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Instantons and chiral symmetry breaking

The spontaneous breaking of chiral symmetry causes interesting phenomena in the low
energy of QCD [Nambu and Goldstone].

Once chiral symmetry spontaneously breaks, a massless pion, which is the NG
(Nambu-Goldstone) boson, appears, and the chiral condensate, which is an order
parameter of chiral symmetry breaking, obtains non-zero values.

The quarks obtain small masses from the non-zero values of the chiral condensate.

The pion decay constant is defined as the strength of the coupling constant between
the NG boson and the axial-vector current.

The pion obtains mass by supposing a partially conserved axial current (PCAC)
[Weinberg].

These phenomena are well explained by models concerning the instanton [Belavi,
Dyakonov, and Shuryak].

The models demonstrate that the chiral condensate and the pion decay constant are
estimated from the instanton vacuum and that instantons induce the breaking of the
chiral symmetry [Dyakonov].



Our research results

* We add the monopole and anti-monopole into the QCD vacuum of the quenched
SU(3)) by applying the monopole creation operator [Bonati, and et al. (2012)] and
generate the configurations.

* We then calculate the eigenvalues and eigenvectors of the overlap Dirac operator using
these configurations.

* We investigate the monopole and instanton effects on chiral symmetry breaking and
hadrons.

* We have demonstrated the following results by increasing the number density of the
instantons and anti-instantons [JHEP 09 (2020) 113].

1) The chiral condensate decreases.

2) The light quark masses ((u+d)/2, s) become heavy.

3) The masses and decay constants of Pion and Kaon increase.

4) The lifetime of charged Pion becomes shorter than the experiment.

Lastly, we found the quantitative relations among the number density of the instantons

and anti-instantons and these observables.
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Purpose of research

* To show indications that the effects of magnetic monopoles and instantons can
be detected by experiments to reveal the existence of magnetic monopoles and
instantons.

* First, we demonstrate by conducting simulations of lattice QCD:

the monopoles in the low energy of QCD induce the chiral symmetry breaking
through instantons.

* Now, we investigate the effects of the finite lattice volume and discretization on the
numerical results and evaluate the interpolated results at the continuum limit.

1) Finite lattice volume effects: 3 = 6.000, V = 144, 143X28, 163X32.
2) Discretization effects and interpolation:
V = 9.868 [fm?], B = 5.8426, 5.9256, 6.000, 6.05217, 6.1366.
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Monopole creation operator

The monopole creation operator i = exp (—fAS) ¢ The shifted plaquette action

acts on the vacuum.

The plaquette action S is shifted S — S + AS
; the pair of static Abelian monopole and its
anti-monopole are created [PRD 85 (2012)

065001].

We use the same creation operator as
[PRD 91 (2015) 054512].

These additional monopoles and ant-

monopoles produce the instantons and anti-

instantons.
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Simulation parameters

We generate the SU(3) normal configurations and configurations adding
the pair of monopole and anti-monopole as follows:

« The magnetic charge of the monopole m_ (positive) are from 0 to 6 and anti-monopole
-m_ (negative) are from 0 to -6. The magnetic charge m_indicates both are added. The
electric charge g is added.

* The distances between monopole and anti-monopole are about 1.1 [fm)].

* We perform standard Monte Carlo simulations in which the gauge links are updated
using the heat bath and over-relaxation methods.

« We set the scale of the lattice B a |fm] |4 m, Nconf
INPB622 (2002) 328]. 5.8457 0.1242 123%x24 | 0-4 | 1.0x10% ~ 1.2 x 10°
, 5.9256 0.1065 143%28 | 0-5 8% 10% ~ 9 x 102
* The eigenvalues and 6.0000 | 9.3150x10~2 | 14% | 04 | 2.0x10° ~ 2.1 x 10°
eigenvectors of overlap T3%98 1 04 | 17x10° =~ 1.8 x 107
Dirac operators are computed. 165<32 | 0-5 35102 ~ 9 % 102
6.0522 | 8.5274x10°2 | 183%32 | 0-6 8% 102
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Zero modes and mstantons

Fermion zero modes in the eigenvalues.

The number of zero modes of the positive chirality is n..
The number of zero modes of the negative chirality isn . ©

The exact zero modes A, _ are |Azero| < 0(107°%).

We suppose that the Atiyah-Singer index theorem.

¥ B = 0.02(0.10),
2/dof—10

The number of instantons of the positive charge is n..
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V/r

The number of ant-instantons of the negative charge is n .

We have shown that the number of instantons and anti-
instantons N, can be calculated from the average square of the

topological charges Q? [PRD 91 (2015) 054512]:
Nr=(Q%*, Q=n; —n_

2
Topological susceptibility is y = <?/ >‘
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* Instanton (anti-
instanton) density
Arg  Nrrg
2 2V
=8.09(17) x 10~ % [GeV?]
* E. V. Shuryak
[NPB 203 (1982) 93]:

n. =8 x107% [GeV'] 7




Monopoles and instantons

The quantitative relation between monopoles 2-2— p-60000 E
F HEv-=-14* =
and instantons. 18F AV-14x28 E
. ) ) 1.6 Wv=16%32 =
* We fit the following function. _taE 3
NI:AmC+B <1'21: ] A ? :
- om |re icion‘ | . 0'8; _i
20:_ *Eloriatl conf _: 0'6;_ _;
18— Vv Additional monopoles — 0.4c E
e E N 6 8 0 12
. ] V [fm?]
Z 4 B T A I R 3
B ] 2.2 vy Vo _95582 [fm] E
t2p B 2 @B=58457,V=12"x24 =
10F & B 1.8 MB=59256,V =14°x 28 =
co7 ] 16iv3=6.0000,v=163x32 E
8 - 1'4; B=6.0522,V = 18°x 32 E
T2 SO - <Z_1.21;_ v + + E
* The monopole of a magnetic charge +1 and the anti-  os- =
monopole of a magnetic charge -1 makes one ok E
instanton or one anti-instanton [PRD 91 (2015) 054512]. o2 t—ttt—ob— i oo oie
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Making predictions

We make the predictions to demonstrate that <« Prediction of the chiral condensate:
the chiral condensate decreases and the decay

1 1
. 3 PreN 2
constant increases. (D) Pre — 1 (WNC) : (NI )2

* Instanton vacuum . 0 N13.2 V
[Diakonov and Petrov, JTEP 62 (1985) 204]. N;i"™ =m.+ N; .

_ 1 /7N, 3 N 2 * Prediction of the decay constant at
(yah) = =3 (13_2) (7) = —(272.7 [MeV])”.  the chiral limit:
= % i Pre\ a
* The inverse of the average size of instanton 777 — L <2m‘1) (WNC) (NI ) _
INPB 203 (1982) 93]: Ma \ P 13.2 4
° —_ = 3 -
1_ — 6.00 x 102 [MeV]. Form_=0 (V = 18°x32):
P _ FPre = 8519 [MeV]
* Gell-Mann-Oakes-Renner (GMOR) relation: ] ]
2 * Chiral perturbation theory
n (M )
() = — lim = —(27475° [MeV])®. [EPJC 33 (2004) 543]:
mg— Mg
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Operators and correlation functions

e Quark propagator: e Scalar: Og = 14 (1 — iD) (1)

e \"%5% of massive Dirac operator: e Scalar density*

Aznass — ( . a’;:;]) A’L _|_mq CSS At Z Z OS OS mljt+At)>

:r:l 332 t

Light quark masses e Pseudoscalar density:

. L My, +Mmyg

e Pion: Myad = T Cps(At Z Z OPS CUQ, )OPS(x17t+ At))
T &, t

o K . s + Mayd o

AON: Mgy d = 9 e Correlation function [PRD 69 (2004) 074502]:
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Fitting to the correlations

« We compute the correlations C__ .. and aC,,,. B =6.0522,V = 18% x 32
* The mass range of the bar quark is I ""‘n'h‘:"s"""' o |
amqg = 30 — 150 [MeV]. "Samam,=2.16x107 (50 [MeV)) "
« We determine two parameters a*G,_ ..andam,_,, _ | '-_ _-'
. . . ©
by fitting the following function: 3 " S
B a*Gps_ss mps T § 2| -
Cps_ss(t) = pr— exp (_TT) cosh [mps (5 — t)] L 10 : :
* We set the fitting range so that the fitting result of I ]
x2/d.o.f. becomes approximately 1. g | | | | | N
_ _ o 5 10 15 20 25 30
* We then calculate chiral condensate, light quark Ata

masses, meson masses, and decay constants

using the fitting results a*G,_ .. and am,. Fitting result:

x2/d.o.f. = 0.6 (FR At/a = 9-23).

PS-SS
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Matching with experiments

Determining the normalization factors by matching o.0s
the numerical results with the experimental results (o7

of Pion and Kaon [NPB 489 (1997) 427, PRD 64 (2001) 114508]. .06

[JHEP 09 (2020) 113]
it St

Normal conf

« Fitting function: aFps = a~ ' A(ampg)® + aB. 0.05
* Making two functions: L 0.04

-

-
-

- =

e Pion: Ezp. 0.03F
92.277
— Ezp. Ezxzp. __ — 0.02
s =G ames, O = T8 o T 139570
e Kaon: . 0.017 | | p=0062,V =1 18° < 52
F” 110.11 00tz 01
_ ~Ezp. Exp. - 0 0.02 0.04 0 06 0.08 0.1
aFps = C™"amps, Cy \/—mEmP ~ 193.677 (am,o)°
« Calculating the intersections between these functions Normajlgllzatlon fa}Ectors:
(normal conf). g 2P om 197(2)
e Pion: (aFJg, amhbg) = (3.13(6),4.74(8) x 1072). T V2FR,  mbg
o Kaon: (aFE,, am’s) = (3.80(10),0.171(4)). A i
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Instanton effects on chiral condensate

The chiral condensate is derived using the Y YT E L B L

Vpoys = 9.8682 [fm?]
. (vlere |
A Interpolated (gy)"™

slope aA® of the PCAC relation and the decay
constant F 2.

_ Zx 2(Z aFpg)? < .
B = — lim Zrmes)(ZraFps) !
ammg—0 2a’mqZ =
A2) E I
= — S (@R, (F = ZeFb). o
The renormalized chiral condensate into the - | | | | | |
MS-bar scheme at 2 [GeV]: 2o 008 038 0.04 0042 0.044 0.046 0.048 0.05
Pp) 2 = byt ? GV
WYars 072076( " Fitting results: £

The interE)oIaZted numerical result is ) A, = 0.484(6) [GeV], x2/d.o.f. = 1.0/6.0.
<¢¢)m (2 [GeV]) = —(269(2) [MeV])”, Aire = 0.5070 [GeV]

The fitting curve: (yn)) = —A (&) : * Inverse of the average size of the instanton:

% 1 ,
= 5.72(6) x 10 [MeV]. 13
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Instanton effects on m_

* From the PCAC relation, the pion (and kaon) masses increase in direct proportion to the
one-fourth root of the number density of the instantons and anti-instantons.

* Making the predictions about the pion (and kaon) masses using the experimental results
and the ratio (R”"—‘)”2

175 BERRZEEERSeasss s e e = .
1553—Dmﬁre .‘mﬁre | 165 ®m:” = Pre: A=0.697853(4),
160 ¥ m, = ,_160;— A Interpolated m_ = 5 ;=

= 155E 1 Siss £ x?/d.o.f. = 0/5.

£ 145- - E 1455 = x2/d.o.f. = 1/6.
1;‘; E 1‘312— ] 16%32: A= 0.705(6),
130 My = Afrmrp‘l = 130f | | ‘mﬁ - Amﬂfpél 3 x?/d.o.f. = 1/6.

190 195 200 205 210 315 20 225 230 235 195 200 205 210 215 220 525 Int.: A = 0.695(3),
p? [MeV] p; [MeV] x%/d.o.f. = 1.1/6.0.

* The fitting results agree with the predictions.

* The pion (and kaon) masses increase in direct proportion to the one-fourth root of

the number density of the instantons and anti-instantons.
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Instanton effects on F_

* We have confirmed that the formula in the quenched chiral perturbation theory holds.

* The decay constants of the pion (and kaon) are in direct proportion to the one-fourth
root of the number density of the instantons and anti-instantons.

115_""|""|"" LENLENLEL L L L L L L L L L L B L 115,' LENELENLE I L L L R L L T L T LI
- B =6.0000 - 110: phys = 98682 [fm'] - | Fitting results
110Ey _ 142 16 - -
F e e ; il 1| Pre: A= 0.46140(17),
105 n n ] 105( A Interpolated F_
= h VFs 1> F x?/d.o.f. = 0/5.
%1005 e %1002— 14328: A = 0.458(4),
o5t e x2/d.of. = 1/6.
i E 5 16%32: A = 0.466(4)
90 1 90 1 :
g F.=Apr. p% 1 C F.=Ap 4
85:..|...|........|..|7.r..|...|7rp E 85:.‘.‘|.‘..|.H.|‘.‘.|‘..‘| 7”0 ¥x?/d.o.f. = 1/6.
790 195 200 205 210 215 220 225 230 235 f95 200 205 210 215 220 205 Int.: A = 0.460(2),
p [MeV] p; [MeV] x?/d.o.f. = 1/6.

* The fitting results are consistent with the predictions.

* The decay constants of the pion (and kaon) increase in direct proportion to the one-

fourth root of the number density of the instantons and anti-instantons.
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Catalytic effects on the charged pion

* One charged pion decays to a lepton (an electron or a muon) and a neutrino as

follows: 77 = 1T 4+, 7= =1 + 7

XI1 I06I T ‘ T T T T | T T T T T T T T T T T T T T T T T ><|1 Q_lg T | T T T T T T T T T T T T | T T T T | T T T T ‘ T
120 Vonys = 98682 [fm'] - 30F Vs = 9.8682 [fm*]
E L] rrre E C @ e ]
100F - - —
— 00: A Interpolated T : B 25: A Interpolated E
8 %% E g 20¢ -
L4 60; _] e E E
: ] 15 —
40 . : :
20l X?/d.of.=05 ] 100 x%d.of.=0.3 B
T T TS T ST Y SN B L L1 L1 L1 L1 L1 L1 | 4

195 200 205 210 215 220 225 195 500 205 210 215 20 225

| il
py MeV] p? [MeV]

* The decay width becomes wider by increasing the number density of the instantons and
anti-instantons. The lifetime becomes shorter by increasing the number density of the

instantons and anti-instantons.
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Instanton effects on Eta-prime

. 1300~
* Eta-prime mass [NPB 628 (2002) 234, S A
PRD 64 (2002) 114501] . LT et E
* The hairpin diagram of the pseudoscalar E_ﬂso- A :
density. £ 1100" Pe: o =
FZ 1050" il 1
al Vi —0 — A 4
QNF m’l’i |mu—0 1000*1.‘:‘..‘|.Hm..m | | | | pI B
1 190 195 200 205 210 215 220 225 230 235
[t (§Trbs D s D ) e
1 ! . - phys = ¥+ m’] g
* Witten-Veneziano relation: 1250 g E
12003_ A Interpolated m. 3
m2, — 2Np z F
T T2 X = 11900 i
n € 1100f =
* The eta-prime mass increases in direct 1050f = AT
proportion to the one-fourth root of the 1000—........7_”[.){.—
number density of the instantons and anti- 190 195 200 205,210 215 220 225 230

p? [MeV]

x?/d.o.f. =0.7/6.0, A" =5.32(3)
APre = 5.309(2)

instantons (preliminary result).

29 July 2021 M. Hasegawa Instanton effects 17



Conclusions

« The monopole with magnetic charge m_= 1 and the anti-monopole with magnetic
charge m_= -1 produce one instanton or one anti-instanton.

* The values of the chiral condensate decrease in direct proportion to the square root of
the number density of the instantons and anti-instantons.

* The mass and decay constant of the pion (and kaon) increase in direct proportion to the
one-fourth root of the number density of the instantons and anti-instantons.

* The decay width of the charged pion becomes wider than the experiment by increasing
the number density of the instantons and anti-instantons.

* The lifetime of the charged pion becomes shorter than the experiment by increasing the
number density of the instantons and anti-instantons.

* The eta-prime mass increases in direct proportion to the one-fourth root of the number
density of the instantons and anti-instantons (preliminary result).

These are the monopole and instanton effects in QCD.

M. Hasegawa 18



Acknowledgments

* | perform calculations using the supercomputer system SQUID, SX-series,
PC-clusters, and XC40 at the Research Center for Nuclear Physics and
Cybermedia Center at the Osaka University and the Yukawa Institute for
Theoretical Physics at the Kyoto University. | use the storage element of the

Japan Lattice Data Grid at the RCNP.

| appreciate the computer resources and technical supports which these
facilities provided.

M. Hasegawa

19



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19

