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JETOHANUA HA BPEMEHUIIONOBHOM ®POHTE
JJIA PETATNBUCTCKNX CUCTEM

JA.II. Yeprau

B cronkmosenusax TAzkelNEIX MOHOB BEICOKYX SHepIHil, B pauueil BeeicH-
HOH W B APYIHX PeNATHBACTCKEX CHCTEMAX MOIYT IPOHCXONHATH (Da3OBbIe
Tepexosl I1a TPeXMEPHOI I'AIePIOBEPXHOCTH, TOYKHM KOTOPOH MPUYHHIIO He
cesi3anbl. llokasamo, uto Tnpenno;xenusiit TayGoM BeIBOT YPaBHCHHA pejs-
THBUCTCKOH yMapHONl (MM JeTOHAUMOHHOI) afmaGaTel MOKeT ObITH 0606-
Ifen JUisi MOBEPXHOCTell Pa3phIBA, UMEKIMX BPeMEHHMHOZOGHBIH BeKTOD HOp-
MaJM; UPH STOM €ro BHJ OKABHLIBACTCHA YHHBEDCANBHEIM KAK JUIA TIPOCTPAH-
CTBENITONOAO0GHEIX, TAK W ANA BPEMENMIONOOHEIX Da3PHBOB. PaccMorper
(usmaeckuii IpUMep UMIIO3MH, WHAYNUPOBAHHOH DANHANHOHHBIM TEII00G-
MCHOM, B KOTODOM OCYIIECTBJIAETCA HepeXxof 0T IPOCTPAHCTBCHHOIOLOGIOrG
KO BpeMeHHOofoGioMy dpouty.

Peaarupucrckas rusipoquHaMudecKas TeopuA YHAPHBIX BOIH [1] mamna
U3AIHbIe TPUIOKEHIS B KOCMOXOTAN [2—5] U B pEAaKIHAX ¢ pPeNATHBACTCKE-
Mu TsyrenbiMu monamn [6—10]. OGeramo ymapmas Bomma BOSHHEAeTr, Korma
UPOHCXORUT OBICTpPOE CiRaTHe BEI[ecTBa IIOJ AeHCTBHEM BHeNIHei cmwibl. I1oxo-
e PASPHIBBI MOTYT TaK}e BOSHUKIYTh CAMOIIPOM3BOJIBHO B DACITEPAION{eiics
cucreMme, ecam NpoucxoiuT (hasoBHii mepexox mepsoro poja . Bo Becex armx
CAyYasX y/apHble BOIHBI PACIPOCTPAHAIOTCA €O CKOPOCTHIO, MEHBINEH CKOpPO-
cru csera. Ilostomy MupoBble JMMHME Tover ToBepxHOCTH (poHTa yHapHOiA
BOJIHBL 00pPasyioT IPOCTPAHCTBEHHOLOZOOHYH TTIEPIOBEPXHOCTh B IpoCTpaH-
cree Mmmroscroro (pue. 1,a), T. e. rumepmoBepxXHOCTL © OPOCTPAHCTBEHHO-
TOJI00HBIM BEKTOPOM HOPMANM., 3aKOHK COXDPAHEHMA Ha 5Toil IIOBEPXHOCTH
HPUBOAAT K ypasrenui Pouruna — I'orommo — TayGa [1], kotopoe cBasmipa-
€T XapakTePUCTURM MKIIKOCTH (faBleHne, CKOPOCTh JRKUIKOCTH, INIOTHOCTH
COXPAHAIOIINXCA 3apA/0B) 10 066 CTOPOHSBI pasphina.

Hepasuo 6pimo sameweno [11], wro mpn oupejelleHHBIX YCIOBHAX B CUCTE-
Me MO;KeT IpousoiTH ObICTPHIA ($as30BbIil mepexol, MPHBOIAIIEA Ko BpeMeHU-
Homo6Hol moBepxHOCTH pasphiBa. Takas curyanma BO3HUKAET, KOrfla CHCTEMa
HCULITEIBAET OBICTPOE H OJHOPONHOE DA3peKeHye M 00DPA3YETCH MHOMECTBO
HYSBIPBROB B DA3JIHYHBIX NPOCTPAHCTBEHHBIX TOYRAX, KOTOpHIe NOPWIMHHO He
CBASAHBL APYT ¢ Apyrom. Ilpumepom n10r0 MOMKET CIYMUTL MOLeNsh pPasiyBaio-
uieiics Beenennoir. B atoM cayuae mpocTpancrBeHHomomoGHAS ¢asoBas rpa-
HUOA TOCJae CrTasKHBAHUA CTAHOBATCSA BPEMEHUIOZOOHON TOBEPXHOCTHIO I
(cm. pue. 1, 6). Tonmuma t sroit ePeXOAHOM 30HBI OyeT OnpemelATHCA CKO-
pocTAMM 00pazoBaHuis X PocTa Nysblpeil. Keau T M0CTaToYHo Majo 1o cpaBHe-
HUIO C XapaKTepLoil BPeMEHHOH ITKajo#l paccMaTpmBaeMoro mpomecca, To
MORHO CUNTATD, YTO HMeeT MecTo (asoBBIll Hepexo] duepes GeCCTPYKTYpHYO
BPEMEHUTIOT00HY 10 MOBePXHOCTh. Ileah paHmoii paGoTel cocTonT B TOM, UTOOE
mate oOWMH BEIBOJ| ypaBHeHms Paurmuaa — [orommo — T ayba, NpUMeHHMBIR
KaK IJIA TPOCTPAHCTBEHHONOZOOHBX, TAK M jiA BPeMEHMIIONOOHBIX TT0OBEPX~
Hocreil paspeisa. [lomyaenustii pesynsrar 6ymer IPOMIJNIOCTPHPOBAR HA ITPO--
CTOM LipumMepe.

! TarWe pasphiBHI MOTYT MOABHTHCA B IPOIECCE KOHJICHCAMM BeILEeCTBA B BOJHE
paspesskenna [8] mam mpm pedmarpammm m TeTOHALNH PacmEpANIMAXCA IY3LIPHKOB: B
nepeoxaamKfe1niol MeracTaduabHoil cpefe [3, 9]. 3mecn MBI HazbIRaeM a100y10 TIoBepX-
TTOCTh PABPHIBA yAAPHEIM (poHTOM. Pasimume Me:KIy STUME DasperBaMu M OGBIGIIBIMIT.
YAQPHBIMH BOJIIaMK 00Cy;RIaeTCA HUMKe.
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Puc. 1. CpaBHeHHe NPOCTPAHCTBEHIOMONOOUOH (a) m BperemmiofobHOi (6) MOBEPXHO-
cTell PaspelBa, XapaKTepH3yeMBIX BeKTopoM mopmaium A* (I m 2 - dassl BemecTBa 70 I
mocye pas3peiBa, TOHRAA IpAMag — o0pasyomlas CBETOBOrc Kowyca). BpeMenmmopofiusrii
PaspeiB MOKeT BOZUNKHYTH IPH CIOHTAIIOM O0DA30BAHHM H POCTE NYBHIPCH, KOTOpbHIE
00befuIATCH depes BpeMA T (CIVIOIHAS Kpueasg). Ecan craaluTe 31y CIOKHYO IIO-
BEPXHOCTL, TO HOJYIHTCA BPEMeHHNOJOOHBIH QPOHT (MTpHYOBasg KPHBAs)., 3aMeTHEM, 4TO
B BA3KOU JHUJKOCTH HPOCTPaHCTBEHHONOAOOHBIC DA3DHIBLEI TAKIKE MMEIT ROHETIY0 IIH-
pury. Taxkum o0pa3oM, HOACTPYKTypa BpeMeHMIOZ06HOI0 dipoirta (6) MOKeT PasBUTBCA.
TOJBRO eCJH DPACCTOAHUe MEMRAY Ny3BpAME OONbIIEe IIHPHHLI IPOCTPAIICTBEHHONOK00-
LBIX Pa3phiBOB

- Oboamauum BeKTOp HOpMAIM K moBepxmHocTH X vepes A*. OH HOpPMUpOBAH
TAK, 9TO
AL AN :{ +1 pns Bpemennnogobuolt X, (1)
u —1 pna mpocrpancTBeEHOmOMOGHOH 3.

CocToaune cucTeMB XapaKTepH3yeTcsH TEI30POM SHEPTHH-UMITYIIBCA
r=wwn’—pg", (2)

rie BBefeHa IUIOTHOCTh DHTANBIME W=e+p — CyMMa ILIOTHOCTH SHEPTHH e
u pasienus p; ut==(y, YV) — 4-CKOPOCTh KUIKOCTH, HOPMUPOBAHHAA TAK, 9TO
wu,=1: gv=diag (1, —1, —1, —1) — merpuueckuii Temsop. Ecam mmeercs
HOBePXHOCTH DaspeiBa, To HHJEKC 1 OymeT orMeuars ;IMHAMUYECKHE XapaKrte-
PUCTIKN RUJKOCTH, Haupumep (J, mo onuy cropony paspersa (Q.), a mE-
mekc 2 — mo apyryio (Q.). Torma ckauor () ma paspriBe 6y[eT 3aIECHIBATHCA

Kax
[Q]=0:—0.. (3)

B a1ux ofl0o3HaveHHAX 3aKOHBI COXPAHEHHS HA LHOBEPXHOCTH PA3PHIBA HMEIOT
BH/T

[R*] =[T*"A,] =0 (4)
(coxpaHeHIle SHEPTHN U UMIYJIbea),
[/1=[r"*A) =0 ()

(coxpamenne umcaa gactun). CucreMsl, B KOTOPHIX TUCIO YACTHI] He coxpaHs-
ercd, pacemorpenst B Ilpnaomenun 1. Beipaskenme (5) MoskHO 3ammears s
A000TO HEe3aBUCHMOTO COXPAHAMIETOCA 3aPANA € COOTBETCTBYIOMHM 4-TOKOM
9Toro 3apsna. B mpennonosenunm, 9To MOTOK CBA3AH ¢ COXPAHAIONIEMCS 3aps-
JOM, MOJKHO BBECTH HIBAPHAHTIYIO CRAJIAPHYI0 IUIOTHOCTH NM==n'u, a TaKKe
penuangy r=w/n* [2, 3, 6], Kotopas urpaer poiL yaeapHOro o6mema V B He-.
penatuBucTCRON Teopun. MaxTHUecKH B HepeNATHEHCTCKOM mpedede z—=mV
(m — macca wacTump). ‘

UroGs1 BHIBECTH ypaBHeHUEe AETOLALNNORHOI afHaGaThl, CBA3HBAINIEe TOIb-
RO TEPMOJMHAMUYECKIe BeIWIHHE, TPeOyeTca MCKIOTHTD 4-cropocTh m3
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ypasuenmii (4) u (5). Tar Kak ypasHemne (4) ABIAETCA BEKTODHEIM, €ro
MOMKHO DA3IOMKATL HA [BA HE3ABUCUMBIX ypaBHeHNA. [lJiA 3TOTO HYIKHO B3ATH
€r0 MPOEeKINI0 Ha HANPABICHWE HOPMATH K MOBEPXHOCTH X

[R*] A,=0, (6)
A TaxKe CIPOCKTHPOBATH €0 Ha CaMy TMOBEDXHOCTh ¢ NIOMOINBI0 IPOEKI[HOH-
Horo omepatopa P =g""—A*A"/A"A,:

[G*]=[P*R.]=0. (7)

N3 yparuenma (7) MOKHO MOIYyduTh CKAalApHOEe ypasHeHHe, IIOKAa3hIBaloIIee,
4T0 jimHA BeKTopa GY coxpaHsgercs:

[6*G.] =0, (8)

a Tawike ypaspeune, 00eCHEYHBAIOINee HEH3MEHIIOCTh IANPABAEHHUS IPOEKIUU
BexTopa G*:
[G+/]G*|] =0.

Tocae npeobpaszopanuii n3 ypasrennit (5) un (6) MOMKHO HONYIATH CIEAYIO-
imee BHIDAYREHNE JJig OTOKA:

=Pl A*Ay/[]. (9)
W3z ypasmenuit (5) u (8) maxogum
F=[wz] [{2*] LA~ A (10)

M3 3rtux ABYX COOTHOIICHHWI HeMeIEHHO IIOJIYyJaeTcd XOpPOIIo H3BEeCTHOe
ypasuenue apuabarer Tayba:

[p] (zitae)=[wz]. (11)

Jlaa W3BECTHBIX p; M I, W LPH B3ajJaHAOM YPABHEHWH COCTOAHUA YpPaBHE-
ume (11) ompejenseT CBA3H MEKIY Pr W Zp. 3aMeTHM, UTO BEKTOp Hopmamu A¥
K [IOBEPXHOCTH paspslRa BXOZUT B 9TO ypasleHHe TOILKO B KoMOMHAUWH
(A*AL)%, roropag paema epmmnie. CiergoBartenbno, ypassenue aguadarsl Tay-
0a mMeeT ONWH U TOT i€ BHJ KaK 14 IMPOCTPAHCTBEHHOMOTOOHOM, Tak M JJIA
BpeMeRmnono0Hoii loBepxHocTel paspeiBa. OFHAKO MeM/[y ITUMM ABYMA
CIYyTasaAMI NMEeTCA CYIIeCTBEHHOEe pasimyue.

ITO JeMOHCTPUPYET PpuC. 2, e MOKA3aHel YHAPHASA W JAEeTOHANIWOHHAS
aguadaTel Ha mjockoetn (p, x). Havambmoe cocrosiHume 0TMEYEHO TOIRON I,
a Romeunoe — Touko#l 2. B caydae oObiunoil ypapuoit sonusl agmabara, ompe-
seasieman ypassennem (11), mpoxopur uepes touxry I, TaK KaK KOHEIHOE CO-
CTOgHUE BeLlecTBAa ONICHIBAETCA TeM jJKe YDPABHEHHEM COCTOAHMS, YTO W Ha-
yanpnoe. Ecim B KOHEYHOM COCTOAHUM H3-38 XUMHYECROM pearmua wiam $aso-
BOTO Iepexoga HPONCXONUT W3MEHeHWEe YPABHEHHA COCTOAHUA, TO TOYKA & le-
JRET HA KPHUBOU, ROTOpas He IMPOXOAUT 4epe3 Hadanbayio Toury I. O6sraHO 3Ta
KpuUBas HaswlBaeTcA jeToHAIMOHHON apwmadaroit. Ha pue. 2 moxazama meToma-
nmonHad ajuadaTa JUid 9K30TEpMHYEcCKoro Ipouecca. Eeam mporece sHmoTep-
MHYCCKHIA, TO COOTBETCTBYIONIAA KpuBaa mpofifier Hinke Touku I, Orpesor OA
na 9Toll KpHBOH COOTBETCTBYET fAeToHammu, a orpesok O’'A’ — memiernoMy ro-
perulo (medmarpanmi). 3aMITPUXOBAHHAA WacTh maocKocrw, rae {p]/[z] <O,
pambiie cuntagach Hedmsmueckoii [9, 3] Ha OCHOBAHMH HEPEIATHBECTCHEX
anagormit [12]. Cormacno [9], B aroil ofiacTH MOTOR j CTAHOBATCA MHUMBIM
IUISL TPOCTPAaHCTBeHHOION00HON moBepxHOCTH paspeiBa, korma A A*=—1. Op-
HAKO dTa 00JacTh MOKeT OBITH MOCTUrHYTA OpWM JeHCTBUTENBHOM 3HAYEHUN
MOTOKA | B CIyYae BPEeMeHUIOf00HON IIOBePXHOCTH NEeTOHAIMOHHOTO (PpoHTa.
SaMeTHM, 4TO CylIecTBOBaHWe yHAapHOTro (BpoHTA ¢ BpeMeHEODOmOGHOM HOp-
MAIbLK HEBO3MOKHO, TAK Kak yhapHas aguabara He MOMKET JIeRaTbh BO BpeMe-
Hunono0HoNH obsacTu (3amrpumxoBanHas o0gacTe HA pme. 2). IT0 JErro ysm-
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Pnc. 2. Vpapuas (I) u geromanmonmas (I1) aguabaTei Ha MIOCKOCTH (p, z), p — HaBie-
Hue, x=w/n? — 0600IeHHbI yAenbHEIH 00BbeM. ] — HavanpHAaA TOYKA, KOHEYNOe COCTOS-
Hue 2 MOILKHO JeHarh Ha agmabare. Hawmon UPAMOH, COeRUHAWIEH HAYAJBNYI0 I KO-
HETHYI0 TOYKU, OUPEeNIeNAeTCA TOKOM Ycpe3 NOBEPXHOCTh paspeiBa j2=z[p]/[x] cooTser-
CTBEHHO [UIA MPOCTPAHCTBEHHOLOA00HOTO (+) It BPeMEHWIOHOOHOTO (—) Pa3speIBOB. Y9a-
CToKk AA’ JCTOHAIUOHHON aauMabaThl COOTBETCTBYCT BpPEMEHMIIOTOGHEIM paspeiBaM; O m
0" —~ roukn Yenmana — Hyre ma HeTomaumoHHON ajmabare [2]. Brictpoe ropemume u KOH-
AeHcauua (y4acrok OA) IpH HaIWYUH YCIVICHHSA 3a CUCT TPaHUYHBIX YCIOBHI MOTYT
MJIaBHO HEePeiTH 9epes TOUKy A BO BPeMEHUIONOGHYI0 TeTOHAIHIO

AeTh, €CJIM BCHOMIHTH, UT0 ¢ IOMOIBI0 mpeodpasoBanma JIopeHNa MOMHO Me-
peiiTu B cHCTEMY, B KOTOPOHl BEKTOP HOPMATH KO BPEeMEHHTIONOBHOI TIOBEPXHO-
crm umeer sug A= (1, 0, 0, 0). B aroit cucreme mMeeres pe3Koe M3MeHeHHe
P U I, HO INIOTHOCTH N==nYy, H3MepPeHHAA B OTOH CHCTEME, OCTAETCH HEN3MEeH-
noi, Tar Kak [j] =[ny] =[N]=0. T0 BO3MOMKHO TOIBLKO B TOM ciyZae, Korma
B CHCTeME IPOMCXONHT (a30BBIfl IIEPeXo] WIM XUMUYECKas peaxnms, T. e.
uMeeT MECTO HETOHAIHA, -

Onrako cHoUTAaHHAA HETOHALMA MOYKET BOSHEKHYTB, TOABKO €CIH YIOBIET-
BOpAETCA ycaoBue pespacTanus surpomui. Taw kak B Touke J ammaara Ily-
accona napanjienpHa yAapHO# ajfmabare, cOCTOAHUH ¢ 0oJlee BBICOKO HTPO-
nuei gexar spiie toukn /. Taxmm o6pasoM, TONbKO BepxHAS 4eTBePTh Bpe-
MEHHIOROOHOH 06JacTH NeTOHAIMH MOMET ObITH JOCTHTHYTA B (U3AYECKOM
mponecce. [Ipyrumm ciaoBamu, Ha BpeMeHHIIONOGHOM dporTE MOKET Ipomcxo-
ANTL JIE BR30TepMUueckas netonanns. B Tom ciydae, xorma mus srsorep-
MITGeCKOT0 TPOLecca CyIlecTByer Imopor (U0 AABIEHWI0 WIH TeMIepaType),
usuTecK pealm3yeMbIi y4acTOK BPEeMEHHIONOGHOL JeTOHAMOHHO afgmada-
Thi I0J3KeH HAYHHATHCA B HEKOTOPOIl TOYKe BHYTpH oTpeska A4,

B Ilpunomxenuu 2 ommcama IpocTas cxeMaTHIeCKas MOMleNIb, KOTOpad Je-
MOHCTPUDPYET HelIPephIBHBIA II€PeXofl OT IPOCTPAHCTBEHHOMOMOGHOH KO Bpe-
MEHMIIO00HO] eToHANUN B IIPOLECCe MMIIOSNH, WHIYNUPOBAHHON W3JIy4eHH-
em. ITyers cepuuecroe smpo emuumanoro paguyca (R=1, c¢=1) oxpy:xeno
OBICTPO BOCIIAMeHsOMelcA 060T0ukoii. Ecin npa (=0 momgsedp aTy 060M0UKY
€O BCEX CTOPOH, TO YaCTh BhIAENAWIIelicA dHePIUE Oy/leT M3IyuaTbes BHYTpb
W pasorpesarh Afpo. B 1penefpeskenum HeIpPO3pauHOCTHI0 U CHKATHEM Anapa
MORHO JIETKO PACCIUTATh JTUARM KOHTYDPOB TOCTOAHHOI TeMIepaTyphl:
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0, t<1—r,

t

i(ln - 1) +

r 1—r
I(r,t) e { 1—r

+—t—, 1—r<t<<i-+r,
t +

\— In L — 2, 1+r>t.
T —-r

Ilycrs B Ape mpoumcxoauT K30TEPMH-
YeCKUil Tepexof, ecid TeMieparypa mo-
cturaer  Kputmdeckoro 3uadenus 7.
Torja 2TOT mepexof WMeeT MECTO Ha Io-
sepxuoctr I'(r, t)=T.. Ecam pasorpes
Anpa o Temueparypsr T, MIpPOMCXOTHT
Oeictpo (1~2,5), To 3HAaYUTEIbHAas TACTh
atoli mosepxmoctm (r<0,5; 2,3<1<2,3)
COOTBETCTBYET BPEMEHHMION00HON JeToHa-
nuu (puc. 3). Ecau pasorper oKaspIBaer-
ca Gonee MeJIEHHBIM, TO BPeMEHHION00-
Hasg 00IacTh J[eTOHAIMK KOHIEHTPUPYeT-
cs B MeHbllell IMeHTPaTbHOH 30HE.

CyMMmupys ckasaHHOe, cleflyeT mOI-
4epKHYTh, UTO 001ee PACCMOTPEHME IIPO-

W3BOABHOTO DPa3phiBA B PEIATHBACTCKOM
JRAJKOCTH  TIO3BOJHWJIO PACIPOCTPAHHUTH
ypasuenue Pouruna — ['oroumo — Tay6a

Ha HOBYIO 06HaCTb, HKOTOpad He paccMarT-
puBajsach panee. Bouee TOr0, Ha OCHOBAa-

Puc. 3. Yckopenme pa3peiBa 3a cHUer
H3IYIeHNA MOKeT HPUBECTH K IIABHO-
My Iepexofy OT IPOCTPAHCTBEHHOIO-
Ao0HOro KO BpeMeHHMIONO0HOMY (POH-
Ty B TouKe A, THe PpoHT pacmpocTpa-
HAETCA €O CBETOBOM CKOPOCTBIO. IJTO
OKA3BIBACTCA BO3MOKHBIM IIOTOMY, UTO
FKUJKOCTE He JBIKETCA BMecTe C
¢porToM. MupoBBIE JHHEA 9ACTHIL
JUIKOCTH  (JIHHHH CO CTPeJKaMHu)
OCTAKTCA  HPOCTPAHCTBEHHOIOROOHBI-
MH, T. e. HX CKODOCTH MeHBIIE C.
IllrpuxoBaA JAUHHEA — CBETOBOH KOHYC,
t n3Mepsaerca B eamEmOax R/c, r—
B emmaumax R, a T -—B egumnmmax
2rCQ/Cv

HUHM HePeISTUBHCTCKAX aHANOTHil »Ta 00-
nacTh cIUTAJach medusmuecKoin. Briaoue-
HUe B PACCMOTpPeHNe BPeMEeHHUNOA00HON JeTOHAINA 3aMbIKAET PeIATHBUCTCKYIO
TeOPpHI0 GBICTPOrO TOPEHHA W KOHJeHCAUWH. PaspuTHIil (OpPMAIM3M IIO3BOJAET
JTyulile IOBATL KOHIENTyalbHOe eIIMHCTBO MPoGiIeM DPeJSATHBHCTCKOW THAPONH-
HAMMKM H cHelaTh 0ojee IPO3PAadHBIM HX MATEeMATHYECKOoe Ommcanme, JTO
WLTIOCTPEPYeTCs KOHKPeTHHIM MPUMepoOM Ha pHuc. 3.

Aptop Gnaromapur T. Marcym u V. MumycTtura 3a HeHHBIe 3aMeYaHuf.
Oxn raxme ouend mpusnatenen Dx. Yamnnny, M. Tewmamu u . Kaoycre 3a
IJIOTOTBOPHBIE 00C Y RIeHIA.

IIPAJIO’KEHHE 1

®ponrsr neronanuu u gedaarpamun gas KXJI-nxazmpr
U afipoHHOIl MATEPHHU ¢ HYJAEeBHM GapHOHHBIM 3APANOM

OGo3padenns:

u=(y,7v), w=_(~y, —v),

uv'u,=+1, gv=diag (1, —1, —1, —1).

BerTop mopmanu k moBepxHOCTH paspeiBa A* HOPMEpOBaH TakmM ob6pasowm,
aro A*A,==x1 nna Bpemennmosio6Hoi (1) ¥ mpocTpaHCTBeHHOmONOOHOH (—)
nosepxuocTeli pasprisa. B noxanpmoit cucreme moros A*=(1, 0, 0, 0) mua spe-
mernnofobuoro nu A*=(0, é) nuA IpocTPaHCTBEHHONOAOGHOrO pPaspHIBA.

1. lIpoexnus, napanaennsmasn A"

[T AAV =T w(vAL) 2 —pAuA* ]1=0. (11.1)
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2. llpoernusna mepumeagukyaspras A" Bgemem
G=T"AAL, A™=g™ A A*/A°A,
(G« obTorOHaneH AL

G'={wu. (uA") —pA g™~ A"AYA°A) =
=w (W A) u—w (1 N) A ACA,.

Uz yenosua [G*] =0 caenyer rakxke, qaro [G*G,]=0. 910 mpusonuT K caeayio-
LeMY BBIPAKEHTIO:

[ (uAY) —w? (1, A7) AAL] =0. (11.2)

Bregem oGosmauenus Q=w(u,A%)> 1 N=A"A,. Torma ypapmenma (I1.1)
u (I1.2) mommo nmepenncats B Bume

[Q1=N[p], [Q*1=N[wp].
[p](Q:+Q.) =[wQ],
Qi=—N(p.—p:) (32+P1)/(52*P2_31+P1)'

Ucknoaan NV, nmeem

(IL3)

CaenoBatensuo,
(W' Ay =N (p.—p1) (ex+pi)/(e2—ps—ei+py) (estpy). (IL.4)
C npyroii cropons,

(A )2 — Y1%v1® cos? B, mpocrpancrBenHONONOGHEI Pa3pHB, (I1.5)
A= v12, BpPeMeHMNONOOHE pa3phs.

B pab6ore [9] paccmarpusamcs IPOCTPAHCTBEHHONOO0HBIE PA3DPEIBEL TOILKO
¢ 6,=0. Us (I1.4), (IL5) momywaem BBIPAJReHNe JUISI CKOPOCTH HAJeTAIOIero
HoTOKA B cuCTeMe ToKos PponTa (mpm 6,=0,=0):

= (pi—p,) (extpi)/(ei—e,) (ertp). (11.6)
Cropocrs v, B crywae BpeMennmIon06HON JeTOHAIUK PaBHA

v/ ?=p,~2,

OTHOCI/ITBJILHaH CKOPOCTH BTEKAIOIET0 I BBITCKAKOIETO IMOTOKOB KaK A cay-

9ail NpOCTPAHCTBEHHONOX00HOTO, TAK W /A eaydas BpeMeHHIO/00H0r0 (hpoH-
TOB &CTh

77122=V12,2=(P1*p2) (31“32)/(31+]72) (ez+p1)- (HT)
Ecau notor omrpomnmn o6osmawuts mak St=su*, 10 ycaosme BO3paCTAHNA
IHTPONAE MOKHO 3allCcaTh KaK

[S*A) =0 mau s,/s,>(T,/T,) (extpi)/ (es+p,) (I1.8)

naa oboux caydaes fieTonannu B nponecce 1—2. Ecau B ypasmerus (IL.6) —
(I1.8) mopmcrasuts To KE YPaBHEHHE COCTOAHAA U IPOBECTH TaKOl ke ama-
748, 9T0 ¥ B pabore [9], To MommHo HaliTH o01acTh, T7le BO3MOMKHA BpeMeHnu-
nogobmas neromaums (cM. pme. 4).

LPHJIOREHHE 2
Mmunosus, HHHIIAMPOBAHHAA H3TYYCHHEM

Pacemorpum msmuecrmit o0beM, 3aTMOTHeHHbI BeINEeCTBOM, JOCTATOYHO
[POSPATHBIM 714 U3JY9eHHA. ITO BEMECTBO HCHBITEIBAET 9K30TepPMUTCCKUIT
IIEpexof, ecim ero Temmepatypa mpesbiniaer 7. pegmonomum, ato AIPO OK-
Pyireno o6orouroil m3 GricTpo BOCHTAMEHAIOINETOCA B3PHIBIATOTO BeulecTra,
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n3JyvYeHre KOTOPOIo NPHBOANT K pasorpesy sappa. lIpemeGpeskem pacmmpe-
HueM 000JOUKK BHYTPH, & TAXOKE pacIIKpeHHeM sfpa, T. e. OyieM CUNTATh ero
panuyc memsmenmwsiM, R=const. llycts ofomoura momonukena B MOMeHT f,=0
CHHXPOHN30BAHHEIM 00pa3oM BoO Bcex TouKaX. Humixe gnmua usMmepsercsa B eqnd-
nunax R, a BpemMa t — s enuaunax R/c.

HyCTL Q — TemmoTa, KOTOPYI0 060JI0YKA M3IYIaeT B JUHAINY BPEMEHH de-
pe3 eIMHMIYy MOBePXHOCTH. KCaw IPEANONOKUT, 9TO B BELIECTEE Apa IOTI0-

€,/8

Puc. 4 Kuuematruueckue 006-
JacTH, B KOTOPBIX ypaBHEHHS
HEIOPePHIBHOCTH y{0BAETBOPAIOT-
¢ Tpy (PU3HYECKHX 3HAYEHUAX
CKOPOCTH IIOTOKa [IA ITepexopa
MEHAY KBApKOBOH Marepueit ¢
IIOTHOCTBIO DHEPTHH ep H aJPOH-
HOM MAaTpHIeHi € WIOTHOCTRIO
SHeprum ey (B — KOHCTaHTa B
MOJleJlE KBapKOBHIX MEMIKOB).
I — o6macte OpPOCTPAHCTBEHHO-
nopmofmoii  peronammn, 11— 06-
JacTh BPeMeHHHOROOHONE [HeTo-
vauuw, 111 — medusugeckas o00-
nacth. }13-3a BO3MOKIOCTH Bpe-
MeHENOA0OHOH JeToHANIHH He-
dusmgecran  00IaCTHL 31ech
MeHblile IOXYYeHHOoH B padore
[9, pmc. 4]

aerca MocTosAHHAA fodd € 3TOTo Temda, TO Ha PacCTOAHMUE I OT LEHTpa Aapa
nMeeM (IpenebperaeM HeMPO3PadHOCTHIO AAPA)

U

d
d—tQ=CQ jdr-Zn jdcoseu-}-ﬂ_zr coS 9)_15[T—(1+r2—2r cos 0)"’]:
0 1
d 2nC a
—cangr [ E B | (IL9)
i—r T r 1—r
rmue
1-r, t<<l—r,
a= tv '1—r<t<1+r’
1+r, t>14r,

Taxum 06pasod, TendoTa, MOTIOCLLAEMas B e/HHUITY BPEeMEHN, PAaBHa
nl (1+r)/(1=r)], t>1+r,
dQ  2aCQ ¢

In 1—r<<t<i+r, (I1.10)
dt r

t<<{—r.

Ilpenebperaa cmartmem, cauras TemroeMKoctsh Cy TOCTOSHHOH H MCIONB3YS,
uro dT=~dQ/Cy, umeenm

+
t1ln e

— 2r, t>1+r,
(I1.11)
_ 2nC0Q

1
T(r,t) ~ j at-2¢ =
0

t
t (Ill T—; —1 )—1‘—7', 1—r<t<1+r,

Q. t<<i—r.
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(trakum obpasom, ecau t>1+r, To T(r=0, t)ot—1). Hosepxmocts paspsina
oupepeaserca aunaueil koarypa 7' (r, t)=T.. Kacaresvnas ® sroil amanmu npu
>1+r paercs BeIpasKeHmeM

Gi), =G (5 =)/ {5 -tnttn).
c c c (11.12)

Toura (.. r.), B KOTOPOH CXORATCA HPOCTPAHCTBEHHONONOOHA | BPEMEHHAMOo-
Ho0HAA YacTH MOBEPXHOCTH, OIpeflefeTcA YCIOBHEM (0r/dt) =1, orryma

caenyer N sqmt
14, \*1- -
tc={[(1—rc)1n( i ) ] ——} :
1—r, T,

Hanpumep, pas r.=0,5 nmeem {.=2,34 u T.=3,142(2nCQ/Cy). Ilentp ampa
Harpesaerca no I'. 3a Bpema t=2,57. Jlunwsa t=:¢.(r) paspgenser IIPOCTPAHCT-
BEHHOTO00HYI0 M BPEeMEHUNOAOOHYI0 JacTu moBepXHOCTH paspusa T'(r, t)=
=T.. Paspeip obpasyerca mpu r=R B moMent Bpemenu t=0 m saTem pacnpo-
CTPaHAETCA BHYTPb. JTOT HpoIecc CHAYala HieT Me[jleHHO, HO 3aTeM W’3-3a
PaAMaLIOHHOIO Telloo0MeHa OH ycKopsercs u upum ro=t.~'({,(r)) uwrasmo
TepexoauT BO BpeMennuojoOHeidl paspers (cM. pme. 3). Eeam T.=4nCQ/Cy,
TO 3T0 mpoucxoanT npudausurensuo upd r,—=0,5—0,6. Iloxo:xuil mocTene HEbLH
epexo; T OT MPOCTPAHCTBEHHONONOOHOE KO BPeMEHMIONOOHOH TEeTOHALMA MO-
JReT Peam3oBarhes HA IO3IHHX CTAMUAX YIGTPAPEIATHBUCTCKAX SNepPHBIX
cTONKHOBeHuH. Ecln BRIOYATL pagjHanuoHHBIH TenIo00MeH B cuenapui, omm-
cawuprii B pabore [11], To mepexox or mpocTpamcTEeRHOmOLOGHON KO BpeMe-
HANO100H0d nedaarparmm Gyger muasmeiM. OxHAKO 3TOT BOmpoC Tpebyer Go-
Jee {eTaJbHOTO INCICIHOr0 aHAIN34.
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Illkona ¢wsnku U acrpomoMum Ilocrynuna B pefgakmmio
MuIIHeCOTCKOrO yHHBEpPCHTETA, 20.V1.1986
Muuneamnoanc, Mennecora 55455, CIITA

DETONATION ACROSS A TIMELIKE SURFACE
FOR RELATIVISTIC SYSTEMS

L.P. Csernai

Phase transitions in high energy heavy ion collisions, in the early Universe and
in other relativistic systems, may occur on a 3-dimensional hypersurface the points of
which are not causally connected. It is shown that Taub’s original derivation of the
relativistic shock (or detonation) adiabat can be generalized in discontinuities across
surfaces having a timelike normal vector, and it can be cast in a form universal for
both spacelike and timelike discontinuities. An example is outlined of an implosion —
explosion where the front switches from spacelike to timelike due to radiative heat
transfer.
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In collisions of high-energy heavy ions, in the early universe, and in other relativistic systems,
phase transitions can take place on a three-dimensional hypersurface whose points are not
causally connected. It is shown that the derivation of the equation for the relativistic shock (or
detonation) adiabat proposed by Taub can be generalized for discontinuity surfaces having a
timelike normal vector; the form of the equation is universal, i.e., the same for spacelike and
timelike discontinuities. In the considered physical example of implosion induced by radiative
heat transfer there is a transition from a spacelike to a timelike front.

The relativistic hydrodynamic theory of shock waves'
has found elegant applications in cosmology®™ and in reac-
tions with relativistic heavy ions.*”'" A shock wave usually
occurs when there is rapid compression of matter under the
influence of an external force. Similar discentinuities can
also arise spontaneously in an expanding system if a first-
order phase transition occurs.' In all these cases, shock
waves propagate with a velocity less than the velocity of
light. Therefore, the world lines of the points of the surface of
the shock front form a spacelike hypersurface in Minkowski
space (Fig. la), i.e., a hypersurface with a spacelike normal
vector. The conservation laws on this surface lead to the
Rankine-Hugoniot-Taub equation,' which relates the prop-
erties of the fluid (pressure, fluid velocity, densities of the
conserved charges) on the two sides of the discontinuity.

It was noted recently'’ that under certain conditions
there may occur in a system a rapid phase transition leading
to a timelike discontinuity surface. Such a situation occurs
when the system undergoes a rapid and homogeneous rar-
efaction and there forms a set of bubbles at different spatial
points causally unconnected to each other. As an example of
this we can mention the inflationary universe model. In this
case, the spacelike phase boundary becomes after smoothing
a timelike surface = (see Fig. 1b). The thickness 7 of this
transition region will be determined by the rates of forma-
tion and growth of the bubbles. If r is sufficiently small com-
pared with the characteristic time scale of the considered
process, then it can be assumed that the phase transition
takes place through a structureless timelike surface. The aim
of the present paper is to give a general derivation of the
Rankine-Hugoniot-Taub equation valid for both spacelike
and timelike surfaces. The obtained result will be illustrated
by a simple example.

We denote the vector of the normal to the surface X by
A#. It is normalized as follows:

i <+ 1for timelike Z,

A).h\u - ¢
| — 1 for spacelike Z.

(1)
The state of the system is characterized by the energy-mo-
mentum tensor

Tw=wuu'—pg". (2

where we have introduced the enthalpy density w = e + p,
the sum of the energy density e and the pressure p;
u* = (y,yv) is the 4-velocity of the fluid, normalized such
thatu* u, = l;andg"” =diag(l, -~ 1, - 1. - 1) is the met-

ric tensor. If there is a discontinuity surface, the index 1 will
identify the dynamical characteristics of the fluid, for exam-
ple, Q, on one side of the discontinuity (@), and the index 2
those on the other side (Q,). Then the jump of Q across the
discontinuity will be expressed as

[Q1=0Q:—0:. (3)

In this notation, the conservation laws across the discontin-
uity surface have the form

(R] =[T*A.] =0 (4)

r

FIG. 1. Comparison of spacelike (a) and timelike (b) discontinuity sur-
faces characterized by normal vector A* (1 and 2 are the phases of the
matter before and after the discontinuity, and the thin straight line is the
generator of the light cone). A timelike discontinuity can occur in the case
of the spontaneous production and growth of bubbles, which are united
after a time 7 (continuous curve). If this complicated surface is smoothed,
then a timelike front (broken curve) is obtained. Note that in a viscous
fluid spacelike discontinuities also have finite width. Thus, the substruc-
ture of the timelike front (b) can develop only if the distance between the
bubbles is greater than the width of the spacelike discontinuities.



(conservation of the energy and momentum), and

[} =(n A1 =0 5
(conservation of the particle number). Systems in which the
particle number is not conserved are considered in Appendix
1. The expression (5) can be written down for any indepen-
dent conserved charge with corresponding 4-current of this
charge. Under the assumption that the flux is related to the
conserved charge, we can introduce an invariant scalar den-
sity n = n*u,, and also the quantity x = w/a’*** which
plays the part of the specific volume V in nonrelativistic the-
ory. In fact, in the nonrelativistic limit x = mV (m is the
mass of a particle).

To derive the equation of the detonation adiabat, which
relates only thermodynamic quantities, it is necessary to
eliminate the 4-velocity from Eqs. (4) and (5). Since (4) isa
vectorial equation, it can be decomposed into two indepen-
dent equations. For this it is necessary to take its projection
onto the direction of the normal to the surface .

(R].\=0, (6)

and also to project it onto the surface itself by means of the
projection operator P#" = g#" — A*AY/A"A,:

[G*)=[P*R.]=0. (7

From Eq. (7) it is possible to obtain a scalar equation which
shows that the length of the vector G # is conserved,

[G*G,] =0, (8)

and also an equation that ensures an unchanging direction of
the projection of the vector G *:

[G"/]G*|] =0.

After manipulations, we can obtain from Eqgs. (5) and (6)
the following expression for the flux:

P=1p] A (2], (9)
From Egs. (5) and (8), we find

Pl e /T AN (10)

From these two relations, we obtain directly Taub’s well-
known adiabat equation:

[P] (I:+rz)=[w.r]. (11)

For known p, and x, and for known equation of state Eq.
(11) determines the connection between p, and x,. Note that
the vector A* of the normal to the discontinuity surface oc-
curs in this equation only in the combination (A A, )2,
which is equal to unity. Therefore, Taub’s adiabat equation
has the same form for spacelike and timelike discontinuity
surfaces. However, there is an important difference between
these two cases.

This is demonstrated by Fig. 2, which shows shock and
detonation adiabats on the ( p,x) plane. The initial state is
indicated by the point 1, the final state by the point 2. In the
case of an ordinary shock wave, the adiabat determined by
Eq. (11) passes through the point 1, since the final state of
the matter is described by the same equation of state as the
initial state. If in the final state there has been a change of the
equation of state due to a chemical reaction or a phase transi-
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FIG. 2. Shock (I) and detonation (II) adiabats on the ( p.x) plane ( pis
the pressure and x = w/n" is the generalized specific volume). The point 1
is the initial point; the finai state 2 must lie on the adiabat. The inclination
of the straight line joining the initial and final points is determined by the
current through the discontinuity surface: j* = + [ p|/[x] for spacelike
( + ) and timelike ( — ) discontinuities, respectively. The segment AA’
of the detonation adiabat corresponds to timelike discontinuities: O and
Q' are the Chapman-Jouguet points on the detonation adiabat. In the
presence of enhancement due to boundary conditions. rapid combustion
and condensation (segment OA) can pass smoothly through the point A
to timelike detonation.

tion, the point 2 lies on a curve that does not pass through the
initial point 1. Usually, this curve is called the detonation
adiabat. Figure 2 shows the detonation adiabat for an exoth-
ermic process. If the process is endothermic, the correspond-
ing curve passes below the point 1. The segment OA on this
curve corresponds to detonation, and the segment O’A’ to
slow burning (deflagration). The hatched part of the plane,
where [ p]/[x] <0, was previously assumed to be unphysi-
cal® on the basis of nonrelativistic analogies.'> According
to Ref. 9, in this region the flux j becomes imaginary for a
spacelike discontinuity surface, when A, A* = — 1. How-
ever, this region can be reached for a real value of the flux; in
the case of a timelike surface of the detonation front. We note
that the existence of a shock front with timelike normal is
impossible since the shock adiabat cannot lie in the timelike
region (hatched region in Fig. 2). This is readily seen by
recalling that by means of a Lorentz transformation one can
go over to a system in which the vector of the normal to the
timelike surface has the form A* = (1,0,0,0). In this system
there is an abrupt change of p and x but the density .V = ny
measured in this system remains unchanged, since
(/1 =[ny] =[N] =0. This is possible only in the case
when a phase transition or chemical reaction occurs in the
system, i.¢., there is detonation.

However, spontaneous detonation can occur only if the
condition of increase of the entropy is satisfied. Since at the
point 1 the Poisson adiabat is parallel to the shock adiabat.
states with higher entropy lie above the point 1. Thus, only
the upper quarter of the timelike detonation region can be
reached in a physical process. In other words. only exother-
mic detonation can occur on a timelike front. In this case.
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when the exothermic process has a threshold (with respect
to the pressure or the temperature), the physically realized
section of the timelike detonation adiabat must begin at a
certain point within the segment AA",

In Appendix 2 we describe a simple schematic model
that demonstrates a continuous transition from spacelike to
timelike detonation in an implosion process induced by radi-
ation. Suppose a spherical core of unit radius (R = L,c = 1)
is surrounded by a rapidly igniting shell. If at z = O this shell
is ignited from all sides, then some of the released energy will
be radiated inward and heat the core. Negiecting the opacity
and compression of the core, we can readily calculate the
constant-temperature contours:

0, t<i—r,

t( t
— —-1)+
- In 1 )

+ 1—_r-, {—r<t<i+r,
¢

T(rt) <

1+r
1—r

{Lln -2, 1+r>t,
-

Suppose that in the core an exothermic transition oc-
curs if the temperature reaches the critical value 7. Then
this transition takes place on the surface T(r,t) = T,. If the
heating of the core to the temperature T, takes place rapidly
(t=2.5), then an appreciable part of this surface (0.5,
2.35152.5) corresponds to timelike detonation (Fig. 3). If
the heating is slower, the timelike detonation region is con-
centrated in a smaller central zone.

Summarizing what we have said, we must emphasize
that the general treatment of an arbitrary discontinuity in a
relativistic fluid has made it possible to extend the Rankine-
Hugoniot-Taub equation to a new region not hitherto con-
sidered. Moreover, on the basis of nonrelativistic analogies
this region has hitherto been regarded as unphysical. The
inclusion in the treatment of timelike detonation closes the
relativistic theory of rapid combustion and condensation.

!
|
!
|
!
|

] I L Sl

a 0.5 !

FIG. 3. Acceleration of discontinuity due to radiation can lead to a
smooth transition from a spacelike to a3 timehike front at the point A,
where the front propagates with luminai velocity This s possible because
the fluid does not move together with the front The world lines of the fluid
particles (the lines with arrows) remain spaccelike, 1.e., their velocity is
less than ¢. The broken line is the light cone. £ 1s measured in unitsof R /¢, »
in units of R, and T in units of 27CQ /C,

ne0 Crir Dhue ICTD @R /M Coahriam; t0AY

The formalism developed makes it possible to understand
more clearly the conceptual unity of problems of relativistic
hydrodynamics and make their mathematical description
more transparent. This is illustrated by the concrete example
in Fig. 3.

The author thanks T. Matsui and I. Mishustin for valu-
able comments. He is also very grateful to J. Chaplin. M.
Gyulassy, and J. Kapusta for fruitful discussions.

APPENDIX 1. DETONATION AND DEFLAGRATION FRONTS
FOR THE QCD PLASMA AND HADRONIC MATTER WITH
ZERO BARYON CHARGE

Notation:
uu= (Yv .{v)'
wu,=+1,

we={(Y, =Yv).

g =diag (1, —1, =1, =1).

The vector A“ of the normal to the discontinuity surface is
normalized in such a way that A* A, = + | for a timelike
( + ) and spacelike ( — ) discontinuity surface. In the local
rest frame A* = (1,0,0,0) for timelike discontinuity and
A* = (0,é) for spacelike discontinuity.

1. Projection parallel to A*:

[T AN =[w (A =~ pAAr ] =0. (A1)

2. Projection perpendicular to A*. We introduce
G.=T"AA., A%=g*—A"AYACN,
(G. is orthogonal to A, ),

Gr={wu, (uA") —pA}{ g — AT/ N°\}
=w (uA)w—w (1 ) A ATA,.

It also follows from the condition
[G*#G, ] =0. This leads to the expression

[t (. ) =t (u V)AL =0,

[G#]=0 that

(A2)

We introduce the notation Q@ = w(u,A")> and ¥ = A"A .

Then Egs. (A1) and (A2) can be rewritten in the form
[Q1=N[p], [Q*}=N[wp].

Eliminating .V, we have

(2} (Q:+Q) =[wd],

(A3)
Q. =—N(p.=p.) (es+p.)/ (e:—pr—er+p.).
Therefore,
(@N) F=N(pr=p)) (e:tp)  (e:=po—etp) (e tp).  (Ad)
On the other hand, ’
(WPAL)? = {vlzvﬁ cos? 9, spacelike discontinuity, (AS)
. v1%  timelike discontinuity.

In Ref. 9, only spacelike discontinuities with 8, =0 were
considered. From (A4) and (A5) we obtain an expression
for the velocity of the oncoming flow in the rest frame of the
front (for 8, =6, =10):

4

vi=(p.—p:) (2t 1)/ (e1—e:) (est D). (A6)

In the case of timelike detonation, the velocity v} is
v?=v,""

The relative velocity of the incoming and outgoing flows for

both spacelike and timelike fronts is

V' =" =(pi—p,) (e1—¢2)/ (estpz) (€2t p). (A7)
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FIG. 4. Kinematic regions in which the continuity equations are satisfied
for physical values of the flow velocity for the transition between quark
matter with energy density e, and hadronic matter with energy density e,
(B is the constant in the quark bag model). In the figure, I is the region of
Spacelike detonation, 11 is the region of timelike detonation, and 111 is the
unphysical region. Because of the possibility of timelike detonation the
unphysical region is here smaller than the one obtained in Ref. 9 (Fig. 4).

If we denote the entropy flux by $* = su*, then the condi-
tion of increase of the entropy can be written as

[S",\p] =0 or 82/512(1‘:/.1‘1) (32+P1)/(91+p2) (AS)

for both cases of detonation in the process 1—2. If in Egs.
(A6)-(A8) we substitute the same equation of state and
make the same analysis as in Ref. 9, then we can find the
region in which timelike detonation is possible (see Fig. 4).

APPENDIX 2. IMPLOSION INDUCED BY RADIATION

We consider a physical volume filled with matter and
fairly transparent for radiation. This matter undergoes an
exothermic transition if its temperature exceeds 7,.. We as-
sume that the core is surrounded by a shell of explosive that
ignites rapidly and whose radiation leads to heating of the
core. We ignore the expansion of the shell inward, and also
the expansion of the core, i.e., we shall assume that its radius
is unchanged, R = const. Suppose the shell is ignited at the
time ¢, = 0 simultaneously at all points. In what follows, the
lengthis measured in units of R and the time ¢tin unitsof R /c.

Let Q be the heat that the shell radiates in unit time
through unit surface. If it is assumed that in the matter of the
core a constant fraction C of this heat is absorbed, then at
distance r from the center of the core we have (we ignore the
opacity of the core)

d
Q.
at

Q jdt-ﬁZ:t

X[dcosﬁ(l‘ﬂ"’-‘h cos ) T'6lt—(1+r2=2rcos 8) "]

! 21C !
=(-210r"! jil= i OAlnr ! (A9)
T ’
where
|' [—r. (<< —r,
=1t ler<t<tr,
L+, 1>+,
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Thus, the heat absorbed in unit time is

ln[(1+r)/(1—r)J, t>1{+r,
ii.(‘.).= 22CQ In ‘ {—r<t<l-+r, (A10)
dt r 1—r
0, t<i—r.

Ignoring the compression, assuming that the specific heat
C, is constant, and using the fact that d7=dQ /C,., we ob-
tain

t

d
T(rt) zc_1 dtT?
v 0
tln H—r —2r, t>1=r
- (Al1)
_ 2aCQ

t
= t (ln —1 )—1--—r, {—r<<t<<{+r.
Cyr 1—r

0. t<t—r

(thus, if t>1 + r, then T(r =0,¢) <t — 1). The discontin-
uity surface is determined by the contour T{(r,t) = T,. The
tangent to this contourat ¢ > 1 + ris given by the expression

(2) -(2) /().

‘e c

_ 1+r)/ ( 2 1 1+r
—ln( 1= t 1—r —r-ln 1-/->'

The point (¢,,r. ), at which the spacelike and timelike parts
of the surface converge, is determined by the condition (dr/
at)T. =1, whence

o= ([ () T -5

¢

(Al12)

For example, for r. =0.5 we have r =234 and
T. =3.142(27CQ /C, ). The center of the core is heated to
T, during the time ¢ = 2.57. The line r = ¢, (r) separates the
spacelike and timelike parts of the discontinuity surface
T(r,t) = T.. The discontinuity is formed at r = R at the
time ¢z = O and then propagates inward. This process initially
proceeds slowly, but it is then accelerated by the radiative
heat transfer and at r. =¢_ '(¢, (r)) goes over smoothly
into a timelike discontinuity (see Fig. 3). If T, =47QC/
Cy, then this occurs approximately at r, = 0.5-0.6. A simi-
lar gradual transition from spacelike to timelike detonation
can be realized in the late stages of ultrarelativistic nuclear
collisions. If we include radiative heat transfer in the scenar-
io described in Ref. 11, then the transition from spacelike to
timelike deflagration will be smooth. However, this question
requires a more detailed numerical analysis.
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