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Main Message

The Universe is magnetised,  everywhere! B

Yet, we know neither the distribution and magnitude nor the origin of 
this magnetisation 

DM may interact with these magnetic fields. 

One can use PMF to create (at least a part) of DM non-thermally 
through an inverse phase transition 

If a part of DM originated from inverse phase transition, there is a 
statistically anisotropic isocurvature mode

This mode may be observed, even if   ! B < 10−11 G
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    for    B > 10−16 G λ ≳ 1 Mpc
Neronov, Vovk (2010)
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Bgalaxy ∼ Bcluster ∼ 10−6 G
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Bμ =
1
2

uαϵαμνβFνβ

ds2 = a2ημνdxμdxν

For spatially-flat Friedmann universe in conformal coordinates 

Bμ = a (0,B)

ρ = −
1
2

BμBμ =
1
2

B2

Energy density of the magnetic field 



⟨Bi (k, t) Bj (q, t)⟩ = (2π)3 δ (k + q) [(δij − ̂ki
̂kj) PB (k, t) − iϵijm

̂kmPaB (k, t)]

Stochastic Magnetic Field



⟨Bi (k, t) Bj (q, t)⟩ = (2π)3 δ (k + q) [(δij − ̂ki
̂kj) PB (k, t) − iϵijm

̂kmPaB (k, t)]

Stochastic Magnetic Field

̂ki = ki / k



⟨Bi (k, t) Bj (q, t)⟩ = (2π)3 δ (k + q) [(δij − ̂ki
̂kj) PB (k, t) − iϵijm

̂kmPaB (k, t)]

Stochastic Magnetic Field

̂ki = ki / k

ρB =
1
2

⟨B (x, t) B (x, t)⟩ =
1

2π2 ∫
dk
k

k3PB (k, t)



⟨Bi (k, t) Bj (q, t)⟩ = (2π)3 δ (k + q) [(δij − ̂ki
̂kj) PB (k, t) − iϵijm

̂kmPaB (k, t)]

PB(k, t) = AB(t) ⋅ knB

Stochastic Magnetic Field

̂ki = ki / k

ρB =
1
2

⟨B (x, t) B (x, t)⟩ =
1

2π2 ∫
dk
k

k3PB (k, t)



⟨Bi (k, t) Bj (q, t)⟩ = (2π)3 δ (k + q) [(δij − ̂ki
̂kj) PB (k, t) − iϵijm

̂kmPaB (k, t)]

PB(k, t) = AB(t) ⋅ knB

Stochastic Magnetic Field

Flat spectrum (like from inflation)  nB = − 3

̂ki = ki / k

ρB =
1
2

⟨B (x, t) B (x, t)⟩ =
1

2π2 ∫
dk
k

k3PB (k, t)



⟨Bi (k, t) Bj (q, t)⟩ = (2π)3 δ (k + q) [(δij − ̂ki
̂kj) PB (k, t) − iϵijm

̂kmPaB (k, t)]

PB(k, t) = AB(t) ⋅ knB

Stochastic Magnetic Field

Flat spectrum (like from inflation)  nB = − 3

Blue spectrum  (like from phase transitions) nB = 2

̂ki = ki / k

ρB =
1
2

⟨B (x, t) B (x, t)⟩ =
1

2π2 ∫
dk
k

k3PB (k, t)



⟨Bi (k, t) Bj (q, t)⟩ = (2π)3 δ (k + q) [(δij − ̂ki
̂kj) PB (k, t) − iϵijm

̂kmPaB (k, t)]

PB(k, t) = AB(t) ⋅ knB

Stochastic Magnetic Field

Flat spectrum (like from inflation)  nB = − 3

Blue spectrum  (like from phase transitions) nB = 2

Magnetic field is frozen into plasma due to very high conductivity

̂ki = ki / k

ρB =
1
2

⟨B (x, t) B (x, t)⟩ =
1

2π2 ∫
dk
k

k3PB (k, t)



⟨Bi (k, t) Bj (q, t)⟩ = (2π)3 δ (k + q) [(δij − ̂ki
̂kj) PB (k, t) − iϵijm

̂kmPaB (k, t)]

PB(k, t) = AB(t) ⋅ knB

Stochastic Magnetic Field

Flat spectrum (like from inflation)  nB = − 3

Blue spectrum  (like from phase transitions) nB = 2

Magnetic field is frozen into plasma due to very high conductivity

B(t) ∝ a−2

̂ki = ki / k

ρB =
1
2

⟨B (x, t) B (x, t)⟩ =
1

2π2 ∫
dk
k

k3PB (k, t)



⟨Bi (k, t) Bj (q, t)⟩ = (2π)3 δ (k + q) [(δij − ̂ki
̂kj) PB (k, t) − iϵijm

̂kmPaB (k, t)]

PB(k, t) = AB(t) ⋅ knB

Stochastic Magnetic Field

Flat spectrum (like from inflation)  nB = − 3

Blue spectrum  (like from phase transitions) nB = 2

Magnetic field is frozen into plasma due to very high conductivity

B(t) ∝ a−2 AB(t) ∝ a−4

̂ki = ki / k

ρB =
1
2

⟨B (x, t) B (x, t)⟩ =
1

2π2 ∫
dk
k

k3PB (k, t)



⟨Bi (k, t) Bj (q, t)⟩ = (2π)3 δ (k + q) [(δij − ̂ki
̂kj) PB (k, t) − iϵijm

̂kmPaB (k, t)]

PB(k, t) = AB(t) ⋅ knB

Stochastic Magnetic Field

Flat spectrum (like from inflation)  nB = − 3

Blue spectrum  (like from phase transitions) nB = 2

Magnetic field is frozen into plasma due to very high conductivity

B(t) ∝ a−2 AB(t) ∝ a−4

̂ki = ki / k

ρB =
1
2

⟨B (x, t) B (x, t)⟩ =
1

2π2 ∫
dk
k

k3PB (k, t)



⟨Bi (k, t) Bj (q, t)⟩ = (2π)3 δ (k + q) [(δij − ̂ki
̂kj) PB (k, t) − iϵijm

̂kmPaB (k, t)]

PB(k, t) = AB(t) ⋅ knB

Stochastic Magnetic Field

Flat spectrum (like from inflation)  nB = − 3

Blue spectrum  (like from phase transitions) nB = 2

Magnetic field is frozen into plasma due to very high conductivity

B(t) ∝ a−2 AB(t) ∝ a−4

̂ki = ki / k

ρB =
1
2

⟨B (x, t) B (x, t)⟩ =
1

2π2 ∫
dk
k

k3PB (k, t)



Korochkin et. al. (2020)

Vachaspati (2020)

Power spectrum  P(k)k2



Korochkin et. al. (2020)

Vachaspati (2020)

Power spectrum  P(k)k2

 very interestingB ≃ 10−11 G



Korochkin et. al. (2020)

Vachaspati (2020)

Power spectrum  P(k)k2

 very interestingB ≃ 10−11 G

 very hard to observeB < 10−11 G



ℒ =
(∂χ)2

2
− (M2 − μ2(t, x)) ⋅ χ2

2
−

λχ4

4

Inverse Phase Transition

Babichev, Gorbunov, Ramazanov(2020)



ℒ =
(∂χ)2

2
− (M2 − μ2(t, x)) ⋅ χ2

2
−

λχ4

4

Inverse Phase Transition

Babichev, Gorbunov, Ramazanov(2020)

Early universe spontaneously Brocken Phase

μ > M

χmin (t) =
μ2 (t) − M2

λ

+χmin−χmin



ℒ =
(∂χ)2

2
− (M2 − μ2(t, x)) ⋅ χ2

2
−

λχ4

4

Inverse Phase Transition

Babichev, Gorbunov, Ramazanov(2020)

Early universe spontaneously Brocken Phase

μ > M

χmin (t) =
μ2 (t) − M2

λ

+χmin−χmin

Tachyonic mass   
slowly decreases / 

redshifts 
due to cosmological 

expansion

μ(t)



ℒ =
(∂χ)2

2
− (M2 − μ2(t, x)) ⋅ χ2

2
−

λχ4

4

Inverse Phase Transition

Babichev, Gorbunov, Ramazanov(2020)

Late universe oscillations around restored symmetric vacuum
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·Meff

M2
eff

≪ 1Adiabatically tracing the minimum

Tracing the vacuum

M2
eff (t) = 2 ⋅ (μ2(t) − M2)In the minimum

χmin (t) =
μ2 (t) − M2

λ

Adiabaticity is definitely violated when   i.e. when  ! Meff = 0 μ* ≃ M

At this point one cannot trace the minimum as    diverges! ·χmin =
μ ·μ

λ (μ2 (t) − M2)
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⋅ ( a*

a(t) )
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≃
(κ ⋅ M5 ⋅ H*)2/3

4λ
⋅ ( a*

a(t) )
3

Resulting Energy Density

dμ2(t)
dt

= − κHμ2(t)where we assume cosmological evolution

for the model of the paper  κ = 4

 the field behaves as DM



Repetitio est mater studiorum

ℒ =
(∂χ)2

2
− (M2 − μ2(t, x)) ⋅ χ2

2
−

λχ4

4



Babichev, Gorbunov, Ramazanov(2020)
μ2 ∝ R

Repetitio est mater studiorum

ℒ =
(∂χ)2

2
− (M2 − μ2(t, x)) ⋅ χ2

2
−

λχ4

4



Babichev, Gorbunov, Ramazanov(2020)
μ2 ∝ R

Repetitio est mater studiorum

ℒ =
(∂χ)2

2
− (M2 − μ2(t, x)) ⋅ χ2

2
−

λχ4

4

μ2(t, x) =
FμνFμν

2Λ2
=

B2(t, x)
Λ2

Ramazanov, Urban, Vikman(2020)



Babichev, Gorbunov, Ramazanov(2020)
μ2 ∝ R

Repetitio est mater studiorum

ℒ =
(∂χ)2

2
− (M2 − μ2(t, x)) ⋅ χ2

2
−

λχ4

4

μ2(t, x) =
FμνFμν

2Λ2
=

B2(t, x)
Λ2

Ramazanov, Urban, Vikman(2020)

μ2 = g2ϕ†ϕ ≃
Ng2T2

12 Ramazanov, Babichev, Gorbunov, Vikman(2021)



Babichev, Gorbunov, Ramazanov(2020)
μ2 ∝ R

Repetitio est mater studiorum

ℒ =
(∂χ)2

2
− (M2 − μ2(t, x)) ⋅ χ2

2
−

λχ4

4

μ2(t, x) =
FμνFμν

2Λ2
=

B2(t, x)
Λ2

Ramazanov, Urban, Vikman(2020)

μ2 = g2ϕ†ϕ ≃
Ng2T2

12 Ramazanov, Babichev, Gorbunov, Vikman(2021)



John William Strutt

cf. 



John William Strutt

cf. 



John William Strutt

3rd Baron Rayleigh

cf. 



The Right Honourable 
The Lord Rayleigh 

OM PC PRS 

John William Strutt

3rd Baron Rayleigh

cf. 

https://en.wikipedia.org/wiki/The_Right_Honourable
https://en.wikipedia.org/wiki/Member_of_the_Order_of_Merit
https://en.wikipedia.org/wiki/Privy_Council_of_the_United_Kingdom
https://en.wikipedia.org/wiki/President_of_the_Royal_Society
https://en.wikipedia.org/wiki/The_Right_Honourable
https://en.wikipedia.org/wiki/Member_of_the_Order_of_Merit
https://en.wikipedia.org/wiki/Privy_Council_of_the_United_Kingdom
https://en.wikipedia.org/wiki/President_of_the_Royal_Society


How dark is DM?

The Right Honourable 
The Lord Rayleigh 

OM PC PRS 

John William Strutt

3rd Baron Rayleigh

cf. 

https://en.wikipedia.org/wiki/The_Right_Honourable
https://en.wikipedia.org/wiki/Member_of_the_Order_of_Merit
https://en.wikipedia.org/wiki/Privy_Council_of_the_United_Kingdom
https://en.wikipedia.org/wiki/President_of_the_Royal_Society
https://en.wikipedia.org/wiki/The_Right_Honourable
https://en.wikipedia.org/wiki/Member_of_the_Order_of_Merit
https://en.wikipedia.org/wiki/Privy_Council_of_the_United_Kingdom
https://en.wikipedia.org/wiki/President_of_the_Royal_Society


How dark is DM?

2μ2χ2 =
χ2

Λ2
FμνFμν

Rayleigh operator 

The Right Honourable 
The Lord Rayleigh 

OM PC PRS 

John William Strutt

3rd Baron Rayleigh

cf. 

https://en.wikipedia.org/wiki/The_Right_Honourable
https://en.wikipedia.org/wiki/Member_of_the_Order_of_Merit
https://en.wikipedia.org/wiki/Privy_Council_of_the_United_Kingdom
https://en.wikipedia.org/wiki/President_of_the_Royal_Society
https://en.wikipedia.org/wiki/The_Right_Honourable
https://en.wikipedia.org/wiki/Member_of_the_Order_of_Merit
https://en.wikipedia.org/wiki/Privy_Council_of_the_United_Kingdom
https://en.wikipedia.org/wiki/President_of_the_Royal_Society


How dark is DM?

2μ2χ2 =
χ2

Λ2
FμνFμν

Rayleigh operator 

The Right Honourable 
The Lord Rayleigh 

OM PC PRS 

lowest order / minimal -symmetric interaction between a neutral scalar field and electromagnetic field Z2

John William Strutt

3rd Baron Rayleigh

cf. 

https://en.wikipedia.org/wiki/The_Right_Honourable
https://en.wikipedia.org/wiki/Member_of_the_Order_of_Merit
https://en.wikipedia.org/wiki/Privy_Council_of_the_United_Kingdom
https://en.wikipedia.org/wiki/President_of_the_Royal_Society
https://en.wikipedia.org/wiki/The_Right_Honourable
https://en.wikipedia.org/wiki/Member_of_the_Order_of_Merit
https://en.wikipedia.org/wiki/Privy_Council_of_the_United_Kingdom
https://en.wikipedia.org/wiki/President_of_the_Royal_Society


How dark is DM?

2μ2χ2 =
χ2

Λ2
FμνFμν

Rayleigh operator 

The Right Honourable 
The Lord Rayleigh 

OM PC PRS 

lowest order / minimal -symmetric interaction between a neutral scalar field and electromagnetic field Z2

John William Strutt

3rd Baron Rayleigh

cf. 

How dark is DM?

https://en.wikipedia.org/wiki/The_Right_Honourable
https://en.wikipedia.org/wiki/Member_of_the_Order_of_Merit
https://en.wikipedia.org/wiki/Privy_Council_of_the_United_Kingdom
https://en.wikipedia.org/wiki/President_of_the_Royal_Society
https://en.wikipedia.org/wiki/The_Right_Honourable
https://en.wikipedia.org/wiki/Member_of_the_Order_of_Merit
https://en.wikipedia.org/wiki/Privy_Council_of_the_United_Kingdom
https://en.wikipedia.org/wiki/President_of_the_Royal_Society


Background Magnetic Field

B2(t) = ∫ k
a0

<H0

k2 dk PB(k)
π2

∝ ln
H0

ΛIR

B = B (t) + δB (t, x)
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ρχ(t)

ρDM(t)

Which fraction of DM can be in ?χ

P𝒮DM
/Pζ < 0.038

Planck collaboration(2018)

*

f ≲ (0.2 to 0.3)
Pζ (k) ⋅ B2

0

PB (k, t0)

For        the fraction is      δB/B ≃ 10−5 f ≃ 0.2 to 0.3

For        the fraction is      δB/B ≃ 1 f ≲ 10−6



When does it work?

e.g. M = 0.5 TeV

Λ = 0.4 ⋅ 1014 GeV

λ = 10−12

Treh = 1010 GeV



rB =
ρB

ρr
  corresponds rB = 10−11 B = 10−11 G




