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Isolated black hole – Kerr-Newman geometry

3 parameters: mass M, charge Q, angular momentum J.



Brief history: no-hair conjecture

No-hair conjecture /Ruffini and Wheeler, 1971/: black holes
formed by gravitational collapse are characterized by their mass,
angular momentum, and electric/magnetic charge. These are the
only parameters that can survive during the gravitational collapse,
all other information is lost. Black holes have no memory.



No-hair conjecture

The quasi-stellar object, the pulsar, the neutron star
have all come onto the scene of physics within the space of a
few years. Is the next entrant destined to be the black hole?
If so, it is difficult to think of any development that could be
of greater significance. A black hole, whether of “ordinary
size” (approximately one solar mass, 1 M�) or much larger
(around 106 M� to 1010 M�, as proposed in the nuclei of some
galaxies), provides our “laboratory model” for the gravita-
tional collapse, predicted by Einstein’s theory, of the universe
itself.

A black hole is what is left behind after an object has un-
dergone complete gravitational collapse. Spacetime is so

strongly curved that no light can come out, no matter can be
ejected, and no measuring rod can ever survive being put in.
Any kind of object that falls into the black hole loses its sep-
arate identity, preserving only its mass, charge, angular mo-
mentum, and linear momentum (see figure 1). No one has yet
found a way to distinguish between two black holes con-
structed out of the most different kinds of matter if they have
the same mass, charge, and angular momentum. Measure-
ment of these three determinants is permitted by their effect
on the Kepler orbits of test objects, charged and uncharged,
in revolution about the black hole.

How the physics of a black hole looks depends more
upon an act of choice by the ob-
server himself than on anything
else. Suppose he decides to fol-
low the collapsing matter
through its collapse down into
the black hole. Then he will see
it crushed to indefinitely high
density, and he himself will be
torn apart eventually by indefi-
nitely increasing tidal forces.
No restraining force whatso-
ever has the power to hold him
away from this catastrophe,
once he crossed a certain critical
surface known as the “hori-
zon.” The final collapse occurs
a finite time after the passage of
this surface, but it is inevitable.
Time and space are inter-
changed inside a black hole in

From January 1971, pages 30–41

Introducing the 
black hole
Remo Ruffini and John A. Wheeler

According to present cosmology, certain stars end their careers in a total
gravitational collapse that transcends the ordinary laws of physics.

At the time of this article, Remo Ruffini and John Wheeler were both at Princeton University; Wheeler, on leave from Princeton, was
spending a year at the California Institute of Technology and Moscow State University.

Mass Charge Baryons Leptons

Gravitational and
electromagnetic

waves

Angular momentum Strangeness

Mass
Charge

Angular momentum

Figure 1. Figurative representation of a black
hole in action. All details of the infalling matter
are washed out. The final configuration is be-
lieved to be uniquely determined by mass, elec-
tric charge, and angular momentum.
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Uniqueness and no-hair theorems

Uniqueness theorems /Israel, Robinson, Mazur/: All
electrovacuum holes are described by the Kerr-Newman
metrics. This confirms the conjecture.

Are there other black holes, not described by Kerr-Newman
metrics ?

No-hair theorems /Bekenstein, 1972,.../ confirm the
conjecture for a number of special cases. Considering

Gµν = Tµν(Φ), 2Φ = U(Φ),

where Φ = scalar, spinor, massive vector field, etc., field, one
can show that the only black hole solutions are of the
Kerr-Newman type.

However, if Φ = Aa
µ is a pure Yang-Mills field then there are

new black holes without new charges:



First counterexample – black holes with Yang-Mills field



Zoo of hairy black holes

before 2000: Einstein-Yang-Mills black holes and their
generalizations – higher gauge groups, additional fields
(Higgs, dilaton), non-spherical solutions, stationary
generalizations, Skyrme black holes, Gauss-Bonnet, . . .
/M.S.V.+Gal’tsov, Phys.Rep. 319 (1999) 1/

after 2000: black holes via engineering the scalar field
potential, Horndeski black holes, spontaneously scalarized
black holes, black holes supporting spinning clouds of
ultralight bosons /Herdeiro-Radu/, hairy black holes in higher
dimensions, with stringy corrections, with massive gravitons
/Gervalle+M.S.V., 2020/, etc, . . . /M.S.V., 1601.0823/

Which of these solutions are physically relevant ?
Unfortunately, one cannot be too optimistic in this respect.



Present status of hairy black holes

Almost all known hairy solutions have been obtained either
within too much simplified models, or within exotic models
relying on a new physics = yet undiscovered particles and
fields. They are nice theoretically but their physical relevance
is not obvious.

New physics (stringy effects, SUSY, GUT fields, Horndeski
fields, ultralight Dark Matter, massive gravitons, etc) may
exist. However, its existence has not been confirmed yet.

We therefore adopt the following viewpoint: a physically
relevant solutions should be obtained within General Relativity
(GR) + Standard Model (SM) of fundamental interactions.

The SM contains the QCD sector with pure Yang-Mills
(gluons). Therefore, hairy black holes with Yang-Mills field
may have some relevance. However, classical configurations in
QCD are destroyed by large quantum corrections.



Electroweak black holes ?

The Standard Model contains also the electroweak (EW)
sector where the quantum corrections are not very large.
Therefore, it makes sense to study classical solutions of the
Einstein-Weinberg-Salam theory. This theory contains the
Einstein-Maxwell sector and hence describes the
Kerr-Newman black holes.

Does it describe something else ?

Only unphysical limits of the electroweak theory (vanishing
Weinberg angle) have been analyzed in the black hole
context, since in the full theory the spherical symmetry is lost
due to the electroweak condensation.



Electroweak condensation /Ambjorn-Olesen 1989/

Constant homogeneous magnetic field ~B = (0, 0,B) may exist
if only B < m2

w/e ≈ 1020 Tesla.

For m2
w/e < B < m2

h /e the vacuum structure changes leading
to the appearance of a condensate of massive W ,Z ,Φ fields
forming a lattice of vortices (flux tubes). Anti-Lenz: the
magnetic field is maximal where the condensate is maximal.

Figure: /Chernonub et al 2013/

For B > m2
h /e the vortices disappear and the Higgs field

approaches zero – the full electroweak symmetry is restored.



Magnetic electroweak black hole /Maldacena 2020/

re
<latexit sha1_base64="DE67w20Ux6YL1dQEsasXNvJrWIo=">AAAB63icbZDLSgMxFIbP1Fsdb1XBjZtgEVyVmbrQZakbly3aC9ShZNJMG5pkhiQjlKGP4EpQELcufQvfwJUbn8X0stDWHwIf/38OOeeECWfaeN6Xk1tZXVvfyG+6W9s7u3uF/YOmjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+HwapK37qnSLJa3ZpTQQOC+ZBEj2FjrRnVpt1D0St5UaBn8ORQrR/Vv9l79qHULn3e9mKSCSkM41rrje4kJMqwMI5yO3btU0wSTIe7TjkWJBdVBNh11jE6t00NRrOyTBk3d3x0ZFlqPRGgrBTYDvZhNzP+yTmqiyyBjMkkNlWT2UZRyZGI02Rv1mKLE8JEFTBSzsyIywAoTY6/juvYK/uLOy9Asl/zzUrnuFytVmCkPx3ACZ+DDBVTgGmrQAAJ9eIAneHaE8+i8OK+z0pwz7zmEP3LefgC45ZGA</latexit>

FY
<latexit sha1_base64="uu04L8PHw7XbXF8MHKGV8raGxyE=">AAAB63icbZDLSgMxFIbPeK3jrerSTbAIrspMXehGLArisqK9SDuWTJppQ5PMkGSEUvoIrgQFcSc+iw/gQnwb08tCW38IfPz/OeScEyacaeN5387c/MLi0nJmxV1dW9/YzG5tV3ScKkLLJOaxqoVYU84kLRtmOK0limIRcloNu+fDvHpPlWaxvDG9hAYCtyWLGMHGWtcXd7fNbM7LeyOhWfAnkDv9cE+Sty+31Mx+NloxSQWVhnCsdd33EhP0sTKMcDpwG6mmCSZd3KZ1ixILqoP+aNQB2rdOC0Wxsk8aNHJ/d/Sx0LonQlspsOno6Wxo/pfVUxMdB30mk9RQScYfRSlHJkbDvVGLKUoM71nARDE7KyIdrDAx9jqua6/gT+88C5VC3j/MF678XPEMxsrALuzBAfhwBEW4hBKUgUAbHuAJnh3hPDovzuu4dM6Z9OzAHznvP+JukOc=</latexit> F em

<latexit sha1_base64="Aiz+HY7TwsyM0oPi0QKbA/punfI=">AAAB7nicbZDLSgMxFIYz9VbHW9Wlm2ARXJWZutCNWBTEZQV7gXYsmfS0jU1mQpIRytB3cCUoiAs3vokP4EJ8G9PLQlt/CHz8/znknBNKzrTxvG8ns7C4tLySXXXX1jc2t3LbO1UdJ4pChcY8VvWQaOAsgophhkNdKiAi5FAL+xejvHYPSrM4ujEDCYEg3Yh1GCXGWtXL2xTEsJXLewVvLDwP/hTyZx/uqXz7csut3GezHdNEQGQoJ1o3fE+aICXKMMph6DYTDZLQPulCw2JEBOggHU87xAfWaeNOrOyLDB67vztSIrQeiNBWCmJ6ejYbmf9ljcR0ToKURTIxENHJR52EYxPj0eq4zRRQwwcWCFXMzoppjyhCjT2Q69or+LM7z0O1WPCPCsVrP186RxNl0R7aR4fIR8eohK5QGVUQRXfoAT2hZ0c6j86L8zopzTjTnl30R877D4alknY=</latexit>

h =0
<latexit sha1_base64="ChWZ7J0vVkv6ymU5rmzvdG5Ns30=">AAAB7HicbVBNS8NAEJ34WeNX1aOXxSJ4Kkk96EUoevFYwX5AG8pmu2mW7m7C7kYooX/Bk6AgXv1Dnvw3btoctPXBwOO9GWbmhSln2njet7O2vrG5tV3ZcXf39g8Oq0fHHZ1kitA2SXiieiHWlDNJ24YZTnupoliEnHbDyV3hd5+o0iyRj2aa0kDgsWQRI9gUUoxuvGG15tW9OdAq8UtSgxKtYfVrMEpIJqg0hGOt+76XmiDHyjDC6cwdZJqmmEzwmPYtlVhQHeTzW2fo3CojFCXKljRorv6eyLHQeipC2ymwifWyV4j/ef3MRNdBzmSaGSrJYlGUcWQSVDyORkxRYvjUEkwUs7ciEmOFibHxuK5NwV/+eZV0GnX/st54aNSat2UeFTiFM7gAH66gCffQgjYQiOEZXuHNkc6L8+58LFrXnHLmBP7A+fwBmEKNqQ==</latexit>

h = v 6= 0
<latexit sha1_base64="IF4/4okAvrKi0a5aws3bgzfM7NI=">AAAB9XicbVC7SgNBFJ2Nr7i+opZaDAbBKuzGQptAiI1lBPOAZAmzk9lkyOzsOnM3EpZ8h5WgILa2/oeVf2Jh4eRRaOKBC4dz7uXee/xYcA2O82llVlbX1jeym/bW9s7uXm7/oK6jRFFWo5GIVNMnmgkuWQ04CNaMFSOhL1jDH1xN/MaQKc0jeQujmHkh6UkecErASF4fl4a4LSPAJQd3cnmn4EyBl4k7J/ny8XvF+f7arXZyH+1uRJOQSaCCaN1ynRi8lCjgVLCx3U40iwkdkB5rGSpJyLSXTo8e41OjdHEQKVMS8FT9PZGSUOtR6JvOkEBfL3oT8T+vlUBw6aVcxgkwSWeLgkRgiPAkAdzlilEQI0MIVdzcimmfKELB5GTbJgV38edlUi8W3PNC8cbNlytohiw6QifoDLnoApXRNaqiGqLoDj2gJ/Rs3VuP1ov1OmvNWPOZQ/QH1tsP6zuUSg==</latexit>

rw
<latexit sha1_base64="s/GNywopOu9DykzeAh36ZVu4m2U=">AAAB63icbZDLSgMxFIbP1Fsdb1XBjZtgEVyVmbrQZakbly3aC7RDyaSZNjTJDElGKaWP4EpQELcufQvfwJUbn8X0stDWHwIf/38OOeeECWfaeN6Xk1lZXVvfyG66W9s7u3u5/YO6jlNFaI3EPFbNEGvKmaQ1wwynzURRLEJOG+HgapI37qjSLJa3ZpjQQOCeZBEj2FjrRnXuO7m8V/CmQsvgzyFfOqp+s/fyR6WT+2x3Y5IKKg3hWOuW7yUmGGFlGOF07LZTTRNMBrhHWxYlFlQHo+moY3RqnS6KYmWfNGjq/u4YYaH1UIS2UmDT14vZxPwva6UmugxGTCapoZLMPopSjkyMJnujLlOUGD60gIlidlZE+lhhYux1XNdewV/ceRnqxYJ/XihW/XypDDNl4RhO4Ax8uIASXEMFakCgBw/wBM+OcB6dF+d1Vppx5j2H8EfO2w/UP5GS</latexit>

rh
<latexit sha1_base64="2g2bFo5ehSCC1S9CjMgJGwOZycU=">AAAB63icbZDLSgMxFIbP1Fsdb1XBjZtgEVyVmbrQZakbly3aC9ShZNJMG5pkhiQjlKGP4EpQELcufQvfwJUbn8X0stDWHwIf/38OOeeECWfaeN6Xk1tZXVvfyG+6W9s7u3uF/YOmjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+HwapK37qnSLJa3ZpTQQOC+ZBEj2FjrRnUH3ULRK3lToWXw51CsHNW/2Xv1o9YtfN71YpIKKg3hWOuO7yUmyLAyjHA6du9STRNMhrhPOxYlFlQH2XTUMTq1Tg9FsbJPGjR1f3dkWGg9EqGtFNgM9GI2Mf/LOqmJLoOMySQ1VJLZR1HKkYnRZG/UY4oSw0cWMFHMzorIACtMjL2O69or+Is7L0OzXPLPS+W6X6xUYaY8HMMJnIEPF1CBa6hBAwj04QGe4NkRzqPz4rzOSnPOvOcQ/sh5+wG9dJGD</latexit>

Radial magnetic field near the horizon where Higgs=0, followed by

electroweak “corona” made of vortex pieces, followed by radial magnetic

field in the far field where Higgs is constant = magnetic

Reissner-Nordstrom.

Nobody tried to confirm this



Preliminary analyzis in flat space

The electroweak corona should exist already in flat space around a
magnetic charge.

The best known magnetic monopole of ’t Hooft-Polyakov is not
described by the Standard Model.

Nucl.Phys. B 984 (2022) 115937
Nucl.Phys. B 987 (2023) 116112



Electroweak monopoles
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Static monopoles

Monopoles of Dirac and Cho-Maison are static and spherically
symmetric, both with infinite energy:

Pointlike Dirac monopole for any value of the magnetic charge
P = n/(2e), n ∈ Z. It turns out that all Dirac monopoles
with |n| > 1 are unstable with respect to condensation.

Non-Abelian monopole of Cho-Maison for n = ±2 ⇒
superposition of a pointlike hypermagnetic U(1) monopole
and a regular SU(2) condensate. It turns out that this
solution is stable ⇒ it can be viewed as the Dirac monopole
dressed by the condensate.

/Nucl.Phys. B 984 (2022) 115937/



High charge generalizations of Cho-Maison

We constructed numerically monopoles with axial symmetry up to
|n| = 200. They contain a pointlike magnetic charge surrounded by a
condensate. The energy is infinite due to the central singularity.

/Nucl.Phys.B 987 (2023) 116112/

When gravity is taken into account, the singularity should be
shielded by a horizon and the energy will become finite.



Including gravity

/PRL 133 (2024) 171402;
arXiv:2504.09304 /



Einstein-Weinberg-Salam theory

L =
1

2κ
R + LWS

LWS = − 1

4g2
Wa

µνWaµν− 1

4g ′2
BµνB

µν−(DµΦ)†DµΦ−β
8

(
Φ†Φ− 1

)2
where Higgs is a complex doublet, Φ = (φ1, φ2)T,

Wa
µν = ∂µWa

ν − ∂νWa
µ + εabcWb

µWc
ν , Bµν = ∂µBν − ∂νBµ ,

DµΦ =

(
∂µ −

i

2
Bµ −

i

2
τ aWa

µ

)
Φ .

The length scale and mass scale are l 0 =1.5× 10−16 cm and
m0 =128.6 GeV. The couplings g ′ = sin θW, g = cos θW,

g2 = 0.78, g ′2 = 0.22, β = 1.88, κ =
4e2

α

m2
z

M2
pl

= 5.30× 10−33.

Electron charge e = gg ′, α = 1/137. The Z ,W , Higgs masses in
unites of m0 are mz = 1/

√
2, mw = gmz, mh =

√
βmz.



Electromagnetic field (no unique definition if Φ 6= const):

Nambu: eFµν = g2Bµν − g ′2naW
a
µν , na = (Φ†τaΦ)/(Φ†Φ)

defines conserved electric and magnetic currents

4πJ µ = ∇νFµν , 4πJ̃ µ = ∇νF̃µν ,

magnetic charge

P =

∫
J̃ 0√−gd3x .

’t Hooft: Fµν = Fµν + εabcn
aDµnbDνnc = ∂µAν − ∂νAµ,

electric current
4πJµ = ∇νFµν .

Using Nambu for magnetic charge and t’Hooft for electric current.



30 coupled equations to solve:

Weinberg-Salam:

∇µBµν = g ′2
i

2
(Φ†DνΦ− (DνΦ)†Φ),

DµWa
µν = g2 i

2
(Φ†τ aDνΦ− (DνΦ)†τ aΦ),

DµD
µΦ− β

4
(Φ†Φ− 1)Φ = 0,

Einstein:

Gµν = κTµν where κ ∼ 10−33 is very small and

Tµν =
1

g2
Wa

µσWa σ
ν +

1

g ′ 2
BµσB

σ
ν + 2D(µΦ†Dν)Φ + gµνLWS

=30 coupled equations. Vacuum solution:

gµν = ηµν , B = W = 0, Φ =

(
0
1

)



Simplest solutions: Reissner-Nordstrom, RN-de Sitter

Same electroweak fields as for Dirac monopole, Higgs in vacuum:

B = W 3 = −n

2
(cosϑ∓ 1) dϕ, W 1 = W 2 = 0, Φ =

(
0
1

)
,

A =
g

g ′
B +

g ′

g
W 3 =

B

e
, ~∇∧ ~A =

P~r

r3
, P =

n

2e
, n ∈ Z

n,P=magnetic charge; RN geometry:

ds2 = −N(r) dt2 +
dr2

N(r)
+ r2

(
dϑ2 + sin2 ϑ dϕ2

)
,

N(r) = 1− 2M

r
+

Q2

r2
, Q2 =

κn2

8e2
, rh = M +

√
M2 − Q2

Describes the r →∞ limit of the hairy black holes.
RN-de Sitter: W 1 = W 2 = W 3 = Φ = 0, same B. Its extremal
limit describes the horizon geometry of extremal hairy black holes.



Change of stability of Reissner-Nordström

The solution is expected to change stability when rh
decreases, the horizon value of the magnetic field Bh = P/r2h
then increases until the condensation starts (⇔ scalarization).

When a tachyonic mode emerges, this indicates the
appearance of new solution branch which bifurcates from the
Reissner-Nordström family.

We wonsider generic perturbations around RN,

gµν → gµν + δgµν , Wa
µ →Wa

µ + δWa
µ

Bµ → Bµ + δBµ, Φ→ Φ + δΦ



Perturbations wµ = δW1
µ + iδW2

µ fulfil charged Proca:

Dµwµν + ieFνσw
σ = m2

w wν ⇒ (Newman-Penrose)

wµdx
µ =

∑
m∈[−j ,j]

cme
iωtψ(r)wjm(ϑ)e imϕ,

wjm(ϑ) = (sinϑ)j
(

tan
ϑ

2

)m

(dϑ+ i sinϑdϕ),

j = |n|/2− 1 ⇒ j = 0 only if |n| = 2 .

For |n| > 2 perturbations are not spherically symmetric.(
− d2

dr2?
+ N(r)

[
m2

w −
|n|
2r2

])
ψ(r) = ω2ψ(r),

ω2 > 0 if rh is large, ω2 < 0 if rh is small ⇒ ∃ an intermediate
value: a condensation threshold rh = r0h (n) for which there is a
zero mode ψ0(r) describing a condensate that starts to appear.



Zero modes

n 2 4 6 10 20 40 100 200

r0H 0.89 1.47 1.93 2.69 4.12 6.19 10.33 15.03

One has r0h (n) ≈
√
|n|/g for n� 1 hence B(r0h ) ≈ m2

w, which is
the condition for the condensate to appear. The condensate is
maximal at the horizon.
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Static condensate and horizon currents

The static condensate

w =
∑

m∈[−j ,j]

cmψ0(r)wjm(ϑ)e imϕ

produces a current Jµ = ∇σ=(w̄σwµ) tangent to the horizon.
The current sources second order corrections for the F ,Z ,Φ fields
forming vortices orthogonal to the horizon. The coefficients cm are
obtained via minimizing the condensate energy:

〈|wµ|4〉 ≡
∫
|wµ|4

√−g d3x ,

by keeping fixed the norm

〈|wµ|2〉 ≡
∫
|wµ|2

√−g d3x = const.

This gives values of cm determining positions of |n| − 2 vortices
homogeneously distributed over the horizon:



Lattice of vortices – corona

Figure: Left: the horizon distribution of the W-condensate w̄µwµ

corresponding to the global energy minimum for n = 10. The level lines
coincide with the electric current flow forming loops around 8 radial
vortices (dark spots) repelling each other and forming a lattice.
Right: the same when all vortices merge into two oppositely directed
multi-vortices with axial symmetry, cm ∼ δ0m, also a stationary point.



Coronal loops in the black hole ”atmosphere”
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Non-perturbative axial symmetry

Generic hairy black holes have no symmetries – full 3D
simulations are needed.

We study the axially symmetric case, which allows for any
value of the magnetic charge and requires only 2D simulations.

The axially symmetric solutions are unstable because the two
multi-vortices tend to split into individual vortices.

However, we find that far away from the horizon their
geometry approaches the magnetic Reissner-Nordstrom whose
mass is below the charge,

M < |Q|

This is explained by the presence of the charged condensate
outside the horizon whose Zeeman energy is negative.
Therefore, they cannot get rid of the hair and become RN, so
the presence of the hair is a stable feature.



Stability

According to Maldacena, the corona enhances the Hawking
evaporation rate, hence non-extremal black holes should
quickly relax to the extremal state where M < |Q| and they
cannot decay into RN black holes.

However, axially symmetric black holes can further reduce
their mass by splitting their hair into a hedgehog of vortices –
“spreading the corona”. Then the condensate energy
achieves an absolute minimum and the hairy black holes seem
to become absolutely stable. The corresponding solutions
have not yet been obtained.

⇒


