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Overview
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We revisit the effect of an early matter dominated era on the gravitational

waves induced by scalar perturbations.

As a result, we find that the induced GWs strongly depend on how quickly the

reheating occurs.
Keisuke Inomata (ICRR, The Univ. of Tokyo)
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GWs induced by curvature perturbations

At linear order, scalar perturbations do not induce GWs.
However,

at second order, scalar perturbations can induce GWSs.
(Ananda et al 2006, Baumann et al. 2007)

Metric perturbations: ?ar perturbatl\ons (related to curvature perturbations)
2 2 2 1
ds® = a [—(1 + 2®)dn* + ((1 — 2W)4;; + §h¢j> dxida:j]

E.o.M for GWs:

N N 51 \ Tensor perturbations (GWSs)

r Source term from second order scalar perturbations N
d3k/ N7
(k) = [ e ™ i (200 ()i
4 ( i);/(n)) ( %_k/(n))]
+ Ppr (1) + Pp_rr(n) +
\ 3(1 4+ w) H H )

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879



Motivations for the induced GWs

The frequencies of the induced GWs correspond to the scales of the scalar
perturbations inducing GWs.

Since the wide range of GW frequencies could be observed in the future, we

could investigate small-scale (scalar) perturbations using the induced GWs!
(A < 1Mpc)

Small-scale perturbations enter the horizon early, the induced GW could be a
good probe of the early Universe.

¥

Main question of this work
l What effects does the early matter dominated era make on the induced

~
T
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The history of the Universe

Inflation era We focus on this!

(Early matter dominated (eMD) era)

Reheating
Radiation dominated (RD) era

(Late) matter dominated era (from z~3400)

Dark energy dominated era (from z~0.5)

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878,1904.12879




What causes eMD era ?

One scenario: oscillation of inflaton
Chaotic inflation

Inflation occurs the  During the oscillation of

vacuum energy of an inflaton, the Univers
the inflaton. behaves as MD era.

e

4 During the oscillation  Time averace
1. m> '
)= {50+ 0 = (6%

MD era!
<P>:<%q52—m72¢2> =0 (w=P/p=

.

(Other scenario: oscillation of curvaton)
Keisuke Inomata (ICRR, The Univ. of Tokyo)

The oscillation amplitude
decays due to the
expansion and the decay
to radiation.

\ 4

RD era starts.

arXiv: 1904.12878,1904.12879



Results in previous works

There are works discussing the effects of an eMD era on the induced GWs.

(Assadullahi, Wands, 2009, Alabidi, Kohri, Sasaki, Sendaouda, 2013, Kohri, Terada,
2018)

During an eMD era, the transfer function of the gravitational potential (®),
the source of GWs, does not decay even on subhorizon because of the
growing matter perturbations.

(Alabidi et al.,
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Horizon entry
Induced GWs are enhanced?
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Implicit assumptions in previous works

In previous works, the authors put the following (implicit) assumptions.

(Assadullahi, Wands, 2009, Alabidi, Kohri, Sasaki, Sendaouda, 2013, Kohri, Terada,
2018)

1. The transfer function of the gravitational potential (®), the source
of the induced GWs, is unity (®=1) until the beginning of the RD era.

2. The perturbations that enter the horizon during an eMD era does not
induce GWs during the RD era.

What we do in this work
4 )

We remove the above assumptions and revisit the effects of an eMD era
on the induced GWs.

We consider two cases:

1. Gradual reheating, whose time scale is comparable to the Hubble time scale
at that time.
2. Sudden reheating, whose time scale is much shorter than the Hubble time

\_ scale at that time. )

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879
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Gradual reheating

We consider the case where the field dominating the Universe during an eMD
era (inflaton or curvaton) decays to radiation with a constant decay rate I'.
(a°pm xe™'Y)

In this gradual reheating scenario, the situation is similar to the decaying dark
matter scenario.

E.o.Min decaying DM scenario (Poulin, Serpico, Lesgourgues, \
(= —(3H +aD)p,, 2018 51 — 0, + 30 — a0,
pr. = —4Hp, + al'py, 0, = —H0,, +k*®,

Pm - Energy density of matter 5; _ —%(HT o 3(1)/) 4 an—m(ém — 5, 4 ®),

Pr - Energy density of radiation 3 Pr

§: ' ' k? 3pm (4

I?nerg.y density L?ertu.rbatlon 0 = K 1 k20— ar p (_ 6, — 9m)

\_  (=ik;v’) : Velocity divergence 4 4pr \3 )
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Perturbations in gradual reheating

101 - (Normalization: ®(z — 0) = 1)
| On subhorizon scale,
104} k2P ~ §’H2 ( Om + Pr ) )
, 2 Ptot Ptot
ol During eMD era, 6, (< a)
[ (k= 1/7q) grows on subhorizon unlike &, .
-------- @ (k = 30/7eq)
| 1] (b = 450/ ‘
----- - D — 0.83n, o .
s (1 Tea) @ is mainly determined by
Loo] PmOn, for a while even after n .
0.1 | | 0‘5:‘1 | T é 10

eq P
Fitting formula v

[
P = exp ( dna )T

~N

a(nr)l' = H(nr) = 2/1R)

)
) (n < nr)

. ew —2((,7R) -+ )) mzm)

T | } ‘50 '
m = Pr &b 1 = Neq

We naively expect
D < p,, X exp (/ dnaF)

If we take ng = 0.83 n ¢, the fitting
formula fits the numerical result during
the exponential decay very well!

Keisuke Inomata (ICRR, The Univ. of Tokyo)
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Results

GWs induced by curvature perturbations with Pc = AO(k — 30/7eq)O (kmax — k)
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The induced GWs are suppressed compared to the previous results.
Main reason
l A damping of tensor perturbation occurs during the gradual transition.]
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Why does the damping occur?

E.o.M for tensor perturbations:
hy +2Hhy + Kk*hy = 4S;
For n < nr, the source is almost constant and the tensor perturbations on
subhorizon scale become \
L A5k
Y~ Tk
k — L2

For nr S n < 2R, the source decays gradually and the tensor perturbations
follows the decay for a while. During this phase, the damping occurs.

487
hp =~ - (The source and h are damping. )

For 2ng S 1, the source decays rapidly and the time derivative of the tensor
perturbations dominates the E.o.M. Then, tensor perturbations decouple from

the source.

Qdec ; .
B~ A ‘; e’™  (Freely propagating GWs)

t

Amplitude at the decoupling
Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879
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Toy model for sudden reheating

Here, we consider the sudden reheating scenario, where the transition time
scale is much shorter than the Hubble time scale at that time.

Toy model:
r—_Lou 30,6 — 1 DXy x — 1 O, —V ¢ : Dominant field (such as inflaton or curvaton)

1ogg 1 00 Aoy cor b T+ Trigger field (“triggeron”)
v :§M a " T * 4 X * §M¢X X * Field denoting the daughter particles of ¢

CZM B Tnf{,eﬂC
327 (M/2)?

I = e} (M 4mx eﬁ) (Decay rate of ¢ — 2y) mi,eff = <)\72/2>

We take M>»m and initial condition of T as T, »>M.
Trlggeron evolution during eMD era VTN R
|

m<< H m~ H
>

_ ) When 7 passes by 7., the decay
Atfirst, decay of ¢ is T starts to roll at m~H. channel of ¢ opens and reheating

Kklnematlcally blocked. occurs instantaneously. j

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879
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There is no damping in ® during the transition in the sudden reheating scenario.
After the transition, perturbations that enters the horizon during eMD era oscillates with the

time scale shorter than the Hubble time at that time (kn> 1). ﬁ Enhance GWs !
N

Source term )
d°k’ . .
SM(k,n) = / MM (B)KK. [285 (7)®r_pr (1) Dominant

2y
it (200 + ) (o + WH)
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Induced GWs
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Future constraints on reheating temperature
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The future observations could constrain the wide range of reheating
temperature in the sudden reheating scenario.
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Summary of this talk

Pe = As0(k — 30/1eq)O(kmax — k), kmax = 450/nr
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We have revisited the effect of the early matter dominated era on the
gravitational waves induced by curvature perturbations, taking into account
the perturbations throughout the transition.

As a result, we have found that the induced GWs strongly depend on how
quickly the reheating occurs.

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879
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Foregrounds

In future, stochastic GWs of astrophysical origin or cosmological origins
that are different from the induced GWs, such as those from phase

transition, may be detected.
In that case, the constraints would become weak.

Foreground example:

Around PTA target frequency
GWs from supermassive-black—hole binaries

Around LISA target frequency
GWs from galactic white—-dwarf binaries

Around BBO target frequency
GWs from neutron star binaries

We may use non-Gaussianity of the induced GWs to discriminate them
from other sources. (Bartolo et al., 2018)

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879



Evolutions in sudden reheating

1 (for n < nRr)
A(zr)J (z) + B(zr)Y(x) (for n > nr)

J and Y are the independent solutions of the following
equation for ® during RD era.

" +3(1 + w)HP + wk*® =0 (w=1/3)

(I)app(w’ wR) = {

1001

Yl s 3v/3 1 (m xR/2) Sinx — T cos T
........ |Dappl (k= 50/1) J(x) = J1 (x) —
1071 T — a:R/2 1'2
01 02 05 z— wR z—zR /2 coSx + xsinx
/1w y(x) 3\/_y ( ) yl(x) - = xr2
x — xR/Q

A and B are determined so that @ and @’ are continuous at n.

1
A(zr) =
. T (wr) = 3rs T (xr)
Bwr) = —*)7}((;?3 Aar)

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878,1904.12879



z|I(x,zR)|

Why does the damping occur?

1ol (x=Fkn,xr = knr)
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E.o.M for tensor perturbations:
hy' +2Hhy + k2hy =4S

1+’U 1 _
nk:~4/ dv/ du<4v +0° u)>
1—v| 4ou

X IQ(kn knr)Pe (kv)Pe(ku)

paw (1, k)
Prot (1)

= % (W)z’h(m k)

o 221%(z, 2R)

Qaw(n, k) =

zr|I(zr, zr)| ~ z|lemp (2, TR)|
z|l(z,2r)| = x|lemp (2, 7R)| + 2[IrRD (T, 7R)| (7 > NR)
Iemp Describing the GWs induced during eMD era
IrD : Describing the GWs induced during RD era

48A
1kn
e
hp =~ 0 (n 2 2nR)

From this result, we can see the main reason of the cancellation between the
components comes from the behaviors of ® around the transition.

Keisuke Inomata (ICRR, The Univ. of Tokyo)
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LIGO and Virgo have detected gravitational
waves (GWs) induced by the mergers of BHs

?R(ei yi?ébt detection of GWs has opened the
door to a new era of astronomy and cosmology!

In this work, we discuss the early Universe in
terms of GWSs.

Image of GWs from mergers

In particular, we focus on stochastic GWs.

Stochastic GWs:
GWs created by superposition of a large number of
independent sources.

Mergers of compact object Vacuum fluctuation during inflation
such as BHs, NSs, and WDs Cosmic strings

Second order_scalar perturbations
Image of Stochastic GWs \ We focus on this ! )
Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879
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Scalar perturbation in Cosmology

Scalar perturbations induce the perturbations of energy density (5p/p).

Scalar perturbations are origins of many things!

/ Examples
(Credit: ESA and the Planck Collaboration) (Credit: NASA and ESA)
\ Large Scale Structure CMB perturbations Galaxies j
From the observations, we already know the amplitude of the scalar perturbations.
9
Pe=21%x10"7 (Planck2018) Pe=3Pe
(6p/p ~107°) /

curvature perturbation scalar perturbatio

Scalar perturbations originate from vacuum fluctuations of an inflaton during the
inflation era.

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879



Motivations for the induced GWs

The frequencies of the induced GWs correspond to the scales of the scalar
perturbations inducing GWs.

(A < 1Mpc)

We can investigate small-scale (scalar) perturbations using the induced

GWs! f [Hz]
110'1610‘1410'1210‘10 103 10°° 104 102 10° 10?2

10*
7 0  STETATG

Py AR j EPT. l“ RaN \/ ,/_J; i g5
: oy R L
]

1072 \
) N us X The future and current GW projects
@‘:ﬂ iy jy-distortion p-distortion \\\\ // Silc:;:!)) - Can inveStigate the power SDeCtrum
1% SKA S e | of curvature perturbations.
- - | (The left figure is just an advertisement of
— our previous work, arXiv: 1812.00674.)
10_105\ (Inomata, Nakama, 2018)

10" 100 10° 10° 107 10° 10" 10" 10" 107 10
Large scale —— k [Mpc™'] = Small scale ~—1 Main question of this work

Since small-scale perturbations enter the l What kind of effects does the early

horizon early, the induced GW could be a matter dominated era make on the
good probe of the early Universe. \induced GWs?

J

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879



GWs induced by scalar perturbations

Metric perturbations: Scalar perturbations (related to curvature perturbations)

(Newtonian gauge,
neglecting anisotropic stress)
1

ds? = g2 [_(1 + 2(1))d772 + Qdedxi + <(1 — 2@)5@' + §hlj> dx"de]

Vector perturbations / hi=0

Substituting this metric into the Einstein tensor, we Ei .

. \ ) ' instein eq. =
derive the f(l)llowmg expression up to second order, - 1 d
Gi=a" [Z(h;i” +2HhY — AhL) + 4990, + 20'99; + A;i] Cow = 3z L
Energy momentum tensor is written as \ \(C =1, Mp =1/V87G) y

15 = (p+ P)ow'ou,; + (P + 0P )53' Terms irrelevant to tensor perturbations

(ﬁjlmAlm = 0)

o 2ME, , ,
[5% = a0 P 9;(®" 4+ H®) (from linear perturbation theory)]

From Einstein eq., we derive the following equation for tensor perturbations

B L oMKW . — Ah.. = —4T. ImS 7 1m . Projection operator onto the
ij + t 4 7;7 im 7i; transverse and traceless

4 tensor

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879



Equations for tensor perturbations

E.o.M for tensor perturbation in real space:
h 4+ 2HNL, — Ahyy = —AT; ™Sy,

We perform the Fourier transform.
43k |
h1:2) = [ (g (SR + ) e

Then we derive the following equation:
hY 4 2MRY + K2Ry = 48N k,n) (A4, x)

r Source term from second order scalar perturbations N
dgkl 7 170
k) = [ sz Rk (200 () Bicse (1)

b (i + 22 (o + T W)L

.

m At linear order, scalar perturbations do not induce GWSs.
However,
at second order, scalar perturbations can induce GWs.

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879



Evolutions of perturbations

Physical length Reheating
Horizon scale

Superhorizon

perturbation scale

Power spectrum of scalar

perturbation is determined GWs start to be induced

by scalar perturbations

Subhorizon

Time
Inflation era . Early matter era,  Radiation era

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878,1904.12879
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Background in gradual reheating

The evolutions of background quantities.

105F .

h a/deq
L e wo T Gapp/teq
1000 L\\\\ \\\ _____ pm/pm,eq ----- Wt
| h T . \\\‘\\ ----- - pr/pr,eq
10 o AN
w= P/p

0.100 Pm = Pr at 1 = Teq
0.001
10-5

0.1

1/ Neq
The fitting formula for a: The fitting formula for w:

(n>nr)
In the above figure, we take ng = 0.83n, .
Keisuke Inomata (ICRR, The Univ. of Tokyo)

(1) _ {(7;;)2 (0 < )
Gapp (7R ) 2% —1

wri(en (o))
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If we consider the scale entering
the horizon around the transition
(k<30/ n¢q) . the fitting formula

| does not fit the numerical result

| very well.

| To avoid high computational costs, we
. | neglect the contribution from the

% | perturbations (k<30/n,,) inthe
""" (k= 450/11eq) “\ following. (The analysis for 1/ n 4q<k<
----- - g (r = 0.831cq) y k<30/ n ¢ is future work.)

1 0.2 0.5 1 2
77/77eq

In addition, the perturbations entering much before the transition can be non-linear
during eMD, to which our analysis cannot be applied.

5
Nonlinear scale: AL ~ \EPC Vi () ~ 470 /05

As a concrete example, we consider
PC =A @(k - 30/77eq)@(450/77R - k) (nr = 0.831¢q)

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879
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Formulas we use to calculate induced GWs

Summary of the formulas we use: (Kohri, Terada, 2018)

paw (1, k) n 2
0 k) =52 v (1 232
GW(T} ) ,Otot(n) ~ 4/ dU/ ( +'U u ) )
2 4vu
1 k S
=51 (—a(ﬁ)H(ﬂ)) Pr(n, k) X I2(v u, kn)Pe (kv)Pe (ku)
Energy density of the induced GWs Power spectrum of the induced GWs

Here, we assume that the scale factor is given as, (because this fits the numerical result well)
2
Gupp (1) _ {(;;) (0 < )

Aapp (R) 2.5 —1  (n>nR)

Then we can express | as(z = kn,zr = knr) ,
TR 1 =
Hv ) = [z ( ( ) (i) RGEMDRD (1 o (1 3, 2m)
0

2(x/rr) — 1) \zr

v [ e (G ) KGR ()

=1leMD (ua v, T, LL’R) + IRD (U'u v, T, xR)

(®(z — 0) =1, ®'(z) =0P(x)/0n)

F(u,0, 7. 28) ~3(2(5 4 3w)®(uz) P (vE) + 4H (P (uz)P(vZ) 4+ P(uZ)P' (vT)) 4+ 4H 2P (uT) P’ (vZ))
TR 25(1 4 w)

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879



Summary for gradual reheating

We have revisited the effects of eMD era on the induced GWs in a gradual
reheating scenario, taking into account the evolution of ®, the source of

induced GWs, during the transition.

As a result, we have found that the induced GWs are suppressed, compared

to the previous results.

108
1000.00f
0.0 ——|®| (k= 1/ney)
........ @] (k = 30/7eq)
T g Ap— B (k = 450/7cq)
m|Om
........ Pl (k= 450/77eq)
10-12} pTgef
Pr|0r
_____ (k = 450/1¢q)
17 p"eq
10-17}
..... - Pgy (nr = 0.837cq)
01 0.5 1
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2
Qaw e/ f Pe = AO(k — 30/0eq)O (kmax — k)
I QGW RD/A
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""" GW cross
. e o A (s = alom) = 2/m).
104 0.001 0.010 0.100 1
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Formulas we use

Summary of the formulas we use: (Kohri, Terada, 2018)

pGW(n7k) 1+v 272\ 2
Qaw(n, k) = LSV (1422 —u?)
aw (1, k) Prot (1) ; N4/ dv/ < o >
1 k S
=— | ——— | Prn(nk ><I2(1)uk‘7773 kv)P¢(ku
i (i ) Pond TP (k)P (k)
Energy density of the induced GWs Power spectrum of the induced GWs

TR — 2
I(U,U,ZL‘,Z'R) :/0 dz (2($/$1R) . 1) (iR) kGZMD_)RD(nvﬁ)f<u7U7£7$R)

i /x: o ( mi; - 1) kGRP (0, 1) f (u, v, T, 2R)

=Iovp (uw, v, 2, 2R) + Irp (4, v, 2, 2R)

('CE = kTth = knR)

((z = 0) = 1, ®'(x) = 9%(x)/0n)
[ (0. 5,2y 2O+ BB PT) + AP (D) D(T) + () (07) + 4H P (u2) P (07) ]

25(1 4+ w)
Substitute
Bz, 1m) = 1 (for z < xR)
7 A(zr)J () + B(zr)Y(x) (for x > xR)

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879



z|I(x,zR)|

Why does the cancellation occur?

(x = kn,xr = knr)

oo 1+v 2 _ 2 _ 2\2\ 2
Ph(n,k):4/ dv/ du <4v (140" w7 )
0 |

100} 1—o| dou
x 12(kn, knr)Pc(kv)Pe (ku)
pew (1, k)
Q k) =220
1+ GW(T/ ) ptot(n)
H 1 k 2
L - Pn(n, k
0.01F :} 24 (a(ﬁ)H(n)> h(77 )
il i x &* T2z, ax)
| o
. : k =200/, | i
107 /’/ ----- k =50/nx ! v arll(zr,2r)| ~ z|levp (7, 7R)]

- B -k =10/ny z|I(z,2r)| = z[Iemp (@, zr)| + 2[Irp (2, zr)| (1 > 7R)
108 = s T R ——" IemD * Describing the GWs induced during eMD era
' ' ' Irp : Describing the GWs induced during RD era

n/Mr
x _ /7\2 e _ _
- _ fO " dz (5) kaMD(n7n)f2(x7 xR) (77 S nR)
_a _ _ T _ g—c e _ _
I(xa ZL’R) = / dx%ka(n, n)f(a:, ,I'R) = fO R dz (W) <a) kaMD_)RD(T}a n)f(xa xR)
0 n (77 > nR)

+ [2 @ (B ) hGEP (n,0) (@, 0m)
kGRP (n,1) = sin(z — z)
kGMP=RD () 5y = C(x, 2R)Z71(Z) + D(x, zr)Zy1 (T)
EGMP (n,1) = —2Z(j1(z)y1(2) — y1(x)71(Z))

sinz — 2zg(cos z + xR sinz) + sin(x — 2zR)

C(z,zr) =

2
2:CR

(223 — 1) cosx — 2z sinx + cos(z — 2xR)

D(z,zR) =
223,

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878,1904.12879



Results of Induced GWs

------

Qaw(ne, k) /A2, Pe/A,

.........
...........
"
-
-
s
"

-
-

k/kmax
Source function: (?'(x) = 0®(x)/0n)

Qcw.rp : GWsinduced during RD era
Qcw,eMD © GWs induced during eMD era

Pe(k) = AsO(kmax — k) (Black)
PC(k) = AS@(]{Z — 0.7k max — k)@(kmax - k) (B|UE)
Pe(k) = A;0(k — 0.4kmax — £)O(0.Tkmax — k) (Red)

The GWs are mainly induced by the
perturbations around the smallest
scales during the RD era.

Dominant

—_———~

f(ua v, T, QZR) =

After the transition, the gravitational potential that enters the
horizon during eMD era oscillates faster than the Hubble scale. 1

The smaller the scale is, the faster the oscillation frequency is. i s
» The contribution from the smallest scale is dominant.

Keisuke Inomata (ICRR, The Univ. of Tokyo)

25(1+w) T m==T

/M

"""" [@app| (k= 50/mr)

10-1f

0.1 0.2 0.5 1 2 5
/1R
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Results

GWs induced by curvature perturbations with Pc = AO(k — 30/7eq)O (kmax — k)

1000

e

10

Wd

0.100

Qaw/A?

0.001f 22

-------- ? (previous works)
Qaw/A? (this work)

10—5

, Qcw,emp/A” Kmax = 450 /1R = 225kg
ol T Qqw.rp/A” (kn = aH(r) = 2/nr)
""" Qaw cross/A”
10—9 . . L \.‘-\-‘-\-- _QGV\V’CTOE“S\/A%\ . . | . . |
10~ 0.001 0.010 0.100 1
k[ Kmax

The induced GWs are suppressed compared to the previous results.

There are two reasons:

1. Each component of the induced GWs is suppressed because & is smaller
than unity around the transition.

2. There is a damping of energy density after ng. (Note that Qgyemp
corresponds to the energy density at ng up to some factor.)

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879




Summary for sudden reheating

We have considered the sudden scenario, in which the transition time scale
from eMD era to RD era is much shorter than the Hubble time scale at that

H@%’ result, we have found that the induced GWs could be enhanced due to

the fast oscillation of the perturbation after the transition. £ 1]
/&S
e A
% /A A
= ' CAf < ——DECIGO
& o
@] (k = 50/1g) ' Induced GWs
-------- [l (k= 50/0) o 1O S
| ‘ ‘ 0/ e E [Mpc™']
In this scenario, the reheating e N T
temperature could be constrained by . |
the future GW observations. )
7 TR[GCV]

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879



How to calculate GWs in gradual reheating

We substitute the fitting formulas of ® and w into f, given as

3(2(5 + 3w)®(uz) P (vT) + 4H (P (uz)P(vT) + P(uz)P' (vT)) + 4H 2P (uz) P’ (vE))

f(U’)U?x?xR - 25(1+w)

108

Note that we can neglect the contribution from the

oscillation of ® due to its small amplitude.
(& with k=30/ n ¢, starts to oscillate with
¢ 0(1076) )

Then we calculate the induced GWs with the following formulas.

1000.00F
001 — (8] (k = 1/n)
@] (k= 30/17cq)
----- [®] (k= 450/1eq

/Jmlém\

vvvvv

(k= 40/7

777777

IR - 2
I('lla,’U,ZU,iUR) :A dz (ﬁ) (%) kGeMD_}RDOﬁ ﬁ)f(u,’l),f iBR

2 l‘/.I‘R R

1tv
+/I dx( 3/on) = ) KGR (n,7) f (u, v, &, 2R) / dv/ ( dou

2(z/zR) — x 12(v u, k)P (kv)Pe (ku)
=Iomp (u, v, 2, 2R) + Inp (u, v, T, TR)

4% — 1-‘1-112—1[")2)2 Qaw(n, k) =

= % <m>2 Pr(n, k)

Specifically, 12 can be expressed as

For later convenience, we split the induced GWs into three parts as

Qaw = Qcaw.emp + Qow RD + QGW cross

These components are related to 12,yp, 12gp, and 2lemp Irp. respectively.
Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878,1904.12879



What we do in this work

We revisit the effects of an eMD era on induced GWSs.

As we will see, the results are sensitive to the time scale of the
reheating. Then, we consider two cases:
1. Gradual reheating, whose time scale is comparable to the Hubble time
scale at that time.
, Whose time scale is much faster than the Hubble
time scale at that time.

In the following, to spotlight the effects of an eMD era on induced GWs,
we focus on the GWs induced by the perturbations entering the eMD era.

(The effects mainly come from the behaviors of the perturbations on
subhorizon during eMD era, which are different from those during RD
era.)

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879



Gradual reheating

We consider the case where the field dominating the Universe during an eMD
era (inflaton or curvaton) decays to radiation with a constant decay rate I".

To consider GWs induced during RD era by the perturbations entering the
horizon during eMD era, we need to take into account the evolution of the
gravitational potential around the transition correctly.

In this gradual reheating scenario, we can apply the formulas for the decaying
dark matter scenario to follow the evolutions of background or perturbation
quantities.

E.o.Min decaying DM scenario (Poulin, Serpico, Lesgourgues, \
( ro_ 2018)
pr = A7l o 5 = —20, 30" +arlm (s, — 5, + @
Pm * Energy density of matter "”__5( r=3%) +a E( m = 0r + @),
Pr + Energy density of radiation . k2 5 3pm (4
6 :  Energy density perturbation 0, = 15”’ + 570 —al’ 4p, (ger - 9m>
\_ ¥ = ik;v7) : Velocity divergence )

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879



What we do in this work

We revisit the effects of an eMD era on induced GWs.

As we will see, the results are sensitive to the time scale of the reheating. Then,
we consider two cases:

1. Gradual reheating, whose time scale is comparable to the Hubble time scale
at that time.

2. Sudden reheating, whose time scale is much shorter than the Hubble time
scale at that time.

In the following, to spotlight the effects of an eMD era on induced GWs, we focus
onh the GWs induced by the perturbations entering the horizon during an eMD era.

When GWs are induced We take into
account this!
eMD RD
When the source : il =
eMD Discussed so far | ¢ Never discussed. 2
L

perturbations enter
the horizon - \ No eMD effect

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879




Evolutions of perturbations

Physical length Reheating

Horizon scale

Superhorizon

Perturbation entering
horizon during RD era

Perturbation entering
horizon during eMD era

t

We focus on this!

Subhorizon

Time

Inflation era . eMDera . RD era

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878,1904.12879



kmax IR

Future constraints on reheating temperature
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Keisuke Inomata (ICRR, The Univ. of Tokyo)

Power spectrum: 1
E\™~
Pe(k) = O(kmax — k)As (—)
ko
(A =21 x 1077, ngy = 0.96)

Signal to noise ratio:
(Allen & Romano, 1997)

Induced GWs
Fma Q N 1\
GW
p=/2Tons / - (nGW,ePf(f))]
¢ t

Tons = 20yt for SKA

Tops = 1yr  for otehrs spectrum of each

project

] [ Observation time ] Effective noise

p =1 is taken in the figure.

The future observations could constrain the wide range of reheating
temperature in the sudden reheating scenario.

arXiv: 1904.12878,1904.12879



z|I(x,zR)|

Why does the cancellation occur?

1001

0.0t

——— ——— ——— — 1+” 40? — (14 0% — u?)?
(x = kn,xr = knr) . Pal, 1) = 4/ dv/l ol ( dvu >
x I2(kn, kng) knr)Pe(kv)Pe (ku)
paw (1, k)
Q k —_
GW(U ) ptot(n)

= i (W)Qﬂb(n: k)

i x 2?P (@, 21)
D k = 200/1r N
104} ,/, _____ k= 50/77R 1 CCR|I(.TR,$R)| ~ -T|IeMD(=T>~TR)‘
------ k=10/ng z|I(z,zr)| = z[lemp (2, 2R )| + z|IrD (2, 2R)| (7 > 1R)
10—6 2 . | , | . i B I ) - ) )
0.001 0.010 0.100 1 10 eMD * Describing the GWs induced during eMD era
n/nr Irp : Describing the GWs induced during RD era

x |l (x,xg) | decays around n =njy due to the decay of the gravitational

potential ®, which means,
x|lovp (z, 2R) + Irp (7, 2R)| <€ z|Iemp (T, zR)| (1> 1R)

—  Qaow < Qaw.eMD, 2w, RD

From this result, we can see the main reason of the cancellation between the
components comes from the behaviors of ® around the transition.

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879



Perturbations and Cosmology

The inflation theory predicts power spectra of perturbations, including
scalar (curvature), tensor (GWs) perturbations.

‘ Therefore

To understand the nature of the inflation theory, it is important to
investigate the perturbations.

6000 [
C ; ] 0259 % Planck TT,TE,EE+lowE
. i ] Planck TT,TE,EE+lowE+lensing
5000 | : ] R BK14+BAO
L ; ] AN A + 14+
F s Planck 2018 : oo d L% B
4000 F ; ] ) 3§ ¥
i C ; ] )
= 3000f p
& L r.,
N i 0.15 N
2000 [ Son,., DN
; c_.,c;:' AN
C o LA
1000 |- 0.10 - S\
7 & é}‘"\\.l‘-,
0F, I 1 A B BN R BN ™~
600 [ L 1 TiT Ii """"""""""""" 160 SO0
3 ; 3 0.05 S
300 F l * 130 A\
H F 1 ]
“d‘ oF !‘l [T m#ﬂ Bhigh & 0000t memtes oyns®ah i .LHH £ !
4 00k | l} ImT”fT*TT PR ' o H|—E -30 :
-600 -‘ : | 1-60 0.00 - ! .
" I 0 I A Y S T T SN AT SN TN TN SO SN TN ST ST SN [N SO SO S T
5 500 000 500 5500 500 0.95 0.96 0.97 0.98 0.99 1.00
l

On large scale (>1Mpc), curvature perturbations are observed very well.
Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv:1904.12878,1904.12879




Current constraints on the small scale

f [Hz]

[
<
[\

[
<
N

Vv
[
<

(@)

-8L CMB and LSS

I —

—

[
(@)
o0

0 10

‘-v-distortion U -distortion

Shaded regions are excluded
by observations.

Note: the constraint from PBH has

some uncertainties.
\ J

Power spectrum of curvature perturbation
¢

100" 10' 10° 10° 107 10° 10'' 10" 105 107 10

Large scale - k [Mpc™ '] ‘ Small scale

It is difficult to observe small scale perturbations due to Silk damping
or non-linear growth of large scale structure (LSS).

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879
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Small scale perturbation and PBH

Small scale pertb Large scale pertb
i\ <1Mpc >1Mpc
Amplitude of /
curvature pertb
Space Mpgulgl

10" 10% 107 10% 10%

Some inflation models predict large
perturbations on small scale and 102}
sizable amount of PBHSs.

PBH is one of the candidate of DM and | PBH f
the heavy BHs detected by LIGO. ot GO

‘ Therefore el AL

Mppy (M) Inomata et al. 2017

MACHO/
EROS/OGLE

el

3
~ 10~*p=

It is important to discuss small scale perturbations.
Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv:1904.12878,1904.12879



What we do in this work

GWs can be induced by scalar (curvature)
perturbations at second order. (Terada—-san’s talk)

If there is a large perturbation on small scale, the induced
GWs can be constrained by observations.

We can constrain the small scale perturbations using
the induced GWs!

Related at second order

Scalar _
perturbations GWs

Constraints on small _ Constraints on GWs
scale perturbation . from observations
from induced GWs We do this!

Related work: Assadullahi & Wands, 2009

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879



Brief review of the induced GWs

GWs can be induced by scalar (curvature) perturbations at
second order. (Terada-san’ s talk)

aw (7 pron (1) Energy density of the
1 ¥ \'s——= induced GWs
=3 (st PP

H’” 42 — (1 4+ 0% —u?)? 2
o [T [ an (=) Power spectrum of
y p(v w )P (ko) Pe (k) the induced GWs

;

3 — (u+v)?
3— (u—wv)?

1 2 2 2
I?(v,u,x — o0) =5 <3(U42—333x 3)) <<—4uv—|— (u* +v? — 3)log

+m2(u? +v? — 3)?0(v +u — \/§))

—1/3
Qcw (o, k) = 0.83 ( 1 (*)907 5) Qo Qaw (e, k) (k< e <o)

" What we calculate with above formula

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879



Constraints on the induced GWs

When multiple detectors or pulsars are available, it is beneficial to use a
cross—correlationbetween them to look for the correlated signal due to
stochastic GWSs.

Signal to noise ratio is defined as (Allen & Romano, 1997)

Induced GWs
f Qew(h) \]°
p=2T / df ( W )
min QGW,eff(f)
T \
Observation time Effective sensitivity
The effective sensitivity is given by Overlap reduction function,

/ coming from cross correlation

T A N I
Qaw,en(f)HE = 5 f° 9

Noise power spectrum
Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879




Summary of GW constraints
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Shaded regions are excluded by current observations.
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How to derive the constraints

To be specific, we assume the peak-
like profile for the power spectrum  P:(k) = Aexp <—

(log k — log kp )
202

I. Fix O.
2. Fix T (observationtime) for each project.

EPTA:18 years, SKA: 20 years, aLIGO (02): 4 months,
Others: 1 year.

3. Fix k, and calculate A that yields signal-to-noise ratio
unity (p=1) for each project.

B Jimax Qaw(f) \°
' o=V /min Y (QGW,eff(f))
4. Change k, and calculate A repeatedly and get the
constraint curves enA27-'/*)

1/2

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879



Constraints on small scale perturbations

1]0"14 161210
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p=V2T

The constraints on the smaller-scale are stronger compared to the effective
sensitivities to GWs.

This is because of the frequency integration in the definition of sighal-to-noise

rﬁyiguke Inomata (ICRR, The Univ. of Tokyo)
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Profile dependence

f [Hz]
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What we have done
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Small scale

We have derived the constraints on small scale perturbations using
GWs induced by scalar perturbations at 2nd order.

Keisuke Inomata (ICRR, The Univ. of Tokyo)
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Foregrounds

In future, stochastic GWs of astrophysical origin or cosmological origins
that are different from the induced GWs, such as those from phase

transition, may be detected.
In that case, the constraints would become weak.

Foreground example:

Around PTA target frequency
GWs from supermassive-black—hole binaries

Around LISA target frequency
GWs from galactic white—-dwarf binaries

Around BBO target frequency
GWs from neutron star binaries

We may use non-Gaussianity of the induced GWs to discriminate them
from other sources. (Bartolo et al., 2018)

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879



Difference between our work and previous work

Assadullahi & Wands, 2009

2
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Our work
f [Hz]

kp Mpe~']

In previous work, they use the old formula for the induced GWSs.

For scale invariant spectrum: (P, =A)

33.3 A?

(for previous work)

63/21

Saw (e, k) = {0 8222 A2

(for Kohri&Terada, 2018)

In addition, they do not take into account frequency dependence of the
sensitivity curves.

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879



Evolution of the induced GWs

Comoving scale

After the horizon entry, GWs are
Scalar perturbations not induced so much because of
grawtatlonal JICHEN the perturbation decay.

Qqy are

suppressed
@ Q similarly to Q,

T

Honzon

Early Horizon in le  Matter- Present
GWs are dominantly dedgfilt?,n

induced at horizon entry.

(1/k < Ne < Meg)

Je —1/3
| \

What we calculate with the formula
Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878,1904.12879




What we do

f [Hz]
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We derive constraints on small scale curvature

perturbations using GWs induced by scalar perturbations.
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