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The evolution of the event horizon when two black holes merge can be determined by resorting to ray-
tracing techniques on a single black hole spacetime, under the assumption that the binary’s mass ratio is
infinite and the underlying gravity theory respects the equivalence principle. We extend this analysis to the
collision of nonspinning hairy black holes in Einstein-scalar-Gauss-Bonnet gravity. In such theories the
scalar field is coupled to a higher curvature operator, leading to possible modifications of the background
geometry and consequently of photon propagation. We study three families of coupling functions: linear,
quadratic, and a particular exponential form. The first choice enjoys a shift symmetry and forces the
presence of scalar hair in the spectrum of black hole solutions. The latter two couplings break the shift
symmetry and allow for spontaneously scalarized hairy black holes, which coexist with the Schwarzschild
black hole. For all three classes of theories studied, we find a merger duration that is longer than the
corresponding time in general relativity, when keeping the size of the small black hole fixed and for viably
small values of the coupling constant. However, the case of the exponential coupling yields a
nonmonotonic merger duration, which can become shorter than the general relativity value for a
sufficiently large coupling constant. We observe that the merger duration and the area increment
generically track the behavior of the small black hole’s photon ring. Finally, we also compare our results

with recent numerical simulations by other groups, despite the dissimilar mass ratios considered.

DOI: 10.1103/twfc-xd1g

I. INTRODUCTION

The advent of gravitational wave (GW) astronomy has
promoted coalescing compact binaries to precision probes
of gravity in the strong-field, highly dynamical regime,
making them natural laboratories to search for corrections
to general relativity (GR) [1-4]. The LIGO-Virgo-KAGRA
(LVK) network has already produced a rich catalog of
detections and stringent tests of GR [5,6], and its sensitivity
will improve in the coming years [7—10] delivering orders-
of-magnitude gains in reach and measurement accuracy.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

2470-0010/2026/114(10)/104046(20)

104046-1

Existing GW observations significantly constrain broad
classes of deviations (see, for example, Refs. [11,12]),
indicating that very precise modeling and data analysis will
be required to uncover potential departures from GR.
Among the many proposed extensions of GR, Einstein-
scalar-Gauss-Bonnet (EsGB) gravity provides a particularly
well-motivated and theoretically controlled framework. In
these models, which we will focus on—and which fall within
the well-known classes of scalar-tensor theories (broadly
defined), quadratic gravity and Horndeski theories (see,
for instance, Refs. [13—15])—a scalar field couples non-
minimally to the Gauss-Bonnet invariant, introducing
higher-curvature interactions while preserving second-order
equations of motion in four dimensions. These theories
support black hole (BH) solutions endowed with nontrivial
scalar hair [16-22]. Depending on the choice of scalar-
Gauss-Bonnet coupling, this phenomenon is reminiscent of
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the spontaneous scalarization found by Damour and
Esposito-Farese [23,24], but in this case it is curvature-
induced and may be active for BHs, as well as for neutron
stars. The presence of the scalar field modifies both the
dynamics and the radiative signature of compact binaries
[25], potentially altering their inspiral, merger, and ring-
down. Yet, the theory can remain compatible with weak-field
tests [26,27]. This makes strong-field GW observations of
compact binaries a particularly powerful probe, provided
their dynamics are modeled with sufficient accuracy.

Substantial effort has therefore been devoted to modeling
GW signals in EsGB gravity, starting with early analytical
studies [25] and numerical investigations under some
approximations [28,29]. In the context of EsGB gravity,
confrontation of theoretical waveform models with obser-
vational data has led to increasingly stringent bounds on
the Gauss-Bonnet coupling (see, e.g., Refs. [30-36]), and
EsGB-specific waveform models have been developed
within the effective-one-body framework and applied to
selected LVK events [34,37]. Dynamical scalarization poten-
tially occurring in nearly equal-mass binary BH mergers was
recently suggested to be observable with third-generation
ground-based gravitational-wave detectors, in a narrow
window of the coupling parameter of one of the models
we consider below [38]. Beyond semi-analytical modeling,
recent theoretical progress has established that higher-
derivative scalar-tensor theories, including EsGB, admit a
well-posed initial value formulation in the weak-coupling
regime [39,40], enabling fully nonlinear numerical simu-
lations of compact binaries [38,41-46] and direct compar-
isons with GW observations. Nevertheless, such simulations
are computationally demanding and theory-specific, under-
scoring the importance of complementary approaches that
enable scanning quickly a broad range of parameters. These
considerations lead us to investigate mergers of scalar-hairy
BHs in EsGB gravity from a different perspective.

In this paper, we perform a complementary study of BH
mergers in EsGB gravity, by extending the analysis to the
extreme mass-ratio (EMR) limit, where semianalytical
methods can be used. Specifically, we investigate collisions
of such hairy BHs when one companion is infinitely more
massive than the other by resorting to the ray tracing
technique developed in this context by Emparan and
Martinez [47]. Our results are valid for more general
(non-head-on) plunges, which can be obtained from the
head-on configuration by performing a Lorentz boost along
a direction parallel to the large horizon [47]. We will
restrict, without loss of generality, to the head-on setup, for
simplicity. This approach is valid for theories respecting the
weak equivalence principle, which is the case for EsGB
gravity if matter is minimally coupled to the spacetime
metric, and thus not coupled directly to the scalar field, nor
to the Gauss-Bonnet invariant. Hence, in these theories
photons follow geodesics, which is the key ingredient

required to trace back in time the generators of the event
horizon describing the merger. This technique has been
employed in a number of more recent works [48-55].

As mentioned above, the theories we shall consider fall
within the class of Horndeski theories, but the mapping that
makes this connection explicit is nonanalytic [15]. Yet, a
parametrized post-Newtonian (PPN) analysis that takes this
hurdle into account has been performed for these theories in
[56] (and in [57] including coupling to additional matter).
Specifically, for the scalarized Einstein-Gauss-Bonnet the-
ories the PPN parameters exactly match those of GR and so
these theories are indistinguishable from GR in the weak
field, quasistatic regime. This provides a strong motivation
for our study of such models, as they display departures from
GR only in the strong gravity (or highly relativistic) regime,
where effects at the horizon scale should be noticeable.
Hence, solar system observations, for instance, can hardly
place any bounds on the coupling constants of these theories.
Nevertheless, post-Newtonian corrections do arise at higher
order and these have been used to constrain the couplings of
some EsGB models. This illustrates the synergy between the
post-Newtonian analysis and our study of the merging
horizons as a way to explore a wider range of theories
and the dynamics of binary systems.

We study three different families of EsGB theories for
which quantitative results are obtained for the merger
duration and area increase as a function of the scalar-
Gauss-Bonnet coupling constant. We find that, when the
scalar field is either linearly or quadratically coupled to the
Gauss-Bonnet invariant, the highly nonlinear merger phase
proceeds slower than in GR, keeping the size of the small
BH fixed, for comparison. While the linear coupling is
natural from an effective field theory perspective [46] and
motivated by the desire to evade no-hair theorems [18], the
quadratically coupled model is known to be afflicted by
instabilities and is considered here only as a benchmark for
the study of the third family. The last class of models
considered involves a particular exponential type of cou-
pling that induces spontaneous scalarization of sufficiently
small BHs (compared to the coupling constant). The
interest in this form of coupling is phenomenologically
justified at astrophysical scales, allowing for spontaneous
scalarization of BHs resulting in linearly stable solutions
[38], as well as affecting binary pulsar dynamics by
possibly endowing neutron stars with scalar charge
[58,59]. For this third theory two distinct outcomes are
possible: for sufficiently small values of the (dimension-
less) coupling constant the merger is delayed when com-
pared to GR, but there also exists a parameter range in
which the merging time is accelerated, while not being
ruled out by known instabilities of the BH geometry.

In the case of a linear coupling, Ref. [46] found that the
merging times for such binaries are longer than post-
Newtonian expectations—which predict that the inspiral
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phase should be accelerated due to the additional emission
of dipole scalar radiation—, but still shorter than in GR. In
the case of the special exponential coupling, recent
numerical simulations [38] similarly find shorter merging
times for EsGB than in GR, which is also a possibility
revealed by our analysis.

The structure of the paper is as follows. In Sec. I we
review the literature concerning BH solutions in EsGB
gravity. These geometries will be used in Sec. III to construct
the time evolution of the event horizon in EMR mergers. In
this section we also include a brief description of how the ray
tracing technique is implemented, and extract our main
observables: the merger duration and the relative area
increase of the small BH. We study three different families
of EsGB theories for which we obtain quantitative results as a
function of the scalar-Gauss-Bonnet coupling constant.
Section IV is dedicated to the comparison with recent
numerical relativity (NR) results for the case of the shift-
symmetric theory and EsGB with a particular exponential
form of the scalar-Gauss-Bonnet coupling function. Finally,
Sec. V is devoted to conclusions and some discussion. We
relegate to four Appendices the details about the procedure to
obtain the numerical solutions for the hairy black holes, and
about the conversion of our results to units better adapted to
NR simulations.

Throughout the manuscript we adopt geometrical units,
in which Newton’s constant of gravitation and the speed of
light are set to unity, G = ¢ = 1.

II. BLACK HOLES IN EINSTEIN-SCALAR
GAUSS-BONNET GRAVITY

EsGB theories can be viewed as an extension of the
effective field theory (EFT) approach to gravity [60,61]
to the case of scalar-tensor theories, in which the scalar-
Gauss-Bonnet coupling appears naturally as the leading-
order, higher-derivative correction to GR [62]. Such
couplings are also characteristic of low-energy effective
actions from string theory [63,64]. In this language, the
scalar-Gauss-Bonnet coupling plays the role of an EFT
coefficient, and the resulting equations of motion are
understood as a controlled low-energy expansion [39,40].

The action describing EsGB theory can be written
as [21,65]

S = 16 d4x\/“[ —0@0”<D+af( )R2s|. (1)

which contains the usual Einstein-Hilbert term, given by
the Ricci scalar, R, as well as the Gauss-Bonnet term,
defined by

REg = R* — 4R ,,R™ + R ppcqR, (2)

where R, and R ,,.; are the Ricci tensor and the Riemann
tensor, respectively. Furthermore, the theory involves a
scalar field, @, which is coupled to the Gauss-Bonnet
term through a generic function, f(®), which is rendered
dimensionless upon pulling out the multiplicative coupling
constant, @, with dimensions of length squared.

Variation of the action with respect to the metric field,
Jap» and the scalar field, @, yields the equations of motion
for the theory, namely

V, 90 4 af ()RE, = 0, )
1 ®
R 2Rgal7 =T5, + aTab , (4)

where V, denotes the covariant derivative and the dot
denotes a derivative with respect to ®. The stress-energy
tensor has contributions both from the metric and the scalar
field [21],

1 1
T?b = EaacDab(D - Zgabacq)acq)’ (5)
1 ..
TGB - 2_9 (gcagdb - gdagch)eedghGCkl]Rijf/hvkv‘ff’ (6)

where € is the completely antisymmetric tensor in four
dimensions.

Assuming a static and spherically symmetric spacetime
with line element

ds® = —e"Dd* + eNdr? + r2(d6* + sin? 0 dg?),  (7)

the metric field equations read

Saf[(e = 3)ND —2(eP — 1)D"] +4el(rA + et - 1)
= ®?[16a(e® —1)f + r?el], (8)
2eAD? 4 delM (=T + e — 1) = 8(eM = 3)afT’d, (9)

daf[-2I"®" — @' (21" — 3['A' +T7?)]

M2 4 (i +2)(T" = A)] = @2 (8afT’ — reh),
(10)
and the scalar field equation reads
de~haf[(eh = 3N — (et — 1)(2I" +17?)]
= =2r2®" — r®'(1rT" — rN +4), (11)

where the primes denote derivatives with respect to r, and
we omitted the functional dependence on r and @, i.e.
A=A(r), T =T(r), ®=d(r) and f = f(P).
Depending on the choice of coupling function f in
Eq. (1), the EsGB theory may admit, or not, the same BH
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solutions as those of GR. When it does, the hairy BHs
branch out from the GR solutions at specific points in the
parameter space determined by the perturbative instabilities
of the unscalarized BHs [19]. There is a countable infinity
of such unstable points and so there are infinite branches of
hairy black holes in such theories, labeled by n €Ny, the
number of zeroes in the scalar field profile. These are
so-called spontaneously scalarized BHs. However, for a
shift-symmetric theory, the GR BHs do not solve the
equations of motion and the hairy BHs only exist along
a single branch of solutions.

In this work, we focus on three different subclasses of
EsGB gravity, distinguished by the choice of coupling
functions. Specifically, we study coupling functions that
are either linear in the scalar field [17], quadratic [20],
or of a special exponential form [19]. The latter two
coupling functions satisfy f(0) =0, which ensures that
the Schwarzschild spacetime, having ® =0, is also a
solution of EsGB, along with additional hairy BHs.

In the remainder of this section, we describe the BH
solutions that arise in each of these theories. This is done by
solving the system of Egs. (8)—(11), demanding regularity
at the horizon, r = r;, and imposing that the scalar field
asymptotes to zero at infinity. The solutions obtained
numerically fall along lines in the two-dimensional space
parametrized by ®(r,) = ®,, and

3‘\N| S}

a (12)
More details about the numerical construction of the
solutions are given in Appendix A and Appendix B.

A. Linear coupling

For our first choice of the coupling function we adopt a
linear form,

fl@) =7, (13)

which gives rise to the shift-symmetric EsSGB solutions
obtained in [18,66]. The theory in this case is invariant
under ® — ® + ¢, where c is an arbitrary constant, and the
normalization in Eq. (13) is conventional. One can restrict
to coupling constant @ > 0 without loss of generality, since
the equations of motion are invariant also under the Z,
transformation (a, ®) - (—a, —®).

Shift-symmetric ESGB has attracted considerable inter-
est. An important property of this theory is that the linear
coupling forces static BHs to be hairy, and hence distinct
from those of GR.! In addition, previous studies have found
that EsGB BH solutions with linear coupling are free from
ghosts and Laplacian instabilities for small coupling [67],

"This can be readily seen from Eq. (3), as the coupling to the
Gauss-Bonnet invariant never vanishes.
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FIG. 1. Single branch of BH solutions of EsGB with linear
coupling, f(®) = ®/4, plotted in the (®,, a/r;) parameter
space. These develop in the (®,, a/ ri) plane from the point
(@), =0, a/r2 = 0) until Eq. (A3) is no longer satisfied, i.e. for
la|/r2 > 1/1/6, tepresented by the red-dashed curves. The
Schwarzschild spacetime, with @ = 0, is a solution of the theory
only for a/r; = 0.

and do not suffer from any quasinormal mode (QNM)
instabilities [68,69], further motivating their study.
Figure 1 shows the domain of existence of EsGB BHs
with a linear coupling in the (®,,, &) space. These solutions
exist along a single branch, developing from the origin until
condition (A3) is no longer satisfied, for |@ = 1//6.
Radial profiles of the metric functions and scalar field
are shown in Fig. 2 for different values of the coupling
constant. Given that @ is restricted to a finite interval, the
deviation of the metric functions from their GR counterpart
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0.05¢ aln? = 0.108962 alry? = 0.392316
alry? = 0.213354
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FIG. 2. Top: radial profile of the metric functions e ") and (")
for several EsGB BH solutions with a linear coupling. The
Schwarzschild solution corresponds to the red dashed line.
Bottom: radial profile of the scalar field, ®(r), for the same
BH solutions.
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(¢ = 0) is bounded from above, with only mild departures
in this shift-symmetric case. Moreover, the scalar field
profile is bounded from above and below by the solutions

for ®(r) with @ = £1/+/6. Our numerical results are in
agreement with those of [18].

The most constraining observational bound on the
coupling constant in shift-symmetric EsGB theory is y/a <
1.49 km [34]. For a 5 solar mass black hole, this translates
into a/r; <1072, (For even smaller BH masses, as
suggested to exist in the lower mass gap in [70], this
bound increases.) Note, however, that this bound relies on

post-Newtonian results, and has been challenged in [46].

B. Quadratic coupling
The quadratic coupling

f(®) =— (14)

is the simplest choice that allows GR BHs to persist as
solutions of EsGB gravity [20]. Again, the multiplicative
factor 1/4 is purely conventional.

The values of @ and @, for which hairy BH solutions
exist in this theory are shown in Fig. 3, for the fundamental
branch (n = 0) and for the first two overtones (n = 1, 2).
As n increases, the parameter range narrows in @, but
widens in @. For the n = 0 solution branch, which intro-
duces the most noticeable changes to Schwarzschild,
the coupling parameter is only allowed to vary within
0.346580 < & < 0.362811, corresponding to values of the
scalar field at the horizon that satisfy |®,| < 0.588967. At

0.6} ]
0.4 |\ ]
02f | e ]

& 00 > ________________________________ =g

-02f | .7 =t ]
—0.4f ]

—06F n=0 ]
o 1 2 3 4 5 6 7

alry?

FIG. 3. First three branches of BH solutions of EsGB with
quadratic coupling, f(®) = ®?/4, plotted in the (®;, a/r?)
parameter space. The Schwarzschild solution, represented in blue
along the ®;, = 0 axis, is a solution for all a, but it becomes
unstable at specific values of a/r7, leading to the emergence of
BHs with scalar hair. These hairy solutions branch out from the
@), = 0 axis until Eq. (A3) is no longer satisfied. Hairy BHs are
restricted to lie within the two red-dashed curves determined
by @, = +(24a%/r})" V2

the scales shown in Fig. 3, the n = 0 branch appears as an
almost straight vertical line, but a zoom-in reveals that it
bends to the left away from the branching point, similar to
the n = 1, 2 branches.

In Fig. 4, we show the radial profiles of the metric
functions and the scalar field for BH solutions for several
values of & and n. Note that the metric functions deviate
only slightly from Schwarzschild, as the scalar field
remains relatively small throughout. The scalar field profile
qualitatively changes as we consider higher n, exhibiting an
increasing number of nodes. However, its amplitude is
correspondingly reduced, which prevents a significant
impact on the metric functions. For this reason, we only
display the metric functions for the n =0 branch of
solutions. These numerical results are in agreement with
the findings of [20,21].

10
5 -
1 |
< 0.50
(4]
K o T Schwarzschild
0.10F alry? = 0.362303 (n=0) | _
0.050 aln? = 0.354792 (n=0) |
alry? = 0.346580 (n=0)
0.01
0.6
————— alny? = 0.362303 (n=0)
04r ~ alry? = 0.354792 (n=0) |
Y ————— alr,? = 0.346580 (n=0)
0.2+
0.0 e
0.061
0 04;Z - alr? =2.35020 (n=1) | |
T h - aln? = 2.41536 (n=1)
+ aln,? = 6.06543 (n=2)
& 002 [ aln? = 6.33159 (n=2) | |
000 -
-0.02|

rir,

FIG. 4. Top: radial profile of the metric functions e ") and (")
for several n = 0 EsGB BH solutions with a quadratic coupling.
The Schwarzschild solution corresponds to the red-dashed line.
Middle: radial profile of the scalar field, ®(r), for the same n = 0
BH solutions. Bottom: radial profile of the scalar field, ®(r), for
n =1 and n = 2 EsGB BH solutions with a quadratic coupling.
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2 L

a/f'h

FIG. 5. First three branches of BH solutions of EsGB with
exponential coupling, f(®) = (1 — e 3®/2)/6, plotted in the
(D, a/ r,zl) parameter space. The Schwarzschild solution, repre-
sented in blue in the @, = 0 axis, is a solution for all coupling
parameters a/r7. The Schwarzschild solution becomes unstable
for a/r; > 0.362811, leading to the emergence of BH solutions
with scalar hair. For n > 1 solutions, these develop in the (®,,
a/r?) plane from the ®, = 0 axis until Eq. (A3) is no longer
satisfied. On the other hand, n = 0 solutions exist for all values of
@,,. The red, dashed curves were obtained by solving numerically
the equality in Eq. (A3).

It is worth noting that all hairy BHs in EsGB with a
purely quadratic coupling function are known to be
unstable [71-73]. Therefore, we will consider these space-
times mainly as a benchmark for BHs in EsGB with a
special exponential coupling (see next section).

C. Special exponential coupling
Our last choice of coupling function has a particular
exponential form [19],

f(@) = £ (1= 7P, (15)

The BHs in this theory are more interesting than with the
quadratic coupling discussed in the previous subsection
for two reasons. First, some of these hairy BHs are believed
to be stable, as we discuss shortly below. The second
reason is related to Fig. 5, where we plot the domain of
existence of BH solutions in the (®;,, &) plane. Note that, if
|®,| < 1, we obtain a similar behavior as the one found
for the quadratic coupling. For instance, the hairy BHs
branch out at exactly the same points. This is expected
since |®,| < 1 implies |®(r)| < 1 for all r > r;, in which
case the coupling function is well approximated by
f(®) = (1 —e3%/2)/6 ~ ®? /4. For n > 1 solutions, @,
remains bounded to small values, and so the parameters
covered in & are very similar to those in the quadratic case.

aln? = 451225 (n=0)

aln? = 0.607942 (n=0)

rrrrr Schwarzschild
aln? = 12.3829 (n=0)

aln? = 168613 (n=0)

alry? = 27.4349 (n=0)

————— alry? = 0.607942 (n=0)
alry? = 1.68613 (n=0)
15 e e aln? = 451225 (n

(n=0)
————— aln,? = 12.3829 (n=0)
(n=0)

————— alry? = 27.4349 (n

© 10}

05F

0.0
0.06 |

- alry? =2.35465 (n=1
] -~ aln? = 2.41651 (n=1
0.04 )
. aln? = 6.06741 (n=2

aln? = 6.33183 (n=2

& 002F

0.00—

-0.02

rirn

FIG. 6. Top: radial profile of the metric functions e ") and (")
for several n =0 EsGB BH solutions with an exponential
coupling. The Schwarzschild solution corresponds to the red,
dashed line. Middle: radial profile of the scalar field, ®(r), for the
same n = 0 BH solutions. Bottom: radial profile of the scalar
field, ®(r), for several n = 1 and n = 2 EsGB BH solutions with
an exponential coupling.

However, for n =0 BH solutions, there is no upper
bound on @ and consequently ®;, can take arbitrarily large
values. This leads to solutions that significantly differ
from Schwarzschild, see Fig. 6, whereas n > 1 solutions
remain very similar to those obtained in Fig. 4. The
n =0 family of hairy BH solutions branches off from
Schwarzschild at a critical value of the coupling constant,
given by @, = 0.362811, exactly the same value as in the
quadratic coupling case. These numerical results are in
agreement with [19].

It has been shown that all such hairy BHs with n > 0 are
unstable [71]. On the other hand, the fundamental mode
n =0 yields a stable hairy BH when the coupling is
sufficiently small, specifically @ < 13.834.2

“This threshold was obtained by converting the bound reported
in Refs. [71,74,75], where it was expressed in units of M instead
of r;,, and taking into account differences in the definition of the
coupling constant.
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Observational constraints on the coupling constant in
this specific EsGB theory have been placed by considering
GW data from binary BH mergers, strongly disfavoring
117 km < y/a <200 km [35]. The most stringent con-
straints in this case come from binary pulsar observations,
allowing values of /a up to a few tens of kilometers
[36,58]. These bounds are less sharp because of their
dependence on the incompletely known equation of state of
neutron stars. Nevertheless, they suggest that in this model
there is a narrow window of coupling constants allowing
for spontaneously scalarized BHs (with ~10 solar masses)
that is not ruled out observationally.

III. BLACK HOLE MERGERS IN ESGB

The event horizon describing the merger between a small
BH in EsGB and an infinitely large BH is obtained by
computing a particular congruence of null geodesics in the
spacetime defined by the small BH in isolation [47]. The
congruence is selected by the condition that the event
horizon approaches a null plane at future null infinity. By
taking progressive constant time slices, one obtains the time
evolution of the merging horizon, as done previously for
modified gravity, namely for Einsteinian cubic gravity, in
[54]. Determining the location of the merging event horizon
by integrating its null generators backwards in time from a
late-time stationary state is a robust technique also used
occasionally in NR [76-78].

In our analysis, we will take the large BH to be nonhairy.
While this is not a matter of concern for the quadratic and
exponential couplings considered, for the shift-symmetric
theory this assumption requires some explanation, because
its BH solutions are necessarily distinct from those of GR.
However, in the linear case this is justified precisely for
infinitely large BHs: when r;, — oo the scalar field becomes
infinitely suppressed (see Figs. 1 and 2). Indeed, EMR
mergers whose primary component is a supermassive BH
are prime targets of LISA and thus are expected to be
nonhairy.

A. Construction of the merging event horizon

As just mentioned, the determination of the event
horizon hinges upon the calculation of certain null geo-
desics. Let x4 = (1, 1,0, ¢) be the coordinates of one such
geodesic, parametrized by an affine parameter «, and u® =
dx?/dx denote its tangent velocity vector, in terms of which
the geodesic equations are u”V,u® = 0.

Given the spherical symmetry of the background BH
considered, we may take the geodesic to lie on the
equatorial plane without loss of generality, so that
0(xk) = /2. The three remaining components of the
geodesic equations can be written as

dt e
&~ q

(16)

do 1
— =, 17
dR r? (17)
dr\? 1
Cr)+A(r) [ Z2 \% = 18
e <dk.) + eff(r) 6]2 ’ ( )

where £ = kL is a rescaled affine parameter and ¢ = L/E
is the impact parameter of the geodesic. Here, £ and L
denote the conserved energy and angular momentum of the
geodesic, associated with the Killing vectors d/dr and
0/ 0y, respectively, whereas Vg (r) = ") /12 represents
the effective potential controlling the radial dynamics.

After specifying the function f(®) and the coupling
parameter @, the metric functions I'(r) and A(r) can be
obtained using the procedure from Sec. II, and the geodesic
equations can be solved for each impact parameter g. To
this end, it is useful to parametrize the geodesics with the
radial coordinate r instead of the affine parameter & With
this substitution, the geodesic equations for the ¢ and ¢
coordinates become

A()-T(r)
dt e 2
=+

dr q #_ Veff(r)

d e 2
A
r r? LZ_Veff(r)

(19)

The radial coordinate that maximizes V. is the photon
sphere radius rp, of the small BH. For sufficiently small
impact parameters ¢, such that 1/q* > Veg(rpn) = 1/q5,,
the denominators in Eq. (19) never vanish and the inte-
gration can be performed readily. This situation corre-
sponds to generators that do not bounce off the potential
barrier of the small BH. As a consequence such generators
either end up at r = ry, at the infinite past, or they intersect
the caustic line’ ¢ = 7 at some finite time. In the language
of [47] (see Fig. 5 therein), the former have ¢ < ¢. whereas
the latter have g. < g < gy, Here, g, is the critical impact
parameter separating noncaustic generators from caustic
generators.

Generators with impact parameters g > q,, can be
analyzed similarly. The characteristic novel feature of these
geodesics is the presence of a turning point at some radius
of closest approach to the small BH. There are two cases to
be distinguished: either the turning point occurs before
reaching the caustic line (i.e., |@| < x), or it occurs after-
wards (and will, therefore, not be part of the event horizon).
The threshold separating these two classes of generators
happens at some impact parameter ¢., determined by
having its turning point exactly on the caustic line, at
some radial coordinate r,.

3Caustic points correspond to events at which multiple gen-
erators cross and enter the event horizon [79].
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In summary, we can divide generators into two different
categories: noncaustic generators, with impact parameters
q < q., and caustic generators, with ¢ > ¢,.. The latter can
further be subdivided based on whether ¢. < ¢ < ¢, or
q > q., corresponding to whether they enter the caustic
from the side of the small BH or from the side of the large
BH, respectively.

An important conclusion of the above discussion is that

Ge < Gph < G- (20)

Since g, is a local quantity, it is easier to compute than g,
or q,, and can therefore be used to interpret the results of
the latter.

To solve the geodesic equations (19), we must provide
boundary conditions that ensure that the congruence of null
geodesics approaches a null plane at future null infinity.
This is done by expanding the geodesic equations for large
r, in which case the functions #(r) and ¢(r) can be
straightforwardly integrated to give [47]

0o(r =) =g +d4007). QD)
t,(r > o) =t +r+2MIn(r/2M) + O(r7"), (22)

where we have used the asymptotic behavior of ¢'(") and
eM") . To satisfy the boundary conditions, the constants ¢,
and 7., must be independent of ¢ so that the generators are
asymptotically parallel to each other and all reach future
null infinity at the same retarded time. Since the spacetime
of the small BH is static and spherically symmetric, we can
choose ¢, = t,, = 0 without loss of generality.

A final technical comment is in order regarding the
integration of the geodesic equations. As explained above,
generators with impact parameter g > ¢, reach a turning
point before hitting the caustic line at ¢ = . In these cases,
Eq. (19) becomes singular, which is just a result of having
parametrized the geodesics with the radial coordinate instead
of the affine parameter . This issue can be circumvented by
exploiting the spherical symmetry of the small BH. Indeed,
since the geodesics must exhibit symmetry about their
turning point, we can continue the integration by a simple
reflection that ensures continuity of the functions ¢ and ¢ and
of their derivatives at the turning point.

B. Merger characterization

As noted in the previous section, caustic generators have
impact parameters ¢ > ¢, and enter the horizon through the
caustic line ¢ = x at finite times 7. The generators with
impact parameter ¢ = ¢, determine the event where the
two individual premerger horizons pinch on. At this event,
the turning point » = r, lies exactly at the caustic line and
determines the maximum radial distortion of the small BH
due to the gravitational pull of the large BH, whereas the

time ¢ = #(r,) = t, defines the instant at which the pinch
occurs. Thus, numerically, we can determine ¢, r, and ¢,
by solving the system:

Veff(r*) = l/qi t(r*) = L. (23)

@(r.) ==,

Using this, one can introduce two other quantities [47]
which are central to our analysis: (1) the duration of the
merger, A,, is defined as the retarded time interval between
the pinch-on instant ¢, and the asymptotic retarded time of
the central generator with ¢ = 0; and (2) the increase in
area of the small BH during the merger can be computed by
noting that, at early times, the small BH horizon has an area
Ai, = 4nr?, whereas at late times this area has grown by an
amount AAgnasa = [¢2/(4r7) — 1] Ay, The  additional
area is due to the contribution of those generators that
enter the horizon from the side of the small BH, yielding a
final area given by the area of a disk with radius ¢,.

This analysis allows us to quantify the impact of the
coupling function f(®) on the defining characteristics of a
horizon-fusing process, and to scan the whole & parameter
space. Below, we study the BH merger properties in EsGB
for the three models described in Sec. II.

1. Linear coupling

Recall that, for the linear coupling function f(®) = ®/4,
the BH solutions are necessarily hairy if @ # 0. Additionally,
they all belong to a single branch that connects to the GR
black holes at @ = 0, in contrast to those from theories that
admit spontaneously scalarized BHs.

We plot the impact parameters g, ., and g,, intro-
duced before, against the coupling parameter @ in Fig. 7.
It is manifest that g. < g, < g,, as expected from the

3.0t -
“Qudry o Qonlty qclrn u'

28} ]
< 26 i
A '
5 .
2.4¢
22}
00 o1 02 03 04

alr,?

FIG. 7. Critical impact parameters, g./r, and ¢./r,, as a
function of the coupling constant &/ r2, for the merger of an EsGB
BH with a linear coupling function, f(®) = ®/4. Also shown are
the impact parameter related to the maximum of Vg, gy, as well
as the line marking the upper threshold of a/ r%l for which BH
solutions exist, a/r? < 1//6.
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FIG. 8. Left: maximum distortion of the small BH, r,; middle: duration of the merger, A,; and right: increase in the small BH
area, A A aipn, as functions of the coupling constant, o/ r%l, for EsGB solutions with linear coupling, f(®) = ®/4. The dotted red
lines correspond to the values obtained for the Schwarzschild solution in [48], namely r, = 1.76031r,, A, = 5.94676r,,

and AAsmallBH = 0.79356 x (47[}’%’)

discussion above. Additionally, all three functions exhibit a
similar monotonic growth with increasing &.

Figure 8 shows the maximal radial distortion, the
duration of the merger, and the increase in the small BH
area, defined in the beginning of this section, as functions
of @. It is manifest that larger coupling constants yield
longer merging phases. The two other quantities follow a
similar trend, with the small BH undergoing a larger radial
distortion and experiencing a larger increase in area.

It is interesting to compare results for the merger
duration to those obtained using NR in [46]. However,
such a comparison is challenging because that study
considered comparable mass binaries, while we work in
the extreme mass ratio regime. More importantly, the strict
EMR limit does not allow us to normalize physical
quantities with respect to the total mass of the binary
system, which is the normalization adopted in [46]. We
attempt to make a sensible comparison in Sec. IV.

The coupling and mass of the small BH chosen in [46]
correspond to @ = 0.145168. This gives r,/r, = 1.77417,
A,/r, =6.00111, and AAgapn/(47r7) = 0.828108,
which, relative to the Schwarzschild values, represent
increments of 0.79%, 0.91%, and 4.35%, respectively.

2. Quadratic coupling

We now move on to the case of a quadratic coupling
function, f(®) = ®?/4. Since all the BH solutions arising
from a purely quadratic coupling are unstable [71-73],
these results mainly serve to connect with those for the
special exponential coupling. As discussed in Sec. II, the
parameter space (®,, @) for which BHs exist is rather small,
see Fig. 3. Additionally, in contrast to the linear coupling
theory, decreasing the coupling parameter increases the
value of the scalar field at the horizon for all solution
branches.

Proceeding as for the linear case, Fig. 9 shows how the
impact parameters ¢, ¢., and g, depend on the coupling
constant @ for the n = 0 branch solutions. All the impact
parameters decrease monotonically with &, and consistently

with our previous discussion, g, < gy, < ¢,, until they
merge with the corresponding Schwarzschild values
at @ = a, = 0.362811.

The characteristic quantities of the merger introduced in
the beginning of this section are plotted as a function of & in
Fig. 10, for n = 0, 1, 2. We note that increasing & results
in faster mergers, with the small BH undergoing less
distortion and experiencing a smaller increase in area.
This is consistent with the results of Fig. 9. Note that, in this
case, decreasing the coupling constant increases the value
of the scalar field at the horizon for all solution branches
(see Fig. 3). This explains why the merger properties follow
the opposite trend compared to the linear coupling theory.

Additionally, the rate of decrease in these quantities is
steeper for lower branches, which translates into the fact
that @, changes faster with @ for lower-branch solutions
than for higher-branch ones, see Fig. 3. It is worth
mentioning that in the ®;, — 0 limit—in which case & is

29F! © Qo Qulth + Qolrhi]
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FIG. 9. Critical impact parameters, g./r, and ¢./r,, as a
function of the coupling parameter a/ r%, for the merger of an
n =0 branch EsGB BH with a quadratic coupling function,
f(®) = ®?/4. Also shown are the impact parameter related to
the maximum of Vg, gpn, as well as the lines marking the
lower and upper thresholds of «/ V% for which BH solutions
exist, 0.346580 < a/r7 < 0.362811.
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FIG. 10. Left: maximum distortion of the small BH, r,; (middle) duration of the merger, A,; and right: increase in the small BH area,
A Al as functions of the coupling parameter, a/ ri, for n =0 (blue), n =1 (yellow) and n = 2 (green) EsGB solutions with
quadratic coupling, f(®) = ®?/4. The dotted red lines correspond to the values obtained for the Schwarzschild solution in [48], namely
r, = 1.76031r,, A, = 5.94676r),, and AAapy = 0.79356 x (47r2).
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FIG. 11. Critical impact parameters, g./r, and gq,/r), as a

function of the coupling parameter a/r7, for the merger of an
n = 0-branch EsGB BH with an exponential coupling function,
f(®) = (1 —e3%/2) /6. Also shown are the impact parameter
related to the maximum of Vg, gy, as well as the line marking
the lower threshold of a/ r%l for which BH solutions
exist, a/r7 2 0.362811.

the maximum value allowed for each branch—we recover
the Schwarzschild results, obtained in [47].

3. Special exponential coupling

Here we perform the same analysis as before, but for
the special exponential coupling function, f(®) =
(1 —e3®/2)/6, which also admits spontaneously scalar-
ized BH solutions. As before, we plot the impact param-
eters gpn, g and g, in Fig. 11 as a function of a, for
n =0 branch solutions. These impact parameters show
similar qualitative behavior, and satisfy the ordering
dc < qph < g+, in agreement with our previous discussion.
Moreover, we observe that g, asymptotes g, for large a.

Figure 12 shows how the maximal radial distortion of the
small BH, the merger duration, and the area increment
depend on @&, for n =0, 1, 2 solutions. An interesting
feature to note is that, for n = 0 solutions, all these
quantities attain a maximum at a finite value of a.
Starting from the Schwarzschild value at @ =a, =
0.362811, they increase with @ and reach their respective
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FIG. 12. Left: maximum distortion of the small BH, r,; (middle) duration of the merger, A,; and (right) increase in the small BH area,
AAgans as functions of the coupling parameter, a/r3, for n =0 (blue), n = 1 (yellow) and n = 2 (green) EsGB solutions with
exponential coupling, f(®) = (1 — e=3®/2) /6. The dotted red lines correspond to the values obtained for the Schwarzschild solution
in [48], namely r, = 1.76031r, A, = 5.94676r,, and AApapy = 0.79356 x (4z73).
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maxima at distinct values: at @ = 1.66034 for r,/r),; @ =
2.09473 for A,/r,; and a@=2.29254 for AAaeH/
(4zr7). This mismatch highlights the nonlinearities of
the merging process. For larger &, they decrease and
eventually drop below their corresponding Schwarzschild
values. Nevertheless, we observe that the maximum of r,
tracks very closely the maximum of gp,. Similarly, the
maximum of A, closely follows the maximum of ¢g.. And
from the definition of A Ay,gy it is clear that its maximum
occurs at the same value of the coupling constant that
maximizes q.,.

The nonmonotonicity displayed in all the quantities
analyzed can be attributed to a similar behavior of the
photon sphere radius of an isolated hairy BH, rp,, which is
also plotted in Fig. 12. Consistently with the behaviors of
g. and gy, we note that r, appears to asymptote ry, for
large a.

IV. COMPARISON WITH NUMERICAL
SIMULATIONS

In all plots displayed up to now, we have represented all
length (and time) scales in units of the horizon radius of the
small BH, r;,. In order to connect with recent numerical
simulations of hairy BH mergers [38,46] it is desirable to
express our results in units of the total initial Arnowitt-Deser-
Misner (ADM) mass, M, which is the convention usually
adopted in NR studies.

In this section we perform a conversion of our results
to make a crude comparison with NR simulations. In
performing such a comparison, one should keep in mind
that Refs. [38,46] evolved inspiralling comparable-mass
binaries with a finite total initial mass, whereas we
considered head-on EMR mergers with an infinite total
mass. Moreover, our approach does not account for the
emission of gravitational and scalar radiation in the process.
These differences imply that a precise comparison is out of
reach at present. Nevertheless, we attempt a qualitative
comparison in the regime where the small hairy BH is
perturbatively close to the Schwarzschild solution of GR.
Since the coupling constant a has dimensions of (length)?,
we also need to convert our results from & to

a
5 -
Mtol

a= (24)

First, let us focus on the linear coupling case, where
f(®) =®/4. Our results (see Fig. 8) indicate that, for
small &, A,/r;, grows quadratically,

A,

— =5.94676 + 2.4a° + O(a&°). (25)

T
Our aim is to obtain A, /M, from this, as a function of &.
Such a relation is nontrivial, and this is where working
perturbatively in o becomes advantageous. It is important
to keep in mind that M, is distinct from the mass M of the

small BH, which was used in all previous sections. These
two masses are related through M, = M, + M, where
M, is the (formally infinite) ADM mass of the large BH,
and was argued to be « independent in Sec. III. Clearly,
M, is also formally infinite, but we are mainly interested
in its dependence on a, which is entirely dictated by the
mass of the small BH as a function of a. Further details are
provided in Appendix C.

We start by noting that M is related to the coupling
constant @ through [18,80]4

M 1 49 , 3

rh_2+160a +0(a@). (26)
Here we used the fact that for GR one has M(0)/r;, = 1/2.
This perturbative expansion is in excellent agreement with
our numerical results shown in the left panel of Fig. 13 in
Appendix C. Given the simple relation between M and
M, we have

Mo

=b+cd+ 0(a%), (27)
T'p

with b > 0 and ¢ > 0 being a-independent quantities. For
further details about the derivation, including estimates for
the gravitational and scalar radiation, see Appendix C.
There it is also shown that it is appropriate to neglect the
energy emitted in both channels for the purposes of this
section, and in the EMR regime.

The relation (27) allows one to translate the local
behavior of any function of & into the corresponding local
behavior in terms of @ and vice versa, using the chain rule
of differentiation. It is also necessary for relating the
behaviors of A,/M,, and A, /r;,. Since the coefficient b
in (27) is formally infinite, it is only possible to describe
how the dimensionless combination A, /M, depends on
the coupling & in terms of a formal series expansion in the
coupling constant @,

A, A,
MtOl M[Ot

A2 D
i [ A*] +o@). (28)
a=0 da [Mio ] 4o

In Appendix C we show that the coefficient of the linear
term in this expansion indeed vanishes, and that the
coefficient of the quadratic term is strictly positive.
Thus, our results from Sec. III B 1 predict that A, /M,
increases as a function of a/ M2, at least for small coupling
constant.

Now we repeat the preceding analysis for the case of the
special exponential coupling function (15), which is the
general type of scalar-Gauss-Bonnet coupling adopted in
Ref. [38]. Note, however, that none of the simulations

*The difference in the numerical coefficient in front of @2 as
compared to [18] is only due to the distinct normalization of the
terms in the action (1). Upon making the necessary conversions,
our results match precisely.
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FIG. 13. The ratio between mass M and horizon radius r;, as a function of the dimensionless coupling constant a/r3 for the EsGB
BHs with the different coupling functions studied: linear, shown only for a > 0 (left), quadratic (middle) and exponential (right). The
middle and right panels show the fundamental branch (n = 0) of EsGB BH solutions, while branches with » = 1 and n = 2 nodes in

their radial profile are displayed in the inset.

performed there considered a coupling function that
matches expression (15) exactly.

We relegate details of this analysis to Appendix D, high-
lighting here only the main results. First, Fig. 12 indicates
that, for @ ~ @, = 0.362811, A, /r, grows linearly,

A
— =5.94676 +3.0(@ — a.) + O((a —@a,)?).
T

(29)

Furthermore, in the special exponential case we have the
following relation between M, and a:

(30)

where f and y are reported in Eq. (D4). Using Egs. (29) and
(30), and once again converting from @ to @&, we obtain

_I_

A, A, ~ . d A
= (a—a.)—
My Mig|s—ys da | M a=a,

a= c
+0((a-a.)). (31)
where the coefficient of the linear term in & — &, is strictly
positive. Thus, our results from Sec. III B 3 predict that
A, /M, increases as a function of a/ MZ,, at least when the
small hairy BH is perturbatively close to Schwarzschild. This
is not apparent in the outcome of the numerical simulations
of [38].

As a final remark, we note that if all quantities were
expressed in units of the small black hole’s mass, M,
instead of the total initial mass, M, the characterization of
the merger would change significantly. For instance, the
dimensionless merger duration A, /M as a function of the
dimensionless coupling constant a/M? is always shorter
than in GR. This is a consequence of M/ r, departing faster
from its corresponding GR value than A,/r,. We have
confirmed numerically this to happen with all the coupling
functions considered: linear, quadratic and exponential.

V. CONCLUSIONS AND DISCUSSION

In this paper we studied the merger phase of two
nonspinning hairy black holes, in the context of EsGB
gravity and taking the extreme mass ratio limit. Using ray-
tracing techniques valid in this regime, we characterized the
evolution of the event horizon during a plunge. In particu-
lar, we quantified the merger duration and the area increase
of the small BH as a function of the coupling constant of the
theory. The importance of the plunge phase in the gen-
eration of gravitational waveforms has been recently
underlined [81,82] in connection with prompt direct waves
resulting from binary mergers.

Our results indicate that, for the three EsGB models
studied, the plunge phase lasts longer than in GR, for
sufficiently small coupling constants « that still allow for
hairy black holes. However, for the model featuring a
special exponential coupling, the merger duration reveals a
nonmonotonic behavior, and for a/ r,21 > 7 it becomes
shorter than in GR. This feature makes this model par-
ticularly interesting for the analysis of the whole merger
since it suggests that both longer or shorter merging times
are possible, depending on the coupling constant. These
results hold when normalizing all quantities with respect to
the horizon radius of the small BH, r,. We speculate that
numerical simulations of this model, as those of Ref. [38],
might also identify a nonmonotonic behavior in the
duration of the merger phase.

The longer plunging times we found for EsGB mergers
(for sufficiently small &) are not generic among modified
theories of gravity. In fact, by using the same techniques,
the merger duration in Einsteinian cubic gravity [83]
(which is a particular example of a higher derivative theory
that has a well-posed initial value formulation [40]) was
found to be shorter than in GR, for all values of the
coupling constant studied, and again keeping r;, fixed [54].

We have now accumulated considerable evidence, both
in this paper and in [54], that the merger phase duration and
the area increment both track the behavior of the photon
ring of the small black hole, as a function of the coupling
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constant. It is well known that the properties of the photon
ring control the QNM ringdown [84-86]. Our findings
indicate that the photon ring also has important bearing on
the merger dynamics, similar in spirit to what was pointed
out in [87] for general relativity BH collisions. This also
aligns well with recent work arguing that the observed
simplicity and universality of merger waveforms may be
governed by strong-field mechanisms, thus motivating
analytic control [88]. It would be interesting to know if
similar behavior is obtained for other black hole horizons,
such as the apparent horizon and other marginally outer
trapped surfaces considered in the literature [8§9-93], for
these modified theories of gravity.

To compare with NR simulations we converted our
results (normalized with respect to r;) to express all
quantities in units of the total initial mass of the binary,
M. Within the regime of validity of our calculations, we
find that normalizing with respect to 7y, is a good indicator
of the behavior of the merger duration as a function of the
coupling constant if we had instead normalized with respect
to M. The inclusion of estimates of the radiated energy to
infinity yields negligible corrections in the extreme mass
ratio regime.

Black hole mergers are among the best physical systems
to study and constrain modified theories of gravity, such as
the EsGB models. While perturbative approaches have
been applied in this context for more than a decade to
address the inspiral and ringdown phases, the first firm
steps are being now taken to evolve these systems numeri-
cally through the nonlinear merger phase. The methods we
have employed complement those of numerical simula-
tions, while allowing for much faster exploration of the
parameter space of modified theories. We expect that a two-
way exchange of ideas between NR studies and alternative
approaches such as this one will play a key role in
advancing the field.
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APPENDIX A: ESGB BLACK HOLE SOLUTIONS

In this appendix we provide a few details about the
numerical construction of the static hairy BHs described in
Sec. II. In the shift-symmetric theory these spacetimes
necessarily depart from the vacuum solutions of GR [18].
In other cases, in particular with the quadratic or the special
exponential coupling, the Schwarzschild geometry is also a
solution, but it suffers from a tachyonic instability induced
when the Kretschmann scalar exceeds a critical value, thus
triggering the appearance of BH solutions with nontrivial
scalar hair [19,20]. All of these solutions can be obtained
by numerically integrating Egs. (8)—(11).

Start with Eq. (9), which can be readily solved for e*,
giving

L —A+ VAT 4B

¢ 2

(A1)
with A = =1 + 17202 —I"'(r + 2af®’), B = 6afT"'®". In
Eq. (Al), the plus sign must be chosen to ensure that
e™M)|,_, =0, as it should for a BH solution [21,22]. In

turn, regularity of ®”(r,) provides a relation between
(I)/(I"h) and (I)(I"h),

T 3 960> f(®(ry))?
|7 w

4af(CI> rﬁ

r=r,

' (ry) =

(A2)

We must choose the plus sign in Eq. (A2) to guarantee that
the Schwarzschild solution can be obtained from the
®(r,) — 0 limit. Additionally, solutions must obey the
condition

96a2f(?(rh))2 <1 (A3)

"
to guarantee reality of (A2).

Using Eq. (A1), the system of Eqgs. (8), (10), and (11)
reduces to a coupled system of two second-order differ-
ential equations for @ and I'. In practice, none of the
equations depends on I" explicitly, only on its derivatives.
Thus, we can solve the system for @ and I” and integrate
the latter independently to obtain I'. Near the horizon we
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have ')~ (r—r,) +O(r—r,)? so that T'(r) =1/
(r—ry) + O(1). For numerical convenience, we define
the function ¥(r) = I'(r)(r — r;,) and integrate the system
of equations for the functions @ and ¥ up to a large radius,
rs, giving as initial conditions [94]

O(r;) = @y, '(r;) = @), Y(r) =1, (A4)
where r; = r,(1 + €), € < 1, @, is a free parameter, and @,
is given by Eq. (A2) with the appropriate substitution by
ry — r;. Close to r¢, the metric functions and the scalar field
are given by their asymptotic behavior, ie. ') =
12M/r +0O(1/r%), M) =1+2M/r+O(1/r%), and
O(r) =Dy + D/r+ O(1/r?), where M, ®, and D are,
respectively, the mass of the black hole, the value of the
scalar field at infinity, and the charge of the scalar field.
In turn, the function W behaves asymptotically as
¥(r) =2M/r+ O(1/r*). The values for M, ®,, and D
can be obtained by matching the asymptotic behavior of ¥
and @ to their numerical solutions close to 7. Note that these
quantities will generically depend on the choice of a. Once ¥

is computed, e can be obtained through

2M re P(r
') = (1 ——> exp <—/ fﬁdr’), (A5)
Iy ro =T

while ® and I" determine e” according to Eq. (A1).

We demand an asymptotically flat scalar field, with
@&, = 0. This last condition selects specific values of
(®y,a/r7), for which asymptotically flat black hole
solutions endowed with nontrivial scalar hair exist. In
the case of a linear coupling function, there is only a
I-parameter family of regular BH solutions, as shown
in [18]. Once the horizon radius (or equivalently, the
mass M) is fixed, regularity allows only one value of @,
(or correspondingly, the scalar charge D) for any given a.
Therefore, hairy BHs in shift-symmetric EsGB gravity fall
along a single line in the (®,,a/r7) plane.

When adopting the quadratic or the special exponential
coupling function, the space of solutions becomes richer.
The Schwarzschild geometry @, = 0 is still a solution of
the EsGB field equations in those cases, independently of
the value of a/ rﬁ. Nevertheless, it becomes unstable for
specific discrete values of a/r?, triggering BH solutions
with @, # 0 (and thus nontrivial scalar hair since @, = 0).
These “spontaneously scalarized” solutions exist in
branches, starting at ®;, = 0 and some critical a/r;, and
developing in the (@, a/r?) plane until the inequality
in Eq. (A3) is no longer satisfied. The different coun-
table solution branches correspond to distinct scalar field
profiles—solutions along the n = 0 branch exhibit a scalar
field profile with zero nodes, solutions on the n = 1 branch
have a profile with one node, and so on. While there should
be an infinite number of branches associated with the

different modes triggering the tachyonic instability of the
Schwarzschild solution, they increasingly resemble their
GR counterpart as the range of @, allowed by Eq. (A3)
narrows.

In Fig. 13 we show the dependence of the mass M on the
coupling constant a, both expressed in units of r,, for the
three EsGB models considered. These results are used in
Sec. IV and in Appendices C and D.

APPENDIX B: NUMERICAL IMPLEMENTATION

In this appendix, we describe the numerical implemen-
tation of the methods presented in the main text and
in Appendix A. All computations were performed using
Wolfram Mathematica 13.2, with units fixed by setting
ry, = 1.

For each coupling function f(®) considered in the main
text, we first determined the region of parameter space
(D, @) that admits asymptotically flat BH solutions with
an asymptotically flat scalar field, i.e. with @ = 0. To this
end, we constructed a routine that takes the pair (@, )
as input and integrates the system of equations for the
functions ® and ¥ (see Appendix A) using the NDSolve
method from Mathematica. The integration is performed
from r; = 1 4+ ¢, with e = 1078, to ry = 10°, subject to the
initial conditions given in Eq. (A4). The routine returns the
value ®(r = 10°; ®,,, @), which is then evaluated on a grid
in the (®,,, @) parameter space. The zeros of this function,
determined with the FindRoot routine, identify the param-
eter combinations that satisfy the asymptotic condition
@, = 0, and hence the parameters that correspond to the
desired BH solutions (see Figs. 1, 3, and 5). Having the
functions ¥ and ®, we determined the BH mass, M, and
the scalar field charge, D, by fitting the radial profiles of
¥(r) and ®(r) to their asymptotic expansions at large r,
¥(r) =2M/r and ®(r) = D/r, between r = 10*> and
r = 10°. The metric function ¢"") was then obtained using
the NIntegrate routine to evaluate Eq. (A5), while e*(") was
computed from Eq. (Al).

We now describe the procedure used to determine the
merger quantities. We first compute the critical impact
parameter separating noncaustic and caustic generators, ¢,.,
by solving

T(r)+A(r)

r=x-1 (Bl

/ rr e 7 4
no r/1/gi ="/ rr

for g.. This equation is obtained by substituting the
geodesic equation for ¢ from Eq. (19), together with the
boundary conditions ¢(r;) =z and ¢(r;) = q./ry from
Eq. (21).” The integral is evaluated numerically using
Nintegrate, and the resulting equation is solved for g,

>As described in the main text, we set P =t = 0 without
loss of generality.

104046-14



EXTREME MASS RATIO HEAD-ON COLLISIONS OF BLACK ... PHYS. REV. D 114, 104046 (2026)

78

f(®),a,

Integrate ESGB field equations for ¥ and ® from r; to
r¢, subject to the boundary conditions in the main text

®(ry) =07 No Change pair (a,®p,)

Yes

Fit U and ® at large r to their asymptotic behaviours to obtain M and D

Obtain metric functions '™ and e

[ESGB BH solution with coupling function f(®) and pair of parameters («, ®p,) obtained}

N

Solve for q.: Solve for r,:
) v L(r)+A(r)
/ = / = dr = 7 — T2 e T2
2\/1/q% — el( ’“)/r2 rf re T24/e0) [r2 — D) /2 rf
Compute gy:
ghi=Vegt Gl
(Merger charactenzed Compute t,:

i <

V1= g2 eF(T)/T2

t*—rf—l—QMln (rg/2M) — /

Compute tq—o(rs) and A,:

"F A=)
tg=o(r+) =7f +2M In(ry/2M) — e~ 2z dr,
Tx

A* = tq:()(T*) — t*

FIG. 14. Flowchart illustrating the algorithm used to obtain the numerical ESGB BH solutions and their corresponding merger
properties.
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using the FindRoot routine. In turn, the maximum radial
distortion of the small BH, r,, is determined by solving the
system in Eq. (23) for r,, which can be simplified to

T(r)+A(r)

dr = m— "2 T2,

/’f e 2
r, rz\/er(r*)/rﬁ -2 ry

(B2)

Here, we have substituted Eq. (23) along with the con-
ditions ¢(r,) = = and ¢(ry) = (r./rs)e™" ")/ Note that,
although the integrand in Eq. (B2) formally diverges as
(r—r,)~'/? near r = r,, it can be regularized with the
substitution r = r, + (rp — r,)u?, where u€|0,1]. The
impact parameter of the corresponding generator is
g, = r.e""")/2 and the time at which the two BHs pinch
can be obtained from r, as

A()-T(r)

Ty e

(B3)

where the same regularization procedure can be applied.
Finally, to compute the merger duration, we repeat the
integration of 7 for the generator with ¢ = 0, from r = ry to
r=r,, and evaluate A, =1, ((r.)—1t,. Note that the
asymptotic behavior of ¢ cancels out identically when
solving for A,.

The algorithm used to obtain the numerical BH solutions
and their merger properties is summarized in the flowchart
of Fig. 14.

APPENDIX C: COMPARISON TO SIMULATIONS
WITH LINEAR COUPLING

This appendix gathers some details about the calculations
reported in Sec. IV, including loss of energy in the binary
system due to scalar and gravitational radiation to infinity.
This energy loss, E, enters the expression for the total mass of
the final (merged) BH, M, in the following way:

Mg (a) = Mo, + M(a) - E(). (C1)
Recall that M, represents the ADM mass of the larger BH
and is independent of @. On the other hand, the ADM mass of
the scalarized smaller companion, M, and the total energy
radiated, E, are generically a-dependent quantities. If one
neglects the radiated energy, this expression reduces to the
one adopted in Sec. IV.

To derive Eq. (27) in the main text, we begin by
comparing the total mass (C1) to the corresponding relation
in the case of GR (i.e., setting @ = 0),

M (0) = M, + M(0) — E(0). (C2)

From (C1) and (C2) it directly follows that

My (@) = My(0) + 6M(a) — 6E(a), (C3)
where M (a) = M(a) — M(0) and SE(a) = E(a) — E(0).

The energy emitted by extreme mass ratio BH binaries
in scalar-tensor theories, E(a), has been studied in [95].
Their results indicate that the relative difference between
the radiated energy flux in EsGB and in GR is proportional
to the square of the dimensionless scalar charge d of the
small BH:

= ed?,

(C4)

where the overdot denotes a time derivative, and [18,95]

2a 3

(C5)
The proportionality factor ¢ depends on the distance
between the binary’s BHs and satisfies 0 < ¢ < 1, becom-
ing smaller as the distance decreases (see Fig. 1 of [95]).

Combining Eqgs. (C3) and (26) and the integrated version
of (C4), one gets

49
Mo (&) = M, (0) + —”hd2 - E(O)gd2 + 0<53)’

160 (C6)

where @ was defined in (12). Plugging Eq. (C5) into (C6)
and dividing both sides by r;, we obtain Eq. (27), with the
constants b and c¢ given explicitly by

pMul®) 40 EO)

= “~ 160 (0) (€7)
In simplifying the expression for ¢ we used the relation
r, =2M, valid for ¢ =0. Given that, in the extreme
mass ratio regime, one has E(0)/M(0)=~0.01M(0)/
M, < 1072 [96], and that 0 < e < 1, we conclude that
¢ is positive and that the contribution from the energy
radiated to this expression (linear in &) is negligible
compared to the other contribution at the same quadratic
order in a.

To close this appendix, we turn to the derivation of
Eq. (28), starting from (25) and (27). In order to character-
ize the behavior of A, /M, when & is small, we perform a
Taylor expansion around & = 0:

Mtot B Mtot dd Mtot
@ d* [ A,
2 da* [ M

} +O(@).  (C8)
a=0

Given that the first derivative of A,/r;, with respect to @
vanishes at @ = 0 [see Eq. (25)], we have
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; [A*] - ; [A*< t0t>_l}

da | M,y a:o_ alry I =0
_1 d [A, 2ca A,

i e

where we used Eq. (27) in the second step. Evaluating the
second derivative, we get

:0’

a=0

(C9)

& A, 1 d* JA, 2cA,
da® (M) g—o  bda* | ry]aeg b 1y

Once again, in the extreme mass ratio, this expression
formally vanishes. Yet, the second contribution is sup-
pressed compared to the first term by a factor of order
O(M/M,) < 1. Therefore, the second derivative is strictly
positive and we conclude that A, /M, is locally an
increasing function of &, for small enough a.

At this point let us discuss what would happen if we
normalized A, with respect to the individual mass M
instead of M. The linear term in the expansion of A, /M,
equivalent to (C8), still vanishes, but the quadratic term
instead is negative in this case. This can be seen by using
Egs. (25) and (C7) to evaluate (C10). The numerical results
shown in Fig. 8 can be represented using units of M, and we
find that it agrees with this analysis.

Finally, we can convert the expansion (C8) into an
equivalent expansion in terms of the variable &. The
connection with & is provided by (27), which yields

(C10)

a=0

. @ N
a= 5+ o). (C11)
With this, we can evaluate
d | A d | A
— | = =pr— * =0, C12
da |:Mtot:| 4=0 da |:Mtot:| =0 (€12)

and

& [A & [A
— * =p* * > 0, C13
da? [Mtot] a=0 da? |:Mtot:| P (C13)

yielding Eq. (28) of the main text.

APPENDIX D: COMPARISON TO SIMULATIONS
WITH EXPONENTIAL COUPLING

In this appendix we repeat the analysis of Appendix C
for the case of the special exponential coupling (15), where
f(®) =1(1—¢3®/?). The main difference is that all
series expansions will be performed around @ = a,. =
0.362811 (where the scalarized BHs with n = 0 branch
off from Schwarzschild) instead of @ = 0 and only up to
first order.

Equation (C3) is still valid if one shifts @ = 0 to @ = @,.:

Mtot(d) = Mtot(dc) + 5M(d> - 5E(d)’ (Dl)
where now M (@) = M(a) — M(a,) and SE(@) = E(a) —
E(&.) = E(@,)ed*. As before, we need the expressions to
replace M (@) and d*. We will see below that both of these
are linear in (@ — a.).

By fitting the results displayed in the third panel of
Fig. 13, we obtain
M(@) = M(@,) +03r,(@a—a&.)+ o((@-a.)?). (D2)
Next we turn to d = D/M, where D is the dimensionful
scalar charge of the small BH (see Appendix A). From
fitting our numerical results in Sec. I[II B 3 we find that

d=1 = 165/@=4, +O((@-a)"). (D3)
which is in very good agreement with Fig. 4 of [19] once
the appropriate conversions are made. Therefore, close to
the critical coupling &, d> grows linearly in (& — @), as
previously advocated.

Combining (D1)—~(D3), we get Eq. (30) in the main text,
with

_ _ , E(a)
p= — y =0.3—(1.65) 2M(dc.)8' (D4)
As in Appendix C, the second term in the expression of y is
suppressed compared to the first one, in the EMR limit. In
this case, M /r, grows linearly as a function of @&
when & ~ @,.

In order to characterize the behavior of A,/M,, of
spontaneously scalarized BHs that are perturbatively close
to Schwarzschild, we perform a Taylor expansion around
a~a,.:

A, A,
(@ =
Mtot Mtot

+ 0((@-a,)?).

) _ .. d[A,
(@) + (@ —a.) da |:Mt0t:| a=a,

(Ds)

From Egs. (29) and (30) we can compute the first
derivative:

d[A] _d[A (M)

da [My a=a, Cdalr, \ a=a,
_1d 1A, 7 A
~ pdalr, a=a, B ry d:d{‘

Once again, in the extreme mass ratio, this expression
formally vanishes. Yet, the second contribution is sup-
pressed compared to the first term by a factor of order

(Do)
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O(M/M,,) < 1. Therefore, we conclude that A, /M, is
locally an increasing function of &, for @ ~ &,.

Finally, we convert the expansion (D5) into an equivalent
expansion in terms of the variable &. In this case, the
connection with & is provided by (30), which yields

@ <i2_%> (@-a)+0@-a)p (D)

Thus, we obtain

d A, £ dTA,
— | = —— 0, DS
da |:M tOt:| a=a, 1 - % da |:M tot:| a=a, g ( )

yielding Eq. (31) of the main text, since yd./f < 1 in the
EMR limit.
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