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9+—DFALAD D order parameter
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Polyakov Loop <P>

Polyakov Loop: P=TrP exp(ijoﬁ A, (X, t)dt)
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HAZILHIRED BN D order parameter :
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DA—DODBEEHIODIGE L.
N4 LR FAEL well-defined T,
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NAZILFREIL BB (2R 4L, well-defined TIXZARLY.
<gg>+ well-defined 7 order parameter Tld7%<% 5.



QCDﬁﬁﬁzmr (Deconfinement & Chiral Restoration) 0) — 2
~BACIAD ENATILRFREDEN EDBEEEZRIZ

H?QCDn'I'Ed)ﬂ F. Karsch, Lect. Notes Phys. (2002)
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Fig. 2. Deconfinement and chiral symmetry restoration m 2-favour QCD: Shown
1= (L) (left), which 15 the order parameter for deconfinement m the pure gauge
limit (mg — o), and (1) (right), which is the order parameter for chiral sym-
metry breaking m the chiral it (m; — 0). Also shown are the corresponding
susceptibilities as a function of the coupling 3 = 6/g°.



QCD#EE5x#% ;8 & (Deconfinement & Chiral Restoration)
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Y. Aoki, Z. Fodor, S.D. Katz,
K.K. Szabo, PLB643 (2006)
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QCD#EE5x#% ;8 & (Deconfinement & Chiral Restoration)
~ Adjoint fermion MI5E D IEEALIAS & AT ILIHERFE DI —E

Adjoint fermion (AZ5—H'BEHRIR) DIHE DR FQCDETHE

“Deconfinement and chiral symmetry restoration in an SU(3) gauge theory
with adjoint fermions”, F. Karsch, M. Lutgemeier, NPB550 (1999).

We analyze the finite temperature phase diagram of QC'D with fermions in the
adjoint representation. The simulations performed with four dynamical Majorana
fermions show that the deconfinement and chiral phase transitions occur at two
distinct temperatures. While the deconfinement transition is first order at Ty we
find evidence for a continuous chiral transition at a higher temperature| T, = 8 T
We observe a rapid change of bulk thermodynamic observables at Ty which reflects
the mcrease m the number of degrees of freedom. However, these show little vari-
ation at T, where the fermion condensate vanishes. We also analyze the potential
between static fundamental and adjoint charges in all three phases and extract the

corresponding screening masses above Ty. Umm... It is not QCD...

QCD(EARBEDITILIAL) TOHA5ILIBER: B
Tc=Td (FEFACAHHEEBEIFIFRL) |

Adjoint fermion MIHZE DHAZILHEERTE
Tc = 8Td
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Important Role of Monopoles to Nonperturbative QCD

QCDI&, ZEDFEZETIE FALAHEFIC
BELEHAENRHHMHELIZKL Monopole

Monopole part

/ projection
MA gauge fixing @

monopole MDA T FALAH A
HAZILRFRED B FEHTH N A
|:> ARV EBR:
Monopole Dominance
QCD QCD In %
MA gauge Photon
projection
DI R3—RKITRAE 0T
monopole DHFEMNHERA Photon part
CHEBEMNNPQCDIZEE monopole ZEYRR<E

QEDLRIHRICEBAGEZR




Stack-Neiman-Wensley PRD (1994)

Hodge Decomposition in Maximally Abelian Gauge
— Monopole part (including only monopole) : Linear Confinement potential
Photon part (after removing monopole) : Coulomb potential (QED-like)

SU(3) Lattice QCDO&EHHHI (3=6.0, 16%) H.S, N. Sakumichi et al. (2008)
Veall) o

Quark-antiquark potential
Abelian part (k, j,)
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AAZ IV FMED B RN EE/R—ILDOFEREE (F8FQCD)

O. Miyamura, PLB (1995) : First Lattice QCD Study to reveal
Important role of Monopoles to Chiral Symmetry Breaking (CSB)
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LA S JEFAC:AHHH
Fig. 4. (a) |{TIG(D.C')}| for ma = 0.005 in the SU(2) field
(cross), in the U(1) field (open circle), its singular (filled circle)
and regular (triangle) components on a 16% x 4 lattice. (b) Same
for ma = 0.01.
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H.S., O. Miyamura, et al., (1995-1997).

Hodge Decomposition in Maximally Abelian Gauge
— Monopole part (including only monopole) : Instantons (almost same)
Photon part (after removing monopole) : No Instantons
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QCD&ENA T IV EeHEE D it BR 1%
Banks-Casher E§{& =

= lim lim 7z( p(0)),

> =|(qq)| =

Mm—0V —wo

p(A) = \%<Z S(A— ﬂk)> :QCD TA43vIREFOERERE

QCD TFA4SV/IBREFO Y OEEEEBE = hM45/LEHE

U

HAZILFRE B FRIIEEAIZRE9 5 essential mode [&

Low-lying @ 745949
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& The non-zero spectrum is symmetric due to {7/5, D} =0
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HWFQCDIZHITDTAIVVERFOEFE—F
D = -3 71U, (03, ~U_, (03, ]| BF LTOFASVIRETF

y

DR[U]n) =i, |n)| - T45voBHIE T45voEHRE

> D Ulwa (V) =idw, (X)| F45vsEAES ,00=(xn)

BFQCDIZHEIT5T1+3vIEEHEKXD explicit form

2_1(fjlzyff[uﬂ(x)wn (x+2)=U_, (0w, (x= 2] =14y, (X)

F—oE

v, (X) >V (X)y, (X)

(m[n) = _[d Xy (Y, (X) = S,y :normalization
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R DT —O X FEZ explicit [CERDT=6HIZ

“operator formalism”Z#Fl\5

-Link-variable operator Lj XL TDITHERTEERT 5

(X|U,]y) =V, (05,

-Wilson Loop operator W ZEFROIL—T
IZiBof-ARTHO U, DRTERT S:

N sDIL—T
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k=1



Wilson Loop operator @ Functional Trace [&
BEDIILIIL—T DEZEEFFE (W) [THBIT S

L
*Wilson Loop operator: W =] U, =U,U

Hy o M ML

Wilson Loop operator @ Functional Trace :

Trw = trZX:<x X) = trz< X)
=tr > (x U J Xy )+ (X,

U U
I XL

H H3
=try (xU

2 L-1
=tr) U, (U, (x+)U, (x+ > )Y, (X X )

:<W>-Tr1

,Ul ,Uz /UL
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U

HL

X (%2 U, [ X3 ){X; X,)
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. 2 L1 .
><X+,ul‘Uﬂ | X+ 2 g ) ( X+ X |U
’ k=1 k=1 :

Tr : functional trace I SU(3) color index [Zx9 5 trace




Link-variable operator ®745v%-E—FTDITHIER:
U, [n)=>{mx)}(xJ | x+a)x+a|n)=> "y (U, (), (x+ A)
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cf Wilson Loop operator @ Functional Trace (&
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FIG. 2: The lattice QCD result of the quark condensate
(Gq)a;r as the function of the current quark mass m in

the presence of IR cut Ajr = 0.5,1.0,1.5[a™']. The ver-
tical axis is normalized by the original value of (Gq) with-
~ 002 for m.~5 MeV out cut. A large reduction is found as (gq)a;g /{(gq) ~ 0.02

q for Ajr = 0.5a7! ~ 0.4GeV around the physical region of
m =~ 0.006a~" ~ 5MeV.
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FIG. 8: The left figures show the intermediate(IM)-cut Dirac spectral density pr(A): the IM Dirac modes of 0.5 — 0.8[a"']
(top), 0.8=1.0[a"'] (middle), and 1.0—1.2[a"'] {bottom) are cut. The central figures show the IM-cut Wilson loop TeW ¥ (R, T')
{circle) after removing the IM Dirac modes, plotted against B % T. For each case, the slope parameter ¥ is almost the same
as that of the original Wilson loop (square). The right figure shows the corresponding IM-cut inter-quark potential {circle),
which is almost unchanged from the original one {square), apart from an irrelevant constant.
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C. Gattringer, Phys. Rev. Lett. 97, 032003 (2006),
“Linking confinement to spectral properties of the Dirac operator”.
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N T14ov7BHE(BRNEREY)
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“Relation between chiral symmetry breaking and confinement
In YM-theories”.
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“Unbreaking chiral symmetry”.

L.Ya Glozman, C.B.Lang and M.Schrock, Phys. Rev. D86, 014507 (2012),
“Symmetries of hadrons after unbreaking the chiral symmetry”.
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Summary and Concluding Remarks
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Important role of Monopole to Chiral Sym Breaking (Lattice QCD)

O. Miyamura, PLB (1995) : First Lattice QCD Study
to reveal Important role of Monopole to Chiral Sym Breaking

Polyakov loop Quark Condensate
|<TrG(0,0)>|
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Fig. 3. Polvakov loop in the SU(2) field (cross), in the (1) field Fig. 4. (8) |{TrG(0,0))| for ma = 0.005 in the SU(2) field

(open circle), its singular (filled circle) and regular (triangle) (cross), in the U(1) field (open circle), its singular (filled circle)

components on a 16° X 4 lattice. and regular (triangle) components on a 16* x 4 lattice. (b) Same
for ma=0.01.

Monopole part (including only monopole) : Chiral sym breaking
Photon part (after removing monopole) : Chial Symmetric



In the previous work, we studied IR/UV-Gluon Contribution to
the Ground-State Potential or Confinement.

A. Yamamoto and H.S., PRL 101, 241601 (2008); PRD79, 054504 (20009).
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As a remarkable fact, the string tension is almost
unchanged even after cutting off the
high-momentum gluon component above 1.5GeV.



Fourier expansion and Gauge invariance

The previous method is based on the Fourier expansion.

The Fourier expansion is based on eigen-state of momentum operator.
Because of the commutable nature of [p*, p¥] =0,

all the momentum p* can be simultaneously diagonalized.

This is one of the strong merits of the Fourier expansion.

The Fourier expansion is very useful and keeps Lorentz covariance,
but it does not keep gauge invariance in gauge theories.

Therefore, for the use of the Fourier expansion in QCD, one has to
select a suitable gauge such as the Landau gauge, where the
gauge-field fluctuation is strongly suppressed in Euclidean QCD.

Next, we consider Gauge-Invariant Method, using a gauge-invariant
expansion in QCD instead of the Fourier expansion.




Gauge-invariant expansion in QCD

We consider a generalization of the Fourier expansion or
an alternative expansion with keeping the gauge symmetry.

A straight generalization is to use covariant derivative operator D
instead of derivative operator o *.

However, due to non-commutable nature of [D#, D] # O, we cannot
diagonalize all the covariant derivative D* simultaneously, but

only one of them can be diagonalized.

For example, the expansion by the eigen-state of D, keeps gauge
covariance and is rather interesting, but this type of the expansion
iInevitably breaks Lorentz covariance.

Then, we consider the Dirac operator y*D* and D? = D+D¥,
since the expansion with the eigen-states keeps both
gauge symmetry and Lorentz covariance.

In particular, the Dirac-mode expansion is rather interesting because
it directly connects with Chiral Sym Breaking and Topological Charge.




Gauge-Invariant Formalism with Dirac-mode Expansion

We mainly consider manifestly Gauge-Invariant new method
using Dirac-mode expansion to examine relevant modes for

each QCD phenomenon.

New Formalism !

Here, Dirac operator D=y"D, is directly related to
Chiral Symmetry Breaking, via Banks-Casher relation,
and its zero modes are directly related to Topological charge,

via Atiyah-Singer Index theorem.




Atiyah-Singer Index Theorem
Index(D) =Q
Q= 922 J‘d“xTrGWé“‘V cZ :Topological charge in QCD

167
Index(DD) = dim(ker(D)) —dim(co ker(D)) =v, —v, :index of [D

Ve :Right-/Left- handed zero-mode number of [D

Zero-mode number asymmetry of Dirac operator
IS equal to Topological charge (instanton number) in QCD

¢ The non-zero spectrum is symmetric due to {7/5, D} =0

DWn — iﬂ'an — ID(7/5l//n) — _iﬂ‘n (7/5l//n)



