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Abstract: <p>In models of inflation driven by an axion-like pseudoscalar field, the inflaton, a, may couple to the standard model hypercharge gauge
field via a Chern-Simons-type interaction, L 8Sf a F Fi f. This coupling results in the explosive production of hypermagnetic fields during inflation,
which has two interesting consequences: (1) The primordial hypermagnetic field is maximally helical. It is therefore capable of sourcing the
generation of nonzero baryon number around the electroweak phase transition (via the chiral anomaly in the standard model). (2) The gauge field
production during inflation feeds back into the stochastic background of gravitational waves (GWSs). In this talk, | am going to discuss the
correlation between these two phenomena. To this end, | will (a) present an updated study of baryogenesis via hypermagnetic fields after
pseudoscalar inflation and (b) describe the corresponding implications for GWs. As it turns out, successful baryogenesis is feasible---provided the
axion coupling to the gauge fields is suppressed by a decay constant \Lambda ~ 3 x 10*17 GeV. Moreover, in the case of successful baryogenesis,
one expects a characteristic peak in the GW spectrum at frequencies in the MHz range</p>
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Introduction

Take-Home Messages
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Explosive gauge field production during inflation — primordial magnetogenesis.
HE Maximally helical hypermagnetic field — baryogenesis via the chiral anomaly.

El Gauge field production feeds into tensor spectrum — source of stochastic GWs.

Study the compatibility / correlation of these three pheno
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» Explains the size, homogeneity, and isotropy of our Universe on cosmological scales.

» Quantum fluctuations during inflation seed structure formation on galactic scales.
However, plethora of models in the literature:

Bl No consensus on how to correctly embed inflation into particle physics.

B How to test specific models apart from their predictions for the CMB powe
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Pseudoscalar infiation

Gravitational waves and primordial black holes

: : New
O observational window on the early Universe.
i

X-Ray Studies W » Primordial GWs from inflation

» Primordial black holes (— dark matter)

-+— CMB
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Pseudoscalar inflation

Pseudoscalar inflation coupled to gauge fields

Inflation driven by a pseudoscalar field / axion-like particle / ALP / axion a

gre =
el | e
Prse-—ai | ey
> Pseudo-Nambu-Goldstone boson of : /i\
a spontaneously broken global symmetry Gaiohal *\ , . /f}
> | Scalar modes with a shift symmetry QA 4
after compactifying the internal space =

» Naturally flat potential protected by a shift symmetry — large field range

» Anomalies of global symmetry — coupling to gauge fields:
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Primordial magnetic fields, baryon asymmetry, stochastic <
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Primordial magnetogenesis

Primordial (hyper)magnetic fields

Couple inflaton to the gauge field of the standard model hypercharge U(1)y

» Minimal scenario: Abelian rather than non-Abelian gauge field; U(1)y part of the SM.

» Gauge field production during inflation — opportunity for primordial magnetogenesis.
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Primordial hypermagnetic field By
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Electroweak phase transition
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» Can be probed by Y rays from blazars. Indications for Bg =90 Y....107}
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Primordial magnetogenesis

Anomalous inflation coupling to gauge fields

1 1 : a Shuc
Lagrangian: % D —dyadta+ —FyuF*Y + V(a)+—Fu  FH
2’ 4 ° 4N\
Friedmann equation: = = % —  Positive helicity
< el 3 —— Negative helicity |
1 1 1 1 - B
H = |-#+V(a)+=(E®) + - (B? g 2
3ME, Lz (@+3 g 10 2
= s
Equations of motion: i S
< Vacuum osdillations
@ ok
dv .I a; @ e e ik s - A
a+3Ha+ —=—-(EB), H1A=—-—-V xA 0.2 05 1 2 5
da A A Effective time variable

» Axion-gauge-field coupling results in new source terms.

» Gauge field modes of one helicity (4 or —) are exponentially amplified.
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Primordial magnetogenesis

Gauge field production during inflation

Equations of motion for the vector field modes:

[;—; +m§(f.§)w Ak (1) =0. wf(1.&)=kK2 [1 N tkiﬂ

Tachyonic instability, mf < 0, depending on the value of the instability parameter &:
1
2H

Uit

= me

For constant £, the modes equations are solved exactly by Whittaker W functions:

1  da
A (D)= —exp |[+—= | W 2ikT
(0= e | £ 5| W2 (2i)

b, fa
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Gauge field production during inflation

Equations of motion for the vector field modes:

et D] =0, wE(nE) =K1~

For constant £, the modes equations are solved exactly by Whittaker W functions:

1  da
AL (D)= —exp [ +—= | W 2ik T
()= e | £ 5| W2 (2i)

Physical strength and correlation length of the hypermagnetic B field at the end of inflation:

T
2 €77
£5/2

ey
=

1 o _ \
B= 5V xA. B, = (B?)"% ~ 10 H, A=)~
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Primordial magnetogenesis

Gauge field evolution after inflation

Instant reheating approximation + simple scaling laws after inflation. Better
treatment would require dedicated numerical magnetohydrodynamics (MHD) simulation.

s o g— e En-t) | | -
= wn @ = - ":'-'.'i‘_*';; """""""""""" — m' o 5107 G
o g < - '=-‘f_‘?-::~h_‘__ — a1 aey 2
ma ot f_t; . - ~:“:"‘"- L £
£ F = E D [ =2
™ = = = ™~ c
c = = I 2
o =4 =] c
= " 13 - = |
B —_—mutes| 50 = 4 2
o £ e 4 1% o o g
l.% ) _ A i sssncassid i il —— oy |- E S s0f Top Teee Tew I =

of = 4 " 8

Temperature T [GeV] Temperature T [GeV]
-2 -7/3 RSL3
o o o< o
Bo<R2, JA,=R Bo< RT3, A

Alfvén waves generate plasma turbulence on scales of size A
Once At ~ Ap, Ap continues to scale like Ay. Transfer of energy from small to la
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Primordial magnetogenesis

Present-day magnetic field

xEN1/3 1/2 X
B ~3x107'°G e _H Al I B )
P &4 1013 GeV ' P (am)'/2 \10714G,

Present-day magnetic field Bg [Gauss]

r>0.11 » Simple estimate. But, completely
] model-independent! No assumptions
about V(a), neglect dynamics of RH.

» CMB anisotropies, ionisation, etc.:

Hubble rate H [GeV]

B <107%G

» |ndications from blazars / :

2 4 6 8 10 BY>10""7...107"* SAES
Instability parameter £ B
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Baryon asymmetry of the universe

Baryogenesis via decaying hypermagnetic helicity

» Hypermagnetic field generated during inflation is maximally helical

'H_Y:/deA-B— [dﬁ / 'A“ |2—|A5|2)_
I (27)° LA

» Opportunity for baryogenesis via the chiral triangle anomaly in the standard model

2
AB=AL=Ny(ANG - %AHY)
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Baryon asymmetry of the universe

Baryogenesis via decaying hypermagnetic helicity

» Hypermagnetic field generated during inflation is maximally helical

1 - d®k 2 2
H :/deA-B:—[de/ k(A |5 = |AaK <) .
I RBJv J (2n)® (' = ')

» Opportunity for baryogenesis via the chiral triangle anomaly in the standard model

2
AB= AL=Ny(ANG - %A'Hy)

washout processes come into equilibriam,
& suppriss the bar yon asy mmeTy

baryon
e » B+L production from AHy £ 0
d H 2
2 " BV % B
at VvV (o]

lI'.l.I'L'.IhIH{:_ ome,
dec TEASINEG [l'!'I1IF_' rature

turn on helical B-field at the EW crossover, both the source & rsph ~ 18 Oy i

washout processes go out of equilibrium
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Baryon asymmetry of the universe

Evolution during the electroweak crossover

Vixing

» Discrepancy between analytical » Use phenomenological ansatz
calculation and lattice simulation.

2 », 1-¢
cos“ By = c5 + > 1 +tan
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Baryon asymmetry of the universe

Final baryon asymmetry

» Solve complicated system of kinetic equations (incl. SM Yukawa interactions, etc.).

» Numerical result well reproduced by approximate fit formula:

~ (R + R 2 ~ ex 147?4—1079(*)

» Observed baryon asymmetry,
ng™ ~ 10719, reproduced for

Na

ew 2
BSY ~ (0.1GeV)
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» How to obtain such :
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Baryon asymmetry of the universe

Baryogenesis after pseudoscalar inflation
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Baryon asymmetry ng
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Instability parameter £
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» Successful baryogenesis (mostly)
based on standard model physics!

ng~10""° = BJ~107"°G

» IGMFs have positive helicity. Testable
in future (blazar halo) observations!

» Effect of reheating on the
gauge fields, exact behavi
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Signature in gravilational waves

GW production during inflation

Ll X kz} he (7.k) = Miﬁnim T (1.k)

iﬁz[a(nq)E;(r-k—a)+Bf<f-q>Bf(f-““"]

» h.: Polarization eigenstates of the transverse-traceless tensor perturbations

> ﬂi: Polarization tensor; Tj;: energy-momentum tensor induced by the gauge fields:

O (H*) term amplified by ei%5
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» Numerical fit functions: f; (£) ~ 1077 /£8 and fg (
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Expected GW signal strength

Present-day GW signal strength Q2 h°

1075F ;
r>0.11 Successful baryogenesis requires
"]14

1013 rl
Slow-roll inflation ends once
2 DE2/\2
£~ et &
2 g 42 2
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1010 |
This fixes the suppression scale A
| , _ _ _ A ~ t’ip'? ~3x10'7 GeV
2 4 6 8 10 V2¢G

Instability parameter £

10%

108}

» Inflaton must be weakly coupled. Otherwise, overproduction of BAU.
» Weak field regime: Gauge field production never dominates inflationary d

» Upper bound on GW signal strength: Q%whz <{0M
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Signature in gravilatioral waves

Peak in the spectrum of primordial GWs

» & o |a| /H increases towards the end of inflation — feature in the GW spectrum!

» Frequency determined by H at the end of inflation: f.,, ~ 71 MHz (H/1 D1SGCV)1 2

MNatural inflation with f; =7 Mg Natural inflation with =7 Mg
: : ¢ : 10—15 |
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Conclusions

Take-Home Messages
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» Explosive gauge field production during inflation — primordial magnetogenesis.
» Maximally helical hypermagnetic field — baryogenesis via the chiral anomaly.

» Gauge field production feeds into tensor spectrum — source of stochastic GWs.

» Baryogenesis is feasible for a weakly coupled pseudoscalar inflaton field

ne~10""" & BY~107"%G & A~3x10"7GeV gm

e ———
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