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PRIMORDIAL NON-GAUSSIANITY FROM MULTIPLE CURVATON DECAYS

JUSSI VALIVIITA, HOOSHYAR ASSADULLAHI and DAVID WANDS
Institute of Cosmology and Gravitation, University of Portsmouth, Portsmouth PO1 2EG, UK

We study a model where two scalar fields, that are subdominant during inflation, decay into
radiation some time after inflation has ended but before primordial nucleosynthesis. Perturba-
tions of these two curvaton fields can be responsible for the primordial curvature perturbation.
We write down the full non-linear equations that relate the primordial perturbation to the
curvaton perturbations on large scales, and solve them in a sudden-decay approximation. We
calculate the power spectrum of the primordial perturbation, and finally go to second order to
find the non-linearity parameter, fxr.. Not surprisingly, we find large positive values of fnr, if
the energy densities of the curvatons are sub-dominant when they decay, as in the single curva-
ton case. But we also find a novel effect, which can be present only in multi-curvaton models:
fn1 becomes large even if the curvatons dominate the total energy density in the case when
the inhomogeneous radiation produced by the first curvaton decay is diluted by the decay of a
second nearly homogeneous curvaton. The minimum value min(fxi,) = —5/4 which we find is
the same as in the single-curvaton case. Using (non-)Gaussianity observations, Planck can be
able to distinguish between single-field inflation and curvaton model. Hence it is important
to derive theoretical predictions for curvaton model. From particle physics point of view it is
more natural to assume multiple scalar fields (rather than just one “curvaton” in addition to
inflaton). Our work updates the theoretical predictions of curvaton model to this case.

1 Introduction to curvaton model

Theories beyond the standard model often contain a large number of scalar fields in addition
to the standard-model fields. In the very early universe it is natural to expect the initial values
of these fields to be displaced from the minimum of their potential. If they are displaced by
more than the Planck scale, then they can drive a period of inflation. Otherwise they will
oscillate about the minimum of their potential once the Hubble rate, H, drops below their
effective mass. An oscillating massive field has the equation of state (averaged over several
oscillations) of a pressureless fluid. Thus the energy density of a weakly interacting massive
field tends to grow relative to radiation in the early universe. Such fields must therefore decay
before the primordial nucleosynthesis era to avoid spoiling the standard, successful hot big bang
model. If the energy density of a late-decaying scalar is non-negligible when it decays, then any
inhomogeneity in its energy density will be transfered to the primordial radiation Therefore,
the observed perturbations in the Universe can solely result from these inhomogeneities and the
perturbations in the inflaton decay products (i.e., pre-existing radiation) can be negligible. This
is the curvaton scenario for the origin of structure2 We focus on this pure curvaton model ]
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2 Definitions: primordial perturbation, power spectrum, and fnr,

The primordial density perturbation can be described in terms of the non-linearly perturbed
expansion on uniform-density hypersurfaces

1 p(tvx) dp
t,x) =0N(t,x +—/ - 1
c(tox) = aN (e + 3 [ )

31

@ Before their decay, the curvatons represent pure isocurvature degrees of freedom which are ruled out by data’
Nevertheless, the pure curvaton model generates adiabatic primordial density perturbations, if all the species are
in thermal equilibrium and the baryon asymmetry is generated after the curvatons decay. However, if inflaton
perturbation was not fully negligible and the curvaton(s) decayed into radiation and cold dark mater (CDM),
then a correlated mixture of adiabatic and CDM isocurvature primordial perturbations would follow. These
possibilities have been studied extensively, e.g., in Refs‘m‘ It should be noted that an admixture of subdominant
isocurvature (up to 5-10%) and predominant adiabatic primordial perturbation can fit Well the current data.
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where N = [ Hdt is the integrated local expansion, p the local density and p the local pressure,
and p is the homogeneous density in the background model. We will expand the curvature per-
turbation at each order (n) as ((¢t,x) =Y ooy %C(n) (t,x), where we assume that the first-order
perturbation, (1), is Gaussian as it is proportional to the initial Gaussian field perturbations.
Higher-order terms describe the non-Gaussianity of the full non-linear (.

Working in terms of the Fourier transform of ¢, we define the primordial power spectrum as
(C(k1)C(ka)) = (2m)3P:(k1)83 (k1 + k2) . The average power per logarithmic interval in Fourier

space is given by P (k) = %Pg(k) , and is roughly independent of wavenumber k. The primor-

dial bispectrum is given by (¢ (k1)((k2)¢(ks)) = (27)3B(k1, ko, k3)6% (k1 + ko +k3) . The ampli-
tude of the bispectrum relative to the power spectrum is commonly parameterized in terms of the
non-linearity parameter, fr,, defined such that B(ki, k2, k3)=(6/5) fxr [P(k1)P(k2) + 2 perms] .

As an example we will consider the primordial curvature perturbation produced by the decay
of two scalar fields a and b. Without loss of generality, we assume that the curvaton a decays
first when H = I', followed by the decay of the curvaton b when H = I'y, where I'y < I',.

During inflation the curvatons acquire an almost scale-invariant spectrum of perturbations on
super-Hubble scales, Ps,, = Ps,, = H2/(27)?, where H, is the Hubble rate at Hubble exit. We
assume that the field perturbations at Hubble exit have Gaussian and independent distributions,
consistent with weakly-coupled isocurvature fluctuations of light scalar fields. When the Hubble
rate drops below the mass of each curvaton field, the field begins to oscillate. The local value
of each curvaton can evolve between Hubble-exit during inflation and the beginning of the field
oscillations. We parameterize this evolution by functions g, and g, but we assume the two fields
remain decoupled so that their perturbations remain uncorrelated. Thus at the beginning of
curvaton oscillations, the curvaton fields have values aosc = gq(as) and bose = gp(bs) -

We can define non-linear perturbation (, and (, for each curvaton analogous to the total
perturbation (Il). They become constant on scales larger than the Hubble scale once each
curvaton starts oscillating, and while we can neglect energy transfer to the radiation, I'y < H.
We find that the power spectra of {, and (, when the curvatons start to oscillate are related by

P, = 52P<a , where 8 = g,’,’/ gZ with g; = dg;,/0b, and similar for g,. In this talk, we assume linear

evolution between Hubble exit and the beginning of curvaton oscillations, so that § reduces to
the ratio of the background curvaton field values at Hubble exit, 5 = a. /b, .

3 Full non-linear equations

We will estimate the primordial density perturbation produced by the decay of two curvaton
fields some time after inflation has ended using the sudden-decay approximation, generalizing
the non-linear analysis of Ref. T to the case of two curvatons. Before the decays we have three
non-interacting fluids with barotropic equations of state and hence three curvature perturbations
(@) which are constant on large scales

g:&Nﬁln(g—:), ga:5N+§1n(g—g), gb:5N+§1n(%). (2)

On the spatial hypersurface where H = I';, there is an abrupt jump in the overall equation
of state due to the sudden decay of the first curvaton into radiation, but the total energy density
is continuous

Pyi1 F Pb1 = Pygl + Pal + Po1 - (3)

Here p.,1 is the radiation energy density immediately after the first curvaton decay, py; is density
of the second curvaton at the first curvaton decay, and p~,1 and p,; are densities of pre-existing
radiation the first curvaton just before the first decay where a is converted into ~;. Note that
the decay hypersurface is a uniform-density hypersurface and thus, from Eq. (), the perturbed



expansion on this hypersurface is 0N = (7, where (; denotes the total curvature perturbation
at the first-decay hypersurface. Hence employing Eq. (2]) we have on this hypersurface

Prot = Pror€ 0 py =Py e gy = Py ¥ gy = gy e?@) (4

On a uniform-density hypersurface the total energy density is homogeneous. Therefore an
infinitesimal time before the first decay we have p,;1 + pa1 + pp1 = p1. Substituting here Eqgs.
(), and dividing by the total energy density p; we end up with (assuming flat 2 = 1 universe)

970164(@0—(1) + Qale3(Ca—C1) + lee3(Cb—C1) =1, (5)

where Q1 = py1/p1, Qa1 = pa1/p1, and Q1 = pp1/p1 are the energy density parameters of the
pre-existing radiation, the first curvaton, and the second curvaton at the first curvaton decay,
respectively. An infinitesimal time after the first curvaton has decayed into radiation we have

Q«,1164(C71_C1) + lee3(Cb—C1) -1. (6)

The total curvature perturbation (; is the perturbation on the decay hypersurface and thus is
continuous between the two phases. However, the energy density of radiation changes abruptly
at the decay time and the radiation curvature perturbation is discontinuous, (, # ¢, . Egs. (@)
and (@) can be used also for the second curvaton decay with the obvious substitutions € — 0,
index a — b, 1 — 2, 0 — 1. Results for single curvaton follow by setting the density parameters
of b zero. In Ref.'” we have checked in single-curvaton case that a fully nonlinear numerical
solution for a gradual decay agrees well with the analytical solution obtainable from (Bl and (@).

If one is interested in perturbative results, one can Taylor expand the exponential functions,
e =1+ x+22/24 ..., and substitute the expansions of the curvature perturbations up to any
desired order, and then solve order by order for the final curvature perturbation (3 = (,, as a
function of (,,, (4, and (. Indeed in the pure curvaton model the pre-existing radiation from
inflaton decay is homogeneous ¢, = 0, which we assume from now on.

4 Results: Primordial power spectrum and fyr,

The first order curvature transfer efficiency parameters S can be given in terms of three ratios
which specify the relative densities at the first decay fu1 = 3Qq1/ [4Q451 + 3Qa1 + 3Q1], fo1 =
31/ [4Q4,1 + 3Qa1 + 3] and at the second decay fro = 32/ [4Q25,2 + 3Q2].

Solving Egs. ([B) and (@) up to first order, we obtain the primordial power spectrum af-
ter the second curvaton decay S. P = [7‘3 + ﬁ27‘§] P, , where (3% gives the ratio between the
initial power in the curvaton a and that in the curvaton b. Here the total first order cur-
vaton perturbation transfer efficiencies are fl r, = (1= fo2) 3+ fa1) fa1] / [B(1— fp1) + fa1] and
ry = [(1—fo1) foo(3+ fa1) + for far]l / [B(1— fo1) + fa1]. Already this first order result is much
more cumbersome than in the single curvaton case

In Ref.® we solve Eqgs. (B) and (@) step by step up to second order for the first and second
decay, and finally give an expression for the primordial non-linearity parameter fyr, after the
second decay. It is a very complicated function of 3, f,1, fo1 and fp. In 3 panels in Fig. [l we
show it for 5 = 00,0, 1 and for three choices of fp; (with different line styles). (a) 3 — oo: in this
case the first curvaton a is almost homogeneous. Then the result is very close to the standard

*Note that our result differs from that presented recently by Choi and Gong9 due to the presence of the extra
term fp1 which they (implicitly) assumed zero. The term f1 arises due to the difference between the uniform
total density hypersurface and the uniform radiation density hypersurface when curvaton a decays, if the density
of the curvaton b is not negligible. When Q31 = 0 we we recover the simpler result9 ra = (1— fo2) far and 75 = foo.

“If the other curvaton, say b, is absent, then we recover the standard single-curvaton first-order result Pr =
roPe, with ro = fa1 = 3Qa1/ [49701 + 3Qa1] = 3Qa1/ [4 — Qa1].
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Figure 1: fnL(fv2, fa1) for 8 = oo (left panel), 3 = 1 (middle panel), and 3 = 0 (right panel). The energy density
ratio of the first curvaton at the first decay is set to fo1 = 0 (thick solid lines) or fo1 = fr2/2 (dotted lines) or
for = (1 + fa1/3) fo2 (thin solid lines) which corresponds to the simultaneous decay of a and b. Contours of equal
fni are shown, from left to right (or from bottom to top), for fnr, = 1000, 114, 20, 5, 0, and —1.

single-curvaton result (in Fig. fi; = 0); ﬁ;ﬂglc( f)= %—g—% with f = fyo. However, if the first

curvaton density at the first decay is non-negligible, it modifies the result slightly. Large fnr, is
obtained if b is highly subdominant (fp < 1) at its decay time. (b) = 0: both curvatons carry
equal amount of perturbation. The result is what one would expect from single-curvaton studies.
Large fnr, is obtained if and only if both a and b are highly subdominant (f,1 < 1, fre < 1) at
their decay time. (c) f = 0: the second curvaton is homogeneous. In this case we can obtain
a large fnr, even if both the curvatons are dominant (fq1 ~ 1, fra ~ 1, upper right corner in
Fig.) at their decay time. The inhomogeneous radiation produced by the first curvaton decay
is diluted by the decay of the second homogeneous curvaton. We expect this result to hold also
for more than two curvatons if the last decaying curvaton is almost homogeneous.

In all cases we find fnxr, > —5/4, which seems to be a robust lower bound in single and
multi-field curvaton models in which the curvaton field perturbations are themselves Gaussian.
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