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Setup

1. What We Already Know about Early Universe. 4. Let's Embed axion-inflation
2. Gauge Fields in Inflation: Why & How? in Left-Right Symmetric models
2. Primordial GWs & Gange Fields

Gravitational-Wave Primordial Cos‘molog.y



Puzzles of SM & Cosmology

.
) Particle physics of Inflation
i Puzzles of
1) Origin of matter asymmetry Standard Wodel of Particle Plhysics (SW)
III)  Origin of Neutrino mass & Cosmology Which need
Physics Beyond SWM

V) Particle nature of DM
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Puzzles of SM & Cosmology
% TS

) Particle physics of Inflation
Puzzles of

) Origin of matter asymmetsy Standard Model of Particle Physics (SM)
III)  Origin of Neutrino mass & Cosmology Which need
Physics Beyond SWM

V) Particle nature of DM

® Curious cosmological coincidences ng = 0.3 P; and Qpy = 5Qp!

1. Ad hoc parity violation SW as a particle physics model
also faces some conceptual issues

2. Accidental B-L global symmetry .
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3. Vacuum Stability problem w, | W
4. Strong CP problem %
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As Vet
/\

o Observations are in perfect agreement with Inflation.

o The Particle Physics of Inflation is still unknown.

o The Standard models of inflation are based on Scalars.

\nflation CMB
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o The Particle Physics of Inflation is still unknown.

o The Standard models of inflation are based on Scalars.
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Why Gauge Fields in Inflation?!

Why not?
Inflation happened at highest energy scales observable!

Electromagnetic, Strong, and Weak forces shaped our Universe.

We are surrounded by Gauge fields. They are building blocks of nature.

What do they do in inflation?

1st Stars

Inflati

Qui
Fluctuatio

Epny < 1014GeV

Comparing to LHC L
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Why Gauge Fields in Inflation?!

«  Why not? /
bl s U
o Inflation happened at highest energy scales observable! » w5y
o Electromagnetic, Strong, and Weak forces shaped our Universe. "
o We are surrounded by Gauge fields. They are building blocks of nature. :::
: : : o9
« What do they do in inflation? =
|.  Can Gauge Fields Contribute to Physics of Inflation? 3
Ves!
Il. Do they leave an observable signature? : i l

Yes! Robust prediction for GwW backaround.
Ill.  How much they can change the cosmic history?
A lotl Novel mechavisms for Baryo- and Dark-genesis.

Emf — q011 1 EH
Ergc ~




Challenges:

1) Conformal symmetry of Yang-Mills

gauge field dilutes like Ay~ 1/a

2) Respecting gauge symmetry
Not to break gauge symmetry explicitly




Adding new terms

1) Conformal symmetry of Yang-Mills to the gauge theory
gauge field dilutes like Ay~ 1/a K i
— (FF
: 384( )
2) Respecting gauge symmetry or _
yl ~ ¥ Axion
Not to break gauge symmetry explicitly T FF ¢

Gange field Ay
(active in inflation)

U

A

A.M. & Sheikh-Jabbari, 2011




Adding new terms

1) Conformal symmetry of Yang-Mills to the gauge theory
gauge field dilutes like Ay~ 1/a K i
— (FF
: 384( )
2) Respecting gauge symmetry or _
yl ~ ¥ Axion
Not to break gauge symmetry explicitly T FF ¢

3) Spatial isotropy & homogeneity

SU(2) vacuum 4, = A
U(1) vacuum A4,

[Tcu Tb] — T,

: T Spatially isotropic 3
A; = Q)8 Af = Q8¢

-
so(3) & su(2) are isomorphic

a
nla

A.M. & Sheikh-Jabbari, 2011



How SU(2) restores isotropy?

Let us work in temporal gauge, A, = 0.
Rotation

U(1) vacuum 4,
A; =Q@)6;

SU(2) VEV, 4, = 42T,

Rotation

= Q()6}

A.M. and M. M. Sheikh-Jabbari, 2011



How SU(2) restores isotropy?

Let us work in temporal gauge, A, = 0.
Rotation

U(1) vacuum 4,

Ay = Q@)5;
SU(2) VEV, 4, Aﬁ Iq PRotation Gonae Transtormation
= Q6]

A.M. and M. M. Sheikh-Jabbari, 2011

Isomorphy of so(3) & su(2) algebras



wWhy SU(N) and not U(1)?

o Spatial isotropic field configuration.

A.M. & Sheikh-Jabbari, 2011
o Any SUN) gange field in its SU(2) smbseﬁar cam have an isotropic & homogeneous solition.

U(1) vacuum 4, SU(2) vacuum A4, = A; T,

X

Ta; Tb B gabc T A
Spéltléllly isotropic
— t 63 1
= Q(t) | . -

43




wWhy SU(N) and not U(1)?

o Spatial isotropic field configuration.
A.M. & Sheikh-Jabbari, 2011

o Any SUN) gange field in its SU(2) smbsam'or cam have an isotropic & homogeneous solition.

U(1) vacuum 4, SU(2) vacuum A4, = A; T,

Ta; Tb =1 Eabc T A
Spatlally isotropic 7
i t 63 1
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X

o Non-Abeliav ganage fields have self-interactions:
field strewath tewsor F,uv — BM A, — av A“ — g [ALU Av]

Self-interaction




Why SU(N) and not U(1)?

o Spatial isotropic field configuration.

A.M. & Sheikh-Jabbari, 2011

o Any SUN) gange field in its SU(2) smbsam'or cam have an isotropic & homogeneous solition.

U(1) vacuum 4, SU(2) vacuum A4, = A; T,

Ta1 Tb B gabc T A
Spatlally isotropic 7
= t 63 1
Q( ) | Q(t)aa AL A;} y

X

o Non-Abeliav ganage fields have self-interactions:
field strewath tewsor F,uv — BM A, — av A“ — g [ALU Av]

: = Self-interaction
o Chervu-Simons term can be non-zero at B level: ( FF ) =30)




SU(2) Gauge fields and Initial Anisotropies

SU(2) gauge fields are FRW friendly: (respect isotropy & homogeneity)

arey={ O =0
AL a(t)6y u=i
e ® ‘

How stable is the isotropic ansatz against initial anisotropies, i.e. Bianchi

punoJsyoeg
21d04105]

l. Wolfson, A. M., T. Murata, E. Komatsu, T. Kobayashi arXiv:2105.06259

Axion is only coupled to the isotropic part of the gauge field,

Anisotropic part decays like radiation and
Isotropic Solution is the
Attractor!

A. M. and M.M. Sheikh-Jabbari, J. Soda, 2012
A. M. and E. Erfani, 2013




SU(2)-Axion Model Building

o Gauge-flation A m, &sheikn-abbari, 2011

R 1 K -
SGf = jd4x\/—_g<—5—zF2 +ﬁ(FF)2>

e Chromo-natural r.adshead, M. wyman, 2012

R 1
Sen = Jd4x\/—_g<—5—5<(aug0)2 — u* <1 + COS(%))) —%Fz —%goFF’)
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SU(2)-Axion Model Building

o Gauge-flation A m, &sheikn-abbari, 2011

4 R 1 2 i [\ 2
SGf:jd X\/—g —E_ZF +ﬁ(FF)

e Chromo-natural r.adshead, M. wyman, 2012

R 1 1 A -
Sen = Jd4x\/—_g<—5—5<(6ug0)2 — u* <1 + COS(%))) _ZFZ —ggoFF>

/ N

Friction

Natural inflation

K. Freese, J. A. Frieman and A. V. Olinto 1990



SU(2)-Axion Model Building

. Gauge-ﬂation A. M., & Sheikh-Jabbari, 2011 Ruled-out by the data
ﬁ R. Namba, E. Dimastrogiovanni, M. Peloso 2013
S _ jd4 R 1 F2 n K FF' 2 P. Adshead, E. Martinec, M. Wyman 2013
or = ) 4XN=g| —y m g+ g FF)

+ Theoretical issue:
Very larae A ~100!

D. Baumann & L. McAllister 2014

R 1 1 A -
Sen = Jd4x\/—_g<—5—§<(aug0)2 — u* <1 + cos(% >> _ZFZ —ggoFF>

e Chromo-natural r.adshead, M. wyman, 2012

TIuspired by them, several differewt models with SU(2) fields have been proposed & studied.
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SU(2)-Axion Model Building

. Gauge-ﬂation A. M., & Sheikh-Jabbari, 2011 Ruled-out by the data

ﬁ R. Namba, E. Dimastrogiovanni, M. Peloso 2013
4 R 1 2 K ~. - P. Adshead, E. Martinec, M. Wyman 2013
S =jd x —g|\——=—-F*+—(FF : :
Gf I\727 1 354 ') + Theoretical issue:

Very larae A ~100!

D. Baumann & L. McAllister 2014

R 1 1 A -
Sen = Jd4x\/—_g<—E—ZF2 _§<(au§0)2 — u* <1 + COS(%))) —ggoFF>

e Chromo-natural e aAdshead, M. Wyman, 2012

SU(2)-Axion inflation has a very rich phenomenology:  Adehend ot 2l 2013

Dimastrogiovanni et. al 2013

o A new mechavisim for generation of Primordial Gravitational Waves — A.M. et al, 2013

s . . . : : A. M. 2014 & A.M. 2016
o All Sakharov conditions are satisfied i inflation: a vew barvyogenesis mechanisin . caldwellet. al 2017

K. Lozanov, A. M, E. Komatsu 2017,
L. Mirzagholi, A. M, K. Lozanov 2019
A.M. 2019

o Particle Production v inflation by Schwinger effect and chiral anomaly



SU(2)-Axion Model Building

= Ga uge-ﬂation A. M., & Sheikh-Jabbari, 2011

Ser = fd4x\/—_g<—§—lF2 +L(FF')2> —

4 384 Theoretical issue:

Very large A ~100!

= Ch romo-natu ral P. Adshead, M. Wyman, 2012
Sen = jd4x\/__ —E—le—l (0,0)% — u* 1+COS(£) A FF
o I\T27 T\ TH 7)) "8 ?

e Minimal Scenario of SU(2)-axion inflation am, 206 f<04 Wpl & A<D

R 1 1 A -
Sam = jd4x\/—_9(—§—§((aufp)2 ~V(9)) - —QQOFF)

Axion WMonodromy or any mechanism that dives a flat potential



New Tensorial mode in SU(2) Gauge Field

- /> Circular polarizations
+ 8A% = (B, (t.k)efs (k) + B- (t. ke (K)) 67 2 g

AV vy
pngl/]—,htg—[

2 r7
B + [k? © SckH +—H?-"-]B, =0

B_

. Y
effective freduency

2
( 6¢c and T dre positive, given by B7) : : .
H? B, s a vew tewsorial mode in
Vacuum structure

Axion field (@ the perturbed SU(2) gauge field!
r (0¢ > 0) A.M. & Sheikh-Jabbari, 2011

/

I/fw—roll A
Slow—w/ Parity

(0c <0) /




New Tensorial mode in SU(2) Gauge Field

. e [\ e For 6¢>0
+ 847 = (By (t,K)efy (K) + B- (6,00 (K)) 67 sport +adnyonic growth of B,
2 7, S S—
B—’_l—’ + [{(2 5ck}[ + %‘7‘[2 - %'] Bi ~ O ( ' :"T_Aj'f‘j H3 ; (2—\/5)116
‘ Y SR ng~—6.>e 2 °¢
effective freduency ©oem?

Particle Production

2
( 6¢ and % are positive, given by B7)
A. M. and E. Komatsu, 2018

Vacuum structure

Axion field (¢
/' (0¢ > 0)

/

I/fw—roll A
Slow—w/ Parity

(0c <0) /




Gaugde Field sources Primordial GWSs

o SAF = (B, (t,k)efs (k) + B (t, k)ej; (K)) 6F
2
* The field equation: BY + % SCk}[+%7{2 -a—]

22

 That sourced the GWs
RY + [k?- =1 hy = H? [1,[B,]

e Gravitational waves have two uncorrelated terms

_ pRvac S
= hi* + hj
Vacuum  Sourced by

GW:s Bi

unpolarized Polarized
hzac — prac hi £ hS A. M., 2016




Novel Observable Signature: CMB

e The sourced tensor modes is

Highly non-Gaussian. Equilateral Shape
En,=09,4,—0,A4,—ig|A,A,]

Self-interaction

Agrawal, Fujita, Komatsu 2018
 That can be probe with future

CMB missions., e.g. Litebird
~ and CMB-54
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Maresuke Shiraishi, Front. Astron. Space Sci. 2019



Novel Observable Signature: Beyond CMB

e Comparison of it 102 10 10 107 T g 10
sensitivity curves |
for LiteBIRD, Planck,
LISA & BBO.

Planck

2(Omin
h*§Gw

Detection of this background is
an excellent target for all GW

experiments across at least 21

decades in frequencies.
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P
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P. Campeti, E. Komatsu, D. Poletti, C. Baccigalupi 2020 10-17 10-1 10-11 10-° 10-5 10-2 10!

f [Hz

Thorne, Fujita, Hazumi, Katayama, Komatsu & Shiraishi, 2018



Novel Observable Signature: Beyond CMB

1072 10 10* 107 1010 1013 1016

NANOGrav

Planck

g2
=
=0
~
N1
a
~
¥ g

DECIGO
THEIA Di

SNR 1-10 sensitivity bands
Hl Power law integrated
B Peak integrated

- — ; 10-17 1074 107" 10°® 100 1072 10!
10 10~2 2 i
f [Hz]

Frequency (Hz)

J. Garcia-Bellido, H. Murayama, and G. White 2021 Thorne, Fujita, Hazumi, Katayama, Komatsu & Shiraishi, 2018



Parity Odd CMB Correlations: TB & EB # 0
Sources of Parity violation on CMB:

- Cosmic Birefringence: axion-photon couplin .
fring xion-p pling @ F'F > High |
< ioderm > CMB v
. EW phaSe CMB uUniverse photon
Cosm\ transition o —

-~ |
~
0 4
S

- —— —

Big Bang
Singularity

f Low |

q
- SU(2)-axion Inflation: SU(2) field-Graviton coupling

- Gravitational Chern-Simons: axion-graviton coupling ¢ RR

B. Thorne et. al.2018



How +o Cowmect Inflaton to SM7?
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How to Connect (t to the SM?

Let us Bxtend SWM Gange Symmetry by an SU(2)g and couple i+ +o Axion Inflatou!

o Left-Right Symmetric Model + axion! w W/
L R =
SU(2) x SU(2) X U(1),7— SU(2),x U(1), 4
: T
Left-Right Symmetric SM Left-handed Weak force

* Minimal Scenario of SU(2)-axion inflation am,201 f<04 Mpl & A<01

1
SAM_jd4x\/_(___ZF2__(( @)°* — V(¢))——<pFF

Axion Wonodromy or any mechanism that @l\/@s\gﬁa/‘ + potential K

A. M. arXiv: 2012.11516
A.M. arXiv:2103.14611




& Production in ITnflation
/’-\

o Left-handed fermions are diluted by inflation, BUT Vr
o Right-handed fermions are generated by SU(2)g gauge field: Wh
The key ingrediewt is the Chiral anomaly of SU(2)g v inflation: YR
NN\ Wr 5
Vo JE V, Jh=V, Jt= 1‘Zn2 tr[W W]

Wr

Lipar=alls: == amf(g)HS SW baryons

X SW leptons
Ainf (5)"’

+

g 21é
e RH neutrines

(2m)*




Quarks

Leptons

Big Bang
Singularity

B=L=3ncs

B—L #0

Baryow & Dark Watter
Production -
2 & CMB universe

Cosmic
\nflation

Freezeout of Ni

DMy, ~2.8 1N o

mp
I“ SM
—p» o " B
B L,

B LSM LN
mn, ~ 1.8 my = 1.7 GeV.

Baryoaevesis

-

0 . < -Qe.ff 1 aing [ H
l[}[_} ([}"— h] % _._"I'_.fl_‘] .
\ I‘EI ) :



Ganae fields are expected +o contribute in physics of axion inflation.
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This Set-up is a complete BSWM +hat can solve T-TV:

) Particle physics of Inflation
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1) Origin of Neutrino mass
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Ganae fields are expected +o contribute in physics of axion inflation.

Compelling Consequences:

—

This Set-up is a complete BSWM +hat can solve T-TV:

1)  Particle physics of Inflation

1) Origin of matter asymmetry

1) Origin of Neutrino mass

V) Particle nature of DM

Puezles of Particle Cosmology

T+ provides a deep connection between nflation, baryogenesis & DW,

So naturally explains cosmological coincidences ng = 0.3 P; and Qpy = 5Qp!

T+ comes with a coswmological smoking guw on Primordial GW.






