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The notion that there may be hid-
den matter in the universe has a long
history. In the last century, the attri-
bution of anomalies in the orbit of
Uranus to the gravitational pull of an
unseen planet led to the discovery of
Neptune. More recently, analysis of
the motions of stars and gas in the
outer regions of galaxies and of galax-
ies within groups and clusters of gal-
axies has indicated the presence of
nonluminous matter—dark matter—
amounting perhaps to 90% of the to-
tal mass in these systems (). A typi-
cal spiral galaxy like our own is thought
to be embedded in a halo of dark mat-
ter that extends well beyond the vis-
ible disk (2).

Although it is usually assumed
that dark matter acts through gravity
alone, recent work (3-5), motivated
in part by experimental tests of the
equivalence principle (which states
that inertial and gravitational mass
are the same), shows that this assump-
tion can be put to the test: dark mat-
ter, it turns out, must act on visible
matter mainly by gravity, but the pres-
ence of an additional long-range in-
teraction at the 10% level cannot be
ruled out. The nongravitational in-
teraction between dark matter par-
ticles isalso tightly constrained by astrophysi-
cal observations, but its strength can still be
of the same order as gravity.

Knowledge of the amount and spatial dis-
tribution of dark matter is limited and frag-
mentary. Cosmologists would like to know if
the universe contains enough matter, dark
plus visible, such that it will eventually
recollapse. At present we can say for certain
only that the total density is within a factor
of 10 of this critical value.

Even less is known about the composition
of the dark matter. Proposals for its identity
run the gamut from supermassive black holes
of as much as a million solar masses to hypo-
thetical elementary particles weighing as little
as a ten-billionth of an electron mass; theo-
ries of particle physics have provided a gal-
lery of exotic dark matter candidates, includ-
ing axions, massive neutrinos, and weakly
interacting massive particles, known as
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WIMPs. Occupying a more prosaic middle
ground among dark matter candidates are
brown dwarfs, essentially large planets with
less than a tenth of the mass of the sun.
Brown dwarfs, recently dubbed MACHOs
for “massive compact halo objects,” are not
hot enough to burn hydrogen and are there-
fore very faint. As if this were not complica-
ted enough, there is no guarantee that the
cosmic dark matter might not be a mixture of
several quite different species.
Astrophysicists distinguish between two
broad classes of dark matter candidates, bary-
onic (made primarily of protons and neu-
trons, or more fundamentally of quarks) and
nonbaryonic. Prime examples from these
two categories are MACHOs and WIMPs,
respectively. Cosmological nucleosynthesis
(the generation of helium, deuterium, and
lithium in the first 3 min) seems to require
more baryonic matter than astronomers see
in the form of visible galaxies, suggesting
that at least some of the dark matter is bary-
onic. In fact, the dark matter in galaxies could
perhaps be made entirely from baryons. Be-
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yond the scale of galaxies, however, a greater
proportion of dark matter is indicated, which
would likely be nonbaryonic in nature.
Whether the dark matter in the universe is
predominantly baryonic or of more exotic
nonbaryonic composition must ultimately
be decided by experiment and a number of
observational searches to detect axions,
WIMPs, and MACHO:s in the halo
of our own galaxy are now in progress.
The existence of dark matter is
inferred from its acceleration of ordi-
nary luminous matter, such as stars
and gas, and its deflection of light in
gravitational lenses. Normally one
assumes that the interaction between
dark and ordinary matter is purely
gravitational; although this assump-
tion is consistent with the observa-
tional evidence, it is open to ques-
tion as long as the nature of the dark
matter remains unknown. In particu-
lar, if the dark matter consists of
nonbaryonic particles, then accord-
ing to several models of particle phys-
ics, they could interact through a
long-range force comparable with or
even stronger than gravity. If this
were the case, inferences from obser-
vations of stellar and galactic mo-
tions about the density of dark mat-
ter in the universe would be seriously
compromised. Recently, several au-
thors (3-5) have studied the experi-
mental and astrophysical evidence
to see what can be deduced about
any long-range nongravitational in-
teractions of dark matter.
Fundamental forces are usefully
characterized by their range and
strength relative to gravity. The range
of a force is roughly the separation out to
which an inverse-square law holds. Gravity
and electromagnetism follow inverse-square
laws at all distances and thus have infinite
range, whereas the short-range weak force is
strongly suppressed at distances larger than
the nuclear scale. Range is inversely propor-
tional to the mass of the exchanged boson
which, in the language of particle physics,
mediates the force: the electromagnetic in-
teraction is mediated by the massless photon,
but the W and Z bosons of the weak interac-
tion are heavy. Any new long-range force
pertaining to dark matter would have to be
mediated by a massless or very light particle.
Einstein’s equivalence principle asserts
that local measurements cannot distinguish
a system at rest in a gravitational field from
one which is in uniform acceleration in emp-
ty space. It implies that two electrically neu-
tral bodies of different composition will be
accelerated equally toward a third body (the
“source”). Following pioneering work by
Dicke and co-workers in 1964 and Braginsky
and co-workers in the early 1970s, the most
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sensitive modern tests of the equivalence
principle have been achieved with torsion-
balance experiments, in which two bodies
of different compositions are suspended,
like a dumbbell, from a quartz or tungsten
fiber. In these experiments, the sun, the Earth,
and various man-made objects were used as
the sources to probe for forces of varying
ranges (6). N
In 1986, Fischbach et al. (7) claimed that
reanalysis of the classic 1922 von E6tvos
test of the equivalence principle, coupled
with geophysical data on gravitational an-
omalies in mines, showed evidence for

a new composition-dependent force

of nature (the “fifth force”). Subse-
quently, a large experimental effort was
undertaken to search for new macroscopic
forces between ordinary (baryonic) particles.
The spate of experiments has not in fact
borne out the original suggestion of Fisch-
bach et al. and has instead placed very strin-
gent limits on new long-range interactions in
ordinary matter (8).

Stubbs (4) and the Est-Wash group (5)
have now shown how the same experimental
method can be used to test for composition-
dependent long-range forces between dark
matter (baryonic or nonbaryonic) and ordi-
nary matter (9). They consider the differen-
tial acceleration of the test bodies toward the
center of our galaxy rather than toward the
sun or the Earth. Stubbs (4) reinterprets the
torsion-balance data by noting that, accord-
ing to galactic halo models, the dark matter
accounts for 25 to 50% of the acceleration of
a body at the Earth’s position toward the
galactic center. From the viewpoint of a labo-
ratory on Earth, the center of the galaxy makes
a circuit across the sky once per sidereal day,
so Stubbs’ method is to search for differential
accelerations in the torsion-balance results
with a period of a sidereal day. In the same
vein, the E6t-Wash group (5) finds that the
difference in acceleration toward the galac-
tic center between beryllium and copper test
bodies is 0.1 + 5.8 x 10-'2 cm 572, whereas the
gravitational galactocentric acceleration at-
tributable to the dark matter is estimated to
be 6 x 10 cm s7? (by comparison, the gravi-
tational acceleration toward the Earth at its
surface is 980 cm s72). The relative differen-
tial acceleration toward the dark matter is
less than a tenth of 1%.

Once the composition dependence of the
force is specified, this result gives a limit on
the strength of any nongravitational force
between ordinary and dark matter. For al-
most the entire range of parameters, the
strength of any such new force must be less
than a tenth that of gravity. Gravity is there-
fore the dominant long-range force between
ordinary and dark matter (10). This conclu-
sion puts on a firmer footing dynamical mea-
surements of the dark mass within galaxies
which rely on baryonic tracers (stars or gas)
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The pull of dark matter. The torsion balance
used by the E6t-Wash group to test the equiva-
lence principle for dark matter: The instrument
compared the acceleration of different test bod-
ies toward the galactic center. A light beam
directed onto one of the mirrors on the pendu-
lum monitored its torsion oscillation. [Adapted
from (8)]

of the gravitational potential.

So much for long-range forces between
dark matter and ordinary matter. What can
we say about the long-range interaction be-
tween two dark matter particles? Laboratory
tests are of no use here, because experimen-
talists only have ordinary matter at their dis-
posal, but some astrophysical tests are rel-
evant (3). For example, since there exist gravi-
tationally bound systems, such as galaxies
and clusters, that are composed predomi-
nantly of dark matter, any long-range repul-
sive force must be weaker than gravity so that
it does not unbind these systems.

In systems such as binary galaxies, groups,
and clusters, individual galaxies are used as
test particles to trace the gravitational po-
tential and thus to determine the mass of the
system. But if the galaxy mass is dominated
by nonbaryonic dark matter interacting in
part through a new long-range force, such
dynamical mass estimates will be wrong. A
repulsive force would delude us into believ-
ing that the system’s mass, and therefore the
density of the universe inferred from it, is
smaller than it actually is; for example, a
universe with greater than the critical den-
sity for recollapse could masquerade as a low-
density universe that expands forever.

The Milky Way and the Andromeda gal-
axy, our nearest large neighbor, form a binary
system with a separation of 2 million light-
years. From the speed at which the two galax-
ies are known to be approaching, Kepler’s
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law permits an estimate of their combined
mass. The combined mass, which is sensitive
to the dark matter interaction, must obvi-
ously be larger than the estimated mass of our
own galaxy alone, which is insensitive to the
dark matter—dark matter force because it is
inferred from the motion of baryonic tracers,
such as stars and gas, in the galactic disk. For
the Andromeda-Milky Way system, any ad-
ditional force must be less than roughly four
times the strength of gravity.

Tighter constraints are obtained by con-
sidering the distribution of hot, x-ray—emit-
ting gas in galaxy clusters, recently observed
in unprecedented detail by the ROSAT sat-
ellite. These cluster observations indicate that
the force between dark matter particles can,
in fact, be no stronger than gravity. A similar
constraint comes from the gravitational lens-
ing of distant galaxies by foreground clusters.

Cosmology is the largest arena in which
the effects of an additional dark matter inter-
action would be played out. A new force
would dramatically affect the growth of the
density inhomogeneities that are believed to
have been the seeds of galaxies. Density per-
turbations grow more rapidly for an attrac-
tive interaction, or more slowly for a repul-
sive force, compared with their behavior with
gravity alone. If gravity is the sole interac-
tion, the equivalence principle forces the
amplitude of the baryonic density fluctua-
tions to track that of the dark matter. An
additional force acting on the dark matter
breaks this constraint and generates a scale-
dependent “bias” between the dark matter
and the baryons: on small scales, the dark
matter clumps together more or less strongly
than the baryons if there is an attractive or a
repulsive force. In the view of many cosmolo-
gists, such a bias, with baryons more clus-
tered than the dark matter, plays an impor-
tant role in the observed clustering of galax-
ies. More generally, a long-range dark matter
force has important implications for large-
scale structure formation and the microwave
background anisotropy detected in 1992 by
the COBE satellite.
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