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Test of the Equivalence Principle for Ordinary Matter Falling toward Dark Matter
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We tested the equivalence principle (EP) for Be, Cu, and Al falling toward the galactic center,
and found Aa(Be, Cu) = (—0.1+5.8) x 10 ' cm/s and Aa(Be, Al) = (3.6+6.9) x 10 ' cm/s . As
dark matter is thought to account for (25—30)% of our galacticentric acceleration, the EP parameters
for Be/Cu, or Be/Al, falling toward dark matter, are rl(Be, Cu) = (0.0+ 1.2) x 10 and rt(Be, Al) =
(0.7 + 1.4) x 10 (lo errors). This limits any EP-violating component of our acceleration toward
dark matter and provides laboratory evidence that gravitation is the only significant long-range
interaction between dark and ordinary matter.

PACS numbers: 04.80.+z, 04.90.+e, 95.30.Sf, 95.35.+d

Studies of the tangential velocities of luminous matter
in galaxies have shown that the observed centripetal ac-
celerations are much greater than can be accounted for by
the gravitational attraction of other luminous matter [1,
2]. These and other studies are taken to indicate that the
majority of mass in a galaxy is nonluminous dark matter.
A large number of candidates for this dark matter have
been proposed, ranging from the ordinary (normal bary-
onic matter in the form of large, dark planets) to the
exotic [3] (axions, weakly interacting massive particles,
massive neutrinos, massive black holes, etc.). Because
very little is known about the nature of the dark matter
except that it accelerates ordinary matter and deflects
photons, it is interesting to ask if laboratory experiments
can probe the long-range fields generated by the dark
matter and provide a direct test of the usual assumption
that gravitation is the only significant long-range inter-
action between dark matter and ordinary matter.

The equality of the accelerations of two diferent bod-
ies falling toward a third body (the equivalence principle)
has been tested with great precision [4—6] and establishes
that gravitation is the only perceptable long-range inter-
action acting between electrically neutral bodies of ordi-
nary matter. Upper limits on possible nongravitational
interactions between dark matter and dark matter have
recently been inferred from astrophysical and cosmologi-
cal considerations [7]. In this paper, we follow the ideas of
Stubbs presented in the preceding Letter [8], and report
an experimental test of the equivalence principle (EP) for
ordinary matter falling toward dark matter.

Our results were obtained by analyzing new data [9]
from the Eot-Wash torsion balance taken over a 24 month
period from August 1990 to July 1992 [10]. This balance
[6], normally used to test the EP for objects in the grav-
itational field of the Earth, was recently upgraded [9] to
achieve performance within a factor of 3 of the thermal
limit. The instrument consists of a torsion pendulum
containing two Be and two Cu (or two Be and two Al)
test bodies arranged as a composition dipole. The en-
tire balance rotates continuously around a vertical axis
with a period 7 that is an integer multiple N of the free

torsional-oscillation period of the pendulum. The Be/Cu
data were taken with N = 8, r = 1.54 h; the Be/Al data
with N = 9) ~ ——1.73 h.

The angular deflection 0 of the torsion pendulum rela-
tive to the rotating optical read-out system was measured
as a function of the pendulum orientation in the labora-
tory frame P. A composition-dependent acceleration of
the test bodies would produce a sinusoidal modulation
of 8. The values of 8, P, and 17 other sensors (tem-
peratures, tilts, etc.) were recorded every 19.3 s, and
the EP-violating signal was extracted by Fourier analy-
sis of 8(P). A linear drift in 8 due to slow relaxation of
the suspension fiber was suppressed by the digital filter
transformation 8(P) = [8(P) —8(P+ 7r)]/2. The filtered
data were then averaged over successive torsional cycles
and the results fitted by the expression

8(P) = bo + ) (a'„'cosnP —a'„'" sinn/), (1)
n=1

where bo is constant and the sum over n runs up to 3 to
account for the eBects of gravity gradients on the pendu-
lum [11].

The a&'" and a&
' coefficients contain the EP-violating

signal and would be constants were the Earth the source
of the EP-violating force. The a&'" and ai ' coeKcients
also receive contributions from systematic effects (pri-
marily turntable imperfections) that are fixed in the lab-
oratory frame. Such systematic efFects are normally sub-
tracted by combining data taken with various orienta-
tions of the composition dipole on the pendulum tray
(see Ref. [6]). A celestial EP-violating source would cause
the a&'" and a, , coefficients to vary with a period of a
sidereal (or solar) day. We searched for an EP-violating
signal associated with the direction toward the galactic
center and eliminated spurious eKects fixed in the lab-
oratory frame by dividing the data for each test body
pair into segments containing precisely two complete ro-
tations of the apparatus, and extracted the a&'" and ai '
coefficients associated with each segment. Next we com-
puted the altitude 8 and azimuth p of the galactic cen-
ter at the effective midpoint of each data segment. As

O& 1993 The American Physical Society 123



VOLUME 70, NUMBER 2 PHYSICAL REVIEW LETTERS 11 JANUARY 1993

the galactic center moved by only 46' (51') during one
segment of Be/Cu (Be/Al) data, we could approximate
the Galaxy as a source that remained stationary during a
segment. Our results are corrected for the small attenua-
tion of the EP-violating signal due to this approximation
(= 6% and = 7% for Be/Cu and Be/Al, respectively).
A set of a&'" and a&

' coefBcients from several weeks of
continuous data accumulation was then fitted by

a""= A: cos 8[—cos(p —Po) Aa —sin(p —Po) Aa*] + c"",
(2)

a' ' = k cos 8[+ sin(p —Po)Aa —cos(p —Pp)&a*] + c' ',
where k = 8.43 x 10 cm/s rad is a property of our in-
strument, Aa is the di8'erential acceleration toward the
galactic center [12], Aa* is a quadrature acceleration that
is expected to vanish within the errors of the measure-
ment, and Po specifies the orientation of the composition
dipole when P = 0. The constants c"" and c' ' account
for eKects Axed in the laboratory frame.

This analysis was carried out for each set of exper-
imental conditions (test-body materials, orientation of
the composition dipole on the pendulum tray, etc.); the
uncertainties in the resulting Aa and Lc* values were in-
ferred from the scatter of the individual segment points.
Figure 1 shows the results from one of these data sets.
Combining 18 such Be/Cu data sets involving 6 changes
of the dipole orientation on the pendulum tray, we ob-
tained the lo. result
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FIG. 1. One set of rotating balance data used to ex-
tract the differential acceleration of Be and Cu toward the
galactic center. The observed aq'" and az ' amplitudes of
two-cycle data segments (100 nrad corresponds to Aa
8.43 x 10 cm/s ) are plotted vs sidereal time (modulo one
sidereal day). These data were fitted with four free param-
eters: two constant instrumental offsets that accounted for
torques fixed in the laboratory frame, plus torques propor-
tional to the horizontal component of Aa and its quadrature.
This plot shows 54 segments taken under identical experimen-
tal conditions, and the best fit which yielded Aa = 1+17 nrad
and Aa' = 13+17nrad. A total of 522 Be/Cu and 494 Be/Al
segments were used in our analysis.
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Aa(Be, Cu) = (—0.1 + 5.8) x 10 cm/s
Aa*(Be, Cu) = (+0.4 + 5.8) x 10 cm/s

y /v=0. 8,
while from 17 Be/Al data sets involving 7 changes of the
dipole orientation, we obtained the lo result

Aa(Be, Al) = (+3.6 + 6.9) x 10 cm/s
Aa*(Be, Al) = (—3.7 + 6.9) x 10 crn/s

g /v=0. 8, (4)

which are consistent with a null eKect. The entire anal-
ysis procedure was verified with a Monte Carlo program
that generated artificial data containing a known galactic
signal along with a noisy laboratory-Axed signal.

By comparing the measured Aa's to the known [2] cen-
tripetal acceleration of the solar system toward the galac-
tic center

as~) = ~ rc, ——1.85 x 10 cm/s (5)

where w = (8.4+1) x 10 s is the rotation frequency
of our galaxy and r~ ——8.5 + 1 kpc is the distance of the
Sun from the galactic center, we obtain constraints on
the EP-violating parameter g for objects falling toward
the center of our galaxy

rl(Be, Cu) = Aa(Be, Cu)/as ~

= (—0.1 + 3.1) x 10

rl(Be, Al) = Aa(Be, Al)/as ~

= (+1.9 +3.7) x 10

(6)

a
~

=5x10 cm/s

and obtain the EP tests for Be, Cu, and Al falling toward
dark matter:

rl (Be, Cu) = Aa(Be, Cu)/a
= (0.0 + 1.2) x 10

rl (Be, Al) = Aa(Be, Al)/a,
&

= (+0.7 + 1.4) x 10

(8)

As there is ample evidence that the EP is satisfied to
high precision by ordinary matter falling toward ordinary
matter (our own results [6] indicate that for Be and Cu
falling in the Earth's field rl] ( 1.2 x 10 ii) we can use
our galactic results to probe the EP for ordinary matter
falling toward the dark matter in the galaxy. Although
the rotation-curve data indicate that dark rnatter con-
stitutes about 90% of the total galactic mass, the dark
matter is believed to be distributed in a large-diameter
halo that extends well past ro. Therefore, as discussed
by Stubbs in the preceding Letter [8], one expects aDM&,

the acceleration towards the galactic center due to the
dark matter in our galaxy, to be (25—30)% of as &. We
assume
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where the uncertainty in a, i is not included because we
do not know how to evaluate it.

If we separate the acceleration of ordinary matter
due to dark matter into its gravitational and non-
gravitational (i.e. , EP-violating) components, aDM&

a + a„, then the result in Eq. (9) probes the dif
ferential contribution of a M for two materials (Be and
Al, or Be and Cu). What can this result tell us about
the total nongravitational acceleration of ordinary matter
due to dark matters The nongravitational potential of an
infinite-ranged vector or scalar interaction that couples
to a charge q5 can be expressed as

where for vector interactions R, which is easily calculated
once the charge is specified, has a characteristic value of
order 103.

Scalar interactions (which would produce an attrac-
tive dark-matter —dark-matter force) are not ruled out by
this argument, and to constrain a dark-matter —ordinary-
matter interaction we must rely on our new result in
Eqs. (9) and (10). There is no simple way to evaluate
B in this case as the scalar charges of detector materi-
als depend on the results of detailed calculations using
specific models. We estimate A using a tree-level ap-
proximation for the scalar charge of an atom with mass
number A and atomic number Z

2

v„a(rip) =
& & (

—
) (

—
) vg(rig), (9) q5(&, Z) = (q5+ q5)Z+ q5(~ —Z)

DM (q5/ )
DM

&(q/ )' (10)

where (q5/m) is the average of the two test-body q5-to-
mass ratios and A(q5/m) is their difFerence. (Note that
this relation is independent of the q5-to-mass ratio of dark
matter. ) Equation (10), when combined with the values
in Eq. (9) is our basic experimental constraint. To pro-
ceed further, one must evaluate the quantity

(q5/m)
A(q5/m)

for our two detector test-body pairs.
An EP-violating interaction could arise from the ex-

change of scalar or vector bosons. However, a signifi-
cant vector interaction between dark and ordinary matter
is already excluded by conventional Eotvos experiments
plus the requirement that the dark matter halos be sta-
ble against the repulsive vector dark-matter —dark-matter
interaction. Halo stability requires

where g5 is the coupling constant of the EP-violating
interaction, q5/m is the q5-to-mass ratio of a body, and
V~ is the usual gravitational potential. Hence

where q5, q5, and q5 are the scalar charges of a free elec-
tron, proton, and neutron, respectively. Then

sin @(Z/m) + cos Q(A/m)
sin @[A(Z/m)] + cos /[4(A/m)) ' (16)

Acceleration of Hydrogen toward Dark Matter
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where Q = arctan([q5 + q5 —q5]/q5) could range, de-
pending on the nature of the scalar interaction, from
—90' to +90'. Our constraints on the scalar accelera-
tion of neutral hydrogen toward the dark matter in our
galaxy, assuming the expression for R given above, are
shown in Fig. 2. Except for a small region around Q = 0,
an EP-violating acceleration toward dark matter greater
than 1/10 that of gravity is ruled out by our results.
Even for g = 0, where our sensitivity is poorest, we find
aDM/aDMi ——+0.11 6 0.39, which rejects by 2o the hy-

pothesis that aD
j is predominantly nongravitational.

4G mDM
(12)

while conventional Eotvos experiments [4—6] establish
that, roughly speaking, 10—2

OM j 0
—12

(13)

where the subscript det refers to the torsion-balance
detector, and OM to the ordinary matter that is the
"source" for these experiments. Equations (12) and (13)
can be combined to constrain the total vector accelera-
tion of ordinary matter toward dark matter

10 —90 0

(degrees)
45 90

I IG. 2. 1g constraints on the nongravitational acceler-
ation of neutral hydrogen due to a hypothetical long-range
scalar interaction with dark matter. These results assume R
has the form given in Eq. (16). The vertical axis shows the ra-
tio of the absolute value of the anomalous acceleration ~a„g
to the total a~~i . The variable on the horizontal axis specifies
the scalar charge of ordinary matter.
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(Be, Cu) = &~cMB/~c~n
= (0 + 4) x 10

(Be, Al) = Aac~B/ac~B
=(—4+5) x10

(17)

where AacMB(Be, Cu) = (+0.2 + 7.3) x 10 crn/s and
AacMg(Be, Al) = (—7.0 + 8.7) x 10 crn/s are our
constraints on differential accelerations toward the CMB
dipole.

In summary, we have provided laboratory evidence for
the usual assumption that gravitation is the only sig-
niGcant long-range interaction between dark matter and
ordinary matter. There is a clear motivation for even
more precise experimental limits on difFerential acceler-
ations towards the galactic center and other interesting
celestial sources. For example, a tenfold improvement in
the precision of La would permit a significant EP test
using the CMB dipole. We are currently planning mod-
iGcations to our instrument that should yield improved
results. It would also be useful to have Geld-theoretic
calculations of B.

We are indebted to Christopher Stubbs for suggest-

We can obtain a different and potentially interesting
constraint by considering larger-scale structures where
dark matter presumably accounts for a greater fraction
of our acceleration than is the case for our motion toward
the galactic center. Our local group of galaxies is moving
at about 600 km/s with respect to the frame in which the
cosmic microwave background (CMB) is isotropic [13,14].
We estimate the corresponding acceleration by dividing
this peculiar velocity by the Hubble time t~ = 1/IIe,
where Hq = 85 krns ~ Mpc ~ = 28x10 s s ~ [15],
and find ag~B = 1.7 x 10 cm/s . This permits a crude
EP principle test for Be and Al falling in the direction of
the CMB dipole:

ing that we extract a galactic signal from our data, and
thank him, Lev Qkun, Craig Hogan, and Stephen Ellis
for stimulating and informative discussions. This work
was primarily supported by the National Science Foun-
dation (Grant No. PHY9104541) and to a lesser extent
by the Department of Energy.
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