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Motivation and Contents

e How does Qg behave if there was EDE i1n the early Universe?

 What are the parameter ranges that €25y, can be observed?
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Introduction

v’ First detection
GW159014 (11. Feb. 2016)

B. P. Abbott et al.
(LIGO Scientific Collaboration and Virgo Collaboration)
Phys. Rev. Lett. 116, 061102

v/ What 1s gravitational waves?

= waves propagating 1n space
with varying the curvature

https://www.ligo.caltech.edu/image/ligo20160615f



Introduction

v/ What are gravitational waves?

e.g. ) GWs with the background 1s Minkowski1 spacetime

e [ 1ne element dS2 — dl‘ 4+ (5 4+ h )dxldx] (If hij — O, 1t 1s MlnkOWSkl)

Tensor perturbation

1
e Einstein eq. R, — Eg/wR =3nGT, (c=1)

Linearize (TT gauge)

(ignore O(h?))

GWs propagate light speed in Minkowski spacetime



Introduction

v/ What are gravitational waves?

e Line element  (s? = — dt* + (51-]- + hij)dx 'dx/

Tensor perturbation

https://en.wikipedia.org/wiki/Gravitational wave

Consider GWs propagates along z axis Plus mode Cross mode
h, h, O L Y

hi_|h, —h, 0]cos(kz— wr) . o O JEER S

0O 0 O ‘e s

e.g.) Proper distance 1s varied periodically

1 1
dt, = (1 + 5h+(t)) dx, df,= (1 — 5h+(t)> dy



Primordial GW power spectrum

v GWs in the FLRW background

FLRW line element ds? = — dt* + az(t) [51.]. + hij] dx‘dx’/

Sc~ale’ faétor

. . 1
2 —
hj+ 3Hhy; — — V2h; = 162GI1,
[Linearized

Einstein eq.

EoM for tensor pert. hf{ + 3 th’{1 + _hl/l — () (11; = 0)



Primordial GW power spectrum

v Stochastic GW background and Observable

e GW spectrum ... dimensionless quantity to characterize the strength of GW

, QGW — T A (d H) @T,prim(k)T]z’ (k) .

‘ 0. = 1 dpgw
12 . o Pcrit d 10g k

P1 prim(k) .. Primordial GW power spectrum,
T+ (k) ... Transfer function



Primordial GW power spectrum

v Stochastic GW background and Observable

e GW spectrum ... dimensionless quantity to characterize the strength of GW

1 k ) },,; 1 dp Planck collaboration
3 QGW - — P T,prim(k) TT(k) | Qow = GW Y. Akrami et al.
| 12 \ aH | Perit d log k farXiv: 1807.06211]

025 4 Planck TT,TE,EE+lowE+lensing
hE +tBK18+BAO

~ P prim(K) ... Primordial GW power spectrum,

0.20 -

T+ (k) ... Transfer function

0.15 -

Lq)T,prim(k) — AT (k_) k. inOt scale 0.10 4
r= - 871T Consistency relation =
(Yuta will talk!) (Single field 1nf.) -



Primordial GW power spectrum

v Stochastic GW background and Observable

e GW spectrum ... dimensionless quantity to characterize the strength of GW

" QGW — L k ng | ( k) T2 ( k) ’ o = 1 dpaw
f 12 \aH P TN T i d1ogh

— P pim(k) ... Primordial GW power spectrum, The tunction that can relate
: ’ , . the present power spectrum
(k) ... Transfer function and

A\ the primordial power spectrum
P orim k) = Ar (k_) k:: pivot scale

K

r=—3ny Consistency relation
(Single field inf.)



Early-dark energy (EDE)

v' What is EDE?

= Axion-like scalar field that can solve Hubble tension

(See Sora or Fumiya’s presentation!)

(Note: we will consider scalar field different from
the scalar field that can solve it)

V. Poulin et al,
larX1v: 1806.10608]
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Motivation & Set up

e How does Qg behave if there was EDE i1n the early Universe?

 What are the parameter ranges that €25y, can be observed? Y2/

|« EDE slow-roll on the potential
« EDE should decay faster than radiation to be consistent with current observation

e There are studies that the dependence of p
1s stmilar to ours, but mechanism 1s different

R. T. Co et al. arXiv: 2108.09299]

Y. Gouttenoire et al. [arXiv: 2108.10328
Y. Gouttenoire et al. [arXiv: 2111.01150]




Evolution of EDE
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Early-dark energy (EDE)

v How does Qyy be affected by EDE?

= Thermal history changes from ACDM

= T,(k) changes

Qaw =

1

12

(

k

aH

) ‘@T ,prim(

= Therefore, EDE affects €25w
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Early-dark energy (EDE)

v pvsa(t)

V(o) =V, (

W, =

V. Poulin et al,
larX1v: 1806.10608]

p X d

l—cosé)
n—1

n+1

—3(1+w,)

Table: Dependence of a(r) for p

T —— \ O RS ER P rereresea——

|
2
3

o0

Matter

Radiation

Kination
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Early-dark energy (EDE)

v/ Estimate k& dependence of Qg

=3(1+w,) H o g~ 31+w)2

s
C
P AN
Horizon crossing <

pXda

log(scale)

log a

~2/(143w)
. x k
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Early-dark energy (EDE)

v/ Estimate k& dependence of Qg

p o g 30w H o g~ 31+w)2 ay,.. o k~21+3w)
§) 1/ k\2
A R €\ Q= —(—) P (T2
1 _3 k_2 GW.,0 19 HO T,prim T
d
X kzal%c
2 61_4 ‘ __ Whenn > 12,
3 61_9/2 k2/5 QW is enhanced
| s\
. f Vi)=YV, (1 — COS 7)

1 2(=143w)/(14+3w)
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GW spectrum in EDE scenario

n=4,V,=10"
P ¢/ (f1) =0.99§ ——
10 DECIGO\—— ,'
| LISA -t - ; '
107 | \ ’
| \ ” i
=100 , 3
;| , :
o
10—12 E/\ ?
16 i ||IMM| l
1072 1071 1071 107 10° 10°
Now 4  f[HZ] ——fp  Past
P e/ (f1) = 09ON——
T DECIGO \— ,'
| LISA - -t | '
10° | Y ! E
\ ,’ i
> 10} !
2 ,
o
10—12 E/ ?
10—14 | ?
1016 ' | = .IIM“
1072 1071 1071 107 10° 10°
S [Hz]

The peak €25,y moves high frequency as the energy scale increases.

Qe (f)

n=4,V,=10"

g/ (fr) = 09N ——
DECIGO \
LISA - -

-20

10712 10719 10
fHz]
e/ () = 09N ——
DECIGO \
LISA - -
-20 10—15 10—10 10
f[Hz]

-5

| HMJ

10

0

10

5



GW spectrum in EDE scenario
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Shi P1 et al.
[arX1v: 1904.06304]

Oscillation 1n the
de Sitter period

The peak €25,y moves high frequency as the energy scale increases.
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10
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GW spectrum in EDE scenario >

n=4,V,=10"' n=4,V,=10"'

g/ (f1) = 09N——
DECIGO \
LISA - -%

1 A period of slow-rolling 1s getting longer
| 1f you put it next to the top on the potential.

V(@)
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10—6 : ¢>X< / (fJT) =09 _‘\_ ,l,

. = 0.9fr |

Qp(f)

Since the EDE-dominated era 1s
getting longer 25y can further enhance.
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The peak height €2y, enhances by ¢. putting close to the top of potential.



n=4,V,=10"" [GeV¥]

g/ (f1) =09
DECIGO

15 10

J [Hz]

10 10 10

I mm}

10

0

10

24



n=4, VO = 1027 [G€V4]

\ L IIIIII|

s/ (f)) =09 —
DECIGO —
LISA - -

J

10

10

f [Hz]

10

e H‘IM
-5

hlﬂ
10" 10

25



n=4,V,=10"" [GeV¥]

_ g/ (frr) = 0.98\ ——— L
_ DECIGO — X

LISA -\ - "
: \\ ': ;

10—10

J [Hz]

10

10

26



n=4,V,=10"" [GeV¥

6| Py (f1) = 09N —— _
10 DECIGO — ,' :
LISA -~ -§ ,'
10° | \ ,'
10_10 3 \‘\ II :
1012 /
10—14 5 |
10—16 ‘ ] I HM' l - o
10™%Y 1071 T 10 10 10

J [Hz]

27



V,'* [GeV]

1010

107
10°
10’

10

10

6

Detectable parameter region

n=4

- DECIGO
- LISA

-F.IIIIII
H N
H N
H B N
H B H BN
H B H BN
H B HH NN

Gy / (fr)

H BN

H H BN

H B B BN EB@
H BN

EEEEEEEEEETN
EEEEEEENEESN

/|

-
[ 3
3 k-
] L
-10 ™5 |.|

100

LISA -----

17 |
Qw o« f

Pl

15

J [Hz]

A v 200 /N0 ,
DECIGO —— ' |

10710 10

23



B ST NI i e e e FERESNGAAp) FEIESNGLsAp) R S T T S I R e e R R S T I IS R T D e e S O e o e D I ST EtnEsEs

-« We investigated Q. with EDE-like matter in the Universe.

. Q~w can be enhanced by EDE-like matter decaying faster than radiation.

-« The energy scale of potential controls the period at Qy, enhances.

The more ¢. is fine-tuned on top of potential, the more Qg is enhanced.

29



Auxiliary slides




Introduction

v Detector of GWs

+ LIGO/Virgo/KAGRA

+ LISA/DECIGO/ X %:(TianQin)

It would detect the primordial
GW background 1n the future.

https://www.ligo.caltech.edu/image/l1igo20160615f

T. Nakamura et al.

Prog. Theor. Exp. Phys. 2016, 129301

31




LISA & DECIGO >

LISA
The Laser Interferometer Space Antenna

Observing gravitational waves from space

The Gravitational Universe

LISA ... The launch date will be
postponed to 2037.

Observing low-frequency gravitational waves
(from 0.1 mHz to 0.1 Hz) and studying their
various sources from across the cosmos

Three spacecraft in an Earth-trailing heliocentric
orbit about 50 million km from Earth (inter-
spacecraft separation of 2.5 million km)

2037

B-DECIGO...The predecessor of DECIGO
will be launched 1n the 2030s.

Four years, with passible six-year extension

L-class mission

https://sci.esa.int/web/lisa/-/61367-mission-summary

DECIGO ... The launch aftter B-DECIGO

| 4. Schedule of DECIGO and B-DECIGO

i We plan to launch B-DECIGO as a precursor to DECIGO in the2030s to demonstrate the technologies  §

S. Kawamura et al. required for DECIGO, as well as to obtain fruitful scientific results to expand multi-messenger
Prog. Theor. Exp. Phys. 2021, 05A105 § |

astronomy further. Then we hope to launch DECIGO at a later time, incorporating lessons learned }
i from B-DECIGO. '.




The tensor primordial power spectrum

( (D)) = — P im0 (k + K')

This term 1s model-dependent.

H = —p == (=4 + V)
3773 \2" Y
c.0) depends on inflationary models
Chaotic inflation: Natural inflation:

1
V(g) = 5m2¢2 V(g) = A* (1 — COS ?) There are a lot of inflationary models...

33



Detectable parameter region
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V(g) =V, (1 — cos?)

e 1S large

— m of Qgw o x [ 1s large.
Does the GW spectrum become large?

—The EDE-dominated era will be
shortened.

—GW spectrum becomes less amplified.



Period of the EDE decaying

P [GeV']

a. — end of slow-roll

2

- M3, (V’<¢> )2 -
€ = —— =1
V()

Using the slow-roll approximated EoM
3Hop + V() =0

We describe a. in terms of ¢, a-.

« denotes to the initial value

P r,0

V(g-)

4

K

)|

COS

P/ (2f ).

COS
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) (8/m)(fIMp)*

— 1
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Enhancement of GW spectrum independent on V|,

v/ The amplitude seems to be independent
of the energy scale V/

Rad.
The period when the GW spectrum 1s amplified
e, ‘
EDE EDE-Rad. Equality - -

— 1

( pr,() | 4) ( COS[¢0/(2f)] )(S/I/l)(f/]WPl)2
cos|[¢«/(2f)]

1/4




Enhancement of GW spectrum independent on V|,

Qe f)

n=4,V,=10"
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v/’ the enhancement rate of GW spectrum
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