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We study chiral symmetry breaking and restoration in accelerating and rotating frames using low-energy
effective models. By analyzing the chiral condensate in Rindler coordinates, we show that different
renormalization schemes lead to distinct conclusions in the accelerating frame: the scheme with subtracting
divergences in the Rindler vacuum supports an acceleration-independent critical temperature, while the
other scheme with subtracting divergences in Minkowski vacuum suggests an enhanced critical temper-
ature. We further investigate a system with both rotation and acceleration. We find that the critical
acceleration for chiral symmetry restoration decreases with angular velocity, indicating cooperative effects
from acceleration-induced thermalization and rotation-induced effective chemical potential.
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I. INTRODUCTION

Quantum chromodynamics (QCD) is the fundamental
theory of the strong interaction governing the dynamics of
quarks and gluons. Extensive research on the QCD phase
diagram aims to clarify the nature of strongly interacting
quark-gluon matter under extreme conditions, including
high temperature, high density, and strong external fields.
In the low-temperature and low-baryon-density regime,
quarks remain confined in hadrons (baryons and mesons),
which corresponds to ordinary nuclear matter. Above a
pseudocritical temperature of approximately 150 MeV (at
zero baryon density), quarks and gluons become decon-
fined and the (approximate) chiral symmetry is restored,
resulting in the formation of a quark-gluon plasma (QGP)
in which quarks and gluons can move over extended
distances.

The QCD phase diagram is conventionally presented
in the temperature (7)-baryon chemical potential (up)
plane [1]. Theoretical studies indicate a crossover transi-
tion at high temperatures with low baryon density, while a
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first-order phase transition emerges at high baryon den-
sities with low temperatures. These regimes are connected
by a critical end point (CEP) terminating the first-order
phase boundary [2]. The identification of this CEP in the
T-up plane remains a primary objective for both theoretical
investigations and heavy-ion collision experiments [3].
Significant progress has been made in understanding
the QCD phase structure through various theoretical
approaches, including effective models [4-7], lattice
QCD simulations [2,8—10], functional renormalization
group [11-15], Schwinger-Dyson equation [16-18], and
holographic approaches [19-21]. Recent theoretical devel-
opments have extended these studies to include additional
background fields such as external electromagnetic fields
[22-24] and global rotation [25].

In recent years, the effects of rotation on QCD matter
have attracted increasing attention, motivated by the
presence of rapid rotation (or fluid vorticity) in noncentral
heavy-ion collisions [26,27] and neutron stars [28,29].
Following the early works [30,31], extensive efforts have
been made to investigate the QCD phase structure under
rotation [32-64]. Effective model studies suggest that
rotation tends to restore chiral symmetry, whereas more
recent lattice QCD simulations indicate that it enhances
chiral symmetry breaking and confinement [65—69]. This
apparent contradiction highlights the need for rigorous
nonperturbative approaches to clarify the underlying mech-
anisms [49,70-72].

Compared to rotational effects, acceleration-related
phenomena have received relatively less attention in
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QCD studies. According to the Unruh effect [73,74], an
observer undergoing constant proper acceleration a per-
ceives the Minkowski vacuum as a thermal bath with
temperature [75]

a

T, =—.
V™o

In Ref. [76], the authors argued that partons in heavy-ion
collisions experience characteristic deceleration on the
order of the saturation scale, a ~ O, ~ 1 GeV, leading to
an Unruh temperature 7;; ~ 200 MeV (see Ref. [77] for a
numerical simulation of Unruh temperature in heavy-ion
collisions). Since this exceeds the QCD pseudocritical
temperature, it suggests that acceleration-induced thermal-
ization could have nontrivial consequences for the thermo-
dynamics of the produced matter.

The general framework for quantum field theory in an
accelerating (Rindler) frame was established by Candelas
et al. [78-80], and Lee and collaborators [81] later demon-
strating the universality of the Unruh effect for interacting
quantum fields of arbitrary spin. These results provide a
solid theoretical basis for studying acceleration-induced
phenomena—such as chiral symmetry breaking and
restoration—using effective models that incorporate thermo-
dynamic behavior in noninertial frames [82—-89]. In addition,
recent developments have employed Wigner function tech-
niques [90,91], density operator formulations [92-95], and
lattice simulation [96] to investigate the thermodynamic
properties of quantum systems in an accelerating frame.
These studies offer complementary insights into the behavior
of QCD matter under acceleration.

Given that QGP created in heavy-ion collisions behaves
as an ultravortical fluid with strong temperature gradients,
in this paper we study the QCD matter subject to combined
accelerating and rotational effects, with particular emphasis
on acceleration-driven phenomena. We employ low-energy
effective models in noninertial frames to study the chiral
condensate () (the order parameter for chiral symmetry
breaking) as a function of acceleration a and angular
velocity w. Similar to rotational effects, the influence of
acceleration on chiral symmetry is still under debate.
Existing studies report conflicting conclusions: while some
suggest that acceleration may restore chiral symmetry
[82,83,86], others argue it may suppress it or have little
effect [89,97,98]. This discrepancy appears to stem pri-
marily from the choice of renormalization schemes, as will
be discussed in later sections.

The paper is organized as follows. Section II discusses the
general description of accelerating and rotating thermal
equilibrium. Section III establishes the Rindler coordinate
framework for analyzing accelerating systems. Sections IV
and V, respectively, investigate chiral symmetry breaking
under pure acceleration and combined acceleration-rotation
scenarios. Finally, Sec. VI concludes with a summary
of the main results. We use natural units A =c =k =1

and Minkowski metric 7" =, = diag(l,—1,-1,-1)
throughout this paper.

II. THERMAL EQUILIBRIUM UNDER
ACCELERATION AND ROTATION

Before going into a detailed discussion about how the
acceleration and rotation affect the chiral symmetry break-
ing, it is important to notify that a many-body system could
maintain thermal equilibrium under acceleration and rota-
tion. We briefly discuss such a thermal equilibrium in this
section; see Refs. [99-101] for more discussions. The so-
called local equilibrium density operator p; g is the density
operator that maximizes the entropy functional,

Slp] = =Tr(pInp), (1)

under the constraints that the local energy-momentum and
angular momentum fluxes across a given spacelike hyper-
surface Z, in the Minkowski spacetime are fixed to their
true physical values,

n () Tr[pT* (x)] = 1, () Tie (). (2)
n, (X)Te[p07 (x)] = my, (x) e (x). (3)

where n,, is the normal direction of E,, T# is the energy-
momentum tensor, and J#?° = THOxP — THPx° ++ YHP° is the
angular momentum tensor with X#7° the spin tensor. The
resultant p; g has the following form:

1 1
o=z —exp |- [ az,(1p, 5070w, )| @)

where f, and w,,(= —w,,) are two local Lagrange
multipliers which have the physical meaning of thermal
flow and “chemical” potential for angular momentum and
Zy. is the partition function. When the system reaches
global thermal equilibrium, the density operator must be
time independent, or more precisely, independent of the
choice of the spacelike hypersurface E,. This is achieved
when f# and @" are constants as can be easily checked by
noticing that 9, (T*f, — J*°w,,/2) = 0 owing to Gauss’
theorem and the conservation laws for energy momentum
and angular momentum. Therefore, we have

1 ~ |
Peq = Z_eqexp {_ / d‘:‘ﬂ |:T/w(ﬂl/ + wvﬁxﬁ) _Ewpayp6:| }
(5)

Let us choose n, to be along the direction of §, (which is
timelike) and without loss of generality, we set 3, to the
coordinate time direction, # = (f3,0), so that

1 | -
Peq = Z—eleP —PH + wyK' @il (6)
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where H = [d®xT® is the Hamiltonian, K'=
J &@x(T% — T%x" + £%) is the boost operator, and J =
[ &@x(T%x" = TOx/ + £%) is the angular momentum
operator. If we write wy; = fa’ and w;; = fe*QF, it
becomes clear that @ is the linear acceleration and Q is
the angular velocity. Note that, though K’ explicitly
depends on ¢, it is actually time independent as it is
conserved (which can be directly checked using
Poincaré algebra, dK'/dt = 0) [100]. This allows us to
set 7 = 0 in peq. Choosing both the linear acceleration and
rotation along z direction, we have

1
Peq = Z—eleP[_ﬁ(H —aK* — QJ%)]

1
=5 —exp {—/)’/dSX((l +az)TY — ax
eq

—Q(T%2x — Ty + 2012))} (7)

t=0

where J* = J'2,
We now apply the above formalism to the single-flavor
Nambu—Jona-Lasinio (NJL) model, whose Lagrangian is

£ = plirt, = moly + 2= [ + ir'y ] ®)

where y denotes the Dirac spinor field, m, is the fermion
mass, and G, is the coupling constant. Applying the
Noether theorem, we obtain the canonical energy-momen-
tum tensor and spin tensor as

™ = 'y — ¢ L, 9)
1
7 = Sgrtey, (10)

with o* = (i/2)[y*,7"] so that X3 = (i/2)yy’y and
2012 = (1/2)y'6%y. Then we have

H—aK*—QJ* = /d3x{(1 + az)y|—iy'0; + mo|w
G, |, _ .
- (I +az)= {(W)2 + (wzysw)z]
— ai 73
Wy
GZ
—Quf [—ixay + iyo, + E} l//}. (11)

The partition function can then be written in a path-integral
form as

Zeg = Tre 08 [y agle-sivr), (12)

where Sg is the Euclidean action which is obtained from
the Minkowski action S§= [d*xpiy’oy — [di(H —
aK?® — QJ%) by the standard Wick rotation and imaginary-
time compactification with an antiperiodic boundary con-
dition for y and  in the imaginary-time direction. Notably,
the Minkowski action § is completely equal to the NJL action
in accelerating and rotating coordinates with metric

(1+az)? —Q*(x*+y*) Qy —-Qx 0
Qy -1 0 0

S = —Qx 0o -1 o |
0 0 0 -1

(13)

see Sec. V, especially Eq. (76). Therefore, we can study the
accelerating and rotating thermal equilibrium by formulating
the theory in the accelerating and rotating coordinates so that
the techniques developed for field theory in curved spacetime
can be used. This will be our strategy in the following sections
and it will be shown more convenient to shift the z coordinate
to the £ = z + 1/a coordinate (see Sec. III).

It is well known that the definitions of energy-momen-
tum tensor and spin tensor are not unique. They suffer from
the so-called pseudogauge ambiguity [102,103]. For any
differentiable local tensor ®**(= —@*), T/ and X'#°
defined through the following pseudogauge transformation,

1
T — THY + Eal(qyﬂv + q)y/M + q)/,uul)’ (14)

Z/y/m — 2/4/)0’ _ q)y/m’ (15)

are also well-defined energy-momentum and spin tensors in
the sense that the conservation laws and the total four-
momentum and total angular momentum are unchanged by
this transformation. Therefore, the global thermal equilib-
rium density operator p., and partition function Z, are
invariant under pseudogauge transformation (though the
local equilibrium density operator and partition function are
not) and we thus have freedom to choose a suitable
pseudogauge to simply the action S. In particular, we
could eliminate the acceleration-spin tensor coupling
—aX% = —jayydy /2 term in Eq. (11) by choosing the
following pseudogauge potential ®*":

DU = %u‘/(fﬂ”y” = (16)

This transforms Egs. (9) and (10) to
= % [y — wd v — gL, (17)

1 1 _
SIHpo Zl//{}’”, o’ by = —56"””"1//7@)’51!/’ (18)
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where £’ is a new Lagrangian,

L=y B (r9, — 3/47’”) B mo} v
+ % [(u‘n//)2 + (l/‘/iysw)z} : (19)

The difference is that ¥ = 0 so that the —aX/%% term no
longer appears in H' — aK’* — QJ'*:

H' — aK' — QJ"
1 . )
- /d3x{(1 + az)y [2 (—iy'o; + iy’(gi) + mo]z/f

—(1+ az)% [(u‘/w)2 + (u‘/iysw)z}

Z
—Qyt {—ixdy +iyo, + %] y/}. (20)

After integration by part, one finds that H' — aK’* — QJ"*
indeed equals H — aK* —QJ* in Eq. (11) (up to surface
terms which are assumed to be vanished). Similar to
discussions around Egs. (12) and (13), the partition
function of H' — aK’* — QJ'* can be formulated as a path
integral with Lagrangian (19) in accelerating and rotating
frames with metric (13).

III. RINDLER COORDINATES

The spacetime geometry in Rindler coordinates is char-
acterized by the metric (see Appendix A for a derivation)

ds? = 2d? — d& — dx? — dx2. (21)

A particle at rest in Rindler coordinates corresponds to the
one undergoing constant proper acceleration in Minkowski
spacetime. For a particle under proper accelerationa > 0, the
worldline is given by 1 = az, £ = 1/a, where 7 denotes the
proper time. To describe finite-temperature systems, a
Euclidean formulation can be obtained via analytic continu-
ation fp = it. A system with proper acceleration a and
temperature 7" is described by the Euclidean metric:

2
ds? = —dsp = =5 dr} —d& —dxf —d3, (22)

where v =2zT/a. The Euclidean time ¢; satisfies
0 < tg < 2x. This geometry represents a two-dimensional
conical manifold with angular deficit 2z(1 —v~") [104]. To
avoid a negative angular deficit, we impose v > 1 in this
work, which leads to the condition 7 > T(;. When T < Ty,
the angular deficit becomes negative and the geometric
meaning of manifolds becomes unclear. Previous work
has shown that negative energy manifests at temperatures
T < Ty, indicating that it is an unstable state [93].

When T = Ty, the parameter v = 1 eliminates the angular
deficit, resulting in a flat Euclidean manifold—an outcome
consistent with the Unruh effect. A rigorous derivation can be
found in Ref. [97]. Let us clarify the roles of observer and
observed systems. In Unruh’s scenario, an accelerating
observer detects the Minkowski vacuum as a thermal bath
at T = Ty. In this paper, we consider such an accelerating
observer, while the observed system is stationary in the
observer’s frame with temperature 7 > T';.
Renormalization schemes are essential in this analysis,
as different approaches may yield distinct physical out-
comes [98]. We evaluate two choices of renormalization
schemes corresponding to two viewpoints about the sub-
tracted vacuum. One viewpoint suggests that, for accel-
erating observers, physical measurements should be
referenced to their perceived vacuum state (the state
containing no detectable particles), which leads to the
renormalization scheme subtracting the Rindler vacuum

expectation value (O)p:
(O)ren = (0)y = (O} (23)

Here (O) s denotes the thermal expectation value of an

arbitrary operator O at temperature 7 = 1/f. Note that the
vacuum term ((0) r) in this scheme is observer dependent,
varying with acceleration. An alternative viewpoint is that
the vacuum should be frame independent and measure-
ments should be referenced to the Minkowski vacuum
[100], leading to the second scheme, subtracting the
Minkowski vacuum expectation value (0),,:

{O)ren = (0)y = (O)ys- (24)

The first renormalization scheme extends flat-space renorm-
alization intuitively—accelerating observers naturally refer-
ence their local vacuum rather than the Minkowski vacuum
which they perceive as thermal. We therefore tentatively
adopt it in subsequent sections. Nevertheless, the second
scheme is compelling, preserving frame-independent obser-
vables and satisfying the Unruh-Weiss condition where
thermal corrections vanish [97]. For comparison, we give
the results based on this scheme in Sec. IV C.

IV. CHIRAL CONDENSATE UNDER
ACCELERATION

A. NLoM analysis

We first employ the nonlinear sigma model (NLoM)
to investigate the effect of acceleration on the chiral
condensate. The NLoM consists of N pion fields z¢
(a=1,...,N) and a single ¢ field. The corresponding
Lagrangian in a general curved spacetime takes the form

1
Lypom = — E‘I’TD‘I’ - Mf,0, (25)
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where f, is the pion decay constant, and @7 = (z¢,0) is a
multiplet constrained by the nonlinear condition ®7® = f2.
The operator [] denotes the covariant d’ Alembertian acting
on scalar fields, defined as

O¢ =g*V,Vp = —=0.[9"vV=g0.¢].  (26)

\/_ !
where V,, is the covariant derivative and g = det(g,,, ).

To impose the nonlinear constraint within the path
integral formalism, we insert a delta functional:

Z— / DIDI5[DTD — £2] exp <i / d4x£NL¢,M). (27)

The constraint is implemented by introducing an auxiliary
field A(x). After integrating out the pion fields and taking the
large-N limit, we arrive at the following effective action:

rlod = [atx(~Jo0o + 5 - )

—|—gln_D+/1
2 -

— M? f,,o) . (28)

The gap equations are obtained by minimizing the effective
action with respect to the fields ¢ and A:

or
— = —-0o + 1o —
6o

or o> —-f2
5= 2 —|—2G(xx/1)—0 (29)

M:f, =0,

where the propagator G(x, x'; 1) satisfies

1
-0 /. B . Y SV )

(-O0+2),G(x,x;2) \/__95 (x = x) (30)
In this work, we consider the chiral limit M, = 0, under
which the gap equations naturally yield two distinct phases:
the chiral restoration phase with ¢ = 0 and the spontaneously
broken phase with ¢ # 0. This framework establishes a direct
correspondence between the chiral condensate () in a
fermionic theory and the expectation value (¢) = o solved
from gap equations (29).

To obtain the propagator, we first consider the solution of
the Klein-Gordon equation. For the Rindler metric given in
Eq. (21), the Klein-Gordon equation takes the explicit form:

1> & 10 & o
=0, 31
< 52 t2+ §2+§a§+02+a2 )¢ ( )
with m the mass parameter. Solving this equation yields the
eigenfunctions of the d’Alembertian:

1 1 2wsinhzw —iortikx
¢:\/2—5§ 77,'2 Kiw(mlg)e ik ’ (32)

where X = (xy,x,) is the transverse coordinate and we
define the transverse mass squared as m%3 = k* + m? and
K, (x) is the modified Bessel function of the second kind.
Using the integral identity for modified Bessel functions [80],

/°° dxK ,(ax)K, (ax)x! = 2120 - 1T (1 + 1)—11“(”” i 1)1‘(”” —vt 1)r<l
0

2

[valid for Re(a) > 0 and Re(l + u +v) >

—-p+rv+1 r l—p—v+1
2 2

(33)

2

—1], and following the Klein-Gordon inner product in Rindler coordinates

[75,78], we find that the eigenfunctions obey the orthonormality condition [78]:

i) = 20 / " e / Exy/ =g ;= 5(i. ). (34)

where i, j = (w, k1, k,) labels the eigenmodes of the field ¢p. Upon performing the secondary quantization, the scalar field ¢

becomes an operator:
d’k /smh 7w
¢ / dw/ lm mJ_é: (a(u ke—m)t+lk X + am kem)t ik- X) (35)

where d,, and dl') . are the annihilation and creation operators, respectively. Particles and antiparticles in Rindler

coordinates are defined with respect to the Killing vector d/0t through their frequency w: modes with positive (negative)
frequency correspond to particles (antiparticles). It follows directly that the Euclidean propagator can be written as

s = [ [ 5

smh sinhzo Koy (&) Ky (| &) ez 4k (x=x), (36)
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where tj; is the Euclidean Rindler time. We emphasize that
the above expression for G corresponds to the Rindler
vacuum at zero temperature, serving as the baseline for the
construction of the thermal propagator and the renormal-
ization scheme discussed later.

In previous studies, the temperature has typically been
fixed at T = Ty, a natural choice from the Unruh effect
(see, e.g., Ref. [86]). In this work, we extend the analysis by
developing a generalized formalism valid for arbitrary
temperatures satisfying 7 > T;.

It is important to note that Eq. (36) describes the
Euclidean propagator without a boundary condition, and

|

G, (xg, xg)

ZGE(tE — 1 + Brn)

corresponds to a system in the Rindler vacuum at zero
temperature, from which we can construct a propagator
at any temperature by imposing the periodic boundary
condition in Euclidean time. Specifically, the finite-
temperature propagator G, should satisfy the condition
G, (tg.ty) = G, (tg + Pr.ty), where pr=1/Tg=a/T
and v = 22T /a as defined in Eq. (22).

Based on the periodic boundary condition in Euclidean
time, the finite-temperature propagator G, can be con-
structed from the zero-temperature propagator Gp in
Eq. (36) via

/ / d’k coshw(|ty — ty| — Br/2) sinh 7w
sinh(frw/2) n?

Kiw(mlg) tw(mlé:/) (x= X) (37)

Alternatively, this result can be obtained by directly solving the thermal Green’s function equation in Euclidean Rindler

space with periodic boundary condition in fg:

Atoatiatsa

gory 08 £0f oxg

whose solution is

<1 # 9 10 i i

, 8 (xp — ¥
Lo )Glagy) = -, &9
2 Kiw(mif)Kiw(ng/)’ (39)

do [ &’k el@nlte=1)+ik(xi=%2) 2 sinh 7w
G =Y [ [ o

w? + w? b3

where w, = 2zn/fy is the Matsubara frequency of bosons. Performing the frequency summation in Eq. (39) yields

Eq. (37).

For our purpose of studying chiral phase transition, the key quantity is the diagonal part of the propagator:

L

wdw d’k
G,(xg, xg) :/0 2 on) ——— coth (wfg/2) sinh(zw) K3, (m ). (40)

According to the first gap equation in Eq. (29), the order parameter ¢ satisfies —[1o + Ao = 0 in the chiral limit (M, — 0).
Although both 1 and ¢ generally depend on position due to the inhomogeneous nature of acceleration, we focus on phase
transitions evaluated at the observer’s instantaneous location (with a fixed £). Under the slow-variation approximation
(Lo ~0), the gap equation simplifies to 1 =0 and ¢*> = f2 — NG, (xg, xg;m = 0), and the phase structure can be
determined by evaluating the diagonal part of the massless scalar propagator at the observer’s location. Applying the
integral identity,

A dxK,, (ax)K,-ﬂ(ax)x = (41)

20 sinh(zp)

valid for —1 < Im(u) < 1 and Re(a) > 0, we can derive the diagonal part of the massless propagator as

odo 1
G xpym=0) = th (wfr/2
v(xE Xgsm ) A 7[2 <2 )CO (w/R/ )252
A 0] 0 0] 2
= do dw . 42
/0 Jrpr / 4228 P 1 (42)
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In the last line, we have applied a change of variables
® — w/a, which facilitates ultraviolet regularization via an
a independent energy cutoff A. To obtain a finite result, we
subtract the divergent, temperature-independent part of G,
[the first term in the second line of Eq. (42)], corresponding
to the vacuum contribution. This accounts to a subtraction
G =G, —G,—9p. A more detailed discussion of the
renormalization scheme can be found in Sec. IV C.
Accordingly, the renormalized diagonal part of the propa-
gator takes the form

y2

Gy (xg, xp;m =0) = 828

(43)

Note that this subtraction procedure can also be viewed
as a renormalization procedure to the phenomenological

2 2 NA?
constant, f7 — f7 + S
equation (29), we obtain the expression for the order

parameter o:

Substituting this into the gap

T> N

azzfi—az—ézﬁ. (44)

This shows that, as the temperature increases, the chiral
condensate o decreases and eventually vanishes. We define
the critical temperature at which ¢ reaches 0 as

1212
N
This result is consistent with earlier study [86].
As emphasized previously, our analysis focuses on the
observer’s instantaneous local position. The worldline of
an observer of constant proper acceleration a is given
by t =ar and £ = 1/a, as discussed in Sec. IIl. Thus,
we find that the critical temperature observed by this
observer becomes independent of its proper acceleration:
T.(é=1/a) =+\/12f2/N = T, indicating that the phase
transition depends solely on the local temperature experi-
enced by the accelerated observer, not on the proper accel-
eration of the observer itself. Note that thus Eq. (45) can be
rewritten as 7T.(§)/aé = T with the left-hand side repre-
senting the Tolman-Ehrenfest critical temperature. Therefore
the chiral phase transition happens at the same Tolman-
Ehrenfest temperature showing that local observers at differ-
ent ¢ agree with the critical temperature for chiral phase
transition. We will revisit and further interpret this result after
evaluating the fermionic case in the next subsection.

B. NJL model analysis

We next turn to the quark degree of freedom to inves-
tigate how acceleration affects fermions. In contrast to the
scalar case, a key distinction lies in the coupling between
acceleration and fermion spin for some choices of pseu-
dogauge, analogous to the spin-rotation coupling in a

rotating system. Here we start with the single-flavor NJL
model, whose dynamics in a general spacetime are gov-
erned by the curved-spacetime version of Lagrangian (8):

L = iV, — maly + 22 () + iy ] (46)
The covariant derivative VM, which encodes the effects of
curved spacetime on fermions, will be defined explicitly in
the following discussion. From the Lagrangian in Eq. (46),
the corresponding generating functional or partition func-
tion is given by

Z= / Dy y] eXP(i / d4x\/—_9£NJL)
= / Dy, 0, 7] exp{i / d*xy/=g [l;‘/(ir"vu

) o> + n?
—-m—ipn)y — Te ]}, (47)

where the Hubbard-Stratonovich transformation introduces
auxiliary fields 6 = -G,y and 7 = —G iy y, with the
constituent quark mass defined as m = my + o. Within
the mean-field approximation, we derive the spacetime-
dependent effective potential density, which is given by

o2 + 7>
2G,

1
Ve (x) = - ?Tr In(iy*V, —m—iy’n). (48)

Minimizing the effective potential density leads to the gap
equations:

m ;ﬁmo = iTe(S), Gl — iTe(iy’S),  (49)

where the fermion propagator S satisfies

1
'V, —m =iy r) S(x,x') = ——58%(x, x).

Without loss of generality, here we can set # = 0 due to the
U(1) chiral symmetry and focus solely on o. Following
the general formalism of quantum field theory in curved
spacetime, y* = eﬁ'ﬁy'ﬂ represents the spacetime-dependent
gamma matrices and y” represents the gamma matrices in
Minkowski spacetime. We choose the vierbein ¢, as

0_ i_ 0 _ i _ i
ey = es =0, e; = 0, e = 5., (51)

g | =

where i, j=1, 2, 3 with 3 for the & coordinate. The
covariant derivative V,, and spin connection I', satisfy

i

V=0, +T}, Iy = _Zwﬂﬁﬁaw’
i . -
e R e (52)
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For the metric specified in Eq. (21), the corresponding
gamma matrices take the form

1 -
= 7}/0,
¢

with the nonzero spin connection component

7°(x)

Ty = 1761/‘@- (54)
2

Note that the spin connection introduces a spin-
dependent term in the partition function [Eq. (47)] and
in the propagator [see Eq. (50) and also Eq. (55) below].
Such a term does not appear in [94,100], where accelerating
fermions are treated via the density operator. In fact, this
extra contribution can be removed through a pseudogauge
transformation, as we have shown in Sec. II. The resultant
theory is equivalent to replacing Ly;. in Eq. (46) by
Ly = (LayL + Liy1)/2. Note that the equation of motion
is unchanged by the pseudogauge transformation, and
therefore both £y;; and Ly yield the same propagator.

We will, hance, focus solely on Ly, in the following.
We now return to the discussion of the propagator. Based
on the above setup, the explicit expression of Eq. (50) is

0 c R
[% <iao + %y0y3> +iylo, — m] S(x.x')
. 1
=(D-m)S(x,x) = ——=8&"(x,x). (55)
V=9
Since both L and Ly yield the same equations of

motion, S(x,x’) is also the propagator for Ly . To solve
|

/ / k sinh z( a)+lyy/2)
xE,xE dw 5
T

By applying the fermionic antiperiodic boundary condition G, (tg,ty) =

K., o /07 /2(mL§) io—y0y /Q(mifl)e

this equation, we adopt the ansatz that the propagator can
be expressed as

S(x,x') = (D + m)G(x,x'), (56)

with G(x,x’) an auxiliary propagator which satisfies

A

(D? = m2)G(x, x') = \/%5()@ ¥),  (57)

where the squared Dirac operator D? explicitly takes the
form

A2 1 7\ o, 1 2, 3
D* = 52 i(idy) — N +03+503+01 +05. (58)
In comparison to the scalar case, the only distinguishing

feature is the presence of the y6y§ term, which reflects the
contribution from spin. Therefore, the propagator can be
constructed by the eigenmodes of Klein-Gordon operator

with io — iw — 76y§/2:

—iwt ,ik-x

e eNIK, 6 (miE). (59)

For later use, it is useful to notice that, for a function
containing y°y3, it can always be decomposed as

fG°7) = Pf(1) + P f(-1), (60)
where P¥ = (1 4 y%?)/2 are two projections. Therefore,

the auxiliary propagator in Euclidean Rindler spacetime is
directly obtained from Eq. (36). The result is

—olip—rgltik-(x=x) —(6])

-G, (tg + P, tg), the thermal propagator

G,(xg, x};) can be constructed in a manner analogous to the scalar case:

G, = Z(—l)%( — tf + Prn)

k sinh(frw/2 — |ty — t}|) sinh z(w + i76y§/2)

[ [

The diagonal part of the propagator becomes

cosh(frw/2) T

Gl/('xE7 xE)

ia)—yéyi/Z (mig) Ki(x)—yﬁy§/2 (mlé/) eik'(X—X/) . (62)
d’k sinh(Brw/2) is cosh 7w
K2 .
/ / 27[ COSh(ﬂRa)/2> ﬂ.2 iw— s/2(mj_€) (63)
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As before, we consider the chiral limit and focus on the
phase boundary where m = 0,

G, (xg,xg;m =0) —A do—— 5 tanh(ﬂRa)/Z)

= [ e P
0 0] 2
do—2 <
"'A w”2a2§2€ﬂw+1

1 3A2

In the second equality, we have performed a variable
substitution @ — @w/a and introduced an acceleration-
independent cutoff A to regularize the divergent term
(the first term), which corresponds to the Rindler vacuum
contribution, G,_y(xg, xg; m = 0). Substituting this result
into the gap equation, Eq. (49), and using the properties that
the trace of odd-number gamma matrices vanishes, we have

1 1 3A2
G, 6% < T2>‘ (63)

Therefore, we get the critical temperature:

(66)

This expression agrees with the result in Ref. [82].
Furthermore, by substituting the accelerated observer’s
worldline condition &= 1/a, one finds that the criti-
cal temperature is independent of the acceleration a,
T.(E=1/a) =+/3N*/n*-6/G,=T,. As discussed
in Sec. IIlI, renormalization schemes are not unique. In
Sec. IV C, we present a supplemental alternative scheme
that yields results different from those in this subsection
and in Sec. IVA.

Figure 1 shows the phase diagram calculated from
Egs. (45) and (66). The blue region corresponds to the
phase with spontaneously broken chiral symmetry, the
white region indicates restored symmetry, and the gray
region marks the unphysical domain where T < Ty.
Although it may be intuitive to expect acceleration-induced
thermal effects to lower the critical temperature, our results
reveal that the critical temperature is, in fact, independent of
acceleration, as along as T,y > T. As shown in Egs. (45)
and (66), the phase transition is governed solely by the
temperature perceived by an accelerated observer with
respect to the Rindler vacuum. Acceleration manifests its
influence on phase transitions only indirectly via the
temperature dependence. For instance, if one assumes
the accelerated observer’s temperature to be fixed to the
Unruh relation T = T, = a/2r, as has been considered in

2.0
— 2nd-PT
1.5 —T=Ty
':%1 0
}—
0.5
0'00 1 2 3 4
a/Tco[T(]
FIG. 1. The T —a phase diagram based on Eq. (45) (for

bosons) and Eq. (66) (for fermions). T, denotes the critical
temperature in a = 0. The blue region denotes the chiral
symmetry breaking phase, while the white region denotes the
chiral symmetry restored phase. The gray region denotes area of
T < Ty which is not explored in this study.

Refs. [82-84,86,87], one can determine a critical accel-
eration a, = 2zT ., above which (a > a,) chiral symmetry
is restored.

C. Another renormalization scheme

In Secs. IVA and IV B, we have adopted the renorm-
alization scheme corresponding to the choice of the Rindler
vacuum. However, as discussed in Sec. III, in the presence
of acceleration the vacuum state is not unique. In this
subsection, we present the explicit formulation of an
alternative renormalization scheme in accordance to the
choice of the Minkowski vacuum [see Eq. (24)].

We consider the bosonic case first. In Sec. [IVA, we regu-
larize G, (xg, xg; m = 0) by subtracting its Rindler vacuum
counterpart G,_q(xg, xg;m = 0) = (Og|p?(xg;m = 0)|0g)
with |0z) the Rindler vacuum state. In this subsection,
we renormalize G, (xg,xg;m =0) by subtracting its
Minkowski vacuum counterpart G,_;(xg, xg;m = 0) =
(0y7|¢*(xg; m = 0)|0,,) with |0,,) the Minkowski vacuum
state. The result is

G (xg,xg;m =0) = G, (xg, xg;m = 0)

=Gy (xg, xgsm = 0)
-1

T (67)

Under this renormalization scheme, Eq. (44) is modified into

~Aegn(P)

Substituting the accelerating observer’s worldline £ = 1/a,
it shows that the acceleration would enhance the chiral
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3.0

25

0.0
0.0 0.5 1.0 1.5 2.0 25 3.0

alagy

FIG. 2. The T — a phase diagram calculated from Egs. (69)
and (71).

symmetry breaking [89]. Accordingly, the critical temper-
ature is

=72+ <%> y (69)

This result is consistent with Ref. [89].

Similarly, we can also apply the same renormalization
scheme to the fermionic case. It is easily verified that
Eq. (64) is modified to

1 3A? a?
= 5 -T? , (70
6a2§2 < 77:2 + (271.)2) ( )
and the critical temperature for the fermion case is

3A2 6 2
T.(E=1/a)= \/7—5+(2GT)2

= [T+ <%>2 (71)

which coincides with Eq. (69). The corresponding phase
diagram calculated from Eqgs. (69) and (71) is shown
in Fig. 2.

GF(xg, xg;m = 0)

V. NJL MODEL UNDER ACCELERATION
AND ROTATION

In this section, we investigate the NJL model under both
acceleration and rotation. For simplicity, we assume that
the direction of acceleration is aligned with the rotation
axis. The spacetime metric describing such an accelerating
and rotating frame is given by

goo = & — (@ x x)2,
9oi = gio = —(Q xx)',
9ij = —0ij» (72)

where i, j = 1, 2, 3, with dimensionless angular velocity
Q= (0,0,Q) aligned with the acceleration axis and
x = (x1, x5, &). The dimensionless angular velocity obeys

Q = Q/a, where Q is the usual energy-dimension angular
velocity. The vierbein ¢/, for acceleration and rotation are

1 : Q x x)’
68:— e’A:—( ), e

& 0 ¢

Accordingly, the spacetime-dependent gamma matrices are

~> O

=0, e;; =& (73)

1 &4 . Qxx LN 2
P =1 = )
¢ ¢
and the only nonzero spin connection is
= iQ 6+1 0,3 (75)
0 — 2 27/ }/ ’

where 6 denotes 4 x 4 Pauli matrices. Under this setup, the
NJL model action in the rotating and accelerating frame
becomes

Sz/d“X{l/?{yé(i@oJrQ(%JrL}) +%J’GJ’§>
; G
+&iy'o; - moé] y+5E[w) + (irsy)’] } (76)

with L, = x,(=id,) — x,(—id;) as the orbital angular
momentum operator. The Dirac equation consequently
takes the form

e —(03 4 [ 63 .
(77)

Following the same procedure in the pure-acceleration
case, we can derive the squared Dirac operator D:

N N\ <121 1
DZ:?{[iao+<%+LZ>Q] —Z}+a§+ga3
| N\ -
+7/073?i{i00 + <%+LZ)Q} +R R (78)

By analogy with the projection operator used in the purely
accelerating case, we now also introduce the rotational
projection operator S* = (1 4 iy'y?)/2 to account for the
spin structure induced by rotation. Therefore, the full
propagator can be decomposed as
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1

1 ..
G = (1 +sly y )_(] +S2i}/1y2)g“'l""2, (79)
2 2
S1,8,==+1
where
1 (2isy@ + 1) cosh(zw)
T C Ko K, .
’ ;/ (@, —iQj + %)2 — (iw + %)2 2 lw+71(mL§]) ,w+7(ml§2)
__e 20 GZ)JJ 5:2(PLar) o, ;2 (Prar2), (80)

27[le

with cylindrical coordinates r = \/x? + y?, transverse mass m, =

\/m?+ p%k, angular quantum number j = [+ 1/2 (I

integer), J, the Bessel function of the first kind, and p, , is the kth root of J;(pR) with R the transverse spatial boundary of
the system. We adopt the same boundary condition as Ref. [105], namely the vanishing normal flux at the spatial boundary
r = R with causality constraint QR < 1. This choice determines the normalization factors:

I3 (piiR)R?
2

Ny =

J2(pixR)R?

[>0
(81)
[ <O.

Hereafter, we focus on the case T = T';;. Repeating the computational procedure analogous to the acceleration case and
taking the chiral limit, we derive the only nontrivial gap equation:

” lks/

x K2

271'le 2a ﬂz

where we have adopted variable substitution @ — w/a.
Equation (82) determines the constituent quark mass
(i.e., the chiral condensate) as a function of either the
angular velocity Q or the acceleration a. The numerical
results for m(a) and m(Q) are shown in Figs. 3 and 4,
respectively, using a cutoff A = 1 GeV, G, = 22/A?, and
setting r =0, £=1/a. We approximate the discrete

— Q=0 —— Q9=0.3GeV __ Q=0.5GeV
0.20
0.15
3
90.10
€
0.05
0.00
0.4 0.6 0.8 1.0 1.2
a [GeV]

FIG. 3. The constituent quark mass as a function of acceleration
a with T = T, at different Q, calculated from Eq. (82).

—isy cosh(Z2)

w—Qj o + Qj
{tanh (T) + tanh< T )}

o, (ML) V7 (prar) + 71 (Prar)l. (82)

[
momentum sum by a continuous integral, which is a valid
simplification at the center point where r = 0. These results
indicate that both acceleration and rotation enhance chiral
symmetry restoration. This behavior can be attributed to the
fact that acceleration induces an effective temperature,
while rotation generates an effective chemical potential,
both of which tend to suppress the chiral condensate.

— a=0.5GeVv
0.20

a=0.6GeV _ a=0.7GeV

0.15

0.10

m [GeV]

0.05

0.00
00 01 02 03 04 05 06
Q[GeV]

FIG. 4. The constituent quark mass as a function of Q for
different acceleration a with T = T, calculated from Eq. (82).

034005-11



ZHU, CHEN, and HUANG

PHYS. REV. D 113, 034005 (2026)

Figure 3 shows that chiral symmetry is restored at a =~
1.05 GeV in the absence of rotation, slightly below the
analytical critical value a. = 1.11 GeV, likely due to
numerical accuracy. Figure 4 indicates a first order phase
transition along with increasing : When Q increases, the
gap equation has multiple solutions which lead to the
constituent quark mass vanishing discontinuously.

2cosh(%
Fy— Z/ /dp, cos

i [k ma8)| W

The gap equation can be decomposed into a rotation-
independent part F; and a rotation-dependent part Fq:

1
F0+FQ:G—,

n

(83)

where

,r) +Jl2+l<ptr>]’

B p,dpt2cosh(7tw/a) 1
- _Z an? Po+Q)) 1 + e

In Eq. (84), the momentum summation for k has been
approximated by the integration of p, valid for r < R. By
setting m =0, T =Ty, and & = 1/a, the critical accel-
eration a, can be evaluated analytically as a function of Q.
We find

A2

Fo=—,
0 272

(85)
as derived previously. The rotation-dependent term becomes

o a*(r*Q* +1) — rPQ* +3Q2
o 247 (rPQ? — 1)? ’

(86)

with detailed derivation provided in Appendix B. We thus
obtain a simplified form of the gap equation:

numerical  analytical
1.2
1.0
= 0.8
()
206
<
0.4
0.2
0.0 —
00 0.1 02 03 04 05 06 07
Q[GeV]
FIG. 5. Critical acceleration a, as a function of Q at r = 0 and

T =T calculated from numerically solving Eq. (82) and the
analytical equation, Eq. (87). The results of both are consistent
with each other.

1
7] I K2y (a8 [ V) + (). (59

A2
G,
(27[

The critical acceleration a, as a function of Q for » = 0 is
shown in Fig. 5, obtained by solving Eq. (87) analytically
and Eq. (84) numerically. The agreement confirms the
validity of our analytical result. The monotonic decrease
of a,. with increasing € indicates enhanced symmetry
restoration by rotation, consistent with results from
effective models for the purely rotating case [25,30,31].
Figure 6 demonstrates the radius-dependent behavior of
a.(Q). Larger radii enhance rotation effect: a. approaches
zero at smaller Q values compared to central regions,
showing enhanced rotational effects away from the
system’s center.

2 494 1) - ZQ4 392
(r : Z R =1. (87
247 (r°Q* — 1)

__r=0 _ r=0.7GevV! __ r=1Gev?

1.2
1.0
0.8
0.6

ac [GeV]

0.4
0.2

0.0 - -
00 01 02 03 04 05 06 07
Q[GeV]

FIG. 6. Ceritical acceleration a. for T = T, as a function of Q
with different radius r, calculated from Eq. (87). Rotation
suppresses the critical acceleration. The rotation effect becomes
more significant with a larger radius.
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VI. SUMMARY

In this study, we investigate chiral symmetry breaking
behavior for accelerating and rotating systems using
effective models in noninertial frames. We solve the
Klein-Gordon and Dirac equations in an accelerating frame
and construct the phase diagram in the T — a plane. Our
analysis confirms that the choice of renormalization
scheme can affect the physical implications of acceleration
on chiral symmetry breaking. Using the renormalization
scheme in Eq. (23), we find that phase transitions depend
solely on the temperature 7" as measured by the observer as
long as Ty < T. The role of acceleration is encoded
through its relation to 7. In particular, when the Unruh
relation T = a/2x is imposed, acceleration induces chiral
symmetry restoration via effective thermalization. On the
other hand, using the renormalization scheme as given in
Eq. (24), similar to Ref. [89], an acceleration induced
enhancement of chiral symmetry breaking is obtained.

We further extend our analysis to frames with both
rotation and acceleration. Two restoration mechanisms are
identified: one from the thermal effect induced by accel-
eration (at fixed temperature 7' = T;), and the other from
the rotation-induced modification of the “chemical poten-
tial,” consistent with previous findings (e.g., Ref. [25] for a
review). We further define the critical acceleration a, and
derive its dependence on the angular velocity €. Analytical
solutions to the gap equation reveal that increasing Q
reduces a,., and this suppression becomes more pronounced
at larger radial distances.

Several open issues remain unresolved. While our
calculations clearly demonstrate that different renorma-
lization schemes—whether defined with respect to the
Minkowski vacuum or the Rindler vacuum—can lead to
dramatically different physical conclusions, the physical
interpretation of these results and their interrelationships
remain obscure. This ambiguity underscores the need for
further investigation. In this work, the rotation and accel-
eration are aligned in the same direction to simplify the
discussion. For the nonaligned case, the calculation would
be much more complicated. For the case of free fermions,
the work of Ref. [91] has indicated that the pressure
depends on a term proportional to (a - Q)2. It can therefore
be expected that the effects of rotation and acceleration are
influenced by their relative orientation. However, the
scenario in which they possess perpendicular components
is considerably more complex and falls outside the scope of
the present study. We leave the resolution of these funda-
mental issues, along with the exploration of deconfinement
transitions under acceleration, to future study.
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APPENDIX A: ACCELERATING FRAME
AND RINDLER COORDINATES

We give a brief discussion about the accelerating frame
and Rindler coordinates in this appendix. More discussions
can be found in, e.g., Ref. [106]. Readers who are familiar
with Rindler coordinates can omit this appendix.

Consider a particle moving in the Minkowski spacetime
M with coordinates x4, = (£);, Xy)." Its four-velocity is

dxy

by =—2 = 1,vy), Al

U = "0r ru(L, Vi) (A1)
with 7 the proper time, y,, = dt),/dz the Lorentz factor,
and v,,; = dx,,/dt,, the three-velocity of the particle. Note

that u2, = 1. The four-acceleration of the particle is

duy,
M= T vtV Qs @y + V3V an Vi), (A2)
where a,, = d’x,,/ dr3, is the three-acceleration of the
particle. Note that uy, - ay =0 so that o), is spacelike,
a3, = —a* < 0. Suppose the particle is moving along the
positive z,, direction. We can thus focus only on the two-
dimensional spacetime (4, z,). It is easy to show that
yyas, = a and &%, = yya with a > 0. Therefore,
duj
a=—-1 (A3)
dty

Because aﬁl is a Lorentz scalar (as is a), we can go into the
instantaneous inertial frame comoving with the particle at
each instant where a is just the acceleration measured in
that reference frame. For this reason, a is called the proper
acceleration of the particle.

Let us find out the trajectory in Minkowski coordinates
of a particle under constant proper acceleration a > 0.
From Eq. (A3), we find that y,,v%, = at), (supposing that
vy, = 0 at ), = 0) and, thus,

'In this appendix, we use a subscript M to distinguish
Minkowski coordinates.
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atM
5, (ty) = —/—, Ad
o) = = (A4)
and yy(ty) = /1 atM . Integrating v}, (1),) over 1,
we obtain

i) = /1 + (@) + 2(0) =2 (AS)

a
The particle is initially at z,,(0) and then accelerated
towards the positive z,, direction [such that z,,(t;,) >
237(0)]. The trajectory is half of a hyperbola (another half of
the hyperbola corresponds to a particle under the same
proper acceleration a but moving in the —z;, direction),

zy > zu(0).  (A6)

) N1
ty = |z — z2m(0) +— =

a

Now suppose that the particle is an observer, so that its
reference frame is the accelerating frame associated with
the particle. Its path is the above hyperbola in the
Minkowski coordinates. Evidently, it is more convenient
to make a coordinate transformation from (z,;, zy) to (7, z)
so that the observer is static in this coordinate system. Let

ty = (z + é) sinh(az), (A7)

= z+l cosh(ar +ZM(O)—1. A8
(241 coshtan L

We have 13, — (zpy — z(0) + 1/a)?> = —(z + 1/a)?. Thus,
the observer at z =0 in the new coordinates (7,z) is
accelerated by a proper acceleration a and 7 is its proper
time. An observer at an arbitrary z is accelerated by a
proper acceleration a/(1 + az). The line element ds?
then

ds* = dt3, —dz3, = (1 +az)’de® —dz>.  (A9)
These coordinates are called Rindler coordinates. It is
important to notice that (z,z) does not cover the whole
Minkowski spacetime. In fact, for z > —1/a, zy —
z2u(0) + 1/a > |ty (called the right Rindler wedge), while
for z < —1/a, zjy — 731(0) + 1/a < —|ty| (called the left
Rindler wedge). At z = —1/a, we have z), —z),(0) +
1/a = £t); which are two light cones called Rindler
horizons. Sometimes it is more convenient to use other
coordinates (7, &) with t = ar,& =z + 1/a, so that

ds* = E2dr* — d&2. (A10)

The observer at £ has constant proper acceleration 1/¢&.
These are the coordinates in Eq. (21).

APPENDIX B: CHIRAL LIMIT GAP EQUATION
UNDER ACCELERATION AND ROTATION

In this appendix, we will provide a detailed derivation
process for Eq. (87). We start from Eq. (84), where

2

d? 14 h( A
/ dw/ Pt cos ;ra)/a)lm [K%’+ (mﬂf)} A
2

and

2%’

1

B o « p,dp,2cosh(zw/a) 1
Fo= _ZA da)A 2n an’ ePloth) 4 + e’

(@-Qj) 4 1] Im {K“Q;"’%(mlf)] Vi(pir) + 704 (par),

(B2)

where we have used a variable substitution @ — @/a. We handle rotational effects through analytic continuation from real

to imaginary angular velocity (Q =

o0 ® p,dp,2cosh(rw/a) B
Fo= [ d —1) "ﬂ“’Im[
@ A COA 2n an? ;( Jre

where the Fermi-Dirac distribution 1/(e#(®*%) 4 1) has been expanded via —

iQ;). This yields the Fq as

,(mj_{f)}él-.]o(pt 2—2cos(nﬁ91))cos<”ﬂ291>’ (B3)

© (=1)"e"P@*i)) The angular

momentum summation over [ is resolved through Bessel function identities [49]:

Zemeﬁl(x) — Jo(x\/m)

nez

(B4)
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We can deal with the K, (m &) by using [78]

1
+2

1 [ .
Kilu) Ko (i) =5 [ aieKofur), (B5)

where y3 = &2 + &2 + 2£€ cosh(A). Thus,

Im [K,m#(mlg)} - —ii|: / : dexp (i?ﬂ) (2 sinh @))KO (mlf\/ﬂTosh(ﬂ))]. (B6)

To perform the p, integration, we expand K, by using the integral representation,

1/1\Y [ 2\ dz
Ky(t):§<§t> A exp(—z—4—z>zy+l. (B7)

Applying this formula and setting £ = 1/a, we have

d o p.d 1 h() m? ?
/ z —%Z/ Dy p,exp _ —+ cos ( )m ‘Zpt Jo(Pz” 2—2C0$(l’lﬂ91))
0 ZZ 0 2 Z a

dz _lz ptdpt A b ) /°° dz 1z zB*>  Am?
_ JopB) = | Lok Zaxp |22 AT [ op
A 2:¢ ZA Top P [T m ) o(pB) = | e g exp | = e == [(24)

1 m
T V(24 2cosh(d))/a* + r*(2 = 2 cos(npQ;)) f (m\/(2 +2cosh(@)/a” + (2 - 2008(%691))) (B8)

where auxiliary parameters A = HLSh() and B = r\/2 — 2 cos(npQ;).
The integral over w can be evaluated using

ia ia
A dwCOSh< a ) cxp {_”ﬂw + ’4 ~2iapn+i—in)  2(iapn+i+in) (B9)

Now Fg is simplified into

= ;;(—1) /_oo dﬂ(iaﬂn +A—in + iafn + A+ iﬂ') V(2 + 2cosh(2)) /@ + (2 — 2cos(np<,))
x K, (m\/(2 +2cosh(2))/a* +r*(2 - 2cos(nﬁ£21))> sinh (g) oS <n/)’2§21>

p Z( Ok / <zaﬁnﬁ)i cosh @ /(2 - 2cosh(2)) /azri (2 - 2cos(np;))

x K, <m\/(2 —2cosh(4))/a* + r*(2 - 200s(nﬂ£2,))> cos <nﬁ29,>’ (B10)

where the contour C is —c0 — ix — oo — iz and oo + ix — —o0 + iz. Based on the results obtained above, we can get the
critical acceleration for chiral symmetry restoration a.(€) as a function of angular velocity Q analytically, by setting
m — 0. Following the procedure outlined, the expression for Fg in Eq. (B10) consequently takes the form

Fa=izY (1 [ (ﬁ) cosh @ 2 eoR P ) (ﬂzg )

n=1
2a cot (ﬁ "Q’) sinh™! (ar sin (ﬁ ”Q’) )

n=1 m*a*f*n*r + 4n’rsinh! (ar sin (25%) )

(B11)
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where the A integration is analytically computed through the residue theorem. To perform the n summation, we apply the

fermionic analytic distillation theorem in [91], yielding

By implementing the condition f = 2x/a and Q; — —iQ, Fg is finally simplified into

This directly leads to the gap equation

Q2 (a?r* Q2 — a2r2 — 12Q2 -3 1
Fo=- i 12 202 21 )+ 2 (1,202 ) (B12)
247 (r°Q; + 1) 647 (r’Q; + 1)
a*(r*Qt + 1) — r’Q* 4302

Fog=-— B13
e 2472 (rRPQ2 — 1)2 (B13)

A2 2 494 1) — 294 392
G, (1 - CrE A DT eI (B14)

2r 247 (r°Q* = 1)

as given by Eq. (87) in the main text.
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