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We present numerical solutions of several spacetimes of physical interest, including binary black hole
mergers, in shift-symmetric Einstein-scalar-Gauss-Bonnet (ESGB) gravity, and describe our methods for
solving the full equations of motion, without approximation, for general spacetimes. While we concentrate
on the specific example of shift-symmetric ESGB, our methods, which make use of a recently proposed
modification to the generalized harmonic formulation, should be generally applicable to all Horndeski
theories of gravity (including general relativity). We demonstrate that these methods can stably follow the
formation of scalar clouds about initially vacuum nonspinning and spinning black holes for values of the
Gauss-Bonnet coupling approaching the maximum value above which the hyperbolicity of the theory
breaks down in spherical symmetry. We study the collision of black holes with scalar hair, finding that the
theory remains hyperbolic in the spacetime region exterior to the black hole horizons in a similar regime,
which includes cases where the deviations from general relativity in the gravitational radiation is
appreciable. Finally, we demonstrate that these methods can be used to follow the inspiral and merger of
binary black holes in full ESGB gravity. This allows for making predictions for Horndeski theories of
gravity in the strong-field and nonperturbative regime, which can confronted with gravitational wave

observations, and compared to approximate treatments of modifications to general relativity.

DOI: 10.1103/PhysRevD.103.044040

I. INTRODUCTION

With the advent of gravitational wave astronomy, we are
now in an unprecedented position to test whether general
relativity (GR) provides an accurate description of gravity
in the strong-field, highly dynamical regime. Observations
of black hole and other compact object mergers have
already been used to constrain a number of deformations
of GR, including extra gravitational wave polarizations, a
graviton mass, and Lorentz violations [1]. Despite these
observational successes, for many alternative theories, it is
still unclear whether they are even on an equal theoretical
footing to GR, in the sense of being able to provide a full
prediction of what happens when two black holes merge.

Determining which theories that modify the principle
part of the Einstein equations are predictive in the strong-
field regime (in the mathematical sense that they have a
well-posed initial value problem) has been a pressing
question in efforts to test such theories with observations.
Some theories, for example dynamical Chern-Simons
[2—4], or theories that introduce Riemann-to-the-fourth-
power type terms in the action [5,6], no longer have second

fweast @perimeterinstitute.ca
"loydripley @gmail.com

2470-0010/2021/103(4)/044040(20)

044040-1

order equations of motion (EOMs), which is a requirement
for a theory to be Ostrogradsky stable [7]. Thus one has
little choice but to treat such theories as valid on some
limited range of scales and to perturbatively solve for the
dynamics of those theories. In contrast, here we will
concentrate on Einstein-scalar-Gauss Bonnet (ESGB),
which is a representative example of a Horndeski gravity
theory. Horndeski gravity theories are the class of classical
scalar-tensor theories that have second order EOMs [8] and
thus can be thought of as the widest possible class of scalar-
tensor gravity theories that could act as classical, theoreti-
cally viable alternatives to GR. Given this, Horndeski
theories could be employed in model dependent tests of
GR using gravitational wave observations of black holes
and neutron star binaries (for a recent review see, e.g. [9]).

As an alternative to thinking of modified gravity theories
as complete classical field theories, the same as GR, one
can view them as effective field theories (EFTs) that
parametrize small deviations as a derivative expansion
from GR (for reviews see, e.g. [10,11]). The dynamics
of EFTs are naturally solved in terms of an order reduction
approach, where small corrections to Einstein evolution are
solved for order by order in terms of the effective coupling
parameters. However, even taking this viewpoint, there are
reasons to study exact solutions to Horndeski gravity
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theories. While not all potential effective deviations from
GR are Horndeski theories (such as dynamical Chern-
Simons gravity), a subclass of Horndeski gravity theories
called “four derivative scalar-tensor theory” (40ST) gravity
encompasses the leading order scalar-tensor interactions
that are parity invariant [12]. One challenge with computing
dynamical solutions to EFTs through an order reduction
approach is that the solution can be contaminated by
secular effects, which are purely artifacts of the order
reduction approximation, but which can grow in time.
There have been some proposals to address these problems
[13,14], including by changing the behavior of the theory at
short wavelengths in an ad hoc manner in order to cure
problems with well-posedness [15]. However, without full
solutions to compare to, it is difficult to quantify the errors
introduced by these methods. Stable numerical solutions to
the exact EOMs would not be subject to those kinds of
secular effects. For small enough modified gravity cou-
plings, exact solutions could be used to find essentially
perturbative corrections to the Einstein equations, while
avoiding spurious contamination of the solution from
secular errors.

One technical challenge that has prevented finding fully
nonlinear solutions to many Horndeski gravity theories for
spacetimes that lack any symmetries (as is the case for
binary black hole merger spacetimes) has been that there
was no known well-posed initial formulation for Horndeski
gravity. Recently though, Kovacs and Reall proved that the
equations of motion for Horndeski gravity theories possess
a well posed initial value problem in a modified harmonic
formulation [16,]1 71," as long as the coupling parameter that
determines the beyond-GR corrections is much smaller
than all other length scales in the problem. Their result has
opened up the possibility for full numerical simulations of
Horndeski gravity theories for spacetimes of physical
interest, such as binary black hole spacetimes, and for
cosmologies that are not perfectly homogeneous. However,
determining for what range of couplings this formulation is
hyperbolic for strong-field, dynamical spacetimes is some-
thing that most likely needs to be done on case-by-case
basis numerically, for different Horndeski theories and
choices of initial data.

Here, we numerically solve for the dynamics of black
holes in shift-symmetric ESGB gravity. Shift-symmetric
ESGB gravity has attracted recent interest as the
Schwarzschild and Kerr black hole solutions of GR are
not stationary solutions to this theory [20]: vacuum black
holes will evolve to black hole solutions with stable scalar
field clouds (i.e. scalar hair) around them. Disregarding
Horndeski models that model dark energy (many of which

'We note that a different gauge condition was proven to
provide a well-posed initial problem for “cubic” Horndeski
theories (which do not include ESGB) by Kovacs [18], and that
gauge condition was numerically implemented in Ref. [19] to
study spherical collapse in that class of theories.

have been highly constrained, see e.g. [21-23]), ESGB
gravity have attracted recent attention as the couplings for
the theory are relatively weakly constrained, yet the theory
admits scalar hairy black hole solutions (see e.g. [24,25]),
the collision of which should produce gravitational wave
signals that differ noticeably from those of GR black holes.
ESGB gravity thus promises to act as a useful foil to
perform model dependent tests of GR in the strong field,
dynamical regime (for further discussion see, e.g., [26]).

Shift symmetric ESGB gravity can be motivated as the
leading order scalar tensor theory of gravity whose equa-
tions of motion are invariant under shifts in the scalar field:
¢ = ¢ + const [12,25].> While there is an EFT argument to
motivate this theory, we solve for the full equations of
motion without any perturbative assumptions, potentially
outside the regime of validity of the assumptions of EFT.
While in this article we only consider numerical solutions
to shift-symmetric ESGB gravity, for general interest we
also present the equations of motion for the leading order
scalar tensor theory of gravity whose equations of motion
are invariant under parity inversion: x¢ — —x“ (40ST
gravity), in a form suitable for use in modified harmonic
evolution.

Earlier studies of shift-symmetric ESGB gravity have
been limited to either spacetimes with a high degree of
symmetry (e.g. [20,27,28]), stationary solutions [29,30], or
to perturbative/order reduction solutions to the theory (e.g.
[14,31-34]). In Refs. [27,28], it was found that in spherical
symmetry, for sufficiently large values of the Gauss-Bonnet
coupling, black hole spacetimes could develop elliptic
regions, where the hyperbolicity of the equations broke
down, outside the black hole horizon. This sets an upper
bound for the range of parameters where the theory will
remain hyperbolic once spherical symmetry is broken.

In this paper, we describe our methods for numerically
solving the full equations of ESGB gravity and use them to
study the dynamics of black hole scalar hair formation and
black hole mergers. One of our main results is that we find
that we are able to solve for spacetimes where the
deviations from GR are significant in terms of the changes
to the black holes due to dynamical scalar hair formation,
and the imprint on the gravitational waves. The remainder
of the paper is as follows. In Sec. Il A, we present the
EOMs for the general class of 409ST gravity (which
includes ESGB) in the form we use for numerical evolu-
tions. In Sec. III, we describe our numerical methods for
evolving these equations. In Sec. IV, we presents our
results, beginning with a robustness test to illustrate the
improved hyperbolicity, and then moving on to several
physically interesting problems including the dynamical
formation of scalar hair about spinning black holes in

2Although in this paper, for simplicity we do not consider all
terms allowed by shift symmetry; in particular we do not consider
the term aX?; see Eq. (5).
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axisymmetry and a fully 3D setting, and head-on and
quasicircular binary black hole mergers. We discuss these
results and conclude in Sec. V.

In this work we use geometric units: G = ¢ = 1, a metric
sign convention of —+ ++, lower case latin letters to
index spacetime indices, and lower case greek letters to
index spatial indices.

II. EQUATIONS OF MOTION

A. Modified generalized harmonic formulation

We begin by briefly reviewing the modified generalized
harmonic (MGH) formulation [16,17]. In a Lorentzian
spacetime (M, g), we introduce two auxiliary Lorentzian
metrics §"™" and §""*. We will always raise and lower indices
with the spacetime metric g,,, so e.g. §*° = ¢°°¢"?§.4.
We also define §j= §’g,, and §= §*°g,,. The MGH
formulation imposes the following conditions on the
coordinates x¢:

C‘=H -V, Vyx® = H + T, = 0. (1)

As in the generalized harmonic formulation, H¢ are the
source functions that, along with §**, determine the gauge
degrees of freedom, and C¢ (which will generally not be
exactly zero in a given numerical solution) is called the
constraint violation. We next define the MGH EOMs as

A 1
Eab _Pdcabvccd_ik.(nacb_'_nbca +pncccgab) =0, (2)

where E% are the EOMs derived from varying the metric,
n® is a timelike vector (we assume n¢ is timelike with
respect to ¢??, §°°, and §**), and

Pdcab = (5;?]1)6 + 6Z§ac _ 5;{§ab) (3)

N =

We include constraint damping with the constants « and p
[35].” Note as well that Eq. (2) is slightly different from
Ref. [17]: here we use V.C? instead of 9.C?. We choose
the form used here for consistency with the standard
generalized harmonic formulation (see Appendix C),
though either way the principal part, and hence the hyper-
bolicity results, will be the same. From Eq. (1), we see
that in the MGH formulation the coordinates x* obey a
hyperbolic equation with characteristics determined by §°.
Taking the divergence of Eq. (2), and assuming V,E® = 0
(which holds for all the theories we consider, including the
Einstein equations), we obtain a hyperbolic equation for the
constraint violating modes C*,

*Note that we need x < 0 to damp out the constraints. Also,
some of our sign conventions differ from [17].

1 N
- Egacvuvcch - .@ChRchd - (vapdcab)(vccd)
1
- zkva(n“Cb +nPC* + pnC.g*) = 0. (4)

From Eq. (4), we see that the constraint violating modes obey
a hyperbolic equation with characteristics determined by §°.
With the special choice of % = §*¢ = ¢*, the MGH
formulation reduces to the generalized harmonic formulation
(for an explicit calculation of this in the context of the Einstein
equations, see Appendix C). Finally, we note that picking a
gauge in the MGH formulation amounts to choosing the
functional form of the auxiliary metrics §*” and §*°, and
choosing the functional form of the source function H¢.

B. Equations of four derivative scalar tensor (49ST)
gravity for a modified harmonic formulation

While we only consider numerical solutions to shift-
symmetric ESGB gravity in this article, we derive the
EOMs in the MGH formulation for the following scalar-
tensor theory (Kovacs and Reall call 40ST gravity [16,17]),
for which ESGB gravity is a specific example. We do this
for the sake of generality and given the applications of
40ST gravity in, e.g., EFTs of the early Universe (e.g.
[12]). The action is

1 1

5= [ #xvma (3R X-V(0) + @)X 45910,
(5)

where

1 2
=5 (V). (6a)
1

=1 Sapet R p R og, (6b)
Sabed = 4157, 5;5;5;’], (6¢)

and V, @, and f are functions of ¢. If one interprets Eq. (5)
as an EFT, it contains (up to total derivatives, field
redefinitions, and conformal rescalings) all scalar-tensor
terms involving up to four derivatives. Thus, from an EFT
perspective, the theory represents the leading order (in
derivatives) scalar-tensor theory that is preserved under
parity transformations [12,16, 17].4

“For more context regarding the theory we consider: Ref. [12]
considered the Weyl tensor coupling f(¢)CypeqC*?, which
when varied in the action leads to fourth order equations of
motion, which likely do not have a well-posed initial value
formulation when taken as classical PDE. References [16,17]
pointed out that if (through field redefinitions) one replaces
CpeqaC*<? with the Gauss-Bonnet scalar G, then the EOMs are
second order in time and space, and furthermore have a well-
posed initial value problem in the MGH formulation.
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We obtain shift-symmetric ESGB gravity by choosing
V(¢) = a(¢) =0 and p(¢p) = A¢. Here 1 is a constant
coupling parameter, that in geometric units has dimensions
of length squared. As the Gauss-Bonnet scalar G is a total
derivative in four dimensions, we see that the action of
shift-symmetric ESGB gravity is preserved up to total
derivatives under constant shifts in the scalar field:
¢ — ¢ + constant.

Varying Eq. (5) with respect to the scalar field and metric
gives us the EOMs,

=0p—V'(¢) +2a($)XOp —2a($)VpV* PV Vb
=3 ($)X* + ' ($)G =0, (7)
EEJSZ? = Rab - %gabR - Va¢vb¢ + (_X + V(¢))gab

- 2a(¢)xvzl¢vh¢ - a(¢)ngﬂh

+ 253;6([1917 4R VN () = 0. (8)

We take the trace-reverse of Eq. (8) to obtain

( |
El(l'ZTR) = E(aqb) - EgabE(g)
= Ruh - va¢vh¢ - V(¢)gah

—2a(P)XV ,pV yp — a(P)X*gap
125 C(d 90)aRY VIV ()

ijg(a

- ale]fgc Uef vgvcﬂ<¢)gab' (9)

The last step we take before expanding out the EOMs is to
add in the MGH constraint propagation term and a
constraint damping term [17,35],

(9.€C) — r(9.TR) _
Eagb = Ea%

1 N .
<Pc ab = Egabpcd> V,Ce

1
- EK(naCb + nbca - (1 +p)ncccgab)’ (10)

where we have defined P,° = g,, P, .

Finally, we rewrite the 40ST EOMs, Egs. (9) and (10), in
the following form:

Aade Bab Yed F((Jg)
<Ccd D)83<¢ + F(;) =0. (1)

In Appendix A, we derive the explicit forms of the
components A,,°¢, etc. for the 490ST EOMs. For the
remainder of this paper we will restrict our attention to
the particular case of shift-symmetric ESGB gravity.

III. NUMERICAL IMPLEMENTATION

In this section, we describe our methods for numerically
evolving the equations of shift-symmetric ESGB gravity,
which we recall is a special case of 40ST gravity with
V() =a =0 and = A¢p. Our general strategy is to,
where possible, adapt the methods of Ref. [36] for evolving
Einstein gravity in a generalized harmonic formulation to
these new equations.

A. Form of equations of motion and gauge choices

We directly evolve the 22 variables (after accounting
for the symmetry of the metric components) {g,;, 999uss
¢, Do} using the EOM given by Eq. (11).

In addition to the physical metric, we must also specify
the auxiliary metrics §*” and §°°. In general, there is a large
degree of freedom in choosing these as functions of g,;, and
the spacetime coordinates, though here we restrict to a
relatively simple choice given by
— An® n®,

g’ =g (12a)

g = g* — An“nb (12b)

where n? is the (timelike) unit normal vector to the

spacelike hypersurfaces we evolve on, and A and A are
constants. We emphasize that the MGH formulation only
requires §°? and §?* to be Lorentzian. We have chosen the
ansatz (12) out of its simplicity to implement, and empiri-
cally we find that we are able to numerically solve the
ESGB equations of motion using auxiliary metrics of
this form.

As in the generalized harmonic formulation, we must
also choose the source functions H ,, which, combined with
the auxiliary metric, determine the coordinate degrees of
freedom. Here we restrict to the damped harmonic gauge
[37,38] (including the special case of H, = 0), which has
been found to work well for a large number of highly
dynamical spacetimes, or fix H, to be constant in time for
some cases where we wish to maintain Kerr-Schild like
coordinates.

B. Numerical discretization

The numerical scheme we use follows that of Ref. [39].
We discretize the partial differential equations in space,
using standard fourth-order finite difference stencils,
and in time, using fourth-order Runge-Kutta integration.
We implement the EOM directly in the form given by
Eq. (11), and invert the set of linear equations at each point
using Gaussian elimination. We control high frequency
numerical noise using Kreiss-Oliger dissipation [40]. As
indicated in Eq. (2), we also use constraint damping to
control the constraint violating modes sourced by trunca-
tion error. We typically set k = —1/Mpy, where Mgy is the
mass of the smallest black hole in the simulation, and
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p =0, which are similar values to those used in black
hole evolutions using the generalized harmonic formu-
lation [41].

As detailed in Ref. [36], we use compactified coordinates
so that physical boundary conditions (namely that the
metric is flat and the scalar field vanishes) can be placed
at spatial infinity. We use Berger-Oliger [42] style adaptive
mesh refinement (AMR) supported by the PAMR library
[43,44]. The interpolation in time for the AMR boundaries
is only third-order accurate, which can reduce the overall
convergence to this order in some instances. In some of the
cases here, we restrict to axisymmetric spacetimes, and use
the modified Cartoon method to reduce our computational
domain to a two-dimensional Cartesian half-plane [36].

C. Excision

A crucial ingredient in our ability to evolve black hole
spacetimes is the use of excision. In ESGB, the situation is
worse than in GR since, as shown in Ref. [27], elliptic
regions can develop just inside a black hole horizon, where
the EOMs are no longer well-posed, despite the region
having bounded curvature. Following Ref. [36], we
dynamically track any apparent horizons in our spacetime
and excise an interior region. This is done by finding an
ellipsoid that just fits inside the apparent horizon and
shrinking the axes, typically by 15% to 25%, to create a
buffer region between the apparent horizon and the excision
surface. In general, we find that we must use smaller
excision buffers as the coefficient of the modified gravity
terms (i.e. 1) is increased, which requires higher resolution,
in order to avoid instabilities near the excision surface.

As the apparent horizon evolves, points that were
previously excised may become unexcised and need to
be “repopulated” by extrapolating their values from
neighboring points. When evolving with unmodified GR
equations, this is often done with simple first-order
extrapolation, i.e. by taking the average value of the
neighboring unexcised points, to avoid high frequency
noise (and since the points should initially be out of causal
contact with the exterior domain). However, we find that
when evolving with ESGB we must use second-order or
higher extrapolation, which we speculate is due to the
presence of terms of the form (9dg)? and (09g)(90¢) in
the EOM, which are sensitive to jumps in the second
derivative. We note that a possible alternative to the
excision method used here is to modify the EOMs inside
black hole horizons—e.g. by letting the non-GR coupling
go to zero—so that they remain hyperbolic [19].

D. Initial data
On our initial data surface, we must satisfy the gener-
alizations of the Hamiltonian constraint H = n“n”S{(l’f and

momentum  constraint M, = n“E,(lgy), which for 49ST
gravity take the form,

H = Ry + 3R~ (nV, )2 + X ~ V()

— 2($)X (1Y, ) + ()X
+2n* nb5,ejj;c(d9b aRY oy NN () (13a)
M, = nR,, — n’V,pV, ¢ = 2a(¢)Xn’V V¢
+ 2n“6fj’; “d g R VN P(). (13b)

Here, we do not implement a method to solve these
equations for general ¢. Instead, we consider initial data for
which ¢ = dy¢p = 0 on the initial data surface. With this
choice of ¢ the ESGB contributions to the constraint
equations, which we define to be

H(GB) = ppapbst degb)dR Jejgg o Cﬂ(d)) (143)

ijg(

M) = 2nasd g ) R, g% 0,0.5(¢),

ol (14b)

are identically zero on the initial data surface. To show this,
we first expand Eqgs. (14), imposing ¢ = Jy¢p = 0 (which
implies, e.g. 9,0q¢ = 0), rewriting terms to include the
unit normal to slices of constant time: n, = (=N, 0,0,0)
(here N = 1/+/—g" is the lapse function) so that we are
left with

1
(GB) o ——
reen=2y)r

1
M;(/GB) = 2( N> " ngnqéufg%dgy 4RY Efﬂ/(¢)a(2)¢'

n’nin 5,]{,ng17 iR B (9)05h.  (152)

(15b)

We see that the n“ vectors symmetrize the totally
antisymmetric indices of the generalized Kronecker delta;

e.g. n n"éfijm = 0, so that the ESGB contributions to the
constraints equations on the initial data surface vanish.

Thus, in shift-symmetric ESGB gravity (a =V =0,
p = A¢p), and with scalar field initial data ¢p = Jy¢p = 0,
the constraint equations on our initial data surface reduce to
those of vacuum GR. For cases with a single black hole, we
use either harmonic [45,46] coordinates, or Kerr-Schild
[47] coordinates (which we discuss in more detail in
Sec. IV B). For constructing binary black hole initial data,
we solve the Einstein constraints using the conformal thin
sandwich solver described in Ref. [48].

Given a particular choice of H%, we need to ensure that
the MGH condition, Eq. (1), is satisfied on the initial data
surface. Given initial data {g,, 0pg,s} [and hence g,;, and
GJabs see Eq. (12)] that satisfy the constraints, we can always
do this by solving Eq. (1) for dygg,. In the language of the
3 + 1 decomposition, the choice of H¢ sets the initial time
derivative of the lapse function and shift vector.
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E. Diagnostic quantities

In order to characterize our results, we will make use of
several diagnostic quantities. Considering first just the
canonical coupling of the scalar field to gravity, we can
define a stress-energy,

1 1
TSV = — <va¢vb¢ - Egabvc¢vc¢> ’ (16)

ab_gﬂ

although note that when 4 # O this stress-energy is not
generically conserved, VTSP =£ 0. We can also define an
effective stress energy tensor that is conserved, simply by
computing the Einstein tensor of the solution,

1 1

TEn = 3 <Rab - ERgab)v (17)

which would be equal to 75! in the case that 2 = 0. From
755 and TEn, we can define effective energies and energy
densities,

Ez/t"anab\fyd3xz/pE\fyd3x, (18)

and angular momenta and associated densities,

JE/&“anab\/?d3x5/pJ\/;7d3x, (19)

where 7, and ¢, are, respectively, the vectors pointing in the
time and azimuthal directions, which would be Killing
vectors in the case that the spacetime is stationary and
axisymmetric. We note that in axisymmetry, while p3F will
be identically zero, p%" can actually be nonzero. Using
these stress-energy tensors, we also define an energy flux

through a surface as
E= / —N1Ti dA,;. (20)

We will mainly be interested in computing this quantity in
the wavezone, at some surface at large radii. In that case, we
expect EF™ t0 be the same as ESF, due to the faster fall-off
of the other curvature terms in the wavezone.

During the evolutions, we track any apparent horizons
present at a given time and compute several diagnostic
quantities with respect to them. From the area of the
apparent horizon, we can define an areal mass
M, = +/A/(16x). In a different context, this would be
called the irreducible mass. However, the spacetimes
that we study here do violate the null convergence con-
dition (which states that R,k >0 for all null k%),
and thus there will be cases where M, decreases. We

can also associate an angular momentum to the apparent
s
horizon,

1 A
JAHE_/d)iKUdAj? (21)
8x
and using the Christodoulou formula, a mass,
J2.\1/2
My = | M2 + A0 . 22
AH ( ATt 4M§x> (22)

As an indication of the scalar hair formation about the black
hole, we also keep track of the area averaged value of the
scalar field on the apparent horizon (¢),y. In order to
compute the gravitational radiation, we extract the
Newman-Penrose scalar .

IV. RESULTS
A. Hyperbolicity tests with weak field data

As a first test, we consider a weak field configuration and
provide numerical evidence that the equations of motion for
shift-symmetric ESGB gravity are strongly hyperbolic in
the MGH formulation, with the gauge choices we have
made. A necessary condition for ESGB gravity to have a
well-posed initial value problem is for the equations of
motion to have a strongly hyperbolic formulation (e.g. [50]).
Papallo and Reall [51,52] have shown that in the generalized
harmonic formulation, the EOMs for ESGB gravity are not
strongly hyperbolic around generic weak field solutions,
instead they are only weakly hyperbolic. Later, Kovacs and
Reall showed that the equations of motion for ESGB gravity
are strongly hyperbolic in the MGH formulation [17], for
weak coupling backgrounds where all the characteristic
length scales (associated with the spacetime curvature and
scalar gradients) satisfy L > /A

In general, one expects that a set of nonlinear weakly
(but not strongly) hyperbolic equations of motion will have
modes that exhibit frequency dependent growth, where the
growth rate increases as a polynomial in the frequency.
Given this, we expect that simulations of ESGB gravity in a
generalized harmonic formulation should generally not
converge with higher resolution, since the higher resolution
will resolve smaller scales, and thus allow faster growing
fluctuations. This being said, with sufficiently smooth
initial data (in particular without AMR, moving excision
surfaces, etc., which tend to introduce high frequency
numerical error), at a given fixed resolution, it may be
difficult to observe small scale growth over a finite
simulation run time, and one must use nonsmooth initial
data in order to make this problem apparent (see e.g. [53]
and references therein). This is the approach we take here.

>We recall that this quantity is conserved if (})i is tangent to a
Killing vector field, regardless of whether the Einstein equations
hold, or if the spacetime obeys any energy conditions [49].
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Usually, hyperbolicity or robustness tests in GR are
performed around Minkowski space or other trivial, scale
free background solutions. However, the analysis in
Ref. [52] indicates that a “generic” background solution
that violates strong hyperbolicity for the generalized
harmonic formulation requires nonvanishing derivatives
of the scalar field. Therefore, we must resolve a hierarchy
of scales given by L > ﬂ > !, where L is the
characteristic length scale of the background curvature,
and o is the frequency of the modes which may violate
strong hyperbolicity.® In order to make reaching these high
resolutions tractable, we impose a translational symmetry
in the z direction and restrict to a two-dimensional, periodic
domain of length L. The initial data we consider are as
follows. For the scalar field we set

¢(t = 0) = ¢sin(2zx/L) sin(2zy/L),
Opp(t =0) =0, (23)

where here we take the amplitude to be ¢ = 0.01. We set
the metric to be initially Minkowski, but add a small white
noise perturbation to the initial metric time derivative,

gab(t - O) = Nab> aogab(t = 0) = fN/L (24)
Here N gives a random number between —1 and 1 at every
spatial point, and f is a constant controlling the amplitude.
Even if f were zero, this solution does not satisfy the
constraints, though the constraint violation will in some
sense be small since ¢ < 1, and our goal here is merely to
study the hyperbolicity of the free evolution equations.7
We only perturb dyg,, to avoid any issues with the
evolution equations being second order in g,, (as con-
structing a first order version would require introducing a
new evolution variable constrained to be equal to 9,9,).
We set A/L? = 0.025, so that we are in the weak coupling
regime.

We consider a sequence of numerical evolutions where
we simultaneously increase the resolution for the numerical
grid, while decreasing f. In particular, we consider grid
spacings dx = dy = h; = L/2’*" with i = 0,1, ..., 5, and
scale the white noise amplitude as f; = f,/2* so that it
scales in the same manner as the truncation error with our
fourth-order scheme. We choose f, so that the white noise
perturbation is small, but dominates over the truncation

*We recall that we need L > VA, as we are considering
hyperbolicity in the weak field regime—in the strong field regime
it is likely the theory is not even weakly hyperbolic [27,54].

"Moreover we note that, the hyperbolicity analysis of Horn-
deski gravity theories in generalized harmonic formulations in
Refs. [51,52] indicate that the weakly hyperbolic modes were
constraint violating ones; thus we expect that the differences
between simulations in the MGH and generalized harmonic
formulations will be most apparent when we begin with initial
data which slightly violate the constraint equations.

error (fo ~ 5 x 107%). To monitor the subsequent behavior
of the high frequency perturbation, we compute the
following difference between subsequent resolutions,

1/2
loustll = 3|52, oud ~0lf2?| . 29)

ab

where Jyg", is the numerical solution computed with grid
spacing h, the outer sum is a sum over the ten unique metric
time derivatives, and the inner sum is a sum over the points
in the x and y directions (restricted to a coarse grid of points
shared by all resolutions).

We restrict to a gauge with H* = 0, but consider three
different choices for the auxiliary metrics corresponding to
Eq. (12) with (A, A) = (0,0) (harmonic gauge), (A,A) =
(0.1,0.2), and (A, A) = (0.2,0.4). We show the results for
these cases in Fig. 1. When the auxiliary metrics are set
equal to the physical metric, we do indeed find a perturba-
tion that grows faster and faster as the grid spacing, and
hence the minimum wavelength of the perturbation, is
decreased. Changing the light cones for the auxiliary
metrics by using nonzero (A,A) improves this, and for
(A,A) = (0.2,0.4) there is no evidence of frequency
dependent growth.

There is of course no requirement that A and A be of
some fixed ratio, and in general there is a large degree of
freedom in choosing the auxiliary metrics which we do not
systematically explore here. For this study, we concentrate
merely on finding a choice of parameters that works,
and for most of the remaining applications, we will use
(A,A) = (0.2,0.4), and rely on convergence tests to
estimate the accuracy of our results, and as a check for
contamination of the solution due to ill-posedness.

B. Single black hole initial data

We next present simulations where out initial data are a
single black hole, restricting to axisymmetry. As discussed
in Sec. IIID, we begin our evolution in Kerr-Schild
coordinates [47]. Our main conclusion in this section is
that in full shift-symmetric ESGB gravity (for small enough
coupling parameters 1), Kerr initial data lead to stable,
rotating, scalar hairy black hole solutions. We note that
Kerr solutions for ESGB gravity were evolved using an
order-reduction approach in Ref. [34], and stationary
solutions to the full theory describing spinning black holes
with scalar hair were constructed in Refs. [29,30].

In Fig. 2, we plot the average scalar field value over the
black hole apparent horizon {¢) ,, along with the change
in the black hole mass and spin and the change in black
hole mass and spin as measured on the horizon [see
Egs. (21) and (22)], as a function of evolution time f,
for different initial (dimensionless) black hole spin param-
eters a, given a fixed value of 1/M? = 0.07 (where M is
the Arnowitt-Deser-Misner (ADM) mass). For a given
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FIG. 1.

We show the difference in the evolution variables Jyg,, between subsequent resolutions, computed using Eq. (25), and

normalized by the initial value of the white noise perturbation, as a function of time, for a periodic scalar field configuration. The three
cases correspond to different choices of the auxiliary metrics in MGH with (left to right) (A, A) = (0,0), (0.1,0.2), and (0.2,0.4). In the
first case, corresponding to harmonic gauge, frequency dependent growth can be clearly seen as higher frequencies perturbations are
sourced for the higher resolutions. With auxiliary metrics that differ sufficiently from the physical one, as in the rightmost panel, this
problem no longer appears. Note that the 4#/L = 1/4096 resolution run (needed to compute the error of the 4/L = 1/2048 run) was
continued for a shorter time compared to the lower resolutions due to computational expense.

black hole spin, Ref. [29] found that there is a maximum
1/M? above which they could no longer construct regular
solutions to the theory, and this maximum decreased with
increasing spin. For a spin parameter of a = 0.9, the
coupling limit was found to be A/M? ~0.13, while for
a = 0.99, it was found to be roughly a factor of 2 smaller
[29]. We find it difficult to consider couplings near this
limit for a given spin, which we believe is in part due to the
fact that the scalar hair initially exceeds its stationary value
during the growth of the scalar cloud before settling down
to a lower value (e.g. the top left panel of Fig. 2; see also
[28]), so that any problems that could occur from, e.g. loss
of hyperbolicity come closer to the horizon than one would
anticipate from studies of stationary solutions. But we have
not explored extensively whether better choices of gauge
and auxiliary metrics could also improve this.

We find that the average asymptotic scalar field value at
the horizon decreases as a function of initial dimension-
less Kerr spin parameter. This is consistent with the fact
that the average value of the Gauss-Bonnet scalar is a
decreasing function of black hole spin; in fact, at a critical
value of a 2 0.766, the average value of the Gauss-Bonnet
scalar is negative on the black hole horizon. We find that
the average value of the scalar field only becomes
negative for larger spins (a 2 0.95), which is most likely
due to the fact that stationary scalar field configurations
must balance gradients with the varying Gauss-Bonnet
source term on the horizon. We find that as we increase
the black hole spin, the scalar field becomes negative on
the spin axis (where the Gauss-Bonnet scalar is negative)
but remains positive on the equator of the black hole
(where the Gauss-Bonnet scalar is positive). The forma-
tion of scalar hair decreases both the mass and angular
momentum of (as measured on the horizon) the initial
spinning black hole. However, from Fig. 2, we can see

that for initial black hole spins that are roughly less than
ag < 0.7, black hole scalar hair formation increases the
dimensionless spin, while for greater initial black hole
spins, it decreases the dimensionless spin somewhat. For
initial black hole spin a = 0.9 and 1/M? = 0.07, we see
that the change in the dimensionless black hole spin is
approximately ~ — 2% while the change in the black hole
mass is approximately ~ — 2%.

In Fig. 3, we show a convergence study of the average
scalar hair profile, along with the change of the black hole
angular momentum and mass [see Eqs. (21) and (22)] as
measured on the horizon of a black hole with initial
dimensionless spin parameter of aq = 0.99. We see that
the change in the black hole horizon angular momentum is
~0.2%, while the change in the black hole mass is ~0.8%.
In this study, the integrated constraint violation C* con-
verges at third order, (consistent with the time interpolation
used by the AMR algorithm). Here, and in subsequent
sections, we show |C“| integrated over the coordinate
radius r < 100 M region of the domain. We found that
as we considered larger black hole spins, we could only
obtain stable, convergent evolution with small ESGB
couplings, and had to place our excision radius closer to
the black hole horizon. Figure 4 shows a snapshot of the
scalar field around a black hole with initial spin a = 0.99,
taken after 150M of evolution. The scalar field is positive
around the equator of the black hole, while it is negative
around the spin axis.

One reason to expect that only smaller Gauss-Bonnet
couplings can be used to evolve higher spin black holes is
because the Kerr ring curvature singularity moves closer to
the black hole horizon for larger spins, and there is numerical
evidence that the equations of motion for ESGB gravity are
hyperbolic only for regions of relatively small curvature
(given a fixed Gauss-Bonnet coupling) [27,28,54].
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FIG. 2. Left to right: The horizon-averaged scalar field (¢) ., value of dimensionless black hole spin (normalized by the initial black
hole spin ay), and value of black hole mass m (normalized by the ADM mass M), for a one-parameter family of Kerr initial data. We
show the scalar cloud profile on the black hole horizon for A/M?* = 0.07 (runs with 1/M? = —0.07 give qualitatively similar results,
except (¢) 4y has the opposite sign). Though the black hole always loses angular momentum as a result of scalar hair growth, from the
center panel we see that for small enough black hole spins (a < 0.7), the dimensionless spin decreases, while for larger spins it increases
(for the case ay = 0, the black hole spin does not change, so we omit it from this figure). The growth of the scalar cloud always coincides

with a decrease in the mass of the black hole, which we interpret as the scalar field extracting energy from the black hole.

C. Head-on binary black hole mergers

We next study binary black hole mergers in ESGB.
We begin by restricting to the axisymmetric case of a
head-on collision, which allows us to quickly cover
a number of different parameters, including different
values of A, as well as different black hole spins
and mass ratios. Since the corrections in ESGB are
sensitive to the smallest length scale, we will label
the cases we consider in terms of the quantity 1/m?
where m is the mass of the smallest black hole in the
initial data.

Our main result in this section is that we find that the
ESGB theory in general, and the MGH formulation in
particular, remains hyperbolic, even in the highly dynami-
cal setting of a (head-on) binary black hole merger, for
comparable values of A to where the spherically symmetric
problem remains well posed. For reference, in Ref. [28], the
maximum value where the scalar hair grew about a
Schwarzschild black hole that could be evolved without
the loss of hyperbolicity was 1/m? = 0.19, and based on
extrapolation, it was estimated that hyperbolicity would be
lost outside the black horizon for 1/m? > 0.23.
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Convergence study of the scalar hair growth about a black hole with a, = 0.99 and 1/M? = 0.02. We show the horizon-

averaged scalar field (¢),, (top right), change in dimensionless black hole spin a (top left), relative change in the black hole mass
(bottom right), and constraint violation |C“| (normalized by the initial black hole mass M; bottom left). We find that the constraint
violation converges at third order, as expected. The medium and high resolutions have 1.5 and 2x the linear resolution of the low
resolution simulation. For an image of the scalar field density around the black hole, see Fig. 4.

As discussed in Sec. III D, we start with initial data where
¢ and Oy¢ are identically zero. Hence, initially the
individual black holes will develop scalar hair as they fall
towards each other and finally merge. We choose the initial
separation of the black holes to be d = S0M (where M it the
ADM mass of the spacetime) and set their initial velocities
to the value corresponding to the binary being marginally
bound. We show a number of cases with an equal-mass,
nonspinning binary black hole, and different values of the
coupling ranging from 4/m?> = 0 to 0.18 in Fig. 5. Initially
scalar hair grows about the black hole, which loses mass as
the cloud grows. For larger couplings, there is a small
increase in the magnitude of ¢ on the horizons as the black
holes approach each other (bottom panel of Fig. 5) and a
corresponding decrease in black hole mass (top panel).
However, when the black holes merge, forming a larger

black hole, the Gauss-Bonnet curvature outside the
common horizon becomes smaller, and the scalar cloud
shrinks. As elaborated on below, most of the energy lost by
the smaller black hole goes back into the remnant black
hole, as opposed to escaping as radiation.

In Fig. 6, we show the radiation from the black hole
mergers. Increasing A to larger values slightly decreases the
merger time and increases the gravitational radiation. More
pronounced is the effect this has on the scalar radiation,
which roughly scales as A%, though on top of this, some
additional nonlinear enhancement is evident for large
values. For A/m? > 0.1, the scalar field luminosity is
comparable to the gravitational wave luminosity for this
configuration.

Even though these black hole merger spacetimes are far
from being stationary, except at late times after the final
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FIG. 4. The scalar field value around a black hole of initial
dimensionless spin ay =0.99 and dimensionless coupling
A/M?* = 0.02, taken after 150M of evolution. For the evolution
of the black hole parameters, see Fig. 3. The spacetime is
axisymmetric, and we show a slice at fixed azimuthal angle,
with the bottom of the figure corresponding to the axis of
symmetry. The excised region within the apparent horizon, which
is roughly 90% of the radius of the black hole, is shown in black.
The colorbar indicates the scalar field value, which in this case
varies between ¢ € [—0.095, 0.045]. We see that on the equator of
the spinning black hole (middle of the figure), the scalar field is
positive, while at the poles, the scalar field is negative. This is to
be contrasted with black holes with zero spin and A > 0, where ¢
is everywhere positive.

remnant has settled down, it is still instructive to study an
approximate measure of how energy is distributed as a
function of time. In Fig. 7, we show this for a stronger
coupling case with 1/m? = 0.15. We can see that as the
black holes form scalar hair and as their mass decreases,
there is a comparable increase in the effective energy
calculated from the Einstein tensor EF", with roughly half
of this being attributable to the canonical scalar field energy
ESF. After the formation of a common horizon, these
quantities rapidly decrease. For this case, most of energy
that does not end up in the final black hole is actually
radiated away as scalar radiation (dotted green curve in
Fig. 7). In fact, the initial scalar hair growth of the
individual black holes produces stronger radiation than
the merger.

We also show the integrated norm of the constraint
violation [Eq. (1)] for A/m? = 0.15 and several resolutions
in Fig. 8, demonstrating that this quantity is converging to
zero at the expected rate. Here the lowest resolution has a
grid spacing of dx =~ 0.02M on the finest level, and the
highest resolution is twice as high.

To probe the effect of angular momentum, we also study
mergers of spinning black holes. We consider two
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FIG. 5. Top: The sum of the masses of the merging black holes

(solid lines) or mass of the final black hole (dashed lines) as a

function of time for head-on mergers of equal mass, nonspinning

black holes and different values of A. Bottom: The area-averaged

value of ¢ on the apparent horizon as a function of time.

axisymmetric configurations where the magnitude of the
dimensionless black hole spin is |a| = 0.6: one where the
spins are aligned, and one where they are antialigned.
In Fig. 9, we show how the angular momentum evolves in
the aligned cases. Initially, as the black holes grow scalar
hair, angular momentum moves from the black hole
horizons to the scalar clouds. As the black holes merge,
most of this angular momentum goes back into the final
black hole.

The scalar radiation produced by the spinning black hole
mergers is slightly smaller compared to the nonspinning
cases, as shown in the top panel of Fig. 10. We also find
that the differences between the aligned and antialigned
spins is negligible for these cases. We note that in
axisymmetry, the scalar field radiation does not carry
angular momentum.

Finally, we consider a 4:1 mass-ratio merger of non-
spinning black holes. In this configuration, the smaller
black hole will have more scalar hair than the larger one,
which tends to suppress nonlinear effects in the coupling
due to the merger. In the bottom panel of Fig. 10, we show
the scalar radiation from two cases with A/m? = 0.05 and
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FIG. 6. Top: The gravitational wave luminosity from the head-
on collisions of equal-mass, nonspinning black holes with
different values of 1. Bottom: The flux of energy radiated away
in the scalar field for the same cases. The different cases have
been scaled to the highest value of A assuming A% scaling.
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FIG. 7. Various measures of energy as a function of time for a
head-on collisions of equal-mass, nonspinning black holes with
A/m* = 0.15. We show the difference of the total mass from
the sum of the mass of the apparent horizons, the scalar field
energy radiated away (at r = 50M), the integrated energy in the
canonical scalar field component ESF, and calculated from the
Einstein tensor EF". We note that the last two quantities are
gauge dependent except when the spacetime is stationary, which
approximately holds at late times.
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FIG. 8. Integrated norm of the constraint violation [Eq. (1)] as a

function of time (in units of total mass) for an equal-mass binary
black hole merger with 1/m? = 0.15 at three resolutions. The
medium and high resolutions have 1.5 and 2x the linear
resolution of the low resolution simulation.

0.1. Compared to the equal-mass cases, the luminosity is
smaller by roughly a factor of ~12. After rescaling by A2,
the 1/m? = 0.05 and 0.1 cases are indistinguishable for a
4:1 mass ratio.

D. 3D results: Scalar hair formation about
a boosted, spinning black hole

We next discuss results for spinning, boosted black hole
initial data. To consider a fully 3D example, we choose
the initial spin axis and boost axis to be unaligned—e.g. the
initial spin of the black hole is in the z direction, and
the boost is in the y direction. As discussed in Sec. III D,
our initial data for the scalar field are ¢p = Jy¢p = 0, so that
we initially start out with a boosted, spinning black hole (in
harmonic coordinates), which subsequently forms a scalar
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FIG. 9. Angular momentum as a function of time for a head-on
collisions of equal-mass black holes with aligned a = 0.6 spins
and A/m? = 0.05 and 0.1. We show the difference of the total
angular momentum from the sum of the angular momentum of
the apparent horizons and the integrated angular momentum
calculated from the Einstein tensor Jg;,.
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FIG. 10. The scalar luminosity in the wavezone (r/M = 100)
for various head-on black hole mergers. Top: A comparison of
different values of black hole spin and ESGB coupling for equal
mass mergers. The luminosity has been scaled assuming a 4%
dependence. Bottom: A comparison of different values of mass-
ratio and coupling for nonspinning mergers. The luminosity has
been scaled by 4?/u*, where u is the reduced mass of the binary.
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FIG. 11.

cloud. Therefore, unlike in the vacuum Einstein equations
case, the black hole boost is more than just a coordinate
transformation. The main result of this section is that the
boosted, spinning black hole spontaneously form scalar
hair and that we obtain stable, convergent evolution.

We show one example case in this section: a Kerr black
hole with initial dimensionless spin a = 0.4, and with a
boost k, o = 0.1 (i.e. at 10% the speed of light) orthogonal
to the initial spin axis. (We found similar results for other
cases with higher spins and lower values of coupling, e.g.
a=0.2 and 1/M? = 0.05.) In Fig. 11, we show a con-
vergence study of the constraint violation |C?| and find
third order convergence, with no sign of resolution depen-
dent growth. Our results for the boosted, spinning black
hole are qualitatively similar to our simulations of spinning
black holes in axisymmetry: a scalar field grows and then
settles down to an equilibrium configuration around the
black hole, emitting a burst of scalar radiation in the
process.

E. 3D results: Binary black hole
inspiral and merger

Finally, we consider the inspiral and merger of a binary
black hole without continuous symmetries. Here we just
present results for one case consisting of an equal-mass,
nonspinning binary that undergoes ~3 orbits before merg-
ing, and for a relatively small value of the Gauss-Bonnet
coupling A/m? = 0.01 (where again, m refers to the mass
of one constituent of the binary), where nonlinear effects
are small. As part of the process for constructing initial
data, we evolve the binary black hole data obtained from
solving the constraint equations for ~50M (where M is the
ADM mass) just using the Einstein equations, to reduce the

)\/]\/[2 = 0.1, ay = 0.1, kyA,O =0.1

|Cal /M

0 20 40 60 80 100 120
t/M

Convergence study of the horizon-averaged scalar field (¢) 5 (left) and constraint violation |C,| (normalized by the initial

black hole mass M; right), for a fully 3D case with a black hole with initial boost k,, = 0.1, dimensionless spin 0.1, and coupling
A/M? = 0.1. We find that the constraint violation converges at third order. The transient growth at # ~ 100 M in this quantity is due to the
scalar radiation from initial scalar hair growth hitting the outermost mesh refinement level, which leads to some spurious reflection
(which converges away). The medium and high resolutions have 1.5 and 2x the linear resolution of the low resolution simulation.
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gauge dynamics and spurious high frequency gravitational
wave content. We then use this as initial data for the
evolution with the full ESGB equations.

As was found for the head-on black hole merger, the black
holes rapidly form scalar hair, after which the scalar field
around the individual horizons is essentially constant, with a
small uptick in the last stages of the merger that is cutoff by the
appearance of the common horizon. We show the gravita-
tional and scalar radiation for this system in Fig. 12. As was
seen in the head-on black hole mergers, the burst of scalar
radiation from the initial growth of the scalar hair about the
individual black holes of the binary is actually larger than for
the merger. Following this initial transient, the scalar radiation
tracks the inspiral of the binary evident in the gravitational
waves. As expected from the results in Sec. IV C, at this small
value of the coupling the scalar radiation is much smaller than
the gravitational radiation. Ignoring the initial burst, which is
just an artifact of our initial conditions, ~3 x 107 M is
emitted in scalar radiation during the last few orbits, mostly at
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FIG. 12. The radiation from the inspiral and merger of an equal
mass binary black hole with A/m?> = 0.01. Top: The real and
imaginary components of the £ =m =2 spin —2 spherical
harmonic of the Newman-Penrose scalar, which encodes the
gravitational waves. Bottom: The # = m = 2 component of the
scalar field in the wavezone. The burst at early times comes from
the growth of the scalar hair about the individual black holes of
the initially vacuum binary.
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FIG. 13. The integrated norm of the MGH constraint violation

|C,| for the inspiral and merger of an equal-mass binary black
hole with A/m? = 0.01. The high resolution case has 4/3x the
resolution of the low resolution, and the convergence is consistent
with third order.

merger (compared to a few percent M emitted in gravita-
tional waves).

We perform this calculation at two different resolutions
where the lower resolution has a grid spacing of dx/M ~
0.025 on the finest mesh refinement level, and the higher
resolution has 4/3x this resolution. We show the time
dependence of the integrated MGH constraint in Fig. 13.
This is consistent with third-order convergence and shows
no sign of resolution dependent growth.

We present these results primarily to illustrate that these
methods work for the binary inspiral problem, at least at
sufficiently modest values of the modified gravity coupling.
We leave the exploration of higher values of the coupling
and different binary configurations, as well as additional
resolution studies, to future work.

V. DISCUSSION AND CONCLUSION

In this article we present numerical solutions of
dynamical spacetimes in ESGB gravity without any
particular symmetry restrictions or approximations. We
evolve the shift-symmetric ESGB EOMs using the MGH
formulation, for which the theory has a well-posed initial
value problem (at least at weak coupling) [16,17]. We are
able to solve for the dynamics of single and binary (scalar
hairy) black hole spacetimes in this theory, including
cases with spinning black holes and binaries with unequal
mass-ratios, and in the regime where the formation of
scalar hair changes the black hole mass at the level of a few
percent, and the scalar radiation becomes comparable to
the gravitational radiation. Given the novelty of the
modified harmonic formulation, and the dearth of results
on the nonlinear dynamics of Horndeski theories in
regimes of physical interest, there are many avenues for
future research. In this section we outline a few such
directions.
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Here, we presented one case consisting of a few orbits
and merger of a quasicircular binary black hole at a
relatively modest value of the Gauss-Bonnet coupling, to
demonstrate that our methods work for such configurations.
However, based on the results from head-on collisions,
higher values of coupling, where nonlinear effects due to
the ESGB terms are more important, should be tractable. In
future work, we will explore the parameter space of binary
black hole mergers more thoroughly, in order to make a
better connection to gravitational wave observations, which
can be used test such modifications to GR. Here, we have
focused on shift-symmetric ESGB, but our methods should
be generally applicable both to ESGB with other couplings,
and Horndeski gravity theories in general, potentially
allowing binary black hole mergers in all these cases to
be explored. Direct simulations of the full EOMs could also
be compared to various approximate treatments of these
theories, including the order reduction approach [13], or
modified forms of the EOMs that are designed to improve
the hyperbolicity [15], in order to quantify the errors
coming from secular or nonperturbative effects in a binary
inspiral (such a comparison for a toy scalar-field problem
was carried out in Ref. [55]). This would help determine the
best methods to use for theories where the short wavelength
behavior is not known, and there is not a well-posed initial
value problem.

In tackling the above, another future research direction is
to better understand the robustness of the MGH formu-
lation, both of the Einstein equations, and of the Horndeski
gravity theories, under different gauge choices. In this new
formulation, one can freely choose not only the source
functions, but also the two auxiliary metrics §° and §*
which determine the light cone of the gauge and constraint
propagating modes. Our particular choice of the auxiliary
metrics [Eq. (12)] was guided mostly by convenience, and
it would be interesting to look for improved choices of
auxiliary metrics that could, for example allow us to better
evolve black hole spacetimes with larger ESGB coupling.
Potential future directions include: considering different
ratios of the parameters A and A, and considering different
ansatzes for the auxiliary metrics §* and §* (for example,
it would be considering auxiliary metrics where A and A are
functions of the spacetime geometry; for more discussion
see [17]).

Another research direction is to develop robust initial data
solution methods for the Horndeski theories. This will be
necessary for numerically constructing initial data for, e.g.
inhomogeneous cosmological solutions to Horndeski the-
ories, or binary initial data that do not have a strong initial
transient due to, e.g. initial black hole scalar hair formation.
The first step in this direction would be to formulate the
Horndeski constraints as elliptic equations, for example
using a conformal thin-sandwich type approach [56].

Finally, given the number of Horndeski theories that
have been invoked in both the early and late Universe

(e.g. [57-61]), a natural direction for future research is to
consider cosmological solutions to Horndeski theories.
Given the failure of GR coupled to ordinary matter to
resolve the initial cosmological singularity [62], it would be
interesting to determine if any classical field theory that had
well-posed evolution could resolve this issue in a math-
ematically satisfactory way, while also obeying current
observational and experimental constraints. Potential can-
didate theories that have been proposed (e.g. bouncing
universes [58], or ‘“genesis” [59,63]), fall under the
Horndeski class of theories, and thus should be amenable
to being solved using a MGH formulation.
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APPENDIX A: DERIVATION OF EVOLUTION
MATRIX FOR 49ST GRAVITY IN A MODIFIED
HARMONIC FORMULATION

For completeness, and for reference, here we show
our derivation of the components of the evolution
matrix, Eq. (11), for the EOMs of 40ST gravity, Egs. (7)
and (8).

We find it convenient to split our calculation into several
steps: first we rewrite the equations for the Einstein-
minimally coupled scalar field contributions to the
EOMs, then for the contributions that involve «, and then,
finally, for the contributions that involve f.

1. Terms: Einstein, minimally coupled scalar field,
and constraint damping

We first consider the Einstein-modified harmonic
contribution to the tensor EOMs,
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A 1 Using
Rab - <Pcdab - Egabpcd) deC
1 . . . .
B EK(naCb + nbca - (1 + p)ncccgab) Rab = aCF(le - adFZb +F(Licrleb - FtLiaFfb
1
1 E—— — —
= 8rx (Tab - EgubT) . (A]) 29 (acadgab acabgad aaadgbc + 6aabgcd)

+ 0T gap — 0a9°Tyep + 15,19, =TT, (Ada)

c

It is straightforward to see that

B, = 0. (A2) achdrdab + Ffzcrgb = _Fdrgb’ (A4b)

We next consider

— = 1
VO = VH + T 0Ty = 50,5 Drt

1
= Egefgcg(adaeggf + 04019ge = 040y9er)
+ 3704y T ey + 0431, + 94H
+ TG, (HY + gTY,). (A3)

1 1
=1 0u9 1 0p9ac + ) 90 uGac- (Adc)

we then have

1 1 1
- EAadeef 0.049, f 4 aangabgcd - 1 8bngaagcd - FdFZb - Féal"é’b

o 1 . A . ~of
- <Pcdab - 2gachd) (adHc + Fgefgefadgcg + szadgef + FZ]q(Hq + gdrgf))
1 ) 1
- EK(naCb + ana - (1 +/))I’ICC gab) =8 Tab - zTgab s (AS)

where
. . N . . [P 1 AL, ~ AT ] AT ~e
Aptef = 535,g°0 — 8460 — 858} g% + 55509 + 2 <P“ab -3 gabP“> g - <Pd‘ab -5 gade‘> 7. (A6)

Note that we can interchange ¢ <> d and e <> f, as partial derivatives commute and g, is symmetric. We use this fact below
to simplify some of the expressions. To see the structure of the principal symbol in more detail we expand out P,

. 1 . 1 R R . . |
P, - EgadeC =3 (5291,6 + 8494 = 9“ub = Gab (9"6 - 59“’9) ) (A7)
We then have

Aap ! = 558,9°! — (8h31g° — 549" 5) — (35849™ — 5,5°F") + (8:509° — 82,85 5)

o 1 No 1 o N
— (9“gab + 5 Gap — zgabg“g> 7 + 3 <nggab + gup G — zgabngg) g (A8)
From Eq. (A5), we can read off A, and Fflg),

Aade = AabOOCd7 (A9)
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1 1. )
F,(g} = Aabaﬁefaaa/)’gef + 2Aah<ao)€fa(180.gef - Zaungahgcd - Zathdaagcd - Fdrgb - Fdargh
o 1 A ~ - ~
- (Pcdab - Egachd> (OqH + Ty g 049 + 16,049 +T4,(H + /T ,))
1 ) 1
- EK(naCh + nbca - (] +p)ncc gab) — 8z Tah - ETgub s (AIO)

The contribution of the scalar field is

F9) = =V pVotp = V() gup- (A11)
D = g%, (A12)
F((/)) = gaﬂaaaﬁ¢ + zg(loaa80¢ - gahrflbacqb' (A] 3)

In Appendix C, we explicitly show how Eq. (A5) reduces in the special case of §*? = §** = ¢*” to the Einstein equations in
the generalized harmonic formulation with constraint damping.

2. Term:

We next consider the terms that involve «. There are no second derivative terms on the metric, so we have

Apd=0 (A14)
Bab — 0, (AIS)
cd =0. (A16)
The nonzero terms are
D =2a(¢)(Xg™ — VOpV0p), (A17)
FY9 = 2a($)XV Vs — a($)X2guy (A18)
F@ = 4a(¢)(Xg™ — VV°$) 0,00 + 20() (X g™ — VepVP$)0,0pp

— 2a()(Xged = VPVIP)TE, 0. — 3 () X7 (A19)

3. Term: g

Finally we consider the terms that involve the Gauss-Bonnet scalar. Due to the length of the necessary algebraic
manipulations, we write things out in stages. First we expand

RU,p = ¢ Riy ;.
= gjk(ael—‘;cf - afF;ce + I_‘ill—‘if N F}lrie)

e

1 ., .
= _g]kglm(aeakgmf =+ aeafgmk - aeam.gkf - afakgme - afaegmk + afamgke)

2
+ g/ k(aegimrmkf - afgimrmke + Fizr if - F}zrie) (A20a)
VIV B(¢) = 97 (0,:0.5(¢) — T70,B(¢)) = ¢ (B (#)[0,:0.¢ — T}:0np] + " (#)01p0.).- (A20b)

We find that

2651 IR VIV () = 850 RY ofVIN B(B)Ga = & 9 Ao, (67 0Ok Guns + Deg™ Tonip + Thal )

X (B ()010chp = Ti0ud] + F"($)0190:4), (A21)
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where we have defined the tensor,

efc
Aijgab

2(25,?]{,6(291;)[1 - 5?};?9111;)’

(A22)

which is antisymmetric on the top three and first bottom three indices, and symmetric for the rightmost two bottom

indices.

It turns out that while the EOMs for 40ST gravity are fully nonlinear, they are linear with respect to repeated derivatives;
e.g. there are no terms like (93g,,)(93¢) or (03g.,)?* in the equations of motion (see Appendix B for an explicit calculation;
we note that this property holds more generally for all Horndeski gravity theories [51,52]). Thus, there is no ambiguity in

computing terms like A, and B,,.
From Eq. (A21) we have

A0l = gi° qugz 999 (B ()[0:0,0 = T10,up] + B ()10, ),

Bab = ggOngAg')gab (glmayakgmp + 8}/glml—‘mkp + r;mr;;;)ﬁl((ﬁ)

(A23)

(A24)

Fub = g]kgqlAle]quh (gimaeakgmf + aegiml—‘mkf + Fémrz;)(ﬁ/(qs) [alac¢ - Fﬁam¢] + ﬂ//(¢)al¢ac¢)

- Aadea%gcd - Babag¢'

(A25)

We next look at the scalar field EOM. The Gauss-Bonnet scalar is

1 pars y
G =700 R, R,

= 5,“1” (ghkggmapakgmq + ghkapggmrmkq + ghkrgmrfq)(gjvgiwaravgws + gjvargiwrwvs + gjvrf'wr‘gs)'

ghij

We then have
(A27)
and

Ced = 26 ()5 (6" 67" 0O Gunp + T 0" T i

ghij
+ ¢ Tl )9, (A28)
F9) = §($)G = C0gcq- (A29)

APPENDIX B: PROPERTIES OF THE
PRINCIPAL PART OF ESGB GRAVITY

The evolution equations for ESGB gravity, Eqs. (7) and
(8), form a fully nonlinear system of partial differential
equations. It turns out though (and this is a general property
of the EOMs of Horndeski gravity theories) that the
EOMs do not contain terms with repeated derivatives,
e.g. terms like (9,0,9,,)*. In this section, we review the
derivation of this fact. We consider the equations in the
form of Eq. (11).

(A26)

(i) A,pc4’: The only second order derivative term is
from 9,0,,¢. Considerthenc =d = 1= p = Z. We

then have 55%’( =0 and 555’( =0.
(i) B,,“: The only nonzero second order term is
0o0kGmys- Set then ¢ =d=e=k=2Z. We then

have 87,5 =0 and &7/ =
(iii) C¢?/: The only term second order in derivatives is
0pO0kGmg- Set ¢ =d = p =k =Z. We then have
Za7f _
Synii = 0.
(v) D =0 for all a, b.

APPENDIX C: REDUCTION OF MODIFIED
HARMONIC FORMULATION
TO GENERALIZED HARMONIC
FORMULATION

For reference, here we demonstrate how the EOMs for
GR in the MGH formulation reduce to those of a gener-
alized harmonic formulation for the special choice that
7’ = §* = ¢°°. Beginning with Eqs. (A7) and (A8), we
set 50 = §* = ¢ to obtain

Ayl = 558,97, (cn)
A | A
Pcdab - Egabpcd = gc(aéz)’ (Cz)
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so that the Einstein equations given by Eq. (AS) become

1 . 1 i
- Egu{acacadgah 3 09 Op)gac — TG, T, + H, Y,
X gc(aéz)(adHC + Fgefgefadgcg + Fgfadgef
+ T4, (HY + g°/TY)))

1
- §K<nacb + ana - (1 +p)ncccgab)

1
=8 <Tub - 5 Tgab> . (C3)

Simplifying, we obtain the Einstein equations in a gener-
alized harmonic formulation with constraint damping terms
(e.g. Ref. [36]),

1
_Engacadgab - 8cgd(aab)ng - v(aHb) +HCFZb - Fgargb
1 :
_EK(naCh + nbca - (1 +p)ncccguh)

1
=8z <Tab _ETgab> . (C4)
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