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New Forms of High Energy Density Matter

Larry McLerran

Abstract I will discuss new forms of matter that might be seen in ultra-relativistic
heavy ion collisions. The Quark Gluon Plasma is matter in thermal equilibrium at
very high temperature and low to intermediate baryon density. This is a deconfined
plasma of quarks and gluons. At high baryon density and low to moderate tempera-
ture, there are a number of different possible phases of Quarkyonic Matter. Quarky-
onic matter is at energy densities large compared to the natural scale of strong inter-
actions (200 MeV)*. The quarks in the Fermi sea behave as quasi free quarks, but
Fermi surface and thermal excitations are confined into baryons and mesons. Chiral
symmetry is broken in a translational invariant way. In the wave function of a high
energy hadron, the states that control the high energy limit of scattering are highly
coherent and very dense gluons. This is the Color Glass Condensate. A short time
after the collision of two high energy hadrons, very strong longitudinal color electric
and color magnetic fields are formed. This is the Glasma. At later times the Glasma
fields evaporate into gluons and thermalize. During this thermalization, gluon Bose
condensates might be formed. Thermalization might occur through coherent effects.
Although the intrinsic strength of interaction might be weak, the Glasma may be a
realization of a strongly interacting Quark Gluon Plasma.

1 Introduction

This talk will address the following questions:

e What are the possible forms of high energy density matter?
e How might such matter be produced and studied?
e How does such matter determine the high energy limit of strong interactions?
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The issues in this subfield of nuclear physics are similar in spirit to the very
successful search for superheavy nuclei carried out by the group at Dubna led by
Oganessian and Itkis[1], and by groups at LBL and GSI. This work was guided by
the early theoretical work of Greiner and colleagues [2].

Some of this talk will be a discussion of results that have been in the literature for
some time. There will be some commentary about very new and speculative results
concerning how matter might thermalize in heavy ion collisions and the possible
formation of Bose Finstein condensates. The subjects that will be covered are:

e The phase diagram of thermalized strongly interacting matter.

e The strongly interacting QGP and heavy ion lore.

e The Color Glass Condensate as high density and coherent fields in the high en-
ergy hadron wave function.

e The Glasma as strong colored fields produced in heavy ion collisions, and the
early time evolution of the Glasma.

e The thermalization of the Glasma as a strongly interacting non-thermalized QGP.

e The possible formation of transient Bose Copndensates during the thermalization
of the Glasma

I would like to briefly comment on what we mean by “very high energy density”
matter. The density of matter inside a proton is

gp ~Mc? /R )

where M is the proton mass, and R ~ 1 Fm is its radius. This energy density scale
is roughly 1GeV /Fm?3. The scale corresponding baryon number density is pp ~
1 Baryon/Fm?®. High energy densities and baryon densities will mean densities of
this order of magnitude or larger. This corresponds to temperatures of Tporon ~ 1013
degrees Kelvin, which is about 6 orders of magnitude larger than that of the solar
interior. Fermi energies corresponding to this scale of baryon density are typically
of order Uparyon — Mc? of order 100’s of MeV’s. In the later analysis that follow I
will use relativistic units where Planck’s constant and the speed of light are set to 1,
and baryon Fermi energies will include the rest mass energy of the proton.

2 Matter in Thermal Equilibrium

My current understanding of the phase diagram of QCD is summarized in Figure 1.

There are several landmark features of this phase diagram:

At low temperature and density, there is Hadronic Matter. This is an interact-
ing gas of quarks and gluons confined into mesons and baryons. The baryons are
massive as a consequence of the breaking of Chiral Symmetry. This symmetry is
approximate, and follows from the near masslessness of light quarks. If the symme-
try were realized, baryons would be massless.
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At high temperatures, there is the Quark Gluon Plasma, which is a gas of of de-
confined quarks and gluons. In this phase, chiral symmetry is restored. At asymptot-
ically high temperature, the quarks and gluons interact weakly, due to the fact that
strong interactions become weak at short distances.

At high baryon density and low temperatures, there is Quarkyonic Matter[3].
This matter has a Fermi sea of almost free quarks. In the Fermi sea, the dominant
quark interactions are at short distances where the interaction is weak. Near the
Fermi surface, or for thermal excitations, quarks and gluons can interact at long dis-
tances. In the QGP, these interactions are cutoff due to Debye screening of gluons.
In Quakrkonic matter, Debye screening arises from quarks, and there are a variety
of arguments that this should be ineffective until much higher baryon density than is
typical of Quarkyonic matter. By definition, high baryon density means baryons are
present. However in the hadron phase, baryons are strongly suppressed, ~ e~"3 /T
due to the large mass of baryons. These qualitative arguments can be made rigorous
in the large number of color limit of QCD, N, — . In addition, the chiral proper-
ties of QCD may be different in the Quarkyonic phase, and there may be a variety
of phase transitions associated with non-translationally invariant breaking of chi-
ral symmetry[4]-[5]. This breaking of translational invariance is because the quark
pairs that form a condensate must come from the top of the Fermi sea, and there-
fore carry net momentum. This momentum means the condensate has a typical De-
Broglie wavelength, A ~ 1/2EF, and therefore breaks the continuous translational
invariance.

In the high density phase, there may will be color superconductivity, associated
with the formation of quark Cooper pairs[6]-[7].

The transitions between the QGP, Quarkyonic Matter and Hadronic Matter in-
volve large changes in the number of degrees of freedom. At low temperatures and
densities, there are three pion degrees of freedom. In the Quarkyonic phase, there
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Fig. 1 A conception of the phase diagram of QCD.
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are three color degrees of freedom for each quark, two flavor degrees of freedom
and two spins for total of 12. In the QGP, there are two spins and eight colors for
gluons, and 3 colors, two spins, two flavors and 2 for quark and antiquark degrees
of freedom, or about 40.

It is possible that there are true phase transition lines that separate the QGP,
Quarkyonic Matter and the Hadron phase. In reality, these may be approximate.
Corresponding to these transitions, there may be a triple point associated with the
place where there is coexistence of these three phases. There may be a critical end
point, if there are true phase transitions, where a line of first order transitions van-
ishes.

Much is known about the transition at finite temperature and zero baryon number
density. This has been learned from lattice gauge theory computations. One can
see the effects of chiral symmetry restoration and deconfinement clearly in such
computations and one can also compute energy density and pressure reliably from
the underlying theory of strong interactions[8]-[9].

3 Matter as It Might Appear in Heavy Ion Collisions

In Fig. 2, the various stages of head on heavy ion collisions are shown. Initially
two Lorentz contracted nuclei approach one another in the center of mass frame.
The gluons in these nuclei are very dense and form a Color Glass Condensate. The
Lorentz contracted nuclei pass through one another in a very short time correspond-
ing to the thinness of their Lorentz contracted wavefunction. In the asymptotic high
energy limit, this makes a singularity at the instant of collision. After the collision,
very strong color longitudinal color electric and color magnetic fields are formed,
which subsequently decay. During this decay, the matter thermalizes and perhaps
forms a Bose condensate. After thermalization, the decay products form a thermal-
ized Quark Gluon Plasma. At the latest time after the system cools, a hadron gas is
formed.

CGC Initial Glasma sQGP Hadron Gas
Singularity

Fig. 2 An artistic conception of heavy ion collisions



New Forms of High Energy Density Matter 5

3.1 The Color Glass Condensate

The wave function of a high energy hadron is controlled by a high density state of
gluons, the CGC[10]. As shown in Fig. 3, the quark and gluon distribution functions
rise rapidly as the fraction momentum x = Egj,0n /Ehadron 1s decreased. The gluons
dominate the wave function at small values of x. For a gluon with fixed energy
~ Agcp, the smallest values of x corresponding to the highest gluon numbers are
achieved at the highest energy. Since the hadron cross section grows very slowly
with increasing energy, this means the gluon density grows rapidly. Therefore the
typical separation between gluons is small compared to the QCD scale, and one can
compute hadronic properties using weak coupling methods.

The gluon phase space density, dN /d? prd*rr at small values of x is dimension-
less and should be of order 1/cg >> 1 in this limit. This means that the gluons are
highly coherent as is the case in ordinary Bose condensates. The gluons which are
produced nearly at rest in the center of mass frame (“zero rapidity gluons™) can be
described as classical fields on account of this high phase space density. Because
they are produced by gluons of much higher energy, whose time scale of evolution
is Lorentz dilated, these classical fields will also appear as static, compared to nat-
ural time scales. This means that the gluons have properties similar to spin glasses,
that is there is an ensemble of classical fields that can be summed over incoherently
with a weight function. These observations are the basis of the name Color Glass
Condensate, and there is a very well developed theory to construct the ensemble of
classical fields. This theory is based on functional renormalization group equations,
which are derived from first principles in the theory of strong interactions, QCD.
The density of gluons per unit area has the dimensions of a momentum squared, so
that there is a physical scale called the saturation momentum. The high energy limit
is when Q2 >> Aécn

The typical gluon fields in the CGC are a Lorentz boosted Coulomb field, corre-
sponding to Lienard-Wiechart potentials. Their polarizations and color are random,
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Fig. 3 The quark and gluon distributions inside a hadron.
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and their density is determined by the renormalization group equations for the CGC.
Two sheets of CGC are represented in the left hand of Fig. 4

3.2 The Glasma and the Collisions of High Energy Hadrons

The collision of two sheets of CGC are shown in Fig. 4. On the right hand side, we
see the longitudinal color electric and color magnetic fields formed in the collisions.
These fields are the initial condition for the Glasma[12]-[11]. The word Glasma
comes from the fact that these fields are formed from the CGC fields, but at the
same time eventually evolve into a thermalize QGP.

The longitudinal color electric and color magnetic fields are made because dur-
ing the time the sheets of CGC pass through one another, they acquire a local color
electric and color magnetic charge density. There is a symmetry in the high energy
limit between electric and magnetic fields, so that one needs both electric and mag-
netic charge. There is an equal and opposite density induced on each sheet, and
therefore longitudinal color electric and magnetic fields are induced. These fields
can make a maximal local topological charge density, pr,, ~ E, - B¢ that may have
signatures[13].

When first proposed, it was thought that the Glasma would decay away by the
classical field equations. This however does not happen: Small fluctuations in the
classical field grow with time, indicating the onset of classical turbulence[14]-[15].
Such fluctuations arise from the underlying quantum mechanical structure of the
hadron wavefunction. These fluctuations break the boost invariance of the original
classical fields, and lead to an isotropic distribution of gluons. This happens in a
parametrically short time after the collision. To see this, note that the classical field
iS Acjassical ~ 1/, and the quantum fluctuations are Agquantum ~ 1. It takes a time of
order  ~ In(1/g)/Qsa for the system become isotropic, because of the exponential
growth of fluctuations.

An interacting system would generate flow, and therefore may be thought of as
a non-thermalized QGP. It is sttrongly interacting because of the coherent nature of

Vo =

Fig. 4 The CGC fields of a high energy hadron.
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the Glasma fields. One can ask whether or not the Glasma remains strongly inter-
acting as the system proceeds to thermalization.

3.3 Thermalization of the Glasma

How can the Glasma become themalized[16]-[17]? We will assume that the initial
phase space distribution is isotropic due to Glasma instabilities, and is of the form

dN Osar
dxd’p  o4E

F(E/Qsar) 2)

A thermal distrbution on the other hand would be of the form

dN 1
dxd®p  eE/T -1

~T/E 3)

for E << T. The distribution we start with for a Glasma therefore looks like the low
energy coherent part of a thermal distribution cut off at an energy scale Q;,, but with
a temperature Qg /. The entire distribution sits at a scale E ~ a,T. In a thermal
system it is well known that the dynamics is strongly interacting due to coherence
and non-perturbative.

Thermal systems with over occupied phase space often develop Bose conden-
sates. To see how this might occur, suppose we have a thermal distribution function
with a chemical potential that allows for over occupation of phase space,

1
S~ T )

The maximum occupation number one can have is when g = m where m is the

particle mass. Then for T >> m, pyax ~ T3 and €4, ~ T*. The ratio Prmax/ 83,{11 is

a fixed number of order one. On the other hand for the Glasma distribution, this is

Prmax/ 8,?1/; ~1/ (Xsl /* Which for weak coupling is generically larger than one.
Where do the excess particles go? They end up in a Bose condensate. The correct

distribution function for over occupied phase space is

1
e(E-m)/T _ |

Sihermal = pcond6(3) (17) + )

The problem that we recently tried to solve was how does a Yang-Mills system
with an initial over occupied phase space thermalize[16]. We assumed massless
particle dynamics and took the distribution functions to be of the form

As(t)
o S(P/AW) ©)

f(p,t) =
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The quantity Ay is the coherence scale when the distribution function is of order
1/0,E. The scale A is the ultraviolet cutoff scale. Intitially A;(0) = A(0) ~ Qg At
thermalization Ag(fperm) ~ QsA (therm )- Even though scattering may be quite strong
during the thermalization of the system, it will take some time for the separation
of scales to be established. One can therefore have a non-thermally equilibrated
strongly interacting QGP, which is the thermalizing Glasma.

We looked at the equations for particle number transport, and could argue that
after integrating out the momentum, we had equations for A (¢) and A,(¢). One of the
equations was energy conservation. Another followed from the transport equations
themselves, which requires from dimensional reasoning that the scattering time be
of the order of the time, if the system is not close to thermal equilibrium. An amusing
feature of the transport equations formulated in terns of these two scales is that the
coupling entirely disappears. The system is strongly interacting due to coherence
during the entire time between formation and thermalization!

The behavior in time of the scales turned out to be power law, suggesting some
scale invariant underlying dynamics. This leads to a thermalization time that para-
metrically involves inverse powers of coupling times 1/Qj,. We could compute the
fractional momentum space isotropy and found it to remain approximately constant
during thermalization,

2
$ ~ constant @)
<pi>

The constancy of this ratio is a consequence of the power law evolution of the di-
mensional scales, and can be extracted from analyzing scattering.

The issue of formation of a Bose condensate is a delicate one that deserves further
study. In Yang-Mills theory, such a condensate can decay away due to inelastic
particle production. Nevertheless, while the system maintains over occupation, prior
to thermalization, one might still have a condensate. This is known to occur in scalar
field theory. In scalar field theory, there are classical processes that change particle
number. The simulations of Epelbaum and Gelis[ 18] show that for an over occupied
initial distribution, one generates a Bose condensate that is long lived. This is shown
in Fig. 5. One begins with a distribution that is peaked at some momentum, and then
studies its evolution. One clearly sees the formation of a zero momentum mode,
corresponding to a condensate, and thermalization of the system with a maximally
occupied distribution, (t = m, where the mass of the particle m is determined by a
dispersion relation extracted from the computation. The Bose condensate survives
long after thermalization!

Corresponding computations for Quantum Chromodynamics are complicated be-
cause of gauge invariance and proper specification of initial conditions. There are
preliminary computations that suggest the formation of a Bose condensate[19].

If such a scenario for thermalization as described above is correct, then this will
require a revision of many of our ideas about the phenomenology of the forma-
tion of a SQGP in heavy ion collisions. First, the sQGP should be thought of as
including both the Glasma and thermalized QGP in its definition. Both are strongly
interacting plasmas that can produce flow. Jet quenching might be enhanced from
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scattering from the highly coherent Glasma. One significant difference between the
thermalized QGP and the Glasma is that the early Glasma has an under-abundance
of quarks relative to gluons. Intitially, the number of gluons is ~ 1/, but the num-
ber of quarks is of order 1. Only at thermalization, do the densities of quarks and
gluons approach one another.

Finally, signatures of the existence of a Bose condense state of gluons should be
sought both experimentally and theoretically. Perhaps a signature might be found
in the decay properties of a condensate. A condensate displaced from equilibrium
should oscillate in time producing energetic particles. However, the particle’s spatial
momentum should be zero.
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Fig. 5 Thermalization and the formation of a Bose condensate in scalar field theory.
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