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GW spectrum from Cosmic Strings
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String network formation 

[Allen & Shellard 1990]

V(ϕ)

ϕ U(1) ! 1

T &

03π/2

π/2π

Nambu-Goto approximation

[Kibble 1976]

Lcorrelation length

1D classical objects with tension: μ ∼ ⟨ϕ⟩2

π1(G/H) ≠ 1
Topological defects generated during 
spontaneous-symmetry-breaking with 
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GOAL: Use GW from string as a probe of the 
Early Universe

Assume LOCAL strings
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Stucture of the talk
A) GW spectrum from CS

Scaling regime

Number of loops

Beyond Nambu-Goto: massive radiation

B) Probe non-standard cosmology 
and particle physics

Early Matter era induced by heavy unstable particle                 
(e.g. superstring moduli, U(1) dark photon, ALPs, PBHs)

Early intermediate inflation                                                            
(e.g. supercool first order phase transition)

!20
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PGW = Γ Gμ2 Γ = 50

PGW ∼
G
5 (Q′�′ �′�

loop)
2

Q′�′�′�
loop ∼ mass × length2/time3 ∼ μ (length ∼ time)

NG simulation, e.g. Blanco-Pillado 17’:

independent of the length the loop

f̃ =
2k
l

, k ∈ ℕ+,

Mode-dependence:

P (k)
GW/P (1)

GW =

8
><

>:

k�4/3
cusps

k�5/3
kinks

k�2
kink-kink collisions!40
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The GW spectrum
ti = loop formation time

t̃ = GW emission time

⋅
dti
df̃

⋅

ΩGW( f ) ≃ ∑
k

1
ρc ∫

t0

tosc

dt̃

l(t̃) =

(
↵ti � �Gµ(t̃� ti),
2k
f

a(t̃)
a(t0)

.

Θ(ti − tosc)

tosc ≡ Min[tF, tfriction]

Network is formed

Friction stops

P(α)

∫ dα

Loop size distribution

⋅
dnloop

dti
⋅

Number of loops

Beyond NG approx: 
Massive radiation 

⋅ Θ(ti −
l*
α

) ⋅

Emitted power into GW
Γ = 50 (NG sim. Blanco-Pillado 17')

ΓGμ2

k4/3

× [ a(ti)
a(t̃ ) ]

3Loop 
density 
redshift

GW energy 
density redshift

[ a(t̃ )
a(t0) ]

3

α ≡
l
t



The GW spectrum
ti = loop formation time

t̃ = GW emission time

⋅
dti
df̃

⋅

ΩGW( f ) ≃ ∑
k

1
ρc ∫

t0

tosc

dt̃

l(t̃) =

(
↵ti � �Gµ(t̃� ti),
2k
f

a(t̃)
a(t0)

.

Θ(ti − tosc)

tosc ≡ Min[tF, tfriction]

Network is formed

Friction stops

P(α)

∫ dα

Loop size distribution
Number of loops

Beyond NG approx: 
Massive radiation 

⋅ Θ(ti −
l*
α

) ⋅

Emitted power into GW
Γ = 50 (NG sim. Blanco-Pillado 17')

ΓGμ2

k4/3

⋅
C̃eff(ti)

α t4
i

⋅× [ a(ti)
a(t̃ ) ]

3Loop 
density 
redshift

GW energy 
density redshift

[ a(t̃ )
a(t0) ]

3

α ≡
l
t



The GW spectrum
ti = loop formation time

t̃ = GW emission time

⋅
dti
df̃

⋅

ΩGW( f ) ≃ ∑
k

1
ρc ∫

t0

tosc

dt̃

l(t̃) =

(
↵ti � �Gµ(t̃� ti),
2k
f

a(t̃)
a(t0)

.

Θ(ti − tosc)

tosc ≡ Min[tF, tfriction]

Network is formed

Friction stops

P(α)

∫ dα

Loop size distribution
Number of loops

Beyond NG approx: 
Massive radiation 

⋅ Θ(ti −
l*
α

) ⋅

Emitted power into GW
Γ = 50 (NG sim. Blanco-Pillado 17')

ΓGμ2

k4/3

⋅
C̃eff(ti)

α t4
i

⋅× [ a(ti)
a(t̃ ) ]

3Loop 
density 
redshift

GW energy 
density redshift

[ a(t̃ )
a(t0) ]

3

α ≡
l
t



P(α) = δ(α - 0.1)

10-9 10-7 10-5 10-3 10-1 10 103
10-17

10-15

10-13

10-11

10-9

10-7

f [Hz]

Ω
G
W
h2

Loop size distribution P(α)

LIGO

ET

CE

BBO

DECIGO

LISA

EPTA

SKA

Our assumption:
P(α) = δ(α − 0.1)

!63

The loop size distribution



P(α) = δ(α - 0.1)
NG simulation

10-9 10-7 10-5 10-3 10-1 10 103
10-17

10-15

10-13

10-11

10-9

10-7

f [Hz]

Ω
G
W
h2

Loop size distribution P(α)

LIGO

ET

CE

BBO

DECIGO

LISA

EPTA

SKA

Our assumption:
P(α) = δ(α − 0.1)
Based on NG simulations:

 (NG sim. Blanco-Pillado 14')

!64

The loop size distribution



The loop size distribution
Our assumption:

P(α) = δ(α − 0.1)
Based on NG simulations:

 (NG sim. Blanco-Pillado 14')

Loophole:
NG simulations are 
insensitive to small-
structure (UV scale)
Polchinski-Rocha 
analytical model P(α) = δ(α - 0.1)

NG simulation

10-9 10-7 10-5 10-3 10-1 10 103
10-17

10-15

10-13

10-11

10-9

10-7

f [Hz]

Ω
G
W
h2

Loop size distribution P(α)

LIGO

ET

CE

BBO

DECIGO

LISA

EPTA

SKA

!65



The loop size distribution
Our assumption:

P(α) = δ(α − 0.1)
Based on NG simulations:

 (NG sim. Blanco-Pillado 14')

Loophole:
NG simulations are 
insensitive to small-
structure (UV scale)

P(α) = δ(α - 0.1)
NG simulation
Analytical

10-9 10-7 10-5 10-3 10-1 10 103
10-17

10-15

10-13

10-11

10-9

10-7

f [Hz]

Ω
G
W
h2

Loop size distribution P(α)

LIGO

ET

CE

BBO

DECIGO

LISA

EPTA

SKA

Polchinski-Rocha 
analytical model

P(α) highly  sensitive
to UV scale

!66

Lorenz et al. 10’, Ringeval 17’, Auclair et al. 19’, LISA-CosWG-1



The loop size distribution
Our assumption:

P(α) = δ(α − 0.1)
Based on NG simulations:

 (NG sim. Blanco-Pillado 14')

Loophole:
NG simulations are 
insensitive to small-
structure (UV scale)

P(α) = δ(α - 0.1)
NG simulation
Analytical

10-9 10-7 10-5 10-3 10-1 10 103
10-17

10-15

10-13

10-11

10-9

10-7

f [Hz]

Ω
G
W
h2

Loop size distribution P(α)

LIGO

ET

CE

BBO

DECIGO

LISA

EPTA

SKA

Polchinski-Rocha 
analytical model

P(α) highly  sensitive
to UV scale

Lorenz et al. 10’, Ringeval 17’, Auclair et al. 19’, LISA-CosWG-1

Energy conservation? Blanco-Pillado et al. 19’!67



The GW spectrum

l(t̃) =
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Beyond Nambu-Goto

Massive Particle production loop

kink cusp

Nambu-Goto approximation
1D classical objects with tension: μ ∼ ⟨ϕ⟩2

Valid when curvature radius >> string thickness

L ≫ μ−1 /2

Cosmological Microscopic

NG approx. violated by small-scale structure
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Beyond Nambu-Goto
loop

kink cusp

Ppart.
cusp ≃ Nc

ϵc

l

Ppart.
kink ≃ Nk

ϵk

l with ϵk ∼ μ1/2

ϵc ∼ μ r lwith
No GW emission when: Ppart.

kink/cusp ≳ PGW = ΓGμ2

Auclair, Steer, Vachaspati 19’

Disagreement with Lattice Field Theory simulations from !
Hindmarsh et al.   97’   /   08’   /  17’

Predict much more massive particles and no observable GW
!78

Blanco-Pillado, Olum 98’

Matsunami et al.  19’
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The GW spectrum
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Beyond NG approx : massive radiation due to cusps and kinks

Conspiracy between Hubble expansion and loop fragmentation

PGW = Γ Gμ2 Γ = 50 independent of loop length
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B) Probe of non-standard cosmology 
and particle physics

Early Matter era

Early intermediate inflation                                                           
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Grav. only interacting
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CONCLUSION

NS matter era caused by heavy cold relic
Model-independent: 1 s ≳ τX ≳ 10−17s

Probe superstring scales and ALPs mass up to  

Second inflation: 10−2 GeV ≲ Einf ≲ 1013 GeV

Scaling regime and beyond, loop size 
distribution, massive radiation..

Dark photon:

Reach larger scales due to freezing effects during Ne e-folds after inflation

PBH: 103 g ≲ MPBH ≲ 109 g

ϵ ≥ 10−18 and mX ≲ 1016 GeV

1010 GeV
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3) ALPs
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String network evolution

dρ∞

dt
= − 2H(1 + v̄2)ρ∞ − c̃ v̄

ρ∞

L

dv̄
dt

= (1 − v̄2)[ k(v̄)
L

− 2Hv̄]

Velocity-dependent One-Scale (VOS) model ρ∞ =
μ
L2

Curvature VS Hubble expansion
 Newton’s law

Energy conservation
Hubble exp. VS loop formation

v̄

Thermal friction: v̄2

ld
≡ 2Hv̄2 +

v̄2

lf
with lf ≡

μ
σ ρ

=
μ

βT3

TF ∼ μ ∼ 1011 GeV ( Gμ
10−15 )

1/2

.

Negligible for T lower than: Tfriction ∼ 40 PeV
Gμ

10−15

Compare with network formation:
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P(α) = δ(α - 0.1)

10-9 10-7 10-5 10-3 10-1 10 103
10-17

10-15

10-13

10-11

10-9

10-7

f [Hz]

Ω
G
W
h2

Loop size distribution P(α)

LIGO

ET

CE

BBO

DECIGO

LISA

EPTA

SKA

KINATION

MATTER SHORT INFLATION

RADIATION

ΩGW( f ) ≃ ∑
k

1
ρc ∫

t0

tosc

dt̃

Loop 
density 
redshift

GW energy 
density redshift

[ a(t̃ )
a(t0) ]

3

× [ a(ti)
a(t̃ ) ]

3



Decay of relativistic particles

Deviation from a ∝ t1/2

Change in DOFs
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astart

Inflation:

Intermediate inflation era

aend = astart eNe

are−enter = astart e2Ne

L ∝ t

L ∝ a

L ∝ a

Scaling:

L ∝ tScaling:

a

( L >> t )
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Consequences of scaling regime:

Flat GW spectrum during radiation

Long-standing source of GW

GW from 1st order PT≠
From network formation until today 

more redshift

↗Freq Loops smaller

Loops produced earlier
GW emission earlier

more loops

2nd Conspiracy!166



String network formation 

[Allen & Shellard 1990]

V(ϕ)

ϕ U(1) ! 1

T &

03π/2

π/2π

Nambu-Goto approximation

[Kibble 1976]

Lcorrelation length

1D classical objects with tension: μ ∼ ⟨ϕ⟩2

Can be topological defects generated during 
spontaneous-symmetry-breaking
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String network evolution

Two competing dynamics:

Hubble expansion:

ρ∞ = μ/L2

L ∝ a → ρ∞ ∝ a−21)

Loop fragmentation:2) Massless 
radiation 

 

Would over-close the universe

[Borrowed from Peera Simakachorn]

Energy density: 

GW 
 

GB 
 LocalGlobal
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String network evolution

Two competing dynamics:

Hubble expansion:

ρ∞ = μ/L2

L ∝ a → ρ∞ ∝ a−21)

Loop fragmentation:2)

Would over-close the universe

Conspiracy between 1) and 2) 
Scaling regime: L ∝ t
⇢1 /

⇢
a�4

during radiation

a�3
during matter

Energy density: 
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Consequences of scaling regime:

Flat GW spectrum during radiation

Long-standing source of GW

GW from 1st order PT≠
From network formation until today 

Conspiracy between number 
of loops and redshift factor

Deviation from flat in matter, 
kination, inflation..
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GW spectrum from Cosmic Strings
Evolution of the universe

Gμ = 10−19 → ⟨ϕ⟩ ≃ 109 GeV

Gμ ≳ 10−11 → ⟨ϕ⟩ ≳ 1013 GeV

Current bound by pulsar arrays :
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Reach of future interferometer: 

Emitted power into GW

PGW = Γ Gμ2

Γ = 50

GW

GW

GW
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