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o L \CPRilE

* QCD Lagrangian

Locp =

1 2
293 tr(Gﬂu’V)

e O-term|Enon-zero® F |4

« LD L. A

10

82

+ tr(G,uué’uu) + Ematter

FEDM % & £

04 FEDMIE S

25 TR L < &R
[C. A. Baker et al. ’06]

d,| <2.9%x107%%¢ cm

1o 107

[P. G. Harris et al. '99]
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PQI¥itE -
[Peccei-Quinn "77]

* Peccei-Quinn(PQ)XIFR4E & B |E 41 % anomalous U(1) X FR
7 BN
* U(1)pgPSSB - NG Y/ > (axion)

Octt = <Jii>+9—>0 INTG A —ROZEIS I T

« BEITCOHEIR
e KSVZ model

[Kim ’79, Shifman-Vainshtein-Zakhrov, '80]

[ Extra heavy quark + singlet PQ scalar ]

* DFSZ model [Zhitnitsky, ‘80, Dine-Fischler-Srednicki, '83]

[Two Higgs doublets + singlet PQ scalar]
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String Reconnection

e String — string@® dynamics

String 1 String 2 > <

Reconnection

Scaling behavior

~\

p
Pstrin
S ~ const.

P~

. J

[Hiramatsu-san’s talk at COSMO-17]



Y-(Shaped) Junction

[Betterncourt-Kibble 94, Betterncourt-Laguna-Matzner '96]
e String — string@® dynamics

String 1 String 2 > <

/ Reconnection

e StringfE] (25BN | /]
> bound state D L%,
e ReconnectionH'EEE L 73 L

—>string network ™ H%L:FEﬁ}B)E A Y-junction = bound state

Zih->TL 5




Superconducting String

— superconducting string
* EM current D’ 80R 7% < string £ = 7L 5

e String_t MEM current’stringf&] [Z
Ezz%@%ljﬂ‘ﬁﬁffﬁ % 38 = -

- Y-junction D FZ %

[Witten, '80]

R

< >

o Cf. 7/ <V —A 27 H—|[ZX %bsuperconducting string

[Jakiw-Rossi, 81, Callan-Harvey, ‘85, Ganoulis-Lazarides, '89, Lazarides-
Shafi, ‘85, Kim, '86, Lazarides et al, ’88, Iwasaki, '97, Fukuda et al, "20]
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e DFSZ model(Z 3 |7 D axion stringld. [EFDFRE LY %
18 Mt CHLBRZE D%L%%O TW5,

— Electroweak axion string

I:II

e EW axion stringldsuperconducting string (275 1) 2 T, JE

B IR ET MLcurrentZ BN Z & TY-junctionx 2Rk 9 5
AJBEMEN B B

> DFSZ model TlZreconnectionHh 488 L 72 L ?
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DFSZ Model

e Particle contents [Zhitnitsky ‘80 ,Dine-Fischler-Srednicki '81]

Two Higgs doublet model + SM singlet scalar

SUQw || 2 | 2
Uly | 1] 1

* Scalar potential U(lpq || Xi | Xo
V(H,S) = Vg + Vs + Viix

g 5
Vi =miy [ Hy|* + mdy | Hof* + - [ Hal* + = | o

<ol = n

‘|‘53|H1|2|H2|2‘|'54(HIH2)(H§H1)
Vg = —mg|S|* + As|S|*
Vinix = (KS2H] Hy + hc.) + r15|S|2 [ H1|? + kas|S|?| Ha|?

e Charge relation

[2X3 — X+ Xy = 0]
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PQ Charge

cERX N T —IHFDE=E1TY

vy v? 2050
K vgl —”;Zg —2v1v;
205V, —2v1vs —4vivy
S [~ Z‘R-Th’?q
* U(1)pq current?)’Z-boson & i DA
S ==
R TEE

¢ S —2iccos® 3 S eiaS]
[H1 s eiasin® B H e H,,

* PQ charge
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Electroweak Axion String



Strings
Q2BFEDOR MY v T OERRMATFE

b = ngudm”

(a,un o gAeU)Q GJF;LyﬁMU

Characterized by NGB Characterized by axion
form Higgs boson (NGB)

14


https://texclip.marutank.net/s=%5Cbegin%7Balign*%7D%0A%20(%5Cpartial_%5Cmu%20%5Ceta%20-%20g%20A_%5Cmu)%5E2%0A%5Cend%7Balign*%7D

Strings
Q2BFEDOR MY v T OERRMATFE

b = ngudm”

(Oun — QAM)Q [&ngﬁw]

— Anomaly inflow

Characterized by NGB Characterized by axion
form Higgs boson (NGB)

15


https://texclip.marutank.net/s=%5Cbegin%7Balign*%7D%0A%20(%5Cpartial_%5Cmu%20%5Ceta%20-%20g%20A_%5Cmu)%5E2%0A%5Cend%7Balign*%7D

Strings
Q2BFEDOR MY v T OERRMATFE

-

w@

(Oun — QAM)Q

Characterized by NGB

form Higgs boson /

Rl
akF),, F"

Characterized by axion
(NGB)
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https://texclip.marutank.net/s=%5Cbegin%7Balign*%7D%0A%20(%5Cpartial_%5Cmu%20%5Ceta%20-%20g%20A_%5Cmu)%5E2%0A%5Cend%7Balign*%7D

Electroweak Axion String @

Axion string core
(Core)

Region Il
Axion “cloud”

Electroweak flux tube

17



Electroweak Axion String @

Electroweak

Axion String ~ Frankfurt

Axion “cloud”

Electroweak flux tube (Delicious smell)

(Frankfurt)

Axion string core
(Stick)

18



Axion String in DFSZ Model @

« BIIXIFNE [Zunbroken phase T. PQXIFNE D & AH
breaking L TW AR %ZFE X 5

¥ D ER AL 0

10 —
SNUS@ ‘//\“j

Ulzvgzvzﬁvs

045 S — vsgb(fr)ew ; — ¢(r)
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Electroweak Axion Strings

« BIGTXIINEH AKX AL B
« 2D MDHiggs doublet ¥ non-zero VEVZ &5

EW flux
—1
~ Vgw
Strlng core
~ US
Axion string Electroweak axion string

. Higgs@\winding pattern|Z i U T, =FEFEDEW axion
string M C< % - Type-A, B, C

Superconducting string

20



Electroweak Axion Strings

* Assumptions:

1 TEMER IR 5 2

V1 — UV — UV — —Vg

10

L

WIEZEH 570

1.0+

Field profiles Type-A*

2

044+

0.2+

0.0+

Tvpe-B °

1.5 \

1.0+
0.5
0.0}

0 10 20 30 40 50 60

15}

1.0

00

05

@

f(r)
........ h(r)
¢(r)
Type-C
{I)I o ‘1I0I o ‘2IOI o I3IOI o I4IO‘ o ISIOI o IéD



Type-A EW Axion String

* Type-A EW axion stringlZ X THFEHD 1T o N 5

H, Hs S
0 2sin’3  —2cos?B 1

S ~ vgee' 2 1t
Vinix O S“H{ Hy + h.c.

U1
U2

22



Type-A EW Axion String

e Type-A EW axion string (R THH D 1T o 15
Hq H> S
S ~ v, 6?:9 2sin*3  —2cos?f 1

Hl ~ 6’319 ( 0 ) — 62?16'31112[36—?2903 cos2f3 ( 0 )
U1 _— U1

H2 ~ 6—1&6’ ( 0 ) _ 6—2?26'005256—1953 cos 23 ( 0 )
U g U
2 / \ 2

U(1)pq winding U(1), winding

NB: U(1), DwindinglZ—fMED 7= IZHE

23



Type-A EW Axion String
* Non-zero Z-boson field D’ FEJ 5

16

9z =V g%+ g
S ~ vge

Hy{ ~ 62i951n2ﬁ6_1903 cos 2f3 ( 0 )

H2 ~ _2’59005 6 —%9030052[7’ 0 ) 9z

V2

Z-flux
Z flux
~ UE_;Vlv [(I’Z — /FZ _ 47Tcos,8]
9z
E:cr;ng o NB:tanf =1=>d, =0
S

24




Type-B EW Axion String
* Type-A EW axion string (X THRED T o N 5

. H, Hy S
SN’USG%Q 2sin?3  —2cos? B 1

Hl ~ 62?19 0 _ 62116' sin? ﬁe—Ziﬁ'Jg cos? 3 0

H2 ~ ( 0 ) — 6—2?290082)86—21&903 coszﬁ ( 0 )

\
U(1)pq winding U(1), winding

e Z-boson and Z-flux

_ 2 o 2
[Zg N 4 cos B] [‘I)Z _ &7 COS B]
9z qz

25



Type-B EW Axion String

* Type-B EW axion string® profile

S = vsewqb(?"), 15\

. 0 :

_ 210 _
Hi=wvie ( () ) g § — f(r)
7 — 0 : — h(r)
2 — V9 h(?“) ) 0‘5:_ L ¢(?‘)
—4 cos? | — 2(r)
Zo= 200 ). o -

gZ (I) - l1IOl . I210I . I310l . I410I . 1510I . 16I0

* Boundary condition
Z flux

£(0) = ¢(0) =0, 0,h|r—o =0, 2(0) =0
¢(o0) = f(oo) = h(oo) = z(00) = 1 sthing



Type-C EW Axion String

e Type-C EW axion stringD E2{if

S ~ vseég

U1 e —1 2i0 sin”? 3 —%90082)80'2 ?,901 0

—210
H- ~ ’U_g 1l —e™™ __ _—2ifcos® B _—if cos2Boz ifoy 0
2 1 —2if = C € e
2 + e e — —\ )

U(l)pQ winding U1 )Z U(l)Wl winding
e Z-flux and W-flux winding

$, — —4 cos 23 Z and W flux
Z 7 qaz ~ vEW
—47
‘I)Wl —_
g




Type-C EW Axion String

e StringMEL Tl. HFDEINLIL “smeared ansatz” TEo i
~YARAY

H, = Lo, ( f(r)e*? —h(r) ) CHy = Lo, ( h(r) — f(?")e‘zjg )

2 f(r)e*? + h(r) 22\ h(r)+ f(r)e
* EW sym. S\ R
: | . J—=0 (r — o0) |
C;?IﬂPvl-lglﬁ X uf? h ‘{::?é: 0 (?a :55 Q)ii}air) 10

05

* U(1)gp ~>spontaneously broken

o 10 20 30 40

— Superconducting .
* Current carrier: Higgs® charged components & W-boson

28



String Tension

* 3TEXE DEW axion strings Dtension Zz LLEL

ks =1, k= —2(v/v,)*

141 1,

1
= g(ﬁl + B2 — 203)
vy = 10v1, mi = (125 GeV)?, tan B =1,

140?

1395-
2

R1s = R2s, kK = —2(’0/’1}3) , As =1 r 138]

137

Length unit: v; = 0.2

136 |-

* Type-C strmg?f)‘ﬁ—%) 273 D5
> /N7 X Feﬁ & - TlIfavored

* EW phase tran5|t|on0)1£i\ axion stringh’type-C string (.
ANZS

29



Superconductivity



Type-C String(Ci/i11SSupercurrent

« EW axion string(Z)8 > T4l Hcurrent & D K 5 (ZFF
e 5h 7

[Alford-Benson-Coleman-March-Russell-Wilczek "91]

Background
S(r,0),Hy,, (r,0),W,(r,0)
Z, W flux
~ v U(DgmHlaxion stringd THEN
String dore - zero mode D1F1E
~ v_l
’ O

Typet T g ¢ = (s + p)fexpin/vy)

31




Type-C String@Supercurrent

[YA-Hamada-Yoshioka "20 ]

* (z, ) endent zeromode n(z, t) =& X 5
S, H;,W,, Y, |3type-C backgrounds % 3% 9~
S=S
H; [iQenn (2, 1)E(r)| H,
W, =W, — 77(2; t) D, (&(r)n)  HiouH,  HiouH,
Yy, = Yfﬂf T T}(Z; ) Aué(r) I i
* EOMs ’



Type-C String(Ci/i11SSupercurrent

 Linearized EOM at large r
(02 — 07 )n(z,t) =0, &(r) ~logr

n(z,t) is massless excitation along the string
» Static solution > n(z,t) = wz with a constant w

 EM field strength and electric current

W 2TwW

EM — EM
F,rz ~/ —;} JEM — —QTT?"FTZ ~ -

33



Type-C String(CH T D CurrentD iz XKAE

04 ‘

e Zero mode 7 [ Higgs5 [
“mass” term % {a: '

0.2/

v? ’
£D _(w£)25(f_h)2 0.1_-
. U(l)EMﬁi\ - ,/fg [/ T | 0 10 2: 30 40
superconducting state’'#41%  (current quenching)
e CurrentD & KXEIZ. Z DE S5 H Higgs potential D
negative massterms & /X7 > X 5 & T A

m7 ~ Civ? + Cqv?

e IEF T KX LcurrentHh it D 5
[Jmax ~ Us]

34



StringfElDAE BERE

e String[E IZA DD, currenth’BET 5]

\_

(215

2
Us

e R?

Fmag ~

~

J

—p <

R

< >

e« —7J5. axionlIF N Zstring@ICH 7T
2

e String D&l IZnet7 5| JIHY -

— Y-junction?

Us

- A RIgEE

35



=D

* EW phase transition® & & . DFSZ axion string &
electroweak gauge fluxz £ & > 7=FEfiIZ 78 5

- Electroweak axion string ~ 7 7 > 7 7 JL b

e Type-C EW axion string(3U (1) g = B 5 Z & T, bosonic
carrierx £ - superconducting string(Z75 V) 5 3

o String_E (2] 1ax ~ VAZE DcurrentZz it § AJBEIED 8 5

e CurrentD:ZE T 55|12 &K > T, DFSZ modellZH T
% axion stringld Y-junctionZ 2 Ak 9 2 RIBEME D B 5

36
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Superconducting String

e Axion stringl3 PN ER (Zfermion zero modesx > T\ 5

[Lazarides-Shafi ‘85, Lazarides-Panagiotakopoulos-Sfafi ‘88, Ganolis-Lazarides '89, Iwazaki ‘97]

LD —ydpUoUy, o(x) ~ qug.ew
[Witten ‘80
Jackiw-Rossi '81,

Iﬂd(ﬁp + y(b(l‘)) =1 Callan-Harvey '85]

 zero modeHEM current & JE .\ Yo

— superconducting string _
o2 [Witten ’'85]
0,JH = —F,
a 167

Phenomenology, cosmology

Jmax ~ Meermi -
max fermion Fukuda-Manohar-Murayama-Telem

arXiv:2010.02763 [hep-ph] 38

e current® & AX1B



Higgs Bi-linear Formalism
[Grzadkowki-Maniastis-Wudka, "11]

* Higgs matrixz & A :

\H = (io2Hy, H>)|

e Covariant derivative
!

.9 a -9
D,H=0,H — Z§JGWMH -+ ZEHO';),YM
e Higgs potential

Vir = — m2te|H|? — m3tr(| H|?o3) + astr|H|* + as(tr|H|?)?
+ astr(|H|?o3|H|?03) + astr(|H|?os| H|?)

39



Higgs Bi-linear Formalism
[Grzadkowki-Maniastis-Wudka, "11]

 Scalar potentia

Vi = — mitr|H|? — matr(|H|?03) + atr|H|* + ay(tr| H|?)?

+ astr(|H|?o3|H|?03) + astr(|H|?o3|H|?),
1

(15 + ras)|SPur| HP
r1s — ras)|S|Hr(|H[?o3)

Vinix :(ﬁ;S2 det H + h.c.) +

1
+ 5

* Parameter relations

2 9 2 2 9 2
mi; = mj +ms, M5y = M] — M3,

Br =2(a1 +ax + a3 +as), B2=2a+az+ a3 — o),
B3 = 2(051 + oo — 053), B3 = 2(053 - 051)

40



U(1)gmBs

[Eto-Hamada-Nitta, '20]
* Unbroken U(1)gy @ KR CEET D
OH = —naJ—Q“H _HZ

2
where T T
a Z’i:12|Hi|2n? na — HlarHl HQJGH2
mn C 1 — |H1|2 ) |H2|2

Positive normalization factor C defined to satisfy n%n% = 1

ny

« SUR2)yw X U(1)y DsubgroupDU(1),1F R TEE

TzH = —G%H — SiIl2 QwéH

* NB: H (X Higgs matrix.

41



U(1)pmE*

[Eto-Hamada-Nitta, '20]
 Z-boson & photon

{Z,u = —nW i cosbOy — Y, sinfy

Ay = —n"Wisinby +Y), cos Oy

« 0 MDHiggs doublet(ZXt 9 5 1EFE

A o
H; = (— aZa —1)H3-,
© T Ty

Oa

TzH@ = (—n“? — SiIl2 Qwé) H,‘.,;

42



EOMs of Type-A String

UGG

/"(r) 2

r r
- (2&123 V2 (1) + 20007 (1) + Kisvio(r)? — m%)f(fr‘) — Kkv2h(r)é(r)? =0,
) + 101

— (2@123 V2 h(1)? + 20007 f(1)? + Kisv20(1)? — m%)h(r) — kU2 (M) o(r)* =0,
iy 4 £0) 0l

— (2)\5113@(7“)2 + 261507 (f (1) + h(r)?) + 250° f(r)h(r) — m%)@(fr) = 0.

* Boundary conditions

f(0) = h(0) = ¢(0) =0 f(o0) = h(o0) = ¢(o0) =1

43



EOMs of Type-B String

f'ir) (A +z(r)

o+ 20 - S50 )

; (20‘/123 v f(r)? 4 2000 h(r)? + Kisvio(r)? — m%)f(’f’) — Kush(r)o(r)* =0,
' (r —1+ 2(r))?

(r) 2()) h(r)
r r
a (2a123 v h(r)? + 20007 f(1)? + Kisvio(r)” — m%)h("”) — KU f(r)o(r)? =0,

'(r)  olr)

.-l)” r _|_ g)— —
Py + ==~ "3

— (2)\5@2@(7“)2 + kg2 (f(r)* + h(r)?) + 2607 f(r)h(r) — mQS) o(r) =0,

h'(r) +

2 (r Ak 20
2(r) — i ) _ L[+ 2(0) = E=h(r)H (=14 2(r) = 0.

* Boundary conditions
f(0) =¢(0) =0, d:-hl,—0 =0, 2(0) =0

floo) = h(oc) = d(00) = z(o0) =1

44



EOMSs of Type-C String

L0 Gt
r r

f(r) f(r)

h-”(?”) 4+ h”(fr) L (_1 +w(r)) h(i”)

r TQ

— (2(@1 + @2)@’%'(7‘)2 + 2(an + @3)’02]”(7‘)2 + f{.lszquf)(r)g — mf)h(r) — H-’Uff(*r‘)g”)('r‘)Q = 0,

1) olr)
,.f)” r _|_ Q) o
o) +— >

— (2060260 + mas® (F(r)? + h(r)?) + 2607 F(r)h(r)) 6(r) = 0,

D T 21+ ) — LR+ () = 0

w// r) —
(r) r 2

* Boundary conditions
f(0) =¢(0) =0, d.h|,—0 =0, w(0)=2(0)=0

f(00) = h(oo) = ¢(oc0) = w(o0) = z(c0) =1 -



* Type-A

00l

Profile of Strings

08l
06|
04l

02k
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* Type-B

Profile of Strings

1.0}
05}
00}
0 10 20 30 40 50 60
T

1.0[ "
08l
06|

L 7-2

_ — L€
0.4 v

[ 1072
02 Y
00l

0 5 10 15 20 25 30
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Profile of Strings

* Type-C 5]

1.0F

|
|
=
OO

— ()

0.0

0 10 20 30 40 50 60
T
1.0[ "
08}
06|
- T‘Z
_ o
04l v2
1
02} 10W,,
e N S
0 5 10 15 20 25 30




String Tension

141 1 141.0

140 - 1405

139 [ :

[ 140.0 F
138 [
[ 1395}
137 | I

139.0[

136 -

Parameters |
vs = 10v1, my = (125 GeV)?, tan g =1, a3 = 2(f1 + 52 — 20)

K1§ = Kag, K = —2(@/@8)2, Ag = 1

Length unit: v; = 0.2

49



Supercurrent of Type-C String

° N i) —9 ] ] 1
EOMS dan (DJD]X) — ngan (XGT1|H|2 + le [HTOGHOB}) )

2 _ _ _
Jn0; & = g o"n (£T1“|H|2 + 27T [HT)(H(rgD :
D’y 0“0,m = 0.,
EDDn =0,
(90‘(%77(2)(?] + H?a;;) = (.

* Linearized EOM for n
0%0,m = (0 —02)n =0

e Zero mode solutions:
n(z,t) =nT(z+t)

50



Supercurrent of Type-C String

e Static zero mode solution

n(z) =wz
e 7 - 00T U(1)gy P EI1E L background (&R Z i 7= 9
- ~ t Ht aljf ~ a =
Hos +n%,H =0, n%=-— r(ot3r|ﬁ(|72 ), (Dun) =0, tr|H|]?=20v?

* EOMsH 5 RDAEIADME o NS
(DijX) — _92,U2(Xa . nag)’ 8j8j£ — _gf2v2(£ . Xana)

* Long-range force > y* —n% =0

[% Or(ro-€) = J )




Current Quenching

* StringD MW EL r - 0TI fEhIFRD &L 5 Zimass terms
% Lagrangian D TR 5 ;
4v? 2 2 2/ 2 2 2“2 2
—L D= [+ 2md 0 (F2 4 h?) + W (f — h)

4_|_2 2 _I_UJ2 UJ2
= (f h)| FTTT e Y (f)
— 2mi, + % h

2

e Determinant of the mass matrix:

2

dtM2—222£22w— 2, 2
€ —(m11)+T2 m11—|—2 + w miy

e QuenchingZ &% 7 % = 3 region where det M? < 0

ﬂw\ S |maq| ~ ’Us]
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