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Transport and spectral functionsin high-temperature QCD

1. Introduction

Transport coefficients characterize fluctuations and agiar on long length and time scales
in systems slightly away from thermal equilibrium. Consideconserved currenfin+0-j =0,
in a system with a small nonuniformity in the dengit, x). To first approximation, a current will
form to wash out the imbalancg¢:= —DOn+ ..., where the dots indicate higher order terms in
gradients. Combining the conservation law with this cdnstie equation immediately yields the
diffusion equationdin = DO%n. The proportionality factoD is the diffusion constant and is the
only quantity determined by the underlying microscopicotiye one may view it as fow-energy
constant. Similarly, consider the conserved energy-momentum tefigd. While in equilibrium
Tl = 5P, with P the pressure, a perturbation characterized by a nonunfiomrfield u(t, x) will
change this to (in the local rest frame, wha@t® = 0)

Ti=5p—_n <a‘ui +dlu — %5”4&) —Z8au +.... (1.1)

Again the dots indicate higher order terms in gradients. ddedficient of the traceless combina-
tion is the shear viscosity and{ is the bulk viscosity. Combining energy-momentum conserva
tion with the constitutive equation above yields the hygramic equations, predicting e.g. sound
waves. In the context of thermal QCD one may therefore viedrdgynamics as thkow-energy
effective theory describing real-time dynamics at sufficiently large lengtid time scales. The
form of the hydrodynamic equations is fixed by combining éxanservation laws and constitu-
tive equations, which are obtained in a gradient expandiothe latter, a number dbw-energy
constants appear, determined by QCD: shear viscogtybulk viscosity, electrical conductivity
o, diffusion constant®, etc. In this talk | review the progress in determining thesefficients
from first principles.

The recent interest in transport in QCD and related theasi@sainly due to the relativistic
heavy ion program at RHIE][1]. The remarkable effectiversésgdeal hydrodynamics in describing
heavy ion phenomenology][f 3] suggests that transporficieefts are very small (when appro-
priately normalized). This in turns implies that thermatian times are short and interactions are
strong, suggesting that in the temperature rangeTl/T; < 2 the quark-gluon plasma is not a
weakly coupled system of quarks and gluons, but insteadigiranteracting (sQGP). A second
reason for interest in transport is the fertile applicapibf gauge/gravity duality (or AAS/CFT
correspondence) to study strongly coupled thermal gaugeridgs in the hydrodynamic regime
[A]. This has led to many (semi-)analytical results for thtfseories that admit a gravity dual and
provides an important stimulus for QCD, where a gravity daalot available. The best-known
example concerns the ratio of the shear viscosity and tliemntensitys,

n 1

Pty (1.2)
which is obtained in all thermal gauge theories in the (gflpooupled) regime described by a dual
gravity theory. This ratio is much smaller than in weakly pled QCD, where

n 1
e0s " ginljg

It is an open question what this ratio is in QCD just above theodfinement transition. Below |
describe recent progress in lattice QCD that will bring wset to answering that question.

(1.3)
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2. Transport coefficients at weak and strong coupling

According to the Kubo relations, transport coefficientsgiven by the slope of current-current
spectral functions, computed in thermal equilibrium, atishing energy. For example, the electri-
cal conductivityo (or charge diffusion constait times susceptibilitye) is determined by

o= jim PTH(@)
G_D__(!JTO P (2.1)
where the current-current spectral function is given by
P (@) = [ A (¥ (tX), 1 (0)])eq 22)

For a single fermionic charge carrier with chamhe electromagnetic current reaps= e y* .
Similarly, the shear and bulk viscosities are given by

o p12,12(w) B 1. pii7jj(w)
1=8% 20 o™ 2w =9
in terms of the energy-momentum tensor spectral function
PP (w) = [ e ([T (1,30, T#(0))eq (2.4)

2.1 Weak coupling

At weak coupling transport coefficients can be computedgusither kinetic theory or by
summing sets of Feynman diagrams. In this limit, transpoetfecients are manifestly proportional
to the mean free path or the inverse collisional widiti .1 They are therefore very large and
inversely proportional to the coupling constants in thetfiesee Eq[(1}3). In ultrarelativistic QCD
the shear viscosity, electrical conductivity and diffusimonstants have been computed to leading-
logarithm order[[B] and subsequently to full leading ord@rip the gauge coupling. The relevant
physics at leading-log are those-2 2 scattering processes that are logarithmically sensitive
infrared screening effects. The extension to full leadindeo requires, besides the other22
scattering processes, also the inclusion of specific pamiember changing processék [7]. The
bulk viscosity is more complicated since particle numbeanging processes need to be included
from the start; the first calculation in QCD can be found in. g It is shown that a parametrically
correct estimate is given by

7~ 150 (1/3—V2)%, (2.5)

where for light quarks the speed of sowads determined by2 — 1/3 ~ B(g?) ~ g*. The equiv-
alence between kinetic theory and diagram summation imthlegauge theories has been demon-
strated in a number of papef$ [9] L0} L1, 12, 13]. A one-lodqutation is never sufficient; instead
an infinite set of ladder diagrams has to be taken into account

A complete leading-order calculation is also possible enlgrgeN; limit, whereN;¢ indicates
the number of flavours. This has been done using kinetic yhfwrmassless quark$ [14] and
extended to massive quarks using diagrajnp [15]. Only Cdulscattering processes contribute.
Also in this limit one is effectively in the weakly coupledgiene, since] /s~ Ni — co.
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Figure 1: Typical skeleton diagram contributing to the shear vidgdaithe O(N) model at largeN.

In all cases above only the leading-order result is knowris prevents any reasonable extrap-
olation to stronger coupling, unlike in the case of e.g. tresgure where the terms upg®in1/g
are known [Ip]. Recently the first subleading correction tcaasport coefficient in a relativistic
field theory has been computed by Moofe] [17], namely to tharshiscosity in scalag® theory.
The shear and bulk viscosity for single-component scakwries have been computed a long time
ago to leading order at weak coupling using ladder diagrammsation [IB]. In theO(N) model
the shear viscosity has also been found to leading orderidAN expansion[[19], using similar
techniques as in largés gauge theories. Itis shown in Ref.[17] that the first sulilegdorrection
to the shear viscosity at weak coupling is sensitive to shjtsics and can be extracted from the
same set of diagrams that contribute at leading order by pansion in terms of the thermal mass
mn/T ~ V/A. The result in thed(N) model, with aA /(4!IN)(g@,)? interaction, readq17]

T3 3N3 2\ A

2713 By
_ NT (303354+ 15483\/ %+ﬁ(A,l/N)> , (2.6)

)\2

where the second line is valid in the combined laljand weak coupling limit. As mentioned
above, the complete largéresult, without employing the weak-coupling expansiom|$® known
[L9]. This includes a resummation of the thermal mass toraléxs, as well as the inclusion of
other diagrams suppressed in the weak coupling limit, sgd]FiTherefore, an assessment of the
perturbative expansion can now be made. This is shown inBrigthere the perturbative result

18 ‘ ; ‘ ‘

— exact ]
- - perturbative

VAT

Figure 2: Shear viscosity], normalized with the result at vanishing coupling, in tBéN) model as a
function ofvVA: comparison between the perturbati@ [17] and the eir{élﬂllt in the largeN limit.
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n/no= 1+#/A is compared with the complete lar§ieresult. Hereng is the result at vanishing
coupling, which is used for normalization. From the first tiwoms, it appears that the convergence
of the weak coupling expansion is not impressive. A possiplgoach to improve the convergence
[L7] would be to include the thermal mass without re-expaggdas has been tried for the pressure
[BQ]. How to include alld'(A) effects is currently not known.

Considerable effort has been spent on nonrelativistic miyrmand diffusion of heavy quarks
(with Mg > T). | will not discuss that here, but refer to Rdf.J[21] wheréinitions and a leading-
order calculation of the momentum diffusion coefficient barfound, and to RefleZZ] for the first
next-to-leading order result at weak coupling.

2.2 Strong coupling

In order to complement weak coupling results as discussedealit is desirable to have an
analytic method tailored for strongly coupled field thesri€-or a certain class of thermal gauge
theories such a method is available, via the gauge/graviyd8/CFT correspondenck J23]. It uses
the duality between a field theory at finite temperature aadkbholes in AdS space described in
string theory. The best-known case relaté¢s= 4 supersymmetric Yang-Mills theory to type 11B
string theory on Ad§x S, but there are many other field theories for which a gravitgl dan be
found (but not QCD). The parameters in field theory, the nunatbeoloursN, and the coupling
constaniy?, are related to the parameters of string theory in AdS sgaitens out that the duality
is most powerful wher? is small, since then loops in the string theory are suppdessg with the
't Hooft coupling A = g?N; large, since then stringy effects are suppressed and ihg teory
reduces to a supergravity theory. Strongly coupled gaugerits, with large 't Hooft coupling,
are therefore the natural area of application. Using thggauavity correspondence, it has been
shown that the field theories for which the duality holds lvehaydrodynamically at large length
and time scales, which supports the framework of (nearlgl)dgydrodynamics to understand the
dynamics in thermal gauge theories at strong coupling.

The most famous example concerns the shear viscosity i 4 SYM. In the limit that both
Nc andA go to infinity, it is equal to[[24]

T
n= §N§T3. (2.7)
In the same limit the entropy density {s]25]
s= M =29, o

such that the ratio ig /s= 1/4m. This result for the ratio is universal and is achieved irf@rmal
gauge theories that can be described by a gravity fiua[ [B6;TAe bulk viscosity vanishes due to
conformal invariance.

The shear viscosity i = 4 SYM at strong coupling is another rare example of a trarispor
coefficient where the first subleading correction is knowne@nds [2B]

_ m2t3 7 (3)
n_§MT<L+My2+M> (2.8)
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The first correction to the ratio then reads

n_1 13%(3)
E_ET<1+W+"‘>' (2.9)

It has been conjectured that4ir is a lower bound for a wide class of systems, including e.qg.
the quark-gluon plasma and trapped atomic gesés[[29, 26]a Fecent critical assessment, see
Ref. [39].

Other transport coefficients that have been computed ind¢heR-charge diffusion coefficient
and the bulk viscosity. These are not universal and depertleotheory under consideration. In
N =4 SYM theR-charge diffusion constant, susceptibility and conduigtisre given by [3]L]

1 ~NZT? oo NZT
2nT’ 8 ~16m’
The bulk viscosity in a number of theories is discussed in [B&. For strongly coupled systems
it is proposed that it satisfies (cf. Eq. {2.5) and the absgumre)

(2.10)

{>2n(1/3-\3). (2.11)

Also heavy quark dynamics has been studied extensivelyangly coupled /" =4 SYM, see e.g.
Ref. [33] for a clear discussion.

Due to the interest in¥” =4 SYM as a testbed for thermal field dynamics, various queastit
have also been studied at weak coupling. The ratie has been computed in this theory to full
leading order in the small limit (the result is independent df.) and compared with the same
quantity in QCD [34]. Heavy quark diffusion has been studieéeading order at weak coupling

in Ref. [35].

3. Spectral functions

So far, in discussing transport coefficients, the focus feenon the zero-energy limit of
spectral functions. In this section | give a (restricted)ie® of spectral functions at arbitramy,
motivated mainly by hydrodynamic structure at weak andnstrcoupling. This will turn out to be
useful for lattice QCD studies of spectral functions, to sedssed next.

In the weak coupling limit, current-current spectral fuaos have a characteristic energy de-
pendence[[36]. At large energy they increasedswhere the powen is determined by the (mass)
dimension. For example, the energy-momentum tensor gpéatiction (2.4) increases as* and
the EM current spectral functiof (2.2) a® (unless there is a cancelation between components).
At small energies, there is a transport peak. In free fieldrhethis peak manifests itself as a
singular term,

&;)‘)) ~ 21 (w), (3.1)

reflecting that in a free theory the mean free path is infinitéd &ansport coefficients diverge.
Interactions regulate this singular behaviour and afterédsummation of the collisional width,
the transport peak is modified to
p(w) 2r
w w?r?

(3.2)
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Figure 3: Shear viscosityp(w)/wT3 vs. w/T in QCD (sketched) for two values of the collisional width
/T =0.1,0.5 (left) and in.#" = 4 SYM at strong coupling (right).
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Figure 4: Charge diffusionjp(w)/wT vs. w/T in QCD (sketched) for two values of the collisional width
/T =0.1,0.5 (left) and in.#" = 4 SYM at strong coupling (right).

For simplicity, | parametrized the effect of interactionghna single constant width; in reality
the width depends on the momentum of the (quasi-)partichedributing to transport. At weak
coupling the collisional width™ ~ g*T: therefore the transport peak is narrow ¢*) and high
(~ 1/¢).

The w dependence of spectral functions of conserved chargeh, ag = [, T%(t,x) or
Q= J, i°(t,x), is completely fixed by the conservation laws. For exampie spectral function for
the total charge density reads

p OZ“’) — =25 (w), (3.3)

where = is again the susceptibility. This ensures that unequad-toorrelation functions, such
(Q(1)Q(0)), are in fact constant and equaMd =, whereV is the spatial volume and it is assumed
that (Q) = 0. Here | only discuss spectral functions at zero spatial exaom; for nonzero spatial
momentum see e.g. Ref. [37].

Combining the rising high-energy part and the transpork@éamall energies yields spectral
functions as shown in Fifj] 3 (left) for the energy-momentemsbr (in the channel relevant for the
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shear viscosity) and Fig] 4 (left) for the EM current (chadiéusion). Here the width is taken
as a free parameter and artificially increased to largeregafi/ T < 1), while keeping the rest of
the spectral function unchanged. As a result the transgait,pivhich is narrow at weak coupling
(/T < 1), becomes less singular and gets smeared out.

Interestingly enough, this behaviour can be compared witittsal functions computed in
A =4 SYM in the limit of largeN. and large 't Hooft coupling\ , using gauge/gravity duality B8,
B9]. The energy-momentum tensor spectral function has tmbmeuted numerically by solving an
ordinary differential equation, but for tHe-current the analytical result is known and regd$ [40]

ON? w? sinh(w/2T)
P(9) = T8 cosw/2T) — codw/2T)"

(3.4)

These spectral functions are shown in Ffgs. 3[and 4 (rigtedh& than dividing by powers of;, |
have simply putN; = 3. Itis clear that at strong coupling the transport peak ifonger separated
from the high-energy contribution and the spectral fumaigo smoothly tav = 0. The intercept
is of course proportional to the shear viscosity and the gotidty respectively.

Comparing the spectral functions on the left with those anright makes it interesting to
speculate what happens in QCD in the strong coupling regbneeathe deconfinement transition.

4. Transport from lattice QCD

We have seen that weak-coupling methods are probably nbcalple in the interesting tem-
perature regime of QCD probed by current heavy ion collsioRurthermore, these calculations
are so involved that in most cases only the leading-ordedtrascurrently known; it is an open
guestion how to determine subleading corrections. On therdtand, the strong-coupling results
discussed above are obtained in theories that are not QCiheSmportant question is what can
be said about transport in QCD wherIl /T, < 3, using nonperturbative lattice simulations.

The euclidean correlator calculated in numerical simaietiis related to the corresponding
spectral function via a dispersion relation,

Gelian = [~ 2L @.)
wherew, = 2rmT (n € Z) are the bosonic Matsubara frequencies. In euclidean tiitle 0 < 1 <

1/T, this relation becomes

Ge(r) = [ oK@, Tp(e), @2

with the kernel

_ coshw(r—1/2T)]

K(w, 1) = Sh(@/2T) [1+ng(w)] e "+ ng(w)e™’, (4.3)

whereng(w) = 1/(e”/T — 1) is the Bose distribution. The first expression for the kest@ws
the characteristic euclidean time dependence, while thenskeexpression emphasizes that the
correlator and its spectral function are essentially eelaia a Laplace transform, made periodic to
satisfy the Kubo-Martin-Schwinger (periodicity) conditi.
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If the euclidean correlator is known analytically, the gpgldunction can simply be obtained
by analytic continuation,

p(w)=2ImGg (it — w+ig). (4.4)

However, ifGg(1) is determined numerically on a lattice wity = 1/aT points in the euclidean
time direction & is the temporal lattice spacing), Ef}. {4.1) has to be inddsiesome other means.
This is an ill-posed inversion problem, sinGg(T) is known at, say/'(10) data points, whereas
p(w) is needed ar’(10°) values (after imposing a high-energy cutaif,.x and discretizing the
resulting finite interval 0< w < Wmay)-

One possible solution is to provide an Ansatz for the spkfttrection, with a small number of
free parameters. In this case it is important to be able tggutie applicability of the Ansatz. An
orthogonal approach is to avoid giving functional forms dilty supply aminimal amount of prior
information, such as positivityufp (w) > 0) and asymptotic behavioup (w) ~ " for large w).
Methods based on this approach are usually collectivebrmed to as Bayesian techniques.

For a weakly coupled quark-gluon plasma, the extractiorrasigport coefficients is notori-
ously difficult, since euclidean correlators are remarkabsensitive to the structure of spectral
functions at energies < T [B4,[41]. However, at stronger coupling the transport peakiich
broader and the smadb limit is no longer singular. As discussed above, smoothtsakftinctions
are also found in4# =4 SYM at strong coupling. This opens up the possibility tmahsport
coefficients are accessible in lattice QCD above the decemfmt transition.

So far the number of papers in the literature that have atiio extract transport coeffi-
cients from the lattice in a head-on approach is very smalfirgk attempt to measure transport
coefficients can be found in the pioneering paper by Karschvelyld, using an Ansat4 [#2]. This
method was followed by Nakamura and Sakai for the shear alkd/tscosity [43]. For a critical
discussion of the Ansatz, see R4f.][36]. S. Gupta used Bayesethods to isolate the transport
contribution at small energies in the case of the electdoatuctivity [44]. In the past six months,
two significant steps have been made. A standard approadrftrm the analytical continuation
using Bayesian technigues is known as the Maximum Entropthdte(MEM), to be discussed
below. It was known from previous work that MEM performs pgaat small energies. Aarts,
Allton, Foley, Hands and Kim have identified and resolved merical instability in MEM in the
limit that w — 0 and applied the new formulation to obtain the electricaldtetivity [4%]. Pre-
cisely determined correlators are essential to have damtew the analytic continuation; while for
the electrical conductivity this is not a problem, for theeahand bulk viscosity standard mea-
surement techniques are insufficient. Meyer has appliecdbdawel algorithm to better determine
energy-momentum correlators and found a result for thershiseosity [46]. All calculations to
date have been performed in quenched QCD, so one may thirleddléctrical conductivity in
pure gauge theory as representing the transport propeitiasingle electrically charged quark
diffusing through a gluon plasma.

In the following | describe in some detail the Maximum Enyddethod and indicate why
the standard algorithm is unstable in the sneallegion [45]. In MEM one reconstructs timeost
probable spectral function by extremizing the probability disttilon P[p|GH], i.e. the probability
to find p, given the correlatoG and prior informatiorH. Using an identity for conditional prob-
abilities, P[pG|H] = P[p|GH]P[G|H] = P[G|pH]P[p|H], P[p|GH] is written as the product of a
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Figure 5: First four basis functions;(w) in the singular value decomposition as a functioraaf for
amax = 5, N = 1000,N; = 24, using the standard (left) and the redefined kernel (rigfte inset shows
a blow-up of the small energy region.

standard likelihood functiorR[G|pH] ~ e (x? fit), and a prior probabilityP[p|H] ~ €S which
is independent of the dat®|G|H] is a normalization factor. The prior information is encoded
the entropy term, (
"dw p(w)
s[4 [p(w) ~miw) - p(e) g 2. (4.5)
via the default modein(w). Therefore, the combined function to extremiz®jp|GH] ~ e -9,
wherea determines the relative weight of the data versus the prfortination [4].

The most important aspect for my purpose here isrtdection step. Recall that after dis-
cretizationp(w) is wanted alN,, = ¢(10°) values whereas the correlator is only known4t0)
points. | denote witlN the number of time slices included in the analysis; due t@c&fin sym-
metry,N < N;/2. To make this well-defined, the number of coefficients pataizing the spectral
function cannot exceel, or in other wordsp(w) has to be restricted to an (at mobt)dimen-
sional subspace. In Bryan's algorithin ][48] this is achieveda singular value decomposition
(SVD) of the kerneK (wn, 7i). Viewed as aN,, x N matrix, the kernel is written al§ = uwvT,
whereU is anNg, x N matrix, withUTU = Ty.n, W is a diagonalN x N matrix, andV is an
orthogonalN x N matrix. TheN dimensional subspace is spanned by the column vectdds of
Ui (an) = Uyi. These basis vectors are orthogonal but not complete. Agsan@f the extremum
conditions shows that it is natural to write the spectralcfion in terms of these basis vectors
asp(w) = m(w)expy N, ciui(w). This ensures positivity and provides the actual reducstep.
Extremizing the probability distribution leads to nonkmeaquations for th&\l coefficientsc;.

The first four basis functions in the SVD are shown in [fig. Styldor a typical choice of
N = N;/2, Ny, andwmax. A blow-up of the small energy region reveals that the basietions
appear to diverge whew — 0, although they are normalized (the smallest energy irdutkre is
alAw = awmax/Ny, = 0.005). This apparent divergence is due to the singular bebaef the kernel
(#-3): in the limit thatw — O one finds thaK(w, 7) = 2T /w+ ¢ (w/T). Note that the leading
singular term ist independent; alt independence resides in the subleading terms. The belnaviou
of the basis functions is therefore indicative of a real pol which cannot be solved by e.g.
decreasind\w. In actual applications of MEM, we (and others) found irdeguehaviour at small

10
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Figure 6: Current-current spectral functigr{w)/wT, wherej' = @y @, as a function oto/T in quenched
QCD forT/T; ~ 1.5 (hot,N; = 24) and 2.25 (very hot\; = 16). The intercept ab = 0 is proportional to
the electrical conductivity. Results are showngy = 1000, 2000 anth = 1.0, 0.5, 0.1 at fixedawmnax = 5.

w, in particular at the smallest nonzero valuecwaf Needless to say that this prevents access to
the transport properties encoded in euclidean correlalitissworth pointing out that this problem
only appears at finite temperature, since at zero temperttarkernel reduces #(w, 1) = e ¢’
and the limitw — 0 is smooth. It is a manifestation of the fact that the linaits-~ 0 andT — 0 do
not commute, which is well-known in thermal field theory.

Once the problem is identified, it is straightforward to soiv The ¥ w divergence can be
avoided by defining

K(©,7) = 42K (®,7), p(w) =2 p(w) (4.6)

SinceK (w, T)p(w) = K(w, T)p(w) the standard relation with the euclidean correlator hdtisy-
ever, the modified kernel is finite whem— 0: K(0,7) = 1. A SVD ofK yields new basis functions
Ui(w). The first four are shown in Fid} 5 (right). Clearly they takfnite value wherw — 0, and
the w = 0 point can be included in the analysis. The redefined spdatnation is expanded as
p(w) =m(w)expy N, Tl (w) and the same MEM routine can be used to find the coefficgnts
MEM now reconstruct® ~ p/cw rather tharp. This reshuffling of powers ab is nontrivial, since
p andp are not expanded in a complete set: the reduction stepategirto a different subspace
with manifestly different properties, in particular in thmall e limit.

A second (minor) modification is needed to acceé®)/w at zerow, relevant for transport
coefficients. For spectral functions of fermion bilineansch ag* = y* y, the traditional default
model ism(w) ~ Mm(w)/w ~ w, determined by the high-energy behavi@(w) ~ w?. Unfortu-
nately, this introduces a bias and puts the intercept equedro from the start. To avoid this, one
may usem(w) ~ (b+ w), whereb > 0 is a parameter that can be used to assess default model
dependence at smaili.

We have applied the modified algorithm to the problem of teeteical conductivity (or charge
diffusion) in quenched QCD with light staggered fermiond aerformed simulations on a fine lat-
tice atB = 7.192 of size 64 x N; above the deconfinement transition. The quarks are so ligit t

11
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chiral symmetry restoration is clearly visible when compgupseudoscalar and scalar correlators
[#9]. In Fig.[$, the spectral function normalized @y is shown for not too largev at two tempera-
tures above the deconfinement transitidiT; ~ 1.5 (N; = 24) andT /T, ~ 2.25 (N; = 16). In both
cases results for three values of the default model paraiete shown. The slight spread of the
curves gives an indication of the uncertainty in the MEM restauction. There is no dependence
on the discretization along the axis, as can be seen from the resultslat 24 usingN, = 1000
and 2000 at fixedanax. From the intercept the conductivity is found to o¢T = 0.4+ 0.1 with
no significant temperature dependence. This result is Hamaleto a single flavour and should be
multiplied with the sum of the electric charge squared fgintiflavours. The error is systematic and
due to the MEM uncertainty. The statistical error is expgttebe smaller. This result is indicative
of strong interactions: at weak coupling the conductivighaves aw /T ~ 1/(g*In1/g) — oo,
whereas at strong coupling the scale is set solely by thedeatyre.

A similar conclusion has been drawn by Meyer in the case ofktear viscosity. In Ref] [#6]
an upper bound) /s < 1 is obtained in SU(3) gauge theory on latticeS @ = 1.24 (3 = 6.2,
20° x 8) and 1.65 8 = 6.408, 28 x 8).

5. Quarkonium at high temperature

Another signal of strong interactions in the quark-gluoaspha is the survival of charmonium
and other heavy quark mesons abdyeThis has been studied on the lattice a few years ago using
the Maximal Entropy Method[[%d, $1,]52]. A more recent exiemstudy of charmonium and
bottonium spectral functions can be found in REf] [53]. Ttbjsic has been discussed last year in
Hatsuda’s plenary talq [b4], so | briefly mention developisethat took place recently and were
discussed at this Conference.

Up to last year, all studies were performed in quenched QCi2.TrinLat collaboration has
carried out dynamical simulations with two flavours on hyghhisotropic lattices, which can be
used to study charmonium at zero and nonzero tempergtliredSpectral function analysis above
Te, using the modified version of MEM described in the previcertisn, can be found in Ref ]56].
The results suggest that the S-wavésy( and ) survive up to temperatures close t@.2while
the P-waves)q and x¢1) melt away below 2T.. However, there are systematic uncertainties that
need to be improved in order to make these conclusions mane ifirparticular simulations at a
finer lattice spacing would be desirable. One reason thig¢gssary is to better understand the
appearance of artefacts at larger energy introduced byritie Fattice spacing, which have been
discussed for a variety of lattice fermion formulations [&¥h, staggered, domain wall, overlap) in
the free field limit [5} [37[ 58]

The presence of the transport contribution at smatian interfere with spectral features at
larger w when not properly disentangled, as emphasized by Uniedla [B8Is can be partially
avoided by subtracting the midpoint valuerat 1/2T from the correlator, which has the effect of
suppressing the contribution at small A spectral analysis can then be done@(T) — G(1/2T).

Petreczky and Mdécsy have provided a closer look at potemt@els, traditionally used to
study quarkonium at zero temperature. Doubts whether patemodels can describe quarkonium
correlators at finite temperature have been expressed ifff@&fA lower melting temperature than
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usually obtained with MEM is found when a potential modeldzhen lattice QCD simulations is
used, both in the quenched approximatipr} [61] as well asdritteory with 2+ 1 flavours [6P].

In order to avoid conceptual problems with the extensionesbzemperature potential mod-
els to nonzero temperature, a real-time static potentiahlhfibased in thermal field theory, was
introduced in Ref.[[d3]. When applied to quarkoniym| [64§ tlesults seem to support the standard
interpretation of results obtained with MEM.

6. Summary

Results from relativistic heavy ion collisions at RHIC havighlighted the importance of
understanding transport and hydrodynamical behaviour@D@bove the deconfined transition.
Nonperturbative first-principle calculations of specftaictions, especially at small energies<
T, are badly needed. Since this involves inherently reagtpohysics, it is a difficult problem for
lattice QCD, but recently several steps forward have beettem&Jsing multi-level algorithms,
accurately determined euclidean correlators of the ensmm@yentum tensor are now available.
Concerning the analytical continuation to real time, amabiity at small energies in the standard
Maximum Entropy Method, preventing access to hydrodynahfieatures of spectral functions,
has been found and resolved. The first results support tlzetide the quark-gluon plasma is
strongly interacting in the temperature rangel T /Te < 2.5. Extension of the work described
here will hopefully yield a better understanding of the rpgimamical regime of thermal QCD
from first principles.
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