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Spontaneous scalarization as a new core-collapse supernova mechanism
and its multimessenger signals
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We perform multidimensional core-collapse supernova (CCSN) simulations in a massive scalar-tensor
theory for the first time with a realistic equation of state and multienergy neutrino radiation. Among the set
of our models varying the scalar mass and the coupling strength between the scalar and gravitational fields,
a particular model allows for recurrent spontaneous scalarizations (SSs) in the protoneutron star (PNS).
Each SS induces the PNS collapse and subsequent bounce, from which devastating shock waves emanate

and eject the PNS envelope. The explosion energy can easily exceed O(10°") erg. This study reveals new
aspects of SS as the explosion mechanism of CCSNe. We also discuss its characteristic multimessenger

signals: neutrinos and gravitational waves.
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I. INTRODUCTION

General relativity (GR) is currently the standard theory
of gravity. It has successfully explained a large number
of precision tests to date [1-3]. However, the discovery of
inflation and the fact that most of the energy content of
the universe takes the form of dark energy and dark matter
[4-7] have led us to consider alternatives to GR.

One of the simplest and cosmologically and astrophysi-
cally motivated alternatives is the scalar-tensor (ST) the-
ories of gravity, proposed in the seminal works of [§—10].
In the ST theories, an additional scalar sector is added to the
field equations, preserving the consistency with GR in the
weak-field regime, while significant deviations are allowed
in the strong-field regime. A major example is spontaneous
scalarization (SS) in neutron stars (NSs) [11-13]. The SS
occurs by a nonlinear coupling between the scalar and
gravitational fields, which enables exponential amplifica-
tion of the scalar field, and changes the gravitational field as
well as the NS structure [14]. Previous studies considering
the hydrostatic cold NSs reported that the scalarization
might significantly modify the mass-radius relation of NSs
from that in GR [12,13,15-17].

The SS may also take place in the protoneutron star (PNS)
formed in the aftermath of massive stellar core-collapse (CC).
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Refs. [17-21] conducted CC simulations in the ST theories,
focusing mainly on the scalar-type gravitational wave (GW)
emissions. After the PNS formation, it starts contraction due
to continuous mass accretions and increases its density.
Eventually, the coupling between the scalar and gravitational
fields enters the nonlinear phase and facilitates the exponen-
tial growth of the scalar field. Depending on how the scalar
field couples with the gravitational field, the PNS sometimes
changes its structure not steadily but dynamically similar to
the CC, and liberates a significant amount of gravitational
potential energy. This might be a remarkable feature in terms
of CCSN dynamics, as the second collapse and bounce may
produce strong shock waves [17]. Interestingly, the SS may
happen multiple times and leave behind various compact
stars [17]. The amplified scalar-type GWs propagate outward
from the PNS core and could reach us with sizeable
amplitudes [20,21].

To date, however, all the CCSN simulations of massive
stellar collapse in the ST theories were performed in
spherical symmetry with very simplified EOSs [17-21],
although it is well-known that the multidimensionality is
the key for the successful CCSN explosion. Moreover, the
neutrino radiation, which is most crucial for the PNS
evolution as well as for the CCSN dynamics, was com-
pletely neglected. It is also not well understood what the
potential impacts of the SS on the explosion dynamics are.

In this study, we conduct axisymmetric CCSN simu-
lations of a massive star in a massive scalar-tensor (MST)
theory for the first time with a realistic EOS and multi-
energy neutrino radiation. The main motivation for con-
sidering the massive scalars is that most of the parameters
in the ST theories, which describe how strong the scalar and
gravitational fields couple, are strongly constrained in the
massless case through binary pulsar observations [22-24],
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while the constraint can be significantly loosened in the
presence of a massive scalar [12,13].

This paper is organized as follows. Section II starts with
a concise summary of our GR radiation-hydrodynamic
(RHD) scheme in MST theory and also describe the initial
setup of the simulation. The main results and detailed
analysis of the effects of phase transition are presented in
Sec. III. We summarize our results and conclude in Sec. IV.
Geometric units ¢ = G = 1 are used in Sec. II section,
while cgs units are used in the rest. Greek indices run from
0 to 3 and Latin indices from 1 to 3, except v and € which
denote neutrino species and energy, respectively.

II. FORMALISM

We perform CCSN simulations with a full relativistic
multienergy neutrino transport in the Jordan frame [8,10].
In this frame, all the basic equations are derived from
variation of the action & expressed as (using geometrical
units G =c=1)

1
S = E/ \/—_gd4x |:¢R - #gﬂﬁv(l¢vﬂ¢

4m?
_B_h2¢21n¢:| +Symv (1)

where g, R, and V, denote the determinant, Ricci scalar,
and covariant derivative associated with the spacetime
metric g,5; ¢ is a real scalar field; w(¢) determines the
strength of the coupling between the gravitational and
scalar fields; m is the scalar field mass; B is a dimensionless
free parameter; S,,, is the contribution from the neutrino
radiation and matter fields. Regarding w(¢), we adopt the
form of [11,25]

1
o(p)+3/2

Following [25], new scalar fields ¢, redefined from
¢ = exp(¢?/2), and ® = —nV,¢ are evolved as:

= Bln¢. (2)

(0, = p0)p = —a®. (3)

(0, — f0;)® = —aD'D;p — (D;a) D' + aK®
— ag(D;pD'p — ®?)
+ 2naBT g exp(—¢?/2)
+a(m/h)*pexp(¢®/2). (4)

Here, « is the lapse function; ' is the shift vector; D' is the
covariant derivative with respect to the 3-metric y;;; K is the
trace of the extrinsic curvature; and 7 = gaﬁT“ﬁ , where T%
denotes the total stress-energy tensor considering the matter

Tﬁ{} and neutrino radiation field T‘(’f ) [26,27]:

D Ty )

T =T + / de
VEV,,Up.Uy
In our CCSN simulations, we employ the Z4c formalism
[28], when the system is in GR, i.e. ¢ < 1, to propagate
away local violation of the Hamiltonian constraint H
written by

.2
H=R-AVA; +§(K +20)2 — 167¢~' py

2
~ g - 0 (I + (DD
—2¢~'(=KT1 + D;D'¢), (6)

where K = K — 20 and I1 = —nV ¢, with © and n® being
an auxiliary variable [28] and the unit normal to spatial
hypersurfaces, respectively. A; ; 1is the trace free part of
the conformal extrinsic curvature and py = n,n /;T”/’ . Once
the system deviates from GR as |p| Z O(0.1), we enforce
® = 0,0 =0, which recovers the BSSN formalism.
Afterward, we monitor the growth of H.

Models and parameters—We perform axisymmetric CC
simulations to a nonrotating 5S0M, progenitor star of [29].
It was used in the previous studies of [27,30] to explore the
impacts of a first-order QCD phase transition. We use the
DD2 EOS of [31].

We have two free parameters, B and m, which are
chosen to satisfy the current observational constraints. B
has a relation to f(f,), which is frequently used in other
literatures [11,12,17,21], as B = —2f [25]. According to
[12], p is weakly bounded to avoid the scalarization in
white dwarfs (WDs), while allowing for it in NSs, which
can be translated into

6 <B<0O(10%). (7)
The scalar mass is also constrained within
10716 eV <m <1070 eV, (8)

where the lower band comes from cosmological effects
and binary observations [22,23] and the upper one from
the assumption that the NS can be scalarized [12].
Reference [32] reports that GW 170817 offers rather weaker
constrains on ST theories than, e.g., binary pulsar PSR
JO737-3039 does [22—-24], making above parameter ranges
also consistent with GW170817. Regarding the initial (or
asymptotic) value of ¢(, we assume a uniform weak field
¢(t = 0) = @y = 10~'*. With this choice, the emission of
scalar-type GWs is significantly suppressed (see below).
We present results of CC simulations for three models
with (B,m[eV]) = (20,1071, (10,107'#), and (20, 10~'4);
hereafter B20m11, B10m14, and B20m14, respectively.
Furthermore, as a reference GR model with the same 50M
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progenitor star and a DD2-based QCD EOS [33], a model
QCD(GR) [cf. [27]] is also introduced. We mention that
these parameters predict significant deviations from GR in
the context of binary NS simulations with massless scalar
fields [25,34].

III. RESULTS

We begin with a description of overall dynamics. Panels
(a)—(d) in Fig. 1 depict: (a) the maximum rest-mass density
Pmaxs (b) the PNS baryon rest mass Mpyg (thick lines)
and central lapse function «, (thin); (c) the central scalar
field . and 2-norm of the Hamiltonian constraint ||7{]|,
divided by 10*; and (d) averaged shock radius R, and
diagnostic explosion energy E.,,. Insets in (a) and (c) show
a magnified view at the first SS. Note that in (c) and (d) we
plot the results only for representative models.

In B20m11 and B10m14, ¢. essentially keeps its initial
value |p.| ~ 107" il 7,, ~ 500 ms [35], where 7, mea-
sures the post (first-)bounce time. This indicates that they
are essentially in GR and thus show a similar evolution to
QCD(GR). At t,, ~ 520 ms, @, in B20m11 exponentially
grows from O(1071*) to O(1) within a few ms. This is the
moment of the first SS. Following the analysis in the
massless case (Sec. I1I. A. of [25]), the SS in the presence of
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FIG. 1. Overall evolution feature of all models. Panel (a): the

maximum rest-mass density p..; (b): PNS rest mass Mpyg and
central lapse function a.; (c): central scalar field ¢, and 2-norm of
the Hamiltonian constraint ||H||, x 107%; (d): averaged shock
radius R, (dashed) and diagnostic explosion energy E, (solid).
The color represents each model listed in panel (a).

scalar mass occurs when k*>>0 and kR — 7/2 are
satisfied, where k> = —[2zBT + (m/h)?] and R denotes
the PNS radius. Along with the PNS contraction, =7 ~ p
increases, [2zBT| exceeds (m/h)?, and eventually kR
approaches z/2, which induces the SS. In the previous
literature, e.g., [17], if the SS does not happen at the
first core bounce, ie., |p| <1 at t,, =0, ¢, shows
essentially no increment afterward. We attribute this due
to the absence of PNS contraction with simplified micro-
physics. In B20m14, the light scalar mass of 1074 eV
allows for an even faster SS than B20m11 already at
fpp ~ 50 ms. On the other hand in B10m14, the SS is not
observed during our simulation time.

When the SS happens, ¢ deviates from unity, which
prompts the second collapse and bounce. The second-
bounce produces strong shock waves [panel (d)] and
unbound some of the PNS materials amounting to
~0.1My [panel (b)]. Panel (d) shows that those ejecta
possess Eq, ~2 x 10°! ergs at t,y, ~ 520 ms in B20m11.

After the first SS, we find an interesting phenomenon in
B20m14: recurrent SSs. At f,, ~ 630 ms, ¢. suddenly
increases again, which induces the (third) collapse. The
reason of the second SS can be explained by the decrease of
Mpys at the first SS and also by the value of B = 20. As
discussed in [25], the requisites for the SS inside NSs are a
sufficiently high compactness of PNS and a large value of
—T ~ p. Therefore, the decreases both in compactness and
density hinder the scalar waves condensation. Indeed from
panel (c), ¢, quickly decreases from O(1) to <O(107!)
after the first SS. Afterward, however, the mass accretion
still continues and increases both p. and Mpyg, resulting in
the second SS at 7, ~ 630 ms. The second SS again induces
strong shock waves and boosts Ey, by ~2 x 10°! erg. Also
in B20m14, we witness the explosion. However, the prompt
SS, which occurs before the shock stagnation and thus during
when the mass accretion rate is still high, avoids the
significant PNS mass loss and ¢, keeps O(1) afterward.

Regarding the Hamiltonian constraint violation, |||, is
kept at O(1077) before the first SS with the help of the Z4c
formalism. Even after we switch the calculation to the
BSSN method, it stays at <O(1072) without any drastic
increase.

Multimessenger signals—Next we discuss multimessen-
ger signals. We begin with the neutrino signals for repre-
sentative models B20m11 and B10m14. Fig. 2 displays
from top: the neutrino luminosity L,; mean energy (e, );
and neutrino detection rate I" of IceCube (IC) [36,37] and
Hyper-Kamiokande (HK) [38,39]. The neutrino detection
rate I' is evaluated in the same way as [27]. We assume a
source distance of D = 10 kpc. In the right column, we
plot a magnified view of the first SS in B20m11.

The red lines show a clear fingerprint of the SS. At
fpp ~ 520 and 630 ms we observe neutrino bursts whose

peak luminosities reach ~2-6x 10 ergs™' with L;,
(solid line) and L, (dash-dotted) showing the highest
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FIG. 2. Various neutrino profiles as functions of #,,. The right
column shows a magnified view at the first SS for B20m11. From
top: the neutrino luminosity L,; mean energy (¢,); and neutrino
detection rate I' of IC and HK, respectively. All plots assume a
source distance of D = 10 kpc. The color and line style repre-
sents the model and neutrino species, respectively, shown in the
top panels.

and lowest luminosity, respectively, among the six species.
The hierarchy is simply due to the propagation of strong
shock waves through the neutron rich environment and is
analogous to that in QCD models [27,40]. The peak count
rates I', evaluated by L, and (e, ), reach ~3000-5000 ms~!
(IC) and ~600-900 ms~! (HK). Compared to the QCD
models, multineutrino bursts (with more than three times)
would be a clear indication of recurrent SSs, as CCSNe
with QCD phase transition experience the second collapse
and bounce only once [27,30,41].

Finally, we discuss scalar-wave and GW emissions.
Fig. 3 presents: (a) the scalar waveform o = r @ extrac-
ted at two different radii 7., (= x) = 10® (black line) and
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FIG. 3. Panel (a): the scalar waveform o = r.,¢ extracted at
two different radii 7., = 10% (black line) and 5 x 10® cm (red);
(b): matter origin GWs Dh ; (c): spectrogram A(F, t) of h_.. Here
we assume a source distance of D = 10 kpc. Panel (a) shows o of
B20m14 and B20m11, where ¢ of B20m11 is multiplied by 100.
Panels (b,c) show only of B20m11.

5% 108 cm (red) for B20m11 and B20m14; (b) matter
origin GWs Dh_; and (c) spectrogram of A, assuming
D = 10 kpc obtained by a short-time Fourier transform.
Panels (b) and (c¢) show the results only for B20m11.
Note that the scalar-type GWs, whose amplitudes can be
Fex (0 — ¢by) with ¢(~1) being the asymptotic value of ¢
and should be distinguished from o, are essentially sup-
pressed in the current context, as the amplitudes in the far
zone 7o (¢ — o) ~ rexo(@ — @) are quite small for the
current value of g, = 10~'* [for the scalar-type monopole
GWs from CCSNe, see [17,19-21]].

Panel (a) depicts the scalar wave propagation and the
influence of scalar mass on it. In B20m11, remarkably
large scalar wave amplitudes reaching |o| ~5 x 10* cm
are observed at ro, = 108 cm. However, the scalar waves
subside quickly at more distant radii, e.g., |6| ~ 800 cm and
~70 cm at 7., =5 x 108 cm and 10° cm, respectively.
This is due to the presence of mass term, which creates
a critical frequency w, = m/h below which all scalar-
wave modes exponentially decay [20]. B20m11 employs a
relatively large scalar mass m = 10~!! eV corresponding to
w, ~ 1.5 x 10* Hz and thus most of the relevant scalar
waves are damped. On the other hand in B20ml14, ¢
propagates obeying d,(c) ~ 0 because of the low cutoff
frequency w, ~ 1.5 x 10 Hz

Regarding matter origin GWs, we observe strong GW
bursts with [Dh| ~ 50-100 cm. In comparison to the QCD
model, for which |Dh| ~ 250 cm [27,41], the wave ampli-
tudes in B20m11 are a few times smaller. This is due to the
weaker core bounce in the MST models and the convection
motions are weakened in B20m11 [27].

Figure 4 shows the detectability of matter origin GWs
assuming D = 10 kpc. We overplot the sensitivity curves of
the current- and third-generation GW detectors: advanced
LIGO (aLIGO), advanced VIRGO (AdV), KAGRA [42];
Einstein Telescope (ET) [43]; and Cosmic Explorer (CE)
[44]. Among the MST models that experience the SS(s),

100
F [Hz]
FIG. 4. Characteristic strain of matter origin GWs (thick)
overplotted by the sensitivity curves of the current- and third-
generation GW detectors (thin): advanced LIGO, advanced

VIRGO, KAGRA, Einstein Telescope, and Cosmic Explorer.
We assume a source distance of 10 kpc.
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B20m11 and B20m14 exhibit excesses at F' ~ 700-800 Hz,
which are originated from the CC and bounce in association
with the SS. An approximate estimation of the signal-to-
noise ratio of these models gives ~100 for the peak
componentat F' ~ 700 Hz even for the current GW detectors
and ~1000 for the third-generation detectors, though more
detailed analyses are essential [e.g., [45,46]]. Again because
of the weaker core bounce in MST models, its peak frequency
F ~700 Hz is substantially lower than ~1.5 kHz in
QCD(GR), making it appear within the best sensitivity of
GW detectors considered. Furthermore, the duration time of
strong GW emissions in B20m11, 20-30 ms (see Fig. 3),
which should be also multiplied by two events, is consid-
erably longer than ~4 ms in the QCD model [27]. These two
facts, namely the lower peak frequency and longer duration
time, are beneficial to the detection of these signals, though
more detailed analyses are essential [e.g., [45,46]].

IV. CONCLUSIONS AND DISCUSSIONS

We presented the results of the first multi-D CCSN
simulations with neutrino radiation in a MST theory. Our
models demonstrated dramatic impacts of the SS on the
explosion dynamics as well as on the multimessenger
signals. In B20m11, we observe multiple SSs, with each
inducing the PNS collapse and producing strong bounce
shock waves. Those shock waves eject a part of the PNS
envelope, whose explosion energy reaches ~2 x 10°! erg
for each SS event. In the present study, we consider a
nonrotating progenitor star, which results in an essentially
spherical shock expansion. Although many of energetic SN
events accompany aspherical explosion morphology
[47,48], which could possibly be explained by such as
magnetorotational explosion [49,50], there exist some
exceptions, e.g., SLSN I LSQ14mo [51], for which nearly
spherical explosion is reported [52]. Such events might be
explained by the present MST models.

The SSs imprint their signatures in neutrinos and GWs.
Each SS triggers a strong neutrino burst, which is origi-
nated from the same mechanism as in the QCD model
[27,30,41] and is observable for the Galactic events.
Although it is unlikely to detect scalar-type GWs from
the current models, the matter-origin GWs in association
with the SS are strong enough for the current- and third-
generation detectors for galactic events. A combination of
the relatively low peak frequency and long GW emission
time with possibly multiple events is beneficial to the
detection of these peculiar GWs.

As a final remark, this study reports only a limited
number of models using one progenitor star. Although our
scenario is sensitive to the parameter set (B, m), which

still has a large uncertainty as Eqgs. (7), (8) indicate,
the progenitor dependence may not be so strong as long
as the progenitor is sufficiently massive to overcome
the repulsive potential of massive scalar fields. This is

because, the SS takes place when kR ~ +\/2zBpR ~

\/2xBMpns/R — 7/2 and the compactness parameter
Mopns/R varies only a few 10% among various progenitor
models [53,54]. Therefore the primal factor to the SS is
the B-parameter. On the other hand for less massive
progenitor stars, we do not anticipate that the current SS
models would greatly modify their canonical explosion
scenario, namely the neutrino heating explosion [55,56].
This can be supported from that the less massive PNS with
~1.4M  experiences only a weak scalarization [12,17] and
also from that our previous SN simulations for less massive
progenitor stars explode by neutrino heating shortly after
the first core bounce, suppressing their PNS mass growth at
~1.4M 4 [27].

In this study, to explore possible SN explosion
scenarios in MST theory within a reasonable simulation
time, the employed parameters might deviate significantly
from yet-to-be-known actual values, though they are still
within the current constraint. In addition, as we have
mentioned, many of observed SNe with energetic explo-
sion energy are accompanied by aspherical explosion
morphology, indicating that the presented SN scenario in
MST theory are likely not to be the canonical explosion
mechanism of very massive stars. From these, in the
future study, one should address the issues like event
rates of aspherical/spherical-like SN explosions as well as
what kind of remnants are left behind, by considering
various progenitor properties, e.g., mass, rotation, and
magnetic fields, and compare with observations to even-
tually narrow down the MST parameters. We also would
like to mention that the present MST models might be
constrained from their nucleosynthesis yields, possibly
r-process elements, as they are similar to the QCD phase-
transition driven SNe [57]. Exploring the parameter
space, the progenitor model as well as the nucleosyn-
thesis yields will be our future work.
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