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Introduction



Observations of CMB anisotropies
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Though primordial tensor perturbations have not yet been observed,
Inflation is strongly supported by the observations of CMB anisotropies.



Constraints on scalar and tensor perturbations
from the PLANCK satellite

Observational constraints : Theoretical predictions :
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One may wonder how many scales these features apply for.



How small scales of primordial
perturbations can be (directly)
probed by CMB anisotropies ?



CMB anisotropies cannot directly probe
relatively small scales
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Perturbations on small scales are frontier

CMB anisotropies can probe only 5-6 e-folds directly.

|

However, In order to solve the horizon and flatness problems,
the inflation must last at least during 50-60 e-folds.

The smaller scale perturbations are frontier and have
a lot of fruitful information.

‘ The information of perturbations itself is very important.
In addition, we can extract the dynamics of the inflation
at the corresponding periods.



Constraints on smaller scale perturbations

CMB anisotropies can probe only 5-6 e-folds directly.
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Small scale perturbations Spectral distortions, PBH, UCMH are
are still unknown. powerful tools to probe them.

In this talk, we discuss another method.



Acoustic reheating
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Silk damping & acoustic reheating
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Silk damping ‘

Energy transfer from perturbations
to background photons

(Acoustic reheating of the Universe)

e.g. baryon-to-photon ratio can be different between BBN & LSS.

‘ New constraints on small scale powerspectrum

(Jeong, Pradler, Chluba, Kamionkowski 2014,
Nakama, Suyama, Yokoyama 2014)

A% < 0(0.01) for 104 Mpcl < k < 105 Mpc-l



Inhomogeneities (Anisotropies) of acoustic reheating

Since diffusion and thermalization scales are limited, acoustic
reheating Is not homogeneous over the present horizon scale.
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Inhomogeneities (anisotropies) of acoustic reheating

Additional contribution to temperature anisotropies

Such (additional) temperature anisotropies cannot exceed
those observed by the CMB experiments.

Constraints on small scale perturbations

(Similar analysis for anisotropies in CMB distortions, Pajer & Zaldarriaga 2012)



How much temperature rise and fluctuations
are induced by acoustic reheating
Consider a perturbed system of photon, 7(z) = T(1 + ©,(x, 7))
and assume that acoustic reheating happens instantaneously,

‘ (fractional) temperature rise :
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Evolution of silk damping effects

T(n,x,7) =T(n) |1+ O(n,z,7) + Ay, )]

( A consists of only a monopole component

Time evolution of the temperature perturbations B el 2l ization effects )

in the conformal Newtonian gauge :
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(2nd order effects)

(periodic average over the duration . ] ]
longer than the oscillation period. (inverse) diffusion scale

Only for k1= k2, it is non-zero and 1/2)
The temperature rise due to acoustic reheating is smoothed over the diffusion radius, rT ~ 1 / ko, which
implies that only the sum of vectors k1 and k2 must be small, while magnitudes k1 and k2 can be large.

mmm) Information on small scale perturbations



Diffusion scales

Diffusion scales change according to the cosmic times :
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Angular powerspectrum
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Constraints on
small scale non-Gaussianity



®-A cross powerspectrum
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®-A cross correlation depends on bispectrum of primordial curvature perturbations
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Since the acoustic reheating effects are substantially suppressed
on scales ki1, k2 >> rr1 = O(10 Mpc-1) , we have taken k << ki1 ~ k.
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Scale-dependent non-Gaussianity (bispectrum)
(Rp, R, Rp,) = (2m)363) (kg + ko + k3) Br (k1 ko, ki3)

Since we are interested in squeezed configurations, we consider local type.
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A-A auto powerspectrum
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A-A auto correlation depends on four point correlation functions of
primordial curvature perturbations.
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Four-point correlation functions (local type)

(R, Rie, R, Rg,) = (2m)363) (key + ko + k3 + ka)Tr (1, ko, k3, ka).
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Only the terms with TnL IS sensitive to the above configuration,
while the terms with gne and the disconnected part are insensitive
and no useful constraints are obtained from them.
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New constraints on scale dependent non-Gaussianities

(geometric average) o, as . oo _ o010y

05 0.0 0.5 05 0.0 0.5
nr i
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New constraints on scale dependent non-Gaussianities
(top hat type)
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Conclusions and discussions

® Acoustic reheating happened as a consequence of Silk
damping and thermalization.

® Such reheating is not homogeneous over the present
horizon and leads to additional temperature anisotropies.

® Since such processes are second order effects of
perturbations, the cross and the auto powerspectra of
additional temperature perturbations give constraints on
small scale non Gaussianities.



My message

® Small scale perturbations are vast frontier and can
give us a lot of fruitful information including the dynamics
of inflation. But, our methods to probe such scales are
very limited.

® As long as one sticks to linear theory, each mode evolves
Independently. But, if one goes into non-linearlity, there
are mode-mode couplings so that the information on small
scales can be extracted from large scale observables. We
need to invent a further new method to probe small scale
perturbations.



