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IMPORTANCE OF RINGDOWN

m Linear ringdown: adequately described by complex frequencies,
the Quasi-Normal Modes

®(t,r* = const.) = ZAne_i“”t, wn = Re(wn) — i Im(wn)

h=0

m Consequence of Kerr Hypothesis

> Kerr hypothesis: Astrophysical BHs

are described by MandJ } = QNMs are described by

> QNMs are a BH property Mand )

m Test Kerr Hypothesis

> Measure 2 wp
» Verify that wn correspond to M and J as predicted by GR



RECIPE FOR LINEARIZED EQUATIONS

Step 1. Metric for Schwarzschild BH solution
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l

Step 3. Expand perturbation metric, h,,, to good basis
hHV = Za Zém h(l?ém(t7 r) (t?m);w (97 ¢)

l

Step 4. Gauge fix: Regge-Wheeler gauge
Step 5. Plug into Einstein’s Equations: AG,, =0



STEP 5: FINAL EQUATIONS

m Pluginto Einstein’s Equations: AGy, =0Tt — oMy, =0

m Coordinate transformation to Tortoise: Send singularity to —co

. r
r*=r4rylog( ——1), r>ry
rn
m Wave equations

2 o + £t T
(“ 55 * gz ) @ ~FOVE®E —0|  F =1,
with PO+ = (—1)fdF and PO~ = (—1)+o—
m Perturbation potentials
_ Ll+1)  3ry -
v, (r) = ( FE Axial: Regge-Wheeler

IAZr 4 3X2ryr? 4+ X2 (A 4 2)r3 +9r},

Polar: Zerilli
r2(Ar + 3ry)?

Vi) =

where A = £(¢£ 4+ 1) — 2.



POTENTIALS & QNM DEFINITION
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POTENTIALS & QNM DEFINITION
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m QNMs eigenvalues to the boundary value problem

2oF
dr*2

m Outgoing boundary conditions: &7 ~ e¥"
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m Contributions to observer's signal:

» Direct propagation from Initial Conditions
> QNMs
» Power-law tail (Price tail)




m Contributions to observer’s signal:

» Direct propagation from Initial Conditions
> QNMs
> Power-law tail (Price tail)

m Initial Condition for derivative — Force movement to one direction

> Field d(t=0,r*) =A-exp(—(r-— p)/20?)
» Derivative OP(t=0,r)=-0,9(t=0,r%)
N—1
®(t, r* = fixed) = e~ M)t sin(Re(wn)t + on) 4 Aggir(t — tigi) ~@d

s
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SCATTERING ON AXIAL POTENTIAL
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SCATTERING ON AXIAL POTENTIAL
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SIMPLE CASE:
POSCHL-TELLER POTENTIAL




POSCHL-TELLER POTENTIAL"

m No late-time tail

Vo m Analytical Spectrum:
cosh?(a(r* — rk)) w= Vo —a/&)"? —ia(n+1/2)
m Match with Regge-Wheeler

Ver(r) =
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FITTING MODELS '

m Theory Agnostic: 2/V + 2N free parameters
» No Assumptions for the frequencies
N—1
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FITTING MODELS '

m Theory Agnostic: 2/V + 2N free parameters
» No Assumptions for the frequencies

N—1
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n=0

m Theory Specific: 2V + 1 free parameters

» Assumptions for the frequencies
> WISMTS = 0 min
~
assume 1
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oF = Z oM (M) (t=tpeat) iy (Re(w (M))(t — tpear) + )
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m Vary the fitting window t € [to — tpeak, tf — tpeak]

1 Nee, Volkel, Pfeiffer, PRD 108 (2023) 4, 4



MISMATCH PLOTS

M (Psignal; Prit) S (0,0 (t)) = [ G (1) br(t)dt
T s Oy (ol 05 )>—_/to sgnal (1) - Opet)

=
—
g
— -101 Péschl-Teller

_12] — N=1TSPT —— N=1TA

N=1TS GR
-14 } ; T y y Y
-20 -10 0 10 20 30 40 50

to — tpeak inM



MISMATCH PLOTS
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EXTRACTION OF PARAMETERS
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EXTRACTION OF PARAMETERS
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GR CASE:
REGGE-WHEELER POTENTIAL




MISMATCH PLOTS

Model power-law tail: 2 free parameters
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MISMATCH PLOTS

Model power-law tail: 2 free parameters
O — Dy + A (t — tigi)
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FREQUENCY PLOTS
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AMPLITUDE PLOTS

m None of the models find the overtone for late times, like in PT case
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VARIATION OF FIT END TIME tf
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PARAMETRIZED QNM FRAMEWORK
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® GR : may not be the ultimate theory of gravity
m Modifications : small impact on perturbation potential}
m Which modification is correct? — \_(V_/~

m Phenomenological Extension to GR ringdown: Parametrized QNM Framework

> Introduce 1/r terms to the potentials:
> Can be mapped to different alternative theories

1 ry\k
VR — VP = VR 137 S ay(w) (7”) L ap < (14 1/R)* (R +1)
R H

=0
Vi
> Shift in QNMs from one §Vj,:
w = wgr + G(k)d(k) +a(k)8wa(5)d( )d( s) + Cl( ) () ks +O(a3)
%,—/
linear quadratic

. Cardoso, M. Kimura, A. Maselli, E. Berti, C.F.B. Macedo, R. McManus, PRD 99 (2019) 10,
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PARAMETRIZED QNM FRAMEWORK

m Original definition in frequency domain
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PARAMETRIZED QNM FRAMEWORK

m Original definition in frequency domain

d?o
dr*z

+ [w? = £ (VER(P) + 0, ) | © = 0

m Pass to time domain: replace w? with —0y

(5; + a(iz> ® —£(r) (VOR(r) + V) ® = 0




FREQUENCY RESULTS

m Fundmanetal mode & tail
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FREQUENCY RESULTS

m Fundmanetal mode & tail

m Robust extraction of N = o

mode frequencies

m Agreement with perturbative
prediction
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CONCLUSION

m Fit starting time t, impacts the parameters’ extraction

m Potential with tail-less spectrum does not induce oscillation on the
extracted parameters

m Fit end time t; does not seem to impact the parameters’ extraction

m Lack of modeling of the power-law tail = unstable extraction of ringdown
parameters

m Modeling of the tail = stabilization of parameter extraction

m Time evolution results recover QNMs in agreement with theoretical
predictions




THANKS FOR YOUR ATTENTION :)
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FIRST APPROACH: SCALAR FIELD EVOLUTION AROUND A

BLACK HOLE

m Obeys Wave Equation

;
D,D"yp = gau (vV=g99"0,) =0

F
m Spherical Symmetry — decompose in spherical harmonics
_ U[(t, r)
770(1:’ r, 07 ¢) - Z fyfm(97 ¢)
4,m
m Even Parity Waves evolving under the equation
Oue(t, r) — Vscatarle(t,r) = 0

where the scalar potential is

r Le+1) r
Vscalar = (1 - TH> ( ( r2 )+rl;>
N——
f(r)




STEP 3: EXPAND PERTURBATION METRIC h,,,

m Expand the perturbation in a convenient basis
m Goal: Compute the 'coefficients’ of the basis — solving PDEs.

m Basis: Zerilli Tensor Harmonics

1. Spherical symmetry — should include spherical harmonics
2. Every element should be orthogonal to every other

m Symmetric Metric — 10 independent components

Sixa1 | S Vixa
Six1 | S Vixa

o (8,1,60,8) =Y 0> " hi(t,1) (8),,, (6, 6) =

a  Im

Vaxa V2x1‘ Toxa



STEP 3: EXPAND PERTURBATION METRIC h,,,

S | Sma Vaxa
hu(t,r,0,¢) = Zzh (t.r) (tim),, (6,0) = | Swa | Sm Vaxa
o Vax | Vaxa Taxa
Polar (Even) / \ Axial (0dd)
m 7 components E 3 components
m Transform under partiy: m Transform under parity:
(-1)" (—1)+
[ L
hl“/ — hGXIG + hzg ar



STEP 4: FIX PERTURBATION GAUGE

m Infinitesimal Coordinate Transformation x’# = x* + ¢+

m Equivalent spacetimes are given by metric perturbations
that obey

h/ py ( ugu - Dl/&u)

m Split £ into axial-polar
m Fixing Gauge = Conditions on &#: Simplify Equations

1 condition Axial

3 conditions Polar } = Reduce DoF 10— 6

09(Sin 9[’)02) = —8¢(h03/ sin 9), ag(sin 9h12) = —8¢(h13/sin 0)
h23 =0 ,h33 = Sin2 0 h22



NUMERICAL METHOD

m Staggered Leapfrog
O = (20] - @) — cFL? (o], —20] + 0]} — APV o)

m CFL criterion: CFL = cAt/Ar* < Cmax

m Outgoing Boundary Conditions

> ou 9
u u
c— 27—
‘onTat~°

» 2nd order upwind discretization

left: o — o 4 CF L(

¥ + 48] — 30%)

30}, — 4%, + ¥, ,)

right: o} = o, — 7L (



(i,jr+)
(i-14 (i) N+ 1.0)
(ijF=1)
(0,jl+1) (N, +1)
hd+co.d=0 P —co.d=0

(0) () () (Nev =2,j)) (Ne- =) (N )

(0,j—1) (Npsyj—1)
t=00® ® @ ® ®

rs = ri r-= rf

Staggered Leapfrog Stencil (Center), with outgoing BC (left and right), initial conditions determining the first two steps
(lower green) and CFL criterion (triangle in shadow).
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PT: IMAGINARY
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|wi, theory|
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PT: PHASE
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GR: TAIL
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MAP TO SPECIFIC THEORY: UNCOUPLED CASE

m Master equation for Reissner-Nordstrom BH
P
— (f— 1

d dr ry

with modification from spherically symmetric BH

1 A+67r_ ry\3
G
r rg\2ry

SV = 2—_0.;(2) - =
ry r3 3 ry
m The amplitudes for each additional power of 1/r are
r_ A+6r_ 5r_
o0 — ngi’ )R _, o) = 21—
ry 3y 2 ry

m IfjQ <M
- ri) (2ﬂ +doa® + dya® + d;,a(“))
1

WRN—PF = (1 .
H
V. Cardoso, M. Kimura, A. Maselli, E. Berti, C.F.B.

Macedo, R. McManus, PRD 99 (2019) 10



MAP TO SPECIFIC THEORY: COUPLED CASE

m Dynamical Chern-Simons gravity: scalar couples with gravitational field
m The corresponding potentials are

Vi =V,
1 144me(L 1) <rj>8
r3 Bry, r/ >’

1 12 €+ 2)! %
Vie =V = 12 \/Br3 \/W(Z—z)! ( r> ’

m The amplitudes for each additional power of 1/r are

V22 =Vscalar

aly) =72 1u4ml( + 1),
_ | (e+2)
aid =af) =127, m

with 5 = g="/2r 2.
m Tensor-led modes are
w=wo +efZa),
m Scalar-led modes are

2
w = wo + 20(5) 0% + €(gs) (aé?) + eggg;ag-:’).



AMPLITUDE & PHASE RESULTS
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PF: TAIL PARAMETERS

Ltail

log10(Atair)

-
>

-
N}
1

=
)
1

®
1

6 -

—40 -

—60 -

—80 -

-100 T :

a®

to — tpeak




COMPARISON WITH GR VALUES

B Dependance on to — tpeak m Robust extraction of N = o m Agreement with perturbative
mode frequencies prediction
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PF: COMPARISON WITH GR VALUES
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