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Abstract: Guided by the principles of effective field theory (EFT), | will discuss three avenues to constrain physics beyond General Relativity with
black-hole observations.

1) Shadows. Without specifying any particular gravitational dynamics, | will discuss image features of black-hole shadows in genera
parameterizations and their relation to fundamental-physics principles like (i) regularity (no remaining curvature singularity), (ii) smplicity (asingle
new-physics scale), and (iii) locality (a new-physics scale set by local curvature).

2) Stability: Specifying the linearized dynamics around black-hole spacetimes determines the onset of potential instabilities and connects to the
ringdown phase of gravitational waves. | will delineate how said instabilities can constrain the EFT of gravity, theories of low-scale dark energy, as
well as ultralight dark matter.

3) Nonlinear evolution: The larger the probed curvature scale, the tighter the constraints on new gravitational physics. Making full use of
experimental data, thus relies on predictions in the nonlinear regime of binary mergers. | will present recent progress towards achieving stable
numerical evolution for the EFT of gravity up to quadratic order in curvature.

Zoom Link: https://pitp.zoom.us/|/98276687334?pwd=UnM 2dElacWNtempQUHIMNVIaNHgyUTQ09
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Effective Field Theory
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Black-hole
phenomenology
in EFTs

beyond GR

leading-order
EFT corrections

1
——R+ aR,,R*® —
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+ four dimensions
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» field equations of GR

classical objections against ghosts
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Black-hole
phenomenology
in EFTs

beyond GR

leading-order
EFT corrections

1
— R+ aR,,R?® — BR?

£EFT 167G

ghost-free theories

Lovelock’s theorem

+ no other DOF
+ four dimensions
+ quasi-local action

» field equations of GR

classical objections against ghosts

ghosts 74 ill-posedness

ghosts 74 runaways

see Part lll of today’s talk

Deffayet, Mukohyama, Vikman ‘21
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Black-hole
phenomenology
in EFTs

Part I Part Il: Part lll:
beyo n d G R background linear nonlinear
solutions dynamics dynamics
leading-order
EFT corrections
w/ Jun Zhang w/ Hyun Lim

1 ab v
e = 16—GR + aR,pR BR

ghost-free theories

Lovelock’s theorem

+ no other DOF
+ four dimensions
+ quasi-local action

» field equations of GR

w/ Astrid Eichhorn
JCAP 05 (2021) 073

h

EPJC 81 (2021)

(to appear)

w/ Sebastian

Garcia-Saenz

& Jun Zhang
PRL 127 (2021) 13

PRD 104 (2021) 8

w/ Hyun Lim
& Claudia de Rham
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Image features
from fundamental
principles

Eichhorn, Held, JCAP 05 (2021) 073
Eichhorn, Held, Eur.Phys.J.C 81 (2021)
Eichhorn, Held, Johannsen (to appear)
Eichhorn, Held, Delaporte (to appear)

principled approach:

“direct calculation in specific theories beyond GR”

parameterized approach:

“parameterize all deviations from GR"

-32 -3. -28 -26-24 -2.2 -32 -3. -28-26-24-22
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Constructing regular spinning black holes:
the principled-parameterized approach & et

(A — a2sin? 9) 2asin® 6 (a2 — A+ r2)

dSKkerr = — du® + 2dudr — 5 dudy — 2asin® Adrde Y =r*+a’cos’f
sin® @ ( (a2 + r2)2 — a2Asin® 0 s 2
+Zd92+ ( = )d(ﬁ2 Ki—r 2GMI'—|—3

Kerr spacetime (metric) [}
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Constructing regular spinning black holes:
the principled-parameterized approach & i
P P P pp

T 13 J 2 GM 6 & all other
— | =|— = : Riemann invariants
24 3 293 (I’ ~— | 4 CO8 9)3 vanish

Kerr spacetime (invariants)

Cartan ‘28

Karlhede ‘80

MacCallum, Skea, McLenaghan, McCrea
Zakhary, MclIntosh ‘97

Carminati, McLenaghan ‘91

Held ‘21 (2105.11458)
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Constructing regular spinning black holes:
the principled-parameterized approach & et

(A — a2sin? 9) 2asin® 6 (a2 — A+ r2)

du® 4 2dudr — - dudy — 2asin® Adrde Y =r*+a’cos’f

sinzﬁ((az+r2)2—a2Asin29) , N A=r2—2GMr -+ a2
de
'L

dSKerri—

+ ¥ do? +
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Constructing regular spinning black holes:
the principled-parameterized approach i i snime S5 2o
p pled-p Pp

(A — a2sin® 9) 2asin® 6 (a2 — A+ r2)

dSKkerr = — 5 du® + 2dudr — 5 dudy — 2asin® Adrde Y =r*+a’cos’f
a2 2 0 2\2  2A w2
—|—Zd92—|-bm 9((3 —I-r) a<Asin Q)dwz A=r2—2GMr+ a2
)z

i) Regularity
(all curvature invariants
are regular everywhere)

ii) Newtonian limit

iii) Simplicity

(a single new-physics scale)

iv) Locality
(new physics is tied to
local curvature scales)
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Constructing regular spinning black holes:
the principled-parameterized approach & i,

(A — a2 sin? 0) 2asin® 6 (a2 —A+1?)

dSKkerr = — du® 4 2dudr — s dudy — 2asin® Adrde Y =r*+a’cos’f
sin® @ ( (a2 + r2)2 — a?Asin® 6 o 2
+ ¥ de® + ( - )dcpz A=r—2GMr+a
» the horizon shrinks
M forr — oo
M — M(r,0) —
Otorr — 0
%

regular
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Constructing regular spinning black holes:
the principled-parameterized approach & i ¢

(A — a2sin? 9) 2asin® 6 (a2 — A+ r2)

8icerr = — 5 du? + 2dudr — - dudyp — 2a sin? fdrdp Y =r?+a’%cos?d
sin® @ ( (a2 + r2)2 — a2Asin® 0 s 2
+ X do? + ( )dcpz A=r"—2GMr+a
2
envelope to the
maximum absolute-value i i

I) Regula rity of all curvature invariants > the horizon shrinks

(all curvature invariants 2 M forr — o

are regular everywhere) Kgr = e 3 M — M(r, 9) —F

(r2 4+ a2 cos2(6)) Oforr—0

ii) Newtonian limit

iii) Simplicity

(a single new-physics scale)

regular

iv)| Locality
(new physics is tied to
local curvature scales)
N
W
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Constructing regular spinning black holes:
the principled-parameterized approach i s

(A — a2 sin? 0) 2asin® 6 (a2 —A+1?)

dSKkerr = — 5 du® + 2dudr — 5 dudy — 2asin® Adrde Y =r*+a’cos’f
a2 2 2) 2 Sa D
_|-):d92_|_bm 9((3 +r) — a“Adgin 9)d¢2 A=r2—2GMr+ a2
0

envelope to the

maximum absolute-value | 3 the hOI’iZOI‘I shrinks

of all curvature invariants

48M?2 M
Ker = M — M(r,0) =
or (r? + a2 cosz(é’))3 (r,6) LS KGRE?\IP

= 0.9
| 0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

cos(0)

regular

0.6 0.8 1.0 1.2
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Constructing regular spinning black holes:
the principled-parameterized approach i s :

(A — a2 sin? 0) 2asin® 6 (a2 —A+1?)

dSKkerr = — 5 du® + 2dudr — 5 dudy — 2asin® Adrde Y =r*+a’cos’f
a2 2 2) 2 Sa D
_|-):d92_|_bm 9((3 +r) — a“Adgin 9)d¢2 A=r2—2GMr+ a2
0

envelope to the

maximum absolute-value | 3 the hOI’iZOI‘I shrinks

of all curvature invariants

48M?2 M
Ker = M — M(r,0) =
or (r? + a2 cosz(é’))3 (r,6) LS KGRE?\IP

= 0.9
| 0.8
0.7
0.6
0.5
0.4
0.3

0.2

cos(0)

N

regular & local

~» dependence on polar angle
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regular

-3. -2.8 -2.6 -24 -22 -2.

-3.

-2.8 -2.6 -24 -22 -2,

Niayesh Afshordi

regular
& local

-3. -2.8 -2.6 -24 -2.2 -2.
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2 Held, Aaron

regular
0 regular
& & local

-2
-3. -2.8 -2.6 -24 -22 -2. -3. -2.8 -2.6 -24 -2.2 -2. -3. -2.8 -2.6 -24 -2.2 -2.

Effects have been
maximized wrt ...

Edge-on inclination
* Jlarge spin (a=0.9)
 slow fall-off in the mass function

« Inp~ M
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Broderick et. Al ‘21
Wong ‘21

-2

2

:

regular
& local

Held, Aaron

-3. -2.8 -2.6 -24 -22 -2.

image features
due to

increased compactness

-3.

-2.8 -2.6 -24 -22 -2.

1) Shadow shrinks

2) Photon rings are stretched out

-3.

-2.8 -2.6 =24 -2.2 -2.
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-2

-3. -2.8 -2.6 -24 -22 -2.

image features
due to
increased compactness

prograde image
features distinguishing
local vs non-local models

Broderick et. Al ‘21
Wong ‘21

regular
& local

:

-3.

-2.8 -2.6 -24 -22 -2, -3. -2.8 -2.6 -24 -22 -2.

1) Shadow shrinks
2) Photon rings are stretched out

3) No asymmetry
4) No cusps or dent
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calls for
GRMHD

2.1

-2.15

-2.2

130

120
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110

qualitatively distinct
100

classes of photon orbits
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Eichhorn, Held, Eur.Phys.J.C 81 (2021)
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vacuum
GR solutions
are circular

Kerr

Circularity

5%”&2 D"“fk] at at least one point

e elDee at at least one point
EfR 525 everywhere
&R, vere) = everywhere
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vacuum
GR solutions
are circular

Kerr

Circularity

E?’“&é’D"fi] =0 at at least one point
ererDre,) = at at least one point
R ES N=0 everywhere

{;"SR#["'ff’ 3] =0 everywhere

general parametrizations of
stationary axisymmetric black
holes are circular

parameterized approach
Johannsen Phys.Rev.D 88 (2013)
Konoplya et.Al., Phys.Rev.D 93 (2016)

new physics tied to
local curvature scales
leads to non-circularity

principled-parameterized
approach
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Circularity

5%“£5D"“fi] =0 at at least one point
&3 £ D" 2] = at at least one point
&R es N=0 everywhere
fSRiyf’f 5\] =0 everywhere

vacuum general parametrizations of 'L
GR solutions stationary axisymmetric black CAUTION
are circular holes are circular vy
Kerr parameterized approach

Johannsen Phys.Rev.D 88 (2013)
Konoplya et.Al., Phys.Rev.D 93 (2016)
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axisymmetric
and stationary

circularity

-+

hidden symmetry

Kerr

v

principled-
parameterized
approach

v

see also ‘

Ben Achour et.Al. ‘20
(non-circular solutions
to scalar-tensor theory)

X

at least 6 free St B Bt6  Bto
metric functions gr &0 8o
Gourgoulhon, Bonazzola ‘93 g0 Bo¢
oo
g O 0 g
5 free g, 0 0
metric functions 0
Konoplya, Rezzolla, Zhidenko ‘16 &00
Epo
Cart gS V Sl T 52 : -
arter *
Benenti, Francaviglia ‘79 = A18X% = Azaxg}
Johannsen ‘15
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principled-

parameterized
Kerr approach
gt Btr Lo Eto
, ) at least 6 free
axisymmetric / / metrtic functions gr &0 Bro
and Stahonary Gourgoulhon, Bonazzola ‘93 g0 Bo¢
oo
+
5 g O 0 g
: 3 ree 0 0
circularity / X metric functions Ll
see also : ‘ 200 0
Ben Achour et.Al. 20 Konoplya, Rezzolla, Zhidenko ‘16
ths (non-circular solutions oo
to scalar-tensor theory)
1
% . AB AB
hidden symmetry / X g 0,0, = P [(Gl + G, ) Oxa0xp
Carter ‘68
Benenti, Francaviglia ‘79 = A18X% o A28X§]
Johannsen ‘15
coe Stay tu nEd Eichhorn, Held, Delaporte (to appear)
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Part Il.

Linear stability of Black Holes

Held, Zhang (to appear)
Gracia-Saenz, Held, Zhang, PRL 127 (2021) 13

Effective field theory of gravity

i
_ R + O(curvature?)
167G General Relativity (GR)

LEET

1
~ 167G

+ O(curvature®)

R + aR,,R?® — GR?

myM

cf. also Lu, Perkins, Pope, Stelle ‘17
Held, Zhang (to appear)

- -
-
-
-~

0.

2

Pirsa: 21120021

Page 31/58




Part |l. Linear stability of spherically-symmetri
black holes in quadratic gravity

m; M

0.

0.

Held, Zhang (to appear)
cf. also Lu, Perkins, Pope, Stelle ‘17

1-

-
hhhhh
~
-~

0
0.0

0.2

0.

-

mzrg

cf. also Brito et.Al Phys. Rev. D 88, (2013)
Collingbourne Math. Phys. 62, (2021)
Held, Zhang (to appear)

Gregory-Laflamme “\

instability N\,

.0 0.2 0.4 0.6 0.8 1.0
mry
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Part |l. Linear stability of spherically-symmetri
black holes in quadratic gravity

Held, Zhang (to appear)

unstable " : 0 o5
'“"-\\\ S&'ab |

m,M

0.00

Imlwry]

stable Gregory-

—0.05} Laflamme -

0.1f instability $

0.0 A L i A i 2 N - R . .
0.0 0.2 0.4 0.6 0.8 l'&1.0 1.2 0.80 0.85 0.90 0.95
Held, Zhang (to appear)
cf. also Lu, Perkins, Pope, Stelle ‘17 M2Ig myrg,
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Part Il. o gt
Destabilization of

Black Holes and Stars

by Generalized Proca Fields

i 2
FAF,, — & AsA,

Slg, A] = /d4x\/_[ PIR—4 >

G
+ Gy xA*AYG,,, — Tﬁ (FWFWR
. 4FI—LPFUPRMV 4 FKJ»UF,OU R,uupcr)]

see also Heisenberg '14
for motivation from generalized Proca

N

Pi

||||| 121120021
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Part lll.
Non-linear evolution
in Quadratic Gravity &l bpeay " RO G028

Effective field theory of gravity

1
Legrr = ——R+ O(curvature2)

167 G General Relativity (GR)

L
167G

+ O(curvature®)

R + aR,,R?® — BR?
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An initial value problem is well-posed if a solution
» exists for all future time
* is unique
* and depends continuously on the initial data

spatial slice (3D)
initial data
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. * (« («

An initial value problem is well-posed if a solution
» exists for all future time
* is unique
* and depends continuously on the initial data

spatial slice (3D)
initial data

... for General Relativity

Formal proof of existence and uniqueness
Yvonne Choquet-Bruhat ‘52
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* {

* is unique

spatial slice (3D)
initial data

(«

An initial value problem is well-posed if a solution
» exists for all future time

* and depends continuously on the initial data

... for General Relativity

Formal proof of existence and uniqueness
Yvonne Choquet-Bruhat ‘52

(3+1) numerical evolution

Frans Pretorius ‘05

Baumgarte, Shapiro, Shibata, Nakamura ‘87-'99
Sarbach et.Al ‘02-'04
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spatial slice (3D)
initial data

« (4
An initial value problem is well-posed if a solution

» exists for all future time
* is unique
* and depends continuously on the initial data

... for General Relativity

Formal proof of existence and uniqueness ‘ (3+1) numerical evolution
Yvonne Choquet-Bruhat ‘52 Frans Pretorius ‘05
Baumgarte, Shapiro, Shibata, Nakamura ‘87-'99
Sarbach et.Al ‘02-'04

... for Quadratic Gravity

Formal proof of existence and uniqueness
Noakes ‘83
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spatial slice (3D)
initial data

« (4
An initial value problem is well-posed if a solution

» exists for all future time
* is unique
* and depends continuously on the initial data

... for General Relativity

Formal proof of existence and uniqueness ‘ (3+1) numerical evolution
Yvonne Choquet-Bruhat ‘52 Frans Pretorius ‘05
Baumgarte, Shapiro, Shibata, Nakamura ‘87-'99
Sarbach et.Al ‘02-'04

... for Quadratic Gravity

Formal proof of existence and uniqueness spherical symmetry: Held, Lim, PRD 104 (2021) 8
Noakes ‘83 (3+1): Held, Lim, (to appear)
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Well-posed IVP in Quadratic Gravity

Noakes, JMP 24, 1846 (1983)

4™ order, quasilinear equations of motion

Step 1: o ~ .

uselinear DO 8588 0= Flle X, R,0) (maSS!ess spin 2)

in harmonic coords R = F2(g, R, R, 0) (massive spin-0)
to cast to 2" order DRW — Fa(a, R, R 9) (massive spin-2)

2" order, quasilinear + constraints
Step 2:

diagonalize by | €*°0a0s8, = Fi(g, R, R,h,V,9) (massless spin-2)

adding appl"opr.iate R = F2(g, R, R,h,V,0) (massive spin-0)

erivatives OR,., = Fs(g, R, R,h,V,d) (massive spin-2)

\/ Clhyyy = ]—"4(g,72,7§, h,V,0) (hpva = Oaguv)
OV, = Fs(g, R, R,h,V, ) (Vo = 0aR)

“ order, quasilinear, §1’~%‘TLH£@U + constraints

Pirsa: 21120021 Page 41/58



Well-posed IVP in Quadratic Gravity

4™ order, quasilinear equations of motion

Noakes, JMP 24, 1846 (1983)

Step 1.
use linear DOFs
in harmonic coords

to cast to 2" order

g% 0,058, = Fi1(g, R, R, 0)
QR = Fz(g, R, 73,, 8)
DRNV — f3 (g7 R: Ra 8)

(massless spin-2)
(massive spin-0)
(massive spin-2)

2" order, quasilinear + constraints

Step 2:

diagonalize by
adding appropriate
derivatives

\/

gaﬁaaaﬁgm, = Fi(g, R, 7?:,, h,V,0) (massless spin-2)
R = F2(g, R, R,h,V,0) (massive spin-0)
D’féw = F3(g, R, 75:, h,V,0) (massive spin-2)
Ohy,y = Fa(g, R, R,h,V,d) (huva = Oaguv)

OV, = Fs(g, R, R,h,V, ) (Vo = 0aR)

2" order, quasilinear, diagonal + constraints

Leray ‘53, Choquet-Bruhat et.Al ‘77

Leray’s theorem guarantees well-posed IVP for Cof initial data

[\
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Numerical Evolution of Quadratic Gravity (spt i &

N

P J‘
, Aaron

Cartoon method to
reduce to spherical

u = (R; gtts Btxs Bxxs gyy)

o?u = O (u, v, dxu)

SYMMEYE  — (Rur, Rexs Ru) 9>v = O (u, v, du, v, Hu)
v
Diagonalization to . : : : :
quasi-linear 51:2‘1 = O (u, v, 1, d, Ov) oa =0 (u, v, u)

2nd-order form 8t2v —0 (u, G 8tv) du=u
v

G E(rec;j:rci?motri]ntg 6l =0(u, v, 1, i, v) du=u u=0(u,v, 0

v =0 (u, v, u u,v) Ju=u

\// 81;V = V

N
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Results: numerical stability ...

Held, Aaron
Held, Lim, PRD 104 (2021) 8
mo= 0.01, my = 0.01
—— Anoise = 10_5
= L P T Anoise = 10-°
1073 constraint A
violations Anice = 1078
— 1075¢ % decrease = Anoise =107
:11 lilll:!_  Anoise = 10_10
S 1
i HE N
= 10771 ™
6; ';.';‘ § . ‘*J."GW\'NJ'W A RIS A s Py Sl i on St A D R R N
o H ‘\
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Results: numerical stability ...

Held, Lim, PRD 104 (2021) 8
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Held, Li
: =~ i =
massless spin-2  Rap(0g) = Rap + EgabR —=
massive spin-0 OR = mgR + 2T<,
. . = 1 m% 1 2 cd
massive spin-2 E2 s — —= |z = V.VpR — EgameR + 2R C,ebd
0
21 (TL) 1 I'Tlg o S ¢ 1 Scd>
ST 5 /% SpETSANa = 3l + 1| RRab — 2R, R + EgabR Red
0

1*-order  _ N (3+1) 1
variables V., = —n“V R.p decomposition  Rapb = Aab + 3 Yab A —2n(,Cy

gab = Yab T+ NaNp ’
K= _nCVCR Vab : Bab + § “Yab e n(agb)
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Numerical Evolution of Quadratic Gravity (

Held, Li

ADM
_ 1 _
massless spin-2  R.p(g)|= Rap + ZgabR — P
massive spin-0 OR|= miR + 2T¢,
. . i~ 1 m% 1 2 ~cd
massive spin-2 OR., = 3\ V.VpR — ZgameR + 2R Cyebd
0
2755 (rry 1 m5 - S e -
+ m3Rap +2T4 ") = 2 (2 +1) RRap — 2R, Roc + 586 R Rea
0
1*-order  _ N (3+1) 1
variables  V,, = —n“V R decomposition  Rap = Aafr 3 Yab A = 2nCy)
Hab = Yab + nany )
= —n“V.R Vab =|Bap |+ 5 Yap B~ 2 n(agb)
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Numerical Evolution of Quadratic Gravity (

(n°Veyi) = —2Dgny) + O

(nCVcKiJ‘IF :'(_":Yc‘”i)("cvcnj) — 2D

[
:+(3) Rij :+ O‘,j

R P —
n*V,R = —D,D'R + O

0= DK —DK+¢

0= ®R-KyKi + K? - %’R

1
ga = *KECb = KCa = DbAab e gDaA o ZDaR

R = —4DPC,

NVl = -& + O,

massless spin-2

inCVan) —2 Km(i DJ) i

massive spin-0

constraints

I

constraint evolution
nCVCSi = ...

n“Vid= O

2
nCVCA;j = g.A D(inj) S Oij

=0 Ll 1 2
n‘VeB = :r+2 (..AU s g’)ﬁuA) (3)Rij :— = (-—5 4k 1l

RV B =

3

Held, Li
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1
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_|_
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1
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massive spin-2
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(nVeyi) = —2Dgnyy + O

massless spin-2 n“V.A= O massive spin-2

2
[nCVcKU—) = _—_(.n:YC.ni)(nCVan) — 2 D(inCVcnj} —2 Km(|DJ) N HCVC.A;J' = g.A D(inj) SiE Oij

1
:Jr(?’) R',j :+ O‘,j

Y.k = &}
nV,R = —-D,D'R + O

0= DK — DK+

0= ®R-K;Ki + K2 - %R

£y ==K, — K, ~ DAy — 3

R = —4DC,

NVl = =& + O,

N AT . e "1 /m2 . :
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1 1
D, A + ZlDaR

= massive spin-0/spin-2 do not impact massless spin-2 principal part

Eitsepemnnnny - constraint evolution preserves BSSN

nVe&i = ... - amenable to 1**-order strong-hyperbolicity analysis
SErbach et.Al ‘02-'04 (for GR)
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Probing black holes ...

. . .
background linear non-linear
spacetimes dynamics dynamics
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... in the EFT of gravity
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Numerical Evolution

(nVeyi) = —2Dgny) + O massless spin-2
(HCVCKU‘) :I _—.(_n_CYC'ni)(nCVCnJ-) — 2 D(incvcnj) —2 Km(iDJ-)nm
+ Ryt 05

PV.R = O massive spin-0

"V, R = -DD'R+ 0O
0= DjK{ — DR constraints

0= OR_-KzKi + K2 - %R

1 1
ga = *KECb = KCa = DbAab e gDaA o EDaR
R = —4D°C,
constraint evolution
NVl = -& + O, (ST =

of Quadratic Gravity (3+1)

Held, Lim (ongoing)

e A = ) massive spin-2

2
nCVCA;j = §A D(inj) S Oij

T SN 1 m2
nCVcB::_FQ (._Aung,.yu_A)()Rij:_ = (_HT%

= 1) DID'R — D;D' A
+2a"& — aiD' A+ 40 (D'K;j — DiK) + O
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1
e = D(;nj) +2a° ’Yc(igj) — §’Yij (nCVCB) at 4Ck (D[iKk]j S DUKH") aF Oij

massive spin-0/spin-2 do not impact massless spin-2 principal part

constraint evolution preserves BSSN

amenable to 1**-order strong-hyperbolicity analysis
Sarbach et.Al ‘02-'04 (for GR)
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Dynamics: linear DoF

1
Loc = ——R + aR,,R?® — 8R?
Q6 = 76— + aRzp o]
1 1
Lqc = R+ R?
M,%l 1 12m%
abcd
+4m% CabcdC :|

» massless spin-2  h,p
(graviton)

» massive spin-0 ¢

> massive spin-2

Decomposition (background)

« spherical harmonics Yem (6, ¢)

e axisymmetric
perturbations

» focus on the monopole ¢=0

AHgp Hy 0 0
h{polan) _ Hi HyB 0 0 =0

=4

0 0 e 0
0 0 0 2sinflk
AFg Fiy 0 0
- F F-/B 0 0
L(E‘ ) o 01 20/ i . y{=0
0 0 0 sin’dM
d? 5
170N +9() [w = V(] =0

GR-background: Brito, Cardoso, Pani ‘13
non-GR: Held, Zhang (to appear)

Boundary conditions:

purely ingoing waves
at the horizon

outgoing waves at
asymptotic infinity
define QNMs
ingoing waves at
asymptotic infinity
define bound states

positive imaginary
part signals instability
negative imaginary
part signals stability
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Part |l. Linear stability of spherically-symmetric
black holes in quadratic gravity

0.0 A A A A A A
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Held, Zhang (to appear)

: m; rg
cf. also Lu, Perkins, Pope, Stelle ‘17
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Part |l. Linear stability of spherically-symmetri
black holes in quadratic gravity

my M

0.

0.

1-

-
-----
~
-~

0
0.0

0.2

0.

<

Held, Zhang (to appear)
cf. also Lu, Perkins, Pope, Stelle ‘17

M2rg

cf. also Brito et.Al Phys. Rev. D 88, (2013)
Collingbourne Math. Phys. 62, (2021)
Held, Zhang (to appear)

Gregory-Laflamme “\

instability i %
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Part II. Linear stability of spherically-symmetri &

black holes in quadratic gravity

0.0 . N . N A N
0.0 0.2 0.4 0.6 0.8 1.0 1.2 h‘

Held, Zhang (to appear)

p m; rg
cf. also Lu, Perkins, Pope, Stelle ‘17
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Dynamics: linear DoF Decomposition (background) Boundary

Foe— ﬁR 4 aR,,R® — gR2  * spherical harmonics Yim(0, ¢) . purﬁlyr:ngomg waves
» axisymmetric =0 at the horizon
D= 1 R + 1 g perturbations -  outgoing waves at
N2 2 o o :
Mpi 12mg » focus on the monopole ¢ =10 asymptotic infinity
o l ¢ Cabcd] define QNMs
o “—abcd g e
4mj P * ingoing waves at
W =etr [ O RS e g | Y asymptotic infinity
0 0 0 Psin’dK define bound states
» massless spin-2  h,p AFp F 00
(graviton) 'tf’EE“”-E“’t(F& " M o )‘*’M
0 0 0 sin’4M

» massive spin-0 ¢

. . 42 » positive imaginary
» massive spin-2  ,p — (r) + ¥(r) [ V(r)] -0 part signals instability
e N * negative imaginary

GR-background: Brito, Cardoso, Pani ‘13 part signals stability
non-GR: Held, Zhang (to appear)
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Part II. Linear stability of spherically-symmetri &

black holes in quadratic gravity

0.0 . N . N A N
0.0 0.2 0.4 0.6 0.8 1.0 1.2 h‘

Held, Zhang (to appear)

p m; rg
cf. also Lu, Perkins, Pope, Stelle ‘17
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Part Il. Linear stability of spherically-symmetri

black holes in quadratic gravity

unstable
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Held, Zhang (to appear)

cf. also Lu, Perkins, Pope, Stelle ‘17 M2Ig
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