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MOTIVATION

o Properties of Quark-Gluon-Plasma (QGP):

e Underlying symmetries.
e equation of state and medium thermodynamics.

o Phase structure.

In the presence of :

o finite temperature (7).
o finite chemical potential (1).

o finite rotation (2).
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e Objective 1 :

The thermodynamic and phase transition properties in a rotating
Bounded system.
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MOTIVATION

MOTIVATION : TOLMAN EHRENFEST ANALOGY

¢ Rigid rotation with constant angular velocity {2 around z axis:
Ty

T B
TE(p) T

TE Prediction : Deconfinement starts at the peripheral region and
approaches the center.

Confinement Mixed : Deconfinement

Minkowski

Confinement i Mixed : Deconfinement

Euclidean

FIGURE 2: Lattice results.Phys.Lett.B 855 (2024), 138783

FIGURE 1: TE prediction. PhysRevD.107.114502 4/18
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MOTIVATION : TOLMAN EHRENFEST ANALOGY

TE Prediction : Deconfinement starts at the peripheral region and
approaches the center.

Lattice result : Deconfinement z .
starts at the center and

approaches the boundary. £ b ’ jMu

FIGURE 1: Lattice results.Phys.Lett.B 855 (2024), 138783

00

e Objective 2 :

Does the Tolman-Ehrenfest analogy hold for a rotating bounded
system?
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FORMALISM ROTATING BOUNDED SYSTEM

POLYAKOV LINEAR SIGMA MODEL WITH QUARKS

e Model Lagrangian:

e Quark contribution:
Lg=P (i —gd) Y = [i) — glo + irsT - 7)] ¥

D, =0,—-iA, A,=70,A"
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FORMALISM ROTATING BOUNDED SYSTEM

POLYAKOV LINEAR SIGMA MODEL WITH QUARKS
e Quark contribution:
Lg=1p (i) —go) v = [il) — glo + ivsT- 7)) ¥
e Polyakov contribution:

Ly a(T)L'L
"~ 2

—b(T)In[1 —6L*L+4 (L* + L*) — 3(L*L)?]

L= ?I)Tr<Texp[i/05 dr Ay (X, T)])
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FORMALISM ROTATING BOUNDED SYSTEM

POLYAKOV LINEAR SIGMA MODEL WITH QUARKS

e Quark contribution:

Lg= (i) —g) v = [iD — glo + irsT- 7)] 9
e Polyakov contribution:

% _ _“(T;L*L — B(T)In[1 - 6L°L +4 (L*® + L%) — 3(L*L)?]

e L and L* are the order parameter for the confinement deconfine-
ment phase transition as (L) = e #f1, my; — oo .

e a(T) and b(T) are fitted to reproduce Lattice SU(3) pure gauge re-
sults.
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FORMALISM ROTATING BOUNDED SYSTEM

THERMODYNAMIC POTENTIAL

e Thermodynamic potential:

Z=Tr (e_ﬂ(H_“N)>

Thh 2
F(T) = — ‘1; — Vi + Vi+Fyyp

where,

d*p
Fyp=—2N;T > @l

s==+1
Fp =1In[1+3Le P8+ + 31" e 2P8+ 4 7304+
F_=1In[1+3L*e#% +3Le7?P%- 4 ¢%5].
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FORMALISM ROTATING BOUNDED SYSTEM

THERMODYNAMIC POTENTIAL

e Thermodynamic potential:

Z=Tr (e_ﬁ(H_“N)>

TlnZ
F(T)=—- 3 =VM+VL—|—F¢J)

e Saddle point equations:

O(Fyg + Vam) 0. a(FWJFVL)_O, O(Fy5+ Vi)

0o ’ OL ’ OL*

e All thermodynamic observables are evaluated from the thermody-
namic potential F(om¢, L, L )
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FORMALISM ROTATING BOUNDED SYSTEM

ROTATING CYLINDRICAL SYSTEM

e Cylinder of radius R rigidly A
rotating about the z axis in the
counterclockwise direction.

%

°
\

e We assume the effects of
rotation only on the quark
sector.

e Conservation of angular
momentum J,.

o Causality criteria: QR < 1.

e Transverse direction is finite —
transverse momentum is
di FicurE 2: Rigidly rotating cylinder m.N.
lscrete’ Chernodub et. al. 10.1007/JHEP01(2017)136.
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FORMALISM

e Quark contribution:

Ly= (i) — gp) v = [i) — glo + irsT- T)] ¢

D, =0,+I', —iA,
e The line element :

ds®> = (1 — p*Q¥)dr* — 2p*Qdtdy — dp* — p*dyp? — dz?
e The Partition function :

B8
o / lidyt][dy] exp(Sg), Sz = /0 dr /V BxLp,
Ly =9 [1°(=0r + QU + iAs + p) + i - V — go) .
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FORMALISM ROTATING BOUNDED SYSTEM

FORMALISM

) Quark free ENErgy: ve. ambrus, E. Winstanley. PhysRevD.93.104014

o ZNfTZ Z Z/dpz

I=1 m=—oco ¢=%

F, =In [1 +3LePé+ 4 3L*e2PE+ ¢ e‘3ﬁé+] :

F_=In [1 1+ 3L* e PE- {30205 4 6—3557]
e where

3 . 1
Er=(P2+q* +g%0%)2 —Q(m+ =

2)?#

e The transverse momentum ¢ will be discrete because of the
boundary effect.

9/18



FORMALISM ROTATING BOUNDED SYSTEM

FORMALISM

e where

- 1 1
Ex=(Do+q" +80"): —Qm+3)Fp

e The transverse momentum g will be discrete because of the
boundary effect.
o The Hamiltonian is self—adjoint . VE. Ambrus, E. Winstanley.PhysRevD.93.104014
oo 27 B
(¥, Hx) = (Hy, x). = R/ dz | doyy x|p=r =0

—0o0 0

e Spectral boundary condition :

GmiR=&mi m+3>0; GmiR=¢& 1 m+ 3 <0.
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FORMALISM ROTATING BOUNDED SYSTEM

MODIFIED FREE ENERGY INCLUDING ROTATION

e Quark contribution to the free energy:

2NfT dpz
Rs=-20 5 3 [2F
=1 m=—o0
Fy =T [1 +3Le Pé+ 4 3L e+ 4 e—ws@} :

F =1n |:1 + 3L*e—ﬁg_ 4+ 3Le—2/3<§_ + e—3,(3§_:| )

e Non rotating system — rotating bounded system:

7 Tr (e—B(H—;LN—Q]Z)); / dp WRZZ z /dl?z

I=1 m=—oc0
2 3 1
giz(Pz+8202)2?M%Sj::(p”i}?%gcr - im+ ) Fu
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RESULTS

PHASE DIAGRAM IN T — u PLANE
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FIGURE 3: The phase diagram of bounded system for (a) different radii at QR = 0 and (b)
Different QR at radius 2 fm .

¢ Transition temperature decreases as radius increases.

e Boundary effects drag the critical point towards increasing p .

¢ Transition temperature decreases as angular velocity increases.

¢ Finite rotation drags down the critical point towards decreasing .
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PHASE DIAGRAM T — QR PLANE
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FIGURE 4: Phase diagram with different chemical potential (a) R = 2 fm and (b) R = 5 fm.

e As Rincreases, the range of i« over which there is a critical point
decreases.
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PHASE DIAGRAM

0.25
L Chiral Chiral
02 F 85ss R=2fm _
":S;E:i’l\ (@) R 5&11
33, (b)
= 015
o
2
~ 0.1
0.05
0 0
0 005 01 015 02 025 03 0.35 0 005 01 015 02 025 03 035
11 [GeV] 11 [GeV]
00 Fog™ - - - - - - =
® Unbounded @

0.15

S LA

0.05 1 R=100 —e—  3.00 |

T [GeV]

125 —a— 5.00 —o—
1.50 —e— 10.0 —e—
0 2.00 —a— 40.0 —e—

01 015 02 025 03 035 04 045 05
1 [GeV]

13/18



RESULTS

MOMENT OF INERTIA
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FIGURE 6: Moment of inertia for R=3 fm for ;1 = 0 (left) and p = 0.25 GeV(right).
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TOLMAN EHRENFEST ANALOGY :

e Objective: understanding the dependence of T, on QR.

Saddle point equation : A(0? — v?) — h — g{¢p) = 0
e In the presence of rotation :

T,=T,T, uwd,=T,0;+0Q9,), T,=(1-p*Q*)"V2,
e One can use:

e_ﬂE — e—ﬂ(po—‘,-ﬂypx—ﬂxpv) — e_ﬁﬂuﬂpH — F(uﬂp‘u/T) — F(uupp’/Tp)
() = o0g 3 | Gpphtarm

(), = LEET2 S ilf"’“z a2 gy () = 2 [ dpp(),

_p = [x2 4 m
o where x = £, y, = | /x* + Tz -
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TOLMAN EHRENFEST ANALOGY :

e 1 = 0 — transition is crossover.

e The system can be analyzed perturbatively with respect to mT‘” .

o At crossover o ~ 020 = 0.45gf, .

¢ In the small mass approximation :

Rotating case :
AoZ — V7)) — h+ 820N (TS (T2)R (1 — 2¢05p/n%) = 0.
Nonrotating unbounded case :

ANos — V7)) — h+ g20Np(T2)? (1 — 242, /%) = 0.

/3(1—L)(1+3L)

where, (I%)p = zez InTr, ¢ =tan™! 301
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e u =0 — transition is crossover.
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o The system can be analyzed perturbatively with respect to = .

o At crossover o ~ 0% = 0.45gf, .

¢ In the small mass approximation:

ToR _ _ ToV/1-200/m
QR —

(T3 Ry 1=2¢¢/m ’
VL _ Nypor(T3H)* ¥R T4y 5 — 3g*02 (T2 5
0Ly 2sin poR w2 P A2 (TOR)2 P

/3(1—L)(1+3L)

where, (I'%)p = zez InTr, ¢ =tan™! 301

16/18



MOTIVATION

FORMALISM

RESuLTS

TOLMAN EHRENFEST ANALOGY :
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FIGURE 7: comparison between Tolman-Ehrenfest prediction and numerically estimated transition
temperature for PLSM; model.

e The TE agreement is obtained at high R .
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RESULTS

SUMMARY

e Free energy is obtained within the Polyakov enhanced Linear Sigma
model with quark degrees of freedom for real rotation with proper
boundary condition.

7 s Tt (e PH-uN-0L) . / S / 2
— Tr (e ) | = — ; m;x >

1 ~ 2 1
Ex= (PP +80)) Fu—be= P+ 2+ gD —Qm+ ) Fu
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RESULTS

SUMMARY

¢ Boundary effects favour the crossover scenario and drags the criti-
cal endpoint towards higher chemical potential.
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¢ With increasing rotation the phase transition temperature and criti-
cal chemical potential decreases.

18/18



SUMMARY

RESULTS

¢ As R increases the Q)R dependency of the critical chemical potential
in T — p phase diagrams decreases.

T [Gev]

0.15

e

0.05

0

1
o Unbounded
R=100 —e— 300 |

1.25 —a— 5.00 —e—
150 10.0 —o—
2.00 100 —e—

01 015 02 025 03 035 04 045 05
4 [Gev]

18/18



MOTIVATION
FORMALISM
RESuLTS

SUMMARY

e For a fixed temperature moment of inertia reflects the phase transi-
tion properties.
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RESULTS

SUMMARY

¢ The Tolman-Ehrenfest analogy can be realised only for R — cc.
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