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cosmic censorship in gravitational EFTs

seems to be very nontrivial!

Violations ...

either suggest that the EFT is incomplete
or suggest an opportunity for smoking-gun signatures.
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Do we really trust the RG improvement? Held 2105.11458
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How to expand?

* might be nontrivial to resolve curvature & momentum Nr : power of curvature
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General Relativity
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How to expand?

* might be nontrivial to resolve curvature & momentum Nr : power of curvature
Np = Np/2 — Ng

f(Riemann) Gravity
Lo Np =0
— —— = F(Riem
=~ 7 (Riem) Nk — o0
Linear: Hindawi, Ovrut, Waldram, PRD 53 (1996) propagates 2+1+5DoF

Nonlinear: ongoing work with Pau Figueras



How to expand?

* might be nontrivial to resolve curvature & momentum Nr : power of curvature
Np = Np/2 — Ng

~

N :
. » fiducial DoF
N R Barnaby, Kamran, JHEP 02 (2008) 008

v

DoF saturate to
2+1+5

Hindawi, Ovrut, Waldram, PRD 53 (1996)



How to expand?

* might be nontrivial to resolve curvature & momentum Nr : power of curvature
Np = Np/2 — Ng

Form factors

Loo R R R = ] RHV C A [] C,LWPJ NP =0
— ——g_ Fr(OR + R, Fric(O) + Crvpo Fwey (0) Nr = 2

... propagating DoF depend on poles
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Quadratic Gravity

Stelle, PRD 16 (1977) 953-969

1 1 1
S — d4 A/ M2 — R I R2 i Ca c Cade
/ %V Il Mbranc 2 12mj3 4m3 bed

massless spin-2 massive spin-0 massive spin-2

as a fundamental theory

[perturbatively renormalizable; asymtotically free; ghost]
Stelle, PRD 16 (1977) 953-969 Avramidi, Barvinsky, Bender, Mannheim, PRL 100 (2008)

see also talk by Luca Buoninfante PEBI1501(1985)i2689:2748 S Danoghtie, Menezes BRD 104 (2021



Quadratic Gravity

Stelle, PRD 16 (1977) 953-969

1 1 1
4 2 | 2 abcd
S= /d XY/ \g\ MBanck 5 R A 12m% R | 4m§ CabeaC

massless spin-2 massive spin-0 massive spin-2

as the marginal terms
in the effective action

modulo:

Baldazzi, Falls 21 acsantial scheme / field redefinitions

Knorr 22
see also talk by Kevin Falls

Burgess, Living Rev. Rel. 7:5,2004
Endlich et. Al, JHEP 09 (2017) 122
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> Black-hole uniqueness is broken

(in the fundamental theory)
Svarc et. Al, 2209.15089

> Large BHs are stable

» Small BHs are unstable
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> Black-hole uniqueness is broken

(in the fundamental theory)
Svarc et. Al, 2209.15089

> Large BHs are stable

» Small BHs are unstable



Part lll: Nonlinear dynamics in quadratic Gravity

Held, Lim, PRD 104 (2021) 8
Held, Lim, 2306.04725
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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
_S|:J_a_t|ialdsléce (3D)
initial data

... for General Relativity

Formal proof of existence and unigueness (3+1) numerical evolution
Yvonne Choquet-Bruhat ‘52 Frans Pretorius ‘05

Baumgarte, Shapiro, Shibata, Nakamura ‘87-'99
Sarbach et.Al ‘02-'04

... and for Quadratic Gravity

Formal proof of existence and uniqueness spherical symmetry: Held, Lim, PRD 104 (2021) 8
Noakes ‘83 (3+1): Held, Lim, 2306.04725
Cayuso, 2307.15163
East, Siemonsen, 2309.05096
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2nd_ . 1 _ .
order Rup(0g) = Rap + 78R = Tab massless spin-z
variables 4 (graviton)
OR = miR + 2T¢, massive spin-0
(scalar)
~ 1 m% =~ cd q .
ORsp=—=| — — 1] (VaVeR) — 2R™Cachd + Olower order massive spin-2
3 \mg (ghost)
1t N 2" order
order V., = —n°V R.b quasilinear Leray’s theorem guarantees
variables diagonal well-posed IVP
R =-n°V.R + constraints for C*° initial data
(in harmonic gauge)

Leray ‘53
Choquet-Bruhat & DeWitt-Morette ‘77
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Well-posed evolution in Quadratic Gravity i85

2nd_ _ _ i
order R,,(Lg) = Rap + lgabR =T, massless Sp_ln-2
variables 4 (graviton)
OR = mgR + 2T<, massive spin-0
(scalar)
~ 1 m% =~ cd q .
OR.p = 3\~ (VaVpR) — 2R“Cacbd + Olower order massive spin-2
Mg (ghost)
1 N (3+1) _ 1
order V., = —n“V Rap decomposition Rab =|Aap|+ 3 Tab A —2n,C) + nanp A
variables Zab = Yab 1+ NaNp
- c ~ 1
R =-n"V/R Vab:Bab+—%b8—2n(aé’b)+nanb8

3



Noakes, JMP 24, 1846 (1983)

Well-posed evolution in Quadratic Gravity i 5.

massless spin-2

(n°Vevij) = —2Dgnj) + Oy

(n“VeKyy) = —(n*Veni) (n“Ven;) —

:+<3) Rijy+ Oy

2 D(inCVCnJ-) -2 Km(iDj)nm

RV,R = O massive spin-0

n’V,R = —D,D'R + O

0= DK —DK+C constraints

0= ®R-K;KI 4 K - %R

1 1
&, = —KPC, —KC, — DA, — §Da,4+ 7D:R
R = —4DPC,
constraint evolution
n‘V.G = —& + O, nV.eE = ...

2
nCVCBij =|42 (Akl = %’YkIA)(?’)Rikﬂ — ! (mg + 1) DiDjR

nN“Vid = O massive spin-2

c 2

n chij = g.A D(;nj) + Oij

c ol il i@ 1(m3 : :

nNVeB=e2( A" + =7 A N - — +1)| DiD'R — D;D" A
oo /o0 3\mg

+2ak& —aD' A +4C (DK — DiK) + O

3

1
— (Dka 4F aka) <Aij = g”yUA)

2
+3BDgny +2a% &) —

map

1
375 ("°VeB) +4C* (DyKig; + DiiKig:) + Oy
* massive spin-0/spin-2 do not impact

the massless spin-2 principal part

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



Numerical Evolution of Quadratic Gravity ...

Held, Lim, 2306.04725
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Numerical Evolution of Quadratic Gravity ...

Held, Lim, 2306.04725

Hyun Lim
- : Los Alamos
Dendro-GR [adapted]

» parallelized adaptive
mesh refinement

« wavelet adaptive multiresolution

« 4™ order finite differencing

* 4™ order Runge-Kutta

Fernando et.Al. 2018 Dendro-GR (Fernando et.Al. 2018),
https://github.com/paralab/Dendro-GR
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Held, Lim, 2306.04725

mQ/Mpl = 0.5
101 —— Aise = 1070 Appise = 1078
———— Apgise = 1076 Appise = 1077
07 NNy Apoise = 1077 Appise = 1071
Hyun Lim =) )
; 3 Los Alamos § 10-3- A SR o
Dendro-GR [adapted] E ‘ﬁ\_.._“.._........_,....-.....,.‘........,.,....._..-,...._.. ______
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mesh refinement
« wavelet adaptive multiresolution
» 4™ order finite differencing 10771
* 4™ order Runge-Kutta
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Held, Lim, 2306.04725
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... Is numerically stable.



Results (vacuum)
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Held, Lim, 2306.04725
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... but otherwise we find a physically stable subsector.
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« apparent stability of
a single black hole
perturbed by
Teukolsky waves

« apparent stability of
full binary evolution
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Held, Lim, 2306.04725
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... suggests Quadratic Gravity can mimic vacuum GR.
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Where to go next?

 Ricci-flat (GR vacuum) subsector
* nonlinear endpoint of the linear instability

e including matter
e gravitational collapse
e initial data
e ... neutron star binaries

e comparison
« with the fixing approach
e on both sides of the field redefinition

see also
Lehner, Pretorius, 1106.5184
Figueras et.Al., Phys.Rev.D 107 (2023) 4

see also
Cayuso, 2307.15163

Cayuso, Lehner PRD 102 (2020)
Cayuso et.Al 2303.07246



... S0 what about ghosts?

Deffayet, Mukohyama, Vikman, PRL 128 (2022) 4
Deffayet, Held, Mukohyama, Vikman, 2305.09631
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What about the Ostrogradski theorem?

“QIII. I I . |- lI .

“All non-degenerate higher-derivative
classical point-particle theories
exhibit runaway solutions”

Quadratic Gravity

Lquadratic 2 1 1 2 1 bcd
pr— M A _R R —Ca Ca ¢
Ve PHAT SR T oz ™ T gmz 20

... propagates 2+ 1 + 5 DoF



Point-particle systems w/ opposite-sign kinetic terms ...

“QIII. I I . |- |I .

“All non-degenerate higher-derivative
classical point-particle theories
exhibit runaway solutions”




Point-particle systems w/ opposite-sign kinetic terms ...

“The Hamiltonian of all higher-derivative “All non-degenerate higher-derivative
classical point-particle theories elassical point-particle-theeries
is unbounded from above and below” exhibit-runaway-setutions™

Ostrogradski 1857
[french, thus not 100% sure that this is the actual content]




Point-particle systems w/ opposite-sign kinetic terms ...

“The Hamiltonian of all higher-derivative “All non-degenerate higher-derivative
classical point-particle theories elassical point-particle-theeries
is unbounded from above and below” exhibit-runaway-setutions™

Ostrogradski 1857
[french, thus not 100% sure that this is the actual content]

Deffayet, Mukohyama, Vikman, PRL 128 (2022) 4

... can nevertheless be globally (Lagrange) stable.
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Integrable Liouville models ...

Pz | P
Hyy = EX + U;y + Viv(x,y)
fu) —g(v)
Viv=—7"
u?=1/2(r* +c+/(r24+c)2 — 4cx2

( )
vi=1/2 (r2 +c—/(r2 +c)? —4cx2)

r* =x*+ oy’ Deffayet, Mukohyama, Vikman, PRL 128 (2022) 4
Deffayet, Held, Mukohyama, Vikman, JCAP, to appear

... can nevertheless be globally (Lagrange) stable.
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Integrable Liouville models ... ... are Lagrange stable if ...
5 5 (i) ... f(u) and g(v) are bounded below, i.e.,
Hy = % -+ O'% + VLv(X, y) f(u) > fO & g(V) Z g0

(i) ... at large |u] and |v|, these bounds sharpen to

A —
Viv = (EZ_%EV) f(u) > 4Foul® >0 & g(v) >4Go|v[? >0
with fo,g0 € R, Fo,Go e RT, (>2,>2
u?=1/2(r* +c+/(r24+c)2 — 4cx2

( )
vi=1/2 (r2 +c—/(r2 +c)? —4cx2)

r* =x*+ oy’ Deffayet, Mukohyama, Vikman, PRL 128 (2022) 4
Deffayet, Held, Mukohyama, Vikman, JCAP, to appear

... can nevertheless be globally (Lagrange) stable.
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Integrable Liouville models ... ... contain a polynomial subclass ...
p2 P2 : 2\ N
Hy = EX—FO'Ey +V|_V(x,y) f(U):ZCn (U )
n=1

Viy = f(lljl :%EV) g(v) _ ch (Vz)n

u?=1/2(r* +c+/(r24+c)2 — 4cx2

( )
vi=1/2 (r2 +c—/(r2 +c)? —4cx2)

r* =x*+ oy’ Deffayet, Mukohyama, Vikman, PRL 128 (2022) 4
Deffayet, Held, Mukohyama, Vikman, JCAP, to appear

... can nevertheless be globally (Lagrange) stable.
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Integrable Liouville models ... ... contain a polynomial subclass ...
2 2
2 2 (4) Wy 2o YWy -
X p V = —= — —ZL
Hiy = %JrUEy + Viv(x,y) v (%:Y) 2" 2
n 1 (W] w§ (2 — y?)?
_ » - X< —
Vi = f(ul ggv) c\ 2 2 y
us — v ~ 4 4 2 213
+EC(X" —¥") + Ca(x® —¥%)

u?=1/2(r* +c+/(r24+c)2 — 4cx2

( )
vi=1/2 (r2 +c—/(r2 +c)? —4cx2)

r* =x*+ oy’ Deffayet, Mukohyama, Vikman, PRL 128 (2022) 4
Deffayet, Held, Mukohyama, Vikman, JCAP, to appear

... can nevertheless be globally (Lagrange) stable.
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... contain a polynomial subclass ...

2 w2
V& _ Yx 2  Hy 2
v (%, y) > X > y
1w} @\ 5 o0
+€<7‘7> =y
+ 8 Ca(x* —y*) + Ca(x® —y?)?

... can nevertheless be globally (Lagrange) stable.
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... contain a polynomial subclass ... Deffayet, Held, Mukohyama, Vikman, JCAP, to appear
2 2 [
4 Wi 2 Yy 2 i :
Vi (x,y) = 253 — Ly ol 300
2 2 :
1 (w2 w? 1l
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¢ v ol 200
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100
3 0

... can nevertheless be globally (Lagrange) stable.
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Deffayet, Held, Mukohyama, Vikman, JCAP, to appear

... contain a polynomial subclass ...
6r ,
2 2 7N &
(4) _ W2 Yy oo I}'f N, -300
Viv (x,y) = >~ > Y 4 §j
2 S T - v
Y AV ) e WP
c\ 2 2 4 200
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] 100
-6 -4 -2 0 2 4 6 0
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... can nevertheless be globally (Lagrange) stable.
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... contain a polynomial subclass ... Deffayet, Held, Mukohyama, Vikman, JCAP, to appear
6f '
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(4) Wi o Wy o : i
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L
py B 200
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e numerics suggest that 100
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.. contain a polynomial subclass ... Deffayet, Held, Mukohyama, Vikman, JCAP, to appear
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