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QCD phase diagram

@ study of the phase diagram of QCD relevant e.g. for heavy
ion experiments

@ QCD has phase transition where quarks and gluons
become deconfined for sufficiently high T

@ Polyakov loop

e order parameter for the confinement-deconfinement phase
transition

o L=(L(X)) x e Fa/T
o Definition on the lattice:
N;—1
L(X)="Tr [ ta(X,1)
t=0

T < T, : L= 0 (center symmetry)
T > T, : L # 0 (spontaneous breaking of center symmetry) Pcrisuc

Paulo Silva QuantFunc2024, Valencia



Introduction and Motivation
ntroduct " val QCD Phase Diagram

Center-symmetric Landau gauge

Center symmetry

@ Wilson gauge action is invariant under a center
transformation

@ temporal links on a hyperplane x4 = const multiplied by
ze Z3 — {e—i27r/3’ 1 7 ei27r/3}
@ Polyakov loop L(X) — zL(X)

e T<T,
e local P, phase equally distributed among the three sectors
L={(L(X))=~0
e T>T,
e Z3 sectors not equally populated: L # 0
G. Endrddi, C. Gattringer, H.-P. Schadler, arXiv:1401.7228

C. Gattringer, A. Schmidt, JHEP 01, 051 (2011)
C. Gattringer, Phys. Lett. B 690, 179 (2010)
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Center-symmetric Landau gauge in the continuum

@ Center-symmetric Landau gauge is defined by

D, [A)(A, — Acp) =0
@ center symmetric background configuration:

’z\c,u - afjl}(suo

e for SU(2) we consider j = 3, with 7 = 7 and t; = 03/2
e for SU(3) we have j = 3,8, with 7 = 47/3,0 and t; = \;/2
@ background covariant derivative:

@ final expression:

D CFisuc
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Gauge transformations and center transformations — on
the lattice

@ Periodic gauge transformations

go(n+ L,0) = go(n)
U(n) — go(n)Un(n)gd(n + ) = U%(n)

@ center tranformations: periodic in the time direction but
only modulo an element of the center of SU(3)

g(n+ L44) = e 3g(n)

e Wilson action invariant
e but Polyakov loop changes:

2 §
P, — eT's P, D cFisuC
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Lattice formulation

@ Gauge fixing functional

F =" Re Tr|gh(1)do(x) Uu(x)gj(x + )

X’I'L

where gi(1) = gd(x + 11)gc(x)
@ gl(x) can be written as

QI:(N) — eaTTilidus _ eiaglz\c,w“g,

@ aTl = 1/L;, where L; is the number of points in the
temporal direction.
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Lattice gauge fixing

@ very similar to Landau gauge fixing
@ infinitesimal gauge transformations g(x) = 1 + iw(x)
@ first variation of the gauge fixing functional

F = % ZX: Tr [iw(x)N(x)}

where

AYx) = > [Uux)gh() - gl Uu(x — ) — he|

@ 6F > 0 for iw(x) = aA(x), where a > 0

@ we use g(x) = exp (aA(x)/2) to approach a maximum of
the gauge functional.

@ also suitable for FFT acceleration

Paulo Silva QuantFunc2024, Valencia
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Continuum limit of Af(x)

Upx) = 1+ 1agA(x +/2) — 20 (Aulx + /)
LEG A+ /2 + Oa)
Updx—i) = 1+iagAu(x — 1/2) — S&G (Aux — /2))

L2¢ (Aux— 1/2)° + O(a)

N a a°
AX+7/2) = Aux)+ éauAM(x) + gaﬁAu(x) + 0(a%)
R a a°
Aux = /2) = Au(x) - EauAu(X) + gaﬁAu(X) +0(a)
- 1 - i -
9e(p=3) = 1+iagAcs — 53292'4%,3 - 63393/\33 +0(a" .
_)CFisuC
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Continuum limit of Af(x)

@ collecting the terms up to &°
AT(x) = 2ia?g (9, Au(x) — ig[Acs, Ad]) + O(a%).
@ at the end of the gauge fixing process, we will have
D AL(X) — ig[Aca, As] = 0 + O(&?).

@ A(x) = —Af(x) has the correct continuum limit
@ no linear corrections in the lattice spacing a
@ gauge fixing process will be monitored by

0

=yyheT [A(X)AT(X)}

@ in the Landau gauge we usually demand 6 < 1015 pcrisuc
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Typical gauge fixing run
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Center invariance

@ F is invariant under the particular center transformation
DY Y _j4
g(n) = & e g (0ot )

@ it is periodic modulo a center element

i2m

g(n+ Lyd) = €5 g(n)
@ Fisinvariant, and U9 still maximizes F

@ note that the Polyakov loop changes: P, — eFi5 Py
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Plotting (A3(0), A3(0)) — below

643 x 8, T=243 MeV

After rotation
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Plotting (A3(0), A3(0)) — above T,

643 x 6, T=324 MeV

After rotation
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Predictions for the symmetric phase

e in the continuum: 3(gA3(x)) = 4 that becomes
(agA3(x)) = 3

van Egmond, Reinosa, Phys.Rev.D 109 (2024) 3, 036002

van Egmond, Reinosa, Phys.Rev.D 106 (2022) 7, 074005
@ on the lattice: (agA3(x)) = —2sin (e%)
@ this can also be studied through the link average:

Us) i
(det (Us(x)))72 ~

ES
>
~Pe

D CFisuc

Paulo Silva QuantFunc2024, Valencia



Features of center-symmetric Landau gauge

Results
Gluon propagator

Histograms of A3(x) for one lattice configuration
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Link average - below T,
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Link average - above T,
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Simulating near 7, — standar
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Simulating near 7, — center-symmetric Landau gauge
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Gluon propagator

@ for color indices 3 and 8, the propagator decomposition
becomes the same as in the standard Landau gauge

Dﬁﬁ(a) = 5ab (PZVDT(q47 a) + PﬁyDL(CMv a))

2 . ~
Di#(q) = V<Tr [Ai(Q)A,T(Q)} > =% (PiiTDT + P,%DL>
2 ~ X~
Dfa) = +(Tr[A@AL@)] ) = 8 (PLuDT + PED")
@ theoretical prediction: D33 = D88 in the symmetric phase
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Longitudinal gluon propagator — below 7.

643 x 8, T=243 MeV
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Transverse gluon propagator — below 7,

643 x 8, T=243 MeV
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Longitudinal gluon propagator — 0 CTs, below T,
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Longitudinal gluon propagator — 1 CTs, below T,
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Longitudinal gluon propagator — 2 CTs, below T,
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Transverse gluon propagator — 0 CTs, below T,
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Transverse gluon propagator — 1 CTs, below T,
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Transverse gluon propagator — 2 CTs, below T,
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Longitudinal gluon propagator — above 7.

643 x 6, T=324 MeV
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Transverse gluon propagator — above T,

643 x 6, T=324 MeV
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Longitudinal gluon propagator — 1 CTs, above T,
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Transverse gluon propagator — 0 CTs, above T,
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Transverse gluon propagator — 1 CTs, above T,
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Transverse gluon propagator — 2 CTs, above T,
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Conclusions and Outlook

@ Center-symmetric Landau gauge
o l|attice implementation — first results

@ Main continuum properties seem to hold on the lattice
° Bg(A})
e D* = D® in the symmetric phase

@ Outlook:

@ increase statistics

other temperatures

higher-order correlation functions
SU(2)

dynamical configurations
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