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Mechanisms of Dark Matter production

Freeze-out: Dark Matter couplings to thermal bath are large
enough to maintain early time thermal equilibrium.

Freeze-in: feebly coupled Dark Matter.
No equilibrium at any time. Out-of-equilibrium scatterings
of particles in the primordial plasma into DM particles are
su�cient to populate DM phase space.

McDonald’02, Hall et �al’10
———————————————————————————————–

In the present talk: Dark Matter production
through inverse phase transition.

Couplings are so weak that out-of-equilibrium scatterings
are insu�cient (beyond freeze-in).

————————————————————————————————
Earlier discussions of inverse phase transitions:

S. Weinberg’74, Dodelson and Widrow’90.
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Scalar portal coupling

L =
(∂µχ)2

2 − M2 · χ2

2 − λ · χ4

4 +
g2χ2φ†φ

2 .

χ is Dark Matter field Z2-symmetry protects stability

Assume that φ is in thermal equilibrium with hot plasma.
Could be Higgs field.

|g2| ' 0.1− 10−8 =⇒ freeze-out
|g2| ' 10−11 =⇒ freeze-in

Chu, Hambye, Tytgat’11, Yaguna’11, Lebedev and Toma’19

0 < g2 . 10−11 =⇒ second order inverse phase transition
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Is there a life beyond freeze-in?

M/keV

<latexit sha1_base64="QPmrhUo6h34I7ht2NDzm+vglLc4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU02koseCFy9CBdMW2lA220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48auokUwx9lohEtUOqUXCJvuFGYDtVSONQYCsc3c781hMqzRP5aMYpBjEdSB5xRo2V/PuLETZ75Ypbdecgq8TLSQVyNHrlr24/YVmM0jBBte54bmqCCVWGM4HTUjfTmFI2ogPsWCppjDqYzI+dkjOr9EmUKFvSkLn6e2JCY63HcWg7Y2qGetmbif95ncxEN8GEyzQzKNliUZQJYhIy+5z0uUJmxNgSyhS3txI2pIoyY/Mp2RC85ZdXSfOy6tWqVw+1Sr2ex1GEEziFc/DgGupwBw3wgQGHZ3iFN0c6L86787FoLTj5zDH8gfP5A0KkjlQ=</latexit>
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<latexit sha1_base64="afv0EJbwcLpcHJ0A43xMk+WTb6A=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ6aObQWFghuXFewD2rFk0kwbmsmMSaZQhn6HGxeKuPVj3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqyl5ZXVtfXcRn5za3tnt7C331RRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7rK/NaYSsUicasnMfVCPBAsYARrI3ldn2p86aC71ClPe4Uiss+r5ZJbhshGqOKUnIyUKu6pCx2jZCiCBeq9wnu3H5EkpEITjpXqOCjWXoqlZoTTab6bKBpjMsID2jFU4JAqL50dPYXHRunDIJKmhIYz9ftEikOlJqFvOkOsh+q3l4l/eZ1EB1UvZSJONBVkvihIONQRzBKAfSYp0XxiCCaSmVshGWKJiTY55U0IX5/C/0mzZDuufXbjFmsXizhy4BAcgRPggAqogWtQBw1AwD14AE/g2Rpbj9aL9TpvXbIWMwfgB6y3T/WAkZM=</latexit>

:q
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〈φ†φ〉T =
NT2

12

Ve� =
M2 · χ2

2 +
λ · χ4

4 − Ng2T2χ2

24

————————————————————————————————————–

T2(t) ∝ 1
a2(t)

Large T at early times =⇒ spontaneous breaking of Z2-symmetry

〈χ〉 =

√
Ng2T2

12λ − M2

λ

————————————————————————————————————-

g2T2 � M2 at late times =⇒ symmetry is restored 〈χ〉 = 0
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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>

d〈χ〉
dt ∝

1√
Ng2T2/12−M2

→∞ as Ng2T2

12 → M2
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The field χ stops to track the minimum 〈χ〉!!!

Veff

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

NB Similar to misalignment mechanism in case of axions.

Axions are o�set from zero because they are massless (prior to
phase transition).

In our case: the o�set is due to the temperature-dependent
tachyonic mass.
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The field χ stops to track the minimum 〈χ〉!!!
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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>

NB Similar to misalignment mechanism in case of axions.

Axions are o�set from zero because they are massless (prior to
phase transition).

In our case: the o�set is due to the temperature-dependent
tachyonic mass.
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Dark Matter abundance is fulfilled provided that

M ' 15 eV · β
3/5
√

N
·
( g

10−8

)7/5
β ≡ λ

g4

Practically infinite capacity of decreasing g: only for g . 10−20,
one has T∗ . 10 keV.
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Is there a life beyond freeze-in?

M/keV
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g

<latexit sha1_base64="CZq9iwiq7P9tGzaBoZZzjHz1PPI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tep1s1ap1/M4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDznOM8Q==</latexit>
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Spontaneous breaking of Z2-symmetry =⇒
domain wall formation in the early Universe.

|Me� | =
N1/2gTi√

12
' H(Ti) =⇒ Ti '

√
100

g∗(Ti)
· N1/2gMPl

10
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Domain walls are melting

Domain walls are harmless, because their tension decreases as
the cube of the temperature.

σwall ∝
√
λ〈χ〉3 ∝ T3

ρwall ' σwallH ∝ T5 ρwall
ρrad

∝ T(t) ∝ 1
a(t)

Domain walls vanish completely at the inverse phase transition.

NB Constant tension domain walls: ρwall ' σwallH ∝ T2

ρwall
ρrad

∝ 1
T2(t) ∝ a2(t)
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More weakly coupled means more visible!

Domain walls emit gravitational waves!
See the analysis in Hiramatsu, Kawasaki, Saikawa’2013

ρgw '
σ2

wall(t)
M2

Pl
Fgw,peak ' H(t)

fgw,peak ' 60 Hz · N1/2 ·
( g

10−8

)
Ωgw,peak · h2(t0) ≈ 4 · 10−14 · N4

β2

Vanilla region:

β ≡ λ

g4 ' 1 N� 1
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Gravitational waves
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Melting cosmic strings

Z2-symmetry→ U(1)-symmetry

L = − 1
4F2

µν + |Dµχ|2 −M2 · |χ|2 − 1
4λ · |χ|

4 +
1
2g2|χ|2|φ|2 .

Melting domain walls→ melting cosmic strings
Emond, S. R., Samanta’21

µ ∝ 〈χ〉2 ∝ T2

Existing limits on Gµ assuming constant string
tension µ are not applicable!!

Main phenomenology is due to GWs.
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Evolution of cosmic strings

GWs emitted by the loops are defined by the
number density of the string loops.

Approximate scale-invariance of the model

=⇒

dynamics of melting cosmic strings in the
radiation-dominated Universe is equivalent to
the dynamics of cosmic strings with a constant

tension in the flat spacetime.
Vanchurin, Olum, Vilenkin’05

14 19



Number density of loops in the flat spacetime:

n(t, l) =
1
l4

∫ l/ts

l/t
dx′x′3f (x′)

In the one-scale approach Kibble’85

f (x) = Cδ (x − α) C ≈ 150 α ≈ 0.1

P(j)
gw(l, F) ≈ ΓGµ2(t)

ζ
(

4
3 ,∞

) · 1
j4/3 · δ

(
F − 2j

l(t)

)
Vachaspati and Vilenkin’84

One can define Ωgwh2
0
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Gravitational waves frommelting cosmic strings

Low-frequency range: Ωgw · h2
0 ∝ f 4 fgw,peak ∝ g
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High frequency range: Ωgw · h2
0 ∝ f−1/3
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DM production at inverse phase transition is generic.

Ve� =
M2|χ|2

2 +
λ|χ|4

4 − µ2(t)|χ|2
2

µ2(t) ∝ 1
an(t) µ2(t) ∝ T2(t),R,B2 ....

E. Babichev, D. Gorbunov, S. R.’20 S. R., F. Urban, A. Vikman’20

We deal with the class of models.
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Summary

Thermal fluctuations of hot primordial plasma can lead to
abundant Dark Matter production even for extremely weak
coupling constants g2 � 10−11.

Weak couplings can be tested through GWs emitted by
domain walls or cosmic strings. The peak frequency is
pinned to the constant g, i.e., fgw ∝ g.

Domain walls are melting and do not overclose the Universe.

Spectrum of GWs has been estimated for the case of melting
cosmic strings.
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Thanks for listening!!!
Eυχαριστω
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