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Intoroduction In SU(3) Source: Bali(2000)
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O Quark confinement follows from the area law of the s0 [ 20t o
Wilson loop average [Wilson,1974] 2T Qif
i

O Dual superconductivity is promising mechanism. [Y.Nambu
(1974). G.’t Hooft, (1975). S.Mandelstam(1976), A.M.

Polyakov (1975)]

VD{ri'E.E)rD

O To establish this picture, we must show evidences of the dual
version of the superconductivity in various situations

» For Wilson loops in the various representations

« confinement/deconfinement phase transition at finite
temperature
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Dual superconductivity

Superconductor (condensed

matter) Dual superconductor (QCD)
» Condensation of electric charges » Condensation of magnetic monopoles
(Cooper pairs) » Dual Meissner effect: formation of a hadron
: _ : . string (chromo-electric flux tube) connecting
(magnetic flux tUb_e) connecting > Linear potential between quark and anti-
monopole and anti-monopole quark

» Linear potential between monopoles

m — < electro-magnetic duality > q

2022/9/21 BIG D8 FimE £ DA



Extracting relevant mode for confinement

Abelian projection method Decomposition method

Extracting the relevant mode as the diagonal | [a new formulation on a lattice]
(Abelian) part in the maximal Abelian (MA) ' £y racting the relevant mode V for quark

gauge. U=XV confinement in the gauge independent way
* SUR) > Udd) (gauge-invariant way) by solving the gauge-
* SUE) 2 U[)xU() covariant defining equation
Problems: > The Abelian projection method can be
v’ The results of Abelian projection method reformulated by using the decomposition
depends on the gauge fixing of the Yang-Mills method in the gauge invariant way.
theory.
v'The gauge fixing breaks (global) color
ymmetry > For Wilson loops in arbi i
+Only for Wilson loop in the fundamental or Wilson loops in arbitrary representations
representation. [PRD 100, 014505 (2019)]
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Gauge-covariant Decomposition (fundamental representations)

Decomposition of SU(N) gauge links: [Phys.Rept. 579 (2015) 1-226]

For SU(N) YM gauge link, there are sever al possible options of decomposition
discriminated by its stability groups:

OSU(2) Yang-Mills link variables: Unique U(1) CSU(2)
OSU(3) Yang-Mills link variables: Two options

minimal option : U(2)=SU(2) X U(1) CSU(3)

Minimal case is derived for the Wilson loop, defined for quark in the fundamental representation, which
follows from the non-Abelian Stokes’ theorem

maximal option : U(1) X U(1) CSU(3)
Maximal case is a gauge invariant version of Abelian projection in the maximal Abelian (MA)
gauge. (the maximal torus group)
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Dual Superconductivity in SU(3) Yang-Mills theory

Abelian Dual superconductivity
OAbelian projection in MA gauge ::
SU3) = U(1)xU(1) (Maximal torus)

Perfect Abelian dominance in string
tension[Sakumichi-Suganuma ]

CIDecomposition method
*Maximal option of a new formulation [ours]

Cho-Faddev-Niemi-Shavanov decomposition
[N Cundy, Y.M. Cho et.al ]

2022/9/21 BIG D8 FimE £ DA

Non-Abelian Dual superconductivity
O Decomposition method

*Minimal option: (non-Abelian dual
superconductivity) based on the U(2) stability
sub-group.

we have showed in the series works

v'V-field dominance, non-Abalian magnetic
monopole dominance in string tension

v" chromo-flux tube and dual Meissner effect,

v"confinement/deconfinement phase transition in
terms of dual Meissner effect at finite temperature



Gauge-covariant decomposition (minimal option)

WlU] = Tr|:P I UA~,y:|/Tr(1)

(e x+u)eC

/ T

U_x,‘u - UX,[J - QxU_x”uQx+u
T

Vig = Vx,u = Qe Vi u Qe
/ ole
Xx,u - Xx,u - QxXx,,uQA';

4

Usp = XapVxp

Qx € G: SU(N)

WelV] = Tr[P |1 Vx,,,i|/Tr(1)

(e x el
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Us.. hy

M-YM

SU(3), x [SUR)U2)],

/' \reduction |

Yang-Mills :
ey Yang-Mills

su@3) Uz, SU(3) g0 VXt R

<equipo||en’>
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Minimal option: Defining equation for the decomposition

Introducing a color field hy = E(A8/2)ET € SU(3)/U(2) with & € SU(3), a set of the
defining equation of decomposition Uy, = Xx,Vx,. is given by

DZ[V]hx = %(Vx,yhx_hu - thx,y) = O,
. 3 '
gx = e MNexp(-ai’hy —i D~ adud’) = 1,
which correspond to the continuum version of the decomposition, A,(X) = V,(X) + X.(X),

D.[V.()]h(x) = 0,  tr(xX,(x)hx)) = 0.

i ~ ~ / ~ ~ ~1/
(Esa;t)solutlon Xyw = Lhp(detly )N gxl Vi = XiuUx = gxlxuUyx (detly, )
= R 1
Cip = (,/LX,#L}Z,#> Lys

2 —
L = NZ=2N 2244 (n—2) N2 4y, ., UL

+ 4(N — 1)hyUyx yhy Ui,

V00 = A0 — 28F B h0, Theo, Ac001] — 97 28T (8,000, ho ),

Xu(x) = 282 M0, [h), Aw0]1] + igt 28 (8,0, ho].
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Minimal option: Non-Abelian magnetic monopole

For Wilson loop in the fundamental representation

From the non-Abelian Stokes theorem and the Hodge decomposition, the

magnetic monopole is derived without using the Abelian projection

WclA]

Jidu@sexp(-ig [ s [Nl uh) 7o) )

= .'[du(é)]z em(t'g,/ Nj\;l (k.Zx) +ig ] Nj\;l U,Nz))

magnetic current k = 0*F = *dF, Zs = 6*OsAl
electric current j := OF), Nz = 0OzA !
A = ds + dd, Oz = jz d2S* (6(x))8P(x — x(0))

k and j are gauge invariant and conserved currents; 0k = oj = 0.

K.-l. Kondo
PRD77
085929(2008)

Note that field strength F1 V] is described by V-field in the minimal option.
The lattice version of magnetic monopole current is defined by using plaguette:

@38, = —arg Tr[ (%1 _ %hx)vx,uvw,uv;ﬂ,#viy],

Ku = 27Ny = $€wapdyOF,



Gauge-covariant decomposition (maximal option)

Uxu — Xx,Hqu M-YM User 13, Na

Uxp = Uly = QU Qe SU@)o x [SUGY(UQ) x U],
VX,# . V;w _ QXVX,HQLH / \&reduction }
Xip = X =| QxXxuQx Ya[‘r?e'(')\f;”s Yang-Mills
3 € G = SUN) sUB) Uzpi U@ Vo Kxa
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maximal option: Defining equation for the decomposition

By introducing color fields Ny’ = 0,(13/2)01, n®® = @4(18/2)0®"
e SU3)» x [SUB)/(U(1) x U(1))]s, a set of the defining equation for the
decomposition Uy, = Xy ,Vx is given by

DaIVIng = Lvy,ndh - nfovi,) = 0, k = 3,8)

_ : : AWy _
gx = exp(2rin/N) exp(i ijg,g a®nd) = 1
Coressponding to the continuum version of the dexomposition A,(X) = V,(X) + X, (X)

DAV, In0() = 0,  tr(n®)X.(0) =0, (k = 3,8)

XX’.U = Rj(u“ det(KX,u)l/Bgil, VX,u = ngx,u det(KX"u)_ll‘?’

where

n -1 R -1
Ry @ = (,/Kx,uKi,u) Ky Kiy = Ki,u(,/Kx,uKi,u)

3 3 8 8
K = 1+ 600Uy uiniuUs + 60Uy iUl
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Maximal option

O magnetic monopole

We have two kind of
magnetic monopoles in the
maximal option

CODecomposition in the
MA gauge

Decomposition formula is
rewritten into Abelian
projection in Maximal
Abelian gauge

Abelian projection in
In the MA gage

2022/9/21

KX,/,L —

V:

= arg

= arg

N = 0(232)0%, n =

J3

(1 m b

(%1 + Ny + Amx)VX,OtVX"‘Ohﬂ\/j('*‘ﬂ’ av;r('ﬂ:|

@X(/’L8/2)®;f( ; ®UX,.U - ®;r(Ux,,u®X+y

(UX# + 6n(3)Uxﬂn§?ﬂ + 6n(8)UX#nx+,l>Ux 1

O, [®UXH+6/13®UXM3 +eAloyf A2 ]@LH Ul

30y

diag( out,

2 2 2 2
uil, O 0
%uZ, 0  |Oxu Uy

@ull ®u22

|PuZ

®133
uX’lJ )
®133

| U5
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Reduction Condition:

 The decomposition is uniquely determined for a given set of link variables Uy,, and color
fields which is given by minimizing the reduction condition.

 The reduction condition is introduced such that the theory in terms of new variables is
equipollent to the original Yang-Mills theory, 1.e., defining an effective gauge-scalar
model whose kinetic term is given by the reduction condition

for given Uy,

uly (DS[UInY) (D[UnY)) | represented MA

v | e—dj=3,8N !

O;U] = < | (DS[U n(g))':'(Dﬁ[(ﬂn(S))- representied n8
XLl | '] ! ! a

| Y (0 [U®) (D [UIn®) | represented n3

XLl N '] L ! .

n®)where n; = ©'H;0, H; Cartan generators, and D$[Un") := Uy, ng;)!, —n! )Ux,ﬂ




Wilson loop operator in the representation R=[m,,m,] for SU(3) case

PRD 100, 014505 (2019)

Written by using decomposed gauge field V (for fundamental representation)

W, mpy[VI(C) = & (tr(VE)r(Ve™) — tr(VE*Ve™))

2022/9/21 BIG D8 FimE £ DA
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Dual superconductivity at zero temperature



Static Potential at zero temperature

VL, T

(a) The fundamental represantation
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(c) The 0,2] representation
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N3 .
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The ristricted field (\-field) dominance for (left) fundamental [0,1] (middle) adjoint [1,1]
(right) [0,2] representations.
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Dual superconductivity at finite temperature

 Plyakov loops and ristriced field at finite temperature
» Distribution of Plyakov loop values
» Plyakov loop average and center symmetry breaking/restoration

 Static potential of quark and antiquark
» correlation function of Plyakov loops
» Wilson loop average

 dual Meissner effect and confiment/deconfinement phase transition
» Appearance/disappearance of chromoelectric flux tube
» Induced magnetic current (monopole)



Polyakov-loop average at the confinement/deconfinement transition

: Nt '
Py (7) = %tr (PH (T(f‘t)_4) , P = % Z P (7).
- *
Py min (’?) = gtr (PH’L'(%}I%_L) 1 P1fm111 — L'—}’ Z P1fm1n )
L
Pvmax (T) = gtl‘ (P t]:i 1?(%1%3{_1) . P'i;ma:-: — L3 Z P‘[fma:-: ._F
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Distribution of space averaged Polyakov loops (R=[0,1

Yang-Mills Minimal Maximal
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Polyakov loop average

(R=[0,1])
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Polyakov loop average
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susceptibility

Polyakov loop susceptibility

Yamg-Mills Minimal Option Maximal Option
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Distribution of space averaged Polyakov loops

Polyakov loop adioint[1,1] [Yang-kills teld)
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Distribution of space averaged Polyakov loops
and averages (R=[0,2]) [preliminary

Polyakov loo [0,2] (Yang-Mills field)

Polyakov loop [0.2] (restricted field) Polyakov loop average : adjoint [1,1] representation
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Static potential of quark and antiquark

Correlation function of Plyakov loop Wilson loop

V(R;U) = -Tlog(PuX)Ps,(¥)), V(R;U) = —Tlog(Wu),
V(R;V) = —-Tlog(PvX)P:{)), V(R;V) = —Tlog(Wy)
(PuPHY))

~ eFall = LeFOm &gle—FU\)/T

2022/9/21 BIG D8 FimE £ DA
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Static quark-antiquark potential from maximally extended Wilson loops
(fundamental representation )
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Static potential rare e e varg e s 1o
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Measurement of chromo flux at finite temperature

Fuv(X) = \%pw(X)

tr(Up,ZWL")

- (r(WOp.)) 1 (rW)Xtr(Ory))
)y N w))
O] = | JUJU,L[U] :: original YM
Olnin] — | [\/[min]]\/ g™ [VImin]]-1 -V field in minimal option
O [max] L:V[m‘?”d]VHWJ‘X]L[V[ma’d]_1 :: V field in maximal option
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chromo flux (zero temperature)

Full Yang-Mills field

color flux: Original Yang-Mills (L/e =8 , z/e =4 )
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Low Temp.

Yang-Mills

Minimal option

maximal option
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- k

Induced magnetic "
(monopole) current . | |
k™ (@) = S€uvas (FAR"(@ +9) — FIg" ()

L

pvap (Fap ™ (z +0) — Fig™(z))

Yang—Mills equation (Maxell equation) fo rrestricted field
V,, the magnetic current (monopole) can be calculated as

k = 8*F[V] = *dF[V],

where F[V] is the field strength of V, d exterior derivative,

* the Hodge dual and 6 the coderivative 6 = *d*,
respectively.
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The magnitude of the induced magnetic currents |k2| around the flux tube.
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Summary

O We have investigated dual superconductivity picture at finite temperature by applying the
decomposition method for SU(3) Yang-Mills theory on the lattice, I.e.,

* The Wilson loop and Polyakov loop in the fundamental representation for the minimal
and maximal option as well as Yang-Mills field.

* The Wilson loop and Polyakov loop in the 6-dimension and adjoint representations.

O We have succeeded even at finite temperature to extract the restricted field (\V-field )
variable from the original Yang-Mills field variable as the dominant mode for confining
quarks, so called the restricted field dominance at finite temperature.

* WWer have found the Polyakov loop average of the restricted field V gives the same
critical temperature Tc as that detected by the Polyakov loop average of the original
gauge field U:

* We have found the restricted field (V -field) dominance in the string tension at finite
temperature. The string tension calculated from the restrict fields reproduce the string
tension calculated from the original Yang-Mills field.



Summary(cont’)

0 Note that the Polyakov loop average cannot be the direct signal of the dual Meissner
effect or magnetic monopole condensation. Therefore, 1t 1s important to find an order
parameter which enables one to detect the dual Meissner effect directly.

=>we have measured the chromo-electric and chromo-magnetic flux for both the original
field and the restricted fields in the two options.

> In the low—temperature confined phase T < Tc, the squeezing of the chromo-electric
flux tube created by a quark-antiquark pair and the associated magnetic-monopole
current induced around the flux tube.

> In the high—temperature deconfined phase T > Tc, the disappearance of the dual
Meissner effect, namely, no more squeezing of he chromo-electric flux tube detected
by non-vanishing component in the chromo-electric flux and the vanishing of the
magnetic-monopole current associated with the chromo-flux tube.
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