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Introduction

e In non-central heavy ion collisions creation of QGP with angular momentum is
expected.
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Introduction

o In non-central heavy ion collisions creation of QGP with angular momentum is
expected.

e The rotation occurs with relativistic velocities.
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o How does the rotation affect to phase transitions in QCD?
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= Critical temperature decreases due to the rotation.
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Rotating reference frame

e SU(3)-gluodynamics (at thermal equilibrium) is investigated in the reference
frame which rotates with the system with angular velocity 2 .

o In this reference frame there appears an external gravitational field

1-72Q2 Qy —-Qz 0

| 9 -1 0 o
I =1 _Qz 0 -1 0
0 0 0 -1

o The partition function is*

Z = Trexp [fﬁﬁ} = Z = /DA exp (—Sa), (1)

where the Euclidean action can be written as

]. a a
Sa = 29 d* TA\/9E 9% gEBF
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ting reference frame: temperature

o Tolman-Ehrenfest effect: In gravitational field the temperature isn’t a constant
in space at thermal equilibrium:

T(r)/goo = const,
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ating reference frame: temperature

o Tolman-Ehrenfest effect: In gravitational field the temperature isn’t a constant
in space at thermal equilibrium:

T(r)/goo = const,

e For the rotation one has

T(r)vV/1—1r2Q2 =const=T,

@ One could expect, that the rotation effectively warm up the periphery of the
modeling volume
T(r)>T(r=0),

and as a result, from kinematics, the critical temperature should decreases.
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Rotating reference frame

The Euclidean action can be written as

1

56 = i

d*z /95 gg"g%BFﬁaFfB. (2)

Substituting the (gg)u. to formula (2) one gets

Sa d'z [(1 = PQ)FL FL, + (1 - PO FLFL + (1 - Q) FyLFy. +

T2
+an7'an‘r+FaFa +an7'Fz(:lT_

YT yT

— 2iyQFEy Fy, + FEFL) + 200U P Fir + FyLFL,) = 20yQ° FLLFS, |
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Rotating reference frame

The Euclidean action can be written as

1

Sa = 12 d*z /95 ggyg%ﬂFﬁaFfB. (2)

Substituting the (gg)u. to formula (2) one gets

Se = 53 dz [(1 — P2 FLFY + (1 — 2 Q)FLFL + (1 — 2° Q) FLFY +
+anTan‘r+Fa Fa +F;TF;T_

YT yT

— 2iyQUFEy Y, + FEFL) + 200 P Fir + FyLFey) = 20yQ° FLLFS, |

@ The Euclidean action is complex-valued function!

o The Monte—Carlo simulations are conducted with imaginary angular velocity
Qr = —iQ.

@ The results are analytically continued to the region of the real angular velocity.
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Lattice action

The lattice action can be written as

(&

1 _ 1 _
Sa = ﬂ; ((1 21— gRe T Uy) + (1+9708) (1~ - Re Tr U) +

c c

1 _ 1 ~ - -
+ (1 +220H0A - + Re Tr Uy2) +3— ~ Re Tr (Upr + Uyr +Usr) —
1

- ERe Tr (yQI(f/J:yT + V'zr) - mQI(‘Z{/wT + ‘Z/ZT) + wa§VIrzzj)),

where 8 = 2N./¢?,

U uv denotes clover-type average of four plaquettes,

Vuvp is asymmetric chair-type average of 8 chair.

oo, e e
00 :

Uw =

el
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Lattice setup

o Simulation is performed on the lattice Ny x N, x N2 (Ns; = N, = N,;), which
rotates around z-axis.

@ The system should be limited in the directions, which are orthogonal to the
rotation axis: Qr(Ns — 1)a/v2 < 1
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Lattice setup

o Simulation is performed on the lattice Ny x N, x N2 (Ns; = N, = N,), which
rotates around z-axis.
@ The system should be limited in the directions, which are orthogonal to the
rotation axis: Qr(Ns — 1)a/v2 < 1
4
@ The boundary conditions in directions x,y have to be treated carefully! The
results depend on BC for any approach. (PBC are used in directions ¢, z.)
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Lattice setup
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rotation axis: Qr(Ns — 1)a/v2 < 1
4
@ The boundary conditions in directions x,y have to be treated carefully! The
results depend on BC for any approach. (PBC are used in directions ¢, z.)

The following types of BC were systematically checked:

@ Open b.c. — OBC
o All Uuv, Vuwp, which contain links sticking out of the lattice, excluded.
e Does not break any symmetries.
o Up=1forall Pcout;or Fj, =0 = ,low" temperature on the boundary.
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o The velocity distribution is not periodic.
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Lattice setup

o Simulation is performed on the lattice Ny x N, x N2 (Ns; = N, = N,), which
rotates around z-axis.
@ The system should be limited in the directions, which are orthogonal to the
rotation axis: Qr(Ns — 1)a/v2 < 1
4
@ The boundary conditions in directions x,y have to be treated carefully! The
results depend on BC for any approach. (PBC are used in directions ¢, z.)

The following types of BC were systematically checked:

@ Open b.c. — OBC
o All Uuv, Vuwp, which contain links sticking out of the lattice, excluded.
e Does not break any symmetries.
o Up=1forall Pcout;or Fj, =0 = ,low" temperature on the boundary.

@ Periodic b.c. — PBC

o The velocity distribution is not periodic.

o Dirichlet b.c. — DBC
o Uy(z) =1 for all z,z + p € boundary
e Violate Z3 center symmetry.
o L(z,y) = 3 on the boundary = ,high“ temperature on the boundary.
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Polyakov loop

The Polyakov loop is an order parameter. The lattice version is defined as usual:

Ny—1
I1 vz T)] : L= N;NZ > L@). 3)

In confinement (L) = 0; in deconfinement (L) # 0 (Zs3 center symmetry is broken).
The critical temperature T, is determined using the Polyakov loop susceptibility
X = NIN. (| L1*) = (|L))?) (4)

by means of the Gaussian fit.

e Non-periodic b.c. changes the critical temperature 7, (0)
° TC(O)OBC > TC(O)PBC
o Te(0)PBC < T.(0)PBC

e With N,/N; — oo their influence wanes, and T.(0) — T.(0)"ES)
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Open boundary conditions
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Figure: The Polyakov loop (a) and Polyakov loop susceptibility (b) as a function of
temperature for different values of imaginary angular velocity €2;. The results are obtained
on the lattice 8 x 24 x 492.




Open boundary conditions: critical temperature

OBC . .
Fosx20x25!  E 10x30x312 T. depends on Q2 and is well described
T osx24x2  § 10x30x412 b
F 8x24x332 ¥ 10x30x512 y
¥ sx2ax41? 3 12x36x372
¥ 8x30x25% TC(QI) =1 _ngi

7.(0)
Ny/N, ~3

0 1000 2000 3000 4000 5000 6000 7000 8000
Q2 (MeV?)

o The coefficient C> depends on the transverse lattice size (Ns/N;) and almost
independent of both the lattice spacing and the lattice size along the rotation
axis (N./N).
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Open boundary conditions: critical temperature

0BC
Fo8x20x25° B 10x30x31°
B 8x24x25° ¥ 10x30x41°
F 8x24x332 ¥ 10x30x512
¥ sx2ax41? 3 12x36x372
¥ 8x30x25
Ny/N, ~3

0 1000 2000 3000 4000 5000 6000 7000 8000
Q2 (MeV?)

T. depends on Q2 and is well described
by

Te(Qr) 2
m =1-C97
| @i=-e
T.(Q) 2
T.(0) =14 C2Q2

The critical temperature increases with
the angular velocity (C2 > 0)

o The coefficient C> depends on the transverse lattice size (Ns/N;) and almost
independent of both the lattice spacing and the lattice size along the rotation

axis (N /Ny).
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Open boundary conditions: critical temperature

T
10 x 30 x 312
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The linear velocity on the boundary vy = Q7 (Ns — 1) a(8.)/2

Te(vr) v} Te(v) v?
T.(0) 1=B: c? - T.(0) L+ B c?

o The coefficient B slightly depends on the transverse lattice size (Ns/Ny).
o For lattices with sufficiently large N5 and OBC the coefficient is By ~ 0.7.
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Periodic boundary conditions: critical temperature

1.55
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The linear velocity on the boundary vy = Q7 (Ns — 1) a(8:)/2
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T.(0) 22 - T.(0) TP

o The results for the finest lattices with NV; = 10,12 are close to each others, and
for PBC the coeflicient is B> ~ 1.3.
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Dirichlet boundary conditions: critical temperature
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The linear velocity on the boundary vy = Q7 (Ns — 1) a(8:)/2
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TC(O) —1—3202 — =

o For lattices with sufficiently large Ns; and DBC the coefficient goes to plateau
B ~ 0.5.
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Rotation and susceptibility scaling

N 8x N x 412
60F § peC, 0r=0Mev {
PBC, € =24 MeV
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g i
L3
10
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0
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N.

Figure: The height of the susceptibility peak for various lattices 8 x N, x 412 and
zero/nonzero angular velocities.

Rotation does not change the order of the phase transition (in studied region of Q):
e OBC: x(maz) Ly
e PBC: x(maz) Ly
@ DBC: x(ma®) ~ const
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Including fermions (preliminary results)

The rotation affect both gluon and fermionic degrees of freedom.

Z:/szDv,z_;DA exp (— Sa[A, Q) — Sr[Y, v, A,Q)). (5)
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Including fermions (preliminary results)

The rotation affect both gluon and fermionic degrees of freedom.
2= [DvDG DA exp (- Sa[4,9) - Sr(d,6.4.9]) (5)

There is the sign problem for the lattice quark action. After the same substitution
(€2 = —i€;) it has the following form

Sp = Z ";("El) {511712 - ’i|:(1 - 'Yz)Ter + (1 +'VZ)TI*

T1,T2
+ (1 =Tyt + (L +) Ty + (1 =) Tor + (1 +77) e
o12 12
+(1—~")exp (z’aQ[T)Tﬂ. +(1+~")exp (f iaQIT)TT_] P(x2), (6)
where TI,H- = Uu(xl)dzl-‘—u,zgy T,u— = Uu(xl)(;zl—y.,zg and
V=t =yt Y =t eyt =0 T =

The Monte-Carlo simulations with dynamical fermions (N = 2 Wilson fermions) for
an imaginary angular velocity were performed.
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Rotating QCD

4% 20 x 212, PBC

1x20 x 212, PBC H s
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(b)

Figure: The Polyakov loop (a) and the chiral condensate (b) as a function of 8 for different
values of imaginary angular velocity Q7. Lattice 4 x 20 x 212, the hopping parameter
Kk =0.170 (ms ~ 690 MeV, T ~ 171 MeV for g = 5.15).

@ Critical couplings . for chiral transition and confinement-deconfinement
transition coincide with each other (up to the error).
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Figure: The Polyakov loop (a) and the chiral condensate (b) as a function of 8 for different
values of imaginary angular velocity Q7. Lattice 4 x 20 x 212, the hopping parameter
Kk =0.170 (ms ~ 690 MeV, T ~ 171 MeV for g = 5.15).

@ Critical couplings . for chiral transition and confinement-deconfinement

transition coincide with each other (up to the error).

One can split the full action as S¢(2¢) + Sr(2r) and rotate each part separately!
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Figure: The Polyakov loop (a) and the chiral condensate (b) as a function of g for different
values of imaginary angular velocity Q7. Lattice 4 x 20 x 212, the hopping parameter
Kk =0.170 .

o Rotation of fermions and gluons separately has the opposite influence on the
critical coupling (temperature).




Rotating QCD
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o Rotation of fermions and gluons separately has the opposite influence on the
critical coupling (temperature).
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o Rotation of fermions and gluons separately has the opposite influence on the
critical coupling (temperature).

e The results are qualitatively the same for OBC.




Conclusions

@ The critical temperature of the confinement/deconfinement transition in
gluodynamics increases with angular velocity

T.(2)

T.(0)

=14 0%,

@ The result does not depend on the boundary condition used

T:(v) v?
=14 By—
T.00) TP
where for OBC By ~ 0.7, for PBC Bz ~ 1.3 and for DBC B2 ~ 0.5
o Rotation does not change the order of the phase transition.

o It should be noted, that NJL (and other phenomenological models) predicts that
critical temperature decreases due to the rotation.

o Preliminary results for QCD show that the separate rotation of quarks and
gluons has the opposite influence on 8. (for m, ~ 690 MeV gluons win).

See the details in:
@ V. V. Braguta, A. Y. Kotov, D. D. Kuznedelev, and A. A. Roenko, Phys. Rev. D 103,
094515 (2021), arXiv:2102.05084 [hep-lat]
@ V. V. Braguta, A. Y. Kotov, D. D. Kuznedelev, and A. A. Roenko, JETP Lett. 112, 6-12
(2020)

LATTICE21,


https://doi.org/10.1103/PhysRevD.103.094515
https://doi.org/10.1103/PhysRevD.103.094515
https://arxiv.org/abs/2102.05084
https://doi.org/10.1134/S0021364020130044
https://doi.org/10.1134/S0021364020130044

Thank you for your attention!




Open boundary conditions
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Figure: The Polyakov loop (a) and Polyakov loop susceptibility (b) as a function of
temperature for different values of imaginary angular velocity €2;. The results are obtained
on the lattice 8 x 24 x 492.

o The height of the peak x(™*) slightly grows with angular velocity for OBC.

A. A. Roenko (! BLTP)



Periodic boundary conditions
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Figure: The Polyakov loop (a) and Polyakov loop susceptibility (b) as a function of
temperature for different values of imaginary angular velocity €2;. The results are obtained

on the lattice 8 x 24 x 492,

o The height of the peak x(™*) falls down with angular velocity.




Dirichlet boundary conditions
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Figure: The Polyakov loop (a) and Polyakov loop susceptibility (b) as a function of
temperature for different values of imaginary angular velocity €2;. The results are obtained
on the lattice 8 x 24 x 492,

o The height of the Polyakov loop susceptibility x("**) falls down with rotation.

e Polyakov loop is not zero for low temperatures. Contribution from boundary is
8Ly = 12(Ns —1)/NZ, or 6Ly.. =~ 0.24.

A. A. Roenko (!

BLTP)



onditions: Polyakov loop distribution

The local Polyakov loop in z, y-plane

Liw.y) = 3 Y Ly, 2)

A. A. Roenko (! BLTP)



Open boundary conditions: Polyakov loop distribution
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Figure: The local Polyakov loop [(L(z,y))| as a function of coordinate for OBC and Q; =0
MeV (left), Qr = 24 MeV (right). Points with 2 # 0,y = 0 from the lattice 8 x 24 x 492 are
shown.

@ The local Polyakov loop |(L(z,y))| is zero for all spatial points in the confinement phase,
both with and without rotation = Polyakov loop still acts as the order parameter.

@ In deconfinement phase the boundary is screened.




Periodic boundary conditions: Polyakov loop distribution
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Figure: The local Polyakov loop [(L(z,y))| as a function of coordinate for OBC and Q; =0
MeV (left), Q; = 24 MeV (right). Points with x # 0, = 0 from the lattice 8 x 24 x 492 are

shown.

@ The local Polyakov loop |[(L(z,y))| is zero for all spatial points in the confinement
phase, both without rotation and with nonzero angular velocity.

@ The local Polyakov loop demonstrates weak dependence on the coordinate in the
deconfinement phase.




Dirichlet boundary conditions:
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Figure: The local Polyakov loop [(L(z,y))| as a function of coordinate for OBC and Q; =0
MeV (left), Qr = 24 MeV (right). Points with 2 # 0,y = 0 from the lattice 8 x 24 x 492 are

shown.

@ The local Polyakov loop [(L(z,y))| is equal three on the boundary in both phases.

@ The boundary is screened.

A. A. Roenko (J
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