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DYNAMICS AND LATTICE QCD

» standard statement:

real time dynamics Is difficult on the lattice

nevertheless:

» (very) recent progress in various éirections

/0703008, 0705.2198 [hep-lat]

s, Seyong Kim,

Chris Aliton. Justin Foley. Simon Hand
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DYNAMICS AND LATTICE QCD
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real time dynamics Is difficult on the lattice
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DYNAMICS AND LATTICE QCD
PROGRESS
® mesons in a heatbath with nonzero momentum

# charmonium above 1. in dynamical (\ s = 2) lattice
QCD

» transport coefficients
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DYNAMICS AND LATTICE QCD
PROGRESS
# mesons in a heatbath with nonzero momentum

# charmonium above 1. in dynamical (\\ y = 2) lattice
QCD

» transport coefficients
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DYNAMICS AND LATTICE QCD

PROGRESS

mesons in a heatbath with nonzero momentum

charmonium above 1. in dynamical (N = 2) lattice
QCD

transport coefficients:

»

»

" o @® b

analytical continuation: Maximum Entropy Method
standard MEM approach inherently unstable as
1)

how to fix this

stable and robust first results
conductivity: o/T =04+0.1atT ~ 1.57,

note: only (potentially) applicable in strongly
coupled theories, weakly coupled theories is
hopeless (G.A. & J. M Martinez Resco 2002)

™
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DISCLAIMER

2 _\ ——
® nonconformal

» asymptotically free

» N.=3
i QP
&M
\- —
o \;
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OUTLINE

® spectral functions from lattice QCD
® cold start: overlap and domain wall fermions at I =0

® high temperature: spectral functions at non-zero
momentum

# anew approach <=
» first results for the electrical condeztivity
® charmonium in V¢ =2 QCD on hot, anisotropic lattices

® summary
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TRANSPORT COEFFICIENTS

IN QCD
® energy momentum: shear viscosity
bulk viscosity &
® electric charge: Mp(t.x) =~ —op(t.X)

electrical conductivity o

» global (flavour) charges: on(t.x) ~ DV?n(t.x)
diffusion coefficients D

transport coefficients ~. 1. . D characterize the dynamics of
long wavelength, low frequency fluctuations in the QGP
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TRANSPORT COEFFICIENTS

IN QCD
#® energy momentum: shear viscosity 7
bulk viscosity ¢
® electric charge: Mep(t.x) = —ap(t.X)
electrical conductivity o
» global (flavour) charges: In(t.x) ~ DV?n(t.x)

diffusion coefficients D

transport coefficients ~. 1. (. D characterize the dynamics of
long wavelength, low frequency fluctuations in the QGP

transport coefficients ~- mean free path

strongly interacting quark-gluon plasma:
transport coefficients expected to be small
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KUBO RELATIONS

LINEAR RESFONSE

: o 1 o ..
electrical conductivity: G p'(w.0)
D O ty—+t)
. . 1 &
shear viscosity: = 5075 P(« 0)
22U 0w w=0
- spectral densities:
I
-’ P (w.pl = / d*x 'PE ([j*(x ). 77(0)])eq
0] _{w.D) = BrePE ([ (). 7 (0D e
)(j,u.u'#'p. { o ol [:ts‘jt.f |'“J'JJI:|E"L1
Lo _ - - L ,I .- .J['.
with s g = Tij _[U—E.«\U[k

transport coefficients ~ slope of current-current
S spectral functions at = =0
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SPECTRAL FUNCTIONS

AND LATTICE CORRELATORS

use dispersion relation:

x [ I 1 T
’ Pt ! f-&.- f”,w.-h.-r.
(._TE!‘F*‘”J — /
Jo 2w w

iV Wby T J'JWI'”

ey

) o9t o
(_IE"_J_' — T['i'; T.&)p )
JO T

with the kernel

» revived: spectral functions from lattice QCD

irsa: 07050066

o ,h[l[_;l: T — l.)l'l]

Kir.w) = : _
sinh(w/271)

using the maximum entropy method (MEM)
Asakawa & Hatsuda (2000)

Page 14/63
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LATTICE QCD

AND SPECTRAL FUNCTIONS

program:
» compute lattice correlators G (7)) numerically
» finite amount of information at 0 < /a < \-

# ‘“invert’ integral equation

. w)plw) K(r,w) = - -
Mt sinh(w /27T)

Y = /1 ‘[_-v K+ wahalis) . | C h:-all[..:."'._a"'— 1 _)[I]
0

® using Maximum Entropy Method
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ZERO TEMPERATURE SPECTRAL FUNCTIONS

G.A. AND J. FOLEY [UKQCD]. JHEP (2007)
warm-up problem:
meson correlators at zero temperature
#® confinement: bound states
® ground state: G(7) ~ exp(—M7) & p(w) ~ d{lw — M)

» UKQCD and RBC: dynamical QCD with 2 + 1 flavours
of domain wall fermions, generated on QCDOC

162 < 32 with V. = 16 in fifth dimension
3 = 2.13 (lwasaki action) a=! ~ 1.6 GeV
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DoMAIN WALL QCD WITH 2 + | FLAVOURS

G.A. AND J. FOLEY [UKQCD], JHEP (2007)

pseudoscalar channel

= i 7 3 2 I T B =y o
| ' | . | L
am =002/004
- 83 =
16 x32x16
0= —
= —
-_.-i o — - -
=5 p- 1 | | il
5 2 25 3
J— *mmﬁ:l 02
m —— mrﬂ:ﬂ{)l 004
e f:zmmzﬂ_ﬂ-i
E===
2 25 3

._fotted lines: conventional cosh fits
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DoMAIN WALL QCD WITH 2 + | FLAVOURS

G.A. AND J. FOLEY [UKQCD], JHEP (2007)

vector channel

R
(P ] | ' ' T ' ! | L |
o~ & |
| — am__=002 )
-— am_=002,004
8l —. am_=004 —
- Tal
~j —
=
~
= 04
-
o

dotted lines: conventional cosh fits
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OVERLAP AND DOMAIN WALL FERMIONS

LATTICE ARTEFACTS

\attice artefacts at larger frequencies:
» difference between lattice and continuum dispersion
relations
® study in free field limit

» Wilson, staggered, overlap, domain wall, hypercube
overlap, ...
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OVERLAP AND DOMAIN WALL FERMIONS

FREE FERMION STUDY

|I J_[ ] L rI ] I I | |

."- '=:_1l._

TORIIL S
[

— domam wall p=] 4
-—- doman wall p=] 3 ;
15 —- domam wall p=l | -
—— overiap. p=1 4

contimum e

s

p

# high frequencies: edge of the Brillouin zone
® cuspswhenl < aw <2
® deviation from continuum spectral functions

Pirsa: 07050066 Page 20/63

Parimeter May 2007 -p 12



finite temperature QCD
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MESON SPECTRAL FUNCTIONS

INTEREST

meson spectral functions: euclidean correlators:

p(t.x) = {[Jg(t.x). .f;fil}_{]}]}- Catr =) = (! r.x}-%t”.ﬂ}}
.er'.‘.X’v =q(7.x) gq(7.x) with Vo — ]'Il.“_ﬁ.“_'“'.“‘“‘_'g}
expectation:

® below /.. mesons in the heatbath
simple sharply peaked quasiparticle spectral functions

at - = /7 + m?2 (+ subdominant continuum)

» (sufficiently far) above 1.: deconfined quarks
only continuum contribution
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QUENCHED QCD WITH STAGGERED FERMIONS

WITH CHRIS ALLTON, JUSTIN FOLEY, SIMON HANDS & SEYONG KIM
quenched QCD below and above 7.

®» below /.:

183 x 24 3 =65, a~005fm, T/T.~0.62
® above 1.:

64° x24. 3=7192, a~0.02fm  T/T.~15

64° x 16, 3=7.192, a~002fm, T/T.~225

100 propagators analyzed

ma = 0.01.0.05.0.125

staggered quarks: mil =024.1.2.3

irsa: 07050066 Page 23/63
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MESON SPECTRAL FUNCTIONS

MOTIVATION

® mesons moving in a heatbath

# hydrodynamic structure
»

meson spectral functions at non-zero momentum
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MESON SPECTRAL FUNCTIONS

MOTIVATION

® mesons moving in a heatbath

(3

hydrodynamic structure

meson spectral functions at non-zero momentum

'),-_

momenta on the lattice: p = 57
use twisted boundary conditions

quark field: «:(x; + L) = ¢® o (x;)

" o @ @

meson: two twist angles A1. 6o

2x = _ 61—

# meson momentum: p = +n — 22

=% ~20momentaintherange 0 < p/T <5

Parimeter May 2007 -p. 16



HIGH TEMPERATURE QUENCHED QCD
SMALL (BARE) QUARK MASS, m/T = 0.24

hot, 1 /1.~ 1.5: ratio of correlators

e

253
-
* 09

B=7.192 ii ii —< pseudoscalar
085 m/T=0.24 ; ~—= scalar —
' l | | |
0 4 g 12 16 20 24
n
T
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HIGH TEMPERATURE QUENCHED QCD

SMALL (BARE) QUARK MASS, m/T =0.24

hot, 7 /1. ~ 1.5: ratio of correlators

- 2 / .
‘: 09— o <3 =
pseudoscalar o 3 N
64 x24
free
085 m/T=0.24 K
I ] | | |
0 4 8 12 16 20 24
n_

Pirsa: 07050066

for comparison: free staggered quarks
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HIGH TEMPERATURE QUENCHED QCD

SMALL (BARE) QUARK MASS. m/T = 0.24

L

cold, 7 /1.~ 0.6

- - g e P . o = = -
o - - 25
= = __-‘—*—' - = = T
]'9 _— —_
= = &=
- = e =
i ¢ x = =S == ]
= 4 i N =
=~ 03 - o —
— = A
T = =
— - = - = J J
~ S s 3
Er—_
— -
~-— 0.7F - r 2 B
. pseudoscalar 1 : 4
. 48 x4 E =
& — = - -
B=6.5 s _ 3% 5
| m/T=0.24 ) |
ﬁ .:' 1 E L E 1 | L | 1 | 1
0 4 g 12 16 20 24
il
T
Pirsa: 07050066 Page 28/63

ratio in the confined phase: larger relative effect e SR B



MAXIMUM ENTROPY METHOD

RECONSTRUCT p(w ) FROM G(T)

—~

solve ill-posed inversion problem:

- o0 +
(.';l p* p— / f)__ [‘L b k) 'f”.w_ l)l
J O & it
K(r,w)=— shlw(r — 1/2T)]

sinh(w/27T)

® Gi7) known at O(10) data points

® p(w) needed at O(10?) values, 0 < aw < awmpax ~ 5
provide (minimal amount of) prior information:

® positivity
# asymptotic behaviour

irsa: 07050066 Page 29/63
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MAXIMUM ENTROPY METHOD

HECONSTRUCT p(w) FROM G(T)

solve ill-posed inversion problem:

- o dw
G(T. pP) = / oy A LTt :.!”"“_.- l)_:'
J O & il
[1'1: T e 'hh{w'f - J_ 2‘[,]']

sinh(w/27)

® Gi7)known at O(10) data points

& plo) needed at O(10? ) values, 0 < aw < awmax ~ 5
provide (minimal amount of) prior information:

® positivity
» asymptotic behaviour
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MAXIMUM ENTROPY METHOD

RECONSTRUCT p{w ) FROM G(T)

reconstruct most probable spectral function: P[p|G H]|
probability to find p, given & and prior information H

identity for conditional probabilities: P[p|GH| = P[G|pH]| Plp|H]

P[G/H|
® P[G|pH] ~ ¢t likelihood (\* fit)
® P[p|H] ~ «>> prior probability, entropy
entropy term: S = [ dw (p(w) — m(w) — p(w) log [p(w)/m(w)])

)

® miw) = mow-: default model, prior information

extremize P[p|GH| ~ exp(—L +a¥5)

irsa: 07050066 Page 31/63
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STAGGERED FERMIONS

STAGGERING EFFECT
spectral relation reads

= . e rf_..‘ _ ' . : s :
GlT.p) = / 7o h(T.w) [;u_.;.pi — ) (e ,m,_....:.p,r}
J 1)

® plw.p) wanted

» staggered partner (.. p): related viaT = ~4~5T
“parity doubler”

» in MEM investigation: independent analysis on
even/odd timeslices

first: results below 1.

irsa: 07050066 Page 32/63
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SPECTRAL FUNCTIONS FROM M EM

HOLE OF STATISTICAL ERROR

] | I | | I I | I ]
:i 8 x4 O data l
\ p=6.5 — MEM Il
1~ an =
X :
:. L = -
"

-~ 0 1= =
nni =
0.1 C i | | I | 1 | ] =

0 4 8 2 16 20 24
”r

reconstructed pseudaoscalar correlator

Page 33/63
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SPECTRAL FUNCTIONS FROM M EM

HOLE OF STATISTICAL ERROR

-_ 18°x24 5 e
2 B=6.5 — MEM 3
F .
e T E
e [ =
i i
001 —=
= :
0001E =
E =
1'- l J /| | | ! | | 1 I | ]
0 4 8 12 16 20 24

Hr

reconstructed scalar correlator: larger statistical uncertainty
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MOMENTUM DEPENDENT SPECTRAL FUNCTIONS

PSEUDOSCALAR. BELOW T,

70 I
— p/T=0
&0 H —
r
30+ =
2 sl / | q )
= 487'x24 _
S ol | p=6.5 1
o | ’ am=0.01
|
XM o
|
10+ —
0 5&
o' T
_ zero momentum bound state
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MOMENTUM DEPENDENT SPECTRAL FUNCTIONS

PSEUDOSCALAR. BELOW 1.

| ' I ' ' I

P (O, )

evT

Increase momentum: moving quasiparticle
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MOMENTUM DEPENDENT SPECTRAL FUNCTIONS

PSEUDOSCALAR. BELOW T
70 T | |
1 — p/T=0
50 - — pT=I [
Ll p'T=1.6
50 k- — piT=2.6 =
,: =1
S swof y f
= | 48°x24
:{_ ol B=6.5 =
= ﬂ \ am=0.01 i
X } ‘?r? i |
- I . |
10 i
| JJ ]
|:}| ’ j | l | - l * I ;
o 10 20 30 - -
o'T

Increase momentum: moving quasiparticle
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MOMENTUM DEPENDENT SPECTRAL FUNCTIONS

10—

P (wp) (n
o

ovT

heavier quasiparticle in the vector channel
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MOMENTUM DEPENDENT SPECTRAL FUNCTIONS

3ELOW 1

® moving mesons below 7,

irsa: 07050066 Page 39/63
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MOMENTUM DEPENDENT SPECTRAL FUNCTIONS

BELOW 1

® moving mesons below 7.

all fine, but we found serious problems in applying MEM
above |,

recent progress (hep-lat/0703008): modification of the
algorithm

motivated by the quest for transport coefficients

® reduction step

irsa: 07050066 Page 40/63
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MAXIMUM ENTROPY METHOD

BRYAN'S ALGORITHM: REDUCTION STEP

view kernel A(.,..) as V. < N matrix
singular value decomposition A = U111

® [: N, x Nmatrix, UTU = x5

® V:N x Nmatrix, VVI =VIV =15~

reflection symmetry: A(o.1/T —7) =KA(w.7),use N = N, /2
subspace spanned by vectors: u;(w,) =0U,;, i =1...... NV
normalized: _H,‘ H‘}- = Z;?;i 1 ;| _,_'”_}Hjl_ 75 ) e fi”

N
write: p(w) = m(w) exp f(w) Tl = E Citksfto)

irsa: 07050066 ! Page 41/63
=1
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MAXIMUM ENTROPY METHOD

ALGORITHM: REDUCTION STEP

)

BRYAN

basis functions u;(w), awmsx =5, N, = 1000, N =24

0.3 — ! . I
= = e =]
) e P et sl 1
22 ol »7== -
£
. 01 -
= 01
- ] i | i |
= 0 005 0.1 0.15
0 S
01
| : | |
2 3 - 5
aw

l_ [- 3.[ P, 1 =5 s 3 u.-'.,‘3
H}il'l_] l'*..*:T-FT E—nl[l—ij,l —|—( ﬁ

Pirsa: 07050066 Page 42/63
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MAXIMUM ENTROPY METHOD

HEP-LAT/0703008

® Dbasis functions are divergent when o — 0
» MEM does not always converge
® when converges: small . region numerically unstable

easy modification:

=y G 2T
Kla. 1) = Fﬁ (w, 7) Plw) = T,ul: W)
» note that A(w.7)p(w) = K(w.7)p(w).
» finite kernelwhen - — 0: A'(0.7) =1
® reconstructy ~ p/w
~_» reduction to different subspace 14

Parimeter May 2007 —p.23



MAXIMUM ENTROPY METHOD

MODIFIED REDUCTION STEP

new basis functions =; (w), awmax = 5, N, = 1000, N, =24

3 -

03 i T | T T ]

| redefined kemel = -

j — u () = e

r}::_ —— u (W) D05 _ -

2 . I~ f.r-*'f T

s Py I S -

- lj_:l__ .4'4!_(!)] i ot ]
i i _D_:._"_—l | I | I I
= L b e 0 0.05 0.1 015

aaQ)

N
finite when = — 0 write: plw) =m(w)exp Y Gu;(w)

.1; — 1 Page 44/63
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MAXIMUM ENTROPY METHOD

MODIFED REDUCTION STEP

plw) =mlw)exp C:u:tw)

—9

non-zero intercept: excluded by traditional default
model 7 (w) ~ «
new default model: 7(+) = 7 (b + aw)

h = 0. parameter to assess default model dependence

Pl ) Fi () |

= Im

conductivity: % m s = o

with p(.) = S, p*(«) in vector channel

07050066

Page 45/63
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CONDUCTIVITY

NEW METHOD

reconstruction of p(.)/ o1

50 , : : , | ,
50 |- , T . —— cold, N=24 1
s i/ LA hot N =24 3
10 " —— very hot. :"'-'r=l.i‘:l l
= L \ L
s ol y
o E -E ! 9 .
_._I'1 — I i oy, . B = - .
10 - > —
gi=" l 1 I : | :
0 20 40 &0 3C
o'T

nonzero intercept in deconfined phase: conductivity
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CONDUCTIVITY

NEW METHOD

ot 1T/1.—LE5

=10

H hot s .\'_ﬂ:ZOOG_ -
N=24 __ N =1000. =10 /
i —— N _=1000. 5=05 }!?
3 —- N =1000. 5=0.1 -

B

L) wf

,_
—
p—-
-

o/'T

blow-up of small energy region
variations of default model: robust signal

Pirsa: 07050066
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CONDUCTIVITY

NEW METHOD

reconstruction of p(. )/ 1

nonzero intercept in deconfined phase: conductivity

Pirsa: 07050066

plm)/mf'

60

50

40

¥ | !

—— cold N=24
hot, N =24

—~ very hot N =16 _

—

| | | I | I
0 40 &0 30
o' T

Page 48/63
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CONDUCTIVITY

NEW METHOD

et Pl =15

] | ] I ]
| hot  « N_=2000, =10

8
|

N=24 __ N_=1000, 5=10 /
i —— N_=1000,5=05 b
3 — - N_=1000. =01 !

a0

|

Pro) wfl

,_

=
-
—

oy .T

blow-up of small energy region
variations of default model: robust signal
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CONDUCTIVITY

NEW METHOD

ot T/I.=1L5am 225

plm)/wl

| hot  « N_=2000,5=10
N=24 __ N =1000. =10

-]

i —— N_=1000, =05
| __ N_=1000, 5=0 1

— N_=1000, 5=10
—— N_=1000, 5=0.5

— N =1000. 5=0.1
| el :

1
0 2 4

o/T

blow-up of small energy region
variations of default model: robust signal

Pirsa: 07050066
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Page 50/63

Parimater May 2007 —p 22



CONDUCTIVITY
NEW METHOD
& conductivity o/T =04 +0.1
» systematic error due to MEM reconstruction

® In line with the notion of sQG”

recall:
weakly coupled: /7T ~ 1/a° > 1

strongly coupled: o/1 ~ 1

» relevant for charge transport in heavy ion
wonses PIENOMENOlOQY

Parimeter, May 2007 -p 24



CHARMONIUM

IN THE QGP
» fate of heavy quark bound states: charmonium

® J . suppression: signal for deconfinement?

» quenched lattice QCD studies have shown that .//«:
and ;. may survive to 1" ~ 27

Asakawa & Hatsuda. Datta. Karsch, Peitreczky & Wetzorke, Umeda et al, ..

what happens in dynamical QCD?

irsa: 07050066 Page 52/63

Parim=ter May 2007 -p.25



CHARMONIUM

WITH TRINLAT: SKULLERUD, OKTAY, PEARDON + ALLTON

what happens in dynamical QCD?

» TrinLat: V; =2 QCD on highly anisotropic lattices
® f=as/ar=6,1/ar =T GeV, mq/my ~ 0.54
.. \:‘1 X _\-.- and 133 ~ —\-T

» temperature scan in steps of A1 = 7 GeV:

1/1.—=1051908.1.12.1.16.1.2.1.4.1.68 1.86.2.1

irsa: 07050066 Page 53/63
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CHARMONIUM

WITH TBINLAT: ABX1v:0705.2198

T —105( N —3

:T*:‘ L3 T L] 'I' L L] L] '|' T T T [ L} T T T T

|
—
{ — 75
—— T; T
!— /-\\ e .LT -
- f\ Sl ]
I |
] o !II ¢ \ 3
|
: !. 'I K/A/T\
= | S e [
= F f1 = £ N
| b Ye E % _
| -
lr:-;— §: —
|
1 I R
'I i _}__E_}i -] )
M b : e i
" y ; .
S A T S j Eas1 | L | | |
2 4 5 10
® (GeV)

spectral functions in pseudoscalar (PS), vector (V),
axial-vector (AV) and scalar (SC) channels

Pirsa: 07050066
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CHARMONIUM

WITH TRINLAT: ARXIV0705.219

o

temperature dependence In correlators:

S-waves: P-waves:
vector, pseudoscalar scalar, axial vector

] | i - . | | |
5 * -2 = - i =4 . - '1
dERES R - - 1 T - i
= --'!.-L' = e - -l
L | — N =i} ot = - ] -—- ._:u - _.,
F |~ a8 3 3 -28 - - - J
- i - - T -l - = = = - -I
: - 'y I T ; e -
— = 2 9 % T - - L oo -5 3 BEESTT =
' l = | E o= =
————1—+— % e o —+— =
R i g o5 F T ox I B ’ - -
i - x = = = = x = b i r L=l = __]
g = ; | £ x = X = I — - 3
S esmi— 5 = x = - - e 5 -
w r = o e s T _ i E
B rl_ - - i - = J
[9 L. - - - - - - -
= = e o e % 3 e & 88 §gT " : -
l ] | 1 L | L | i 1 A ik
; ko : ; | T
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CHARMONIUM

WITH TBINLAT: ABXi1v 0705.2198
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CHARMONIUM
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CHARMONIUM

WITH TRINLAT: ARXIV-0705.2198
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SUMMARY

» |attice QCD and spectral functions
® domain wall QCD at zero temperature
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SUMMARY

lattice QCD and spectral functions

e

domain wall QCD at zero temperature

meson spectral functions at high temperature
below /.. moving bound states
above /.. modification of algorithm necessary

" ® @ 0

first MEM result for conductivity in deconfined phase:
o/l =0.44+0.1

charmonium in dynamical lattice QCD

e

S-waves survive, P-waves don't (confirms quenched
studies)
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CHARMONIUM

WITH TRINLAT: ARX1v:-0705.2198

temperature dependence In correlators:

S-waves: P-waves:
vector, pseudoscalar scalar, axial vector
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