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

C hris L. F'rycr 1 

CCS' Di'llislon, MS D409, Los A lamos National LabonLfo'f'Y, Los A lamus, !vI x7545, USA 

Abstract 
We re iew the di tferent cllgilWS behilld supernova (S Tc ) and g' 'lmlllFl-ra,y burs ts 
(Gn Bs ); fuc llsing OIl thos(~ ('ugilles driving ('xplosions in massive stars: cO[c-C'ollaps,' 
S 1(' and IOllg-du I:a,t.ion GRl3s. Convectioll and rotat.ion play import.ant roles ill t.lw 
ellgines of both these explosions. We outli!l(~ the b;:-\,s ic physics (md disc uss the wid(! 
variety of ways scient.ists have pruposcd that t.his physics call a ffect the superuova 
explosion mechanism, concluding wit.h a review of the curwllt stat.us ill these fidds. 

1 Introduction 

Sur t' l' llOVaC alld G cumna-RI:L .. B ursts arc the two most ell(~rgeti c (~xpl()si u s i ll t he uuivcrse since the b ig 
ha ng. For a hrid tillle, they outshine the galax ies ill which they reside. O bservatiolls have led to the 
d assilicati 11 of thps(' outburs ts bas(xi on their ohservational properties. For snperun d C , t he dcl.ssifi cat iclll 
is based p rim mily on their spectra: type II 81 c have stroug h. cirogell linC';-; , type I SNc (mly exhibit 
hydrogen lilles at laJ.e time's. T ype I snperllOVa (: aIC further disti llguished by t he prCSCllce ()f ;-;trollg 
silicon lines (Ia), abs('nt ill Ib/c supernovae; Ib superllOWLC have helium lines, ab ;-;ellt ill Ie :·mpcrnovac. 
GRBs arc c1iffrIcnt ia tcd by the duration and "hardness" of th(~ spectra of the lmrst: long-hard bun-it s wit h. 
d urat. iOllS ab o c a few s(:'conds ;-tlld the short-soft bursts. A 1-hird illtenne<1 iary catc:gofY way exist. All 
addit ional feat ure of these oh ·;cr vations is that long-duration G B s hav( ' type Ie SU P(,l'llOV·l.C C1:-; :'ociatcd 
wi th t 11('111. 

T heorist .. have proposed a wide variety of lllc'chcl11isll1.s for these ('xplosiolls, frolll Plectrkn.l :-;torms ill 
t he ~:alt b ':-; st n'Lt osphcrc t o C'olliciillg strings ill the early univeIse. Indeed, j nst 2S y{'8,l"S cd t CI the disco cry 
of GRBs , uver 100 models existed for GRBs[49]. However, ollly a handful of models have emmgecl H.S 

"favor ite" engines behind all the types of GRB and S ~ explosiolls. F igure 1 reviews the J ll Li'tiu types 
of 8N c- wI 2 types f GRB aud the energy source/mechanism behind the ('xplosious. Type la SNc are 
produced by the then nouudear explosion of a white dwa.rf. In the stallciau l pic:tur " the iglliti m of the 
w hit E' dwarf occurs wheIl its Illass exceeds the Cllalldras('khar lllass (gellerally through ac 'ret iOll frolll 
a b inary companioll) . T his is the only explosion powered by llUc!CcU· t~uergy. All other expiosiolls arc 
p rocill('.cd by the r t'leasc of gnw itatiolla l ellcrgy. Short-D uratioll GRDs aff ~ believed t() be prod ll ('t ~d hy 
gri\ itatiollrl.l energy released during the lllergcr of two ueutroll stars and the subscc.!1wut C1c LTctioll Ollt o 
t.he bla ck hole formed during this merger. 

Type Ib/ (' SNe, T ype II SNe and long-dura tion GRBs are ALL belicw~d to be prod llced ill tll(' collapse 
of a massive star down to a compact object. For lllost SNe, the outburst is p roduced wheIl a mas;..;ive star 
(2: 9!vfc:J collapses dowll to a lleutroll star. Loug-duration GRBs are produced in the collapse o f a very 
nw.ss ive star (2: 20NI0 ) down to a black hole_ Although the source of clwrgy for bot h these exp losions is 
t he saUle pot clltia.l ellergy rd('Clst'd clur iug t he collapse , it is hclic:vcd that. t he lIlcdlaub lll 1 hat COllvcr ts 
t his ellcrgy iuto an exp losion is very different. The lll('(:hanislll behind lOllg-duratioll GRDs a.b o produccs 
associatcd type Ie 8Nc, so t he liue dividing these differcut C:Al)losions is 11 )t COllcw tc, b llt w( ' shall argue 
below t hat these ;' typ c Ie" SNc have different chanlctcrist ic:s from "n0l1 11al" t.ype Ie SNc. 

T h is pap('f n~views on the r ole of cOllvect. ion ill the ('xplosioll lllcc:liallisllL'-; of n Jl'(.'-collapsc S)I l~ a.nd 
GRBs. But before we fOC' lL' 011 this part. icular piece of physics, kt's rc iew t. he has ic cngilws iuvolvcd . 
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F igure 1: T hree basic SN tYJws and two prilIli-u-y GTIB .,vPCfl . T iw ba: ic S_ - types arc distingnis l18n bas(;-~d 
on t he appl'llrall(\' of di i±'creut C'lClllcuts (H. He. Si) in t he f:lpcc t ra of the: exp losiollS. T he GRD t ypes 1:\.n~ 

distillgllisl.H'd by thl' d m Clboll of the galllllm-ray cmi:-isiOll. Two SNp types (II Ih /C') an d Olle :rRB cbss 
(lollg-dllrcttion) arc believed to he proflu('cd by the eollapse of m <-1:'>siv(' stars . T his pap er focuses 011 t he 
role of cOllvectioJl 011 the ('xplosiolls l)('hi11o t.hese ('oH.'-collf pS(~ E Vf' n t.: . 
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1. 1 The Basic Engine Powering Core-Collapse Supernovae 

St ars a rc p mV<' red by the nuclear fusion of rnaterw 1 ill their cores. For S .c 's like t.hc sun, th is fusioll 
stops aft.er the core IHts \'blll'ncd" its hydrogen int.o helium. B ut for lllore m ass ive stars. the core is ctbl!: 
to b('COlllt: sufficielltly hot t.o fuse the heli lllll ashes into car bOll. In stars 8"bove "'" Dl\f'2 ' t il i.' hllruing 
process coutinucs through the fusion of silicoll iuto iron. The fllS iou of 1rou to h(-'avicr elelllcllts docs not 
r(~leasc a,uy fnrther ellergy and the build up of an iron corC' lllarks the eud of the life ()f evell the lilos t 
1l1assive s tm's. W h(--:ll this core becomes so large that pressures C111d densities d issudttk t he iron to lighter 
atolllli (remuving therllwJ support) and inducc t.he c:aptuw of eicctrons ont.o prot:OllS (removiug (~kC't roll 
degclH~ra.(:y suppor t), the core colla,pses. 

The core colla.pses until it reaches llud(--:ar densities wllere uuclt~a.r foru\' awl ueutron dcg<'lwracy 
pressure halt the collapse. This marks the iuitial for lllat ioll of the prot o-llC'utnm :'lt iU (ro ughly 0. 9 M0 ) 

alld seuds a "L ounce" -shock back through the sti:ll'. This shock is extremely hot alld lllost I)f its cIH:'rgy 
is st ored i ll therlllal encrgy. Illitially, photons, and evell neutrinos, arc trapped ill t.h is .. llock. B lli- as the 
shock moves to lower densities , the neut riuos call leak out of the shock, removing mOHr. of it.s clwrgy and 
causing it. to stall . T his oc ·urs roughly between 100-200 kllL. T he stall leaves behind a region lw t wCCll 
t.he proto-neut ron star aw l the stalled shock with a negative entropy grad ient (high entrop ies hdow l()w(~r 

8lltropi('s) that initia tes COllV('ction in this region. B ut this c:ollvec:tioll continues to b(~ dr iveu by a llullllwr 
of illstabilities (to 1w discllssed below) that Heraut. et al. [27] argll(,o would allow the COllV(\ C'tivl ~ regi 11 t.o 
Hlorc-cffici(;utly t I <:111Sfer the potcntial ellcrgy released (stored ill the thermal euergy of the Pl'oto-llcut n m 
~tar ) 0 be cOllverted to kinetic energy and ultimately drive a Supc;l'nova t'xplosioll . After over a ckca<ie 
uf debate , there is n ow a geucral consenSllS that this convective l'egioll is illdecd critical to tlw supernuva 
(--:.'plosioll ellgine . It. allows the transfer of energy from the proto-neutron SUiI' to t he stalled shock , pushing 
bil,c:k ·:'tgailL':i t t he infalliug star and ultilllately driving a. sup erllova explosiou. 

1.2 The Basic Engine Powering Long-Duration GRBs 

T hE' (,llgim' behind both short and 101lg-dura,tion GRBs is pol,.vcr('c1 by the accrdioll of matter out u a black 
hole . If t.his clccrctillg matter has euough angular momentulll to form a d isk a round the "black hole, its 
energy call be xtracted by first cOllverting it into magudic fields or ucutriuos awl thell dep osit ing th is 
encrgy furt her out to drive a rela t ivist ic explosion[4~] . A number of progenitor lllodels ex ist to pl'oLiu(;c 
sHch b lack hole accret ion disk (BRAD ) systems and the relative mcrits of the two cOllversioll lUcchall isllls 
(neutrinos or magnetic fidds) have been studied in deta il assuming ct simple disk pi -ture [5 1 17], 

In HHH, Woosley[G011 roposed that the BHAD engillc conld be produced ill the colla pse of a rotat illg 
lllCLssiv(' star. \1acFad y ~ ll & Wousley[41] modeled the fir, ,t SUd l colla pse of a lWlssiv<' St. ill· ill 2-d.iI1lCIl :-l iollS 
/'iud , Ilsiug t he silllp le d isk models of P Ophci.lll et al.[Sl] found that by injPctillg energy above the disk, 
i lwy could prod uce a jet- lik~: explosion that could explain the features of long-chu:atioll GRBs. 

Let's outline tlw basic pictnre bE'hiwi t. his collapsar enginc. It b(~gillS with th(~ s e-tInt' evolut. io n as t.he 
stars we studied in our ba.sic supernova engiuc. A massive star collal ses, forms 1-) prot.o-uentron sta,r and 
t his engine convects. However, it the star is lllore ma.ssive t.han roughly 20 .A1G [lGJ, the SUIWrllOWi. cngiuc 
is ulla Ue l 0 prod nce a stroug explosioll. If it produces (-1 weilk cxplosioll, it is ullable t.o d isrupt i-he ellt in~ 

st ar awl m aterial wHl evcutually fall back onto the proto-llelltrou stC1r, causing it to colla.psc to a bla('k 
hole. for ext remciy lllcl.':is ive stars (~ 40 lt10 ) , the superlluva engine rnay uot work at alL p rod llcing a 
bIc ck hole without any supernova explosion at all (h ut. as wc shall sec, this collapse lllay st ill pl'Od uc< all 
cxplos iou). 

If the star is rot at ing, some of the m a.terial faJlin g 011 the newly-forllled black hole will hang up in a ll 

accret ion disk ClTouud the black hole. T hen it is assllmcd that eit.her the ncutriuos clllittcd fr olll the hot 
disk ur magnctic fil'lds generat.ed in the disk will convert the potential energy rdcaseJ into all <.~xplo:-:; ioll. 

Popham ct al. lG1 j made a series of (l,dvectiull dom.illat.ed accreti()H flow sinlUJa t iolls to :-:;how t hat althonf!,h 
bot ll t he llcu tl'iu () and magnctic: field conversion mechall isms are plausible, the m agnetic field con ersioll 
lllechanisIlls lI1tlY wdl be required fur the strong GRB explosioIls tlraL arc observed. 

A :;prips of pa p<.>rs have ::;tuche i this disk picture in more deta,il. Fm t lle lH'uLritlo-i-l.llIlihilatic'll t nlU::; fer 

mechanislll , sCllli-ilualytk calculations call provide quant.itatively accurat.e estimates. di !vla r.t.co ct al. [lJj 
st udied tL. is lllechanisHl at the highest a.ccretion ratcs (-wei fOllnd that nCllt r iuu trap ping severely li llli t ( ~ d 

t he a lllount of energy injected by neutrinos in t h is regirne. Fryer & cszttros[2ll] focused Oll p rogC'llH,()rs, 

.) 
,) 



n udi 19 t.hM, for lWlssivc st.an) ) t.Ilt' bL-l Ck hole would becomE' t.oo m Fu-;siv(' by t he time t.he axis ''1..bnve 
t.he d isk dcan :d for t.he simple ILCut.rillo-anllihilat ion d isk-lllechanlsm to work. All t lwst' st.udies a,gn'cd 
t hat. it is uulikely t h a t. llPutr illo-a llllihila.t ioll will work for GRI3s produced ill st.ellar colla pst:. It-. is Illllch 
more difficult. to a('cm atdy csti lllat c~ tIll.' role of magnet.ic: fields. Alt hough llli::l.lly paper !:' <..~xist predic ting 
what m aglldi . fields can do for GrUb pro d uced ill s t.d laT C"ollap sc [4H, ;~ S, 42] oIlly a few luantitr'Lt.ive 
calc-ulnt iolls of t.hl ~sc m agllctic fields have (X'll madc [G2]. Even t. hese calculat i JU S are ("on:stra illcd by a 
ll111nbcr of (\,'iS1ll11ptions alld 2-dilIlclls ioIlal ca.knltlJ,i lIS. 

TIJlu~-dllIwnsional c:akula tiolls of these ("olL-lps('f models have sho\\l1l lIS tha t t.he b asic disk pict ure is 
far too simple (mel the hc:lm,vior of rnnttcr IlCi-l.r the black hole is IIluch morc similm to a supernova. eugine 
tha,u t-llat of a ll accretioll disk [ S :~]. COllvective inst.abi li ties develop cUld domillat.e the How of mat ter. 
Rockdcller ct a1 [?1 also found that visco lls for . .(\ ~ lllay nlso bi:: ab le to cxtn1.ct Elngula.r IIlOlll(~lltum ('ucrgy 
h'i iug outfiows . How this Jr;ad~ t o a GTIB remain') to be seelll, h ut it is clear t h eLt. lleltnI'(' is lllu('h more 

("OlllP lcx thau we fir st illltl,gillCd and a lot of work rcmaills to fles hing out the G RI3 engine. B u t. the fir st 
stpp is t o llIHicrst a ud t.his COlivcc:t ion and we will fOCllS 011 this (l,'-) p ect of the GRB cngine here. 

2 Convection In Supernovae 

2.1 History 

III I97D , Epst.eiu [14] a.rgm'd that lept.on gradicu t.s ill the proto-lleutrOI flt ar would dr ive convcct ion t hat 
\vonld help t. ra.usp urt neutrillos dccp in t.ile proto-IlClltrOll star to -it s sllrfl-1("(', allowiIlg those lleu t rinos to 
l)(' t.t l ~r lwat the lllHterial in t he ~ ho(:kcd region, driving all e:xp losion 2 . Short ly thereafter , a more complete 
picture based on t.he first lImlti-d iu lcDsiollal calculations of ("OIlV('CtiOl in superuoVc:u:: [40, J 56] a.rgucd 
t hat the (,OllVCTt ioll wa,'..; driven by the int.(-'1l11ay bd.wcCll cut ropy and leptoll gradients. TIH's~; calcula t ions 
a lso fo cllsed OIl t.he role of ("ollv('dioll ill the prot.o-neut.ron sta .. core and tlw d Tcct thi s convection would 
p lay on t l1<' IlClli r ino Hux , hut they (-)'1 :'1 0 rC;-1,lizcd thHf, thc role of COllvc(tion m ight lc ;'-ld heyolld j ust 
transport iug neu t r inos. 

T he f('s(' t-1rdl in the IDROs fn(,HS(~cl mostly Up011 the convection in the lU' ut.ron star. Latt imer I'\lH1 
('()llahm-ltors [J H, 7] t ook aciva,llt age of the latcs t advances in dense ('quat ions of st ate to better cHtilllate 
the ('on crt ion awl IH'llCe the neut rino fiuxe:s from t he proto-nen tron st a r. D WTows[H] i"\,r gueci, using 
sCllli-(-LJli-tl ytic (:i 'Lk \lltc'Lt ions, r.llll.t cOllvection at the nent.rillosphcrc would gTUW to cw ·owpal'is the cntire 
proto-llentron star . This ("cmV( 'ct,loIl was later coufinlled by mult i-rli l1lcnsio lla.l silllUL-ltiOllS [;~ 6J. W ith 
i:\PPrc pria.t.c twcrlking, VVilSOll & :NIa.y lc [SH, 5Dj found that they could get e:xplosions with this proto­
IlC' llt ron sta r cOllv(:dion, focusing 011 the doub ly d iffusivl' Ie:gime where heat d iffusio n rCllioved the sta,blc 
I'lltropy gra,dicnt, faster than lept on ditfusioll diminish d the unstable lepton gradicnt. T he increased 
neut r iuo tll LX froIIl t.his cOllvcd,ion was just enough to prod uce an exp losiun. 

But all liHg(~-s calc , rlllut i-ciimE'nsiollal (,cl.lc1l1clJiol1:S SillCC Hcn mt ct al. [27] tlw,t include the shocked 
region ou l, ex hibit weak COll (\ction in t lit' proto-neutrou stars . W hether or not strong COllvcction o ccurs 
ill t he proto-llcntron star i,' still a matter uf dehate: . A v('ry good review of our currcnt lwdcrst an ling of 
this an a lysis ha s hc{m (10 1lt' hy DUW Ull ct. al. [4]. 

However , ill t he I DOn", the focus of n)llVcct ioll in supcrUOWH' tllrll cd to t lw r ,g ion ahove tlw proto­
ncu t roll ,t ar. In t rying to ('xp la,in the lllixing in the 0.ic('t a seen in SN I 0H7 A, HCf811t et al. [2G] argned 
that i li{' COllv('('tion above the p roto-lleutron star dr iven p riIlli-1.rily by entropy gn-){ijPIlts could he the 
k('y to t.he e:xp 10:., iOll. Desp ite dis('ollrag ing results hy Yamada ct a l.[G I] and :NIiller et a 1.[44] arguing 
thi:tt I he ( 'onV~\ct ioll above the prut.o-neut ron st ar wets on ly a miuor effect ) t h(~ silllula t ions of H( ~ralit ct 
td. [27] a,rgucd that this C'ouv('ction actually played a key role iu the ex p losion. COllvect ion ab< ve t.he 
p rot.o-llClltn m star COllverted thermal clw rgy deposit ed by nen! [ inos just. abo c the proto-lw utron :s t 'll' to 
kine tic <:'lwrgy ill th ( ~ explosioIl. 

T lw effect s of ("(mv(~ct, ion Cl.bOv~' t he pruto-neut ron st.a.r (PNS) out.line 1 by Hcrant et al. [27] CI:Ul 1-Y' 
ill llstra.t.cd ty ("ompa,riug the liffcrcnc('s bet we ell the l-d im cHsio w.l (fig. 2) and Illulti-diu wnsiorml (fig. :3 ) 
pictures . In t he I-dimensional scpnario (hg. 2), mat.erial from the infallillg st.Hr pile." up on the stalled 
slj()('k. For a Sll(·CC;'Sflll ('xpIosioll t.o d(;vclop , t he ('llginc lllllSt. be aI le to p llsh t he matter oll twa.r 1. W ith 

2 At the PNS ::> urface, electron neut rino::; are no lo nger tr app ed and, because of this, t hb :s urface region becomes extremely 
electron poor , p roducing a gradient in the lepton number. 
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time, this mat er ial piles up on the shock, making the explosioll harder i1. nd harder to exp lode . T he 
neutr iuos leakiug out of the PNS primarily heat the region just above the PI 8 surface. If this rcgioll ca ll 
llot expaud , it he 'l,t s up so high that it too emits neutrinos, losing all of t)w energy it has ga iupd fro1ll 
t he PNS. T hesp two isslles make it very difficult for a 1-dimensional calculation to produce a sllccessful 
('xplosiuli . 

COllvection above the P~S aUe iates both of these issues. T he iufalling material falls 011t O t he sbock 
(fig. :n, h nt it docs llOt build up on the shock. Instead, C'Ollvection allows this lllaterial to fiow dowll 
towu.rcl t he PNS surface. T his materictl does not build up on the shock, so ioes not coutdblltp to the 
matter t hat must be pushed outwarn to drive a sllcccssflll (~xplosion. It ac:crctcs onto the PNS, depositillg 
acldit iollal ell .rgy that can help drive a supernova explosion (possillly through nellt r illO clluss ioll). Both 
of tIl( se effects help to dr ive the explosion. In addition, C.llly heatiug .i ust ab ove the PNS SUrfi\CC causes 
t he hcatcu lllatcrial to risc upward, convertiug its thcrllwl cllcrgy iuto killetic energy before it. get.s so hot 
that it, rc-cmit s that energy in the form of ncutrinos. 80 couvec:t.ioll also allows t he region a bo r(' t.he P S 
t o betkr couvert its t Iwnllal t:ll(~rgy into kinetic energy to drive ('lU explosion . 

W hat does this luok like ill a n~a.l simulation? Fig 4 shows a suapsllUt ill time of t.he cOllvect ive 
regioll a.bove t he proto-lleut ron star. T he vectors show the directioll and the slmdillg clellOr( ~S (·UITOPY. 

At roughly J OO klll one CfLll easily make out the edge of the shocked region wbcn~ the iufalling star hits 
the top of thc OllVC -t ivc rcgioll. The proto-neutron stell' ends roughly at 40-50 kl1l. III t his regioll , hot 
lllai erial at the base rises upward and pushes the shock outward . Infc lling lllateri.~ 1 p ushes back a ll as 
it piles up, it flows dmvll onto the proto-lleutron star. 

Alt hough t he Hermit et al. [27] result was il1ll11ediat.ely corroborat ed hy 13 ULTOW, , et a1.[0]' Ullt. il rc('cllt.ly, 
the debate ahout t Il(' ro le ( f convection met violeut arguments. Jauka & Mliller[~'G] argueu t hat CUllvcct ioll 
could help the (:xplosioll, but only mildly. lV1e :tzacappa et al. [43] argued tha t. cOllved ioll d id llot pruduC(' 
explosious. In 200:{, Buras et a1.[5] argued that explosions could not occur ill collapsing st i'l.rs ~ evell wit 11 
cOllv('ct ioll , wit.hout the invocation of new microphysics or magnetic fields. 0 11 tht: otht'r ext reme, Fryer 
(: lld collar orators [lb , 19, 21, 22 , 24] produced explosions for all stars btlow abollt 20 :Nl(::'l Ull lC' SS t llCY 
artificic· lly clamped out convcctiOll. Arguments ahout nUlllerical techniques l"lls1l(:d: e.g . hydrodYlla.mic 
t,('d m iques , transport tcclllliques, errors in the equation of state. Of the 4-G supernov- gronps across t Il(' 
world, all but 1 focused 011 doiug better neutrino transport. 

Tn the past few years, this p icture has changed. Blondin et a1.[l] discovered t hat a nUlllhu of imd l"l­
hili t ics exist ill t. he regioll above the P NS. Burrows et al. [10] found thl'l, t these ills t a bilities ('(l tlld drive 
/'"\,u rxp l sion iudC'pcuciellt of lleutrino transport. scheme. T he group led hy Janka snddculy stl'"lHcd to 
produce t'xp losiolls [6]. At this point, over a decade after the Herant et al. [27] work proposed it. , there i,' 
rCCl.'ouublc COllsensns in the fie ld that convection above the PNS is crit ical in t he snpcrllova pal'r1(Uglll . 

W hy docs it take so long for scielltist.s to converge on this result,'( Because it i~, a difficnlt problem 
with a lot of physic" in it. It umst be modeled cOlllputat.ionally, a.nd this me(,LllS sciellt ists must be able 
to d iscern bel'ween nUlllerical and real effects. And this (:1:111 be difficult illdced. All example of how hard 
this is to do can be showll in the rallge of recent results from the Janka grollp. In 200~~, t hey argued tlu'tt 
COllvectioll (' mId not pro i11ee explosiolls wit.hout new microphysics or lllagnctic: fields . Two year,' later. 
t. hey a rgued that they c( uld get explosions for Stelrs less massive than 12 1\110 , but not hing bigger cou ld 
('xplodc . At thc' Texas Symposium in I felbour nc (Dec:. 200G), they admitted that tlwy could get 1;-) ~ir (:.: 

stars to explode without new mic:rophysic" or magnetic fields. Issues in their llUllwr ics fooled rlWlll uot 
once ) but t.wice, T his group is very strollg in (:omputatiolla.l astrophysics and is u lll sicicl'cd hy all t.o he 
excellent ill bot h computat.ional science alld supcrllovac. But they, as we all d() , strngglc to discllt.a.ll,glc 
the nUlllcric, ' from the physics. Bear this ill mind when we discuss the current statc-of-t.lw- i.Lr r l'('S111 ts. 
W hat we believe now lllay be illcorrect. 

2 .2 Convection Basics 

T he fO (: lls of most I.) f the cOllvect ive instabilit.ies has be(-~ll on eit.her lepton or put ropy gradiellt.s. T lws(' 
can bf~ understood fairly easily by lillear stability criteLCl. and hav(' beell kllU\Vll siue'c' t. lll' GOs [JO, ;~ 41 . 

To dd ermim: whether a region is ullstablc, let's c. aUlille a simple case of a hOlllogellcous material with 
a ll ent ropy grc clien t alld a constant gravity vector. Let.'s t ake 1"1 blob of material in t his atlllosphcr< ~ 

with f' ut ropy [S(ro) = so] and slightly raise its elltropy (Sbub = 50 + 6 5 ). AS it evolves ill!',1) pn'SS lln~ 
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F igllI\ : 4: COll V(:ct iUll ill a ('ol e-collapse supcrllovac[JD]. This p lo t. f-ihows a. slicc of a 3-dimt:llsiollal 
siu llllat.ioll a t a. sl i('l.pshot ill t.im(' a s the C() IlVcctiV(' rcgioll ;-it.art.s t.o pu::; 11 t.he s Ll'll' out wa n i[l D1. T he b ati E-: 
of tile ('ollvcct iv(: ff'gion (surfa.cc of the P l\S) i::; nt. lOllg hly 40-.50 k m and the top of t.he COllvl c ti ve regioll 
(posit.ioll Wlll'H' t he illbllillg :-;tpllm' l1li:lterii'l1 sllOCb against the COllVf'CtiV(' region). 



cq uillibriu l1l with t. he Ill' t.eria l around it., its dCllsity will be Imvcr than its SlllToUJ ld ings (for most llon llal 
equat ions of stat.e), ':md it will rise. If the entropy increases with inueasing nulim; (1'), thell t.he bubble 
will ouly r ise unt.il 3 () + 6S = S (r) whl'n~ the dellsity of the bubble and t.hat of the a t lllospilcr(' a.rc 
t.he sa llle. Such all a t mosphen.' is stable to (·onvect,Oll. If" the (~ntl"Opy rClllaius ("Olls t.allt or decreases at 
illcrcasiug radius the equilibrated bubble will always have Ii i:;wt~r density tlmn its SUlTOlllldillgs 11.11(1 will 
cont i1l1w to rise. Such an a,t lllosphcre is unstable to entropy gradients. SimI ly sta teei , the criterioll for 
illstcLbHity is: 

dS/dr < U. (1) 

If W(' include 1 ~ptoll (YL ) gradients, the more gCllcral critcrioll for illst ability b CCOlllCS : 

(2) 

whel'( ~ (ap / as) P,YL is the part ial deriva tive of the pressure with respect to the cutropy and (,OlL-;t aut 
density p and lepton lluIllber YL and (ap / ayL)p,s' is the corresponding par t iii l derivat ive of the pressure 
with resp('ct to the lepton number. 

From this g(.'ll0ral equCl.. t ion, W(' can understcl,wl the bulk of the convective instabil itjcs stuciipd ill ("orc­
collapse supernovae. The ' Lppton-driv(~n" inst fLb ility is deterlllined by the second term in ('(plat ioll 2. 
Essen t ially it says that if there is heavy material on top of light material) the light. m~Lt crial will r ise while 
the heavy rn(; t er ial d ~scends. T he escape of the electron neutrinos aJ the surface of the PNS prod ll ("{-~ S a 
region wfwIe there is a high neutron/electron ratio (> J - 5) aboV(~ a reg ioll where this value b 1 clow 2. 

III t he regim above t he PNS , entropy-dr iven convection ca ll dOllliuate. As t he ill it ial boullc(, : hock 
lll( ves OUt.We I'd, it weakells and produces f l, lower shift in the Clltropy, leavillg "bchilld a negative {'lltrop y 
grcLciicut . This st.ar ts entr opy-driven convection. Heatillg ncar the p~S sur fa.cc c(m tine,' to 11l,uuti"tiu t his 
entropy gra dicnt, producing cOllvection. 

T he electro n neutrino emitted durillg electroll capture is less ell(~rgd,ic than t he CHct}';, released durillg 
the capt ure. T ho. lwut roll-rich r egion at the surface of the P TS tcnds to be hotter than the regioll bd mv 
it. So a lt hough it is ullst.Etble to lep ton gradients, the entropy gracliellt. stab ilizes agaius t t his ('ouvectioll. 
T his leads to a doubly-diffusive or 'salt-finger '; illstability;l. It is this doubly-diffus ive instability that 
m ust be ulldcr~tood if we arc to solve whether convectioll \vithill the PNS is import ant or llo t . 

For t he convect ion ab ove the PNS, the lepton gradiellt is a llegligible effect. and we C,.lll est imate t.he 
("onvectlvt' illst ab ility (alld t imescale) on the entropy gradient alone. 011C wa. to estimate t.he t illH'sc:a le 
of this convect ion is to usc the Brunt-Va is i:iJa. frequcllcy w[12]: 

w 2 = g/p(ap/()8 )p(DS/ fJr) (3) 

where (ap/ DS)p is t he partial dcriva . .tivc of the dCllSit.y wit h respect to clltropy at C:OllstalLt pn 'ssnn: , 'm d 
9 == G !I/I(' !I cl()s(~d/ r2 is the gravitational acceleratioll. Here G is the gr;. vitational ("Ol lstaut alld .~f(' lHl()s('d 
is the euclo:-;ed lllass at radius T. If (as/ aT) is llegative, w2 is negat ive alld thc H'gioll is 1ll1. t ab lc. T he 
tilllcscaic for this convectioll (Tccmv) is (11/ w 2 1) 1/2. 

III the lilllit vvh're rad iation pres: .. mn~ dOlninatcs the pressure tE~nll (reasonably t rue at t lw (1u 'l"et ion 
shock), t his equation becollles: 

(4) 

where ~8 is the change ill cutropy OVl~r distallcC ~T . Htre we n:-;ccl the fo llowing relat.iolls: S ·x T :1 / p aw l 
P rcssl1H' (x T4. Fur the massive 2:n\,,{~\ star studied by Fryer & Young [25]' where 9 ;::::::; l.G X 101 '2 (:I ll :-; - '2 , 

68/ 8 ;::::::; 0.2, eu ui 6 r ;::::::; 107 r. lll, the convective timescale is roughly 2 1118. Evell oIl core-collapse t.il llcsc:alcs. 
this i~ ('xtrcmely rapid and most si lllulations do not rcprorluc:c this result, probably bccl"Hlsc 1l.1lltl('rk~Ll 

viscosity (eit her through SPH artificial viscosity or llllllwrical advection in grid codes) (li .. 1 IpS out the 
n )llVcctiOll. 

S m lC scieut ists prdn to estimate tllE: growth time of Rayleigh-Tayl )1' instabilities based 011 a lllore 

silllplitiecl equatioll usillg the Atwood Illllllber A: 

Witwood = kg A 

:3 So-na med beca use it is like t he hot I\,fediterranean Sea pouring into the Atlantic Ocean . T he ::,ea b ::;alt ier but hotter 
than t he O cean. A t first, the two fluids are stable, b ut as the heat from the M editerranean diffuses into the water be low i , 
lepton-dr iven gradients dominate over the stabilizing entropy gradient, allowing convection to develop. 



\ h(,re A = (P2 -- PI) / (P2 + PI ) aud k is the wavc llUIIlbcl'. Snch an eqnation is dcsigm:d for simplistic 
l'Xl-l.lllpk s of a two dClls ity fiuid cllambcL B ut, jf we i"tga.in assume a. rad iatioll prn;~llrc domiuated ga-':l , 
t h is ('quation bl' (,( ll U(, S: 

( G) 

If we p ick a WH V(' u1ll11bl'r ronghly of thl' size bcctle of our cOllvect ive region , this C(fllation b i(il'utic8J t o 
our ('quat iOll der i rcel nsillg the 13nmt-Vi-ijsi~lla, frC(PW llCY. 

2.3 Where Are We Now? 

1310110iu ct 1\1.[1] iIltrod ucl'd a IH'W f('1'ltnrc iuto couy('d ioll above thl' PNS . 13llild illg upon the work 
of HOlIck & C hcv(1Jicr [2Hj, tIlt ,y a.rg ucd t hat r1ovcctivc-rlCOllStic (or vortici"tl-a co llst.ic) insta.bi li t i(':, would 
develop low-lllode osci lla tions . T his 11a,') hecome t he focus of a. lot of the lIlulti -din wmiiollal resu lts in t he 
p r\,St. fC'v yC'a.rs [;)4, SO, 10 1GJ ctud has brought d, ucw ctppn:( 'iat.ioli of t. he ('olIlpkx ity of convection above 
the PNS. 

There arc SOlIl(, issues to this new convective inst i'-I.bility that arc st ill being rea.lized bv t he supernovA.. 
COllllll1l11ity, F irst and fon 'lllost, the ('Xist ('ll(,C of this j1lstab ility do C's not prp,dn(h~ the e .. i:-;tpucc of t lw 
TI ;-Wkigh-Taylor iustnb ilit:ies sciellt. is ts lt i-we focused 011 ill tIlE: past . Iudccd , bc(:au~e the growth time ( f 
the cl.('('l'ct iun shock illstabilitie :l teud to he > lOOms, RA yleigh-Tay lor ills ta hili ties will domillate at ca,r ly 
"[ iUl(,S (Ya,madit., prescntcd at this m eetiug), F igure 5 shows the explosioll r oughly 100111') aJt.er boullce , At 
t.his t. illle . t Iw olll y :-i ~ n)llg inst·.i:\,hi li tics (11"(' Hly leigh-Ta lor. As t.he edgE" o f t he shock f 'ont move' o lltw/i,r d , 

the R ny leigh-Ta. lor inst ahi li1 i( 'H will ncl.j llIally dcvdop lower orrkr lllocks (R ay lcigh-Taylor m od .s will 
l1<1v(' inst ,q,bilitics roughly the size of t he (,( nlv(-'ctive regiou ), Ronghly ;~50 IllS after t he explosion, the 
TI aylcigli-T HY lor illstabiJit. ics st. ill dominate G, hu t. an l = 1 mode convection has developed t hat. almost 
I'Issnn '(lly is an acn ct ioll inst a hili ty. So this new inst abi li ty will only p lay a ro le in ('xtremd y dda.ypd 
exp losions. 

T he long el 'lay ill the ocVelnpllH'ut. of i:H'(T(-'t ion shock iustabilities places lim it.s 011 the ctD cti elWSS of 
this insta,bilt y in rlr iving supcr nOViJ, _ p losiolls. T he cxp l )sion energy is derivt'd fro lll the ellergy stored 
in the PNS or tIw n )llVect.ioll region above the PNS, 0 11ce the explosion hegins t.o la.ulich, it is vmy 
diffi (,u lt. to in.iect. further encrgy in the shock (u n less we inv lw m a.gnetic field s). Fryer [2:3] m ade some 
simple cstiIlli'\,t,CS of t.1l(' cnergy m <-l,king the following assnmpt. i( liS: 1) t he ex p losion energy is limited t.o t. he 
(:llc rgy in the COIl cctiv c: reg ion , 2) t he COllvcctive region n Ul 1)(.' lllimicked hy a radiat ion dom inated ga.s 
(~( = 4j; ~ ) , ;3 ) t l e st rurtul'C to t. 'll cllcrgy in the rOllvcctiv(: reg ion is not too d iffen :ut frolIl tllE: equi librium 
solnt,iOll , In pr(!ssnrc eqnillb r il1l 11 , t he pressure p rotile [P (T) ] of a r i'ld iA.tion oOlllinated gas is [11]: 

(7) 

where l\f"Js is t.he lWl.SS of tIl(' prnt.()-llclltrou star, G is t.he gravi t. a.tional ('ollst.a.nt, S rad is t h(: (~lltropy 

ill D( ltzlllanu' s coustewt p er lludeoll , S u = 1. S X 10 - 11 and Tslv)ck, P " llock afE~ t he rarlius rmel p ressnre of 
tIw accretion sllock produceo when> t.he illfa. lling stdlaT lllilterial hi ts the ('Ollvcd ,ive r egion. P "iJo C'k is sf't 

to t, il(> n Ull pressure of the infaUing matvr ia l == 1/2pv;i where P is the density of t.he m aterial alld 'Uff i:-; 
t lLl' frcl'-fa ll vciocity at t.lw shock . III 0111' dcri vc"l. t-ion, we will set our free pa,rR.lllc t cr to the '1,(, ( '1' t. iun ratt: 
(J\l"lCl) of thc' illfallillg ll lat.(:rial. Using lllass continui ty, P = Alan/ (47rT;!Jo,k Vtf), the pressure C.Li. t.he sho ck 
is : 

D (2G'M )(). 5 iI~1 /(O~ , 2.5 ) r~';! I (j d( = S lV.A a cc O Jll:-; IIOCk' (H) 

The (,lwrg, . dCllsit y for a r ad iat ion clOluinatcd ga,' is just. ;) X P (T): 

u(r) 

+ (D) 

No t,,, that the ncar the Jl entron st.ar ~mrfac:e: 1-11(: raw pressure is sllli-.dl ('ompaT('(1 t.o t ile pr 'SSu[(' comp onent 
com pensat.ing for tIw grewi ,y of the llC'utron st aT. This UH' cU IS t.h a t the c1l0rgy deusity ill t h is region is 

10 



500 

-
] 0 ~~"""";~~~;::z"'~&ii ~~ --N 

-500 

-500 o 
x(km) 

500 

F igure 5: 'l iel' of a :3-d imensiollaJ collc-tpse of a 2:Ll'\tI(:) roughly 100 111'-) aftcr boullce [2S]. T his qu ickly imo 
t he exp losion, we do ll( t exp ect allY shock illstabilities to have developed . Indced, the the cOllvective 
Cyd("'S , wit h si z(~ s cOlllparable to the size-scale of the convect ion regioll . 
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Figure G: Slin' of a 3-(ljllH'miio llal collap:-:;c of a 2:51110 roughly :1GOm:-:; l1Jt cr hounc8[2fJ]. By this t ime, vV(' 
('xpcct sho('k iW·;t.CLhilitics to het c developed, Fllld an 1= 1 mode hAS developed tlw t could we'll be cau:-:;cd 
hy this inst ahiliiy. B ut l1 aylcigh-Tcl.ylor insta.bilities a lso exist. 
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domina.ted by the ne utron sto,l" S l11ass. At higher radii, the energy dCIl .'ity is set by t he n t lll pn ~ssun'. 

T he n Ull pressure i ll turn, is detennilled by the dells it.y strllctnrc of the sta,l' , l:mt for :-i ,a I'S less lll ' ss ive 
than 15-20lvL8 this infall rate drops cOllsilierably after the fir st [)O-200 IllS [H5j. 

If the ('xplos i " n has a long deL-ty, t here won 't be 11l1lch energy st.ored ill the ("01JVedi()H region (sec "Fryer 
200(" Eo' more dettt.ils). It is possible that the explosion energy can be st ured iu the P S ami lu.wc it. iuj cc:t 
t his energy evell after the launch of the shock. Burrows et a1.[10] :mggested that accrd ioll sll ock:s could 
excite osrilla,j,jolls in the PNS. These uscillations could storc energy to nr ivc <111 cxpll)sion, but YalllCl, 'aki 
& Yalllada [fj:~, (54] foulld that this encl'o'y is less tha n 10:-;0 erg (awl is inefficient at imparting t llis cllcrgy 
into l Ilt: envc!opc), a full order of magni t udc less than what we Heed to produc(, a, :'llonllar snpcrllOVcl 
c. rpl( )siotl. 

The long growth-t ime of the acoustic instabilit ies means hoth t.hat Raylcigh-Taylor inst.abilities d Ol1l­

luatt: a t carl.Y times when we lleed to make the cxplosion oc(:ur if we want. a st rong ('xplosion . For t he 
accretion shock illst l1b i1ities to be important for SUpt'rnOW1P , we: lllust fiud a. different source for the ('xp lo­
: iOIl energy One possi"ble source is rotational energy in the P_ S. W ith strong lllagnctic helds , a Sp illlliug 
neut ron star ("tili inject cUllsider nble cllcrgy into the l'}..rpi.uldillg sup ernova (~jccta. To unclcrst i1.l d that , we 
HUlst ulldcrstnlld t he role of convection whell rotation is added to the p icture, 

3 Convection with Rotation 

3.1 History 

lVIuch of t he cru-ly work studyiHg rotatioll in stellar collapse focused 011 how rotat ion cu uld drive all 
(~xpl()sioll[4f) , 2, 57, 4!) , ~n , :32] . Most of t hese papers required .xtrcmely high rotatioll ra tes rlnd st '()ng 
llwgndic field,', B ut these mcchcl.nislllS generally pred icted an explosion well before the ('ore of the star 
readIed ullclcar deus itic!) and the nentrillo fluxes fro lIl thesc cxplosioll lllechallisllls td l felr ,'llOlt of what 
was obser ved ill SN 19H7 A. In addition, the allgular momcntulll required far exceeded what ('uncu t-, stellar 
ev( )lutioll model. ' could predict. 

III tlH' 90s, SC iClltists started focusing on thc role rotation played ill lllodifyillg the conw (" t ioll a bove 
tlle PNS. Yamada and collaborators [G5, G2] argued that llentrillOS would heat along the rot ctt ic)ll i-Lxis 
lUuch 1Il re effectively than A,long the equator, driving strOllp:/'r u)llVect.ioH cdollg t his axis. Fryef and 
('ollabora tors[ lR, 21] discussed a different dfeet, the fact that the angular 11l0l1lcutUlll would stahili ze 
against convect ion alollg the f~quator. Both of these effects k1::Ld to stronger convection a lollg t he ro­
tat im.l (lXi. ' awl a larger asynunetry ill the explosion , T his a,sYlllllletry bas bCCll llsed to cxpIaiu 1111::Llly 
obserwttiunal features of cure-collcLpse sllpernovae[47, :37, 29, :H)]. 

3.2 Basics of Convection with Rotation 

To uudm\ t aud t he effcct of fo tati01ml gradients on ('onvcctiOll, we Celli usc t he ScUll(' li lll~i-\X st ltbili ty 
C1na ly.' is w(: used f )r lepton lind cntrupy gradients 7. Lct'sollsider t.llC nd fur :C 011 tlw blob in a rotht ing 
a.tlllosphl'rt~ wit h all entropy gradient: 

(J 0) 

where jhlob = j. For acccieration to remain positive (so tlw blob will ("OlltilllH' to rise) a llY cnt-ropy 
grad iellt lIlUst overCOlLle an angular momclltUlIl gradiellt. T he COLTcspullding Sulbng- HoiiclUci ills tabili ty 
criter ion is (E nch,l & Sofia 1978): 

~ [( dr ) ad'ahat - ~~ 1 > :3 «;: ( 11) 

T he left haJf of t llis equation corresponds to the entropy gr adient. condition we 've aiw a.dy stllcl j(\d . But 
t he cOlldition for inst ability set to zero is alten~d byt the preSCllCC: of all angular mOlIlentulII g;rEl( li 'ut. If 
the augular lllOlllt:Ut.UIll increases with increasing radius as it docs for our core C'ollapHc lUodd s, then t he 
eutropy gradient m ust overCOllle the angular lllomentulll gradient. to drive cOllvectiC)ll, I II our simulations, 
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tiw high (!utrop. b ubbles arc unable to rise through the large angular 1ll0l1lellt ll lll gradicllt awl t he 

convection is cOllstraillcd to the polar l'cgiou. The overwhelming effect of rotation on super ll.ova models 
is this coustraint on the convection auel it causes weakE~r, aSYIlllllct ric explos ions. 

But t he pn~SSllrc is also altered by the angular lllomeutulll. It produces a more condcllsed profile 
along t,lw rotat.ioll '1Xi::; aud this will lead to morc lll' utrino Plwrgy deposition i:11011g t hese pok:--;. 

3.3 Where We are N ow 

Alt.bough rotatioll hi:1s becl! modeled in collapse extensively, we still do not have a('(, Lll'f"lJ t ~ progcllitor 
lllodels to definitively determine the role of rotat ion 011 convection. III addi t ion, alt hough t:sti lllates of 
the lllaglwt ic fiel is have been maclc , magnetic fields have not yet been modeled self-cousisten tly. T his is 
t iw next big step for rot ation stellar collapse . 

4 Rotation in GRBs 

Hight now, the h istory of GRB models is fairly linlited. Only a llaudfull of calculat ions h8V(: beeu 
lllade [41 , 52, 53}. T he ::-;imple di8k pict ure was shattered by the fi rst s 't of 3-dim -~u si(>ll CLI simulatiolls. 
Angular mOllHmtllnl can help provide support around the bla.ck hole and convc~ctiou cycles ('a.u develop . 
F ignrc R shows a slicc of a 3D calculation where the y-ax is is the rotatioll ax is. Far from beillg ;- ;..;illlPI(~ 

disk along the equatorial region, vigorous convection has developed. T he angular mOIUf' utulll in this 
matter also ontribut s to addit ional instabilities, and this a.llgular momentum can ch ive gra ' itatiollal 
waves. 

This problem is in its iufancy, and much more work on any nUll.lr)er of topics must be: dO llC befoI"C 
we know what issues lllust be studied and what p hysics is relevant. Among these is the role of umglwtic: 
ticlds an d a better inst ability analysis of the Rockefeller et al. [53] sirnulat i ms. 

5 Gravitat ional Waves 

n.ota tioll d early plays a key role in the explosions of GRBs, aud because of t his , we art' ctlso ass lU"eJ of 
produciug gravitati nal waveH (GWs). The signal pe;lks shortly a ft er t he <..:ollapse of t he u las,' ivc star ;-mel 
jukkly d rops off (9). T he rotation provides an ideal way method to producc· a tillie-varying qu,.tdrup lc 

mc 11lCnt in t he ma~s motions. Even so, the GW signa l from ('ollapsars is strollg ('no1lgh for ad vauccd 
LIGO to observe ouly if the GRB is very ncar to the <:~arth (within the Galax., or the local grollp). 

In comparisoll, there is no guarantee that normal superuovat will prod uce a strong enough t. illle­
varyiug qlladrllp Ie llloment to be observed at a.ll. Conection aloue prod uces a GW sigual more than 
100 tiuws weaker than what is produced in collapsars (10). W ith rotation or aSYlllllldries (e,pcdally ill 
thl' ucutr iuo ellli s~;jon), this ::;igllal could t.asily be (l,ll order of magnitude c>reatcr, de t.ect able by advanced 
LIGO if the SUpCnlOVi:1 occurs in the local group. DeC/lust-: of tlw much higher rate of super novae over 
GRBs, we arc more likely to (ictect supernovae ill GWs theLIl GRDs4 . Despite the diHiculty ill dctcctillg 
stellar ("ull<1pse in GvVs, GW observat iollS will tell us ll lllCh i:Lbout. the rotatioll and li:-;yullllctrics in the 
mechanislll it self. 
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