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Supersymmetric curvatons and phase-induced curvaton fluctuations

John McDonald*
Department of Mathematical Sciences, University of Liverpool, Liverpool L69 3BX, England

~Received 7 November 2003; published 19 May 2004!

We consider the curvaton scenario in the context of supersymmetry~SUSY! with gravity-mediated SUSY
breaking. In the case of a large initial curvaton amplitude during inflation and a negative orderH2 correction
to the mass squared term after inflation, the curvaton will be close to the minimum of its potential at the end
of inflation. In this case the curvaton amplitude fluctuations will be damped due to oscillations around the
effective minimum of the curvaton potential, requiring a large expansion rate during inflation in order to
account for the observed energy density perturbations, in conflict with cosmic microwave background con-
straints. Here we introduce a new curvaton scenario, the phase-induced curvaton scenario, in which de Sitter
fluctuations of the phase of a complex SUSY curvaton field induce an amplitude fluctuation that is unsup-
pressed even in the presence of a negative orderH2 correction and large initial curvaton amplitude. This
scenario is closely related to the Affleck-Dine mechanism and a curvaton asymmetry is naturally generated in
conjunction with the energy density perturbations. Cosmological energy density perturbations can be explained
with an expansion rateH'1012 GeV during inflation.
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I. INTRODUCTION

There has recently been considerable interest in the
sibility that the energy density perturbations leading to str
ture formation could originate as quantum fluctuations o
scalar field other than the inflaton@1–3#. This scalar field has
been called the curvaton. A number of candidates for
curvaton have been suggested and analyses perfo
@4–6#. The curvaton scenario effectively decouples the in
ton energy density from the observed cosmic microwa
background~CMB! temperature fluctuations, allowing for
lower energy density during inflation. This could be adva
tageous in certain inflation models such asD-term hybrid
inflation @7#, which requires a curvaton in order to eva
generation of unacceptable CMB fluctuations due to cos
strings @8#. It also allows inflation to be driven by a scala
potential that would otherwise be ruled out by the scale
pendence of its perturbation spectrum.

In supersymmetric~SUSY! models with gravity-mediated
SUSY breaking@9,10#, the curvaton is a complex field with
nontrivial scalar potential consisting of conventional s
SUSY breaking terms of the order of the weak scale, ordeH
SUSY breaking corrections induced by energy densities
the early Universe@11–13#, and nonrenormalizable superp
tential terms suppressed by the natural mass scale of su
gravity ~SUGRA!, M5M Pl /A8p, whereM Pl is the Planck
mass. The resulting SUSY curvaton evolution will be large
determined by the orderH corrections to the curvaton poten
tial.

In this paper we wish to show that there is an alternat
curvaton scenario specific to gravity-mediated SUSY bre
ing, which we call the phase-induced curvaton scenario
this scenario quantum fluctuations of the phase of the cu
ton are transferred to amplitude fluctuations at the onse
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curvaton coherent oscillations. This scenario will be imp
tant in the case where there is a large curvaton amplit
during inflation together with a negative orderH2 curvaton
mass squared term after inflation. As we will show,
this case the conventional curvaton scenario based on am
tude fluctuations is typically inconsistent with CM
constraints.

The possibility that the phase field of a SUSY curvat
could play a role in generating the energy density pertur
tions has been considered previously in the context of gau
mediated SUSY breaking@14#. The scenario discussed he
is quite different; the phase field potential does not direc
provide the energy density fluctuations~the energy density of
the phase field being completely negligible in models w
gravity-mediated SUSY breaking!, but induces a fluctuation
in the amplitude field which then serves as the curvaton
usual. The final curvaton energy density perturbation in
phase-induced curvaton scenario is typically of the sa
magnitude as in the original curvaton scenario~which has an
effectively massless curvaton up to the onset of cohe
curvaton oscillations! @3#, but with the value of the curvaton
amplitude during inflation fixed by the curvaton potentia
This fixes the value ofH during inflation in terms of the
observed energy density perturbation and the dimensio
the dominant Planck-scale-suppressed nonrenormaliz
curvaton superpotential term.

The phase-induced curvaton scenario is closely relate
the Affleck-Dine mechanism@15# and we will show that a
curvaton asymmetry is naturally generated in conjunct
with the energy density perturbations.

The paper is organized as follows. In Sec. II we discu
the curvaton scenario in the context of SUSY models and
evolution of the curvaton for the case of a large initial a
plitude during inflation. In Sec. III we discuss the phas
induced curvaton scenario. In Sec. IV we present our con
sions.
©2004 The American Physical Society11-1
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II. FLAT DIRECTION SUSY CURVATON WITH A LARGE
INITIAL AMPLITUDE

We consider the curvaton to be a SUSY flat direction fi
with no renormalizable superpotential terms.1 The scalar po-
tential then has the form

V5~ms
21cH2!uFu21~AW1H.c.!1

l2d2uFu2(d21)

M2(d23)
,

~1!

where we consider a curvaton superpotential

W5
lFd

Md23
. ~2!

ms'100 GeV is the gravity-mediated soft SUSY breaki
scalar mass term andcH2 is the orderH2 correction origi-
nating from nonzero F terms due to energy densities in
early Universe@11–13#. The magnitude of the nonrenorma
izable couplingl is naturally in the range from 1 to 1/d!, the
latter value being expected if the coupling arises from in
grating out heavy fields in a complete theory@16#. The A
term consists of a gravity-mediated term plus an orderH
correction,A5As1aH, whereAs'100 GeV@13#.

The values ofc and a depend upon the couplings of th
inflaton superfield to the curvaton@13#. After inflation a
value ofucu of the order of 1 is the most likely@13#. We will
concentrate on the case withc'21, since a positive value
of c will result in a highly damped curvaton amplitude at t
onset of curvaton oscillations, making it difficult for the cu
vaton to dominate the energy density before it decays. D
ing inflation the value ofucu depends upon the inflatio
model. If inflation is driven by anF term, then the mos
likely value isucu'1, whereas if it is driven by aD term ~as
in D-term inflation@7#!, thenucu50. The latter is favored in
order to have a sufficiently flat inflaton potential. The val
of a depends upon the coupling of the inflaton superfield
the curvaton. If there is no linear coupling of the inflaton
the curvaton in the Ka¨hler potential, as may occur as a res
of a discrete symmetry (S↔2S) or an R symmetry~com-
monly introduced to eliminate dangerous nonrenormaliza
inflaton superpotential corrections in SUSY hybrid inflati
models@7,16#!, thena50 throughout@13#. This case will be
fundamental to the phase-induced curvaton scenario to
discussed in the next section.

We first review the conditions for a scalar field to play t
role of a curvaton. LetF5feiu/A2 and consideru50 for
now. A basic condition for the amplitude fieldf to serve as
a curvaton is that the Universe becomes matter dominate
curvaton oscillations before the era of nucleosynthesis.
the casec'21 after inflation, the curvaton oscillations be

1An example is provided by a Dirac right-handed sneutrino,
though this requires additional interactions in order to ensure
dangerous lightest SUSY particle~LSP! density from late curvaton
decay @6# and to generate the baryon asymmetry after curva
decay@5#.
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2'ucuH2. The largest natural value off at the

onset of curvaton oscillations will correspond tof approxi-
mately at the minimum of its potential whenucuH2*ms

2 .
The minimum of the potential and so initial amplitude can
estimated by neglecting theA terms in the curvaton potentia
since theA terms are of the same order as the other ter
when ucuH2'ms

2 . Minimizing

V~f!'
cH2

2
f21

l2d2f2(d21)

2d21M2(d23)
~3!

gives the minimum as a function ofH and d for ucuH2

*ms
2 ,

fm'S ucu2d22

l2d2~d21!
D 1/(2d24)

~M2(d23)H2!1/(2d24). ~4!

Coherent oscillations aboutf50 begin onceH,Hosc
5ms /ucu. Let the value off at the onset of oscillations b
fosc. The energy density in the coherently oscillating curv
ton is then

rf'S aosc

a D 3 1

2
ms

2fosc
2 , ~5!

where a is the scale factor. We assume for now that t
curvaton oscillations begin when the Universe is mat
dominated by inflaton oscillations~we refer to this as inflaton
matter domination, IMD!. This is true for reheating tempera
tures less than the thermal gravitino upper bound,TR
&108 GeV @17#, sinceHR&1 GeV!Hosc'ms . IMD con-
tinues until the Universe becomes radiation dominated at
reheating temperatureTR . In this case

rf'S aosc

aR
D 3S aR

a D 3 1

2
ms

2fosc
2

[S g~T!

g~TR! D S T

TR
D 3S HR

Hosc
D 2 1

2
ms

2fosc
2 , ~6!

whereg(T) is the number of degrees of freedom in therm
equilibrium andHR is the expansion rate atTR . The energy
density in the oscillating curvaton becomes equal to
background radiation density,r rad5(p2/30)g(T)T4, once

fosc
2 '

6M2

ucu S T

TR
D . ~7!

With fosc'fm(Hosc), the condition that the curvaton dom
nates the energy density before curvaton decay atTd then
requires that

kd~M2(d23)ms
2!1/(d22)*

6M2

ucu S Td

TR
D

'3.531026
1

ucu S Td

1 MeVD
3S 108 GeV

TR
D GeV, ~8!

-
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where

kd5S 2d22

l2d2~d21!
D 1/(d22)

. ~9!

In this we have scaledTd to the temperature at nucleosy
thesis,Tnuc'1 MeV, since the curvaton must decay befo
nucleosynthesis. Ford54,5,6 the left-hand side of Eq.~8! is

k4~M2ms
2!1/252.431020k4S ms

100 GeVD GeV, ~10!

k5~M4ms
2!1/356.931025k5S ms

100 GeVD
2/3

GeV,

~11!

and

k6~M6ms
2!1/453.731028k6S ms

100 GeVD
1/2

GeV. ~12!

The value ofkd is approximately in the range 1 to 10 forl
varying from 1 to 1/d!. With kd'1 this implies thatd>5
must be satisfied~with d55 marginal! in order to satisfy the
curvaton condition ifTR satisfies the conventional therm
gravitino upper bound on the reheating temperature,TR
&108 GeV @17#.

It is possible thatTR could be larger than the convention
thermal gravitino upper bound if the Universe is domina
by the curvaton energy density for a sufficiently long peri
@14#. In this case the thermal gravitinos are diluted by e
tropy production. OnceTR.T* '1010 GeV the curvaton os-
cillations will begin during radiation domination (HR
.Hosc5ms /ucu1/2). In this case it is straightforward to sho
thatT* replacesTR on the right-hand side of Eq.~7!. There-
fore the lower bound Eq.~8! can be relaxed by at most
factor 1022. This allowsd55 to be more plausible but stil
rules outd54.

The second fundamental condition to have a succes
curvaton scenario is that the magnitude of the energy den
perturbation should be consistent with CMB observatio
This requires thatdr52df'1025, wheredr5dr/r is the
energy density perturbation anddf5df/f is the perturba-
tion of the curvaton oscillation amplitude (r}f2). The
value ofdf depends upon the evolution of the curvaton af
inflation. Forc'21 after inflation there are two possibil
ties:

~i! f, initially small, is still evolving towardsfm at the
onset of coherent oscillations.~This possibility was dis-
cussed in Ref.@6#.!

~ii ! f reachesfm before the onset of oscillations.
In case~ii ! the curvaton amplitude perturbation at the o

set of oscillations will depend upon whenf reachesfm . We
will consider the case wheref is close tofm at the end of
inflation. This will be the situation ifc'21 during inflation,
as inF-term inflation, in which case the curvaton amplitu
will be rapidly damped tofm(HI). It will also be true in the
case wherec'0 during inflation, as inD-term inflation, if at
the onset of inflation the flat direction field has a val
10351
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greater than the value of the minimum at the end of inflati
fm(HI). For example, this would be expected if the Un
verse evolves from chaotic initial conditions such th
V(f)'M4 initially @18,19#. It would also be expected if al
values off at the onset of inflation were equally likely up t
the value at which the curvaton effective mass becomes
namically significant,V9(f)'HI

2 . In this case the averag
value of f at the onset of inflation will satisfyf*f* ,
wheref* denotes the value off at whichV9(f)'HI

2 . ~A
similar argument in the context of axion cosmology has be
given in Ref. @20#.! If initially f*f* , then the curvaton
will undergo rapid damped oscillations in af2(d21) potential
until the amplitude of oscillation reachesf* , shortly after
which the amplitude evolution will become highly dampe
and its value effectively frozen.f* is given by

f* 5S 1

ucu~2d23! D
1/(2d24)

fm~HI !. ~13!

Thus if the initial curvaton amplitude is greater than or of t
order off* we expectf'f* 5O(1)fm(HI) at the end of
inflation. In the following we will assume thatf reachesf*
before the length scales relevant to cosmological struc
formation leave the horizon, since otherwise a highly sca
dependent curvaton perturbation spectrum would be obta
@19#.

We next consider the evolution of a superhorizon spa
perturbation of the curvaton amplitude. Assuming the cur
ton is effectively massless during inflation, the magnitude
the perturbation on a given scale at horizon crossing isdf
5HI /2p. The scalar field equation is

f̈13Hḟ2
“

2

a2
f52V8~f!, ~14!

wheref(x,t)5fo(t)1df(x,t). fo(t) is the homogeneous
curvaton amplitude anddf(x,t) is the spatial fluctuation due
to quantum fluctuations. For a fluctuation of wave numb
k!H, the gradient term in Eq.~14! is negligible and the
evolution of the field at a point in space is determined by

f̈13Hḟ'2V8~f!. ~15!

For ucuH2@ms
2 and with H}a2m, a solution of Eq.~15! is

given byf5f̄m[Kfm , where

K2d24511
1

ucu~d22! F3m2m2S d21

d22D G . ~16!

If the curvaton amplitude is initially at or close tof̄m at the
end of inflation, then the subsequent evolution off at a point
in space will correspond to oscillations aboutf̄m . Substitut-
ing f5f̄m1Df, whereDf(x,t)5Dfo(t)1df(x,t)!f̄m

andDfo(t)5fo2f̄m , the equation for a superhorizon pe
turbationdf(x,t) at a point in space becomes
1-3
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df̈13Hdḟ'2aH2df, ~17!

where

a5ucu@~2d23!K2d2421#. ~18!

@Dfo(t) satisfies the same equation.# The general solution o
Eq. ~17! is df}ag, where

g5
1

2
@2~32m!1A~32m!224a#. ~19!

Thus, with df(x,t)5df(t)sin(k•x), the evolution of the
amplitude of a superhorizon quantum fluctuation at a poin
space is given bydf(t)}ag. We can then compute the sup
pression ofdf due to expansion from the end of inflatio
until the onset of coherent curvaton oscillations. We assu
that coherent curvaton oscillations begin during IMD, su

that m53/2. Theng5 1
2 @2 3

2 1A 9
4 24a#. Sincea;1, we

expect an oscillating solution fordf(t) ~i.e., imaginary root
in g) with oscillation amplitude scaling asdf}a23/4.

If fo is initially close to f̄m , then sinceDfo /f̄m de-
creases with time, the mean value of the curvaton amplit
will become increasingly close to the effective minimum
fo'f̄m}H1/(d22)}a23/[2(d22)]. Thus if fo'f̄m at the end
of inflation ~corresponding to scale factorae) we have

S df

f D
osc

'S ae

aosc
D

3
4[122/(d22)]S df

f D
I

, ~20!

where (df/f) I is the value of the quantum fluctuation at th
end of inflation.@(df/f) I is constant during inflation sinc
f is frozen for f&f* .] Once curvaton coherent oscilla
tions begin,df remains constant sinceV(f)}f2 and both
fo and df evolve in the same way (}a23/2). SinceK is
very close to 1 (K51.044 ford56, m53/2 anducu51) we
can assumef̄m'fm . With f'fm(HI) and df'HI /2p
when the curvaton perturbations leave the horizon, we ob

dr'2S df

f D
osc

'S Hosc

HI
D

1
2[(122/(d22)] HI

pfm~HI !
. ~21!

This fixes HI in terms of dr and d. With fm(HI)
'kd

1/2M (d23)/(d22)HI
1/(d22) , the expansion rate during infla

tion is given by

HI'p2kdM [2(d23)]/(d22)S ucu1/2

ms
D (d24)/(d22)

dr
2 . ~22!

For example, ford56 this requires that
10351
n

e
h

e
,

in

HI'
p2k6ucu1/4dr

2M3/2

ms
1/2

'3.731017ucu1/4k6S dr

1025D 2S 100 GeV

ms
D 1/2

GeV,

~23!

whilst for d55

HI'
p2k5ucu1/6dr

2M4/3

ms
1/3

'6.831014ucu1/6k5S dr

1025D 2S 100 GeV

ms
D 1/3

GeV,

~24!

wherek5 ,k6*1. These values ofHI correspond to an energ
density that would result in unacceptably large energy d
sity perturbations from conventional inflaton quantum flu
tuations, which typically requireHI&1013 GeV in order to
be compatible with CMB constraints. Thus in the case o
large curvaton amplitude during inflation and negative or
H2 correction after inflation, the energy density perturbatio
due to curvaton amplitude fluctuations are typically incons
tent with CMB constraints.

In the above we have assumed that quantum de S
fluctuations of the curvaton field during inflation are unsu
pressed, i.e., that the curvaton effective mass is much sm
than HI . In the case of inflation driven by anF term we
expect thatc'21 for the flat direction field during inflation
In this case there will be effectively no superhorizon curv
ton amplitude fluctuations on the scale of large scale str
ture formation, as these will be highly damped by curvat
evolution due to the orderH2 term during inflation. Thus a
curvaton scenario based on fluctuations of the curvaton
plitude is ruled out in this case also.

However, as we will show in the next section, in both t
large initial curvaton amplitude andF-term inflation cases it
is still possible for a complex SUSY curvaton with gravit
mediated SUSY breaking to generate an energy density
turbation that is consistent with CMB constraints, via flu
tuations of the curvaton phase.

III. PHASE-INDUCED CURVATON SCENARIO

If the inflaton has no linear coupling to the curvaton in t
Kähler potential, then there will be no orderH correction to
the A terms@13,14,16#. This allows for a new version of the
curvaton scenario that applies specifically to a comp
SUSY curvaton with gravity-mediated SUSY breaking.

In the absence of orderH corrections to theA terms, the
phase field of the curvaton is effectively massless during
after inflation, even in the case ofF-term inflation where the
amplitude field typically gains an effective mass of orderH.
Thus de Sitter fluctuations of the phase will be unsuppres
For f constant during inflation, the canonically normalize
phase field for smalldu about an amplitude in theu direction
1-4
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is fp'f Idu, where f I is the curvaton amplitude durin
inflation. Thus withdfp5HI /2p the de Sitter fluctuation o
the phase field isdu'HI /2pf I .

The equation of motion of the complex curvaton field

F̈13HḞ2
“

2

a2
F52

]V

]F†
[2

eiuf

A2
F ~ms

21cH2!

1
Aldfd22

Md23~A2!d22
@cos~du!2 i sin~du!#

1
l2d2~d21!f2(d22)

2d22M2(d23) G . ~25!

For perturbations of wavelength much larger than the h
zon the gradient terms are negligible. In this case the ev
tion of the curvaton amplitude and phase at a point in sp
is given by

f̈13Hḟ2 u̇2f52F ~ms
21cH2!f1

Aldfd21cos~du!

~A2!d22Md23

1
~d21!l2d2f2d23

2d22M2(d23) G ~26!

and

ü13H u̇1
2ḟ

f
u̇5

Aldfd22sin~du!

~A2!d22Md23
. ~27!

From Eq.~27! we see that without anA term the phase at a
point in space will remain constant. In the absence of ordeH
corrections to theA term the phase will begin to evolve onl
when ms

2'ucuH2, when theA term contribution to the po-
tential becomes comparable with that of the mass squ
term. A perturbation in the phase field will then induce
perturbation in the curvaton amplitude via the coupling p
portional to cos(du) in Eq. ~26!.

In our numerical results we focus on the cased56 as an
example. We assume thatc521 andl51 throughout.~We
use units such thatM51.! We evolve the equations of mo
tion from a time corresponding to initial expansion rateH2

58000ms
2@ucuH2, with initial valuesf5f̄m , ḟ5 ḟ̄m , du

5p/4, and u̇50. We seta51 at this initial time. For the
perturbations we assumedf50 anddu51025 initially. To
calculate the evolution of the perturbation we evolve E
~26! and Eq.~27! for two points in space, one with initia
valueu and one with initial valueu1du, corresponding to
points in space with the mean value ofu and the largest
perturbed value ofu, respectively.

In Fig. 1 we show the evolution of the energy dens
perturbation with scale factor for the caseA/ms51. The
spike feature is associated with the vanishing of the curva
mass squared term at scale factoraosc (519.44 in our units!
corresponding toucuH25ms

2 . At around this time the energ
density briefly vanishes whilst changing sign, resulting in
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large value fordr/r. Oncea is large compared withaosc,
the nonrenormalizable terms in the curvaton potential
come negligible as a result of the reduction of the curva
amplitude due to expansion. Curvaton evolution in auFu2
potential is then established with a constant curvaton ene
density perturbation, numerically given bydr52.331025

for the caseA/ms51 anddu51025.
The phase-induced curvaton scenario is closely relate

the Affleck-Dine~AD! mechanism for the generation of glo
bal charge asymmetries such as baryon number@15#. The
explicit dependence of theA term on the phase of the scala
field introducesCP violation into the equations of motion
The result is that the real and imaginary parts ofF coher-
ently oscillate out of phase with each other in auFu2 poten-
tial oncea@aosc, such that the complex curvaton field d
scribes an ellipse in the complex plane. Oncea.aosc and
the nonrenormalizable corrections become negligible,
curvaton potential has an approximately conserved glo
U(1) symmetry, with respect to which a constant curvat
asymmetry in a comoving volume is established. The
moving curvaton charge asymmetry density is given by

nf5a3i ~Ḟ†F2F†Ḟ![a3u̇f2, ~28!

where the factora3 compensates for the expansion of t
Universe, such thatnf is constant for a conserved charge.
Fig. 2 we show the growth of the comoving curvaton asy
metry for the caseA/ms51. This shows that a curvato
charge asymmetry naturally arises in conjunction with
energy density perturbations in the phase-induced curva
scenario.u introducesCP violation resulting in a curvaton
asymmetry whilstdu induces the energy density perturb
tions.

In Fig. 3 we show the evolution of the curvaton amplitu
field in the forma3/2f, wherea3/2 cancels out the effect o
expansion on evolution in auFu2 potential. Fora@aosc we
see that the curvaton amplitude has a maximum va
'0.008 and a minimum value'0.002, corresponding to th
major and minor axes of the ellipse described by the glob
charged curvaton field in the complex plane. In Fig. 4

FIG. 1. Evolution of the energy density perturbation ford56
andA/ms51.
1-5
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show the late time trajectory of the curvaton in the comp
plane, whereF5(f11 if2)/A2.

In Table I we give the asymptotic values ofdr , nf , and
dnf /nf ~the spatial perturbation of the curvaton asymmet!
at a@aosc for different values ofA/ms . (nf gives the charge
asymmetry ata5300.! From this we see that the values
these quantities are sensitive toA/ms . For uA/msu5O(1) we
broadly find that udru5O(1)uduu for A.0 and udru
5O(0.1)uduu for A,0. The results in Table I are for the cas
l51. We find that the values ofdr and dnf /nf are inde-
pendent of the nonrenormalizable couplingl.

In practice, the curvaton asymmetry is unlikely to result
any observable consequences. The curvaton asymmetry
not produce the observed baryon asymmetry, since it
been shown that the decay of a complex Affleck-Dine cur
ton condensate to a baryon asymmetry will result in la
baryonic isocurvature fluctuations that are inconsistent w
observations of the cosmic microwave background radia
@21#.

From our numerical results we conclude that pertur
tions of the phase of the complex curvaton field can ind

FIG. 2. Evolution of the comoving curvaton asymmetry ford
56 andA/ms51.

FIG. 3. Evolution of the curvaton amplitude ford56 and
A/ms51.
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an energy density perturbationdr5 f udu with u f uu of the
order of 1. This mechanism requires only that theA terms
receive no orderH corrections during or after inflation.

We note that the curvaton phase field itself does not s
nificantly contribute to the energy density oncea@aosc. The
A term in the scalar potential, responsible for the poten
energy of the curvaton phase field, is proportional tofd. It is
therefore completely negligible compared with the ma
squared term oncea@aosc. For this reason it is essential tha
in gravity-mediated SUSY breaking the fluctuation of t
curvaton phase is transferred to a fluctuation of the curva
amplitude, in order to generate a significant energy den
perturbation oncea@aosc. This is in contrast with the cas
of gauge-mediated SUSY breaking, where it is possible
the phase field potential to directly provide the curvaton flu
tuation @14#.

The energy density perturbation from the phase-indu
curvaton scenario with a large initial amplitude is of th
same order of magnitude as that obtained in the orig
curvaton scenario@3# for the casef'fm(HI),

dr5 f udu'
f uHI

2pfm~HI !
. ~29!

FIG. 4. Late-time trajectory of the curvaton in the compl
plane.

TABLE I. Asymptotic values ofdr , nf , anddnf /nf as a func-
tion of A for the cased56 anddu51025.

A/ms dr nf dnf /nf

3.0 21.431025 21.9310222 25.031024

2.5 3.231026 27.1310222 23.231026

2.0 1.731025 2.6310224 23.531022

1.5 2.631025 5.3310222 28.731025

1.0 2.331025 5.4310222 6.031027

0.5 9.731026 2.8310222 3.831025

21 1.131026 21.3310222 9.031025

22 5.531027 1.6310222 7.531025

23 21.831026 21.5310222 6.131025
1-6
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In the phase-induced curvaton scenario the value ofHI is
fixed bydr andd, sincefm(HI) is determined byHI andd.
This is in contrast to the original curvaton scenario, wh
the value off during inflation can take any value@3#. The
expansion rate in the phase-induced curvaton scenario is
given by

HI'S 2pkd
1/2dr

f u
D (d22)/(d23)

M . ~30!

An important feature of this expression is thatHI has an
upper bound, corresponding tod→`,

HI&
2pdrM

f u
'1.531014

1

f u
S dr

1025D GeV, ~31!

where we have usedk`51. For smallerd the value ofHI is
smaller. For example, ford55 we obtain

HI5S 2pk5
1/2dr

f u
D 3/2

M'1.231012S k5
1/2

f u
D 3/2S dr

1025D 3/2

GeV,

~32!

whilst for d56

HI5S 2pk6
1/2dr

f u
D 4/3

M'6.031012S k6
1/2

f u
D 4/3S dr

1025D 4/3

GeV.

~33!

For the d56 example of Table I we havef u52.3 for A
5ms , which implies thatHI'231012 GeV for k6'1.

Thus the values ofHI in the phase-induced curvaton sc
nario are typically less than or of the order of the values t
are obtained in inflation models where the energy den
perturbations are explained by conventional adiabatic in
ton fluctuations. Therefore a complex SUSY curvaton c
o-

ev

ar,

s-
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consistently account for the observed energy density per
bations in the case of a large initial curvaton amplitude
F-term inflation, where the conventional SUSY curvaton s
nario with amplitude fluctuations would be ruled out b
CMB constraints.

IV. CONCLUSIONS

We have shown that it is possible for energy density p
turbations in the SUSY curvaton scenario with gravit
mediated SUSY breaking to originate from quantum fluctu
tions of the phase of the complex curvaton field. The ph
fluctuations induce curvaton amplitude fluctuations throu
the SUSY breakingA terms in the curvaton scalar potentia
This requires that there are no orderH corrections to theA
term during and after inflation, which is true if the inflato
has no linear couplings in the Ka¨hler potential. This can
easily occur via a discrete symmetry orR symmetry, as is
necessary in SUSY hybrid inflation models.

The phase-induced curvaton scenario becomes impo
when~i! the initial amplitude of the curvaton during inflatio
is large and~ii ! after inflation there is a negative orderH2

correction to the curvaton mass squared term. Both of th
are natural possibilities. In this case the conventional cur
ton scenario based on amplitude fluctuations is likely to
inconsistent with cosmic microwave background constrain
The phase-induced curvaton scenario, on the other hand
consistently account for the observed cosmological ene
density perturbations even if~i! and ~ii ! are satisfied.

The phase-induced curvaton scenario is closely relate
the Affleck-Dine mechanism and a curvaton asymme
naturally occurs in conjunction with the energy density p
turbations. However, it is unlikely that the curvaton asymm
try could result in observable consequences, since if
baryon asymmetry originates from a complex curvaton c
densate via the Affleck-Dine mechanism, there would be
acceptably large baryon isocurvature perturbations@21#.
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