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Era of PGW e

O GW exists!
alIGO detected GW from BH binary

© Primordial GW soon?
PGW observed by the CMB B-mode

© New Obs aiming r = 1073 N

e.g. CMB-S4(US), LiteBIRD (Japan), etc.. |
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Simple relationship

Pl ~ 6% 10%5GeV (

r
0.00

/
)
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What it T is detected?
01F N -
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003 F BK14/Planck 7
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001 | Vo tanh? (/M) -
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Simple relationship

1/4
inf

. )1/4

~ 6 X 1015Gev(
0.001

e s this relation robust?

» Detection of B-mode kills
low energy inflation models?

S g,
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o! >>-0

That's not necessarily true.
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This simple relationship

1/4
pile ~ 6x101°GeV (;8351)

is derived under

2 Assumptions
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2 assumptions [Creminelli et al.(2014) PRL113,231301

T.F, X.Gao & J.Yokoyama. JCAP1602.014]

(D GW is described by GR

2nd order tensor Lagrangian is same as GR.

2 No dominant source effect

Inhomogeneous solution of EoM is insignificant.
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2 assumptions [Creminelli et al.(2014) PRL113,231301

T.F, X.Gao & J.Yokoyama. JCAP1602.014]

(D GW is described by GR

2nd order tensor Lagrangian is same as GR.

2 No dominant source effect
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2nd assumptions

2 No dominant source effect

Inhomogeneous solution of EoM is insignificant.

We use the homogeneous solution

2 e-ik'l’

V2k Mp;

02 + k2 —Z|ah =0,  ahy =

TZ
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2nd assumptions

2 No dominant source effect

Inhomogeneous solution of EoM is insignificant.

What it we have a significant source term??

[62 T kz Clhk Sk, ahk —

TZ
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Axion- SU(Z) model

O Larger GW than hY3¢ can be produced

Tobs = Tvac Tadd




- Introduction

el R A A A A e 2 I g e,
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Axion- SU(Z) model

O Larger GW than hY3¢ can be produced

Tobs = Tvac radd
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Axion- SU(Z) model

O Larger GW than hY3¢ can be produced

Tobs = Tvac ra d d

-3 Hinf =
rObS%"aC =AY (1013GeV)
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Bt e
R It O Hlnf 1 X 1013GeV
esu X Hi ¢~ 6x1013GeV

1.x 10"t ¢, vac
5 x 10-12 “““““““““““““ / -7 ----------------------------------------- :J-_.
r=107
| S . T — In(k/k.)
10 20 30 40 50
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Result
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O Hiyr = 1 x 1013GeV
X Hi ¢~ 6x1013GeV

s

";-*_. >P

AT AW I 4 N, e P ST SR ity 0, i S

\

----------------------------------------- r=0.07
1.x 10'1(): \
5. %40 ph =
VAltemative GW may

1.% 10 .
g S— i lead to overestimate

| | of inflation H

R | 10 o 210 . 30 40
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Low p;¢ Model can be rescued!
01F N -
T CMB-S4
003 fF BK14/Planck 7
Vo(I-(p/M)*)
001 F Votanh? (/M) .
N . 47<N.<57
, {7< N, <57 J
0.003 F Your model \ <
0.001 [ has low Pinf N:g "

3x10*F O -

0955 0960 0965 0970 0975 0980 0985 0990 0995 1.00
N
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Low p;¢ Model can be rescued!
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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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Why SU(Z)?

bl
>

e, A TN S g, g S

SVT Decomposition Theorem:

At the Tt order cosmological perturbation,
scalar, vector and tensor are decoupled.

0S,8V; === OT;

Source
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Why SU(Z)?

SVT Decomposition Theorem:

At the Tt order cosmological perturbation,
scalar, vector and tensor are decoupled.

0S

L
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Why SU(2)?

Using the 2"d order pert., GW can be sourced.
But it's hard to generate Poi," > Py -

0;650;8S, 6V;6V; === T,

Source

[Biagetti et al.(2013), Mukohyama et al.(2014), TF et al.(2015),

Ferreira et al.(2015), Choi et al.(2015), Namba et al.(2016).]

VS g, S st
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y Isotropy is
Background vector field V2% helps. violated
vEesy, === ST,

Source

CMB says the universe is isotropic.

U(T) gauge ) Anisotropic BG

SU(2) gauge Isotropic BG is Attractor.
[I\/Ialeknejad&Erfam(2014)]
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Way Out

Isotropy is
conserved
Background vector field V2% helps. A
VoS, === ST,
Source

CMB says the universe is isotropic.

U(1) gauge > Anisotropic BG Ai = adp(0)6]

SU(2) gauge Isotropic BG is Attractor. /
[l\/laleknejad&Erfam(2014)] Z ,
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Flow of d.ynam‘lcs”- |

D s & g, O S

BG:  Axion xse¢ == Vector AB¢

/

Pert: t;; = A{“64; == GW hlgjs_)
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Parlty-breakmg

Parity symmetry is spontaneously broken while y is rolling

O 6L

left handed right handed

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




Instability of Chiral Tensor

The EoMs for tensor perturbations are

Ry + (1= 5) ke = 0 () tay

th + (1 + %(mQ + E)) =0 (le/z) HhL
/\

FF o gekAtaioak,  xFF 2 xe;jA;0;Ax

where we have used €;;.k;e;" (k) = Fkey - (k).

==l

€;jx terms make ¢t instable (but not ¢,) e APC /]
Q —

:> hg > h; : Chiral GW is generated! ] S =AX/2fH

A% = abfABC

E -~ — - C———— - ——

D ——— PRI o s ,Q‘-—-u.- S—

——— ——. - o . >
—S————E i —— - -.._a-wr.
= — T e
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O Hiyr = 1 x1013GeV

Result X Hie~ 6% 1013GeV

1.x 1019} \
. P, ,

5.x 101} —
wu rced GW hS)

1% o1 i
5.x 10712777 ?/‘7 “““““““““““““““““ can be much |arger
than vacuum hya¢

AN )
—L . . PRSP W S S TMR/K.) :
10 20 30 40 50 ,
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Short summary of the model

@ t naturally realizes 7,44 > Tyac

GW can be sourced at linear order
with SU(2) gauge field

@ SSB of the parity symmetry
leads to the Chiral GW
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Axion- SU(Z) model

O Larger GW than hY3¢ can be produced

Tobs = Tvac T radd /[ Tobs doesn't fix Hinf }

© Distinguishable w/

Polarization hp # h; Let's observe

the signature
Non-Gaussianity (hhh)

Tensor tilt n;
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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,
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LiteBI RD () CMB satellite mission

() Will be launched in 2020s

O N T N SR ety T Pt

) Aimstodetectr = 1073

Channel (GHz)  fpwnm (amin)  op(r) [pKamin]  op(r) [pKamin

10.0 69.0 0.0 36.8
50.0 56.0 0.0 23.6
600 IS0 0.0 19.5
6.0 43.0 0.0 15.9
8.0 39.0 0.0 13.3
890 35.0 0.0 11.5
100.0 29.0 0.0 9.0
119.0 25.0 0.0 7.5
140.0 23.0 0.0 5.8
166.0 21.0 0.0 6.3
195.0 20.0 0.0 5.7
235.0 19.0 0.0 7.5
280.0 24.0 0.0 13.0
337.0 20.0 0.0 10.1
102.0 17.0 0.0 36.9

Table 3: Summary of the LiteBIRD specifications. And fo, = 0.5
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S/N for TB+EB

O w/ lensing effect (no delensing)
O LiteBIRD instrumental noise

() 2% foreground contamination

—

LI e P ST S ity g, S st S



. S/N ratio for TB+EB with noises
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PRESENTAT!
kp =7e—-05 [MDC]_]'

—1.155 F=%=———————- P AAYAY By
\-\ 5

1'000 .
., —2.0001 0.5pp_ :
) -1 =
L-“:_____IE

—3.000 -



. Cosmic Variance limited case
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'PRESENTAT Ky = 7e — 05 [ Mpc]‘
—1.155 k==t ————— B LWL W | | JIE e —
T 2.500 -3
\ 2.000 —
1.500
\ -2
, —2.000- 1.000 — +
"~ -
\ 2
0.500 4 | [*

—3.000 -+ , | | |
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Excellent Template

e s L o ad &
Pl Sk = 1 Peesp |~ (1))
s

20

B AN? A A
2G (M) - 2_5*

S

kp = arbitrary (depend on ;)

\ &=

P takes Gaussian shape.
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S/N for TB+EB

O w/ lensing effect (no delensing)

() LiteBIRD instrumental noise

O 2% foreground contamination

jl> TB + EB can be detected
by LiteBIRD for r > 0.03.

S ——
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Non-Gaussianity

Large (hgrhphp) <=mmm |arge (tptptp)

The EoM tor SU(2) gauge field is non-linear

. . 2mo&
O2tp(r. k) + (/1~2+ f* +2 '”‘ﬁ“/)r (7, k)

[)
(13)(1%( "
—(/ // - 1 o(p+q—k)Qij(p.q.7)tr(7.P)tr(T.q)
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Non- Gaussmmty

(hphrhp) is produced at Tree level
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Non-Gaussianity

(hrhghg) has an interesting shape.
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Non- Gaussmmty

Model prediction (preliminary):
(k3k3k3)By 4" ~ —1012
Planck 2015 XVII constraint on (hrhrhg)
(k2k2k2)BPI™ = (3.5 + 13.2) x 10712

Note: Planck analysis assumes different shape of NG
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Non- Gaussmmty

Model prediction (preliminary):
k |
(3B ~ ~10712 [y
Planck 2015 XVII constraint: \
(k2k2k2)BrI™ = (3.5 + 13.2) x 10712

Note: Planck analysis assumes different shape of NG
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O Larger GW than hV2¢ can be produced
Tobs = Tvac T radd % Tobs doesn't fix H;i¢ }

O Distinguishable w/ Let’s observe it! ;
Polarization hy # h; B5) TB&EB correlation .V

Non-Gaussianity (hhh) — large B;fq““

Tensor tilt n, =5 nTX—r/S
A\

O Lowest py,s forr = 1073

1/4 o
r o Qg () o Quouree () Pt = O:-1GEV



THE THEME
OF CHAPTER IS...

Thank you !
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