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Abstract

The Dirac equation on a two-disk is studied under the chiral bag boundary condition, where the mass
is treated as a parameter ranging over all real numbers. The eigenvalues as functions of the parameter are
compared with those obtained under the APS boundary condition studied in a previous paper of authors
(Iwai and Zhilinskii, 2015). Discrete symmetry (or pseudo-symmetry) of the boundary condition as well as
the Hamiltonian is studied to explain the difference between the patterns of eigenvalues under the chiral bag
and the APS boundary conditions. The spectral flow for a one-parameter family of operators is the net num-
ber of eigenvalues passing through zero in the positive direction as the parameter runs. It was demonstrated
in the previous paper that the spectral flow is useful to understand the characteristic of eigenvalue pattern of
the Dirac equation with the APS boundary condition. However, to capture the feature of eigenvalue pattern
under the chiral bag boundary condition, one needs to introduce an extended notion of spectral flow. The
eigenvalue patterns under the both boundary conditions are compared with a semi-quantum description of
energy-band rearrangement.
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1. Introduction

This article is a sequel to a previous one [10]. In [10], the Dirac equation on a two-disk was
treated under the APS (Atiyah—Patodi—Singer [2]) boundary condition, where the APS bound-
ary condition requires that the boundary values of eigenstates should belong to the subspace of
eigenstates associated with positive or negative eigenvalues for a chosen boundary operator. The
spectral flow, which is defined for a generic one-parameter family of operators to be the net num-
ber of eigenvalues passing through zero in the positive direction as the parameter runs, is useful
for the understanding of the pattern of eigenvalues as functions of the parameter. One of results
of the previous article is that the spectral flow of a one-parameter family of the Dirac equation
with the APS boundary condition is =1, depending on whether the sign of the total angular mo-
mentum eigenvalue j is positive or negative. A question arises as to whether the spectral flow is
still useful for the description of the feature in the pattern of eigenvalues under another boundary
condition. It will be shown that for the chiral bag boundary condition the notion of spectral flow
is not applicable, since the passing through zero has no qualitative meaning for eigenvalues ob-
tained under the chiral bag boundary condition. However, an answer to the above question will
be possible if the notion of spectral flow is extended. Difference between the patterns of eigen-
values under the APS and the chiral boundary conditions can be explained by means of discrete
symmetries (or pseudo-symmetries).

A further question is as to whether one can find a characteristic of band rearrangement
independently of the choice of boundary conditions. This question comes from interest in the
correspondence between a full quantum and a semi-quantum models. Semi-quantum models
have been employed to study qualitative structure of energy bands in isolated molecules, in which
the splitting of variables into two subclasses, “slow variables” and “fast variables”, is assumed
according to low- and high-energy excitation, and the slow and the fast variables are treated
as classical and quantum ones, respectively. As long as a finite number of quantum levels are
concerned, the Hamiltonian for the total system is described as a Hermitian matrix defined on
a base manifold which is chosen on physical grounds. If the rotational variables are treated as
classical ones, a chosen manifold is a two-sphere, which is a co-adjoint orbit of SO(3) [5,11,12].

With each of disjoint eigenvalues viewed as functions on the two-sphere, is associated a
complex line-bundle, which is characterized by a Chern number [5,7]. To model the band re-
arrangements, some control parameters are introduced into the Hamiltonian. Then, the band re-
arrangement is associated with a change in the Chern number accompanying the variation in the
parameters. The delta-Chern was introduced in [8] to describe a change in the Chern number
against the control parameters. The previous paper [10] shows that the spectral flow for the Dirac
equation with the APS boundary condition naturally corresponds to the delta-Chern for a corre-
sponding semi-quantum model. Rephrased from the viewpoint of the correspondence, a purpose
of this article is to examine whether a choice of boundary condition affects the understanding of
the correspondence between the full quantum and the semi-quantum models or not.

The organization of this article is as follows: Section 2 contains the setting up for solving
the Dirac equation by using the method of separation of variables. Feasible solutions are given in
terms of Bessel and modified Bessel functions in the radial variable as well as exponentials in the
angular variable. Boundary conditions are treated in Section 3, in which the APS and the chiral
bag boundary conditions are reviewed in a generic form. Section 4 includes analysis of eigen-
states of the 2D-Dirac equation under the chiral bag boundary condition. Regular and edge states
are found. They are described in terms of Bessel and modified Bessel functions, respectively, in
the radial variable. Of particular interest are critical states, which are viewed as transient states
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between regular and edge states. In Section 5, transition between regular and edge states through
critical states is shown to occur indeed on the level of eigenvalues as well as eigenstates. The
transition was not observed in the eigenvalues under the APS boundary condition [10], where the
edge state persists for all the control parameter values except at a particular value only, at which
the edge state changes into a zero mode. Section 6 deals with discrete symmetries (or pseudo-
symmetries), which are used to explain the pattern of eigenvalues as functions of the parameter
for both the chiral bag and the APS boundary conditions. In Section 7, an extended spectral flow
is introduced to characterize the pattern of eigenvalues for the chiral bag boundary condition,
which will be associated with the transition between regular and edge states. Section 8 deals
with a corresponding semi-quantum system in order to characterize the band rearrangements in
the semi-quantum model from a viewpoint other than that in [9,10] and thereby to compare with
the extended or usual spectral flow. Section 9 contains concluding remarks.

2. Setting up

We make a brief review of the Dirac equation on a disk in R? from [10]. The Dirac
Hamiltonian on R? is given by

I . i 0 np aq1  9q2 1)
=1 Ok — +1o3 = )
= oa P _
g1 92
where oy, are the Pauli matrices. Let
) ) —it/2 o
D(e'T) 1= e7iT3/2 = (e 0 e"?ﬂ)’ R(7) = (Co” - T), teR. (2

sint  cosT

Then, the U (1) action U, on the two-component spinor @ on R? is defined to be

U & = D(e'")P o R(—1). 3)
As is straightforwardly verified, the U (1) symmetry of the H, is described as

U.HU ' =H,. 4)
The infinitesimal generator J of U is called the (spin—orbital) angular momentum operator,
which is determined through U, = exp(—itJ) and expressed as

J= g0 +il(gr — g1 ). 5)

2 9q1 g2

where 1 denotes the 2 x 2 identity matrix.
In terms of the polar coordinates (r, #), the Hamiltonian H; and the angular momentum
operator J are expressed as

H, oy 2 — L5y +1 (6)
= —i0,— — —0pg— o
EE Oy T %0 TR
and as
1 0
J=-03—il—, 7
03 il @)
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respectively, where

0 e 0 —ie
Or = (eig 0 )1 0p = <iei0 0 > . (®)

On account of the rotational symmetry [H;, J] = O, the eigenvalue problem H;® = E &
reduces to subproblems in eigenspaces of J. Since the eigenstate ¢; of J associated with j takes
the form

Pj(r,0) = &)

’

ei(j_%)9¢§_)(r) . { 1 3 }
’ J € )

e iE:I:E
¢ (/+7)9¢§+)(r)

a straightforward calculation with H; provides the radial differential equations for unknown
functions ¢§i) (r),

Ao i -
e (i) e = e e
d¢” N
ety (i 3) 7 - = el (10)

These equations are put together to be brought into second-order Bessel equations;

¢ qdel” 1 12
J J 2_ 2 ; (=)
dr? +r dr R A r2 (J 2) ¢ 0 (1)
a2y def? 1 12
ity (5 (03) ) o <“b>

According to whether |E;| > |t| or |E;| < |t[, the second-order differential equation becomes
the Bessel equation or the modified Bessel equation. The parameter space {(E, ¢)} is divided into
four regions (see Fig. 1). To each of four regions, assigned are each type of feasible solution,
which are given as follows: For |E ;| > |¢], there exist two types of feasible solutions expressed
as

mei(f‘”@fj_%(ﬂjr)

;(r,0) =c 1 for E; > 0, (12a)
. i(j+3)0 '
IVEj —tel<j ! Ji 1 (BjT)
VIE; +t|e'(f Z)QJj,l(ﬂjr)
P(r,0) =c 2 for E; <0, (12b)

1

—i\/mei(jﬂ)%ﬁ%(ﬁ/r)

where J, withv = j &+ % denote the Bessel functions and where

,Bj — /E?_IZ’ (13)
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Fig. 1. The parameter space is divided into four regions.

and c and ¢’ are complex constants. And for |E ;| < [], feasible solutions are expressed as

(.1
mel(] 2)elj—%((’?j”)

Pi(r,0) =c fort > 0, (14a)
Ji—E; e e
e j-‘r% 8jr

1
S+ E;| e’(’ )elj_l(ejr)
P(r,0) =c 2 fort < 0, (14b)

1

=Bl e

where [, withv = j &+ % denote the modified Bessel functions and where

N (15)

and ¢ and ¢’ are complex constants.

3. Boundary conditions

Though we work with the Dirac equation on R?, we here deal with boundary conditions in
generic form. The Dirac operator on R? takes the form

d
H=—i Zykvk + uyis1, Vi =09/0xg, (16)
k=1

where p is a mass parameter taking all real values, and where y, are the gamma matrices
satisfying

Vi +vive =28k, Jjk=1,....d, (17a)

YVa+1 + Var1ve =0, (17b)
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(a1 =1, (17¢)
wi=n, v=1,...,d,d+1, (17d)

with I denoting the d x d identity matrix and being used in this section only. The inner products
for multi-component functions on a domain V C R? and on the boundary S of V are defined as
usual to be

@ 0 = [ S Bwav, 6005 = [ S gamds, (s)

respectively, where @, and ¢,, denote the complex conjugates of @, and ¢, respectively.

A key idea to finding boundary condition is to apply a kind of Green’s formula for the
Hamiltonian, which takes the form of the difference between (@, H W)y and (H @, ¥)y. Since
(D, Va1 V) = (Ya+1 9P, V), the difference depends only on the differential operator terms. A
straightforward calculation provides

<¢’HW>V_<HQ53 W)Vz—l<¢,)7£1ﬂ>s, (19)

where ¢ = Pls, v = W|gand y -7 = Y ypng with 71 being the outward unit normal to the
boundary surface S.

Boundary conditions should be chosen so that the boundary integral on the right-hand side of
(19) may vanish [1]. If we can find such a boundary condition, the Hamiltonian operator becomes
a symmetric operator. Furthermore, with some Sobolev conditions, it becomes self-adjoint [6].
We will adopt two boundary conditions, one of which is called the APS (Atiyah—Patodi—Singer)
boundary condition [2] and the other the chiral bag boundary condition.

3.1. The APS boundary condition

If we can find a self-adjoint boundary operator B on S such that B has no zero eigenvalue, we
obtain the decomposition of the Hilbert space H(S),

H(S) = HP () @ HO(S), (20)
where H® (S) are subspaces such that
BlH(+)(S) > 0, B|'H(*)(S) < 0. (21)

We assume further that the y - 71 transforms eigenstates associated with positive eigenvalues of B
to those associated with negative ones, and vice versa,

& - HE () = HF(S). (22)

The APS boundary condition requires that the boundary functions ¢ = @|g5, ¥ = ¥|g should
belong to the eigenspace associated with either positive or negative eigenvalues.

We have already treated this boundary condition to find eigenvalues for the Dirac equation on
a disk of radius R in R? [10]. The boundary operator we have used in [10] is given as follows:
We denote the restriction of H; to the circle r = R by

i a
At = —EOB@ + tos, (23)
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and define the boundary operator B; to be

l 8 t —i0
——  —ite
B =ioyA, = | K99 | (24)
ite'? —_—
R 00

where ¢ # 0 in the present section. We note that in the present case the operator y -7 is expressed
as o, and it satisfies the relation

1
GrBt + BtUr = EO}. (25)

3.2. The chiral bag boundary condition

Taking the operator } -7 into account, one can seek for another boundary condition. According
to [1], we decompose spinors into the sum of chiral components,

=9, 4+ I_, by = %(I:I:?-ﬁ)di (26)
It is easy to verify that

y-ndp =Py, ynd_=—-90_, (U4, o) =0. (27)
Using these properties, we can put the right-hand side of (19) in the form

— g,y ny)s = —ildy, Yids +ild—, ¥-)s. (28)
If the chiral components {4 of ¥ = ¥|s are related by

Vo =Upgni¥s, of (=7 - =Uyapr(I =7 -V, (29)

where U is any unitary operator acting on spinors defined on the boundary and further commutes
with y - 71, then those components satisfy

(P ¥-)s = (D4, ¥y4)s, (30)

so that the right-hand side of (28) vanishes. Eq. (29) is called the chiral bag boundary condition.

For the sake of simplicity, we may assume that the unitary operator U is a local one, which

is expressed as a finite order matrix acting fiberwise on spinors. A very simple unitary matrix is
given by

U = e2i arctane)‘l’ (31)

where the A is a real parameter. Then, the chiral bag boundary condition (29) reads

Yoy = —ieM iy . (32)

We remark here that from the physical point of view the boundary condition should require
that the transverse component of the current vector www on the boundary must vanish. From
(32), one can easily verify that

vIG iy =0, 33)

which shows that the above-mentioned requirement is indeed satisfied.
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4. Eigenstates under the chiral bag boundary condition

For the 2D Dirac equation, the chiral bag boundary condition (32) reads

o = —ie*B o3y, (34)

which is written out as

= —if
()= (e ™ 0) () @

where 11, ¥» denote the boundary values of spinor components. We now apply this condition to
the feasible solution obtained in Section 2.

4.1. Edge and regular states

The chiral bag boundary condition (35) gives rise to functional equations for determining
eigenvalues. For |E ;| < |t|, Eq. (35) applied to (14) with r = R yields

[T+ Ej -2
t——EjIj_%(EjR):e Ij+%(8jR) fort > 0, (36a)

|t + Ej| .
_ —|t_Ej|Ij_%(EJR)—e I 1(ejR) fort <0. (36b)

For |E| > [t|, Egs. (35) and (12) with r = R are put together to yield

[E; +1 _
E;_tJj_%(,BjR)=—e AJj+%(ﬁjR) for E; > 0, (37a)

|Ej +1]
|Ej — 1]

Ji_1(BiR) = e_)‘JH_%(ﬂjR) for E; <O0. (37b)

As is easily seen, Eq. (36b) admits no solution. We call the eigenstates associated with eigenval-
ues determined by (36b) and (37) edge and regular states, respectively. Accordingly, there is no
edge state for ¢ < 0.

These functional equations are numerically solved to give eigenvalues as function of the
parameter ¢, which are shown in Fig. 2.

A remarkable feature observed from the graphs in Fig. 2 is that there exist critical eigenvalues
associated with the transition from regular (blue) to edge (red) states, accompanying the variation
of the parameter . We call such states critical (or transient) and study them in the following
subsection. Transition from regular to edge states will be dealt with in detail in Section 5. The
black lines £ = =t in Fig. 2 to which critical states belong will be referred to as the boundary
lines in Section 7.

Another observation is as to the slope of the edge state eigenvalues as functions of 7. The
graphs suggest that for sufficiently large ¢ the difference |E;(¢t) — ¢| is large. Then, ¢;(¢) =

/1> — Ej(t)? becomes large as well. With this in mind, we apply the asymptotic approximation

of the modified Bessel function, I, 41 (z) = €*/+/27z, to Eq. (36a). After a simple calculation,
2
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=52 j=5/2
! :

Fig. 2. Eigenvalues of regular (blue) and edge (red) eigenstates with R = 10, A = 0.1 for j = 5/2 (left panel) and
for j = —5/2 (right panel). Black lines are auxiliary lines £ = =t separating the regions introduced in Fig. 1. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

we find that
Ej(t) ~ —ttanh . (38)

This approximation is so rough that the j-dependence of E; (¢) is lost on the right-hand side of the
above equation. However, this approximation explains the reason why the edge state eigenvalues
look linear in t. We note in addition that the j-dependence of E;(¢) will be found in Egs. (49)
and (52) for critical eigenstates, in particular.

4.2. Critical states

We will seek for solutions under the condition |E;| = |¢]. If | E;| = |¢], Eq. (11) reduces to
d*¢\” L1 ¢\ 1 12 50 =0 0a)
Z ——i== =) =0, a
dr? rodr 2\ 72) %
¢ 1dei? 12
J J : (+)
Z - = — T =0, 39b
ar Ty ar r2<]+2> ?; (590)
These equations are easily solved to give, up to constant multiples,
. (i1
s =, ), (40a)
A (gl
o =t (7+3), (40b)

For j > 0, taking into account the boundary condition that ¢;i) (r) are bounded as r — 0, we
obtain

o) =arlh ) = bt (4D

where a, b are constants. For j < 0, we have, under the same boundary condition,

600 =ar U3 400 = (), 42)
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The constants a, b should be related through (10). Egs. (10) with (41) provide
a b

i(j+3) !
Thus we have obtained feasible solutions

(i L)t

Q;(r,0) =c 1 , Ej=—t forj>0. (44)
trj+%ei(j+§)0

Ej=—t. (43)

From (10) and (42) in turn, we obtain

a b
(=E, o —=—— (45)
1(1-3)
so that feasible solutions of another type take the form
| .1
l‘ri(]ij)el(Jiz)(9
di(r,0)=c N , E;i=t forj<O0. (46)
O (=) leemp [P

We now apply to the above two types of feasible solutions the chiral bag boundary condition
(35). For (44), this condition reads

. i(i_L
ie” tRH" l(] 2)9 i (J + %) R/_%el(]_z)(9
= 47)
1 -1 i(j+5)0 ’ (
_le i (J + 2) Rj ( ) Rj+— l(]+2)0
which gives
(+3)
t:Tz—Ej, forj>0. (48)
Thus, we have found the critical eigenstate, from (44),
. (i1
iri—h 4" (i)
. _ . - cri .
Di(r,0) = (] + 2) e)‘ J+1 l(]+ )9 , E] —r for j > 0. (49)

The boundary condition (35) applied to (46) reads in turn
(YA (el
B +1) (s , (50)
i g 1) (430 i (j _ %) rih) i(i+3)e
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which provides

t:_e*)“ (;_ %) _ e <|;|+%> =Ej, for j < 0. (51)

We thus have another critical eigenstate

i [~ gl
qu(r,9)=(j——> R ,
2 ir_(j+l)ei (j+l)9

e (171+ )

Equ (. NU— A
J R ?
From (48) and (51), we see that there exist critical eigenstates for ¢+ > 0 only, and that the

corresponding critical eigenvalues are positive or negative according as j < Oor j > 0.
We note further that the solutions (49) and (52) are described in terms of holomorphic and

(52)

for j <O.

antiholomorphic functions in z = re'?, respectively;

1 izj_%

Qj(r,6)=<j+—) P (53)
2 _Z]‘l’z

R

N [ R+

Pj(r,0) = <j - 5) R . J <0, (54)

izli1=3

where 7 denotes the complex conjugate of z.
5. Transition between regular and edge states

So far we have verified that there exist critical states between regular and edge states. We
are to show that the transition indeed occurs between regular and edge eigenvalues as well as
between regular and edge eigenstates. As is observed from Fig. 2, the transition depends on the
sign of j, and hence the study of the transition is accordingly carried out. Before setting out for
transition analysis, we introduce two symbols of functions, JUP (2), If (z), which are the power
series factors of the Bessel and the modified Bessel functions, respectively;

ne =) 1o, 1te-= X_(j) Wl)nﬂ)(g)z (552)
L) = (%)Vlf @, IP(@) = ; m(g)z (55b)

5.1. Eigenvalue transition with j > 0

Eq. (36a) determines eigenvalues E;(t) as a function of ¢ for edge states. We show that the
edge state eigenvalues E;(¢) can approach a critical state eigenvalue accompanying a variation
in the parameter ¢. We actually show that E;(¢) has a limit value E;(t) — —1, a negative critical
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eigenvalue. This limiting procedure is allowed in the case of j > 0, as is seen from (44) or (49).
Using the function IUP defined in (55b), we obtain from (36a)

17 (e-R)—Ee**(z—E-)IP (¢;R) (56)
=3 T2 SO A

Since 1;’ (0) = 1/T(j + %),1},’11(0) = 1/I'(j + 3), we obtain, from (56) with &;(t) =
2 2

Jt2—Ej(t)? as Ej(t) —> —t,

1 _ Re ¢ (57)
r(i+s) r(i+3)
which yields
f = @(z _E;ri)7 (58)

the same as (48). This means that the edge state eigenvalue E;dg (t) approaches the eigenvalue of
s 1

a critical eigenstate; E;dg(t) — —%, where we have added the superscript “edg” to stress

that the eigenvalue E;(¢) is for the edge state.

We proceed to study the transition of regular state eigenvalues to a critical eigenvalue. Since
our target eigenvalue is negative (see (58)), we take up (37b) as a functional equation for
eigenvalues, Though Eq. (37b) may determine several eigenvalues E(¢)’s of regular states as
functions of ¢, we show that one of E;(¢)’s has a limit value E;(f) — —t, a critical value, like
(58). Using the JVID defined in (55a), we obtain from (37b)

JPBIR) = e R E — 1107 (BB (59)
A A

Letting Ej(f) — —t in the above equation with 8 (1) = ,/ E(1)> — 12, we obtain

1 _ ot IR ’ (60)
r(iey) i)
which yields
f = @(z _E;ri)7 61)

the same as (58). This means that one of the regular state eigenvalue E;eg(t) approaches the
eigenvalue of a critical state; E;eg t) » — < (JR+%) , where we have added the superscript “reg”
to indicate that the present eigenvalue E (¢) is for the regular state. It then turns out that both the
regular and the edge state eigenvalues approach the same critical state eigenvalue. Put another
way, accompanying the variation in ¢ in the positive direction, the regular state eigenvalue
changes into the edge state eigenvalue through a critical state eigenvalue in the case of j > 0,
where the critical state eigenvalue is negative (see the left panel of Fig. 2).
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5.2. Eigenvalue transition with j < 0

So far we have discussed the transition between regular and edge state eigenvalues accom-
panying the variation E;(t) — —t, which occurs if j > 0. We turn to the case of E; () — 1,
which may take place if j < 0, as is seen from (46) or (51).

We first deal with the transition from edge state eigenvalues to a critical state eigenvalue. We
take up (36a), which is rewritten as

I+Ej
I /o
l‘—Ej —(U|+§

)(s,R) = e_)‘l_( 1)(ejR). (62)

[jl1=3
Since | j| & % are integers, we use the formula /_,(z) = I,,(z) for n integer to rewrite further the
above equation as

tr+ Ej Y

This determines the eigenvalue E; () as a function of z. In a similar manner to the case of j > 0,

we obtain, from the above equation,
5(;+E»)1P (;R)=e 1" [ (¢;R) (64)
2 V(RS ljl=3

Letting E;(f) — ¢ in the above equation with ¢; = ,/t?> — E(t)%, we obtain

tR _ e 65)
r(iii+3) ri+i)
which yields

the same as (51). This means that the edge state eigenvalue E;dg(t) approaches the critical state
- 1
eigenvalue; E;dg(t) — LRHZ).
We proceed to the transition from a regular state eigenvalue to the same critical state
eigenvalue as above. Since our target is a positive eigenvalue, we pick up (37a) with j < 0.
As|jl £ % are integers, we use the formula J_,(z) = (—1)"J,(z) for n integers. Then, Eq. (37a)

is put in the form

Eitt, R)y=e"J R 67
ﬁ |j|+%(ﬁ] )=e |j|—%(/31 ), (67)
which determines the eigenvalue E;(¢) as a function of 7. By using the symbol J‘i TR this
2
equation is brought into
RE 01T (B = eI (BiR) (68)
2 i+ ljl=3
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Letting E;(t) — t in the above equation with ; = ,/ E(1)> — 12, we obtain

tR e

r(i+3) (i) e
which gives
i) -

R

the same as (66). This means that the regular state eigenvalues E;eg(t) also approach the same

AL
critical state eigenvalue; E ;eg(t) — %. It turns out that accompanying the variation in
t regular state eigenvalues change into edge state ones through a critical state eigenvalue in the

case of j < 0 as well (see the right panel of Fig. 2).
5.3. Eigenstate transition with j > 0

We now verify that in correspondence to the transition between edge and regular state
eigenvalues, the associated edge and regular eigenstates change indeed into each other through
a critical eigenstate. We first show that edge eigenstates associated with the eigenvalue E ()
determined by (36a) or (56) approach a critical eigenstate. Taking into account the fact that our
target eigenstate is associated with a negative eigenvalue, we start with and arrange (14a) with
E j(¢) in question to obtain

mei(~/‘%)91j_%(sjr)
_i\/ﬁe"(”%)elﬁ%(aﬂ)
1 ei(j—%)(?rj—%]ﬁ%(gjr)
—iﬂrﬂr%ei(ﬂ%)e[?) | (gjr)
2 Jtz

Deleting, from the right-hand side of the above equation, the scalar factor that depends only on
the parameter and vanishes as £ () — —t, we introduce the edge state

.1
— 4 0 _l
el(] ) rim2If | (ejr)
ésedg_ Jtz

: , N

d—E; 1 i(j+1)e
—i— r/+2el<'/+2) 17\ (ejr)
2 Jt3

which remains to be an eigenstate associated with the same eigenvalue E;(¢). When E (¢) tends

to —t, the @jdg approaches

. i(i—1
Pede 1 I‘]_%el(]_z)e )
i A . ) (72)
s v | WK
R
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where use has been made of (58). The right-hand side is the same as the critical eigenstate (49)
within a constant factor.

We show that the regular eigenstate associated with E;(¢) in question changes into a critical
eigenstate as well, where E | (¢) is determined by (37b) or (59). Since our target eigenstate has a
negative eigenvalue, we start with and arrange (12b) to obtain

VquTE?Té(j_%)GJ},%(ﬂjr)
_i\/mei<j+%)91j+%(ﬂ,/r)
. Pt U g
=G VI i
2

In a similar manner to the above, we introduce

0 .p )
Jj_,’_%(ﬂjr)

. i(i—1
it Ur )
éireg_ J732
Il LIE =1 (j+4)e
—thrH'Ze(j 2) J;:_%(ﬂj")

which remains an eigenstate associated with the same eigenvalue E;(¢). Letting E; (1) — —t,
we obtain

) (73)

AN
7

— ] (74)
P (i) st

R
where we have used (61). The right-hand side is the same as (72), which means that the regular

eigenstate @;eg approaches the same critical eigenstate as that 3°% does. Egs. (72) and (74) are
put together to give the transition in eigenstates, as E;(t) — —t, in the case of j > 0,

, i(i—1
~ 1 r/_%el<j 2)0 - ed
o N s «— P5E, (75)
Tor(ie ) Gl '
R

This means that the transition between regular and edge states occurs indeed in accordance with
the eigenvalue transition mentioned in Section 5.1.

5.4. Eigenstate transition with j < 0

We start with the edge eigenstate (14a) with j < 0 and with E; determined by (36a). By using
the symbols / “;’ e Eq. (14a) is arranged as
2
i(j-4)e t+Ej -i(1ji+3)6 jji+1,p
,/t+Eje( 2) I;_1(ejr) (ﬂyﬂ_%ﬁ 5 ¢ r ”m+7
. i), 2 i omi(1=8)8 1i-1 ,p
—iJt — je j+%(gjr) —le r j_1(€jr)

lil=2
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Deleting the scalar factor from the right-hand side of the above equation, we introduce

PHE) S(UH3)0 i P o)
. 5 Lil+3 7
yv/,' = N , .
, —ie_l<|j|_§)9’"|jl_%]\}')\ 1 (g51)
Ji=7

which remains to be an eigenstate associated with the same eigenvalue. Letting E;(¢) — ¢ results
in

e —ilid)e el
 ead 1 e r
v > —— R . (77)
F(|J| + z) e (=)0 -4
Since the right-hand side of the above equation is the same as (52) within a constant factor, the

. ~ edg . .. .
edge eigenstate ¥ © is shown to approach a critical eigenstate.
We take up (12a) with j < 0 and with E; determined by (37a) or (68). Using the symbols

Jr we rewrite (12a) as

. 19
ljl£3

VE T U g
i E/ — tei(j+%)0]j+%(13jr)
Ej+t ~ilil+})

el BiNliI—3 2

= O (T) T VE (V-3
. —illjl—5 i—1

—ie 2)7 1 2]6"_%(,3]-1’)

O lil+z P
riTz go ir
et Bir)

In a similar manner to the above, we introduce

Ej;rfefi(\m%)
e _
it = - =i(1j1-4)e 1ji-1 P
—ie e 2J\j\ L (Bjr)
-2

"t i)
/i , (78)

which remains to be an eigenstate associated with the same eigenvalue. Letting E£;(t) — 1, we
obtain
—A N )
~re 1 ¢ e_l(l"‘+7)9r|”+%
v £ —— R , (79)
. . a1 .
F(IJI + 5) i1 1=

the same as (77). This means that the regular eigenstate @;eg approaches the critical eigenstate

as that @;dg does. Eqgs. (77) and (79) are put together to show that as E; () — ¢, there occurs
the transition, in the case of j < 0,

—A .
. 1 e—e_l<ljl+%)0r‘j|+% .
v — ———| R e (80)
r(11+3) \ _pmii=)e -3
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This shows that the transition between regular and edge eigenstates indeed occurs in accordance
with the eigenvalue transition proved in Section 5.2.

6. Discrete symmetry

In order to understand the pattern of eigenvalues as functions of ¢, we try to find discrete
symmetries (or pseudo-symmetries) for the operators H; and J. In view of Fig. 2, it seems that
the transformation (E, j) — (—E, —j) would give a key to the understanding of the pattern
in question. We then have to take into account the energy-reflection operation, which is not
considered as a symmetry in a strict sense. However, we adopt such an operation as a symmetry
in an extended sense. The discrete symmetry used (or misused) in this section is to be understood
in the extended sense.

We choose to use the operator iop K with a time-reversal operator in mind, where K denotes
the complex conjugation operator. Operating H; and J with io» K, we obtain

(i02K)Hy(i02K) ™' = H_, (81a)
(iocaK)J(ionK) ™' = —J. (81b)

However, Eq. (81a) is not satisfactory for our present purpose. If Eq. (81a) were applicable to
our present eigenvalue problem, the eigenvalues as functions of # would be reflection-symmetric
with respect to the E-axis. However, this is not the case (see Fig. 2). To resolve this discrepancy,
we have to take the chiral bag boundary condition (34) into account simultaneously. Operating
(34) with io» K, we find that

or(icaKy) = ie P o3(ica K ). (82)

This shows that the boundary condition (34) is not preserved. In fact, the right-hand side
undergoes a change in sign and the parameter X is replaced by —A.
Instead of (io2) K, we take up the operator 03(io2) K . Then, we can verify that

(03(i02)K) H; (03(i02)K) ™' = —H,, (83a)
(03(i02) K) J (03(i02) K) ™! = —1J. (83b)

We now have to examine how the chiral bag boundary condition (34) transforms under the
operator 03(io2)K. A straightforward calculation shows that if i satisfies (34) then ¢ =
o3(iop) K satisfies the chiral bag boundary condition with X replaced by —2;

o, = —ie " Bo3y. (84)

Egs. (83a), (83b), and (84) are put together to imply that if v is an eigenstate associated with the
energy and the angular momentum eigenvalues (E, j) under the chiral bag boundary condition
with a parameter value A then ¥ := 03(io2) K% becomes an eigenstate associated with the en-
ergy and the angular momentum eigenvalues (— E, —j) under the chiral bag boundary condition
with the parameter value —A.

In order to show that this extended symmetry is observed in the pattern of eigenvalues as
functions of the parameter 7, we give in Fig. 3 numerical solutions of the functional equations
(36) and (37). In comparison between the left and the right panels of Fig. 3, we recognize that the
pattern admits the symmetry (E, j, A) — (—E, —j, —A). In fact, if we make the graphs reflected
with respect to the 7-axis (E — —E) in the left panel (A < 0), the resultant graphs coincide with
the graphs with solid and dashed curves exchanged (j — —) in the right panel (A > 0).
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Fig. 3. Eigenvalues of regular (blue) and edge (red) eigenstates with | j| = %, R = 10 and with . = —0.5 (left panel) and
A = 0.5 (right panel). The solid and dashed curves are for j > 0 and for j < 0, respectively. Black lines are auxiliary
lines E = =t separating the regions referred to in Fig. 1. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4. Edge state eigenvalues as functions of ¢ under the APS boundary condition. Upper and lower left graphs are for
j =11/2and j = 5/2, respectively. Upper and lower right graphs are for j = —11/2 and j = —5/2, respectively.

For the sake of comparison, we quote a figure of edge state eigenvalues obtained under the
APS boundary condition [10] (see Fig. 4). Because of the difference in the boundary conditions
chosen, the graphs of eigenvalues as functions of ¢ are necessarily different from that obtained

Please cite this article in press as: T. Iwai, B. Zhilinskii, Band rearrangement through the 2D-Dirac
equation: Comparing the APS and the chiral bag boundary conditions, Indagationes Mathematicae (2015),
http://dx.doi.org/10.1016/j.indag.2015.11.010




T. Iwai, B. Zhilinskii / Indagationes Mathematicae 1 (1111) I11-111 19

under the chiral bag boundary condition. The different feature can be accounted for by means of
the symmetry of the APS boundary condition. For the boundary operator B; given in (24), we
obtain the transformations

(i02K)B:(io2K)™' = B_,, (85)
and
(03(i02)K) B, (03(i02)K) ™' = B,. (86)

From Egs. (81a), (81b), and (85), we see that if reflected with respect to the E-axis (f — —t)
then the graph of the left panel (; > 0) of Fig. 4 coincides with that in the right panel
(j < 0) of Fig. 4. Further, Egs. (83a), (83b), and (86) are put together to imply that if & is
an eigenstate associated with (E, j) then o3(io2) K @ becomes an eigenstate associated with
(—E, —j). Consequently, if the graphs in the left panels of Fig. 4 are reflected with respect to
the t-axis (E — —FE), then the resultant graphs coincide with those in the right panels.

The present symmetry of the pattern of eigenvalues under the APS boundary condition holds
for regular state eigenvalues as well (see Fig. 5 quoted from [10]). We can find further feature
of the pattern of the eigenvalues by using these symmetries. Under the APS boundary condition,
we operate H;, J, and B; with both operators (io2) K and 03(ioy) K successively. Then, we find
that if £ is an eigenvalue with j at ¢ then —F is also an eigenvalue with j at —z. This implies
in particular that the edge eigenvalues as a function of 7 is odd in ¢, so that there exists an edge
state associated with zero eigenvalue. However, no such symmetry is admitted for the chiral bag
boundary condition because of the breaking of the boundary condition under such operations.

7. An extended spectral flow

We have studied the Dirac equation on a two-disk under the chiral bag boundary condition and
obtained eigenvalues as functions of the parameter ¢. Because of the difference between the chiral
bag and the APS boundary conditions, the respective eigenvalues as functions of ¢ have different
appearances: While there exist zero modes (eigenstates associated with the zero eigenvalue) for
the APS boundary condition, there is no such eigenstate for the chiral bag boundary condition.
This difference has been explained by means of the discrete symmetry in the last paragraph of
the preceding section. A qualitative difference in the band modification between the APS and
the chiral bag boundary conditions is described as follows: In the case of the APS boundary
condition, the edge state persists to exist at all values of the control parameter except for t = 0,
but in the case of the chiral bag boundary condition, the transition occurs between regular and
edge states, accompanying the variation in the control parameter.

However, there is a common feature between the patterns of eigenvalues for the chiral bag
and the APS boundary conditions. In the case of the chiral bag boundary condition, there exists
a transient eigenvalue curve which crosses one of the boundary lines £ = =+¢, depending on
whether j > 0 or j < 0, where the crossing point corresponds to a critical eigenvalue given
in (49) or (52), according as j > 0 or j < 0. In comparison with this, in the case of the APS
boundary condition, for each j fixed there exists a transient eigenvalue curve which crosses both
the boundary lines £ = =+r at (E, ) = (0,0) simultaneously. A schematic view of transient
eigenvalue curves in the both cases of the chiral bag and the APS boundary conditions is given in
Fig. 6. For the both boundary conditions, the dimensionality of the eigenspace of critical states is
the same. Furthermore, for the chiral bag boundary condition, the critical state is given, in terms
of holomorphic or antiholomorphic functions, by (49) or (52), according as j > O or j < 0. For
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Fig. 5. Regular state eigenvalues as functions of # under the APS boundary condition. Green lines are eigenvalues with the
APS boundary conditions which require that the boundary value ®; (R, 6) should belong to the eigenspaces associated
with the negative eigenvalues of the boundary operator B;. Blue lines are eigenvalues with the APS boundary conditions
that @; (R, 0) should belong to the eigenspaces associated with the positive eigenvalues of B;. Black lines are edge state
eigenvalues. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 6. A schematic view of transient eigenvalue curves, depicted from Figs. 2 and 4. The left and the right panels are
for the chiral bag and the APS boundary conditions, respectively. In the left panel, the parameter is chosen as A = 0 for
simplicity.

the APS boundary condition, the critical state is called a zero mode in [10], which is realized as
a special one of (49) or (52) with £ = 0.

As is well known, the spectral flow for a one-parameter family of operators is the net number
of eigenvalues passing through zero in the positive direction as the parameter runs. While the
spectral flow is given by —sgn(j) for the APS boundary condition [10], it is not applicable to
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the eigenvalues for the chiral bag boundary condition. This is because the crossing of the line
E = 0 is not associated with any qualitative modification for edge state eigenvalues under the
chiral bag boundary condition. However, if we extend the notion of spectral flow to be the net
number of eigenvalues crossing the boundary lines E = +¢, we can describe a similar feature of
eigenvalues for the chiral bag boundary conditions. If we assign —1 and +1 to the crossing of
the boundary lines E = —¢ and E = t, respectively, the extended spectral flow for the chiral bag
boundary condition is given by —sgn(j). A reason for the present choice of the assignment of 1
is as follows: For ¢ > 0, the edge state eigenvalue E; with j < 0 is larger than E; with j > 0 in
the both cases of the chiral bag and the APS boundary conditions. The numbers +1 are assigned
so that the transient eigenvalue curves associated with the higher and the lower eigenvalues for
t > 0 have +1 and —1, respectively, when crossing the boundary lines E = =£¢ for the chiral
bag boundary condition or the line £ = 0 for the APS boundary condition.

We remark that since the edge state eigenvalues as functions of the parameter under the APS
boundary condition cross the boundary lines £ = 4t simultaneously, the extended spectral flow
is zero, which gives no new information for a description of qualitative modification. For the APS
boundary condition, we have to employ the usual spectral flow, which counts the net number of
the crossing of the line £ = 0, the mean, £ = %(t —t) = 0, of two boundary lines E = =t.

8. Delta-Chern in a semi-quantum model

In order to compare band rearrangements for the full quantum mode with those for the semi-
quantum model, we make a brief review of a semi-quantum model corresponding to the full
quantum Hamiltonian (1), which is given by

. t ki1 —ikp 2
Kt_(k]—i-ikz s >, k e R-. 87)

The eigenvalues of K, are

AE= V2412, K=k ks (88)
For simplicity, we work with the positive eigenvalue A™ only. The normalized eigenvector
associated with A™ has two complementary expressions as

g, (K)) = (89a)

1 (k] — ikz)
/20 F0F = 1) At —t )
+
PR3 P ( M ) , (89b)

J2F0F £ 1) \ki +iky
where the exceptional points at which the eigenvectors are not defined are present at the origin
k = 0; according to whether # > 0 or # < 0, the origin is the exceptional point for |u1‘]"p(k))
or for |u§0Wn (k)). These two expressions of eigenvectors are related on the intersection of their
domains by
ki —ikp

) = o)), & = ———. (90)

This relation determines the complex line bundle associated with A, which we call the eigen-
line bundle and denote by L.
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A

Fig. 7. The circles Cp and C, with respective radii p and r form the boundary of the annulus Wy ,, and C, is the
boundary of the disk D.

Local connection forms Ayp and Agown for L7 are defined to be
Aup = (U, 1|, (0)),  Adown = (o (O 1dluey,, (), 1)
respectively. From (90), they are shown to be related by
Aup — Adown = e de. (92)

The curvature form F is globally defined on R? and evaluated as

i tdki Ndky
F = dAup = dAdown = Em (93)
The Chern number is formally defined and evaluated, by using (93), as
L F ==L ©4)
— = ——sgn(t).
7 J 2%

In what follows, we show that while the formal Chern number (94) is not integer-valued the
difference between the formal Chern number for + > 0 and that for r < 0 takes an integer value,
which makes sense as a topological quantity.

For ¢t > 0, the origin k = 0 is the exceptional point for |uaLp(k)) but not so for |u§own(k)).
With this in mind, we integrate the curvature form, by taking the regions D, and W, , shown in
Fig. 7, to obtain

/ F= / dAdown + lim dAyp
R? D, r—00 Wp.r

- / Adown + 1im ( / Aup + / Aup)
c, r—o0o\J_¢c, c,

= —/ e lde + lim [ A, fort >0, (95)
C r—00 C
P r

where use has been made of the relation (92) and the Stokes theorem. For ¢ < 0, the origin is
the exceptional point of |u('fown(k)) but not so for |uﬂ,’p (k)). A similar calculation to the above
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provides

/ F = / ¢ 'de + lim Adown fort < 0. (96)
R2 Cp r—00 C,

Though Eqgs. (95) and (96) contain locally-defined terms, Ayp and Agown, the difference between
them may have a characteristic of the eigen-line bundle L™ depending on ¢. In fact, one can
verify that

i i 1 1
— F - F = “de, 97
27 o 10~ 25 /Rz <0 = 37 fcp e ae ©7)

where use has been made of the relation (92) and the fact that fCr e lde = fcp e de. Eq. (97)
implies that a jump in the formal Chern number accompanying the variation of the parameter ¢
makes sense as a topological invariant, which is a winding number associated with the mapping
defined through the transition function; ¢ : C, — U(1). We note further that Eq. (97) holds true
for any transition function ¢ as far as ¢ is independent of 7.

So far we have worked with the jump in the formal Chern number. We now make a comment
on the delta-Chern which we have introduced in [9]. We can view the k-plane as the tangent
plane to S? at the north pole. Then the Hamiltonian (87) is regarded as a linear approximation
of some Hamiltonian defined on S2. In this setting, we have defined a delta-Chern to be a jump
which occurs, accompanying the variation of the parameter, in the Chern number of the eigen-
line bundle over the unit sphere. According to our definition, the (local) delta-Chern is defined
by using the exceptional point of a locally-defined eigenvector and an assigned winding number.
In our present case, it is —1 [9,10], the same as the value by (97). Thus, we are allowed to refer
to the quantity defined by the left-hand side of (97) as a delta-Chern.

The delta-Chern for the eigen-line bundle L™ associated with the negative eigenvalue A~ is
defined as well, for which the right-hand side of (97) has the opposite sign.

9. Concluding remarks

We have introduced the extended spectral flow and the delta-Chern in Sections 7 and 8,
respectively. These two notions characterize the band rearrangements in the full quantum and
the semi-quantum models, respectively. In the semi-quantum model, a change in the energy band
occurs when the parameter goes through r = 0, but in the full quantum model with the chiral bag
boundary condition a change occurs at a certain positive value of #, which we refer to as a gap, and
view as a kind of quantum effect. For the full quantum model with the APS boundary condition,
the gap is zero. Without care for the gap, we may view that the extended or usual spectral flow is
in correspondence with the delta-Chern independently of the choice of the boundary conditions,
the APS or the chiral bag boundary condition.

So far we have investigated band rearrangements against the control parameter . We may take
another view of band rearrangements of the full quantum model with the total angular momentum
Jj viewed as a discrete parameter. This viewpoint is frequently adopted in the study of molecular
spectra.

A schematic view of j-multiplets is given in Fig. 8 at a fixed value of the control parameter.
We note that regular state energy levels form two bands represented in black, each of which has
the energy levels described by two quantum numbers, j and another, as is observed from Fig. 3.
The system of edge states depicted in red in Fig. 8 is assigned by one quantum number j. This
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Fig. 8. The left panel shows a system of j-multiplets represented in different columns at a positive value of the control
parameter ¢ allowing edge states for several j values. Edge states are shown in red. The right panel describes the same
system of energy levels but all multiplets with different j are collected in the same column. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. A schematic evolution of the whole set of levels (all j are treated together) against the control parameter ¢.

global band structure can be qualitatively characterized as two (two-dimensional or two-quantum
number) bands connected by a (one-dimensional or one-quantum number) isthmus.

In Fig. 9, for a generic value of ¢ control parameter, two bands formed by regular state energy
levels are shown by respective dense energy level systems with their internal structure described
by two quantum numbers (two degrees of freedom). Edge states forming a system of energy
levels characterized by one quantum number (one degree of freedom) are shown in red. The
scenario corresponding to disappearance/appearance of edge states due to contact between bands
is represented along with variation of a control parameter ¢.

For numerical confirmation of the schematic view of band structures shown in Figs. 8 and 9,
we give the numerical evaluation of the pair (j, E) for edge and regular eigenstates in Fig. 10. In
particular, the red dots in the right panel of Fig. 10 are exactly given by Egs. (49) and (52) with
the parameter values indicated in Fig. 10.
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Fig. 10. Eigenvalues of regular (black) and edge (red) eigenstates against j with R = 1.0, » = 0.0 for r = —5.0 (left
panel) and for # = 5.0 (right panel). The dashed horizontal lines in the left and the right panels correspond to the lines
E = &+t witht = —5.0 and ¢ = 5.0, respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

In conclusion, we add brief remarks on interest in related fields. The Dirac equation on a
plane has been treated in topological insulators. The MIT bag (a kind of the chiral bag) boundary
condition was used for the massless Dirac equation on a plane [3] in the study of graphene
devices. The chiral bag boundary condition is also applied to the Dirac equation for massless
spinors on the ball [4]. The half-integer value of the formal Chern number (94) was discussed
in relation to the Hall conductivity [13], in which a physical interpretation of the half-integer is
given.
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