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Abstract:
Cosmic string networks are expected to generate a large gravitational wave background (GWB). We present a survey of GWB

signal templates depending on the underlying hypothesis of the cosmic-string network. Following, we introduce a machine

learning method based on SBI techniques, to determine the detectability of these signals by LISA, including signal spectral
reconstruction and model comparison procedures.
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Cosmic Defects

Domain Walls

Cosmic Strings

DEFECTS: Aftermath of PhT — ¢ :
Cosmic Monopoles

| Non — Topological

CAUSALITY & MICROPHYSICS => Corr. Length: £(£) = A(t) H1(t)

Defect
Networks
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Cosmic Defects

Domain Walls

Cosmic Strings

DEFECTS: Aftermath of PhT — ¢ :
Cosmic Monopoles

| Non — Topological

) ) . y monopoles: texture: (non-topological)
domain -~ . strings:

Py
walls:

MICRO-PHYSICS ====)p COSMIC DEFECTS
(M = G/H)
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Cosmic Defects

Domain Walls

Cosmic Strings

DEFECTS: Aftermath of PhT — ¢ :
Cosmic Monopoles

| Non — Topological

CAUSALITY & MICROPHYSICS => Corr. Length: £(£) = A(t) H1(t)
(Kibble' 76)

SCALING: A(t) = const. — )\~ 1

* Could be not exact in some cases
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Cosmic Strings

One-dimensional topological detects (I1,(M) # 1)
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Symm. Breaking Fld (‘Higgs') Different Vacua (at different locations)
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Cosmic Strings

One-dimensional topological detects (I1,(M) # 1)

1A
HIGGS
STRINGS
(Higgs Min
Pot. Energy Max)

2D SLICE:

Symm. Breaking Fld (‘Higgs') Different Vacua (at different locations)

0.0 W]

DGF, PhD Thesis 2010
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Cosmic Strings

One-dimensional topological detects (I1,(M) # 1)

1A
HIGGS
STRINGS
(Higgs Min
Pot. Energy Max)

2D SLICE:

Symm. Breaking Fld (‘Higgs') Different Vacua (at different locations)

or ! Local (¢7,Aﬂ)
' * Short range int.
 *my#0,my #0
\ “e.g. GUT models

7
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Cosmic String Networks

'Infinitely’ thin: -1 > m™!

N;mbu:Goto J

————

Pirsa: 25040106



Cosmic String Networks

Intercommutation

S

Loops ! Loops !

Pirsa: 25040106



Cosmic String Networks

Gu = (n/M,)*
Loops are formed ! viprate under their tension !

Periodic
( (( O)) Oscillations
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Cosmic String Networks

Gu = (n/M,)*
Loops are formed ! viprate under their tension !

NN AAD Gravitational

Waves (GW)
(((O)/ ) are emitted !

L=1Ut) C=> f=7:i=123.

(Harmonic freq’s)
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Cosmic String Networks

Gu = (n/M,)*
Loops are formed ! vjprate under their tension !

NN AAD Gravitational

Waves (GW)
(((O) ) are emitted !

(Freq. Today)
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Cosmic String Networks

Gu = (n/M,)*
Loops are formed ! viprate under their tension !

NN AAD Gravitational

Waves (GW)
(((O)/ /) are emitted !

Superposition from many loop signals
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Cosmic String Networks

Gu = (n/M,)*
Loops are formed ! vjiprate under their tension !

NN AAD Gravitational

( Waves (GW)
(( )/ ), are emitted !
Word of Caution !
Field-theory strings can also decay via particle production

Following ... we assume GW emission dominates'!
(* We will review this at the end of the talk)
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Grav. Wave Background
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Just anumber  harmonics
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Grav. Wave Background

dl n(l, ) Pow(f. 1)

° /0
Nambu-Goto
Loop calculation
length
number
density GW power emission

o 1/(fl)1

dp((}(%v K 3 ca/H
df ’ a(to)

expansion
history

-4/3P A
. J LT
GW power emission (NG) I

K
P.=I'— S
[ N C) J Y~ . gﬂl

Reality...
q == (cusps) (From NG sim’s)

w5 10! 102 10° 10* 10° 10° 107 J

(Blanco-Pillado, Olum, 2017)
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Grav. Wave Background

_ 1 S %gep / L (e [% @
o) = g D 7R [ da g (2) 22 2@
= N, e’ [ e IS e —

GW emission cosmic history loop number density
from single loops

— —

g vV
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] NG analytics ACDM NG analytics
Conventional
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Grav. Wave Background

Qaw(f) =

1
3HZm%,

>

J=1

2j o
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N ——’

GW emission
from single loops
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—

Beyond
Conventional
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e.g. Kination

7

e.g. Metastable strings
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Grav. Wave Background s)

(Model I)
vOS Templates

(semi- for cosmic-
analytic) § string GWB

Conventional
(Nambu-Goto)

(Model 1) "

conventional
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Grav. Wave Background s)

h (Model I)
vOS Templates

(semi- for cosmic-
_ analytic) | string GWB

Conventional
(Nambu-Goto)

(Model 1)
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GW Background Signals: Detectability

3 interferometric channels

X. ¥ Z AJE,T

XX XY XZ AA 0 O
YXYY YZ O EE O
ZX ZY ZZ 0O 0OTT

_2afL

NAA(fEAPaAacc) =NEE(f§APaAacc) A c
= 85in2$f [4(1 +coszy + cos? Z§)Pacc(f; Aace) + (2 + coszy) PIMS(f;AP)]
NTT(f; APa Aa.cc) = 163i112 Tf [2(1 — COS xf)2pacc(f; Aacc) + (1 — COS a:f)PIMS(f; AP)] .

Piys = 1.6 10*4iAy [1 + (2 mHz/f)4] :[:?p Hz_l, (Interferometry Metrology System, e.g. shot noise)

P = 7.7374 x 107*{A2_. [1 + (0.4 mHz/f)Z] [1 + (f/8 mHz)ﬂ 3:;2 Hz ! (Mass acceleration)

LISA-LCST-SGS-MAN-002. APC Paris, July 2020.

Aacc 3+£0.6 LISA Data Challenge Manual. Tech. Rep.
3 LISA Pathfinder (2016) PhysRevLett.116.231101
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GW Background Signals: Detectability

fm'\.x QGW 2
SNR = 4 [ Tobs / ] Signal-to-Noise Ratio
Dnoise (Naive Method ?)

h*Qow
T B 1 - T LN | T T T o T -1 L |
C % e, R S ARnoi = RLS

(PowerLaw
Sensitivity)
Curves
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GW Background Signals: Detectability

fm'\.x 2
SNR = \/ Tobs / QGW (‘);))] Signal-to-Noise Ratio
noise (Naive Method ?)

h?Qcw

ESNR=10°0
"'HMSNR=100O
ESNR=1 A

10~

—— (Gu=4-107)

| (Gu~5-10718)
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GW Background Signals: Detectability

fm'\.x 2
SNR = \/ Tobs / QGW (‘);))] Signal-to-Noise Ratio
noise (Naive Method ?)

SNR
10° 3

~0.01% ?

AW

Y Excluded by NG15; | |
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GW Background Signals: Detectability

We want precision
cosmology/HEP !

- Signal error reconstruction

- Proper Parameter Estimation




GW Background Signals: Detectability

Simulation-Based Inference (SBI)
( Machine Learning method )

Qgignal = ng(ginj) from Model M

Building mock data [6 = {5, 7i}]

Mock Data source

D(&) network
Repeat this Trained

~ 10° times network !

(on the model)

B B R N ]

(Sampling over 5)
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GW Background Signals: Detectability

Simulation-Based Inference (SBI)

Blind signal
Reconstruction

Arbitrary Spectrum

|Code GWBackFinder

(Dimitriou et al 2309.08430 )

Pirsa: 25040106 Page 29/67



GW Background Signals: Detectability

Simulation-Based Inference (SBI)

Template signal
reconstruction

__|Template (@) Spectrum|

10

7 7

10-10 2y

- - )
o | Superfast |-
| | Estimation!| "
e =

10~

10-1%

Lot
1074 1073 1072 1071

Applications to Cosmic Strings,
Phase Transitions, Inflation, ...
Dimitriou et al, Work in progress
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GW Background Signals: Detectability

|. “Signal reconstruction” ability

Qsign = ng(s"inj) from Model M

Building mock data [é = {s,n}]
Qi (6) = Q‘signal(g) + anise(ﬁ)

Mock Data
D@) (1 sample)

Posterior of §
P(s|D)

for injected 5y
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GW Background Signals: Detectability

[l. “Model comparison” ability

‘ngnal = QM““E(S ) from Model M,

Building mock data [6 = {5,7}]
le(ﬂ) = Qsignal(g) + Qnoise(ﬁ)

Mock Data (1 sample)
' D)

True model : : Rival model
Qlewe(5) Qi)

’
'l
A

true

Evidence of M
P(D| M,

Ewdence of M.

rival

P(D | rival)

rue
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GW Background Signals: Detectability

[l. “Model comparison” ability

Qo= Q (Sm]) from Model M,

sign.
Building mock data [6 = {5,7}]
le(ﬂ) = Qsignal(g) + Qnoise(ﬁ)

| Mock Data _("'50 samples)
0

True model : : Rival model
Qee(3) Q5@

, *
s
+ A

s

ol
Evidence of M

L Ewdence of M
P(D|M,

P(D | rival)

rival

rue
Averaged log Bayes factor -

. P(DlMLrue)

t (InBF(M,,., M,;., P(D| My, )ln ———=<=

§ (nBF O M) = [POIM I e

Jiien injeeiee et i)
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GW Background Signals: Detectability

Model |
vOS Templates

(semi- for cosmic-
analytic) § string GWB

Conventional
(Nambu-Goto)

conventional
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Conventional Signals: VOS &

(analytical)

[One-parameter templates: Gﬂj

(String tension Gu: log—uniform [10718,1079])

1 = 2j
QGW(f)Z 3H§m%12 ?(Gﬁﬁ

=

P;

)/da

a
agp

1
H(a)

) |

2
f

=

GW emission

cosmic history loop number density

from single loops
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Conventional Signals: VOS &

(analytical)

[One-parameter templates: Gﬂj

hzﬂGW
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Conventional Signals: VOS &

(analytical)

[One-parameter templates: Gﬂj

(0435/0355 - 1) x 100 %
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Conventional Signals: VOS &

(analytical)

[One-parameter templates: Gﬂj

hzﬂGW
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Conventional Signal Reconstruction

Zoom-in

(BOS: 1-parameter template — Gu)

Gu=10"1

injected ---- - recon. ﬂGw(f:ﬁ) recon. Gu ® 95% CL recon.
\ G# — lo—l(l

~1%

2x107%
fow [Hz]

Gu =10"13

<4

~1%

16x107°  17x107! 18x1077 18x107? 2x107 21x1C
fow [Hz]

Gu=10""

"~ 10%

2x10°7 3Ix1077 4x10°F 6x10
fow [Hz)
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Conventional Signal Reconstruction

Zoom-in

(BOS: 1-parameter template — Gu)

Gu=10"1

injected - - recon. Qcw(F;Gu)
N Gu = 10~1 '

SNR = 2.104
~ s ) p e 1%

2x107%
fow [Hz]

Gu =10"13

~1%

16x10" 17=1077 18x1077 18x1077 2x1077 2.1x
fow [Hz]

v 1¢
(&7 10

~10%

2x10°3 3x1077 4x10°F 6x107
fow [Hz)
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Conventional Signal Reconstruction

(Gu)y = 107 (BOS)

Red: SBI
Blue: MCMC

O 0 o O 2o P ;P © ® o S
S g o & o o 9 o S S
= \.,,)9 0‘.’5 \}‘.’3 LRI S S ot v 3 ™
£ 4

|Og G}J P Aace

—

——————

Tension Noise
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Conventional Signal Reconstruction

(Gu)y = 107 (BOS)

Red: SBI
j Blue: MCMC

® ]

o

Q 1

]
b‘ 1 T T T T

o1 -: o.zg% |

5 O W0 2o P P> P © ® e &
L RSN S S
,,J.@’ 5> 42 42 SRS R A A% A% ¥ A
/’\’ /'» /J\’ /‘\’
log Gu P Aacc

— —

Tension Noise

irsa: 25040106 Page 42/67



Conventional Signal Reconstruction

(Gu)y = 107° (BOS)

Red: SBI
Blue: MCMC

log Gu

Tension
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Conventional Signal Reconstruction

Zoom-in

(BOS: 1-parameter template - Gu)
Gu=10"1
injected -~ - recon. Qcw(F;Gu)
\ G = 10710
' SNR = 2.104 v
(~0.005%) & - -

1%
x107%

Gu =1 13 )
£ 0 & . fow [Hz]

Gu =10"13

4

~1%

17=1077 18%1077 1lax
fow [Hz]

Gu=10""

F 3

'~ 10%

2x10°3 3Ix1077 4x10°F 6x107
fow [Hz)
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Conventional Signal Reconstruction

(Gu)y = 107 (BOS)

Red: SBI
Blue: MCMC

O 0 o O I SIS TP 3 © ® o 3
> O ® g o & o o 9 o S S
= \.,,)9 0‘.’5 \}‘.’3 LRI S S ot v 3 ™
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—

——————

Tension Noise
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Conventional Signal Reconstruction

% Relative Error: A(log Gu)

| __ZOO0M-IN
\ﬁ % Relative Error: A(log Gu)

0.3 7

0.2 4

0.1+

0.0+~

—=0.1 1

-0.2 1

—0.3
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Model Comparison: vs VOS

(Averaged log-Bayes factor)

200+ ——rrrr o !

~\

150 x— BOS (true model)vs. VOS
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=
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Model Comparison: dof evolution

o0

j 5 o 1 a\" i a
Senlis wommz 7 (GF) /;2 “ (a—o)j{?a’“‘”},

1

—

-
GW emissjon cosmic history loop number density
from single loops /

—— Husdal-150MeV  ---- Husdal-170MeV  -..... Husdal-214 MeV
(Husdal fpSaikaws _ 1) x 100 % (ot /fagy> - 1) x 100 %

2 VOS (Model I) T » 2 BOS (Model I1)
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Model Comparison: dof evolution

/1 to BSM!

1 " | L L L
1e-06 0.0001 ! 100 10000 1e+06 1e+08

T [MeV]
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Beyond Conventional Signals: Detectability

(A) MetaStable Cosmic Strings (D;’(;gg‘fgoezt;')

RATEN

Grand Unified Theories: Symm. Breaking @ multiple steps
(monopoles & strings)

Monopole-antimonopole pair nucleates — cuts loops — segments

Nucleation rate monopole

m formation scale
I'y=—e"
2

String
formation scale
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Beyond Conventional Signals: Detectability
(A) MetaStable Cosmic Strings

(Two-parameter template: Gy, x ) (7 Legniom i 2107

Gu=5x10"" |
- - - stable :

—— metastable

EEe | fH
1 [Hz]

100
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Beyond Conventional Signals: Detectability
(A) MetaStable Cosmic Strings

(Two-parameter template: G, x ) (% Legniom i 2107

Model comparison: conventional vs meta-stable

Kinj T

75!

| Metastable (true model) i
vs. conventional (VOS)
BW<(BF)>=10 W(BF)=>10°
W (BF)=10"

>

Al.lldl—llll N ”11(;-13 S lllid—l.? |
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Beyond Conventional Signals: Detectability

Templates
for cosmic-
string GWB

-1 } Polchinski

String Th. rd i S

conventional

Currents
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GW Background Signals: Detectability

(over foregrounds)

Which
foregrounds ?




GW Background Signals: Detectability

(over foregrounds)

If you remember:
No foregrounds % Relative Error: A(log Gu)
0.3 7
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GW Background Signals: Detectability

©
@
4
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—
et
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e
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|
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|
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|
=
=y

|
=
(9]

|
=
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|
[a
~

|
=
o 4]

(over foregrounds)

% Relative Error: A(log Gu)

1 === with foregrounds

1 =--Injected

w/o foregrounds

mean (with foregrounds)
mean (wio foregrounds)

14 -13 -12
log Gu injected
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GW Background Signals: Detectability

vOS Templates
(semi- for cosmic-
analytic) § string GWB

Conventional
(Nambu-Goto)

What about
field theory ?
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String Loop Dynamics + GW emission

GWs & Particles Emitted

ATyee

1000F & N <1000
=000 = N < 2000
v N > 2000

Quwl(s,T)

500

200

200 500 1000 2000 2000

100
K

. L\‘-/r(.
(Loops isolated) (Decay vs Length) (GW emission)

Baeza-Ballesteros et al, 2024 If |oops Artificial (W/ KII"IkS)
(Local Strings) L,

—

[ L/w =~ 200 — 6000 ] D
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String Loop Dynamics + GW emission

GWs & Particles Emitted

e

§  This will open PTA bounds to GUT scales ! g
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String Loop Dynamics + GW emission

GWs & Particles Emitted

ATyee

Quwl(s,T)

1000

& N < 1000
= 1000 < N
¥ N > 2000

< 2000

500

200

1000 2000 2000

Ly/re
(Loops isolated) (Decay vs Length)

Baeza-Ballesteros et al, 2024

(Local Strings)
[ L/w ~ 200 — 6000 ]

200

500

(GW emission)

If loops Artificial (w/ Kinks)

Critical . Pow
Length Lc [lf L> Lc : P_ > 1 ]

(Vachaspati ¢
etal2019)  (In agreement with NG)
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A message before
we conclude ...

Precision Cosmology/HEP
w s

ith Grav. Wave Background
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A message before
we conclude ...

Precision Cosmology/HEP
w s

ith Grav. Wave Background

VAR

[ Proper Data Analysis ] [Correct characterisation]

methods (foregrounds, of GWB signals (lattice
transients, signals, ..) sim’s < non-linearities)
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Thanks for your attention

Merci pour votre attention

Pirsa: 25040106



Pirsa: 25040106

GW Background Signals: Detectability

(over foregrounds)

PQcw
—

Ci=5%10 " |

E | B EE (BOS(Gﬂ)J

- - -+ Galactic WDs

Ex. galactic WDs

107182 i 0
107 10 10-

f [Hz
[ ] 2407.10642
2304.06368
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GW Background Signals: Detectability

(over foregrounds)

P Qcw

10—10

10711 L

e e
f [Hz]
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GW Background Signals: Detectability

(over foregrounds)

P Qecw

10—10 L

4 ---- Galactic WDs

2304.06368
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GW Background Signals: Detectability

(over foregrounds)

P Qecw

10—10 L

4 - ---- Galactic WDs

Ex. galactic WDs

2407.10642
2304.06368
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