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Initial state of ultrarelativistic heavy ion collisions
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A model for energy, pressure, and flow velocity distributions at the beginning of ultrarelativistic heavy ion
collisions is presented, which can be used as an initial condition for hydrodynamic calculations. Our model
takes into account baryon recoil for both target and projectile, arising from the acceleration of partons in an
effective fieldF*” produced in the collision. The typical field strendgiring tension for RHIC energies is
about 5-12 GeV/fm, which allows us to talk about “string ropes.” The results show that a quark-gluon plasma
forms a tilted disk, such that the direction of the largest pressure gradient stays in the reaction plane, but
deviates from both the beam and the usual transverse flow directions. Such initial conditions may lead to the
creation of “antiflow” or “third flow component”[L. P. Csernai and D. Rwich, Phys. Rev. Lett. B58 454
(1999].
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[. INTRODUCTION hadronization process. So, how can we avoid decreasing the
entropy? Two scenarios have been proposed. The first one is
Fluid dynamical models are widely used to describe ul-the gradual hadronization scenario, i.e., the hadronization is
trarelativistic heavy ion collisions. Their advantage is thatSO Slow that during this process the volume of the system
one can vary flexibly the equation of st4EOS of the mat- becomes considerably larger to compensate for the reduction
ter and test its consequences on the reaction dynamics afd 3ntr|c|)py dens(;ty. If tGh::? V\r/]oul% ge Sg’ our dlolngl_:gljpg,
the outcome. For example, the only models that may handi@radually expanding Q shou € observed In ex-

i ts, e.g., as a peak in tRg,;/Rsiqe ratio [7]. The
the supercooled quark-gluon plasmi@GP are hydrody- perimen ut®tiside .
namical models with corresponding EOS. In energetic Com_prehmmary data fromsTAR andPHENIX do not support this

; ) . ) ) . scenarid 8]. The second possibility is the fast hadronization
sions of large heavy ions, especially if a QGP is formed inEom supercooled QGEB]. This hypothesis can be checked

the collision, one-fluid dynamics is a valid and good descrip-Only in hydrodynamical models that use the EOS as direct
tion for the intermediate stages of the reaction. Here, inter:

. input.
actions are strong and frequent, so that other motes, After hadronization and FO, matter is already dilute and

transport models and string models, etc., that assume binagan pe described well with kinetic models. The initial stages
collisions, with free propagation of constituents between colzre more problematic. Frequently, two or three fluid models
lisions) have limited validity. On the other hand, the initial gre ysed to remedy the difficulties and to model the process
and final freeze-outFO) stages of the reaction are outside of QGP formation and thermalizatiofl0—14. Here the
the domain of applicability of the fluid dynamical model.  problem is transferred to the determination of drag, friction,
Thus, the realistic and detailed description of an energetiand transfer terms among the fluid components, and a new
heavy ion reaction requires a Multi Module Model, where problem is introduced with thaunjustified use of an EOS in
the different stages of the reaction are each described with @ach component in nonequilibrated situations where an EOS
suitable theoretical approach. It is important that these mods not defined. Strictly speaking this approach can only be
ules are coupled to each other correctly: on the interfacgustified for mixtures of noninteracting ideal gas compo-
which is a three-dimensional hypersurface in spacetime witlents. Similarly, the use of transport theoretical approaches
normaldo*, all conservation laws should be satisfied, e.g.,assuming dilute gases with binary interactions is question-
[T#"do,]=0 (here the square brackets mean the differencable, because due to the extreme Lorentz contraction in the
between new and old phases or modylesnd entropy center of masgc.m) frame enormous particle and energy
should not decreas¢S“do,]=0. These matching condi- densities with the immediate formation of a perturbative
tions were worked out and studied for the matching at FO invacuum should be handled. Even in most parton cascade
detail in Refs[1-6]. models these initial stages of the dynamics are just assumed
We would like to discuss the entropy condition in morein the form of some initial condition, with little justification.
detail. Obviously, the number of degrees of freedom and Our goal in the present work is to construct a model based
correspondingly the entropy density is reduced during then the recent experiences gained in string Monte Carlo mod-
els and in parton cascades. One important conclusion of
heavy ion research in the last decade is that standard “had-

*Email address: VLADIMIR@FL.UIB.NO, ronic” string models fail to describe heavy ion experiments.
CSERNAI@FI.UIB.NO All string models had to introduce new, energetic objects:
"Email address: DDS@LANL.GOV string ropes[13,14], quark clusterd15], or fused strings
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[16], in order to describe the abundant formation of massivdinearly with its increasing length. The single phenomeno-
particles like strange antibaryons. Based on this, we describegical parameter we use to describe this field must be fixed
the initial moments of the reaction in the framework of clas-from comparison with experimental data.

sical (or coherent Yang-Mills theory, following Ref.[20], We describe the streak-streak collision using conservation
assuming a larger field strengf$tring tensiohthan in ordi-  laws:

nary hadron-hadron collisions. For example, calculations

both in the quark-gluon string mod¢l7-19 and in the ) )

Monte Carlo string fusion modédll6] indicate that the en- 8#2 Ut :Ei FraiNi,., @
ergy density of strings reaches—80 GeV/fm already in

SPS reactions, nearly 10 times more than the tension used in

standard “hadronic” string models whete=1 GeV/fm. In %Z N#=0, i=1,2, (2)
addition we now satisfy all conservation laws exactly, while !

in Ref.[20] infinite projectile energy was assumed, and so, ) ) )
overall energy and momentum conservation was irrelevantVhereN{" is the baryon current of thith nucleus, andj; is
Thus, in this approach for the first time the initial the color charge, which will be discussed in more detail later.

transparency/stopping and energy deposited into strings arff€ are working in the center of rapidity fran@RF), which
“string ropes” will be determined consistently with each 'S the same for all streaks. The concept of using target and

other. Recent parton kinetic modeJ&1,27 indicate that projectile reference frames has no advantage any more. We

quark and gluon density saturations take place in a very sholill use the parametrization
time, 75,=0.09-0.27 fm¢ [22], while equilibrated pres- .
sure builds up inr,=5-1 fmk [21] for LHC-SPS energies, Nf=nu, uf=(coshy;,sinhy;). E)
respectively. More importantly the first experiments at RHIC w . )
yield strong elliptic flow, which cannot be reproduced in anyT is the energy-'momentum flux te.nsor. It CO”S'SIS of five
other model, except in fluid dynamical models with QGPpartS' _cc_;rrespondlng to both nuclei and ff?‘? field energy
EOS’s [23]. This is a strong experimental indication that (also d'v'dEd into two parjsand one term defining the QGP
transverse pressure builds up early in these reactions, in RErturbative vacuum:
few fm/c, and strong stopping is also necessary to create
strong flow before freeze-out, which usually happens when Tw=2 T+ T
the system size is not more than 10 fm. We present initial i
conditions fort,,,=2—5 fm/c that are in agreement with
previous estimations as well as with data. => {e[(1+cd)utu’—c2g ]+ T + Bg,

We do not solve simultaneously the kinetic problem lead- [ '
ing to parton equilibration, but assume that the arising fric-
tion is such that the heavy ion system will be an overdamped
oscillator, i.e., yo-yoing of the two heavy ions will not occur
as all recent string and parton cascade results indicate.

i=1,2. (4)

' Here B is the bag constant, and the equation of statB;is
zcgei , wheree; andP; are the energy density and pressure
of QGP.

Il. FORMULATION OF MODEL Within each streak we form only one flux tube with a

uniform field strength or field tensiam from the target to the

R ?uzrob?SiC i‘fl_e? Is tofgener:alize _the moge_l developet():l irbrojectile. For practical purposes, however, we divide this
ef. [20] for collisions of two heavy ions and improve it by fie 4 into two spatial domains, a target and a projectile do-

strictly satisfying c_on_servation Iav{§4—2_a. First of all, we | ain (=1,2), separated at a fixed poine, SO thato,
would create a grid in théx,y] plane ¢ is the beam axis, =o0,=0. The choice of this point will be specified later.

[Z’Xl] IS thtTl_r(_eact]on plane ;Ne W'E descrlbek the"_n_ucleus- (The field is constant and the only change is that it extends
nucleus collision in terms of streak-by-streak collisions, cor-itn time at its two ends.

responding to the same transverse coordingtesy . We complete analogy to electromagnetic field
assume that baryon recoil for both the target and projectile
arise from the acceleration of partons in an effective field 0 —o
F#¥ produced in the interaction. Of course, the physical pic- F{‘”za“Ai”—aVA{’“z( ) (5)
ture behind this model should be based on chromoelectric i 0

flux tube or string models, but for our purpose we consider

F~” as an effective Abelian field. The most important con- 0y =PAP = A, (6)
sequences of the non-Abelian fields, i.e., their self-

interaction and the resulting flux tubes of constant cross sec- Fi

tion, are, nevertheless, reflected in our model, assuming that Triw=—9uLlrit X VPV NG, AL, (7)
the field is one dimensional. The fields generated by the col- B A AD)

liding streaks are of constant cross section during the whole

evolution, and only their lengths increase with time. As the Lo =— EF- Eav ®)
string tension is constant, the energy of the string increases Fii 4 'wryiios
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In our case the string tensions will be constant in the
space-time region after string creation and before string de:
cay. The creation of fields will be discussed later in more
detail.

To get the analytic solutions of the above equations, we
use light-cone variables

(zZH)—=(x",x7), x*=txz ©)

t [fm]

Following Ref.[20], we insist thak;,y;,n; are functions of

X~ only ande,,y,,n, depend orx™ only. s to=(1y+, )2
In terms of light-cone variables,
N;"=N; = =n;(ul=ud)=n,e™, (10
TTOTTT 1fh e h; - =0 | b I l t=0
Ti= == +TE i, :
Sl o) 2l b e E o0 0
(11 z [fm]
where FIG. 1. Streak-streak collision= 0 at the time of the first touch
of streaks.t=t, corresponds to complete penetration of streaks
hi, = (1+C§)ei , hi_= (1—Cg)ei i (12)  through each other. At this time strings are completely created, i.e.,
string tension reaches an absolute valtieA(g,/m)?ngy/141, [see
The other tensors in the light-cone variables are Eq. (26)].
Fro R 0 o N; andN; are positive(and also more or less symmejric
Fizle-+ =15\ 6 o) (13)  we can conclude that for our cage-0.
' ' : Finally
T :( 0 B) (14) NI:nle7Y1: noeyo, N;:nzeyZZ noeyo, (]_8)
pert B O .
n,= noey0+yl, n,= noeyo_y2, (19)
The energy-momentum tensor for the free field in the light-
cone variables is wherey, (—Yo) is the initial rapidity of nucleus 21) in the
center of rapidity framé€CRF), respectively. The other com-
1 a'iz 0 ponents are given by E@10).
Tei=5 2] (19 Let us make an analogy to the electromagnetic field,

2
o=A (g,/m)" n, VI,

where two chargeg; and —q, move in opposite directions,

At the time of the first touch of two streaks=0, there is ~ creating a stringlike field between thef=(0,0F), which
no String tension. We assume that Strings are created, i_e_, tﬂ'@constralned transversa”y into a constant cross section. The
string tension achieves the valueat timet=t,, correspond-  Zaxis goes through charggg and—q, and is directed from

ing to complete penetration of streaks through each othefl1 to —d_ (let us assume that we have such a field configu-
(see Fig. 1 ration). So, forces acting on our chargggE and— g,E have

opposite signs and both are working against the expansion of

IIl. CONSERVATION LAWS AND STRING CREATION

the “string.” In our effective model we use color charges

and assume that the vectors of these color charges point in

In light-cone variables Eq2) may be rewritten as the opposite directions in the color spddé], so that the
B . forces acting on both target and projectile partons are oppo-
d-Nj +d,.N,; =0. (16)  site, both stopping the expansion of the streak. As our field

) ] strength(string tensiono) is not yet defined we normalize
So, we have a sum of two terms, each depending on differeRke charges to unity:

independent variables, and the solution can be found in the
following way:

d_N;=a, d,N;=-a,

q]_:_q2=1>0, while 0,=02=0. (20)

Then we have the forces acting in tlzedirection: g0
N;=ax +(Nj)o, Ny;=—ax"+(N;)y, (17 =0, andqg,o,=—o. Notice again that after string creation,
fields o1(x) and o,(x) are spatially separated as are the
where the index 0 indicates the initial proper density, whichbaryon densitiea; andn,; i.e., after complete penetration of
is the normal nuclear density,=0.145 fm 3. Since both the initial streaks through each othsee Fig. 1, o, acts on

5 =
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the partons on the right side of the separating paint, g0\

=(l,—1,)/2, while o, acts on those on the left side. In the UZA(ﬁ) noiila, (26)

absence of matter, in the middle, both fields are identical, so

the exact position of the separating point does not play any

role until it does not enter the target or projectile matter. Thewherem is the nucleon mass, ard andl, are the initial

fields o, and o, are generated by the corresponding fourstreak lengthgsee Fig. 1 We are working in the system

potentialsA; , which are different and spatially separated inwhere A=c=1, so o has a dimension of lengtX

the same way. =energy/length. The typical values of dimensionless param-
As it was described above we do not generate the chrceter A are around 0.06 0.08. Notice, that there is only one

moelectric field self-consistently as a product of color cur-free parameter in parametrizatié®6). The typical values of

rents, which are affected also by the field. Our effectives are 4-10 GeV/fm fore,=65 GeV per nucleon, and

fields are external with respect to colliding partons; that is~6—15 GeV/fm fore,=100 GeV per nucleon. These val-

why we can use the expressi@lb) for the field energy. On ues are consistent with the energy density of all nonhad-

the other hand, if we want to satisfy the conservation lawsronized strings in a given volume element, or “latent energy

we must generate our effective fields in the collision trans-density,” which is on the average 9 GeVArfi17-19.

ferring energy from matter to field. It is possible to define Using the exact definition oA, Egs.(25), Egs. (11),

new conserved quantities based on E9. Using the defini-  (14), (15), (20), and(24), and transformation matrices from

tion of F#*¥, Eq. (6), we can rewrite Eq(1) as Appendix C we obtain
%T’w:zi FiWQiNi,M:Ei ail *(AIN; ) = AT N; , ~ (ﬁ-++ ﬁ-+) 1(h1+e2yl hy )
THy= —_
~_ ~_ 2 -2y
— GY(AEN, )+ AEIN, . (21) T Mo hoe ™
N 1 h2+e2y2 h2, 1 0'2 ZB
The solutions forN; and N, , Eq. (18), show that the + 21 n h.. e—2V2 + 2|2 2
. . _ B
second term vanishes. The fourth term is a vector 2 2+€ 7
(A{9_N;,—AJ3.N,) in light-cone coordinates. So, if we —ox™N; 0 0 ox N,y
i iti . 2
impose the conditions oxNs 0/ Lo —exN; (27)

A7=0, A;=0 (22
Notice that the perturbative terBiand free field energy2/2

we can define a new energy-momentum terig6t, such cover all the interacting volume, while energy densities of
that matter and baryon currents are separated in space. We also
want to stress factay in front of all terms inT#” (it has been
canceled by 2 near in the last two terms—this factor was
missed in Refs[24—-26 as well as in Ref[20], although it
does not affect the result since equations of mo@gﬁ””
Trr=> -”|-iuv+-|-gev” =0 can be multiplied by any coefficient. The reason for

it is a form of transformation matrices betweenzj and

(+,—) coordinates that are presented in Appendix C.

9, T*"=0, (23

:2 (TH — qA'NE+ g q AN, ) +BgHY. (24) Now the new conserved quantities are
I
To satisfy the above choice of fields, EQO), and im- _ f 004y /— f~oo
posed conditiong22) we take the vector potentials in the Qo= | THdV=AxAy | T7dz, 8)

following form:

- +_ +_ _ + =~ =
AL =0, A;=—oix oxX", Qs= f TO%dV=AxAy f T%dz, (29)

A, =0,Xx =0x", A;=0. (25)

where the volume integral runs over the lengths of both
Notice that the above choice differs from the one that wastreaks and\xAy is the cross section of the streaks. Notice
initially proposed in Refs.[24—-26, which causes the that in the absence of the fields, before string creation and
changes in the expressions related to field creation in thiafter string decay, the @°Q°% come back to
section—EQqs(27), (31), and (32—but will not affect the (P° P%—components of the four momenta of the system.
analytic solution of the model, Eq&34)—(38). We can rewrite the energy-momentum tensortiiz)( co-

In our calculations we used the parametrization ordinates as
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- (?OO ?03) (e, +Py)cosif y, Py (ey+Py)coshy; sinhy,
THY= | =

F30 F383 (e;+Pj)coshy; sinhy; (e;+Py)sinffy,;+P;
0_2
. —+B 0
(e,+ Py)cosit y,— P, (e,+ P,)coshy, sinhy, 2
(e,+ P,)coshy, sinhy;  (e,+P,)sinffy,+ P, 0 a? 5
2
Jro-x+ Ny —Nj Ny —Nj +ox* Ny =N, —(N; —=N;) 30
2 \=(N;7+N;7) —(N7+N) 2 \NJ+N; —(Ny+N3)/
|
Based on the conservation Qf,, Q3 we can calculate en- Let us present the complete analytical solution in the fol-

ergy densitie®;(ty), €,(ty) at the moment=t,, when the lowing form (for detailed calculations see Appendiy:B
string with tensiono is created. These new quantities are

used as initial conditions for our differential equatiofis o) 2y ﬁ+(ﬁ+e% (1_ X'—Xo) Pife?,
and(2). As shown in Appendix A, b; \b; T '
i (34
ex(te)= nomz_ 22 I1+|2_ 0'r120eyO " hH:e(>'+12yiei(t0)(1+03)e2y0(1— . o>, (35)
1+C0 (80 2 2|1 (80 2 :
—] (1+cp) 4 —| (1+cp) _
m m ni=ngevoe()' " Vi (36)
(31) i 0 '
) wherex'=x", x?=x%, i,j=1,2, i#], and the notations
7 B are from Appendix BEgs.(B7), (B9), (B13—(B15)].
_ Nem 2 l1+1; anee’ Then the trajectories of partofisr cell elementsfor both
eZ(tO)_l 2 [eo)2 21,  [e0)\2 l2. nuclei are given by
0 (— (1+c)) 4(E (1+c))
(32) xf(x‘)=|z(0)|+fx dx e
Xo
Here thee;(ty) is a proper energy density at the tirpeand
gg is the initial energy per nucleon. We assumed transpar- P E(x‘—x )+ $+e‘2y0 . ady
ency, i.e., complete penetration happened so fast that the o b, 0 b, 12(rnoey0
fields, created during this time, did not have time to stop
partons. So, the rapidities amg ()(to)=—yo(Yo), corre- X~ —Xg| ~(2onoe’aar)
spondingly, and the proper baryon densities did not change. X I ) -1, (37)
For x™>Xx, we should solve Eq23) with boundary con- !
ditions x*
x;(x+)=|z(0)|+f dx e &2
N (X~ =Xg)=nge™¥, N, (x*=xg)=nge™Yo, *o
hi4 (X~ =Xo)=es(to)(1+¢h), :|Z(0)|_%(X+_Xo)+(%+e2y°)7'2 —
b, b, 20nye¥o
hot (XT=Xg) = 5(to) (1+C}), F — x| —(2ongeYolaay)
x[|1- 0) -1, (39)
Y1i(X“=Xo)==Yo, Ya(X"=Xg)=VYo, 2

B N for the parton or cell element in the positias-z(0) at the
g1(X"=Xo)=0, 0XT=Xg)=0,

timet=0.
(X" =%0)=1, da(x"=Xxo)=—1, (33 IV. RECREATION OF MATTER
where xy=2t,—|z(0)| defines the string creation surfate If we let partongor cell domaingevolve according to the
=t, for the parton or cell element in the positiar-z(0) at  above trajectories, Eq&37) and(38), they will keep going in
the timet=0. the initial direction up to the timeé=t; ,;,, then they will
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turn and go backwards until the two streaks again penetratgbly change composition of matter as compared to the
through each other and a new oscillation will start. Such ahemical equilibrium casg27]. Therefore, matter created af-

motion is analogous to the “yo-yo” motion in the string ter the mutual stopping of interpenetrating streaks cannot, in
models. Of course, it is difficult to believe that such a pro-general, be described by the equilibrium EOS. The homoge-
cess would really happen in heavy ion collisions, because gieous distributions are the simplest assumptions that may be
string decays, string-string interactions, interaction betweemdified later based on experimental data. The advantage is
streaks, and other reasons that would be difficult to take intq simple expression fag ,n;,y;. The first experimental re-

account. To be realistic we should stop the motion described,its from RHIC do not show transparency, rather most par-
by Egs.(37) and (38) at some moment before the projectile yicje myltiplicities as well as the elliptic flow show strong

and target cross again. stopping and a peak around midrapidi83]. Furthermore,

We assume that_ the fmal_re,sult of CO."'S'OnS of two we describe the initial state, which is not directly observable
streaks, after stopping the string’s expansion and after its

i X in experiments, and a flat initial rapidity distribution may end
decay, is one streak of the lengitly with homogeneous up in both a forward-backward peaked and centrally peaked
energy density distributios; and baryon charge distribution d'pt ibuti d di P | oth . ; yp
n; moving like one object with rapidity; . We assume that Istributions depending on several other circumstances.
this is due to string-string interactions and string decays. As The final energy density, baryo.n density, and rap"?"ty*
was mentioned above the typical values of the string tensiofif+ Ni» andy;, should be determined from conservation
o are of the order of 10 GeV/fm, and these may be treated a8WS- The assumptions we made above oversimplify the situ-
several parallel strings. The string-string interaction will pro-ation and do not allow us to satisfy exactly all conservation
duce a kind of “string rope” between our two streaks that islaws. The reason for this is well known and has been dis-
responsible for the final energy density and baryon charggussed in Refs.2—6]: two possible definitions of the flow,
distributions. For simplicity we assume homogeneous baryofckart's and Landau’s definitions. If we are following the
charge distribution. Notice that in this way, after the decay ofenergy flow, we satisfy exactly the energy and momentum
our “string rope,” charges do not remain at the ends of theconservation, but violate the net baryon current conservation.
final streak, as would be if we assume full transparency. ThéOtherwise, if we were to choose baryon flow, we would
real situation may be more complicated: when the energyiolate the energy-momentum conservatjon.
accumulated in the strong color fields is finally released in a The exact conservation of the energy and momentum
production ofqq pairs and gluons, this process may notice-gives for the final rapidity

[M2(1+c2)+2c202]+ [M2(1+c2) +2c2v 2%+ 4ctv2(M2—v2)

ety 21+ A (M= 0}) | =
|
where we neglecteBAl; next toQy/AxAy and introduced Qo
the notationM = (l,+1,)/(1,—17), vo=tanhy, as the initial m
velocity. [The exact conservation of the baryon four current e;= > > , (40)
would give tanly; g=vo/M—cosht y; e=M?(M?—v?).] [(1+cg)cost yi—colAly
It is interesting to analyze these equations as functions of
I, andl,. If 1, or 1,0 thenM?—1, and|y; g| —Yo. TO Nl +13)
calculate this limit fory; | we should puc3=0, since we nf_Alfcoshyf' “D

do not have collisions and, consequently, do not create QGP,

thus|y; . |—Yo. So there is no stopping as expected, because The typical trajectory of the streak ends is presented in

there is no reason to stop. llf—1,, M?—o and both ex- Fig. 2. Fromt=t, they move, according to Eq$37) and

pressions giveys ¢ — 0, i.e., complete stopping. So, we see (38), until they reach the rapidity;=y;. Later the final

that Landau’s and Eckart’s expressions behave similarly andtreak starts to move like one object with uniform rapidity,

have the same limits for minimal and maximal stopping.  Y;, until we reach the time when the fluid dynamical calcu-
For the following part of this work we choose Landau’s lation starts.

conventiony;=ys , , which is justifiable for RHIC and SPS The time and position of final streak formation can be

energies, where the evolution of matter is not dominated bjound from the condition

the net baryon charge, unlike at lower energies where the

baryon mass is still dominant and pair creation is of little Yi=VYs, (42
importance.
In this case the expressions for teeandn; are which gives for theith nucleus x;=x", X,=x")
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6 10/ t=2.5 fm 10/ t=3.5 fm 10/ t=4 fm
5.5 E
ol ] 5 5 5
45 1 0 0 0
at ] -5 -5 -5
35 1 E‘ -5 0 5 -5 0 5 -5 0 5
£ af ] = 2 [fm]
“25 | 10/ t=4.5 fm 10/ t=5 fm ' 10} t=5 fm
ok ] 5 5 5
1.5F 1 0 0 0
T T -5 -5 -5
0.5
=5 u] 3 =5 0 9 0 Z0 40 EUSBD
5 4 E [GeVim~]

z [fm
fml FIG. 4. The same as Fig. 3, bbht&=0.25( +r,). We see that
FIG. 2. The typical trajectory of the ends of two initial streaks, for more central collisions the energy density is much larger. The
corresponding to numbers of nucleona; and n,, g, QGP volume has the shape of a tilted disk and may produce a third
=65 GeV/nucleon, and\=0.09 [parameterA was introduced in  flow componen{28].
Eqg. (26)]. Stars denote the points, wheye=y;. Fromt=t, till

these stars streak ends move according to E38.and (38). Then V. INITIAL CONDITIONS FOR HYDRODYNAMIC

the final streak moves like one object with rapidigy, Eq.(39), in CALCULATIONS
the CRF. In this section we present the results of our calculations.
We are interested in the shape of the QGP formed when the
d aa; by expansion of combined target-projectile streaks stops and
a2y their matter is locally equilibrated. This will be the initial
T I i 43) state for further hydrodynamic calculations. The timeat
Lfinal ™20 T i d; (Lyi*1p ' which we assume the system to reach overall local equilib-
b +e vi rium and to start hydrodynamic description, is a sec(afe
' ter A) free parameter of our model. Of courseshould be
larger than the time of final streak formation, at least in the
central most hottest and densest region. For the peripheral
1514=2.5 fm 1514=3.5 fim 151 t=4 fm streaks the string tension is low, and the transparency is
10 10 10 large, but peripheral matter does not play a leading role in
< < further hydrodynamic expansion.
0 0 0 151t=3 fm 154=4 fm 15/t=5 fm
=5 -5 -5 10 10 10
E -5 D 5 -5 0 5 -5 0 5
% z[fm] ° ° 0
15/t=45fm | 15/t=51fm 15/ =5 fm . 0 0
10 | 10 | 10 =3 =3 =2
T -5 0 5 -5 0 5 -5 0 5
o > F o
o ‘ '3‘ o 15/=5.5 fm 151 4=6 fm 151 t=6 fm
-5 -5 -5 10 10 | 10
-5 0 5 -5 0 5 0 20 40 _B0 5 5 5
E [GeV/fm] - |
0 o 0
FIG. 3. The Aut+Au collision at eg=65 GeV/nucleon,b =3 -5| -5
=0.5(r,+r5) (in our caser,=r,=R,,), A=0.08 [parameterA s 0 5 -5 0 = 0 20 a0
was introduced in Eq(26)]. The energy densitg=T%°, is shown E [GeVim?]

for the intersection of the collision with the reaction plah&,£]

plane for different times in the laboratory frame. We note that the  FIG. 5. The same as Fig. 3, b&it=0.065. The energy density is
final shape of the QGP volume is a tilted disk45°, and the di- smaller, but the QGP volume has a similar shape of a tilted disk
rection of the fastest expansion will deviate from both the bean=45° and may produce a third flow compond28]. We start
axis and the usual transverse flow direction and might be a reasaplotting our results later than in Fig. 4, because for smallghe

for the third flow component, as argued in RE8]. deceleration is smaller, and, so, the final streaks are formed later.
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10[1=3 fm 10] t=4 fm 10[t=5 fm 15 y=3/7r 15 y=27r
= . . 10 10
5 5
0 0 0
o )
-5 -5 -5 = =
T -5 0 5 - 0 5 -5 0 5 = -5 0 5 -5 0 S
"-i- z [fm] =
10/ 1=5.5 fm 10/ t=6 fm | 10} t=6 fm 15 y=1/7r 15 y=0
10 I 10 I
5 5 5
5 5
0 0 D
0 0
-5 -5 -5 e | = |
-5 0 5 - 0 5 D 20 40 = 0 r= 0 5
E [GeVAmA?] 2 [fm]

FIG. 6. The same as Fig. 4, bt=0.065. We see that for more FIG. 8. The same as Fig. 7, boi= 0.5(r, +1). The stopping is

central collisions—compared to Fig. 5—the energy density is muchymajier, consequently the QGP volume is less dense and less com-
larger, but it is smaller than in Fig. 4, because of smaller stoppingpact.

The QGP volume has the shape of a tilted disk and may produce a
third flow componen{28].

axis and the usual transverse flow direction. So, the new flow

component, called an “antiflow” or “third flow compo-
So, to have a homogeneous output for each streak-streglent” [28], will appear in addition to the usual transverse
collision, we will also build the final streaks/(,n;,es) for  flow component in the reaction plane. With increasing beam
peripheral streak-streak collisions, with lengths; corre-  energy the usual transverse flow is getting weaker, while this
sponding to the lengths of the interacting region at the monew flow component is strengthened. The mutual effect of
mentt=r, even if the final rapidityy; was not yet achieved the usual directed transverse flow and this new “antiflow”
for this particular collision. or “third flow component” contributes to an enhanced emis-

We may see in Figs. 3, 4, 5, and 6 that finally a QGPsion in the reaction plane. This was actually observed and

forms a tilted disk forb#0. Thus, the direction of fastest studied earlier. One should also mention that both the stan-
expansion, the same as the largest pressure gradient, will lfard transverse flow and the new “antiflow” contribute to
in the reaction plane, but will deviate from both the beam*“elliptic flow.”

The last subplots in Figs. 3, 4, 5, and 6 present the energy

10( y=3/7r 10} y=2/7r ] density distribution in the laboratory fram&,,,~50
5 5| '
.—._ b=0.5(r+r,) '
H d 100 _ b=025(r 41)) i
-5 -5 |
E -5 D 5 -5 D 5
£ !
b4
10[ y=1/7r 10[ y=0
| v -
5 5 =
0 i
-5/ -5/
-5 0 5 -5 0 5
z [fm]

FIG. 7. The AutAu collision at ¢y=65 GeV/nucleon,r L L L
=5 fm, A=0.08 [parameterA was introduced in Eq(26)], b - S, S
=0.25(1+r,) (in our case;=r,=r=R,,). The energy density,
E=TO, is shown for the intersection of the collision with planes  FIG. 9. The rapidityy, profiles of the final streaks in the reaction
parallel to the reaction plane at different values of coordiyaite plane for the AuAu collision at ;=65 GeV/nucleon,A
the laboratory frame. We see that the more central the plane, the 0.08. The rapidities of the final streaks in the CRF are calculated

more nucleons take part in the streak-streak collisions, and therefogg:cording to Eq(39). Our profiles are in agreement with the sche-
the more energetic and compact the QGP becomes. matic sketch in Ref[30].
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—90 GeV/fn? for b=0. It seems to be bigger than what whereT% andT° are given by Eq(30). Before string cre-
one can expect from the estimation based on the Bjorkegtion the initial values of the modified energy-momentum
model. One should, nevertheless, keep in mind that OUWonsort#” are

“fireball” is not homogeneous in thex,y] plane. The aver-

age energy density for the equivalent homogeneous “fire- o g0\?

ball” would be lower—<E>=22—29 GeV/fn?. Other T=T%=¢, cost? yoz(m) Nom, (A3)
hydrodynamical models had to use similarly high initial en-

ergy density to reproduce the observed flow, e.g., in Ref. en)?

[29] €o=23 GeV/fn? has been used. See Figs. 7-9 for fur- T93= —T9P=¢, tanhy, cosit y,= (—0) NoMug, (A4)
ther results. m

where m is the nucleon massg; is the initial energy per
VI. CONCLUSIONS nucleon, and we have used cosh=73=(go/M)> vy

) ) , _=tanhyy is the initial velocity andvy=1 is a good approxi-
Based on earlier coherent Yang-Mills field theoretical jyation for ultrarelativistic heavy ion collisions. So,

models and introducing effective parameters based on Monte
Carlo string cascade and parton cascade model results, a sim- g0\ 2
plified model is introduced to describe the pre-fluid dynami- o=AXAY(E> nom(ly+13), (A5)
cal stages of heavy ion collisions at the highest SPS energies
and above. The model predicts limited transparency for mas- e
sive heavy ions. Q3:AXAy<—O
Contrary to earlier expectations—based on standard string m
tensions of 1 GeV/fm that lead to the Bjorken model type of
initial state—effective string tensions are introduced for col-
lisions of massive heavy ions. The increased string tension i@
a consequence of collective effects related to QGP forma-
tion. These collective effects in central and semicentral col- ~,, R 26 sint? R
lisions lead to an effective string tension of the order of 10 |~ €1COSIT y1+Cge; sinfty; +e; cosit y,
GeV/fm and consequently cause much less transparency than 1 x*+
earlier estimates. The resulting initial locally equilibrated +c3e, sink? y,+ 502+ B+
state of matter in semicentral collisions takes a rather un-
usual form that can then be identified by the asymmetry of oX
the caused collective flow. Our prediction is that this special + TnoeVO(l—e* 22), (A7)
initial state may be the cause of the recently identified “an-
tiflow” or “third flow component.” =03 ) ] ) ]
Detailed fluid dynamical calculations as well as flow ex- 1 —€1(1+Cp)coshy, sinhy, +e,(1+cp)coshy, sinhy,
periments at semicentral impact parameters for massive ox*
heavy ions are needed at SPS and RHIC energies to connect  —
the predicted special initial state with observables.

2
noM(l,—11)vo, (A6)

wherel; andl, are the initial lengths of streaksee Fig. 1,
ndAx andAy are the grid sizes in the andy directions.
After string creation,

noe’o(1—e?1)

oX~
noeYo(1+e?1)+ —Noe’o(1+e” 2v2),
(A8)

ACKNOWLEDGMENTS At the point of complete penetration of streakst,

One of the authoréD.D.S) is thankful for the support of = (l1+12)/2 (see Fig. 1, we introduced energy densities
the Bergen Computational Physics Laboratory in the frame€1(to) andex(to). We assumed transparency, i.e., complete
work of the European Community Access to Research mfrapenetratlon happened so fast, that the field itself, created dur-

structure action of the Improving Human Potential Programid this time, did not have time to stop partons. So, the
and the Humboldt Foundation. rapidities y;»)(tg) = —VYo(Yo), correspondingly, and the
proper baryon densities did not change, and, thus, the baryon

current conserved automatically. This assumption differs
APPENDIX A: INITIAL CONDITIONS from how it was done in Ref$24-26, but they seem to be
AFTER STRING CREATION more physical and do not change final results very much.
Terms proportional tee?1=e ¥2=¢ o<1 can be ne-
glected. Then the energy and momentum conservation laws
can be written in the form

Our conserved quantities are E@28),(29)

QO:JTOO dVZAXAyJ ’Toodz, (Al) Q
szy =[(1+chcost yo—cillen(to)l1+ex(to)l ]
T T o’ onge’o
ngfT03dV=AXAyf T% dz, (A2) + 7+B (I +15)+ 1 (12+12),  (A9)
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Qs ci=al(1+c3)ei(ty) —eql/2to. (B9)
Axay ~L(1+chcostt yoll ~ea(to)l 1+ ex(to)l] | o
The complete analytical solution is found to be
onee’® , iy \ —bi/aa;
(il (A10) ooy G (G ) [ XX J
bi \b Ti '
We neglectc? close to (1 c3)cosi y, in Eq. (A9), then (B10)
Egs.(A9) and (A10) may be solved by _ W x
o2 hH:e‘)'+12y‘ei(to)(1+03)ezy°(1— . . )
i
o) NeM i li+1, ongeYo I (B11)
€1(to)= 27 2 o0 2 1 i1
1+C0 (@ (1+Cg) 1 4(%) (1"’03) ni:r]oe)’()e(f)wr yi, (Blz)
(A11)  wherex!=x", x®=x", i,j=1,2, i#],
a? 5 b; = aa;+20n,eY°, (B13)
nom 7+ |1+|2 O'noeyo _
e,(ty) = n 2 T2 o T2 P di=ci—2onye Yo, (B14)
€ (—0 (1+c3) 2 4(—0) (1+¢c3)
m m i(to)(1+c)
e|( 0 0
(A12) TE=E—. (B15)

APPENDIX B: THE ANALYTICAL SOLUTION
OF THE MODEL

e~ og,

APPENDIX C: TRANSFORMATION
TO THE LIGHT-CONE COORDINATES

For x*>x, we should solve Eq23) based on boundary

conditions(33). Equation(23) leads to the system of equa-  In this appendix we present the transformation matrices

tions

d_(hi,e Y1)+ ad, hy, =—20nye’o+20nye¥oe 22,
(BY)

ad_hy,+d,(h,, e¥2)=20nyeYe?Y1—20nye’o,
(B2)

wherea=(1—c3)/(1+c3). Itis clear that in both equations

between {,z) and (+,—) coordinates. Indicesj,k run for
0,3, and indicesy, 3,y are used fort+, —.
The transformation of the coordinate system is

*

xT=t+z, (C1

thus, for all contravariant vectors we have the same:

there are two terms depending on independent variables, so )
the solution will contain two undefined constants. The next©F (t.2) coordinates we have

step is to take EqgB1) and(B2) at the valuex™ =x, and
X~ =Xq:

hy, =eM1(ey(to)(1+ch)e®o—ay(x —Xo)), (B3)
ad hy, =Cy+20nyeYo(e” Y2—e o), (B4)
hy. =€~ 22(e,(to) (1+cg)e?o—ay(x " —Xo)), (BS)
ad_hy,=c+20n,e’o(e?1—e o), (B6)

where we introduced new notations
a;=cq,+4ongsinhy,, a,=c,+4ongsinhy, (B7)

and two new constants

ci=a(hi) y, Co=alhy,)|y, (B8)

that will be estimated by assuming a linear development for

the enthalpy densitiesh;, and h,,, from t=0 (x.
=[2(0)]) tot=ty (X==Xo).

VE=VO0+ V3, (C2)
ik 1 0
gik=9"= o -1/ (C3
Then
0 1
Jap=9""= 1 o (C4
i o 1 1 1
a i 1 1
9i=9.=|, _4/| (C6)
T*#=gTig, (C7)
SO,
1
TH =5 (TOH TR T T), (C9
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1 1
TH =5 (TO=TP4 T30 7%, (C9 TO=S(TH 4T 7 +T 74T, (C13
Tl (TOO+TO8-T30-T33) (C10 1
2 ’ T°3=§(T*+—T+’+T’+—T”), (C14
1
T =S (TO-TO-TE4 T, (C1) .
T3°:§(T+++T+’—T’+—T"), (C15
The backward transformation is
Ti=g' ,T*%g", (C12 1
B __(r7tt_T1+—_ “t T,
so, TE=S(TH =T =T 74T ) (C16
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