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Today's message is...

- Baryon asymmetry of the Universe (BAU) is one of the mysteries
in cosmology and particle physics; B-violation is needed; BSM??

- However, B-violation is implemented in the SM through chiral
anomaly.

- A baryogenesis model can be formulated by using helical
primordial (hyper)magnetic fields (PMFs).

- The PMFs can remain until today as the intergalactic MFs (IGMFs).

(cf. T. Kobayashi’s talk)

- BSM might not be needed for baryogenesis
but for magnetogenesis!
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Mysteries in modern cosmology

Origin of primordial
density perturbation;
Inflation?

— Dark Matter

ERAVEIE 26.8%

Dark Ener
L gy
Baryon Asymmetry

Dark Energy

Planck collaboration
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The task for theoretical cosmologists
and particle physicists:
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The task for theoretical cosmologists
and particle physicists:

Construct a model of baryogenesis
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In order to generate baryon asymmetry...

Sakharov's condition is required. (67 saknarow

(1. B-violation
2. C & CP-violation

\

3. Deviation from thermal equilibrium
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In order to generate baryon asymmetry...

Sakharov's condition is required. (67 saknarow

[1 . B-violation )

2. C & CP-violation
\3. Deviation from thermal equilibrium)

BSM is required!?

- Leptogenesis (85 Fukigita&Yanagida) . RH neutrinos

- Affleck-Dine . SUSY with B andZﬁ op.
('85 Affleck&Dine, '95 Dine,Randall&Thomas)

- EW baryogenesis . 1st order EWPT +,@l5 op.

('85 Kuzmin, Rubakov&Shaposhnikov)
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In order to generate baryon asymmetry...

Sakharov's condition is required. (67 saknarow

( )

1. B-violation

2. C & CP-violation
\3' Deviation from thermal equilibrium)

BSM is really required!?

- Leptogenesis (85 Fukigita&Yanagida) . RH neutrinos

- Affleck-Dine . SUSY with B and,@']5 op.
('85 Affleck&Dine, '95 Dine,Randall&Thomas)

- EW baryogenesis . 1st order EWPT +,@l5 op.

('85 Kuzmin, Rubakov&Shaposhnikov)

R % — Ce—
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1. B-violation in the SM

2. Baryogenesis from helical MFs In
thermal environment

3. Realization in the early Universe
and the fossil : intergalactic MFs
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Chiral anOmaly ... Read a QFT textbook!

(69 Adler; Bell&Jackiw)
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Michael E. Peskin + Daniel V. Schroeder
ABP

(e.g. Peskin&Chroeder Chap.19)

Courtesy H.Oide



= e

Chiral anomaly

('69 Adler; Bell&Jackiw)
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Michael E. Peskin + Daniel V. Schroeder
ABP
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Chiral symmetry in a gauge theory
£ iy Lr, o

Invariant under chiral rotation

W — €97 g
Axial vector current is
conserved
G5 =0
(52 = o vl
. — s =
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Chiral anomaly
('69 Adler; Bell&Jackiw)
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Michael E. Peskin + Daniel V. Schroeder
ABP

e e A

Chiral symmetry in a gauge theory
L= MMM " iF/M/F“V
Invariant under chiral rotation
i0~°
L L 1,
Axial vector current is NOT

conserved due to quantum effect
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Chiral anomaly In the SM (76 't Hoort

Each left- and right-handed fermion in the SM receives

chiral anomaly from SU(3)xSU(2)xU(1) gauge fields.
( )

2
o g 1% g T 1%
Oujy = £ (c{y? - YWY“ +cl T St (W, WH

gg 17 3uv Ya11% gs YUV
+612yf 167 2 (}/,UVI/I/SIu + WEVYN ) + C3 167 [GMVGM ])
J

+: right-handed fermion, -: left-handed fermion
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Chiral anomaly In the SM (76 't Hoort

Each left- and right-handed fermion in the SM receives
chiral anomaly from SU(3)xSU(2)xU(1) gauge fields.

(" )

2
o g 1% g T 1%
Oujy = £ (c{y? - YWY“ +cl T St (W, WH

gg 17 3uv Ya11% gs YUV
+612yf 167 2 (Y/U/Wg,u + WEVYN ) + C3 167 [GMVGM ])
J

+: right-handed fermion, -: left-handed fermion

Div. of B(L)-current is obtained by summing up them:

o 12
5 0 g ] Y g y H
{ Oujp = Ouir, = Ny (167r2 o [WWWM ] " gyt ) ]

B and L are violated, but B-L is conserved.
—_— e — % — —
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Integrate over a finite time interval and space:

/2

AQp = AQL = Ng (ANCS — 1'271_2 AHy) ) — /dng%

2

Chern-Simons number: Ncs =
3272

/ doe Tt WaEWE — S Wew W]

Hypermagnetic helicity: H = /d?’xeijkYiﬁij

- ol e 2 s
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Integrate over a finite time interval and space:

/2

AQp = AQL = Ny (ANCS - 1%7# AHY) Qp = /d3:13j%

2

3272

¢ Chern-Simons number: Ncg = /d?’xeij"“tr [W{;W,ﬁ - Qea”cw;wfwg]

3

Hypermagnetic helicity: H = /d?’g;eij’fyiajyk

¢ Diffusion due to thermal fluctuation = EW sphaleron
=> Used in Electroweak baryogenesis and leptogenesis
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Integrate over a finite time interval and space:

/2

AQp =AQL =N, (ANcs _ AHY) Qp = / e

1672

2

3272

¢ Chern-Simons number: Ncg = /d?’xeij"“tr [W{;W,ﬁ - Qeabcwiawfwg]

3

Hypermagnetic helicity: H = /d?’g;eijky,;ajyk

¢ Diffusion due to thermal fluctuation = EW sphaleron
=> Used in Electroweak baryogenesis and leptogenesis

% No CP-violation -> tend to washout B asymmetry
('85 Kuzmin, Rubakov&Shaposhnikov)

e i e =y o

Courtesy H.Oide



o e —— @ﬂ’f S £ 5 e,

Integrate over a finite time interval and space:

/2

AQp =AQL =N, (ANcs _ AHy> Qp = / e

1672

2

3272

Chern-Simons number: Ncg = /d?’xeij"“tr [W{;W,ﬁ - Qea”cw;wfwg]

3
& d3k
Yr Hypermagnetic helicity: H = /d%ewkyiajy’f 7 V/ (27r)3k [_

ﬁr .. difference between right- and left- circular polarization modes

— M % — (——
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Integrate over a finite time interval and space:

/12

AQp = AQL = Ny (ANCS - 1%7# AHY) Qp = /d3xj%

2

3272

Chern-Simons number: Ncg = /d?’xeij"“tr [W{;W,ﬁ - ge“bCWfW;’W,ﬂ

3
& d3k
Yr Hypermagnetic helicity: H = /d%ewkyiajyk 7 V/ (2#)3k [_

7,'\3 .. difference between right- and left- circular polarization modes

describes twist and linkage of magnetic field lines

Is not screened by thermal environment
and can develop in the early Universe

solar.physics.montana.edu

| o—

e — =
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Integrate over a finite time interval and space:

/12

AQp = AQL = Ny (ANCS - 1%7# AHY) Qp = /d3xj%

2

Chern-Simons number: Ncs =
3272

/ doe Tt WaEWE — S Wew W]

& d3k
Yr Hypermagnetic helicity: H = /d%ewkyiajyk 7 V/ (27r)3k [_

ﬁﬁf .. difference between right- and left- circular polarization modes

describes twist and linkage of magnetic field lines

Is not screened by thermal environment
and can develop in the early Universe

Often discarded!
e = =
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Decay of (hyper)magnetic helicity:

[ w0 = =2(By - By>}

In the thermal media, E-field can run parallel to B-field.

)BY

)EY

(Hyper)magnetic helicity automatically decays
and can cause baryon number injection.

- — ———————— % " — —

Courtesy H.Oide




— e ‘@S,f e —
Short summary

- B-number violation is implemented in the SM through chiral anomaly.

- It corresponds to decay of hypermagnetic helicity.

- Helical hypermagnetic fields can exist in the hot early Universe.
(cf. T. Kobayashi’s talk)

- CP-violation and deviation from thermal equilibrium is implemented.
(cf. A.Hook's talk)
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Baryogenesis from helical MFs
In thermal environment

(in the symmetric phase)
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How does the B-violation mechanism act in the hot early Universe?

— M % — (——
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How does the B-violation mechanism act in the hot early Universe?

Toy model: simple QED with (er,€},eg,€f)

[ L= (D —m)v— FJ
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How does the B-violation mechanism act in the hot early Universe?

Toy model: simple QED with (er,€},eg,€f)
_ 1
£ — ) — 0 VFLW
[ PP me) ¥~ g E J ez
_ : I'e = —ore—<=
Evolution of left-right asymmetry w/o MFs m? €h
4 )
a 2
%—FBH%L = —T(ny — ng) Fezg&;%
&n—R -+ SHnR — —Fe(nR — nL)
. Ot J

:> { (ns.~ ) = exp | -2 / | (1) s "’R)”J

exponentially damped.
= —— g — =
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How does the B-violation mechanism act in the hot early Universe?

Toy model: simple QED with (er,€},eg,€f)
_ 1
[ £:¢(Zlb_me)¢_z ,uVFuVJ o
L
_ : I'e = —ore—<=
Evolution of left-right asymmetry w/ MFs, m? €h
4 )
on 2
8—tL +3Hn;, = _Fe(nL = nR) _Sanomaly I'e >~ 9/287:—,;
8nR /2
! —at 4 SHnR — —Fe<’n,R — nL) ‘I‘Sanomaly Sanomaly — 29?<EY : BY> )
Sanoma
:> { (np —ng) ~ — T g %(a?’(m —nR)) = OJ
for T'. > H

R % — Ce—
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How does the B-violation mechanism act in the hot early Universe?

Toy model: simple QED with (er,€},eg,€f)

( P AR 5.\ \ 1ﬁ ﬁu‘l/]

Left-right asymmetry has the form
T
F R GE
Nasymmetry (Source term from chiral anomaly) ‘
S ~ (Washout term from spin-flip interaction)x S
'BY>
< J
Sanoma 8
:> [ (nL — nR) ~ — Fe Ly a(a?’(nlj — nR)) = O]
for ', > H

- — ———————— @f S —— —
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How does the B-violation mechanism act in the hot early Universe?

Same analogy works for B-asymmetry.

Courtesy H.Oide



<= ——— @’f L — e ——

How does the B-violation mechanism act in the hot early Universe?

Same analogy works for B-asymmetry.

- Source term from chiral anomaly ... exists if (Ey - By) # 0

Courtesy H.Oide
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How does the B-violation mechanism act in the hot early Universe?

Same analogy works for B-asymmetry.
- Source term from chiral anomaly ... exists if (Ey - By) # 0

It is nonzero Iin thermal environment and if maximally helical!
Y52 > X8

Ampere’s law: V x By =o(Ey +vx By) + Ey + - --

_ s 9 (97 Baym+)
Electric conductivity: o ~ 10T (00 Arnold+)

:> <EY°BY>21<BY°V><BY>-|-...

o

—— T % e —— L e —
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How does the B-violation mechanism act in the hot early Universe?

Same analogy works for B-asymmetry.
- Source term from chiral anomaly ... exists if (Ey - By) # 0

It is nonzero Iin thermal environment and if maximally helical!
Y52 > X8

Ampere’s law: V x By =o(Ey +vx By) + Ey + - --

_ s 9 (97 Baym+)
Electric conductivity: o ~ 10T (00 Arnold+)

:> <EY°BY>2%<BY°V><BY>-|-...

- S QWBZ%/)\B
(If maximally helical By || V x By)

Field strength

By

>
B wavelength

_— e e

(98 Giovannini&Shaposhnikov)

—
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How does the B-violation mechanism act in the hot early Universe?

Same analogy works for B-asymmetry.

9/2 27‘('32%

- Source term from chiral anomaly | S; ~
8mo Ap

- Washout term: EW sphaleron (7) ('85 Kuzmin, Rubakov&Shaposhnikov)

Ve
W. Buchmdiller, 1212.3554

= e =
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How does the B-violation mechanism act in the hot early Universe?

Same analogy works for B-asymmetry.

. q" 27TB£
- Source term from chiral anomaly | S; ~
8mo Ap

- Washout term: EW sphaleron (?) ('85 Kuzmin, Rubakov&Shaposhnikov)

St
SL t

Washes out B(+L) asymmetry carried

by by left-handed fermions: T'w =~ 20a3, T
(97 Moore)

Ve
W. Buchmdiller, 1212.3554

= e =
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How does the B-violation mechanism act in the hot early Universe?

Same analogy works for B-asymmetry.

. q" 27TB£
- Source term from chiral anomaly | S; ~
8mo Ap

- Washout term: EW sphaleron (?) ('85 Kuzmin, Rubakov&Shaposhnikov)

St
SL t

Washes out B(+L) asymmetry carried

b, by left-handed fermions: 'y =~ 20a3, T
(97 Moore)

£ Spin-flip interactions are needed to
remove asymmetry carried by right-

handed fermions g, camppell+) &
2 fod : i
U, Vu N Yel” - & : €R

Ve 87T _) 1 (__
W. Buchmdiller, 1212.3554

¥]
= Ye
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How does the B-violation mechanism act in the hot early Universe?

Same analogy works for B-asymmetry.

. q" ZWB]%
- Source term from chiral anomaly | S; ~
8mo Ap

- Washout term: EW sphaleron (?) ('85 Kuzmin, Rubakov&Shaposhnikov)

At the symmetric phase, I'yy > 1,

—> Washout Is determined by spin-flip interactions

= . i g —, b
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How does the B-violation mechanism act in the hot early Universe?

Same analogy works for B-asymmetry.

. q" ZWB]%
- Source term from chiral anomaly | S; ~
8mo Ap

- Washout term: EW sphaleron (?) ('85 Kuzmin, Rubakov&Shaposhnikov)

At the symmetric phase, I'yy > 1,

—> Washout Is determined by spin-flip interactions

Baryon asymmetry has the form

ng (Source term from chiral anomaly)
B ="

|
¢

(Washout term from spin-flip interaction)x S

e . i g —0 b
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How does the B-violation mechanism act in the hot early Universe?

Same analogy works for B-asymmetry.

. q" ZWB]%
- Source term from chiral anomaly | S; ~
8mo Ap

- Washout term: EW sphaleron (?) ('85 Kuzmin, Rubakov&Shaposhnikov)

At the symmetric phase, I'yy > 1,

—> Washout Is determined by spin-flip interactions

Baryon asymmetry has the form
n S (9%/40)B/As
s  sle (lye|?/8m)sT

(> Chiral magnetic effect can change the washout term.)

—— = e

—
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How does the ™ - ='=*=m mmmmlmmioes mmd B e = e o “"'y Universe?
Temperature: T (GeV)

108 10/ 106 10° 10* 103

Same ane ' RN
1078
&
- Sour @
10710
<
c .
- Wast $ 10712 shaposhnikov)
m
10714

100 10" 102 10 10" 10
X = Mp/T (‘98 Giovannini&Shaposhinikov
'16 Fujita&KK, KK&Long)

Baryon asymmetry has the form
np Sy (97/40) By /A
- sle  (Jyel?/8m)sT

(> Chiral magnetic effect can change the washout term.)

- — B — @f N — —
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Short summary

- The source term for B-asymmetry from hypermagnetic helicity
decay is nonzero in thermal environment: BZ%/)\B

- Baryon asymmetry is determined by the balance between
the source term and washout effect from the spin-flip interaction
In the symmetric phase.

Courtesy H.Oide



Realization in the early Universe
and IGMF as the fossil
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Realization in the early Universe

We must take care of the effect of EW crossover.

I T I
O  multicanonical
1= O standard B
—— perturbative
0.8 —
o6 —
e
s
04 —
02— —
0 R @ 3 OOOO 44444444444444444444444 —
| | | | | | | | | =
140 150 160 170 180 .
T/GeV (‘14 D’Onofrio)

Higgs VEV develops -> Weak bosons get massive
- Source term vanishes due to hypermagnetic to electromagnetic
field conversion. (EM theory does not violate B)
- Washout term gets ineffective due to EW sphaleron shut off.

-
Courtesy H.Oide



EW sphaleron shutoff at EW crossover

Iy ~ exp[—145 + 0.8(T/GeV)|T

-I'w < T'e at T < 140GeV

washout is determined by EW sphaleron

-10 I

15+

20—

D5+

log I/T*

-30

-35

pure gauge
\

| { (g/2 /8 )(E - B>J
g B 773 ~
. i FW

exponential growth?

O standard —
O multicanonical
— fit
- — perturbative N
a0k log[oH(T)/T] _
| I | I | I |
130 140 150 160 170

a5 L

T/ GeV

(14 D’Onofrio)

R % —— e

Courtesy H.Oide



= — e —.t ——
EW sphaleron shutoff at EW crossover

Iy ~ exp[—145 + 0.8(T/GeV)|T

A7 71 T 1

pure gauge

5000000 ]
15 o000 |

20—

D5+

log I/T*

[ o standard —
O multicanonical
— fit
- — perturbative

-30

-35

40 log[oH(T)/T] n

| I | I | I |
130 140 150 160 170

T/ GeV
(14 D’Onofrio)

a5 L

-I'w < T'e at T < 140GeV

washout is determined by EW sphaleron

_ (¢g”/87){(E - B)
{”B =~ Ty J

exponential growth?

- In equilibrium until T ~ 130 ~ 135GeV

- If the hypermagnetic to electromagnetic
field conversion completes earlier,
no B-asymmetry will be left.

(98 Giovannini&Shaposhnikov)

— M % — (——
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Conversion from U(1 )Y to U(1 )emat EW crossover

Due to thermal mass, the conversion does not take place
abruptly at T' ~ 160GeV but proceeds relatively slow.

loop)

g
.
.
o
.
o
.
.
.
0
.
o
.
.
.
.
‘e
.

" 140 145 150 155 160 16 17

(16 D’Onofrio)
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Effect on the source term
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Effect on the source term

/

- Does not reach the vacuum state tan Oy = % at T ~ 140GeV

—> The source term s, « B2/ persists after EW sphaleron shutoff.

Courtesy H.Oide
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Effect on the source term

/

- Does not reach the vacuum state tan 6y = % at T ~ 140GeV
—> The source term s, « B2/ persists after EW sphaleron shutoff.

- Another contribution to the source term S. x 0w AsB. appears.
Note that Ey =Y 3 Oy sinfy Y

—_ <Ey | By> ~ ew<Y ; By> ~ QwH/V ~ QWABB]%/zﬂ'

Courtesy H.Oide
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Effect on the source term

/

- Does not reach the vacuum state tan 6y = % at T ~ 140GeV
—> The source term s, « B2/ persists after EW sphaleron shutoff.

- Another contribution to the source term S. x 0w AsB. appears.
Note that Ey =Y 3 Oy sinfy Y

—_ <Ey | By> ~ ew<Y ; By> ~ QwH/V ~ éW)\BB]%/zﬂ'

This is not surprising!
AQB = #ANCS -5 #AHY

at the conversion: Hy — Hem = Hy + Neg
—> AHy = —AN, <0

—_ i e

—T
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Effect on the source term

/

- Does not reach the vacuum state tan 6y = % at T ~ 140GeV
—> The source term s, « B2/ persists after EW sphaleron shutoff.

- Another contribution to the source term S. x 0w AsB. appears.
Note that Ey =Y 3 Oy sinfy Y

—_ <Ey | By> ~ ew<Y ; By> ~ QwH/V ~ QWABB]%/zﬂ'

This Iis not surprising!
AQpB = #AN — #AHy = —# cos OwoAHy (> 0)

at the conversion: Hy — Hem = Hy + Neg
—> AHy = —AN, <0

_ i e

—T
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Resultant baryon asymmetry

np (Source term from chiral anomaly)

B — = . :
d S (Washout term from spin-flip interaction)x S
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Resultant baryon asymmetry

np S1+ S N #B]%/(UAB) + #QW)\BBZ%
S s x min(le, Tyy) s x min(Te, T'y)
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Resultant baryon asymmetry

np Si+S8  #B;/(0\p) + #0wApB]
S s x min(le, Tyy) s x min(Te, T'y)

oo ——————— T Temperature: T (GeV)
> [ 300 260 220 180 160 140 120
N: 0952D: Tetep = 155 GeV , AT = 10 GeV 10710}
g [ C: Tstep = 160 GeV , AT = 10 GeV @
o [ B: Tstep = 160 GeV , AT =5 GeV o Jo-11
;@ 0_90 -A Tstep = 162 GeV ) AT = 1 GeV IQIJ
< i =
o - : 10-12
£ 0.85F g
X : <
E : C 10713 o
< 0.80F S
) [ I
; ! | m
—14
| : 10
075 -l P a1 MR P MR | a1 MR N l- - - - -
130 140 150 160 170 180 3 4 S ©

: .1n-15
Temperature: T [ GeV ] Temporal Coordinate: 107> Mp/T

Parameterization of the evolution of weak angle Evolution of B-asymmetry
(16 KK&Long)

- = —
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Resultant baryon asymmetry

np Si+S8  #B;/(0\p) + #0wApB]
S s x min(Te, Ty) s x min(Te, T'y)

Temperature: T (GeV)

100 ?
> [ 300260 . .2?0. . .12.30. 1(.30 . 1LI10 _ 1?0
o [ D: Tetep = 155 GeV, AT = 10 GeV. 10-10 / 7
o 0'95.'0: Tstep = 160 GeV , AT = 10 GeV @
° [ B: Teep = 160 GeV , AT = 5 GeV &
%’D 0.90f A: Tetep = 162 GeV , AT =1 GeV ! 10
. [ t 12
g 0.85} %10
5 <C: -13
% 0.80F g, 1
o )
< 0

0.75 107

If appropriate hyper MFs existed around the EWSB,
Parand B-asymmetry of the present Universe can be explained w/o BSM (?)
ong)
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..but what are these magnetic fields...???

Courtesy H.Oide



— — ~<38=>f —_— —
..but what are these magnetic fields...???

How are they generated? Inflation? (cf. M. Peloso’s talk:
But model model-dependent. Recent stuczEd SRSz at.)
Anyway BSM will be needed.  (cf. T. Kobayashi's talk)
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But model model-dependent. Recent stuczEd SRSz at.)
Anyway BSM will be needed.  (cf. T. Kobayashi's talk)

The hyperMFs responsible for baryogenesis
will remain until today as intergalactic MFs!
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..but what are these magnetic fields...???

How are they generated? Inflation? (cf. M. Peloso’s talk:
But model model-dependent. Recent stuczEd SRSz at.)
Anyway BSM will be needed.  (cf. T. Kobayashi's talk)

The hyperMFs responsible for baryogenesis
will remain until today as intergalactic MFs!

—

Maximally helical MFs
experiences inverse cascade.

( - ™\
{00 — ('12. Kahniashvili+)
t=0.02 - B
2008 kp ~ (vah)7h, wa = t
t=0.15 - ] V/Pch + Deh B
B Mo ~ Ipc ( 0 )
1 10 100 10_14G
‘ (04 Banerjee+) L (04 Banerjee+)
P e — s amdl
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BAU can be written in terms of present IGMFs

Baryon Asym., today: ng=ng/s

e ——

(16 KK&Long)

Coherence length, today: A (pc)

10° 102 10" 1 10 102 10°
1 1 | 1 1 1
[~ /4
/4
A D: Tstep = 155 GeV , AT =10 GeV
/4
// C: Tstep :160 GeV,AT:1O GeV
- // B: Tstep = 160 GeV , AT =5 GeV
| /2 A: Tstep =162 GeV , AT =1 GeV |
/s
4
LE ¢ 7 observed BAU: ng ~ 10~10
S Y.
L 7
D/
| B
_A \\\_—/,
107 107 107 107 10 1072 107

Field strength, today: B, ( Gauss)

By ~107117G )\ ~ 1072 3pc

e

-
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Compare to suggestion from blazar observations...

Too short
corr. length.

MF strength
log(B/Gauss)
I

-10 -8 -6 -4 -2
log(Ls/Mpc)

MF correlation length

12 _—

<

T L
CMB constraint

By —
10-14G i

(15 Finke+)

- = e

Baryons are overproduced!!
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Summary & Conclusion

- B-asymmetry can be generated by helical hyper MFs within the SM.

- EW sphaleron do not completely washout the asymmetry generated
by this mechanism even at the EW crossover.

- The MFs responsible for this mechanism can persist until today.

- Present B-asymmetry is explained for By~ 107'~"G Xy ~107*"?pc .

- There might be baryon overproduction problem.

—_— e — % ——— ———
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Possible way-outs

- Blazar observation is explained by other mechanism or
late-generated MFs: the PMFs responsible for BAU is still hidden.

- Blazar observation is explained by PMFs, but it is not maximally
but partially helical. BAU is generated by this PMFs.

Future directions

- Model building of magnetogenesis.

- Determine the IGMF properties. Especially helicity.

- More accurate description of EW crossover.

—_— e — % ——— ———
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Light of Sphalerons: (76  Hooft)

? (02 Hamaguchi)

B =by—Ny B = by A B = by+Ny A
sphy Psph y P
LN, L [ Asph; $Pspn ] L= Iyt Ny (A, ¢]

(87

Chiral anomaly in SMV.if x g~ TW,.W*| breaks B and L

- Nontrivial vacuum structure of SU(2)
- Sphaleron (B-L preserved; B£L) => EW baryogenesis

Leptogenesis
— = — = _—
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shadow of Sphalerons: (76t Hooft

Sphaleron (+charge conservation & Yukawa)

was

BA

Sphaleron

Baryogenesis ,+*
k4

\ A8

Sphalery'

Baryg@genesis

nes out preexisting B+L asymmetry before EWPT.

('85 Kuzmin, Rubakov & Shaposhnikov)

(Non—BAU If B—Lsz

T -
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shadow of Sphalerons: (76t Hooft

Sphaleron (+charge conservation & Yukawa)

washes out preexisting B+L asymmetry before EWPT.
('85 Kuzmin, Rubakov & Shaposhnikov)
B A
/
Sphgy ' * B-L=0
. “Baryogenesis Successful BAU
Sphalerob".“ I; <> B-L genesis.

) 28

Leptogenesis',/' B_ 51 -

S % — -
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shadow of Sphalerons: (76t Hooft

Sphaleron (+charge conservation & Yukawa)

washes out preexisting B+L asymmetry before EWPT.
('85 Kuzmin, Rubakov & Shaposhnikov)
B A
/
Spha]ey ' < B-L=0
. “Baryogenesis Successful BAU
Spha'erob{f ~ <-> B-L genesis.

) " 28

Leptogenesis',/' B_ 51 -

It Is often considered that...

[“For the present BAU, not B but B4 is needed.” }

R % — Ce—
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Chiral Magnetic Effect (CME) ¢so vienkin)

L- L+ R- R+
A

Magnetic moment

Befect [ 4+ 41 Spin
Pt

Momentum

Electric current
('12 Tashro+)

In the presence of MFs, magnetic moments of fermions aligned along MFs.
This generates electric current oppositely for left and right-handed fermions.

2

Electric current proportional to : b
Se JCME = ;04/%3

the chiral asymmetry is induced:

s = Z qZ-Q,uR,i = Z qu-,uL,j :.charge weighted chiral chemical potential
i J (See also '14 Long, Sabancilar and Vachaspati)

The structure differs, but this effect exists both before and after EWPT.
— — %

-
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Modified Ampere’s law

. : - 2 -
v><B:Jth—l—JCME—l—E:O(E—I—VXB)—I—;&IL%B—FE

1 2 :
Ez—(VxB——a,u5B—|—E)—V><B
s

o

(E-B)~ —(B-V xB)  —pus(B?
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Kinetic equations z=T/H
ng =ngs/s
dmg_N LA i - SR W

L 20 BR(T), 1268

Syaes 3k
p osT Ap(T) = w2073 p< )7ls
= —yy () + 15" (@)
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Kinetic equations z=T/H
L = nf/s
87]1‘1 Yw Vs
A = = Neag(y = W s ) = Negm 3 (0 04y 47y + 1) = 5 D (g + g = Ms = Nas)
J J
_ Z Yuid ([ Thiiy 4 Neo  Thi\ Yaii Ty, Net  Tag,
~ 2 3 2 3 ~ 2 3 2 3
J J
Ny T
- Z%]L\{a ( 3L 3R> - ’72<77u@L UdZL)a
J
2 CME Y Tw
axL — Nch(’Yy — Yy M5 ) — NC7 Z(UUJL + Ny +N6 +N,6 ) — o Z(UuJL + Mai = Mui — Ndi)
J J
-3 Vuis (Mdy, | N+ W\ < Ve (T, neo ag,
2 3 2 3 2 3 2 3

877,/1-

P o CME, Yy | Veis Mot _

5 = Wy s ) T o % (Nyi +Ng5 +7es +70,5) — % 5 (WL 5 neaR) Y2(1,
8nei
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Magnetic fields in the Universe

Logio[B/Gauss]
A

1%

Galaxy clusters . CMB bound

-12 |

Images from nasa.gov

>
Tkm 106 km P& 1 kpc 1Mpc Scale
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Magnetic fields in the Universe

Logio[B/Gauss]
A

12

Galaxy .

Galaxy clusters . CMB bound

-12 4 I
s?

[

' .
15 Images from nasa.gov \\.1' IntergalaCt|C MF
1 ~

\l

>
Tkm 106 km ke 1 kpc 1Mpc Scale

-
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Evidence (?) of large scale magnetic fields
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Evidence (?) of large scale magnetic fields
. Y -ray from Blazars (theory)

AGN/Blazar

~TeV Y

Intrinsic
(from nasa.gov)
spectrum

> |
GeV TeV
= ——— g — =
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Evidence (?) of large scale magnetic fields
. Y -ray from Blazars (theory)

(from nasa.gov) B

AGN/Blazar

P
D

~TeV Y

pair creation

Intrinsic
(from nasa.gov)
spectrum

> |
GeV TeV

- =% e
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Evidence (?) of large scale magnetic fields
. Y -ray from Blazars (theory)

(from nasa.gov) B

AGN/Blazar

(from esa.int)

= e " e’ =@eV 1

—>
=2
e
pair creation Inverse compton
Intrinsic ot ;
(from nasa.gov) A #
spectrum T S
e
GeV TeV GeV TeV

- — ———————— % " — —

Courtesy H.Oide



j S

e

Evidence (?) of large scale magnetic fields
. Y -ray from Blazars (observation)

(from na

Theoretical
prediction

AGN/Blazar

(from nasa.gov) /

GeV

10712

10712

1ES 0229+200

-
LIl

-

.............
..................

Ll e =T

from esa.int)

L
m
N

S data

:’_r'\\\\\\‘/\ \\\HH‘

"',} \l IR \\
| \\\HH‘ I’\\\HH‘ | \\\HH‘ | \\HH‘ Ll J“J]\‘J“T \ ‘II
108 10° 1010 1011 1012 R =
E [eV]
'10 Neronov and Vovk TeVv
e~ =
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Evidence (?) of large scale magnetic fields
. Y -ray from Blazars (observation)

(from na e _
Theoretical | 155 0220200 - Tintrinsic
orediction | Se———= _
10712 » j
AGN/Blazar - Fermi upper bound + lfrom esa.int)

7} \HHH‘ | M( T \H‘ | \}ﬁ [
10711 j ‘ I \\ ‘ 1T \H‘ I \HHH‘ T Tt
F1RES 0347—-121

10712

EF, |erg/cm?s]

10712 4 b
(from nasa.gov) / g - H -
:‘ LLrll \\/\HH Lot | [N | [ M-SALF/ 1
108 109 1010 1o 1012 —

E [eV]
GeV ’10 Neronov and Vovk
— = e -
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Evidence (?) of large scale magnetic fields
Most convincing explanation: Extragalactic MFs
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MFs produced by a causal process will stay at:

Ao ~ 1pc (_—>
10 14G ('O4 Banerjee+)

| Zeem splitting ]
>
e | . }

g 7/3
T By
B.(T) ~ 9.3 x 10°G
p(T) 102GeV 10—14G
T —5/3 Ao
An(T) ~ 2.4 x 1072°M S
5(T) - PE\ 102GeV Ipc
(16 Fujita+)

13 Durrer and Neronov
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Backreaction to the B-field dynamics from CME
We evaluate the B-field evolution as
Bp ~ HB,
through Inverse Cacade
CME w/o IC leads

: 2 2 B
B, —%v x B, ~ —O‘u5 L
AB

For s XHs
/ J)\B\
- T 4 2o, MS/T T 3 Ao =
07 (mer ) GV 107 (555 (waer) (i) GeV

— e — % — —

Courtes

CME is negligible.

y H.Oide
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Evidence (?) of large scale magnetic fields
Most convincing explanation: Extragalactic MFs

(from nasa.gov) B

AGN/BIazar : (fror esa.int)
~GeV Y §
: e
zleV =l A inverse compton
E R R sl
pair creation Py N

Intergalactic MFs

- - "-\
Intrinsic ol My
(from nasa.gov) i 2 A
SPECIrtaned 2% et o LI - . & e /
',/ ~~\~
1

Pl
GeV TeV GeV TeV
= _— e — =
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Constraints on the magnetic fields

CMB

Zeeman splitting
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Constraints on the magnetic fields

Zeeman splitting
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