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Main Message

Inverse phase transition is a novel way to obtain non-thermal DM even
for those extremely feeble couplings when freeze-in does not work

Inverse phase transition allows to have domain wall network in the early
universe, as this network melts away

The domain wall network emits GWs defined by the properties of the
(otherwise not directly detectable) DM. This GW signal can be
observable in the near future observations

Precise numerical simulations are needed to determine the spectral
shape of the GW signal
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Gauge and global symmetries at high temperature*

Steven Weinberg
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138
(Received 19 February 1974)

It is shown how finite-temperature effects in a renormalizable quantum field theory can
restore a symmetry which is broken at zero temperature. In general, for both gauge
symmetries and ordinary symmetries, such effects occur only through a temperature-depen-
dent change in the effective bare mass of the scalar bosons. The change in the boson bare
mass is calculated for general field theories, and the results are used to derive the critical
temperatures for a few special cases, including gauge and nongauge theories. In one case, it
is found that a symmetry which is unbroken at low temperature can be broken by raising the
temperature above a critical value. An appendix presents a general operator formalism for
dealing with higher-order effects, and it is observed that the one-loop diagrams of field
theory simply represent the contribution of zero-point energies to the free energy density.
The cosmological implications of this work are briefly discussed.



Inverse Phase Transition

_ (dy)? (M2 — pA(t, X)) X’ Ay’
2 2 4

Babichev, Gorbunov, Ramazanov (2020)

<




<

Inverse Phase Transition

_ (dy)? (Mz — pA(t, X)) X’ Ay’
2 2 4

Babichev, Gorbunov, Ramazanov (2020)




Inverse Phase Transition

@t (M) -t Ay

Babichev, Gorbunov, Ramazanov (2020)
u>M
~Xmin +)( min

2 . M2
() = \/M (t)/1



Inverse Phase Transition

_ (dy)? (Mz — pA(t, X)) X’ Ay’
2 2 4

Babichev, Gorbunov, Ramazanov (2020)

<

o/

~Xmin +)( min

2 . M2
() = \/M (t)/1




Inverse Phase Transition

_ (dy)? (Mz — pA(t, X)) X’ Ay’
2 2 4

Babichev, Gorbunov, Ramazanov (2020)

<

o/

~Xmin +)( min

2 . M2
() = \/M (t)/1




Inverse Phase Transition

B (dy)? (Mz — pA(t, X)) X’ Ay’
2 2 4

Babichev, Gorbunov, Ramazanov (2020)

<

Early Universe
spontaneously Broken Phase

[ |
u>M ’ u<m
—Xmin +)(min

2 . M2
() = \/M (t)/1



Inverse Phase Transition

_ (dy)? (M2 — pA(t, X)) X’ Ay’
2 2 4

Babichev, Gorbunov, Ramazanov (2020)

<

Early Universe
spontaneously Broken Phase

u>M u<m

Tachyonic mass u(?)
slowly decreases /
redshifts

due to cosmological
expansion

~Xmin

2 _M2
)(mm(f)=\/ﬂ (1)




Inverse Phase Transition

@t (M) -t Ay

Babichev, Gorbunov, Ramazanov (2020)
Early Universe Late Universe

spontaneously Broken Phase

u>M u<m

Tachyonic mass u(?)
slowly decreases /
redshifts

due to cosmological
expansion

~Xmin

2 _M2
)(mm(f)=\/ﬂ (1)




Inverse Phase Transition

@t (M) -t Ay

Babichev, Gorbunov, Ramazanov (2020)
Early Universe A : Late Universe
ipped time order
spontaneously Broken Phase \\
| |
u>M u<M

Tachyonic mass u(?)
slowly decreases /
redshifts

due to cosmological
expansion

~Xmin

2 _M2
%maﬁ:¢ﬂ(ﬂ




Inverse Phase Transition

@t (M) -t Ay

Babichev, Gorbunov, Ramazanov (2020)
Early Universe 4 : Late Universe
ipped time order
spontaneously Broken Phase .
| |
u>M u<M

Tachyonic mass u(?)
slowly decreases /
redshifts

due to cosmological
expansion for Hubble parameter

2(1) — M2 H<M
%maﬁ:¢ﬂ(0

~Xmin




Inverse Phase Transition

B (dy)? (Mz — pA(t, X)) X’ Ay’
2 2 4

Babichev, Gorbunov, Ramazanov (2020)

<

Early Universe A . Late Universe
ipped time order
spontaneously Broken Phase \ oscillations around restored symmetric vacuum

u>M u<m

Tachyonic mass u(?)
slowly decreases / ‘ ‘

\

redshifts
—x, due to cosmological
min .
expansion for Hubble parameter

2(1) — M2 H<M
)(mm(t)=\/ﬂ (1)



Tracing the vacuum



Tracing the vacuum

2 2
po () —M
The minimum moves as )(min (t) — \/ /1




Tracing the vacuum

2 2
po () —M
The minimum moves as )(min (t) — \/ /1

In the minimum Mesz (f) — 2 . (,l/tz(t) — M2)



Tracing the vacuum

The minimum moves as )(min (t) — \/

u? () — M?

A

In the minimum Mesz (f) — 2 . (//tz(t) — M2)

Adiabatically tracing the minimum

M o5

My

<1



Tracing the vacuum

2 2
u-()y—M
The minimum movesas ~ Xmin (1) = \/

A

In the minimum Mesz (f) — 2 . (//tz(t) — M2)

M o5

My

<1

Adiabatically tracing the minimum

Adiabaticity is definitely violated when M., = 0 i.e. when p. ~ M !



Tracing the vacuum

u? () — M?
A

The minimum moves as )(min (t) —

In the minimum Mesz (f) — 2 . (//tz(t) — M2)

M o5

My

<1

Adiabatically tracing the minimum

Adiabaticity is definitely violated when M., = 0 i.e. when p. ~ M !

At this point one cannot trace the minimum as y, ;.. = s diverges!

\//1 (2 (1) — M?)
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Resulting Energy Density

adiabaticity is violated at t., before u ~ M, it M > H. the field starts to oscillate with amplitude

Position of the minimum

(2M2)1/3 Iy 1 (kH.M?*)!> at . when
Wi —| = |
V24 | H, \/24
2
where we assume cosmological evolution d'u (t) —
dt

the field behaves as DM

N M?y? Qs 3N (x - M° - H,)?3 ( Qs )3
o0 = (a(t)) Y (1)

for the model of this talk k = 2
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DM y coupled to ¢ - a multiplet of N thermal degrees of freedom

portal coupling

V= % (M? = g°p"p) - 1% + %){4

Ng?T?
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Inverse phase transition time //t* ~ M

M [12
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Temperature at inverse phase transition
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Assume Whole DM is in ¥

g (Teq>

equality time Py = €rad <Teq> — 30 qu

2m2g. (T) T?
45

from entropy conservation Sa3 — COI/ZSt where § =

3 3
( G > — ) which one uses in

) 1/3 3

(4M'°H? a |
=€, (T ) to obtain M

€q
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Mass of DM

2
12 | #*g2(T.) M, T
N 75 T,, o
Recalling that T, ~0.8eV

potential bounded weak coupling
from below
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A direct phase transition?

Early universe spontaneously Broken Phase

To avoid too much friction

N
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Domain Walls!
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