximal halo, the galactic plan®, and it is asymptotically falling withR if
since in that case, the change of variable froto ¥ is not >0 (model C3 and rising if 3<0 (model C4.
determined by the potential of E¢B3) but by an axisym- In analogy with the logarithmic case, also for the power-
metric analogous of Eq17). Therefore the analytic expres- law model an analytic solution for the DF can be worked out
sion given by Eq(36) can be used only for maximal halos, [16] with the form of Eq.(36). This applies again only for a
i.e. po=pg . maximal halo. The analytic formulas fér, can be found for

The second family of distribution functions is a generali- completeness in Appendix A.

zation of the axisymmetric logarithmic potential to the case

of an asymptotically nonflat rotational curve, while preserv-  1xio?
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w0 FIG. 12. The same as in Fig. 5, with anisotropy of the velocity

dispersion through the Osipkov-Merrit term and anisotropy param-
FIG. 10. The same as in Fig. 4 for the velocity distribution of eter 8,=0.4 (model B). The horizontal axis has been extended in
model A6. the first panel.
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FIG. 13. The same as in Fig. 6, with anisotropy of the velocity  FIG. 15. The same as in Fig. 8, with anisotropy of the velocity
dispersion through the Osipkov-Merrit term and anisotropy paramdispersion through the Osipkov-Merrit term and anisotropy param-
eter 8,=0.4 (model B2. eter Bp=0.4 (model B9. In this casep(®=pg"", so upper and

lower curves are not distinguishable.
Co-rotation and counter-rotation of the halo

As mentioned before, the DF for an axisymmetric modelT e parameter, ranges from l(maximal co-rotationto 0
is known up to an arbitrary odd componédht . The DF we maximal counter-rotationand is related to the dimension-
summarized above for the Evan's models all refer to the purd®SS Spin parametex of the Galaxy by:A=0.37—-0.5
even component: they all have_(e,L,)=0 and possess no [25]. In order to be consistent with the available extensive
bulk rotation. The casE _(e,L,)#0 corresponds to the case Numerical work on galaxy formation, should not exceed
of a rotating halo, where the number of particles movingthe value 0.0527], implying 0.36< 7=0.64. For all the
clockwise around the axis of symmetry is different from thatEvans model discussed in this section, we will also study the
in the opposite sense. co- and counter-rotating situations, adopting the two values

A family of DF’s with bulk rotation can be studied by 7=0-36 and,=0.64.
constructing an explicit example fér_ . This can be done,
starting from a generi€ ., by considering the linear com- D. Triaxial models

bination[24-28: The last class of models we wish to discuss is represented

F_(eLy)=Frgnl(eLy) —Fren(e.Ly), (39) by thetriaxial potential discussed in Ref.17]:
1 2 7
where \Ifo(x,y,z)z—iugln< X2+ y—2+—2 , (43
F.(e,L,), v4>0, A
Fright(€,L2)= 0, v4<0, (40 which, for a maximal halo, corresponds to the DM density:
and ( : ve AXZ+BY2/p2+CZq? 4
PDM X!yvz =
0, 0,>0, A7G  (x%+y?Ip?+7°1g?)?
Fieri(e,L,)= (41)
ST Fiely), 04<0. whereA=p 2+q ?-1B=1+q ?-p 2andC=1+p 2

_ -2 . e .
The distributionsF iy, andF ¢, describe the configurations q - 'In Ref. [17] th.e yelomty D.Ff(v). of the'system IS
— approximated by a triaxial Gaussian with semiaxes equal to

with ma.ximal|-v¢| with Fhe same density profile & (24 the velocity dispersions as obtained by the solutions of the
A DF with an intermediate value af, can be obtained as a Jeans equations:

linear combination of . andF _, or, equivalently, ofF ¢

and Fright: 2
v = (@5
F(e,L)=nFighi(e,L)+(1—n)Fenlel,). (42 (2+6)(p~“+q -1
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FIG. 14. The same as in Fig. 7, with anisotropy of the velocity = FIG. 16. The same as in Fig. 9, with anisotropy of the velocity
dispersion through the Osipkov-Merrit term and anisotropy paramdispersion through the Osipkov-Merrit term and anisotropy param-
eter B,= 0.4 (model B3. The horizontal axis has been extended in eter 8,=0.4 (model B5. The horizontal axis has been extended in
the first panel. the first panel.
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TABLE llI. Allowed intervals of p, obtained from the constraints ;s andv 3¢ for the halo models
summarized in Table II. The values pf ®* andpg''" are used in the modulation analysis of the experimental
data of Figs. 4—18 for the models of class A and B, while gi}{#* is used for models of class C and D in
Figs. 19-34. The value qff'®* for the axisymmetric models of class C is not affected by the inclusion of a
co-rotation or counter-rotation effect through E42).

vo=170 kmsec! vo=220 kmsec? vo=270 kmsec?

Model pg'" g pg'" g pg'" po

A0 0.18 0.28 0.30 0.47 0.45 0.71
AlBl 0.20 0.42 0.34 0.71 0.62 1.07
A2,B2 0.24 0.53 0.41 0.89 0.97 1.33
A3,B3 0.17 0.35 0.29 0.59 0.52 0.88
A4,B4 0.26 0.27 0.44 0.45 0.66 0.67
A5,B5 0.20 0.44 0.33 0.74 0.66 111
A6,B6 0.22 0.39 0.37 0.65 0.57 0.98
A7,B7 0.32 0.54 0.54 0.91 0.82 1.37
C1 0.36 0.56 0.60 0.94 0.91 1.42
Cc2 0.34 0.67 0.56 1.11 0.98 1.68
C3 0.30 0.66 0.50 1.10 0.97 1.66
C4 0.32 0.65 0.54 1.09 0.96 1.64
D1,D2 0.32 0.50 0.54 0.84 0.81 1.27
D3,D4 0.19 0.30 0.32 0.51 0.49 0.76

v2(2q72-1) when the Earth’s position is on the intermediate drigdels

=01 (46) D3 and D4. In Egs.(45), (48) the quantitys is a free pa-

¢ -2 -2 . . . e
2(p~“+q -1 rameter that in the spherical limip&q=1) quantifies the
degree of anisotropy of the velocity dispersion tensor:
v US(Zp_Z_ 1) —
Vo= o o . (47) vy 2+8
Ul’

when the Earth’s position is on the major axis of the equipo-

tential ellipsoid(models D1 and DR and:

IV. CONSTRAINING THE MODELS

— vep~* Once a given model is chosen for the velocity distribution
Ur= (2+0)(1+q 2—p ?) (48)  function of the dark matter particles, the parameters of the
model have to be fixed using observational data. Unfortu-

P nately, due to its “darkness,” all our knowledge of the halo is

— vo(29°°—p~°) of indirect naturd 28,22 and it includes requirements on the

Vo™ —2_ -2 (49 circular rotational s i its fl i

2(1+q 2-p?) _peedcons_tralnts on its flatness and its
value at the solar circle and in the outer regions of the Gal-
v2(2— p~2) axy) as well as observational constraints on the local surface

;gzo— (50) density of the disk and on the dispersion velocity of the
2(1+q 2-p? bulge. In general, one should construct a composite model of

1x107

the Galaxy where the DM is coupled to other components
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FIG. 17. The same as in Fig. 10, with anisotropy of the velocity
dispersion through the Osipkov-Merrit term and anisotropy param- FIG. 18. The same as in Fig. 11, with anisotropy of the velocity
eter B,=0.4 (model Bf. The horizontal axis has been extended in dispersion through the Osipkov-Merrit term and anisotropy param-
the first panel. eter B8,=0.4 (model B7.
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FIG. 19. The same as in Fig. 4 for the velocity distribution of  FIG. 21. The same as in Fig. 19 including a counter-rotation
model C1. Only the casg,=pg'®* is shown. effect of the halo with=0.36.

like the disk and the bulge, and the parameters describing theelocity vg; (ii) the value of the rotational curve at a distance

various components are varied independently requiring thasf 100 kpc from the center of the Galaxyi%’=uv o (R

the observational constraints are satisfied. =100 kpc). These two quantities are somewhat constrained
We have already noticed that WIMP direct detection ratesrom observations, even though their constraints are often

are particularly sensitive to the value of the rotational veloc-obtained by using some degree of galactic modeling. We

ity vo and the local DM density, (both evaluated at the conservatively quote the following rangg22,28:
solar circlg. The procedure we follow in order to determine

the allowed ranges fay, and p, in each galactic model is 1X10°M <M, ;s=6x10"M (53)
explained in the following. First of all, the experimental in-
formation we use is: the allowed range for the local rota- 0.8 vo=viX<1.2-v, (54

tional velocity, the amount of flatness of the rotational curve

of our Galaxy and the maximal amount of nonhalo compo-whereM denotes the solar mass. The first constraint limits
nents in the Galaxy. The first information directly fixes thethe amount of nonhalo components, while the second is a
allowed interval foruvg, irrespective of the galactic halo constraint of “essentially flatness” rotational curve: only ga-
model. The other constraints are used in order to determinkactic halo models which provide a rotational curve which
the allowed ranges fas,, for each halo model. does not deviate from a flat one more than 20% at 100 kpc

The allowed interval fow is: are accepted. The constraint of E§4) is compatible with

the estimates of the galactic mass at large radii as obtained
vo=(220+50) kmsec! (90% C.L), (52 by the dynamics of satellites of the Galajg2].
The behavior ofM ;s and v as a function ofpg is
which conservatively relies on purely dynamical observa-shown in Fig. 1(which refers tovy=220 kms?), Fig. 2
tions[29]. Proper motion measurements of nearby S8  (v,=170 kms?), and Fig. 3 (,=270 kms1). Each line
lead to similar estimates for the central valuevgf with a  refers to a different halo model. The upper panels show that
significantly smaller uncertainty. However they are based oM ;; is a decreasing function gy, since increasing the
the assumption of circular orbit of the observed objects. Foamount of dark matter in the Galaxy implies that less matter
definiteness, we will use in the following three representativén other galactic components is required to support the rota-
values forv,, which correspond to its central value and totional curve. On the other hand, the value of the rotational
the boundaries of its allowed 90% C.L. range of E8R):  velocity in the outer Galaxy is totally supported by the dark
vo=170,220,270 km séec. halo, and it is larger for more massive halos.

For the three representative valuesuvgfwe then deter- When the constraints expressed in E§S) and (54) are
mine the corresponding allowed ranges ggr For each halo  simultaneously applied, an allowed interval fog may be
model and for each value of, we calculate, as a function of derived for each halo model.
po, two quantitiesii) the total amount of madd ;s in com- The procedure outlined above may be used as a simple
ponents other than the hafe.g.: disk, bulgewhich is nec- recipe for identifying the intervals for the local density pa-
essary in order to match the given value of local rotationarameter. However, some caution must be taken in the appli-

cation of the bounds oM ;s in Eq. (53). As already dis-
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FIG. 20. The same as in Fig. 19 including a co-rotation effect of
the halo withn=0.64. The horizontal axis has been extended in all FIG. 22. The same as in Fig. 4 for the velocity distribution of
panels. model C2. Only the casg,=pg > is shown.
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FIG. 23. The same as in Fig. 22 including a co-rotation effect of FIG. 25. The same as in Fig. 4 for the velocity distribution of
the halo withn=0.64. The horizontal axis has been extended in themodel C3. Only the casgy=pg **is shown.
first panel.

DAMA-Nal data[2] in terms of relic WIMPs with purely
cussed in the previous section, for the models of class A andoherent interactions. The procedure is the one outlined in
class B we solve the Eddington equation in order to deterSec. Il. The results are presented as @&nual-modulation
mine the velocity distribution function of dark matter par- regions shown in the plargr{u“e"yersusmy, . All figures
ticles. In this case we can take into account also the situatioare divided in three panels which correspond to the cases:
in which the local rotational velocity is only partially sup- v,=170,220,270 kmsec.
ported by the halo, and therefore we can apply the limits to A general feature of all the models is that by raising the
M,is given by Eqg.(53). Instead, the analytic models of class parametew, the modulation region moves from the upper-

C and class D may be applied only to the extreme case of éght to the lower-left of themy-£o {149 plane. This is
fully maximal-halo, since the analytic formulas féfv) are  easily understood since, for a given DM density profile,
derived under the assumption that only the halo matter derhigher values ob imply higher values op, [through Eq.
sity is present. For these moddldass C and class)the  (2)] and of the velocity ellipsoidri;=(viv;) (through the
only case we can deal with is that of a fully maximal halo, Jeans equatiofsthe experimental value of the signal and the
which corresponds td/1,;s=0. This represents a conserva- measured WIMP-nucleus recoil energy are fixed by the data,
tive upper limit for p,. From Figs. 1-3 we can see that the therefore the modulation region moves downward because

upper bounds tp, obtained from theM ,;s=0 limit are only

a few percent larger than what is obtained by imposing the deetOC « o (nucieon) (55)
lower limit of Eq. (53): M ,js=1X% 10", . For consistency dEg P07 7scalar
and simplicity, we will useM ,;s=0 as a lower limit also for
models of class A and B. [see Eq(6)] and moves to lower masses because
The allowed intervals fop, that we obtain by imposing 5
the bounds oM ;s andv ! are listed in Table IIl. As dis- EgocmyyX(v?). (56)

cussed above, both valup§™ and pJ'®* will be used in the

. . . On the other hand, when one compares the different den-
next sections to perform the modulation analysis of the

. . max . - sity profiles that we have discussed in the previous sections,
DAMA-Nal experimental data, while only,™" will be used it is worth noticing that, for a given value afy, a stronger

for the analysis of the data for models of class C and D. We_. Lo ; X 0
stress that the reason for this stands in the fact that for thaduiarity in the galactic center lowers the valuggf* (in

_ - order to keep constant the mass integmaith the conse-
analytic mloorl]ells of classes C and D, we knbw) only for o ,ence that the lower part of the modulation region rises. So
a maximal—halo.

the smallest values afo (""" are reached by the models
with a less singular density profile.
V. RESULTS AND DISCUSSION Figures 4-18 show the result of the analysis for the mod-
. _ _els with a spherically symmetric density profilenodels
In this section we make use of the halo models described0—7, B1—73. Models AO—7 have an isotropic velocity dis-
in Sec. IlI, with the choice of parameters shown in Table II, persjon, while in models B1-7 a degree of anisotropy in the
to analyze the annual-modulation signal present in theelocity dispersion is introduced through the Osipkov-Merrit
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FIG. 24. The same as in Fig. 22 including a counter-rotation FIG. 26. The same as in Fig. 25 including a co-rotation effect of
effect of the halo withy=0.36. the halo withn=0.64.
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FIG. 27. The same as in Fig. 25 including a counter-rotation FIG. 29. The same as in Fig. 28 including a co-rotation effect of
effect of the halo withy=0.36. the halo withn=0.64.

term of Eq.(27). The amount of anisotropy is controlled by they are shown in Figs. 19, 22, 25, 28. In each model the

the 8, parameter of Eq(28) and it has been fixed at the flainess parametey has been chosen in order to have the
value: B,=0.4. This value corresponds to a radial anisot-maximal flatness compatible with observations and with the

ropy. In order to account for the uncertainty in the DM local POSitivity of the DF. The main effect induced by flatness is

density po, for each case two regions are given, the highe'through the increase in the local density as can be seen in

(lowen corresponding tmongﬂn (P, Wherepgﬂn and Table lll. As a consequenc«(an,u(tzggn)modulatlon regions for these

po ™ have been obtained as discussed in Sec. IV and affodels reach values ofogeay *” significantly below the

reported in Table Ill. The numerical values of the parameterée\é?jlesls?;trgesi%her?catlhcgscis-.rclyrt]altz'lc?r?é?fg’ctzg% ch% rzlgléh.;s?gje

summarized in the third column of Table Il have been chosef" ted th hWE VZIZ) ith n—0 I64 hile in Figs. 21 |24p

in order to ensure the compatibility of the curves of Figs. L;n?en?zf rtc;]ug s V‘g I 7= ,tW Ietl? lgsf.f t, 'tt,1

2, 3 with the constraints of Eq&53), (54), discussed in Sec. ! or thé same models a counter-rotation eftect

IV. The Jaffe models A4, B4, which go into the isothermal =0.36 has been introduced. The main consequence of halo

sphere wherR,— havé be,en calculated for the smallest €0-rotation is a decrease of the relative velocity between
C 1 .

allowed value of the core radiug; in order to examine the WIMPs and the Earth. The energy of WIMPs is therefore

case of maximal departure from the usual scenario. As maller and in order to produce the same re_c0|l energy in Fhe
consequence of this, for this mode]"'=pl® and in Figs. . etector the WIMPs have to be he{:\wer. Thls can be ver|.f|ed
k 0 " . in the figures, where the modulation region of co-rotating

8,15 éhe upper and lower modulation regions are Suloerimr'nodels may reach very high WIMP masses, even higher than
posed. :

. . . L . 200 GeV. By the same token, in counter-rotating models the
The effect of radial anisotropy in the velocity dispersion modulation region is shifted toward lower masses
tensor ¢,>v,=v,), which occurs for the models of class  The peculiar shape of the modulation region of Fig. 20
B, may be seen by comparing Figs. 5-11lwith the corregeserves some comments. The two disconnected closed con-
sponding Figs. 12—-18. As a general feature, a reduction qfyrs, which arise at differentyy values, are indicative of
the quulatlon effect is expecteq, since the WIMPs phasg,e superposition in the WIMP phase space of two compo-
space is depopulated along the direction of the Sun’s velogyents with well separated r.m.s. velocities. This is exempli-
ity. This is confirmed by the fact that in most cases thefieq in Fig. 35 for the models Blg=1) and C1
modulation regions move upwards and widen, although the——ll\/f), where the contour plots of the corresponding DF’s

size of the effect can be small. The effect of radial anisotropyére plotted in ther-v, plane(in the galactic rest frameand
on the WIMP mass is more involved. In particular, the modu-;, 1o w-w,, plane(irf the Earth’s rest frame It is evident

lation regions for models B1, B3, BS, B6 extend to heaviery ., e figure that, in flattened models, smjall| orbits are

‘Eiepopulated compared to the spherical case, leading to two
Qvell separated populations with,>0 andv ,<0. These
two components have the same temperature in the galactic
: max rest frame, but develop different r.m.s. velocities when
classes C and D only the regions fey=po " are shown. As - y,4qte in the Earth's rest frame. As shown in Fig. 35, the
far as the axisymmetric models of class C are concemedg|aiive weight of the two populations can be tilted towards

smaller WIMP masses.
As already pointed out, for the models belonging to

1x107 T T T T T T T T T 1x107 T T T T T T T T T
V=170 =220 =270 =170 =220 =270
£ ®
E 10t E3 E3 E E 10t E3 E3 E
£ £
© ©
ar ar
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lxlﬂrll) 1 1 1 1 1 1 1 1 Il lxlﬂrll) 1 1 1 1 1 1 1 1 Il
0 50 100 150 0 50 100 150 0 50 100 150 200 0 50 100 150 0 50 100 150 0 50 100 150 200
my, (GeV) myy, (GeV) my, (GeV) my, (GeV) myy, (GeV) my, (GeV)

FIG. 28. The same as in Fig. 4 for the velocity distribution of  FIG. 30. The same as in Fig. 28 including a counter-rotation
model C4. Only the casgy= pg'®* is shown. effect of the halo withp=0.36.

043503-13



P. BELLI, R. CERULLI, N. FORNENGO, AND S. SCOPEL PHYSICAL REVIEW 66, 043503 (2002

1x107 T T T T T T T T T

V=170 V=220 vo=270 vo=170 V=220

1x107 T T T T T T T T T
vg=270

1x10™ I I I 1 1 1 7 I I
0

50 100 150 0 50 100 150 0 50 100 150
my, (GeV) myy, (GeV) my, (GeV)

1x10°* 1x10°*

v

1x1 Orll) 1 1 1 1 1 1 1 1 Il
0 50 100 150 0 50 100 150 0 50 100 150

my, (GeV) myy, (GeV) my, (GeV)

£ 6 (nbarn)
£ 6 (nbarn)

1x10° 1x10°

200 200

FIG. 31. The same as in Fig. 4 for the velocity distribution of

model D1. Only the caspy=pg'®*is shown.

FIG. 33. The same as in Fig. 4 for the velocity distribution of

model D3. Only the caspy=pg' ¥ is shown.

slow or fast WIMPs in the two cases of a co-rotating Or_Note that this property is a consequence of the flatness of the

counter-rotating halo, respectively. This explains why the co : . .
rotating model of Fig. 20 develops a second minimum atrotatlonal curve, and would nqt be true,.for mstance, includ-
high WIMP masses, and this is not observed in the correld @ core radius in the po.tentlal. EquatiGs) implies th"?“’
sponding non-rotating or counter-rotating cases. We have nd? this model, the tangential components of the velocity el-
merically verified that the peculiar disconnected region aflPSoid are fixed by,. As a consequence of this, radial an-
high WIMP masses reduces in size when the flatness pararffotropy ©,>v,=v,) corresponds to faster WIMPs and
eter is increasedsince in this way the velocity distribution tangential anisotropy to slower WIMPs. This shifts the
function becomes more similar to the nonflattened )pone Mmodulation regions towards smaller valuesigf; in Figs. 31
while it shifts towards lower masses when the core raBius and 33 and higher values ofiy, in Figs. 32 and 34. This
is decreased. effect is sizeable in the case of tangential anisotropy, where
We conclude the discussion of our results with the triaxialthe modulation region may extend upng,=270 GeV.
models shown in Figs. 31, 32, 33, 34 where, to be definite, The results of this section are summarized in Fig. 36,
the same choice of parameters of Réf7] is adopted. For where all the modulation regions previously discussed have
these models a general solution for the DF is not availablebeen plotted jointly. A convolution of all the regions may be
Only the velocity ellipsoid of Eq445)—(48) is known, and it indicative of the uncertainties in the determination of the
is used to fix the second moments of a nonisotropic Max\wIMP modulation signal due to the modeling of the WIMP
wellian. This explains why the shape of the modulation re-pF, As a final result, we show such a convolution in Fig. 37,

gions is quite similar to the standard case. In models D1 ang{pere a single curve in the plang,-éo
D2 the Earth is assumed to be located on the major axis oé

the density ellipsoid, while in models D3 and D4 it is placed
on the intermediate axis. Since in the two cases the Sun
positionR, is the samep, is higher for models D1, D2 than
for models D3, D4(see Table Il). As a consequence, the
modulation regions of Figs. 31 and 32 reach smaller value
of éaliaiar™
D1 and D3(D2 and D4 have §=—1.78 (§=16), which
implies a radial(tangential anisotropy of the velocity ellip-
soid[see Eq(51)]. Solving the Jeans equation for the poten-
tial of Eq. (43) in the spherical limitg=p=1 (which corre-
sponds to a noncored isothermal sphégads to the relation
[11]

3

5 (57)

2,2 2
VT Uy=50p-
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200

FIG. 32. The same as in Fig. 4 for the velocity distribution of
model D2. Only the caspy=pg > is shown. The horizontal axis

has been extended in the first panel.

compared to those of Figs. 33 and 34. Models

(nucleon) is plotted by

scalar
ollecting the information contained in the analyses of all the

nonrotating models considered in this paper. The region is

cS:ompared with the original annual modulation region ob-

tained in Ref[2] for an isothermal sphere model of the ga-
@ctic halo with rotational velocity =220 kms* and lo-
cal dark matter densitp,=0.3 GeVcm 3. From Fig. 37
we see that the DAMA-Nal annual modulation result is com-
patible with WIMPs masses up tony=270 GeV and
WIMP-nucleon cross sections in the interval: 10 nbarn
<¢olUeleoN< 65108 nbarn when the uncertainties in the
WIMP velocity DF are taken into account. Co-rotating mod-
els with maximal corotation can extend the mass range even
further, up tomy,=500-900 GeV, for cross section of the
order few< 10 ° nbarns £01U®N< 251078 nbarn, as it
can be seen, for instance, in Fig. 36.

1x107 T T T T T T T T T T T

1x10°*

£ 6 (nbarn)

1x10°

lxlorll) 1 Il 1 1 1 1 1 1 1 1 Il
0 50 100 150 200 250 0 50 100 150 0 50 100 150

my, (GeV) myy, (GeV) my, (GeV)

200

FIG. 34. The same as in Fig. 4 for the velocity distribution of
model D4. Only the caspy=pg > is shown. The horizontal axis

has been extended in the first panel.

043503-14



EFFECT OF THE GALACTIC HALO MODELING ON THE . . .

PHYSICAL REVIEW D 66, 043503 (2002

Yo (km/sec) Yo (km/sec) Yo (km/sec) Yo (km/sec)
-500 250 O 250 500 500 -250 O 250 500 -500 -250 O 250 500 -500 -250 O 250 500
1 I I I 1 I I I I I I I I I I 1 I I I
500 - (@) =<+ (b) - © T ) .
g 400 + + + -
£
= 300 + + + -
-
200 - + + + -
100 | + + + -
0 H+———+—+— ——t—t
500 - T ® T ® T ®
g 400
E
—ag 3{» = p —— p -
B
200 | + + + .
100 | + + + -
0 1 1 1 1 1 1 1 1 1 1 1 1
-500 250 O 250 500 -500 -250 O 250 500 -500 -250 O 250 500 -500 -250 O 250 500
W (km/sec) Vo (km/sec) Yo (km/sec) W (km/sec)
FIG. 35. Contour plots of the DF's for models B1 and B&e Table ). From left to right, the different panels refer to models[Banels

(&) and(e)],

C1[panels(b) and(f)], co-rotating C1panels(c) and(g)], counter-rotating CIpanels(d) and(h)]. Upper panels are plotted
in thev 4-v plane, defined in the reference frame of the Galaxy, while lower panels are shownvirytheplane, defined in the reference
frame of the Earth. Solid lines, big dashes, small dashes and dots correspond to growing values ofitharbBiFrary unit3. The two
disconnected closed contours which arise at diffeventlues in panelsf), (g) and (h) signal the superposition in the WIMP phase space
of two components with well separated r.m.s. velocities.

VI. CONCLUSIONS

A e o e B M B e e e
In the present paper we have extended a previous analysi i ]
of the DAMA modulation experiment for the case of a Eo 1
WIMP with a purely spin-independent coupling, by discuss- T 1
ing in detail the implications on the results of the uncertain- 10° | =
ties on the dark matter galactic velocity distribution. We have — i 1
studied a large number of viable models which deviate from i 1
the standard isothermal sphere in the matter density profile2 - 1
in the presence of anisotropies of the velocity dispersion ten-— | |
sor and in effects of rotation of the galactic halo. The differ- 7 E | E
ent models have been classified according to the symmetrg& o ]
v [ | ]
1x107 T [
2 10710 5
E oo @ i g 3
s i ]
1x10° E F R
10-11 R T R S T NI N PRI N TS S TR ST N N S N
X160 0 50 100 150 200 250 300
100 1000 100 1000 100 1000
my, (GeV) my, (GeV) my, (GeV) m, (GeV)

FIG. 36. Summary of the @ annual-modulation regions in the (nucleon)

FIG. 37. 3 annual-modulation region in the pladerg.,
planegofuceon yersusm,,, obtained by superimposing the results versusm,,, obtained by considering all th@onrotating galactic
obtained with the velocity distributions of all the models describedhalo models discussed in this paper. The region is compared with
in Table II. For each of the models A1-7 and B1-7 two regions arethe original annual modulation conto(shaded regionobtained in
0'®shown  Ref.[2] for an isothermal sphere model of the galactic halo with

plotted, which refer to the two extreme valyg" andp}
in Table Il for the WIMP local density,. For models C1-4 and rotational velocityv,=220 kms* and local dark matter density
po=0.3 GeVcm?3.

D1-4 only the regions which refer {@,= pg'®* are shown.
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properties of their matter density profiler gravitational po- o\ 12 RSRZ 1

tentia) and of the velocity distribution function. We have B=F047-r(—) 2—°22—2, (A3)

specifically considered(a) spherically symmetric matter 7/ (RG+R9*q

density with isotropic velocity dispersion(p) spherically

symmetric matter density with nonisotropic velocity disper- i Ré 20°—-1

sion; (c) axisymmetric models(d) triaxial models. C=Fom R2+ R2 T (A4)
0 C

The different models have then been used to reanalyze the
DAMA-Nal 0—4 data collected by the DAMA-Nal Collabo- _ a3, 3
ration [2]; in particular a total exposure of 57986 kg day, andFo=0.47 GeVcm /vy,
which corresponds to 4 annual cycles, has led to the obser-
vation of an annual modulation effect. The hypothesis of 2. Power-law potential
WIMP annual modulation, already favored in the previous The DF for the power-law potential of Eq37) for 8
studies[2,4] by using an isothermal sphere, is confirmed in~(g can be written as
all the investigated scenarios, and the effects of the different
halo models on the determination of the allowed maximum- F(e,L§)=A~e4’B*3’2+ Be¥A~124 Ce2B~12  (AB)
likelihood region in the WIMP mass and WIMP-nucleon
cross-section have been derived. We can summarize that thehere
DAMA-Nal annual modulation result is compatible with
WIMPs masses up ton,=270 GeV and WIMP-nucleon 1,
cross sections in the interval: 18 nbarns ¢oluceon< g e Yo 1/ v )2
%X 108 nbarn, when the uncertainties in the WIMP velocity =y v, {P— E(v_) ,
DF are taken into account. When also co-rotation of the ga- a a !

lactic halo is considered, the mass range extends further {0, {=R./JRZT RZ, while the velocityo, = \[¥,] is fixed
C C 1 a

My~500-900 GeV, for a cross section of the order a feWthrou h Eq.(38), and with suitable normalizations, can be
X107° nbarns £o{lui®M<2x 1078 nbarn. These inter- gh Eq.(38), ’

) alar ) , cast in the form
vals quantify the extent of the annual modulation region for

WIMPs with purely spin-independent couplings, as due to
uncertainties in the phase space distribution function of ga- v1=220 km secl(
lactic WIMPs.

(AB)

1/2
Ro

8.5 kpc

Po
0.47 GeVcm?®

q(RE+Rg)(#4%
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APPENDIX: AXISYMMETRIC MODELS I'(2+4/B)
In this appendix we give, for completeness, the analytic X23’2773’2F(4/,8—1/2) 'B('BJFZ)(?_:L)’ (A8)
formulas of the DF's for the axisymmetric potentials of Eqgs.
(33), (37) adapted from Refd.15,16. All expressions are 2/R\2
written in the reference frame of the Galaxy. B= 1(L (_0)
220 kmsec!/ \Rc
1. Logarithmic potential I'(2+4/B)
The DF for the logarithmic potential of E433) can be X23/27r3’21“(1/2+ 418) 'B(ﬁ”LZ)@’ (A9)
written as
—2p2 —2 B U1 2 Ro 2
F(eL2)=(A+Bexg —— | +Cexg —|, (A1) C=F1l 520 kmeecl] |Re
Vo Vo
re+2/ 1+
where : 2 2- P ' (A10)
23282 (1/2+ 21B) q?
2152, 12 RY 1-gP with F;=0.47 GeVcm¥/vS.
A= Fo477<_) (—¢> — (A2) For B<0 Eq.(A5) still applies, with the following modi-
vo/ (RgTRO)” q fications(now ¥ ,<0):

043503-16



EFFECT OF THE GALACTIC HALO MODELING ON THE . . . PHYSICAL REVIEW D 66, 043503 (2002

2
\If+£vz B—F,|_ %t Ro|®
~ —€ 2 1[v)\? ! ~1] |\ R
= —_ —B_ | = 220 kmsec c
€= : (A11)
a ¥, 2\vy
I'(1/2—-4iB) B(3+2) 1 (A13)
where +2)—,
2327370 (—1-4ip) q
2 2
v Ry N T i
A=F, =5 ot cl/ \R
220 kmsecl/ \Rc 220 kmsec c
['(3/2—4IB) 1 I'(1/2-2Ip) 1+
B(B+2)|1-—], X a3l 2 2 (A14)
232,302 (— 1 41B) o 232732 (—1-218) | q
(A12)  with againF;=0.47 GeVcm3/v3,
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