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-~ The map is ready — enjoy the trails
| and find the deeper landscape of
chiral gravitational waves.
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Inflation = era of exponential cosmic expansion

a(t) = age’t : scale factor exponentially grows

H =~ const : H characterizes inflation scale

What causes inflation?
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For successful inflation, we need...

Exponential expansion (at least, a,/a; > e°°)

~ Cosmological constant A

Inflation ends, and thermal plasma appears

N\ is dynamical (¢ ) and decays into particles

pflatian

—_—

Slow-roll

inflation
(fine-tuning?) N’
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i Natural (Axion) inflation 7
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L=-(09)2 - V(¢)

Freese, Frieman & Olinto (1990)

O Natural inflation BICEP/Keck [2110.00483]
Inflaton = Axion 025 A Planck TT,TE,EE+lowE +lensing
+BK18+BAO
i %
Shift symmetry (¢ — ¢ + const.) 020{ %X, ® Natural
protects V from radiative correction nflaton

0.15 A

ro.002

O Issues T
Reheating? = Needs coupling! 0.05 A
Too large decay constant f > Mp,. -

Doesn’t fit in the ns-r plane
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- Coupling in Axion inflation
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Anber & Sorbo (2006)

1 1 P L
=509)* =V(¢p) = FF = ¢FF

Axionic inflaton Gauge field coupled to ¢

Coupling to gauge fields

Shift symmetry allows Chern-Simons coupling

The kinetic energy of the inflaton transfers to the gauge sector.

Effective friction leads to Slow-roll inf.
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1 | Coupling in Axion inflation =~
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1 1 P EEmEERS
L =5(a¢)2 - V() _ZFF_4 :

Axionic inflaton Gauge field coupleq |SOtrOpy iS
violated

Anber & Sorbo (2006)

) Coupling to gauge fields

Shift symmetry allows Chern-Simons coupling

The kinetic energy of the inflaton transfers to

:> Effective friction leads to Slow-

O U(Q) gauge field?

. . . . See however, triplet-U(1) models
Yes, very interesting. But Not in this talk. e.g. Gaugid inflation [Piazza+(2017)]

Because it cannot have an isotropic background.

Lv —~ /
¢ X/



e /’1.0

. Chromo-natural inflation
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Adshead & Wyman (2012

1 1 P L
=509)* =V(¢p) = FF = ¢FF

Axionic inflaton SU(2) gauge field coupled to ¢

Inflaton ¢ couples to SU(2) gauge field
¢'s kinetic energy =y  SU(2) vev
Backreaction == ¢ slows down

Isotropic background of SU(2) /\A§

Rotationally invariant VEV is |
realized as an attractor solution. A% = alp ()68



- Gauge-flation =

Maleknejad & Shikh-Jabbari (2011)
L=—2FF —— (FF’)2
4 16 M4

SU(2) gauge field only

Isotropic background of SU(2)

Inflation without a scalar field.
The same istropic SU(2) VEV

47
EFT of chromo-natural
Integrating out the axion in chromo-natural, K
you obtain the above action. / \\‘*A%

A} = alApc(D)6]



Attractor
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Irrespective of initial condition
of SU(2) gauge field,
this isotropic VEV is realized!
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- Isotropic SU(2) Background - *
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Al = aAps (t)6]

/ <\>>,».\A§/
gz

R ;Ef = G*PEf
R;;jB{ = G Bf

Rotation SO(3) and gauge SU(2) are mixed (locked)

SU(2)xS0O(3) = SO(3)



- Isotropic SU(2) Background -
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Rotation SO(3) and gauge SU(2) are mixed (locked)

It breaks parity (mirror) symmetry <©> <©>

left handed right handed



Istroplc SU(2) Background *\»’5

A I I g S AT, SO | B N, .

Rotation SO(3) and gauge SU(2) are mixed (locked)

It breaks parity (mirror) symmetry @ <©>

left handed right handed



- General Gauge theo ry [TF, Mukaida, Murai, Nakatsuka (2021)]
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String people say Axion is ubiquitous

“Axiverse” Maybe couple to extended symmetry

We found that even in SU(N)

a acquires the same veuv.

Isotropic vev :
SU(2)xS0(3) — SO(3)

Selected SU(2) subgroup (SSB pattern)
of solutions



. N eW mOdeI [TF, Mukaida, Murai, Nakatsuka (ZOZﬁ)_] L
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Extended Model: apparently the action
1 2 1 A ~
L==(0¢) —V(p) —-FF ——@QFF
2 4 4f
Axionic inflaton SU(N) gauge field coupled to ¢

Three assumptions (homogeneous, static, parallel EB)

lead to for the gauge field
| [t , Ay =0 SU(2) _ aama
Al ' O-j-l', (l =0x,y,z> sub- 7-;: — ni T
algebra

. f) .
Which SU(2) subgroup? = One parameter A £=¢/2fH

Commutaton [T, ;] = idei Ty VEV: o= (£ +/82 —4)/2



- SU(2) embedding

e I, T i ST ST, S| B NIV AN oSS P T N g T

Example : SU(3) & SU(4)

A T e e e o e R e e e

group| subgroup — m
SU(2)xU(1) 2_1+12 30+23+2_3+10 2

SUBH su) 3 345 3
SU(3)xU(1) 3_1+13 o+3-4+34+1 -

SU4) SU(2) 4 3+5+7 4
) (2,2) (3,3)+(3,1)+(1,3)

Two in SU(3), Four in SU(4),
different choices (solution) of SU(2) subgroup

[cf. Caldwell & Devulder(2018)]
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Static EoM:
Vogr =

1 1 1
Voes(o) = 502 — 55/103 + ZAZOA 4=

SU(4)

N.Db. E
we assume ks

> -
¢ = const.




- Numerical calculation
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Numerically solve full EolMs

" 2 . : 5
A./;l+ﬁj[{‘-ww—fbm-‘fbdeA./;M;C\[;_gw’f_fabcufjf,g — 0.

Assumptions: dS metric a < ef't and & = ij = const.

Initial condition for M = gA?/aH
A =0, A?(to) = 0, M?(t,) = 3D gaussian distribution

Vary the standard deviation ¢ within 0 < VvN? — 10 < 10

Plot: %(t) = éTr[Mz] We expect G(t) » gSUW)
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- 500 realizations, { =3

NN It AP 2 ] LW 3 1 B N A ISRl I € NP AT O IO NSNS T S N s A I e, IS T NG ), g P

(0]
T

10 1

T T T | T T T T | T T T T | T T T T | T T

SU(3)

D =1/2

normalized amplitude & (¢)

normalized time tH



500 realizations, ¢ = 3 557

normalized amplitude & ()

o 3o R e
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normalized time tH | =7



- Isotropic SU(2) Background -
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/ "\“"“‘\.Af, A? = aAgq(t)6;]"
AN il

|

This background is theoretically global attractor
for any Gauge fields coupled to rolling axion

(except for U(1))
| » Well motivated!
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Why SU(Z)"

,.

L e B e T s e

SVT Decomposition Theorem:

At the 15t order cosmological perturbation,
scalar, vector and tensor are decoupled.

5S,8V; >=& §T;;

Source



[

S G S S SV SRS e P A S o O 0B N A S P i A 0

Why SU(Z)"

Using the 2"d order pert., GW can be sourced.

But it's hard to generate P&L > Piw.

0;650;6S, §V;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).]
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Way Out

Background vector field V2% helps. i/s'iglc;?gg >
vEesy, == ST,
Source

CMB says the universe is isotropic.

U(T) gauge > Anisotropic BG



- M O d S | -~;'x}‘\' ’i

I S gy S S, I |

L4 e T N i i e e Y R e i R

Way Out

Isotropy is
ted
Background vector field V2% helps. especte
vEesy, == ST,
Source

CMB says the universe is isotropic.

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

SU(2) gauge () |sotropic BG is Attractor.

[Maleknejad&Erfani(2014)] [Domcke,Mares,Muia,Pieroni(2019)]  [Wolfson,Maleknejad,Komatsu(2020)]



Instability of Chiral Tensor

“T.T. component” of 64} = t,; linearly coupled to GW

EoM: hg L (1 = _) hpp =0 (le/z) LR L

tr L + (1 xS %(Tn(z T 'S)) 5 ( 1/2) hp L

Only t, undergoes tachyonic instability for y > 0.

Shi= =y,
:> hr > h; : Chiral GW is generated! J mq = gABS /H
S =Ax/2fH
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Chromo natural

-

Original Model S5
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[Adshead&Wyman(2012)]
[Maleknejad&Sheikh-Jabbari(2011,2013)]

Inflaton coupled to SU(2) gauge fields

L= +-(3¢)%—p

¢Fa Fapv

1
(cos%+ 1) _ZFM%FWV i

Tensor-to-scalar ratio. r, at k=0.002 hiMpc

®%eat Ob g0 ]
o(gé?c(;go;eg o
38 ®Ro
A Vet ﬂ
s}?o‘@%’
o, Excluded by CMB due to
a2 too much GW production
f«iﬁ?& See, however, [Adshead et al.(2016)]
D; 8-93’1 0;3 0 095 £
Ny

[Adshead, Martinec&Wyman(2013)]
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Our model

P

r 4
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[Dimastrogiovanni, Fasiello & TF (2017)]

Adding axion-SU(2) gauge spectator sector to the inflaton
inspired by the Chromo-natural inflation

Decoupled

=

/ \

['inflaton

—

p
+-(0x)?

\

1 A
SEnifiety

U

YFF
J

) 7

Axion- SU(2) gauge spectator sector

spec



. Obs. propertles of PGW
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N A s A et P TN SR 0, i

Vacuum SU(2)
OAmplitude (HM;f)Z (HM:)Z 0, e36me
@Tensor tilt n; Small Can be large
®Polarization None Circular
(4 Non-Gaussianity Small Large

Observationally Distinguishable!

———
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- Observation

How to observe PGW

P
G
W

GW

CMB

GW

—

CMB Pol

p
Direct

A

detection

\

4

LiteBIRD
CMB-54

LISA
SKA



[Abbot+(1612.02029)]
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Future Prospects
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~
LISA@2035

QGWN1O_14

LVK@202?
QGWN 1 0_9

(" )

SKA@203?

10° :

a .

-2

10

LiteBIRD@2030 |

Frequency (Hz)

CMB obs have the best

-

sensitivity to primordial GWs.

LiteBIRD©JAXA

I
,/‘\
G W,



- Predictions
TB.EB probe parlty

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 hgpe from hy,c
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Detectability of Pol.

1

0.07F

0.06
0.05

0.04
0.03

i

0.02

001

Predictions

k, = 0.005 Mpc™

0.07
0.06

0.05
0.04

» 0.03

0.02

' 0.01

4 6 8 10
width of P}, (k)

 —

» = 7e — 05 Mpc™
!1.5—
= - m
@5
+
— - M
41 =2

8

4 6 S 10O

Parity violation in PGW can be detected for r* = 0.03

[Thone, TF, Hazumi + (2018)]
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Non- Gaussmmty

linear

Large (hghrhy) <=smmm |arge (tptpty)

The self-interaction of SU(2) gives
the non-linear dynamics (3p vertex)!

BT l
¢ S (2) abe o ’nQ i sk
LY = ) | b fe | Bty — O — MR
3 { bj ( 9 3771@7‘ 5

m
Q —1i5t 1t ]
=
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The NG shape is almost equilateral (cos 6

Non-Gaussian shape
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[Agrawal, TF,Komatsu (2017)]

X
=
O ]
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[Agrawal, TF,Komatsu (2018)]

Detectablllty

107 } ;
107 | .
~q
w
107 } 1
— »>0.07 Y5 ———T (1.
Tsourcezrva,c
10 — g9>1 S Fases—0:000%]
Planck f“’”‘b limit ¥
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
mg

mo = gAPS /H

€Egp = ZQA
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[Agrawal, TF,Komatsu (2018)]

Detectablllty

V}L( 2
X

=102

103
i o
M
W
10”7
— »>0.07 \,_\ —3(Tn1, ) =1
reaction '\\ Pl s
10°° c— g>1 e \ Privos =0 000I%
Planck fi3™® limit
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
mg

LiteBIRD can detect NG tensor mode!!



Consistency

g g P P |

Lowest p;  forr > 107°

=P

R e e e B I e e e Y e B e e L e

[TF,Namba,Tada (2017)]

How much can we boost r by axion-SU(2)?7

Once | said...

—80

1/4
pinf

[ Even

=30MeV, 7 >10"3 S possible ]

1
1077+
10° L o - : 103
I 107% " :
PJ", 1 el = l(]—lU
— 10-11: \
—— b 1™ oA
10° 13} - Pis 10 15
10-13F |~ ¢
A — . — R ) ]—20 -
15 10 5 0 =5 105,10
N—-N

Hinf =3 x 10 - GeV, o= 0.055 GeV.

f=15x10"

105 1 T 10°

kfk,
GeV, A=3000, ¢g=19x107%
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What's the essence of this mechanism?
How general is it? Can we modify it?

How to connect it to obs?




- Motivation 5P

S I O I ey I ST U | gl NI N Nl I P, T N Vg g e N VM B e A S L o e s o P L T L e R AN T e S T o e T

What's the essence of this mechanism?
How general is it? Can we modify it?

How to connect it to obs?

|
]

Model-independent analysis ’




- Isotropic SU(2) Background -
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A;
S
. Aj = adps ()6}
/ Tz
ey /A= SU(2)xSO(3) = SO(3)

Based on this symmetry breaking pattern,

we develop new EFT by extending EFT of inflation.



. EFT of mflatlon I~
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Creminelli+(2006)
Cheung+(2008)

(D Specify the symmetry breaking
X Time diffeo ©) Spatial (3D) diffeo

o(7) = (o) :inflaton = clock field



. EFT of mflatlon
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(D Specify the symmetry breaking
X Time diffeo ©) Spatial (3D) diffeo

@ Find the building block

which respects the residual symmetry.

V,0 Normal vector to the

n, = — | | | _
/ \/_g,.u.v V.0V, 0 Uniform-¢ hypersurface

h-;_;_p — _U;_;.;{J + nj_lni"/

[ _ o) Extrinsic curvature
Ky =h, Von,,

=]
'

e P ST S o,

Creminelli+(2006)
Cheung+(2008)

Spatial metric on the hypersurface



. EFT of mflatlon
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Creminelli+(2006)
Cheung+(2008)

(D Specify the symmetry breaking
X Time diffeo ©) Spatial (3D) diffeo

@ Find the building block

which respects the residual symmetry.

@ Write all possible terms in the perturbative action

S :/(17'(.13;1’\/ —4 {A 5 R — C(T) 0o Z\( )‘|—£(2 (()B,uz//m ()(/U“ OI\’/Uhv,u-npaT)



. EFT around |sotrop|c gauge vev.
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(D Specify the symmetry breaking

X suR)xS0@B)  © Diagonal SO(3)

AL(1) = (4}) = a(1)Q(T)d;



. EFT around |sotrop|c gauge vev
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(D Specify the symmetry breaking

. E(I = ’II)P;(:/) .
L et’s introduce E&B: 1
B(I — ,[/)E(ll/) — l”//)(yl),/Fu/)(T
and triads
(5‘43(_*}}()5 = By s B /f ,{3 =548 phe /;‘ =i

The key procedure is the gauge fixing:

()(1 _1E[a i/] O .



. EFT around |sotrop|c gauge vev
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(D Specify the symmetry breaking

What's this? (14E[“ ;/] =,

VeV <E(I.A> <E(l 4/#11/> _ ECSGA

T 7

With the above gauge fixing, the vev stay the
same under the SU(2)&SO(3) local rotation.

S Bl — S, 4 E%} — [ub(}obE[a < — = Ehy,, + 0qa0Elel — E[abf}w etel 4

,u v ,u, v [T [T v

~

a.:__},u,l/ b,/b(SEC.
5 = o fabdleb
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(D Specify the symmetry breaking

The gauge fixing: 5(1’143[6;6;}] —0.

@ Find the building block

which respects the residual symmetry.

| . ,
A a a a pa
/X;U/ ) (E,UEJ/ o B,UBI/)
7 — T
}lll/ — EILIBI/ .

building block:

1
NOte X = —ETVFG’UV Y = _EP;?VF(L;W



. EFT around |sotrop|c gauge vev
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4 e a a a a

(D Specify the symmetry breaking

Y'”/ — EaBa

/7 i A

@ Find the building block

@ Write all possible terms in the perturbative action

\@l

L=—BR—A(r)—c()g® + Ax (") X + Ay (1)Y + L£?) |

£ \[4( )(69™) + M2y (1)09"°6 X + M3 (1)0g"5Y

99

1 -9 SV SV Y 2
+ = 0X* 4+ — OXOY - — oYy
ML (7) My (7) Myy (7)

I+ 06X, 0 XM + SX X 4 5Y ) ST )

M4+ (7)
0Y;,, 0V ) 4

v

1
ﬂ[}l&—‘\—(T)
1

g
ﬂ[gl,y(T)

ﬂ_[f,} A7)
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|
b

—~ IS g I S, S | By o NIV O b, AN P [0 N S g e N . PN TN PO il WP 8 ]\ s N 3 1 B Nk N OISVl M TP AR Mg O OB O NS AL N A S N o BN G N, POt S T G g, O et S

Stiickelberg trick for time Diff Ll gw; 7 dg™, & 0X ;i35 0Y i)

T—=2>T+T

S :ﬁ:i i | | ox =ox@E.6B).
a . ( = 0D\ A.( . S\ _ SIS &
‘C.\/(.’//u 0. v ). Fl” l(]}_)) (233) 0Y =0Y(0E.0B).

(2.36), (2.37)] 1(2:26), (2:27)]

Gauge fixing

6 =o(r), AELed =0

[:.\[(,(/;u“ T, ’5,’/””- (SE/H" (5[}/:1/)

Figure 1: The relations between different forms of Lagrangian.

We establish the mapping between the model

(covariant) Lagrangian and the EFT terms.
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Tensor action 7
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a” Ka=k (‘ng (\:EZQ—Q
CET [‘H ’ — K |H4| |H~1’2] A= @ '  F (InaQ)/a
Al 192 2(IE s Frrin 5 5
+Ax |T4 | T Mp (HA (T4 = (“’CATA) —!—C.C.) - ICA|TA"
2B%(1-0a?) .- ) 4o -
GA0° |T4’ + T2 |Ha|? ) £ 28y HK 4| T4|?
Pl
e g 2 B
+Axx [T FalaTy + aE(i [+ . >HA + Ayy [oTy £ K,
+¥LP]
A E(l + a?
+ \)3 ((T4 F akAT) + a (U+(1 >H§> (aT!y £ KAT4) +c.c.)] .
- Vp]

2nd order tensor perturbation:

GWs and gauge tensor are linearly mixed.
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- Single questlon I~
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s it possible that the produced GW:s
are NOT chiral (parity-preserving),
though the background violates it?
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- Single question =P

I O I gy I AT, TS | By o NIV N P, I P TN S g N VN S WA 8 P )\ D 3 N N I C P ol TN P A AR P g O OO NS N YA | N A N S N AW I IO 4 N, P OtOS T PG g, S i S

s it possible that the produced GW:s
are NOT chiral (parity-preserving),
though the background violates it?

L
.
Almost always chiral GWs.

But two loopholes...
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Quasi-de Sitter limit 550
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1 ]
With simplifying assumptions - Q ~ Qsta = const.

the tensor action reduces to
- ‘ 10
Ly = A <(1) (1)> Al — B2 A4T <() ’ﬁ) Ay
) 71
+ AUTKAL — AVKA(ERALPAL—ALQAL, As= (gﬂ .

Ky = Ky =0,
"];'H .

/\-‘ :—/\-- = — l + a® + v — a~ya). i f—' 9
12 21 \/3‘1( 1 13 ) O = —2H2 E(1 +a% 4+ — oy —2a7)] .
= g
P =0, “H2 .
Qo = Doy = I;_, 20(avo +3) + (1 =38x)(1 + o+~ —avy)| .
2ep'H V2 °
Pi'_):P_)]— (o + 7v3) H? . R ) N
N (3 = — |2a8y —2a” + (1 = Bx)(2a” + Bxm — 2073) + alay2 + 73)

2H 7
Py = —(By — aBx + ays + 8x73) .
M



. Non- chlral condltlon
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Stability conditions

Ax71 > 0 (no ghost). Ax7Ye > 0 (no grad. inst.).

Non-chiral condition (P=0)
@ ghost-condensate-like case
Ax <0 wessp PE,PB < (

@ Anisotropic inf. with U(1) triplet

9 } Gauge tensor freezes
/\\' xXxa = | .
WSS On super-horizon
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- ‘Summary
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Isotropic background of SU(2)

General attractor solution for any gauge sector coupled to axion.

Rich phenomenology based on each model
Chiral GW, non-Guassianity. But its essence is yet unknown.

EFT around the istropic SU(2) vev
We specified the symmetry breaking, found the building block.

EFT of chiral GWs

We develop the 2"d order action for tensor perturbations

Condition for GW chirality
2 loopholes. Maybe opportunity for another model building



- Future directions —~
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Control the amplitude and chirality of GWs?

The effective mass and tachyonic instability may alter.

Scalar and vector perturbations

Their stability may constrain the EFT parameter space.

Extension to higher orders

Tensor and mixed Non-gaussianity can be analyzed

Direct connection to the observations
Like EFT of inflation. Obs. constrain the EF T parameters.

and more!
Alternative attractor, perturbativity, etc could be studied by EFJ _






-~ The map is ready — enjoy the trails
| and find the deeper landscape of
chiral gravitational waves.




THE THEME
OF CHAPTER IS...

Thank you !
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