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Introduction

• So far, GR seems compatible with all observations.

• Modified gravity to test GR in future observations

• DHOST theories: include traditional scalar-tensor 
theories, Horndeski, Beyond Horndeski, EsGB ...

• Here: 
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Non-rotating black holes

• Static solution with a nontrivial scalar field:

– Metric:

– Scalar field:

• BHs with primary hair
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Black Holes with primary hair

• : « stealth » Schwarzschild (Horndeski theory)

• : deformation of Schwarzschild

– regular solution if

– regular BH (otherwise soliton) if
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Black Holes with primary hair

Phase diagram
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[Charmousis, Iteanu, DL & Noui 25’]



• Transformation 

• From an action , one gets the new action

• Disformally related theories are physically inequivalent, assuming
matter (& light) minimally coupled to the metric. 

• New BH solutions

New BHs via disformal transformations
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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 can be described by BH 
perturbations.

• Deviations in the context of DHOST theories ?



Black hole perturbations

• In the frequency domain:

• Axial (or odd) modes:

• Polar (or even) modes: (and )

hµ⌫ =
X

`,m

0

BB@

0 0 1
sin ✓h

`m
0 @' � sin ✓h`m

0 @✓
0 0 1

sin ✓h
`m
1 @' � sin ✓h`m

1 @✓
sym sym 0 0
sym sym 0 0

1

CCAY`m(✓,')

<latexit sha1_base64="RXWCGfMP1dL4rT5QyL+JCrz2/Ro="></latexit><latexit sha1_base64="RXWCGfMP1dL4rT5QyL+JCrz2/Ro="></latexit><latexit sha1_base64="RXWCGfMP1dL4rT5QyL+JCrz2/Ro="></latexit><latexit sha1_base64="RXWCGfMP1dL4rT5QyL+JCrz2/Ro="></latexit>

h0(r), h1(r)
<latexit sha1_base64="moTPjohlU7wjQil68i9x9c+tkZs="></latexit><latexit sha1_base64="moTPjohlU7wjQil68i9x9c+tkZs="></latexit><latexit sha1_base64="moTPjohlU7wjQil68i9x9c+tkZs="></latexit><latexit sha1_base64="moTPjohlU7wjQil68i9x9c+tkZs="></latexit>

H0, H1, H2,K
<latexit sha1_base64="tWP8k9TSmLWvb53C38lAUs5idU8="></latexit><latexit sha1_base64="tWP8k9TSmLWvb53C38lAUs5idU8="></latexit><latexit sha1_base64="tWP8k9TSmLWvb53C38lAUs5idU8="></latexit><latexit sha1_base64="tWP8k9TSmLWvb53C38lAUs5idU8="></latexit>

hµ⌫ =
X

`,m

0

BB@

A(r)H`m
0 (r) H

`m
1 (r) 0 0

H
`m
1 (r) A

�1(r)H`m
2 (r) 0 0

0 0 K
`m(r) r2 0

0 0 0 K
`m(r) r2 sin2✓

1

CCAY`m(✓,')

<latexit sha1_base64="lTO/zsxj1y6ThFhxWSDPz5k75aE="></latexit><latexit sha1_base64="lTO/zsxj1y6ThFhxWSDPz5k75aE="></latexit><latexit sha1_base64="lTO/zsxj1y6ThFhxWSDPz5k75aE="></latexit><latexit sha1_base64="lTO/zsxj1y6ThFhxWSDPz5k75aE="></latexit>

��
<latexit sha1_base64="lFC/lv4BAxzdk8H8AsdRw0QbHqw="></latexit><latexit sha1_base64="lFC/lv4BAxzdk8H8AsdRw0QbHqw="></latexit><latexit sha1_base64="lFC/lv4BAxzdk8H8AsdRw0QbHqw="></latexit><latexit sha1_base64="lFC/lv4BAxzdk8H8AsdRw0QbHqw="></latexit>

[ Regge-Wheeler gauge ]

f(t, r) = f(r) e�i!t
<latexit sha1_base64="hNIcQZn94JzsIdPRSzRFxpmYtq8="></latexit><latexit sha1_base64="hNIcQZn94JzsIdPRSzRFxpmYtq8="></latexit><latexit sha1_base64="hNIcQZn94JzsIdPRSzRFxpmYtq8="></latexit><latexit sha1_base64="hNIcQZn94JzsIdPRSzRFxpmYtq8="></latexit>

<latexit sha1_base64="oHr57jncYFJxZ0AeRnjCeRbL7iU="></latexit>

gµ⌫ = gbgdµ⌫ + hµ⌫



Axial modes in GR
• Linearised Einstein eqs yield 2 independent equations

or, in a Schrödinger form,

• Asymptotically ( )

• Quasi-normal modes:
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GW250114

• GW250114
observed by 
the two LIGO
detectors 
(SNR=80)

• Two initial black holes: 

• Final black hole:                        
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GW250114: Kerr BH

• Kerr nature of the final black hole ?
GW signal: Kerr BH ringing

• Analysis of the ringdown signal with modes (220) & (221)
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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 .

• Photons & gravitons «see» different geometries: and ,
and thus different horizons (for BHs), determined by
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Axial quasi-normal modes
• As in GR, one can write a Schrödinger-like equation
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Radial perturbations



Radial perturbations

• In GR, no radial perturbation for Schwarzschild 
(Birkhoff’s theorem)

• In DHOST theories, radial perturbations no longer vanish

• One dof: mixture of scalar and metric perturbations

• By introducing new time and radial coordinates, 
one finds it obeys the wave equation

[Charmousis, Iteanu, DL & Noui, to appear]
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Radial perturbations

• In the frequency domain, this yields a Schrödinger-like equation

• Stability (positive self-adjoint operator)

[Charmousis, Iteanu, DL & Noui, to appear]
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Conclusion

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

• Interesting subfamily of DHOST theories allowing for
exact static BHs solutions with primary hair:
– Axial modes: effective metric & QNMs
– Radial perturbations
– Non-radial polar modes...

• More realistic BHs: rotating solutions...

• Neutron stars...


