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I nt ro d u Ct i O n ( 1 ) G.S. Bali Phys. Rept. 343, 1-136 (2001)

RS o
0 Quark confinement follows from the area | o ”
law of the Wilson loop average [Wilson,1974] £ °f
O Dual superconductivity is promising - il
mechanism. [Y.Nambu (1974). G.’t Hooft, (1975).  «b— o . . |
S.Mandelstam(1976), A.M. Polyakov (1975)]

O To establish this picture, we must show evidences of the dual
version of the superconductivity.

c.f. center vortex (in the maximal center gage) [Greensite |
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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

» Meissner effect: Abrikosov string hadron string (chromo-electric flux
(magnetic flux tube) connecting tube) connecting quark and antiquark
monopole and anti-monopole > Linear potential between quarks

» Linear potential between monopoles

m ) <Electro- magnetic duality> q
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Extracting relevant mode for confinement

Abelian projection method Decomposition method
Extracting the relevant mode as the [a new formulation on a lattice]
diagonal (Abelian) part in the maximal | gxtracting the relevant mode V for
Abelian (MA) gauge. U=XV quark confinement by solving the

— SU(2) 2 U(1) defining equation in the gauge
— SU(3) 2 U(1)xu(1) independent way (gauge-invariant way).
Problems:

The result depends on the gauge fixing of

, =» The Abelian projection method can
the Yang-Mills theory.

o be reformulated by using the
The gauge fixing breaks (global) color decomposition method in the gauge

symmetry. invariant way.
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A new formulation of Yang-Mills theory (on a lattice)
[Phys.Rept. 579 (2015) 1-226]

Decomposition of SU(N) gauge links For SU(N) YM gauge link, there are

sever al possible options of decomposition discriminated by its stability

groups:

O SU(2) Yang-Mills link variables: unique U(1)CSU(2)

O SU(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

Abelian Dual superconductivity

OAbelian projection in MA gauge ::
SU(3) = U(1)xU(1) (Maximal torus)

Perfect Abelian dominance in string
tension[Sakumichi-Suganuma ]

O Decomposition method

*Maximal option of a new formulation
[ours]

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

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
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Dual Superconductivity in SU(3) Yang-Mills (11)

O In the series of workshop, we have studied the minimal option.

Because the non-Abelain Stokes theorem shows that Wilson loop of Yang-
Mills field in the fundamental representation can be rewritten by using the
restricted field V which is decomposed as new variables (U = XV)

O Ordinary, Abelian picture (maximal option) has been studied.

O Both can derive dual superconductivity picture such as V-field or Abelian
dominance in string tension.

Then, following questions come up:
» Whether these two are qualitatively different or not.
» Which picture Is a better effective theory for QCD

B Therefore, we investigate the dual Meissner effect in both options at
zero and finite temperature
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2. Gauge-link decomposition and extract the relevant modes for confinement
» Minmal Option
» Maximal Option



minimal option: The decomposition of SU(3) link variable

[1 Y

X, X+u)eC

Wc[U] = Tr|: P

:|/Tr(1)

Ux,. hx

M-YM

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

/ Xred uction

[T Ve

X X+u)eC

Wc[V] = Tr[ P

1/Tr(1)

Yang-Mills
theory @
sUR) Uz, SU®)pmo Vx Rxu

<equipo|lent>

‘WC (U] =

const.Wc[V] 1|




Minimal option: Defining equation for the decomposition

Introducing a color field hy = £(A8/2)ET € SU(3)/U(2) with & € SU(3), a set of the

defining equation of decomposition Uy,, = Xx,,Vxu 1S given by
Dfl[V]hx — l(V)(,'uh)(_hu - thx,'u) - O,
0 - 3 D, (i
gx = eZMNexp(—ai’hy —i D~ aduy) = 1,
which correspond to the continuum version of the decomposition, A,(X) = V,(X) + X.(X),

D.[Vu()lh(x) = 0,  tr(X,(x)h(x)) = 0.

Exact solution Xup = Lhp(detlo)™gxl Vip = XhuUx, = gulxuUx. (detDy,) ™

(N=3) Lo = (M)_le,ﬂ

Lyy = N® — I%IN + 2 1+(N-2) 1’% (hx + Ux,yhx+,uU§,1y)

+ 4(N — D)hyUy uhys, Ui,

2(N L 2(N

V() = Au(x) — D h0. [he0, A0 1] — g+ 28T 15,h0, hoo,

continuum limit

Xu(x) = %‘”[h(x)&h(x),m(x)n +ig 20D 15, ho, hoo
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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

el = Jlau@lsexn(-ig [ ___asm AL a@hFa V)

= I[du(é:)]z exp(igJszvl (k,Zz) +ig ] szvl U,Nz))

magnetic current k = 6*F = *dF, Zs = 0*OsAl

electric current j = oF), Ns = 60zA! K.-l. Kondo
A = db + dd, Oz = [ d>S*(c(x))6P(x — x(0)) PRD77
k and j are gauge invariant and conserved currents; 6k = oj = 0. 085929(2008)

Note that field strength FL V] is described by V-field in the minimal option.

The lattice version of magnetic monopole current is defined by using plaquette:

@8, = —arg Tr[ (%1 _ ‘/2§ hx>vx,uvx+ﬂ,uv§+v,uv;v],

ku = 27Tn'u = %e‘uvaﬂav®gﬁl
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maximal option:The decomposition of SU(3) link variable

UX"u — XX"uVX"u

1 M-YM
UX,‘u —> U;("u = QXUX,‘HQX-F,U UX,I,u, N3, Ng
Viu = Viu = OxViu Qs SU(3). x [SUB)/(U(L) x U@,
X % o] | S e
Qy € G = SU(N) Yang-Mills TGSV

theory
sUR) Uz, SU®)pmo Vx Rxu

<equipo|lent>

Gauge invariant construction of the Abelian projection to
maximal torus group U(1) x U(1) in MA gauge.




maximal option: Defining equation for the decomposition

By introducing color fields Ny = Ox(13/2)O7, nd = Ox(18/2)Of

e SU)w x [SURB)/(U() x U(1))]e, a set of the defining equation for the
decomposition Uy, = Xy ,Vx, IS given by

DaVING = L (vynf - nfovy,) = 0, k = 3,8)

gx = exp(2rin/N) exp(i ijss aind) = 1

Coressponding to the continuum version of the dexomposition A,(X) = V,(X) + X, (X)
D[V, n®(x) =0, tr(n®x)Xx,(x)) =0, (k= 3,8)

Xep = Khudet(Kx,)¥Bgil, Viu = 9xKx . det(Ky,) 3
where

A 1 A 1
Ry @ = (,/KX,MKi,u) Ky Kl = Ki,y(,/Kx,uK;,u)

3 3 8 8
Ky = 1460 Uy uniuUk s + 608 Uy uiniouUs
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Maximal option

O magnetic monopole

We have two kind of
magnetic monopoles in the
maximal option

Decomposition formula is
rewritten into Abelian

Kx,u

= arg

= arg

1
2

n® = 0,320}, n®

(U

— O, [@uxu 64 oyl A 4

Eluvaﬁa\/@g%

( % 1+ny+ %mx)vx aVxia ﬁvXJrﬁ’ avx,ﬂi|

(%1 — %mx>vx,aVX+aﬂV;+ﬂ’ “V;:5i|

® (18/2)®x 3 ®Ux/,1 - ®XUXu®X+y

3 3 8
+ 60 Uunida + 6ni” U uniy ) Uk

624% oy, A% ]@iw Ul

; . . . 2 2 2 2
projection in Maximal - -
) ugl, O 0
Abelian gauge .
30| 0 fuZ, 0 Ok Ul
0 0 Ouf,
V = diag( i W Ui
Fugil [PURZl 1Puss,
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Reduction condition

*The reduction condition
IS introduced such that
the theory in terms of
new variables is
equipollent to the
original Yang-Mills

theory

*We here introduce the
reduction condition
which is the kinetic term
of adjoint gauge-Higgs
system.

24-30 July 2016

Minimal option:
SUB3)w x [SUBYUQR)], — SUQ3)wms

Determining hy to minimize the reduction function for given Uy,

Frealhi, sy = Ztr{ [Unulno) (D5 [Uxlh) }

Maximal option:
SUGB)o x [SUG)(U() x U(1))]y ~ SUB3)as

Determine N® and N® to minimize the following functional
Z”(HD i )7) + Zer([[outu
X,

n® = 0,(1812)0]

FrooxN®,n®: Uy ]

’T)

n® = 0,(13/2)8;,

Reduction condition for maximal option is rewritten into
the gauge fixing of maximal Abelian gauge
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3. Lattice data

Comparison of TWO picture of dual superconductivity: minimal v.s. maximal at zero
and nonzero temperature

» Static potential
» Chromo flux tube and dual Meissner effect
» Polyakov loop average :: center symmetry breaking in

» confinement/deconfinement phase transition in view of the dual super
conductor
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DUAL SUPERCONDUCTIVITY AT ZERO
TEMPERATUER



String tension

. Zzero temperature

wlk ymT=10 -
Vmin T=10
Vmax T=10 L

Y o=0589 +- (LO36
8 F  Vmin o=04%2 + 00018
Vmax o= 0484 +- 00014

VT, R} = log{ WiT,R})}
Y

1 1 1 1
il 2 4 & &
distanca R

« \We obtain the restricted field (““‘Abelian”) dominance in the string tension

I
10

12

Static potential from Wilson
loop average of YM-field and
two V-fields in minimal and
maximal options

log <W[T=10,R]>vs R

for both the minimal option and the maximal option.
* The string tension is almost same with the both options and YM field
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Measurement of chromo flux:

_ o (r(WLUpLDY g (r(W)tr(Up)) Proposed by Adriano Di Giacomo et.al.
PW = (W) N ar(W)) [Phys.Lett.B236:199,1990]

[Nucl.Phys.B347:441-460,1990]
The field strength by quark and
anti quark can be defined as

tr(U,LWL")

Fu () = | F pw(x) ]L

To know the difference between the

decomposition, /L
we measure the three types of probes and

compare them.

L[UJUpL[U]? :: original YM

= L[Vminl W vImind]-1 ..V field in minimal option
— L [V [max] ]VEmaX] L [V [max] ] -1

.2 V field in maximal option -



Chromo-electric
flux tube

» Chromo flux between quark
and antiquark at midpoint

*Chromo-flux tube i1s observed,
only Ez element has non-
vanishing values in each.

«Comparison of Chromo
flux strength.
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Anatomy of chromo
flux by color field

* In aximal option, there exists
two color fields, n3 and n8.

* Chromo flux can be
decomposed into two parts
by using the color fields.

=>» The data shows that
decomposed chromo fluxes
have almost same amplitude.

0 EZ(n3) : - 3 5 L L] " |
0.003 2 L. 1I5 ela 1Iu 1I2

_ (tr(LVIVRLIVI'We)) — S(tr(Ve)tr(We))

ow (tr(We))
<tr(Vpn§3))tr(ch§3))> + <tr(Vpn§8))tr(ch§8))>
N (tr(We))

Anatarmy chrome flux (V)

0.03

mazimal Ezrﬂ
maximal Ez

maximal Eg
0025 |

Ez =Ez(n3)+Ez(n8)
0015 |

001 |-

0005 |

Ez(n8).
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Induced magnetic
current (monopole)

Induced magnetic current
(monopole) k can be a
order parameter of the dual
Meissner effect.

>

kisa order parameter of
confinement/deconfinement
phase

24-30 July 2016

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

k = 6*F[V] = *dF[V],

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

* the Hodge dual and ¢ the coderivative 0 = *d*,
respectively.

0035

0.03 |

0025 |

002

Q015 |

001

0008

-0.005

COMPanSon magnatc moanoapla cumaint

T
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Wirmax -
A
Y
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T T ]
L/2 L/2
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DUAL SUPERCONDUCTIVITY AT FINITE
TEMPERATUER

L3xT , L=24, T=6 fixed lattice size
Temperature is controlled by a parameter 3 :
B =5.8,5.85,5.9,
5.925, 5.95, 5.975, 6.0, 6.05, 6.1,6.15, 6.2,6.35,6.3,6.4 6.5
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Polyakov loop

Distribution of Polyakov loop values

Pv(X) = tr(Hi\itl V(X,t),4> for restricted field

0.1

0.05

-0.05

-0.1

) = tr(ﬂi\i U(x,t),4> for original Yang-Mills filed

Yang-Mills field
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Yang-Mills b=640 -
b=6.35
: b=6.30
‘ b=6.25
- b=620 o |
b=6.15 =
b=6.10 -
b=6.05 -
) b=5.5975 v
: 5.69%
b=6.90
b=6.85 o
b=6.80 -
0.05 0 0.05 0.1 0.15

0.2

V field minimal option

Tnim: | b=650 -
0s |V minimal b-ea0 . |
s b=6.35
| =
02 1 b=620 © |
=i
01T b=6.05 + |
__ b=5975 -
M e b=5.95
0r A ¥ b=5.925 1
e b=6.90
b=6.85 o
-0.1 b=6.80 B
02} 1
03| 1
02 0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
V field maximal option
‘ . " b=650
03| V maximal b=6.40 -
b=6.35
=
02 b=6.20 o |
b=6.15 o
i b=6.10 - |
0.1 b=6.05 +
b=5975 -
0t e T e
b=6.90
b=6.85 o
011 b=6.80 -
Q
02} 1
03| 1
02 0.1 0 0.1 0.2 0.3 0.4 05 06



PL ave

Polyakov loop average

0.6
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Vmin ® 03
Vmin O o © Y
™ o © 1 0.25 |
° o
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P 02t
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»n
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. a 0
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Polyakov loop average and center symmetry

Polyakov loop average

Polyakov loop susceptibility

Polyakov-loop susceptibility

01

Vmi‘n ‘

Vmin O

YM ¢

° ®

O %00 & &2 & & & & & -

5.8 5.9 6 6.1 6.2 6.3 6.4
beta

Magnitude of Polyakov-loop average is different, but gives the same phase transition
temperature ([3).



static potential (correlation function of Plyakov loops )

V(R/e)

V(R/s)

o N b~ O O© O
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Measurement of
chromo flux at
finite temperature

(r(WLUpL")) 1 (r(W)tr(Up))

pw = 5
(tr(W)) N (W)
Fu () = 2 pw()

tr(U, IWL)

O Using the same operator with that of zero
temperature.

O Size of Wilson loop T-direction = Nt

=>» The source of quark and antiquark are given
by Plyakov loops connecting by Wilson line.

O The three types of probes and compare them.

4 Y
_ O]
q
D@ ¢ | O
L/3 | 2/3*L
O[max]

= L[U]JUpL[U]? :: original YM
— L[VImind ]\ y/Imin]]-1 ..V field in minimal option
= L[Vimad @ vmad]-1 ..V field in maximal option
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Chromo flux
in confining phase

Minimal beta 5.8
0.2 rr

Ex
.. Ey
L
minimal&:
0.15 | Bz
% *
kS ES
0.1 ES
0.05 - x
0 E x
o] 1 2 3 4 5 6 7
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Yang-Mills beta 5.8

0.5 T T .
Ex -+
YM Ey
Ez ———
Ex
0.4 By
* ®
03
02 4
=
01
£
of ‘ . :
0 3 4 5 6 7 8
Maximal beta 5.8
0.2 T
Ex -+
Ey
Ez ———
. Bx
maximal &
0.15 Bz B
0.1 i
®
0.05 ]
E
x
*
o 5 x
1 1 Il 1
0 3 4 5 6 7 8
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Chromo flux
in deconfining phase

0.05 fr T

Minimal beta 6.1

0.04 |

0.03 *

0.02 |

0.01 |

-0.01

002 L L 1

minimal &
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0.02
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Yang-Mills beta 6.1

Maximal beta 6.1

maximal
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Induced magnetic
current (monopole) at

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

k = 6*F[V] = *dF[V],

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

finite temperatu re * the Hodge dual and § the coderivative § = *d*,
respectively.
0.14 | b2s -
B =6.0
.. ] =6.1
o 12} Minimal option = :
d B =6.3
x 01 Y -
o :
3 008f (@ OLE: .
L u L/3 | 2/3*L
@
= 0.06 | .
&
E |
E 0.04 | [ ] 7
o
5
0.02 .
® . g
ol ® o & ° B & o o
0 2 4 6 8 10
. e . . distance y/e
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Summary

O We investigate dual superconductivity applying our new formulation of
Yang-Mills theory on the lattice, i.e., in the minimal and maximal options
as well as Yang-Mills field at finite temperature.

O In both options we have found that

» the restricted field (\/-field) dominance in the string tension, and the string
tension is almost same.

» In confining phase we directory observe the dual Meissner effects. The
Induced magnetic (monopole) currents appear around chromo-electro flux
tube between a pair of quark and antiquark.

» In deconfining phase we find no more the dual Meissner effects, i.e., the
Induced magnetic (monopole) currents become very small or disappears.

» The Polyakov loop averages, which is the conventional order parameter of
confinement/deconfinement phase transition, gives the same critical
temperature with both options and the YM field.
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outlook

*Determination type of the dual superconductor in the maximal option.
By using the minimal option, of type | [Phys.Rev. D87 (2013) 054011].

Investigate the dual Meissner effect phase transition, and determine critical
temperature and order of the phase transition.
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