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Inspiral Merger Ring-

Black hole merger down
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Quasinormal modes
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Black hole spectroscopy
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Black hole QNMs: M

= Gravitational perturbations
9uv = Jouwv T huv |h| < 1

aster equations

SNEE ZING ANT

d2
= If separable: ( 02 + a)2> V=V

= Schwarzschild black hole:
= Odd parity (axial): Regge-Wheeler equation
= Even parity (polar): Zerilli equation

= In test field scenarios, the master equation can also be written in the
Schrodinger-like form @



Potential and houndary conditions
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Potential and houndary conditions
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QNM decay time (ms)

Black hole spectroscopy: 6W150914 & GW250114
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Astrophysical black holes

companion stars

dark matter halo

ccccc tion disk



Environmental effects

= How does astrophysics atfect QNM spectra?
= Degeneracy with non-GR effects?

= QNMs of black hole + gravitating thin disk




Static and axisymmetric metric

ds? = —e?Vdt* + p2e ?Vdp? + e*72V(dp? + dz?)
= Consider Weyl coordinates (t, ¢, p, z)

= The metric functionsv =v(p,z), 1 =A(p,2)

= Einstein equations in vacuum (outside the source):

Av =0

CYC, Kotlarik (2023)
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Static and axisymmetric metric

ds? = —e?Vdt* + p2e ?Vdp? + e*72V(dp? + dz?)
= Consider Weyl coordinates (t, ¢, p, z)

= The metric functions v = v(p,z), 1 = A(p,2)

= Einstein equations in vacuum (outside the source):

Av =0 Laplace eg. is lineal.r
v: Newtonian potential

— (12 _ 2 _
Ap=p (V,p —Vz) Az =2pVpV,

CYC, Kotlarik (2023)
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Superposition of black hole and disk

= The Laplace equation is linear: simple sum to get the total gravitational

potential
V = Vsch T Vdisk

= For A, we have
A= ASch + Adisk + Aint

where
Aint,p — 2lO(VSCh,deisk,p — VSCh,szisk,z)
Aintz = 2p (VSch,deisk,z + VSch,ZVdisk,p)

The Schwarzschild black hole

1 (R+ + R_ — 2M> 1 ((R+ + R_)? — 4M?

Vseh = 5 M\R, + R_ + 2M Sch = 51 4R,R_

)» Ry = p?+ (|z| F M)?
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Superposition of black hole and disk

= The Newtonian surface density profiles:
b2m+1

p
wmn) — y(mn) T Co? T B2y

2n

m,n € N

where
m+n+1/2
)]V[

wmn = (2m + 1) ( -

= Total mass of the disk is fixed: 2m fOoo wmm pdp = M

= The gravitational potential: Av = 4w (p)d(2)
= Exact and fully analytic v and A, but lengthy

Kotlarik, Kofron (2022)
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Supernosition of black hole and disk

Surface density peaks at
Pmax = b\/Zn/(S +2m)

{
Kotlarik, Kofron (2022) @



Superposition of black hole and disk

= Back to Schwarzschild coordinates

p=+r(r—2M)sinf, z=(r—M)cos@

= The Superposed metric (SBH-disk) meztric

ds? = —f(r)e?Vdiskdt? + g?Aext—2Vdisk fd_(:) + r2e2Vdisk (e24extd9? 4 sin? B d¢p?)
<

Aext = Adisk + Aints f(r) =1—-2M/r

disk disk P

{i
Kotlarik, Kofron (2022) @



Scalar field QNMs

= Klein-Gordon equation
= Deformed black hole spacetime
= How to deal with the separability issue?

= Up to 1st order of € = M /M, one can use the projection method and
obtain the e-corrections on the zeroth order equation

Cano, Fransen, Hertog (2020) CYC, Chiang, Tsao (2022)

= A Schrodinger-like master equation is attainable (up to 15t order of €)

(aé'l'wz)LPZm — eff(r; , m)wlm Veff(r: [Lm) = Vsch + 0V




Scalar field QNMs

(67?*+a)2)‘-111m — eff(r» l, m)Lle

= Series expansion w.r.t. x = cosf

Veff(T', [, m) = Vgen + oV

= check convergence at a finite truncation j

Vaisk = €V;lx|7,

Veri(r) = U(1 + 1)% =+ @Z—{” [1 +ebl,,, (4V;(r)
T€ { Tiz [4a{mz Vi(r) = . (

Aint = €L;|x|! €=M/M

—2£(r))]

bl d?

4V;(r) — 253‘("‘))] — o 73 12Vi(r) - ﬁj("‘)]}

CYC, Kotlarik (2023)
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Universal relation?
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Universal relation?
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» Similar redshift behavior was also found for black hole embeded in spherically symmetric
matter distrubition Cardoso et al. (2022), Konoplya (2021), Pezzella (2025) @



Conclusions

= Testing gravity through black hole spectroscopy

= We know little about environmental effects

= Superposition of black hole and gravitating thin disk
= Universal redshift relation among disk parameters

= Other disk models? linearly scale with disk mass? analytic proof?
= Gravitational perturbations?
= Accretion flow, rotation, geometrically thick disk




