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Abstract

The investigation of phase structures in strongly interacting matter constitutes a
highly active frontier domain in nuclear physics, bearing significant implications
for understanding relativistic heavy-ion collision experiments and neutron star
observations. Traditional phase structure studies have focused on matter prop-
erty variations induced by high temperatures and high densities, particularly
concerning associated phase transition processes such as chiral restoration tran-
sitions, color superconductivity transitions, among others. Recent experimental
and theoretical research has revealed that non-central heavy-ion collision sys-
tems carry substantial initial angular momentum, thereby generating extremely
intense hydrodynamic vorticity fields. This development has precipitated a se-
ries of important questions regarding the properties of strongly interacting mat-
ter within vorticity fields, with investigations into these questions yielding nu-
merous novel results. Specifically in the context of phase transitions in strongly
interacting matter, thermal field theory calculations in rotating reference frames
have been developed, and in conjunction with mean-field approximations, have
facilitated in-depth studies of related phenomena including chiral phase tran-
sitions, color superconductivity transitions, and superfluid phase transitions at
high isospin, thereby uncovering the influence of vorticity fields on phase bound-
aries and the rich phase structures they engender.
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Abstract

Understanding the phase structures of strong interaction matter is an active
frontier in nuclear physics research currently, and it will provide crucial insights
into heavy-ion collision experiments as well as neutron star observations. Most
studies in this area focus on the influence of extremely high temperatures and
baryon densities on matter properties, especially pertaining to phase transitions
such as chiral symmetry breaking and color superconductivity. Recent experi-
mental and theoretical studies reported that in non-central heavy-ion collisions,
systems carry a large initial angular momentum that becomes very strong vor-
ticity fields in the bulk fluid. This has thus introduced several new questions
regarding the properties of strong interaction matter under vorticity fields, and
have led to many novel results. Thermal field theory calculations based on rotat-
ing frame and mean-field approximation have been developed to study various
phase transitions under rotation, such as chiral symmetry breaking, color su-
perconductivity and superfluidity at high isospin asymmetry. The results have
demonstrated important impacts of vorticity fields on the phase boundaries
of these transitions, and have also revealed nontrivial new phase structures of
strong interaction matter under rotation. A new dimension of the usual QCD
phase diagram has been unveiled. The study of rotation-induced phase transi-
tion extends phase transition research to a broader space. There remain more
unexplored issues that merit further study.

Key words Heavy-ion collision, Quark-gluon plasma, Fluid vorticity, Spin po-
larization, Chiral symmetry breaking, Color superconductivity

Introduction

The vast majority of mass in the visible material world is carried by nucle-
ons, which are composed of color-charged quarks and gluons. The strong in-
teraction between them is described by Quantum Chromodynamics (QCD), a
non-Abelian gauge field theory. QCD is one of the main components of the
Standard Model and remains one of its most mysterious aspects. Perturbative
calculations show that as the interaction energy scale increases, the coupling
constant of chromodynamics continuously decreases—a phenomenon known as
asymptotic freedom. In the low-energy region, since free quarks or gluons have
never been observed, it is believed that the interaction in this region should
be strong enough to tightly bind color-charged quarks and gluons within color-
neutral hadrons. This conjecture is known as color confinement or color im-
prisonment. To date, the confinement of color charge remains an important
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problem that has not been mathematically proven. Regarding bound states of
light quarks, it was found that the small current masses of light quarks (only
5-10 MeV) cannot explain the excessive mass of nucleons and the light mass
of pions from the perspective of ordinary binding potentials. A qualitative un-
derstanding of the mass distribution in the hadron spectrum comes from the
spontaneous breaking of chiral symmetry of light quarks in the vacuum and the
existence of axial anomalies. Since few-body nucleon systems are finite, color
confinement and symmetry breaking cause the nuclear force, as a residual effect
of QCD, to be far more complicated than QCD itself. Therefore, to reveal the
essence of QCD, taking multi-body systems composed of quarks and gluons as
research objects and exploring the phase diagram of strong interaction matter
under different thermodynamic conditions has become an important approach
to further understanding quantum chromodynamics [1-5]. Taking color confine-
ment and chiral symmetry as important entry points, studying the breaking
and restoration of strong interaction symmetries at different temperatures and
densities constitutes the important research content of traditional QCD phase
transitions. Using non-perturbative techniques such as lattice QCD, Dyson-
Schwinger equations, and functional renormalization group, it has been found
that in the region of small baryon chemical potential, chiral symmetry breaking
is continuously restored with increasing temperature, color confinement is bro-
ken, and quarks and gluons in nuclear matter enter a relatively free state. This
phase is called quark-gluon plasma (QGP). In the low-temperature region, the
existence of baryon chemical potential prevents lattice calculations, and results
from other non-perturbative schemes and effective models show that the chiral
symmetry of nuclear matter is still restored with increasing chemical potential,
confinement is lifted, and quarks will pair to form quark pairs similar to those
in traditional BCS superconductors. This state is called color superconductiv-
ity. Due to asymptotic freedom, the existence of the color superconducting
state at extremely high chemical potentials can be confirmed by perturbative
calculations. In the region of moderate chemical potential, model calculations
suggest that the system undergoes a first-order phase transition when entering
this phase. Since first-order phase transitions involve discontinuous jumps of or-
der parameters, they are difficult to confirm from non-perturbative calculations
with limited precision. Therefore, the phase structure in the moderate chemical
potential region remains an unsolved problem. Relativistic heavy-ion collision
experiments can produce high-temperature, low-chemical-potential QGP mat-
ter. By changing collision energy and the types of heavy nuclei collided, it is
hoped to scan different chemical potential regions of the phase diagram. Fig-
ure 1 [Figure 1: see original paper] schematically illustrates the QCD phase
diagram in temperature-baryon chemical potential-rotation space. If the first-
order phase transition line in the low-temperature region indeed exists, then its
intersection with the confirmed high-temperature continuous transition line will
produce a second-order phase transition point or region, which provides a way
to experimentally detect the existence of the first-order phase transition line.

Observations and phenomenological model simulations from heavy-ion collision
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experiments have found that QGP is the system with the highest energy den-
sity, smallest viscosity coefficient, strongest magnetic field intensity, and most
violent rotation among all matter created by humans, produced by collisions of
extremely high-speed heavy nuclei. In this system, the extremely high temper-
ature causes the thermal motion of quarks and gluons—the basic components of
nuclear matter—to break the confinement of hadrons, moving relatively freely in
the collision region (scale ~10 fm) and forming a quark-gluon plasma that can
be described by hydrodynamics. In non-central relativistic heavy-ion collision
experiments, the system itself has a huge initial magnetic field and angular mo-
mentum, and the produced quark-gluon plasma often carries enormous magnetic
fields and angular momentum. These background fields with definite orientation
not only change the microscopic behavior of quarks and gluons but also explicitly
break the original rotational symmetry of the system. Therefore, from the gen-
eral theory of continuous phase transitions, it can be expected that background
fields will have nontrivial effects on the phase transition process. Studying the
effects of magnetic fields and vorticity in QCD phase transitions can further
promote the exploration of the specific mechanisms of strong interactions.

Among these two, research on magnetic fields started earlier and has achieved
many important results [7-15]. In chiral systems, magnetic fields polarize the
spin direction of fermions, thereby locking the momentum direction and pro-
ducing the chiral magnetic effect, which leads to measurable charge separation
phenomena. This phenomenon has been observed in condensed matter systems.
Based on the chiral magnetic effect, a series of chiral-related electromagnetic
effects have been discovered. In quark-gluon plasma with extremely strong
magnetic fields and naturally chiral fermions, the existence of the chiral mag-
netic effect is almost certain, but confirming its signal from background noise
requires more effort. Similar to magnetic fields, strong vorticity fields have also
been observed in experiments [16-18]; in nature, vorticity is also a pseudovector
field with definite orientation that polarizes angular momentum, but it is not en-
tirely the same as magnetic fields [19-22]. First, vorticity is a purely kinematic
effect without electromagnetic interaction coupling, so its polarization of angu-
lar momentum is indiscriminate without charge distinction. Second, vorticity is
an important component of the system’ s total angular momentum, and due to
angular momentum conservation constraints, the decay of vorticity with system
expansion may be slower than that of magnetic fields, thus providing more op-
portunities to observe vorticity effects. Finally, vorticity is actually part of the
single-particle motion that constitutes the many-body system, rather than an
independently existing background field like magnetic fields. This characteris-
tic brings great theoretical difficulties, especially for interacting systems, where
calculating rotational corrections to coupling vertices through standard quan-
tum field theory approaches is a very difficult task requiring the development of
more complete and general quantum field theory techniques. Therefore, in many
model studies, although vorticity is introduced into the Lagrangian, the focus
ultimately remains on its single-particle effects, effectively simplifying vorticity
as an independent background field to concentrate on discussing the collective
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effects caused by its single-particle polarization energy.

Parallel to the research route on magnetic fields, researchers have used quantum
field theory and gravity dual models to provide preliminary results on the effects
of rotation on chiral condensation, pion condensation, color-superconducting di-
quark condensation, and color confinement phase transitions [23-44]. At the
mean-field level, these studies focus on calculating the effects of vorticity on
quark single-particle energy levels, providing corrections to condensation from
rotation, and discovering that the polarization effect of vorticity will suppress
quark condensation with total angular momentum 0 while enhancing spin-1
pairing modes. At the single-particle or few-body level, in addition to the trans-
port properties of chiral fermions in vorticity backgrounds [45-48], researchers
have also discussed the effects of rotating backgrounds on various hadron bound
states [49-50], providing corrections to the properties of probes for QGP. For
the more complex problem of rotational corrections to interaction vertices, there
have recently been some attempts that do not rely on standard quantum field
theory techniques, giving qualitative conclusions different from the mean field,
similar to inverse magnetic catalysis, and similar results have also appeared in
lattice calculations [51]. This review begins with how to introduce rotating back-
grounds into models, successively introducing results on chiral, diquark, pion,
and vector condensation under mean-field approximation, while demonstrating
technical details specific to rotation problems, such as boundary conditions and
system non-uniformity. Finally, it will introduce the effects on chiral and decon-
finement phase transition temperatures after considering rotational corrections
to QCD interactions. Beyond QCD phase transition content, this review will
also briefly present results on parton transport, fluid dynamics, and experiments
under vorticity backgrounds [37, 52-69], where most phenomenological stud-
ies focus on simulating vorticity distributions in QGP fireballs and the global
or local polarization directions of hyperons [70-76]. These studies show that
similar vorticity distributions and dependencies on collision conditions can be
obtained using different QGP phenomenological models. The polarization of
hyperons and anti-hyperons is an important probe of vorticity distribution, and
while overall polarization measurements are described with considerable preci-
sion, quantitative understanding of local polarization experimental results still
requires further research.

Quantum Field Theory in Non-Inertial Rotating Frames

Although intuitively vorticity fields can be regarded as background fields sim-
ilar to magnetic fields, rotation is actually the overall motion of the system,
and microscopically there is no interaction vertex with particles like electromag-
netic fields. To introduce overall rotation into the system Lagrangian, the most
direct method is to enter the co-moving reference frame that is relatively station-
ary with the rotating small region for research, i.e., to study the thermodynamic
properties of a specified local region. Taking a system rotating uniformly around
the z-axis with angular velocity ) as an example, the transformation relation-
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ship between spacetime coordinates in the co-moving rotating frame and the
laboratory stationary frame is: x* = xcos{lt - ysinQt y° = xsinQlt + ycosQt z’
=zt =t

The corresponding spacetime line element can be written as:

ds? = nwdx’”dx’y =g, dxtdx" = (1 — Q202)dt? + 2Qydxdt — 2Qzdydt

It should be noted that rotating reference frames also have several subtle is-
sues in general relativity discussions, and there are several different choices for
transformation relationships with the stationary frame. For example, in the
above transformation, Lorentz contraction factors for relative motion can also
be considered, making the transformation relationship more complex. In most
research, people still choose the above simple form to simplify the problem. For
this form, the metric in the co-moving reference frame can be read as:

1—0%202 Qy —Qx 0

_ Qyu —1 0 0
=1 —Qz 0 -1 0
0 0o 0 -1

Clearly, this is a non-inertial frame. According to the principle of general relativ-
ity, the Lagrangian of the system in this reference frame should be no different
in form from that in flat spacetime, with the only difference being that the ref-
erence frame now is non-inertial and the metric is no longer flat. All differential
operators in the flat spacetime Lagrangian should be replaced with covariant
differentials under the corresponding field representation. Taking the simplest
scalar field as an example, the field’ s Lagrangian in a non-inertial frame is:

Ly =/~ [|Du9> — (m* + ER)|6]?]
The corresponding equation of motion is:

D,(v=99""D,¢) + (m* + {R)¢ =0

Of course, for scalar fields, covariant differentiation equals ordinary differen-
tiation. Since scalar fields do not carry spin, there is no single-particle spin
polarization term, only polarization of energy levels for orbital angular momen-
tum. This approach to rotating systems was involved in early literature [77].

In order of spin, the first nontrivial field in a rotating frame is the spinor field.
For spinor representations, the connection involved in covariant differentiation
is the spin connection, defined as:

j

Wy 05

where:

- 1 ) . . .
wi = igaﬂeg(aueg + 9,5 — dgen)

chinarxiv.org/items/chinaxiv-202306.00135 Machine Translation


https://chinarxiv.org/items/chinaxiv-202306.00135

ChinaRxiv [$X]

and: )

o' = 10" 7]
Since non-inertial effects are caused by rotation, it can be anticipated that the
connections should all be powers of angular velocity, and actual calculations

confirm this:
M =Tl =% Th=-Tf,=0

In a local inertial frame, covariant derivative terms can be explicitly written as
the sum of ordinary derivatives and metric curvature terms, where the metric
curvature part is:

i, = iy°QJ,
where J, is the z-component of the total angular momentum operator. The
Dirac equation in a rotating frame is:

[iv"(8, +T,) —m] =0

Using cylindrical coordinates (¢,r, 6, 2), the eigenfunctions can be written as:

i ; J (ko) P, 4 e . (kr)P
— o—i(kgttk,z),i(n+1/2)0 n\"V¢ + n+1\V¢
wnykt’k”S(tv rz) = e ‘ (Wlkte_wt]n(ktr)ﬂr + i’katJn+1(kt7’)P7

where P, = 1(1 £ iy'4?) are projection operators, and r' = (t,r,0,¢) are
cylindrical coordinate components.

Using the same method, massive vector fields can be studied [78]. Here, co-
variant differentiation is the usual covariant differentiation for vectors, i.e.,
D,A, =0,A,+T}, A, Writing out the covariant derivative explicitly and
entering the local inertial frame, i.e., projecting the vector in curved spacetime
to the local flat frame through the tetrad to obtain components A, = e A, and
finally organizing the Lagrangian as a function of field quantities in the local
inertial frame gives:

1 o1
’C(w) = _ZﬂjF’LJ + 5(81140 + 6ijmt“)m/ljy

Since the Lagrangian and Hamiltonian of vector fields have dimensions of energy
squared, unlike spinor fields, the polarization effect cannot be directly seen
here. However, solving the eigenstates and eigen-energies of the equations of
motion will give explicit rotational polarization energy nf). Using canonical
quantization, the corresponding Feynman propagator can be given. Due to its
complex form, with the help of symbolic notation:

Hn = Jn(p)Jn(T)v Zﬁ(pv (b) = Jnil(f))eiw}
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the propagator can be written as:

A%)\(kt, n, kz; p>AT/,)\<kta n, kz; T)

2_ 2 .
kg — €k, k. + de

D, (x,2") = Z

nvktvkz
The result is the same as the usual vector field quantization. The “interaction
term” between vorticity fields and single particles is equivalent. The tetrad is
directly related to the metric; it is the transformation matrix between curved
metric and local flat metric, i.e., it needs to satisfy:

i
g;LV - euel/n’ij

where 7, ; is the flat Minkowski metric. Clearly, the choice of tetrad is not unique;
different choices only differ by a local coordinate rotation, so they have no effect
on physical results. In a rotating frame, a simple choice is:

0_ 1_ 2 _
ep =1, e =cosf, ef=sind

eb=—yQ, =20, ei=1
With this choice, the Lagrangian for spinor fields is rewritten as:

£ =1 [in°(8 +iQT,) + 7' 0; — m]

It can be seen that the correction term introduced by rotation is very clear—
polarization of spin and orbital angular momentum. Obviously, rotational sym-
metry around the z-axis ensures that the corresponding eigenstates are the same
as the cylindrical coordinate solutions in the free case, and the eigen-energies
are corrected by the polarization energy (n+1/2)Q. Directly using the standard
canonical quantization scheme, the corresponding Feynman propagator can be
obtained as:

M+ M,

8(1'7 I’,) = eiikﬂ (tft/>6ikz<zle>ein(¢7¢/) —_
Z kgfeikt,szrze

n,ky .k,

From the above examples, it can be seen that for single-particle problems, re-
gardless of the field, the field equations in a rotating frame are in the form of
free field equations, so the correction terms introduced by rotation do not lead
to new interactions and can be regarded as external fields like background mag-
netic fields. Their single-particle eigenstates are also consistent with the results
in cylindrical coordinates in flat spacetime. At the mean-field level, this means
that finite-temperature field theory can be directly used to analytically calcu-
late phase transition order parameters to obtain phase structures at different
rotational speeds, temperatures, and chemical potentials. However, it should be
noted that when further considering interactions, to strictly solve this system,
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the computational logic of quantum field theory needs to be reconstructed in
curved coordinates. This is because usual quantum field theory is used for scat-
tering processes, i.e., states in the infinite past and future are free plane wave
states, and interactions occur at the moment of collision. In rotation problems,
such assumptions are obviously unreasonable; the eigenstates before and after
interactions should be angular momentum eigenstates. The change of incoming
and outgoing states implies that the framework of quantum field theory needs
to be rebuilt. The work in the above literature is a preliminary attempt at this
problem. In the co-moving coordinate system, single-particle eigenstates remain
analytically solvable, so the usual canonical quantization method can be used to
quantize them and calculate Feynman propagators. This advancement process
is blocked at the interaction part. Due to the breaking of spacetime translation
symmetry, vertex calculations will involve integrals of three or more Bessel func-
tions, and interaction vertices can no longer be rewritten in simple forms using
good quantum numbers (energy-momentum) of eigenstates through conserva-
tion relations. In the angular momentum representation, angular momentum
conservation and energy conservation contained in interactions no longer have
simple additive forms. This systematic problem requires further research.

2.1 Local Potential Approximation and Boundary Condi-
tions

To obtain the effective potential from the mean-field Lagrangian, one needs
to solve for the single-particle energy levels ¥ © of fermions. Taking a system
considering chiral and pion condensation as an example, the eigenvalue equation
of the system is:

Hy = [i0, + (mg + 0)7° + iy°¥°1 - 7+ i7%y'V, — QJ, ] ¢ = e

If chiral condensation ¢ and pion condensation 7 are independent of spacetime,
the eigenvalue equation is analytically solvable. Then the effective potential can
be written analytically as:

2472 1
om0 [ it
4G 2 {&}

Clearly, in rotating systems, not only is the magnitude of condensation unknown,
but there may also be spatial distributions. However, to obtain single-particle
energy levels, the distribution of condensation must be known in turn to de-
termine a solvable eigenvalue equation under mean-field approximation. In
non-rotating systems, due to spacetime translation invariance, it is reasonable
to assume that condensation is a macroscopic quantity uniformly distributed
throughout space. However, practical experience shows that the steady state
ultimately reached by a uniformly rotating system is often non-uniform. If one
wants to solve single-particle energy levels analytically, a feasible scheme is to in-
troduce the assumption of slowly varying condensation, i.e., assuming it changes
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slowly with space so that its spatial derivative terms can be neglected, focusing
only on its zeroth-order component:

0,0~0, Om~0

Intuitively, the sufficient condition for this approximation to hold is that the
rotational speed is sufficiently slow. In most early work, people were more
concerned with whether phase transitions occurred rather than the details of
condensation distribution. This assumption can simplify the problem and give
physically expected results, so it is widely adopted. In fact, discussing the
overall equilibrium thermodynamics of rotating systems is a subtle issue, espe-
cially when further considering relativistic covariance and quantum corrections.
Therefore, a safer definition of this problem is limited to local fluid elements
that are macroscopically infinitesimal but microscopically infinite. In such small
systems, as long as rotation is not particularly violent, the local potential ap-
proximation appears quite reasonable. Most qualitative studies often take such
small systems as research objects and adopt the local potential approximation.
For uniformly rotating systems, finite boundaries are particularly important be-
cause under the constraint of the speed-of-light limit, the velocity at the edge
of the system must be less than the speed of light v = R < 1. Once the
system’ s initial rotational energy is too high, under the constraint of the speed-
of-light limit, the system either evolves toward a non-uniform angular velocity
distribution or breaks into multiple smaller systems forming a vortex lattice
morphology. Therefore, in principle, considering the existence of boundaries
and introducing explicit boundary conditions is important in uniformly rotat-
ing systems. However, if the research object is concentrated on the local fluid
element mentioned above, as long as the fluid element is not exactly at the sys-
tem boundary, boundary conditions are not so crucial. In some studies, since
people are only concerned with qualitative behavior of phase transitions and
subsequent effects caused by condensation changes, they directly choose natu-
ral boundary conditions for calculation. Comparison with other studies that
consider explicit boundary conditions shows that qualitative conclusions about
phase transitions at finite temperature are not significantly affected.

Using the above calculation method, reference [35] shows the phase diagram of
chiral phase transition in the T-2 plane in the NJL model considering rotating
backgrounds (Figure 2 [Figure 2: see original paper]). It can be seen that due to
the suppression effect of rotation on chiral condensation, the “critical” tempera-
ture of chiral transition decreases with increasing rotation speed, and the chiral
transition becomes a first-order phase transition process when the angular ve-
locity is about 0.63 GeV. This paper also studies color-superconducting pairing,
obtaining similar conclusions for pairing with total angular momentum 0, for
obvious physical reasons. Because the rotational polarization energy correction
appears directly in the thermal distribution function of single particles. Since
chiral condensation is scalar condensation, where two fermions have parallel
spins and opposite relative orbital angular momentum, rotational polarization
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will inevitably suppress one part of the angular momentum while enhancing the
other, thus reducing the magnitude of chiral condensation. The same analysis
applies to scalar color-superconducting diquark condensation. In general, if at
least one of the two component quarks and relative angular momentum has a
direction opposite to rotation, the polarization energy will cause a suppression
effect, thus suppressing the amplitude of this pairing condensation. Conversely,
if all angular momentum parts can be aligned with the rotation direction, con-
densation will be enhanced. This intuitive physical picture has been confirmed
in different research works.

Since rotation physically enhances vector channel condensation, considering vec-
tor interactions in the NJL model has attracted further interest. Wang, Chen,
et al. [30, 40] studied the phase diagram of systems containing vector interac-
tions (y*1))? 4 (Yiy*~°1)2. Their calculations confirmed previous results that
angular velocity plays a role similar to baryon chemical potential in the rotating
frame, suppressing chiral condensation. They also carefully compared the sim-
ilarities and differences between rotational polarization and chemical potential,
finding that the critical endpoint (CEP) in chiral phase transitions appears not
only in the temperature-chemical potential plane but also in the temperature-
angular velocity plane. Furthermore, they found that in the temperature-chem-
ical potential plane, the existence of angular velocity only reduces the critical
temperature of CEP without affecting the critical chemical potential; while in
the temperature-angular velocity plane, increasing chemical potential also only
reduces the critical temperature without changing the critical angular velocity.
This indicates that at the mean-field level, rotation is not only very similar to
chemical potential in the phase diagram structure of chiral phase transitions,
but there are also many similarities in their interactions. This is closely related
to the fact that rotational polarization suppresses chiral condensation. Since
rotation promotes vector condensation, it can be expected that vector channel
interactions will change this similarity. In their research, they found that the
phase structure in the temperature-chemical potential plane is sensitive to the
vector channel coupling strength, while the phase structure in the temperature-
angular velocity plane is not. They also comprehensively calculated various ther-
modynamic quantities of the system, observing that rotational angular velocity
suppresses baryon number fluctuations and promotes pressure density, energy
density, specific heat, and sound speed. Zhang et al. [28] simultaneously con-
sidered chiral and pion condensation in the NJL model and introduced isospin
vector interactions (1/37“71#)2. They systematically studied the suppression of
scalar pairing and enhancement of vector pairing under rotation at finite tem-
perature and density, and presented phase diagrams (Figure 3 [Figure 3: see
original paper]). Due to the existence of isospin chemical potential that ex-
plicitly breaks isospin symmetry, pions in the system undergo Bose-Einstein
condensation to form pion condensation. The larger the isospin chemical po-
tential, the stronger the pion condensation in the system, gradually reaching
saturation in the NJL model. However, the above results show that when the
system rotates as a whole, the ground state of pion condensation will be de-

chinarxiv.org/items/chinaxiv-202306.00135 Machine Translation


https://chinarxiv.org/items/chinaxiv-202306.00135

ChinaRxiv [$X]

stroyed. At moderate isospin density, the emergence of rotation will suppress
pion condensation until it disappears, and further increasing angular velocity
will promote the formation of vector condensation, thus forming a triple point.
More remarkably, even with only a small rotation, pion condensation will be de-
stroyed at high isospin chemical potential, and the system will enter the vector
condensation phase through a first-order phase transition. This new phase di-
agram may have important guiding significance for rotating highly asymmetric
nuclear matter systems, such as neutron stars. Sun et al. [29] further extended
the NJL model to three flavors, focusing on discussing the effect of rotation
on quark polarization. The model considering strange quarks and calculations
of quark polarization will play a positive role in understanding experimental
polarization measurement results.

Under the local potential approximation, considering different boundary condi-
tions will bring certain corrections to the phase transition process. The most
significant feature is simply called “vacuum does not rotate.” At the bound-
ary, one can consider the condition that the net particle flow along the radial
direction is zero:

7T¢|T:R =

Substituting the eigen wavefunction under this condition gives quantization of
the transverse momentum quantum number along the radial direction:

&k

s

pl,k - R_l

for 1=0,1,...

where ¢ ; is the k-th zero of the l-th order Bessel function. If boundary con-
ditions are not considered, the transverse momentum is a continuous quantum
number from zero to infinity.

At zero temperature, the gap equation for chiral condensation becomes:

d®r m
4G/—79 VP2 +m?2 —|Q
27)% /p2 + m? (Vp |€24])

Note that the step function will always be greater than the absolute value of
the energy level shift caused by rotation when non-zero lower bounds appear in
eigen-energies:

(61— QRG)(1—37) >0

Therefore, the step function will always be 1. This indicates that at zero tem-
perature, rotation does not introduce any correction. The conclusion that the
vacuum at zero temperature does not accept rotational corrections is important
for phase structures near absolute zero, but for finite temperature situations,
numerous studies have shown that qualitative and even quantitative results of
condensation under mean-field approximation are not significantly affected by
boundary conditions.
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The choice of boundary conditions is not unique. Chernodub and Gongyo intro-
duced MIT boundary conditions in [23, 26], expressed as:

[l’)/#n“(e) + 1] ¢|T:R =0

Its direct result is to require that particle flow at the radial boundary is strictly
zero in all directions, which is a stricter boundary condition than the above.
Under MIT boundary conditions, they also gave the behavior of chiral con-
densation with temperature and angular velocity and the corresponding phase
diagram in the plane (Figure 4 [Figure 4: see original paper]). These results
have no qualitative or quantitative significant differences from known results.
MIT boundary conditions can be further generalized by introducing a manually
selectable chiral angle © to set a series of boundary conditions:

[i¥n,, (0) + €€ ] Y],_p =0

Researchers [23] studied this class of boundary conditions and found that for any
chiral angle O, the chiral phase transition temperature decreases quadratically
with angular velocity, and the position and slope of the phase transition line in
the temperature-angular velocity phase diagram clearly depend on the chiral
angle value. At the same time, it should be noted that first, for all chiral angles
the phase transition temperature decreases with angular velocity; second, the
span of phase transition temperatures under different chiral angles is actually not
large (about 10%). This again shows that the influence of boundary conditions
on phase transition behavior is very limited.

2.2 Self-Consistent Solution for Non-Uniform Condensates

The discussion of boundary conditions has triggered attempts to numerically
solve non-uniform systems. Except for ideal rigid bodies, uniformly rotating
systems will inevitably cause redistribution of internal matter, forming non-
uniform many-body systems. This is particularly evident in the calculation of
gap equations above. To obtain explicit Dirac equation eigen-energies, one needs
to assume that the distribution of chiral condensation is known. In the above
solutions, to simplify the problem, people assumed chiral condensation to be
an unknown constant, which actually solves for chiral condensation in a small
system at a certain transverse distance from the rotation axis within a macro-
scopically infinitesimal but microscopically infinite small region. Obviously, if
chiral condensation changes slowly with radius, such an approximation is rea-
sonable. Since the expression for condensation explicitly contains the transverse
position R, the local potential approximation can also give the dependence of
condensation on radius. However, this dependence is clearly inconsistent and un-
reliable. Under extreme conditions of large angular velocity, condensation may
even jump at some radius position, which obviously completely violates the local
potential approximation. At the same time, in actual quark-gluon plasma, not
only is the matter distribution itself non-uniform, but the centrifugal effect of
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rotation can also easily cause strong matter redistribution. Therefore, explor-
ing methods that can self-consistently solve the non-uniformity of the system is
of considerable importance. Wang et al. [27] borrowed the BAG equation from
cold atom systems to develop a numerical method that can self-consistently solve
non-uniform condensation without relying on the local potential assumption.

The construction of the BdG equation is relatively easy to understand. Since the
eigenvalue equation cannot be solved forward, a complete set of basis functions
is chosen to expand the unknown eigenvalue equation and gap equation. Based
on symmetry, this set of basis functions can be directly chosen as solutions
in flat spacetime in cylindrical coordinates. Under strict boundary truncation
conditions ¢(r = R) = 0, the wavefunction expansion is:

CEUEDY (s%’jflsj,z(r)@i(l“)e +d ¢ AJ(r)ei'ze)

~ 'l(r)ei(lJrl)e + dimjd’j,l(r)elw

where the chosen complete basis functions are ¢;,(r) = ¢;J;(k;r). Boundary
conditions give quantization of radial transverse momentum k,R = «; ;, where
a;, is the j-th zero of the l-th order Bessel function. This transforms con-
tinuous differential-integral equations into simple algebraic equations, and the
eigenvalue problem of differential equations into matrix eigenvalue problems.
Further, solving the eigenvalue equation and gap equation simultaneously can
self-consistently obtain condensation varying with space. After discretization,
the corresponding Hamiltonian is a block-diagonal matrix arranged by angular
momentum quantum numbers:

H
Hiq

where each block H; contains matrix elements:

Séj, = /rdro(r)qu)l(f)%/,l(r)

I1+1/2

Kjl.j, = /rdr¢j7l(r) (87, + ) ¢j',l<7")

In such systems, not only can the condensation distribution of the overall ro-
tating system be obtained, but more realistic non-uniform angular velocity dis-
tributions can also be introduced, such as angular velocity distributions where
vorticity is maximum at intermediate radii like QGP, or systems where only the
middle part rotates at high speed. Numerical calculation results show that non-
uniform angular velocity distributions will cause two types of effects: first, the
angular velocity itself suppresses chiral condensation, i.e., chiral condensation
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at positions with large angular velocity is significantly smaller than at positions
with small angular velocity; second, the gradient of angular velocity enhances
chiral condensation, i.e., chiral condensation in regions where angular velocity
drops rapidly is significantly greater than in regions where angular velocity re-
mains stable (Figure 5 [Figure 5: see original paper]).

2.3 Combined Effects with Magnetic Fields

Magnetic fields and rotation have many similarities: they are both pseudovec-
tor fields and both polarize angular momentum. However, they are not entirely
the same, most notably in that background magnetic fields exist as indepen-
dent objects with real QED interaction vertices with charged particles in the
system, while rotation is collective motion of the system without microscopic
interaction mechanisms. Classical electrodynamics shows that charges moving
in circles can produce magnetic fields, and magnetic fields can drive charges
moving perpendicular to them to move in circles. Therefore, there is also mu-
tual transformation, competition, or promotion between rotation and magnetic
fields. Studying systems with both background magnetic fields and rotation has
become a research hotspot. In quark models, especially the NJL model, simulta-
neously considering contributions from both is relatively simple. In addition to
introducing the metric of non-inertial reference frames, magnetic fields can be
introduced through the usual minimal coupling. The motion equation satisfied
by free fermions is:

[i'y“(au +iqA, + Fu> — m] P=0

When considering s-wave interactions, the rotating metric does not introduce
more corrections, and the interaction term is the same as in ordinary flat space-
time. Chen et al. [34] considered scalar and pseudoscalar interaction channels
and obtained the effective potential with both background magnetic field and
rotation using the same technique:

(m — Mecurren )2 dpz ‘qB‘ —Bl(e i
Veg(m) = Tt—]\]cz o ; Fln [1—|—e B +qQJ)]
q= n,l,s

z

where € = \/p2 +2[¢B|(n + 1/2 — s,) + m>.

The paper discussed two phase transition curves under different coupling con-
stant values (Figure 6 [Figure 6: see original paper]). Researchers found that the
behavior of chiral phase transition along the angular velocity direction is similar
in both strong and weak coupling cases, i.e., it decreases with increasing angular
velocity. This is very similar to the effect of temperature. When along the mag-
netic field direction, the situation is completely different for different couplings.
In the weak coupling case, chiral condensation increases with increasing mag-
netic field, showing the usual magnetic catalysis effect, and the critical angular
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velocity of chiral phase transition therefore also increases with increasing mag-
netic field. In the strong coupling case, chiral condensation shows a decrease
with increasing magnetic field, while the behavior of critical angular velocity is
also opposite, decreasing with increasing magnetic field, showing characteristics
similar to “inverse magnetic catalysis.” This behavior can be understood through
analysis of Landau levels. In weak coupling, lower Landau levels participate in
interactions, which carry smaller angular momentum. Therefore, at a given an-
gular velocity, the polarization effect of angular velocity is also relatively small.
The qualitative behavior of the system is similar to the case without rotation but
with magnetic field, showing normal magnetic catalysis characteristics. When
coupling becomes strong, Landau levels with high angular momentum gradu-
ally begin to participate in interactions, and the rotational suppression effect
on these levels is more obvious at a given angular velocity. Therefore, when
magnetic field is further increased, chiral condensation decreases instead of in-
creasing, showing behavior similar to “inverse magnetic catalysis.” In fact, the
“inverse magnetic catalysis” picture here is similar to the famous puzzle in the
temperature-magnetic field plane. However, to solve the problem in the temper-
ature-magnetic field plane, it is necessary to truly understand the variation of
coupling constants and the suppression effect of different Landau levels at fixed
temperature. Obviously, the first point cannot be answered by quark effective
models.

Cleverly using the combined action of magnetic field and rotation to promote
physical phenomena is particularly evident in references [24-25]. In this work,
charged 7+ systems are considered. Since this is a system composed of scalar
particles, in principle no obvious physical effect would occur in a rotating back-
ground. However, considering that once a magnetic field parallel to the angular
velocity direction is applied, charged scalar mesons will rotate and acquire non-
zero orbital angular momentum, which can be polarized by rotation. Therefore,
Liu and Zahed studied in detail the spatial distribution of 7% in this system
and found that 7" will tend to accumulate at the edge while 7, due to over-
all charge conservation, will accumulate in the central region (Figure 7 [Figure
7: see original paper]). Macroscopic accumulation of bosons will trigger Bose-
Einstein condensation. The BEC corresponding to 7t is pion superfluid, i.e.,
due to the combined action of magnetic field and rotation, condensation distri-
butions of different charge components of pions may be produced in systems
with zero overall isospin chemical potential.

2.4 Gluon Contributions and Lattice QCD Calculations

During the period when magnetic effects received great attention, lattice QCD
calculations showed that the “critical” temperature of chiral transition was com-
pletely opposite to the trend estimated based on the usual magnetic catalysis
effect, i.e., the higher the magnetic field, the lower the phase transition temper-
ature. This phenomenon is called inverse magnetic catalysis, which is a typical
non-perturbative effect that can be numerically reproduced by non-perturbative
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techniques but cannot give an intuitive physical picture. The reason can be
roughly understood as: although gluons that transmit interactions between
chiral-paired quarks are not charged, the self-energy loops of gluons have large
quark fluctuations, and these quarks are affected by magnetic fields. There-
fore, magnetic effects will affect gluons through this secondary quantum effect,
thereby correcting quark interactions and changing the qualitative behavior of
chiral transition temperature. In effective models, the inverse magnetic catalysis
phenomenon can be reproduced by introducing magnetic field-dependent four-
quark interaction vertices, thus partially verifying the correctness of the above
understanding from a physical picture. In the background vorticity case, will
gluons also bring similar anti-trend behavior? Considering that gluons them-
selves carry spin and can be directly polarized by vorticity without needing to
obtain corrections through secondary quantum effects like magnetic fields, the
effect of vorticity polarization on gluons may be relatively obvious for the impact
on chiral transition.

To study rotation-dependent interaction effects in effective models, it is neces-
sary to first obtain the behavior of NJL coupling constants varying with angular
velocity G(€2). In usual quantum field theory, corrections to coupling constants
require first calculating four-point correlation functions of fields, then obtaining
interaction vertex corrections through amputation operations. However, in ro-
tating reference frames, spacetime translation invariance is broken, which leads
to not only many integrals or sums of Bessel functions that cannot be analyt-
ically calculated remaining in four-point correlation functions, but also more
integrals appearing during amputation. These calculations do not have good
analytical results, and numerical calculations cannot proceed smoothly due to
involving high multiplicities of integrals and sums. Therefore, other approaches
are needed to obtain qualitative or semi-quantitative relationships of coupling
constants depending on angular velocity. Nielsen et al. [79] developed a method
to extract first-order quantum corrections to coupling constants by calculating
the energy of gauge fields in background color magnetic fields. This method
can not only reproduce the famous one-loop QCD asymptotic freedom result in
vacuum but also successfully give inverse magnetic catalysis results when their
magnetic field-dependent coupling constants are placed in the NJL model. The
reason this scheme works is that first-order quantum correction calculations are
realized by transmitting a gauge boson. From a quantum mechanics perspective,
this process can be equivalent to external line particles being in a potential field
formed by this intermediate boson, and the quantum correction caused by this
potential field is contained in the energy level distribution of external line par-
ticles. Obviously, for higher-order quantum correction processes, this picture is
incorrect. Therefore, it is not a method that can systematically calculate quan-
tum corrections level by level like standard loop calculations, but it is a clever
and intuitive method for first-order corrections. Most importantly, it avoids
direct calculation of interaction vertices and can obtain first-order corrections
to coupling constants through summation of single-particle energy levels. In
reference [82], this method was applied to rotating systems. For example, tak-
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ing a pure gluon system to calculate the running of QCD coupling constants
with rotation, the specific calculation scheme is to first introduce a constant
background color magnetic field, calculate the magnetization energy under the
background color magnetic field by summing all eigen-energies in the rotating
gluon system: ,
AE=Y Sens= Lo [+ 4nx(B,9)
n,i

Thus giving the magnetic susceptibility u(B,) = 1+ 47x(B,2) dependence
on the background color magnetic field. Using the relationship between vacuum
magnetic susceptibility and vacuum permittivity pe = 1, and considering the
connection between vacuum permittivity and coupling constant a,gq = a/e, the
dependence of effective coupling constant on background color magnetic field
can be obtained. Similar to ordinary magnetic field effects, introducing a color
magnetic field in the Ty component in QCD will give gluon Landau levels:

ooy = /K3 29B(n+1/2 + 55)

Here it can be seen that the magnitude of energy levels is determined by the size
of the background color magnetic field, so 2gB can be equated to the interaction
energy scale and replaced with k2 in standard textbooks. In rotating systems,
using the same approach to solve gluon energy levels and through appropriate
approximations, it can be obtained that the strong interaction coupling con-
stant in rotating systems will decrease with increasing angular velocity (Figure
8 [Figure 8: see original paper]). Thus, NJL models can also introduce coupling
constants G(£2) with the same qualitative behavior to recalculate the critical
temperature of chiral phase transitions. Under the local potential approxima-
tion, numerical results show that indeed, like inverse magnetic catalysis, after
considering the effect of rotation on coupling constants, the chiral phase transi-
tion temperature will show a trend completely opposite to the constant coupling
case.

As early as 2013, Yamamoto and Hirono examined the fermion action part of
lattice QCD in rotating backgrounds [33]. They found that although rotational
polarization is similar to the contribution of fermion chemical potential, it does
not actually cause a sign problem, which is similar to isospin chemical poten-
tial. In this study, they did not actually perform lattice simulations but only
discussed the form of the lattice action, so their estimation of this problem was
overly optimistic. In recent lattice calculations [51], Braguta et al. conducted
systematic studies on QCD rotation simulations. They found that when ro-
tational corrections are considered, a sign problem appears in the gluon field
part:

Tyt xy 4 xzt xz Yzt yz

1 1 1 1 1 1
— 4z | — _ 202 a a - _ 2202 a pa - _ 202 a 1a ~ra pa ~ra na -
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This is a very surprising result because in most cases the sign problem is caused
by fermion chemical potential terms. Researchers also calculated pure gluon and
light quark systems. To avoid the sign problem, researchers introduced imag-
inary angular velocity to simulate the deconfinement phase transition. The
results showed that in pure gluon systems, the phase transition critical temper-
ature decreases with increasing imaginary angular velocity, while in pure quark
systems the opposite is true. When both gluons and quarks in the system are
considered simultaneously, the contribution of gluons is more significant, i.e.,
the overall phase transition temperature of the system decreases with increas-
ing imaginary angular velocity. Analytic continuation to real angular velocity
indicates that the overall phase transition temperature of QCD systems may
increase with increasing real angular velocity. Considering that in most lattice
studies, the phase transition temperatures of deconfinement and chiral phase
transitions are often very close, this suggests that the conclusions of the above
independent NJL model studies may be consistent with lattice research results.
Of course, due to the existence of the sign problem, the credibility of lattice
results is also greatly reduced. When considering rotational corrections to inter-
actions, how the phase transition temperature of the system depends on angular
velocity due to contributions from the gluon field remains an unanswered ques-
tion.

2.5 AdS/QCD and Deconfinement Phase Transition

Quark models are very convenient for studying quark pairing and chiral conden-
sation but are not easy for studying deconfinement phase transitions. Gravity
dual models are relatively powerful research tools. Chen et al. [31] adopted the
Einstein-Maxwell-Dilaton system with the model action:

1 Y 1 f(¢ v
S = 167TG5 /d5 \/jg |:R - §8u¢au¢ - V(d)) - %F;UIFM :|

The metric in this spacetime is written as:

L? dz*
ds? = 2A(z) | _ dt2 + d72
5 ¢ f(z)dt® + dz* + 0

Background rotation is introduced through the corresponding coordinate trans-
formation relations:

12w?
t%t+7(t+l2w¢), b — ¢+ wt

Comparing with the previous coordinate transformation relations, it can be
found that Lorentz factors are considered here. Using this model to study QCD
systems, it was found that increasing angular velocity reduces the critical tem-
perature of deconfinement phase transition, which is similar to the research
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results of chiral phase transition under mean field, but different from lattice cal-
culation expectations. In the temperature-chemical potential plane, researchers
found that angular velocity has obvious effects on the CEP of deconfinement
phase transition (Figure 9 [Figure 9: see original paper]). When angular velocity
increases, CEP moves toward smaller chemical potential and lower temperature.

The usual AdS/QCD correspondence technique is very suitable for studying
deconfinement. Braga et al. [32] used this technique, selecting a rotating cylin-
drically symmetric black hole model to discuss the thermodynamics of rotating
systems at zero chemical potential. In cylindrical coordinates, the spacetime
and black hole adopt the following metrics:

1 2 d 2
ds? = — | —f(z)dt? + P¢? + ) " da? + ?z) + 2l2wd¢dt]
z = z

In this research, two boundary conditions were considered: “hard wall” and
“soft wall” :
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Researchers found that the critical temperature of deconfinement phase transi-
tion is quite sensitive to rotation dependence. When the angular velocity is only
20 MeV, the critical temperature drops to 0.87 of the non-rotating case. The
sensitive dependence of phase transition on angular velocity may bring obvious
effects to final-state observables in relativistic heavy-ion collisions. For studies
with different boundary conditions, the deconfinement temperature decreases
with increasing angular velocity, which is consistent with the conclusions of the
above EMD (Einstein-Maxwell-Dilaton) model and the trend of chiral phase
transition under NJL model mean-field approximation. In this literature, re-
searchers also noted the above lattice calculation results, but obviously, the
conclusions of gravity dual models are opposite to lattice expectations. Lattice
can only give rotation suppression results from the fermion part, while when
both gluon and quark effects are considered, the overall system shows a cat-
alytic effect of rotation on phase transition temperature. Of course, due to the
existence of sign problems, lattice results should also be questioned. To deter-
mine whether it is catalysis or suppression under non-perturbative conditions,
independent calculations using other non-perturbative methods are needed.

Transport and Experimental Observations in Vorticity
Fields

From model studies and lattice calculations, it can be seen that the angular
velocity magnitude that can trigger chiral or deconfinement phase transitions
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is about tens to hundreds of MeV. Simulation results based on parton trans-
port AMPT (A Multi-Phase Transport), UrQMD (Ultra-relativistic Quantum
Molecular Dynamics) models, and hydrodynamics show [22, 55, 84-85] that in
relativistic heavy-ion collisions, only at a few local vorticity peaks can this mag-
nitude be reached for extremely short times, while the overall average angular
velocity is much smaller. Therefore, it is unrealistic to expect that rotation-
induced phase transition corrections can give significant observable effects in
current heavy-ion collision experiments. In vorticity backgrounds, more explicit
effects are that vorticity polarizes partons or final-state hadrons, thereby af-
fecting transport processes. Obviously, this process will ultimately affect the
momentum distribution of final-state particles. Conversely, using polarization
measurement results, the magnitude and distribution of vorticity inside QGP
can be reconstructed.

Similar to the case of magnetic fields, relative to the energy range of heavy-ion
collisions, light quarks can be regarded as natural approximate chiral fermions,
with momentum and spin directions completely locked. Any polarization effect
on spin will directly change the momentum direction, thus changing the mo-
mentum distribution of final-state hadrons. In systems with both vector and
axial chemical potentials, vorticity will induce vector and axial currents. This
transport law where particle flow is driven by fields with opposite parity is very
abnormal and is therefore classified as anomalous transport phenomena. Such
transport phenomena related to the existence of chiral charge are called chiral
vortical effects [45-48]:

Ha My
J, = —%5Q = —0
VT on2th AT o2

Considering the combined effect of both transports will produce chiral vorti-
cal waves. Vorticity waves will cause differences in elliptic flow between par-
ticles and antiparticles and provide possible observable effects. Since charged
hadrons will also show similar phenomena due to anomalous magnetic transport
effects under magnetic field influence, when detecting vorticity effects, neutral
hadron distributions are often used as probes to minimize magnetic field effects.
Obviously, chiral transport phenomena are first-order quantum corrections to
ordinary transport processes. Can quantum corrections to transport laws be
systematically calculated order by order like in quantum field theory? The
quantum Wigner function is an excellent way to achieve this kind of quantiza-
tion. In references [56, 86|, researchers systematically derived the chiral vortical
effect within this framework:

1 ~

O, p) = 37" Qoap s f0(p?)
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Significant neutral hyperon polarization has been observed in relativistic heavy-
ion collision experiments [16-18, 90]. The polarization rates of hyperons and
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anti-hyperons increase with collision centrality and decrease with collision en-
ergy. This result is qualitatively consistent with the simulation results of local
vorticity in QGP using the AMPT model. Therefore, it is considered evidence
that QGP has strong overall non-zero vorticity. Overall polarization data can
be explained by different models. Ayala et al. [60-61, 65] used the core-corona
model to calculate the global polarization of A and its anti-particle. This is a
statistical model whose main idea is to consider that A sources are respectively
the high-density “core” and low-density “corona” of the fireball. Studies show
that the overall properties of the polarization function are related to the relative
abundance of A from the core and corona. For low-energy collisions, the former
is more abundant; for higher energies, the latter becomes more abundant. The
main consequence of this relative abundance competition is that the polarization
peak is reached at a collision energy of about 10 GeV. Therefore, it is predicted
that the global polarization of A should peak in the energy range of NICA and
HADES. More detailed research uses the parton transport model AMPT to
simulate parton polarization in background vorticity fields and give final-state
hyperon distributions [67, 91-93]. This work also gives detailed results on the
distribution of local polarization and its dependence on collision conditions. Li
et al. [53] calculated the global polarization of A and its anti-particle in non-
central heavy-ion collision events, considering spin-vorticity and spin-magnetic
field coupling, and extracting strong coupling QGP fluid vorticity and magnetic
field as input using AMPT. It can be seen that the calculated global polariza-
tion results match the STAR measurement data quite well (Figure 10 [Figure
10: see original paper]). Simulation calculations considering different fluid in-
puts and microscopic polarization details show that global polarization results
are relatively easy to reproduce [57, 64, 94-102]. Richer experimental measure-
ment data show that the polarization of hyperons and their anti-particles is not
completely identical. Since they are composite particles, they are inevitably
affected by electromagnetic interactions. Guo et al. [58] carefully studied global
polarization when both background magnetic field and vorticity exist. Studies
show that using the magnetic field in the fireball to explain the data is feasible,
and the difference in polarization between hyperons and anti-hyperons depends
sensitively on the lifetime of the magnetic field.

When further studying the spatial distribution of vorticity, people have found
discrepancies between theory and experiment. Like measuring vorticity mean
values, measuring vorticity spatial distribution boils down to measuring the
momentum angular distribution of neutral vector particles. Wei et al. [59] sum-
marized and systematically studied local polarization distributions in Au+Au
collisions at different collision energies (Figure 11 [Figure 11: see original pa-
per]). The article summarized the differences between current experiments and
theory, i.e., in the central rapidity region, the theoretical results of longitudinal
spin polarization azimuthal distribution are completely opposite to the trend
of recent experimental data; the polarization measurements of vector mesons ¢
and K*0 also contradict theoretical predictions. This is a very abnormal result
because overall polarization data can be fitted and predicted ideally by various
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models, indicating that existing phenomenological models at least partially cor-
rectly grasp vorticity-related physical processes. The completely opposite results
of local polarization may come from definition deviations in the correspondence
between theory and experiment.

Based on hydrodynamic language, Becattini et al. [100] studied vorticity defini-
tions satisfying different transformation properties. As mentioned above, there
is some ambiguity in the relativistic transformation properties of theoretical
treatment for rotating systems. As a local equilibrium thermodynamic system,
relativistic covariance in each fluid element of QGP is broken. Therefore, when
comparing with experiments, how to correctly understand and characterize vor-
ticity in experiments is a question worth thinking about. In the above literature,
researchers conducted comparative studies on three vorticity definitions, includ-
ing ordinary vorticity, thermal vorticity, and T-vorticity (Figure 12 [Figure 12:
see original paper]):

Wy = (“)Vuu — 8#u,/
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Clearly, thermal vorticity and T-vorticity have completely opposite tempera-
ture dependence, while ordinary vorticity does not depend on temperature at
all. Considering the characteristic temperature distribution of QGP itself, the
spatial distributions of these three will be very different. Therefore, correctly
understanding and using the corresponding vorticity definition may contain the
key to solving the local polarization puzzle.

Of course, the difficulty of local polarization may also be caused by existing phe-
nomenological models generally missing some physical mechanism. In summary,
this contradiction has aroused widespread interest. From parton transport mod-
els to fluid models, people have carried out a large number of simulation works
trying to understand this obviously opposite trend [52]. For example, Wei et
al. [59, 68] used the MUSIC viscous fluid model combined with AMPT to study
hyperon spin polarization. The model uses UrQMD hadron cascade for QGP
fireball evolution. This hybrid model can well describe various soft hadrons at
different RHIC-BES energies, such as rapidity distributions, transverse momen-
tum spectra, and elliptic flow of all charged hadrons, but the obtained local
polarization is still completely opposite to experimental trends. Sun et al. [69]
also used similar models to study the dependence of hyperon polarization on
freeze-out temperature. Li et al. [103-104] considered the feed-down effect of
strange baryons on A hyperon spin polarization by calculating two-body decay
processes of strong, electromagnetic, and weak interactions, and systematically
calculated the global and local polarization of hyperons including A, ==, and
Q~. This contribution reduces the original A polarization but is not enough
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to qualitatively reverse the current theoretical prediction about the azimuthal
distribution of A local polarization. Therefore, the completely opposite local
polarization trend in experiments remains unexplained. Wu et al. [83, 105]
temporarily solved the contradiction by replacing ordinary vorticity with tem-
perature vorticity (T-vorticity). When temperature vorticity is used as the
background vorticity field, the temperature distribution introduces new contri-
butions, and theory can obtain trends similar to experimental measurements.

Recently, theoretical progress by Fu et al. [105-106] shows that local polarization
may include effects from fluid thermal shear tensors beyond vorticity. When
this new contribution is included in phenomenological simulations, experimen-
tal results can be well described. Becattini et al. [105-106] considered the effect
of hadron freeze-out temperature on hadron polarization and found that the
assumption of isothermal freeze-out will bring new spin polarization contribu-
tions, further correcting the difference between theory and experiment for local
polarization.

In addition to neutral hyperons, Wei et al. [107] proposed a scheme to detect
vorticity using the difference in dilepton polarization. The article shows that
rotation enhances the spectral function of dileptons, and the effect is more
significant for low invariant mass dileptons. By studying the dependence of
measurable dilepton yield and elliptic flow on rotation, the article provides the
possibility of detecting vorticity using dilepton-related signals. In phenomenol-
ogy, people have further discussed many observables including lepton spectral
functions, yields, and elliptic flow, as well as bound state dissociation depen-
dence on rotation [50, 108-109]. In real QGP, polarization does not occur in-
stantaneously but requires a certain relaxation time, while QGP formation and
disappearance are also very rapid. The competition between these two times
will also affect hyperon polarization observation results [62-63]. When consider-
ing the local production process of hyperons, the overall polarization results can
still be well fitted, indicating that the intensity of overall polarization is more
significantly related to the average vorticity of the system and hadron yield.

From the above introduction, it can be seen that for QCD many-body systems,
rotation will produce effects at multiple levels, and its quantitative effect directly
corresponds to the magnitude of rotational angular velocity. Since rotation
does not have direct interactions with matter fields like magnetic fields, its
effect on single particles is relatively clear—polarizing angular momentum and
shifting single-particle energy. Therefore, when vorticity is only a few MeV,
only light quarks with masses closest to this value are significantly affected.
As approximate chiral fermions, rotational polarization will significantly modify
the spin direction of light quarks and, through the spin-momentum locking
property of chiral fermions, affect their momentum direction and thus change
transport processes. This mechanism closely related to chiral fermions cannot
drive particle flow in chirally balanced systems but can drive chiral flow in
systems with matter-antimatter asymmetry. Through parity analysis, it can
be known that anomalous transport phenomena depending on the existence of
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chiral fermions may appear in any system with background pseudovector fields.
These anomalous transports lead to changes in final-state particle momentum
distributions that are very likely to exist in QGP evolution, but clearly detecting
them requires more sophisticated experimental measurements and theoretically
more sensitive signals.

As the system temperature further decreases, chiral symmetry is broken, and
approximate chiral fermions no longer exist in the system. The quark mass
is about the constituent mass of 300 MeV. In such systems, overly small po-
larization energy will no longer have observable effects on system properties.
Only when the rotational angular velocity increases to tens to hundreds of MeV
will the phase transition temperatures of chiral and deconfinement phase transi-
tions be significantly corrected. Effective model mean-field approximation and
gravity dual model studies show that chiral and deconfinement phase transi-
tions will occur more easily in rotating systems. However, there are also large
numbers of gluons in QCD systems, which not only have small masses but
also strong self-interactions. When considering the effect of rotation on gluons,
both effective model and lattice calculation results suggest that although chi-
ral condensation is suppressed by rotation, the phase transition temperature
may be increased in reverse, forming a situation of rotational catalysis of sym-
metry breaking. Due to the unexpected sign problem in lattice calculations,
these results cannot be fully confirmed. In regions where baryon and isospin
chemical potentials are non-zero, effective model calculations show that rotation
will also suppress the generation of color-superconducting and pion-superfluid
pairing ground states. As the rotational angular velocity further increases, the
system will tend toward macroscopic condensation states of vector bosons. Due
to the speed-of-light limit, such large rotational angular velocities are difficult
to exist in large ranges. Boundary conditions or system non-uniformity are
issues that must be considered in more realistic calculations. Effective model
calculations also found that boundary conditions greatly weaken the effect of
rotation near zero temperature, but at finite temperature, the contribution of
rotation is not significantly different from when natural boundary conditions
are considered. Due to centrifugal effects of rotation, quark pairing condensa-
tion will show spatial non-uniformity. Self-consistent solution methods similar
to the BdG equation give the radial distribution of chiral condensation. These
results not only confirm the chiral suppression effect caused by the mean value
of rotation itself but also reveal that changes in angular velocity along the radial
direction enhance condensation in that local region. Various phenomenological
model simulations show that although the average vorticity in QGP fireballs
produced by relativistic heavy-ion collisions only reaches the magnitude that
triggers chiral transport, it may locally reach large values due to fluctuations.
Whether such extremely non-uniform vorticity fields will affect QGP evolution
due to corrections in phase transition temperature is a meaningful question that
can only be explored under the premise of determining vorticity field distribu-
tion. People attempt to use experimental results on overall and local hyperon
polarization to help determine the spatial distribution of vorticity fields. The
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differences between experiment and theory in local polarization have promoted
more detailed theoretical research, and people have gradually gained further
understanding of quantum transport processes, fluid viscous effects, and subse-
quent hadron production processes in QGP. In summary, the discovery of QGP
vorticity has not only brought a large number of novel and interesting physical
effects but also triggered thinking about essential issues such as quantization
and spacetime characteristics of this special system. It is believed that in-depth
exploration in this direction will reveal more mysteries of QCD phase transi-
tions, relativistic heavy-ion collisions, and promote discussion of more general
theoretical physics problems.
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