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Abstract: Primordial SU(2) gauge fields and axions can contribute to the physics of
inflation. In this class of models, both the gauge field and axion acquire

a VEV, which is P and CP breaking and enriches the phenomenology of
particles with spin. Their multifaceted phenomenology and unique
observational signatures, e.g., chiral primordial gravitational waves and
gravitational leptogenesis, turned this class of models to a hot topic of
research in the past nine years. In this talk, first, | will briefly

review the different realizations of this setup. Next, | will tell you

about the three different types of particles produced by the SU(2) gauge field,
i.e., scalar, fermion, and spin-2 particles and their observable

signatures. In particular, the new spin-2 field produces

chiral gravitational waves, which can be detected with LiteBIRD, CMB-S4,
adv LISA, and BBO. Last but not least, | will tell you about the fermion
generation during inflation, dark and visible, as yet another generous
opportunity offered by the primordial SU(2)!
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PART ONE

o Why Gauge Fields, why SU(2) in Inflation?
o Novel Window to Particle Cosmology

PART TwWO

o SU(2)-Axion Model Building
o Particle Production in Inflation

Summary & Outlook




o
Why Gauge fields ‘ﬁ-

Why SU(2)? 4“




Why Gauge Fields during Inflation?!

* Why not?

|. Inflation happened at highest energy scales observable!

Il. Gauge fields are ubiquitous in physics &
building blocks of standard model (SM) and beyond.

* What do they do in inflation?

Challenges:
Breaking the conformal symmetry
* Respecting gauge symmetry
* Spatial isotropy and homogeneity E::i < 10t g 2;#.,

Epny < 10'GeV

Comparing to LHC (ﬁ N 'f
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| N Adding new terms
1) Conformal symmetry of Yang-Mills to the gauge theory

gauge field decays like 4,~ 1/a K

2
384 (FF)

2) Respecting gauge symmetry
Not to break gauge symmetry explicitly

y
3) Spatial isotropy & homogeneity

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

[Ta; Tb] =HE ¢ T,

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

Spatially isotropic
Af = Q)6]

so(3) & su(2) are isc;morphic
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Why Gauge Fields during Inflation?!

Non-Abelian Gauge fields can contribute to inflation &

respect spatial isotropy!

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

A new class of inflation models with SU(2) gauge fields & axions,
SU(2)-axion models!
It opens a Novel Window to Particle Cosmology:

Novel Observable Signatures
¢.g. Chiral, non-Gaussian GWs!
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SU(2)-axion Inflation: a Complete Setup

SM of Particle Physics, the most Fundamental discrete Symmetries and their

rigorous theory of physics cannot violation played a key role in understanding
explain Cosmology! SM, e.g. ' & I’ violation in weak interactions,
CP violation to explain matter asymmetry.

s of modern
Cosmology & Partlcle Physics:

|) Origin of matter asymmetry, 7 . .
SU(2)-axion inflation

1) Particle nature of DM, Spontaneously breaks P and CP
and relates all of these seemingly
1) Primordial GWs unrelated Phenomena in early and late

(only missing prediction of inflation) cosmology!
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SU(2) Gauge fields and Inflation: Two examples

S Gauge—flation A. M. and M. M. Sheikh-Jabbari, 2011

4 R 1 A K "\ 2
S(;f:fd X —4g —"Z—_ZF ‘l'ﬁ(FF)

® Chr‘omo_natu r‘al P. Adshead, M. Wyman, 2012
Scn =

* Inspired by them, several different models with SU(2) fields have been

proposed and studied.
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A New Window to Particle Cosmolog

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

* SU(2)-axion models acquire a vacuum | :
SU(2) field
J
|
Isotropic BG

This vacuum violates both P & CP! R . . 20102 2016

during inflation. Ao

Vacuum structure of SU(2)-axion inflation

* Particles with spin, e.g. Fermions &
. A - . Axion field (@)
Spin-2 fields are sensitive to this K
non-trivial Vacuum during inflation!

3 Slow-roll A _
4 <Aar'> 6,:1 /a

* Pre-Hot Big Bang Particle Production! SIOW—W{ - SU(2) field
( during inflation) /

/

A.M., 2019
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Particle Production Virtual particles

* Vacuum is a vast ocean of virtual particles &

* Background field upgrades it to actual particles!

Background Gauge field
(Schwinger effect)

o
[0}
..
(o
=5
7

* In flat space, it has never been observed, E> 108V /m. . :
pair production
* Schwinger particle production is important

in Physics of Inflation:

Particle Production during Inflation!
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A New Window to Particle Cosmolo

Adshe a.l,lu al, 2012 I
Axion SU(2) field
L |

|
Isotropic BG

spontaneous

S —
Spin - 2 backreaction
1

2019

Cosmic Inflation

— -

Fermion backreaction

Scalar backreaction

This vacuum violates both P & CP!

P& CP-wviolation  , v 01422016 o
. |- Scalar doublet -
A. M. et.al, 2011 & 2013
Dimastrogiovanni et. al 2013 Lozanov, A. M., Komatsu 2018
: - : P. Adshead et. al,2013
Particle Production i
" New Spin - 2 |
AM., 2019
Dark Fermions ----------

(during Inflation) l

_Sourced A M, 2014 & 2016 '
A. M. et. al, 2013 chiral GWs R. Galdwell C. Davulder:2017 DM
P. Adshead et. al 2013 h + h P. Adshead et. al 2017
Obsel.vabl es Dimastrogiovanni et. al 2013 + - S. Alexander et. al 20 |;;'
: (R R)20 |

Gravitational anomaly
in SM

» Baryogenesis
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A New Window to Particle Cosmology

* New Spin-2 field in perturbed SU(2):
8A{ 3 B;;8{
O ke BEneEl ol £2 8

!

Axion SU(2) field

l—r____J

Isotropic BG
Bponianeous

P & CP ~ violation

* linearly coupled to Gravitational Waves (GWs)
Dhuz -16mG (SHU

Spm - 2 hackreachon

: N}WS]ﬁII- 2

vac

i Sourced
| chiral GWs
“ | hy = .{1_ |

Page 14/39
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A New Window to Particle Cosmolo

* New Spin-2 field in perturbed SU(2): | sinmenl]
- [ |
o) ACL-‘ 3 B; : o) La £ Axion SU(2) field
o L J
Z |
e It is Chiral Bp # By 4:} Isotropic BG
-U% P& CI:PBHViOI;tSiOH. A M. 2014 & 2016
* linearly coupled to Gravitational Waves
hij=-16nG 811;; et m
hs i< Chiral & ~ New Spin-2 -
- Lvac S Is Chira
hi_ hi + hi ﬂ i . A. M. et. al, 2013
— —— non-Gaussian
Vacuum Sourced S :
* Inflationary Leptogenesis naturally arises C*;Iifaf:"s
. + — A M, 2014 & 2016
to explaln the matter asymmEtry! (RR)’”(_I‘_,[_I, e Baryogenes'is
in SM
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A New Window to Particle Cosmolo

* Scalar doublet, and Dark Fermions | _
charged under the Primordial SU(2)  Axion SU@)field, ¢
: : [ z N
will be created by it! oae e B # ¥
P& Cl: Pjn::i?r::iﬂn A M. 2014 & 2016 E % L;E:
* They will backreact to it as well. = .
* A new non-thermal mechanism for
generating Dark Fermions during Inflation! SR
: : Y
* This Dark fermions can be part of Dark Matter today. DM
Page 16/39
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PART TWO:

o SU(2)-Axion Model Building

o Particle Production in Inflation




="
SU(2)-Axion ‘*\1-

Model Building AF




Let us work in temporal gague, Ay = 0.
U(1) vacuum 4,

A; =Q()8}

SU(2) VEV, A, =A% T,

A} = Q(6)57

A.M. and M. M. Sheikh-Jabbari, 2011
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SU(2)-Axion Model Building

: Gauge—ﬂation A.M. and M. M. Sheikh-Jabbari, 2011

4 R 1 2 K T L2
S(?)‘:fd x\/—_g —E'—ZF +:‘m’-(FF)

° Chromo_natural P. Adshead, M. Wyman, 2012

R 1 1 | A 2
Scn = fd4x\/—_g(—§—ZF2 —5((%@)2 = (1 +COS(%)) _B_f'(pFF)

* Inspired by them, several different models with SU(2) fields have been

proposed and studied.
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An incomplete list of models with SU(2) gauge field:

K

A. M. and M. M. Sheikh-Jabbari, Phys. Lett. B723 (2013) [arXiv:1102.1513]

1.
2. P. Adshead, M. Wyman, Phys. Rev. Lett.(2012) [arXiv:1202.2366]

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

4. C.M. Nieto and Y. Rodriguez Mod. Phys. Lett. A31 (2016) [arXiv:1602.07197]
5

6

7

8

clo|l o |o

H

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

P. Adshead, E. Martinec, E. I. 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]

=l olol O] -

* These models can be represented in the unified form

S =Sa(Ay, @) +@s SsCO + @ Sy (A, H)

Higgs sector

Scalar inflaton _
(spectator SU(2)) (mass for gauge field)

0

Ay = 2 4 e
= 1 Higgsed (massive SU(2)) A. M. and E. Komatsu, JHEP 05 (2019) 174
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* SU(2)-Axion Inflation models : = {0

1 massive SU(2)
S = SA(Au ,(P) +lag Ss(X) + @y SH(Au ,H)

All share these features:

i) SU(2) gauge field VEV: (respect isotropy & homogeneity)
0 U=

Au(t) = {w(t)a(t)c?f‘ e el =a(t)57

spatial part of tetrads

ii) P and CP violating in inflation background. _ .
Spin-2 field
A

SAY(t,%) = 6SZ + By; 8F

Scalar and vector d.o.f

{ punoug)oeg

iii) New spin-2 degrees of freedom:

iv) Spin-2 field is chiral & linearly coupled to GWs
memssss) | Chiral, non-Gaussian primordial GWs!
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SU(2) Gauge fields and Initial Anisotropies

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

Qs 0 U 0
Aul®) = {a(t)w(t)o}“ ! e @ .

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

puno.18>pea
21d04105]

.
Q P
0 S
K'.:_.
W
5
@)
£
S O
Q. -
D
)

Pirsa: 20010086 Page 23/39




SU(2) Gauge fields and Initial Anisotro
* SU(2) gauge fields are FRW friendly: (respect isotropy & homogeneity)

Qs 0 u=0
Aﬂ(”‘{a(wmaﬁ =i @ O ‘

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

gj’_
Q&
A~
Q3
O

c O
30
Q.

A(t) Parametrizes the amount of anisotropy in the gauge field

" ! r2

A A , )
(2 + ,\")(T + ST) — ()‘F + (X =1)(2+ Xy) ~0,

[sotropic Solution is the /@
Attractor!

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

'___
e S e |
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Particle Production

1. New Spin-2 G \1-

2. - Dark Scalar
3. Dark Fermions [:] AF




New Spin-2 & Chiral GWs

* New spin-2 field §A4;(t,x) = B;;(t,x) 6;' is governed by

~ B 72 i ,”
BY + [k*EOckH + — H?-—]B, ~0

|

2
(8¢ and 5 are positive, given by BG)  effective frequency

* The B, has a short phase of particle production before horizon exit.

(2-v2)m
ng ~ ﬁéé‘ e 2

* Backreaction of the spin-2 field is
Important:

O¢

(2-vE)m
BR=~gumng~62e 2 °°

A. M. and E. Komatsu, 2018
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New Spin-2 & Chiral GWs

* New spin-2 field §A{(t,x) = B;;(t,x) & is governed by

r

Al — 1 2 .
BY + [k* F SckH +—H?% - —

* That sourced the GWs &g, (t,X) = a h;; (t,X) as (h;; = avy;j)

I i 2y
RY+ k-2 hy = 2232 [14[B4]

* Gravitational waves have two uncorrelated terms

Vacuum  Sourced by
unpolarized Polarized
hise = hYSe he e >
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New Spin-2 & Chiral GWSs
* New spin-2 field §A{(t,x) = B;;(t,x) &;' is governed by

!
a !

e - .
BY + [k* F 6ckH +-—=H?*-—]B; ~0

* That sourced the Gravity waves §g;; (t,x) =a hij (t,x) as (hij = ay)
RY + [k2- ] hy =22 L 302 11, [By ]

* Gravitational waves have two uncorrelated terms:  hy = h”a“ + hi

Vacuum Sourced by B4

* The ratio of the power spectra of sourced to vacuum is m m
S
1'[) : ng
o A

Mpj

A. M. and E. Komatsu, 2018
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i) Tensor power spectrum is not entirely specified by the scale of inflation,
ii) Sizable tensor to scalar ratio without large field,
iii) The tensor power spectrum is partially chiral and parity odd correlations

(TB) and (EB) are non-zero, &

iv) Non-Gaussian Primordial GWs! il

* Gravitational waves have two ung@ated terms:  hy = hi% + hi

Vacuum  Sourced by B4

S

* The ratio of the power spe(.of sourced to vacuum is m

~ ¥ 52 ng
o~ (MPI) x(HB

A. M. and E. Komatsu, 2018
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i) Tensor power spectrum is not entirely specified by the scale of inflation,
ii) Sizable tensor to scalar ratio without large field,
iii) The tensor power spectrum is partially chiral and parity odd correlations

(TB) and (EB) are non-zero, &

iv) Non-Gaussian Primordial GWs!

Backreaction of New Spin-2 puts constraints on ratio of the power

spectra of sourced to vacuum gravitational waves
A. M. and E. Komatsu, 2018

A. M. and E. Komatsu, 2018
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Novel Observable Signature: CMB

* The sourced tensor modes is

Equilateral Shape
Highly non-Gaussian.

[
o
N

Agrawal, Fujita, Komatsu 2018

p—
Oi—'

* That can be probe with future
CMB missions., e.g. Litebird!

Afxe
go

Amplitude of 3-point function

Maresuke Shiraishi, Front. Astron. Space Sci. 2019
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Novel Observable Signature: Bevond CMB

* Comparison of the sensitivity

curves for LiteBIRD, T A T T T
Planck, LISA &
BBO.

Planck

-,_Wuwm

2(ymin
h"Qew

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

1. New Spin-2 G \1-

2. Dark Scalar
3. Dark Fermions 8 AF




Particle Production-scalar
* Charged scalar fields coupled to the SU(2) gauge field BG

4 '
Smatter = /(l ryv —g [(D;.:.CP

* The scalar field’s induced current: D, = (I2x2V, +igaA,) @

[SOH.‘OP'FCSU(Q)' o - Anisotropic U(1)
cH?

107

103
10
0.001

1074

il RER— il PRSI | TR f'}',:
0.001 0.1 10 1000 10° H?

"
(&) current

Kaloian D. Lozanoy, A. M., Eiichiro Komatsu JHEP 1902 (2019) 041 Takeshi Kobayashi, Niayesh Afshordi, JHEP10(2014)166
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Particle Production-Dark Fermion

Axion BG field

>.£‘?e??.,.®
s

SU(2) gauge field BG

During inflation

Pat

Ln(a)
A.M arXiv:1909.11545

Pirsa: 20010086

= % — AL r
Sfermion = [ d'zy/=g [‘l‘l’l?)‘l’ - mPV¥ + 32V, J
. ) ;

D — Dﬂ (03¢ ";’“ = [IQV;J - 'i'g."iAzTa] ® y'u

This vacuum violates both P & CP!

Massive Dirac fermions are generated during inflation.

2imz= .~ 294 . =
—?W'-YEPLP -+ WEL{/ELMU
The efficiency of the process is proportional to
the source of the CP breaking!

These fermions can be as massive as M<10 TeV!

V“ e]‘é" —
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Particle Production & Backreaction

The spin-2 backreaction

constraint.

C— t-backreaction = 0.0

The Dirac fermion backreaction Fonreo 3 T

Planck fy{"™ limit C— fermiong
for fermions with mass M=1 H. : ; ‘
L. Mirzagholi, A.M. D. Lozanov , arXiv:1905.09258

3.5 1.0 1.5

The scalar field backreaction constraint.
D. Lozanov, A.M., and Komatsu 2018
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e SU(2)-axion models of inflation enriches the Particle Cosmology.

* Spontaneous P & CP violation in Inflation. A T

1) Gauge field includes a New spin-2 field which is chiral

2) It produces partially chiral and non-Gaussian GWs

* Spin-1/2 particles:

a new non-thermal mechanism for generating massive (Dark) fermions.
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