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MESON RADIATION FROM QUARK-GLUON PLASMA

T. Matsui, B. Banerjee,* and N. K. Glendenning
Nuclear Science Division, Lawrence Berkeley Laboratory
University of California, Berkeley, CA 94720

ABSTRACT

Meson formation and radiation at the surface of quark-gluon
plasma are studied by making use of the chromoelectric flux tube
model. The effect of the surface meson radiation on the hydroex-
pansion of the plasma fluid is also discussed.

I. INTRODUCTION

In the recent progress of hadron physics based on QCD, it has
appeared very likely that hadrons dissolve into an almost ideal gas
of quarks and gluons (quark-gluon plasma) at sufficiently high en-
ergy densities, 1-4 the condition which once prevailed in the
early universe. Ultrarelativistic heavy ion collisions may offer
an unique opportunity to reproduce such primeval matter in human-
controlled terrestrial laboratories. Several estimates of the ex-
pected energy deposition in the very energetic central nuclear col-
Tision (Vs > 20 GeV per nucleon) confirmed that the energy density
will certainly exceed the critical value (~ 2 GeV/fm3) which is
required to complete the phase transition, both in the fragmentation
(nuclear fire ball) regiond and in the central rapidity region. 6.,
Once a quark-gluon plasma is formed in such a process the high in-
ternal pressure and temperature will cause its rapid disassembly.
Thus, to make a reliable prediction for possible signals of plasma
formation a dynamical description of the plasma evolution is of
crucial importance.

One facet of the time evolution of quark-gluon plasma has been
studied by several authors 6-9 who use relativistic hydrodynamics
to describe the plasma expansion. As the plasma expands it will
cool, and then the conditions for condensation back to the hadronic
phase will be attained. In the present work we focus on another
facet of the plasma evolution, the formation and radiation of me-
sons at the surface of a hot plasma. The surface meson radiation
would play two important roles. First, it may carry some informa-
tion about the pre-freezeout stage of the plasma evolution. 10, 2
Second, it causes a pressure decrease at the surface that works
against the expansion. In the extreme, plasma may evaporate very
rapidly by surface meson radiation without collective expansion.
Such an extreme scenario was proposed recently by Danos and Rafelski
with a two-parameter model of surface radiation. 11 However, in
their model there is no dynamical description of meson formation at
‘the plasma surface. Therefore it was very unclear how initial quark

*Permanent address: Tata Institute for Fundamental Research,
Bombay, India.



degrees of freedom are converted into mesonic degrees of freedom

and how color confinement works in such a process. Quite
independently we have studied the mechanism of surface meson radia-
tion by fully employing the chromoelectric flux tube model. 12 We
found that the parametrization of Danos and Rafelski is quite unsat-
isfactory and is actually incompatible with a proper treatment of
color confinement. In the following we shall briefly recapitulate

our treatments and findings.

IT. A SCENARIO OF SURFACE MESON RADIATION

Our scenario of the surface meson radiation consists of three
stages. The plasma may be viewed as a big MIT bag occupied by the

gas of almost free quarks and gluons.

The surface of the plasma is

identified with the bag surface, which separates the perturbative
QCD vacuum in the plasma from the true nonperturbative vacuum
outside of the plasma. Then the meson radiation is initiated by
the emission of a single quark from the plasma surface (Fig. la).
This is caused by the thermal motion of quarks, and the flux of the
quark is therefore characterized by the surface temperature. This
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Figure 1., Three stages of the

meson formation process at the.

plasma surface.

leading quark cannot escape
from the plasma alone because
of color confinement. The
next stage of our scenario is
the formation of the chromo-
electric flux tube that con-
nects the leading quark to the
plasma surface (Fig. 1b). Now
the leading quark suffers a
very strong attractive inter-
action with the plasma, which
is characterized by the string
tension of the flux tube. It
is decelerated and will even-
tually be reabsorbed by the
plasma unless the flux tube
breaks. The fission of the
flux tube can occur through
the quantum tunneling of a
virtual qq pair, formed in the
uniform color electric field
inside the tube, into a

real state (Fig. 1c). The
piece of flux tube disconnected
from the plasma forms a meson
and is emitted from the plasma
Its energy and momentum are de-
termined by the initial energy
and momentum of the leading
quark and the space-time
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position where qq pair creation occurs. This mechanism of hadroni-
zation has been commonly used to describe particle production in
high energy e*e- annihilation. Although in our problem the av-
erage momentum of quarks is not so high (ko ~ T ~ 200 MeV), this
picture qualitatively describes the fate of the high momentum com-
ponent of quarks (antiquarks) in the thermal distribution. The
contribution of the low momentum quarks to this hadronization pro-
cess is suppressed, as we shall see. This supports our ideali-
zation of a smooth plasma surface. One may consider another me-
chanism for the hadronization at the plasma surface, i.e., the coa-
lescence of a quark-antiquark pair that already exists in the plas-

"ma. We do not deal with this process here, because at the expected

plasma temperature the thermal flux of quarks and antiquarks with
specified color charge is very small.

III. FLUX TUBE FORMATION AT THE PLASMA SURFACE

As a quark comes out of the plasma, its kinetic energy is grad-
ually converted into the field energy of the chromoelectric*field,
thus decelerating the quark. The energy stored in the flux tube
per unit length is given by the string tension o, which is empir-
ically known to be ¢ ~ 0.9 GeV/fm from Regge slope. We now assume
that the flux tube connects the leading quark to the plasma by the
shortest path. Then the classical trajectory of the quark is read-
ily obtained by integrating dr/dt = k/E, where the energy E and the
transverse (parallel to the surface) momentum ky of the leading
quark at time t after its emission from the surface are related to
their initial values by the conservation laws:

E + ES = Eo, kT + kS = kTo. (1)

Here Eg = oz (1 - v1 )-1/2 and kg = 0z v (1 - vy )-1/2 are

the energy and the momentum of the flux tube with length z which is
moving parallel to the surface with velocity vy. The resultant
longitudinal motion of the quark is described by:

z = (Ezo -Ez)/o (2)

kZ = kzo - (EZO/EO) Ot.
where

Eo =Vko + M, Epg =Vkyo + m2 and E; = Vky + w2,

The motion of the quark normal to the surface is decelerated
until it stops at time t. = (Eg/E;q) (kzp/o). Thereafter it is
accelerated back to the plasma. During this period the longitudinal
quark momentum decreases linearly as a function of time t, whereas
the transverse velocity of the quark and the flux tube remains con-
stant (v1 = vyp = k7o/Eg). The field energy stored in the



flux tube can be further converted into a new qg pair through the
quantum tunneling, causing the fission of the flux tube. If such a
pair is created at a distance z' from the surface and at a time t,
a meson consisting of the leading quark together with the antiquark
of the new created pair is formed with the energy EM and the lon-
gitudinal momentum k¥ which are given by:

EM = Eo - (Eo/Ez0)oz’, (3)
kY = kzo - (Ezo/EQ)ot

where (Eq/Ezp)oz' is the energy of.the leftover flux tube which
is Lorentz-boosted by the transverse motion.

IV. qq PAIR CREATION AND FISSION OF THE FLUX TUBE

The qq pair creation in the constant color electric_field is
quite analogous to the problem considered by Schwinger 13 relat-
ing to the vacuum persistency against e*e- pair creation in a
constant electric field. This old and rather academic problem has
been recently found by Casher, Neuberger and Nussinov 14 to be of
practical importance in the context of QCD. They applied
Schwinger's result directly to multiple hadron production in high
energy ete- annihilation. 1In Schwinger's calculation, the ef-
fect of the interaction was included only between each of the
created pair and the external field, and therefore it was im-
plicitly assumed that the electromagnetic interaction between the
members of the pair is negligible compared to that with the ex-
ternal field. Although this approximation may be somewhat justi-
fied in Schwinger's problem, this is certainly not the case in our
flux tube problem where the field between the members of the
created pair is exactly identical in strength to the original field
and is oppositely directed, thereby canceling the original field.
We derived a new result for the qq pair creation rate in the flux
tube using an improved energy balance relation in the intermediate
virtual state, which includes the effect of the mutual interaction
of new qq pair. 16 Qur result for the probability of making a q§
pair per unit four volume is given by

2
2 amen
1 f
p = —gg— § : 2 : ;g— exp |- — (4)
1

7 Flavor n =

If we use current quark masses as in Ref. 15, then this probability
is well approximated by p = o2/(12x).
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The fission probability of the flux tube at time t and at po-

sition z' with infinitesimal space-time interval is now given by

d2p = pAR(t)dz'dt where A is the cross section of the flux tube
and R(t) = 1 - P(t) is the attenuation factor, which selects out
the unwounded flux tube. Noting the previous relation between the
space-time position of the fission and the energy-momentum of the
meson, Eq. (3), we can rewrite this fission probability as a func-
tion of meson coordinates, k@ and EM. In the massless quark
1imit, we have a very simple result

M2 M
k (ko - k) K M
¢ = exp (- 22 20 | d d( (5)
2kzokC | c / c

where all energy momentum variables are scaled by single parameter

ke = vol/pA = Y12x/A = VI2/R (6)

and R is the radius of the flux tube. For R = 0.5 (1.0) fm, we
have k. = 1.38 (0.69) GeV, which is large compared to the re-
levant temperature that we consider. The physical meaning of this
parameter is obtained if one computes dP/dk@ from eq. (5). The
result is plotted in Fig. 2, which shows that the most probable mo-
mentum ky, of the meson is smaller than the initial quark momen-
tum ko by the amount kc. Thus k¢ characterizes the effect of
confining force which suppresses large momentum transfer to mesons
and which prohibits the low momentum quarks with kg < k¢ to par-
ticipate in this process.

dP/dk

~Fig. 2 Momentum distribution of the meson
for initial quark momentum kz45 > ke.



V. RADIATION SPECTRUM AND BACKWARD RADIATION PRESSURE

We are now in the position to compute the spectrum of mesons
emitted from the plasma surface. The meson flux is given by the
thermal flux of the quarks and antiquarks multiplied by the fission
probability of the flux tube. Because the fission probability has
been computed as a function of meson momentum and energy, we can
derive the meson spectrum by integrating over the initial quark
momentum

d2(Meson Flux) _ v [d3k e-'Eo/T _k_z_o R (kM K ) 1
dkMdEM (2")3 0 Eo 2> o) | 2
Z C
/M2 2 M M
x e ( k, +m" < (Ezo/Eo)E ) o ((EZO/EO)E < Ezo) (7)
M M
X e (kZ < kzo) o (kZ > 0)

where step functions make several constraints for the kinematically
allowed processes. Here we simply use the Boltzmann distribution
function with zero chemical potential and vy = yc yg ve-2 = 24

is the degeneracy factor including quark-antiquark degrees of free-
dom, .

We first apply this result to estimate the influence of meson
radiaton on the hydroexpansion. Because the radiating mesons carry
away a certain amount of momentum that otherwise contributes to the
quark pressure acting on the plasma surface, there is a pressure
decrease at the surface. The backward radiation pressure can be
estimated by

2
M M d“(Meson Flux) M
Prad = / dk, [ dE (2 k) (8)
0 E1r

M, M
dkdE

where we introduced the pion mass cutoff E, = vkg + md for the
minimum energy of mesons. In the case, m << T << k¢, we have a
simple analytic formula, Ppag, = 5/2 (T/k¢)2 P, where Pq =
(vy/n2)-T4 is the quark-antiquark pressure in the massless

Boltzmann gas approximation. Figure 3 shows the numerical resuit
of the ratio of the radiation pressure to the quark pressure as a
function of surface temperature. One sees that this ratio is less
than 20 percent at relevant temperatures, indicating that the meson
radiation due to this process is a minor perturbation on the hydro-
expansion of the plasma.
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Fig. 3. The ratio of backward radiation pressure
to the quark pressure as a function of plasma
temperature.

VI. SURFACE TEMPERATURE AND SURFACE MOTION

To determine surface temperature and surface motwgn we invoke
the macroscopic energy-momentum conservation law, 3 T = 0, where

the energy-momentum tensor ™ may be written as TIN Pguv +

(P + ¢€) U{U in the collision dominated plasma reg1on while out-
s1de of the plasma it takes a form, TSﬁT = Bguv + Thiq Here ¢, U
are th% energy density and the ve1OC1ty of the p]asma f1u1d and B
and Th34. denote the bag constant and the radiation energy-momentum
tensor respectively. Then the energy-momentum conservation law
gives a set of equations which determine the hydrodynamical motion
of the plasma with a surface boundary condition:

TIN = 0: hydrodynamics (9)
TIN o= TOUT" surface boundary condition (10)
where n, is a unit space-like four vector normal to the surface
world sheet. In the rest frame of the surface Eq. (10) gives a
pressure ba]ance equation at the surface;
Pplasma(Ts) = B *+ Prad.(Ts) (11)

Because the radiation pressure Ppz4. has been determined as a
function of surface temperature Tg by Eq. (8) this equation
determines the surface temperature of the plasma as a function of
external bag pressure. For a small flux tube radius (R = 0.5 fm),
it turns out to be a good approximation to neglect the radiation
pressure, yielding



Ts = 0.781/4 (12)

for u,d and gluon plasma. This formula gives Tg = 140-200 MeV

for Bi/ = 200-280 MeV. The above analysis also indicates that

the p]amsa surface may be slightly supercooled (T¢ < T¢) because the
critical temperature Tc is determined by Pp) (T¢) = B *+ Phad.(Tc)
with thermal hadron pressure Ppaqd. which exceeds Ppad. at Tow tem-
perature.

The surface motion can be determined by solving the hydro-
dynamic equation (9) with surface boundary condition (10) (or
(11)). Since it requires an extensive numerical study to solve
this problem in the general geometrical condition, we consider here
only one-dimensional flow where a simple analytic solution exists.
In this case our problem is reduced to a problem of gas flow irf a
semi—infinite pipe terminated by a piston which begins to move with
constant velocity. The resultant flow is a similarity flow which
consists of two steady flow regions and a rarefaction wave in be-
tween. 17 The pressure profile of the fluid is illustrated in
Fig. 4. The fluid is at rest in the interior region (I) with high
constant pressure Py and is accelerated by the pressure gradient
of the rarefaction wave (II) to get the velocity vg of exterior
steady flow (III) where the pressure becomes constant again, Pg ~
B. The acceleration due to the rarefaction wave can be estimated
by a formula 18

Pressure

Rarefaction
Wave

=20
g Pg B + Pgyg
| | |
0<v<ug ] m : Vacuum
; | v =
[ S |
L | i }
-1.0 -Cq 0.0 g 1.0
— x/t

¥ RC-E7D

Fig. 4. Pressure profile of one-dimensional re-
lativistic similarity flow which consists of two
steady flow region (I and III) and a rarefaction
wave (II).
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Po
-1 dpP Y .
yg = tanh™ v, i]” 1) - /3 1In (Ty/Te) (13)
Ps

where cg = vdP/de is the sound velocity and, in deriving the

last equality, we used the Stephan-Boltzmann equation of state.

This formula predicts the surface rapidity yg = 0.7 for To/Ts

= 3/2. The radiation spectrum obtained in the previous section
should be corrected by the Doppler shift due to this surface motion.

VIII. PION RAPIDITY DISTRIBUTION

Finally, we compute the rapidity distribution of pions which
are produced by the surface radiation. Because the mesons which
are formed by the flux tube fission have a continuous spectrum of
invariant mass Mg that is greater than the pion mass, they will
eventually decay into pions, photons, and so on. If we take the
flux tube model seriously, we have to compute the cascade decay of
long flux tubes until we get only pions or other stable particies.
Instead of doing this, we compute the dominant decay mode by
assuming the statistical distribution in the phase space. This is
done analytically up to three pion decay. For large Mg, we use
empirical inclusive cross section of ete- 5 G » » + X, which
exhibits very simple scaling nature at high energies. I9 Besides
the initial electromagnetic process, this process is identical to
the decay of a high energy string. Once the rapidity distribution
of pions, dNn/dy, is obtained on the rest frame of the string ( =
heavy meson), the rapidity distribution of pion flux on the rest
frame of the plasma surface can be computed by folding this by the
rapidity-invariant mass distribution of the meson (= broken string
flux

2

d(Pion Flux) d” (Meson Flux) , dNg
Ty =fdydeS ay OV, dy' gyr s(y-yg-y')  (14)

where ys = tanh-1 (kY/EM) is the rapidity of the broken string
normal to the plasma surface. The numerical result of the rapidity
distribution of pion flux at Tg = 200 MeV is shown in Fig. 5 where
the rapidity distributions of thermal (black body) quark-antiquark
flux and the broken string flux are also plotted. We see that
although the quark confinement reduces the number of strings and
pions from that of quarks and antiquarks, almost the same number of
pions are still produced as the black body radiation of pions at



the same temperature.

factor.

-10-

This is not so surprising because the large
number of degrees of freedom (or large entropy) are liberated in
the plasma phase; y = 8 y, where y, = 3 is the pion degeneracy

Note that the peak of the rapidity distribution is shifted

downward showing a characteristic feature of the pion spectrum pro-

duced in this particular process.
frame is obtained from this result by simply shifting y > y ab. =
Yy + yg where the surface rapidity yg is determined by Eq. (13).

0.5 T T
7~ T = 200 Mev
/ \\ kc = 1.4 GeV
/ (R = 0.5 tm)
0.4+ / \ .
| \
- ) I \/-Thermal Quark-Antiquark
- 03Ff | \ _
£ ] \
: | \
3 ]
C
§ 02 I ’I \ —
, Br:ken String \\
on
orlf U
Black Body Pion \
LN
>~ N
0.0 1.0 ;AB 3.0
T Rapidity — Y
YSurface
XBL B310-618
Fig. 5. Rapidity distribution of

pions which are produced by the decay

of heavy mesons is compared with that
of initial quark-antiquark, broken

string, and black body pion radiation.

VIII. CONCLUDING REMARKS

We have studied the meson emission from a quark-gluon plasma
surface in the framework of the chromoelectric flux tube model.
was found that in the present scenario only high momentum quarks in
the plasm make a significant contribution to the surface hadroni-
zation because the energy scale which characterizes the fission of

Pion rapidity in the laboratory

It
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the flux tube due to gg pair creation is fairly large compared to
the plasma temperature. Hence the resultant meson radiaton turns
out to be a minor perturbation on the hydroexpansion of the plasma
fluid. It should be noted that this result is consistant with our
idealization of a smooth plasma surface.

The plasma surface, as a whole, is stabilized by the pressure
balance between internal plasma pressure and the external bag pres-
sure plus the radiation pressure. This requirement determines the
surface temperature. We observed that this is one of the conse-
quences of the energy-momentum conservation law, which can be used
to determine the hydrodynamical evolution of the interior plasma
fluid. The above picture is, however, somewhat different from what
is commonly conceived of in the macroscopic descriptions of the
plasma evolution. Usually it is implicitly assumed that the
chemical reaction from deconfined quarks and gluons in the plasma
to hadrons takes place very rapidly and smoothly at the plasma sur-
face, and that the plasma core is therefore surrounded by a dense
hadron gas which is also described by the hydrodynamics until its
temperature reaches the freezeout temperature, Tf ~ m,. In the
present description, mesons stream out of the plasma surface freely
without interacting with each other because of the very slow chem-
jical reaction rate at the plasma surface.

The surface radiation we described in this paper is a highly
nonequilibrium process. Nevertheless the pion spectrum obtained in
the present calculation shows a strong similarity in its shape as
well as its intensity to the black body radiation spectrum of the
thermal pion gas whose temperature is equivalent to the surface
temperature of the plasma. As a notable distinction from the
black-body radiation we observed a backward shift of the peak in
the rapidity distribution. However the whole spectrum is also
shifted forward by the Doppler effect due to the surface motion
which is caused by the hydrodynamical motion of the interior plasma
fluid. We constructed an analytic solution to the one-dimensional
hydrodynamics with a surface boundary condition and found a sig-
nificant acceleration of the plasma surface. To make a more ac-
curate estimate for the radiation spectrum it is certainly required.
to have a more realistic description of the initial conditions of
the hydrodynamics and the resultant motion of the plasma surface.
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