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Primordial density perturbation in the curvaton scenario
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We analyze the primordial density perturbation when it is generated by a “curvaton” field different from the
inflaton. In some cases this perturbation may have large isocurvature components, fully correlated or anticor-
related with the adiabatic component. It may also have a significant non-Gaussian component. All of these
effects are calculated in a form which will enable direct comparison with current and forthcoming observa-

tional data.
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I. INTRODUCTION “curvaton” field different from the inflaton. In this scenario

the adiabatic density perturbation is generated only after in-
It is now clear that the origin of structure in the Universe flation, from an initial condition which corresponds to a
is a primordial density perturbation, existing already whenPUrely isocurvature perturbatioft2]." The object of the
cosmological scales start to enter the horizon. Observation &€Sent paper is to explore the nature of the primordial den-

consistentith the hypothesis that the density perturbation is>Y. Perturbation under this hypothesis. In the curvaton sce-
-nario, significant non-Gaussianity may easily be present be-

p.e.rfectly adiabatic, Gaussjan and scale 'ind.epe'ndent, but S'8ause the curvaton density is proportional to the square of
nificant departures from this state of affairs is still allowed by, o ¢\ryaton field. Also, the curvaton density perturbation
the data. In particular it is not excluded that the adiabaliG5, |ead, after curvaton decay, to isocurvature perturbations
density perturbation may be accompanied by a significan{, the densities of the various components of the cosmic
isocurvature density perturbatiof,2]. _fluid. These, which we term “residual” isocurvature compo-
Inflation provides a natural origin for the perturbation, nents, are either fully correlated or fully anti-correlated with
since it converts the vacuum fluctuation of each light freethe adiabatic density perturbation, with a calculable and gen-
scalar field into a classical scale-independent perturbatiorsrally significant relative magnitude.
One or more of these field perturbations may cause the pri- The paper is organized as follows. We deal in Sec. Il with
mordial density perturbation. the adiabatic perturbation and its possible non-Gaussianity.
It is usually assumed that inflation involves a slowly roll- In Sec. Il we formulate the description of isocurvature per-
ing field, dubbed the inflaton, whose value determines théurbations, in a way which will allow us to analyze CDM,
end of inflation. The perturbation in the inflaton field cannotbaryon and neutrino perturbations in a unified manner. In
cause an isocurvature perturbation, but does inevitably causgec. IV we calculate the residual isocurvature perturbations
at some level an adiabatic perturbation. The usual hypothesf cold dark mattefCDM) and baryons. In Sec. V we give a
[3] is that the inflaton is solely responsible for the observedeneral formalism for describing the primordial neutrino
adiabatic density perturbation. Under this “inflaton hypoth-iSocurvature perturbation, taking into account for the first
esis” significant non-Gaussianity is excluded in the usuatMe the crucial issue of lepton number. Then we use it to
one-field model$4,5]. In multifield models, where there is a calculat_e the residual isocurvature neutrino perturbation. Our
family of possible inflaton trajectories curved in field space,conclusions are summarized in Sec. V.
significant non-Gaussianity is possiljlé,7] but apparently
only at the expense of extreme fine-tuning of the initial con-
dition that specifies the inflaton trajectory. Any isocurvature A. The curvature perturbation and the primordial density
density perturbation must be caused by the perturbation of perturbations

some noninflato_n field. Under th(_a inflaton hypothesis this  Erom the viewpoint of observation the “primordial” ep-
means that the isocurvature density perturbatibpresent  och is the one a few Hubble times before the smallest cos-
depends on different physical parameters from the adiabatigological scale approaches the horizon. Taking that scale to
density perturbation. As a result, an isocurvature perturbatiognclose say f0solar masses, the primordial epoch corre-
of observable magnitude would require fine-tuning of thesponds to temperature of order 10 keV which is after nucleo-

physical parameters, or else some as-yet unforseen connegmthesis. Leaving aside the possibility of a particle decaying
tion between them.

An alternative hypothesi8—11] is that the adiabatic den-

sity perturbation originates from the perturbation in some ithjs conversion mechanism has been considered also in the pre-
big-bang scenarig13,14. In this scenario though, the required
scale-invariant curvaton field perturbations will be generated only if
*Present address: School of Physics and Astronomy, University afhe curvaton has a nontrivial coupling and for particular initial con-
Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom. ditions[15,16.

Il. THE CURVATURE PERTURBATION
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after nucleosynthesis, the content of the Universe at the priion of stateP(p). If the pressure perturbation is not adia-
mordial epoch is therefore rather well known. There are phobatic, then {~R changes according to the equation
tons, practically massless neutrinos, baryons @suming [20,21,23

it is already in existengecold dark matter, with the radiation

dominating the energy density. The corresponding primordial L L SP )
density perturbation has an adiabatic mode £= p+p° nad

where 6P .= 6P — c26p.

In the conventional inflaton model for the origin of struc-
ture purely adiabatic perturbations are generated due to quan-
which leaves the local ratio of number densities unperturbedum fluctuations in the single scalar field driving inflation.

L3y 1 3p, 105 _1 Opuan
4p, 4p, 3pg 3 peam

1)

Nonadiabatic or isocurvature modes are defined by Thus the curvature perturbatiody, , calculated shortly after
Hubble exit k=aH) determines the curvature perturbation
opg 3 dp, until that scale reenters the Hubble scale during the subse-
Sg= s 4 p_y ) guent radiation or matter-dominated era. By contrast, we are

interested in a scenario where the curvature perturbation gen-
erated on large scales during inflation in the very early uni-

Cdmzﬂn_g Py (3)  verse is negligible.
Peam 4 Py In the rest of this section we describe the generation of the
large-scale curvature perturbatiofy, in the curvaton sce-
_36p, 3p, nario, amplifying the outline given in the original pagd&i
S="———-—. (4) : : :
"4.p, 4p, (see also[24]). We deal with the simplest version of the

curvaton scenario, where the curvature perturbation is caused

In this section we focus on the adiabatic mode, which isexclusively by a single “curvaton” field distinct from the
known to be the dominant one responsible for structure forinflaton field.
mation, and return to the possible isocurvature modes in the
next section. B. Generating the curvaton field perturbation

The primordial adiabatic density perturbation is associ-
ated with a spatial curvature perturbation. Followjig,18
we define the curvature perturbatignon spatial slices of
uniform densityp with the line element

During inflation the Hubble parameteris assumed to be
slowly varying,ey= —H/H?<1. The inflaton(if it exists) is
supposed to produce a negligible curvature perturbation. De-
manding that it is(say less than 1% of the observed value
de2=a?(1+2¢)8,dXdx, (5)  implies [3].Vi/4<.2>< 101.5 GeV, which in turn implies[5]

that the primordial gravitational waves will have no detect-

The quantity¢ is related to the density perturbatiofy, and ~ aPle effect on the cosmic microwave backgrol@/B) an-

curvature perturbationy, on a generic slicingusing the isotropy. Conversely, the detectiqn of an effect would rule
sign convention of Ref.[19]) by the gauge-invariant OUtthe curvaton hypothesian “antismoking gun) [25,24.
formula The curvaton fieldo is supposed to be practically free

during inflation, with small effective mas$\(,,,| <H? where

{=—y—HAL 6 @ subscripr plenotes?/a_a). It follows_ that on superhori_zon
scales there is a Gaussian perturbation with an approximately
scale-independent spectrum given by

op
sTYR= @) 12 Hy
p PooK)~ 5. €)

whereAt is the displacement of the generic slicing from the
uniform-density slicing. On superhorizon scaless practi-
cally identical with the curvaturék defined on slices or- : X : i
thogonal to comoving worldlines. The quantify=R is use- € typical magnitude of a spatial fluctuation & on a
ful on such scales because it is time-independe— physical scale/k.) '.I'hel spectral index specifying the slight
22,18, provided that the pressure perturbation is adiabaticSc@l€ dependence is given [9,25]
meapiqg that5P=c§5p, where the adiabatic sound speed n—1=dIn(Ps,)/dInk=27,,— 2€, (10)
c§= P/p. This is guaranteed if there exists a universal equa-
where 7,,=V,,/3H?.
After the smallest cosmological scale leaves the horizon,

2n general a gauge corresponds to a definite slicing and threadin@i€ curvature perturbation remains negligible until after the
of spacetime, but in this paper only the former is relevant so thagurvaton starts to oscillate. As a result, the curvaton field
“gauge invariant” can be taken to mean “independent of the slic-evolves in unperturbed spacetime. To follow the evolution it
ing.” is assumed that the curvaton field has no significant coupling

where the * denotes the epoch of horizon éxitaH. (The

normalization of the spectrufi8] is such thatP}? specifies
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to other fields or, to be more precise, that the effect of any C. Generating the curvature perturbation

coupling can be integrated out to give a possibly time-  gq far e have reached the epoch just after the Hubble
dependent effective potentigl With these assumptions, the 5 ameter falls below the curvaton mass, and the curvaton

curvaton field smoothed on the smallest cosmological scalgggijiation starts. At this stage, it is supposed that the domi-
evolves along each comoving worldline according to the uny, ¢ energy density comes from radiation. The curvaton,

perturbed field equation though, is supposed to be fairly long-lived, while decaying
. : comfortably before nucleosynthesis. So long as the decay
o+3Ho+V,=0. (1) rate is negligible [<H), we havep,*a~2 and p,xa*,
leading top, /p,>a. Itis this increase in the relative curva-
Making the first-order  approximation o(V,(X,t))  ton energy density which generates the curvature perturba-
~V,,(t) do(x,t), its inhomogeneous perturbation satisfies tjgn.
. . To analyze the generation of the curvature perturbation
do+3HS0+V,,60=0. (12 (and also, later on, to discuss possible isocurvature perturba-
tions produced by the curvaton degait is convenient to
Assuming only that the evolution afo is linear, the Gaus- consider the curvature perturbatiofiscorresponding to the
sianity and(slight) scale dependence of the original quantity separate components of the energy density. These are defined
are preserved. The fractional perturbati®n(x)/o does not  on slices of unifornp; , corresponding to the gauge-invariant
evolve at all if the potential is either sufficiently fleto that  definition
o and §o are both constapr quadratio(so thato and o
satisfy the same equatipn _
The field remains overdamped until the Hubble parameter {=—y—H
falls below the curvaton magss,. The curvaton field will
then start to oscillate about its vacuum valigaken to be |n particular, evaluating’, for the curvaton on unperturbed
o=0) with an amplitude which decreases with time. Even if(y=0) hypersurfaces when the curvaton starts to oscillate,
the potential of the curvaton field is not quadratic, after a fewye have
Hubble times we can make the approximatigr 3mZo2.

@) . (17)
pi

The fractional field perturbation then has some constant ¢ _1%p, 2 [d0 18)
value, > 3p, 3N0o).
*
So B oo The total curvature perturbatidi) can then be written as the
el R |l U 13 weighted sum
*
{=(1-H+1, (19

where the factoq is time-independent because the oscilla-

tion is around a quadratic minimum of the potential. In par-where the relative contribution of the curvaton to the total
ticular, if the effective potential for the curvaton is quadratic curvature is given by

(or sufficiently flaj throughout its evolutiongq=1. Using

Eq. (9), the spectrum of the fractional field perturbation at f 3p, 20
this stage is = 4p 1 3p, (20)
9 Hy Thus the curvaton perturbatiord,,, can initially be de-

Pogle=5_—— (149 scribed as an isocurvature perturbation sirfee0, i.e

olo™ o o, P , Le.,

po!/p—0, in the early-time limit.

Until the effect of curvaton decay becomes significant, the
curvaton and radiation densities each satisfy their own en-
p(,(x,t)sz,}z(x,t), (15) ergy conserve_ltion equatiopi:—3H(pi.+ Pi). In this re-

gime, each{; is constant on superhorizon scalds]. The

whereo(x,t) is the amplitude of the oscillation. The pertur- ]?\i/ri)lggo?lg;gv\?hr};rr:i/?;ds;ales 's due solely to the change of

bation in p, depends on the curvaton field perturbation

The energy density in the oscillating field is

through both a linear and a quadratic term. Assuming, for the e e\ _ _
momgnt, that the linear terrg dominat@eghich we shaﬁ see E=1em L) =HIA =D L. 1)
is demanded by the datae have It is intuitively easy to see how changes with time as the
curvaton density grows relative to the radiatidm: 0. It is
%mzﬁzgq(ﬁ) _ (16) straightforward to check that E¢R1) is consistent with Eq.
Po o o, (8) where the nonadiabatic pressure perturbation is given by

. , _— 4
We shall return to consider the possible contribution from the sp. —PPe o 22
quadratic term in Sec. Il D. nad_4/0r+3pa(§r o) (22
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An adiabatic perturbatiodp, /p,=p,/p, corresponds to P COBE)=4.8x10 °. (31)

the special case ) , .
If the curvaton dominates the energy density before it decays

[={, =, ,=const. (23 (r=1) this implies the following amplitude for the perturba-
tions of the curvaton field
The curvaton scenario corresponds to the case where the 2 .
curvature perturbation in the radiation produced at the end of Psaio=1-2<107°. (32

inflation is negligible,~0. In the approximation of sudden |, iher words, the typical fieléand density perturbation on
decay[9], ¢, and{, both remain constant up until decay and cosmological scales must be of order £0n that case. If the

the curvature perturbation at decay is therefore curvaton does not dominate, we need at leas10~* to get

{~fged (24) a spectrum of the correct magnitu@@nce the typical den-
e sity perturbation can be at most of order \We shall now see
2 Sor hoyv the observa_tional bound on non-Gaussianity actually re-
~ §fdecq(F) , (25) quires a much higher value for
*

D. Possible non-Gaussianity of the curvature perturbation
wheref 4 is f at the decay epoch, conventionally defined in
terms of the decay rate byg=1. We assume that after
decay the pre-existing radiation is either insignificant or els
thermalizes with the decay produdtsith the possible ex-
ception of CDM. Since we are assuming that there is only

one cgrvaton f'eld’.thls IS sufficient to ensure tijain cos- ensity perturbation of the curvaton field is not negligible,
mological scales will retain the same value at the primordial, "t tal curvature perturbation will have a non-Gaussian

epoch. 2) component.
Going beyond the sudden decay approximation, we defm&Y The relative magnitude of the quadratic term is conven-
a numberr by tionally specified[5] by a numberfy, (NL meaning “non-
[=r¢ (26) linear”), which nominally determines the non-Gaussian con-
7 tribution to the Bardeen potential according to the formula

From Egs.(15 and (27), the curvature perturbation de-
ends on the curvaton field perturbation through both linear
nd a quadratic terms. So far we evaluated only the linear

contribution, which gives a Gaussian contribution to the cur-
vature perturbation. However, if the quadratic term in the

= I’% % (27) o= cbgauss"' fNL(I)éauss (33
Po The connection with the Bardeen potential is only nominal,
2/ o because the relation betwednand{ is taken[5] to be
:rq§<7)*' 28) oo 3, 1o, s
=—g5{~ 3 o (39

where( is evaluated well after the epoch of curvaton decay
and{, is evaluated well before this epoch. In the limit where This relation is actually valid only on super-horizon scales
the curvaton completely dominates the energy density beforafter matter domination, the correct relation at the primordial
it decays,r=1. In other words, the sudden-decay approxi-ePoch being more complicated and involving the relative
mation becomes exact in this limit. The reason is that in thig1eutrino density3].
case the curvaton and its decay products constitute a single Using Eq.(15) we have
fluid with a definiteP(p), so that they have constant curva- S S 2

: N Po o (o0)
ture perturbation which is equal t,. If the curvaton does —T =y 4
not dominate, one has to resort to numerical calculation of Pa g o?
the coupled perturbation equatiof6], for which one finds

. (35

Thus, using Eqg33) and(34), the prediction of the curvaton
hypothesis is

r~(22] (29 .
Pl dec faL= o 36
=g (36)
The prediction of the curvaton model for the spectrum of the . ] )
curvature perturbation is At this point we have to remember that first-order cosmo-
logical perturbation theory is being assumed. Second-order
1w 2 ap metric perturbations will also give a correctidri?)(x), pre-
P =3"Pssle (30 sumably with typical magnitude

D2)(x)|~ D2 3
with P32 given by Eq.(14). The Cosmic Background Ex- 2001~ Pgases 37
plorer (COBE) measurement of the CMB quadrupole anisot-It follows that the estimate E436) of fy, will be valid only
ropy requireq 3] in the regimefy, >1 [and that smaller values df, cannot
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even be defined, unles®®(x) is itself the square of a potential vanishes in thg direction but the higher deriva-
Gaussian quantily In other words, the validity of the esti- tives might in principle be present corresponding to a self-
mate Eq.(36) requires that the curvaton contributes only ainteraction big enough to generate significant non-
small fraction of the energy density just before it decays. InGaussianity. In particular there might be a cubic téving® in
the opposite case that the curvaton dominates the densithe potential[31] (with the unperturbedy, =0) or some-
before it decays, the non-Gaussianity calculated according tding more complicatedi6]. This setup might generate sig-
linear theory is lost in the “noise” of the unknown second- nificant non-Gaussianity, but it obviously requires a special
order correction to cosmological perturbation theory. choice of the inflaton trajectory. Even when such a choice is
Now we compare the prediction with present and futuremade initially, it might be destabilized by the quantum fluc-
data on the CMB anisotropy. A recent analysis of the COBRuation before cosmological scales start to leave the horizon.
data [27] yields |fy|<2x 10, implying the constraint We conclude that a detection of non-Gaussianity by MAP
=6X10 . From Eqs.(30) and(31) we see that this bound Wwould strongly suggest that the primordial curvature pertur-
is equivalent th}s’(f,l,so.l. Starting in 2003, data from the bation is produced by a curvaton field. Such a detection
Microwave Anisotropy Prob&éVIAP) satellite[28] will either ~ Would imply that the density of the curvaton before it decays
detect non-Gaussianity or giéy, | <20 [5] corresponding reaches no more than 6% of the tqtal. In the_ op_posne case
to r=0.06. If non-Gaussianity is detected by MAP it will that the curvaton dominates before it decays, it gives a prac-
clearly be above the noise of the second-order correctiorfically Gaussian curvature perturbation, just as in the inflaton
Looking further ahead, the Planck satellite will either detectScenario.
non-Gaussianity or givefy, |<5 [5] corresponding tor
=0.2. Apparent non-Gaussianity at the bottom end of this ll. ISOCURVATURE PERTURBATIONS
range would however have to be checked against the second-

order order correction td to make sure that the correction introduces a large-scale curvature perturbation. Now we con-

is negiigible. . .. sider theisocurvatureperturbations that may be imprinted in
We have seen that the curvaton hypothesis can easily givi ifferent particle species after the curvaton decay.

significant non-Gaussianity. The reason is that the predicte We adopt the “separate universe” viewpo[s], implicit

curvature perturbation is proportional to the the perturbatior}n practically all discussions of perturbations on superhori-

s g T b reono SEees. AL each epoch, 15 assumed tht each comovig
q j P region with size much bigger than the Hubble distance looks

field is supposeq to be' Gaussan bgcause itis supposed I%Jcally like some unperturbetRobertson-Walkgruniverse.
have negligible interaction, making its Fourier componentﬁf

C L T these “separate universes” are all identical, the cosmologi-
uncorrelated which is the definition of Gaussianity. But thecal perturbations are said to be adiabatic. Perturbations in

combination of the curvaton field perturbation and its squarz{natter fields then vanish on slices of uniform energy density,

From a theoretical viewpoint the square could even dominatéInd the curvature perturbatignis the only thing that needs

[29,8], though as we have seen this is ruled out by the datag%r?seasﬂpeercrllfger?z;?l gﬁ:reyrmme the evolution of the perturba-

h T:tﬁe';;n i?]h\f\l/ﬁc?\opht;ag;r%g?utrze Se':tjuigg?i;ﬁri;heu'rnefllatﬁ:_ If the “separate universes” are not identical there are
yp ' P purely i s curvature perturbations, so-called because they evolve in-

ear in the inflaton field perturbation. The inflaton can usuaIIydependently of the curvature perturbation on large scales

be treated as a practica!ly free field,.making its.perturbation‘sNhiCh can therefore be taken to vanish when considering
and the curvature practically Gaussian. In particular, for th%hem. One way of specifying a generic isocurvature pertur-

usgal s_mgle-fleld _models, where_ there_ls an es.sent'a”%ation, oX, Is to give its value on uniform-density slices,
unique inflaton trajectory, the self-interaction of the mflatonrelated to its value on a different slicing by the gaude-
field is the only relevant one and is kept small by the flatness g by gaug

conditionse, »<1. As a result single-field models giJé] nvariant equation

Thus far we have concentrated upon how the curvaton

|fy|=]2e—27|=0.1 which is lost in the noise from the SX XS
second-order correction to cosmological perturbation H(.— =H|l —— —) (39
theory® In two-field models, where there is a family of pos- X ) sp=0 X p

sible inflaton trajectories curved in field space, the inflaton
field perturbation at the end of inflation will be a linear com- For a set of fluids with energy densipy, the isocurvature
bination[30] perturbations are instead conventionally defined by the
gauge-invariant quantities
SPand<COSOSP, +SinbSy, , (39

opi  6pj
whereg, is the inflaton field at the time of horizon exit and Sij=—3 (___ : (40
X« iS the field orthogonal to it. By definition the slope of the Pi P
In terms of the individual curvature perturbations defined in

Eqg. (17) this becomes
3The bound 0.1 comes from the observational bound on the spec-
tral index in the inflaton scenario,— 1=27—6e. Sij=3(6i—¢))- (42
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For fluids which are “decoupledlin the sense that there is 4+ apn—
no energy transferand which have a definite equation of oni+3Haon —3ny=0, (48)

stateP;(p;), the{;'s are constant on superhorizon scdB8|  assuming all spatial gradients.g., divergence of the par-
and hence so are the isocurvature perturbatidis In this  ticles velocity field are negligible on large scales. Combin-

language, the curvaton density perturbation before it decayigg Eqs.(45)—(48) we obtain the evolution equation for the
corresponds to a constant isocurvature perturbayp  curvature perturbation

=3({,— ¢;) which in the curvaton scenarid (=0) reduces
105,=3L,. ,=0. (49
At the “primordial” epoch, before the smallest cosmo-

logical scale approaches the horizon, there are four “decouance we see that defined in Eq(45) remains constant on
pled” fluids namely the CDM, baryons, photons and neutri-jgrge scales so long as the particle numieis conserved.
nos(taken to be masslessThe conventional definitions Egs. Equations(45) and (49) are equivalent to the statement
(2)—(4) of the three isocurvature perturbations correspond Qhat the perturbation in the fractional number density

(6n;/n;) is conserved on flatg=0) spatial hypersurfaces.

Ss=3(Ls=¢y) (42) The perturbations in the number densities are best defined on
the flat slicing, becausen this slicing the expansion rate
Seam=3({eam™ &) 43 with respect to coordinate time is unperturbid], leading
to the constancy of the fractional perturbations
S,=3(4,—¢y). (44) This is a significant extension to the case of interacting

. . o . fluids of the result found in Ref18] for the constancy of;
In the standard single-inflaton scenario it is impossible g noninteracting fluids on large scales. It will prove a pow-

introduce isocurvature perturbations on large scales at thg| 1ol to describe the possible generation of isocurvature
primordial epoch from the purely adiabatic perturbations X perturbations after curvaton decay in what follows.
isting after the end of inflatiorf18]. But in the curvaton

scenario the nonadiabatic nature of the curvaton perturbation
after inflation (S,,#0) means that it is possible for the cur-

vaton to leave isocurvature perturbations after the curvaton
decays even on super-horizon scales, which we term “re- A. Residual isocurvature CDM perturbation

sidual” isocurvature perturbations. , . .
In addition to the energy densities we shall need to con- Without making any assumption about the nature of the

. i CDM, we take the epoch of its creation as the one after
sider number densitieB gy, Ng, N, andng;. They are

; . . : which its particle numben.q,, is conserved. There are sev-
defined, respectively, &§) the number density of CDM par- . cam ) .
ticles, (i) the density of baryon numbe; (iii ) the density of eral candidates for the CDM particle, such as the axion, the

lepton numbet. and(iv) the densities of the three individual Illghtest.supgrsymmet.nc partlc{ESP), a stable massive par-
. - - ticle (wimpzilla) or primordial black holes. For axions the
lepton numberd.; (i=e, u or 7). By the “primordial” era

any significant lepton number will be carried entirely by neu-emCh of creation corrgsponds to Fhe temperatuteGeV at
. . . : which the effective axion mass rises above the Hubble pa-
trinos, makingn; the difference between neutrino and an-

tineutrino number densities. In the unperturbed Univers [ameter, and for the conventional LSP it corresponds to the

each number density is proportional 45 so long as the Freeze-out temperature roughly of order 10 GeV. For very

corresponding quantity is conserved in a comoving volume N'assve particlegwimpzillas) [32,33 or black hole4 34,39

For each of these number densities. it will be useful tc)’[he epoch of creation may be the end of slow-roll inflation
’ corresponding to an energy scal&* up to 13° GeV. In the

consider the curvature perturbatiofison slices of uniform case of wimpzillas it may insted@6] be the epoch of ther-

IV. RESIDUAL ISOCURVATURE MATTER
PERTURBATIONS

Ni, mal inflation corresponding to perhaps“~10° GeV. The
CDM might also be created as an out-of-equilibrium decay
F e y—H on; 45) product of the inflaton, the curvaton or some other particle.
G=—¢ n, After CDM creation, conservation of the CDM particle
number ensures thdtg, defined by Eq(45) is constant on
1 6n; superhorizon scales. When the CDM becomes nonrelativistic
- 3 (46)  with constant mass,.qm reduces ta’ 4, defined by Eq(17).

3n°
' In most of the examples mentioned above, this occurs at the
In a homogeneous universe the conserved number demsity €poch of creation. It could happen though that that CDM

obeys the evolution equation created from out-of-equilibrium decay is initially relativistic.
Also, the axion massinduced by the QCD instantorin-
n,+3Hn;=0. (47) ~ creases after the epoch of creation, becoming constant only

when the temperature falls to 100 MeV. In any ca&gnm
Allowing for large-scale perturbations about the strictly ho-will certainly have reduced tg.q4y, by the primordial epoch.
mogeneous background, we obtain the local evolution equa- To evaluate the primordial isocurvature perturbaiifg,
tion for the first-order perturbation we assume that the primordi&) = { corresponding to a zero
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or small neutrino isocurvature perturbatiép—¢,, postpon-  yniverse is practically unperturbed and therefdig,, is

ing until Sec. VA the possibility of a significant neutrino ractically zero. At the primordial epoch this gives the re-
isocurvature perturbation. We can then rewrite B®) 8 giqual CDM isocurvature perturbation in E@3) as

Seam=3(Leam—0)- (50) Seam=—3¢. (51)

As we have mentioned, several different mechanisms . ) )
have been considered for creating the CDM. In most cased)) the notation of Ref{2] this corresponds to a maximum
the creation mechanism does not involve any quantity witrforrelation between curvature and CDM-isocurvature pertur-
an isocurvature perturbation, which means that at creatioR@tions. The power spectra of the two perturbations have the
the CDM has no isocurvature perturbation. To put it differ-Same spectral index and the isocurvature perturbation has an
ently, the “separate universes” are in these cases identical &MPplitude three times larger than the adiabatic one. Such a
the epoch of CDM creation, which means that the numbelarge correlated perturbation is ruled out by current observa-

density Ny, at creation depends only on the local energytionS which requird2,37]

density.
The most usual way of obtaining CDM which has an Sedm
isocurvature perturbation at creation is to suppose that it con- l <15 at 95% C.. (52

sists of axions, whose production in each region of space
corresponds to the onset of the axion field oscillation in that o, conclusion is that in the curvaton scenaB®M can-

region. If the axion field has an isocurvature perturbation, g, pe created before curvaton decays and while the total
CDM isocurvature perturbation will then be produced at thegryature perturbation remains smalf<r¢,. In particular
time of creation. However, the magnitude of the isocurvaturecp creation just after inflation ends, such as might occur
CDM perturbation produced in this way is unrelated to thati, the case of wimpzillas or black holes, is incompatible with
of the curvature perturbation. In other words, there is NOnhe curvaton scenario.
reason why CDM originating from an oscillation of the axion = |t the cDM is created before the curvaton decays, but
field should have a significant isocurvature density at th§hen the curvaton density has become non-negligible,
time of its Cr_eatlon. The_same is true for all of th_e 0ther~1 in Eq.(20), there will be a significant nonadiabatic pres-
CDM production mechanisms that have been considered sq,,¢ perturbationdP, . given by Eq.(22), at the epoch of
far. ) creation and we can no longer assume that the initial CDM
In what follows we will assume that the CDM number ,mher density is unperturbed on uniform density slices. In-
density at the epoch of creation depends only on the localiesq the actual number density at creation will depend on

energy density. We expect this to be valid in the absence oo mechanism by which the CDM is created, and we leave a

any nonadiabatic pressure perturbation, i.e., where the loc@ltajled investigation of the different cases for future work.

dpnsity also determines the local pressure. The only excep- Finally, we consider the case that the CDM is created by

tion will be the case that the CDM is produced by the cur-yq gecay of the curvaton itself. The epoch of CDM creation

vaton decay, which will require special treatment. then corresponds to the epoch when the curvaton decay is
In the curvaton scenario where the CDM is created afteg,mjete. The resulting local CDM density is then fixed mul-

the curvaton has decayddr in the inflaton scenanjpthe — yinie of the curvaton number density well before decay. The
CDM isocurvature perturbation will still be zero at the “pri- .5 tional perturbations are thus equal and hence
mordial” epoch. The basic reason is that the “separate Uni-

verses” in these cases remain identical. To proceed more ~

formally, the assumption that there is initially no isocurva- Cedm= Lo (53)
ture density perturbation means that the CDM number den-

sity at creation is uniform §nq,=0) on slices of uniform Using the definition of in Eq. (26), this gives at the primor-
density(where = — £). Hence we may evaluate the gauge-dial epoch

invariant expressioi45) on a surface of uniform density to

obtain7qm= ¢, with both sides constant. Going forward to
the primordial epoch, when the CDM energy is conserved so

that ¢ cgm= Lcam We find that the primordial CDM isocurva-
ture perturbationS.ym, given by Eq.(43), vanishes. This is negligible if the curvaton comes to dominate before it
The situation is dramatically different if the CDM is cre- decays (=1), the physical reason being that the curvaton
ated before the curvaton decays, or if it is created by theerturbation becomes an adiabatic curvature perturbation, so
curvaton decay itself. In these cases, the process of curvataincannot leave behind any residual isocurvature perturbation.
decay creates a “residual” isocurvature CDM perturbationBut if the curvaton decays before it dominates1, there
whose properties are closely tied to the curvature perturbawill be large isocurvature perturbations in the CDM, incom-
tion. patible with existing observational constraints. Note that in
Consider the case that the CDM is created well before théhe notation of Ref[2] the curvature and isocurvature per-
curaton decays and well before the curvaton comes to domturbations are anticorrelated, in which case the observational
nate the energy densiff< 1 in Eqg.(20)]. In this regime the limit becomes

1—r
Seam=3 T) {. (54
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Sed An isocurvature perturbation of the form given in E§6)

5”‘<0-2 at 95% C.l., (55 will either be ruled out or observed in the near future, pro-
viding in the latter case a smoking gun for the curvaton
scenario.

much stronger than that for correlated isocurvature perturba- The final possibility is that baryon number is produced by
tions. Observational limits on the amplitude of the anticorre-the out-of-equilibrium decay of the curvaton itself, as is the
lated isocurvature perturbations thus require the curvaton tease if we identify the curvaton with the right-handed
effectively dominater>0.9, if the CDM is created by the sneutrino of Ref[38]. Then we have at the primordial epoch,
curvaton decay. in the sudden decay approximation,

1-r
B. Residual baryon isocurvature perturbation SB=3(T) L. (58

Baryon numbeB may be created directly, in which case

we take the ezocr? of ba_ryolgene5|sbto be thedorrl]e aftehr V;]’h'ceurrent observational limits on the amplitude of such an an-
B is conserved. Alternativel may be created through the ., reated baryon-isocurvature mode require that the curva-

conversion ofL at the electroweak transition. In the latter ;" .t dominate the density at decay.0.6, if the curva-
caseB-L is conserved, and for the present purpose we mayy ., itself is responsible for bawogenesi,s.. ’

take the epoch of baryogenesis as the one vBwnis cre-

ated. Depending on what type of mechanism operates, the

epoch of baryon creation in this sense may be anywhere from V. NEUTRINO ISOCURVATURE PERTURBATIONS
the end of inflation to the electroweak transition. To keep the
notation simple we take the relevant quantity toBé&om

now on, with the understanding thBtis to be replaced by ~ In this section we discuss_ the possibility of a neutrino
B-L if that is the relevant quantity. isocurvature density perturbation. As far as we are aware our

Until the QCD transition aff ~100 MeV, B represents treatment is the first one taking into account the crucial issue

the difference between the abundances of the typically relf lepton number. o _ _
tivistic particles and antiparticles carrying baryon number, The era of thermal equilibrium for neutrinos ends just
and cannot usefully be associated with an energy density. IRefore nucleosynthesis, which almost certainly means that
this situation we need to ugg the curvature perturbation on this era determines Ehe_ abur_ldences of neutrinos anq anti-
slices of uniformng [given in Eq.(45)]. This quantity is neutrinos at.the. later pnmorphgl epociie are not in this
constant on large scales at all times after baryon creatiof 2PE" considering t'he possibility that the curvaton decays
and it reduces tdg [Eq. (17)] after the QCD transition when dfter nucleosynthesis, and for the present purpose we dis-

baryon number is carried by nonrelativistic nucleons and pucount too the possibility that it decays between neutrino de-

clei coupling and nucleosynthesigaking that for granted, there
The theoretical situation for the baryon isocurvature per-'s”r?o igenuemlri] Oitlfeocgjé\é;ﬁgg '[I;\éheri:‘ﬁgtr(c)i?aln;& ?Ejrar?:::i(f:?#é
turbation is similar to the one for CDM. We make the rea—p 9 9ig ' P

sonable assumption that the baryon number density at t r&eutrinos is then determined entirely by the photon tempera-
epoch of baryogenesis depends only on the local energy de fire [39].

sity, unless baryogenesis comes the curvaton decay itself. % We therefore consider the case of nonzero lepton number

A. The general formalism

baryogenesis occurs after the curvaton decays, there will b er:_slt)llnu ' W'tlh |=e,éL_or T \.II\./;".Ie the _rlﬁuttrlnos a;g_ ef-
no primordial baryon isocurvature perturbation. If instead ectively massdeSf and in et_quu nurg, with temperatdre
baryon number is generated well before curvaton decay, ant(!i“s corresponds 1o occupation numbers

well before the curvaton dominates, there will be a large f.(E)=[exgE/T,F&)+1] %, (59)

residual baryon isocurvature perturbation,

Sg=—3¢. (56)  for neutrinos and antineutrinos with energyThis gives the
following expressions for theotal energy density; of neu-
trinos and antineutrinos, and the lepton number density

In contrast with the CDM case, such a perturbation is stillequal to thedifferencebetween the number densities of neu-
marginally compatible with current observational dé2d.  trino and antineutrino§40]:
The effect on the CMB angular power spectrum of a baryon-

isocurvature perturbation is essentially the same as that of a pi T[T\
CDM-isocurvature perturbation but the size of the effect is —=—(—”) A (60)
diminished by a factof)g/Q.qm due to the smaller density Py 81T,
of baryonic matte{39], so the constraint in Eq52) be-
comes N T,\®
n_:2'15<T_) B, (61
Y Y
% <1.5(QLdrn at 95% C.I. (57 where
4 Qg
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B 30/ &\? 15(&\* and the curvature; on uniformn,; hypersurfaces given
Ai=|1 7\ +7 P 62 from Egs.(45) and(61) as
- ST, oT,\ 1B/ 8¢
&\ (&)\° R B ] B BT
o] ()44 - s L T
o o

where A/ =(60/7)B; and B/=1+3(&/m)% Only when
6¢;=0 do these two quantities coincide.
2 As we have noted, a neutrino isocurvature perturbation

and

py= —T4, (64)  due to the first term in Eq967) and (68), representing a
157 perturbation in the neutrino to photon temperature ratio, is
extremely unlikely since it would have to be generated dur-
2.40_, ing the extremely short era between neutrino decoupling and
n)’:?Ty‘ (65 nucleosynthesis. We here take the first term to be zero.

Following the path that we trod for the CDM and baryon
number perturbations, we define the isocurvature perturba-

In the usual case that the lepton asymmetry is negligible '8ns in the number densities of the three lepton numbers,

these expressions start to become valid at reheating, and ho

with T,=T,, until positron annihilation, after which % sny on, )
T,= (41D, (66) Conon
In the case of significant lepton asymmetry that we are con- =3(4i—¢,). (70)

sidering, there is significant neutrino mixing and the expres- ) . .

sions become valid only whefi, =T, falls to a few MeV. They determine the perturbations in the asymmetry param-
The subsequent evolution is more complicated than in th&'€rs:

usual case so that the thermal distribution E8P) is not St B, ¢

precisely maintained40], but following the usual practice — =5~ 25, (71

we make the approximation that it is maintained so that Egs. T B ™

(59)—(66) are all valid after positron annihilation. From now ] o o ] 5

on we take the expressions to refer to that era. The asymma#there the final equality is valid in the regimé; (7)“<1.

try parameterst, are then constant since the neutrinos arel hese expressions refer to the primordial era, and are valid_in
. . 3 -
travelling freely leading ta o T3 1/a8. the early Universe only back to the epoch of positron anni

Big-bang nucleosynthesi8BN) and large-scale structure hilation at T~MeV. While they are valid, the Iept0~n num-
(LSS constrain &, and |gﬂ|2+|§f|2_ If the favored large bersL; are conserved and the curvature perturbagpion
mixing angle(LMA) solution to the solar neutrino problem slices of uniformn,; is constant. At early times though, cor-
is correct, neutrino oscillations ensure that ¢heave a com-  responding toT bigger than a few MeV, neutrino mixing
mon valueé [41]. In that case, the BBN-LSS constraint is becomes significant and the individual lepton numbers are
[42] —0.01< £<0.07. With this constrainynperturbedep-  Not defined. Instead there is only the total lepton number
ton number densities are almost certainly too small to havéensity and its perturbation,
any observable effect on the CMB anisotropy or large-scale
structure(LSS). We shall see, though, that this need not be — ,

shall < ! n=2 ni (72)
the case for the residual isocurvature perturbation.

Final confirmation of the LMA is expected in a few

months from the Kamland reactor experimga8], but we = _on. dn, 73
shall nevertheless allow independent asymmetry parameters L ng n,

in our analysis. In that case BBN and CMB-LSS together

give constraints or|¢,|=|¢,| (assumed equal for conve- :3(’ZL_§y)_ (74)

nienceg and &, which are much weaker, name||ﬁM’T|s2.5

and |£,|=<0.30 [42]. Note that these limits were obtained The total lepton numbek is well defined in the early Uni-
assuming a purely adiabatic primordial perturbation specverse after the epoch of lepton number creation, which we
trum and hence serve only as a rough guide in the case oftake to be the one after whidh is conserved. Whild. is

correlated curvature and neutrino isocurvature perturbationggonserved, the curvature perturbatinon slices of uniform
For each individual neutrino species we can calculate thg, s constant.

curvatureZ; on uniformp; hypersurfaces from Eqgl7) and The three primordial quantities, and their perturbations
(60) S; are not in general determined oy and S, . They are
, however determined if the large mixing angle solution to the
= ( oT, ﬂy) 1A 6§ (67  Solar neutrino problem is correct because the three quantities
bevlT, T, 4A T are then equal
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1 Seame=3(Lcams—¢5) =3(Lecame— ) TR,S,. (8
NLi= 3N (79
Hence for CDM/baryons created after curvaton de@ayin

-3 (76) the inflaton scenario for which Zqmg={, we now have a
oL nonzero isocurvature matter perturbation

If one or more neutrino masses are big enough to give a
significant amount of dark matter, it will be necessary to
insert the 5¢; into the initial occupation number E459), ¢ cpm/baryons created before curvaton decay, with
propagating this initial condition forward with evolution ~ —0 h

equations. In that case the initial condition requires a know|->cdmB ™ we have

edge of the thrge individual isocgrvature p.ertur_batieﬂﬂs Seamp=—3(+R,S, , (83)
Here we make instead the opposite approximation of mass-

less neutrinos. Then, the only required initial condition is theyhile for CDM/baryons created by curvaton decay, with
isocurvature perturbation in the total neutrino energy densnyéz — /., we have
which is specified by the derived quantify, defined by Eq.  ~¢d™B™ >

(4). This quantity may be calculated using

:z pié , 77 If S,<¢, then{, can be identified to high accuracy with
2 . and the changes if.qmg induced by the neutrino isocurva-
pi ture perturbations represent a small correction.
These changes do not correspond to any change in the
taking p; from Eq. (60) and¢; from Eq.(67). The resultis  evolution of the CDM or baryons in the early Universe. They
would be avoided if we worked instead with the quantities

Scdm/B: RVSV ' (82)

1-r

. {+R,S,. (84)

Seamp=3

e

45 E Bi(8¢ /) Scdm,3=3(zcdm5—§), .that define the perturbati(_)rjs on sli_ces
_ (79) of uniform total density{Eq. (39)]. These quantities are in-
v S A ’ dependent ofS, so that, for example, they always vanish if

i

the CDM or matter is created after curvaton decay with a
density depending only on the local energy density. In a

similar way, the quantitiesS;=3(Z;—¢) reflect the early

2 AN
45 E (Bi/B)S _ 15 E &i 23, 79 Universe situation more directly than the quantiesas we
7 v o) (79 shall see when discussing leptogenesis from curvaton decay.
E Ai In all cases though, the unhatted quantities are those com-
monly used at the “primordial” era, as a starting point for
where the final approximation is valid fog(/ 7)?<1. the forward evolution of the perturbations.

As far as we are aware, this is the first time that expres-
sions for the neutrino isocurvature perturbation have been C. The residual neutrino isocurvature perturbation
given in the most realistic case where it is determined by the
(perturbed lepton asymmetry. The effect of the neutrino
isocurvature perturbations has never been tested against
servational data while including nonzero chemical potential

Now we wish to discuss the residual neutrino isocurvature
erturbation in the curvaton scenario, along the same lines as
r the CDM and baryons. To do this, we assume that the
LMA solution is correct so that the primordial lepton number
_ ) densities have a common value, determined by the total lep-

B. Induced matter isocurvature perturbations ton number density that is conserved in the early Universe.
Now we address an issue that is relevant for calculatingsince the lepton asymmetry is small in that case, the neutrino
the amplitude of CDM and baryon isocurvature perturbationgsocurvature perturbation is given to high accuracy by Eq.
in the presence of a neutrino isocurvature perturbation. In thé’9),
presence of the latter, the equalfy={,={ breaks down,

2
and instead we have S,~ s (é) S, (85)
7\
R,
(=(1=R)EFRE=E,+ ?Sv' 80 where the common asymmetry paramefesatisfies the nu-

cleosynthesis constraing¢|<0.07.

whereR,=p,/(p,+p,) is the fraction of the final radiation To evaluateS, we can follow closely the previous discus-
density in neutrinos, anR,~0.41 for §,<1. sions of CDM and baryon number. We take the epoch of
The amplitude of the CDM and baryon isocurvature per-creation of lepton numbek to be the one at which this
turbations, calculated assumigg- ¢, acquire an additional quantity starts to be conserved. We assume that the lepton
term number isocurvature perturbation at creation is zero or neg-
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ligible, except in the case that lepton number is created byurely adiabatic and Gaussian density perturbatmmrva-

the curvaton decay. If lepton number is created after curvatoture perturbationthat is familiar from the inflaton scenario.

decay,S, =0 and there is no neutrino isocurvature perturba-n another regime though, it can give large non-Gaussianity,

tion. and/or a large “residual” isocurvature perturbation which is
If lepton number is created well before curvaton decaycompletely correlated with the curvature perturbation and

and well before the curvaton dominates the energy densitycan in principle be present in any or all of the baryonic
matter, the CDM and the three neutrino species.

S =- 3¢y, (86) The non-Gaussianity of the curvature perturba@rises
if the curvaton fails to dominate the energy density before it
giving decays. The perturbation is described byZdistribution,
135/ £ whose non-Gaussianity is parametrized by
Sv=—7<;) Z,. (87) 5
fNL:E7 (92

For |£]<0.07 and using Eq:80), we have
wherer is approximately given by the curvaton density just

|S,|<0.01. (88) before decay, as a fraction of the total. Starting in 2003,
o results from MAP satellitd28] will either detect this non-
This is very small and may never by observable. Gaussianity or show that the curvaton density is at least a
Finally, if lepton number is created by out-of-equilibrium feyy percent of the total when it decays.
curvaton decaf, The residual isocurvature perturbation in CDM or bary-
onic matter arises if the CDM or baryon number is created
3L~3(ﬂ) Z. (89) either before curvaton decay, or by the curvaton decay itself.
r If it is created(significantly) before curvaton decay and be-

. , .. fore the curvaton dominates the energy density, the isocurva-
If the curvaton does not dominate before it decays, this giveg, e perturbation is given by

£\? Seam=—3¢, (93)

o

135( 1-r

and similarly for baryons. This large, correlated isocurvature
1—r perturbation is ruled out by observation for CDM. In other
|S,|<0.0——¢=15¢, (91 words, CDM cannot be created significantly before curvaton
r decay and before the curvaton dominates. This is a strong
where the final inequality comes from the current bounds Orﬁ:onstralnt on thg qos_molog_y, lmplylr;]g rf]or example that .the
the non-Gaussianity parametég, , given in Eq.(36). This curvaton scenario is inconsistent with the CDM creation just

? oo after the end of inflation. For baryons the perturbation am-
upper bound represents a large anticorrelated neutrino isocuf;

vature component which may already be incompatible WiﬂPlitude is close to current observational Iimit_s a_nd will be
current data, though this possibility is yet to be tested againsr%jleol outor d.etected In the near future, prowdmg in the latter
observationé If MAP further constrains the non—Gau:ssiar?ase a smoking gun for the curva_tton scenario.

' . NG If the CDM or baryon number is created by the curvaton
parameterf,. , (rather than detecting non-Gaussiajitiie decay itself
bound will becomdsS,|<0.2¢. '

We note that the neutrino isocurvatuwrelocitymode con- 1-r

sidered by Bucheet al.[39] is hard to generate in a curvaton Sedm™= 3(7) g, (94
scenario, since we would expect any velocity perturbation
left on large scales after the curvaton decay to be suppressead similarly for baryons. Unlessis close to 1, this large
by factors of order K/aH)? with respect to théalmost scale- ~anticorrelated contribution is ruled out by observation for
invariany density perturbation, i.e., generated only by spatialbboth CDM and baryons. In other words, the curvaton decay

gradients in the curvaton field. cannot create CDM or baryons unless the curvaton domi-
nates the energy density before it decays.
VI. CONCLUSIONS For the neutrino isocurvature perturbation we have pre-

sented an analysis which, for the first time, includes the cru-
In this paper we have reviewed the mechanism by whiclja| issue of lepton number, and is relevant for any cosmol-
a curvaton field can generate a large-scale density perturbagy. Although general formulas are given, we focus on the
tion after inflation, and gone on to investigate the nature otase where the ratio of the neutrino and photon temperature
the primordial perturbation that is produced. In many cosmois unperturbed, because the late decoupling of neutrinos
logical models the curvaton scenario can reproduce thgnakes it very hard to see how it could be otherwise. We also
focus on the case that tlee . and 7 lepton number densities
are equal, which will be ensured by mixing in the early Uni-
“The exact formula isS, =37(1—r)/r whereS, =3(Z,—¢), but  verse at least if the large mixing angle solution to the solar
the difference is negligible in the regimé/¢r)?<1. neutrino problem is correct.
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With these assumptions, the isocurvaterergy density 135/ £\?( 4
perturbationS, of massless neutrinos is related to the lepton S~ 7(;) (ngL— 1) 4 (96)
numberdensity isocurvature perturbatidh by
45( £\2, L .
5V=7 =S, (95) If the present bound on non-Gaussianitfy, | <2000, is
a

saturated this permits a huge effect, presumably already

where ¢ is the lepton asymmetry parameter, related to thdUl€d out by observation, and even the expected MAP bound
lepton number density by=4.02(1_/n.). If the lepton on |fni|<<20 will still allow a S|gn|f|cant gﬁect. Observa-
number density is of order the baryon number density as i§onal bounds orfy_ands, in this scenario should be ob-
usually supposedé|~10~°, the neutrino isocurvature per- tained jointly, taking into account the correlation of these two
turbation will be completely undetectable. Observationallyguantities with each other and with the curvature perturba-
though, the lepton density is subject only to the nucleosyntion £. .
thesis boundé| < 0.07, which may allow a detectable pertur- 1N summary, we have shown that different curvaton sce-
bation. However neutrino isocurvature perturbations in the1arios offer a number of distinctive observational predictions
presence of a significant lepton asymmetry have never beetihich may be tested by forthcoming experiments.
tested against observations. Note addedA related paper by Moroi and Takahashi]

In the curvaton scenario, the formulas for the residuadiscussing the case of matter isocurvature perturbations in

isocurvature perturbatios, are the same as those for the € curvaton scenario appeared while this work was in
CDM and baryon perturbations. If leptogenesis occurs afteP"09M€sS:
curvaton decay there is no residual neutrino isocurvature per-
turbation. If it is significantly before curvaton decay and be-

fore the curvaton dominatess, =—3/ and |S,|<0.01

which may never be observable. The interesting result comes \we are grateful to Kostas Dimopoulos, Luca Amendola
in the third case, that the curvaton decay itself causes leptgznd Martin Bucher for useful discussions. This work was
genesis. Thers, =3((1—r)/r)¢, and if the curvaton does supported in part by PPARC grants PPA/G/S/1999/00138,
not dominate before decay we have a neutrino isocurvaturBPA/G/S/2000/00115 and PGA/G/O/2000/00466, and by EU
perturbation whose magnitude is related to the nongrant HPRN-CT-2000-00152. D.W. is supported by the
Gaussianity parametdg, =5/4r, Royal Society.
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