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Introduction

@ In non-central heavy ion collisions creation of QGP with angular momentum is
expected.
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o How does the rotation affect to phase transitions in QCD?
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ting reference frame

e QCD (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

1-72Q% Qy —-Qz 0

_ Qy -1 0 0
=1 _Qz 0 -1 0
0 0 0 —1
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Rotating reference frame

e QCD (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

1-72Q% Qy —-Qz 0
_ Qy -1 0 0
=1 —Qz 0 -1 0
0 0 0 -1
o The partition function is*
2= [DyDG DA exp (- 5[4, = Sl b, A,m, ) (1)

LA. Yamamoto and Y. Hirono, Phys. Rev. Lett. 111, 081601 (2013), @rXiv:303.6292 [Eep-lati.
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ating QCD: continuum action

1
SG 4g dxnggEgE F,ua

And the quark action reads as follows?

Sp = /d4$ \/giEJ)(’YH(DM - Fu) +m)w,

The covariant derivative D,, and spinor affine connection I', is

#_8 H?
7
FNZ*ZU Wm’j:
UJ:§(77J—7W)

Wyij = gaﬂel (O e + Fwe])

where e is the vierbein and I'j;, is the Christoffel symbol.

%

2A. Yamamoto and Y. Hirono, Phys. Rev. Lett. 111, 081601 (2013), @rXiv:$303.6292 [hep-lath.
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Rotating QCD: sign problem

The Euclidean metric tensor can be obtained from g,, by Wick rotation ¢ — i7

1 0 0 yQr
g | O 10  —z0
I = | ¢ 0 1 0 ’

yQr —xQr 0 14202

where imaginary angular velocity Q; = —i2 is introduced.
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g | O 10  —z0
I = | ¢ 0 1 0 ’

yQr —xQr 0 14202

where imaginary angular velocity Q; = —i2 is introduced.

@ The Euclidean action is complex-valued function with real rotation!

o The Monte—Carlo simulations are conducted with imaginary angular velocity

o The results are analytically continued to the region of the real angular velocity.
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The Euclidean metric tensor can be obtained from g,, by Wick rotation ¢ — i7

1 0 0 yQr
g | O 10  —z0
I = | ¢ 0 1 0 ’

yQr —xQr 0 14202

where imaginary angular velocity Q; = —if2 is introduced.

@ The Euclidean action is complex-valued function with real rotation!

o The Monte-Carlo simulations are conducted with imaginary angular velocity

o The results are analytically continued to the region of the real angular velocity.
v

Tolman-Ehrenfest effect

In gravitational field the temperature isn’t a constant in space at thermal equilibrium

T(r)vV1—1r2Q2=const=T or T(r)y/1+r2Q% = const=T

One could expect, that the (real) rotation effectively warm up the periphery and as a
result, from kinematics, the critical temperature should decrease.

A. A. Roenko (JINR, BLTP)



Lattice setup

The resulting partition function is

Z = /D¢ Dy DU exp (— SalU, ] — Se,,m,U, Q) =

= /DU det M[m, U, Q1] e(—5alt,Qrl) (8)
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Lattice setup

The resulting partition function is

Z = /D¢ Dy DU exp (— SalU, ] — Se,,m,U, Q) =

= /DU det M[m, U, Q1] e(—5alt,Qrl) (8)

e Nj = 2 clover-improved Wilson fermions (csw from one-loop) + RG-improved
(Iwasaki) gauge action are used.

o We reanalyze data for mpsa and mya at zero temperature from CP-PACS and
WHOT-QCD collaborations to restore LCP’s more frequently in 8 and set the
scale.

o Simulation is performed on the lattice Ny x N, x N2 (Ns = Ny = Ny), which
rotates around z-axis.
Up to now, only results with N; = 4 are available, work in progress...

A. A. Roenko (JINR, BLTP) ase tra s in rotating QCD 13 October 2022



LCP and scale setting

Lcp
0.155 —— mps/my = 0.5
— mps/my = 0.
—— mps/my = 0.6

0.150 — mps/my

—— mpsg/my =

— mps/my =

. 0145 mps/my = 0.85

0.140

0.135

To set the temperature along the given LCP we use the zero-temperature mass of
vector meson (my-input)

1
T Ny x mya(mps/mv, ()

—(mps/my. )

and find

T _ mva(Bpe,o=0)

mya(B)




Lattice setup: rotation and boundary conditions

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

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

@ The boundary conditions in directions x,y have to be treated carefully! The
results depend on BC for any approach.

@ The use of periodic/open/Dirichlet BC gives qualitatively the same results for
rotating gluodynamics. PBC in directions z,y are used.
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Lattice setup: rotation and boundary conditions

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

@ The boundary conditions in directions x,y have to be treated carefully! The
results depend on BC for any approach.

@ The use of periodic/open/Dirichlet BC gives qualitatively the same results for
rotating gluodynamics. PBC in directions z,y are used.

o The critical temperature in gluodynamics depends mainly on the linear velocity
on the boundary vr = Q;(Ns — 1)a. Thus, v; is fixed in simulations instead of
angular velocity £ in physical units (e.g., MeV).

A. A. Roenko (JINR, BLTP) s in rotating QCD 13 October 2022



Observables

o The Polyakov loop is

xp = NIN: ((IL) = (IL])%) (11)

by means of the Gaussian fit.

e The (bare) chiral condensate is

_NT

7 (Te(M™)) (12)

n bare
()™ =
For the chiral transition, pseudo-critical temperature 7). is determined using
peak of the (disconnected) chiral susceptibility:

K = S () — () (13)

A. A. Roenko (JINR, BLTP) Phase transitions in rotating QCD 13 October 2022



Rotating QCD: Periodic boundary conditions
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Figure: The Polyakov loop as a function of T'/Tp.(2 = 0) for different values of imaginary
linear velocity on the boundary v;. Lattice 4 x 16 x 172, LCP mpg/my = 0.80.

o Pseudo-critical temperature decreases due to imaginary rotation (like in
gluodynamics).




ting QCD: Periodic boundary conditions
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Figure: The Polyakov loop susceptibility and chiral susceptibility as a function of
T/Tpc(©2 = 0) for different values of imaginary linear velocity on the boundary v;. Lattice
4 x 16 x 172, LCP mpg/my = 0.80.

o Pseudo-critical temperature decreases due to imaginary rotation (like in
gluodynamics).
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Figure: The Polyakov loop susceptibility and chiral susceptibility as a function of
T/Tpc(©2 = 0) for different values of imaginary linear velocity on the boundary v;. Lattice
4 x 16 x 172, LCP mpg/my = 0.80.

o Pseudo-critical temperature decreases due to imaginary rotation (like in
gluodynamics).

A. A. Roenko (! BLTP)



ting QCD: various

rotation regimes

0.200
i
b mps/my =0 =
0.175 v2/c? = 0.06 4
§ D=0, Q=0 3 ® &
0.150f % ) i s
L s S
0.125f * <
—~ =
g y :
~0.100 .
.
< >
0.075 . ¢
a £
0.050 e
- »
0.025F ®
080 085 090 095 100 105 L0 LI5
T/Tye(0)

Figure: The Polyakov loop as a function of T'/T). for various rotation regimes. Lattice
4x 16 x 172, mpg/my = 0.80.
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: various rotation regimes
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Figure: The Polyakov loop susceptibility and chiral susceptibility as a function of T'/Tp. for
various rotation regimes. Lattice 4 x 16 x 172, mpg/my = 0.80.
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Figure: The pseudo-critical temperature as a function of imaginary linear velocity on the
boundary for various rotation regimes (full, only gluons, only fermions).
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Figure: The pseudo-critical temperature as a function of imaginary linear velocity on the
boundary for various rotation regimes (full, only gluons, only fermions).
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ting QCD: critical temperature
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LCP’s with mpg/my = 0.65,0.70,0.75,0.80, 0.85 were considered; vr/c < 0.3.




ating QCD: critical temperature
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o The pseudo-critical temperature increases with the angular velocity (v o< §2).

o The coefficient Bs slightly grows with approaching to chiral limit.

o The chiral transition shifts to the same direction as confinement-deconfinement
transition.

A. A. Roenko (JINR, BLTP) a Bl s in r o} 13 October



Conclusions

o The separate rotation of quarks and gluons in QCD has the opposite influence
on the critical temperature.

@ The critical temperature in Ny = 2 QCD increases with angular velocity (v o« )
Tpe(v) v?
———~ =14 By—.
T.00) TP
It’s not Tolman-Ehrenfest effect!
o The coeflicient By slightly grows with decreasing pion mass in considered range

(mps/my = 0.65 ... 0.85).

temperature also increases with angular velocity.

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

o Future plans: increase statistics; simulations with smaller pion mass, on finer
lattices (V¢ = 6,8), with an open BC.

A. A. Roenko (JINR, BLTP) a ransitions in rotating QCD 13 October 2022



Thank you for your attention!




Rotating QCD: continuum gluon action

The Euclidean metric tensor can be obtained from g,, by Wick rotation ¢ — i7

1 0 0 yQ
E _ 0 1 0 7.7}9[
I = | 0o 0 1 0 ’
yQr —xQr 0 1+ T2Q§
where imaginary angular velocity Q7 = —i{QQ is introduced. Substituting the (¢g)uv

to formula (15) one gets
1 a a a a a a
Se = 53 /d4x [(1 PO FL FY + (1+y° Q) FLFS + (14 2°Q3) FLF +
+F;TF;T+F;TF;T+F:TFZGT_
20 (Fiy F + FELF2) = 2000 (Fi Fly + FiLF) + 20y FLFS, |

A. A. Roenko (JINR, BLTP) sitions in rotating QCD



ating QCD: continuum quark action

The covariant Dirac operator depends on the choice of the vierbein. We choose the
vierbein in the form®

el =ey=es=e,=1, ef=—yQr, ej=x0r, andothere =0

As the result, the Euclidean quark action is

12
Sp = /d%dJ(’Ysz +9'Dy +7° D= +77 (DT + 291%) + m)% (15)

where the gamma matrices are given by 7" = e’
V= gyt Y =t eyt T =00, T =0 (16)

The quark action contains orbit-rotation coupling term v"Q;(zDy — yD,) and
spin-rotation coupling term iy"Qro'?/2.

3A. Yamamoto and Y. Hirono, Phys. Rev. Lett. 111, 081601 (2013), @rXiv:1303.6292 [Eep-lath.
A. A. Roenko (JINR, BLTP) r in r 2CD 13 October


https://doi.org/10.1103/PhysRevLett.111.081601
https://arxiv.org/abs/1303.6292

Rotating QCD: gluon lattice action

Sa =8 ((co+ QWL + (co + " ONWL + (0 + 22w, +

+eo(WaXt + WX+ W) 4+ yQr (W + W) —

= QW W) b ay W £ 3 e W), ()
HFV

with 8 = 6/¢%, and co = 1 — 8¢;, and ¢; = —0.331, where

Wit (z) =1 %Re Tr Uy (), (18)
W2 (2) =1 - %Re Tt Ry (z) (19)
Wijplﬂ(x) = —%Re Tr V() (20)

U, denotes clover-type average of 4 plaquettes,

R, is a rectangular loop,

wwp 18 asymmetric chair-type average of 8 chairs.
13 October 2022

Phase transitions in rotating QCD

A. A. Roenko (JINR, BLTP)



Rotating QCD: quark lattice action

The lattice quark action has the following form (Ny = 2 clover-improved Wilson

fermions are used)

Sp=3_ > @) {6 - m{(l ) Tog + (L7 Toe 4 (1= 4") Tyt +

f o®1,x2
0_12
(149 (=70 Tep + (L) T+ (1= 77) exp (100 G ) o

12
+(1+797) exp <fia521%)T77} — 02y 22 CSWH Z JWFW} O (za), (21)

p<v
where k = 1/(8 + 2am), Tyt = Un(21)02,+p00, Ty = UL (21)00,—p,zp and
Y= —yuyt, A ="+t =4 T =t

The clover coefficient is taken as csw = (1 — WlXI)*?’/4 =(1- 0.8412/5)73/4
(one-loop result for the plaquette are used).

The spin-rotation coupling term is exponentiated like chemical potential.

A. A. Roenko (JINR, BLTP) Phase transitions in rotating QCD 13 October 2022



Rotating QCD: quark lattice action

The lattice quark action has the following form (Ny = 2 clover-improved Wilson

fermions are used)

Sp=3_ > @) {6 - m{(l ) Tog + (L7 Toe 4 (1= 4") Tyt +

f o®1,x2
0_12
(149 (=70 Tep + (L7 4 (1= 77) exp (100 - ) T

12
+(1477) exp <77:CLQIUT)T7—7:| — 0z1,02CSW K Z JW,FW,} wf(an) , (21)

p<v
where k = 1/(8 + 2am), Tyt = Un(21)02,+p00, Ty = UL (21)00,—p,zp and
V=t =yt Y =2, =90 =4t

The clover coefficient is taken as csw = (1 — W1><1)73/4 =(1- 0.8412/[3)73/4
(one-loop result for the plaquette are used).

The spin-rotation coupling term is exponentiated like chemical potential.

A. A. Roenko (JINR, BLTP) Phase transitions in rotating QCD 13 October 2022



ing gluodynamics: OBC, 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.
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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.




3.0 =

2.9

0.5 - DBC, Q=0 MeV
_ T/T.(0) = 0.70
=04 i T/T(0)=127

L.y = 0))]

0.2

0.1

0.0

DBC. Q=24 MeV .
0) =0.70
i T/T.(0)=127

10 20

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.
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Te(v1)/T.(0)

The linear velocity on the boundary v; = Q (N,
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o The critical temperature increases with the angular velocity.
o The coefficient Bs slightly depends on the transverse lattice size (Ns/N¢), but it
is almost independent of both the lattice spacing and the lattice size along the

rotation axis (N /Ny).

o For lattices with sufficiently large Ns and OBC the coefficient is By ~ 0.7.
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Rotating gluodynamics: Periodic boundary conditions
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o The critical temperature increases with the angular velocity.

@ The results for the finest lattices with N; = 10,12 are close to each others, and
for PBC the coefficient is B> ~ 1.3.
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ting gluodynamics: Dirichlet boundary conditions
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o The critical temperature increases with the angular velocity.

o For lattices with sufficiently large N5 and DBC the coefficient goes to plateau
Bs ~ 0.5.
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