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Abstract

Energy bands formed by rotation-vibrational states of molecules in the pres-
ence of symmetry and their qualitative modifications under variation of some
control parameters are studied within the semi-quantum model. Rotational
variables are treated as classical whereas a finite set of vibrational states
is considered as quantum. In the two-state approximation the system is de-
scribed in terms of a fiber bundle with the base space being a two-dimensional
sphere, the classical phase space for rotational variables. Generically this
rank two complex vector bundle can be decomposed into two complex line
bundles characterized by topological invariant, first Chern class. General
method of explicit calculation of Chern classes and of their possible modi-
fications under variation of control parameters in the presence of symmetry
is suggested. The construction of iso-Chern diagrams which split the space
of control parameters into connected domains with fixed Chern numbers is
suggested. Detailed analysis of rovibrational model Hamiltonian for Dj in-
variant molecule possessing two vibrational states transforming according to
two-dimensional irreducible representation is done to illustrate non-trivial
restrictions imposed by symmetry on possible values of Chern classes.

Keywords: energy bands, fiber bundle, Chern class, molecules

1. INTRODUCTION

Qualitative understanding of many physical phenomena is based on the
construction of a model associated with topological and symmetry notions
[45, 44, 27]. The interrelation between physical and mathematical ideas here
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is so important that many new mathematical ideas are tightly related to
preliminary physical constructions [9]. The most intensive such collaboration
between mathematicians and physicists is in the field of high-energy and
solid state physics. Description of finite particle quantum systems (atoms
and molecules) is often considered as being more related to the domain of
direct extensive numerical calculation based on the study of multi-particle
Schrodinger equation. Nevertheless, it turns out that many sophisticated
mathematical constructions are extremely adequate for the description of
qualitative features of simple isolated quantum systems. [22, 33, 16, 11].
In some way the finite particle systems have even certain advantage from
the point of view of the verification of adequacy of mathematical models
due to a large amount of very detailed information about energy spectra
of finite quantum systems and their variation as a function of some control
parameters, whereas many mathematical applications to high-energy physics,
gravitation, cosmology and so on either could not be verified experimentally
at present, or can be compared with a very restrictive set of experimental
data.

In this paper we discuss qualitative aspects related to such well known
molecular notion as energy bands and their rearrangement from the point of
view of vector bundles, their characteristic classes (Chern classes), associated
topological quantum numbers and especially from the point of view of sym-
metry and its consequences on the possible values of topological quantum
numbers and their modifications.

The relevance of Chern numbers to the notion of reorganization of energy
bands in molecules was initially suggested in [35], where the reorganization
of energy bands was related to the modifications of the Chern number as-
sociated with corresponding singularity. This initial paper was inspired by
the manifestation of the “diabolic type” singularities in the adiabatic study
of the evolution of quantum systems and appearance of geometrical Berry
phase [17]. Further studies of essentially the same model [13, 14, 15] allowed
to formulate more concrete relation between Chern numbers and the num-
bers of states in the bands. Moreover, the extension of the model to purely
classical treatment reveals an interesting relation [40, 18] between redistri-
bution of bands (accompanied by Chern number variation) and Hamiltonian
monodromy phenomenon [30, 10, 8]. This correspondence in its turn stim-
ulated further generalizations of the Hamiltonian monodromy to fractional
monodromy phenomenon [32, 31, 20] which is ultimately related to specific
symmetry of the problem.



From the physical point of view the most spectacular appearance of the
Chern numbers is related to the description of the quantum Hall effect [3].
Here the topological origin of Chern numbers is responsible for an appearance
of plateau of conductivity and for its persistence even in presence of pertur-
bations naturally existing for real materials. It was noted that appearance
of nontrivial Chern numbers for quantum Hall effect is related to breaking of
time reversal invariance. For time reversal invariant systems new interesting
topological phenomena are the Quantum Spin Hall Effect and Topological
insulators [25, 29]. Further attempt to classify topological phases is based
on the construction of “periodic table” taking into account the topology and
symmetry of the emergent phases [26]. One of the simplest cases is the Z
topological invariant appearing for specific phases of topological insulators.

From the mathematical point of view the problem of description of quan-
tum Hall effect by Chern numbers is the description of stratification of the set
of eigenvalues and eigenfunctions of a family of Hermitian matrices [2, 1, 33].
Alternatively it is possible to study the singularities appearing in families of
dynamical systems depending on some control parameters. In any approach
the presence or absence of symmetry strongly modify the results because the
notion of generic system itself depends on symmetry restrictions imposed on
the problem. Instead of trying to develop general equivariant formalism we
study in this article several concrete examples possessing different symmetry.

We work below within the model inspired largely by the molecular physics
which assumes generically the existence of certain limiting cases consisting
in splitting of dynamical variables (or equivalently classical motions) in sev-
eral types (electronic, vibrational and rotational) which can be relatively
well characterized by different scale of corresponding energy excitations, or
characteristic times. In majority of systems due to rovibronic (rotational-
vibrational-electronic) coupling the reorganization of energy levels and cor-
responding eigenfunctions takes place which does not allow a simple splitting
of quantum energy levels and even the associated classical motions into ro-
tational, vibrational and electronic ones [19, 23, 21].

At the same time very often the coupling of different degrees of freedom
results after a short transition region in appearance of a new set of approx-
imate integrals of motion, which allows to see again an almost regular type
of motion in classical mechanics with another set of approximate integrals
of motion. In quantum mechanics this corresponds to formation of another
system of energy levels classified by a new set of approximate but good quan-
tum numbers. Restructuring the set of energy levels under the variation of



some control parameters is precisely the qualitative phenomenon which we
addressed in this paper from both topological and symmetry point of view.

We start in section 2 by introducing the notion of bands and their rear-
rangements. The adiabatic separation of variables into slow and fast ones and
the assignment of respective variables for classical and quantum descriptions
of motions suggests us to introduce a semi-quantum model whose Hamilto-
nian is a matrix-valued function defined on the manifold associated with the
classical variables. The rearrangement of bands may be linked with topolog-
ical change in bundle structure associated with the Hamiltonian depending
on control parameters.

By using very simple model of two angular momentum coupling in the
presence of continuous SO(2) symmetry, several concrete examples of exactly
solvable quantum problems showing redistribution phenomenon are treated
in section 3. For generality, the SO(2) action on two angular momenta is
weighted.

Systematic construction of semi-quantum model within coherent state
approach is discussed in section 4.

The formalism of fibre bundles and the basic approach of Chern number
calculation used further in this article is described in section 5. A key to
constructing a complex line bundle associated with a non-degenerate eigen-
value, called an eigen-line bundle in this article, is the exceptional point which
is a singularity for normalization of the eigenvector concerned. Evaluation
of the Chern numbers results in the calculation of a quantity assigned to
the exceptional points. Two methods are presented for the evaluation of
Chern numbers, one of which is a winding number method, and the other a
linearization approach to winding numbers.

The notion of iso-Cherm diagram is introduced and discussed in section 6.
It will be shown that elementary transformation of the Hamiltonian results
either in the invariance of the Chern number or in a change in the sign of it.
This observation works well in making out the iso-Chern diagram.

Some generalities about construction of effective rotation-vibration Hamil-
tonians in terms of irreducible tensors in the presence of symmetry are sum-
marized in section 7, and applied to the construction of SO(2) and Dj in-
variant Hamiltonian models.

In section 8, the evaluation of Chern numbers for the SO(2) model is made
through the direct calculation of winding numbers for exceptional points.

Finally in section 9 we discuss in details the application of the developped
approach to the analysis of D3 invariant rotation-vibration Hamiltonian for
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two vibrational states belonging to irreducible two dimensional representa-
tion of D3 group. The Hamiltonian which is also invariant with respect to
time reversal is written in the form of polynomial expansion in rotational
tensors and depends on four control parameters. Complete iso-Chern dia-
gram is constructed for this example. Detailed calculation of Chern numbers
are given in the appendix. The linearization approach is used to calculate
the winding numbers.
Section 10 discusses shortly possible generalizations of our approach.

2. Notion of bands and their rearrangement

Let us start by introducing the energy bands on very simple example
of coupling of two angular momenta. Let N and S denote two operators
acting each on irreducible finite dimensional vector space Vy and Vg whose
dimensions are dimVy = 2N + 1 and dim Vg = 25 + 1, where N, S are
nonnegative integers or half integers. The total space of the problem is the
tensor product Vy ® Vs, which generally could be reducible. The operators
acting on that space can be constructed in terms of S, ® 1 and 1 ® N,
operators.

Instead of looking at the total space we can try to introduce an additional
classifying operator which split the total space into irreducible subspaces. If
the classifying operator commutes with the Hamiltonian of the dynamical
system under study, it plays the role of an integral of motion and enables us
to split rigorously the total space into subspaces, corresponding to different
eigenvalues of the classifying operator.

What kind of classifying operator is interesting depends on the form of
the Hamiltonian defined on this total space by the concrete dynamical sys-
tem. The operator S, or S, ® 1 can be chosen as a classifying operator, for
example. It naturally splits the total space into subspaces with fixed value
of S, operator. Each such subspace has the dimension 2N + 1 coinciding
with the dimension of the space V. In a similar way it is possible to use the
operator J, = S, ®1+1® N, as a classifying operator. Subspaces associated
with different values of J, have different numbers of states. Another natural
classification operator is N ® S. This operator splits the total space into
irreducible subspaces, given by standard Clebsch-Gordan decomposition of
the product of two irreps of SU(2) group. Note that in the case of N > S
the number of irreducible subspaces for S, and IN ® S operators are ex-
actly the same, but the dimensions of subspaces are quite different for two



decompositions.

If the Hamiltonian defining dynamical system on the total space com-
mutes with a classifying operator, the whole number of eigenstates of the
Hamiltonian can be split into irreducible subspaces which are the invariant
subspaces of the classifying operator. From the physical point of view such
splitting is often named a band structure. The origin of such terminology
becomes especially clear in a limiting situation when all the eigenvalues of
the Hamiltonian corresponding to the same eigenvalue of the classifying op-
erator are very close in value (their energy) being at the same time quite
distant from energy eigenvalues corresponding to another eigenvalue of the
classifying operator. Energy eigenstates corresponding to each irreducible
subspace of classifying operator form an “energy band”.

From the physical point of view there is a quite important and interesting
question: Is it possible to generalize the notion of bands to slightly perturbed
(deformed) systems, when the classifying operator does not commute exactly
with the Hamiltonian. And even more interesting: Is it possible to describe
and to characterize the reorganization of bands which can be easily imag-
ined by constructing a parameter dependent family of Hamiltonians having
at different limits the Hamiltonians commuting with different classifying op-
erators, giving the decomposition into different systems of bands.

One of the possibility to realize such a construction is based on the adia-
batic separation of variables responsible for an intra-band structure (so called
slow motion) and inter-band structure (fast motion). After using classical
variables for slow motion and quantum description for fast motion, we obtain
so called a semi-quantum model [38, 40, 14, 47|, where the classical phase
space for slow variables can be considered as a base space for a vector bundle,
whose fibers are quantum eigenfunctions associated to each point of the clas-
sical phase space. The Hamiltonian in this model is a matrix valued function
defined over the classical limit manifold, the classical phase space for “slow”
classical variables. The rank of the vector bundle is the number of quantum
states taken into account in the model.

The situation becomes simple in the case of a fiber bundles over a base
space being classical phase space for a one-degree-of-freedom system. If the
energy surface associated with each quantum eigenfunction and considered as
a function over the classical phase space is isolated as a whole, i.e., possesses
no degeneracy points with another energy surface, the fiber bundle can be
decomposed into line bundles. The topology of each bundle with complex



line fibers can be topologically characterized by the corresponding first Chern
class. Now, if we deform the problem in such a way that the classifying opera-
tor does not commute with the Hamiltonian, the topology of each line bundle
cannot change as long as energy surfaces remain isolated. The only possibil-
ity for qualitative modifications of bands can appear along with formation of
degeneracy points between different energy surfaces. Such degeneracy points
do not appear for a generic bundle over base space of real dimension 2, be-
cause the real codimension of degeneracy is three [2]. At the same time the
one-parameter family of Hamiltonians have generically isolated degeneracies
which can result in qualitative modifications of bands. Type of degeneracy
and corresponding modifications of bands depends strongly on symmetry of
the problem or more exactly on the action of the symmetry group of the
problem on classical phase space variables and on quantum states taken into
account. In spite of a large variety of different symmetry groups and their
different possible actions on classical and quantum variables we try in this
paper to describe some generic type of behavior for a semi-quantum model
and to compare it with completely quantum description of possible splitting
of the whole system of energy levels into bands and possible rearrangements
of bands.

3. Preliminary analysis of model examples

The simplest family of Hamiltonians describing coupling of two angular
momenta is given by the operator

Hia(t) =1-)1®S.+tN®S, 0<t<l, (1)

which admits the existence of additional integral of motion due to presence of
axial symmetry whose action on N, and S, variables is diagonal. This family
of operators is studied from different points of view in [35, 40, 18, 13, 14].
In spite of the fact that J, = 1 ® S, + N, ® 1 operator is the integral of
motion for any values of parameter ¢ two other classifying operators are more
appropriate to describe the system of bands. At t close to zero the operator
1 ® S, is used whereas for t close to 1 the operator N ® S is a natural
candidate. The rearrangement between these two band systems takes place
at t ~ 1/2 [40, 13].

3.1. A 1:2 resonance model
Another family of operators constructed with angular momenta is de-
signed to model on the compact phase space the 1: 2 and 1 : (—2) resonance
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situations widely studied for linear oscillators [7, 31]. We take the Hamilto-
nian of the form

Hiot)=(1-8)1®S. 4+t (N.®S.+N*®S,+N;®S_), 0<t<1, (2

essentially corresponding to that studied in [20]. This family again has an
integral of motion related to the U(1) or SO(2) action on S, and N, vari-
ables but now this action is weighted (has different weights). We study the
implications of symmetry group actions on the redistribution phenomenon
with the simple example of model (2).

In analogy to the analysis of model (1) [35, 40, 13] showing the redistribu-
tion of only one energy level between two bands under variation of the control
parameter t, we study the model Hamiltonian (2) within purely quantum ap-
proach by imposing S = 1/2 and N = 1. The total space is spanned by six
states which we choose to be eigenstates of 1® .S, and N, ® 1 operators. One
can check that the operator

J.=21®85,)+ N, ®1 (3)

commute with the Hamiltonian (2) and we can immediately block diagonalize
the Hamiltonian by going to eigenspaces of .J,. Fortunately, for S = 1/2 and
N = 1 there are five different subspaces corresponding to different eigenvalues
of J,=2,1,0,—1,—2. Only J, = 0 subspace has dimension two. All others
are one-dimensional. We denote the basis states by

. =2;N. =1,5. = +), (4a)
|J.=1,N,=0,5. = +), (4b)
[ =0 N, =—=1,5. =+4),[ L. =0; N, = 1,5, = —), (4¢)
[J.=—1;N.=0,8. = -), (4d)

J.=—2;N, = —1,5, = ). (de)

The eigenvalues exhibit the following behavior as a function of ¢: Four of
six eigenvalues are obtained directly as

E(J, =2) :% + %; (ba)
E(J.=1) :%; (5b)
B = -1) =" (5¢)
E(J. = —2) :% + % (5d)
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Figure 1: Redistribution of energy levels for model 2 in the case of N = 1.

The other two eigenvalues corresponding to the subspace with J, = 0 should
be obtained by diagonalizing the 2 x 2 matrix with matrix elements (1/2|S|—
1/2) =1 and (1|NZ| — 1) = 2. The matrix has the form

Lttt 9 >
2 2

—1 ) <6>
( 20 5 -3

and its eigenvalues are

—t V172 =2t + 1
Z?LQ — 2 . (7)

At t =1 we have Ey»(t = 1) = {3/2,-5/2}.

Figure 1 shows schematically the variation of eigenvalues with ¢. Near
the t = 0 and ¢ = 1 limits the energy levels forming bands are marked by
hatching. Eventually it is not obvious that near ¢ = 1 limit the energy levels
should be grouped in the manner shown in that picture. One needs to apply
more serious arguments than simply existence of the energy gap in order to
justify the existence of two isolated bands near ¢ = 1 limit.

3.2. A1l: K resonance model

For a generalization of the 1 : 2 resonance model, we consider the Hamil-
tonian Hi.x(t) in the form of 1 : K resonance and the symmetry operator
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J,, which are given, respectively, by
Hrt)=1-1)1®5,)+t(N,®S5, + N @S5, + NF®5_), (8)

and

where S and N are not restricted to 1/2 and 1, respectively. Since N, are
nilpotent, that is,

NE =0 for K >dimVy=2N +1, (10)

the range of K is restricted to 1 < K < 2N. In a similar manner to that in
Sec. 3.1, we can find invariant subspaces for the Hamiltonian H.x,

Wi = span{|m) @ |r); m+ Kr = £, [m| < N, |r| < S}, (11)

where |m) := |[Nm) and |r) := |Sr) are the basis vectors of Vy and Vg,

respectively. Note that J, has a single eigenvalue m + Kr = ¢ on WJ(VK)S In

each subspace W](Vé )S, the Hamiltonian H;.x is expressed as a matrix of smaller

size. In particular, for / = —N — K S, one obtains dim W](V:év_KS) =1 and
Hixlt)]-N)@|-8S)=(-S+SA+N)t)| - N)®|—5). (12)

We note here that for (N, S) = (1,3) and K = 2 the eigenvalue shown in the
equation (12) reduces to (5d). The above equation implies that for t = 0,
| = N)® | — S) is an eigenvector associated with the lowest eigenvalue —5
of H.x(0) = 1 ® S,, but for t = 1, the same vector | — N) ® | — S) is
an eigenvector with the eigenvalue SN which is not the lowest one. This
implies that the reordering! of energy eigenvalues must occur as ¢ ranges
from zero to one. In addition, the same argument as in (12) can be carried
on to see that |[S) ® |N) is an eigenvector associated with the eigenvalue S
of Hi.x(0) =1 ® S,, and also an eigenvector associated with the eigenvalue
NS of Hy.x(1). It then turns out that the level NS is degenerate, i.e., the
eigenspace associated with N.S is of dimension two at least.

'We use here the word “reodering” because we speak about process which can equally
occur within one band as well as between several bands. We reserve the notion “redistri-
bution” for process consisting in passing of energy levels from one band to another.
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Ifs=1

29
manner. We note that dim I/V](\f)l =1for { = =N 4+ k — 3K and for { =
2

N—r+3K with 0 < s < K—1. Asis easily verified, the states |-N-+£)®|—3)

2
CNtr_l gl
and [N — k) ®|3) belonging to WJ(V iV+ %) and to VV](VNl 2 5)
’2 I

2
with 0 < k < K — 1 are eigenvectors associated with the same eigenvalue

2(N — k) of the Hamiltonian Hy.x (1), but they are associated with different
1

eigenvalues —3 and 3 of Hy.x(0) =1 ® S., respectively. Further, for ¢ with

—N + %K < ¢ < N - %K, one has dimW;f)l = 2, and the eigenvalues
2

we can say more about reordering of eigenvalues in a simple

, respectively,

obtained from the eigenvalue equation for Hy.x (1) restricted to I/V](\f)l with
2

—N + 3K < ( < N — ;K will be non-degenerate in general. Thus, the K
vectors | — N + k) ® | — 3) out of |m) ® | — ) and those [N — k) ®|3) out of
Im) ® |3) with 0 <k < K — 1 and |m| < N are distinguishable from others
in the sense that they are responsible for the reordering of eigenvalues. Thus
the number K is viewed as characteristic of the reordering of eigenvalues.
The number K will be further interpreted as a characteristic of the possible
modifications of the Chern number when the model is modified into a semi-
quantum system (see Sec. 8).

If N =1and K = 2 in addition, the pair of states | — 1) ® | — 1) and
1) @ |2) and the pair of states [0) ® | — 1) and [0) @ |3) are eigenvectors
associated with the eigenvalues % and 0, respectively. In fact, Fig. 1 shows
that both the eigenvalues % and 0 are doubly degenerate at ¢t = 1.

In conclusion of this subsection, we note that the operator J, given in (9)

generates the weighted diagonal U(1) action on Viy ® Vi,
e—ith ® e—itKSz. (13)
The operators N4, N, and Sy, .S, transform according to

e—ith N:teith — eiFitN:t’ e—ith Nzeith — ]\/'Z7 (14&)

e—itKSz SieitKSz — €:FitKS:|:, e_itKSz SzeitKSZ — Sz, (14b)

respectively, which are easily verified by showing that both sides of each
equation satisfy the same differential equation with the same initial value

as matrix-valued functions in ¢. From these formula, the Hamiltonian (8) is
shown to be invariant under the weighted U(1) action (13).
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4. Classical limit and semi-quantum Hamiltonians

4.1.  Awveraging with the coherent states

We now treat IN as classical variables and S as quantum variables. To
make IN into classical variables, we take the averages of them with the co-
herent states which are defined to be the orbit, |J) := D¥(g)|N), of the
maximum weight vector |N) in Vi, where DV (g) is the representation ma-
trix for ¢ € SU(2), and g is expressed as the representation matrix with

1
N=2 o
g = e NNy o miNs 2 g1y (2). (15)

Since the adjoint action of SU(2) on the Lie algebra su(2) induces the

SO(3) action

3 3
DN(g)NkDV(9)' =D @y, Y apkaye = ke, (16)
p=1

p=1

we verify that

(J[NE|J) = (N|DM(9)'NyDM (9)|N) = )~ a1 (N|N,|N) = Nagg =: .,
p
(17)
where we have used the fact that all the diagonal matrix elements (m|N,|m)
vanish for p = 1,2. From (16) as the definition of (a,x) and (17), we see that
x = (xy) is restricted to the two-sphere of radius N,

N sin 6 cos ¢ 3
x= | Nsinfsing | € S>(N) ={z € R* ) 1} =N’}. (18)
N cos @ k=1

As is expected, we have thus verified that the classical variables associated
with IN are the @ given in (17). In particular, we have

BIND) =z iy, NI = 2, (19)

where (.T, Y, Z) = (xla T2, $3)-
The transformation (16) of N is averaged to yield

(JIDY(9) Nk D (9)1|3) = D~ am(IIN|T) = > apiy, (20)

p,k
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which implies that the classical variables are subject to the transformation
x— Az, A= (ay) € SO(3). (21)

In particular, Egs. (14a) and (19) are put together to give rise to the SO(2)
action on the sphere S%(N),

x — Allxz, A, =€ (22)

where €3 denotes the antisymmetric 3 x 3 matrix associated with the vector
es, the unit vector along the z axis in the positive direction.

To make the Hamiltonian (8) into a semi-quantum operator, we have to
average NX with the coherent states |J). A question here arises as to whether
(JINK|J) are equal to (x % iy)X, respectively, or not. As was mentioned in
(10), the operators N. are nilpotent, so that the averages of NX must vanish
identically for K > 2N + 1, but (z £ iy)" never vanish identically. This
suggests that (JINK|J) # (x —iy)N even for 0 < K < 2N + 1. Another
question is as follows: To what extent, are (J|NX|J) and (z +iy)® different
to each other ? Calculating (N|DY(g)N_DN(g)' DN (g)N_DN(g)'|N) by the
use of the formula (16), we can show that

2

(VDY N DY (@) IN) = NN = )T el =N (23)

To get the average of NX, we note that (N|DY(g)NX DN (g)T|N) should
vanish for N subject to 2N + 1 < K. On account of this, the average we
want should take the form

K—-1
2

(NIDY(g)NEDY(9)'IN) = e N(N = 5) - (N - ) (@ —iy)™. (24)

As is expected, this equation shows that (N|DY(g)NX DY (g)"|N) becomes
equal to (z — iy)X in the fully classical limit as N — co.
Now the Hamiltonian (2) is averaged into

Hys(t)=(1—-1)S, +1 (ZSZ +(1— L)((a: —iy)2Sy + (z + z’y)2S_))) .

2N
(25)
This Hamiltonian is expected to be SO(2) invariant.
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4.2. Semi-quantum Hamiltonians with weighted SO(2) symmetry

In what follows, we assume that N is sufficiently large, so that we may
think of functions f(x) on S*(N) in semi-quantum systems. With this in
mind, we now study from the viewpoint of SO(2) symmetry the Hamiltonian

of the form ,

H(z) =Y fi(x)Sk, (26)
k=1
where f; are real-valued functions on the sphere S?*(N). Our question is
as to when this Hamiltonian is invariant with respect to the SO(2) action
associated with the 1 : K diagonal action (13). From (14b) and (22), it
follows that the above Hamiltonian transforms according to

3 3
ka(a:)sk — Z Ji(A7 ) bieSe, (27)
k=1 k=1
where R
(o) = e7HRe = A7K (28)

Then, the Hamiltonian (26) is invariant under the K-weighted SO(2) action,
if and only if

(A @) =D b fo(). (29)
(=1

We here introduce the vector notation for the functions f; by F(x) =
>, fr(z)ex, where e, are the standard basis vectors in R®. Then, the above
equation is put in the form

F(A'x) = AT F(x). (30)

We call F satisfying the above equation to be K-weighted SO(2) equivariant.
To find such a function, let us introduce

w=z+iy, w=x—1iy, h(x)= fi(x)+ifs(x). (31)
Then, the above K-weighted SO(2) equivariance is put in the form

h(e tw, e, 2) = e Kih(w,w,2),  fole w, W, 2) = fy(w,m,2). (32)
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Note that we have a similar condition for h(z) = fi(x) —if2(x). Differenti-
ating h, h, and f3 with respect to ¢, we find that

w@:Kh, zoh Kh, Oh _ .  9fs _ 0k

o Wy = = 0. (33)

ow ' ow  ow
This implies that A is a homogeneous function of degree K in w and inde-
pendent of w, and that f3 is independent of both w and w. Examples of h
and f3 are given by

h(x) = h(z)(z + )", h(x) =h(z)(@—)", fs(@)=f(z),  (34)

where h(z) and f(z) are both real functions depending on z only. Then, the
Hamiltonian which is invariant under the K-weighted SO(2) action takes the
form

Hig(@) = Sh(2)(z — ) S, + Jh(z)(x +in)"S_+ f(2)S..  (35)

It is to be noted again that N should be sufficiently large, namely N >

(K —1)/2. For s = 1,1, we have the Hamiltonians of the form

i@ = (yta s 50" ), (96
e L (he) @ — in)<) 0

Hyc(w) = | & (h(=) (@ +ip)*) 0 L (h) @ —i)*) |
0 5 (he)a + ") ~1(2)

(36b)

respectively.
The Hamiltonian (25) is now extended in an SO(2) invariant manner to

Hix(t)=(1-1)S,+tHg(x), 0<t<1. (37)

If f(z) = 2z 3h(z) = 1 — 55, and K = 2, Eq. (37) becomes (25). The
redistribution of energy levels for the Hamiltonian (8) will give rise to a
corresponding phenomenon on the semi-quantum Hamiltonian (37). Since
(37) is defined on the sphere S?(V), at each point of S?(N) there is attached
the eigenspace associated with an eigenvalue of (37), which would form a

15



complex line bundles if all eigenvalues are different from one another on the
whole sphere S%(N). Then, we would obtain the direct sum of line bundles
associated with respective eigenvalues. However, this is not the case for all
0 <t < 1. In fact, if we take up a point —Nejs, the south pole of S?(N), the
Hamiltonian at —Nejs is expressed as

Hug(t)lo——nes = (1 =) +tf(N))S.. (38)

If t =1/(1 — f(—N)) is in the interval 0 < ¢ < 1, which is the case for
f(2) = z, then all the eigenvalues of the Hamiltonian vanish at the north
pole for t = 1/(1 — f(—N)). This means that we have no way to single out
a one-dimensional subspace at z = —Nejg for t = 1/(1 — f(—=N)). Thus we
fail to construct a line bundle over S?(N) for t = 1/(1 — f(—N)). However,
for t # 1/(1 — f(—=N)), all the eigenvalues are different to one another for
H 1.5 (t)|o=—nes, and we expect that line bundles can be formed over S?(N)
for t # 1/(1 — f(—N)). However, the degeneracy at t = 1/(1 — f(—N))
implies that the bundle structure over S?(N) may changes when the control
parameter ¢ passes the value t = 1/(1 — f(—N)). In fact, while the bun-
dle structure associated with H1.x(0) = S, is trivial, that associated with
H.x(1) = Hg(z) is not so. The change in the bundle structure is viewed as
the correspondent to the redistribution of energy levels. The Chern numbers
of the bundles associated with Hg (x) will be evaluated in section 8.

5. Chern class analysis of a two-state model

We leave for a moment the symmetry aspects of Hamiltonians and anal-
yse Chern classes for bundles formed by eigenvectors of an arbitrary 2 x 2
Hermitian matrix defined as a Hamiltonian on the two-sphere. Let the 2 x 2

Hermitian matrix
a1 a19 + 1b1o (39)
a2 — 112 a2

has its elements a;;(x,y, 2) and bi2(z,y, z) defined on the two-dimensional
sphere, parameterized by x, v, z, subject to the condition 22 + y? + 2% = p?
with p > 0. Such a matrix has no degeneracy points of its two eigenvalues in
general. Hermitian matrices with degeneracy of eigenvalues have codimension
3 in the space of Hermitian matrices and consequently are not generically
present in the chosen family depending on two parameters. The eigenspaces
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of the matrix (39) form a bundle of rank two over the base space which is two-
dimensional sphere. In the absence of degeneracy points of eigenvalues this
vector bundle decomposes into the direct sum of two complex line bundles
whose fibers are eigenspaces associated with respective eigenvalues. Each
such complex line bundle, which we call an eigen-line bundle, is characterized
by a Chern number. For topological reason, small continuous deformation
of a Hamiltonian can not alter the Chern number which is a topological
invariant for a complex line bundle. This is a key idea to iso-Chern diagrams
to be treated in Sec. 6. We can calculate explicitly the Chern number by
analyzing eigenvectors of (39).

5.1. Setting up a complex line bundle

As soon as we suppose that two eigenvalues \i, \s are nowhere degenerate
we can admit that \; > Ay everywhere. Let us consider the eigenvector
associated to the eigenvalue \;. We denote this eigenvector by

(&) w

where C; and Cy are complex numbers satisfying normalization condition
|C1 > + |C,]? = 1. Two possible alternative equations for Cy, Cy follow from
the eigenvalue equation for the matrix (39). We have from the first and the
second row of the eigenvalue equation the relations

(a1 — \1)CP + (agg + ib1o)C5Y = 0, (41)
and
(CL12 - iblg)cgown + (CLQQ - Al)cslown = 0, (42)

respectively. Naturally, both relations give the same eigenvector up to phase
factor but the definition domain for these two representations of the same
eigenvector could be different. Each of them can be defined only in its proper
domain in the base space S?. This is why we have denoted them differently
by C and Cdovm,

The solution to (41) yields the normalized eigenvector of the form

( Cilp ) — 1 ( a12 +7:b12 ) (43)
Cy° VM —an)?+ a2, + 03, \ A an
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This vector is well defined everywhere on the sphere except at points where
the norm of the vector goes through zero. The exceptional points occur if
three conditions are satisfied:

12 = O, b12 = O, a;l = )\1. (44)

The first two conditions a5 = bjs = 0 generically lead to a number of isolated
solutions described as isolated points on the sphere. By substituting a;5 = 0
and b12 = 0 into ayp = )\1 we get

1
ap = 5 (@11 + a2 + |a1; — agl). (45)

One should be reminded that A, is chosen as the highest eigenvalue,

1
)\1,2 = 5 <CL11 + Q92 + \/(CLH — CL22)2 -+ 4&%2 —+ 4b%2), (46)
so that the sign plus before the square root should be chosen for the \;
eigenvalue.
We rewrite Eq. (45) as

a11(0,¢) — ax(0,¢) = la11(0, ¢) — asn(f, 9)| (47)

to specify two parameters 6, ¢ assigning the points on the base space.

It is clear that the equation (47) is automatically satisfied in the region
where a;; — ass > 0 and it is not satisfied in the region where a;; — ags < 0.
However, if a;; — ase = 0 in addition to a;s = b1y = 0, the eigenvalues are
degenerate. Put another way, exceptional points determined by a1 = b1o =0
become degeneracy points. We exclude such a case in order to define the
eigen-line bundle associated with the eigenvalue A\ larger than As.

Now we define the domain Uy, to be the subset of the sphere where the
eigenvector (43) is well defined. This domain includes the whole sphere with
exception of a number of isolated points which can be found as a solution of
the following system of equations and an inequality:

a2 = O, (48&)
bz = 0; (48Db)
ai; — Qoo > 0. (48C>
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Now we can analyse the second equation (42) for the same eigenvector
associated with the highest eigenvalue. The solution to (42) provides the
normalized eigenvector of the form

< Cfovn ) _ 1 ( A1 — ag ) (49)
cgonn VM = ag)? + a2y + 03, \ @12 = ibiy

Like (44), the exceptional points occur if three conditions are satisfied:

19 = O, blg = 0, Q99 — )\1. (50)

The first two conditions a;s = b = 0 are exactly the same as in (44).
They give on the sphere the same system of isolated points as those for “up”
expression. But the third condition now rewrites as

1
Qoo = 5 (@11 + age + |a1r — agsl) (51)
or equivalently as
Q22 — Q11 = |G11 - a22|- (52>

It is clear that condition (52) is satisfied if a1; — ass < 0. For the same reason
as that for “up” expression, we exclude the case of a;; — ass = 0.

In a similar manner to the previous case we can define the domain Uggyn
of the sphere where the eigenvector (49) is well defined. This region includes
the whole sphere with exception of a number of isolated points which can be
found as a solution of the following system of equations and an inequality:

ala = O7 (53&)
a1 — Ao < 0. (53c)

Schematic summary of generic situation can be given in Figure 2. Generically,
a11 — ag = 0 curve does not pass through the solutions of a1 = b1 = 0. This
means that on Figure 2 the black points are not located on the boundary
of the hatched region. Otherwise three equations a;; — ase = 0 and a;s =
bio = 0 are simultaneously satisfied and two eigenvalues are degenerate in
the corresponding point.

So far we have obtained two expressions, (43) and (49), of the eigenvector,
which are defined on Uy, and Ujown, respectively. To get the coefficient of
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a b Cc

Figure 2: Schematic description of generic situations for regular domains. a) - Description
on the sphere of regions with a;; — ases > 0. Hatched region - positive values. Boundary
black curve - zero value. b) - Solutions of a2 = bj2 = 0. - isolated black points. c¢)
- Description of the regular U, domain. Only black points (which belong to hatched
regions) should be excluded from the sphere to get the open set Uyyp.

proportionality between (43) and (49) on the intersection Uy, N Udown, We
need to calculate the ratio of the first (or of the second) components of the
same eigenvectors defined in different domains. This ratio can be rewritten
by using the relation (A; — a11)(A1 — as2) = ai, + bi, and calculated as

2
a2 + b \/()\1 —ax)” +aiy + by _ o et iby (54)
\/(A1 —an)’ +a}y + 0%, M~ az Vi + b

where € = sgn(\; — az). Now we have obtained the transition rule

up 1) down
<Cl ) _ gw <Ol ) on  Uup N Ugown, (55)

up down
/2 2

which determines the eigen-line bundle associated with the eigenvalue A;.
The eigen-line bundle associated with the eigenvalue Ay can be constructed
in the same manner.

5.2. The Chern class of the eigen-line bundle
For notational simplicity, we denote the transition rule (55) by

19 + ’iblg

u, =%u_, d=c——"1r1( = €U(l), (56)
V a%2 + 6%2
where o Ciiown
Uy = (C;P) o U-— = (Cgown> €= Sgn<>\1 - a22)' (57>
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The local connection forms are defined on Uy, and Ugewn to be
wy =uldu,, w_ =u'du_, (58)

respectively. Then, when differentiated, the transition equation provides the
relation between w, and w_,

wy =0 M +w_ on Uy N Udown- (59)

Let ® = ¢, where ¢ is determined within additive constants. Then, one
obtains by differentiation ®~'d® = idp, where dy is defined uniquely on
Usp N Udown- Since d(®~1d®) = id(dyp) = 0, the curvature form turns out to
be defined globally to be

[ dw_ on Ujown
= { dwy on Uy (60)
The first Chern number is defined as the integral over the whole sphere
o =— (61)

27 S2

If we are given the Hermitian matrix (39) explicitly, we can calculate the
above integral to get the Chern number.

5.8. Applying the Stokes theorem

In order to calculate the Chern number according to (61), we first find all
“positive” and “negative” exceptional points, where the positive and negative
exceptional points means the points determined as solutions to (48) and (53),
respectively. Then, we split the whole sphere S? into regions S? and S? in
such a way that the local connection form wy has no singularities in S? and
the local connection form w_ has no singularities in S?. Put another way,
the region S? includes only “negative” exceptional points and the S2 only
“positive” exceptional points. We can always do that but each region (S% or
S?) may consist of several connected components. The division of the whole
sphere S? into S3 and S2 can be done by a set of closed curves Cy, Cy, . .. Cy.
All curves Cy, @ = 1,...,k belong to Uy, N Ugown. Each closed curve C; is
always a boundary between the S and S? regions. Each curve C; should be
properly oriented. We choose the orientation of C; in such a way that the
boundary of S? is oriented counterclockwise with respect to the outgoing
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normal to the sphere. This automatically leads to reversed orientation of the
boundary for the S5 region. By the application of the Stokes theorem with
this convention, the surface integral over the sphere in (61) can be written
in terms of contour integrals as

/Q:/ dw++/ dw:j{ w++7{ w- . (62)
S2 52 S2 Cr1++Cy, —(C1+++C%)

Using the relation (59) between local connection forms w; and w_, we rewrite
the expression (62) for the integral over the sphere in terms of winding num-
bers for corresponding contours

Q = % Wy — % (w+ — ®7ldq))
52 Cr-+Cy, (Cit-+Ck)

k
=y 7{ O 1dd
s=1 Cs
k
= 2miy WIC, (63)
s=1

where W[C;| denotes the winding number of the mapping ® : Cy — U(1).
Finally, Egs. (61) and (63) are put together to provide the first Chern number
in terms of a sum of winding numbers for appropriately chosen contours

k

a=-Y WC. (64)

In the formula (64), the sum of winding numbers are taken for all contours
separating the S2 and S? regions with appropriate signs. It can be easily
seen that this sum of winding numbers can be transformed into a sum over
circles surrounding each one exceptional point with a small neighborhood
forming S? region.

Figure 3 gives an example of a transformation of contours. Figure 3, left
shows three positive exceptional points surrounded by two circular paths.
A continuous deformation of contours leads to a new configuration (repre-
sented in Figure 3, right) which shows clearly that the winding numbers can
be calculated equally either along two circular paths (Figure 3, left) or along
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Figure 3: Example of the splitting of the sphere into Si and S2 regions. A part of
the sphere is represented which has three “positive” zeros assigned to U, as exceptional
points. These zeros are shown by three black dots. They belong to S2 region. Left figure
gives an example of the choice of two contours, C7 and Cs, separating Sf_ and S? regions.
The sum of integrals along C7 and Cy contours is equivalent to the sum of integrals along
three contours surrounding “positive” zeros, as shown in the right figure. Paths shown by
dashed lines in the right figure give zero contribution to the sum of contour integrals.

three new paths (Figure 3, right). Each new path surrounds only one ex-
ceptional point and its contribution to the Chern number can be evaluated
locally using information about transition factor between charts in a small
neighborhood of each exceptional point.

From the practical point of view two slightly different approaches are
possible to apply in order to calculate Chern numbers for eigen-line bundles
of any generic 2 x 2 Hermitian matrix.

i) One is the application of (64). For each contour separating S% and 52
we find the winding number for the map from this contour with a parameter
t to a closed curve (aja(t),b12(t)) in R? or aja(t) + ibia(t) in C. The Chern
number is expressed as an appropriate algebraic sum of winding numbers for
all contours. It is useful to choose contours lying on the sphere at a constant
value of one of coordinates, say z. In this procedure, the stereographic pro-
jection is effectively used. This allows us to check easily the winding numbers
by looking at the z dependence of the winding number. The winding number
is not defined if the contour goes through an exceptional point. Otherwise
the winding number is an integer and remains invariant under continuous de-
formation of the contour if all exceptional points remain avoided under such
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deformation. Computer algebra tools assist us to plot easily corresponding
curve on the complex plane and to count the number of times the curve goes
around the zero even for rather complicated effective Hamiltonians.

ii) Alternatively it is possible to calculate the Chern number by summing
up the local contribution from positive (or negative) exceptional points. For
each (say, positive) exceptional point the winding number should be eval-
uated along an infinitesimal circular contour surrounding this exceptional
point. Using Taylor expansion of off-diagonal matrix element near excep-
tional point allows us to calculate analytically the contribution of this point
to the Chern number. In the simplest case of a generic exceptional point
the linear approximation is sufficient and this approach in this case can be
named the linearization method.

Both these approaches will be illustrated below during the analysis of
model effective Hamiltonians invariant with respect to a symmetry group
(see secs. 8 and 9).

5.4. The linearization method

In this subsection, we explain how the linearization method works. For
notational simplicity we denote the off-diagonal components of the Hamilto-
nian by X + Y. Then the transition function given in (56) is expressed as
¢ =c (X +1Y)/VvVX2+ Y2 A straightforward calculation shows that

1 XdY —YdX

We can relate this equation with the formula for the index of a vector field.
We take (x,y) as local coordinates of the north hemisphere of 52, for example.
There are several choices of hemispheres, of course. Then we can view W =
(X,Y) as a vector field defined locally on the domain {(x,y); 2z + v* < p*}
of R? and the exceptional points in the north hemisphere as singular points
of this vector fields, i.e., as zeros of W = (X, Y’). Suppose that we have a
small circle I'(¢) of radius € > 0 centered at an exceptional point and that
the circle encloses no other exceptional points. We can normalize the vector
field W to be w in a vicinity of but outside of the present exceptional point
and denote by v the vector field w rotated by 7/2 counterclockwise;

ve e (v) v (x ) @
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Then, the one-form ®~1d® is rewritten as
d1d® = iv - dw, (67)

so that we obtain

1 1

— 1P = — v - dw. (68)
211 I'(e) s I'(e)

If we make ¢ tend to zero, the right-hand side of the above equation gives the

definition of the index of the vector field W at the singularity in question,

1 1
ind(W) = lim — v-dw =lim — O 1dd. (69)
e—0 27 I(e) e—0 271 I(e)
In the process of ¢ — 0, we see that the linear approximation of W is
sufficient for calculating the index of W. Taking the local coordinates (z,y),
we get the linear approximation of W in the vicinity of the exceptional point

in question,
AN 0
ox dy 2

where (&1,&;) are the Cartesian coordinates whose origin is located at the
exceptional points in question and where the coefficient matrix is evaluated
at the exceptional point. For the index of a linear vector field W = A€, we
have the formula

. 1 if detA >0,
ind(Ag) = { “1 i detA <0, (71)

which is easily proved by calculating the defining contour integral. It is to be
noted here that this formula is applicable only if det A # 0. Thus it turns out
that if we evaluate the determinant of the coefficient matrix in (70) we find
the index or the winding number at the exceptional point in question. It is to
be noted further that the orientation of the circle surrounding the exceptional
point and the orientation of the local coordinate system adopted should be
taken into account, since these orientations affect the sign of the determinant.
For example, if we take the south hemisphere, the local coordinate system
(x,y) is negatively oriented against the sphere. The positive oriented local
coordinate system should be (y,z), which means that the coefficient matrix

to be considered is
oX 90X
( & 3&’5) : (72)
9y



Further, as in the case of the small circles shown in Fig. 3, if the small circle
concerned is clockwise oriented, the index in question should be reversed
from those given in (71).

In closing this section, we have to make a remark on the locally-defined
vector field W = (X,Y). For the purpose of evaluating a contour integral
along a small circle, we took W as a vector field locally-defined on a hemi-
sphere. However, the W cannot be extended so as to be a globally defined
vector field on the two-sphere. In order that W be defined globally, it should
be subject to a transformation rule according to the coordinate change in the
intersection of local charts, say, in the intersection of the hemisphere with
z > 0 and that with > 0, where z and x are considered as height functions
for the respective hemisphere, and the local coordinates adopted are (z,y)
and (y, z), respectively. However, the W is not subject to such a transfor-
mation rule. Further, if the W were defined on the two-sphere, the sum
of the indices would be two, the Euler number of the two-sphere. However,
the Chern numbers we will obtain in our examples are not restricted to two.
This implies also that the W is not globally defined on the two-sphere.

6. Iso-Chern diagrams

6.1. Iso-Chern domains

So far we have studied generic effective 2 x 2 Hermitian matrix Hamilto-
nians defined on S? and possessing nondegenerate eigenvalues. Now we turn
to the discussion of families of Hamiltonians which depend as well on some
control parameters (di,ds,...). This means that degeneration of eigenval-
ues may occur for some control parameter values and we need to start our
analysis by finding the stratification of the control parameter space with the
condition of eigenvalue degeneration. The whole space of parameters should
be split into the union of a subset of “regular” values of parameters (cor-
responding to the absence of degenerate eigenvalues) and a subset formed
by degeneracy points, i.e., “singular” values of parameters (corresponding to
the presence of degenerate eigenvalues). The subset of degeneracy points can
include in general an isolated points, lines, surfaces, ... . As a whole, the
set of regular points in the control parameter space is split generically into
connected domains in such a way that any two points within one connected
domain can be connected by a parameter dependent continuous path going
only through “regular” points in the parameter space. Any such domain can
be named an “iso-Chern” domain because Chern numbers for two eigen-line
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bundles should be the same for all parameter values belonging to the same
domain.

For simplicity, we treat traceless Hermitian matrices only in what follows.
To find the boundaries of iso-Chern domains, we need to solve the equation:

det ( ai a1s + ib1o ) —0, (73)

a1z — 1byo —all

which is equivalent (assuming that aq1, a2, and by are real) to the system
of three equations
a;l = O, 12 = 07 b12 =0. (74)

In order to make explicit the dependence of matrix elements on control pa-
rameters di,...,d; and on parameters characterizing the point of the base
space S?, given by % = 22 +1y?+ 2% = p? equation, we can rewrite the system
(74) defining the degeneracy points as

all(m; d]) = 0, alz(m; d]) = 0, blz(w; dj) = 0, m2 = p2, j = 1, s ,k‘.

These equations mean that degeneracy points are special case of “excep-
tional” points. Namely, an exceptional point determined by ai2(x;d;) =
bia(x;d;) = 0 become a degeneracy point if the diagonal matrix element
ai1(x; d;) takes zero value at the exceptional point. As soon as the codimen-
sion of degeneracy points of generic Hermitian complex matrix is three and
the base space has dimension 2, the codimension of degeneracy points in the
control parameter space is one. Consequently, the degeneracy points split the
control parameter space into connected domains. Within each connected do-
main the eigenvalues remain non-degenerate and the corresponding eigen-line
bundles are topologically invariant, i.e., have the same Chern numbers. This
explains why the diagram representing the splitting of the control parameter
space into connected domains by subsets associated with Hamiltonians pos-
sessing degenerate eigenvalues is named an iso-Chern diagram. We note here
that we speak of degeneracy points from two different points of view; one is
assigned to the control parameter space, and the other to the sphere. The
exceptional points are also spoken about in two ways; one is assigned to the
control parameter space and the other to the sphere.

Though the boundary of an iso-Chern domain in the control parameter
space consist of degeneracy points, the number of corresponding degeneracy
points on S? may vary piecewise-constantly on the boundary. In an analogous
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manner, the number of exceptional points in the iso-Chern domain may vary
from place to place. In spite of this fact, the Chern number which is evaluated
by taking into account the corresponding exceptional points on the sphere
should be the same throughout the iso-Chern domain in question. We will
show this fact with an concrete example in section 9. No matter how many
are the exceptional points concerned, the calculation of Chern numbers for
one chosen point of control parameter values is sufficient for each connected
domains of the iso-Chern diagram.

6.2. Elementary transformations of the Hamiltonian

Suppose that we have distinct eigenvalues A\; > Ay and the associated
normalized eigenvectors w; and wus, respectively;

Hu1 = )\1’1,&1, H’LL2 = )\2’11;2, (75)

where the eigenvectors are defined on a suitable domain of the sphere. We
denote the associated eigen-line bundles by L, and Ly, where L, and L, are
associated with the larger eigenvalue and with the smaller one, respectively.
If we associate the complex plane C? at each point of the sphere, we have a
trivial bundle over the sphere, which decomposes into the direct sum L@ Lo.
The sum of respective Chern numbers is zero, accordingly.

We now discuss a simple scaling of the Hamiltonian. If we multiply the
Hamiltonian by a non-zero real number p, the Hamiltonian g H has eigenval-
ues puA; and pAg, but the associated normalized eigenvectors remains to be
uy and ws. If g > 0, the ordering of the eigenvalues is invariant, u\; > us,
and the associated normalized eigenvectors are w; and us, respectively. This
implies that the Chern number which is evaluated through the local con-
nection forms wy = uldui remains to be the same value, where u is a
short form of w4 or usy (see (58)). However, if p < 0, the ordering of the
eigenvalues is reversed; puA; < pAo. Then we may exchange the normalized
eigenvectors and associate w; to puAs and wy to pA;. This implies that the
roles of the eigen-line bundles L, and L, are exchanged and accordingly the
Chern numbers are exchanged. This fact can be interpreted as follows: If
varies continuously from the positive half of R to the negative half, it must
pass the origin, at which the direct sum L, & Ly breaks down. When p gets
into the negative half of R, the direct sum is reconstructed, but the roles of
Ly and L, are exchanged together with the Chern numbers.

If the matrix elements depend homogeneous-linearly on the parameters
d;, the above observation can be described in terms of iso-Chern diagrams as
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follows: Trivial scaling of all terms of the Hamiltonian by the same positive
factor naturally transforms regular point of the control parameter space into
regular point. All such regular points should belong to the same “iso-Chern”
domain of the control parameter space. At the same time the simultaneous
scaling of all terms of the Hamiltonian by a negative factor transforms regular
point of parameter space into another regular point of the parameter space,
but corresponding points are not obliged to belong to the same connected
(iso-Chern) domain of the parameter space. This is due to the fact that the
zero value of the scaling factor can result in a singular parameter value.

Each connected regular domain of iso-Chern diagram is characterized by
Chern numbers associated with eigen-line bundles for positive and negative
eigenvalues. Trivial scaling by (—1) of the Hamiltonian cannot naturally
change the set of two Chern numbers for two eigen-line bundles for any regu-
lar domain, but if these two Chern numbers are not zero and different by sign,
the scaling by (—1) of the Hamiltonian will interchange the Chern numbers
for positive and negative eigen-line bundles. Thus this scaling transforms
Hamiltonian from one iso-Chern domain to another one.

As an extension of trivial scaling, we are interested in the complex conju-
gation of the Hamiltonian. By complex conjugation, Eq. (75) are transformed
into

Huy = \uy, Huy = A\, (76)

If H is complex conjugated, the eigenvalues are the same, and the ordering of
the eigenvalues is unchanged; A\; > A\o. Then, the eigen-line bundle associated
with A; is endowed with the local connection form w; = Eidﬂl, where w; =
w!duy. Since the connection form takes its value in the Lie algebra u(1), we
see that @, = —wy, so that one has the curvature form Q; = —; for L;. This
implies that the Chern number changes in the sign under the transformation
Hw H.

If we multiply Eq. (76) by —1, and if we use the fact that —A; = A,
which is the case for traceless Hermitian 2 x 2 matrices, then we obtain

—Fﬂl == )\zﬂl7 —Fﬁg - )\152. (77)

The local connection form for L, is then given by w, = ﬁ;dﬁg, which is equal
to —wsy. Since the Chern number evaluated by ws is —1 times that evaluated
by wi, it turns out that the Chern number in question is kept unchanged
under the transformation H — —H.
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The change in Chern numbers under the transformations H — H and
H — —H will make a pattern in the distribution of Chern numbers on the iso-
Chern diagram. An interesting question related with iso-Chern diagrams is
the description of typical boundaries and associated modifications of Chern
numbers especially in the presence of symmetry. We will return to this
question later in this article when studying concrete examples.

7. Semi-quantum Hamiltonians invariant by symmetry

Let us return to semi-quantum models and view classical and quantum
variables as spanning typically some representation of the dynamic symme-
try group. In addition, any continuous or finite subgroup of this dynamic
symmetry group may be considered as an invariance group of the problem.
Very natural examples of dynamic symmetry groups appearing in molecular
problems are given by unitary groups accompanied with invariance groups
which are continuous or finite subgroups of an associated orthogonal group.
As finite symmetry groups, we take point symmetry groups which are used as
symmetry groups for equilibrium configuration of molecules. We extend as
well geometrical transformations by adding time reversal which is typically
assumed to be a symmetry operation in the case of isolated molecules in the
absence of magnetic field. According to Eugene Wigner [46], a symmetry
operation S for a Hamiltonian in quantum mechanics is represented either
by a unitary operator, S = U, or an anti-unitary operator, S = UK, where
U is unitary, and K denotes complex conjugation. We note here that the
time reversal is anti-unitary.

7.1. Symmetry groups and their action on classical and quantum variables

Let us treat the simplest model problem constructed from two angular
momenta IN and S from the viewpoint of possible invariance groups, where
N and S are looked upon as classical and quantum variables, respectively.
In the context of the semi-quantum models, rotation-vibration interaction
will be spoken about in association of IN and S with rotational and vibra-
tional variables, respectively. As is already shown, the classical variables are
viewed as those on the sphere S?(p) of radius p > 0. By appropriate scaling
transformation we can put p = 1. This is the case if the elements of the
Hamiltonian defined on the sphere take the form of polynomials of classical
variables, and if the coefficients undergo due changes. In this section, IN or
x is used without distinction for the description of the classical variables.
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Let GG be a group which is supposed to be an invariance group and to act
both on the classical and quantum variables. Our task is to specify how it
acts on them as an invariance group. The G action on classical variables is
viewed as a subgroup of O(3), either compact or finite with its natural action
in R? spanned by x (or IN) variables. From the viewpoint of a representation
of G in R3, the representation, which we denote by I',o¢, can be reducible or
irreducible, depending on the group G. We denote the action of G on classical
variables by = +— gz with € S?(p) and g € G, if [’ is specified. In the case
of G = SU(2), we have the action of SO(3), as is shown in (21). Since we take
a position of semi-quantum models, the inverse notation such as A~! in (21)
is needless to use. Further, we note also that a choice of basis vectors is in our
hands when realizing I',o; in R3. In contrast with this, the action of G on the
quantum variables is treated through a unitary representation, I'yy, = (V, D),
of G, where V is a representation space and D is a map of G to U(V'), the
space of unitary matrices acting on V. For the sake of simplicity, we restrict
V to dimV = 2 with an application to two-level models in mind, and the
representation is either reducible or irreducible. Put in detail, depending
on the choice of physical models, the representation is isomorphic either to
the direct sum of two one-dimensional irreducible representations, to a pair
of complex conjugate representations, or to one two-dimensional irreducible
representation.

Then, G acts also on Hermitian matrices by adjoint action. The proce-
dure for this is performed through the Schwinger representation of angular
momenta in terms of the two-dimensional isotropic harmonic oscillator. Let
ae and af, be annihilation and creation operators, which are subject to the
commutation relations,

[aa,as] =0, [aL,a;] =0, [aa,a;] =003, o,0=12. (78)
The operators alag, o, 3 = 1,2, form a basis of the space of quadratic
Hermitian operators,
an/gagaﬁ, C := (cap) : 2 x 2 Hermitian matrices. (79)
a7/8

If C’s are Sy, k = 1,2, 3, the associated operators are referred to as vibrational

angular momenta, where the S; are the basis of the representation space for
su(2) with S = 3.
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Let U(g) and D(g) denote a unitary operator and a matrix expression,
respectively. Then, the transformations of the operators a, and af, are put
in the form

U(g)alU(g9)™ =D D(g)paah, U(g)aaU(g)™" =D D(g)seas,  (80)
B B

where the overline denotes the complex conjugate. Accordingly, the quadratic
operator is subject to the transformation

Ug) Y casabagU(g)™" =D (D(9)CD(g) " asalas. (81)
E o

This shows that the G acts on Hermitian matrices by adjoint action. Put
another way, the quantum variables Sy, if viewed as traceless Hermitian
matrices, are subject to adjoint transformations.

So far we have specified the action of G on the classical and quantum
variables. We now describe the time reversal. In view of the origin of the
classical variables @ (or IN) as angular momenta and of the fact that the di-
rection of a momentum is reversed by time reversal, we think of time reversal
as the transformation

x — —x, (S1,5,83) > (51, =52, 53). (82)

Here we note that Sy serve only as basis matrices for 2 x 2 traceless Hermi-
tian matrices and bear no physical meaning such as spin angular momenta.
Indices 1,2, 3 are used instead of more standard x, y, z indices, since we pre-
fer in the following applications to associate Cartesian indices (z,y, z) with
symmetry elements acting on rotational variables according to conventions
used in physical literature on point symmetry group applications.

Now we can describe the condition for Hamiltonians to be of rotational-
vibrational invariance. Let H(x) denote a 2 x 2 Hermitian matrix depending
on & € S?(p), which is thought of as a Hamiltonian for a two-level model.
Then, the H(x) is invariant under the G action, if and only if

D(g)"'H(gz)D(g) = H(x), g€G. (83)
We here expand H (x) in the form H(x) = >, fi(x)Sk. Note here that higher

degrees of operators Sy do not appear because of two-level approximation.
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Like (16), the adjoint action of G is expressed as

D(g)~'SkD(g) = Zakj(g)sj> (84)

where (ax;(g)) is the 3 x 3 matrix representation of G as a subgroup of SO(3).
Hence, the condition (83) gives rise to

fulgz) = Z ar; (9) f(), (85)

which means that the vector-valued function fi () is equivariant with respect
to G. Note that Eq. (30) is a special one of the above equation. The matrix
representation (ay;(g)) is determined through the decomposition of the tensor
product representation I'y;, ® I'yip, into the sum of irreducible representations,
if the representation 'y, is real, as is expected from (84). We will meet with
such a case for G = D3 in Sec. 7.3.

If we take the time reversal symmetry (82) into account, we obtain, for a
Hamiltonian admitting time reversal symmetry, the conditions

fi(==) = fi(z), fil-z)=—fal®), [fs(-z)= fs(z). (86)

Now our task is to find functions subject to (85). For this purpose, the
invariant-tensor approach could give a guide. From three elementary rota-
tional variables, we can construct tensors of each needed symmetry type in
terms of polynomial series by using the integrity basis approach widely used
in the theory of invariants [27]. The degree of rotational tensors can be arbi-
trary. All tensors of even degree are invariant with respect to time reversal,
whereas tensors of odd degree change the sign under time reversal. Let us
denote rotational tensors of degree Q by R?(™!) where n is the multiplicity
index counting tensors of the same representation I' and the same degree
Q, and by V'@ vibrational tensors belonging to the representation I', where
the index o = + is added to specify symmetry properties with respect to
time reversal. To get all rotation-vibration invariant Hamiltonian, we need
to couple vibrational angular momenta with rotational tensors into totally
symmetric (of I'y type) rotation-vibration tensors

(VP @ RO (87)

For real representations, the construction of invariants is possible only if
rotation and vibration tensors transform according to the same irreducible
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representation (see (85)). In order to respect the time reversal symmetry, the
vibrational tensors of @ = + type should be coupled with rotational tensors
of even degree, whereas vibrational tensors of & = — type should be coupled
with rotational tensors of odd degree.

In what follows, we choose G to be SO(2) as a continuous subgroup
and D3 as a finite subgroup and determine invariant Hamiltonians in the
respective cases.

7.2. SO(2) symmetry models

Let us start with an abelien group SO(2) as an invariance group of the
problem. All irreps of SO(2) are one-dimensional. We denote them by
(m) with m being any integer. In such a case, the rotational variables Ny
transform according to the representation (0)@(—1)@(1). We assume that N,
belongs to (0) and N, +iN, to (£1) representations (see (14)). Then, SO(2)
acts on R3 as a rotation about the z-axis. Under this action, all invariants
can be put in the form P(z, 2% + y?) and all covariants of type (+m) in the
form P(z,2? 4+ y*)(x +1y)™. (Note that x is used instead of IN for notation
simplicity.) If we restrict our analysis to the sphere 2% + y* + 22 = p?
all invariants can be written as P(z) polynomials of one variable. General
covariants of type (£m) have the form P(z)(x & iy)™ (see (34)).

Since we are interested in the two-level quantum state model, we need
to specify the symmetry of operators Si for the two-level model. We can
specify it phenomenologically in several different ways. Put another way, our
task here is to choose a representation I'yy, = (V, D) of SO(2). Though a
physically reasonable choice is a representation (m) @ (—m), we here choose
a representation (m) @ (n) for the sake of computational generality. Then
our unitary matrix acting on V' is written as

D(g:) = diag(e™, ™), g, € SO(2), (88)

where m and n are integers. We now put together (83) and (88) to obtain
the conditions for entries hy(x) of H(x),

hii(gx) = hai(®),  hoa(gix) = hoo(x), (89a)
hiz(gix) = "™ hiy(x),  hor(gix) = e T hyy (). (89Db)

It then turns out that without the restriction of & to S?(p), a general solution
matrix has the form

242 2 4 .2 . \n—m
(e i Do T O ) e a2 0)
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The term proportional to the identity matrix is not important at all. Con-
sequently only rotational tensors of (0) and 4(m — n) types appear in the
Hamiltonian. If we set n = —m and exclude the term proportional to the
identity matrix, and if we restrict solutions of (89) to polynomials and pose
the condition of & € S?(p), we obtain

f11(cos0) fia(cos ) sin® 0 exp(iK¢) (91)
fia(cos ) sin® 0 exp(—iK¢) — f11(cos )
with K = —2m and f;; being any real polynomial.
The exponent K = —2m seems to be restricted to even numbers. How-

ever, if we take another choice of representation for SO(2), we can show that
K is allowed to be odd. We regard SO(2) as a subgroup U(1) of SU(2), and
in place of (88), we choose to takes

D(g;) = diag(ez™™ e~ 2im), (92)

which is a double cover of (88) with n = —m. Egs. (83) and (92) are put
together to provide (91) with K = —m.

To compare the present result with (36a), we have to note that if D(g;)
is chosen as

D(g:) = diag(e” 2™, ex™) (93)

in place of (92), we can obtain (36a) with a bit different notation of functions.

If m = n = 0, we have two quantum states which are both invariant, that
is, belong both to (0) representation. In such a case, all matrix elements
should be invariant as well

fulz, 2 +y°)  fialz,2? +y°)
fa(z, 22 + %) —fu(z 2 + ¢
where fio and fo; are complex conjugate, of course. In the absence of time

reversal symmetry, the non-diagonal elements are supposed to be generically
complex. If restricted on a two-sphere, this matrix reads

(5 Q) )+ weor )

If we additionally suppose that the system is time reversal invariant, the
matrix (95) takes the form

( Fii(22) J12(22) + izg12(2?) ) + fo(ZA)L

) > + folz, 2 + yH)I, (94)

fr2(2%) — i2g12(2%) —fu(2?)
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7.3. D3 symmetry models

Let us consider now the problem with finite symmetry group D3 and with
two vibrational states spanning two-dimensional irreducible representation of
Ds. Group Dj is shown in figure 4 together with its natural action on the
two-dimensional sphere. Group D3 includes one axis C5 of the third order
and three axes Cy of second order.

The D3 action on the classical and quantum variables are subject to
It = E @ Ay and I'y, = F, respectively. Note that ', is realized as
a subgroup of SO(3). The decomposition of the direct product of two F
representations (I'yy, = E) takes the form

E@E=A&FEa{A)}, (96)

where the { Ay} indicates the antisymmetric part of the square of representa-
tion. Then, we choose (a;;(g)) in (84) to belong to E'@® {A,}, since the space
of traceless Hermitian matrices carries the representation E & A, through
adjoint action. The space spanned by the identity matrix carries the A;
representation.

The 2 x 2 rotation-vibration invariant Hamiltonian in this case can be
put in the form

(N (), (N ()T — i (N ()™ 1
((N ()7 +1(N(@)™ — (N(x))? ) +N(@)",(97)

where (N(z))., denote components of tensor operator transforming accord-
ing to the irreducible representation I'. For the two-dimensional E repre-
sentation, there are two components with @ = 1,2. For one-dimensional A,
representation, there is only one component for which the subscript is not
indicated. Here we note that the space spanned by S3 and S; carries the F
representation and the space span by S5 is the representation space for As.

To write out the Hamiltonian (97), we need to construct the rotational
tensors of types E, A,, and generally of A; type, although the invariant
rotational tensors enter only in the trivial scalar diagonal part of the matrix
(97).

General expression for rotational tensors of symmetry type A;, Ay, and
E, constructed from the initial rotational representation I'.o; = As & E can

36



Figure 4: D3 group and its action on the sphere. z axis is the C3 symmetry axis. Three
C5 axes belong to xy plane. Two intersection points of C'5 axis and the sphere form two-
point orbit with Cj stabilizer. Six points of intersection of three Cy axes with the sphere
form two three-point orbits with stabilizer Cy. The choice of the “elementary cell” for the
D3 group action on the sphere is shown by a hatched sector (to be compared with the
representation of the orbits in Figure 5).

be written using integrity basis approach (see [27], Table 5);

Pspdv = Py (N2 4+ N7, N,(3N? — N;))

+N.N, (N2 = 3N})P, (N? + N, N,(3N2 — N)) , (98)
Pspde = NP (N} + N,N,(3N2 = N}))
+ N, (N2 — 3Ny2)P3 (N2 + Nj, N,(3N2 — N;)) , (99)

PPt = (N @ N®)® Py (N] + Ny, N,(3N; — N}))
+(N" @ N¥ @ N*)¥ Py, (N7 + N, N,(3N? = N;)), (100)

where the z-axis is chosen along C5 symmetry axis and the x-axis coincides
with one of C; symmetry axes of D3 group, and P; are arbitrary polynomials

B
of its variables, and where N¥ = ( %s% ), and the notations (N¥ @ N¥)E
v
and (NF @ N¥ @ N¥)F denote E type tensors from the decomposition of the
product of two or three E type tensors N¥.

Additional symmetry with respect to time reversal requires that real part
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of matrix elements should be of even degree whereas imaginary part of off-
diagonal element should be of odd degree. The totally symmetric part of
Hamiltonian can be omitted.

The analysis of effective Hamiltonian composed of terms of degree not
higher than three in elementary rotational variables, which will be analysed
in section 9, is found explicitly as follows: If we keep only terms of degree
not higher than three under the convention of the choice of symmetry axes,
we obtain the following two-term expression for A, tensor of odd degree,

(N(x))™ = a1z + asy(32% — ?). (101)
The E tensor proves to take the form
(N ()2 = a9, (E ® B)E 4 agq (A ® E)E. (102)

Two tensors of degree two are written below explicitly in terms of z,y, z
components of elementary initial tensors

N =

(E®E)* = ( v =% ) , (103)

Y

(A, @ E)F = < %i(_zy) > . (104)

Since the numerical coefficients are not important, we can multiply both
components of each tensor by a non-zero factor in order to remove the de-
nominator. Under such a choice we can write the linear combination of two
degree-two-tensors of type E as

E B y? — 22 —2y
aze (B ® E)” + ag, (A ® E)” = ae ory ) T .(105)

Putting (101) and (105) together, we obtain a complete rotation-vibration
invariant Hamiltonian whose terms are of degree less than four as follows:

hit = ase(y? — %) + age(—2y), (106a)
Rhia = ag.27y + agez, (106b)
Shiy = a1z + azy(32® — y?). (106c¢)
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7.4. Symmetry and degeneracy points

The eigenvalues and the eigenvectors of invariant Hamiltonians H (x) are
of our main concern in the following sections. In particular, degeneracy
of eigenvalues is important as we have already pointed out in section 6.
Since H(x) is a 2 x 2 Hermitian matrix, the discriminant of the eigenvalue
equation for H(x) is given by D(x) = (trH(x))?—4 det H(x) and is invariant
under the G action (see (83)); D(gx) = D(x). (Note that for our SO(2)
symmetry models and D3 symmetry models we have trH (x) = 0.) Hence we
see that if D(x) = 0 then D(gx) = 0, which implies that if a point = is a
degeneracy point then the orbit of G' through x is a set of degeneracy points.
A generic orbit is a finite set or a curve, according to whether G is finite or
continuous. Figure 5 shows the space of orbits for SO(2) group possessing
one continuous parameter and for Dj finite group. For a continuous group
with one parameter the space of orbits of the group action on 2D-manifold is
generically one-dimensional because each generic orbit is itself a continuous
curve (circle in the case of SO(2) group action on two-dimensional sphere).

From a more detailed point of view, orbits are classified according to
their stabilizers. For the SO(2) natural action on the S? sphere there are
two types of orbits: generic orbits with trivial stabilizer C'; which are circles
and one-point orbits with stabilizer SO(2) corresponding to the north and
south poles of the sphere. For the D3 action on the sphere there are three
different types of orbits. One orbit with stabilizer C3 consists of two points
coinciding with the (3 axis positions on the sphere. There are two three-
point orbits with stabilizer C'y formed by intersection points of Cy axes with
sphere. All other points on the sphere form generic orbits with stabilizer C}.
Each such orbit consists of six points.

For the analysis of D3 invariant objects it is sufficient to look at an “ele-
mentary cell” on the sphere (dashed area on the figure 4) representing orbits
of the D3 action. In order to characterize orbits it is possible to use invariant
polynomials (see figure 5). We use two main “denominator” invariant poly-
nomials, 6 and 5, and one “numerator” polynomial ¢ defined, respectively,
by

O, = 2%, by =ua(a®—3y%), ¢=2y(32" —y°), (107)
where these invariants are related by
902 = ((1 - 92)3 - 9%) 92)- (108>

According to general approach of invariant theory, to characterize orbits we
need the value of 65 and 63 and the sign of . The geometrical representation
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®—point

circle

o Point -1 0 1 -1 0 1

Figure 5: Left : Space of orbits for SO(2) group action on the sphere. There are two one-
point orbits with stabilizer C'», and continuity of generic circular orbits with stabilizer C;.
Right : Space of orbits for D3 group action on the sphere. Space of orbits is represented
in invariant polynomial coordinates 0 = 22,03 = x(2? — 3y?). Two parts corresponds to
orbits with different sign of auxiliary invariant ¢ = zy(32% —y?). Corresponding points on
the boundary of ¢ > 0 and ¢ < 0 parts should be identified. Orbit with stabilizer C3 has
03 = 0,605 = 1 coordinates. Two orbits with stabilizer C; have coordinates 3 = +1,605, =0

of the space of orbits in (65, 05) variables consists of two regions (see Fig. 5)
bounded by curve ¢? = 0 and corresponding to ¢ > 0 and to ¢ < 0 with
identification of respective points on the boundary.

Another point to make in advance concerns exceptional points, which are
determined as zeros of the off-diagonal element. In contrast with degeneracy
points, the exceptional points do not form an orbit of the symmetry group in
general. However, if the symmetry of vibrational part is the direct sum of one-
dimensional representations, say, ['y;, = A1 @ A, then the exceptional points
form an orbit of the symmetry group action. This is because the invariance
condition in this case provides ehis(gx) = hio(x) for the off-diagonal element,
where £ = £1, which implies that if hi2(x) = 0 then hia(gx) = 0. Further,
in the case of SO(2) symmetry, Eq. (89) implies as well that if hijs(x) = 0
then hi2(g,x) = 0.

8. SO(2) invariant Hamiltonian

In this section, we apply the method for Chern number calculation studied
in section 5 to problems with axial symmetry.
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8.1. Chern numbers in the presence of weighted SO(2) symmetry

As is seen from (91) together with a remark stated after (92), the matrix
admitting weighted SO(2) symmetry takes the form

( fu1(cos ) frz(cosB) sin® 0 exp(ifo) ) 0o)
fiz(cos ) sin™ 6 exp(—iK¢) — fi1(cos 0) ’

where K and f;; are an integer and any real polynomial, respectively.
The application of our method to (109) will provide the following:

Proposition 1. The matrix (109) has two eigenvalues, positive and negative,
with no degeneracy points, if f1; and sin” 6 fi5 do not share zeros. For K # 0,
the complex line bundle associated with each eigenvalue is defined over the
two-sphere S?, which is characterized by the first Chern number. The Chern
number is equal to 0 for two line bundles or to £K with the sum over two
bundles being 0, depending on whether the number of zeros of the diagonal
element, counted with their multiplicities, is even or odd.

Before starting the proof of the proposition, we make a comment on the
degeneracy of eigenvalues. For the matrix (109), the eigenvalues

A2 = i-\/ffl (cos @) + fE(cos ) sin?* 0 (110)

can be taken as non-degenerate because two functions of one variables can-
not go through zero simultaneously in general. Hence generality is not much
lost with the assumption on zeros of fi; and fis sin® . However, for one-
parameter family of such matrices the formation of degenerate points is pos-
sible and so we can expect a change in the Chern numbers when going from
one generic matrix to another.

We now proceed to the proof of Proposition 1, following the analysis of
a general two state model dealt with in Sec. 5. Let us now suppose that A\;
is positive and A, is negative. For the matrix (109), Egs. (41) and (42) take
the form

(fi1 — M)C® + frosin® fexp(iK¢)Cy® = 0, (111)
and

frasin® @ exp(—iK@)O™ + (= fi1 — A\)CLo™™ = 0, (112)
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respectively. The solution to (111) yields the normalized eigenvector

< C’iz ) _ 1 ( fr2sin 0 exp(iK ¢) ) (1)
02 \/()\1 _ f11)2 + f122 sin?X @ A= fu

which is a specialization of (43). This eigenvector is defined everywhere on
the sphere except at the points where the expression under the square root
becomes zero. From (48), this happens if fi;sin® § = 0 and if at the same
time fi; > 0. The off-diagonal element always goes through zero at § = 0,7
(these two points correspond to the north and the south poles of the sphere),
and equally at zeros of fis(cos@). Each such zero other than the north and
the south poles corresponds to a circle on the sphere due to the symmetry
group action. Again by the generality arguments the zeros of fi; do not
coincide with the zeros of fi5 in general. We have here to point out that
the exceptional points are discrete in a generic case (see Fig.2b), but the
exceptional circles appear in the present case, which are orbits by SO(2)
symmetry group action, as is stated in the last sentence of Sec. 7.

The sphere is divided into zones with constant sign of the diagonal element
fi1- Note that we are interested only in zeros located at 8 # 0,7. If the
number of zeros counted with multiplicity is even, the south and the north
poles of the sphere belong to the regions with the same sign of fi;. If the
number of zeros is odd, the sign of f1; at the north pole is opposite to that
at the south pole. In this sense, a single zero of multiplicity two is equivalent
to a pair of zeros of multiplicity one. We can deform fi;, as long as the
assumption of Prop. 1 holds, i.e., unless fi; and fiosin® @ share zeros, in
such a way that a pair of zeros of multiplicity one get together to form a
single zero of multiplicity two and then the zero disappears, and also deform
fi11 conversely. In this process, the change in the number of zeros is two. In
general, if we deform f1; to make the number of its zeros increase/decrease
by two, the sign of fi; at the both poles is kept the same as before, where
the deformation should be made so as to keep the SO(2) symmetry.

For the description of the eigenvector given by (113), the singularities of
the norm in (113) include all filled points and solid lines representing circles
determined by fi2sin® = 0 and located within the zone of positive values
of f1; limited by dash lines. These singularities should be removed from the
sphere in order to get the domain Uy,. In a similar way, by removing from
the sphere all singularities determined by fiosin® @ = 0 and f1; < 0, we get
the domain Ugow,. See Figure 7 for the cases where the numbers of zeros of
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Figure 6: Location of zeros of diagonal and non-diagonal elements of the matrix. Filled
points - zeros of sin § factor of non-diagonal element. Solid lines - zeros of f15 factor. Dash
lines - zeros of diagonal element f1;. Plus and minus signs indicate the sign of fi; diagonal
element in the region. Sub-figure a corresponds to the situation when two filled points
belong to zones with different sign of f1;. Sub-figure b corresponds to the situation when
two filled points belong to zones with the same sign of fi;.

a b
‘ d ‘ do

Figure 7: a - Singularities on domains up and down for an example shown in figure 6a,
with odd number of zeros of diagonal element. b - Singularities on domains up and down
for an example shown in figure 6b, with even number of zeros of diagonal element.

multiplicity one are one and two with the assumption that f1;(1) > 0 and
fi1(—=1) < 0 for Fig. 7a and f1;(1) > 0 and fi1(—1) > 0 for Fig. 7b. From
the definition, the domain Uguyy, for example, can include both poles, only
one (north or south), and even no poles.

Suppose we are given the situation represented by Figure 8. There are two
solid circles associated with zero of non-diagonal element, two filled points,
and one double dash circle associated with a zero of fi; of multiplicity two.

In this case, the domain U,, is obtained from the sphere by removing
all circles and points mentioned above, but the domain Uy is the whole
sphere with no exceptional circles and points.

For notational convenience, we denote by Uy and U_ the domains U,
and Ugown, respectively. Namely, the U, denotes the domain obtained from
the sphere by removing all zeros of off-diagonal element which belong to
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Figure 8: a - Example of location of zeros of diagonal and non-diagonal elements in the
case of one double zero of diagonal element (shown by double dash line). b -Singularities
on domains up and down for an example shown in subfigure a.

the region of positive value of the diagonal element f;;, and the U_ denotes
the domain obtained from the sphere by removing all zeros of off-diagonal
element which belong to the region of negative value of fi;.

The eigenvectors defined on these two domains are proportional on the
intersection U, N U_. The coefficient of proportionality is a complex phase,
exp(iK¢), as is seen from (54) with ajy + ibjs = fiosin® fexp(iK¢) and
e = sgn(A\; — ag) = 1. This coefficient is defined on the intersection of
domains even in the case of domains composed of several disjoint components
(namely in cases when diagonal and/or off-diagonal elements have several
Z€ros).

Now we can follow the calculation done in the section 5 on the basis of
the Stokes theorem. Since ® = e*£¢ in the present case, the relation (59)
takes the form

wy =1tKdp+w_ on U, NU_. (114)

The global curvature form 2 on the whole S? is defined like (60). A way
to integrate the curvature and calculate the Chern number is to make more
specific choice of parts into which we split the sphere.

In the example shown in Figures 6a and Figure 7a (the number of zeros
of fi1 is one), we need to split the sphere into only two regions, as is shown
in Figure 9. In the example shown in Figures 6b and Figure 7b (the number
of zeros of fi; is two), we need to split the sphere into three regions, as is
shown in Figure 10.

First we consider the case where the number of zeros of fi; is one, where
the zero is of multiplicity one (or odd). Let C' denote a circle which is in
U, N U_ and separates the sphere into two, as is shown in Figure 9. Let
5% and S? denote the regions included in Uy and U_, respectively (the
lower and the upper hatched semi-spheres shown in Figure 9 on the spheres
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ﬁ up down

Figure 9: Choice of the splitting of the whole sphere into two regions of integration for
an example given in Figure 6a. The choice of charts follows that shown in Figure 7a.
the arrow indicate the direction of contour integral after application of Stokes theorem to
surface integral of the curvature form.

S

+

C, .
NG &

Figure 10: Choice of the splitting of the whole sphere into three regions of integration for
an example given in figure 6b. The choice of charts follows that shown in figure 7b. Arrows
indicate the direction of contour integral after application of Stokes theorem to surface
integral of the curvature form.
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representing “up” and “down” domains, respectively). Note that the local
connection forms w, and w_ have no singularity in S and S?, respectively.
According to our rule, adopted in Sec. 5.3, of choosing the orientation of
curves separating S% and S2, the orientation of C' is given in such a way
that the coordinate ¢ varies from 27 to 0, which is shown in the left figure
of Fig. 9. Then, the integration of the transition rule (114) is expressed as

/Cer:iK/Cdd)—k/Cw_, (115)

and then the Stokes theorem applies to provide

S2 Si S2 C —C C

which results in the Chern number
! O=K 117
27 S2 a . ( )
We note here that we have assumed that fi;1(1) > 0 and fi1(—1) < 0. If the
sign of fi; at z = £1 is opposite, i.e., f11(1) < 0 and f1;(—1) > 0, then the
right-hand side of the above equation changes the sign, i.e., we obtain the
Chern number — K.

We turn to the case where the number of zeros of fi; is two, but the
multiplicity of each zero is one (or odd). Let C} and Cy denote circles which
are in U, N U_ and separate the sphere into three regions, as is shown in
Figure 10. The respective orientations of the circles are indicated by the
arrows put on them in the left figure. Let S3 and S2 denote the regions
which are included in Uy and U_, respectively, where S% is a cylinder-like
region with boundary C; and Cy and S? consists of two disjoint subsets (the
left and the right hatched regions shown in Figure 10b, respectively). Then
the integration with the Stokes theorem provides

/Q:/ dw++/ dw:/ wy —w_ =1K dp =10, (118)
52 Si S? C1+Cq C1+Cs

which shows that the Chern number is zero. We note that the last equality
of the above equation is due to the orientation of C; and of Cs.
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In the case of a multiplicity-two zero, the domain U_ is the whole sphere,
as was alredy explained, so that w_ is defined globally. Then the Stokes

theorem provides
/ Q:/ dw_ = 0. (119)
52 52

If the number of zeros of fi; is three with multiplicity one for each zero,
we take three circles Cy, k = 1,2, 3, to separate the sphere into four regions.
However, we can form S? and S? by gathering two of those regions so that
the local connection forms wy and w_ may be well defined on S% and 52,
respectively. Then, the three circles form boundaries of S? and S?. In a
similar manner to the above, the Stokes theorem applies to yield

/ Q :/ dw+ +/ dw_
S2 Si S2

= / Wt + / w—
C1+C2+Cs —(C1+C2+4C2)

_ / iKdo — / iKdo, (120)
C1+C2+Cs Cs

where the last equality of the above equation is due to the orientation of the
circles, and where C} is the boundary of the saucer-shape region like the left
figure of Figure 9. On account of the orientation of C'5, we obtain the Chern
number .
~ [ o=k (121)
27 S2

In the case where the number of zeros is three counted with multiplicity
and where they are one multiplicity-two zero and a multiplicity-one zero, we
have only to draw a circle which divide the sphere into two, S7 and 52,
so that w; and w_ may be well defined on S% and S?, respectively. The
argument for (120) applies with a slight modification to result in (121).

In a similar manner, we can treat the case of bigger numbers of zeros
of fi1. A point to make here is the parity of the number of circles and the
orientation of the circles. Thus we find that the Chern number is zero or
K under the assumption that f11(1) > 0, according to whether the number
of circles counted with multiplicity is even or odd. If fi;(1) < 0, then the
Chern number becomes zero or — K.

So far we have worked with the line bundle associated with the positive
eigenvalue. A similar treatment will run in parallel for the negative eigen-
value, and the Chern number of the line bundle associated with the negative
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eigenvalue will be found to be zero or £K, depending on whether the Chern
number for the positive eigenvalue is zero or FK. This completes the proof.

8.2. Characteristic number for real symmetric matrices

If the two-by-two matrix of the effective two level Hamiltonian can be cho-
sen real, the associated vector bundles are real line bundles. The transition
rule (56) becomes

u, =tu_, =+1€Zs, (122)

where uy are real eigenvectors. The transformation rule (59) for local con-
nection forms becomes

wy =w_ on U;NU_, (123)

which implies that the connection form w is defined globally on S?. The
curvature from {2 = dw is defined globally as well, so that the Stokes theorem

provides
/ Q:/ dw = 0. (124)
52 52

Thus the characteristic number for any real symmetric matrix is zero.

9. Dj invariant Hamiltonian for F vibrational state

Now in this section we concentrate on one concrete example of effective
rotation-vibration Hamiltonian for two vibrational states which transform
according to two-dimensional irreducible representation E of Dj group sup-
posed to be an invariance symmetry group of equilibrium configuration of
a molecule. Restricting the tensorial polynomials to not higher than third
degree in elementary rotational tensors denoted for simplicity by (z,y, z) and
choosing a coordinate system with the z axis along C5 symmetry axis of Dj
group and with the z axis along one of Cy symmetry axes (see Fig. 4), we
have obtained a model Hamiltonian with entries given in (106). If we choose
four phenomenological coefficients aq, as, b1, by for notational convenience in
place of those used in (106), the model Hamiltonian in this section takes the
following 2 x 2 matrix form,

H(z) = b1 (y? — 22) + bazy 2b1yx — bazx — i(a12z + a2y(y? — 322)) (125)
T \2bjyx — bazz +i(a1z + a2y(y?® — 322)) —b1(y? — 22) — bazy ’
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The pairs of parameters (a;,as) and (b1, by) are associated with rotational
tensors transforming according to the Ay and the F representations of Dj
group, respectively. Since we are concerned with vibrational angular mo-
menta S, k = 1,2, 3, transforming according to E' & A, representation of Ds,
we assume that (a1, a2) # (0,0) and (b1, by) # (0,0), and hence the parameter
space is expressed as R? x R?, where R? = R? — {0}.

We apply the general method of section 5 to describe the eigen-line bun-
dles formed by eigenspaces of Hamiltonian (125). If det H(x) # 0, the eigen-
values of the Hamiltonian H are distinct. We denote them by A, > 0 and
A_ < 0 and note that they are related by —A; = A_. Further, we denote
by u the normalized eigenvectors associated with Ay, respectively. These
eigenvectors w4 are not generically defined globally on the two-sphere with-
out singularity. We call such a singularity an exceptional point. However, for
each eigenvalue, assuming the absence of degeneracies, we can obtain locally-
defined normalized eigenvectors on suitably chosen domains U, and Ujown.
These eigenvectors are patched together on the intersection Uyp, N Ugown by a
transformation rule. Then we can form the eigen-line bundle associated with
each eigenvalue, which we denote by L* according to the eigenvalues .
The whole bundle structure associated with the Hamiltonian is expressed as
Lt @ L™, a direct sum. If det H(x) = 0, the eigenvalues are degenerate,
and hence there is no natural way to define a line bundle over a sphere S?
associated with the degenerate eigenvalue. We call the points determined by
det H(x) = 0 on S? degeneracy points. The set of parameters ay,as, b, by
corresponding to Hamiltonians possessing degeneracy points on the S? sphere
defines the boundaries of the iso-Chern domains in the space of parameters
ai,as,by, by as it is described in section 6 and allows us to construct the
iso-Chern diagram.

9.1. Reduction of the parameter space

It is easy to see that under the constraint condition & € S?(1), one has

bi(y? — %) + bazy = 0,
det H(x) =0 < < x(2b1y — byz) =0, (126)
a1z + azy(y? — 32%) = 0.

We note here that we can set the radius of the two-dimensional sphere to be
p = 1 by a suitable scaling. The above condition (126) is invariant under the
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parameter transformation
(al, ag) — ()\al, )\CLQ), (bl, bg) — ([,Lbl, [ng), (127)

where A and p are real non-zero numbers. Note that the parameters A and
w are allowed to be negative. The transformation (127) defines an equiva-
lence relation on the parameter space R2 x R2, and the quotient space by
this equivalence relation becomes RP! x RP!, where RP! denotes the real
projective space of one dimension. Thus, we may conclude that the original
parameter space R? x R? projects to RP! x RP! on account of the scale
invariance of the degeneracy condition det(H) = 0 (126).

However, as we have already observed in Sec. 6, under the transformation
(127) with A\ = p = —1, the Hamiltonian transforms like H — —H, and
though the whole bundle structure is also the same as before, that is, LT@® L™,
the roles of L™ and L~ are exchanged together with the Chern numbers.
Then, it turns out that if we are interested in the eigen-line bundle associated
with the positive or negative eigenvalue, the scaling transformation (127)
with A < 0 and p < 0 is not allowed, but restricted to the case of A > 0 and
i > 0. Hence, the reduced parameter space proves to be 72 = S! x S!, a
quadruple covering of RP! x RP!, where each factor of S! x S! is determined
by either of

a?+ai=1, bP4+b2=1 (128)

In what follows, we refer to S* x S* and RP! x RP! as the reduced parameter
space and the over-reduced parameter space, respectively. Though RP! =
S1, we will distinguish S x S from RP! x RP! for the reason stated above.

9.2. Degeneracy set and iso-Chern domains

Though the control parameters (ay, as, b1, by) are subject to the constraint
conditions (128), we are to find those values which correspond to the existence
of points £ € S?(1) determined by the condition det H(x) = 0 without
reference to (128) for the sake of another purpose.

(1) In the case of a; # 0, as = 0, the equations we have to solve are

bi(y? —2%) +bozy =0, (2byy —byz) =0, ayz=0. (129)

Since a; # 0, one has z = 0 from the third equation of (129). If b; # 0
further, then the first and the second equations of (129) provide y*> = 22
and yr = 0. If y = 0 in this case, one has z = 0, a contradiction to the
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constraint. If x = 0 in this case, the same result comes out. Thus, we have
found that in the case of a; # 0, as = 0, b; # 0 no degeneracy point occurs.
If by = 0, then Eq. (129) becomes bozy = 0,byxz = 0,a;z = 0. Since a; # 0
and by # 0, these equations hold for z = 0. From the constraint condition
2> +y?+22 =1, in the case of a; # 0, as = 0, by = 0, by # 0, the degeneracy
points form a circle

o+t =1, (130)

which consists of infinity of orbits of the D3 group action on S%. More exactly,
there are two orbits with Cs stabilizer and infinity of generic orbits with C
stabilizer.

(2) If by # 0, by = 0, then the equations to be solved are
v =22 =0, yr=0, az+ay(y®—32%) =0. (131)

From the second equation of (131), one has (i) y = 0 and (ii) x = 0.

(i) In the case of y = 0, the first equation of (131) gives # = 0. Then,
the third equation of (131) becomes a;z = 0. If a; # 0, one has z = 0,
a contradiction to the constraint. If a; = 0, the third equation of (131) is
satisfied, and then one has z = &1 from the constraint condition.

(ii) In the case of x = 0, the first equation of (131) provides y = 0, and
hence the third equation becomes a,z = 0. If a; # 0, then z = 0, the same
contradiction occurring. If a; = 0, one has z = £1 from the constraint.
Thus we have found that in the case of a; # 0, by # 0, by = 0, there are no
degeneracy points, and that in the case of a; = 0, by # 0, by = 0, there are
two degeneracy points expressed as

0
0 (132)
+1

and forming one orbit of the D3 action with stabilizer Cj.

(3) Now we consider the case where all the parameters a;, b; are non-zero.
From the second equation of (126), we obtain (i) x = 0 and (ii) bez = 2byy.

(i) When = = 0, the first equation of (126) becomes y(b;y+b2z) = 0, which
results in y = 0 or byy + bz = 0. If y = 0, then the third equation of (126)
becomes a1z = 0, which implies that z = 0, contradicting to z? +3%+ 22 = 1.

51



Hence, y # 0 in this case. If bjy + byz = 0, then the third equation of (126)
becomes y(asy®—(a1b)/bz) = 0. Since y # 0, one has y? = a1b; /asbs. Hence,
a condition for H(x) to have degenerate eigenvalues is

albl
0<—<1. 133
Clsz - ( )

In this case, we have solutions y = 4++/a1b;/asbs, and then

z = F(b1/b2)\/aiby /asby. Thus, the degeneracy points in this case are
0 0

aib aib
abs |, | TV e |- (134)

_b Jab b faiby

b2 a2b2 b2 G2b2

Since these degeneracy points should be on the sphere S?(1), the parameters
(a1, as, by, by) should be subject to the condition,

bi

albl Ujlbif . albl( 01
b3

- =1. 135

ang &ng a2b2 ) ( )

(ii) When byz = 2byy, the first equation of (126) becomes by (3y* — 2?) =

0, so that # = ++/3y. Then the third equation of (126) is expressed as

2b1a1y/by — 8azy® = 0. If y = 0, then z = x = 0, a contradiction to the

constraint, so that y # 0. Hence, one has y*> = a;b; /4asby. Thus we obtain
another condition for H(x) to have degenerate eigenvalues,

arby

0<—* <4 136
by = (136)

If this is the case, we have solutions y = £(1/2)+/a1b1/asbs, and then z =
4 (b1 /by)\/a1by Jasby, © = £+/3y. The degeneracy points we have obtained

here are

V3 [Jaiby V3 [aiby
j: 2 azby :F 2 azba

1 Jaaby _1 Jab
2 asbs ’ 2 asby : (137)
b1 [aiby _ b Jaib

bo azbs bo a2bs

These degeneracy points should be on the sphere S?(1), so that the param-
eters are subject to a constraint, which is shown to be the same as (135).
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Figure 11: A degeneracy curve in the space of reduced control parameters p = aj/as,
q = by /by given by relation pg(1 + ¢%) = 1.

The above expression of the condition for degeneracy points suggests us

to introduce parameters
ai by

p=—, q=— (138)

which are looked upon as local coordinates of RP! x RP!. Later, we will
introduce local coordinates of S' x S*. In terms of these parameters, the
constraint (135) is expressed as

pa(1+¢*) =1, (139)

from which we find that the quantity pg = a1b;/asby ranges as follows,

0<pq= <1, (140)

1+ ¢?
which satisfy the inequalities (133) and (136).

The graph of (139) is shown in Figure 11.

It then turns out that the Hamiltonian with non-zero parameters (a1, as, by, bs)
has degenerate eigenvalues if and only if the constraint (139) holds among
the parameters. If the parameters are subject to this constraint, there are
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six degeneracy points given in (134) and (137), which are rewritten below in
terms of p and ¢ parameters. Two subsets of three points each

0 GV — /P
VvPa | | —5vPa | —30q | ¢ (141)
—4v/Pq —q/Pq —q\/Pq
and
0 RV AN &RV
a2 K W AV/ B R I /T (142)
v q9v/Pd v
form triangles on the plane z = —q,/pq and z = ¢,/pq, respectively. Each of
these triangles corresponds to an orbit of the subgroup Cs of D3. Alltogether
these six points form a generic orbit of D3 group.

Up to now we have analyzed the case of a; # 0,0y # 0. Let us be
reminded here that the solutions for degeneracy points (and for exceptional
points below) do not depend on the sign of a; and b; parameters. We proceed
now to consider the cases where one of the parameters a; or b; vanishes.

(4) In the case of a; =0, as # 0, we have to solve the equations
bi(y? — 2%) +bozy =0, 2(2b1y —by2) =0, agy(y® —32%) =0  (143)

to find degeneracy points. From the last equation of (143), we obtain (i)
y =0 and (i) y* — 32? = 0.

(i) If y = 0, then the first equation of (143) provides byz* = 0. If further
by # 0, then one has x = 0, so that z = +1.

(i) We turn to the case of y?> = 3z?. If x = 0 in this case, then one
has y = 0, so that z = +1. If z # 0, the second equation of (143) provides
201y = byz, and thereby the first equation of (143) becomes byz? = 0. If
further b; # 0, one has x = 0, a contradiction to the assumption that x # 0.
The case of b; = 0 will be dealt with in below. So far we have found that in
the case of a; = 0, as # 0, by # 0 there are two degeneracy points expressed

as
0

0
+1

which form an orbit of D3 with stabilizer C5. If b; = 0 in addition to a; = 0,
the equations (143) reduce to

bozy =0, boxz =0, ayy(y*—32%) =0. (145)

: (144)
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If by # 0, one has two cases (i) z = 0 and (ii) z # 0, (z,y) = (0,0) from the
first and the second equations of (145).

(i) If z = 0 and if y # O further, the third equation of (145) provides
y?—3z% = 0, so that y = ++/3z. In this case, one obtains, from the constraint
condition, 1 = 4x2, which is solved by z = :I:%, and thereby y = :I:‘/T?:. If
y = z = 0, then one has z = 1 because of the constraint.

(i) If 2 # 0 and (z,y) = (0,0), then one has z = £+1 on account of the
constraint. Thus, we have found that in the case of a; = 0, ay # 0, by =

0, by # 0 there are eight degeneracy points expressed as

0 +1 +3 +3
G () (@)
+1 0 0 0

These eight points are broken into three orbits of Ds,

() Co) G 4G G- G {0}

(147)
Two three-point orbits have stibilizer C5, whereas the last two-point orbit
has stabilizer Cj.

N[ =

(5) If by = 0, by # 0, the equations we have to solve are
bozy =0, bozr =0, ayz+ ay(y® — 3z%) = 0. (148)

From the first and the second equations of (148), one has two cases, (i) z =0
and (i) z # 0, (z,y) = 0.

(i) If z = 0, the third equation of (148) becomes ayy(y* — 3z%) = 0.
If a; # 0 in this case, one obtains y(y? — 3z%) = 0, and thereby y = 0,
y? — 322 = 0. In the case of y = 0, one has # = #1. In the case of
y?> = 322, one has y = ++/3z, and thereby the constraint condition becomes
1 = 422, so that x = j:% and y = :I:\/Tg. If as = 0, then the third equation
of (148) becomes a;z = 0. Since a; # 0, one has z = 0. Then the first
and the second equation (148) are satisfied. This means that in the case of
a; # 0,as = 0,0y = 0, by # 0 the circle y> 4+ 2% = 1 is a degeneracy set, which
we have obtained in (130).

(ii) If 2 # 0, (z,y) = (0,0), then the third equation of (148) provides
arz = 0. If a; # 0 in this case, one has z = 0, a contradiction to the
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constraint. If a; = 0, the third equation of (148) is satisfied and then one
has z = +1. Thus we have found that in the case of ay # 0, by = 0, by # 0
there are six degeneracy points expressed as

+1 +3 +1
V3 V3
01, > =1, (149)
0 0 0
and if a; = 0 in addition, two degeneracy points appear further;
0
0 1. (150)
+1

That is, if a1 = 0, as # 0, by = 0, by # 0, there are eight degeneracy points,
forming one C3 and two Cj orbits which are already given by (146). If
a1 # 0,a0 = 0,b; = 0, by # 0, then there appears a degeneracy curve already
found in (130).

The above observation of degeneracy points can be described in the ¢-p
plane, where (g, p) are defined, if ay # 0 and by # 0, by (138), where (p, q) are
viewed as local coordinates of the over-reduced parameter space RP! x RP?.
The degeneracy curves on the ¢g-p plane are pg(1+¢*) =1, p=0, and ¢ = 0,
where the lines p = 0 and ¢ = 0 correspond to parameters of type (0, as, by, bs)
and (aq, as, 0, by), respectively. For the parameters corresponding to the curve
qp(1 + ¢?) = 1, the Hamiltonian has six degeneracy points (one six-point
generic orbit with stabilizer C of D3 action on the sphere), which are given
in (141) and (142). For the parameters corresponding to the line ¢ = 0
except for the origin (p,q) = (0,0), the Hamiltonian has six degeneracy
points (two three-point orbits with stabilizer Cy), which are given in (149).
For the parameters corresponding to the line p = 0 except for the origin
(p,q) = (0,0), the Hamiltonian has two degeneracy points (two-point orbit
with stabilizer C), which are given in (144) or (132). For the origin (p,q) =
(0,0), the Hamiltonian has eight degeneracy points (two three-point orbits
with stabilizer Cy and one two-point orbit with stabilizer C3), which are
given in (146). We have obtained another degeneracy points which cannot
be described in the ¢-p plane. In fact, for parameters with a; = 0 and b; = 0,
we have a degeneracy circle, which is given in (130).

Since the degeneracy points form orbits of group D3, they are mapped to
the orbits space. For the degeneracy points (141) and (142), the invariant
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polynomials defined in (107) take the values 03 = 0, 6 = 1 — pq, © = q(pq)>.
This allows us to plot easily the positions of corresponding degeneracy points
on the orbit space in the polynomial coordinates. For the degeneracy points
with stabilizers Cy and Cj, both given in (147), one has (65,65) = (0,+1)
and (62,0s5) = (1,0), respectively. The circle of degeneracy points (130) is
represented on the space of orbits as #; = 0 boundary interval. The images
of these degeneracy points are shown in Figure 12.

Figure 12: Degeneracy points on the space of orbits. Dash line corresponds to six-point
degeneracy orbits with C; stabilizer. Two-point orbit with C3 stabilizer is represented by
a triangle. Two three-point orbits with Cy stabilizer are shown by circles. Note that the
respective points on the boundary of ¢ < 0 and ¢ > 0 domains should be identified. (See
figure 5.)

In order to describe completely the degeneracy set, we choose to use the
reduced parameter space T? = S' x S!, which is a quadruple covering of
RP! x RP'. We introduce in the reduced parameter space the local coordi-
nates (¢1, ¢2) determined by

ay = Cos ¢y, as =sing;, by =cospy, by =sinps. (151)

The degeneracy curve pq(l + ¢*) = 1 can be expressed in terms of these
parameters. Since p = cos ¢1/sin ¢y, ¢ = cos ¢/ sin ¢, we find that ¢; and
¢o are related by

COS (b1 COS (g = sin ¢y sin® Po. (152)
We have another exceptional curves, which are described as p = 0 and
q = 0. These curves can be expressed also as ¢, = +5 and ¢ = £7,

respectively. Note that the parameters (a;,0,0,by) # 0 are mapped to
(¢1,02) = (0,£3),(£m,£5), where ¢; = 7 and ¢; = —7 are identified,
of course. Figure 13 shows the degeneracy set, which forms all boundaries
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of the iso-Chern domains in the reduced parameter space S x St for the
Hamiltonian (125).

w
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Figure 13: Degeneracy set for Hamiltonian (125) in the space (41, ¢2) of control parame-
ters. Black curve : degeneracy on six-point generic orbit with C} stabilizer. Blue horizontal
lines : degeneracy on two three-point orbits with stabilizer C5. Red vertical lines : degen-
eracy on one two-point orbit with stabilizer C3. For intersection points of the horizontal
and vertical lines, three orbits of degeneracy points are present : two three-point orbits
with stabilizer Cy and one two-point orbit with stabilizer C's. The intersection points of
black curve and red vertical line one six-point generic orbit with C; stabilizer and one
two-point orbit with stabilizer C'5 are fused together to form one C5 orbit with multiple
zero. Further, to the intersection points between the curves and the horizontal lines, there
corresponds a degeneracy circle consisting of an infinity of D3 orbits.

In order to complete the construction of the iso-Chern diagram for the
Hamiltonian (125), we need to calculate Chern numbers for any represen-
tative point from each connected iso-Chern domain. For this purpose, the
elementary transformation of the Hamiltonian and the accompanying change
in Chern numbers, or a distribution rule of Chern numbers works well, which
were discussed in Sec. 6. To see this in the present situation, Figure 14 is of
great help. What we have to do is to evaluate Chern numbers assigned to
three subregions of the region I. The Chern numbers to be assigned on other
subregions are determined from those three by using the distribution rule of
Chern numbers.
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Figure 14: Representation of T2 space of reduced parameters (¢1,¢2) as a four-fold cov-
ering of a space of parameters characterizing system of equations for degeneracy and
exceptional points. Four regions I, II, III, IV correspond to identical solutions for degen-
eracy and for exceptional points. If region I is associated with Hamiltonian H, region II
corresponds to —H, region IV to H which is complex conjugate of H, and region III to
—H.

9.3. Chern numbers and iso-Chern diagram

Detailed calculations for Chern numbers are given in the appendix by
using as an example the closed path (1) represented in Figure 15. They
are done through the explicit calculation of all exceptional points. Winding
numbers for exceptional points are found by the linearization method. The
present subsection gives short summary of these calculations of Chern num-
bers and discusses the so obtained complete iso-Chern diagram for D3-model
Hamiltonian (125) depending on four parameters.

In order to see better what kind of change in Chern numbers could be
observed for families of Hamiltonians depending on control parameters, we
show in Figure 15 the evolution of Chern numbers along different closed paths
chosen on the reduced parameter space.

9.3.1. A local coordinate system on the two-torus

Since the parameters (¢q,¢o) on the torus are not convenient for the
calculation of Chern numbers for eigen-line bundles for Hamltonian (125),
we choose to use another coordinate system defined in the following. In
the (a1, as)-plane, we draw a unit circle centered at the origin along with
tangent lines to the circle at (1,0),(0,—1),(—1,0),(0,1). These lines serve
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Figure 15: The space of reduced parameters (¢1, ¢2) for a model D3 invariant Hamiltonian
(125). The space is a two-dimensional torus represented as a square with identification of
points on opposite boundaries. Dash lines 1,2,3,4,5,6 correspond to six closed paths in the
space of reduced parameters (¢1, ¢2). The evolution of Chern numbers along these closed
paths is shown in subfigures 1 — 6.
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Figure 16: Local coordinate patches (A).

as coordinate patches of the circle. For a given point of a chosen tangent line,
we draw the line segment which connect the point to the center of the circle.
Then, the intersection point of the line segment with the circle is uniquely
determined. In this manner, the tangent line and a half of the circle are
in one-to-one correspondence. In order to find the transformation of local
coordinates, we take, say, the tangent lines to (—1,0) and to (0,1), which
are expressed as (—1,¢) and (k, 1), respectively, where ¢, kK € R. Then, the ¢
and the x serve as local coordinates of the circle. The tangent lines (—1,¢)
and (1, k) cover the left and the upper halves of the circle, respectively (see
Fig. 16). In the intersection of the left and the upper halves of the circle,
two local coordinates are related by

1 1
V14 k2 V14¢e?

from which we find that the coordinate transformation between x and € is
given by

(k,1) = (—1,¢), (153)

ke=—-1, >0, Kk <O. (154)

Other tangent lines also serve as coordinate patches for the circle, and coor-
dinate transformations are found in the same manner as above.

In a similar manner, we can define local coordinates on the unit cir-
cle in the (by,bs)-plane. In the (by,bs)-plane, like Fig. (17), we draw a
unit circle centered at the origin together with tangent lines to the circle
at (1,0),(0,—1),(—1,0),(0,1). In order to find the transformation of local
coordinates, we take, say, the tangent lines to (1,0) and to (0, 1), which are
expressed as (1,¢) and (k, 1), respectively, where ¢, k € R. Then, the ¢ and
the k serve as local coordinates of the circle. The tangent lines (1,¢) and
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Figure 17: Local coordinate patches (B).

(1, k) cover the right and the upper halves of the circle, respectively (see Fig.
17). In the intersection of the right and the upper halves of the circle, two
local coordinates are related by

L 1) = ———(1,0), (155)

arerl= =

from which we find the coordinate transformation between  and €

ke=1, >0, k>0. (156)
The local coordinate patches

{(LA)} {Q2, D}, {(=1,28)), {4, =1)} (157)

assigned to S in the (ay, as)-plane and

)
{(L )}, {(p, D}, (=1 )}, {(4a, 1)} (158)

assigned to S! in the (b1, by)-plane are put together to form the products,
{(L, ) x {12, D}, {( A2, 1)} x {(—=1, u3) } ete., as a local coordinate system
of the two-torus.

9.3.2. Exceptional points and Chern numbers along a closed path (1)

In what follows, we give the results of the evaluation of positions of excep-
tional points and the values of Chern numbers along the closed path (1) on
the two-torus which is shown in Fig. 15, leaving the calculations in Appendix.
Table 1 gives a summary of the result of calculation for Chern numbers. The
parameters € and k in the first and the second row are local coordinates at-
tached to the left and the upper halves of the closed path (1), respectively.
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Table 1: Evolution of exceptional points, sign of diagonal matrix element, and corre-
sponding Chern numbers for closed path (1). Parameters € and & are related to ¢1, ¢ as
¢1 = m — arctane, ¢ = w/2 — arctan k. Positions of exceptional points on the sphere are
shown in Figure 18. The details of calculations are given in the Appendix.

Egi% 7%<59<% §§E<%27 62%27 27§%<E Pird o7
H<_Z —Z§H<—% fi:—% —%<K)<O k=0 0<H<7 ﬁ<:"€
et + + + 0 - 0 + +
nit — — — — — — — —
at, by + (empty) - 0 + + + (empty)
Chern not not
number —2 —2 -2 de fined 4 defined 2 2

On the overlapped interval of respective parameters, the coordinate change
(154) is used to identify corresponding subintervals with each other. These
two parameters are put together to cover three quarters of the circle (1). In
the bottom row of Table 1, along this three-quarter circle, the Chern num-
bers are given for the eigen-line bundle associated with a positive eigenvalue
of Hamiltonian (125). Though this table does not cover all Chern numbers
along the closed path (1), we can determine the other Chern numbers, as is
shown in subfigure 15.1, by using a shift law for Chern numbers, which we
will explain in the following subsection. (In Appendix, the missing quarter
of the circle (1) is treated by the method similar to the shift law touched
upon above.) The third row of Table 1 gives exceptional points denoted by
e, ny, ay, and by together with signs which indicate that each of them
is positive or negative exceptional point. When the parameter takes special
values, the number zero is placed at due positions of the row, which means
that the exceptional points in question become degeneracy points at each of
those moments. For example, if ¢ = 26/27 or K = —27/26, the e+, a+, and
b, become degeneracy points, and thereby no Chern numbers are defined.
From the expression of these exceptional points given in Appendix, we
observe that there are three types of exceptional points. The exceptional
points n, are independent of the parameter modifications. They are fixed
at (r = £1,y = 0,z = 0) points of the sphere. Second pair of exceptional
points, namely e, is located on the great circle z = 0 of the sphere. These
two points remain always antipodal to each other. They exist for all values of
parameters and go along the great circle when the parameters follow the path
(1). Finally, the quadruple (a+, b1) of exceptional points exist only for some
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subset of parameter values corresponding to path (1). These four exceptional
points appear through a bifurcation at ny points and then annihilate in pairs
when arriving at = 0 plane. All positions of these exceptional points at
different values of parameters are plotted in Figure 18. Figure 18 represents
the sphere as projections of two hemispheres z > 0 and z < 0 on the plane
z = 0. All the positions of a4, b, points form ellipsoidal curves.

Figure 18 remains qualitatively the same even if the position of the path
(1) moves to another values of ¢, parameter. As soon as ¢o approaches
¢o = —m/2 the interval of ¢; values for which the quadruple of exceptional
points a4, by exists shrinks to ¢; = 0 and the whole circle of exceptional
points defined by z = 0 exists for ¢; = 0, ¢ = —7/2 point in the parameter
space. However, this circle should be referred to as a degeneracy curve, as
we see from (130). We note here that degeneracy points are special ones
of exceptional points. If, on another way, ¢o approaches ¢o = 0, the set of
exceptional points approaches the circle y = 0 and for the ¢; = —7/2, ¢ =0
point in the parameter space we get the whole circle of exceptional points
defined on the sphere by z? + 22 = 1, but two points z = &1 of this circle
should be referred to as degeneracy points.

Figure 18: Positions of exceptional points on the sphere along the closed path 1 represented
in Fig. 15. The sphere is shown through projections of its north (z > 0) and south (z < 0)
hemispheres on the plane {z,y}. The n, and n_ as exceptional points are fixed and
present for all points along the path 1. Positions of ey and e_ exceptional points are
shown by dash line. The ey = —e_ move along the great circle. Projections of the
points a4, by on the {z,y} plane move along ellipsoidal curve shown by solid line. These
four points appears by bifurcating from n4 points at kK = —9/4 and disappears through
bifurcation at k = 27/100 at = 0 point of the solid curve.
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9.3.3. The iso-Chern diagram

We here give a shift law for Chern numbers on the iso-Chern diagram,
using the results in Sec. 6.2. From the point of view of the Hamiltonian
(125) the transformation (aq,as, by, bs) — (—a1, —as, by, by) corresponds to
modification H ~ H, where H is a complex conjugate to H. The trans-
formation (ay,ag, by, by) — (—ay, —as, —by, —be) corresponds to modification
H — —H, and the transformation (as, as, by, b2) +— (ay, az, —by, —bs) corre-
sponds to modification H — —H (see Figure 14). On the other hand, the
transformations (a1, as) — (—ay, —ag) and (by, by) — (—by, —by) correspond
to the transformations ¢, — ¢; £ 7 and ¢ — ¢o £ 7™ on the two-torus,
respectively. From the results obtained in Sec. 6.2, it follows that according
as the shift operations on the torus

(¢1,02) = (¢1 £, ¢09) or (d1,02) = (¢1, 02 £ ), (159)

the Chern number assigned to (¢1, ¢2) undergoes a change in sign or is kept
unchanged. This gives a shift law for Chern numbers on our iso-Chern dia-
gram. Using this law, we can determine the Chern numbers along the whole
closed curve (1), as is shown in subfigure 15.1. Further, since the curve (1)
passes the lower left and center subregions of the region I, we can determine
Chern numbers on the iso-Chern domains to which the lower left and the
central subregions of the region I are shifted by the transformations (159).
However, the curve (1) does not pass the upper right subregion, and hence in
order to complete the iso-Chern diagram, we have to find the Chern number
to be assigned to the upper right subregion of the region I in Fig. 14. For
this purpose, we choose the closed curve (3) in Fig. 15 for the Chern number
evaluation. Like Table 1, after a straightforward calculation, which we do
not give here, we obtain the following table as the result of the evaluation of
Chern numbers along the upper half of the closed curve (3).

From Table 2, we see that the Chern number to be assigned to the upper

right subregion of the region I is —4. Now we can make out the iso-Chern
diagram by using the above-shown shift law together with the Chern numbers
so far obtained.
Proposition 2. For the D3 invariant Hamiltonian (125), the reduced pa-
rameter space is the two torus on which the iso-Chern diagram for the eigen-
line bundle associated with positive eigenvalue is described as is shown in
Fig. 19. The iso-Chern diagram for the eigen-line bundle associated with
negative eigenvalue is obtained by opposing the sign of the Chern number
assigned to each iso-Chern domain.
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Table 2: Evolution of exceptional points, signs of the diagonal matrix element, and corre-
sponding Chern numbers for the upper half of the closed path (3).

K<—2L | 2L <k<0| k=0 |0<k<Z | k=2 |2 <x<?]| <k
et - - 0 + 0 - -
n4 + + + + + + +
at,by | (empty) - - - 0 + (empty)
Chern not not
number -2 -2 defined —4 defined 2 2
(160)
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Figure 19: Complete iso-Chern diagram for D3 invariant Hamiltonian (125). In each iso-
Chern domain the Chern number for eigen-line bundle with positive eigenvalue is indicated.
Chern number for eigen-line bundle associated with negative eigenvalue has opposite sign.

66



10. Conclusion

We have analysed in this paper the consequences imposed by symme-
try on the possible values of topological Chern numbers for energy bands
and on their allowed modifications. The analysis is made essentially in the
semi-quantum model which has a finite number of quantum states describing
quantum subsystem which is supposed to be in interaction with classical sub-
system described by classical variables defined over classical phase space with
prescribed topology. An important assumption is the two level approxima-
tion leading within the semi quantum model to effective Hamiltonian linear
in SU(2) generators, and the S? ~ CP! topology of the classical phase space
corresponding to physical example of rotational structure for two vibrational
states.

Under these assumptions after giving the symmetry group of the problem
(which defines in its turn the action on quantum states and on classical
variables) we have obtained that only some special integers (depending on
the symmetry group) could appear as Chern numbers for individual eigen-
line bands. The results for the SO(2) and D3 symmetry Hamiltonian models
are given in Propositions 1 and 2, respectively.

Here in conclusion, we try to formulate several important generalizations
and possible further steps in the study of qualitative description of bands
and their rearrangements.

It is necessary to find mathematical justification for selection rules for
possible Chern numbers in the presence of symmetry which follows from the
purely group theoretical analysis of band decompositions for quantum molec-
ular problems formulated in [48, 47, 24] in terms of the numbers of states in
bands. Combining these selection rules with the correspondence between
Chern numbers for semi-quantum model and exact numbers of quantum
states for corresponding purely quantum problem [13, 14, 15] leads to results
confirmed by explicit calculation of Chern numbers on concrete examples in
the present paper. In particular, for D3 invariant model with two quantum
states transforming according to two-dimensional E-type representation the
direct application of group theoretical selection rules [48, 47] gives the follow-
ing restrictions on the possible values of Chern numbers: Ch = £2 mod6. We
have found for four-parameter model +£2 and +4 as possible values. Adding
higher degree terms (namely fourth degree in elementary rotational variables)
in the Hamltonian enables us to find iso-Chern domains in the parameter
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Table 3: Codimension of eigenvalue degeneracies for complex Hermitian matrices under
the absence of symmetry.

Degeneracy )\i = )\j /\i = )\j /\1 = )\j = )\k )\i = )\j /\i = )\j
Ak =\ A=A Ae=XN=An
Am = Ap
Codimension ‘ 3 6 8 9 11

space with Chern numbers +8. Nevertheless the systematic proof of this
selection rule remains an open problem.

One of the possible ways to generalize the model is to consider several
quantum states but to keep the dimension and the topology of the classical
phase space unchanged. In order to preserve under such generalization the
generic character of the model we need to include in the model nonlinear
terms in SU(2) generators. The constructed N x N matrix of N-state model
in such a case will have exactly the same codimension of degeneracies as
two-state problem taking into account the symmetry of quantum states. In
a generic way the rearrangement of bands can take place for one-parameter
families of Hamiltonians at isolated values of control parameter.

Another possible way of a generalization is to go to models with classical
subsystems being described by phase space of higher dimension (and nat-
urally of different topology). In this case the complex dimension of a base
space is larger than 1 and new effects appear if the number of quantum states
taken into account is sufficiently large.

The most important new feature is the appearance of non-decomposable
bands associated with several quantum states. The appearance of such bands
follows directly from the comparison of codimension of degeneracy points
listed in table 3 with the dimension of base space. In order to characterize
bands topologically for higher dimensional base spaces the first Chern class
is insufficient and higher Chern classes appear naturally. Example of such
three-state model over classical phase space with CP? topology was studed
in [16]. The study of symmetry effects for such multi-state problems with
non-trivial topology of highly-dimensional classical phase space is completely
open problem.
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Appendix A. Calculation of Chern numbers for D3 model Hamil-
tonian

We calculate in this appendix the Chern numbers along a closed path de-
fined by (ql, as) = (cos ¢y, sin ¢q) a.nd ('bl, by) = (\/%, —\/%) in th(? par.al.netfer
space. This path is denoted by 1 in Figure 15. For the sake of simplicity in
the notation, we choose to take the local coordinates defined in (157) and
(158). With a bit change of parameters, we then treat the Hamiltonian (125)

in terms of the parameters

a; = —1, ag = &, b1 :1, b2:—§ (Al)

The equations for exceptional points in this case are given by
3.\ _ 2 9.2y
z(2y + 52) =0, z-—ey(y®—3z")=0. (A.2)

From the first equation of (A.2) we see that there are two cases: (i) z =0
and (ii) 2y + 22 = 0.

(i) If z = 0, then the second equation of (A.2) becomes z = ey®. Then, the
constraint condition yields the equation 1 = y*(1 + £2y*), which is solved by
+a, where « is determined uniquely as the only real solution of a(1+¢&2a?) =
1, since the function f(s) = s(1+¢%s?) is monotone increasing in s. We note
also that the a depends on the parameter €. Thus, we have obtained the
exceptional points

0 0
e, = a2 |, e = -a?]. (A.3)
ca’/? —ca?/?

(i) If 2y + %z = 0, then the second equation of (A.2) becomes —%y —ey(y? —
32%) = 0. If y = 0, then 2z = 0, so that x = 41 because of the constraint
condition. Thus we have obtained the exceptional points,

+1
0

If y # 0, then the second equation of (A.2) reduces to —3 = ¢(y* — 32?). In
this case, the constraint condition provides %Bgf =1- 9%. Ife > g, then the
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right—hand side of this equation is positive and we have non-zero solutions

y==+-23-,/1—2% sothat z = :F%, /1 — =32. Then, the constraint condition

2V7
provides the equation for z, 2 = 238+ L gg, which is solved by x = £,/ 5 /3 s T %%
if —100 < e. From the above results, it follows that if —12070 <e¢ < 5, there
are no real solutions of the present type, but for ¢ < —% or ¢ > 4 we have

27
the exceptional points,

3 125 3 125
/25 T 263 /25 T 26
3 / 4 _ 3 4
2 [{_ 4 2 [fi_ 4
N4 9e N4 9e
100 4
for €<_7 or 525

In particular, if ¢ = %, the exceptional points a+ and b coincide with each
other and equal n..

The next task for us to do is to determine Uy, and Ujown. To this end,
we examine the sign of the values of

F =y a2~ ;zy (A.6)
for the exceptional points obtained, where F' is the left upper element of
the Hamiltonian matrix. An exceptional point is assigned to Uy, or Ugown,
according to whether F' > 0 or F' < 0 for that point.

First we take up (A.3). We then need to find the sign of F(ex) = a—3ea?.
To this end, we set f(s) = s(1+¢e2s?) and g(s) = s — 3es®. Our task becomes
to find the sign of g(«). By the definition of «, one has f(«) = 1. It is easy
to see that g(0) = g(2) = 0. Now we have f(2) = 221, First we consider
the case of ¢ > 0. If f( =) > 1 = f(@), then o < Z. This is because the
function f(s) is monotone increasing Since g(s) > 0 for 0 < s < &, we see
that g(a) = o — 3ea? >Of0r<a< 2. It turn out that if 221 > 1 ore < £,
then g( ) > 0. Contrarily, if ¢ > 25, then f(E) <1= fla ) so that we verify
that 2 < a. Since g(s) < 0 for s > 2, we ﬁnd that g(a) = o — 3ea? < 0 if
£ > 2—7 In the case of ¢ < 0, we see easﬂy that g(s) < 0 for s > 0, so that
gla) = a—2ea? <0.

We turn to the exceptional points (A.5). For ay and by, we obtain

Flay) = F(by) = 2(c — 2), and for ny we have F(ny) = —1 < 0.
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In a summary, the sign of the value of F' = y? — 22 — %zy for each of the

exceptional points and for all studied intervals of e-parameter values is listed
up in the table 1 given in the main text, section 9.

It is to be noted that F(es) = F(ay) = F(by) = 0 at ¢ = 2. This
means that the points e, a4, by become degeneracy points at the moment
of ¢ = g—?. This can be also verified as follows: For ¢ = g—g, the reduced
parameters take the values p = ay/ay = —g—g and ¢ = by /by = —%, which
satisfy pq(1 + ¢*) = 1. This implies that the line (p,q) = (—%, —%) with
the parameter ¢ crosses the degeneracy curve pg(1 + ¢?) = 1 at (—%, —%)

26

In addition, we note also that at the moment of ¢ = 2,

points ey, a4, by are expressed as

3 3 3 3
2 03 54/ 13 +5¢/13

the six degeneracy

e, = | = e =|——7 ay — _3 bp=| -3
+ \/213 ) \/213 , Gt 2\/12—3 y Ut QQ\/E
vis Vi3 VB NE

(A.7)
The set of three points {e,, b+} and that of {e,, a.} form triangles, re-
spectively. Each triple corresponds to one orbit of the C3 subgroup of the Ds
group with trivial stabilizer. All six points together form one six-point orbit
of the symmetry group D3 with trivial stabilizer.
According to the sign of I for the exceptional points, we find the following
four types of domains;

1
Up =5 —{ex, as, by}, Ujown =S5*—{ny} fore < —%, (A.8)
1 4
Up=5"—{es}, Uiown=5"—{ny} for —2i70 <e< 9 (A.9)
, , 4 2
Uup =5 — {ei}, Udown = Se — {ni, a4, bi} for § <e <L 2—7, (Al())

26
U = S —{ai,bi}, Ugoyn = S* — {ni, ei} for € > 77 (A.11)

To evaluate the Chern number, we take the linearization method ex-
plained in Sec. 6.2. Let X = ay5 and Y = bys, the real and the imaginary
parts of the upper off-diagonal element of the Hamiltonian matrix;

X =22y + gz), Y =z —ey(y® — 327). (A.12)
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Note that the transition function on Uyp N Ugown is expressed as @ = e(X +

iY)/VX2+ Y2 with € = +1.

In the case of ¢ < —%, we draw two circles C; and Cy on the levels

r = +h with @/23—8 < h < 1, respectively. The circles divide the sphere into

three regions. We denote by S7 the union of the regions which contain either
of n4, and by S? the region which contains the equator. The orientation of
C; and that of Cy are in keeping with the orientation of S3. We take (y, 2)
as local coordinates and view z as a height function. Then, the first-order
derivatives of X, Y with respect to (y, z) are

0X Y 3 0X z 3 3
oy . OV

Then, the determinant of the coefficient matrix of the linearlized vector is
evaluated at n4 as

ox  ox

o 0 _
det (i ﬁ)-

oy 0z

[[M]

— 2w(1 — %s), (A.14)

2 5T
3¢ 1

where z denotes the z-component of . Since ¢ < —%, the right-hand side
of the above equation is positive or negative, according as x =1 or x = —1.
Hence, the winding number of C for n, is +1. Since the local coordinate
system (y, z) is negatively oriented against the orientation of the hemisphere
with z < 0, the winding number of C5 for n_ is +1 as well. Thus, the sum
of the winding numbers is +2, so that the Chern number is —2.

We now consider the case of —% <e< %. Since no degeneracy points
appear as € passes the number ¢ = —%, the Chern number should remain
to be the same though the points a4 and by disappear. We verify this fact
by evaluating the Chern number. We draw two circles C; and C5 on the
levels x = +h with 0 < h < 1, respectively. The circles divide the sphere
into three regions. As in the case of £ < —%0, we denote by S% the union of
the regions which contain either of n4, and by S? the region which contains
the equator. The orientation of C and that of Cy are in keeping with the
orientation of S2. We take the linearization method as well. Taking (y, z)
as local coordinates, we obtain the same determinant evaluated at n. as in
the case of ¢ < —12—070. Since —12—070 <e< g, the sign of the right-hand side
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of (A.14) is the same as in the case of ¢ < —12—070, so that the same reasoning

can be made to result in the same Chern number —2.
We turn to the case of % <e< %. We draw two circles C; and Cy which

are located on the levels x = +h, where 0 < h < %\/% Here, we note that
%\/% <4/ 412 for 3 <e < Z. The circles divide the sphere into three
regions. We use the notation S7 and S? in a similar manner to the above.
The S% is the union of the two regions which contains either the exceptional
points a4, b, ny ora_,b_,n_. The S? is the region containing the equator.
We take (z,z) as local coordinates in view of the position of ey and look on
y as a height function. The first-order derivatives of X, Y with respect to
Z, T are

0X rz 3 0X 3 x?

—_9oX 4= =2y 4 —z—2— Al
P y + 5% B Y+ 5% e (A.15a)
aYy 29y 3
— =14 3eyz — 35£, — = 9eyx — 3L (A.15D)
0z Yy ox Y

For the exceptional points e. given in (A.3), we have

ax  ox 1/2 4 3.,3/2
= 5 0 20077 + Jea
det (g_y g_y) — ‘1—{—352@2 ; <0, (A.16)
and ox  ox 0 2012 _ 3032
2 1A — 2
det ( % é;_g) |32 . >0, (A.17)

respectively. The local coordinate system (z,x) is positively oriented on the
hemisphere with y > 0 in which e, is included, but negatively oriented on the
hemisphere with y < 0 in which e_ is included. However, the orientation of
small circles centered at respective exceptional points are clockwise. Thus,
we observe that the winding numbers associated with ey are both 1 and
summed up to be 2. The Chern number is then —2 in this case. Thus, we
have verified that the Chern number is the same as in the case of ¢ < %.
We proceed to the case of ¢ > g—?. We draw two circles C; and Cy in a
bit different manner from that in the above two cases. The circles C; and Cy
enclose the exceptional points a+ in the hemisphere with y > 0 and by in
the hemisphere with y < 0, respectively. The circles divide the sphere into
three regions. We denote by S3 the middle of the three and by S? the union
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of the remaining two. The region S% then contains the exceptional points
n, and ey and the S? contains a4 and by. In view of the positions of the
exceptional points ax and by, we take (z,x) as local coordinates and look
on y as a height function. From (A.15) we verify that the determinant of the
coefficient matrix of the linearized vector is evaluated at a4+ and by as

X 90X
det (g_y 3_3"?>=
0z

ox

—2Zg + 3g 2y + 32— 28 2
vt 27T = D92 —4), (A18)
Y

1+ 3eyz — 365%2 9eyx — 36%

where y and z are y- and xz-components of a, or by. Since € > g, the right-
hand side of the above equation is positive or negative according to whether
the y-component of a4 or by is positive or negative. Since the y-component
of a4 is positive and that of by is negative, we find that the determinant
is positive for a4 and negative for b... Since the orientation of small circles
centered at a4 is negative, the winding numbers for a are both —1. Taking
into account the fact that the (z, z)-coordinate system is negatively oriented
against the sphere in the neighborhood of by, we observe that the total
winding number is —4, so that the Chern number is 4.

In a summary, we have extended the table of signs of F' = ¢y — 2% — %zy
for the exceptional points by calculating corresponding Chern numbers (see
table 1 of section 9).

We are interested in what happens to the exceptional points in the limit
as € — 00. We first consider the exceptional points eL given in (A.3). If
€ — 00, then the a as a real solution to 1 = s + €253 tends to 0. Since the
relation 1 = a + €203 is preserved in the process of € — 0o, we observe that
e?a® — 1. Tt then follows from (A.3) that

0
et~ | 0 as € — 00. (A.19)
+1

For these limit points, we see that F' = y? — 22 — gzy = 0, which implies that
the above points (A.19) become degeneracy points as ¢ — oo. This can be
verified also by letting o — 0 in the expression a — %5&2. In fact, we obtain
a—3ea? = a — 2203/2a!/? — 0 as € — co. Note also that the points ey
given in (A.19) form two-point orbit of the group D3 with stabilizer Cs.

We turn to the exceptional points ai,by given in (A.5). If we make
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e — oo in (A.5), we obtain

V3 V3
5 Ry
ar — PWid s bj: — Vo (AZO)
2 2
VT V7
Since we have F(ay) = F(by) = £ — 1820 for generic ay, by, we verify that
F(ay) = F(by) — £ as ¢ — oo. This implies that ay and by remain to be

exceptional points if € — oo. The exceptional points n, are independent of
¢ and remain to be exceptional points if £ — oc.

We are to observe what happens to the exceptional points if ¢ — —o0.
We first consider the exceptional points e4. If ¢ = —o0, then « tends to 0 in
the same manner as in the case of € — oo. However, in the case of ¢ — —o0,
the ey converge to

0 0
e,—~ | 0], e—= 10|, (A.21)
—1 1

respectively, in contrast with (A.19). Similar to the case of ¢ — oo, the limit
points (A.21) are degeneracy points. Like (A.20), if ¢ — —o0, we obtain the
limit points

4 V3 EVEY
a; — iﬁ b, — —2iﬁ (A.22)
+ 2\/27 ) + 22\/7 Y .
VT V7

which are exceptional points. This is verified in the same manner as in the
case of ¢ — 00. The exceptional points n. are independent of ¢ and remain
to be exceptional points if ¢ — —oo. The degeneracy points (A.21) form a
two-point orbit of D3 group with stabilizer Cs.

We note here that the operations ¢ — 400 correspond to ¢; — 7 and
o1 — 37“, respectively. Put another way, the parameter £ cover the left half
of the unit circle in the (ay, az)-plane (see figure 16).

We turn to the upper half of the unit circle. In other words, we now

consider the Hamiltonian with the parameters

a; = R, a9 — ]., b1 == ]_, bg == —5 (A23>
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The equations for exceptional points are given by

z(2y + gz) =0, kz+y(y’—32*)=0. (A.24)
From the first equation of (A.24), we have two cases (i) z = 0 and (ii)
2y + z =0.
(i) If r = 0, the second equation of (A.24) becomes rz + y> = 0. Then,
the constraint condition provides 1 = y?(1 + éy‘l), if kK # 0. We will treat
the case of Kk = 0 separately after finishing the case of K # 0. Since the
function f(s) = s(1 + —s?) is monotone increasing in s, we have a unique
real positive solution « determined by 1 = a(1 + %az). Solutions to the
equation 1 = y?(1 + Ly*) are then given by y = +a'/?2. Thus we have
obtained the exceptional points with the vanishing xz-components. For the
reason to be explained later, we denote the exceptional points e4 obtained
above by

0 0
e = a2 1, el i=[-a?|, k>0, (A.25)
1,3/2 1,3/2
0 0
e, = a2 |, e_.:=-a?|, k<O (A.26)
1,3/2 1,3/2

(i) If z = —3y, then the second equation of (A.24) becomes —3ry + y(y* —
32%) = 0. The y = 0 is a solution to this equation. Then, we have z = 0, so
that = +1 because of the constraint condition. Thus, we have found the
exceptional points

ne=1|(0]. (A.27)

If y # 0, then we have —%/{ +y? — 322 = 0. This equation and the

constraint Condition are put together to provide the equation 1 = m/ﬁ— 8422,
and then z? = (1 — m/—{) The right-hand side of this equatlon is in the
range 0 < = (1 — 100 k) < 1 if and only if —9 <k < 12070 If —9 <k < 12070,

0

we obtain the solutlons xr = :l:T 1 - 10 57 k. Then, y? = —Ii + 322 is solved

by y = j: K+ 2 1, so that 2z = :F3\[ K+ —. Thus, we have found the
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exceptional points

3 100 3 100
a: = NalLR . by= v TR (A.28)
4 9 4 9
THAVE T eV AV
9 27

for —3 <r <55

We now explain the reason why we have chosen the definitions (A.25)
and (A.26), where the suffices + look exchanged, if the sigh of « is ignored.
We can prove the validity of the definition (A.26) from the viewpoint of the
parameter change (154). In terms of the parameter €, the exceptional points
e are defined in (A.3) with the a determined by 1 = a(1 +£%a?). Let us be
reminded of the fact that the parameter change (154) is valid for € > 0 and
k < 0. In (A.25), a is determined by the equation 1 = a(1 + S «?), which is
put into 1 = a(1 + €%a?) if kK = —1/¢ is taken into account. With these in
mind, we can observe that the exceptional points (A.3) in the case of € > 0
are exactly the same as (A.26) in the case of k < 0.

We further verify that although the exceptional points e look discontin-
uous at k = 0, they are continuous in a neighborhood of kK = 0. To this end
we first note that if x — 0 then o« — 0. Since the relation 1 = o + 2a is
preserved in the process of Kk — 0, it follows that n—ga — las k — O On
account of this, we find from (A.25) that

0
et— | 0 as Kk | 0. (A.29)
+1

In the case of k < 0, from the definition (A.26), the limit points of e4 as
k — 0 with Kk < 0 prove to be

0
es— | 0], xto. (A.30)
+1

Egs. (A.29) and (A.30) are put together to show that the exceptional points
e defined by (A.25) and (A.26) depend continuously on & in a neighborhood
of Kk =0.
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We note further that if k < 0, the exceptional points a+ and by defined
in (A.28) are transformed into those defined in (A.5) with ¢ > 2.
If Kk =0, Egs. (A.24) become

x(2y + gz) =0, y(y*—32%=0. (A.31)
From the first equation of the above, we have two cases, (i) z = 0 and (ii)
2y + %z = 0.
(i) If x = 0, then the second equation becomes y* = 0, so that y = 0. Then,
the constraint condition provides z = +1.
(ii) If 2y+%z = 0, the second equation of the above is rewritten as —%z(%zz—
3z%) = 0. If 2 = 0, then one has y = 0, so that the constraint condition
provides z = +1. If z # 0, then the present equation reduces to %22 — 322 =
0. This and the constraint condition are put together to give 1 = ;122, SO
that z = i% and y = :F%ﬁ, and thereby x = :|:2—*/\%. Thus, for k = 0, we
have found the exceptional points

V3 V3
AN () (P
iol ; 8 ; i | | T (A.32)
~7 7

We note that the leftmost exceptional points among the above are limit
points of ex as k — 0, as is seen in (A.29) and (A.30). The second one is
the same as ny. The third and the last ones are the limit points of a; and

b, respectively. In fact, if K — 0, the exceptional points a+ and by given
in (A.28) tend to

3 3
j:2?:/5 iméﬁ
aL — Wg s bi — —%\—ﬁ s (A.33)
VT V7

respectively.

So far we have obtained all the exceptional points, our next task is to
examine the sign of the value of F' = ¢y — 2% — %zy for each of the exceptional
points obtained. For ay and by, we obtain F(ay) = F(bsy) = (1 + £k),
which is positive for k > 0. For ey, one has F(ey) = a+ %oﬁ > 0 for K > 0.
For n., one has F(ny) = —1 < 0. In the case of k = 0, a straightforward
calculation shows that F(ey) =0, F(ny) <0, F(ay) = F(by) > 0. In the
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case of kK < 0, we need not to examine the sign of the value of F', since we
can find the sign by applying the parameter change k = —1/¢ to the results
in the case of ¢ > 0. The summary of our results is given in the table 1 in
section 9, where the correspondence between results obtained by using € and
k parameters is explicitely demonstrated.

It is to be noted here that the exceptional points e, become degeneracy
points at the moment of x = 0, which we have already shown when we
studied the limit points of e as ¢ = oc.

In what follows, we study the case of x > 0. The domains U, and Ugewn
are now determined according to the sign of F' for the exceptional points as
follows:

2
Uup = 52 — {ai, bi, ei}, Udown = Sz — {ni} fOI‘ 0< kK S —7, (A34>

100
9 9 27
Up =5"—{e+}, Uioyn =5 —{ny} for 100 < K. (A.35)
To evaluate the Chern number, we take the linearization method. Let
3
X =22y + 52)’ Y = —kz —y(y? — 32%). (A.36)

In the case of 0 < k < 12—070, we draw two circles C; and C5 on the levels

x = =£h, where #ﬁ < h < 1. These circles divide the sphere into three

regions. We denote by S3 the union of regions containing either of ey, and
by S? the region containing the equator. The orientations of the circles are
in keeping with that of S7. We take (y, z) as local coordinates and view z as
a height function. Then the first-order derivatives of X and Y are given by

0X Yy 3 0X z 3 3
AL, Z 2 — =_Z(2 — - A.37
TG A R mi{CTR DR (RO (D
oY )4
— = -9y +32%, — = —k —6yz. A.37b
9 y 3, o K — 6yz ( )
The determinant of the coefficient matrix of the linearized vector is evaluated
at n4 as
8L N g 3 9
z | 2 | — _ z
det (% %_32) =3, kT 2x(k + 4), (A.38)

where z is the x-components of n.. If x > 0, the right-hand side of the
above equation is negative or positive according to whether x = 1 or x = —1.
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Thus, the winding number associated with n. are both —1 on account of the
orientation of the coordinate system (y, z) against the north and the south
hemispheres. It follows that the Chern number is 2.

In the case of % < K, we draw two circles C; and C5 on the levels x = +h,
where 0 < h < 1. The regions S7 and S? are defined in a similar manner as
above. The Chern number is also evaluated in the same manner as above to
result in 2.

The summary of the results can be seen again in the table 1 in section 9.

If we set k — 00, then from the definition of o we obtain a — 1, and
thereby from (A.29)

0
er —> | F1]. (A.39)
0

For these limit points, the function F' = y? — 2% — 32y has the value 1 > 0,
so that they remain to be exceptional points. The exceptional points n.
remains to be fixed, since they are independent of .

We move on to the right half circle in the (a, az)-plane. The tangent
line to the circle at (1,0), which is a coordinate patch of the half cycle in
question, is expressed as (1, —¢), which is the inversion of the tangent line
(—1,e) at (—1,0), where € € R. The present parametrization of the tangent
line carries the advantage that we need not to perform another calculation to
find exceptional points. This is because the equation for exceptional points
for the parameter

a; = 1, g = —¢&, b1 = 1, bg = —g (A40)
are given by
3
r(2y+-2) =0, z—ey(y®—32%) =0, (A.41)

2

which are the same as in the case of (ay,as) = (—1,e). Then, we have the
same exceptional points as those obtained in the case of (a1,a2) = (—1,¢).
And the domains U,, and Ujown prove to be the same. However, the Chern
numbers are not the same, since the quantities X and Y are not the same.
They are given by

3
X =z(2y + iz), Y = —z +ey(y? — 32%), (A.42)
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We note that Y is changed in the sign in comparison with (A.12). This
modification is due to the transformation H — H of Hamiltonian to its
complex conjugate as shown in Figure 14. If we are reminded of the fact
that Chern numbers can be evaluated through the sign of the determinant of
the coefficient matrix of the linearized vector, we can observe that the Chern
number is reversed in the sign under the transformation (X,Y) — (X, -Y).
Thus, we have for the case of (a1,as) = (1, —¢) the following table

ES—% —%70<5<% %§5<§—$ 623—? g—$<5
ey + + + 0 —
N4 — — — — —

ai, by + (empty) - 0 +
Chern not
number 2 2 2 defined | —4

which is completely similar to the appropriate part of Table 1 dealing with
(ay,a2) = (—1,¢). The only formal difference is the inversed sign of the Chern
number for the same eigen-line bundle associated with positive eigenvalue of
the model Hamiltonian (125).

It is to be noted here that the coordinate patches with ¢ < 0 and with
€ > 0 cover the upper right quarter and the lower right quarter of the circle,
respectively.

In the same manner, we can inverse the sign of (k, 1) to obtain the tangent
line, (—k,—1), to the circle at (0,—1). By the same reasoning as above, we
can obtain the following table for the case of (a1, as) = (—k, —1):

<ﬂ

<=3 | -9<r<-2Z -2 —2Z <k<0 0 0<r< 2L | & <hk
et + + 0 — 0 + +
ny — — — — — — —
ax, by | (empty) - 0 + + + (empty)
Chern not not
number 2 2 defined —4 defined —2 -2

This table again coincides with the appropriate part of Table 1 dealing
with (a1, a9) = (k,1) case except for the sign of Chern numbers, which are
inversed.

Thus, we have found all Chern numbers along the closed path determined
by (ay,as3) = (cos ¢y, singy) and (by,by) = (\/iﬁ,—\/iﬁ) This closed path
carries four singular points on which Chern numbers are not defined. The
Chern numbers obtained so far are shown in Figure A.20, where the four
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a
Ch=4 Ch= 2
a1
Ch= - Ch=-4

Figure A.20: Chern numbers along closed path 1 shown in figure 15.

dots on the circle denote the points in the parameter space corresponding to
Hamiltonians with two eigenvalues possessing degeneracy points. Eigen-line
bundles cannot be defined for Hamiltonian with these parameter values. The
Chern number is constant in each arc between adjoining dots.
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