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We bring together some known ingredients beyond the standard model physics that can explain the
hot big bang model with the observed baryon asymmetry and also the fluctuations in the cosmic
microwave background radiation with a minimal set of assumptions. We propose an interesting scenario
where the inflaton energy density is dumped into an infinitely large extra dimension. Instead of the
inflaton it is the right handed sneutrino condensate, which is acquiring a nonzero vacuum expectation
value during inflation, whose fluctuations are responsible for the density perturbations seen in the
cosmic microwave background radiation with a spectral index n; = 1. The decay of the condensate is
explaining the reheating of the Universe with a temperature, T,, = 10° GeV, and the baryon asym-
metry of order one part in 10'° with no baryon-isocurvature fluctuations.
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Inflation is the most successful paradigm that can ex-
plain the scale invariant density perturbations [1], the
horizon, and flatness problems; however, inflation alone
cannot explain the observable Universe, because inflation
leaves the Universe cold and devoid of (almost) any en-
tropy. It is usually believed that after inflation the inflaton
energy density will be released into the observable world
with the standard model (SM) degrees of freedom. This
last but essential point has often been sidelined in many
discussions. The success of inflation lies only if it facil-
itates the big bang nucleosynthesis [2].

There are many models of inflation that claim to be
satisfying all the criteria [3], in spite of the fact that the
inflaton’s identity is largely unknown, and often in the
literature it is regarded as a gauge singlet. Recently with
an advent of stringy motivated inflation, it is possible to
realize accelerated expansion by a geometric stretching of
the space time [4], by inducing potentials from slowly
moving D-branes [5], or via multiple tachyon condensa-
tions [6].

In all these cases the Universe is assumed to be a four-
dimensional surface (brane) embedded in a bulk of 4 + n
dimensions. The n extra dimensions can be either open [7]
or compact [8] (for a review see Ref. [9]). Usually in the
brane world models, the SM fields can be considered to be
four dimensional and localized at the brane, whereas
inflation could be driven by either bulk or brane fields
[10], or due to the modification of the bulk space time
geometry, as it is in the anti—de Sitter (AdS) case [11]. All
these suggest that there is no dearth of inflationary mod-
els (for a review on string inspired cosmology, see [12]).

The main aim of this Letter is to illustrate a scenario
within the brane world setup where after inflation the
brane is devoid of the inflaton energy density, and there-
fore the observable world is virtually cold. In our picture,
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inflaton plays no role in postinflationary cosmology.
It is rather the sneutrino condensate that does the whole
job of reheating our Universe, generating primordial
density perturbations and providing baryogenesis via
leptogenesis.

Such a scenario is possible if the brane inflaton couples
in such a way that it preferably decays into the bulk
degrees of freedom, which could be either fermions,
scalars, or gravitons. This could happen, for instance, if
the inflaton carries some global quantum numbers not
being carried by the brane degrees of freedom, but by
some bulk fields. In this case inflaton energy density
cannot be dumped into the SM fields living on the brane.

For simplicity we work on the 5D setup, where the
bulk is infinitely large with a warped metric: ds> =
e Mg, dxtdx” — dz?, with all the SM fields attached
to the brane [7]. Here k is a constant that relates the
fundamental five-dimensional scale of gravity, M5, with
Planck scale Mp ~ 2.4 X 10'8, by kM3 = M3. We assume
that k is close to the Planck scale to facilitate the standard
Hubble expansion on the brane [13].

In such a background the wave functions of any bulk
fields have a continuum spectrum [9,14] that starts at
m = 0, meaning that its Kaluza-Klein (KK) modes can
take any momentum along the extra space coordinate.
Now let us assume that the inflaton, which is a brane
scalar field, couples to the bulk degrees of freedom. In this
case the inflaton can decay into all the continuum KK
modes below its mass, therefore draining its energy from
the brane and into the bulk. Note that the inflaton energy
density is gradually redshifted into the bulk before be-
coming vanishingly small at the brane; this is due to the
fact that the fifth dimension is warped such that the
released energy density into the bulk appears to be red-
shifted from the brane observer [7,9,14].
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Our scenario can be thought of as a hot radiating plate
cooling down by emitting its energy into a cold surround-
ing. It is not hard to see that this cooling process is
extremely efficient. Let us consider, for instance, the
coupling, ¢pyd(y)/Ms, where ¢ is the inflaton of mass
mg, and ¢ is a bulk fermion in an AdS background. The
typical KK expansion of the wave function of the bulk
field goes as (x, z) = [(dm/k)i,,(x)h,,(z), where at the
brane position #,,(0) ~ /m, with m being the KK mass
[14]. The total decay rate of the inflaton into KK modes is
given by

r— ]0 " dm dm!(m KM 1 OV, (O)2
= (m¢/M5)4(MP/M5)4m¢-

Often the inflaton is typically heavy, say, about the grand
unified theory (GUT) scale. Let us assume Ms ~ 0.1M,;
then we find the inflaton decay rate is quite fast compared
to the Hubble expansion rate after the end of inflation,
eg., H~ Mmy.

Note, however, that these bulk fields may not be com-
pletely harmless. As they move towards the fifth dimen-
sion, their energy density might eventually collapse to
form a black hole at the AdS horizon [15]. The presence of
a black hole in the bulk induces a contribution to the brane
expansion that looks like a dark energy contribution
which goes as [r,/a(t)]*, where a is the brane scale factor
and r;, the black hole horizon size. The standard Hubble
expansion law, H> ~ p/M>, prevails once the energy
density on the brane is below the fundamental scale,
which we assume to hold true always in our case includ-
ing the inflaton energy density. In this case, r, ~
V(¢)~'/4, is much smaller than the scale factor after
the inflaton decay, and therefore such a potential dark
energy contribution, p ~ (1/a*), gives a negligible con-
tribution today.

Once the inflaton energy is redshifted into the bulk
(from the brane point of view), then the challenge is to
reproduce the standard hot big bang model, using only
brane physics. In this regard our approach is simple: a real
bang from the sneutrino cosmology.

The recent advancement made in neutrino experiments
points towards the fact that the neutrinos have nonvanish-
ing masses. The solar neutrino deficit is better understood
if the electron neutrinos oscillate into the muon neutrinos
controlled by the squared mass difference Am?2, ~7 X
1073 eV?, with a large mixing angle, tan?6,, ~ 0.5 [16],
whereas the atmospheric neutrino experiments indicate
v, — v, oscillations with Amg,, ~2.5X 107? eV? and
sin?(26) =~ 1 [17].

The above required masses are much smaller than
those expected if the neutrinos were Dirac particles, since
this would require a fine-tuning of the Dirac Yukawa
couplings to one part in 10'!, at least. The most natural
explanation of such small masses, however, comes out if
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the neutrinos are Majorana particles. Then the small
masses can be understood through the seesaw mechanism
that involves large right handed neutrino masses [18]. One
advantage of this mechanism is that the right handed
neutrino mass breaks L (or B — L) quantum number,
which can be the origin of the observed baryon asymme-
try. The conversion of the lepton asymmetry into the
baryons via active SM sphalerons within a range of
102 = T = 100 GeV can help us produce the observed
baryon asymmetry [19]. In a supersymmetric theory, a
supersymmetric partner of the right handed neutrino,
the sneutrino, induces leptogenesis, which in principle
can be tested by the cosmic microwave background
radiation through the baryon-isocurvature fluctuations;
see, e.g., [20].

The next question is how to reheat and generate the
adiabatic density perturbations. The right handed neutri-
nos naturally couple to the SM Higgs and the lepton
doublets; therefore, they decay into the SM degrees of
freedom. Indeed, as we promote our idea to supersymme-
try, the sneutrino can decay into the Higgsinos and the
sleptons. The lightest stable supersymmetric particle can
easily account for the observed cold dark matter [21].
During inflation the sneutrino condensate obtains a non-
vanishing vacuum expectation value (VEV), even though
its energy density during inflation is subdominant, but
after inflation, once the inflaton energy has been released
away into the bulk, the sneutrino condensate decays and
becomes the only source for the entropy production.
Therefore, once inflation is over, the lightest sneutrino
condensate, whose mass is lighter than the Hubble
expansion rate during inflation, starts oscillating coher-
ently and eventually decaying into the SM degrees of
freedom [22].

Next comes the challenge for generating the adiabatic
density perturbations, which happens naturally when the
sneutrino condensate decays. During inflation the sneu-
trino condensate generates quantum fluctuations that are
stretched outside the horizon. These perturbations are
known as the isocurvature fluctuations; however, once
inflation ends the dominant energy density is in the sneu-
trino condensate, which decays by converting its entire
isocurvature perturbations to the adiabatic ones. This
process is known as a curvaton scenario [23]; its super-
symmetric implementation has been given in Ref. [24].

For the purpose of illustration, let us assume a simple
superpotential for the sneutrino condensate

W = (1/2)MyNN + hNLH,, )

where N, L, and H,, stand for the neutrino, the lepton,
and the Higgs doublet. We have assigned an odd R-parity
for the right handed sneutrinos. The only possible inter-
actions with leptons and the Higgs fields are through the
Yukawa matrix, h;, where i = 1,2,3 and € = e, u, 7,
respectively. The superpotential term induces a potential,
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V = M%N?, where N denotes the sneutrino. For simplic-
ity we always assume a diagonal basis for the right
handed neutrino mass matrix. The left handed neutrinos
obtain masses via the seesaw mechanism, m, ~
mS My mp, where my, is the Dirac mass matrix.

The lightest right handed sneutrino, whose mass is
smaller than the Hubble expansion rate during inflation,
can act as a cosmic condensate [20]. The heavier sneutri-
nos roll to the bottom of the potential during inflation.
They also generate isocurvature fluctuations, but their
amplitude is suppressed compared to the lighter ones
[20,25]. In this Letter we ignore their dynamics. We
deal with only the lightest sneutrino, which we identify
as the right handed electron sneutrino (N;) that we will
just call hereafter N, and M to its mass. We also assume
that its largest Yukawa coupling is that of the 7 doublet
and that we take hy, ~ 107#~1073. Note that by taking
My ~10'° GeV, with My,3 > My, we obtain a small
electron-tau neutrino mixing in the left handed sector, as
it seems to be required by the small 6,5 angle in the
neutrino experiments.

The important point is that the isocurvature perturba-
tions seed the adiabatic ones on the largest scales [1].
Nevertheless, the amplitude of such fluctuations must be
of the correct order of magnitude during inflation, which
then requires

V'(N,) = M3 ~ &*H?, H./N, =8, (3)
where the star denotes the value evaluated at the horizon
crossing, @ < 1, and the perturbation, 6 ~ 1075. On the
other hand, the scale of inflation can be parametrized by
v;}/* ~ (H.M,)"/2. The fluctuation in the sneutrino con-
densate can be imprinted upon radiation after its decay.
In these terms, the spectral index of microwave tempera-
ture perturbations can then be evaluated as

ng — 1 =2H./H; + (2/3)(My/HZ) ~ (2/3)a®. (4

For @ ~ 107!, we find that ng is fairly close to 1 for
H./H? =0, which is consistent with the recent
Wilkinson Microwave Anisotropy Probe observation of
ny = 0.99 = 0.04 [26].

The perturbative decay rate of the lightest sneutrino
condensate can be estimated by I' ~ |h,,|>?My /4, and
the reheat temperature, T,;, ~ 0.1,/I'M,. We obtain

T,, ~ 10°(hy,/107*)(My/10'9)1/2 GeV. (5)

Note that the reheat temperature is low enough to avoid
the gravitino problem (reheat temperature below
10° GeV) [27]. The bound on the lightest right handed
neutrino mass has to be around 10'° GeV, which sets the
scale of inflation to be H, ~ 10"/« GeV. If & ~ 107!,
then H, ~ 10" GeV and N ~ 10'° GeV, close to the
grand unification scale. Note that we ignored the D-
term contributions in the sneutrino potential; however,
it is safe to assume so if the sneutrino VEV is smaller than
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the scale at which the gauge group that embodies the right
handed neutrino breaks down, e.g., the SO(10) gauge
group. Note also that the right handed neutrino mass scale
is different from the GUT scale, since it can actually
come via some nonrenormalizable operators, as it hap-
pens in many SO(10) constructions.

Let us discuss baryogenesis. The sneutrino decay also
induces lepton asymmetry due to the CP violation. The
CP asymmetry in our scenario can be calculated by
computing the interference between the tree-level and
the one loop diagrams of N going into [,H, and the
antislepton [;H;,. The CP asymmetry is given by [19,28]

€ ~ (In2/87) Imh32, (6)
where we assumed h,, = hy,, hy,, with h3;. dominance,
and both &, and My are real.

Now we can predict the overall light neutrino mass
scale with the help of the seesaw formula, and we get
m,, . = |h3.|*sin® 8/(22G My, 3), where G is the Fermi
constant, My 5 is the mass of the right handed tau sneu-
trino, and tanB = (H,)/(H,). If we take |hs,| ~ 1072,
with a typical tanB8 ~ 10 and My 3 ~ 10! GeV we obtain
m, . ~ 0.3 eV. Further note that this value is already at
the desired scale for the right handed neutrino masses.
Also a slightly smaller Yukawa coupling or a larger M3
can easily bring the mass scale down without affecting
other predictions.

The lepton asymmetry is converted by the SM sphaler-
ons, and as a result the net baryon asymmetry is given
by [28]

np/s ~ €8/15)(T,;/My). @)

The ratio T,,/My arises due to the entropy dilution. We
note that, with € ~ 1078, we can easily generate the
baryon asymmetry of order one part in 10'° for 7,, ~
10° GeV and My, ~ 10'° GeV. The actual prediction is an
interplay between T,;,, My, and €, but it is interesting to
see that it is possible to obtain the right number without
much fine-tuning.

Also note that the fluctuations in the reheat temperature
lead to the fluctuations in the baryon asymmetry [20],
8(ng/s) « 8T,,; however, in our case it is possible to
show that there are no baryon-isocurvature fluctuations
generated due to the sneutrino decay. The fact that the
sneutrino completely dominates the energy density while
decaying, therefore converting all its isocurvature fluctu-
ations into the adiabatic ones. In our simple setup we
strictly predict Sz = 0.

To summarize, in our setup, we have completely re-
laxed the inflaton sector, although inflation certainly
solves the horizon and the flatness problems; however,
the inflaton energy density need not reheat the Universe
with the SM degrees of freedom. We showed that in a
brane world setup it is possible that the inflaton energy
density can be redshifted away into the bulk. The density
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perturbations, reheating the Universe with SM degrees of
freedom, and the baryon asymmetry are all served by a
single source, the right handed Majorana neutrino sector
within supersymmetry. The neutrino sector can be em-
bedded in a grand unified gauge group such as in SO(10).
Interesting points to note are that in our case the sneutrino
vev is consistent with the SO(10) breaking scale, the
reheat temperature is low enough to avoid the gravitino
problem, the spectral index is close to 1, and there is no
baryon-isocurvature fluctuations.

A.M. acknowledges Kari Enqvist, Jim Cline, Guy
Moore, and Horace Stoica for helpful discussion.
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