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Black holes play a key role in modern physics

Recent Nobel Prizes in astrophysics/cosmology:
1983: Chandrasekhar, Fowler

1993: Hulse, Taylor

2002: Davis, Koshiba, Giacconi

2006: Mather, Smoot

2011: Perlmutter, Schmidt, Riess

2017: Weiss, Barish, Thorne .
2019: Peebles, Mayor, Queloz J

2020: Penrose, Genzel, Ghez

Are they really the Kerr black holes of general relativity?




What do we know about
black hole solutions beyond GR?



A guiding principle to modified GR: Lovelock’s theorem

In four spacetime dimensions the only
divergence-free (WEP) symmetric rank-2 Higher dimensions I WEP violations I
tensor constructed solely from the metric

and its derivatives up to 2nd order, and
preserving diffeomorphism invariance,
is the Einstein tensor plus A. L

Extra fields

Diff-invar. violations

Generic modifications introduce
additional fields (simplest: scalars)

Minimal requirements: Nondynamical fieIdSI

Action principle

Dynamical fields
(SEP violations)

Massive gravity | Lorentz-violationsI

*  Well-posed Eddinpgatlcl)arfi-gcfﬁr?-)lnfeld Mgss?vz tf?i?gfic ﬁlgrsefsg]LAlfesmtezr
gravity n-DBI
* Testable predictions
e Black holes, neutron stars  Scalars | Tensors |
® Cosmologically viable Scalar-tensor, Metric f(R)  Einstein-Aether ~ TeVeS [Sotiriou+, 0707.2748]
QLT:(;rr]gt?sglr’agv?tl)lll,er?-rgBl Horava-Lifshitz  Bimetric gravity [EB+, 1501.07274]



(Often) black hole binaries are the same as in GR! Scalar-tensor: no-hair theorems
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For black hole binaries, s; = sy = — and dipole vanishes identically
2
Quadrupole: T'=0

Result extended to higher PN orders; it is exact in the large mass ratio limit

[Will & Zaglauer 1989; Alsing+, 1112.4903; Mirshekari & Will, 1301.4680;

Yunes+, 1112.3351; Bernard 1802.10201, 1812.04169, 1906.10735]

Ways around: matter (but EOS degeneracy), cosmological BCs (but small corrections), or
curvature itself sourcing the scalar field: dCS, EsGB [Yagi+ 1510.02152]



Systematically exploring small corrections: the effective field theory (EFT) viewpoint

Expand all operators in the action in terms of some length scale
(must be macroscopic to be relevant for GW tests).
Theories: sum over curvature invariants with scalar-dependent coefficients
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and more specifically, at order ¢

S:

Einsteinian cubic gravity (+parity-breaking) - causality constraints [Camanho+ 1407.5597]
Next order, no new DOFs [Endlich-Gorbenko-Huang-Senatore, 1704.01590]

S(ay =

/ voo 7 7 VPO
16 G /d4 |g {Glc + EQC + €3CC} C == Rw/paR'u P y C = R,u,ypaR

[Cano-Ruipérez, 1901.01315; Cano-Fransen-Hertog, 2005.03671. See also work by Hui, Penco...]



Einstein-scalar-Gauss-Bonnet gravity: a loophole in no-hair theorems

Horndeski Lagrangian: most general scalar-tensor theory with second-order EOMs
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Shift symmetry: invariance under ¢ — ¢ + ¢, i.e. G; =G;i(X)

EsGB is a special case of Horndeski and of quadratic gravity
[Kobayashi+, 1105.5723; Sotiriou+Zhou, 1312.3622; Maselli+, 1508.03044]



Black hole spontaneous scalarization

Ly = _f,gog

[ dtay=gls O + £i(0)9] =0
Integrate by parts, divergence theorem:
[y &'z =3[ f ooV oV — [ ()] = [oy P /TR oV

The RHS vanishes for stationary, asymptotically flat spacetimes; if f,wg <0
both terms on the LHS vanish separately,i.e. ¢ = g = ¢

In alternative, linearize the scalar field equation:  |[[J 4 f o0 (40)¥]dp = 0

mgff = —f 009 is an effective mass for the perturbation — tachyonic instability

Will not discuss here — Sotiriou’s talk [Silva+, 1711.02080]



Binaries in Einstein-scalar-Gauss-Bonnet: analytical and numerical progress

EsGB: subclass of Horndeski theory that evades no-hair theorems
Scalarized solution exist, can be stable, can differ sensibly from GR
Interesting phenomenology for spin-induced scalarization

BHBs produce dipolar radiation: post-Newtonian work
[Yagi+ 1510.02152; Julié+, 1909.05258; Shiralilou+, 2105.13972]
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Bottom line:
In many theories, black hole solutions are the same as in GR
In EsGB gravity, black holes differ from GR

because of curvature/spin induced “spontaneous scalarization”
and can produce dipolar radiation

Can we test this with gravitational waves?



Parametrized post-Einstein
formalism in the inspiral
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How will the bounds improve? Depends on detector timeline
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How will the bounds improve? Number of sources and SNR evolution over time
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Bounds: are Earth-based sources better? Analytic scaling and N
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Mapping to specific theories
Table 2 Mapping of ppE parameters to those in each theory for a black hole binary

Theory Bopk: b
Scalar—tensor ]792¢2 2/3 (mysy" mszT)2 =7
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2
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152 ~M35)
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[183]
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Mapping to theories: two examples (dipolar radiation and EdGB)
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Bounds: improvements (generic vs. specific)

PN order Current Best (Worst) Best (Worst)
(ppE b) Constraint Constraint Source Class
-4 (-13) — 10~ (10~1%) MB (T)
-3.5 (-12) — 1072 (10~ %) MB (T)
-3 (-11) — 10~%" (107 1%) MB (T)
-2.5 (-10) — 10~ (1071) MB (T)
-2 (-9) - 10717 (10719) MB (T)
-1.5 (-8) = 10”7 (1077) MB (T) [Perkins+, 2010.09010]
-1 (-7) 2x 1071 10~ (1071) MB (MBH)
-0.5 (-6) 1.4x 1078 10~ (107%) MB (T)
0 (-5) 1.0 x 107° 1077 (107°) MBH (T)
5 (-4) 4.4 x 107°* 1077 (107°) MB (T)
1 (-3) 2.5 x 1072* 107° (107%) MB/T (T)
1.5 (-2) 0.15* 107° (1077) T (MB)
2 (-1) 0.041* 107* (107%) T (MB)
Most (Least) Stringent Most (Least
Theory Farameter Cuxrent bound Forgcastec)l Boungd Constrair(ling C)lass
Generic Dipole SE 1.1 x 1077 [44, 45]* 1071 (107°) MB (T)
Einstein-dilaton-Gauss-Bonnet \/OEacB 3.11 lf{rrnn [[ng]]* 1072 km (1 km) T (MBH)
Black Hole Evaporation M - 1073 (10%) MB (T)
Time Varying G G 1071 — 10~ Pyr~! [48-52] 10~ %yr~! (10yr~ 1) MB (T)
—29
Massive Graviton mg i8_23eex [[g?gi?l 10726 eV (1072* eV) MBH (MB)
dynamic Chern Simons V/0uacs 5.2 km [58] 10~ km (10 km) T (MB)
Non-commutative Gravity VA 2.1 [59]* 1073 (1071) T (MB)




Can we parametrize ringdown
in modified gravity theories?



Can we parametrize ringdown? Scalar/EM/gravitational perturbations in GR

Gravitational perturbations of a Schwarzschild BH: Regge-Wheeler/Zerilli equations

fd(fd(I))—I—[aﬂ—fVi](I):O le—T—H

dr dr r
Isospectrality: the odd/even potentials
v M) 3ry

- T2 ,,,3
o IATLr + 3N rgr? + N2 (A + 2)r° + 9ry,

T r(\r + 3rg)’

have the same quasinormal mode spectrum [Chandrasekhar-Detweiler 1975]
Scalar, electromagnetic and (odd) gravitational perturbations:

V, = 1- %) K
O

[e.g. EB+, 0905.2975]



Generic (but decoupled) corrections to GR potentials

Modifications to the gravity sector and/or beyond Standard Model physics: expect
* small modifications to the functional form of the potentials — parametrize!

* coupling between the wave equations (more later)
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[Cardoso+, 1901.01265]



Correction coefficients and their asymptotic behavior
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Generic isospectrality breaking

Isospectrality follows from the existence of a “superpotential” such that:

dW, A\ 3 2)2 3rg(rg —r A(A+ 2
fVe=WeFf— - ( 2) Wy = 2H(H ) _ Al )
dr 367 r*(3rg + Ar) 67 1
Perturb to find conditions for isospectrality to hold:
doW W,
2 =6V -8V, A—L6W =6V, + V.
dr f
Preserving isospectrality needs fine tuning!
ag = ag
of = a;
L L 6(ag — o)
o, =0, +
2 2 AN+ 2)

[Chandrasekhar-Detweiler 1975]



Example 1: EFT

EFT corrections quartic in the curvature lead to a modified Regge-Wheeler equation:

d*¥_
- + [w? = F(V_+6V)]¥_ =0
T*
18(£+2)(£ + 1) (€ — 1)r5
SV — e, (£+2)( - )(£ — D)ry
r

Trivially read off the correction coefficient: a;y = 18(£ 4 2)(£ 4+ 1)(£ — 1)ey
Plug into WENM = wf,t T Z a;-te;-t
j=0
to find
raw = rgwo + (0.0663354 + 0.117439)ex(£ — 1)(£ + 1) (£ + 2)
in agreement with numerical integrations.

[Cardoso+, 1808.08962]



Example 2: Reissner-Nordstrom

Odd gravitational perturbations of Reissner-Nordstrom satisfy
oM Q2

d dd
RN— | fanN— | + (w2_fRNVRN)(I):0 fan =1 — + 5
dr dr r r

A simple change of variables brings the wave equation in our “canonical” form, with s
9 2
(e+1) | drar 3 tr) 46— 1)+ 2rar + $rm+7 )

VRN = = =
r? rd 23 rd

for small charge.

TABLEII. Relative percentage errors on the real and imaginary

Read off coefficients to find: ,
parts of the QNMs for RN BHs, as a function of the charge-to-
0 mass ratio Q/M.
r—\ [ 28 - _ _

WQNM = 1 — — -+ e + €30 + €40, o/M Ag A

TH TH 0.00 0% 0%
. 2 0.05 0.11% 0.042%
- 3 0.20 1.7% 0.66%
M M 0.30 3.8% 1.5%
0.40 6.8% 2.6%

0.50 11% 4.2%




Example 3: Klein-Gordon in slowly rotating Kerr

At linear order in the spin parameter:

fi(fi)q;+ (wz—f%— M)@ZO
dr 3

dr

r
l.e.
2
d d am 2amw 2amw Ty 2amw [ TH \2
f—(r=)e+ | (o) —f(w- 22 -2 -2 @ =
dr dr Ty Ty Ty v Ty r
Correction coefficients to the scalar wave equation:
188 P (1) - (2) — 92 amwg TABLEIII. Relative percentage errors in the real gnd imaginary
parts of the QNM frequencies for scalar perturbations around a
0 am T 0 0 slowly spinning black hole, as a function of the BH angular
WQNM — Wy -+ = 2amw0 (dO -+ dl + d2) momentum a/M.
;s a/M Ag A
0 0% 0%
10~4 0.0050% 0.83%
1073 0.049% 5.1%

10~2 0.49% 34%




Coupled perturbations

We really want to solve the coupled N X IN system

d dP
i (f >+@f—fﬂ@=m ®={®}(i=1,...,N)

dr dr
V(r) = Vi;(r)
where each matrix element is perturbed:

1 ~— k
V=V +aVy V= > al ()
TH k=0 4

If the background spectra are nondegenerate, coupling will induce quadratic corrections.
Allow o to depend on w. We need -

e quadratic corrections in o, besides the linear diagonal terms d?’k)
e coupling-induced corrections

7 s) 417 1 8) 17 . . .
(’.“)dz;c) + agf)a;(q)d&)dq()g) + Eagk)az(,q)e(ﬁ% (Einstein summation)

W Wo &y d j

[McManus+, 1906.05155]
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The degenerate case

Degenerate spectra (e.g. even/odd gravitational perturbations) need special care. Why?

(;_:3 i oo f%> P+ ade =0 Diagonalize: 1 = (¢+ =5 ¢—)/2
(£ +? — Vo) o+ aZgy =0 b= (hs— p)/2

Corrections are linear in o

Use degenerate perturbation theory:

SViy + 6V _ £ 4/(6Viy — 6V__)2+46V,_6V_,

W = Wy + €Ewq W1 =
2
00 k—2 00
P
Vs — Zagf;<w0, 1) Lo i> S o gy
k=0 k=0




Example 1: scalar/odd gravitational in dynamical Chern-Simons

Séalarﬁleq ‘

Spectra are nondegenerate
The perturbed potentials read:

Re[w ry]
Re[w ry]

Vii=V_
. 112 (£+2)! (g O osf
Vip=Vy = e T () ol
B 1 14470(£+1) 8
Vv22 - VS =0 + %{ ,BT'H ( r ) §

Im[w ry]

Corrected frequencies:

2 Ll 0 W o I CE |
1991 ae | (£+2)! Y TE Y S T T
W = wo + €55 (127\/7r(€_—2)! ; ,

2
B - T
w = wy + 2d(5)144m0(0 + 17 +e(ss) [1447r€(£ - 1)72] +e(sa) (127\/ W—E - 2;, )

[Cardoso-Gualtieri, 0907.5008; Molina+, 1004.4007]



Example 2: scalar-led perturbations in Horndeski

The scalar-led perturbation is related to background
coupling functions in the Horndeski Lagrangian:

d? 20+ 1
—f + lwz - f(Vs:o + p? + #ff)lqﬁ =0
drs P
% _52¢¢
l‘l’ - _9 _ _
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—_9 __ _
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Corrected frequencies read (can set I' = 0):
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[Tattersall+, 1711.01992]



Example 3: odd/even gravitational coupling in EFT (degenerate)

The quartic-in-curvature EFT leads to a degenerate
perturbed eigenvalue problem:

Viin =V,

Voo =V_

Vig = Vo1 = €V(r)

where off-diagonal perturbations are given in
[Cardoso+, 1808.08962]

Direct integration vs. degenerate parametrization:
good agreement, but quadratic corrections
could be useful
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Parametrized merger/ringdown: a summary

Modifications to the gravity sector and/or beyond Standard Model physics:
* small modifications to the potentials
e coupling between the (matrix-valued) wave equations

We parametrized modifications by power laws, then computed perturbed QNMs for:
* linear corrections to diagonal terms [Cardoso+, 1901.01265]
e quadratic corrections + coupling [McManus+, 1906.05155]

General formalism — unless you can’t find wave equations [Langlois+ 2103.14750]
Examples:

* EFT, Reissner-Nordstrom, Klein-Gordon in Kerr for slow rotation

» scalar/odd gravitational dCS, scalar-led Horndeski, odd/even gravitational EFT

Needed generalizations:
* higher-order corrections (in particular, in degenerate coupled case)
* coupled gravitational modes with rotation — LIGO/Virgo remnants have spins 0.7 or so!



Rotating BH QNMs in modified gravity: the EFT viewpoint

QNM calculations: limited sample (EAGB/EsGB, dCS), mostly nonrotating BHs
[Blazquez-Salcedo+ 1609.01286 (EdGB), 2006.06006 (EsGB); Molina+ 1004.4007 (dCS)]
Cano’s work: systematic small-rotation expansion + scalar QNMs

Theories: sum over curvature invariants with scalar-dependent coefficients

S_lﬁG/d4\/’;

R+ ZEQ” ’Li)| and more specifically, at order ¢*

EsGB dCS (dilaton+axion)

S = 167G /d4$ |g R + a1¢1£ Rep + 052(¢2 cos 6, + d1 sin 6 )£2RMWMRHVPU
v 1
+Xevl RS ROV R + Noddl* RS RO Ry — —(8q§1) - 5(3@)2}

Einsteinian cubic gravity (+parity-breaking) - causality constraints [Camanho+ 1407.5597]
Next order, no new DOFs [Endlich-Gorbenko-Huang-Senatore, 1704.01590]

Sy = 16 e /d4 var {elc + &C +e3CC} C = R, R, C= RWPUR“VPU

[Cano-Ruipérez, 1901.01315; Cano-Fransen-Hertog, 2005.03671. See also work by Hui, Penco...]




Calculations of rotating BH QNMs in modified gravity: the EFT viewpoint

Background solutions:
algorithm to compute small-coupling corrections, up to order 14 in rotation

Scalar QNM calculations: “quasi-separable”
For zero coupling, can be separated in terms of spin-weighted spheroidal harmonics

00 00 Dgn, D(O)m w + )‘D(l)
Voo [Taw 3T dmepe g,
—o0 m=—00 wm,w — Z Sl,m(w; aw)Rl,m(p)

I=|m|

In summary: second-order radial ODEs can be cast as wave equations via redefinitions of the
radial variable/radial WF, and solved either numerically or via WKB
d2

e + (w* = V(y;w))p =0 Note: not all potentials vanish at the horizon

[Cano+ 1901.01315, 2005.03671; for EsGB, see also Pierini-Gualtieri, 2103.09870]



What do we learn from these
parametrizations?



Parametrized spectroscopy: how many observations do we need?

Use a small-spin expansion and add parametric deviations to frequency and damping time
Assume you detect N sources, and g QNM frequencies for each source

J=1,2,...,q modes/source < r————mb Order in the spin expansion: need at least 4 or 5in GR

D
J 1 n (n n
w?) = ﬁZXiwff)(1+7i5w,(]))
! n=0

1 =1,..., N sources ¢«—
D
J
Y Al (e
n=0
Expansion coefficients in GR €¢— '—-——'P Small, universal non-GR corrections
q=1
r— P =10
How many parameters? t=m=2
If v, = o for all sources, P=2(D+1)g —» D=4
reabsorb fyi&w(n) — sw™ =2
f=m=2 P =20
How many observables? O =2N x q {—m—3

Need only N > D +1 [Maselli+, 1711.01992]
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Parametrized spectroscopy: a proof of principle
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Complication: the coupling is often dimensionful ~; = (]\;S)p = o ]\;pZ)

Use Bayesian inference (MCMC), p = 0, ¢ = 1 (one mode), simple source distributions
Einstein Telescope: constrain first three frequency coeffs and only the first damping coeffs

- Width at 90% confidence gets better
as we get more observations:
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Take-home messages

Black hole solutions beyond GR:

Stringent no-hair theorems: Kerr solution is still a solution in most beyond-GR theories
There are loopholes (e.g., EsGB)

Dipolar radiation from black hole binaries (e.g. in EsGB) can be tested in the inspiral (ppE)
Curvature/spin induced scalarization can be tested in inspiral, merger and ringdown

What can we say about beyond-GR black holes with gravitational waves?
ppE, black hole spectroscopy

Parametrized tests of GR with black hole ringdown:
Nonrotating case quite well understood — but irrelevant to most “real” mergers
No parametrization if equations can’t be case in (coupled) Schrodinger-like form

Inverse problem: parametrize deviations; if measured, find the “true” theory of gravity
Technical obstacle: rotation in beyond-GR gravity is hard!



