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Stelle, PRD 16 (1977) 953-969

R + aR,,R?® — BR? + (curvature)® + ...

as the EFT of gravity

[modulo ﬁeld redeﬁniﬁons] after field redefinitions see:
Burgess, Living Rev. Rel. 7:5,2004

Endlich et. Al, JHEP 09 (2017) 122
Cayuso, Lehner, PRD 102 (2020) 8
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Stelle, PRD 16 (1977) 953-969
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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)
PLB 159 (1985) 269-274 Donoghue, Menezes, PRD 104 (2021) 4
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... as a potential source for primordial black holes?
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[benchmark simulation]

collaboration with Hyun Lim, LANL,

using Dendro-GR (Fernando et.Al. 2018),
https://github.com/paralab/Dendro-GR
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spatial slice (3D)
initial data

( (
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 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 unigueness spherical symmetry: Held, Lim, PRD 104 (2021) 8
Noakes ‘83 (3+1): Held, Lim, (to appear)
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OR = miR + 2T¢, massive spin-0
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Well-posed evolution in Quadratic Gravity i e e
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3 \mjg (ghost)
1 _ (3+1) - 1
order V., = —n“VRap decomposition  Rap =|Aap| + 3 Yab A= 2n,Cp)
variables gab = Yab + NaNp 1 massive spin-2
R=-—-n‘VR V. =|Bap+ § Yad B|— 2 n(aé’b)

spin-0



Numerical Evolution of Quadratic Gravity (3+1)

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+ K2 - %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

Held, Lim (ongoing)

nN“Vid = O massive spin-2

c 2

n chij = §A D(;nj) + Oij

c ol il i@ 1(m3 : :

nNVeB=r2( 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 = 5%-./4)

2
+3BDgny +2a% &) —

map

1
g”yij (n°VB) + 4~ (D[iKk]j + D[J-Kk]i) -+ O

* 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 stability ...

m2 =0.01,m3 =0.01

101 r
— Anoise = 10_5 _____ Anoise = 10_8
~ N | i i |7 Anoise = 10~ — = Apoise = 10-9
10_1 | ‘\\ —— Anoise = 10-7 Anoise = 10-10
= 3
g 10721
E
o
L 105
107 - Y RSO ARSI AU W S N
Held, Lim (to appear)

0 25 50 75 100 125 150 175 200
t/M

... in (3+1) dimensions



Physical stability ...

(Y1 —Yy2)IM

mg=0.01,m5=0.01
10.0 P RS = = o o
Rl b niln LT N ...,H' . -
mzmmmzom=ie T |preliminary
AT e ~ NN :
7.5 /./////-’,_, --------- RSN comparison to
Sl \‘\.\\‘\"\.\‘\‘ GW150914 initial data
5.0 ey palye “*—\_\ OGN (from EinsteinToolkit)
' ,./',‘/' f-’ YaRv: T - '\.\ \\ A\, \-\ \
L4y 0y a ~. N
osliif i /s SN W O
Sy SOV
il Vot
i b -, Vot
[ ! 40N A
O0% it i i o NN
by \ / I
- ) \ . \ - - I I .
L DT '\ N, K4 . l i | ,
251 N = i A
L '\ . \. / /' -I 'l ]
RN : ; /!
TN ~ K4 / '/ S/
5 0 \ \_\ "\ \.\ | /_/ s/ / i
-5.0 NN i N e R e et
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100 . B - | Held, Lim (to appear)
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... in (3+1) dimensions



Where to go from here ...

in spherical symmetry

* non-linear stability of
black hole branches

e critical collapse
in Quadratic Gravity
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Where to go from here ...

in spherical symmetry

* non-linear stability of
black hole branches

e critical collapse
in Quadratic Gravity

in (3+1) dimensions

» stable Ricci-flat sector?

» onset of GL instability
in nonlinear dynamics

 gravitational waveforms

Strain (10‘21)

-1.0

-0.5

0.5
0.0

LIGO, PRL 116, 061102

22?
waveform in
— | 1| Quadratic Gravity
| R::Ji:::J crteet? (I :llvlaf/elet) i 7 ? 7
i Reconstructed (template) 0 00O

[ 1| probe the EFT of gravity

... thank you and stay tuned!
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