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I. Introduction 

Fluid-dynamical models have been proven to be useful means for 
describing averaged properties of colliding heavy nuclei at hieh 

energies. Relying on baryon and energy - momentum conservation laws 
~nd on looal equilibrium conoept,they visualise the average space 

time evolution. The equation of state and the phenomenological trans­

port coefficients admit a large flexibility of SUlh models. However, 
the estimate of the free mean path of nucleons /1 point to values 

being comparable with the diameter of nuclei. This makes evident t~~t 

the one-component hydrodynamieal model in describing the high-enerp~ 

collisions of heavy nuclei suffers from the a priori justification of 

its applicability, because it relies on the assumption of instant 
stopping of nuclear fluid elements ju~t when colliding. At relativis­

tic energies the nucleon-nucleon cross s oc t 1 ons become foreward 
peaked; and at ultrarolativlstio cnol'flie,. tho LnngLt ud Lna'L growth/;>/ 

becomes important. These effect. w.111 d Im Ln l.sh the nuolear s t op pt.ng, 

Already the ploneer papers Ccf.!J/ ) all a ppLl c a t f on of fluld­

dynamical conc opt s In heavy-lon collI nLonn , include nuclear 

transparency via the two-fluid model. In tho moan time this 
model is modi f'I(~rl /lnd appl led to hlKher Cnl'rglo/ 4 / . It r on t n on ttll! 

a s s umpt Lon ,.,r the two dlfltinl~ul"'h(lblc Int"rIH!Il(,tratlllg nuo l cnr f luLdn 

r e s emb'l t ng to both the nuclei. Onn pn rt l uu'l n r uu bt. l e po Lnl til t.ho 

two-fluid 111<,,101 In 1.111' "t.Ir,klop, prOCO';'] or the F1 ul"" Whllll tlley n ro 

d e c e Le rn t.e.l lin 'hilI til 01 r rr- l rd. I Vf' vo I or: H.y h"IOOIl1"" nmn.11 or t.hnn t.h" 

me an 1.1""'11111 or Jl'ermt 1110>1011 v e l no t Ly , I.n., 11,,'y I1r" not, 10nKOr" 

distll1l~ul"hnh]n. [II rn r, 1/ Il p ro o o d u re !I"" 1"'011 Inl.ro,luool' to 110 

over to" on,,-nultllliotiol In UI1~ ,,1 1.1I1\t, I 011. Olin IHHIIllhtlily of IlYO­

iding auch n ""I tOhin, fnllR ulle m,)(1<>1 to ,u,otlll'r I" tho appLlolltlun 

of threo-fllll<l mo,".I_ 'J/. 

Anuthn,' 1I1JprOfaoh to th.. 1'011 .. <1 pn,bl"m 1" t o oOlllll.lor tho Intotr,­

p cnc t rn tj m- 1lI10In't" mIlLt.n,' pl,,,,o" fl'l 1I111'lull tl,y'I1"111 wl\.h u..l<lltlnn,al 

t n t o rua l 1I1"I'.I-I1f' IIF r"OUll(lIl1, wtllnll 111111 11'1 vtlllJtlI1~~nll tt;l l.h n )'filltt.lvn 

v e l o r: L!..y Ill' I hI.! 1111.111'1" '11l1111111l1J!lllIoflt'l, (Jlhl'l ",ppr'fH1nh rn l.u l m t ho II!JO­

r1Jlrll"\'~ »l 111'~ 111l'1"1I11t--h.yd"l)d,YlltlJ,doll! 1111'ILllpllll11. 1.0. l hn 1I01.101l ur 

I Ill! 11111-11':11 nqlll1llllH u l' ~lll,ln WhQ'I'1 dl1!,Jr'1111flJd t'HI '11 HUll of Illn 

IJll.llll:llrt 1'.1),11,. III 'It 1111,',11 III', 1II",II-lIl1ltl"-I,,'J 1I11t·IHlll-1I11014,J11I1 on l l Lu l nuu , 

TIl ;llIdlllllll 11111"1\ In 11 lllllllltil II'q""ill'HI I" 11111 Olin f'lllld IIII}1101. 

J'n-;--'· 
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Pioneer works in this line have been done in refs./6,7/ where 

anisotropic distribution functions were derived. In refs./S/ two 
Fermi distributions have been considered whose centres in the momen­
tum space are separated by the relative momentum of the interpenetra­
ting nucl eI , 

It is the aim of the present work to develop an extended pheno­
menological thenno-hydrodynamical theory which describes interpenetra­
ting nuclear matter. The model is built up in such a way that at 
vanishing relative velocity (i.e. for stopped/sticked nuclei) the 
usual one-flUid thermo-hydrodynamics is recovered. 

Some preliminary thermodynamical aspects of the present approach 
have been already published in refs./9/ . Here we are going to present, 

in a systematic way, the hydrodynamical aspects of our ap1roach. the 
first steps of which have been already reported in refs. 7 0/ • 

Our paper is orgAnized as follows. In section 2 we develop the 
extended hydrodynam i co for interpenetrating matter. In section J the 
extended thormodynamics f'o r th c Dol t zrnann gas is exercised. An appli ­
cation to colliding nucl e1 is dLsuus sed in section 4, where a'l s o nume­
r1.cal results are reported. The dlscussion and summary can be found 
in section 5. To allow a clear presentation of our basic ideas we 
de eor Lbe the derivatlon of t ne energy-momentum tensor used in the 
rrpp end Lc e n, They contain t.he genorlll decomposition of the e.ne rgy-eno-. 
mcn t um t on.io r , t hn npecif1cation of the entropy source density and 
Lhu interpretation or co rtn i n t.orm,·' entering into the energy--lnom';(1r­
t.um tensor. 

;0. "'xl.nodull hydrod,yrllulll<:,l 

F",. bu i l d t ng IIp /I "ll):I"d /lol. "I' dy namLcnL e q ua t t o n.. WI' pour­

'HI I:uldlllp. p rI not pl un I.h" r"I'lowlllK r'equiromenln: 
(I) tho 11111.1.1.01' III <1,·,,,,,.lIlOd Il/l 1/111'1'10 ny"lnlll with o ru: .ul d l t.t onn l 
t ntn r-n«l c'tngr'tHl or I'r'nfldfllli llt.hIIlJ'. tlito :ll~C()UIII. tlu: ll.tll!;otrop,y nf UIIl 

dl"t"11>1II,1011 "1/,,<:11011 whlol> ru n rn nunLn l.h« ,'"llIlIv" vl'l""II.y u ]' 1.1", 

MU hl1.y n I. OIlH' ; 

(11) I.hti dlnl.r'llnt'\oJl luurLl n n In 110\ t't',',lll'dlld 11:1 ""lIpl" :\11111 

"r MI\~wlll I /I" 11,',',11""'" ,11", "\1,,1' I 10'1/' i 
(111) thu t.wo 11l11,,'I.y'tlnllln 111"1' lint 1I1111pl,Y dll'fHl'oll1 Jlplltll~1/q 

(Iv) /I I''''ul """",'11'11,," '1,1'1'110'" 

(v) llHlldltlJl. ~,11I1111I111" fill' 1.11(\ il,YIIIUII\nn IlI'O IIHllllllllvn dtlllill I 1"11, 

Inl,UlI111vtil1 UIII:1 vn.,!nt' Ll ol d n IHlt hlf~IIUI' 1.I1Ufi l'llllh two. 

Wu rdllllpOJl tlllliin 1111111 u l n l 1111 h,V !'uqlllrll1g t.h o nVolllllrlll 1111111111111111 

;!. 

T ij .. 0,:=(I'}l.(')j. 0;> , J (r) 

being the baryon conservation and energy~nomentum conservation. This 
form used ensures the smooth transition to the usual one-flUid hydro­
dynamics. Eqs.(l) imply that we attribute to each fluid element such 
densities as ba.ryon density n and energy density e and a four 
velocity UL: • According to (ii) there is no need to subdivide the 
elements into distingUishable subfluids (this would result in the 
two-fluid model). PostUlate (v) exoludes equations of motion of 
higher order tensor characteristics, such as, e.g. considered b~7/. 
Postulate (iii) excludes a simple diffusion approa.ch. Since in the 
fluid two characteristio velooities appear, we introduce besides the 
time like and normalized four velocity vector LL" , a second space 
like vector field t i • The latter one defines tho pnrametr1sation 

of the anisotropy vin 
(2) .,. nit-it,' 

This density is taken as new indepenuonl thermodynamical ,tnte 
variable; tho entropy density t.ake e thorofore the form /9 

(J) 
s (e) n) , ).s • 

The point now In to npo o l ry tho slruoturo of tho energy-momentlllD 

tensor and cnt ro py ou r rn nt , In appendix A wo p re nun t the genorl\l 
d e cornpos t tt on of t.ho llnor,,"y~llonlolltum t e nnor, In oeltlO of (l, plane ­
s ymmu tr t o rnn t. t on l L nllllpllfl.,,\ oonPll<lnr·nhl,Y. In I\PPflJl,lllC n lho 
en tropy uo u ro o ,Innfllty tn 111.'U\1.,,1. In l\llool'l1l\nol) wIth t.hn tlflo",,,1 lnw 

of I.hnr'lIndyrl/lIl1ln" wo hewn to rnq u l r'n Il 001'1,111[1 ntruol.uro or tho tllliO 
evolut.lon Inw or t.ho rtlllnol.rnpy ,lllrL~ll,y t.o nnuu r e 1\ nom!,lorlnit. 

pO'llllve .ml..'oIlY I'rodllol.lon. 1'IH' ol/(onv,l1nnn of t.tln oll'"II" lUll""" IH'II 

nllllly,;ud 111 Ill'l'nlldl. C. 1"nIlUfyll1l\ t.1I11 <1lfr"rnllou or 041rlr~l11 t1lllon..-­

vcel ,. :1 w l th tho 11111,,,)1 ""l'y rltlllrtll..V. WII 1lf,,.lvQ III nn 1III.Ilrp"lIlnl.lo"n 
of' II. .Yelt 11l1t'1 H, n l ," ' fld dnofJlIIlHH\11.1on l)l)nrr\nt 0111 of tlln fHl(l"Ky···lllumunlwll 

t.ellul.l'. '('hur'n rcmn l nn ou" 'lIlt\flt1ulfluti dtl~11l1l11~1It1111nll on"rr\Olullt. By 

OOUlpftl' l n l'. nil" Clltf1rf,...Y-.4l1fJlllonl.ulIl Inll/llll' w1l.h ltl,' Ilnn of' tW11 It\l"t'ttut.'oll~· 
1',..,..' lnl."'·I'"'"11,."ll/1I', """,v.lI1/nl/' 1',:\1111" (ur. "'1'1',,,,,11. ll). l,hll1 ,,,,,,frl·.. 
n l e-u l. IiI\II lit, lnlu'41'ffltlQl "rllllflltf1I1l'U 1'1' Ibn nl1lYlIIlllotry "fl't'Hd.l1. Wl1nn 

""""I,'er'IIII', II.., 1111 ,. l'\"'II"t. ""I 1111', uu ol on r '"II'"o/iln uon r I., 1.11" P1,yllllll,'I,.,V 

"lft.n nlln fflJl ,11nrf',',I\r"tl tll" ttl1.ylltlllrll ",Y ol1ufl'lnluut.. 1'11. ftUftrtt,Y ,mOT­n,
 

ruu n I Hili trill" III' n ml t IIf1 o n l J'Iq\V uu iro u]. I hfW' ""Hll
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T 'i e L.o4.; LA d- (4)1- s r r ,/S~/Se)('}ij~""" ....i)'" 

+ t - 1. t" t. ,j
~ J 

s ' s c.A ; (5)
'" 

and the time evolution law for the anisotropy density takes the form 

~ Se S, -., t - 2 t i (6)
~ = 7L + t U .. ; j 

J 

(7)7\.s~~o-, 

where a dot means the comoving derivative, e s g, '}::I ~>' LA " 
The term 7\.. is jus t responsl bl e f or the entropy production. It re­

presents the decay of the anlsotropy (1.0. the "mixing" of the fluid 

aubays t oms , or in other words, the r and omt s t ng of the particle 

momenta) • 

In the following Wi' exploit the ro t axn tion tImo a pp r ox Lmation 

for 1l > 

y - 1 (n)l\. ". J 

wher o "C I.s the ohn r-n c l.o rl i.Ll c t Lm o for t.~c dcca,y 01' tho anf.no t r-o pv , 

V"luo::; for 1:' hnv" l,,~en i'vnlI1Ilt,~d In roI' , -: 

ConcernIng till' propne)('d n t.r-u o t.u r o or ti", '''lPrl:,y-lllomcIltwlI !:CI",Ot' 

:~ItII1C r-nmn rkn n re In n rdrr; (1) Wn r"l';~trlot o u r n el vun hp.rn o u l.o Lilt' 

::;lmpll':Jt gOllOr""I1:;IIII', 1.""111': :l.pprnpl'lnl.c 1'01' 1.1", pl'Utfl-GYlllll1l,l.rl,: 1110_ 

Llon, wlrlolr lei ref'""c:"tll.:d,IV" ;"',I.ho c"nl.r':tl :Ipnl.lnl pn rt In 

C:,yllllllol.rlc 1""",I-fln <:olll"lfln:,. (II) Tn',n I1Pf'r(~,,:', to r1.:Iytlltli,'l.rln 

nolll:\]()r!;' {;'!I'lnltll.y IIIOt'!! 'llt'II\~1 ;'III~ 1,0 Ill' 11HillJdfld (cl'.Arp/'flfll,,: Il). 

AltiO t o l u o l u.l « ,'I'i,yJ.llllt'tr'.y (·rrl't\I..'1 Ill, l;It'J~I't' d1~lttU1CO from thl' 'l,yllllllt1t 

I'.Y pin/In OIH~ 111'l'd'\ [nOli' 1 ('r,II'I. (111) A tlIl(~r'(Ir'('l\plt~ rOlllldill.lllll qr l hr: 

llnllt'J'..Y l!\OIIlP/lI.III'1 I "11"\0 I l : ",1111 rnl ":\I\d. M~YIIl' Llln p,'lr','uIH" )'1 :',:d Inn 

1)[' l hn dl:d.llIJII11'111 1'1/111'111111', ,I': 111 l'jll'~l. HI 1'\ 'llIlll'd til do 1111',. 

( I v ) ~J 1111\ fl 11111' I', I' HI" I I 1 '\. I I 1IIII d I H" i Il (j I I II r : I lid I' J', tId 1 ! 'Ill l t, r'nul. Ill' 

:I111~'lll.l 0'1 :1'11111111111/', Ill! Itld,It'd dl'lllll.'l!lVI· Il<I:1I lvl'l!ll 1'1111,1'\ 

II' do "0 I 11ft!II:':11. 

J. Ir.:.;,lnlldl:ld 111111111111\,)'11:11111, 

"1 111 , (J lldl'l IJI11111111 I'll I II I I tIll 

..4 ( I' I 1 ~I It{ ( /' I 1 ) ~ .dl I t ) , ., ..( ( v I' ) .0 ( 't) 

Ii lJ r 1 un 'I rill' 'III! !HII "Ill 1II I (II, ", Y ) liln d""lvlld '!lol'ltJ,jdylllltllll,nl\ 

qUflll1 1 I llltl 

T -'1 :: Se ,; fA ::; - s ... I Se ) yo ::; - S:, / Se (10) 
which are related according to the relation 

p Ts - e + t: .... + v' ~ (11)= 
The quantity T denotes the temperature, v stands for the conjugate 

of the anisotropy density ,. , t-' is the chemioal potential. Eqs. 

(10) and (11) combine to eq. (B.5). 
New we have to specify the t ho rmodynan Lca'l potential 5 (e.,,,, ,>. 

In ref. /9/ we presented a recipe, which goes conform with axiomatic 

thermodynamics, to construct, from a given potential So (e. J n )/the 

wanted function S (e.,,,,,.,) with S Ce , ..... , .. 0) = So (e ..... ).::I 

Other approaches being based on certain par-ame t r i sct i ons of the 
S/.distribution function are proposed in reff1/ However, a concioe 

thermodynamics is otlll misoed for such approaches Which, on the other 

hand, can incorporate momentum~ependent microscopic interaotions. 
/9/Therefore, we follow here the Uno of r ef', • To avoid too involved 

formulae wc considcr tho simple cn.ae of n BOltzmann&ll.". Then tho
 
/9/


gener'alised p o t e nt Ln.I S (e,n,,) follows from r-e f , Lt:) 

5 '" n t i .tea ( e - c~ ('I In,'" )]- f ~tl1'" + K] (1 ;»l'l1'" 

(I.< I'l,,,,,,,) tiro ",eJ'() p oLnl, or tho c n t r-opy }, whlle t.h o d c r Lvorl 

t.l,or'llIolJ,ynrolll.oal I}lJllnt.1t.lo:J follow fnHIl uq , (10) a::; 

...... ., c.h ;;( 

T 
~i. (11)

J n 

"'" ., r~;; - _'LJ':..~ 
~ J la~[t-"-I" ct.. 11] + 1 

L • -, ....., .., ,I, ;;lT 

( 14 ) 
.- f (-1 + -t.~ '" ) .. k 

( I ')) 
It., ii

'f.. g' 1 VI 

r 1. ,. \P\." ..., (A i1'~ 

rVI ( II,)f' 
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e = - ( e -to p of- , [ -1 ... Sf. I S e J ) e J ¥ ) 
4. Dynamics of anisotropy in plane-syTIUnetric mot ion	 (20) 

Now we are in the position to solve the dynamical equations 
(1). Here we want to demonstrate how the dynamics of the anisotropy 
and the stopping process proceeds in our approach. To avoid large­
scale computer calculations we (i) restrict ourselves to the plane­ ~= _~('t"-'1 -t' S/ v J I r- J (21) 

symmetric motion (i.e. slab geometry) and (ii) also do not solve 
the momentum equation r ', k;. '" 0 consistent with the energy 
conservation T';i; LAt .. 0 a.nd baryon conservation (n ",t);1 • 0l with G .. (i;)'" to20 
instead we use a given velocity profile and study the eVolution of :;l... ) ... as expan­
the anisotropy. The profile we prescribe has the form sionl'f .. ~. 

In comparison With 
1 x' ) - 1/~	 (17) the standard hydro­

dynamics, in eq.
in the rhs of the em system. It determines in each instant of time 

lA = x""'s ( V c ' t ' -to 

(20) the enthapy is 
t and at each po s I t i on x a baryon velocity loA (see fig.l). u modified. The evolu­

Notice that? acc~rd­ '10 tion of , is deter­Elng to n Lot". n1 t.f t l.	 .. ­ mined by the drirtng
1 -to n L "'L t ,the vanl­ term ? e t o : 0 ) ........


shing of the common a.ocounting for' the 
velocity field t..i Interpenetration 
does not mean th e in building up thA~O,5 vanishing of the nnLno tropy , n.nd l h6 

::J 
<, 

veLo oLt Le a ~ 1/1­ t orm " T-
1 lloollun t i ng 

1 of' the nu o'l.cn r nuh-. fol' tho d e ony , Wn 
Il,yntenw. x I fm 15o	 LW numo bOTO n rolll. ­

We exploit	 lCat' on of thl'l an t /10_5	 10o	 COIilOV lnl\ n.yncliro­ ~'Iv..;'. '111ll tl'IlJoelor1nn >I(T,~) f<lI' U", glvo" tropy vLn ranllolllitla­v o l o o t Ly proflll) 11\ fll'l nylltj In rtp;.l. NotD \.IlltlP'lg.l. 'l~", v"I""II,y .... (1)l""I~ tho II pnt, 1111 J,lolllI co o r-d t nn t.n n lh" tnt.!o"torll'" belollK to tho t o t n l I"u',ynll Uon ln bJnnry ool1i­
o ompnnnn l, or Lh o lou r v"II)(JII.,Y) I~ unJf JI cu r r-on]. nnd not bo t hn L of Il nuol on r rlub"y II 1 (l'II.
of lis • 'l'ho 001"11.0111. ve (or. oq.U'/)) III	 u t orin , TILl! rfllll.xC1­
o ho no n fl,n O. ~). 

1.1on 1.1111n h"n !JllfHl 
/'1/

rml "II 111,1. I' ,1 I n 1'0 f • 
~ ~ 

n " 't". (" '1 ) fLlH\ 
~ q. t ) I</lt,t)!r()(,l)	 ( lid I. - 2. fro 'u, '"lll"·[l!'I'IIIIj.lllvn v n l u e , Ullilltlllllrl or thll '''1''. (10)-(71) 1\1'" 

wid"" d"rI"" Lt,,, I,·".I.",I.,"",Y It!' II rt""tI Ll u l d "1 .. ",[,,,1. wl t l r 11111.1111	 d1:lIdll~Yfltl 111 rlp,n. ,_t). Ollft nhUnrVt111 IlIdf~ttd lilt! l1KIUl(ll.t1l1 bull,'llll'" up 

1'0lllU,," K(t,t"O) ~ 1 vIII l((T,t). '1'1", 11,,1,,1.10" or '''1' (III) I"	 of' I.h" 1l1I1"oll'III',Y' /II,d ,.rt.lI'wlu'd" II" ,1""",Y. I'l1r"ll.1 p'o1njl, In 

'htl 11ft 1 I' "I' t.II" n l l l1 1 1v .l Vt,II111l11.~y Ill" 1'10 u unl u n r tlulJr,yntf'llllCl ....­(\ 1111'1'1,Y t,,\ t" ,., 1'" ;'.
 

(1I111"'''''\'"11,lInH
l n lhn pr'Pflf,nl 1\lIOn"nlll.{1 tl.Yt\l,f11l1 tho 1'''''lIlllllll\~l. 11.YUt\llllufll	 III II", 1',lv"" ,,",UIII'I .. will, V," O,'{ '" 1I'lllllo
N 

; ' lI"v A 

"'111 rllI,l" I,YI<I"IIII.y 1.1111"11 of TO 1'11'/0 "I' III II", vlllllnlol"y, of' th""'lUll t. '''"11 1.1l.11 h I III' I'lt 1111
 

/\,11"01 "ol',Y lo,illit'. 1",llo,II,IVI\ rot' '11"1'1'1111'" I ... , v - 1:1
 

(IIF. FI",.I). /J1I11" ''''''1'1'111111'~ I" II", 1'11"11.1",, II", ,,,11<1 Iv.' yulooltl
\, /) l.t' ( I" )"	 t',I.ItIf1lllrl "" lilliI'll Iltdnw thlt 'uuoml .. ". vnlllldt.y v, . 'I'hln til t\ IltlflM'j(lIH~UPfi 
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Fig. J.	 'rhe Limn ev o l ut. I OIl of the /1.niflotrop,y? (dashed lines) 
lI.nd the half or LI,,' r-c l n t l v o v e l o c lt.y or tho interpenetrating 
nuclei v (full]'1 n,',,)1'or I ho OOIllOV Illl~ fl ul d o lomcn t.s w.l Lh 
tnt Llal 1'11,,11 i nn r. :' fUllI 6 I'm, 

that from Lh., v.,r.v bnginning,tho r o l nx.r t t o n or n,nl"ol.ropy provon t u 

Lhn l'J,y"llllll 1.0 d o v r- l n p 1\ 11l 1''',1' V • III IIII' 1111111 r ..• .., W" r ocov u r 

111<1(11'11 v -- vs • 

'l'h o n nly ,ll:1,dpnLlvl.' 1111·,,111,"1'1111 IlId'l<le<l In n u r IIIlld,,1 I" 1.1111 

r''',uaUolI "I' 1I1l1,,"I'·II'.Y. II. ," ""',pllll/l1ldn roo' tl," "III,,"I'.Y lnl:l'/O'''''' 

1111<1, l.ho r o t'u r-u , 1.1". I "'''I'''l 11.1111' ,I".,'" :.'"lllltld.y (""" t'I".,~). II' 

r,t,opplup; 'II n uh l r-v orl , t hn n l lu: ll!l1Ipn!'ttllll'P l't l l l l " I Il : 1 ~:qll.·II.IUlt. CO I 11' 1I l 'I Il 

I" IIt"l'plllf~ orlll 1'-'"pl'",IIII" ,-1-,1111', II,,' dOll'llt.y \-\ 11I1",/O,,:\,!!1 I.,,, i , II. 

r')Plllltl lin tlollt'lld 1,!I.ll dllli III tlln pl'l'!Jl1l'lpt 11111 Ill" tlln lJolnl'IIJ pl'ql'lln ~ 
nllll 1I1f! ''''11lt,1Il1'1I1 Ill" -;PIl111I1rllllll' ·lII1IHI thn IlIlIlll'I!'iHI \/l1ll1f"\ !If T 

Itlld II rill () u I d I jll I 1111 t '11~ "1\ I 11l) I I I n T'n I I ,Y• An ~ ;0 1111I 1Ill'. r II I' rill I , (l 

lIul1l(11 "Jill IIlOIII"nllltll I\CIII'lf1l'\/llllnll will dIIl11111'," IlllllI'l v n l uo n , AI'I~1 Wf' 

ttl()lll til lIlt". n ra.ylllllll' I",Y II r r" 111 " pl/l.Y nil 1111prl.·1111It It~ll! I1lr'lT(1tl.y 111 fl 

l'l'f1IIUlflfl or n row [III lu i rr l ill' I till rl'yIIIIIH1ll",V 1'1111111 )!,·O. ('I'llln (·'IITl I". 
"'''''''11 rl'nlll IJlr1 111/111/11111111 It I' 11111 .l o un l tv , luplllnl'l1lUl'1I 11'1l1 1'"lllllvll 

lJolltllll,Y p,.flrllnn III 11'1,'.'i). 
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10 t l frn/c l 20 
Ftg,4,	 The time evolution of t he baryon I] cns L ty n (full lines) 

and the tempernture T (dal1hed lines) I n the comov1nR Fluid 
e Lomen t s bel ng Lnf t [nlly at r ~? and (, f'm, 

lhv\nr~ solved the dynamical p r ob Lom , (HlP ann .r o co un t r-ue t the mo t t o n 

of tho nuc Lon r /'luhsYfltelTlll, Due to our Il,yllllnetr"y nnnumptlon, n ~ n"
l
 

1101,1:1; tho vel 00 I t 1nil or l1l0 subny at ein n I.n t.ho Gourd 1na t e ny n t nm,
 

who r o the t o t.n l bnr-y on cur rent vanl/IIIll:!, nrn, IW d o fl n t tt on, 
) - «n. 

! v (~ J- V L • 'l'rnn"ronnlng Ln to Lho cun t ro of ffilllln nyntnrn, 

who r o I.ho volooity p r-oLt l o \I(x,t) J:l gl von, wo l~"t fo,' th o v e l o o t.tt.o u 

or t.h o IlIlll:l,YM tom" 

.. v ( ~ ~ ... L ) - -ut:'-I	 (:,:' )
f...4 1) l 

i..i V(1#V&')-"·1 't 

\.A (.., .... L)"11twho rp Col H"lvllIg n l mt l n r '''I"nllo":l 11." '1(1. (IU), 

W 1.1 - It 1, l. l\ rI (t I-~('I t. .'1 I hI' t. t'IlJ" ()In r'ln:1 ... " 1_ ( ~ , t ) 
() r 11111 "III I, ~ i'y '\ I (11 rI : 1 • ttl ill , I lIt' .'jI""I. hIJWf1Vllr', r rruu r I",. '1 1/", I, f"{t'lll 

I'nl' nll.IIIIl' 1111"1~n V,'11Ilf"11 1)1' 11111" , fiJI' Ill"til'llnll (11'1' 1'111' FrUIIl II01flP. 

'1J!'lnn lfldflpf1II1I'~III. 'I~lilr'fll'l)l'f', lllf' nn'yIIIJJllll r,y t onn 1'1 IIHI lf1rl"~"I' 

II I ' I', l l , r, l ld n tel nhl,,11I It 1'1'/\1 1.'111. ~IP:'!lfj 1111111 p l o tn r o or t.hn nol l t n t uu 

1'1'111'('.'1:1. '111111I1 WI1 dn Illll InLtUlil til .'IlI\tItP111'lH,t IIIf1 Lr·h.l(1oLurl"R or t.h n 

uur. l nn r- ltllht'.Yfd 11111'1. 
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III Illtl !It'fl;\11f11 pnp1ll' Wft dl1vfllop II/I rtPPI'W1lJll tjj 11 1'111/111v1nlll1 

I'llflIIIJlllllllllllll~tj'I,lly fl)tlltlllintl lJ,ydrlH1.vllllllllllrl wlllnil III 1,llllt1l1 1o 1111nllI'1"~, 

11a" llllnrpll!lnllllllllll I~r 1111011\1. 1 ,1 1 11 1 '1 wn,y WII IlItVIl IO'~1l1'11 III t.lln 
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(at least partial) transparency of nuclei which stems from the 

finite mean free path of nucleons which is not negligible in compari­
son with the nuclear diameter • 

The matter is regarded as unique thermodynamical system With 
additional internal degree of freedool. The latter one takes into 
account the relative velocity of the interpenetrating subsystems. 
The stopping process proceeds smoothly via the gradual decrease of 
the relative velocity. In a microscopic approach this relative 
velocity can bc ascribed to the anisotropy of the distribution funct­
ions; the corresponding relaxation t1.me for its decay is then 
accessible, e. g. in exploitine the Boltzmann equation. 

The main point is the structure of the energy-momentum tensor • 
The general structure of it is presented. In our first explorative 
study we ha vo neglected asymmetry terms. A (J1.mplificd nurner-l oa'l 
illustrRLlon example shows that for a realistic description of 
~mmotric head-on collisions the asymmetry term must be included to 
obtain 1J. satisfyinr, picture of the apace time evolution. Relying 
on provlous e a t Lmat.cs of tho relaxation time, we I'Lnd typlflnl tlme 
sorrl.e o of 10 fm/o for the stopping of Ln t.cr pcno t rn t Ing nuoLeu r 
mn t t er- n t renrn n, Thun only hcll.vy nuc t e t have Il. good cha.noe to bo 

flt.opped rum to appr-ou ch to Lo cn.I c qu t.Ltb rt.um d ur t ug Lh n l r ool.'l Ln l on 
pr 0 00 '1l1 • 

Auk nowl odgl'lI\oIt t. 

Tho n ut.ho rn n r« l ndohl.ud l.o Kntlll.l11 MnrLI.III\:I ror hul pI'u'l 

d l ununnl nnu UOll'Ie"',,l,,/-( tho Lllor,nollYIlIl.lnlclfII :elll'0u!.:1 01' our wOI'I,. 
llLIJlluln.l.1np. dl:l01lH:lloI1:l wll.1i V.n.TOllllf·V 11.11,'1 i.N.MluhuIJtln Ill'" 

~l'It!.o I'll 1 ly ",Illcnowl "tI",,,I. 

AI'PIlnd Ix AI 

'Ithu dHOlliIIPlI:IILloll or 1.Iln flllf1I'J~.Y·~lllnIJlnlll.llIIl IIIII,'lllr' 

'I'h,· I~nlln 1'/11 (111('>0111(111,\ l Llon of' l'i l'OIlt! n 
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( 'II ". 

II 



The quantities s ' and 01.' are yet unspecified expansion 

v e ot or s , The projector 
1. . . 

~ii + [-t ..... 'u t + t'- i J ( ..... 'i,) (!.A' t i +*:: ....4)]
~ 'i =­

(A. 2)( ... 't ) 1.	 ) - 1. ( t 1.. + L 

usual h.oj k .... c I! and k ,; (Ai J.. ij t j $ O.fulfills	 as Je 
'rhe entropy current ifi accordingly decomposed 

(A.J)
b b -+-	 0( oJ.'s .-	 01 is ..... -+- -+­

To identify the many terms In cq , (A.I) we firstly notice that the 

energy conservation T iiii U, ~ 0 leads to the balance equation 

in the form (e ..... ');L = s our cc terms, i.e. 

i
(eu.i)ii	 " (pt' ... d + cii u i );i 

(A.4) 
_'•... (\O-.·t'ti+Rt' .... ; +,,(',.1

Ilj (I r-: 

-t- b' t d	 ... ..... "f J -+- to ~J ... C. 'J + 10. ~ ij) 
) 

j3 11'1,f!	 "'-

Wilhllut m.l c ro a oo p l c: .iu ppo rL ,uI<l!or ~",rlnu~ :\llllpllflnaLlonCl th" 

further Lnt e r p r e Lnt t on of b'n"" in "'l.(A.l) l~l not p nn n l b'l u , 

TlHlI'ufnre, VI" :lp"n' ".1 I"" t'l !.lIn 011.:1" elf o l ub v,""Iil<'I,·.", of LOll w,,'d ,l~\ 

fln\L o r.l n r ;\PP"O:{\III,'lllllll I'IH' herul-"II u o'l L'l n l n nn , 'I'hl" IlIIpll":1 

(I) b i 
• ol'. 0 :11111:0' 1.\""',, :U'p 1If) l~r'f\tlll'tll.11 or now:I l n L« Lil"
 

po rponrl t « lJ1 .r r: II I r'l' I: t I II n ; ( I I) c 'J • () ,1"<1 t" thl' I :wl "01'1 .1 II 1'" ,' ­


11lr1 1t1111.l1l. :lddliion WI' (;IIIJn:~n 1.1110 pnrllc'd.al· n/~."IlI~I.,1IpnTH\lnulnr In 
t,' I 0 :"1 dl n vms I.II" I LA' I. 0o l' till' yol Ilrl'lpl't;! 1'\ Illi vj'l'111J' 

ApI''' ""1 ",(	 III TIll' PilI '~II\\,Y '10111"' r: !llJl'111,Y 

'J~l II 11l'lltltlil ,,'II Ilr 'llII"llltld.yrL'\1111(\'1 t"ltl1I11,,"'1 

( II. 1 ) !I. , ,	 () 

1'..1'1011.1"", '''I'', (A. ,) w t t h (A.~ l,( A.',) ,\1111 III" l'OI,YOII ,",,,",,, v"I\"" 

(1)"11,111,,. r,,,·," "r II". o"IIIII',Y ,1""'III,Y "'I' (I), 'II" 1'I'lfl 

~ ( .. ~.1 '" .... ~) 11'(·,~r...,f"").. 1 ; ", f' 

III 

crt i' (0. + s .. f> ) ... U i lj t.0 t ~ Se, (h.t-2._;) 

l.4 i t	 (D.2)
l.A Lid s .. j3 :? o 

To ensure a semidefinite positive entropy production we re~uire for 
. ) </Z the time	 evolution of the anisotropy density 1 = '" t) -1:. (t' t; , 

~ + veT,; +TLt" .. ..... ;)t ... :r u ".' t; t i (E. J)'l	 ') a •14 

Where we use T" s .._1 as shorthand notation (in standard t he rmodyna., 

mic 8 T is the t empor a tur-e }, (It is worth to notice t ha t the t.nt r oduc., 

t Lon of a time evolution law for the anisotropy pn r-amot ar- t 
Lnn t ond of the o.nisotropy density '1 ,woulll rc:;ult in 81Ightly 

dl fferent formulae). Due to the l nd cp cnd on c n of the <11 rferulltly 

contracted VQctor8 in eq. (E.?) thin equntlnn 1n fUlfil1cll if 

Sl 'A >..	 0) 

3 "., (i h f . 1) I » 'I	 ( D.1 ) 

\',,/1 ~ \0, \J I \~ 

J.. .. p~'#'7/';')
 
w hor» L ho t.110l·1ll()d,YlltlJlIlt:~\ pr'I~~I:luro olHl,yn
 

~	 (B.', )'" ., r::. ... ~	 of, 1 r 

Applttttll'{ C. 'Ph" 1'01'1'1'1 f~' o ul, i?
 

(;()II,'ttlll'I' 1111' :II,r'I',';'1 t f'II'\lll'
 

/' "	 r ( 'J ',I j 4 • I f I ) ~ J (I:. I ) 
f ." \? I ..

f	 I II I ~ (' Tl4 • 1'1L I II JI(): I ~ \ l' .' ; : \ I • : \ r (Ill I' !' 'I'.tlll V I' r : I (l I '11111 ':Ii ill'., II 1'1 '1I"~tllllll. 'I'wo 
!l f 1,lll'lll	 it r'" 

(I) ••	 'II 11." ,'I/;"f1V:i1 "" r, 

, t Iell) "	 w I I" "I /'.'·f1Vll I ",' -, 7 r 
'l'hn l'flll"1 1'IIIII~ 1 1 1P,lllllJ I'll' III 

'11'" IJlll.ll	 1)!'''I{I!~qll:1I f ''!l 41 Itlld 

I h,' r'l~ I'q rOt' t 11i1 n 1i~ItIIVilllll'~1 ill'll dUgllllH 1:111' willi tIll' v!ll till" • Now 

WII ld 
t H l l t r ,v tlln dOIl'III_,Y 'I wIth 1111' dll'rlll'lllltlfl or Ihn1I1l1 111l11'Qp,v 

I' '/'," II v', I Ii" 'I l \ (I I I /1 IIIII J 1111 I 11/', 141 11 1",1111 'J I! I'i I II I 'j I II t 1 ! I 1 "fill I I (Ill /11111 4 I" f' 
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a..- -... t l.
A/	 S1 S e (C.2)'l 

thus having arrived at an interpretation of :T • '!he energy-momentum 

tensor now reads 

(C.J)T;i"" eL(; .... i + (p+~s?ISe)(,';+u;,-,i) 
l. . i .. L • ­

+vs?s,,- ( ..... ·t .... i:' ...J ) +'jt- t't J 

and the entropy current 1s 

(C.4)
Su' )J 05, se - of t"s 

Appendix D. The coefficient P 
To interpret the coefficient ~ (and al.ao co and IJ ) let us 

oon3ider two non-1nternGtine interpenetrating Boltzm'ann gasez. Then 

the first arXl second momenta of the distribution funct10n define the 

baryon currant and oner!,s-momenturn t onaor RS 

(n.i)i'lL< ., Vl .. l..4-1 + "'1. l.l..i '" 
, .	 . i ) 'i (D. ?)T 'I • W. u L .... J + W L ... L .... L +- «(>1 T P L ~ ,1 

whOI'll w.. e .. p) nl,,1 the , nd 1 non l," bolong to tho two oompo ne n t". 
E'I' (D.] ) r" 1/\ I.,-" I.hll vo'l oo t t t uu vin 

(n, 'j) 
u . l n 1 I ... I ,.., I l ( l 

. ) / .. 
, ,	 ) 1// (LJ. 4 ) 

I......h ( . '\ I Z .... ..., I 
•• t " . f 

Nnw w" t nf. r nrlu ou 1,1", v on lo r rl,,1l1 

A CLJ • .,) 
.. '	 (~ fl' 14, I l' 

Wh"rll 

( IJ. t, ) 
It i'"', "'1 ,.. 

T 
.\ .\ , " , I " t 

j 

411UHI ...:"" 111ft "~"UKuti II I, . '1'1, tl I ""HIII "r 
I 1 ,~ 11/' "'UTII,I, r 1,­.	 " ,.

IIfl" 1I.v .' wId "II ,1,,,,,, IInl oUIlClurH ll"'. lIulll' I I I III. IIII~ l,t 'II I"V 

'"111 I' WOl n rrI VI' "I 

H 

T :j z: ... ; LA; + Ji"(uo't i + to' u j ) +j"t;t i
'" 

... ~ ('J Ii + 1...4: (..4; - t - l. t" t i ) 
) 

z :: ",1- N-l. (i 2. LV 
1 T W't. ) - l-.. 

11/- L .J -1	 

) 

~ = - V\ [ 't: ""'1.. W., + 1"1 1 Wt. ] ) 
(D.7)

f N - 2. .s- - 2- ... +::: [ Vll-loW 1. ] i;t:-~ 
1 ..,,,,, W'z.. 

...i; =: p., + Pt. , N '" "',,- - ...,. T. 

In the symmetric case, "'. = "''-) W. '" LV,-) f' ... f'z.. ) 

we have -t = - 1. and accordingly j?: = 0 • Thin shows that the 

coefficient r; is a measure of the asymme t ry effects. For the 

central part in symmetric co Ll t s Lons , f> '" v == '" '" 0 is therefore 

a s uf.t ab'l e approximation. In this approxlmation we also arrive at an 

interpretation of the vector t' as diffcrencc of the four veloci­

ties (up to a normalisation factor, cf. eq. (n.'))). 
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K~""il>ep 6. ~ AP.	 E2-88-588 
0606~eHHa~ r~po~~HaMHKa B3aHMonpO~HKa~HK nOTOKoa 
~AepHol1 MaTeplootl<t 

npeACTaaneHO meH(~eHOnOr~4ecKoe o606~eHHe penRTH.HcTCKOH rePMOrHAPOAHHa­
MH4ecKo~ MOAen~, Y4HT~aa~ee B3aHMHoe npoHHKHoaeHHe ~Aep 101, reM caMWH, KO­
He4HQClb c cen...er o cBo6oAHoro noo6era H)fKIlOttOB. lOPMo3Ha" cnoco6HOCT~ ",Aep 
npH 1-1)( BblCOK«tHepreTIo1~eCKO'" CTOnKHQBeHJo1H npOABJlFleTCfI KaK HenpepW.HW~ npo­

uec c. JJ1t'MeH Tbl o5beMa l cOAep*aLI.I.He JOIAepHOe geQleCT90 1.013 06eHx B3aHMonpoHHKao­

~~X nGA\~Cr~M, paCCMaTp~Ba~TCA KaK eA"Ha~ MaTep~A C AononMHTenbHO~ BHYTpeH­

He~ C 1{'IW'tblO CBo6oAbl. xapaKTepH3yeMo~ OTHoc~TenbHolo1 Ct<OPOCTbO none....CTeM ~nlo1 

aH10130TI)'IIlVll~j.j l1>YHKUllllt1 pa cnpeAeneHHA. AHHa,.U1Ka 3TO~ AononHHTenbHOH CTeneHH 

cBo6nJU,.l y-r r e aa cooTBeTCTBY~Ul/.1M 06pa30M. nOKaaaHO, Kat< Henpeplll8HbU~ xapaxr eo 
TOPHI).JHw' '- IlOco6HOCH1 AAep nposanae r c a B ,AaHHQM nO,AxOAe, 

[l.lIl1ITd asmonueno B na60paTop..u1 r eope r auecxoa $loot3loott<Jo1 OH.RH. 

Lflpenpairr 06'beIlHHeHHOro HHCTHTYTa RJl.epHblI HCCJleIlOBUolii. ,llyllHa 1988 

K3mpfer B. ('I "I	 U·BIl,~HR 

Ex t eridr-d IllI'llIIllllYlI111dY'lollIlll" III 11111'111"'111"11.'1 r'lll 

NIH 11'.11 M,,' 11'11
I 

f\ Il,l.lllvl'.II, 11114'lldlllf'IHd11l11t "1,.,, I·~lt·.. ,jl'd Illt'IIIIOII,;d'(Jdy""rnll ,,1 modf'l 
j'I'''.\'HII'I\ wlllill ..t111IW .. "~ll 1111' 11111111,,1 1III"lpt'lll'tl,'llllll fll "lHlt'l, t Iu r .... 

t.1~lll'I lu to .It I tHud t lu t Lul t r-u e v-, ,iI III~' HIli It'~111 111t',tll "1'.' 1111111, fill' ·.IOp 

1'1111/ ill Hill 1.. 1 dill IIIIJ tll.,I, Idqll '''If"llIY (lilll',lllli pllll i'~.o; ,1Ilpt',11', ,"1"\ IJI~ldll,11 

Ill'III"~" 1'111.1 ('ll'llIt'1\1'o \",1111 !WII 11111'lpf'lll'lt,lllll'l '"d"\y·.II'If1" .Ut' IIt'dtl'd 
.1-, 11l11qUI' 111.111.'1 w i t l r .tl\ ,,<ldll '''11,11 11111'1111,1 dl'qr"l' ,d fll'('dnll1. hl'llllJ 'Ill' 

1~'I,I,",r'lll,tll""".d till' II'I,II!VI" VI,llll Ily 1,1 rllt, ·.rdl".,,',I('n!'. til I Ill' ,1IIi',ollll!,y 

'II 1111' dl"tllliul ['HI Illlll t Ilill 11\" "'111,\\111\ '.1>1 tl,)· .f,ldlll'lllt,1 dt'i)It'\' III tl1"I' 

t!lllil I' 1114Ip,',l y IIIl Iltdc',j WI' d.·IIIIIII',rt,lIl' 111lW till' ".rlIiHIII, ',111111'111'1 (II 11ll( 11'1 

j" III"" 111"'d In IIH' 1,,1",1'111 "I'P"I,,' II 

Itw IH\l!ltoll'I"llol' I".·, 111'1"11 [WI lllllllt'd .11 Ill!' I ,dllll,tlill Y III Ilu'lll.'II, ,.I 
PIlv: "II IINll 

I'It'plill' Ilr It re ,, .. II.t IUIlIUII!.1 rill Nlldfl., II"Nt'Aldl 1~IlIlH. IUHH 


