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The waveform of a binary coalescence
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The ringdown waveform of a black hole

The characteristic damped oscillations that a perturbed black hole undergoes are
called quasinormal modes (QNMs) — w = wp + iw;

o time dependence of perturbation — e~ /<" ~ Wk gWi?

e characteristic frequency of the ringdown — wp

e decay rate of the ringdown — w; < 0
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The Reissner-Nordstrom solution

Exterior Interior

— ) —2(p—1) 2k_v
¢ ~ v~ ", atlate times P ~ v PG
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The Reissner-Nordstrom-de Sitter solution

We consider a RNdS BH, where

2

2
as® = —f(r)d’ + — + *d3,

f(r)

ar
r

fr)=1-"4 > — —
(r) PR

with three horizons r— < ry < re.

The surface gravity of each horizon
is

_ 1
p~e ™t = 00" a=inf{—Im(w)} Kn = §|f'(r,,)\, he{—,+,c}.
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Quasinormal modes and Strong Cosmic Censorship

The Klein-Gordon equation for charged scalar fields can be recast to
PP qQ\?

w——) —V(r =0
" {( =) v | v =0,
where dr, = dr/f(r) the fortoise coordinate and

v(r) = £(r) <u2+w;ﬂ)+fl(r)), (=0,1,2...

r

To obtain the @NMs we impose the boundary conditions
e fw—aQ/m ) . — —o0o (r—rg)
1[; ~

gllw—ag/re)r re — 00 (r—r)

Strong Cosmic Censorship <> 8 = - <

N =

Kyriakos Destounis

ip with a positive cosmological constant



QNMs of RNdS BHs

Numerical methods

o WKB method
o Matrix methods
e Pseudo-spectral methods

o Time domain integration
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The 3 families
e Photon sphere modes
e de Sitter modes

Near-extremal modes
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Neutral scalar fields in RNdS
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Neutral scalar fields in RNdS
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Gravitational perturbations of RNdS' and Kerr-ds?
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Neutral scalar fields in Horndeski theory

In the particular Horndeski theory the action reads
d“ R—2N 1 R »
S= XV — ZFMVF - 5(9 +1G"") 0u0u ¢ )
with Gy = R — % guv X the Einstein tensor. The equations of motion are:

0u (V=g(g""+1E"") d,9) =0,

dF = d*xF =0,
Guv + Nguw = 81T,

nk

where
T,u,l/ = T() + THV +Ue;uz,

with

= u¢8V¢ guv a¢8a¢7

1
Zg,uuFaﬁFaB-

T;(Lu)_F/LFua_
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Neutral scalar fields on RNdS in Horndeski theory

The new component of the modified energy-momentum tensor is:
1 o 1 o
O = — 504000 6R + 20a00uOR) = 5 Cuw (06) + VOV’ 6 Rruavs
+ vuvaﬁbvuva(ﬁ - vqu¢D¢
1 a a
+ 50 [~V IV GVaV6 + (06) — 20a0050A] .
The QNM equation is
oy
ar2
withk =1—n (A + & /") and

v(r) = f(r) (f(r)2rkk” + 4kk’ — r(k') L f,(r)2k+rk/ N <1 N 2;.27;) 00+ 1)) .

+ (@ = v(n)y =0,

4rk? 2rk r?
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Late-time behavior of scalar fields on RNdS in Horndeski

theory
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Strong Cosmic Censorship in Horndeski theory
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Strong Cosmic Censorship in Horndeski theory
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Summary & Conclusions

B controls the stability of Cauchy horizons and the fate of Strong Cosmic Censorship.

If 5 is larger than a specified value, the Cauchy horizon can be stabilized and Strong
Cosmic Censorship may be violated.

By studying scalar perturbations propagating on Reissner-Nordstrdm-de Sitter in
General Relativity we find regions of the parameter space for which 8 > 1 / 2.

By studying scalar perturbations propagating on Reissner-Nordstréom-de Sitter in
Horndeski theory we find regions of the parameter space for which 8 > 3 / 2,

Our results indicate a potential failure of determinism in General Relativity and
beyond.
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Neutral scalar QNMs in RNdS
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A matrix method for quasinormal modes

The master equation can be recast to

(%, w)" (x) + A(x, w)@' (x) + s(x, w)d(x) =0

under suitable transformations. To discretize the derivatives of the equation we use the
Taylor expansion

¢(x) = d(%) + (x = %)¢"(%) + - (X = x0)°¢" (x0) + %(X = %)°¢" (x0) + ...

Using the data points (xi, X, . . . , Xy ) we get

® = MD,
where
S = (p(x), d(x), p(xs), (xa),-..),
1 X1 — Xo (x ;XO)Z a ;!m)s (x ;!m)"
2 3 4
1T x%—x (szx“) (XQ;X*?) (Xzz!Xo)
2 3 4
M = 1 Xs — Xo (Xs;xo) (Xs;!m) (xsz!m) ’
2 3 4
1 X1 — Xo (X4—2X0) (XAZ!XO) (XAZ!XU)
and

Kyriakos Destounis



A matrix method for quasinormal modes

To calculate specific elements of D, we can use Cramer’s rule

__ det(M;)
© det(M)’

i

where M,; is the matrix formed by replacing the i—th column of M by the column vector
P, eg.
_ det(Ms)

1’
Xo) =
¢ () det(M)
We end up with the matrix equation

M =0,

where ./ is a square matrix that depends on w and ® = (¢(x1), p(x2), - - ., d(xn))’.
To find the eigenvalues we require

det(.#) = 0.
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QNMSpectral package: A pseudo-spectral method

QNMSpectral is a Mathematica package which solves QNM equations of the form

(x,w)" (x) + A(x, w)¢' (x) + s(x, w)d(x) = 0

The pseudo-spectral method utilized is using a specific grid of points to approximate a

function as
N N
_ X—x
(OEDSLOTCRRIORS |
j=0 J=0,jFi

To calculate derivatives of the function
D = 1 (x).

The master equation is expressed as a generalized eigenvalue problem

(Mg + wM1)¢ = 0,

and solved numerically.
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Weak solutions of the field equations

Consider a scalar field ¢ and the RNdS metric g, satisfying
1
Ruv — Egﬂ,ﬂ% + guv\ = 81T,

where T, ~ (0¢)? and R, R, ~ [? 4 OF. A weak solution must satisfy

/ (T + T + gu A = 87 / (96)0
v 7

v

At the Cauchy horizon f(r) ~ |r — r—| and

dr In|r—r_|
re = —_—~
f(r) 2K

therefore the Klein-Gordon equation admits solutions of the asymptotic form

¢ ~ efr'w(u+2r*) ~ efr'wu‘r _ r7|r'w/m, ~ efiwu|r _ r7|iwl?//€— |I' _ I',‘B

where 8 = « / K_ and w = wg + iw,. For weak solutions to exist we require
I' € 12, and ¢ € H...thatis

(09)" ~ I P <o = f>1
7 28 -1 2
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Scalar QNMs of RNdS BHs: the 3 families

Photon Sphere Modes
@ Dominant mode forn = 0, £ — oo

de Sitter Modes

@ Deformations of pure dS spacetime QNMs

ds .
wn:O,puredS/"fc = _’67

wn#O,puredS/ﬁgS = *I(Z +n+ 1) .

@ Dominant modeforn =10,£ = 1
Near-Exiremal Modes

@ In the near-extremal limit r— ~ ry

Q 1 12
wNEzC:——i n+2+\/(£+2> + M2 (2 — ) | k-

@ Dominant modeforn=0,£ =0
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Scalar QNMs of RNdS
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Charged fermionic perturbations of RNdS BHs

The Dirac equation for charged fermions can be recast to the coupled system

dFt 4 _
— WF FF =0
o, tw ’
aF~ _ "
WF~ —wF" =0
o v ’
can be decoupled to
PFt
= + (w* = Vi) Fr =0,
2F _
dcer + (W= V) F =0,
with
o, aw /) (-2
Ve=W+t —, wW=—_V—r  dh=-—"% d,
dF* f( — %) f(r)
and § = +1,£2,....

To obtain the @NMs we impose the boundary conditions

oW Ffe = —00 (r—ry)

Fe — 00 (r—r)
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Charged fermionic QNMs of RNdS BHs: the 3 families

Photon Sphere Modes

@ Complex modes that can be traced back to the photon sphere

@ Dominant mode in the region of interest forn = 0, £ = 1
de Sitter Modes
@ Purely imaginary modes for g = 0, independent of Q

@ Deformations of pure dS spacetime Dirac QNMs
1
Wpureds/’fgs = _"(5 +n+ 5) .

@ Dominant modeforn =0,§ = 1
Near-Exiremal Modes

@ Purely imaginary modes for g = 0

@ In the extremal limit r— = ry
Q 1 Q 1
wyg = = —i(€+n+ )k = = —i(E+n+ 2)k+
r— 2 ry 2

@ Dominant modeforn =0,§ = 1
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Fermionic QNMs of RNdS
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Dominant charged fermionic modes and SCC

-05 s Em s e e e e e
% 1_Q/Qmax
E-LO — 1073

~-107*

-1.5 L 10—5

KD, Phys.Lett. B 795 (2019), 211-219
q i ip with a positive cosmological constant




Dominant charged fermionic modes and SCC
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Behavior of the critical fermionic charge

1.0 | AM? -
. 0.02 .
0.8 |. 0.06 BRI
200-6 00.1 . : ° °
(o3 .o
04 . e
02 .°°.° .
0.0l—~

.0.9552 0.994 0.996 0.998 1.000
Q/Qmax

KD, Phys.Lett. B 795 (2019), 211-219




QNM "oscillations" and SCC
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