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If the dark matter in galaxies and clusters is nonbaryonic, it can interact with additional long-range
fields that are invisible to experimental tests of the equivalence principle. We discuss the astrophysical
and cosmological implications of a long-range force coupled only to the dark matter and find rather tight
constraints on its strength. If the force is repulsive (attractive), the masses of galaxy groups and clusters
(and the mean density of the Universe inferred from them) have been systematically underestimated
(overestimated). Such an interaction also has unusual implications for the growth of large-scale struc-

ture.
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The notion that there may be hidden matter in the
Universe has a long history. In the last century,
anomalies in the orbit of Uranus were ascribed to the
gravitational pull of an unseen planet, leading to the
discovery of Neptune. More recently, the observed flat
rotation curves of galaxies and the application of the viri-
al theorem to clusters of galaxies have revealed the pres-
ence of large amounts of dark matter, constituting
perhaps 90% of the total mass in these systems [I1].
Several lines of argument suggest that much of the dark
matter in galaxies and clusters is not baryonic, while par-
ticle physics models provide a gallery of exotic elementa-
ry particles as dark matter candidates [2,3].

In keeping with the principle of equivalence, it is gen-
erally assumed that the dark matter gravitates like the
visible baryons and leptons, i.e., that it is subject only to
gravitational forces. However, since the existence of dark
matter is inferred solely from its gravitational effects, and
its nature is otherwise unknown, this assumption is open
to question. Although a new long-range force of gravita-
tional strength coupled to ordinary matter is experimen-
tally ruled out by the spate of recent “fifth-force” experi-
ments [4], there may be an additional long-range interac-
tion which couples to a quantum number carried ex-
clusively by nonbaryonic matter. Such an additional
force clearly evades laboratory tests of the equivalence
principle. Its effects would be manifest in systems where
the dark matter is dynamically important, that is, in the
outer regions of galaxies and in clusters. In this Letter,
we investigate the implications of additional long-range
forces acting between nonbaryonic dark matter particles.

Long-range interactions have been proposed in the con-
text of a variety of particle theories. For example, in ex-
tended supergravity models [5], a vector field coupling to
particles of mass m and effective charge ~m/mp; (where
mp=Gn '=1.2x10" GeV is the Planck mass) gives
rise to a repulsive force of gravitational strength. Alter-
natively, ultralight pseudo Nambu-Goldstone bosons with
scalar couplings, called schizons, can arise naturally in
extensions of the standard electroweak model [6]. As a
concrete example, consider the phenomenological schizon
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model with Lagrangian
L=yiy,d"y+m,Gy+ 7 98,08"¢
+(e/Nowy— > mio?, )

where the fermion y of mass m,~1-10 eV constitutes
the dark matter (Q,=1), ¢ is the schizon, and f is a glo-
bal symmetry-breaking scale. In the nonrelativistic limit,
the static potential between two separated fermion
sources with masses M| and M is given by

_ €& MM,
drmlf? r

Thus, on scales r<<m¢_', the relative magnitude of the
scalar force is a=G¢/GN=62mgl/m.ff2; for e~m, and
f~mp; it has roughly gravitational strength. In these
models the scalar mass is of order [6] m,~m}2/f, so the
range of the attractive force is astronomical, A =m, '
~ 1-100 kpc or more.

In general, the potential energy of two nonbaryonic
masses M| and M, at separation r may be parametrized

by

V,= e " @)

V()= —cNﬁ'rﬂi(n tae ), 3)

where the range of the additional interaction is fixed by
the Compton wavelength of the exchanged vector (a <0)
or scalar (@ > 0) particle, A =1/m, ;. The resulting force
is

F(r)=—(GyM M/r>)[1+a(1+r/Aexp(—r/A)].

We study constraints on the relative strength a for a
range of wavelengths A. Since there are gravitationally
bound systems of dark matter, we infer that « > — 1 for
A= 10 kpc.

The dark matter density is often expressed in terms of
the mass-to-light ratio, Y=(M/L)y, in the V band.
From the observed mean luminosity density [7], j,=1.7
x108hLe Mpc 3, the density parameter can be ex-
pressed as © =6x%10 ~*h ~'Y/Ye, where the Hubble con-
stant Ho=100h km/sec Mpc. Thus, the critical mass-to-
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light ratio for an Q =1 universe is Y. =1600hY@. The
observation of stars in the solar neighborhood (presum-
ably bound to the Galaxy) with velocities of 500 km/sec
implies [7] that the total mass-to-light ratio for the Milky
Way is at least Ymw=30Ye. This is consistent with
mass-to-light ratios inferred from flat rotation curves in
other spiral galaxies. Dynamical measurements of the
mass within galaxies rely on baryonic tracers (stars or
gas) of the gravitational potential. Since we assume that
the new interaction does not couple to baryons (the ex-
perimental bound [4] on a long-range force between
baryons [8] is a5 10 ~%), the masses inferred for indivi-
dual galaxies, Min(r) ~v2r/Gn, are the true masses, i.e.,
they are independent of a.

In systems of galaxies, however, such as binaries,
groups, and clusters, galaxies themselves are used as test
particles. If the galaxy mass is dominated by nonbaryon-
ic dark matter, one must take into account the additional
force on the dark mass. Consider two galaxies in a
binary system with separation r <A, radially approaching
each other with speed v,; from Kepler’s law

ro2 & GyMinr=Gn 1 +a(l = F)IM e , (4)

where M . is the true (luminous plus dark) mass of the
binary system, M, is the mass one erroneously infers
without knowledge of the additional force, and
F=My/M . is the baryon mass fraction of the system.
Thus,

Qtruc = erue p— l (5)
Qinr Yins

1+a(l—F) °

A repulsive force (@ <0) would delude us into believing
that the dark matter density is smaller than it actually is.
For example, a flat universe with Qg ,=1 could
masquerade as an open universe with Qi <1, perhaps
reconciling the theoretical prejudice for a flat universe
with the observational indications on scales of groups and
clusters that Q;,r 0.2 —0.3. Although an intriguing pos-
sibility, we show below that the value of a required,
a==—0.75, is inconsistent with cluster observations.

To first approximation, the local group (LG) of galax-
ies can be thought of as a binary system, dominated by
our Galaxy and Andromeda (M31), with a separation
r=700 kpc. The two galaxies are approaching each oth-
er at relative speed v, =119 km/sec. Assuming the orbit
is radial, Eq. (4) implies [7] Y, (LG)=(76-130)Y¢.
(The range arises from uncertainty in the age of the
Universe.) Since M3 is expected to have a ratio of dark
to luminous matter and a stellar population similar to
those of the Milky Way, the true mass-to-light ratio of
the local group should at least equal that of our Galaxy,
Yirue(LG) 2 30Ye. From Eq. (5) this implies the upper
bound a <4 for A2 1 Mpc.

So far we have assumed that the luminous baryons are
gravitationally enslaved to their dark halos. However, if
a=0 a nontidal, bulk stripping force arises from the fact

that the orbital speeds of the baryonic core and the dark
halo of a galaxy (each treated as test particles) at the
same point in the field of a central mass M (another
galaxy or a cluster) do not coincide. For example, requir-
ing that a typical galactic disk outside the core of the
Coma cluster is bound to its halo leads to the (relatively
weak) constraint |a| $100. (In the core of a typical rich
cluster, the outer halos of most galaxies are thought to be
tidally stripped off by the cluster potential [9], while the
halos of galaxies at distances R 1h ~' Mpc from the
cluster center appear to be intact.) If this bound is sat-
urated, a cluster spiral would be displaced from the
center of its halo, and its rotation curve would be notice-
ably asymmetric.

A stronger constraint on a arises by considering the in-
tracluster gas distribution [10]. From x-ray surface
brightness observations, most clusters are well fitted by
the density profile pgs(r) =poll +(r/r.)?] _w//z, with
[11] B,=0.6-0.8. For isothermal gas in hydrostatic
equilibrium in the potential well of a spherical cluster
with spatially constant, isotropic, one-dimensional veloc-
ity dispersion o, the gas density satisfies [12] pg,(r)
& peus(r)”, where

Bs=cum,/kT s . 6)

Here, pcus(r) is the (luminous plus dark) cluster density,
4 is the gas mean molecular weight in amu, and m,, is the
proton mass. The observed surface density profile for
galaxies in a cluster is generally well fitted by a King
model, with pgec[1+(r/r.)?] ~32 We thus expect
Bs =B if galaxies trace the cluster mass. However, ob-
servations of the x-ray spectral temperatures and the
galaxy velocity dispersion of a number of clusters imply
[13]1 B;=1.2=28; this difference is known as the B
discrepancy. Since most cluster galaxies retain their dark
halos (and therefore orbit the cluster as dark matter par-
ticles), if a0, then By =Bsa=0)[1 +a(1 —F)]1 ~'. Thus,
the discrepancy would be resolved if a=1. However, the
“B problem” is most likely a reflection of the simplified
assumptions used above [10] (e.g., the gas may not be
isothermal, galaxies may not faithfully trace the mass,
the galaxy velocity dispersion may be anisotropic and/or
a function of radius, and the King model may be a poor
fit at large radii) rather than a signal of new physics. In-
stead, we can use the factor of 2 agreement between the
two determinations of B to place constraints on a; given
the observational and theoretical uncertainties, we esti-
mate the conservative bound —0.5 Sa<2. An indepen-
dent bound comes from the giant luminous arcs, high red-
shift galaxies gravitationally lensed by foreground clus-
ters [14]. From the observed lensing geometry, one can
estimate the true cluster mass interior to the radius of the
arc (since photons do not couple to the new force) [15].
Comparison with the inferred virial mass in the case of
Abell 370 yields a similar bound to that above.
Cosmology is the final arena where the effects of an ad-
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ditional dark matter interaction would be played out.
Despite the form of Eq. (3), the gravitational constant
Gy is not replaced by a function of a in the Einstein
equations for a homogeneous and isotropic universe. This
is most easily seen by considering the scalar field example
of Eq. (1). The homogeneous field ¢ =¢(¢) leads to only
two effects: a cosmological density of coherent scalar
particles, p,(t), which behaves like nonrelativistic matter,
and a time-dependent mass for the dark fermions. For
fZ mp and temperatures T < m, both effects have negli-
gible impact on the density of the Universe [16]. Conse-
quently, we can assume that the standard cosmology is
unaltered by the additional interaction.

The new force will, however, dramatically affect the
growth of inhomogeneities. Consider the fractional den-
sity perturbations in the nonbaryonic component, A(x)
=lpns(x) —{pnp’1/{pms). We focus on small-amplitude
fluctuations inside the horizon, so we can apply linear
perturbation theory in the Newtonian approximation.
The dark matter obeys the usual perturbed fluid equation
[17], except that it is augmented by the additional poten-
tial ¢, which satisfies

Vi —ml pa’=4naGn pnra?, )

where the gradient is taken with respect to the comoving
coordinate x and a is the cosmic scale factor. For a spa-
tially flat, matter-dominated universe (@ =Qp+ Qp=1),
the Fourier transform of the perturbation amplitude
satisfies

a

+— -
1+ (m, s /k,)?

.4 . 2
A+ —Ay —— | Qpdi + QnppA
kT3 AT 37 | Dok nbAx

=0, (@)

where &k, xa ~!is the physical wave number of the per-
turbation. The fractional perturbation in the baryonic
component, &, obeys

5.k+i5.k"%(ﬂb6k+ﬂnbAk)=0. )
3t 3t

Since Q,,>> Qp, the approximate solution for short-
wavelength modes (k,>»m, ) is Aj«t”, where
p=—¢[11£(25+24a)'?]. As expected, the perturba-
tion growth rate is enhanced for an attractive interaction
(2> 0) and retarded by a repulsive force relative to the
usual A~1%?3 behavior. For standard gravity (a=0) the
asymptotic growing mode satisfies § =A, so the baryonic
fluctuations track the dark matter. However, for a0,
the asymptotic ratio 8/A is a function b(a, Q), which is
larger (smaller) than unity for a repulsive (attractive) in-
teraction. Thus the additional force automatically gen-
erates a scale-dependent bias (or antibias) between the
dark matter and the light.

On large scales, k, <m, s, we retrieve the standard re-
sult A~¢?> for the growth rate. This introduces a
feature in the transfer function T (k) =A;(10)/Ax(t;),
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which relates the perturbation amplitude today (zo) to
the amplitude when it was generated (¢;). There is stan-
dard growth on large scales, but enhanced (retarded)
growth on small scales for positive (negative) a. If the
present spectrum is normalized in the usual way (e.g., by
the second moment, J3, of the mass-correlation function
at r=10h ~' Mpc), this leads to less (more) relative
power on large scales for an attractive (repulsive) force.
The reduced power on large scales for a > 0 effectively
excludes a scenario based on cold dark matter with initial
adiabatic Harrison-Zel’dovich fluctuations and an attrac-
tive long-range interaction with A2 100 kpc. A detailed
discussion of the implications for large-scale structure
formation, peculiar velocity flows, and the microwave
background anisotropy will be given elsewhere [18].

A final bound on a results from considering the
response of dark halos to dissipational baryonic infall in
the early stages of galaxy formation. For a collisionless
dark matter particle in a circular orbit in a protogalaxy,
conservation of angular momentum implies a relation be-
tween its initial radius r; (before baryonic infall) and its
final radius r, after the baryons have cooled and collapsed
into a disk [19], r;/r=f(r/DF +1—F. The initial frac-
tion of dissipational baryonic mass in the protogalaxy is
given by F=My/M; the function f(r/Il) is determined
completely by the disk scale length / and the ratio of the
core radius to the outer radius of the initial mass distribu-
tion (assumed to be a truncated isothermal sphere). The
resulting rotation curve is relatively flat and continuous
from the baryon-dominated core to the dark-matter-
dominated halo only if F lies in the range [19] 0.05
<F<0.2. If a=0, this constraint is replaced by an
identical bound on the parameter F=F/[1+a(l —F)].
Now, if all the initial baryons are dissipational, then
F=bay/l1+0,(b—1)], where b(a,Q,) is the linear
bias parameter, mentioned above. Using the big-bang
nucleosynthesis constraint, 0.01 < Q, <0.2, and the rota-
tion curve bound on F, we find the constraint
—0.8 <a <1.3. If a is outside this range, spiral rotation
curves would be sharply rising or steeply falling or nearly
flat.

We have touched upon only a few of the many interest-
ing phenomena which arise if the dark matter violates the
principle of equivalence in the sense of interacting with
*“hidden” long-range forces. From the mass-to-light ra-
tios in galaxies and binaries, the gas distribution in clus-
ters, and the relaxation of dark halos due to baryonic in-
fall, we conclude that the relative strength of such an in-
teraction must satisfy —0.5<a<1.3 if its range A2 a
few hundred kpc. Even so, such an interaction can alter
the apparent density of dark matter and profoundly
change the spectrum and amplitude of large-scale density
fluctuations.
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Note added.— After this work was completed, a report
by Kawasaki et al. [20] appeared, proposing that such a
force would allow 10-eV neutrinos to cluster in dwarf
galaxies, contrary to the usual phase-space constraints;
however, their required value of a~10* is strongly ruled
out by our results.

[1] For a review, see Dark Matter in the Universe, Proceed-
ings of the Jerusalem Winter School for Theoretical
Physics Vol. 4, edited by J. Bahcall, T. Piran, and S.
Weinberg (World Scientific, Singapore, 1987).

[2] D. Hegyi and K. Olive, Astrophys. J. 303, 56 (1986).

[3] J. Primack, D. Seckel, and B. Sadoulet, Annu. Rev. Nucl.
Part. Sci. 38, 751 (1988).

[4] See, e.g., Proceedings of the Twenty-Fourth Rencontre
de Moriond Tests of Fundamental Laws in Physics,
1989, edited by O. Fackler and J. Tran Thanh Van (Edi-
tions Frontieres, Gif-sur-Yvette, Paris, 1989).

[5] J. Scherk, in Unification of the Fundamental Particle In-
teractions, edited by S. Ferrara, J. Ellis, and P. van
Nieuwenhuizen (Plenum, New York, 1980).

[6] C. T. Hill and G. G. Ross, Nucl. Phys. B311, 253
(1988/89).

[71 J. Binney and S. Tremaine, Galactic Dynamics (Prince-
ton Univ. Press, Princeton, NJ, 1987).

[8] Recently, C. Stubbs (private communication) has studied

constraints on long-range forces between baryonic and
nonbaryonic matter. We do not consider this case here.

[9] D. Merritt, Astrophys. J. 276, 26 (1984); 313, 121
(1987); C. Pryor and M. Geller, Astrophys. J. 278, 457
(1984); B. Whitmore, D. Forbes, and V. Rubin, Astro-
phys. J. 333, 542 (1988).

[10] For recent reviews, see C. Sarazin, X-Ray Emission from
Clusters of Galaxies (Cambridge Univ. Press, Cam-
bridge, 1988); Clusters of Galaxies, edited by W. Oe-
gerle, M. Fitchett, and L. Danly (Cambridge Univ. Press,
Cambridge, 1990).

[11] C. Jones and W. Forman, Astrophys. J. 276, 38 (1984).

[12] A. Cavaliere and R. Fusco-Femiano, Astron. Astrophys.
49, 137 (1976).

[13] R. F. Mushotsky, Phys. Scr. T7, 157 (1984).

[14] We thank Joel Primack for pointing out this possibility to
us.

[15] See, e.g., Gravitational Lensing, edited by Y. Mellier et
al. (Springer-Verlag, Berlin, 1990).

[16] For vector fields, the situation is similar. There are
scenarios where the scalar energy density can play an im-
portant cosmological role, but we do not consider them
here.

[171 P. J. E. Peebles, The Large-Scale Structure of the
Universe (Princeton Univ. Press, Princeton, NJ, 1980).

[18] J. Frieman and B. Gradwohl (to be published).

[19] G. R. Blumenthal, S. M. Faber, R. Flores, and J. R. Pri-
mack, Astrophys. J. 301, 27 (1986); B. Ryden and J.
Gunn, Bull. Am. Astron. Soc. 16, 487 (1984); J. Barnes,
in Nearly Normal Galaxies, edited by S. M. Faber
(Springer-Verlag, Berlin, 1987).

[20] M. Kawasaki et al. (to be published).

2929



