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1. Introduction

— Magnetic Fields and Baryon Asymmetry Just after Pseudoscalar Inflation —
2. Nalve guess

— Baryogenesis from Hypermagnetic Helicity Decay —
. Baryon isocurvature problem

3. Cancellation by Chiral Anomaly?
4. Summary
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Introduction

— Magnetic Fields and Baryon Asymmetry Just after Pseudoscalar Inflation —
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Chiral Anomaly

G nJ11%
Sl e 27TFWF“

leads to baryon and lepton number violation in the SM

3 T e T SRR
BTl = Byt = T Tx(W, WH) = 22, 7
Or 305/
AQp = AR = 3ANcs - AHy
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Chiral Anomaly

8/ nJ11%
Sl e 27TFWF“

leads to baryon and lepton number violation in the SM

3 - Sl
Gl = 8§, J& = W, W2 s =Y, T

A7 ST

Or 304/
AQp = AR = 3ANcs 7 AHy

Axion Inflation generates anyway maximally helical MFs.
(Valerie's talk)

=> Baryon asymmetry has been already generated as

3o
QB & QL o o HY‘aXion inflation
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Nalve guess

— Baryogenesis from Hypermagnetic Helicity Decay —
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Nalve guess:

Generated asymmetry is B+L, which is washed out by electroweak sphalerons.
‘83 Manton, '84 Klinkhamer & Manton, ‘85 Kuzmin, Rubakov, Shaposhnikov

Magnetic helicity Is a relatively good conserved quantity.
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Nalve guess:

Generated asymmetry is B+L, which is washed out by electroweak sphalerons.
'83 Manton, '84 Klinkhamer & Manton, ‘85 Kuzmin, Rubakov, Shaposhnikov

Magnetic helicity Is a relatively good conserved quantity.

39/2 hY
1672 s

B,

[Uioko]

S

v
E.(k,t)

Inflatior '17 Brandenburg & Kahniashvili
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Nalve guess:

Generated asymmetry is B+L, which is washed out by electroweak sphalerons.
'83 Manton, '84 Klinkhamer & Manton, ‘85 Kuzmin, Rubakov, Shaposhnikov

Magnetic helicity Is a relatively good conserved quantity.

39/2 hY

T
15> 1677 s / \“)_

A Hypermagnetic fields with a positive helicity will induce
baryon asymmetry of the Universe!

'98 Giovannini & Shaposhnikov, '16 Fujita & Long, '16 KK & Long/é[\f;

) — ) S ~ ;\

7 > x 10

= 107 7F

-10 \
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| 107" 10°
—> k/k,
Inflatior "1 /7 Brandenburg & Kahniashvili
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The helical hypermagnetic fields are not screened but evolve according to MH
which are described as Gaussian stochastic fields,

B

(Bi(k)) =0 (Bi(k)B;(K)) = (2m)* ((3i5 — kiky)S(k) + iesjuhn Alk) ) 3k — k')

(5(k) = A(k))

—
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The helical hypermagnetic fields are not screened but evolve according to MHD,
which are described as Gaussian stochastic fields,

(Bi(k)) =0 (Bi(k)B;(K)) = (2m)* ((3i5 — kiky)S(k) + iesjuhn Alk) ) 3k — k')
(S(k) = A(k))

From these notations, characteristics of the magnetic fields are given by

/ Bk i J dkk>S(k)
(

om)s FAK) = TS ()

Bha £
PB = ( RSk == B.=~/20% b =

273

Hypermagnetic fields generated by axion inflation
IS localized at the horizon scale at the end of inflation.

ﬂ:)\gz

f the average of helicity density ‘H decays,
B+L. asymmetry is generated in the Universe?

1672

/2
AQp = AQr, = N, <ANCS J AHY>

— B —
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The helical hypermagnetic fields are not screened but evolve according to MH
which are described as Gaussian stochastic fields,

B

(Bi(k)) =0 (Bi(k)B;(K)) = (2m)* ((3i5 — kiky)S(k) + iesjuhn Alk) ) 3k — k')

~

From these 9 Now we have BG large-scale helical hyperMFs

(5(k) = A(k))

; / d B-violation: SM chiral anomaly >S(k)
L

.existence of large-scale magnetic helicity
.......... ~ Sakharov’s conditions are satisfied! |

ﬂ:)\gz

f the average of helicity density ‘H

(2 C&CP-violation/non-equilibrium 15 (k)

r axion Inflation
he end of inflation.

decays,

B+L asymmetry Is generated in the Universe?

. ——

1672

/2
AQp = AQrL =N, (ANCS J

Aty )
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How to realize helicity decay?

1. Decay due to MHD with finite conductiVIty (e ciovanniniashaposhnikon

The characteristic MF strength obeys the Maxwell eqg. with the MHD approximation.

VxB=J=0¢FE — T = lV x B ! Hypermagnetic helicity\
; &4 § is almost constant
@t’}-[ — _9F - B = _g(v > B) . B ~ ieli\ g~ 1007 . but slightly decays
\ J (97 Baym+, ‘00 Arnold+)

2. Electroweak symmetry breaking (s xatong

Gauge group Magnetic helicity
SU(Q)W X U(l)Y — U(l)em H}’t}efore — Hearijl:er -y Heefore
Large-scale (massless) MFs Hafter — cos? Gy HART — cos? gy Hboore
after - 2 after™ ® “-ay before
BY = Bem — COS QwBy . Sin QwBWzs NCS’W3 > HWHem ~ 55 HWHY
é )
AHy = —sin® Oy Hy*'*
SBAU: AN o sin Gy FbETore AQp = #ANcg — #AHy ~ sin? Oy HE™
~ Y
\_ J
— ‘c—;&' P —
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How to characterize the electroweak symmetry breaking/crossover?
(Misha’s question.)

—h
o
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—h
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©
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=)

ij(x) = ai(z) + a;j(z +1) — ai(z + 7) — a;(@).

- U(1) plaguette

Effective Weak Minxing Angle: cos? 6,,[T]

2
G(z) s AWZ o e_z\/p2—|—m'2y Temperature: T (GeV)
ZBG \/}92 W m’QY ('16 D’Onofrio)

A well-motivated guess: A, (T) = cos® 05 (T)

—_— . —‘5'?——"" g—
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To evaluate the baryon asymmetry from the hypermagnetic helicity decay,
we need to evaluate the washout effect.

EW sphalerons+chirality flip by electron Yukawa

The rate determining process does not have to be electroweak sphaleron.

Ch | ral Mag netIC E-ﬁ:eCt (‘80 Vilenkin, ‘08 Fukushima, Kharzeev, &Warringa)

: = . LoD« il :
Ampere’s law = 2 #H YY) (= —4(Ey - By))
20&}/
Y 3P S SR By 5 p us By = #l <<BY - (V x By)) — 2—au5(\BY\2>>
o s
Ohm’s current Chiral magnetic current "
1 day gl 2o po
= Ey:—’UXBy—F—(VXBY——,u5By> o\ AB n
o s
ps = Y (—)=/16y7my [T
f/
— - —
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Schematically evolution equation is given by
Source term washout term
dnB b B2 | - 2
e <#U)\ - #0w AB ) =i

o Bes

MHD decay EWSB  EW sphaleron chirality-flip CME

Reaches at “terminal” asymmetry:--- R
 #Box + #0w B Sphaleron rate
Be—= FW.O. Iy ~ exp|—145 + 0.8(T/GeV)|T

-10 | ' | | | |
ure gauge

-15

Washout term TI'w.o

-20
< -25

High temperature (T>140 GeV): electron Yukawa or CME =

-30

Low temperature (T<140 GeV): EW sphaleron

log[aH(T)/T]

/7

P L N R E R B
130 140 150 160 170

1oy ('14 D’Onofrio)
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Temperature: T (GeV)

104

10°

1010

10"

101°
X= MO/T

104

1015

(16 KK&Long)

-@,—
Schematicallv evolution eauation is given byv

term washout

"%’EQW)\B2> . - FW.O.n
EWSB  EW sphale

etry: -

B2 /o) + #0w \B
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High temperature (T>140 GeV): electron Yukawa or CME = |
Low temperature (T<140 GeV): EW sphaleron

FW.O.

C—
Temperature: T (GeV)

300 260 220 180 160 140 120
10 B =10""a '
E Ao = 10_3 pcC
= ~11
' 10
A1)
<
c 1072
>
7))
<
C 10—13
@)
o ¥
5 NS

1071 N )]T
3 4 5 6
Temporal Coordinate: 10™"° My/T —
(16 KK&Long)

O standard —
O multicanonical
— it

- — perturbative

-35

ol S log[H(T)/T] |
-45 ‘ | | | | ] | | |
130 140 150 160 170
T/ GeV

(14 D’Onofrio)

—
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Subtle iIssue behind that:--

—arly EWSB (crossover) completion, late sphaleron freeze out

=> Net BAU Is suppressed (98 Giovanninigshaposhnikov)

Early sphaleron freeze out, late EWSB (crossover) completion
=> Net BAU Is efficiently remained

Sphaleron rate lattice simulations for the EW
['w >~ exp[—145 + 0.8(T'/GeV)|T"  crossover with 125 GeV Higgs

-10 | ' | | | |

pure gauge

15 5000000 |

BAU Is very likely to remain!
Quantitative results are sensitive to 0w (t)

log[aH(T)/T] _|

Temperature: T (GeV)

4 | 1 | 1 | | |
130 140 150 160 170 : (16 D’Onofrio)

T/ GeV
('14 D’Onofrio)
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Finally analytic formula for the generated average baryon asymmetry is given.

A B
Ang ~ 1071 ef(T, 6, < > ( )
B J ) 106GeV ! 10-3GeV?

db,

dl’ A

2

T=135GeV

f(T,0y) = —sin20,T——(~0.1) at T ~135GeV

\\— perturbative/Fitting C-E

: Magnetogenesis with positive helicity before EWSB.

BAU can be explained.

With appropriate properties of hyper MFs, present

) Since helicity Is just the difference between the right and left helicity modes,
the sign of helicity can be the same beyond the coherence length of MFs.

~

-—_—
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3
dlnzx 475 1 T7~135GeV

ﬁ\l:_\
\ 4
N o

Axion inflation can explain the BAU through
Intlation baryogenesis from hypermagnetic helicity decay!

E—— e
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3
dlnzx 475 1 T7~135GeV

S

Axion inflation can explain the BAU through
Intlation baryogenesis from hypermagnetic helicity decay?
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Baryon Isocurvature constraints
a.k.a. Uchida bound

KK, F. Uchida, J. Yokoyama (Tokyo), JCAP 04 (2021) 034 [arXiv: 2012.14435 (astro-ph.CO)]

C—— . B % == ——

Slide Background Courtesy: H. Oide



17/42

Baryon asymmetry Is generated
INn response to magnetic fields with a certain correlation length,
regardless of its generation mechanism.

=> We can give a generic constraints on magnetic fields
from the baryon isocurvature perturbation.

Indeed, It gives a constraint even for non-helical magnetic fields.

E—— =y —
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Basic 1dea

Baryon asymmetry evaluated thus far is the spatially-averaged one

=> We expect that it has spatial dependence ("baryon isocurvature perturbation”)
according to the spatial distributions of hypermagnetic fields.

— e — =
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Basic 1dea

Baryon asymmetry evaluated thus far is the spatially-averaged one

=> We expect that it has spatial dependence ("baryon isocurvature perturbation”)
according to the spatial distributions of hypermagnetic fields.

By nNB

—

constrained by observations?

— —— = ==
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Observational constraints on the baryon isocurvature perturbations

Mpc scales: CMB gives constraints.

o 3000 f
. — <AD,AD> ]
= eo00O 1 <NIV,NIV3
C\t} - - -<BI BIl> ]
&\ 4000 -~ <NID,NID
)
2000 7
+
| 70 100 1000 710000
Z '00 Bucher et al.
73[[ —
Bico = <0.49 @k =0.1Mpc™*
Prr. + Phi
'18 Planck
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Mpc scales: CMB gives constraints.

E——— —

Observational constraints on the baryon isocurvature perturbations

Baryon fluctuation with the scale
larger than the neutron diffusion scale
remains at BBN epoch and changes
the prediction of light elements.

'08 Pisanti+, '15 Planck

Much smaller scales: Inhomogeneous BBN

‘87 Applegate+, Alock+

105(D/H), = 18.754 — 1534.4wp + 48656 w% — 552670 w3,

vt

GBZ - <(5w129>

Wwp — QBh2

N/\ s000 |
- — <AD,AD> |
= eocoor /1 <NIV,NIV3
5 -~ <BILBI> |
%\ 4000 ~— <NID,NID'
)
~ 2000+ - -
+
= Ol R A
| 70 100 1000 710000
Z '00 Bucher et al.
Prr -
Bico = <0.49 @k =0.1Mpc™*
Prr. + Phi
'18 Planck

—
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Observational constraints on the baryon isocurvature perturbations

Mpc scales: CMB gives constraints. Much smaller scales: Inhomogeneous BEN
‘87 Applegate+, Alock+

o> BO00[ T T 3201
. : —— <AD,AD> ]
= e00OF ] <NIV,NIV3 3'0:'
= - - -<BIl,BI> 7 78l PN,
N - -~ _ i 'p) | edlo
o 4000 r —— <NID,NIIH = oy
= * | Y SN . S U—
= I A S S —
2000 F : | - Navaryzin et al
§E/ O ] | Lo | Lo \\// \\\—FLJL/\\R; | L
! 10 ! ?0 1000 70000 0.020 0.021 0.022 0.023 0.024 0.025
00 Bucher et al. Qph’
Pri1 - i 2 - A
Biso = < 0.49 @k = 0.1Mpc ; g2 B <5773,BBN(37)> 1 d°k PBBN _ (1016
737273 i 73II < B,BBN> — 7 2 — V (27_‘_)3 s < U.
18 Planck . B )
'18 Inomata +
e — —%9— g
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Baryon isocurvature perturbations from hypermagnetic fields at EWSB

npew(x) =CY (x) - By (x)(=CHy(x)) |:> (OnpEw(x)InpEW(T +T)) = CQ<Y(w) By (®)Y(x+7) - By(x+71)) — 773,]3\;\72

Fourier transform Q 4 . - . | > s ax8
6(k) = 2 [ 555 [P0k = D)+ Ik — plsfhllk — phAG)] x [1- TE—RLE . SO -Ph

75 J (27)3 Pttt Py ol

Two-point function has nonzero value even tor non-helical magnetic fields!
'98 Giovannini & Shaposhnikov

— —— = —
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Baryon isocurvature perturbations from hypermagnetic fields at EWSB

7737Ew($) — CY(&?) . BY (CE)(: CHY($)) E> <577B,EW(CU)577B,EW(CB s ’I“)> — CZ <Y(ZB) . By (ZB)Y(ZB -+ ’I") c BY (w == ’I“)> — nB,EWZ

Fourier transform Q 4 . - . | > s ax8
6(k) = 2 [ 555 [P0k = D)+ Ik — plsfhllk — phAG)] x [1- TE—RLE . SO -Ph

75 J (27)3 Pttt Py ol

Two-point function has nonzero value even tor non-helical magnetic fields!

'98 Giovannini & Shaposhnikov
Figure from F. Uchida Ph. D thesis

magnetic helicity density baryon number density at EWSB

e = e = ’ -
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Baryon isocurvature perturbations at BBN

-+ Neutron diffusion erases the small scale inhomogeneities.

e —%9— —
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Baryon isocurvature perturbations at BBN

-+ Neutron diffusion erases the small scale iInhomogeneities.
=> Corresponds to the treatment that the baryon asymmetry

"B o is convoluted with the Gaussian window function.
¢ o 4 o O
o Sy . : -
et S / E )3@ 3 G(k) neutron diffusion scale: ki~ = 0.0025pc
‘ T
4 g A= > (k1 =% ko)? 3k2 3k2
G T i / dkldkgklkzzl; (i{ 5 [S(k1)S (ka) £ A(k1) A(k2) 31@122 (1 F k@)
k2 + k32 3kd 7\ o [ 20k F ho)?
TIAB Py o' gi" [ 5 S(kl)S(k2)+k1k2A(k1)A(k2)] (2k1k2> } P[ 35,2 })
—0 T~ O«
. —0
For given the MF spectra (S(k), A(k)), we can evaluate
e the baryon isocurvature perturbation at BBN.
L => BBN constraint (S2 zsx) < 0.016 can be given
with respect to any MF spectra :)
— —c-;32>— e
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- real space configurations

Baryon Isc
— try
B '
A O
o
magnetic helicity density baryon number density at EWSB  baryon number density at BBN ]
g -1 = 0.0025pc
—_—— —————
ower spectra 2
P P ko (1 - 3k3 )
4 ko < 4 s Ky 2k1 ko
; 2(k1 F k2)?
nAB o= i neutron damping } P [— 3k D -
—0
R0
/\/ > I k k
magnetic field magnetic helicity density,
baryon number density at EWSB  baryon number density at BBN
Figure from F. Uchida Ph. D thesis
L => BBN constraint (52 ggx) < 0.016 can be given
with respect to any MF spectra :)

g - e e — e
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Some general features:

- BBN constrains the ensemble average of baryon isocurvature perturbations
(SE BEN) < 0.016

=> perturbations at all the scales up to the present Hubble scale matters.

- Baryon isocurvature perturbation at small scale, £ > kq , at the EWSB
becomes smaller by the neutron diffusion until BBN, but is not completely washed out.

— - =
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Constraints on peaky MF spectra 3o 2B oo ksl Hy = cthosoBo
BQ
- delta-function model: S(k) ==~ ,;fo5(k —ks), Alk) = e5(k),

o)

. . on? B2 [ k\° kN2
- power-law with exponential UV cutoft: S(k) = S Ta) o (E) exp | — (/?) L = T
(> —5/8

— - —
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Constraints on peaky MF spectra Bl oy T MY et
Bé ko
- delta-function model: S(k) ==~ kf 0(k — ko), A(k) = €0S(k),

. . o2 B2y [ kE\© A
- power-law with exponential UV cutoff: S(k) = =5+ (—) exp —<—> e T =T

[t ko e ke
. . ‘ : (> —5/8
If you would like to explain the BAU- -
Magnetic fields at the EWSB Magnetic fields at present
5 - 7 10—5_
" inconsistent ¥ MF evolution inconsistent VB
with MHD I—?ubble horizon at the EWSB with cascade with MHD
N : ;glteg]cgogBdl\ilffusion scale being taken 10-10.

INto account

\i‘f?\e §<‘S%,BBN> > 0.016

B 1071 .....
@ ¥ 2

uozloy 9|qgnH Juasald

[GeV ?] .
10_10 10—20_ : \
Unless inverse transfer occurs
L . for partially-helical MFs
10 10715 1010 1075 i 10°
= SR A0 Mpc] —
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Constraints on peaky MF spectra Bl oy T MY et
B2
- delta-function model: S(k) ==~ ,;f 0(k — ko), A(k) = €0S(k),

. . o2 B2y [ kE\© k2
- power-law with exponential UV cutoff: S(k) = 5710() kgf (/?) exp —(k—> e T =T

W el (> —5/2)
For non-helical MFs, forgetting about BAU
Magnetic fields at the EWSB Magnetic fields at present
: 10721 : E
1o5|n-con3|stent : M cvolliten |nlconS|stent e
with MHD Hubble horizon at the EWSB with cascade with MHD ,
. : ;ytegr’]cgogBdl\ilffusion scale being taken 1010, . ;f
i into account ’ 3
: 2 15 .... :CE
BC,fO 1051 : <SB,BBN> > (0.016 :> BO 10 - 29( ..... %-.
[GeV 2] [G] 2 2
5 —y <SB,BBN>§'> 0.016
1010/ : =
10° 10" - 10% 10% R T 10—10E 1077 1 10°

= X;;,fo (GeV ] - A0 [Mpe] - —
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For more flat spectrum such as those from inflationary magnetogenesis?

Just taking

Reparameterize as

S (k)

For
the

B (

5
kIR

|:> <S%3,BBN> Y

L
FIR

:

with o~ —h

with IR cutoff kI

ong enough magnetogenesis during inflation,
R cutoff kIR should be taken as o

C*(Bc,)"

—2 Z
77B,obs IR

< 0.016

I:} (SE.seN) : IR divergent?

Constraint on flat MF spectrum

107°

10—10

Magnetic fields at present

Inconsistent
with MHD

CMB

..
..
L4

uoziioy 9|qgnH Juasald

10'—15 10'—10 :

10°

—1
MR

107° 1

)\0 [Mpc]
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Cancellation by Chiral Anomaly?
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Let's go back to pseudoscalar inflation.

ESEE % VEE

- —
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3
dlnzx 475 1 T7~135GeV

S

Axion inflation can explain the BAU through
Intlation baryogenesis from hypermagnetic helicity decay?

E—— e
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The assumption in the previous arguments:

The asymmetry generated during axion inflation is B+L
IS washed out by electroweak sphaleron just aftter reheating.

— - ——

Slide Background Courtesy: H. Oide



28/42

_— e~ —
The assumption in the previous arguments:

The asymmetry generated during axion inflation is B+L
IS washed out by electroweak sphaleron just after reheating.

It IS not correct.

— e — -
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When the sphaleron washout completes?

e —%9— —
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When the sphaleron washout completes?

- Electron Yukawa is small y° ~ 10~° and hence right-handed electron
number Is a conserved quantity, which prevents washout from
being completed at T > 10°GeV. (92 Campbell+)
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When the sphaleron washout completes?

- Electron Yukawa is small y° ~ 10~° and hence right-handed electron
number Is a conserved quantity, which prevents washout from
being completed at T > 10°GeV. (92 Campbell+)

Depending on temperature, there are several approximate conserved charges.

Weinberg op.

weak sph.

strong sph.

tau muon electron
top charm up

bottom strange - "down

1017 10 1013 10 10° 107 10° 103
T [GeV]

Equilibrium temperature of Yukawa/sphalerons - —
(Figure from ‘20 Domcke+) Slide Background Courtesy: H. Oide
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When the sphaleron washout completes?

- Electron Yukawa is small y° ~ 10~° and hence right-handed electron
number Is a conserved quantity, which prevents washout from
being completed at T > 10°GeV. (92 Campbell+)

Depending on temperature, there are several approximate conserved charges.

top

o

Weinberg op.

weak sph.

strong sph.

tau
charm

bottom

muon

up

strange - 'down

electron

T[GeV]

Ve Yds Yd Vs Vsb Vi Ve Yz Vb WS SS vy,
V) (10°, 10°) qe v v v v v v v/ v v v v
(iv) (10°,10%) de  92B,-B,-B;  YQu-d 4 4 4 4 4 4 4 v oo/
(111) (10%, 1011-12) de 42B,—B,—B; qu—d dd—s dB,-B, qu 4 4 4 4 4 4
(ii) (10'*=12/10%) g9,  qwB,-B,-B,  Gu-a  4a-s  9B-B, U  Qu-c  9r  Ga-b s 4 4
(i) (103, 10%) de  92B,-B,—By  Gu-d  4d—s  4B-B,  Qu  Qu-c  9c  Ga-b s 9. v

1017 10 1013 10YM 10° 107 10°

Equilibrium temperature of Yukawa/sphalerons
(Figure from '20 Domcke+)

T [GeV]

103

List of conserved charges at several temperature regime
(21 Domcke, KK+)
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When the sphaleron washout completes?

N L La o -4/\=R 1 | ]

e o o ' ] . | = | " n
/rWe often say, “the SM has only three conserved global charges, B/3—Li”:\\)
but it is practically true only for T' < 10°GeV

\Uvn—rg CUITIIICLCU Ut I 2, IU GE V. (JZ CalpuenT) /

Depending on temperature, there are several approximate conserved charges.

Weinberg op.
- _l_?eak sph. T[GeV] Ve Vs 7 Vs Vsb Vu Ve Vs Vb WS SS \z
v) (103, 106) g, v/ v/ v/ v/ v/ v/ / v/ v/ V4 v/
strong sph. vy (10510°)  4e  dm-ps,  Gu-a Y A
i) (10°,10""") ¢, Gw-B-B,  Qu-a  Gi-s  9B-B,  9u 4 4 v 4 v oo/
tau muon electron (ii) (10''-1210%) g9,  GwB,-B,-B,  Qu-a  Ga-s  9B,-B, D Qu-c  9r  Ga-b qp 4 v
fop ot w (i) (1013, 10") de  92B,-B,-B, Gu-a  Ga-s  qB,-B, 90 Gu-c  9r  Ga-b B q 4
B _l_ﬁ)ttom o _l_s>trang_;e_ _l_(zwn

List of conserved charges at several temperature regime
(21 Domcke, KK+)

1017 10 1013 10 10° 107 10° 103
T [GeV]

Equilibrium temperature of Yukawa/sphalerons — e . ——
(Figure from '20 Domcke+)
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When the sphaleron washout completes?

S S e f - ’ N

We often say, "“the SM has only three conserved global charges, B/3-Li"
but it is practically true only for T' < 10°GeV

\Uvn—rg CUITIIICLCU Ut I 2, IU GE V. (JZ CalpuenT) /

Depending on temperature, there are several approximate conserved charges.

)

Weinberg op.
- _l_?eak sph. T[GeV] Ve Vs 7 Vs Vsb Vu Ve Vs Vb WS SS \z
v) (103, 106) g, v/ v/ v/ v/ v/ v/ / v/ v/ V4 v/
strong sph. vy (10510°)  4e  dm-ps,  Gu-a Y A
i) (10°,10""") ¢, Gw-B-B,  Qu-a  Gi-s  9B-B,  9u 4 4 v 4 v oo/
tau muon electron (ii) (10''-1210%) g9,  GwB,-B,-B,  Qu-a  Ga-s  9B,-B, D Qu-c  9r  Ga-b qp 4 v
fop ot w (i) (1013, 10") de  92B,-B,-B, Gu-a  Ga-s  qB,-B, 90 Gu-c  9r  Ga-b B q 4
B _l_ﬁ)ttom o _l_s>trang_;e_ _l_(zwn

List of conserved charges at several temperature regime
(21 Domcke, KK+)

(See also Kyoher's talk)

1017 10 1013 10 10° 107 10° 103
T [GeV]

Equilibrium temperature of Yukawa/sphalerons — e . ——
(Figure from '20 Domcke+)
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S

T ~ 10° GeV

5 1B

Inflation

Baryon number changes, but is not washed away until 7 ~ 10° GeV.

E—— —
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What's wrong?

S

| T ~ 10° GeV | §
T =T / I

5 1B

Inflation

Baryon number changes, but is not washed away until 7 ~ 10° GeV.

S — —
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What's wrong?

S

T~10°GeV S

s 773:

. There can be an annihilation of baryon/chiral asymmetry
—> . .
Inflation ' and hypermagnetic helicity.

Baryon number changes, but is not washed away until 7 ~ 10° GeV.

E—— —
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Anomaly equation = conservation of total chirality 5-h+a

Even after baryon number Is redistributed by the sphaleron and

Yukawa interactions, cancellation always holds until 7'~ 10> GeV.
('18, '19 Domcke+, '24 Domcke, KK+)
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Anomaly equation = conservation of total chirality 54+

Even after baryon number Is redistributed by the sphaleron and

Yukawa interactions, cancellation always holds until 7'~ 10> GeV.
('18, '19 Domcke+, '24 Domcke, KK+)

How can such a process
be investigated?

—>
nflation

— —— = —
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Anomaly equation = conservation of total chirality 5-h+a

Even after baryon number Is redistributed by the sphaleron and

Yukawa interactions, cancellation always holds until 7'~ 10> GeV.
('18, '19 Domcke+, '24 Domcke, KK+)

How can such a process
be investigated?

Write down the evolution eaq.
of the system with chiral anomaly.

nflation = chiral MHD

— —— = —
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Q: Isn’t electric current induced by magnetic field?

No, for usual media. Parity doesn't allow It.
P 9—+—, FEF——-FE B—B

— - =
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Q: Isn’t electric current induced by magnetic field?

No, for usual media. Parity doesn't allow It.
P 9—+—, FEF——-FE B—B

If there Is a parity odd quantity
INn the system, electric current
can be induced by magnetic fields.

— e — =
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Q: Isn’t electric current induced by magnetic field?
No, for usual media. Parity doesn't allow It.

P 9—+—, FEF——-FE B—B
Chirality of fermions

If there Is a parity odd quantity
INn the system, electric current o
can be induced by magnetic fields.

left-handed «<——— right-handed

Parity

from the slide of N. Yamamoto
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Q: Isn’t electric current induced by magnetic field?
No, for usual media. Parity doesn't allow It.

P 9—+—, FEF——-FE B—B
Chirality of fermions

If there Is a parity odd quantity
INn the system, electric current o
can be induced by magnetic fields.

left-handed «<——— right-handed

Parity

. _ . 2«
Chiral magnetic effect: 3 = —usB
T

from the slide of N. Yamamoto

— e —
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The relevance of the CME and chiral anomaly
can be seen by looking at the Landau level

Right-handed fermion Left—handed fermion

(‘83 Nielsen&Ninomiya)

Landau degeneracy ftactoer: n; =

e3
27’(’

The number of states with p= >0
IS large for right-handed fermions
with charge +e and vice versa

positive current In z-direction

E——

—
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The relevance of the CME and chiral anomaly

Right-handed fermion

(‘83 Nielsen&Ninomiya)

Landau degeneracy ftactoer: n; =

e3
27’(’

ey

Left—handed fermion

can be seen by looking at the Landau level

The number of states with p= >0
IS large for right-handed fermions
with charge +e and vice versa

positive current In z-direction

Applying E-field in the same
direction, enhances the difference
IN R- and L- fermions.

d 2
EZ_E B
dt 272

E——

—
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The relevance of the CME and chiral anomaly
can be seen by looking at the Landau level

\%: :o»/ The number of states with p- >0
\/ IS large for right-handed fermions
| with charge +e and vice versa
5/2 positive current in z-direction

— i \E
ﬁ - %;\\\ Applying E-field in the same

direction, enhances the difference
IN R- and L- fermions.

e dn5 e? i e? =
Landau degeneracy factoer: n; = = e ﬁE BEnwd, it = 5 Fu "

— —— = ==
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Right-handed fermion Left—handed fermion
(‘83 Nielsen&Ninomiya)
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MHD equations with chiral magnetic effect = chiral MHD

The dynamical degrees of freedom:

[ Magnetic field: B , Plasma velocity: 4, Energy density: £, Chirality: U5 ]

0B

Maxwell eq. : —— =V x[uxB-nJ-CusB), J=VxB,
Du
Navier-Stokes eq. : p—— 5 = (VxB)xB—-Vp+V - -Q2upS)+pf
T e L
Continuity eq. : CSTRE oV - u
D
Anomaly eq.. Dﬁf’: D5V s + \n[B - (V x B) — Cus B
S@J E%(a uz+8u3) ;%Vu
; 6C 512
ng—ﬂ, Awﬁ, <n52M3 ) = e 5
> P — 1, V " resistivity/viscosity
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MHD equations with chiral magnetic effect = chiral MHD

The dynamical degrees of freedom:

[ Magnetic field: B

Plasma velocity: 94, Energy density: 2, Chirality: U5 ]

-

Solve them In the initial condition,

- Magnetic fields -+ Maximally helical, peaked at a relatively large scale.

- chiral asymmetry -+ opposite sign to the magnetic helicity to cancel.
uniformly distributed.

Maxwellea - 9B o .o r w1 . B I Y7 v R

J

Anomaly eq.. ——= D5V~?us + A\n|B - (V x B) — CusB“]

)

Dt ; 1
Sz‘j =— —(8ju7; aE 8ZUJ) - —%-V - U
g2 6C M5T2 2 3
O S S8 (”52 3 ja ik % B
— R T, V " resistivity/viscosity
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A typical evolution we obtained.

| ] | . 10.0000 |~ |
< i V' 1.0000
< 10 =
\g ©
_e " 0.1000
< 107°%F A
| =
o - 3 0.0100
5 10710 g
+A; 0.0010
3 -12 i ’
= 10 °°F V
= 0.0001F NG
0.1 L 0 10.0 1 10 100 1000 10000
k/kO ’ T} ;
('23 Brandenburg, KK+) (23 Brandenburg, KK+)
- —<—$$’9— ———
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A typical evolution we obtained.
R 10.0000:1? e
< i V' 1.0000F
S E
= ©
N ' 0.1000F
< 107°F '/3%
RN e v 0.0100F
s 1077 T %% 00010k
£ 1ot v \’\.77"4/ °
= _ 0.0o01r 4 //\\\ N
01 — 10 — ”ilol.o 1 10 100 1000 10000
k/kO ) T)
('23 Brandenburg, KK+) (23 Brandenburg, KK+)

- Negative helicity modes are amplified similar to the chiral plasma instability, but weak.
- Inverse cascade for long-wave length positive helicity mode
with the conservation of (adapted) Hosking integral

— - -
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HoskINg Integral 21 22 kosking & schekochinin

- Two-point function of helicity / B (h(@)h( + 1)) ~ (E(kpeate))*h52, = const.

107 10° 10°
k/ ko
"1 7 Brandenburg & Kahniashvili

lts conservation explains the inverse cascade for the non-helical MFs

T % S
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HoskINg Integral 21 22 kosking & schekochinin

107°

4
/ d
d
7 4 / *
d 4
/ %
Z
(4 3 [ J
8 : 7 ’ ¢ :
f— : A A
. 4 i Z [ ]
— ® 4 i . Y
. 7 @ . /
7. 7 o /o
. . . .
. A " .
. . . . (4
. R g "
.
. g
. . . *
. . . o S
. B .

and kHy(k)/2

i . . y
. . Vv
. P S .
. .
. .
. 7 .
P 4 v .
— r . .
. ..
. .
. oo
.* o
. 3
. 1
. .
d
.

Ey(k)
3
Il\’)

0.1 1.0 10.0
k/ ko (23 Brandenburg, KK+)

lts conservation explains the inverse cascade for the non-helical MFs

At large scale, magnetic helicity Is hot conserved,

but Hosking integral for the total chirality ;h -g5 |S conserved.
= = ——
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A typical evolution we obtained.
R 10.0000:1? e
< i V' 1.0000F
S E
= ©
N ' 0.1000F
< 107°F '/3%
RN e v 0.0100F
s 1077 T %% 00010k
£ 1ot v \’\.77"4/ °
= _ 0.0o01r 4 //\\\ N
01 — 10 — ”ilol.o 1 10 100 1000 10000
k/kO ) T)
('23 Brandenburg, KK+) (23 Brandenburg, KK+)

In the parameters we have studied,

- The magnetic helicity and chirality shows a power-law decay h, us x n
- The power-law decay starts at »~ when the CME part for the initial spectrum

becomes important in Maxwell ea.
== T —
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For the typical parameter BAU Is solely explained by helicity decay

1T~ 100TeV / a

>
T

T ~ 100GeV

s 773:

S o2
Inflation @p = A0QL =N, ( T Y>

L —— 8 ~
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Overproduction 1s avoided by partial cancellation?

Not very likely,
but need more simulation.

T ~100TeV - o

T ~ 100GeV

Ns B
| -
ﬁi g/z
Inflation @p =Aa6L =N, < T HY>

e S
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Good parameters to explain BAU by axion inflation

39/42

——_ —

1042F

—_

-
e
[

Hubble rate at the end of inflation, Hyq [GeV]
>

10°F

.

e

I |_(‘}radient expansion formalism

\ \

N\ |A=107°
\

Contours: y = 107"
Bands: y = 10757

“Equilibrium estimate” v

“Maximal estimate”

(23 Domcke, KK+)

Gauge-field production parameter at the end of inflation, &.q

T

10

15

B 1014

[AoD)] 7 amgerodwo) Suryesyoy]

—

But needs more study with lattice?

m—

— e
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Still difficult to reconcile the BAU and intergalactic MFs:-:

Ints on pri 1al magnetic fields

-5

CMB

og10(B/Gauss)

)
=

~15 J

/
Recombination

-

o
*
.
Y

—15

-5 0
Logio(§m/Mpc)  '16 KK & Long, '24 Uchida, KK+ to appear

But primordial MFs are interesting as the origin of BAU.

—— — B — —

Slide Background Courtesy: H. Oide




41/42

— e - —
Summary
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- B+L genesis has been thought not to be a viable baryogenesis model
due to the sphaleron washout.

- Pseudoscalar inflation with helical hyper magnetogenesis generates
B+L asymmetry. But it is irrelevant for the present BAU?

- No. BAU can be generated by the hypermagnetic helicity decay.

(- Baryogenesis from hypermagnetic helicity decay also predicts the baryon
iIsocurvature perturbation, which constrains even non-helical magnetogenesis.)

- BAU-helicity annihilation Is a possible night-mare in this scenario,
but it seems to be so worrisome.

- Definite prediction to the IGMFs, but lower than the blazar lower bound.

— e —
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- Baryogenesis/Leptogenesis from helical GWs?
See, however, my new paper with Jun’ya Kume @Padua

= I‘(l\/ > hep-ph > arXiv:2404.19726

High Energy Physics - Phenomenology

{Submitted on 30 Apr 2024]

On the inefficiency of fermion level-crossing under the parity-
violating spin-2 gravitational field

Kohei Kamada, Jun'ya Kume

Gravitational chiral anomaly connects the topological charge of spacetime and the chirality of fermions. It has been
known that the chirality is carried by the particles (or the excited states) and also by vacuum. While the gravitational
anomaly equation has been applied to cosmology, distindfi%h between these two contributions has been rarely
discussed. In the study of gravitational leptogenesis, for example, lepton asymmetry associated with the chiral
gravitational waves sourced during inflation is evaluated only by integrating the anomaly equation. How these two
contributions are distributed has not been seriously investigated. Meanwhile, a dominance of vacuum contribution is
observed in some specific types af Bianchi spacetime with parity-violating gravitational fields, whose application to
cosmology is not straightforward. One may wonder whether such a vacuum dominance takes place also in the
system with chiral gravitational waves around the flat background, which is more suitable for application to realistic
cosmology. In this work, we apply an analogy between U(1) electromagnetism and the weak gravity to the spacetime
that resembles the one considered in the gravitational leptogenesis scenario. This approach allows us to obtain
intuitive understanding of the fermion chirality generation under the parity-violating spin-2 gravitational field. By
assuming the emergence of Landau level-like dispersion relation in our setup, we conjecture that level-crossing does
not seem to be efficient while the charge accumulation in the vacuum likely takes place. Phenomenological
e . B implication is also discussed in the context of gravitational leptogenesis.
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