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Superhorizon Modes
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Primordial Curvature Perturbations

Perturbed FRW Metric

ds® = a”*(n)[—(1 +2®)d°n + [(1 — 2W)6;; + 2F; jy + hyj|da’da’]

1. conformal time

Linearized Einstein equation (First Order):
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Tensor (/1. 7) Induced by Scalar (D)

Second order
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Power Spectra

Two-point function
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Power Spectra
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GW Power Spectrum
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Primordial Scalar Power Spectrum
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GW Relic Abundance
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GW abundance from power spectrum
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Matter Domination (MD) and Radiation Domination (RD)

Time Evolution: ©
D" +3(1+¢7) HDP —c; VPO

Sound speed: nonrelativistic matter ¢, = 0, radiation ¢, = 1/3
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No pressure, constant pressure, oscillation



MD and RD Time Evolution: energy density fluctuation

MD RD

log a
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Resonance Profile
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eMD via unstable particle:
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» After 175, the evolution of @ is dominated by p, 0., for a while.

oscillating

(exponentially decreasing)



. g <1 <1z, Pis proportional to p,,0,, (exponentially decreasing).
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Rapid and Gradual Transitions
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Concrete Models

Fast roll
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1) Time Varying Mass
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1) Time Varying Mass
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2) pBH Domination

pHB completes the evaporation at 7.,

1 dMPBH B 1
Mppy dt 3 (teyqa — 1)

)

® sy = Suppression Factor (S) X Rapid Decay ansatz

Yanagida (2000)



2) pPBH Domination
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2) pBH Domination P, ( k) 2
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Summary

 Tensor fluctuations induced by scalar modes
 GW from primordial scalar fluctuations in eMD
* GW encodes eMD to RD information:

Rapid (enhance peak), Gradual (suppressed)
 Models: Time-varying decay, pBH domination
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Backups



where © = kn, tg = kngr, J(x) and Y(z) are defined from the first and second
spherical Bessel functions,
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® and the induced GW is suppressed if eMD to RD transition is slow

B ~ exp (- / ! dﬁa(ﬁ)I‘)

exponential decay
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Power Spectra and GW

Two Points function
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Simple expression for eMD alone




Orignial, 2009
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Evolution of gravitational Potential
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where 0 and 6 denote the energy density perturbation and the velocity divergence



GW from / \p Wands 2009

LSS-> power law primordial scalar curvature perturbation [Planck 2018],
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In the Fourier space,

I, o

_ 8(ki)S,  40g(kn)

- 3(27)32

I”hwm
0

mmn=1+3(

d SEE(k, E)q)k—f{q)ii

kncos(kn) — sin(kn)

k3n3

)



Present density of GW from eMD part

N
PCGW = 327TG<hijh ) = 29 (12 /d(ln k) Pr(k,n).
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where the present density of photonsis €2, 5~ 1.2x107°,



GW Relic Abundance

Wands, 2009
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Another sudden model

2. Another sudden-reheating scenario realized by a
field that experiences a first order phase transition

Suppose that ¢ is protected by a symmetry from decay-
ing, without any decay channels of ¢ to lighter particles.
Let us further assume that 7 is charged under the sym-
metry and is too heavy for ¢ to decay into. There may
be an interaction term of the form

L=cTtoxx + ..., (A10)

where ¢ 1s a coupling constant. Suppose that initially the
field value of 7 is zero, to be contrasted with the previ-
ous model. Then the decay of ¢ becomes possible once 7
acquires a finite vacuum expectation value, thereby spon-
taneously breaking the symmetry.

Such a symmetry-breaking phase transition can occur
suddenly if the phase transition is first order. The transi-

tion occurs through the tunneling effect, and the tunnel-
ing rate is exponentially sensitive to the cosmic tempera-
ture (to be more precise, the temperature of the thermal
bath to which 7 is coupled), and hence such a transition
is sudden [66]. After the transition, ¢ becomes able to
decay into x particles. Provided that this decay rate is
much larger than the Hubble parameter, the decay com-
pletes within a timescale much shorter than the Hubble
time at that time. Associated with the decay of ¢, the
temperature increases, which may restore the symmetry
temporarily. Thus, the importance of the backreaction to
the decay of ¢ requires a further study. Eventually, the
temperature decreases, and 7 settles to the symmetry-
breaking vacuum.

One way to suppress the backreaction may be to as-
sume that the initial thermal bath is made up of a hidden
sector with 7 being a portal to the visible sector. Then,
the increase in the temperature felt by 7 would not be
significantly affected by the decay of ¢.



