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We discuss the importance of temperature measurements for probing the properties of
dense, hot hadron matter in relativistic nuclear collisions. The effects of the collective
matter flow are considered. It is pointed out that information about the existence of a
limiting temperature T™* 2 m, can only be obtained from future experimental facilities
with beam energies E; ,,>5GeV/n. We also discuss the possibility of observing abnor-
mal nuclear matter via a secondary, high temperature component in the particle spectra
and via a shoulder in the pion multiplicity distributions.

The production of extended globs of strongly com-
pressed and highly excited hadronic matter is one of
the most intriguing aims of relativistic heavy ion
physics. As up to now practically nothing is known
about the properties of nuclear matter under these
extremes, it is essential to elaborate which kind of
observables can be used to extract information
about the equation of state of the hot and dense
matter formed in violent nuclear collisions.

In the present work we discuss the significance of
the measurements of the particle spectra in nuclear
collisions with high associated multiplicity for deter-
mining the temperature in the system experimental-
ly. We show that information about the existence of
a limiting temperature T™ in hadronic matter may
be obtained by measurements of the bombarding
energy dependence of the temperature, T(E,,p) at
energies E; ., >5GeV/n. We discuss the effects of

* This work was supported by Deutscher Akademischer Aus-
tauschdienst Bonn, Germany, and the Director, Office of Energy
Research, Division of Nuclear Physics of the Office of High
Energy and Nuclear Physics of the U.S. Department of Energy
under Contract W-7405-ENG-48

the collective matter flow on the measured tempera-
tures. A detailed inspection of the large transverse
momentum (p;) regions of the spectra can provide
further knowledge about the nuclear matter equa-
tion of state, e.g. about the possible existence of
abnormal nuclear states.

A series of recent measurements at Berkeley and
Dubna yielded interesting and promising results:
Nagamiya and collaborators [1] measured the in-
clusive spectra of pions, protons and light composite
fragments (d,t,He) with large p; at 0.,=90° for
collisions of equal nuclei {[C+C, Ne+NaF, Ar+
KCl], and for the asymmetric reaction Ar+Pb at
bombarding energies of E ,;=02, 04, 08, and
2.1 GeV/n.

Quite analogous experiments have been carried out
by the Moscow group in Dubna: Pb targets were
bombarded with 3.6GeV/nHe and C projectiles
from the Dubna Synchrophasotron and the inclusive
proton spectra were measured [2]. In both experi-
ments, the large p, regions of the spectra are found
to decrease exponentially with the fragments’ kinetic
energy in the equal speed system, ie. in the nucleon-
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Fig. 1. Shows the experimentally determined slope factors
T(E; ,p) They are compared to the temperatures T calculated in
the hydrodynamical model for a pure nucleon Fermigas (dashed)
and for a classical ideal hadron gas with an exponentially increas-
ing mass spectrum with T,=134 MeV (lower solid curve) and T,
=200 MeV (upper solid curve), respectively

nucleon (n—mn) center of mass (cm.) frame. The
maxima of the invariant cross  sections
o, =E/p*d*¢/dQdp for a given p;, which are in
general located at the rapidity of the n—n c.m., can
well be approximated by the expression

O (P1) =0 eXP(_EéM/T)

with E* =(p2+m*)'2—m, m being the rest mass of
the particle detected. The slope factor T - the
“apparent temperature” [1] - of the inclusive pro-
ton and pion spectra is shown in Fig. 1 for various
projectile-target combinations as a function of the
bombarding energy E;,p. Here we emphasize the
following features of the data [1, 2]:

i) T increases strongly with the bombarding energy.
For the system Ne+NaF, the proton slope factors
exhibit an increase from T=49, 75, to 122 MeV for
E, =04, 0.8, 2.1 GeV/n, respectively [1].

ii) T increases with the projectile and/or target
mass at a given bombarding energy; for protons, T
=68, 75 79, and 87 MeV for C+C, Ne+NaF, Ar
+KCl, and the asymmetric system Ar+Pb at E| 5
=0.8 GeV/n, respectively [1]. At E;,5;=3.6GeV/n,
the T values are 118 and 138 MeV for He and C
projectiles, respectively [2]. This is the maximum
value of T observed up to now in relativistic nuclear
collisions. Note that these T values are close to the
“asymptotic” slope factor observed in high energy
proton-proton collisions TpP%12O MeV [3], which
have been interpreted as evidence for a limiting tem-
perature in hadron-hadron collisions [4].
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iii) T increases with the mass of the emitted frag-
ment; for pions, T is found to be systematically
~20% lower than in the corresponding proton data,
which in turn are lower than the corresponding de-
uteron slope factors [1].

iv) T increases with the associated fragment multi-
plicity <M, ie., with decreasing impact parameters
[1].

In the following we want to interpret these interest-
ing experimental findings on the basis of a fluid
dynamical approach to high energy nuclear col-
lisions. First, let us compare the overall energy de-
pendence (pointi) of the observed “apparent tem-
peratures” T with the temperatures T calculated in
the hydrodynamical model. This is done by solving
the relativistic Rankine-Hugoniot equation [5, 6]

W2 —W¢+p(W/p—W,/p)=0 2

with an equation of state W(p, T) appropriate for
the hot dense hadronic matter. Here W, p, and p are
the energy per baryon, pressure, and baryon number
density in the rest frame of the compressed matter
and W,=931 MeV/n, p,=0.17 fm~? are the ground-
state energy and equilibrium density of nuclear mat-
ter, respectively. We use the following Amnsatz to
describe the density and temperature dependence of
the equation of state:

W(p, T)=Wy+E (p)+Er(p, T)+4M(T) )

The equation of state is decomposed into a zero
temperature, density dependent “compression” part,
W,+Ep), and a density and temperature dependent
“thermal” part Er(p, T)+ AM(T), where E; and AM
describe the mean kinetic energy per baryon and
mean mass increase due to resonance formation,
respectively. For E(p) we use the extended liquid
drop model formula [5, 6]

K 2
E ()= m(p —po) 4)

with the compression constant K=200MeV. For
the thermal part of the equation of state of the
hadronic matter, let us consider a mixture of nonin-
teracting hadrons in thermal equilibrium. The Fer-
mi-Dirac and Bose-Einstein momentum space distri-
butions for a relativistic ideal gas of particles of
typei and of mass m;, chemical potential y;, and
statistical weight

g =02S;+1)2L+1) (5)

ie., with spin S, and isospin I;, at a temperature T
and occupying a volume V are (h=c=k 1)

Boltzmann —
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N — g Vp'dp 6
N o fexpL (e~ )/ TT £ 1) ©
where

e=(p2 4 mA2. ™

In the nonrelativistic classical (Boltzmann) statistics
limit

Vi Zd _ . p?
N =BV o (B e (22 ®)
(2n) T 2m, T

The total number N, and average energy density e
(including rest mass) of particles of type i are ob-

tained by integration of (6):

eel -—n+1 .

N= gle T Z +) exp (%) K, (g@w) ©)

e T T
and

gmT & (]
to2n? X"__Z,l n
w\ [ (nm) 3T (w)]

LY T N 10
exP(T)[Kl(T)+nui 2\ (10)
This reduces to

m; T\ 3? w—m, .
Ni—giV(T{> exp(——T—-) (11)
and

N.
:?l(mi_‘_%,r) 12

in the nonrelativistic classical limit.

It has been argued [4] that one can account for the
strong interactions in an ideal gas description of the
hot, hadronic matter by using the complete hadronic
mass spectrum, ie., the complete density of states in
phase space. However, the presently known hadrons
have masses <2 GeV and represent probably not
the complete mass spectrum. In fact, Hagedorn's
bootstrap hypothesis [4] (A hadron is a fireball,
which consists of fireballs, etc.”) implies an infinite
number of hadrons with an exponentially increasing
hadronic mass spectrum, which in turn asks for a
limiting temperature 7™ Hamer and Frautschi [7]
have generated, based on the bootstrap hypothesis,
such an exponentially increasing mass spectrum
using only the known hadrons as input. The density
of states thus obtained is given by [§]

pmy=a () exp (7)- (13)
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with a=0.56/pion mass and T™=T,=134 MeV to
fit the experimentally known part of the mass spec-
trum between 1 and 2 GeV. Glendenning and Ka-
rant [8] have shown that in this model the pro-
duction of antibaryons and strange hadrons is
strongly suppressed in nucleus-nucleus collisions at
energies E¥,,<20GeV/n, This is due to the rather
low achievable temperature T<T, =134 MeV caused
by an exponentially increasing mass spectrum. Also
the number of mesons produced turns out to be very
small due to the small available volume in the high
compression stages of the collisions [8]. Let us for
illustration study the pions, which, because of their
low mass, give the by far largest contribution of all
the mesons. For the intermediate temperature range,
1/3<T/m_ <3/2, the number density p, and energy
density e, of a relativistic ideal gas of pions can be
approximated (to within 209, of the exact ex-
pressions) by the formulae [9]

p,=0.56 po(T/m,)* (14)
e, =1.85po(T/m)°**m,. (15)

For E,,p;=2GeV/n, where T=106MeV and p
=7p,, the number of pions per baryon p,/p=2.6
10-2, and the pion encrgy per baryon e,/e,~2.4
10~2. Therefore, the predominant contribution of
the hadron gas to W(p, T) is due to the excitation of
the massive nonstrange baryonic resonances, N*.
Here we incorporate into the hadronic mass spec-
trum the nucleon, the 4,; (1232 MeV) resonance,
and an exponentially increasing resonance spectrum
N*, (13), which we use for m=1.4GeV. For com-
putational purposes, we discretize the exponentially
increasing mass spectrum, so that for each mass
interval of width m_ we consider one resonance with
degeneracy g;=p"5(m), (13).

Since the temperature achievable is limited to
T< T, <myc?, and on the other hand we are dealing
with a nondegenerate Fermigas, T3 E,, the nonrel-
ativistic classical expressions, (11) and {12) are ap-
propriate to calculate the particle density p, and
energy density e, of a given nucleon or hadronic
resonance i:

N, T\?? My — B
p=p=(on) emimexn (1) (16)

Since the heavy resonances N* are excited states of
the nucleon N, the rate equations in thermodynamic
(chemical) equilibrium read

N+Nz=N+N 17

from which the chemical potentials g, are obtained.

Uyt iy = iyt s (18)
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ie.
B=Hy =1 19
Then, the total baryon number congervation
(p=B/V)
B=V-Yp, (20)
can be written as
T 342 o
B=Vef) e Y g exp(~m,/T) 1)
n fe 1

Therefore, the probability of forming a particle i at
temperature T is given by

i:&: fimf”z-exp(mmif’l“) @)

Y gumil? exp(—m,/T)

or =

2= m‘siexp(—-Eg/T) 23)
k; 7, exp(—E/T)

with the effective degeneracy

. (.”.’L) i 24)
&n My

and the effective excitation energy

Ej=m;—my (25)

where gy=4 and my=939 MeV are the statistical
weight and the mass of the nucleon, respectively.
The baryon number conservation can also be writ-
ten as

2o=1 (26)

13

e

i=1

il

The thermal energy per baryon is given as the sum
of the kinetic energy of the resonances

ET:‘.Z ;Li'%‘T*%’T (27)

and the average increase of the rest mass due to the
excitation of heavy resonances

feed
AM=Y LE, (28)

i=1

The total pressure of the system

P=P.+E, (29)
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is the sum of the compressional (zero temperature)
pressure

K
Pcﬁg(pz-pé) (30)

and the thermal pressure B, which in turn is the
sum of the partial pressures of the various reso-
nances,

B=3) B =Y pT=pT (31)
i=1 i=1
The entropy per particle i is given by
g, (m,T\3?
;=3+In o 2z (32)

and, consequently, the entropy per baryon is

i)
2+1n{p o in 2,
N

+ 3 A
i=1
T 3/2 o __E -1
s G
2+n[p 5 + kglrkexp T

© ~E [E, & ~E
~i;'z:iexp——T [T+lnk§lrkexp Tk] (33)

Figure 1 shows the comparison of the experimental-
ly determined apparent temperatures 1 with the
temperatures T as calculated in the hydrodynamical
model, obtained by solving (2). Three different ther-
mal parts of the equation of state have been in-
vestigated: a) the pure nucleon gas, ie. the reso-
nance formation is not included, b} an exponentially
increasing mass spectrum, (13), with a=0.56/pion
mass and T,=134MeV, and ¢} an exponentially
increasing mass spectrum with T,=200MeV. This
higher limiting temperature is suggested by recent
calculations on the critical temperature for the had-
ron-quark matter phase transition [10].

The pure nucleon gas seems to be ruled out experi-
mentally since the predicted temperatures are much
larger than the experimentally determined “apparent
temperatures” for E;,521GeV/n. Resonance for-
mation must be included to decrease the achievable
temperatures in order to resemble the apparent
trend in the bombarding energy dependence of T
On the other hand, the highest bombarding energy
presently available, E;,;=3.6GeV/n, seems to be
too low to determine the asymptotic form of the
hadronic mass spectrum. To determine whether a
plateau in T(E,p) actually exists is an important
project for future experimental facilities. Higher
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bombarding energies, E; ,;>5GeV and heavier pro-
jectiles, e.g. Pb, are necessary to answer this impor-
tant question finally. Only at these high energies
could a possible exponentially increasing hadronic
mass spectrum and a limiting temperature T, man-
ifest themselves.

However, rather than the trend for a plateau in
T(E, ) at high energics, the agreement of the ab-
solute values of the measured “apparent tempera-
tures” T with the calculated temperatures should be
taken cautiously. T overestimates the actual temper-
ature by about 10 to 20 percent, since T is de-
termined from the invariant cross sections

Gy =0 exp(— Bt/ ) =E- & o/dp*
= (m*+p?)"2 exp(— Efy/T) (34)

Furthermore, for the lighter systems investigated (C
+C, Ne+NaF) single nucleon-nucleon scattering
can contribute considerably to the spectra [11] and
hence contaminate the thermal contribution. In a
simple thermal model T should stay constant at a
given bombarding energy for symmetric systems and
drop for asymmetric systems, respectively. In con-
trast, the data exhibit a systematic increase of T
with the total number of particles in the system, see
point (ii) above. In particular, T increases when
going from the symmetric system, Ar+KCl, to the
asymmetric system, Ar+Pb, opposite to what one
would naively expect. This mass dependence of T
indicates enhanced equilibration in the case of heavy
mass nuclei, possibly due to increasing collective
interactions [12].

Another interesting feature of the data is the ~20%
difference in the T values for protons and pions [1],
se¢ point iii ). Siemens and Rasmussen [13] argued
that this difference may reflect the isentropic hy-
drodynamical flow of the expanding matter.

In thermal equilibrium the thermal velocities of the
nucleons are much smaller than those of the pions.
An additional collective flow velocity will therefore
shift the proton spectra to larger transverse mo-
menta, while the pion spectra are less affected. A
mean flow velocity § and a mean temperature have
been fitted [13] to the Ar (800 MeV/n)+KCl—p,n
data at O, =90°, using

a3 ~ T\ si T

E£=Nexp(—yE/T) [(w}:—) Slnha«;z—coshm} (35)
where y=(1—$%~'2, a=yfp/T and N gives an ab-
solute normalization. Fluid dynamical calculations
of the expansion of a compressed fireball [14] dem-
onstrate that the flow velocity v(r) depends linearty
on the distance r from the center of mass of the
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Fig. 2. Depicts the spectra of n~, p, and d emitted from high
nmultiplicity selected collisions of Ar (800 MeV/n)+KClI [1]. The
data [1] are compared to the hydrodynamic calculations de-
scribed in the text for two different break-up densities pyy/p,
=0.5 and 0.7

fireball, v(r)~const.-r, and that in the break-up
stage the densities and temperatures in the fireball
are nearly independent of r. Using (35) for a finite
number of fluid cells, the particle spectra can be
calculated for an isentropic expamnsion process as a
function of the break-up density py;.

Figure 2 shows the calculated spectra of protons,
pions, and deuterons for the reaction Ar (800
MeV/n)+KCl at two different break-up densities
pey="0.5 and 0.7 p,. The calculations are compared
to the high multiplicity selected, ie., central tri-
ggered, data of Nagamiya et al. [1]. The absolute
normalization is adjusted to the data. We want to
point out that the shape of the proton and pion
spectra are apparently not very sensitive to the exact
value of the break-up density. Total energy con-
servation constrains the collective flow and the ran-
dom thermal motion in such a way that the “ap-
parent temperature” stays almost constant during
the isentropic expansion. In fact, the slope in the
high energy parts of the p and = spectra are reason-
ably well described by the initial temperature as
shown in Fig. 1.

On the other hand, the deuteron spectra are strongly
affected by the expansion. This is due to the large
mass of the deuterons: vg.... is always much
smaller than vg,,. This may be used to determine
the freeze-out density from experiment. Hence, al-
though the temperature in the break-up moment is
much smaller than the initial temperature, the ob-
served proton and pion spectra can still carry the
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information (with =30 9% uncertainty in the absolute
value) about the initial temperature.

Another important question connected with the
temperature measurements is whether from these
data information can be obtained about abnormal
nuclear matter, e.g., density isomers [15,16], pion
condensates [12, 16], or quark matter [6], possibly
formed in relativistic nuclear collisions.

It has been predicted theoretically [6, 17] that the
formation of abnormal nuclear matter (density iso-
mers) in central nuclear collisions should be experi-
mentally observable by a jump in the temperature
and particle (e.g. 7, K, ¢, or n) production excitation
functions. This happens just above the bombarding
energy for which the critical density p, between nor-
mal and abnormal state is reached. The sudden re-
lease of the condensation energy leads to a strong
entropy production [6, 17], thus also increasing the
temperature of the matter.

However, more detailed three dimensional fluid
dynamical calculations [18] show that the amount
of abnormal matter formed drops drastically when
the impact parameter is increased. For inclusive, ie.
impact parameters averaged data the threshold in-
crease of the temperature, entropy and particle pro-
duction rate may therefore be difficult to observe.
The spectra will be dominated by the contributions
of the normal matter, as illustrated in Fig. 3.
However, even small amounts of very hot abnormal
matter may be detected in inclusive measurements,
since the spectra would reveal such a second com-
ponent via a second, larger slope constant in the
large transverse momentum tails (see Fig. 3a). Only
if the temperature difference between the normal
and the abnormal state is not very large, e.g. on the
order of <209 as shown in Fig. 3b, it will be hard
to detect even a large (~109%) contribution from an
abnormal state. The inclusive spectrum can then
exhibit the higher second slope constant only at very
large transverse momenta, i.e. at very small absolute
cross sections.

The measurement of the particle spectra for central,
i.e, high multiplicity selected collisions, can offer a
way out of this dilemma because of the increased
probability of producing an abnormal state. But not
only central collisions offer a chance of producing
and detecting abnormal matter. The collision pro-
cesses are not deterministic, i.e., a given initial con-
figuration can yield different results. For example,
even a central collision at a bombarding energy
exceeding the critical energy necessary to overcome
the barrier between the normal and (hypothetical)
abnormal state will have a finite probability of pro-
ducing normal matter only. If this probability is
large, the same problems as for the inclusive
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Fig. 3. The influence of a small amount of abnormal nuclear
matter on the spectra of the emitted particles is shown: a second,
high temperature component T, is to be expected, which should
be clearly observable if Ty, and T, differ sufficiently (Fig. 3a) but
will be harder to detect otherwise (Fig. 3b).
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measurements would persist for the central data.
Vice versa, collisions at large impact parameters
and/or bombarding energies below the critical energy
can have a finite probability for a phase transition
into an abnormal state. The peripheral collisions can
lead to the formation of rather cold abnormal mat-
ter, which would then move with velocities close to
the incident projectile and target velocities. Due to
the condensation energy, their temperatures will be
still larger than the ~8 MeV observed for the nor-
mal energy independent fragmentation/evaporation
processes in peripheral collisions. Thus, also in per-
ipheral collisions these states may be detected exper-
imentally by secondary slopes in the spectra. Indeed,
experimental evidence for such a second temperature
has been reported recently [19] for periperal col-
lisions. It is important to establish conclusively that
this second component is not due to a contami-
nation of the peripheral collisions by the hydrody-
namic bounce-off [20] events with their large trans-
verse momentum contribution.

Because of the difficulties in separating two similar
temperature components from the inclusive spectra,
see Fig. 3b, we have looked for a different, more
sensitive observable, which can provide information
on a high temperature component. It has been point-
ed out [6, 17, 21] that a threshold increase in the
mean pion multiplicity excitation function would re-
sult from central collisions when most of the com-
pressed matter undergoes the phase transition into
an abnormal state. However, as discussed above (see
Fig. 3b) the abnormal matter may be formed in a
small fraction (e.g. on the order of a few percent) of
the collisions only.

Then the pion production excitation function, ie.,
the mean number of created pions versus the bom-
barding energy will exhibit a smooth linear behavior
[22] and not a dramatic threshold increase. We will
show now that the pion multiplicity distribution
P{n) can provide signatures of abnormal matter
even under such unfavorable conditions. The pion
multiplicity distribution is given by a Poisson distri-
bution [23].

P(n)y=e " "n! (36)

where 71 is the average number of pions, which in a
thermal model depends on the temperature and vol-
ume of the pion emitting source. Using a relativistic
fluid dynamical model with viscosity effects includ-
ed, i {E; ,5) has been calculated [22] using a con-
ventional nuclear equation of state. The calculations
agree with the available data [24] for the rather
light system Ar+KCl over a wide range of bom-
barding energies.
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Fig. 4. The pion multiplicity distribution is shown for central
collisions of Ap=A,=100 at E, ,,=0.8 GeV/n. Abnormal nuclear
matter, if also produced, would lead to the shoulder at high
multiplicities

In Fig. 4 we show the multiplicity distribution P(n,)
of negative pions resulting from a central col-
lision of Ap=A;=100 at E; ,; =08 GeV/n and as-
sociated with the same scenario as discussed in
Fig. 3b, namely a normal temperature Ty=60MeV
and a 10%; contamination from abnormal matter T,
=74 MeV. This ~20% difference in T leads to a
quite dramatic difference in P(n,). The higher tem-
perature associated with an abnormal state results in
a distinct shoulder in P(n,). Even an only 1%
contamination of abnormal matter should be experi-
mentally observable at high multiplicities. Hence,
measurements of the pion multiplicity distribution in
central collisions of heavy systems can provide
signatures for abnormal matter formed in only a
small fraction of the reactions.

In conclusion, we have discussed the importance of
the temperature measurements at future experimen-
tal  facilities  with  higher beam  energy
E, ,5g>5GeV/n and higher projectile masses to
search for a limiting temperature T™ in hot hadronic
matter. We have considered the effects of the col-
lective matter flow on the measured temperatures.
We have also discussed the possibility of observing
abnormal nuclear matter formed in central and pe-
ripheral collisions of heavy nuclei via a secondary,
high temperature component in the spectra of emit-
ted particles and via a shoulder in the multiplicity



266

distribution P(n,) of pions created in such collisions.
The experiments proposed above will provide a di-
rect test of the equation of state of dense, hot had-
ronic matter in the near future,
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