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Abstract: We atudy scluticns to the hnydrodynamic egquations
ippropriate for ultra-relativistic nuclear collisions. We find that
‘he matter produced in such collisions spends times t > 30 fm/c at
cemperatures larger than 150 Mev. The transverse momentum ¢f protons,
taons and pions is computed in the central region of ultra-relativistic
welear collisions. Assuming Bjorken's initial conditions £for the
1ydrodynamic equations, and a bag model equation of state, we show that

: . . . . daN
the transverse momentum distribution as a function of 3= does reflect

oroperties of the equation of state. We demonstraéﬁy that such a
listribution appreoximately scales as a function of % %% . The relation
setween pt and %% 1s shown to be significantly altered under different
ssumptions about the equation of state. The transverse mnmomentun
listribution of heavy hadrons is shown to be much enhanced relative to
that of 1light pions. These distributions are little changed by
lifferences in the assumpticns about the initial transverse density and
/elocity profile. We are wunable to fit the observed correlation

>etween pt and %% observed in the JACEE experimental ccllaboration.



Secticocn 1: Introducticn

In this second paper of a series of two, we use The methecdolory
-xplained in the previous paper in an attempt to compute the transverse
tcmentum distributions c¢f hadrons as they might bve preduced in ultra-
‘elativistic nuclear collisicns. Arguments have been put forth Dby
Thuryak(1), Shuryak and Zhirov(z), and by van HoveiB) that the
‘ransverse nmomentum as a function of wmultiplicity reflects general
oroperties of the eguation of state of high temperature hadronic
atter. These arguments, when substantiated by detailed computation,

ight allow an experimental determination <¢f the properties of high
‘emperature hadronic matter.

. . . (1=2

The argument coriginally proposed by Shuryzk is quite simple. ) In
‘he expansion of a £fluid, the matter in the fluid does work on
sart..les as they are pushed into the vacuum. This work is caused by a

oressure difference between the vacuum and the matter in the fluid. As
“he energy density increases, the pressure increases, and therefore the
Transverse momentum of secondary particles increases. For example, the
sultiplicity of particles reflects the energy density achieved in a
rcllisicn. Therefore, the dJegree to which the average transverse

rcmentum increases a3 a function ¢f multiplicity reflects preperties c¢f
“he equaticn of state.

The correlation between multiplicity and transverse wncmentum most
iramatically reflects the equation of state in the case that there i? a
“irst order phase transitien. As has been emphasized by van HoveiB)
“he transverse momentum may not rise so steeply for energy densities
appropriate for a first order phase transition. During a first crder
“ransiticn, the energy density increases during the mixed phase, while
“he pressure remains constant. For equaticns of state appropriate to
iescribe guark-gluon matter, this region of constant pressure may cccur
for =2nergy densities which wvary by an order of magnitude. The
transverse momentum distribution does not change much for this range cof
:nergy densities since the worx done by the fluid on particles while

:xpanding intc the vacuum remains roughly constant, since the pressure



remains constant.

There are of course many reservations concerning the above
irgument. In fact for a quark gluon plasma, there iz a slight increase
-n the energy per degree of freedom relative to that c¢f an ideal pion
za39. Probably the greatest gap in this argument however, and the g2ap
shich is hardest to fill without the detailed computations which we
aresent, is the following. As the energy density increases, the systen
3spends more time in a mixed phase than as a low pressure pion gas.
Therefore, 28 the energy density increases, we expect a continued
-nerease in the average transverse momentum due to a larger time
averaged value of the pregsure.

The ccrrelation between transverse momentum and wultiplicity may be
nost easily seen by ccensidering the example of the expansion o¢f a
spherical droplet of fluid, initially at rest'?™2) Such an initial
zondition might arise as a fluctuation in pp collision. For such =
system, initially in a volume V, the tctal energy and total entropy are
sonserved. Therefore, the quantities E/S, the energy per degree of

‘reedom, and E/V, where V is the initial volume are conserved by fthe

2quation of motion. Up to a constant which zay be determined from
zecnetry and by relating entropy to multiplicity, E/S is the average
transverse momentum. The total energy of the secondaries may also be

neasured, and if +the 1initial volume 1is known, the initial energy
lensity may be experimertally determined. Notice that the total energy
is 1is easily related tc the total multiplicity once the energy perT
particle is known. The relation between E/S and E/V may also be
thecretically determined. The result of such 2 computaticon for a bag
nodel is shown in PFig. 1 At low densities, E/S - T since the energy per
legree of freedem is that of a pion gas. At high densities, E/S is
igain - T with roughly the same propertionality constant, since the
nergy per degree of freedom is almost independent of the constituents
for a massless ideal gas. At energy dengsities appropriate to the phase

transition, the energy per degree of freedom remains approximately
cronstant as the hadron gas melts into a plasma.



For ultra-relativistic nuclear collisicns, the geometry is not so
simple as was the case for p-p collisions. For gystems of infinite
transverse extent, the soluticns of Bjorken(6) determine +the spacc-
tlme evolution of matter in the central region. These eguations may
also be generalized toc the fragmentation region€7_8) Unfortunately, the
issue of neasuring the properties of the egquation of state by studying
the transverse momentum distribution of secondaries is not pcasible
without allowing for transverse expansion. The formalism for treating
transverse expansion of a quark7%%§fn plasma has been developed by Baym

2%, algg)and by Bialas and Czy=z: Their method is applicable for the

central region of head con nuclear collisions of equal A nuclei. They
1ave made explicit computatiens for the case of an ideal gZas expansion.

The generalization of their results tc the case where a Tluid
transversely expands and undergoes a phase transition is not entirely
3traight forward. As matter +transversely rarefracts intec the phase
transition region, a transverse rarefaction shock develops§11‘12) In
order to treat +this case, in a previcus pa er(13) we presented an
aleorithm originally due to Boris and Book(14 which has been applied
in the past to relativistic nuclear ccllisions by workers at
Prankfurtgt5-16) We also discussed the general initial conditions, the
nethod ¢f solution of hydrodynamic equations, and deccupling.” In this
paper we shall make extensive use of the results presented in the first
paper, which we now refer to as I.

This seccnd paper presents results of 2xplicit solutions to the
hydrodynamic equation appropriate for the conditions in the central
region of ultra-relativistic nueclear «collisions. In the second
section, we discuss qualitative and quantitative features of our
scenario for initial ccnditions and subsequent expansion of matter. We
discuss the interplay bYetween transverse and longitudinal expansion.
#e describe the shock wave which appears in the transverse rarefaction,
and will show in the third section that our numerical solution properly
reproduces the known features of this shock as gleaned from analytic
studies. We also qualitatively analyze the correlation between
transverse momentum and multiplicity for various nuclear sizes A.



In the third section, we present the results of our computations
for the hydrodynamic evclution of matter as it might be produced in

altra-relativistic nuclear collisions. We =explicitly compute the pt
distributions of hadrons. We argue that the correlation between p: and
aN

i is fairly independent c¢f the details of the assumpticns concerning
the matter distributions and the initial conditions. We show that this
correlation does in fact measure preperties of the equation of state.
Wwe show that the correlation approximately scales as a function of %
%g. We also compute the effects of a quark- glucn plasma upon the kaon
and proton aspectrum. We present the actual p+ distribution for piocns
or a variety cf values of %% and for picns, kacns and nucleons

together for a typical value of the multiplicity density in head on U-U
collisions.

In the fourth section, we attempt %to compare ocur results with the
experimental results from the JACEE emulsion chamber sxperiment. We
find that our results are unable to fit the rapid rise in pt seen in

this experiments. We attempt to critically assess this discrepancy.
In the last section, we briefly summarize cur results.

Section 2: Initial Conditions, and Qualitative TFeatures of the
Mlow

We shall give in this section a qualitative and semi- quantitative
discussion of how the matter flows 1in ultra-relativistic nuclear
collisions, and of qualitative features of the pt spsctrum of hadroons
as a function of %g. We also discuss the expansion time of the matter
prcduced in these collisions and the shoeck wave which appears in the
trangverse rarefaction of +the matter. In additicn, +the interplay
between transverse and longitudinal expansion, as well as general

features c¢f the correlation between multiplicity =2nd average transverse
momentum are descirbed.

We will consider a situation where the hot hadrornic matter expands



~ongitudinally according to the scaling sclution but i3 initially at
est in the trangverse direction. 3Because of pressure gradients,
“rangverse flow will develop, the details depending on the initiol
renditions, the egquation of state and on other assumed dyrnamical
sroperties like the nucleation rate if a first order phase transition
‘s pogsible. Here we shall assume the bag model aquaticn of state and
v 'fast nucleation scenaric' which means that the phase transition is
issumed to proceed through the equilibrium mixed phase where pressure
stays constant. This has a profound effect on the evolution of
rransverse flow and consequently the resulting pt-distribution is not
~zlated In a simple way to the initial temperature T3 or the initial
:nergy density ej.

during the expansion energy is lost from any slice of matter in a
given rapidity interval dy +through the work which is done in the
lengitudinal expansion. Since for an ideal massless relativistic gas,
antropy conservation implies gas particle number conservation in this
slice, the energy per particle will decrease. In principle mass effects
r che pion gas phase could lead to decrease in particle number but the
processes to achieve this are probably too slow wnen the pion mass i3
important§17) This might be also compensated by fthe entrcpy vproduction
iuring various stages of the expansicn. In terms cf <{p:>, thé coupling
to the Ilcngitudinal expansion means that the final value Is usually

leas tharn what one would expect on the basis of initial temperature.

The effect of the phase mixture on the flow is twoc-fold. On one
hand it slows down the transverse expansion as compared to the ordinary
transverse rarefaction wave in simple relativistic fluid, leading tc¢
lenger decoupling times. On the other hand when the initial energy
density is in the mixed phase interval, it provides a mechanism <o
drive the transverse expansion through the formation c¢f a rarefacticn
shock wave at the interface of mixed phase and hadren gas. Since the
strength of the shock depends on the energy density of the mixed phase,
the flow wvelccity at decoupling increases with increasing energy
density =sven though the 1initial temperature 1is fixed to T, in this

interval. As a result the pg-distribution broadens and <p4+> increases



Throughout the whole phase transition region contrary to the naive
2xpectaticng.

This conclusion should hold even in the case without homogeneous
tixed phase when the initial matter would consist of plasma droplets
smbedded in hadron gas. As the droplets deflagrate the resulting picns
will get the vacuum energy cf bag constant in addition to the thermal
energy and consequently their average energy will be nigher than that
cf the pions originally in hadron phase. It should be noted that even
Though <pt> grows throughout the phasge transiticr regioen Ty = T,, the
zrowth is much slcwer than in the case of rnc phase *Transiticn when the
‘nitial amatter would consist of pions.

Whenn T3 > T, the temperature drops to T, in *ime g = 13(T;/Tx)3
lue to the longitudinal expansicn alone. If 0 << 31/2 RA the ordinary
rarefaction wave has little effect and from Ty or the system developed
essentially as if the initial energy density had been €y Consequently
the growth of <pt> is slow until 4 becomes cocmparable with 31/2 RA
Then the ordinary rarefaction wave has fime tc evclve and a strong
“ransverse fleoew builds up. Depending cn the detuils cof the decoupling
“his may =ven lead to shorter deccupling times Zor =zcme parts cof the

ratter wher initial temperature increases.

The above arguments about the decrease cf average energy per
particle ir the final state due to longitudinal expansicrn nold cnly fer
picns. Fcr the heavier particles the situation may be different if they
are able to stay in local thermal equilibrium and foliew the collective
flow. This is becauses their thermal motion even in the high temperature
initial state may, due to their mass, be small compared tc the velcecity
cf final Tlow which is dominated by the (almost) massless picns. As a
tesult the py-distribution of heavy particles should broader mere than
tnat cf +the pions when geing from hadron ccllisicns to heavy ion
ccllisions. This expectation is verified by numerical results.

Secticn 3: Results and Their Dependence on the Parametera



In this chapter we present the numerical results on the Ilow 2nd
the pt-distributions and discuss the detaila of their dependence on the
initial conditions and the main parameters of the nmodel, the criticel
temperature, T,, the decoupling temperature, T4gec, and the radius ¢
the colliding nuclei, RA‘ The number of guark flavors is taken to be
2.5 to acccunt roughly for the mass c¢f strange quark. With pions alcne
in the hadren phase, the ratio of the number of degrees of freedom in
the plasma and hadron gas is 14.1. Most results are for T, = 200 MeV
shich gives B = 0.8 GeV/fm3 for the bag constant. Initial time i and

temperature T; are related through t3 = C/T; where C = 250 MeV-fm/c as
2Xplained in I.

I¥ actually turns out that fcr the Iflow and the hadronic pg-
listributions the values of tj; and Tj separately are not very important
w«nen T3 > Ts. The primary quantity is riTg which is a measure of total
antropy Iy cr, bhecause of the apprcximatedﬁntropy conservaticn during
the expansion, of the total multiplicity I3 Incidentally, riTi fixes
a2lzsc the value of g which is the essential timescale in the build up
cf *he transverse flow. Since in most of the cases we consider, Q is
mucn  less than the transverse size of the system, there is little
transverse expansicn before forming a mixed phase, and therefore little
iependence in the flow upon Ti{ or tj. The value of T; is cn”the other
nand  essential from the point of view <f dileptorn production and
possible cother signals wnhich depend on the whole space-time histery cof
the collision€18) Here the discussion of dependence of different
quantities c¢cn initial conditions can always be ftaken to refer to the
tetal multiplicity.

If the initial energy density is less than Eqp0 the critical energy
iersity o¢f +the hadrcn gas, transverse flow will be weak. All that
nappens is that longitudinal expansion c¢ools the matter and the pe-
distribution is essentially the thermal distribution at Tgee with
<pt»=2.12T3ee+ When e; grows acrcss the phase phase transition regicn
from eq = 0.2 Gev/fm3 +to eq = 3.8 GeV/fm3, the rarefacticn shock gatis
stronger, the flow velocity of the outcoming hadrons increases and <the
pt-distribution broadens. Figs. 2a and b shcw the contour pleots of the
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energy density and the radial velocity for the flcw when e3= £Q- The
shock front follows closely the ¢ = £y contour and is clearly seen as &
jump in radial velocity. As the 1longitudinal expansion dilutes the
energy density the velocity c¢f the shock front increases(11) and this

is seen as a bending of the shock region tcowards the time axis.

In Figs. 3a and b the same plots are shown for T3 = 350 MeV., One
can see how the ordinary rarefacticn wave starts from the surface but
gince Q ° 2.8 fm/c, it can not reach the inner parts of the matter
pefore turning into the slowly propagating rarefaction shock. As a
result the transverse flow is not dramatically increased from that In
Fig. 2 and the growth of <p+> is moderate as will be seen soon. This
is possible becéuse the deccupling time increases and the matter can
locse =2 large part of 1its initial thermal energy as work in the
longitudinal expansion. From here on the ordinary rarefaction becomes

nmore important and <{p¢> starts to grow faster with multiplicity.

To exhibit how the phase transition affects the flcw, we show in
Fig. 4 the flow for the pion gas with the same multiplicity as for the
flow in Fig. 2. In the pion gas, the transverse expansion is faster
and a much stronger flow builds up than is the case fcr a mixed phase.
This shews up quantitatively 1in the wvalues cf the average transverse
momentum which for the pions in these two cases are 495 and 690 Mev
with and withou?t a phage transition.

Prom the flow guantities the pt-distriduticns for the pions can be
calculated as explained in I and for the massless picns the results as
function of multiplicity are shown in PFig. 5. Qualitatively the
distributions for largest multiplicities differ freom thermal
distributicons in the sense that they dc not exhibit expcrnential fallceff
ag the thermal distributions would dc in the shown ps-range.

The effect of the phase transition on the dependence ¢f the py
apectra is 1llustrated in Fig. 6 where the average value cof pt is shown
both with and without phase trausition as a function cf multiplicity

for iron-iron ceollisions with Ry = 4.2 Tm. The rapid growth in the case
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"f no phase transiticn reflects the fact that with the pion degrees o7
.reedcm available conly, high initial temperatures are needed uvo raise
"ne multiplicity. The highest point corresponds to temperature Ty = 550
eV at v = 1 fm/c. According to the presert ideas 41bout the reasonable
‘alues ¢f T,, this 1s probably not =2 realistic temperature Zor the
radren phase. We return %to this question later wnen discussing the
“ACEE data.’g) The fact that in the case of 2 phase Transition the
crowth cf <{pg> is slowest around e5 = €1 shows how affective the
rarefaction shock is in delivering energy into the transverse flow.
ihen the shock attains its full strength at ey = £q (the place i3
‘rdicated by £q in Fig. 6) the growth of <{pi> almost stops until the

rdinary rarefaction wave in the plasma has =nough time tc¢ develcop.

Next we consider the effect of the size of the colliding nucliei ¢n

pt>. It  turns out that <pt> as a funection of % (%E) exhibits
1pproeximate scaling. Qualitatively this can be understoed as follcows:
Yor large A, a fixed value of % (%g) implies larger 1initial

temperatures than for small A. On the other hand the +transverse Tflow
‘e lops faster and decoupling is reached soconer feor small RA’ so that

~ocngitudinal expansion has less o¢f a diluting effect upon the

“ransverse mementum distribution. The cancellaticn of these opposite
:f7z2cts then leads to the aforesaid scaling whicn is i1llustrated in

as -7
Poe

-
Ja

It snould be emphasized that in a scenaric where the mnmatter
indergoes scaling expansion in  the longitudinal direction, this
:xpansicn has a crucial effect on the final wvaluss cof <pt>. In the casz
;T ono

o

trarsverse motion the final pt-distribdbution jis always the thermal
iistributicn at T = T4er 2nd the role c¢f the longitudinal moticn is te¢
ocl the matter to this temperature through the work in the expansicon.
Sven with transverse motion taking place some part of the initial
*hermal energy 1is always lost intc the longitudinal work. As a result
“pt» 1is, 1in generzal, reduced during the nydrodynamic stage from its
initial value, which for massless quanta is <{pt> = 2.12 T3. The effect
T the longitudinal work in our =xplicit calculations is shown in Fiaz.

> wnere the Iinal values of <pt> are plotted together with <pg» cf The
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nitial thermal distribution. As explained earlier, there are
mcertainties in the initial +time and consequently in the initial
‘emperature, which would be reflected as an uncertainty in the initial
.pt>. Still since we are 1looking <pt> as a function of wmulbviplicity
nich means fixing of 3733, a factor of two uncertainty in tj would
:ause a 20 % uncertainty in Ty, only.

In the actual nuclear collisions at high but firite energies the
.ongitudinal work should result as an energy transfer from central
"egion to the fragmentation regions(8> and should be studied through
‘ne systematics of the A (RA) and %g dependence o¢f the shapes of both
1t and  y-distributions. Note +that in spherical =2xpansicn <pg> i3
:onserved as a c&nsequence ¢f the symmetry throughout the expansicn. In
‘hat situation <pt> directly reflects Tj. Such situaticns might occur
ue to fluctuations in the initial couditions. On the other hand the
ossible high T3 fluctuations with small or zero velocity
longitudinal) gradient may not be spherically symmetric. Instead they
1ight exhibit Landau type of initial conditions which would still lead
‘o faster exXpansion in the longitudinal direction. Since, especially
‘or large nuclei, one would expect the spherical fluctuations to be
rmbedded in longitudinally expanding matter and interacting with it, it
1ay be difficult tc understand large <p:> valuss from the point cof view
f hydrodynamics.

In this study we assume that the density of heavier particles is
.ow enough so that their effect on hydrodynamic evclution of the matter
:an  be neglected This seems reasonable because they affect only the
.adron gas stage of the hydrcdynamic expansion and because c¢f the mass
suppression one would expect the effect to be less than 10 % to the
‘quation of state. {(The fraction of kaons between T, and Tgee is of the
rder of 30 % or less and for that part the pressure could be lowered
oughly by 30 % giving 2 combined effect o¢f .3 x .3 = .1 or 10 %). 1If
'e Jurther assume that the heavy particles follcow the overall flow, we
.btain the pg-distributicns of kaons and nucleons by simply calculating
‘he flux of nju¥ through the deccupling surface as explained in detail

n 1. ny, 1i=K,N, are the ideal gas densities with zero chemilcal
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sotential for the kaons and nucleons at the <decoupling temperature and
i 13 the four velccity cf flow.

The results are shown in Fig. 3 together with the pg-distribution

>f massless pions for U-U collisions with % (%g) = 13.5. The
mormalizaticon corresponds to one internal degree of freedom for eacn
sarticle species. The gspectra differ qualitatively <rom each other

showing clearly the strcng boost given by the transverse flow to the
reavy particles. The dependence of <pt> on the (total) multiplicity is
shown in Fig. 10 for the three particle species exhibiting the stronger
zrowth of <pt> for +the heavier particles. These features c¢f the
tependence of pty on the mass c¢f the particle and the multiplicity of
:vents provide an experimental test for the existence of the collective

Zlow in the final state c¢f heavy ion collisicns.

in our computations, the kaon and nuclecn distributions which are
used to compute the emissicn of these particles thrcugh the decocupling

surface were taken toc be ideal gas distributicn functions with zero

chemical potential. We might have allowed Zor a constant chemical
ootential which would <change the relative normalization of the
oresented distributions. It would however <nange neither the shape of
“ne distributions nor *the average transverss ncoentunm. f, 28 is8

»xpected for =xaons, the chemical potential fcr strangeness 1is tiome
lependent, then this algorithm is not strictly <correct. The
jualitative and semi-quantitative nature of the enhancement cf heavy
particles at large p¢ 1s guite general, and we expect that our
1ppreximate treatment reflects this effect

We next consider hnow the results depend on the different basic
narameters, which up t¢ now have been kept fixed.

'i1) Decocupling temperature Tgec:

Wnen Tgee is lowered to 100 MeV there is a small increase {10 MeV/c
cr less) in <pt> except for the lowest initial energy density e = €y

vnere the longitudinal cooling still dominates c¢ver the transverse
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noo0ling. Zompared to the cther uncertainties, those coming from the

uncertainty cof the value of Tgee can be considered unimpcrtant.
{ii) Critical temperature T,:

The value of critical temperature affects the pg-distridbutions in
two ways, 1t changes the timescales and contributes to the initial
snergy density (for fixed multiplicity) through the bag constant. Table
< shows the situation in the case of Ti=500MeV. These values
coerrespond to the game initial entropy and essentially the same % {%g)-
{The final values of %g differ a little because tne details of the flow
1iffer and this results in small differences 1in entrepy D»reducticn
associated with the shock wave rarefaction.)

One can see from these results that <pt» is net very sensitive %o
the precise value of Ts. In crder to get significant increase in <pg>
the value of T, must be given values which are quite high at least fro
the point c¢f view of using the simple bag mcdel equation of state. T.g.
Te = 400MeV leads to B = 14 GeV/fm33, and at such high temperatures

picns alone would not give a gocd approximation of the (degrees of
“reedom of ) hairon gas.

(iii) Irnitial time t; and temperature Tj:

As has been alresady discussed, the changes ¢f 13 and T3 are not
important as long as % . 1177 is kept fixed. At the inital time vp=0
and since g is now fixed, the differences for different vy arise from
the evoluticn of the flow in the time interval &§r; which one would
2Xpect to be of the oreder ¢f 1 Fm or less. This is a shert time
interval frem the perspective ¢f the total expansicn time.

{iv) Snape of the initial densities:
If tne 1initial temperature distribution is nct a step functicn,

there will be a %transverse preasure gradient (except where T = Tg) and

the fransverse acceleration <takes place also in the matter. Thia will
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strengthen the flow and shorten the decoupling time. Takirg the initial
“emperature distribution as

T(r) = To(1-(r/Ry)2)¥ (1)

7e have cosidered three cases with « = 0, 1/6 and 1/3. Roughly speaking

“or ¢« = 1/6, the producticn of final state matter would be proportiocnal
to the number and for x = 1/3 to the square of the number of colliding
sairs of nucleons at the distance r from the collision axis. for RA =

5.8 Fm and © %g - 27.5, T = 500, 572, and 530 Mev and the resulting

salues of pt are 630, 657 and 697 Mev/c respectively. The effect 1is
Jjuite moderate.

{v) The effect of initial transverse velccity:

Ir all the results which have been discussed above vy = 0.,
initially. It is clear that <pt> can be arbitrarily enhanced if strong
initial transverse flow is assumed. In the head on collisions this,
hot'~ver, does not sound physically justified; one would rather expect
that with the exception of the outer surface, the produced matter would
be *ransversally at rest. A calculation with « = 1/6, Ry = 6.8 Fm, % %g
= 27.% and initial vy growing linearly from O at r = C to 0.3 at the
surface gives <(pt> = 765 Mev as compared to 660 MeV for vp = 0 at =
t;. While it is conceivable that the initial flow mignt be strenger
zlose to the surface but at small and intermediate values ¢? r, it is
difficult to understand how in head on collisions, a significant
cnllective motion in the transverse direction could be present
initially. Calculaticons with different multiplicities show *hat the
effect grows with multiplicity. The change in numbers is less than 20%
for the above numbers with rather high multiplicity.

(vi) The effects due toc uncertainties in deccupling:
Fig. 11 shows the <pt> from three different deccupling calculaticn.

In flow decoupling the contribution from the collective moticn to <py?

i3 included, c¢nly. As a result it gives smaller values than the
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carticle decoupling. The dependence on increasing initial temperature
-3, however gsimilar in all cases and the “low decoupling gives a nice
‘ndependent check ¢f the calculations. The third curve in the g,
cerresponds to pions with mass. Strictly speaking it i3 not consistent
o) include the mass in the decoupling calculaticn 3since the
wydrcdynamiecs is calculated with massless pions. However, the effect c¢I
"ne mass to the equation cof state and the hydredynamic calculation is
:mall but is not that negligible %o <pt> (of the order of 15% to the
"ight direction from the point of view cf JACEE jata). Most of this
:ffect 1s due however +to the fact +that for massive pions, the
"elationship between multiplicity and entropy is altered. This effect
-3 presumably less important if pion number is treatsd as conserved
men *the effect of pion mass is important.

Ir summary, we have shown that there is =a strong correlation

retween <pt> and %g which reflects preoperties of the equation of state

:¥ hadronic matter. We have shown that these correlations may be
computed up to a fair number of theoretical uncertainties. These
incertainties are all at the 10%-20% level or less, and hopefully the
sum - of  their contributions is equally small. In the future,
romputations may allow a more precise determination ct these
mcertainties, and a nopefully more reliable estimate of  the
;orrelation. Given the stability of our numerieal results to such

*hanges, we believe that this correlation will survive closer
nspection.

Section 4: Compariscon with JACEE Data and Discussicen

The data taken by the JACEE cospic ray ccllaberation for py vs
iE+/dy is shown in Pig. 12. We have here cnly included +the data fcr

ucleus—-nucleus collisions. In this plot, the energy density <e» at
‘nitial time 15 = 1fm/c is defined as
-2 4N -2/3 (
e> = I <mt> Iy [ ah Amin 2)

rccording to the formula of Bjorken€6) All quantities In this
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"elationship are experimentally measurable parameters. In c¢rder <o
‘cmpare our hydrodynamic results with these data, we have caliculated
‘rom the numerical results of <pt> and %g fcr massless pions wi'h
ifferent initial conditions an 'initial energy density' at 15 = 1 fm/c
.ccording to the above formula. Tt should be noted that as compared *c
‘ne nydredynamic calculation, this result =2lways underestimates the

nitial energy density because it has no reference to the work during

"ne expansion. Since the data is wmainly for light nuclei, we use
S,=4.2 fm.

At a value of <e> of the order of 1-10 Gev/fm3, there i3 a sharp
reak in the py distribution. This break occurs in a plet whicn

voives a variety cof nuclei, and in fact primarily light nuclei. The

nterpretation of the lower axis as an energy density is therefore not
'n a very sound footing. Nevertheless, the occurrence of thig break at
«r '.pergy density' where one expects a quark-gluon plasma, and the
ibove arguments for enhancements in the p¢ spectrum due to hydrodynamic
“low make 1t tempting to interpret this plot as evidence Zfor the
:xi~tence of a quark-gluon plasma.

In Ref. 4, it was argued that such a c¢urve might be fit 17 1t was
+3sumed that the plasma was formed as a result of spnerically symmetric
‘luctuaticns in a volume of radius 1/pt. While such a medel does fit
"ne data con pgy vs <e>, it suffers from lack of evidence that the
ilstributicn appears in any sense to correspend fo a spherical
fluctuaticon. Alsc even for light nuclei, it is not clear why small
vclume {as compared to the nuclear size) fluctuaticons would dominate
the whole event. We shall therefore in this paper, try %o analyze tae
JACEE data assuming a boost invariant matter distribution, as |is

>xpected to be the case fecr typical collisions of ualtra-relativistic
areavy nuclet.

The result of such an attempted comparison i3 shown in Fig. 12. As
zan be seen by the plot, the JACEE data rises tco sharply to for such
interpretation. Inclusion of the effects from pion mass and initial

transverse velocity would enhance the calculated curve, but the shape
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of the curve would be almocst unaffected. It i3 cbvicusly the steep
rigse of <pt> in a very narrow range of e which is very difficult %o
obtain in scaling hydrocdynamics with phase transition. There 1is scme

possibility that the data might be fit by an ideal pion gas, with no
plasma, 23 shown in the figure. At the energy densities of interest,
the use of an ideal pion gas equation of state is probably not valid,
since the pions mest likely strongly interact, and contributions from

strange particles and rescnances are important.

There are several reasons why such a compariscrn might not be
meaningful. First, in the absence c¢f more detailed data which would
establish whether or not the matter prcduced irn such collisions was
fluctuation dominated or not, we do not know if fcr these small nucleil,
we are in fact using a correct space-time model to describe the
collisions. Alsc, it has not beer established that for such small

nuclei, there is any evidence for hydrecdynamic flow.

Another possibility is that the physics which preduces this large
Pty enhancement is net that of a quark-gluon plasma. For example, nini-
jets may be important. T¢ check this pessibility, the azimuthal
angular distribution of matter produced in such processes ogust be

studied in detail, and systematic ccmpariscn cf mcdel computaticns
which include jets must be made.

It is tempting tc assume that perhaps the particles which generate
the pt enhancement are particles heavier than pions, =and therefore

acquire a larger p+ enhancement. Unfcrtunately, the experiment
measures the distribution of photons tc compute d3%4/dy- These phnotons
should =arise primarily from the decay of =%s. If there was anocther

substantial socurce of photons, it might be possible *to explain the
data.

Another possidility which we do not consider is that the JACEE data
i3 incorrect.

To summarize, using a conventional space-time picture of heavy ion



cilisicns, We are unable *%¢ 2xplain the obgerved orreisticn in the

"ACEE data between pt and oN

1y

Jection 5 Conclusicns

In this paper, we have applied a coenventicnal space-time picture cf
:eavy lcn collisions together with a hydrcdynamic computaticn c¢f the
1atter produced in such collisicns, to describs the fransverse momentum
- particles, and to semi-quantitatively determine the liferime of this
iatter. We have found that the matter probably lives long enough, =2t
-zast for heavy nucleil, %o justify such a freataent. We have also
acwn that  the transverse amomentum distrituticns e in fact reflect
‘repertiaes of the equaticn of state. it s c¢? =<~curze premature ¥r
"laim that these computations present signals for 2 quark-gluon plasma
2cause there are many unforseen possibilities. on the cther hand, if
“here 1is any hope to obtain infermation on the equation of state from
1eavy ion collisions, collective phencmenon must be ocbserved
zXxperimentally. This makes the systematic study ¢f the dependence cof
“hr pt spectra on multiplicity and the size c¢f the colliding nuclel a
ery impcrtant experimental issue. Differences in the behaviocur of the
ipectra between pions and heavier particles snculd also show up if the
tclizctive flow exists. In crder +o achiev=s *tas nbeve 3Icald, 4 gced

wnderstanding of background processes is necessary.

Jur conclusions cn these points lsave some rccm for cptimism, but
it would be useful tc have further theoretical studies in several areas
o make the conclusicns firmer. For example, tc¢ understand the
sessibilities fer findinz evidence of collective flecw, a truly 341
limensicnal code should be employed to study the correlations between
“he central region and the fragmentation regicns <¢r Dbetween the
cransverse momentum and rapidity distributicns. Alsc an =2quation of
3tate wnich allows for massive pions iIs needed becauses the issue of
lecoupling is not clearly defined. More realistic equaticns of state
shculd ©bpe used +to further estimate the uncertainties in these
cemputations. There should alsoc »e cascade =nalysis. Juch an analysis

zight determine the degree to which the plasma evcluticn i3 fluctuaticr
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.ominated or a smocth hydrodynamic evolution. The effect of density
‘luctuations due to phase separation in the mixed phase could be
etermined.
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Figures

Fig. 1 E/S vs E/V for the bag model equation of state with the
arameters given in Section 3.

Fig. 2 Curves ¢f (a) constant energy density (GeV/fm3) and (b)
onstant radial velocity for Ty = T, = 200MeV and e; = eq = 3-8 GeV/fm3.
ne velocity curves near the light cone are an artifact of numerical
pproximations and have no physical significance.

Fig. 2 As Fig. 2 but fcr T; = 350 MeV and
onding tc e = 28 GeV/fm]

1{ = 0.71 fm/c cores-

Fig. 4 As in Fig. 3 but without phase transition. To achieve the

ame multiplicity + 48

Ry - 4.2 with the pion gas, the initial
- (14

emperature is T3 .1}+25 T, = 480 Mev.
Fig. 5 p¢ distributions for (massless) picns in U-U collisions (R

6.8 fm) for different values of multiplicity % (%g)-

A

Fig. 6 Average p: with and withcut pnase transition. In the
atter case the matter is assumed be produced as hot pion gas. At the

oint indicated by e = €, pure plasma state at T, is reached at 4.

Fig. 7 Average pt as a function ¢of normalized multiplicity
dN _
(Ef} for U-U (RA=6.8 fm), Fe-Fe (RA=4.2 fm), and 0-0 (RA*2.8 fm)
cllisicns.

Fig. 8 Comparision of average pt at initial time, ie the earliest time
ith thermal equilibrium, with no transverse flow and at the deccupling
ime when the flow is fully developed but the matter has cocled down tc

dec*

Pig. 9 Comparision ¢f the shapes of the p: spectra of (massless)

»ions, kaons, and nucleons in U-U collisions for s (%%) = 13.5. For

A
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:rmalization, see the text.

Fig. 10 Average pt for pions, kaons, and nucleons as function of
srmalized multiplicity % (%g) in U-U cellisions (RAz 6.8 fm).

Fig. 11 Comparision of the results for average pt+ from different
2coupling algorithms.

Fig. 12 Comparision of the hydrodynamic results for average p+ with
le data of JACEE''®) group.
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Table I

Average transverse momentum of pions for different values of

"itical temperature. Multiplicity is fixed to % %g = 27.5 and
= 6.8 Fm.
To 160 200 300 400

<Pt> 592 632 817 980
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