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1. Introduction

Chiral symmetry of QCD

phase transition

restoration of chiral symmetry

Some guestions

1. Eigenvalue distribution of Dirac operator

2. Recovery of U(1)_A symmetry at high T ?
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Previous studies on 2 Cohen(96), Theory  Yes |

“Spectral” representation

—/d4 (D(z ———/D | [M - _M - ] /D /d)\pg()\))\zz_'_me

elgenvalue of YD, density of state pc(A) = % Z 0(A = A;(G))

Chiral symmetry restoration p(A) = /D[G]Pm(G)pG()\)

* pc(0) =0 for G

[iGirac] [ e } ~ O(m?) =0, (m—0)

(Ypp) = 2mp(0) =0, m — 0
P, (VG) > 0

0, (m—0) = [ d' (o@o(0) - 3()50)

U(1)4 seems to be restored.




Lee-Hatsuda(96), Theory ~ NO'!
zero mode contributions are important.

2
XU(1)a — O(m ) + A A = 0(1) at Ny = 2: contributions from () = %1

Lattice results

Chandrasekharan et al., (98), KS No ! Bernald, et al. (96), KS No !
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Chiral symmetry is restored.

U(T)a is NOT.



Recent lattice results
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This talk

give constraints on eigenvalue densities of 2-flavor overlap fermions, if chiral

symmetry in QCD is restored at finite temperature.
discuss a behavior of singlet susceptibility using the constraints.

Content

1. Introduction
2. Overlap fermions
3. Constraints on eigenvalue densities

4. Discussions: singlet susceptibility



2. Overlap fermions

Action S =9¢[D—-mF(D)ly, F(D)=1- %D

Ginsparg-Wilson relation D5 + 95D = aDRys D

Eigenvalue spectrum A 4 A = aRAANA

1/Ra |-

A
zero modes(chiral) / doublers(chiral)

y 0

2/Ra

-1/Ra —|—

D(A)vs95 = My o0

=D  D(A)0 = Mo



Propagator

Nt b (z : : NRr+L Np a
Sy =3 [an( )é1,(Y) L On () D), (Y)Y ] S %qﬁk(az)qﬁ};(ywr S R_¢K(x)¢];((y)

fm)\n_m fm)‘n_m k=1 K=1 2
bulk modes(non-chiral) zero modes(chiral) doublers(chiral)
Measure

# of doublers
A
Ra

(Z2 M4 4 mz)

m® "1 " mn
INL >0

P (A) = e~ Sy (L) NeNR (

# of zero modes

2
72 = —(ma)QRI

positive definite and even function of m # 0 for even Ny

N f=2 in this talk.



Ward-Takahashi identities under “chiral” rotation 0%(x)6%(x) = i0%(x)T%5(1 — RaD)
0%(x)0%)(x) = i(x)0%(x)T s,

Integrated operators

P A BT S'(e) = ()T F(D)b()
st e Pia) = P@)TirsF(D)y

scalar

&:1:) pseudo-scalar

5bSa _ 25abPa7 5bPa _ _25abSa
506% = §28Y =2pe. §0pe =45op0 = —29°

chiral rotation at N f=2

If the chiral symmetry Is restored,

. a
[ lim <5 Onl,nz,ng,n4>m — J WT identities

m—0

Oy mamgins = (P2)™ (S92 (P0)" (50)s N=Y"n, ni+ns=odd, n +mny=odd
explicit from

5@

_Onl,ng,ng,n4 — _nlonl—l,ng,ng,n4—|—1 + n20n1,n2—1,n3—|—1,n4 — nBOnl,n2+1,n3—1,n4 + n40n1—|—1,n2,n3,n4—1
2



3. Constraints on eigenvalue densities

Assumption

eigenvalues density can be expanded as
- — A
p” E‘}EHOO—Z5< \M?P\ﬁ) :pr?:% +p1 AL+ -
k=0

More precisely, configurations which can not be expandable are
‘measure zero” in the configuration space.

Method| if f(A): m independent, positive

<f(A)>m — O(mk) 0 <f(A)n>m — O(mk) n: arbitrary integer

DAP,,(A) f(A) m dependence only from P, (A) Z =0(1)

positive



general N(odd) m — ()

N
1
VN<(SO)N>mN}V<< . -1 p > —I—O(V_l)—>0

Ap = %: cut-off
1 Ar QmR
I = — d)\ 0 (N\)go(\? — 1pA
=g | P ) g ey = e+ O(m)
2 A’
Both ,0()4 and NjéJFL are positive. go(A") =1 - AZ mgr =m/Zm

* <,064>m — O(mQ) 1 st constraint

: Npir _ N+1 - NR+L _
Vh—r>noo< V >m—0(m ) * Jm {— m—()

VN for small but non-zero m




2 T = Em SR X = R - S
=0
topological charge
X0 = Ny <miv{2NR+L — NrQ(A)*} + Zlm (”?R + 12) >m Q(A) = Nfy — Nj}
=0
AR
= [t IR =g (14 5
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3

(O2001)m
(—O0003 + 202001 )m

WT identities

— 0, (—=0p201 +201110)m — 0, (Oogo21 + 201110)m = 0
— 0, (Ogo21 — Op201 + O1110)m — 0,

(P )m = == (3
o (QUA)PG )
V—o0 V



(O41000 — Oo004)m — 0,

4 (Oo400 — Ooo40)m — 0,
)

)

N

(O2020 — Op202)m — 0,
(201111 — Op202 + Opo22)m — 0.

~ logm

* lim
V—o0

(O1000 — 302002)m — 0,
(Oo400 — 300220)m — 0,

(O2200 — Ooo22)m — 0,

m> Kt /)0~ Do)t o

(m?)

2nd constraint

3rd constraint




+ result from N=4k (general)

Final results

p
. A . A |)‘|3 4
lim (p™(A))m = lim (p3")m FO(\7)
m—0 m—0 3'
\.
No constraints to higher (p2),,
(p3)m # 0 even for ”free” theory.
g
A
Py )m =0
lim — (N2, ) = 0, lim —(Q(A)?),, = 0
Vgnooﬂ« Rer) Jm =0, Vgnooﬁ@( ) )m =




4. Discussion: Singlet susceptibility

Singlet susceptibility at high T

<Q(A)2>m =0

V;
Iim v" "7 = lim lim
m—0 X m—0V —oo m2V2

Both Cohen and Lee-Hatsuda are inaccurate.

This, however, does not mean U(1)_A symmetry is recovered at high T.

li =0
m0 X

Is necessary but NOT “sufficient” for the recovery of U(1)_A .



More general Singlet WT identities

(J°O +6°0),, = O(m)

anomaly(measure) singlet rotation

We can show for O = O, nynsin, = (P*)™(S%)"2(PY)™2(8%)™

1

lim —(J°0),, = lim <Q<A)2 X

mV

Voo VFE V—o0

0(v0)> =0

m

where k is the smallest integer which makes the V' — oo limit finite.

. . -
P i i (0}, =

Breaking of U(1)_A symmetry is absent for these "bulk quantities”.




