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BREEDEEIER (4%5T, Euclidean)

| —

partition function for thermal SM 0<7<f=

T
p
Zr=Tr[e ] = | D¢, eXP(—J drd’x S£4E) ( ( )
(anti-)periodic o L S

3d space, X

; 2 1 1 1
Psme =(D,Ps) D, Py + md, ®, + A(@I <D4) + Yo Yay + ZWf,,VWfW + Zwawa

+ éx (Peg s + 4 (Pl ¢ + Ug fPug s + CzRfDde + G Pqr s + )’t(QL3J54tR + H-C-)
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BIREE DOFRERE (RTHENIER

partition function for thermal SM 0<7<f=

p
ZT o [e—ﬂH] ] gb¢4 exp(_j dTBxg‘lE) Q —1
(anti-)periodic o ——

3d space, X

integrating out the hard scale ~ #T...

2o~ [pen(- [ £, —

3d space, X
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BFIalb—>avitkdeEHFHI/ARF—/N—

ignoring gluons and integrating out the soft scale g7....

2 1 1
L, =(D;®)"'D;® + midTd + A5 (07T0)" + ZY,- Y+ Zm‘;w,-‘;

08 P b
= ¥
i ::Bz=l6 ] *
061 7 ™ B=9 - L]
s my; B.=16 o
v : ‘ : =
- % =
*ad %
s ;8-; [ [<]
T o .
2 : ] : , : . : . : , : S : : v
156 157 158 159 160 161 162
T/GeV : : : ; : : :
OT0 145 150 155 160 165 170
T/GeV
Higgs susceptibility coherence length

[D’Onofrio, Rummukainen 2015]
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- continuous transition during the electroweak crossover?
| - possible generation of baryon (and lepton) number?
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V. (®) look different:  (P'D)

low 1T

/ #0

in terms of symmetries...

gauge symmetry: unbroken in both phases

(D) =0

| D

[Elitzur 1975]

global symmetries: same breaking pattern

G |z | zV | ua)y 75 C
High T | SSB | BKT | SSB | Unbroken | Unbroken
LowT | SSB | BKT SSB Unbroken | Unbroken
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My, My,
O O
My, o M,
¢: """"""""" ::
A::.. ——_:’
— — —
B. =V xA

A, =cos@, Y, —sin0, W’
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| dressed M, | Nambu 1977]

A, =cos@, Y, —sin0, W’
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| dressed My, |

[INambu 1977]

ordinar global symmetry in 4d (analogy)

9,J" =0, < ° >#O

_ 3..:0
Q= [d XJ SSB, ANG boson

| A, =cos6, Y, —smb, W;
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Ul o B RO

U(l)l[\(/)l] global symmetry ) My M,
My ..o My . ®
V-B,=0, « ..
O=\| ds- B 4 4 | ~1
S2 Y V(]/') ~ ——

SSB, “photon”
|Gaiotto+ 2014], ...

| dressed | (Nambu 1977]

ordinary globalsymmetry in 4d (analogy)

0,J" =0, < ° >7éO

_ 3..:0
Q= [d XJ SSB, ANG boson

4 o 3
| A, =cos6, Y, —smb, W;
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2Rl UM & SO hICRIEH B B

U(l)l[\(/)l] global symmetry (V : _)Y ()): Coulomb phase (SSB) at any 7 (assumption)

as the NG boson,

EE} interpolates and ﬁem
My My
O O

A, =cosf, Y, —sin0, W?
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E)‘Jj] ';:II% I1EB n [D’Onofrio, Rummukainen 2015] [Kamada, Long 2016]

at low T
ﬁem - [cosb, —smb, ?Y 0.T)
E’Z - \sinf, cosd, §W3

E} (cos 0. —sIn Heff) E}
B

B, SIn 0. COS O -
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0.(T) ZIREMIICFTETZES !

AN (cos 0.; —sin H@ﬁ) B,
— — ] -
B SINO.;  COSO. ¢ B

st (By(P)By@) = Quy8 B +G)  (Py(p)+ Seedy) + (151, 89,
(By(P)B[@) = Qo8B+ Sucdy+ 015189,
(Bo{(P)B@)) = 2n)*5°(B + ) S8+ O(1 B . 83)
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0.(T) ZIREMIICFTETZES !

R
A , % oTo'd

eats y (cos O.¢ —sIn Heff> By | |

= ] 7 \si — L =W+ 0(g/m

B, sin@.;  cosO.q B% — i +0O(gs/ w) |

— forgauge|nvanance 1

st (B,(P)By /(@) = 2n)6°(p + §) (P(p) + S,48;) + OB, &
(B4{(P)B.(q)) = 27)°8°(p + q) Sec0;;+ O(Ipl. g )
(B.{P)B.(§)) = Q)5 (P + §) S0 + O(1p1, g5
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0.(T) ZIREMIICFTETZES !

<BYiBYj>' <BYiB%j>' <B%iBWj> up to O(|p|, 8;1) —>  O.4(1') and

_ . (Bei(P)Be (@) = 2r)’8(p + §) Z°(P{(D) + S¢e8;;) + O P 1, 83).
B cos O, Sind, B . . o e gl .
(j) = < e ff) (J) (Be(P)B (@) = Quy’8*(p + §) Z°28,.8;+ O(|p . g3,
—sin O, COS O, B B o B
(B.{D)B.(9)) = Qu)’8 (P + §) Se5; + O(I 1, 85

C

2 i 2 2 . 2
6 6
cos O.(T) = (1 ;& w) cos 0, Z4T) 557" Tw

0.90 1.30
0.88 - 1.25 -
0.86 - 1.20 A

t 0.84 -

N N C0S20,i(T) o 1151

v 0.82 - -

9 — " g ), new (2-loop CW) 1.10 - - Zg4, tree
0804 —— €05%B,n(T), new (lattice) — = Z4, 2loop CW
0.78 - c0s?8.4#(T), previous 1.05 1 —_— Zy, lattice
076 1ttt Y PP COSzew . 100 ahesesesesesesanasteneneieneacieiesaenctcisncteieNEIEEEEaSESESISESEGNGEsEseneneencnctcsasnsacasncacaan s RRRRRtEt . ... unity

110 120 130 140 150 160 110 120 130 140 150 160
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RN T ABRRICK BN Y F U 2ER

[Joyce, Shaposhnikov 1997] [Giovannini, Shaposhnikov 1998] [Fujita, Kamada 2016] [Kamada, Long 2016] ...

chiral anomaly  AQg,; =2-3 (ANgg(z)L — AHY)

i

// \

\ e = - == = — ——

SUQ), 7y | *
NSIOL, H,, .

topological charge of the gauge fields

S I

infinitesimal transition during the EWSB
B (%)

—

B «(X)

confined helicity decays — baryons?
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: ’h» i T‘E%%Eﬁ é JhaT g f: :/ j_ U j- [Kamada, Long 2016]

helicity decay

electroweak sphaleron

[D’Onofrio, Rummukainen 2015]

baryons

{

>~

— === —_——

EWSB | T < Tgyw

equilibrium with sphaleron washout — baryons & magnetic helicity

0.+(T) allows quantitative estimation!
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E 7‘Zi’%7§€ ANCS %yﬁj-?b‘:b L’h«tﬁ Ly % not conclusive [ongoing]

lllustrating toy example:
helicity decay

untying link by generating monopole pairs

—_— —

~FE-B =07

U
%
ulpir

In the SM, gauge-invariant quantity
involves both N-q and Ny

5=NCS_HY_NH



BBN
PBH abundance

Constraint on helical PMF at 130 GeV

time-dependent mixing dissipation
AG, ¢ o~ 'V2B,

log10(ém, i/ Mpc)

time-dependent mixing dissipation

o ! V2§¢

topological charge of U(1), magnetic field may result Intoomuchbaryons

., [Fujita, Kamada 2016] [Kamada, Long 2016]
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) Ao EDFHIR (FEANY HIVES)

)/ time-dependent mixing  dissipation
| Ageff 0-_1 V2§)¢

N
\\

_——

Constraint on non-helical PMF at 130 GeV

BBN +

: PBH abundance CMB distortio
E| — (y)

NN N L L 7 — ANcs —AHy
A

v

log10(Bi/ Gauss)

time-dependent mixing dissipation

AG, o~ 'V2B,

154

/_ Hubble horizon at 130 GeV

(51 en)” < 0.016 (775)”

nomata+ 2018] 5T TR
log10(§m, i/ Mpc)

U(1)y, magnetic field fluctuations may result in too much baryon fluctuations
|[Giovannini, Shaposhnikov 1997], [Kamada, FU, Yokoyama, 2021]

21/23



HlPR vs Al S 7R A F G5

baryon overproduction (helical) baryon fluctuation (non-helical)

Constraint on helical PMF Constraint on nonhelical PMF

-5
- PBH abunance CM]% glist(()r;cion ‘ ((S?{ 9y,
N \\\\ AUSy S ‘&dB anisotropy

-5

R Fiticalenergy-densitys/eeman Splitng 7=
\ \\\{EvH abundance | M]%ughst(();)tlon 57z, .
L | &4 B anisotropy » : .

AN S0 ] T =Ko /]
P 3 . TR OD b N ‘\,q_% .. R
2 _ & ‘A‘\\L\ \ SN o\‘ \ clumplw 2 _ &\A\\\\‘ N "‘_2 : clump_lw
= 10 \\V D> N o (CMB anisotropy = = 10 \ \\‘ < N\ (CMB anisofropy =
s AW - L ° EN\®) N o
- \ .\ ‘ 2 = — \ \‘ R N\ =
T AL X 12 AN :
o N ; iy O S i Y o
2 X f\\\\} WSB 4 % o0 1 MHD : \s\ o_z \.\. %
N ~15 E B _153\ \ ;,ig \'\.o(=10_10 E
N\ = NN\ NOOWNE & SN =
3 MHD at recombi 0 "
D a E "D“ blazar lefver™smit |
20 15 16 | 5 0 : 'i?)wwww15ww 10’ MMSMMMMOM\W

log10(&m/ Mpc) log10(§m/ Mpc)

compensation of ANCS,;(Z)L by Higgs winding ':_e—f?_é-_c_:fi}_;é:t

PMF before the EWSB as the origin of void MF No Yes

In particular, PMF before the EWSB as the

- . No Yes (if helical)
common origin of void MF and the BAU
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Fe&H

As a consequence of LT,

= B¢ that interpolates 5 v and B

PMF may (or may not) be the common origin of the void magnetic field and the BAU.



