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Anisotropic pressure

Casimir effect
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® Horizontal direction: Repulsive force
Between conductors: Attractive force

o Px# P. = Anisotropic pressure
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Anisotropic pressure system for QCD

Lattice simulation
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Pure Yang-Mills theory on T° x R

® Finite temperature (S!x R?®) ~Periodic Boundary Condition

oy oz (PBC)
</\> . » |sotropic pressure
N P =Py =D,
. Introduce temp. — —
by T=1/L,
® The space-time in this talk (T2xR2) ~PBC along x direction
Yy Z
\> . » Anisotropic pressure
| Px ;é py — pz

T — —

X
New QCD phase diagram

2024.08.20. XVIth Quark Confinement and the Hadron Spectrum @ Cairns 5 /25



Thermal Casimir effect

Pure gluon
theory

o Investigate L., 7" dependence of the thermodynamics

In the pure YM theory
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The thermodynamics on T? x R? ~lattice results~

Lattice QCD simulation

« Finite volume effect appears

1 . O ] i ,,,,,,,,,,,,,,,,,,,,,,,,,,, (@ -
0.51 _—— Free massless boson
N, =16
Oo_ﬁ, ................ K ] i ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, i T/Td___llzh ? SenSItlve 'to BC
N ® TIT,=1.40
ol :
< —0.51 " T/T,=1.68
W [] T/Td:2.10h )
o ~10H e N1 Gluon fields
-~
S 5% — m/T=0 1 ThL=112 | B Does not feel BC
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M. Kitazawa et al. (2019)
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Lattice analysis at high temperature

Lattice QCD simulation

M. Kitazawa et al. (2019)
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® Small lattice spacing
at high temp.

p,+ A4

» p,+ A/4

A : trace anomaly

® Change behavior

— E——

Elucidate the physics behind the results by a model
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Model construction
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Polyakov loop effective model

(Symmetry : Center symmetry)

1 ke
Q (x,xr) =—Tr [9’ exp <ZJ A (x,, Xi)dxc)] 1 COTR 0
N 0 A.=—] 0 (@), O
x—fxcl,—(xyz)forc—f LC 0 0 @)
x, = x, Xy = (1,y,z) for c = x ¢’3
Polyakov loop eigenvalues  (vean field approximation)
Confined phase <Q > 0 Deconfined phase <QC> + ()

GQ = (¢ 0, — @) I 0 Sg;@:;‘

C

® Order parameter of confined/deconfined

® Eigenvalues changes — thermodynamics behavior

P. N. I\/Ieism%er et al. (2002)
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Improvement to the Polyakov loop model

® Meisinger’'s model is simple and qualitatively reproduce
the lattice data. P. N. Meisinger et al. (2002)
® Dumitru et al. extends this model with two parameters and

Dumitru’s model guantitatively reproduce the lattice data
A. Dumitru et al. (2012)
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Free energy from Polyakov loop

P. N. Meisinger et al. (2002)
Free energy [A. Dumitru et al. (2012) |

f (Lc; r c) — fpert(Lc; Qc) +fpot(Lc; Qc)

=\

¢ - 4 -
Perturbative term Potential term
Free energy of massless gluon —Provoke phase transition

with constant background fields A, Basea on- the Meisinger's
model (with two parameters)

3
FrenLii) =Y J (Zﬂl; trAanz;Tn —AT)2+1§2] By using the Polyakov loop

neZ -
N )| eigenvalues

» Construct a Model on T2xR2 based on
the Finite temperature model
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Constraint on free energy

. f~foor(0. L) + 5% 0 L) 7o X invariant
® |nvariant under i i

an exchange of 7,x

ALy Ly 0,,0,)
_f( Ta x’ )

”Reduce to S! x R?

atLimit L, - o

é f .][I‘)ert(g L)
e ™0y,

» Separable extensions from potential term
of Finite temp. Polyakov loop model

fi)otX[Rz( T’ x’ T’ x) fpgotXR3( 8)+fp§0tXR3( x; ex)
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Separable ansatz

TSR, L3 0,,0) = fS R 0) + S R 0)

pot pot pot

_

Suenaga-Kitazawa. (2023)

Phase diagram for SU(3)

Does not capture the Lattice results as well
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Cross term

2 2
Free energy on T x R New term (non-separable)

f — fpert(LT’ Lx; 919 Hx) +j£)0t(L’c’ Lx; ‘97’ Hx) fcross

Separable potential term

Cross term

® Possible eigenvalues depend. (invariant under Z, trans.) ~0(Q°)

Tr(QC)Tr(QZ)g Unige to SU(3)|T1~(Q§)T1~(QC) + Tr(Q*)Tr(Q))

[Tr(Q3) + Tr(Q)], Tr(Q.)* + Tr(Q])’
Only Two Independent term

Jeross = 8Ly Ly) [C4Tr (Qf)zTI‘ (Qx)z (L, =€)

» +c5(Tr(€,) Tr(€)) + Tr(Q)Tr(2,)?)

+06Tf(93)Tr(Q§)] r < x invariant
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Results
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Results~Thermodynamics~

(¢4 cs, ) = (0.11, 0.06, — 0.03)

arXiv:2404.07899 (2024)

1. |
o [ e 0 Reproduce the lattice
N - ] “““‘
S data at 7/T; > 1.5
= IR ® No parameter explained
*““ ---- T/Td:1.68
: the low temp.
j T/T,=2.10 - S
~2 ey massless free boson
1.5

2.0 ’—

e P
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Thermodynamics at high temperature

15 arXiv:2404.07899 (2024) I

: T/T,=1.68 : 10- d — LT=3/2

? ~ ? f § — LT=4/3
TL 05 T/T,=2.69 * ilN 0.6
S f S 04
<+ Y & A B < 5
x> 0 S NS 02
F N VA & L T'T,=8.1" +  go"
X 05 Y S . § I
= 0 ' T/T,=25 -02"
10 e e massless free boson- _0 4i

09 10 11 12 13 14 15 16

t L LT I M TIT,

® Reproduce the lattice results at high temp.
® Suggest the new 1st order phase transition

® Effective model at T/T, > 1.5

2024.08.20. XVIth Quark Confinement and the Hadron Spectrum @ Cairns 18/25


https://arxiv.org/abs/2404.07899

Phase diagram
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‘ What is the mechanism to reproduce Lattice results 7

Polyakov loops

arXiv:2404.07899 (2024)
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LI,=17210 11 =1/1.68
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Polyakov loops geometry explains Lattice thermodynamics
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Polyakov loop — p,./p.
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7, 15 ~ 20 - ® The cross term indirectly pushes down
free energy through Polyakov loops
;—» _—
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Polyakov loop of separable pot
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Polyakov loop — Thermodynamics at high temp.

~= -
h Y 15
: B
o) :
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® The temperature dependence of the pressure ratio
has a rapidly decreasing region.
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Polyakov loop — Thermodynamics at high temp.

(px+A/4)/(p,+A/4)

® The Rapid change can be understood from
the jJump of the Polyakov loops.
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Summary

® Discuss the Anisotropic pressure in YM on T? x R?
® Lattice results show the unique behavior
® Construct Polyakov loop effective model on T? x R?

® Cross term lead to change the behavior of Polyakov loops
® This change explain the lattice results and predict the

new 1st order phase transition.

Thank you for your attention
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Back up
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Back up

TABLE I. Simulation parameters f = 6/ g% and lattice volume
N, x N2 x N_ for each temperature 7. The vacuum subtraction is
performed on lattices with N¥...

/T, p N. N; N Nyac
1.12 6418 72 12 12,14, 16, 18 64

6.631 96 16 16, 18, 20, 22, 24 96
1.40 6.582 72 12 12,14, 16, 18 64

6.800 96 16 16, 18, 20, 22, 24 128
1.68 6.719 72 12 12, 14, 16, 18, 24 64
6.719 96 12 14, 18 64
6.941 96 16 16, 18, 20, 22, 24 96
2.10 6.891 72 12 12, 14, 16, 18, 24 72
7.117 96 16 16, 18, 20, 22, 24 128
2.69 7.086 72 12 12, 14, 16, 18 -
~8.1 8.0 72 12 12, 14, 16, 18
~25 9.0 72 12 12, 14, 16, 18

M. Kitazawa et al. (2019)
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ModelDNEFDONEHFH (S! x R3)

T. Iritani et al. (2019)

---- Boyd et al.
61 —— Borsanyi et al.
¢  Giusti-Pepe
< 51 < Caselle et al.
4 g L FlowQCD 2016
Py a ®  NZ2LO (this work)
QB | M " M N3LO (this work)
+ | R
3 2 W ...TZX:\;\)Q:\
---- Boyd et al. A FlowQCD 2016 ~ SRR
1- —— Borsanyi et al. ® NLO (this work) 0.5 0\.:"%\‘{7\&
¢  Giusti-Pepe @ N2LO (this work) 4
0 L Caselle et al. 0.0 5=

I
1.0 15 2.0 25 1.0 15 2.0 25 “
h T/T, h / T/T.

® 1st order phase transition " const.
OTIT.:12~2.0— A~ T T a~TPey
O T/T.>2.0 — A ~T* N

e A, Dumitru et al. (2012)

T —
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Potential term (non-pert.)

Free energy
P. N. Meisinger et al. (2002)

d’k 2 R
fL;0) = Z J (2ﬂ)3t 2 14(%” — AT>2 + k2+m§] = foer HmgF(L,, 6) |+ O(my)

nez -2
Joot ~ L;
Without parameter

A. Dumitru et al. (2012) — Two parameter model

fI‘)O’[ > CIF(LT’ 97:) + CzF,(LT, 91.)

With parameters
® “Two parameter model” on s! x R3
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Result

® “Two parameter model” on S! x R?

37

2.5

[
) S

(e-3p)/ T

A=

2024.08.20. XVIth Quark Confinement and the Hadron Spectrum @ Cairns

P A. Dumitru et al. (2012)
_:I '\‘“-.,. 7
i A~ 1 T?

L

I

U

I-param. model =:=:—:

0-param. model 2-param. model

Lattlce N 3

s 2
T/ T

25

0.25 p

0.2

0.15

0.05

"A. Dumitru et al. (2012)

___________

Latt. p/T4 o

Latt. e/3T4 ®
e/ 3T4 """

p/T4

1.5 2
T/ T

Well-explain the thermodynamic of lattice near T.

Extend two parameter model on T? x R?
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Model ~ Two Polyakov loop~

® Polyakov loops along two compactified directions

1 L L

T 1 X
P_= —Tr[@ exp(iJ ATdT>] P.=—Tr [g’ exp(iJ Axdx>]
Nc 0 Nc 0

Assumption : Diagonalized background gauge fields

A, A, =0
N (CATR (@ 00
A=—| 0 ©)n O A=—|0 @) O
“lo 0o o 0 ©;

f — _|]_2><|R2(LT’ an 91'9 ex) T TZXRz(LT’ Lx’ 91" ex)

pert pot
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Cross term

Joross J 8o LY e4Tr(P > Te(P )2 +5(Tr(PPTr(PY) + Tr(PITH(P,)?)
¢ +c6Tr(P§)Tr(P§)]

Ta,_2”+4(LT2 + L)%)_” /'~ fperiBo L) + 5%, L) 7o x invariant

® Restriction of n

mP () 1.5<n<?2

® fpert ~ @(Lc_ 4)
® fSIXIR3 ~ @(L—2)

pot

_ -3 O. L &
o M fooy = OL:7) £~ frert r

f Frent(@: L)
Nk f§1XR3(9 L)
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.‘ pZ llllllll ;ep _
i ', pert Cross
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3 20 . ]
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(a-1) LT, =

0.10

(a-2)
\' ’Q‘
"“‘\'\'~._
m— == Gy Ce
...... C5  w=r=eeeer poOt+SEP
1 1 1
0 z 2n
3 3

—1.5*

(b-1) LT, =

0.44

global minimum

Total
b-2) ~
(b-2) ~,
* N

\'\._
i i 7)) Cg
_______ Cg  wrreeeeee poOt+SEP
‘ 7_T 2‘77
0 3 5
¢x:¢T:¢

2024.08.20. XVIth Quark Confinement and the Hadron Spectrum @ Cairns

(c-1) LT, = 0.50

global minimum
I Total
'\'\,\
(c-2) ~ )
N
L m— = Gy Ce
L Cg  rervsnsem pot+sep
It 271
0 ; 5
/25



10 12 14 |

2024.08.20. XVIth Quark Confinement and the Hadron Spectrum @ Cairns /25



.
"
R
.
’

2024.08.20. XVIth Quark Confinement and the Hadron Spectrum @ Cairns /25



1.5

T/T, = 25
: 1 [-°°°° C6=—0.05
1.0 5 ] c6=—0.03
o~ * ||
2 AL, =2.10 0y C6=0.05 ‘
+ 05 ? :
S
g * 3
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~ “Two parameter model” on S! x R? A pumitru et al. (2012)

Free energy @7.h%deconfined temperaturelC#x% Four possible term

—independent parameters
@T = T. Cpressureh* £ 0 are <I>Only two "

. S o = 2T+ B =x(1=x])
ﬁot(ef; LT) fpert (9 L ) +fp0t (8 L ) + 8Cla’[ent 45 B4(x) — x2(1 _ |x|)2

- _

fon® (0 L) = = 472%;)(%6132%) caB bez) ) %C )
/

05 L T T T T | ; ; ; ; | ; . . . | .
— o: ® © o O / O I-parameter + ¢ .,
= 04 :
o o =2-parameter model
= : 2 -2
| Const. A~T°(L7).
Nb J\
g 02¢ : — - )
5 ® Lattice data indicate that | | 4 || heat | = T&=me_
E L .A..'.T;T_-r.,._..~ _
22 0.1r . fi)ot ~ @(LT ) : Y oI
: \ [ 0-param./model 2-param. model =====--- '
: Or 1 -param. model ——— Lattlce N 3 A
O 1 b 1 1 1 1 | " N N I " " " "
1 1.2 1.4 1.6 1.8 2 1 1. 5 2 2 5 3
T/T, A. Dumitru et al. (2012) T/T¢
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Model ~0ne loop free energy~

® Usisng the background field methodZzRW3%
® Regularization + the high-temperature expansion

One loop perturbative free energy

L 272 8D — 12 + dAD2 — 27)>
fi)ert(gfa exa LT’ Lx) — = i + ¢T (¢T ) ¢T (¢T )
4512 672 L3
872 82, — 1) + PAP? — 277
- +

4512 62L¢

8 i 1 + 2cos(¢,l)cos(¢,l,) + cos(2¢,l )cos(2¢,1)

2 e (L + (L))

T°X ‘_\ , - _3

Total free energy Lh_{rgo Jpert = O(L¢™)

Dominant at deconfined phase
ftot — fpert(ef’ Hx; LT’ Lx) +fp0t(‘9p ‘9 X9 ) pr Lx)

Dominant at confined phase
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Model ~Potential term~

® The general properties of the free energy
1. YM theory on T? X R? is invariant under 7 < x

ﬁot(ér’ 5x; L’L” Lx) — ﬁot(éx’ 51; Lx’ Lz')

2. At L_— oo (r — 0), the system is irrelevant for the BC.

P.=0

(t & x symmetry: P, atL — o)

3. For L. — oo, T°XR* = S! x R’

f1r2xR2

pot

-

4. For L, =L, — 0 (T - ), f,

SIxR3
pot

ert

is dominant contribution
fpert ~ @(LT_ 4’ Lx_ 4)

-
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Model ~0ne loop free energy~

® We use the background field method
® Regularization + the high-temperature expansion

One loop perturbative free energy MR D
Fo@.6:L.L)= 8”2+2”23<¢T> 8”2+2”23(¢x>
perte T TR T T 4514 304 \2n/) 4504 3LA '\ 2x

- i i 1 +2cos(¢,l)cos(p,l,) + cos(L¢p,l)cos(2ep,L,)
2

& [,l=1 ((ZTLT)z + (lex)2)4
2 2 | 42012 2
Total free energy R (ﬁ) _ 8¢: (¢, — )" + 7 (¢ — 27)
"\ 2z A7

Dominant at deconfined phase

-

ftot = fpert(er’ Hx; L’L” Lx) +fp0t(9’c’ Hx’ : L’L” Lx)

Dominant at confined phase

2024.08.20. XVIth Quark Confinement and the Hadron Spectrum @ Cairns 43/25



Model ~Potential term~

® “Two parameter model” on S! x R3

Free energy
N T
Fioi0s L) = [ 80,, L) + 5™ (0, L) + 8cigem——

fpotXR3( L) = - %ﬂz£<lc132(%> T 2&(%) ~ i%)

IA\5
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