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Accretion onto closed loops of vacuum string results in the formation of compact objects
of subgalactic mass which are comparable in number to the frequency of active galactic nuclei
and quasars. Such structure develops in baryon- and neutrino-dominated, as well as in
axion-dominated, cosmological models. Planar wakes also develop behind relativistically
moving open strings and generate fluctuations of order unity in the galaxy density on scales
comparable to those of galaxy superclusters.

PACS numbers: 98.50.Eb

Two different mechanisms for producing density
fluctuations in the early universe have been sug-
gested. One of them is based on the inflationary-
universe scenario and predicts a scale-invariant
spectrum of adiabatic fluctuations. ' The fluctua-
tions are produced by quantum fluctuations of the
Higgs field and have the form of random-phase
waves. Most of the recent analytic and numerical
work has concentrated on this case, with various as-
sumptions about the dark matter of the universe,
but it appears that all versions have serious difficul-
ties of one kind or another.

The principal problem arises in trying to reconcile
the inflationary prediction that the density parame-
ter 0 be unity with the ages and peculiar velocities
of galaxies and the galaxy correlation function, and
is most severe if the universe is dominated by mas-
sive neutrinos. A baryon-dominated universe is
incompatible with inflation, since nucleosynthesis
requires Ob —0.1.

Even for a noninflationary baryon-dominated
scenario, the scale-invariant fluctuation spectrum
predicts excessive temperature fluctuations in the
3-K background radiation on small angular scales. "
Unfortunately, the most attractive feature of the
neutrino- or baryon-dominated models, namely, the
large initial coherence length of the fluctuation
spectrum, is not present in a cold-particle (axion)
dominated universe.

An alternative for the origin of density fluctua-
tions is based on superheavy strings which could be
formed at a phase transition in the early
universe. In this scenario, galaxies and clusters
condense around oscillating loops of string, while
the loops gradually lose their energy by gravitational
radiation and eventually disappear. The spectrum

of fluctuations produced by strings has been calcu-
lated by Vilenkin and Shafia for baryon-, neutrino-,
and axion-dominated universes. The spectra on
scales M & 10' Me differ from the scale-invariant
adiabatic fluctuations in a baryon- or neutrino-
dominated universe. Small-scale fluctuations are
not damped out, thereby allowing the possibility of
early formation of some galaxies or quasars.

An important feature of the string scenario is that
the fluctuations are not in the form of waves with
random phases. Closed loops have sizes much
smaller than those of the galaxies and clusters con-
densing around them, and produce large density
perturbations in their immediate vicinity. This can
result in accretion of matter onto the loops and for-
mation of massive compact objects. On larger
scales, rare supergiant loops could produce localized
regions of density contrast much greater than one
might expect from Gaussian fluctuations (such re-
gions may have actually been observed ). Another
interesting effect is the formation of thin planar
wakes with large density contrast behind relativisti-
cally moving long strings. In the present paper we
shall analyze these effects and discuss their cosmo-
logical consequences.

The cosmological evolution of strings has been
discussed in Refs. 5 and 7 and by Kibble and
Turok. ' Loops of size —R are formed at t —R
with typical distance between the loops also —R.
The loops decay by gravitational radiation with a
lifetime r —R/Gp„where p, is the mass per unit
length of string. Reasonable perturbation spectra
are obtained for Gp, —4X 10 (A h) '. At any
time t the sizes of the loops are in the range
Gp, t ( R ( t (all smaller loops have already de-
cayed). The loops are typically formed with rela-
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u = —(v/t„) In8

where

t, = v3/4n GZMp —u3t /GM,

(4)

and we have used p = I/6vr Gtz for the mean density
of the universe. 0;„ in Eq. (4) is the minimum
scattering angle; 8;„—2GM/u2rm, „, where r,„ is
the maximum relevant impact parameter. In our
case r~,„=fu dt —3ut.

It is clear from Eqs. (3) and (4) that the gravita-
tional drag is important if t & R/G/4„, which gives

(6)

Since the drag force rapidly increases as the loops
are slowed down (uacv 3), we expect that loops
satisfying condition (6) will be decelerated to sub-

tivistic initial velocities, v; —1. However, we ex-
pect the velocity distribution to be rather broad, and
so loops with v; « 1 will also be present. In the
course of expansion the velocities are red shifted,
like u~ (1+z). The distances between the loops
grow like d~ (1+z) ', and it is easily checked that
the distance traveled by the loops does not exceed
their typical separation (ut & d). Hence, the
motion of the loops does not affect clustering on
comoving scales —d.

On the other hand, velocities of the loops are
crucially important for the accretion process. Loops
do not capture any mass until their velocity
becomes smaller than the escape velocity,
v & u„,—(GM/R)' —(Gp, )' . To simplify the
discussion, we shall concentrate on the loops
present at the time of equal matter and radiation
densities, t„—4x10' (Qh ) 3 s:

Gp, teq & R & feq

This range includes the most interesting loops
responsible for galaxy and cluster formation. Ve-
locities of such loops at t & feq are given by

v —u;(R/t„) '/'(t„/t)'/'. (2)

One can readily see that v is always less than v„,
by the time that the loop decays. The condition
v & v„, is first satisfied at epoch

3/2R3/4t 3/4 (G )
—3/4 & R/G (3)

In fact the loops are slowed down both by the ex-
pansion and by the gravitational drag due to small-
angle gravitational scattering of particles. In a
baryon- or axion-dominated universe, the motion
of the loops is supersonic, and we can disregard
thermal velocities of the particles. Then the drag
acceleration is given by"

sonic velocities. (When v becomes smaller than
the thermal velocity of particles, the drag force is
greatly reduced. )

For loops with R & feq the velocity is
u —u;(R/t) / and the slow-down time due to the
gravitational drag is t, —u;R/Gp, . Note that in
this case t, never exceeds the lifetime of the loop.
However, loops with R & Gp, tp, where tp is the
present cosmic time, have not decayed yet. Such
supergiant loops could be slowed down by the gravi-
tational drag only if v; ) (Gpta/R, ) '/

Hitherto, we have assumed that the loop motion
is highly supersonic, as would be appropriate in an
axion- or baryon-dominated universe. In the case
of a neutrino-dominated universe this assumption
is no longer valid for R & t„„where t„, is the epoch
( —t,q) when the neutrinos first become nonrela-
tivistic. For loops with v « v„, the drag force due
to neutrino scattering is small. " Baryon scattering
is not affected by the presence of neutrinos for im-
pact parameters r & r,„—(Gp, R/t)'/3t. (r,„ is
the radius of a sphere enclosing a mass of neutrinos
comparable to that of the loop. ) The drag due to
baryons is reduced by a factor Qt, /Q, and is impor-
tant for v; & ( Q t, /Q ) 3/33 (R/ t ) 3/6

Once a loop is slowed down to u & (Gp, )'/z (ei-
ther by expansion or by gravitational drag), it starts
capturing particles with impact parameters
r & r, =GM/vz. Neutrinos and axions are col-
lisionless particles and are not captured by the
loops. Accretion of baryons begins after decoupling
(t4„), and the accretion rate is' M- (Qt, /
Q)M/t„where t, is given by Eq. (5). For loops
satisfying condition (6), the captured mass is
SM- (Qb/Q)M; for loops not satisfying (6),

5M —u;-'(Q, /Q) (Rlt,„)"'M & (Q, /Q) M

Since Eq. (6) gives a rather mild restriction on v;,
we expect that a substantial fraction of the loops
will capture a mass &M —(Qt, /Q)M. The cap-
tured mass is initially in the form of hot gas occupy-
ing a volume of radius R —M/2n pThe non, li.near
evolution of this mass will be to condense as dissi-
pation occurs, either into a massive compact object
or, if fragmentation is important, into a dense stel-
lar system. Such dense nuclei are plausible candi-
dates for evolving into the nuclei of active galaxies
and quasars.

For loops formed before t,„(R& t,q), we obtain
the number density and cosmological mass fraction
of such candidate "black hole" remnants:

1
1/2 ]—2R —3/2.

~bh eq p

Ql,h
—Gp, (Qt, /Q )(t,q/R)'/'.
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For numerical estimates below, we shall take
0, —h —1, Ab —0.1, and Gp, —10 5. Then the
radius of a nucleus of mass M» is R-
(Mb„/10 Mo) pc and the corresponding density is

p —(10' Mo/Mb„) Me/pc . "Black holes"
formed by the loops present at teq have masses in
the range 10 Mg( M» ( 10' Mo (the lower limit
comes from the requirement that the corresponding
loops must decay at r & t„„). For Mb„(10 Mo,
p & 10 Mo/pc3; at such densities, stellar relaxation
is rapid and collisions become important, plausibly
resulting in the formation of a massive black hole.
The predicted number of nuclei is comparable to
that of luminous galaxies ( —10 s Mpc s) for
Mbh —(10 -10 )Mo, and the more massive nuclei
are comparable in number to quasar s, whose
number density is' 10 Mpc at z = 3.

We now turn to the discussion of wakes formed
by the motion of open strings (that is, strings of
length greater than the horizon). The typical curva-
ture radius of such strings at time t is —t and the
typical velocity is v —1. The wake formed behind a
straight string has the shape of a wedge' with an
opening angle 8mGp, (on the assumption that
47r Gpvis gre, ater than the thermal velocity). The
density contrast in the wake is Sp/p —1, its length
is —t, and its mass is comparable to that of the
string: M„—8m Gp, t 5p —p, t. Particles enter the
wake with a transverse velocity v, —4m Gp, . The
gravitational acceleration in the field of the wake is

g —27r GM /t, and collisionless particles (like ax-
ions) do not escape much further than the width of
the wake: u~z/2g —4mGpt Bary. ons, .will lose their
transverse velocity in a shock and will stay confined
within the width of the wake.

Once formed, the wakes will grow by the usual
gravitational instability mechanism. One expects
the large-scale structure produced by the wakes
to be similar to that in the pancake scenario. An
important difference is that in the string scenario,
galaxies form first and then fall in the gravitational
field of the wakes. '5 Open-string-wake masses can
be as large as those of galaxy superclusters (mass
—10' Mo with —10 per present horizon
volume).

In summary, it appears that strings open new pos-
sibilities either in baryon-, axion- or neutrino-
dominated scenarios. In the first two, relatively
small closed loops may give rise to compact objects
which can provide the energy source for quasars
and active galactic nuclei, while supergiant loops
can produce non-Gaussian density fluctuations on
large scales. (It has recently been suggested that
splitting of loops can also explain the observed

cluster-cluster correlations. ' ) Early formation of
quasars can reionize the universe, smoothing out
small-scale temperature fluctuations, and thus re-
move one of the difficulties of the baryon-
dorninated scenario. In the neutrino-dominated
case, numerical simulations show that galaxies are
formed very late (z ( 0.5), which seems to be in
conflict with the existence of quasars with z ) 1.
However, in the string scenario with neutrinos,
quasars are formed well before galaxies, and this
difficulty does not arise. In the baryon- and axion-
dominated cases, planar wakes behind long, rapidly
moving strings can help to explain the observed
large-scale structure. (Note that the baryon-
dominated scenario with strings leads to a hierarchi-
cal clustering picture with galaxies being formed at
z —40.)

Finally, it may be worth pointing out that strings
predict even smaller fluctuations in the microwave
background radiation than would arise in an axion-
dominated inflationary model. ' This is because
there is substantial power in the residual fluctuation
spectrum on scales below the comoving horizon
scale L«at rnatter-radiation equality. Now one
normalizes the predicted fluctuations in the ob-
served galaxy distribution on a scale where the vari-
ance is unity (Lg —20h ' Mpc), whereas
L,q

—30(Qh ) ' Mpc. Consequently, the predict-
ed radiation anisotropy on large angular scales will

be reduced by a factor —Ls/L, q relative to the
0 = 1 axion model. This factor can be important in
an axion-dominated universe if 0 & 0.2, and suf-
fices to remove the inconsistency4 with observa-
tional limits in the 0 = 0.1 baryon-dominated
model.
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