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Cosmic structure formation in hybrid inflation models
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A wide class of inflationary models, known as hybrid inflation models, may produce topological defects
during a phase transition at the end of the inflationary epoch. We point out that, if the energy scale of these
defects is close to that of grand unification, then their effect on cosmic structure formation and the generation
of microwave background anisotropies cannot be ignored. Therefore, it is possible for structure to be seeded by
a combination of the adiabatic perturbations produced during inflation and active isocurvature perturbations
produced by defects. Since the two mechanisms are uncorrelated the power spectra can be computed by a
weighted average of the individual contributions. We investigate the possible observational consequences of
this with reference to general hybrid inflation models and also a specific model based on supergravity. These
mixed perturbation scenarios have some novel observational consequences and these are discussed
qualitatively.
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I. INTRODUCTION

The precise origin of cosmic structure is one of the m
important questions facing cosmology today. Over the p
15 years there have been two competing paradigms: quan
fluctuations created during inflation@1#—a period of rapid
expansion of the universe just after the Planck epoch wh
can solve the horizon and flatness problems of the stan
hot big bang model—and perturbations generated by
gravitational effects of a network of topological defec
@2–6#, which may have formed during some cosmologic
phase transition close to the energy scale of a grand uni
tion theory ~GUT!. In the case of inflation the fluctuation
are generally adiabatic, Gaussian, and passive in the s
that once created they evolve in a deterministic way right
to the present day. These assumptions have simplified
process of making predictions in these models to the p
where accurate (;1%) calculations of the anisotropies
the cosmic microwave background~CMB! and the density
fluctuations in cold dark matter~CDM! can be made for a
given set of parameters in less than a minute on a mod
workstation@7#.

Making the predictions of the same level of accuracy
defect based models is much more difficult since the per
bations are isocurvature, non-Gaussian, and are create
tively throughout the whole history of the universe, from t
time of defect formation to the present day. However, rec
work @8–12#, has established a basis for future work on t
subject defining what can be thought of as the stand
model, although there still appears to be some room for
derstanding more subtle effects@12,13#. It was suggested in
Refs. @9,10# that flat universe models with a critical matt
density (Vm51) normalized to the cosmic background e
plorer ~COBE! would require unacceptably large biase
('5) between cold and baryonic matter on 100h21 Mpc
scales to be consistent with the observed galaxy distribut
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but more acceptable models can be constructed in an o
universe or one dominated by a cosmological constant@14–
16#, albeit with a bias of 2 relative to infrared astronom
satellite ~IRAS! galaxies which are usually assumed to
good tracers of the underlying mass distribution. Sin
COBE normalized adiabatic models based on inflation h
no problem producing the requisite amount of power
these scales, this suggests—if the data is shown to
accurate—that such models may at least be partially resp
sible for the formation of structure.

The idea of combining these two paradigms is a sim
one since they are far from being mutually exclusive; ve
simply, if the inflationary reheat temperature is greater th
the GUT scale then the post-inflationary universe will e
counter phase transitions, which may form topological d
fects. More speculatively, one might form defects in a no
thermal phase transition induced by parametric resona
@17,18# during the reheating phase after inflation. But mo
cosmologists would prefer for there to be only a sing
source of fluctuations, based on some kind of ‘‘minimalis
principle, and would be skeptical of any theory which h
both without further motivation. There are, however, a wi
class of inflationary models, which may produce topologi
defects—usually assumed to be strings, although it is a
possible to produce other kinds of defects—during a ph
transition which marks the end of the inflationary epoc
These are known as hybrid inflation models@19#. Hence,
there is sufficient motivation to consider mixed perturbati
scenarios in which structure is formed by both adiabatic d
sity fluctuations produced during inflation and active isoc
vature perturbations created by defects@20#, without break-
ing any principle of minimalism, and this is the subject
this paper.

In Sec. II we will discuss the individual components— th
fluctuations generated by inflation and defects, in particu
strings. The fact that there is no universal model of inflati
©2000 The American Physical Society01-1



e
y

ar
ity
n
an
e
er
e
l

e
lin
w
n

s
r

ty
m
he

ld
y
re
io
s

in
in
de
re

th

nt
o

e
lo
tr

ith

e

le
t
e
w
t

fo
n

on-
o fit
es
-
ec-
ers

pe-
in
ia-
dex,
y a
lu-
ues
ge
of

os-
the

re
all

m
on

o a
ing

ly.
ore
and
ed
ss
ter

m-
pe
th
w-
nts

for

ca-
ea-
ler

the
sce-

h
e
o

RICHARD A. BATTYE AND JOCHEN WELLER PHYSICAL REVIEW D61 043501
makes it difficult to make very specific predictions. Ther
fore, we will first treat hybrid inflation models in generalit
by reference to a simple model~see Ref.@21# for a compen-
dium of inflationary models—both hybrid and otherwise!,
before discussing a specific model which was put forw
recently to produce inflation in the context of supergrav
@22#. We will concentrate specifically on mixing inflatio
with strings, since they are probably the most obvious c
didate in these scenarios, but most of the general comm
that we will make apply equally well to the case of oth
topological defects, for example, the global defect mod
considered in Ref.@8#. The models for strings that we wil
use are based on those already used in Refs.@9,10,13,15# and
we will make two assumptions. First, we will make th
simple assumption that the strings evolve in a perfect sca
regime, from their formation to the present day, and then
will attempt to incorporate the effects radiation-matter tra
sition by use of the velocity dependent one scale model@23#.
We should note that it is not our intention in choosing the
particular models for inflation and strings to make any ve
specific predictions or claims as to their universal validi
Rather, we wish to discuss qualitatively the sort of pheno
ena one might possibly expect in the power spectra and t
relation to the current and future observational data.

We will then discuss how the spectra can be combined
Sec. III. This is in fact trivial since the power spectra shou
be uncorrelated and hence the two can be combined b
weighted average. Clearly, the addition of this extra deg
of freedom weakens any constraint that current observat
place on each of the individual models and we will discu
this in four different contexts.

First, we consider general hybrid inflation models
which the relative amplitude of the adiabatic and string
duced components is arbitrary, along with the spectral in
~the initial density fluctuations created during inflation a
normally assumed to have a simple power law formP(k)
}kn, where n is the spectral index!. Specifically, we will
comment on the constraints which come from analysis of
spectrum of CMB observations on large scales detected
COBE and also from their combination with measureme
of the density fluctuations on small scales, which are n
mally quantified in terms ofs8, the fractional over density in
spheres with radius 8h21 Mpc. These are considered to b
the most accurate and robust measurements in cosmo
Comparison to just the COBE data constrains the spec
index to be in the rangeun21u,0.2 @24#, while a simple
comparison of the amplitude of the CMB anisotropies w
that of s8 rules out the standard CDM scenario withn51
~see, for example, Ref.@25#!, since the COBE normalized
value ofs8 computed for this model is approximately twic
that which is observed,s8

OBS'0.6 in a critical density uni-
verse whereass8

CDM'1.2, favoring a lower value ofn
'0.8. But a more detailed joint analysis of all the availab
CMB data and measurements ofs8 @26,27# suggests tha
something closen51 gives a better fit to all the availabl
data. Without performing a full likelihood analysis, we sho
qualitatively that these constraints can be relaxed since
large angle CMB can be induced by strings, allowing
higher spectral indices to fit the data usually at the expe
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of the reducing the power on large scales. We will also c
sider models which use other cosmological parameters t
the measurements of galaxy clustering on large scal
('502100h21 Mpc). We should note that there still re
mains a strong upper limit on blue spectra since large sp
tral indices lead to the production of unacceptable numb
of primordial black holes@28#.

We will then discuss the observational aspects of the s
cific model based on supergravity which is introduced
Sec. II B. In this case the relative normalization of the ad
batic and string induced components, and the spectral in
which in this case is also a function of scale, are fixed b
single parameter of the model. First, we show how the inc
sion of the string component allows the more extreme val
of this parameter, which give very blue spectra on lar
scales, to be more compatible with the relative amplitude
the COBE measurements and those ofs8, than if it was
absent. Then we show that simple modifications to the c
mological parameters can improve the fit to the shape of
observed matter power spectra on large scales.

Most speculatively, we examine the possibility that the
may be interesting effects in the power spectrum on sm
scales. It has been suggested@29–31# that there is a feature
in the power spectrum with wave numberk'0.1h Mpc21,
where the Hubble constant is given byH05100h
km s21 Mpc21, and such a feature in the power spectru
naturally occurs in these models, although not necessarily
these scales. We illustrate this possibility by reference t
number of simple examples, suggesting that the forthcom
redshift surveys@the Sloan digital sky survey~SDSS! and
2Df# should allow us to test this possibility more accurate
This feature in the matter power spectrum leads to m
power on small scales than in pure adiabatic models
hence it might possible to effect the formation of damp
Lyman-a systems and other early objects. We will discu
this in the context of the popular cold plus hot dark mat
model which is thought to under produce such features.

The main focus of our discussion is to reconcile the a
plitude of the COBE detection with the amplitude and sha
of the observed galaxy distribution, a problem which bo
the standard CDM and defect models both suffer from. Ho
ever, the near future will see an explosion in measureme
of the CMB anisotropies over a wide range of scales,
example, from the microwave anisotropy probe~MAP! and
Planck satellites. To this end, we finally discuss the impli
tions for the CMB angular power spectra and the novel f
tures which these models have, in particular the Dopp
peak structure and non-Gaussianity. We will focus on
need to exclude or constrain these mixed perturbation
narios.

II. THE INDIVIDUAL FLUCTUATION SPECTRA

A. General hybrid inflation models

The proto-typical model for hybrid inflation is one whic
includes two scalar fieldsf, a real scalar field known as th
inflaton, andc, a complex scalar field which is coupled t
the inflaton. The specific potential usually used is@19#
1-2
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COSMIC STRUCTURE FORMATION IN HYBRID . . . PHYSICAL REVIEW D61 043501
V~f,c!5
1

4l
~M22lucu2!21

1

2
m2f21

1

2
g2ucu2f2,

~1!

wherel andg are dimensionless coupling constants, andM
andm are the mass scales introduced; in particularM is that
associated with spontaneous symmetry breaking, which
the case ofc being a complex scalar field leads to the pr
duction of global strings at the end of inflation.

The massive part of the fieldc has an effective mas
M (c)25g2f22M2 and therefore forf.fc5M /g there is
a single minimum of the potential in thec direction atc
50, whereas forf,fc the potential develops minima wit
ucu5M /Al. In the case where

M2@MpmAl, M2@m2/g2 ~2!

andMp is the Planck mass, inflation takes place forMp.f
.fc , with the expansion being dominated by the vacu
energy V(0,0)5M4/4l, rather than the false vacuum
Hence, if the inflaton starts at aroundf'Mp as in the cha-
otic inflation scenario@32#, then inflation takes place as
rolls down tofc , at which point the fieldc falls down into
the vacuum manifold creating strings. Of course the unive
may continue to inflate after this point, at least partially
luting the defects, but if the phase transition takes place
ficiently late, which can always be arranged by an appro
ate choice of the parameters, for example, by ensuring thaM
is greater than the Hubble parameter during inflation, th
one will be left with a network of defects which will subse
quently evolve toward a scaling regime.

The adiabatic density perturbations created in this mo
on a length scalel are given by@19#

dr

r
5

2A6pgM5

5lAlMp
3m2 S l

l c
D 2b2

, ~3!

wherel c is the horizon size when the inflaton has valuefc ,
b5m/A3H and

H25
2pM4

3lMp
2

, ~4!

is the Hubble parameter whenf5fc . This model has a
spectral indexn5112b2.1, and therefore ifH@m then
the spectrum is almost scale free, whereas ifm;H then the
spectral index can be much larger than one. In Ref.@19# two
possible scenarios were considered. First, ifg2;l;1021

andm;102 GeV, then normalization to the observed flu
tuations @(dr/r)obs;531025, in these units# yields M
;1011 GeV, and hence the adiabatic density fluctuatio
will dominate over those produced by the strings@(dr/r)str
;GM2;10210(dr/r)obs#. In this case the creation o
strings at this scale may have other interesting cosmolog
implications—the production of dark matter axions by t
radiative decay of axions strings@33#—but they will not have
a substantial effect on structure formation. However, ifg
;l;1 and m;531010 GeV then normalization require
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thatM;1015 GeV—around the GUT scale—with a spectr
index ofn'1.1. In this case the perturbations created by
strings must be taken into account since they are of com
rable size to the adiabatic ones.

Since this simple model was first proposed, there h
been many other hybrid inflation models discussed in
literature with a wide variety of predictions for the energ
scale and spectral index, most of which adhere to the dog
that the natural scale for inflation is below the GUT scale a
the perturbations are scale free~although, see Ref.@34#!.
However, this simple example stands as a illustration t
simple models which create topological defects at the end
inflation exist and moreover the defects can be sufficien
massive to seed density perturbations which are of com
rable size to the adiabatic perturbations created during in
tion. In the next section we will discuss a particular mod
for hybrid inflation based on supersymmetry and supergr
ity which makes specific parameter based predictions for
energy scale and spectrum of initial fluctuations. These p
dictions will be used to illustrate the novel observation
features of these mixed perturbation scenarios. We sho
however, be mindful of the fact that no universally accep
model of inflation exists and many more models will be i
vented to try to reconcile the theoretical and observatio
prejudices of the day. Although many models will not ha
GUT scale defects as a generic consequence, it is a
natural scale for symmetry breaking transitions to occur a
models which predict this are well worth investigating, ev
if their observational consequences appear, at first glanc
be at variance with the observations. In Sec. III B we w
illustrate the effects of simple models with an arbitrary no
malization, close to the GUT scale, and spectral indi
which are not one, showing that, at least qualitatively, t
they may be to account for some of the current observatio

B. A specific inflation model based on supergravity

In the previous section we discussed the original hyb
inflation model, illustrating its salient features from the co
mological point of view. However, such a model does n
have any particular motivation from the point of view o
fundamental physics—the ultimate aim of these endeav
Hence, for definiteness, we would like to have a spec
model which has much stronger origins in the realm of h
energy physics theories such as supergravity. There a
number of popular models which use the flat directions
superpotentials to allow slow-roll inflation, notably th
F-term @36# and D-term@37# scenarios, some of which als
produce topological defects during the phase transition at
end of inflation and could be candidates for the ideas that
are discussing here. However, we have chosen a mode
troduced by Linde and Riotto@22# to illustrate the qualitative
nature of these scenarios. Although there are some su
philosophical problems associated with this model@21#, for
specific choice of the parameters it exhibits a number of
properties which we are interested in investigating. Here,
will derive the initial fluctuation spectrum for this mode
following and extending the original work@22#, and then we
will incorporate the initial spectra intoCMBFAST, the stan-
1-3
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RICHARD A. BATTYE AND JOCHEN WELLER PHYSICAL REVIEW D61 043501
dard linear Einstein-Boltzmann solver, to compute the sp
trum of CMB anisotropies and CDM. From now onwards w
will work in units where the Planck mass appropriate
high energy physics applications, such as string theory
given by (8pG)1/251.

The model is based on the simplest choice of the su
potential which takes the form@38#

W5S~kf̄f2g2!, ~5!

wheref andf̄ are conjugate pairs of chiral superfields,S is
a neutral superfield andk,1 is a parameter of the theory.
we canonically normalize the scalar fieldS5s/A2, then the
effective potential, excluding the D-term, is given by

V5
k2usu2

2
~ ufu21uf̄u2!1ukf̄f2g2u2. ~6!

For s.sc5gA2/k, the mass of the chiral superfields
positive and the potential in their directions has a sin
minimum atf5f̄50. Along this direction the potential is
flat and so a viable inflationary model cannot be construc
However, if one makes a slight modification to the poten
it is possible, for example, by softly breaking supersymme
~SUSY! @38#. The novel aspect of the Linde-Riotto model
that they suggested this may be done by the inclusion
radiative and supergravity corrections. In this case, if
field s starts at some large value as in the chaotic inflat
scenario and the original hybrid inflation model, then infl
tion takes place until the field rolls down tos5sc , at which
point the field will quickly roll down to the absolute mini
mum of the potential wheres50 andf5f̄5g/Ak, pro-
ducing topological defects if the vacuum manifold has no
trivial homotopy. It was suggested in Ref.@22# that such
models can naturally have the correct symmetry break
schemes to form cosmic strings and that the energy sca
these strings is given byg/Ak which for an appropriate
choice of parameters could be the GUT scale.

In order to compute the potential, therefore, we must
clude radiative effects and supergravity corrections. The
loop SUSY potential for this model is given by@39,40#

V15
k2

128p2 F ~ks222g2!2 ln
ks222g2

L2

1~ks212g2!2 ln
ks212g2

L2
22k2s4 ln

ks2

L2 G , ~7!

whereL is the renormalization scale which is introduced
the usual way. Since the period of inflation that we are
terested in takes place fors@sc , one can expand this cor
rection to the potential as

V15g4
k2

8p2
ln

s

sc
1•••. ~8!
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If the field is very large at the beginning of inflation the
supergravity corrections will also be important. The sup
gravity ~SUGRA! correction to the potential is given by

VSUGRA5g4 expS s2

2 D F12
s2

2
1

s4

4 G2g45g4
s4

8
1•••,

~9!

and hence by combining the two one gets the fully correc
approximate potential

V5g4S 11
k2

8p2
ln

s

sc
1

s4

8 D , ~10!

which is strictly valid fors@sc , but should also be usefu
for smaller values ofs close tosc .

Using this potential one can compute the evolution of
scalar field, which we have done in terms ofN the number of
e-foldings until the end of inflation. During the inflationar
epoch 3H25V and 3Hṡ52V8, from which we can deduce
that ṡ/H52V8/V and hence

ds

dN
5

V8

V
, ~11!

since the scale factora}e2N. If we assume that the potentia
does not change appreciably during the early stages of in
tion when the cosmologically interesting perturbations
being created, then one can solve the equation for the fies
in terms ofN,

s25
k

2p

2p

k
send

2 1tanS k

2p
ND

12
2p

k
send

2 tanS k

2p
ND , ~12!

wheresend is the value of the field when inflation ends, th
is, whenN50. Assuming this value of the field to be rela
tively small, which may not always be the case, one c
further approximate~12! to give

s'A k

2p
tanS k

2p
ND . ~13!

From this we can see that there is a constraint on the valu
the parameterk from the requirement that there have been
least 60e-foldings, so as to make the universe almost flat
the present day. The argument of the tangent function sho
never be allowed to be greater thanp/2, and hence one ca
deduce thatk,kc5p2/60'0.16. The number ofe-foldings
N can then be related to the wavelength or wave numbe
the perturbations (l 52p/k) by
1-4
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N'542 lnS k

1h Mpc21D '521 lnS l

1h21 Mpc
D , ~14!

where we have assumed that the size of the univers
3000h21 Mpc at the present day and hence we can comp
parametrically the fields as a function of the comoving
scale during inflation.

The spectrum of primordial density fluctuations genera
by the evolution of this field during inflation can be approx
mated by

dr

r
'

A3

5p

V3/2

V8
'

A3

5p
g2S k2

8p2

1

s
1

1

2
s3D 21

, ~15!

and spectral index, which is now scale dependent, is gi
by

n21'2
V9

V
5S 3s22

k2

4p2

1

s2D . ~16!

Clearly, the spectrum is not totally scale invariant since
field evolves according to Eq.~12! during inflation and in
general the effective spectral index increases as one
proaches the largest scales, but we now have a simple p
metric formula which allows us to compute the initial spe
trum of density fluctuationsPi(k). One might also expec
such models to create a tensor contribution to the CMB fl
tuations on large scales, but this would be proportiona
V1/2 and hence (dT/T)T5O(1)g2, which in the regime un-
der consideration here is much smaller than that due to
lars @41#.

Assuming that these adiabatic perturbations are the o
contribution to the scales probed by COBE, one can use
normalization@42#

5.331024'
V3/2

V U
s5s60

'g2s60S k2

8p2 1
1

2
s60

4 D 21

,

~17!

wheres60 is the value of the inflaton field when the curre
observable universe leaves the horizon during inflati
Therefore, using Eq.~13! one can deduce that

1.731025'
g2

k3/2FsinS 30k

p D G1/2FcosS 30k

p D G3/2

, ~18!

and hence ifk is small, for examplek50.08, then the sym-
metry breaking scale for the strings is given byg/Ak'2.3
31023. If the phase transition which takes place at the e
of inflation leads to the formation of strings, then their ma
per unit length will be

Gm'
g2

8pk
'2.131027. ~19!
04350
is
te

d

n

e

p-
ra-
-

-
o

a-

ly
he

.

d
s

Whereas, ifk is close tokc , for examplek50.15, then one
can deduce thatGm;531026. In both cases the strings ar
around the scale at which they will also contribute subst
tially to the the COBE normalization and clearly they mu
be taken into account. In Sec. III C, we will discuss the im
plications of this for the relative contribution of adiabatic a
string induced perturbations, and hence the computed s
tra. For the moment we will ignore the strings and comp
the spectrum of CMB anisotropies and fluctuations in
CDM, assuming that the adiabatic fluctuations are the o
contribution.

The spectrum of initial fluctuations in this model is not
simple power law, and hence the spectral index is now
function of k, that is, Pi(k)}kn(k). The effective spectra
index is plotted in the cosmologically interesting range ok
for various values ofk in Fig. 1. Fork<0.13, the spectra
index is approximately constant, but for larger values ofk
the spectrum rises sharply on large scales~small k). This
novel feature of the spectrum makes this model particula
interesting from the point of view of this paper since it w
lead to a heavily blue shifted spectrum on very large sca
and such a spectrum is tightly constrained by the obse
tions. However, if the large angle part of the CMB spectru
is created by the strings then it may yet be possible for
model to be viable.

Now that we have derived the power spectrum of init
density fluctuations, it can be incorporated intoCMBFAST in
order to compute the power spectra of CMB anisotropies
matter fluctuations in the CDM which we would obser
today for a given value ofk. The spectra are presented
Fig. 2 for various values ofk and the standard cosmologic

FIG. 1. The effective spectral index as function of the comov
scale during inflation fork50.08 ~solid line!, k50.1 ~dotted line!,
k50.12 ~short dashed line!, k50.13 ~long dashed line!, k50.14
~dot-short dashed line!, andk50.15 ~dot-long dashed line!.
1-5
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FIG. 2. On the left the angular power spectrum of CMB anisotropies and on the right the power spectrum of fluctuations in the C
the Linde-Riotto model without a string induced component, using the standard cosmological parameters andk50.08 ~solid line!, k50.1
~dotted line!, k50.12 ~short dashed line!, k50.13 ~long dashed line!, k50.14 ~dot-short dashed line!, andk50.15 ~dot-long dashed line!.
In both cases the current observational data points are also included to guide the eye. Notice that the CMB anisotropies fork50.15 are
wildly at odds with the observations at all scales and that even the models with smaller values ofk are clearly at odds with the amplitud
and shape of the observed matter power spectrum.
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parameters,1 and the corresponding values ofs8 are tabu-
lated in Table I. Ifk is small~for example,k'0.08) then the
initial fluctuations are almost scale invariant and the res
are essentially just those for standard CDM, but ask in-
creases the spectrum develops a tilt toward smaller sc
this being most graphically illustrated by the extreme case
k50.15 where there are almost exactly 60e-foldings of in-
flation. When compared to the current observations@43–45#,
it is clear, just by inspection, that as they stand the mod
with larger values ofk would be ruled out by the observa
tions of the CMB and galaxy correlations on small scales

C. String models

We have chosen strings as an example of topological
fects produced at the end of inflation due to the well est
lished property@46–49# that they evolve toward a self
similar scaling regime, in which the large scale properties
the network are described by a single scale and the den
remains constant relative to the horizon. It is this prope
which makes them a possible source of an almost scale
variant spectrum of density perturbations across a wide ra
of scales, and hence a realistic model for structure format
We could, of course, have used other topological de

1The standard cosmological parameters used here and throug
this paper, unless stated otherwise, are a universe comprizin
95% CDM and 5% baryons, with three massless neutrinos
Hubble constantH0550 km s21 Mpc21 and the standard recomb
nation history.
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models, for example, the global defect models used in R
@8# and the qualitative predictions would be very similar. W
should note that in doing this we have made the assump
that the initial distribution of strings is such that the netwo
can achieve a scaling regime before the cosmologically
teresting scales come inside the horizon. We have alre
pointed out that if a substantial period of inflation were
take place after the phase transition, then the strings wo
become diluted possibly radically altering the standard p
ture of string evolution. But, so long as inflation ends quick
enough, which is usually possible by tuning parameters,
dilution can be reversed before the cosmologically intere
ing epoch, just before the time of radiation-matter equali

The particular model we will use to describe the tw
point correlation functions of the strings is that which w
developed in Refs.@50,9,10#, where the string network is
modeled as an ensemble of straight segments each with
jh, whereh is the conformal time, and a random veloci
chosen from a Gaussian distribution which has zero m
and variancev. The scaling regime is usually achieved b
the production of loops and subsequent emission of radia
into the preferred channel, usually assumed to be grav

out
of
a

TABLE I. The computed values ofs8 for the Linde-Riotto
model of inflation using the standard cosmological parameters,
a varying the parameterk. Note that we have not included th
possible effect of strings at this stage.

k 0.08 0.10 0.12 0.13 0.14 0.15

s8 1.26 1.37 1.61 1.85 2.39 4.04
1-6
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COSMIC STRUCTURE FORMATION IN HYBRID . . . PHYSICAL REVIEW D61 043501
FIG. 3. On the left the angular power spectrum of CMB anisotropies and on the right the power spectrum of fluctuations in the C
the standard scaling source~dotted line! and the standard string model~solid line!. In both cases the standard cosmological parameters h
been used. The current observational data points and the equivalent spectra for the standard CDM scenario~short dashed line! are also
included as a guide to the eye.
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tional radiation. As a first approximation this can be a
counted for by removing string segments at a rate wh
exactly maintains scaling. The results of using this appro
mation, which we shall call the standard scaling source,
presented in Fig. 3 along with some data points which r
resent the observations. The main qualitative features of
model are the apparent absence of any kind of Doppler p
in the CMB anisotropies and a matter power spectrum wh
on large scales ('100h21 Mpc) appears to require a bias o
around 5 and the computed value ofs8'0.31.

In order to model a network of strings more realistica
one can do two things. First, one must attempt to take
account the effects of the matter radiation transition; sca
is a balance between the rate of expansion of the univ
and the efficiency by which the network can lose energy i
loops. During the transition era, that is, 0.1heq,h
,100heq, whereheq is the conformal time of equal matte
radiation, the expansion rate is relaxing from the radiat
era, where the scale factor is proportional toh, to the matter
era, where it is proportional toh2. Clearly, the nature of the
scaling changes during this time and it has been sugge
@23# that the change in the density of strings observed in
two different eras can be modeled using the velocity dep
dent one-scale model. This model treats the two parame
j and v, used in construction of the two point functions
being dependent on the conformal time, allowing one
compute the rate at which the density changes.

Another aspect of string evolution which is not describ
by this simple model is the effect of small-scale structure
high resolution simulations@47–49#, it was found that small-
scale structure built up close to the resolution of the simu
tion due to the copious production of loops on these sca
Although in reality this will be stabilized by radiation back
04350
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reaction, some structure will remain effectively renormal
ing the mass per unit length of these string segments to
m̃'2m, wherem is the ‘‘bare’’ mass per unit length. For
mally, this can be done by using a transonic equation of s
for the string@52#, that is, treating the strings as having
more complicated equation of state, rather than the us
Nambu-Goto one, where the energy per unit length and
tension are equal. In Minkowski space, the energy mom
tum tensor for a general string is

Tmn~x!5E dsd4
„x2X~s,t !…@UẊmẊn2TXm8 Xn8#,

~20!

whereXm(s,t) are the spacetime coordinates of the string
time t parametrized bys, some arbitrary coordinate alon
the string,U is the energy density of the string, andT is its
tension. For the special case of a Nambu-Goto string
equation of state isT5U5m, but for the transonic case
under discussion hereTU5m2 and, therefore, ifU5m̃
'2m thenT/U'1/4. By making this simple modification to
the original model, one can incorporate some of the effe
of small-scale structure. In particular, these modificatio
can lead to an enhanced peak structure due to the effec
an enhanced Newtonian potential@51#. A detailed investiga-
tion of these effects is the subject of work in progress.

Using the modifications described above, we have co
puted the spectra of CMB anisotropies and fluctuations in
CDM for the standard set of cosmological parameters
the results are also presented in Fig. 3. The main qualita
features of this model, which we will call the standard stri
model, are a slightly titled spectrum of CMB anisotropi
which rises to a single broad peak aroundl 54002600 with
1-7
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FIG. 4. On the left the angular power spectrum of CMB anisotropies and on the right the power spectrum of fluctuations in the C
the standard CDM scenario mixed with standard scaling source using a ratio ofa51.0 ~solid line!, a50.75~short dashed line!, a50.5 ~long
dashed line!, a50.25 ~short dash-dotted line!, anda50.0 ~dotted line!.
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no secondary oscillations, and a matter power spect
which appears to match the observation extremely ba
both in amplitude and shape.2 The computed value fors8
'0.42—reasonably close to the measured value—and
for Gm̃'2.031026, which implies thatGm'1.031026

once small-scale structure is taken into account. This is w
within the constraint imposed by the absence of timing
siduals in the observations of millisecond pulsars@53#.

We should emphasize that the predictions of these
simple assumptions are not definitive. They appear to h
very similar predictions on large scales, but their predictio
on smaller scales are very different, for example, very d
ferent values ofs8. At this stage it seems sensible to co
sider the implications of both models and hopefully futu
work will enable us to pin down the predictions of the
scenarios more fully.

III. COMBINING THE SPECTRA
AND ITS OBSERVATIONAL CONSEQUENCES

A. Combination by a weighted average

At first sight it may appear that combining the effects
adiabatic fluctuations created by inflation and those crea
actively by topological defects is a highly non-trivial tas
and indeed if, for example, one were trying to create CM
sky maps by considering the evolution of each mode
would be. However, computations are simplified consid
ably by the fact that, at this stage, we are only trying

2Both of these deficiencies can be rectified by the inclusion o
cosmological constant withVL'0.720.8 ~see, for example, Ref
@15#!.
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compute the power spectra. Since each of the two source
uncorrelated—one happening during the inflationary ep
and the other after—one can simply add the correctly n
malized spectra together.

The only subtle aspect is to normalize each of the t
contributions so that the sum is normalized relative
COBE. If one assumes, for the moment, that the normal
tion of each of the components is arbitrary and to be co
puted from the observations, one can add the spectra as

Cl
tot5aCl

adia1~12a!Cl
str,

Ptot~k!5aPadia~k!1~12a!Pstr~k!, ~21!

where 0<a<1 is an arbitrary constant defining the relativ
normalization,Cl

adia and Padia(k) are the spectra from adia
batic perturbations individually normalized to COBE, an
Cl

str and Pstr(k) are those for strings. In a specific high e
ergy physics motivated model, for example, the one d
cussed in Sec. II B, the relative normalization of the tw
components will be fixed by the parameters of the mod
effectively fixing the value ofa.

As a simple illustration of how to use this prescription f
combining the spectra, we have computed the angular po
spectrum of CMB anisotropies and the power spectrum
the matter fluctuations in the CDM for the standard CD
scenario combined with both the standard scaling source~re-
sults presented in Fig. 4! and the standard string model~Fig.
5!, for a51.0, 0.75, 0.5, 0.25, and 0.0. These figures illu
trate the generic qualitative behavior that one might expec
these mixed perturbation scenarios.

The value ofs8 can be computed fromP(k) via the for-
mula

a

1-8
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FIG. 5. On the left the angular power spectrum of CMB anisotropies and on the right the power spectrum of fluctuations in the C
the standard CDM scenario mixed with standard string source using a ratio ofa51.0 ~solid line!, a50.75~short dashed line!, a50.5 ~long
dashed line!, a50.25 ~short dash-dotted line!, anda50.0 ~dotted line!.
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k
k3P~k!uW~8kh21 Mpc!u2, ~22!

where the window functionW(x), given byW(x)53(sinx
2xcosx)/x3. Hence, its value in these mixed perturbati
scenarios is given by

s8
25a~s8

adia!21~12a!~s8
str!2, ~23!

wheres8
adia ands8

str are the COBE normalized values for th
individual components. Therefore, we see that the value
s8 add in quadrature weighted by the factorsa and 12a. If
one of the computed values for the individual component
below the observed value and the other is above, then
possible to choosea so that the mixture gives the observe
value,s8'0.6. For the combination of standard CDM an
the standard scaling source, we find that the value oa
which does this isa'0.20, whereas for the standard strin
modela'0.15. Both these values are low reflecting the f
that on small scales the strings dominate, and hence on
larger scales where the strings appear to be deficient,
appealing aspects of the adiabatic perturbations are lost
shall see in the next section that this is a robust feature
models using the standard cosmological parameters.

B. General hybrid inflation models combined with strings

In this section we will discuss qualitatively the observ
tional consequences of allowing for a string induced com
nent to the CMB anisotropies and the fluctuations in
CDM, in addition to an adiabatic component which is a
sumed to come from inflation. Our treatment is totally ge
eral, applying to any inflationary scenario, but specifica
we have in mind the GUT scale hybrid inflation scena
04350
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discussed in Sec. II A. We will allow for the moment for th
ratio of the two components to be arbitrary and for the sp
tral index to vary in the range 0.7,n,1.3. From the obser-
vational point of view, we will start conservatively with
simple tests which compare the amplitude of fluctuations
the CMB and the matter distribution, before discussing
shape of the observed power spectrum. Initially, we will co
centrate on a universe with critical matter density with
matter content which is comprized only of CDM and bar
ons. We will see that even with the extra string induc
component under discussion here it is difficult to fit all t
data without relaxing either of these assumptions.

The COBE normalized spectra of the CMB and CDM f
adiabatic component are presented in Fig. 6 for a range
values ofn, and clearly none of the models does particula
well with respect to all the observations. The models w
low n'0.8 give a good fit to the observed matter pow
spectrum, assuming no bias, while giving an apparently p
fit to the observations of the anisotropy in the CMB on sm
angular scales. For larger values ofn'1.2, the situation is
reversed with the fit to the matter power spectrum requir
some kind of scale dependent bias, while at least on sma
angular scales the comparison with the measurements o
CMB is much better, although we note that the large an
spectrum is only marginally compatible with the spectrum
anisotropies detected by COBE. It is this rather unsatisf
tory situation, which leads joint analyses of the two differe
types of measurements to conclude that the best fit to
data is given by something close ton51.

Probably the most stringent and robust constraint on
model for structure formation comes from comparing t
magnitude of the CMB anisotropies detected by COBE w
the amplitude of the measured matter fluctuations
8h21 Mpc, s8. Assuming that we can estimate the observ
1-9
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FIG. 6. On the left the angular power spectrum of CMB anisotropies and on the right the power spectrum of the fluctuations in t
for models with the spectral indexn varying between 0.7 and 1.3.n50.7 ~dotted line!, n50.8 ~short dashed line!, n50.9 ~long dashed line!,
n51.0 ~solid line!, n51.1 ~dot-short dashed line!, n51.2 ~dot-long dashed line!, n51.3 ~short dash-long dashed line!. At this stage no string
induced component has been included.
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value of s8 in the underlying matter distribution, withou
recourse to bias or anti-biasing, then it is possible to rule
a large class of models. In particular, as we have alre
discussed this test would rule out the standard CDM s
nario, unless an exotic anti-biasing mechanism was at w

We will assume, from the point of view of this exercis
the observed value ofs850.6 and we will attempt to con
struct COBE normalized models which can fit this valu
This can be done simply by computinga using Eq.~23! for
given values ofs8

adiaands8
str. The computed values ofa are

given in Table II for both the standard scaling and stri
scenarios, and the resulting CDM power spectra are
sented in Fig. 7. We see that, in both cases, the spectru
dominated by the adiabatic component on large scales an

TABLE II. The computed values ofs8 for pure adiabatic mod-
els using the standard cosmological parameters, and a varying
tral index n. Included also are the values of the ratioa of the
adiabatic and string induced components, if a such a model i
give the observed value ofs8'0.6 in a critical density universe
The valuea1 is the ratio when the string induced component is t
of the standard scaling source, that is,s8

str'0.31, anda2 is that for
the standard string source, that is,s8

str'0.42.

n s8
adia a1 a2

0.7 0.62 0.92 0.88
0.8 0.77 0.53 0.44
0.9 0.95 0.33 0.25
1.0 1.18 0.20 0.15
1.1 1.47 0.13 0.09
1.2 1.82 0.08 0.06
1.3 2.25 0.05 0.04
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the string induced component on small scales, with the tr
sition taking place aroundk'0.2h Mpc21. While the ampli-
tude ofs8 is fitted exactly, the shape of mixed power spec
does not correspond to that which is observed. One co
argue that the observations on large scales are much
certain than the amplitude ofs8 and that such models wil
only be ruled out once more accurate data is available
scales greater than around 20h21 Mpc. We should note tha
there is an interesting qualitative difference between us
the standard scaling source and the standard string sourc
small scales, we shall discuss this phenomenon furthe
Sec. III D.

It appears that it is not possible to fit the exact shape
the observed power spectrum by just varying the spec
index in a universe with the standard cosmological para
eters. A better fit to the current observations may be achie
by varying the cosmological parameters namely the Hub
constanth the number of massive neutrinosNn , and the
contributions to the cosmological density from CDMVc ,
hot dark matter~HDM! such as neutrinosVn , the baryonic
matterVb , and the vacuum energy in the form of a cosm
logical constantVL . A recent analysis of pure adiabat
models@35# varying these parameters suggests that the m
els whose parameters are tabulated in Table III along w
the computed values ofs8 ~included also is the standard co
mark matter scenario! give the best fit to the current obse
vations. The anisotropies in the CMB and the fluctuations
the CDM are plotted in Fig. 8. Note that models B, C, D, a
E all fit the shape of the observed matter power spectr
very much in contrast to model A, but that in models B a
D anti-biasing, that is, a bias of less than one~in fact,
bCHDM'0.85 andbLCDM'0.7), is required to reconcile th
amplitude of the spectrum with that of the observations~in

ec-

to

t
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FIG. 7. Mixed perturbation scenarios which require no bias to fit the observed value ofs8 with n varying between 0.7 and 1.3 for th
adiabatic component. On the left the defect component is that of the standard scaling source and on the right it is that of the stand
source. The curves are labeled as in Fig. 6.
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Refs.@44,45#, the bias of IRAS galaxies was assumed to
one which means that they are good tracers of the underl
mass distribution. This may not necessarily be true!.

We have already discussed the inclusion of a string
duced component to model A, and models C and E appea
fit the data extremely well without any modifications, but t
anti-biasing required for models B and D to fit the data co
be perceived as a problem for such scenarios. However
inclusion of a defect induced component~from either the
standard scaling source or the standard string source! with
the correct amplitude,a50.7 for model B anda50.5 for
model D, has exactly the desired effect on large scales
shown in Fig. 9.

In summary, therefore, the introduction of this extra d
gree of freedom allows us to fix exactly the amplitude ofs8,
relaxing any constraint onn from the simple test of compar
ing the amplitude of CMB anisotropies withs8, but this is at
the expense of having too little power on large scales. In f
if one only uses this simple test, there is probably very lit
constraint on the initial power spectrum on large sca
since the strings can account for the CMB anisotropies
served by COBE. However, if one allows for a small co

TABLE III. The cosmological parameters of the models who
CMB anisotropies and CDM fluctuations are plotted in Fig. 8.

Model Description Vc Vb Vn VL h n Nn s8

A SCDM 0.95 0.05 0.00 0.00 0.5 1.0 0 1.1
B CHDM 0.70 0.10 0.20 0.00 0.5 1.0 1 0.8
C TCDM 0.90 0.10 0.00 0.00 0.5 0.8 0 0.6
D LCDM 0.45 0.05 0.00 0.50 0.6 1.0 0 1.0
E hCDM 0.95 0.05 0.00 0.00 0.3 1.0 0 0.6
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ponent of HDM or a non-zero cosmological constant, the
is possible to fit all the observational data without the need
postulate any kind of bias between the observations and
computed CDM power spectrum. It is also worth noting th
each of these mixed scenarios does much better on l
scales than the string induced spectrum by itself, mildly
lieving the so called ‘‘b100 problem’’ @9,10#. We will discuss
the important features of the CMB power spectrum induc
in these models in Sec. III E.

C. Observational aspects of the Linde-Riotto model

We will now turn our attention to the specifi
supergravity-inspired model of inflation discussed in S
II B. There, it was shown that fork small the predictions
were very similar to that of a model with scale-free spe
trum, but that for larger values ofk,kc more exotic initial
spectra were possible. We also noted that for generic s
metry breaking schemes the model would lead to the prod
tion of cosmic strings whose mass per unit length would
large enough for them to have a substantial effect on cos
structure formation. If one considers these models as ca
dates for the mixed perturbation scenarios parametrized
the relative normalizationa, then the normalization of the
strings will be given by

Gm

131026
'A12a, ~24!

and the normalization of the adiabatic perturbations requ
that

1.731025Aa'
g2

k3/2FsinS 30k

p D G1/2FcosS 30k

p D G3/2

. ~25!
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FIG. 8. On the left the angular power spectrum of CMB anisotropies and on the right the power spectrum of fluctuations in the C
the best fit CDM type models whose parameters are tabulated in Table III. These models are designed to fit the shape of the obse
spectrum, but note that some of the models~B and D! require anti-biasing to fit the amplitude.~A, solid line! SCDM, ~B, dot-short dash line!
CHDM, ~C, long dashed line! TCDM, ~D, dotted line! LCDM and~E, short dashed line! hCDM. In both cases the current observational d
points are also included to guide the eye.
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The value ofGm can be computed in terms ofg andk and
therefore one can use Eq.~24! to eliminateg, to give a in
terms ofk,

a215110.36kFsinS 30k

p D cos3S 30k

p D G21

. ~26!

This function can be approximated in both the limit ofk
small, in which casea'1, andk'kc wherea'0. In these
two limiting cases one or the other of the two sources do
nates, but in the more general case any relative normaliza
of the two components is possible. The precise funct
a(k) is plotted in the range 0,k,kc in Fig. 10 and it is
tabulated for various values ofk in Table IV along with the
values ofGm, g, ands8 for the mixed scenario. Notice tha
all the values ofg, which can be computed by using th
energy unitsE5Mp /A8p52.431018 GeV, lie in the sen-
sible range of 1.931015 GeV for k50.08 and 4.6
31016 GeV for k50.15, and that the corresponding valu
of Gm are even more favorable relative to the constra
from millisecond pulsars@53#.

Using this relative normalization and the standard str
source model for the defect induced component, we h
computed the CMB anisotropies and fluctuations in
CDM for the same values ofk used in Fig. 2 and the prop
erly normalized results are presented in Fig. 11. Notice
the models with large values ofk ~for example,k50.15),
which were wildly at odds with the observations without t
inclusion of the string induced components, appear to h
much more acceptable spectra, with all the computed va
of s8 being around 1. Of course the shape of the spectrum
not quite correct, a feature which is common to most sens
04350
i-
on
n

t

g
e

e

at

e
es
is
le

FIG. 9. The power spectrum of the fluctuations in the CDM f
models B and D, with a string induced component computed us
the standard scaling source~dot-short dashed line and short dash
line, respectively! and the standard string source~long-dashed line
and dotted line, respectively!. For model B,a50.7–70% adiabatic
fluctuations and 30% from strings, while for model D
a50.5–equal proportions of adiabatic and string induced fluct
tions. It is clear that each of these models fits the observations
well in the linear regime,k,0.2h Mpc21, without the need for
bias.
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COSMIC STRUCTURE FORMATION IN HYBRID . . . PHYSICAL REVIEW D61 043501
critical density CDM models — although, see models C a
E from Sec. III B — but it is possible to rectify this situatio
by the inclusion of a small HDM component or a non-ze
cosmological constant. Figure 12 shows the same mo
using the standard cosmological parameters except tha
one we have replaced some of the CDM with HDM (Vn

50.3 andNn51) and in the other it has been replaced by
non-zero cosmological constant (VL50.6). These are the
kind of modifications to the cosmological parameters wh
are well known to achieve a better fit to the data. Howev
in the particular case of this inflationary model which gene
cally induces a blue initial spectrum, the amount of HDM
cosmological constant required to achieve a good fit
slightly larger than in the scale free case. We find that
best fit for these models is achieved for the CHDM mo
with k50.14 and for the CDM with a cosmological consta
(LCDM) it is k50.13. It is interesting to note that, withou

FIG. 10. The relative normalization of the adiabatic and str
induced componentsa in the Linde and Riotto model plotted as
function of the model parameterk. The case ofa'1 corresponds
to most of the fluctuations being adiabatic, anda'0 corresponds to
most of them being induced by strings.

TABLE IV. The relative contribution from adiabatic and strin
induced fluctuationsa as a function ofk for the Linde-Riotto
model. Also included are the corresponding values ofGm and g
and the value ofs8 using a mixed perturbation scenario with th
computed value ofa.

k a Gm g s8

0.08 0.90 3.231027 8.031024 1.20
0.10 0.81 4.431027 1.131023 1.25
0.12 0.60 6.331027 1.431023 1.28
0.13 0.41 7.731027 1.631023 1.23
0.14 0.19 9.031027 1.831023 1.11
0.15 0.05 9.731027 1.931023 0.99
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the string induced component, these models would clearly
at odds with the observations, requiring substantial a
biasing to be compatible with the observed matter pow
spectrum and not having anything close to a flat CMB pow
spectrum on small scales.

D. Novel features in matter power spectrum on small scales

So far the discussion of these mixed perturbation s
narios has focused on the linear part of the power spect
(k,0.2h Mpc21) and the fixing the value ofs8. In this sec-
tion, we will focus our attention on the behavior of the pow
spectrum on small scales when a defect component is
cluded. Investigating these small scales is fraught with co
plications since the power spectrum will be affected by no
linearity, but methods exist to use the linear spectra that
have computed in the previous sections without resorting
numerical N-body simulations. These methods have been
tensively tested using numerical codes for adiabatic mod
and we shall assume that one can also use them in the ca
active fluctuations created by defect networks.

The basic feature that we will use is that the linear pow
spectra created by defects has much more small scale p
than an adiabatic model with the same cosmological par
eters. The basic reason for this being that the power spec
of the strings falls off very slowly inside the horizon, that i
^Q00(k,h)Q00* (k,h)&}k22, whereas the adiabatic perturb
tions are created at horizon crossing with a sharp tail. Hen
there will be a feature in the power spectrum at some sc
which marks the transition from the spectrum being dom
nated by adiabatic perturbations to string induced pertur
tions being dominant. Schematically it can be thought of a
kink in the spectrum, although as one can see from all
figures presented to date for these mixed scenarios it is o
difficult to see it clearly with the naked eye. Formally, th
corresponds to a change in the fall off of the spectrum
small scales.

We will just illustrate this effect first using the gener
models which were shown to fit the linear data well in Se
III B, although this feature also manifests itself in the conte
of the Linde-Riotto model in almost exactly the same wa
Figure 13 shows models B and D witha50.7 anda50.5,
respectively, as in Fig. 9, but with the adiabatic compon
and string induced component superposed. Clearly,
mixed spectra deviate significantly from the adiabatic on
on very small scalesk'1h Mpc21, although in the case o
model D there is an even noticeable difference on mu
larger scales aroundk'0.1h Mpc21.

Recently, there have been two pieces of observational
dence which might plausibly point to features similar
these in the linear power spectrum. Although it it not tota
clear whether these features are artifacts of analysis t
niques, it is interesting to broaden the theoretical possibili
under consideration. First, it has been reported that there
ists just such a feature in the observed power spectrum@29–
31#, once the effects of non-linearity have been removed
these works the authors attempted to explain this featur
being due to complex biasing processes, since no sim
CDM variant model appeared to be able to fit the data w
1-13
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FIG. 11. The same quantities and models as in Fig. 2 except that we have included a string induced component~the standard string sourc
only! with the relative normalization given in Table IV for each value ofk.
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just a linear bias. However, here we see that such a fea
naturally occurs in these mixed perturbation scenarios wh
require no bias at all to agree with the observations. We
again assuming that the correct bias of the IRAS galaxie
one. Although this may not necessarily be the case, it d
not effect our argument since at the moment we are allow
the relative normalization of the two components to be a
trary, giving us the freedom to move the large-scale port
of the spectrum up and down. Of course, changing this r
tive normalization will modify the point at which the
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string induced component begins to dominate.
The second piece of observational evidence which mi

support these kinds of features on small scales is the num
of damped Lyman-a systems which are observed at hig
redshifts (z'4). These measurements effectively corr
spond to an estimate of the same quantity ass8, but on much
smaller scales. It has been shown that it is difficult to expl
the observed amplitude in the context of models such
CHDM ~also in TCDM! which fit observations on the large
scales since they produce too little power on small-sca
as
led out.
FIG. 12. On the left the CDM power spectrum for the Linde-Riotto model with a string induced component included forVn50.3 and
Nn51, and on the right forVL50.6. The curves are labeled as in Figs. 2 and 11. On the leftk50.14 appears to give the best fit where
on the rightk50.13 is the best. Note that without the inclusion of the string induced component each of these models would be ru
1-14
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FIG. 13. The same spectra as in Fig. 9. On the left model B with a string induced component and relative normalization ofa50.7, and
on the right model D with a relative normalization ofa50.5. The spectra are presented over a much wider range of wave number
before, and the solid line corresponds to the mixed scenario with the dotted line just the adiabatic component and the dashed line
is induced by strings. In the case of model D the mixed spectrum deviates significantly from the adiabatic one aroundk'0.5h Mpc21 and
even aroundk'0.1h Mpc21 there are noticeable effects. Whereas for model B significant deviation from the adiabatic spectrum o
smaller scales, aroundk'2h Mpc21.
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~see, for example, Ref.@54# and references therein!. Con-
versely, models such as SCDM which appear to be at o
with the observations on large scales fair much better. H
we see a simple modification to the model—the inclusion
a defect induced component—which creates more powe
smaller scales. The extent to which this can improve
situation for these measurements will be discussed in ano
publication@55#, although it seems clear that given the fre
dom that we have in these scenarios, it should be possib
fit the data for at least some values of the parameters. It
be that the inclusion of a string induced component can
count for the other observations of early structure format
in models which otherwise create too little power.

We should note that both these observational features
heavily on our ability to continue the power spectrum in
the non-linear regime. The comparison with the observati
in this regime is much more complicated and less quan
tive significance should be attached to these points than
comparison with measurements in the non-linear regi
Nonetheless, they serve as an illustration of the kind of f
tures which these mixed scenarios have. Assuming that
issue of bias can be understood, future redshift surv
~SDSS and 2Df! should be able to make accurate predictio
for the power spectrum of the fluctuations in the CDM a
hence it will be possible to shed more light on the possi
existence of kinks in the power spectrum. In the meantim
seems sensible to investigate further any scenario w
naturally has such features.

E. Distinctive signatures in the CMB
and ruling out mixed scenarios

In the previous sections we have concentrated on the
sequences of these mixed perturbation scenarios for the
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mation of structure, only using the large-angle measurem
of the CMB anisotropies to normalize the CDM power spe
trum. While the measurements of the CDM power spectr
are relatively extensive from various redshift surveys,
comparison to the computed spectra is always clouded
issues such as bias. Therefore, more clean tests of the
mological models are required and the measurements o
anisotropies in the CMB on small angular scales should p
vide more accurate data, free of systematic uncertainties s
as bias. The amount of data amassing on smaller ang
scales is already substantial and future satellite missions
as Map and Planck should take the study of CMB aniso
pies to a new dimension. Therefore, it seems sensible to
cuss these possibilities, particularly since we will see t
these mixed perturbation scenarios have a very distinc
signature.

The first thing to be aware of in this context is that t
spectra for adiabatic models and the active source mo
under consideration here are very different. The adiab
spectra generically have oscillations, whereas the ac
spectra appear not to have these striking features, having
a single rise. Clearly, the superposition of these spectra
have very distinctive features dependent on which of the
components is dominant. The other feature that is very
ferent between the two different types of models is the po
tions of the maxima in the spectrum. The SCDM model h
its maxima aroundl '200, and all the other flat model
have maxima around the same place, but the standard sc
source model does not appear to have an obvious peak i
spectrum and the standard string models have a peak at m
smaller scales aroundl '500.
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FIG. 14. On the left the CMB anisotropies for the models whose CDM power spectra are presented in Fig. 9. The curves are l
the same way as before. On the right are the CMB anisotropies for the Linde-Riotto models which which fit the CDM power spec
The dotted line hask50.13 andVL50.6, and the long dashed line hask50.14, Vn50.3, andNn51.
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During the earlier discussions we have illustrated the
fects of combining the two types of spectra for very simp
cases and it is clear from this that a wide variety of pheno
ena are possible. To illustrate some of the more impor
points we have selected the models whose CDM power s
tra are presented in Fig. 9 and the Linde-Riotto mod
which appear to give the best fit to the observations of gal
clustering by eye from Fig. 12. The CMB anisotropies
these models are presented in Fig. 14.

In the general models, which have a scale free ini
spectrum and an arbitrary normalization of the two contrib
tions, the spectra appear to be dominated by the adiab
fluctuations when the normalization is chosen to give a b
of one relative to IRAS galaxies. When the defect induc
component is that of the standard scaling source, then
strings only really contribute on large scales, bringing do
the adiabatic component on small scales. Whereas if one
the standard string source, the opposite is true and
smaller scales (l .400) are boosted relative to models wi
just the adiabatic component. Of course the first adiab
peak aroundl '200 is always suppressed, since both
defect models are relatively low there. It is also interesting
note the behavior of the relative amplitudes of the pe
since in a purely adiabatic model the modulation of the pe
due to baryon drag has been suggested as a test of adia
fluctuations@56,57#. Here, we see that the defect compone
acting as a small background can change the relative s
for a particular model, which could create confusion wh
applying this test.

In the models which give the best fit to the data for t
Linde-Riotto inflation model, that is, a CHDM model wit
Vn50.3, Nn51 and k50.14 and aLCDM model with
VL50.6 andk50.13, the CMB anisotropies are dominat
by the string induced component on large scales and he
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have a much smaller values ofa. This leads to qualitatively
different behavior on smaller scales. The oscillations in
adiabatic component now manifest themselves as und
tions on the string induced background, a characteristic
ture of these oscillations being the small ratio of the peak
trough height.

It is interesting that we can find models which illustra
both extremes: oscillations modulated by a small backgro
and undulations on a non-oscillatory background. Since
have argued in this paper that none of these possibilities
be ruled out just by purely theoretical arguments, this b
the question how can we rule out or constrain these mi
scenarios. The obvious answer would be to include the
rametera into any analysis of the CMB data. If we assum
on the basis of the observations of CDM fluctuations
large scales, that at least some of the fluctuations are a
batic, then it would be interesting to see how close to onea
is. Therefore, it would be an interesting exercise to inve
gate the potential sensitive of the forthcoming satellite m
sions to this, and since we have already commented
under some circumstances the inclusion of a defect ba
ground can mimic the effects of other cosmological para
eters, it appears to be likely that this will introduce yet fu
ther degeneracies in the cosmological parameters, w
would need to be broken by other measurements.

Although the power spectra that we have discussed ex
sively in this paper are likely to be most well studied aspe
of the future datasets, probably the most characteristic sig
ture of any kind of topological defect is non-Gaussiani
Clearly, the inclusion of an adiabatic component to t
power spectrum will make the detection of any kind of no
Gaussianity more difficult, since it will lead to a Gaussi
background which would need to be removed before the
for non-Gaussianity is performed. This will no doubt requ
1-16
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COSMIC STRUCTURE FORMATION IN HYBRID . . . PHYSICAL REVIEW D61 043501
more sophisticated and robust tests than are available a
moment, but if these mixed perturbation models are see
be consistent with future data, then the most compelling
gument for their validity over pure adiabatic models, will b
the detection of these non-Gaussian signatures.

IV. DISCUSSION AND CONCLUSIONS

In this paper we have justified the consideration of mod
which have two components to the primordial fluctuatio
one created by quantum fluctuations during inflation and
other due to a network of evolving topological defects.
places the treatment is totally general, but we have in m
the idea that the production of defects takes place at the
of inflation. We have considered general inflationary mod
with a constant spectral index and also a specific mo
based on supergravity which has some very interesting p
erties, including a spectral index which varies with scale

In the general case, the inclusion of the string compon
has some consequences which are similar to those of a te
component in the CMB anisotropies. In that case the inc
sion of an extra component in the CMB allows the mat
power spectrum to be pushed down and hence the value
s8 reduced. However, such models also have problems
large scale power: the SCDM scenario has just about
right amount of power on large scales, but if the spectrum
pushed down substantially then this feature will be lo
These mixed perturbation models also have the same p
lem and it appears that it is not possible to simultaneously
the value ofs8 and the shape of the power spectrum on la
scales in a universe in which the CDM has a density clos
critical matter, even with extreme values ofn. It is, nonethe-
less, interesting that such models can be made compa
with the simple test of comparing the amplitude of tempe
ture anisotropies measured by COBE and measuremen
s8.

If one allows for the inclusion of HDM or a non-zer
cosmological constant, pure adiabatic models can be fit
observed CDM power spectrum without the need for the
clusion of a component created by strings. However, s
scenarios require anti-biasing relative to the IRAS galax
which are often assumed to be good tracers of the CDM.
have suggested that this may achieved by the inclusion
string induced component, although it could equally well
achieved by the inclusion of a tensor component to ani
ropy.

The analogy with the inclusion of a tensor component
the anisotropy is not exact, since the strings also contrib
to the matter power spectra, albeit at a very low level
large scales. However, on small scales this can have s
interesting effects, in particular kinks in the power spectr
and substantial increases in power on very small sca
There is some preliminary evidence that such features
exist and the future large scale redshift surveys, such
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SDSS and 2Df, will hopefully be able to pin this down mo
accurately. One interesting consequence of the very diffe
behavior of the spectrum on small scales might be that
number of high redshift objects, such as damped Lymaa
systems, might be increased in scenarios such as CH
which underproduce such systems in the pure adiabatic li

In the case of the Linde-Riotto model we saw that if ju
adiabatic fluctuations were included then the power spe
were wildy at odds with the observations. However, wh
the string induced component is included the power spe
are much more acceptable, although the inclusion of eit
HDM or non-zero cosmological constant is necessary
make the shape of the spectrum exactly fit the data.

In whatever inflationary model one considers, these mix
perturbation scenarios have distinct signatures in the CM
If the adiabatic perturbations dominate, as would have to
the case for a single constant spectral index, the inclusio
a defect component would lead to the modulation of the p
structure, mimicking the effects of baryon drag. While in t
models such as that proposed by Linde and Riotto, one fi
that the defect component can dominate the CMB aniso
pies. In this case the adiabatic oscillations manifest the
selves as undulations on the defect spectrum which ot
wise has no oscillations. Finally, we suggested that it i
challenge to the forthcoming satellite experiments to confi
or constrain these kinds of scenarios by takinga as a free
parameter to be computed. Since there is noa priori reason
to believe that these mixed perturbation scenarios can
excluded on any theoretical grounds, such a test would p
vide a useful information on the nature of physics at hi
energies.

Noted added.During the final stages of this work, w
became aware of two other papers which discussed sim
ideas@58,59#. Reference@58# follows up the suggestion@20#
that a substantial string induced component would be cre
in the D-term inflation scenario, while Ref.@59# discusses the
possibility of string formation as a consequence of open
flation scenarios@60#. Both these works reiterate our gener
conclusions, but emphasize different aspects.
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