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« QCD at finite temperature

- QCD at finite temperature contains fruitful phases and is important toward
further understanding of QCD: QGP formation, chiral restoration, etc.

heavy-ion collisions

(at RHIC, LHC, etc.)/

_____

Quarkyonic r_
Matter ~  ___-=EEE

-

ColorFSuperconductors

— M CFL-KY, Crystalline CSC
Nuclear Superfluid  Meson supercurrent ,LL B
Gluonic phase, Mixed phase

- Many investigations from heavy-ion collision experiments and numerical
lattice simulations, and so on
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- Compactification

- Finite temperature system is realized by compactifying imaginary time

N (Matsubara’s method)

b= —r T = 1/T u(1/T, %) (periodic)
t j\> T r <0 = —(1/T,%) (antiperiodic)

— 0 compactification with period 1/T

- What happened when another spatial axis is also compactified?

O 4 LA 4 A A A
T T (finite)
ﬂnlte
> e

t r Y =z Y z [ anisotropic system ]

— new extreme condition!
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- Compactification

- Finite temperature system is realized by compactifying imaginary time

o0
t— —r T

2 S B A St x R?

— 0 compactification with period 1/T

- What happened when another spatial axis is also compactified?

O 4 LA 4 A

) <@> T2 x R?

tx Y=z Yy z
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- Anisotropic system as a new QCD environment

- Lattice simulation is nothing but a finite-volume study .
... / #infinitely
@ large

lattice setup

- Simulation in anisotropic system is done by stralghtforward
choosing boundary conditions and lattice size it
11 e
_ ( flnlte)
For example

- Polyakov loops in pure YM theory in anisotropic system were S|mulated

_________________________________________________

__________________________________________________

- We explored phase structures of pure YM theory in anisotropic system
(T? x R?) by means of an effective theory
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- Anisotropic system as a new QCD environment

lattice simulations 7 A

sQGP

Critical

' Quarkyonic A
Matter ~ ___--SEE

o«
Liquid-Gas -
2.3 ColorSuperconductors

— X CFL-KO, Crystalline CSC
Nuclear Superfluid  Meson supercurrent /,L B

@ : Gluonic phase, Mixed phase

1/L, (L is extent of x direction)

T (finite)
- We focus on exploring phase structures ‘/ ‘  (finite)
of pure YM theory in this domain Y, 2




Suenaga-Kitazawa, in preparation

7/18

° O ur a p p roacC h [1] Meisinger-Miller-Ogilvie, PRD65, 034009 (2002)

- We employ model at finite T (S* x R?) given in Ref.[1] for study onT? x R?
b f = fpert + fpot (free energy density)

___________________________________

- g N AN . =1/T, w, = (2nl;)/L- :
|) fpert - L_TijI (1 - _> Z/ [( L. ) P (A6’ )ik = (er)j — (0-)k
- from perturbative calculation with A, = L—diag[(eT)1 } and Z
- ( Polyakov loop)

«— Haar measure potential by

1
”) fpot:—L—R?)hl . .
T strong-coupling expanS|on

- R is size of colorful domain ' Polonyi-Szlachanyi (1982) |

b e e —a
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° O ur a p p roacC h [1] Meisinger-Miller-Ogilvie, PRD65, 034009 (2002)

- We employ model at finite T (S* x R?) given in Ref.[1] for study onT? x R?
b f = fpert + fpot (free energy density)

___________________________________

B 2 Ne N APRS Ly =1/T, w; = (27l;)/L; :
) Fer =1 2 (%) Z/ [( ) .__(f_e__?ff"’____f??_)_j_____(_??_)_'“_ _____
- from perturbative calculation with A, = L—diag[(eT)1 } and Z
. ( Polyakov loop)
1) foot =— - 1R3 In | ][ sin® (%) — Haar measure potential by
j<k strong-coupling expansion
- R is size of colorful domain Polonyi-Szlachanyi (1952) |
fpot dominates for R < L~ fpert dominates for R > L.

R$OQ0n@edOT—>O <:\> RI P 1
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° O ur a p p roacC h [1] Meisinger-Miller-Ogilvie, PRD65, 034009 (2002)

- We employ model at finite T (S* x R?) given in Ref.[1] for study onT? x R?
b f = fpert + fpot (free energy density)

'/ - of 3
- Determine values of Polyakov loop from 50,); " \x |
T)] L
- Results of energy density ¢/7* and pressure p/T* for SU(3)
s I [ — DOP)
p/T -
. ° £ ,
Sty ga:;(gtcri)r model) 00 // — (("I"?‘tgtc‘%)r model)
A g&gi&y / = gl‘;gzlbc?dy Limit
4 1 2 3 4 L -
T/T, ]

I:-T e A Vv W I+ 71
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« Our model onT? x R? (1] Meisinger Miller-Ogilvie, PRD65, 034009 (2002)

- Our model onT? x R?is given by a straightforward extension of Ref.[1]

I = fpert + fpot (free energy density)
Ne N\ 2 N\ 2
(wr = B0} 4 (a4 B0

) foere = L2L 3;1 (1——) Z/dsz

with A, = = diag((0:)1.- . (0-)n.) and A, = = diag((6)1.- . (0a),

- L, L.
1 (A o (A0,
II) prt :_ﬂln HSIH2 (( 2)]k>] = 31Il HSIH2 (—( 2>Jk:)]
i<k 1<k
” ” . 1 . 1 .
- Two "Polyakov loops” can be defined: P, = = Tr[e*], P, = = Tr [ezAmLm]

< =

[- We explore phase structure on two 2’ x ;) symmetries by evaluating ]

values of P and P, on L, — L, plane
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- Techniques
- Jpert includes complicated “Matsubara summationlel ”
— 2 < 5jl€ d2pL (AHT)gk; 2 (Aew)gk 2 ,
foet “ LI, j;( ‘E) ZZ;/QWVIHK%_L—T) +(“’” L, ) TP

______________________________________________________________________

with wr = (2nL)/ Ly, @ = (2nl)/Le (bl €Z)

_____________________________________________________________________________________________________________

- Vacuum contributions including UV divergences are easily subtracted

- The very nonlinear sums are translated into sums with
modified Bessel functions K, (z)

— easy to be evaluated!
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Results for L, = o0
- When L, = oo, the model reduced to that in finite temperature S!' x R3

- Find the stationary points of the free energy

1 SU(2): T. = 1/(0.873R) | SU@3): T, =1/(0.733R) _
1.0 P, SU(2) | 1.0} P, SU(3)
2 0.8} [ oo g 0.8} L, = oo
8 ) 3
> 0.6 > 0.6}
2 | 2
2. 04} S 0.4}
o ! © -« 1storder
o 5o ! « 2nd order o gof
° P, L (atLeTo=1) 02 P, (atl; To=1)
0.0}— . : : . : : : 0.0f— : : : : : : :
02 04 06 08 10 12 14 16 02 04 06 08 1.0 12 14 16
L.T, LT,

———————————————————————————————————————————————————
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- Results for SU(2) in T? x R* | T.=1/(0873R)

P, for SU(2) 00

' .10 finite T system (S' x R?) for L, =
:/‘::&ﬁ/ftzi0 Z'OBT rr1r1r 11 1;

P, for SU(2) 00 5 LT 0.5}

~ ‘/A//Z-o A | |
= 0.5 1.0 15 2.0
—_— ] 1.0
K777,

C— DG os phase diagram for SU(2)

10 0.5 - 2Md order for all transitions
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- Results for SU(2) in T? x R* | T.=1/(0873R)

P, for SU(2) 00

05 LxTe . 1 3 .
| A0 finite T system (S* x R”) for L, = oo
i % 10 /approaches D
R e/ /f L, T, axis
O il
" B oo
— 0
P, for SU(2) 00 sL,T,
— ~.1.0 Vi
— : v . 5 /,
e ” ‘// '1'" 20 A '
NS . 1.0
c : A//// { " bele approaches
/ PN S phase diagram L.T. axis
—————— B
= qo 95 ' - 2" order for all transitions
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- Results for SU(3) in T? x R? | T.=1/(0.733R) ;

finite T system (S' x R?) for L, = oo

P, for SU(3) 09 05 LT,
rrr1rr 1Tt

2.0

B D
15| 1 st PT=9(’73X=0
ko
3 1.0} "
,/ 1st
P.+0,/P, %0
0.5}
A C
0.5 1.0 15 2.0
LT,

phase diagram for SU(3)

- 1nd order for all transitions
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- Thermodynamic quantities

- L, dependence of energy density ¢/7*and pressures p../T", p./T* for SU(3)

5'5\ | ' ' ' \‘“--—---_;____________'_ ______ 5 ':rLattice: Kitazawa-Mogliacci-Kolbe E
501 7 1 o T : _Horowitz, PRD (2019) |
4.5( : / 4] \ TN -
4.0} 0 ) | L
3.5} _1 p=/T
3.0 2l
25| 2 pa/T* e T
2.0b— - : sl . , Moo |
1.0 1.5 2.0 2.5 1.0 15 2.0 2.5 1.0 15 2.0 2.5
LT LT LT
{ ------ Results by fixing P, = 0 in our model T210T
Results with full analysis of our model S R
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- Thermodynamic quantities

- L, dependence of energy density ¢/7*and pressures p../T", p./T* for SU(3)

5.5(— : : : e T T T gttt !

o \‘\—---___; _________________________ 5 - Lattice: Kitazawa-Mogliacci-Kolbe
5.0 7 1t o | ~Horowitz, PRD (2019) !
a5 / AF \ S 2

o T
SR Ccrease 4]
3.5} _1f p:/T
! / crease \ :
3.0 1 A 2
2.5' 1 _2- L] pZU/T ] ! Ex £ =x n
B L —
2.0b— : : | . . el . .
1.0 1.5 2.0 2.5 1.0 1.5 2.0 2.5 1.0 15 2.0 25
LT LT LT
------ Results by fixing P, = 0 in our model T210T
Results with full analysis of our model L e

- For larger volume L, T > 1.3, results withP, = 0 (----) seem to be better

- Qualitative behavior for smaller volume LT < 1.3 could be reproduced

- Importance of including two Polyakov loops P-, P, was shown
- Improving the model is needed for quantitative fit
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4. Conclusions

- We focused on pure YM theory on new
environment of anisotropic system T? x R?

lattlce Chernodub-Goy-Molochkov, PRD (2019) .
Kltazawa -Mogliacci-Kolbe-Horowitz, PRD (2019) etc.

___________________________________________________________ =
- (2]

- We drew phase diagram on z{ x z{’ symmetr ¢ axis"!“'“'”"“ et i i P
forsu(2), SU(3) by employing a model motivated O
from Ref.[1] e i

Quark—GluoTll l,’lasma
T? x R?
lattice (OK!)

N
%'\ Quarkyonic w._
Matter ~ __-cEEE

ot

FLK" Crystalline CSC

- Comparison with lattice results was qualitatively good but quantitatively
unsatisfactory

- Importance of two Polyakov loops were confirmed
- Improving the model is necessary

join us!
Investigation of QCD in anistropic system is frontier :

- We need more study from both effective model and lattice QCD




