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AbBstraect

The complementarity of parton and hydrodynamical deeerip-
tions is considered. The former is prescribed to the hard scat-
tering of constituents of primary hadrons at the initial stage
of hadron collision. The latter describes the subsequent multiple
interactions between the comparatively soft constituents. The
presented hydrodynamical picture agrees with data in many de-
tailes. Simple considerations allow us to estimate the tempera-
ture of the phase transition from quark-gluon plasma to hadronic
phase directly from the spectra of secondaries. The analysis of
the available data (on the basis of simple model of hydrodynamic-
al expaneion) leads to the conclusion that up te highest ISR
energies the space-time picture of the hadronic collision 1is
rather similar to that of Landau model. Finally we dicuss the

picture of hadronic collisions expected at very high energies.




1. INTRODUCTION

The existing multiparticle production models may be divided
into two classes, depending on how "strong" the interaction im
assumed to be, Historically the first class is mainly presented
by the thermodynamical approach. 11 treats the interaction %o
be strong enough to "mix" the produced hadronic system up to
the local thermal equilibrium (LTE) before the gystem "breaks up"
1nto secondaries (see, e.g., reviews /1,2/ and references therein)
In the most extreme (and earliest) Landau's hyprodynamical model
/3/ the mixing is assumed to be s8¢ fapt that the thermo- and
hydrodynamical descriptions sre applicable right from the begin-
ning of the collision.

Another class includes the models baged on the assumption
that the effective "strong" coupling constant rapidly falls off
with the increase of momentum transfer (at small dietances). It
should be mentioned here s variety of maltiperipheral /4/, multi-
reggeon /5/ and parton /6/ models., The latter being the most po-
pular now have been considerably developed /7-9/ on the ba-
gig of the modern theory of strong interactions, the gquantum
chromodynamics (QCD). Keeping in mind mainly thie parton model,
we call such an approach the "narton description”.

Now it becomes more and more clear that both the parton
and thermodynamical descriptions are not incompartible but cor-
regpond to different stages of hadronic collision /10,11/.

A good agreement /1,2/ of thermodynamical predictions with
the experimentally observed compositien and El-ﬂiatribution
of softly produced hadrons ( E £ 1 GeV/c) ensure the LTE
with the temperaiure 1} ~Mgy at least during the system "bresak

up” into secondaries.




Interpretation of hadronic spectra with higher Ei as

a "leakage" /12-14/ from the system at earlier stages of hydro-
dynamical expansion considerably extende the field of thermodynam-
ical dsﬂcription.{)This idea has been developed on the basis of
Landau's space-time picture of hydrodynamical expansion and the
lowest order QCD estimates of elementary processes in quark-gluon
plasma. It provides rather good description of the yields of I-
quanta, dileptone, hadrons up to ny?-fﬁff:1q11“'¢ Ge?fcg f10/.
The fact that the agreement is not accidental in this region is
supported at least by two observations /11/: (i) the coincidence
of different estimates of the effective particle production ftem-
perature; (ii) the universality conditions /11/ are well confirmed
by data. For higher ﬂ{L , where such "universality" is strongly
violated, data agree with the predictions of the parton model
obtained recently /7-9/ on the basis of QCD.

Thus the question on the compatibility of parton and thermo-
dynamical descriptions appears to be quantitative rather than
qualitative and it can be reduced to the division of hadronic
collision into two successive stages /10;11/. Note, that such
a division is quite adequate to the phenomenon. In fact, due to
the "asymptotic freedom" of strong interactions the parton des-
cription seems to be the proper apprnach to describe the hard
scattering of constituénts, which proceeds at small space-time

distances at the beginning of the hadronic collision. In contrast,

1) It should be noticed that the possibility to study earli-
er stages of the thermodynamical expansion has been first dis-
cusged in Ref.15, where the thermodynamical production of lepton
pairs and I’ -quanta has been considered long before the cor-

responding experimental data.

during the expansion the more and more soft processes take place,
the effective strong coupling constant becomes larger, and the
multiple interactions become more and more essential, They lead
to the "mixing" and reaching of LTE and hydrodynamical expansion.

This paper is devoted to further developments of the thermo-

dynamical picture and its detailed comparison with the current
data. We also pay special.attentlon to the predictions near the
applicability limits and, if possible, compare them with those
of the parton-model. Schematically the thermodynamical picture
consists of two rather independent parts: (1) the problem of
space~-time evolution of the (hydrodynamical) syestem and (ii) the
problem of system decay into secondaries {(formation of their
gpectra and composition). Accordingly, the paper can be divided
.into two parts, In the first one (eects. 2-4) we consider the
formation mechanisms of the gpectira of secondaries and glan other
phenomena rather independent of the details of space—timﬁ evolu-
tion., The space~time evolution and related phenomena will be con-
sidered in sects. 5-7, where we formulate some Eimplu model which
is the interpolation between the Landau model /3/ and Peymman
parton picture /6/.

The main hadron production mechanism at the hydrodynamical
stage appears to be the "leakage" of particles during the expan-
sion /10-14/ end, of course, the final "break up" at the end of
expansion, when the system cools down to the final temperature
11 ~My /3,167 Although these mechanisms have been treated
so far as the independent ones, it should be stresueﬂ that they

correspond to the same decay process described by the same ex-

pression:
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where f} ijg the statistical weight of the produced particle,
“F}*F are the local f-velocity and temperature respectively,
which correspond to the element ds‘n of space-time hypersurface,
where the system turns into free particles. The gpace~-time
region of the hypersurface describes the usual "break up" at

the end of expansion at 1-='T} . The effective temperature of
particles should be the same : 1;{; ﬁ=1} , independent of their
kinde and "transverse mass™ rnJ_.

The time-like hypersurface describes the "leakage" ("evapo-
ration") of particles at earlier stages of expansion with high-
er temperature 1“3’1}..2} The effective production temperature
of "evaporated" particles must grow with their FHJ_. One should
expect that at T =T , where Tq is the temperature of the
phase transition of hadronic matter into the quark-gluon plasma,
the "svaporation" of real hadrons is changed to the "evaporation”
of quarks and gluons. *he spectra of produced particles should
be proportional to their statistical weights (or quark/gluon
factors to fragment into the observed particle) and are dever-
mined by the same hypersurface 6."‘“

The analysis of data (pect.2) confirms the existence of
all the mentioned above production mechanisme and allows the
division of the region of thermodynamical description into three
regions:

(i) the ngoft"® hadron region ( B_ﬁ 0.8 GeV/c), where the

slopes of particle specira correspond to the same production

5} Our comparison 711/ of the affective production tempera-

ture of hadrons with that of dileptons produced by the whole Bys-
tem volume shows that T does not differ from that averaged

over the volume.

temperature 1;*; ~ 0.13 GeV (the final "break up");

(ii) the "leakage" of hadrons ( E_T} 0.8 GeV/c, I"I"'[Lg;'_ EGercE).
where the ratio EEE%%E 2 13

(111) the "leakage" of gquarks/gluons (M, < 2 Gavfc.z},
where the baryon production is strongly suppressed.

As a result, we have an estimate of the phase transitien
temperature T::H* Tgﬁt (-mf-z GeV) == 0.25-0.28 GeV,

Tn section 3 we show that such a subdivision ie in qualita-
tive agreement with the experimentally observed energy dependence
of hadrcnic spectra. The considerable growth of the energy depen-
dence at HE};E-B GeV has found a natural explsnation in a cus-
tomary Landau model /3/ without any additional free parameter.

Tn our consideration, ae weli ag in Ref.11 we neglect the
transverse hydrodynamical expansion (THE). In section 4 we show
that in contrast to the longitudinal expansion a considerable
THE can appear only at the end of expansion. This means that the
customary estimates of THE (for instance, numericel solution of
Ref.17) are unreliable because they are sensitive to unknown
conditions at the boundaries of the system., The data agrees with
the absence of THE,

The following sections 5-7 are devoted to the detailed study
of 'the space-time picture of hydrodynamical expamsion, in par-
ticular, its initial conditions. We formulate the model with the
free parameter which is the tramsition moment from the partnn.
to hydrodynamical stage of hadronic collision. Note, that with
the parton stage as the initial one we avoid -a lot of difficul-
ties /18/ which are intrinsic to the uriginal Landau model /3/.

Let us briefly discuss the formation of the initial condi-

tions of hydrodynamical expansion. As far as the parton systems




of colliding hadron overlap, their coherency is destroyed /6,19/.
After that we have the spatilal ordering of partons, according
to their longitudinal velocity: they fly out the.cﬂlliﬂion point
the farther the more rapid they are /13,20/. The partons being
nearest in velocities appear nearest in space and their strong
interactions provide their "mixing" and reaching of LTE.

This process as well as the following hydrodynamical expan-
gsion can be considered in a more convenient "accompanying" frame

with the coordinates T, defined by equations
g e
'H'l{——t': t_d'l'{’ (2)

where I,f are the space-time coordinates, T -denotes the local
proper time in a hadronic system, KP coincides practically with
the local rapidity of collective motion. (The transition from
one frame of reference ito another is equivalent to common shift.
in %;,] The initial condition is completely characterized by
T_',,(':[’) (the loeal relaxation time) and T:(@{the corresponding loc-
al temperature).

For simplicity we assume that for any group of partons which
are cloge in their rapidities their relaxation time and their tem-

perature are rapidity-independent:
T(y) = T = const
T.18) = 1 = const (3)
[ %

It ie equivalent to the hypothesis on existence of "Feymman plato"
/6/, or "frame independence symmetry" /20/. As a consequence, the

formation of the hydrodynamical system is not simultaneous in

léboratory cunrﬂinatea:ﬁ,t , and the total formation time in-
creases with the energy of colliding hadrons in agreement with
the customary (parton) picture.

The initial rapidity interval [—Ym-, Ym] , the initial
temperature rr; , and the characteristic relaxation time Co
depend on the unkﬁnwn dynamics of relaxation processes and are
free parameters of our model. We call the case of Y &1 oas
the "stopping" of hadronic matter, otherwise we say about the
"paseing through".

Tt should be stressed, however, that we do not consider
below the "passing through" of the rather energetic valence
quarks, which are responsible for the formation of leading par-
ticles and their fragments. These particles appear already at
rather low energies, starting from a few GeV., They do not parti-
cipate in the hydrodynamical system and we exclude them from our
consideration, introducing the inelasticity factor £?€ ﬁ@. s the
portion of energy. going into the hydrodynamical system.

The object of our consideration is the hydrodynamical system
formed by the softer and more interacting hadronic component
(presumebly, mostly gluons). At low energies fhia component can
"stop™, as it is assumed in the Landau model. With an increase of
the energy of hadronic.collision the "atopping" becomes unlikely

and.ﬁe have the "passing through" for gluon component too. The

- pignificant difference in gluonic and quark cross-sections /7/

give us a hope that such a transition occurs at higher energles
(&' ~ 102 GeV /10/) than those at which the lesding particles
appeér.

‘In section 5 we reduce the number of free parameters of our

model, using the sum rules for the total energy and eﬁtropy.'Tha




latter is related with the “-+al multiplicity of secondaries.

To remains the only essential parameter which is the relax-
ation time (to reach LTE), At To—> 0 the model is transformed

into Landau one /3/, at large Ta ™~ _I'I;"l_ it ie very close to the

Feynman parton model /6/. =
In section 6 we study the dependence of our predictions on
T, end assumptions about the equation of state of hadronic
matter. Comparison with data shows that up to the maximum ISR
energy the picture of hadronic collision is very similar to that
expected in Landau model: at the beginning of hydrodynamical ex-
pansion the temperature of hadronic matter is rather high
('EHUA-G.S GeV), and'stopping" takes place ( }f.l gl 3
In gsection 7 we discuss the picture of hadronic collision
expected at very high energies ( f§'-103 GeV), We consider a
model with the "passing through" and limited initial temperature.
The initisal temperature is assumed to be a constant 'T; = 0.5 GeV
and the width of the initial rapidity distribution grows as
K; po-ﬂts . We also discuss the predictions of different approach-

es in the high P region.
A
o, HADRON FRODUCTION MECHAN ISMS

As we discussed in Introduction, the main thermodynamical
mechaniems (forming the spectra of gecondaries) are the final
"preak up" and "leskage" of particles (or quarks and gluons)
during hydrodynamical expansion. Below we demonstrate some ma-
nifestations of these mechanisms. Let us remind their main fea-
tures:

a) The final "break up" contributes to the "softest" region

of hadronic spectra. The spectra should be thermal here with the
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same temperature | ~ My independent of MM, and of the kind
of the observed particle.

b) The "leakage" forms the harder part of spectra. In this
region the spectra should be universal as a function of lﬂl
/11/, all of the estimates of effective pruductinn'tﬂmperaturﬁ
of the particles should coincide and grow with n[L . For I, ,
where Top < T ¢ T. is the oritical temperature
of the ::adron gags < quark-gluon plasma transition), the "leak-
ag$ should be dominant. In this case the particle yields are
proportionsl to their atatistical weightu. At higher m,

( 1:4{(?@L} > 'T; ) the *leakage” of quarks and gluons become do-
minant and the particle composition is determined by the corres-
ponding fragnentation functions. .

The data /21-26/ plotted in Pig.1 and Fig.2 show that 'l:h-n
slope of the soft part of specira does really agree with the
same vslue of effective temperature 'ﬂ*{ = 0.13 cev.3) 1t is
very interesting that the boundary of & region with the constant
1:*r is rather well defined for T , TT ¥ *( and corresponds
to the same valﬁe of H;Rﬂ_ﬁ.ﬂ GeV/c. The following qualita-
tive explanation is possible: the particles with the momentum
less or order of that of nearest neighbours nfﬂ Inlllﬂnixud‘ or
nsloséd up", while the particles with higher momentum fly awsy
from the system.

Fig.3 shows that the composition of particles is in a rea-

sonable agreement with the estimate of "bresk up" temjerature
: 1ﬁu-Hnw!E!ﬁ#hg
T} ~ 0.13 GeV. Some increass of production temperature'can be

3) The qualitative agreement between estimates of effective
production temperature of the particles of different kinds has
aleso been discussed earlier (see, for instance, Refs.13,27 and

the references therein).




treated as a consequence of the transience of the system,
namely, the cooling during expans‘;inn. Thua, the particles have
time to be "mixed" kinematically (all of the slopes coincide)
rather than in the composition (th;e heavier particles "remem-
ber" the earlier hotter stage of expansion). In this connection
it seems to be very interesting to measure the spectra of 'f‘/ -

.

Although their yield can be mainly contributed by the hard

in the region PJ_ﬁ 1 Ge¥/c with a higher accuracy.

production mechanism /33/, one should expect that their spectra

have a region with the same slope corresponding to T;e = 0.13 GeV,

that is a consegquence of "thermolization" of slow particles. Ais
the slopes of rtheir spectra in the region PJ_: 1-3 GeV/c corres-
pond to qu‘!ﬁ-' 0.2-0,25 GeV, the expected phenomenon should
looks like a "break" in spectra, probably, at E_Lzml-M-{'! GeT.T}EIEM.
The data /34-36/ do mot contradict to this prediction, although
their accuracy is not sufficient for definite conclusions.

In the region Fj_ Z 0.8 GeV the slopes of spectra decrease
(the effective temperature increases with MMy ). Let us remind
that in this region the spectra of hadrons should be proportion-
al to the same " universal" functiion f(m_,_,yaq,s) /11/, which
characterizes the space-time picture of expansion. In order to
exclude it, we have plotied the ratios '._:'__ 3 11:—_ .in Pig.4.
Besides the "soft" region (mln-M }, where these ratios are
changed rather rapidly“, there exist two regions with -other
behavior.

‘In the first of them ( ) 2 0.8 GeV/e, M; § 2 GeV/c?)
the ratios depend on M, rather slightly: P/TI'":s'J.E-LB.

4) For the "soft" region it is more natural to compsre the

spectra at the same EJ_ = M;—M as that in Pig.2.
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K-/Tr'*: 0.3-0.4. This is in qualitative agreement53 with the
predictions of the thermodynamical picture: _F./'ﬂ'- = 2, KH/'IT— =%
In the second region ( M =22 Ge?z’cz} orie observes a quite
different behavior. While the ratio K_' f‘ﬂ'" remaina almost the
game, the ratio -F/TT_ rapidly falls, Such a behavior can be
easily understood, assuming the dominance of "evaporation™ of

quarks and gluons. Firstly, onme should expect the barion-to-

meson ratio to be suppressed in fragmentation of quark {gluon)
just from the combinatorial count /37/. Secondly, there exiﬂts
the “kinematiea.l“ reagson. When the barion is "evaporated" by
the system, its barion number is compensated by the whole ays
tem., In contrast, when the system "evaporates" the quark (gluon),
fragmenting into the observed barion, the barion number is com-
pensated mainly inside the jet having considerably smaller phase
space volume. Besides that, the production of "partner" shifts
the particle in M, by the "partner" energy Epert, which leads to
the additional suppression factor EMF(- .E‘%Ei)_

In the framework of such an ides it is very easy to un_tiar-
stand the ratio K-{T'f'"“ G.B-‘-.D.A. So far as the "partner" prod-

uction leads to suppression, the most probable process is the

fragrentation into meson heving the "evaporated" quark as the

valencl:e one, Thue, U ,H' 5 d ' ql fragment only into pions,

5}‘ The quantitative disagreement should be related w:fi,.‘th :
(1) different contributions to the observed spectra coming
from decays of heavier particles and resonances, (1ii) the de-
pendence of the kinetic on the mass of "avaporated"” particle.
In addition, thera exists an additional suppression for K_, F

production because of gquantum number conservation.,
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and S:F fragment into kacns, whence K/Tl'-_ = 3,"36}. The con-

tribution of gluon fragmentation remains unknown. One may ex-

pect that their fragmentation functions are "softer” than those
for quarks, therefore this contribution should be small. Let us
stress that this statement is true only in our thermodynamical

plcture when the number of "evaporated" quarks and gluons is

assumed to be of the same order, proportional to their atatistie-

al weighta. It is not the case in hard collision models /7-9/
when the contribution of gluon-gluon scattering im expected to
be dominant at P £ 3-5 GeV/e. ' |

Finally, let us suppose that the transition from hadron to
quark-gluon "evaporation® reflects the phase .transitiun of had=-
ronic matter in our system., This allows us to estimate the phase
transition tamperatufe 7: s 'Ta¢(rnlnv2 Ge?fcz}ﬁfo.ES—D.EB GeV.
This value is in qualitative agreement with the theoretical ex-
pectations /38/.

To answer whether the considered phenomenon is really the
ohass transthion o1 s only soms peculisrity of the (hard?)
scattering mechanism of conmstituents, one should the
following

i) The study of the dependence of 1; on the energy of
initial hadrons. Since 1:#Tnhj grows with the emergy, the cri-
‘tical value of M ghould decrease corresponding to the con-
stant 7; . The detailed measurements at Serpukhov and lowest
FNAL energies are especially interesting because at these ener-
gies the initial (maximum) temperature of the collision o is

6) This eatimate does not take into account the excita-

tion of resonances and should be treated as the qualitative one.
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expected to be near T: e AL T:J “:7; the quark-gluon jets should
be absent.
i1) The same measuremenis in high energy mmeleus-nucleus

collisions, where the applicability of our microscopical pictiure

becomes better.
3. ENERGY DEPENDERCE OF HADRONIC SPECTRA

Different mechanisme of hadron production ahould alsc mani-
fent themaelvéa 4in the energy dependence of hadrumic spectra.
Let us define the “energy dependence index":

N
i J&(Eﬁlﬁ)
oLz TEGE ®

and consider its behavior in differemt regioms of M, of the
produced particles.

In the "soft"™ regiom ( Pl_f': 0.8 GeV/c) which is connected
to the end of hydrodynamical expansion, the shape of the My -
iistribution is independent of 8 and is :ie;teminad by the
universal "break up" temperature T;(ﬂ: 0.13 GeV. Hence, we have

> ﬂ'—"i z _;‘%L) (5)
where (-gﬂ-) is the rapidity distributiom of secondaries.
Thus-, in ttia region o (E o(m) ghould be indepemdent of M,
(or PJ. ). The data /21,22/ agr;a with the.-?':?nstunny of [c:;(m
within errors and correspond: oy-= 0.13, dk._ = 0.21, a{.F-
= 0.25. The stronger energy dependence of kson and antiproton
spectra ( d:;'ﬁ = E_a{‘: ) is a conseguence nf_the !trnn;g&nun

and baryon number conservatiom /12,13/.

1




Another behavior is expected for the spectra of "evaporat-
ed" particles. Rather simple (but crude) estimate can be ob-
tained with the assumption that hydrﬁd}fnamieal .expanaion is
one-dimensional and scale invariant ("frame iﬂdependent“].T)

In this case the production of a particle with definite M, is
conditioned by the effective temperature Ta#(ml) independent
of 8 /11/. The characteristic longitudinal size Eﬂ and time
ﬂfwgﬂ , while T“T# , are only parameters depending on

§ . The "soft" part of the spectra corresponding to the space-
like hypersurface (eq.(1)) is proportional to !}f . The spectra
of "evaporated" particles correspond to the time-like hyper-

; Z
surface and are proportional to fﬂ-d-fﬂﬂ f:qr » Whence
N dN )2
E ;‘G;, Z d&,) (6)

Thus, in the region of "leakage" ("evaporation") the preceed-
ing value dm is changed to another constant o(m =2-g{“)

This estimate does not take into account S -dependent in-
fluence of conservation laws (strangeness, baryon number) essen-
tial in K,F production. Assuming that 5 -dependent suppres-
sion of K}',S {wﬁich represents itself the probability to have
in the system a "partner" Gnmp_ensating the quantum number) i=s

independent of m_l__ of the nhaar'l.;'ed particle, we obtain

) (1) )
gk = gk + dg (7)

T This approximation is rather fine even in the original
Landsu model /3/, where the ratio x/t-ﬁ{x,t) is found to be
a slowly varying function.
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This result is also in a qualitative agreementa} with the
data (Fig.5). It demonstrates an evident increase of & for
ELZ 1 GeV/c. :

It should be stressed that in the region of guark-gluon
fragmentation the energy dependence of the pion and antiproton
spectra should coincide, so far as the baryon number is compen-
sated inside the jet and suppression of ? becomes indepen-
dent of S . This statement is confirmed by the data /22/.

The more accurate measurements are required for a final conclu-
sion.

At the beginning of hydrodynamical espansion the estimates
(6) and (7) are not valid because the expansion is rather far
from the scale-invariant one. The particles with m; > ﬁl. (some
characteristic value) are ﬁrc—ﬂuced at the same T.A? . T:_'(s} -

the initial temperature of hydrodynamical expansion /14/.
- dN . A%y -expC P ) (8)
E‘}zp ¢c» at-aku ePE @

Supposing ﬁt & d.x" o2 S's . T; W S? , we have

o(‘?"*—_:23‘+rz';‘j- _ i

2
In Landau model /3/ 3= 1/2, = C?/(1+C%) . Pitting the energy
dependence of the total multiplicity of secondaries /39/, we

have C2 = 0.28 in ISR region. The atudy of the effective prod-
nction temperature showe that at VS = 53 GeV T;asn.'j GeV

/11/, whence r}:{S}: B.T-H}'E S.D‘EE and we have
) my
+ : T ()

8) The better agreement can hardly be reached because of

the erudeness of the model and uncertainties of the experimental

data.
17




The cemparison with data /22, 4C-43/ (Pig.6) shows rather
good agreement without any free parameter ! This fact gives
a2 hope that the hydrodynamical picture may be applied even
up to I'TIJ_N 3-4 Ge?f’cz.

4, TRANSVERSE HYDRODYNAMICAL EXPANSION

Tn our previous comsiderations (and alse in Ref.11) we
neglect the effects of transverse hydrodynamical expansion
(THE). The existence of THE is not essential in the estimates
of the yields of plrtiélua but its influence can be very notice-
able in the E;—diatributinn of produced particles /17/. As
the yields of particles and the slopes of their spectra corres-
pond almost to the same effective temperature, there exists a
hope that the influence of THE is insignificant.

In this section we shou-thnt the considerable THE may only
appear at the latest stage of expansion, when the syostem tempe-
rature is TﬂM'T} . Thue, one can neglect the THE at earlier
atages'which give a main contribution to particle pruductiun
at R 2 1 GeV. Moreover, the customary estimates /3,17/ are
sensitive to the unknown boundary conditions between the matter
and vacuum. Por instance, ome should take into account the wvacuum
pressure, its possible dependence on plasma demnsity, etc. As a
consequence, these estimates are unreliable.

It should also bé noted.that the longitudinal rapidity
distribution is mainly formed at earlier stages of the expamsion
/3/, when the influence of aﬁnh factore is negligibly emall.

Since the velocity distribution of THE depends on the ini-
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tial plasma distribution, we restrict ourselves only to a
rather crude estimate of‘(la?, the characéeristic value of the
average THE rapidity.

Let us suppose the system to be a cylinder with the axis
in longitudinal direction and consider a disec which corresponds
to the unit interval of longitudinal rapidity in the system cen-
tral region, Assuming that the THE is nonrélativistie, we have

(in the disec rest frame):

dXq , -z dx ).
%(ql‘) ~ @l 3?1 PJ/(TTFE, a—ﬂ‘,l £) (11)
where Fo ~ f‘m: igs the disc radius; .-P, E are the pressure

and density of hadronic matter. Assuming that the equation of

state is P=C*E ( C%= 0.2 /38,49/), we get

£
<rzl ,.,,Zéi': dt (12)
A |

where Lo, tg are the initisl and final time moments of hydro-
dynamical expansion. In the case of isoenthropic one-dimensional
g)

and scale-invariant expansion~’ we have a .simple relation
between the proper time and temperature /20/ (see alsé Appendix
of Ref.11): |
T - ‘%Eﬁkﬂ

(generally speaking, d depends on S of the initial hadrons).
If is evident that earlier stages with thé temperature TfP-T}_
correspond to T << t} and their contribution to eq.(12) is
negligible (the main contribution comes framrr~1¥ e

The energy dependence of <7L) can be estimated if the
parameter @ is related to the multiplieity of secondaries

(in the central region):

9) See the note 7.
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dS
dy

geystem, the parameters A, ‘ are explained in Appendix.

here ig the plasma  enthropy at the final "break up" of the

Using gjﬂmf , one has
ipﬂ-‘- bA. (1+c8) w2 a

Whence,
et = ' {jct 11
) ~ S (T A0 T ) (EJ&%—) (13)
L10-0.
The data 721,22/ show that gﬁ-w Sﬂ s , i.8., the estimate

(13) leads to the stronger energy dependence than tha® obiained
in Ref./17/. CIZL'}“ c2 50‘0?‘[}‘1 by the numerical solution of 3-
dimemsional equations of hydrodynamical expansion. This is ihe
cage because we do not take into sccount ihe fact that at t~ry,
the expansion becomes 3-dimensional. In 3-dimensional exﬁaﬂsion
the cooling is more rapid end %y becomes a more slow function
of 8 . Of course, this fact does not change the conclusion that
the latest stage of expansion is the mesnt important in formation
of THE.

The numerical solution obtained in Ref.17 shows that at ISR
energies (QJ_‘?#D.#*D.S and the dependence rel(r] can be ap-
proximated:

?L(r") = eonst.r . rcry,, (14)

The introduction of such THE into the moZel results in serious

problems, PFirst, in crder to reach egreement #ith the pion spectra,

one has to lower the "break up" temperature down Lo T}ﬂ*ﬂ.ﬂa-
0.1 GeV. This value is rather far from that obtained from the

particle composition 1}‘" 0,13-0.15 GeV, Second, this THE dis-
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torsta the nonrelativistic region of the m, -distribution of
heavy particles. For instance, in Pig.T7 we show the antiproion
gpectrum calculated with the use of THE rapidity distribution
{id ) Tor (QL')= 0.5 and the final "break up" temperature T; =
= 0.095 GeV which provides the best fit to the pion spectra /7/.
the evident disagreement with data /21,22/ shows that guch large
THE is wvery unlikely.-

Tn conclusion of this section let us note that the same ob-
jections can be raised for recent attempts /44/ to describe the

large f] particle production by the THE.
i 2
5. A SIMFLE MOLEL OF SPACE-TIME EVOLUTION OF HADRONIC SYSTEM

In the previous sections the phenomena have hegn considered
which are quite insensitive to the detailes of the space-time
evolution of the hydrodynamical system. To analize the phenomena
sensitive to this evolution, we use a simplified hydrodynamical
model, assuming fhat the exparnsion is nne-dimensinnal1ﬂ} and
igoenthropical, Although the accuracy of éuﬂh a model is not very
good, it reproduces the main features of the expansion process.

is it has been shown in Introduction, the initial conditions
of hydrodynamical expansion can be characterized by the initial
temperature 7; , the relaxation time To (tn.rnach LTE) and the
width Ym of the initial rapidity distribution. In order to

reduce the number of free parameters, we use here the sum r™iles

10) As we have seen in Section 4, the effects of transverss

hydrodynamical expansion are expected to be rather small.

21




i £ i To which is the characteristic time to reach
for the total energy and enthropy of the system. Assuming the this parsmeter 1

ZM
LTE. If the hadronic interaction is strong =0 that T,ﬁma "

enthropy to be constant during the expansion, we relate it to

ntracted longitudinal size of the initial hadroms,
the total multiplicity of secondaries (excluding the leading the Lorentz co g

- d iption is valid from the very beginning
particles and their fragments): the hydrodynamieal descrip '

M-85, N~3(Na-2) £

of collision and Landau model /3/ predicts
Z E 53
Yo S L, v, =:C= (-L ). _ggq_J :

1+t b opiy Eam
where gm’ 0.23 in the model of slightly imperfect hadronic gas - v £ (!—cEJ/(f+C2) 2¢2/cr+c2) cr9)
[ |
(see Appendix), N 1is the experimentally observed multiplicity s ’ o Ec.u

of charged secondaries.

The energy sum rule has the form:
where € is the hydrodynamical velocity of sound in hadronic

£ Eop = fafe*ﬂ T (16) ey

. f ' In the opposite limit ‘E},~J.’/m, . 7;'~m, and from eqs.
Ec.ﬂf s is the energy of initiasl hadrons, 1% fe 1/2 ie
(17) and (18) we get:

X: s ooy Ecm g

the inelasticity factor (the fraction of energy transferred by

the gluons and presumably going into the hydrodynamical system), m
dE'F is the element of hypersurface corresponding to T(I;f)=ﬁ' N~ E%, Eﬁlg . m o~ i_q-euy{:?— (20)
¥
T = (& + p} utu” - ng‘? is the energy-momentum

tensor and U'= (C}'{:"ﬁ{"-ﬂ;g) is the local 4 -velocity. Using

eq. (3), we obtain which are just the usual predictions of the parton and multiperi-

pheral models.

bEey = TrE T, &(T)) 2% Y = vﬂs(ﬁ)-%yﬂ (17)
V, = 2952, Y s
Analogously, for the total multiplicity of secondaries, we have

Tn the intermediate case the model represents some interpo-

lation which phenomenologically describes the parton final state

interactions.

N.: gs =Trn’z o 35(?1)21{.. :gbf.S:{'?:) (18) ‘ Below we study the following two problems: (1) how the pre-
o & :!T
dictions depend on the equation of state and (ii) how they depend
where ', is the (transverse) radius of the system, &T) S(T) A P q
' the "passing through" of the gluon component.
are the densities of energy and enthropy, connected together by i g g
4 1. The equation of state. Let us consider three cases. The first

the egquation of state (see, e.g., /38/, Appendix).

two ("a" and "b") assume the following power behavior
Thus, our model has only one free parameter, In essence,

2
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+c2) /c?
¥ A'T(i .}z"C+

5= AT, creer .

with Cz equal to 0.2 and 1/3 respectrively, The parameters

A and B have been evaluated from the normalization paint'TEPﬂTJ

where the estimates for slightly imperfect hadron gas seem to
be reliable (see Appendix). The last variant "¢" corresponds to
the more complicated equation of state with the "phase trensi-
tion". For the temperatures less than the critical value 7;
it is described by the imperfect gan of hadroms with C2 = 0.2,
For | >To it corresponds to the quark-gluon plasma with
¢t 1/3 /38/. Phenomenologically the first part descrihes
the growth of the effective number of excited degrees of free-
dom, while the second one corresponds to their asymptotic num-
ber in QCD proportional to the total number of different quarls
and gluons. In cur model we have chosen 'Tz to be equal to
0.3 GeV.

All of the three variants ("a", "b", and "e") correspend
to the "stopping™ of hadronic matter ( K% = 0.5}, The. remain-
ing parameters are determined by eqs. (17) and (18) from the
data /39/ on the multiplicity of secondaries Mﬁffcnq). Tha

caleulated values are given in Table 1.11)

11) Let us note that the model "c¢" seems to be more pre-
Tferable "han "a", becsuse in the model "c" we have approximate-
1y Vo on Q/E}" which can be easily understood in the TLandau
model. At the same time, in the model ™a" the problem raises

that U, decreases too rapidly.
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2, The "vasaing through". The model "a"="¢" agsumes the "quick

mixing" snd reading of the LTE, i.e. the "early" transition from
iihe hydrodynamical stage of,
the partonic to* hadron-hadron collision. For comparison, we con-

gider also the opposite case of the "late" transition (the model

"d" ) when thes initisl tempersture is close to the final "break
up" temperature 1} a.’T} ?:Hﬂ[ « In this case the stage of hydro-
dynamical expsnseion and "cooling" is inessehtial, all of the par-

12)  pege

ticles are produced at the same temperature Tﬂ s T} .
dictions of such a model coincide with those of the multiperipher-
al cluster models 1in which the higher initial temperatures are
not considered either. In the central region this model predicts

a "plato" like the parton model /6/.

Since the particular choice of 'T; and & is not esmential
in our model "d", we take only one set of them, 1: = 0,19 GeV,
CE = 0.2. The reast of parameters defined by eqs. (17) and (18)
from the data /39/ is also given in Table 1.

The equations of hydrodynamical expansion have been solved
numerically in a one-dimensional approximation, neglecting the
viscosity effects,

So far as the spectra of hadrons produced at the "break up"
are strongly restricted by the normalization on the total ener-
gies and multiplieity of secondaries,in small E{—regiﬂn the pre-
dietions of all the models "a"-"d" are practically the same and
are 1n reasonable agreement with data /22,46/ (Fig.8). In order
to make a choice between these models, in the next section we
discuss the phenomena depending on the earlier stagee of hydro-

dynamical expansion.

12) A similar model has been considered in Ref./45/.
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6. COMPARISON WITH DATA

1. Dileptons and hadrons with My = 144 Ge?fc?, The most

direct way to study the space-time picture of hydrodynamical
expansion seems to be the analysis of a "universal" funciion
';ﬂ"k;HJEU /11/ which is some integral characteristic of thise

picture:

rf’}{mj_}g,:&j = G;nfd{' d3x EJ{P(— mi"hf?‘i#hf‘;f))) (21)
Tix,t)
where gfx,t) and 'T’(X)f'} are the local rapidity and temperature
in the hydrddynamical gystem, G;m is the inelastic creoss-sec-
tion Tor initial hadrons. This function is directly connected with
the inclueive spectra of dileptons:

d¢ oL 2y
TAMZ dmz dy —  Zhw* R(M) 79(”%%?5’), (22)

where o = 1/137 is the fine structure constant, and
E(Mﬂ) = Gf,"'e_—; hadrens
Ge*:z‘ — F*IIM-
For hadrons, we have

de =8k b
wami-ai '&lﬂu ﬁﬁs.—"e(mj_}%}s_) (23)

As it has been shown in Ref./11/ and in section 2, the main
contribution to hadron spectra at ﬁhf‘2—4 Ge?fcz comes from
the "evaporation" of quarks and gluons rather than common hadrons.
Hence, gl ja proportional to the statistical waeighta of qugrks
and gluons, as well as to their fragmentation functions into the
observed particle., Taking the fragmentation funciions from Ref.

/8/, we can numerically parametrize

26

-~ o

-

_2.82 S
g = 9%5n + F1077(n-6) (o1

where

= —my %TI @1(19(mi}%5}).

The invariant mass distribution for dilepton "continuum" is

related to ffhudgjﬂj in a more complicated way:

2 f4z! T
j_%% e & qgjs( Joi'mf' Iﬂ(mJ—Jl?’SJ' (25)
M

Since the extraction of ﬁhmJg,SJ from existing data is a rather
difficult procedure, we restrict ourselves to the comparison with

L=
datz of the model predictions for A§1dﬂ

Gl

Qur comparison of the "experimental" ﬂhﬂL}y,ﬁv calculated
by egs.(22) and (23) from the data f22, 30, 40, 41/ {(Pig.9) and

. T
the data for dﬂdﬂ-}gza

the models "a"-"d" ghows that:

/30,35/ (Fig.10) with the predictions of

a) The best agreement with the data is provided by the mo-
del "a" corresponding to cZ = 0.2, and also by the model "c"
with the "phase transition" equation of state.

b) The predictions of the model "b" ( C% = 1/3) are too
high..

¢) The "paseing through" leads to too low predictions("d").

Thus, the experimental data can be well described by the
models "a" and "e" with ‘the ;pace-time evolution which is. very
close to that of Landau model /3/ (the "stopping" of hadronic

matter). Tt should be however noticed that one can introduce some

" "passing through" (incomplete "stopping") with the ‘simultaneous

o




increase in C? (or decrease in the "phase transition" tempera-
ture 11 in the model "“c").

In Fig.11 we plot the different contributions to the pion
spectra expected from .

1}‘ the final "break up" into secondaries at 'T;E = 0.13 GeV,

2) the "leakage" of hadrons (quarks and gluons) during the
hydrodynamical expansion (the model "a"),

3) the hard collisions of the constituents of initial had-—
rons /8/ proceeding at the parton stage of hadronic collision.

The whole picture shows a nice sgreement with the data,
each of contributions rather well reproduces the Ei-dapendence
in the region of its application. Fig.b demonstrates that th?
models "a"™ and "c¢" reproduce also the energy dependence of (pion)
spectra. The more accurate data are needed at higheat energies of
ISR, where the experimental uncertainties are so far too large.

2. The D--djatrihutinn of dileptons. The detailed study

p
of a shape of this distribution can provide an additional import-

ant test of the models. In the region of thermodynamical descrip-
tion this distribution is immediately connected with the mention-
ed above function ﬁhﬁ?QJS}?but outside this region this relasticn
is atrongly violated /11/. Therefore, & study of this distribu-
tion can clear up the limits of the tharmcdynamicgl deseription.
I The model predictions fér (fi? and C,= E%E%QE are plotted
in Pig.12. The data available /30/ on 4(Fi> diﬂ;kree with any

model, ef%pt "d" (the "passing through"). In contrast, the estimates

of Cz obtained from parametrization of the same data confirm
strongly the models "a" and "c" which are the best ones in the
above considerations. Such a disagreement can be ascribed to the

absence of LTE or large contributions of hard processes 13235 well

13) The data /30/ correapond to the dileptons produced mainly
outside the central region {}(F = _ﬁ_zp > 0.15 3.
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as tc the large experimental uncerisinties at small Fi In
any cese, the new measurements of the dilepton Ei-distributicn
are required,

Pinally, let us note that the difference between the models
"a" and "c" appears to be more essential here than that in the
inclusive spectra (Fige.9,10). At M < 2 Ge?fcg the model "e"
(dashed line) is close to "a", while at M > 3 GeVﬁcE its pre-

dictions colincide with those of "h",
T. HADROE-HADRON COLLISIONS AT VERY HIGH ENERCIES

A8 it has already been mentioned in Introduction, at high
enough energies the asymptotiec Treedom makes the "stopping" im-
pogsible even for ths gluon component. At f§->F§i (some eritical
energy of colliding hadrons) one has some initial rapidity dis-
tribution of hadronic matter at the beginning of hydrodynamical
expansion. With an increase in § , this distribution should
become more and more wide, but the growth of the initial tempera-
ture becomea slower or disappears at all., So, we come to a new
regime where the parton stage plays the main role, while the
hydrodynamical one gives the comparatively small corrections.
Here it is expected that the power dependence of the total multi-
plicity on the energy (intrinsic to the Landau model) is changed
to the logarithmical one, the secaling is reached in the central
"plateau”, ete.

The estimates in Ref./10/ show that such = transition is
expected at Vst ~ TGE GeV, which corresponds to the limiting
value of the initisl temperature qﬂE:D.S-O.? GeV. We conaider

below the model "e", having the equation of state "e" (with the
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"phase transition") and fixed initial temperature T; = 0,5 GaV,
The remaining parameters (see sect.5) have been determined by
eqe. (17) and (18) and also by the logarithmical extrapolation
of multiplicity data /47/. In Fig.13 we compare the repidity
distribution in the "soft" [:l region ( PJ_ = 0.4 GeV/c) wit
that predicted by the Landau model. In the latier we have used

a "more realistic" (at high temperaturec) eguation of state

me" with the "phase transition". The main distinection in speétra
is connected with the different expected total multiplicities

of secondaries. In Landsu model the power extrapolation ﬁfco Smh
leads to N & 60, while in the model "e" the logarithmical one
gives N =30 (atV§ ~10° GeV).

The more interesting picture is expected in fransverse mo-
mentum distribution (Pig.14). The existence of the limiting va-
lue T. leads to the independence of the shape and normaliza-
tion of the thermodynamical contributions on the energy of
initial hadrons. If the hard scattering contributions will con-
tinue to grow, as it is predicted by Ref./8/, they would be do-
minating even in the ragianrnf sz 1=3 GeV, which at present
energies is dominated by the nleakage” of quarks and gluons
from the thermodymamical system. Since in hard scattering mo-
dels the main contribution is here the gluon-gluon gcattering,
the growth of hadronic spectra should be more rapid than that
of dilepton spectra and the "universality" /11/ of hadron and
dilepton spectra should strongly violate.

Let us finally note that some increase in spectra atmg 2

GeV is also predicted by the (one—dimensionalT4}] Landau model,

14) The transverse hydrodynamical expansion is neglected.
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but it ie too in comparison with the mentioned above contribu-

tion of the hard scattering processes.

8, SUMMARY

In the present study we discuss in détail the place of
the thermodynamical description (TD) of high energy hadron-
hadron collisions. In Introduction it has been shown that TD ie
natural for comparatively soft prccésﬂes proceeding at late
stages of hadronic collision, while the parton approach des-
cribes the hard scattering of constituents of the initial had-
rons taking place at the beginning of the collision., The time
moment when the ccllision comes from the parton stage to the
hydrodynamicél one (the moment of reaching of LTE) is governed
by the rate of relaxation processes,. |
The main applications of TD are: (i) the description
of a space-time picture of the system evolution (expansion)
from the moment of reaching of LTE up to the system "break up"
into secondaries, (ii) the description of the system decay into
the observed particles.
In the first part of our study (sects.2-4) we have conesider
the topieca unrelated to the particular picture of syatem expan-
Bion. In sect.2 we have studied the particles ratios and glopes
of their spectra with the conclusion that the region of the thermo-
dynamical description may be divided into three regicné: {1) the
"soft" hadron region ( a_.@ 0.8 GeV/c), where the main contribu-

tion comes from the final "break up"™ at the end of hydrodynamic-

al expansion, (2) the region ( EZ 0.8 GeV/e,M, £2 Ge?fuzll,

where the "leakage" ("evaporation") of hadrons dominates, (3) the
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region (Fﬂl? 2 GeV!nE}, where the main contribution comes

from the "leakage" of quarks and gluons. Assuming that the

"leakage" of hadrone is changed by the "leakage" of guarks and

gluons because of the phase transition in the system, we Lave

estimated the critical temperature to be'TL e 1a¥(rﬂlﬂ 2GeV)

~ 0.25-0.28 GeV. The =tﬁdy of the energy dependence of had-
ronic spectra (sect.3) has provided additional arguments in
Tavor of our picture,

The estimates of the traneverse hydrodynamical expanaion
{THE) have shown (=ect.4) that the main contribution to THE
comes from the latest stages of expansion, when the various
unknown effects (e.g., the boundary conditiona between the
plasma and wvecuum, etc.) become important. We have found ihat
at the earlier stages of expansion the THE is negligible
snd at the latest stages the estimates of THE are unreliabie.
The analysis of the "soft" region of spectra of heavy seconda-
ries (e.g., antiprotona) has shown that the THE is sup-
pressed (or practically abeent). Therefore, in the next sec-
tions (5-T7) we have used the one-dimensional approximation for
the longitudinal expansion.

In sect.5 we have formulated a simple model for the space-
time picture of the (longitudinal) hydrodynamical expansion.
The main paremeters of the model are the characteristic relax-
ation time (to reach LTE)} T, and the equation of state of
hadronic matter. For emall ‘[, the model is close to the
Landeun one; in the opposite case, it corresponds to rather
free "paesing through" of hadronic matter without "heating"
and is close to the Feynman parton picture. The comparison
with data (sect.6) has shﬂwﬁ that for the present energies

(FNAL, ISR) the best agreement can be reached for rather small
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Te and therefore the initial conditions of hydrodynamical
expansion ere close to those in Landau model, The predicted
change in the energy dependence of hadronic spectra at M~2-3
Ge?fne agrees rather well with the data available.

In sect.7 we have considere: some extrapolation of the
thermodynamical picture to the superhigh energies of cﬁlliding
hédronﬁ. Ag far as the Birong interactions are "asymptotically
free", we expect that "passing through" leads to the scaling
of the thermodynsmical contributione to the spectrs of secon-
daries. Comparison with the predictions of the hard scattering
model has shown that the latter become dominating even at fi

A 1=3 Ge?fc, where at present energies we find fthe "evapora-

tion" mechaniem,
g, CONCLUSIONS

The main attractive features of the formulated thermo-
dynamical picture are its comparative simplicity and - elarity
and“Ehe posaibility of unified explanation of the available
data. The detailed studies of the dilepton and hadron produc-
tion in the applicability region of our picture (M < 3-4 GercEJ
allow us to obtain the information on the thermodynamics of
hadronic matter,including its phase transition from quarks
to hadrone and related non-perturbative effects.

At the same time,the picture considered above 1s mainly
qualitative and approximate and requires theffurther theoret-
ical studies (e.gz., the account for the kinetie during the ex-
pansion and system decay into the observed particles, the im-
pertfect LTE and so on), as well as the new, more detailed and

accurate measurements of tPE spectra of produced particles and
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resonances, their energy dependence, ete.

It would appear to be very interesting to measure the
same spectra in high energy nucleus-nucleus collisions. So far
as the appiicability of the thermodynamicael approach becomes
considerably better, such collisions could provide & nice pos-

8ibility to study the properties of quark-gluon matter,

The author is very much indebted +to E.?.Shuryak for the

gupport and mmerous discussions,
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AFPENDIX

At the low eneuwgh temperatures |~ My the thermodynamics
of slightly imperfect hadron gas can be described in the first
order of virisl expansion Ihy inclusion in the statistical sum
bemides the stable particles their bound statem, the ‘resonances
/48,49/. In this approximation the energy and emthropy demsity

8,8 can be calculated a8 fcllows:

e~ ZTG) (o)
2 T (&) (3

(A.1)

w
"

where g, ie the statimtical weight of a particle (or resonance)
of the kind "a", M, ie it® mass. The summation l1s done over
all of the strongly intsnctﬁng particles (resonances). The
funetions Ci)(z)} ({z) are defined im Ref./3/. Thne estimates of
the velocity of sound ¢ obtained in Ref./49/, show that in

the temperature in'l:-ar'ml. T = 0.14-0.7 GeV the result CZ= 0.2
very little depends on the detailles of calculations. Although

et T~Mmy these estimates seem to be reasonable, their re-
1iability at higher temperatures is rather questiomable. We
consider the power parametrization of the equation of state,

being in essence an extrapolation ‘into the high tomperature

region: 7 &
E = #TMMC +B

S = A (1ec») T'/cz

(A.2)

2R




In the model "a", according to /49/, we suppose cz'= Q2
in the model "b" we take CF = 1/3. The parameters A and B are
fixed by the normalization of eg.(4.2) at T'=Myg , At lower
témperatures fhe gystem "breake up" into secondaries, at higher
ones the eatimates became unrelisble. Taking into account
a=w,K ) Q,‘P:U;QLK*, we obtain &Mg) = 7.7-107% GeV, Sfhy)=
= 6.5'10_3 Ge?j, S0, in the models "a™ &and "b" we have A =
102, B = 1.7°107° cev? anda A = 1.8, B = 8.6+107° Gev?,
respectively.

A8 has been pointed out in Ref./38/, the phase transition
from the hadron to quark-gluon phase is expected at ‘To~ 0.3-
0.7 GeV. Our comsiderations in sect.2 show that Te~0.25-0.28
GeV. Up to now, in this region tﬁe behavior of the equation of
state remains unknown. We consider a simple "composite" model
“c“..Fnr T<Te it coincides with "a"™, for T>Te it paramst;
rizes the QCD estimates /38/ by the power form (4.2). Taking
To = 0.3 GeV end assuming $,€ to be continuous'?) | we
have €% 0.3, A= =12 Gev > , B = 5.5-107> cevt.

Finally, we estimate the proportionality coefficient 3
between the emthropy of decaying plasma and the density of
produced partieles ( W and K -mesons) at T=Mr . Doing in
analegy to eq.(A.1), we obtain ntﬂr(nm'i)' 1.2°90~> {}ev3'

PSP IR ) + 0.23,

18) Strickly sfeaking, this is valid enly for the second
type of the phase treamsition.
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FIGURE CAPTIONS

Pig.1 The dependence of invariant cross sections Eﬁ on
the "trarnsverse mass" /M, . The solid lines show the
glope é:orrasponding to Tq!{= 0.13 GeV. The arrows cor-
resapond to P = 0.8 GeV/c. Data are takean from:

e ~[21]: »,¥,0-[22].

Pig.2 The dependence of particle spectra on the "trensverse

energy" E'_LE m_L-M . The solid lines show the slope
" corresponding to quf"—*ﬂ.‘lj’) GeV, the arrows show B_ =

= 0.8 GeV/c. The data are taken from 0,® - [23]. -—EM];

v,a,a8 -[24; x-[25]; o-[22]; = -[26].

Fig.3 The railsias of particle epectra divided by the particle
statistical weight to the spectra of plons of the same
aigh. The data are_. collected from: K -fET-,EE,EB],
p°- [23.29-31] K tes0) - [24] . P-[21] -¢-[o.39] .
7°- [25,26,28] , f ¢1270) - [23.32] . K*(1420) -

 [24,32] , guis30) - [32].

Pig.4 The pﬂrticle ratios Pf'ﬂ!‘ K/]T versus M; . The data
are taken from: ¢ -Ilﬂ a, X -[22]. The arrows cor-
respond to P = 0.8 GeV/c.

Flg.5 The emergy dupmdenca of haﬂronic apectra, The solid
lines represent the data[21] , the point are taken
from [22] . The dashed lines are the data [22] averaged
over reglons ( P,{G.B GeV/e) and LFQO 8 GeV, M <
2 Ge‘.ffnz}. The arrows correspond to P = 0.8 GeV/c.

Fig,6 The energy dependence of pionic spectira. The data are
teken from: A- [22] ; O- [40] ; 0-[a1] 5% = [42];

I-_{Tf"]rl'-fﬁf)E}_] . The dotted lines show the predictions
of Landau model (eq.(8)). The solid lines correspond to

the model "a" and ¥8" described in secis. 5 and 6,

40

Fig,7 The antiproton spectra E-g;% [21,22} . The solid
line corfeaponﬁa to the absence of THE, the dashed
line is calculated for the THE predicted in Ref./17/.

Pig.8 The inclusive spectra of the "soft" plons [P_L-: 0.4
GeV/c). The predictions of the models "a", "b", and
"d" are compared with data [22,46] .

Fi The "universal" function ?(ml,li,S) predicted by the
modela "a"-"d" in comparison with that extracted from
the data v-T [22] , i-]T“ [40] , o4 41] % - [30].

Pipr,10 The dilepton spectira predicted by the models

g,
ng.td" in comparison with 3ata KBG 35]

Fig.11 The contributions to the: pion spectrum expected Ifrom:
(i) the system "break - up" at the énd of hydrodynamic-
al expanﬂiaﬁ, (i1) the "leakage" of hadrons (quarks
and gluons) during the expansion (the model "a"),
(1ii) the hard scattering of the initial hadrons. The

data are: V-N [2‘2] ,I—IT°[4D] s -.u [41]

Fig.,12 The dependence af (F) and Cp = .*C_%; on the dilepton

invariant mass. The data are taken frnm [3!]] The dash-
ed curve corresponds to the model "g".

Fig.13 The spectra of "soft" pions ( PJ_ = 0.4 GeV/c) expect-
ed at very high energies (Vs = 103 GeV) of the initi-
al hadrons. The curves 1 and 2 correspond to the pre-
dictions of Landau model and the model "c" described in
text., For the comparison we plot 3 - the parametriza-
tion of ISR data [22,46] at [S = 53 GeV.

Fiz,.14 The pion spectra Eg% versus B_ predicted by: 1 -
the model "e¢", 2 - Landau model, 3 - the hard colli-

sion model (Ref.8).
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