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Outline

@ Introduction

e Confinement mechanism and infrared propagators
@ Stochastic quantization for gauge fixing
@ Strong-coupling limit in d =2, 3, 4
@ Gribov ambiguity in the strong-coupling limit
@ Free boundary conditions

© Deconfinement phase transition at 7 > 0

© Summary
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@ Introduction
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Structure

Main subject

@ Confinement mechanism in Landau gauge

» Relation to infrared propagators
» Gauge fixing problem

Two ‘spin-off’ projects
@ Deconfinement phase transition at T > 0 from the gluon propagator

@ Sign problem for fermions at p > 0
with complex stochastic quantization (— no time in this talk ...)

v

Now: introduction to the main subject ... )
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Confinement and infrared propagators

Signatures of confinement

@ Confining quark-antiquark potential (gauge-invariant)
» demands an explanation

@ Infrared behavior of gluon & ghost propagator (gauge-dependent)
» may provide an explanation

[ Gribov—Zwanziger scenario
— related to confinement via topological defects
[J Kugo—Ojima scenario

» here: Landau gauge, 9,A, =0

(AA)
() .~ i@ ®a
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Gluon & ghost propagator

Basic task
Gauge fixing

extract infrared Yang—Mills propagators

Question
Is the IR behavior of

@ scaling type or

o decoupling type?
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Gluon & ghost propagator

Landau gauge, 9,A, =0

o Gluon propagator:

(8) o 5% (5, = 22 Dy(?)
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Gluon & ghost propagator

Landau gauge, 9,A, =0

o Gluon propagator:

(8) o 5% (5, = 22 Dy(?)

@ Ghost propagator:

(ct) ox — 5angh(q2)
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Gluon & ghost propagator

Landau gauge, 9,A, =0

o Gluon propagator:

(8) o 5% (5, = 22 Dy(?)

@ Ghost propagator:

(cZ) oc — 62 Dgp(q?) <( - aupgb)_l>

... related to Faddeev—Popov operator
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Gluon & ghost propagator

Landau gauge, 9,A, =0

o Gluon propagator:

(8) o 5% (5, = 22 Dy(?)

@ Ghost propagator:

(cZ) oc — 62 Dgp(q?) <( - aﬂpgb)_1>

... related to Faddeev—Popov operator

@ Dressing function = ¢ - Dg|/gh(q2)
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IR propagators: continuum solutions in Landau gavge

One-pal’a meter famlly Of SOlutIOnS from FRG & DSE (figs. from Fischer/Maas/Pawlowski '08)

Gluon propagator Dy Ghost dressing function g2 Dy,

— scaling
-~ decoupling

Infrared exponents

1
- 2
qLITO Dgi/gn(q°) o (@) werl
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IR propagators: continuum solutions in Landau gavge

One-pal’a meter famlly Of SolutIOnS from FRG & DSE (figs. from Fischer/Maas/Pawlowski '08)

Gluon propagator Dy Ghost dressing function g°Dgpn

|nfral’ed eXpOnents (von Smekal et al. '97, Lerche/von Smekal '02, Zwanziger '01, Pawlowski et al. '03)
1 . . d—4
lim D NYo¢ —— if scaling: kg = —2 ke +——
=K
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IR gluon & ghost propagator

Confinement mechanism = IR behavior

Confinement scenarios
(Gribov—Zwanziger, Kugo—Ojima) global BRST

infrared scaling
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IR gluon & ghost propagator

Confinement mechanism = IR behavior

Confinement scenarios
(Gribov—Zwanziger, Kugo—Ojima) global BRST

infrared scaling

Problem

@ Lattice results: No scaling — rather decoupling (d = 3, 4)
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IR gluon & ghost propagator

Confinement mechanism = IR behavior

Confinement scenarios

(Gribov—Zwanziger, Kugo—Ojima) global BRST

infrared scaling

Problem

@ Lattice results: No scaling — rather decoupling (d = 3, 4)

IR behavior = confinement

° ‘ Scaling solution and decoupling solutions are confining‘

(Braun/Gies/Pawlowski '07)

@ Both violate positivity of the gluon propagator

@ At issue:
| 2 | Confinement mechanism |
» Global BRST invariance scaling: v/

decoupling: [
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Gribov problem

A glimpse at configuration space

Many Gribov horizons ...
first Gribov horizon: 9Q

&

]

]

Gauge fixing:
0uAu(x) = 0 ~» hypersurface

Different Gribov regions
on gauge fixing surface
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Gribov problem

A glimpse at configuration space

Many Gribov horizons ...
first Gribov horizon: 9Q

&

]

]

Gauge fixing:
0uAu(x) = 0 ~» hypersurface
Different Gribov regions
on gauge fixing surface
» distinguished by sign of
det(—9D) =[], An
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Gribov problem

Relevant regions in configuration space

uAu =0

o G.f. ~» —0D > 0:
1st Gribov region Q

Daniel Spielmann (ITP Heidelberg)
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Gribov problem

Relevant regions in configuration space

o G.f. ~» —0D > 0:
1st Gribov region Q

@ Still multiple gauge
Copies (Gribov '78, Singer '78)
» A Gribov ambiguity

duAyu =0

gauge orbit

Daniel Spielmann (ITP Heidelberg) 7/ 42



Gribov problem

Relevant regions in configuration space

OuAy =0

gauge orbit

o Gf. ~ —9D > 0:
1st Gribov region Q
@ Still multiple gauge
COPIES (Gribov '78, Singer '78)
» A Gribov ambiguity
@ Unique copy:
Fundamental
modular region A

» @ NP-hard
optimization problem

Daniel Spielmann (ITP Heidelberg)
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Configuration space & gauge fixing

Motivation
@ Why a non-standard gauge fixing algorithm?
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Configuration space & gauge fixing

Motivation
@ Why a non-standard gauge fixing algorithm?

» Hope: Different sampling of configuration space.
» ldeally, avoid . ..
O possible bias (e.g. against 8Q or A)
[J breaking of global BRST — remedy: topological gauge fixing
(von Smekal et al. '07, '08) (not here)
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Configuration space & gauge fixing

Motivation
@ Why a non-standard gauge fixing algorithm?

» Hope: Different sampling of configuration space.
» ldeally, avoid . ..
O possible bias (e.g. against 9Q or A)
[J breaking of global BRST — remedy: topological gauge fixing
(von Smekal et al. '07, '08) (not here)

Previous lattice results
@ Standard lattice g. f. ~» decoupling (d =3, 4)

(*] G|Oba| maXimiZation Of g f funCtiona| (approach A? only attempted)
~> quantitative effect, still decoupling (Bormyakov et ol 08, Bogolubsky et al. 08)

o Here: different gauge fixing methods
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Gauge fixing methods

Different methods employed here
1. Stochastic gauge fixing
2. Standard gauge fixing

3. ‘max-B’ £AUZE (non-perturbative completion of Landau gauge)

4. Change of boundary conditions

g.f. per copy
std. | non-std.
first copy | 2. 1., 4.
best copy | 3.

@ here: ‘best’ = IR max. ghost

> alt.: global max. of g.f. functional (~~ 10% effect on ghost)

(Bornyakov et al. ‘08, Bogolubsky et al. '08)
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Outline

© Confinement mechanism and infrared propagators
@ Stochastic quantization for gauge fixing
@ Strong-coupling limit in d =2, 3, 4
@ Gribov ambiguity in the strong-coupling limit
@ Free boundary conditions
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Outline

© Confinement mechanism and infrared propagators
@ Stochastic quantization for gauge fixing
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Stochastic gauge fixing: Intuitive picture

Oy AH

standard gauge fixing
(e.g. heatbath +Los Alamos/
overrelaxation/...)

(cp. Nakamura/Saito/Sakai '04)
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Stochastic gauge fixing: Intuitive picture

oA

Tt

standard gauge fixing
(e.g. heatbath + Los Alamos/
overrelaxation/...)

Langevin (aiternation of
dynamics & gauge tr.)
r

¥
— 1 T

(cp. Nakamura/Saito/Sakai '04)

Daniel Spielmann (ITP Heidelberg)

Langevin eq. incl. gauge
force (Zwanziger '81)

more local than standard g.f.
v

= possibly different samp
of config' space

ling
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La ngevin dynam ICS  (stochastic quantization: Parisi/Wu '81, Batrouni et al. ‘85, Damgaard,/Hiiffel '87)

o La ngeVin €q uation in fictitious time 6

dA =(—VS + n)db

m = Gaussian white noise

equilibrium

@ Correct convergence?

> SeR: v/
» S € C: caution required
possibility of

* runaway trajectories
- wrong convergence

but maybe useful where other methods fail!
[J] — sign problem ...
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Langevin dynamics with gauge fixing (continuum)

@ Supplement Langevin equation by gauge force (zwanziger s1)

dA =(—VS + Dv + n)db
m = Gaussian white noise vi=0,A,

— g[A] x e oA & OuA, =0
equilibrium

gauge orbit
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Langevin dynamics with gauge fixing (continuum)

@ Supplement Langevin equation by gauge force (zuaniger s1)

dA =(—VS + Dv + n)db
m = Gaussian white noise vi=0,A,

— g[A] x e oA & OuA, =0
equilibrium

o Inside Q: restoring towards gauge fixing surface

/?\ /&\

outside : repulsive directions
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Lattice implementation

@ gauge transformations of link variables U,(x)
alternating with dynamical updates

@ here: quenched SU(2)

Nc =3 (Bogolubsky et al. '07, Cucchieri et al. '07, Oliveira et al. '07, Sternbeck et al. '07) .
- not crucial
or dyn. fermions (ligenfritz et al. '06)
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Propagators from stochastic gauge fiXing (auowsii/ns/stamatescu 09)
ghost d.f. scaling

gluon prop.

4
=T 59\'. 1 .
d=2 e ] ¢ v
oy ]
d=3 © O
d=14 - O
' q[Gev]
13 / 42
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Propagators from stochastic gauge fixing

IR exponent x: Scaling solution vs. lattice measurement

d | scaling prediction | Kz K
ghost exp. from gluon ghost exp. from ghost
2 0.2 0.19 0.17 (200?)
3 0.4 0.25 0.25 (40%) / 0.2 (80%)
4 0.6 0.5 0.26 (20%) / 0.19 (40%)

Daniel Spielmann (ITP Heidelberg)
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Propagators from stochastic gauge fixing

IR exponent x: Scaling solution vs. lattice measurement

d | scaling prediction | Kz K
ghost exp. from gluon ghost exp. from ghost
2 0.2 0.19 0.17 (200?)
3 0.4 0.25 0.25 (40%) / 0.2 (80%)
4 0.6 0.5 0.26 (20%) / 0.19 (40%)

= Further evidence for standard lattice scenario:
decoupling in d = 3,4
— also with stochastic gauge fixing

(Agreement with previous results from standard methods, e.g.:
2D: Maas '07; 3D: Cucchieri/Mendes '03, 4D: Bogolubsky et al. '07, '08, '09, Cucchieri/Mendes ’07)
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Faddeev—Popov operator spectrum

imperfect g.f.

9, A
800§ ochastic quantization e
00
5005 |
4001 |
3001 |
2001 |
100+ i 4
%@ oo o 0.01 0.02
Ao A2ecO (10_3)
by SQ £°20, A,

Peak near 9Q2
— Gribov—Zwanziger scenario?
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Faddeev—Popov operator spectrum

imperfect g.f.

%00 Stoch. overrelax., p=0.1] | 8. A
p=0.7 1 =
500 p=0.97 1
Q ]
4007 -
300+ s

A% € O (1073)
by standard g. f.
(stoch. overrel. after heatbath at different overrel.

parameters)
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Faddeev—Popov operator spectrum

600 | ‘ — stochastic quantization Im perfeCt g f.

- 0Q
500 = o AM

A% € O (1073)
by SQ
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Faddeev—Popov operator spectrum

‘ 2
o0 — stochastic quantization A —0
0 o)
500/~ e duAp
400 |
300 |

A?2~3.107°
by SQ
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Faddeev—Popov operator spectrum

600 ‘ ‘— stochastic quantization A? — 0
ol 90 | iy
400 ; —
00l i
200 ; —
100 I
L I
R e 11111
0 N 0.005 0.01
0

A2 ~15-10°
by SQ
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Faddeev—Popov operator spectrum

A’ -0
o, A
T 122
600 —— stochastic quantization (w.n - 0)
[ 09
500, ]
a0 4
300 4
200+ B
100}~ " I —
0 0 0.005 0.01
Ao A2 < 10~15

by SQ & step size — 0

Peak disappears for
sufficiently small A2
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Upshot of stochastic gauge fixing
Confirmation of standard lattice scenario
ind=2, 3, 4

despite different gauge fixing algorithm
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Upshot of stochastic gauge fixing
Confirmation of standard lattice scenario
ind=2, 3, 4

despite different gauge fixing algorithm

Now for some less expected findings ...

Daniel Spielmann (ITP Heidelberg)
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Outline

© Confinement mechanism and infrared propagators

@ Strong-coupling limit in d =2, 3, 4
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Strong-coupling limit 3 =0

Motivation

o
2N,

g2

=p5—-0 = a— 00

= IR behavior visible at large aq

o 4D: Conformal behavior (Sternbeck /von Smekal '08)
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Strong-coupling limit 3 =0

Motivation

o
2N,
g2

6—0 = a— 0o

= IR behavior visible at large aq
@ 4D: Conformal behavior (sirmbeck/von Smekal ‘08)

@ Here: d=2& 3
® Interpretation under debate

B position 1 (Cucchieri/Mendes '09)
“lattice sees
[ decoupling in d > 2,
[ scaling in d =2"
B position 2 (Maas/Pawlowski/DS/Sternbeck /von Smekal '09)
“issue not settled”
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Running coupling 5 =0, std g f.

eff. running coupling

ff g’ d+2 2
aeS :Eq Dg|Dgh
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Running coupling, two dimensions 5 =0, std g f.

[[--= d=2,a(x=02)]
o d=2

(o000 S | eff. running coupling

0'15.1 L L ““H\l

£ g2 d+2 2
ag = 3.9 "DaDg

cp. with continuum predictions for ac

(Lerche/von Smekal '02)

85% 2
peak at of ac ind =
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Running coupling, three dimensions 5 =0, std g f.

[[- - d3a=03076)] '
(N - d=3, 0, (=0.35)
O d=3

- | eff. running coupling
N I R

£ g2 d+2 2
ag = 29 Dg Dgy

cp. with continuum predictions for a¢

(Lerche/von Smekal '02)

peak at 70% } of e ind—{3
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Running coupling, four dimensions B=0, std. g f.

[T - = d=4,a(x=059535) " " "' ) ]
N & deslase | T T T T ]
o o= L3 M
v d=4,L/e=24 &
& 4
&
<
1 i
50 | = ]
(S
k4
E 3
<+
<
&
&
Lo |
041 1
aq

cp. with continuum predictions for a¢

(Lerche/von Smekal '02)

peak at of acind =
90% 4
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eff. running coupling

£ g2 d+2 2
ag = 29 Dg Dgy




Running coupling

= d=4, a (k=0.59535)

-~ d=3,a (k=03976)

...... =3, 0 (k=035) e
, 0 (k=0.2) %

01 ‘
a

cp. with continuum predictions for a¢

(Lerche/von Smekal '02)

85% 2
peak at 70% of acind =<3
90% 4
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B =0, std. g.f.

«— 4d data: Sternbeck/von Smekal '08

eff. running coupling

£ g2 d+2 2
ag = 29 Dg Dgy
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Running coupling & local exponents B=0,std. g.f.

—— - — 0.5
b|-—- d=2a(k=02) — % (K)o 01 (2887, 2.4710° meas)
rLe =2 1 () qea» 310 i
041+, . 51 (288", 76 meas) =
scaling prediction .

o . e

local exponents

eff (qz)Q(Hz—H)

g X K host
S = ghost exp. from = data
Kz gluon
with k7 def. via scaling rel. locally from similar momenta q;, giys

d—4
HA:*2HZ+T
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Running coupling & local exponents B=0,std. g.f.

T T T T T T T i '
ey 1 XX (K ) g 31 (40°, 510° meas)
...... =3, a (k=035) 1 (K2)y00ar 0=5
O  d=3 i
041+, 5=1 (64", 57 mezs)

e s
e =
0.3 e

e

0. R e
b o %1 ‘ T T

local exponents

host
= ghost exp. from {g s data
gluon

K

agff - (q2)2(nz—n)

Kz

with k7 def. via scaling rel. locally from similar momenta q;, gi4s

d—4
H,A:—2H,2+T

Daniel Spielmann (ITP Heidelberg) 19 / 42



Running coupling & local exponents

B =0, std. g.f.

— 038
[]== d=4,a(x=050535) J
| & d=4,Lia=56 T T T T T T it
d=4, L/a=32 e 1 9
v d=4,Lla=24 s
& 0.6~
A
e Ay X
A X s x X
1

. £ & a
S0 [ 04] © Ko 24
= 0 K 32"
Ed 4
O Koy 56

¥ A (k). 24"

02 S

g X (K)o 32

- (ot 56" oo
& scaling predictionP <
0'1).1 1 0 L L L \1

agff - (q2)2(nz—n)

with k7 def. via scaling rel.

d—4
KA:72/62+T
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Two vs. three dimensions: Local exponents

XX (K e

(K)o 510

0414 K. 5=1 (288", 76 meas)
scaling prediction

5=1 (288", 2.410° mess)

% (K)o 51 (40°, 5710° meas)
(K)jocar 05
0414 K, 5=1(64°, 57 meas)

03~ e
o

0.2
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—d=2

B =0, std. g.f.

@d=2andd=3
similar at ag > 0
» relation of x and k7

—d=3
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Two vs. three dimensions:

Propagators

1 o 5502
o 288
o 100°
S
Dg| o1 2 E
o5
5,2
e ©
| | |
0.01 01 1
a
a
a
2 A
au,

22
D,

2 2 288% planewave source
q Dgh "V fit, 2887, plane wave s

22
',
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Two vs. three dimensions: Dg(q = 0) B=0, std gf.

2 & VA(N *~1)M(0)°T(upper bound)

2 o Dy(@0) a

§ 1| v vim©)3 lower bound) 4 —d=2 )
s 2

¢ - o

- e

% 0.1§ o ® v E|

T @d=2andd=3

[ similar at ag > 0

0.01D Y Y .
o 0oFossDe ol » relation of x and k7
‘ . @ but different at ag =0
T fase A B .. .
éi » finite V behavior of
g gL A VAN ~1)M(0) upper bound)| | _
g ! ) i Dgl(aq - O)
E - C/am‘:le(g)tlﬁ(lwa bound)
Q.E . D
- L
: - .
T F —
% —d=3 )
01y 001 ; ; %o
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Upshot of standard gauge fixing at 3 =0

d=2,3and 4
@ no uniform scaling at all ag
@ possible scaling window

» moves towards larger ag from d =2 to d = 4
» same pattern at 3 >0
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Room for speculation
gluon prop., 5 >0 running coupling, 3 =0

T T T T T T =20 (x=02)] T
* 1 e
N
— f Y
= e 1
o” :
d=2 2
o |
W =] : ;
-
g . ]
d=3 5
5 : - o ‘
q[Gev] 1 - T
5 " T T T a4, 0 (k0 50539) T
4| B N v |
. © 40 oy !
% q o oAl o
L] é‘
o @ &
d=14 § s .
& S !
o2k e 4 T
3 ;
%
I s\nmm\ ]
.
0 1 2 3 4 01 1
q[Gev] -
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Outline

© Confinement mechanism and infrared propagators

@ Gribov ambiguity in the strong-coupling limit
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Impact of Gribov ambiguity

Basic idea of ‘Landau max-B' gauge (usas o)

o Functional methods ~ | one-parameter | family of solutions

(Fischer et al. '08, Boucaud et al. '08)

Daniel Spielmann (ITP Heidelberg)
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Impact of Gribov ambiguity

Basic idea of ‘Landau max-B' gauge (usas o)

@ Functional methods ~~ ‘one—parameter‘ family of solutions

(Fischer et al. '08, Boucaud et al. '08)
@ Analogous lattice procedure

>
Dgh(Qmin)

Dgh(Q)

parameter B :=

» for each config’
[ fix neopy times to Landau gauge
[J choose the copy with
B = max (here)
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Impact of Gribov ambiguity

Basic idea of ‘Landau max-B' gauge (usas o)

@ Functional methods ~~ ‘one—parameter‘ family of solutions

(Fischer et al. '08, Boucaud et al. '08)
@ Analogous lattice procedure

>
Dgh(Qmin)

Dgh(Q)

parameter B :=

» for each config’
[ fix neopy times to Landau gauge
[J choose the copy with
B = max (here)

@ Here: first simulations at 3=0,ind =2, 3

B > 0: Maas '09
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Impact of Gribov ambiguity

P =
o 20°n, =1l |

«ean, =1 |

d = 3: ghost dressing function

22
angh
¥
X
X

<8 ® increase Neopy - - -

. ‘0.1
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Impact of Gribov ambiguity

o 20°n,, =20/
o) nmzl 1
. 643, nlxlpy:l 7

d = 3: ghost dressing function

22
angh
¥
X
X
m

* B o 8 @ increase Neopy - - -

. ‘0.1
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Impact of Gribov ambiguity

o 20°n,, =80
O nm:ZO
o nmw=1
X 643, nwpy=1
; M d = 3: ghost dressing function
ND * * =] .
& = e, 2 @ increase Neopy - - -

. ‘0.1
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Impact of Gribov ambiguity

& 20°n,, =300
o nm:SO
=20
& 2 :oow:1
x e
. M %yt | d = 3: ghost dressing function
o’ * s, g8 ¢ .
= TR el @ increase Neopy - - -
i
1

. ‘0.1
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Impact of Gribov ambiguity

. 3 —
7 20%,n,,, =550
A nm:SOO
i o nmw—BO
% - o nmw_zo
P i o noowzl
5 =] & . 3 -
L % s 8¢ A o4 N, Sl
o * .8, =] %
“o <0, e &g
-
- =)
L -
0.1
ag
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d = 3: ghost dressing function

® increase Neopy - - -
~ strong effect




Impact of Gribov ambiguity

- Sa,n =1

‘copy
150 _
100- 4 @ FPO spectrum ...
sl _
Q61 5 ool o2 00 o004 005
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Impact of Gribov ambiguity

I — = 80, 7100| |
=1
150 Moopy B
1
1001 I_.1| _ o FPO spectrum ...
:
L I 1
I |
I -
50|~ | I_ i
| s
L 4 1 ]
I T
[ e
R I . [ N SOV T PUNN
8ot 0 0.01 0.02 0.03 0.04 0.05

0
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Impact of Gribov ambiguity

150~ —
1001 B @ FPO spectrum
changes accordingly:
i | closer to Gribov horizon
866 ool oo 08 oo o0

Daniel Spielmann (ITP Heidelberg)
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Impact of Gribov ambiguity
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Impact of Gribov ambiguity
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Impact of Gribov ambiguity

‘ " Jo-o lowest lattice momentum ag

-0 second lowest aq

third lowest . .

& @ intermetisto ) (<16 d = 3: ghost dressing function
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o | @ No 'saturation’
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Impact of Gribov ambiguity

r OO lowest |attice momentum aq
r -0 second lowest aq

r &< third lowest ag o 0
A A intermediate aq (=1.6) d = 3: ghost dressing function

largest —
r ; A=A VS. nco})y (20%)
%0g g
= I S .l ‘ . 1
o O R e @ No ‘saturation
N < & e 8 v
g © at 600 coples (log-log plot)
e . = Such strong effect that
L e A & A
I ] NO Neopy — OO extrapolation
I ] possible
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. . . ﬂ.’
Impact of Gribov ambiguity on ag

) agff o Déh Dy
@ Gribov copy effect in
max-B gauge:
» Large impact on
infrared ghost
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Impact of Gribov ambiguity on ag
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) Oégff X Déh Dg|
o Gribov copy effect in
max-B gauge:
» Large impact on
infrared ghost
» Small impact on
infrared gluon
here: 20°
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eff

Impact of Gribov ambiguity on ag
15 T
- a(k=0.2)
x 288, =1
1- 7 d — 2
5 Large impact
on eff. running coupling
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Impact of Gribov ambiguity on ag
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Impact of Gribov ambiguity on ag
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Impact of Gribov ambiguity on ag
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Impact of Gribov ambiguity on ag

eff
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d=3

Large impact

| on eff. running coupling
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Impact of Gribov ambiguity on ag
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Impact of Gribov ambiguity on «

eff
S

~ 0 (k=0.3976)
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d=3
Large impact
on eff. running coupling
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Impact of Gribov ambiguity on ag
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Large impact
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Impact of Gribov ambiguity on «

eff
S

~ 0 (k=0.3976)
a,(k=0.35)

RSN
00 20°, N,y =590

1 Mgy =300
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d=3

Large impact

on eff. running coupling
= even ‘over-scaling’
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Impact of Gribov ambiguity on local exponents
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Impact of Gribov ambiguity on local exponents
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Impact of Gribov ambiguity on local exponents

0.7

0.6

0.5

04

0.3
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(56 K(8=1), 20,y =70
GO K(®=1), 20°, Mgy =20
%--x K (5=1), 643, nwm=1
+—+ K, (8=1), 40°
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@ increase Ncopy - - -

(= scaling can be obtained ...)
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Impact of Gribov ambiguity on local exponents
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Tl

@ increase Ncopy
~~ ‘over-scaling’
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Impact of Gribov ambiguity on local exponents

0.7) 6 K(8=1), 20° n,y, =550 ‘ j—
(56 K(8=1), 20°, =70 .
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Impact of Gribov ambiguity

Interpretation

@ Gribov ambiguity more severe than
» Should also hold at 5 > 0

expected

0 048" n,,,=5%
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Impact of Gribov ambiguity

Interpretation

@ Gribov ambiguity more severe than expected

» Should also hold at § > 0

@ No IR solution type (scaling vs. decoupling) excluded

» Stronger & diff. Gribov copy effect than by ‘global maximization'’

(e.g. Bogolubsky et al. '05, *

07, '09, Bornyakov et al. '08, '09)

00481, =5%
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Impact of Gribov ambiguity

Interpretation

@ Gribov ambiguity more severe than expected
» Should also hold at 5 > 0
@ No IR solution type (scaling vs. decoupling) excluded

» Stronger & diff. Gribov copy effect than by ‘global maximization'’
(e.g. Bogolubsky et al. '05, '07, '09, Bornyakov et al. '08, '09)
0 O (100%) vs. 10% for ghost
gluon: small effect vs. 20%
[] ‘over-scaling’ vs. decoupling
but: ‘over-scaling’ ruled out in continuum

(uniqueness proof: Fischer et al. '06, '09, Huber et al. '07)

L T T T T T ~ k=037 ]

00481, =5%
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Outline

© Confinement mechanism and infrared propagators

@ Free boundary conditions
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Free boundary conditions

L a=a(B)
x4+ D \1/

Uy ()
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Free boundary conditions

A Links at boundary vanish ~~
L a=a(p) i . .
x40 v finite lattice

Uy ()
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Free boundary conditions: Why & how?

@ Free b.c. & Landau gauge =
» Maybe obtain scaling?!

Dgi(q=0) =0

(Schaden/Zwanziger '94)

Daniel Spielmann (ITP Heidelberg)
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Free boundary conditions: Why & how?

@ Free b.c. & Landau gauge =

» Maybe obtain scaling?!

o Caveat: Non-periodicity

= modify def. of Dy

Standard def.

Da(q=0) =0

(Schaden/Zwanziger '94)

Dgi(q) o< > > (A%(x)A2(y)) cos(q - (x — y))

a’# X’.y

Daniel Spielmann (ITP Heidelberg)
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Free boundary conditions: Why & how?

@ Free b.c. & Landau gauge = [ Dg(q =0) =0

» Maybe obtain scaling?!

@ Caveat: Non-periodicity
= modify def. of Dy

(Schaden/Zwanziger '94)

Dgi(q) o< > > (AZ(x)AZ(39) cos (q - (x — %))

U X,y
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Free boundary conditions: Why & how?

@ Free b.c. & Landau gauge = [ Dg(q =0) =0

» Maybe obtain scaling?!

@ Caveat: Non-periodicity
= modify def. of Dy
‘Center def.’

(Schaden/Zwanziger '94)

Dai(q) o Y Y (AR (x)A3(c)) cos (g - (x — ¢))

ENTIED

» factor of V lacking
much more config's required

Daniel Spielmann (ITP Heidelberg)
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Free boundary conditions: Why & how?

@ Free b.c. & Landau gauge = [ Dg(q =0) =0

» Maybe obtain scaling?!

@ Caveat: Non-periodicity
= modify def. of Dy
‘Center def.’

(Schaden/Zwanziger '94)

Dai(q) o Y Y (AR (x)A3(c)) cos (g - (x — ¢))

ENTIED

» factor of V lacking
much more config's required

@ standard g.f. (except for b.c.)
@ ‘first copy’' approach

Daniel Spielmann (ITP Heidelberg)
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Free boundary conditions: Why & how?

T4+t

Daniel Spielmann (ITP Heidelberg)

29 ‘centers’

of the lattice
instead of V sites of
the lattice
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Gluon propagator from free b. c., two dimensions

: 1 B=0

@ Periodic b.c.

D »
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Gluon propagator from free b. c., two dimensions

7
1 | O periodicb.c., 288° 1
[ |0 p.bc,100° ]
P-De ] ﬂ = 0 d = 2
] @ Periodic b.c.
D_c')
OAl; SE@EE E
8
8
g 8
v
| L IR L Lol
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Gluon propagator from free b. c., two dimensions

7
1 | © periodicb.c., 560° :
[ |0 p.bc, 288 ] . _
O p.bc, 100° 16=0 d=2
@ Periodic b.c.
D_c')
01f
F &2
&
g, 8°
e @ 4
Ll | L |
0.01 0.1 1
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Gluon propagator from free b. c., two dimensions

7
1 | © periodicb.c., 560° .
[ |0 p.bc, 288 ] . _
O p.bc, 100° 16=0 d=2
2 1 . .
“ freebc, 80 @ Periodic b.c.
o @ vs. free b.c.
01l o (typically 500,000 config's)
E %
&
g, 8°
e @ 4
Ll | L |
0.01 0.1 1
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Gluon propagator from free b. c.,

periodic b.c., 560°
p. b.c., 288°
p.bc., 100°
freeb.c., 80°
f.b.c., 160°

A » 00O o

DgI

0.1:7 o.;

Daniel Spielmann (ITP Heidelberg)

two dimensions

1 B=0

@ Periodic b.c.
@ vs. free b.c.

(typically 500,000 config's)




Gluon propagator from free b. c., two dimensions

1 | © periodicb.c., 560°
[ p.b.c., 288°
p. b.c.,lOO2
freeb.c.,BO2
f.b.c., 160°
v f.bc. 280°

» O O

DgI

=
Ele%éi

o ©
v ¥

| L Lo
0.01 0.1
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6=0 =2
@ Periodic b.c.
@ vs. free b.c.
(typically 500,000 config's)
» consistent with
same V — oo limit )
29 / 42




Gluon propagator from free

b.c., three dimensions

o 80° periodic b.c.
O 150°, periodic b.c.

finite coupling
Periodic b.c. ...

Daniel Spielmann (ITP Heidelberg)
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Gluon propagator from free b. c., three dimensions

o 80° periodic b.c.
0 150°, periodic b.c.

++60°, free b.c. (center def., =1.8710° meas.)

Daniel Spielmann (ITP Heidelberg)

finite coupling
Periodic vs. free b.c.




Gluon propagator from free b. c., three dimensions

1 | £ periodicb.c., 80°

Dgl

Daniel Spielmann (ITP Heidelberg)

1 B=0 d=3

Gluon prop. with periodic b. c.




Gluon propagator from free b. c., three dimensions

1= | 2 periodi(:b.c.,3203
r |2 p.b.c.,803

16=0 d=3
o | Gluon prop. with periodic b.c.
| decreases with V
001 o1 ‘ 1
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Gluon propagator from free b. c., three dimensions

—
1 | < periodicb.c., 480°
F |9 pbc,320°

A p.be, 80°

Dgl

Daniel Spielmann (ITP Heidelberg)

1 B=0 d=3

Gluon prop. with periodic b. c.

| decreases with V




Gluon propagator from free b. c., three dimensions

—
1 | < periodicb.c., 480°
F |9 pbc,320°
A p.b.c.,803
< freeb.c.,zo3
N | =0 d=3
[a)
Gluon prop. with free b.c. ...
¢ g 2HEE
| L L |
001 01 1
ag
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Gluon propagator from free b. c., three dimensions

-
1k | <€ periodic b.c., 480°
F |9 pbc,320°
A p.b.cA,BO3
® freeb.c., 40° il
< f.bo,20° 18=0 d=3
e Gluon prop. with free b.c.
increases with V
¢ g 2HEE
L Lol L |
0.01 0.1 1
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Gluon propagator from free b. c., three dimensions

1 | < periodicb.c., 480°
r p.b.c., 320°
p.bc., 80°
freeb.c.,(io3
f.b.c., 40°
f.b.c., 20°

A e m [

Dy

[ @ e cedgdi

0.01 0.1

Daniel Spielmann (ITP Heidelberg)

| B=0 d

V — oo: Free b.c. prop. not
below periodic b. c. prop.

@ = no uniform scaling

=3

603: 100 config's
403: 2.5 - 10° config's
y
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Gluon propagator from free b. c

O 40", periodic b.c.

Daniel Spielmann (ITP Heidelberg)

., four dimensions

Finite coupling
@ Periodic b.c.
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Gluon propagator from free b.

C.,

< 160", periodic b.c.
o 40 p.bec.

Daniel Spielmann (ITP Heidelberg)

four dimensions

Finite coupling d=4

@ Periodic b.c.:
rel. small volume effect

V = (34fm)*
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Gluon propagator from free b.

C.,

< 160", periodic b.c.
o 40 p.bec.
» 124, freeb.c.

Daniel Spielmann (ITP Heidelberg)

four dimensions

Finite coupling d=4

@ Periodic b.c.:
rel. small volume effect

V = (34fm)*

@ Free b.c.
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Gluon propagator from free b.

C

< 160", periodic b.c.
4 o 40" p.bc.
4 16" freeb.c.
» 12 f.be
o 3F
3
9,
=l
a 2+
1
(] 1

Daniel Spielmann (ITP Heidelberg)

., four dimensions

Finite coupling d=4

@ Periodic b.c.:
rel. small volume effect
V = (34fm)*

@ Free b.c.
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Gluon propagator from free b. c., four dimensions

T
< 160" periodicb.c.| |
o 40’ p.be. 1 Finite coupling d=4
L 224, freeb.c. | ) i
4 16" f.be @ Periodic b.c.:
: |
] 2.f.be rel. small volume effect
: 4 V = (34 fm)*
@ Free b.c.
1 . REREIIITS |
% ‘1 : 3 4
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Gluon propagator from free b. c., four dimensions

160", periodicbc.| |
40", p.be. 1 Finite coupling d=4
324,freeb.c. | ) i
22" f.bc. @ Periodic b.c.:

: |
16.1.be. rel. small volume effect
12°,f. b.c.

4 V = (34 fm)*
@ Free b.c.:

much stronger volume effect

v
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Gluon propagator from free b. c., four dimensions

' 3=0

@ Periodic b.c. ...
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Gluon propagator from free b. c., four dimensions

O 40°, periodic b.c.
1 L 104, freeb.c.

Daniel Spielmann (ITP Heidelberg)

2 ;50

@ Periodic b.c. ...

@ Free b.c.
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Gluon propagator from free b. c.

O 40°, periodic b.c.
1 L 104, freeb.c.
+ 16" f.be.

Empﬁ%
=)

Daniel Spielmann (ITP Heidelberg)

. four dimensions

2 50

@ Periodic b.c. ...
@ Free b.c.




Gluon propagator from free b. c., four dimensions

T
O 40°, periodic b.c. ]
1+ m 10" freebc. i
+ 16" f.bec. ﬁ =0 d=14
A 2t . .
|2 2.the | @ Periodic b.c. ...
3 @ Free b.c.
» convergence against
P gence ag
o # ?% same result
o o9 ] 22%: > 400, 000 config’s |
i+ "
L L “1
aq
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Gluon propagator from free b. c., four dimensions

[ o a0, periocic b |
1 = 10" freebe. S - -
+ 16" f.bc ﬁ =0 d=14
A * - .
hecos | @ Periodic b.c. ...
3 @ Free b.c.

» convergence against

P F% same result
] 22*: > 400, 000 config’s |
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Non-periodic gauge transformations

Motivation

@ another way to enforce
Dg|(0) = O (for V. — o0)
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Non-periodic gauge transformations

Motivation

@ another way to enforce
Dg|(0) = 0 (for V. — o0)

v

Implementation

@ thermalize periodic
config’ on (L —1)9
lattice

Daniel Spielmann (ITP Heidelberg) 32 /42



Non-periodic gauge transformations

Motivation

@ another way to enforce
Dg|(0) = 0 (for V. — o0)

v

Implementation

@ thermalize periodic
config’ on (L —1)9
lattice

@ embed in L9 lattice

Daniel Spielmann (ITP Heidelberg) 32 /42



Non-periodic gauge transformations

Motivation

@ another way to enforce
Dg|(0) = 0 (for V. — o0)

v

Implementation

@ thermalize periodic
config’ on (L —1)9
lattice

@ embed in L9 lattice
@ complete links

» perpendicular links:
zero
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Non-periodic gauge transformations

Motivation

@ another way to enforce
Dg|(0) = O (for V. — o0)

v

Implementation

@ thermalize periodic
config’ on (L —1)9
lattice

@ embed in L9 lattice
@ complete links

» perpendicular links:
zero
» parallel links: periodic

@ gauge fixing via non-per.
g.t. on finite lattice

Daniel Spielmann (ITP Heidelberg) 32 /42



Non-periodic gauge transformations

Two possibilities

@ combine with . ..

» ...free b.c.
modified Dy on L9
[1 ~~ same result as
usual fbc

» ...periodic b.c.
std. Dy on (L — 1)4

v
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Non-periodic gauge transformations

003
A ... here: combined with
002} R periodic b. c.
e /,@/ /6 = 0 d = 3
001 o a
«” lim Dy (0) =0
m | =
@ 1 V—oo <
O oo o0l 005 062 00% 00
L
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Non-periodic gauge transformations

0]

‘?‘; 02 ©

]
3 e
S o°

<l
0 o1 &

0 | | |
0 0.05 0.1 0.15
L

Daniel Spielmann (ITP Heidelberg)

0.2

... here: combined with
periodic b. c.

B3=22 d=4

Jim,Dal0) =0




Non-periodic gauge transformations

4 periodiche, 4800
p. b.c.,3203
[ & p.b.c.,SO3
+ non-periodic git. (periodic b.c.), 40°
[+ fitof 480° detact interme. aq (K=0.365)

@ ...combined with
periodic b. c.

@ contrasted with usual

® periodic b. c.
[ o osedg®
- B=0 d=3
+
- volume effect . ..
0.0L ] L
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Non-periodic gauge transformations

T — T
< periodic b.c., 480

p.b.c.,3203

A p.b.c.,SO3

X non-periodic gt. (periodic b.c.), 80°
+ n.—pAg,t.(p.b.c.).A‘AO3

«fit of 480° dataat intermed. aq (k=0.365)

@ ...combined with
periodic b. c.

@ contrasted with usual

o periodic b. c.
6=0 d=3
I * 1 volume effect ... )
0.01 =g S
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Non-periodic gauge transformations

T —
< periodic b.c., 480

p.bc, 320°
p.bc, 80°

n.-p. g.t. (p.b.c.), 80°
n.-p. gt. (p.b.c.), 20°
f+«« fitof 480° dataat intermed. aq (k=0.365)

Dy

A
< non-periodic g.t. (periodic b.c), 120°
x
+

Daniel Spielmann (ITP Heidelberg)

@ ...combined with
periodic b. c.

@ contrasted with usual

periodic b. c.

B=0

volume effect . ..
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Non-periodic gauge transformations

T —
< periodic b.c., 480

1 p.bc, 320°

A pobe, 80°

% non-periodic g.t. (periodic b.c.), 150°
< n-p.gt (pbc), 120°

X n-p.gt. (pb.c), 80°

+ n-p.gt (pbc), 40°

«fit of 480° dataat intermed. aq (k=0.365)

Dy
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@ ...combined with
periodic b. c.

@ contrasted with usual

periodic b. c.

B=0

volume effect . ..
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Non-periodic gauge transformations

T —
<1 periodicb.c., 480

p.bc, 320°
A p.be., 80°
O non-periodic gt. (periodic b.c.), 200°
£ n-p.gt (p.bc), 150°
> n-p.gt (pbc), 120°
X n-p.gt (p.b.c), 80°
+ n-p.gt (pbc), 10°
- fitof 480° dataat intermed. ac| (k=0.365)

Dy

Daniel Spielmann (ITP Heidelberg)

@ ...combined with
periodic b. c.

@ contrasted with usual
periodic b. c.

on large lattice:
‘above’ scaling solution

yet still ‘below’ decoupling branch

= comparatively slow effect
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Non-periodic gauge transformations
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2 g* non-periodic g.t. (p.b.c)) - U . .
periodic b. c.

R @ contrasted with usual

[} . -
g periodic b. c.
o 2~

1= ,6 = 22 d = 4
i volume effect . ..
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0
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Non-periodic gauge transformations

5 : : ‘ —
ﬁ 160", periodic b.c.
ab

< 124, non-periodic g.t. (p.b.c.)
o gt n.-p. gt. (p.b.c))
3
3
S
o”2
1
4
00

Daniel Spielmann (ITP Heidelberg)

@ ...combined with
periodic b. c.

@ contrasted with usual

periodic b. c.

B=22

volume effect . ..

d=4




Non-periodic gauge transformations

[m)

A

160", periodic b.c.

164, non-periodic g.t. (p.b.c.)
124, n.-p. g.t. (p.b.c.)

84, n.-p.g.t. (p.b.c.)
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@ ...combined with

periodic b. c.
@ contrasted with usual
periodic b. c.
06 =22 d=4
volume effect . .. )
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Non-periodic gauge transformations

5 T T

< > 4
¥

47 <

160", periodic b.c.
204, non-periodic g.t. (p.b.c.)

o 164, n.-p. g.t. (p.b.c.)
4
3 lf ,n-p.gt. (pb.c)
3 A8, n-p.gt. (p.b.c)
S
o” 2
1
Oé
0
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@ ...combined with

periodic b. c.
@ contrasted with usual
periodic b. c.
06 =22 =4
volume effect . .. )
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Non-periodic gauge transformations

5 : ; : ; : ‘
%%1 160" pertodicbe | @ ...combined with
a- + 24" non-periodic gt. (p.b.c.) - o
I 20*, n-p. gt (pb.c) ] periodic b. c.
4 o 164, n.-p.gt. (p.b.c) o
T 3 12 np. gt (pbo) 7 @ contrasted with usual
SR e “ 8.np.gt. (pbe) ] periodic b. c.
o 2~ : =S >
i volume effect ... )
0
0
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Non-periodic gauge transformations

160", periodic b.c.
284, non-periodic g.t. (p.b.c.)

244, n.-p. g.t. (p.b.c.)
204, n.-p. g.t. (p.b.c.)

164, n.-p. g.t. (p.b.c.)
124, n.-p.g.t. (p.b.c))

g, n.-p. gt. (p.b.c))
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@ ...combined with

periodic b. c.
@ contrasted with usual
periodic b. c.
06 =22 d=4
volume effect . .. )
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Non-periodic gauge transformations

160", periodic b.c.
404, non-periodic g.t. (p.b.c.)
284, n.-p. g.t. (p.b.c.)
244, n.-p. g.t. (p.b.c.)
204, n.-p. g.t. (p.b.c.)
164, n.-p.g.t. (p.b.c))
12°, n.-p. gt. (p.b.c))
8A, n.-p. g.t. (p.b.c.)
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@ ...combined with

periodic b. c.
@ contrasted with usual
periodic b. c.
06 =22 =4
volume effect .. .slow )
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Non-periodic gauge transformations vs. free b. c.

Daniel Spielmann (ITP Heidelbei

non-periodic g.t. (pbc)

std. free b.c.

12* n-p.gt. (pbec) 4
&' n-p.gt. (pbc)

< perlodcbe, 480 - .
[ pbe,320* 1 | < periodicb.c, 480
2 phe.so’ p.bc., 320°
o ronpariodicgt (paiodiche), 200° 4 pbe, 8o’
* nep.gt(pbo), 1t = freebe, 60°
o n—vgunbc),lzg] o fbe 4;)3
X nep.gt (pbe), 80 ey
+ n-p.gt(pbc), 40° = < f.bc,20
e+ fitof 460" dataat intermed. aq (=0.365)
B ) e
| | |
001 1 001 01 1
2 a
T T T
4 160", periodic b.c. 4 160", periodic b.c.
* 40", non-periodic gt. (pb.c) B 0 40 p.bc. -
< 28" n-p.gt (pbec) * 32° freebc.
+ 24" n-p.gt. (pbc) = 22 f.be
20° n-p.gt. (pb.c) 7 4 16" f.be 7
0 16° n-p.gt (pbec) 12 f.be.
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Upshot of free b. c. and non-periodic g. t.

Free b.c.
@ Large V: Same result as pbc (except for smallest momenta)

@ ~» Nontrivial confirmation of standard lattice scenario

Non-periodic g.t.

@ Again, no scaling behavior for V — oo

@ But surprisingly slow volume effect (if combined with pbc)
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Summary regarding confinement mechanism

@ Stochastic quantization for gauge fixing
» Confirmation of standard lattice scenario
despite different algorithm
@ Strong-coupling limit
» Scaling branch
» But no uniform scaling —
not even in d = 2 (!)
@ ‘max-B’ gauge
» Huge effect of Gribov ambiguity
[J Surprising ‘over-scaling’
[J No subset of solutions can be excluded yet
@ Free b.c.

» Dy IR suppressed on moderate V
» But ‘decoupling branch’ restored for V — oo (d = 3, 4)
» Non-periodic g.t. with periodic b.c.:

L] much slower approach to dec. branch
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Summary regarding confinement mechanism

Decoupling or scaling?

@ Standard lattice scenario (Landau gauge: d = 2, 3, 4) confirmed with

> stochastic gauge fixing
» free boundary conditions

@ Some unexpected findings

> strong—coupling limit (d = 2 not so special)
» non-periodic g.t. with periodic b. c. (finite-V effect)

@ Evidence that no subset of solutions can be excluded yet (Gribov ambiguity)
» Landau max-B gauge
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Outlook regarding confinement mechanism

@ Current results surprise and raise new questions
» Landau max-B gauge
[J V — 0o and ncopy — 0o limit
a ﬁ > 0 (Maas '09 ...)
» Non-periodic g. t.
[ explanation for volume effect?

@ BRST invariant lattice formulation . .. (von Smekal et al. ‘07, 08 . ..)
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Outline

© Deconfinement phase transition at 7 > 0
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T > 0 studies

Motivation
@ Recent StUdy of 5U(2) & 5U(3) YMT in d =3 aF 1 (Fischer/Maas/Miiller '10)

» Information about deconfinement PT from gluon prop.
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T > 0 studies

Motivation
@ Recent study of 5U(2) & 5U(3) YMT in d =3 + 1 (Fischer/Maas/Miller '10)

» Information about deconfinement PT from gluon prop.
@ Here: SU(2) in 2+ 1 dim.
» finer resolution

» PT also of 2nd order
» information about universality class £ |£ _ 1|

BC
0 d=3+1: 3d Ising (v = 0.63)
0 d=2+1: 2d Ising (v = 1) (Engels et al. '97)

v
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T > 0 studies

Motivation
@ Recent study of 5U(2) & 5U(3) YMT in d =3 + 1 (Fischer/Maas/Miller '10)

» Information about deconfinement PT from gluon prop.
@ Here: SU(2) in 2+ 1 dim.
» finer resolution

» PT also of 2nd order
» information about universality class £ |£ -1

0 d=3+1: 3d Ising (v = 0.63)
0 d=2+1: 2d Ising (v = 1) (Engels et al. '97)

Longitudinal resp. transverse gluon propagator

(Dg);e (@) = D¥(q0, )P, (q) + Di*(do, §) Py (q)-

both transverse in full d-dim’ space (Landau gauge)
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Longitudinal & transverse gluon propagator at T > 0

10+ e

Daniel Spielmann (ITP Heidelberg)

1282 x 4
ﬁc = 6.5364 (Edwards/von Smekal '09)
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Longitudinal & transverse gluon propagator at T > 0
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1282 x 4
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Longitudinal & transverse gluon propagator at T > 0
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1282 x 4
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Longitudinal & transverse gluon propagator at T > 0
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1282 x 4
ﬁc = 6.5364 (Edwards/von Smekal '09)
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Longitudinal & transverse gluon propagator at T > 0

o Fe ‘ ‘ T 1282 x4
L ©-Op=45 ]
407E@@ gggzi | 5C = 6.5364 (Edwards/von Smekal '09)
AL p=63
b < < p=6.5
&
b -
= Lea(p)
0 20
10 Longitudinal gluon
. propagator
0
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Longitudinal & transverse gluon propagator at T > 0
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1282 x 4
ﬁc = 6.5364 (Edwards/von Smekal '09)
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Longitudinal & transverse gluon propagator at T > 0

O-0 B=45
0-OB=53
&0 B=6.1
AL p=63
<< B=65
v B=6.7
> > p=6.9
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Longitudinal & transverse gluon propagator at T > 0
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Longitudinal & transverse gluon propagator at T > 0
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&0 B=6.1
A A B=63
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v B=6.7
> > p=69
++B=73

1282 x 4
ﬁc = 6.5364 (Edwards/von Smekal '09)
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Longitudinal & transverse gluon propagator at T > 0

1282 x 4
ﬁc = 6.5364 (Edwards/von Smekal '09)

Transverse gluon
propagator
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Longitudinal & transverse gluon propagator at T > 0

1282 x 4
ﬁc = 6.5364 (Edwards/von Smekal '09)

Transverse gluon
propagator
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Longitudinal & transverse gluon propagator at T > 0

’ 1282 x 4
©-0B=45 1
@@ee@e o-0p=53 ﬁc = 6.5364 (Edwards/von Smekal '09)
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propagator
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Longitudinal & transverse gluon propagator at T > 0

o 1282 x 4
©-0B=45 1
@Zi?ee oo B=5.3 ﬁc = 6.5364 (Edwards/von Smekal '09)
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Longitudinal & transverse gluon propagator at T > 0
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Longitudinal & transverse gluon propagator at T > 0
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1282 x 4
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Longitudinal & transverse gluon propagator at T > 0

r 1282 x 4
©-0B=45 1
@@@@@e o-0p=53 65 = 6.5364 (Edwards/von Smekal '09)
151 @EEEEB@ &0 B=6.1 i
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0 05 = not sensitive to PT )
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Longitudinal & transverse gluon propagator at T > 0
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1282 x 4, B = 6.5364
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Longitudinal & transverse gluon propagator at T > 0

@ = strong response to phase transition in chromoelectric sector
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Longitudinal & transverse gluon propagator at T > 0

@ = strong response to phase transition in chromoelectric sector
@ more quantitative analysis:
consider electric screening mass

1

m| = —F/———

v/ D(0)

Daniel Spielmann (ITP Heidelberg) 39 /42



Electric screening mass vs. (3

T T T
0.6; °© 32§><4 . ° ]
i o 64x4 e ] @ in line with 2nd order PT

__osH o 108x4 s =2 —
3 ol ° ] @ volume effect weak
a0 ] beyond Ls = 128
S 03- : ’
S i

l ] now: closer look at critical

.l 1 behavior ... )

G5 6 7 & e
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Electric screening mass vs. (3
0.66

064 L
8 0621 = * - 8 04 =
s . s .
a 06 mﬁfgﬂ“ _ o
058 . E 035
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mg =c+ dl——1
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2d Ising: v =1
v
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Electric screening mass vs. (3
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Electric screening mass vs. temperature

Daniel Spielmann (ITP Heidelberg)

formerly: vs. G

set a scale via the string
tension

)
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Electric screening mass vs. temperature
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Electric screening mass vs. temperature

Susceptibility

S — e ‘ ‘ Results
251 B
L 4 % 1 08\/— (Lt — 4)
Al - . ~1.11/7 (L, = 6)
SRS . @ cp. with literature:
g [ 1 ~
e ! i Te~ 112\ v
= (Sternbeck/von Smekal '09; see also
05 o _ Liddle/Teper '08) )
| e® ¥ |
o0 o8¢ T oB 7
;lg \% si gw% \ﬁ L | L | L | L | L | aim here:
07 08 08 1 Ta_l}lzl 12 13 14 @ not ultimate precision,

@ but evidence that the gluon
propagator carries quantitative
information about the critical
behavior
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T > 0 studies: upshot

@ Critical behavior of SU(2) YMT ind =2+1
from the D;
» Correct 3. resp. T,
» Consistent with expected critical exponent v
» = gauge-invariant information from a gauge-dependent quantity

@ Caveat: different picture for larger L;?

(Cucchieri/Mendes: recent results in d = 3 + 1, not yet published)
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Summary regarding confinement mechanism

@ Stochastic quantization for gauge fixing
» Confirmation of standard lattice scenario
despite different algorithm
@ Strong-coupling limit
» Scaling branch
» But no uniform scaling —
not even in d = 2 (!)
@ ‘max-B’ gauge
» Huge effect of Gribov ambiguity
[J Surprising ‘over-scaling’
[J No subset of solutions can be excluded yet
@ Free b.c.

» Dy IR suppressed on moderate V
» But ‘decoupling branch’ restored for V — oo (d = 3, 4)
» Non-periodic g.t. with periodic b.c.:

L] much slower approach to dec. branch
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Summary regarding confinement mechanism

Decoupling or scaling?

@ Standard lattice scenario (Landau gauge: d = 2, 3, 4) confirmed with

> stochastic gauge fixing
» free boundary conditions

@ Some unexpected findings

> strong—coupling limit (d = 2 not so special)
» non-periodic g.t. with periodic b. c. (finite-V effect)

@ Evidence that no subset of solutions can be excluded yet (Gribov ambiguity)
» Landau max-B gauge
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Outlook regarding confinement mechanism

@ Current results surprise and raise new questions
» Landau max-B gauge
[J V — 0o and ncopy — 0o limit
a ﬁ > 0 (Maas '09 ...)
» Non-periodic g. t.
[ explanation for volume effect?

@ BRST invariant lattice formulation . .. (von Smekal et al. ‘07, 08 . ..)
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T > 0 studies: upshot

@ Critical behavior of SU(2) YMT ind =2+1
from the D;
» Correct 3. resp. T,
» Consistent with expected critical exponent v
» = gauge-invariant information from a gauge-dependent quantity

@ Caveat: different picture for larger L;?

(Cucchieri/Mendes: recent results in d = 3 + 1, not yet published)
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© General backup slides

Daniel Spielmann (ITP Heidelberg)



Confinement scenarios

Gribov-Zwanziger scenario

@ Basic idea:  Configurations in
vicinity of 9Q(NIA) account for
confinement of gluons.

» Entropy favors 9Q (due to rN=1dr).
» (Situation less clear due to e~>)

@ Implications depend on gauge. ..
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Confinement scenarios

Gribov-Zwanziger scenario
@ Basic idea:  Configurations in
vicinity of 9Q(NOA) account for

confinement of gluons.

» Entropy favors 99 (due to rN=1dr).
» (Situation less clear due to e~>)
@ Implications depend on gauge. ..

» In Landau gauge:
IR vanishing of gluon propagator (horizon condition).
(‘IR slavery’ scenario of quark confinement, D ~ 1/q*, obsolete.)

Daniel Spielmann (ITP Heidelberg) 43 / 42



Confinement scenarios

Gribov-Zwanziger scenario
@ Basic idea:  Configurations in
vicinity of 9Q(NOA) account for

confinement of gluons.

» Entropy favors 99 (due to rN=1dr).
» (Situation less clear due to e~>)
@ Implications depend on gauge. ..

» In Landau gauge:
IR vanishing of gluon propagator (horizon condition).

Ghost dressing function divergent in the IR.

Daniel Spielmann (ITP Heidelberg) 43 / 42



Confinement scenarios

Kugo-Ojima scenario
@ Confinement by BRST quartet mechanism
> = Gupta-Bleuler in QED, but applies also to transversal gluons

@ Integral part of Kugo-Ojima criterion:
Well-defined global color charge
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Confinement scenarios

Kugo-Ojima scenario
@ Confinement by BRST quartet mechanism
> = Gupta-Bleuler in QED, but applies also to transversal gluons

@ Integral part of Kugo-Ojima criterion:
Well-defined global color charge
<
@ mass gap &

© (in Landau gauge) IR enhanced ghost propagator
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Confinement scenarios and correlation functions

Implications in a nutshell
@ Kugo—Ojima
> (BRST quartet mechanism, & Gupta-Bleuler in QED)
k>0
o Gribov—Zwanziger (stronger implications)
> (confinement by config's close to 1st Gribov horizon)

m for ghost, x > 1/2 for gluon (i.e. M)

» Ghost dressing function IR divergent
» Gluon propagator IR vanishing

Daniel Spielmann (ITP Heidelberg) 45 / 42



Basics of stochastic quantization

Langevin dynamics

@ Stochastic quantization (rarisi/wu s1): d-dim. quantum system =
(d + 1)-dim. classical system with random fluctuations
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Basics of stochastic quantization

Langevin dynamics
@ Stochastic quantization (rarisi/wu s1): d-dim. quantum system =
(d + 1)-dim. classical system with random fluctuations

@ Stochastic process in additional time
Equilibrium distrib. = path-integral measure, i.e. exp(—S) (Euctidean space)
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Basics of stochastic quantization

Langevin dynamics
@ Stochastic quantization (parisi/wu s1): d-dim. quantum system =
(d + 1)-dim. classical system with random fluctuations
@ Stochastic process in additional time
Equilibrium distrib. = path-integral measure, i.e. exp(—S) (Euctidean space)

@ Represented by Langevin eq.

dx = K.df + n(6)do
—~ =
drift diffusion
with Gaussian white noise 7 (n(@)n(8")) = 25(6 — 6")
» related to Wiener process, describing Brownian motion
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Basics of stochastic quantization

Langevin dynamics

@ Stochastic quantization (parisi/wu s1): d-dim. quantum system =
(d + 1)-dim. classical system with random fluctuations

@ Stochastic process in additional time
Equilibrium distrib. = path-integral measure, i.e. exp(—S) (Euctidean space)

@ Represented by Langevin eq.
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—— ,
drift diffusion
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» related to Wiener process, describing Brownian motion
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Basics of stochastic quantization

Langevin dynamics
@ Stochastic quantization (parisi/wu 81): d-dim. quantum system =
(d + 1)-dim. classical system with random fluctuations
@ Stochastic process in additional time
Equilibrium distrib. = path-integral measure, i.e. exp(—S) (Euctidean space)

@ Represented by Langevin eq.

dx = —VSdf+n(0)do
M~—— ——

drift diffusion
@ Correct convergence?
» S € IR: V (ifS has lower bound)
» S € C: caution required
(runaway trajectories or wrong convergence possible),
but maybe useful where other methods fail!
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Lattice implementation of stochastic quantization

Dynamics
Lattice Langevin eq. with step size € (c & Batrouni et al. '85)

Uu(x) — exp(iaaFle) Uu(x)

with force Fj, = ieV,aS[U] + VeNxua
———— N——

drift diffusion
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Lattice implementation of stochastic quantization

Dynamics

Lattice Langevin eq. with step size € (c.¢ Batrouni et al. '85)
Uu(x) — exp(iaaF:X)UM(x)

with force F2, = ieV,,2S[U] + VeNxua

Gauge fixing

...via Zwanziger's drift term (ross et al 'ss)

) =oo (o)

A*=0,A], o gauge parameter
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Lattice implementation of stochastic quantization

o Alternative lattice formulation of the dynamics:
Random walk:
U, (x) = exp(iAzab)Uu(x)

with contributions £7) (fixed size) to AZ(X),
accepted with probability

p= % (1 =+ tanh (%T]lvxuas[u]))

Daniel Spielmann (ITP Heidelberg)
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Gauge

fixing parameter and accuracy of g.f.

0.12

Daniel Spielmann (ITP Heidelberg)

o \
H o
0001k e <
‘: ~gre
o-0n=0.03
N L ; =0 n=0.003 |
< 3 E
)
N .
1le-05- ) e =
C B
L g8
0 0.02 0.04 Ot(x)G 0.08 0.1

@ J optimal « for given
parameters
(small, but non-zero)

here: random walk
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Propagators from stochastic gauge fixing

Daniel Spielmann (ITP Heidelberg)

Bottom line
Confirmation of

standard lattice results . . .

2D: scaling, 3&4D: decoupling
e.g.

@ 2D: Maas '07

@ 3D: Cucchieri/Mendes '03

)

4D: Sternbeck et al. '05, '06,
Bogolubsky et al. '07, '08, '09,
Cucchieri/Mendes '07 . ..

... with alternative
gauge fixing method
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stochastic gauge fixing

Gluon propagator

20D: compatible with IR
scaling

@ x ~ 0.2, as expected

But: 8 = 0 results raise new questionsJ
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Propagators from stochastic gauge fixing

Gluon propagator

3D: Peak, but IR non-zero
~> decoupling

But: at 8 =0, 3D similar to 2D )
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Propagators from stochastic gauge fixing

5 \
@
N %g @] 404
L S -
4 E]
E]
e =)
Loer o 4 Gluon propagator
Q
S} 4
e e 4D: IR non-zero
DU’Z* S = .
o ~ decoupling
e 4
17
0 l
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Propagators from stochastic gauge fixing

° 200° : . :
° Ghost dressing function

© 1 2D: IR divergent
[}
e Kk~ 0.2

@ as expected for scaling

2
q Dgh

@ consistent with gluon
data

But: different picture at 8 =0 J

0.1

q[GeV]
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Propagators from stochastic gauge fixing

Ghost dressing function
3D: tends towards decouplingJ

q[Gev]
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Propagators from stochastic gauge fixing

- o 202‘1
= Bg B 40
4 ..
— 20, fit
5
)
o~
o
1?
01

Daniel Spielmann (ITP Heidelberg)

Ghost dressing function J

4D: tends towards decoupling
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Discretization artifacts at 3 =0

Daniel Spielmann (ITP Heidelberg)

Idea
@ Usually: cylinder cut
~» momenta near
diagonal
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Discretization artifacts at 3 =0

Daniel Spielmann (ITP Heidelberg)

Idea

@ Usually: cylinder cut
~~ momenta near
diagonal

@ Now cp. with
on-axis momenta

® = Assess effect of
breaking rotational
invariance
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Discretization artifacts at 3 =0

T T T T T T T
.
&
02 & ° mAsaa,
. o, i
L4
5o | Bay
S —- a (k=02 &é‘%
0 A 602, diagonal momenta
e diagonal
. | . | . | |
0 0.5 1 15 25

Daniel Spielmann (ITP Heidelberg)

d=2

@ Diagonal mom.




Discretization artifacts at 3 =0

x

Fgm == — == mmmmmmmm oo

5080808505
N " Ze oces vevee%%
&2 L PN
02 © Bay
. A,
™
) fha &p
A
S —- a (k=02 eV
< 602, on-axis momenta
0.1 2 .
307, on-axis
A 60°% diagonal
X 302, diagonal
. | . | . | . | |
0.5 1 15 2 25
aq
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d=2
@ Diagonal mom.
@ On-axis mom.

» closer to scaling
behav.
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Discretization artifacts at 3 =0

T T T
17 -----------------------------------------
L ® &
s © ° 6 o o
- © Cow
B »
© ¢
0.5 -
- — . 0 (k=0.3976)
- a(k=0.35)
© 3 .
<& 347, space diagonal
. | . I . | .
1 2 3
aq
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d=3

@ Space-diag. mom.




Discretization artifacts at 3 =0

l -----------------------------------------
s ® BeE 8 89555§
&
s & AN
Uw 8
05 ¢
: =] « =+ 0(k=0.3976)
-+« = a(k=0.35)
E|e o 343, face diagonal
& spacediagonal
| | |
1 2

Daniel Spielmann (ITP Heidelberg)

d=3
@ Space-diag. mom.

o Face-diag. mom.
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Discretization artifacts at 3 =0
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=) o facediagona
<& space diagona
N | | |
08 1 2 3
a
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d=3
@ Space-diag. mom.
o Face-diag. mom.

@ On-axis mom.
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Discretization artifacts at 3 =0
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4
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3l -
- *e
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d=4

@ Space-diag. mom.




Discretization artifacts at 3 =0

5
Ar s & © 3
& ] _
.- d—4
T ﬁi 7 @ Space-diag. mom.
T w | - .
5 e @ On-axis mom.
2 @& == o _(k=0.595 -
o °£ _) » Effect weaker
5 O 207, on-axis momenta B i1 d
il £ ¥ 14 onais i at larger
<] < 204, space diagonal momenta
s * 14*, space diagonal ]
! I ‘ I
% 1 2 3 4
a0
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Discretization artifacts at 3 =0

o

s o (k=02)

© 60", on-axismomenta
O 30°, on-axis

2 60°, diagonal

0.1

% 307, diagonal

s
e 956695606%%
+;
RTINS

a

~ a (k=0.3976)
- a(k=035)

34°, on-axis momenta)
face diagonal
spece diagonal

@ = Discretization problem

at large aq

Daniel Spielmann (ITP Heidelberg)

2 3
a
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Discretization artifacts at 3 =0

o
M;;:s;@f:jéf?itm |
B T a(<=02) Aas‘é\%
© 60°, on-axismomental
01 o 3, on-axis 1
2 60°, diagonal
T @ = Discretization problem
A at large aq
RSO SUUE U SO SO SY @ Now for a stronger
TR 4 effect: Gribov copies . ..
esé;a
e =] g 8 8
) %E? 8 & 74 < e
-
ost &° Y= — b
o 2 anatsmemena
=] o facediagona
o space diagonal
T 2 3

a
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Strong-coupling limit: Two dimensions

LT RN " 7| Ghost propagator
&
o, @ plane-wave source ~» precise
A
i Boy, result (x ~ 0.37)
ND%’
= 2
Yo A 2887, plane wave source
UV’ fit, 2882, planewaves.
L Lol TR |
0.01 0.1 1
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Strong-coupling limit: Two dimensions

0.5 T —
5 (K)o 01 (2887, 2.410° meas) =+ Ghost propagator
(Kz)joca» 310 .
04|k, 51 (288", 76 mess) = @ plane-wave source ~~ precise
scaling prediction —4 result (« ~ 0.37)

@ local Kk
» monotonically rising
» in general Kk # Kz
= no scaling
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Strong-coupling limit: Two dimensions

05 — -
% (K)o O=1 (288, 2.4010° mess)) B Ghost propagator
() gugr 510 .
04|c-ok, . 520 (280%, 3.7110" mess., point source) ° pIane—wave source ~~ precise
scaling prediction result (« ~ 0.37)
03 @ local
I » monotonically rising
021 » in general kK # Kz
L = no scaling
01
o e @ cp. with point source |
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Strong-coupling limit: Three dimensions

Dy

Gluon propagator
@ ...at different V

Daniel Spielmann (ITP Heidelberg)
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Strong-coupling limit: Three dimensions

Gluon propagator
1 e ...at different V
1 o finite V behavior of Dg(0)

» decoupling branch
survives in V — oo limit

T =
B o [aeas * .
8
ol
g 2 2
S 1 4 VA(N_~1)IM(0)" C(upper bound)
g r 0 Dy(a=0)
é - naivefit
8 v vIM(0)3 (lower bound)
Da R e
A -
@ ¢SS ©
g b4
8 [wrw M
o]
E
| | | | . |
0'10 0.01 0.02 0.03 0.04 0.05

1L (lattice units)
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Strong-coupling limit: Three dimensions

0.5 3 S ——
% (K,), oo 8=1 (40°, 510° meas))
scaling prediction
04
9«""')(—
0.3 e -
.«
0.2
0.1
L
%.1 1

Daniel Spielmann (ITP Heidelberg)

Gluon propagator
@ ...at different V

o finite V' behavior of Dg(0)

» decoupling branch

survives in V — oo limit

@ local k7

» qualitatively similar
to 2D case
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Strong-coupling limit: Three dimensions

05 ——
%=X (KZ)IW, o=1 (403, 510° meas.)
(KD)ocar 35 1 Gluon propagator
0.4 scaling prediction = .
o % @ ...at different V
sl e | o finite V behavior of Dg(0)
E » decoupling branch
02 R survives in V — oo limit
@ local k7
o1r 7 » qualitatively similar
I ) to 2D case )
%1 ey
a
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Strong-coupling limit: Three dimensions

Ghost propagator
@ ghost dressing function

2 2
angh

‘01
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Strong-coupling limit: Three dimensions

05 3 = —r—

%=X (Kz)md, =1 (40", 510" meas.)

o (K)o 55
O o 51 (647 ) Ghost propagator
03 ® ghost dressing function

9 local w
o2 » monotonically rising
> KF Kz
01+ )
%.1 L _“L

Daniel Spielmann (ITP Heidelberg)
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Strong-coupling limit:

% (K)o 051 (40°, 510° meas)
() g 5
K g 851 (64°, 57 meas)

L e

-

B
e

%% (K ), o 51 (288, 2.4010° meas)
(Ky)yooqr =10

K g 51 (288", 76 mess)
scaling prediction

Daniel Spielmann (ITP Heidelberg)

Three dimensions

Ghost propagator
@ ghost dressing function
o local k¥

» monotonically rising

> KF Kz
» resembles 2D case
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Strong-coupling limit: Four dimensions

08— ——
051 local k & K7
I @ additional analysis of
EE previous 4D data
E Klmat'324 (Sternbeck /von Smekal '08)
< Klm,sﬁ4
B (K)o 24
02 (Kphoea» 32°
(K, 56
scéilon?predimionj <
0 L L L L Lo | L L

Daniel Spielmann (ITP Heidelberg)



Strong-coupling limit: Four dimensions

038 T T T T
0.6~
L X T&
2
0.4 (@] KIW,ZA
O Kooy 32"
< Khm,s(i4
A (K 24"
02 Zhecd =
X (Koo 32
() 000 56 oo
scalingprediclionj <
0 . . . PR

Daniel Spielmann (ITP Heidelberg)

local K & K7

@ additional analysis of
previous 4D data

(Sternbeck/von Smekal '08)

@ relation to effective running

coupling ...

54 / 42




Importance of IR asymptotics

What k may tell about confinement
@ IR asymptotics of Dgi(q?), Dgn(q?)
~> Test predictions of confinement scenarios

o E.g.: Violation of reflection positivity by IR non-divergent gluon
propagator (lattice: Bowman et al. '07 (4D), Cucchieri et al. '05 (3D))

Lo
08
o 08 i
3 ) =
s s i
B ‘ff.'x = o4 '
S "g“ z !
% 02 1
. N i
3
\“‘NM 00 “!!!!u;l|-;ummmmuumi;
B . ) ~i s . )
(R (5] 10 15 2.0 =
g (Gev) 0 1 4 5

2 3
t {fm})
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How to sample the configuration space

Possible requirements on the algorithm

Find either of the following:

@ Fundamental modular region A (free of Gribov copies
= NP-hard optimization problem

~—




How to sample the configuration space

Possible requirements on the algorithm

2

o

A

@ Fundamental modular region A (free of Gribov copies)
= NP-hard optimization problem
@ Entire Gribov region Q with Faddeev—Popov weight
> (Conjecture: Q & A equiv. for expectation values (zwanziger '04))
> Restriction to Q automatically (by g.f.)
[ Faddeev—Popov operator is Hessian of [ d*x|“AJ*, which is minimized
by numerical Landau g.f.;

Find either of the following:

@

|

N

precise distribution nontrivial
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How to sample the configuration space

Possible requirements on the algorithm

Find either of the following:

@ Fundamental modular region A (free of Gribov copies)
= NP-hard optimization problem
@ Entire Gribov region Q with Faddeev—Popov weight
> (Conjecture: Q & A equiv. for expectation values (zwanziger '04))
> Restriction to Q automatically (by g.f.);
precise distribution nontrivial
@ Bias towards Gribov horizon 9Q (Gribov—Zwanziger sc.: config's near
02 N ON account for confinement)

Daniel Spielmann (ITP Heidelberg) 56 / 42



Confinement scenarios

Gribov—Zwanziger scenario (Grivov 78, zwansiger ‘94, 04)

@ Basic idea:  Configurations in
vicinity of 9Q(NIA) account for
confinement of gluons.

» Entropy favors 9Q (due to rN=1dr).
» (Situation less clear due to e~>)

@ Implications depend on gauge. ..
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Confinement scenarios

Gribov—Zwanziger scenario (Grivov 78, zwanziger ‘02, '0)
@ Basic idea:  Configurations in
vicinity of 9Q(NOA) account for
confinement of gluons.

» Entropy favors 99 (due to rN=1dr).
» (Situation less clear due to e~>)
@ Implications depend on gauge. ..

» In Landau gauge:
IR vanishing of gluon propagator (horizon condition).
(‘IR slavery’ scenario of quark confinement, D ~ 1/q*, obsolete.)
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Confinement scenarios

Gribov—Zwanziger scenario (Grivov 78, zwanziger ‘02, '0)
@ Basic idea:  Configurations in
vicinity of 9Q(NOA) account for
confinement of gluons.

» Entropy favors 99 (due to rN=1dr).
» (Situation less clear due to e~>)
@ Implications depend on gauge. ..

» In Landau gauge:
IR vanishing of gluon propagator (horizon condition).

Ghost dressing function divergent in the IR.

Daniel Spielmann (ITP Heidelberg) 57 / 42



Confinement scenarios

KugO—OJIma ScenarIO (Kugo/Ojima '79, review: Nakanishi/Qjima '90)

@ Confinement by BRST quartet mechanism
> = Gupta-Bleuler in QED, but applies also to transversal gluons

@ Integral part of Kugo—Qjima criterion:
Well-defined global color charge
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Confinement scenarios

KugO—OJIma ScenarIO (Kugo/Ojima '79, review: Nakanishi/Qjima '90)

@ Confinement by BRST quartet mechanism
> = Gupta-Bleuler in QED, but applies also to transversal gluons

@ Integral part of Kugo—Qjima criterion:
Well-defined global color charge
<
@ mass gap &

© (in Landau gauge) IR enhanced ghost propagator
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Free boundary conditions

Sketch of proof of Dg(0) =0
in general:

Dgi(0) o< Y (A%(x)A%(y)) resp. Y (A%(x)A%(c))

X,y X

Q)= > Alx)

X
x,, fixed

QuA) =0 = > 9 A()=0 = Qx)—Qlw—-1)=0
X, fixed
for free b.c: Q(0)=Q,(L—1)=0 = Qu(x)=0
= Dg(0) =00
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Outline

@ Sign problem and stochastic quantization: Thirring model at 1 > 0

Daniel Spielmann (ITP Heidelberg)



Thirring model: motivation

warming up for full QCD ...
@ fermionic model with a sign problem

Daniel Spielmann (ITP Heidelberg)



Thirring model: motivation

warming up for full QCD ...
@ fermionic model with a sign problem
@ initially: investigate “Silver Blaze" problem

Daniel Spielmann (ITP Heidelberg)



Thirring model: motivation

warming up for full QCD ...
@ fermionic model with a sign problem
@ initially: investigate “Silver Blaze" problem

» below fi, observables independent of p
> onset differs from full to phase quenched theory (S—Re 5)
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Sign problem in a nutshell

Sign problem

Z:/DUe—SG detM[U]=/DUe—SG+'” det MIU] :/DUe_s
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Sign problem in a nutshell

Sign problem

Z= /DUe—SG det M[U] = /DUe—SG+'“ det MIU] — /DUe—S

det M, thus S, complex
standard MC (importance sampling) not feasible
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Sign problem in a nutshell
Sign problem
zz/Due—SG det M[U] :/DUe_SG+'” det M[U] :/DUe—S

det M, thus S, complex
standard MC (importance sampling) not feasible

Possible solutions
(*] ReWelghtlng (Barbour et al. '98; Fodor/Katz '02)
4] Tay|0r eXpanSion (Ejiri et al. '04; Gava/Gupta '05)

(] Imaginary [ (de Forcrand/Philipsen '03)
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Sign problem in a nutshell

Sign problem

Z= /Due—SG det M[U] = /Due—56+'“ det MIU] — /Due—5

det M, thus S, complex
standard MC (importance sampling) not feasible

Possible solutions
o Reweighting (Barbour et al. '98; Fodor/Katz '02)
o Taylor expansion (Ejiri et al. '04; Gava/Gupta '05)
) Imaginary [ (de Forcrand/Philipsen '03)

@ Complex stochastic quantization

» Promising results for simple models (Aarts/stamatescu ‘08)
» Caution required (runaway trajectories? wrong convergence?)
» But maybe useful where other methods fail!
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Thirring model in the continuum

® Thirring model in d =2+ 1

—_ 2 —_
Lhirring = ¥i (§ + m+uo) i + 2g_Nf (¢i’7u’</}i)2
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Thirring model in the continuum
® Thirring model in d =2+ 1

—_ 2 —_
Lhirring = ¥i (§ + m+uo) i + Zg—Nf (¢i%’¢i)2

@ Bosonic auxiliary field to resolve 4-fermion interaction

_ N
L =0 (§+ iA+ mtpno) v + ﬁ (As)?
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Thirring model in the continuum

® Thirring model in d =2+ 1

—_ 2 —_
Lhirring = ¥i (§ + m+uo) i + Zg—Nf (¢i%’¢i)2

@ Bosonic auxiliary field to resolve 4-fermion interaction

_ N
L =0 (§+ iA+ mtpno) v + ﬁ (As)?

@ xSB (at u = 0) below some Ny

(Itoh et al. '95; Del Debbio, Hands, Mehegan '97; Christofi, Hands, Strouthos '07)

> here Nf =2 (= N =1 on the lattice)
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Lattice model

N
S = zz;(i(x)Mx,yXi(}/) + % AI%(X)

x,y i=1 X,V

fermion matrix
1 .
My,y = mdyx,y + 2 Z 1w (x) [ (1 + iA(x)) 998, 10—
14

. —ub,
- (1 - IA,,(y)) et ’O(sy,x—ﬁ

(apbc in temporal direction)
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Lattice model

N
S = ZZS{i(X)MX,yXi(y) + % ZAI%(X)

X,y i=1

Z = /DAVe_SB[A] det M[A] = /DAVe_sefF[A]
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Lattice model

N
S = ZZS{i(X)MX,yXi(y) + % ZAI%(X)

X,y i=1

Z = /DAVe_SB[A] det M[A] = /DAVe_sefF[A]

Sert[A] = % > A2(x) — Indet M[A]

El
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Complex Langevin simulation

Ser[A] = % > A2(x) — Indet M[A]
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Complex Langevin simulation

SelAl = 7 ZA (x) — Indet M[A]

det M € C = complex Langevin equation — in continuous time:

0 B 05ere[A]

g6 0) = = 5a Gepy T 100):

Complexify the auxiliary field,

Av(x) — AB(X) + iAL(X).

Daniel Spielmann (ITP Heidelberg)
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Complex Langevin simulation

Sert[A] = % > A2(x) — Indet M[A]

det M € C = complex Langevin equation — in continuous time:

9 N L SMIA

Complexify the auxiliary field,

Au(x) — AB(X) + iAL(X).
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Complex Langevin simulation

Ser[A] = % > A2(x) — Indet M[A]

det M € C = complex Langevin equation — discretized version:

AR(x,n+1) = AX(x,n) — eRe ———— O5¢ft +Ven.(x,n)

dA,(x, n)
0S5,
| _al . eff
A (x,n+1)=A,(x,n) —elm 5A, (1)
@=n-¢)
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Observables

@ chiral condensate 1
(xx) = v (trmt)
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Observables

@ chiral condensate 1
(xXx) = v (trm~)

@ density
10lnz 1 oM
— = — M1
=y oV <tr o >
@ phase factor
; det M(p) ; det M(p)
i _ =) 20 — = AP
[detM(u)] 0 C T detM(—p)

> det M(u) = [det M(—p)]* after ‘complexification’ only on average
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No runaways observed

15 T
p=0.2
u=0.4
10+
[ .
< 1
E
5 -
| | | |
00 20 80

0=n(g
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100

Im A remains bounded
during Langevin evolution

J
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‘Silver Blaze' problem
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i e 1 Expectation values at p > 0.
ool e JIncrease lattice size ...
rd e
L & g i
~ \@\\
L A~ e
0.1 &
&
I e |
& ad
< ? | ! | L | L
0.2 0.4 0.6 0.8

Daniel Spielmann (ITP Heidelberg)



‘Silver Blaze' problem

0.8

04 T T T T T T
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Expectation values at p > 0.
Increase lattice size . ..
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‘Silver Blaze' problem

0.4

0.3

0.2

0.1

Daniel Spielmann (ITP Heidelberg)

-

50 08
LA Ry 6
oLy
oo mnd
-4 m06°
58 mog

i p

0k
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‘Silver Blaze' problem
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0.1

Daniel Spielmann (ITP Heidelberg)

Expectation values at p > 0.
Increase lattice size . ..
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‘Silver Blaze' problem

0.2

0.

=

<< xxp12°
3

O-© XXU10
ERahl:3
A-A &XD 63
oo x4’
oo mnad
A4 mged
-8 mps®
-0 my10°
<< mp12

Daniel Spielmann (ITP Heidelberg)

=

Expectation values at p > 0.
Increase lattice size . ..
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~ ‘Silver Blaze' behavior
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‘Silver Blaze' problem

036 ; — — ‘
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Evidence for ‘Silver Blaze'
behavior in thermodyn. limit

v
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‘Silver Blaze' problem

003 ‘ ‘ ‘
a Evidence for ‘Silver Blaze’
6 . . oo
002z B8 behavior in thermodyn. limit
3
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‘Silver Blaze' problem

01k S J
é E— E
i z ¢ s 1 Evidence for ‘Silver Blaze'
001 ‘ B = behavior in thermodyn. limit
£ e, 1
O [ - N 1 \/
5 ook oo =04 g 4
001t =0, s .
£ 50 p=0.2 \ LN 3
F c-op=01 e % b
0.0001E 4
1e-05 0
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‘Silver Blaze' problem

Evidence for ‘Silver Blaze'
behavior in thermodyn. limit

v

But: still need cp. with phase
quenched theory in order to
rule out ‘fake onset’
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Cp. with phase quenched theory (1)

T T T 0.4 .
& 4% phase quenched P PPN, PN
08 5B 6°, phase quenched Qﬁgg &
&2 4% full theory 03 ; B
-0 6”, full theory . &
06 N
m) o &,
5 13502 . -
k3
04 G-© phase quenched, 6
oal | ©full theory, &° ‘e e
02 & & tull theory, 12° -
o e
02 o4 06 08 % 0z 0;4 o6 058
clear differences between full & ph’q’ theory at p # 0 J
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Cp. with phase quenched theory (1)

06—

e-om=0.01
-0 m=0.02
05~ - m=0.03 q
aA ng'%
1< m=0.
o 04 4
5
0.3 4

1 o i

| n | n | n
0.4 06 0.8 1
N

clear differences between full & ph’q’ theory at p # 0 J
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Cp. with phase quenched theory (I1): near the onset

0.05 ‘
L X 4
0.04— A
| -0 full theory, 8° s 1
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Cp. with phase quenched theory (I1): near the onset
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Cp. with phase quenched theory (I1): near the onset
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Cp. with phase quenched theory (I1): near the onset
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Cp. with phase quenched theory (I1): near the onset
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Cp. with phase quenched theory (I1): near the onset
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Phase factor

@ Small (e’®) (fluctuating around zero) may provide evidence for
severity of sign problem.
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Phase factor

@ Small (e’®) (fluctuating around zero) may provide evidence for
severity of sign problem.

@ Some scatter plots . ..
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Phase factor
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Phase factor
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Phase factor
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Phase factor
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Phase factor
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Phase factor
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Phase factor
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Phase factor
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Phase factor
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Phase factor
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Phase factor
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Phase factor
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Phase factor
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Thirring model

So far ...

@ At high p, config's with different signs of det M sampled, but no
convergence problems observed

o Complex Langevin may be well suited to handle the sign problem here
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Thirring model

So far ...

@ At high p, config's with different signs of det M sampled, but no
convergence problems observed

o Complex Langevin may be well suited to handle the sign problem here

Now: compare with heavy dense limit (large m and ) J
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Thirring model:

heavy dense limit
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Sign problem with complex stochastic quantization:
upshot for Thirring model

Complex Langevin evolution
@ Sometimes successful

@ Not in general reliable

» May not converge
» May converge against wrong solution

@ No general ‘a priori’ criterion for success known

Reasons for hope
@ Algorithm converges; no runaway trajectories
@ All phases of the fermionic determinant sampled at large

@ Observables differ between full and phase-quenched theory

Reason to be skeptical
@ Onsets in full & ph'q’ theories do not differ
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