PHYSICAL REVIEW D 72, 123508 (2005)

Topological curvatons

Tomohiro Matsuda™

Laboratory of Physics, Saitama Institute of Technology, Fusaiji, Okabe-machi, Saitama 369-0293, Japan
(Received 18 August 2005; revised manuscript received 3 November 2005; published 13 December 2005)

Topological defects may play the role of the curvatons. I propose a new mechanism of generating
density perturbations from cosmological defects in inflationary models. I show several examples in which
defects play crucial role in generating density perturbations.
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I. INTRODUCTION

In the standard scenario of the inflationary Universe, the
observed density perturbations are produced by a light
inflaton field that rolls down its potential. At the end of
inflation, the inflaton oscillates about the minimum of its
potential and decays to reheat the Universe. Adiabatic
density perturbation is generated because the scale-
invariant fluctuations of the light inflaton field are different
in different patches. On the other hand, one may construct a
model in which the “light field” is not identified with the
inflaton. For example, the origin of the large-scale curva-
ture perturbation in our Universe might be induced by the
late decay of a massive scalar field, the curvaton [1,2]. The
curvaton is assumed to be light during a period of cosmo-
logical inflation so that it acquires scale-invariant fluctua-
tions with the required spectrum. After inflation, the
curvaton starts to oscillate in a radiation background.
During this period, the energy density of the curvaton
grows so that it accounts for the cosmological curvature
perturbation when it decays. The curvaton can generate the
curvature perturbation after inflation if its density becomes
a significant fraction of the total energy density of the
Universe. The curvaton paradigm has attracted a lot of
attention because it was thought to have an obvious advan-
tage. To be more precise, since the curvaton is independent
of the inflaton field, there was a hope [3] that the serious
fine-tunings of the inflation models could be cured by the
curvaton scenario, especially in models of low-scale infla-
tion [4]. More recently, however, it has been suggested [5]
that there is a strong bound for the Hubble parameter
during inflation. The bound obtained in Ref. [5] seemed
to be crucial for inflationary models of a low inflation
scale. Although the difficulty can be evaded [6,7] if there
was an additional inflationary expansion (or a phase tran-
sition), it is still important to find another framework in
which the curvaton may accommodate low inflation scale
[6,7]. It should be helpful to note again that the original
idea of the curvaton is;

(1) The field (curvaton) other than inflaton acquires a

perturbation with an almost scale-invariant spec-
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trum and their density becomes a significant fraction
of the total.
(2) The curvaton decays into thermalized radiation so
that the initial isocurvature density disappears.
In the conventional curvaton scenario, generation of the
curvature perturbation is due to the oscillation of the
curvaton that persists for many Hubble times, which makes
it possible for the curvaton to dominate the energy density
before it decays.! We agree with the original idea of the
curvaton scenario, however in any case one cannot simply
ignore the possibility of generating cosmological defects
that might dominate the energy density of the Universe.
Therefore, it is quite natural and important to investigate
the possible scenario of ““topological curvatons’, in which
the domination by the “‘curvaton’ is not due to the simple
oscillation of the curvaton field, but due to the evolution of
the cosmological defects that decay after they have become
a significant fraction. Along the lines of the above argu-
ments, we propose a new mechanism for generating den-
sity perturbations. In the case that the cosmological defects
dominate the energy density and then decay to reheat
(again) the Universe, the spatial fluctuations of their “nu-
cleation rate’, “‘nucleation time” and ‘“‘decay rate’” may
lead to the fluctuations of the reheat temperature. The
important point is that the scale-invariant perturbation is
due to a “light field” that obtains scale-invariant fluctua-
tions during inflation. Therefore, the ‘“‘nucleation rate”,
“nucleation time” or ‘“decay rate” of the topological
curvatons must depend on the “light field”’. Although our

'The idea that a field other than inflaton acquires a perturba-
tion with an almost scale-invariant spectrum can be used in
different situations. For example, one may construct a model
[8] in which the spatial fluctuations of the decay rate of the
inflaton lead to the fluctuations of the reheat temperature. This
scenario is different from the curvaton scenario in a sense that
the reheating is still induced by the inflaton decay. In this case,
unlike the curvaton scenario, the ““light field” that obtains scale-
invariant fluctuations during inflation never dominates the en-
ergy density of the Universe. The scale-invariant fluctuations of
the “light field” 8¢ is transmitted to the curvature perturbation
by the ¢-dependent coupling constant and I'(¢). The second
paper in Ref. [8] deals with superhorizon fluctuations of the mass
of a heavy particle. These ideas may be similar to our scenarios
of the monopoles, however the decay mechanism is qualitatively
different.
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idea is mainly based on the original idea of the curvaton
scenario, there exists a crucial difference from the original.
In the original scenario of the curvaton, the ““light field” is
identified with the curvaton that dominates the energy
density of the Universe. In our model, however, the “light
field” itself does not play the role of the curvaton, which
may lead to some relaxation of the conditions in the
original model. In this case, the mechanism that the
scale-invariant fluctuations of the “light field” are trans-
mitted to the topological curvatons is important.

First, we should answer the question asking what the
origin of a scale-invariant perturbation is, in the case that
cosmological defects play the role of the curvaton. In the
scenario of the topological curvatons, we have two options.
The simplest idea is that a light field (or moduli) that
obtains the scale-invariant fluctuations during inflation
leads to the scale-invariant fluctuations of the ‘‘decay
rate”” of the defects [8]. In this case, however, the fluctua-
tions must remain until the defects dominate and then
decay to reheat the Universe. This possibility is useful in
the scenarios of the string overproduction and the unstable
domain walls, about which we will discuss later. The
important point is that the fluctuations of the decay rate
cannot survive until late epoch because it must be damped
when the “light field” starts oscillation. In the scenarios of
monopoles, we show that the scale-invariant fluctuations in
the annihilation rate lead to the fluctuations in the initial
(number) density when monopoles are frozen.

In this paper, we consider the case in which the scale-
invariant fluctuations of the vacuum expectation value of a
light field ~8¢ /¢ leads to the similar fluctuations of a
coupling constant ~5g(¢)/g(¢). This idea is quite similar
to the one discussed in Refs. [8,9]. Therefore, we will
assume that the form of the field-dependent coupling is
similar to the one that has been used in the references.
Please be sure that we are not considering any peculiar
situation on this point. Then, this may result in the fluctua-
tions of “nucleation rate”, ‘“nucleation time’’, ‘“‘decay
rate” or “‘annihilation rate’’. Obviously, the nucleation
always occurs much earlier than the decay. Therefore, the
mechanisms that lead to fluctuations in the initial density
are useful if the required energy domination occurs much
later than the light-field oscillation. Based on the above
arguments, we consider a scenario in which the scale-
invariant fluctuations of the coupling constants lead to
the similar fluctuations of the initial density of the topo-
logical curvatons. This scenario is discussed for the anni-
hilating monopoles and the string overproduction. It is
important to note that the initial density fluctuations cannot
survive during the scaling epoch of the conventional strings
and domain walls. However, we will show that in some
cases the evolution before the scaling epoch may depend
on the initial conditions. Therefore, even in the cases of the
strings or the domain walls, the scale-invariant fluctuations
of a “light field”” may lead to the required density pertur-
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bation, if the defects decay safe before it starts scaling. We
will discuss this issue in more detail for the string over-
production. On the other hand, if the topological defects
starts to dominate and decay safe to “‘reheat again” the
Universe soon after inflation, the fluctuations in their decay
rate 8I'/T" should play significant role [8]. It should be
noted that the latter idea might be conceptually different
from the original idea of the curvatons.

The advantage of our scenario is obvious. In the con-
ventional curvaton scenario, the scale of inflation is
bounded below by the requirements for the fluctuations
and the thermalization [5]. To avoid this difficulty, one
should extend the original scenario [6] so that it includes
additional phase transition that makes curvaton heavy at
later epoch. To be precise, the curvaton must be light
during inflation so that it acquires the required scale-
invariant fluctuations, while it must become heavy in order
to decay safe. In our scenario, however, the “light field”
that obtains scale-invariant fluctuations during inflation
does not decay to “‘reheat again” the Universe. The sec-
ondary reheating that is required for the curvaton scenario
is induced by the topological curvatons. The important
ingredient of our scenario is that the decay of the topo-
logical curvaton is due to the characteristic feature of
the symmetry breaking or the characteristic evolution
of the resultant topological defects, which are indepen-
dent of the light field that obtains scale-invariant fluc-
tuations during inflation.

II. TOPOLOGICAL CURVATONS

Although our scenario is rather different from the con-
ventional curvatons, we still think it is helpful to start with
the analogy with the original scenario. The key ingredient
of the original curvaton scenario is that the scale-invariant
fluctuations of the number density” of the curvaton field,
which have been generated at the time when curvaton field
¢ starts oscillation at the Hubble parameter H = H,, =
m, remains until it dominates the Universe. Although the
thermalization is induced by the late decay of the curvaton,
the initial fluctuations still remain and lead to the fluctua-
tion of the reheat temperature.

On the other hand, in the case that topological defects
play the role of the curvatons, it is not clear how the scale-
invariant perturbations are generated by a “light field”’ that
is not identified with the curvatons. It is therefore quite
useful to start with referring to the alternative idea that has
been advocated in Ref. [8]. The idea is quite simple and
useful. Since light fields (¢;) can acquire scale-invariant
fluctuations during inflation, ¢;-dependent coupling con-
stants g;(¢;) may have the similar scale-invariant fluctua-
tions. These massless fields start oscillation when the

20f course this expression is not precise. However, for later
discussions we note here that the evolution of the oscillating
curvaton looks quite similar to nonrelativistic matter.
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Hubble constant becomes smaller than their mass (H,. =
my,), damping to their true vacuum expectation values.
Therefore, if the decay of the inflaton starts before the
damping, the fluctuations of the coupling constants lead to
the fluctuations of the reheat temperature. In this case,
8T/T ~ 8I')T ~ 8¢,/ ¢; is expected (Numerical con-
stants are neglected.) Obviously, this scenario is useful
for our scenario of the topological curvatons, as we have
commented in the previous section.

On the other hand, however, it is important to note again
that the above mechanism cannot work in the scenario of
the topological curvatons if the domination starts at late
epoch. Therefore, in the case that the thermalization is
induced by the ‘““late’” decay of the topological curvatons,
the scale-invariant fluctuations of the light fields must be
converted into another type of fluctuations that will not be
damped before “‘reheating’’. Obviously, the scenario that
uses the fluctuations in the decay rate is not suitable for the
late-decay models. In the conventional scenario of the
curvatons, one can see that the fluctuation of the light
curvaton is converted into the fluctuation of the oscillation,
whose evolution is quite similar to the number density of
the nonrelativistic matter. Then the ratio of the curvaton
density to the background radiation increases with time,
while the scale-invariant fluctuations remain until the re-
heating. From the viewpoints that we have discussed
above, it seems interesting to reconsider the curvaton
scenario assuming that the curvaton domination is not
due to the conventional oscillation of the curvaton field,
but due to the evolution of the cosmological defects. Our
scenario is also interesting from the viewpoint of baryo-
genesis, because decaying cosmological defects are some-
times considered as the sources of the baryon-number
asymmetry of the Universe.® Therefore, the most economi-
cal solution of our scenario is that the defects are respon-
sible for both the curvature perturbations and the baryon-
number asymmetry of the Universe.

It should be noted that the scenario of the topological
curvatons might be inevitable in a wide class of brane
inflationary models. To be precise, it has been discussed
in Ref. [15] that the naive application of the Kibble mecha-
nism may underestimate the initial density of cosmic
superstrings in brane inflationary models. In this case,
strings that are formed at the end of brane inflation domi-
nate the Universe soon after inflation, and then they decay
to “reheat again” the Universe.* In this case, the strings

*Inflationary models of low fundamental scale are discussed in
Refs. [4,10,11]. Scenarios of baryogenesis in such models are
discussed in Refs. [12—-14], where defects play distinguishable
roles.

“Brane defects such as monopoles, strings, domain walls and
Q-balls has been discussed in Refs. [15-19], where it was
concluded that not only strings but also other defects should
appear after brane inflation. Production of other topological
defects such as monopoles and domain walls is important and
cannot be excluded in brane models.
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that dominate the Universe after inflation are the natural
candidate of the topological curvatons.

A. Fluctuations in initial number density (Monopoles)

First, we will discuss about monopoles. In this scenario,
the required fluctuations are generated in the initial number
density of the monopoles. To construct the successful
scenario of the topological curvatons, we need to discuss
about a mechanism that triggers the efficient annihilation
of the monopoles [20,21]. This mechanism is often dis-
cussed in the context of the monopole problem. Although
there had been many possible solutions to the monopole
problem [22,23], it is commonly believed that the most
attractive solution would be the inflationary Universe sce-
nario, in which the exponential expansion ensures the
dilution of the preceding abundance of the unwanted
monopoles. However, other solutions are not useless be-
cause in some cases monopoles could be produced after
inflation. For example, apart from the conventional ““Grand
Unified Theory (GUT) monopoles”, monopole is a generic
topological defect that appears whenever the required
symmetry breaking occurs in the Universe. Solutions of
the monopole problem in which the inflationary expansion
is not assumed [20,21] are therefore still important in some
extended models. In our scenario, since we are considering
monopoles as the topological curvatons, the monopoles
must become a significant amount of the Universe, and
then decay safe by the mechanism of the efficient annihi-
lation [20,21].

If the GUT transition is strongly first order, then the
expected relic monopole abundance is

Ny TC M 2 3
=L ()]
s M, T

where we have taken the grand unified transition tempera-
ture to be T, ~ 10'* GeV. Here n,, is the monopole num-
ber density, and s is the entropy density of the radiation.
Since the energy density of the radiation falls as 7* while
that of the monopoles as T3, the monopole to radiation
energy density ratio becomes ~10? by the time of the
electroweak transition [21]. However, if there was a con-
fining phase transition [20,21], monopoles will rapidly
annihilate to release relativistic particles that will rapidly
thermalize to reheat the Universe. Since we are considering
a scenario of the topological curvatons, we consider a
model in which the transition occurs after monopoles
have become a significant fraction of the Universe.

(2.1

1. Efficient production and the origin of the scale-
invariant perturbations

Let us consider the “worst” scenario for the standard
monopole problem. Here we consider the case in which the
nonthermal process leads to the efficient production of the
monopoles after inflation [15,24]. In the case that n,,/s >
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10719, Preskill [19,25] found that n,, /s is reduced to about
10719 by annihilations. In this case, the fluctuations in the
annihilation cross section must play important role in gen-
erating number density perturbations. Recently, Bauer,
Graesser and Salem(BGS) discussed in Ref. [9] that if
the annihilation cross section receives scale-invariant fluc-
tuations, the required entropy perturbation is produced at
the freeze-out. In this case, if the particle comes to domi-
nate the energy density of the Universe and subsequently
decay, this leads to the required adiabatic density pertur-
bations.” In the BGS scenario, the number density of the
heavy particle S is given by

T3

= mgM (ov)’ 2.2)

ng

where mg and <ov> is the mass of the heavy particle and
their annihilation rate. In our case, if monopoles are pro-
duced by an efficient process and then decoupled from
thermal equilibrium after it has become nonrelativistic,
the number density of the monopoles at a temperature T
after freeze-out is [25]

-1 T\r-1
Ny, zp— L<_>p T3’

where we have followed Ref. [25] and used the equation

(2.3)

A
_d;‘f = ﬁ<%>pn%1 —~ 3Hn,, 2.4)
and
2
H=—_ 2.5)
M,

Here A and p are constants that characterize the annihila-
tion process. We have assumed that inflation itself cannot
generate significant density perturbations, which means
that there is no significant fluctuation in the temperature
at the time of the freeze-out. We have also assumed that
there is no fluctuation in the nucleation time 7., when
monopoles are formed. In the original BGS scenario, the
decay temperature Ty, is determined by the decay rate I'
and (ov). On the other hand, in our case Ty, is determined
by the critical temperature 7. when the phase transition
induces the efficient annihilation of the monopoles.
Therefore, in our case Ty, and Ty in the BGS scenario
becomes [25]

_p—1 m* (T\r-I
A CMp<m> ’

>Our model for monopoles as the topological curvatons is
similar to the BGS mechanism, however there is a crucial
difference in the decay mechanism. As we have emphasized in
the introduction, the crucial ingredient of the topological curva-
tons is that their decay is induced by the phase transition that is
determined by the pattern of the symmetry breaking.

Tdom Tdec = Té’ (26)
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where Ty, is the temperature when monopoles begin to
dominate the energy density. Following the argument in
Ref. [9], one can easily find the energy density after
monopole annihilation

p(Tdom) 1/3
=—= , 2.7
(o) o 7
where
P(Tgom) = Ty = A™4m*CP) p(T)) =TH.  (2.8)

In our case, the coupling to a light field can give rise to the
scale-invariant fluctuations in A or m, which result in the
scale-invariant density perturbations

5_p__48A+4(3—p)5m
o

p 3 A 3 29)

Once the field-dependent couplings are determined, one
can easily estimate the magnitude of the non-Gaussian
fluctuations. As is discussed in Ref. [9], it is not difficult
to find a model in which the non-Gaussian fluctuations do
not violate the observational bound.® This highly model-
dependent issue does not match the purpose of this paper.

2. Second order phase transition and the origin of the
scale-invariant perturbations

If the GUT transition is second order, the expected relic
monopole abundance is

T \3
”—M=102<—‘> < 10710,
Ky Mp

(2.10)

Therefore, the fluctuations in the annihilation cross section
is not important in this case [19,25], since the monopoles
are already ‘“frozen”. In this case, the fluctuations in the
critical temperature play important role in generating fluc-
tuations in &n,,/n,,.’ Here we assume that there is no
vacuum-energy domination that induces inflationary ex-
pansion or significant entropy production.® The critical
temperature 7, for the monopole formation is

T.=M, = ev, (2.11)

where M, is the mass of the vector bosons, and v is the
vacuum expectation value of the Higgs boson. Obviously,
the critical temperature depends on the coupling constant e
and the vacuum expectation value of the Higgs boson v.
Assuming that the coefficients in the Higgs potential are
homogeneous, one may ignore the fluctuations in v. In this

5See Refs. [8,9] for more details.

"Be sure that the “fluctuations in the critical temperature”
does not mean the conventional fluctuations of the background
temperature. Here we are considering a peculiar situation where
the background temperature distribution is almost homogeneous,
but the critical temperature is different in different patches due to
the scale-invariant fluctuations of the coupling constant.

8The typical example would be thermal inflation [26].
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case, 8e/e dominates the fluctuations. Therefore, one can
obtain

8T./T, ~ Se/e. (2.12)

In this case, de/e leads to the spatial fluctuations of the
initial number density of the monopoles (2.10);

(2.13)

The evolution of the nonrelativistic monopoles is quite
similar to the evolution of the oscillating curvatons. In
this case, the scale-invariant fluctuations that have been
imprinted on 8n,,/n,, are not damped during the evolu-
tion. Here we have assumed that the function of the cou-
pling constant e(¢) has the desired form, where ¢ is the
light field that obtains scale-invariant fluctuations during
inflation. As we have discussed above, it is not difficult to
find a model for e(¢) in which the non-Gaussian fluctua-
tions do not violate the observational bound. This highly
model-dependent issue does not match the purpose of this

paper.

3. Entropy production

If the phase transition is first order or there is an infla-
tionary expansion, one needs to consider an additional
entropy production that is induced by the reheating just
after the phase transition.’ The entropy density increases
by a factor of ~A = (T,/T,)?, where T, is the critical
temperature and 7, is the transition temperature. In this
case, the fluctuations in the coupling constants may lead to
the fluctuations in the entropy increase factor §A/A unless
the fluctuations in 7. cancels out the fluctuations in 7.
Therefore, the two mechanisms (fluctuations in the entropy
increase factor and the topological curvatons) compete in
this case.'”

4. Baryogenesis

As we have mentioned above, the most economical
realization of our scenario is to produce the baryon number
asymmetry from the decaying topological curvatons. Dixit

This reheating is not due to the decay of the topological
curvatons, but is induced by the vacuum energy of the Higgs
field.

1The generating mechanism of the scale-invariant perturbation
from the entropy increase factor A is a novel mechanism,
although it may be regarded as a variation of the conventional
curvatons. However, it is always difficult to calculate the tran-
sition temperature 7, for the strongly first order phase transi-
tions. On the other hand, we know a practical example of the
entropy production. In the scenario of thermal inflation [26], A is
simply determined by the effective mass of the inflaton field near
the origin. In the case that the effective mass obtains the scale-
invariant fluctuations, which is of course due to a light field that
obtains scale-invariant fluctuations during inflation, the resultant
fluctuations of A may play significant role. We will discuss this
mechanism in a separate publication [27].
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and Sher argued [21] that as the Universe passes through
the phase transition, the abundance of monopoles will be
depleted to acceptable levels, and at the same time the
process of annihilation can generate the observed baryon
asymmetry. The authors have considered an alternative
version of the Langacker-Pi scenario and discussed the
scenario in which monopoles annihilate slightly after elec-
troweak phase transition. When they annihilate, their en-
ergy is released as relativistic particles that rapidly
thermalize. At this time, combined with our idea of topo-
logical curvatons, the fluctuations (2.13) lead to the fluc-
tuations of the reheat temperature. Then the resulting
monopole abundance is reduced to n,,/s = 10746, which
is of course negligible today. In this scenario, the monopole
annihilation will significantly increase the entropy of the
Universe. Therefore, unless there had been efficient
mechanism of baryon number production such as
Affleck-Dine mechanism [28], the observed baryon asym-
metry must be generated after the monopole annihilation.
The authors discussed [21] the generation of baryon num-
ber asymmetry due to the annihilation of monopoles,
which becomes

ng TR
~ € ,
s My

(2.14)

where T; ~ 10° GeV is the temperature of the radiation at
the time of the annihilation, My ~ 10'6 GeV is the mass of
a heavy particle, and € is the average net baryon number
produce in a single annihilation. Therefore, in the case that
the fluctuations of the light fields lead to the fluctuations of
the number density of the monopoles, our scenario of
topological curvatons works in this model.

Let us consider more generic constraint that bounds the
mass scale of the monopoles. If the phase transition is
strongly first order, the ratio of the monopole density to
the background radiation is given by

Pu 10<&>3MXT‘1. (2.15)
Pr M,
In our scenario, monopoles must dominate the energy
density of the Universe before annihilation. Therefore,
the bound p,,/pg > 107> must be fulfilled before the
time of their annihilation. Assuming that the annihilation
occurs before the nucleosynthesis at 7 =~ 10 MeV, we can
obtain a bound
My > 10" GeV, (2.16)

which is obtained under stringent conditions. If one con-
siders nonthermal production of monopoles [15,24], the
above constraint can be lowered.

Obviously, monopoles can play the required role of the
topological curvatons. It is possible to construct models in
which monopoles decay safe after they have dominated the
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energy density of the Universe. The imprint on n,, that has
been induced by the scale-invariant fluctuations of the
coupling constant can survive during the evolution, and
leads to the required density perturbation of the Universe.

B. String overproduction

The scenario of topological curvatons could be impor-
tant in a wide class of brane inflationary models. It has been
discussed in Ref. [15] that the naive application of the
Kibble mechanism underestimates the initial density of
cosmic superstrings in brane inflationary models. The au-
thors argued that strings that are formed at the end of brane
inflation should dominate the Universe soon after inflation.
In this case, radiation becomes subdominant soon after
inflation, then strings decay to ‘“‘reheat again” the
Universe. The mechanism of string overproduction is non-
thermal, however their density just before the reheating
may depend on coupling constants. Therefore, the strings
produced by overproduction may play the role of the
topological curvatons. In this scenario, there could be three
chances to transmit the scale-invariant fluctuations of a
“light field”’ to the strings.

(1) The fluctuations are produced at the first stage of the
overproduction. In this case, there are practical dif-
ficulties in estimating the density fluctuations. The
mechanism of the overproduction would be highly
nonlinear, which means that the estimation of the
density fluctuations requires numerical calculation.
This possibility is beyond the scope of this paper.

(2) The first stage of the overproduction does not pro-
duce density fluctuations, however at the succeeding
stage of the efficient loop production the fluctua-
tions in the reconnection probability could lead to
the density fluctuations of the small loops. We will
investigate this possibility below.

(3) Even if the string density is homogeneous for both
the long strings and the string loops, fluctuations can
be produced during their decay into radiation. This
possibility is similar to the mechanism that has been
discussed in Ref. [8], despite the qualitative differ-
ence that in our case the reheating is induced by the
decay of the topological defects.

In order to examine the above speculation of the topologi-
cal curvatons in the scenario of the string overproduction,
let us assume that the string density that is produced at the
first stage of the string overproduction is homogeneous, as
we have discussed above. First, we consider the second
possibility that we have stated above. The number density
of the closed strings that are produced succeedingly from
the long strings may depend on the reconnection probabil-
ity p, which means that the density fluctuations of the
closed strings can be produced from Sp/p, even if the
string density is homogeneous just after the first stage of
the string overproduction. In order to explain our idea, we
consider the equations that govern the energy density of the
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density of long strings (p;) and small loops (p;) [15];

. P dn,
pL=—2Hp, — [+ ul—
, 2.17)
. PL ny
— —3Hp, + 2L — @1 p,
P pPi fL pl— sP1

where dn,/dt and T, are the rate per unit volume for loops
to recombine with long strings and the string decay rate. If
the strings are not charged, I'; is simply determined by the
gravitational radiation. Here f(p) is a function of the
reconnection probability of the strings, and the typical
length of the strings are denoted by L (long strings) and
[(string loops).

In Ref. [15], it has been discussed that starting from high
density of the long strings and solving the above equations,
the Universe is soon dominated by the string loops but
before long the string loops decay into radiation.'’

Let us first examine the production of the closed string
loops from the dense network of the long strings. The
above equations suggest that in the limit of the instant
production'? the scale-invariant fluctuations in the recon-
nection probability p, which is induced by a light field,
lead to the scale-invariant density perturbations of the
closed strings. To be precise, the long strings decay into
small loops due to the second term in rh.s. (~ —f(p)5-),
which is proportional to f(p). Here f(p) is the function of
the reconnection probability, which will go like f ~ p'/2
[15]. Then, string loops dissipate their energy through
radiation. Therefore, the string loops that have been domi-
nated the density of the Universe are soon converted into
radiation that starts to dominate the Universe after the
reheating. Obviously, the reconnection probability of the
cosmic strings does depend on the effective coupling con-
stants. For fundamental strings, the reconnection probabil-
ity is of order g2, then f(p) becomes f(p) = g,. In other
cases, since light fields or moduli of small compactified
dimensions determine the coupling constants in the effec-
tive action, the scale-invariant fluctuations in the light
fields may lead to the scale-invariant density perturbations
of the string loops, 8p;/p; > 8f/f."> Therefore, in the
case that I'; is a homogeneous constant in the Universe,
the required density perturbations can be produced from
3pi/pi-

The succeeding process of the reheating from string
loops is quite similar to the conventional reheating.

'!See Fig. 12 in Ref. [15]. o

In this case, one may assume that f = L = 0 during this
period.

3Even in the standard inflationary scenario in which inflaton is
responsible for the curvature perturbations, the perturbations that
have been produced by the inflaton reheating could be modified
due to the succeeding stage of the string domination. In both
cases the overproduction of cosmological defects could be used
to suggest the existence of tachyonic potential and brane infla-
tion, once the precise form of the effective action is determined.
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Therefore, the scenario proposed in Ref. [8] is successful in
this case. To be precise, the required perturbations can be
produced by the fluctuations in the decay rate 81", /I, if I';
is a desired function of a light field [8].

The above two mechanisms (8p;/p; and 8I'/T") work
independently.

ITII. CONCLUSIONS AND DISCUSSIONS

In this paper, we have shown that the new mechanism of
generating density perturbations can work in inflationary
models. We have considered monopoles and strings, and
discussed about successful scenarios. In the case of the
monopoles, the spatial fluctuations of the initial number
density of the monopoles lead to the required fluctuations
of the Universe. Strings can play similar role if a dense
string network is produced by string overproduction. Other
defects may play the role of the topological curvatons,
however they are not so simple and require further study.
We will comment on the possibility and the difficulty of the
domain walls.

A. Domain walls

Domain walls are produced when discrete symmetry is
spontaneously broken. In the simplest case of Z, walls, it is
known that the evolution of the system of the domain walls
becomes scale-invariant due to the efficient annihilation
and reconnection processes which suggests only one large
wall exists per horizon. In this case, the energy density of
the walls is given by

Py~ ot 3.1

where o is the tension of the domain wall. Although the
Universe could become wall-dominated at ¢, ~ (Go) ™!,
the wall-domination occurs (generally) after scale-
invariant evolution starts. This suggests that late-time be-
havior of the system that could be relevant for our scenario
is not sensitive to the choice of the initial state.

In a more complex system of Z,, walls, the domain walls
may become frustrated and their density decreases as [29]

Py~ a'a_l, (32)
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where a is the scale factor. The density of such domain
walls will quickly dominate the Universe before the system
starts the scale-invariant evolution. In this case, the initial
density fluctuations of the domain walls could remain at
the time of wall-domination and also affect the subsequent
thermalization. However, unlike the scenario of the string
overproduction, it is quite difficult to make a practical
calculation during this period.

On the other hand, one may expect that a coupling
constant in the potential of the domain walls depends on
a light field ¢ that obtains a scale-invariant fluctuation
during inflation. Then, in the case that the function o(¢)
has a desired form, ¢ /¢ may lead to the density fluctua-
tions of the walls

(3.3)

This is a trivial example of the domain-wall curvatons.

Of course, it is possible to produce the required pertur-
bations from the scale-invariant fluctuations of the decay
rate of the walls 8T",,/T",,, as we have discussed for the
strings [8].

The most important ingredient for the domain walls is
the mechanism that triggers the decay of the cosmological
defects [30]. If the discrete symmetry is explicitly broken
to a small extent, the vacua are not degenerated and have
slightly different energies. The gap of the energies of the
vacua leads to the gap of the pressure, which finally leads
to the instant collapse of the network of the domain walls.
In general, the magnitude of the explicit breaking term is
determined by an intentional higher-dimensional term,
except for some peculiar cases [31]. Therefore, to obtain
a successful cosmological scenario, a kind of fine-tuning is
required for the domain walls.
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