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… like a rubber band

ℓ ∼ 1/ μ

  time-dependent tensions⇒ μ = μ(t)



• Observational constraints from BBN and CMB 

• Standard cosmological history: inflation followed by radiation domination
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• Observational constraints from BBN and CMB

Reheating

✦ Goal: String Phenomenology

BBN CMB

 MeVT ∼ 1  eV∼ 0.1

Inflation

 GeVEinf ≲ 1016

1.3 Early Universe

1. Introduction

Radiation Domination
Apers, Conlon, Copeland, Mosny, Revello (JCAP, 2024)
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• Ingredients: FLRW  + modulus  with  + 


• Take the volume modulus,   

a(t) Φ V(Φ) ρloops(a, Φ)

V(Φ) ∼ e−λ Φ/MP

1. Large Volume Scenario (LVS)                                   

2. Canonical                                                   

λ = 27/2

V ∼ m4
s λ = 6

2.1 Set-up
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• Friedmann equation


• Continuity equations

3M2
PH2 = ·Φ2/2 + V(Φ) + ρloops(a, Φ)

·ρloops + 3Hρloops−
∂ρloops

∂Φ
·Φ = 0

(1)

(2)

(3)

··Φ + 3H ·Φ +
∂V
∂Φ

+
∂ρloops

∂Φ
= 0
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y2 = ΩV

z2 = Ωloops

Friedmann 

+


continuity 

equations

change of variables

(a, Φ) x2 + y2 + z2 = 1s.t
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Autonomous system
x2 = Ω ·Φ

y2 = ΩV

z2 = Ωloops

Friedmann 

+


continuity 

equations

x2 + y2 + z2 = 1s.t

(x′￼

y′￼) = (f1(x, y)
f2(x, y))

change of variables

(a, Φ)

✦ Goal: find the fixed points, i.e. x′￼ = y′￼ = z′￼ = 0

2.2 Equations of motion

2. Dynamical systems analysis



F-strings in Large Volume Scenario
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Fig. 1 Evolution of the energy fractions in phase space (LVS)

F-strings in Large Volume Scenario
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(B) String Loop Tracker (Ω ·ϕ = 1/4, Ωloops = 3/4)NE
W!

F-strings in Large Volume Scenario
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Fig. 2 Evolution of the energy fractions in time (LVS)
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Fig. 3 Evolution of the energy fractions in phase space (Canonical)

vs. in a canonical potential
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(D) Mixed Tracker (Ω ·ϕ = Ωloops = 4/9, ΩV = 1/9)

vs. in a canonical potentialx2 = Ω ·Φ

y2 = ΩV

z2 = Ωloops

2.3 Results

NE
W!
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Fig. 4 Evolution of the energy fractions in time

F-strings in LVS

2. Dynamical systems analysis
2.4 Adding radiation

Brunelli, Cicoli, Gil Pedro (2025)
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• Frequency of emission 


• Lifetime due to gravitational radiation
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• Frequency of emission 


• Lifetime due to gravitational radiation


Main idea 

    Sub-horizon loops      vs.    Gravitational waves 


       with

∝ a−3 ∝ a−4

f em ∼ ℓ−1

τ = μℓ/ ·EGW ∼ ℓ/Gμ

Ωi
loops ∼ 𝒪(1) redshift during moduli domination

3. Gravitational wave signal
3.2 GW emission from loops



• Faster moduli decay    shorter MD   larger amplitudes  
⟶ ⟶ Ω0
GW

3. Gravitational wave signal
3.2 GW emission from loops

Cicoli, Hebecker, Jaeckel, Wittner (JHEP, 2022)



• Faster moduli decay    shorter MD   larger amplitudes  


• The string loop tracker assumed isolated loops…


⟶ ⟶ Ω0
GW

3. Gravitational wave signal

 ℓ/H−1 < Gμ

3.2 GW emission from loops

Cicoli, Hebecker, Jaeckel, Wittner (JHEP, 2022)



• Faster moduli decay    shorter MD   larger amplitudes  


• The string loop tracker assumed isolated loops…


• In LVS,

⟶ ⟶ Ω0
GW

 


        

mϕ/MP ∼ VolCY
−3/2

Gμ ∼ VolCY
−1

not independent!

3. Gravitational wave signal

 ℓ/H−1 < Gμ

3.2 GW emission from loops

Ghoshal, Revello, Villa (JCAP, 2025)

Cicoli, Hebecker, Jaeckel, Wittner (JHEP, 2022)



• Integral over duration of the emission 


• The peak of the spectrum comes from 

 the moment when the loops decay

(ti, ti + τ)

3. Gravitational wave signal
3.3 GW Power Spectrum

tem
peak ∼ τ

Ω0
GW( f obs) =

f obs

ρc,0
⋅ ∫

ti+τ

ti

dtem d ·ρem
GW

dfem
⋅ ( a(tem)

a0 )
3
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Ωi
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3.3 GW Power Spectrum



• Sub-H isolated loops with




• LVS with a fast decay   




• If faster decay , 


it can reach BBN bounds

Ωi
loops ∼ 1

Γϕ ∼ (MP/mϕ)4/3(m3
ϕ/M2

P)

trh = τ

3. Gravitational wave signal
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Dynamical Systems and Superstring Phases in the Early Universe


