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History of quark-gluon plasma evolution from photon interferometry
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Two-photon intensity interferometry is used to probe the dynamics of quarks and gluons in a
high-energy nucleus-nucleus collision. A (1+ 1)-dimensional expansion of the plasma according to
Bjorken hydrodynamics as well as a (3 + 1)-dimensional expansion, both with a 6rst-order phase
transition, are considered. The correlation of high-transverse-momentum photons is sensitive to the
details of the space-time evolution of the high-density +CD plasma. The so-called "longitudinal"
and "outward" correlations are found to be dramatically affected by the transverse expansion of the
system.
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I. INTRODUCTION

The primary motivation for colliding large nuclei such
as gold or lead at high energies is to study the behav-
ior of quantum chromodynamics (QCD) at high-energy
density. By now it is believed that the collision proceeds
in the following manner: The two clouds of valence and
sea partons pass through each other, and multiple par-
ton collisions and parton production occur, leading to a
(generally nonequilibrium) high-density plasma of quarks
and gluons [1]. This plasma expands, cools, and becomes
more dilute. If QCD admits a first-order deconfinement
or chiral symmetry phase transition, it is likely that the
system will pass through a phase mixture of quarks and
gluons and hadrons [2]. A further expansion causes the
hadrons to lose thermal contact and free stream towards
the detectors. Probably the most pressing issue is how
to obtain useful information experimentally on a system
of only ephemeral existence.

Intensity interferometry with electromagnetic waves
has been an important tool to learn about the sizes
and shapes of distant celestial objects [3]. Intensity in-
terferometry with identical hadrons or light nuclei has
also been an important tool to learn about the dy-
namics of subatomic or nuclear collisions [4]. However,
since hadrons only appear in the final state of a very-
high-energy nucleus-nucleus collision, their correlations
mainly carry information about the late dilute stage of
the collision, not about the early dense stage. The inter-
ferometric results for hadrons are also affected by Anal
state interactions among the hadrons and contributions
from resonance decays. We consider here instead photon
interferometry of high-energy collisions [5—7]. In contrast

II. FORMULATION

The correlation between two photons with momenta
kq and k2 and the same helicity is

P(kg, k2)

where

P(k)= d x
d4xd3k (2)

and

to hadrons, photons are produced throughout the space-
time evolution of the reaction, and suffer essentially no
interactions with the surrounding medium once they are
produced; thus they provide "live coverage" of the col-
lision process. We focus on photons with large trans-
verse momentum. These ought to be created primarily
in the quark-gluon plasma because that is when the en-

ergy available to produce them is greatest.
In order to use photon interferometry to probe nuclear

collision dynamics, we have to erst understand the de-
pendence of the pp correlation function on the source
size and the time development of the system. Recently,
we have obtained [8] preliminary results for the photon
interferometry of a quark-gluon plasma undergoing longi-
tudinal expansion according to Bjorken hydrodynamics.
We shall see that the correlation is very sensitive to the
details of the transverse expansion of the system and to
the phase transition. This, we feel, can be effectively
utilized to deduce the history of the quark-gluon plasma.
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dK(x, k)/d4xd k is the rate per unit volume for produc-
ing a photon with momentum k at the space-time point
x. This expression assumes an independent production of
photons. We shall not consider photon energies so small
that coherence effects need be included [5].

We shall represent the correlation function C(kl, k2)
in terms of the longitudinal, outward, and sideward mo-
mentum differences (see Fig. 1). Thus we have for the
four-momentum k,- of the ith photon,

The thermal emission rate of photons has been studied
in Ref. [9] (see also Ref. [10]).There it was found that the
rates in the hadronic phase and in the plasma phase are
the same, within our present ability to calculate them,
when compared at the same temperature T. We use here
the computed rate in the plasma phase, which is

E = KT ln
~

—+1
~

exp( E/T—), (11)
d% 2 (2.9 E

d42:dsk ( g2 T

k," = (k;T coshy, , k, ),
with

k; = (k;T cos g;, k;T sing;, k;T sinhy;), (s)

where kT is the transverse momentum y is the rapidity,
and @ is the azimuthal angle. Now the difference of the
transverse momenta qT is obtained as

where E is the photon energy, g is the @CD coupling
constant, and K is a constant which is irrelevant for the
correlation function.

In the following we shall first use the Bjorken hydrody-
namics [11] relevant for a (1+ 1)-dimensional expansion
and then give results for a (3+1)-dimensional expansion.

III. BJORKEN HYDRODYNAMICS

qT ——kiT —k2T,

and the average transverse momentum is

KT = (klT + k2T)/2.

We choose the x axis to be parallel to qT and get

qg ——k,.—k,.
kiT sinh yi —k2T sinh y2,

qT . KT
gout

T

( 1T 2T)

QklT + k2T + 2klT k2T cos(41 1/2)

KT
/side —qT gout

T

2klT k2T Ql —cos (41 @2)

QklT + k2T + 2klT k2T cos(gl 4'2)

(9)

(io) P(kl, k2) = P1P2+ P,1P,2+ P.1P,2, (12)

where

Bjorken hydrodynamics [ll] provides a simple descrip-
tion of the dynamic evolution of the plasma. It has been
used to estimate both lepton pair [12] and photon pro-
duction [13,14,10]. Details not given here may be found
in those earlier papers.

In Bjorken hydrodynamics the local flow velocity of
matter can be expressed in terms of the space-time rapid-
ity g as u" = (cosh', O, O, sinhq). The coordinate time
and position are x" = (r cosh rj, r cos P, r sin P, T sinh g),
where r is the proper time and r and P are the radial co-
ordinate and angle.

Since the only space-time dependence of the emission
rate is through the temperature, and in the Bjorken
model T depends only on the proper time 7, it is pos-
sible to integrate over all the variables in Eqs. (2) and

'(3) except for T. All the integrations are done exactly
except the integration over the space-time rapidities for
which the Gaussian approximation is made. We find that

P, =P(k;) =7rR K d7. T
27rT, (2.9 k,T ln

' +1
k, ig T

X exp( —k,T/T) (»)
and

P, = vrR K dv. v.
27rT 2 (29 kTT ln

' +1
kT (g2 T )

x exp( —k;T/T)

x cos[(AE coshy, —ql. sinhy;)r].
qTR

(14)

Here Jq is the Bessel function, B is the radius of the
identical nuclei undergoing a central collision, and

FEG. 1. The difFerence q~ of transverse momenta k~T and
k2z along with the outward momentum q „t and the sideward
momentum q„.g

LE = k~T cosh yi —k2T cosh y2,

qT = ~klT cos4'1 k2T cos4'2~ .
(i5)
(16)
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The P„are the same as the P - 'th he; wi t e substitution
of a sine for the cosine. We note that LE ~~0 dy'a ~~an y'or

qL, control the time correlation of th dion o e emitted pho-
ons. e space correlation is decided b ~ 0

hxed for the no transverse Row"
h f~E=

ow condition envisaged

When combininmbining these expressions to obtain C(kq, k2)
it is apparent that the normalization of the rate K '

o era e isir-
is important for predicting the total number

mpu ing e nor-of photon pairs, but it cancels when corn ut' th
malized correlation function. Th 1e correlation function

tons.
epen s on the energies and orientations of th ts o e wo pho-

The time deependence of the temperature is as follows.
For a plasma formed at initial tim the w, wi temperature
T, , the temperature falls as T

&

~ ——' . ' ' ~ . '
i;/'~) T; until it

reaches the critical temperature T t t'
7 and 7

re a ime wq. Between

tent h
~ t e temperature remains at T h'1 hw ie the la-

en heat is converted to collect 1 t dive ongi udinal expan-
sion energy. The length of time spent in the mixed phase
depends on the latent heat. F 1a . or a p asma of u and d
quarks and gluons with a bag constant to simulate con-
finement and a h dfi, ha ronic gas consisting of massless pions,

~ ~ ~

dom. In the following we shall treat hadronic matter as
consisting of 7t, p u and '

i, p, , n g mesons for consistency with
the rates (ll) and take the effective number of degrees

ha rons 14.
of reedom as 4.56 to account fo th

out temperature Tf. After that th
e choose T, = 160 MeV, and at the Brookhaven Rel-

7'=1 3T- =
ativistic Heavy Ion Collider (RHIC) T

/ T; = 0.124 fm je [15,lj w'ith Ty = 140 MeV for a
collision involving two lead nu 1 Th' duc ei. is model and these
numbers are used for illustrative purposes.

In eneral the
and 14(14) must be done numerically. There are thoro excep-

an the integral can be done analyticall . The h
exce tion i
m t

p
'

is w en we choose the confi u t'gura ion of mo-
men a iT —— 2T ——k

~ ~

m = = T, yi ——y2, which is equivalent to
qp~t: 0 and qT ——q„.p, . The remainin

integrals over w cancel in the ratio and
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i not exist, for a number of values of k . 1ua itatively

that the cor
ey oo simi ar. It is rather intriguing thou h toug o see

hase
a e corre ations vanish most rapidl f th

p ase contribution, followed by those for the hadronic
and the plasma contributions. They are also seen to be

ixe p ase, an nearly soindependent of kiT for the mi d h, d
or the plasma.

- 2

C(kg, k2, ql, = 0, q „t ——0) = 1+
q„g R

(17)
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~here no~ qside = kT~ cos gz —cos g2~. This configura-
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20 MeV for collisions involving lead nuclei. We also note
thhat the correlation function f th' 6.n or is configuration de-
pends on aloq„g ne, and thus its experimental determi-
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nc ion a IC energy when contributions from the plasma,
mixe phase, and hadronic phase are added together 4
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In Figs. 3(a—c) we show the correlation function from
the plasma, mixed, and hadronic phases separately, com-
puted as if the other two contributions did not exist.
Qualitatively they look similar: C -+ 2 as ql. —+ 0, and
C —+ 1 as qL, becomes large. In between C undergoes
damped oscillations due to the intensity interferometric
effect. The numbers next to the curves denote the indi-
vidual photon transverse momentum in GeV. However,
it may be noted that the ql. scale is bigger by an order of
magnitude for the plasma than for the mixed or hadronic
phases. This reflects the fact that the time scale in the
plasma is much smaller than the time scale in the mixed
or hadronic phases. Thus, in this configuration, C is
probing the temporal scale of the emitting material.

In Fig. 3(d) we combine the contributions from all
three sources and recompute C. For a photon momen-
tum of 2 GeV the interference between the rapidly os-
cillating mixed and hadronic contributions and the rel-
atively slowing varying plasma contribution causes C to
drop very quickly from its limiting value of 2 at qL,

——

0 to an average value of 1. At 3 GeV the mixed and
hadronic phases influence C only for small values of qL„
and for 4 and 5 GeV they have practically no effect at
all. The reason is that the rate for producing photons
falls exponentially with decreasing temperature, and so
the mixed and hadronic phases cannot compete with the
plasma phase for the production of high-momentum pho-
tons. For these high values of A:~ the correlation function
is dominated by the high-temperature plasma, and infor-
mation on it can be obtained.

The most interesting aspect, though, is the fact that
the typical scale for the longitudinal correlation is about
2 GeV in comparison to a value of about 20 MeV for the
sideward and the outward correlations. This is a conse-
quence of the fact that the photon interferometry is most
sensitive to the initial times. In fact for the configura-
tion discussed here and for kz )) T, , we can show that
the correlation function from the plasma phase for small
values of ql. can be approximated as

C(kg, k2, q „t = q„.g, = 0)

for the three correlators are similar [16] due to their sen-
sitivity to the dimensions of the system at the instant of
freeze-out.

This aspect has been demonstrated even more clearly
in Ref. [8] where the longitudinal correlation function for
two different initial times has been shown to be strikingly
different.

IV. TRANSVERSE FLOW EFFECTS

So far we have assumed that the transverse expan-
sion of mat ter in the mixed phase and. in the final
hadronic phase was small enough so that soft photons
could not be boosted to high transverse momentum.
However, three-dimensional hydrodynamic calculations
tend to give rather large collective transverse flow veloc-
ities in the late stages of the collision [17,18]. Thus after
a time r = R/c„where R is the transverse dimension of
the system and c, is the velocity of sound, the rarefaction
wave front is likely to reach the center of the expanding
system and we cannot ignore the transverse expansion.
The most obvious outcome of this How is to impart an
additional transverse (collective) momentum to the par-
ticles and their reaction products as noted above. It also
leads to a more rapid cooling of the system and a reduced
lifetime for the mixed phase and the final hadronic phase.

These aspects have been discussed in some detail
[17,18] and we shall apply the techniques [19] used in
these references. In brief, cylindrical symmetry along the
transverse direction and boost invariance along the longi-
tudinal direction along with appropriate initial boundary
conditions [17] are employed. The initial time and the
initial temperature are taken as before in Sec. III. The
speed of sound during the hadronic phase is taken to be
0.238 [18,10]. In the presence of the transverse expan-
sion of the system, the local How velocity of the matter
becomes

u" = pz (cosh@, vz cos P, v~ sing, sinhrI),

= 1+ cos [4k' r, sinh (Ay/2)] . (18)

Thus we see that the longitudinal correlator for photons
can be used to infer the dimensions of the initial space-
time extent of the system [8]. This is in stark contrast to
the situation for hadron interferometry where the scales

where pz ——1/gl —v&2 and vz is the transverse velocity
of the matter. This v~ and the temperature of the fluid
element are obtained. from numerical calculations of the
flow [17—19] as functions of 7 and r.

Now the functions P; and P, of Eqs. (13) and (14)
become

(2.9 pz k,~ [ cosh(y; —g) —vz cos(P —g, )]P, = K drrrdrdqd T ln +

x exp( —pz k;z [cosh(y, —q) —vz cos(P —g;)]/T) (20)

P, =K drrrdrdqdPT lni ' ' ' +1
i

x exp( —pz k;~ [ cosh(y; —rI) —vr cos(P —g; ) ]/T)
x cos[(AE cosh rI —ql, sinhrj)r —qz r cos P]. (21)
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As before, P„is. given by an expression similar to (20)
with the cosine replaced by a sine. These integrals have
to be evaluated numerically.

We note that qT g 0 controls the space-correlation and
that AE g 0 and/or ql, g 0 control the time correlation
of the emitted photons.

A. Sideward correlation

In Fig. 4(a) we show the correlation function for kjT =
A:27

——3 GeV and yq ——y2
——0 as a function of qsjde

for the plasma alone, the mixed phase alone, and the
hadronic phase alone, along with the integration over the
entire history of the system. This corresponds to the

configuration LE = qL, ——q~„t ——0 and qT
——qsjge.

We can estimate the effective size of the three sources
by parametrizing the corresponding correlation functions
using Eq. (17). For the mixed phase and the hadronic
phase contributions, B,~ 1.5—2 fm. The quark-gluon
plasma (QGP) part of the correlation function is found
to be nearly identical to (17) with R equal to the radius
of the colliding lead nuclei.

This result can be easily understood by realizing that

k&T=k2T=3 GeV, y& ——y2 ——0 kIT=k2T ——2 GeV, y, =y2=0
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FIG. 4. (a) Sideward correlation function at RHIC energy for a transversely expanding system for photons having kT = 3
GeV for the plasma only, mixed phase only, and hadronic phase only. The correlation for the entire history of the system is
also given. (b) Same as (a) for kT = 2 GeV. (c) Same as (a) for kr = 1 GeV. (d) Sideward correlation function for the entire
history of the system for A;z ——1, 2, 3, and 5 GeV. Results for no transverse flow are also given.
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photons having a large kT can be produced from the
colder hadronic matter and th d h
tial numtia numbers only by taking advantage of the (collective

ferent trransverse How velocities, and thus onl
i ave very if-

in er, t erefore, that the transverse velocity of the QGP
phase remains small across th te en ire original transverse
region, whereas for the mixed phase and the hadronic
p ase it remains uniform only over r = 1.5—2 fm.

Finall we fi.nd ffrom the correlation function for the
entire histor thy at the transverse dimension of the system
as seen by 3 GeV photons is about 10.5 fm, as compared
to about 7.4 fm for the radius of th l do e ea nuclei. This
imp ies a net increase in the transverse dimimensions o" t' e
system by 40'Fo due to the transverse flow.

The results for hot hp tons having a transverse momentum
of 2 GeV are given in Fig. 4(b) and those for 1 GeV in
Fig. 4(c). The general trend is similar: We find that the
transverse dimension determined b 2 GeV hy e photons is
a ou . fm or the hadronic matter and b t 6 f fn a ou m or

the
e mixe phase, whereas it is between 6 d 8 f fan m or all
e phases for photons having a kT of 1 GeV
The correlation function accounting for the entire his-

tory of the system in terms of th d de si eward momentum
difFerence is given in Fig. 4(d). We h I
resu

& j corresponding to no transverse ffow discussed
in the earlier section. We find th t tha as e transverse mo-
mentum of the photons increases the transverse size of

be
t e system inferred from these photons incr, t"ons increases, until it

ecomes a constant beyond k 3 G V he witn a value of
about 10.5 fm, as discussed above.

At first this mis may seem to be surprisin . H
oo at the temperature profiles of the system at different

times Figs. 5(a) and 5(b)] shows that the transverse
distance enclosed b a ive
with a de

y a given temperature first increase
decrease in the temperature (due to the transverse

a ive ses

more matter (from the surface) starts decoupling. As a
consequence, observables sensitive to h' h to ig er emperature
an ence earlier timmes see a larger transverse radius.
A similar conse uence oq of the transverse expansion has
also been seen in connection w th fi reeze-out surface using
Landau's hydrodynamics [20].
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matically different from the corresp d fi drrespon ing n ings for
the case of no transverse flow [Fig. 2(a)]. The transverse
expansion of the system forces the high kT photons from

ated only if. tney are emitted very close to each other.
The results for integration over th t h'e en ire istory of the
system are given in Fig. 6(d). We see that the corre-
lations for photons having small k da er 7 are ramatically
a ected by the transverse expansion.

It may be noted that both for the sideward and the
outward correlations the typical momentum length is of
the order of 10—20 MeV.

B. Outward correlation

Let us now try to understand the dynamics ex l d
y e correlation for the outward m

s exp ore
ar momentum diIIerence.

e s ow the correlation function for g = ~t = 0i = cp2 = and

f 0
yi ——y2

——0 as a function of q for th l hor e p asma phase
.or different values of k in Fi . 6~~ ~jThlg. ya). is corresponds
to the configuration ql. ——0. We see that thee see a t e results are

ear y i en ical to the corresponding And' f B k
y ro ynamics in Fig. 2(a). This implies that the space

this corre
and time development of the QGP he p ase as sampled by

y t e trans-is corre ation is not substantially affected b th
verse expansion. However the results f ths or e m~xed phase
[ ig. ( )] and for the hadronic phase [Fig. 6(c)] are dra-
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FIG. 5. (al Tem eraturep profile of the transversely expand-
ing system at early times, when the temperature is still high.

pan ing system
a ate times, when the temperature is rather low.
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C. Longitudinal correlation

Finally we look at the dynamics explored by the cor-
relation for the longitudinal momentum difference.

We show the correlation function for gi ——v/2
——0 and

kqT ——k2T as a function of qI. for the plasma phase for
different values of kiT, in Fig. 7(a). This corresponds to
the configuration qo„t: qsjge: 0.

A comparison with Fig. 3(a) reveals that the longitu-
dinal correlation is strongly influenced by the transverse
expansion of the system already in the QGP phase even
for the large values of the transverse momenta of the
photons. The "longitudinal dimension" determined by
I/ql, is seen to decrease with the increase of the trans-
verse momentum. The typical scale associated with this

length is seen to be of the order of 0.5 GeV, in contrast
to about 2 GeV for the case of no transverse flow. This
is possibly indicative of the onset of the transverse ex-
pansion towards the end of the QGP phase. A similar
trend is seen for the correlation of photons emitted from
the mixed phase [Fig. 7(b)] and the hadronic phase [Fig.
7(c)] though the associated scale is reduced to 0.1 Gev.
Finally the correlation for photons emitted during the
entire history of the system is given in Fig. 7(d).

We recall that the inverse length scale for the plasma
with no transverse flow was about 100 MeV for photons
emitted from the mixed phase and the hadronic phases.
These changes are brought about by reduction in life-
times of the difFerent phases due to transverse expansion.

In addition to these changes in the typical scales, the
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most dramatic d'ffdifference in the correlation functions with
and without the transverse 8 th bow is e a sence of the
oscillations in the former.

V. SUMMARY AND DISCUSSION

We have studied the interferometry of photons hav-
ing arge transverse momenta emitted fromrom an expanding
quar -gluon plasma at RHIC energies with and with-out

sideward, outward, and longitudinal momentum d'ff
s for a variety of configurations. The photons having

argest tranverse momenta are shown to b l t ff
y e transverse How. The correlation function seeks out

photons having similar moment fa rom regions of space
and time over which the relative (collective) transverse
Bow is not large.

The Inost dramatic consequence of the transverse ex-
pansion is in the longitudinal correlation, which is seen

phase itself, even though this expansion is rather small
during the QGP phase.

The outward correlator is also seen to be t lo e s rongy a-
ec e y t e transverse expansion. The power of the

photon interferometry in probin th h t
tern is also seen while studying the sideward correlation,
which is sensitive to the transverse dimension of the sys-
tem. It was found that photons having large momenta
exhibit correlation over a large traransverse ra ius seen at
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early times when the system was still undergoing expan-
sion. The photons having smaller transverse momenta
exhibit correlation over smaller transverse radii, corre-
sponding to later times when the freeze-out surface had
started moving in.

Prom the results presented so far we conclude that pho-
ton interferometry can be effectively utilized to probe the
history of quark-gluon plasma.

All the results presented so far assume that the polar-
ization of each photon is known. If a polarization average
is taken instead, then the factor 1+ cos(Ak . Ax) in Eq.
(3) gets replaced by 1 + 2 cos(Ak Ax). This means
that C —+ 2 at zero relative momentum rather than 2.
Otherwise the behavior of the correlation function would
remain unchanged.

The question of background (which, if too large, would
destroy the beautiful tool of photon interferometry) has
already been discussed in Ref. [8]. In the following, we
repeat the arguments developed there. The main source
of background photons would be from vr and g decays.
(Decays of the p and w are included in the rate calcula-
tions [9] because their lifetimes are short. ) These decay
photons do not contribute to the interference term in C
unless the relative momentum under consideration is on
the order of the inverse lifetime of the meson or less,
which is too small to be of interest to us. Therefore, one
can write

C(k, k ): Pc1Pc2 + Psl Ps2

(Pg + Dg) (P2 + D2)
' (22)

where the P's are as defined earlier and the D's are the
contributions from the decay photons. An experiment
which makes no attempt to subtract p's coming from
pro and rI decay would result in a certain value of D(k);
call it Dg„u(k). An experiment which is 100% efficient
in identifying decay photons should give D(k) = 0. An
experiment which makes some attempt at identification
would give D(k) = [1 —e(k)] Df„n(k), where e(k) is the
efFiciency of identifying decay photons. The oscillatory
signal remains, but its magnitude is diminished due to
the decay photons. The question then is, how large is
D/P? At the ISR (the disassembled intersecting storage
rings at CERN) it was possible to measure photons, to
reconstruct vr 's and g's, and to subtract their contribu-
tions from the total photon spectrum [21]. This proce-
dure left a signal for "direct" photons for kz ) 2 GeV/c.
The signal increased with kz. The ratio of direct pho-
tons to m 's was found to be about 2% at 2 GeV/c and
increased to about 12% at 5 GeV/c. It is estimated that
if pg;,«t/n ) 5% for kz ) 1 GeV/c at a relativistic
heavy ion collider like RHIC or the CERN Large Hadron
Collider, a similar experiment could be successfully de-
signed and built [22). Then the decay photons could be
subtracted out and we would be left with a contamina-
tion D/P negligibly small.

One can argue that the situation might even be better
in a central collision of heavy nuclei than in a pp collision.
High k~ pions in a pp collision come primarily from hard
parton-parton scattering. In a nucleus-nucleus collision,
such pions could only be emitted from the surface be-
cause partons in the interior would continue to interact
and their momentum would be degraded [1]. Another
way to phrase this is to recognize that the yield of inter-
esting photons coming from direct QCD processes in the
plasma is proportional to the square of the charged par-
ticle multiplicity (dK,h/dy) whereas the decay photons
are proportional to d%,h/dy [23]; thus direct photons be-
come increasingly important with increasing multiplicity.
Estimates for pg;„,t/vr in central collision of gold nuclei
at RHIC vary from about 20% [14] to 100'% [24] for kz—
3 GeV.

In order to simulate a detector, integration of the one-
and two-photon distribution functions over some range of
momentum space must be done. In this paper, as in Ref.
[8], we have fixed all the components of the difference of
momenta but one, and plotted the correlation function
versus the remaining variable. Of course, the greater
the range of momentum space integration, the greater
the observable yield of photon pairs will be. However,
information is lost with every increase in the range of
integration. So there is a tradeoff between yield and in-
formation. The experiment will not be easy. If p~;,«t/vr
is on the order of 20%, then an experiment would need
to run about 25 times longer than if two-hadron interfer-
ometry was done and if the same cuts on momenta [25]
were applied.

The unique sensitivity of the photon interferometry
seen in the present work could also to used to check the
validity of hydrodynamic expansion employed here. One
may use it to check the other alternative, a cascade model
of the mixed and final hadronic phases, which makes no
assumptions about the maintenance of local equilibrium,
and which yields rather small transverse velocities [26].

It is worthwhile to mention a suggestion [27] that the
ease of a near 4' coverage and much larger luminosities
implicit in fixed target experiments might prove to be of
enhanced importance for photon interferometry.

In conclusion, we have demonstrated that information
about the space-time dynamics of quarks and gluons in
high-energy nuclear collisions can be obtained with pho-
ton intensity interferometry.

ACKNOWLEDGMENTS

We thank H. Gutbrod, L. McLerran, E. Shuryak, and
B.Sinha for stimulating conversations. We are also grate-
ful to M. Kataja and P. V. Ruskannen for making their
transverse expansion code availabe to us. This work
was supported by the Minnesota Supercomputer Insti-
tute and U.S. Department of Energy under Grant No.
DOE/DE-FG02-87ER40328.



48 HISTORY OF QUARK-GLUON PLASMA EVOLUTION FROM. . . 1345

[5]
[6]
[7]
[8]

[9]

[io]

[11]
[12]

[13]

[14]

K. Geiger, Phys. Rev. D 46, 4965 (1992); 46, 4986
(1992).
L. P. Csernai and J. I. Kapusta, Phys. Rev. Lett. 69, 737
(1992).
R. Hanbury Brown, The Intensity Interferometer (Taylor
lk: Francis, London, 1974).
D. H. Boal, C.-K. Gelbke, and B.K. Jennings, Rev. Mod.
Phys. 62, 553 (1990); W. Bauer, C.-K. Gelbke, and S.
Pratt, Annu. Rev. Nucl. Part. Sci. 42, 77 (1992).
D. Neuhauser, Phys. Lett. B 182, 289 (1986).
Y. M. Sinyokov, Nucl. Phys. A498, 151c (1989).
S. Raha and B. Sinha, Int. J. Mod. Phys. A 4, 517 (1991).
D. K. Srivastava and J. I. Kapusta, Phys. Lett. B 307, 1

(1993).
J. Kapusta, P. Lichard, and D. Seibert, Phys. Rev. D
44, 2774 (1991);H. Nadeau, J. Kapusta, and P. Lichard,
Phys. Rev. C 45, 3034 (1992).
S. Chakrabarty, J. Alam, D. K. Srivastava, B. Sinha, and
S. Raha, Phys. Rev. D 46, 3802 (1992).
J. D. Bjorken, Phys. Rev. D 27, 140 (1983).
K. Kajantie, J. Kapusta, L. McLerran, and A. Mekjian,
Phys. Rev. D 34, 2746 (1986).
R. C. Hwa and K. Kajantie, Phys. Rev. D 31, 1109
(1985).
D. K. Srivastava and B. Sinha, J. Phys. G 18, 1467
(1992); D. K. Srivastava, B. Sinha, M. Gyulassy, and
X. N. Wang, Phys. Lett. B 276, 285 (1992).

[i5]

[16]

[»)

[i8]

[19]

[2o]

[21]

[22]
[23]

[24]
[251

[26]

[27]

J. Kapusta, L. McLerran, and D. K. Srivastava, Phys.
Lett. B 283, 145 (1992).
Y. M. Sinyokov, V. A. Averchenkov, and B. Lorstad, Z.
Phys. C 49, 417 (1991).
K. Kajantie, M. Kataja, L. McLerran, and P. V. Ruuska-
nen, Phys. Rev. D 34, 2153 (1987).
J. Alam, D. K. Srivastava, B. Sinha, and D. N. Basu,
Phys. Rev. D 48, 1117 (1993).
H. von Gersdorff, M. Kataja, L. McLerran, and P.V. Ru-
uskanen, Phys. Rev D 34, 794 (1986).
B. R. Schlei, U. Ornik, M. Plumer, and R. M. Weiner,
Phys. Lett. B 293, 275 (1992).
T. Ferbel and W. R. Molzon, Rev. Mod. Phys. 56, 181
(1984).
H. Gutbrod (private communication).
V. Cerny, P. Lichard, and J. Pisut, Z. Phys. C C31, 163
(1986).
P. V. Ruuskanen, Nucl. Phys. A544, 169c (1992).
See, for example, M. Sarabura, K. H. Kampert, W. A.
Zajc, P. Seyboth, C. S. Lindsey, D. Ferenc, and S. S.
Padula, in QM'91, Proceedings of the Ninth International
Conference on Ultra-relativistic Nucleus Nucleus -Colli-
sions, [Nucl. Phys. A544 (1992)].
G. Bertsch, M. Gong, L. McLerran, P. V. Ruuskanen,
and E. Sarkkinen, Phys. Rev. D 37, 1202 (1989).
L. McLerran (private communication).


