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Conclusions from observations
The Universe is homogeneous, isotropic, hot and

expanding...

Conclusions
interval between events gets modified

∆s2 = c2 ∆t2−a2 (t)∆x2

in GR expansion is described by the Friedmann equation

(
ȧ
a

)2

= H2 (t) =
8π

3
G ρ

energy
density

ρ
energy
density = ρradiation + ρmatter + . . .

in the past the matter density was higher, our Universe was
“hotter” filled with electromagnetic plasma

ρmatter ∝ 1/a3(t) , ρradiation ∝ 1/a4(t) , ρcurvature ∝ 1/a2(t)

certainly known up to T ∼ 1MeV∼ 1010 K
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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

Dmitry Gorbunov (INR) Lecture #1 , 2 October 2023 Rubakov Conference’23 4 / 15
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Known decoupled components

relic photons froom recombination, CMB
(before reionisation)

primnordial elements from BBN
(far from stellar nucleosyntesis)

relic neutrinos
(only indirect emasurements)

Dark Matter
(no registration so far)

relic Gravitational waves
(never in equilibrium)
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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, vRD/MD . 10−3)
3 (almost) collisionless
4 (almost) electrically neutral

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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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

σhh→XX ×nh & H → σXX→... = σ0, e.g.
g4

(4π...)2M2 = σ0

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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DM from oscillating scalar

0 6= 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
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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

2105.05208

M/keV

<latexit sha1_base64="QPmrhUo6h34I7ht2NDzm+vglLc4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU02koseCFy9CBdMW2lA220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48auokUwx9lohEtUOqUXCJvuFGYDtVSONQYCsc3c781hMqzRP5aMYpBjEdSB5xRo2V/PuLETZ75Ypbdecgq8TLSQVyNHrlr24/YVmM0jBBte54bmqCCVWGM4HTUjfTmFI2ogPsWCppjDqYzI+dkjOr9EmUKFvSkLn6e2JCY63HcWg7Y2qGetmbif95ncxEN8GEyzQzKNliUZQJYhIy+5z0uUJmxNgSyhS3txI2pIoyY/Mp2RC85ZdXSfOy6tWqVw+1Sr2ex1GEEziFc/DgGupwBw3wgQGHZ3iFN0c6L86787FoLTj5zDH8gfP5A0KkjlQ=</latexit>

g

<latexit sha1_base64="CZq9iwiq7P9tGzaBoZZzjHz1PPI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tep1s1ap1/M4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDznOM8Q==</latexit>

�
=

10
0

<latexit sha1_base64="PQd+ADB2h9g+mDU4fNDZmwwWSes=">AAAB8HicdVDLSsNAFJ34rPVVdelmsAiuwiTGtoJCwY3LCvYhbSiT6aQdOpmEmYlQQr/CjQtF3Po57vwbJ20FFT1w4XDOvdx7T5BwpjRCH9bS8srq2npho7i5tb2zW9rbb6k4lYQ2Scxj2QmwopwJ2tRMc9pJJMVRwGk7GF/lfvueSsVicasnCfUjPBQsZARrI931AqrxpYNQv1RG9nmt4noViGyEqo7r5MSteqcedIySowwWaPRL771BTNKICk04VqrroET7GZaaEU6nxV6qaILJGA9p11CBI6r8bHbwFB4bZQDDWJoSGs7U7xMZjpSaRIHpjLAeqd9eLv7ldVMd1vyMiSTVVJD5ojDlUMcw/x4OmKRE84khmEhmboVkhCUm2mRUNCF8fQr/Jy3Xdjz77MYr1y8WcRTAITgCJ8ABVVAH16ABmoCACDyAJ/BsSevRerFe561L1mLmAPyA9fYJ+eqP3g==</latexit>

�
=

1

<latexit sha1_base64="mXKapkiDXAES7oLkpWokJFwe0d8=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFZIY2woKBTcuK9gHtKFMpjft0MmDmYlQQj/CjQtF3Po97vwbJ20FFT1w4XDOvdx7j59wJpVlfRiFldW19Y3iZmlre2d3r7x/0JZxKii0aMxj0fWJBM4iaCmmOHQTAST0OXT8yXXud+5BSBZHd2qagBeSUcQCRonSUqfvgyJX9qBcscyLetVxq9gyLatmO3ZOnJp75mJbKzkqaInmoPzeH8Y0DSFSlBMpe7aVKC8jQjHKYVbqpxISQidkBD1NIxKC9LL5uTN8opUhDmKhK1J4rn6fyEgo5TT0dWdI1Fj+9nLxL6+XqqDuZSxKUgURXSwKUo5VjPPf8ZAJoIpPNSFUMH0rpmMiCFU6oZIO4etT/D9pO6btmue3bqVxuYyjiI7QMTpFNqqhBrpBTdRCFE3QA3pCz0ZiPBovxuuitWAsZw7RDxhvnxmMj2o=</latexit>

M
=

H ⇤

<latexit sha1_base64="F3NNLBgjKqa848Q4McuzaWbc0nA=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSKIh7IrFT0oFLz0IlRw20K7lGyabUOT7JJkhbL0N3jxoIhXf5A3/41puwdtfTDweG+GmXlhwpk2rvvtrKyurW9sFraK2zu7e/ulg8OmjlNFqE9iHqt2iDXlTFLfMMNpO1EUi5DTVji6m/qtJ6o0i+WjGSc0EHggWcQINlby72/rvfNeqexW3BnQMvFyUoYcjV7pq9uPSSqoNIRjrTuem5ggw8owwumk2E01TTAZ4QHtWCqxoDrIZsdO0KlV+iiKlS1p0Ez9PZFhofVYhLZTYDPUi95U/M/rpCa6DjImk9RQSeaLopQjE6Pp56jPFCWGjy3BRDF7KyJDrDAxNp+iDcFbfHmZNC8qXrVy+VAt127yOApwDCdwBh5cQQ3q0AAfCDB4hld4c6Tz4rw7H/PWFSefOYI/cD5/ANWjjgk=</latexit>

7`2
2x2

@Qm
i

<latexit sha1_base64="thTMFsgKt9vEeY42/C9KTaObLcI=">AAAB8XicdVBNSwMxEM3Wr1q/qh69BIvgxbIpalvwUPDisYL9wLaUbDrbhmazS5IV6tJ/4cWDIl79N978N2bbCir6YODx3gwz87xIcG1c98PJLC2vrK5l13Mbm1vbO/ndvaYOY8WgwUIRqrZHNQguoWG4EdCOFNDAE9Dyxpep37oDpXkob8wkgl5Ah5L7nFFjpVtfAdzDSRibfr7gFl3XJYTglJDyuWtJtVopkQomqWVRQAvU+/n37iBkcQDSMEG17hA3Mr2EKsOZgGmuG2uIKBvTIXQslTQA3UtmF0/xkVUG2A+VLWnwTP0+kdBA60ng2c6AmpH+7aXiX14nNn6ll3AZxQYkmy/yY4FNiNP38YArYEZMLKFMcXsrZiOqKDM2pJwN4etT/D9plorktHh2XSrULhZxZNEBOkTHiKAyqqErVEcNxJBED+gJPTvaeXRenNd5a8ZZzOyjH3DePgH1XZEa</latexit>

7`22x2@BM

<latexit sha1_base64="ztBE6EhmY1HJss3YWfccmWdFK3g=">AAAB8HicdVBNSwMxEM3Wr1q/qh69BIvgxSVb29qCh4IXjxVsq7SlZNPZNjSbXZKsUEt/hRcPinj153jz35h+CCr6YODx3gwz8/xYcG0I+XBSS8srq2vp9czG5tb2TnZ3r6GjRDGos0hE6sanGgSXUDfcCLiJFdDQF9D0hxdTv3kHSvNIXptRDJ2Q9iUPOKPGSreBAriHEy672RxxKxVS8EqYuEVC8qWKJeQ0Xy6VsOeSGXJogVo3+97uRSwJQRomqNYtj8SmM6bKcCZgkmknGmLKhrQPLUslDUF3xrODJ/jIKj0cRMqWNHimfp8Y01DrUejbzpCagf7tTcW/vFZignJnzGWcGJBsvihIBDYRnn6Pe1wBM2JkCWWK21sxG1BFmbEZZWwIX5/i/0kj73oFt3iVz1XPF3Gk0QE6RMfIQ2eoii5RDdURQyF6QE/o2VHOo/PivM5bU85iZh/9gPP2CSpgkKU=</latexit>

�
=

10
16

<latexit sha1_base64="afv0EJbwcLpcHJ0A43xMk+WTb6A=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ6aObQWFghuXFewD2rFk0kwbmsmMSaZQhn6HGxeKuPVj3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqyl5ZXVtfXcRn5za3tnt7C331RRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7rK/NaYSsUicasnMfVCPBAsYARrI3ldn2p86aC71ClPe4Uiss+r5ZJbhshGqOKUnIyUKu6pCx2jZCiCBeq9wnu3H5EkpEITjpXqOCjWXoqlZoTTab6bKBpjMsID2jFU4JAqL50dPYXHRunDIJKmhIYz9ftEikOlJqFvOkOsh+q3l4l/eZ1EB1UvZSJONBVkvihIONQRzBKAfSYp0XxiCCaSmVshGWKJiTY55U0IX5/C/0mzZDuufXbjFmsXizhy4BAcgRPggAqogWtQBw1AwD14AE/g2Rpbj9aL9TpvXbIWMwfgB6y3T/WAkZM=</latexit>

:q

<latexit sha1_base64="0Z/VkGfJyFDqgXXgcK6IJDufOWc=">AAAB6XicbVA9SwNBEJ3zM8avqKXNYhCswl1QtLAIWGgZxXxAcoS9zVyyZG/v2N0TwpF/YGOhiK3/yM5/4ya5QhMfDDzem2FmXpAIro3rfjsrq2vrG5uFreL2zu7efungsKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0c3Ubz2h0jyWj2acoB/RgeQhZ9RY6eG21SuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5tdOiGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmb5N+lwhM2JsCWWK21sJG1JFmbHhFG0I3uLLy6RZrXjnlYv7arl2ncdRgGM4gTPw4BJqcAd1aACDEJ7hFd6ckfPivDsf89YVJ585gj9wPn8ARTWNLA==</latexit>

10-9 10-4 10 106 1011

10-13

10-11

10-9

10-7

10-5

0.001

:q

<latexit sha1_base64="0Z/VkGfJyFDqgXXgcK6IJDufOWc=">AAAB6XicbVA9SwNBEJ3zM8avqKXNYhCswl1QtLAIWGgZxXxAcoS9zVyyZG/v2N0TwpF/YGOhiK3/yM5/4ya5QhMfDDzem2FmXpAIro3rfjsrq2vrG5uFreL2zu7efungsKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0c3Ubz2h0jyWj2acoB/RgeQhZ9RY6eG21SuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5tdOiGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmb5N+lwhM2JsCWWK21sJG1JFmbHhFG0I3uLLy6RZrXjnlYv7arl2ncdRgGM4gTPw4BJqcAd1aACDEJ7hFd6ckfPivDsf89YVJ585gj9wPn8ARTWNLA==</latexit>

10-16 10-15 10-14 10-13
1.×10-18

5.×10-18
1.×10-17

5.×10-17
1.×10-16
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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 2105.05208
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g=10-9

g=10-12

g=10-18

strain: ΩGW H2
0 ≡ 2π2f 3S/3 2105.05208
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M/keV

<latexit sha1_base64="QPmrhUo6h34I7ht2NDzm+vglLc4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU02koseCFy9CBdMW2lA220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48auokUwx9lohEtUOqUXCJvuFGYDtVSONQYCsc3c781hMqzRP5aMYpBjEdSB5xRo2V/PuLETZ75Ypbdecgq8TLSQVyNHrlr24/YVmM0jBBte54bmqCCVWGM4HTUjfTmFI2ogPsWCppjDqYzI+dkjOr9EmUKFvSkLn6e2JCY63HcWg7Y2qGetmbif95ncxEN8GEyzQzKNliUZQJYhIy+5z0uUJmxNgSyhS3txI2pIoyY/Mp2RC85ZdXSfOy6tWqVw+1Sr2ex1GEEziFc/DgGupwBw3wgQGHZ3iFN0c6L86787FoLTj5zDH8gfP5A0KkjlQ=</latexit>

g

<latexit sha1_base64="CZq9iwiq7P9tGzaBoZZzjHz1PPI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tep1s1ap1/M4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDznOM8Q==</latexit>

�
=

10
0

<latexit sha1_base64="PQd+ADB2h9g+mDU4fNDZmwwWSes=">AAAB8HicdVDLSsNAFJ34rPVVdelmsAiuwiTGtoJCwY3LCvYhbSiT6aQdOpmEmYlQQr/CjQtF3Po57vwbJ20FFT1w4XDOvdx7T5BwpjRCH9bS8srq2npho7i5tb2zW9rbb6k4lYQ2Scxj2QmwopwJ2tRMc9pJJMVRwGk7GF/lfvueSsVicasnCfUjPBQsZARrI931AqrxpYNQv1RG9nmt4noViGyEqo7r5MSteqcedIySowwWaPRL771BTNKICk04VqrroET7GZaaEU6nxV6qaILJGA9p11CBI6r8bHbwFB4bZQDDWJoSGs7U7xMZjpSaRIHpjLAeqd9eLv7ldVMd1vyMiSTVVJD5ojDlUMcw/x4OmKRE84khmEhmboVkhCUm2mRUNCF8fQr/Jy3Xdjz77MYr1y8WcRTAITgCJ8ABVVAH16ABmoCACDyAJ/BsSevRerFe561L1mLmAPyA9fYJ+eqP3g==</latexit>

�
=

1

<latexit sha1_base64="mXKapkiDXAES7oLkpWokJFwe0d8=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFZIY2woKBTcuK9gHtKFMpjft0MmDmYlQQj/CjQtF3Po97vwbJ20FFT1w4XDOvdx7j59wJpVlfRiFldW19Y3iZmlre2d3r7x/0JZxKii0aMxj0fWJBM4iaCmmOHQTAST0OXT8yXXud+5BSBZHd2qagBeSUcQCRonSUqfvgyJX9qBcscyLetVxq9gyLatmO3ZOnJp75mJbKzkqaInmoPzeH8Y0DSFSlBMpe7aVKC8jQjHKYVbqpxISQidkBD1NIxKC9LL5uTN8opUhDmKhK1J4rn6fyEgo5TT0dWdI1Fj+9nLxL6+XqqDuZSxKUgURXSwKUo5VjPPf8ZAJoIpPNSFUMH0rpmMiCFU6oZIO4etT/D9pO6btmue3bqVxuYyjiI7QMTpFNqqhBrpBTdRCFE3QA3pCz0ZiPBovxuuitWAsZw7RDxhvnxmMj2o=</latexit>

M
=

H ⇤

<latexit sha1_base64="F3NNLBgjKqa848Q4McuzaWbc0nA=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSKIh7IrFT0oFLz0IlRw20K7lGyabUOT7JJkhbL0N3jxoIhXf5A3/41puwdtfTDweG+GmXlhwpk2rvvtrKyurW9sFraK2zu7e/ulg8OmjlNFqE9iHqt2iDXlTFLfMMNpO1EUi5DTVji6m/qtJ6o0i+WjGSc0EHggWcQINlby72/rvfNeqexW3BnQMvFyUoYcjV7pq9uPSSqoNIRjrTuem5ggw8owwumk2E01TTAZ4QHtWCqxoDrIZsdO0KlV+iiKlS1p0Ez9PZFhofVYhLZTYDPUi95U/M/rpCa6DjImk9RQSeaLopQjE6Pp56jPFCWGjy3BRDF7KyJDrDAxNp+iDcFbfHmZNC8qXrVy+VAt127yOApwDCdwBh5cQQ3q0AAfCDB4hld4c6Tz4rw7H/PWFSefOYI/cD5/ANWjjgk=</latexit>

7`2
2x2

@Qm
i

<latexit sha1_base64="thTMFsgKt9vEeY42/C9KTaObLcI=">AAAB8XicdVBNSwMxEM3Wr1q/qh69BIvgxbIpalvwUPDisYL9wLaUbDrbhmazS5IV6tJ/4cWDIl79N978N2bbCir6YODx3gwz87xIcG1c98PJLC2vrK5l13Mbm1vbO/ndvaYOY8WgwUIRqrZHNQguoWG4EdCOFNDAE9Dyxpep37oDpXkob8wkgl5Ah5L7nFFjpVtfAdzDSRibfr7gFl3XJYTglJDyuWtJtVopkQomqWVRQAvU+/n37iBkcQDSMEG17hA3Mr2EKsOZgGmuG2uIKBvTIXQslTQA3UtmF0/xkVUG2A+VLWnwTP0+kdBA60ng2c6AmpH+7aXiX14nNn6ll3AZxQYkmy/yY4FNiNP38YArYEZMLKFMcXsrZiOqKDM2pJwN4etT/D9plorktHh2XSrULhZxZNEBOkTHiKAyqqErVEcNxJBED+gJPTvaeXRenNd5a8ZZzOyjH3DePgH1XZEa</latexit>

7`22x2@BM

<latexit sha1_base64="ztBE6EhmY1HJss3YWfccmWdFK3g=">AAAB8HicdVBNSwMxEM3Wr1q/qh69BIvgxSVb29qCh4IXjxVsq7SlZNPZNjSbXZKsUEt/hRcPinj153jz35h+CCr6YODx3gwz8/xYcG0I+XBSS8srq2vp9czG5tb2TnZ3r6GjRDGos0hE6sanGgSXUDfcCLiJFdDQF9D0hxdTv3kHSvNIXptRDJ2Q9iUPOKPGSreBAriHEy672RxxKxVS8EqYuEVC8qWKJeQ0Xy6VsOeSGXJogVo3+97uRSwJQRomqNYtj8SmM6bKcCZgkmknGmLKhrQPLUslDUF3xrODJ/jIKj0cRMqWNHimfp8Y01DrUejbzpCagf7tTcW/vFZignJnzGWcGJBsvihIBDYRnn6Pe1wBM2JkCWWK21sxG1BFmbEZZWwIX5/i/0kj73oFt3iVz1XPF3Gk0QE6RMfIQ2eoii5RDdURQyF6QE/o2VHOo/PivM5bU85iZh/9gPP2CSpgkKU=</latexit>

�
=

10
16

<latexit sha1_base64="afv0EJbwcLpcHJ0A43xMk+WTb6A=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ6aObQWFghuXFewD2rFk0kwbmsmMSaZQhn6HGxeKuPVj3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqyl5ZXVtfXcRn5za3tnt7C331RRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7rK/NaYSsUicasnMfVCPBAsYARrI3ldn2p86aC71ClPe4Uiss+r5ZJbhshGqOKUnIyUKu6pCx2jZCiCBeq9wnu3H5EkpEITjpXqOCjWXoqlZoTTab6bKBpjMsID2jFU4JAqL50dPYXHRunDIJKmhIYz9ftEikOlJqFvOkOsh+q3l4l/eZ1EB1UvZSJONBVkvihIONQRzBKAfSYp0XxiCCaSmVshGWKJiTY55U0IX5/C/0mzZDuufXbjFmsXizhy4BAcgRPggAqogWtQBw1AwD14AE/g2Rpbj9aL9TpvXbIWMwfgB6y3T/WAkZM=</latexit>

:q

<latexit sha1_base64="0Z/VkGfJyFDqgXXgcK6IJDufOWc=">AAAB6XicbVA9SwNBEJ3zM8avqKXNYhCswl1QtLAIWGgZxXxAcoS9zVyyZG/v2N0TwpF/YGOhiK3/yM5/4ya5QhMfDDzem2FmXpAIro3rfjsrq2vrG5uFreL2zu7efungsKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0c3Ubz2h0jyWj2acoB/RgeQhZ9RY6eG21SuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5tdOiGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmb5N+lwhM2JsCWWK21sJG1JFmbHhFG0I3uLLy6RZrXjnlYv7arl2ncdRgGM4gTPw4BJqcAd1aACDEJ7hFd6ckfPivDsf89YVJ585gj9wPn8ARTWNLA==</latexit>
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10-16 10-15 10-14 10-13
1.×10-18

5.×10-18
1.×10-17

5.×10-17
1.×10-16

2105.05208

β ≡ λ/g4

V =
1
2

M2X 2 +
λ

4
X 4− g2T 2

12
X 2

2307.04582

Dmitry Gorbunov (INR) Lecture #1 , 2 October 2023 Rubakov Conference’23 14 / 15



ИI
ЯN
ИR

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
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