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Right-handed neutrinos as the source of density perturbations
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We study the possibility that cosmological density perturbations are generated by the inhomogeneous
decay of right-handed neutrinos. This will occur if a scalar field whose fluctuations are created during
inflation is coupled to the neutrino sector. Robust predictions of the model are a detectable level of non-
Gaussianity and, if standard leptogenesis is the source of the baryon asymmetry, a baryon isocurvature
perturbations at the level of the present experimental constraints.
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I. INTRODUCTION

Recently a lot of attention has been devoted to models of
the early Universe where the leading source of density
perturbations is not the slowly rolling inflaton but an addi-
tional light scalar. The quantum fluctuations of this addi-
tional field generated during inflation can be converted in
different ways into adiabatic density perturbations. In the
curvaton scenario [1] the scalar starts oscillating when the
Hubble scale drops below its mass and its energy density
becomes quite relevant before decay. As in different parts
of the Universe the initial conditions for the oscillation are
slightly different this gives rise to density perturbations.
Another possibility is that the scalar fluctuations modulate
some parameter relevant for the cosmological evolution at
some stage. For example it can modulate the reheating
efficiency of the inflaton or the mass and interactions of
a particle which becomes dominant before decaying [2—4].

These models are theoretically interesting: given the
ubiquity of scalar fields in extensions of the standard
model, it is easy to imagine that the inflaton is not the
only relevant degree of freedom in the early phases of the
Universe. In particular, in String Theory dimensionless
couplings are functions of the scalars describing the com-
pactification. Moreover this additional source of density
perturbations can allow to circumvent the necessity of
slow-roll altogether [5]. If one takes the point of view
that the inflaton parameters are in some way scanned
over a landscape of models, extreme values for the ampli-
tude of density perturbations (either much smaller or much
bigger than the observed 1073) seem preferred [6,7]. This
is easy to understand as changing the inflaton parameters
one also changes the number of e-folds of inflation, so that
the final volume exponentially depends on the parameters.
If taken seriously, this can be a further motivation for
looking at alternative sources of perturbations.

However the main reason behind the study of these
models is that they give experimental signatures which
can allow to distinguish this source of perturbations from
the standard inflaton fluctuations. There are two basic
observables which are relevant. First, in general these
models predict a higher level of non-Gaussianity with
respect to the standard slow-roll scenario, with a well
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defined momentum dependence. Second, given the pres-
ence of a second field, they can give rise to an isocurvature
contribution.

In an attempt to connect these ideas with realistic parti-
cle physics scenarios, in this paper we will study in detail a
well defined and simple model. We will assume that the
additional light scalar is coupled to right-handed (RH)
neutrinos, so that their mass and decay rate are slightly
different in different regions of the Universe. This will give
rise to density perturbations. As we will see the production
of density perturbations requires departure from thermal
equilibrium. Therefore RH neutrinos appear as the most
simple and minimal candidate: being SM gauge singlets,
they decay out of equilibrium for sufficiently small
Yukawa couplings. Fluctuations in the RH neutrino pa-
rameters will also modulate the leptogenesis process
(which we assume to be the source of baryon asymmetry),
thus giving rise to a baryon isocurvature contribution,
correlated with the adiabatic one. We will see that the level
of non-Gaussianity and the isocurvature contribution put
severe constraints on the scenario. Although model depen-
dent, the amplitude of the baryon isocurvature mode is
generically predicted to be somewhat bigger than the
present limits. Given this tension, the detection of baryon
isocurvature should be around the corner: the model will be
ruled out if the next generation experiments do not detect
anything.

There are various reasons why baryon isocurvature is
interesting, especially in this class of models. First of all,
given that baryon number is conserved, ' it is much easier to
produce baryon isocurvature than, for example, dark mat-
ter or neutrino isocurvature. These last two are in fact
erased by thermal equilibrium.

A second point is that both the generation of the baryon
asymmetry and the production of density perturbations
through the modulation of some parameter are processes
which require departure from thermal equilibrium. This is
well known for baryogenesis, let us see how it works for
the other process. Density perturbations are produced in

'Given the presence of sphalerons at high temperature what we
really mean is that B — L is conserved.
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these models because the cosmological evolution is differ-
ent in distant regions of the Universe as some relevant
parameter is made space dependent by the fluctuations of
the light scalar. In thermal equilibrium entropy in a comov-
ing box is constant. This gives a unique relationship be-
tween the scale factor and the temperature of the plasma
and thus it forbids the creation of density perturbations. All
the explicit models are in fact based on out-of-equilibrium
processes: reheating after inflation, inhomogeneous domi-
nance of a massive particle (which will be the example of
interest here) and one could imagine further examples like
the modulation of a phase transition. Now if this out-of-
equilibrium process is also the source of baryon asymmetry
then one expects the generation of baryon isocurvature at
some level. For example it is difficult to imagine that the
reheating process is completely baryon symmetric? [8], so
that some baryon isocurvature will be generated in a in-
homogeneous reheating scenario. The possibility of a
baryon isocurvature is well known also in the context of
curvaton models [9].

Finally the baryon isocurvature experimental limits
are entering now in a very interesting range from the point
of view of the models we are studying. From what we
said, we expect the baryon isocurvature contribution
8(ng/s)/(ng/s) (ng is the baryon density and s the entropy
density) to be comparable to the adiabatic component
which can be parametrized by the usual variable ¢:
S(ng/s)/(ng/s) ~ {. The most recent global data analysis
[10] (see also [11]) puts a constraint®

d(ng/s)
ng/s

/g I <0.7 at2o. (1

Thus we are really in a very interesting range!

In the following Section we will calculate the perturba-
tions created by the modulation of the RH neutrino decay,
focusing on two possible signatures of the model: non-
Gaussianity and baryon isocurvature. We start assuming
that the fluctuations in the underlying scalar field are
frozen, so that their only effect is to change the neutrino
parameters. We will study the scalar evolution in Sec. 11,
before drawing our conclusions in Sec. I'V.

“Notice that as the thermal phase of the Universe begins after
the decay of the inflaton, we are not forced to look for additional
sources of the baryon asymmetry. The simplest scenario is that
the thermal phase just starts from an asymmetric initial condition
due to a baryon asymmetric reheating. Obviously it is still
interesting to try to relate the observed baryon abundance to
known physics, as in the case of leptogenesis.

>The constraint holds assuming that the perturbations are
completely correlated or anticorrelated and have the same scale
dependence. This applies to our model as both kinds of pertur-
bations come from the same scalar ¢.
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II. GENERATION OF DENSITY PERTURBATIONS

In this section we want to study the production of density
perturbations through the inhomogeneous dominance and
decay of right-handed neutrinos. Fluctuations in the RH
neutrino parameters comes from the coupling with a scalar
¢, whose superhorizon perturbations are generated during
inflation.* We stick to the simplest framework of standard
model plus three hierarchical RH neutrinos. We concen-
trate for now on the decay of the lightest one and on
adiabatic perturbations, postponing the discussion about
fluctuations in the ratio ng/s. We assume that this mecha-
nism is the leading source of density perturbations; we will
see that this implies that the RH neutrino must go rather
strongly out of equilibrium. If this is not the case its density
remains a small fraction of the plasma which contains
~100 relativistic species; therefore to match the observed
~1073 level of perturbations much bigger fluctuations in
the decay width 8T'/T" and mass M /M are required. This
would imply, as we will see explicitly below, that second
order corrections are quite big and incompatible with the
present limits on non-Gaussianities.

The ratio I'/H controls whether or not the RH neutrino
decays are in equilibrium. In particular it is useful to study
the quantity

N(T =0 _ (AT M M 2002 @
H(T = M) 8 /(g M, JE)

where Mp = G;,l/z ~1.22 X 10! GeV and g, is the num-
ber of relativistic degrees of freedom in the plasma (g, =
106.75 for the standard model). The mass of the lightest
RH neutrino is M and the matrix A gives the Yukawa
couplings of neutrinos with the Higgs. The ratio can be

rewritten introducing the Higgs VEV at low energy v (v =
174 GeV) in the form

rr=0 _ il where m, =

(ATA); 02
HT=M) W '

T ©

The quantity 77, (the usual decay parameter used in lepto-
genesis) roughly corresponds to the contribution of the
lightest RH neutrino to the left-handed neutrino mass
matrix. On the other hand 77" is a fixed energy scale given
by

_ ]/zv—z 16775/2
© Mp 3.5

For m; < m* RH neutrinos are out of equilibrium and
decay at a temperature much smaller than their mass. If the
decay happens very late neutrinos dominate the Universe
before decaying. This will happen after the Universe has
expanded by a factor g, since T~ M. As in radiation
dominance H « a2 we need 7, << m*/g2.

~ %k

i ~1.1X103eV. @

* Additional interactions between ¢ and the standard model are
possible but irrelevant in our discussion.
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We are interested in the density perturbations induced by
the inhomogeneous dominance and decay of RH neutrinos;
we assume that RH neutrinos start from a thermal distri-
bution for 7 >> M. In the absence of additional sources of
perturbations, at temperature 7 >> M the Universe is un-
perturbed and the surfaces of constant temperature are flat.
Different regions of the Universe will be characterized by
different values of the scalar ¢, so that the mass and decay
width of the RH neutrino will be different. As a conse-
quence the neutrino will become nonrelativistic and decay
at slightly different temperatures in different parts of the
Universe. If we take two reference temperatures, one above
the RH neutrino mass (let us call it T},,) and one much
below, after the neutrino decay (7, ), the ratio of the scale
factors between these two temperatures a(Toy)/a(Thign)
will not be exactly the same in different parts of the
Universe. Thus if the surface of constant Ty, is flat, the
one of T),,, will be curved. Modes of cosmological interest
are huge compared to the horizon at the temperature we are
looking at. In this limit adiabatic scalar perturbations can
be expressed, in coordinates in which the surfaces of
constant time are of constant temperature, as

ds? = —di* + XD a(12d72. ®)

We have neglected terms subleading in the expansion
k/(aH), where k is the comoving wavevector of the per-
turbation. In this limit the variable { is constant in time at
any order of perturbation theory. The reason for this is
quite clear: £ just describes a locally unobservable rescal-
ing of the spatial coordinates [12,13]. From the discussion
above we conclude that perturbations induced by the RH
neutrino can be obtained by the equality

(R — a(Tyow) MT 6
¢ a(Thigh)( 1. ©

Spatial fluctuations of M and I'" induce fluctuations in . In
this way the problem of calculating density perturbations is
reduced to evaluate the right hand side of the equation
above in an unperturbed Universe as a function of the
parameters describing the RH neutrino.

Let us start from the simple case in which the RH
neutrino dominates before decaying. As we discussed
this will happen for 7, < m*/g2. In this case we can
divide the evolution of the Universe around this epoch
into three periods with different equation of state. (i) At
temperatures T >> M /g, the Universe is radiation domi-
nated. (ii) The Universe is dominated by the RH neutrino
(matter dominance) from T =~ M /g, until its decay at H ~
I'. (iii) After the neutrino decays we are back in radiation
dominance. It is easy to calculate the expansion in the three
stages

a(T=M/g.)

o« M~! 7
a(Thign) @
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>2/3 o M4/31"—2/3 (8)

a(T=M/g.) r
a(Tlow) o ( r >1/2 o 1'*1/2‘ (9)
a(H = F) H(Tlow)
We can put these results together to get [3]
T _
i) ML=V o 7V for iy < m* /g2 (10)
a(Thign)

Note that we are not interested in the proportionality factor
as it corresponds to a space independent rescaling of a. In
the limit we studied the result just depends on 72; and not
on M and I independently. It is easy to see that this holds in
general. If we change M keeping i1, fixed we are moving
the window of temperature where the equation of state
deviates significantly from radiation dominance, but this
does not change the expansion between the reference
temperatures Ty, and Ti,,. In fact, once we fix m,, the
scale factor becomes a function of the ratio /M only and
not of 7" and M independently; as both at high and at low
temperature we are in radiation dominance the dependence
on M simplifies in the ratio a(Ty,y,/M)/a(Tyign/M). Thus
relation (6) simplifies to

[(F) — a(Tlow) ~
¢ a(Thign) ). (b

Let us now relax the inequality /7, << /*/gZ. For larger
values of 772, the RH neutrino does not dominate the plasma
before decay; increasing 72; the deviation from simple
radiation dominance becomes smaller and smaller until
eventually the ratio of scale factors a(Tyoy)/a(Thign) ap-
proaches the constant value T;g /Tiow- The solution for a
generic 71; can be easily obtained numerically by solving
the coupled equations describing the decay of the RH
neutrino fluid into radiation

py +4pr :FPN (12)

py 31+ wy(T/M)Hpy = —Tpy (13)

8
H? = m(PN + Py)' (14)

We are assuming that the RH neutrino has a thermal
population at very high temperature so that its energy
density py starts as 1/g, of the one in the plasma p,.
The pressure to energy density ratio wy = py/py of the
neutrinos drops from 1/3 to 0 as they become nonrelativ-
istic at T~ M. We will see that the decay must occur
sufficiently out of equilibrium to be consistent with the
limits on non-Gaussianities, so it is self-consistent to ne-
glect in the equations the inverse decay of the RH neutrino.
We also neglect AL = 1 reactions which give contribu-
tions suppressed by a loop factor and thermal corrections,
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FIG. 1. Expansion between two fixed temperatures as a func-
tion of ;.

which are small as the decay occurs at 7T < M [14]. In
Fig. 1 we plot the ratio a(T},,)/a(Ty;en) as a function of the
parameter 7i1,. For 7, << m*/g2 we recover the analytic
result of Eq. (10); while for much bigger 72, we approach
the radiation dominance result.

A. Non-Gaussianity

Now that we have calculated the expansion ratio as a
function of 771, we are ready to evaluate the amount of non-
Gaussianity. Relation (11) between 7i; and { is nonlinear
and this is the source of non-Gaussianity. Let us assume for
the moment that the ratio &7, /m, is distributed as a
Gaussian. Expression (11) gives { in terms of /i, at the
same point in space. In this case, the form of non-
Gaussianity induced by second order terms is usually
called local® and parametrized by the parameter fy; de-
fined by

() = 40 - S falG@ @), (9
where {, is a Gaussian random variable.

From the function ¢ = f(logs, //m*) shown in Fig. 1, we
have at second order

. .1 Omy .\ \2
(0 =@ 5 (- (@), ae
ny 2 ny

where we have subtracted an irrelevant constant value in Z.
From the linear term we get the relationship between the
spectrum of 871, /i, and the one of £, while the second

order term gives

5 fl/ _ fl
S = — 6 /2 (17)
As we expected this expression becomes very large for
large /. The RH neutrino becomes less and less relevant
at decay, so that keeping fixed the observed value 107> for
density perturbations, we have to correspondingly increase

the fluctuations 871, /#;. This implies that second order

>The shape dependence of the 3-point function in different
models has been studied in [15,16].
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FIG. 2. The non-Gaussianity parameter fy; as a function of
.

corrections become more and more relevant. This is an
example of a quite generic correlation between the‘‘ineffi-
ciency” of the mechanism producing density perturbations
and the level of non-Gaussianity [17]. The nonlinearity
parameter fyy will be of the order of the inverse of the
fraction of energy density in the RH neutrino at decay:

[Fael ~ g i (18)

B

In Fig. 2 we plot fy;, as a function of 71 from Eq. (17).

In the discussion we assumed that the ratio 8, /i, is
distributed as a Gaussian. This will not be the case in
general; the dependence 7i;(¢) will induce additional
nonlinearities similarly to what happened in the relation
{(rm,). It is easy to realize that also these nonlinearities will
be enhanced by the inefficiency of the mechanism when
the RH neutrino does not dominate. The coefficient f/ in
Eq. (16) becomes small in this limit and second order terms
in the expansion of 7i,(¢) give a contribution to fyr,
enhanced by f/~!. We conclude that although the plot of
Fig. 2 should not be taken as a sharp prediction we do not
expect, barring unlikely cancellations, a smaller value for
I ©)

In addition to the nonlinearities we discussed the statis-
tics of ¢ itself may be non-Gaussian as a consequence of
its self-interactions. The leading effect will be given by the
nonlinear superhorizon evolution, which gives a non-
Gaussianity of the form (15) [17]. Also this contribution
is quite model dependent and again enhanced by the in-
efficiency f/~1.

The most stringent experimental limits on the parameter
fni, come from the analysis of WMAP data [18,19]. The
allowed 20 range —27 < fyr. < 121 can be converted into
an approximate (given the unknown contributions dis-
cussed above) bound on 7,

®Note that even the negative sign for fy in Fig. 2 can be
flipped by second order effects from 7 ().
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iy <1073 @t = 107° (19)

This means that the RH neutrino Yukawa interactions are
strongly out of equilibrium at decay. This implies that the
same interactions cannot bring the neutrinos in thermal
equilibrium at 7 >> M; we will come back to this point in
the following Section.

Notice that in general inequality (19) has no direct
implication for the low energy neutrino parameters as the
neutrino parameters relevant for the production of density
perturbations are different from the ones measured at low
energy. Indeed the scalar starts displaced from the origin
where it will be eventually stabilized. If one assumes that
the variation of parameters is not very large, the inequality
above implies that one of eigenvalues of the left-handed
neutrino mass matrix is smaller than 107® eV. In fact it is
easy to prove that /71, cannot be smaller than all the three
neutrino mass eigenvalues [20]. From the constraints we
have from neutrino oscillation experiments, this state
would be the lightest of the three, with a resulting hier-
archical spectrum.

B. Baryon isocurvature

We now come to the discussion of the baryon isocurva-
ture contribution. We will see that this puts additional
severe bounds on the model. The ratio between baryon
and entropy density produced by RH neutrino decay after
reprocessing by sphaleron transitions can be written as [14]

npg 28

= e ) P> M) (20)
The factor €y, is the CP-asymmetry parameter in N, decay
which is given by

;) 1)

709 = VR = = (1 o) [ -
)

The ratio ny, /s is calculated in thermal equilibrium at high
temperature and it is given by ny, /s = 135{(3)/(47*g.).
Finally 7 is an efficiency parameter’ which takes into
account the washout of the produced baryon asymmetry
(which is relevant if the RH neutrino decays close to
equilibrium 7, = /m*) and the entropy released in the
decay (which is relevant when the RH neutrino becomes
dominant in the Universe i, < m*/g2).

Let us start assuming that the CP violating parameter
€y, does not depend on the scalar ¢ so that it is constant in

"The efficiency parameter depends solely on 7, unless the
mass of the RH neutrino is very large: M = 103 GeV [14].
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space. Given the constraints we discussed from non-
Gaussianities, the decay of the RH neutrino must be
strongly out of equilibrium so that the washout of the
produced baryon asymmetry can be neglected. Every neu-
trino becomes (on average) a constant fraction —28/79 -
€y, of a baryon, independently of 772;. This implies that the
surfaces of constant baryon density remain flat while, as we
discussed, the surfaces of constant temperature become
curved after the RH neutrino decay. This mismatch gives
a baryon isocurvature component

olng/s) _ s 50T

s - =3¢ (23)

This isocurvature component is too large and it is ruled out
by the present limits in (1). Additional contributions will
come from fluctuations in the CP violating parameter €y, :
if the scalar ¢ enters in the mass term and/or in the Yukawa
interactions of the RH neutrinos this will induce fluctua-

tions in €y,. Thus we have
8(ng/s) Sey, /€y
—= == -3+ —"L (24)
ng/s ¢

Roughly we expect also this second contribution to give an
order one isocurvature component. From the explicit ex-
pression for €y, Eq. (21), we see that the precise number is
very model dependent as it depends on how the scalar ¢
enters in the different entries of the Yukawa matrix and in
the right-handed neutrino masses.

We conclude that a moderate cancellation between the
two terms above is required to be consistent with the
present limits. From a more optimistic point of view we
can say that detection of an isocurvature component should
be around the corner, as it is naturally expected to be of
order one in these models.

What happens if we consider not only the lightest RH
neutrino but also the other two (assuming that they all start
with thermal abundance at high temperature)? We can
study two interesting cases. In the case all the three neu-
trinos are not in thermal equilibrium when they become
nonrelativistic (71; << m* for all i), then the situation is
pretty similar to the case studied below with just a single
RH neutrino. All the three neutrinos will contribute to the
generation of { (we can take the reference temperatures
Thign and T, to encompass all the neutrinos) and to the
baryon asymmetry. Note that as all the neutrinos are out of
equilibrium the baryon asymmetry generated by a RH
neutrino is not washed out by the lighter ones. Again if
we take all the CP violating parameters €; as constant we
get an isocurvature component 3 times bigger than the
adiabatic one as in Eq. (23). Thus again a moderate can-
cellation between this contribution and the one generated
by 8€;/€; is required.

A quite different situation is the case in which the light-
est RH neutrino N, is close to equilibrium when it becomes
nonrelativistic. As we discussed its contribution to
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will be small in this case and can be neglected. As N; is in
equilibrium after the heaviest neutrinos decay, it will
washout the lepton asymmetry already produced.
Although this washout effect depends on the flavor struc-
ture and can be not entirely efficient [21,22], we can
assume for simplicity that all the baryon asymmetry is
generated by the lightest RH neutrino. Thus now the two
mechanisms are separated: fluctuations in the parameters
of the heavy N, ; generate { while fluctuations in the decay
of N, give baryon isocurvature. In the limit in which the
scalar ¢ is decoupled from N, (i.e. it does not change
neither its mass nor its couplings) we have no isocurvature.
As Nj is close to equilibrium the washout of the produced
lepton asymmetry cannot be neglected. A good parame-
terization of the efficiency parameter 5(/7,) in the regime
iy 3> " is given by n o ;¢ [14]. Fluctuations in this
efficiency parameter and in €y, will give an isocurvature
component. Thus, although in this case we do not have to
rely on a cancellation to be compatible with data, we still
expect the isocurvature contribution to be of order one,
unless for some particular reason the coupling of ¢ with N,
is suppressed.

More complicated intermediate scenarios are possible
but, without further specifying the coupling of ¢, the
generic conclusion we can draw is that the isocurvature
contribution should be around the (experimental) corner.

Up to now we assumed that, at high temperatures, RH
neutrinos are in thermal equilibrium. On the other hand we
need that, at least for one of the neutrinos, the decay
parameter 7 is sufficiently small to allow the RH neutrino
to become a significant fraction of the plasma before decay.
This also implies that Yukawa interactions are not fast
enough to bring the neutrino in thermal equilibrium start-
ing from a generic initial condition. Additional interactions
are required to produce neutrinos at high temperature; for
example, gauge interactions mediated by a heavy GUT
gauge boson [23]. If there are no additional interactions
we expect RH neutrinos to get produced at some level by
the reheating process, either perturbatively or by their
coupling with the coherent inflaton oscillations [24]. In
this case the initial RH neutrino density is model dependent
and we do not even know their pressure to energy ratio
[25]. The analysis above obviously does not apply to this
case, although we still expect a significant baryon isocur-
vature component as the generation of density perturba-
tions and baryogenesis are unified in the same process. We
can think about this nonthermal production of RH neutri-
nos as part of the reheating process, before getting to a
completely thermal state. From this point of view the
modulated decay of RH neutrinos becomes a modulated
reheating scenario [2,4]. This is a nice example of a more
general point: if the baryon asymmetry is produced at
reheating (which is the simplest mechanism for baryogen-
esis), we expect that models with modulated reheating will
give a baryon component.

PHYSICAL REVIEW D 73, 103516 (2006)
II1. THE EVOLUTION OF THE SCALAR ¢

So far we concentrated on the effects of the modulation
of the RH neutrino parameters induced by the fluctuations
of a scalar ¢. Another aspect one should consider is the
effect of the scalar couplings with the neutrino sector on
the dynamics of the scalar itself. We have tacitly assumed
that the scalar does not evolve in time around the epoch
when RH neutrinos become nonrelativistic, so that its only
effect is to make the parameters space dependent. We can
now ask if this is a good assumption. Let us start assuming
that ¢ enters only in the RH neutrino mass matrix with a
coupling (neglecting all the flavor structure)

SM($/MpNN. 25)

Without loss of generality we choose to normalize the
scalar with Mp in the function M. The scalar is coupled
to the plasma of RH neutrinos; assuming that they start
with a thermal distribution we have (NN) ~ T?, so that the
evolution of ¢ will satisfy

.. . M
$+3H$ + T3 =0, (26)
P

We are assuming that the bare potential for ¢, V(¢), is
sufficiently flat to be irrelevant at the epoch we are looking
at.® The variation of ¢ during an Hubble time will thus be
of order

M MT?

Ao NHHZ—M}% 2 (27)

As we need the RH neutrino to become dominant to be a
sufficiently efficient source of density perturbations, dur-
ing dominance we have MT3/(H?M3) ~ 1 which gives

M/
A= Mp. (28)

On the other hand the induced level of density perturba-
tions will be at most of order

M’ 8d) M’ Hinﬂation

f~— P (29)

From the fact that we did not observe gravitational waves
created during inflation, we have an upper bound on

8This requirement limits the amount of non-Gaussianity com-
ing from the self-interactions of ¢ [17].
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H, f.i0n Which, given the observed value of , gives a
lower bound on M'/M of order M'/M = 10 (°). This
implies that the scalar moves by more than Mp during
the epoch we are interested in! Even taking the natural
range for ¢ of order Mp, this motion will induce a very big
variation in the neutrino parameters. This motion makes all
the analysis more complicated and dependent on the stabi-
lization potential of the scalar.

The situation is much more under control in the case the
scalar enters only in the Yukawa couplings of RH neutrinos

A(¢p/Mp)LHN. (30)

In this case, as (LHN) ~ AT*, we have an equation of
motion

/

. CNA
¢+3H¢+ETT4=Q €1}
P

The variation of ¢ in one Hubble time is thus

AARTH
Ap ~— ——5Mp. 32
d) h H2M123 P ( )

while the expression for density perturbations is

X Hifa
é« ~ nrlation . (33)
X M,

We see that, contrary to the previous case of mass varia-
tion, for small enough A the displacement of the scalar is
negligible without suppression of the produced density
perturbations. We conclude that this scenario with fluctu-
ating Yukawa couplings is favored with respect to mass
fluctuations.

We have discussed the evolution of ¢ at the time density
perturbations are generated, but what happens to it after
that? Eventually the mass term in the scalar potential V(¢)
will get larger than the Hubble rate H. At this point the
scalar starts oscillating around the minimum and the en-
ergy stored in these oscillations red-shifts as a3, i.e.
slower than radiation. If the displacement of the scalar
from the minimum is of order Mp, the oscillations start
dominating soon after my = H. In this case the scalar
would act as a curvaton [1]: everything created before
gets redshifted away (including the generated baryon
asymmetry) and, as the oscillations have a slightly differ-
ent initial conditions in different regions, we have an addi-

“Notice that we are not using the constraint [3,26] that the
level of density perturbations created by our mechanism is
dominant with respect to the standard contribution from the
inflaton ¢ ~ H/(Mp+/€). This constraint (which would give a
lower bound on M'/M a bit stronger than the one above) could
be circumvented in models of inflation without slow-roll [5]. On
the other hand the gravitational wave constraint discussed in the
text is completely general.
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tional source of density perturbations, which adds to the
inhomogeneous RH neutrino decay.

Whether the Universe becomes dominated by the scalar
oscillations or not is, however, very model dependent.
First, its amplitude of oscillation could be much smaller
than Mp either because of initial conditions or because the
typical scale of variation for ¢ is much smaller than Mp.
This happens for instance for an axionlike scalar, where the
typical range of variation is the decay parameter f, in
general much smaller than Mp. Second, its decay into
some hidden sector or into the visible one can be fast
enough to avoid the domination. In the second case one
must be careful that the additional interactions are not so
strong to induce a huge displacement of ¢ before RH
neutrino decay. Given our complete freedom (ignorance)
about the coupling of ¢, it is easy to check that this can be
done.

Another interesting possibility about the fate of ¢ would
be that the scalar is still light in the present Universe and
possibly observable [27].

IV. CONCLUSIONS

In this paper we studied a concrete realization of the
inhomogeneous decay scenario [3] which is based on
standard thermal leptogenesis. We considered the simplest
possibility: the SM extended with 3 hierarchical RH neu-
trinos. Both curvature perturbations and the baryon asym-
metry are produced through the out-of-equilibrium decay
of RH neutrinos whose parameters (mass and Yukawa
couplings) are controlled by a light scalar ¢.

The most interesting feature of the model is that a
baryon isocurvature mode is produced which is correlated
with the adiabatic one. Though the amplitude of this mode
is model-dependent, we generically expect that detection
should be very close. Focusing on the lightest RH neutrino,
the dynamics is completely described by a single parame-
ter /m;. It sets the departure from equilibrium at decay,
which controls the efficiency of both leptogenesis and the
production of perturbations. The present limits on non-
Gaussianity constrain 7#; to be in the weak washout
(strongly out-of-equilibrium) regime.

We also studied the evolution of the scalar field respon-
sible for perturbations. The couplings of the scalar with the
neutrino sector induce a motion of the scalar field itself,
which in turn induces variations in the neutrino parameters.
This puts additional constraints on the model. In the case
where ¢ enters only in the mass of the RH neutrinos, ¢ is
pulled over many Planck masses during RH neutrino domi-
nation. This possibility is therefore disfavored. On the
other hand, if ¢ enters only in the Yukawa couplings A,
the pull is suppressed by A so that it can be made suffi-
ciently small.

Many generalizations of the model are possible, the
simplest being an embedding in supersymmetry. In this
case the right-handed sneutrino is an additional source of
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baryon asymmetry. Moreover the possibility of using a
sneutrino direction as inflaton or curvaton has been thor-
oughly studied [8,9]. This opens a broad range of model
building possibilities.
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