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Main idea and the model



"Standard" domain walls

<latexit sha1_base64="sMyfcofz107ubbbeko12WuRftVo="></latexit>

L = 1
2(ˆµ‰)2 ≠ V (‰)

<latexit sha1_base64="ioyjb74w6V4DfFV1Fe0ny74oO18="></latexit>

V (‰) = ⁄

4
!
„2 ≠ ÷2"2

<latexit sha1_base64="TZkMLyKtHa7HD3TjONQ3Sbj75nQ="></latexit>Kink solution

<latexit sha1_base64="X/v7hy66JFFZAO53wx6swolqtb0="></latexit>

V (‰)

<latexit sha1_base64="ncpUd4CCmwpu2U9uAz0bHbi1d10="></latexit>‰

<latexit sha1_base64="ncpUd4CCmwpu2U9uAz0bHbi1d10="></latexit>‰

<latexit sha1_base64="wPfeyi3+givah8/lMDnQn2obh6c="></latexit>x
<latexit sha1_base64="lcxe3ogT0BAaxujdL7kWVtJFEZo="></latexit>

Width ” ≥
1Ô

⁄÷
2≠1

Surface density ‡ ≥
Ô

⁄÷3

<latexit sha1_base64="us0P12wUFrFDD5gAUaoNkKxF7ms="></latexit>

‰(x) = ÷ tanh
AÚ

⁄

2 ÷x

B

(+---) signature 



"Standard" domain walls in cosmology
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Problems with domain walls in cosmology
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Melting DW: main idea and the model
(+---) signature 
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Thermal fluctuations of „ feed into the effective mass
of ‰. The coupling between ‰ and „ provides sym-
metry breaking:
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N is the number of d.o.f. in „. ÷(T ) is a non-zero
expectation value of ‰ at high temperatures.
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‰ is the field of domain walls and the dark matter field. Z2 symmetry protects stability.
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„ is in thermal equilibrium with hot plasma (could be Higgs field).
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Melting DW: main idea and the model
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Formation of domain walls
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The roll starts at t = th, when
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We can take into account a finite duration of the roll:
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’i’ is the end of the roll. B can be calculated.
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Evolution of domain walls
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Gravitational waves from domain walls



Gravitational waves from domain walls
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Gravitational waves from domain walls
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The numerical simulation of [Hiramatsu +'14] supports the rough estimate.
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In our scenario domain walls have varying tension, unlike the scenario in [Hiramatsu+'14].
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We expect that the qualitative results on total power do not change.
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The spectrum is however modified.
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The peak frequency fpeak is approximately equal to the Hubble rate at the instance of
emission ti, i.e., fpeak(ti) ƒ Hi [Hiramatsu+'14]



Radiated energy at peak frequency (now)
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Spectrum of GWs (low frequencies)
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Simulations of [Hiramatsu +'14] reveal the behaviour �gw(f) Ã f3 at f < fpeak(t0)
(supported by considerations of causality).
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In [Hiramatsu +'14] the largest contribution to GWs comes just before the domain
walls collapse.

Monday 15 June 15

In our scenario the situation is reverse: most energetic GWs are emitted close to the
time of wall formation ti.

Monday 15 June 15

GWs continue being emitted at t > ti. This later time emission gives the lower fre-
quency part of the GW spectrum. (The Hubble rate is smaller at later times; hence the
characteristic frequency is also lower.)



Spectrum of GWs (low frequencies)
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f ≥ H Ã T
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One has to take into account a relative redshift of waves with frequency fi when
compared at the time of radiation of waves with frequency f :

fpeak(tf ) = fpeak
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= Tf

Ti
.
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The present day frequency f of GWs emitted at the time, when the temperature of the
Universe Tf (where Tf < Ti):

f(t0)
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The low frequency tail of GWs:

�gw(f) ƒ �gw,peak ·
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Spectrum of GWs (high frequencies)
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In the high frequency range f > fpeak(t0) the results of [Hiramatsu +'14] are appli-
cable:

�gw(f) ƒ �gw,peak ·
3

fpeak(t0)
f

4
fpeak(t0) < f < fcut(t0)

fcut(t0) is the cutoff frequency defined by the domain wall width, i.e.,
fcut(t0) ƒ (”w,i)≠1 · ai

a0
ƒ fpeak(t0)

Ô
B
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The difference of fcut(t0) and fpeak(t0) is a factor
Ô

B (not very large). The spectrum
of GWs has a very short tale at high frequencies.
In the standard scenario with constant tension domain walls, DW thickness is normally
much smaller than the horizon size. ∆ An extended high-frequency tale.



Another variant of the scenario: GWs from domain walls at preheating
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NANOGRav spectral index from melting 
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Recent results from PTAs
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Monday 15 June 15

Several pulsar timing arrays (PTAs: NANOGrav, EPTA, InPTA, PPTA, CPTA) reported
evidence pointing to a nHz stochastic gravitational wave (GW) background.

Monday 15 June 15

Signals from all the PTAs are in a good agreement.

Monday 15 June 15

Focus here on the NANOGrav 15yrs data, as being more stringent and with the largest
statistical significance.

Monday 15 June 15

No clear hints on the origin of the observed signal.

Monday 15 June 15

Disfavor simple GW-driven models of supermassive black hole binaries (SMBHBs) with
�gw Ã f2/3.

Monday 15 June 15

A power law signal �gw Ã f1.2≠2.4 is preferred.

Melting domain walls is a perfect 
candidate
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Recent results from PTAs
<latexit sha1_base64="WAVYjkHLwsJhpjk90lB3dOWOMik="></latexit>

Monday 15 June 15

Conventional parameterization of the PTA GW signal:

�gw = �yr

3
f

fyr

45≠“

where “ is the spectral index and fyr = 1 yr≠1 ƒ 32 nHz.

Monday 15 June 15

The NANOGrav best-fit value of the spectral index “ = 3.2 ± 0.6.

Monday 15 June 15

�yr = 5.8 ◊ 10≠8. We assume fpeak ƒ fyr, so �gw,peak ƒ �yr.
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The temperature of DW formation:
Ti ƒ 1.2 GeV

Monday 15 June 15

Let us fix the parameters of the model:
— = 1, B = 1, N = 24 ∆ g = 10≠18



Recent results from PTAs

Figure 1: Top-Left: Spectral shape of GWs emitted by melting domain walls is shown with the solid

red line versus sensitivity curves of various current and planned PTAs and GW interferometers.

The plot has been produced for g = 10�18, � = 1, B = 1, N = 24 and g⇤(Ti) = 75. The spectrum

is cut o↵ at fpeak ' fyr (vertical red dashed line). The shaded regions show the sensitivity of

SKA [46], GAIA and THEIA [47], µARES [48], LISA [49], DECIGO [50], and BBO [51]. Top-

Right: 68% and 95% CL regions for the amplitude A and spectral index � of a power-law fit to the

observed GW signal (blue and green contours, respectively). At the reference frequency f = fyr,

the NANOGrav best-fit values are A ' 6.4+4.2
�2.7 ⇥ 10�15 and � = 3.2 ± 0.6. The amplitude and

spectral index, A ' 6.3 ⇥ 10�15 and � = 3, predicted for the same set of model parameters as in

the left plot, are marked with the red ‘star.’ For comparison, we show 68% and 95% CL regions for

A and � predicted for GW-driven supermassive black hole binary populations with circular orbits

(purple and orange contours, respectively), and the best-fit value � = 13/3 with the red dashed

line [38]. Bottom: Zoomed-in plot of the GW spectrum against the NANOGrav 15yrs data within

the frequency range f 2
⇥
10�9, fyr

⇤
Hz.
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Dark Matter



Dark matter: no freeze-in or freeze-out
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Dark matter generation

‰ = 0

<latexit sha1_base64="vVBDkSG6rfjsN5js5hp0kPcKlv8="></latexit>

+‰KBM

<latexit sha1_base64="SUh+KJL07XCPrzFNKAlPZ4cIrzc="></latexit>

≠‰KBM

<latexit sha1_base64="TfC+1JQoCsFbzAaDb5/GpgEj700="></latexit>

Early Universe (after inflation) 
spontaneously Broken Phase

Early Universe (radiation domination) 
spontaneously Broken Phase, but the tachyonic 

mass is slow decreasing

Late Universe  
Restored vacuum 

Late time Dark matter is  
oscillations around the minimum
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DM for parameters favored by NANOGrav 

number g⇤(T ) around QCD phase transition. Another way to handle the problem is to

assume that the particles � have mass m� in the MeV range, i.e.,

1 MeV ⌧ m� ⌧ 1 GeV . (21)

That is, the particles � become non-relativistic sometime before BBN and then decay into

SM species in one or another way. In that case, one can also consider the scenario with the

e↵ective temperature T� higher than the Universe temperature T .

4 Implications for dark matter

The field � being very feebly coupled to the primordial thermal bath is a proper dark matter

candidate. This is despite the fact that for the portal constant g2 ' 10�36, neither freeze-out

nor freeze-out production mechanisms are operating. Yet it is possible to generate the right

dark matter abundance even with this tiny coupling constant. We briefly comment on two

production mechanisms below and identify the mass M� as a function of GW parameters

assuming that the field � constitutes all dark matter.

• Dark matter production via the direct phase transition. Oscillations of the field �

around the minima of its potential naturally feed into dark matter. These oscillations

start at the times t ' ti, when the domain wall network is created, and continue till

present unless the particles � are unstable. In that case, the observed dark matter

abundance is achieved for extremely small M�:

M� ' 6.5 · 10�17 eV ·
✓

fpeak

30 nHz

◆
·
✓
g⇤(Ti)

100

◆1/6

·

s
10�8

⌦gw,peak · h2
0

. (22)

• Dark matter via inverse phase transition [1], cf. Refs. [39, 40]. Dark matter production

occurs also in the case, when there is an e�cient decay channel for the aforementioned

oscillations, and the field � settles to the minimum of its potential. Yet coherent

oscillations are produced at the inverse phase transition because symmetry restoration

is a non-adiabatic process. In that case, one has

M� ' 10�12 eV · B9/20 ·
✓
g⇤(Tsym)

100

◆1/5

·
✓
g⇤(Ti)

100

◆1/20

·
⇣

m�

10 MeV

⌘1/2

⇥
✓

fpeak

30 nHz

◆6/5

·
✓

10�8

⌦gw,peakh
2
0

◆3/20

,

(23)

where Tsym is the Universe temperature at the inverse phase transition.
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where Tsym is the Universe temperature at the inverse phase transition.
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In both cases GW parameters favoured by NANOGrav data imply ultra-light dark matter
masses M‰.

Monday 15 June 15

With these values of M‰, our scenario predicts super-radiance instability of rotating
black holes with astrophysical masses.

Monday 15 June 15

Complementary way of testing the model:
- future LISA observations will probe the masses of dark matter particles corresponding
to the direct phase transition;
- LIGO data may be used to test the masses involved in the inverse phase transition.



Monday 15 June 15

Properties of GWs emitted by the network of melting domain walls are 
consistent with the signal detected at PTAs. (Melting domain walls do 
not overclose the Universe.) 

Monday 15 June 15

Constituent field χ serves as a suitable dark matter candidate 
(Complimentary way of testing the model). 

Monday 15 June 15

Numerical study of melting domain wall evolution: peak frequency, 
energy density, the spectral shape, formation and scaling of DWs?

Conclusions


