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The Engines behind Supernovae and Gamma-Ray Bursts
The Role of Convection and Rotation

Clris L. Fryer?

JCS Division, MS D409, Los Alammos National Loboratory, Los Alamos, NM 87545, USA

Abstract
We review the different cngines behind supernova (SNe) and gamma-ray bursts
(GRBs), focusing on those engines driving explosions in massive stars: core-collapse
SNe and long-duration GRDBs. Convection and rotation play important roles in the
cengines of both these explosions. We outline the basic physies and discuss the wide
variety of ways scientists have proposed that this physics can affect the supernova
explosion mechanism, concluding with a review of the current status in these fields.

1 Introduction

Supernovae and Gamma-Ray Bursts are the two most energetic explosions in the universe since the big
bang. For a briel time, they outshine the galaxies in which they reside. Observations have led to the
classification of these outbursts based on their observational properties. For supernovae, the classification
is based primarily on their spectra: type II SNe have strong hydrogen lines, type I SNe only exhibit
hydrogen lines at late times. Type I supernovac arc turther distinguished by the presence of strong
silicon lines (Ia), absent in Ib/c supernovae; Ib supernovae have heliun lines, absent in Ie supernovac.
GRBs are differentiated by the duration and “hardness” of the spectra of the burst: long-hard bursts with
durations above a few seconds and the short-sott bursts. A third intermnediary category may exist. An
additional feature of these observations is that long-duration GRBs have type le supernovae associated
with thein,

Theorists have proposed a wide variety of mechanisms for these explosions, froin electrical storms in
the carth’s stratosphere to colliding strings in the early universe. Indeed, just 25 years after the discovery
of GRBs, over 100 models existed for GRBs[49]. However, only a handful of models have emerged as
“favorite” engines behind all the types of GRB and SN explosions. Figure 1 reviews the 3 main types
of SN and 2 types of GRB and the energy source/mechanism behind the explosions. Type la SNe are
produced by the thermonuclear explosion of a white dwarf. In the standard picture, the ignition of the
white dwarl occurs when its mass exceeds the Chandrasekhar mass (generally throngh accretion from
a binary companion). This is the only explosion powered by mnclear energy. All other explosions are
produced by the release of gravitational energy. Short-Duration GRDBs are believed to be produced by
gravitational energy released during the werger of two ncutron stars and the subsequent accretion onto
the black hole formed during this merger.

Type Ib/e SNe, Type II SNe and long-duration GRBs are ALL believed to be produced in the collapse
of a massive star down to a conipact object. For most SNe, the outburst is produced when a massive star
(2 9M) collapses down to a neutron star. Long-duration GRBs are produced in the collapse of a very
massive star (2, 20M5) down to a black Lole. Although the source of energy for both these explosions is
the same potential energy released during the collapse, it is believed that the mechanisin that converts
this energy into an explosion is very different. The moechanisin behind long-duration GRBs also produces
associated type Ie SNe, so the line dividing these different explosions is not concrete, but we shall argue
below that these “type I¢” SNe have different characteristics from “normal” type e SNe,

This paper reviews on the role of convection in the explosion mechanisms of core-collapse SNe and
GRBs. But before we focus on this particular picce of pliysies, let’s review the basic engines imvolved.

'E-mail:fryer@lanl.gov



Type la

Nuclear energy
released in the
thermonuclear
explosion of a
white dwarf

GWs: For LISA
if progenitor is
binary WD
system

Figure 1: Three basic SN types and two priinary GRB types. The basic SN types are distinguished based
on the appearance of different clements (H, He, Si) in the spectra of the explosions, The GRB types are
distinguished by the duration of the gamma-ray emission. Two SNe types (ILIb/¢) and one GRB class
(long-duration) are believed to be produced by the collapse of massive stars. This paper focuses on the
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1.1 The Basic Engine Powering Core-Collapse Supernovae

Stars are powered by the nuclear fusion of materia! in their cores. For stars like the sun, this fusion
stops after the core has “burned” its hydrogen into helium. But for more massive stars, the core is able
to become sufficiently hot to fuse the heliumn ashes into carbon. In stars above ~ OA7., this burning
process continues through the fusion of silicon into iron. The fusion of iron to heavier elements does not
release any further energy and the build up of an iron core marks the end of the life of even the most
massive stars. When this core becomes so large that pressures and densities dissociate the iron to lighter
atows (rewoving thermal support) and induce the capture of electrons onto protous (removing electron
degeneracy support), the core collapses.

The core collapses until it reaches nuclear densities where nuclear forces and neutron degeneracy
pressure halt the collapse. This marks the initial formation of the proto-neutron star (ronghly 0.9 M)
and sends a “bounce”-shock back through the star. This shock is extremely hot and most of its energy
is stored in thermal energy. Initially, photons, and even neutrinos, are trapped in this shock. But as the
shock moves to lower densities, the neutrinos can leak out of the shock, removing most of its energy and
causing it to stall. This occurs roughly between 100-200km. The stall leaves behind a region between
the proto-neutron star and the stalled shock with a negative entropy gradient (high entropies below lower
entropies) that initiates convection in this region. But this convection continues to be driven by a number
ol instabilities (to be discussed below) that Herant et al.[27] argued would allow the convective region to
more-efficiently transfer the potential cuergy released (stored in the thermal energy of the proto-neutron
star) to be converted to kinetie energy and ultimately drive a supernova explosion. After over a decade
of debate, there is now a general consensus that this convective region is indeed eritical to the supernova
explosion engine. It allows the transfer of energy from the proto-neutron star to the stalled shock, pushing
back against the infalling star and ultimately driving a supernova explosion.

1.2 The Basic Engine Powering Long-Duration GRBs

The engiue behind both short and long-duration GRBs is powered by the aceretion of matter onto a black
hole. If this accreting matter has enough angular momentuin to torm a disk around the black hole, its
energy can be extracted by first converting it into magnetic fields or neutrinos and then depositing this
energy further out to drive a relativistic explosion[48]. A number of progenitor models exist to produce
such black hole accretion disk (BHAD) systems and the relative merits of the two conversion mechanisms
(neutrinos or magnetic fields) have been studied in detail assuming a simple disk picture[51, 17].

In 1993, Woosley[60] proposed that the BHAD engine could be produced in the collapse of a rotating
massive star. MacFadyen & Woosley[41] modeled the first such collapse of a massive star in 2-dimensions
and, using the simple disk models of Popham et al.[51] found that by injecting energy above the disk,
they could produce a jet-like explosion that could explain the features of long-duration GRDBs,

Let’s outline the basic picture behind this collapsar engine. It begins with the saine evolntion as the
stars we studied in our hasic supernova engine. A massive star collapses, forms a proto-neutron star and
this engine convects. However, if the star is more massive than roughly 20 M;[16], the supernova engine
is unable 1o produce a strong explosion. If it produces a weak explosion, it is unable to disrupt the entire
star and material will eventually fall back onto the proto-ueutron star, causing it to collapse to a black
hole. For extremely massive stars (2, 40 My), the supernova engine may not work at all, producing a
black hole without any supernova explosion at all (but as we shall see, this collapse may still produce an
explosion).

If the star is rotating, some of the material falling on the newly-formed black hole will hang up in an
accretion disk around the black hole. Then it is assmined that either the neutrinos emitted from the hot
disk or magnetic fields generated in the disk will convert the potential energy released into an explosion.
Pophan et al.|51] made a series of advection dominated aceretion flow simulations to show that although
both the neutrino and magnetic field conversion mechanisis are plausible, the magnetic field conversion
mechanisins may well be required for the strong GRDB explosions that are observed.

A series of papers have studied this disk picture in more detail. For the neutrino-anuililation transfer
mechanisin, semi-analytic caleulations can provide quantitatively accurate estimates. di Matteo et al.[L3]
studied this wechanism at the highest accretion rates and found that neutrino trapping severely limited
the amount of energy injected by neutrinos in this regime. Fryer & Mészaros|20| focused on progenitors,



finding that for massive stars, the black hole would become too massive by the time the axis above
the disk clearcd for the simple neutrino-annihilation disk-mechanism to work. All these studies agreed
that it is unlikely that neutrino-annihilation will work for GRDBs produced in stellar collapse. It is much
more difficult to accurately estimate the role of magnetic fields. Although many papers exist predicting
what magunetic fields can do for GRBs produced in stellar collapse[48, 35, 42] ouly a few guantitative
caleulations of these magnetic fields have been made[52]. Even these calculations are constrained by a
number of assumptions and 2-dimeunsional calculations.

Three-dimensional calculations of these collapser models have shown us that the basic disk picture is
far too simple and the behavior of matter near the black hole is relt more similar to a supernova engine
than that of an accretion disk[53]. Convective instabilities develop and dominate the How of matter.
Rockefeller et al. [?] also found that viscous forces may also be able to extract angular momentum energy
driving outfows. How this leads to a GRB remains to be seemn, but it is clear that nature is much more
complex than we first inagined and a lot of work remains to feshing out the GRB engine. But the first
step is to understand this convection and we will focus on this aspect of the GRDB engine here.

2 Convection in Supernovae

2.1 History

In 1979, Epstein[14] argued that lepton gradients in the proto-neutron star would drive convection that
would help transport neutrinos deep in the proto-neutron star to its surface, allowing those neutrinos to
better heat the material in the shocked region, driving an explosion®. Shortly thereafter, a more complete
picture based on the first mmlti-dimnensional calculations of convection in supernovae(40, 3, 56] argued
that the convection was driven by the interplay between cutropy and lepton gradients. These calculations
also focused on the role of convection in the proto-neutron star corve and the effect this convection would
play on the neutrino flux, but they also realized that the role of convection might lead beyond just
trausporting neutrinos.

The rescarch in the 1980s focused mostly upon the convection in the nentron star. Lattimer and
collaborators[38, 7] took advantage of the latest advances in dense equations of state to better estimate
the convection and hence the neutrino fluxes from the proto-neutron star. Burrows[8] argued, using
semi-analytic calculations, that convection at the neutrinosphere would grow to encompass the entire
proto-neutron star. This convection was later confirmed by multi-dimensional simulations[36]. With
appropriate tweaking, Wilson & Mayle[58, 59] found that they could get explosions with this proto-
nentron star convection, focusing on the doubly diffusive regime where heat diffusion removed the stable
entropy gradient. faster than lepton diffusion diminished the unstable lepton gradient. The increased
neutrino Hux from this convection was just enough to produce an explosion.

But all large-scale, multi-dimensional calculations since Herant et al.[27] that include the shocked
region only exhibit weak convection in the proto-neutron stars. Whether or not strong convection occurs
in the proto-neutron star is still a matter of debate. A very good review of our current understanding of
this analysis has been done by Bruenu et al.[4].

However, in the 1990s, the focus of convection in supernovae turned to the region above the proto-
neutron star. In trying to explain the mixing in the ejecta seen in SN 1987A, Herant et al.[26] argued
that the convection above the proto-neutron star driven primarily by entropy gradients could be the
key to the explosion. Despite discouraging results by Yamada et al[61] and Miller et al.[44] arguing
that the convection above the proto-neutron star was only a minor effect, the simulations of Herant et
al.[27] argued that this convection actually played a key role in the explosion. Convection above the
proto-neutron star converted thermal energy deposited by neutrinos just above the proto-neutron star to
kinetic energy in the explosion.

The effects of convection above the proto-neutron star (PNS) ontlined by Herant et al.[27] ean be
illustrated by comparing the ditferences between the 1-dimensional (fig. 2) and multi-dimensional (fig. 3)
pictures. In the l-dimensional scenario (fig. 2), material from the infalling star piles up on the stalled
shock. For a suceessful explosion to develop, the engine must be able to push the matter outward. With

2 At the PNS surface, electron neutrinos are no longer trapped and, because of this, this surface region becomes extremely
electron poor, producing a gradient in the lepton number.
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thme, this material piles up on the shock, making the explosion harder and harder to explode. The
neutrinos leaking out of the PNS primarily Lieat the region just above the PNS surface. If this region can
not expand, it heats up so high that it too cniits neutrinos, losing all of the energy it has gained from
the PNS. These two issues make it very difficult for a 1-dimensional calculation to produce a suecessful
explosion.

Convection above the PNS alleviates both of these issues. The infalling material falls outo the shock
(fig. 3), but it does not build up on the shock. Instead, convection allows this material to flow down
toward the PNS surface. This material does not build up on the shock, so does not contribute to the
matter that must be pushed outward to drive a successtul explosion. [t aceretes onto the PNS, depositing
additional energy that can help drive a supernova explosion (possibly through neutrino emission). Both
of these effects help to drive the explosion. In addition, any heating just above the PNS surface causes
the heated material to rise upward, converting its therinal energy into kinetie energy before it gets so hot
that it re-cinits that energy in the form of neutrinos. So couvection also allows the region above the PNS
to better convert its thermal energy into kinetic cnergy to drive an explosion.

What does this look like in a real simulation? Fig 4 shows a snapshot in time of the convective
region above the proto-neutron star. The vectors show the direction and the shading denotes euntropy.
At roughly 300k one can easily make out the edge of the shocked region where the infalling star hits
the top of the convective region. The proto-neutron star ends roughly at 40-50km. In this region, hot
material at the base rises upward and pushes the shock outward. Infalling material pushes back and as
it piles up, it flows down onto the proto-neutron star.

Although the Herant et al.[27] result was imnediately corroborated by Burrows et al.[9], until recently,
the debate about the role of convection met violent arguments. Janka & Miiller[33] argued that convection
could help the explosion, but only mildly. Mezzacappa et al.[43] argued that convection did not produce
explosions. In 2003, Buras et al.[5] argued that explosions could not occur in collapsing stavs, cven with
convection, without the invocation of new microphysics or magnetic fields. Ou the other extreme, Fryer
and collaborators [16, 19, 21, 22, 24] produced cxplosions for all stars below about 20 Mg, unless they
artificially damped out convection. Arguments about nuerical techniques cnsued: e.g. hydrodynamic
techniques, transport techuniques, errors in the equation of state. Of the 4-5 supernova groups across the
world, all but 1 focused on doing better neutrino transport.

Iu the past few years, this picture has changed. Blondin et al.[1] discovered that a number of insta-
bilities exist in the region above the PNS. Burrows et al.[10] found that these instabilities could drive
an explosion independent of neutrino transport scheme. The group led by Jauka suddenly started to
produce explosions(6]. At this point, over a decade after the Herant et al.[27] work proposed it, there is
reasonable consensus in the field that convection above the PNS is critical in the supernova paradig,

Why does it take so long for scientists to converge on this result? Because it is a difficult problem
with a lot of physics in it. It must be modeled computationally, and this means scientists must be able
to discern between numerical and real effects. And this can be difficult indeed. An example of how hard
this is to do can be shown in the range of recent results froni the Janka gronp. In 2003, they argued that
convection could not produce explosions without new microphysics or maguetic fields. Two years later.
they argued that they could get explosions for stars less massive than 12 M., but nothing bigger could
explode. At the Texas Symposium in Melbourne (Dec. 2006), they admitted that they could get 15 M.
stars to explode without new microphysics or magnetic fields. Issues in their numeries fooled then vot
once, but twice. This group is very strong in computational astrophysics and is considered by all to be
excellent in both computational science and supernovae. But they, as we all do, struggle to disentangle
the nuinerics from the physics. Bear this in mind when we discuss the enrrent state-of-the-art results,
What we believe now may be incorrect.

2.2 Convection Basics

The focns of most of the couvective instabilities has been on either lepton or entropy gradients. These
can be understood fairly casily by linear stability criter.a and have been known since the 50s[39, 34].
To determine whether a region is unstable, let’s examine a simple case of a homogencous material with
an entropy gradient and a constant gravity vector. Let’s take a blob of material in this atmmosphere
with entropy [S(ro) = sg] and slightly raise its entropy (Shan = So + AS). AS it evolves into pressure
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Fignre 4: Convection in a core-collapse supernovae[19]. This plot shows a slice of a 3-dimensional
siinulation at a snapshot in time as the convective region starts to push the star outward([19]. The base
of the convective region (surface of the PNS) is at roughly 40-50km and the top of the convective region
(position where the infalling stellar material shocks against the convective region).



equillibriiin with the material around it, its density will be lower than its surroundings (for most normal
equations of state), and it will rise. If the entropy increases with inereasing radius (r), then the bubble
will only rise until Sy + AS = S(r) where the density of the bubble and that of the atmosphere are
the same. Such an atmosphere is stable to convect on. 'f the entropy reuains constant or decreases at
increasing radius, the equilibrated bubble will always have a 'nwer deusity than its surronndings and will
continue to rise. Such an atmmosphere is unstable to entropy gradients. Simply stated, the criterion for
instability is:

dS/dr < 0. (1)
[f we include lepton (Y ) gradients, the more general criterion for instability becomes:
(OP[38S) v dS)dr — (OP/3YL), sdY /dr <0 (2)

where (OP/8S),,v, is the partial derivative of the pressure with respect to the entropy and constant
density p and lepton number Yy, and (OP/3YL),,s is the corresponding partial derivative of the pressure
with respeet to the lepton number.

From this general equation, we can understand the bulk of the convective instabilities studied in core-
collapse supernovae, The “Lepton-driven” instability is deternined by the second term in equation 2.
Essentially it says that if there is heavy material on top of light material, the light material will rise while
the heavy material descends. The escape of the electron neutrinos at the surface of the PNS produces a
region where there is a high neutron/electron ratio (> 3 — 5) above a region where this value is below 2.

In the region above the PNS, entropy-driven convection can dominate. As the initial bounce shock
moves outward, it weakens and produces a lower shift in the cutropy. leaving behind a negative entropy
gradient. This starts entropy-driven convection. Heating near the PNS surface contines to maintain this
entropy gradient, producing convection.

The electron nentrino emitted during clectron capture is less energetic than the energy released during
the capture. The neutrou-rich region at the surface of the PNS tends to be hotter than the region below
it. So although it is unstable to lepton gradients, the entropy gradient stabilizes against this convection.
This leads to a doubly-diffusive or “salt-finger” iustability®. It is this doubly-diffusive instability that
must be understood it we are to solve whether convection within the PNS is mportant or not,

For the convection above the PNS, the lepton gradient is a negligible effect and we can estimate the
convective instability (and timescale) on the entropy gradient alone. One way to estimate the timescale
of this convection is to use the Brunt-Vaisila frequency w[12]:

w? = g/p(3p/DS)p(dS) ) (3)

where (9p/dS)p is the partial derivative of the density with respect to cutropy at constant pressure, and
g = G'_-'h'{.,,t.lomd/r? is the gravitational acceleration. Here G is the gravitational constant and Ma,closed
is the enclosed mass at radius r. If (9S/9r) is negative, w? is negative and the region is unstable. The
timescale for this convection (Teony) is (|1/w?|)1/2.

[1 the limit where radiation pressure dominates the pressure term (reasonably true at the accretion
shock), this equation becownes:

w? = g/8(dS/dr) = (1/S)(GCMenclosed) /T2 ) (AS/ AT) (4)

where AS is the change in entropy over distance Ar. Here we used the following relations: S ~ 7% /p and
Pressure x T4 For the massive 23 Mg, star studied by Fryer & Young[25], where g &~ 1.5 x 1012 cins 2,
AS/S 2 0.2, and Ar == 107cin, the convective timescale is roughly 21ms. Even on core-collapse timescales,
this is extremely rapid and most simulations do not reproduce this result, probably because nmmnerical
viscosity (either through SPH artificial viscosity or numerical advection in grid codes) damps out the
convection.

Some scientists prefer to estimate the growth time of Rayleigh-Taylor instabilities based on a wmore
simplified equation using the Atwood mmmnber A:

w?\twunll = kgA {r))

#So-named because it is like the hot Mediterranean Sea pouring into the Atlantic Ocean. The Sea is saltier but hotter
than the Ocean. At first, the two fluids are stable, but as the heat from the Mediterranean diffuses into the water below it,
lepton-driven gradients dominate over the stabilizing entropy gradient, allowing convection to develop.
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where A = (p2 — p1)/(p2 + p1) and k is the wave muuber. Such an equation is designed for simplistic
examples of a two density fluid chamber. But, if we again assume a radiation pressure dominated gas,
this equation becomes:

@2 pood = K(GMunciosed) /72) (AS/S). (6)

If we pick a wave nuber roughly of the size scale of our convective region, this equation is identical to
our equation derived using the Brunt-Viisila frequency.

2.3 Where Are We Now?

Blondin et al.[l] introduced a new feature into convection above the PNS. Building upon the work
of Houck & Chevalier[28], they argued that advective-acoustic (or vortical-acoustic) instabilities would
develop low-mode oscillations. This hias become the focus of a lot of the multi-diinensional results in the
past few years[54, 50, 10, 15| and has brought a new appreciation of the complexity of convection above
the PNS.

There are sowe issues to this new convective instability that are still being realized by the supernova
comnunity, First and foremost, the existence of this instability does not preclude the existence of the
Rayleigh-Taylor instabilities scientists have focused on in the past. Indeed, because the growth time of
the accretion shock instabilities tend to be > 100ms, Rayleigh-Taylor instabilities will dominate at carly
times (Yamada, presented at this meeting). Figure 5 shows the explosion roughly 1001ns after bounce. At
this time, the only strong instabilities are Rayleigh-Taylor. As the edge of the shock front moves outward,
the Rayleigh-Taylor instabilities will naturally develop lower order modes (Rayleigh-Taylor modes will
have instabilities roughly the size of the convective region). Roughly 350ms after the explosion, the
Rayleigh-Taylor instabilities still dominate 6, but an [ = 1 mode convection has developed that almost
assuredly is an accretion instability. So this new iustability will only play a role in extremely delayed
explosions.

The loug delay in the development of accretion shock instabilities places limits on the effectiveness of
this instabilty in driving supernova explosions. The explosion energy is derived from the energy stored
in the PNS or the convection region above the PNS. Once the explosion begius to launch, it is very
difficult. to inject further energy in the shock (unless we invoke magnetic fields). Fryer[23] made some
simple estimates of the energy making the following assumnptions: 1) the explosion energy is limited to the
cuergy in the convective region, 2) the convective region can be mimicked by a radiation dominated gas
(v =4/3), 3) the structure total energy in the couvective region is not too different from the equilibrinin
solution. Tn pressure equilibrimu, the pressure profile [P(r)] of a radiation dominated gas is[11]:

Ij(r) = [1/4"1‘INSC"(*S'r£\tl/’S'U)_1 (1/?" - l/rﬁhuc:k) + Iilh/tik]'ll‘l'{.’;{'lll”:‘__ (?)

where Mys is the mass of the proto-neutron star, G is the gravitational constant, Syaq is the entropy
in Boltzmann's constant per nucleon, Sy = 1.5 % 107 and ryuock, Palock ate the radins and pressure of
the accretion shock produced where the infalling stellar material hits the convective region. FPyock 18 set
to the ram pressure of the infalling material = 1/2pv2 where p is the density of the material and vg is
the free-fall velocity at the shock. In our derivation, we will set our free parammeter to the accretion rate

(.-’flm.‘.) of the infalling inaterial. Using mass coutinuity, p = ﬂ.i'a(.(./(cl?r?fhm:kvﬂ), the pressure at the shock
is:
Pshnck = (EGA!'N.‘:i)“'5"Uat‘('/(SWTEI.lick)' (8)
The energy depsity for a radiation dominated gas is just 3 x P(r):
Mys 10kpuue™! /10%m  10%m
w(r) = 3 [4.7 5 yoeie 22T ( =
Mg, Stad r Tshack
. 0.25 2l
c 5/
L f Mns My 2 x 107
+ 1.2 x l”f ﬁ ﬁ (m erg 11l l;. ('J)

Nofe that the near the neutron star surface, the ram pressure is small compared to the pressure component
compensating for the gravity of the neutron star. This means that the energy deunsity in this region is
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Figure 5: Slice of a 3-dimensional collapse of a 23 M, roughly 1001ms after bounce[256]. This quickly into
the explosion, we do not expect any shock instabilities to have developed. Indeed, the the couvective
cycles, with sizes comparable to the size-scale of the convection region.
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Figure 6: Slice of a 3-dimensional collapse of a 23 M, roughly 350 1ms after bounce[25]. By this time, we
expect shock instabilities to have developed, and an 1-=1 mode has developed that could well be caused

by this instability. But Rayleigh-Taylor instabilities also exist.
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dominated by the neutron star's mass. At higher radii, the encrgy density is set by the ram pressure.
The ram pressure, in turn, is determined by the density structure of the star, but for stars less massive
than 15-20 Mg, this infall rate drops considerably after the first 50-2001mns[16].

If the explosion has a long delay, there won’t be mmch energy stored in the convection region (sce Fryer
2006 for more details). It is possible that the explosion energy can be stored in the PNS and have it inject.
this energy even after the lannch of the shock. Burrows et al.[10] suggested that accretion shocks could
excite oscillations in the PNS. These oscillations could store energy to drive an explosion, but Yamasaki
& Yamadal63, 64] found that this energy is less than 10" erg (aud is inefficient at imparting this cuergy
into the envelope), a full order of magnitude less than what we need to produce a “normal” supernova
explosion.

The long growth-time of the acoustic instabilitics means both that Rayleigh-Taylor instabilities dow-
inate at carly times when we need to wake the explosion occur if we want a strong explosion. For the
accretion shock instabilities to be important for supernovae, we mmst find a ditferent source for the explo-
sion energy, One possible source is rotational energy in the PNS. With strong magnetic fields, a spinning
neutron star can inject conusiderable cuergy into the expanding supernova ejecta. To understand that, we
must understand the role of convection wheu rotation is added to the picture.

3 Convection with Rotation

3.1 History

Much of the ecarly work studying rotation in stellar collapse focused on how rotation could drive an
explosion[46, 2, 57, 45, 31, 32]. Most of these papers required extremely high rotation rates and strong
maguetic fields. But these mechanisins generally predicted an explosion well before the core of the star
reached miclear densities and the neutrino fluxes from these explosion mechanisiis fell far short of what
was observed in SN 1987A. In addition, the angular momentuin required far exceeded what current stellar
evolution models could predict.

In the 90s, scientists started focusing on the role rotation played in woditying the convection above
the PNS. Yamada and collaborators[55, 62] argued that ncutrinos would heat along the rotation axis
much more effectively than along the equator, driving stronger couvection along this axis. Fryer and
collaborators[18, 21] discussed a different effect, the fact that the angular momentum would stabilize
against convection along the equator. Both of these effects lead to stronger convection along the ro-
tation axis and a larger asynnuetry in the explosion. This asymmetry has been used to explain many
observational features of core-collapse supernovae[47, 37, 29, 30).

3.2 Basics of Convection with Rotation

To understand the effect of rotational gradients on convection, we can use the same linear stability
analysis we used for lepton and entropy gradients 7. Let’s consider the net force on the blob in a rotating
atmosphere with an entropy gradient:

: i [ P A,O jgluh — (J + Aj)z
Aa=g (L Pbiob ) N (r+Ar)® (10)

where juion, = 7. For aceeleration to remain positive (so the blob will continue to rise) any entropy
gradient must overcome an angular momentmn gradient. The correspouding Solberg-Heiland instability

criterion is (Endal & Sofia 1978):

d dpl _ 1 &7

g K_ﬂ _del L4 (11)
P dr adiabat d?‘} r dr

The left half of this equation corresponds to the entropy gradient condition we've already studied. But

the condition for instability set to zero is altered byt the prescuce ot an angular momentun gradient. [f

the angnlar momentuin increases with inereasing radius as it does tor our core collapse models, then the
entropy gradient must overcomne the angular momentum gradient to drive convection. In our simulations,
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Figure 7: Rotation in Core-Collapse supernovae. Increased neutrino heating along the rotation axis and
constraints on the convection in the equator combine to produce asynnnetries in the supernova explosion.
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the high entropy bubbles are unable to rise through the large angular mowmentum gradient and the
convection is constrained to the polar region. The overwhehning effect of rotation on supernova models
is this constraint on the convection and it causcs weaker, asynunetric explosions.

But the pressure is also altered by the angular momentun. It produces a mwore condensed profile
along the rotation axis and this will lead to more neutrino encrgy deposition along these poles.

3.3 Where We are Now

Although rotation has been modeled in collapse extensively, we still do not have accurate progeuitor
models to definitively determine the role of rotation on convection. In addition, although estimates of
the maguetic fields have been made, magnetic fields have not yet been modeled selt-consistently. This is
the next big step for rotation stellar collapse.

4 Rotation in GRBs

Right now, the history of GRB models is fairly limited. Ouly a handfull of ealculations have been
made[41, 52, 53]. The simple disk picture was shattered by the first set of 3-dimensional simulations.
Angular momeutuin can help provide support around the black hole and convection cycles can develop.
Figure 8 shows a slice of a 3D calculation where the y-axis is the rotation axis. Far from being a simple
disk along the equatorial region, vigorous convection has developed. The angular momentumn in this
matter also contributes to additional instabilities, and this angular momentum can drive gravitational
Waves,

This problem is in its infancy, and much more work on any nuinber of topics must be done before
we know what issues must be studied and what physics is relevant. Among these is the role of maguetic
fields and a better instability analysis of the Rockefeller et al.[53] siinulations.

5 Gravitational Waves

Rotation clearly plays a key role in the explosions of GRBs, and because of this, we are also assured of
producing gravitational waves (GWs). The signal peaks shortly after the collapse of the massive star and
quickly drops off (9). The rotation provides an ideal way method to produce a time-varying quadruple
moment in the mass motions. Even so, the GW signal from collapsars is strong enough for advanced
LIGO to observe only if the GRB is very near to the earth (within the Galaxy or the local group).

In comparison, there is no guarantee that normal supernovae will produce a strong enough time-
varying quadrupole moment to be observed at all. Conection alone produces a GW signal more than
100 times weaker than what is produced in collapsars (10). With rotation or asynnnetries (especially in
the neutrino emission), this signal could easily be an order of magnitude greater, detectable by advanced
LIGO if the supernova ocecurs in the local group. Because of the much higher rate of supernovae over
GRBs, we are more likely to detect supernovae in GWs than GRBs®. Despite the difficulty in detecting
stellar collapse in GWs, GW observations will tell us nmch about the rotation and asyunnetries in the
mechanisin itself.
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