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Introduction

• So far, GR seems compatible with all observations.

• Several motivations for exploring modified gravity
– Quantum gravity effects
– Understand cosmological acceleration
– Explore alternative gravitational theories
– Testing gravity

• Many models of modified gravity

• In this talk: scalar-tensor theories (allowing for 2nd 
order derivatives in their Lagrangian)



• Traditional scalar-tensor theories :

• Generalized theories with second order derivatives

• In general, they contain an extra degree of freedom, 
expected to lead to instabilities

• But this can be avoided if the theory is degenerate
(2nd-order equations of motion not necessary !)

Higher order scalar-tensor theories
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Degenerate theories 

• In general, higher-order theories with a Lagrangian of the
form contain an extra dof.

• Degenerate theories: EOM higher order, no extra dof

• DHOST (Degenerate Higher-Order Scalar-Tensor)
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• Traditional theories: 

• Generalized theories:
DHOST: most general family with a single scalar DOF

Scalar-tensor lanscape
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DHOST theories
• Action of quadratic DHOST

The functions and satisfy three degeneracy conditions.

• Extension to cubic order (in )

• DHOST includes Horndeski, Beyond Horndeski, Einstein-scalar-
Gauss-Bonnet
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• Transformation 

• From , one gets the new action

• DHOST families
are closed
under these
transformations  

• When standard fields are (minimally) included, two disformally
related theories are physically inequivalent !

Disformal transformations
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Black hole solutions



Non-rotating black holes
• Static spherically symmetric BH with a nontrivial scalar field

– Metric:

– Scalar field:

• Examples:
– « stealth » Schwarzschild:

– « BCL »

– « 4d Gauss-Bonnet »

– Scalar-Gauss-Bonnet

[Babichev & Charmousis ‘13]
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BH with primary hair

• For a subfamily of DHOST theories

• One can find solutions of the form

�(t, r) = q t+  (r)
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BH with primary hair

• Examples:
– For : « stealth » Schwarzschild (Horndeski theory)

– For : deformation of Schwarzschild

– No singularity in r =0 if

One finds regular BHs
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New BHs via disformal transformations

• New «frame», e.g. such that , which implies

• New metric ( )

– New time coordinate:
– Nature of the metric can differ
– Shift of the horizon (if BHs)

• Other choices of frames (e.g. Horndeski: )
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Black hole perturbations



Black hole perturbations

• GW astronomy provides a new window to test GR, in particular in 
the strong field regime. 

• Ringdown phase of a BH merger 
is interesting for modified gravity models,
as it can be described by BH perturbations.

• Deviations in the context of DHOST theories ?



Black hole perturbations

• In the frequency domain:

• Axial (or odd-parity) modes:

• Polar (or even-parity) modes: (and )
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Axial modes in GR
• The linearised metric eqs yield only 2 independent eqs

or, in a Schroedinger form,

• Asymptotically ( )

• Quasi-normal modes:
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Axial modes in DHOST
• The equations have a similar structure

where and depend on the Lagrangian’s functions and
on the background.

• Correspondence (in quadratic DHOST theories)

with the effective metric
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Effective metric for axial modes

• For BHs with primary hair, the effective metric reduces to

• In quadratic DHOST theories, the effective metric corresponds to
a disformal transformation such that and .

• In our case,

• Photons & gravitons «see» different geometries: and ,
and therefore different horizons (for BHs), determined by

F̂ = 1
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<latexit sha1_base64="iGRGr9ZGYFsMwX1wgmXcJEPqkiY="></latexit><latexit sha1_base64="iGRGr9ZGYFsMwX1wgmXcJEPqkiY="></latexit><latexit sha1_base64="iGRGr9ZGYFsMwX1wgmXcJEPqkiY="></latexit><latexit sha1_base64="iGRGr9ZGYFsMwX1wgmXcJEPqkiY="></latexit>

<latexit sha1_base64="kybHwEzfxnI87Sm5Eknby1zHJtg="></latexit>
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Effective metric for axial modes

• Phase diagram for the background and effective metrics
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Axial quasi-normal modes
• As in GR, one can write a Schroedinger-like equation
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Polar modes

• The linearised metric equations yield
– 2 independent equations in GR (1 dof)
– 4 independent equations in DHOST theories (2 dof)

• In GR: 2-dimensional system , which can be written in a
Schroedinger form.

• In DHOST, the system is now 4-dimensional, with

• It is convenient to do an asymptotic analysis of the first-order
system.

Y 0 = M Y
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Asymptotics of a diffential system
• Instead of a Schroedinger-like approach, one can use directly the
initial first-order equations of motion and their asymptotic limit:

• The generic solution is of the form

• There exists a well-defined algorithm to determine the diagonal
matrices and .

Idea: diagonalise, order by order, the matrix M, with

dY

dz
= M(z)Y , M(z) = Mrz

r +Mr�1z
r�1 + . . . (z ! 1)
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Numerical polar modes
• Study the asymptotic behaviour of the 4-dim system at spatial
infinity and near the horizon, and extract the asymptotic
independent modes.

• At spatial infinity, one can identify
– 2 « gravitational » modes
– 2 « scalar» modes

• Similar results near the horizon

• Starting point for a numerical determination of the quasi-normal
modes of these BHs in modified gravity.



Conclusion

• DHOST theories: most general framework for scalar-
tensor theories propagating a single scalar dof.

• DHOST theories give a very rich phenomenology,
which can describe deviations from General Relativity,
both for compact objects and in cosmology, and be
tested in future observations.

• Interesting subfamily of DHOST theories allowing for
exact BHs solutions with primary hair:
– Axial modes: effective metric & QNMs
– Polar modes: for future work


