PHYSICAL REVIEW D, VOLUME 65, 103518

Supersymmetric topological inflation model
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We propose a topological inflation model in supergravity. In this model, the vacuum expectation value
(VEV) of a scalar field takes a value much larger than the gravitational btgte2.4x 10'® GeV, which is
large enough to cause topological inflation. On the other hand, expansions of lifer Katential and the
superpotential beyond the gravitational scale are validated by the introduction of a Nambu-Goldstone-like shift
symmetry. Thus, topological inflation inevitably takes place in our model.
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[. INTRODUCTION perstring theorielsbecause superstring theories compactified
on (3+1)-dimensional space-time have many discrete sym-

o , metries in the low-energy effective Lagrangidr2], which is
Inflation is the most powerful extension to the standardyery yseful to cause topological inflation.

blg bang theory because it giveS solutions to the flatness |Zawa' Kawasaki' and Yanagida proposed a top0|ogica|
problem, the horizon problem, the origin of density fluctua-inflation model in supergravity with aR-invariant vacuum,
tions, and so ori1]. Recent observation of anisotropies of which guarantees the vanishing cosmological constant at the
the cosmic microwave background radiati@®MB) by the  end of inflation[13]. However, the model has two weak
Boomerand 2], the MAXIMA [3], and the DAS[4] experi-  points, which come from the same source. First of all, the

ments found the first acoustic peak with a spherical harmoni&ahler potential is expanded around the origin with expan-

multipole 1 ~200, which implies the standard inflationary SN parametef¢|/Mg. However, the critical valueb, of

scenario. Up to now, many types of inflation models havell€ vacuum expectation valy¥'EV) (¢) of the inflaton to

been proposed. Among them, chaotic inflatid is very cause topological inflation is roughly the gravitational scale

Ve b it d ttar f nitial di Mg . This can be understood from a simple discus$ia8).
attractive because it does not suffer from any initial condi-,¢, typical radiusr ~(¢)/v2 of the topological defect is
tion problem, especially, the flatnedsngevity) problem. All given by equating the gradient energyp)/r)? and the po-

other models which occur at low energy scales sustain thigantial energy*. For topological inflation to occur, the typi-
problem. That is, why does the universe live so long up tocal radiusr must be larger than the hubble radius given by
the low energy scale from the gravitational scale? Howeverd ~1~Mg/v2, which leads to the rough conditiofi¢)
this problem is evaded if the universe is open at the begin=Mg. In fact, Sakaiet al. found the critical valueg,
ning. While new inflation and hybrid inflation have another =1.7M¢ irrespective of the coupling constant for a double
severe problem, namely, the initial value probl¢in6], a  well potential[14]. Later, the supergravity modgl3] was
fine-tuning of the initial value of the inflaton is not needed investigated in detail and it was found that the critical value
for topological inflation[7,8]. Thus, topological inflation is ~ ¢c slightly depends on the slope of the potential and is as
still attractive if the universe is open at the beginning. In fact,small as 0.981¢ at bes15]. Thus, one wonders if the ex-
a possibility is pointed out that the quantum creation of anP@nsion of the Khler potential is valid. Of course, the
open universe can take place with appropriate continuatioftinvariant vacuum given by the requirement &iV/J ¢
from the Euclidean instantdr®]. Furthermore, the spectrum =W=0 for all sc_alar f|elds¢i_|s unchanged '”?SPeCt_'Ve ‘?f
of density fluctuations predicted by topological inflation be-the form of the Kaler potential. So, the description is stil

comes a tilted one, which may be testable in galaxy surveygaf“(.j that the poterglatlr:;ﬂ_at arpur:d the O”am and the gltcr)]bal
and CMB observations. minima are given by th&-invariant vacua. However, as the

. inflaton approaches the gravitational scale, the expansion of
SupersymmetrySUSY) is one of the most powerful ex the Kahler potential becomes invalid. Thus, the potential

tensions to the standard model of particle physics because ﬁ]iay take a nontrivial shape beyond the gravitational scale

stabilizes the electroweak scale against radiative correctior};hd even worse, a barrier may appear between the flat slope
and realizes the unification of the standard gauge couplings;.ond the origin and the global minima so that inflation

Therefore, it is important to consider inflation models in thepyacomes the type of old inflation, which results in an inho-
context of SUSY and its local version, i.e., supergravitymogeneous universe and hence does not work as an inflation
(SUGRA. In the context of SUGRA, topological inflation is model.

again favorable because it straightforwardly predicts the re- A similar problem may apply to the superpotential. In
heating temperature low enough to avoid the overproductioRef. [13], the superpotential is truncated up to the quadratic
of gravitinos for a wide range of the gravitino mass. This isterm (\'¢?: \’ a real constantof the inflaton superfield
mainly because topological inflation occurs at a low energy

scale and the inflaton has only gravitationally suppressed ir——————

teractions with standard particles to keep the flatness of thelThe superstring inspired models of topological inflation were
potential. Furthermore, it is attractive in the scheme of sustudied in[10,11.

0556-2821/2002/63.0)/1035185)/$20.00 65103518-1 ©2002 The American Physical Society



M. KAWASAKI AND MASAHIDE YAMAGUCHI PHYSICAL REVIEW D 65103518

for  simplicity. However, higher order terms That is, the combinatiofE®? is invariant under the shift
(O[(\'¢A)"] or O[(¢?)"], n=2) may appear, which symmetry. The vacuum value o€, (E)=u<1, softly
may drastically change the shape of the potential around thisreaks the shift symmetry. Here and hereafter, weVkgtto
global minima again. Thus, the model proposed in RES] be unity.

may not work. Furthermore, we introduce thé(1)g symmetry R sym-

In this paper, we propose a new model of topologicalmetry) because it prohibits a constant term in the superpo-
inflation in supergravity, where the above problems areential, which ensures vanishing cosmological constant at the
evaded by the introduction of a Nambu-Goldstone-like shiftend of inflation. Since the Kder potential is invariant only
symmetry[16]. In the next section, we give our model of if the R charge of® is zero, another supermultipli(x, 6)
topological inflation. For successful topological inflation, we with its R charge equal to 2 must be introduced. Then, the
introduce symmetries and, if necessary, spurion fields whossuperpotential invariant under t#g, the shift and théJ (1)g
vacuum values softly break the introduced symmetries. Isymmetries is given by
Sec. lll, we investigate the dynamics of topological inflation
in detail and give a constraint on the parameters associated W=X[ag+ a; EP2+ ar(ED?)%+- - -] 2)
with the vacuum values of the spurion fields. In the final

section, we give the summary of our results. with a;=O(1). As shown later, for successful topological

inflation, the coefficient o, «q, must be suppressed. For
this purpose, we introduce anott®r symmetry(namedZ)
and another spurion fielll. Under thisZ; symmetry,® is
First of all, we introduce ZZ Symmetry as an examp|e of even and the other superfields are odd. The vacuum value of
a discrete symmetry, which is necessary for producing do!l, (II)=v<1, softly breaks the&Z; symmetry so that the
main walls. We assume that the inflaton supermultiffes ~ smallness ofyy=v is associated with the breaking of tdg
odd and the other supermultiplets introduced later are evegymmetry. Here you should notice that tg charge of the
under the aboveZ, symmetry. As the inflaton field> ac-  spurion fieldZ is also odd. Then, two cases are possible. In
quires its vacuum expectation value, tdg symmetry is the first case, th&, and the shift symmetries are broken at
spontaneously broken. the same time. In this case, we expéu)=O(v). A simi-
Next, we introduce a Nambu-Goldstone-like shift symme-lar case is discussed in Rdfl7] in the context of double
try to validate the expansion of the Klar potential. We inflation. In the second case, td¢ symmetry is broken first
assume that the model is invariant under the fO”OWingand later the shift symmetry is broken. In this case, we ex-
Nambu-Goldstone-like shift symmetry[16]: ®—®  pectO(u)<O(v). In this paper, we assume the second case.

+CMg, whereC is a dimensionless real constdrithen,  Then, inserting the vacuum values of the spurion fields, the
the Kenler potential is a function of®—®*, ie., superpotential is written as

K(®,0*)=K(d—>d*), which allows the real part of the

scalar components @ to take a value larger than the gravi- W=X[v—UuD2+ a,(ud?)2+ - - -]. (3)
tational scale. However, if the shift symmetry is exact, the

inflaton cannot have any potential. So, we need to break ifhe higher order termsy,(u®2):i=2 are negligible be-

softly f_or sgccissful inflation. For th'.s’ purpose, we 'r.‘trOducecause we are interested in only the field values up to the
a spurion fieldZ and extend the shift symmetry to include

o ° TMEEE VEV of @, that is,u|®?|~v<1. After all, we take the fol-
the spurion field=. We assume that the model is invariant lowing superpotential:

1. MODEL OF TOPOLOGICAL INFLATION

under
W=0vX(1—gd?), (4

d—-d+CMg, .
with g=u/v<1. Here we have assumed that both constants
u andv are real and positive for simplicity.

@ 2 dIn the same way, t;he Keer potential neglecting higher
HEo|l— | =, order terms is given by
- <I>+CMG) @)

— q) (I)* 2 2

no-scale supergravity theories, which appear in the low energy Iimigv . 2 %2 .
of superstring theories. However, inflation does not take place for he higher order terms such as(®“+®*%) with O(u)

simple no-scale type Keer potential. So, in order to realize infla- — O(U’) are negligible because<1 and we are_'mereEIEd
tion, we will slightly change the form of the er potential keep- in only the field values up to the VEV cb, that is,u|®?|

ing the shift symmetry. We hope that our inflaton is one of modulus~v<<1. The charges of the supermultiplets are shown in
fields in string theories after we reveal dynamics of the string, par-Table I. Here it should be noticed that the model is natural in
ticularly, the compactification mechanism, which has not beerthe sense of 't Hooff18], that is, the symmetries are recov-
known yet. ered if the small parametetsandv are set to be zero.
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TABLE I. Charges of theU(1)gXZ,XZ; symmetries for the
various supermultiplets.

® X =) I HyHg
Qr 0 2 0 0 0
Z, - + + + +
Z, + - - - +

III. DYNAMICS OF TOPOLOGICAL INFLATION

PHYSICAL REVIEW D65 103518

large potential energy. Theny may take a valueg
=O(1/\J/gv) = O(1/Ju) in some regions of the universe, an-
other valuee=(1/\/g) in other regions, and so on. The
cosmic history is quite different according to the initial value
of ¢. For example, in the region with the value
=O(1/Ju), the term (1%/4)¢* dominates the scalar poten-
tial, which causes chaotic inflation. Furthermore, if we fine-
tune the initial value ofp, it passes through the global mini-
mum (@)= * \2/g after chaotic inflation and stops near the
local maximume=0 so that new inflation may take place.

In this section we investigate the dynamics of topologicalBecause of the peculiar nature of new inflation, primordial

inflation and give a constraint on the parameters associat
with the breaking of the symmetries.

The superpotential and the Kler potential given in the
previous section lead to the Lagrangian denglity,X) for
the scalar fieldsb and X,

L(P,X)=3,PHD* + 9, XH*X* —V(D,X),  (6)
where the scalar potenti& is given by
V=02 [|1- g2 (1~ |X[>+|X|") +[X|*|2g®
+H(D—D*)(1-gP?)|?]. (7

dJack holes may be produced. Thus, chaotic-new inflation

may take place. However, the case with the similar potential
has been already discussed in Hd®]. So we concentrate
on another interesting region in this paper.

In other regions, there are some places with the values
¢=1/2/g and = — \/2/g. Then, topological defectslomain
walls) may form if the energy density of the universe
dropped enough. In fact, if the VEV af is larger than the
gravitational scaldM s (g=1), the topological defect is un-
stable and the universe expands exponentially, that is, topo-
logical inflation takes placg7,8]. In this paper, we investi-
gate the dynamics of this topological inflation in detail. Here,
one should notice that in other regions chaotic inflation takes

Here and hereafter, we denote the scalar components of tiace just below the Planck scale and the universe expands

supermultiplets by the same symbols as the correspondi
supermultiplets.

We decompose the scalar figldinto the real component
¢ and the imaginary componeft

1
b=—(p+iy). 8
ﬁ(so X) 8
Then the Lagrangian densi§( ¢, x,X) is written as
1 *
L(p,x, X)= Er?M(p&'“go+ 519#)((7“)(+ 9, X" X
=V(@,x.X) 9
with the potentiaM (¢, x,X) given by
g .\2
V(¢,X,X)=vzexiix2+|x|2][ (1—§<p2)

2

9
X 9+ 7 (20%+x)

]<1—|x|2+|X|4>

2

+|X

20%( @2+ x%) +49x?

g
1+ S (0% +x%)

2
+2X2{1—g(¢>2—x2)+ gz(qozﬂ(z)zH
(10

Due to the exponential fact@*X* y and|X| are at
most of the order of unity. On the other hangcan take a

ough so that our topological inflation model can be free
rom the flatness problem too. The observations such as
spectral index of density fluctuations and gravitational waves
decide which region the present universe belongs to.

The effective mass squared gf mf( during topological
inflation is given by

mi=6H?2, (11

whereH is the hubble parameter given b#=v?%/3. Thus,
once topological inflation takes placg, rapidly oscillates
around the origin and the amplitude decays in proportion to
a~%? (a : the scale factor Therefore, we can safely setto
be zero at least classically.

Using y<<1, the scalar potential is approximated as

2

V=p? (1—%& +20%¢?|X|?
=v2(1-ge?+2g%¢?3X|?) for o<1. (12
The effective mass squared Xf mf(, is given by
mZ=2g%v2p?=6g?¢?H2<H?2. (13

Thus, X does not oscillate around the origin and instead
slow-rolls down along the potential. In fact, during topologi-
cal inflation,

: (14)

g
X~X; exr{ - E(pz

whereX;<1 is the value oK at the beginning of topological

value much larger than unity without costing exponentiallyinflation. Thus,|X|<1 throughout topological inflation and
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|X|<1 near the end of topological inflatidfiThe last term in
the potential12) is irrelevant for the dynamics @ because
g<1 and|X|<1.

Using the slow-roll approximation, thefold number ac-
quired for > ¢y is given by

for 0.01=g=0.05. The spectral inder is given by
ng=1-—4g. (20)

Since the COBE data also shaw=1.0+0.2 [21], the pa-
rameterg=u/v is constrained ag=<0.052

eV 1 @ After topological inflation ends, the inflaton rapidly oscil-
sz W:Em(cp_ , (15  lates around the global minimugy)==/2/g and decays
oh N

into standard particles, which reheats the universe. The de-
cays of the inflaton into standard particles can take place if

where the prime represents the derivative with respeet to we introduce the following superpotentfal,

and ¢s~+/2/g is the value ofe at the end of topological

inflation. ¢y is represented by thefold N as
2
on~ pre 29N~ /e 20N, : : -
g stant associated with the breaking of the symmetry and
) ) - Hy,Hq4 are a pair of the Higgs doublets. If we set tRe
Next we evaluate the density fluctuations produced duringharge and th&, and thez), charges of ;H to be zero and
topological inflation. In this model, there are two effectively eyen, the above superpotential is invariant under all the in-
massless fieldg and X during topological inflation. How-  roduced symmetries before inserting the vacuum value of

ever, we can easily show that the metric perturbation in thghe spurion fieldI. Then the inflatony has the interaction
longitudinal gaugeb , can be estimated 420] with a pair of the Higgs doublets,

W=0v'XH,Hyg, (22)

(16) where v’ = a(Il) with a=0O(1)[O(v')=0O(v)] is a con-

H Li = ! H,Hy, 22
Dp=— _2C1_292(P2X2C3, int=0gvv'(¢@)eH Hyq (22
H which gives the decay rate
o (2,2, 12/ \2
C1=H.—(P, a7 I~g% ' «(¢)m, (23
¢ with the mass of the field, m¢22\/§v. Then the reheating
. So  oX , temperaturel is given by
S D L Tr~0.1gv0" (@) \m,~5x 10° GeV—2x 1¢F GeV

(24)
where the dot represents the time derivative, the term pro- ) )
portional toC, corresponds to the growing adiabatic mode,for 0.01=g=<0.05. The above reheating temperature is low

ture mode. For simplicity, we deal witK as if it is a real
scalar field. You should notice that ongy contributes to the

growing adiabatic fluctuations. Then, the amplitude of the
curvature perturbatiod , on the comoving horizon scale at

¢= @y IS estimated by the standard one-field formula as

VAL f v
(I)Az —_—
237 V' 237 29¢n

with f=3/5 (2/3) in the matter(radiation domination.
From the Cosmic Background Explor6€OBE) normaliza-
tion ®,=3x10° at N=60 [21], the vacuum value is
constrained as

(18)

v=1.1x10"*/ge 9N _=3.3x 105~ 6.1x 1078
(19

3If we take into account a higher order term(k,/4)|X|? (kq
=1) in the Kaler potential, the effective mass squaredofs
much larger tharH? so that the amplitude of rapidly decays and
throughout topological inflation we can safely séto be zero at
least classically.

range of the gravitino mag&2,23.

IV. SUMMARY

In the present paper, we have proposed a topological in-
flation model in supergravity. In the model, where a discrete
symmetry is spontaneously broken, the vacuum expectation
value of the scalar field takes a value much larger than the
gravitational scale so that topological inflation can take
place. Generally speaking, expansions of thalkapotential
and the superpotential around the origin are invalid beyond

4In Ref. [13], the combination of the parameters must be fine-
tuned to be nearly equal to unity in order to satisfy the constraint
from the spectral index. On the other hand, in our model, the pa-
rameterg has only to be small, which originates from the difference
of the breaking scales of the shift and the symmetries.

SThe inflaton may also decay into standard particles if we consider
higher order terms”(d2+ ®*2)| ;|2 in the Kéhler potential. Here
u” is a constant associated with the breaking of the shift symmetry
with O(u)=0O(u") and ¢; are the standard particles. Then, the
reheating temperaturg; becomes 100 GeV-50 MeV for 0.6y
=<0.05.

103518-4



SUPERSYMMETRIC TOPOLOGICAL INFLATION MODEL PHYSICAL REVIEW D65 103518

the gravitational scale. In our topological inflation model, thefor a wide range of the gravitino mass, especially, that pre-
expansion of the Kaler potential is validated by the intro- dicted in the gauge mediated SUSY breaking model.
duction of a Nambu-Goldstone-like shift symmetry. Further-

more, one can make the expansion of superpotential valid

beyond the gravitational scale by introducingasymmetry ACKNOWLEDGMENTS
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