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* QCD at extreme conditions

- Extreme conditions such as temperature and density are useful toward
better understandings of QCD

=

sQGP

ColorrSuperconductors

— X CFL-KO, Crystalline CSC ' .
Nuclear Superfluid  Meson supercurrent Baryon Chemical Potential us
Gluonic phase, Mixed phase

UB

- Quark deconfinement, quark-gluon plasma, inhomogeneous chiral
broken phase, chiral restoration, color superconductivity, etc.
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* QCD at extreme conditions

- Extreme conditions such as temperature and density are useful toward
better understandings of QCD

=
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- Heavy-ion collision experiments and neutron star/supernova observations
can explore the phase structures
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- Heavy-ion collision experiments and neutron star/supernova observations
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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 straightforwardly stralghtforward
done by imposing certain boundary conditions " o
_ ( 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
with an effective theory
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- Anisotropic system as a new QCD environment

A
lattice simulations T

sQGP

Critical

' Quarkyonic r
Matter = ___--=EEE

~ CGolor'Superconductors

. i CFL-K0, Crystalline CSC /’LB
Nuclear Superfluid  Meson supercurrent Baryon Chemical Potential us
@ onic phase, Mixed phase
/L,
(L : extent of x axis) T (finite)

As the first step toward completing the diagram, ¥ {finite)

we explored here for pure YM theory : : Y, 2
anisotropic system
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- Strategy
T 111 T
X
r Yz Yy =z
Finite temperature Anisotropic system
St x R? T? x R? =2 St x St x R?

L 7
- It is useful to extend a model for pure YM in finite temperature toward
study in anisotropic system
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* Model at finite temperature

- Approaches for pure YM theory at finite temperature S' x R?

k4

- d o0
- Massive quasiparticle models p(T)= = ) dkf (k)

— —B{T)

Vk*+m*(T)
w vacuum pressure

ST : T"dep. gluon mass

___________________________________________________________________

————————————————————————————————————

N.
- Polyakov loop models A, =T diag(6y,--- ,0n,) with > 6; =0
1=1

i review: Fukushima-Skokov (2017) i

____________________________________

dilaton potential

- In this talk, we employ a Polyakov loop model of Ref.[1] which is simple
and intuitively understandable for study on T? x R?
[1] Meisinger-Miller-Ogilvie, PRD65, 034009 (2002)
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- Model at finite temperature R |

. [1] Meisinger-Miller-Ogilvie, !
- The model for pure YM of Ref.[1] is defined by | PRD65, 034009 (2002)

F = Foerp + Fpot. (free energy density)

() Fperp:Lz< )Z/ Lo - Z»k)ﬁm

7,k=1

___________________________________

___________________________________

Ne
- from perturbative calculation with A, = Tdiag((@T)l, e ,(HT)NC) and Z(HT)Z- =0
=1
) Foor. = S In | [ sin? ( ) «— Haar measure potential by
i<k strong coupllng expansmn

________________________________

- R is size of colorful domain LTI R T
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- Model at finite temperature o |

. [1] Meisinger-Miller-Ogilvie, !
- The model for pure YM of Ref.[1] is defined by |  PRD65.034009 (2002)

F = Foerp + Fpot. (free energy density)

- ) Fperp:L Z< >Z/ 27r)3 ( ii)jk)Qerz

7,k=1

___________________________________

___________________________________

N,
- from perturbative calculation with A, = Tdiag((GT)l, - ,(QT)NC) and Z(HT)Z- =0
1=1
1) Fpor. = - In Hsm (_) «— Haar measure potentiallby
i<k strong coupllng expansmn

________________________________

- R is size of colorful domain oI T

R<K L, R> L,
F,ot. dominates (— confined) Fyery dominates (— deconfined)

R OOE")”@%Q f I
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- Model in anisotropic system
- Our model in T? x R? is defined by
F = Foerp + Fpot. (free energy density)

i Ne 2 2 2
I = 2 _ 5-7_’“ / d"pr, . (AHT)jk (Aem)jkz 9
) Fpert L L. j%z:l 1 N, lzl: (271-)2 In Wr L. + | we + L. + p7,
. 1. 1 .
) with Ar = 7= diag((0-)1. . ()x.) and Ay = - diag((6:)1 - (6.
) i ==t | T (155 >] |1+ (T)]
i<k 1<k

- The simplest extension of “Meisinger-Miller-Ogilvie, PRD65, 034009 (2002)”
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- Model in anisotropic system
- Our model in T? x R? is defined by
F = Foerp + Fpot. (free energy density)

Ne 2 2 2
I = 2 _ 5-7_’“ / d"pr, . (AHT)jk (Aem)jk 9
) Fpert L L. j%z:l 1 N, lzl: (271-)2 In Wr L. + | we + L. + p7,
. 1. 1 .
) with A, = 7—diag((0-)1. - (6-)n.) and Ay = 7 diag((6)1. - (). )
) i ==t | T (155 >] |1+ (T)]
i<k 1<k

- The simplest extension of “Meisinger-Miller-Ogilvie, PRD65, 034009 (2002)”

- Two types of “Polyakov loops” are defined (order parameter of two Zy_symm.)

_________________________________________________________________________________________________________________________________
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- Techniques
- ey includes complicated “Matsubara summationlel ”
2 N 5. d? AB.); 2 IXA? 5
Fpert: L. L Z ( _]if_k) Z/(25)L21n (wT—(LJ) +(Wx+( L)]k) -I-p%
T k=1 Ul T x

______________________________________________________________________

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!



3. Results

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

kov loops

©

Poly

SU(2): T. =1/(0.873R)

SU@2)

1.0}
P

0.8} L, =oco

0.6}

0.4f

0.2l < 2ndorder

P, : (at L To=1)
0.0
02 04 06 08 10 12 14 16

LT,

Suenaga-Kitazawa, in preparation

16/20

SU(@3): T.=1/(0.733R)

1.0 P, SU(3)
8 0.8} Ly=oo
3
> 0.6}
2
S 0.4}
S -« 1storder

0.2 p (atL, T, =1)

X
0.0}— . — . . . .
02 04 06 08 10 12 14 1.6
L.T.

- These results are consistent with analysis in Ref.[1]
[1] Meisinger-Miller-Ogilvie, PRD65, 034009 (2002)
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- Results for SU(2) in T? x R* | T.=1/(0873R)

P, for SU(2) 00

| St finite temperature S! x R?
:/‘::S./K///’”m 2.0BT T‘ ! T‘ ! T‘ ! ITD

P, for SU(2) 00 1.1 0.5}

™ 0.5 1.0 1.5 2.0
— ] 1.0
//_,/_, LT

C— A CHEY phase diagram for SU(2)

10 0.5 - 2Md order for all transitions
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- Results for SU(3) in T? x R? | T.=1/(0.733R) ;

0.0
P, for SU(3) 08 LT finite temperature S' x R?

(R N N

2.0 ‘
B D
15 1st|  P=0/P,=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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- Comparison with lattice results for SU(2)

Our model i Lattice: Chernodub-Goy-Molochkov, PRD (2019) .
— 33
25 -
P.#0 c
2.0 Px_o : PT:07P:I::O
1 O
\>b 1.5 ;/. LL,;
’QN C/II A
1.0 g Pr=0
PT # O // C P:E # 0
Pw 3& 0 -"..//
0.5f 1
o:(/,
0 0 :}//Q 1 1 1 1
0.5 1.0 15 2.0 0.0 0.5 1.0 1.5 2.0 2.5
LT, Ll‘/;

- The shape of region for P, #0, P, # 0 is very different — need improvement

Possibility of finding new ingredients that cannot be seen
in ordinary QCD phase diagram

[- The usefulness of focusing on the novel extreme condition: T? x R? }
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* Conclusions

- | proposed novel QCD phase diagram
focused on anisotropic system: T? x R?

Quark-Gluon Plasma

T? x R?
lattice (OK!)

g
i

- Lattice simulations for pure Yang-Mills ﬁ
theory is being done recently |

' Chernodub-Goy-Molochkov, PRD (2019) | axis!
Kltazawa -Mogliacci-Kolbe-Horowitz, PRD (2019) etc. 1/L,

___________________________________________________________

B

N CFL-KS, Crystalline CSC
Nuclear Superfluid  Meson supercurrent ~ Baryon Chemical Potential us
Gluonic phase, Mixed phase

- Naive extension of “Meisinger-Miller-Ogilvie, PRD65, 034009 (2002)” is not
enough to reproduce the lattice result

{e .g. treatment conS|stent with a certaln gauge condltlon’? Polonyi-Szlachanyi (1982) !

join us!
Study of QCD phase diagram in anisotropic system has just begun!

- Further investigation from both theoretical and lattice studies are needed
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- Thermodynamic quantities

- L,, dependence of energy density ¢/T*, and pressures p,/7* and p, /T*

5.5 : : : e T e '

3 e T SN Lattice: Kitazawa-Mogliacci-Kolbe
SOp 7y ] L . i -Horowitz, PRD (2019) !
4.5} I ] / e N !
O
4.0} ] | _
3.5} 1 -1f ]
3.0 ] 2l
25} | 21 . ' ' )
i ot e
2.0b— - - I . . -, . .
1.0 1.5 2.0 2.5 1.0 15 2.0 2.5 1.0 15 2.0 25
L, T LT LT
------ our model with always P, =0
our model

- At larger volume L,T > 1.3, effects from P, may be small (----is better)
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- Thermodynamic quantities

- L,, dependence of energy density ¢/T*, and pressures p,/7* and p, /T*

5'5\ ' ' ' e SN Lattice: Kitazawa-Mogliacci-Kolbe i
50f - ——————— 1 1l ] . i -Horowitz, PRD (2019) :
4.5F I 3 / A N !
O 4
4.0} ] o _
3.5} 1 -1f ]
3.0 2l
2.5} | 2 H ' A
20 i 1 ccmmmmmmmmmmmTmmmm ot
: - : : | — - - — : :
1.0 1.5 2.0 25 1.0 15 2.0 25 1.0 15 2.0 25
LT L, T LT
------ our model with always P, =0
our model

- At larger volume L,T > 1.3, effects from P, may be small (----is better)

- For L, T < 1.3, P,plays an important role to get qualitatively correct behavior

- | showed that naive extension of “Meisinger-Miller-Ogilvie (2002)” is not enough
but a model having both the above properties should be the correct one!




