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Motivation to study modified gravity

@ General relativity alone struggles to explain the presence of dark matter, dark energy, and
inflationary expansion.
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@ General relativity alone struggles to explain the presence of dark matter, dark energy, and
inflationary expansion.

@ To improve general relativity, many alternative theories of gravity have been proposed.
@ One of the important missions of LIGO or gravitational waves is to test general relativity.

In this talk, | will consider Einstein-Scalar-Gauss-Bonnet Theory (ESGB).
S = /d%\/fg{% - }VOAOVQCP"' )G
K 2
where G is the GB term
G = Ruvpo R*'P° — ARy, R™ + R?,
and f () is a scalar field function

@ Belongs to Horndeski gravity and has second-order field equations, so it is free of the ghost
problem.

@ Einstein theory holds the no-hair theorems, which are proved by J. Bekenstein in 1972 and
1995.

@ ESGB theory evades the no-hair theorems which indicates the existence of hairy black
holes.
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EsGB Theory Evasion of No-hair theorem

Evasion of (old/novel) No-Hair theorem
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Rectifying the no-hair theorem in EsGB ' 2 3

Einstein-Scalar-Gauss-Bonnet Theory (ESGB)

R 1
S = /d%\ﬁ—g [ﬁ - Evaw% + f(¢)G

'G. Antoniou, A. Bakopoulos, and P. Kanti, Phys. Rev. Lett. 120, 131102 (2018)
2Bum-Hoon Lee, Wonwoo Lee, Daeho Ro, Phys. Rev. D 99, 024002 (2019)
3Alexandros Papageorgiou, Chan Park, Miok Park, Phys.Rev.D-106 (2022) 8, 084024
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Formation mechanism of Hairy Black Holes Hairy black holes by Spontaneous Symmetry Breaking (SSB)

We suggest the formation of hairy black holes by
spontaneous symmetry breaking *

4Boris Latosh, Miok Park, Phys.Rev.D 110 (2024) 2, 024012, “Hairy black holes by
spontaneous symmetry breaking"
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Formation mechanism of Hairy Black Holes Hairy black holes by Spontaneous Symmetry Breaking (SSB)

1
5= [ atev=a| gy R - Vap' Ve + 1)), 1)
Lo==Vap* V% + f(p)G=T -V, V=—f(p)d 2
where G is the Gauss-Bonnet term and the scalar field coupling function is
F(@) = ag™(Me(r) = A (" (Me(r)*,  (A>0)
Our metric ansatz is

ds? = —A(r)dt® + %dﬂ +r%(d6? + sin?0 d¢?). (3)
T

@ This Lagrangian respects the global U (1) symmetry
p(r) = eXep(r)

@ This action allows to have Schwarzschild black holes (¢ = const).
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Hairy black holes by Spontaneous Symmetry Breaking (SSB)
Schwarzschild BH are always stable in ESGB?

Scalar field perturbation

sor(t.r0,0) = 30 TG0 e (@
I,m r
1
" (rs) — (Vest — UJ2)‘I>(7“*) =0, dre = \/ﬁdﬁ (5)
(l+1HA 1 1
‘/eff(r):u‘i‘E(A/B“’AB/)* gfgalgplAgy (6)
where [ is the angular momentum.
T 5
dr ——= Veg(r) < 0 — a > agen. = — =~ 0.2083, 7
JAE e (7) Sch. = o @
Th
2M
A(r)y=B(r)y=1—- —, =0 (8)
'

Schwarzschild black holes in EsGB
become unstable beyond the critical value of o (= agcn.) J
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V= 7f(§0)gf
F@) = ap*(Me(r) = A (@*(Me(r)?,  (A>0)

@ Black holes in the symmetric phase :

(W) =0, ()= %(m(r) +iga(r) (©)

@ Black holes in the symmetry-broken phase : the stable minima are determined by

() =ve?, v:,/% (10)

we expand a field around the ground state v by reparameterizing it as follows

w(r) = (u + %)e“’(“ (11)
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Hairy black holes by Spontaneous Symmetry Breaking (SSB)
i 5
Flux near the black hole horizon

The conserved current is given by

o J* =0, Ja =ig (¢"0ap — plap™).
@ In the symmetric phase :
/Jan&\/fhd3y = / [g(gog&rgm - ¢18T<p2)] [ A(r)B(r) r? sin0d9d¢>dt} =0 (12)
5 b

@ In the symmetry-broken phase :

e (e
o= 4r2,\/A(r)B(r) ( * V2 ) ’ 19

E/JanQVThdSy =E/ [— 29(v+ “\%))20’(7«)} [ A B(r) r2 sin 0 d0 dg dt

= —8mgca (14)

co = 0 is required. The Goldstone boson is trivial.
Sspecial thanks to Prof. Seong Chan Park
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Hairy black holes by Spontaneous Symmetry Breaking (SSB)
Hairy Black Holes by SSB in EsGB with global U(1)

We are interested in the situation that

“Scalar fields are about to grow from black holes without scalar hair. Finally it evolves to hairy
black holes."

ex. Schwarzschild black hole — Hairy Black holes
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Hairy black holes by Spontaneous Symmetry Breaking (SSB)
Hairy Black Holes by SSB in EsGB with global U(1)

We are interested in the situation that

“Scalar fields are about to grow from black holes without scalar hair. Finally it evolves to hairy
black holes."

ex. Schwarzschild black hole — Hairy Black holes
@ scalar hair is about to grow from black holes.

— scalar fields are the excitation just above the vacuum : ¢}, is small (< %)

@ “V = —f(¢)G" as an “interacting potential" : SSB to occur near EH

o effective near the black hole horizon
@ not effective at infinity (V — 0as r — oo, since G — 0 as r — o)

Based on these assumption,

we numerically generated the hairy black holes in symmetric and symmetry-broken phase J
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Formation mechanism of Hairy Black Holes Hairy black holes by Spontaneous Symmetry Breaking (SSB)

Hairy black holes in symmetric phase
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Formation mechanism of Hairy Black Holes Hairy black holes by Spontaneous Symmetry Breaking (SSB)

Hairy black holes in symmetry broken phase
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0.5

0.0
-0.4
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Scalar Field Perturbation

Hairy black holes + Scalar field perturbation

— Quasinormal modes (QNM) ©

8Young-Hwan Hyun, Boris Latosh, Miok Park, JHEP 08 (2024) 163, “Scalar field perturbation
of hairy black holes in EsGB theory"
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Gonu - Schwarzschild black holes

690(1}7 Zvev ¢) = Zl,m ¢(z)nm(97 ¢)€7’va7 w = wR + i(UI

Re[Mwy,] Im[Muw,]
+ 0.06528  -0.19795
+0.10718  -0.45845
+0.13196  -0.71851
+0.15043  0.97682

0.0~ $ , 0 0.00002
+ 0.06826  -0.19618

a=0.17

» « Qgen. ~ 0.1815 | +0.11012  -0.45776
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—0.15  -0.10  —0.05 0.00 0.05 0.10 0.15 4 +0.13881  -0.71775
Re[Maw,] +0.15712  -0.97654

Figure 4 & Table 1: QNMs of Schwarzschild black holes for serval values
Hairy Black Holes by SSB July 25, 2025 @ Durham, UK 14/19



Quasincemal mocies (QNM)
Gonu - Symmetric Phase with o < 0
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Quasincemal mocies (QNM)
Gonu - Symmetric Phase with o > 0

Miok Park (IBS-CTPU)
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Quasincemal mocies (QNM)
Gonu - Symmetric Phase with o > 0
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Figure 6: QNMs with positive values of a for ¢p, = 0.01. Blue dots are tolerable less than
1073, whereas lighter blue dots have a tolerance of 1072,
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Scalar Field Perturbation Quasinormal modes (QNM)

Gonu - Symmetry-Broken Phase

a=+0.01
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Scalar Field Perturbation Quasinormal modes (QNM)

Gonu - Symmetry-Broken Phase

3 o3
2
g o4
=10
o5
6
-15, .
-04 -02
0.0 i
o2
05
3 o3
2
g 4
S0
5
.6
-5,
-04 -02

0.0 0.2
Re[Mw,]

0.0 0.2
Re[Mw,]

a=+0.34

04

a=+0.38

04

Re[Mwy,] Im[Muwy)]
1 £0.35393 —0.13610
2 +0.35217 —0.41623
3 £0.36116 —0.69570
4 £0.37179 —0.96582
5 +0.37610 —1.22716
6 +£0.36866 —1.47193

Re[Mw,] Im[Mw,]
1 £0.37538 —0.13731
2 £0.37399 —0.41842
3 £0.38069 —0.69878
4 +£0.38549 —0.97137
5 +0.37156 —1.23482
6 10.34159 —1.42465
7 +0.41624 —1.62298

Figure 11 & Table 3: QNMs with various values of « for o5, = 0.01. Blue dots are tolerable
less than 1073, whereas lighter blue dots have a tolerance of 1072.
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Future works

@ quasinormal modes with metric perturbations

@ dynamical evolution from non-hairy black holes to hairy black holes
© hairy black holes by SSB with U (1)

© thermodynamic stability

@ relation with Love number
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 Fuuewos |
Future works

@ quasinormal modes with metric perturbations

@ dynamical evolution from non-hairy black holes to hairy black holes
© hairy black holes by SSB with U (1)

© thermodynamic stability

@ relation with Love number

Thank you!
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