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INTRODUCTION

The heavy-ion collision experiments at RHIC and LHC havegiga wealth of information about QCD matter at high
temperatures, and have provided strong evidence for tisteexie of a deconfined state of matter, the quark—gluon
plasma (QGP). Furthermore, it has been shown that at thgedensities reached in these experiments, this state of
matter can be described well by nearly ideal hydrodynanaicd,must hence be strongly coupled. A large amount of
information has also been obtained about various probdseo®GP, including electromagnetic probes, high-energy
jets and heavy quarks.

One of the outstanding challenges is to obtain a clear tlieateinderstanding of all the phenomena observed
in the heavy-ion collisions. In particular, first-prinagsl calculations of transport coefficients such as viscasity
conductivity would place the hydrodynamical descriptionasolid footing. Heavy quarkonia have been proposed
as “thermometers” of the QGP, but this requires a precisevlgdge of their dissociation rates as a function of
temperature.

Lattice QCD is the method of choice for obtaining quantgtiheoretical predictions for QCD matter at high
temperature and zero or small net baryon density. Howewawptain information about real-time quantities such
as transport coefficients and dissociation rates, analytiontinuation of the imaginary-time information obtaine
from lattice simulation is necessary. This is in principfeil&posed problem, but it can be addressed using Bayesian
methods such as the maximum entropy method (MEM) [1] and¢iebayesian reconstruction method of [2], or with
alternative, model independent methods [3, 4].

All these methods require a fine resolution in the temporalation to obtain reliable results. This may be done by
using anisotropic lattices with a smaller spacing in timentin space. The FASTSUM collaboration has for a number
of years been carrying out simulations on anisotropicdastiwith dynamical fermions with this in mind. Here we
present some of the most recent results from these simudatio
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TABLE 1. Parameters for the 1st and 2nd generation ensembles.
as/ar is the anisotropyNs is the number of spatial sites ahg is the
extent of the lattice in the spatial directions.

Gen| Nf & as(fm) a;l(GeV) mg/my, Ns Ls(fm)

1 2 6.0 0.162 7.35 0.54 12 1.94
2 2+#1 35 0.123 5.63 0.45 24 2.94
32 3.94

TABLE 2. Temporal lattice extentl; and tempera-
turesT used in our simulations.

Genl Gen 2
Nr TMeV) T/Tc| Nt TMeV) T/T¢
80 92 0.42| 128 44 0.24

32 230 1.05| 48 117 0.63
28 263 1.20| 40 141 0.76
24 306 1.40| 36 156 0.84
20 368 1.68| 32 176 0.95
18 408 1.86| 28 201 1.09
16 459 209| 24 235 1.27
20 281 1.52
16 352 1.90

SIMULATION AND ANALYSIS DETAILS

We have generated two sets of anisotropic lattice ensemblag improved Wilson-type fermions, see Table 1 for
details. The 1st generation ensemble [5, 6] Nad= 2 active flavours withm; ~ 500MeV, while the 2nd generation
ensemble hadl; = 2+ 1 active flavours with a physical strange quark amg~ 400MeV. The 2nd generation
parameters are the same as those used by the Hadron Spediabo€tion [7, 8], who have kindly allowed us to
use their zero-temperature configurations for the purpbsieese studies. The 2nd generation configurations as well
as light and charm quark correlators were produced usin@linema software system [9] with BAGEL optimisation
[10].

For each parameter set we have generated gauge configaratiamange of temperatures, see table 2 for details.
Note that the second generation includes temperaturestmithv and above the deconfinement transition. The
pseudocritical temperatuile was determined from the inflection point of the renormaliBetyakov loop, see [11, 12]
for details.

Transport properties and spectral information are encadsgectral functiong(w, p), which are related to the
euclidean correlatoiGe (7, §) that can be computed on the lattice through the integratioala

do
2’

cosHw(T — 5+ )]
K(T,OJ,T) = TQZT
2T

Ge(r.p) = [ p(w PK(T i) )

for a system in thermal equilibrium. We have used the maxinemtnopy method with Bryan’s algorithm and the
modified kernel proposed in [13] to determine the most likgdgctral function given our correlators. We have also
employed the novel Bayesian method developed in [2], anldwékent results using this method in the beauty sector.

CONDUCTIVITY, CHARGE SUSCEPTIBILITY AND CHARGE DIFFUSION

The electrical conductivity is related to the low-frequglimit of the current—current spectral function,

o =L lim Perl®)
6w=0

: )

with
G = [T RiEN0.01) = [ pemlK (1,052, ©)
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FIGURE 1. Left: light quark vector current spectral functions for abrdifferent temperatures below, near and above the
pseudaocritical temperature. The bands represent thetgtatiuncertainty. Right: the electrical conductivitggiuding contributions
from u, d and s quarks) as a function of temperature. The b@present the uncertainties due to variations in the defaodel,
while the error bars represent the total (systematic artidttal) uncertainty.

whereji" =3 ¢ (eqf)jf, is the electromagnetic current operator gpére the quark charges in units of the elementary
chargee. We have used the exactly conserved vector current on tiieeléd computesE™(7), see [14, 12] for details.

In order to compare results obtained from simulations witfecent flavour content, in particular results from 2 (u, d)
and 3 (u, d, s) flavours, the spectral functions and condtictiave been divided by the fact@em = ¢ (eqr)?, i.e.

the sum of the squares of the quark charges.

We have also computed the susceptibilities of baryon nupdmspin and electric charge as a function of tempera-
ture [15, 12]. These are of substantial phenomenologitalest as they are related to the event-by-event fluctuation
of these quantities in heavy-ion collisions, and may be tséatate the transition to the QGP and the critical endpoint
in the temperature — chemical potential plane, if it exists.

Furthermore, the conductivity is directly related to theugfe diffusion coefficienDq through the relatioDg =
0/ Xa, Wherexq is the electric charge susceptibility. While the analogdiffsision coefficient for heavy quarks has
been widely studied, much less is known about diffusion e€tic charge carried by light quarks. Here we present
the first lattice calculation of this quantity. All the retuin this section have been obtained with our 2nd generation
ensemble.

In the left hand panel of figure 1 we show the light (u, d) quarktdbution topem(w) as a function otw for three
different temperatures: below, near and above the pseitidattemperaturd.. BelowT; we can clearly identify the
meson peak in the spectral function, while this peak disarg higher temperatures, in accordance wittpthreeson
no longer being bound. Abovie we find thatp(w)/w has a nonzero intercept with the= 0 axis, signalling a nonzero
value for the conductivity. The MEM analysis has been cdroiet using a default model(w) = myw(b+ w), which
allows for a finite, nonzero transport contribution whilereducing the continuum free spectral function at lakge

The resulting values for the conductivity are shown in tiglirhand plot of figure 1. We have studied the stability
of our results with respect to variations in the default nigggametet; the resulting systematic uncertainties are
represented by the filled boxes in the figure, while the erams lrepresent the total (systematic and statistical)
uncertainties. We have also investigated the stability wofresults with respect to other systematics including the
range and number of time slices included, and found thatdhegtable in all cases.

In the left panel of figure 2 we show our results for the isospilectric charge and baryon susceptibilities as
functions of temperature. They all show a similar behayimareasing rapidly near the crossover temperafyeand
approaching the value for a gas of free quarks and gluonghtteimperature, as expected.

The right panel of figure 2 shows the charge diffusion coeffitDg as a function of temperature. Our results
suggest that it has a minimum néRr with a value close to that predicted in AdS/CFT modBlg,= 1/(2nT).
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FIGURE 2. Isospin, electric charge and baryon susceptibilityxq, xs, normalised by their valuesSE in the noninteracting
case (left) and charge diffusion coefficiddg (right) as function of temperature. These results inclixdedontributions from u, d
and s quarks. The meaning of the filled boxes and error bathesame as in figure 1.
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FIGURE 3. Charmonium spectral functions from the second generatimerable. Pseudoscalar channel on the left, scalar
channel on the right.

CHARM

Charmonium has been one of the most intensely studied probegvy-ion collisions since charmonium suppression
was proposed as a signature of the QGP by Matsui and SatZl[iéje have been a number of lattice calculations of
charmonium spectral functions, mostly in the quenched@ppration [17, 18, 19, 20], but also recently using 2+1
light flavours [21]. We have previously studied charmoniumoarr 1st generatiorNy = 2) ensembles [22, 6]; here
we will present results from our 2nd generation ensembesiadl as updated results for the momentum dependence
of charmonium correlators from the 1st generation ensesnble

Charmonium at zero and nonzero momentum

Figure 3 shows charmonium spectral functions in the pseiadas(S-wave) and scalar (P-wave) channels from
our second generation ensembles. Our results suggeshéh&8twave ground state survives upTtes 1.6Tc, while
the P-wave ground state melts closeTgoThis is consistent with our previous first generation rssia2]. We have
studied the dependence of these results on the default mse@) and found that the results are stable for all but the
highest temperature. We are in the process of analysingatiaeusing the alternative Bayesian method of [2].

At nonzero momentum, the MEM reconstruction has much lasgstematic uncertainties than at zero momentum
[6, 23]. To circumvent this problem, we may instead compleecbrrelators at temperatuFewith thereconstructed
correlatorswhich result from integrating (1) using the kernel evaldaaéT, but with a spectral functiop(w, §; Tr)
determined at a reference temperafiireThe reference temperature is chosen to be relatively lothaothe MEM
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FIGURE 4. Reconstructed charmonium correlators in the longitudftegd) and transverse (bottom) vector channel (1st genera-
tion), at two different momenta. The reference temperagife= 230MeV (N; = 32).

determination op(w, B, Ty) is under control. Figure 4 shows this comparison for theoredhannel at two different
momenta withT, = 230MeV. Note that the comparison is always made with thensitocted spectral function for the
same momentum. We see that the combined effect of the tetnpeend momentum is different in the longitudinal
and transverse channel: while the thermal modificationhéndngitudinal channel become smaller with increasing
momentum, in the transverse channel they increase with tmantum, and are also larger in magnitude.

Charmonium potential

Nonrelativistic potential models have been widely usedttmlys bound states of charm and beauty quarks both
at zero and nonzero temperature. While it has long been kriimwntheir use can be given a firm foundation at
zero temperature in effective field theory (pNRQCD), it i¢yorecently that a similar understanding has begun to be
developed in the high-temperature case [24, 25]. Most ifafidtigh-temperature applications have so far been based
on the potential between infinitely heavy (static) quarksl @ is not yet known how a finite quark mass will modify
this.

We will take an alternative approach, assuming that thenasbaium system can be described using a Schrédinger
equation with a real potential, and determining the po&fom the charmonium correlators that we compute on the
lattice. Specifically, we compute point-split correlatasi¢h an operatof = {y;;, s}

Cr (7, 1) 4)

;@a(x, DU (X, X+ F)F X+, 1)T(O0,0) Ty(0,0)).



4 \
% €
® ZeroT % 0.4 |
w 0.76T, % %
< 35- |, 0.84T, - . ¥ S
3 0.95T, % 3 $0.05- 1 :
S <« 1.09T « O,
= —c - 1= 1
E = s
[6} [
- > 1
> 3 Bl _ o —
3
- (] i
. : 2
LI I
0.05+~ - -
-
25 P S NNt BN P T (S IO S BN
0 0.2 0.4 0.6 0.8 1 12 0 0.2 0.4 0.6 0.8 1 12
r [fm] r [fm]

FIGURE 5. Charmonium potential. Left: central (spin-independertjeptial; right: spin-dependent potential. The points are
horizontally shifted for clarity. The two sets of error bgts the left and right of the symbols) denote statistical apstematic
(from variations in the time range used) uncertaintiepeaetvely.

The potentiaWr-(r) can then be determined using [26]

2
0Cr(rar) (%%—Vr(r))cr(rvr)’ (5)

ar
which is valid fort < 1/2T. The vector and pseudoscalar potentials can be combinedduge the central (spin-
independent) and spin-dependent potentiglandVs,

3 1
Ve(r) = ZVi (0 + 3Vig(8), - V() = Vi (1) = Vig (1) . (6)
The results are shown in figure 5. At low temperatures therakpbtential is well represented by the confining
Cornell (linear + Coulomb) potential, while aboVgit becomes screened. The spin-dependent potential istatera
at intermediate distances with indications of a repulsmecThere appears to be a strong temperature dependence,
also seen in our first generation results [27], which at prese have no clear understanding of.

BEAUTY

In recent years there has been an increased interlegtigsics at high temperature and in heavy-ion collisionpdrt

this is because the energies reached at the LHC are sucbhtpairs are created abundantly, whereas at RHIC and
SPS they were relatively rare. Indeed, one of the early readdsults from the heavy-ion collisions at CERN was the
observation of sequentidl suppression by the CMS collaboration [28].

Theoretically, the beauty system provides a cleaner prolbleeoQGP than the charm system, since effects such
as regeneration and cold nuclear matter effects which maguwsb the interpretation of the yields are much less
significant. In addition, while the nonrelativistic appnaration is marginal for charm quarks, it is clearly valid for
bound states of beauty quarks. This allows us to use notiviste QCD (NRQCD), which is an effective theory
obtained by integrating out the largest scale in the systemheavy quark mass. In this case the ketaéh (1)
simplifies to

K(w,T) =€ . @)

Note that the heavy quark is explicitly not in thermal eduilim here, and hence thermal (periodic) boundary
conditions are not imposed. This has the additional adgenté doubling the number of independent points in the
temporal direction.

We have previously applied the NRQCD formalism to our firsteration ensembles in a series of papers [29, 30,
31, 32]. Here we will show results from our second generaimsembles [33]. The details of the simulation including
the NRQCD action and the MEM reconstruction are present¢giEih

Our results [33] using the standard Bryan’s implementadioEM are shown in figure 6. We see that the S-wave
(vector) ground stat¥ survives up to the highest temperatures studied, whiletisaro evidence for any surviving P-
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FIGURE 6. Beautonium spectral functions in the vector channel (left)l axial-vector channel (right), using the maximum
entropy method [33].
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FIGURE 7. Beautonium spectral functions in the vector channel (ki axial-vector channel (right), using the novel Bayesian
method of [2].

wave (axial-vector) ground state for temperatures afgv€his is consistent with our results from the first generatio
ensembles [30, 32].

Figure 7 shows our preliminary results using the novel Bayesethod of [2]. For the vector (S-wave) channel the
results are in qualitative agreement with those from theimam entropy method, although there are quantitative
differences in the width of the ground state peak. For thalaséctor (P-wave) channel, on the other hand, the
results in figure 7 suggest that the ground state survivéswell into the QGP phase. This is in accordance with
the results obtained in an analogous study using HotQCDnaiss [34]. We are currently investigating the source
and significance of these differences, and this is discusstter in [35].

SUMMARY AND OUTLOOK

We have presented results from the FASTSUM collaboratisnigies of high-temperature QCD using anisotropic
lattices. Results have been obtained in the light quark;netend beauty sectors, including the first results for the
electrical conductivity and charge diffusion as a functddtemperature below and above the phase transition, as well
as charmonium and beautonium S and P wave states and théigdietween charm quarks.

In the beauty sector, we are currently working on a detailedmarison of the two different Bayesian methods
used in the spectral reconstructions in order to fully ustderd the differences between them. We are also looking
at alternative methods which can complement this undedsignWe hope that this will lead to quantitative results
for the temperature-dependent mass shift and width stiites, which will assist in the interpretation of resultsii



heavy-ion collisions. In the charm sector, we have obtapretiminary results for D mesons at high temperature, and
we are also planning to study charm diffusion using the samthads as for the conductivity and charge diffusion

(see [23] for preliminary results). We are also investiggtharyons at high temperature, as well as the real-timie stat

quark potential using the methods of [2, 36].

Finally, we are in the process of generating new ensemblibstivé same quark masses and spatial lattice spacing,
but with a smaller temporal lattice spacing. The finer terapoesolution will lead to a more reliable spectral
reconstruction and bring some of the main systematic uaiceies associated with this under control. It will also
allow us to reach higher temperatures, and will be the fiegi sdwards the aim of providing quantitative predictions
for spectral and transport properties of the QGP, that isltes the continuum limit with physical or near-physical
guark masses.
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