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Do we really trust the RG improvement? Held 2105.11458
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How to expand?

f(Riemann) Gravity

… propagates 2 + 1 + 5 DoF

● might be nontrivial to resolve curvature & momentum

Linear: Hindawi, Ovrut, Waldram, PRD 53 (1996)
Nonlinear: ongoing work with Pau Figueras



  

How to expand?

DoF saturate to
2 + 1 + 5

fiducial DoF

● might be nontrivial to resolve curvature & momentum

Barnaby, Kamran, JHEP 02 (2008) 008

Hindawi, Ovrut, Waldram, PRD 53 (1996)



  

How to expand?

Form factors

… propagating DoF depend on poles

● might be nontrivial to resolve curvature & momentum
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Quadratic Gravity

as a fundamental theory
[perturbatively renormalizable; asymtotically free; ghost]
Stelle, PRD 16 (1977) 953-969

see also talk by Luca Buoninfante
Avramidi, Barvinsky,
PLB 159 (1985) 269-274

Bender, Mannheim, PRL 100 (2008)
Donoghue, Menezes, PRD 104 (2021) 4
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Quadratic Gravity
Stelle, PRD 16 (1977) 953-969

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

as the marginal terms 
in the effective action

modulo: 
essential scheme / field redefinitions Burgess, Living Rev. Rel. 7:5,2004

Endlich et. Al, JHEP 09 (2017) 122
Baldazzi, Falls ‘21

Knorr ‘22

see also talk by Kevin Falls
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2nd order 
quasilinear 
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Leray’s theorem guarantees
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Leray ‘53
Choquet-Bruhat & DeWitt-Morette ‘77

Noakes, JMP 24, 1846 (1983)
Held, Lim 2306.04725
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massless spin-2 massive spin-2

massive spin-0

constraints

constraint evolution

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

● amenable to 1st-order strong-hyperbolicity analysis
Sarbach et.Al ‘02-’04 (for GR)

Well-posed evolution in Quadratic Gravity Noakes, JMP 24, 1846 (1983)
Held, Lim 2306.04725



  

Dendro-GR [adapted]

Fernando et.Al. 2018

● parallelized adaptive
mesh refinement

● wavelet adaptive multiresolution

● 4th order finite differencing

● 4th order Runge-Kutta

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

… is numerically stable.



  

Results (vacuum)
Held, Lim, 2306.04725
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Recover the linear instability ...
Held, Lim, 2306.04725

… but otherwise we find a physically stable subsector.

   Held, Zhang, PRD 107 (2023) 6

instability condition growth rate
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Physical stability of the Ricci-flat subsector ...
Held, Lim, 2306.04725

● apparent stability of
a single black hole 
perturbed by 
Teukolsky waves

● apparent stability of
full binary evolution
up to merger

… suggests Quadratic Gravity can mimic vacuum GR.

GW150914 initial data
[EinsteinToolkit]
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Where to go next?

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

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

see also
Lehner, Pretorius, 1106.5184

Figueras et.Al., Phys.Rev.D 107 (2023) 4

see also
Cayuso, 2307.15163

● comparison
● with the fixing approach
● on both sides of the field redefinition

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



  

… so what about ghosts?
Deffayet, Mukohyama, Vikman, PRL  128 (2022) 4
Deffayet, Held, Mukohyama, Vikman, 2305.09631
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● quantization not yet explored
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