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[Credit: APS/Joan Tycko]

Flux Tubes and Confinement

@ Reaching a detailed understanding of color

confinement is still a central goal for nonperturbative

studies of QCD.

Temperature

@ |[tis known since long that, in lattice numerical

simulations, tubelike structures emerge by

analyzing the chromoelectric fields between static

quarks.

Such tubelike structures naturally lead to a linear

potential between static color charges and,

consequently, to a direct numerical evidence of

color confinement. < -
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Flux Tubes on the lattice

To explore on the lattice the field configurations produced by a static quark-antiquark pair —> connected correlation function (¥)
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The quark-antiquark field strength tensor on the lattice

) for example, if the Wilson Loop lies on the plane ji = 4and U = 1:
A 2 _ conn . A A
. . a <Fl“/>ch p— W, pv . plaquette Upintheplane (i =40 =1) — E,
M ) . plaquette Upintheplane (i = 4.0 =2) — E,
/ L (Schwinger line) . plaquette Upintheplane (ji = 4,0 =3) — E.
‘ SYMMETRY:The color fields takes on the same . plaquette U in the plane (i = 2.0 = 3) — B,
z values at spatial points connected by rotations . plaquette Upin the plane (/i = 3,0 = 1) — B,
q , q around the axis on which the sources are located , . A
. _ A . plaquette Upintheplane (i = 4,0 =2) — B.
Q Results for SU (3) [M. Baker, P. Cea, V. Chelnolov, L.C., F. Cuteri, A. Papa, arXiv:1810.07133, arXiv:1912.04739]
SU(3) Wilson action Measurements at several values of the distance d between the static sources (0.37fm <d < 1.19fm)
Lattice scale: a(8) = roxexp [co + c1(B—6) + c2(8—6)2 + c3(8—6)°]

[S. Necco, R. Sommer, arXiv:hep-lat/0108008] ro = 0.5 fm

co = —1.6804,¢; = —1.7331
Co — 0.7849 s C3 — —0.4428

Smoothing of the gauge configurations: 1HYPt+nAPE3d with 60 <n <120
HYP1t —» (a3 = 1.0, az = 1.0, ag = 0.5) APE — aapg = 0.25

@ Preliminary results for QCD with (2+1) HISQ flavors for SU(3)
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The case of SU(3) pure gauge theory
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[M. Baker, P. Cea, V. Chelnolov, L.C., F. Cuteri, A. Papa, arXiv:1810.07133, arXiv:1912.04739]
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SU(3)

B=6370 d=0.85fm

. [M. Baker, P. Cea, V. Chelnolov, L.C., F. Cuteri, A. Papa, arXiv:1810.07133, arXiv:1912.04739]
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The confining field of the QCD flux tube

@ The chromomagnetic field is everywhere much smaller than the longitudinal
chromoelectric field and is compatible with zero within statistical errors.

@ The dominant component of the chromoelectric field is longitudinal.

@ The transverse components of the chromoelectric field are also smaller than the
longitudinal component but can be matched to the transverse components of

an effective Coulomb-like field EC(7) satisfying the conditions:

1. The transverse component Ey of the chromoelectric field is

identified with the transverse component Eyc of the perturbative
field

C
E)’ Ey

2. The perturbative field E© is irrotational

curl E€ = 0
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The string tension and the width of the chromoelectric flux tube

This determination can be done:
1) by a direct numerical integration
2) analytically, by fitting the numerical data for the transverse

distribution of EJC\IP(xt) to the Clem parameterization of the

field surrounding a magnetic vortex in a superconductor:

¢ p® Ko[(p’zi + o?)1/2]
2T « K, |a]

* We can compute the mean square root width of the flux tube:

E)" (x) =

g [ d?xy 2 B, (x4)
\/ [ d?xy Ex(xy)
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: f=6.240,d = 0.51 fm, x, = 3a
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SU(3)

The string tension The width of the chromoelectric flux tube
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QCD with (2+1) HISQ flavors

preliminary results
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QCD (2+1) HISQ flavors - Lattice setup

/UP;

We want to compute the flux tube = )

operator (as defined for the SU(3) pure / —— o _ (r (WLUPE)) 1 (ur(Up)ir(W)
L (Schwinger line) W, pv (tr(W)) N (tr(W))

gage case): :

Highly Improved Staggered Quark action with tree level improved Symanzik gauge action (HISQ/tree) with 2+1 flavors

Line of constant physics (LCP) determined (*) by fixing the strange quark mass to its physical value m, at each value of the gauge coupling /. The light-quark

mass has been fixed at m; = m /20 (m, = 160 MeV) (*) Bazavov et al (HotQCD Collaboration), PRD 85, 054503 (2012), arXiv:1111.1710

MILC code for producing configurations and for making the measurement of the flux tube operator

Scale setting —> “r; scale”as in Bazavov et al. arXiv:1111.1710)

Smoothing of the gauge configurations: 1 HYP on temporal links + n HYP3d on space links

Configurations at several values of lattice spacing and lattice size:
. 24% B =6.445, a(f) =0.145 fm —— 3330 configurations

. 32% p=7.158, a(p) =0.074 fm — 2029 configurations

. 48% B =6.885, a(f) =0.095 fm —— 779 configurations
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Smoothing of the gauge configurations

The connected correlator py, exhibits large fluctuations at the scale of the lattice spacing, which are responsible for a bad signal-to-noise ratio.
To extract the physical information carried by fluctuations at the physical scale (and, therefore, at large distances in lattice units) we smoothed out

configurations by a smearing procedure. [HYP smearing, A. Hasenfratz, F. Knechtli, PRD D 64 034504 (2001)]

1 HYP smearing on temporal links  +

. 1 ~ ~ ~
Vou = P]COJSU(s)[(l — al)Un,u + ? Z Vn,v;uvn+ﬁ,u;vvvj+ﬂ,u;u] /
TUA
- . (87%)) - _ —
Vio,uw = PrOJSU(3)[(1 — a2)Un,, + 4 Z Vo pnVntp,up VVn—l—[},,p;l/ u] /
+p#v,u S

- (]{3

Vn,u;vp — Pr()jSU(S)[(1 — a3)Un,M T ? Z Un,nUn—I—'ﬁ,uU:;,+[),,n]

En#p,v,u HFommmmmmaaas

The flux tube operator py;,; undergoes a non-trivial renormalization, which depends on x, (the length of the Schwinger line) as

discussed in a recent work [N. Battelli. C. Bonati, arXiv:1903.10463], but the renormalization procedure outlined in
arXiv:1903.10463 is prohibitively demanding from the computational point of view for Wilson loops and Schwinger lines with

linear dimension of the order of 1 fm, where the interesting physics is expected to take place.

*We adopt here the approach to perform smearing on the Monte Carlo ensemble configurations before taking measurements.

Actually smearing behaves as an effective renormalization, effectively pushing the system towards the continuum, where
renormalization effects become negligible. (The a posteriori validation of the smearing procedure is provided by the observation of
continuum scaling: fields obtained in the same physical setup, but at different values of the coupling, are in perfect agreement in the

range of parameters used in the present work)
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Smoothing of the gauge configurations

QCD (2+1) flavors 324 lattice B=7.158 xj=4 (2027 meas)

QCD (2+1) flavors 48 lattice B=6.885 xj=4 (779 meas)
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. 310/
Scallng a(fp) = riF(f) = (0.3106 X F(B)) Tm  F(B) = Coji(i);(cjf((;)()ﬂzzé/ﬁ)ﬁ) ¢y = 44.06, ¢, = 272102, d, = 4281
2

10 2 p 9 1
f(p) =( 0 ) exp( 2()190) N=3n=3 —by=——b

[Bazavov et al (HotQCD Collaboration), PRD 85, 054503 (2012), arXiv:1111.1710]
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The non-perturbative £ _field in the QCD flux tube

ﬂ = 7.158,d = 10a = 0.74 fm 1QCD (2+1) HISQ flavors (1. = 160 MeV)
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The non-perturbative £ _field in the QCD flux tube

ﬁ = 7.158,d = 10a = 0.74 fm |QcCp (2+1) HISQ flavors (7, = 160 MeV)
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Preliminary results for: string tension and width of the flux tube

Vo (NP) = \/ / dzx, P;(Xt) Vw2 (NP) = \/ J d2x¢ xgERTP (x¢)

J d2x¢ ERP (x¢)
- QCD (2+1) HISQ - QCD (2+1) HISQ
"~ flavors - s flavors -
%0.6— — €0'6_ _
. e “a @ CD%
D04 & % — Z 04 o ® % _
0.7 08 i n01§ 1 1.1 0.7 0.3 it nOS 1 1.1
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In progress: systematic study for several distances between
the quark sources

distance between quark sources

in lattice units | in physical units (fm)
5 0.723
@ 244 p=6445 aP)=0.145fm . 7 1.013
8 1.158
10 1.447

distance between quark sources
A in lattice units | in physical units (fm)
Q@ 32°% p=7.158, a(p)=0.074 fm — 10 0.738
13 0.960
14 1.034

distance between quark sources
in lattice units | in physical units (fm)
6 0.570
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BACKUP SLIDES
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The confining field of the QCD flux tube

@ The chromomagnetic field is everywhere much smaller than the longitudinal

B=6370 d=0.85fm

chromoelectric field and is compatible with zero within statistical errors -
L o |
@ The dominant component of the chromoelectric field is longitudinal 0.05 3 - o Cz)ulomb fit to E, 3
@ The transverse components of the chromoelectric field are also smaller than the - e E
longitudinal component but can be matched to the transverse components of an effective — — Coulomb-like content of E_
Coulomb-like field = ] - - E 7
§ L —— Coulomb-like content of E |
C
W E_ evaluated
.f-.: B * O from the curl procedure 7
E“(F) = Q ( i ik ) S 0.025
) = — — —
maX(rl, R0)3 maX(’I"z, R0)3 \'_.‘/ *
=
r—
=
_’15’)7—_@, _’QE’F—’F_Q
To the extent that we can fit the transverse components of the field £ to those of £~ with an
appropriate choice of O:

X, (lattice units)

the confining field of

the QCD flux tube [M. Baker, P. Cea, V. Chelnolov, L.C., F. Cuteri, A. Papa, arXiv:1810.07133, arXiv:1912.04739]
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The confining field of the QCD flux tube: the curl procedure

@ To extract the confining part of the chromoelectric field in the data it is preferable to have a procedure which avoids the use of an explicit

fitting function, and which can work close to the quark sources (¥).

@ In order to separate the field into ‘perturbative’and 'non-perturbative’

components.

1) We identify the transverse component Ey of the field with the transverse component Ef of the perturbative field: Eyc = Ey

2) We impose the condition that the perturbative field is irrotational: curl E€ =0

The irrotational condition on a discrete lattice (on a plaquette):
E; (z,y)+ E (x + 1,y) — Ej (z,y + 1) — E/(x,y) = 0

Solve this equation for £¢

ymax

ES(z,y) = » (By(z,y') — Ey(z + 1,9")) + EJ (%, Ymax + 1)
y'=y

We further assume:  ES (2, Ymax + 1) = 0

(*) Indeed close to the quark sources (two lattice spacings from the sources) for effects due to lattice discretisation and/or non-spherical form of the effective charges the Coulomb fit
procedure does not give a good description of the transverse components of the chromoelectric field.
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The non-perturbative component of the £ _field:

After the estimation of the perturbative longitudinal field £ one can subtract it from the total field £, obtaining the non-perturbative component:

B=6370 d=0.85fm

0.35 -
0.30 -
0.25 -
3
& 0201
T 0.15 -
0.10 -
0.00
—-0.5 0.25 0.05 |
0.0 0.50 )
Xe [fm] 0.5 0.75 X [fm] 06 —-04 —02 0.0 0.2 0.4 0.6
 [f
[M. Baker, P. Cea, V. Chelnolov, L.C., F. Cuteri, A. Papa, arXiv:1810.07133, arXiv:1912.04739] Xelim]
SU(3) Wilson action Scale: a(B) = roxexp [co + c1(B—6) + c2(B—6)% + c3(3—6)3] Smearing: 1 HYP t + n APE 3d

0o = 0.5 fm
co = —1.6804,c; = —1.7331
co = 0.7849,c3 = —0.4428

S. Necco, R. Sommer, arXiv:hep-lat/0108008
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The string tension of the chromoelectric flux tube

B d (fm) \/Tm (GeV) \/@ (GeV) \/070 (GeV) m (GeV)
6.47466 0.37 0.4591(3) 0.4659(3) 0.53426(22) —
6.333 0.45 0.5020(19) 0.5045(20) 0.5313(6) —
6.240 0.51 0.5409(10) 0.5430(10) 0.5340(4) —
6.500 0.54 0.5582(9) 0.5687(10) 0.5410(7) 0.491 (25)
6.539 0.69 0.583(4) 0.596(5) 0.5526(28) 0.468 (4)
6.370 0.85 0.633(16) 0.640(17) 0.528(7) 0.412 (17)
6.299 0.94 0.617(23) 0.620(24) 0.527(11) 0.598 (7)
6.240 1.02 0.75(4) 0.77(4) 0.520(17) 0.616 (7)
6.218 1.06 0.69(4) 0.62(3) 0.482(19) 0.599 (24)
6.136 1.19 0.67(11) 0.67(12) 0.56(5) 0.593 (28)
The width of the chromoelectric flux tube
! d (fm) Wi2nt (fm) Wélem (fm) W%oulomb (fm)
6.47466 0.37 0.31696(6) 0.4795(6) -
6.333 0.45 0.3598(7) 0.477(3) -
6.240 0.51 0.3838(3) 0.4543(9) -
6.500 0.54 0.31716(15) 0.4727(18) 0.313(11)
6.539 0.69 0.3061(5) 0.457(6) 0.3020(23)
6.370 0.85 0.3712(24) 0.497(21) 0.343(16)
6.299 0.94 0.393(5) 0.483(29) 0.384(7)
6.240 1.02 0.448(6) 0.63(5) 0.417(11)
6.218 1.06 0.444(9) 0.56(5) 0.448(21)
6.136 1.19 0.43(7) 0.46(6) 0.51(4)
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Smearing and renormalization

[comparison with N. Battelli, C. Bonati, arXiv:1903:10463]
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