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QCD undergoes a deconfining transition at high temperatuee“quark-gluon plasma” phase
where hadrons may become unbound. In this work, meson atimelffunctions at non-zero mo-
mentum are studied both in the confined and plasma phasegthsiMaximum Entropy Method.
In particular, both the longitudinal and transverse modeb® vector correlation functions are
considered. Only in the case of light quarks in the plasmag@hae find that both longitudinal
and transverse spectral functions have a non-zero inteaitepro energy.
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1. Introduction

There has been considerable interest in the quark-glusmplgphase of QCD over recent
years. On the experimental side, experiments at RHIC havelan increased understanding of
this phase of matter. This has been matched by a similady#at theoretical understanding using
e.g. hydrodynamic models and lattice simulations. Despiteconsiderable work, there remains a
great deal of uncertainty over many properties of the gggulkn plasma. In particular, the Particle
Data Book does not contain a single entry for this phase [1].

This work aims to extend our knowledge of the physics of QCEhenplasma phase by study-
ing the properties of mesonic spectral functiopgw), both below and above the deconfining
temperature].. The zero energy limitew — 0, of spectral functions gives information on hydrody-
namic structure and transport coefficients; we will be patférly interested in the conductivitg,
and the related diffusivityp = o/=, where= is the charge susceptibility. These can be obtained
from vector spectral functions. In this paper, we outlineeatension of our earlier work [2] to the
case of non-zero momentum [3]. This allows us to study thgitadinal and transverse compo-
nents in the vector channel which can, in principle, unlatgkriesting information about transport
and hydrodynamics [4]. For more details on transport cadeffts and lattice QCD, we refer to the
reviews [5, 6].

2. Lattice and Fitting Details

We begin by defining the usual spectral function in terms efflclidean two-point function,
G(t, p),
G(t, p) = / SO plw, K (t, ),
wherep denotes the momentum. The kernel is given by

cosHaw(t —1/(2T))]
sinhw/(2T)]

K(t,w) =

whereT = 1/(aN). We note that the extraction of a spectral density from éckattorrelator is
an ill-posed problem, since the correlat@it), is known at onlyZ’(10) time points, whereas the
spectral functionp(w), is, in principle, a continuous function. The usual soluta this problem
implements the Bayesian analysis technique of the Maximatropy Method (MEM) [7].
At finite temperature the kernel is singular and independérticlidean time in the limit that
w— 0]8]:
lim K(w t) = E +0(w).

(4)~>
In Ref. [2] we uncovered that this singularity affects thikatality of the MEM procedure near
w = 0. Fortunately it can be trivially corrected by defining acaded kernel and spectral function,

K(w,t) = EK(w v, plw=-_—p,w)
and performing MEM on
dew_
G(t) = | - P@K(w.t)
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Cold Hot
Spatial Volume N3 x N 48° x 24 64 x 24
Lattice spacings a ! ~ 4 GeV ~ 10 GeV
T 1/(aN) T~ 160MeV~ 0.62T; T ~ 420MeV~ 1.5T;
Statistics Nctg ~ 100 ~ 100
Quark Masses ma 0.01&0.05 001 &0.05

Table 1: Lattice parameters used in the simulation. Estimates #idttice spacing and temperature are
taken from Ref. [10].

We demonstrated that this redefinition removes the unpalybehaviour of the spectral functions
constructed with MEM neaw = O, present when the traditional kernel is employed [2].
In the MEM procedure, we used the default model

M(w) = mp(1+ aw)

with my determined from a fit off dwm(w)K(w) to the data. This definition ai(w) matches
the expected perturbative behaviguiw) ~ wp(w) ~ w? asw — o« and also allows a non-zero
intercept inp/w ~ p (corresponding to a transport peak)was- 0. For a study of lattice spectral
functions at nonzero momentum in the infinite temperatuné lisee Ref. [9].

The lattice action and parameters used are identical te@timRef. [2], i.e. a simple Wilson
plagquette action with quenched, staggered fermions. Titiedgarameters used are displayed in
Table 1. In Ref. [2] we determined the electrical conduttjvo /T = 0.4+ 0.1, a result which
has since been confirmed [11]. We extend the work in Ref. [@h&r by using twisted boundary
conditions with the same choices of twists as in Ref. [12]is Hmables us to access a large range
of momenta which are listed in Table 2. Preliminary resuéts be found in Ref. [3].

Since we use staggered correlators which have contritsufrom both parity partners,

dw

G(t) = [ 5=K(t,w) |p(w) — (-1 p(w)],

we are forced to apply MEM to even and odd times separatety/tlzan reconstruct the physical
spectral function from

pphys: (peven_|_ podd) ]

NI =

3. Longitudinal and Transverse Correlators

In Fig. 1 we show the vector correlators for both the longitatiand transverse modeSs, T,
for momentapL = 2, 11, 217, 31T @s a function of euclidean time. We display these as a ratiotive
average correlatiorGae = (G + 2Gt)/3. Note that we use local (rather than conserved) currents
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pL |p|L Longitudinal ~ Transverse

(0,0,0) 0 - -

(2,0, 0) 2 \V Vo & V3
(O, 47, O) T Vs Vi & V3
(=2, 4+m, 0) V4+m~3.72 - V3
(0, £2m, 0) 21~ 6.28 Vs Vi & V3
(2, £2m, 0) 2V1+m~6.59 - V3

(O, 37'[, O) 3~ 9.42 Vo V1 & V3
(—2,3m,0) V4+9~9.63 - V3

Table 2: A list of the momenta studied showing which components ofvilgtor currentV; = @y, are
longitudinal or transverse. The momenta compon@htsvhich are multiples oft are obtained from the
usual Fourier sum, and thopk components which are integer-valued are obtained frontéaisoundary
conditions.
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51.2— . + + * —
o i \ i
i b # # i
— I~ * =
S tatetelstel el

L . o [I'; [H] EH] |
0.9+ ? o i LI
0.8 ’ i 4]—

=L | 1 1 1 1 | 1 1 1 1 | 1 1 1 -

0 5 10
t

Figure 1. Longitudinal and transverse vector correlation functinnsmalised by the average correlation
function, Gave = (GL + 2Gy)/3, for various momentgj, as a function of euclidean time. Data points for
each momentum (for a given time) are offset horizontallydiarity; from left to right they arep|L = 2, 7,
2mand 3t.
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Figure 2: Longitudinal (left) and transverse (right) vector speldmaction predictions from Ref. [4].
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Figure 3: Longitudinal (left) and transverse (right) vector spelctuaction for the light fna= 0.01), hot
case. The main plot shows the~ 0 region, and the insert the fuld range.

in our correlators definitions. As can be seen, there is a diffarence between these modes; the
longitudinal correlator is consistently larger than trengverse for each time slice and momentum
value. It would be interesting to understand this featuraydically. Note that the momentum
dependence is much stronger for even timeslices. This istefaet of the staggered formulation.

The diffusivity, D, can in principle be obtained from the momentum dependehtte wector
spectral function (at small mass). In Ref. [4] a predictiaswnade of the energy dependence of the
vector spectral function for both the longitudinal and sneerse modes (for the massless case in the
plasma phase). This is shown in Fig. 2. As can be seen, thegigtion for thew — 0 behaviour
differs between these two modegs:(w = 0, f) = O for p # 0 whereagpr(w =0, p) # 0.

In Fig. 3, we show the spectral functions obtained via MEMffarlongitudinal and transverse
vector case for quark masga= 0.01. As can be seen, there is a clear non-zero intercept fothet
longitudinal (contradicting [4]) and transverse modese $hectral function for the heavier quark
mass,ma= 0.05, is shown in Fig. 4. We note that the intercept is zero fdh llbe longitudinal
and transverse cases for this heavier quark mass yieldintj esult for the heavy-quark diffusion
coefficient [14].
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Figure 4: Longitudinal (left) and transverse (right) vector spelctumction for the heavy, hot case. The
main plot shows thev ~ 0 region, and the insert the fuld range.
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Figure5: Pseudoscalar spectral function for tha= 0.01 (left) andma= 0.05 (right) cases. The main plot
shows thew ~ 0 region, and the insert the fuld range.

We checked the spectral function for both the quark masses 0.01 and 0.05 in theold
phase, and found a zero intercept for both longitudinal esntbverse modes. This agrees with our
expectation that there are no transport features in thisgpha

In Fig. 5, the pseudoscalar spectral functions are shownerbt phase. We observe a zero
intercept for this channel again in agreement with the egbien that there are no transport fea-
tures.

4. Conclusions

In this work we have extended our previous study [2] of theespéfunctions of vector corre-
lators in the cold and hot phase of QCD to non-zero momentayusiisted boundary conditions
to allow a finer momentum resolution. We are thus able to ¢atiewand contrast the longitudinal
and transverse modes of the vector two-point function. Wktfiat a zero intercept at zero energy
for the spectral function in all cases except for the hohtliguark vector mesons where we find
p(w— 0, p) # 0 for both the longitudinal and transverse modes. This ipiteethe fact that the two
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modes’ two-point correlation functions have a differentilifative behaviour. Our future plans are
to study the momentum dependence of these modes with thef &imieer studying hydrodynamic
structure at zero and nonzero momentum [13].
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