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Phase Transition in the early universe

Today 1, t = 15 billion years [A. Vilenkin & E. Shellard, 1994]
T=3K (1 me¥)

LIfe on earth

Solar system

Juasars

Galaxy formation
Epoch of gravita fonal collapse

Recombination
R elic radiation decouples (CBR)

Matter domination
Onsetof gravitational insfatility

Nucleosynthesis

Lightelemrents created - D He, Li t=1 second

T=1MeV

Quark-hadron transition
Hadrons farm - protons & neutons

Eleciroweak phase transition
Elecromagnetiz & weak nuclear

forces 1ecome differentated:
SURNSU2)RU) > SU(R)=U (1)

r=10""s

T=10°%GeV

Veff (¢, T)

The Particle D aeart
Axicns, supersymmetry?

Grand unification transition
G -»H -» SU(3JSU(2)xU( 1)
Inflaion, baryogenes s,
monopoles, cosmic skings, ec.?

_"“I""I""I“"I“"I"“ gb

The Planck epoch

Ihe guantum gravity barrisr
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[Brandenberger ,1994]

Finite temperature effective potential

1 1 R 1
Verr (@, T) = 2/1494 —3 (An? — AT?)¢p? + 1/1774

i temperature decrease

topology of vacuum
manifold changed

{

spontaneous symmetry
breaking

{

Cosmic strings
(topological defects)
can form

Siyao Li
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Cosmic strings
U(1) Goldstone model . | Cosmic string =
pontaneous symmetry breaking
« 1 li topological defect
L =0k auqb —V(p), V() = Z’l(('bz _ 77z)z inear topological defec
(localized energy density).
T V(o)
¥
bim
¢RE o io
Vacuum ¢(r > ») =ne
Pl =1
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Cosmic string network and Observations

Cosmic strings network

'1 interactions, reconnect, collapse... kinks, cusps,
Jvnamics . .
Y-junctions
Q\ / \ e X cusp kink

Y-junction

/ local strings: gravitational waves

» global strings: axion production

Lensing, GW burst...
T superconducting: electromagnetic waves 9/
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Derive interaction energy of two cosmic strings for:

® Local Cosmic Strings
® Bosonic Superconducting Cosmic Strings

with source approximation method

(applicable when distance between two cosmic strings are far )



Local cosmic strings

Local string solutions

1 _ Tokyo Tech
,/""f —
0.2 / — — —asymtotic o | 7
i —n
/"Abelian-Higgs model ) o / ——2smaical]
0.7
1 [7AY 2 06 r'f.'ll !'f
T 05T I |
1 2 . 23\2 Toal 1)
V(g) = qub' —n°) '/ U(1) gauge symmetry
\ / . ; ;..-jf"' broken outside string,
“2 restore inside string
n_-HII
[/
A cosmic string solution can be B 1 2 s 4 b ¢ 7 8 o W
static, straight, circular symmetric dstance 1
- Asymptotic solutions at r - oo :
Boundary conditions: > n: winding
. .. r) = + k. Knlmar eine’ number
> Regularity at the origin B() = [+ g Ko(mgr)] ke o —|n
.. n
> Finite total energy Ag(r) = k. rK (m,1) +E k, x —n
modified Bessel function K;(mx) « e™™* at x - o
my = \/zn, Mme = \/Een
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Point source approximation

o) = <77¢ + %)eine, Ag (r) =Up(r) +Z

parallel, well-separated strings
L =free field Lagrangian
B external sources / ‘ ' xy-pl7/ poin/t!ou$es 1 ‘xy-pj
substitute the — : point sourgés 2

asymptotic solutions d > string widths
6(r) scalar monopole
Jo=—ky—— g Then, interaction energy can be
. ke 1 magnetic dipole computed analogously to Yukawa
Jo =——0;,(=6(n) |
me T oment _
potential.

point-like sources
in 2-dimensions
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Point source approximation

o)\ ,, B n substitute the
¢(r) = <n¢ + W) e'?, Ag (r) = Up(r) + e asymptotic solutions Jo
P ian—I.a — i. UM
L =free field Lagrangian—/,o ]HU | > jo =

G

r
Ke

0 15
T, r(; (r))

scalar monopole

magnetic dipole
moment

point-like sources in 2-dimensions

parallel, well-separated two strings

xy-plan : |7/sour$s 1 *

—p

xy-plan

point souyces 2

d > string widths

Eine =21 [ dz [|—k¢1k¢2K0(m¢dj +‘kA1kA2KO(med)]

Scalar field contribution Gauge field contribution

always attractive determined by winding direction :

> Same direction:

repulsive

» Opposite: attractive
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Bosonic superconducting strings

-

Bosonic superconducting model

~

| R — - -
Loc = Lun =3 FP e + D8] V(9. ),

V(g $) =

1 - 2 -
+ 745 (|</?5|2 — 77552) + BloI2|@|”

\ [Witten, 1985]/

/Parameter space: \

> U(1) symmetry unbroken outside

string

m%(r—>00) >0

7](1) symmetry to be spontaneously broken _
> |¢l =n4, || =0 should be global
N : : : minimum
U1y x U(1) giving rise to underlying local string . e 16+ : §
— ~ . O Mmake ener avorabple
gauge U(1) symmetry to be unbroken outside the ¢ 97
symmetry | string U rather than trivial solution |¢| =0
making the string carry persistent current wstence of negative energy staty
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Asymptotic solutions
Asymptotic solutions at large
Boundary conditions: distance:
» Regularity at the origin > CBr(r) = kg)KO(m;ﬁr)
> Finite energy A, x5(r) =k.InTr massless
modified Bessel function K;(mx) «c e™™* at x - o
L0- e--orssssesssccoooooooooooooooo 0.010
0.8 0.008+
0.6 0.006|
04 |/ _ 0.004
: r’ - ¢r(r)
0.2~ Scalar condensation of 0.002
Mide the string
0.0+ 0.000
L . . . ! . . A L . . A L . . . 0
0 2 4 6 -
F
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Interaction with source method

. . -~
L =Lyy + free field Lagrangian < Jz¢, — j,A¥ He

external sources attractive scalar contribution

Epne = 21 [ dz [Eqy + kgykspKo (mad ) 4 kzzkz, Ind]

determined by
direction of current

!

Jg = —kg 8(r) Similar as Ampere’s Force
& -

_ ko 5(7) point-like sources

Jn =" in 2-dimensions

Siyao Li
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When two cosmic strings get closer...

Lol asy mptotic

7 ; solution atr- 0

- 0l f
5 global string

. . . . »
0.6 i local string

S ﬁ
----- asymptotic global string |

0.4

asymptotic local string |

0. 75 '
sol :
ooL-t—0-. . . . . ... .. .

0

\ M

L Z
Numerical simulation needed. — __

Far Close
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Numerical computation for interaction energy of

two-string systems for
® Local Cosmic Strings

® Bosonic Superconducting Cosmic Strings

with gradient flow method

(applicable for arbitrary distance between two cosmic strings)



Numerical calculation

» Aim: looking for static, lowest energy states of the system

» Method: Gradient Flow
 initial guess satisfying boundary conditions
- evolve the fields with time
field X;(r,0) - X;(t,r,0)

EOM Ole' =0 ->EOM Oin = atXi
Diffusion equation

« fixing the center of strings by hand

e converge symbol: d,X; =0
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Interaction energy of two local cosmic strings

1y =3.38

two local strings with same winding direction Cradient Flow
At d = 0, solutions 17E_L-‘._I._I-L-;hl";.;_:- IIIIIIIIIIIIIII 1 Point Source 1
forn =2 16¢ Mh_""'""""""""""':_ g N Variational Approach
Isf e I - 24=6.0 ]
= 14¢ repulsive force dominant 3 | - A4=4.0
9] C ]
13: ] 24=2.0
12F . . . —
OF; .. | attractive force dominant {|-—-- Ag=1.0 ol - ;
Force = - e N 0.8 S ] e, -
dd N R ] =05 | 0 2 4 6 8 10 12
T L iealeteteinlaaie 1 —
''''''' 14 = 0.98
0 1 2 3 4 S 6 A—(p ' ratio between 10— L
distance d 2’ 5 |
. . . mass of ¢ and A, 10.9+
point source approximation sl
attractive repuisive 10'75
Eine = 21 [ dz [_k¢1k¢2Ko(m¢d) + ka1karKo(med)] "I
10.6F
| \ —— Gradient Flow
10.5+
S A L Point Source
mg : 04— Variational A h
cancel at — = 1(i.e. 1y = 2) : ariational Approac
m 10'3 .....................
e 0 2 4 6 8 10 12
d [Jacobs & Rebbi, 1979]
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Interaction of bosonic superconducting strings &

Two strings with zero current (only ¢ condensation, 4, = 0)):

1857 T 18.5[" ]
Eine(d) B Eine(d) ]
180 1| — 77=0.53 : 1 (— = A
i ] ’ 17.5 | — B=15
il [ 17.0} - | B8
17 '_ — 7;=0.55 | ~ — F=21
[ ] —r]_‘;=0.56 4 — B=24
: — Local string IG-OI —— Local String
'''''''''''''''''''''''' \ J | \ <
0 2 4 6 8 10 12 0 2 4 6 8 10 12
a a
E (d58-5§ """""""""""""" ] Attractive force appears at short distance due
int [ ] - ~ -
18.0':\ coalesce of | —— . to the gradient energy of ¢ condensation
: ~ — X-=75 . i ) . .
st at d - implying higher rate of Y—junction
| C | A;:Sﬂ
1 ~— | — x=8s
| ; _ -
1p.5 | — Local String [ dc X mél ] effective mass Ofld) .
[ . J
— ‘ - 2 _ 3.2 2 3 |5
0 2 4 6 8 10 12 mg = plé| 2/1¢77¢+A¢|¢|
a
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Interaction of bosonic superconducting strings Eg&

With non-zero current(4, +# 0):
18.5j' A A A B BN (— local string\
Eint (d) \ no current
18.4! | — §(0)=0.2
: | — F0)=0.4
17.9i — §0)=0.6
/ 'k—§(0)=0.8 I ’%’Eli S}IIHII{}HHIII I12
17.4 : i o
: / s(r)y=4,(1/g : . .
T 4:0(1) gauge
0 2 4 6 8 10 12 coupling constant Eint[‘qu] — 27‘[de [k/hkﬁz In d]
d

effective mass of ¢ :

1., e A, suppresses the condensation of ¢, then weaken
mg = Blol|? —5/1&577(% + /1$|¢| +

Z

g2 the attractive force at short distance caused by &
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Summary

» We investigated interaction between two straight, static, cylindrical symmetric cosmic strings for
local strings, bosonic superconducting strings, global strings. (JHEP12(2023)115).

» Method source method approximation
cosmic string models —» asymptotic solutions —¥»| point sources —¥» interaction energy
2-dimension ‘
> numerical calculation

» Important conclusions

» well-separated: interaction dominant by the field with smallest mass at large distance

» getting close: strength of scalar condensate of bosonic superconducting string
determines the short-distance attractionE> implying higher rate of Y-junction formation

» Future work

B Simulation of 3-d cosmic string network; Formation and distribution of substructures;
Prospective observations...
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Cosmic string formation

Tokyo Tech

[Kibble, 1980]

Independent regions

d1

S Phase variation

S~ — 2mn @3
®dn
|:> Cosmic strings inevitably form in the
early universe.
By causality, the values of ¢ in M cannot
be correlated on scales larger than Hubble Cosmic string
radius ~ t. network
[Hiramatsu et al. 2013]
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Implications

® Cosmic strings are predicted in many beyond Standard Model
theories.

® Cosmic strings are inevitably formed in the early universe and can
persist to the present time.

® Cosmic strings are considered to give contributions to CMB
anisotropy and seeds of Large Scale Structure...

® Cosmic strings are constrained from cosmology: e.g. angular
spectrum of CMB anisotropies gives a limit of only ~ 10% of the
total power can come from strings [e.g. Wyman, Pogosian and Wasserman,

2005]. I:> Upper limit of mass per unit length Gu ~ Gn? < 107
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Bosonic superconducting strings

static, straight, circular symmetric
Then a general ansatz is

- . , — 1
d) — gbr(r)e"s(r)“(z), A# — —Ea(z) aﬂS(T‘) [Alford M et al. Nuclear Physics B, 1991]

- - — 1 .
¢ =¢.(r),A, = 58(7‘)3”“(2) =5(r)
rd.s02a =0 a(z) = wz
1 5 5 :> London Equation
;ar(rar)s(r) —2g9°s(r)¢r =0 with penetration depth
0a(r) =1/gd.(r)

Superconducting current along the string

J. = | d®x[-2gws(r)$;]
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Numerical result for bosonic superconducting

Zero current case: (without current: 4, =0(5=0))

d=2

15

with parameters 14, = 8, g = 24,
/1(7) =80, ng = 0.55,eny = 1.
(mg' >myg' > m(%l)
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1.0 fF———— o -~ 2~ 1.0
0.9 F , 7 : I 0.9 | N b ST
— 0.8 % : = oy o __ 08} Y / = 100 r : |
= 07 ER A S | 1.0 | DoV S 07 ¢ ' ' I :
| 0.6 1 = : | 0.6 F 5 0.75 .
= 0.5 F n : . = 05 . 5
~ 0.4 F 2 : : ~ 0.4 8 0.50 | p
\.Ej/ 0.3 g 05 _.-" ":. B 03 | \'"é ‘._...
02t <3 " S 02t N &, 0.25 F
0.1r _‘4/ ¥I i "-_.-"\._-'. \
0.0 1 L 1 | 0.0 1 | 1 0.0 E 1 Y 1 | 0.00 I 1 ]
-5.0 -2.5 0.0 2.5 5.0 -5.0 -2.5 0.0 2.5 5.0 -50 =25 0.0 2.5 5.0 -5.0 =25 0.0 2.5 5.0
T T T z
. 5t L N
0.3 f & 4 k 0 25 :
=) : ST o 04r , cﬁz.u- .
| . J . N || B N M .
I 0.2 S L'h 3 : : 1 o3 : __ = 15 | _
% VO ) ‘ | ) -' : 4 '.
3 ! B 2F : . B 02} : : — 1.0 } " -
— o1t ; -_ % Lol G : ; E . :
S : A LJE I .'. W .'. < 0.1F H % w 0.5 F _-" :‘.
0.0 . ' ' : 0 : : b : 0'(15 0 -25 0.0 2.5 5.0 0'0—5 0 -25 0.0 2.5 5.0
-5.0 -2.5 0.0 2.5 5.0 -5.0 -2.5 0.0 2.5 5.0 : : x : : : : x : :
x T
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Numerical result for bosonic superconducting

I
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with parameters 14, = 8, f = 24, 45 = 80, ng = 0.55,
engy = 1,50 = 0.4.

-6 -3 0 3 6

d=1.9
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Coalesence of ¢
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...
-
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“,b
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Current quenching
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. 7. \ = 0
Effective mass of ¢: ; 008 |- \ $(0)
\ ]
1 2 002 - :
g, e 2 __ 1~ Z ~ |4 ~2 _ 1 4 i
ms = Bl¢| 2/1¢n¢+/1¢|q5| +8r=0 | :
Atr= 0, |¢| = 0, 0.00 | L L . L n 0.0
1 * o 02 03 %4 [RL. Davi®EP.S. Shellard, 1988 ]
2 2 712 ~2 ~
m5(r=0)=—=Azn% + Az|p| +5°(r =0) 5(0)
¢ 27 ¢| | 18.5r L ] (— localstring\
As |3(r = 0)] increases, |¢| is suppressed to zero. . ~— no current
Current 13.9] — §(0)=0.2
_ 2 = 72 — 3(0)=0.
J. = | d®x[-2g5("$7] | =04
: L15] — 5(0)=0.6
has a maximum value.
. A 5(0)=0.8 )
17.0} :
| | 8(n) = A,(M/g
1650« o o o . AP . g:0(Q1) gauge
0 2 6 8 10 12 coupling constant
d
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Global strings P ————
™\ 0.8}
L= |0H¢|2 — V(¢), [ global string
1 0.61 local string 1
V(¢) = Zl(l(plz - 772)2 he - s mmemaa asymptotic global string |
global U(]_) 0'4__ ----- asymptotic local string |
- 7 0.2}
o(r)\ . 0 -
¢(T) =\n +— elTL’( ); 7-[(9) = no 00- .
V2 0 2 4 6 8 10
massless Nambu-Goldston boson
r
2
o(r) = — \/7;1 ;7 m = \/777 Ep = 2mn? [ dz [-nyn, In(ed) ]
mer
cutoff at 6 = %l
1 1
Ve Eint = 21nn? [ dz [-nyn, In(md) — Zn%n%ﬁln(mzdz)]
o~ 2
suppressed at large
nn distance
Jr = 75(7")
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Numerical calculation for global strings

~
L=10,9|*-V(¢),

1
V($) =7 A(PI> = 1)
global U(1)

\_ symmetry /

=4

Eine = 2mn? [ dz {(—nyn, In(md) —

1
A

1
nins —In(m?d?)]

=
]t'illl

long-range
interaction

80+
2>
‘»
&
8 75f
>
2
[})
S 70t
s
(o]
[
65
Fig. Blue line is the numerical results ,
60 while red line is source method result.
1.0 1.5 2.0
Log d

global string

local string

2
----
.....
-------
= e e N L L LTI

no gauge fieldi
to cancel NG
boson

d

1

tn
[ N S P -

2 3
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Discussion

® Additional attractive sources are introduced in bosonic superconducting
string model:

[ long-range attraction suppressed ~ ¢ ™4

Scalar field ¢ -

L significant attraction near the string core d ~ ¢

Current(gauge field AH): dominant at long distance d > 6.

> leading to higher rate of Y—junction formation, for both large and small
current strings and zero.

> Corrections on predictions of gravitational lensing, gravitational wave bursts---
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