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We discuss free Dirac fermions rotating uniformly inside a cylindrical cavity in the presence of
background magnetic field parallel to the cylinder axis. We show that, in addition to the known bulk states,
the system contains massive edge states with the masses inversely proportional to the radius of the cylinder.
The edge states appear at quantized threshold values of the fermion mass, which depend on the details of
(chiral) MIT boundary conditions imposed at the surface of the cylinder. In the limit of infinite fermion
mass, the masses of the edge states remain finite but, generally, nonzero as contrasted to the masses of the
bulk states which become infinitely large. The presence of magnetic field affects the spectrum of both bulk
and edge modes, and the masses of the edge states may vanish at certain quantized values of magnetic field.
The moment of inertia of Dirac fermions is nonmonotonically increasing, oscillating function of magnetic
field. The oscillations are well pronounced in a low-temperature domain and disappear at high
temperatures. We also show that the edge modes alone do not support the anomalous transport phenomena

such as chiral magnetic and chiral vortical effects.
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I. INTRODUCTION

Rotating systems of relativistic fermions appear in
various physical settings characterized by different energy
scales. The examples include the interior of rapidly spin-
ning neutron stars [1], quark-gluon plasma in noncentral
heavy-ion collisions [2], and anomalous-vortical chiral
transport phenomena [3] applied both to neutrino fluxes
in rotating astrophysical environments [4,5] and to semi-
metal materials in solid-state applications [6].

Rotation changes the spectrum of free fermions [7-11]
and, consequently, affects the mass gap generation in
interacting fermionic systems. For example, the critical
temperature of chiral symmetry restoration 7', is a dimin-
ishing function of the rotational angular frequency Q
[12-16]. The rotational effects have been studied under the
simplifying assumption that the rotation is globally uni-
form so that the angular velocity does not depend on the
distance to the rotational axis. A uniformly rotating
relativistic system should be bounded in the transverse
directions with respect to the axis of rotation in order to
comply with the causality principle. The latter requires
that the velocity of particles should not exceed the speed
of light to avoid pathological effects [9,17]. The presence
of the boundary implies a dependence of the chiral
restoration temperature 7. = T.(Q) on geometrical fea-
tures, in particular, on the type of the boundary condition
[18]. The uniform rotation in magnetic field background
but in an unrestricted transverse geometry has been
studied in Ref. [13].
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In this paper, we generalize the results of Refs. [10,18] in
threefold way. First, we show that, in addition to the bulk
modes, the spectrum of free massive Dirac fermions
contains the edge states localized at the boundary of the
cylinder. Second, we discuss the spectrum of both bulk and
edge modes in the presence of external magnetic field.
Finally, we illustrate the importance of the edge modes for
thermodynamics of free Dirac fermions and for its rota-
tional properties such as the moment of inertia which
exhibits curious oscillating behavior as a function of
magnetic field.

Notice that possible effects of the edge states have not
been accounted for in existing studies of the phase structure
of the interacting rotating fermions [13-16,18]. In
Refs. [13,14], rotational properties were investigated in
the transversally unrestricted geometry which questions the
consistency with the requirement of relativistic causality
under uniform rotation and, simultaneously, does not allow
for the presence of the edge states. The existence of the
edge states, found in the present paper, definitely calls for a
reestimation of the phase diagram of interacting fermions
under uniform rotation.

We would like to mention that in solid-state terms the
system of Dirac fermions considered in this article corre-
sponds to a nontopological insulator as it is characterized
by the presence of gapped bulk modes and the absence of
symmetry-protected boundary (edge) states with zero
mass. The edge states are generally massive, and their
mass is proportional to the mean curvature of the cylinder
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surface. Notice that the Dirac equation alone is not enough
to describe topological insulators [19], where the presence
of zero-mass edge states is guaranteed by topological
reasons of underlying lattice Hamiltonians [20].

The structure of this paper is as follows. In Sec. II, we
review, following Ref. [10], known bulk solutions for the
Dirac fermions in the cylinder with the MIT boundary
conditions in the absence of magnetic field. We also discuss
particularities of the spectrum for the chiral boundary
conditions [18]. In the same section, we find the edge
states of the system and describe their properties. In
Sec. III, we discuss properties of bulk and edge solutions
in the magnetic field background. Section IV is devoted to
studies of rotational properties of the system in the limit of
(negative) infinite fermion mass. In this limit, the thermo-
dynamics of the system is given by the edge states only,
allowing us to highlight their importance. We also dem-
onstrate explicitly that the edge modes cannot lead to
anomalous transport phenomena such as chiral magnetic
and chiral vortical effects. The last section is devoted to
conclusions.

II. BULK AND EDGE SOLUTIONS IN THE
ABSENCE OF MAGNETIC FIELD

In this section, we discuss solutions of massive rigidly
rotating Dirac fermions confined in a cylindrical geometry
in the absence of magnetic field. We start from the known
bulk states that were already described in Ref. [10] (see also
Ref. [15]), and then we demonstrate that the system
contains also certain new (edge) states which possess
rather peculiar properties.

A. Dirac equation in the cylinder

We consider a system of free fermions which is rigidly
rotating with the angular frequency € about the axis of the
infinitely long cylinder of the radius R.

Given the geometry of the system, it is convenient to
work in the cylindrical coordinates, x = (#,x,y,z) =
(t,pcos@,psing,z). There are two natural reference
frames in this problem: the inertial laboratory frame and
noninertial corotating frame. The former one corresponds
to a rest frame, while the latter one is rigidly fixed with
the rotating system. The coordinates ¢, p, and z in the
corotating reference frame coincide with the corresponding
coordinates of the laboratory frame: ¢ = ti,,, p = piap, and
Z = Z1a- The angular variables in these frames are related as

¢ = [pran — Qi (1)

where [...],, means “modulo 2z The simple relation
between angular variables (1) leads, nevertheless, to a quite
nontrivial metric in the corotating frame,
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which corresponds to the line element

ds> = Gudxtdx’ = nﬁl;dxﬁdxﬁ
= (1 = p2Q*)dr* — 2p*Qdtdy — dp* — p*dg* — dz?,
(3)

where 7;, = diag(1,—1,—1,~1) is the flat metric. Here,
we adopt the convention that i,j...=17% 9,2 and
u,v... =1, x, y, z refer to the local coordinates in the
laboratory frame and the corotating frame, respectively. We
use the units in which the speed of light and the reduced
Planck constant are equal to unity, c = 4 = 1.

The spectrum of the fermions is described by the
eigenfunctions of the free Dirac equation in the corotating
reference frame [10],

[i}/"(aﬂ + F}l) - M]W =0, (4)

where the Dirac matrices in the curved corotating space-
time y#(x) = €& (x)y' are connected to the matrices in the
laboratory frame yi via the vierbein etf. The vierbein is a
“square root” of the metric 77;; = gm,e’lf e‘}i, . In the case of the

metric (2), the vierbein may be chosen in the form
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with all other components of #;; being zero.

In Eq. (4), the spin connection I'* in the metric (2) has
only one nonzero component,

T, = —%Qo*”’, (6)
where
R o 0
0y52z2<0 63> (7)

in the Dirac representation of the gamma matrices:

=lo) = 0) P=io) @

Equation (4) is supplemented with the MIT boundary
condition at the boundary of the cylinder,

ir'n,(@)y(t.z.R.9) = w(t. 2. R, p), )
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where the spatial vector n,(¢) = (0,cosg,sing,0) is
normal to the cylinder surface. This condition “confines”
the fermions inside the cavity by enforcing the normal
component j, = —j*n, of the fermionic current j* = yy!y
to vanish at the surface of the cylinder j,(p = R) = 0.
Furthermore, the condition (9) implies that the chiral
condensate, yy, and the axial current along the z direction,
72, vanish at the surface of the cylinder:

wyl,_g =0.  j(p=R)=yrry|,x=0. (10)

B. Bulk states

A general solution of the Dirac Eq. (4) in the (co)rotating
reference frame (1) has the form (according to Ref. [10])

1 P
U}i —_ E e—zEt+zkzu§(p’ (P), (1 1)

2
J
helicity A= +1/2, the z component of momentum
k=k, € R, the projection of the quantized angular
momentum m = m, € Z onto the z axis, and the radial
quantum number [ = 1,2, ..., which describes the behavior
of the solution in terms of the radial p coordinate. The
helicity 4 of the state is the eigenvalue of the helicity

operator W = P - J/p,

where u% is an eigenspinor characterized by the eigenstate

WU’%‘fkm = lUifkm’ (12)

where P = —id is the momentum operator and J is the
angular momentum operator. In the absence of magnetic
field, the helicity operator W has the simple form

. h 0 . P
W:< > h=2"2 (13)
0 h

where p = VE?> — M? > 0 is the magnitude of the spatial
momentum defined as follows:

P2r7A _ L 277A

P°Uj = pjUj. (14)
Here, the notation

j=(k.m.1), (15)

is used to denote a set of quantum numbers [10].
The energy in the corotating frame E; is related to the
energy E; in the laboratory frame as

~ 1

where u,, can be identified with the quantized value of the z
component of the total angular momentum
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1
=m+—, (17)

JWw =W, 5

which comprises the orbital and spin parts,

R 1
J=~i0, + 3%, (18)

where the matrix X_ is given in Eq. (7).

The solutions of the Dirac equation which satisfy the
MIT boundary conditions (9) are linear combinations of
positive and negative helicity spinors,

UMIT = CMTbU T + U5, (19)

where the 4-spinors with a definite helicity 4,

g = (51 20

are expressed with the 2-spinors

1 ( pe"™ ], (qgp/R)

y) -
¢j (,09 (0) N \/E 2iﬁp—,1€i(m+1)¢-lm+l (L],D/R) ) ’ ( )

which are eigenspinors of the two-component helicity
operator h (13),

( ki P ) ¢i(p-¢) _ (0.0, )

with P, = P, £iP, = —ie*?(9, £ ip710,).

In the eigenfunctions (19), the degree of mixing between
positive and negative helicity states is determined by the
parameter

_ Eipy + E_p_jusign(E))

b= — , 23
E.p_+E_p, j,sign(E,) @)
where

k

Pr=Piipp =4/l —,

Pj

M
Ei = Eil/z = 1 ﬂ:i (24)

J

are, respectively, the momentum- and energy-related quan-
tities which depend explicitly on the helicity of the
eigenmodes and

421
pj= k2+R—”; (25)
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is (the modulus of) the effective momentum which incor-
porates the longitudinal continuous momentum & and the
transverse (radial) discrete momentum number g = ¢,,;. We
also use the notation [10]

_ Jm(qml) (26)

i1 (@)’

ml

where J,,(x) is the Bessel function.
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The dimensionless real-valued and positive quantity ¢,
is the /th real-valued positive root (I =1,2,...) of the
following equation [10]:

2(q) + WTRJ,n(q)JmH(q) ~P(g)=0. (27)

The normalization coefficient

P2 +pijs,

CMIT _ !
! R|Jm+l(qm,lR)|

ensures that these modes are orthonormalized,
(UM, UMY = 8(k = K')8,0m6100(EEy),  (29)

with respect to the inner Dirac product:

(w.x) = /_ :o dz A o A dppyt (). (30)

The energies of the eigenmodes in the laboratory frame

are
72
Ej = Eml(k, M) =+4/K2 + M? + —";l, (31)

where the plus (minus) sign corresponds to the particle
(antiparticle) modes.

The density yw =’y of the wave functions (20)
is not localized at the boundary of the cylinder, and there-
fore we refer to these solutions as the “bulk eigen-
modes.” They should be discriminated from the “edge”
solutions (to be discussed below) for which the density is
concentrated at the boundary of the cylinder. From
Eq. (31), we conclude that the masses of the bulk states
MP% defined as

bulk —

ml

q2,
M? + R—”; (32)
are higher than or equal to the mass of the fermion M.
The reflection m — —1 — m, corresponding to the sign
flips of the total angular momentum (17) y,, = —pu,,, leaves
the g,,; solutions unchanged,

qml = 9-1-m,1 = 9mi- (33)

This property implies that the mass spectrum (32) and,
consequently, the energy spectrum of the bulk modes are
invariant under the flips y,, = —,,.

A couple of real-valued solutions g,,; of Eq. (27)
are shown in Fig. I(a) as a function of the fermion

(G + DGy — 2m + 1)%4‘ 1) = Gy — 1)171

(28)
qm,lR

|
mass M. As the mass M decreases, the lowest (I = 1)
real-valued modes ¢,,; >0 touch the ¢ =0 axis and
disappear one by one at the critical values of the
(negative) fermion mass:

FIG. 1. (a) Solutions of the eigenvalue Eq. (27) as the function
of the fermion mass M: (a) the real-valued solutions g >0
corresponding to the bulk modes (from Ref. [15]) and (b) the
purely imaginary solutions ¢°2¢ = j1°%¢ with v > 0 correspond-
ing to the edge modes. The inset shows (1°9€°)2 vs M.
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1+m
(m) 1 1 Y R m >0,
MM = —— (|| +5 ) = 34
R("u‘ 2) {%, m < 0. (34)

As the values ¢, and g_,_,,; coincide with each other
due to the reflection invariance (33), the real-valued g will
disappear in pairs at the critical mass points (34).
Contrary to the ground state with [ =1, the excited
[ > 1 bulk states do not disappear from the spectrum.
Finally, we would like to stress that the values of the
critical mass (34) depend on the type of the boundary
condition at the boundary of the cylinder. For example, if
we flip the sign of the vector n, in the MIT boundary

condition (9), then the mass critical values (34) would also
change the sign, Mﬁ’")(—nﬂ) = —Mgm)(n”), so that the
disappearance of the ground-state (/ = 1) modes would
then happen at the positive fermion masses, M™ > 0.
With the more general chiral boundary conditions para-
metrized by the chiral angle ® [21],

lir“n, (@) — e ly(t.2.p.9)|,_rg = 0. (35)

the critical masses becomes as follows [18]:

M (0) _ { — L,

m >0,

(m)
MM (©) = 36
©®)=- 6 N (36)

1
cos®OR’ m < 0.

In particular, at the specific values of the chiral angle
® = +x/2, the ground-state levels never disappear.

C. Edge states

Besides the bulk eigenfunctions with real-valued solu-
tion g = ¢q,,, the system contains also quite peculiar
eigenstates, which are localized at the boundary of the
cylinder. These are the edge states which correspond to
purely imaginary solutions of Eq. (27),

i el (37)

with a real Ufndge >0.!
Using the relation J,,(ix) = i"l,(x), we get from
Eq. (27) the equation which determines v,

2MR
Lh(@) + == L) W) + 1,1 (1) = 0, (38)

where 1,,(x) is the modified Bessel function.
In Fig. 1(b), we show the solutions of Eq. (38) as the
function of the fermion mass M. First of all, we notice that

there is only one edge eigenmode for each value of the

) a
orbital momentum m. Moreover, the edge modes vp"

'As in the case of the bulk modes, the solutions % and
edge .
—vp- correspond to the same eigenmode.
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appear at the critical mass points (34) where the lowest bulk
modes g, | disappear (as the fermion mass M diminishes).
Therefore, we conclude that at the critical mass points (34)
the lowest bulk modes (34) are transformed into the edge
modes and vise versa.

Despite that the edge states appear at negative values of
the fermion mass M, these solutions represent physical
modes which contribute to the equation of state and other
thermodynamic properties of the system (certain examples
will be considered in Sec. IV below). One can show, for
instance, that the negative critical values (34) flip their signs

M™ o —pm™ if the spatial vector n in the MIT boundary
condition (9) is flipped from the outward direction to the
inward direction, n — —n. Both original and flipped MIT
boundary conditions have apparently the same physical
sense, as they confine fermions inside the cylinder. The
MIT boundary condition with flipped vector n corresponds
to the “chiral boundary condition” considered for the case
of the cylinder in Ref. [10]:

lir'n, () + 1y (t.2,p,9)| ,—g = 0. (39)

The sign flip of the fermion mass is related to the chiral
transformation
w— ey, e (40)
of the Dirac spinors. This transformation leads to the
modification of the mass term

M — e~ Mei0rs (41)

of the Dirac Eq. (4). The choice § = z/2 changes the sign
of the fermion mass, M — —M, while not affecting the
sign of energy of the eigenmode (42). In an infinite volume,
the positive and flipped negative fermionic masses corre-
spond to the same positive-energy particle state related by
the discrete (0 = x/2) chiral transformation (40). In a
cylindric cavity, the MIT boundary condition (9) breaks
down the chiral symmetry (40) explicitly, thus leading to
the asymmetry of the fermionic spectrum with respect to
the flip of the fermion mass. In other words, the would-be
inequivalence of features of fermions with positive and
negative masses is caused by the MIT boundary condition
which breaks explicitly the chiral flip symmetry M — —M.

The energy E; of the edge states in the laboratory
frame is

E;dge _ :E\/W =+ k2 + (M;?ge)z, (42)

where
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is an analog of momenta. The plus (minus) sign in Eq. (42)
corresponds to the particle (antiparticle) modes similarly to
the bulk modes (31).

Equation (42) implies that, contrary to the masses of the
bulk states (32), the masses of the edge states are smaller
than or equal to the mass of the fermion M:

d v;
e =/ M? - R—’;. (44)

Notice that, due to the inequality |v,,| < MR, the masses
(44) of the edge states and their energies E°%° always
remain real numbers, while the effective momentum p may
take become purely imaginary for longitudinal momenta
|k| < v,,/R. In other words, for the edge modes, v2, >0,
k* >0, and E; > 0, while p may take both positive and
negative values. The negative values of the effective
momentum squared p? are not consistent with the real-
valued spectrum of the helicity operator (13) due to the
anti-Hermiticity of this operator. Nevertheless, as we will
see shortly, we may apply to the edge modes all the steps
of the derivation of Sec. IIB following Ref. [10].
The presence of the edge modes is largely related to the
helicity-broken boundary conditions at the edge of the
cylinder. Namely, the MIT boundary conditions (9) couple
the modes with different helicity 4, Eq. (19), so that the
general eigenmode solution (19) mixes both A = + hel-
icities. As a consequence, the edge eigenmodes do not
possess a definite helicity at all.

In the rotating frame, the energy of the edge mode
follows from Eq. (16),

e (45)

d
where Ej £e

laboratory frame (42).

In Fig. 2, we show the mass spectrum both for the bulk
modes (32) and for the edge modes (44). This figure clearly
demonstrates that the ground state / = 1 becomes the edge
mode as the critical point (34) is passed for each fixed m.

Similarly to the bulk modes (33), a reflection in the sign
of the total angular momentum (17), y,, = —u,,, leaves the
v, eigenvalues unchanged,

is the energy of the edge modes in the

9mi = 9-1-m,1 = 9mi- (46)

Therefore, the energy spectrum of the edge modes is
symmetric with respect to the flips y,, = —,,. Both bulk
and edge modes are degenerate in the absence of external
magnetic field.

The 2-spinors of the edge eigenmode with definite
helicity A are given the spinor

PHYSICAL REVIEW D 96, 096014 (2017)
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FIG. 2. The masses (44) of the edge states (the solid blue lines)
and the masses (32) of the lowest (I = 1) bulk states (the dashed
magenta lines) as the function of the fermion mass M in the
absence of magnetic field, B = 0. Four lowest states are shown.
The critical points (34) are marked by the red dots (and the thin
gray lines). The asymptotic masses of the edge states (76) in the
limit M — —oo are shown by the green arrows. Four lowest / > 1
bulk states are shown by the dotted lines.

(k+2p;A)e™I,, (v

—l%" ei(m-‘rl)go]m_"_1 (l/

P
¢ = Ciha, Ju—( mg), (47)
mR

where C{/') is a normalization constant and we implied that

the check mark over a spinor means that this spinor is not
normalized.

To prove that the spinor (47) is the eigenmode of the
helicity operator (22), we used the useful relations

5 | i P Un ;i P
img L =2mpitmt)e £
P, {e 1, (um Rﬂ ¢ Li <um R) ;o (48)

P_|eitmthey PN ZEm impy P 4
_|:€ m+1 <VmR iRe m UmR ( 9)

for the operators
Py =—iet*(0, £ip7'9,). (50)

The 2-spinors for the bulk modes (21) were normalized
using the condition [10],

Zqﬁélim ékm = 1’ (51)

meZ

which utilized the convenient summation property of the
Bessel functions:

> B(x) =1 (52)

mezZ

The edge states (47) depend on modified, rather than usual,
Bessel functions that possess a different summation rule:
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(=) =1 (53)

mez

This equations suggests that the edge eigenmodes (47)
should be normalized according to another normalization
relation,

> (=" b b = 1. (54)

mezZ

which has a less clear physical sense. Nevertheless, for the
sake of completeness, we give the value of the prefactor Cg)
corresponding to the normalization (54):

o 1
¢
\/_\/k2+2/1kRepj+Im P

1 K24+2kp)~V2, p?>0,
{( 2 ’ (55)

V2 R/v,, p12<<0.

V2

In the corotating reference frame, the Dirac equation, if
expressed via the corotating coordinates, has the same form
as the standard Dirac equation in the laboratory frame in the
absence of rotation. Using the explicit representation of the
y matrices (8), the Dirac Eq. (4) in the corotating frame can
be rewritten as

ES* —M

(iﬁ—M)Ujf‘feE< r

—2pjh ) edge_o
(g )/

or

—(ES* + M)

J

(E?dge -M

)\Pedge =0, (56)

where we set

edge __ 1 —zEedgelﬂkz edge
U i = v e
271
Aup YA
Tedge _ Cj ¢j (57)
JA Cﬂ,downqgﬂ
J J

and then used the fact that the 2-spinors 43;1, Eq. (47), are the

eigenfunctions of the helicity operator h, Eq. (13).

The self-consistency of the Dirac equation for the edge
modes (56) gives us the expression for their energy (42) and
fixes the coefficients Cﬁ‘”p and Cj’d"w“ in Eq. (57) up to the

overall normalization factor (set to unity in this expression):
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edee _ ((Ej“ge + M)rﬁf)

) y (58)
! 20p;d}

Denoting ‘Pedge = (TJT"\PJOT’ the MIT boundary con-
ditions (9) may be explicitly written as

io” TJT
; )(‘I’i) =0, (59)

where we set p = R and defined

-

—io”

o’ = 61 cos @ + o, sin @. (60)

The 4-spinor solutions satisfying these conditions should
involve both 4 = +1/2 helicities [10],

edge _ edge pedge
le ] MIT = ZCJT

_ ((E;dge +M)(Cidf + c;qé;)> (61)
piCid; - Cidy) )

because the MIT boundary condition (9) breaks the helicity
conservation.

The self-consistency requirement for the MIT condition
(59) and (61) gives us the relation (38) which determines
the value of v,,.

From Eq. (38), it follows that the nontrivial solutions for
v = v, exist if and only if M < 0. Solving Eq. (38) as a
quadratic equation, we get

Liysi(ve) MR + sign(u,) MR
m = =
{ ] MRT—?SEER, m 20,
= ! (62)
edge
_ MR-M® R m <0,

Um

where the angular momentum g, and the mass of the edge
state M5 are given in Eqs. (17) and (44), respectively.

The coefficients in Eq. (61) satisfy the relation

> CH1+24k)) =0, (63)

J=%1/2

where
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pj<E;dge +M + lem/R)
/ KES™ + M|
( Eedge

sign () Min™")
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Py (/K + M2 =% — sign(u,,)/ M? — 52)
ji .
k(\/ K + M? =% 1 M)

Combining (63) and (61), we get the edge eigenmode in

edge
( + M) the explicit form:
( edge _ ) ed e
= 64 (E5 + M) (kjk = p;)e™ 1, (v, %)
=B s ; or (s
: w i | B EE ML, (v, ) (65)
J 0 img i '
pj( 'K'_k>e Im(ymR)
ip] l}" e (m+l)m1m+1(l/m E)
and we adopted the usual convention Cil/ ’= = (5. . One can The overall constant C{; is determined by the orthonorm-

also rewrite the last expression in the followmg explicit
form:
|

(U, US) = 6(k = K')8,m O %) | Co

alization condition given in Eq. (29). For the edge mode,
the Dirac inner product is given by

X [{(Ejdge + M) (ijk = p;)* + p3(px; = k)* + (”—2’; (ES + M)22 + p? %) }I;H/Q
R S (e R ) o N
where T+ 12 is defined as
Tt o) = AR dppp 2(Un) +2Im+1( n %) _ Rjzilm(ym)lnwrl(ym)v
I;,H/z(vm) _ AR dop 12,V %) —213n+1(l/m ) 1;2 {12 (v,) Zn:/: 1 L o) (o) — m+1(l/m)} (67)

Thus, the normalization coefficient Cé is given by the following expression:

i1 2k

2
M
Cl=— " ||{i+ E“:dg“’—M2+”—’”}i31+4”’”—zm+
0 |Im(ym)|pj\/ym |:|:{ ( ! ) R2

{18 + (S 4+ M)? +;22H'

edge ede VmE. edge dge 2m+1 . 172
+{2Ejg( € —M)i2, -4 R zm—zEjg(E§g+M)]<1— o lm—l%n>:| : (68)
| 1
. B . . . edee edee |
In th(? special case k —.0, one gets the following explicit C) = O I, edge Vo (M dg ) 1),
expression of the edge eigenmode: 1L (V)|
(70)
edge\ im U,
O(pm) (M + M=) e™ 1, (“4) where
N o(— M Medge i(erl)(pI UmpP.
lP] _ C{) ( Ium)( + ) m+l( R ) ) (69) - (M+Medge)R
=i Ot L (52) fm=——y 7

=it 0 V71,11 (50)

R

The normalization coefficient (for m > 0 so far) is given
by the expression

Notice that 0 < y,, < 1.

The solutions (65) correspond to the edge modes because
their density yy’w =y'y grows exponentially as one
approaches the edge of the cylinder at p = R, Fig. 3. We
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e
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o
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pPIR

FIG. 3. An example of the density of the edge modes for k = 0
and m = 0 at various fermionic masses M in the absence of the
background magnetic field (B = 0). For the sake of convenience,
in this figure, we show the density normalized to unity at p = R.

see that the higher the absolute value of the (negative)
fermion mass M, the stronger the localization of the edge
modes at the cylinder’s boundary. Since all modified Bessel
functions 7, grow exponentially at large values of its
argument, the localization length of the edge states (65)
at the boundary of the cylinder is determined by the length
scale

R
= 72
e = (72
Thus, the edge modes are characterized by two dimen-
sionful parameters, their mass (44), and the localization
length (72). Notice that the former may be expressed via the

latter:
M =\ M2 = (5 (73)

Now, let us consider the behavior of the masses of the
edge modes M in the limit of a large negative fermion
mass M. For a large positive real z> 1, the modified
Bessel functions have the following asymptotic expansion:

et 1 — 4m? B
Nirs (1 tg 0(z 2)). (74)

Substituting Eq. (74) into the relation (62), we get that in
the limit of a large negative mass M the solutions %
behave as

1(2) =

Hi
2IM[R

V® = |M|R - +O((MR)2),  (75)
where p,, is the total angular momentum of the mode (17).

Therefore, in the limit of the infinite fermionic mass, the
masses of the edge modes remain finite, contrary to the
bulk modes M®"* which become infinitely massive in this
limit (32) and therefore decouple from the system.

PHYSICAL REVIEW D 96, 096014 (2017)

Moreover, in the limit of large (negative) fermion mass,
the mass spectrum of the edge modes may be computed
analytically:

edge 1. edge __ |ﬂm|
M5 = MIHPOOM'" = (76)
We find that the masses of the edge modes (76) are (i) finite
and (ii) quantized. According to Eq. (75), the localization
length (72) tends to zero in this limit. The edge states are
double-degenerate as the modes with opposite angular
momenta (u,, and p_;_,, = —u,,) possess the same mass.
We also stress that in the absence of magnetic field there are
no massless edge modes in the spectrum in a cylinder of a
finite radius R. The modes eventually become massless in
the limit of a large radius R — 0.

We would like to stress that in this section we discuss the
edge eigenmodes, which are characterized by purely imagi-
nary solutions ¢,, = iv,, of the eigenvalue Eq. (27), as
contrasted to real solutions g,, of the “bulk” states found in
Ref. [10] and discussed in Sec. II B above. The components
of the spinor wave functions of the edge eigenmodes (65) are
proportional to the modified Bessel functions /,,, which, in
turn, satisfy the asymptotic expansion (74). This implies that
the density of a zero mode y for any angular momentum m
behaves as iy ~ ¢2MP=R) in the limit of large (negative)
fermion mass |M|. Thus, the density of a typical edge mode
becomes the exponentially increasing function as the dis-
tance at the radial coordinate approaches the edge of the
cylinder, p = R. In a contrast, the density of a typical bulk
mode with real g,, is localized in the bulk of the system, as
demonstrated in Fig. 4. The larger the excitation number / of
the bulk state, the more its density gets concentrated to the
center of the cylinder. Therefore, we choose the name “edge
mode” for the whole family of purely imaginary solutions
qm = v, despite that for low values of the fermion mass | M|
this family of solutions has a nonzero density in the middle
of the cylinder, Fig. 3.

025 ik s ' ' '
s 8 B=0, m=0, MR=-5
020 .- /‘\
=4, \\\\ edge
§0.15 e R state
E A
> 0.10 N
v
v eSm=>o
0.051 VK O
Ce A L , /\X 7 : < =X
0.00 b — -
0.0 0.2 0.4 0.6 0.8 1.0
PIR
FIG. 4. Five lowest bulk states (the dashed lines) and the edge
mode (the solid line) for MR = —5 and m = 0 at zero magnetic

field. The modes are normalized according to Eq. (30).
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In conclusion of this section, we would like to notice that
the physical particle-antiparticle interpretation of the fer-
mionic modes in the second-quantization formalism
depends on the presence of the modes for which
E jE i < 0. The physical meaning of such modes is ambigu-
ous (see Refs. [4,7] as well as the detailed discussion in
Ref. [10]), and therefore the absence of such modes in the
spectrum makes the theory well defined. In short, the
modes E; > 0 (E; < 0) in the laboratory frame are inter-
preted as particle (antiparticle) states in the Vilenkin
quantization [4], while the modes with E ;>0 (E ;1 <0)
in the corotating frame are interpreted as particle (anti-
particle) states in the quantization of Iyer [7]. Both vacua
are the same, provided E jE ; > Ofor all modes. In Ref. [10],
it was indeed found that for uniformly rotating states
bounded within the light cylinder (so that with
|Q|R < 1) with physically reasonable boundary conditions
the condition E jE ;> 0 is satisfied for all bulk modes [10]
so that the rotating (Iyer) and laboratory (Vilenkin) vacua
are equivalent. Below, we show that the same identity is
also true for the edge modes,

EjdgeEjdge > O, (77)

provided they rotate within the light cylinder, |Q|R < 1.
Since the energy for k # 0 is grater than the one for
k = 0, we focus on the energy for k = 0,

dge| g sedge
S| = e (78)

The derivative of Ee®® with respect to M is given by

dge vy, dv,,
d|ESF| M -G (19)
dM ]E;dge| .

The derivative can be also expressed via Eq. (62),

ldymlm+1(ym) (1+U I;n-ﬁ—l I;n>
m

RaM 1I,(v,) Lyt "l
edge
il dlE;™| %0
= 1 = sign(u,) 1 —. (80)

with I, (v,,) = dI,,(v,,)/dv,,. Using the properties of the
modified Bessel functions,

u@:§m@+mﬂw, (81)

m—+1

Ly (2) = In(2) = Li1(2), (82)

the derivative can be rewritten as

PHYSICAL REVIEW D 96, 096014 (2017)
dES™| 20, |M - 2|ES|MR — |ES¥|
dM 2y, || ES| - 2(EY* )R- M

(83)

If there is a local minimum at M = M, < ME.’") < 0, the
energy is given by
2MyR

14 2MyR
Because of the non-negativity of the left-hand side of the
above equation, the local minimum can exist only for
MyR < —1/2. In this region, the inequality |E§dge|R >
|u,| is satisfied at all local minima, and thus E;dgeEjdge >

0 is satisfied for QR < 1 (here, we take for simplicity
Q > 0). There is also a possibility that the minimum is
achieved at the ends, MR — —|u,,| — 1/2 or M — —oo. At

such points, the energies are given by Ejdge = (|| +

1/2)/R and Ejdge = |u|/R, respectively. Therefore, in
the region of MR € (—oc0,—|p,,| — 1/2), the relation
E;dgeEjfdgc > 0 is always satisfied for the uniform rotation
within the light cylinder QR < 1.

|ES*C|R = - (84)

III. BULK AND EDGE SOLUTIONS IN THE
MAGNETIC FIELD BACKGROUND

In this section, we derive, following the general line of
the previous section, the eigenspectrum of the Dirac
fermions in the background of magnetic field.

A. Dirac equation in rotating space-time
in the uniform magnetic field

In the presence of an external magnetic field parallel to
the cylinder axis B = (0,0, B, = B), the Dirac Eq. (4) is
modified,

[iy”(Dﬂ + Fﬂ) - M]‘// =0, (85)

where D, = 0, —ieA, is the covariant derivative. In the
laboratory frame, the corresponding gauge field can be
chosen in the symmetric form

By Bx

A,=(0,—,——.0). 86

= (0.5-50) (56)

In the corotating frame, the background gauge field is as
follows:

BQr*> By Bx
A, =- == -=20).
a < 2 727 2 ’O> (87)

The Dirac Eq. (85) can be explicitly written as follows:

A . ) B
{iy’ (8, + yQ0, — xQ0, — %Qa"y> + iyt <8X + l€2 y)

ieBx
2

vir(0,-2%) + a0 - m]y ~o. (55)
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As in the absence of magnetic field, the eigenvectors of
the Dirac Eq. (88) are labeled by the eigenvalues of

commuting operators {I:I ,Pz,fz, W}, where H is the
corotating Hamiltonian, 13Z is the z component of the
momentum operator, J . is the z component of the total
angular momentum (18), and W is the helicity operator. In
the presence of magnetic field, these operators coincide
with the ones given in Sec. II with the substitution
P — P + ¢A, which accounts for the gauge invariance of
these operators. In the presence of magnetic field, the
corotating energy E ; is related to the laboratory energy E;
according to Eq. (16).

Notice that Eq. (88) is gauge invariant because of the
identity which holds for usual d, and covariant D,
derivatives in the corotating reference frame:

0, + yQ0, —xQ0, = D, + yQD, — xQD,.  (89)

Here, we used the fact that in the rotating frame the gauge
field (87) acquires the compensating time compo-
nent A, = —BQr?/2.

In fact, relation (89) has a much deeper sense than just a
simple mathematical identity. In the absence of the mag-
netic background, the relation between the energies in
corotating and laboratory frames is given by Eq. (16). Since
thermodynamical and mechanical properties of the system
depend on the energies in the corotating (rather then
laboratory) frame, it is important to figure out if the relation
(16) still holds in the presence of magnetic field B or not.
Indeed, to maintain the gauge invariance, the usual deriv-
atives d, in the presence of magnetic field in all physical
operators should transform to the covariant derivatives
D, =0, —ieA,. In particular, the angular momentum
operator (18) should become

2
J(A) =T, —ieA,=—id, + %Ez - 63%, (90)
where J, =J_(A =0). Therefore, we could naturally
expect that in the presence of magnetic field the crucial
corotating-laboratory energy relation (16) could also be
modified. To clarify this issue, we notice that the relation
(16) comes from the relation between Hamiltonians in the

rotating (I:AI = i0,) and laboratory (H = i0;) reference
frames,

A

H=HA-QJ.. (91)
which has been used so far at vanishing magnetic field.
However, in the presence of magnetic field, the gauge-

covariant Hamiltonian in the corotating frame is given by

H=iD,=i0, + eA, (92)

PHYSICAL REVIEW D 96, 096014 (2017)

[while the Hamiltonian in the laboratory frame H = iD;
remains untouched as A; = 0 according to Eq. (86)] so that
the eigenvalue equation for the energy levels becomes

A

iDy = [H—QJ(A)y. (93)

However, taking into account in the rotating frame A, =
QA, = —BQr?/2 [used already in Eq. (89)], we arrive at
the conclusion that the “covariantization” of the
Hamiltonian (92) and the covariantization of the angular
momentum operator (90) exactly cancel each other in
Eq. (93), and we arrive at

O = (H - QJ.)y. (94)

Next, we notice that the energy in the corotating frame
enters the wave function as y/ (¢, x) = exp{—iE;t}y/(x), and
therefore one gets from Eq. (94)

Ejy(x) = (H-QJ.)y(x), (95)

which agrees with Eq. (91), which, in turn, leads to the
relation in question (16). Thus, we conclude that the
relation (16) between the energies in the corotating E
and laboratory E frames is still valid in the presence of the
magnetic field background.

B. Solutions

A general solution of the Dirac Eq. (88) has the form

| R
_ e—tEjH—zkzuj (p.9). (96)

Ujlt.z.p.9) = 5

where u; is an eigenspinor. The diagonal forms of J . and W

allow us to express the eigenspinor u; as

J

Ci i (p. 9)
u(p,p) = ( s ) (97)
' i} (p. )
where the 2-spinor
eyt (p)

is defined via two scalar functions )(f . of the radial
coordinate p with a definite helicity eigenvalue A. The
helicity eigenvalue equation, WUj- = /IUj-, is reduced to the
relation
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k P_+eA_\ ¢Hp. o)
<A A )Jiﬂ.@?(p,w%
P, +eA, —k 2,/E; — M?
(99)

with P, +eA, = —ie*?(0,£ip™'0, £ eBp/2). The
equations for )(f , are written as follows:

0 1\ 2 ZBZ
{62—&—1—(&) —&—meB—e—,o2
p p 4

+(E§—M2—k2)];(j+:0, (100)
0 m\?2 e’B?
62—|——p—<—> +(m+1)eB———p?
{” poo\p (m+1) 4
+ (E5 — M? —kz)};(j_ =0. (101)

Using the substitution & = % p?, the above equations are

reduced, respectively, to a simpler set of relations,

b+ 0+ (—qers - D),
— 0.8l )+ ) + (- 3e A=) o
(102)
where
B = @jLﬁ(E; -M?>—-k*)  (103)

and the angular momentum g, is given in Eq. (17).

The normalizable (regular in the origin) solutions are given
by the confluent hypergeometric function M(a,b;z)=
Fi(a, b;z) [13,22],

eB 2

)(fur = Nﬁp"”“‘e‘ﬂ’ ./\/lj+ (104)
)(31_ — N?_plnl‘e_%l)z./\/(;’ (105)
where Mf is defined as
+ = + eB ,
M =M aj,|m+1|+1,7p , (106)
eB
M; = ./\/l(a;, |m| + 1,2p2) (107)
and aji is defined as
1
+_ B2
aj —§(|m+1|—m+l)—m(qj), (108)
1
- B\2
aj; —§(|m|—m)—m(61j) (109)

PHYSICAL REVIEW D 96, 096014 (2017)

with g% = | /E7 — M* — k?R. The coefficient N4, can be

related to the coefficient \- ;1-_ by a substitution of Egs. (104)
and (105) into the helicity Eq. (99):

+i(E5 = M? — k%)

NA - N’l‘_, m 201
" k2 /B mt 1)
N4 m < 0. (110)

2im
i+ N
k+24\/EF = M?

The 2-spinors ¢} with the helicity 4 are written as

A MT
¢¢<p,¢>=a¢< ) )

(111)
M

. . l A T .
where a; is an overall constant and the 2-spinor (f%_f%,)" is

defined as

(ff-) - <2’”21’(;<;3;>)2(;x<?¢>>’ =0
) (pf(pﬁzc;m(p,qo))

] m <0,
4idmG,,11(p, @)

(112)
with
Gu(p. @) = e™oplmle=ir* (113)

and

k
pL=\ 1505 P =B -M (114)

Next, we use the Dirac Eq. (88) to determine the
constraint between Cj-uP and Cjiov:

E;-M  -20/E:-M*
wi(p.#) =0, (115)
2U\JE2-M> -E;-M
or
s _ VEAM gon (116)

J E; J
ZAW\/EJ—M

A

Consequently, the spinor u}

with the helicity 4 can be
written as
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A 2 EHM
0=yt ) 00

with E, = /1 j: - and an overall constant Cﬂ which is

determined by an orthogonal condition. Notice that the
prefactor o} in Eq. (111) is absorbed into C7.

The spinor u; which satisfies the MIT boundary con-
dition (9) can be constructed in terms of the linear
combination
|

( EE-TS LM+ ELFLMG
iph B fEM; + B S M)

PHYSICAL REVIEW D 96, 096014 (2017)

ui(p. @) = bjuf (p,p) + bjus(p.@).  (118)

Substituting the eigenmode (96) and (118) into the
boundary condition (9) as y = U; and using the explicit
form of the eigenspinors (117), we get a matrix equation for
the coefficients 5 with the solution (118),

E+(b'+€b'+ +b707)| =

= |E |E (bio* i — b70°¢7)] . (119)
where o7 is given in Eq. (60). The matrix Eq. (119) can also

be represented in the form

We find that Eq. (120) has a nontrivial solution for bji if the quantity

satisfies the relation

— 4mMRMzMF

where

M; = MA]'+|/):R = M(Cl;r,
Mg = M5, = M(a;

lm+ 1]+ 1,¢5/¢0),

|ml +1, ¢/ do)- (123)
The magnetic field enters the spectrum in terms of the ratio,

¢ eBR?
o 2

(124)

of the magnetic flux the cross section of the cylinder,

¢ = 7BR?, (125)
and the elementary magnetic flux,
2n
$ho = o (126)

(we remind the reader that in our units 2 = 1).

Since the dimensionless quantity qf is obtained by the
equation only associated with the angular number m and is
discretized in accordance with effects of the boundary

+ 1)MRMzM}

.IE/‘E e—u/; — M++E+fj_M b+
; < >|p r =0. (120)
‘E"E el fi M7 +E+f,+/\/l bj
— k*°R (121)
—4(m+ 1) (Mz)>=0, m>0,
(m +1)*(Mg) (122)
—4m*(My)* =0, m <0,

[
condition, it can be labeled by m and the root number
1=1,2,3,...,ie g5,

The zero solutions of Eq. (122), qﬁ, = 0, are achieved at

specific values of the fermion masses M = M (Cm) with

_m+tl 1
M(m) _ R M(1Lm+2.¢z/¢o)’ m 20, (127)
¢ m e¢8/¢0 m< 0
R M(—=m,—m+1,9p/do)° ’

where we used the properties M(0,b,z) =1 and
M(a, a,z) = €*. In the limit of vanishing magnetic field,
eB — 0, we can recover the result (34) for M 2"1) using the
property M(a,b,z) =1+ O(z) valid for z — 0. In the
limit of strong magnetic field, eB — oo, the mass becomes

. (128)

I8/ (¢ o)+
Mﬁ””—{ CER S 0, m >0,

m <0,

where we used the asymptotic expansion M (a,b,z) ~
(T(b)/T(a))e*z%7" valid at z — oo for all values of a
except for nonpositive integer a.
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We can recover Eq. (27) from Eqgs. (122) and (123) in the
limit of vanishing magnetic field eB — 0O using the rela-
tions (valid for ¢¥ # 0 and n > 0)

_ (d?)
/ 2¢BR*’

2
~ S 2 (2
)lcli%lFl( 2x,n—|—1,2> —n.<y> Ja.(y), (130)

and J_, (x) = (=1)"J,,(x).

The masses of the bulk and the edge states are given by
the same formulas (32) and (44), respectively, as in the case
of the B = 0 states (with the obvious change ¢,,; = ¢5)).
The quantity v for the edge states in the background of
magnetic field is defined similarly to the B = 0 definition
in Eq. (37):

eB—0
at S

(129)

g% =ik, (131)

In the limit of infinitely large fermion mass, M — —oo,
the wave function of the edge mode may be written in an
explicit form; see Eq. (145) below.

=6

8 [ [:5
/
6 4

qo,l =3
41 m=0
2 Bulk modes bp/do=T.5 |
=1
0 e .
210 -8 -6 -4 -2 0 2 4
MR
(a)
10 T
=5
8
=4
6 /=3
q-1, =2
41 m=—1
=1
oL Bulk modes éB/do=T7.5 |
10 -8 -6 -4 -2 0 2 4
MR
(b)

FIG. 5. The bulk qfll solutions of Egs. (122) and (123) vs the
fermion mass M in the background of magnetic flux (124) ¢pp =
7.5¢ for (a) m = 0 and (b) m = —1 orbital numbers and various
radial excitation numbers /.
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C. Properties of the solutions

To obtain the spectrum of free fermions in the cylinder in
the presence of external magnetic field, we solve Egs. (122)
and (123) numerically.

In Figs. 5 and 6, we show the behavior of, respectively,
the bulk solutions ¢, and the edge solutions 5 for the
orbital angular momentum m = 0 (which represents the
qualitative behavior of all y, > 0 modes) and m = —1
(which characterizes general properties of the solutions
with u,, < 0) at nonzero magnetic field. These quantities at
zero magnetic field are shown in Fig. 1.

We notice the following effects of background magnetic
field on the bulk modes:

(1) Critical mass.—At zero magnetic field, the ground
states (/ = 1) disappear at the quantized critical

(m)

masses M.~ given in Eq. (34). As the magnetic field

becomes stronger, the critical masses ME-m> deviate
from their B = 0 values; for eB > 0, the critical

masses for the modes with a positive angular mo-

mentum g, > 0 tend to zero, M) — 0, while the
critical masses of the y,, < 0 modes tend to negative

infinity, M — —(¢/¢o)/R. The behaviors are
consistent with the analytical results given in
Eq. (128). One can show that at eB < 0 the modes

Os/00="7.5

ok ) ' ) ) ]
-10 -8 -6 -4 ) 0

FIG. 6. The edge v solutions (131) of Egs. (122) and (123) vs
the fermion mass M in the background of different magnetic
fluxes (124) ¢y for (a) m = 0 and (b) m = —1 orbital numbers.
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(o)}

dp/do=0 Bulk modes
Edge modes with m=-2 m==2, I=1
0 -8 -6 -4 =2 0 2 4
MR
(d)

FIG.7. The masses of the lowest bulk (/ = 1) and edge states vs the mass of the fermion M for various values orbital angular momenta
m and magnetic field B. The bulk (edge) modes are shown by the thicker (thinner) lines, while the positions where the bulk modes are

converted to the corresponding edge modes are marked by the red points.

(ii)

with s, > Oand y,, < 0 swap their places as M\™ —

— o for the former and M\™ — 0 for the later.
Level degeneracy.—At large positive or negative
values of the fermion mass, M — =+oo, the levels are
grouping into pairs. This is a natural consequence of
the growing mass of the bulk levels (32). As the
mass become large, the bulk states become more
localized in space, and they become less sensitive to
the presence of the boundary of the cylinder. Then,
the energy spectrum shares a natural similarity
with the Landau levels in a boundless space where
the spin-up and spin-down states of the excited
levels are double degenerate in energy.

The behavior of the edge modes v/ at values of magnetic
field—or, equivalently, the magnetic flux ¢p, Eq. (125)—is
shown in Fig. 6. The mentioned properties of the critical
mass are quite consistent with the ones for the bulk modes,
as expected. As the fermion mass M decreases, the
quantities v,, become linear functions of the mass M.

In Fig. 7, we show the masses of the lowest (/ = 1) bulk
modes (32) and the edge modes (44) as the functions of the
fermion mass M at various values of magnetic field B. We
notice the following remarkable properties of these
quantities:

®

(i)
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Masses for the modes with negative angular momenta
U, (.e., with m = —1,-2,...) behave regularly as
the [ = 1 bulk modes are transformed into the edge

modes at certain critical masses M = M(cm)(B).
These critical masses are growing in absolute value
(and negatively valued) functions of magnetic field.
At large enough strengths of the background mag-
netic field, the masses of the bulk modes experience,
as functions of the fermion mass M, a global
minimum.

At positive values of the angular momenta y,, (i.e., at
m=20,1,2,...), the masses of the edge modes
behave rather irregularly. In particular, they vanish

at certain mass M = M")(B),

MM (B) =0, w0, (132

In Fig. 8, we plot, for a few values of m, the masses

of fermions M = M (B) at which the mass of the
edge mode become zero (effectively, the massive
edge mode becomes the zero mode). These masses
are growing (in absolute value) negative-valued
functions of the magnetic field B.
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éB/do

FIG. 8. The values of the fermion masses M = M\"™ at which
the masses of the edge modes vanish (132) vs the magnetic flux
¢p for various values of orbital momentum m.

(1_p)y2 €°T(1 +a = b)['(D)

M(a,b,z) = (z/a)

I'(a)
oy €PT(14+a=b)T(b) [ e2V=
— (z/a)0-D)P
(</a) = S -

Substituting Egs. (134) and (74) into Eq. (122), we obtain
the solution of v,, in terms of the expansion of a large
negative mass M,

e _ IR w+ O((MR)™2),  (135)
b= 2[M|R ’

which leads to Eq. (133).

The masses of the edge states depend on the angular
magnetic moment 4,, of the mode and the Aharonov-Bohm
phase 8 = ¢5/py. In the limit of vanishing magnetic field,
¢p = 0, Eq. (133) matches with the B = 0 result (76). The
mass spectrum of the edge states (133) in the M — oo limit
is shown in Fig. 9.

3.0
2.5
20¢F

dge R

<15k

(&

M,

1.0
0.5

0.0

0 1 2 3 4
®B/Po

FIG. 9. The masses of the edge modes (76) as functions of
magnetic field B in the limit M — —oo.
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Notice that all these properties are valid for positive
magnetic field eB > 0. For the negative magnetic field,
eB < 0, the modes with positive and negative magnetic
momenta y,, swap their places.

As in the absence of magnetic field, in the limit of a large
(negative) fermionic mass M — —oo, the masses of the edge
modes remain finite, contrary to the excited / > 2 bulk modes
which become massive (32) and decouple from the system.
Moreover, one can check numerically that in this limit the mass
spectrum of the edge states fits a simple analytical function:

_ s
" o

In fact, we can obtain the result (133) analytically by using the
large a expansion of M(a, b, z) [23]:

1

MZE(B) = lim MY™(B) = |u =

M——c0

(133)

[Ib—l(z\/a> - \/glb@\/&) (g - 1—Z2> + O(a‘l)}

(1+1_146(35_;)2— 2(12’—1Z2>+0(a—1))]. (134)

IV. EDGE MODES AND ROTATION

A. Zero magnetic field

In the limit of infinite negative mass M, the thermody-
namic and rotational properties of the system are deter-
mined only by the edge modes. Indeed, the masses of the
edge modes remain finite (76), while the masses of the bulk
modes tend to infinity, implying that the latter do not
contribute to the dynamics of the system. In the absence of
magnetic field, the energy of the edge modes (42) is given
by the simple expression2

2
(& c ﬂm
ES* = En®(k,) = \ k2 +5

where u,, is the angular momentum of the edge mode (17)
and m € Z.

The thermodynamic effects of the edge modes are
determined by the thermodynamic potential defined in
the corotating, as opposed to the laboratory, reference

(136)

frame (the latter fact is stressed by the tilde sign in F):

’In this section, we consider only the positively defined branch
of the energy eigenmodes E = +|E|, which corresponds to the
particle edge states (42) both for vanishing (136) and non-
vanishing (142) magnetic field.
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Fedge (T Q

ﬂ'Rzr;/

ed e(k )=Qum

X [In(1+e ’"7) +(Q - -Q)].

(137)

Below, we omit the superscript “edge” in all our notations.

The angular momentum density is given by the deriva-
tive of the thermodynamic potential in the corotating
reference frame [24]:

OF
L=—-(-—=]) .
o),
Since the rotation axis € = Qe, coincides with the sym-
metry axis of the cylinder e, the angular momentum has
only one nonzero component, L = (0,0, L.).

It is convenient to consider the density of the angular
momentum per unit height of the cylinder,

(138)

L.(Q) =zR’L,(Q)
/ 2 D bl (Q.T) = frg (- T)),

meZ

(139)

where

1
i (QT) = g
e 1 +1

(140)

is the occupation number of the fermionic edge mode.
The moment of inertia per unit height is related to the
density of the angular momentum (139) as follows:

(141)

The angular momentum (139) and the moment of inertia
(141) at zero magnetic field are both shown in Fig. 10.
These quantities are, respectively, odd and even functions
with respect to the flips of the direction of rotation,
Q — —Q, because the thermodynamic potential (137) is
an even function of Q. Both the angular momentum and the
moment of inertia diverge in the ultrarelativistic regime at
QR — +1. At low temperature, both quantities are weakly
dependent on the angular frequency €, while in a high-
temperature regime, both quantities are In functions of Q.

In Fig. 11, we show the density of the moment of inertia
at zero angular momentum. The moment of inertia is a
growing function of temperature because as temperature
increases the heavier (energetic) modes may participate in
rotation of the system.

PHYSICAL REVIEW D 96, 096014 (2017)
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FIG. 10. Densities of (a) the angular momentum (139) and
(b) moment of inertia (141) of the cylinder in the limit an infinite
fermion mass M — oo as the function of angular frequency € at
various temperatures 7" and zero magnetic field.

B. Effects of magnetic field

In the presence of magnetic field, the energy dispersion
of the edge modes (in the limit of an infinite fermion mass
M — o) is given by the formula

edge 1 ¢B 2
En® (k;) = \/k2 Rz <ﬂ %) )

where p,, is the angular momentum of the edge mode (17)
with m € Z.

(142)
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FIG. 11. Density of the moment of inertia (141) at Q =0 vs
temperature 7" at vanishing magnetic field B = 0.
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The angular momentum (138) can be readily calculated
using the partition function (137) and dispersion (142). In
Fig. 12, we show the angular momentum L in the magnetic
field-angular frequency (B,Q) plane for temperatures
TR = 0.05, 0.1, 1. Naturally, the angular momentum is
an increasing function of the angular frequency Q for every
fixed value of magnetic flux ¢ and for all temperatures 7.

FIG. 12. Angular momentum L of the edge modes per unit
height of the cylinder vs the angular frequency € and magnetic
flux ¢p at temperatures TR = 0.05, 0.1, 1 in the limit of infinite
fermionic mass M — —oo (the bulk modes are absent).

PHYSICAL REVIEW D 96, 096014 (2017)

At low temperatures, TR < 0.1, and at slow rotations
(Q ~ 1072/R), the angular momentum L exhibits oscillat-
ing, but nonperiodic, dependence on the value of magnetic
flux, as is clearly seen in Figs. 12(a) and 12(b). The local
minima and maxima of L approximately correspond to the
integer and half-integer values, respectively, of the ratio of
magnetic flux ¢ and the elementary flux (124). Apart from
these oscillations, the value of L slowly increases with the
strength of the background magnetic field. This quantum
behavior is seen at sufficiently low temperatures; the lower
the temperature, the more pronounced oscillations are.
There is also a certain small correlation between the
magnetic field and the angular frequency seen in the range
of middle frequencies, QR ~ 0.2.

At higher temperatures TR ~ 1, shown in Fig. 12(c), the
magnetic-field induced oscillations of the angular momen-
tum disappear completely. At sufficiently fast rotations, the
oscillations disappear for all temperatures. In these cases,
the angular momentum is an increasing function of both
magnetic field B and angular frequency €.

In Fig. 13, we show the dependence of the moment of
inertia (normalized by the temperature squared) at vanish-
ing angular frequency Q = 0 vs normalized magnetic flux
(124). We clearly see that with the increase of temperature
the moment of inertia of the edge modes increases in
agreement with zero-field behavior shown in Fig. 11.
Similarly to the angular momentum, the moment of inertia
experiences (nonperiodic) oscillations as a function of
magnetic field. The local minima (maxima) approximately
correspond to the integer (half-integer) values of the
magnetic flux [calculated in units of the elementary flux
(124)]. The oscillatory quantum behavior is pronounced
well at low temperatures while at higher temperatures, the
dependence of the moment of inertia on the magnetic flux
reduces to a monotonically increasing function. These
features are also very visible in Fig. 14(a), which shows
the moment of inertia / vs both magnetic flux ¢p and

1000¢
%~ 100}
s
Ny 10t TR= 0.1 02 03 04 05
1 o
0 2 4 6 8 10
P5/%0
FIG. 13. Moment of inertia (divided by temperature squared)

per unit height of the cylinder vs the flux ¢ of the background
magnetic field at (a) vanishing angular frequency Q =0 and
(b) nonzero frequency QR = 0.5.
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(b)

FIG. 14. Moment of inertia per unit height of the cylinder vs
magnetic flux ¢ and temperature 7 at (a) vanishing ( = 0) and
(b) nonzero (QR = 0.5) angular frequency.

temperature 7 at zero frequency Q =0. At larger
angular frequencies, the oscillations are damped, and the
low-temperature behavior of the moment of inertia is
similar to the one in its featureless high-temperature region,
Fig. 14(b).

The fact that both the moment of inertia and the angular
momentum are not a periodic function of magnetic field is a
natural consequence of the nonequivalence of magnetic
field and rotation in relativistic domain. Indeed, in many
nonrelativistic quantum-mechanical applications, a (slow)
rotation may be treated as a (weak) magnetic field. This fact
is used, for example, in characterizing the spectrum of
rotation optical lattices of cold atoms [25]. The equivalence
is no more true in the case of a fast relativistic rotation; the
effects of rotation and magnetic field in this case are very
different [13,15]. To highlight the difference between
rotation and magnetic field, we mention that the ground-
state degeneracy is independent of the value of the angular
frequency, contrary to case of magnetic field [15].
Moreover, the phenomenon of dimensional reduction,
which govern many interesting effects in magnetic field
background, does not exist in the case of rotation [15].

PHYSICAL REVIEW D 96, 096014 (2017)

C. Anomalous transport properties of edge modes

As we mentioned in the Introduction, the quantum field
theories may exhibit anomalous transport associated with
quantum anomalies that break otherwise conserved
classical symmetries of the theory (for details, we refer
to Ref. [26] for reviews). In particular, in theories with
chiral fermions, the axial anomaly leads to a family of
transport phenomena of which the best known represent-
atives are the chiral vortical effect [3] and the chiral
magnetic effect [27]. In general, the anomalous chiral
effects generate steady electric (vector) and chiral (axial)
currents of chiral fermions in the rotating fermionic
medium and/or in the background of magnetic field.
These effects are realized at finite density and/or in a
chirally imbalanced medium with different numbers of left-
handed and right-handed chiral fermions. The chiral nature
of fermions is essential for these processes as the chiral
fermionic number is a conserved quantity for massless
(chiral) fermions. Therefore, the anomalous transport
phenomena are predominantly discussed in the scope of
theories possessing relativistic massless fermions.

Coming back to our case of massive Dirac fermions in
the cylinder, we notice that, even in the case of massive
bulk fermions, the edge modes may become massless states
for certain quantized values of background magnetic field
B.. In particular, for the case of the infinitely massive bulk
fermions, M — oo, the masses of the light edge states
vanish for half-integer fluxes ¢z of magnetic field
(cf. Fig. 9):

(143)

¢Bc = <I’l +%>¢0, neZz.

With the help of Egs. (124), (125), and (126), this condition
may be rewritten as follows:

_2n+1

BC—W, neZz. (144)

At the critical magnetic field (144), the energy spectrum
of edge modes (142) contains a mode with the linear
dispersion: Es®® = |k,|

Since at the critical values of magnetic field (144) the
mass of the edge mode vanishes, one could expect that
the anomalous chiral phenomena may be realized via the
massless edge modes even for the infinitely massive bulk
fermions. To check this hypothesis, we explicitly write the
wave functions of the edge modes in the limit M — —oo0,
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lP;(lige _ 1 |M| 6,—iE,,,t+ik,z
27[R2 2Em (EmR —Hm +%)
k. Rei™®
—i(E R—/l +¢_B ei(m+1)(/7
(EnR =t "’“_) eMIP-R) - (145)
(EmR —Hm +({l/2_§)elm(p
ikZRei(m+1)(/)
where the energy of the edge mode E,, = Ee g given in

Eq. (142) and Em = E,, — Qu,, according to Eq. (45). The
solution (145) may be explicitly derived following all steps
of Sec. III B in the simplifying limit M — —oo.

Using the explicit form of the eigenfunction (145), we
find that, despite that the mass of the edge mode vanishes at
the critical magnetic field (144), the eigenmode itself is not
chiral at any value of the magnetic flux’:

pIpetee 4 pedee, (146)
This property is consistent with the fact that the edge modes
do not possess a definite helicity, Sec. I C.

Therefore, we come to a conclusion that one cannot
define left-handed and right-handed chiral edge modes and,
consequently, the chirally imbalanced edge matter is not a
well-defined physical notion. As a result, one may expect
that the anomalous transport phenomena, based on the
property of chirality, may not be supported by the edge
modes. And indeed, using the explicit form of the wave
function (145), we find that the contribution of each edge
mode to the chiral (axial) current in the direction along the
axis of the cylinder is identically zero at every point of the
cylinder’s interior:

B = B v () =0, (147)
Therefore, the total axial current due to the edge modes
vanishes:
<J2>edge =0. (148)
This property can be understood readily from properties of
the MIT boundary condition (9) and the corresponding
edge modes; in the negative infinite mass limit, the edge
modes are located only at the surface of the cylinder, and
thus the axial current vanishes everywhere except the
surface. However, the value of the axial current at the
surface also becomes zero due to the MIT boundary
condition (9) as mentioned in Eq. (10).

*It is worth also mentioning that the contribution of the light
edge modes to the chiral condensate is identically zero
pedeewedee — ) in the considered limit of large bulk fermion
masses.
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The density of the electric (vector) current generated by a
single edge mode is, however, nonzero,

J, = /dlejz(x)

[x|<R
_ k
d d
= /dlewemgeyqu;gezzﬂEzedge, (149)
Ix|<R "

where the energy of the edge mode ES€ is defined in
Eq. (142). The dimension of the current density (149)
comes from the fact that we integrated the current over the
cylinder cross section and used the normalization of the
edge modes (29) with respect to the inner Dirac product
(30). Since the electric current (149) is antisymmetric with
respect to reflections, k, — —k,, the net electric current in
the state of thermal equilibrium is identically zero,

<Jz>edge =0.

We remind the reader that we cannot generate a chiral
imbalance with the edge modes since these modes are not
chiral (146).

Thus, we come to the conclusion that anomalous trans-
port phenomena, such as the chiral magnetic effect and
chiral vortical effect, are not supported by the (massless)
edge modes.

(150)

V. CONCLUSIONS

We study a uniformly rotating relativistic system of free
Dirac fermions in the background of a constant magnetic
field directed along the axis of rotation. The system must be
bounded in any plane perpendicular to the rotation axis in
order to respect the relativistic causality according to require-
ment that the rotational velocity of particles does not exceed
the speed of light. Therefore, we enclose the system into an
infinitely high cylinder of radius R and restrict the angular
frequency Q of rotation to the subluminal domain: QR < 1.
At the surface of the cylinder, we impose either the MIT
boundary condition (9) or its chiral generalization (35),
which is characterized by the chiral angle ©. Both these
conditions force the normal component of the fermionic
current to vanish at cylinder’s surface, thus conserving the
global fermionic number inside the rotating cylinder.

In general, the spectrum of fermions in a finite geometry
contains two types of solutions: bulk solutions concentrated
in the interior of the system and the edge states which are
localized at the boundary. The bulk states in cylindrical
geometry were already discussed in the literature. In the
absence of magnetic field, the bulk spectrum of fermions
was obtained in Ref. [10], in which the cylinder with the
MIT boundary conditions (9) was studied. The bulk
spectrum with the chiral MIT boundary conditions (35)
was found later in Ref. [18]. In our paper, we extend these
results in various directions.
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First, we find that the system possesses the edge modes
at a certain region of the parameter space. Second, we
extend the results for the edge and bulk modes to the case of
nonzero magnetic field parallel to the axis of the cylinder
(so that the magnetic flux is a constant quantity along the
axis of the cylinder). Third, we implement the uniform
rotation of the whole system and investigate the interplay
between rotation and magnetic field in thermodynamical
properties of free fermions.* Fourth, we highlight the role of
the edge states that have been neglected so far in the
analysis of thermodynamics of rotating fermionic systems.

We found the following features of the system:

(1) The boundary condition is important for the edge
states. The mass spectrum and the very existence of
the edge modes depend on the values of the fermion
mass M, magnetic field B, and the chiral ® angle at
the boundary. For example, there are no edge states
at the chiral angle ® = 7/2 at zero magnetic field.

(2) The lowest (ground-state) bulk modes transform into
the edge states and vice versa as the value of the
fermion mass M crosses, for each fixed value of the
angular momentum (17), a certain threshold mass. In
the absence of magnetic field, the threshold masses
(34) are given, for the MIT boundary conditions (9),
by M. = —n/R with n = 1,2, .... They differ from
the threshold masses for the fermions with the chiral
boundary conditions (36). The threshold masses for
the MIT boundary conditions are changed to
Eq. (127) in the case of nonzero magnetic field.

(3) The edge states are massive so that in the solid-state
language the system may be associated with a
nontopological insulator.

(4) The masses of the edge states are finite for B = 0. In
the absence of magnetic field, the spectrum is
degenerate with respect to the sign flips of the
angular momentum, u,, - —u,,; see Fig. 2. The
masses of the bulk (edge) modes rise (fall) with
the increase of the absolute value of the fermion
mass M. In the limit of a negative infinite fermionic
mass, M — —oo, the bulk modes become infinitely
heavy so that they decouple from the dynamics of
the system and disappear. On the contrary, in this
limit, the masses of the edge modes remain finite

4 . . . . .

Uniformly rotating fermions in magnetic field were also
studied in Ref. [13] in a transversally unrestricted geometry
which does not possess the edge modes.
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(76). They are proportional to the mean curvature of
the cylinder’s surface, 1/R.

(5) The masses of the edge states may vanish for B # 0.
Nonzero magnetic field lifts out the u,, — —u,,
degeneracy of the mass spectrum of both the bulk
states and the edge states; see Fig. 7. For example,
the edge states with sign(u,,eB) > 0 possess only
nonvanishing masses, while the masses of the edge
states with sign(y,,eB) > 0 may become zero at
certain values of momentum, shown in Fig. 8.
The masses of the bulk modes become infinitely
massive in the limit M — —oo, while the masses of
the edge states exhibit a periodic dependence on the
magnetic flux, see Fig. 9, described by the simple
formula (133).

(6) The moment of inertia oscillates with magnetic field.
The presence of magnetic field affects drastically the
rotational properties of the system. For example, in
the domain of low temperatures in the limit of
infinitely large negative fermion mass—where the
thermodynamics is given by the edge modes only—
the angular momentum (Fig. 12) and, consequently,
the moment of inertia (Fig. 13) experience quasi-
periodic (quantum) oscillations as functions of
magnetic flux ¢p. The local minima (maxima)
of the moment of inertia correspond to the integer
(half-integer) values of the magnetic flux ¢ in units
of the elementary flux ¢y, Eq. (124). At high
temperature, the oscillations disappear; see Fig. 13.

(7) Edge modes do not contribute to the anomalous
transport of axial and electric charges. The edge
modes do not possess a definite handedness in terms
of chirality and helicity even in the case when these
modes are massless. The edge states in the infinite
negative mass limit cannot lead to anomalous trans-
port phenomena such as the chiral vortical effect
and/or chiral magnetic effect in uniformly rotating
cylinder and/or in the background of magnetic field,
respectively.
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