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e —
Einstein-Maxwell-scalar theory (EMS)

Consider the general action for the Einstein-Maxwell-scalar theory
1
— 16 [ VTR~ 20,600 — FlOIF,L P

whereF,, =V, ,A, -V, A,, F[¢] is a general coupling function.
Scalar field equation:

1 6F[¢]

R¢ = 4 6¢

—F, F
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Einstein-Maxwell-scalar theory (EMS)

Consider the general action for the Einstein-Maxwell-scalar theory

1
S - E /d4X\/jg [R - 26#¢au¢ - F[(ZS]F,U.DFHV] I

whereF,, =V, ,A, -V, A,, F[¢] is a general coupling function.
Scalar field equation:

_ 10F[¢]

0¢ = =g g
¢ 4 6¢ 1

Classification of the EMS models:
@ dilatonic-type: ¢(r) = 0 does not solve the field equations, e.g.
Flg] = e,
® o = /3 four-dimensional reduction of Kaluza-Klein;

® o = 1 low energy limit of superstring theory.
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Consider the general action for the Einstein-Maxwell-scalar theory
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whereF,, =V, ,A, -V, A,, F[¢] is a general coupling function.
Scalar field equation:

_ 10F[¢]

0¢ = =g g
¢ 4 6¢ 1

Classification of the EMS models:
@ dilatonic-type: ¢(r) = 0 does not solve the field equations, e.g.
Flg] = e,
® o = /3 four-dimensional reduction of Kaluza-Klein;

® o = 1 low energy limit of superstring theory.

® scalarized-type: ¢(r) = 0 is a solution of the field equations.
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RN NN NN NN NN —————————..
Spontaneous scalarization

The linearized scalar field equation for a small ¢ perturbation is

F,,F" 52F[g]
(O — p2)5p =0, 2y = .
eff eff 4 52 =0

If uezﬁc < 0 we encounter a tachyonic instability and d¢ exponentially
grows
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Spontaneous scalarization

The linearized scalar field equation for a small ¢ perturbation is

F, FH 62F[¢>]
(O—p2)oo=0,  piy— OO0
eff eff 4 52 =0

If uezﬁc < 0 we encounter a tachyonic instability and d¢ exponentially
grows:
¢ nonlinear contributions become important — scalarization.

The Reissner-Nordstrom BH solutions acquire a non-trivial scalar hair.
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RN NN NN NN NN —————————..
Spontaneous scalarization

The linearized scalar field equation for a small ¢ perturbation is

F,, F* §2F[¢]
(O — ui)op =0, pay = L2 — :
eff eff 4 52 =0

If ufﬁc < 0 we encounter a tachyonic instability and d¢ exponentially
grows:
¢ nonlinear contributions become important — scalarization.

The Reissner-Nordstrom BH solutions acquire a non-trivial scalar hair.

Types of scalarization [Doneva+ arXiv:2211.01766]
¢ Induced by curvature (e.g. scalar-tensor-Gauss-Bonnet theory);
¢ Induced by spin ;
¢ Induced by matter or coupling to other field (EMS theory);
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RN NN NN NN NN —————————..
A specific EMS model

If we consider a spherically symmetric ansatz for the scalarized BH
solution, i.e.

ds®> = —N(r)e~20"de? + Nzr)drz + 12(d6? + sin® 0d?) |
A(r) = V(r)dt, b = o(r).

we get the field equations (with N(r) = 1 — 2m(r)/r)

& +r¢? =0,
Q
I—_
v r2F[¢]ed ’

r(r — 2m)¢™ 4+ r*V"2e?Fl¢] —2m' = 0,

12177220 (5F[¢] o

r(r—2m)¢” — [2(m +rm’ —r) + (r* — 2mr)d']¢’ + 3 5
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If we consider a spherically symmetric ansatz for the scalarized BH
solution, i.e.

ds®> = —N(r)e~20"de? + N?r)drz + 12(d6? + sin® 0d?) |
A(r) = V(r)dt, b = o(r).

we get the field equations (with N(r) = 1 — 2m(r)/r)

& +r¢? =0,
r___Q
r2F[¢led

r(r — 2m)¢™ 4+ r*V"2e?Fl¢] —2m' = 0,

12177220 (5F[¢]
2 8¢

An example of EMS models that exhibits spontaneous scalarization is

given by the following coupling function

r(r—2m)¢” — [2(m +rm’ —r) + (r* — 2mr)d']¢’ + =0.

Fl¢] = e*
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Herdeiro+ PRL 121, 101102 (2018)

The Flg] = e®¢° EMS model is
characterized by a
domain of scalarization.
e for Q/M < 1 the RN 3
solutions is not unique.

scalarized RN black holes

e the scalarized solution can !
be overcharged

m(r)

The field equations are solved
numerically requiring asymptotic
flatness at infinity and regularity 0s
at the black hole horizon.

Example of scalarized BH solution
with o = 20 and &
q=Q/M=0.7.

UO2LI0Y JUIAD
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STRAN (16°)

Why black hole spectroscopy?

Marco Melis

/. . )
o/ 4 The ringdown produced by the final BH
10 [’ | ‘ of a merger is described by superposi-
os L ‘@]{ tion of quasi-normal modes (QNMs):
| & ot
0.0 - YN .
o “v‘ ‘V Wimn = WR,Imn + LWL Imn-
" il e The QNMs strongly depend on the
i ) . . photon sphere.
Tllustration for GW150914TI‘)’;; l‘::usinee Kijbunchoo 114
https://www.ligo.org/magazine/LIG0-magazine-issue-8.pdf 3
1.12
For scalarized BH in the EMS model s /

Fl¢] = e**’ there exist

two unstable photon spheres
outside the horizon in a small

region of the parameter space.

Two photon spheres may trigger

long-lived modes!
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https://www.ligo.org/magazine/LIGO-magazine-issue-8.pdf

Linear and spherical perturbations

Consider spherically symmetric and linear perturbations of the fields

_ dr?
—25(6r) g2 ; 472 (d02 + sin? 9dg02) )

ds> = —N(t,r)e
N(t,r)
A=V(tr)dt, b= o(t,r),
N(t,r) = N(r) + N1 (r)e ", 5(t,r) = 6(r) + edy (r)e ™ |
V(t,r) = V() + eVy(r)e .

o(t,r) = o(r) + edr(r)e

We get a single one-dimensional

time independent
Schrodinger-like equation

d2
(drz + QZ>\I/ =V
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Linear and spherical perturbations

Consider spherically symmetric and linear perturbations of the fields

_ . dr?
ds? = —N(t,r) e 2Ed + T | 12(d6? 1 sin? 0dy?)
N(t,r)
A=V(t,r)dt, ¢ = d(t,r),
N(t,r) = N(r) + eNy (r)e ¥ | 5(t,7) = 8(r) + edy (r)e ™%
o(t,r) = ¢(r) + epp(r)e ¥ V(t,r) = V(r) + eVi(r)e .
0.06[" ‘ T
We get a single one-dimensional 82118122
time independent o4l — 8181‘2‘2 ]
Schrodinger-like equation _ o
dz 5 :Q 0.02+
QU =V, ¥
(o )r=vs
0.00
0 2‘0 4‘0 6‘0 8‘0 160 120
Marco Melis “
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Scalar QNMs

For the QNMs computation we use direct integration with proper
boundary conditions:

® outgoing wave at infinity (r, — +00),

® ingoing wave at the horizon (r, — —o0).

008

oM

am 004}

002

Smaller the coupling constant « ,
less damped the QNMs.
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Linear and non-spherical perturbations

Derivation of the linearized perturbed equations

* Consider perturbed fields as g, = &uv + My, Ay = Ay + 6A,,
¢ =¢+d¢;

e Decompose the field perturbations in terms of scalar, vector and
tensor spherical harmonics;

e The perturbations are split into “axial” (—1)*! and “polar” (—1)..
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Linear and non-spherical perturbations

Derivation of the linearized perturbed equations

* Consider perturbed fields as g, = &uv + My, Ay = Ay + 6A,,
¢ =¢+d¢;
e Decompose the field perturbations in terms of scalar, vector and

tensor spherical harmonics;

e The perturbations are split into “axial” (—1)*! and “polar” (—1)..

The linearized perturbed equations divide into two sectors.

Axial sector: system of two coupled ODEs of the second order

2
<$2 + w2> U(r) =VuyU(r) + VygH(r) , U(r) gravitational perturbation

2
<;r2 + w2>H (r) =VyuU(r) + VugH(r) , H(r) EM perturbation .

Polar sector: system of six coupled ODEs.
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Axial sector QNMs (EM and Gravitational perturbations)

EM modes, I=2 EM modes, =2
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RN NN NN NN NN —————————..
Summary and next steps

¢ Einstein-Maxwell-scalar theory admits black hole solutions with
scalar hair: two photon spheres in a region of the parameter
space!

® The effective potential of linear and spherical perturbations
presents a double peak in the same region of the parameter
space.

¢ The associated QNMs present a small imaginary part: less
damped than RN QNMs.

® We studied linear non-spherical perturbations and computed the
QNMs for the axial sector.

¢ Study time evolution of linear and spherical perturbation for the
effective potential with a double peak.

¢ Compute the QNMs for the polar sector.

e Search for long-lived QNMs (axial and polar) in the parameter
space of the BH with two photon spheres.
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Thank you for the attention!

Marco Melis Black hole spectroscopy in Einstein-Maxwell-scalar theory



___ - _____ _ _ _ -
Additional material:
Spherical harmonics decomposition and Regge-Wheeler gauge

Expansion of the metric tensor, vector potential and scalar field per-
turbations in scalar, vector and tensor spherical harmonics using the
Regge-Wheeler gauge.

_ 1A p
hu =h,, +h,,

0 0 M2 by (1) sin 6o, Yp"

sin 6

(D)9, V" : m
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OF,, = 6F,, + 6F5

v
00 —% iwu4(r) sin 00 Y
5Ffw = Z/dw eiwt | * 0 u‘/‘(;)f‘éylm —uy(r) sin §0pY"
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