Ringdown beyond Kerr

Aaron Zimmerman (UT Austin),
Asad Hussain (UT Austin)
arXiv:2206:10653

Mitchell Conference
May 18, 202

. J Colliding dark matter

*Not on behalf of the LVK: references not at all exhaustive



First event from O4 (kind of)
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Dark matter and compact binaries

e Energy of 200 Hz GWs ~ peV

e Energy scale of 1 km ~ 200 peV o Arvanitaki +, arXiv:1604.03958
e Measure finite-size effects: response to 08
spin and tides, hence equation of state s |
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e ALPs: can produce “gravitational atoms” 3
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Dark matter and compact binaries
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Black hole ringdown
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Waves around black holes
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Waves around black holes
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Waves around black holes
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Quasinormal modes
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Quasinormal modes
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Black hole spectr

Spectra determined by mass and spin

Mass sets overall frequency scale
M
f 16 (ﬁ@) kHz

Low quality oscillator: hard to measure
ringdown

One mode: mass and spin

Two modes: clean test of Kerr spacetime
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Constraining deviations
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e How to combine multiple constraints?

 Need specific theory
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Constraining deviations

e Primarily null tests

h(t) — Z Almne_t/ﬂmn COS(QT‘-flmnt = ¢lmn)
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T — 7(1 4 67)

e How to combine multiple constraints?

e Need specific theory

e Hierarchical analysis
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Probability density

Ringdown tests from O3

Full waveform, no overtones

Ringdown only
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Towards precision tests

e Test specific theories
e Constraints mapped to theory params

e |[ncorporate higher harmonics and
overtones

e Much work on QNMs beyond-GR,
expansions in small spin

e McManus et al. arXiv:1906.05155

e Cano, Fransen, Hertog
arXiv:2005.03671

e But merged black holes have x ~ 0.7

The University of Texas at Austin
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Ringdown beyond Kerr



Gravitational perts for Kerr

e Metric perts don't separate or decouple in Kerr

Gab (g) — KOnTab Jab = gab) T nhab



Gravitational perts for Kerr

e Metric perts don't separate or decouple in Kerr

Gab(g) — KOnTab dab = Y.p T nhab

Gap(g”) =0 Eav[h] = KoT
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Gravitational perts for Kerr

e Metric perts don't separate or decouple in Kerr

Gabv(9) = konTyp

Gab(go) =0

gab [h] — /{OTab

e Teukolsky (1973). Use Newman-Penrose egns to decouple scalar quantites

s =0:
s = +1:
S = 12
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Gravitational perts for Kerr

e Master egn separates

wslmw — 6_iwt6im¢Rslmw (T) Sslmw (9)



Gravitational perts for Kerr

e Master egn separates

wslmw — 6_iwt6im¢Rslmw (T) Sslmw (9)

e QOperator picture (Wald 1978)
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Gravitational perts for Kerr

e Master egn separates

wslmw — 6_iwt6im¢Rslmw (T) Sslmw (9)

e QOperator picture (Wald 1978)

b
Ss Eaplh| = Os 1]
e Metric can be reconstructed (in special gauges)

hab [wsa 2Zs]
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Black holes beyond GR

e Focus on theories which perturb off GR in decoupling limit

S =5y + / d4$\/ _g[ﬁﬁ + €Ling + Lmatter]

Hussain, AZ arXiv: 2206.10653
17



Black holes beyond GR

e Focus on theories which perturb off GR in decoupling limit

S =5y + / d4$\/ _g[ﬁﬁ + €Ling + Lmatter]

WA(ﬁv g) — 6,014(19, g)

Hussain, AZ arXiv: 2206.10653
17



Black holes beyond GR

e Focus on theories which perturb off GR in decoupling limit

S =5y + / d4$\/ _g[ﬁﬁ + €Ling + Lmatter]

Wa(0,g) = epa(?, g) Gab(9) = ko [Ty (0, g) + T + V" (9, g)]

Hussain, AZ arXiv: 2206.10653
17



Black holes beyond GR

e Focus on theories which perturb off GR in decoupling limit

S =5y + / d4$\/ _g[ﬁﬁ + €Ling + Lmatter]

Wal(v,g9) = epa(v, g) Gab(9) = ko [To(9, 9) +

Hussain, AZ arXiv: 2206.10653
17



Black holes beyond GR

e Focus on theories which perturb off GR in decoupling limit
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Black holes beyond GR

e Focus on theories which perturb off GR in decoupling limit

S = SEH + / d433\/ _g[ﬁﬁ + eﬁint + Lmatter]

WA(ﬁa g) — EIOA(ﬁa g)

e Solve order by order for equilibrium solution
da=0 —  Gulg)=0 — Jab = Yab
1 0
— Ua =0+ 6QSI(A) 7 Yab = Qc(bb) - 6296(3))

Hussain, AZ arXiv: 2206.10653
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Perturbed black holes beyond Kerr

e Now add dynamical perturbations to all fields

VA = 6?9%) TNYat ... Jab = gc(z(i))) 6296(39) Nhap

e
S

1
Gab T € 9ab 6654) | nhab

TEXAS Hussain, AZ arXiv: 2206.10653
The University of Texas at Austin
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Perturbed black holes beyond Kerr

e Now add dynamical perturbations to all fields

0 2
Jab — gc(zb) EQQC(Lb) nhab

e
e

gC(L%) + €

296(3))

629541) -

 Preferred basis partially decouples:

The University of Texas at Austin

hay = hy) + 2Ry o =0+ eply)

Hussain, AZ arXiv: 2206.10653
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Modified Teukolsky equation

e First solve SO(ADVL(O)] = W,Zl[h(o)]

e Deriving modified Teukolsky equation very involved

Eav[h] + €2(8Eap|h] — 0T, [R] + Cup[h))

19



Modified Teukolsky equation

See also Li +

e Firstsolve ¢4 [R(] =W R arXiv: 2206.10652

e Deriving modified Teukolsky equation very involved

Eaplh] + € (8€ap[h] — 0T [h] + Cap[h])
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Modified Teukolsky equation

S_ee also Li +
First solve go(Al)[h(O)] — ng[h(())] arXiv: 06.10652

Deriving modified Teukolsky equation very involved

Operator approach provides shortcut:

S [Eaplh] + € (6Eap[h] — 6T 3 [h] + Cap[h])

= O[] + €2V[h] + €2C[A]
View as perturbed eigenvalue problem

19



Eigenvalue perturbations

e For a spacetime deformed from Kerr, can apply perturbative approach

H|n) = E,|n) — (H + §H)|n) = (E, + 6E,|n))

Mark, Yang, AZ, Chen, arXiv:1409.5800
20 AZ +, arXiv:1406.4206



Eigenvalue perturbations

e For a spacetime deformed from Kerr, can apply perturbative approach

H|n) = E,|n) — (H + §H)|n) = (E, + 6E,|n))

<n(0)\H|n(1)> _ En<n(0)\n(1>>

Mark, Yang, AZ, Chen, arXiv:1409.5800
20 AZ +, arXiv:1406.4206



Eigenvalue perturbations

e For a spacetime deformed from Kerr, can apply perturbative approach
Hn)=FE,n) — (H+dH)n)=(E, +E,|n))
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Eigenvalue perturbations

e For a spacetime deformed from Kerr, can apply perturbative approach

H|n) = E,|n) — (H + §H)|n) = (E, + 6E,|n))

O HnMY = E,(nnt)y —— E, =

e Scalar wave equation straightforward: g,
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Eigenvalue perturbations

e For a spacetime deformed from Kerr, can apply perturbative approach
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Eigenvalue perturbations

I N

»o
C L

Transient “turbulence” of scalar perts Weakly charged Kerr-Newman

TEXAS Yang, AZ, Lehner, arXiv:1402.4859 . Mark, Yang, AZ, Chen, arXiv:1409.5800
The University of Texas at Austin



Roadmap
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Summary and future

* Predicting QNMs allow for multi-mode 01 02 O3a 03b
ringdown tests of Kerr

100 -

* Modified Teukolsky egn
e EVP method: allows for high spins

e Several challenges ahead in
Implementation

Cumulative detections

* Many detections in the coming years

e Combine constraints

 3rd gen and LISA: precision 0.000  0.001 0002 0003  0.004
predictions needed Effective BNS time-volume [Gpc® yr]

- LVK arXiv:2111.03606
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Breaking isospectrality

One conceptual issue: metric reconstruction couples ZDS and @DS

Couples two families of modes: Wiy, and —wy,.,,

 Equality of modes: even and odd parity modes have same spectrum
(Nichols et al. 2012)

Im w

Really degenerate perturbation
theory

w2 7 wc(fi)d

ecvell

Ongoing work on parity breaking:
Li et al.

Hussain, AZ arXiv: 2206.10653
Li, Hussain, Wagle, Chen,
Yunes, AZ arXiv:2306.XXXX 25



Degenerate EVP

 Formally write metric reconstruction as

B0 = Kapt)] + Kap[¥)] V[h] = VK[¢] + VK[

 Consider superposition of states that don’t mix

Y =14 +ap_

 Apply EVP approach

(W |(V+CO)K|y) + (i |(V + C)K|yp-)
(V410,00 4)

o)

Hussain, AZ arXiv: 2206.10653
Li, Hussain, Wagle, Chen,
Yunes, AZ arXiv:2306.XXXX 26



&b

GW150914

Combining events

e Beyond-GR parameter common to all events 08

e Beyond-GR parameter varies e

o

0.4 A

e Need population modeling (hierarchical modeling) to
combine events 0s-

e Modeling needs to account for degeneracies 0.0-

GW190521

p(0) = p(6|A)p(A) )
e Example: charged black holes
e Use ringdown package (Isi, Farr)
e Use multiple tones, infer M, x, ¢

e Start from peak of full IMR waveform

TEXAS )
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
The University of Texas at Austin

Hussain, Isi, AZ in prep 27 y
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1.0

TEXAS

The University of Texas at Austin

Example: Charged BHs

Population Prior Lo Population Posterior

Hussain, Isi, AZ in prep 28



The University of Texas at Austin

Example: Charged BHs

Cumluative Distribution of Inferred
1o - Population Charge
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Overtones in ringdown

Simulation —

N=0
101} N=1-
| N=2"
1072} N =3 "
| N=4
10774 N=5"
N ol N=6
| N=1
1077} -§
10-6} — —
10~ 7L . . . —— .
20 —10 0 10 20 30 40 50 0 - = = T
tO_tpeak[M] Mf [M@]
TEXAS  Giesler Isi, Scheel, Teukolsky Isi. Gielser et al. arXiv:1905.00869

The University of Texas at Austin a rx I V : 1 9 O 3 . O 8 2 84 29



Gravitational perts for Kerr

e Angular equation: (spin-weighted) spheroidal harmonics

swlmw — e—iwteimqb slew (T)sSlmw(e)

e Standard Sturm-Liouville eigenvalue problem

1 d : dSlmw o
0 a0 (SmH 70 ) —+ Vg(w,Alm)Slmw =

m2

-2

; s?cot® 0 — s° + a’w? cos® O — 2aws cos O
sin

VH :SElmw

30



Gravitational perts for Kerr

e Radial equation: Schroedinger-like with complex potential

d2ulmw B Ul o
drf | Vr Ulmw — Slmw (T) lew [(7‘ B 7’_|_)S(T _ T_)S(TQ + CL2)]1/2

2
am r—M am
g :(w r2+a2> R (w T2+a2> + (8 B, )

. A e W + A et re — OO
. Y .
- e~ Hw—mly)r. re — —00

31



Gravitational perts for Kerr

e Radial equation: Schroedinger-like with complex potential

d2ulmw B Ul o
drf | Vr Ulmw — Slmw (T) lew [(7‘ B 7’_|_)S(T _ T_)S(TQ + CL2)]1/2

2
— M
V. = w e — s ! W e + F(r, s, B, w)
r2 + q?

(1 mQH) T2 =1-|R?

31
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Perturbed black holes beyond Kerr

e Now add dynamical perturbations to all fields

V4 = 6291(;) +nNYaA+ ... Jab — gc(,g) + 6296(3)

/ aw o v o v o e A

g\ + e2g

TEXAS Hussain, AZ arXiv: 2206.10653
The University of Texas at Austin
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Perturbed black holes beyond Kerr

e Now add dynamical perturbations to all fields

ﬁA:eﬁg)JrngoA + ... Jab :gé%) +629§3)) +nhep + ...

g\ + €2ty

e Coupled equations for perts

Eap + €2(6Eqp — 6T7) eCor hea\ _
N WA—I—E(5WA—5,0A) -

TEXAS Hussain, AZ arXiv: 2206.10653
The University of Texas at Austin



Eigenvalue perturbations

e Perturb eigenvalue and eigenstate

D = (D)7t 4 epll) yeimomio

Mark, Yang, AZ, Chen, arXiv:1409.5800
33 AZ +, arXiv:1406.4206



Eigenvalue perturbations

e Perturb eigenvalue and eigenstate

D = (D)7t 4 epll) yeimomio

e Need finite product where wave operator is self-adjoint

(V@) =C

33

(V|

O) = |

(O)qj‘q)>

Mark, Yang, AZ, Chen, arXiv:1409.5800
AZ +, arXiv:1406.4206



Eigenvalue perturbations

e Perturb eigenvalue and eigenstate

D = (D)7t 4 epll) yeimomio

e Need finite product where wave operator is self-adjoint

(V@) =C

Im|r]

A

Y

Re|r]

33

(V|

O) = |

(O)qj‘q)>

Mark, Yang, AZ, Chen, arXiv:1409.5800
AZ +, arXiv:1406.4206



Eigenvalue perturbations

e Perturb eigenvalue and eigenstate

D = (D)7t 4 epll) yeimomio

e Need finite product where wave operator is self-adjoint

(V@) =C

Im|r]

A

33

(WO ) = |

oW =

(O)qj‘q)>

<q>(0)‘5 ‘q>(0)>

(D)9,

0)[(0))

Mark, Yang, AZ, Chen, arXiv:1409.5800
AZ +, arXiv:1406.4206



Gravitational example: charged black holes

* Coupled equations v N
Gap = 87T 7 .

gabvanc = (

e Cannot decouple and separate: gravito-
electromag perturbations

34



Gravitational example: charged black holes

e Coupled equations i N
Gy = STTEM Ka DY
gV o Fye = 0
e Cannot decouple and separate: gravito- .
electromag perturbations
e Small charge: can decouple and apply
- gab = 950 + Q%47 + 0 hay )\\? #

Fap :QFC&:)[) _|_77fab

34
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Quadratic gravity example: dCS

0 (a=0.85)

e Dynamical Chern-Simons: couple total derivative to scalar
field, new length scale €~ ¢°/M”

— 0.1

1 1
Lint = VRacs  Rycs = —g*RR — —g*R“deRabcd

-0.1

00 05 10 15 20 25 30

¥ sin @
:!:Ety}gA;\St Stein arXiv:1407.2350
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Quadratic gravity example: dCS

0 (a=0.85)
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Quadratic gravity example: dCS

0 (a=0.85)

e Dynamical Chern-Simons: couple total derivative to scalar
field, new length scale €~ ¢°/M”
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Lint = VRacs  Rycs = —g*RR — —g*R“deRabcd

e Stationary BH solutions

e Post-Newtonian predictions (Yagi et al. 2012)

e Binary black hole simulations (Okounkova et al. 2019)

e Strong constraints from NICER (Silva et al. 2021) ¢ < 8.5km

e Slow-spin expansion for deform and ringdown (Cano et al.
2020; Wagle et al. 2021; Srivastava et al. 2021)

But parameter inference requires results at high spins 0 <y <0.99
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