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Spectroscopy in Einstein-Maxwell-scalar theories
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Motivations

» Fuzzball program of string theory: classical BH horizon as a coarse-grained description of a superposition of
regular quantum states:

= Some microstates involve smooth horizonless geometries:
gravity coupled with extra degrees of freedom (gauge and scalar fields).

= Higherdimensions and non-trivial topologies

= These solutions are quite involved, and the study of their dynamics is a hard task!

» Study toy theories and toy models (gravity + extra fields) whose solutions share key aspects
with the fuzzball paradigm:

» Einstein — Maxwell — scalar theory: at least some models admits scalarized BH solutions
(BHs with scalar hairs)

4D reduction

« Einstein-Maxwellin5D =) Einstein-Maxwell-scalarin 4D thatadmits magnetically charged BH
and regular solitons (topological stars TS)

Task: study stability and spectroscopy of these solutions.
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Einstein — Maxwell — scalar theory

Consider the following action for the EMS theory
1

5= Tor

/ Bar/ "G [R — 20,60%6 — F[§]F . "]
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Einstein — Maxwell — scalar theory

Consider the following action for the EMS theory

1

S = Tom / d*z\/—g[R — 20,60"¢ — F[$|F,, F""]

The scalar field equations is given by

15F[¢] By
20— 15 Ll =0

Marco Melis, Sapienza, University of Rome | INFN Roma1 2



15t Teongrav international workshop on theory of gravitational waves — September 17%", 2024 - Rome

Einstein — Maxwell — scalar theory

Consider the following action for the EMS theory
1

5= Tor

/ Bar/ "G [R — 20,60%6 — F[§]F . "]

The scalar field equations is given by

1 0F[¢) v _
00 = 1 =55 FuF™ =0

The linear scalar field equation for a small 5¢ perturbationis

F,, F* §2F[¢)]
D _ 2 5 — O 2 — Hv
( Heff) ¢ ) :ueﬁ‘ 4 5¢2 L:O

If u% < 0 we encounter a tachyonic instability and the scalar perturbation exponentially grows:
eff
= non-linear contributions become important
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Einstein — Maxwell — scalar theory

Consider the following action for the EMS theory
1

5= Tor

/ Bar/ "G [R — 20,60%6 — F[§]F . "]

The scalar field equations is given by

1 0F[¢) v _
00 = 1 =55 FuF™ =0

The linear scalar field equation for a small 5¢ perturbationis

F,, F* §2F[¢)]
D _ 2 5 — O 2 — Hv
( Heff) ¢ ) :ueﬁ‘ 4 5¢2 L:O

If u% < 0 we encounter a tachyonic instability and the scalar perturbation exponentially grows:
off Lo .
" non-linear contributions become important _____, gealarization
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A specific EMS model for scalarization

Herdeiro+ PRL 121, 101102 (2018)

. 2 . . . . 1¢ ~, M
The modelwith F|¢p] = e®®?" exhibits spontaneous scalarization. gl SIS
critical set
3 b
z
= 2r scalarized RN black holes

RN black holes e
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A specific EMS model for scalarization

Herdeiro+ PRL 121, 101102 (2018)

2 ] :
The modelwith F|¢p] = e®®?" exhibits spontaneous scalarization. gl SIS
critical set

Consider a spherically symmetric ansatz for the scalarized BH solution

1 .
dsz — _N(r)e—Z(S(r)dtz _|_ N(r> drz _|_ r2 (d92 _|_ Sinz ed(’OZ) scalarized RN black holes

The field equations are given by (N(r) = 1 — 2m(r)/r)

§ +rd? =0
(e°Fl¢]r2V") =0 NSE
r(r —2m)¢'? + r2V"2e®?° Fl¢] — 2m' = 0 i
r2V'2e20 §F[¢]
T

— O 02}

0.0}

r(r—2m)¢" — [20m +rm' —7) + (r2 = 2mr)d']¢’ +

1 1 1 1
5 10 50 100
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Linear and spherical perturbations

2
= For scalarized BHs in the EMS model F[¢] = e*? 114
there exist two unstable photon spheres in a small region of the
parameter space.

1.08

1.06}
1.041
1.02F

1.00F

> Gan+ PRD 104, 044049 (2021)
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Linear and spherical perturbations

2
= Forscalarized BHs in the EMS model F[C/)] —
there exist two unstable photon spheres in a small region of the
parameter space. l

Two unstable photon spheres may trigger long-lived modes!

1.14
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Linear and spherical perturbations

2
= Forscalarized BHs in the EMS model F[(b] — Lt
there exist two unstable photon spheres in a small region of the P
parameter space.
l 1.10
Two unstable photon spheres may trigger long-lived modes! 1.08
= Consider spherical and linear perturbations of the fields 01-06}
i dr2 1.04:-
ds® = —N(t,r) e 202 + - + r?(d6? + sin® 0dy?) |
N(t, I”) 1.02f
A= V(t, r)dt , ¢ = qg(t, r) 1.00}
- . ~ . 0.4 . ;s . I . I
N(t,r) = N(r) + eN; (r)e—th ) d(t,r) = d(r) + edr (r)e_lm a Gan+ PRD 104, 044049 (2021)
(1) = B(r) + ep (r)e ¥, V(t,r) =V(r) + eVa(r)e ™"
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Master equation and effective potential

We get a single master equation for the scalar field perturbation of the Schrodinger-like form

d2
( + 92)xp = V,U

2
drz
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QNMs of radial perturbations

Forthe QNMs computation we use direct integration with proper boundary conditions:
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QNMs of radial perturbations

Forthe QNMs computation we use direct integration with proper boundary conditions:
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QNMs of radial perturbations

Forthe QNMs computation we use direct integration with proper boundary conditions:
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Linear and non-spherical perturbations

= Considerthe following fields perturbations:
Juv = Guv T b Ay = Ay + 04, ¢ = ¢+ 0¢

= Decompose the perturbations in terms of scalar, vector and tensor spherical harmonics:
perturbations splitinto ”axial” (-1)*' and “polar” (-1)!
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Linear and non-spherical perturbations

= Considerthe following fields perturbations:
Juv = Guv T b Ay = Ay + 04, ¢ = ¢+ 0¢

= Decompose the perturbations in terms of scalar, vector and tensor spherical harmonics:
perturbations splitinto ”axial” (-1)*' and “polar” (-1)!

= The linearized perturbation equations split into two sectors:

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

42

(d? I w2> U(r) =VyuU(r) + VygH(r) U(r) gravitational perturbation
d? 9 H(r) EM perturbation
d? + w H(r) IVUHU(T) + VHHH(T)

» Polar sector : system of six coupled ODEs.
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Axial sector QNMs (EM and gravitational perturbations)
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Topological stars (TS) and magnetized black string

Consider Einstein - Maxwell theory in 5D

1

S5 = /d5$\/ ( R— ZFABFAB)
5

Marco Melis, Sapienza, University of Rome | INFN Roma1



15t Teongrav international workshop on theory of gravitational waves — September 17%", 2024 - Rome

Topological stars (TS) and magnetized black string

Consider Einstein - Maxwell theory in 5D

1 1

S5 = /dSQ?\/ —g —2R — —FABFAB
2/4:5 4

This theory admits black string with magnetic charge and topological star:

1 _q1_"Trs _q1._IB
ds® = —fsdt’ + fpdy® + 7dr® +r*d fs=1="" Je=1-7",
) 1 /3
F =PsinfdoNdo h=fgfs, P= i&—5 TZTB - Bah, Heidmann PRL 2021

= "B > TI's topological star
2 parameters family

f soluti
' < Tg magnetized black string OTSOIHONS
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Kaluza — Klein dimensional reduction to 4D

Letus assume no y-dependence in the involved fields:

ds: = q’ds4 4 2% ®(dy + A, dz")?
F spdz*da? Fde“dx + (0,2dz") N (dy + A, dz")
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Kaluza — Klein dimensional reduction to 4D

Letus assume no y-dependence in the involved fields:

4D metric

‘\

ds: = q’ds4 4 2% ®(dy + A, dz")?
F spdz*da? Fde“dx + (0,2dz") N (dy + A, dz")
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Kaluza — Klein dimensional reduction to 4D

Letus assume no y-dependence in the involved fields:
dilatonic field

4D metric /

ds: = q’ds4 4 2% ®(dy + A, dz")?
F spdz*da? Fde“dx + (0,2dz") N (dy + A, dz")
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Kaluza — Klein dimensional reduction to 4D

Letus assume no y-dependence in the involved fields:
dilatonic field

4D metric extra gauge field

~ ~

ds: = e_gq)dsi — eQéqD(dy + A, dz™)?
Fapdr?ds® = F,, do"dz” + (0,2dz") A (dy + A,dxH)
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Kaluza — Klein dimensional reduction to 4D

Letus assume no y-dependence in the involved fields:
dilatonic field

4D metric extra gauge field

~ ~

ds: = e_gq)dsi — eQéqD(dy + A, dz™)?
Fapdr?ds® = F,, do"dz” + (0,2dz") A (dy + A,dxH)

N

4D Maxwell field
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Kaluza — Klein dimensional reduction to 4D

Letus assume no y-dependence in the involved fields:
dilatonic field

4D metric extra gauge field

~ ~

ds: = e_§¢dsi — eQéqD(dy + A, dz™)?
Fapdr?ds® = F,, do"dz” + (0,2dz") A (dy + A, dzt)

N

4D Maxwell field extra scalar field

Marco Melis, Sapienza, University of Rome | INFN Roma1



15t Teongrav international workshop on theory of gravitational waves — September 17%", 2024 - Rome

Kaluza — Klein dimensional reduction to 4D

Letus assume no y-dependence in the involved fields:
dilatonic field

4D mel“< extra gauge field
2 _ —¥33 2Y3 @ K
d35 — d84 + 6 3 (dy + A dx )

FABda:Ada:B

Fde“dx + (0,2dz") N (dy + A, dz")

4D Maxwell field extra scalar field

The action in 4D reduces to

1
/ drt*\/—g [ (R— ~0,00"P — ﬁ‘l’ﬂwﬂ”)
2Kk7 4

1 1 s , 1 _2vs _
Tz (‘16 PR E = e ¢(6“:)2>]
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4D background solution

The background solution in 4D that describes both the magnetized BH and the topological star is

1
Cwi:—dbﬁg%ﬁ2+j?fufh2+r2;pdﬂg

SJB
¢ = glong
FE:iﬁQmsmGdGAd¢::tfq/gmygsmOdQAd¢
F=0==2 4

11
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4D background solution

The background solution in 4D that describes both the magnetized BH and the topological star is

dsj = —fs g dt* + —75dr® + 1 £/ 2d03
sl even parity (polar)
3
P = g log f5
F=+e@,,sinf0df N\ dp = ii %TBTS sinf dfd A d¢ odd parity (axial)
kg V
Fe(Q=5 ! decoupled
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4D background solution

The background solution in 4D that describes both the magnetized BH and the topological star is

ds? = — fs f/2dt® + dr? + 2 f 2 d03

5 lg/2 even parity (polar)
¢ = ? log /B
F=+e@,,sinf0df N\ dp = i,% \/ %TBTS sinf dfd A d¢ odd parity (axial)
F_Q==x decoupled

* singularat 7" = T'B (just an artifact of the 4D reduction)
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4D background solution

The background solution in 4D that describes both the magnetized BH and the topological star is

ds? = — fs f/2dt® + dr? + 2 f 2 d03

1/2
S/B even parity (polar)
V3 .
¢ = 5 log /B unstable + stable 1% kind
. e |3 , , . photon spheres stable
F = ieQm sin 0 df N d¢ = +— 57"37"5’ sin @ d6 N dgb Oddparlty(aXlal) photon sphere
R4
—_ decoupled
Feo=z ped ]
* singularat " = T'B (just an artifact of the 4D reduction) 10! 20l rs .-
uppeélgound e
0s8l 1.15} -
s 0.
- 1.10¢
ADM mass magnetic charge c 06 105
(O] g
2 1 3 0.4 ; 1.00—,"'
M= —%2rg+1rp = —4/=rgrp / " BH
FLZ ( ) Qm K4 2 S 0.27:: 0.95[
0.0 | | Y 08 10 12 14 16 18 20
0.0 0.5 1.0 1.5 2.0 2.5
rg/ rs
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4D background solution

The background solution in 4D that describes both the magnetized BH and the topological star is

ds? = — fs f/2dt® + dr? + 2 f 2 d03

1/2
S/B even parity (polar)
V3 .
¢ = 5 log B unstable + stable 1% kind
: e /3 : : : hoton spheres ~ Stable
F=+e@,,sinf0df N\ dp = i/{— STBT'S sinfdf N\ d¢ odd parity (axial) P P photon sphere
4
—_ decoupled
Fepeg pled ]
* singularat” = T'B (just an artifact of the 4D reduction) 10l 2ol S EE
uppeélgound =
0.8l 1.15}
s 0.
- 1.10¢
ADM mass magnetic charge o 06 105!
(O] g
I 1 3 0.4 100/
M = —2(2Ts + TB) Qm = —A/ Trsrp 0_27::' 095t BH
Ry Ky 2 ;
0.0/ S8 08 1.0 12 14 16 18 20l

0.0 0.5 1.0 15 2.0 25

The solution interpolates between BHs, ultracompact objects and stars. ralrs
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Linear perturbations and master equations

Because of the presence of the magnetic flux in the background solutions axial (odd parity) and polar (even parity)
perturbations are mixed:

* Type | sector: odd-parity metric + even-parity EM(1>1)
* Type Il sector: even-parity metric + odd-parity EM + scalar(1>0)
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Linear perturbations and master equations

Because of the presence of the magnetic flux in the background solutions axial (odd parity) and polar (even parity)
perturbations are mixed:

« Type | sector: odd-parity metric + even-parity EM (1> 1) Type I and Type 11 1=0

2
* Type Il sector: even-parity metric + odd-parity EM + scalar (1=0) a + (W = Veg) T =0

dp?
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Linear perturbations and master equations

Because of the presence of the magnetic flux in the background solutions axial (odd parity) and polar (even parity)
perturbations are mixed:

« Type | sector: odd-parity metric + even-parity EM (1> 1) Type I and Type 11 1=0

. . . 2
* Type ll sector: even-parity metric + odd-parity EM + scalar (1 =>0) a-v 4 (W2 = V)T = 0
0.6 0.8 d o> €
. e Type-l, 1=2, Z, . s ,0
050 = ——— Type-l, =2, Z, M
M ——— Type-I, I=1 06
N§ 0.4 — Type-Il, 1=0 N§
= _ = BH e /M=1.149 . . .
o3 BH e Q,/M=1.032 cos Qm | _____, typical effective potential
" o2 il for a BH
0.2 |
N M N
% "% 4 6 8 10 12 14 05 ‘m 8 10 12 14
riM r/M
3 1.5
% TS 1stkind T TS 2" kind | cavityfor TS!
& eQ,/M=1.220 % eQ,/M=1.160
ONE £ 05
;q:) g ;5 M
0 ( = 0.0

Marco Melis, Sapienza, University of Rome | INFN Roma1



15t Teongrav international workshop on theory of gravitational waves — September 17%", 2024 - Rome

Linear perturbations and master equations

Because of the presence of the magnetic flux in the background solutions axial (odd parity) and polar (even parity)
perturbations are mixed:

« Type | sector: odd-parity metric + even-parity EM (1> 1) Type I and Type 11 1=0

. . . 2
* Type ll sector: even-parity metric + odd-parity EM + scalar (1 =>0) d \f + (w? = Veg)¥ =0
0.6 - e a7, 0.8 p d,O
05 > ——— Type-|, I=2, Z, M
M ——— Type-l, I=1 0.6
~ 04 —— Type-II, 1=0 w
= _
= _ = BH e /M=1.149 . . .
5 BH e Q,/M=1.032 ™ Qm | _____ . typical effective potential
. M ) N for a BH
0.1
% "% 4 6 8 10 12 14 05 ‘m 8 10 12 14
riM r/M
3 1.5
o TS 1stkind o M TS 2"d kind | ——— cavity for TS!
& eQ,/M=1.220 % eQ,/M=1.160
ONE £ 05
;q:) g ;f, M
0 — 0.0 ——————— . . . .
[ . peculiar negative divergent potential
-1 5 Z A 5 10 -0.5, 5 ; 5 5 o for radial perturbation
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QNMs of magnetized BHs (rg < rg)
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QNMs of TSs (rg 2 rg)
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QNMs of TSs (rB rs)
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QNMs of TSs (rB rs)
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QNMs of TSs (rB rs)
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Echoes in the ringdown

A time-domain analysis (see A. Dima talk) confirms the QNMs spectrum and finds echoes!
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Echoes in the ringdown

A time-domain analysis (see A. Dima talk) confirms the QNMs spectrum and finds echoes!
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Echoes in the ringdown
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Echoes in the ringdown

A time-domain analysis (see A. Dima talk) confirms the QNMs spectrum and finds echoes!
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A time-domain analysis (see A. Dima talk) confirms the QNMs spectrum and finds echoes!
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Conclusions

» Toy models (EMS in 4D, Einstein-Maxwell in 5D) are useful to capture key aspects of the fuzzball paradigm:
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 These models describe gravity coupled with extra degrees of freedom.
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» Toy models (EMS in 4D, Einstein-Maxwell in 5D) are useful to capture key aspects of the fuzzball paradigm:

 These models describe gravity coupled with extra degrees of freedom.

* Much simplerto study.
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Conclusions

» Toy models (EMS in 4D, Einstein-Maxwell in 5D) are useful to capture key aspects of the fuzzball paradigm:

 These models describe gravity coupled with extra degrees of freedom.
* Much simplerto study.
* The solutions may come from a higher dimensional theory.

* They show attractive beyond GR features (e.g. echoes!).
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Conclusions

» Toy models (EMS in 4D, Einstein-Maxwell in 5D) are useful to capture key aspects of the fuzzball paradigm:

 These models describe gravity coupled with extra degrees of freedom.
* Much simplerto study.
* The solutions may come from a higher dimensional theory.

* They show attractive beyond GR features (e.g. echoes!).

» Next steps (ongoing) :

e EMSind4D: compute QNMsin the parameter space region where scalarized BHs may show echoes.

 Einstein-Maxwellin 5D (topological star) : complete the QNMs spectrum and t-domain analysis for Type Il sector.

Marco Melis, Sapienza, University of Rome | INFN Roma1 17




15t Teongrav international workshop on theory of gravitational waves — September 17%", 2024 - Rome

Thank you for the attention
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Appendix A.1: Linear perturbations in Regge-Wheeler gauge (EMS)

_ LA p
Ry = hW + hW

0 0
_ x 0
R, =) / dwe ™"
[,m x %k
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i *
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*
[,m

*
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Appendix A.2: Linear perturbations in Regge-Wheeler gauge (EMS)

_ SpA B
6F = OFA, + GF5,

0 0 _iwu4s(i12(Z@Ylm lwu4(r) sin 00sY]" |
o, =5 [dwerse | 0 BT ooy
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|k % * 0 |
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Appendix B: Linear perturbations in Regge-Wheeler gauge (7S & MBH)

0 0 —ho(t,r)/sin00y ho(t,r)sinb0
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_f(ig(tar)atﬁ _fl_g(tar)aqﬁ 0 0
fsfg “Ho(t,r) H}g,r) 0 0
even Hl(t7r) fs_lfg H2<tvr) 0 0
h = Yim (6,
n lzn; 0 0 r2fL2 R () 0 (0, )
0 0 0 T2f}3/2 sin 02K (t,r)
Type Il sector 0 0 foa(t,7)/sin004 — foo(t,r)sin 0y
odd 0 0 fia(t,r)/sin00ys — fi5(t,7)sin b0y
Juw = %r; —foa(t,7)/sin00y —fi5(t, 1)/ sinf0y 0 Ja3(t,7)sind Yim (0, ¢)
foa(t,7)sin 00y fia(t,7)sin00y  —fy3(t,r)siné

5o =3 0y (0.0
l,m

Marco Melis, Sapienza, University of Rome | INFN Roma1



15t Teongrav international workshop on theory of gravitational waves — September 17%", 2024 - Rome

Appendix C: Gregory-Laflamme instability

= Black strings suffer of the Gregory-Laflamme instability for 7 < 7“5/2 :

|

magnetized BH (in 4D): instability against spherical perturbations with e'ky

"= Double Wick rotation: BHs +— TSs by (t, Yy,Ts, TB) — (iy, it, B, 7“5)

0.12¢

If there is a zero mode for BHs 0.10.

= 0.06/ Type Il =0

Instability of TS
purely imaginary mode for TSs for 0.04

rg > QTS 0.02/

0.00

2.1 2.2 2.3 2.4 25
s / r's
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