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Outline

o Spontaneous chiral symmetry breaking;

o Dirac spectrum...

p=4.30, 7=260MeV, L=32 (2 4fm)
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Chiral symmetry breaking
in the hadron masses

* Based on the 2pt correlator .
Cy(t,T) = ) Tr[(T'S(0.0; ¥, HOIS(X, £; 0.,0))]

in the Euclidean space, the ground state

mass with given interpolation field g1 ¢,
can be defined by:

mp = — lim log :
ar—o  C(t+a,l)

10"\ » The spontaneous chiral symmetry breaking
102 | makes
L, |
103 | = =
~= 10 mao = My # I/I’ly5 — mﬂ,
-4 — —
10 — — .
mal m}’s Vi # m}’i mp
lO'5 ‘ ‘ ‘ ‘ e —
2 4 6 8 10 12 14 16 t e But the correlators seem to be closer at
smaller t...

M. Denissenya, et al., PRD91(2015)034505, 1410.8751



Chiral symmetry breaking
in the correlators

 Based on the 2pt correlator

— 8 — . . . :
s . e Cy(|x],T) = Tr[(T'S(0; )I'S(x; 0))] in
= the Euclidean space, the renormalized
;\g 6 quark mass can be defined by:
S
e Cy([x], 11ys)
= o mMS. (1/]x]) = 4 [— mPae;
S 4 | . s CVS(|x], 1/y5) ™
> ®
8 =]
o D e Then we have
A
% 1. mIS (/| x]) = mIS,(1/]x]), Co(|x]. 1) = Cy(|x],7s), i
00 02 04 06 08 1 12 14 lx]> 1 GeV,
1/1xl [GeV]
2. mM(1/|x|) # mMS,(1/|x]), Cy(|x|. D) = Cy(Ix],75), If
1/|x| < 1 GeV.

M. Tomii, et al., PRD99(2019)014515, 1811.11238



Chiral symmetry breaking
in the vertex correction under the Landau gauge

|  Under the Landau gauge, we can
@ _ efine the vertex correction at given
08 - = A off-shell scale as:
& v
0.6 - 2 - 740) = 2,0) ‘
3 T TI(S(p)) L (S(p) . T S(p)) . (S(p))-1] eV
0.4% "y
Zo/la, 0.084 TIMm —a—

0.2 4 zszi, 0.084 fm —o—  Then we have

ad & Zo/Zg, 0.114 fm

omEs o 6 & T | Aen OTTRIM Z.# Zp, Z, % Z,, if 0 is small.
0 1 2 3 4 5
2 (GeV)  And we can see z,=z_! approaches

zero when g — o.



Chiral symmetry breaking
dynamical quark mass under the Landau gauge

mHi(a, m,) (GeV)
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YBY, yQCD, Lattice2019 001, 2003.12914

L. Chang et.al., PRD104(2021)094509, 2105.06596

e |f we define the mass renormalization

~1
constant through m* Q) = Iw) | lo=y/=57
Z,(0)

then we have z,0)z,(0) = 1 for arbitrary
quark mass and scale, and then a non-
zero “dynamical mass” will appear in the
renormalized quark mass

R ) — b
m, (a,m;; Q) = Z,m;*"*(a,m,).

* |t is an important feature in the DSE
approach to understand the IR physics of

QCD.

 But where does the feature come from?



Chiral symmetry breaking

dynamical quark mass and trace anomaly

m''q v.S. <gimgy+cFeg> (GeV) e |f we com pare mff(a, m,; Q) = me}]’are(a, m,)
0.5, I . , . Vi
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g oo G:V with (g |mypy ng | g), they are
ol 0.025 GeV —x¢—
0004 GaVf somehow close to each other at
0.3 : large 0.
02 + = : :
Aa - But it would not be a well-defined
0.1+ X% — A a - comparison and requires further
) e S —L a— investigation.
0 1 2 3 4 S
Q (GeV) * | et us consider the problem In

another way, through the Dirac
spectrum...

YBY, yQCD, Lattice2019 001, 2003.12914




Outline

O Spontaneous chiral symmetry breaking;

© Dirac spectrum...
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Dirac spectrum

and Ginsburg-Wilson fermion

* The overlap fermion operator satisfies the Ginsburg-Wilson,

a
}/SD oV +D ovl5 = ;D ovySD oV

e |t can be rewritten Iinto

Dov 75 + }/SDOV = — 755 (Dov _ )}’5 + }/S(Dov _ ) =0
p 2p 2p

* Thus the chiral fermion operator satisfying y.p.= - Dy, can be

defined thlr)ough the overlap fermion operator:

ov

1
| = 5-D,,

D, .+m, = +m,, D,, = p(1 +7s€,,(p)) .

- D has infinite eigenvalue (for the case with non-zero

topological charge) and then is not well-defined, but :

D.+m,

IS finite with non-zero m,.
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Dirac spectrum
and chiral symmetry breaking

* The non-zero and finite e
eigenvalues of the overlap f
fermion are all paired, s
Dy =1y, D,ysv = — 1A ysv 0 h .
» Thusif | A.|has a lower band E
4o => m,, then 05 L
1 1 Ve & N m, Ys L % ' I '
“Dotm, Dotm " a3 I D.+m, : ' ovetapromen
05 0 05 1 15 2 25 3 35

* and then the chiral symmetry Re())
restores In such a case.



Dirac spectrum

0() (GeV®), T=0 MeV

Small and large A region
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Dirac spectrum
with hard cutoff at small eigenvalues
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If we put a hard cutoff 4, at small 4, then one would expect that the chiral
condensate “vanishes”, and chiral symmetry “restores” with a “spin symmetry”.



Dirac spectrum
with hard cutoff at small eigenvalues

» \We define the subtracted

ZplZg (a, mg; Q ~0.15 GeV) propagator as |
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gi FooC 00000  And then the subtracted vertex
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* One can see that the chiral
symmetry restores after the low
mode with 4 < 10m, are subtracteaq.
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YBY, yQCD, Lattice2019 001, 2003.12914




Dirac spectrum
with hard cutoff at small eigenvalues

mf(a, m_; Q ~ 0.15 GeV) (GeV) ° §imilar feature appears ,i,n the
0.5 — , , — - dynamical quark mass”, when we
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Dirac spectrum
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PRD83(2010), 074501,
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* The p(A) will be suppressed at

small A when L¢and/or Ly = 1/T

Is small enough (7 here
corresponds the temperature):

1 .
1. Li<— <L, €E-regime;

b/

2. L;< 1 < L., finite temperature
mﬂ'
regime.
* The chiral symmetry breaking are

also suppressed in these two
cases.



Dirac spectrum

PP correlator

SS correlator
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The result suggests that the
chiral symmetry is restored In
the €-regime;

C2,P — Cz,s» Cz,v — C2,A'

The effective mass of “the
vector meson” would be also
small In such a case.



Dirac spectrum

. e at high temperature
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Dirac spectrum
at high temperature
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Outline

O Spontaneous chiral symmetry breaking;

O Dirac spectrum...
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Dirac spectrum

12

10

above the cross-over temperature
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e The p(A1) at T ~ 205 MeV has
residual values at small A, as

* |t corresponds to the axial anomaly
iIn two-point correlation functions of
light scalar and pseudoscalar

mesons,

d*x(C, p(x) — C, 4(x)) £ 0, @

confidence level above 95%.



Dirac spectrum
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effective dimension of eigenvectors

J+(4)

, 1
f) = ), min{v]()v,0, ),

xevVv

vj (v, (x) =1

xevVv

:
--b——-—-—'J’— .—1l-
o

—t+—1—1— i - W
! 2 L--. | . - T—V— +—t
1 CamEIS 1 o L
: 4

| Horvath, et al., Entropy 22(2020) 1273, 1807.03995

| Horvath, et al., 2205.11520

 Comparing to the eigenvalue, the
eigenvector includes more
informations.

« One can define the function /.. to
understand the effective dimension of

the eigenvectors, as f. of a low
dimension mode decreases when the
dimensionless volume is larger:

fila) o< a*=v, fi(lLg) o LIRT

* dUV — dIR — 3, when T: ()



Dirac spectrum
effective dimension of eigenvectors

0.6° e - N;=0,T=2331 MeV.
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Dirac spectrum

effective dimension of eigenvectors
J+(Lg) o LgIR_3
A= OMev A=2-aMeV - Ny = 241, T=1235 MeV,m_ = 135 MeV.

, e dir = 3 for the eigenvector with 4 = 0 and 4 > 300 MeV.
N " « dig = 1 for the case with 4 € [30,190] MeV.
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Dirac spectrum
Spacial distribution of given eigenvector
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Summary

* The spontaneous chiral symmetry breaking has been observed in kinds of the
lattice QCD calculations.

|t directly relates to the low lying eigen modes of the Dirac operator spectrum
In the Euclidean space, and chiral symmetry shall restore when those eigen
modes are removed or suppressed.

 Above the cross over temperature, the effective dimension of the spacial

distribution of the eigenvector with A € [30,190] MeV are smaller than 3;

and the zero mode would be the combination of the extended mode and
poles.



