
2204.09038

Constraining spontaneous black hole

scalarization with gravitational waves

with C HERDEIRO and E RADU
LEONG KHIM WONG

6eme AG du GdR Ondes Gravitationnelles •  11 Oct 2022



Hairy black holes1. 

Any stationary, asymptotically flat solution that is 
not Kerr and has a nontrivial scalar-field profile



The only suitably regular, stationary, asymptotically flat 
vacuum black hole solutions are those for which the 
metric is Kerr and the scalar is everywhere a constant.

S =
1

16π ∫ −g d4x (R − 2(∂ϕ)2

ϕ = ϕ0 : V′￼(ϕ0) = 0, V′￼′￼(ϕ) ≥ 0

[Hawking 1972; Sotiriou and Faraoni 2012]

− V(ϕ))



S =
1

16π ∫ −g d4x (R − 2(∂ϕ)2 + λ2f(ϕ)𝒢)
 is the Gauss–Bonnet invariant𝒢 = RμνρσRμνρσ − 4RμνRμν + R2

 is a coupling constant with dimensions of lengthλ

Scalar–Gauss–Bonnet theories



I II

∇μ ∇μϕ = −
1
4

λ2f ′￼(ϕ)𝒢

 f ′￼(ϕ) ≠ 0 ∀ finite ϕ

λ ≲ 3.0 M⊙
[Lyu, Jiang and Yagi 2022]

All black holes have hair

E.g.,    or  f(ϕ) = ϕ 1
β eβϕ
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All black holes have hair Spontaneous scalarization

 not the unique solution(gKerr, ϕ = 0)
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E.g.,    or  f(ϕ) = 1
2 ϕ2 − 1

2β e−βϕ2

Some  tachyonically unstable(M, S)

Second family of hairy, 
“spontaneously scalarized” black holes
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− 1
2β e−βϕ2

Fix β = 6



The scalar charge  is read off from the asymptotic expansionQ

ϕ = −
Q
r

+ O(r−2)

Q = λ × F ( M
λ

,
S

M2 )
[Coleman, Preskill and Wilczek 1992]Scalar hair is of secondary type

From dimensional analysis,



≡
S/

M
2

[Numerical solutions by Cunha, Herdeiro and Radu 2019]

Kerr is unique and stable

Kerr is unstable

2nd family of hairy solutions



 too smallM/λ  too largeM/λSpontaneously 
scalarized black hole

KerrKerr

A black hole of mass M probes a certain range of values of λ



Gravitational-wave constraints2. 



Hairy black holes   =   scalar waves



p(λ |d)



=p(λ |d) ∫ dθ p(λ, θ |d)



p(d |λ, θ) π(λ, θ)∝p(λ, θ |d)

Posterior Likelihood Prior



Assume detector noise is stationary, Gaussian, and uncorrelated

p(d |λ, θ) ∼ ∏
a ∈ {detectors}

exp( − 2∫
fhigh,a

flow,a

df
| d̃a( f ) − h̃a( f; λ, θ) |2

Sn,a( f ) )

[Cutler and Flanagan 1994]

Signal Waveform

Noise PSD

RingdownMergerInspiral

fhighflow

?



h̃ℓm( f ) = 𝒜ℓm( f ) eiΨℓm( f )

⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

[Sennett, Marsat and Buonanno 2016]
–1PN scalar dipole radiation 

Phase:

Amplitude:

Ψℓm = Ψ(GR)
ℓm + δΨℓm

Decompose the waveform into spherical harmonics

δΨℓm =
5m

14 336 ν ( Q1

M1
−

Q2

M2 )
2

( 2πMf
m )

−7/3

𝒜ℓm = 𝒜(GR)
ℓm

QA ≡ QA(MA, SA, λ)



p(d |λ, θ) π(λ, θ)∝p(λ, θ |d)

Same as in GR

θ = {M1, M2, χ1, χ2, …}

Log uniform

(Restricted to )λ ∈ [1,103] M⊙

?



✦ Individual spins are harder to 
measure than    

        


✦  when 

χeff =
(M1χ1 + M2 χ2) ⋅ L̂

M1 + M2

χeff ∼ χ1 M1 ≫ M2

✦ Need to know spins to confidently 
rule out a range of λ



et al. 2020). The first binary neutron star (BNS) coalescence signal,
GW170817, was discovered during the second of these observing
campaigns (Abbott et al. 2017a, 2019b). It proved to be a
multmessenger source with emission across the electromagnetic
spectrum (Abbott et al. 2017b), with implications for the origin of
short gamma-ray bursts (Abbott et al. 2017c), the formation of
heavy elements (Abbott et al. 2017d; Chornock et al. 2017; Tanvir
et al. 2017; Rosswog et al. 2018; Kasliwal et al. 2019; Watson
et al. 2019), cosmology (Abbott et al. 2017e, 2019c), and
fundamental physics (Abbott et al. 2017c, 2019d).

The first six months of the third observing run (O3) were
completed between 2019 April 1 and September 30. The LVC
recently reported on the discovery of GW190425, the coalescence
signal of what is most likely a BNS with unusually large chirp
mass and total mass compared to the Galactic BNSs known from
radio pulsar observations (Abbott et al. 2020a). Another discovery
from O3 is that of GW190412, the first BBH coalescence with an
unequivocally unequal mass ratio q=m2/m1 of -

+0.28 0.06
0.12(all

measurements are reported as symmetric 90% credible intervals
around the median of the marginalized posterior distribution,
unless otherwise specified). It is also the first event for which
higher-multipole gravitational radiation was detected with high
significance(Abbott et al. 2020d).

Here we report on another O3 detection, GW190814, the signal
of a compact binary coalescence with the most unequal mass ratio
yet measured with gravitational waves: q= -

+0.112 0.009
0.008. The

signal was first identified in data from two detectors, LIGO
Livingston and Virgo, on 2019 August 14, 21:11:00 UTC.
Subsequent analysis of data from the full three-detector network
revealed a merger signal with signal-to-noise ratio (S/N) of ;25.

The primary component of GW190814 is conclusively a black
hole (BH) with mass m1= -

+23.2 1.0
1.1 Me. Its dimensionless spin

magnitude is constrained to χ1�0.07. The nature of the -
+2.59 0.09

0.08

Me secondary component is unclear. The lack of measurable tidal
deformations and the absence of an electromagnetic counterpart
are consistent with either a neutron star (NS) or a BH given the
event’s asymmetric masses and distance of -

+241 45
41 Mpc. However,

we show here that comparisons with the maximum NS mass
predicted by studies of GW170817ʼs remnant, by current
knowledge of the NS equation of state, and by electromagnetic
observations of NSs in binary systems indicate that the secondary
is likely too heavy to be an NS. Either way, this is an
unprecedented source because the secondary’s well-constrained
mass of 2.50–2.67Memakes it either the lightest BH or the
heaviest NS ever observed in a double compact-object system.

As in the case of GW190412, we are able to measure the
presence of higher multipoles in the gravitational radiation, and
a set of tests of general relativity with the signal reveal no
deviations from the theory. Treating this event as a new class of
compact binary coalescences, we estimate a merger rate density
of 1–23 Gpc−3 yr−1 for GW190814-like events. Forming
coalescing compact binaries with this unusual combination of
masses at such a rate challenges our current understanding of
astrophysical models.

We report on the status of the detector network and the
specifics of the detection in Sections 2 and 3. In Section 4, we
estimate physical source properties with a set of waveform
models, and we assess statistical and systematic uncertainties.
Tests of general relativity are described in Section 5. In Section 6,
we calculate the merger rate density and discuss implications for
the nature of the secondary component, compact binary formation,
and cosmology. Section 7 summarizes our findings.

2. Detector Network

At the time of GW190814, LIGO Hanford, LIGO Living-
ston,and Virgo were operating with typical O3 sensitivities
(Abbott et al. 2020a). Although LIGO Hanford was in a stable
operating configuration at the time of GW190814, the detector
was not in observing mode due to a routine procedure to minimize
angular noise coupling to the strain measurement(Kasprzack &
Yu 2017). This same procedure took place at LIGO Hanford
around the time of GW170608; we refer the reader to Abbott et al.
(2017f) for details of this procedure. Within a 5minute window
around GW190814, this procedure was not taking place;
therefore, LIGO Hanford data for GW190814 are usable in the
nominal range of analyzed frequencies. A time–frequency
representation(Chatterji et al. 2004) of the data from all three
detectors around the time of the signal is shown in Figure 1.
We used validation procedures similar to those used to vet

previous gravitational-wave events(Abbott et al. 2016c, 2019a).
Overall we found no evidence that instrumental or environmental
disturbances(Effler et al. 2015) could account for GW190814.
However, we did identify low-frequency transient noise due to
scattered light at LIGO Livingston, a common source of noise in

Figure 1. Time–frequency representations(Chatterji et al. 2004) of data
containing GW190814, observed by LIGO Hanford (top), LIGO Livingston
(middle), and Virgo (bottom). Times are shown relative to 2019 August 14,
21:10:39 UTC. Each detector’s data are whitened by their respective noise
amplitude spectral density and a Q-transform is calculated. The colorbar
displays the normalized energy reported by the Q-transform at each frequency.
These plots are not used in our detection procedure and are for visualization
purposes only.
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GW190814
χ1 < 0.07



GW190814



GW190814



GW190814

Both black holes are Kerr



GW190814

Secondary black hole 
can scalarize



GW190814

Primary black hole 
can scalarize



56 M⊙ ≲ λ ≲ 96 M⊙ : Bayes factor ≤ 0.1

GW190814 rules out λ ∼ 2M1



Massless scalar-tensor theories

All objects have scalar charges Spontaneous scalarization
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Brans–Dicke
[Seymour and Yagi 2020]

Damour–Esposito-Farèse
[Zhao et al. 2019]

Scalar-Gauss-Bonnet I
[Lyu, Jiang and Yagi 2022]

Scalar-Gauss-Bonnet II
This work*

*See also [Danchev, Doneva and Yazadjiev 2022] for binary pulsar constraints


