
�)�£�@0æĆú£�köĤĴĽġķĦ
e-�4ł ®wuŃ +iRł q�|	ń

ł~?28 ŃĝĸİėĴĜğġA�28 ń,�3X"

�Z

���îĈňŁ4¨�¤\ú£�@0ċńh���{;�zĤĴĽġķĦ�<l�ėįĴĹĽėĵĻċ�òô�þðâĨčĻęLáÕ×Þ³ÈµàÊà�
9:öäål��9:ùąòô�5�O6\ç1Iíá�5�O6\úĀĊćùmr�çtĉĈúċ}�íðâ1Iíð�5�O6\ömr�
æĆp&azø£�kçV�ìĉáïúĪĽēU�Wç]¥ööăù/�îĈúċx�íðâĤĴĽġķĦ�Eùăp&azøU�ç�Ćĉðâë
úU�úĪĽēU�Wûmr�úbWö£�kúĪĽēU�Wùąòô�[õèá£�kúU�öĤĴĽġķĦ�EúU�ùHä{¦çãĈëö
çĊæòðâ

ł �^
2�¤\ú£�@0û��ø£�kļĤĴĽġķĦoúýöóõãćá
=cĮĸĞığěĻĘĳĽ�nçaKìĉĈâ2�¤\ú£�@0ú
åñá�)�ċ�å\ú£�@0ûá�5�O6\úHäC�)
�çÕ×Þ³ÈµàÊà�9:ö'üĉĈ©�;�l��9:ċ�ëíá�
5�O6\ú1Iömr�úISċGè�ëîâëú)�£�@0
+`úĝČģįēęûáV�ìĉĈ£�kĄĤĴĽġķĦùJ«ċ�ÿ
îâ�YõáÕ×Þ³ÈµàÊà�9:û�5�O6\ç÷ĉéĆä>ìäæ
ùJ«ċ!êĈðĂáĤĴĽġķĦ�<��ö��{;�zø�<l
���ú�Y ć�ĉðW���ç£�kĄĤĴĽġķĦú:¤zø

núðĂù£�ùøĈçáïúąåø��û�Ċĉôëøæòðâ

Ń Tj
ńh���{;�zĤĴĽġķĦ�<l�ėįĴĹĽėĵĻĖĽĢ
ľÃÜÙ×ÏÌ¯ÐÛ¯ÌÕ´¯¸¶·¼Ŀċväôá2�¤\ú£�@0ú �ċ�
�íðâ
• ��{;�ŉÂÇÇÆīďĽĮķĚİ
• ĤĴĽġķĦ�<��ŉÅ·jċväðĎĥĸĒĽ�7ĤĴĽġķĦ�
<��

• ÆÐÚÛÐÏ¯ÑÙÓÏjľ_>ĔķğĢDÁº»¾ÖĿ
• ÄÌÛÛÓÖÐÙ°ÇÞÐÚÛßrQY�F±Ã¯Á¯¸¸¶¯ÅÐÉ²
• ½¶4¨�¤��\ĲĠĸ±ÈÌÔÌÒÌÚÒÓ¯ÐÛ¯ÌÕ´¯¸¶·º²
• �a�N)���Eŉ¸´¶¯ÙÌÏµÚ

ń ���d

ńŀł £�k ľÌÙËÓÝÀ·¿¶¿´¶¿½¹¶Ŀ

*łç�¡Y%ľBĿļgY%ľ#ĿæĆāð£�kkI±Ò²
öïúęĭēġĸ �ľęĭēġĺĔĶİĿõãĈâp&aU
�úU�Wç/�íôäĈúçĊæĈâÛØÍŊ½¶ÖÚú£�
kçHéøòôäĈöèá�5�O6\ĀĊćùûłbúm
r�çtĉľ*ŃBĿá ÛØÍŊ·¶¶ÖÚ�§ú£�kçHé
øòôäĈ¬ùûá�5�O6\ĀĊćùûŃbúmr�
çtĉðľ*Ń#Ŀâëú£�kûh��£�kf�(õ
ãĉüáÅØÎęĕĽĸĀõf�çaKõèĈľ*ńĿâ

ńŀŃ ĤĴĽġķĦ

ĤĴĽġķĦ�EùăáÕ×Þ³ÈµàÊà�9:ç�ëćámr�çISì
ĉðöèùU�ç�Ćĉðľ*ŅĿâĤĴĽġķĦ�EúęĭēġĺĔ
Ķİċ�þĈöľ*ņĿáłbúmr�úöèû£�kú��úU
�Wľ�úy�Ŀõá Ńbúmr�úöèû£�kúU�Wõá
ĤĴĽġķĦ�EçU�íôäĈëöçĊæòðľ�úy�ĿâħČ
ĩĽđįĐđĻĠõúf�Wċ��íðúç*ŇùøĈâ

Ņ ĀöĂ
ļ�)�£�@0õûá£�kļĤĴĽġķĦú��ùtĉĈp&aU�úU�Wçá]¥ööăù/�îĈëöċx�íðâ
ļĤĴĽġķĦö£�kú$]�nùąòôá£�@0ú�¢õ÷úąåømr�çISìĉôäĈæúP.ċMĈëöçõèĈâ

A New GW Signature of Low-T/|W | Instability 3

Figure 1. GW strains (top) and spectrograms of their characteristic strains (bottom) seen along the equator (left) and along the pole (right) at a source distance
of 10 kpc. The plus modes and the cross modes of the GW strains are shown by the red solid lines and the blue dashed lines, respectively.

Figure 2. Density deviation normalized by the averaged density in the
equatorial plane tpb = 70 ms (top left) and tpb = 140 ms (top right) and
spectrograms of m = 1 (bottom left) and m = 2 (bottom right) mode
amplitudes for the density. The average is taken over a circular ring of radius
ϖ =

!
x2 + y2 in the equatorial plane. The mode amplitude of Cm is

computed through the azimuthal Fourier decomposition of the density at
ϖ = 100 km and z = 0 km and its spectrogram C̃m(t , f ) is shown in the
bottom panels for m = 1, 2.

(using the real part). In the bottom panels of Fig. 2, we show C̃m(t, f )
for m = 1 (left panel) and m = 2 mode (right panel), respectively. In
the first active phase (60 ! tpb !80 ms), one can see that both the
m = 1 and 2 modes grow, but the m = 1 mode amplitude is bigger
than the m = 2 mode . In the second active phase (tpb " 110 ms),
the dominant mode is m = 2 as clearly seen from the bottom right
panel of Fig. 2. Note that likewise the GW spectrogram (bottom
right panel of Fig. 1), the peak frequency of C̃2(t, f ) (bottom right
panel of Fig. 2) also increases with time.

One can determine the eigenfrequency of the spiral-wave pat-

Figure 3. Contributions from each spherical shell of radius r to the GW
spectrogram (seen from the pole) in a logarithmic scale of h. The range of
the plotted layers is denoted in the upper right corner of each panel. As a
reference, the bottom right panel shows the total GW spectrogram.

tern (namely, the m-th mode of fmode,m) from the peak frequency of
C̃m(t, f ). Note that the frequency with respect to the pattern speed
of the m−th mode is determined by fpat,m = fmode,m/m (Watts
et al. 2005). So fmode,1 and fpat,1 are identical for m = 1. In the
first active phase (60 ! tpb !80 ms), the m = 1 eigenfrequency
is fmode,1 = fpat,1 ∼ 200 Hz (bottom left panel of Fig. 2). Sim-
ilarly, in the second active phase, the m = 2 eigenfrequency at
fmode,2 ∼ 400 Hz (bottom right panel of Fig. 2) is, for instance,
translated into fpat,2 ∼ 200 Hz.

In both the first and second active phases, it is a natural conse-
quence that the m = 2 mode frequency of fmode,2 (= 2 fpat,2) (i.e.,
bar-mode deformation of the spiral flows) leads to the dominant
quadrupole GW emission with the same frequency. In fact, one can
see a nice match of the ramp-up frequency feature between the bar-
mode amplitude (C̃2(t, f )) of the spiral flows (bottom right panel of
Fig. 2) and the GW spectrogram (seen as a red band from ∼ 400 to
800 Hz in the bottom right panel of Fig. 1).

Fig. 3 shows contribution of different spherical shells to the
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Figure 4. Color map of m = 2 mode amplitude for density variation C2 as a
function of time and cylindrical radius (see text for the definition). The red
hatched band indicates (1.0±0.1)ϖcor, where ϖcor is the corotation radius.

GW spectrogram (seen from the pole). One can see that the ramp-up
signature is generated almost all in the layers between 10 ! r !
100 km, whereas the dominant contribution from each shell differs
with time. Note that there is also a contribution from behind the
shock (100 < r < 200 km). Our results clearly show that both
the non-axisymmetric flows that develop in the vicinity of the PNS
core surface (r ∼ 10 km) and the spiral arms extending above
coordinately give rise to the ramp-up GW emission.

Watts et al. (2005) firstly suggested that a necessary condition
for the low-T/|W | instability is the existence of the corotation radius
where the angular velocity is equal to the pattern speed of an unstable
mode (Saijo & Yoshida 2006). Following this idea, we attempt to
interpret how the ramp-up feature seen in the second active phase
(tpb " 110 ms) is produced. In order to clarify how the development
of the m = 2 unstable mode is related to the corotation radius, we
show in Fig. 4 the time evolution of spatial profile of normalized
amplitude of the density perturbation with m = 2 mode |C2(t,ϖ)|
and the corotation radius (ϖcor). Note that there is a finite-width
range (∼ 10% level) in estimating the pattern speed (corresponding
to the vertical width of the green stripe in the bottom right panel
of Fig. 2). Given this, the location of the corotation radius is also
defined with a 10 % error bar as (1.0 ± 0.1)ϖcor, which is shown
by the red hatched regions in Fig. 4. As one can see from Fig.
4 and Fig. 3, the region above the corotation radius (20 km !
r ! 100 km) contributes to the GW spectrogram more largely
than the corotation radius (10 km ! r ! 20 km) does. One of the
reasons is that the highly deformed region (the reddish region in Fig.
4), leading to stronger GW emission, locates above the corotation
radius. Seen from the hatched region of Fig.4, the corotation radius
gradually shrinks from ∼ 22 km (tpb ∼ 110 ms) to ∼ 16 km at
the final simulation time. This closely coincides with the PNS core
contraction. As being dragged by the shrink of the corotation region,
the inner edge of the highly deformed region with m = 2 mode
also moves inward. This also supports the idea that the m = 2
PNS distortion may be generated via resonance at the corotation
radius, leading to the formation of the two-armed spiral waves. The
gradual recession of the corotation point leads to the spinning up
the two-armed spiral waves (bottom right panel of Fig. 2), which is
reconciled with the ramp-up GW feature as seen in the bottom right
panel of Fig. 1.

In the end, we discuss detectability and observational rate of
the GW signals. Fig. 5 shows the GW spectral amplitudes seen
from the polar (red lines) and the equatorial (blue lines) observer at
a distance of 10 kpc (solid lines) and 1 Mpc (dotted lines) relative
to the sensitivity curves of the advanced LIGO, advanced VIRGO,

Figure 5. Characteristic GW spectral amplitudes of our model seen along
the pole (red lines) and along the equator (blue lines) and of the non-
rotating model from Kuroda et al. (2018, thin gray line) measured up to
tpb < 270 ms as a source distance of 10 kpc (solid lines) and 1 Mpc
(dotted lines) relative to the noise amplitudes of advanced LIGO (aLIGO;
cyan), advanced VIRGO (AdV; green), KAGRA (magenta) from Abbott
et al. (2018), Einstein Telescope (ET; orange; Hild et al. 2011), and Cosmic
Explorer (CE; navy; Abbott et al. 2017). The detector noise amplitudes are
indicated by dash-dotted lines.

and KAGRA (Abbott et al. 2018); and the third-generation GW
detectors of Einstein Telescope (Hild et al. 2011) and Cosmic Ex-
plorer (Abbott et al. 2017). The peak GW spectral amplitudes of
our model are much larger than the non-rotating one of Kuroda
et al. (2018, thin gray line). In accordance with the spectrogram
analysis of Fig. 1 and 2, the peaks of the GW spectra are located
around 400 ! f ! 900 Hz, with the GW emission stronger toward
the rotational axis (red line). These GW signals can be a target of
LIGO, Virgo, and KAGRA for a Galactic event. But more interest-
ingly, these signals, the peak frequency of which is close to the best
sensitivity range (! 1kHz) of ET and CE, could be detectable out
to Mpc distance scale by the third-generation detectors.

To roughly estimate the observational rate of this kind of events,
we make a bold assumption that a rapidly rotating massive star con-
sidered in this work would be associated with long gamma-ray bursts
(lGRBs). About 1% of massive stars would rotate at sufficient speeds
for lGRB (Woosley & Heger 2006; de Mink et al. 2013). Among
these stars, a fraction of! 15% would finally form BHs based on the
assumption that all ultra metal-poor stars become BHs (O’Connor
& Ott 2011). The CC rate in the Local Group (several Mpc) is es-
timated as 0.2 - 0.8 events yr−1 (Nakamura et al. 2016). Therefore
the rate for CC events like our model in the Local group would be
estimated to be ∼ 0.0012 yr−1. Admitting that this event rate is an
order of magnitude lower than the Galactic supernova event rate
(0.019±0.011 yr−1 from Diehl et al. 2006), our results demonstrate
that detection of the strongest GW signals (so far predicted in the
context of full GR neutrino-radiation hydrodynamics simulations)
could provide a unique opportunity to probe into rapid rotation and
the associated non-axisymmetric instabilities, otherwise obscured
deep inside the massive stellar core.

4 DISCUSSIONS
Finally we shall discuss several limitations in this work. First our
simulation does not take into account magnetic fields. If magnetoro-
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