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Topics of my talk

1. Catalytic effects of monopoles in QCD at the zero
temperature

* This project was started with Prof. A. Di Giacomo (Univ. Pisa, Italy)
in 2014.

 Details of computations are in the article, M. H., arXiv:
1807.04808.

2. Catalytic effects of monopoles in QCD in the high
temperature

* We expand the research project at the zero temperature to the
finite temperature.

* We investigate the catalytic effects of monopoles on the phase
transitions of the quark confinement and chiral symmetry breaking.
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Purpose of this research

* In condensed matter physics, a research group makes Dirac
monopole in a Bose-Einstein condensate [M. W. Ray, et al., Nature
505 (2014) 657, Science 348 (2015) 544.].

* In the high energy physics, the experiment to explore the
magnetic monopoles at LHC (MOEDAL experiment) has begun
[B. Acharya, et al., JHEP 08 (2016) 067, PRL 118 (2017) 061801.].

* To give indications to detect monopoles in QCD, we estimate

the effects of monopoles on physical quantities by Lattice QCD
simulations.

* We add monopoles in SU(3) quenched configurations by applying a
monopole creation operator on the QCD vacuum [C. Bonati, et al.,
PRD 85 (2012) 065001, A. Di Giacomo and M. H. PRD 91 (2015) 054512.].

* We use the overlap fermions which preserve the chiral symmetry

In the lattice gauge theory [R. G. Edwards, et al., PRD 61 (2000) 074504; L.
Giusti, et al., JHEP 11 (2003) 023; L. Del Debbio, et al., PRL 94 (2005) 032003;

L. Del Debbio, et al., JHEP 02 (2004) 003].



Catalytic effects of monopoles at

the zero temperature

We show that the catalytic effects of monopoles in QCD as follows
(V =18% x 32, 8 = 6.052) [arXiv: 1807.04808]:

(0) The additional monopoles make instantons.
() The decay constants of the pseudoscalar increase.
(i) The values of the chiral condensate decrease.

(i11)) The masses of the light quarks and the pseudoscalar
Increase.

(iv) The decay width of the charged pion becomes wider and
the lifetime of the charged pion becomes shorter than
experimental results.

These are the catalytic effects of Adriano monopole.

In this presentation, results in the continuum limit are evaluated

by interpolations.
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The monopole creation operator
 What are monopoles? G. ‘t Hooft [NPB 190 (1981) 455]

* The Plaquette gauge action is shifted as follows [C. Bonati, et al.,
PRD 85 (2012) 065001, A. Di Giacomo and M. H. PRD 91 (2015) 054512.]:

S+ AS = Z Re(1 —1I,,,(n))

n,u<v
_ 1 R R
Mio(t,7) = ey Tt i) M; (7 + 1) Ug (t, 71 + i)
x M (7 + )U (t + 1, 7)UJ (¢, 7)]
M;(7t) = exp(+mciA; (7 — #1)) 6
= +/ = : Electric ch
M () = exp(~meiAD (7 — 7)) <g \fﬁ S g)

A? : Abelian monopole (Wu - Yang form) in SU(3)
+m,. : Magnetic charges of the monopole
—m, : Magnetic charges of the anti-monople
m:,=0,1,2,3,4,5
[Y. M. Shnir, text book, “Magnetic Monopoles”.] .



Additional monopoles

 Ref. C. Bonati, et al., PRD 85 * The locations of the monopole

(2012) 065001. and the anti-monopole.
_ 3
Plaquette action V =16" x 32
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Simulation parameters

5] a/rg V V/r§ N

conf
5.778 0.285 10° x 24 158 1.0x10°)

O(
5.846  0.248 129 x24 158 O(1.1x107%)

5.926  0.213 14° x 28 158  0O(9x10?%)
6.000 0.186 143 x28 93  O(1.7x10%)
6.000 0.186 16° x32 158  O(8x10?%)
6.052 0.171 18°x32 158  O(8x10?%)
6.137 0.149 20° x40 158  O(4x10°)

* We add the monopole and anti-monopole with magnetic charges
from O to 5.

* We use an analytic function from [S. Necco, at al. Nucl. Phys.
B622 (2002) 328] and compute the lattice spacing in all of our
simulations (r, = 0.5 [fm]).

* We interpolate results at the continuum limit by the fitting a
linear function or a constant function. 7



Monopole density

 The monopole currents
after the Abelian
projection are defined as
follows:

k() = (n+ i)

* The monopole density is
defined as follows:

ZZW «n)|/a®

’L,u M

[T. DeGrand, et al., PRD 22 (1980)
2478, S. Kitahara, et al. Nucl. Phys. B

)
_e,ul/pa vl/npo'

pm/a’ =

[Gevﬁ

0.13
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0.09
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0.05

533 (1998) 576, M. I. Polikarpov, et al.

Phys. Lett. B 316 (1993) 333, F.
Brandstaeter, et al. Phys. Lett. B 272
(1991) 319, DIK collaboration, Phys
Rev D 70 (2004) 074511]
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Overlap fermions

* The overlap fermions preserve the exact chiral symmetry [P. H.
Ginsparg and K. G. Wilson PRD 25 (1982) 2649; N. Neuberger, PLB 427 (1998)

353].

* We calculate the overlap Dirac operator D(p) from the gauge links
of the configurations (p = 1.4) [L. Giusti, et al., Com. Phys. Comm. 153
(2003) 31, etc].

* We solve the eigenvalue problem D(p)|1;) = Ai|v;) of the massless
overlap Dirac operator by using the subroutine ARPACK.

The massless overlap Dirac operator: D(p) = g{l + vse(Hw (p))}
* The overlap fermions have the exact zero modes n, n_.

* The topological charge Q is defined as follows: Q =n; —n_.

* We suppose that the Atiyah—Singer index theorem.
.+ : The number of instantons of the positive charge.
n_: The number of instantons of the negative charge.



Instanton density

* We never observed the AP — 1536 x 103 [A=1.71(11) x 10}
numbers of zero modes Pre -3 |B = 1.64(3) x 103
of the positive chirality = \ '
and the negative chirality /[d.o.f.=13.7/40
In the same configuration sE = oa6m2 i | -
at the same time. ooopef. L Prediction; Shuryak (NPB203, 1982, 93) -

: A Our prediction .

° The tOtaI number O-f 0-0024; [ Norr)'].al conf _f
instantons and anti- - H Additional monopoles -
instantons N is S 0.00221- . -
calculated from the S 0.002- -
average square of the < ':""0_0018:_ =
topological charges [A. - E
Di Giacomo and M. H. PRD ~ >7'°F"0 -
91 (2015) 054512]: 0.00141- Continuum limit —

Ni = (Q®) % 3 4 5 6

M
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Correlation functions

* Fermion propagator: [T. DeGrand, et al. Comp. Phys. Com. 159 (2004) 185.]

% ZE $ ¢T( ) mass a’mq =
G (i Z s AT = (1= ) hi

e Scalar correlatlon function:

CSS At Z Z OS OS £C1,t—|—At)> Og = ?,El (1 — %D) Yo
T1 Lo, t

. Pseudoscalar correlation function:

a

Cps(At) = Z Z 0% (T2, t)Ops(T1,t + At)), Ops = 1175 (1 — %D) (0p)

5131 :13215

e Correlation function [T. Blum, et al., PRD 69 (2004) 074502.]:
CPS—SS(At) = Cps(At) — Css(At)

* Fitting function [L. Giusti, et al., PRD 64 (2001) 114508.].

1Gpe_ I T
Cps_ss(t) = LIPS oSS exp (—%10 cosh |mpg (— — t)] 11

amps




Decay constant at the chiral limit

« Decay constant at the chiral limit F ;:

. 105 T 1T T [ T T T 1 T T 1
aby = lm aFpg . | | '
@1mq =0 joo W Lattice (renormalized F )
i Zamq \/a4GpS_SS - W Prediction
— 111 O
iy —0 (ampg)? _ %
" >
* Fitting results: S 90-

A =0.412(5), x*/d.o.f. = 3.3/6.0 L 8
80F

* Prediction:

Pre 1 C
FPre(m,) = APre (NI V(mc)> s | | Continuum limit
195| | | |200| | | |205| | | |210| | | |215| | | |220| | | |225
APTe = 0.3816 N \1/4
(VI) [MeV]

The renormalized F increases In direct proportion to one-fourth root

of the instanton density.
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Chiral condensate

 The chiral condensate at the chiral limit:

3/ 7. \NGMOR aAPCAC 5\ 2
* Fitting results: a” (Y1) = (aFo)
A= —0.371(19) [GeV] 0008
—0.01 @ Lattice (MS 2 GeV)
X2/d.0.f. = 17/60 0 0125 @ Prediction _E
1 — :
~ =5.5(3) x 10% [MeV] > 0014 =
P 2, -0.016 o %
* Prediction: i . g oot —
<?7;¢>Pre(mc) _ APre (NI Vv(mC)) ~ _0_02; \K
. —0.022- ]
[Tl;:chafer, etal, RMP 70 (1998)323]  + Continuum limit -
AT = —0.405 [GeV] 0038 004 0042 0044 0046 0048 005

N 1/2
1_ — 6.00 x 10 [MeV] [E. V. Shuryak, NPB (1982) 93.] (v) [GeV’]
P

The renormalized chiral condensate decreases in direct proportion to
the square root of the instanton density.
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F. [MeV]

Decay constant and mass of pion

* We match the numerical results with the experimental results of
pion decay constant and pion mass.
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The decay width and lifetime of the

charged pion

* The lifetime of the charged

* The decay width of the
charged pion [Text book, T. Kugo]:

T — 1+
GrFy 0.)
I'= | F47T§j38 : mi (mz —mj)”

x10°
il ! ! ! |
75F. A Experimental result
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Catalytic effects of monopole Iin

the high temperature

* We investigate the catalytic effects of monopoles on the
phase transitions of the quark confinement and
deconfinement, and moreover, the chiral symmetry breaking
and the restoration.

* We generate the standard configurations of the finite temperature
and the configurations with the additional monopole and anti-
monopole.

* The temperatures of the configurations T/T_{c} are from 0.8 to 1.7.
The critical temperature is T_{c} = 296 [MeV].

* The length of the temporal direction of the lattice is setto T = 6.

« We vary the spatial volumes of the lattice V_from 14° to 36° setting
the physical volume to V = 5.4 [fm?].

20th, Aug, 2019 Catalytic effects of monopoles in QCD 17



Monopole density

V = 5.339 [fm?]

| | | | | I | | | | | | | | I | | I ]
0.5:— ® Normal conf —:
: | rﬂc=2 :
L A n']c=4 ]
0-4__ ' n]‘_:=6 __
= N ]
© 03[ VYT vy =
O v oy ’
E L VY v T
< 0.2— = = A A ¥ —
L ‘ —]
n A 4, ]
N A ]
0.1— | | . A A _|
B B m g ]
® H m [
- T' ®© o o 0 0 o - o e -
0538 1 12 14 16
T/T,

20th, Aug, 2019 Catalytic effects of monopoles in QCD 18



The quark confinement and

monopoles

V =5339 [fm?] [T=16T,
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Instantons and spectrum density
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* The spectral density:
1 _
p(A V) = 2 (35 = X))
A

: A = Im(\""P)

3'3i<1'0''|"'|"'|"'|"' BE.
— » Normal conf Ti }H .
B O c=2 — | 1
50 M2 T = 16T, Fig -
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2 15?_ Preliminary H&Hj : E
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[T. Banks, et al., NPB 169 (1980) 103, R. G.

1. Edwards, et al., PRL 82 (1999) 4188, J.

Wennekers, JHEP 09 (2005) 059] 20



Conclusions

In the study of zero temperature:
* The chiral condensate decreases.
* Pion decay constant and pion mass increase.

* The decay width becomes wider and the lifetime becomes shorter.

In the study of the finite temperature:

* The transition temperature of the quark confinement and
deconfinement rises.

* The restoration of the chiral symmetry breaking would not occur.

These are the catalytic effects of the Adriano monopole.
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