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Relativistic rotation causes a change of QCD critical temperatures. Various phenomenological
and effective models predict a decrease of the critical temperatures in rotating QCD. Nevertheless,
lattice simulations showed that the critical temperature in gluodynamics increases due to rotation.
We extend the lattice study to the theory with dynamical fermions. We present the first lattice
results for rotating QCD with Ny = 2 dynamical clover-improved Wilson quarks. We also study
separately the effect of rotation on gluonic and fermionic degrees of freedom. It is shown that
separate rotations of gluons and fermions have opposite effects on the critical temperatures. In
aggregate, the pseudo-critical temperatures in QCD increase with angular velocity. Dependence

of the results on the pion mass is also discussed.
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1. Introduction

In non-central heavy-ion collisions a created droplet of quark-gluon plasma (QGP) is expected to
have non-zero angular momentum [1-4]. Hydrodynamic simulations predict the vorticity of rotating
QGP to reach values of 20-40 MeV (0.1-0.2 fm~1) [1]. From the experimental data on A, A-hyperon
polarization the average vorticity of created quark-gluon matter may be estimated as 6 MeV [4].
Relativistic rotation of QGP causes various interesting phenomena, well-known examples of which
include the chiral vortical effect [5-8] and a polarization of created particles [9, 10]. The critical
temperature in QCD is also affected by relativistic rotation.

The behavior of QCD critical temperatures in the case of rotation was actively investigated
via different approaches (see [11-23] and refs. therein), and most of them predict a decrease of
the critical temperatures. It should be noted that relativistic rotation affects both fermions and
gluons in QCD, and an interplay between strong interaction and rotational motion may lead to
non-trivial results. The chiral symmetry breaking critical temperature in the Nambu-Jona-Lasinio
model (NJL), which is mostly focused on fermionic degrees of freedom, decreases with angular
velocity due to suppression of the chiral condensate [11]. Our results for rotating gluodynamics are
opposite [24-26]. Recently it was shown that in the NJL model the contribution of rotating gluons
can be taken into account via running of the effective coupling, which changes the behavior of the
critical temperature in the rotating system [27].

In this paper we present our first results for critical temperatures in rotating QCD with Ny =2
dynamical clover-improved Wilson fermions. We demonstrate that the critical temperatures tend to
increase due to rotation and discuss the dependence of the results on the pion mass. We also consider
several regimes of rotation and show that separate rotations of gluons and fermions influence the
critical temperatures in an opposite way.

2. Rotating reference frame

In order to carry out the lattice study of the rotating system we use the approach developed in
Refs. [24-26, 28]. Namely, QCD at thermal equilibrium is investigated in the reference frame which
rotates with the system. In this reference frame the rotation can be represented in terms of an external
(static) gravitational field. Using the standard technique one can build the partition function, which
is determined through the action of the system in Euclidean space [28]. Unfortunately, due to the
sign problem [24-26, 28] direct Monte-Carlo simulation of the rotating system is not possible today.
To overcome this problem we conduct simulations with imaginary angular velocity ; = —iQ and
analytically continue the results to real angular velocity. In rotating coordinates the Euclidean
metric tensor takes the form

0 yQ

0 1 0 —xQ

E 1
b 1
1 0 (D
yQr —xQp 0 1+r7Q7

where r = 4/x2 + y2 denotes distance from the rotational axis (assumed to be z-axis).
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In general, continuum action for gluons and quarks in an external gravitational field may be

written as
_ 1 4 nv af ra a
SG_@ d'x\8E 8k 8 Fual'p 2)
Sp= [ A5 NEEG O (D, =T 4 m)u ©

where D, = 0, —iA,, is the covariant derivative, I',, is the spinor affine connection, which is defined
in terms of a vierbien. To construct the Dirac operator with the metric tensor (1) we use the vierbein
in the form as in Ref. [28].

3. Lattice setup

In present study we discretize non-rotating parts of action using RG-improved (Iwasaki) lattice
gauge action [29] and Ny = 2 clover-improved Wilson fermions [30]. Relativistic rotation is
introduced according to Ref. [28]; thus, the lattice gauge action has the following form:

Se=B) ((co+r29§)W;§‘ +(co+ Y’ QDWW + (co+x> QW E +co (W + Wik + Wik +
X

+yQI(W1><1><l+W1><1><l) _XQI(WIXIXI+W1><1><1)+xyg%wl><l><l +ZCIW/£>;2)’ (4)

Xyt xzt yxT vzt xzy
HEY
with 8 = 6/g2, co=1-8c;and ¢; = —0.331, where
Wusl(x)=1- %Re Tr Uy (x), 5)
Wit (x) =1- %Re Tr Ry (%), (6)
W}“X,;Xl(x) = —%Re Tr Viyp(x), (7

and Uy, (x) denotes the clover-type average of four plaquettes, R, (x) is the rectangular loop,
V,uvp(x) is the asymmetric chair-type average of eight chairs [25]. The quark lattice action is

Se= ), D, 0 )My wu! (), ®)
f=u,d x1,x2
My x, = 6XI,XZ—/<[(1—yx)Tx++(1+yx)Tx_+(1—yy)Ty++(1+yy)Ty_+(1—yZ)TZ++(1+yZ)TZ_+

12 12
+(1—y7) exp (iaﬁl%)TH +(1+y7) exp (—iaQI%)TT_] — Ox;,x, CSWK Z ouvFuy,
u<v

where x = 1/(8 +2am), Tys = Up(X1)8x, 41,50 Ty— = Uj(x1)8 %, poxos Fuw = (Upe — U,) /8i and

y =yl =yt ¥ =y +xQpyt, =y, vt =9h

For the clover coefficient csw we follow Refs. [31, 32] and adopt the mean-field value csw =
(1 = Wx1)=3/% = (1 - 0.8412/8)~3/* substituting one-loop result for the plaquette [29].
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This lattice action (without rotation) has been extensively used by CP-PACS and WHOT-QCD
collaborations to study the phase diagram of QCD and its equation of state [31-36]. The masses
of light mesons were calculated for a wide range of simulation parameters in Refs. [33-36], and
we reanalyze that data to restore the lines of constant physics (LCP) more frequently in S than it
was done in Refs. [31, 35]. Our interpolation results for the LCPs are consistent with previous
studies [31, 35] within systematic uncertainties.

Simulations are performed on lattices of the size N; X N, X st, where Ny = N, = N, is the
lattice size in directions orthogonal to the rotational axis z, which passes through the center of
x, y-plane. Due to the metric tensor structure (1), we do not encounter a problem with causality in
the case of Euclidean rotation, so, in principle, one can consider an unlimited system. The phase
diagram of QCD in the presence of fast Euclidean rotation was studied in Refs. [21, 23], but the
results for an infinite system may not be relevant for the analytical continuation to real angular
velocities [20]. In present study we focus only on slow rotation and consider the system bounded
in x, y-directions by the restriction ;(Ns — 1)a/V2 < 1, and the results then can be analytically
continued [25].

Since we work with a bounded system, the boundary conditions in corresponding directions
x, y are important. In our previous lattice study of rotating pure Yang-Mills theory several boundary
conditions in these directions were implemented (periodic, open, Dirichlet), and it was shown that
emerging boundary effects are screened [25]. Moreover, the critical temperature of the rotating
system with different boundary conditions demonstrates qualitatively the same behavior, mainly
depending on linear velocity v; at some point at the boundary, not purely on the angular velocity [24—
26]. Due to the abovementioned reasons, we conduct this study with periodic boundary conditions
(PBC) in x, y-directions and fix linear velocity v; = Q;(Ng — 1)a/2 in the central point of an outer
volume face during simulations. In z, #-directions conventional (anti-)periodic boundary conditions
are implemented.

4. Regimes of rotation

Relativistic rotation enters both parts of the action (4), (8); thus, several regimes of rotation
may be considered to disentangle the effect of rotation on gluons and quarks. For this purpose
we introduce separate angular velocities for gluons (€2¢) and fermions (Qf), so the full action is
chosen in the form

S =86[Qc] +SF[QF], ©

and the system is investigated in the three following regimes:
* only fermionic rotational contribution is probed (Qg =0, Qp = Q; # 0);
* only gluonic rotational contribution is probed (Qg = Q; # 0, Qp =0);
¢ the combined effect is studied (Qg = QF = Q7 # 0).

Of course, in real physical experiments only the last regime can be encountered. Nevertheless,
the behavior of the system in different rotational regimes may help to deeper understand rotational
phenomena in the theory of strong interactions.
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5. The results

Let’s consider the regime when both fermions and gluons rotate. The dependence of the
spatially averaged Polyakov loop on the normalized temperature T'/T),. (€2; = 0) for several angular
velocities is shown in Fig. 1(a) for the lattice 4 x 16 x 172 and the ratio of pseudoscalar to vector
meson masses mpg/my = 0.80. One can see that the averaged Polyakov loop becomes larger at
high temperatures due to rotation, and the pseudo-critical temperature given by the inflection point
of the averaged Polyakov loop decreases with imaginary angular velocity.
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Figure 1: The averaged Polyakov loop as a function of temperature for different values of imaginary linear
velocities at the boundary in the case of full rotation (a), and for various regimes of rotation at the same
value of linear velocity v%/ ¢2 = 0.06 (b). The results are obtained on the lattice 4 x 16 x 172 with PBC and
mps/mv =0.80.

In Fig. 1(b) the dependence of the spatially averaged Polyakov loop on the temperature is shown
for zero angular velocity as well as for various regimes of rotation with v% /c? = 0.06. From this
plot one can conclude that the shift of the pseudo-critical temperature in the regime when only the
gluon action is subjected to rotation (g # 0, QF = 0) is slightly larger than in the regime of full
rotation (2 = Qf # 0). For the rotational regime when only fermions are subjected to rotation
Qg =0, QF # 0) the Polyakov loop becomes smaller at high temperatures, and one could expect
that the pseudo-critical temperature slightly increases due to imaginary rotation.

In order to make quantitative predictions, we determined the pseudo-critical temperature of
the confinement-deconfinement crossover from the position of the peak of the susceptibility of the
averaged Polyakov loop. In addition, we measured the pseudo-critical temperature of the chiral
crossover from the peak of the disconnected part of the chiral susceptibility. These susceptibilities
are shown in Fig. 2 as functions of temperature for various values of angular velocity in the regime
of full rotation. The resulting values of pseudo-critical temperature vs linear velocity squared v% /c?
for three regimes of rotation and m ps/my = 0.80 are shown in Figs. 3(a), 3(b) for both crossovers.

In Fig. 3 all data points with the same regime of rotation are well described by a quadratic

function:
Tpc (VI)

L = 1-By7. 10
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Figure 2: The susceptibility of the averaged Polyakov loop (a) and the (disconnected) chiral susceptibility (b)
as a function of temperature for different values of imaginary linear velocity at the boundary v; in case of
full rotation. The results are obtained on the lattice 4 x 16 x 172 with PBC and m pg /my = 0.80.
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Figure 3: The pseudo-critical temperature of the confinement-deconfinement (a) and chiral (b) crossover
as a function of (imaginary) linear velocity squared at the boundary for various regimes of rotation. Lines
correspond to the quadratic fits given by Eq. (10). The results are obtained on the lattice 4 x 16 x 172 with
PBC and mps/mV =0.80.

For both deconfinement and chiral crossovers we obtain similar relation between coefficients in
Eq. (10) for different regimes: BEG) > By >0, BéF) < 0, where BéG/ ) is the coefficient for the
regime of rotation when only gluon/fermion action includes contribution with non-zero angular
velocity, and B; is the coefficient for the physical regime when all effects are accounted for. One
can give an intuitive physical interpretation of these results: separate rotations of fermions and
gluons in QCD have opposite effects on the pseudo-critical temperature. But in total, when all parts
of the system are subjected to rotation, the pseudo-critical temperatures decrease due to imaginary
rotation. It should be noted again that both the chiral crossover and the confinement-deconfinement
crossover shift together in the same direction for all rotational regimes.
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Figure 4: The pseudo-critical temperature of the confinement-deconfinement (a) and the chiral (b) crossover
as a function of imaginary linear velocity squared at the boundary for various ratios of pseudoscalar to vector
meson masses m pg /my in the case of full rotation. The results are from the lattice 4 X 16 X 172 with PBC.
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Figure 5: The coefficient B, in Eq. (10) for confinement-deconfinement and chiral crossovers as a function
of (mps/my)?. The results are obtained on the lattice 4 x 16 x 17> with PBC.

To study how the behavior of pseudo-critical temperatures in rotating QCD depends on the
pion mass, we perform simulations for a set of ratios m pg/my with full rotation. The results for
pseudo-critical temperatures for mpg/my = 0.65,0.70,0.75,0.80, 0.85 are presented in Fig. 4, and
corresponding coeflicients B, from quadratic fits in Eq. (10) are shown in Fig. 5. Upon analytic
continuation to real angular velocity, one can obtain the following equation for both pseudo-critical
temperatures:

Ty-(v
L()=I+BQV2, (11
Tpe(0)

where v = QL;/2 and Ly = (Ng — 1)a is the size of the system in x, y-directions. For all

pseudoscalar pion masses we obtained B, > 0, which means that the pseudo-critical temperatures
in QCD increase with real angular velocity, and the coefficient B; slightly grows when the pion
mass becomes smaller. We are going to extend our study to smaller pion masses and finer lattices
in forthcoming works.
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6. Conclusions

We presented our first results for the phase diagram of rotating QCD with Ny = 2 clover-
improved Wilson fermions. Lattice simulations were performed in rotating coordinates, where
rotation was introduced via an external gravitational field. In order to overcome the sign problem,
the system was simulated at imaginary angular velocity. The pseudo-critical temperature of the
confinement-deconfinement crossover as well as the temperature of the chiral crossover were shown
to decrease with imaginary rotation. After the analytic continuation to real angular velocity we found
the pseudo-critical temperatures to increase quadratically with angular velocity (see Eq. (11)), with
the coeflicients of proportionality being consistent within statistical uncertainties (see Fig. 5). For
all considered values of the pion mass (mpg/my = 0.65, .. .,0.85) the pseudo-critical temperatures
in rotating QCD were found to increase with rotation, likewise in SU(3) gluodynamics [24-26].

Moreover, we considered several regimes of rotation. It was shown that the separate rotations
of fermions and gluons have opposite influences on the critical temperatures: rotating gluons
tend to increase it, whereas rotating quarks lead to its decrease. These results are in agreement
with our first results for standard Wilson fermions reported in Ref. [26] and may be related to
the mechanism proposed in Ref. [27]. It should be noted that the standard NJL model (with
rotation-independent coupling) predicts a decline in the critical temperature [11-14]. Our results
for different regimes of rotation demonstrate the behavior of rotating QCD to be more complicated
than kinematic predictions from general relativity, i.e. the Ehrenfest-Tolman effect (see discussions
in Refs. [18, 20, 23-26]). This suggests an importance of the contribution from rotating gluons to
fully understand the properties of rotating QCD medium.
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