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What we know so far?



Particle cosmology is successful in explaining our universe from BBN onward.




Particle cosmology is successful in explaining our universe from BBN onward.

But there are still major open questions before that!
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Particle cosmology is successful in explaining our universe from BBN onward.

But there are still major open questions before that!

Current observations are in agreement
with the paradigm of inflation.
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Density Perturbations
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Density Perturbations
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Density Perturbations ..
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Tensor Perturbations
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Nature generously gave us yet another E
observable: Primordial GWSs
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ne,-r plane

ro.05 <0.036  (95% CL)
ns = 0.9649+0.0042 (95% CL)

Planck TT,TE,EE+lowE+lensing

+BK18+BAO

Planck 2018 + lensing
w\ BICEP2/Keck Array (BK18) & BAO data

BICEP and Keck Collaborations PRL 127 (2021) 15, 151301



ne,-r plane

ro05 < 0.036  (95% CL)
ns = 0.9649+0.0042 (95% CL) ACT shifted ns! ns = 0.9743 £ 0.0034 (95% CL)

Planck TT,TE,EE+lowE+lensing
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Planck 2018 + lensing B Planck + lensing + BK18 + BAO data
w\ BICEP2/Keck Array (BK18) & BAO data w/ ACT

BICEP and Keck Collaborations PRL 127 (2021) 15, 151301 ACT Collaboration 25



A big goal remains! Primordial B-modes

ro.05 <0.036  (95% CL)

Planck TT,TE,EE+lowE+lensing
+BK18+BAO

Planck 2018 + lensing
w\ BICEP2/Keck Array (BK18) & BAO data

BICEP and Keck Collaborations PRL 127 (2021) 15, 151301

ns = 0.9649+0.0042 (95% CL) CMB-S4 & LiteBird expected to reach|r < 1073
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Energy Scale of Inflation

What is the scale of Inflation? From MeV to GUT

A 17-Order Window of Ignorance Still Surrounds the Inflationary Energy Scale!

\/HinfMpl

GUT r < 0.03
(Hins< 1013 GeV) Inflation

- 107 ambiguity!

Big Bang

10 MeV
(Hinf> 10_22 GeV)

Tyep, > 10 Mev 1ev 0.01 ev



As yet:

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
a scalar field beyond the SM. (axion Is a natural candidate)

. B
Inflation BBN G
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As yet:

Observations are in perfect agreement with Inflation.

The Particle Physics of Inflation is still unknown.

The Standard models of inflation are based on
a scalar field beyond the SM. (axion Is a natural candidate)

Parity is a symmetry in inflation

Primordial Gravitational Waves (PGW):

BBN

Big Bang
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But walit!

What about all other matter fields in the Universe?

Gauge fields are the carries of fundamental forces, and
Fermions are the matter fields.

SCALAR BOSONS

i GAUGE BOSONS
VECTOR BBSONS

Spinning fields




The Matter content of Universee today!

Dark Matter
27%




The Matter content of Universee today!

Dark Energy
68%

Dark Matter ~
sundarh ‘ 27% / 12601 uires \

WMatter — antimatter Asymmetry!
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The Matter content of Universee today!

(= A
Open gquestions
Dark Energy i) Particle Nature of DM
68% A i) Its Production mechavism
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Dark Matter
27% / Reduires \

WMatter — antimatter Asymmetryl
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Particle Physics of Inflation?

o Gauge fields in inflation: what do they do?
o Could inflation create the matter asymmetry?
o Which model-building frameworks realize it?
o When did the Universe actually ?

o How can we confront them with ?

Big Bang
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Toward a Particle Physics for Inflation



Setup
1- Theory and Model building

* Axion-gauge field models
e Thermalization

2- Phenomenology & Observation

« Gauge field & matter production
* Baryogensis in axion inflation

« Schwinger effect

« GWs



Gauge Fields in Inflation

Gauge fields given by Yang-Mills

dilutes like radiation A,~ 1/a

Gauge fields coupled to inflaton
are generated in inflation.

A= .
a7 FF @ Axion

(Axion fields are waturally
conpled to gange fields.)

Kaloper & Sorbo 2009




Gauge Fields in Inflation

Gauge fields given by Yang-Mills

dilutes like radiation A~ 1/a

Spatial isotropy & homogeneity
U(1) vacuum A4,

A; =Q()§; T

-

Gauge fields coupled to inflaton
are generated in inflation.
L FF o
8f :
AXIon

(Axion fields are naturally
conpled to gange fields.)

so(3) & su(2) are isomorphic

SU(2) vacuum A, = A, T,
T, Tp] = i gabC T,

Spatially isotropic
A3

AP = Q)8! L
i

A.M. & Sheikh-Jabbari, 2011



How SU(2) restores isotropy?
Let us work in temporal gauge, Ay = 0.
Rotation

U(1) vacuum 4,

A; =Q)&;

SU(Q) VEV, A, = A

=&

A? = Q(t)s]

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




How SU(2) restores isotropy?
Let us work in temporal gauge, Ay = 0.
Rotation

U(1) vacuum 4,

I OL
SU(2) VEV, 4, Aﬁ Iq Potation Gonae Transtormation
= Q(6)6]

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

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



Gauge Fields in Inflation

Given the spatial isotropy of the Universe

Gauge fields in inflation must satisfy:

Abelian Non-Abelian

Background A;=0 A? = Q(t)6*

Fluctuations (4,4,) # 0 (A4A%) # 0




SU(2)-Axion Model Building

¢ Gauge-ﬂation A. M., & Sheikh-Jabbari, 2011
S - jd4 B le + i FF' 2
o = ) EXNVTI\ 777" T 3gg (PP

. Ch romo-natu ral P. Adshead, M. Wyman, 2012

R 1 1 A -
Scn = Jd4x\/—_g<—§—§<(aug0)2 — ut <1 + COS(%))) _ZFZ —ggoFF>



SU(2)-Axion Model Building

¢ Gauge-ﬂation A. M., & Sheikh-Jabbari, 2011

R 1 _ N
SGf:jd4x\/—_g(—§—ZF2+%(FF)2>/ 5=

. Ch romo-natu ral P. Adshead, M. Wyman, 2012

R 1 1 A -
Scn = Jd4x\/—_g<—§—§<(aug0)2 — ut <1 + COS(%))) _ZFZ —ggoFF>




SU(2)-Axion Model Building

¢ Gauge-ﬂation A. M., & Sheikh-Jabbari, 2011
S = jd4 B le _I_L FF' 2
o = ) EXNVTI\ 777" T 3gg (PP

. Ch romo-natu ral P. Adshead, M. Wyman, 2012

R 1 1 A -
Scn = Jd4x\/—_g<—§—§<(aug0)2 — ut <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 d4 R 1 F2 K FF' 5 P. Adshead, E. Martinec, M. Wyman 2013
= [d*xv=g| -5 —7F* + 7= -
6f j NTINTZ T, 384 (FF) + Theoretical issue:
Very larae A ~100!

D. Baumann & L. McAllister 2014

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

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

Tuspired by thewm, several different models with SU(2) fields have been proposed & studied.



SU(2)-Axion Model Building

o Gauge-ﬂation A. M., & Sheikh-Jabbari, 2011
S —Jd‘* T (-2 2F2 4 (rry
or = | & XNV=g\ =5 g I+ ggg (FF)

¢ Ch romo-natu ral P. Adshead, M. Wyman, 2012
Scn = jd4xx/—_ —E—le—l (0,0)% — u* 1+COS(£) A FF

* Minimal Scenario of SU(2)-axion inflation  a.m, 2016

\ R 1 : 1, A
San = [ @xy=g( =5 =5 (@u)? = V@) ~F* = 2 0FF ) 01 wpl & <14

Axion WMonodromy or any mechanism that dives a flat potential



SU(2)-Axion Model Building

o A. M., & Sheikh-Jabbari, 2011
S —Jd‘* V=g R 2r2y X rry?
6r = | @ XN\ m g m g I gy (FF)

P. Adshead, M. Wyman, 2012

R 1., 1 1
S = fd‘*xﬁ(—a i E((aﬂgo)z _— (1 + cos(?)» - gchF)

* Minimal Scenario of SU(2)-axion inflation  a.m, 2016

\ R 1 : 1, A
San = [ @xy=g( =5 =5 (@u)? = V@) ~F* = 2 0FF ) 01 wpl & <14

Axion WMonodromy or any mechanism that dives a flat potential

Dimastrogiovanni, Fasiello, Papageorgiou, Zenteno Gatica 2025 (PLI re Chromo-natu raI)



An incomplete list of Different Realizations of the SU(2)-Axion Inflation:

1. A. M. and M. M. Sheikh-Jabbari, Phys. Rev. D 84:043515, 2011 [arXiv:1102.1513]

P. Adshead, M. Wyman, Phys. Rev. Lett.(2012) [arXiv:1202.2366]

A. M. JHEP 07 (2016) 104 [arXiv:1604.03327]

C. M. Nieto and Y. Rodriguez Mod. Phys. Lett. A31 (2016) [arXiv:1602.07197]

E. Dimastrogiovanni, M. Fasiello, and T. Fujita JCAP 1701 (2017) [arXiv:1608.04216]

P. Adshead, E. Martinec, E. |. Sfakianakis, and M. Wyman JHEP 12 (2016) 137 [arXiv:1609.04025]

P. Adshead and E. |. Sfakianakis JHEP 08 (2017) 130 [arXiv:1705.03024]

R. R. Caldwell and C. Devulder Phys. Rev. D97 (2018) [arXiv:1706.03765]
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E. McDonough, S. Alexander, JCAP11 (2018) 030 [arXiv:1806.05684 ]
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L. Mirzagholi, E. Komatsu, K. D. Lozanov, and Y. Watanabe, [arXiv:2003.04350]

11. Y. Watanabe, E. Komatsu, [arXiv:2004.04350]

12. J. Holland, I. Zavala, G. Tasinato, [arXiv:2009.00653]
13. A.M. SU(2)R —axion inflation [arXiv:2012.11516]

14. Oksana larygina, Evangelos I. Sfakianakis, [arXiv:2105.06972]

15. T. Fujita, Nakatsuka, K. Mukaida, & K. Murai [arXiv:2110.03228]

16. A. Brandenburg, O. larygina, E. Sfakianakis, R. Sharma [arXiv:2408.17413]




SU(2)-Axion Model Building

Chromo-Natural Inflation  Natural Inflation+ SU(2)

Minimal Axion-SU(2) Axion inflation with flat potential+ SU(2)
MA 2016

Spectator Chromo-natural  Inflation + Axion-SU(2) with Cos potential

Dimastrogiovanni, Fasiello, Fujita, 2016

Higgsed Chromo-natural ~ Chromo-natural + Higgs
Adshead, Martinec, Sfakianakis, Wyman 2016




SU(2)-Axion inflation has a very rich phenomenology:

o A vew mechavisim for generation of Primordial Gravitational Waves
o All Sakharov conditions are satisfied i nflation: a new baryogenesis mechaisim

o Particle Production v inflation by Schwivger effect and chiral anomaly




SU(2)-Axion inflation has a very rich phenomenology:

o A vew mechavisim for generation of Primordial Gravitational Waves
o All Sakharov conditions are satisfied v nflation: a new baryogenesis mechanisim
o Particle Production v nflation by Schwinger effect and chiral anomaly

o Primordial Maguetic Fields...

Brandenburg, larygina, Sfakianakis, Sharma 2024




SU(2) Gauge fields and Initial Anisotropies

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

Aa(t)—{ ° =0
AL a(t)éy u=i
¢ ® ‘

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

0 u=20 Avisotropies in gange field

Ault) = { a(t)5 p=i

punoJsyoeg

21d0J105|



SU(2) Gauge fields and Initial Anisotropies

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

Aa(t)—{ ° =0
AL a(t)éy u=i
¢ ® ‘

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

punoJsyoeg
21d04105S]

0 u=20 Avisotropies in gange field

Ault) = { a(t)5 p=i

)\// )\/ /\/2 ‘
2+ X)(—+3%) =6+ (A= 1)(2+ Ny) ~0

A A A2

Ts the attractor solutiowl
A. M. and M.M. Sheikh-Jabbari, J. Soda, 2012
A. M. and E. Erfani, 2013




SU(2) Gauge fields and Initial Anisotropies

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

Aa(t)—{ ° =0
AL a(t)éy u=i
¢ ® ‘

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

punoJsyoeg
21d04105S]

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,
attractor =1

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) Gauge fields and Initial Anisotropies

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

Aa(t)—{ ° =0
AL a(t)éy u=i
¢ ® ‘

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

Adshead & Liu 1803.07168
Higgsed axion-SU(2) with different masses for 2 colors M, # M,

U | attractor # 1
HiH R Anisotropic Solution is
"R Attractor! @

punoJsyoeg

21d0J105|
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The effective description of warm inflation gerera, 1995

o+ (BH+T)p+V' =0,

pr+4Hpr = T4

The axion inflation with SU(N) gauge field backreaction

b+3Hp+ V' = 7Tf<(;a G5,

I\&,ph d)
2Tf

Berghaus, Graham & Kaplan 2020 Sphaleron rate

<Ga Ga;w> — sphqg_

87rf




SM+axion

The effective description of warm inflation gerera, 1995

b+ BH+YT)d+V' =

pr+4Hpr =

The axion inflation with SU(N) gauge field backreaction RN o & el 23

6+3Hp+V' = 7Tf<(;a ™

sph d)
2Tf

Berghaus, Graham & Kaplan 2020 Sphaleron rate

87rf = (G Gaw> = Toph =
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Quantum Vacuum h # 0

Due to Uicertainty Principle

Ax Ap =T/,

duantum vacuum 1s NOT nothing!
But, a vast ocean wmade of

Virtual particles

Vacnum | 4 * | Vacuum




Quantum Vacuum Particle Production

Virtual particles Actual particles
- >

‘\ ‘__—
<: s background field W\/‘<:
.j "“--p

Background field can upgrade them into actual particles!

{J)=0 {J)#0



Quantum Vacuum Particle Production

Virtual particles Actual particles

- >
o
C‘\‘ background field
./ ®----,

Background field can upgrade them into actual particles!
Examples of such BG fields: -
1) Electric Field Schwinger effect o < et

A e R R e S <---- ® O----- Pt

Work of the Lorentz force eiE 1 L Sene -?
over Comptom wavelength el | Rest everay of charged particle )

J. Schwinger (1951)



Quantum Vacuum Particle Production

Actual particles

Virtual particles

C‘\‘ background field
>

Background field can upgrade them into actual particles!

Examples of such B fields: /2
1) Electric Field Schwinger effect - < et
------- “----® @&--—---p----.

work of the Lorentz force
over Comptom wavelength

eE A = mc*
comp | Rest energy of charged particle

sp—— i

A = &
= ) me C 18 AR P |

The Electric field that can create electron pair S B |74 .
e Electric field that can create electron pairs  E eh 10 /m f«f J. Schwinger (1951)

i il I_fl




wWhat about
Schwinger Effect n Early Universe?

Schwinger effect in scalar QED in 4d de Sitter

= T. Kobayashi, N. Afshordi 2014

It requires assuming an ad hoc constant Electric Field




wWhat about
Schwinger Effect n Early Universe?

Schwinger effect in scalar QED in 4d de Sitter

= T. Kobayashi, N. Afshordi 2014

It requires assuming an ad hoc constant Electric Field

—

How about Axion-inflation (quasi-de Sitter)?!

1) a natural candidate for the inflaton field

i1) Naturally coupled to gange fields

It naturally generates a constant Electric Field e




wWhat about
Schwinger Effect n Early Universe?

Schwivger effect v axion-inflation

Schwinger effect in scalar QED in 4d de Sitter

= T. Kobayashi, N. Afshordi 2014

A: | .’.7‘ Y
K. Lozanov E. Komatsu

K. Lozanov, A. M., E. Komatsu 2018

How about Axion-inflation?! A. M., E. Komatsu 2019

V. Domcke, Y. Ema, K. Mukaida, R. Sato 2019 ";.H“‘*

1) a natural candidate for the inflaton field R

: L. Mirzagholi, A. M., K. L 2019
1) Naturally coupled +o ganae fields S0 ozanov

P $ Ja R
L kﬁi .

T



wWhat about
Schwinger Effect n Early Universe?

Schwinger effect in scalar QED n 4d de Sitter

= T. Kobayashi, N. Afshordi 2014

How about Axion-inflation?!

1) a natural candidate for the nflaton field
i1) Naturally coupled to gange fields

Schwinger effect in axion-inflatiou

E. Komatsu

K. Lozanov, A. M., E. Komatsu 2018
A. M., E. Komatsu 2019
V. Domcke, Y. Ema, K. Mukaida, R. Sato 2019 ¥ ; N

L. Mirzagholi, A. M., K. Lozanov 2019

MG w1y ¥ A nature reviews physics

New physics from the polarized light of the cosmic
microwave background

Rt



Quantum Vacuum Particle Production

Virtual particles Actual particles
S

‘\ ‘—
<: s background field W\f<
"/4 ““--b

Background field can upgrade them into actual particles!

Examples of such BG fields: , P ~ Horizom
ol Hawking radiation P
2.) Gravitational e

one particle fall into the BH, while the other escapes...

Power BH emitted is nc3Mgl 1 -/%‘ s

240 2 N -9

S. Hawking (1974)



Quantum Vacuum Particle Production
Virtual particles Actual particles

._____-v
C'\‘ background field \/\/\f<:
"‘~-.,

Background field can upgrade them into actual particles!

ICle Prodycy;
[{0)p)

Examples of such BG fields:

1) Electric Field Schwinger effect
2.) Gravitational

1) Hawking radiation
ify expansion of the Universe!




Twuflation Particle Physics

A. M., & Sheikh-Jabbari, 2011
P. Adshead, M. Wyman, 2012

T Axion-inflation and gange fields (non-Abelian) :
T T v
In Axion-Inflation Au w< 92%

CMB LIJ %
Mc')dern i &WS v o>
Universe A‘LL §§§
% ®'""< }‘Qm hl] %’é;



A. M., & Sheikh-Jabbari, 2011

Twuflation Particle Physics

Axion-inflation and gange fields (won-Abelian)

Inflation

Particle Production LIJ
In Axion-Inflation i Aﬂ
Mirzagholi, A.M., Lozanov 2019 LI)
: aNoe SRR
& 6 .- 3 ..- . ‘ ‘?
fields Wsar\/al‘alc
AH

ignature!
A; 6":[*’?* i

CMB

Modern i

Universe

U

] Dimastrogiovanni et. al 2013

f @ Qr----& Q000 p;;
A A A. M. et. al, 2011 & 2013

P. Adshead et. al,2013

JE% \,“5;‘. &
i Soeurced GWs:
Chiral & won-Ganssiav

Unpolarized & Ganssian



New Tensorial mode in SU(2) Gauge Field

_ [ ©  Circular polarizations —
. 5A% = (B, (t, k)ef: (k) + B_ (t,k)e;; (k)) T §
2 4 = 1) = , L)
BY + [k* © SckH +-—>H?-—]By ~0 % : %\
. Y
effective freduency B &

2
(8, and == are aiven by BG) : : :
H? B, s a new tewsorial mode i

the perturbed SU(2) gange field!

A.M. & Sheikh-Jabbari, 2011




New Tensorial mode in SU(2) Gauge Field

— N ~  Circnlar polarizations
. — + » &
SAF = (B, (t,k)ef; (k) + B (t, k)ej; (K)) 6F H ; g
v 1" —y E) ~y L)
BY + [k* © SckH +-—>H?-—]By ~0 % 3 %\
. Y
effective freduency By o

( 8¢ and Z—j are aiven by BG)

B, isavew +ensorial mode
Vacuum structure —

Acion field (@ the perturbed SU(2) gange field!

K (6C > 0) A.M. & Sheikh-Jabbari, 2011

)ll .

(0c < 0) /




New Tensorial mode in SU(2) Gauge Field
Tor 6,>0
Short tachyonic growth of B

542 = (B, (t e}, (K) + B_ (e (K)) 67

aII

I mZ ~
BY + [{cz Sckdt +—= 3 -7,] B, =0

H3 (2-v2)m
7 0C

. Y
effective fredquency
Particle Productiov

y)
m :

(8¢ and — are given by BG)
H A. M. and E. Komatsu, 2018

Vacuum structure

Axion field (@)
/' (0¢ > 0)

/

'Slmv—rollA (501;14‘1-1)
Slow-roll Ap Parity

(0c <0) /




Gaugde Field sources Primordial GWSs

o SAF = (B, (t,k)efs (k) + B (t, k)ejj (K)) 6F
2
* The field equation: BY + % 5Cki7-[+%7'[2 -a—]

22

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

e @Gravitational waves have two uncorrelated terms

_ pvac 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=0,4,—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

Detection of this background is an excellent target for all GW experiments
across at least 21 decades in frequencies.

P. Campeti, E. Komatsu, D. Poletti, C. Baccigalupi 2020



TTT) Embedding axion-inflation in

= _oft-Right Symmetric Models

v

(How +o Cowvect Iwuflaton to SM?)

fors

wi,
- ‘ Left-Right Symmetric %
Axion-Iwnflation WModel (LRSWM)




How to Connect (t to the SM?

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

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

* Minimal Scenario of SU(2)-axion inflation am,20i6 <01 Wpl & A<D

1
SAM_jd4x\/_(___ZF2__(( @)* — V(fp))——prF

Axion Wonodromy or any mechanism that @l\/cs\@/ + potential K

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




Gravitational Leptogenesis: (rg)= o

What makes Chiral Gravitational Waves? ;
Left-handed Gw

To generate circularly polarized GWs, we need Parity violation in inflation.
Two possible models are IR) L)
==

1 - ‘
1) Chern-Simons Gravity Lgfr = chRR Right-handed Gw
Alexander, Peskin, Sheikh-Jabbari 2006

: : o 1 | ‘ |
2) Non-Abelian Gauge fields in axion-inflation  L,¢r = Kggpp (Chiral Gange Field — Chiral Gws)

A.M., Noorbala, Sheikh-Jabbari 2012 _ - - - - - _
A.M. 2014 & 2016 Axion-inflation is a generic setting for leptogenesis
Caldwell, Devulder 2017

A.M. 2014

Adshead, Long, Sfakianakis 2017

Alexander, McDonough, Spergel 2018
Kamada, Kume, Yamada, Yokoyama 2019



Gravitational Leptogenesis: (rg)= o

What makes Chiral Gravitational Waves? _
Left-handed Gw

To generate circularly polarized GWs, we need Parity violation in inflation.
Two possible models are IR) %&
==

1 ~ ‘
1) Chern-Simons Gravity Lgfr = chRR Right-handed Gw

Alexander, Peskin, Sheikh-Jabbari 2006

. . . o . 1 .
2) Non-Abelian Gauge fields in axion-inflation  L,¢¢ = KQOFF

A.M., Noorbala, Sheikh-Jabbari 2012 _ - - _ - - _
A.M. 2014 & 2016 Axion-inflation is a generic setting for leptogenesis
Caldwell, Devulder 2017

A.M. 2014

Adshead, Long, Sfakianakis 2017

Alexander, McDonough, Spergel 2018
Kamada, Kume, Yamada, Yokoyama 2019

m AR

Papageorgiou, Peloso 2017



Matter Asymmetrey by Chiral Anomaly: (¥F) = ot

..
W

Axion-inflation is a generic setting for lepto/Baryogenesis

1) U(1) Gauge fields in axion-inflation Left-hauded A,
Domcke, Harling, Morgante, Mukaida 2019 1) |L)
Domcke, Kamada, Mukaida, Schmitz, Yamada 2020 =t

Right-handed Ay

2) Non-Abelian Gauge fields in axion-inflation

A.M. 2019
A.M. 2020, 2021




Ganage field Production in Iuflation
/\

Let us set the VEV of the Gaunage field +o zero (Wg) =0

o SM Gauge fields are diluted by inflation & unimportant , BUT SU(2)z:

Wr

Gauge field

L CRRHATI GTON . - (P~ s EN a7 :
4 (active in inflation)

Wr

Wi Gavge Field Perturbation  sWE = BL(t, k)e; (E) + BA(t, k)ey (12)



SU(2),Gauge Field For &> 0

Short tachyovic growth of B,

« SWE = BY(t, ket (k) + BA(t k)e; (k)
BY + [k* ¥ EkH]B, =0

effective frequency
Given by the BG (¢ = ”f"’;” )
Vacuum structure

Axion field (@)
7 (€ >0)

/Slo<*—mll A
Slow-roll Ap Parity

(&€ <0) /




& Production in Tunflation
/’-\

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

Wr

Ligss=ll. = amf(g)HS SW baryons

2 SW leptons
Ainf (€)~

+

g 21é
e BH neutrinos

(2m)*




OSTTS 2 ',(‘\\"
< (0

\y \\\‘\\\\ A
—

Quarks

Leptons

Inflation LR Symmetry EW Symmetry
breaking breaking

Chiral anomaly of SU(2)R
In nflation

Wr B L B= SM baryons
V. Js L= SM leptons + RH neutrinos
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A.M. arXiv:2103.14611

(g

mN, =~ 1.8 m, = 1.7 GeV.




Summary & Conclusions
> g -




Ganae fields are expected +o contribute in physics of axion nflatiow.

Compelling Consequences:

—

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

) Particle physics of Inflation

1) Origin of matter asymmetry

III)  Origin of Neutrino mass

Puezles of Particle Cosimology

V) Particle nature of DM



Ganae fields are expected +o contribute in physics of axion nflatiow.

Compelling Consequences:

—

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

) Particle physics of Inflation

1) Origin of matter asymmetry
III)  Origin of Neutrino mass

V) Particle nature of DM

Puezles of Particle Cosimology

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

T+ comes with a cosmological smoking gun on Primordial Gws.




Opew Questions & Future Directions
/ S — —

o Thermal Effects in inflation and Warm Inflation
o Strong Backreaction Regime
o Primordial Magnetic Fields

o Connection to the Standard Model



Great science, fresh sea & hills air &
come Visit us in Swansea!

Prifysgol Abertawe
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