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Stress = Force per Unit Area



Stress = Force per Unit Area
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Stress = Force per Unit Area
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In thermal medium

Tij — P(SZJ
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Stress Tensor

oij = — 1y

Landau
Lifshitz



Maxwell Stress
(in Maxwell Theory)

BB+ tpB _ts (cpzilpe
7ij = 0 BiB; + - BiB; — 58 (20 +MOB)
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U Parallel to flGldPU”lng pushing
U Vertical to field:



Maxwell Stress
(in Maxwell Theory)
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pulling  pushing

A Distortion of field, line of the force
A Propagation of the force as local interaction
A Absolutevalue of the forcdbetweensources
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Quark—Anti-quark system

Formation of the flux tub&y, confinement
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Quark—Anti-quark system

Formation of the flux tub&y, confinement

A Potential
A Action density
A Colorelectric field
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Spatial Distribution of Stress Tensor

in the QQ System
fa)suB3hvang-Mills™ = 7 7 0 00 T | RISy
iR ERl SU(3) YangMills
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A Clearly gauge invariant

A Distortion of field, line of the force

A Propagation of the force as local interaction
A Absolutevalue of the forcdetweensources




Comparison: SU(3) YM vs Maxwell

SU(3) YangMills WEVOE

(quantum) (classical)
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Propagationof the forceis clearlydifferent
INnYMand Maxwell theories!



Energy-Momentum Tensor
on the Lattice
and Gradient Flow
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T : nontrivial observable
Ly on the lattice

U Definition of the operator is nontrivial
because of the explicit breaking of Lorentz symmetry

1
ex: T, =B b5 — ZéquF

F;_u/ h

0 Its measurement Is extremely noisy
due to high dimensionality and etc.



(Yang-Mills) Gradient Flow

Luscher2010
Narayanan, Neuberger, 200
8 aSYM Luscher, Weiss, 2011
aAu (t,x) =
1 (0,2) = A, (x)

0d OA& i x
dim:[length?] ‘éad'”g

= D,G, = 0,8,A, + -

A diffusion equation in 4lim space —.—/——”—\-}H |
A diffusion distancel ~ /8t g g, gl
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Small Flow-Time Expansion

LuescherWeisz, 2011

Suzuki, 2013
2 R
Ot,z) — ) ci(t)O; (x)
t—0 “=
(5
an operator at t>0 remormalizedoperators

of original theory

original 4dim theory
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Constructing EMT 1

(A gaugeinvariant dimension 4 operators
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Uw(t,z) =Gt z)Gy,(t, x) — 1

1
E(t,x) = ZéwGW(t,x)GW(t,:c)

~

0 Gy (t, 2)G . (t, x)
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Constructing EMT 2 s, 2012

Uy (t, ) = ay(t) | T, (x) — idunyi(:c)] + O(t)

E(t,z) = (E(t,z)) + ag(t)T,,(z) + O(t)

B OdU(t) — g2 [1 = 2b08192 + 0(94)}
Suzukicoeffs 1 1 N AL
ap(t) = T 11+ 2bps2g9” + O(9%)] s, = 0.03296 ...
- sy = 0.19783 . ..
RemormalizeceMT
1 )
TE () = lim | ——U,,, (4, Bt 7)sy
IJJV(:C) tg% aU( ) M ( 'CC) + 4OJE(t) ( 73:)8 bt.



Application to Thermodynamics

FlowQCDPRD94, 114512 (2016

Conventional Our Approach
Integral Method Gradient Flow Method
Thermodynamic relations Take expectation values
61nZ:8681nZN36<S> e = <T00>
oa da 0Of da <
;OW/TY e —3p - p=(Tu)
or T4

Other progress:shifted boundaryGiustiandPepe (2014~)
* A O U UelqualByEaBe@ (2018); Talk by Nada, Monday



Numerical Simulation

FlowQCD

A Expectation values of ;7| PRP94 114512(2016)
7/

A SU(3) YM theory ff/;f""‘f{ P /T, N, N, Configurations
A Wilson gauge action R R
A Parameters: o 6 e 1 2000
6.559 06 : 1600
AN,=12, 16, 224
A aspect ratio 5.3<MN,<8 om0 s 2 20w
A 1500~2000 configurations P oGm0 s 16 sw
7.117 28 24 2000
A Scale from gradient flow W o w W
2.10 6.891 H4 12 2250
— aT, and aAws
2.3 7.200 06 ) 1490
FlowQCD1503.06516 6 128 M A

7.086 H4 2 2000

71.317 06 ] 1560
7.500 28 20 2040




..... Budapest-Wuppertal
------- Bielefeld

t, d Dependence $  5—=6.719,64% x 12

¢ [3=6.941,96° x 16
¢ [=7.117,1283 x 20

----- Budapest-Wuppertal ---=' Budapest-Wuppertal

....... Bielefeld === Bielefeld
G=6.T 1 ' :

w115

1.10

clover+plaqg ™ | ™, clover

1.05 49 ;
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.000 0.005 0.010 0.015 0.020 0.025 0.030

tT? tT?

V8t < a : strong discretization effect
V8t > 1/(2T) : over smeared

a < V8t < 1/(2T): Linear t dependence



Double Extrapolation
t—20, a—2>0

2

T = (Tl + ot =+ 1)) —

:_: Continuum extrapolation
= (T (8))cont = (T (D)1ae + C(t)a’

!
stfong

discretization _

effect :
Small t extrapolation
a (Tu) = (T (1)) + C't



Double Extrapolation

— continuum
Budapest-Wuppertal

—— continuum
Budapest-Wuppertal
Bielefeld

1.05 4.9 -
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.000 0.005 0.010 0.015 0.020 0.025 0.030

tT? tT?

Black line: continuum extrapolated



Double Extrapolation

1.40

— continuum

—— continuum

1.35 Budapest-Wuppertal Budapest-Wuppertal
Bielefeld ) Bielefeld

< 1.30 ¥ [=6.719,64> x12

—1.25

R

C? 1.20 - Tl

W 1.15

1.10

1.05 4.9 ,
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.000 0.005 0.010 0.015 0.020 0.025 0.030

tT* tT*
Black line: continuum extrapolated

A Fitting ranges:
A range1: 0.01 < t7? < 0.015
A range-2: 0.005 < tT? < 0.015
A range-3: 0.01 < (72 < 0.02

Systematic error from the
choice of fitting range

Estatistical error




Temperature Dependence

Bielefeld
Budapest-Wuppertal
¢ flowQCD

—— Bielefeld
—— Budapest-Wuppertal
¢ flow QCD

Error includes A Excellent agreement with
U statistical error iIntegral method
U choice of t range forA O limit A High accuracy only Wwith

U uncertainty inal g
~2000confs
total error <1.5% for T>1.1T
See also, talby Nada, Monday



Full OCD Result

Taniguchi+ ( WHOTQCD),
PRD96, 014509 (2017)

gradient flow —&— - gradient flow —©&—
T-integration —&— w#, T-integration —&—

0 ®
i ;
gﬁ _—) | o

no linear
window

200 300 400 500 600 0 100 200 300 400 500 600
T (MeV) T (MeV)

A Agreement with integral method except fdd,=4, 6
A No stable extrapolation foN,=4,6
A Suppression of statistical error

Physical masKanayar (WHOTQCD), 1710.100:



EMT Euclidean Correlator

FlowQCD PRD96, 1115072017

(Tya(T)T44(0))  (Tya(r )T11(0)> (Tu1(7)T41(0))

T/T,=2.

——— =1
A tT?=0.0024
¥ tT?=0.0035
¢ tT?=0.0052
2
al M ¢7T%=0.0069 -

A t-independent plateau in all channe® conservation law
A Confirmation oflinear-response relations
A New analysis of specific heat

5 (Taa(1)T11(0))  (Tui(7)T41(0)) o (T2)
T3 VT3 =2 V5 Ly




Analysis of Stress Tensor

in QQ System
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Preparing Static QQ

Wilson loop
T A W(RT) A APE smearing for spatial links
N A Multi-hit for temporal links
i A No gradient flow for W(R,T)

at b=6.6
(a=0.038m)

Cornell type




Lattice Setup

A SU(3) YangMills (Quenched)
A Wilson gauge action
A Clover operator

A APE smearing / muHiit

A fine lattices (a=0.029D. O6fm)
A continuum extrazpplﬁtﬁﬁ ;

*"f /‘ff‘ ‘f

A Slmulatlon/bf '30

6.304 0.058 48&°
6.465 0.046 48°
6.513 0.043 48&°
6.600 0.038 48

6.819 0.029

R [fm)]

140] 8 12 16
4401 10 - 20
600 — 16 -
1,500| 12 18 24

24 32
0.46 0.69 0.92




Ground State Saturation

b=6. 8109. @) ®R=0 . 6

Grand state saturation
under control

Appearance of plateau
fort/a’<4, T/a>15

»



Ground State Saturation

Wilson loop
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Continuum Extrapolation

A aA 0 extrapolation with fixed

di%cretization
effect
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t—>0 Extrapolation

a=0.029fm m— continuum

a=0.038fm B Range-1

a=10.046 fm B Range-2
4 Range-3

A aA 0 extrapolation with fixed |1 stiong
A Then,tA Owith three ranges ] A S,'ciiit'zat“’:
| 2
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Symmetry on Mid-Plane

From rotationalsymm. & parity

EMT isdiagonalized

In Cylindrical Coordinates

(T,

)

Degeneracy
In Maxwell theory

Trfr' — TQQ — _Tzz — _T44



Mid-Plane

00 01 02 03 04 05 06
r [fm|

A Degeneracy Ty, ~T.., T..~ Ts
A Separation: T,, # T,,
A Nonzero trace anomalyz T.. 0



Mid-Plane
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A DegeneraCyITélél = Tzz; TT‘T’ — T99
A Separation: T,, # T,,

A Nonzero trace anomalyz T.. 0
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Force from Potential Force from Stress

A%
Fstress = / dszzz (35')
mid.

Foof = ———
pot dR
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Force from Potential Force from Stress

A%
Fstress = / d233Tzz (35')
mid.

Foof = ———
pot dR
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Force from Potential Force from Stress

A%

F = LR Fstress = / d2$Tzz L
pot dR t o ( )

0.4 05 0.6 0.7 0.8 09 1.0
R [fm]




Stress Tensor Distribution
in Dual Abelian-Higgs Model

Yanagihara, in prep.



Abelian-Higgs Model

AbelianHiggs Model

1 :
Lan = —7F2, + (0 +igAu)ol = M¢? = v?)?

A flux-tube solution w/ monopolesielsen,Olesen(1973)
A model for QCD vacuum (du@inzburglLandau)

A describe symmetry breaking/restoration

A nonzero trace anomaly



Abelian-Higgs Model

AbelianHiggs Model

1 :
Lan = —7F2, + (0 +igAu)ol = M¢? = v?)?

GL parameter:x = VA/g Infinitely long tube
A type-l : k< 1/v2 A degeneracy
4 A type-ll : <> 1/\@ A T,.(r) = Tys(r) Luscher1981
y . o lon |
A" T Ci i ibbudd:UE codnservatlon aw

K — 1/\/5 % (TTT‘T') = TQE)



Stress Tensor in AH Model

"7 CI | Tbbuad: WE1/v2

deVega,SchaposnikPRD14, 1100 (1976).



Stress Tensor in AH Model

Type-| e (i k=30 Type-ll

Higgs dominant

conservation law

d
% (TTT‘T') — TQQ




Comparison

AbelianHiggs

r [fm] Type-l; infinitely long

(A T.>0
A Suggest typel (if duatSC picture is correct)?
A T, >~ Toe
A Translationallyinvariant flux tube is not formed.




Summary

A First nor:perturbative analysis of the stress tensor
distribution in quarkanti-quarksystems
A New insights intcthe nature of the fluxtube

AO! AGizasAEOOAT AA6 bfEthestnfof EO C|
localintarartinn

A No trivial degeneracy in miglane

A T,>0A type-l vacuum?T ~T, A Is R still smaH



