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Dark Matter Properties p = 0
(If) particles:

1 stable on cosmological time-scale
2 nonrelativistic long before RD/MD-transition (either Cold or Warm,

free-streaming is limited vRD/MD ≲ 10−3)

3 (almost) collisionless
4 (almost) electrically neutral
5 adiabatic matter perturbations

If were in thermal equilibrium: MX ≳ 1 keV

If not: for bosons
λ = 2π/(MXvX), in a galaxy vX ∼ 0.5 ·10−3 −→ MX ≳ 3 ·10−22 eV

for fermions
Pauli blocking: MX ≳ 750 eV

f (p,x) =
ρX(x)
MX

· 1(√
2πMXvX

)3 ·e
− p2

2M2
Xv2

X

∣∣∣∣∣
p=0

≤ gX

(2π)3
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Microscopic processes in the expanding Universe

A competition between scattering, decays, etc and expansion

for general processes one should solve kinetic equations
dnXi

dt
+3HnXi = ∑(production−destruction)

Boltzmann equation in a comoving volume: d
dt

(
na3)= a3 ∫ . . .

production:
σ(A+B → X +C)nAnB, Γ(D → E +X )nD ·MD/ED, etc

desrtuction:
σ(A+X → C +B)nAnX , Γ(X → F +G)nX ·MX/EX , etc

Fast direct and inverse processes, Γ≳ H, are in equilibrium,
∑( ) = 0 and thermalize particles
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Freeze-out of nonrelativistic Dark Matter

Assumptions:
1 no X − X̄ asymmetry either X = X̄ or nX = nX̄

2 @ T ≲ MX in thermal equilibrium with plasma (e.g. neutrons)

nX = nX̄ = gX

(
MXT
2π

)3/2

e−MX/T

XX̄ −→ light particles

freeze-out temperature Tf H ≡ T 2/M∗
Pl, M∗

Pl = MPl/1.66
√

g∗

nX ⟨σannv⟩= H(Tf )−→ Tf =
MX

ln
(

gXMXM∗
Plσ0

(2π)3/2

) .

Bethe formula: s-wave: σann =
σ0
v
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Weakly Interacting Massive Particles

density after freeze-out: nX(Tf ) =
T 2

f
M∗

Pl σ0

present density: nX(T0) =
(

a(Tf )
a(T0)

)3
nX(Tf ) =

(
s0

s(Tf )

)
nX(Tf ) ∝

1
Tf

X + X̄ contribution to critical density:

ΩX = 2
MXnX(T0)

ρc
= 7.6

s0 ln
(

gXM∗
PlMXσ0

(2π)3/2

)
ρcσ0MPl

√
g∗(Tf )

= 0.1 ·
(
(10 TeV)−2

σ0

)
10√

g∗(Tf )
ln

(
gXM∗

PlMXσ0

(2π)3/2

)
· 1
2h2
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Dark Matter: many well-motivated candidates

WIMPs related to EW scale, SUSY
sterile neutrinos active neutrino oscillations
light scalar field string theory
axion strong CP-problem
gravitino local SUSY
Heavy relics GUTs
(Topological) defects GUTs
Massive Astrophysical Compact Heavy Objects
Primordial black hole (remnants) Phase transitions

exotic inflation, reheating
Multicomponent Dark Matter ?

γ, ν , H, He
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A simple example of scalar DM

most general renormalizable coupled to SM:
Z2-invariant Higgs (Φ) portal

∆L =
1
2

gµν
∂µX∂νX − 1

2
M2X 2 +g2X 2Φ†Φ− λ

4
X 4

Options:
freeze-out: sufficiently large g2

vσXX→hh ×nh ∼ H → ΩX ∝
1
σ0

, with
g4

(4π...)2M2 = σ0 ≡ σv

freeze-in: intermediate g2

ṅX +3HnX = σhh→XX n2
h → nX

s
=#

∫
dT

n2
h

sHT
× g4

T 2 ∼ g4 MPl

M
→

ΩX ∝ g4 → g2 ≈ 10−11 still natural...
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Freeze in via gravitational scatterings..?

any particles A in plasma

σAA→XX ∝
T 2

M4
Pl

→ ΩX ∝ MX
T 3

i

M3
Pl
...

assuming m ≪ Ti

called “unnatural” being dependent on the initial conditions
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Free massive scalar field g2 = 0

L =
1
2

gµν
∂µφ∂νφ − 1

2
m2

φ φ
2

Homogeneous scalar field in the expanding Universe

φ̈ +3Hφ̇+m2
φ φ = 0

Two-stage evolution:

mφ < H(t) =⇒ φ = φi = const

mφ > H(t) =⇒ p = ⟨Ek ⟩ −⟨Ep⟩= 0 , ρ ∼ m2
φ φ

2
∝ 1/a3

dust-like substance in the late Universe, Ω ∝ m1/2
φ

φ2
i

depends on initial conditions
fuzzy DM
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DM from oscillating scalar

0 ̸= g2 < 10−11 Z2-invariant Higgs (Φ) portal

∆L =
1
2

gµν
∂µX∂νX − 1

2
M2X 2 +g2X 2Φ†Φ− λ

4
X 4

Higgs particles in plasma change the potential:

g2X 2Φ†Φ → g2X 2T 2/3

Z2 symmerty is broken after reheating by the plasma contribution

t < t⇤ < tsym

<latexit sha1_base64="DyF7FR4p9Yca8pRd8NC5iNmL/l8=">AAAB9HicbVC7SgNBFL0bXzG+opY2g0EQi7ArES0sAjaWEcwDkiXMTibJkNnZdeZuICz5DhsLRWz9GDv/xkmyhSYeuHA4517mzAliKQy67reTW1vf2NzKbxd2dvf2D4qHRw0TJZrxOotkpFsBNVwKxesoUPJWrDkNA8mbwehu5jfHXBsRqUecxNwP6UCJvmAUreTjLXYv7KRmEk67xZJbducgq8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvm00EkMjykb0QFvW6poyI2fzkNPyZlVeqQfaTsKyVz9fZHS0NhUgd0MKQ7NsjcT//PaCfZv/FSoOEGu2OKhfiIJRmTWAOkJzRnKiSWUaWGzEjakmjK0PRVsCd7yl1dJ47LsVcpXD5VStZbVkYcTOIVz8OAaqnAPNagDgyd4hld4c8bOi/PufCxWc052cwx/4Hz+ALakkh8=</latexit>

Veff

<latexit sha1_base64="g/HPzU0diz6o2wkZOCAed9hBgQo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jNs1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0buF3n1BpHstHM0vQj+hY8pAzaqzU7QwzDMP5sFpz624Osk68gtSgQGtY/RqMYpZGKA0TVOu+5ybGz6gynAmcVwapxoSyKR1j31JJI9R+lp87JxdWGZEwVrakIbn6eyKjkdazKLCdETUTveotxP+8fmrCWz/jMkkNSrZcFKaCmJgsficjrpAZMbOEMsXtrYRNqKLM2IQqNgRv9eV10rmqe4369UOj1mwVcZThDM7hEjy4gSbcQwvawGAKz/AKb07ivDjvzseyteQUM6fwB87nD3WMj7Q=</latexit>

Veff

<latexit sha1_base64="g/HPzU0diz6o2wkZOCAed9hBgQo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jNs1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0buF3n1BpHstHM0vQj+hY8pAzaqzU7QwzDMP5sFpz624Osk68gtSgQGtY/RqMYpZGKA0TVOu+5ybGz6gynAmcVwapxoSyKR1j31JJI9R+lp87JxdWGZEwVrakIbn6eyKjkdazKLCdETUTveotxP+8fmrCWz/jMkkNSrZcFKaCmJgsficjrpAZMbOEMsXtrYRNqKLM2IQqNgRv9eV10rmqe4369UOj1mwVcZThDM7hEjy4gSbcQwvawGAKz/AKb07ivDjvzseyteQUM6fwB87nD3WMj7Q=</latexit>

t⇤ < t < tsym

<latexit sha1_base64="m8g9LNOQ4lG96HC9WBH8BnJZKqA=">AAAB9HicbVDLSsNAFL3xWeur6tJNsAjioiRS0UUXBTcuK9gHtCFMppN26GQSZ24KJfQ73LhQxK0f486/cdpmoa0HBg7n3Ms9c4JEcI2O822trW9sbm0Xdoq7e/sHh6Wj45aOU0VZk8YiVp2AaCa4ZE3kKFgnUYxEgWDtYHQ389tjpjSP5SNOEuZFZCB5yClBI3noX9awhn6mJ9HUL5WdijOHvUrcnJQhR8MvffX6MU0jJpEKonXXdRL0MqKQU8GmxV6qWULoiAxY11BJIqa9bB56ap8bpW+HsTJPoj1Xf29kJNImVWAmI4JDvezNxP+8borhrZdxmaTIJF0cClNhY2zPGrD7XDGKYmIIoYqbrDYdEkUomp6KpgR3+curpHVVcauV64dqud7I6yjAKZzBBbhwA3W4hwY0gcITPMMrvFlj68V6tz4Wo2tWvnMCf2B9/gC2VpIf</latexit>

Veff

<latexit sha1_base64="g/HPzU0diz6o2wkZOCAed9hBgQo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jNs1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0buF3n1BpHstHM0vQj+hY8pAzaqzU7QwzDMP5sFpz624Osk68gtSgQGtY/RqMYpZGKA0TVOu+5ybGz6gynAmcVwapxoSyKR1j31JJI9R+lp87JxdWGZEwVrakIbn6eyKjkdazKLCdETUTveotxP+8fmrCWz/jMkkNSrZcFKaCmJgsficjrpAZMbOEMsXtrYRNqKLM2IQqNgRv9eV10rmqe4369UOj1mwVcZThDM7hEjy4gSbcQwvawGAKz/AKb07ivDjvzseyteQUM6fwB87nD3WMj7Q=</latexit>

t > tsym

<latexit sha1_base64="AYknPY2MQOOChWHWnOrEcDSxbIo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRVdScOOygn1IO5RMmmlDk5khuSOUoV/hxoUibv0cd/6NaTsLbT0QOJxzLzn3BIkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLkXEmyhQ8k6iOVWB5O1gfDvz209cGxFHDzhJuK/oMBKhYBSt9Ig32M/MRE375Ypbdecgq8TLSQVyNPrlr94gZqniETJJjel6boJ+RjUKJvm01EsNTygb0yHvWhpRxY2fzQNPyZlVBiSMtX0Rkrn6eyOjythUgZ1UFEdm2ZuJ/3ndFMNrPxNRkiKP2OKjMJUEYzK7ngyE5gzlxBLKtLBZCRtRTRnajkq2BG/55FXSuqh6terlfa1Sb+R1FOEETuEcPLiCOtxBA5rAQMEzvMKbo50X5935WIwWnHznGP7A+fwBPcmQwA==</latexit>

Dmitry Gorbunov (INR) 29 August 2024 WSMB-2024 11 / 31



ИI
ЯN
ИR

Temperature decrease restores Z2

2004.03410

∆L =
1
2

gµν
∂µ X∂ν X − 1

2
M2X2 +g2X2T 2/3− λ

4
X4

X starts from the false vacuum

M-1χmin

M-1χ

6 8 10 12 14
��

1

2

3

at g2T 2
∗ ≃ M2 sign changes

and X starts to oscillate
gravitational misalignment

ρDM(t∗) =
M2 ·S2

∗
2

≃
(
M5H∗

)2/3

4λ

And the correct amount of DM by classical oscillating field p = ⟨Ekin⟩−⟨Ep⟩= 0

g2 ≃ 10−12 ×
(

λ

10−6

)6/5
×
(

106 GeV
M

)2
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Dark Matter
with general setup:

white area
β ≡ λ/g4 < 1

V =
1
2

M2X 2+
λ

4
X 4− g2T 2

12
X 2

The inverse phase transition
may be accompanied by the
production of GW

strong enough to be

detected by the present or

next genertation

experiments

2104.13722

M/keV
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GW signals from dissipating DWs ... 2104.13722
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g=10-9

g=10-12

g=10-18

strain: ΩGW H2
0 ≡ 2π2f 3S/3 2104.13722
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Analog of a well-known effect in CMB: by Rubakov, Sazhin and Veryaskin

From linear approximation to
the geodesic equation. . .

for tensor perturbations

δT
T

(n,η0)=
1
2

∫
η0

ηr

dη nih
TT ′
ij nj ,

strongest limit on primordial
GW and Inflation scale:

hinit ∼ Hinf /MPl ∝
√

ρinfl

Pulsar frequencies are
different but stable, and we
observe its’ time variantion

NANOGrav, T. Klein
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Power law
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Domian Wall
Comic String
NANOGrav
PPTA
EPTA

ΩGW h2 =6.3 ·10−10 A2
(

f
yr−1

)d

, A= {6.4+4.2
−2.7 , 2.9+2.6

−1.8 , 3.1+1.3
−0.9}, d = {1.8±0.6, 0.81+0.63

−0.73 , 1.1±0.4}

2307.03141, 2406.02288
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2406.17053
τ = 3 τ = 7

τ = 11
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GW spectra: simulation with CosmoLattice 2406.17053
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γ ≡ d +1

2307.04582
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Conclusion

What NANOGrav and others observe might be explained by the
GW from melting domain walls
they are expected in models with inverse phase transition
which may induce light scalar dark matter production
In realistic models its mass is of order 10−15-10−11 eV
That predicts super-radiance instability of rotating black holes with
astrophysical masses 10-105 M⊙ see e.g. 0905.4720

Might explain why the BH in binary system are not with J ≈ 1

Large based on the results from
2004.03410, 2104.13722, 2112.12608, 2307.04582, 2406.17053

with Evgeny Babichev, Ivan Dankovsky, Sabir Ramazanov, Rome Samanta and Alex Vikman
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Example: EW Ist order Phase Transition 2307.01072
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Free massive scalar field g2 = 0

L =
1
2

gµν
∂µφ∂νφ − 1

2
m2

φ φ
2

Homogeneous scalar field in the expanding Universe

φ̈ +3Hφ̇+m2
φ φ = 0

Two-stage evolution:

mφ < H(t) =⇒ φ = φi = const

mφ > H(t) =⇒ p = ⟨Ek ⟩ −⟨Ep⟩= 0 , ρ ∼ m2
φ φ

2
∝ 1/a3

dust-like substance in the late Universe, Ω ∝ m1/2
φ

φ2
i

at scales l > 2π/mφ depends on initial conditions
perturbations are suppressed at l > M1/2

Pl /(m1/2
φ

ρ1/4) fuzzy DM
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2304.06742
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Prospects in 2014
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Conclusion

What NANOGrav and others observe might be explained by the
GW from melting domain walls
they are expected in models with inverse phase transition
which may induce light scalar dark matter production
In realistic models it’s mass is of order 10−16-10−12 eV
That predicts super-radiance instability of rotating black holes with
astrophysical masses

see e.g. 0905.4720

Other possible sources:
– scalar perturbations (but BH overproduction!)
– cosmic strings
– super heavy BH binaries (does not fit...)
– phase transitions
– violent reheating
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ΩGW h2 = 6.5+4.1
−2.8 ×10−9 at ν ≈ 1yr−1

2306.17841

2307.01192
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(F)

Template BFNANO BFEPTA BFcomb ∆AICcomb
PL(nt = 0) 0.02 0.62 0.0014 10.24

PL(nt = 2/3) 2.6 3.1 1.9 -5.20
PL(nt ,A∗) 16 4.1 180 -12.25

field th. CS 0.18 1.3 0.019 5.22
super CS 29 3.3 58 -11.11
gSIGWB 110 14 1200 -13.53

ngSIGWB 0.00017 0.001 5·10−6 4.34
AA 36 2.7 130 -12.36

BPL 17 1.6 120 -0.19
PhTNR 8.5 8.1 150 -12.85
PhTRV 37 13 110 -12.34

MHD 26 3.9 210 -8.77

Table: Bayes factors (BF) for NANOGrav, EPTA and combined data sets, and
Akaike Information Criterion (AIC) for the combined data sets. For the BF we
have used the evidence of SMBHB model (2D Gaussian prior from [?]) to
compare with, while the ∆AIC is computed wrt SMBHB.

2307.02399
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β BN-2=10-3

β BN-2=10-2

β BN-2=10-1

β BN-2=1

β BN-2=10

strain: ΩGW H2
0 ≡ 2π2f 3S/3 2104.13722
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