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Scenario for ultrarelativistic nuclear collisions. II. Geometry of quantum states
at the earliest stage

A. Makhlin
Department of Physics and Astronomy, Wayne State University, Detroit, Michigan 48202

~Received 3 August 2000; published 7 March 2001!

We suggest that the ultrarelativistic collisions of heavy ions provide the simplest situation for the study of
strong interactions which can be understood from first principles and without any model assumptions about the
microscopic structure of the colliding nuclei. We argue that the boost-invariant geometry of the collision, and
the existence of hard partons in the final states, both supported by the data, make a sufficient basis for the
quantum theory of the phenomenon. We conclude that the quantum nature of the entire process is defined by
its global geometry, which is enforced by a macroscopic finite size of the colliding objects. In this paper, we
study the qualitative aspects of the theory and review its development in two subsequent papers. Our key result
is that the effective mass of the quark in the expanding system formed in the collision of the two nuclei is
gradually built up reaching its maximum by the time the quark mode becomes sufficiently localized. The
chromo-magneto-static interaction of the color currents flowing in the rapidity direction is the main mechanism
which is responsible for the generation of the effective mass of the soft quark mode and, therefore, for the
physical scale at the earliest stage of the collision.

DOI: 10.1103/PhysRevC.63.044902 PACS number~s!: 12.38.Mh, 12.38.Bx, 24.85.1p, 25.75.2q
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I. INTRODUCTION

In our previous papers@1–3#, we began a systematic the
oretical study of the scenario of ultrarelativistic collision
heavy ions. Our main result obtained in Ref.@3# ~further
quoted as paper@I#! was that the dense system of quark a
gluons which is commonly associated with the quark-glu
plasma~QGP! can be formed onlyin a single quantum tran-
sition. In this and two subsequent papers we continue
develop this approach in greater detail. We come to a c
clusion that ultrarelativistic nuclear collisions is a uniq
physical phenomenon when the quantum dynamics of
process is enforced by a macroscopic finite size of the
liding objects rather than by a microscopic origin of the
constituents.

The entropy~the number of excited degrees of freedo!
produced in collisions of heavy ions is a natural measure
the strength of the colored fields interaction. Indeed, bef
the collision, the quark and gluon fields are assembled
two coherent wave packets~the nuclei! and therefore, the
initial entropy equals zero. The coherence is lost, and
tropy is created due to the interaction. A search for the Q
in heavy-ion collisions is, in the first place, a search for e
dence of entropy production. Though one may wish to r
on the invariant formulaS5Tr r ln r, which expresses the
entropySvia the density matrixr, at least one basis of state
should be found explicitly. It is imperative to design such
basis, and to practically study the collective effects that t
place at the earliest (,1 fm) stage of the collision.

In any standardexclusivescattering process, no entrop
can be produced since the scattering process begins w
pure quantum state of two stable colliding particles and
final state is also given as a pure state of several particle
exactly known quantum states. The only way one can
dress the quantum problem of entropy production is to c
sider inclusivemeasurements. Since these measurements
0556-2813/2001/63~4!/044902~16!/$20.00 63 0449
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not complete~i.e., are not exclusive!, they indeed form an
ensemble with finite entropy.

Quantum chromodynamics still cannot provide the the
of nuclear collisions with detailed information about nucle
structure before the collision. We face a formidable task
build a reliable theory of nuclear collision knowing almo
nothing about the initial state. We may rely safely only up
the fact that the nuclei are stable bound states of the Q
and therefore, their configuration is dominated by the stati
ary quark and gluon fields which are genuine constituents
these quantum states. Fortunately, this, at first glance v
scarce, information appears to be sufficient for the und
standing of many intimate details of the collision process
the problem is addressed from first principles.

We hope that the final state is defined more accurately
believethat a single-particle distribution of quarks and gl
ons at some early moment after the nuclei have intersec
describe it sufficiently. Thus, we may count upon a reas
ably well-defined quantum observable. The measuremen
the one-particle distribution is an inclusive measureme
The corresponding operator should count the number
final-state particles defined as the excitations above the
turbative vacuum. As long as we expect that this count
makes sense on the event-by-event basis, the collision is
deed producing the entropy. To develop the theory for t
transition process we have to cope with a binding feature
the ‘‘final’’ state has to be defined at a finite time. This m
look disturbing for readers well versed in scattering theo
because the whole idea ofa scenario as a temporal sequenc
of different stagesis alien to the standard S-matrix theor
The general framework of an appropriate theory, nam
quantum field kinetics~QFK!, has been developed in ou
previous papers@1–3#. It is based on a remarkable similarity
the measurement of one-particle distributions is as inclus
as the measurement of the distribution of the final-state e
tron in deeply inelasticep-scattering~DIS!. This conceptual
©2001 The American Physical Society02-1
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A. MAKHLIN PHYSICAL REVIEW C 63 044902
similarity, however, meets difficulties in its practical impl
mentation.

~i! The inclusive DIS directly measures only the elect
magnetic fluctuations in the proton. The problem is pos
according to theS-matrix scattering theory improved b
means of the renormalization group. The concept of runn
coupling emerges precisely in this context. The opera
product expansion~OPE! allows one to hide all the unknow
information about the proton~commonly associated with
large distances! into the local operators of various dimen
sions. Introduced in this way, structure functions~given ex-
plicitly in terms of their momenta! are applicable to DIS
process, and only to DIS.

~ii ! It is impossible to derive structure functions ofpp
scattering~not to say aboutAA) using the OPE method
because in this case the composite QCD operators bec
essentially nonlocal.1

~iii ! Historically, the escape was provided by the part
model~the factorization hypothesis!, which was successfully
applied to various processes that accompanypp scattering
~like Drell-Yan pairs production!, where the factorization
scale can be kept under the data control, since the numb
particles in the final state is relatively small. InAA collisions,
the control over the factorization scale is practically impo
sible because of the enormously high multiplicity. Furth
more, the phase space of the final state is densely popu
and the picture of an independent emission~unitary cut in the
Feynman diagram! employed for the derivation of DIS struc
ture functions does not hold any more.

As has been already mentioned, in theAA case we need a
developing in time scenario which cannot be accessed f
the S-matrix scattering theory, while the DIS structure fun
tions are constructed withinS-matrix approach. The QFK
method has been developed in order to resolve these p
lems by addressing not only the nuclear collision as a tr
sient process, but theep-DIS also. Our major hope was t
derive QCD evolution equations and to introduce the str
ture functions using the framework of an independently i
tiated theory of nuclear collisions. The first step along t
guideline was an immediate success@1,2#. It was demon-
strated, that the evolution equations indeed describe a t
sient process that ends as an electromagnetic fluctuation
clusively probed by the electron.

To give a flavor of how the method works practically, l
us start with a qualitative description of the inclusivee-pDIS
measurement~for now, at the tree level without discussion
the effects of interference!. In this experiment, the only ob
servable is the number of electrons with a given momen
in the final state. Somethingin the pasthas to create the
electromagnetic field that deflects the electron.Before this
field is created, the electromagnetic current, which is
source of this field, has to be formed. Since the momen
transfer in the process is very high, the current has to

1A similar situation takes place in theep process if a jet is chosen
as the inclusive observable. Then the dynamics of the proce
sensitive to the QCD content of the electron~see Sec. IV in paper
@I#!.
04490
-
d

g
r

me

n

of

-
-
ted

m

b-
-

-
-
s

n-
in-

m

e
m
e

sufficiently localized. This localization requires, in its tur
that the electric charges which carry this current must
dynamically decoupled from the bulk of the protonbefore
the scattering field is created~to prevent a recoil to the othe
parts of the proton which could spread the emission doma!.
Such a dynamical decoupling of a quark requires a pro
rearrangement of the gluonic component of the proton w
the creation of short-wave components of a gluon field.
causality, corresponding gluonic fluctuation must happenbe-
fore the current has decoupled, etc. Thus we arrive at
picture of the sequential-dynamical fluctuations which cre
an electromagnetic field probed by the electron. The li
times of these fluctuations can be very short. Neverthel
they allcoherentlyadd up to form a stable proton, unless t
interaction of measurement breaks the proper balance
phases. This intervention freezes some instantaneous pi
of the fluctuations, but with wrong ‘‘initial velocities’’ which
results in a new wave function, and collapse of the old o
This qualitative picture has been described many times
with many variations in the literature, starting with the pi
neering lecture by Gribov@4#, and including a recent text
book @5#; however, the sequential temporal ordering of t
fluctuations has never been a key issue. We derive this
dering as a consequence of the Heisenberg equations of
tion for the observables. The practical scheme of calcula
that emerges in this way appears to bea special form of
quantum mechanics which describes an inclusive meas
ment as a transient process. Translated into mathematica
language in momentum space, this picture leads to the m
general form of the evolution equations, which may then
reduced~under different assumptions! to the known DGLAP,
BFKL, or GRV equations@2#. The evolution equations wer
derived immediately in the closed form of the integral equ
tions avoiding a selective summation of the perturbation
ries. The standard inclusivee-p DIS indeed delivers infor-
mation about quantum fluctuations which maydynamically
develop in the protonbefore it is destroyed by a hard elec
tromagnetic probe. One of the most amazing features
has been discovered in the framework of QFK is that
QCD evolution equations are anintrinsic property of the
inclusive measurement process, and they are not limited by
the factorization condition.

In paper@I#, we studied the problem of loop corrections
the QFK evolution equations. First, we found that they
not corrupt the causal picture of the measurement descr
above, at the tree level. Second, they indeed provide ascale
to the entire process. This scale is connected with collec
interactions in the final state, which dynamically gener
masses for the final states of emission, thus regulating
abundant collinear divergences of the null-plane dynam
We required that the real parts of all radiative correctio
~phase shifts! must vanish along the direction of the initia
state propagation of the colliding objects. Thus, we explic
accounted for the integrity of the nuclear wave functionbe-
fore the collision. This special choice of the renormalizati
point, is natural for ultrarelativistic nuclear collisions, sinc
it allows one to treat nuclei as finite-size quantum obje
and incorporate their Lorentz contraction as a class
boundary condition imposed on the space-time evolution

is
2-2
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SCENARIO FOR . . . . II. . . . PHYSICAL REVIEW C 63 044902
quantum fields after the nuclear coherence is broken.
The net yield of our previous study in paper@I# can be

summarized as follows: The interaction between the two
trarelativistic nuclei switches on almost instantaneously. T
interaction explores all possible quantum fluctuations wh
could have developed by the moment of the collision a
freezes~as the final states! only the fluctuations compatible
with the measured observable. These snapshots cannot
an arbitrary structure, since the emerging configurati
must be consistent with all the interactions which are eff
tive on the time scale of the emission process. In ot
words, the modes of the radiation field which are excited
the course of the nuclear collision should be the collect
excitations of the dense quark-gluon system. This conclus
is the result of an intensive search of thescaleinherent in the
process of a heavy-ion collision. We proved that the scal
determined only by the physical properties of the final sta

Our previous study clearly indicates that a theory t
describes both phenomena~i.e., ep-DIS and AA collisions!
from a common point of view can be built on two premise
causality, and the condition of emission. The latter is a
known as the principle of cluster decomposition, which m
hold in any reasonable field theory. What the ‘‘resolved cl
ters’’ are is a very delicate question. These states shoul
defined with an explicit reference as to how they are
tected. Conventional detectors deal with hadrons and a
one to hypothesize about jets. QGP turns out to be a kin
collective detector for quarks and gluons. In DIS experime
the new wave function is measuredinclusivelywhich itself
could be the source of the entropy production if the fin
state had some properties of the collective system. This
lective system would then be a detector. It turns out tha
dramatic difference in population of the final states is
sole fact that makes DIS and heavy ion collisions so diff
ent.

At this moment, the natural line of development of the
ideas brought us to the point when any further progres
impossible without explicit knowledge of thenormal modes
of the expanding dense quark-gluon system. There are sev-
eral conceptual and technical problems of different cali
where this knowledge is crucial.

~1! Most of the entropy is expected to be produced dur
the initial breakup of the nuclei coherence. Computing
entropy amounts to the digital counting of the exited degr
of freedom. Therefore, the states themselves must be
cisely defined. From this point of view, the role of dynamic
masses of the normal modes is decisive. They provide
infrared boundary for the space of final states thus mak
the possible number of the excited states~the entropy! finite.

~2! Only after the infrared boundary for the QCD states
found can we hope to have a self-consistent perturba
theory. This was an original idea which motivated the sea
of the QGP @6#. A perturbative description at the kineti
stage of the scenario cannot rely on massless QCD, w
has no intrinsic scale. It can be effective only if it is based
the interaction of the partons plasmons, i.e., quarks and
ons with the effective masses. Built on these premises,
scenario for the ultrarelativistic nuclear collision promises
be more perturbative than the standard pQCD.
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~3! Standard perturbative calculations with massle
gauge fields always lead to collinear singularities that requ
a parameter of resolution for their practical removal. Wh
this singularity is due to the emission into the final state, th
this parameter is usually found as a property of the detec
As long as we consider the QGP itself as a detector,
external parameters of this kind can be in the theory. Col
ear problems also appear in loop corrections, even in t
imaginary parts. Therefore, they are also due to real p
cesses.~In physical gauges, the collinear singularities in t
loop corrections can also be connected with the spuri
poles of the gluon propagator, which is a consequence o
incomplete gauge fixing and imperfect separation betw
the longitudinal fields and the fields of radiation.!

As has been discussed in paper@I#, the collinear problems
in perturbative QCD show up only because the unphys
states are added to the list of the possible final states of
radiation processes. These states can be eliminated from
theory by accounting for the real interactions in the fin
state which provide effective masses for all radiated fields
the null-plane dynamics, this appeared to be impossi
since any type of kinetics that may lead to the formation
the effective mass is frozen on the light cone. In order
have meaningful evolution equations for heavy ion collisio
we must account for the dynamical masses of the reali
final states in dense expanding matter; the QCD evolu
has to provide a kind of self-screening of the collinear s
gularities. The way the effective mass wasestimatedin paper
@I# was crude, and it was our original goal to improve t
calculations using the full framework ofwedge dynamics.

II. OUTLINE OF IDEAS, CALCULATIONS, MAIN
RESULTS, AND CONCLUSION

In this section, we review the work presented in this a
two subsequent papers@7,8# ~hereafter quoted as papers@III #
and @IV #!. Our approach is strongly motivated by an ide
that collisions of ultrarelativistic heavy ions is the cleane
laboratory where one can study the dynamics of strong in
actions. We consider an adequate choice of the interac
quantum states at different stages of the scenario as the
of first priority. The focus of our previous study was on th
QCD evolution equations in the environment of the hea
ion collision. Now, we concentrate on the possible proper
of the state that emerges immediatelyafter the coherence of
the nuclei is broken by the first hard interaction. As in pap
@I#, we view the dynamics of the early stage as a sin
quantum process and concentrate on the study of quan
fluctuations subjected to the condition of a simple inclus
measurement~currently, on the inclusive one-particle distr
butions!. We endeavor to take full advantage of approach
the problem from first principles.

A. Heuristic arguments

Collision of ultrarelativistic heavy ions is such a uniqu
physical phenomenon, that it is difficult to find its comple
analog throughout everything that has been studied in ph
ics previously. However, we can point to several examp
which share some common distinctive patterns with the p
2-3



s
ne

o
ro
tin
te
e

he
os
It
at
pl
u
e
e

t
un

n-
am

nc
b
pl
ll.

st
ze
o
a

ed
a

b-
. A
,
e

at
d
ta
th

te
a
ed
la
h
n
s

e-
e
e

las
b
b

ent

e

m-
the
of

he
v-
not

the
over

s is
tors
ght
he
r-
ve

ne
the
plets
on
en

l-
the
for

wo
ice
ay
plet
the
hey
ion

the
in-
u-
w-
a

ed
nd-

ind
nd
be
the

ctric
On
sult

ated
as a
in-
on-
f the
ra-

A. MAKHLIN PHYSICAL REVIEW C 63 044902
cess under investigation. We begin with these example
order to help the reader understand the ideas of our
synthesis.

~1! Let an electron-positron pair be created by two ph
tons. If the energy of the collision is large, then the elect
and positron are created in the states of freely propaga
particles and the cross section of this process accura
agrees with the tree-level perturbative calculation. Howev
if the energy of the collision is near the threshold of t
process, then the relative velocity of the electron and p
tron is small, and they are likely to form positronium.
would be incredibly difficult to compute this case using sc
tering theory. Indeed, one has to account for the multi
emission of soft photons which gradually builds up the Co
lomb field between the electron and positron and binds th
into the positronium. However, the problem is easily solv
if we realize that the bound stateis the final state for the
process. We can still use low-order perturbation theory
study the transition between the two photons and the bo
state of a pair@9#.

~2! Let an excited atom be in a cavity with ideally co
ducting walls. The system is characterized by three par
eters: the sizeL of the cavity, the wavelengthl!L of the
emission, and the lifetimeDt51/G of the excited state. The
questions are, in what case will the emitted photon bou
between the cavity walls, and when will the emission field
one of the normal cavity modes? The answer is very sim
If cDt!L, the photon will behave like a bouncing ba
When the line of emission is very narrow,cDt@L, the cav-
ity mode will be excited. It is perfectly clear that in the fir
case, the transition current that emits the photon is locali
in the atom. In the second case it is not. By the time
emission, the currents in the conducting walls have to re
range charges in such a way that the emission field imm
ately satisfies the proper boundary conditions. We thus h
a collective transition in an extended system.

From a practical point of view, these two different pro
lems are united by the method of obtaining their solutions
part of the interaction~Coulomb interaction in the first case
and the interaction of radiation with the cavity walls in th
second case! is attributed to the new ‘‘bare’’ Hamiltonian
which is diagonalized by the wave functions of the final st
modes. The less significant interactions can be accounte
by means of perturbation theory. For us, the most impor
message is that it is possible to avoid a difficult study of
transient process that physically creates these modes.

~3! Let an experimental device consists of quantum de
tors that register photons emitted by a pulse source. E
pulse initiates an ‘‘event.’’ Let a sheet of glass is plac
somewhere between the source and detectors. If this g
were installed permanently in a fixed position, then t
method to account for its presence would be trivial. O
must expand the field of the initial light pulse over the sy
tem of modes~Fresnel triplets of incident, reflected, and r
fracted waves! that satisfy the continuity conditions on th
glass boundaries. The quantum theory would then treat th
triplets as the photons, etc. When the position of the g
sheet is unknown, e.g., it changes in the time periods
tween the pulses, then such a universal decomposition
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comes impossible. Nevertheless, in each particular ev
there exists an important element ofclassical boundary con-
ditions. Using special tricks~e.g., by measurement of th
times of arrival of the precursors!, one may determine the
glass position and thus to learn how the translational sy
metry of free space was actually broken and what are
photons of a particular event. Though the whole set up
this example is artificial, it illustrates the major idea. T
quantum theory of an individual event can be fully reco
ered, even if macroscopic parameters of the theory are
known until the event is completely recorded. Indeed,
prepared at a large distance light pulse can be expanded
any of the systems of the Fresnel triplets~corresponding to
different positions of the glass sheet!. Only after analysis of
the data can it be learned, which of these decomposition
meaningful. One can fill the space between the detec
with gas and account for the interaction between the li
and gas~or even for a nonlinear interaction of photons in t
gaseous medium! by perturbation theory. Being the noninte
acting waves in ‘‘free space,’’ the Fresnel triplets will ser
as the zeroth-order approximation of a quantum theory. O
may also decide not to begin with the triple waves. Then
glass must be treated as an active element. The same tri
will be recovered in the course of a real transient process
the glass surface. The translational symmetry will be brok
dynamically.

A very similar picture develops during the heavy ion co
lision. The normal modes of the final state are formed in
course of real interactions. The mechanism responsible
effective mass of the plasmons is illustrated by the first t
examples. The third example points us to an optimal cho
of the zeroth-order approximation. Exactly in the same w
as the reflected and refracted waves of the Fresnel tri
cannot physically appear before the light front reaches
glass surface, nothing can happen with the nuclei before t
overlap geometrically. Only at this instance the interact
determines the collision coordinates in (tz) plane. The sym-
metry gets uniquely broken, and the normal modes of
propagating colored fields after the interaction exist only
side the future region of the interaction domain. If the co
pling is small then we may disregard later interactions. Ho
ever, the system of the final-state free fields will have
broken translational symmetry, which will be remember
by the normal modes that obey certain macroscopic bou
ary conditions.

Referring to the above examples, one should keep in m
the source of the major difference between the QED a
QCD phenomena. The local gauge symmetry of QED can
extended to a global gauge symmetry which generates
conserved global quantum number~electrical charge! which
can be sensed at a distance. The proper field of an ele
charge is the main obstacle for the definition of its size.
the other hand, the radiation field of QED appears as a re
of the changes in the extended proper fields of acceler
charges, and one can physically create such an object
front of electromagnetic wave. In QCD, the local gauge
variance of the color group does not correspond to any c
served charge. Hence, we can easily determine the size o
colorless nucleus, but we cannot create a front of color
2-4
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SCENARIO FOR . . . . II. . . . PHYSICAL REVIEW C 63 044902
diation in the gauge-invariant vacuum. These two proper
of QCD both work for us. They allow one to use the Lore
contraction to localize the initial moment of the collision a
thus, to impose the classical boundary conditions on
propagating color fields at the later times. The existence
the collective propagating quark and gluon modes at th
times is the conjecture that has to be verified by the stud
heavy ion collisions.

The finite size of the colliding nuclei, and a strong loca
ization of the initial interaction as its consequence, is a s
ficient input for the theory that describes the earliest stag
the collision. The formalism of quantum field theory appe
to be a powerful tool that allows one to derive many pro
erties of the quark-gluon system after the collision.

B. Phenomenological input

~i! We consider the rapidity plateau seen event-by-ev
in nuclear collisions at very large energy as a confirmed
the data indication that the quantum transient process ha
scale corresponding to the finite resolution in thet and z
directions. By a common wisdom, the absence of this sc
must cause the boost-invariant expansion.2

~ii ! All existing data indicate that, regardless of the natu
of the colliding objects, a certain number of particles w
large transverse momentum are found in the final state
high pt , the cross section reasonably well follows the Ru
erford formula. We rely on the universality of Rutherfo
scattering as an indication that there is no scale paramet
resolution in the transverse (xy) plane that characterize thi
process. We assume that in nuclear collisions, these
states created at the very early instance of the collision
be described by the one-particle distribution measured
event-by-event basis.

C. Ideas

~i! The finite size of colliding nuclei plays a crucial role
our approach since it allows for a realistic measuremen
the Lorentz contraction thus precisely fixing the time and
coordinate of the collision point. In the laboratory fram
both nuclei are Lorentz contracted to a longitudinal s
R0 /g;0.1 fm, while the scale relevant for the hadron stru
ture is ;0.3 fm. Therefore, in the center-of-mass fram
both nuclei are passing through a ‘‘pin-hole,’’ and the d
tailed information about the microscopic nuclear structure
not essential. A precise measurement of thevelocity, i.e., the
coordinates at two close time moments, is impossible@10#.
Hence, a celebrated rapidity plateau in every single collis
of two ultrarelativistic ions is a direct consequence of t
type of measurement. We accept the fact of the rapidity p
teau as a classical boundary condition for the quantum se
of the theory.

2This plateau in the distribution of the final-state hadrons
clearly seen even in the inclusive jet distribution inep-DIS data,
but only statistically.
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~ii ! There is no doubt that the entire collision process m
develop inside the future light cone of the collision doma
Only there can the dynamics of the propagating color fie
become a physical reality. In other words, the resolution
colored degrees of freedom is a consequence of the pre
measurement of the coordinate by means of strong inte
tions.

~iii ! The true scale of the entire quantum process co
cides with its infrared boundary, which is build dynamical
in the course of this process. Namely, the hard parto
which are produced as localized and countable particle
the earliest time of the process, define masses for the
field states formed at the later times thus bringing the tr
sient process to its saturation.

D. Strategy and theoretical foundations

Addressing the problem of normal modes of the expa
ing quark-gluon system, we proceed in two major ste
First, we study the classical and quantum properties of
normal modes subjected to the boundary condition of a
calized interaction that follows from the relativistic causal
~being the free fields in all other respects!. Then, we use
these modes as a basis for the perturbation theory and c
pute the effective mass of the quark propagating through
background distribution of hard partons.

~i! We begin in Sec. III A with the qualitative study o
free fields, fully incorporating the properties of the geomet
background of the expanding matter. Taking the simpl
plane-wave of the scalar field as an example, and study
the probability to detect this wave on the space-like hyp
surface of constant proper timet, we conclude that it is
capable of passing through the centert5z50. The only
price paid for this feature is the full delocalization of th
state along the hyperplanest25t22z250. The state is com-
pletely delocalized attpt!1, and it is sharply localized in
the rapidity direction attpt@1. In this way, we approach a
idea ofwedge dynamics, which employs the proper timet as
the natural direction of the evolution. In Sec. III B, we co
sider a wave packet and demonstrate that the process o
calization at finite timet is physical; it is accompanied b
the gradual redistribution of the charge density and the c
rent of this charge. From this observation, we may anticip
a special role of the magneto-static interactions at the ear
times, when the process of the charge density rearrangem
is extremely rapid. Further calculations of paper@IV # give
even more evidence that the quantum process of deloca
tion predicted by wedge dynamics is a material process.

~ii ! As a first step towards practical calculations, the fie
are described classically and quantized in the scope of we
dynamics. In Sec. IV of this paper, we accomplish this p
cedure for the fermion fields. In Sec. V, we derive the e
pressions for various quantum correlators, which are used
the perturbative calculation of the fermion self-energy in p
per @IV #. An important observation made at this point is th
the material parts of the field correlators immediately ha
the form of Wigner distributions. This is a unique property
wedge dynamics which relies on the highly localized sta
as its one-particle basis.

s

2-5
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~iii ! The third one, technically the most complicated pap
@III # of this cycle, is dedicated to the vector gauge field
wedge dynamics. Several conceptual and technical probl
are addressed there. First of all, the states of the free ra
tion field are studied classically. Also at the classical lev
we compute the retarded Green function of the vector ga
field and explicitly separate the longitudinal~i.e., governed
by Gauss law! field and the field of radiation. It is found tha
if the physical charge densityr5t j t vanishes at the startin
point t50, then Gauss law of the wedge dynamics, being
fact a constraint, becomes an immediate consequence o
equations of motion. Therefore, Gauss law can be explic
used to eliminate the unphysical degrees of freedom of
gauge field, and the gaugeAt50 can be fixed completely
Using this result, we were able to quantize the gluon fi
according to the standard procedure of canonical quan
tion.

The requirementr(t50)50 would not be physical in
QED, where the long-range proper fields of electric char
would limit the possible localization of the first interactio
and the applicability of the wedge dynamics. On the ot
hand, in the wedge dynamics of colorless objects built fr
the colored fields, which are ‘‘stretched’’ att→0 along a
very wide rapidity interval, this can be a true initial cond
tion. The later creation of the localized color charges c
indeed be initiated by the color currents in the color-neu
~at t50) system.

~iv! A distinctive property of the longitudinal gauge field
in wedge dynamics is that they do not look like usual sta
fields. The Hamiltonian timet does not coincide with a usua
time of some particular inertial Lorentz frame. This is
proper time for all observers that move with all possib
rapidities starting from the pointt5z50. The system, which
is static with respect to this time experiences a perman
expansion, and its Gauss fields have magnetic compon
As a consequence, the longitudinal part of the gauge fi
propagator acquires a contact term,

Dhh
[contact]52

t1
22t2

2

2
d~h!d~rW t!.

The componentDhh establishes a connection between t
Ah component of the potential and thej h component of the
current. In its turn,Ah is responsible for theh component
Eh5]t Ah of the electric field and thex andy components,
Bx5]y Ah , By52]xAh of the magnetic field. The electrica
field in the longitudinalh-direction is not capable of produc
ing the scattering with transverse momentum transfer. H
ever, this transfer can be provided by the magnetic forc
the two currentsj h can interact via the magnetic fieldBW t
5(Bx ,By). The origin of these currents is intrinsically con
nected with the geometry of states in the wedge form
dynamics. The existence of these currents indicates tha
delocalization of the nuclear wave packet is more tha
formal decomposition in terms of fancy modes. This is
physical phenomenon which plays an important role in
formation of the IR scale of the entire process.
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E. Calculation of the effective mass

The first calculation that incorporates both the ideas a
technical part of the wedge dynamics is attempted in pa
@IV #. We compute the effective ‘‘transverse mass’’m(t,pt)
of the soft~i.e.,tpt,1) quark mode propagating through th
expanding background of hard~i.e., tkt.1) partons.

~i! In order to find the normal modes of the quark field
the expanding quark-gluon system, we solve the Dirac eq
tion with radiative corrections, which can be derived as
projection of the Schwinger-Dyson equation for the retard
quark propagator onto the one-particle initial state. T
equation can be converted into a dispersion equation
includes the retarded self-energy and connects the effec
transverse massm(t,pt) of the soft mode with its transvers
momentumpt . This equation depends on the current prop
time t as a parameter,

m~t,pt!5pt1E
0

t

dt2Att2eim(t,pt)(t2t2)S ret~t,t2 ;pt!,

and we assumed thatd ln m/d ln t!1, in deriving it. The so-
lution with this property is indeed found.

~ii ! The material part of the self-energy can be divid
into several parts corresponding to different processes of
forward quark scattering on the hard partons of the expa
ing surroundings. First, the quark may scatter on a r
~transverse! gluon. The second process is quark-quark sc
tering, which can be conveniently divided into two subpr
cesses. In one of them, the interaction is mediated by
radiation part of the gluon field, in the other, the mediator
the longitudinal part. The latter can be split further into t
contact and nonlocal parts. Our strategy was to find the le
ing terms of the self-energy which are singular att2t2
50, and thus can significantly contribute to the effecti
quark mass within a short time. Indeed, since we are look
for the time-dependentm(t,pt), this mass has to be forme
during a sufficiently short time interval. Accordingly, w
have chosen the dimensionless parameterj5(t2t2)/Att2
as a small parameter.

~iii ! The distribution of hard quarks and gluons that m
provide an effective mass to a soft quark mode with tra
verse momentumpt at the timet<1/pt are taken in agree
ment with the qualitative arguments of Secs. II B and II C

nf~qt ,u!'
Nf

pR'
2

u~qt2p* !

qt
2 ,

ng~kt ,a!'
Ng

pR'
2

u~kt2p* !

kt
2 .

They are not related to any dynamical scale and the norm
ization factorsNg andNf are the only~apart from the cou-
pling as) parameters of the theory. The impact cross sect
2-6
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pR'
2 and the full width 2Y of the rapidity plateau are define

by the geometry of a particular collision and the c.m.s.
ergy, respectively. These are irrelevant for the local scre
ing parameters we are interested in.

~iv! Analysis of the terms that include radiation field
clearly reveals two trends. On the one hand, the integra
over the transverse momenta of hard quarks and gluon
capable of creating a singularity when the rapidities cor
sponding to the two lines in the loop coincide. On the oth
hand, the interval of rapidities where the collinear geome
is possible is extremely narrow due to the light-cone bou
aries~causality! of the forward scattering process. The se
ond factor always wins, and the contribution of the colline
domain is always small. We also found that the obser
intermediate collinear enhancement of the forward scatte
amplitude is, as a matter of fact, fictitious. It is entire
formed by the integration over the infinitely large transve
momenta which are physically absent in the distribution
the hard partons.~Formally, the infinite transverse momen
tum is needed to provide a precise tuning of two states w
given rapidities to each other.! These collinear singularitie
are integrable, and they do not lead to a disaster of collin
divergence.

Our way to pick out the leading contributions from th
space-time domains, where the phases of the interac
fields are stationary, is a generalization of the known met
of isolating the leading terms using the pinch-poles in
plane of complex energy. The wedge dynamics does no
low for a standard momentum representation, since its g
metric background is not homogeneous int andz directions.
Nevertheless, the patches of phase space, where the p
of certain field fragments are stationary and effectively ov
lap, do now the same job as the pinch-poles, and yield
same answers when the homogeneity required for the
mentum representation is restored. This way to tackle
problem is genuinely more general, because it addresse
space-time picture of the interacting fields. The role
pinch-poles is taken over by the geometrical overlap of
field patterns with the same rapidity. This observation c
serve as a footing for the future development of an effec
technique for perturbative calculations in wedge dynamic

~v! The effect of the nonlocal components of the longi
dinal part of the gluon propagator that mediates the qua
quark scattering, was shown to be small also. This inte
tion cannot lead to the collinear enhancement. However
yield could be not very small, because the interaction
long range. It occurs, that the nonlocal electro- and magn
static interactions of charges just almost compensate e
other.

~vi! The only term in the quark self-energy which is si
gular at small time differences is due to the above mentio
contact term in theDhh component of the gluon propagato
This is the leading contribution to the dispersion equat
provided by the magneto-static interaction of the longitudi
currents. Studied in the first approximation, the solution
the dispersion equation indicates that in compliance with
original idea, the effective massm(t,pt) gradually increases
with time reaching its maximum whentpt'1. This is the
major practical result of this study. Evolution of the fields
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the later times must be approached with another set of
mal modes that, from the very beginning, account for
screening effects developed at the previous stage.

F. Conclusion and perspectives

In a series of papers reviewed in this section, we dem
strated that the field theory is indeed able to describe a
nario. By scenario we mean a continuous smoothly deve
ing temporal sequence of one stage into another. Th
stages are different only in the respect that each of them
characterized by its individualoptimal setof normal modes.
In contrast with paper@I#, we do not focus on the stage o
QCD evolution, since we have no clear image of the obje
that initiate destruction of nuclear coherence. Instead, we
to understand, what can be the immediate products of
destruction. This is an example of the continuity that stan
behind the idea of the scenario. The next stage will be
kinetics of the partons-plasmons, and we anticipate tha
will impose new restrictions, which will improve our curren
results.@Quantum mechanics works remarkably in both
rections: any information about the properties of the fin
state imposes limitations on the possible line of the evolut
~including the initial data! at the earlier times exactly in th
same way as the known initial data imposes restrictions
the possible final states.# By the same token, we must loo
for a connection between the objects resolved in the fi
interaction of two nuclei and the known properties of ha
rons and the QCD vacuum. Unfortunately, this appeal
opportunity is still distant.

First principles appeared to be a powerful tool for achie
ing our goals. With minimal theoretical input and with th
reference to the simplest data, they allow one to build
self-consistent picture of the initial stage of the collisio
Colliding the nuclei, we probably create the theoretica
simplest situation for understanding the nature of the p
cess. In the course of this study, we relied only on the fac
boost invariance of the process and an assumption tha
field states with large transverse momentum, even at v
early times, may be associated with the localized partic
and thus can be described by the distribution with respec
their rapidity and transverse momentum. Our strategy
looking for the leading contributions and all our approxim
tions in calculating the material part of the quark self-ene
are based on this assumption. If it appears incorrect, then
most likely that the quark-gluon matter created in the co
sion of two nuclei never, and in no approximation, can
considered as a system of nearly free and weakly interac
field states.

Our decision to begin the exploration of potentialities
the wedge dynamics with the computation of quark se
energy is motivated only by technical reasons. The glu
propagator of wedge dynamics is a very complicated fu
tion, and we preferred to start with the computation of t
fermion loop which has only one gluon correlator in it. W
hope that the discovery of, in the course of our study,
enormous simplifications~with respect to what we had to
2-7
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start with! will allow us to address the more important pro
lem of the gluon self-energy in a reasonably economic w

III. FIELD STATES IN THE PROPER-TIME DYNAMICS

The dynamical masses of normal modes at finite den
are found from the dispersion equation that includes the
responding self-energy, i.e., the amplitude of the forw
scattering of the mode on the particles that populate
phase space. In paper@I#, we found that it is impossible to
adequately describe this basic process of forward scatte
in the null-plane dynamics. The problem arises due to
singular behavior of the field pattern which is defined as
static field with respect to the Hamiltonian timex1. This
singular behavior alone shows that the choice of the dyn
ics and the proper definition of the field states is a hig
nontrivial and important issue. Besides, if we tried to d
scribe quantum fluctuations in the second nucleus in
same fashion, then it would require a second Hamilton
time x2, which is not acceptable. Thus, if we wish to vie
the collision of two nuclei as a unique quantum process, t
it is imperative to find a way to describe quarks and gluo
of both nuclei, as well as the products of their interactio
using the same Hamiltonian dynamics. An appropriate
choice for the gluons is always difficult because the gaug
a global object~as are the Hamiltonian dynamics! and both
nuclei should be described using the same gauge condit

Quantum field theory has a strict definition ofdynamics.
This notion was introduced by Dirac@11# at the end of the
1940s in connection with his attempt to build a quantu
theory of the gravitational field. Every~Hamiltonian! dynam-
ics includes its specific definition of the quantum mechan
observables on the~arbitrary! spacelike surfaces, as well a
the means to describe the evolution of the observables f
the ‘‘earlier’’ spacelike surface to the ‘‘later’’ one.

The primary choice of the degrees of freedom is effect
if, even without any interaction, the dynamics of the norm
modes adequately reflects the main physical features of
phenomenon. The intuitive physical arguments clearly in
cate that the normal modes of the fields participating in
collision of two nuclei should be compatible with their Lo
entz contraction. Unlike the incoming plane waves of t
standard scattering theory, the nuclei have a well-defi
shape and the space-time domain of their intersection is
well defined. Hence, the geometric properties of the expe
normal modes follows, in fact, from the uncertainty pri
ciple. Indeed, we may view the first touch of the nuclei as
first of the two measurements which are necessary to de
mine the velocity. Since a precise measurement of the nu
coordinate at an exactly determined moment appears to b
inelastic process that completely destroys the nuclei,
spectrum of the longitudinal velocities of the final-state co
ponents must become extremely wide@10#. These compo-
nents may also be different by their transverse mome
With respect to the measurement of the longitudinal veloc
the latter plays a role of an ‘‘adjoint mass.’’ The velocity
a heavier object can be measured with a larger accur
Therefore, the separation of the ‘‘heavy’’ final state fra
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ments by their longitudinal velocities requires less time a
can be verified earlier than for the ‘‘light’’ ones.3

The same conclusion can be reached formally: Of the
symmetries of the Poincare´ group, only rotation around the
collision z axis, boost along it, and the translations in t
transversex and y directions survive. The idea of the colli
sion of two plane sheets immediately leads us to thewedge
form; the states of quark and gluon fields before and after
collision must be confined within the past and future lig
cones ~wedges! with the xy-collision plane as the edge
Therefore, it is profitable to choose, in advance, the se
normal modes which have the symmetry of the localiz
initial interaction and carry quantum numbers adequate
this symmetry. These quantum numbers are the transv
components of momentum and the rapidity of the parti
~which replaces the componentpz of its momentum!. In this
ad hocapproach, all the spectral components of the nucl
wave functions ought to collapse in the two-dimension
plane of the interaction, even if all the confining interactio
of the quarks and gluons in the hadrons and the coherenc
the hadronic wave functions are neglected.

In the wedge form of dynamics, the states of free qu
and gluon fields are defined~normalized! on the spacelike
hypersurfaces of the constant proper timet, t25t22z2. The
main idea of this approach is to study the dynamical evo
tion of the interacting fields along the Hamiltonian timet.
The gauge of the gluon field is fixed by the conditionAt

50. This simple idea solves several problems. On the
hand, it becomes possible to treat the two different lig
front dynamics which describe each nucleus of the ini
state separately, as two limits of this single dynamics. On
other hand, after the collision, this gauge simulates a lo
~in rapidity! temporal-axial gauge. This feature provides
smooth transition to the boost-invariant regime of the crea
matter expansion~as a first approximation!. Particularly, ad-
dressing the problem of screening, we will be able to co
pute the plasmon mass in a uniform fashion, consider
each rapidity interval separately.

As it was explained in the first two sections, the feature
the states to collapse at the interaction vertex is crucial
understanding the dynamics of a high-energy nuclear co
sion. A simple optical prototype of the wedge dynamics
thecamera obscura~a dark chamber with the pin-hole in th
wall!. Amongst the many possiblea priori ways to decom-
pose the incoming light, the camera selects only one. O
the spherical harmonics centered at the pin-hole can p
etrate inside the camera. The spherical waves reveal t
angular dependence at some distance from the center

3The boost invariance with the fixed center means the absenc
a corresponding scale and vice versa. Any relativistic equatio
regardless of their physical content, will yield a self-similar so
tion. For example, the relativistic hydrodynamic equations lead
known Bjorken solution with the rapidity plateau. In its turn, th
Bjorken solution can be obtained as a limit of the Landau solut
with an infinite Lorentz contraction of the colliding objects. W
favor the arguments that are closer to quantum mechanics and a
for the further connection with the properties of the quantum sta
2-8
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build up the image on the opposite wall. Here, we sugges
view the collision of two nuclei as a kind of diffraction of th
initial wave functions through the ‘‘pin-hole’’t50, z50 in
tz plane.

Using the proper timet as the natural direction of th
evolution of the nuclear matter after the collisions has
reaching consequences. The surfaces of constantt are
curved, and the oriented objects like spinors and vec
have to be defined with due respect to this curvature.
have to incorporate the tetrad formalism in order to differe
tiate them covariantly. The properties of local invariance
modified also, since the different directions in the tang
plane become not equivalent. The physical content of
theory also undergoes an important change. The system
observers that are used tonormalizethe quantum states o
wedge dynamics is different from the observers of any p
ticular inertial Lorentz frame.

A. One-particle wave functions in wedge dynamics

In order to study the main kinematic properties of t
states of the wedge dynamics, it is enough to consider
one-particle wave functions of the scalar field. Let us ta
the wave functioncu,p'

(x) of the simplest form,

cu,p'
~x!5

1

4p3/2
e2 ip0t1 ipzz1 ipW'rW'

[H 421p23/2e2 im't cosh(h2u)eipW'rW', t2.0,

421p23/2e2 im't sinh(h2u)eipW'rW', t2,0,

~3.1!

where p05m' coshu, pz5m'sinhu (u being the rapidity
of the particle!, and, as usual,m'

2 5p'
2 1m2. The above form

implies thatt is positive in the future of the wedge verte
and negative in its past. Even though this wave function
obviously a plane wave which occupies the whole space
carries the quantum numberu ~rapidity of the particle! in-
stead of the momentumpz . A peculiar property of this wave
function is that it may be normalized in two different way
either on the hypersurface wheret5const,

E
t5const

cu8,p
'8

* ~x!i
]J

]t
cu,p'

~x!dzd2rW'

5d~u2u8!d~pW'2pW'8 !, ~3.2!

or, equivalently, on the hypersurfacest5const in the future
and the past light wedges of the collision plane, wheret2

.0,

E
t5const

cu8,p
'8

* ~x!i
]J

]t
cu,p'

~x!tdhd2rW'

5d~u2u8!d~pW'2pW'8 !. ~3.3!

Being almost identical mathematically, these two equati
are very different physically. Equation~3.2! implies that the
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state is detected by a particular Lorentz observer equippe
a grid of detectors that cover the whole space, while Eq.~3.3!
normalizes the measurements performed by an array of
detectors moving with all possible velocities. At any partic
lar time of the Lorentz observer, this array even does
cover the whole space.

The norm of a particle’s wave function always corr
sponds to the conservation of its charge or the probability
find it. Since the norm given by Eq.~3.3! does not depend on
t, the particle with a given rapidityu ~or velocity v
5tanhu5pz/p0), which is ‘‘prepared’’ on the surfacet
5const in the past light wedge, cannot flow through t
light-like wedge boundaries; the particle is predetermined
penetrate in the future light wedge through its vertex. T
dynamics of the penetration process can be understood in
following way.

At large m'utu, the phase of the wave functioncu,p'
is

stationary in a very narrow interval aroundh5u ~outside
this interval, the function oscillates with exponentially in
creasing frequency!; the wave function describes a partic
with rapidity u moving along the classical trajectory. How
ever, for m'utu!1, the phase is almost constant along t
surfacet5const. The smallert is, the more uniformly the
domain of stationary phase is stretched out along the l
cone. A single particle with the wave functioncu,p'

begins

its life as the wave with the given rapidityu at large negative
t. Later, it becomes spread out over the boundary of the
light wedge ast→20. Still being spread out, it appears o
the boundary of the future light wedge. Eventually, it aga
becomes a wave with rapidityu at large positivet. The size
and location of the interval where the phase of the wa
function is stationary plays a central role in all subsequ
discussions, since it is equivalent to the localization o
particle. Indeed, the overlapping of the domains of station
phases in space and time provides the most effective in
action of the fields.

The sizeDh of theh interval around the particle rapidity
u, where the wave function is stationary, is easily evaluat
Extracting the trivial factore2 im't which defines the evolu-
tion of the wave function in thet direction, we obtain an
estimate from the exponential of Eq.~3.1!,

2m't sinh2~Dh/2!;1. ~3.4!

The two limiting cases are as follows:

Dh;A 2

m'

t , when m't@1, and

Dh;2 ln
2

m't
, when m't!1. ~3.5!

In the first case, one may boost this interval into the labo
tory reference frame and see that the interval of the stat
ary phase is Lorentz contracted~according to the rapidityu)
in z direction. This estimate confirms what follows from
physical intuition; for a heavier quantum object, the veloc
can be measured with the higher accuracy. The states o
wedge dynamics appear to be almost ideally suited for
2-9
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A. MAKHLIN PHYSICAL REVIEW C 63 044902
analysis of the processes that are localized at different ti
t and intervals of rapidityh, and are characterized by
different transverse momentum transfer. With respect to
particular process, these states are easily divided into slo
varying fields and localized particles. In this way, one m
introduce the distribution of particles and study their effe
on the dynamics of the fields. As a result, we can calcu
the plasmon mass as a local~at some scale! effect which
agrees with our understanding of its physical origin.

B. Dynamical properties of states in wedge dynamics

The property of the wave function to concentrate with t
time near the classical world line of a particle with the giv
velocity has important implications. This is a gradual proc
and it must be accompanied by the redistribution of
charge density and the current of this charge. To see how
happens explicitly, let us consider a particle in a superp
tion stateuu0& of a normalized wave packet,

uu0&5E
2`

`

du f ~u2u0!au
†u0&,

^u0uu0&5E
2`

`

du f * ~u2u0! f ~u2u0!51, ~3.6!

whereau
† is the Fock creation operator for the one-partic

state with the rapidityu.4 The explicit form of the weight
function in Eq.~3.6! may vary. Solely for convenience, w
take the weight functionf (u2u0) of the form

f ~u2u0!5@K0~2j!#21/2e2j cosh(u2u0)

'~4j/p!1/4eje2j cosh(u2u0), ~3.7!

which provides a sharp localization of the wave packet.
the second of these equations, we used an asymptotic
proximation of the Kelvin functionK0(2j), which is reason-
ably accurate starting fromj>1/2.

The operator of the four-current density for the comp
scalar fieldC is well known to be

Jm~x!5C†~x!i ]JmC~x!, ~3.8!

and to obey the covariant conservation law,

¹mJm~x!5~2g!21/2]m@~2g!1/2gmnJn~x!#

5t21@]t~tJt!1]h~t21Jh!#

50. ~3.9!

~Here, for simplicity, we consider the two-dimensional ca
and employ the metricgtt51, ghh52t22.) The physical
components of the current~which are defined in such a wa
that the integral form of the conservation law is not alter

4We do not describe here the procedure of the scalar field q
tization in wedge dynamics. It is exactly the same as quantizatio
the fermion field in the next section.
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by the curvilinear metric! areJt5tJt andJh5t21Jh . Us-
ing Eqs.~3.6! and ~3.8!, we can compute their expectatio
values of these components in the stateuu0&

^u0uJtuu0&5tktE
2`

` du1du2

4p
f * ~u12u0! f ~u22u0!

3@cosh~h2u1!1cosh~h2u2!#

3ei tkt[cosh(h2u1)2cosh(h2u2)] , ~3.10!

^u0uJhuu0&5 ktE
2`

` du1du2

4p
f * ~u12u0! f ~u22u0!

3@sinh~h2u1!1sinh~h2u2!#

3ei tkt[cosh(h2u1)2cosh(h2u2)] . ~3.11!

The integrals overu1 andu2 can be estimated by means
the saddle point approximation even for the relatively sm
values ofj, e.g.,j;1, because the hyperbolic functions
the exponents vary sufficiently rapidly near the station
points. These calculations yield the following result:

^u0uJtuu0&5
2tkt

~pj!1/2

cosh~h2u0!

11
t2kt

2

j2 cosh@2~h2u0!#

3
e2t2kt

2/j sinh2(h2u0)

A11
t2kt

2

j2 sinh2~h2u0!

, ~3.12!

^u0uJhuu0&5
2kt

~pj!1/2

sinh~h2u0!

11
t2kt

2

j2 cosh@2~h2u0!#

3
e2t2kt

2/j sinh2(h2u0)

A11
t2kt

2

j2 sinh2~h2u0!

. ~3.13!

These dependences are plotted in Fig. 1 up to a comm
scale factor.

From the left figure, it is easy to see that the evolution
the charge densityJt starts from the lowest magnitude an
the widest spread at smallt. Then it gradually becomes nar
row and builds up a significant amplitude near the class
trajectory with the rapidityu0. This process is accompanie
by the charge flowJh ~right figure! which has its maximal
values at smallt, and then gradually vanishes at later time
when the process of building the classical particle come
its saturation. The extra factort21 in ^u0uJhuu0&, which
tends to boost current at smallt, is of geometric origin.
Thus, the behavior of the local observables in the wa
packet confirms the simple arguments of Sec. III A based
the analysis of the domain where the wave function is s

n-
of
2-10



SCENARIO FOR . . . . II. . . . PHYSICAL REVIEW C 63 044902
FIG. 1. Charge density in the wave packet~left! and current density~right! evolution.
ra
th

ge

iv

e
tic
n

-
n

ct
s

ing

n
t

ly
e
bl

he
re
if

lo

b

rg
t

, t
li-

n

ticle
be-

cts
the
ves
rad
d

t to
uge

tes

al
atin
.

te

-

tionary. One can guess about the possible nature of inte
tions at the earliest times by making an observation that
h component of the current must produce thex andy com-
ponents of the magnetic field. These fields are the stron
at the earliest times whentkt!1. The magnetic fields of the
transition currents provide scattering with the most effect
transfer of the transverse momentum. Indeed, at timet2 the
quark with the transverse momentumpt ,t2pt!1 interacts
with the gluon field and acquires a large transverse mom
tum kt ,t2kt@1. This transition is characterized by a dras
narrowing of the charge spread in the rapidity direction, a
must be accompanied by a strongh component of the tran
sition current. A similar transition in the opposite directio
happens at the timet1, when the gluon field interacts with
another quark that has large initial transverse momentumkt ,
and recovers the soft state witht2pt!1 in the course of this
interaction. This second transition current readily intera
with the magnetic component of the gluon field. The
speculations will be justified in paper@IV # of this cycle by
the explicit calculation of quark self-energy in the expand
system.

Three remarks are in order. First, the field of a free o
mass-shell particle can be only static, and it is common
think that, in the rest frame of the particle, it is a pure
electric field. In the wedge dynamics, the particle is form
during a finite time and this formation process unavoida
generates the magnetic component of thelongitudinal ~i.e.,
governed by the Gauss law! field. This will be obtained more
rigorously in the next paper when the full propagator of t
gauge field in wedge dynamics will be found. Furthermo
in wedge dynamics, the source must be called as static
expands in such a way thatJt5tJt5const(t), and its field
strength also has a magnetic component. Second, the
color current density may be large even when the system
color-neutral~begins its evolution from the colorless state!,
as it seems to be the case in heavy-ion collisions. It will
also shown in paper@III #, that in order to fix the gaugeAt

50 completely, one must require that the physical cha
densityJ t50 att50. Finally, in wedge dynamics we mee
a unique structure of phase space, where two variables
velocity of a particle and its rapidity coordinate, just dup
cate each other at sufficiently late proper timet. The quan-
tum mechanical uncertainty principle does not prohibit o
04490
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to address them on equal footing, because the one-par
wave packets of the wedge dynamics, evolving in time,
come more and more narrow in rapidity direction.

IV. STATES OF FERMIONS

The hypersurfaces of constant Hamiltonian timet of
wedge dynamics are curved. Therefore, all oriented obje
like vectors or spinors are essentially defined only in
tangent space and therefore, their covariant derivati
should be calculated in the framework of the so-called tet
formalism @12,13#.5 The covariant derivative of the tetra
vector includes two connections~gauge fields!. One of them,
the Levi-Civita connection

Gmn
l 5

1

2
glrF ]grm

]xn
1

]grn

]xm
2

]gmn

]xr G ,

is the gauge field, which provides covariance with respec
the general transformation of coordinates. The second ga
field, the spin connectionvm

ab(x), provides covariance with
respect to the local Lorentz rotation. Letxm5(t,x,y,h) be
the contravariant components of the curvilinear coordina
and xa5(t,x,y,z)[(x0,x1,x2,x3) are those of the flat
Minkowsky space. Then the tetrad vectorsem

a can be taken as
follows:

em
0 5~1,0,0,0!, em

1 5~0,1,0,0!, em
2 5~0,0,1,0!,

em
3 5~0,0,0,t!. ~4.1!

5In what follows, we use the Greek indices for four-dimension
vectors and tensors in the curvilinear coordinates, and the L
indices froma to d for the vectors in flat Minkowsky coordinates
We use Latin indices fromr to w for the transversex andy com-
ponents (r , . . . ,w51,2), and the arrows over the letters to deno

the two-dimensional vectors, e.g.,kW5(kx ,ky),ukW u5kt . The Latin
indices from i to n ( i , . . . ,n51,2,3) will be used for the three
dimensional internal coordinatesui5(x,y,h) on the hypersurface
t5const.
2-11
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A. MAKHLIN PHYSICAL REVIEW C 63 044902
They correctly reproduce the curvilinear metric gmn and the
flat Minkowsky metricgab , i.e.,

gmn5gabem
a en

b5diag@1,21,21,2t2#,

gab5gmnem
a en

b5diag@1,21,21,21#. ~4.2!

The spin connection can be found from the condition that
covariant derivatives of the tetrad vectors are equal to ze

¹men
a5]men

a1vmb
a en

b2Gmn
l el

a50. ~4.3!

The covariant derivative of the spinor field includes only t
spin connection,

¹mc~x!5F]m1
1

4
vm

ab~x!SabGc~x!, ~4.4!

whereSab5 1
2 @gagb2gbga# is an obvious generator of th

Lorentz rotations andga are the Dirac matrices o
Minkowsky space. Introducing the Dirac matrices in cur
linear coordinates,gm(x)5ea

m(x)ga, one obtains the Dirac
equation in curvilinear coordinates,

@gm~x!„i¹m1gAm~x!…2m#c~x!50, ~4.5!

where Am(x) is the gauge field associated with the loc
group of the internal symmetry. The conjugated spinor
defined asc̄5c†g0, and obeys the equation

„2 i¹m1gAm~x!…c̄~x!gm~x!2mc̄~x!50. ~4.6!

These two Dirac equations correspond to the action

A5E d4xA2gL~x!5E d4xA2gH i

2
@c̄gm~x!¹mc

2~¹mc̄!gm~x!c#1gc̄gm~x!Amc2mc̄cJ , ~4.7!

from which one easily obtains the locally conservedU(1)
current,

Jm~x!5c̄~x!gm~x!c~x!,

~2g!21/2]m@~2g!1/2gmn~x!Jn~x!#50. ~4.8!

The Dirac equations~4.5! and ~4.6! can be alternatively ob
tained as the equations of the Hamiltonian dynamics al
the proper timet. The canonical momenta conjugated to t
fields c and c̄ are

pc~x!5
d~A2gL!

dċ~x!
5

i t

2
c̄~x!g0 and

pc̄~x!5
d~A2gL!

dċ̄~x!
52

i t

2
g0c~x!, ~4.9!

respectively. The Hamiltonian of the Dirac field in the wed
dynamics has the following form:
04490
e
o,

l
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g

H5E dhd2rWA2gH 2
i

2
@c̄g i~x!¹ ic2~¹ i c̄ !g i~x!c#

2gc̄gm~x!Amc1mc̄cJ , ~4.10!

and the wave equations are just the Hamiltonian equation
motion for the momenta.

The nonvanishing components of the connections
Ghth
" 5Ghht

" 52Gthh
" 52t and vh

3052vh
0351. Moreover,

we havegt(x)5g0 andgh(x)5t21g3. The explicit form of
the Dirac equation in our case is as follows:

@ i¹” 2m#c~x!5F ig0S ]t1
1

2t D1 ig3
1

t
]h1 ig r] r2mG

3c~x!50. ~4.11!

The one-particle solutions of this equation must be norm
ized according to the charge conservation law~4.8!. We
choose the scalar product of the following form:

~c1 ,c2!5E tdhd2rWc̄1~t,h,rW !gtc2~t,h,rW !. ~4.12!

With this definition of the scalar product, the Dirac equati
is self-adjoint. The solutions to this equation will be looke
for in the formc(x)5@ i¹” 1m#x(x), with the functionx(x)
that obeys the ‘‘squared’’ Dirac equation,

@ i¹” 2m#@2 i¹” 1m#x~x!

5F]t
21

1

t
]t2

1

t2 ]h
22] r

21m22g0g3
1

t2 ]hGx~x!50.

~4.13!

The spinor partbs of the functionx(x) can be chosen as a
eigenfunction of the operatorg0g3, namely,g0g3bs5bs ,
and s51,2. Therefore, the solution of the original Dira
equation~4.5! can be written down ascs

65wsx6(x), with
the bispinor operatorsws5@ i¹” 1m#bs that act on the
positive- and negative-frequency solutionsx6(x) of the sca-
lar equation

F]t
21

1

t
]t2

1

t2 S ]h1
1

2D 2

2] r
21m2Gx6~x!50.

~4.14!

In what follows, we shall employ only the partial waves wi
quantum numbers of transverse momentumpW t and rapidityu
of massless quarks. In this case, the~already normalized!
scalar functionsx6(x) are

xu,pW t

6
~x!5~2p!23/2~2pt!

21/2e(u2h)/2e7 iptt cosh(u2h)e6 ipW rW.

~4.15!

Consequently, the one-particle solutions are
2-12
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Vs,u,pW t

6
~x!

5~2p!23/2~2pt!
21/2i¹” bse(u2h)/2e7 iptt cosh(u2h)e6 ipW rW,

~4.16!

where the spinorsbs can be chosen in different ways. How
ever, regardless of a particular choice of the spinorsbs , the
polarization sum is always

(
s

bs ^ bs5
11g0g3

2
. ~4.17!

The wavesVs,u,pW t

6 (x) are orthonormalized according to

~Vs,u,pW
(6) ,Vs8,u8,pW 8

(6)
!5dss8d~pW 2pW 8!d~u2u8!,

~Vs,u,pW
(6) ,Vs8,u8,pW 8

(7)
!50. ~4.18!

These partial waves form a complete set@cf. Eq. ~5.16!# and
therefore, can be used to decompose the fermion field,

C~x!5(
s

E d2pW tdu@as,u,pW t
Vs,u,pW t

(1)
~x!1bs,u,pW t

†
Vs,u,pW t

(2)
~x!#,

C†~x!5(
s

E d2pW tdu@as,u,pW t

†
V̄s,u,pW t

(1)
~x!

1bs,u,pW t
V̄s,u,pW t

(2)
~x!#. ~4.19!

The canonical quantization procedure, which identifies
coefficientsa andb with the Fock operators, is standard, a
it leads to the anticommutation relations,

@as,u,pW t
,as8,u8,pW

t8
†

#15@bs,u,pW t
,bs8,u8,pW

t8
†

#1

5dss8d~pW 2pW 8!d~u2u8!, ~4.20!

all other anticommutators being zero. Nontrivial issues of
canonical quantization in wedge dynamics show up only
the gluon sector. They will be discussed in paper@III # of this
cycle.

V. FERMION CORRELATORS

The field-theory calculations are based on various fi
correlators. A full set of these correlators is employed by
Keldysh-Schwinger formalism@14# which will be used be-
low in the form given in Refs.@1–3#.6 This set consists o
two Wightman functions, where the field operators are ta
in fixed order,

6The indices of the contour ordering, as well as the labels of lin
combinations of variously ordered correlators, are placed in sq
brackets, e.g.,G[AB] , G[ ret]5G[00]2G[01] , etc.
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G[10]~x1 ,x2!52 i ^C~x1!C̄~x2!&,

G[01]~x1 ,x2!5 i ^C̄~x2!C~x1!&, ~5.1!

and two differently ordered Green functions

G[00]~x1 ,x2!52 i ^T@C~x1!C̄~x2!#&,

G[11]~x1 ,x2!52 i ^T†@C~x1!C̄~x2!#&. ~5.2!

Here, ^•••& denotes the average over an ensemble of
excited modes. The vacuum state~of each particular mode! is
a part of this ensemble. In order to find the explicit form
these correlators, we shall employ the modes correspon
to the states with a given transverse momentumpW t and an
unusual rapidity quantum numberu. Further on, it will be
profitable to use the field correlators in the mixed repres
tation when they are Fourier-transformed only by their tra
verse coordinatesrW t , while the dependence on the prop
time t and the rapidity coordinateh is retained explicitly.
Below, we derive the corresponding expressions. The de
of the derivation are important, since they help to clar
physical issues related to the the localization of quanta in
wedge dynamics, and are beneficial for the future analysi
collinear singularities in paper@IV #. As for the ‘‘vacuum
part’’ of the correlators, we obtain the more or less know
expressions and put them into the form which is conveni
for future calculations.

For the practical calculations, we shall need not the fu
tionsG[AB] of Eqs.~5.1! and~5.2!, but their linear combina-
tions, the fermion anticommutatorG[0] and the density of
statesG[1] ,

G[0]~x1 ,x2!5G[10]~x1 ,x2!2G[01]~x1 ,x2!,

G[1]~x1 ,x2!5G[10]~x1 ,x2!1G[01]~x1 ,x2!, ~5.3!

and the retarded and advanced Green functions,

G[ ret]~x1 ,x2!5G[00]~x1 ,x2!2G[01]~x1 ,x2!

5u~t12t2!G[0]~x1 ,x2!,

G[adv]~x1 ,x2!5G[00]~x1 ,x2!2G[10]~x1 ,x2!

52u~t22t1!G[0]~x1 ,x2!. ~5.4!

Nevertheless, we have to start with the computation of
simplest correlators, the Wightman functions. Using E
~5.1! and ~4.19!, we obtain

r
re
2-13
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G[10]~x1 ,x2 ;pt!52 i E du

8p
@g1pte

2ue(h11h2)/21g2pte
1ue2(h11h2)/21prg

rg0~g1e2(h12h2)/21g2e1(h12h2)/2!#

3@@12n1~u,pt!#e
2 ipt[ t1 cosh(u2h1)2t2 cosh(u2h2)]1n2~u,pt!e

1 ipt[ t1 cosh(u2h1)2t2 cosh(u2h2)] #. ~5.5!
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It is useful to keep in mind a simple connection between t
expression and the standard one. Since,g65g06g3, and
pte

6u5p6[p06p3, the first line in this formula can be
rewritten asL(2h1)p”L(h2), where

L~h!5cosh~h/2!1g0g3 sinh~h/2!

5diag@eh/2,e2h/2,e2h/2,eh/2# ~5.6!

is the matrix of Lorentz rotation with the boosth. Further-
more, the quantum numberu can be formally changed into
pz . Incorporating the mass-shell delta-functiond(p2) and
returning to Cartesian coordinates, we obtain

G[10]~x1 ,x2!5L~2h1!E d4p

~2p!4 e2 ip(x2x8)@22p id~p2!p” #

3$u~p0!@12n1~p!#

2u~2p0!n2~p!%L~h2!. ~5.7!

The expression between the two spin-rotating matricesL is
what is commonly known for this type correlator in fl
Minkowsky space, and it explicitly depends on the diffe
ence,x2x8, of Cartesian coordinates. The matricesL(h)
corrupt this invariance, because the curvature of the hy
surface of constantt causes the effect known as Thom
precession of the fermion spin that can be seen by an
server that changes his rapidity coordinate and thus is
jected to an acceleration inz direction. From the representa
tion ~5.7!, it is still difficult to see that the correlators~5.1!
depend only on the differenceh5h12h2 @provided the dis-
tributions n6(u,pt) are boost invariant#. This fact becomes
clear after we change the variable,u5u81(h11h2)/2.
Then

G[10]~x1 ,x2 ;pt!

52 i E du8

8p
@g1pte

2u81g2pte
1u81prg

rg0~g1e2h/2

1g2e1h/2!#F F12n1S h11h2

2
1u8,ptD G

3e2 ipt[ t1 cosh(u2h/2)2t2 cosh(u1h/2)]

1n2S h11h2

2
1u8,ptD

3e1 ipt[ t1 cosh(u2h/2)2t2 cosh(u1h/2)]G . ~5.8!

An amazing property of this formula is that the rapidity a
gument of the distributionsn6(u,pt) is shifted by (h1
04490
s

r-

b-
b-

1h2)/2 towards the geometrical center of the correlat
Now, the spin rotation in the (tz) plane is virtually elimi-
nated in such a way that both the spin direction and
occupation numbers acquired a reference point exactly in
middle between the endpointsh1 andh2. Now, things look
exactly as if we had performed the Wigner transform of t
correlator. In actual fact, we did not. If the distributionsn6

are boost-invariant along some finite rapidity interval, th
the fermion correlator~5.8! will have the same property.

The Wightman function~5.8! has two different parts. One
part is connected with the vacuum density of states. T
second ‘‘material’’ part is connected with the occupati
numbers. The first one is always boost invariant. Furth
more, we may expect that it depends~apart from the spin-
rotation effects! only on the invariant intervalt12

2 5(t1

2t2)22(z12z2)2. The invariance of the material part is lim
ited, e.g., by the full width 2Y of the rapidity plateau and we
have to be careful in the course of further its transformati
In order to extract the dependence ont12, we must make a
second change of variable,u85u91c, wherec(t1 ,t2 ,h)
depends on the sign of the intervalt12 between the points
(t1 ,h1) and (t2 ,h2). Let the intervalt12 be timelike. Then

t12
2 5t1

21t2
222t1t2 coshh.0,

tanhc~h!5
t11t2

t12t2
tanh

h

2
,

uhu,h05 ln
t1

t2
, tanhc~6h0!561, c~6h0!56`.

~5.9!

Then, Eq.~5.8! becomes

G[10]~x1 ,x2 ;pt!

52 i E du9

8p
@g1e2cpte

2u91g2ecpte
1u9

1prg
rg0~g1e2h/21g2e1h/2!#

3F F12n1S h11h2

2
1c1u9,ptD Ge2 iptt12 coshu9

1n2S h11h2

2
1c1u9,ptDe1 iptt12 coshu9G , ~5.10!

and we see that the rapidity distributions of particles
shifted by c(h) towards the direction between the poin
(t1 ,h1) and (t2 ,h2). According to Eq.~5.9!, the rapidityc
may be infinite when this direction is lightlike (t12

2 50).
Then this shifted argument appears to be beyond the phy
2-14
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rapidity limits 6Y of the background distributionn6(u,pt).
This is extremely important, since this lightlike direction
dangerous; it is solely responsible for the collinear singul
ties in various amplitudes. One may think that the cutoff6Y
will now appear as a parameter in the final answer. T
would be counterintuitive, e.g., for many local quantities
lated to the central rapidity region, like dynamical masses
are intending to compute. It will be shown later, that t
theory is totally protected from collinear singularities even
its vacuum part and no explicit cutoff is necessary.

For the case of a spacelike intervalt12, we introduce

t̃12
2 52t12

2 52t1
22t2

212t1t2 coshh.0,

tanhc̃~h!5
t12t2

t11t2
coth

h

2
, uhu.h0 , ~5.11!

and rewrite Eq.~5.5! as follows:

G[10]~x1 ,x2 ;pW t!

52 i E du9

4p F1

2
g1e2c̃pte

2u91
1

2
g2ec̃pte

u9

1prg
r S cosh

h

2
2g0g3 sinh

h

2 D G
3F F12n1S h11h2

2
1c̃1u9,ptD Ge2 ipt t̃12 signh sinhu9

1n2S h11h2

2
1c̃1u9,ptDe1 ipt t̃12 signh sinhu9G .

~5.12!

Now it is easy to see that we are protected from the n
plane singularities in the material sector of the theory
both sides of the lightlike plane. Similar calculations can
done for the second Wightman functionG[10] which differs
from G[10] by the obvious replacements, 12n1→2n1, and
2n2→12n2. The results can be summarized as follows

G[10]~t1 ,t2 ,h;u9,pt!

5@12n1~u,pt!#G[10]
(0) ~t1 ,t2 ,h;u9,pt!

2n2~u,pt!G[01]
(0) ~t1 ,t2 ,h;u9,pt!,

G[01]~t1 ,t2 ,h;u9,pt!

52n1~u,pt!G[10]
(0) ~t1 ,t2 ,h;u9,pt!

1@12n2~u,pt!#G[01]
(0) ~t1 ,t2 ,h;u9,pt!,

~5.13!

where according to Eqs.~5.8!, ~5.10! and ~5.12!, u5(h1

1h2)/21c1u9. Here,G[a]
(0) is the vacuum counterpart o

G[a] , andG[01]
(0) (x1 ,x2 ;u,pW t)5@G[10]

(0) (x1 ,x2 ;u,2pW t)#* . Us-
ing Eqs. ~5.13!, we may easily obtain the field correlato
defined by Eqs.~5.3!. One of them is the causal anticomm
tator,
04490
i-

is
-
e

l-
n
e

G[0]~x1 ,x2 ;pW t![G[10]~x1 ,x2 ;pW t!2G[10]~x1 ,x2 ;pW t!

5G[10]
(0) ~x1 ,x2 ;pW t!2G[10]

(0) ~x1 ,x2 ;pW t!,

~5.14!

which does not include occupation numbers, while the d
sity of states,

G[1]~x1 ,x2 ;pW t![G[10]~x1 ,x2 ;pW t!1G[10]~x1 ,x2 ;pW t!

5@122nf~u,pt!#G[1]
(0)~x1 ,x2 ;pW t!,

~5.15!

carries all the information about the phase-space populat
In the last equation, we have putn2(u,pt)5n1(u,pt)
5nf(u,pt). It is straightforward to check that

G[0]~t,h1 ,rW t1 ;t,h2 ,rW t2!

52 i ^0u@C~t,h1 ,rW t1!,C̄~t,h2 ,rW t2!#1u0&

52 i
g0

t
d~h12h2!d~rW t12rW t2!. ~5.16!

This property of the equal-proper-time commutator is t
canonical commutation relation which is translated into co
mutation relations for the Fock operators. It also verifies t
the system of wave functions we employ forms a compl
set.

In any calculations connected with the local quantities
heavy ion collisions, we would like to rely on the rapidit
plateau in all distributions and to avoid its width as a para
eter in the final answers. If this is possible~which appears to
be the case!, then we may consider the occupation numb
as the functions ofpt only, and accomplish the integratio
over the rapidityu9. This integration gives the vacuum co
relatorsG[a] (t1 ,t2 ,h;pW t) in closed form.7 The integrations
are straightforward and result in the following representat
of the fermion correlators:

G[a]~t1 ,t2 ;h,pW t!5g1ptg[a]
L(1)1g2ptg[a]

L(2)

1prg
rg0g1g[a]

T(1)1prg
rg0g2g[a]

T(2) .

~5.17!

The products of three gamma matrices in this express
indicates that the fermion correlators acquire an axial co
ponent (;g rg5), which is consistent with the absence
complete Lorentz and rotational symmetry in our problem.
order to obtain the compact expressions for the invaria
g[a] , one must note that in all domains, we can replace

~e7c,7signhe7c̃!→ t1e7h/22t2e6h/2

Aut12
2 u

. ~5.18!

7Some of the integrals overu9 are defined as distributions b
means of analytic continuation.
2-15
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These transformations lead to the final expressions for
invariants of the fermion correlators that we shall use in
calculations. For the invariants of the causal anticommuta
G[0] , we have

g[0]
L(6)5 i

t1e7h/22t2e6h/2

4Aut12
2 u

u~t12
2 !J1~ptt12!,

g[0]
T(6)52

e7h/2

4
u~t12

2 !J0~ptt12!. ~5.19!

They are causal in the sense, that they are completely
fined to the interior of the future light wedge. Depending
the context, the invariants of the densityG[1] will be used in
two different representations,

g[1]
L(6)52E du8

4p F122nf S h11h2

2
1u8,ptD G

3e7u8 sin„pt@t1 cosh~u2h/2!2t2 cosh~u1h/2!#…

5
t1e7h/22t2e6h/2

4Aut12
2 u

Fu~t12
2 !Y1~ptt12!

1
2

p
u~2t12

2 !K1~ptt̃12!G@122nf~pt!#, ~5.20!
ns
ea

04490
e
r

or

n-

g[1]
T(6)52 ie7h/2E du8

4p F122nf S h11h2

2
1u8,ptD G

3cos„pt@t1 cosh~u2h/2!2t2 cosh~u1h/2!#…

5 i
e7h/2

4 Fu~t12
2 !Y0~ptt12!2

2

p
u~2t12

2 !K0~ptt̃12!G
3@122nf~pt!#. ~5.21!

The first of these representations will be expedient when
quark from the distributionnf(pt) in the self-energy loop is
interacting with the radiation component of the gluon fie
which imposes the physical limits on the rapidityc(h) in the
phase,F5t12(h)pt cosh„u82c(h)…, in the integrands of
Eqs. ~5.20! and ~5.21!. Then, the integrationdu8 will have
finite limits defined by the light cone and the localization
states with the largept . When the quark interacts with th
longitudinal~static! component of the gluon field, no limita
tions of this kind appear and we are able to use the sec
analytic representation.
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