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In a certain class of scalar-Gauss-Bonnet gravity, the black holes and the neutron stars can undergo
spontaneous scalarization—a strong gravity phase transition triggered by a tachyonic instability due to the
nonminimal coupling between the scalar field and the spacetime curvature. Studies of this phenomenon
have, so far, been restricted mainly to the study of the tachyonic instability and stationary scalarized black
holes and neutron stars. To date, no realistic physical mechanism for the formation of isolated scalarized
black holes and neutron stars has been proposed. We study, for the first time, the spherically symmetric
fully nonlinear stellar core collapse to a black hole and a neutron star in scalar-Gauss-Bonnet theories
allowing for a spontaneous scalarization. We show that the core collapse can produce scalarized black holes
and scalarized neutron stars starting with a nonscalarized progenitor star. The possible paths to reach the
end (non)scalarized state are quite rich leading to interesting possibilities for observational manifestations.
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Introduction.—Among the modified gravity theories, the
scalar-Gauss-Bonnet (SGB) gravity takes a special place.
This theory is an extension of general relativity (GR) and
contains a dynamical scalar field coupled to the Gauss-
Bonnet (GB) invariant. The roots of SGB gravity lay in the
low-energy limit of quantum gravity and unification
theories [1,2] as well as in the effective field theories.
As in GR, the field equations of SGB gravity are of second
order and the theory is free from ghosts. There exists a
particular class of SGB theories which gives rise to
spontaneously scalarized black holes (BHs) and neutron
stars (NSs) [3—-6]. More precisely, the spacetime curvature
itself can induce a tachyonic instability that spontaneously
scalarizes the black holes or the neutron stars. This class of
SGB theories is indistinguishable from GR in the weak
field limit and is yet unconstrained by gravitational wave
(GW) observations. Since this interesting phenomenon is
the only known dynamical mechanism for endowing black
holes and neutron stars with scalar hair, it has attracted a lot
of interest in recent years (though a novel nonlinear
mechanism that can lead to dynamical formation of scalar
hair beyond the standard spontaneous scalarization was
recently proposed by [7]).

Thanks to the efforts of many researchers, the sponta-
neous curvature induced scalarization in SGB gravity has
been extensively studied, and now, we have a pretty good
understanding of this phenomenon. In particular, the
tachyonic instability that triggers the spontaneous scalari-
zation is, to a large extent, well understood [3-6,8—10].
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The same applies to the static or stationary BH and NS
solutions that are the end states of the tachyonic instability
[3.4,6,11-14]. Even the highly nonlinear dynamics of the
curvature induced spontaneous scalarization is, to some
extent, well understood from a mathematical point of view
[15,16] including the dynamical descalarization during
black hole merger [17,18] (see, also, [19]). However, there
is a very important link missing in our understanding of the
curvature induced spontaneous scalarization. Up to now, no
realistic physical scenario for the formation of isolated,
scalarized BHs and NSs has been investigated. The purpose
of the present Letter is to show that the scalarized compact
objects can be formed under gravitational core collapse
(CC) of a nonscalarized progenitor star and to explore the
different scenarios depending on the theory parameters and
the progenitors.

Numerical simulations that demonstrate the core-collapse
process with a scalarized compact object as the remnant have
been limited in scalar-tensor theories [20-26] until now. In
this case, though, scalarization of BHs is typically not
possible (for interesting, though not so astrophysically
relevant exceptions, we refer the reader to [27-29]). Since
SGB theories allow for nonlinear development of BH scalar
hair, they provide a richer phenomenology of the core
collapse. However, the complexity of the field equations
is significantly increased. In the present Letter, we go
beyond the commonly employed decoupling limit approxi-
mation [15,18,19] and consider the coupled evolution of the
spacetime, matter, and the scalar field.

© 2021 American Physical Society
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Gauss-Bonnet theory.—The action of the SGB gravity in
the presence of matter is the following:

1 4
= —_ — H
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lzf(q))‘z'éB] Smatler(guw Im) (1)

where f(¢) is the coupling function of the scalar field ¢ to
the GB invariant Ry = R* — 4R, R* + R,,,sR**. The
GB coupling constant A has dimension of length, and the
matter fields are collectively denoted by ¥,

The field equations derived from the action are

1
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where T, is the matter energy-momentum tensor that can
be proven to satisfy V¥T,, = 0 and

1
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with ¥, = 22[df (¢)/dp]V ..

We consider asymptotically flat spacetimes with zero
cosmological value of the scalar field ¢, = 0. The GB
coupling function f(¢) allowing for spontaneous scalari-
zation has to obey the condition (df/dp)(0)=0. In
addition, we can impose f(0) =0 and (d’f/dg*)(0) =
€ with € = 1.

Evolution equations.—In the present Letter, we will
study the coupled evolution of the scalar field, the matter,
and the spacetime in spherical symmetry, that is a sim-
plification also adopted in previous studies on core collapse
in alternative theories of gravity [20-26]. The resulting
equations are quite lengthy, and they are given in the
Supplemental Material [30]. For the numerical calculations,
we employ the GRID code [21,31] and implement a
significant modification in order to deal with the SGB
field equations in the fashion of [16,32] (see the
Supplemental Material [30] for details).

Even though different coupling functions satisfying the
scalarization criteria can be introduced, the disparity
between the stable scalarized solutions (if exist that is
not the case for example for the simplest choice f(¢) = ¢*)
and their dynamics for different couplings is mainly
quantitative [15,33]. From a numerical point of view,
one of the least problematic, generic, and widely used

coupling functions for which stable scalarized BHs can
exist is the following [3,6,11,13,17]:

_6
25

where # > 0 is a parameter that has not been constrained by
the observations yet. Based on [15,33], we expect that the
main results in this Letter will remain qualitatively similar
for a broad class of couplings that lead to scalarization.

Possible core-collapse scenarios.—In the simulations, a
hybrid equation of state (EOS) that splits the pressure and
density into the cold and the thermal parts, viz. p = p. +
pw and e = e. + ey, is used. Here, e is the specific internal
fluid energy. A piecewise polytrope is employed for the
cold part EOS which consists of two polytropes with
indexes I'; and I, stitched at nuclear density pp,q =
2x 10" gcm™ [31]. For the thermal part, we assume
pi = (T — 1)p(e — e..). As initial data for the scalar field,
we consider a Gaussian pulse with a mean of 200 km,
minute amplitude of 107'°, and standard deviation of
100 km, while we note that the results are independent
of the explicit form of the initial data.

Depending on the progenitors, the coupling constants f
and A, and the sign of ¢, the final outcome of the core
collapse and the path to reach it can vary significantly.
Figure 1 represents all possible outcomes, which are

f(p) [1—exp(-pp?)]. e==%1, (5)

divided into two major classes: ¢ =1 and e = —1.
While in the former case (¢ = 1), both NSs and BHs
can scalarize, in the latter case (¢ = —1) scalarization is not

possible for static BHs and only NSs can develop nontrivial
scalar fields [3,4,6]. In addition, scalar fields can develop
during the formation of either the protoneutron star (PNS)
or the BH. For ¢ = —1, scalarization can appear only
temporarily at the PNS stage. Let us note that, if a relatively
fast rotating BH is formed after the core collapse, it might

€ =1, BH scalarization possible
[ =1: CC-gNS] [€ =1: CC-oNS-9BH] [ =1: CC-NS-gBH|

€ =-1, BH scalarization not possible

[e =-1: cC-oNS]e =-1: CC-gNS-BH

STAR

STAR
core-collapse] core-collapsg

STAR
core-collapse,

STAR
core-collapse

NO
Scalarization

[Scalarization|  [Scalarization]

&

scalarized

@

scalarized

Scalarization|
remains

scalarized scalarized

PNS
stable,

scalarized

Scalarization|

scalarized

De-scalarization

BH

FIG. 1.
gravity.

Possible outcomes of stellar core collapse in SGB
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be possible to have other scenarios for € = —1 because of
the spin-induced scalarization [8—10,13,14]; however, pro-
duction of a rapidly rotating protoneutron star after a core
collapse seems to be a rare event [34,35].

We set 4 and f to appropriate values for the aforemen-
tioned scenarios to be realized. The critical central energy
density pyirres @above which scalarization is possible, is
controlled by 4, while f is responsible for the “degree” of
scalarization [6]. In general, larger f leads to weaker scalar
fields (for a fixed 7).

The progenitors.—For the progenitors of stellar core
collapse, we use some models provided in Woosley and
Heger’s catalog [36]. The simulated results are qualitatively
the same. In particular, for the remnant with the central
density larger than the A-dependent py;q,, Scalarization is
observed, whose degree then depends on f. Without loss
of generality, here, we present the simulations with
two progenitors z12 and z40, having primordial metallicity,
that have also been investigated in scalar-tensor theory
[21-23,25] and are good for comparison.

The model z12 has the zero-age-main-sequence mass of
M =12 My and collapses to a stable PNS. The steep
density gradient outside its iron core results in a low
accretion rate after bounce. On the other hand, the model
740, more massive with M = 40 M, evolves into a short-
lived PNS which then collapses to a BH as its shallow
density leads to high accretion rate after bounce.
Simulations adopting an approximation of deleptonization
show the index for the softer, cold piece of EOS to be
I' ~ 1.3 [37], while ', = 2.5-3 is found to be approx-
imants for some realistic finite-temperature EOS [38], e.g.,
Shen [39] and Lattimer and Swesty [40] EOS, for the
stiffer, cold component. The thermal description of a
mixture of relativistic and nonrelativistic gas can be
translated to 4/3 < Ty, < 5/3. We consider, as canonical
values, 'y = 1.3, I, = 2.3, and [y, = 1.35 following, e.g.,
[21-26]. We note that our simulations show that different
combinations of parameters, each falling in the aforemen-
tioned range, does not phenomenologically alter the scalar
field dynamics. The evolution of the progenitors’ central
density and redshift in GR is shown in Fig. 2. The evolution
will remain qualitatively and quantitatively similar for
weak to moderate scalar fields. A significant change is
expected for strong scalar fields, but they might lead to loss
of hyperbolicity and deserve special attention (see below).

Core collapse to a scalarized neutron star.—For the
model 712, the remnant of the collapse is a PNS, which
may be imbued with a scalar field for both e =1 and
€ = —1. However, the profiles of the scalar hair differ
considerably from each other. Here, we examine the case
with ¢ = —1 while € = 1 is discussed in the Supplemental
Material [30] for completeness. Figure 3 shows a sponta-
neous scalarization upon the formation of the PNS remnant.
We see that the PNS forms at ~38 ms resulting in a rapid
development of a scalar field. Afterward, the hot mantle
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FIG. 2. Central densities (top panel) and central values of
redshift (bottom panel) of supernova progenitors z12 (blue line)
and z40 (yellow line) [36] as functions of time in GR. The
formation of a black hole is numerically defined to form as central
redshift e® < 0.01.

ranging from ~10-20 km still accretes matter onto the
remnant as illustrated by the velocity profile; the extent to
which the scalar field is excited is enhanced with increasing
compactness [the third from top panel of Fig. 3]. Clearly,
the scalarization first develops in the immediate vicinity of
the remnant, and then, it propagates to infinity as the profile
of ¢ settles to a quasiequilibrium one. The spontaneous
appearance of r¢ at the associated retarded time indicates
that the scalar wave propagates at the speed of light in SGB.
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FIG. 3. (scenario “e¢ = —1: CC-¢NS”) Temporal snapshots of

scalar field ¢ and fluid velocity v as functions of the distance
from the core r = 0 for the z12 progenitor are plotted in the upper
panel. In the lower panel, the evolution of the central value of the
scalar field ¢, and the scalar charge r¢ taken at a very large
distance, 50000 km, are displayed. Markers in the bottom
panels indicate the time of snapshots having the same colors
in the corresponding upper panels. We have taken e = —1,
A =80, and g = 7000.
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We have checked r¢ at three different places, viz. 500,
5000, and 50 000 km, to confirm it does saturate.

As is well known, in certain regions of the parameter
space, the SGB field equations lose their hyperbolic
character [16,17,41]. How to deal with this problem in
SGB theories is still an open question and is beyond the
scope of the present Letter. In our simulation, we observed
that, if we fixed A, there is a threshold f below which the
system loses its hyperbolic character. In practice, this
effectively limits the strength of the scalar field since larger
p leads to a weaker scalar field (for fixed 4). The loss of
hyperbolicity and the region where this happens is dis-
cussed further in the Supplemental Material [30].

The parameter § for the simulations presented in this
Letter, including Fig. 3, is chosen to be close to this
threshold f, and the results remain qualitatively similar for
larger f. For the presented model, the change of the metric
function with respect to GR is relatively small, of the order
of 1%, and the total energy of the scalar field reaches <1%
of the compact object mass.

The threshold for loss of hyperbolicity will also depend
on the progenitor properties, the employed EOS, and the
parameters of the theory. A thorough investigation of this
threshold as different parameters of the system are varied
will be considered in a subsequent paper.

Collapse to a black hole—Now, we turn to study
collapses with a middle PNS stage followed by a BH
formation due to continuous accretion by exhibiting the
evolution of z40. As plotted in Fig. 2, the PNS forms at
~85 ms and lives for ~300 ms. Afterward, the BH remnant
appears at ~360 ms, and matter and scalar field cease
evolving inside the event horizon once it has formed. The
parameter f is chosen to be close to the threshold where
loss of hyperbolicity is observed (for the corresponding ).

Two channels are possible in collapses leading to a BH
for e = 1, namely, scalarization is absent or present during
the middle PNS stage of the collapse (see Fig. 1). In Figs. 4,
the channel ¢ = 1: CC-NS-¢BH is presented while the
other channel ¢ = 1: CC-¢NS-¢BH is discussed in the
Supplemental Material [30] for completeness. Temporal
snapshots of scalar field ¢ as a function of the distance from
the center » = 0O are plotted in the upper panel. In the lower
panel, the evolution of the central value of the scalar field
@, and the scalar charge r¢ are displayed. The evolution of
@, 1s just symbolic since it is uncertain how the fields
(p, p, @, ...) evolve inside the event horizon, and we plot ¢,
as constant since we freeze the fields interior to the event
horizon similar to [20,21].

Scalarization is only possible for NSs for ¢ = —1. Thus,
a scalarized PNS will undergo a descalarization before it
collapses into a BH. This scenario, € = —1: CC-pNS-BH,
is depicted in Fig. 5. We see that, upon the formation of the
final state BH, the excited scalar field is eliminated (blue
curve in the bottom panel of Fig. 5). During the descala-
rization, most of the energy stored in the scalar field is
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FIG. 4. (scenario € = 1: CC-NS-¢BH) Temporal snapshots of

scalar field ¢ as a function of the distance from the core r = 0 is
plotted for the z40 progenitor in the upper panel. In the lower
group of panels, central value of scalar field ¢. and the scalar
charge r¢ are displayed as functions of time. The notations are
the same as in Fig. 3. We have taken ¢ = 1, 1 = 30, # = 20000.

swallowed by the BH (290%), while a small portion of the
energy is radiated away (curves in the top panel of Fig. 5).
The dynamical result proves that static BHs can not
scalarize for € < 0 [3,15], illustrating how the scalar field
fades away in SGB.

The emitted scalar radiation E as a function of time is
presented in Fig. 6. We see that, at late times, E, varies in
the range 10*¥-10°! ergs depending on the core collapse
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FIG. 5. (scenario € = —1: CC-¢NS-BH) The same as Fig. 4 but
for e = —1, 1 =40, f = 25000. Scalarization of protoneutron
star reveals (light red and yellow curves in the upper panel);
nonetheless, once the black hole is formed, the scalar field
condensates into the event horizon. Descalarization is apparent as
shown by the disappearance of the scalar charge after a period of
scalarized protoneutron star stage (blue line in the bottom panel).
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FIG. 6. The scalar radiation emitted during core collapse for the
cases presented in Figs. 3, 4, and 5. E(¢) is practically
independent of r for large distances, and in the figure, it is
extracted at the same point as the scalar charge, i.e., at 50 000 km.
The insets represent a magnification around the most interesting
regions for each case.

model. Given that the typical energy emitted through
tensorial GWs during core collapse is 10*°—10*7 ergs
[42,43], the scalar waves produced during the (de)scalari-
zation of a compact object offer a much more efficient
channel of energy loss. In the considered SGB gravity,
though, the so-called breathing modes, that are potentially
detectable, do not exist. If a more general form of SGB
gravity is considered, such breathing modes can be easily
present that would allow us to set constraints on the
corresponding SGB theory. Moreover, if one considers
the problem beyond the spherical symmetry approxima-
tion, other observational manifestations of the scalarization
can be expected. This is a very complicated task, though,
that has not yet been solved in any alternative theory of
gravity.

Discussion.—In this Letter, we presented the first
numerical fully nonlinear simulations of the spherically
symmetric stellar core collapse to a BH or a NS in SGB
theories allowing for a spontaneous scalarization. We
showed that, in this process, scalarized BHs and NSs
can be produced starting with a nonscalarized progenitor
star. In this way, we also demonstrated that the stellar
gravitational collapse is the natural physical mechanism for
the formation of isolated scalarized compact objects in
SGB gravity. There is a variety of collapse scenarios that
can be realized with different progenitors, and the SGB
parameters that will have different astrophysical manifes-
tations. Thus, with the improvement of the sensitivities of
the observations, it might be possible to put strong
constraints on the SGB theory. In order to quantify the
observational manifestations, though, one has to examine,
in much greater detail, the parameters space consisting of
the theory parameters, the possible progenitors, and the
piecewise polytropic EOS employed in the simulations.
This is a study underway.

The consideration of the full system of coupled fluid,
metric, and scalar field evolution also allowed us to shed
light on the loss of hyperbolicity of the system that is
observed for certain ranges of parameters. The system of

differential equations turns to a mixed type in the vicinity of
the region where shocks appear as the core collapse
proceeds. The interpretation of such loss of hyperbolicity
is a very involved, open problem in SGB gravity that has
not received a proper treatment or interpretation until now.
Still, the region where the system behaves well and the
Cauchy problem is well defined is large enough, while the
scalar field is bounded to relatively low values.

For the considered SGB theories, in contrast to some
standard scalar-tensor theories, for example, the spherically
symmetric scalar field dynamics does not lead to the
emission of gravitational waves (the so-called breathing
modes are absent). Scalar waves will be present, though,
and they constitute an additional channel for dissipation of
energy and angular momentum that can leave an imprint on
the emitted gravitational waves. The collapsing scenarios
we considered lead to relatively weak scalar fields, but on
the other hand, the scalar radiation is a quite efficient
channel of energy dissipation. For the models we consid-
ered in the present Letter, the energy dissipation of the
scalar waves can be much stronger compared with the
expected gravitational wave signal in case of nonspherical
core collapse [42,43] that can potentially lead to constraints
on Gauss-Bonnet theories.
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