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How do spherical black holes grow monopole hair?
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Black holes in certain modified gravity theories that contain a scalar field coupled to curvature invariants
are known to possess (monopole) scalar hair while non-black-hole spacetimes (like neutron stars) do not.
Therefore, as a neutron star collapses to a black hole, scalar hair must grow until it settles to the stationary
black hole solution with (monopole) hair. In this paper, we study this process in detail and show that the
growth of scalar hair is tied to the appearance and growth of the event horizon (before an apparent horizon
forms), which forces scalar modes that would otherwise (in the future) become divergent to be radiated
away. We prove this result rigorously in general first for a large class of modified theories, and then we
exemplify the results by studying the temporal evolution of the scalar field in scalar Gauss-Bonnet gravity
in two backgrounds: (i) a collapsing Oppenheimer-Snyder background, and (ii) a collapsing neutron star
background. In case (i), we find an exact scalar field solution analytically, while in case (ii) we solve for the
temporal evolution of the scalar field numerically, with both cases supporting the conclusion presented
above. Our results suggest that the emission of a burst of scalar field radiation is a necessary condition for

black hole formation in a large class of modified theories of gravity.

DOI: 10.1103/PhysRevD.105.064041

I. INTRODUCTION

General relativity (GR) has so far passed all experimental
tests performed to verify its validity in the weak field
regime with Solar System observations and the strong-
field regime with binary pulsar observations [1]. The
detection of gravitational waves by the advanced Laser
Interferometer Gravitational-Wave Observatory and Virgo
[2,3] has allowed for qualitatively new tests in the highly
dynamical, extreme regime of gravity that unfolds in the
late inspiral and merger of compact objects. Testing GR in
extreme gravity will naturally involve testing the nature of
black holes (BHs) and neutron stars (NSs).

BHs are one of the most important predictions of GR, but
they are also one of the simplest macroscopic objects in
nature. As shown in the celebrated no-hair theorems [4-7],
stationary and axisymmetric BHs in GR can be completely
characterized by just three conserved quantities: their mass,
charge, and spin. Several modified gravity theories, how-
ever, predict the existence of BHs with extra “hair” [8].
Understanding the nature of BHs and the charges describ-
ing BH spacetimes in these modified theories will help us
determine how to place constraints on them and how to
search for deviations from the predictions of GR.

Consider then a general class of modified gravity
theories in which a scalar or pseudoscalar field couples
nonminimally to a curvature invariant. Modified theories
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that fall in this class include scalar Gauss-Bonnet theory
(SGB) [9,10], dynamical Chern-Simons (DCS) gravity
[11,12] and modified quadratic theories of gravity in
general [13,14].

Within this class of theories, several question then
naturally arise:

(1) What types of BHs are allowed?

(i) Which of these BHs are the end point of gravita-

tional collapse?
(iii) How does the scalar field behave during gravita-
tional collapse?

(iv) Is the long-range behavior of the scalar field excited

or suppressed during gravitational collapse?
These questions are important for various reasons, as their
answers determine what BHs look like in a large class of
modified theories of gravity, and whether these modifica-
tions are observable.

Some of these questions have been addressed before in
the context of specific modified gravity models. The
answer to question (i) has been searched for in various
theories, both analytically in the small coupling approxi-
mation and numerically in stationary spacetimes. More
specifically, static and slowly rotating BH solutions in the
small coupling approximation were found in [9,15-20] for
SGB theory and in [15,19,19,21,22] for DCS gravity, while
numerical solutions for static and stationary BHs were
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calculated in [16,17,23] for SGB theory and in [24] for
DCS gravity. All of this work has shown that the scalar field
at the event horizon (EH) of a stationary and slowly rotating
BH can either be regular or divergent [9,15,16,21,25], with
the divergent behavior usually discarded through the
imposition of boundary conditions.

Preliminary investigation to answer questions (ii) and
(i11) were initiated in [26,27]. These studies simulated the
evolution of the SGB scalar in the background of the
Oppenheimer-Snyder (OS) collapse. Working in the decou-
pling approximation, i.e., neglecting backreaction onto the
spacetime metric, it was found that the scalar field settles to
the regular solution. For studies which analyze the evolution
of the scalar field in SGB and Einstein-dilation Gauss-Bonnet
(EDGB) without working in the decoupling limit, we refer the
reader to Refs. [28—-35]. Some answers to question (iv) were
obtained in [36-39] for SGB theory and DCS gravity, where a
classification of the monopole scalar hair was obtained for
isolated and stationary NS and BH spacetimes.

Although impressive, all of this previous work was not
able to reach general conclusions in a dynamical setting,
which is the focus of this paper. We begin by focusing on
question (i), and thus,

We develop a complete classification of all static and
spherically symmetric BH spacetimes in a wide class of
theories, including but not limited to SGB theory and
DCS gravity.

This classification is based on the behavior of the scalar
field at the EH, which can either be finite (type 1) or
divergent (type 2). This two parameter behavior of the
scalar field in BH spacetimes has been observed in a large
number of modified theories [8], including SGB gravity
[15,16] and DCS gravity [21], and it exhausts all possible
BH solutions in wide class of theories under consideration.

With this classification at hand, we then establish a few
results. First,

We prove that if the scalar field is regular at the EH,
then the BH is nonextremal.

A nonextremal BH is defined by its surface gravity being
nonzero and finite. Our proof does not require an explicit
solution for the field equations; rather, it is based on a novel
argument that relies on the fact that if the cross sections of the
EH of the BH are compact, then the Gaussian curvature of the
cross section cannot be zero [40]. This result is important
because extremal BHs have been shown to be unstable to
perturbations by scalar [41,42], electromagnetic and gravita-
tional perturbations [43,44]. We emphasize that this result is
generic, i.e., independent of the specific theory of gravity.

Second,

We show that primary hair is sourced only by a
divergent scalar field at the EH.

In the exterior spacetime, far away from a compact
object, the scalar field can be expanded in powers of 1/r,
where r is a suitable distance measure from the compact
object. The coefficient of the leading 1/r term in the far-
field expansion of the scalar field is called the (monopole)
“scalar hair.” The scalar hair is called “primary” if knowl-
edge of the intrinsic parameters of the spacetime, such as its
mass and spin, is not sufficient to determine the value of
the scalar hair, and it is called “secondary” otherwise. The
existence of hair is important because it controls the
magnitude of dipole scalar radiation in compact binaries
[45] and, consequently, can lead to observable effects in
compact binaries [46,47] or binary pulsars. The fact that the
scalar hair is secondary for solutions of type 1 implies that,
if these are the end state of gravitational collapse, then
observable effects due to dipole radiation will be controlled
by the mass and spin of the compact object, which can then
be in principle constrained.

After these analyses, we address question (ii) by study-
ing whether type 1 or type 2 solutions are the end states of
gravitational collapse.

We prove that the scalar field settles to a type I solution
during spherically-symmetric, gravitational collapse.

We arrive at this result by perturbatively expanding the
field equations in the coupling constant of the theory,
neglecting the back reaction of the scalar field onto the
metric, and extending the Kay-Wald theorem [48-50] to
include a curvature source. A similar but fully numerical
analysis was carried out in [26,27] for the particular case of
SGB theory, arriving at the same result. Our results are
important because they extend these numerical results to a
wide class of theories, and they do so with a mathematical
and analytical proof.

Our extension of the Kay-Wald theorem allows us to
address questions (iii) and (iv) to determine the behavior of
the scalar field during gravitational collapse and whether
any long range components are excited.

We show that the scalar field remains regular during
spherically symmetric gravitational collapse, relaxing
to a type 1 solution by shedding any otherwise divergent
behavior through the emission of scalar waves.

As before, we work to first order in an expansion about
small coupling, and thus, neglect backreaction of the scalar
field onto the spacetime. We then employ our extension of
the Kay-Wald theorem, in conjunction with Price’s law
[51,52], to determine how the scalar field and scalar hair
relax to a regular configuration (i.e., through the emission
of scalar waves). Moreover, we develop a corollary to our
extended Kay-Wald theorem to provide covariant formulas
for the scalar hair in the initial and final states of
gravitational collapse, proving that scalar hair before and
after collapse is secondary.
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To close, we consider all of these questions again, but for
the specific case of SGB gravity. In this theory, the scalar
hair of a stationary and axisymmetric NS spacetime is zero
[36,37,39], but it is nonzero for a stationary and axisym-
metric BH spacetime. In the latter, the scalar hair is related
to the surface gravity and the Euler number of the
bifurcation 2-sphere [37,38]. Therefore, during gravita-
tional collapse and BH formation, scalar hair must grow
and transition dynamically from its NS value to its
BH value.

We study these scalar field dynamics to first order in
perturbation theory and in two background spacetime
models: an analytical OS collapse background [53] and
a full numerical relativity simulation of the collapse of a NS
modeled with a perfect fluid stress-energy tensor. Through
this study,

We show that gravitational collapse leads to type 1
solutions in SGB theory, with secondary hair generated
through the radiation of scalar modes that would be
otherwise divergent when the EH crosses the stellar
surface.

We establish this by first finding an exact analytical
solution for the dynamical evolution of the scalar field in
the interior of the star during OS collapse. This solution
explicitly shows that the scalar field is bounded as the
surface of the star crosses the EH, leading to a type 1
solution. Moreover, the solution shows that scalar hair in a
NS spacetime is zero because of the presence of certain
scalar wave modes that would diverge if the stellar surface
were inside the event horizon.

These wave modes, however, begin to be radiated away
when the EH first forms, and are completely radiated away
before the EH crosses the stellar surface, sourcing nonzero
scalar hair for the BH spacetime. All of these results are
then confirmed numerically by simulating the evolution of
the SGB scalar field in the dynamical background of a
collapsing NS, again to first order in perturbation theory,
and we find excellent agreement with our analytical model.
These results are important because they suggest that what
is responsible for scalar hair in SGB theory is not the
change in topology of the background (from a nonpunc-
tured NS spacetime to a punctured BH spacetime), but
rather the emergence of an EH in the spacetime (in
anticipation to the formation of a curvature singularity).

The remainder of this paper presents all of these results
in much more detail, and it is structured as follows.
Section II describes the action and the equations of motion
for the theories we are studying and presents the classi-
fication of BH solutions and their connection to surface
gravity. Section III describes the perturbative approach and
proves that the scalar field settles to a regular solution in a
dynamical collapse. Section IV studies the dynamics of the
scalar field in SGB gravity. Our conclusions and directions

for future work are presented in Sec. V. The signature of
the metric is (—,+,+,+) and we use geometric units,
G = 1 = ¢ throughout the paper.

II. BLACK HOLE SOLUTIONS
IN MODIFIED THEORIES

A. Action and field equations

We consider a general class of theories with a scalar or
pseudoscalar field © which couples nonminimally to
gravity. The action for the theories we study takes the form

S = /d“x./—g(%R + e®F(g,0g, 09, >
V4
1
- 5 (VMCI)V”(I))) + Smatterv (1)

where, g denotes the determinant of the spacetime metric,
R denotes the Ricci scalar, V denotes the covariant
derivative, € is a coupling constant, F is any arbitrary
curvature scalar, and Sy, denotes the action for additional
minimally coupled matter fields. We will require that the
curvature scalar F goes to zero faster than r~* in asymp-
totically flat spacetimes where r is a suitably defined radial
coordinate. This assumption guarantees the convergence of
certain integrals (see Sec. III B).

We can map the above action to some specific modified
theories. For example, it can be mapped to the action of
SGB theory by choosing the coupling constant € = aggg,
and the curvature scalar F to be equal to the Gauss-Bonnet
invariant, F = Rgp = R* — 4R, R* + R.3,sR?"°. The
scalar field ® = ¢pggg now represents the dilaton field.
We can also map the above action to dynamical DCS
gravity by choosing, ¢ = apcs/4 and the curvature scalar
F is equal to the Pontraygin density, F = Rp,,s R?"°.
The scalar field ® = fpcg now represents the axion
pseudoscalar.

Our analysis also applies to theories whose action
reduces to Eq. (1) when the coupling constant is small.
An example of such a theory is EDGB theory, whose action
is identical to the one above, but with the second term
replaced via

e®F = "®Rgg; (2)

when the coupling constant is small, y® < 1, we can
expand the above equation linearly in terms of y to find

edF — Y(DRGB + RGB’ (3)

where the last term is just the Gauss-Bonnet invariant,
which is topological and therefore does not contribute to
the equations of motion. Identifying y with €, we see that
EDGB theory reduces to the SGB action for small
coupling, which is of the form given in Eq. (1).
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FIG. 1. Penrose diagram for static and spherically symmetric
BHs for theories whose action is described by Eq. (1). We assume
that the conformal structure of BHs in these theories is similar to
the conformal structure of static BHs in general relativity. Note
that we only show the part of the conformal diagram which is
causally connected to the external Universe. In the figure, H*
denotes the future and the past event horizons, Z + denotes the
future and the past null infinity, i* denote the future and past
timelike infinities and i® denotes the point at spatial infinity.

The equations of motion for the action in Eq. (1) take the
form
G, +167eC,, = 87;(]“;1’1/ - Tmater)

The stress energy tensor for @ is given by

T® = V,0V,0 - % (VODV,®), (5)

while the tensor C,, is given by

oo L8
(27280 /—_gtsg/u/

The explicit expressions for the C,, tensor for modified
quadratic gravity theories such as SGB and DCS can be
found in Ref. [13]. The matter stress energy tensor is
defined by

( / & —g@f(g,ag,azg,...)). ()

-2 0 s
uv - \/—_gég’”’ matter *

Tmatter —

(7)

B. Black hole solutions

Let us now classify the local behavior of the scalar field
near the EH in static BH solutions for the theories we
described in the previous section and show how this

behavior is related to the surface gravity of the EH. The
theories we are considering reduce to GR when we set the
coupling constant to zero (see Sec. III). More specifically,
we assume that the solution spectrum of the theory is a
deformation of the GR solution spectrum that scales with
e? with p > 0, such that the solutions reduce smoothly to
GR as ¢ — 0. Because of the existence of this continuous
limit, we assume that BH solutions exist and the causal
structure of static and asymptotically flat BH solutions in
these theories is similar to that in GR. That is, for static BH
solutions we assume that

(1) Static BH solutions contain an EH that is generated

by a timelike killing vector.

(2) The EH is a stationary null surface.

(3) Cross sections of the EH are compact.

(4) Curvature scalars are regular on and exterior to the

EH (i.e., the singularity is “hidden” behind the EH).
We also assume that the scalar field far tends to zero at
spatial infinity. The conformal structure of this spacetime is
illustrated in Fig. 1. A few comments about the above
assumptions are in order. Assumptions (1) and (2) above
can be shown to hold without using field equations [54].
Assumptions (3) and (4) define BHs as compact objects
without naked singularities.

With these assumptions, we can classify the static BH
solutions in these theories based on the behavior of the
scalar field on the EH as follows:

(i) Type 1: solutions where the scalar field is regular on

the EH.

(i) Type 2: solutions where the scalar field diverges on

the EH.

These two types of behavior of the scalar field occur in a
wide class of modified gravity theories. We refer the reader
e.g., to Table 1 of [8] for a summary of types 1 and 2
solutions in various theories. This two-parameter behavior
of scalar field solutions was also found in [21] for slowly
rotating BHs in DCS gravity. Similar results were also
obtained for SGB gravity in [15-17].

Assuming BHs in the class of theories described above
exist and respect assumptions (1)—(4), then the metric of a
static and spherically symmetric spacetime takes the gen-
eral form

ds* = —A(ry)df* + B(ry)dr? + r2dQ>. (8)
We assume that the scalar field respects the symmetries of

the metric, 9,® = 0, and the scalar field equation [Eq. (4)]
in these coordinates takes the form

mars [rg\/éa,p(rs)} =—cF. (9)

The coordinates (z,r,6,¢) introduced above are not
well behaved at the EH. To study the local behavior of the
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metric at the EH, it is useful to introduce Gaussian null
coordinates (v, r,0, ¢) [55,56], in which the metric takes
the form

ds> = =D(r)dv® + 2dvdr + K(r)dQ*.  (10)

This metric is regular at the EH and the latter, in the above
coordinates, is located at r=0. The function K(r)~!
denotes the Gaussian curvature of the 2-sphere parame-
trized by the angular coordinates {0, ¢}. On the EH, 0, and
dr are null and this condition is equivalent to

D(0) =0 = D(r) = r'*PDy(r), p>0, (11)

where D(r) is a smooth function of » and Dy(0) # 0.
The surface gravity of the EH can be calculated using the
above metric,

) . D'(r)

=Ty =lip—=—

1 ’D
:lir%—( +p)2r o0 (12)

and, therefore, the EH is degenerate (i.e., the surface gravity
vanishes) if p > 0. Degenerate BH spacetimes are known
to be unstable to perturbations, as shown by Aretakis
in [41,42] for perturbations by scalar waves in four-
dimensional BH spacetimes. This result was then gener-
alized to include electromagnetic and gravitational wave
perturbations, as well as higher-dimensional BH space-
times in [43,44]. These results carry through to extremal
BHs in the theories that we consider in this paper.
Moreover, as we show below, regularity of the scalar field
at the EH requires that the BH solution should be non-
extremal. But for the sake of completeness, for now, we
include these solutions in the discussion below as well.

The equations of motion (1) for the scalar field ® in
Gaussian null coordinates (10) take the form

L o, k()D(ro,0(r)

<0 = —¢F. (13)

This equation can be integrated to yield

K(r)D(r)0,®(r) = [K(r)D(r)0,(r)]|,—o

= —e/ F(x (14)

We now classify the behavior of the scalar field at the EH
and outline how regularity of the scalar field guarantees the
nonextremality of the EH.

1. Case 1: Scalar field and its derivatives are regular
at the event horizon

From Eq. (11), we see that D(r) goes to zero near the EH
because p > 0. Furthermore, recall that K cannot vanish at
the EH, since otherwise the Gaussian curvature of the
2-sphere would diverge at the EH. Therefore, if the scalar
field is regular at the EH, then the second term on the left-
hand side of Eq. (14) must vanish, i.e.,

€Q = [K(r)D(r)9,9(r)]|,— = 0. (15)

We can rewrite Eq. (14) to read

- SR [) FO)K(x)dx.  (16)

Expanding around the horizon at r = 0, we can approxi-
mate (16) as

9,® =

—er P F(0)

0,® —
Dy(0)

+ O(r'=p). (17)

Therefore, if F(0) # 0, then the regularity of the scalar
field requires that p = 0. In turn, this means that the surface
gravity is nonzero and the BH must be nonextremal. On the
other hand, suppose F(0) is equal to zero. In this case we
need to look at the gravitational equations (1). Studying
these equations shows us that the assumption that the scalar
field is regular and the fact that F(0) =0 leads to a
contradiction. We present a proof of this statement for the
case of modified quadratic gravity theories [13] and F(R)
theories in the Appendix A. The proof proceeds by
studying the local behavior of the gravitational field
equations and then showing that F(0) =0 leads to a
contradiction with assumptions (3,4) made above.
Therefore, the regularity of the scalar field implies that
the BH is nonextremal.

2. Case 2: Scalar field or its derivatives diverge
at the event horizon

Let us now go back to Eq. (14). If the scalar field

diverges, then we cannot say whether Q vanishes.

Therefore,

do=—— /r]-'( K(dx + -2 (18)

p _ — X X)ax 5
D(r)K(r) Jo K(r)D(r)

where Q can either be zero or nonzero depending on the
rate of divergence of the scalar field at the EH. We note that
in this case there is no restriction on the surface gravity of
the EH, so it can either be zero or nonzero.

Type 2 solutions with regular BH geometry at the EH are
known to exist in a wide class of theories [8]. For example,
Bekenstein found an example in the context of Einstein-
Maxwell-conformal scalar theory [57]. Although the BH
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geometry is regular, components of the Ricci tensor and the
stress energy tensor projected along null directions cannot
remain bounded for this solution. In particular, as argued in
Ref. [58], the stress energy tensor for Bekenstein’s solution
cannot be well defined at the EH because its projections
along null vectors parallel to the EH diverges.

Does this mean that all type 2 solutions are unphysical?
For the class of theories we are considering, naively
projecting the gravitational field equations [Eq. (4)] along
null vectors parallel to the EH horizon might suggest that
the components of the Einstein tensor would diverge. But to
analyze this carefully, one needs to study the projection of
C,, along null vectors parallel to the EH. Analyzing the
properties of this tensor without a specific choice for the
curvature coupling F is not possible. Therefore, we cannot
rule out the existence of type 2 solutions at this stage of the
analysis. As we will show in Sec. IIl, however, during a
dynamical collapse, the spacetime always settles to sol-
utions of type 1, at least to first order in perturbation theory.

From the arguments above, we see that the generic local
behavior of @ near the horizon can either be regular or
divergent. The reason for this behavior can be understood by
noting that static wave solutions generically diverge near an
EH [59]. Given the assumptions we have worked with, BH
solutions must fall into one of the two possible behaviors we
discussed above. When the scalar field is regular at the EH,
we see that the surface gravity has to be nonzero. Moreover,
it was shown numerically in Ref. [25] that the scalar field
diverges for extremal rotating BH solutions in EDGB
gravity. This example also hints at the claim that if the
BH is extremal, then the scalar field diverges at the EH.

III. BEHAVIOR OF SCALAR HAIR
IN GRAVITATIONAL COLLAPSE

In the dynamical collapse of a NS to a BH, the scalar
field will have to settle down to either a type 1 or type 2
solution. In the following, we will try to answer this
question by considering a perturbative approach to the
gravitational field equations (1). More specifically, we
adopt the following perturbative approach,

9w = gl(l(l)i) + €gl(41/) + 0(62)’ (19)
® = 0O + ) + O(e?), (20)

To zeroth order in e, the equations of motion reduce to
those of GR plus a minimally coupled massless scalar field
@), Stationary BHs in this theory cannot support a
nontrivial scalar field if the latter is regular at the EH
and the EH geometry is regular [8,59,60]. Moreover in
dynamical collapse, the scalar field radiates away under
suitably physical conditions on the initial data [61-67]. We
therefore set ®©) to zero.

Equations (4) and (20) then imply that the scalar field ®
scales as O(e), and thus C,, is also of this order. Because

the modification to the metric field equations is propor-
tional to eC,,, and ng, x (0®)?, then ég,,ly) must vanish and
the first corrections to the metric enter at O(e?). Therefore,
to first order in €, the equations of motion become

GY) — 8aTmaner —
O + eF O = 0. (21)

From the equations above, we see that we have a scalar
field ®() propagating on a background metric g,(g) that
satisfies the Einstein equations, to first order in perturbation
theory. To simplify the notation, we will drop the super-
scripts on the metric and scalar field denoting the order of
perturbation henceforth.

Numerical studies carried out in [26,27] sought to
answer which BH configuration the spacetime settles to
after dynamical collapse, to first order perturbation theory.
These studies tracked the profile of the scalar field in SGB
theory during OS collapse and in a Schwarzschild space-
time (see [68] for an analogous computation in Kerr
spacetimes.). Their results suggested that the scalar field
eventually settles to the regular type 1 solution presented
above. A proof of this observed behavior, however, had not
appeared until now. In the following sections, we prove that
the scalar field settles to a regular type 1 solution during
spherically symmetric gravitational collapse. We then
present covariant formulas for the scalar hair in the initial
and end state of gravitational collapse.

A. The BH end state

We begin by proving that BHs settle to type 1 spacetimes
after dynamical collapse by developing a generalization of
the Kay-Wald theorem [48,49] and a corollary that uses
Price’s law [51,52]. The Kay-Wald theorem [48—50] shows
that spherically symmetric collapse in GR is stable to linear,
scalar field perturbations. The Penrose diagram of the
collapsing spacetime is shown in Fig. 2, where one observes
that curvature scalars only diverge at the central singularity.
The precise statement of the theorem is as follows.

Kay-Wald Boundedness Theorem. See Refs. [48-50].
Let (M, g) be a spherically symmetric spacetime represent-
ing the collapse to a spherically symmetric BH with a
Penrose diagram as shown in Fig. 2. Let ® be a scalar field
which is a solution to the Klein-Gordon equation,

O® — m?d = 0, m? >0, (22)
with initial data described on a Cauchy surface prior to the
collapse. Assume' that the initial data decays suitably at °.
Then, there exists a constant C such that for all points p
exterior to and on the horizon,

'Fora mathematically precise statement about the decay of the
initial data, see Sec. 3 of [50].
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T+

T

FIG. 2. Left: conformal diagram for a spherically symmetric collapse of matter into a Schwarzschild BH in GR. In this figure, the
shaded region is the world tube of the stellar interior, X; denotes a Cauchy surface on which we prescribe initial data. Z, denotes another
hypersurface to the future of X; used in the proof of Theorem 1. Theorem 1 in Sec. III shows that solutions to Eq. (21) is regular on the
region of spacetime to the future of Z, on and exterior to the event horizon H. Right: shows a noncompactified version of the figure on

the left.
|®(p)| < C. (23)

With the Kay-Wald theorem stated, we now generalize it
to show that to O(¢) the solution to Eq. (21) always remains
bounded in a spherically symmetric collapse.

Theorem 1. Let (M,g) be a spherically symmetric
spacetime representing the collapse to a spherically sym-
metric BH with a Penrose diagram as shown in Fig. 2 in
GR. Let @ be a scalar field which is a solution to Eq. (21)
with initial data described on a Cauchy surface prior to the
collapse. We assume that the initial data satisfies the
assumptions of the initial data as stated in the Kay-Wald
theorem. Then, there exists a constant C such that for all
points p exterior to and on the horizon,

[@(p)| < C. (24)

Proof. Let us follow the same train of thought as in the
proof of the Kay-Wald theorem [49], starting by proving
the theorem in Schwarzschild spacetime. In this spacetime,
one can find a particular solution to Eq. (21). Working in
Schwarzschild coordinates, the particular solution is given
by integrating Eq. (18) with Q =0,

Oy (r) = / °=° (ﬁ /2;.7-"(x)x2dx>dr’. (25)

The curvature scalar F is bounded on and outside the
horizon and goes to zero far away from the BH. In particular,

we also require that the curvature scalar goes to zero at least
as O(r~*). We now rewrite the above equation as

Do(ry) = /m (ﬁ L ; f(x)x%zx) dr
_ / °:° (ﬁ L ” f(x)x2dx>dr', (26)

the first term on the right-hand side of the above equation
goes to zero at least as fastas O(r~!) at spatial infinity and the
second term on the right hand side of the equation falls off at
least as fast as O(r~2). This means that @, falls off as O(r~!)
at spatial infinity. By repeating the local analysis present in
Sec. I B 1, we see that the solution @, is bounded on the EH
and the bifurcation 2-sphere. Since the curvature scalar is
regular throughout the exterior Schwarzschild wedge, @ is
bounded on the exterior Schwarzschild wedge as well.
Therefore, the particular solution @, is bounded on the
exterior Schwarzschild wedge, the EH and on the bifurcation
2-sphere. Let us denote the maximum value of @, by C;.
We now apply the Kay-Wald theorem to the field
® =®-®, which satisfies the wave equation,
[0® = 0. Let C, be the bound for ® we obtain from the
Kay-Wald theorem. We now use the triangle inequality,

|®| < [P — Dp| + |Dy| < Cy + Cs. (27)

This gives us a uniform bound on @ on the Schwarzschild
spacetime.
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We now use the causal propagation property of the wave
equation (see e.g., Proposition 7.4.5 in [69]) in Eq. (21) to
extend our result to the spherically symmetric collapsing
spacetime, (M, g). To see how this works, suppose that we
specify initial data for the scalar field on the hypersurface
2, as shown in Fig. 2. Draw another hypersurface X, to the
future of X; as also shown in Fig. 2. The solution to
Eq. (21) is well posed [50,69] and in particular propagates
at a finite speed in the volume between these two hyper-
surfaces. By Proposition 7.4.5 of [69], the solution to
Eq. (21) is bounded in this region. The spacetime to the
future of %, and outside the EH is just the Schwarzschild
spacetime. Therefore, we can think of the evolution of
scalar field to the future of this surface as the evolution of
the scalar field in Schwarzschild spacetime, for which we
already showed that the solution is bounded. Therefore, the
solution is bounded on and exterior to the EH in (M, g). m

Corollary 1.1. Let (M, g) be a spherically symmetric
spacetime representing the collapse to a spherically sym-
metric BH with a Penrose diagram as shown in Fig. 2 in
GR. Let @ represent a solution to Eq. (21). Then, ® settles
to a type | regular and spherically symmetric solution to
Eq. (21) after the BH formation.

Proof. By Theorem 1 established above, the scalar field
is bounded on and exterior to the EH. The spacetime
eventually settles to a Schwarzschild BH. We now use
Price’s law [51,52] which states that the asymptotically flat
solutions to the massless Klein-Gordon equation decay
away in power law tails in Schwarzschild spacetime; for a
mathematically precise derivation of Price’s law, see
[70,71] and references therein. Therefore, the wave modes
present in ®@ decay away after a sufficiently long time. After
the wave modes decay away, we are left with a regular static
solution of the scalar field equation in Eq. (21). This then
proves that, to first order in perturbation theory, the
spacetime always settle to a type 1 regular solution. =

B. Scalar hair evolution

We now show how the scalar hair behaves in a collapsing
spacetime by developing a second corollary to the above
theorem. Let us begin by defining scalar hair more
precisely. In asymptotically flat spacetimes, we can
describe the spacetime region far away from the source
by using asymptotically Minkowskian coordinates,
x* = (t,x,,7), such that the metric can be expanded as
an asymptotic expansion centered around the Minkowski
metric 7,

Guw = N[l + O/ 1)]; (28)

in this region of spacetime, the components of the curvature
tensor scale as O(r~2). With this at hand, the equation for
the scalar field can be described to first order in r~! by

0,® ~0, (29)

whose solution is simply

®=c +ﬂ(u,97 )
r

+O(r ). (30)
In the above equation, ¢ is a constant, which we set to zero
for asymptotically flat solutions and u denotes retarded
time and we also assume that there is no incoming
radiation. The scalar hair y is defined by the above equation
as the 1/r coefficient of the far field expansion of the scalar
field. The magnitude of the scalar hair quantifies the
strength of the scalar field far away from a source and,
thus, it controls the amount of dipole radiation emitted by
accelerated hairy BHs in quadratic gravity [45].

For the BH solutions we considered in Sec. II B, the
explicit formula for the scalar hair can be obtained by
asymptotically expanding Eq. (18),

U= lim(—r28,®),
. eQr?
= hm{ / F(x)K(x) . (31)
roeo D(r)K(r)
Since the spacetime is asymptotically flat,
)

Moreover, in Sec. II, we assumed that the curvature scalar
decays as O(r™*) and this means that the integral,

lim ]:

r—0o0

X)dx = / FEOKx)dx, (33)
is well defined since

lim [F(r)K(r)] ~ O(r72). (34)

r—o0

Combining Egs. (31), (32), (33), and (34), we see that

o[

Let us now introduce some terminology, which we briefly
touched on in the Introduction. The scalar hair defined in
Eq. (35) is called “primary” if Q is not equal to zero. If
Q = 0, then it is called “secondary” [8]. If the scalar hair is
primary, then knowing only the intrinsic properties of the
compact object, such as its mass, location of the EH and
spin, is not sufficient to determine the scalar charge and,
consequently, the behavior of the scalar field far away from
the compact object. On the other hand, if the scalar hair is
secondary, then the behavior of the scalar field far away
from the compact object as determined by its scalar charge

X)dx — Q) (35)
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is completely determined by the intrinsic properties of the
compact object. As we have shown in Sec. II B, for regular
BH solutions, Q = 0. Therefore, type 1 BH solutions can
only possess secondary scalar hair.

The above expressions can also be generalized to regular
spacetimes, such as those of a NS. Suppose the metric for a
spherically symmetric NS spacetime is given by

dS2 = —ANs(r)dtz + BNs(r)drz + erQZ. (36)
We assume that functions, Ayg and Byg are regular and
nonzero functions at » = 0. Using the coordinates intro-

duced above, the equation for the scalar in Eq. (4) can now
be written as

| s .
r?/Ans(r)Bxs(7) O [r \/BiNs(arq)NS)} Fns- (37)

We can now integrate the above equation to get

r* @(&Qm) - [”2 @(8r®NS>:|
Bns Bys 0

= —G/r]:Ns(X)XZ ANSBNde' (38)
0

We know that the scalar field has to be regular at the center
of the star because this is a necessary requirement for
regular stellar configurations to exist. We further know that
the functions Ang and Byg are regular at the center of the
star. This means that

lim [#, /@(a@m)} =0. (39)
r—0 BNS

Equation (38) can now be simplified to get

¢ |B r
a’(DNS:_rZ“ANZA Fs(x)x?/AnsBysdx.  (40)
N

Far away from the NS we are in an asymptotically flat
spacetime so we must have that

}LTEJ[ANS(V) —-1]=0, (41)
}LI?O[BNS(”) —-1]=0, (42)
lim [y ()] =0 @)

We can now repeat the analysis as in Egs. (32), (33), and
(34) to find the scalar hair in a NS spacetime

Uns = €<A Fs(x)x? ANSBNde>- (44)

Let us pause now to compare the scalar hair for the NS
spacetime obtained in Eq. (44) and that obtained for the BH
spacetime in Eq. (35). We first note that the coordinates used
in these equations are not the same; for the BH spacetime we
used Gaussian null coordinates [see Eq. (10)], while for the
NS spacetime we use spherical polar coordinates. If we had
used the same coordinates, then the expressions would have
been functionally identical. However, although the func-
tional form of Eqgs. (44) and (35) is the same, these charges
do not evaluate to the same result. This is because the NS
spacetime has different metric functions than the BH
spacetime, which is why we identified this through a NS
subscript. The covariant form of Egs. (44) and (35) are
presented below in Eqgs. (45) and (46).

With the concept of scalar hair defined, and the theorem
and corollary established in the previous section, we can
now develop a second corollary.

Corollary 1.2. Let (M, g) be a spherically collapsing
spacetime for theories described by Eq. (1). Let X, and
Zinal be Cauchy surfaces drawn prior and after the collapse
to a BH, as shown in Fig. 3. We assume that the spacetime
near {#y} X Ziniia and {7, } X Zg,q i static. The spacetime
near {7y} X X isa describes the initially static star that
collapses and the spacetime near {#,} x X, describes the
final static BH. Then, to first order in perturbation theory,

(1) The scalar hair pyg prior to the collapse is given by

1
/4Ns=4ilim<lim—/ f\/—gd“x). (45)
[IO!IO+T] ><2inilia]

Te—>0\T—0T

(2) The scalar hair in the final BH spacetime is given by

1
ﬂBH:ilim <lim—/ f,/—gd“x). (46)
(1111 + T X Zfigal

4ge—0\T-0T

In particular, scalar hair is secondary before and after
gravitational collapse.

Proof. The formula for the scalar hair in the BH
spacetime is given in Eq. (35). By Theorem 1 and
Corollary 1.1, we know that the scalar field settles to a
regular BH solution after gravitational collapse. This means
that Q =0 in Eq. (35). Therefore, the scalar hair after
gravitational collapse is given by

UpH = SAOO F(r)K(r)dr. (47)

Equations (47) and (44) can be rewritten covariantly as in
Egs. (46) and (45), respectively. We now show that Eq. (45)
gives us the correct formula for the scalar hair in the NS
spacetime. We start by writing the scalar field in the NS
covariantly as

VoV, Ds) +eF =0, (48)

064041-9



ABHISHEK HEGADE K. R. et al.

PHYS. REV. D 105, 064041 (2022)

i+

I+

FIG. 3.

)Y t=1tyo+T

Time
~

t=1

Left: conformal diagram of a collapsing spacetime. X, and X, are spacelike hypersurfaces draw prior to and after the

collapse, respectively. We assume that spacetime is static around XZ;;;, and Zg,.;, describing the initially static star which collapses and
settles to a final static BH. Right: the spacetime volume V = [ty, £y + T| X Zipia is shown in the figure. The boundary 9V consists of
three regions, {7 + T} X Zinidals 170} X Zinial> and [fg, fo + T] X {r = oo}. The normals to {7y + T} X Ziia and {7} X Zipiia point in

opposite directions.

We now integrate the above equation on a spacetime
volume V = [tg, fg + T] X Ziyiia, Where T is a small
positive number which we use to denote the length of
the time interval,

/ V(V, D) + €Fly=gdix = 0. (49)
v

We now use Stokes theorem on the first term to get

/V"(Vatl)),/—gd“x:/ n*V,dvVhd3x, (50)
v ov

where 0V denotes the boundary of the volume V, n“
denotes the normal vector on the boundary, and % is the
determinant of the induced metric on OV. The spacetime of
a NS has no interior boundary. Therefore, 9V consists of
three different regions as shown in Fig. 3. The integral over
the upper and the lower constant time hypersurfaces, {7, +
T} X Znisiar and {#9} X Zinia, vanish because we assume
that the scalar field is independent of time at this stage of
collapse and the normal vectors on these hypersurfaces
point in the opposite directions. Therefore, the only
contribution to the boundary integral comes from the
boundary at spatial infinity. Furthermore, we consider
asymptotically flat spacetime and, thus, the induced metric
and the normal at spatial infinity in asymptotically
Cartesian coordinates is given by

ds? = —df* + r2dQ2,

1

n% = 8. (51)

We now simplify Eq. (50) as

T
lim [r20,Dys (r)]dtdQ,
—_—

—HNS

= —4xTus. (52)

[ v, [

t=t,

Using the above equation to simplify Eq. (49) one finds

—4xTuns + / eF\/—gd*x =0, (53)
v

which implies that

€ 1
Uns = — | lim —/ f«/—gd“x) , (54
s 4n (T_’OT [t0,to+T )X Zinitial ( )

where we take the limit of 7 — 0 because we are in an
initially static configuration which is about to collapse and
the integral over ¢ factors out only over an infinitesimal
interval.

This formula gives the covariant version of NS hair
which we have written down in Eq. (45). Note that in
Eq. (45) we take the limit as € goes to zero because our
corollary only holds to first order in perturbation theory.
Repeating the same line of arguments as above, one can
also rewrite ugy as given in Eq. (46). [

For curvature couplings which are topological, such as
the Gauss-Bonnet scalar and the Pontragyin density, the
above integral in Eq. (46) can be converted to an integral
over the EH only using Stokes theorem. Results for the
scalar hair were obtained in [36-39] by using Stokes
theorem and Noether’s theorem for static BH solutions
and NS solutions in DCS and SGB. The above corollary
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shows that these results are valid even during a dynamical
gravitational collapse.

IV. SCALAR GAUSS BONNET THEORY
AND GROWTH OF SCALAR HAIR

The theorem and the corollaries presented in the previous
section state that the scalar field settles to a type 1 solution
and they also provide formulas for the scalar hair in the
initial and final states of gravitational collapse through
Egs. (45) and (46). For curvature couplings that are
topological, e.g., the Gauss-Bonnet invariant and the
Pontraygin density, these scalar hair formulas can be
integrated exactly and classified based on the topology
of the spacetime. In this section, we work with SGB theory
as an example to illustrate the dynamics of the scalar field
during gravitational collapse. In SGB, the scalar hair takes
on a nonzero value [37,38] for type 1 BH spacetimes and it
is zero in static and regular spacetimes such as that of a NS
[37]. Therefore, the scalar hair grows during gravitational
collapse to a BH, the opposite to what happens in scalar-
tensor theories. The scalar field dynamics will be studied to
first order in perturbation theory in two background
spacetime models: the analytical OS spacetime and a full
numerical relativity-generated collapsing NS spacetime. In
these backgrounds, we find an exact analytical solution and
a numerical solution for the scalar field evolution and use it
to study the dynamics of the scalar field.

A. Oppenheimer-Snyder spacetime

The OS spacetime is one of the simplest GR models of
collapse within the general Tolman-Bondi class and it
describes the spherically symmetric collapse of matter into
a BH [53]. More precisely, the OS model describes the
collapse of an infinitely large 3-ball of pressureless dust due
to its gravitational force, leading to the formation of a BH.
The stellar interior is modeled as a contracting Friedmann-
Lemaitre-Robertson-Walker (FLRW) cosmological space-
time with a pressureless dust stress-energy tensor. As a
consequence of Birkhoff’s theorem, the exterior spacetime is
given by the Schwarzschild spacetime. In this model, there
are no surface energy densities and the metric and its normal
derivative are continuous [72-74] across the stellar surface.

Kanai et al. [73] introduced a global coordinate system to
describe the OS spacetime. These global coordinates are
obtained by using Painleve-Gullstrand (PG)-type coordi-
nates in the exterior Schwarzschild spacetime, and then
gluing these coordinates to the interior spacetime. The metric
in the global coordinates, x* = (z,r,0, ¢), is given by

ds* = —dt* + [dr + v(t, r)dit]* + r?dQ?,

3(2_’t> r <R(1)

v(t,r) = \/@ rs R() . (55)

r=0 ¢

{
FIG. 4. Penrose diagram of Oppenheimer-Snyder spacetime.

In the above equation, R(#) denotes the surface of the star, an
expression which (together with other important surfaces) is
given in Table I. In these coordinates, the fluid ball starts at
r = oo at t = —oo and it collapses to a singularity at t = 0.
The causal structure of OS spacetime is shown in Fig. 4. The
coordinate transformation between these global coordinates
to Schwarzschild coordinates in the exterior and FLRW
coordinates in the interior is reviewed in Appendix B.

We now describe the dynamics of the scalar field in OS
collapse. In SGB theory, the value for the scalar hair in a
regular static NS spacetime is zero. After the NS collapses
and settles to a static BH, the scalar hair is nonzero. To first
order in perturbation theory, the exterior spacetime is the
Schwarzschild spacetime in both cases. Why does the hair
grow then? To answer this question, we start by finding the
most general spherically symmetric static solution to the
SGB scalar field equation in a Schwarzschild spacetime.
The SGB equation is given by

0] + €RGB == 0, (56)

and the Gauss-Bonnet scalar in a Schwarzschild space-
time is

(57)

The scalar equation with a static ansatz in Schwarzschild
coordinates becomes

1d [,/ 2M\_, 48M%e
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TABLE I. Important surfaces in the OS spacetime. The equations for the surfaces are given in both global PG coordinates and in the
familiar FLRW coordinates. The coordinate transformation functions between these two coordinate systems in given in Appendix B.

Surface Global coordinates FLRW coordinates

Surface of the star

Event horizon

Apparent horizon r=

Outgoing null geodesics

Ingoing null geodesics

- ,
r=23t— u(—t/M)Z/3
r= =3t +v(=t/M)*3

re = (%)USM
o= MG~ G

3t E:37M(—Mt)1/3

ro==3y/a(t) —u
r. = v+ 3y/a(r)

The most general solution to the above equation consists of
a particular solution and a homogeneous solution,

2 2 &M ea 2M
o(r) = e 2+ 2 B ey (122,
") €<Mr+r2+3r3>+M2 Og( r) (9)

We can now expand the above solution as r tends to infinity
to get the value of the scalar hair,

2¢(1 —a)

o(r) ~ rM

+0(r ), (60)

which means that the value of the scalar hair is given by

2¢(l —a)

= (61)

//[ =

For a NS spacetime, topological arguments were derived
in Refs. [36,37] to show that the scalar field must be hairless.
The argument begins by noting that for regular spacetimes
such as that of a NS spacetime, there is no interior boundary
or “holes” in the spacetime. For the particular case of SGB,
the right-hand side of Eq. (45) vanishes by the generalized
Chern-Gauss-Bonnet theorem because the spacetime is
connected [37]. This means that pyng must be zero. This
argument can also be generalized to NS spacetimes in DCS
gravity. Because fiyg is zero, @ = 1 from Eq. (61) for a NS
spacetime. On the other hand, for a BH spacetime, regularity
at the horizon means that we must set @ = 0. This means that

2 2 8M € 2M
s = €<m+ﬁ+37) +W1"g<1 ‘7) +0(e),

2 2 8M )

D;igiar (14, v9) = 01 (1),

Dipigiar (1o, v) = {
o> (v),

e+ 3+ 50 45 log(1 - 2), 7> R(t(up. v)

Therefore, the presence of the homogeneous solution is the
difference between the scalar field solutionin aNS spacetime
versus a BH spacetime.

From the theorems established in Sec. III, the homo-
geneous mode diverges at the EH, and thus, it must be
radiated away during collapse. To see how this happens, let
us study the evolution of the scalar field in the OS
spacetime with the hairless solution as initial data. In the
OS spacetime, the star crosses its EH at t = —4M /3 (see
Fig. 5), and after this time we cannot support the hairless
initial data because the field diverges at r = 2M. Hence,
studying the evolution of the hairless scalar field just before
the star collapses to a BH will help us answer why and how
the scalar hair is radiated away.

In passing, let us note that in the OS spacetime, the
curvature scalars exhibit a discontinuity at the surface of the
star. This is because the density inside the star is constant
and it drops to zero outside the star. Therefore, the solution
for the scalar field will not be continuous across the surface
of the star. Nevertheless, one can still study the dynamics of
the scalar field inside the star as it collapses and this will
give us valuable insights into the dynamics of the scalar
field during gravitational collapse.

Let us then prescribe the hairless scalar field as initial
data on a null characteristic outgoing surface u = u, as
shown in Fig. 5 (dashed red line). For the initial data in the
interior of the star, we choose an arbitrary, smooth, and
bounded profile ¢,(v), which matches smoothly to the
exterior hairless data at the surface. For the initial data on
the other characteristic v = v (dotted green line in Fig. 5),
we choose an arbitrary smooth and bounded profile oy,
which matches continuously to the o, profile at the point of
intersection of the two characteristic surfaces. The initial
data is then

. 65
r < R(t(ug, v)) (65)
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FIG. 5. The surface of the star, EH, and the null surfaces on

which we prescribe initial data is shown in OS collapse. The
shaded region in the above figure shows the spacetime region to
the future of the null surfaces u = uy and v = v, up to the EH and
inside the star. The EH forms at t = —9/2M and the surface of the
star crosses the EH at t = —4/3M, after which the star is causally
disconnected from external observers.

In the above equation, the radial coordinate r is to be read
as a function of u and v evaluated at v = vy, i.e., r(u, vy).
The transformation relating (¢,7) to (u,v) is given in
Sec. IVA 1 and Appendix B. The initial data described
above determines the evolution of the scalar field uniquely
to the future of the characteristic surface and up to the EH,
which is shown as a dash-dotted blue line in Fig. 5. The
future of the characteristic lines up to the event horizon is
shown as a shaded region in Fig. 5.

We prescribe data on characteristic surfaces because this
will enable us to find an exact solution to the scalar field
equation that matches the initial data (see Sec. IVA 1).

But first, we need to find the exact solution for Eq. (56)
inside the star. The most general solution is given by the
sum of a particular and a homogeneous solution. To find the
particular solution, we start by writing down the Gauss-
Bonnet scalar in the OS spacetime, namely

48M>
/6 ,r2
RGB = 64

274

(66)

The Gauss-Bonnet scalar outside the star is only a function
of the radial coordinate, while inside the star it is only a
function of the time coordinate. Therefore, our ansatz
for the particular solution will respect this behavior.
Denoting the particular solution inside the star by ®7(¢)
and outside the star by @] (r), the solution is then

32e
() =——=. 67
() =-57 (67)
2 2 M
CI)T(r) =€<W+p+§> (68)
The general solution to Eq. (56) is then
D (1,r) = D, (1,r) + D7 (1),
Ot (t,r) = ®f (1, r) + D] (r), (69)

where ®* is the exterior and interior scalar fields, while <D§
satisfies the wave equation

Odg = (70)
To complete the general solution, we therefore must find
the homogeneous solution, which we do next.

1. Exact solution for the ®~

Let us first focus on the homogeneous solution and then
the general solution for the scalar modes inside the star. We
begin by performing a coordinate transformation from PG
to double null coordinates, x* = (u, v,0,¢). The trans-
formation from FLRW coordinates, X gpw = (7, 7, 0, ¢) to
double null coordinates is

r\1/3 t\1/3
u= _3<_M) — 7o ==3 <_M> +r.. (71)

The transformation from FLRW to PG coordinates is given
in Eq. (B3). The metric in double null coordinates takes the
form

ds* = —a?(t)dudv + ra*(1)dQ>. (72)

With this transformation at hand, we define ¥; = @ r.
so that the wave equation in double null coordinates
becomes

(u er %) 0.0,%; + 0% + 0.0 =0, (73)
whose solution is
L [fu) +4g(v)  f(u)+g(v)
= ® = re | 2(u+v)? (u+0v)* | (74)

This is the most general, spherically symmetric solution to
the wave equation inside the star. The solution is para-
metrized by two functions, f(u) and g(v), which character-
ize the outgoing and the ingoing modes of the scalar field
@, respectively.

We now match the above solution with the initial data
given in Eq. (64). To keep mathematical expressions short,
we introduce the shorthands
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32¢ u+ v\’
P — 5 tu,v) =M . 76
1(0) = 01 (4) + gz s 62(0) () ( ‘ ) (76)
= 0y(v) + 32¢ , (75) In defining &, , we are effectively subtracting the particular
271 (u, v) solution @7 (¢) from the initial data in Eq. (64) inside the
star. We can now write down the full solution in the interior
where of the star,
_ 1 205 (u = uo)(uo +v) | 201 (v =wo)(u+vo) | (v—up)(ug +v)°5,(v)
@ (u, v) = 3 3 2
v—u (u+ v) (u+ ) (u+v)
n (ug = v5)[2uv + vo(v = ) + ug(u = v + 200)165(vo) &1 (u) (u = vo) (u + vo)*
(u+v) (u+v)?
55296¢>
-, 77
M?(u + )8 77
|
where forms. The boundedness of these modes prevent the scalar

J = /u(vo —u")e(u)du',J, = /U(v’ — ug)6, (V) dv'.
(78)

Let us now analyze the solution more carefully. We know
that ¢, are bounded functions. Therefore, from Eq. (75)
we see that 6, , are also bounded because ¢ # 0. The full
solution in the interior of the star is constructed from &, ,
and their integrals J, ,, defined in Eq. (78). Therefore, from
Eq. (77), the full solution is also bounded as long as
u + v # 0. From Eq. (76), when u + v goes to zero, we see
that 7 goes to zero, and this is when the curvature singularity
forms (see Fig. 5). We then conclude that the solution is
bounded to the future of the null surfaces u = uy and v =
vy up until the EH. By continuity, the solution is also
bounded on the EH. The future the of null surfaces u = u,
and v = v includes the point where the surface of the star
crosses its EH and, therefore, the solution is also bounded
as the star crosses its EH.

To summarize:

(i) The solution in the interior of the star is determined
by initial data on characteristic surfaces which are
present before the EH forms. The spacetime up to
this point in the collapse process is regular, and the
profiles o, , are bounded.

(ii) Because oy, are bounded, Eq. (77) tells us that the
solution for the scalar field does not diverge to the
future of the characteristic surfaces u = u, and
v = vy. In particular, the solution on the surface
of the star cannot diverge as the surface of the star
crosses its EH.

Therefore, the only modes that can escape the star as the
star crosses its EH are those that formed before the EH

field from diverging.

2. Solution for ®*

Let us now focus on the homogeneous solution and then
the general solution for the scalar modes outside the star, so
that we can study how the regular modes propagate from
the center of the star out to external observers. The field @
obeys the wave equation in the Schwarzschild spacetime,
so defining ¥ = r®; and working in Schwarzschild null
coordinates, xh, = (u,, vy, 0,¢) (different from the null
coordinates introduced in the interior), the wave equation
becomes

M 2M
ausa@:q,g + 2,3 (1 - T) lP(T =0, (79)

where the effective potential

V() = % (1 - 2TM) (80)

is strongly peaked at r = 8M /3. Therefore, close to the
spacetime event when the star goes inside its EH, the above
equation can be approximated very well by [51,52]

8,0, ¥ =0, (81)

The solution to the above equation consists of an ingoing
mode and an outgoing mode.

We can now understand how the bounded scalar modes
from the interior propagate out and settle to a regular and
stationary scalar field configuration. The solution in the
exterior region is given by
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R (] <2 2 8M>

Ot (t,r) = p +e Mr+r2+3r3 . (82)
The wave modes in ¥ propagate from the surface of the
star and reach the peak of the effective potential given in
Eq. (80). Modes with sufficient energy penetrate the
potential barrier and propagate out to Z™, the lower energy
modes back scatter from the potential. The energy in the
modes that propagate to Z* decays away as a power law by
Price’s law. The modes that back scatter and propagate to
H* also decay away as a power law [52]. Hence, ¥
decays to zero after sufficiently long time. This means that

B = €t o (83)
final — € Mr }"2 3"3 ’

which is a hairy solution.

B. Collapsing neutron star spacetime

Let us now compare the analytical results obtained in the
previous subsection to the behavior of the scalar field in a
fully dynamical, and fully relativistic, collapsing NS
background. More specifically, we solve the decoupled
SGB field equations [Eq. (21)] in the background of a
collapsing NS, which is obtained by solving the Einstein
equations and the conservation of energy-momentum
equation in the matter sector. All of this is done through
numerical relativity techniques. That is, we foliate the four-
dimensional manifold (M, g) into three-dimensional spatial
hypersurfaces (X,,7), labeled by a time parameter ¢ and
with an induced metric y;;. By applying this spacetime
decomposition to the field equations [Eq. (21)], we obtain
hyperbolic (time-evolution) equations and elliptic equa-
tions, the latter of which we solve for the initial
configurations.

The collapsing NS background is constructed as follows.
First, we prescribe initial data as a (spherically symmetric)
solution to the Einstein equations. Assuming stationarity
and spherical symmetry, they reduce to the Tolman-
Oppenheimer-Volkoff (TOV) equations [75]

i—}; — —(e+P) 7m(:rjgp’ (84)
((11—’:1 = 4zxrle, (85)
for which the metric is given by
ds? = —e?*dr* + ﬁdr2 + r2dQ?, (86)
da  m—+4zrP (87)

a2

Here e and P are the energy density and pressure inside the
NS, respectively. The mass m, denotes the mass contained
within a radius r from the center of the star. In our
numerical simulations we conformally decompose the
spatial part of the metric such that

ds? = —e?*di? 4 y*[dr? + r2dQ?], (88)

where y* is the conformal factor. The NS matter sector is
modeled through the H4 equation of state [76], which is
constructed from relativistic mean field theory; it includes
hyperons in addition to neutrons, protons, electrons and
muons, and it makes specific choices for the values of the
incompressibility, the effective mass and the nucleon-
meson coupling. We initialize the central density so that
the solution to the TOV equations lead to a NS with mass
M =2.02 M. These data are unstable to gravitational
collapse because the density inside the NS exceeds that of
the maximum mass configurations with an H4 equation of
state (M 1oy maxns = 2.03 M@)2 We do not add any addi-
tional perturbations, and instead, the collapse is triggered
solely by the initial interpolation error from interpolating
the spherical NS data onto the Cartesian grid.

Given this initial data, we then numerically solve the
equations of general-relativistic magnetohydrodynamics
[77] (in the absence of magnetic fields) and the Einstein
equations to build the dynamical NS spacetime. We employ
the Z4c formulation [78,79] together with the moving
puncture gauge using the Frankfurt/illinoiSGRMHD (FIL)
code [80,81]. FIL has been used extensively to study binary
neutron stars [82-86] and NS-BH mergers [80,87,88],
including effects of finite-temperatures, weak interactions
and magnetic fields. FIL implements highly accurate
numerical methods [89] and has been demonstrated to
achieve beyond second-order convergence of the numerical
solution in simulations of NS spacetimes [80].

This solution provides a numerically generated space-
time background on which we can solve the scalar field
evolution equation in SGB gravity [Eq. (56)]. We evolve
Eq. (56) as a time evolution problem using CANUDA [90],
an open-source software for numerical relativity beyond
GR [26,27,68,91] and to simulate BHs interacting with
ultralight fields [92,93]; see Refs. [26,68] for details on the
implementation of the SGB equations. CANUDA is com-
patible with the EINSTEIN TOOLKIT software for computa-
tional astrophysics [94-96].

The numerical domain is constructed as a series of five
nested boxes with an outer domain size of 128 M and a
finest resolution of 0.05 M. Note, that we work in geo-
metric units, ¢ = 1 = G and measure lengths and evolution
time of the numerical simulation in units of the mass M,

*We point out that the dynamically unstable branch of
equilibrium NS solutions will have masses lower than the
maximum mass, but reaches energy densities higher than
dynamically stable NS.
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FIG. 6. Simulated spacetime diagram of a collapsing NS in perturbative SGB gravity. Shown are the surface (white), the event horizon
(EH, blue) and the apparent horizon (AH, red). The light blue line refers to null geodesic, and the black dot to the time of peak flux. The
time ¢ and radii » shown both refer to individual coordinates. The panels show (left) the value of the scalar field ® relative to its final
configuration @, [Eq. (83)] and (right) the scalar energy flux S.

with M = 2.02 M. We initialize the scalar field to zero,
but note that given the small initial perturbation, the star
does not immediately collapse, so that the numerical
solution of the scalar field settles to a stationary configu-
ration for a TOV spacetime before the NS begins to
contract.

During the numerical evolution and during postprocess-
ing we compute a number of quantities that aid us in
understanding the behavior of the scalar hair. One of them
is the apparent horizon, which we calculate using the
AHFinderDirect code [97] on every time slice. Another one
is the event horizon, which we calculate using the approach
described in [98], by tracing geodesics back in time post
evolution of the NS background. The last quantity we need
is a spacetime diagram of the scalar field and associated
quantities. We construct this diagram by focusing only on
one of the coordinate axis, because, although our simu-
lations are performed in three spatial dimensions, the
spherical symmetry of all solutions is well preserved during
collapse.

The resulting evolution is shown in Fig. 6 where we
present the relative scalar field amplitude (left panel) and
energy flux (right panel). We mark the surface of the star as
a contour enclosing 99% of the baryon mass,

My = [ av i, (89)

where pp is the baryon density and I the Lorentz factor of
the NS material. After an initial transient (not shown), we
can see that a stationary scalar field solution inside the star

develops. As expected from Eq. (83), the exterior of the star
does not contain a r~! contribution at initial times
(black area).

Around 7 = 70M the event horizon is first found at the
center of the star, and gradually expands outwards. An
apparent horizon is not found until all the matter has
crossed the event horizon. This happens around ¢ ~ 90M.
We can see that around the same time the scalar hair begins
to grow (yellow region). The singularity does not begin to
form until ¢# ~ 100M. This numerically confirms that the
growth of scalar hair is not associated with the formation of
a singularity, or with the formation of the apparent horizon,
but rather with essentially the NS surface disappearing
behind the event horizon.

In order to better understand at which point the scalar
field begins to grow, we also calculate the amount of radial
energy flux contained in the scalar field. We do this by
computing the analogue of the Poynting flux in electro-
magnetism, namely

1
S = 0'®0,® + ;g0 0HD. (90)

Since a change in the scalar field will yield an associated
energy flux, we can use this quantity to track the evolution
of the scalar field. The resulting evolution is shown in the
right panel of Fig. 6. Since the dynamical coordinate
evolution in the simulation leads to a tilting of light cones
close to the center of the star, we also show an outgoing null
geodesic (light blue curve), in order to show when changes
inside the star propagate to the surface. We can see that the
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initial change in the scalar field, measured in terms of an
outgoing energy flux, is caused by the contraction in the
center of the star. However, the main growth phase of the
scalar field does not happen until the event horizon has
formed. This can most easily be seen by the maximum
(outgoing) scalar flux on the horizon, as marked by a black
dot in Fig. 6. We emphasize that, although we are numeri-
cally evolving the interior of the BH, everything within the
event horizon (blue curve) is causally disconnected from
the exterior solution. However, we can also see that this
initial flux does not reach the surface until some time later,
around 7= 80M. At this time, the star has not yet
completely collapsed to a BH, and the r~! term of the
scalar field has not yet grown, as is revealed by a
comparison with the left panel. In terms of the energy
flux, no apparent transition can be seen later on. The peak
of the outgoing energy flux (black dot) is reached only
when the entire star is about to be swallowed.

V. CONCLUSIONS AND FUTURE DIRECTIONS

We have investigated the dynamics of scalar fields
during spherically symmetric gravitational collapse in a
wide class of modified gravity theories. We proved that BH
solutions in these theories generically fall into two different
classes, depending on whether the scalar field they support
is regular at the EH of the BH or not. We also proved that if
the scalar field is regular at the EH, then the surface gravity
of the EH is nonzero. Physically, one expects that the scalar
field will settle to a regular solution during gravitational
collapse. This flow to regularity was investigated numeri-
cally in SGB gravity by simulating the SGB scalar in the
background of the OS collapse [26,27]. We confirm and
greatly extend these results by proving that, during spheri-
cally symmetric collapse, the scalar field eventually settles
to a regular solution to first order in perturbation theory and
in a wide class of modified gravity theories where a scalar
couples to a curvature invariant. As a corollary, we also
show how this flow to regularity affects the scalar hair in
the initial NS state and the final BH state.

To understand the physical reasons behind these results,
we investigated the dynamics of the scalar field evolution in
two background spacetimes and in SGB theory as an
example. In this theory, the scalar hair goes from zero
for a NS to a nonzero value for a BH during gravitational
collapse. We verified that this happens by finding an exact
analytical solution for the scalar field in the interior of the
star during OS collapse. Using this solution, we showed
that the regularity of wave modes before the EH forms
ensures that the scalar field remains regular during collapse.
After the star collapses to a BH, the wave modes decay
away by Price’s law [51,52], leading to a regular static
solution to the SGB equations that is hairy. We confirm
these results in the more realistic scenario by simulating the
collapse of a nonrotating NS in full general relativity. On
top of this dynamical background we solved the decoupled

SGB equations to study the evolution of the scalar field.
In line with our analytical results, we find that escaping
modes of the scalar field form inside the star but outside of
the growing EH. We further confirm that the formation of
scalar hair roughly coincides with the bulk of the matter
disappearing behind the EH, generalizing the results from
OS to realistic NS models.

Our work points to a few natural directions to pursue in
the future. One natural direction to explore is the dynamics
of the scalar field in axisymmetric collapse and thereby
extending studies of the scalar field’s formation around a
Kerr background [68]. The results we established in
spherically symmetric collapse should be extendable to
the axisymmetric case, and this will help us analyze
theories such as DCS gravity which reduce identically to
GR in spherical symmetry. A second direction for future
work is to extend our results to higher orders in perturbation
theory by including the back reaction of the scalar field
onto the metric. This would be complementary to (and
extending) previous simulations of scalar field collapse in
the full theory [28] and studies of the metric perturbations
at second order in perturbation theory [99,100]. Since the
class of theories we consider in Eq. (1) reduce to GR when
the coupling constant goes to zero, the results we have
established here should go through, with small second-
order modifications. Another direction for future work
includes studying the behavior of dipole and higher order
moments of the scalar field during gravitational collapse.
A final natural direction to pursue is to investigate whether
our results can be extended to a wider class of theories that
exhibit other nonlinear deviations from GR in the strong
coupling regime. Examples of these include certain scalar
tensor theories [101] and theories where the coupling
function scales at least as ®? instead of the linear coupling
we considered in Eq. (1). These theories are known
to exhibit phenomena such as spontaneous scalariza-
tion, which are intrinsically nonperturbative [101-103].
Understanding the behavior of scalar hair in these theories
will help us determine the best routes to constrain
them.
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APPENDIX A: PROOF OF CONNECTION
BETWEEN NONVANISHING OF SURFACE
GRAVITY AND REGULARITY OF THE
SCALAR FIELD

In this Appendix, we prove that if the scalar field is
regular on the EH then surface gravity of the EH must be
nonzero. As noted in Sec. IIB1, if F(0)#0, then
regularity at the EH implies that p = 0 and the surface
gravity is finite. If 7(0) = 0, then we have to look at higher
order terms. We show that looking at higher order terms
leads to a contraction if p > 1, i.e., if the surface gravity
vanishes. We prove that this is true for two general
choices for the curvature scalar F. For the first case, we
consider modified quadratic theories of gravity and in the
second case we consider general F(R) theories. The
idea behind the proof uses the fact that if the cross section
of EH is a 2-sphere, then its Gaussian curvature given
by K(0)~' cannot be zero. This idea is inspired by
Ref. [40], where a similar argument was used to show
that there can be no static BH solutions in GR with a
degenerate EH.

1. Modified quadratic gravity

In case of modified quadratic theories of gravity, the
curvature scalar F takes the form
F = Ct']Rz —+ azRﬁy + a3R(2xﬁ76’ (Al)

and the field equations for this theory are obtained by
replacing

a; — ea;, (A2)
B=1 (A3)
ay = 0 (A4)

in Egs. (27)-(28) in Ref. [13]. We now have two cases to
deal with.

Case 1: F(0) =0, F'(0) #0

In this case, the local expansion of Eq. (16) in Gaussian
null coordinates takes the form

which regularity requires that p € {0, 1} since we assume
that 7/(0) # 0. If p = 0, then surface gravity is finite and
we are done. Now suppose p = 1. Then we need to use the
gravitational equations. Let us denote the gravitational
equations by

E,, =G, + 167¢C,, — 8Ty, =0, (A6)

E:=¢"“E,, = 0. (A7)

Taking the trace of E,, and evaluating it at r = 0, we get

1
= 0= Dy(0) = ——.

2
FO) (A8)

We can now look at the value of E,, at r =0 to get a
contradiction

E 167e®(0)20) + @y +205] 1
v K(0)? K(0)
+ 167eD((0)>®(0)[20; + a3 + 2a3),

:O’

(A9)

from Eq. (A8) we know that D(0) = K(0)~!. Using this in
the above equation we get

1
K0) 0, (A10)
this is a contradiction because K(0)~! is the Gaussian
curvature of the 2-sphere at the horizon, which cannot be
zero by assumption (3).

Case 2: F"(0) = 0, F"+D(0) #0

Using the definition

~ aerlf

- m+1 ’
or r=0

Fm(0) : (Al1)

the local expansion of Eq. (16) takes the form
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eFm(0)
0,0 = ————— 2 ymtl=r L O(ym+2-r), Al2
== T 0 (A1)
Therefore, regularity requires that p € {0,1,...,m + 1}

from Eq. (12). If p = 0, then we see that surface gravity is
nonzero. If p = 1, then we already showed a contradiction
in case 1 above. Now suppose p > 2. The value of E at the
EH now takes the form

(A13)

which gives us a contradiction as before.

2. F(R) Theories

For theories where the curvature coupling F is only a
function of the Ricci scalar R, the C,w tensor takes the form

Guw
C/w = flq)R/w + g;wD(Fch) - vﬂvu(flq)) —%f@,

(A14)
where

_OF

fl :—a—R.

(A15)

We now assume that F can be represented as a power series
in R,

N
F=Y aR. N>1. (A16)
n=0

We also make another regularity assumption. We assume
that the scalar field and the metric coefficients are regular
functions of the coupling constant € at the EH. Note that
this assumption does not mean that we are working in a
small coupling expansion. It means that the theory we are
considering reduces to GR when the coupling constant goes
to zero. We now have two cases to analyze as before.

Case 1: F(0) =0, 0,F(0) #0

In this case the local expansion of Eq. (16) takes the form

(A17)

Regularity requires that p € {0, 1} since we assume that
F'(0) # 0.If p = 0, then surface gravity is nonzero and we
are done. Suppose p = 1. Then, we need to use the
gravitational equations. Let us look at the value of E at
the EH,

2[167eF,(0)®(0) — 1][Dy(0)K (0) — 1]

E0) = -
(0) K0)
(A18)
Because of the regularity assumption,
1

The local expansion of E,, is gives us

L 8rew(0) 2Dy (0)F, (0) + F(0).

(A20)

We now use the fact that F(0) = 0 and Dy(0) = K(0)~! in
the above equation to get

167eF1(0)D(0) + 1
K(0)

=0, 167eF;(0)D(0) + 1 # 0,

which is a contradiction.
Case 2: F"(0) = 0, F"+D(0) #0
In this case the local expansion of Eq. (16) takes the form

e F(m+1) (0)

d— —
O 2D, (0)

PP L O(Pm). (A21)

Therefore, p € {0,1,...,m + 1} if the field is regular.
If p = 0, then we see that surface gravity is nonzero from
Eq. (12). If p = 1, then we already showed a contradiction
in case 1 above. Suppose now that p > 2. The local
expansion of E,, now takes the form

1
B == %01~ 8¢ F(0)D(0) = 0,

(A22)
using F(0) = 0, we end up with a contradiction as before.

We have checked that the above derivation is valid when
the curvature scalar takes the form

f = alR + alezw + a3R§ﬂ},5. (A23)

APPENDIX B: COORDINATE
TRANSFORMATIONS BETWEEN PG
COORDINATES AND SCHWARZSCHILD
AND FLRW COORDINATES

In this Appendix we give the coordinate transformations
between global PG coordinates introduced in Sec. IV A and
FLRW coordinates inside the star and Schwarzschild
spacetime outside the star.
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1. Interior of the star and FLRW coordinates

We denote the FLRW coordinates by x* = (t, r., 0, ¢).
The metric inside the star in these coordinates takes the
form

ds* = —di* + a*(t)(dr? + r2dQ?), (B1)
where the scaling factor a(7) is given by
—1\ 2/3
)= |— . B2
a0 =(5) (B2)

The coordinate transformation to PG coordinates takes the
form

t=tr(tr.)=rea(t), 0=0, ¢=4qp. (B3)

2. Exterior of the star and
Schwarzschild coordinates

The spacetime outside the star is the Schwarzschild
spacetime by Birkhoff’s theorem. The transformation from
Schwarzschild coordinates x* = (t,, 7,0, ¢) to PG coordi-
nates is given by

1 V2M
t(ts,r):ts—|—4M{ L——log<7ﬁ+ )},r:r,
2M 2 V= V2M
0=0, ¢=2¢.
(B4)
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