NOVEL LATTICE SIMULATIONS FOR TRANSPORT
COEFFICIENTS IN GAUGE THEORIES

Felix Ziegler
in collaboration with Jan M. Pawlowski and Alexander Rothkopf
Heidelberg University

Pawlowski, Rothkopf, arXiv:1610.09531 [hep-lat]

Pawlowski, Rothkopf, Ziegler, in preparation

Seminar — Theory of Hadronic Matter under Extreme Conditions

Bogoliubov Laboratory of Theoretical Physics
UNIVERSITAT ISOQUANT
HEIDELBERG
ZUKUNFT
SEIT 1386 SFB1225

Dubna (Russia) - February 14, 2018




Overview

O Introduction
o Physics motivation of real-time dynamics from lattice QCD
o Challenges in the reconstruction of spectral functions

O Novel simulation approach for thermal fields on the lattice
with non-compact Euclidean time

(¢]

Setup and scalar fields
Gauge fields

[e]

o Convergence to the Matsubara results
o Energy-momentum tensor correlation functions
Spectral reconstructions

[e]

O Summary and outlook



INTRODUCTION




Physics motivation

O Thermal physics of hot strongly interacting matter produced in heavy

ion collisions

o Transport phenomena
o In-medium modification of heavy bound states

I
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Transport coefficients are real-time quantities related to the
energy-momentum tensor (EMT) correlation function

O Example: shear viscosity
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Lattice QCD at finite temperature

O Gauge fields on links
Uu(x) = exp(iga},A‘;L(x) T%)

O Dynamical fermions with

realistic masses

O finite extent in imaginary time
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Reconstruction of spectral functions and its challenges

O Back to real-time EMT-correlator:
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p(w,p) =

O Spectral function connects physical real-time observable
with Euclidean time simulation

coshl[u(t — B/2)]
sinh[u /2]

D)« [ (Tl DTalo,0 = [ s o)

For the reconstruction technique used in the following see

Y.Burnier, Alexander Rothkopf, Phys.Rev.Lett. 111 (2013) 182003



Reconstruction of spectral functions and its challenges

Two main conceptual problems of standard spectral
reconstructions

O Problem 1:

o coshlu(t - /2)]
D)= [ dy T ga P

Extraction from imaginary time correlator ill-posed

exponentially hard inversion problem.
— Go to imaginary frequencies and use Kéllén-Lehman
spectral representation

« 2
Dlwn = [ du o)




Reconstruction of spectral functions and its challenges

Two main conceptual problems of standard spectral
reconstructions

O Problem 2: Increasing the number of points along
Euclidean time axis does not help!
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O Standard lattice simulations only access Matsubara
frequencies w, = 2nTn, n € Z.



SETUP OF A NOVEL COMPUTATIONAL
APPROACH




Thermal field theory on the Schwinger-Keldysh contour

O Thermal scalar field theory as a real-time initial value problem with
Z=Tr( )

Z-= f dlp3 13 Kt 0 (0)lesXes ot

initial conditions
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Thermal field theory on the Schwinger-Keldysh contour

O Thermal scalar field theory as a real-time initial value problem with
Z="Tr( )

Z= f dlet1dles Kedlo (0les X3 lot) f Aoy le™ 1o pele ™ |pt)

initial conditions

=== quantum dynamics
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Thermal field theory on the Schwinger-Keldysh contour

O Thermal scalar field theory as a real-time initial value problem with
Z=Tr( )

(P —
=fd[(Po] (9o Kl ] lpg Yo lpd )f Qﬁ(pelsM o*1-iSmle~]
(P

initial conditions

== quantum dynamics
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Thermal field theory on the Schwinger-Keldysh contour

O Thermal scalar field theory as a real-time initial value problem with
Z=Tr( )

.
7= f Dppe-Siloe] f PR peiuleiSule]
Ppe(0)=pE(p) @*(to)=9E(0)

= initial conditions

== quantum dynamics

O So far, we have only rewritten the partition function. The imaginary
time is a mathematical tool to sample initial conditions ¢*(t,) and

@~ (to). 12



Path contribution

O Thermal equilibrium = G** = (p* ™) correlator sufficient to compute
spectral function P, see e.g. Laine and Vuorinen, Basics of Thermal Field Theory, Springer 2016
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To=t, initial conditions

== quantum dynamics
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O Using time translation invariance we can set t, — —co.

O Introducing ¢ > o0 and e~tHt _ p=iHt(+i¢) correlations between any

finite t on forward branch and endpoint become exponentially damped.

13



Analytic continuation and general imaginary frequencies

O From no on, we focus on the forward ¢ path.

O Idea: Cut open real-time path at t = co and rotate path to (additional)
non-compact imaginary time axis.

to,
Z:f sE[q)E]f v (tor=ee() P et Sulpl-iSulp”]
<PE(0):<PE(5) @*(to,X)=pE(0)

To=t, initial conditions

= quantum dynamics

T
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Analytic continuation and general imaginary frequencies

O From no on, we focus on the forward ¢ path.

O Idea: Cut open real-time path at t = co and rotate path to (additional)
non-compact imaginary time axis.

7= f g e~ Sele] fw (e0) — fso <TO>:<pE<ﬁ)@(p_e_sE[q)_]
PE(0)=pE(B) @*(10)=9E(0) P (e)

Simulation recipe oefl”
To=To=t,

O Sample initial conditions
from on compact Euclidean ~_w =— quantum aynanics
time lattice, T € [o, B]. . / \

O Concurrently sample ¢*(7) from X /
e~ Sele’l with 7 € [0, ).
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Simulating scalar fields

Sc = [ [ 20wper + Intgi+ St 6Se .
T 5 : \'/-E’ atB == 5 + T](Tk)
Sp sint
659 oSt 5ot (1)) O Temperature in ¢ via
+ _ E E ]
It p" (wy) = s (@) op*(1;) ¢H(w) +1(w1) compact temporal path

O Temperature in ¢* via

initial condition ¢ (t,)
O Use Stochastic Quantization and sample

and ¢™* concurrently from Langevin

K T

equations : :

Wl ¢ @ To=To=to
O Imaginary frequency update in Fourier Fourir
lyti

space : contintation

— kinetic term diagonal and improved / =90

convergence F=Ig t

initial conditions == quantum dynamics 16



NUMERICAL RESULTS FOR SCALAR
FIELD THEORIES




O+1 dimensional real scalar field

Two-point correlation function
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Pawlowski, Rothkopf, arXiv:1610.09531 [hep-lat]
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O+1 dimensional real scalar field

Two-point correlation function
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Convergence properties of the correlator
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O+1 dimensional real scalar field

Spectral functions
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O General imaginary frequencies capture physical properties
correctly.

O Information from standard compact Euclidean simulation
insufficient. 20



O+1 dimensional real scalar field

Spectral reconstruction from a standard compact Euclidean time

correlator Gg(7) does not improve by simply increasing the number
of temporal lattice points.
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3+1 dimensional complex scalar field
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GAUGE FIELDS




Simulating gauge fields

O Wilson plaquette action
°
Selu] == 3" " Rel1 = Uy (v)]
g X }l<l
[} ]
i Z D tlF(x)?]+ O(a?)
EETRY
° )
O Update algorithm
1) °
2) atT=1=0 %t
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(new) _ y i/t 1 y
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Convergence towards the Matsubara results
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Wilson loop (confined phase)
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Wilson loop (deconfined phase)
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Energy momentum tensor on the lattice

O Continuum formula

Tyv(x) = F;ta(x)Fva(x) - %5;1,17Fpa(x)Fpa(x) ) *
O Discretization of the field strength tensor on the
lattice (clover) ' — % —
w

Fuy(x) = %(va(x) = Quu(x))

Q}”’(x) = U,UrV(x) + UV/_H(X) + u_‘Ur_V(x) + U_Vr}l(x) see e.g. Gattringer, Lang,

Quantum Chromodynamics on

O For the shear viscosity 1 measure correlation
the Lattice, Springer 2010

function of time slices (T1,(0,0)T12(7, 0)).

28



EMT correlator (confined phase)
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EMT correlator (confined phase)
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EMT correlator (deconfined phase)
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EMT correlator (deconfined phase) and spectral function
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EMT correlator spectral function
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O Thermal fields as initial-value problem formulated in an
additional non-compact Euclidean time promising

O Numerical implementation provides significantly
improved access to real-time spectral quantities

O Formalism easy to implement for gauge fields
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O Near future: extract spectral functions and transport
coefficients from the energy-momentum tensor correlator

O Extension to SU(3) gauge theory and full QCD (work in
progress)
O Formal developments

O Resolving correlators at small momenta
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O Near future: extract spectral functions and transport
properties from the energy-momentum tensor correlator

O Extension to SU(3) gauge theory and full QCD (work in
progress)
O Formal developments

O Resolving correlators at small momenta

Thank you very much for your
attention!
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EMT correlator - latest results
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Fixed boundary conditions
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