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How to go beyond GR?


BH “charges” (aka “hairs”, or “sensitivities”) and GW 
emission


Experimental prospects (dipolar emission, EMRIs, 
quasinormal modes, stochastic backgrounds)


Possible subtleties about causal structure/multiple 
horizons: the case of Lorentz-violating gravity

Outline



Parametric inspiral-based tests (ppE, TIGER,…):


Similar parametrized approach in merger ringdown


   Caveat: stacking may not be physically meaningful!


Strong field parametrizations

(cf Kent Yagi’s topic)



Beyond GR: how?
Lovelock’s theorem

Adapted from

Berti+2015

Generic way to 

modify GR is to add 


extra fields!



Satisfy weak equivalence principle (i.e. universality of free 
fall for bodies with weak self-gravity) by avoiding 
coupling extra fields to matter (i.e. no fifth forces at tree 
level)


But extra fields usually couple non-minimally to metric, so 
gravity mediates effective interaction between matter and 
new field in strong gravity regimes (Nordtvedt effect)


Equivalence principle violated for strongly gravitating 
bodies

How to couple extra fields?



Brans-Dicke, scalar-tensor theories: 


Geff ∝ GN/φ, but φ in which star is immersed depends on 
cosmology, presence of other star                         g              


Lorentz-violating gravity (Einstein-aether, Horava):         
preferred frame exists for gravitational physics                        
gravitational mass of strongly gravitating bodies depends on 
velocity wrt preferred frame             


If gravitational mass depends on fields, deviations from GR motion 
already at geodesics level


sensitivities or charges or hairs, 

i.e. response to change in field boundary conditions

Strong EP violations
For strongly gravitating bodies, gravitational binding energy gives large 
contribution to total mass, but binding energy depends on extra fields!    
Examples:



Whenever strong equivalence principle is violated, monopolar and 
dipolar radiation may be produced


In electromagnetism, no monopolar radiation because electric charge 
conservation is implied by Maxwell eqs


In GR, no monopolar or dipolar radiation because energy and linear 
momentum conservation is implied by Einstein eqs 


In GR extensions, effective coupling matter-extra fields in strong 
gravity regimes              energy and momentum transfer between 
bodies and extra field, monopolar and dipolar GW emission, modified 
quadrupole formula

Strong EP violations and GW emission

not a wave!e.g.

Dipolar emission dominant for quasi-circular systems;

1.5 PN effect vs 2.5 PN in GR! But effect depends on nature of bodies



Difficulty is to calculate sensitivities


Since they are response to field boundary conditions, need 
to calculate compact-object solution for different 
boundary conditions


Calculation needs to be done exactly (no extrapolation of 
weak field approximation) and (for NS) for different EOS’s

Tests of dipolar emission with GWs

Example: NS 
sensitivities 


in Lorentz violating 
gravity 


Yagi, Blas, EB & Yunes 2014



(Absence of) dipolar emission in binary pulsars


Not necessarily the case for BHs



Dipolar emission in BH binaries?
Not present in Fierz-Jordan-Brans-Dicke-like theories (e.g. 
Damour-Esposito-Farese theory) because R=0 in vacuum                                                                 


      Loophole: non-trivial (cosmological) boundary conditions


But other curvature invariants do not vanish in vacuum, e.g. 
Kretschmann, Gauss-Bonnet, Pontryagin
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f1 = const: f(R) gravity = FJBD like theory with a potential                                      
f1 ≠ const: higher-order field equations, Ostrogradsky ghost


Ostrogradsky ghost 


f3 = const: same dynamics as GR (Pontryagin density is 4D topological invariant)                                                                                                  
f3 ≠ const: dynamical Chern-Simons, Ostrogradsky ghost 


f4 = const: same dynamics as GR (Gauss-Bonnet term is 4D topological invariant)                                                                                                
f4 ≠ const: dilatonic Gauss-Bonnet gravity, 2nd-order field eqs, no Ostrogradsky ghost)

Caveats

In shift-symmetric dilatonic Gauss-Bonnet [f4(φ) = φ], sensitivities (and thus dipole 
emission) are zero for NS but NOT for BHs (EB & Yagi 2015, Yagi et al 2015)


More general theories (with extra vector or tensor dof’s) predict dipole emission

also (though not exclusively) in BH binaries



Pulsar constrain |B| ≲ 2 x 10-9, GW150914-like systems + eLISA 
will constrain same dipole term in BH-BH systems to comparable 
accuracy

Tests of BH-BH dipole emission

EB, Yunes 

& Chamberlain 2016



EMRI

With LISA


Babak+ 2017



Pornographic approach:                                                                              
“When you see it, you know it”! (Supreme Court Justice Potter Stewart, 1964)


Carlos Palenzuela’s Talk: Simulate!                                                                   
Prerequisite for numerical-relativity simulations is that Cauchy problem well-posed 
(e.g. if eqs are strongly hyperbolic, i.e. wave eqs)


True for FJBD-like scalar-tensor theories (i.e. with NO galileon terms), but GR 
dynamics in vacuum (modulo boundary/initial conditions, mass term)


True in flat-space & spherical symmetry for Lorentz-violating gravity and 
galileons; dynamics differs from GR both in vacuum and matter, but no general 
formulation/simulations


Cauchy problem easier to formulate if theory interpreted as EFT (eg Chern-
Simons)

How about merger?
Possible surprises/


highly non-linear dynamics?



Earlier plunge than in GR for LIGO NS-NS sources, in DEF scalar-tensor theories


Detectable with custom-made templates but also by ppE or “cut” waveforms 
(Sampson et al 2015)


Caused by induced scalarization of one (spontaneously scalarized) star on the 
other, or by dynamical scalarization of an initially non-scalarized binary 

Smoking-gun scalar effects?

EB, Palenzuela, Ponce & Lehner 2013, 2014;                                                      
also Shibata, Taniguchi, Okawa & Buonanno 2014, 2015; Sennett & Buonanno 2016



 Tests of the no-hair theorem:


Difficult with advanced detectors                                              
because little SNR in ringdown


(Future) ringdown tests



Tests of no-hair theorem by BH ringdown

Berti, Sesana, EB,

Cardoso, Belczynski, PRL in press, 2016



Bounds on mass of boson fields


Echos from BH mimickers

More near-horizon physics

(see Paolo Pani’s talk)



Are BHs possible in theories with multiple 
light cones? The case of LV gravity

Break explicitly boost invariance by choosing time direction at each point of 
spacetime (Einstein-Aether theory) or a preferred foliation (Horava gravity, aka 
khronometric theory)


Pro's: better UV behavior (power-counting renormalizability); provides natural way 
to obtain acceleration-dependent phenomenology


Con's: “Naturalness” (no direct coupling of vector field to matter, but percolation of 
Lorentz violations from gravity to matter); spin-0, spin-1 and spin-2 have 
propagation speeds different than c; propagation speeds diverge in UV limit



BH interior structure

At θ = 0, aether orthogonal to (spacelike) hypersurface r = ru= const
 


Any signal r < ru can only propagate inwards, whatever its speed, 
because future=inwards, i.e. r = ru is a Universal Horizon                
(EB, Jacobson & Sotiriou 2011; Blas and Sibiryakov 2011)




A Universal Horizon 

for instantaneous signals 
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Open questions: what happens away from spherical 
symmetry? (inconclusive studies by EB, Sotiriou, Vega, 
Ramos…)


Linear and non-linear stability? (Blas, Sibiryakov…)


Does it form in gravitational collapse? (Jacobson, Garfinkle, 
Eling, Saravani, Afshordi, Mann…)


Thermodynamics? (Blas, Sibiryakov, Mattingly, Berglund, 
Bhattacharyya, Cropp, Liberati and Mohd…)


Asymptotics?

A Universal Horizon 

for instantaneous signals 



Conclusions

GR extensions already tightly constrained by binary pulsars/ solar 
system, but there exist theories that only deviate from GR in BHs


Ideal tests of “BH hairs” are with GWs (inspiral and ringdawn) 


Perturbative effects are small and may require more detections


Non-perturbative “smoking-gun” effects may be present, probably 
first detectable by parametrized tests if present


In general BHs beyond GR are difficult to study conceptually 
(causality)


