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Introduction
• Recent developments have made it possible for lattice QCD to 

compute the x dependence of PDFs, GPDs, and TMDs 

• Nuclear Femtography  

• Jlab 12GeV program : Next 10 years or so 

• Computational challenge  

• Data analysis challenge  

• Inverse problem
X. Ji, Phys.Rev.Lett. 110, (2013)
Y.-Q. Ma J.-W. Qiu (2014) arXiv:1404.6860 
Y.-Q. Ma J.-W. Qiu (2017) arXiv:1709.3018
A. Radyushkin, Phys. Lett. B767 (2017)
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Figure 2.4: The PDF4LHC15 NLO PDFs at a low scale µ2 = Q2 = 4 GeV2 (left plot) and at µ2 = Q2 =
102 GeV2 (right plot) as a function of x. We show the uv and dv valence combinations, the ū, d̄, s and c sea
quark PDFs, and the gluon (note that the latter is divided by a factor 10).

are respectively related to the baryon octet �-decay constants, whose measured values are [28]

gA = a3 =

Z
1

0

dx�T3(x, µ
2) = h1i�u+ � h1i�d+ = 1.2723± 0.0023 , (2.53)

a8 =

Z
1

0

dx�T8(x, µ
2) = h1i�u+ + h1i�d+ � 2 h1i�s+ = 0.585± 0.025 . (2.54)

Fairly significant violations of SU(3) symmetry are advocated in the literature (see e.g. Ref. [205] for a
review). In this case, an uncertainty on the octet axial charge, which could be as large as 30% of the
experimental value of a8 in Eq. (2.54), see Ref. [206].

Experimental data. The bulk of the experimental information on polarized PDFs comes from
neutral-current (photon exchange) inclusive and semi-inclusive deep-inelastic scattering (DIS and SIDIS)
with charged lepton beams and nuclear targets. As photon scattering does not distinguish quarks and
antiquarks, inclusive DIS data constrain only the total quark combinations �q+, while SIDIS data
with identified pions or kaons in the final state constrain individual quark and antiquark flavors. In
principle, both DIS and SIDIS are also sensitive to the gluon distribution �g, as it directly enters the
factorized expressions of the corresponding structure functions beyond LO, and indirectly via DGLAP
evolution. In practice, the constraining power of DIS and SIDIS data on �g is rather weak because the
Q2 range covered by the data is limited, especially if one restricts to the kinematic region not a↵ected
by power-suppressed corrections and very precise data from JLab are therefore excluded.

Note that, in the case of SIDIS, a reliable knowledge of fragmentation functions (FFs) is required
in the factorized expressions of the corresponding observables. Since FFs are nonperturbative objects
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Figure 2.6: Same as Fig. 2.4, but for the polarized NNPDFpol1.1 NLO PDFs [16].
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Figure 2.7: (Left) The polarized gluon momentum distribution x�g from the DSSV14 (with 90% C.L. uncer-
tainty band) and NNPDFpol1.1 PDF sets at Q2 = 10 GeV2. The NNPDF3.1 positivity bound is also shown.
(Right) 90% C.L. areas in the plane spanned by the truncated moments of �g computed for 0.05  x  1 and
0.001  x  0.05 at Q2 = 10GeV2 [27].

• The 2012 STAR data sets on W production [232], included in NNPDFpol1.1, provide evidence of
a positive �ū distribution and a negative �d̄ distribution, with |�d̄| > |�ū| [16]. The size of the
flavor symmetry breaking for polarized sea quarks is quantified by the asymmetry �ū��d̄, which,
in the NNPDFpol1.1 analysis, turn out to be roughly as large as its unpolarized counterpart (in
absolute value) [11], though much more uncertain [234]. Even within this uncertainty, polarized
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Figure 2.3: Comparison between the CT14, MMHT2014 and NNPDF3.1 NNLO PDF sets at Q = 100 GeV,
normalized to the central value of the latter. From top to bottom and from left to right we show the u, d̄ and
s quark PDFs as well as the gluon. The error bands indicate the 1-� PDF uncertainties associated with each
set. These PDF comparison plots have been produced using the APFEL-Web online plotting interface [199].

2.3.3 Polarized PDFs

Theoretical features. The dependence on the momentum fraction x, fixed by nonperturbative QCD
dynamics, should satisfy some theoretical constraints. First, PDFs must lead to positive cross-sections.
At leading order (LO), this implies that polarized PDFs are bounded by their unpolarized counterparts6,
|�f(x, µ2)|  f(x, µ2) [202]. Second, PDFs must be integrable: this corresponds to the assumption
that the nucleon matrix element of the axial current for each flavor is finite. Third, SU(2) and SU(3)
flavor symmetry, if assumed to be exact, imply that the zeroth moments of the nonsinglet C-even PDF
combinations, �T3 = �u+

��d+ and �T8 = �u+ +�d+ � 2�s+ (where �q+ = �q+�q̄, q = u, d, s),
are respectively related to the baryon octet �-decay constants, whose measured values are [28]

gA = a3 =

Z
1

0

dx�T3(x, µ
2) = h1i�u+ � h1i�d+ = 1.2723± 0.0023 , (2.53)

a8 =

Z
1

0

dx�T8(x, µ
2) = h1i�u+ + h1i�d+ � 2 h1i�s+ = 0.585± 0.025 . (2.54)

Fairly significant violations of SU(3) symmetry are advocated in the literature (see e.g. Ref. [203] for a
review). In this case, an uncertainty on the octet axial charge, which could be as large as 30% of the
experimental value of a8 in Eq. (2.54), see Ref. [204].

Experimental data. The bulk of the experimental information on polarized PDFs comes from
neutral-current (photon exchange) inclusive and semi-inclusive deep-inelastic scattering (DIS and SIDIS)

6Beyond LO, more complicated relations hold [202]; however they have little e↵ect on PDFs.
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Equal time matrix elements

3

III. QUASI-DISTRIBUTIONS

A. Definition and relation to TMDs

Since one cannot arrange light-like separations on the
lattice, it was proposed [2] to consider spacelike separa-
tions z = (0, 0, 0, z3) [or, for brevity, z = z3]. Then, in the
p = (E, 0?, P ) frame, one can introduce the quasi-PDF
Q(y, P ) through a parametrization

hp|�(0)�(z3)|pi =

Z
1

�1

dy Q(y, P ) eiyPz3 . (8)

Following this definition, the function Q(y, P ) describes
the probability that the the fraction y of the hadron’s
third momentum component P is carried by the parton.
Returning to the idea to treat the matrix element as a
function of the variables ⌫ and �z2 (which in this case
are given by Pz3 and z2

3), we have

M(⌫, z2
3) =

Z
1

�1

dy Q(y, P ) eiy⌫ . (9)

Since z2
3 = ⌫2/P 2, the inverse Fourier transformation

reads as follows

Q(y, P ) =
1

2⇡

Z
1

�1

d⌫ e�iy⌫
M(⌫, ⌫2/P 2) . (10)

It shows that Q(y, P ) tends to f(y) in the P ! 1 limit,
since formally M(⌫, ⌫2/P 2) ! M(⌫, 0) when P ! 1.

Therefore, the deviation of the quasi-PDF Q(y, P )
from the PDF f(y) is controlled by the dependence of
M(⌫, z2

3) on its second argument. By virtue of Eq. (7),
this dependence is related to the dependence of the TMD
F(x,2) on 2 (its second arguement). Consequently, the
difference between Q(y, P ) and f(y) is associated to the
transverse momentum dependence of the TMDs.

The explicit relation was derived in Ref. [7]

Q(y, P )/P =

Z
1

�1

dk1

Z 1

�1
dx F(x, k2

1 + (y � x)2P 2) .

(11)

It is a mere consequence of Lorentz invariance, but it
tells us that the distribution of the parton k3 momentum
is affected by the same physics that generates the k?-
dependence of the TMDs!

B. Quantum chromodynamics (QCD) case

The formulae that were derived previously can be di-
rectly applied to the non-singlet parton densities of QCD.
Here, one is considering matrix elements of the following
type

M
↵(z, p) ⌘ hp| ̄(0) �↵ Ê(0, z; A) (z)|pi , (12)

where Ê(0, z; A) is the standard 0 ! z straight-line
gauge link in the quark (fundamental) representation. By
Lorentz invariance, these matrix elements can actually be
decomposed into p↵ and z↵ part

M
↵(z, p) =2p↵Mp(�(zp), �z2) + z↵Mz(�(zp), �z2) .

(13)

The Mp(�(zp), �z2) part gives the twist-2 distribution
when z2

! 0, compared to Mz(�(zp), �z2) which is a
purely higher-twist contamination, and one may wish to
make an effort to eliminate it from definitions of TMDs
and quasi-PDFs.

Introducing TMDs, one takes z = (z�, z?) and the
↵ = + component of M

↵. Hence, the z↵-part drops
out, and one gets a TMD F(x, k2

?
) that is related to

Mp(⌫, z2
?

) by the scalar formulas (2), (7). Defining
quasi-distributions, the easiest path that avoids the z↵

contamination is by considering the time component of
M

↵(z = z3, p) and define

M
0(z3, p) = 2p0

Z 1

�1
dy Q(y, P ) eiyPz3 . (14)

Then, the scalar formula (11) connects the quasi-PDF
Q(y, P ) and the TMD F(x, k2

?
).

It should be emphasized that the operator defining
M

↵(z, p) includes a 0 ! z straight-line link instead of
a stapled link which is common in most of the definitions
of TMDs which appear ias part of the description of semi-
inclusive DIS and Drell-Yan processes. It is well known
that the stapled links reflect initial or final state inter-
actions specific to these processes. The “straight-link”
TMDs, in this sense, describe the structure of a hadron
when it is in its non-disturbed or “primordial” state. One
may argue that such a TMD cannot be directly measured
in a scattering experiment, however, it is a well-defined
QFT object, and its study on the lattice could be per se,
an interesting idea.

C. Factorized models

A very popular idea is that the nonperturbative (or
soft) part of the TMDs F(x, k2

?
) may be represented by

a product

F(x, k2
?

) = f(x)K(k2
?

) (15)

of the collinear parton distribution f(x) and a
k2
?

-dependent factor K(k2
?

), usually modeled by a Gaus-
sian. For the Ioffe-time distribution M(⌫, �z2), this
Ansatz corresponds to the factorization assumption

M
soft(⌫, z2

3) = M
soft(⌫, 0)M(0, z2

3) (16)

Still, even if the TMD factorizes, the quasi-PDF has the
convolution structure of Eq. (11). Taking, for illustra-
tion, a Gaussian form

KG(k2
?

) =
1

⇡⇤2
e�k2

?/⇤2

, (17)

Ê(0, z;A) = P exp


�ig

Z z

0
dz0µ A

µ
↵(z

0)T↵

�

Wilson line matrix elements

z 0

p p

Hadron Structure from Lattice QCD Konstantinos Orginos

x-dependent, and it is recognized that the small x physics is not accessible with today’s computational re-
sources and methodology. A study of the systematics of the PDF extraction given mock lattice data recently
appeared in [30] indicating that the region of x > 0.1 is well within reach of todays lattice QCD calcula-
tions. As argued above, this is precisely the region where theoretical input may have the largest impact on
phenomenology.

It has been shown that various measures of hadron structure can be extracted in terms of a class of matrix
elements, called “lattice cross sections” (LCSs)[6], computable directly in lattice QCD, that are factorizable
into PDFs with calculable coe�cients, in the same manner as the hadronic cross sections measured in
experiment. In particular, these hadron cross sections are expressed as single-particle matrix elements of
non-local operators On(z):

�n(⌫, z2) = hP | T {On(z)} | Pi (4)

where n labels the operator, P is the hadron momentum and, z is the largest separation of the fields in the
operator On. These LCS can then be related to the PDFs fa(x), where a labels the parton flavor, through

�n(⌫, z2) =
X

a

Z 1

�1

dx
x

fa(x, µ2) Ka
n (x⌫, z2µ2) + O(z2⇤2

QCD), (5)

where µ is the factorization scale. The kernels Ka
n are calculable in (continuum) perturbation theory.

A simple choice of LCSs is gauge-invariant currents, separated in space,

OS (z) = (z2)2Z2
S [ ̄q q](z)[ ̄q ](0)

OV0(z) = z2Z2
V0[ ̄q(z · �) q0](z)[ ̄q0z · � ](0), (6)

representing scalar and flavor-changing current combinations respectively. The factors ZS , ZV0 are the rele-
vant quark bi-linear renormalization constants that render the left hand side of Eq. 5 renormalization group
invariant and absorb the UV divergences of the quark bi-linear currents. Note that the quark flavor q0 in
Eq. 6 is not required to correspond to a physical quark in the hadron, but can be a heavy “auxiliary” quark
as we note below. The heavier quark improves the computational e�ciency of the method. This procedure
has been also suggested for improving the signal in lattice calculations of x moments of distributions in
ref. [10]. A large number of di↵erent two-current correlators can be studied and together with pseudo-PDFs
can resulting in additional constraints to PDFs. A ’global’ analysis of these results can then provide a better
handle on systematics of the final PDF reconstruction from lattice QCD. The first study demonstrating the
feasibility of this approach was published in [31].

It should be noted that the formalism we are following in all these projects has been introduced by two of
the co-PIs in this projects, Radyushkin and Qiu.

1.3 Status report
In 2019, we were awarded an ALCC allocation on Summit at OLCF (NPH134). The prime objective of this
project was the determination of momentum fraction x dependence of the pion and nucleon PDFs. The were
several publications that used results obtained by this award. We discuss these publications in the following.

Parton Distribution Functions from Io↵e time pseudo-distributions
B. Joo, J. Karpie, K. Orginos, A. V. Radyushkin, D. G. Richards, S. Zafeiropoulos
DOI: 10.1007/JHEP12(2019)081
In this paper, we present a detailed study of the unpolarized nucleon PDF employing the approach of parton
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Q(⌫, µ) is called the Ioffe time PDF

Q(⌫, µ) =

Z 1

�1
dx e�ix⌫f(x, µ)

Matching to MS

Mp(⌫, z
2) =

Z 1

0
d↵ C(↵, z2µ2,↵s(µ))Q(↵⌫, µ) +O(z2⇤2

qcd)

�z2 ! 0Factorization of collinear divergence at 

In terms of Lorentz invariances 

is called the Ioffe time⌫ = p · z
<latexit sha1_base64="Bp0D3upIGkHFB1W3RE5GiRC1UA8=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqsxUQTdC0Y3LCvYBnVoymUwbmskMyR2hln6FGxE3Cv6Lv+DfmD42bT0QOJxzwr3nBqkUBl3318mtrW9sbuW3Czu7e/sHxcOjhkkyzXidJTLRrYAaLoXidRQoeSvVnMaB5M1gcDfxm89cG5GoRxymvBPTnhKRYBSt9OSrjNyQ1GdhguSlWyy5ZXcKskq8OSnBHLVu8ccPE5bFXCGT1Ji256bYGVGNgkk+LviZ4SllA9rjo+muY3JmpZBEibZPIZmqCzkaGzOMA5uMKfbNsjcR//PaGUbXnZFQaYZcsdmgKJMEEzIpTkKhOUM5tIQyLeyGhPWppgzteQq2urdcdJU0KmXvolx5uCxVb+dHyMMJnMI5eHAFVbiHGtSBgYY3+IQvJ3ZenXfnYxbNOfM/x7AA5/sPPxuNgQ==</latexit>

�z2 ! 0 is the light-cone limit



which using our conventions becomes

K(x⌫, z2µ2) = cos(x⌫)�
↵s

2⇡
CF

h
ln(e2�E+1

z
2
µ
2
/4)B̃(x⌫) + D̃(x⌫)

i
, (10)

where
B̃(x) =

Z 1

0

d↵B(↵) [cos(x↵)� cos(x))] (11)

and
D̃(x) =

Z 1

0

d↵D(↵) [cos(x↵)� cos(x)] . (12)

Note the the new kernel depends on the product ⌫x and not on x and ⌫ separately. With
this new kernel we can now write a direct relation between the pseudo-Ioffe time PDF and
the the momentum space PDF as following:

M(⌫, z2) =

Z 1

0

dx qv(x, µ)K(x⌫, z2µ2) +
1X

k=1

Bk(⌫)(z
2)k . (13)

One can evaluate analytically the B̃(x) and D̃(x) integrals resulting in

B̃(x) =
1� cos(x)

x2
+ 2 sin(x)

xSi(x)� 1

x
+

3� 4�E
2

cos(x) + 2 cos(x) [Ci(x)� ln(x)] , (14)

where Si(x) and Ci(x) are the sine and cosine integrals respectively and,

D̃(x) = xIm
⇥
e
ix

3F3(111; 222;�ix)
⇤
�

2� (2 + x
2) cos(x)

x2
, (15)

where 3F3(111; 222; x) is the generalized Hypergeometric function.

A. Numerical Evaluation of the Convolution Integrals

In order to implement numerically the convolution required for the matching, we need
to worry about both the precision of the integration as well as the computational efficiency.
Although the although some of the integrals can be done analytically as indicated above, the
resulting special functions are difficult to evaluate accurately and in fact the Hypergeometric
function requires multi-precision arithmetic resulting in expensive computations. Further-
more, as the Ioffe time ⌫ becomes large, simple integration rules such as the trapezoid rule
break down even with O(103) integration points. Furthermore, potential divergence of the
PDF at x = 0 further complicates numerical evaluation of the final convolution integral over
x. These numerical instabilities arise from the fact that the integrand is oscillatory with a
frequency of oscillations that is ⌫/2⇡. One way to address the problem is to use an improved
trapezoid rule just like the rule we used in the "moments" paper. Unfortunately, this still
results in special functions but at least in may give us better precision.

2
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The Ioffe time is varied by varying z 

X. Ji, Phys.Rev.Lett. 110, (2013)Note that y 2 (�1,1)



• Obtain the PDF from a limited set of   
matrix elements obtained from 
lattice QCD


• z2 is a physical length scale 
sampled on discrete values


• z2 needs to be sufficiently small so 
that higher twist effects are under 
control


• ν is dimensionless also sampled in 
discrete values


• the range of v is dictated by the 
range of z and the range of 
momenta available and is typically 
limited
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Note the the new kernel depends on the product ⌫x and not on x and ⌫ separately. With
this new kernel we can now write a direct relation between the pseudo-Ioffe time PDF and
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where 3F3(111; 222; x) is the generalized Hypergeometric function.

A. Numerical Evaluation of the Convolution Integrals

In order to implement numerically the convolution required for the matching, we need
to worry about both the precision of the integration as well as the computational efficiency.
Although the although some of the integrals can be done analytically as indicated above, the
resulting special functions are difficult to evaluate accurately and in fact the Hypergeometric
function requires multi-precision arithmetic resulting in expensive computations. Further-
more, as the Ioffe time ⌫ becomes large, simple integration rules such as the trapezoid rule
break down even with O(103) integration points. Furthermore, potential divergence of the
PDF at x = 0 further complicates numerical evaluation of the final convolution integral over
x. These numerical instabilities arise from the fact that the integrand is oscillatory with a
frequency of oscillations that is ⌫/2⇡. One way to address the problem is to use an improved
trapezoid rule just like the rule we used in the "moments" paper. Unfortunately, this still
results in special functions but at least in may give us better precision.
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Our inverse problem

⌫ = p · z
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2

Our inverse problem

It is ill-defined —->  Solution requires additional input 



• Ansatz: phenomenologically 
motivated model with few 
parameters


• Backus-Gilbert method


• Neural networks [see  talks by J. 
Karpie, T. Gianni]


• Bayesian Reconstruction 


• Fourier Transform with perturbative 
inversion of the coefficient function 
(ex. Lin et al. Phys.Rev.D 91 (2015),  Alexandrou et al, 
Phys.Rev.D 96 (2017))


• Improved Fourier Transoforms (Lin et al 
Phys. Rev. D98 2018)


• Bayes-Gauss-Fourier Transoform 
(Alexandrou et al  arXiv:2007.13800) [see talk by F. 
Manigrasso]

Possible solutions
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• Reliability of the PDF reconstruction


• How do different methods compare?


• What kind of data do we need in order to achieve the desired quality of the reconstructtion


• What are the domains of ν  and z ( or p and z) 


• How many data points  within these ranges do we need


• What is the domain in the momentum fraction x that can be accessed given the domain of ν  and z ( or p and z)


• Systematic error control?


• What systematic errors do we need to focus on?


• Higher twist, lattice spacing, finite volume, excited state contaminations … how all these  affect the extracted 
PDF


• How do we incorporate systematic errors to the inverse problem translating them into uncertainty of the PDF?


• Reliable uncertainty quantification

Questions to be explored





Inverse problems in thermal QCD 

Gert Aarts

Oct 19-22 2020 Amherst QCD Real-Time Dynamics and Inverse Problems



Questions in thermal QCD

Deconfinement and chiral transitions: 

o Fate of hadrons: disintegration, melting or survival?

o Restoring chiral symmetry: thermal properties of light hadrons?

o Heavy quarks 𝑀 ≫ 𝑇: new scale, quarkonium survival

o Transport: hydrodynamic behaviour of QGP at long distance/time scales

APS/Joan Tycko

http://www.tyckoart.com/about_TMBA.html


Questions in thermal QCD

Answers not easily accessible from Euclidean correlators 𝐺(𝜏, 𝒑), using e.g.

o exponential decay (masses, …)
o integrated correlators (susceptibilities, …)
o ratios (mass differences, some matrix elements, …)

Physics is encoded in spectral functions instead: 𝜌(𝜔, 𝒑)



Questions in thermal QCD

o Fate of hadrons: disintegration, melting or survival?

Vacuum and low 𝑇: 
ground and excited states, continuum

Increase 𝑇: 
Thermal broadening, (sequential) melting

APS/Joan Tycko

http://www.tyckoart.com/about_TMBA.html


Questions in thermal QCD

oTransport: hydrodynamic behaviour of QGP at long distance/time scales

Kubo relation: transport coefficient ∼ slope of spectral function as 𝜔 → 0

Transport coefficients:

matching coefficient in low-
energy effective theory, 
namely hydrodynamics

Examples: 𝜂, 𝜉, σ …

APS/Joan Tycko

http://www.tyckoart.com/about_TMBA.html


Spectral relation (for bosonic two-point function)

o Kernel 𝐾(𝜏, 𝜔):  Laplace transform with periodic boundary conditions

o Correlator known numerically at a finite number of temporal points

o Spectral function in principle continuous function

⟹ Well-known ill-posed inversion problem 



Inversion problem in thermal QCD

Variety of methods are used:

o Ansatz: physics-motivated form of 𝜌 𝜔 with limited # of parameters
o Sum rule constraints
o Maximum Entropy Method (MEM)
o Other Bayesian approaches (BR)
o Backus-Gilbert (BG)
o Machine learning (kernel ridge regression, neural nets – just starting)
o …



Questions

o Advantages/disadvantages of each approach
o Dependence on simulation/ensemble details:

o number of temporal points
o isotropic vs anisotropic lattices 
o continuum limit
o quality of data, statistics

o Reliability, robustness of method: how to quantify this
Systematic uncertainties of the method: how to capture this

o Bias vs unbiased, what does it even mean



Case study: electrical conductivity 𝜎

o Relation between external electric field 𝑬 and EM current 𝒋:  𝒋 = 𝜎𝑬
o Linear response:

o Related to charge diffusion coefficient 𝐷 and charge susceptibility 𝜒!

For a recent review: 
Electrical conductivity of the quark-gluon plasma: perspective from lattice QCD, GA & Aleksandr Nikolaev, arXiv:2008.12326 [hep-lat] 

https://arxiv.org/abs/2008.12326


Case study: electrical conductivity 𝜎

o problem well-defined in principle: current-current correlator
𝐺"" 𝜏, 𝒙 = ⟨𝑗" 𝜏, 𝒙 𝑗" 0, 𝟎 ⟩ with 𝑗" = 2𝜓 𝛾"𝜓

can be computed to high precision (unlike correlator for viscosities)

o variety of inversion methods have been applied 

o O(10) studies available, since 2003 up to now

For a recent review: 
Electrical conductivity of the quark-gluon plasma: perspective from lattice QCD, GA & Aleksandr Nikolaev, arXiv:2008.12326 [hep-lat] 

https://arxiv.org/abs/2008.12326


Overview of lattice studies

For a recent review: 
Electrical conductivity of the quark-gluon plasma: perspective from lattice QCD, GA & Aleksandr Nikolaev, arXiv:2008.12326 [hep-lat] 

https://arxiv.org/abs/2008.12326


Lattices sizes and temperatures

Widest range of temperatures using fixed-scale approach: 
increase 𝑇 = ⁄1 (𝑎#𝑁#) by decreasing 𝑁# at fixed lattice spacing   



Methods used for inversion

Essentially all popular methods have been used, 
sometimes with internal consistency checks



Comparison between all results 

o Consistency?
o Error estimates?
o Lattice spacing dependence?
o 𝑁# dependence, at a given temperature?

Physics:
o Light quark mass dependence?
o Role of thermal transition?



Conductivity: summary plots
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For a recent review: 
Electrical conductivity of the quark-gluon plasma: perspective from lattice QCD, GA & Aleksandr Nikolaev, arXiv:2008.12326 [hep-lat] 

https://arxiv.org/abs/2008.12326


Conductivity: summary

o Results are in approximate agreement (say, order of magnitude)
o Quenched QCD: no visible temperature dependence
o 𝑁$ = 2, 2 + 1 QCD: presence of thermal crossover visible (?)
o Systematics?
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Questions

o Advantages/disadvantages of each approach
o Dependence on simulation/ensemble details:

o number of temporal points
o isotropic vs anisotropic lattices 
o continuum limit
o quality of data, statistics

o Reliability, robustness of method: how to quantify this
Systematic uncertainties of the method: how to capture this

o Bias vs unbiased, what does it even mean
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