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ABSTRACT

If the dark matter in galaxies and clusters is non-baryonic, it can interact
with additional long-range fields that are invisible to experimental tests of the
Equivalence principle. We discuss the astrophysical and cosmological implica-
tions 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 inter-
action also has unusual implications for the growth of large-scale structure: a
repulsive (attractive) force relatively enhances (suppresses) the growth of den-
sity perturbations on large scales and automatically generates a bias (antibias)
between baryonic and non-baryonic matter. We explore the consequent effects
on the two-point correlation function, large-scale velocity flows, and microwave
background anisotropies, for models with initial scale-invariant adisbatic pertur-
bations and cold dark matter. '
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1. Introduction

The observed flat rotation curves of galaxies and the application of the virial theorem to
clusters of galaxies have revealed the presence of large amounts of dark matter, constituting
perhaps 90% of the total mass in these systems. Several lines of argument suggest that
much of the dark matter in galaxies and clusters is not baryonic (e.g., Hegyi and Olive
1986), while particle physics models provide a gallery of exotic elementary particles as dark
matter candidates (for a review, see Primack, Seckel, and Sadoulet 1988).

In keeping with the principle of equivalence, it is generally assumed that the dark mat-
ter gravitates like the visible baryons, 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 gravitational strength coupled to baryonic matter is experimentally
ruled out by the spate of recent ‘fifth-force’ experiments (for reviews, see Fackler and Tran
Thanh Van 1989), there may be an additional long-range interaction which couples to a
quantum number carried exclusively by non-baryonic matter (e.g., one of the lepton fla-
vors). Such an additional force clearly evades laboratory tests of the Equivalence principle.
Its effects would only be manifest in systems where the dark matter is dynamically impor-
tant, that is, in the outer regions of galaxies and in clusters. In this paper, we investigate
the implications of additional long-range forces acting between non-baryonic dark matter
particles (see also Frieman and Gradwohl 1991).

Long-range interactions have been proposed in the context of a variety of particle
physics models. For example, in extended supergravity models (Scherk 1980), a vector
field coupling to particles of mass m and effective charge ~ m/my gives rise to a repulsive
force of gravitational strength (here my = Gﬁllz = 1.2 x 10!? GeV is the Planck mass,
and throughout we use units in which & = ¢ = 1}. Compactification of higher dimensional
theories can also yield new vector and scalar forces of gravitational strength (Bars and
Visser 1986). Alternatively, ultralight pseudo-Nambu-Goldstone bosons with scalar cou-
plings, called schizons (cousins of Majorons and familons), can arise naturally in extensions
of the standard electroweak mode! (Hill and Ross 1988).

As & concrete example, consider the phenomenological schizon model with Lagrangian

¢

L= Fimy0"% + myt + 50,406 + %

b — Smid, (11)

where the fermion ¢ of mass my ~ 1 — 10 eV constitutes the dark matter Qg =1), ¢
is the schizon, and f is a global symmetry breaking scale. For a static configuration, the
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scalar field satisfies 2 modified Poisson equation,
[3 -
Vg —mis= < (¥) . (12)

In the non-relativistic limit, the fermion density ny = (zﬁvjx), and the static potential

between two separated fermion sources with masses A, 1 and M; has the Yukawa form,

_ €2 M, M, ——
47rmif2 r

Ve = (1.3)
Thus, on scales r <« m;!, the relative magnitude of the scalar force is o = G4/Gn =
czm:‘/mﬁfz; for € ~ my and f ~ my it has roughly gravitational strength. In these
models the scalar mass is of order my ~ emy/f, so the range of the attractive force is
astronomical, A = mgl ~ 1000:—1/2(eV/1r1'1,,5)2 kpc.

As an aside, we make two comments regarding this model. First, the phase space con-
straint on fermion clustering (Tremaine and Gunn 1979) applied to dwarf spirals suggests
that a light fermion constituting the dark matter in gaiaxy halos should be somewhat
heavier than above, my 2 100 eV (e.g., Spergel, Gott, and Weinberg 1989). Since typ-
ically QyA? ~ (my/90) ¢V (where the Hubble parameter Hy = 1004 km/sec/Mpc), this
requires entropy production after the fermions drop out of thermal equilibrium in the early
universe, in order to satisfy constraints from the age and expansion rate of the universe,
Qth? < 1. For neutrinos this is difficult to arrange without adversely affecting big bang nu-
cleosynthesis (but not impossible — see Scherrer, Cline, Raby, and Seckel 1991); however,
other more weakly coupled fermions may freeze out earlier, e.g., before the quark-hadron
transition, and have their cosmic density substantially diluted. Since A ~ mf, a heavier
dark matter fermion implies a reduction in the range of the scalar force. Second, we note
that the schizon model naturally incorporates gelactic-range forces if the dark matter is
& light fermion. Unless the fermions have additional interactions which reduce their mean
free path and thus prevent free streaming (Raffelt and Silk 1987), this suggests we consider
such a force in the context of hot dark matter models for structure formation. However,
in other particle physics models, one can contemplate long range forces between cold dark

matter particles as well.

Regardless of the particle physics origin of such a force, in general the potential energy
of two non-baryonic masses M; and M; at separation r may be parameterized by

MM,y

V(r) = ~-Gn -

1+ ae™?), (1.4)

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

GnMi M,
F(r) = ——

{1 +a(l+r/Aexp(—r/A)L (1.5)

We will study the astrophysical implications of and constraints upon the relative force
strength o for a range of wavelengths A. Since there are gravitationally bound systems
dominated by dark matter, we can immediately infer that & > —1 for A 2 10 kpe. In Sec-
tion II, we consider constraints on additional forces arising from the dynamics of galaxies,
groups, and clusters. In Section III, we explore long-range forces in cosmology and con-
sider in detail their effects on the linear growth of density perturbations and the formation
of large-scale structure. In particular, assuming an initial spectrum of adiabatic pertur-
bations with cold dark matter, we estimate the modification of the transfer function for
perturbations due to a long-range interaction and the corresponding consequences for mi-
crowave background anisotropies, large-scale peculiar velocities, and the two-point galaxy
correlation function. We also consider a final constraint on « arising from the response
of dark halos to dissipational baryonic infall in the early stages of galaxy formation. We
conclude in Section IV.

Tests of the Equivalence principle have been previously discussed for specific particles.
The experimental bound (Fackler and Tran Thanh Van 1989) from Eotvos-type exper-
iments on intermediate-range forces between baryons is approximately |op| < 1074, In
addition, supernova 1987a has been used to test for additional galactic-range forces cou-
pling to electron neutrinos (Pakvasa, Simmons, and Weiler 1989 and references therein).
By contrast, while we will assume that the dark matter on halo and cluster scales is com-
posed of non-baryonic particles, the constraints we will consider are independent of the
identity of these particles. For completeness, we note that the cosmological effects of an
exactly massless Jordan-Brans-Dicke scalar field which couples with different strengths to
‘visible’ and ‘invisible’ matter has been discussed by Damour, Gibbons, and Gundlach
(1990).



2. Constraints on Long-range forces from Galaxy and Cluster Dynamics

Given the theoretical models and experimental constraints above, we now consider
the astrophysical effects of a long-range force coupled only to non-baryonic dark matter.
We parameterize the mass density in terms of the mass—to-light ratio in the V band,
T = (M/L)y. From the observed mean luminosity density jv = (1.7 & 0.6) x 10%ALg
Mpc™3 (e.g., Davis and Huchra 1982, Kirshner, et al. 1983), the cosmic density parameter
can be expressed as 2 = 6 x 10~* A~YY/Tg. Thus, the critical mass-to-light ratio for
an {} =1 universe is T, = (1600 + 500} Tg. Clearly a long-range interaction of strength
comparable to gravity will affect dynamical estimates of the masses of gravitationally

bound systems and thus the value of 1 inferred from them.

First consider individual galaxies. The observation of high proper motion stars in the
solar neighborhood (presumably bound to the Galaxy) implies that the local value of the
galactic escape velocity exceeds 450-500 km/sec (Carney and Latham 1987; Cudworth
1990; Leonard and Tremaine 1990; for a review, see Fich and Tremaine 1991). In a
truncated isothermal sphere model, this implies that the total mass—to-light ratio for the
Milky Way is at least Tyyw R 30To. This is consistent with the results obtained by
requiring that distant globular clusters and satellite galaxies are bound to the Galaxy, as
well as with mass-to-light ratios inferred from flat rotation curves in other spiral galaxies
(Binney and Tremaine 1987; Fich and Tremaine 1991). 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 masses inferred
for individual galaxies, Mine(r) ~ v2r/GN, are the true masses, i.c., they are independent
of a.

In systems of galaxies, however, such as binaries, groups, and clusters, galaxies them-
selves are used as test particles. If the galaxy mass is dominated by non-baryonic 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, approaching each other with relative

speed v,; from Kepler’s law

v} o GNMipr = G (1 + (1 — F)] Mirue , (2.1)

where Miry, 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 = M,/ My, is

the baryon mass fraction of the system. Thus, the dynamical estimate of the cosmic mass
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density satisfies

the_rtmc_ 1
Qunt Tiwr 1+o(l—F)"

(2.2)

A repulsive force (a < 0) would delude us into believing that the dark matter density
is smaller than it actually is. For example, & spatially flat universe with Q4ue = 1 could
masquerade as an open universe with {i,r < 1, perhaps reconciling the theoretical prejudice
for a flat universe with the observational indications on scales of groups and clusters that
{ling S 0.2 — 0.3. Although an intriguing possibility, we show below that the value of «

required, o >~ —0.75, is inconsistent with cluster observations. _

To first approximation, the Local Group of galaxies can be thought of as a binary
system, dominated by our Galaxy and Andromeda (M31), with a separation r ~ 725 kpe.
The two galaxies are approaching each other at relative speed v, = 123 km/sec. Assuming
the orbit is radial, eq. (2.1) implies (Binney and Tremaine 1987, and references therein)
Ting(LG) = 76 ~ 130T . (The range arises from the factor of two uncertainty in the age
of the universe, 2p = (1 — 2) x 1019 yr.) Since M31 is expected to have & ratio of dark to
luminous matter and a stellar population similar to those of the Milky Way, and assuming
M/L is a non-decreasing function of scale, the true mass—to-light ratio of the Local Group
should at least equal that of our galaxy, Tir.(LG) 2 30Yg. From eq. (2.2) this implies
the approximate upper bound a < 4 exp(700 kpc/X). Allowing for tidal torqueing and
mass infall in the Local group does not substantially alter this bound (Fich and Tremaine
1991 and references therein).

So far, we have implicitly assumed that the luminous baryons are gravitationally en-
slaved to their dark halos. In the core of a rich cluster, the outer halos of most galaxies are
thought to be tidally stripped off by the cluster potential (Merritt 1984, Pryor and Geller
1984), and there is some observational evidence for this effect (Whitmore, Forbes, and
Rubin 1988, Bothun and Schombert 1988, Lauer 1988); farther out, at distances B 2 14!
Mpc from the center of a typical rich cluster, the halos of galaxies appear to be relatively
intact, in the sense that spirals with extended flat rotation curves are found there. N ow,
if & # 0 an additional non-tidal, 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. If @ is very large, bulk stripping could conceivably lead to the complete separa-
tion of baryonic disks from their non-baryonic halos. If « is only moderately large, bulk
stripping is counterbalanced by the mutual gravitational attraction between the disk and
the helo. In this case, a spiral disk in a cluster would be displaced from the center of mass
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of its halo, and its rotation curve would presumably be asymmetric; in addition, the disk

itself could be warped.

To estimate the magnitude of this effect, consider the following idealized system: a
rich, spherical cluster, centered at the origin, with mass M_(r), a spherical, non-baryonic
galaxy halo, with center of mass coordinate 7(¢), central density ps, and core radius r,
and a point-like baryonic core, with negligible dynamical mass, at coordinate 7(t). We
neglect the gravitational backreaction of the galaxy halo and core on the cluster, i.e.,
we treat the cluster potential as fixed. In order to ensure that the rotation curve is not
noticeably asymmetric, we assume the displacement between the core and halo must be
small compared to the halo core radius, A = |7} — 7| < r. (but see below). For galaxies
farther then a few kpe from the cluster center of mass, this implies A < ||, |7,]. The first
inequality above means that the halo restoring force on the baryonic core is determined
completely by p, and A, while the second inequality implies that the cluster masses interior
to the instantaneous core and halo orbits are essentially identical, M(ry) =~ M(ry)

(corrections to this approximation enter at next order in A/ry).

Consider the gelaxy core and halo on radial orbits through the cluster, with instan-
taneous radii ry = r; 4+ A and r,. To lowest order in A/ry, the core-halo separation
satisfies

l4 o 1

- 4m
—G A=GyM —
A+ —Gnen N cl("'h.)[ Sl FRTNT

(2.3)

For a = 0, the term in brackets represents the usual tidal force, and the equilibrium
displacement between the core and halo vanishes, A = 0. Assuming equilibrium is estab-
lished on e timescale short compared to the crossing time through the cluster, for a # 0

the equilibrium displacement between the core and halo is

% = (ﬁcz(?fb) - 2) ) @4

where g{< r) is the mean cluster density interior to radius r.

As an example, consider a typical spiral galaxy r, = 1 Mpc from the center of
the Coma cluster. The estimated cluster mass interior to this radius is approximately
Mcome(1 Mpc) =~ 6 x 10'* Mg, and this appears to be robust against assumptions about
velocity anisotropy, variations in M/L, etc. (Merritt 1987); thus, fcoma(< 1A~! Mpc) ~
1.4 x 10~*Mg pc3. This is well below typical estimates for spiral halo densities; e.g., for
the Sc galaxy NGC 3198, the rotation curve can be fit with central density p; = (0.013 —
0.58)h% Mg pc~3, with corresponding halo core radii in the range r, = (6.4 — 1.1)A~1 kpe
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(van Albada et al. 1985). (We note that the important parameter parl is essentially fixed
by the observed rotation speed, and is independent of @.) To good approximation, we
‘therefore find A/fry o~ (pa(< 74)/pa)e. Spanning the range from maximum to minimum
disk models, if NGC 3198 were placed 1 Mpc from the center of Coma it would satisfy
Afrc = (0.2 — 1.6)h~ 2. Requiring this ratio to be less than unity, we obtain the bound
|| € 5 (where we have taken h = 1 to obtain a conservative limit). We caution, however,
that without detailed modelling we do not know how reliable this bound is: since rotation
curves are flat and relatively featureless beyond a few disk scale lengths, the precise signa-
ture of the asymmetry is not obvious. (In cases where the disk is dynamically significant,
presumably a feature would arise in the rotation curve at the point where the halo begins

to dominate over the disk; for a different aspect of this problem, see section 3.6 below.)

Two strong constraints on the interaction strength o for ranges A 2 1 Mpc arise from
the dynamics of rich clusters. The first involves the distribution of hot intracluster gas
(for recent reviews, see Sarazin 1988, Oegerle, Fitchett, and Danly 1990). If the gas is
isothermal and in hydrostatic equilibrium in the potential well of & spherical cluster with
mass profile M(r), then )

1 dPgaa kBTgm d lnPgaa _ GnM (7')

= = 2.5
Pgas dr pmy dr r2 (2.5)

where p is the gas mean molecular weight in amu, and m, is the proton mass. Simi-
larly, if the cluster galaxies have an isotropic, spatially constant, one-dimensional velocity

dispersion ¢, then

o2 dlnpyq _ GnM(r)
dr r? )

Equating eqs. (2.5) and (2.6), the gas density satisfies (Cavaliere and Fusco-Femiano 1976)

(2.6)

Pgas(r) < pgat(r), (2.7)
where
— az,ump
= 28)

The observed surface density profile for galaxies in a cluster is generally reproduced by a
King model, with

Poat o [1+ (r/rc)% 7372, (2.9)
From X-ray surface brightness observations, most clusters are well fit by the gas density
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profile

Pgas(r) = poll + (r/rc )} 730112, (2.10)

with ff = 0.6 — 0.8 (Jones and Forman 1984). We thus expect 8, = fy if galaxies trace the
cluster mass. However, observations of the X-ray spectral temperatures and the galaxy
velocity dispersion of a number of clusters imply (Mushotsky 1984) 8, ~ 1.2 ~ 23 73 this

difference is known as the G-discrepancy.

In the presence of a long-range force, if most cluster galaxies retain their dark halos
(and therefore orbit the cluster as dark matter particles), eq. (2.6) is modified by replacing
Gy — GN[l + a{1 — F)]. This implies

B.{a =0)

B.(a) = TFa(l-F)'

(2.11)

Thus, the discrepancy would be resolved (i.e., 8,(a) ~ B¢) if a =~ 1. However, the ‘8-
problem’ is most likely & reflection of the simplified assurnptions used above (Sarazin 1988,
Fitchett 1990, Evrard 1990) rather than a signal of new physics. For example, the gas
may not be isothermal, galaxies may not faithfully trace the mass, the galaxy velocity
dispersion o may be anisotropic and/or a function of radius, and the King model may be
a poor fit at large radii. Instead, we can use the factor of 2 agreement between the two
determinations of 3 to place constraints on a. For the ensemble of cluster observations, we
have approximately 1 5 G,(a = 0)/8; < 2. Naively, we would expect 4,(a) = 8y, but the
corrections cited above generally go in the direction of increasing 8,/ from unity, and can
adequately explain the §-discrepancy (Evrard 1990). We therefore expect on theoretical
grounds 1 § B,(a)}/By < 2. Using eq. (2.11) with F' < 0.2, we then obtain the bound
065 as1.3.

An independent bound on o comes from the giant luminous arcs, high redshift galaxies
gravitationally lensed by foreground galaxy clusters {Lynds and Petrosian 1986; Soucail,
et al. 1987; for & review, see Mellier, et al. 1990). These arcs are formed when a galaxy
is nearly imaged into an Einstein ring. Assuming photons do not couple to the new force
(they are deflected only by the gravitational potential), from the observed lensing geometry
one can estimate the true cluster mass interior to the radius of the arc. Comparison with
the dynamically inferred cluster mass obtained from the virial theorem, which is sensitive

to the additional force, yields a constraint on o comparable to that above.

The most useful cluster for our purposes appears to be Abell 370. Using the measured
redshifts for the lensed galaxy, zere = 0.724, and the lensing cluster, z. = 0.374, Soucail,
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et al. (1988) estimate the cluster mass M(< r) = (1.9 £ 0.4) x 101*h; ! Mg over the scale
T < 150k, kpec, where the Hubble parameter Hg = 50hsp km/sec/Mpc. This corresponds
to a mass-to-light ratio (M/L)g =~ (100 &£ 25)ksp on this scale, where subscript R denotes
the red band. The same group has also measured velocities for galaxies in the cluster and
inferred a virial mass. For Abell 370, Mellier, et al. (1988) report (M/L)r = 5615 (again
for hso = 1) based on a line of sight velocity dispersion o = 1340 km/sec obtained from 29
galaxy spectra; this value for the velocity dispersion is consistent with the results of Henry
and Lavery (1987) for the same cluster, but the resulting virial estimate of M/L is almost
& factor of two below the arc estimate. However, in a more recent proceedings (Moran, et
al. 1988}, Soucail reports that their measured velocity dispersion is o = 1700+ 170 km/sec
based on 46 velocity measurements. This yields the virial estimate (M/L)g = 96 £+ 10, in

much better agreement with the arc estimate.

One must use some care in comparing these two numbers: the are value gives the
mass-to-light ratio averaged over a tube extending along the line of sight through the
cluster, with tube radius given by the (rather small) radius of curvature of the arc; on the
other hand, the virial estimate uses galaxy velocities which extend considerably further
out, and it assumes that the observed galaxies accurately trace the cluster mass (i.e.,
constant M/L). Moreover, Merritt (1987) has shown that models with radially varying
mass-to-light ratios are consistent with the galaxy position and velocity data in the much
better studied Coma cluster (with several hundred measured velocities). Nevertheless, he
shows that the constant M/L assumption gives a fairly reliable indicator of the mass in the
core of the cluster; for Coma, he estimates that the true mass within 1 Mpc is within 25%
of the virial estimate. Now, for Abell 370, we are interested in a smaller region, but the
velocity data is more sparse. We therefore roughly estimate that the virial mass-to-light
ratio for the region within the arc, including observational and theoretical uncertainties, is
(M/L)g = 964+10+25. Comparing this with the (M/L)z ratio inferred from the arc using
eq. (2.2) and assuming F < 0.2, we find —0.5 < a < 1.9. (We note that the M/L ratio
inferred from the arc is consistent with that estimated from the smaller arclets.) This is
comparable to the bound we obtained from the intracluster gas distribution, but it extends

to smaller scales.

A summary of the approximate bounds on a (|a|) for an attractive (repulsive) force
as a function of the range A is shown in fig. 1 (2). In this context, we note the recent
preprint by Kawasaki, ef al. proposing that a long-range force could allow neutrinos of
mass 10 eV to cluster in dwarf galaxies, contrary to the usual phase space constraints (see
the Introduction for discussion of these constraints). In particular, their required value of
a ~ 10* with A 2 100 kpc is strongly ruled out by our results.
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3. Cosmology and Large—Scale Structure
3.1 FRIEDMANN-ROBERTSON—WALKER MODELS

Armed with the observational constraints on a long-range force, we now turn to cos-
mology, the final arena where the effects of an additional dark matter interaction would
be played out. First consider the evolution of 2 homogeneous and isotropic Friedmann-
Robertson-Walker (FRW) universe; despite the form of eq. (1.4), the gravitational constant
GN is not replaced by a function of a in the Einstein equations. This is most easily seen
by considering the scalar field example of eq. {1.1). The homogeneous field ¢ = ¢(t) leads
to two effects: a cosmological density of coherent scalar particles, p4(t), which behaves like
non-relativistic matter, and a time-dependent mass for the dark fermions. For f < my and
temperatures T' 5 my, both effects have negligible impact on the density of the universe.
For vector fields, the situation is similar. (There are scenarios where the scalar energy
density can play an important cosmological role (Frieman, Hill, and Watkins 1991), but
we do not consider them here. For the cosmological implications of massless Brans-Dicke
scelars in this context, see Damour, et al. (1990).) Consequently, we can assume that the
standard FRW cosmology is essentially unaltered by the additional interaction.

This is easily verified by a simple Newtonian argument. In the Newtonian limit, which
holds for non-relativistic matter and for length sceles much smaller than the Hubble radius,
the Robertson-Walker scale factor a(t) obeys

32 = -V, (3.1)
where the gravitational potential ¢, satisfies the Poisson equation,
V34, = 4nGyp. (3.2)

Here p is the spatially averaged density, p(t), and the spatial derivative is taken with
respect to physical coordinates. If the universe contained only non-baryonic dark matter
with an additional interaction, one might naively expect eq.(3.1) to be modified to

3— = —Vip, — Vi¢,, (3.3)

|| At

where the potential ¢, for the long-range force satisfies
V3o — m? b = 4nGpyap, (3.4)

and my, is the mass of the exchanged vector or scalar field. However, for any non-

ZEro mass My,, €q.(3.4) has the instantaneous, spatially homogeneous solution &"’ =
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—4rGyap /mg', (this will be the approximate solution when time dependence is included
as well). For this solution, V"'qﬁsh) vanishes, so the additional force makes no contribution
to the expansion rate of a homogeneous, isotropic cosmological model. That this must be
so also follows from a two-component model containing, say, baryons and non-baryonic
matter: in this case, eqs. (3.1) and (3.3) must both hold, otherwise homogeneity and
isotropy would not be maintained. Since the new interaction does not violate homogeneity

and isotropy, the additional potential must satisfy the homogeneous solution above.

The new force will, however, affect the growth of spatial inhomogeneities, as we shall

see below.

3.2 LARGE-SCALE STRUCTURE: BACKGROUND AND SUMMARY

The observations of large-scale bulk motion (Dressler, et al. 1987), the sheetlike and
filamentary structure seen in recent redshift surveys (e.g., Geller and Huchra 1989), and the
results of the deep pencil-beam surveys (Broadhurst ef al. 1990) provide tantalizing hints of
structure on large scales. Recent measurements of the galaxy angular correlation function
(Meddox, et al. 1990, Picard 1991), the variance in galaxy counts-in-cells (Saunders, et al.
1891), and the correlations of rich clusters by a number of groups are beginning to provide

statistical evidence for this structure.

Cold dark matter (CDM) with @ = 1 and an initial Harrison-Zel'dovich spectrum of
ediabatic perturbations from inflation, long considered an attractive scenario for galaxy
formation, appears to fall short in explaining at least some of these observations: there
is a growing consensus that CDM produces too little power on large scales. There are
different ways this difficulty might be overcome. The first possibility is to modify the
primordial fluctuation spectrum. While ‘designing’ an arbitrary perturbation spectrum
generally involves fine-tuning the potential of the field responsible for inflation, there are
inflation models which naturally have at least modest amounts of additional large-scale
power (Freese, Frieman, and Olinto 1990; Adams, Bond, Freese, Frieman, and Olinto 1991,
in preparation); in this case, however, one must come close to saturating current microwave
anisotropy limits in order to adequately account for the additional structure required. The
second possibility is to modify the transfer function which determines the relative power on
different scales today in terms of the initial spectrum. In this vein, possibilities include in-
troducing a small cosmological constant (e.g., Efstathiou, Sutherland, and Maddox 1990),
a decaying 17 keV neutrino (Bond and Efstathiou 1991), or considering the effects of radi-
ation pressure (Zurek 1991), the latter which, e.g., may lead to a destructive interference
between baryonic and dark matter perturbations on gelactic scales and therefore to less

power on small scales. When the spectrum amplitude is normalized in the standard way
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(e.g., by the second moment of the mass correlation function, J3, or the variance of the

density field), this yields the needed excess power on large scales.

We show in this section that an additional long-range force may have a similar effect
on the transfer function for density fluctuations. Qualitatively this is easily understood:
on large scales, beyond the range of the additional interaction, the gravitational growth of
perturbations is unaffected by the force. On smallscales, however, a repulsive (attractive)
force leads to reduced (enhanced) perturbation growth. If we normalize the present spec-
trum in the standard way, we recover more (less) relative power on large scales. In fact, a
repulsive force of range A 2 100 kpc and strength a 2 —0.5, consistent with the astrophys-
ical constraints found above, can provide the additional large-scale power needed to revive
the CDM scenario (with adiabatic, scale-invariant initial perturbations), without violating
microwave anisotropy constraints. In addition, a repulsive force generates a bias between
baryonic and dark matter perturbations on small scales and therefore might help explain
the abundance of high-redshift quasars, despite the somewhat reduced amplitude of small
wavelength perturbations. On the other hand, our analysis shows that the problems of
the CDM model in accounting for large-scale structure are exacerbated by an attractive

long-range force.

In the following we study structure formation with en additional long-range force,
primarily in the context of cold-dark-matter models. In the next section we eveluate the
transfer function, which describes the growth of perturbations on different scales, calculate
the present fluctuation spectrum and matter correlation function, and discuss smali-scale
biasing. In section 3.4, we discuss the gravitationally induced large-scale streaming veloci-
ties and compare with analyses of velocity flows for different galaxy samples. In section 3.5
we study the induced anisotropies in the cosmic microwave background radiation (CMBR).
In section 3.6, we discuss the relaxation of non-baryonic halos due to baryonic infall and

the consequences for the disk-halo conspiracy.

3.3 PERTURBATION GROWTH AND THE POWER SPECTRUM

We assume the matter content of the Universe can be described in terms of two pres-
sureless, ideal fluids, baryons and cold non-baryonic dark matter. As we are interested in
small-amplitude perturbations inside the horizon, we can apply linear perturbation theory
in the Newtonian approximation (e.g., Peebles 1980; Zel'dovich and Novikov 1983). Define

the fractional perturbations in the baryonic and non-baryonic matter densities by

_ p(x,t) — Bp(t) x.1) = Prb(X:t) — Prs(?)
) =""0m 0 ARY=T (3:5)
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where 5;(t) and gnp(t) are the mean baryonic and non-baryonic energy densities. Baryons
are subject only to gravity, whereas the non-baryonic dark matter is also affected by the

additional, nongravitational interaction. Expanding the continuity and fluid equations to

- a . 1
§+ 2 (5)5 Vi, ,

A+z(2)a = L v+,

first order results in

I
|

(3.6)

I
|

where the gradient is taken with respect to the comoving coordinate x and a(%) is again the

cosmic scale factor. The gravitational potential, ¢,, satisfies the usual Poisson equation,
Vigg = 4anGy a® (é + Pl ) - (3.7

The potential associated with the additional force, ¢q, originates solely in the dark matter
perturbation and satisfies (compare eqs.(1.2) and (3.4))

Vigs —a® m“ $a = 4maGna® P . (3.8)

We focus on a spatially flat, matter-dominated universe with zero cosmological constant,
Q= + N, = 1. Combining eqs. (3.6) — (3.8) and transforming to Fourier space, the

evolution equations for the density fluctuations become

2
b + Z’E b — 32 [955k +ﬂnbAk] =0, (59
. 4 . a )
— —— ) =
A+ 3tAk 32 [nb i T (1 + g (m,',/kp)z)ﬂnbAk] g,

where k, = k/a and k are the physical and comoving wavenumbers of the perturbation. (We
note that the baryon pressure gradient term can easily be included iﬁ.cq.(3._9), -) On scales
larger than the Compton wavelength of the scalar/vector particle, k, < my,,, we retrieve
the standard result for the growth of fluctuations in & flat universe, Az = §; o t2/3 (for
the growing mode). The additional long-range force manifests itself only on small scales:
in the limit kp >» 1y, the growth rate is modified to

Ay = % o P, (3.10)

where the “bias” factor B and the exponent p are given by

B = —;-{1—%'—:'3(1+a)+[(1—-—-—(1+a))2 QQ—':’]IIZ}, (3.11)
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p = -%{1 + [1+24(Bﬂb+(1+a)ﬂnb)]1/2}- (3.12)

This result merits two comments. First, although only non-baryonic matter couples to
the additional interaction, the growth rate of the baryonic fluctuations is equally affected.
If the baryonic mass density is small, O < (1+ a),;/B, and we have §1,;, ~ 1, the power

law exponent p is approximately
p o -2 {1 £ (25+24a)"%) (3.13)
6

for scales with k, 3> m,,. For an attractive force, @ > 0, the growing mode is amplified,
p > 2/3; for example, for a« = 1, we have p >~ 1 for the growing mode. For a repulsive
interaction, p < 2/3, and the growth rate is retarded; in particular, as @ — —1, the
repulsive force completely neutralizes gravity, and p — 0. The reduction in growth rate
is similar to that which occurs for a matter-dominated, flat universe with two matter
components, one of which is smoothly distributed and does not cluster (e.g., Kolb and
Turner 1990).

Second, in the small wavelength limit, the amplitudes of the baryonic and non-baryonic
perturbations differ: this is manifest through the bias factor, B(c,Qu/) = 6i/As,
which is larger {smaller) than unity for a repulsive (attractive) force. For a repulsive
interaction, small wavelength baryonic perturbations are enhanced relative to their non-
baryonic counterparts, leading to a scale-dependent bias between the dark matter and
the light. An attractive force has the opposite effect and leads to anti-biasing. The fact
that B # 1 for adiabatic perturbations is a direct consequence of the violation of the
Equivalence principle. In fig. 3 we plot the bias factor B as a function of the force strength

a, for various values of the ratio 12,/

In deriving an approximate transfer function T(k) = Ag(to)/Ar(t:), which relates the
perturbation amplitude today (o) to the amplitude when it was formed (¢;), we make
the following approximations: i) We neglect the baryon density, i.e., we set 0, ~ 1 and
use the approximate growth rate of eq. (3.13). ii) At early times, the physical wavelength
of a given mode is smaller than the force range, kg 1« m, 1, but at late times may be
conformally stretched above it. We treat this transition as discontinuous, i.e., we use
eq. (3.13) until k;' = m_] and the usual growth law thereafter. iii) We neglect the small
logarithmic growth of adiabatic perturbations during the radiation dominated era. To
reduce the sensitivity of our results to these approximations, we also apply the last one to
standard CDM perturbations and normalize the computed T'(k) to the fitted CDM transfer

15



function of Davis et al. (1985),
TCOM(EY = A/(1 + ek + wk™S + vk?) (3.14)

where € = 1.7 h™2Mpc, w = 9.0 h™3Mpc!® and v = 1.0 h—*Mpc?. That is, we define the
present fluctuation amplitude by

Ag(to)

3SDM (24 = §¢°M (ko) F(k) , (3.15)

Ap(to) = TCPM(k) Ax(t:) [ }

where F(k) = [Ak(tg)/ﬁfDM(to)]appmx
standard CDM fluctuations. We calculate F(k) using the three approximations above;

the result is shown schematically in fig. 4. According to the second approximation, a

denotes the modification factor with respect to

perturbation of comoving wavenumber £ is subjected to the additional long-range force
until time a.ri¢ = k/m. Furthermore, a perturbation crosses inside the horizon (in a matter
dominated universe) at apo (k) = (3—;)21':‘2 ~ 2.47 x 10~k 2 (k is given in Mpc~?!). The
characteristic wavenumbers in fig. 4 are then defined by apor(keg) = @eqy @hor(kn) = aerit(kn)
and dait(ka) = ap = 1, where a.q is the scale factor at equal matter and radiation energy
densities. (For our choices of my,, kn < keg < ku.) Perturbations with k > k, never
stretched beyond the force range and were therefore always subjected to the additional
interaction. In contrast, fluctuations with k& < kn were already outside the range at
horizon crossing and thus always experienced standard gravity.

The initial spectrum of perturbations A.(#;) is taken to be scale-invariant, [A;,(t.')[2 o
k. We normalize the power spectrum by the second moment of the mass correlation func-
tion, evaluated from the CfA red-shift survey (Davis and Peebles 1983), J3(10A~1Mpc) =
270 h~3Mpc®, where

oo
Ji(r) = -2—-‘;-5— / IA,,:(ta)l2 (sinkr — kr cos kr) % . (3.16)
0

(Normalizing by the variance of the density field at 82" !Mpc with a top-hat window func-
tion yields a similar result.) Note that in choosing this normalization, we have implicitly
made two assumptions: (i) that the characteristic normalization scale, r ~ 821 Mpc, is
large compared to the Compton wavelength A so that the bias factor B(a) does not enter
the normalization (B(a,8h"!Mpc) = 1) (however, see the discussion at the end of this

subsection); (ii) that there are no other sources of bias in linear perturbation theory.

16



Fig. 5 shows the processed power spectrum for different values of the force strength
a and force range A. (In our numerical calculations we assume the Hubble parameter
is Hyp = 50 km sec™?Mpc™1, i.e., k=1/2.) In the long-wavelength limit, where the ad-
ditional interaction is inoperative, the spectra exhibit identical slopes, and differ only in
overall amplitude due to the normalization on small scales. On small scales, however, an
extra force generates distinctive features in the fluctuation spectrum. The deviation from
the standard CDM result becomes evident with increasing force range and/or enhanced
strength. As noted above, an sttractive force diminishes the power at long wavelengths
and is therefore less successful than standard CDM in explaining structure formation on
large scales. On the other hand, a repulsive interaction reduces the amplitude of small

wavelength perturbations and therefore relatively enhances the power on large scales.

The magnitude of this effect becomes more transparent by studying the spatial two-

point mass correlation function,

€)= 5z [ loww) B e (3.17)
0

In fig. 6 we plot £(r) for @ = —0.3 and —0.5 for several values of the force range A. Here the
short-dash-dotted line shows the standard power law fit to the data on scales r < 10~~1
Mpe, &(r) = (r/5.6h~ Mpc)~'®, and the solid curve presents the standard CDM result
(a = 0). Since this is a linear perturbation theory calculation, it is only to be trusted on
scales larger than r ~ 20 Mpc (for b = 0.5); the key point is that models with even a

modest repulsive force can have substantial excess large-scale power.

To compare with observations, in fig. 7 we show the angular two-point correlation
function w(&) for models with a repulsive force, @ = —0.3 and the same values of A
as above. The angular two-point function was calculated from £(r) (here normalized to
€(4.6h~ Mpc) = 1) using the relativistic form of Limber’s equation (see, e.g., Peebles 1980)
assuming {} = 1, with the Schechter luminosity function of Maddox, et al. (1990); the
observer selection function was assumed to be unity over the apparent magnitude interval
17 < by < 20, corresponding to the depth of the APM galaxy survey. For comparison we
show the data from the APM galaxy survey (Maddox, et al. 1990) and the POSS-II survey
(Picard 1991), which has nearly identical depth. (Note that the data has not been rescaled
in depth.) The standard cold dark matter model (solid curve) falls short of the APM data
on large angular scales (Maddox, et al. 1990), while a CDM model with a repulsive force
of strength oo = —0.3 and range A = 100 kpc fits the data out to 5° remarkably well.
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Throughout this discussion, we have been assuming that the Compton wavelength of
the additional interaction is short compared to the characteristic normalization scale for
large-scale structure, A < 8! Mpc. As a final comment, we note here the results for the
opposite case of a very-long-range force, A 2 1000~A~! Mpec. In this case, perturbations
on all observable length scales are equally affected by the additional force, so that, aside
~ from a change in overall normalization, the perturbation transfer function T(k) is just that
for cold dark matter, eq.(3.14). That is, the modification factor F(k) entering eq.(3.15)
is k-independent; the only change from standard (unbiased) CDM is that the A spec-
trum should be normalized by setting J3(10A~1Mpc) = B~%(e) 270k~ Mpc?, where the
bias factor B(a) is given by eq.(3.11) (Fig. 3). The implications for microwave anisotropy

constraints will be discussed below.

3.4 LARGE-SCALE VELOCITY FIELD

One of the major drawbacks of the standard CDM scenario lies in its apparent difficulty
in reproducing the observed peculiar velocity field on large scales. Here we study how an
additional long-range force affects this problem. As we would expect from the preceding
section, models with a repulsive force lead to additional large-scale power and can help
cure this difficulty.

From the continuity equation, we can evaluate the gravitationally induced (linear)
comoving peculiar velocity (Peebles 1980; Zel’dovich and Novikov 1983)

w(t) = —izg Au(t) = —izs Ho Aalto) fkto) , (3.18)

where the function f = d(ln D)/d(Ine), and D(t,k) describes the time-evolution of the
fluctuation amplitude, Ar(t) = D(¢, k)Ax(to). In contrast to the standard (o = 0) scenario,
fis now k-dependent: f(k,%) = 1 (3p/2) for k < m,, (k >» m,,), where p is the power
law exponent given by eq. (3.12) or (3.13), and we have set agp = 1. Note that « does not
appear explicitly in eq. (3.18), but only indirectly through its modification of the growth

rate p. From (3.18) we can estimate the expected mean square bulk velocity of a spherical
volume of radius r (Clutton-Brock and Pecbles 1981; Kaiser 1983),

vi(r) = 2%32- f F(k, o) |A,,(u,)|2 Wi(kr) dk , (3.19)
0

where Wy(kr) is a window function.
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Fig. 8 shows the rms bulk velocity, eq. (3.19), calculated with a Gaussian window
function, Wy(kr) = exp(—k2r?/2), using the same values of A as before. We also plot two
fitted data points with their estimated error bars. The higher velocity of 600100 km/sec
on a scale of 60 A~!Mpc (120 Mpc with h=1/2) was obtained from a sample of nearby
elliptical galaxies by Dressler et al. (1987). The lower bulk velocity, 570 £ 60 km/sec, of
& volume of size 43.5 Ah~!Mpc, corresponds to the fitted value in the “Great Attractor”
model (Lynden-Bell et al. 1988). The standard CDM model, shown by the solid curves,
predicts velocities of order 200 km/sec on these scales. A repulsive force does considerably
better than standard CDM in generating the large-scale streaming velocity: a scenario
with a 22 —0.5 and 1 Mpc € A S 10 Mpec is consistent with the observational data. (Note
that a force of strength o = —0.3 still falls short in explaining the observations.) At the
same time, an atfractive force of range A 2 10 kpc exacerbates the velocity problem, and
is essentially excluded in the context of the CDM scenario with adiabatic, scale-invariant

primordial fluctuations.

Based on a potential flow reconstruction algorithm (Bertschinger and Dekel 1989;
Dekel, Bertschinger and Faber 1990), Bertschinger et al. (1990) have recently constructed
maps of the large-scale velocity and density field from redshift-distance samples. Their
selection function for the bulk flow estimates on a given scale ris a convolution of a top-
hat window function, Wy, = 3[sin(kr) — kr cos(kr)]/(kr)?, with a Gaussian filter of radius
r, = 12 h~1Mpc, Wi, = exp(—k?r2/2). The additional Gaussian smooths the data on
small scales. The expected large-scale streaming velocity is then defined by

2 _ .{I_ff. 7 2 ? w2 2
W) = 23 f 2k, o) [Ax(to)® W (kr) W2,(ke,) dk . (3.20)
(]

From the reconstructed three-dimensional velocity field, Bertschinger et al. (1990) estimate
average streaming velocities u(r) = 388+ 67 km/sec and 327482 km/sec in spheres of radii
40 h~Mpc and 60 h~?Mpc. The expected velocities in the standard CDM model are only
~ 30 % below these values. Fig. 9 shows the bulk velocity u(r) for various model parameters
o and A. A repulsive force of strength @ =~ —0.5 and range 1 Mpc £ A $ 10 Mpc,
although consistent with the rms bulk flow v,m,(r) estimated by Dressler et al. (1987) as
seen above, produces streaming velocities u(r), according to eq. (3.20), well in excess of
the observations. For consistency with the data on u(r), we must either limit the range of
the additional interaction to A =~ 10 kpc or reduce its strength to a = —0.3 (with range
100 kpe £ A £ 10 Mpc).

An alternative, normalization-independent test of the power spectrum using velocity
data is the Cosmic Mach number, M(r)} (Ostriker and Suto 1990). The Mach number

19



characterizes the ratio of the coherent bulk velocity of an ensemble of objects to the

internal velocity dispersion of the objects,

fo°° IAk(to)|2 Wg?(kr) W2, (k€) dk }1/2 621)
B st [1 — (5 witer) | waee) )

wme) = {

where we have again smoothed the velocity field by an additional Gaussian window funec-
tion, Wym(k¢); Ostriker and Suto (1990) consider a smoothing length £ = 5 A~!Mpc. From
the peculiar velocity samples, they extract M(16 £3.6 Mpc) = 2.2+ 0.5 for spiral galaxies
and M(36 + 7.0 Mpc) = 1.3 £ 0.4 for ellipticals {Ostriker and Suto 1990). Fig. 10 shows
the expected Mach number for various values of @ and A within the context of CDM. The
standard CDM model with a = 0 again appears to be incompatible with the observations,
due to the shortage of power on large scales. A scenario with an attractive force is even
less successful than standard CDM, while a repulsive force can increase the Mach number
of the CDM model to be compatible with the observed values.

By inspection of figs. 8 — 10 it appears that the large-scale bulk flow found by Dressler et
al. (1987), the average streaming velocity from the redshift-distance samples (Bertschinger
et al. 1990), and the Cosmic Mach number results (Ostriker and Suto 1990) are mutu-
ally incompatible. Coupled with the CDM model, a relatively weak and/or ‘short range’
repulsive force can reproduce the average velocities found by Bertschinger et al., while
a stronger interaction of long range is required to obtain the high velocities reported by
Dressler et al.

3.5 ANISOTROPY OF THE MICROWAVE BACKGROUND RADIATION

The angular isotropy of the CMBR provides one of the most sensitive constraints
on fluctuation spectra. We focus on large-scale, sub-horizon scale irregularities in the
background temperature due to the Sachs-Wolfe effect (Sachs and Wolfe 1967; Peebles
1980), which dominates on angular scales larger than a few degrees. After an integration

by parts, the temperature fluctuation can be written as
AT/T = ¥ + =. (3.22)

Here, % is the familiar boundary term due to the gravitational potential & at the last-
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scattering surface,

3 1

X =35m0 (PD - 5) &(x = x9) , (3.23)

while Z includes an integration along the line of sight (Peebles 1980; for a recent discussion,
see e.g., Sahni, et al. 1991),

to

== / V=2 A(to, x(2)) T'(2) dt , (3.24)
tdcc
where
Tt d d d
X(t) =Xx9 + nf : ) I"(t) = EGEGED(t) . (3.25)
t

Here, po = p(k,1g) is the power law exponent given by eq. 13.12) or (3.13), i1 is the direction
vector along the line of sight, and 14, is the cosmic time at the epoch of last scattering. In
the case of standard (linear) CDM fluctuations in a spatially flat universe, the fluctuation
growth rate D(f) o< a(t), so that the line of sight term = = 0, and the E-term reduces to
the familiar result, & = ~$&(x = xo).

If, however, D(t) ¢t a(t), then the gravitational potential associated with growing mode
perturbations is time-dependent; as a result, the line-of-sight term due to the photon blue-
and redshift as it falls into and climbs out of a developing potential well does not cancel

out. The expected mean square anisotropy in any direction is then given by

(aT/T)2 = (=Y + (=) + 2 (= g), (3.26)
where
oo 2 2
(IZ1) = 5%; Hy _/dk pﬁ(po—%) l—é'fk(-;g-)—’—, (3.27)
oo Oto to
(P = oy / dk j dts / dts T(t1) T(t2)
Q tdec Liec

sink|x(¢1) — x(¢2)| |Ax(to)[?
klx(t1) —x(t2)] k2

(3.28)
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(22 = 55 H&'Idk j dtm(po-g) I()

tdec
sink!x(t) — xo| |Ar(to)[®
kix(t) — xo] k-

(3.29)

We have numerically evaluated the three terms of eq. (3.26) and find that, except in the
extreme case of a s'trong and very long-range repulsive force, &« < —0.8 and A 2 1 Mpc,
which is ruled out by the considerations of Section II, the last two terms are subdominant
and can be neglected to first approximation; hence (AT/T), =~ (|Z|?)1/2.

To.compare with the observational constraints, we calculate the temperature autocor-

relation function on angular scale §

ceo) - < ATi(qfu)‘ AT (i) >

oo
2
81 4 2 1 |Ak(to)i?
- -33;3 HO fdk Po (po - "3-) ""'"“kz— (3.30)
0

X [jo(ky) — i2(kRg) —3cosd jf(kRH)] ,

where j, are spherical Bessel functions, Ry = 2/Hj is the present horizon scale, iy - iz =
cosd, and y = 2Rgsin(8/2). In eq. (3.30) we have subtracted the monopole and dipole
terms from the total autocorrelation function (Peebles 1982; Martinez-Gonzélez and Sanz
1989; Gorski 1991). The monopole component corresponds to a small change in the mean
temperature and is unobservable from a single location. The dipole moment is attributed to
the peculiar motion of the Local group with respect to the comoving frame; it dominates the
higher moments of the CMBR anisotropy and is usually subtracted from the observational
data.

We can compare the theoretical temperature correlation function C{(#) from eq. (3.30)
with the observational limits from the COBE satellite (Smoot et al. 1991),

C(8) < 1.0-107%, for 15° < 8 < 165° . (3.31)

In fig. 11 we plot our results for various sets of parameters a and X. The shaded area
represents the region excluded by the COBE results. Aside from the model with & repulsive
force of strength a@ = —0.5 and range A 2 10 Mpc, the CDM scenarios with an additional

force are clearly consistent with the measurements.
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We can also evaluate the quadrupole moment of the CMBR anisotropy and compare
it to the observational limits from the RELIKT experiment (Strukov et al. 1987) and
COBE (Smoot et al. 1991). Both groups place the bound Cén < 3.0- 105 at the
95 % confidence level. The temperature autocorrelation function can be expressed as a
multipole expansion, normalized to the quadrupole moment of the CMBR anisotropy. For

scale-invariant fluctuations, one can then find the quadrupole moment from (Efstathiou
1990)

3 2 3
f) = — n{ ———— | — R .
C(6) o C, [ n(l—-cosﬂ) 1 zcosﬂ} , (3.32)

with 8 > 1°. In models with a repulsive force, C(6) is dominated by the long wavelength
regime, where the shape of the power spectrum coincides with the standard CDM spectrum.
In this case, the anisotropy is mainly affected by the change in small-scale normalization
and is therefore expected to have the same #-dependence as in eq. (3.32). For attractive
interactions, however, the temperature autocorrelation function is also influenced by the
large fluctuation power on small wavelengths, where the -shape of the power spectrum
deviates significantly from the standard CDM result. In this case, we cannot rely, a priori,
on the relation (3.32), but must evaluate the quadrupole moment explicitly,

o 2
81 ., 2 1\ [Ae(to)? .,
Q

In fig. 12 we plot the quadrupole moment, C; / 2, as a function of a for different values of the
force range A. The shaded area denotes the region excluded by the RELIKT and COBE
experiments. We again note that only very long-range repulsive forces, with o $ —0.4 and
A 2 10 Mpc, are ruled out. In particular, CDM with an extra force of strength a 2 —0.5
and range A < 1 Mpc can reproduce the large-scale velocity field and yet is consistent with
both CMBR anisotropy constraints and our previously derived a.strophysicél bounds.
Finally, we mention the CMBR constraints on the very-long-range-force models dis-
cussed at the end of section 3.3, Recall that in this case, A 2 1000h=! Mpc, we recover
the usual CDM spectrum, modified by the overall bias factor 1/B(a). From fig. 3 and
eq. (3.23) it is clear that the amplitude of the large-scale anisotropy will be altered from
the standard unbiased CDM prediction. In particular, the rms Sachs-Wolfe anisotropy is
given by
@) =550 § (e (sla) - }) B (3.34)
where B(a) and p(«) are given by eqs.(3.11) and (3.12). For example, for an attractive
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force withhstrength o = 1, the anisotropy is increased by a factor of about 5.8 compared
to standard, unbiased CDM; this is in conflict with the COBE and RELIKT bounds.
Requiring the enhancement factor on the RHS of eq. (3.34) to be less than 3, we find the
CMBR constraint a < 0.6 for a very long-range attractive force.

It is worth repeating that our anealysis of structure formation has been carried out
exclusively in the framework of a CDM-dominated universe with adiabatic, scale-invariant
primordial perturbations. An extra force may have significantly different effects in other

scenarios for large-scale structure formation.

3.6 HALO RESPONSE AND NON-LINEAR CLUSTERING

A final bound on the force strength a results from considering the response of dark
halos to dissipational baryonic infall in the non-linear stages of galaxy formation. For
a collisionless dark matter particle in a circular orbit in a protogalaxy, conservation of
angular momentum implies a relation between its initial radius r; (before baryonic infall)
and its final radius r, after the baryons have cooled and collapsed into a disk {Ryden and
Gunn 1984, Blumenthal, et al., 1986, Barnes 1987). We first review the argument for
the standazd case, a = 0, following Blumenthal, et al. (1986). Let M;(r;) be the total
(baryon plus non-baryonic) protogalaxy mass interior to the initial halo particle radius r;,
My(r) be the final dissipational baryon mass distribution in the disk, and M,(r) be the
final dark matter distribution, and assume that initially there is no segregation on the
protogelaxy scale, i.e., the initial dissipational baryon mass fraction, F = M,(r;)/Mi(r;),
is independent of radius. If the halo orbits do not cross, then M:(r) = (1 - F)M;(r;) is
the final halo mass inside radius r, and the initial and final particle radii are related by

re _ Mar) + Mar)
Mi(r;)

= f(r/)F +1~F . (3.35)

Here, the function f(r/I) is determined completely by the disk scale length [ and the ratio
of the core radius to the outer radius of the initial mass distribution (assumed to be a
truncated isothermal sphere); it is independent of F. The resulting rotation curve is found
to be relatively flat and continuous from the baryon-dominated core to the dark-matter-
dominated halo only if F lies in the range (Blumenthal, et al., 1986) 0.05 < F < 0.2. That
is, for this range of parameters, the relaxation of the hale due to dissipational infall of the
baryons can account reasonably well for the disk-helo ‘conspiracy’, namely, the fact that

rotation curves do not have a prominent feature where the halo begins to dominate over
the disk (Bahcall and Casertano 1985).
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Repeating the above procedure allowing for a # 0, the conserved quantity is now
r[(1 4 a)M.(r) + My(r)]. In place of eq.(3.35) we now have

T My(r) + (1 + a)M.(r)

3.36
Mi(7)(1+ o — aF) ( )
Defining a new variable,
- F
o 37
l+a—~aF'’ (3.37)
we can rewrite €q.(3.36) as
B fr/)F+1-F . (3.38)
T

Since this has the same form as eq. (3.35), the requirement of flat rotation curves now
yields the constraint 0.05 < F < 0.2.

To translate this constraint into a bound upon «, we must introduce an addiiional
assumption. First, if we assume that essentially all baryons cluster dissipatively with
galaxies, we expect the dissipational baryon fraction to be F = My, /M; ~ Q. From big
bang nucleosynthesis, we have the conservative bounds on the baryon density 0.007 < (1, <
0.21 (e.g., Kolb and Turner 1990). Using nucleosynthesis to constrain F, and the rotation
curve bound on F, we find the constraint —1 < a < 4 for a force range comparable to
the galaxy scale or larger. However, this argument does not take into account the scale-
dependent biss, eq.(3.11), between the baryons and the dark matter. For a perturbation
with baryon mass § M} and nonbaryonic mass §M,;, we have, on small scales,

6Mnb - Pnd - 1"‘96 ’

My, _p b _ B (3.39)

where B(a, Q1;) is the linear bias parameter given in eq.(3.11) and we have again assumed a
spatielly flat universe. Thus, the expected baryon fraction in the protogalaxy perturbation
is

§M, B Q,

F = = .
SM 1+ﬂ5(B--1)

(3.40)

Using the nucleosynthesis constraint on §1; and the rotation curve bound on F, we now find
the constraint —0.8 < & < 1.3. (Alternatively, one could constrain « as a function of Qp.)
If o is outside this range, spiral rotation curves would be sharply rising or steeply falling
instead of nearly flat. This constraint is also included in Fig. 1. (We note that, unlike the
other bounds shown there, the latter constraint depends on the additional assumptions

about linear clustering and CDM introduced above.)
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4. Conclusion

We have touched upon only a few of the many interesting phenomena which arise if the
dark matter violates the principle of equivalence in the sense of interacting with ‘hidden’
long-range forces. From mass—to-light ratios in galaxies and binaries, the gas distribution
in clusters, luminous arcs, and the relaxation of dark halos due to baryonic infall, we
conclude that the relative strength of such an interaction must satisfy —0.5 < o < 1.3
if its range A 2 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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1)

2)

3)

4)

5)

6)

7)

FIGURE CAPTIONS

Astrophysical bounds on the strength « of an attractive force as a function of range
A. The limits arise from: M/L of the Local group (solid curve); rotation curves of
cluster galaxies (dotted curve); intracluster gas (short-dashed curve); luminous arcs

(long-dashed curve); and halo relaxation (dot-dashed curve).v

Bounds on the strength |a| of a repulsive force as a function of range A: gravita-
tionally bound halos (solid curve); intracluster gas (dotted curve); luminous arcs
{short-dashed curve); and halo relaxation (long-dashed curve).

Bias factor B(a, /%) = 6i/Ar in the smsll wavelength limit, kp > my,, as a
function of force strength «, for various values of 2,3/€: solid curve 0.95/0.05;
short-dashed, 0.9/0.1; long-dashed, 0.8/0.2 and dashed-dotted curve, 0.7/0.3.

Schematic modification of the transfer function for ediabatic density perturbations,
F(k), due to a repulsive (solid line) or attractive (dashed line) long-range force;
q= ‘-‘.f — 1, where p is given by eq. (3.12) or (3.13). A fluctuation with k < k,
(k > kq) has never {always} been subject to the additional long-range force.

Present linear power spectrum as a function of wavelength, for various values of
«. The solid line represents the spectrum of the spatially flat CDM model with
scale-invariant primordial fluctuations (Davis et al. 1985), our ‘reference model’.
The short-dashed curve shows the power spectrum with an additional interaction
of range A = 10 Mpc; short-long dashed curve, A = 1.3 Mpc; long-dashed curve,
A =100 kpc; and dashed-dotted curve, A = 10 kpc.

Spatial two-point mass correlation function, £(r), for repulsive forces of various
ranges, A, The curves have the same meaning (correspond to the same values of
A) s in fig. 5; here, the dashed-dotted curve shows the power-law £(r) = (r/ro)~ 18
with rg = 5.6 A~ Mpc (h=1/2). a) Force strength a = —0.5; b} a = —0.3.

Galaxy angular correlation function, w(#), for repulsive force of strength o = —0.3

and the same values of the range A as in fig. 5, at the depth corresponding to the
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8)

9)

10)

magnitude limit of the APM survey. The data are from the APM (filled circles) and
second Palomar Sky surveys. The APM intraplate data, which does not require in-
terplate corrections, is shown separately by the unfilled circles. The POSS-II data for

the northern (filled squares) and southern (crosses) skys are also shown individually.

Expected rms bulk velocity vym,(r) for various values of force strength, o, and range,
A (curves are A-coded as in fig. 5), averaged with a Gaussian window function. The
dashed-dotted curve (A = 10 kpc) coincides with the standard CDM model. We also
include the fitted large-scale streaming velocity of 600 + 100 km/sec (Dressler et al.
1987), and the smaller value of 570 &+ 60 km/sec from the “Great Attractor” model
(Lynden-Bell et al. 1988).

Average large-scale streaming velocity u(r) defined with a top-hat selection function
and additional (Gaussian) smoothing on scale r, = 12 A~!Mpc. Different curves
represent different force ranges A (as in fig. 5). The two data points indicate the bulk
flow from the reconstructed velocity field (Bertschinger et al. 1990): 388167 km/sec
and 327 + 82 km/sec on scales 80 Mpc and 120 Mpc (with h = 1/2).

Cosmic Mach number for different parameters o and ranges A (as in fig. 5). The
two data points indicate the observational estimates from spiral and elliptical galaxy

samples (see text).

11) Temperature auto-correlation function on angular scale & for various values of & and X

(as in fig. 5). The shaded area indicates the region excluded by COBE measurements
(Smoot et al. 1991), C(8) < 1.0-107? in the range 15° < § < 165°.

12) The quadrupole moment of the CMBR anisotropy as a function of force strength a.

Different curves correspond to different values of A (as in fig. 5). The shaded area
represents the experimental limit from RELIKT (Strukov et al. 1987) and COBE
(Smoot et al. 1991), C;n < 3-.1075 at 95 % confidence level.

30



(odx) ¥
00001 0001 001 ! T
30 3 O B LA LR I [TTTT T T 1
I TR -2
l// ~
AT .
\ S
\ ~ |
B \ ™~ .
// / /.
- // / \ —
AN \
\ \ =S
\ \ 1
\ \ _
\ // \ _
/ / a., ] O._”
\ \ \
b \ Y
\ \ ,...
_, / f 7 ON
i
_, \ _
—e / g
pepnioxs \ \ ' -
\ |
— \ / _ — 09
o , _ -
_ \ \ : -
_ \ \ _. i
\ i
sEN R IR A IR BRI ARE AR

001



7t

d
Sl

00001

0001

(oda1) Y

00t

01

T T |

-
-
-
—

........
.......

_______

| |

_ﬁ_____

- pepnioxa

______“




guriserg



TR
¥ JoqUINUoARM FUIAOUIOD
u& do& c&

_ _ _

g&

F = e et v e e o wm = o = = o

(31)d



S

op R
o [
oF
=

o
~
™~
=
v

v_"\'--._.-/
(@] {]
S

o

™
)
Qy
=

AN,
s
N
=
v

H"-./
ap
S



HITer T

(1)3

T T T T T T 1 MTTT T
O
— O
| -~
L O
™
| ®
— © ~—
— DN
O
—— o,
| =
L N
- ‘\:\ e
/',', / /IV
i
T AR T TR TN
O — —
© \

6 a)

"T‘f} .



iRl

! |II||II[

HIERN

iy |

HITT T 1

)
o
I
I
S

NINE N

100

30

10

3

|

r [Mpc]

-t-TJ. G (—.,)



‘Illlll‘ I

LLLLRA I

/',LLI— M1

()m

5 £ 3
2 6 3
£ =2
E T T
= wn & —
a, o O
< o, A _
® Q o x E—
Ill |IIIIILI l IIIIIII_
~— &) ~ o) —
O O - O
' ' - -

10

'}

=



1000

[0os/wax] (1)"™ A

200 300

100

200 300

100

300

{
=
- -~
+
I =
[ 2 M
S )
0,
— =
| S—
O M
— 1 D]
b |
O
-
L6
O
i
O
-]
m
)
— Q
| ]
Q
o,
— =
| S—
O X~
—— ()
~—
-]
O
O
O
—

[oas /W] (1) a

—

e . &

_'1_\3



00€

006

006G

000T

00§

006G

000T

[oos/wy] (aO)n

[08s/uni] (2)n



M(r)

M (1)

[ IIHHI

l I | | ] | |
10 20 30 50 70 100
= l =
:__. a = +0.5 7
g _
=
10 20 30 50 70 100

r [Mpc]

— i | [ | I =
- a = —-0.2 .
SN -

| I B I
10 20 30 50 70 100
2 R
B oa = +1.0 7
~ S
S ~
| I\‘\\Txl | | !
10 20 30 50 70 100
r [Mpc]

’T"'Ts.lo



e, hanal

—

—-— "n\

6 [degrees]

10°° 7 _
10'9 W
1070 R ST _i
107" S
1071 a = —0.2 _
10‘13 ) | | | | | 3

0 10 20 30
107

W7

107° /
10710 +1.0
10-11
10-—12
107 | Ti~-

0 10 <0 30
6 [degrees]



10

I\Q | IIII‘lIII [T IIIIIII/I I TJT1
! / / -
\ I / ; y
| / / .
/ /’ ]
| I .
\ i /, 7 , _
| / A
I / / K ]
I l ,/ —
I / /L 7
I [ ,/ /f _
I )
Ny i
T N
1 7
I/;// —
/”/l .
I//
/ ll ]
/ / /| ]
/ | - N
]
[ E—
m 'I ;I[IIIIIII || N RN
W (8 I‘I~
O O O
— — ~—
Ve
9

1.5

..-:_1-.__1?3 12



