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1 Research Summary

The beginning of experiments at the Relativistic Heavy-Gwilider (RHIC) at Brookhaven Na-
tional Laboratory in 1999 marked the beginning of a new eraltrarelativistic heavy-ion colli-
sions. One of the primary goals of the RHIC program is to disc@nd study the quark-gluon
plasma (QGP) whose existence is predicted by quantum cliypmamics (QCD). In addition,
ultrarelativistic heavy-ion collision experiments aretp# the Large Hadron Collider (LHC) pro-
gram at CERN. The LHC experiments, for which full beam ruressmheduled in 2008, will pro-
vide data on heavy ion collisions at center of mass energigsdeV and will open a new chapter
in the study of partonic matter under extreme conditionst the RHIC and LHC experiments
to have the greatest possible impact on science, it is egsemimake as close a connection to
fundamental theory as possible. Currently, however, tiseadarge gulf between the fundamental
theory of the quark-gluon plasma derived from quantum clodynamics (QCD) and the phe-
nomenology of heavy-ion collisions. There is an urgent rfeetheoretical analysis that is based
rigorously on QCD but which can also make contact with morengimenological approaches.

| am pursuing this goal on multiple fronts. Most recentlyavie been working together with
collaborators to calculate the effects of having anisatrgpark and gluon momentum-space dis-
tribution functions on the isotropization, thermalizati@nd signatures of a quark-gluon plasma.
This endeavor is probing the frontiers of non-equilibriuauge field theory. Recently, in partic-
ular, we have been able to describe the appearance of theragpéally observed “ridge” in the
rapidity-azimuthal plane as coming from deflection of thelye medium chromofields (see Sec.
2.1). Another major effort | am pursuing is the developmed mew perturbative approach to
thermal QCD, dubbed hard-thermal-loop perturbation thédiTLpt), in which plasma effects are
built in at leading order instead of being taken into accahrdugh higher order corrections. The
goal of this line of research is to develop this new approatha reliable phenomenological tool
for studying signatures for the quark-gluon plasma in haawycollisions which does not suffer
from the convergence problems of naively resummed pettiorbtheory.

2 Non-equilibrium Gauge Theories — Observables

In the last four years | have focused my efforts on finding enrvork for determining the effects
of early-time non-equilbrium physics on heavy-ion obsbklgaincluding QGP jet energy loss and
pr-broadening, and electromagnetic signatures. We havelfouthe process that the rapid longi-
tudinal expansion of the quark-gluon plasma induces ufestabdes in the plasma. These unstable
modes cause a rapid transfer of energy from hard to softswedlere the energy is deposited ini-
tially ascoherent color fieldsin a non-Abelian plasma this coherence is replaced atilatstby
aturbulent cascadeof energy from large to small scales (see Fig. 5 right). Thscade generates
a saturated large-amplitude turbulent field backgrounaiiin which the partons must traverse.
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Figure 1: Snapshots of a particle-antiparticle jet (directed along diagonal) propagating through
a quark-gluon plasma particle-in-cell (PIC) simulation which includes the effects of collisions and
chromofield dynamics. Coloration shows the intensity of the local chromo-magnetic fields induced

by the passage of the jet through the medium. This intensity provides a measure of where and
when energy is deposited in the plasma due to jet traversal.

Both the large-amplitude coherent phase and subsequéntdnt “glasma” can have a sig-
nificant effect on particle dynamics resulting in, amongeotthings, longitudinal pressure which
drives the system toward isotropy. With our new understagadf this “chromo-Weibel” instabil-
ity it is now possible to calculate the effect of expansiauced momentum-space anistropies on
QGP observables. The general techniques used include haltiaal calcuations and numerical
simulations. Below I review my recent work in these areas.

2.1 Realtime Jet Dynamics with Colored Particle-in-Cell (CPIC) Simulations

One avenue which my collaborators and | have been pursumgnerical solution of the realtime
QCD Boltzmann-Vlasov equations on large{ and128%) three-dimensional lattices. These codes
are similar to standard PIC (particle-in-cell) codes whack used to simulate electromagnetic
plasmas but extend the approach to particles with non-Abelharge and fields with non-Abelian
self-interactions. Particles are representedVag “test” particles and as these test particles “fly”
around the lattice they are deflected and color-rotated@gymamically evolving chromoelectro-
magnetic fields. In practice, the code evolves the particitipns (currents), chromoelectric field,
and gauge link plaquette variables which are a gauge-mvarepresentation of the chromomag-
netic field. In addition, we include binary collisions beewethe test particles with the frequency
and angular distribution set by the leading order pertibaCD collisional cross section. In
practice the collision probability distribution is useddarollisions are sampled from this distribu-
tion using the so-called stochastic method. In this way, eehle to producab initio calculations

of real-time transport properties of a quark-gluon plasn@uiding field-field, particle-field, and
particle-particle interactions.

In Fig. 1 |1 show a visualization of a hard-gluon jet propagatthrough a self-consistently
generated in-medium background field distribution. Thelon indicates the intensity of the
chromomagnetic fields induced by the jet’'s passage througmedium. With simulations like
this we are able to study in detail the question of colleotiffects on high-energy jet propagation.
In our most recent work [1] we have studied the momentumsesgédfusion of high-energy jets in
the presence the chromo-Weibel instability and have shtvanthe action of the instability is to
preferentially broaden jets more along the rapidity dimtthan the azimuthal direction. This is
due to the fact that the chromo-Wiebel instability has orayeFE? > E7 and B7 > FEZ during
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Figure 2: Model energy density (left), hard momentum scale (middle), and anisotropy parameter
(right) for four different isotropization times 75, € {0.1,0.4,0.8,1.6} fm/c assuming 79 = 0.1 fm/c
and v = 2.

the period of time when the instability is growing. This gefntial broadening of the jet could
possibly explain the observed “ridge” see in STAR near-g@tlanalysis (two particle correlations).

2.2 Non-equilibrium effects on QGP electromagnetic observables

One major defect of the canonical analyses of QGP in-medanticte production is that they have
traditionally assumed that the plasma is generated in aro@o thermal state. This assumption is
particularly strong in the calculation of electromagnetiservables where the standard analyses
typically assume that the plasma is thermal and isotropiadly at the parton formation time
(1o = 10 ~ 0.1-0.3 fm/c). As with any assumption one must test the aunsgces of relaxing it

on experimental observables.

Absent a precise dynamical picture of the first few fm/c of@@P’s lifetime | have recently [2]
proposed a simple phenomenological model for the time-udgrece of the plasma momentum-
space anisotropy, = (p%)/(p2) — 1, and hard momentum scalg,..q. | then use this model
to explore the effect of early-time plasma momentum-spacs#opies on high-energy dilepton
production. To accomplish this I introduce two parametéis:r;, which is the proper time at
which the system begins behaving hydrodynamically andy(@hich sets the sharpness of the
transition to hydrodynamic behavior. For times greatenttiee parton formation timey,, but
short compared ta, | assume that the system is free streaming and for times longared to
Tiso that it is expanding hydrodynamically. A typical time evisdun of the model energy density,
hard scale, and anisotropy paramétare shown in Fig. 2.

In Fig. 3 I show my recently published results for the resigjtdilepton spectra as a function
of both transverse momentum (leff);, and pair invariant mass (right)/, compared to other
background sources. As can be seen from Fig. 3 there is disagtivariation of the medium
dilepton yield when varying the assumed plasma isotrojpizatme, 7,,,, from 0.088 fm/c to 2
fm/c. As a function of invariant mass when an isotropizatiome of 2 fm/c is assumed we see
that medium dileptons become as important as Drell-Yan andgnversion. The reason for the
enhanced production is that free streaming preserves ma&/erse momentum than an isotropi-
cally expanding plasma.

As | show in Fig. 3 (left) as a function gf; the medium contribution dominates the expected
Drell-Yan and jet conversion sources for gff < 6 GeV. If an isotropization time of 2 fm/c is
assumed then the medium dileptons dominate opt-te- 9 GeV. This dominance means that it
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Figure 3: Dilepton yields as a function of (a) transverse momentum with a cut 0.5 < M < 1 GeV
and (b) invariant mass with a cut pr > 8 GeV. For medium dileptons we use 7 = 2 and 7, is
taken to be either 0.088 fm/c or 2 fm/c.

should be possible to use dilepton production to determimehrmeeded information about quark-
gluon plasma initial conditions at LHC. As can be seen frog Biatp;r = 5 GeV the expected
medium dilepton yield varies by nearly an order of magnitddpending on the assumed plasma
isotropization time.

Based on Fig. 3 it should be possible to measygat LHC energies using dilepton production
in the kinematic rang® < pr < 8 GeV. Additionally via my model fo€(7) shown in Fig. 2 deter-
mining 7, provides an estimate of the maximum amount of momentumesaaisotropy achieved
during the lifetime of the QGP. Together with my PhD studédram currently extending the cal-
culation of the in-medium anisotropic dilepton to nextiéading order. We are also applying the
same space-time model to photons and other observableden torassess the effect of possible
early-time momentum-space anistropies on these obses/abbr medium photon production a
similar production enhancement is observed when a QGP #iation time,r;,, ~ 1 fm/c is
assumed.

3 Non-equilibrium Gauge Theories and QGP Thermalization

One of the puzzles emerging from the RHIC ultrarelativistavy-ion collision experiments is

that some obervables like collective flow and soft-partgpectra are well-described by ideal hy-
drodynamic models which assume a very small plasma thezat@aln timer,;, < 1 fm/c. In order

to apply ideal hydrodynamical models the chief requiremsrthat the stress-energy tensor be
isotropic in momentum space since having a local momenfexes anisotropy requires (at the
very least) the inclusion of shear viscosity. Additionaltyrrent ideal hydrodynamic treatments
also assume that they can use an equilibrium equation eftstatescribe the time evolution of the
produced matter. Therefore, the success of these modedesisghat the bulk matter produced
is isotropicandthermalat very early timest < 1 fm/c. Estimates of the isotropization and ther-
malization times from early perturbative calculations, [dpwever, indicated that the time scale

for thermalization is more on the order bf~ 2 — 3 fm/c. This contradiction has led some to
conclude that perturbation theory should be abandonedepidoed by a large strong coupling

constant calculational framework. However, it has beengmaecently that the early calculations
of the isotropization and equilibration times had overledkn important aspect of nonequilibrium



gauge field dynamics, namely the possibilityptdsma instabilities

These plasma instabilities cause the early stage QGP taloawperturbative occupation num-
bers for soft fieldssimilar to what occurs in the saturated color-glass-cosdtninitial conditions
for URHIC collisions. These non-perturbatively large fialdplitudes { ~ 1/«,) mean that even
at small values of the strong coupling constamt ¢ 0.2 — 0.3) the system can bgtrongly-
coupled due to strong particle-field and field-field interactions. eTpossibility of generating
strongly-coupled systems in a theory which doesn’t neci#gsemve a strong coupling constant
is familar from studies of conventional QED plasmas whefeonirse, the electromagnetic cou-
pling is very smallp, ~ 1/137, and still the system can be strongly-coupled via plasmiactte
modes.

A priori it is not even clear that the matter produced in anauélativistic heavy-ion collision

will thermalize at all. One of the chief obstacles to thelzation in such collisions is the intrinsic
expansion of the matter produced. If the matter expands waxkly then there will not be time

enough for its constituents to interact before flying apatd non-interacting particles and there-
fore the system will not reach thermal equilibrium. In a hean collision the expansion which is
most relevant is the longitudinal (along the beamline) espan of the matter since at early times
it's much larger than the radial expansion. In the absengetefactions the longitudinal expan-
sion causes the system to quickly become much colder in tigtialdinal direction than in the
transverse (radial) directiofp?) < (p%). We can then ask how long it would take for interactions
to restore isotropy in they-p;, plane. In the bottom-up scenario [4] isotropy is obtainedayd
collisions between the high-momentum modes which interiacan isotropically screened gauge
interaction. The bottom-up scenario assumed that the lyitigsoft gauge modes responsible for
the screening were the same in an anisotropic plasma as sotopic one. In fact, this turns out
to be incorrect and in anisotropic plasmas the most impbadaltective mode corresponds to an
instability to transverse magnetic field fluctuations [5¢c@nt works have shown that the presence
of these instabilities is generic for distributions whiaspess a momentum-space anisotropy [6, 7]
and have obtained the full hard-loop action in the presehe@ anisotropy [8].

In the last year there have been significant advances madsity mumerical solution of the
full hard-loop effective action on real-time lattices. Tperpose of these studies is to address
the question of the long-time behavior of the instabilitpkesion [9, 10, 11, 12]. This question
is non-trivial in QCD due to the presence of non-linear iattions between the gauge degrees
of freedom. These non-linear interactions become impontdren the vector potential ampli-
tudes becoméA)qose ~ Psott/9 ~ (gPhara)/g, Wherepy..q is the characteristic momentum of
the hard particles. In QED there is no such complication &edfields grow exponentially un-
til (A)nara ~ Prara/g at which point the hard particles undergo large-angle sgag in the soft
background field invalidating the assumptions underpigrire hard-loop effective action. Ini-
tial numerical toy models indicated that non-abelian themoin the presence of instabilities would
“abelianize” and fields would saturate @t)y,..q [9]. This picture was largely confirmed by sim-
ulations of the full hard-loop gauge dynamics which assuthatithe soft gauge fields depended
only on the direction parallel to the anisotropy vector antket[10]. However, recent numerical
studies have now included the transverse dependence oétlge dield and it seems that the re-
sult is then that the gauge field’s dynamics changes its @himem exponential to linear growth

1Soft fields can be thought of as highly occupied low-momentum particle modes. When highly occupied one can
ignore the effect of quantum statistics and evolve the fields classically and ensemble average.
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Figure 4: (Left) Comparison of the energy transferred from hard to soft scales by the instability,
|E(HL)|, for 3+1-dimensional simulations on 963,883,693 lattices. Inset shows late-time behavior
on a linear scale. (Right) Spectrum of modes generated during instability evolution. Early time
show clear exponential growth of soft modes followed by “cascade” to a turbulent spectrum with a
Kolmogorov scaling of the spectrum ~ 1/k2.

when its amplitude reaches the soft scadlé)... ~ pnara [11, 12]. This linear growth regime is
characterized by a cascade of the energy pumped into thesalé by the instability to higher
momentum plasmon-like modes [13] (See Fig. 4 right).

In Fig. 4 (left) | have plotted the time dependence of the gynexktracted from the hard particles
obtained in a 3+1 dimensional simulation of an anisotropasima initialized with very weak
random color noise [12]. As can be seen from this figurexatt ~ 60 there is a change from
exponential to linear growth with the late-time linear ®afecreasing ad'y, is increased. These
results indicate that there is a fundamental differencevéen abelian and non-abelian plasma
instabilities. However, even with this new understandhmg L framework relies on the existence
of a large separation between the hard and soft momenturassiogldesign. One would like to
know what happens when the scale separation between hargsbfindodes is not very large or
when the initial fields have large (non-linear) amplitudésch is seemingly the situation faced in
real experiments. In this case one is naturally led to cemsitcstead numerically solving the full
non-Abelian Boltzmann-Vlasov equation [14, 15].

3.1 Solving the non-Abelian Boltzmann-Vlasov equation

It is also to possible to go beyond the hard-loop approxiomatind solve instead the full classical
transport equations in three dimensions [15]. The Boltamdiasov transport equation for hard
gluons with non-abelian color chargein the are,

PO — 90°F, 08 — g fare Al q 0] f(2,0,q) = C . (1)

Here, f (¢, x, p, q*) denotes the single-particle phase space distributiortitmevhich a function
of time, space, momentum, and color cha@denotes hard particle elastic and inelastic collisions.

The Boltzmann-Vlasov equation is coupled self-consisgeatthe Yang-Mills equation for the
soft gluon fields,
D F,uz/ _JV _ d3p v
L= —g/ (2ﬂ)3dqu ft,x,p.q), (2)
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Figure 5: Leftmost figure shows the time evolution of the field energy densities for SU(2) gauge
group resulting from a highly anisotropic initial particle momentum distribution. Simulation pa-
rameters are L = 5 fm, ppag = 16 GeV, ¢° ng = 10/fm3, ms = 0.1 GeV. Right two panels show
the corresponding fourier transforms of the electric and magnetic fields at different times which are
indicated in the legend.

with v = (1,p/p). These equations reproduce the “hard thermal loop” effecction near
equilibrium [18, 19, 20]. However, the full transport thgdf.,2) also reproduces some higher
point vertices of the dimensionally reduced effective@tfor static gluons [21] beyond the hard-
loop approximation and through the inclusion of collisigues yet further beyond the hard-loop
approximation. The backreaction of the long-wavelengidgien the hard particles (“bending” of
their trajectories) is, of course, taken into account, Whgcimportant for understanding particle
dynamics in strong fields.

Eqg. (1) can be solved numerically by replacing the contisusingle-particle distribution by a
large number of test particles:

> 0(x = xi(t)) (2m)°3(p — pi(t)) 0(q” — af(t)) , (3)

i

X7 M -
f(x,p,q) N._.

wherex;(t), p;(t) andg?(t) are the coordinates of an individual test particle afd; denotes the
number of test-particles per physical particle. Thesatz (3) leads to Wong's equations [16, 17]

dXi

pu— i7 4
pm v (4)
dpi a a a

= gq; (E*+v; xB?), (5)
dt
dq; .
o = g [Aual, (6)
av g a 14
= IS g bk — xl), 7)

test 4

for thei-th test particle. The time evolution of the Yang-Mills fieldn be followed by the standard
Hamiltonian method [22] iM® = 0 gauge. For details of the numerical implementation used see
Ref. [15].

In Fig. 5 | present the results of the three-dimensional fatans published in Ref. [15].
The leftmost panel shows the time evolution of the field epelensities forSU(2) gauge group



resulting from a highly anisotropic initial particle montam distribution. The right two panels
show the corresponding fourier transforms of the electnid mnagnetic fields at different times
which are indicated in the legend.

The behavior shown in Fig. 5 indicates that the results abthfrom the hard-loop simulations
and direct numerical solution of the non-Abelian Boltzmaflasov equations are qualitatively
similar in that both show that for non-abelian gauge theotiere is a saturation of the energy
transferred to the soft modes by the gauge instability. Aaldaklly, as can be seen from the fourier
transforms in right two panels of Fig. 5 the saturation isoagganied by an “avalanche” of energy
transferred to soft field modes to higher frequency field nsodih saturation occurring when
the hardest lattice modes are filled. A more thorough aralytderstanding of this ultraviolet
avalanche is lacking at this point in time although some ades in this regard have been made
recently [23]. Additionally, since within the numericallsbon of the non-Abelian Boltzmann-
Vlasov equations the ultraviolet modes become populatpillisathis means that the effective
theory which relies on a separation between hard (partaoi€) soft (field) scales breaks down.

This should motivate research into numerical methods wtéchbe used to “shuffle” field modes
to particles when their momentum becomes too large andwecga for hard particles. Thisis a

difficult task but work on such algorithms is in progress. Eiyly, using such methods it will
be possible to simulate the non-equilibrium dynamics o$atnopic plasmas in a self-consistent
numerical framework which treats particles and fields ardtthnsmutation between these two
types of degrees of freedom smoothly.

The application of numerical solution of the non-Abeliant®mann-Vlasov equations to non-
equilibrium QCD is, of course, not limited to the study of sotropic plasmas. The codes which
have been developed by Dumitru, Nara, Schenke, and mysedipalicable to study a wide range
of real-time response questions, such as jet energy-loasdynamic backgound including the
time-evolution of the soft-radiation and radiation/jetckaeaction. These codes will form the
basis of a new class of “parton-cascade” codes which dou# tmimplicitly rely on assumptions
from equilbrium physics, eg. thermal debye screening, golege infrared problems encountered
in the existing parton cascade codes.

4 Hard Thermal Loop Perturbation Theory

At finite-temperature perturbative series for quantitigshsas the pressure show very poor conver-
gence at temperatures which will be generated during RHtZoau HC collisions {"/7T,. ~ 1-5).
One possible conclusion from the problems encountered esinventional finite-temperature per-
turbation series is that the quark-gluon plasma is comlyleten-perturbative, and that it can only
be studied by non-perturbative methods like lattice gabgerty. This would be a very unfortunate
conclusion from the perspective of the search for the qgaukn plasma. While lattice gauge
theory can be used to calculate thermodynamic propertiesiave no effective non-perturbative
methods for studying the real-time processes that can sertbe signatures for a quark-gluon
plasma.

There is another possible interpretation of the failurehef tonventional perturbation series.
It could simply be a signal that we are using theng degrees of freedaniNaive perturbation
theory is an expansion around an ideal gas of massless cuadtkiguons. This generates infrared
divergencies that must be cut off either by resumming irdiniasses of diagrams or by using non-



perturbative methods. While such a procedure gives a vediheld weak-coupling expansion, the
coefficients are too large for the expansion to be of any maatise. It is possible that another
choice for the degrees of freedom would generate diagrarisheiter infrared behavior and a
perturbation series with better convergence properties.

The high-temperature limit of QCD provides a clue as to whasé degrees of freedom might
be. In this limit, quarks and gluons ageasiparticleswith temperature-dependent masses. Their
dispersion relations were first derived by Kalashnikov anidnKv and by Weldon in the early
1980's [30]. Furthermore, quarks and gluons acquire anithli propagating degrees of freedom.
In addition to the two usual transverse polarization modekegluon, there is a collective mode
with longitudinal polarization called the plasmon. In dduh to the two usual spin states of a
guark, there is a collective mode with 2 spin states callegptasmino. The quasiparticle mass of
the gluon is also intimately tied to the screening propsiighe plasma. Chromoelectric fields are
screened by the Debye mechanism beyond a screening length g, wherem, is the gluon
guasiparticle mass. Oscillating chromomagnetic fieldsatse screened, with a screening length
that scales likgm?w)~'/%, wherew is the frequency. At very low frequenciesof ordera?T,
non-perturbative effects take over, so that static chroagmatic fields have a screening length of
orderl/(a,T).

Quasiparticle masses, collective modes, and screeningllatied together by gauge invari-
ance. The problem is therefore how to incorporate plasneztsfinto the perturbation expansion
for QCD while preserving gauge invariance. This problem s@lsed at leading order in by
Braaten and Pisarski [35]. They developed a method called-thermal-loop resummation for
summing all Feynman diagrams that are leading orderfor amplitudes involving soft external
momenta of ordeyT’. This method can be used to systematically calculate higidsr correc-
tions as an expansion in powers @f Our method for resumming graphs goes one step beyond
normal hard-thermal-loop resummation and | will refer te tieneral method asurd-thermal-
loop (HTL) perturbation theory or HTLpt. It is essentially a reorganization of the convendéil
perturbation expansion for QCD that selectively resumbérigrder effects related to quasiparti-
cles and screening. The lagrangian for QCD is

1 ) -
EQCD = —aTl"(GW,G‘LW) + 1 Z w”)/‘uD#Q/}. (8)

flavors

HTL perturbation theory involves adding and subtracting tbllowing hard-thermal-loop im-
provement terms:.

Lyt = —§m2 Tr (G <Lnﬁ> G" ) +imZ Y Py <n—a> P (9)
29 "\(n-D)?/ A T " “\n-D/y "

wheren® = (1, 1) is a light-like four-vector and the angular brackets intbcan average over the
direction ofir. Note that the covariant derivatives in the denominatorsatiae HTL improvement
terms nonlocal. HTL perturbation theory is the expansion generated by taking the parameters
m; andm to be of order 1 in the addetl;y;, term and of ordeg” in the subtracted . term. The
free part of the lagrangian, which consists of the quadtatios inLqcp + Ly, describes quark
and gluon quasiparticles with masseg andm,. The corrections due to interactions between
the quasiparticles can be systematically taken into addoyircalculating higher orders in HTL
perturbation theory.



One of the attractive features of HTL perturbation theomh&t it can be derived directly from
QCD. It is essentially a reorganization of the QCD pertudratheory into an expansion around
an ideal gas of quasiparticles. Higher order effects rélaébequasiparticles and screening are
summed up into the propagators and vertices of HTL pertimbaheory and then systematically
subtracted out in higher order diagrams. Observables dralated in terms of the usual QCD
coupling constant; and the quark and gluon mass parameteyandm,,. But these quasiparticle
parameters can be determined as a function,adnd 7’ by the condition that large higher order
corrections in the perturbation series be avoided. Thusdhedirectly related to the fundamental
parametery, of QCD.

Another attractive feature is that the HTL perturbationesers gauge-invariant by construc-
tion. This follows from the fact that quasiparticle massanaetersmz andmg are introduced as
coefficients of gauge-invariant terms in the lagrangian, that perturbation theory is defined as a
systematic expansion in a paramejelGauge invariance is useful both as a consistency check in
calculations and as a way to simplify calculations.

Calculations in HTL perturbation theory are much more difichan in ordinary perturba-
tive QCD, because the Feynman rules are more complicatedpii@ of the complexity of the
Feynman rules, calculations do appear to be tractable. raadeBraaten, Petitgirard, and | have
demonstrated this by calculating the free-energy to nex¢#ading order in HTL perturbation the-
ory [36, 37]. In spite of the complexity of the HTL propagapowe found that the calculation was
tractable. There were complicated ultraviolet divergendeait they could be isolated and elimi-
nated using standard renormalization techniques. An aisaty the convergence of the successive
approximations obtained using this method shows that weegtand the region of convergence
down toT /T, ~ 2-3 GeV, however, we have found that accessing extremelytéonperatures,
T/T, < 2-3 GeV, may not be possible with this method. Despite thpsmaggnt failure the method
has improved the region of convergence by four orders of madmin the temperature in a sys-
tematically improvable way which yields completely anedygxpressions. | note also that other
methods such as thie-derivable approach have also shown promise for improvieglculation
of thermodynamic observables [38]. Together with Jens Agetel have recently completed the
highest-loop-orde#®-derivable calculation available for a gauge field theory.

In closing, although the papers written to date have foaieseusing HTLpt to compute ther-
modynamic observables, the true goal of this work is to eradtamework which can be applied
to both equilibrium and non-equilibrium systems. This vallow a self-consistent determina-
tion of both QGP thermodynamics and dynamics. The work medliin the first section of this
statement represents just such an extension of this frarke@w@a non-equilbrium setting. The
systematic application of HTLpt to non-equilbrium yieldsugie-invariant infrared-safe results for
observables which otherwise would be plagued by infraredrdences and gauge variance. This
is similar to the advances which were made 15 years ago itiledgumn systems but are now be-
ing extended to non-equilibrium systems. The upcoming dataing from RHIC and upcoming
LHC runs provides a wealth of new high-precision data on thigalior of nuclear matter under
extreme conditions. There will certainly be surprises ia dlata and the best way to prepare for
these suprises is to explore the physics in a systematicdtiea framework based on QCD. The
current and forthcoming experimental activity in this figldl keep it a lively field of research for
years to come.
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