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Abstract
The chromoelectric flux tube model is'used to obtain a dynamical
description of the evaporation of mesons from a quark-gluon plasma. The
radiation pressure is computed to assess whether this process is an important
mode for the disassembly of a compressed p1asma.”
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~ Lattice gauge solutions of QCD provide fairly convincing theoretical
supporf for the notion that hadrons will dissolve into a quark-gluon plasma at

1 If such a plasma is formed in a

a sufficiently high energy density.
high-ener gy hadron-hadron or nucleus-nucleus collision, the high internal
pressure of the plasma wff]_ca@se jts rapid dfsassemb]y. Therefore, evidence
for its prior existence ﬁﬁst Be found in its decay products. To assess
whether signals of the»p]asma-survive the evolution and what they are, a
dynamical description of‘the disassembly is néeded. One facét has been
studied by Bjorken, and by Kajantie e? al., who propose a hydrodynamical model
for its expansion.2 As it expands'it_will qoo], and the conditions for
condensation back to the hadronic phase will be attained. In this note we
address another facet of the disassembly, the formation and radiation of
mesons at the surface of the hot plasmé. The pre-freezeout radiation, which
has also been emphasized in connection with the disassembly of a hadronic
fireba11,3 plays two roles. It carries signals of the state of the.plasmg_
a§ it evolves. .Sécoﬁd,‘it is coupled tp the hydrodynamical expansjqnfgf the
plasma, whicﬁ may bé iﬁhibited by the backward radiation pressure. In the
extreme, the bfasma may evaporate mesons rather than expand co]]ectivelyvqs:a
~ plasma. Such an extreme scenario was proposed recently by Danosvand

Rafe]sky.4

However, we shall see that their two-parameter model of
evaporation 1eads to resu1t§ quite different from those predicted by a
confininé mechanism.

The plasma of almost free quarks, antiquarks, and gluons may be viewed as

a region of perturbative QCD vacuum embedded in the true nonperturbative

vacuum that pervades most of space. Because of the thermal motion, a quark or

antiquark may cross the boundary between the two vacua, but it will suffer a

strong color interaction with the rest of the plasma and cannot escape alone.
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However, there are two ways in whiéh such a quark can initiate the evaporation
of a meson. As the quark crosses the boundary, a flux tube of chromoelectric
field connects it to the plasma, and it will experience an attractive
potential that will pull it back unless the tube fissions. The tube can’
fission through the quantum tunneling of a viftual qa-pair, cfeated in the
uniform color field of the tube, into a real state. The energy and momentum
of the meson so forméd is then determined by the initial energy and momentum
of(phe leading quark and the space-time position where the qq pair creation
occhs. This mechanism of hadronization has been commonly used to describé
particle production in high-energy ee” annihilation.>»® Although in |
our problem the average momentum of the quarks is not so high (T ~ 200 MeV),
| we expect that the picture will qualitatively describe the fate of the high
moméntum component of the thermal distribution. The contribution of the
low-momentum quarks to this hadronization process is suppressed as will be
seen. This supports our idealization of a smooth plasma surface. A second
mechanism for hadronization at the plasma surface is the coalescence of a
quark antiquark pair. We shall not further describe this process here, since
at the expected plasma temperatures the therm§1 flux of quarks and antiquarks
with specified color charge is small.

Consider a quark (or antiquark) of momentum 50 that. is outward directed
with respect to the surface. As the quark passes through the surface, a tube
of chromoelectric flux is built up behind it, out of its kinetic energy. The
energy per unit 1eng£h that is stored fn the tube is o = ezA/Z, where ¢ and
A are the field strength and cross section of the tube. Gauss' law relates
the flux eA to the quark charge, g/2 through ¢A = g/2, yielding

| o = ge/a | | | (1)

This string constant can also be related to the Regge slope and so is
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essentially a known parameter, o = 0.177 (Gev)z. We assume that the flux
tube that shields its color will connect it to the plasma by the shortest
path. The motion of the quark will be governed by the equations expressing
the cohservation of energy and of mqmentum parallel to the surface. Choose

the coordinate system so that the z-axis is normal to the surface, the origin

is on. the surface, and the motion of the quark is in the z-y plane. Then the v
conservation laws read -
1/2 1/2 -
2 2 2 2
(g _+ m\) + ES = Eo = (50 +m > R ky + ks = kyo (2)
where k is the instantaneous quark momentum, ky its component parallel to
the surface, and m its-mass. Its velocity in the y direction is
‘ - 2 2 _
= k = +
vyR e ("5 m'> *
The "rest mass" of the .string is oz where z is the coordinate of the emitted . .
quark. So the energy and momentum of the string are
o 2 -1/2 - ; 9 -1/2 : v
Es = oz <1 - vy) . k_s = (oz)vy <1 - Vy) (4)
These equations, (2)-(4), govern the motion of the quark and can be so]ved.
analytically. In particular
vy =0, Vy = Vyo = const -, v, = kz/E
- ( 2 2>1’2 |
ky = gzo - (EgplBolot s Ejp = \kgp*m ' (5)
La
; 1/2 _ - .
0z = E --<k2 + m2> ,
"z0 z . . o

and the instantaneous energy of the quark is

s p\1/2
E=<I~< +m ) =EO<1—02/EZO> (6)



-5-
The motion of the quark normal to the surface is decelerated until it stops at
 time

t, = (E /€, )(k, /o) - oy

Thereafter it is accelerated back into the plasma

The above equations describe the motion of a typical quark as it
penetrates the surface of the p]asma The co]or flux tube can fission as the
result of the'creation of a qoarkgantiquark‘pair inside the tube. If such a
pair is created,Asay‘at a distance z' from the surface of the plasma and at a
time t,.a meson consisting of the original quark together with the antiquark
of the created pair can evolve to a physical meson. Its momentum
perpendicular to the surface will be that possessed by the leading quark at
the time t, given by (5) Its energy w111 be Eo less the energy carried
back into the p]asma by the fragment of string of length z' and the quark

contained in it Thus the meson momentum and energy are

| k,;l = k - (E /E )Ut » B = Eo - (oz' + m)(EOIEZO) o (8)

Pair creation in a constant external field is similar to the QED process

5,6 to describe

solved by Schwinger7 and employed in several papers
particle production in high-energy e'e” annihilation. However, earlier
authors neglect the interaction of the pair with each other. This is a
serious neg]ect,in 0CD, where the chromoelectric flux created by the pair is
of the same strength as the original field in which they were created. In the

8

- present study we use a new result” for the qg pair_creation probability per

unit four volume:

0 ‘41'2'2
p= 2 g° 2 -l—gexp<— g€f> | (9)

flavor 64n n=1 n
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This formu1a differs from Schwinger's by the effective reduction of the quark -
charge by a factor 1/2. Through (1), the pair creation rate is determined by
the string tension and the quark masses me.

Up to now we have not addressed the question of whether current or
constituent quark masses should be used. This is a'subtle and still
controversial prebleh.' We have chosen to use current quark masses‘(mu =
my = 0) as in ref. 6. This choice is at least consistent with jet
phenoméndTogy and is coneenient for the present prob1em in which the 1eadihg':

quark emehges from the perturbative:p1hsma. For massless quarks (9) reduces to
p=o°/12n . - (10)

where the cohtr1but1on of heav1er quarks is safe1y neglected

Hav1ng ca]cu]ated the str1ng dynam1cs and the probability per un1t
four-volume that a rea] pa1r w1]1 be formed and that hence the string w111
fission, we can now calculate the probability that the strlng will fission at
the’tihe t measured from the'time that the outward-moving quark crosses the
surface and in the interval dt. This is given by

dP(t) = pAz(t) dt [1 - P(t)] (11)

where z(t) is the coordinate bf:the leading qﬂark at time t and hence the

length of the string. This integrates to

. _ . CL .
R(t) =1 - P(t) = exp <-pA S, z(t)dt) : Coo(12) -
0
k_+E
=expl-5E k -k + k_E k_ E m. &n
02 0 ’ zZo z 2EZo z2°z 20°20 ZO+EZO
| bA kb ) é
> exp |- = (k. - k_ ) , (m> 0) (13)
z z0
a 2kZO

where kz is given by (5).

W
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The above formula indicates that the parameter that characterizes

confinement "is - .
- . . 2- N - ) ’ .

/o /240 .
. kC = ‘5— = ;C— ) : (14)

where °c = gZ/aw.' A quark of momentum kZo at the plasma surface escapes with

a probability

- 2
-k_ k /2k
z00 "¢
PESc 5,1 - € (;5)
(in the massless quark limit). Its momentum, and hence the momentum of the
radiated meson, is distributed'according to the probabiTity.(see Fig. 1)
ko ko |-k. k. [k.-k. \2 |
dP _.0 z' "z0 expl| - 1l 0 ( z zo> S (16)
dkz kzo kg ?-F;;- IEc ' '
and can lie anywhere between -kZo < kZ < kzof A quark, emerging with kZo
suffers a characteristic loss of momentum, kc’ so that the most probable
momentum is | | |
k_ =k, -k o (17)

m 20 c

The momentum scélé'kc, set by confinement depends on the values of o and ..

These parameters must be related through £QCD’ but this relationship is

unknown. For o = 0.177 (GeV)2 and for a. = 2 or 0.55, correqunding respecé

tively to the values used by Casher et a],-S and by the MIT group,9 we have

1.45 GeV . (aC =2)
kK =

C | 2.786ev (ag = 0.55)

From (15) only quarks from the tail of the thermal distribution with k > kC

have an appreciable chance of forming a meson, and the momentum of the meson
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is shifted downward by .kC from the original quark momentum. Next we
calculate the probability that the string will break at the point z' at ‘the
time t while the quark is outward moving. This probability is distributed

unifofm]y along the string. Therefore,

d%P(z',t) = pA dz' dt R(t) e(z' - 2(t)) e(-2') ot - t) o(-t)  (18)

where o is the step function o(+) = 0, o(~) = 1. We fold d%p with the flux
of quarks of momentum k0 and sum over all such momenta to obtain the number*
of mesons radiated per unit time per unit surface area of the plasma having

normal momentum kg and energy EM,

5 o CE /T K |
d-N : Y 3 o 20 . pA My . M
: = d’k e = > R(k,) e(E, - m~ (E_ JE)E)
ds dt dk de"  (2r)° .l. o By o2 2 T2 20""0

. (19)
N M . .
zo/Eo)E - Ez

o(-ky) o(K) - ky)

x e(m + (E 20

o)

(We employ (8) to write dz'dt = dkg dEM/oz). The degenerécy factory y is
Y =Y X vg X vp X 2 = 24 where 2 counts quarks and antiquarks. R(kg) means

that (13) is evaluated at the time (8) that yields the momentum kg.

The radiation pressure exerted on the plasma by the radiation of mesons,
and the energy flow per unit surface area per unit time carried in the

radiation follow immediately:

v 3 v . 5
P dg 'ét = fdkz K, deM - M (20) v
5 : dS dt dk dE

" SR

*For non-zero chemical potential, multiply our result by cosh u/T.



d’E M _M d>N
- dk dE’ E (21)
dSdt = J Tz . ds dt dk_ deM ‘
0 E z
b1
where E = .k2,+,m2
" i 4 n

The above formu1ae characterlze the hadron1zat1on at the surface of a
plasma when conf1nement is descr1bed by the chromoe]ectr1c f]ux tube mode]

We can compare the above with the case of vanzsh1ng1y small confinement through

5 -E /T k
. d N . . 3 0 Z0 M M

dk e sk, —k,) s(E. -E) (22)
ds dt dk, at"  (2n)° f 0 B, 20772 Mo

Our main result is exhibited in Fig. 2, which, as a function of

temperature, shows the ratio of radiation pressure:and internal quark

. pressure. Since this ratio is less than 20% up to T = 500 MeV, we conclude

that the radiation due to this process will ‘be a minor ‘perturbation on the
collective hydrodynamical disassembly of the plasma. If the gluon pressure is
included, then the internal pressdre is increased by (16 + 24)/24 for the
Boltzmann statistics or by (16 + 21)/21 for the Fermi and Bose statistics,
which further reduces the role of the radiation pressure.

This conclusion contradicts an assertion made by Danos and Rafelski.4
Their conclusion, however, is based on a model that does not contain a
dynamical description of color confinement but that instead is characterized -
by two adjustable parameters, a minimum momentum for emission and an
efficiency factor defining the fraction of the quark energy carried off by the
meson. In Fig. 3 we compare their result for the surface brightness at zero
chemical potential with ours. Although one may fit their curves to our

results in a limited temperature interval by choosing different values for the

parameters, such a parametrization can be hardly justified from the present



-10-
study. Figure 1 contradicts the basis of their model, since they assert that
a quark of initial momentum ko (>pM) produces a meson of that momentum
with unit probability.

In summary, the hadronization at the surface of a quark-gluon plasma has
been studied in the framework of a chromoelectric flux tube model. We find
that the radiatjon pressure is sufficiently small comparéd to the internal
pressure thaf it_can be ignored to first approximation in the hydrodynamical
expanﬁion oflfhe plasma. Thus our solution for meson radiation can be folded
with a solution to the hydrodynamical expansion to obtain the spectrum of
radiated mesons ehitted over the hiétory of the expansion. Of special
interest is the distinction between strange and non-strange mesons, which is
explicit in the theory through the dependences on the quark masses and the
thermal populations in the plasma.

We thank Leon Van Hove for calling our attention to the flux tube model
of ref. 5. This work was supported by 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 DE-AC03-76SF00098.
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 Figure Captions |

Fig. 1. ~ Normal momentum distribution of radiated mesons for initial quark
momentum, normal to fhe surface, ko > kc'

Fig. 2. Pressure écting on the surface of the quark-gluon plasma due to the
radiation of meséns as a function of plasma temperature.

Fig. 3. Surfaéeibrightness of the . quark-gluon plasma due.to the meson .
radiation as a function of p1ésmaf£émperature. Nonconf inement case

(upper solid line) and the results of Danos and Rafelsky (dashed

lines) are compared to our results (lower solid lines).
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