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Transverse Baryon Flow as Possible Evidence for a Quark-Gluon-Plasma Phase
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In order to investigate the coupling between the collective flow of nucleons and pions in hot pion-
dominated hadronic matter, we calculate the pion-nucleon drag coefticient in linearized transport theory.
We find that the characteristic time for flow equalization is longer than the time scale of the expansion
of a hadronic fireball created in high-energy collisions. The analysis of transverse-momentum data from

p+p collisions at Js =1.8 TeV reveals the same flow velocity for mesons and antinucleons. We argue
that this may be evidence for the formation of a quark-gluon plasma in these collisions.

PACS numbers: 25.70.Np, 12.38.Mh, 13.85.Hd

on the one hand, and that between the pion and nucleon
temperatures, T and T~, on the other hand, which is
governed by the coefticient 0 of heat exchange,

dTtv/dt =0(T Ttv ) . — (2)

The latter equation, of course, makes sense only if the de-

Rather general arguments indicate that the state of
high energy density temporarily formed in ultrarelativis-
tic central collisions of nuclei, and possibly even of single
hadrons, exhibits approximate local thermal equilibrium
and thus can be characterized by a temperature. This
scenario is generally supported by the observation that
transverse-momentum spectra of emitted particles fall ex-
ponentially at high pT. It has often been speculated that
a collective outward flow may develop during the expan-
sion and final breakup of the high-density state [1]. The
presence of a collective Aow would be manifest in a non-
thermal shape of the transverse-momentum spectrum.
Because the flow velocity is superimposed with the ran-
dom thermal motion, this eAect grows with the mass of
the emitted particles, and should be most clearly visible in

baryon spectra. So far, experimental evidence for the ex-
istence of transverse flow at center-of-mass energies far
above 1 GeV/u has been inconclusive [2,3], in contrast to
collisions below this energy [4].

Gerber, Leutwyler, and Goity [5] recently showed that
the expansion of a dense pion gas, as is formed in the cen-
tral rapidity region after a highly relativistic nuclear col-
lision, must lead to a rapid transverse flow. Gavin [6]
pointed out that the expansion is even so rapid that the
system may have difficulty maintaining local thermal
equilibrium, possibly resulting in an enhancement of
pions emitted with small transverse momenta [7]. Since
baryons are better flow probes than pions, we address
here the question of whether the few baryons present at
central rapidity can be expected to participate in the col-
lective flow and thermal evolution of the pion gas. This
depends on the strength of kinetic coupling between the
average flow velocities of pions, v, and of nucleons, v~,
which is given by the drag coefittcient 8 [8],

dvtv/dt =6(v» —vtv),

viation from local thermal equilibrium is not too severe.
We will now calculate 6 and 0 from first principles.

We assume that the evolution of the phase-space distri-
bution functions f;(x,p), i =tv, N, of pions and nucleons
in the dense hadronic phase is described by the relativistic
Boltzmann equation:

p "r),f;(x,p) =g C';j(x,p) .
J

(3)

Here 8;~ are the collision terms, which can be calculated
from the known cross section for collisions between parti-
cles of type i and type j. In order to make contact with
collective variables, such as the local Aow velocity u", it is
useful to consider the momentum-space-integrated form
of Eq. (3), introducing the energy-momentum tensor T,"'.
Dissipative terms can then be expressed as the failure of
the energy-momentum tensor to be locally conserved for
each fluid component separately:

where p is the inverse temperature and d; are the degen-
eracies. Here we assume that the two fluids are in
thermal equilibrium. Even if this is not satisfied, the true
distribution may be well approximated by thermal distri-
butions with appropriately chosen parameters [7]. In the
following we will neglect effects arising from the spatial

a,T,"=~P=g dr, p~e, ,(x,p), (4)
J

where dI p =d p/(2tt) p is the invariant volume ele-
ment in momentum space and S," is the covariant dissipa-
tion four-vector.

Now let us assume that the pion-nucleon system can be
described as a two-fluid system where pions and nucleons
are coupled in bulk by dissipative terms. Each com-
ponent, i =z,N, is characterized by its own local energy
density e;, pressure I';, and Aow velocity u,". The left-
hand side of Eq. (4) can then be expressed in terms of e;,
I';, and u,", but the dissipative terms 1," must be calculat-
ed microscopically. We need to specify the momentum
distributions f; (p), which we take to be Lorentz-invariant
Juttner distributions:

f; (x,p) =d; exp( —P;p"u;„),

1991 The American Physical Society 1519



VOLUME 67, NUMBER 12 P H YS ICAL REVIEW LETTERS 16 SEPTEMBER 1991

variation of the collective parameters, and will not allow
for nonvanishing chemical potentials because we are in-
terested in baryon-symmetric matter. The two fluids then
diA'er only in their collective velocity or in the value of
their temperature parameter.

Using the standard expression [9] for the relativistic
collision term 8 N, one obtains the following expression
for the dissipation four-vector:

d~zN
dI dI g dAF

dn

40

10

x p" [f&(p')f (k') —f& (p)f,(k)], (6)

where F ~ is the relativistic flux factor, and p, p' (k, k')
are the nucleon (pion) momenta before and after the col-
lision. We now expand the collision term to first order in
the diAerence of the velocities, h, u" =uN —u", and the in-
verse temperature difference, Ap=p1v —p„ofthe two
components. Denoting the average velocity and inverse
temperature simply by U" and P, respectively, the first-
order contribution becomes

100 120 140

T ~MeV

160 180 200

@," = (~ B)(~/3)—U~ PB~u~-,

where the coeScients 2 and 8 are given by

(7)

d ~sr 1V

A —B= dI dI1dQ F, d d U PU (P' —P")

Xe
—PU (I ~+I;~)

dG n.N
A —4B = dI pdI t dQ F ~d+~p„(p"—p'")

Xe
—PU (I ~+I;~)

6 =B/(sr+Pe )T .

A similar consideration yields

e = (~ —B)/C, , T',

(10)

where C,, is the heat capacity of the nucleon component
at constant volume and nucleon number. We have calcu-
lated 6' numerically as a function of temperature T, using
the experimental pion-nucleon cross section [10]. The re-
sult for the characteristic relaxation time z~ =6' is
shown in Fig. 1 by the solid line. We observe that z& falls
quickly with rising temperature. However, z& is consider-
ably larger than the thermal equilibration time between
pions and nucleons, r th =0 ', which is shown by the
dashed line in Fig. 1.

Multiplying Eq. (4) by some unit four-vector n„or-
thogonal to u/v and utilizing the perfect-Auid expression
for T"', the equation can be cast into the form

(81v + P1v ) tip B1v pBI1pAQ

where ujv describes the acceleration of the nucleon Auid,
measured in its own rest frame, by the streaming pions.
Comparing with Eq. (1) we thus find the desired relation

FIG, 1. The relaxation time for collective Bow equilibration
(r&=6, solid line), as well as the temperature equilibration
time for nucleons (r P', dashed line) and pions (r~I;, dotted
line) in pion-dominated hadronic matter as function of the tem-
perature T.

For comparison we also show the thermal equilibration
time for pions, 1th, calculated on the basis of Eq. (11)
with standard nn cross sections [11,12]. rth falls much

faster with increasing T than zth and rq because the p
resonance lies higher above the threshold in the xz reac-
tion than the A(1232) resonance in the nN reaction. The
fact that rz) rth, r,( implies that the baryonic collec-
tive Aow decouples from the pion flow already at high

temperature, whereas the nucleonic and pionic thermal
motion can remain in equilibrium until T=140 MeV if
the reaction volume has a size of several fermis, and pos-

sibly down to even lower temperatures if the pions de-

velop a large chemical potential [7]. Simulations of the
transverse hydrodynamic expansion of the coupled x-N
fluids, which we have performed [13],have shown that a

common collective flow velocity can never be established
at temperatures where hadronic matter can be described
dominantly as pion gas. This argument can, of course, be
turned around: If an experiment shows that pions and

nucleons emitted in the baryon-poor region at central ra-

pidity exhibit collective Aow of equal magnitude, this Aow

must have been established at an earlier phase.
With this in mind, we consider the data on the depen-

dence of the average transverse momentum of pions,
kaons, and antiprotons on the total charged multiplicity

in proton-antiproton collisions at Ms=1.8 TeV, which

were obtained by the E-735 Collaboration at Fermilab
[14]. We have analyzed these data for the presence of
transverse collective flow in the boost-invariant hydro-
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dynamical model of Bjorken [15]. This model is best for-
mulated in cylindrical light-cone coordinates t+ z. Here
t is the time and z the longitudinal coordinate in the
center-of-mass system. It is useful to introduce the coor-
dinates (r, a, r, p), where r =(t —z )' is the proper
time, a = —, ln[(t+z)/(t —z)] is the space-time rapidity,
and r is the transverse radius.

Let us consider decoupled velocity fields vz and v~
along longitudinal and transverse directions. The velocity
four-vector is then given by

0.CJ

0.7

0.6

tt" =(yr, O, vryr, O), (12)

where yr = (1 —v7. ) ' . Here we do not intend to ex-
plore the detailed time evolution of the transverse velocity
field as it follows from the hydrodynamical equations (4);
we are only interested in the flow at the time of freeze-out
of the various hadrons. We therefore introduce a fixed
linear transverse velocity profile [3] parametrized by the
surface velocity R(r ), where R(r ) is the transverse ra-
dius of the reaction region. Assuming that the tempera-
ture depends only on r and freeze-out occurs at constant
z, one can then calculate the transverse momentum and
rapidity distributions of the emitted hadrons [16]. Here
we give the expressions for the space-time rapidity densi-

ty of the particle number,

— R,=~,/Z

~ 7r' T, = 100 +10 MeV

K' T, = 140 +20 MeV

P T, = 140 +20 MeV

10

dN, „/dg
20

dN yrrrdrdtlp„d pf(x,p),3- (13)

and of the average squared transverse momentum,

d(pT)
da

vr~yr rrdrdp d p(E —P )f(x,p)

+ —', I yrrrdrdy„d pP f(x,p) . (14)

In order to compare with the experimental data, we

define

d&p+) dN
(pr) = 0.8165

da da

which is exact for an exponential slope of the p~ spec-
trum. Since a is equal to the rapidity y in the boost-
invariant model, the quantities (13)-(15)can be directly
identified with the measured rapidity distributions.

In Fig. 2 we show the collective surface flow velocities
at freeze-out, R(rf), deduced from the data of Alexo-
poulos et al. [14]. As one observes, the velocities ob-
tained for pions, kaons, and antiprotons are equal within
the error bars given by the uncertainty in the freeze-out
temperature, especially for large-multiplicity events. This
behavior is even more apparent in recent unpublished
data [17] obtained with a longer beam time, which ex-
tend up to dN, h/dq =25 and show the same phenomena
for A hyperons.

In the light of our previous discussion we do not believe
that this apparent uniform flow, which is the same for all
observed hadrons, can be explained by hydrodynamic ex-

FIG. 2. Top: Surface collective How velocities for pions,
kaons, and antiprotons deduced from the data of Ref. [14] by
means of Eq. (15). The error bars reflect the stated uncertainty
in the freeze-out temperature T/, and not the experimental er-
rors. Bottom: Transverse radius R at pion freeze-out time ig,
as deduced from the measured multiplicity dN, .h/dtt arbitrarily
assuming R(ry) = rf/2.

pansion in the hadronic gas phase. On the other hand, a
collective flow which is established in a quark-gluon plas-
ma phase before hadronization would naturally account
for this phenomenon. We think that our results consti-
tute a powerful indication for the existence and formation
of such a deconfined phase.

It would be interesting to investigate this further in the
context of a three-dimensional hydrodynamical calcula-
tion, which allows for dift'erent flow velocities of the vari-
ous hadronic species. Alternatively, the efI'ect could be
investigated in a transport model similar to the one em-

ployed by Bertsch et al. [18]. Finally, it must be explored
whether the common transverse flow of all hadrons could
be generated by multiple uncorrelated large-p~ parton
scattering (minijets) without the need for the assumption
of a collective flow [19].
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E-735 Collaboration available to us. This work was sup-
ported in part by the U.S. Department of Energy (Grant
No. DE-F605-90ER40592).
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