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Perturbations due to the planets combined with the non-Coulomb nature of the gravitational potential
in the Sun imply that weakly interacting massive particles (WIMPs) that are gravitationally captured
by scattering in surface layers of the Sun can evolve into orbits that no longer intersect the Sun. For
orbits with a semimajor axis<1/2 of Jupiter's orbit, such WIMPs can persist in the solar system for
>10° years, leading to a previously unanticipated population intersecting Earth’s orbit. For WIMPs
detectable in the next generation of detectors, this population can provide a complementary signal, in
the keV range, to that of galactic halo dark matter. [S0031-9007(98)08075-2]

PACS numbers: 95.35.+d, 96.40.De

The effort to uncover the nature of the dark matter thabe comparable to the background WIMP halo density.
dominates the gravitational potential well in our Galaxy, The range of scattering cross sections and masses for
and almost all known galaxies, is perhaps one of the mostuch WIMPs is precisely that which is associated with the
important ongoing experimental programs in cosmologyrange of parameter space just below current experimental
Among the favored candidates for nonbaryonic dark matlimits. Thus, if WIMPs are to be discovered in the next
ter are so called weakly interacting massive particlegeneration of experiments, then the population we describe
(WIMPs). Such WIMPs naturally arise in most supersym-here should be significant.
metric extensions of the standard model in the form of the We shall focus on the subpopulation of WIMPs that scat-
lightest supersymmetric partner of normal matter, the neuter on a nucleus located near the surface of the Sun, and
tralino (e.g., [1]). A number of ongoing experiments, in- thereby lose just enough energy to stay in Earth-crossing
volving underground low background detectors, capable obrbits. These will be susceptible to small gravitational
detecting the energy deposited due to the elastic scatterirgerturbations by the planets. We are interested then in
of neutralinos off atoms, are underway. The “tip” of the the differential capture rate, per energy, and per angular
allowed parameter space of neutralinos is just beginning temomentum, of WIMPs in the Sun and, in particular, only
be probed. in the fraction of WIMPs that have angular momenta in

If a positive detection is made in the next generation ofa small rangdJmin, Js| whereJs is the angular momen-
underground detectors, it will be important to search fortum for a WIMP exactly grazing the Sun. The standard
signatures that definitively distinguish such a signal fromlow-energy differential cross section of WIMPs on nuclei
the possible background noise due to radioactive contamif atomic numberA is given bydo, = aﬂFi(Q)dﬁﬁ'“,
nants in and around the detectors. Possibilities includeshereQ = Eycrore — Earier IS the energy transferred dur-
searches for a potential annual modulation and/or angulang the scatteringF's(Q) is a form factor, and ()., is the
anisotropy of the signal [1-3], or indirect searches involv-scattering solid angle elemeintthe center of massame.
ing the annihilation products of the neutralino populationsNote thato is by definition independent of the scatter-
captured by the Sun [1,4-6] or the Earth [7,8]. ing angle and takes a value that depends on the details of

The fact that WIMPs can be captured by the Sun andhe WIMP particle physics parameters. Generalizing the
planets motivates examining whether various complicatedtandard [8] capture calculation (see [11]), one can derive
dynamical histories in the solar system might affect thethe rate with which WIMPs scatter on nuclei with atomic
local WIMP density near the Earth (e.g., [9,10]). As we numberA to end up into bound solar orbits with semimajor
describe here, a careful consideration of the WIMPs thaixis betweelfa,a + da] (corresponding tba, o + da]
are scattered by a nucleus in the Sun into gravitationallyith ¢ = Gymsun/a), and with specific angular momen-
bound orbits indicates that a small population can eludéum J,;, = J < Js:
subsequent scattering in the solar interior (which otherwise
leads to concentration in the solar core, followed by .
annihilation). Because of the non-Coulomb nature of the dNa
gravitational potential in the Sun, this population involves da

n
=X d’r nA(r)(Tg

v = rmi
J=Jin o r=rmin

only WIMPs that scatter near the surface of the Sun. ) 1/2
These WIMPs can, due to the perturbing influence of the _ o Jmn K
_ : / X T Ar,a).
planets, diffuse out of the Sun and build up over time r?ve.(r) — a]
to produce a density in the region of the Earth that may (2)

5726 0031-900798/81(26)/5726(4)$15.00 © 1998 The American Physical Society



VOLUME 81, NUMBER 26 PHYSICAL REVIEW LETTERS 28 BCEMBER 1998

Here, the minimum radius,,, (perihelion) is defined a WIMP and the Sun reads (for = |x|), Hs(x,p) =
in terms of the minimum angular momentushy, by  ip? — U(r), where U(r) = +Gy [ p(x")d*x'/|Ix — X/|
Fminy Vese (Fmin)> — @ = Jimin, Where vee (rmin) is the es- is the (spherically symmetric) Newtonian potential gen-
cape velocity atmin, n4.x is the density of atomic targets erated by the mass distribution of the Sun. Note that the
A, and WIMPsX, respectivelyp, is the rms circular ve- massmy of the WIMP has been factored out of all quan-
locity of WIMPs in the Galaxy, and the “capture function” tities. We work with action-angle variables (“Delaunay
K4(r, @) involves an integral over the WIMP local phase variables”), traditionally denotedL,G,H;¢,g,h) [12].
space distribution at the Sun, weighted over the scatterinjhe action variabled, G, H are related taz, J, andJ,,
form factor [11]. While the general form (used in deriv- respectively. The angle variables (with perida) corre-
ing our results) is not particularly illuminating, in the limit sponding taL, G, H are, respectively, denoté( g, #. In
in which the nuclear form factor is neglected in the scatthese variables the Hamiltonian depends onlyLcemd G
tering cross section, and in which we also neglect the relaand the general evolution equations,

tI?/(? mo)U;)nkof :L\e fSﬁn with resplec]f to the galactic halo,d€ . 9 dg _ a}[ dh . 9H
A(r, @) takes the following simple form: 7 L ” aG 7 —H
2 1
Ka(r,a) = —i B—A 3)
i dL aH dG aH dH aH
A . = T T ) - = T ’ - T T T 1)
e ex{ B ( 2 () - )} dr o€ dr og r oh
U() B+ (4)
A 2 tell us, in the case of the Hamiltonian above, that the
whereB? = . action variabled., G, andH are constant, while, among

To obtain the total rate, a sum over all the (significant)the angle variablesi is constant, butf and g evolve
values ofA present in the Sun must be ultimately per-linearly intime:€ = nt + €,, ¢ = ot + g,. Here,n =
formed. We shall be interested in valugsi, = Js =  2#/P is the mean angular frequency of the radial motion
Rsves(Rs), whereRg is the Sun’s radius, and ~ 1 AU, (P is the perihelion to perihelion period), and is the
i.e., @ ~ Gmgun /(1 AU) ~ v2, wherevy = 29.8 km/s  mean rate of advance of the perihelion.
is the Earth orb|tal velomty. Note that for such values pf The crucial point to realize is the following. If we
typically @ ~ v < v2,., and from the above formulaitis consider a WIMP orbit with a generic periheliog;, <
clear that the functioi 4 (r, «) is nearly independent@f.  Rg, it will undergo a large perihelion precessidiw ~

The Sun scattering events create a population of sola2# per orbit, i.e., o ~ n, because the potentid/(r)
system bound WIMPs, moving (far ~ 1 AU) on very  within the Sunis modified compared to the exteridyr
elliptic orbits that traverse the Sun over and over againpotential leading to the absence of perihelion motion.
For the values of WIMP-nuclei cross sections we shalln other words, the trajectory of the WIMP will generi-
be mostly interested in here (corresponding to effectivecally be a fast advancingpsette This means thaboth
WIMP-proton cross sections in the range< 10™42-4 X angles? and g are fast variables When adding in the
10~#! cn?), the mean opacity of the Sun for orbits with small perturbing effect due to the planets, i.e., when
small perihelions is in the rang® *-1073. This means considering the total HamiltoniardH,,, = Hs(L,G) +
that after onlyl0°—10* orbits these WIMPs will undergoa H,(L,G,H;¢,g,h;L,,...,{,,...) where 3, (which
second scattering event in the Sun. It is straightforward t@ontains a small factog, = mpiane/ms) is the plane-
show that this second scattering event significantly reducdsry perturbation, we can work out the (first-ordegcu-
the semimajor axis of the WIMP, removing them from thelar effects due to the planets by averaging over the fast
population of interest here (they will end up in the core ofvariables¢ and g (as well as the mean anomaliés of
the Sun where they will ultimately annihilate each other).the planets). Then the evolution equations tell us imme-

The only way to save some of these WIMPs from thisdiately that the corresponding action variablesand G
demise is to consider a fraction of WIMPs that have peri-are secularly constant because planetary perturbations av-
helionsry, in @ small range near the radius of the Sun, sayerage out to zero (e.g(dG/dty = —(dH /dg)e, = 0).
Rs(1 — €) = rmin = Rs. Focusing on such a subpopu- L is essentially related to the semimajor axisof the
lation of WIMPs has two advantages: (i) they traverseWIMP orbit, while G/L is related to the eccentricity.

a small fraction of the mass of the Sun and thereforéAs a result, when the rosette motion is fast, planetary
their lifetime on such grazing orbits is greatly increasedperturbations do not induce any secular evolution in the
and, more importantly (i) during this time, gravitational semimajor axis and in the eccentricity of the WIMP orbit.

perturbations due to the planets can push them into orbitSuch WIMPs will end up in the core of the Sun.

that no longer cross the Sun. A new situation arises for WIMP orbits that graze the

We first recall some concepts and notation of Hamil-Sun, because these orbits feel essentially’ a potential
tonian dynamics. In standard position-momenta variabledue to the Sun, so that their rosette motion will be very
the Hamiltonian describing the basic interaction betweerslow. Consequently, the varialydewill be slow (compared
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to £), and we cannot average ovgr We can split the from the simplified periodic history described above. As
total Hamiltonian in three partsH, = H, + H, + the very high eccentricities (for AU-size orbits) needed
H,, where we take as unperturbed Hamiltonian the onéo traverse the Sun represent only a very small fraction
corresponding to a pointlike Sun while the perturbationsof the phase space into which the WIMP can diffuse, on
are H; = —-8U(r) and H, =3, —GNmp(m —  time scales of a few million years most of the popula-
XIQT»‘”)' Here,8U(r) = U(r) — Gyms/r is the nont /r tion of WIMPs we are .talklng about W!|| have irreversibly
paprt of the potential generated by the Sun evolved onto trajectories that do not intersect the Sun for
. . Sun, & ], the entire age of the solar system. We further estimate
denotes the planetary perturbations involving a sum oVetﬂat the long-term survival of such WIMPs on orbits that

the planets with masses, and heliocentric positions, . o . .
[The last term comes from the transformation betweeric'tay within the inner solar system is greater than 4.5 Gyr

inertial (barycentric) coordinates and heliocentric ones.] I(:naai ZJ“" r/ gx;qg"[gagﬁal(-rt?clzl Céggﬁgﬁessoefrtﬁg Ili?egﬁsee?)f
Using Delaunay variables defined by the Hamiltonia PP y

4{  we can derive thesecular evolution of L. G. H IMPs [11] which should be checked by dedicated nu-

: . ; ical simulations.)
under the combined influence of the perturbatiis and merica . . .
H,. This is simply obtained by averaging the canonical _f\rNe cant Imall;; eitlma;e tTﬁ[ den(sjlty hqfhWIMPs th_at
equations over the fast angles, i.e., all the mean anomali use out to solar-bound orbits and which can survive
of the problem:¢, €,. [We denote this average by an 0 the present time by simply integrating our differential

overbar] By averaging the evolution equations one find$2PUre rate over all trajectorigs> Jmin = Gmin that end
that (in f]irst grder)L ?Nillgbe secularly cor?stant (i.eq = up out O.f the Sun, suitably averaged over the initial WIMP
const), whileG, H. g, i slowly evolve under the averaged distribution. The rate (pex = Gyms/a) of solar capture

erturbed Hamiltoniadf,, . (L. G. H: g) — H (L.G) + of WII\_/IP_s that_subsequently survive out of the Sun to
per pert s &> £ 8 e stay within the inner solar system then depends omthe
H,(G,H;g;L,).

. dependent combinatiory, = ,’;—f‘agfo, where f, is the
. Becausé—[pen does not dgpend on the angigits con- fraction (by mass) of elememt in the Sun, andK} is
jugate momentun®Z = J, will be secularly constant. De-

. . - . __the Sun-surface value of the capture function mentioned
termining the secular evolution of the remaining canonical

pair (G, g), and therefore estimating the minimum values. bove. 't[r\:odte that.thﬂ dependerlpe iy entlrelél/_rclzor;tazlr;ed
of the WIMP angular momentdy,i, = Gmin for which N 84 Wl imensiongcross sectioffmasg. € fota

. . capture rate is then dependent = .
planetary perturbations are strong enough to kick them Igy integrating this c:fpture rat%ﬂzfrfd mglt:itng simplifying
out of the Sun is then reduced to studying the level (.:urvegssumptions about the orbital evolution of the considered
of H,en(G; g). Among these level curves, there exists i

: - - \ a\NIMPs, we can estimate both the present space and veloc-
separatrix S such that initial orbits *above’s secularly ity distributions of this new WIMP population. We find a

evolve into orbits with angular momenta > G, €., local enhancement in density near the Earth, compared to
large enough to no longer intersect the Sun. We find the& e halo WIMP density:

it generically takes (fou ~ 1 AU) less than10? WIMP
radial periods (i.e., less thai®® yr) for the eccentricity of n(ay) 021
a WIMP aboveS to increase sufficiently to exit the Sun. O = =
Then, onceG > Gs the time scale for the subsequent

evolution of G is given by the planetary perturbations wheregﬁ(;w) = 109, (GeV)? (i.e., for masses given in
alone and is roughlyt/[Y., w,(a/a,)’] longer than one  GeV and cross sections in units ' GeV~2, with
orbital period, i.e., roughiyi0’ yr for a ~a; =1 AU. j =, = 1).

After this time, the WIMP would, if it evolved only un-  The a priori reasonableness of the final density en-
der the simplified planetary Hamiltoniah{ ,, come back hancement (5) can be seen as follows. From Egs. (1) and
again to low values of the eccentricity, corresponding ta(2) the total rate (ZfOV.min = () of WIMPs scattered within
Sun-penetrating orbits. Under the influence &f;, it 1 AUis of ordervgdN/da ~ nymsgivi/v,. Integrat-
would then again bounce back away from the Sur i)  ing over the lifetimers of the solar system and dividing
orbits. For the scattering cross sections we shall be diddy the number of galactic WIMPs present within 1 AU
cussing below, the opacity of the small outer skin of thegives a maximum possible density enhancemgnt ~

Sun is typically smaller thar-1075. Therefore the above (3 /4r) (ms/a2) (v2/vy)tsgio ~ 1802t . Out of this,
process could persist for hundreds of cycles before theetailed calculations of planetary perturbations of the
WIMP gets scattered again in the Sun. However, it iSWIMP’s captured in the Sun’s outer regions show [11]
clear that the real gravitational interaction of the WIMP that a fractiorparametricallyof order(e,,)*(a;/Rs)°3 X

with planets is much more complicated than what is de{zp M,,(al/a,,)3]0~6 ~ 1073 is extracted. (Heree,, =
scribed by ,. In particular, the nonzero eccentricities 0.022 accounts for the density decrease of the Sun’s outer
of the other planets, and the occurrence, once in a whilgggions of interest here.)

of a near collision with an inner planet will cause the el- Perhaps a more relevant quantity, from the point of view
liptic elements of the WIMP to diffuse chaotically away of experiment, is the differential rate/R/dQ, per keV
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per kg per day, of scattering events in a laboratory sample o ‘ T
made of elementt. Comparing this differential rate due // /

to our new WIMP population with that due to the parent Lot
flat maximum, ///////////,//f '

galactic halo population we find a ratio which reaches the

_ _(dR/dQ)™™ . (-0 —~ i |
PO = g agymas = Mg @) 5 ,
9]
for energy transferg) smaller thanQg = 2[my/(myx + VQ | . i

ma)Pmavz. For a target of germanium (the present ma- ©
terial of choice in several ongoing cryogenic WIMP detec-
tion experiments)Qg is in the keV range. I@E(;m) ~ 1 10-4
this yields a 100% increase of the differential event rate
below the valueD = Qr ~ keV which is typical for the
energy deposit due to the new WIMP population, whose
characteristic velocity g is ~7 times smaller than that of
X Ll Ll Ll L

galactic halo WIMPs. 100 200 300 400

This is our central result. Its relevance depends com- WIMP MASS (GeV)

pletely on the actual value of ;% As an example of ( .
FIG. 1. Values ofgix as a function of WIMP nucleon

the possibilities, in Fig. 1 we display the rangegqf; de- cross section and WIMP mass for a sample range of allowed

rived by sampling over the allowed minimal supersymmet-g ;gy models ¢ parameter> 0). Also shown are approximate

ric standard model phase space [values for supersymmetré&perimental upper limits on WIMP nucleon cross section
(SUSY) parameter. > 0 are chosen here], and for WIMP from direct detection experiments [13], assuming two different

density in the rangé.OSh* < px/Peosure < 1 (Whereh values for the local galactic halo dark matter density.=
is the Hubble parameter in units 660 kms™! Mpc~!).  0-3 GeVenn? (lower) andp = 0.1 GeVent? (upper).
Values ofg in excess of 1 are thus possible.

Existing detectors tend to lose sens.itivity in 'the.rangework was initiated. We thank D. Devaty and P. Kernan
of a few keV. However, our result provides motivation 10 ¢4 assistance with various numerical routines.
consider pushing hard in this direction. The new popula-
tion will have a strongly anisotropic velocity distribution.
Not only might this greatly help distinguish it from back-
grounds, but a comparison of the angular anisotropy and™ o ¢ "0n 567 195 (1996) for a comprehensive list of
gnnual modulation qf this dlstr|butlpn with the correspond- references on WIMP dark matter and its detection.
ing features of the higher energy signal from a halo WIMP 5] p_N. Spergel, Phys. Rev. B7, 1353 (1988).
distribution would be striking. We emphasize once again [3] C. Copi, J. Heo, and L. M. Krauss (to be published).
that if neutralinos exist in the range detectable at the next[4] L. M. Krausset al., Astrophys. J299, 1001 (1985).
generation of detectors, this new WIMP population should [5] J. Silk, K. Olive, and M. Srednicki, Phys. Rev. Le&5,
exist at detectable levels as well. Finally, we note thatthe 257 (1985).
indirect neutrino signature of such WIMPs that might sub- [6] A. Gould, Astrophys. J321, 571 (1987).
sequently be captured by the Earth, and annihilate, could?] L. M. Krauss, M. Srednicki, and F. Wilczek, Phys. Rev. D
be dramatic. The new population has a characteristic ve- 33, 2079 (1986).

locity that more closely matches the escape velocity from Eg% 2‘ ggﬂ:g ﬁzgggﬂﬁ jggg gfg ggg;g
the Earth than does the background halo population. A}\%O] A. Gould, Astrophys. J368 610 (1991).
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