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ABSTRACT

A three-dimensional, Newtonian hydrodynamical techniguased to follow the post-bounce phase of a
stellar core collapse event. For realistic initial data vm@ehemployed post core-bounce snapshots of the iron
core of a 20 M, star from the study af Ott et Al. (2004). The models exhisitreg differential rotation, but
have centrally condensed density stratifications. We detnate for the first time that such post-bounce cores
are subject to a so-called loW/|W| nonaxisymmetric instability and, in particular, can beeodynamically
unstable to am =1 - dominated spiral mode @t/|W| ~ 0.08. We calculate the gravitational wave emission
by the instability via the quadrupole formula and find that émitted waves may be detectable by current and
future gravitational wave observatories from anywherdeMilky Way.

Subject headings: hydrodynamics - instabilities - gravitational waves - stareutron - stars: rotation

1. INTRODUCTION surprising given the recent studieslby Centrella i al. 1200

Rotational instabilities are potentially important in thep- ~ Shibata et al. (2002, 2003), and Saio etal. (2003). We ex-
lution of newly-formed proto-neutron stars (proto-NSsh | amine what structural properties of the proto-NS might be re
particular, immediately following the pre-supernova apie ~ SPOnsible for the excitation of am=1 - dominated spiral
— and accompanying rapid spin up — of the iron core of a mas-mOd.e’ and examine what the consequences are of the mode’s
sive star, nonaxisymmetric instabilities may be effectivee- ~ nonlinear development.
distributing angular momentum within the core. By transfer
ring angulgar mgomentum out of the centermost reéion of the 2. NUMERICAL SIMULATION
core, nonaxisymmetric instabilities could help explainywh ~ The results presented in this letter are drawn from three-
the spin periods of newly formed pulsars are longer than whatdimensional (3D) hydrodynamical simulations that follog¢ a
one would expect from state-of-the-art stellar evolutiak ¢~ proximately 130 ms of the “post-bounce” evolution of a newly
culations that assume angular momentum is conserved everyforming proto-NS. Before presenting the details of these si
where during core collapse_(Heger etlal. 2000, Hirschilet al. ulations, however, it is important to emphasize the broader
2004,[Heger et al. 2004). Alternatively, in situations wher evolutionary context within which they have been conducted
the initial collapse “fizzles” and the proto-NS is hung up by and, specifically, from what source(s) the initial condito
centrifugal forces in a configuration below nuclear density  for the simulations have been drawn. The two simulations
rapid redistribution of angular momentum would facilittiie presented here cover the final portion (Stage 3) of a much
final collapse to NS densities. The time-varying mass mul- longer, three-part evolution that has also included: (Stag
tipole moments that would result from nonaxisymmetric in- 1) the main-sequence and post-main-sequence evolution of a
stabilities in proto-NSs may also produce gravitationaveva spherically symmetric, 20 Mstar through the formation of
signals that are of sufficient amplitude to be detected by thean iron core that is dynamically unstable toward collapad; a
burgeoning, international array of gravitational-waveifer- (Stage 2) the axisymmetric collapse of this unstable irae co
ometers. The analysis of such signals would provide us withthrough the evolutionary phase where it “bounces” at nuclea
the unprecedented ability to directly monitor the formatid densities.

NSs and, perhaps, black holes.
In this letter, we present results from numerical simuladio 2.1. Preceding Evolutionary Stages

that show the spontaneous development of a spiral-shaped giaqe 1 of the complete evolution was originally presented

instability during the post-bounce phase of the evolutibn 0 5o model S20” by Woosley & Weaver (1995). The initial

a newly formed proto-NS. These are the most realistic SUCh:qnfigyration for this model was a chemically homogeneous,
simulations performed, to date, because the pre-collapse i spherically symmetric, zero-age main-sequence star \with s

core has been drawn from the central region of a realisficall |5 meallicities. Evolution up to the development of antans
evolved 20 M star, and the collapse of the core as well as )¢ iron core took some 2 107 yr of physical time. In Stage
the post-bounce phase of the evolution have been modelleq o spherically symmetric model from Stage 1 was mapped
in a dynamically self-consistent manner. A nonaxisymmet- ontg the two-dimensional (2D), axisymmetric grid of the hy-
ric instability develops in the proto-NS even though it has a yrogynamics code “VULCAN/2D” (Livne 1993) and evolved
relatively low ratio of rotational to gravitational potéaiten- as model S20A50030.2" by Ott et al. (2004). Rotation was
ergy, = T/|W| ~ 0.08. This is significant, but perhaps not noquced into the core with a radial angular velocity geofi
- 21-1 i indri i

1 Max-Planck-Institut fiir Gravitationsphysik, Albert-Eitein-Institut, Q(gj) H QO[1+.(m/A).] (Wher.em IS” the Cy“nd?cﬁ‘l ra%lus)’ .
Am Mihlenberg 1, 14476 Golm, Germany; cott@aei.mpg.de f”m - the ensuing aX|s_ymm(_atr|c co ap_se was ? owea. _AS IS

2 Department of Physics & Astronomy, Louisiana State UniegrBaton indicated by the suffix aSS|gned_ to thI_S m0d9| S name In Ott
Rouge, LA 70803 et al. (2004), the scale length in the initially prescribed r

_E'Steward Observatory & the Department of Astronomy, The Ehsidy of tation law was set té\ = 500 km andQ = 3.36 rad sl was
Arizona, Tucson, AZ 85721 chosen so that, initially? = 0.0020. The axisymmetric col-



2

lapse was modelled adiabatically — that is, radiation trans
port mechanisms were ignored — and nuclear reaction net-
works were eliminated, but the full Lattimer—Swesty eqoati 2
of state (LSEOS; see Lattimer & Swesty 1991 and Thompson &
et al. 2003) was incorporated.

During Stage 2, the innermost region of the unstable iron
core collapsed homologously and, 41 0.5 s, approached B
nuclear densities. Due to angular momentum conservation, <
the core spun up considerably during collapse; at the time of ~
the bounce, the rotational energy parameter had increased t

(10™g/cm?)

Prnox

B, =0.0896. As a result, the core bounce was aided as much

by increased centrifugal forces as it was by the rapidly-stif
ening equation of state at nuclear densities. After bounce
the core expanded coherently, leading to an almost order-of

magnitude drop in the maximum density. This expansion was
then reversed when gravitational forces again began to dom-

inate over pressure gradients and centrifugal forces. ifn th

way, the rapidly spinning, post-bounce core underwent sev-

eral damped-harmonic-oscillator like cycles.

Ott et al. (2004) followed the axisymmetric evolution of
modelS20A50030.2 for approximately 140 ms after the time
of its initial bouncety. Initial models for our fully 3D, Stage
3 simulations have been drawn from tB520A50050.2 evolu-
tion, at times shortly aftar=ty,.

2.2. Sage 3: ThisInvestigation

In order to study the possible development of nonaxisym-
metric structure in a newly forming proto-NS, we mapped the
VULCAN/2D model into the fully 3D hydrodynamical code
FLOWeER (Motl et al.|2002). FLOWER uses an explicit
finite-differencing scheme that is second-order accunate i

both time and space to solve equations governing a Newtonian

self-gravitating fluid system on a cylindrical coordinatesh.

In this work, we have adopted an ideal-fluid EOS to describe
the fluid’s thermodynamic propertieg:= (I — 1)ep, wherep

is the mass densitp is the pressurd; is the chosen adiabatic
exponent, andis the specific internal energy. For sub-nuclear
density matter — specifically, for < pnuc = 2 x 10 g cni’3

— T'is set to 1.325, which approximates thggiven by the
LSEOS in VULCAN/2D in the sub-nuclear density regime
and the given conditions. Far> pny, we have set’ = 2.0

to mimic the effects of nuclear repulsive forces. In an at-
tempt to minimize the inconsistencies that might arise when
switching from the LSEOS of VULCAN/2D to FLOMWER’s
simple ideal-fluid EOS, we used the VULCAN/2D pressures
and densities to calculate the internal energy in FL&BR

at the time of mapping between the codes. FLEBR'’S uni-
form cylindrical grid was constructed in such a way that it
enclosed the innermost 140 km of mo&20A500530.2, con-
taining around 1.4 M (~ 75% of the mass that was on the
VULCAN/2D grid at the post-bounce stage).

The Ott et al. (2004) model was mapped onto FLEBR's
grid at two different times during its post-bounce evolatio
Model “Q15" was evolved on a grid with (9828 194) zones
in (m, ¢,Z) and mapped at = 15 ms when the core was in
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FiG. 1.— Time-evolution of various physical quantities is sindier model
Q15; time (in ms) is given relative tg,. Top: Globally-averaged amplitude
of m=1 (solid curve) andn = 2 (dotted curve) distortions. Middle: The
rotational energy rati@ (solid curve) and the core’s maximum densiyax
(dotted curve). Bottom: Product of the gravitational-wateainh. and the
distance to the souraeas viewed down the rotatior)(axis (solid curve) and
as viewed along thg-axis (dotted curve).
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FIG. 2.— Same as Fig. 1, but for modéi5s.

3. RESULTS

The key results of our 3D evolutions are displayed in Hig. 1
(for modelQ15) and Fig2 (for modeW5). In the top panel
of both figures, the time-dependent behavior of the global
dipole (m=1; solid curve) and quadrupolen(= 2; dotted
curve) moments| (Saijo etlal. 2003) are plotted to illustrate
how, and on what timescale, nonaxisymmetric structure de-
veloped. The time-dependent behavior of the rotational en-
ergy parametefj (solid curve), and the core’s maximum den-
sity, pmax (dotted curve), are shown in the middle section of
the figures. The bottom third of both figures displays the
amplitude of the gravitational radiation that would be emit

the middle of its second post-bounce expansion phase. Upoed from each model as estimated by the post-Newtonian

introduction into the 3D code, its density field was pertarbe
with a 0.1% amplitude, bar-liken= 2 seed. ModelW5” was
evolved on a higher resolution (1356,194) grid, beginning

at t-t, = 5 ms when the model reached its first density min-
imum after bounce. Random perturbations of 0.02% ampli-

quadrupole formalism (see, eg., Misner et al. 1973); specifi
cally, for each model the time-dependent behavior of thespl
polarization”h, of the gravitational-wave strain is shown as
seen by an observer looking down the rotation axis (solid
curve) or perpendicular to that axis (dotted curve). Thessr

tude were imposed on the densities at mapping. Both modelsyolarization’h, exhibits very similar features and amplitudes

were evolved up to a time-t, ~ 130 ms.

to those ofh,. Hence, we have omitted it from the plots to



save space. In order to avoid adopting one specific source 140
distancer, in the bottom segments of Fidd. 1 ddd 2 we have
actually plotted the producth.. For a core-collapse event
within the Milky Way at a distance = 10 kpc, an amplitude
rh, = 100 cm in these figures translates into a dimensionless
strainh, = 3.2 x 1072%

Because nonaxisymmetric perturbations were initially in-
troduced into both models at a very low amplitude (o ~ ~140 ‘ ‘

3 . 4 -140 0 km 140 -140 0 km 140

107 in model Q15 and ~ 10 in model W5), the early . . .

h f both evolutions resembled closely the post-bounc FiG. 3.— The equatorial-plane structure of motféb is shown at time
p ase_ 0 y p €’E—tb =71 ms. Left: Two-dimensional isodensity contours withoeel
evolution reported by Ott et al. (2004). The core re- ity vectors superposed; contour levels are (from the inostmoutward)
mained essentially axisymmetric and displayed the expecte p/pmax=0.15,0.01,0.001,0.0001. Right: Spiral character ofrtie 1 dis-
coIIapse/bounce/post-bounce dynamics Here. this is-illu tortion as determined by a Fourier analysis of the densttritition; specif-

S ! ; ! ically, the phase angl¢; (w) of them= 1 Fourier mode is drawn as a function
trated best by the oscillations ifi(t) and pmax(t) that are of .
shown in Fig[® for modeW5; the characteristic (dynami-
cal) time between successive “radial” bouncesrig2~ 4 ms

(consistent with a mean core density- (1Grg,))™" = 1.2 x

10'2 g cni®) and the axisymmetric oscillations persist for
~ 50ms. The curves di.(t) for modelW5 also signal that
the dynamics is essentially axisymmetric: as viewed along
the x-axis, the gravitational-wave strain exhibits oscillaso
of diminishing amplitude, as reported in Ott et al. (2004)
but for the first~ 40 ms aftet,, essentially no gravitational-
wave radiation is emitted along tteaxis. In modelQ15,
fewer “radial” bounces occur, they damp out somewhat more
rapidly, and the resulting.(t) signal is weaker as viewed
along thex-axis. This is, in part, because the post-bounce
core configuration was introduced into FLO®R at a later
time ¢ —t, = 15 ms for modelQ15 instead oft —-t, =5 ms

for modelW5) and, in part, because the effects of numerical
damping are inevitably more apparent when a simulation is

run on a grid having lower spatial resolution. As is illustc both of our model evolutions. the maximum densit
) ; . . y began
by the solich, (t) curves in the bottom panels of Fi@$. 1 &ld 2, 1, gjowiy increase and started decreasing (see the middle

at early times the amplitude of the gravitational radiatioat panels of Figs[1l anl 2). Following Saijo el al. (2003), we
would be emitted along treaxis is larger in modeQ15than interpret this behavior as resulting from angular momentum
in modelWS. This reflects the fact that the nonaxisymmetric g jisyripution that is driven by the global nonaxisymmnetri
perturbation that was initially introduced into modgl5 was spiral-like deformation and by gravitational torques @$so

larger and it had an entirelyn = 2 character. (Compare the 5o with it. As angular momentum is transported outward,
amplitude of the dotted curves at early times in the top manel o centrifugal support of the innermost region is redueed,

of Fig.[ and Fig[R.) lar - ; -
. . ger fraction of the core’s mass is compressed to nuclear
Although in modeR15the post-bounce core was subjected o ngities and, in turng decreases because the magnitude of

to a purem= 2 bar-mode perturbation when it was mapped o : ; :

. . ) gravitational potential energy correspondingly iasess.
onto the FLOVYER grid, the amplitude of the model’'s mass- Fig.[d supports this interpretation. The top half of the fegur
quadrupole distortion did not grow perceptibly d,urmg the displays the azimuthally-averaged angular velocity pedfil
I!rst 180 ras (V_I:E’r? :iynammal tl(rjnei\s) of the (;ntOd%ISSVOIU'. the equatorial plane of mod@¥5 at four different times, and
'0|r|' ( Igbl )- habIS' edmo € abpp_eare HO € ynamf:- the bottom half of the figure displays the equatorial-plagre-d
cally stable to the bar-mode perturbation. However, as thegj, hrofile at these same evolutionary times. As the pro%-N

fOI'd curlv%m tr|1e s%me f'%u“ije. p?n,fatljsf:ovtv_s, the m?r(]jel Srﬁ’on'evolves, we see that the outermost layers spin faster and the
aneously developed an= Ipote distortion even thoug innermost region becomes denser. Also, as is shown in the

the initial density perturbation did not contain amy= 1 con- top panel of Fig[l, throughout most of the model’'s evolu-

tribution. As early a$—t, ~ 70 ms, a globally coherem =1 j5,here is a radius inside the proto-NSck ~ 12 km) at
mode appeared out of the noise and grew exponentially on &, hicy the angular velocity of the fluid matches the angular

timescalergow ~ 5ms. Att-t, ~ 100ms, the amplitude of . _ 1 .
thism= 1 distortion surpassed the amplitude of the languish- €19eNfrequenciufer = 2.5 x 10° rad s°) of the spiral mode.
Hence, it is entirely reasonable to expect that resonarges a

ing m = 2 structure and, shortly thereatter, it became nonlin- sociated with this “co-rotation” region are able to effecea

ear. Att—t, ~ 100 ms, the quadrupole distortion also be- distribution of angular momentum in the manner described in
gan to amplify, but it appears to have only been following Contopoulds/(1980) or in Watts etiel. (2003). As shown in the

the exponential development of the= 1 mode. An analy- bottom panel of FidJ4, an off-center density maximum shows
sis of the oscillation frequency of both modes reveals theem t np ; = ; aensity ;
up at intermediate times, but since it is within the two irner

be harmonics of one another. As the top panel of Hig. 2 il- . . e A
lustrates, the sam@ = 1 mode developed spontaneously out MOSt radial grid zones, we are not sure if it is physical or an
y artifact due to the boundary conditions at the axis.

of the 002% amplitude, random perturbation that was intro- Finally, we note that the nonaxisymmetric structure that de
duced into modeW5. The mode reached a nonlinear am- Y ) ym
veloped at late timed ¢ t, ~ 100 ms) in both of our models

plitude somewhat earlier in mod&/5 than in modelQ15,
presumably because the initially imposed random perturba-
tion included a finite-size contribution to an= 1 distortion
whereas the density perturbation introduced into maiE
contained nan=1 component. The growth timescale of the
' instability is7grow ~ 4.8ms for modeW5. Although we have
described the unstabte= 1 mode as a “dipole” mass distor-
tion, this is somewhat misleading because in neither model
did the lopsided mass distribution produce a shift in thaoc
tion of the center of mass of the system. Instead, as is illus-
trated in Fig[B, the mode developed as a tightly wound, one-
armed spiral, very similar to th@= 1 - dominated structures
that have been previously reportediby Centrellalet al. (001
and Saijo et dl.(2003).

After the spiral pattern reached its maximum amplitude in



tion of a lower-amplitude (@2%) and-andomdensity pertur-
bation. Then=1 spiral mode developed spontaneously in this
model as well. Hence, we conclude that even relatively slowl
rotating proto-NSs can be susceptible to the developmemt of
spiral-shapedn=1 - dominated (dipole) mass distortion.
Even though the nonaxisymmetric distortions that devel-
oped in both of our models did not grow to particularly large
g 1 nonlinear amplitudes, they produced maximum gravitationa
D QR T T E wave amplitudes comparable to the “burst” signal produced
N 1 by the preceding, axisymmetric core collapse: Mo@db

Q (s

i 1 showed the highest amplitudef), max =~ 100 cm at a fre-
1.0F AN E quency f~ 800 Hz. The peak amplitude of the axisymmet-
- N E ric bounce signal reported by Ott et al. (2004) whsmax ~
0.0E == 1 300 cm at a frequency#£ 400 Hz. If the source is located
] 10 100 within the Milky Way, both “burst” signals may be detected

& (km) ; ot
FIG. 4.— Equatorial-plane profiles of the azimuthally averagedular ve- by the Currently operative array of grawtatlonal wave sbse

locity Q(w) (top frame) and the mass densitfm) (bottom frame) are shown vatories (Qtt et a!' 2004)- .

at four different times during the evolution of modal5. Changes in these In our simulations, approximately 100 ms separated the
profiles at late times illustrate the effects of angular momen redistribu- peaks of these two gravitational-wave “bursts,” but thdiear
tion due to gravitational torques exerted by the= 1 spiral mode: angular peak neat = t, would, in practice be unobservable if the ro-

momentum migrates radially outward while mass migratetallgdnward. . . . . . .
A horizontal line drawn in the top panel @atg = 2.5 x 10° rad s identifies tation axis of the proto-NS is oriented along our line of $’|gh

p (10"g/cm?)

the corotation radius for this one-armed spiral mode. Theklseen inp(w) as is likely to be the case for core collapses associated with
at late times at about 8 km is connected to the discontinoiisisaf the EOS gamma-ray bursts (GRBSs).
[ at pnuc. These results have demonstrated that a realistic, non-

equilibrium post-bounce stellar core can become dynalyical

unstable to am =1 - dominated spiral instability at a value
produced a gravitational-wave signal.(t), h.(t)), that was  of 5 as low as~ 0.08. The value obtained in previous stud-
of comparable amplitude to, but had a higher frequency than,ies (Centrella et al. 2001, _Saijo el Al. 2003) for differalhyi
the signal that was generated by the early sequence of nearlyotatingequilibriummodels with a considerably simpler ther-
axisymmetric “radial” core bounces (FidS. 1[& 2). Focusing modynamic structure wa8 ~ 0.14. The instability appears
on the signal that would be seen by a remote observer look+to be related to the proto-NS’s angular velocity profi@m).
ing down thez-axis of modelW5 (the solid curve near the  Our post-bounce core exhibits a profile that rises toward the
bottom of Fig[®), however, we see that the amplitude of the rotation axis in such a way th&t exceeds the natural eigen-
gravitational-wave strain varies with time in proportiarthe frequency of the spiral mode and, thereby, permits res@sanc
amplitude of thenm=2 mode (dotted curve in the top panel of to arise in association with a corotation radius inside tive c
Fig.[@) — not in proportion to the amplitude of the more dom-  Our simulations support the suggestion put forward by
inantm= 1 mode, as one might naively have expected. This\Saijo et al. [(2003) that a spiral-mode instability can be ef-
is because, according to general relativityy 2 (quadrupole)  fective at redistributing angular momentum within a proto-
mass distortions are the lowest-order nonaxisymmetrie-tim NS. In so doing, the instability can spin down the bulk of

dependent distortions that can emit gravitational waves. the core and, simultaneously, assist contraction of therinn
most regions toward higher mean densities. As seen in our
4. SUMMARY AND DISCUSSION model simulations, nonaxisymmetric quadrupole masswdisto
Using the 3D, Newtonian, hydrodynamic code FL@®R, tions are likely to be amplified in the presence of a develop-

we have modelled the post-bounce phase of the evolution ofing m= 1 mode and these time-varying structures may very
an iron core from an evolved, 20 Mstar in order to better  well produce measurable levels of gravitational radiatian
understand whether rotating proto-NSs are likely to be un-source arises in our Galaxy.
stable toward the development of nonaxisymmetric strectur ~ The present study marks only one very early step in our un-
The initial conditions for our two separate simulations &ver derstanding of rotational instabilities in proto-NSs. Thed-
drawn from an earlier study in which rotation was added to els we have used were purely hydrodynamic, Newtonian and
the spherical iron core at the onset of its collapse, then thedid not include neutrino production and transport, radiati
“free-fall” collapse to nuclear densities was followed. transfer, or any of a variety of other microphysics thatkslly

In our first simulation (modeQ15), the rotating core was to be relevant to these astrophysical systems. Furthermore
mapped from 2D onto the 3D grid at a post-bounce time of inconsistencies were introduced at the time of mapping be-
t—t, = 15 ms and the core’s axisymmetric structure was al- tween 2D and 3D when switching between the corresponding
tered slightly by the introduction of a D% amplitude, bar-  equations of state. Future, fully consistent simulatiowtuid-
like density perturbation. The core was found to be dynami- ing all the relevant (micro-) physics will be needed to pdwyvi
cally stable to this puren= 2 nonaxisymmetric perturbation, more definitive answers to these questions of stability.
but it proved to be dynamically unstable toward the sponta- Animations of the evolutions of mod€15 and W5 may
neous development of a tightly wouneh= 1 spiral mode.  be downloaded frofn http://www.ael.mpg.dedott/rotinst.
In an effort to examine the robustness of this result, we per- We are happy to thank L. Lindblom, I. Hawke, H. Dim-
formed a second simulation (mod@l5) in which the ro- melmeier, D. Pollney, R. Walder and E. Seidel for help-
tating core was mapped from 2D to 3D at an earlier time ful comments. This work was partially supported by Na-
(t-t, =5 ms), onto a grid with higher spatial resolution, and tional Computational Science Alliance (NCSA) under grant
the core’s axisymmetric structure was altered by the intoed  MCA98N043. A.B. received support from the Scientific
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Discovery through Advanced Computing (SciDAC) program on NCSA's Tungsten Xeon cluster. We thank the Center for
of the DOE, grant number DE-FC02-01ER41184. J.E.T. Gravitational Wave Physics at Pennsylvania State Unityersi
acknowledges support from NSF grants AST-0407070 and(supported by the NSF under cooperative agreement PHYOQ1-
PHY-0326311. The numerical computations were performed14375) for organizing the workshop during which this collab
on the Lousiana State University Intel Xeon cluster Superhe oration was initiated.
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