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Hairy black holes: the qualitative picture

The RN instability should grow at the non-perturbative level to form a hair.
Same magnetic charge P = n/(2e) as for RN black holes.
The hairy solutions emerge from the RN branch when 1y = 1%(n) ~ /|n|/g.
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Hairy black holes: the qualitative picture

The RN instability should grow at the non-perturbative level to form a hair.
Same magnetic charge P = n/(2e) as for RN black holes.
The hairy solutions emerge from the RN branch when 1y = 1%(n) ~ /|n|/g.

1) The electroweak hair appears, 2) gets longer as the horlzon shrinks and
3) eventually a bubble of symmetric phase appears.

1) Bera)l = my,  2) miy <|B(ru)l < mfy,  3) |B(ru)| > m,
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Axially symmetric ansatz

The orbital momentum of the unstable mode is|j = [n|/2 —1|.

— Spherical symmetry only for |n| = 2 (considered by [Bai, Korwar, 2021]).
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Axially symmetric ansatz
The orbital momentum of the unstable mode is|j = [n|/2 —1|.

— Spherical symmetry only for |n| = 2 (considered by [Bai, Korwar, 2021]).

— We assume a static and axially-symmetric spacetime metric,

d 2
ds? = —e2UN(r)dt2 + 2K (Wr) + r2d192> +e251%sin% 9 dgaz,
r

where N(r) is a gauge-fixing function s.t. N(ry) = 0.

Romain Gervalle Black holes with electroweak hair July 3, 2025 5/18



Axially symmetric ansatz

The orbital momentum of the unstable mode is|j = [n|/2 —1|.

— Spherical symmetry only for |n| = 2 (considered by [Bai, Korwar, 2021]).
— We assume a static and axially-symmetric spacetime metric,
2 2U 2, ok 2 592 28 2 . 2 2
ds® = —e“"N(r)dt* + e m—kr dv* ) + e r°sin“ ¥ dy”,
r
where N(r) is a gauge-fixing function s.t. N(ry) = 0.
— Purely magnetic electroweak fields,

woT2(_1 n in 3 H sing
W, dx 2( rHldr+H2d19)+2[(cosﬁ—i—Hgslm?)Q H4S|n192]d<p,

By dx = g(cosf} Fysind)dp = (o1,05)7 with 01,0 € R.
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Axially symmetric ansatz

The orbital momentum of the unstable mode is|j = [n|/2 —1|.

— Spherical symmetry only for |n| = 2 (considered by [Bai, Korwar, 2021]).

— We assume a static and axially-symmetric spacetime metric,

d 2

ds? = —e?YN(r)dt? + &2 (Wr) + r2d192> + e* 12 sin% 9 dy?,
T

where N(r) is a gauge-fixing function s.t. N(ry) = 0.

— Purely magnetic electroweak fields,

1

W, dx" = % (——Hl dr+ Hs dﬂ) + g [(cosﬂ—f- Hs sinﬁ)g—?’ — Hy sind %] de,
I

B, dx" = g(cosf} + ysind) dp b = (¢q, (])Q)T with 01, 0> € R.

— 10 nonlinear elliptic field equations to be solved (FreeFem solver).
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© Non-extremal hairy black holes
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The hair charge

In the Nambu description, a part of the charge P is stored in the hair.

Py = J°/—g d®, Pu=P— Py

r>ryg

Py, : charge inside the hair, Py : horizon charge.

RN black holes: P, =0, Pg = P, all charge is inside the horizon.
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The hair charge

In the Nambu description, a part of the charge P is stored in the hair.

Py = J°/—g d®, Pu=P— Py

r>ryg

Py, : charge inside the hair, Py : horizon charge.
RN black holes: P, =0, Pg = P, all charge is inside the horizon.

Hairy black holes: P}, grows when the horizon shrinks. A maximum is
reached in the extremal limit,

P,=g?%xP=022xP.

— 22% of the charge moves to the hair.
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The ADM mass

The black hole mass M is computed from the asymptotic behavior
goo = —1+4+2M/r+ ... or from the Komar integral,

M =

kuA
HAH | K

e 8r (— Tg + T,f) vV—g d3x,

r>ryg
surface gravity: kg = (1/2) N'(r) eV ¥|._.,,,

horizon area: Ay = 27ty [ X5 sin) di|;—y,.
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The ADM mass

The black hole mass M is computed from the asymptotic behavior
goo = —1+4+2M/r+ ... or from the Komar integral,

kuA
HAH | K

M= —
47 8w

(— Tg + T,f) vV—g d3x,

r>ryg
surface gravity: kg = (1/2) N'(r) eV ¥|._.,,,

horizon area: Ay = 2712 fﬂ K4S sin ) di|—ry -

Like for the charge, the mass split into,

kA
M = My + My, My # S8

The horizon mass My is defined as the mass of a RN black hole of size rg
and charge Py < P.

Hairy black holes: My,/M grows when the horizon shrinks.
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The horizon oblateness

The configurations are not spherical. We define,

equatorial horizon radius:  req = \/8pe(ru, 7/2),
1 ™
polar horizon radius:  ry = —/ v &oo(ru, ¥) dI,
T Jo
average radius:  rp, = \/An/(47),

horizon oblateness: 6 = roq/rp1 — 1.

RN black holes: ry = req = rp1, 0 = 0.

Romain Gervalle Black holes with electroweak hair July 3, 2025 9/18



The horizon oblateness

The configurations are not spherical. We define,

equatorial horizon radius:  req = \/8pe(ru, 7/2),
1 ™
polar horizon radius:  ry = —/ v &oo(ru, ¥) dI,
T Jo
average radius:  rp, = \/An/(47),

horizon oblateness: 6 = roq/rp1 — 1.

RN black holes: ry = req = rp1, 0 = 0.

Hairy black holes: as the horizon shrinks, § increases, then reaches a
maximum, and eventually vanishes in the extremal limit.

— Extremal hairy black holes have a perfectly spherical horizon.
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Non-extremal hairy black holes: global overview

Output parameters for n = 10, k = 1073 :

1
kg Th n =10, 0.2 Qm 1
08 k=107 5My, /My
M .
M 0.1 ~2X Q¢ ]
0.6 | H ]
0
041) 0 ] 10Z,
02 F— ] —0.1 1./20 1
N
200 x 0 n =10, =103
0 n . . . —0.2 I I . . L
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
IH rH

Additional quantities:

I, ('t Hooft), . (Nambu) : electric currents in upper half-space,
Q¢, Qum : gravitational and magnetic quadrupole moments [Fodor et al., 2021].
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Magnetic field profile

We define the 't Hooft electromagnetic field AF of the condensate/hair as,

AF:F—%sinﬂdﬂ/\dgp.

charge inside the BH

The Nambu electromagnetic field AF is defined similarly.
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Magnetic field profile

We define the 't Hooft electromagnetic field AF of the condensate/hair as,

AF:F—isinﬂdﬂ/\dgp.

charge inside the BH

The Nambu electromagnetic field AF is defined similarly.

0001 0.01 0.1 1 0001 0.01 0.1 1

Nambu (left): condensate field AB is
sourced by the smooth distribution of
magnetic charge P, outside the black hole.

't Hooft (right): condensate field AB is
sourced by two oppositely directed
electric currents /1 (all charge inside the
horizon).
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© Extremal hairy black holes
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Extremal hairy black holes

25 ph‘aSeI '

o

If |Q = V/k/2P < Qum = /2/(kB)/g:

electroweak fields at ryg are in the false vacuum
(/o] = W7 =0, B, is Coulombian).

— The horizon geometry is spherical (§ = 0).
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Extremal hairy black holes
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If |Q = V/k/2P < Qum = /2/(kB)/g:

electroweak fields at ryg are in the false vacuum
(¢ = W7 =0, B, is Coulombian).
— The horizon geometry is spherical (§ = 0).

o We observe a phase transition (6 > 0) at
|Q| ~0.62Qm = |B(ru)| ~ m?.
— The black hole starts absorbing the hair.

o Extremal hairy BHs merge with extremal RN at
Q| ~1.29Qm = |B(ru)| =~ m3,.
— No hairy BHs beyond this charge.
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Extremal hairy black holes
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If |Q = V/k/2P < Qum = /2/(kB)/g:

electroweak fields at ryg are in the false vacuum
(¢ = W7 =0, B, is Coulombian).
— The horizon geometry is spherical (§ = 0).

o We observe a phase transition (6 > 0) at
Q| ~0.62Qn = |B(ru)| = mH
— The black hole starts absorbing the hair.

o Extremal hairy BHs merge with extremal RN at
Q| ~1.29Qm = |B(ru)| =~ m3,.
— No hairy BHs beyond this charge.

o For all extremal hairy solutions: | M < [Q] |.
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Structure of extremal solutions

An extremal hairy black hole in phase | (Nambu description):

m3, < |B| < m¥

— The strong magnetic field produces a bubble of Higgs false vacuum:
restoration of the full electroweak gauge symmetry near the horizon.
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Structure of extremal solutions

An extremal hairy black hole in phase | (Nambu description):

m3, < |B| < m¥

— The strong magnetic field produces a bubble of Higgs false vacuum:
restoration of the full electroweak gauge symmetry near the horizon.

— Inside (|B] > m}): |®| = W7 =0, B, is Coulombian and
g ~ RN-de Sitter with req = rRNS ~ g]Q|.

ext

— Far field (|B| < my,): |®| =1, B, W7 are Coulombian and
guv ~ RN with ‘ M=~ g|Q| < |Q| ‘
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The weakness of gravity

The hair mass My, < M is very small because of the negative Zeeman
energy of the condensate interacting with the background magnetic field,

M
myy — my — |Bl~0 = @h«l’ (Qu =022 x Q).
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The weakness of gravity

The hair mass M, << M is very small because of the negative Zeeman
energy of the condensate interacting with the background magnetic field,

M
myy — my — |Bl~0 = @h«l’ (Qu =022 x Q).

Gravity is the weakest force in the system: the condensate is magnetically
repelled by the black hole stronger than attracted gravitationally

— Manifestation of the weak gravity conjecture.

The condensate cannot fly away because of the Yukawa barrier potential
(massive fields).
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The weakness of gravity

The hair mass M, << M is very small because of the negative Zeeman
energy of the condensate interacting with the background magnetic field,

M
myy — my — |Bl~0 = @h«l’ (Qu =022 x Q).

Gravity is the weakest force in the system: the condensate is magnetically
repelled by the black hole stronger than attracted gravitationally

— Manifestation of the weak gravity conjecture.

The condensate cannot fly away because of the Yukawa barrier potential
(massive fields).

— Hairy black holes are energetically favored as compared to RN.
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The black hole "corona"

o The magnetic field lines form loops starting and ending
at the horizon ('t Hooft description).

— The black hole "corona".

o The massless and massive magnetic fields AB and B
flow in opposite directions.

— They are sourced by opposite currents of gauge
bosons.
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The black hole "corona"

Romain Gervalle

| Order of magnitudes: (for maximally hairy BHs,

o The magnetic field lines form loops starting and ending
at the horizon ('t Hooft description).

— The black hole "corona".

o The massless and massive magnetic fields AB and B
flow in opposite directions.

— They are sourced by opposite currents of gauge
bosons.

n| ~ 10%?)

Fhor & LAcm,  rpair ®22cm,  |B(Rg)| = 0.17T,
M~2x10%kg, M ~11% x M.
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o Black holes with an axially symmetric electroweak hair are constructed
numerically.

— Very compelling candidates for both hairy black holes and magnetic
monopoles.

No physics beyond the Standard Model + GR is required!

@ The hair features an electroweak symmetric phase where |®| ~ 0 and
contains W/Z-boson currents generating the black hole "corona".

o They cannot decay into RN because they are less energetic: M < |Q)|.

— They can still reduce their energy by splitting their hair into a
hedgehog of vortices: the "fully spread" corona (never been described
at the non-perturbative level).

@ They could have been created in the fluctuating magnetic field of the
early Universe — primordial black holes.
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Thank you for your attention.
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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| =10

Similar situation as in flat space, with an external and uniform magnetic field
[Ambjorn, Olesen, 1988] - [Chernodub et al., 2023].
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