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Chacun a son defaut, ou toujours il revient
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Phase transition

Correlation length

(0|p(Z)p(Z + 7)|0) o< e~ 171/
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Model: cosmic string

T.W.B. Kibble, J. Phys. A9, 1387 (1976)
M.B. Hindmarsh and T.W.B. Kibble, Rep. Prog. Phys. 58, 477 (1995)
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Modael.: cosmic string

T.W.B. Kibble, J. Phys. A9, 1387 (1976)
M.B. Hindmarsh and T.W.B. Kibble, Rep. Prog. Phys. 58, 477 (1995)

.11"(7‘) 25-
0.8- e
0.6 | A ’§1.s\
©
> |
0.4~ B O il
Ifl lllll 'I|
0.2+ 0.5~ it

Nielsen-Olesen ansatz
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Nambu-Goto strings

§ = JHdO‘dT X =0

XH(o, 1)

/
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https://commons.wikimedia.org/wiki/File:Cosmic strings evolution during the expansion of the Universe.webm
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Fraisse, Ringeval, Spergel & Bouchet (2008)

L(t+1)C, /2m [(GU)? units]
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Fraisse, Ringeval, Spergel & Bouchet (2008)

L({+1)C, /27 [(GU)? units]
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Mostly based on existence of cusps...

GW stochastic background

K. D. Olum & J. J. Blanco-Pillado, Phys. Rev. D60, 023503 (1999)
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GW stochastic background

C. Ringeval & T. Suyama, JCAP 17,12 (2017)

J. J. Blanco-Pillado & K. D. Olum, Phys. Rev. D96, 104046 (2017)
J. J. Blanco-Pillado K. D. Olum & X. Siemens. Phvys. Lett. B778. 392 (2018)
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Model: Witten superconducting cosmic string

1 1 1 . 1 .
L=—-F,, F'" — ZGWGW | §Du@ (DFP)™ + §DME (DI =V (P, X))
| Covariant derivatives
gleld _stgenégth tegscgs D,® = (9, —iesB,)d
pr = Opbv = Ov Dy, D, =(0,—1e;A,)%
F,, =0,A, — 0,4,
Potential

2

A Ao mg
C(2fF — P+ fIRP =) S + TS+ TSP

4

V(DY) =
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Model: Witten superconducting cosmic string

L= —1FuF" = 3G G" + 2D, 8 (D"®)" + =D, % (D'S)" = V(9,%)
Cylindrical coordinates (¢,7,0, 2)
Ansatz
2
1
B, dz" = - n — P(r)|de
¢

(1, 0) = ne(r)e™”
A, dxt = A,(r)dz 4+ A (r)dt

B(t,7,2) = no(r)e =)
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Model: Witten superconducting cosmic string

| | | .1 .
L= FuF" = 2GuG" + 2 D@ (D) + 2D, S (D'S)" — V(9, %)

Cylindrical coordinates (¢,7,0, 2)

Background and condensate 2D Schrodinger equation
P _ ind
(Ta 9) 77¢(T)6.Et ; [—A 1 V(T‘)] g — EQO_
Yi(t,r,z) =no(r)e
L= V) = £ [620) - ] + m?
mz‘_ .........................................................................................

Negative energy solutions

— instabilities Bound states

2 2
E. Witten, Nucl. PhyS B249, 9 1 (1985) Montpellier— 27/11/2023 mO’ - fn < O




Model: Witten superconducting cosmic string

1 1 1 . 1 .
L == FuF"™ = GG + S D,® (D'®)* + D, % (D'S)* - V(®,3)
Cylindrical coordinates (¢, 7,0, 2)
Ansatz

- - 1
L Y () : Buda" = — [n— P(r)]d

i | €
2-0_— An actual solution i O(r,0) = ne(r) aind
15 - A, dxt = A,(r)dz 4+ A (r)dt
o L(p) o) S(t,r, 2) = no(r)e k)

0 | I | —
0.0 50 10.0 15.0 20.0 —
P = /AN

PP, Phys. Rev. D45, 1091 (1992) Montpellier — 27/11/2023



Model: Witten superconducting cosmic string

N
1 1) 1 1 ]. sk 1 >
L=—5FuwF" = 2GuG" + 5D,@ (D'®)” + ; 5 DS (DMS0)" = V(®, %)
Cylindrical coordinates (¢, 7.0, z)
Ansatz
30
af _ B, dx" = = n — P(r)|db
~01(p) _ ? »
20 — ! i
ool Two condensates d O(r, 0) = nd(r)e 0
15|k : A, dxt = A,(r)dz 4+ A (r)dt
= _P(p) ¢(/0) i E(u r, Z) _ 770.<T,)ei(wt—k;z)
o SI Distance to thell(s)tring core p . 20 P = V >\¢77T

M. Lilley, X. Martin & PP, Phys. Rev. D79, 103514 (2009) Montpellier — 27/11/2023



Model: Witten superconducting cosmic string

L = —ZFWFW — ZGWGW + §DM® (DFP)™ + §Du2 (DI =V (P, X)
Cylindrical coordinates (¢, 7,0, 2)
| | | | Ansatz
Non abelian condensate
(no symmetry breaking) y 1
: B, dz" = - n — P(r)|de
¢

(1, 0) = ne(r)e™”
A, dxt = A,(r)dz 4+ A (r)dt

B(t,7,2) = no(r)e =)

P = \/ )\¢777“
M. Lilley, F. D1 Marco, J. Martin & PP, Phys. Rev. D82, 023510 (2010)
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Model: Witten superconducting cosmic string

L= —1FuF" = 2GuG" + SD,® (D'®)" + 5D, % (D'S)" - V(®, %)
Cylindrical coordinates (¢, 7.0, z)
Ansatz
Non abelian condensate
| t ki | 1
| (symmetry breaking) _ Bzt = — [n — P(r)] 0
i _ €

(1, 0) = ne(r)e™”
A, dxt = A,(r)dz 4+ A (r)dt

B(t,7,2) = no(r)e =)

P = \/ )\¢777“
M. Lilley, F. D1 Marco, J. Martin & PP, Phys. Rev. D82, 023510 (2010)
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Model: Witten superconducting cosmic string

1 1 1 « 1 .
L= —2FuF" = 3G, G" 4+ 5D,® (D"®)" + 2D, % (D'E)" - V(®, %)
Cylindrical coordinates (¢, 7,0, 2)
_— Ansatz
oo | N\ @ = Q0 f~fro |
ol : 1
0.80 |- . Blud$’u —_— [TL — P(T)] de
oola i s an SO(10) model ¢ |
i : (r,0) = ng(r)e™
-Z:ZZE A, dxt = A,(r)dz 4+ A (r)dt
e | : Z(t, r, Z) _ UU(T)ei(wt_kz)
o, T e

0.00 I I I | 1 1 I I I
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 p S A¢77/I/z

.,.
A.-C. Davis & S. C. Davis, Phys. Rev. DSS, 1879 (1997)
E. Allys, Phys. Rev. D93, 105021 (2016) Montpellier — 27/11/2023



Model: Witten superconducting cosmic string

Cylindrical coordinates (¢, 7,0, 2)
st » Ansatz
SN :
085 | - \\\ | _ 1
oo O\ ” B,dxz" = — [n — P(r)]df
0.75 6¢

0.70
0.65 |- =~ ]
’ 1’r

(1, 0) = ne(r)e™”
A, dxt = A,(r)dz 4+ A (r)dt

B(t, 7, 2) = 1o (r)e @)
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E. Allys, Phys. Rev. D93, 105021 (2016) Montpellier — 27/11/2023




Neutral limit; (avoid complications due to long-range interaction...) PP, Piys. Rev. D46, 3335 (1992)

Cy — 0 Phys. Rev. D47, 3169 (1993)
AM — 0 Z(ZCa) — g(xl)eiw(ﬁa)
Conserved current 7, = az(r)é’ﬂw 1 0
0 0
\wtu —kz, = w 0 |~ k 0
0 1

Integrated (macroscopic) current ¢, = / d°x LJM = 270, / o (r)rdr

Scalar current 1 = \/ (e

Scalar state parameter x = g"” 0 10,1 — L2 )2

—> = 27m\/|K / r)rdr .
% 1/
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Integrated for macroscopic treatment

Stress energy tensor 7"

THY = /TWOIQ:I:L

— UuMtu” — ToH*oY

(U — T)ulu”

i &

— TnH"

Legendre transform — dual formalism

Montpellier — 27/11/2023
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U=1T+ uv

Legendre transform — dual formalism

B. Carter & PP, Phys. Rev. D52, R1744 (199)5)
B. Carter, PP & A. Gangui, Phys. Rev. D55, 46477 (1997)

Macroscopic formalism

State parameter  — worldsheet lagrangian £(x) and s = rko7*"0,00,p

2 _
Se = —,u()/dzg\/ —vL (k) V" = |w

2 _
Master function (dual to lagrangian) A(y): set X = R0y 01Ot pe =X

—————————— 2 conserved (orthogonal:v,,n“z% = 0) currents

.o . oA
2% = n =

88agp 88a¢

Equivalent alternative dynamical description

Sy e Sx — g / 126/ A (x)

Montpellier — 27/11/2023




dL

Current amplitudes ICz% = Kg0%p = Kn® = ko0
<
dk 5%

== -9

Equivalent formulations

R S BN k= K2y

Legendre transtormation A = £ + Ky U=1T+ pv
. . . . dU
[dentification for the macroscopic description p=—
%
dT’
/ —
Regime U T k and X current dp

Electric AN | =L <0 timelike

Magnetic] —L | —=A > () spacelike

Montpellier — 27/11/2023



Valocities

Macroscopic perturbations (stability constraint)

5 I
CT — ﬁ > ()
(no spring)

\)

dI"  vdp

C

dU pdv

Y/
0.4f
0.2
Timelike Spacalke
: - - ] . : .
Jos 008 w0a 005 © 002 004 006

State parameter

5.2 \l
>0 |}
\
\
\ U/n?
\\
\
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\
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\ el
S\ e
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/ T/T]z
//
/
§
it
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Specific models

> Nambu-Goto (structureless) L =-m? — U=T

> Small field expansion L= —m?*+ g — A= —m*- >2< self-dual

Subsonic equation of state U +T =2m*® = ¢, <¢c, =1

> Kaluza-Klein L=—-mVm2—r = A=—-mym2—y self-dual
Transonic equation of state UT = m* — c. =c¢ <1
2
> Small field expansion (higher order) £ = —m? A ; | f 5 O(k°)
m*
B e\ Supersonic
> Witten magnetic model £ = —m? + = [ 1 equation of state
2 m?
* c, <c.<1
2
m K
> Witten electric model £ = —m? = In (1 2)
2 msz

Montpellier — 27/11/2023



5.2 \'\
Phase frequency | U4
threshold
s
50
7 Tm*
4.9 | |
-0.02 -0.01 0 N
\Y
. . 5 K
° Witten magnetic model £ = —m* 4+ —

2
o Witten electric model £ = —m? 77;* In (1 " )
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non trivial structure: Sy — —11° /dz.f\/—”yﬁ (k)

x’2 \

dZ 0 (@' 'dZL
1= & |
dk do \ ¢ dr

K = yabﬁa(pab(p

Nambu-Goto strings

P. P. & B. Carter (Paris) S = J, /—ydodr X=x"

Montpellier — 27/11/2023



P.P. & E. P. S. Shellard (DAMTP)

Montpellier — 27/11/2023



Dynamics of current-carrying cosmic strings in expanding universes

Effective action S = /ﬁ(/@)\/—yd%: —,u()/f(/f)\/—vdaodal

dXF gx”
0o Oob

Induced metric Yo = guv = g X' X5

Worldsheet  X#(5%) = {X°(c”,0"), X (6°,0")}  Gauge choice 1: X0 = 7

Background metric dsgLRW = a*(7) (d72 — dm2) = dt* — a*(t)dx?

oX oX

or  Oo

Gauge choice 2: =X -X'=0 = ~,, = diag 2 (1 _ X2> ,—aQX’Q-

952 90/2 2 .2

a2<1—X2) azX’qu —J

— State parameter ~ =

Montpellier — 27/11/2023



Equations of motion

BT(GU) | ae ((_]+T)X2—|—U—T = 0,P
XeU A Ze(U+T) (1—X2)X = 0, (%X’) +20X" + X' (<i>+2g<1>>

0, (f,ia\/qu”) = 0, —fma\/ﬂ(l = XQ)-

Montpellier — 27/11/2023



Averaging process
E = aug / Uedo Energy

Eoy = aug / edo Bare energy

General variable

Integrated state parameter
Total charge Q* = (¢*) and current J* = (5°) K =Q?% - J?

RMS velocity v = \/<X2>

Montpellier — 27/11/2023



General assumptions / hypothesis

Uncorrelated variables
(F(0)) = F({0))

Vanishing boundary terms

/(?0 {F|X (o,7)]}do — %&, {F|X (o,7)]}do =0

poV'
Lza?

+ Brownian string network F =

E = Eo(f —2¢°fx) = EEO =F-2Q°F"  F(K)=(f(r) F'=(fs) F"=(fur)

Montpellier — 27/11/2023



dL.

dr
dv

d.J*
dr

dQ?
dr

— 2J%

a L

C 2
o F — 2Q2F" v

2Q)

Equations of motion

F—(Q =) F| - (@ + J°) F'}

k(v)

vk(v)

_ (1=
dr — F = 2Q%F" | Le\/F — 2Q2F

a

i F/ 4 2J2F//
E + QQQF//

Chirality
K — QQ o J2

L.y/F —2Q*F @

vk(v) a

Lcy/F —2Q%*F @

Montpellier — 27/11/2023
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(F +2J°F") — 20 F— (Q*—J°) F']

a

Charge

LQ* + J?)

}



Momentum parameter:

Montpellier — 27/11/2023



1 — X2)(X - u)>
v(1 — v?)

((
Momentum parameter: k(v) =

From Nambu-Goto network simulations  kyg(v)

From Abelian-Higgs simulations ksm(v) = ko

Montpellier — 27/11/2023




Momentum parameter:

(- X)X )

klv) = v(l —v?)

1.4
1.2
1.0
0.8 __
0.6

0.2

00

kSIl\/I

Kne

02 04
v
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Phenomenological parameter:

loop chopping efficiency dEo — _ ¢ v@

dr loops SC

(c ~ 0.231n ordinary “VOS” model)

. . dE E
current chopping efficiency — — — g CU—
dr loops C
s X 4 Y
charge leakage — =—A—-—=-—A >
dr leakage & L. \/F — 20Q)%F" LC\/I +Y
_ T m\°
Universe expansion: a(T) = ae q |2 (_> =l (_>
Teq Teq

Montpellier — 27/11/2023




Scaling solution L.=(r with (=0

vi +Y a - gev(l1+Y)+ AY
1+Y a>  2(1+4Y)3/2
1 —ov? [ Y) -

1+Y |

Montpellier — 27/11/2023



Dynamical solutions No leakage
g=09,=09 ¢,=0.5 k(v)=k,=0.6

n =2

0.10

0.01| K
1016 10~1 1075 10~ 10% 10°
T
(A)

Montpellier — 27/11/2023



Dynamical solutions No leakage g = 1 + 20Y
8, =023 Ku)=k;=07 &6=9006

n =2

n =1
0.8
Y
0.6 U
0.4 C
0.2
K
101 1076 10! 10% 10°
(B) T
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Dynamical solutions No leakage g =1 + 20Y
¢; =028 Kli)=FkE;=06 b=04

Attractor (n = 1, radiation)

7 ol >
/ “ . —
e . =
‘. ' [ & = - = o e
|\ // “ S - \
A 7 " — S [
\K \ ,/ / / / > e <;\ 2 \ |
\ / / - e _ —. /
A \ \ e N\ N
\ | #/ AN / \ j
N \ / ) ¥ oy / -
. - \ N /| L/ T \ \ A\ y 0.30
> \
S \\ \\\\ \ \ . /4 - o - /‘\ / /
\ BTN T . ~ /\ 7L
> : N N\ NY L | o 0.25
e \\ \‘s\ 3 7% | \ | ’ / /
~ = S o ! 7 ! | / 7
= SN e g8 J / / 7 / / y e 7t C
= e S s = T \ 7 / { / o
A = Sy 2 A : /7’/ % 1 A / // /I / A / O 2 O
=N g = /’
= — —= S A / A / / i y
a a - — N T s ’ : / / i
> = - — 2z e s A7 / o /
1 = = gt S 3 - = /i P4 > O . 1 5
> —> P = — / ~ o / y
~—a — 8 i . === L > o % ot s / o / A / Py
— —— B /,7 / / ¥
> = ’—_,_\‘ > e o 7 P / > / ) o A p s — O ) 1 O
. —- — e — A ~ / oy
‘ - el <l e el e )
— dz f;*_ — > — ! ot 1 =7 s / 7 7 2
P
T —4
/ 4
e
/
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Dynamical solutions With leakage
co =023 k(v)=k,=07 b=0 A=0.6

n =2

0.8 Y
0.6 U
0.4 C
0.2
K
10~ 107° 10~ 104 107
(D) T
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Dynamical solutions With leakage g = 1 + 20Y
co=023 b=0 A=0.25

1.4

1.2 |

1.0

_02 | | 1 | 1 | ] | ] 1 | ]
1072 10 1™ 10 10¢ 10 10 10" 10 167 10 18* 1o°

T
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Beyond the linear model

Relevant thermodynamical variables

Y:%(QQJrJQ) & Kl =0'=Y$EK2 & I"=s¥Y-K/2

constraint ( K| < 2Y\

Charge and current leakage

. > ¥ 1 K
Q@ V) 1y K
dr leak fc R dr leak 25@

N 2 K 1 K
il I S il I (AY+A+—)
dr leak fc dr leak fc

Montpellier — 27/11/2023



Loop chopping bias

= —qg —Q?
d7 loops e fc
dJ?
= "—=05 QJZ
dr loops fc
Relation with linear bias
B E’ 3 QQQF// " . QQQF// J2
9= "9 T o0 @ T 9 a0
s, K
14 = Y —
loops 2 e <g+ - 2 )
—

. CU K
K — 'y —
loops fg (g I+ 2 )

Montpellier — 27/11/2023



Modified equations of motion in terms of & = eT

ET

VT

YT

1

W2

1l — v

(definition : & = /F — 2Q2F'Le =: W L)

1

nev® (F — F'K) — 2vkY F'| + SV~ €

W2

vk
€

) ) _
{E F+2(Y K)F
€ | 2 )

— 2un (F — F’K)}

2YF' + (4Y? — KA)F"  cv K 2A.Y + A_
n g.Y +g —
F'+ (2Y + K)F" 2¢€ 2 de
F'K Cv K 2A Y+ A K
n g_. Y +g9, —
F'+ (2Y + K)F" 2 2¢€
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U/,LLO and T/,U,()

Enhancement of charge / current loss for Y 2> Y, :

Aconst
A:: (Y) - 1 - e—<Y_Ycr)2

\_ K

127

—_—
d
r—— v ' v

—
- o -

O
o

| \\\Fmag | - 3_0{
LB .
1 K
for K <0
201 —ak = T
In(1 — 2akK
| al iid, for K >0
4o
9 )
TN
&)
. mg
‘15 210 . _05 0.0 05 \- )
sign (K)v/|K|
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Case with no leakage: frozen network

a— 1

102 | ||lded ||| lmas || I xe7 | Il |10 l]]||108
T/Teq

Montpellier — 27/11/2023



Leakage and no bias: linear regime

0.8

0.6-

a— 1

0.4 - n‘
i
[ - e
O.Z-L_/’ ----------------- - “
o A
10714 1071 108 10~ 10-2 10' 104 107 10| _________________ _ 2
41 \\s
I ————————————— —
T/ Teq :
d
0.4 11
| Y C
g4+ = 0-2'!'_ ------------------------------------- b \.‘," ----------
_a 5 0.0 . . . | L S R
Aeeeze = 1) @ — 1014 10-1! 10-8 105 10-2 10' 104 107 10%

'1/7Cq
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Leakage and bias: full Witten regime
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Leakage and bias: full Witten regime a — 1 (dashed)
a — 3 (solid)
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General behaviour of the network at this stage

o No leakage — frozen network

o Matter domination era —> Nambu-Goto evolution
o Radiation domination era — non trivial charge / current " 'linear”’ scaling

o Radiation domination era = velocity & density Y — dependent scaling

déc Ev? a4 cv Y déc Ev? a  cv Y:

da 1+Y a 2 1+YU (v) dr 1+ Yra 2 1+va (v)

| T oovr B . _ )
qav (1 —v%) [k(v)(A-Y) 20 dv (1—v2%) [k(v) (1 —Y}) 00 d
dr l+X¥ | Eo a 1 TY; | 3 .

Y ' ] Y . s P
d_ — S vk(v) _a A(Y) + Heaviside Y — scaling
dr Ee a &c 4 , )

_ __ - a a

dr N I SC a SC \_ Y
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Observational setting (redshift)

Radiation scaling

0.7 qu 0.30 “eq 1.0 “eq
..... Nq—-_—.}:- ' E . Y:c;c = 0.99,”“:&___---
0.8 e o . Yoe=03 0254 L._Ysc =068 4. PO
0.5- L b e T | e - Y50 =0.68
b, ' - 0.0 > i B e
0.4- \\\ : )/SC = 0.68 e —_"‘:\__ : }/SC = (0.3 0.6 1 ”’ " E
| * : S 0.15- R T > iy :
el gl w3 Mgreeens R NG - Ly, i
o 0.10 - “ | ' ’ . Y5 =0.3
0.2 i s, s —1
» 7 . il |
0.1- g 0.05- | TS ————- . AL :
| L O - Y5 =0.99 2 :
D8 Lt -rroy 0.00 +— " SRME——— - 0.0 + -‘Q‘-’-ﬁ, s IR e e
10° 107 107 103 104 105 10° 10! 10° 10* 10? 10° 10 10 10 10 10 10°
Z Z 4
Frozen network
v(2) (2)
0.7 Z;eq 0.25 “eq - Y(Z ) “eq
NG ...... 1| ....................................... : : "‘.::a’v”mﬁw.‘»’
D61 = .eessesnre? . ' o’ v
' .'..- : 0.20 i . NG : L -/ ! \J,
N : skl AR - 0.8 f, ’ :
e : S g : 1| :
. P | ‘ Y t:- W i
0.4 :.Jz\ N : _0.15 \ T P A 08 ' :
0.3..“1- s ¥ : I“E‘ N, : /°/,"L H / E
4/ S S s~ 0.10- . TN ol i T ' :
024 SN o oo Bl ™ . W o~ L& !
' o W .'l - - \, * f’ / I :
\\\ " - 4:0"’ 0.05 - \\\\ ?N.h____.-'" ’d” 0.2 4 I’/. !
0.1 r~‘§&"/‘- \5..-: ----- “'"f 'I/' :
0.0 . L, ' : , il 1 , AR RIS
10° 10° 10* 10° 100 %00 102 10* 10% 100 o0 10 104 10° 10'
zZ Z Z

Montpellier — 27/11/2023



CMBACT = CMB from ACTive sources...

T (z7) = d2ov/—=v6W [2* — XMoo, 7)] [+ V)@ 5" — (1 = Y)§HD” — Y (@HD” + o aY)]
S .‘ !,
XH =gl + o XP 4+ 7 XK XH A
- . : : \/_X/Q
Straight segments approximation vV X2

Fourier transform

Ec/2 X KXV . .
on — uo/ (1+Y) (1= Y)VT—o2X'8X" —y (XHX' + X" X") | do
—&c/2 \/1 = U2

. U sin(2kX5¢€ .
mmme- SVT decomposition Qo0 = —= = (12 : ) CoS (k - X + szvT)

| 5 o Y . 1, =Y |
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\% — 2vV Vv le— 0 2 ! v/ Y / v ; / -
0" = [vXiXs - (1 —v )X1X3—v1+Y(X1X3+X1X3) O
T -2' ’ l— i 2 ! v/ Y / ; / -
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Vector modes
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Conclusions

o Current-carrying cosmic strings may be generic

> Thermodynamical parameters: velocity, correlation length, charge & current
o Many possible scenarios, one favoured (Yy, % ORDE & Yy = 0 MDE)

o Can use CMBACT to mnvestigate cosmologically observable consequences

> Possible amplitude reduction in Cyof order ~ 25% and more power on large scales...

THANK YOU FOR YOUR ATTENTION
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