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The spectra of density fluctuations caused by strings in a universe dominated either
by baryons, neutrinos, or axions are presented. Realistic scenarios for galaxy forma-
tion seem possible in all three cases. Examples of grand unified theories which lead to
strings with the desired mass scales are given.
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Most of the work on galaxy formation theory
has centered on the evolution of cosmological
density fluctuations, the amplitude and spectrum
of the fluctuations being postulated as an initial
condition. The origin of the fluctuations remains
an unresolved problem. It has been recently sug-
gested" that cosmologically interesting density
fluctuations could be generated by strings pro-
duced at a phase transition in the early universe.
In this Letter we shall analyze the string model
of galaxy formation from both cosmological and
particle-physics points of view.

Suppose the strings are formed at a phase tran-
sition when a Higgs field y acquires a vacuum
expectation value, (y)= q. Then the linear mass
density of the strings is' p. —rP. [For global
strings4 resulting from a global symmetry break-
ing, p. =2&rf in(rp. ,), where ~, is a cutoff radius
equal to the typical distance between the strings. ]
The evolution of strings in an expanding universe
has been discussed previously. ' ' Expansion of
the universe conformally stretches the strings on
scales greater than the horizon and straightens
them out on scales smaller than the horizon, ' so
that at any time t we have a system of Brownia. n
strings with a persistence length -t and typical
distance between nearby strings also -P. Inter-
secting strings intercommute and form closed
loops' (this process also contributes to straight-
ening of the strings). Loops can rapidly decay
as a result of multiple self-intersections; then
they are cosmologically unimportant, and the
density fluctuations are produced by open strings. '
On scales greater than the horizon the density
fluctuations due to strings are balanced by the
corresponding variations of the radiation density.
Fluctuations of the order (6p/p)„- p, /p a,re pro-
duced on each scale at the time t„when that scale

comes within the horizon. ' Here p, —pt/t'- pt '
is the density of strings and p=(AGt') ' is the
unperturbed density. Thus, we have

(5p/p) „-AGp, ,

where & 30 for tg&teqt A 20 for ~It& teqi teq is
the time of equal matter and radiation densities.
The cosmological evolution of such a scale-invar-
iant spectrum has been studied by a number of au-
thors, and we shall have nothing new to say about
it here. Instead, we shall concentrate on the
alternative possibility when the lifetimes of the
loops are long.

Kibble and Turok' have found a large class of
loop trajectories which never self -intersect.
This suggests that a substantial fraction of loops
may avoid rapid decay by multiple self-intersec-
tions. ' Then the dominant energy-loss mechan-
ism for the loops is gravitational radiation, and
the lifetime of a loop of size R is' w -R/Gp.
Loops formed at time t, have size 8 -t, and de-
cay at t - t,/Gp» t,. (We shall see that the sym-
metry-breaking sca,le q is well below the Planck
scale. ) Such loops can serve as seeds for galax-
ies and clusters of galaxies. '

In a baryon-dominated universe the density
fluctuations start growing like (1+Z) ' at the red
shift Z -min(Zd„, Z, „), where Zd„-1300 and
Z eq 2 & I0 QA are the red shifts at decoupling
and at t q, respectively. The paramete rs 0 and
h are in the range O. I&A~ I, 0.5~h ~ I. Con-
siderations of nucleosynthesis" constrain Qb,~„
to be «0.1, which leaves us with Q-O. I. For
such values of parameters, we have Z,q-Zd„.

Consider a comoving scale which has size l
&t,q at t-t, q. It came within the horizon at time
t„-l'/t, ,. At that time about one loop of size
-t„was formed on this scale." The correspond-
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ing density fluctuation is" (6p/p)„-30G~, and so
( ps is the baryon density)

-30Gpt, q l. (2)

The loops lose energy by gravitational radiation
and disappear at t'-t„/Gp. If t'&t,„, then
the loops are still there at t-t, ~. The density
constrast 6pjps stays approximately constant"
at t &t,q, so that at t-t, q it is still given by Eq.
(2). After decoupling, baryons pick up the per-
turbations due to the loops, and for t & t,q the
fluctuations are given by

where M=(4w/3) p,~(l/2)' is the baryonic mass
associated with scale L and M,„-5.5 x10" (Qh') '
&M is the mass within a sphere of diameter t at

Equation (3) applies for M, &M&M, q,
where M, -(Glu)' 'M, q.

On sma1ler scales, M&M„ the loops decay be-
fore t,q, when the baryons are still strongly
coupled to radiation, and no density fluctuations
are produced. (Small-scale adiabatic density
fluctuations produced by the strings are erased
by Silk damping. ") On large scales, M &M,„,
we have (5p/p) h„-20 Gp and

(4)
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I'IG. 1. The spectrum of perturbations in (curve g)

baryon-, (curve 5) neutrino-, and (curve e) axion-
dominated universe. The scale of pp/p is arbitrary

Statistical analysis of galaxy distribution sug-
gests" that the maximum scale that has gone non-
linear by present is -8h ' Mpc, which corre-
sponds to M„, -6&10' Qh 'M . We shall require
that Dp/p-1 for M-1N„', at Z —0 '. (In an open
universe with 0 &1 linear perturbations stop
growing at Z- Q '.) This determines the value

4x10 '(ilh) '. The resulting spectrum of
fluctuations is shown in Fig. 1 for @=0,1, &=1.
This spectrum corresponds to the gravitational
clustering picture: The fluctuations increase
towards smaller scales. The lower cutoff of the
spectrum is at M, - 10'M . It gives the mass of
the first objects to be formed. Large galaxies
(M-10"M ) start forming at Z-40.

It has been suggested that the dark matter in
the universe can be in the form of massive neu-
trinos" or axions. " If at present the universe is
neutrino dominated, then Qh' =0.3msp and Z~q
= 10 m», where m» = m, /(30 eV) and we assume
for simplicity that only one of the three neutrino
species is massive. Neutrinos erase their den-
sity perturbations on scales smaller than their
Jeans mass, M~. For Z&Z, q, M„ is given by"

M„-M, ,„[(1+Z)/(1+Z„)]", (5)

where M~,q-1.3 &10"m» 'M -M, q. Perturba-
tions on scales M &Mpq start growing at 1+Z„
"(M/M, ~)'~'(1+Z,„), when M, drops down to M.
At Z&Z~,

&P 30 M "' 1 +Z~

'h 1+Z-30Gp, — — ". (6)
M, q 1+Z

Equation (6) does not apply if the loops on scale
M decayed at Z&Z„. This condition gives a low-
er cutoff of the spectrum at M, -(Gp)'~'M, ~. For
M & M,~, 6p/p is given by Eq. (4).

The spectrum we have obtained has a maximum
at Nl-M, q, which is the first scale to go non-
linear in this model. Requiring that at present
5p/p-1 for M- M„, , we obtain Gp-4. 4 x10 '.
(Note that 0 and h must satisfy the inequality Ah

& 0.6, which follows from M„, & M,„.) Figure 1
shows the spectrum of density fluctuations for 0
=h = 1, which corresponds to m, -100 eV. In this
case M~q-10 M and M -6 10 M . The mass
scale M«collapsed at Z -3. According to Zel'-
dovich" this led to pancake formation. In our
model (unlike the standard pancake scenario) the
pancake fragmentation is helped along by the
presence of perturbations on scales M, & M&M, q.

Note that M, has the order of magnitude of a
typical galactic mass.

The analysis of the axion-dominated universe
is similar to the baryon-dominated case. The
only differences are that (i) axions are not coup-
led to radiation, and perturbations in axions
start growing at t-l. ,„, and (ii) there is no Silk
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damping for axions, and so the small-scale den-
sity fluctuations are not erased. '7 On scales M
& M, =(Gp)'/'M, „the spectrum is given by Eqs.
(3) and (4). For M & M, the loops disappear be-
fore t, q, when the universe is still radiation
dominated. It can be shown that on such scales
(for Z& Z,q)

5p/p -30(G/ )"(1+Z,„)/(1+Z) . (7)

Normalizing the spectrum at M -iN„', , we ob-
tain Gp, -1&10 for Qk &0.45 a,nd Gp. -4@10
&(Qh) ' for Qh &0.45. Figure 1 shows the spec-
trum of perturbatiorls for 0 =A = 1. Like iLn the
baryon-dominated case, this spectrum corre-
sponds to the gravitational clustering picture.
Baryons pick up the axion density fluctuations at

tdcci
Examples of grand unified theories which lead

to strings with the desired superheavy mass
scales are readily constructed. Consider the
case of the baryon-dominated universe. One re-
quires G(~-4x10 '(Q/~) ', which corresponds to
a superheavy scale q -(2-3) && 10"(Q h} '/' GeV [or
q-(3-4) x10"(Qk) '/' GeV] if strings arise as a
consequence of spontaneous breaking of a local
(or global) symmetry. As an example of the
former consider the following breaking pattern
of SO(10):

SO(10)„-SU(5) g Z,—„SU(3)e SU(2) e U(1) e Z,

SU(3) U(l). g Z, .

Provided the first breaking is done with a 126 of
Higgs fields, topologica. lly stable Z, strings are
produced. " The mass per unit length of the
strings is characterized by MG[)M„- (3—4)x 10"
GeV]. The value of M~ can be adjusted to Iie be-
tween 10"and 10"GeV, as required.

For an example of a grand unified theory (GUT)
model that leads to global strings, consider the
minimal SU(5) model which possesses, in addi-
tion, global B —L invariance. The spontaneous
breaking of this global symmetry at scale 34„
leads to the desired topologically stable strings.

A variant of the preceding examples can be em-
ployed to implement the scenario in which neu-
trinos dominate the energy density of the uni-
verse. We tacitly assumed above that the spon-
taneous breaking of 8 —1. invariance [which is a
local symmetry in the SO(10) case] leads to neu-
trino masses much smaller than an electronvolt,
in which case baryons comprise the dominant
component of the universe. In the SO(10) exam-
ple, for instance, this is indeed the case if the
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Yukawa couplings of the 16-dimensional fermions
to the 126 of Higgs are of order 1. The neutrinos
then acquire masses m„. -M '/M~-10 '-10 ' eV.
However, if some of the Yukawa couplings are
chosen to be much less than 1 (say -10 '-10 ~),
there will be some neutrinos which acquire mass-
es in the 10-100-eV range. Thus, SO(10) models
can be constructed which lead to Z, strings char-
acterized by scales - 3x 10"GeV, with neutrinos
dominating the mass density of the universe.
Analogous arguments can be made for the SU(5)
8 U(1)~ i model, provided SU(5) singlet fermions
are also introduced. "

Finally, consider the case where axions domi-
nate the mass density of the universe. Two new
scales are needed here. One of them character-
izes the mass scale of the strings and is larger
than M„, the SU(5) unification scale. The second
scale characterizes the symmetry-breaking scale
of the Peccei-Quinn U(l)~ symmetry and is of
order" 10"-10"GeV. It turns out that the sim-
plest GUT model where this scenario can be im-
plemented is based on the gauge group E,." Con-
sider the following breaking of E,: E,—SO(10)
S (Z, /Z4), where Z~ is the center of SO(10). This
breaking can be achieved with a 351' of Higgs
field and leads to topologically stable Z,/Z4-Z,
strings, with mass scale characterized by M„
—(3-4)x 10"GeV. The complete symmetry-
breaking pattern [with SO(10) breaking via SU(4)
C3ISU(2)cgU(l)] requires additional Higgs fields
belonging to the 27 and 78 representations of E,.
We note in passing that baryon- and neutrino-
dominated scenarios can also be implemented in
models based on the gauge group E,.

To conclude, topologieally stable strings with
mass per unit length characterized by a. super-
heavy mass scale appear in many realistic GUT
models. Their presence in the very early uni-
verse leads to significant density fluctuations.
Realistic scenarios for galaxy formation appear
possible with a ba, ryon-, a neutrino-, or an axi-
on-dominated universe.

In the standard model of galaxy formation with
a primordial spectrum of adiabatic fluctuations,
all density perturbations are damped below the
Silk mass (M-10"M ) or neutrino free-streaming
mass (Ai-4x 10' M ) in the baryon- and neutrino-
dominated cases, r'espectively. An important fea-
ture of the string scenario is that it preserves
fluctuations on smaller scales. Baryons and neu-
trinos erase their own fluctuations, but when the
Jeans mass drops down to the corresponding
sca.le, they pick up the perturbations produced
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by surviving loops. The presence of fluctuations
on smaller scales resolves some of the difficul-
ties (see, e.g. , Primack and Blumenthal" ) of the
baryon- and neutrino-dominated models. In the
axion-dominated case, the spectrum of perturba-
tions produced by loops is qualitatively similar
to that resulting from open strings (or from pri-
mordial scale-invariant fluctuations"'"). A dis-
cussion of residual temperature fluctuations of
the microwave background and further details
will be given elsewhere.
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