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‘ ‘ ( Lattice QCD)

Center (SUN)) = Zy = e?™Nx n=12,..,N-1

Lattice & continuum theory

. _ Direct Maximal Center Gauge U!f - 7(2) = Sign[TrUG] xI={-11} x1
vortices H

(DMCG)
v 9

Indirect Maximal Center Gauge ‘ Abelian gauge fixing + Abelian projection SU(N) - [U(1)]¥~?
(IMCG)

P"'°'“°°‘ ‘ ‘ center gauge fixing + center projection [UDINF > Zy
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U = Z(2) = sign[cosO(x, )] x I




Lattice & continuum theory

) : G(x)
X Upo i U, (x) = e!94u™ € SU(N,) U, () — UE ()
Wolx) -;r 1) [ .
T miswe Ug () = 1+ iag [G(x)Aﬂ QNGRS G(x)aﬂGT(x)] + 0(a?) = 9945

In limit a = 0; A (x) = G(x)A,(x)GT(x) —éG(x)auGT(x)

1. G(x) =M(x) € SU(N,) is an Abelian gauge; [ Al (x) = M(x)Au(x)MT(x) — éM(x)auMT(x) ]

2. G(x) = N(x) e SU(N,) is a center gauge; AV (x) = N(x)A,(x)NT(x) — éN(x)auNT(x)
C W) - Ww¥() =Nx)W(C)NT(x + ap)
| w@=1+0@ |
v

WN(C) =IN(xX)NT(x + ap) = Z(k)]




Lattice & continuum theory K-I. Kondo, S. Kato, A. Shibata, T. Shinohara, Quark confinement. arXive: 1409.1599v3 [hep-th] 1
C C
ideal Vortex —»/ 2 i
==~ " "=, Thinvortex = —N(x)d,NT(x) + ideal vortex
' é- Thin Vortex —>\_)_.) g :
C ¢

AV (x) = N(x)A,(xNT (x) — éN(x)aﬂNT(x) — AN (x) = N(x)A,(x)NT(x) — Thin vortex + ideal vortex — ideal vortex

. [
[ALN (x) = N(x)A,(x)NT(x) — Thin vortex ] forx ¢ X Thin vortex = EN (x)9, Nt (x)
. . ] M(x) N(x)
3. If M(x) is an Abelian gauge & N(x) a Center gauge: U,(x) — UM — UM

UMM = N()M(x)e'®94uMT (x + ap)NT (x + a) = 1+ iag (N(x) lM(x)Au(x)MT(x) — éM(x)auMT(x)

NT(x) — éN(x)a#NT(x)> + O(az) — eiagAgM

In limit a - 0: AﬁM(x) = N(x) [M(x)A#(x)MT(x) — éM(x)OﬂMT(x)] NT(x) — éN(x)auNT(x)

[A,’JNM (x) = N(x) [M(x)Au (OMT(x) — éM(x)aﬂMT(x)] NT(x) — Thin vortex]




Lattice & continuum theory

1 - - . - - - - -
[ = _ETT(FIW'FMV) With local SU(N,) symmetry Fp = 0,A, — 0,A, +ig [AM,AV] € SU(N,)

Regular system: F. = i[l’j D,] A A iR
P Where, D, =0, +ig4,
1. . 1 . . R L.
” |D,.D,] = 7 104, 0,] + 0,4, — 0,4, +ig|A,. A)]
S 1. = 1 .~ 4
Singular system: Fyy = ig 1D, D] - ig 0,., 0, ]
v

Topological defects

G(x) € -S‘U(Nc)> ﬁuv - ﬁlﬁ, = G(x)(ﬁlw)GT(x)

Gauge Transformation

26 (a4 76 A G\ 4 i [76 7614 L A A4t v' Abelian Gauge G(x)=M (x)
[ ES = (0,45 — 0,A5) + ig|A ,Av]+gG(x)[6w 0y |G (x) ESU(NC)] v Center Gauge G(x)=N(x)

- - - - - l A A
[ ENM = (9,ANM — 0,ANM) + ig[ANM, ANM] + EN(x)M(x) [0, 0, |MT(X)NT(x) € SU(N,) ]

i e




The direct method of identifying vortices in SU(2)

aroral o BO Lyw-aea)  FOD a(x) € [0,2m)

Step 1: Center gauge fixing G(x) = ,Bz(x) l_ ,32( . € SU(2) B(x) € [0,m]
_ —E[y(x) a(0)] ¢ e 2V ta()] A

— ; y(x) € [0,27)

[ if G(x)= N(x)€ SU(2)isaCenter gauge transformation ]

@
a(x) =y(x) = ) <
N(x,,t =e)NT(x,, t = —€) = Z(2) > N = (e _(p) with ¢ € [0,2m)

t=0ison X B(x) =0

0 e "2

=0 . :
> N(¢ = €)NT(p = 2mr — €) = —I € Non — trivial center element Z(2)<p—> ideal vortex contribution

. o 1 1
> Thinvortex = B, = EN(x)auNT(x) = Eauq) T3 = ETS Away from X

-

— e 1
AN.T = N(x)(A,.T)NT(x) — Thin vortex = A} (cosep T* — singpT?) + A2(sing T + cospT?) + <Aﬁ 5 M(p) T3

_ 1 ~ (0 0 2m
Magnetic flux &/ = [ dX. Asm‘gular = —EIPC&P(P-( ‘gg B (p) =——T3

cosp sing 0
iy = RTY(N)é, = <—sin<p cosQ O) és, R"1 € S0(3)
0 0 1




N S > S o [ A A
Step 1: Center gauge fixing EN = (0,4 —a,4N) +ig[4N, AN] + EN(x)[au, 0y [NT(x)

The direct method of identifying vortices in SU(2)

. [vortex on z — axis with @flux — _ 273 ]
Elinear = (g AN —9,41N) = (9,AL — 8,AL)7; + (9,42 — 0,A2)7, + (9,43 — 0,43 )k g

11 11 A~ 21 21 1
—g| AL — ,,LQO—AHEMO iy +g Avga,u(p_Aug [ 0]<p

g

Ehitinear = jg[ AN AIN] = —g(A243 — A3 A7, — g(A3 AL — ALAS )R, — g(ALAZ — A2AL)k

-+ <All (p—Alla (p)ﬁ - <A216 (p—AZla <p>ﬁ
9 vg u ptg 14 1 9 vg u ug 14 2

Yy
S o i A 1 —~
F;v‘”gul“" = EN(x)[ ,0,|NT(x) =+ (5 |9, av](p> k
l X
N _ i Cbili Ssingular
Fuv — Fubnear + Fu ilinear + Fuv

[anti vortex on z — axis with ®/lux = + T3 ] y

Center projection




The direct method of identifying vortices in SU(2)

Step 2: Center projection

FSP = Flinearyphilinear — (g AL — 9, AL, — g(A2A3 — A3 A2)f,
+(0,42 — 0,42)7, — g(A3AL — AL A3,
+(0,4% — 0,A3)k — g(ALAZ — A2A3)k
+(8,B, — 9,8, )k Cp
SU((2) — SU(2)/Z, = SO(3)

l

1—= —
Lep=—Fiy-Fiy I1,(SO(3)) = Z,
1 2
= Locp — 4 (aqu - avBu)

g 1
) (A111A12/ o AﬁA},)(aﬂBv a avBu) ) (auAi - avAft)(aqu a avBu)




The indirect method of identifying vortices in SU(2)

sarra@]  FO Lyw-aea) ) a(x) € [0,2m)

Step 1: Abelian gauge fixing G(x) = ,Bz(x) l_ ,6’2( O € SU(2) B(x) € [0, ]
_ —E[y(x) a(0)] ¢ e 2V ta()] A

- > y(x) € [0,2m)

[ if G(x)= M(x) € SU(2)isan Abelian gauge transformation ]

0 . 0
. _ _ — —i9 ¢ip —
PM = M(x)PMT(x) = ZM(x)( cos6 sin@e“"’) M7 (x) “ =0 8» M 1(1 0 ) thus M = 2 T
2 sinfe'?  —cos6O (x) = — 2\0 -1 B . 0 0
4 ¢ —e'? sin— CoS—
' 2 2
- - l
M (1Y — Fra) _ 2 T .
Ay () = M)A, ()M (x) gM(x)auM (x) singular _ M( )3, M) = 1 ( [1—cos6]0,¢ [io,6 + sinHaﬂfp]e“w)
= ——M(x xX) =
‘ ‘ # g 29 \[- 0,6 + szn@@ucp]e“p —[1 - cosbB]d, @
Regular Term Singular Term ,
o 616,00 = 1 — cos6 09, @ = sin@ 36 1
COSTIWP = sing SV O® = sing : T
r =0 - Monopole 6 = m — Dirac — string
— 21 (1 — cosO 0 2m 0=m 4m
flux — singular _ - . 3 fl _ " "m3
(o) deX. A, Zg( 0 —(1- cos@)) — (1 = coSOT° ep DIWX = T
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The indirect method of identifying vortices in SU(2)

Step 2: Abelian projection S S S Sy L cr a
P o) EM.T = (0,4 —0,4)) + ig|AM, AY] + EM[GH,GV]M* € SU(2)

((Rtneary® = 0,(A)° - 0,(A)’} + {(qula’") —< M, a]w)} + {(ppitmeary® = ig [(AM)", (A1)}
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The indirect method of identifying vortices in SU(2)

Step 3: center gauge fixing

ANM T = N(x) [M(x)/TMMT(x) - éM(x)aﬂMT(x)] NT(x) — Thin vortex

;

AP 513
AM A, = (AT
i = ei% 0 1
AN T = N(x)A,NT(x) — Thinvortex N = ° Thin vortex = 7 L, T3
0 e 2
- - 1
AMM.T = [A}Lsinecosgo + Ajsinfsing + A cost — Ecoséaﬂgol T3
1 1 1 r =0 - Monopole
——cos0——{ = ——cosH@uq)——(l—cosH)a <p——6
g rsiné g 0 = 0,7 - line vortex
S g 21 (1 — 2T 2T 2T
q)ﬂuxzde.Azmgularz_(l cos6 0 )__(1 0 ): “(1-cosh) ——} T3
c 29 0 —(1—cosB)) 2g\0 -1 g g
Monopole  vortex
o=0 ofur—_Tq3 ot
g Dirac string
6=m oflux — en T3
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€] | The indirect method of identifying vortices in SU(2)
Step 4: center projection 13”1\{}‘4 = (aH/WM — av,éfl{\[M) +ig [ﬁﬁ“,ﬁﬂ“] + éN(x)M(x) [3w 0, |MT(x)NT(x)
Zero

F_)”bvilinear. T = ig {(/TIIYM)Z(/TyM)g _ (A),IYM)B(/TyM)Z} T1 + ig {(A)/,AL]M)3(A>5M)1 _ (/T;IYM)l(/TyM)B} T2 4 ig {(A’ﬁ/M)l([—ﬂyM)z _ (A);IYM)Z(/TgM)l} T3
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Z Z
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ENY = {F“"“‘“(a ANM oA} + FS”‘g”lar:éNOc)M(x)[éu,év]M*(x)NT(ﬂ}
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5 —I— - cp i A Y
y y 1 2
= Locp = 7 (0uEy — 0y Ey)
X

1
—E(GMA3 0,A3)(0,E, — 0,E,) + -
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Fixing to maximal abelian gauge, the field strength tends to line up mainly (but not
entirely) in the diagonal (xc?) color direction

Upon abelian projection, the regions interpolating between +0° and —6? emerge as
“monopoles.” Their location is gauge (and Gribov copy) dependent.

AND VORTICES 2139

—

SU(2) chains SU(3) nets

Fig. 2. The monopole—vortex chains and the monopole-
vortex nets in SU(2) and SU(3) gauge theories, respec-
tively.

naive Coulomb-like distribution of the magnetic fields
around the monopole [22]. Each monopole is a source
of two vortex fluxes which must be connected to other
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{a)
Figure 3: lllustration of the connection between Dirac string (a) and center vortex (b} (see

text)

which is the background gauge fixing with the thin vortex a{dX) figuring as
background field.




Conclusions

» Inspired by DMCG and IMCG methods that identified vortices in lattice
calculations and using connection formalism, we show that in both methods
under a singular center gauge fixing, vortices appear in QCD vacuum in the
continuum theory.

» In the direct method, we show that under the singular center gauge fixing,
vortex and anti-vortex appear in the gauge theory. Then by removing the term
that represents the anti-vortex, namely defining the center projection, we show
that the SU(2) gauge theory is reduced to a theory involving the vortex.

» In the indirect method, in addition to the center gauge fixing and center
projection, an intermediate step called Abelian gauge fixing and then Abelian
projection is used. In fact, in the indirect method, we will not have single
vortices but a chain that includes monopoles and vortices.




