i

i

¥ —SBD IS FRE N

arXiv:1411.3658, 1608.04216, 1705.01533, 1707.03023,
1707.03240, 1801.02778, 1802.09284




- Introduction

"PRESENTATION _

Plan of talk
D) oY Ao>TAHAM (5%)

@ A& > THDH (3057)

@E*OtnibL\nﬁ(S )



- Introduction

"PRESENTATION _

Plan of talk
D) oY 4o>TAHAH (5%)

@ A& > THDH (3057)

@E*OtnibL\nE(S )



. Message 5P

I I I A, SO | By Wb, - A T T N P S I i A ) M N 1 S IS Rl -l NN G N Tt A Tt AT 4 N P OTOS TN JE RO 0 Pt P S

PRESENTATION

A o> THH

A2L—a> | ZE ENERK

SNAFLLANZ X LZFRFHNTLS




B s T T L N e e e

. introduction

PRESENTATION
Inflation

O Inflation : H = a/a ~ const =) a(t) « e'*

Accelerating expansion era in primordial universe.

about 400 million yrs.

Big Bang Expansion

O It generates tluctuations seen in CMB/LSS

Perturbations of all the light fields are produced.

O Mechanism is unknown = New physics
Pinf = €nergy scale of BSM physics.
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Vacuum fluctuation

O Inflation generates fluctuations from vacuum

2 2 e tkt

2 2 L —
07 + k ahe =0, ahy = 2=

T2

O 6¢p & Mph;; are produced with amplitude O(Hjnf)
because Hi,s is the only dimensionful quantity.
4 p

vaC __ f = __I°
:P m |:> T = Hlnf
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Planck-WP
- Planck+WP+highL
= Planck+WP-+BAO

0.15

Tensor-to-Scalar Ratio (rg092)
0.10

0.05

0.00

0.96
Primordial Tilt (ns)

Natural Inflation

Power law inflation
Low Scale SSB SUSY

R? Inflation
V ¢2/3
V «x ¢

V x ¢?

V x ¢3
N.=50
N,.=60
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Our scenario

] . [Engvist&Sloth(2002),
GW version of Curvaton mechanism Lyth&Wands(2002),
Moroi&Takahashi(2002)]

AT S Pl I i o BN 1 b N N Il O PP

e P O I NS N A A N ATl W II O e, o P OS TN PERT 0, PSSR,

Linflaton + Lspectator Lins i arbitrary

and responsible

Pinf > pspec for ¢ generation.

Hi¢ Source
Lgpec IS added

?Vac & :PGS"I/)veC just to produce
GW during inf
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How S |t work’

Adding axion-SU(2) gauge spectator sector

L = Linflaton

+%(6)()2 —u* (cos% + 1)

1
L ZFMC%/Fan fXFa Fauv

Very in HEP (e.g. String, SUGRA)

[cf. Chromo-natural inflation: Adshead&Wyman(2012)]
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How S |t work’

Adding axion-SU(2) gauge spectator sector

L = Linflaton =)

Y ol

1 i
Decoupled - > (0x)* = U(x)

\ EAes _ 4 [ spec
i _FF 4f)(FFJ‘ pb

Axion- SU(2) gauge spectator sectar
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Result

1.%409¢

5.x 1071/

Sourced GW hgjs.)

1% o1 i
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than vacuum hya¢
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Axion- SU(Z) model

O Larger GW than hY3¢ can be produced

hops = Ryac + hmat

© Distinguishable w/

Polarization hg # h;

Non-Gaussianity (hhh)

Tensor tilt ng
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Observe PGW from
high energy matter
existed in early universe.

Accelerates particles
and produces new ones.

Limited by reachable
energy scale for human

Limited by highest energy
realized in cosmic history.
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PGW as new particle probe
Detect || Polarization | [-No >{Quantum}

PGW! ﬁ PGW
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Work hard!

[ Stringy mode! ]
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LiteBIRD

() CMB satellite mission
) Will be launched in 2026

() Aimstodetectr = 1073
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() Ground-base mission

) Completed in 2020s(?)

() Aimstodetectr > 1073

CMB-S4

Nexl Gensston CMB Expenment

September 19-21,

2016 »
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Fight against

Nonlinearity

©Dark Sky Simulations

CMB: OK with
inear pert.

LSS 6 grows
on small scale

We need a theory to deal with Nonlinearity
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Yamauchi et al.[1407.5453]
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- Gravitational waves

Barry C. Barish (Caltech) Kip S, Thorne (Caltech)

2017 Nobel Prize in Ph

Rainer Weiss
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Observation Scenario

KAGRA Collaboration, LIGO SC|ent|fc Collaboration and Virgo Collaborat|on arXiv: 1304 0670, Submitted to LLR (2017)

Late mmbDesign

Mpc

LIGO o2

> Mpc
Virgo o2 os
~3-months (2020.1 - 3) 25-40 40-140
pc Mpc

KAGRA ~6-months (2021.1 - (N=
Design : From 2022.1- ——— r}l .

1 i 1 1 1 1 1
2015 2016 2017 2018 2019 2020 2021 2022

I

Phase-1 Phase-2
Cryogenic (PR)MI Cryogenic RSE
No sensitivity goal No sensitivity goal

Phase-3
Cryogenic RSE, 1-yr
commissioning after
the first full operation

— B — — e ——— ———————————— e —— — e — gt —————— ']

YKIS2018a Symposium (Feb. 19th, 2018, Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto)
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Sensitivity Comparison
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YKIS2018a Symposium (Feb. 19th, 2018, Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto)
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NS-NS coalescence @180Mpc  (95%CI) [Nt

L: LIGO--Livingston

(1.4,1.4)Msun bR
I: LIGO-Indea
median Of 60 [Degz] 30 25 95 From presentation by-H. Tagoshi

J.Veitch+, PRD85, 104045 (2012)

M Tagoshi+ (2014)
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-45° \' jc\\\\\::‘» > \‘:‘t i ,:..‘.....%..“-..-’..,-- o = d 105021

BUBIRY NJ—2(C KAGRA h'ilH3 (aLIGO + adv. VIRGO)
> FEESARHEN' 3-4 fEMLL.
TSR 80%T2E > 45EROFEHECER.
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1. Project

Status and Schedule

FY2020 2024

Strategic L Strategic L Strategi
gic L
XARM 2020-2 2020-3 2020—4

Martia.n Moon eXplorer LiteBIRD or SPICA
S SPST.okother

Competitive M (Epsilon) under selection

~2026 ~2028

3K " M Observation (3 yrs)
MDR:Down SRR SDR PDR Launch
1Select w. H3

SKA1 Observation
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Nesl Génesston CMB Expadinént September 19-21, 2016 »

Aims to detect r > 1073 in mid 2020s
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LISA Pathfinder shows: LISA Works!
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Space GW Observatory: B-DECIGO

% We changed the name: Pre-DECIGO - B-DECIGO)

-B-DECIGO
- Space-borne GW antenna formed by three S/C
- Target Sensitivity for GW : 2x10723 Hz'1/2 at 0.1Hz.

-Sciences of B-DECIGO Rt o ST

(1) Compact binaries.
(2) IMBH merger.

(3) Info. of foregrounds e = /\

for DECIGO. Fig. by S.Sato

Target: JAXA Strategic Medium-scale mission (2020s).

YKIS2018a Symposium (Feb. 19th, 2018, Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto)



Sensitivity Curves

T. Nakamura et al., Prog. Theor. Exp. Phys. 093E01 (2016)
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Axion-SU(2) model

[Dimastrogiovanni, Fasiello & Fujita (2016)]
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Axion- SU(Z) model

O Larger GW than hY3¢ can be produced

hops = Ryac + hmat

© Distinguishable w/

Polarization hg # h;

Non-Gaussianity (hhh)

Tensor tilt ng
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Parlty-breakmg

Parity symmetry is spontaneously broken while y is rolling

O

left handed right handed

[ Either one of two circular polarization of GW is amplified ] |
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- introduction

PRH;,EN Ai ON

TB, EB correlatlon

Chiral GW induces TB & EB cross correlations

(TT),{TE),{EE),(BB) < (hghg) + (h h.)
(TB),{EB) « (hghgp) — (h hp)

jl> By detecting TB & EB correlations,
we can distinguish ) from hy 4,



Thorne, Fujita, Hazumi, Katayama, EK & Shiraishi, arXiv:1707.03240

Signal-to-noise [LiteBIRD]

k, = 0.005 Mpc ™ k, = Te — 05 Mpc™!
0.07 P}~ 0.07
0.06 | 0.06
0.05 0.05
0.04 g as 0.04
x 0.03¥ . 5 . 0.03
n|=

0.02F 11| — 0.2

¢ lh - - 1 1 k lk L | 1 1

e 2 16 8 10 0 2 4 6 8 10

7 [width of the tensor power spectrum] o

* S/N ~ a couple for the peak r- of 0.07. It’'s something!
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hops = Ryac + hmat

© Distinguishable w/

Polarization hg # h;

Non-Gaussianity (hhh)

Tensor tilt ng




Large bispectrum in GW
- from SU(2) fields

BERR(k k. k) 25

& }% (k’) - () A fomoFujita

Aniket Agrawal
(MPA) \ (Kyoto)
(hr(k1)hr(k2)hr(ks)) = (2m)%6 (Z k?) By (ky, ky, ks)
=1

* Oa << 1isthe energy density fraction of the gauge field

e Bn/Pn2is of order unity for the vacuum contribution
[Maldacena (2003); Maldacena & Pimentel (2011)]

e Gaussianity offers a powerful test of whether the
detected GW comes from the vacuum or sources



Agrawal, Fujita & EK, arXiv:1707.03023

NG generated at the tree level

2
'I: » . _ m + 1 PPy
LY = c® [ea’”taitbj (aitcj - e”ktck>

ImqQT
m
= _Qtijtjltli
' 2 ! W [GW]
) =g = mgH/\/egMp1 ~10-2
HZMI% l 1+ mg?? t [tensor SU(2)]
mqQ = gQ/H [ma~afew] §A =tait+---

[tensor SU(2)] ¢ t [tensor SU(2)]

. This diagram generates
second-order equation [GW] ¢ Y [GW]
of motion for GW




Planck Collaboration (2015)

Current Limit on Tensor NG

* The Planck team reported a limit on the tensor
bispectrum in the following form:

tens — B}—L}_—}_.—i—(ka k, k)
NL Fwequﬂ.(]fj kj k)

scalar

* The denominator is the scalar equilateral bispectrum
template, giving £ (k. k. k) = (18/5) P2 ... (k)

scalar scalar

e The current 68%CL constraintis fx7 = 400 & 1500



Courtesy of Maresuke Shiraishi

LiteBIRD would nall it!
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RFG + LiteBIRD noise, 0% delens, fg,, = 0.5 ——
noiseless, 100% delens, fg, = 1 (AR 100r%2)

Qd

(o)) -

Lo ]

S

Qd

o

Lo

=

22 o | 90% sky, no delensing, LiteBIRD noise,

“ﬁ 10 _andresidualforeground E
-1 . R . R .

10

107 107 1072 107

tensor-to-scalar ratio r



&
' 4

B bl e e ; nee o P8 A g T T T o A 0 M 1.l I Rl PP PN P A I P N B II O  e  OtSTNN FER p,

T e = 10_]3

10°*

We can detect
x .6 | GW Bispectrum
by upcoming obs

r<0.07 C—g<1

10—8 e fr' :0.0l S < 11\:]’61"_1‘15 .
Fen =Trmr =~ - fie) =1
-  backreaction e ou;‘choice:

L+ 2.0 2.5 3.0 3.5 4.0 4.5 5.0

COPYRIGHT



Observation s

IO S e I PG, SO | By NIV N Nt A s TV N S g N VN, TP TN T sl WS 8 P )\ NP 3 1 N I C SRl M PP AP g O OIS N YA N At I S N W IO 4 N PO ST PO OGN g, D i S

PRESENTATION

[RiaE Rz PNE
AEIUNIN ]

COPYRIGHT



. Message 5P

I IS ol T, IO | By N, Y Lo AR TN P A o o ) LM 3 1 N Nl ISRl L, R e T e e e S L

PRESENTATION

ERZ7SOELRRERIC

LGB N FELTHEETOAD !




