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Domain walls arise in models with spontaneous breaking
of discrete symmetries, e.g., Z2

Zeldovich, Kobzarev, and Okun’74

L =
(∂µχ)2

2
− λ · (χ2 − v 2)2

4

Static localized solution in 1 + 1D

Kink χ(z) = v · tanh

(√
λ

2
· v · z

)
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Domain walls are embeddings of kinks into 4D

Domain walls separate regions, where χ = ±v

The picture is taken from http://www.ctc.cam.ac.uk/
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v = const vs v(t) ∝ T (t) ∝ 1

a(t)

Conventional vs Melting

domain walls vs domain walls
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Domain wall problem

In the scaling regime: one or a few domain walls
in the horizon volume ∼ H−3.

Ryden, Press, Spergel’89

ρwall ∼ MwallH
3 ∼ σwallH

Domain wall tension: σwall =
Mwall

S
=

2
√

2λv 3

3

Constant tension domain walls: ρwall ∼ σwallH ∝ T 2

ρwall

ρrad
∝ 1

T 2(t)
∝ a2(t) =⇒ domain walls overclose the Universe!
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Domain walls are very energetic

and threat standard cosmological evolution.

Possible solution: explicitly break Z2-symmetry

Vbias(χ) = εvχ(χ2 − v 2)
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Domain walls emit gravitational waves

For more details see the talk by Ivan Dankovsky

Most energetic gravitational waves are emitted, when the
domain wall network is being destroyed.

ρgw ∼ (P · t) · H3 ∼
σ2wall

M2
Pl

=⇒ ρgw

ρrad
∝ a4
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Numerical simulations: Hiramatsu, Kawasaki, Saikawa’13

fpeak ' H(tdec ) · a(tdec )

a0

Ωgw ,peakh
2
0 =

εgwA2

ρtot,0
·
σ2wall

M2
Pl

·
(
a(tdec )

a0

)4

Ωgw =
dρgw

ρtotd ln f
εgwA2 ≈ 0.5

Ωgw (f ) ' Ωgw ,peak


(

f
fpeak

)3
f . fpeak

fpeak

f f & fpeak
.

Caprini et al’09 Cai, Pi, Sasaki’19
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Ωgw (f ) = Ωyr ·
(

f

fyr

)α

α = 1.8± 0.6 68% CL NANOGrav 15 yr

That’s different from α = 3 for domain walls!
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Melting domain walls.

L =
(∂µχ)2

2
− λ(χ2 − v 2(T ))2

4

v(T ) ∝ T ∝ 1

a(t)

Something, what one could expect
from scale-invariant physics.
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No domain wall problem

v ∝ T =⇒ σwall ∼
√
λv3 ∝ T 3

ρwall ' σwallH ∝ T 5 ρwall

ρrad
∝ T (t) ∝ 1

a(t)

Energy density of domain walls redshifts faster than
radiation

Domain walls completely vanish at inverse phase transition

Vilenkin’81

Do melting domain walls leave any trace?
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Melting domain walls also emit gravitational waves

Most energetic gravitational waves are emitted right after
domain wall formation

ρgw ∼ (P · t) · H3 ∼
σ2wall

M2
Pl

=⇒ ρgw (t) ∝ T 6(t) ∝ 1

a6(t)

GW emission at domain wall formation =⇒ peak
frequencies.

Late time GW emission =⇒ low frequencies.
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α = 2 from melting domain walls

Gravitational waves produced around the time t:

ρgw ,0 = ρgw(t) ·
(
a(t)

a0

)4

∝ T 2(t)

Characteristic present-day frequency:

f ' H(t) · a(t)

a0
∝ T (t)

dρgw ,0
d ln f

∝ f 2 =⇒ α = 2
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α = 2

Where does v(T ) ∝ T come from?

What is the amplitude of GWs?
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L =
(∂µχ)2

2
− λ · χ4

4
+

g2χ2φ†φ

2
.

χ is cold φ is in thermal equilbrium with plasma

0 < g2 � 1

〈φ†φ〉T =
NT 2

12
=⇒ Veff =

λ · χ4

4
−Ng2T 2χ2

24

T ∝ 1
a(t) =⇒ Z2-symmetry breaking at early times

v2 =
Ng2T 2

12λ
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Numerical simulations: Hiramatsu, Kawasaki, Saikawa’13

fpeak ' H(ti ) ·
a(ti )

a0
Ωgw ,peakh

2
0 =

εgwA2

ρtot,0
·
σ2wall (ti )

M2
Pl

·
(
a(ti )

a0

)4

fpeak ' 6 nHz ·
√

N

B
·
( g

10−18

)
Ωgw ,peak · h20 ≈

4 · 10−14 · N4

B · β2

B = ln2 2 〈χ〉
δχ

' 1− 100 contains info about domain wall formation

Vanilla region: β ≡ λ

g4
' 1 N � 1
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g2 = 10−36 λ = 10−72 N = 24 B = 1

A =

√
3Ωgw ,peakH

2
0

2π2f 2peak
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Gravitational waves vs sensitivity curves

β BN-2=10-3

β BN-2=10-2

β BN-2=10-1

β BN-2=1

β BN-2=10

Strain
√
Sh ΩgwH

2
0 = 2π2f 3

3 Sh

gwplotter.com Moore, Cole, and Berry’14
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A bit of dark matter

Slightly break conformal invariance =⇒ dark matter

L =
(∂µχ)2

2
−M2 · χ2

2
− λ · χ4

4
+

g2χ2φ†φ

2
.

t < t⇤ < tsym
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Abundance constraint: M ' 3×10−13eV·β
3/5

√
N
·
( g

10−18

)7/5

M/keV
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Melting domain walls serves as a source of
gravitational waves, and at the same time avoid the
problem of overclosing the Universe.

The spectral index of gravitational waves from melting
domain walls is in a very good agreement with PTA
measurements.

Melting domain walls may be closely linked to dark
matter.

Thanks for your attention!!!
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