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Einstein-Weinberg-Salam model

Model: General Relativity + electroweak theory of Weinberg-Salam.
→ well-established theories! (all parameter values are known)

Fields: ds2 = gµνdx
µdxν , Y = Yµdx

µ, W = τa
2 W

a
µdx

µ, Φ = (ϕ1, ϕ2)
T .

µ ∈ {0, 1, 2, 3}, a ∈ {1, 2, 3}
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4g ′2

(Y )
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Fµν − 1
4g2

(W )

F a
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F aµν − (DµΦ)
†DµΦ− β

8
(
Φ†Φ− 1

)2
.

Field strengths and gauge covariant
derivative:

(Y )

Fµν = ∂µYν − ∂νYµ,
(W )

F a
µν = ∂µW

a
ν − ∂νW

a
µ + ϵabcW

b
µW

c
ν ,

DµΦ =

(
∂µ − i

2
Yµ − i

2
τaW

a
µ

)
Φ.

Electromag. field: (Nambu definition)

Fµν =
g

g ′

(Y )

Fµν − g ′

g

Φ†τaΦ

|Φ|2
(W )

F a
µν .

Magnetic and U(1) hypermagnetic fields:

Bi =
1

2
√−g

ϵijkFjk , B i =
1

2
√−g

ϵijk
(Y )

Fjk .
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Electroweak condensation

[Ambjorn, Olesen, 1988], [Chernodub et al., 2023] :
The Higgs vacuum is unstable for strong hypermagnetic field |B|.
⇒ Formation of an electroweak condensate of massive W, Z and Higgs fields.

→ Magnetic Reissner-Nordström (RN) black holes are unstable for small rH .
→ Formation of a black hole hair:

|B(rH)| ≈ m2
W m2

W < |B(rH)| < m2
H |B(rH)| > m2

H

∼
√
|n| × ℓew ∼

√
|n| × ℓew ∼

√
|n| × ℓew
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Non-extremal solutions

Spherical symmetry is possible only for |n| = 2 [Bai, Korwar, 2021].

→ We assume static and axially-symmetric spacetime metric,

ds2 = −e2UN(r)dt2 + e2K
(

dr2

N(r)
+ r2dϑ2

)
+ e2S r2 sin2 ϑ dφ2,

+ purely magnetic electroweak fields.
→ 10 nonlinear elliptic field equations to be solved (FreeFem solver).

Parameters of the solutions:

n = 2Pe (magnetic charge) and req = rHe
S(rH ,π/2) (equatorial horizon radius).

Hairy black holes emerge from the RN branch when req ≈
√
|n|/g ⇔ |B| ≈ m2

W

(electroweak condensation).
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Non-extremal solutions

Parameters of the solutions:

n = 2Pe (magnetic charge) and req = rHe
S(rH ,π/2) (equatorial horizon radius).

Hairy black holes emerge from the RN branch when req ≈
√
|n|/g ⇔ |B| ≈ m2

W

(electroweak condensation).

Example of solutions with κ = 10−3 :

|Φ|2req = 1.64, n = 10
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kH : surface gravity,
M : ADM mass,
λ : fraction of the charge
in the hair,
δ : horizon oblateness.
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Extremal solutions

Important observation: δ = 0 in the extremal limit → spherical horizon.

0
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0.5
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1.5
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2.5

0 0.25 0.5 0.75 1 1.29

req/|Q|

10× δ

λ

κ = 10−2QM
QG

phase I phase II

|Q|/Qm

0.92

0.96

1

1.04

0 0.5 1 1.29 2

κ = 10−2

M
/|Q

|

|Q|/Qm

bifurcation with RN

extremal hairy BHs

extremal RN

If |Q| ≪ Qm =
√

2/(κβ)/g , electroweak fields at rH
are in the false vacuum (|Φ| = W a

µ = 0).
→ The horizon geometry is RN-de Sitter.

We observe a phase transition (δ > 0) at
|Q| ≈ 0.6Qm ⇒ |B(rH)| ≈ m2

H .
→ The black hole starts absorbing the hair.

Extremal hairy BHs merge with extremal RN at
|Q| ≈ 1.29Qm ⇒ |B(rH)| ≈ m2

W .

For all extremal hairy solutions: M ≤ |Q| .

→ Hairy BHs are energetically favored as
compared to RN.

rH ≈ 1.4 cm, M ≈ 2 × 1025 kg, ∼ 11% in the hair.
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Summary and perspectives

Hairy black holes with an axially symmetric electroweak condensate are
constructed numerically.

Extremal solutions are surrounded by a macroscopic phase of Higgs false
vacuum: restoration of the electroweak symmetry.

Manifestation of the weak gravity conjecture: M < |Q| .

They may be formed from the fluctuating magnetic field in the early Universe
+ they do not require any new physics beyond Standard Model!

Perspectives: include rotation, solutions beyond axial symmetry, . . .
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Thank you for your attention.
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Nambu vs. ’t Hooft descriptions

The definition of the electromag. field is not unique when |Φ| ≠ 1.

Nambu: Fµν =
g

g ′

(Y )

Fµν−
g ′

g
na(Φ)

(W )

F a
µν , ’t Hooft: Fµν = Fµν+

g ′

g
ϵabcn

aDµn
bDνn

c .

One has dF ̸= 0 (magnetic charge can be distributed smoothly in space),
whereas dF = 0 (only point-like magnetic charges).
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Beyond axial symmetry

Perturbative analysis reveals that the axially symmetric condensate do not
achieve the energy minimum (except for |n| = 4).
→ Decay to configurations with only discrete symmetries:

|n| = 6 |n| = 8 |n| = 10

Similar situation as in flat space, with an external homogeneous magnetic field
[Chernodub et al., 2023].
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