
Black holes beyond General Relativity:
From no-hair theorems to nonlinear 

dynamics

Thomas P. Sotiriou



Motivation
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A host of  current (LVK, EHT, PTAs, NICER, …) and future (LISA, 
Athena, ET, Cosmic Explorer, PTAs, …) observations will reveal the 
nature of  black holes and neutron stars

 → Can we use them to search for new fundamental physics? 

Key points: 

v New physics → New fields
v Theories predict structure and dynamics of  compact objects



New physics?

Is there new gravitational physics (much) below the Planck scale?

❖ Cosmological constant problem

❖ BHs and QFT (firewall and friends)

❖ Dark matter
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Case study: scalar fields and BHs

❖ Can new physics leave an imprint on BHs?

 → Can BHs have scalar hair?

❖ Which observations are more sensitive to new physics?

 → Which BHs give best measurement of  scalar charge?

❖ Are all black holes the same? 

 → Can scalar hair appear only for some black holes?

Light scalars are ubiquitous in extensions of  GR or the Standard 
Model  
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No-hair theorems

S.W. Hawking, Comm. Math. Phys. 25, 152 (1972)

Minimally coupled, Brans-Dicke; stationary

Self-interacting, Scalar-tensor theories; stationary

Shift-symmetric; static, spherically symmetric/slowly 
rotating, assumptions on the current

Asymptotically flat black holes have no scalar hair 

T. P. S. and V.  Faraoni, Phys. Rev. Lett. 108, 081103 (2012)

L. Hui, A. Nicolis, PRL 110, 241104 (2013)
T.P.S. and S.-Y. Zhou, PRL112, 251102 (2014)
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No difference from GR?
Actually there is...

Perturbations are different

…but hard to excite in astrophysical setting!

Interesting exceptions exist, e.g. superradiance for 
axions

E. Barausse and T.P.S., Phys. Rev. Lett. 101, 099001 (2008)

A. Arvanitaki and S. Dubovksy, Phys. Rev. D 83, 044026 (2011)
R. Brito, V. Cardoso and P. Pani, Lect.Notes Phys. 906, 1 (2015)
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Hairy black holes
Consider the action

The corresponding scalar equation is

T.P.S. and S.-Y. Zhou, PRL 112, 251102 (2014); 
    Phys. Rev. D 90, 124063 (2014).

At small coupling/weak field identical to exponential coupling 
of  dilaton in string theory

P. Kanti et al., Phys. Rev. D 54, 5049 (1996)
N. Yunes and L. Stein, Phys. Rev. D 83, 104002 (2011)

Solve to first order in the coupling 

metric is Schwarzschild, 
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Scalar charge

Regularity on the horizon implies

The scalar charge is fixed to be 

Confirmed with numerical scalar collapse
R. Benkel, T.P.S. and H. Witek, Phys. Rev. D 94 (R), 121503 (2016);

          Class. Quant. Grav. 34, 064001 (2017)

More generally, for shift-symmetric scalars

M. Saravani & T.P.S., Phys. Rev. D 99, 12, 124004 (2019)
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NR beyond GR

J. L. Ripley, and F. Pretorius, Phys. Rev. D 99, 084014 (2019)  
A. D. Kovacs and H. S. Reall, PRL 124, 221101 (2020)
…

H. Witek, L. Gualtieri, P. Pani and T.P.S., 
Phys. Rev. D 99, 064035 (2019)

L. Salo, K. Clough, P. Figueraas, 
arXiv:2208.14470

In need of  a well-posed IVP problem:

Perturbation in the coupling

Israel-Stewart-like approach

Novel 3+1 formulations

R. Benkel, T.P.S. and H. Witek, Phys. Rev. D 94 (R), 121503 (2016)
M. Okounkova et al., Phys. Rev. D 96, 044020 (2017)
…

J. Cayuso, N. Ortiz, and L. Lehner, Phys. Rev. D 96, 084043 (2017) 
…

A new frontier in Numerical Relativity!
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Light scalars and GW

BH Binaries EMRIs

❖ dipole emission

❖ additional energy flux, 
i.e. change in orbital 
dynamics

❖ Modified waveform

❖ Small mass ratio

❖ very long inspiral

❖ Precise mapping of  
spacetime of  the 
primary

q = mp/M << 1
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BH mass and charge
So far we’ve seen two cases

Theories that are covered by no-hair theorems

An exception in which the scalar charge is fixed to be 

More generally, for shift-symmetric scalars

and large (enough) BHs are effectively Kerr BHs!

M. Saravani & T.P.S., Phys. Rev. D 99, 12, 124004 (2019)
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If        is the only relevant scale for the BH

↵ << M2 ! P/M << 1

M
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Detecting scalar charge
BH Binaries EMRIs

weaker bounds on charge 
for larger masses

stronger bounds on charge, 
but from scalar emission!

Ultra-light scalars: same except

❖ superradiance-powered clouds 

❖ spin-induced scalarization

A. Maselli, N. Franchini, L. Gualtieri, and T.P.S, PRL 125, 14, 141101 (2020)
A. Maselli, N. Franchini, L. Gualtieri, T.P.S, S. Barsanti, P. Pani, Nature Astronomy (2022) 

 

S. Barsanti, A. Maselli , T.P.S, L. Gualtieri, PRL (accepted), arXiv:2212.03888 [gr-qc]
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EMRIs beyond GR

Define dimensionless 

Assume

S [g,', ] = S0 [g,'] + ↵Sc [g,'] + Sm [g,', ]
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and solutions continuously connected to GR as ↵ ! 0

Then contributions from      are suppressed by at least     Sc qn

A. Maselli, N. Franchini, L. Gualtieri, and T.P.S, PRL 125, 14, 141101 (2020) 
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EMRIs beyond GR

The field equations then become

A. Maselli, N. Franchini, L. Gualtieri, and T.P.S, PRL 125, 14, 141101 (2020) 

G↵� = 8⇡mp

Z
�(4) (x� yp(�))p

�g
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We use these to study an EMRI with 

M = 106M� J/M2 = 0.9 mp = 10M�

Modelling: perturbative, quadrupole approximation, 
equatorial orbit
Parameter estimation: Fischer matrix analysis
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Scalar Charge
A. Maselli, N. Franchini, L. Gualtieri, T.P.S, S. Barsanti, P. Pani, Nature Astronomy (2022) 
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Figure 1 | Faithfulness between the GW plus polarization computed with and

without the scalar charge, as a function of the latter and for different signal

durations. The signal duration is measured in months (6 or 12) before the plunge.
The horizontal line identifies the threshold of distinguishability, F . 0.988, set
up by SNR of 30.

from the innermost stable circular orbit (ISCO). Further details on the
source parameters are discussed in the Methods Section. We shall con-
sider values of the signal-to-noise ratio (SNR) for LISA detection of
EMRIs ranging from 30 to few hundreds, reflecting conservative or
more optimistic expectations2 based on rather uncertain event-rate es-
timates for EMRIs.

A preliminary assessment of the detectability of the scalar charge
can be made using the evolution of the phase of the GW signal. The
fact that the phase difference between binaries with and without scalar
charge exceeds a certain threshold is an indication that the scalar charge
should be detectable by LISA after twelve months of observation. We
have calculated the phase difference and it is indeed above threshold
even for values of the scalar charge as small as d ⇠ 5 ⇥ 10�3. More
details are given in Methods.

A more quantitative analysis on LISA’s ability to detect a scalar
charge is given in Figure 1, which shows the faithfulness F between
two GW signals emitted by binaries with and without the charge. The
faithfulness (see the Methods below for a precise definition) provides
an estimate of how much two signals differ, weighted by the noise spec-
tral density of LISA. Given the SNR ⇢ of a signal, values of F smaller
than ⇠ 1�D/(2⇢2), with D dimension of the model (⇠ 10), indicate
that the two waveforms are significantly different and don’t provide a
faithful description of one another.20–22 For ⇢ = 30 this requirement
translates into F . 0.988. Figure 1 shows the values of F for the
chose prototype of binary configuration. After one year the faithful-
ness is always smaller than the threshold set by ⇢ = 30, even for scalar
charges as small as d & 0.01. For the same configuration, on a pe-
riod of just six months before the plunge, the faithfulness is below the
threshold already for charges d & 0.05.

The analysis carried out so far highlights two important aspects: (i)
the scalar charge provides a significant shift in the phase of the GW
signal emitted by EMRIs, (ii) the dephasing induces a mismatch in the
template with respect to the zero-charge case, which can potentially
lead to a severe loss of events and to a bias in the estimation of the
waveform parameters.21 This suggests that one year of LISA observa-
tions of EMRIs may be able to reveal the presence of a scalar charge as
small as d ⇠ 0.005� 0.01.

The dephasing and the faithfulness, however, don’t take fully into
account possible degeneracies among the waveform parameters, which
may jeopardize our ability to constrain the scalar charge. A more so-
phisticated study requires a joint investigation of the full parameter
space, which includes correlations among d and other quantities char-

Figure 2 | Corner plot for the probability distribution of the masses, primary

spin and secondary charge, inferred after one year of observation with LISA.

We consider a binary system with d = 0.05 and SNR of 150. Diagonal (off-
diagonal) boxes refer to marginalized (joint) distributions. Vertical lines show the
1-� interval for each waveform parameters. Colored contours within the joint
distributions correspond to 68% and 95% probability confidence intervals. In the
top right corner of each off-diagonal panel we show the correlation coefficient cij
between the parameters (i, j) of the joint distribution.
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Figure 3 | Uncertainties on the scalar charge for prototype EMRIs observed

with different SNR after one year of observation by LISA. (Top panel) Rela-
tive error on the scalar charge as a function of d for EMRIs SNR of 30 and 150.
(Bottom panel) 3-� interval around the true values of the scalar charge inferred
from LISA observations with the two values of the SNR also considered in the top
panel. Dashed curves in the top panel refer to the analytic fit �d = �/d with
� ' 4.18⇥ 10�4 and � ' 2.09⇥ 10�3 for SNR of 150 and 30, respectively.
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Forecast
L. Speri et al. in prepration

33

Mapping to scalar-Gauss-Bonnet

Z. Lyu, N.Jiang and K. Yagi, arXiv:2201.02543

Perkins, Nair, Silva, Yunes PhysRevD.104.024060
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Perspectives

eccentric orbits 

light scalars

improved waveforms and MCMCs

resonances

environmental effects

finite-size effects and self-force

S. Barsanti, N. Franchini, L. Gualtieri, A. Maselli , T.P.S, Phys. Rev. D 106, 044029 (2022)]

S. Barsanti, A. Maselli , T.P.S, L. Gualtieri, Phys. Rev. Lett. 131, 5, 051401 (2023)

L. Speri et al, in preparation

More accurate modelling and data analysis is needed

A. Spiers, A. Maselli , T.P.S, arXiv: 2310.02315 [gr-qc]
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Black hole scalarization
No-hair theorem for the action

provided that     , 

That is, for the equation

trivial solutions are unique if  admissible, if  the effective mass 
squared is positive

But if  it is negative then there can be scalarization!

H. O. Silva, J. Sakstein, L. Gualtieri, T.P.S, and E. Berti, PRL 120, 131104 (2018)

Thomas P. Sotiriou – Institute Pascal, Nov 7th, 2023



Tachyonic instability
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⇤�� µ2�+NL = 0

Massive scalar 

Perturbation around Schwarzschild

Taken from G. Esposito-Farese, arXiv:gr-cq/0402007

T. Damour and G. Esposito-Farese, PRL 70, 2220 (1993)
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Black hole scalarization

GKerr =
48M2

(r2 + �2)6
�
r6 � 15r4�2 + 15r2�4 � �6

�

For           : Schwarzschild and
 
Scalarization for 

 
For            :     can change sign near the horizon

Spin-induced scalarization when

� = 0 G > 0

H. O. Silva, J. Sakstein, L. Gualtieri, T.P.S, and E. Berti, PRL 120, 131104 (2018)
D. D. Doneva and S. S. Yazadjiev, PRL 120, 131103 (2018)

G� 6= 0

A. Dima, E. Barausse, N. Franchini, and T.P.S, PRL 125, 231101 (2020)
C. A. R. Herdeiro, E. Radu, H. O. Silva, T.P.S., and N. Yunes, PRL 126, 011103 (2021)

E. Berti, L. G. Collodel, B. Kleihaus, and J. Kunz, PRL 126, 011104 (2021)

f 00(�0) > 0

f 00(�0) < 0
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BHs and Ricci coupling
G. Antoniou, A. Lehebel, G. Ventagli, and T.P.S, Phys. Rev. D 104, 044002 (2021)

G.Antoniou, C. F. Macedo, R. McManus, and T.P.S., arXiv:2204.01684 [gr-qc]§

S =
1

16⇡G

Z
d4x

p
�g


R� 1

2
(@�)2 �

✓
�

2
R� ↵G

◆
�2

2

�

0.6 0.8 1 1.3
0.0

0.2

0.4

0.6

0.8

1.0

Thomas P. Sotiriou – Institute Pascal, Nov 7th, 2023



Perspectives

Scalarization “screens” new physics at low curvatures

Linear instability in strong field, quenched nonlinearly

Charge controlled by nonlinear interactions, e.g.     , 

Others fields? Vectorisation, tensorization

Other instabilities?

nonlinear terms

F. M. Ramazanoglu, Phys. Rev. D 96, 064009 (2017)
H. Silva, A. Coates, F. M. Ramazanoglu, and T. P. S., Phys. Rev. D 105, 024046 (2021)

…

g̃µ⌫ [gµ⌫ ,�]rµr⌫� = m2
e↵ [gµ⌫ ,�]�+

C. F. B. Macedo et al., Phys. Rev. D 99, 104041 (2019)
G. Antoniou, A. Lehebel, G. Ventagli, and T.P.S, Phys. Rev. D 104, 044002 (2021)
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F. M. Ramazanoglu, Phys. Rev. D 97, 024008 (2018)
C. A. R. Herdeiro and E. Radu, Phys. Rev. D 99, 084039 (2019)

D. D. Doneva and S. S. Yadzadjiev, arXiv:2107.01738 [gr-qc]
…
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Perspectives
Dynamical scalarization

Cosmological evolution

Non-linear evolution and well-posedness

Stability of  scalarized black holes

W. E. East and J. L. Ripley, PRL 127, 101102 (2021)
F. Thaalba, M. Bezares, N. Franchini, and T.P.S., arXiv:2306.01695 [gr-qc]

…

Review:

C. Palenzuela et al., Phys. Rev. D 89, 044024 (2014)
H. O. Silva et al., PRL 127, 031101 (2021)

M. Ealey et al., arXiv: 2205.06240 [gr-qc] 

...a mechanism that wants to become a theory. 

D. D. Doneva, F. M. Ramazanoglu, H. O. Silva, T. P.S., S. S. Yazadjiev, arXiv:2211.01766 [gr-qc]

T. Anson, E. Babichev, C. Charmousis, S. Ramazanov, JCAP 06 023 (2019)
G. Antoniou, L. Bordin, and T.P.S, PRD 103, 024012 (2021)

… 

J. L. Blazquez-Salcedo, D. D. Doneva, J. Kunz, S. S. Yazadjiev, Phys. Rev. D 98, 084011 (2018)
 C. F. B. Macedo et al., Phys. Rev. D 99, 104041 (2019)

G.Antoniou, C. F. Macedo, R. McManus, and T.P.S., arXiv:2204.01684 [gr-qc]
B. Kleihaus, J. Kunz, T. Utermoehlen,  E. Berti, Phys. Rev. D 107, L081501 (2023)

M. Minamitsuji and S. Mukohyama, arXiv:2305.05185 [gr qc]
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BHs and Ricci coupling
F. Thaalba, M. Bezares, N. Franchini, and T.P.S., arXiv:2306.01695 [gr-qc]
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