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Introduction

Goal: Understanding the QCD phase diagram

S
0 HR

It shows which phase is realized at certain energy scale




Introduction

Purpose of my (recent) works

Qontrol the sign problem Uhderstand the deconfinement transition

Confined phase Deconfined phase

- Saddle point

\ Thimble

Rez o]

. | . o How to describe it in QCD
onplex Langevin  Lefschetz thinble Path optinmization =

Non-trivial case >

Topology?
(Uhlmann phase)
At present, we can not obtain any KK, A Cishi,
. . . . Phys. Lett. B750 (2015) 282
reliable lattice data at high density...

KK, A Ohnishi,
Phys. Rev D 93 (2016) 116002

KK, A Chnishi, - ““\él‘riviaf case |
Phys. Lett. B772 (2017) 669 L

T.MDoi and KK, in progress




Introduction

Purpose of my (recent) works

Qontrol the sign problem

onplex Langevin  Lefschetz thinble Path optinmization

Today' s topic!




Sgn problem

Sign problem

Strong cancellation in the numerical integration process

Ex.: Ary integral Ai(@):Ag—ieXpi(%g+ax>
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Sgn problem

QD grand partltlon functlon

R ai i e i Real chenical potential

Drac operator /

A — fZ)A Det @'(A ,u) + m] —Sym(4)
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Quark contribution Quon contribution

e C e R

At finite real chemical potential,
QCD Boltzmann weight becomes complex




Sgn problem

Phase reweighting

If (e'?),, becomes smaller and smaller,

it becomes difficult to extract the expectation value with small error bar!

Therefore, the simple phase reweighting can not help us at high density



Recent progress

Recent progress
G Parisi and Yong-shi Wi, Sci.Sin., 24, 483 (1981)

e Com plex Langevin method Parisi, Phys.Lett., B131, 393 395 (1983)

E. Wtten, AVG/IP Stud. Adv. Math. 50, 347 446 (2011)

e |Lefschetz thimble method Cristoforetti, et al. Phys.Rev. D86, 074506 (2012)

H Fujii, et al., JHEP, 1310, 147 (2013)

Point : CbaneX|f|caI|on ofvarlables of mtegratlon




Recent progress

Recent progress

* Complex Langevin method

¢ Lefschetz thimble method

There is one nore method with conplexification!

* Path optimization method

Qur nmethod



Srategy of Path optimization method

Y. Mri, KK and A Chnishi, Phys. Rev. D 96 (2017) 111501

Strategy of the path optinization method

1. Prepare suitable cost function

It reflects the seriousness of the sign problem

G-

2. Mdify the integral path in the conplex domain

-

3. Select the better integral-path




Srategy of Path optimization method

Y. Mri, KK and A Chnishi, Phys. Rev. D 96 (2017) 111501
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1. Prepare suitable cost function

It reflects the seriousness of the sign problem

G-

2. Mdify the integral path in the conplex domain

-

3. Select the better integral-path

Sgn problem . ptimzation problem




Strategy of Path optimization method

Y. Mri, KK and A Chnishi, Phys. Rev. D 96 (2017) 111501
Y. Mri, KK and A Ghnishi, PTEP 2018 (2018) 023B04

(ost function

|t reflects the seriousness of the sign problem

We use following form;

F[E(f)] _ 5 /dﬂﬁ?tﬁ{t) _ 6-?.9{3'2 ¢ |J(t)€—b{z{t))|

T It aligns the phase Weight
Parametric variable at each ¢

If the cost function becomes small,
the average phase factor beconmes largel!



Strategy of Path optimization method

Y. Mri, KK and A Chnishi, Phys. Rev. D 96 (2017) 111501
Y. Mri, KK and A Ghnishi, PTEP 2018 (2018) 023B04

Qur task

To find a good integral path via minimization of the cost function

Optimization of the integral path is usually very difficult...

(We have so many degree of freedom in quantum field theory)

» is helpful and promising approach!



Explanation of Neural network: Neural network

“ Milti-layler”

+ non-linear activation func.

)

Re z

f : Activation func.

The real part of the integral path is input and then the imaginary part becomes output



Learning process in POM: Sinple oscillating function

Imz

Imz

® Learning process in the simple one-dimensional integral
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J. Nshinura and S Shinesaki,
Phys. Rev. D92 (2015) 011501

Kp=50,a=10

(Sign— problem serious integral\
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Learning process in POM: 2-dimensional conplex scalar theory

Y. Mri, KK and A Ghnishi, PTEP 2018 (2018) 023B04

® Two-dimensional complex A¢@+ Theory

Lattice action [ ¢ =¢11igy 91, P26R 2 2,2, € (C]

Average phase factor
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Learning process in POM: Polyakov-loop extended Nanbu--Jona-Lasinio nmodel

A

K Y. Mri and A Chnishi, Phys. Rev. D 99 (2019) 014033
K'Y

A

. Mri and A Chnishi, Phys. Rev. D 99 (2019) 114005

® QCD effective model
Pol yakov-|oop extended Nambu—Jona-Lasinio ( PNOL) nodel ( 2 flavor)

_ o o Y — K Fukushima, Phys. Lett. B591 (2004) 277
L=q(D+mo)g— Gl(qq)? + (givsT9)?] + Gul(@vua)? + Vg (P, D) y ( )

We assume inhomogeneous (o, 7, w,) and (43, Ag) Wt is corresponds to the mean-field result in infinite volume limit

The sing problem is induced via the Polyakov-loop and also the repulsive vector-type interaction

( See also Y. Mri, KK and A Chnishi, Phys. Lett. B781 (2018) 688 )
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Learning process in PAM: 0+1 dinmensional QD

K Y. Mri and A Onishi, arXv:1904. 11140, to be published in PTEP

®* 0+1 dim. lattice QCD
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Summary

We apply the to the sign problem

Path optimzation nmethod

Cost function which reflects the seriousness of the sign problem

IS minimized via the path modification (with machine learning)

In simple models and theories, we have checked effectiveness of the method

Simple oscillating integral
Complex 1¢* theory
PNJL model with and without the repulsive vector-type interaction

0+ 1 dimensional lattice QCD

We now take aim at I (but, the 1+1 dim. QCD is already not easy...)
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