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oday’'s message Is...

- The existence of intergalactic magnetic fields (MFs) are indicated
recently.

- If they have originated from a mechanism before or around EWPT,
they might be related to baryon asymmetry of the Universe (BAU).

- The parameter space that can explain the present BAU is on the
edge of the constraints, in other words, the sweet spot is indicated.

- BSM (BGR?) might not be needed for baryogenesis but for
magnetogenesis!
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1. Magnetic fields in the Universe

2. Baryon asymmetry of the Universe

3. Baryogenesis from helical MFs
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Magnetic fields in the Universe
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Magnetic fields in the Universe
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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)
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Evidence (?) of large scale magnetic fields
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Evidence (?) of large scale magnetic fields
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Evidence (?) of large scale magnetic fields
. Y -ray from Blazars (observation)
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Evidence (?) of large scale magnetic fields
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Evidence (?) of large scale magnetic fields
Most convincing explanation: Extragalactic MFs
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Evidence (?) of large scale magnetic fields
Most convincing explanation: Extragalactic MFs
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Constraints on the magnetic fields
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Constraints on the magnetic fields
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It we believe the existence of such MFs,
they are likely originated from very early Universe.

What kind of feature do they have in the Early Universe?
Especially before the electroweak phase transition (EWPT)?
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It we believe the existence of such MFs,
they are likely originated from very early Universe.

What kind of feature do they have in the Early Universe?
Especially before the electroweak phase transition (EWPT)?

They Interact with turbulent plasma nontrivially and
evolve following complicated magnetohydro dynamics
(MHD) equations.

——> need MHD simulations
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MHD simulation tells...
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MHD simulation tells...
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small scale structure is erased by charged plasma
and energy of MFs is easily deprived.
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MFs produced by a causal process will stay at:
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MHD

simulation tells...
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small scale structure is erased by charged plasma

and energy of MFs is easily deprived.
This Is the case with non-helical MFs.
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Helicity of MFs
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Helicity (density) is a good conserved quantity
for large electric conductivity.

: 9 47 B?
2 ~ 3P
[ h = —qQ ;(B . v X B> =~ —a - )\g ] (Assumed h >0 )

For thermal plasma with charged particles:

o ~ 1001 (97 Baym+)

Large electric conductivity prevents MFs’
helicity from decaying.

h~+a®* \pB2 Can be treated as an approximate
conserved quantity.
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Helicity conservation leads to an enhancement of
large-scale correlation of MFs: Inverse Cascade (IC)

MF decay is slower.
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Helicity conservation leads to an enhancement of
large-scale correlation of MFs: Inverse Cascade (IC)
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MFs produced by a causal process will stay at:

By

SN TR

('O4 Banerjee+)
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MFs produced by a causal process will stay at:

Bog
>\0 ~ 1PC (_—)
10 14G ('O4 Banerjee+)
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MFs produced by a causal process will stay at:
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Before and after EWPT

..originally hypermagnetic fields turn to magnetic fields
associated with Z-boson part decay

A

(1) Hypermagnetic (HM) field generated

(2) Field strength decreases as HM field
experiences inverse cascade

(3) electroweak phase transition occurs

(4) Z-field decays

(5) HM field is fully converted to EM field

(6) EM field experiences inverse cascade

(7) Relic magnetic field persists today

Figure 1: A cartoon of the Z-decay, which is modeled in this section.
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Before and after EWPT

..originally hypermagnetic fields turn to magnetic fields

associated with Z-boson part decay

AV4

A (1) Hypermagnetic (HM) field generated
(2) Field strength decreases as HM field
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Figure 1: A cartoon of the Z-decay, which is modeled in this section.
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What is the origin of such MFs (magnhetogenesis)?

Related to inflation?
e.g. ‘88 Turner+, ‘06 Anber+, ‘09 Demozzi+, '12 Bernaby+, '14 Ferreira+,’15 Fujita+,...

Phase transition? e.g. ‘89 Vachaspati, ‘89 Quashnock+, ‘97 Sigl+,...

# at present there are no satisfactory models.

But see '16 Fujita+
'16 Adshead+
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What is the origin of such MFs (magnhetogenesis)?

Related to inflation?
e.g. ‘88 Turner+, ‘06 Anber+, ‘09 Demozzi+, '12 Bernaby+, '14 Ferreira+,’15 Fujita+,...

Phase transition? e.g. ‘89 Vachaspati, ‘89 Quashnock+, ‘97 Sigl+,...

# at present there are no satisfactory models.

But see '16 Fujita+
'16 Adshead+

Axionic coupling of pseudoscalar?

8% a =
—Coy—F"*"F,,
s fa "

Chiral asymmetry induced by bubbles from 1st order PT?

Ans = #AH + #ANcs

Or other mechanism???

— S e
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Here | do NOT pursue model buildings.

But give a "sweet spot” of the parameter space,

not specitying their origin.

\

EWPT QCDPT
. CMB
')o 6’//'0 | .
N e X constraint
O¢ 74 40
4&/ ¥

Blazar
congtraint

(12, Kahniashvili+)

The hint Is baryogenesis.
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Baryon asymmetry of the Universe (

SAU)
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- We live in a matter-antimatter asymmetric Universe.
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- BB

CMB

CMB TT power spectrum 1(1+1)C,;/2m (UK?)
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- We live In a matter-antimatter asymmetric Universe.
N and CMB can evaluate it quantitatively.
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Inflation dilutes the preexisting asymmetry.

Afterglow Light
Pattern
375,000 yrs.

about 400 million yrs.

Big Bang Expansion

13.77 billion years

WMAP team

After inflation before BBN, asymmetry must be generated.
€ matter:  ~10000000000+1 . . . TEREr . = )
annihilation _
anti matter : ~10000000000 >4 anti matter : ~0
~ Uphoton:  ~10000000000 T~ 100MeV photon:  ~10000000000

—_ et e
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In order to generate baryon asymmetry...

Sakharov's condition is required. cs7 saknaroy

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

N

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

Sakharov's condition is required. cs7 saknaroy

" 1. B-violation )

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

BSM is required!?

- Leptogenesis (85 Fukigita&Yanagida) . RH neutrinos
- Affleck-Dine (85 AffieckaDine) . SUSY with B and 2P op.
- EW baryogenesis . 1st order EWPT +}2FS op.

('85 Kuzmin, Rubakov&Shaposhnikov)
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Light and shadow of Sphalerons: (76 t Hooft
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Light of Sphalerons: (76 ‘t Hoott)

{E (‘02 Hamaguchi)

\ L\

B = b=y B=bo [Agn ogn] B =00y [A, o]
L =1ly—Ny L=l L =1y+Ny

>

8

Chiral anomaly in SM [Vuj}‘ x SWTrWWW“” breaks B and L

- Nontrivial vacuum structure of SU(2)

- Sphaleron (B-L preserved; B£L) => EW baryogenesis

Leptogenesis
— S # —— ——
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shadow of Sphalerons: (76 ‘t Hooft

Sphaleron (+charge conservation & Yukawa)

was

BA

Sphaleron

Baryogenesis -’

B-L=0

Sphaleron :

Bary@genesis

vIi

B=-28|

51

nes out preexisting B+L asymmetry before EWPT.

('85 Kuzmin, Rubakov & Shaposhnikov)

[Non-BAU It B-Lsz

—— —————
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shadow of Sphalerons: (76 ‘t Hooft

Sphaleron (+charge conservation & Yukawa)

washes out preexisting B+L asymmetry before EWPT.
('85 Kuzmin, Rubakov & Shaposhnikov)
B A
/

Spha@y ' * B-L=0

. “Baryogenesis Successful BAU

Sphaleroryv _. |; <> B-L genesis_

\// Bz—ﬁL

Leptogenesis ,-* 51
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shadow of Sphalerons: (76 ‘t Hooft

Sphaleron (+charge conservation & Yukawa)
washes out preexisting B+L asymmetry before EWPT.

BA/

~’Baryogenesis

Sphaleron e |
. B=
Leptogenesis ,-

" B-L=0

It Is often considered that...

('85 Kuzmin, Rubakov & Shaposhnikov)

Successful BAU
<-> B-L genesis.

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

= _— e < —

- —
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Baryogenesis from helical M

Courtesy H.Oide



(hyper)MFs and U(1)v/em charged chiral fermions
Interact in two ways.
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(hyper)MFs and U(1)v/em charged chiral fermions
Interact in two ways.

- chiral anomaly (76 « Hoort
- chiral magnetic effect (CME)

('80 Vilenkin)
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Full chiral anomaly in SM

U(T)y

[ vu]f

SU(2)L

i = oy L 0 08 S—WTrWWW“” +0f2 —TiClyy

SU(3)c

G |
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Full chiral anomaly in SM

U(T)y

[ vlﬂf

SU(2)L

i = oy L 0 08 ST, W+ OF = —TiClyy

T4

SU(3)c

G |

/
EW sphaleron (B»(f)
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Full chiral anomaly in SM

U SU(2) SU(B)
1 X

| \
EW sphaleron (B»(f) Strong sphaleron (,@)
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Full chiral anomaly in SM

U(T)y SU(2)L SU(3)c
Vit = Cf 7~ y I 0 01 I, W 4+ ¢ TG, G
T 4 V8T 4 8T A
/ / \
2, EW sphaleron (B»(f) Strong sphaleron (B)(L))
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Full chiral anomaly in SM

U(T)y

[ Vit = Cf 7~ y I 0 01 S—WTrWWWW +cf g‘ TrG,,

T 4

SU(2)L

4

SU(3)c

oY

/ /
Trivial vacuum structure: EW sphaleron (B»(f)

\
Strong sphaleron (B)(L)

—
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Full chiral anomaly in SM

U(T)v SU(2). SU3)c
[vﬂgf cf yY Y“”+C£a—:TrWWWW+CJ %Trawéw I
2 X

I / \
Trivial vacuum structure: EW sphaleron (B»(f) Strong sphaleron (B)L)
Nothing special happens in the vacuum

See also '16 Long&Sabancilar

——— e %’ — e —
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Full chiral anomaly in SM

U(T)v SU(2). SU3)c
[vﬂgf cf yY JYH Cvféa—XTrWWWWqLCJ %Trawéw I
2 X

f [ X
Trivial vacuum structure: EW sphaleron (B»(() Strong sphaleron (B)L)

Situation will change
for nonvanishing BG hyperfield

—_— S _%, —— e
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Full chiral anomaly in SM

U(T)v SU(2). SU3)c
[vﬂgf cf yY Y“”+C£Q—XT1~WWWW+CJ %Trawéw I
2 X

f [ X
Trivial vacuum structure: EW sphaleron (B»(() Strong sphaleron (B)L)

Situation will change
for nonvanishing BG hyperfield

. d
Note that: [ / d3g;YWYW — —4/ d°zE - B = —ZHJ
1% 1% dt

- If there are time-dependent helical hypermagnetic fields,
it will affect the fermion number density.

—_— S _%, —— e
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Full chiral anomaly in SM

U(T)v SU(2). SU3)c
[vﬂgf cf yY Y“”+C£Q—XT1~WWWW+CJ %Trawéw I
2 X

f [ X
Trivial vacuum structure: EW sphaleron (B»(() Strong sphaleron (B)L)

Situation will change
for nonvanishing BG hyperfield

. d
Note that: [ / d3g;YWYW — —4/ d°zE - B = —ZHJ
1% 1% dt

- If there are time-dependent helical hypermagnetic fields,
it will affect the fermion number density.

- This i1s another source of M!!!

'98 Giovanninni & Shaposhnikov
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Full chiral anomaly in SM

U(T)v SU(2). SU3)c
[vugf cf yY YW+CVJ§O‘—;’T"TrWWVVW+CJ %TrGWé“” I
2 X

f [ X
Trivial vacuum structure: EW sphaleron (B»({) Strong sphaleron (B)L)

Situation will change
for nonvanishing BG hyperfield

. d
Note that: { / d3g;YWYW — —4/ d°zE - B = —ZHJ
1% 1% dt

- If there are time-dependent helical hypermagnetic fields,
it will affect the fermion number density.

- This is another source of 1
'98 Giovanninni & Shaposhnikov

# Both processes (sphalerons and U(1)y anomaly)
are active until EWPT.
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Full chiral anomaly in SM

U(T)v SU(2). SU3)c
[vugf cf yY JYH CVJ;O‘—;VTrWM,,W“V+Cg %TrGWé“” I
2 X

f [ X
Trivial vacuum structure: EW sphaleron (B»({) Strong sphaleron (B)L)

Situation will change
for nonvanishing BG hyperfield

. d
Note that: { / d3g;YWYW — —4/ d°zE - B = —ZHJ
1% 1% dt

- If there are time-dependent helical hypermagnetic fields,

o 2 P | ¥ oad

dn ¢ POy Yy oY dnpg Y pY
— =_C/—Z(E' -B — x —(E" -B
dt Cy 7r< ) dit 47T< )

are active until EWPT.
— — —%f — ——
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Chiral Magnetic Effect (CME) (so vienkin)

L- L+ R- R+
BA

Magnetic moment
B effect l T l T Spin
l T T l 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 ¢ ey
S JCME = ;Oé,%B

the chiral asymmetry is induced:

Hs = Z q,?,uRﬂ; = Z q?-,uL,j :charge weighted chiral chemical potential
i J (See also '14 Long, Sabancilar and Vachaspati)

e —— —%f e~ W T
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Chiral Magnetic Effect (CME) (so vienkin)

L- L+ R- R+
BA

Magnetic moment

Beect | 4 1 1 1 spin
It

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 ¢ ey
S JCME = ;Oé,%B

the chiral asymmetry is induced:

Hs = Z q,?,uRﬂ; = Z q?-,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.
—— —— e
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Modified Ampere’s law

- - A 9 A
VXB:Jth—I—JCME—I—E:a(E—I—V><B)—|—;oz,u5B—|—E

o

It 2 :
E:—(VXB——Oz,u5B—|—E)—V><B
™

(E-B)~ —(B-V x B) — —u5(B?

2
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Kinetic equations r=T/H
g ng =ng/s
= N2 TS
dr yQL Y -

L 200 B () REIeae

Sy = B (T
- osT \p(T) T F25 I3 p( )15
= —y(z) +9y (@)
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Kinetic equations z=T/H
Ny =ng/s
dnuz R e I e
= Maup, Sx YW (s — -+ ) — -

L 200 B () REIeae

Sy = B (T
- osT \p(T) T F25 I3 p( )15
= —y(z) +9y (@)
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Kinetic equations r=T/H
ng=mng/s
O Yo g
o =~ Neag(y =2z ) = Ne 2 (g gy + 0y +0,5) = 5D (g gy — Ns — )
J J
= Yars (g | Moo T\ N~ das (T v Ty,
2 \ 3 2 3 2 \3 2 3
J J
M L R
- nyuw ( 3 _ 3 ) _72(77112 ndzL)v
J
andi Yw Vs
A =~ Neag(ry = EH5) = Negm D (g gy 47y +03) = 5 D (g + gy — s = )
J J
B Z Yuis (M Nt T\ Yaii (May,  neo Tag,
~ 2 \ 3 2 3 2\ 3 2 3
J J
Nai Mg’
- D ( 5 3R> = V2(Nay, — i, );
j
Oy 2 CME, Yy . ‘ Veid Nt
S == i Oy =) = 0 Y (g g e t0,5) = Yo (M — o — ) — 20
J J
anei . ( __ . CME Y) _Ow Z( 4+ + ) . Z Veii 70 o
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Kinetic equations el L
Ny =mnys/s
Oy s
(%L = — Nogp(vy — 15 M s ) — %Z Myt +Mgs + 00 +1,5) — %Z(W@ + g — N — Nai)
Vui‘?( j j b
vw(z) :Source term = BAU
>
J
8%1’ 7}C;ME( )a/VW(x%’Vu"'
83;: _ Ncqgg(’Y yJL — Nui _ndj)
‘Washout term = BAU
’yuﬂ
\ = AN = = / )
Nai. 77d=7
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Kinetic equatio z=T/H
i,
Ox Temperature : 7/GeV
} 10° 104 103
~~~~~ By =10"",10""G
} (CME dominant)
é??]di . .
&EL _ Analytic solutions By = 10-16Q i — M)
(Yukawa dominant)
Ag=0.1pc
N } 14 | . . .
1012 1013 1014 1015
- x=T/H = 03 My/T
87] i ’
VEo_ 2 CME L - . . . . , Nt . |
89[;L =—ar(y =y 3 _7%(nui T Ngi T N +77vi)_ZjJT \"vj —7—7763%) — Y2 —
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Kinetic equatio %

877,“2-
L —_
: Ox Temperature : 7/GeV
|
| } 10° 104 103
Sy YT Y By =1071%,107 G
K } ~~~~ (CME dominant)
: 877 i . .
aiL B - Analytic solutions By = 10-15G S ——
(Yukawa dominant)
. } /\B=0.1 pc
10I12 10I13 10I14
- x=T/H = 03 My/T
Oy 1
e A M L(n Filg T 11,7 T 1, )—LTKM—%—” L) =y =

-

Time- -varying helical MFs =B, C&C/ P, Out of Equilibrium
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After EWPT (T~160 GeV)...

The structure of kinetic equations are similar:
Just U(1)y > U(1)em
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After EWPT (T~160 GeV)...

The structure of kinetic equations are similar:

- Chiral anoma
- Sphaleron sti

Just U(1)y > U(1)em

log 1“/T4

10
15
20
25
30
35
40

45 L

pure gauge

5000000 ]

O standard —
O multicanonical
—  fit

- — perturbative

log[aH(T)/T]

(‘14 D’Onofrio+) |

140 150
T /GeV

160 170

y of U(1)em does not break baryon #
| lasts until T~135 GeV

—
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After EWPT (T~160 GeV)...

The structure of kinetic equations are similar:

- Chiral anoma
- Sphaleron sti

Just U(1)y > U(1)em

log 1“/T4

-10
-15
-20
-25
-30
-35

_45 L

pure gauge

5000000 ]

y of U(1)em does not break baryon #
| lasts until T~135 GeV

Sphaleron washes out
baryon asymmetry??

O standard —
O multicanonical
—  fit

- — perturbative

log[aH(T)/T] —

(‘14 D’Onofrio+) |

A R R

130 140 150 160 170
T /GeV

‘98 Givanninni & Shaposhnikov
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log l“/T4

-20

-25

-30

-35

;@gf

After EWPT (T~160 GeV)...

The structure of kinetic equations are similar:
Just U(1)y > U(1)em

aryon #

baryon asymmetry??

‘98 Givanninni & Shaposhnikov

-—

I SR Sphaleron washes out
- A/f" O standard —
BT O multicanonical
- — perturbative
L g |
q/
log[oH(T)/T] _
(‘14 D’Onofrio+) |
I ! I ! I ! I
140 150 160 170
T/ GeV
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After EWPT (T~160 GeV)...

The structure of kinetic equations are similar:
Just U(1)y > U(1)em

aryon #

-20 —

A" Sphaleron washes out )

(
Sphaleron makes Sgu effectively baryon-violating!!  hikov
\_ J
| - =—  perturbative | |
log[aH(T)/T] ]
(‘14 D’Onofrio+) |
— — 1!10 | 1;0 | 1é0 | 140 — —
T/ GeV Courtesy H.Oide
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After EWPT (T~160 GeV)...
The structure of kinetic equations are similar:
B A Washout ..~
o0
- Chif = S aryon #
T SpP o U(1)em anomaly |
— >
\ "Sphaleron - _@L 3
. 1 —r—] Sorareron washes out )
Sphaleron makes Sgum effectively baryon-violating!!  hikov
\ |-— perturbative | )
log[aH(T)/T] _|
(‘14 D’Onofrio+) |
——— —— 14|10 1;0 I léO I 1;0 e ——
T/GeV Courtesy H.Oide
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After EWPT (T~160 GeV)...

The structure of kinetic equations are similar:
B 4 Washout ¢
o0

-Chit S

Q ™\

aryon #

\J/
.

Analytic solution
87761 11 ’}/EM(CIZ‘)
E~()= B(X) =
oz 75(2) % 37 G (@) + en () + 2T
out \
-
S[ ,yf\{-’l ~ 107242, ¢*(T) atlng” nikov
€ ¢ T2 (05 Lee+)
k ~ |-— perturbative | < )
log[aH(T)/T] |
(‘14 D’Onofrio+) |
— R 14|10 | 1&0 | léO | 1;0 B e
T/ GeV Courtesy H.Oide
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After EWPT (T~160 GeV)...
The structure of kinetic equations are similar:
Temperature : T/GeV
U Chl . 196 1(|)5 1(|)4 1(|J3 102 aryOﬂ #
- Q SR e By =1071,107G ~
3 Anad ¢ | [ — = CME dominant)
ne ﬁm oot 10 ) AT
N
0 - Analytic solutions
e % 10-12 By = 106G —
% A=0.1 po (Yukawa dominant) (7)
7 10714 . . | | - out \
1012 1013 1014 1015 EWPT .
S[ x=T/H = 0.3 Mp/T atlng!! nikov
)
. \ J J
|-— perturbative |
log[aH(T)/T] __
(‘14 D’Onofrio+) |
= I 1!10 | léO | léO | 1;0 — —

T /GeV
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After EWPT (T~] 60 GeV)
The str Soraloror milar
Analytic solutions fllfoeezeout
Temperature : T/GeV
_ 1 60 150 140 ‘/130
- Chif = | \\ T h_10G aryon #
10710 (CME dominant)
pl Sf Q | )
Q
Ang i
K 10712 By =10"%¢ -1
S (Yukawa dominant)
ey = By = 10716G L
m EWPT
0 10-14 + Ag=011 pe T (:IZ) \
. . . . out
f 1015.64 1015.67 1015.7 1015.73
S| x=1/H =03 M/t ating!!  fikov
)
\_ )

Baryon asymmetry Is fixed at sphaleron freeze out T~135GeV

i

Sphaleron = B

Time-varying helical MFs = C&CP, Out of Equilibrium

Tourtesy H.OWde



s S

‘%f

After EWPT (T~] 60 GeV)

The str oo, AT
Analytic solutions fllfoeezeout
Temperature T/GeV
_ \\\ 140 130
- Chif = 10‘ : T B 101G \ aryon #
o 3 107 (CME dominant) N
—14 2
ng ~ 4 x 10—12 (B()/lo G) /(Ao/lpC)
0.2fc + 0.04fM 4+ (By/10~14G)?
[ , , , , [ (@)1 ) N—
( 1015.64 1015.67 1015.7 1015.73 )
Sy *=T/H = 0.3 My/T ating!!  hikov
)
\ Y

Baryon asymmetry Is fixed at sphaleron freeze out T~135GeV

i

Sphaleron = B
Time-varying helical MFs = C&CP, Out of Equilibrium
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Parameter spaces...

ﬁ@pf —

Field Strength, today : By ( Gauss)
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. R pe——

1079} 1078| 10719 10712| 10714 10‘16/

10714

10717

107 107* 1072 107° 10® 10* 10° 10% 10
Coherence length, today : A (pc)
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Parameter spaces...

_ incolnsisltertlwitrl} v T T l/l l
10 ot MHD evolution \\\ 2 /// ]
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Ruled out? But constraints are not so precise.
= —— e =" =

Courtesy H.Oide




= e

Parameter spaces.
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- The existence of intergalactic magnetic fields (MFs) are indicated
recently.

- It they have originated from a mechanism before EWPT, they might
be related to baryon asymmetry of the Universe (BAU).

- The parameter space that can explain the present BAU is on the
edge of the constraints, in other words, the sweet spot is indicated.

By ~ 107~15G, Ay ~ 0.1 — 1pc

- Precise determination of constraint as well as transport coefficients
veue e, veh at T~135 GeV are needed.

- BSM might not be needed for baryogenesis but for magnetogenesis!

e e — %f — e —
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Backreaction to the B-field dynamics from CME
We evaluate the B-field evolution as
B, ~ HB,
through Inverse Cacade
CME w/o IC leads

- 2x 20 B
By = = sV X By ~ — i 2
B

H>—% " CME is negligible.
g .
5/3 —1
1014(1022ev)2GeV 0§55 ) (102€eV>/ (i) GV
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