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Eg.) Abrikosov-Nielsen-Olesen string

[Nielsen-Olesen 73]
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Eg.) Abrikosov-Nielsen-Olesen string

[Nielsen-Olesen 73]

e 3+1 D Abelian-Higgs model (p)=v — TH)L ¢>9
1 fi
_ - v 2 20 112 4 t/
L =—7h T IDGT +mtdl" - Al Z/ v /
e Field configuration: | , E

P(x) = Vf(’”)i@ A(x) = g la(r)e,

@'s phase has winding # = 1

e solving classical EOMs for f(r) and a(r):
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Quantized magnetic flux: [dsz = aﬁdl LA = 2rl g



Topology of vacuum

o ZDwindinglEdWH7R5:E AN THED BRITIRWV - E
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Vortex string in many systems

e Magnetic flux tube in superconductor Fux qudrium

e characterize phases of supercond.

e \Vortex string in the universe: Cosmic string Magnetic flux

e CMB observation

e (ravitational wave

e strong evidence of new physics,
but haven't yet been discovered.

e GNMLLHANENTVDS
('90sITMIT o Te->TIEKTEMIT>TSB?)

https://motls.blogspot.com/2017/12/crackpots-lies- 8
about-cosmic-string.html



Global vs Local strings

e SSB of gauged U(1) sym — local vortex string

— quantized magnetic flux: [dsz =27l g

e SSB of global U(1) sym — global vortex string

< /
y
x |

— w/o magnetic flux

B(x) = v f(r)e”

4

string/&

D TNG boson phaseh®

0 h5 2xicZEA{L

A2
comefr 4 Lp L2, LV
r

r2 2 df



https://www.youtube.com/@PIKOTARO
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Global vs Local strings

global string

https://www.youtube.com/@PIKOTARO
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Link soliton
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Link soliton

e Massage of this talk:

A U(D) g1opa1 X U1 g0, & BFERIICIR SEETI link solitonFET 5 | ;

£oena BRI WO s o s o = Ach A £oana

e Key: Chern-Simons coupling %ﬂz[d‘lx aFF

e motivativeldtzyw N7 v

{ U(:*)global = U(:L)PQ QCD axion = strong CP & DM

U(:-)gauge =UDp_r  RHy - Type-l seesaw, GUT

20/\0/ \ 0 -10 -20
\ | \ T T T T \ T T T T i T I T T

axion string & B-L stringm 57& % link
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Plan of talk

 Link soliton
* Application to Baryogenesis

* Summary
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The model

3+1D theory:

1
F =D 1>+ 10,0, - ngF,fy — V(@1 )
D,p, =0, —igA )¢,

2
Vi) =2 (161 + 11" =) =K1 Pl + 11651

* Symmetries:

UD gguge * 1 = e, U giopar * 92 = e,
e Fork > 0&A >0, both symmetries are broken at the vacuum:

(1) =i, () =V,

— |ocal string (¢, string) & global string (¢, string) .



¢, string & @, string

e Field configuration for ¢, string (local):

h1(x) = vy fi(r lii@ D (x) = vy (1) A (x) = g_1 a(r)?e’

* Field configuration for ¢, string (global):

$1(x) = vy hy(r) $r(x) = v, hz(”)gf A,x)=0

Vaa
14
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¢, string ¢, string
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Chern-Simons coupling

3+1D theory: Chern-Simons coupling
L =D |+ 10,4, - LFZV Vg, ) 1+ aF 2
g g 4g2 ¥ 1672 "
D/,[¢1 — (a,u o lgAﬂ)¢1 = _ larg(¢2)

2
V) =2 (16, +1sl* = 2) =1y P16al + 215"

e Atthe broken phase, CS coupling is induced by triangle
A

anomaly. NNV,
a ............
AU

k y dependent on matter sector

== 2 leObal 8“”86 taken as free parameter
17



Chern-Simons coupling

3+1D theory: Chern-Simons coupling
L =|Dg |+ 10 ¢2|2—LF2V—V(¢1,¢2) + - aF F*"
g g 4g2 ¥ 1672 "
D/,[¢1 — (a,u o lgAﬂ)¢1 4= — iarg(¢2)

2
Vi) =2 (161 + 11" =) =K1 Pl + 11651

o CS couplinglFBIRDstring T (R HVR L

¢, string ¢, string

O

= Z5WD I —TIFMBATHASD
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Charged string

" - afF F" — — 0;a) AyB’
Rewriting CS coupling: 672 m 16722 (: ) 0

A T
inkLT3&E, da & B REALAE = (0;,a) AB' = —~4Aol B
0

QO
¢, string

19



Charged string

" - afF F" — — 0;a) AyB’
Rewriting CS coupling: 672 m 16722 (: ) 0

A T
inkUT3&E, da & B REALAE = (0,a) ApB' = —Ay| B|

0 R
-
¢2 String GaUSS IaW:
6L 2
R | 5A0 1672'2R

19



Charged string

" - afF F" — — 0;a) AyB’
Rewriting CS coupling: 672 m 16722 (: ) 0

A T
inkUT3&E, da & B REALAE = (0,a) ApB' = —Ay| B|

0 R
QDO
¢2 String GaUSS IaW:
0L g°c

:: —— = 0.E —gX0+ B|=0
R | 5A0 c 5 167T2R| |

3. 70 _ . ¢ T
= |d°xJ” =27R | d“x | B | =
1672R 49

19



Charged string

" - afF F" — — 0;a) AyB’
Rewriting CS coupling: 672 m 16722 (: ) 0

A T
inkUT3&E, da & B REALAE = (0,a) ApB' = —Ay| B|

0 R
QDO
¢2 String GaUSS IaW:
0L 2 N
R | 5A0 1672'2R
¢, string - , C N C
= | dBx 0 = 27R | d%x Bl=-2
1672R 49

¢, stringhBRAZHFD -

19



Charged string
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Link stability

e linkZ/UTTdecayCTE%"?
= 1> g% Kk, y EBo THIFIEA N *

2
Vi) =2 (191 P+ 1l = 12) =&l P1 + 111"

— non-linear o-model w/ O(4) sym. — O(3) sym. b

link = skyrmion  [Gudnason-Nitta '20] o,
¢ ¢, stringldifEA CTdecay CE S ?

=, /v, < 1 EBS THIFIEmBERRL

CD2DDEHEDH & THHWICETE
el UEFME TERETE % (&)

P
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Numerical calculation

Energy:

1
& = | D, |2 + [0, |2 + Vg, ) + ng(az‘Aj)z

-
ak, F

1
2 2 42 2
— 02|y |° A2 — ——(0,A,)? —

e Not positive definite = remove A, by solving Gauss law:

0L g’c — -
—— = %A, —2g%| P |* A, + Va)- B =0

21



Numerical calculation

Energy:

1
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1
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2 2 42 2 1%
— As ———(0:A)" — al’ F*

e Not positive definite = remove A, by solving Gauss law:

0L % — -
s, 2o 2Tl A+ o5V a)

L ~ MZ?Ay ~ O(g*vilc?) A, forlarge ¢

g°c (Va) . B
T16r2 2g2| g |
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Numerical calculation

Energy:
1
& = | D, |2 + [0, |2 + Vg, ) + ng(az‘Aj)z
) — —> 2
o2 (( Va)- B)
+ > >
167 2g%| ¢ |

* positive definite -> no obstacle

e Minimizing energy via non-linear conjugate gradient method

e CPU 3584-cores parallelizing on YITP computer cluster

o lattice spacing =0.2/gv, , N = 200° , converged w/ O(1) days

22



Numerical solution

ZO/\MO 10 _20
\11\\\\!11\1|!1|¥III/20’_‘\
¢, string
(global)
¢, string
(local)
2 = 2 = = 0.05 2c/(167%) = 16
Ag? =100, y/g? =19.5, k/g* = 0.1, v, /v, : g-c
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Magnetic field
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Electric field

20 0

R 0.25
N
RN 0.20
2 0.15
I 0.10
=
~ 0.05
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Energy is dominated by ¢, string

20 0

total energy: E ~ 504gv,

o N B~ OO ©
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Plan of talk

* Application to Baryogenesis

* Summary



Application to Baryogenesis




General setup

More general charge assignment:

1
2 2
g — |D,u¢1| + |D,u¢2| _ngFiy_ V(¢17¢2)
Db, = (9, — igq,4,)¢ D, = (0, —18G,A,)¢, BHlq <1

2
Vi) =2 (16,7 +1sl* = 2) =1 P16a) + 215,

* Symmetries:

¢ — BZQI91¢ ¢ — e_iQZ91¢
U(l)gauge : { 1 1 U(l)global : 1 1

¢2 — eiQ291¢2 ¢2 N eiQ191¢2

29



General setup

More general charge assignment:

]
Z =D |° +|Dygpy|” - @Fﬁy — Vg, )
Db, = (9, — igq,4,)¢ D, = (0, —18G,A,)¢, BHlq <1

2
Vi) =2 (16,7 +1sl* = 2) =1 P16a) + 215,

* Symmetries:

¢ — BZQI91¢ ¢ — e_iQZ91¢1
U(l)gauge : { 1 1 U(l)global : 1

¢2 — eiQ291¢2 ¢2 N eiQ191¢2

— Also @, string contains magnetic flux, but the

solution is almost the same.
29



General setup

More general charge assignment:

1
& =D >+ D, |" - @F,%y — V(. ) +

C .
alF  FH*
1672

Db, = (9, — igq,4,)¢ D, = (0, —18G,A,)¢, BHlq <1

2
Vi) =2 (16,7 +1sl* = 2) =1 P16a) + 215,

e Definition of "axion" is more complicated

1
a= (—42"13“8(451) + Q1V23rg(¢2))
i/ a3vE + a3 o
e Triangle anomaly is also complicated </\/\/
— ¢ will be taken as free parameter. k

v 30



The model

1
& =D >+ D, |" - ngF,%y — V(¢ ) +

16;2 aFWF””
 Natural setup: U(1) 40 = U(D)p_p & U(1) 41550 = U(D)pg
Type-l seesaw = v-mass
QCD axion = strong CP & Dark matter
= v, ~ v, ~ 107712 GeV

e Axion quality problem can be avoided by gauged PQ mechanism.

>q,=1,¢9,=0.1 [Fukuda-lbe-Suzuki-Yanagida '17]
€
o Assume kinetic mixing with U(1)yin SM: & D EYMUFW

31



Numerical solution

Solution is almost same as that w/ g, = 0.

20

10
0

-10

i

/
¢, string A

(almost local)

20 10

0 -10

Ag? =100, y/g? = 19.5, k/g> = 0.1, v,/v, = 0.05

-20

20 ¢, string
(almost global)

10

-10

-20

g’c/(167>) =16  ¢,/q; =0.1

32



Magnetic & electric field

e Solution is almost same as that w/ g, = 0.

e But note that ¢, string also contains small B &

FE fluxes (cannot be seen).

0.25
0.20
0.15
0.10
0.05

33



Helical magnetic field

e Since the magnetic fluxes are linked, this soliton has finite

helicity (Chern-Simons number):

NeslAl = Jd3xAdA = Jd3x A-B

1672 1672

Forg, =1, g, =0.1, NgglA] ~0.28

— contains U(1)y helicity: N[ Y] =~ €2NCS[A]

can be used for baryogenesis!

(cf: baryogenesis by helical U(1)y field) [Kamada-Long '16]
34



Fate of link soliton

T‘(t) TBN poay TW I, ~ 1 ~ W

— production of links

35



Fate of link soliton

long lived TDpp L)y,

— production of links
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Fate of link soliton

long lived Ul

— production of links
Links decay by tunneling effect after EW

phase transition and before BBN.

=>

&, b,

35



Fate of link soliton

long lived Ul

— production of links
Links decay by tunneling effect after EW

phase transition and before BBN.

=
— change of helicity: AN Y] =~ €2NCS[A]

— baryon # is generated through chiral anomaly: 4 &

) ' \/ 1
AB = €”N¢4[A] per link (08 ~ YT +tr WW)

35



Link and anti-link

e Anti-link solution also exists and its decay gives opposite

baryon #.

20
10

20
10

0
-10 -10

5 5
Jd J
)

10 10

4 -10 -1 =10

20 10 -20

20 10 -20 0
—10 _20

link anti-link
e Net baryon # is zero unless there is "chemical potential" i

btw link and anti-link at the production 7 ~ T -



Origin of chemical potential?

e Choice (1): rotating pseudo scalar (axion-like particle)

C - C
AL = alk ¥ = — ona’) AdA
1672'2 HY 1671-2 (O )
= py
(cf: Affleck-Dine mechanism, axiogenesis [Co-Harigaya '19]) \"

e Choice (2): chiral asymmetry Qs from SO(10) GUT etc.

(cf: Chiral magnetic effect, Wash-in leptogenesis [Domcke+ '20])

n e\’ HeffT
N = = ~ 10710 — i
S 0.1 0.1v,

37



Testability

e Before the links decay, they dominate b e e

the energy density of universe.

Plink My

P, g«T*

§
~ 1074 — > 1
VEW

* The entropy production due to decay cannot be ignored.
— distorts spectrum of primordial gravitational wave

— probed by primordial gravitational wave?

38



Summary

o I\/Iassage of th|s talk

’ U(l)gZObalX U(l)gauge % B RHICTE BRI T link solitonVEEES 3 | |

e Key: Chern-Simons coupling #Jd‘lx aFF

e motivativeldtzywy N7 v

U= Ul 9
U( 1 )gauge — U( 1 )B—L

axion string & B-L stringM 578 5 link

— Links carry non-zero Chern-Simons # 2
— Baryon can be generated by decay of links

link = "origin of baryon" 39
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Abelian-Higgs w/ Chern-Simons

Let's start from 2+1D Abelian-Higgs w/ CS term:

L =|D |2—1F2—V + g’ce"*A 0 A
— ﬂ¢ A Uv (¢) g C¢€ u’v A

Vi) = —m?|p|°+ 2]

e Forc=0,Ais decoupled from static configurations.

b =vfr)e?
— static solution: Ay=a(r)/g {f(()) =0, f(co) = 1
AO:A — () a(0) =0, a(co) =1

y
r /\ X
— quantized magnetic flux | d*xB = 2zl g g
vortex

41



Chern-Simons vortex

Let's start from 2+1D Abelian-Higgs w/ CS term:

L =|D |2—1F2—V( )+ g?ce"*A 0 A
— ﬂ¢ 4 Uv ¢ g C¢e u’vt A

e Forc #0,Ayis NOT, due to Gauss law constraint:

0L E; = 0,4
0A( J'= ¢ iD% + (h.c.)
— magnetic flux sauces electric field! y
X
vortex

42



Chern-Simons vortex

Let's start from 2+1D Abelian-Higgs w/ CS term:

L =|D |2—1F2—V( )+ g?ce"*A 0 A
— ﬂ¢ 4 Uv ¢ g C¢e u’vt A

e Forc #0,Ayis NOT, due to Gauss law constraint:

0L E;=0,A
0A( J'= ¢ iD% + (h.c.)

— magnetic flux sauces electric field!

=

e guantized magnetic flux & electric charge

szxB =2nlg Idzxfo = 2nclg ¥

42



Chern-Simons vortex

Let's start from 2+1D Abelian-Higgs w/ CS term:

L =|D |2—1F2—V( )+ g?ce"*A 0 A
— ﬂ¢ 4 Uv ¢ g C¢e u’vt A

e Forc #0,Ayis NOT, due to Gauss law constraint:

0L E;=0,A
0A( J'= ¢ iD% + (h.c.)

— magnetic flux sauces electric field!

=

e guantized magnetic flux & electric charge

szxB =2nlg Idzxfo = 2nclg ¥

called Chern-Simons vortex 45



Interaction of Chern-Simons vortices

e typical length scale of E: [

C

1
w/ lglzgv <5\/4+cz— >

> ~ (O(gv/c) forc — oo

43



Interaction of Chern-Simons vortices

e |nteraction btw two CS vortices

repulsive
P ‘ E YVa »
> > «
\ & “‘ I" v‘s A ,"
~s~ ‘ ’ "v ‘s s "ov x
O O -
A A A":/ L, -
» ' D\ | S \‘ 4
| 4 4 | 4
vortex vortex

e typical length scale of E: [

C

1
w/ lglzgv <5\/4+cz— >

> ~ (O(gv/c) forc — oo

43



Interaction of Chern-Simons vortices

e |nteraction btw two CS vortices

Isi il
repuisive
P ‘ E YVa »
> > «€
\ & “‘ I" v‘s A ,"
~s~ ‘ ’ "v ‘s s "ov x
O & -
A b A":, AN R
» ' D\ ¥ . \‘ 4
| 4 4 | 4
vortex vortex

e typical length scale of E: [

1
w/ 71 = gv <5\/4+62—§> ~ (O(gv/c) forc - o

e Forlarge ¢, long-range repulsive force!
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Relation to Skyrmion

For 1> g2k, 7,
2
V) =2 (16117 + 1o = 12) =l Py + 71651
2
= (1012 + 11" - 1)

— non-linear sigma model w/ O(4) symmetry,

which breaks into O(3)

There exists Skyrmion defined by winding number:

N

S

) Rep, I
k:[d3xe’JkTr [U‘fa,.UUTajUUTakU] U < e m¢2>

—Im¢, Regp,

The link is nothing but the Skyrmion!

[Gudnason-Nitta '20]
44



Decay of link soliton

T~ ~gviexp |-
3 V EV2

o b,
A<dr
V2, (1IMeV )2 § <V

gvy 4 [ Av,
log +60 < S log +
1011GeV 3V gv, 1011GeV

A
- 100 S — <5190
8 45



Decay of link soliton

<

| [ 1 v, ]
T~ ~gviexp |———+#

g% v,
b P>
A< dr
M M
pl pl
— <1< <A\ 24rn
2o o (IMeV)? §<V

8V1

+ 82
1011GeV

log sl + 60 < 1 # < log
1011GeV 22V,

: Vi
our parameter choice: = 20 5049 <g50.58
2
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Dimensionless unit

1
Z =D, 1>+ D, |* - ngFﬁy — V(¢1. )

2
Vi) =2 (161 P+ 11" =) =K1 Pl s> + 11651

[ I '
fZ:g g2|Dﬂ¢1|2+82|Dﬂ¢2|2—ZFiy_gzv(Cblagbz)

e field redefinition: g¢p, = ¢, g, — ¢,

2= \Dg P+ 1D -LF2 U b
g2 url ur? 4 UV 1> %2

A
8

only dimensionful parameter gu

_ 2
V@) == (10 +10a1 =7 ) =10 P10l + 1l

47



Energy convergence

q>/q; =0 4/q, = 0.1

[ 540 -
| ]
620 - k
| \
600 - 530 N\
i AN
580 - | \
I 520 - \
560 I %
L i “
I 510 - \
520 500 - \
: | | | | | | | | | | | | | | | | | | | |
500 1000 1500 2000 2500 3000 ] 500 1000 1500 2000
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The model

3+1D theory: CS coupling
P = 1Dpy P+ 0,y |2 = —=F2, = Vi, hy) | +——s aF,, P
— url Ur?2 482 UV 1> %2 1672 UV
D, =, —igA)d — are(d)

2
Vi) =2 (161 + 11" =) =K1 Pl + 11651

e CS coupling does not affect single strings.

141 ¢1 String 14- ¢2 String

1.2; 1.2k

10 10

08 — |¢n] 08 — ||

v [ " o

04 04

02 — Ay 02 — A
\\\\\\\\\\\\\\\\\\\\\\\\ r [ S T S S S S S S S R SR T




Interaction of Chern-Simons vortices

10
=vf(r)e
e Single static solution: jﬁ = ? )/ J0) = 0. Jteo) = |
ingle static solution: g=a(r)/g a(0) = 0. a(co) = 1
Ay =b(r)/g b(0) =0, b(c0) =0

e Asymptotic behavior atr = oo

1—f(r)y~e ™" br)~1—a(r) ~e ™M’

| 5 C
w/ M. = gv E\/4+C —5 ~ (O(gv/c) forc — o0
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Interaction of Chern-Simons vortices

10
=vf(r)e
e Single static solution: jﬁ = ? )/ J0) = 0. Jteo) = |
ingle static solution: g=a(r)/g a(0) = 0. a(co) = 1
Ay =b(r)/g b(0) =0, b(c0) =0

e Asymptotic behavior atr = oo

1—f(r)y~e ™" br)~1—a(r) ~e ™M’

| 5 C
w/ M. = gv E\/4+C —5 ~ (O(gv/c) forc — o0

e For large ¢, long-range repulsive force!

° —
repulsive E A
* > >, « *
V. *
v s~ Ly "'v x
@ 5 -
A" ‘ A" " [} . \\. . *
» N » 4 | '.' “ 4
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Classical stability

e Delinking by passing through each other?

— prevented by taking 1 > g%, k, x I

Overlap of strings (¢, = ¢, = 0) cost large energy

2
Vig) =2 (191 P+ 1sl* = ) =1, "1l + 111" ) b,
|

e ¢, string is not charged and thus can shrink ?
— prevented by taking v,/v; <1

¢, string is too light to pinch ¢, string

P
* classically stable (but decay by tunneling effect)
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The full Lagrangian

1
& =D >+ D, |° ——F2, — V(¢ ;) +

492 M aky, B

C
1672

+gmat + gSM - Vportal(¢l’ ¢2’ H) + gkin.mix.

 Natural setup: U(1) 40 = U(D)p_p & U(1) 41540 = U(1D)pg
Type-l seesaw = v-mass
QCD axion = strong CP & Dark matter
= v, ~ v, ~ 10712 GeV

¢
o Assume kinetic mixing with U(1)yin SM: & D EYWFW
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Baryon # from link

e Naively, anti-link is also produced = n;;;, —nz7z =07
e need "chemical potential" u (discussed later) when produced:

Minke = Mlink K Mink K 10~

S T s T

We have used n;; , ~ 1074717

[Vachaspati '84]
— generated total baryon # due to decay:

n e \° ulv
B —10 1
— 5 .10 _— ~
s S <O.1) < 0.1 )
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