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Vision

• Before this year: precision tests of GR in weak field

• Now: first direct measurements of dynamical, strong field regime

• Future: precision tests of GR in the strong field
• =⇒ Black hole binary merger

Question: How to perform precision tests of GR in strong field?
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How to perform precision tests

• Two approaches: theory-agnostic and theory-specific

• Agnostic: parameterize, e.g. PPN

• Don’t know how to parameterize in strong-field!

• Want guidance from specific theories

Problem: Only simulated BBH mergers in GR!
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The problem

• Only have BBH mergers in GR, some scalar-tensor
• Recall BBH in S-T is identical to GR (unless funny boundaries)

From Lehner+Pretorius 2014:

• Don’t know if other theories have good initial value problem
Example: Delsate+ PRD 91, 024027, dynamical Chern-Simons

• But wait—title of this talk!
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The solution

• Treat every theory as an effective field theory (EFT)

• Already do this for GR. Valid below some scale

• Theory only needs to be approximate, approximately well-posed

General relativity

Special relativity

post-Newtonian
G→0

v/c→0
Standard Model

QED

Maxwell
h→0

• Example: weak force below EWSB scale (lose unitarity above)
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• Assume weak coupling, use perturbation theory
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What is dynamical Chern-Simons gravity?

• Chern-Simons = GR + pseudo-scalar + interaction

S =

∫
d4x
√
−g
[
R− 1

2
(∂ϑ)2 + ε ϑ ∗RR

]

�ϑ = ε ∗RR , Gab + εCab[∂ϑ∂
3g] = Tab

• Anomaly cancellation, low-E string theory, LQG. . .
(see Nico’s review Phys. Rept. 480 (2009) 1-55)

• Lowest-order EFT with parity-odd ϑ, shift symmetry (long range)

• Phenomenology unique from other R2

(e.g. Einstein-dilaton-Gauss-Bonnet)
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Black holes in dCS

• a = 0 (Schwarzschild) is exact solution with ϑ = 0
• Rotating BHs have dipole+ scalar hair

LCS, PRD 90 044061 (2014) [arXiv:1407.2350]

• Post-Newtonian of BBH inspiral in
PRD 85 064022 (2012) [arXiv:1110.5950]

• More updated phenomenology in
CQG 32 243001 (2015) [arXiv:1501.07274]
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Back to problem and solution

• DCS had principal part ∂3g coming from Cab tensor. Probably not
well-posed, Delsate+ PRD 91, 024027.

• Theory is GR + ε × deformation. Expand everything in ε

• Chalkboard

• At every order in ε, principal part is Princ[Gab]

Background dynamics are well-posed =⇒ perturbations well-posed
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The Plan

• Do O(ε2) perturbations numerically

• Lots of phenomenology studies in dynamical Chern-Simons

• Method is generic—apply to other theories.
Next up: Einstein-dilaton-Gauss-Bonnet

• Understand regime of validity of weak-coupling limit

• Build (surrogate model) parameter estimation code,
constrain specific theories

• Provide guidance to build parameterized models
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• Want precision tests of GR in strong-field
=⇒ Binary black hole mergers

• Want alternative models

• Most alternative theories: don’t know about initial value problem

• Effective field theory gives solution:
• weak-coupling limit
• perturbation theory about general relativity solution

• Gives well-posed initial value problem

• First binary black hole mergers in dynamical Chern-Simons gravity

• Lots more to do!
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