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We study the impact of rotation on the multimessenger signals of core-collapse supernovae (CCSNe)
with the occurrence of a first-order hadron-quark phase transition (HQPT). We simulate CCSNe with the
FLASH code starting from a 20 M, progenitor with different rotation rates, and using the RDF equation of
state from Bastian 2021 that prescribes the HQPT. Rotation is found to delay the onset of the HQPT and the
resulting dynamical collapse of the protocompact star (PCS) due to the centrifugal support. All models with
the HQPT experience a second bounce shock which leads to a successful explosion. The oblate PCS as
deformed by rotation gives rise to strong gravitational-wave (GW) emission around the second bounce with
a peak amplitude larger by a factor of ~10 than that around the first bounce. The breakout of the second
bounce shock at the neutrinosphere produces a v,-rich neutrino burst with a luminosity of serveral
10°3 ergs~!'. In rapidly rotating models the PCS pulsation following the second bounce generates
oscillations in the neutrino signal after the burst. In the fastest rotating model with the HQPT, a clear
correlation is found between the oscillations in the GW and neutrino signals immediately after the second
bounce. In addition, the HQPT-induced collapse leads to a jump in the ratio of rotational kinetic energy to
gravitational energy () of the PCS, for which persistent GW emission may arise due to secular

nonaxisymmetric instabilities.
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I. INTRODUCTION

The protocompact star (PCS) born in a core-collapse
supernova (CCSN) is an exceptional laboratory for high-
density nuclear physics. Inside a PCS, matter can reach
densities higher than a few times the nuclear saturation
density (pg ~2.7 x 10" gecm™), temperatures of kgT ~
10-100 MeV, and the proton to baryon ratio ¥, of ~0.2 or
lower. These extreme conditions can hardly be accessible
simultaneously in terrestrial experiments. Such a site may
allow the dissociation of hadrons such as protons and
neutrons into quarks, namely, a hadron-quark phase
transition (HQPT) [1-3]. The occurrence of a HQPT
can lead to the collapse of a PCS and induce a subsequent
bounce shock due to the stiffening of the quark matter
equation of sate (EOS). This provides an alternative
plausible mechanism for CCSN explosions [4-8], other
than the canonical neutrino-driven and magneto-driven
mechanisms [9-12].

However, it is a challenging task to probe the properties
and dynamics of a PCS, being buried in the stellar
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envelope that is opaque to electromagnetic waves.
Modern messengers, such as gravitational waves (GWs)
and neutrinos, can provide an unobstructed view of a PCS
thanks to their feeble interactions with ordinary matter. For
example, the detection of neutrinos from SN1987A [13,14]
has confirmed the basic scenario of stellar core collapse in
Type II supernovae [9,15,16]. It is proposed that both
neutrino and GW signals can be used to trace the post-
bounce PCS contraction [see, e.g., [17-21]].

Recent studies with advanced supernova simulations
have predicted unique neutrino [6,7,22-24] and GW
[25,26] signatures associated with the HQPT occurring
in a CCSN. The shock breakout at the neutrinosphere
following the bounce of the quark-matter core sends out a
neutrino burst with a luminosity of several 10°° ergs~'in a
few milliseconds [6,7]. The burst is rich in electron anti-
neutrinos that are readily captured by large, water-based or
liquid scintillator-based terrestrial detectors [27-29]
through the inverse f-decay process [30]. Meanwhile,
2D axisymmetric simulations of nonrotating CCSNe sug-
gest that the dynamical collapse of a hadronic-matter core
to a quark-matter core results in a loud kHz GW burst
within a few milliseconds [25,26]. The amplitude of this
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burst is a few ten times that of the GW signals in normal
CCSNe with nonrotating progenitors.

It is known that stars generally rotate to some extent.
Massive presupernova stars with fast rotating iron cores are
thought to be progenitors of hypernovae and long soft
gamma-ray bursts [31]. Rotation can naturally deform stellar
cores during their collapse and bounce, and thus enhance the
GW emission of CCSNe in the corresponding episodes, as
shown by perturbation analysis [32—-34] and hydrodynamic
simulations [35-43]. Moreover, it has been found that
measuring the GW frequency and amplitude can provide
the otherwise inaccessible information about the stellar core,
such as its angular momentum and compactness [42,43], as
well as constrain the nuclear matter EOS [21,44].

Following the same principle, the dynamical collapse of
a rotating PCS due to the HQPT in CCSNe can also emit
characteristic GW signals, which is the major subject of this
work. Previous studies have simulated the collapse of
rotating neutron stars into quark stars and predicted the
associated GW signals [45,46]. However, in [45,46] the
initial rotating neutron stars are constructed in hydrostatic
equilibrium with a polytropic EOS and the collapse is
triggered by switching to a hybrid EOS that includes quarks.
Strange quark matter with equal amounts of u, d and s
quarks is assumed after the HQPT and it is described by the
MIT bag model EOS [47]. The onset of the HQPT is
parametrized with a transition density of 2.6p,, and pure
quark matter appears above 9pg,,. We note that these
transition densities are highly uncertain and the values used
in [45,46] are one possible parametrization. These explor-
atory simulations predicted the emitted GW signals with
frequencies of a few kHz and dimensionless strain ampli-
tudes of O(10722) (O(107?)) for a 10-Mpc (10-kpc) event.

In this paper, we perform more realistic simulations of
CCSNe with a HQPT starting from rotating massive stars.
The HQPT is prescribed with a finite-temperature EOS
from the set of Bastian 2021 [48] whose variants have been
frequently used in simulations of CCSNe [7,8,26,49] and
binary compact mergers [50]. We study the impact of
rotation on the postbounce dynamics and the characteristic
GW and neutrino signals associated with the HQPT. With
several different initial rotation rates, we roughly outline
the quantitative relation between the signal strength and the
progenitor rotation.

Our paper is organized as follows. In Sec. II we describe
the methodology used in our simulations. Then we present
our results on the CCSN dynamics (Sec. III A), GW signals
(Sec. Il B) and neutrino signals (Sec. III C). We give our
conclusions in Sec. IV.

II. METHODOLOGY

A. Equation of state

We use the RDF 1.9 EOS from [48] that prescribes a
first-order HQPT at supranuclear densities for the

description of the stellar matter in CCSNe. The underlying
model and parameters of this EOS are presented in [48] and
here only relevant information is given for the complete-
ness. Homogeneous hadron and quark matter are described
using the relativistic density functional formalism [51]. The
phase of hadronic matter is described with the DD2 EOS of
[52] which employs the relativistic mean-filed approach
with density-dependent meson-nucleon coupling [53] and
DD2 parametrization [54]. The phase of quark matter is
described by the string-flip model for two-flavor (ud) quark
matter [51]. Vector repulsion is introduced at high densities
to make the quark matter EOS stiff enough to allow for a
2 — Mg compact star [55,56]. The mixed hadron-quark
phase during the HQPT is constructed with the Gibbs
conditions for phase equilibrium (see, e.g., Chapter 3 of
[57]) and considering the chemical equilibrium for baryon
and charge simultaneously [58].

In this work, we choose the RDF EOS with the
parameter set RDF 1.9 (cf. Table I of [48]) which leads
to a maximum mass of 2.17M, for cold compact stars. We
note that the RDF EOSs with other parameter sets
(RDF 1.1...RDF 1.7) were previously used in simulations
of CCSNe [7,8,26] and binary neutron-star mergers [50].
Here our particular choice of RDF 1.9 is for the early onset
of the HQPT at ~1.8 x pg, for zero temperature which
corresponds to a cold compact-star mass of ~0.81 M.
This is pragmatic for our exploration to save computa-
tional time, particularly for rotating CCSNe. We do not
argue the correctness of this choice but expect qualita-
tively similar results for other RDF EOSs in [48]. Of
course, the quantitative dependence on the EOS should be
investigated in the future as has been done for compact
object mergers [50].

Figure 1 depicts the hadron-quark phase diagram of the
employed EOS. We denote the transition density from the
hadronic (mixed) to mixed (quark) phase as puani (Piran2)-
The dependence of p,,; and p,,» on temperature is shown
with the blue and red lines. Their dependence on Y, is
relatively weak, with a difference of ~3 x 10'3 gecm™ and
~2 x 10" gem™3 between Y, = 0.1 and 0.25 for py,,, and
Puan2» Tespectively. This is a noteworthy difference compar-
ing to another series of candidate hadron-quark EOSs in
[59] that have a significant dependence of the transition
densities on Y, (see Fig. 5 of [59]). For the relevant
conditions at the center of PCSs, i.e., kg7 ~ 20 MeV and
Y, ~0.25, puant (Puan2) is ~4.3(7.7) x 10'* gem=3.

B. Progenitor model

We use the solar-metallicity 20-M, star of [60] (WH20)
as the progenitor model for our CCSN simulations. Given
that there is no accurate determination of the rotation rate of
the iron core in precollapse massive stars [61,62], we
impose artificial rotation to the initial conditions with the
frequently used profile [37,63]
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FIG. 1. Hadron-quark phase diagram in the RDF 1.9 EOS. Blue
lines are the boundaries of the hadronic and mixed phases and red
lines are the boundaries of the mixed and quark phases. Dashed,
solid and dotted lines correspond to the electron fraction Y, of
0.1, 0.25 and 0.5. The turning behavior for ¥, = 0.5 and kg7 =
15-25 MeV is likely an artifact due to the tabulated EOS.

Q(r) = Q [1 + (g)z]_l. (1)

Here Q) is the central angular speed and r is the spherical
radius. A is a parameter characterizing the differential
rotation and is chosen to be 1021 km as [64]. We employ
five different rotation rates with Q, =20, 1, 1.5, 2, 3,
4 rads~! and the models are denoted roti with i indicating
the magnitude of €. In particular, rot0 refers to the CCSN
simulation with a nonrotating progenitor.

C. CCSN simulation

We perform CCSN simulations in 2D with the
assumption of axisymmetry using the FLASH code
[23,65]. We use a cylindrical grid with the adaptive mesh
refinement to cover a radius of 1.2 x 10* km of the
progenitor. Before the HQPT-induced collapse of the
PCS takes place, the resolution of the grid is Ax =
300 m inside ~60 km and an effective angular resolution
of Ax/r~0.6° is employed outside r~ 60 km. As
observed in [26], we found that this leads to the decrease
of central density after the bounce of the quark matter core
in slowly rotating models rotO and rotl. We adopt a higher
level of refinement (Ax ~ 150 minside r ~ 30 km) at a few
ms before the HQPT-induced collapse to maintain the
stability of the PCS. In Appendix we show that GW signals
of rotating models converge to the spatial resolution. We
calculate self-gravity with the multipole expansion method
of [66] with a maximum [ of 16 and the monopole

component of the gravitational potential is modified by
the Case A formalism of [67] to accommodate the general-
relativistic (GR) effect.

Neutrino transport is simulated using a two-moment
scheme with the “M1” closure and full velocity dependence
for the moment equations [68—71]. We evolve three species
of neutrinos, i.e., electron neutrino (v,), electron antineu-
trino (7,) and heavy-flavor neutrinos (7,). 18 logarithmi-
cally-spaced energy bins are used to sample neutrino
distribution from 0 to ~300 MeV. Rates of neutrino-matter
interactions are calculated by the NuULIB library [70].
Prescriptions of neutrino and hadronic matter interactions
follow that of FLASH simulations in [72] except that we
explicitly include inelastic neutrino-electron scattering. The
calculation of rates in the mixed and quark phase follows
the approximation in [6] which treats quarks as nucleons
and the nucleon chemical potentials are calculated as

o = Mo+ 20a5 Hp =240+ Has (2)
where p1,,,) is the chemical potential of neutrons (protons)
and y,,(4) 1s the chemical potential of up (down) quarks. The
precise rate should be not important in the neutrino-
trapping region where quarks exist.

We extract the GW strain s, from our axisymmetric
CCSN simulations using the standard quadrupole formula
in the slow-motion and weak-field approximations [73]

3G &1, .
+ = Em d[zzz Sln2 95. (3)

Here D is the distance between the source and GW detector,
I, is the reduced mass quadrupole moment and g is the
angle between the stellar rotation axis and line of sight.
Unless specified we always assume the optimal observa-
tional condition 05 = 90°.

III. RESULTS
A. CCSN dynamics

The dynamics of the stellar core in a CCSN proceeds as
follows. The iron core of a massive star becomes unstable
against gravity when its mass exceeds the effective
Chandrasekhar limit. Dynamical collapse of the core is
accelerated due to the depletion of pressure by electron
captures. The collapse is halted as the core stiffens when its
central density p, reaches ~pg, and short-range repulsive
forces between nucleons provide the pressure support. The
core bounces back due to its large inertia and kinetic energy
and launches a shock wave into the outer infalling matter.
We denote this as the first bounce and the time 7y}, is defined
as the moment when the maximum entropy at the front of
this shock wave reaches 3 kgnuc™'. The bounce shock
loses its energy by disintegrating heavy nuclei to free
nucleons and turns into an accretion shock in a few ms.
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FIG. 2. Time evolution of the central density (upper panel),
mean shock radius (thick lines in the lower panel) and diagnostic
explosion energy (thin lines in the lower panel) after the first
bounce. roti refers to the model with Q) = i rads™! in Eq. (1).
The gray shaded horizontal bands mark the transition densities
from the hadron phase to the mixed phase (p,,;) and from the
mixed phase to the quark phase (py,,»), taking their dependence
on temperature and Y, into account.

Afterwards, the accretion shock slowly expands to
~100-200 km in a few hundred ms. The stellar core,
now dubbed PCS, grows in mass due to accretion. In this
work, the HQPT takes place when the PCS central density
pe exceeds puan and triggers the collapse of PCS shortly
after p, exceeds pyans (cf. Fig. 1 for the transition densities).
The PCS collapse, at this point is called the second
collapse, is then halted by the stiffening of the quark
matter EOS. The core overshoots its equilibrium state and
bounces back once again. We denote this as the second
bounce and define 7,, as the moment with the maximum p,.
The second bounce shock can result in a successful CCSN

TABLE 1.

explosion if it overcomes the ram pressure of the infalling
stellar mantle.

In Fig. 2 we plot the time evolution of the central density
pe, mean shock radius (Rg,), and diagnostic explosion
energy E.,, after the first bounce in the models rot0...rot2.
Faster rotation results in a smaller growing rate of p. during
the accretion phase after f7y,. Also, starting from ~#;,+
0.2's, (Ry,) is larger for faster rotation except for the
nonrotating model rot0. The larger (R,) in rot0 is likely
due to the more violent neutrino-driven convection
behind the shock which is stabilized by a positive angular
momentum gradient in rotating models [21,74,75]. Unlike
rotating models, (Ry,) in rotO does not stall at ~200 km, but
expands to ~600 km before the HQPT-induced second
collapse. Nevertheless, all models do not exhibit a runaway
shock expansion and markedly positive E., before the
HQPT takes place, which suggests that neutrino heating has
not yet led to a successful CCSN explosion.

The collapse of PCS triggered by the HQPT is indicated
by the nearly vertically increasing p. after it exceeding
Puan2 (upper panel of Fig. 2). Rotation significantly delays
this second collapse by providing additional centrifugal
support against gravity. The time interval between the first
bounce and the second collapse for the model rot2 is ~3.3
times longer than that for the model rot0. As a result, the
central Y, prior to the second collapse is ~0.24 for the
model rot2, lower than ~0.26 for the other models
rot0...rotl.5. Note that we do not evolve the models
rot3 and rot4 to the second collapse which will take much
longer than 1 s so that the assumption of axisymmetry is
likely to be broken due to nonaxisymmetric instabilities.
Following the second collapse and as p. reaches its
maximum and decreases, a second bounce shock is
launched and leads to the runaway expansion of (Rg,)
(thick lines in the lower panel of Fig. 2) and the surge of an
O(10°")-erg E.y, (thin lines in the lower panel of Fig. 2)
that signal a successful HQPT-induced explosion. The
major quantitative results of the dynamics are summarized
in Table I. At the end of the simulation (50 ms after 7,y),
model rotl has the largest Eg, (~10°' erg) and while

model rot2 has the smallest E,, (~0.25 x 10°! erg). We

Major quantitative results of our hydrodynamic simulations. 7,5y, is the time of the first (second) bounce. p¢ max 1(2) is the

maximum central density after the first (second) core collapse. Mpcs ¢, is the critical mass of the protocompact star immediately before
the second collapse. Here, the protocompact star refers to the region with densities > 10'! gem™.

Model Iy [S] Pe,max | [1014 gcm_3] Iyp — Iy [S] MPCS,crit [MO} Pecmax 2 [1014 gCl’l’l_3] Eexp [1051 erg]
rot0 0.341 3.51 0.353 1.87 10.77 0.79

rotl 0.349 3.42 0.490 1.94 10.38 1.00
rotl.5 0.359 3.32 0.712 2.02 9.70 0.80

rot2 0.374 3.16 1.190 2.16 8.98 0.32

rot3 0.427 2.70 e e e e

rot4 0.548 2.08
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FIG. 3. Time evolution of the central density (upper panel) and

central quark volume fraction (lower panel) from 300 ms before
to 20 ms after the second bounce 7,,,. Note the scales are different
in the epochs before and after #,,, which is marked by the black
vertical line. The gray shaded horizontal bands are the same as
those in Fig. 2. The spurious sudden increase of p. as well as
Xquark.c at f, —0.13 s and fp, — 0.05 ms in the model rot2 is
confined the central few km and has negligible dynamical effect
on the protocompact star, cf. Fig. 5.

remark that the nonmonotonic relation between E.,, and
the rotation rate requires a further systematic investigation.

To have a closer look at the HQPT-induced collapse of
PCS and the subsequent bounce, we plot the evolution of p,
and the central quark volume fraction Xy from 7o, —
300 ms to t,, + 20 ms in Fig. 3. Note that the scales of the
x-axis are different in the epochs before and after #,,, which
is marked by the black vertical line. Before p. reaches
Puani» 1-€., With purely hadronic matter at the center, p,
grows in an almost constant rate. As the HQPT sets in and
the center enters the mixed phase, the growth rate of p,
increases. Eventually when p, reaches p.,,» with purely
quark matter at the center the PCS collapses dynamically
and p, reaches its maximum in less than 1 ms. After 7y,
faster rotation results in a smaller p, with a more
prominent oscillation for a few ms, corresponding to
the hydrodynamical ringdown of the strongly rotating
quark matter core. Figure 4 shows the PCS dynamics and
development of the second bounce shock shortly after 75,
in the model rot2. The extreme oblateness of the PCS can
be seen from the isodensity contours marked by the black
lines, while the shock front has a prolate shape. These bear
a close resemblance to the dynamics of the first bounce in
rotating CCSNe [76].

The model rot2 experiences spurious sudden increases of
pe and X o at 0.13 s and 0.05 ms before 7, (cf. Fig. 3).
This is likely due to the almost flat pressure-density relation
in the mixed phase. However, these increases have a
negligible effect on the global dynamics of the PCS core,
which is depicted by Fig. 5 with the time evolution of the
radius at fixed enclosed masses r(M), where M ranges

Logio(Entropy [kg nuc~])
A4 0.6 0.8 1.0

z [km]

40
r [km]

60

FIG. 4. Snapshots illustrate the PCS dynamics and the development of the second bounce shock at ¢t = f,, (left panel), t =
1o, + 0.3 ms (middle panel) and ¢ = f,, + 0.6 ms (right panel). t = f,, and = t,,, + 0.6 ms correspond to the times of the maximum p,
and the following dip for model rot2 in Fig. 3. The color maps encode the magnitude of entropy, the black curves mark the isodensity
surfaces with densities of 10'#, 1013, 10'2, 10" gcm™ from the inside out, and the arrows depict velocities. The white curves mark the

locus of the second shock.
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FIG. 5. Black lines show the time evolution of the radius at

fixed enclosed masses r(M), where M ranges from 0.1 M, to
2.1 My with a step of 0.1 M. The color map shows the time
evolution of the angular-averaged density profile. The time of the
second bounce is marked by the vertical white line.

from 0.1M to 2.1M 5 with a step of 0.1M . r(M) shrinks
slowly until the dynamical collapse signaled by the sharp
decreases of r(M) shortly before f,,, which is marked by
the white vertical line. After z,;,, #(M) bounces up (even to a
slightly larger value for M = 2.1M, than that before the
collapse) and then oscillates for several cycles across the
following ~5 ms. The global oscillation of the PCS after ¢,
can also be seen from the time evolution of the angular-
averaged density profile, which is shown with the color
map in Fig. 5. To unveil the nature of oscillations in the
model rot2, we perform a Legendre decomposition of the
radial velocities (v,)) in the PCS. Figure 6 shows the lowest
3 Legendre components of », at 10 km from 2 ms before to
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FIG. 6. Coefficients with / =0, 1, 2 of the Legendre decom-
position of the radial velocities at 10 km. An angular resolution of
4° is used for the Legendre decomposition.
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FIG. 7. Time evolution of the mass (upper panel) and radius
(lower panel) of the protocompact star after the first bounce. The
open stars in the upper panel mark the critical Mpcg immediately
before the second collapse. The inset in the lower panel
exemplifies the evolution of Rpcg around the second bounce.

10 ms after f,,. Prominent oscillation is seen for / = 0 and
2, indicating both radial and quadrupolar nature. The [ = 0
and 2 oscillations have almost identical frequencies, similar
amplitudes and similar damping timescale.

Rotation also impacts the time evolution of the PCS mass
and radius as shown in Fig. 7, where the PCS surface is
defined at the angular-averaged radius with a density of
10" gem™3. During the accretion phase after t,,, Mpcg iS
slightly smaller for faster rotation which slows down the
accretion and Rpcg is larger due to the centrifugal support.
The second collapse is signaled by the sudden drop of Rpcs,
which is exemplified in the inset of the lower panel of
Fig. 7. The critical PCS mass immediately before the
second collapse (Mpcs i, marked by the open stars in
Fig. 7 and listed in Table I) is larger for faster rotation as
rotational support counteracts gravity to delay the collapse.
Mpcs e of the model rot2 is 0.29M o, (~15.5%) larger than
that of the model rot0. On the other hand, Rpcg at the
second collapse is almost independent of the rotation rate.
The inset of the lower panel of Fig. 7 also shows the
oscillation of Rpcg after the second bounce in the rotating
models.

The PCS rotation is greatly accelerated during the
dynamical collapse and postbounce accretion phase because
more angular momentum gets concentrated in it. Figure 8
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FIG. 8. Time evolution of the parameter f (upper panel) and the

total angular momentum (lower panel) of the protocompact star
after the first bounce.

depicts this spin-up process with the time evolution of Spcg
(upper panel) and Jpcg (the PCS total angular momentum,
lower panel) after the first bounce. Here /3 is the ratio of the
rotational kinetic energy 7 to gravitational potential energy
|W|, and |W| is calculated with the approximate GR
gravitational potential with the Case A formula [67]. A
sudden increase of fpcg is seen at both the first and second
collapse as Rpcg decreases, while fpcg grows with a nearly
constant rate in the postbounce accretion phases. Values of
Prcs and Jpcg at some critical time points are listed in
Table II. It is interesting to note that after the second bounce,
the model rot2 (rotl.5) reaches similar fpcg and Jpcg than
those of the model rot4 (rot3) after the first bounce, while the

TABLE II.

initial central angular velocity € is smaller by a factor of 2.
This demonstrates that the HQPT-induced collapse can yield
a significant PCS rotation rate that is unlikely in a single
collapse scenario of the canonical CCSNe with a normal
progenitor rotation rate [61]. The fpcg after the second
bounce in the model rot2 (~15%) is greater than the
threshold value for the secular bar-mode instability (in
Newtonian theory .. = 14% [77], while GR can lead to
a smaller f.. [78]). Persistent GW emission can arise
from nonaxisymmetric instabilities and warrants further
investigation.

B. Gravitational waves

In Fig. 9, we plot the GW strain (4, D) as a function of
time from 0.02 s before to 0.3 s after the first bounce in the
models rot0...rot2. The inset in Fig. 9 more clearly
illustrates the waveforms around ¢, including also those
of the models rot3 and rot4. The bounce signals exhibit the
generic features routinely found for rotating CCSN models,
cf. [79]. A prominent positive (negative) peak is found
before (after) 7y, with a magnitude of 4, D ~ O(100) cm,
which is designated as /i (fnee1) With its magnitude
listed in Table III. These reflect the markedly quadrupolar
deformation of the stellar core due to rotation, while the
magnitude of its quadrupole moment rapidly changes
during the dynamical collapse and bounce. An important
fact is that the magnitudes of Ay, and hyeo; increase for
larger rotation rates from rotl to rot2, but saturate and
even decrease as the rotation rate goes beyond rot2. An
episode of GW emission follows £, for about 50 ms
with a frequency of several hundred Hz, corresponding to
the hydrodynamical ringdown of the fast rotating PCS.
Afterwards, GW emission subsides for about 50 ms until
its resurgence at ~t;, + 100 ms due to PCS oscillations
during the accretion phase. A, is smaller for a larger
rotation rate, likely due to the stabilization of convection
by a positive angular momentum gradient according to the
Solberg-Hgiland stability criterion [74,75]. The GW
signals around the bounce and during the accretion phase
in rotating CCSNe have been studied in great detail,
and we refer the interested readers to [42-44] for the

Quantities that measure the rotation rates of the progenitor and protocompact star. fiypcs) is the ratio of the rotational

kinetic energy to gravitational potential energy of the progenitor (protocompact star). Jiyipcs) is the total angular momentum of the
progenitor (protocompact star). The subscripts, 1b, 2¢ and 2b, refer to the moments at #;, + 10 ms, #,, —5 ms and 5, + 10 ms. See
Fig. 8 for the detailed time evolution of fpcg and Jpcg. Here, the progenitor refers to the region that has been mapped to the
computational grid and the protocompact star refers to the region with densities > 10" gem™.

Model Pini [%] Prcs, b [%] Prcsac [%] Prcs b [%] Jini [10%8 erg - s] Jpcs, v [10% erg - s] JIpcs e [10% erg - s]
rotl 0.04 1.4 3.0 4.3 3.30 0.89 1.84

rotl.5 0.10 3.0 6.7 9.4 4.96 1.34 3.03

rot2 0.18 52 12.2 15.2 6.61 1.78 4.62

rot3 0.40 10.1 e e 991 2.65 e

rot4 0.71 14.4 13.20 3.36
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FIG. 9. Time evolution of the GW strain from 0.02 s before to 0.3 s after the first bounce in the models rot0.

0.2 0.3

t— tlb [S]

..rot2. The inset

exemplifies the episode between #;, — 0.01 s and #, + 0.02 s and includes the models rot3 and rot4.

utilization of the signals to measure the rotation rate and
progenitor compactness, and to constrain the nuclear
matter EOS.

Fig. 10 depicts the GW waveforms of the models
rot0...rot2 in a time window of 0.1 s centered at f,,.
Before the second collapse, the magnitude of A, D is
010 cm and smaller for a larger rotation rate. The second
dynamical collapse and bounce result in a burst of GW
emission (illustrated in Fig. 11) that resembles that during
the first collapse and bounce but with a much larger
h,D. The prominent positive (negative) peak before
(after) 1y, is dubbed /hpog (Myegr) With the magnitudes
listed in Table III. The magnitude of /i, D at these peaks is
O(1000) cm for the rotating models, which is an order of
magnitude larger than that of A, and Ay, . It can be
understood by the approximate relation between the GW

TABLE III.

amplitude Ah = hyos — hye, and the properties of the
rotating core derived in [43,44]:

G

Ah~——-=
c*DMR?

2. (4)

Here, M, R, and J are the mass, radius, and total angular
momentum of the rotating PCS core. M and J are about a
factor of 2 larger at the second bounce than that at the first
bounce, while R is about half. By Eq. (4) a factor of ~8 is
expected for the enlargement of A# at the second bounce,
roughly in agreement with the result of simulations. In
Appendix we show the convergence of the GW signal at
the second bounce for the model rot2 with different spatial
resolutions.

Quantities about the main features of the multimessenger signals. fo.1(2) and /peg1(2) are the GW strain of the positive and

negative peaks around 7 (3y,. D is the distance. Note that for the model rot0, we take the extreme amplitudes of /1, around #1(3)p, a8 Apes1(2)

and hnegl(Z)- LD‘,.max and <E17,,>max
neutrino burst associated with the second bounce shock.

are the maximum angular-averaged luminosity and mean energy of electron anti-neutrino (7,) of the

Model hpole [Cm] hneng [Cm] hposZD [Cm] hnegZD [Cm] LDe.max [1051 erg S_l] <E17¢ >max [MCV]
rot0 5 -6 515 548 556 28.5

rotl 30 -74 340 —1068 695 345
rotl.5 58 —145 948 -3190 564 31.6

rot2 84 -219 1074 —1836 267 25.2

rot3 96 -215

rot4 61 —146
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FIG. 10. Same as Fig. 9, but for the time evolution of the GW from 0.05 s before to 0.05 s after the second bounce in the models

rotQ...rot2.

The nonrotating model also generates a strong GW pulse
during this episode with a maximum A, D of ~700 cm,
which is a factor of 2-4 larger than that in [25,26]. However,
the ratio of this peak magnitude to the mean GW amplitude
before the second collapse (~30 cm) is about 25, which is
compatible with the published results. Yet this relation for

2 -
g .!
L
ER
g N
= L
o L
S L
= _F
Q L
o L
< L ;
_9 __ || ...... rot0
i || === r0tl
i I — = 10tl.5
=3 b — 10t2
£ ! ! | ! ! ! | ! ! ! | ! ! !
-2 0 2 4 6
t — top, [ms)
FIG. 11. Time evolution of the GW strain from 2 ms before to

10 ms after the second bounce in the models rot0...rot2. This
figure focuses on the episode in Fig. 10 with saturated magni-
tudes. Note the different y-axis scale compared to that in Fig. 10.

the GW amplitudes in nonrotating models needs to be
checked in a systematic way for different progenitor
models and EOS:s.

After the second bounce, the GW amplitude drops to
h. D ~ O(10) cm after about 5 ms. The slowly varying
deviation of /. from O for the model rot0 corresponds to
the ejection of neutrino-heated materials behind the
expanding accretion shock (cf. Fig. 2). We also note a
dramatic increase of the peak GW frequency after the
second bounce, similar to the results in [25,26].

To assess the GW detectability, we calculate the char-
acteristic GW strain A, from its spectral energy density
following Ref. [80]. After some simple math, the formula

reads
/32 .
hchar(f) = Bf|h+|’

where /. is the Fourier transform of /. Figure 12 shows
the spectra of &, for the models rot0...rot2 in the 100-ms
Hann window centered at t,;, compared to the sensitivity
spectrum of Advanced LIGO (solid black curve, [81]). The
distance is assumed to be 10 kpc except the thick red curve,
which assumes a distance of 1 Mpc for the model rot2. The
models rot0, rotl.0, and rotl.5 exhibit a broad peak at
several kHz, similar to that found in nonrotating CCSN
models [25,26]. The model rot2 has a narrower peak
centered at ~800 Hz, which corresponds to the prominent

(5)
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FIG. 12. Characteristic GW strain hy, for the models

rot0...rot2 in the 100-ms Hann window centered at t,,
(cf. Fig. 10). The black solid line is the amplitude spectral
density of the detector noise multiplied by the square root of
frequency for Advanced LIGO at its design sensitivity. The A,
spectra assume a source distance of 10 kpc except the thick red
line whose distance is 1 Mpc.

oscillations following &,,,. Note that the secondary peaks
at ~1000 Hz for the models rotO, rotl.0, and rotl.5
originate from GW emission during the 50-ms episode
before #,,,. The GW signals are likely to be detectable for all
models in the Milky Way Galaxy by Advanced LIGO,
while the model rot2 may allow detection for an event
1-Mpc away.

C. Neutrino signals

It has been discovered by 1D [6,7] and 2D [25,26]
nonrotating CCSN simulations that the breakout of the
second bounce shock at the neutrinosphere results in a ms
D,-rich neutrino burst. Here we focus on the impact of
rotation on this neutrino signature of the HQPT. In
Fig. 13, we plot the angular-averaged luminosity curve
L and mean energy (E) of o, from 2 ms before to 10 ms
after the second bounce for the models rot0...rot2.
The quantities are extracted at a radius of 400 km so
that the neutrino burst associated with the second bounce
peaks at ~t,, + 1.5 ms. Interestingly for the rotating
models rotl.5 and rot2, oscillations in both L,;P and
(E;,) with a period of ~1.2-1.3 ms are clearly seen
following the first peak for ~5 ms. In Appendix, we
show the convergence of the neutrino signal with differ-
ent spatial resolutions and the visual correlation of the
oscillations in the multimessenger signals and PCS
modulo the time shift. Another important fact is that
the order of the maximum L;_ and (E; ) (cf. Table III) is
the same as that of Eexp, with rotl > rotl.5 = rotQ > rot2.

800
. eeeas roto
600 |- I T ot
rotl.5

t — top, [ms]

FIG. 13. Time evolution of the angular-averaged luminosity
(upper panel) and mean energy (lower panel) of electron anti-
neutrinos around the second collapse and bounce.

The potential relation of L;_ . and (Ej )., With Egy, is
another interesting extension of our work to be explored
with a systematic set of simulations.

Rotation also leads to directional variation of the
neutrino signals. A smaller neutrino luminosity is
expected at the equator than that at the poles because
the more extended density profile due to rotational
support delays and suppresses the leakage of neutrinos
[82]. The upper panel of Fig. 14 shows the angular
dependent luminosity of 7, at five 20° angular bins. A
larger L;, is observed for a smaller angle with respect to
the poles. Oscillations in L; are seen for all directions.
We plot the coefficients @; of a Legendre decomposition
and a; divided by the monopole luminosity aq in the
middle and lower panels of Fig. 14, respectively. In
addition to the quadrupolar signal already present before
the second collapse (due to the rotation), we see an
oscillatory a,/ay, indicating the quadrupolar oscillation
of the PCS. Following the second collapse the baseline
a,/a, seems to also be increasing, owing to the stronger
deformation of the rapidly rotating quark core.

Lastly, we remark on the difference of the L; oscil-
lation found in this work with that of [24]. Reference [24]
simulated a set of failed CCSN models in which the
second bounce shock is unable to overcome the ram
pressure of the envelope. After the shocked materials fall
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FIG. 14. Time evolution of the angular dependent luminosity of
electron antineutrinos (top panel), the coefficients a; of its
Legendre decomposition (middle panel) and a;/a, (bottom
panel). An angular bin of 20° is used in the upper panel to
reduce numerical noises. An angular resolution of 4° is used for
the Legendre decomposition.

back, the PCS then oscillates for tens of ms due to its
excess kinetic energy. The PCS oscillations there are
purely radial. In this work, the PCS oscillations stem from
the hydrodynamical ringdown of the rapid rotating core
and have both radial and quadrupolar nature. In this work,
since the HQPT leads to successful explosions, there is no
excess kinetic energy in the PCS to give such persistent
radial oscillations as [24].

IV. CONCLUSIONS

We have explored the impact of rotation on the multi-
messenger signatures of a HQPT in CCSNe. We per-
formed a suite of CCSN simulations using FLASH, starting
from the progenitor model WH20 with several different
initial rotation rates. The HQPT is prescribed as first-order
in the RDF1.9 EOS [48]. The PCS born in CCSNe

collapses shortly after its center transits to purely quark
matter and rotation delays this second collapse signifi-
cantly due to the centrifugal effect. The second bounce
shock results in successful explosions in all models with
the HQPT, while the diagnostic explosion energy E., has
a nonmonotonic trend with the increasing rotation rate
(cf. Table I).

With rotation, the second collapse and bounce give rise
to strong GW emission with an amplitude 10 times larger
than that generated by the first collapse and bounce. GW
frequency during this phase is at several kHz except for the
fastest model with the HQPT (rot2). The PCS pulsation
during the hydrodynamical ringdown phase results in a
peak GW frequency of ~800 Hz. The GW signal of the
model rot2 may allow a detection at a distance of 1-Mpc by
Advanced LIGO. Meanwhile, the second collapse leads to
a significant acceleration of the PCS rotation, with flpcg >
Peee = 0.14 in the model rot2. Persistent GW emission may
arise from secular nonaxisymmetric instabilities due to the
large fpcs. However, we remark that here fpcg is calculated
with an approximate GR gravitational potential [67] and its
reliability needs to be verified in real GR hydrodynamic
calculations.

The breakout of the second bounce shock at the neutrino-
sphere produces a prominent 7,-rich neutrino burst. The
peak luminosity of 7, in this burst has the same hierarchy as
E., with respect to the rotation rate. The postbounce
pulsation in the rapidly rotating models (rotl and rot2)
leads to oscillations of the neutrino signal after the breakout
neutrino burst. The frequency of this oscillation is locked
with the GW emission at the same time. The directional
decomposition of the neutrino luminosity shows the quad-
rupolar nature of the oscillations. A joint detection of the
GW and neutrino signals may help us to infer the
occurrence of HQPT in PCS and to measure the PCS
rotation rate.

The main caveat for this work is the assumption of
axisymmetry that completely ignores the possibility of
nonaxisymmetric hydrodynamic instabilities developing
due to the fast rotation. Early studies on rapidly rotating
relativistic stars suggested that the dynamical m =1
instability occurs for a large p of ~0.25 [see e.g.,
[83]], which is not reached by our fastest rotating model.
Recent CCSN simulations have found that nonaxisym-
metric instabilities may set in for a much lower value of f3,
though subject to the methods and resolution employed
by simulations. Reference [84] found nonaxisymmetric
instabilities for # ~ 0.07 which lead to the decrease of
and the increase of p.. Magneto-hydrodynamics simu-
lations in [85] saw a even lower f of ~0.03 for non-
axisymmetric instabilities. Nonetheless, if a HQPT occurs
when the PCS retains a finite f, we expect similar
imprints in the multimessenger signals associated with
the HQPT-induced collapse of PCS as those found in
this work.
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Our work has demonstrated the main features of the
multimessenger signals of rotating CCSNe with the
occurrence of a HQPT. All the multimessenger data are
publicly available at [86] to be used for the prospect of
detection. We expect further systematic investigation to
unveil the quantitative relations between the observable
and simulation inputs, such as the progenitor mass and
initial rotation rate, as well as the prescription of the
HQPT. Moreover, the assumption of axisymmetry during
the accretion phase after the first bounce should be
checked with three-dimensional and perhaps fully GR
simulations [84].
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APPENDIX: CONVERGENCE TEST OF SPATIAL
RESOLUTION

Here, we present a convergence test of the spatial
resolution for the model rot2 (Fig. 15). Ir refers to the
simulation with the same highest level of refinement
throughout the run, i.e., Ax =300 m inside ~60 km.
The hrl and hr2 simulations add a higher level of refine-
ment (Ax = 150 m) for the PCS inside ~30 km starting
from ~4 ms and ~140 ms before #,,. In Fig. 15 we
compare the time evolution of the central density (panel
a), mean PCS radius (panel b), GW strain (panel c), and
angular-averaged luminosity of 7, in these 3 simulations
from #,, —3 ms to fp, + 10 ms. It shows an excellent
convergence of the multimessenger signals of the HQPT
in a rapid rotating CCSN model.

t — top, [ms]

FIG. 15. Time evolution of the central density (panel a), PCS
radius (panel b), GW strain (panel c) and angular-averaged
luminosity of electron anti-neutrinos (panel d) in the model
rot2 with different spatial resolutions. The setup of hrl is used in
the main text. See text for the detailed description of each
simulation.
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