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Beyond freeze-in: dark matter via inverse phase transition and 
gravitational wave signal   
e-Print: 2104.13722, PRD 

Gravitational shine of dark domain walls  
e-Print: 2112.12608, JCAP 

NANOGrav spectral index γ=3 from melting domain walls 
e-Print: 2307.04582, PRD 

Revisiting evolution of domain walls and their gravitational radiation 
with CosmoLattice 
e-Print: 2406.17053, JCAP accepted today 

This talk is based on



Main Message

Ultralight DM can be created for minuscular couplings  
and still produce observable GW

NANOGrav GW can be from Melting Domain Walls of 

Scaling Regime in DW evolution seems to be only a local 
attractor,  
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Direct Phase Transition

Early universe spontaneously Broken Phase

μ > M

+χmin−χmin

Domain Walls!
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Veff ≃
λ ⋅ (χ2 − η2)2
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Tension/energy per unit surface     σwall =
2 2λ

3
η3(T )

In the scaling regime (Kibble 1976): one domain wall per Hubble volume: 
  

 Mwall ∼ σwall /H2

ρwall ∼ MwallH3 ∼ σwall H ∝ T5

Melting 
Domain 

Walls

Usual Constant 
tension DW 
ρwall ∝ T2

melting away as  !∝ T3
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Let us first study usual constant tension DW and 
associated GW
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Scaling Parameter (constant tension DW)

Cf. Hiramatsu, Kawasaki, Saikawa (2013);  

Ferreira, Gasparotto, Hiramatsu, Obata, Pujolas (2023); 

Kitajima, Lee, Takahashi, Yin (2023)
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GW energy density
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Jing Shu(2023)
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Melting 
Domain Walls

GW from constant tension DW
Hubble
DW width



�=1, N=4
�=1, N=24
�=100, N=4
�=100, N=24

cLI
ET

LISA

vSKA
cLIIPTA

cLISA

c
L
I
S
A

(P
ow

er
 S

pe
ct

ra
l D

en
si

ty
 / 

H
z−1

)

cLISA
10−8 10−6 10−4 10−2 100 102 10410−10

Frequency / Hz

cLISA

�=1, N=4
�=1, N=24
�=100, N=4
�=100, N=24

cL
IS
A

10−26

10−22

10−18

10−14

10−10

10−6

fpeak ≃ 6 nHz ⋅ N ⋅
g

10−18
⋅ ( 100

g*(Ti) )
1/3

Ωgwh2(t0) ≃
4 ⋅ 10−14 ⋅ N4

β2
⋅ ( 100

g*(Ti) )
7/3

Ωgw(t0)H2
0 ≡

2π2f3
gw

3
⋅ Sh

10−18 ≲ g ≲ 10−8

gwplotter

β = λ/g4

Scanning the 
peak of melting 

DW



Ωgw (IR) ∼ f 2 Ωgw (UV ) ∼ f −1 Cutoff  ℓ = (λ /2)−1/2 η−1
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Melting 
Domain Walls

Ωgw (IR) ∼ f3Usual  Domain Walls



 More on    in IRf2
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15 years of observations of 68 millisecond pulsars

e.g. J0437−4715 has a 
period of 0.005757451936712637 s 
with an error of   s1.7 × 10−17

June 28, 2023



ΩGW( f ) = Ωyr (f /fyr)
5−γ

,

Perfect for 
NANOGgrav

The 100-meter Green Bank Telescope, the world's largest fully steerable telescope and a core instrument 
for  pulsar timing array experiment. 
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ℒ =
(∂χ)2

2
− (M2 − μ2(t, x)) ⋅ χ2

2
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Inverse Phase Transition At Meltdown

Tachyonic mass    
slowly decreases / 

redshifts  
due to cosmological 

expansion

μ(t)

Early Universe 
spontaneously Broken Phase with VEV slowly moving
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for Hubble parameter

Late Universe 
 DW melt down and disappear  

then oscillations around restored symmetric vacuum
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Allowed Parameter Space

M ≃ 10−13 eV ⋅
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NANOGrav



A bridge between  
NANOGrav and LIGO!
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MBH ≃ 102M⊙Superradiance for Just on on edge of LIGO!

image credit: LIGOimage credit: NRAO/AUI/NSF



A highly promising path to the origins 

of DM and NANOGrav signal

Thanks a lot for attention! 


