XQCD2018, 23 May, 2018, Frankfurt, Germany

Masakiyo Kitazawa
for FlowQCD Collaboration

Stress Tensor Distribution

around FluxTube
in SU3)Yang-Mills Theory

Yanagihara+ (FlowQCD Collab.)
arXiv:1803.01234




Force

mi, 41 ma, 42




Force

mi, g1 ma, {2
> e —
mim
r—_q 12 2
r
1
F—_ d1492
dreg T2
Newton

Action-at-a-distance
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Stress = Force per Unit Area



Stress = Force per Unit Area

Pressure




Stress = Force per Unit Area

Pressure Generally, F and n are not parallel
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In thermal medium Stress Tensor
Landau
Tij — P(Sw 0;j = —13; Lifshitz
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Maxwell Stress
(in Maxwell Theory)

e EBE 4+ 2BB — L5 (cp?s LR
7ij = 0 BiB; + - BiB; — 58 (0B + B )
E = (E,0,0)
pulling
T;; = 0 E? 0 !

\ 0 0 E?

> Parallel to field: Pulling pUshing
» Vertical to field:



Maxwell Stress
(in Maxwell Theory)

pulling

[ Distortion of field, line of the force
O Propagation of the force as local interaction
O Absolute value of the force between sources

T/L'j”UJ(-k) — /\k”U,L-
(k=1,2,3)

pushing
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Quark—Anti-quark system

Formation of the flux tube 2 confinement
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Quark—Anti-quark system

Formation of the flux tube 2 confinement

1 Potential
[ Action density
] Color-electric field

so many studies... Cea+ (2012) Cardoso+ (2013)




Spatial Distribution of Stress Tensor
in the QQ System

(a) SU(3) Yang-Mills BBERE| Lattice simulation
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SU(3) Yang-Mills
a=0.029 fm
R=0.69 fm
t/a?=2.0
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O Clearly gauge invariant

[ Distortion of field, line of the force

O Propagation of the force as local interaction
[0 Absolute value of the force between sources




Comparison: SU(3) YM vs Maxwell

SU(3) Yang-Mills Maxwell

(quantum) (classical)
‘(a) SU(3) Yang-Mills*
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Propagation of the force is clearly different
inYM and Maxwell theories!



Energy-Momentum Tensor
on the Lattice
and Gradient Flow

_energy
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Cl ] - nontrivial observable
Ly on the lattice

@ Definition of the operator is nontrivial

because of the explicit breaking of Lorentz symmetry

1
ex: Ty = FypFyp = 70 FF

F;_u/ h

@ Its measurement is extremely noisy
due to high dimensionality and etc.



(Yang-Mills) Gradient Flow

L uscher 2010
Narayanan, Neuberger, 2006

8 8SYM Luscher, Weiss, 2011

— | —
at M(t7$) 814#

t: “flow time” oad
dim:[length?] cading

oA, =D,G, =0,0,4,+ -

Au(0,7) = Ay ()

» diffusion equation in 4-dim space =~/
« diffusion distanced ~ /8t '
 “continuous” cooling/smearing




Small Flow-Time Expansion

Luescher, Weisz, 2011
Suzuki, 2013
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Ot,z) — ci(t)Of(a:)

t— 0

an operator at t>o remormalized operators
of original theory
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LT TTTEEL

t=2o0 limit

original 4-dim theory



Constructing EMT 1

LT > t
=

0 gauge-invariant dimension 4 operators
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1
E(t,x) = ZéwGW(t,x)GW(t,:c)
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0 Gy (t, 2)G . (t, x)
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Constructing EMT 2 s, 20

1
Uw(t,x) =ap(t) Tlﬁ(az) — Z%,,T;;(:c)] + O(t) -,
O(t, x)
E(t,z) = (E(t,z)) + ag(t)T,,(z) + O(t)
 ap(t) = g% [1+ 2bos19” + O(g")]
Suzuki coeffs.- 1 ) - =9(1/V8)
ap(t) = T 11+ 2bos2g” +O(g")] s, =0.03296...
- 55 = 0.19783 ...
Remormalized EMT
1 )
T2 (z) =lim | —— .-
IJJV(:C) tg% aU( )ULW(t?'T) + 4OJE(t)E(t’ m)SUbt-



Application to Thermodynamics

FlowQCD, PRDgg4, 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 boundary Giusti and Pepe (2014-~)
Jarzynski’s equality Caselle+ (2018); Talk by Nada, Monday



Numerical Simulation

. FlowQCD,
: T T
] Expectat|on values Ofy///////f// PRD94, 114512 (2016)
A, —
D SU(3) YM theory /é 'ff _@f‘f s T/T, B N, N. Configurations
O Wilson gauge action G5 o 15 1on
6.800 28 2040
O Parameters: 6.349 2 200
* N;=12,16, 20-24 o Ga ER
* aspect ratio 5.3<N,/N,<8 o0 128 2 200
* 1500~2000 configurations 6,500 900
7.117 2000
6.719 2000
: X : 530
O Scale from gradient flow 117 2000
6.891 H4 2250
— aT, and aAws
2.3 7.200 1490
FlOWQCD 1503.06516 7.376 20 2020

7.519 1970
7.086 H4 2 2000
7.317 ' 1560
7.500 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+plaq

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?

V/8t < a :strong discretization effect
V8t > 1/(2T) : over smeared

a < V8 < 1/(2T) : Linear t dependence



Double Extrapolation
t—20, a—2>0

(T () Natt = (T (t))cont + Cpuvt + D“”'(t)a;

 — P —

| | |
H Continuum extrapolation
= (T (8))cont = (T (t))1as + O(t)a”
I I I
' stfong
| | discretization _
e 4

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



Double Extrapolation

— continuum
Budapest-Wuppertal

—— continuum
Budapest-Wuppertal
Bielefeld

4.9 :
0000 0005 0010 0015 0020 0.025 0.030 0.000 0.005 0010 0015 0020 0.025 0030
t1~ tr

Black line: continuum extrapolated



Double Extrapolation

— continuum
Budapest-Wuppertal

—— continuum
Budapest-Wuppertal

Bielefeld ' Bielefeld

4.9 !
0.000 0.005 0.010 U.U‘]S 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

O Fitting ranges:
O range-1: 0.01 < 72 < 0.015
[ range-2: 0.005 < ¢72 < 0.015
O range-3: 0.01 <72 < 0.02

Systematic error from the
choice of fitting range

= statistical error




Temperature Dependence

—— Bielefeld

Budapest-Wuppertal
¢ flowQCD

—— Bielefeld
—— Budapest-Wuppertal
¢ flow QCD

Sire e e O Excellent agreement with
> statistical error integral method

> choice of t range for t>o0 limit 1 High accuracy on|y with

» uncertainty in aAy. f
~2000 confts.

total error <1.5% for T>1.1T,
See also, talk by Nada, Monday



Full OCD Result

Taniguchi+ (WHOT-QCD),
PRDg6, 014509 (2017)

gradient flow —&— - gradient flow —©&—
T-integration —&— T-integration —&—

P

no linear
window

O Agreement with integral method except for N,=4, 6
O No stable extrapolation for N,=4, 6
[0 Suppression of statistical error

Physical mass: Kanaya+ (WHOT-QCD), 1710.10015



EMT Euclidean Correlator

FlowQCD, PR Dg6, 111502 (2017)

(Tus(7)T44(0))  (Tua(7)T11(0))  (Ta1(7)T41(0))

A tT?=0.0024
¥ tT?=0.0035
¢ t7*=0.0052
al @ 7% =0.0069

0o

O t-independent plateau in all channels = conservation law
[0 Confirmation of linear-response relations
0 New analysis of specific heat

s (Taa(1)T11(0)) _ (T (7)T41(0)) o (T2,)

T3 Vs V>




Analysis of Stress Tensor

in QQ System
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Preparing Static QQ

Wilson loop

W(R,T) 0 APE smearing for spatial links
O Multi-hit for temporal links
0 No gradient flow for W(R,T)

A

’ potential

at b=6.6
(2a=0.038 fm)

Cornell type




Lattice Setup

[0 SU(3) Yang-Mills (Quenched) o [fm] N2 Neowr]  Rja |
: : 6.304 0.058 48° 140| 8 12 16
0 Wilson gauge action 6165 0046 42 a0l 10 - 90
O Clover operator 6.513 0.043 48° - 16 -
6.600 0.038 48* 1, 12 18 24
6.819 0.029 64* 1, 16 24 32
0 APE smearing / multi-hit R [fm] [0.46 0.69 0.92

O fine lattices (a=0.029-0.06 fm)
O continuum ext&a/pgi@t"@gf

f/

0 Simulatio n./bf U e gene / QE K

R=0.46 fm

Cornell type
data




Ground State Saturation

B=6.819 (a=0.029 fm), R=0.46 fm

Grand state saturation
under control

Appearance of plateau
fort/a%<4, T/a>15

»




Ground State Saturation

B=6.819 (a=0.029 fm), R=0.46 fm

Grand state saturation
under control

Appearance of plateau
fort/a%<4, T/a>15

»

Wilson loop
W (R, T)
1
|
/ 0 : /
R
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Continuum Extrapolation

a=0.029fm m— continuum
a=0.038fm B Range-1
a=10.046 fm B Range-2
a=0.058fm 4 Range-3

0 a—>0 extrapolation with fixed t | 1 strong
: : di%cretization

I I effect
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t—>0 Extrapolation

a=0.029fm continuum
a=0.038fm Range-1
a=10.046 fm Range-2
a=0.058m Range-3

O a—>0 extrapolation with fixed t i i stong
O Then, t->0 with three ranges | S}EE“ZH'(}:
| 2

a



Symmetry on Mid-Plane

From rotational symm. & parity e (&7
T ’\
EMT is diagonalized \Z €2\
in Cylindrical Coordinates QQ R
(T., \ < "\ —
Lo R
Tee (1) = N
TZZ

Degeneracy
in Maxwell theory

Trfr' — TQQ — _Tzz — _T44



Mid-Plane

00 01 02 03 04 05 06
r [fm|

O Separation: T, # T,,
0 Nonzero trace anomaly ZTCC # 0



Mid-Plane

[( )R 0 46fm]“

Separatlon
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O Degeneracy: Tyy ~T.., T,. =~ Tyy
O Separation: T, # T,,

0 Nonzero trace anomaly ZTCG # 0



Force SRR

Force from Potential Force from Stress

_ d_V Fstress = / dszzz (35')
dR mid.

Fpot —



Force SRR

Force from Potential Force from Stress

_ d_v Fstress = / d233Tzz (35')
dR mid.

B ”

: 7*_ ﬂ/' -
,..)._'i”.,x % ‘
o B\ Do R =

Fpot —
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Force from Potential Force from Stress

A%

F = LR Fstress = / d2$Tzz L
i dR t mid. ( )

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

Abelian-Higgs Model

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

O flux-tube solution w/ monopoles Nielsen, Olesen (1973)
O model for QCD vacuum (dual-Ginzburg-Landau)

O describe symmetry breaking/restoration

O nonzero trace anomaly



Abelian-Higgs Model

Abelian-Higgs Model

1

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

GL parameter: x = V' \/g
[ Otype-l: x<1/V2
4 DOtype-ll: £>1/V2

_ O Bogomol’nyi bound:
k=1/v2

Infinitely long tube

O degeneracy
T,.(r) = Tys(r) Luscher, 1981

] conservation law

d
% (TTT‘T') = TQE)



Stress Tensor in AH Model

Bogomol'nyibound: k= 1/v2

de Vega, Schaposnik, PRD14, 1100 (1976).



Stress Tensor in AH Model

Type-| k=0.1 k=30 Type-ll

Gauge dominant Higgs dominant

conservation law

O No degeneracy bw T & T, - d (T =T
— \I'dyr) = 196
dr



Comparison

Abelian-Higgs

r [fm] Type-|; infinitely long
(O7.,>0
] —> Suggest type-I (if dual-SC picture is correct)?
D TTT‘ = TGQ
—> Translationally-invariant flux tube is not formed.




Summary

O First non-perturbative analysis of the stress tensor
distribution in quark-anti-quark systems
O New insights into the nature of the flux tube

[ “Action-at-a-distance” force is given by the sum of
local interaction.
O Non-trivial degeneracy in mid-plane

O T >0 > type-l vacuum? /T, ~Tyo =2 Is R still small?



Summary

O First non-perturbative analysis of the stress tensor
distribution in quark-anti-quark systems
O New insights into the nature of the flux tube

[ “Action-at-a-distance” force is given by the sum of
local interaction
O Non-trivial degeneracy in mid-plane

O T >0 > type-l vacuum? /T, ~Tyo =2 Is R still small?

O So many. future studies
O Nonzero.temperature / excited states
O EMT distribution inside hadrons
O Modelistudy,of the flux tube with finite length



