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Cosmological consequences of string-forming open inflation models
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We present a study of open inflation cosmological scenarios in which cosmic strings form between the two
inflationary epochs. It is shown that in these models, strings are stretched outside the horizon due to the
inflationary expansion, but must necessarily re-enter the horizon before the epoch of equal matter and radiation
densities. We determine the linear power spectrum of cold dark matter perturbations in these hybrid models,
finding good agreement with observations for value$ ef();h~0.3 and comparable contributions from the
active and passive sources to the cosmic microwave background. Finally, we briefly discuss other cosmological
consequences of these mod¢B0556-282199)03712-1

PACS numbg(s): 98.80.Cq, 11.27%:d, 98.65.Dx, 98.70.Vc

[. INTRODUCTION riod is rather short, it does not necessarily follow that they
will be unobservable by the present day. In fact, it will be
Over the last two decades, two paradigms have emergeshown that in these models, strings must necessarily re-enter
as possible explanations for the origin of the cosmologicathe horizon before the epoch of equal matter and radiation
structures seen today. Inflationary modgl§ originally de-  densities. This means that they can still play a crucial cos-
veloped with the aim of solving the horizon and flatnessmological role, namely in the formation of structures in the
problems, were soon seen to generate a spectrum ofniverse. Note that these will therefore be hybrid structure
guantum-mechanical fluctuations with an approximatelyformation models with perturbations being generated by both
scale-invariant(Harrison-Zel'dovich form. On the other active and passive sources.
hand, cosmic stringk2] are topological defects which may  We will start by reviewing the key concepts behind open
have formed at cosmological phase transitions, and sinci@flation in Sec. Il. Following this, we discuss cosmic string
their late-time evolution is scale-invariant, they too can pro-evolution in these model&Sec. 1)) and calculate the corre-
duce a scale-invariant spectrum of perturbations. sponding total cold dark mattdCDM) linear power spec-
These two paradigms are usually considered to be incortrum (Sec. IV). Finally, we briefly discuss other cosmologi-
patible with each other, the argument being roughly that angal consequences of these models and present our
strings formed before or during inflation will be stretched toconclusions. Throughout this paper, we have chosen units
unobservable scales, and any strings formed afterwards widluch that the speed of light is unity=1, and adopted the
be too light to have any cosmological relevar(ee least, conventionH,=100h kmsec ! Mpc 1.
from the point of view of structure formation
Recently, however, theoretical cosmologists have realized
(aided, undoubtedly, by their observational counterga&ls
that inflation does not necessarily produce a critical-density Open inflation models can be roughly described as a pe-
universe, and in fact inflationary models can now be builtriod of old inflation followed by a period of new inflation
that produce any value of), (subject to some model- [4,5]. One starts with a scalar field trapped in false vacuum.
dependent amount of fine-tuningd—6]. In particular, there The potential barrier must be high enough for the corre-
has been recent interest in models where an open universesponding decay rate to be exponentially suppressed. This is
produced as a result of two epochs of inflation, and it hasequired for the universe to expand enough for bubble nucle-
been suggested that in such models, cosmic strings can foration to occur in a smooth de Sitter spacetime background.
between these two epocfi]. Additionally, this ensures that the probability of collision
Here we present a study of the cosmological consebetween two bubbles is small enough for the universe to
guences of these models. Since the second inflationary pesurvive up to the present day.
In these circumstances, the interior of the bubble will be a
homogeneous and isotropic univer$lus solving the hori-
*Electronic address: pedro@astro.up.pt zon problem with negative spatial curvature. Then the infla-
"Electronic address: caldwell@dept.physics.upenn.edu ton starts rolling down the potential, preserving homogeneity
*Also at C.A.U.P., Rua do Campo Alegre 823, 4150 Porto, Por-and isotropy, and as it approaches the true minimum, its
tugal. Electronic address: C.J.A.P.Martins @ damtp.cam.ac.uk  oscillations will reheat the universe and leave it in the usual

II. BASICS OF OPEN INFLATION
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radiation-dominated epoch. The value of the present densitggain in agreement witf4]. As the inflaton approaches its

of the universe will be determined by the duration of thistrue minimum, reheating takes place. We will assume that

second inflationary period, which is in turn determined bythis happens instantaneously, and therefore the universe rap-

the initial value of the inflaton. idly becomes radiation-dominated, with the scale factor
Note that the two periods of inflation m#g] or may not  growing asact*2 By numerically studying equatior(®.2)

[5] be driven by the same scalar field. In the latter case thand (2.3), one can show that the following analytic expres-

first inflationary epoch will be due to a “heavy” inflaton sion provides a reasonably accurate description of the evolu-

with a steep potential barrier, while in the second epoch &on of the scale factor

“light” inflaton rolls in a nearly flat direction orthogonal to ot

that of the original tunnelling. Also, in the latter case we will — for t<t,,
typically have an ensemble of very lar@esut finite) “infla- tpi

tionary islands”[8] rather than an infinite open universe. t; t

While the specific particle-physics details of the two classes a(t)= 4 t—eXF<t— - 1) for t<t<t,
of models will of course be different, their basic cosmologi- Pl ! 1o

cal featuregto be summarized belovare, nevertheless, very iex t 1 1+2t_tr for t.<t<t
similar. Hence, for simplicity we will be concentrating on the L tpl t, t, ' ea
model by Buchegt al. [4] in the remainder of this paper. 2.7

Now, the metric inside the nucleated bubble has the usua,lhe Hubble length has the form

Friedmann-Robertson-WalkéFRW) form
t for t<t;,

ds’= —dt?>+a?(t)[d{?+sint?(£)dQ3], (2.1 H(t)~1=X t for t,<t<t,, (2.9

2(t—t)+t, for t,<t<tyq.
wheredQ3=d#?+ sirf6d¢?. Then the corresponding Fried- . (t=t) ! oo
mann and inflaton equations are These will therefore be used in the remainder of the paper.

2

a 1 aT (1. Ill. STRING FORMATION AND EVOLUTION
22(5 =5t (§¢2+V(¢)), (2.2) : —
ac  3mg, As discussed by Vilenkif7], there are a number of rea-
sonably natural mechanisms that could lead to string forma-
) . 9 tion between the two inflationary epochs. Two simple ex-
¢+3HPp=—— (2.3 amples are the cases where a complex scalar field is coupled

I to the field responsible for the first inflationary epoch or to
spatial curvature. Again we will not be discussing the indi-
vidual details of each possible model, but will instead focus
. on their generic cosmological properties.
V()= N 2.4 The e_volution of the cosmic str_ing_ network _vviII be dg-
nm; 4’ ' scribed in the context of the quantitative analytic model in-
troduced by Martins and Shellaffl] and extended to general
FRW models in by the present authdd]. Here we will
briefly recall the essential features of this approach; the
reader is referred to the above papers for a more detailed

We will take the potential to be of the generic form

but for definiteness, we will generally uge=2 in the fol-
lowing sections. It can be show#d] that for given choices of
n, the temperature of reheatiidenotedr, ; the correspond-

- ; : ; discussion(see alsq11]).

ing time ist,) and the cosmological parametdis, and h, o . : .

the appropriate open inflationary model has an initial value The basic idea is to .desche the Stfmg ne .c.)rk by a small
of the inflaton given by number of macroscopior “averaged”) quantities whose

evolution equations are derived from the microscopic string
fZE(i

2 equations of motion. In the simplest case, there are only two
Mp|

e

. (2.5 such quantities, the energy of a piece of string,

T,(GeV)? )
h2(1— Q)

49.48+ In<

It is fairly straightforward to see that there are two evolu- E=pa(r) J edo (3.1

tion regimes for the above equations. At early times, spatial

curvature will be dominant, so we hasect andQ=0. Then (€ being the coordinate energy per unit length on the string
the second epoch of inflation will set in, and the scale factowvorldsheel, and the string root-mean squareuhs) velocity,

will approximately evolve asaxexpt/t), with Q being defined by

driven to a value very close to unity. The transition between

these two regimes happens at a titpeefined by f Cedo
2_
t, 4172 Vo= . 3.2
——1=1+ =N, (2.6 f edo
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In passing, we point out that this kind of approach has beehorizon, hence, a relatively low densitgnd non-relativistic.
extended to more complicated models, which are suitable falt is intuitively obvious that during inflation, the strings will
describing cosmic strings containing significant small-scaldoe conformally stretched, and indeed the solution of Egs.
structure (“wiggles™ ) [11,12 or superconducting currents (3.3),(3.4) in this case is
[11,13. In the present case, however, the inflationary epoch

will make any such effects less important than in more stan- L(t)ocex;{
dard scenarios, so we will not explicitly consider thémow-

t
t_)’ (3.7

t

ever, see Sec. IV t

Distinguishing between longor “infinite” ) strings and v(t)xeXp( - t_)' (3.9
loops, and knowing that the former should be Brownian, we !
can define the long-string correlation lengthpas= u/L2. A Note that it is only during the second period of inflatigrot
phenomenological term must then be included describing thBeforg that the strings are stretched outside the horizon. This
interchange of energy between long strings and loops—#&ct is crucial for what follows. _ _
“loop chopping efficiency,” denoted and expected to be It is easy to verify using the expressions for t_he e\_/olutlon
slightly smaller than unity. One can then derive the evolutior®f the scale factor and Hubble parameter that if a given co-

equation for the correlation length, which has the form Moving scalel., leaves the Hubble sphere at the time
[9,10] <t,uw<t, and re-enters it at the time;,>t, then I

:(Houtaout)il:(Hinain)7l and

5 ~
VT Pt 2 fou. (33 an 2 N(ﬁ a2 3.9
dt [1-(1-Q)(HL)??) 2 3 agw | &) Bom Tt -

Note that we do not include frictional forces due to particlewhich implies that

scattering on stringE9], since for cosmic strings forming at a a

or around the grand unified theofUT) scale, these are T (3.10

subdominant after reheating. a  Aout

One can also derive an evolution equation for the longye also know that during inflation, the importance of the
string velocity with only a littte more than Newton's second rvature term decreases as

law [9,10] 2
~ Q)= 1~ o1, 52 (3.1
8ma‘Vv ’

& 11— Q)(HL 203
ar A=) HLT =0T while during the radiation era, we have

2 _ 2

1% 3mP| 2

—2Hy| 1- . (349 Q-1~ “a’, (312
[1-(1-Q)(HL)*T?

2
87a“prad

where
herek is another phenomenological parameter of order unity 87py
which specifies the relative importance of curvature and mo- Q)= ETVEa (3.13
mentum in determining the dynamics of the strinds. Me
These quantities are sufficient to describe guantitatively th@ndpy, is the background density. This implies that the value
large-scale properties, a cosmic string network. of ) when the strings leave the horizgm other words,

A simple analysis of the evolution equatio(®&3)—(3.4  when the string correlation length dgesiust be approxi-
reveals the basic features of the evolution of a cosmic stringnately the same to the value of tf¢ when the strings
network in these circumstances. Since we are mainly interre-enter the horizon. Consequently, since they leave during
ested in these strings as possible seeds for structure formtie second inflationary period, when the density is very close
tion, we will assume later on that they are formed at arto critical, we can expect them to re-enter not much later than
epoch such that they have a mass per unit len@fa  the epoch of equal radiation and matter densities. This can be
~10°°. Itis fairly straightforward to generalize these resultsconfirmed as follows.
to other energy scales—see for examf@el1]. Before the From the above discussion, we know that at the start of
second inflationary period starts, we hae=0 and an ap- the radiation era, the strings will have negligible veloctg
proximate solutionimeaning that it would be exact@ was  well as small-scale structurand will continue to be confor-

exactly zerg is [14] mally stretched, so that our averaged quantities now behave
as
1/2
L(t)ect(Int)*, (3.9 L(t)oct? (3.14
v(t)oc(|nt)*l/2_ (3.6 v(t)oct”z. (3.15

Hence, at the onset of the second inflationary epoch, stringdotice the different behavior of the string rms velocity in the
will be fairly straight(having a correlation length close to the present case compared to the usual ‘“stretching regime”
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(where it behaves like «t—see[9,11]). This is because, as ™

we pointed out above, in the present case the effect of the [~ ——  Tolratedby strings 2,05) | |
L. . . . . \\ -—= Required by inflation (Q, =0.5)

frlctlpr_lal force _due to particle scatterlng on strmg_s will be PN | Tole,atedbysmngs@;oj)

negligible. Obviously, these solutions can be confirmed nu- er NN R Reqired by inflation (2,=0.1)

merically (see below.

Now, the crucial observation is that this slow growth of
the correlation length_ relative toH ™! (which is propor-
tional to time in the radiation efameans that strings can
indeed get back inside the horizon in time to play a signifi-
cant role in the formation of structures in the universe. As g
velocity grows, the loop formation term will eventually be-
come important, and the network will “switch” to the stan-
dard linear scaling regime relatively soon after the epoch of .|
re-entry. In principle, one would require that strings should
be back inside the horizon at the epoch of equal matter anc [
radiation densitied,,. However, we note that it is also clear . . .
that some time will be necessary for the network to reach the ° ° " oty ® *
usual linear scaling regimg9] once it is back inside the
horizon. Hence, one sees that this class of models will pro- FIG. 1. The maximum number of e-foldings tolerated by a string
vide a rather natural way of generating “deviations from network (formed at timet shown in the horizontal axisthat is
scaling” nearteq, which have been claimdd5] to be nec-  required to be inside the horizontat and the number of e-foldings
essary to reconcile the cosmic string scenario with observdd an open inflationary model such that the second inflationary pe-
tion. riod starts when the strings form and the present density is 0.5 or

For the moment, we can estimate how much inflation carf-1-
be tolerated by a cosmic string network that is required to

o
o
T

ber of e—foldings
Y
o
T

351

re-enter the horizon befortg,. We require that re-entry will affect the final matter power spectrum in these
a models. Note that even though we assurffed simplicity)
H(teq)71> L(teg) (3.1  that strings were formed dt=t;, our result is completely

general, since even if formed before, strings cannot leave the

to determine the amount of inflation which may occur in thehorizon untilt;. From this plot we can also see thdf,, is
second inflationary epoch. We assume for simplicity that thenuch more sensitive to the cosmological parameters than
correlation length changes instantaneously from the expoN;,; (due to its dependence o). Furthermore, since
nential to the power-law growth laws given above. Also forteq/tp|oc(252, the smaller(},, the more comfortably strings
simplicity, we temporarily consider the case where the secwill get back inside. In other words, the “extreme” case
ond inflationary period starts at the moment when the stringsvhere strings just manage to get back inside the horizon at
form. teq happens for a critical density that is just below unity and

Hence, putting the different growth factors fortogether  for a reheat temperature that is as low as possible. This can
(for each of the epochs of evolutiprit is a simple matter to  be confirmed in Fig. 2, where we have summarized the cos-
show that the maximum number of e-foldindk;, that a mological evolution of some sample string networks.
string network can tolerate in these circumstances is given by

the solution to IV. LARGE SCALE STRUCTURE
1 teq We assume that during the second period of inflation, the
Nsir=7|In 4t_t +In(1+Ngyr) |- (317 following slow-roll conditions are satisfied:
. 1
On the other hand, the number of e-foldings; required for b~ — 3—HV’, 4.1
an open inflation model whose second period of inflation
starts when the strings form to produce a present universe mgl V)2
with a densityQ is 65@(7) <1, (4.2
Nt 40481 | ( 0.301m3, tp,) (LN and
int==|49. N ———— | —In(1+Nj,1) |.
inf 2 hz(l—Qo) t, inf mél V"

These two quantities are plottétbr h=0.7 and two differ-
ent values of(}y) in Fig. 1. This confirms that strings will
necessarily be back inside the horizort@t. Depending on

o i, 8wV

initial conditions, they can actually return many orders of H?~ —-. (4.4
magnitude in time before that. As we will see, the epoch of 3mp

In this case the conditioéb2<v is also verified and then
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2 20 open universes. To do this we take into account that pertur-
bations on the scales of interest to us, thatE0th~* Mpc,
were generated and re-enter the horizon whieis still very
close to unity for any observationally reasonable choice of
Qq. Having established this, it is straightforward to rescale
the spectrum for a flat universe with a zero cosmological
constant in the following way:

-50 -40 -30 -20 -10 0 10
Iog(t/teq)

S(k,h,Q¢)=S(k,1,1)Q3h*g?(Qy), 4.8

s ost|, wherek is in units ofQoh? Mpc™?1, andg(Q,) is given by
o | [18,19
A T E— 4.9
¥ [} IR - . .
Bl @; O 20087+ 1+ Qyl2)
0 -50 -40 -30 -20 -10 0 10 0 -50 -40 -30 lv—20 -10 ”0 10
log(tt,) logitt,)

The factorg({)) gives the suppression of growth of density
FIG. 2. Evolution of GUT-scale string networks in open infla- pe.””rba“of‘s N an open universe relative to that Of. a flat
tion models for the following sets of initial conditionsT, unlyerse Wlth.zero Cos.m0|09lcal constant. Let us define the
=10"° GeV,2=0.1 (solid liney, T,=10'5 GeV,0,=09  NOrizon crossing amplitudéi(k) as
(dashey, T,=10° GeV,Q,=0.1 (dash-dotted and T, a(Q)
= = 0
1% GeV,Q,=0.9 (dotted. 8u(K)=Ag(agH) X 0
As we have seen before, the initial value of the inflaton field o . .
can be chosen in such a way as to allély to have any This quantity is constrained by the four-year cosmic back-
“desired” value below unit. Here, we start by reviewing the ground explorefCOBE) data to be:
results for the linear spectrum of adiabatic fluctuations pro- —0.35-0.19 InQ)
i i i i Su(Qp)=195), " ™ 0
duced during the second stage of inflation subject to the three H{%%0 0
slow-roll conditions listed above in the case wit~1. We ) ) . ) )
will then discuss how the linear power spectrum can be relf only inflationary perturbations are responsible by cosmic
scaled to allow for open models taking into account thaStructure. This fit works to better than 2% for &:2,<1
scales=10th~! Mpc come inside the horizon when the and the statistical uncertainty is 7f20]. The above normal-
curvature is still dynamically unimportant. For the sake ofization was obtained for an open model with a flat-space
simplicity, we will also taken=1 for the time being. scale invariant spectrum instead of the open-bubble inflation
The linear power spectrum of the density contrast meaModel spectrum. However, for Gd<1 these lead to dif-
sured today of the adiabatic fluctuations produced during inférent normalizations fody only by a factor smaller than

flation in a flat universe with zero cosmological constant cant0% [2_1]- i . )
be written as Having characterized the spectrum of adiabatic fluctua-

tions produced during the second stage of inflation, we now

3 4 ) ) proceed to study the linear power spectrum generated by the
S(k)y=4m°P(k)= (a_H) T(k)Ag(k), (45  cosmic string network. Again we start by studying the sim-
oo pler case of &y~ 1 universe and then generalize our results
where k is given in units of Mpct. The quantityA%(k) for open models as we did for the inflationary perturbations.
specifies the initial spectrum and can be calculated preciseljVe use the semi-analytic model of Albrecht and Stebbins
in terms of the inflationary potentifl6] as 22] to estimate the linear power spectrum of density pertur-

bations induced by cosmic strings. This is given by

32V ¢ n+2
A2 k = 710{)\ — . 46 0

S0 25 © (mp.> 49 P(k)=1672(1+ 209 %% | [T(Ki7")?
The transfer functiorm (k) for the CDM models considered > /
here is accurately given by Bardeenhal. [17] as Flkelaydr
2 2

In(1+2.3%& _ 25 X 21-1

T = (T4<)[1+3_89<+(16_R)2 Fkela)=— B3 pl1+2(ky/a)’) % (4.10
+(5.46)*+(6.71)*] 4 4.7 In these equationsa is the scale factor which evolves

smoothly from radiation- to dust-dominated expansigns
Having discussed the results in the simpler case Witgh  the conformal time at which the string network formed, and
=1, we are now in a position to generalize these results folr (k,7") is the transfer function for the evolution of the caus-
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ally compensated perturbations. The parameters used in th 3 T . T . T
Albrecht-Stebbins estimate of the cosmic string linear power 2r ]
spectrum are given by 1] ---
= ofF
E=(p /)% B=(wH)"? %_1- -
2k ==
2 2
Mr 1 (pr—n sl
S=—"mB +—( (4.11)
w PP 2B\ sy -4
-5
where y is the curvature scale of wakeg,, is the macro- = 28 2 oo Moy 05 0

scopic bulk velocity of stringy,=(1—82) Y2 and u, is

the renormalized mass-per-unit-length, which reflects the ac. ?

cumulation of small scale structure on the string. Here we 2
1
0

assume thaty=2¢,8,=8/u, ,u,=(1— B2 Y2 We note

that this semi-analytical model was shown to provide reasonz
ably accurate results when compared with numerical calcu%-"
lations using high-resolution string network simulations -2

[23,24). -3
We generalize our results for open universes simply by -4r
rescaling the spectrufy=1 universe in a similar way to -5 Y = s 3 o5 0
what we did for the inflationary perturbations: togk (vMpe)
S(k,h,Q0) = S(k,1,DQGN*2(Q0)g%(o),  (4.12) : : ' '
2 |
-—-= a=1 (Inflation)
wherek is in units of Qgh? Mpc™t. The new factorf () M -7
=0, %° reflects the dependence of the cosmic backgrouncs °f '001 .
explorer (COBE) normalization of Gu on )y, which ‘g;-‘ o001 (Fa) T
changes upwards as we decrease the matter density in & -2 o= 001 (Late) e 1

open univers¢10]. -3
We can finally give the total linear power by taking into  -4f

account that the cosmic string and inflationary power spectre -5, Y ) = - Y .

of density fluctuations and cosmic microwave background log(k (WMpc))

(CMB) anisotropies are uncorrelatéand assumed to be in

the linear regimg In this case the total power is given by po

FIG. 3. Comparing the CDM hybridstrings plus inflatiohn
wer spectrum in open inflationary models, for several choices of
_ Qq, h and T,. In the top panel, the power spectra for
= +(1- , 0 r .
Stotar= Sinf+ (1 @) Soy =0.65, «=0.5 and,=0.7,0.5,0.3 are show(dashed, solid and

whereS,; andS, represent, respectively, the COBE normal- dash-dotted lines, respectivglyin the middle panel we plot the
ized inflationary and string linear power spectrum, and POWer spectra foflo=0.5, «=0.5 andh=0.75,0.65,0.5%dashed,

represents the fraction of the power which is due to adiabatiéo"‘t:I iﬂd daSh'donedt "”?g}' Leg;;ec;i?eé‘y'gse lo‘é"er_qag‘;' (;eop(;i'
perturbations produce during inflation. Sents the power spectra 1dto="1.9, 1=1.55 anda=1,9.9,4.

In Fig. 3 we plot the linear power spectra of matter per-(daShe.d’ solid, dash-dotteo! and dotte_d lines, respgc)uv'ﬁjye tWO.
. . latter lines represent two different string networks in which strings
turbations for several values ¢f, )y and a. The string

. . . 2
mass-per-unit-lengtja in each of the curves has been deter-°™¢ inside the horizon at the finbe- 10" andt~teq.

mined by the CMB normalizatioh10]. In the top panel,

the power spectra fan=0.65, «=0.5 andQ,=0.7,0.5,0.3 struction of the linear power spectrum. Here we should point
are shown(by dashed, solid and dash-dotted lines, respecout that the Peacock and Dodds linear power spectrum re-
tively). In the middle panel we plot the power spectra forconstruction is only valid for Gaussian perturbations. How-
0,=0.5, «=0.5 andh=0.75,0.65,0.55dashed, solid and ever, it has been recently shown in RgZ6] that cosmic
dash-dotted lines, respectivilyThe lower panel repre- strings produce a negligible amount of non-Gaussian pertur-
sents the power spectra f&2,=0.5, h=0.65 anda=1 bations on scales larger than 1Cgh?)~* Mpc. Hence, on
(that is, the contribution from inflationary perturbations scales larger than 1.8(h%) "' Mpc, the power spectrum
only), «=0.5 (a case close to the best-fit mogednd two  reconstruction by Peacock and Dodds is still valid for our
a=0.001 casegshowing the effect of the string perturba- model. SinceQ)y<<1, the reconstructed spectrum has been
tions). These are shown by dashed, solid, dash-dotted anstaled asxﬂgo'3 (see EQq.(41) of [25]). We can see that
dotted lines, respectively. The latter two represent two dif-hybrid models withl'=Qyh~0.3 anda~0.5 are in reason-
ferent(indeed, “extreme’) string networks in which strings able agreement with the observational data. We should point
come inside the horizon at the tinte- 10*16teq andt~tq, out that although in the top two panels active and passive
respectively. In the three descending panels, the individuadources contribute equally to the CMB normalization, the
spectra are shown with the Peacock and Dddf8 recon- same does not happen to the power spectrum of density per-
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turbations where the passive fluctuations dominate on largésee[28]). The predicted flux, however, is

scales. We can also see that for strings entering the horizon

aroundt.,, the amplitude of small scale perturbations is of M o 1 -1

clearly re?duced with respect to a standard cosmic string (Fu) <10 (?) emesres 5.2

model due to absence of fluctuations seeded during the ra- ) )

diation era. As is well known, this has the desirable effect ofcorresponding to a density

producing a linear power spectrum of density fluctuations ( n
) M

o : . n
whose shape is in better agreement with observations. QMhzzloz“(—M _ (5.3
10' Gev

S

V. DISCUSSION AND CONCLUSIONS
Thus, we requiren,,/s<10 %". The predicted monopole-

In this paper we have provided a quantitative frameworkentropy ratio at reheating, allowing fot e-foldings of infla-
and analysis for Vilenkin's suggesti¢ii] that cosmic strings  tjon, is

can naturally form in open inflation scenarios. We have used
the analytic model of Martins and Shellad] to study the Ny
evolution of the cosmic string network in this scenario. As Y
expected, strings are stretched outside the horizon due to the
inflationary expansion, but since the numbeledbldings in
the second inflationary stage is relatively small, the ensuing 45
extended epoch of conformal stretching of the string network
network makes it re-enter the horizon before the epoch of
equal matter and radiation densities. We have determined the ~10 123N (5.4)
linear power spectrum of cold dark matter perturbations in
these hybrid models, finding good agreement with observathis means thaN=20 e-foldings are enough to satisfy the
tions for values of"=(,h~0.3 and contributions from the monopole problem. We have therefore uncovered a rather
active and passive sources which are comparable in terms @ifteresting cosmological consequence of relatively short pe-
their contributions to the CMB. riods of inflation(say 30 to 60 e-foldings—they will wash
We should point out that while this paper was being fi-away any pre-existing monopoles, but cannot do so with cos-
nalized, another paper appeaf@d] discussing another hy- mic strings.
brid structure formation model. This has the string network Finally, we emphasizéas was already done by Vilenkin
forming after an epoch of D-term inflatiofthus requiring  [7]) that the usual bounds on the cosmic string mass per unit
supersymmetry and is restricted to th@,=1 case. Stillthe |ength coming from nucleosynthesis and millisecond pulsar
results are, as one would expect, qualitatively very similarobservations do not apply to the open inflationary scenario
The main difference is that our additional freedom to varypresented here. In particular, the fact that strings will be out-
Q, allows us to obtain slightly better fits to observational side the horizon for most of the radiation era means that
data. there will be a strong suppression of the “red noise” part of
Now, given that as we have seen cosmic strings can sutheir gravitational wave spectrum. We hope to discuss these
vive the second inflationary epoch, one might wonder if theissues in more detail in future publications.
same is true for monopoles. In other words, how many
e-foldings of inflation do we need in order not to worry about ACKNOWLEDGMENTS
the monopole problem? The most stringent limit on the
abundance of magnetic monopoles formed in a grand unified We would like to thank Paul Shellard for useful conver-
theory (GUT) phase transition is based on the observed lusations. P.P.A. is funded by JNIQPortuga) under “Pro-
minosity of the pulsar PSR1929.0. The capture of mono- grama PRAXIS XXI” (Grant No. PRAXIS XXI/BPD/9901/
poles by the pulsar and subsequent energetic bursts due 9§)- The work of R.R.C. is supported by the DOE at Penn

monopole catalysis of nucleon decay lead to the flux limit (DOE-EY-76-C-02-3071 C.M. is funded by JNICTPortu-
gal) under “Programa PRAXIS XXI”(Grant No. PRAXIS

(Fw)<10 %" cm 2srts™? (5.1)  XXI/BPD/11769/97.
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