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Outline

Introduction to phase transitions + the main idea.

Dark matter via inverse phase transition.

Topological defects: domain walls.

Axions.

Summary.
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Are there phase transitions in cosmology?

There is no electroweak phase transition, but rather a
crossover, in the Standard Model SU(3)× SU(2)× U(1).

NB. QCD SU(3) phase transition leaves weak traces, if it took place.
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Why should we bother about cosmo phase transitions?

Extensions of Standard Model: baryon asymmetry,
neutrino oscillations, Dark Matter.

Formation of topological defects
(domain walls, cosmic strings, magnetic monopoles).

Phase transitions in Grand Unified Theories at T ∼ 1015 − 1016 GeV
=⇒ overproducing monopoles =⇒ motivation for inflation.

Gravitational wave background
from topological defects or bubble collisions.

LISA, Einstein Telescope, PTAs f ∼ 10−8 − 100 Hz

Particle emission during phase transitions can be a
source of Dark Matter (in this talk).
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Phase transitions: symmetry of the system changes.

Veff (ϕ,T ) =
λ

4
·
(
ϕ2 − v2

)2
+ c1T

2ϕ2 + c2Tϕ
3 + ....

Figure is taken from Senaha’20
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Common lore: the system evolves towards spontaneously
broken phase described by a constant non-zero

expectation value of a scalar as the Universe cools down.

Canonical example: electroweak phase transition in the
early Universe is due to 〈Higgs〉 = vSM√

2
= const.

In this talk: scale of spontaneous symmetry breaking is
time-dependent

v(t) ∝ T (t) ∝ 1

a(t)
Weinberg’74, Vilenkin’81, Dodelson&Widrow’90

Other possible choices: v(t) ∝ H(t), |B(t)| (primordial magnetic fields)
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Model with Z2-symmetry

L =
(∂µχ)2

2
− M2 · χ2

2
− λ · χ4

4
+

g2χ2φ†φ

2
.

χ is cold φ is in thermal equilbrium with plasma

scalar portal 0 < g2 � 1
g4

λφ
. λ� 1

〈φ†φ〉T =
NT 2

12
=⇒ Veff =

M2 · χ2

2
+
λ · χ4

4
−Ng2T 2χ2

24

T ∝ 1
a(t) =⇒ Z2-symmetry breaking at early times

〈χ〉 =

√
Ng2T 2(t)

12λ
− M2

λ
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Symmetry restoration vs Symmetry non-restoration

〈χ〉 =

√
Ng 2T 2

12λ
− M2

λ

M2 > 0 symmetry is restored at Tsym ∼ M/g

〈χ〉 → 0 Inverse Phase Transition!

M2 < 0 =⇒ symmetry remains broken at late times.

〈χ〉 → const 6= 0
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Storyline 1:
Inverse phase transition and beyond freeze-in Dark Matter

Based on SR, Babichev, Gorbunov, Vikman’21

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>
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At early times χ tracks the minimum χ = 〈χ〉

〈χ〉 =

√
Ng2T 2

12λ
− M2

λ

d〈χ〉
dt
∝ 1

〈χ〉
→ ∞ as 〈χ〉 → 0

χ stops tracking minimum and starts oscillating at low T
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Z2-symmetry + feeble couplings involved protect stability
=⇒ these oscillations naturally feed into Dark Matter
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<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="AYknPY2MQOOChWHWnOrEcDSxbIo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRVdScOOygn1IO5RMmmlDk5khuSOUoV/hxoUibv0cd/6NaTsLbT0QOJxzLzn3BIkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLkXEmyhQ8k6iOVWB5O1gfDvz209cGxFHDzhJuK/oMBKhYBSt9Ig32M/MRE375Ypbdecgq8TLSQVyNPrlr94gZqniETJJjel6boJ+RjUKJvm01EsNTygb0yHvWhpRxY2fzQNPyZlVBiSMtX0Rkrn6eyOjythUgZ1UFEdm2ZuJ/3ndFMNrPxNRkiKP2OKjMJUEYzK7ngyE5gzlxBLKtLBZCRtRTRnajkq2BG/55FXSuqh6terlfa1Sb+R1FOEETuEcPLiCOtxBA5rAQMEzvMKbo50X5935WIwWnHznGP7A+fwBPcmQwA==</latexit>
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At early times χ tracks the minimum χ = 〈χ〉

〈χ〉 =

√
Ng2T 2

12λ
− M2

λ

d〈χ〉
dt
∝ 1

〈χ〉
→ ∞ as 〈χ〉 → 0

χ stops tracking minimum and starts oscillating at low T

t < t⇤ < tsym
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Dark Matter abundance is fulfilled provided that

M ' 25 eV · β
3/5

√
N
·
( g

10−8

)7/5
β ≡ λ

g4
& 1/λφ & 1

Why being interested in so small masses and/or feeble
couplings?
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Freeze-out → freeze-in → inverse phase transition

L =
(∂µχ)2

2
−M2 · χ2

2
− λ · χ4

4
+

g2χ2φ†φ

2
.

Freeze-out: relatively large 10−8 � |g2| � 1

WIMPS: masses 1 MeV . M . 100 TeV

Initially in thermal equilibrium by sufficiently large couplings =⇒
good prospects for testing.

Freeze-in: |g2| ' 10−11 Chu at al’12, Lebedev and Toma’19

For 0 < g2 . 10−11 Dark Matter from 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>

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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<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>
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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>
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Storyline 2: melting domain walls.
Babichev, Gorbunov, SR, Vikman’21

Domain walls are common in models with
spontaneous breaking of Z2-symmetry Zel’dovich et al’74

Veff
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NB Setting to zero through ξRχ2/2 for ξ & 1
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Domain walls separate regions, where χ = ±〈χ〉

The picture is taken from http://www.ctc.cam.ac.uk/
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Domain wall problem

Kink : χ(z) = 〈χ〉 · tanh

(√
λ

2
· 〈χ〉 · z

)

Domain wall tension: σwall =
Mwall

S
=

2
√

2λ〈χ〉3

3

In the scaling regime: one or a few domain walls in the
horizon volume.

Ryden, Press, Spergel’89

ρwall ∼ MwallH
3 ∼ σwallH

Constant tension domain walls: ρwall ' σwallH ∝ T 2

ρwall

ρrad
∝ 1

T 2(t)
∝ a2(t) =⇒ domain walls overclose the Universe!
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No domain wall problem in our case

〈χ〉 ∝ T =⇒ σwall ∼
√
λ〈χ〉3 ∝ T 3

ρwall ' σwallH ∝ T 5 ρwall

ρrad
∝ T (t) ∝ 1

a(t)

Energy density of domain walls redshifts faster than
radiation

Domain walls completely vanish at inverse phase transition

Vilenkin’81

Do melting domain walls leave any trace?
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Domain walls emit gravitational waves

Einstein quadrupole formula+dimensional considerations

Power of gravitational radiation: P ∼
...
Q ij

...
Q ij

40πM2
Pl

Quadrupole moment: Qij ∼
Mwall

H2
∼ σwall

H4

ρgw ∼ (P · t) · H3 ∼
σ2wall

M2
Pl

=⇒ ρgw ∝ T 6(t) ∝ 1

a6(t)

Most energetic gravitational waves are emitted right after
domain wall formation
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Weaker coupled means more visible

Numerical simulations: Hiramatsu, Kawasaki, Saikawa’13

Fgw ,peak ' H(t) ρgw '
σ2wall

M2
Pl

fgw ,peak ' 60 Hz ·
√

N

B
·
( g

10−8

)
Ωgw ,peak · h20 ≈

4 · 10−14 · N4

B · β2

B = ln2
2 〈χ〉
δχ

' 1− 100 takes into account finite time of roll

Vanilla region: β ≡ λ

g4
' 1 N � 1

NB
Ng4

16π2
. λ . 1
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Gravitational waves vs sensitivity curves

β BN-2=10-3

β BN-2=10-2

β BN-2=10-1

β BN-2=1

β BN-2=10

Strain
√
Sh ΩgwH

2
0 = 2π2f 3

3 Sh

gwplotter.com Moore, Cole, and Berry’14
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Preliminary spectrum of GWs

g=10-9

g=10-12

g=10-18

√
Sh ∼ 1√

f
(f < fgw ,peak)

√
Sh ∼ 1

f 2 (fgw ,peak < f < fcutoff )

Different spectrum compared to the case of constant tension domain walls.
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Storyline 3: Symmetry remains broken at low
temperatures. Axions. Based on SR and R. Samanta’22.

Axions are introduced to resolve strong CP-problem of QCD.

Peccei&Quinn’77

They are pseudo-Nambu-Goldstone bosons of spontaneously broken
anomalous U(1) Peccei-Quinn symmetry.

S = |S | · e
ia

fPQ

Axions are often considered as promising dark matter candidates.

V (a) ' Λ4
QCD ·

[
1− cos

(
a

fPQ

)]
=⇒ ma '

Λ2
QCD

2fPQ

Preskill et al’83, Abbott&Sikivie’83, Dine&Fischler’83
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L = |∂µS |2 − λS · |S |4 + g2|S |2φ†φ .

At high temperatures: fPQ ≡
√

2〈S〉 =

√
N

24β
· T
g

At low temperatures: 〈φ〉 =
vφ√

2
=⇒ f 0PQ =

vφ√
2βg

T . vφ .

Peccei-Quinn scale is gliding in the early Universe

from sub-Planck values to relatively small values,
as the Universe cools down

Another characteristic feature: M0
S = gvφ . 1 GeV

Typically, Peccei-Quinn field is much heavier, MS ' fPQ
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This may have a dramatic effect on axion dark matter
production mechanisms

Conventional axion dark matter production mechanisms:

Misalignment mechanism.

Decay of global topological defects Davis’86, Kawasaki et al’14

Both are efficient for f 0PQ ' 1011 − 1012 GeV.

On the other hand, f 0PQ ∼ 108 − 109 GeV can be interesting for
supernovae and horizontal branches stars.

Temperature-dependence fPQ(t) ∝ T (t)

enables a new production mechanism for axions,

efficient independently of low-energy scale f 0
PQ .
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Resonant axion production in the early Universe, when the radial field
relaxes to the minimum of its potential, cf. Co, Hall, and Harigaya’17

Similar to (narrow) parametric resonance after inflation.
Compared to inflation, resonance band is stable: redshift of produced
axions is compensated by time-decrease of the Peccei-Quinn scale fPQ(t).

ρi = 3fPQ,i/4

|δρ/fPQ| |δa/fPQ|

k = M
˜
S/2

k = 2M
˜
S/5

k = 2M
˜
S/3

1 103 30 100 290
10-16

10-12

10-8

10-4

100

M

Sτ

S. Ramazanov (CEICO) 19 October 2022 25 / 28



Parameter space strongly depends on the ratio r ≡ Eρ
Ea+Eρ of produced

radial fluctuations ρ ≡
√

2|S | along with axions. For r & 0.01, the scenario
is on the way to being ruled out.

EXCL. (Axions too warm + Stability condition violated)

r =
10
-2

r =
10
-3

r =
10
-4

r =
10
-5

E
X
C
L
.(
C
A
S
T
)

S
N
19
87
A

MS = 10
MeV

107 108 109 1010
101

102

103

104

105
5 · 10-1 5 · 10-2 5 · 10-3 5 · 10-4

fPQ
0 [GeV]

v ϕ
[G
eV

]

ma [eV]
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Summary

Spontaneous symmetry breaking in the early Universe by a
time-varying expectation value of a scalar field allows:

to generate the right abundance of
Dark Matter in a feebly coupled regime.

to get rid of domain wall problem, and at the same
time enjoy potentially observable gravitational waves
from domain walls. With these gravitational waves,
one can probe the underlying field-theoretical model in
a very weakly coupled regime inaccessible by other
experiments.

to generate axion dark matter in astrophysically
interesting range of Peccei-Quinn scale values.
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Thanks for your attention!!!
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