THE

ROYAL

SOCIETY , ,
Gange fields in the early Universe and

their remnants in the Sky

Inflation

CMB

Azadeh Malek-Nejad

Mc?dern King’s COllegC London

Universe B




= Particle Physics of Inflation
Based on Axion-Tuflation with Gange Fields

Fermions & QFT Avomalies
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Setup:

T) Recap on Early Universe

fide IT) Axion-inflation and gange fields (non-Abelian)
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Early Uviverse Physics

WModerw cosmology remarkably successful from BBN until today!
But the physics before BBN is still much less certainl
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Early Uviverse Physics
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Puzzles of SM & Cosmology

s
) Particle physics of Inflation
=8 Puzzles of
1) Origin of matter asymmetry Standard Wodel of Particle Physics (SM)
II)  Origin of Neutrino mass & Cosmology Which need
Physics Beyond SM

V) Particle nature of DM

BSM? | PBN--> Today
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Baig Bang




Cosm iC l }’]'ﬂatio N Guth Phys. Rev. D23 (1981)

Linde Phys. Lett. B 108 (1982)

A period of exponential S
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Cosmic Inflation

A period of exponential
expansion of space shortly
atter the Big Bang
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Guth Phys. Rev. D23 (1981)
Linde Phys. Lett. B 108 (1982)
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What caused inflation?

A scalar field “slow-rolling”
toward i+s true vacuum
provides a simple model for
nflation.

Coswic
Tuflation Modern

Big Bang
Singularity

Slow-roll inflation
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Quantum Fluctuations in Cosmology
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Ccosmic Perturbations

Cosmic mflation turns initial
duantum vacuum tluctuations

1
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nto
actual cosmic perturbations.




Cosmic Perturbations

Coswmic wflation turns initial
dquantum vacuum fluctuations

nto
actual cosmic perturbations.
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Primordial gravitational Waves
Twuflation also predicts

Primordial Gws: tiny waves in the fabrics of

_API’IW\OMML&V\{Si the space-time that squeeze and stretch

anything in their path as they pass by.

COSm\C Hot plasma
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Gravitational Waves

o Vacuum (FWs

hij=0 == hi=
o Uupolarizaed
2 2 . T
<| |“>= <] |“> Circular polarizations
‘ Aodern
o Nearly Ganssian . Sk
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cosmic Perturbations-gravitational Waves

o ZIwuflation also redicts
primordial Gws:
h;j=0 = hy= h""

o Unpolarizaed

<| A=< h A >

Big Bang
Singularity

o Nearly Ganssian

o CWMB polarization

Primordial
CMB
Polarization

LiteBIRD Next Generation CMB Experiment




Sensitivity curves on energy density of GWs

oyage2050 : ; /
3 / New Physics 3 -

R Standard Wodel
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P. Campeti, E. Komatsu, D. Poletti, C. Baccigalupi 2021



Networks of GWs DPetectors

Network of laser interferometer detectors of GWs on Earth (left) & in the sky (right)
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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.

Tuflation Particle Physics:  a scalar field beyond +he SWM,

Enr <SI0M468Y,
1
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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.
Tuflation Particle Physics:  a scalar field beyond +he SWM,
o Primordial Gravitational Waves (PGW):

Vacuum fluctuations: unpolarized, red-tilted, and nearly Ganssian.

Erny <RI0M4GEY,
1
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Inflation
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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.
Tuflation Particle Physics:  a scalar field beyond +he SWM,
o Primordial Gravitational Waves (PGW):

Vacuum fluctuations: unpolarized, red-tilted, and nearly Ganssian.

Erny <RI0M4GEY,
1

Pari he symmetry

|
Inflation

PEW r=0.0¢

PGW r=0.01
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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.

— I

| What about Gaunge Fields?!

Enr <SI0M468Y,
1

o Inflation happened at highest energy scales observable! |
Inflation

o  They are building blocks of particle physics, SM & beyond.

o What do they do in inflation?!
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Gauge fields given by Yang-Mills

dilutes like radiation

4~ ia

Gauge fields coupled to inflaton
are generated in inflation.

Al e :
87 FF @ Axion

(Axion fields are naturally
conpled to gange fields.)

Gange field Ay
(active i inflation)

U

A




Gauge fields coupled to inflaton
Gauge fields given by Yang-Mills are generated In inflation.

dilutes like radiation A~ 1/a 1~
— FF @ Axion
8f

(Axion fields are naturally
conpled to gange fields.)
Spatial isotropy & homogeneity

SU(2) vacuum A, = A4 T
U(1) vacuum A4, 3 i

[Ta1 Tb] — T,

: T Spatially isotropic 3
4, =Q); ar=qwer T,

s0(3) & su(2) are isomorphic

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;

SUQ2) VEV, A, =A%T, Rotation

= Q(t)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@)8;
SU(2) VEV, 4, A[C,ll, Iq Rotation Gonae Transtormation
= Q)]

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

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



SU(2) Gauge fields and Initial Anisotropies

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

0 =
A%(t) = .
a(t)é; u=i @ O
How stable is the isotropic ansatz against initial anisotropies, i.e. Bianchi
0 u=20 Anisotropies in gange field
AL (t) = a : o
a(t)d; u=1i

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
e ® ‘

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

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)

arey={ O =0
AL a(t)éy u=i
e ® ‘

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

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,

T 72000 Anisotropic part decays like radiation and
T Isotropic Solution Is the
WM Attractor!

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

punoJsyoeg
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SU(2)-Axion Model Building

= 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
Sen = jd4x\/—_ —E—EFZ—1 (0,0)% — u* 1+COS(£) A FF

 Minimal Scenario of SU(2)-axion inflation am, 206 f<0 Mpl & A<D

R 1 1 A -
Sam = Jd4x\/—_9(—§—§((aufp)2 402) —ZFZ —gprF)

Axion Wonodromy or any mechavism that dives a flat potential



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 ]

=
o

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 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

Particle Production v nflation by Schwivger effect and chiral anomaly

Primordial Maguetic Fields...




Twuflation Particle Physics

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

Axion-inflation and gange fields (wow-Abelian)

Inflation | Ak st e S
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Twuflation Particle Physics

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

| e Axion-inflation and gange fields (wow-Abelian)
T TS IS
W In Axion-Inflation A[J W< 92%
CMHB s Rt Tl Y U/ :
Modern | | ‘ |  : 6' - il
Ay R Sak
% Sourced GWs: : ‘%g

Chiral & won-Ganssian




New Tensorial mode in SU(2) Gauge Field
o« A% = (B, (¢, k)el-t- (l_é) +B_(t, k)ei;- (l_é)) 5]-a Circular polarizations

1 m? a'
BY + [{cz SckI + = H? -7'] B, ~0

papurU-+HUOIA
popueU-442

. Y
effective frequency

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

- (> Circular polarizations
+ 8A% = (B, (t,0)efs (k) + B- (t. ke (K)) 67 2 g

popueU-+Uors.
WQ]&MWV]*HQT

2 r7
B + [k? © 8ckH +—H?-"-]B, =0

B_

effective Frea‘mamcq

2
(8. and — are given by B7) : : :
H? B, s a new tewsorial mode i
Vacuum structure

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

r (0¢ > 0) A.M. & Sheikh-Jabbari, 2011
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I.SIOW—roll A (55114?)
Slow—w/ Parity

(0c <0) /




New Tensorial mode in SU(2) Gauge Field

. e (s e For 6¢>0
* 0A7 = (B4 (t, ke (k) +B_ (t,key; (k)) 0 Short tachyonic growth of B
2 /U i et » e
B! + [{cz Sk + 2 312 -“7'] B, =0 . wa HE | (VD
‘ Y SR ng~—6.>e 2 °¢
etfective freduency 7oem?

Particle Production

y)
m :

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

Vacuum structure

Axion field (¢
/' (0¢ > 0)

/

I.SIOW—roll A (5&14?)
Slow—w/ 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 + % SCk}[+%f7{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.

r. =400, kp = 1013 Mpe—1, 0 =¢

mal r = 0.06

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



what about
Schwinger Effect n Early Universe?

Electric Field Schwinger effect

Schwinger effect n scalar QED i 4d de Sitter
= T. Kobayashi, N. Afshordi 2014



What abount

Schwinger Effect n Early Universe?

Electric Field Schwinger effect

Schwinger effect v axion-inflation

K. Lozanov E. Komatsu

K. Lozanov, A. M., E. Komatsu 2018
V. Domcke, K. Mukaida 2018

A. M., E. Komatsu 2018 o ;;"‘x% i
V. Domcke, Y. Ema, K. Mukaida, R. Sato 2018 ‘":,,r
L ag)
L. Mirzagholi, A. M., K. Lozanov 2019 f’ Al
! 70w
Many many more... i

!
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what about
Schwinger Effect n Early Universe?

Schwinger effect in axion-nflatiou

Electric Field Schwinger effect

_______ I P @ - i ge o K. Lozanov, A. M., E. Komatsu 2018

= V. Domcke, K. Mukaida 2018

= A.M, E. Komatsu 2018 A (w0
= V. Domcke, Y. Ema, K. Mukaida, R. Sato 2018 N
= L. Mirzagholi, A. M., K. Lozanov 2019

= E. Komatsu 2022 nature reviews phsis

New physics from the polarized light of the cosmic

microwave background




TTT) Embedding axion-inflation in

X2 .ﬁ\f*l'-’Ri@l/H' Sgwmwxei'ric Models

e ev

(How +o Convect 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), 4
: T
Left-Right Symmetric SM Left-handed Weak force

 Minimal Scenario of SU(2)-axion inflation am,206 <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




Ganae field Production in Iuflation
/\

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

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

Wr

Gauge field

AN 3 (0) NTELA 1 T0) R ¢ Gl EE e o, :
4 (active in inflation)

Wr

Wi Gavge Field Perturbation W2 = 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 Iy the BG (¢ = ”f"’;” )
Vacuum structure

Axion field (¢
1 (€ >0)

I/fw—roll A
Slow—w/ Parity

(€ <0) /




& Production in Tunflation
/’-\

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
Vi de VyJh=V, = 1‘Zn2 tr[WW]

Wr

Dipsr=alls: == (Zinf(g)HS SW baryons

X SW leptons
Xinf (€)~

+

g 21é
e RH neutrinos

(2m)*




Modern
universe

Cosmic
\nflation

Quarks

Big Bang
Singularity

Leptons

LR Symmetry EW Symmetry

Inflation
breaking breaking

Chiral anomaly of SU(2)R

Tw inflatiown
Wr B= SM baryons

L= SM leptons + RH neutrinos

U
L




NModerm
EWW QCD CMB Universe

Cogm\C
\nflation

Quarks

Big Bang
Singularity

Leptons

Inflation LR Symmetry EW Symmetry
breaking breaking

Chiral anomaly of SU(2)R

Iwn inflation
Wr

U
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NModerm
QCb CMB Universe

Cosmic
\nflation

Quarks

Big Bang
Singularity

Leptons

Inflation LR Symmetry EW Symmetry
breaking breaking

Chiral anomaly of SU(2)R
v inflation
Wr

U
Vs Freezeout
Of WR

Spectator effects
reshuffle B, Ly, & L,




NModerm
QCb CMB Universe

Cosmic
\nflation

Quarks

Big Bang
Singularity

Leptons

Inflation LR Symmetry EW Symmetry
breaking breaking

Chiral anomaly of SU(2)R
v inflation
Wr

U
Vs Freezeout
Of WR




NModerm
EW Qcb CMB Universe

Cosmic
\nflation

Quarks

Big Bang
Singularity

Leptons

Time

Inflation LR Symmetry EW Symmetry
breaki i
A breaking A.M. arXiv:2103.14611

Chiral anomaly of SU(2)JR —
On, ~ 2.8 —L Op

In nflation | m,
WR sm L 7 mn, =~ 1.8 m, = 1.7 GeV.

U F
V ]5 reezeout
Of M/l:{ 0 (geﬂ') inf (E,

100




Summary & Conclusions
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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:

) Particle physics of Inflation

1) Origin of matter asymmetry

1) Origin of Neutrino mass

Puezles of Particle Cosmology

V) Particle nature of DM



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:

) Particle physics of Inflation

1) Origin of matter asymmetry

1) Origin of Neutrino mass

Puezles of Particle Cosmology

V) Particle nature of DM

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

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




Opew Questions & Future Directions
/ e ===

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

o Connection to the Standard Model






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



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

axion-photon coupling (@ FF' ,

GW: Vacuum R? Inflation (r — "Jf.'ﬂ-
GW: S_U(g_) + R~ Inflation )

- Cosmic Birefringence (5 — 0.3 deqg)
New Physics Total
Lensed B mode
SPTpol
BICEP/Keck Array

Standard

‘:T
Vs
=,

=
=3
-
4
()
v
o
v
—
Q
=
o
o
@
=]
-
[
(Aa)

2 500 1000 2000

Multipole, ¢
E. Komatsu Nature Rev. Phys. 4 (#022) 7, 452-469

SU(2) field-Graviton coupling

axion-graviton coupling (@ RR

B. Thorne et. al.2018






This setup prefers Left-Right symmetry breaking scales above my,, = 10'° GeV |
(same as scales suggested by the non-SUSY SO(10) GUT models with intermediate LR symmetry scale.)
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