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Introduction

Bose-Einstein condensation (1925): quantum
phenomenon whereby identical bosons reside all in the
lowest energy state.
They possess an identical spatial wavefunction→
macroscopic coherent matter wave.
Large number of bosons, at low temperature.

First experimental observation (1995) in a dilute gas of
rubidium.
Atomic BEC: supercooled metastable state that exists
in an ultrahigh vacuum chamber.
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Introduction
Cosmological and astrophysical applications

Influence of BEC’s on cosmological phase transitions
(Linde (1976), (1979)). Large lepton asymmetry (increase of
charge density) supresses restoration of electroweak
symmetry.
BEC’s as dark matter, in dark halos (Ji, Sin (1994); Matos, Guzán

(1999); Matos, Vázquez, Magaña(2008); Ureña (2008)).
BEC’s as dark energy (Nishiyama, Morita, Morikawa (2004))

BE condensation in the (helium) core of white dwarfs:
crystallizazion/condensation→ affects the cooling
process. (24 helium-core candidates in a nearby
globular cluster). (Gabadadze, Rosen (2008 - 2009)).
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The physical problem

We included in our system:
fermions and bosons (gauge bosons + scalar)
chemical potential→ matter-antimatter asymmetry.
charged vector BEC→ extreme conditions.

We studied the magnetic properties of the condensate: we
calculated spin-spin interactions of W bosons
(electromagnetic interactions and quartic self-coupling of W)
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The physical problem

Condensed bosons (scalars or vectors) are in zero
momentum state but in the latter case the spins of the
individual vector bosons can be either aligned
(ferromagnetic)or anti-aligned (anti-ferromagnetic).
The realization of one or other state is determined by the
spin-spin interaction between the bosons.
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The physical problem

In the lowest angular momentum state, l = 0, a pair of
bosons may have either spin 0 or 2.
Depending on the sign of the spin-spin coupling, one of
those states would be energetically more favorable and
would be realized at condensation.
In the case of energetically favorable S = 2 vector bosons
condense with macroscopically large value of their vector
wave function 〈Wj〉.
In the opposite case of favorable S = 0 state vector bosons
form scalar condensate with pairs of vector bosons making
a scalar “particle”.
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The physical problem

A large lepton asymmetry makes W bosons condense.
Electrically neutral plasma, zero baryonic number
density but with a high leptonic one. Essential
reactions: direct and inverse decays of W

W + ↔ e+ + ν

The equilibrium imposes the equality between the
chemical potentials:

µW = µν − µe
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The physical problem

Condition of electroneutrality:

nW + − nW− + ne− − ne+ = 0

Leptonic number density:

nL = nν − nν̄ + ne− − ne+ .

n = gs
∫

d3p/(2π)3f number density and gs the spin
counting factor.
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The physical problem

The equilibrium distribution functions, up to the spin
counting factor, are equal to:

fF ,B =
1

exp[(E − µF ,B)/T ]± 1
,

where the signs plus and minus stand respectively for
fermions and bosons and µF ,B are chemical potentials.
Chemical potential of bosons cannot exceed their mass,
µB ≤ mB, otherwise their distribution would not be positive
definite.
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The model

Lagrangian of the minimal electroweak model:

L = Lgb + Lsp + Lsc + LYuk

respectively gauge boson, spinor, scalar, and Yukawa contributions.

Lgb = −
1
4

Gi
µνGi µν −

1
4

fµν f µν ,

Gi
µν = ∂µAi

ν − ∂νAi
µ + gεijk Aj

µAk
ν , fµν = ∂µBν − ∂νBµ, i = 1, 2, 3

Lsp = Ψ̄iD/ Ψ, DµΨ =

(
∂µ −

i
2

g σj Aj
µ −

i
2

g′YBµ

)
Ψ,
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The model

Lsc =
1
2

(DµΦ)† (DµΦ) +
1
2
µ2Φ†Φ−

1
4
λ(Φ†Φ)2,

DµΦ =

(
∂µ −

i
2

g σj Aj
µ −

i
2

g′Bµ

)
Φ,

and the Yukawa Lagrangian describes interactions of fermions with the Higgs field.
Ai
µ and Bµ: gauge boson potentials of SU(2) and U(1), g and g′ their gauge

coupling constants, Y hypercharge operator of the U(1) group, σj Pauli matrices
operating in SU(2) space.
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The model

In the broken phase the physical massive gauge boson fields are obtained through
Weinberg rotation:

W±µ =
A1
µ ∓ iA2

µ√
2

, Zµ = cW A3
µ − sW Bµ , Aµ = sW A3

µ + cW Bµ,

where cW and sW : cos θW and sin θW ; θW is the Weinberg angle.

L4 = −
e2

2 sin2 θW

[(
W †µWµ

)2
−W †µWµ†WνWν

]
+ ...
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Electromagnetic interactions

Breit equation: interaction between the magnetic moments of two electrons (i.e.
their spin-spin interaction):

UM (r) =
e2

16πm2
e

[
(σ1 · σ2)

r3
−

3(σ1 · r)(σ2 · r)

r5
−

8π
3

(σ1 · σ2)δ(3)(r)

]
,

Analog for W bosons:

Uspin
em (r) =

e2

4πm2
W

[
(S1 · S2)

r3
− 3

(S1 · r) (S2 · r)

r5
−

8π
3

(S1 · S2) δ(3)(r)

]
.

Spin operator of vector particles defined as the generator of the rotation group
belonging to its adjoint representation and is equal to the vector product:

S1 = −i W†1′ ×W1
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Electromagnetic interactions

Energy shift induced by the spin-spin interaction:

δE =

∫
d3r
V

Uspin
em (r) = −

2 e2

3 Vm2
W

(S1 · S2) ,

(V is the normalization volume).
To calculate the contribution of this potential into the energy of two bosons at rest,
we have to average over their wave function. In the condensate case, it is an
S-wave function, that is angle independent. Hence the contributions of the first two
terms mutually cancel out and only the third one remains, which has negative
coefficient.
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Electromagnetic interactions

Since S2
tot = (S1 + S2)2 = 4 + 2S1S2, the average value of S1S2 is equal to

S1S2 = S2
tot/2− 2 .

For Stot = 2 this term is S1S2 = 1 > 0, while for Stot = 0 it is S1S2 = −2 < 0.
Thus, the state with maximum total spin is more favorable energetically and
W -bosons condense in ferromagnetic state.
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Quartic self-coupling of W

L4W = −
e2

2 sin2 θW

[
(W †µWµ)2 −W †µWµ†WνWν

]
=

e2

2 sin2 θW

(
W† ×W

)2
.

U(spin)
4W =

e2

8m2
W sin2 θW

(S1S2) δ(3)(r).
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Discussion and Conclusions

For ferromagnetism: exchange forces.
For our system: spin-spin interaction, determined by interaction of magnetic
moments of vector bosons and by their self-interactions.
Electromagnetic interactions lead to spontaneous magnetization at
macroscopically large scales. This effect is dominant over the local self-interaction
of W which leads to spin-spin coupling of the opposite sign.
In pure electrodynamics, magnetic fields are not screened, so one may expect that
the plasma effects would not eliminate the dominance of magnetic moment
interactions. However, the situation is not clear in non-Abelian theories and in
principle the screening might inhibit the spin-spin magnetic interaction.
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Discussion and Conclusions

Interactions with relativistic electrons and positrons are neglected. In principle,
they could distort the spin-spin interactions of W by their spin or orbital motion.
However, electrons are predominantly ultra-relativistic and they cannot be
attached to any single W boson to counterweight its spin. Low energy electrons
cannot be long in such a state because of fast energy exchange with the energetic
electrons. The scattering of electrons (and quarks) on W -bosons may lead to the
spin flip of the latter, but on the average in thermal equilibrium, this process does
not change the average value of the spin of the condensate.
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Discussion and Conclusions

If a ferromagnetic state is formed, the primeval plasma, where such bosons
condensed (maybe due to a large cosmological lepton asymmetry), can be
spontaneously magnetized.
The typical size of the magnetic domains is determined by the cosmological
horizon at the moment of the condensate evaporation. This takes place when the
neutrino chemical potential, which scales as temperature in the course of
cosmological cooling down, becomes smaller than the W mass at this
temperature.
These large scale magnetic fields might survive after the decay of the condensate
due to the conservation of the magnetic flux in plasma with high electric
conductivity. Such magnetic fields could be the seeds of the observed (larger
scale) galactic or intergalactic magnetic fields.
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