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hij =
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pa2
ΠTT

ij ΠTT
ij = (∂iϕ∂jϕ)TT

[Baeza-Ballesteros, Figueroa, Florio, Loayza]

ds2 = − a2α(η)dη2 + a2(η)(δij+hij)dxidxj
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Baeza, Figueroa, Florio,  
Loayza, F.T., & Urio2.0

• Axion - gauge interactions ϕFμνF̃μν [Figueroa, Lizarraga, Urio, Urrestilla, (2023)]

• Non-minimal gravitational coupling ξϕ2R [Figueroa, Florio, Opferkuch, Stefanek (2023)]

• Cosmic defects

• Simulations in d+1 dimensions

• New technical features (visualization, initial conditions…)

• …

expected date: 2025
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Domain wall networks

➤ We are studying the GW production from cosmic domain walls with lattice 
simulations [Notari, Rompineve & F.T; arXiv: 2502.XXXXX].

V(ϕ) =
λ
4

(ϕ2 − v2)2

−v +v

ϕ

➤ The DW network soon achieves a “scaling regime” (~one DW per Hubble volume):

σ ≡ 2 2λv3/3

• Width:

(energy/area)
• Tension:

m ≡ 2λv
ρdw = 2𝒜σH

Energy density: 𝒜 ≡
A
V

1
2aH

≃ const

Area parameter



Domain wall networks

ϕ′ ′ − ∇2ϕ + 2ℋϕ′ = − λa2(ϕ2 − v2)ϕ
a(η) = 1 + η



Domain wall networks

Comoving width of DWs 
decreases with time
(loss of UV resolution)

# of Hubble patches 
within the lattice 

decreases with time
(loss of IR resolution)



DW network evolution (scaling regime)

0 5 10 15 20 25 30 350.00.51.01.52.02.5 Area parameter



DW network evolution (scaling regime)

0 5 10 15 20 25 30 350.00.51.01.52.02.5 Area parameter

Friction

~onset of 
scaling regime



DW network evolution (scaling regime)

0 5 10 15 20 25 30 350.00.51.01.52.02.5 Area parameter

Friction

~onset of 
scaling regime

0 5 10 15 20 25 30 3502
46
810 Energy density

Friction

~onset of 
scaling regime



●●

●●
●●

●●

0.1 1 10 10010-43
10-42
10-41
10-40
10-39

GW spectrum from DWs (scaling)

h′ ′ ij − ∇2hij + 2ℋh′ ij =
2

m2
p

(∂iϕ∂jϕ)TT



●●

●●
●●

●●

0.1 1 10 10010-43
10-42
10-41
10-40
10-39

GW spectrum from DWs (scaling)

h′ ′ ij − ∇2hij + 2ℋh′ ij =
2

m2
p

(∂iϕ∂jϕ)TT ρgw ≃
m2

p

4a2
⟨h′ ijh′ ij⟩V;

dρgw

d log k
=

m2
pk3

8π2a2V ∫
dΩk

4π
h′ ij(k, η)h′ *ij (k, η)



●●

●●
●●

●●

0.1 1 10 10010-43
10-42
10-41
10-40
10-39

GW spectrum from DWs (scaling)

∼ k3

h′ ′ ij − ∇2hij + 2ℋh′ ij =
2

m2
p

(∂iϕ∂jϕ)TT ρgw ≃
m2

p

4a2
⟨h′ ijh′ ij⟩V;

dρgw

d log k
=

m2
pk3

8π2a2V ∫
dΩk

4π
h′ ij(k, η)h′ *ij (k, η)



●●

●●
●●

●●

0.1 1 10 10010-43
10-42
10-41
10-40
10-39

GW spectrum from DWs (scaling)

∼ k3

k
2πa

∼ 1.4H

PEAK

h′ ′ ij − ∇2hij + 2ℋh′ ij =
2

m2
p

(∂iϕ∂jϕ)TT ρgw ≃
m2

p

4a2
⟨h′ ijh′ ij⟩V;

dρgw

d log k
=

m2
pk3

8π2a2V ∫
dΩk

4π
h′ ij(k, η)h′ *ij (k, η)



●●

●●
●●

●●

0.1 1 10 10010-43
10-42
10-41
10-40
10-39

GW spectrum from DWs (scaling)

∼ k3

k
2πa

∼ 1.4H

PEAK

h′ ′ ij − ∇2hij + 2ℋh′ ij =
2

m2
p

(∂iϕ∂jϕ)TT

∼ k−1.5

ρgw ≃
m2

p

4a2
⟨h′ ijh′ ij⟩V;

dρgw

d log k
=

m2
pk3

8π2a2V ∫
dΩk

4π
h′ ij(k, η)h′ *ij (k, η)



●●

●●
●●

●●

0.1 1 10 10010-43
10-42
10-41
10-40
10-39

GW spectrum from DWs (scaling)

∼ k3

k
2πa

∼ 1.4H

PEAK

PLATEAU

h′ ′ ij − ∇2hij + 2ℋh′ ij =
2

m2
p

(∂iϕ∂jϕ)TT

∼ k−1.5

ρgw ≃
m2

p

4a2
⟨h′ ijh′ ij⟩V;

dρgw

d log k
=

m2
pk3

8π2a2V ∫
dΩk

4π
h′ ij(k, η)h′ *ij (k, η)



●●

●●
●●

●●

0.1 1 10 10010-43
10-42
10-41
10-40
10-39

GW spectrum from DWs (scaling)

∼ k3

k
2πa

∼ 1.4H

PEAK

PLATEAU FAKE PEAK 
(lattice artifact)

h′ ′ ij − ∇2hij + 2ℋh′ ij =
2

m2
p

(∂iϕ∂jϕ)TT

∼ k−1.5

ρgw ≃
m2

p

4a2
⟨h′ ijh′ ij⟩V;

dρgw

d log k
=

m2
pk3

8π2a2V ∫
dΩk

4π
h′ ij(k, η)h′ *ij (k, η)



Annihilating domain walls

➤ DWs eventually dominate the energy density of the universe (DW problem).



Annihilating domain walls

➤ DWs eventually dominate the energy density of the universe (DW problem).

V = Vℤ2
+ Vbias =

λ
4 (ϕ2 − v2)4+qϕ3

➤ Annihilation mechanism: biased potential

ΔV = 2q(1 + 9q2)3/2



Annihilating domain walls

➤ DWs eventually dominate the energy density of the universe (DW problem).

V = Vℤ2
+ Vbias =

λ
4 (ϕ2 − v2)4+qϕ3

➤ Annihilation mechanism: biased potential

ΔV = 2q(1 + 9q2)3/2

Annihilation starts when
σH(ηΔV) = ΔV



Annihilating domain walls

➤ DWs eventually dominate the energy density of the universe (DW problem).

V = Vℤ2
+ Vbias =

λ
4 (ϕ2 − v2)4+qϕ3

➤ Annihilation mechanism: biased potential

1 10 100 10001.×10-41
5.×10-411.×10-40
5.×10-401.×10-39

UNBIASED

BIASED

ηΔV = 14

Annihilation starts when
σH(ηΔV) = ΔV



24

THANK YOU!


