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More realistic versions of lattice QCD may lead to a better understanding of how quarks formed
hadrons in the early Universe.
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Under normal conditions, quarks and gluons are confined in the protons and neutrons that make up everyday
matter. But at high energy densities—the range accessible at today’s particle accelerators—quarks and gluons
form a plasma reminiscent of the primordial Universe
after the big bang. Understanding how the transition
(Fig. 1) from the confined state to this quark-gluon
plasma (and vice versa) occurs is a fundamental goal of
experiments at the Relativistic Heavy Ion Collider and
the Large Hadron Collider, which recreate the plasma
by colliding nuclei at ultrarelativistic speeds. Theorists
are therefore looking for new ways to study the transition with quantum chromodynamics (QCD), the mathematically challenging theory that describes the strong
interaction between quarks. In Physical Review Letters,
researchers in the HotQCD Collaboration report an analysis of this phase transition using a formulation of QCD
that lends itself to numerical solutions on a computer,
called lattice QCD [1]. Their simulations of deconfinement—the first to be performed with a version of lattice
QCD that accurately describes the masses and, in particular, the symmetries of the quarks—yield the critical
temperature for the transition to occur, and show that it
is a smooth crossover, rather than an abrupt change.
Quark interactions become weaker at high energies—a
property called asymptotic freedom that is built into
QCD. Based on this notion, theorists predicted the existence of the quark-gluon plasma in the 1970s [2]; but
a quantitative study of how this transition occurs remains difficult to this day, both theoretically and experimentally. For instance, whether the transition is a
smooth crossover or a proper phase transition depends
on the mass values of the light quarks (the up, down,
and strange quarks). The distinction is important: if
quark confinement in the early Universe occurred as a
phase transition, it might have left a detectable imprint,
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FIG. 1: At everyday temperatures, quarks are confined in
hadrons (such as protons, neutrons and pions). But at the
energy densities accessible at particle accelerators, quarks can
become deconfined, forming a quark-gluon plasma—a phase
reminiscent of the primordial Universe. Numerical simulations based on lattice quantum chromodynamics are helping
physicists understand how the transition from the confined to
the deconfined state occurs. (APS/Joan Tycko)

while a crossover would likely not have. Even in the case
of a crossover, a change in the equation of state describing the quark matter might have affected the spectrum
of gravitational waves resulting from the big bang, or the
dark matter density.
To fully understand the details of the transition from
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the confined phase to the plasma phase, theorists need
to study the problem from first principles. One such approach is based on lattice QCD, which is a version of
QCD obtained by putting the quarks and gluons on a
four-dimensional spacetime lattice. It is especially useful for numerical simulations, since it turns the problem
of summing over all possible quantum configurations of
quarks and gluons into a (very!) high-dimensional integral that can be estimated using statistical sampling. In
a simulation, many configurations of quarks and gluons
are generated numerically at different temperatures. The
temperature of the plasma is determined via the lattice
spacing a and the extent of the lattice in the temporal direction, Nτ , via the relation T = 1/(aNτ ). Simulations
with lattice QCD have shown that the deconfinement
transition is a crossover [3] with a characteristic transition temperature of 155 mega-electron-volts (MeV), or
2 × 1012 K[4, 5]. Lattice QCD can also be used to compute the equation of state of the quark-gluon plasma,
which is needed to describe the liquidlike behavior of the
plasma measured at RHIC and the LHC.
One known problem with lattice QCD, however, is
that it doesn’t accurately account for chiral symmetry in
the hadronic phase—meaning the way that left-handed
and right-handed quarks behave. (The handedness of
a quark is defined by the direction of its spin relative
to its momentum.) As observed experimentally and predicted by QCD, chiral symmetry is spontaneously broken
when quarks form hadrons, and restored at high temperature; it is also explicitly broken by the finite mass of the
quarks. But it turns out that, for mathematical reasons,
chiral symmetry and the lattice discretization do not go
well together [6]. To handle this incompatibility, a number of versions of lattice QCD exist, all of which have
advantages and disadvantages.
The most widely applied version for studying QCD
thermodynamics is the so-called “staggered fermion” formulation, in which different components of the quark
field are distributed over the even and odd lattice sites.
The formulation has several advantages: an exact chiral
symmetry exists at finite lattice spacing, which is theoretically sound, and simulations are fairly inexpensive
in terms of computational time. Hence all lattice results
referred to above have in fact used staggered fermions.
The downside, however, is that the staggered fermion
formulation doesn’t properly describe the flavor symmetry of the quarks, except in the continuum limit, when
the lattice spacing, a, approaches zero.
The work from the HotQCD Collaboration is an attempt to validate the conclusions obtained with the staggered fermion approach. They use the so-called “domain
wall fermion” formulation that carries the correct chiral
and flavor symmetry, even at finite lattice spacing. But
correctness comes at a cost, as the theory is formulated
not in four but five dimensions: the four-dimensional chiral fermions live on domain walls in the fifth direction
and chiral symmetry is exact at finite lattice spacing, provided that the domain walls are well separated. The extra
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dimension turns the numerical problem into a demanding
high-performance computing challenge that requires an
order of magnitude more computational time. To perform their calculations, the researchers therefore made
use of the Blue Gene/Q supercomputer at Lawrence
Livermore National Laboratory—the third fastest supercomputer in the world.
The authors report two main findings: the crossover
temperature from the confined to the deconfined state
occurs at 155 MeV, entirely consistent with the results
from the staggered fermion approach, extrapolated to
the continuum; and chiral symmetry is restored slightly
above the crossover temperature, which was expected but
had not been demonstrated before. However, a possible
restoration of the U(1)A symmetry, yet another important symmetry associated with quarks that relates to the
axial anomaly—a cornerstone in the development of the
standard model of particle physics—happens at a much
higher temperature, close to the highest temperature
studied in the HotQCD Collaboration work, 195 MeV.
This result requires further study: If it holds, this result
will impact future model studies of the QCD phase transition, since they will have to accurately reproduce it as
well.
One limitation of the authors’ analysis is that it is carried out on lattices with a fixed extent in the temporal direction, namely Nτ = 8. Since the temperature
of any one simulation is determined from the relation
T = 1/(aNτ ), having a fixed extent in time sets a lower
limit on the lattice spacing. From previous studies with
the staggered fermion version of lattice QCD, it is known
that the results obtained using coarse lattices can be misleading. Instead, a careful extrapolation to the continuum limit is required, which implies carrying out simulations at smaller values of a and, therefore, larger values
of Nτ . The possibility exists that the excellent agreement
with the continuum-extrapolated staggered result for the
transition temperature (Tc ∼ 155 MeV) may be accidental. Simulations at a larger temporal extent would be
needed to settle this, but this requires substantially larger
computing resources, which may only become available
in the future.
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