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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.
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GWs induced by scalar perturbations

At linear order, scalar perturbations do not induce GWs.

However,

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

Scalar perturbations (related to curvature perturbations)

i Ny
(( ) daida;|

ds® = a? [—(1 + 2(13)(1772 + 1— 2\11)513 + §hlj

Metric perturbations:

E.0.M for GWs:

/” p Tensor perturbations (GWs)
hy +2Hhy +k°hy = 45;(1@ 1)

r Source term from second order scalar perturbations
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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
[ What effects does the early matter dominated era make on the induced GWs? ]

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



The history of the Universe

Inflation era We focus on this!

7~

(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

During the oscillation of
an inflaton, the Universe
behaves as MD era.

Inflation occurs the
vacuum energy of
the inflaton.

/" During the oscillation

=58+ %2¢2>‘sz (@)

<P>=<1¢2—m72¢2>20 (wZP/pz.)

Time average \

(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 begins.

arXiv: 1904.12878, 1904.12879
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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., 2013)
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Horizon entry
Induced GWs are enhanced?
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Implicit assumptions in previous works

In previous works, the authors implicitly assume the reheating occurs
suddenly and stop calculation at the reheating.
(Assadullahi, Wands, 2009, Alabidi, Kohri, Sasaki, Sendaouda, 2013)

However,

1. The transition can occur gradually in some realistic situations.

2. Even if the transition occurs suddenly, we need to care about the GWs
induced after the transition.

What we do in this work
We revisit the effects of an eMD era on the induced GWs.

~N

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

k scale at that time. /

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

Physical length Reheating
l

Horizon scale

Superhorizon

Perturbation scales

Subhorizon

Time
Inflation era ' eMD era 1 RDera (log a)

To spotlight the effects of an eMD era,
we focus on the perturbations entering horizon during eMD era (kg < k < kpay)-

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'.
3 —I't
(@ prn ox 1)

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

E.0.M in decaying DM scenario (Poulin, Serpico, Lesgourgues, 2018)

p;n — _(37—[ + CLF)pm7 5;n — _em + 39" — CLP(I), \
pr. = —4Hp, + al'py, 0 = —HO,, +Ek*®,

Pm * Energy density of matter 57/0 _ _é(gr . 3(1)/) 4 an—m(5m — 5, +®),

pr : Energy density of radiation 3 Or

0 :  Energy density perturbation

<

k2 3pm (4
\0 (= ikjv’) : Velocity divergence 4 4p, \ 3 j
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Perturbations in gradual reheating

10f - (Normalization: ®(z — 0) = 1) |

On subhorizon scale,

5+ ﬁar)

Ptot Ptot

104}

k2P ~ 7—[2(

During eMD era, §,, (x a) grows

07— @] (k= 1/neq) on subhorizon unlike 6, .

........ 1| (k= 30/neq)
o] 101 6= 50/ §
..... - By (nr = 0.837q) Even after neg, @ is mainly
B determined by p,,,8,, for a while,
1019}

0.1 05 1 5 10 T 50 '
n/neq Pm = Pr AL 1 = Teq

rFitting formula ~ We naively expect
n
P = exp ( dija(n P) a(ne)T = H(nr) = 2/1z) D x pp, X €Xp (/ dn aF)
3

exp -2 (L <

P 2 1 < e) If we take ng = 0.83n,, the fitting

exp [ —2 ((nR - L+ )) (n>nR) formula fits the numerical result during
\_ ) the exponential decay very well!
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Results

GWs induced by curvature perturbations with P = AO©(k — 30/1eq)O (kmax
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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. ]

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




Why does the damping occur?

E.o.M for tensor perturbations:
hy' 4+ 2Hhy + k*hy =4S}

In < ng, the source is almost constant and the tensor perturbations on

subhorizon scale become N
4S8

h)x ~ k
k: - kQ

In g S M S 2nR, the source decays gradually and the tensor perturbations
follows the decay for a while. During this phase, the damping occurs.

hy ~ —k (The source and h are damping.)

Note: This damping was not taken into account in previous works.

In 2nr 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.

ht = Agdec fdec ikn (Freely propagating GWs)
a

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:
@ : Dominant field (such as inflaton or curvaton)
1 1 A
V :§M2¢2 + §m27'2 + ZTQXQ + qubXZ T © Trigger field (“triggeron”)

X : Field denoting the daughter particles of ¢
X has t-dependent mass. (m3 ¢ = (A\7°/2))

We take M>m and initial value of T as t, »>M.
Trlggeron evolution during eMD era Y \
Te =

m<< H m~ H

-}

At first, the decay of ¢ to
KX is prohibited (M<2m, ).

When 7 passes by 7., the decay
T starts to roll at m~H. channel of ¢ opens and reheating
occurs instantaneously.

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



Evolutions in sudden reheating
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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).

Source term

Enhance GWs !
3k - Dominant (®'/H|p—ng ~ knRCI))\
Sk, n) = / Weﬂm(/@)kﬁ% 2@ (1) Pr—rr (0) e
4 @, (n) i (1) ) ]
+m (q)k’ (n) + oY) ) (q)k:—k’ (n) + 2 )
Keisuke Inomata (ICRR, The Univ. of Tokyo)

arXiv: 1904.12878, 1904.12879




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.

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

In previous works, the authors implicitly assume the reheating occurs
instantaneously and stop calculation at the reheating.

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

However,

1. The transition can occur gradually in some realistic situations.

2. Even if the transition occurs suddenly, we need to care about the GWs
induced after the transition.

What we did in this work

We have revisited the effects of an eMD era on the induced GWs.

~N

We have considered 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

k scale at that time. /

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



Results of this work

Pe = AsO(k — 30/Neq)O(kmax — k), kmax = 450/1R
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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
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Motivations for the induced GWs

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

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

(Observations of CMB and LSS cannot investigate small-scale perturbations

due to the Silk damping and the non-linear growth of perturbations)
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Evolutions in sudden reheating

1001
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Bor (5,0m) = 1 (for n < nr)
o (7 A(er)J (2) + Blar)V(z)  (for 1 > 1m)

J andY are the independent solutions of the following
equation for @ during RD era.

®" +3(1 + w)HP + wk?’® =0 (w=1/3)

. T—TR/2 .
_3\/371 (%) sinz — xcosx

J(x) = P ]1(56') — 72
T—xR /2 COST + xrsinx
3B (SAE) @) =

V(x) = 22

r — xR/2

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

1

A(:ER) p—

j(xR) - 3);)/((55;;)) j/(l'R)
 Tew)

yl(wR) A(xR)

Keisuke Inomata (ICRR, The Univ. of Tokyo)
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Scalar perturbation in Cosmology

Scalar perturbations induce the perturbations of energy density (8p/p).

Scalar perturbations are origins of many things!

Examples

(Credit: Millcnngted Simula_ti‘o‘n',Prb"ef:t) (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
P =2.1x10"" (Planck 2018) Pe= 1P

-5
(5P/,0 ~ 10 ) curvature perturbation  scalar perturbation

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



Background in gradual reheating

The evolutions of background quantities.

10°

1000}~
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w=P/p

0.100 Pm = Pr al 1N = Neq
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1/7eq
The fitting formula for a: The fitting formula for w:
2

Qapp (1) _ (%) (n <nr) 1 n 3
app (R) 2% -1 (n>nRr) Wit = § Loexp | =07 77_eq

In the above figure, we take ng = 0.83n .

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) . 2
Q k)= """~ +'v (1 2)\2
aw(n, k) Prot(1) n,k) ~ 4/ dU/ ( + 02 —u ) )
5 dvu
S (A )
=21 \atpagy ) Primh) x P(v u, kn)Pe (kv) P (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
Gapp (1) _ { (%) (n <nr)
a o
() |22 — 1 (> 1pp)

Then we can express | as (z = kn, zr = knr)

R 1 7\’
o) = [ as (5 ) (55) ke . ) w0

2(z/zr) — 1) \zr
T (2(x/xr) — 1 RD/, -~ 7
" /xR 4 (Q(SU/SUR) - 1) kG .0, 8, 2m)

=1eMD (u, v, T, xR) + Irp (u’ v T, xR) (®(x — 0) =1, ®'(x) = 0P(x)/0n)

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

Keisuke Inomata (ICRR, The Univ. of Tokyo) arXiv: 1904.12878, 1904.12879
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Future constraints on reheating temperature

Power spectrum:

(We have neglected foregrounds) N
450 I S S Pe(k) = O(kmax — k) As (k:_o)
400¢ ‘t '. \ ; ,n','r’ 1 (A, =21x1072 n, =0.96)
t | : ’ lr"l
350F [ ] [ 1 . . .
B ';{3,. ! ETV i Signal to noise ratio:
300F  SSKA . ,' \ ] (Allen & Romano, 1997)
£ 250} J%;- 'LISA "\ ;':*'J ] Induced GWs
é 1&“'“5%. / 7 f Q N 5\’ 1/2
200p S 4 v e aW
=2 N 1 I — 7
| @ / p= V2 obs ./ LY (Q (f))
150 ¢ & | f in GW,eff
RYAE-S S A | ¢ Observation time : :
100} = S DECIGO T ot for SKA Effective noise
sof 2 BBO obs = “EVTIOT spectrum of each
o] Tops = lyr for otehrs projec t

0 1 1 1 1 1 1 1 1 1 1 1
1073 10-2 10! 10° 10' 10* 10® 10* 10> 105 107 10® 10°
TR [GGV]

p=1 is taken in the figure.

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

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



