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1. Topological defects
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[Kibble (1976), Zurek (1985)]
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Cosmic string

L= (augb)*a“qb — A(|9|? — v?)? ¢: Complex scalar field
U(1):¢p - e®ep
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Cosmic string

[Nielsen, Olesen (1973)]
[Vilenkin, Everett (1982)]
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BSM and cosmic strings

Cosmic strings are good tools to detect new physics BSM.

”’4— -------- ,\\ ,
4 s’ /7N
» A RS PN No
e / N N/
- f” \/

Gravitational lensing Stochastic gravitational waves
Gu < 3.0x1077 Gu < 4.7x107°

(<> v < 101° GeV) (& v < 10 GeV)
[Christiansen et al. (2013)] [NANOGrav collaboration (2023)]

Research motivation u: string tension

« The discussion of observables relies on simplified assumption about
cosmic strings.

« Various string-like solitons have been proposed in field theory.

» Formation models? Observational signatures?
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2. Local and Global string
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Local string

In field theory, a cosmic string is a classical solution (= soliton).

1
L= _ZFMVFW T |Du¢|2 — A(lp1* — v?)? (Dugp = ((3,1 N igAu)‘f))

String solution [Abrikosov (1957), Nielsen, Olesen (1973)] T
$Cx) = f(r)ve™, A(x) = == &, (others) = \‘.yz,",.,}m/l
o NG s,
_ (f(0) =a(0) =0, f(x) =a(xo) =1, n: winding number) ) g

Schematic picture

o)
a(p) «

Excited scalar
radial mode

————— . P
(p=gvr=myr/V2,B = mg/mg = 22/g°)

Tension " 2 201 _ 2
u =fd2x E(Zi) + (vf')? +n d-a) v2f?% + Aw*(1 — f?)?| = (finite)

72
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Global string

= 0,0|" — 2(191? — v?)?
[-String solution [Vilenkin, Everett (1982)] ]

d(x) = h(r)ve™? (h(0) = 0, h() = 1, n: winding number)

e Schematic picture my'
h(p) >
(n=1) Excited scalar Gradient of
K radial mode NG mode
(p =V22vr = myr/V2)
Tension
H™! 1y 2 mg
jdz [(vh )2 + —=v?%h? + Aw*(1 — h?)? ] ~ 2mv? j drr(—) = 2mn?v?log —
—1 r H

Mg

PASPAYASYPAS Seminar@Tokyo Univ. of Sci. Yukihiro Kanda(ICRR)



Evolution in the universe

After the phase transition, cosmic

strings form a network across the
universe.

A network evolves in the expanding
universe while losing energy.

H: Hubble scale

\‘/\/\/\’ Gravitational waves
-1 -1 Y 4
He=/ =~ my - TS
~--- S~ o : V\/\'
\ Particles

The number of strings per Hubble volume approaches a constant.
(= Scaling behavior )

: o cut —2 " TRGS 3H? —2
String density: p, = 3 ot Critical density: p. = oo X ¢
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Particle emission from local string

For local strings, particle emission mainly comes from structures
on the scale of the string core.

O o d
|:> Q a “Cusp”
[Turok (1984)]
QJ D N\ aine

[Shellard (1987)]

Cusps and kinks induce the emission of both string constituents
and particles coupled to the string.

The characteristic momentum of emitted particle is
set by the core scale v.  [o1ym, Blanco-Pillado (1998)]
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Particle emission from global string

Global strings store most of their energy in the Goldstone gradients
outside the string core.

For global strings, Nambu-Goldstone
boson emission is dominated by
Hubble-scale string dynamics.

The characteristic momentum
of emitted NG bosons is set by
the Hubble scale H.

Curvature ~ H

This behavior has been studied both analytically and numerically.
[Vilenkin, Vachaspati (1987), Garfinkle, Vachaspati (1987), Davis, Shellard (1989)]
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3. Semilocal string
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Extension of the AH model

¢+, P, scalar fields with the same U(1) charge

1 2 2 v?2 ?
L= =2 FaF™ +[Duihs |+ [Ducts|” = A(lqbllz + a2 - 7)
(Du¢1,2 = (au - igA#)qbl,z)

U(l)gauge: ¢1,2 - eiga(x)(pl,Zr Au - Au _ aua

SU)gioval: ¢ = (i;) SUP, Ay > A, (UESUQ))

The vacuum space
VN R ;
V = {¢1, d2llp1 1% + [P, = v?/2} = §3 ‘x___:_ezl'

No string formed? i} 0y
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Finite energy condition and winding
= [[@x [ (R + F) + 1D |2 + IDihal? + A1 = v27] 0= (")

jl> Fr =0, Dip, =0, |p|> =v? atr - o

Wind __ i
/ 91\ \,/
“ ‘,’/ () =ePvn, A,(0) =——  (n:constant doublet)
, n'n =1
7 U e SU(2) x U ¢ U(1)
Unwind 5
,”-~ NN (lDi¢1,2 | dlvergeS.)
:/ 91/ \”// /\I i i
’/ pO =vn,  A,0)=0
‘ /e/," Unwinding is energetically forbidden.
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String-like or texture-like

« String-like configuration

_V o we(f(r)
/ d(x) _ﬁee(for) (f(0) =0)
=@ Qv

_ Y e[l
¢(0) = ﬁe (o)\ l(p)|? = 0 at the center.

atr ~ o — The potential energy («x 1) is dominant.
(/\“’1 \\‘..' /7 /\‘. « Texture-like configuration
\ 0, ,' L
v i!‘{" b () =1<"lff m) (F0)? + R = 1)
‘\J 637 ) \/E h(T)

=\

{)|? = v?/2 in the circle.
— The gradient energy (« g?#) is dominant.

If 214 < g2, string-like configuration is realized. = Semilocal string
[Achucarro, Vachaspati (1991)]
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Semilocal string

« Configuration resembles a local string.

dupna ()
gr

b(x) = = pind (f(?”)), Au(x) —

« There are two Nambu-Goldstone modes due to
SU(Z)globalXU(l)gauge - U(l)global-

_ (1) _ (@rcos(@/v) eiel/v> — p.eib+/v ( cos(9/v) eie_/v)
»= (4)2) - (Qor sin(9/v) e'f2/v ) Pre sin(9 /v) e ~40-/v

6.: longitudinal mode of a massive U(1)gauge gauge boson

6_,9: NG bosons due to SU(2)g0ba breaking 0.

» What is the characteristic momentum of the emitted NG bosons?
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4. Results of our work
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Field-theoretic lattice simulation

® SU2) giobarXU(1) gauge Model in the FLRW universe
ds* = g, dx" = —dt? + az(t)(dxi)2 = a?(t) (—dr2 + (dxi)z)

S=—J\/—_gd4x

1 s 2 2 2 2 v2)*
7 FF* 4 |Dua|” + [ Dudpa|” + A{ 1112 + 12l — —

2 Calculating time evolution of fields in a lattice space

¢ (t;, x;) FoM
| | 1
xl-l_1 x; xl-l+1 —dzlle'z + 3H d‘g;'z - Di%f =+ 63)1;2 =0
o (t; + At, x;) ngi +H dd’i" E al—z(ajain — 0;0;4;) — 2gIlm(¢*D;¢p) = 0
| | |
Xi1 X Xieq (Temporal gauge 4, = 0)

1
Assuming the radiation-dominated universe (a x tz < 7,H = Zit x 772),
we evolve ¢, and 4; in the lattice space (N3 = 40963).
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Previous works

Semilocal string networks have been studied in several previous
lattice simulations.  [achucarro et al. (2014)], [Lopez-Eiguren et al. (2017)]

shrink & decay

/\/ ( —_ .
___________ Network reaches
/ a scaling regime.

grow & connect

Lxt
Various length of N\ |
radueed thre — " Hubble volume.
produced through
Kibble-Zurek

. B — 3.
mechanism. H ‘{-ga
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Snapshots of simulation

vt = 61,101,141,181,221,261 (7: conformal time in the FLRW metric)
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Physical string vs. Fat string

Physical string simulation m3,
« Fixing the coupling constants <
(A =const. g = const. )

» The string width decreases
on the comoving lattice.

v

« Short simulation time

Fat string simulation [Press, Ryden, Spergel (1989)]

« The coupling constants are
time-dependent.

Axa? goal)
» The string width is fixed on »
the comoving lattice.

« Long simulation time

We performed simulations for both physical and fat strings.
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Scaling behavior gzﬁm

We investigate the (comoving) mean string separation: &(7)

(Physical string) (Fat string)
30 . . . . . . . . .
700 | -
25T ' 600 | :
2 | - 500 | -
S 'S i 1
~ 15} 1 ~— 400
o w 300 |
101 200 j
5 | semilocal ] 100 semilocal |
. AH— A
0 10 20 30 40 50 0 200 400 600 800 1000

1

T/ v T/’U'1

+ We confirm scaling behavior. ({com X T © ppys X t)
(consistent with the previous works[Achucarro et al. (2014)] )

« Fat-string simulations reproduce the qualitative behavior of
physical-string simulation.
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Energy spectrum of NG bosons

The evolution of the spectrum of ny¢(7)

3
10 ——rrer—————
final time
()
2 ]
§ 10 Time evolves
= A
]
~
o
>
<
(]
S
]

{1 k: comoving momentum

(kphys - kcom/a)

vt = 85,149,277,533,1045

The peak shifts as 7 increases.
10

com —
T

& kppys = 10H

The typical momentum of emitted NG bosons is set by H.
(This is similar to the behavior of the global string.)
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Number density of NG bosons

The number density of NG bosons: ny¢(7)

(Physical string) (Fat string)

v — 9§ —
400 t O~ —
15 |
m@ m@
~ — 300
O O
= 10 Z
£ 200
5[ 100
L L L L L O L L L L L
10 15 20 25 30 35 40 45 200 400 600 800 1000
-1 -1
T/ T/

« a’nyc grows linearly with the comoving time. (& nyg « H.)

Our simulation shows nng = 0.6v*H
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Pseudo NG boson dark matter

If we introduce a soft-breaking term, NG bosons acquire mass.
= pseudo NG bosons

2 2
€.g., Lsoft — _"lNGl(,bll2 + mNG|¢2|2 (mNG < v)

> —mfcv? cos(219/v)|e“9—/"|2 - —2m§G|198i9—/”|2
They can potentially play the role of dark matter.

_ [Many works by Abe-san]
 Produced via thermal freeze-out

myg ~ 50 GeV — 0(10) TeV
(depends on portal coupling with SM particles)

We propose another production mechanism by using
the semilocal string network.
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Production from semilocal string

We propose a non-thermal production mechanism for pNG DM
from the semilocal string network. (no coupling with SM particles)

T

~ D
i

mpng ~
|
|
Semllocal string | ﬂ Z
network :
is formed. Emission of | Emission of
pNG bosons : gravitational

N\

Production of pNG bosons is suppressed.

The relic abundance is determined by v and my.
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Relic abundance of pNG boson

Our simulation shows nyg =~ 0.6v%H.
1

mnennG/S(Tne) My \2 vy’
(0] hZ = hz ~ (0.2
» NG Der/So (o5 ev) (o7 cen)
1015

Constraints
101 | \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ « Black Hole superradiance
1013 107" eV S myg S 10711 eV
%
O 102
N - Gravitational waves at nHz
10" v 2 10 GeV
10" | BH superradiaél\(;; o
0 L ., DMabundance — | produced pNG bosons
101 10 10 101 10% 107 10 107 10" 10° with e = 10710 eV
mxG / eV can account for DM.
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Summary

« Cosmic strings emit particles during their evolution. Local strings
mainly emit high-energy particles (k ~ v), whereas global strings
emit low-energy NG bosons (k ~ H).

« Although semilocal strings are not topological defects, they can be
produced during a phase transition and behave as cosmic strings.

« We performed lattice simulations of the semilocal string network.
We confirm that it reaches a scaling regime.

« We found that NG bosons are continuously emitted from the
string network, with a characteristic momentum ks ~ 10H.

« We propose a scenario in which pNG bosons emitted from the
semilocal string network can account for DM in a viable parameter
region.
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