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Gravitational radiation from axisymmetric rotational core collapse
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We perform a series of two-dimensional hydrodynamic simulations of the rotational collapse of a supernova
core in axisymmetry. We employ a realistic equation of stgt@S and take into account electron capture and
neutrino transport by the so-called leakage scheme. It is an important step to apply the realistic EOS coupled
with microphysics to 2D simulations for computing gravitational radiation in rotational core collapse. We use
the quadrupole formula to calculate the amplitudes and the waveforms of the gravitational wave assuming
Newtonian gravity. With these computations, we extend the conventional category of the gravitational wave-
forms. Our results show that the peak amplitudes of the gravitational wave are mostly within the sensitivity
range of laser interferometers such as TAMA and the first LIGO for a source at a distance of 10 kpc.
Furthermore, we find that the amplitudes of the second peaks are within the detection limit of the first LIGO
for the source, and first point out the importance of the detection, since it will give us information as to the
angular momentum distribution of evolved massive stars.
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[. INTRODUCTION equation of stat€éEOS), an adequate treatment of microphys-
ics (electron capture and other weak interactjoasd neu-
Asymmetric core collapse and supernovae have been sufrino transport, and a relativistic treatment of gravitation.
posed to be one of the most plausible sources of gravitationddowever, it is difficult to incorporate all of them at the same
radiation for long-baseline laser interferometé@EO600, time. Therefore previous investigations have partially ne-
Laser Interferometric Gravitational Wave Observatoryglected or approximated the above requirements. So far most
(LIGO), TAMA, VIRGO] [1]. The detection of the gravita- of the computations have oversimplified the microphysics. In
tional signal is important not only for direct confirmation of addition, it has been reported that general relativity does not
general relativity but also for the understanding of supernoalter the significant features of gravitational radiation com-
vae themselves, because the gravitational wave is the onfgared with those obtained in the Newtonian approximation,
window that enables us to see directly the innermost part o$uch as the range of gravitational wave amplitudes and fre-
an evolved star, where the angular momentum distributioguencieq 14]. This situation motivates us to employ a real-
and the equation of state are unknown. istic EOS and treat the microphysics adequately in the New-
Observationally, the asymmetric aspects of the dynamictonian gravity. In this paper, we study the waveforms of
of supernovae are evident because they have been confirmgthvitational radiation in detail by performing improved ro-
by many observations of SN 1987R—4] and by the kick tational core collapse simulations and discuss what informa-
velocity of pulsarg5]. On the other hand, there is no theo- tion can be extracted from the analysis.
retical consensus on the origin of asymmetry. However, We describe the numerical models in the next section. In
given the facts that the progenitors of collapse-driven supeithe third section, we show the main numerical results. A
novae are rapid rotators on the main sequdideand that conclusion is given in the last section.
recent theoretical studies suggest a fast rotating core prior to
the collapsé¢7], rotation should play an important role in the
origin of the asymmetric motions in core collapse. It is noted Il. MODELS AND NUMERICAL METHODS
that anisotropic neutrino radiation induced by rotat{@&}
could induce a jetlike explosiof9] as suggested by obser-
vations of SN 1987A. We know little of the angular momentum distributions in
So far there has been some work devoted to studing gravihe core of evolved massive stars. Although it is supposed
tational radiation in rotational core collap$#0—16 (see that some instabilities grow and transport angular momentum
[17] for a review. To be rigorous, reliable core collapse during quasistatic evolutions, which mode prevails on what
simulations should require the implementation of a realistictime scale is not understood very well at present. Therefore,
we assume in this study the following two possible rotation
laws.
*Email address: kkotake@utap.phys.s.u-tokyo.ac.jp (1) Shell-type rotation:

A. Initial models
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TABLE |. The model parameters.

Model T/ W]inie(%) Rotation law Ro.X0,ZoX 1% (cm) Qo (s
SSL 0.25 Shell type Ro=1 2.8
SSS 0.25 Shell type Ro=0.1 451
SCL 0.25 Cylinder Xo=1, Zo=1 2.7
SCs 0.25 Cylinder Xo=0.1,Zo=1 31.3
MSL 0.50 Shell type Ro=1 4.0
MSS 0.50 Shell type R,=0.1 63.4
MCL 0.50 Cylinder Xo=1, Zp=1 3.8
MCS 0.50 Cylinder X0=0.1,Z4=1 44.4
RSL 1.50 Shell type Ro=1 6.8
RSS 1.50 Shell type Ry=0.1 112
RCL 1.50 Cylinder Xo=1, Zo=1 6.6
RCS 1.50 Cylinder Xo=0.1,Zo=1 76.8
RS The code is a Eulerian one based on the finite-difference
QAr)=QoX—5——, (1)  method and employs the artificial viscosity of von Neumann
r“+Rg and Richtmyer to capture shocks. The self-gravity is man-

aged by solving the Poisson equation with the incomplete
Cholesky decomposition conjugate gradient method. Spheri-
cal coordinates are used and one quadrant of the meridian
section is covered with 300(x50(6) mesh points. The
2 4 code is checked by standard tests such as the Sod shock-tube
o 0 ) problem. We have made several major changes to the base
X2+ Xé z4+zo’ code to include the microphysics. First we added an equation
for the electron fraction to treat electron capture, which is
whereX andZ denote the distances from the rotational axissolved separately. We approximated electron captures and
and the equatorial plane, aXg,Z, are model constants. The neutrino transport by the so-called leakage schife-23.
other parameters have the same meanings as above. Second, we incorporated a tabulated equation of state based
Although recent theoretical studigs] give estimates for on relativistic mean field theorj24] instead of the ideal gas
the angular velocity prior to collapse, they are one-EOS assumed in the original code. It is noted that the imple-
dimensional models with uncertainties, and not the final anmentation of the recent realistic EOS to 2D simulations is
swer. Hence we prefer a parametric approach in this papeimportant progress beyond the previous calculations. For a
We computed 12 models, changing the combination of thenore detailed description of the methods, see Kottkal.
total angular momentum, the rotation law, and the degree dfg].
differential rotation. The model parameters are presented in
Table I. The models are named after this combination, with
the first letter Sslow), M (moderatg R (rapid) representing )
the initial T/|W|;;, the second letter Sshell-typg, C (cy- We follow the methods df10,11 in order to compute the
lindrical) denoting the rotation law, and the third letter L graV|tat|0na}I waveform. We'summarlze it in _the' following
(long), S (shory indicating the values oR, and X,, which for convenience. The amplitude of the gravitational wave
represent the degree of differential rotation. The initial ratio«»=9u»~ 7., €N be calculated by the quadrupole formula
of rotational energy to gravitational energy is designated a&S follows:
T/|W|init - We have chosen 0.25%, 0.5%, 1.5% TdfW/|;;; - 2G 1 d? R
The rotational progenitor moddl18] corresponds to the hI(R)= — = — TT(t——), 3
model MSL(moderate, shell-type rotatioR,= 1000 km) in . c* Rdt2" c
our simulations, and we take this case as the standard model.
We have made preco”apse models by tak|ng a density an‘dherei ,j run from 1 to 3t is the time,R is the distance from
internal energy distribution from the spherically symmetricthe source to the observer, the superscript “TT” means to
15M , model by Weaver and Woosl¢29] and by adding the take the transverse traceless part, Bpis the reduced quad-
angular momentum according to the rotation laws statedupole defined as
above.

where(Q(r) is the angular velocity; the radius, and),R,
model constants.
(2) Cylindrical rotation:

Q(X,2)= QX

C. Gravitational wave signal

— 2 3
Iij_ p(X) Xin__EX 5” dex. (4)
B. Hydrodyna nics

The numerical method for hydrodynamic computationsThe second time derivative of the reduced quadrupole for-
employed in this paper is based on treus-2D code[19].  mula, which is difficult to treat numerically, can be replaced
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by the spatial derivative using the equations of motion. In the TABLE Il. Summary of important quantities for all modets.is
case of axisymmetric collapse, the transverse traceless gravhe time of bouncepmay,is the maximum density at boundé,,
tational field is shown to have one independent componeris the mass of the inner core at boun€éW|gn, is the final ratio of

h;};’ and it is dependent solely dkfg Then one derives for rotgtiongl energy to gravitational energy of the co@é,is the du-
the component oh™™ the following formula: ration time full width at half maximum of the first burst, and
' [nTT| ax i the maximum amplitude of the first burst. Note that we
speak of the inner core, where the matter falls subsonically, which

E2
T 1(15)\%2 . Az corresponds to the unshocked region after core bounce.
h09:§ — S|n20?, (5)
Model tp Pmaxb Mich T/|W|final At |hTT|max
4 _3 0 2

where 6 is the polar angle and5Z is defined as (m9 (10gem™) (Mo) (%) (m9 (109
SSL 227.4 2.95 0.74 4.87 0.58 1.03
312 - SSS 227.3 2.80 0.75 5.66 0.54 1.49

E2 G 327 1 ) )

ASR=— f f r2drdu p[vA(3u?—1)+v%(2 sCL 2412 287 075 509 046 093
¢* 15w Jo Jo SCS  230.7 2.84 073 646 056 2.00

MSL 242.7 2.65 0.75 8.44 0.72 1.58

—3u2) 02— 60,0 u\1— uZ—rd,d(3u’-1

K 7vg= 6o VL= p 1o R (3ut 1) MSS 2422 2.15 087 905 057 203

+30,0 u1— 2], 6) MCL 2419 2.85 076 838 070 153

MCS 245.4 1.45 091 994 051 287

whered, =dldr, d,=dld6, u=cosé, andd is the gravita- RSL 3387 121 0.94 146 289 048
tional potential. Since the gravitational wave radiates most iRSS ~ 328.6 0.53 0.96 13.3 2.80  0.78
the equatorial plane, the observer is assumed to be located ittt 3384 1.36 095 145 447 042
the plane in the following discussions. In addition, the sourcdRCS ~ 326.7 0.18 111 123 191 141

is assumed to be located at a distanc&ef10 kpc.

there exist some important differences when we compare

. NUMERICAL RESULTS them in more detail. We will discuss the differences in the
following.

In Fig. 2, the time evolution of the amplitude of the gravi-

We first show the general properties of the waveform withtational wave and the central density near core bounce for the
collapse dynamics. We choose the model MSlandardlas  model MCS are given. For the model, it is noted that the
a representative model. For later convenience, the values afitial rotation law is cylindrical with strong differential ro-
several important quantities are summarized in Table Il. Theation. By comparing the left panel of Fig. 1 to that of Fig. 2,
time evolution of the amplitude of the gravitational wave andthe oscillation period of the inner core for the model MCS is
the central density near core bounce are shown in Fig. 1. Aslearly seen to be longer than that for the model MSL. In
the inner core shrinks, the central density increases, and @her words, pronounced peaks can be seen distinctively in
core bounce occurs when the central density reaches its pe#tkis case. This is because the central density becomes smaller
of 2.65x 10" gcm 2 att,=243 ms. At this time, the abso- after the distinct burstecompare the right panel of Fig. 1 to
lute value of the amplitude becomes maximum. After thethat of Fig. 3. This effect increases with the initial angular
core bounce, the core slightly reexpands and oscillatemomentum(compare the left panel of Fig. 2 to that of Fig.
around its equilibrium value. As a result, the gravitational3). It is also found that the signs of the values of the second
wave shows several small bursts and begins to decay. Thepeaks are negative for model MCS, but positive for model
gross properties are common to all other models. HoweveMSL (compare the left panels of Figs. 2 and Note that by

A. The properties of the waveform
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FIG. 1. Time evolution of the amplitude of the gravitational waleft pane) and central density near core bouridght panel for the
model MSL.
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FIG. 2. Same as Fig. 1 but for the model MCS.

the “second peak” we mean that where the absolute amplitation law. Finally, type Il occurred only when the core col-
tude is second largest. The above characteristics are comméapses very rapidly¢=1.28) in their calculations. There are
to models for strongly differential rotation with a cylindrical no models that correspond to that type in our calculations.
rotation law(see Table Ill. A specific feature in the wave- This is because our realistic EOS is not as soft in the corre-
form is found for models RSL and RSS in which there existssponding density regime.

a small peak or shoulder before the peak b(sst the right

panel of Fig. 3. B. Maximum amplitude and second peak

Next we compare our results for the waveforms with \ye first discuss the relation between the maximum am-
those by Zwerger and Mier [12], who categorized the pjitde of the gravitational wave and the initial|W|. The
shapes of waveforms into three district classes. They used @aximum values and the related quantities are given in
polytropic EOS to express the pressure from the degeneratgyples | and II. From Fig. 4, it is found that the amplitude is
leptons asPxp”. They reduced the adiabatic indexfrom  |argest for a moderate initial rotation ratee., T/|W|;n
1.325 to 1.28 below the nuclear density regime in order to=0.5%) when one fixes the initial rotation law and the de-
approximate the related microphysics and neutrino transporgree of differential rotation. This is understood as follows.
They assumed the cylindrical rotation law for all the modelsThe amplitude of a gravitational wave is roughly propor-
and varied both the degree of differential rotation and theional to the inverse square of the typical dynamical scale
initial angular momentum. Our models except for thety, [e.g., Eq.(3)]. Sincetyy, is proportional to the inverse
strongly differential rotation with the cylindrical rotation law root of the central density, the amplitude is proportional to
correspond to the so-called type | in their nomenclature. Onhe density. As a result, the amplitude becomes smaller as the
the other hand, our models for strongly differential rotationinitial rotation rates become larger, because the density de-
with a cylindrical (not shell-typ¢ rotation law correspond to creases for a large initial rotation ratgee Table 1l and Fig.
their type Il. It should be noted that type Il signals were5). On the other hand, the amplitude is proportional to the
limited, occuring only for rapid, strongly differential rotation value of the quadrupole moment, which becomes large in
with a cylindrical rotation law in their models. Furthermore, turn as the total angular momentum increases. This is be-
in this study, we find that type Il does not occur for modelscause the stronger centrifugal forces not only make the mass
with a shell-type rotation law, regardless of the degree obf the inner core largetsee Table I, but also deform the
differential rotation and the initial rotation rate; on the otherinner core. The amplitude is determined by the competition
hand, it does occur regardless of the initial rotation rate irbetween these factors. As a result, the amplitude becomes
the case of strong differential rotation with a cylindrical ro- extreme for moderate initial rotation rates in our calculation.

4 T T 0.4 T T .
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0.2 1 03+ i
or 1 0z |
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é -04 | 9 ol
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% L 01t
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FIG. 3. Waveforms for models RC&ft pane) and RSL(right panel. In the left panel, very distinct peaks are seen. In the right panel,
a small peak and shoulder after the first burst can be seen.
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TABLE Ill. Some characteristic quantities for the waveform 3~ : : : : :
analysis. The names of the models whose initial rotation law is e §§ 223 ,,,,,,,,,,,
cylindrical with strong differential rotation are written in bold let- 2.5 g:: ggg """ =

ters. T, and T, are the first and second oscillation periods of the

inner core, respectively is the amplitude of the gravitational

T

wave at the second peak.

second
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N
T

Density at bounce [1014 g/cms]
=
o

Model Tl)sc Tlolsc h;—gcond 1r

(ms) (ms) (10729

0.5

SSL 1.6 24 0.82
SSS 15 2.2 0.94 0o.z 04 06 08 1 12 14 16
SCL 1.6 2.3 0.75 TIW]ii [%]
SCS 1.8 2.6 -0.57
MSL 1.8 1.2 1.23 FIG. 5. Relation betweef/|W|;,; and the central density at
MSS 22 24 0.98 core bounce (18 g cm™3) for all the models. The labels are the
MCL 1.7 11 1.20 same as in Fig. 4. It is found that the central density at the core
MCS 31 26 ~0.79 bounce becomes smaller as the initial angular momentum becomes
RSL 1.0 3.1 0.32 larger.
RSS 1.0 7.8 0.20 realistic EOS is rather soft in the subnuclear density regime.
RCL 9.0 2.9 0.25 In this regime, our realistic EOS can express the softening of
RCS 10.7 8.6 —0.49 the EOS caused by the effect that the nuclear interactions

become attractive. Due to this effect, the inner core can be-

come more compact at core bounce, which results in a larger
Next we discuss the values of the maximum amplitudemax'mum amplitude. It is naturally suggested that we may

comparing our results with those by other groups. The vaIuegetr'n\iﬁrrgaﬁ:orv\?b\?u;:hﬁ surbrlugler?r”mattﬁr if \iArI1e car: d(atv\?Ct
5% 10 2!<h™<3x 10"2° which is almost the same as the . \°P ’

! - mum amplitudes for our models are mostly within the detec-
results of Zwerger and Mier [12] and Mmchmeyeret al. tion Iimitspfor TAMA and first LIGO, whichyare now in op-
[10]. On the other hand, the values obtained with the stang 4iion if a source is located at a distance of 10 e
dard models by Yamada and Sfid] are about an order of _ _'
magnitude lower. This is understood as follows. Yamada and “as pointed out earlier, we find that the signs of the values
Sato[11] employed a parametric EOS by which the effectspf the second peaks are negative for models with strongly
of microphysical and transport processes were assumed 10 bfferential rotation with a cylindrical rotation law and posi-
expressed. Since they found that the maximum amplitude igye for the othergsee Table 1I). The absolute amplitudes of
most SenSitiVe to the adiabatic indeX at Subnuclear density bme second peak are also presented in F|g 7. As Shown, they
their parametric surveys, we pay attention to this. A comparizre within the detection limit of first LIGO for a source at a
son of the effective adiabatic index between our EOS angjistance of 10 kpc. In addition, it seems quite possible for
their EOS is shown in Fig. 6. Compared to their EOS, ourgetectors in the next generation, such as advanced LIGO and
LCGT, to detect the difference. Therefore if we can find a
difference in the signs of the second peaks by observations of

e B gravitational waves, we will obtain information about the
2.5 SLseq -~
CL seq @ 1.8 T
= a2l MSL ——
5 = 47} Y8
‘:' >
1.5 [
£ 2 18}
E O
= 1t 2
. £ 15
e}
05 r « ©
: 2 14}
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0.2 04 0.6 0.8 1 1.2 1.4 1.6 ﬁ 13 /
Wi 19] 12
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FIG. 4. Relation betweer/|W|;,; and the peak amplitude
[hTT| . for all the models. CS, SS, SL, and CL seq in the figure
represent the model sequences, whose names are taken from theFIG. 6. Relation between the density and the effective adiabatic
second and third letters in Table |. Note that the second and thiréhdex y at subnuclear density. MSL represents the relation for our
letters mean the rotation law and the degree of differential rotationstandard model. On the other hand, the index employed in the study
respectively. of Yamada and Satfl1] is represented as YS.

loa(Density fa/cmn)
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1e-17 ' TAMA —— tained in this study are mostly within the detection limits of
First LIGO the detectors of TAMA and first LIGO, which are now in
operation, if a source is located at a distance of 10 kpc. In
addition, the peak amplitude becomes extreme for models
whose initial rotation rate is moderate.

(2) The waveforms are categorized into the criteria by
Zwerger and Mier [12]. In addition, we further find that
type Il does not occur for models with a shell-type rotation
law; on the other hand, it does occur regardless of the initial
1623 , rotation rate in the case of strong differential rotation with a
100 1000 10000 cylindrical rotation law. Type Ill does not occur if a realistic

Frequency [Hz] EOS is employed.

FIG. 7. Detection limits of TAMA[25], first LIGO [26], ad- (3) In the subnuclear density regime, our realistic EOS

vanced LIGO[27], and Large-scale Cryogenic Gravitational wave f:an express the softening of the EOS caused by the nuclear

TelescopdLCGT) [28], with the expected amplitudes from numeri- Interarc]:t!OEs bdecl;omlng attractive. Therefore tf;)e Innerhcort?
cal simulations. The open squares represent the maximum amp -an shrink and become more compact at core bounce than in

tudes for all the models. On the other hand, the pluses and th 1], in which thg EOS is gxpressed ina parametrlc manner'
closed squares represent the amplitudes of the second peaks fgHPsequently, this results in a larger maximum amplitude. It
models with strong differential rotation with a cylindrical rotation follows that we may get information about the subnuclear
law and for the other models, respectively. We estimate the charadhatter if we can detect the gravitational waves from rotation-
teristic frequencies using the inverse of the duration period of thélly collapsing cores.
corresponding peak. Note that the source is assumed to be located at (4) The signs of the values of the second peaks are nega-
a distance of 10 kpc. tive for models with strong differential rotation with a cylin-
drical rotation law; on the contrary, they are positive for the
angular momentum distribution of evolved massive starsother models. The absolute amplitudes of the second peaks
Since there is no way except for the detection of a gravitaare within the detection limit of first LIGO. Therefore, if we
tional wave to obtain the information, it is of great impor- can detect the signs of the second peaks, it will give us

1e-18 |

1e-19 |

hTT

16-20 |
te21 |

1e-22 |

tance to detect the second peaks in the future. information as to the angular momentum distribution of mas-
sive evolved stars when a supernova occurs at our galactic
C. Secular instability center.

. . A rlier, th ion of gravitational waves i
In some modelsmodels RSL and RQOSwith a large ini- t s stated earlier, the detection of gravitational waves is

tial rotati te. the final rotati t ded the criti ikely for models whose initial rotation rate is moderate. Ac-
1a rotation raté, the hinal rotation rate exceeded the critica ording to the study of rotational core collapse by Kotake
value (see Table )l where MaclLaurin spheroids become

. . : et al. [8], anisotropic neutrino radiation is easily induced b
secularly unstable against triaxial perturbation$/|{V (8] P y y

- such a rotation rate. Noting that anisotropic neutrino radia-
|>T/.|W|Seq_ 13.75%). Rampiet al. [131 reporteq t_hat MO tion can induce a globally asymmetric explosi@j, the de-
considerable enhancement of gravitational radiation due t

h h of lar i bilit found withi U€ tBaction of gravitational waves will be a good tool to help
the growth of secular instabilities was found within a time understand the explosion mechanism itself.

scale of several tens of milliseconds after core bounce. Since
our calculations are within this time scale, the axial symme-
try assumed in this work may be justified. ACKNOWLEDGMENTS
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