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Mass splitting of vector mesons and spontaneous spin polarization
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Abstract: In this study, we investigate the effect of rotation on the masses of scalar and vector mesons in the
framework of the 2-flavor Nambu-Jona-Lasinio model. The existence of rotation produces a tedious quark propagat-
or and a corresponding polarization function. By applying the random phase approximation, the meson mass is nu-
merically calculated. It is found that the behavior of scalar and pseudoscalar meson masses under angular velocity w
is similar to that at a finite chemical potential; both rely on the behavior of the constituent quark mass and reflect the
property related to chiral symmetry. However, vector meson p masses have a more profound relation to rotation.
After analytical and numerical calculations, it turns out that at low temperature and small chemical potential, the
mass for spin component s; = 0,1 of a vector meson under rotation exhibits a very simple mass splitting relation
m;‘" (w) = mp(w = 0) — ws;, similar to the Zeeman splitting of a charged meson under magnetic fields. Furthermore,
the mass of the spin component s, =1 of vector meson p decreases linearly with @ and reaches zero at
we = mp(w = 0), which indicates that the system will develop s; = 1 vector meson condensation and the system will

be spontaneously spin-polarized under rotation.
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I. INTRODUCTION

In a non-central heavy-ion collision (HIC), a large
vorticity and strong magnetic field are expected to be
generated in extremely hot quark gluon plasma (QGP).
Straightforward electromagnetic (EM) computation re-
veals that the magnetic field would reach approximately
O(10'"HT [1] in the early stage of a HIC, while kinetic
and hydrodynamic simulations [2,3] indicate that the loc-
al vorticity would exceed 0.5 fm~' with the total angular
momentum of QGP in the range of O(10*)—O(10°)h.
Known as the Barnett and magnetization effects, spin
particles are polarized by these pseudo vector fields; thus,
their distributions differ from normal thermal distribu-
tions. Besides the chiral effects induced by such pseudo
vector fields [4-6], studies on these distribution modifica-
tions are useful to understand the hadronization mechan-

ism of the strong interaction. Inspired by the large amp-
litude and retention owing to angular momentum conser-
vation, vorticity has recently attracted more attention.
Compared with magnetic field effects, rotation-re-
lated effects are electric charge blind and only involve the
kinetic properties of QGP and the strong interaction;
these are the aspects we are most interested in. Experi-
mentally, to screen out EM effects, neutral particles with
finite spin numbers are chosen as carriers of vorticity po-
larization effects. As it is difficult to directly detect an un-
charged particle, the distribution of its charged daughter
particle serves as an alternative observable for the global
polarization effect. With the help of the A meson, the av-
erage magnitude of the vorticity of QGP was extracted by
the STAR collaboration [7]. In these measurements, the
expectation of A polarization and the vorticity behavior
of the collision energy were confirmed. The results may
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be understood by considering the energy shift induced by
the vorticity polarization to the spins; however, this the-
ory becomes slightly vague when the K** and ¢ meson
measurements, presented in [8], are considered. The mis-
match between these measurements indicates that the fine
structure of hadrons may play a non-negligible role in po-
larization processes.

The mass is one of the most fundamental attributes of
a hadron. For a composite particle, the mass is modified
by the single-particle dispersion relation of the funda-
mental degree of freedom as well as its interactions. Stud-
ies of hadron masses enable us to discover many clues re-
garding the environment from which hadrons originate.
As a well-known example, o meson and pion masses
change with increasing temperature and chemical poten-
tial because of chiral restoration [9]. Recently, the mass
of the vector meson p in an external magnetic field has
been studied while taking into account the polarization
effect on quarks. A lattice calculation demonstrated that a
charged p meson mass first decreases and then increases,
with a minimum of approximately eB ~1 GeV? [10]. Us-
ing effective models such as the Nambu —Jona-Lasinio
(NJL) model with a vector channel, the p meson with dif-
ferent spin components has been studied [11,12]. As a
result, the mass behavior in a background vorticity field,
which initially appears to be similar to the magnetic case,
is brought into question. For the rotating effect, the co-ro-
tating frame [13] is usually adopted and a nontrivial spin
connection term is introduced [14], which serves as a po-
larization term for angular momentum. With this exten-
ded NJL model, chiral phase transition may occur as an-
gular velocity increases [15]. Additionally, more com-
plicated phase diagrams that combine rotation and other
physical conditions, such as chemical potential, isospin
and magnetic fields [16-18], have been established. In
those NJL models, the rotation always behaves as an ef-
fective chemical potential at the quark level. This ana-
logy has been explained with a Hamiltonian shift of
H — H-&-J, where the latter term may correspond to an
effective chemical potential [18,19]. At the same quark
level, holographic models also expand upon our under-
standing of rotating quark matter by using a four-dimen-
sional AdS-Kerr-Newman black hole to construct a rota-
tion-magnetism analogy [20]. However, for composite
hadrons, such as vector mesons, there have been few
studies on their mass behaviors.

In this paper, we focus on scalar and vector mesons
and investigate their masses under rotation at a finite
chemical potential. To consider both the finite temperat-
ure and density cases, we introduce the two-flavor NJL
model with a vector channel in the co-rotating frame in
Sec. II. With this framework, we generate a dynamical
quark mass with spontaneous chiral symmetry breaking
and construct scalar and vector mesons with the dressed
quark propagator, while extracting the corresponding

masses using the random phase approximation (RPA), in
Sec. III; the numerical results are presented in Sec. IV.
Owing to the rich phase structure at large chemical poten-
tials, only u, <200 MeV is investigated in this study and
discussions on rotating color superconductivity are re-
served for future studies. We discovered that scalar
meson masses are controlled by chiral phase transition,
which can be driven by temperature, density, and rota-
tion. In contrast, vector mesons, which carry the net an-
gular momentum, are governed by the polarization effect
on the total angular momentum before chiral symmetry
restoration. At large angular velocities, the mass of the
spin component s, = 1 of the vector meson vanishes. This
indicates the macroscopic condensate of the spin com-
ponent s, = 1 of the vector meson (p*=!); thus, spontan-
eous spin polarization would be induced in the ultra-fast
rotating system. In Sec. V, we summarize our main res-
ults and provide an outlook.

II. THE NJL MODEL IN A CO-ROTATING
FRAME

The NJL model is an effective model with a four-fer-
mion interaction, which is widely used to study quark-
quark and quark-antiquark pairings that correspond to
chiral phase transition, superfluidity, and superconductiv-
ity. Besides the usual scalar channels, we consider vector
channels to construct vector p mesons. The Lagrangian of
the two-flavor NJL model in a co-rotating frame is given
by [16,21]

L=P[iy" (0, +T) — mly + Gs [()* + (@riys)*]
—Gyl@y)* + W@yuysw)*l, (1)

where m is the current quark mass, and Gs and Gy are
the coupling constants in the scalar and vector channels,
respectively. In a curved co-rotating frame, the gamma
matrices ¥ should be defined according to the corres-
ponding Clifford algebra. The curved gamma matrices
are related to their flat counterparts using the vierbein as
y* =e/'y" in which e, should satisfy g, =nwe,e’,,
where 7, is the metric of flat space-time and y* repres-
ents the flat gamma matrices. In our case, a simple choice
is ¢, = 6% +06%6°, vi and e/ = 6,' = 6,'5} vi, where v; is the
linear velocity V= @ x ¥ in the presence of a constant an-
gular velocity @. The spinor connection is given by
r,= % X %[yﬂ,yb]ra;,ﬂ, where  Tupy = (e, G, e, —
e, d,e,), and G, is the general Christoffel connection
determined by g, [13-15]. Within the slow velocity lim-
it |dx ¥ < ¢, only the O(¥) terms can be retained, which
are reduced to the ordinary polarization form &-J, where
J=x2xp+5§ is the total angular momentum [14,15], and
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§ = % g g_ ) is the spin operator.

By applying the mean field approximation and choos-
ing the direction of rotation to be the z-axis, the bilinear
part of the Lagrangian at a finite chemical potential is
given by [16]

(M —m)*

L=yliy" 0, +Y (], +p)— My - Gy

2

where J; is the third component of the total angular mo-
mentum J, and y is the quark chemical potential. The an-
gular velocity plays a similar role to the chemical poten-
tial, and M is the constituent quark mass, which is given
by the chiral condensate using M = m—2Gg {y}).
Quantum field theory for a rotating system was estab-
lished by Vilenkin in [22], in which the Green function
without the boundary condition was introduced.
However, it was emphasized that a rotating system can-
not have a radius R size larger than w~', which is con-
strained by causality with the angular velocity w and the
radius of the system R. In this study, we apply an explicit
form of the propagator in [22]. In realistic heavy-ion col-
lisions, the average global velocity (w) of QGP generally
requires approximately 20 MeV [3,23], which should be
safe when using an infinite size approximation. When
considering the local vorticity, as shown in [3], the

boundary conditions would become more important for a
small vorticity lattice with a high angular velocity. In
general, one should consider the inhomogeneity of the ro-
tating fluid and solve M as r-dependent while consider-
ing the boundary conditions, as investigated in Refs. [24-
34]. It was observed in [24] that M is almost constant ex-
cept in the vicinity of the boundary. Furthermore, the
bounded rotating system was studied self-consistently in
[25], that is, beyond the local potential approximation. It
is shown that the chiral condensate suppression effect is
qualitatively unchanged by the boundary conditions and
are quantitatively comparable in the bounded and bound-
less cases at finite temperatures. From a realistic point of
view, boundary conditions always have effects in the
near-surface part of QGP, and chiral condensation will
not be significantly affected in the inner part of QGP. In-
stead of fully considering the inhomogeneous rotation
and subtle boundary conditions, we choose a simplified
scheme as the first step of this study to introduce the
M(w) qualitative relation, which is easily estimated by
noting the energy shifts of quarks owing to the polariza-
tion effects induced by rotation. We reserve the more
self-consistent treatment of M(w) for future studies.

In this study, we aim to investigate meson properties
under rotation. To perform calculations in the NJL model,
a M(w) relation is required; hence, M(w) is extracted
from the general grand potential given by [15,16]

M-m)? NN ;
QT pu, M,w) = f d’r {ﬂ— / TZ f di? f dk[J(ker)? + Jyi1 (kr)?] [ln(1+e(Ek_("+5)‘“_”)/T)

4GS 167(2

+1n(1 + e*(Er(nJr%)w*/l)/T) +1In(1 + ef(Eﬁ(H%)wﬂl)/T) +In(1 + e(EkJr(nJr%)erﬂ)/T)] }

Here, E; = \/k>+k?+ M? and k,, are the transverse and

longitudinal momenta, respectively. The local potential
approximation d,M(r) ~ 0 is adopted while solving the ei-
gen modes, and N, =3 and Ny =2 are chosen for sub-
sequent computation. In this study, we neglect four-fer-
mion contributions to the ground state; therefore, the chir-
al condensate is entirely computed by the gap equation

©)

‘ 2

ng/zl =0 with the constraint 6_% > 0. In Sec. IV, we will
reveal the numerical result for the constituent quark mass
M. For the constituent quark mass at a particular radial
coordinate, we have chosen r=0.1GeV~!, as in Ref.
[15]. This serves as the environment in which mesons ori-
ginate and thus modifies their masses. In the mean field
approximation, the gap equation is simply a one-loop dia-
gram of the quark propagator, which reads as

el(@=¢") o =ik (t=1)+ik.(z=2)

o1 dko
S(r,r)—wzfgfktdktfdkz

{

k0+(

1
k0+(n+ z)w]yo—kzy3+M

1

2
n+ E)w] —k? - k2 — M? +ie

[ (ki) kit YP 1 + €97 Ty (ki) Tt (et YP-]

— iy k€ Ty (ki) TGkt YP 1 — ¥ ke Ty (kyr) i (ktr’)P_}, (4)
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1 .
where P. = —(1+iy'y?) are projection operators, and

F=(t,r,¢,7) is the expression for position in cylindrical
coordinates.

III. SCALAR AND VECTOR MESON MASSES
UNDER ROTATION

A. The scalar meson

In the NJL model, meson are regarded as ¢g bound
states or resonances, which can be obtained from the
quark-antiquark scattering amplitude [9,35-37]. The meson
mass is extracted from the pole of the one-loop quark po-
larization function, as described in detail in [9].

In the RPA, the full propagator of the ¢ meson D,(q%)

can be expressed to its leading order with 1/N, as an in-
finite sum of quark-loop chains.

2Gs

Dy(q*) = ———,
= 56, L)

)

where II,(¢%) is the one-loop quark polarization function
and takes the form [11,38,39]

H(gq) = —i f d*FTr, 7 [iS (0; F)iS (7 0)]e'”, (6)

where Trf. represents the trace in spin, flavor, and color
space. In Appendix A, the polarization function is simpli-
fied to the following form:

1 1 - -
(P0+QO+—w)(P0+—w)+M2—(P+17)‘P

2 2

. d*

2
1 .
(P0+610+§w) - (P+q?* - M?

|\
(P0+§w) —ﬁz—Mz]

1 1 = —
(po+qo—Qw)(po——w)+M2—(p+fY)'p

2
e e (7
(Po+qO— Ew) -(P+*-M? (Po— Ew) —ﬁZ—MZ]
If we use the finite temperature theory with a chemical potential [40], the polarization function will be

L 1 o1 s o .

oy +ivy) + Esw+y iy + zsw+p +M=—(p+q)-p
®)

2

y &p
Hs(q, iv,) = 2NfNLT Z Z f (Zﬂl;3

s=x N

where @y = (2N + 1)aT is the Matsubara frequency. By
considering the analytic continuation
I14(4,9) = (g, iv,)l5+iy and setting § =0, an explicit form
of T1;(0,¥) can be contructed, as shown in Appendix A.

From the pole of propagator used in Eq. (5), the o
mass can be obtained by solving

1- ZGS HS(O5 i)) = Os (9)

2 b
1
l(i@N+ivn+§sw+,u) —(ﬁ+67)2—M2} I(i(uN+ Eswﬂ;) _ﬁZ_MZ}

We perform a similar operation for the pseudoscalar
meson 7. In the polarization functions, the operators are
defined as 7% =1/V2(r| zir), where 7; are the Pauli

Matrices, and we choose @ = 73,77

=73 for neutral pions
and 7" =1",7" =1~ for charged pions. However, these
polarization functions have the same form for different

charged mesons.

Ms(g°) =i f d*FT rsgeliy’ 7948 (0; Py 7"iS (7, 017

1 1 2 = =
Potqo+ sw){pot+ sw -M"—(p+q)-p

2

a* (
—4iN/N, f ( P

2m)* 1
(Po +qo+ Ew

2
) (R

2

1\
[po+ 30) -

024102-4



Mass splitting of vector mesons and spontaneous spin polarization under rotation

Chin. Phys. C 46, 024102 (2022)

1 l - =
(po+qo——w)(po——w)—Mz—(pﬂ?)-p

2
e . (10)
[(P0+QO— 5“’) —(ﬁ+67)2—M2] (Po— 5“’) —ﬁZ—MZ}
For the finite temperature formalism with a chemical potential, the polarization function will be
L 1 o1 s s .
(i +iv,y) + Esw+u iy + zsw+p -M-—(p+q)-p
n

ps(q,ivn) = —4NfNL.TZ Z f (dSﬁ

s=x N

By considering the analytic continuation II,.(g,7) =
I,4(q,ivy)l+ip and setting §=0, an explicit form of
I1,4(0,%) can be constructed, as shown in Appendix A.

From the pole of above propagator, the pion mass can
be obtained by solving

1-2G,,(0,7) = 0. (12)

B. The p meson

For a vector meson under magnetic fields and rota-
tion, the medium has a preferred direction along z, and
the extraction process for the vector meson pole mass is
more complex. In [11], the vector meson polarization
tensor was divided into its transverse and longitudinal
parts and eventually divided into its spin-components
s; = £1,0; thus, the pole mass can be extracted as spin-
components.

Following Ref. [11], we construct a vector meson us-
ing a similar method with rotation-modified quark
propagators. For the two-flavor model, we take, for ex-
ample, the vector p meson. Its one-loop polarization func-
tion reads as

% (g) = —i f d*FTr, o [i9#278 (0; iy TS (7 0) 1€
(13)

As there is no isospin breaking in the quark propagat-
ors S(0;7), the polarization functions of charged and
neutral p mesons are expected to be the same under rota-
tion. Nonzero elements of the matrix read as

0 0 0 0
—_— ot om0 ”
P 0 H21 H22 0 ( )
0 O 0 17

2m)3 1
(id)N +iv, + Esw +/J)

2 2
1
—(ﬁ+5[)2—M2H(id)N+§sw+y) —ﬁ2—M2}

Explicit expressions for the matrix elements are
shown in Appendix B. The analysis of the Lorentz struc-
ture suggests the tensor can be divided according to its
polarization directions, as follows:

" = ATP" + ATPY + ASLY + AQufw’, (15)

where u* is the four momentum in the rest frame,
' =(1,0,0,0) is a unit vector, and the projection operat-
ors are given as

P =—€'e], (s.=-1forpmeson),
Py =-ée;, (s.=+1 for p meson ),

" = -b"b", (s, =0 for p meson ). (16)

1 1
flat frame, €' =-—(0,1,i,0) and e’z‘z%
(0,1,-i1,0) are the right- and left-hand polarization vec-
tors, respectively, and »* =(0,0,0,1) is the direction of
rotation. As a result, the p meson propagator can be
broken down in a similar way.

In the

D) (g% =Di(g¢»)PY" + Da(q*)Py’

+D3(gHL* + Dy(gHu'e’, (17)

where the coefficients D; are of the RPA summation form

2Gy

Di?) = —=2V
() 1+2GyA?

(18)

Here, the momentum poles correspond to the masses
of vector p mesons, which are solutions to the equation

1+2GyA? =0, (19)

where
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Al = (I}, —illyp), (s, =—1 for p meson),
A3 = -TIy; —illyy, (s, = +1 for p meson ),
A3 = T3, (s, =0 for p meson ). (20)

IV. NUMERICAL RESULTS AND DISCUSSION

To evaluate the mass of the p meson at a finite chem-
ical potential and relatively large vorticity, we choose the
soft cut-off scheme to prevent leakage of the energy
scale. The cut-off function is [41-43]

AlO

)= 5% TR

21)

where A = 582 MeV. In numerical calculations, mo-
mentum integrals are understood as [41]

/%
— -
2w

The other parameters are taken from Ref. [11], i.e.,
GsA?=2.388, GyA? =1.73, and the current quark mass
mo =5 MeV. We use a soft cutoff in the calculation and
maintain the angular velocity at less than 1 GeV and the
chemical potential at less than 200 MeV; hence, for each
quark, the energy shift owing to rotation and chemical
potential is no more than 700 MeV. This is a safe value
for the model.

By neglecting meson fluctuations, the gap equation
for the chiral condensate at a finite temperature as well as
chemical potential under rotation can be easily solved. As
shown in the phase diagram of Refs. [15,16,18], the vorti-
city serves as another form of chemical potential that
weakens the chiral condensate in the finite temperature
case and complements the chemical potential in the finite
density case. As shown in Fig. (2b), there is a crossover
at medium temperatures along the rotation speed. At low
temperatures, the increase in chemical potential changes
the first-order chiral restoration to a crossover in Fig.
(2a), (2¢), and (2d). Because the phase structure determ-
ines the macroscopic properties of the system, it is reas-
onable to expect that the dependence of meson mass on
the rotation speed would be smooth at medium temperat-
ures and in high-density systems and kinked at the first-
order point for low density systems.

L o) @2)
JT

A. The scalar meson

As it carries no net angular momentum, the profile of
scalar meson mass is completely determined by chiral
symmetry in our model. For the zero chemical potential
case shown in Fig. (2a) and (2b), as the rotation speed in-
creases, the chiral condensate behaves the same as that in

[15]. At extremely low temperatures, chiral restoration is
first order; thus, the masses remain invariant before jump-
ing together at the critical rotation speed. In hot matter,
the condensate steadily melts until the crossover range
w~0.6 GeV. As a consequence, the ¢ meson mass re-
mains almost static, and pions serve as Goldstone
particles in the chiral breaking phase. Once w nears the
crossover range, they approach each other and eventually
become almost degenerate because of chiral symmetry
restoration. The behavior at a finite density could also be
explained using chiral symmetry by noticing the order of
phase transition. As Fig. (2a), (2¢), and (2d) show, at low
densities, i.e., u < 100 MeV, and zero temperature, there
is a first order gap at w ~ 0.8 GeV owing to the depend-
ence of the chiral condensate on rotation speed. Sub-
sequently, the pion breaks the constraint of the Gold-
stone theorem, that is, the mass increases to meet that of
the ¢ meson, which is driven by chiral symmetry. As the
chemical potential increase further, the phase transition
weakens into the crossover, and the mass dependence on
the rotation speed becomes smoother, as shown in Fig.
(2¢) and (2d).

The constituent quark mass at » = 0.1 GeV~! is calcu-
lated using M = m—2Gy (Yy), and the constituent quark
mass as a function of angular velocity is shown in Fig. 1
for different chemical potentials. The chiral condensate
exhibits a first order phase transition at large angular ve-
locities for small chemical potentials, while this is exhib-
ited at small angular velocities for large chemical poten-
tials; this is in agreement with the results presented in
[16], where a first order phase transition was observed in
two corners of the three-dimensional T —u—w phase dia-
gram.

From the numerical results, it is clear that the rotation
speed and chemical potential are complementary when
driven by chiral restoration. At low chemical potentials,
the critical/crossover rotation speed is large. This de-
creases with increasing chemical potential. However it is
clear that the chemical potential and rotation speed are
not exactly equivalent because, physically, the chemical

0.4} \ v
' 1(GeV)
> 03} '. T =00
& ' — =01
021 ‘l‘ p=02
= . -== u=03
0.1f k% — =04
0.0 : : : ——= :
0.0 0.2 0.4 0.6 0.8 1.0 1.2
w[GeV]
Fig. 1. (color online) The constituent quark mass as a func-

tion of angular velocity for different chemical potentials.
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sl = 0.8
= | — = = =
P R — S S 06 S
= 0.4 = S 04 b=
= =< = ]
g 5 g g
L U
= 0.2 o =02 &
0.0 B — 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
w[GeV] w[GeV]
(a) scalar meson mass as a function of angular (b) scalar meson mass as a function of angular
velocity at = 0MeV velocity at T'= 150M eV
— 08 _ 08 | T M _
> > > — M, >
2] ) £ L
S 06 e S 06| |z S
S E 2 =
Z 04 = = o4 =
= = s )
g E
= 0.2 =4 = 0.2 (=4
0.0 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
w[GeV] w[GeV]
(c) scalar meson mass as a function of angular (d) scalar meson mass as a function of angular
velocity at p = 100MeV velocity at p = 200MeV

Fig. 2. (color online) Scalar meson mass as a function of angular velocity at different chemical potentials and temperatures.

potential is the energy shift from the difference between  be treated as the spin chemical potential. Analytically, the

the particle and anti-particle, while the shift induced by difference may be explicitly observed in the gap equation
rotation polarization occurs from the difference between and the polarization functions, as follows:

. . . 1
spin up and spin down. From this aspect, the 5w could

. &p S sw i
15(0,1v,) =N¢N, ;f(sz [RGSI(P, vn)H(—ﬂ 5 +E1’)nf (E" THT T)
R Sw i 2 bt e
+Res3(p,vn)9(_# 2 EP)"f (EP TH- T’T)_Resup’v")e(” 2 _E”)nf(_Ep e T’T)
—Res2(7,v,)ns (E,, +u+ %,T)—Res3(ﬁ,1/n)9(ﬂ+ % —Ep)nf(_Ep +u+ %T)
~Resd(,vang (Ep+ 1+ 50T )+ Res (B0 (+ 552 = By )+ Res3@vno e+ 55 = Ey )

—Resl(ﬁ,v,,)—Res3(ﬁ,v,,)], (23)

where Resl(p,v,),Res2(p,v,),Res3(7,v,), and Res4(j,v,) are residues in Eq. (40).
The polarization function II,; is given as

) d3ﬁ o YD) Sw
HPS(O,IVn) :Nchs:Z;fw[RGSI (p,Vn)g(—/l_7+Ep)nf(Ep_ﬂ_7’T)
Res¥ (o0 (-~ 2 1 Yoy (B = 27~ Rest' v 22 - ) np(~Eptus 37)

—ResZ’(ﬁ,vn)nf(Ep+/1+%,T)—Res”j'(ﬁ,vn)@( +——E) ( E, +,u+ T)

024102-7



Minghua Wei, Yin Jiang, Mei Huang

Chin. Phys. C 46, 024102 (2022)

—Resd’(, vy (Ep e+ % T) +Resl’(7, v,,)H(,u + % —E,,) +Res3' (7, v,,)@(,u 43 —E,,)

—Resl’(p,v,) —Res3' (7, vn)].

Here, Resl’(7,v,), Res2'(p,v,), Res3'(p,v,), and Resd’(p,
vy,) are residues in Eq. (A18).

It is clear that the functions depend on both pu+w/2
combinations. However, it is also reasonable to assume
that the critical behavior will occur at a rotation speed

. w .
that satisfies E, —u+ — = 0. If we choose a positive value

for both the chemical potential and rotation speed, the
w=2(m—p) part would dominate the critical behavior.
Hence, the chemical potential and rotation speed appear
to be complementary when determining the critical point.

B. The p meson

Taking the direction of rotation as the z-axis, the three
components of a massive vector meson can be represen-
ted as s, =1 and s, =0. The nonzero spin components
are polarized by the Barnett effect, which introduces the
shift —~@-S§ to the energy levels under rotation. In our
two-flavor model, we use the p meson to explore the rota-
tion-induced energy shift with self-consistent numerical
calculations at the quark level. Fig. 3 shows the numeric-
al results for p masses with s, =+1 and s, =0 as func-
tions of angular velocity at temperature 7 = 10 MeV. It is
clear that the splitting mass curves reveal the different in-
fluences of rotation. In the s, = 0 case, there is no net an-
gular momentum for particle polarization by rotation.
This indicates that the mass dependence on rotation is
similar to the scalar case, which remains invariant while
the chiral condensate is below the critical rotation speed.
In the s, ==+1 cases, the rotation polarization generates
the energy shift Fw for the corresponding masses; this is
confirmed by the numerical results in Fig. 3. The mass
dependence on the rotation speed is indicated by two
straight lines for the s, = +1 components. The behavior
could be analytically proven with an explicit form of the

1.5t sz=+1
- 5:=0
p— — 5y=—1
% 1.0}
e
=
0.5
0.0 * * * *
0.0 0.2 0.4 0.6 0.8
w[GeV]
Fig. 3. (color online) p meson masses as a function of angu-

lar velocity at temperature 7=10 MeV.

2
24

[
polarization functions. In the pole approximation, the
masses are determined by the pole of the meson propagat-
ors, as in Eq. (19). With straightforward computation, as
shown in the Appendix, the polarization functions of the
vector meson satisfy

1 1
EA%(mp +w)+ zA%(mp —w) = A3(my). (25)

Therefore, my(w=0)-s.w is the exact mass of the
s; =0,=1 components. The mass of the s, =1 spin com-
ponent decreases linearly with angular velocity and
reaches zero at the critical angular velocity w,. =
m,(w = 0). Beyond this, the s; =1 spin component of the
vector meson will develop condensation in the vacuum,
indicating that the system will be spontaneously spin po-
larized under strong rotation.

V. CONCLUSION

Using the NJL model with vector channel interac-
tions, we calculated scalar, pseudoscalar, and vector
meson masses at a finite temperature, chemical potential,
and rotation speed. In the RPA and pole approximation,
the mesons are treated as the effective degree of
freedoms, which transmit the interaction between quarks,
and the masses are determined by the polarization func-
tions. This approximation could explicitly preserve the
Goldstone theorem; however, the meson back reaction to
phase transitions is neglected. Because of the four-fermi-
on point interaction and pole approximation, the micro-
scopic details of mesons have been lost, and they all be-
have as fundamental particles that are polarized by rota-
tion according to their net spin angular momentum. In the
scalar and pseudoscalar cases, the mass spectra are con-
trolled by the chiral condensate, which is the main mech-
anism generating hadron mass in the NJL model. At low
temperatures and chemical potentials, chiral restoration is
first order, which causes the meson masses to suddenly
jump at the critical rotation speed. As the temperature or
chemical potential increases, the phase transition degen-
erates to crossovers, which smoothens the meson mass
curves along the rotation speed. At a large enough rota-
tion speed, it is easy to expect that the vector condensate
vacuum would be preferred and the corresponding effect-
ive mass would be zero. Therefore, we have only studied
the behavior of vector meson masses below w =m,. Al-
though the polarization function computation uses masses
of the three components, s, =0,+1 are the same as the
results obtained by treating them as fundamental
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particles, that is, m, and m,+w. Once the chiral is re-
stored, the vector condensate will emerge simultaneously,
which will be investigated in our next study.

In non-central heavy-ion collisions, the created sys-
tem carries a large angular momentum, and the proper-
ties of particles will be changed in a rotating medium. In
this paper, we investigated the behavior of scalar and vec-
tor meson mass under rotation. It is found that the behavi-
or of scalar and pseudoscalar meson masses under angu-
lar velocity w is similar to that at a finite chemical poten-
tial; both rely on the behavior of their constituent quark
masses and reflect the property related to chiral sym-
metry. However, vector meson masses have a more pro-
found relation to rotation. After tedious calculation, it
turns out that, at low temperatures and a small chemical
potential, the mass of the spin component s, =0,+1 of a
vector meson under rotation exhibits a very simple mass
splitting relation m, (w) = my(w = 0)—ws, similar to the
Zeeman splitting of a charged meson in magnetic fields.
In particular, the mass of the spin component s, = 1 of the
vector meson p decreases linearly with @ and reaches
zero at w. = my(w =0), which indicates that the system
will develop s, =1 vector meson condensation and the
system will be spontaneously spin-polarized under rota-
tion. Further investigation is required to compare the spin
polarization with s, =1 vector meson condensation and
the spin polarization defined by the condensation of
< yioc*"y > proposed in [44-47].

It should be noted that we did not consider inhomo-
geneous rotation and subtle boundary conditions in this
study; for this first attempt, we chose a simplified scheme
to introduce the qualitative M(w) relation, which is easily

+00  +00

estimated from the quark energy shift due to polarization
effects induced by rotation. We can consider a more self-
consistent treatment of M(w) in the near future. Even
though the M(w) relation is simplified, we believe that
this study is valuable, and, to the best of our knowledge,
this is the first result for meson properties in a rotating
background. This simplified result can be regarded as a
reference, which can be compared with future results
from lattice calculations and other effective models.
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APPENDIX A: THE POLARIZATION FUNCTION
UNDER ROTATION

Rotating systems are not translationally invariant;
however, a Green's function and polarization function can
be defined in momentum space [22]. For the ¢ meson, the
scalar polarization function under rotation is defined as
[38,39]

,(q) = —i f d*7 Ty [iS (0;7)iS (7, 0)] €47 (A1)

where position 7 can be expressed as (f,x,y,z) in
Cartesian coordinates or (z,7,¢,z) in cylindrical coordin-
ates. Here, we have set # = 0 for the propagators. Substi-
tuting Eq. (4) into the definition of the polarization func-
tion, a derivation can be expressed in cylindrical coordin-
ates

. _ (" dkodk +° k,dk,
II(q) =—iNyN, Z Z fd4rf (2(;)2Zf0 s

n=—00 [=—00

e—ik(,t+ik:z einq}

dpodp, f ** pdpy
2m? Jo 21

eipoi—ip:ze—ilq)

x Tr(A,B;) X - R x ele7, (A2)
1 . 1 .
[k0+(n+ E)w] —k?— k2 — M? +ie p0+(l+ E)w] —p}-p2-M?+ie
where
(ko+ M+(n+4)w)J, (k) J,(0) 0 —k.J,(k,;r)J,(0) ik, J, (k;r)J,,1(0)
A = 0 (ko+M+(n+2)w)e S,y (ki) 1 (0) —iekJ,.1 (k)J,(0) k.€*J 1 (k1) S0 (0)
" k.J,(k;)J,(0) =ik, J, (k)1 (0) ~(ky=M+(n+ 1)), (k1) J,(0) 0 ’
i€k, J .1 (k1) J,(0) —k.€° 1 (k1)1 (0) 0 —(ko=M+(n+1)w)e? ], (k;r)J,,1(0)
(M+P(v+([+%)w)\ll([’«r)]z(o) 0 =p:Ji(p:r)Ji(0) iP;eim‘]Hl(p:r)Jl(O)
B = 0 (M+po+(l+%)G))€7'¢JI+1(P«V)JI+1(O) =ipJi(p,1)J1 (0) P J11 (pir) 11 (0) A3
= PJ(pir)J,(0) —ip.e™J,..(pir)Ji(0) —(=M+po+(1+1)w) . (p.r)J.(0) 0 (A3)
ipJi(pir) 1.1 (0) =p-™* 11 (pir)J 1.1 (0) 0 —(—M+p0+(l+é)w)e"“’],ﬂ(p,r)],ﬂ(o)

Here, we provide a matrix form instead of the summation of the projection operators in Eq. (4). The term "Trs." repres-
ents the evaluation of the trace on the spinor, flavor, and color space. After simplification calculations, we get
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Tr(A,B)) =

1
52k + 21w + ) 2w+ 2po + w) + 2M? -2k, pz] Ji(0)J o (0) (k) i per)

zpz:| J1:1(0) 541 (0) i1 (ki) 11 (ps7)

= 2kip1J141(0) i1 (0) (ki) J1(pi1) = 2k p1 J1(0) 0 (0) T 1 (ki) T (pir). (A4)

When n #0, it is clear that J,(0) =0 and Jy(0) = 1. As a consequence, the result of the summation will have finite
terms.

- dkodk, (T kdk, (dpodp. (" pid
. 4o o F_ it 4~ 0dk; ARy podp; Pap:
M(q) =—i f d*7Tr, 7 [S (0;P)S (7;0)] €47 = ~iNN, f &' | S f f o f

1 k —ikot+ik,z Aipot—ip.z
5 (ko +@)(2po + ) + 20 = 2kcp | X Jotkn)Jo(pir)e ©

2
1
(k0+§w) —k?— k2 - M? +ie

2
1
(p0+§w) —p}—p2—-M?+ie

J()(ktr)-lo (ptr)e—iknt+ikzzeipn[—ip72

1
+ 5(2/@ —w)2py—w)+2M* = 2k_p, | x

2
1 .
(ko—ia)) k22— M2 +ie 5

[ 2
1
(po——w) -p}-p2-M?+ie

Jl (kt r)J] (Pr r)e—ikoz+ik:zeipoz—ip:z

=2k pr X

2

2 2 1
1 1
k0+§w) —ktz—kzz—M2+ie} (p0+—a)) -p}-p2-M?+ie

J—l (k;l")]_ 1 (ptr)e—ikot-#ik,zeipot—ip:,z

=2k py X T\
(k(]— Ew) —kf—kzz—M2+ie}

x el (A5)

1\
(Po—zw) -pr-p2-M?+ie

[
Applying the integral representation of the Bessel func- we have the transformation formulae
tions, the polarization function can be simplified. In in-
tegral representation, Bessel functions are expressed as

f kydk, ad ﬁ ik, eieikircosd+i _ dk,dky (k, +ik )eilgrf’
= " , ,
1 o @m? }
Ju(r) = > f elrsine=n9dg (A7)
2 J_ ’

Vs

Jo(r) = L f 2ﬂeii”"s"de
2r Jo ’ o dk 2”d6 . dk,dk, P
| . f YRy - kt —1¢eﬂk1r0050716:f 2/‘ 2) (kx_iky)eflk,-r‘
J (}’) - eircosGiiadg 0 ( ﬂ)
T 2ni Jy ’ (48)

2
Ji(r) = _L. f eircos6xif 4g (A6) After the transformation formulae are applied, the po-
2ri Jo larization function for scalar mesons can be expressed

. without the Bessel function. This will be more efficient
Let k; = (ki, ¢ +6) = (ky,ky),7=(r,¢) = (x,y), and then  for numerical calculations.
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d*k
_ 4~
o == [ [ 55 [ o

1
5(2k0 +W)(2po + w) +2M* = 2k_p. | X

e—ik‘?eip‘?

2
1 N
(k0+§u)) —k2—M?+ie

2
1
[(p0+§a)) - P2 —M?+ie

e-ikFaipT

—w)2po—w)+2M* = 2k.p, | %

1V 1y
(ko—zw) —k*—M?+ie (po—zw) -pP-M?*+ie

ikl T

= 2(kyx +iky)(px —1py) X = 3 T 3 -
1 - 1

(k0+§w) —k2—M?+ie (p0+§a)) -2 -M?+ie

ik eipT

—2(ky +iky)(px —1py) X = Y x el

2 i 2
1 - 1
(ko—zw) —k2—M?+ie (po—iw) -pE—-M?*+ie

(A9)
Furthermore, by integrating 7 and & analytically, we can obtain the polarization function, as follows:
1 1 ) . :
2\Po+qo+ Zw||po+ Sw |+ 2M° = 2p.+q:)p:| =2 [(px +qo) +i(py+ qy)] (px—1py)
11, —iN¢N,
= [ 5 )’ LV | ¢
(po+q0+§a)) —(P+q)?-M?+ie (po+ Ew) —-pE—-M?*+ie
1 1 ) . .
2\Po+qo— 5| Po— 5@ |+2ZM”=2p: +q:)p: | ~2 [P+ +i(py+ )| (px=ipy)
— — (A10)
[(p0+qo— Ew) —(P+§)?—M?+ie [(po— Ew) —p—M?*+ie
Due to the symmetric integration analysis, the expression can be simplified, as follows:
1 1 2 - -
Po+ot 50|\ pot 0|+ M= (F+p
I1 =—2iN¢N,
)= ‘ff(zy* ¢ Vv
(P0+qO+ Ew) -(P+*-M? (Po+ Ew) - -M?
1 1 2 = =
Po+qo=swl{po=sw|+ M = (F+Qp
A v (A11)
(Po+qO— Ew) —(17+67)2—M2} (Po— zw) - —Mz}
For the finite temperature formalism,
Do — i@N, g0 — iV, f@ —iT Y, @y =N+ DaT. (A12)
2n <

The polarization function at a finite temperature and chemical potential under rotation can be rewritten as
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1 1
[(ia)N+ivn)+—sw+,u (iG)N+§sw+,u)+M2—(ﬁ+(j)-ﬁ

2

o &*p
Hs(q,lv,,)=2NchTZZf( P .
s=t N

2m)3 1 : 1
(i&)N+ivn+§sw+y) —(F+§)?*-M? (i&)N+§sw+,u) -p2-M?
Setting ¢ = 0, the Matsubara summation will give us a result in terms of the residue theorem.

I0,(0, iv,) =Nchs:Z;f(d;Tl;[Resl(p_’,v,,)ﬂ(—u—%+Ep)nf(E,,—u—%,T)
+Res3(7,v,)0 ,u——+E) (Ep—,u—%,T)
—Res1(7,v,)0 ( s ) ( —E,+pu+ 2 =~ T)—ReSZ(ﬁ,v,,)nf(Ep+p+%,T)
—Res3(ﬁ,vn)6(u+ 2 _Eg ) ( Ep+u+ %,T)—Res4(ﬁ,vn)nf (E,,+u+ %T)

+Res (B0t 52 = By )+ Resd@vno(u+ 5 - Ey)

—Res1 (F,va) ~Res3 (7). (A14)

where ny(x,T) = STl is the distribution function, and four residues are given, as follows:
€

—iv,Ep+E5+ M? - —iv,Ep,— E5— M? +
s ResZ(ﬁ, Vn) =
E, (—V%—ZiV”Ep) E, (—V%+2iv,,Ep)
+iv,Ep + Ej+ M? = Resd(7.v,) = v,E,—E; —M*+ ?
) sYn) —
Ep(—vZ+2iv,E,) E,(-v2-2iv,E))

Res1(p,va) =

(A15)

RCS?’(ﬁ» Vn) =

We should note that E, = y/p? + M?, and the quark mass M is a function of angular velocity w. For a psuadoscalar
meson, the finite temperature version of the polarization function is

1
&5 (id)N+ivn)+§sw+p [id)N+§sw+,u -M*—(P+q)- P
Tps(,iva) = =4NgNT Y " f G . ] . (A16)
=N l(i&)N+ivn+§sw+y) —(ﬁ+cf)2—M2“(i&)N+5sw+/¢) —ﬁz—M2]
Seting ¢ = 0, the Matsubara summation gives
TT,5(0,iv,,) = P [Rest'( X VE | (E T
ps( ’lvn)_NfNC;l_ W[ es (p’Vn)e(_/vt_7+ p)nf( p_,u_T, )
+Res3’(ﬁ,yn)9(—/1—%+Ep)nf(Ep—y—%,T)
_Resy(ﬁ’y")g(ﬂJr%_E )" '(_El’“ﬁ%’T)_RCST(ﬁ,Vn)nf(Ep +u+%,T)
Sw Sw
—Res3'(7, Vn)g(,u+ - —Ep)nf(—Ep+u+ 7,T)—Res4’(ﬁ,v,,)nf(Ep+;1+T,T)
+Resl (B0t 52 = By )+ Res3 v+ 52 - Ey )
—Res p’y}’l €S p’Vn
Resl’ (7, vn) —Res3'(7,v4) |, Al7
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where

o Ep+EF+M* +
E, (—V% - 2iv,,Ep)

—iv,Ep,— Ej + M* + P
Ep(—vZ+2iv,Ep)

Resl'(7,vy) =

Res3’(ﬁ, Vn) =

APPENDIX B: THE POLARIZATION FUNCTION
FOR VECTOR MESONS UNDER ROTATION

For a p meson, the polarization function with a one
loop contribution can be expressed as
Huv,ab —

—i f d*FTr g [iy"T“S(O;?)iyVTbS(F;O)]ei’ﬁ. (B1)

Using the approach introduced in Appendix A, it is

Res2’ (ﬁs Vn) =

Resd'(P,v,) =

,Ep+E;—M* - ?

E, (—V% + 2iv,,Ep)

—iv,Ep+Ef—M? =
E,(-v2=2iv,E,)

(A18)

H“(qo)x N,cNf(2 =

clear that the charge of the p meson will make no differ-
ence with the polarization function under rotation. We
can obtain the nonzero elements of the matrix

0 0 0 0
Y 0 Hll H12 0
Hg = 0 HZI H22 0 (BZ)
0o 0o o 1%

Using the same method in Appendix A and by setting
G =0, we can obtain the nonzero elements

w w
2M2—2(p0 E)(p0+q0—5) 2px+2py+2pZ 2M2—2(p E)(p0+q0+ 2) 2p)2(+2p§+2p§
X —_ —_
w\? w\? w\? w\? ’
(Po+§) -pr-M? (Po+110—5) - —Mz} [(PO_E) -pr-M? (PO"‘QO"‘E) —ﬁz—Mz]
(B3)
11'%(g9) = —iNsN, f
(2my*
w w w w
2M2—2(p0+5)(p0+q0—E)—2p§+2p§+2p§ 2M2—2(p0—§)(p0+q0+E)—2p§+2p}2,+2pf
X —_
w\? w\? w\? w\? ’
(Po+5) -pr-M? (Po+110—5) —ﬁz—Mz] [(PO_E) -pr-M? (170+610+§) —ﬁz—Mz]
(B4)
Hzl(qo)_leNf(z =
w w w w
202 =2(po+ 2 )(potao -5 )+ 202 - 2534202 202 =2(po- 5 (ot a0+ 5 )+ 2% - 205+ 202
w\? w\? - w\? w\? ’
(P0+E) -pr-m? (P0+610—§) —W—Mz} [(PO_E) -pr-M? (P0+610+§) —ﬁz—Mz]
(B5)
1'122(610)——Nfo(2 i
w w w w
2M2—2<p0+§)(p0+q0—E)—2p)26+2p)2,+2p§ 2M2—2(p0—§)(p0+q0+E)—2p)26+2p§+2p§
X w)\? w)? * w)? w)? ’
(Po+§) -pr-M? (170+ro—5) —ﬁz—Mz] [(PO_E) -pr-M? (Po+%+§) —ﬁz—Mz]
(B6)
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1*(go) = - NyN, f(z i

w w
2M2—2(p0— E)(p0+qo— E)+2pi+2p§—2p%

w

2M2—2(p0 —)(p0+q0+ 2)+2p)2€+2p}2,—2p%

2

w)? w)?
[(PO—E) -pr-M? (P0+610—5) —ﬁz—MZ]

We rewrite the relation in Eq. (20).

A3 = —(ITy; —ill), (s, = —1 for p meson ),

The explicit form of the coefficients can be given by

2

2
(Po+(;) -pr-M?

A3 = —Ty; —illy, (s, = +1 for p meson ),

w12
(P0+CI0+§) —ﬁZ—MZ]
(B7)

A3 = —I33, (s, = 0 for p meson ).
(B8)

w
atp 2M2=2(po+ 5 (po+q0- )~ 20%+ 203 + 297

A2(qo) = 2NN, f (

271')4( +w2
Po >

o -

2

2

w)? ’
(P0+LI0——) —ﬁQ—M2}

w
d*p 2M2—2(p0——)(p0+q0+ ) 2px+2py-+-2pZ

(B9)

A2(go) = 2N/ N, f (

2m)4 w)\?
T sl o

w)\? ’
(Po+tI0+5) —ﬁz—Mz}

(B10)

w w
2M2 —2( ——)( 0+qo—§)+2p§+2p§—2p§

2
ﬁM2
2) P 2

(po )

2M2—2(p0+ w)(po+q0+ )+2px+2py 2pZ

2
w)\2
5

w 2
(P0+610+5) —ﬁz—MZ}

Now, it is clear that

2

1A2(mp +w)+ lA 3(my — w) = Al(my).

o2
(Po+6]0——) —ﬁQ—Mz]

(B11)

(B12)
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