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Abstract. The topological properties of the flat band states of a one-electron
Hamiltonian that describes a chain of atoms with s — p orbitals are explored.
This model is mapped onto a Kitaev-Creutz type model, providing a useful
framework to understand the topology through a nontrivial winding number and
the geometry introduced by the Fubini-Study (F'S) metric. This metric allows us
to distinguish between pure states of systems with the same topology and thus
provides a suitable tool for obtaining the fingerprint of flat bands. Moreover,
it provides an appealing geometrical picture for describing flat bands as it can
be associated with a local conformal transformation over circles in a complex
plane. In addition, the presented model allows us to relate the topology with the
formation of Compact Localized States (CLS) and pseudo-Bogoliubov modes.
Also, the properties of the squared Hamiltonian are investigated in order to
provide a better understanding of the localization properties and the spectrum.
The presented model is equivalent to two coupled SSH chains under a change of
basis.
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1. Introduction

A flat band refers to a band with constant energy unaffected by the crystal momentum.
This property suppresses wave transport and makes it highly sensitive to perturbations
[1]. This has led to the exploration of partially flat bands, which have vanishing
dispersion along specific directions or near particular points in the Brillouin zone [2H4].

Due to their unique characteristics, flat band systems have been a subject of great
interest in several research fields [5H12], such as the generation of electronic correlations
in condensed matter [13-18]; among such phenomena include ferromagnetism [13}[14],
superconductivity [15,/16], and Wigner crystal formation [17,/18], and in photonics
leading to slow-light realizations [1920] and coherent propagation free of quantum
dispersion [21}[22]. Thus, the study of flat band systems is crucial because it provides
insight into the collective phenomena that govern the behavior of complex materials
[13/23+26]. These materials are of great interest because they have the potential to
revolutionize many areas, such as electronics and possible applications to quantum
computing [27].

Historically, developing flat band models has been a long and arduous process. It
started with Sutherland’s discovery of a flat band in the dice lattice [28]. It continued
with Lieb’s work on the Hubbard model, demonstrating that certain bipartite lattices
with chiral flat bands exhibit ferromagnetism [29]. However, in recent years, there
has been a growing interest in the development of new topological flat band models
[2] that will allow for a better understanding of the properties of these materials
and their potential applications and which can support quantum Hall-like states,
including integer quantum Hall (QH) effect [30|31], fractional quantum Hall (FQH)
effect [32H34], and the existence of electronic fractional Chern states [11},/12}32}35].

Lastly, one of the challenges in studying flat band systems is distinguishing
between pure states of systems with the same topology. To overcome this challenge,
in previous work, the FS metric has been introduced as a tool, mainly to differentiate
quantum states in flat bands [36-39]. This metric enables the reliable identification
of flatness regions in topological systems.

This paper presents a non-superconducting one-dimensional tight-binding model
that can be mapped to a Kitaev chain Hamiltonian, preserving its topological
properties with a nontrivial winding number. The FS metric of the model allows for
the construction of a mapping f that can accurately distinguish between topological
and nontopological systems, as well as between topological systems with and without
flat bands. This model is inspired by recent experimental evidence of one-dimensional
flat bands along established directions in two-dimensional van der Waals structures
[40], as well as research that suggests that chains of elements such as boron [41],
gallium [42] and tellurium [43,|44] could be used to realize the proposed model
experimentally.

This paper is organized as follows. Section [2] introduces the atomic chain model
and the effective Hamiltonian. Section [3]discusses the formation of pseudo-Bogoliubov
modes and a regime with flat bands where compact localized states (CLS) exist.
These bands are characterized by relations similar to those found in Landau levels.
Additionally, we demonstrate a nontrivial topology phase transition and how the
geometry described by the FS metric enables the mapping f to be constructed to
differentiate between flat band regimes and other topological systems. Finally, Section
summarizes our findings.
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Figure 1. a) At each site of the atomic chain, there are two orbitals s and pz,
denoted as s, and ¥p,»n. The hopping integrals of the nearest-neighbor t,, and
tss have the opposite sign, while the nearest-neighbor ts; couplings alternate in
sign. Due to inversion symmetry, the on-site tsp coupling will be zero, just like in
an isolated atom. The tight-binding Hamiltonian is given by Eq. [I} b) This atomic
chain can be geometrically represented as an unbalanced Creutz ladder [10]/45) ,
where the blue and red circles represent the sites A and B, respectively. The
orbitals s and p correspond to the sites A and B, and the hoppings follow the
rules tss — taa (black lines), tpp — tpp (gray lines), tspps) — tap(pa) (dashed
black (gray) lines) and e,(,) — €4(p) (see Eq. .

2. Model and Methods

As explained in the introduction, our main motivation here is to find a model
with realistic features such that it contains a flat band susceptible of being treated
analytically in a simple way. Flat bands are associated with zero group velocity and
this requires destructive wave interference. Clearly, a model based only on pure s
orbitals is not able to produce such effect. The change of sign induced by p orbitals
when rotated by an angle of m induces such possibility as positive and negative
interactions of the same magnitude appear. Therefore, the most simple model is
to have a one-dimensional system with s — p orbitals (see Fig. [l a) ). Notice that
here we do not introduce p, and p, orbitals due to several reasons. The first is
that we want to keep the model simple to shine light in the Fubini-Study metric
topological study. But there are other physical reasons to proceed in such a way. One
is that such simple system can be implemented using quantum analogous systems
like in ultracold atom lattices or simulate topological zero modes (flat bands) on
a qubit superconducting processor [49]. Having only one type of p orbitals simplify
considerably the complexity of the device. The second reason is that chalcogenide
elements as Se or T'e form chains . The bonds are directed along the chain direction
and thus are well described with only one type of p orbitals.

Under such considerations, our investigation is based on a tight-binding model
with only first-neighbors hopping, which yields a Hamiltonian that can be expressed
as
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A= Z (5S(Tn)ci,rncsmn + Ep(rn)c;r),rncp,rn)

Tn

+ Z {tss (Tn)cl,rnﬂcs,rn + tpp(rn)c;(n,rnﬂ Cp,rp,

Tn

Fop(Ta)ch r Coimn + tos(Ta)el L pim, | + D (1)

The indices s and p refer to the respective orbitals, and 7, is the position of the n —th
atom. The fermionic annihilation (creation) operator for orbital s and p is denoted by
C(s,p),rm (cgsm)mn)7 while € ) (1) and tes(7n), tpp(Tn), tsp(Tn), tps(Tn) are the energy
on-site and the hopping parameter to the first right neighbor, respectively. Assuming
that e (ry) and to g(r,) are independent of the atomic position, the tight-binding
parameters tgg, tpp, tsp, tps can be obtained.

We can think of the chain as a ladder, with each s and p orbital mapped to
different sites. As illustrated in Fig. [1| b), the ladder consists of two types of sites:
type A, which is derived from the s orbitals and type B, which is derived from the p
orbitals. This ladder is equivalent to a Creutz model, and its Hamiltonian is given by.

H= Z (EA(LILCLn + EBbLbn)

+>° (tAAaIlHan +tpbl by +tapbl an + tBAaL+1bn> + h.e(2)

n

The annihilation (creation) operators for sites A and B in the cell n are indicated by
an(al) and b, (bl), respectively. It has been demonstrated that due to the symmetry

of the p orbitals, t,s = —ts, and t,, = —tss [50]; consequently ts4 = —tpp and
tap = —tpa. In addition to this, we assume that e 44 = —epp, then the Hamiltonian
is given by

H= EZ (ailan - bjlbn)

n
+ 3 tan (0 1an = Biibn) + tan (Vhoran —afiiba) + e (3)
n
We then perform a lattice Fourier transformation using the operators

1 ikx 1 ik
ar = —— ape”™* and by, = — bpe" e, 4
e SRS "

where z,, = nl and [ is the lattice constant. Finally, this allows us to rewrite the
Hamiltonian Eq. [3|in the standard Bogoliubov- de Gennes form.

H=tany UIH(k)T, ¥ = (ar,bp)". (5)
k

where,

Hk) = (k) - & = 0, (K)o, +n, (K)o, +n.(k)o (6)
and the coefficients that accompany the Pauli matrices o,,0,,0, are ngy(k) =
0,ny(k) = 2Asin(kl),n.(k) = (£ + 2cos(kl)). Here, € and A are dimensionless
parameters that capture the information of the parameters ¢ and t4p of the
Hamiltonian (3] respectively, and are defined as 2 =¢/t44 and A = tap/taa.
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3. Results

In this section, we explore the properties of the model proposed in Eq. [f} We examine
the emergence of Bogoulibov and Majorana pseudo modes, their equivalence with the
Kitaev Hamiltonian, their topological properties demonstrated by a nontrivial winding
number, and the presence of a regime with topological flat bands and similarities to
Landau levels. Additionally, we show that this system is equivalent to two coupled
SSH chains and two decoupled chains with the next-nearest neighbor hopping, and
we introduce a conformal transformation that allows us to identify topological and
nontopological regimes and between flat and dispersive bands.

3.1. Pseudo-Bogoliubov and Majorana modes

We can define two pseudo-Bogoliubov modes, ~; and pg, using the Hamiltonian in
Equation These modes are a combination of a fermion at sites A and B and are
analogous to the Bogoliubov quasiparticles. They are expressed as

Ve = urar + vpbg, ok = 7’Uzak + ’U,;:bk, (7)

where uy, and vy, are the coefficients that define the Bogoliubov modes. These pseudo-
Bogoulibov modes hybridize orbitals s and p, and satisfy the fermionic creation and

annihilation anti-commutation relations (see |[Appendix Al).

{or, 0} = 0w {0k, oh} = {ok, 0w} = 0;

(v W} = s £} = {ms e} = 0 (8)
where v, and v, must meet the criteria of u% + v,% =1, u_p =up and v_ = —vg. A
suitable selection of u; and vy will satisfy these conditions.

U = COS (%) , U = —isin (%) ) 9)
where we defined,

wi = Arg{2iAsin(kl) + (24 2cos(kl))} (10)

Here, Arg(z) refers to the principal value of z € C. When substituting ag, by into Eq.
we diagonalize the Hamiltonian to obtain

H=tany e(k) (7,1% - g};gk) with e(k) = /(5 + 2 cos(kl))2 + (2Asin(kD)2.  (11)
k

Generally, these pseudo-Bogoliubov modes are associated with squeezed coherent
states [b1] and, in a similar form, have recently been observed in twisted bilayer
graphene (TBLG) at magic angles [52].

In the long-wavelength limit, we can expand the Hamiltonian [5]at k = 0 to obtain

H=tany W) Hp(k)¥, with Hp(k) = mo. + 2\klo, and m = (£ — &). (12)
k

where £, = —2 and the energy dispersion is given by e(k) = £+/(Z — )2 + 4\2k2I2.
As shown in Figure [2| there is an energy gap of size A = 2(¢ — &.) that vanishes
when the critical value g, is reached, that is, when m is close to zero. At this point,
the energy dispersion follows the relation e(k) = +2Alk, implying that the pseudo-
Bogoliubov modes can be interpreted as pseudo-Majorana modes, and they can move
along the chain with a velocity of v = 2Al. As the mass approaches zero, the energy
of these eigenstates is equal.
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Figure 2. The band structure of the Kitaev-Creutz ladder model as a function
of kl, and for the set of values A = 1, Il = 1, and € = —2 (dotted line), € = —1
(dot-dashed line), and € = 0 (solid line), respectively (see Eq. [LT).

3.2. Topological properties I: Nontrivial winding number

The Hamiltonian [5| can be exactly mapped to a Kitaev Hamiltonian, extensively
studied by Leumer et al. . Hence, our model is referred to as the Kitaev-Creutz
model and the correspondence is as follows

E— —u/t, X—= —AJt, (13)

however, the physics interpretation is not the same. It has been demonstrated
in that the Hamiltonian [5[is invariant under time-reversal symmetry for spinless
fermions 7 = 1K, with K being the complex conjugation and the chiral symmetry
TP = C = o,. Additionally, it anti-commutes with the particle-hole operator
P = 0,K. Therefore, the particle-hole symmetry establishes that the band structure is
symmetric with respect to the zero energy. Note that the Kitaev Hamiltonian belongs
to the BDI class , where all square symmetries operators are the identity.
The chiral symmetry allows us to define the winding number as the topological
invariant , where the winding number is defined as
1 /1
= — dk[)kwk, (14)
27 —m/l
here Ogwy is the winding number density . The phase diagram in Fig. [3|is
similar to that of a Kitaev chain with the appropriate parameters . The dashed
black lines in Fig. |3|a) indicate the boundaries between the topological phases with
g = +2, which meet the condition €(k) = 0 in kl = 0, +7d and X # 0. Figures [3| b)-c)
show the curves of parameterization (n,(k),n.(k)) (cf. Eq. [5) along the Brillouin zone
(BZ) with different values of € and A, with the winding number being the topological
invariant.



Fubini-Study metric and topological properties 7

3 5 . A
\, Trivial Phase /
\ v=20 :
2 \ y
\ .
N /
1 /

Non-Trivial . ¢ Non-Trivial
€ Topological Phase.; i

0 1 /s - 1 1
?L = /- \- 1y = —
1 N
. \
Vi 9
. \
—2 / .
/‘f \b\-
-3 /' ; ; \'. :
-2 -1 0 1 2 3
-1
a) A
- A=1
=0
4 6
3 4 X-\\
2 2
1
n (k) o n (k) 0
-1 2
-2
-3 -4
_4 _6
-3-2-101 2 3 4 4-20 2 4 6
b) n,(k) 0) n (k)

Figure 3. The topological phase diagram of the Kitaev-Creutz ladder system
with Hamiltonian [5| is shown in Fig. a) using Eq. The dashed black lines
indicate the boundaries between the topological phases, which are determined
by the condition € = £2. The curves in panels b) and c¢) correspond to the
parameterization (ny(k),n.(k)) (cf. Eq. , where k € BZ. In Fig. b), the curves
for A = —1 (gray circle), A = 0 (blue line), A = 1/2 (red ellipse), and XA = 1 (black
circle) are plotted with € = 0. In Fig. c¢), the curves for € = 2 (black circle) and
g = 3 (blue dashed circle) are plotted with A = 1. It is noteworthy that for the
blue line in Fig. b) and the black circle in Fig. c), the winding number is not well
defined since the curve passes through the origin.

3.8. Flat bands, Compact Localized States (CLS) and Analogous Landau Levels
Relations

When a flat band is present, the group velocity of the charge carriers is zero for all
momenta in the Brillouin zone, indicating that the charge carriers are localized. This
localization is caused by the presence of a particular localized eigenstate, known as
the compact localized state (CLS). This state has a finite amplitude within a finite
region in real space and is zero outside. It should be noted that CLS is not unique
and can be of multiple types, depending on the linear combinations of the smallest
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Figure 4. a) In this flat band regime, we observe that when two different closed
paths are followed, the fermions acquire a phase difference of ¢ and 3¢ with ¢ = 7,
resulting in a 7— flux in the Kitaev-Creutz type ladder model in Eq. b) The
two CSLs in the flat band regime are represented by filled regions, with the signs
of their component amplitudes indicated (see Eq. [16]).

compact localized states centered at different positions .

The eigenvalues of the Hamiltonian, as demonstrated by Eq. have two
topological flat bands (FB) with €(k) = £2 when € = 0 and A = %1, in this regime
v = F1 (see Fig. . Furthermore, the electrons can obtain a phase difference of 7
along closed trajectories (see Fig. EI a)). The Bloch state creation operator for the FB
is expressed as

‘I'L,,\,i = % {(eiAkl/Q + e—i,\kl/2> aITc + (eiAkl/2 == e—i)\kl/Q) bl} (15)

where the sign =+ is for e(k) = +2, respectively.

The energy degeneracy means that any combination of the FB Bloch states is an
eigenstate. Furthermore, the Fourier transform of these states is also an eigenstate.
To illustrate this, let us calculate the Fourier transform of Eq.

Vo =N . dke™ vl | = ; (al, £af_\ + 0, F0l_,) (16)
where y, = x, — /2 and N is a normalization constant. As shown in Fig. El b),
Wy, .+ takes the form of a localized square plaquette centered y,,, that is, between
cell n and n — 1.

One can verify that the sites of plaquettes obey the following relations, analogous
to Landau levels states relations ,

1 2 1 2
Syrel) 4+ e® = 0and Youl 4 (-nmel? =0 (17)
yn

Yn
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Figure 5. The electron density for sites A and B is shown in panels a),b) for the
conduction band and in panels c¢), d) for the valence band. The used parameters
were A = 1 and € = 0 (solid black curve), € = 1 (dashed black curve), € = 2
(solid gray curve) and € = 3 (gray dots). In analogy to Eq. at sites A and
B there is constructive and destructive interference in the conduction band case
and vice versa in the valence band case. Notice how as the system approaches the
flat band case (€ = 0) the peaks tend to be more pronounced.

with U2 as the first- and second- component of the FB Bloch state. A recent
study has also demonstrated a connection between flat bands and Landau levels.
Due to destructive interference, the electron is confined within the plaquette, resulting
in a quenched kinetic energy that FB regulates.

Let us now write a Bloch state as

1 ) ) ) ) T
|uf> — 5 (ezwk/2 4 efzwk/Q’ezwk/Z == 672wk/2> (18)
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Figure 6. a) By transforming the basis (Eq. of the Kitaev-Creutz model, we
obtain an equivalent ladder consisting of two SSH chains that are distinguished
by red and blue sites (see the online version). b)This equivalent ladder can be
divided into two chains with hopping of the first and second neighbors in Eq. @
Isolated atomic-like states, or CLS, are obtained at each site when A\ — +1 and
€=0with 7y = =0.

Therefore, the eigenstates in the real space are

/1
vao) = 5o [ R ) = (s 0), 01 )” (19)

Fig. [f] shows the eigenfunction in real space for sites A and B with different
values of g, keeping A = 1. As can be seen in Fig. [5|a) and b), there is constructive
and destructive interference between sites A and B, respectively. This is contrary to
what is observed in Fig. |5| ¢) and d). This is in accordance with Eq. due to the
change of sign when considering a conduction and valence bands. Furthermore, when
g = 0, the electron density for the sites A and B is sharper than in any other of the
scenarios; however, in this case, the spectrum is also highly degenerate so as explained
in sec. care must be taken in its interpretation.

3.4. Equivalent SSH model

We can observe a periodic chain with a two-sublattice structure in Fig. [1| b). Sites
on sublattice A have the diagonal hopping to the left, tap, and right tg, while
for sites belonging to the other sublattice, it is just the opposite. According to the
assumptions in Eq. [3] the time-independent Schrédinger equation can be transformed
into equivalent difference equation forms for any pair of sites. Therefore, the following
pairs of equations are valid for the given system.
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(E - e)wA,n =taa (d)A,n—l + wA,n—Q—l) +taB (¢B,n+1 - ¢B,n—1)
(E+e)Ypn=—taa(VBnt1 +¥VBn-1) +ta (Wan—1—Vant1) (20)

To facilitate the analysis, we introduce the following basis transformation

(G )=mr (e )= (1 ) (21)

Then, from Egs. 20| and 21} we obtain the following equations

E¢1n —Ean = (1= Noni1 + (L+ N)gan_1
E¢opn —Ep1n =14+ No1n+1 + (1= No1,n-1 (22)

where E = E/ta. This equation system corresponds to two coupled SSH chains, as
depicted in Fig. |§| a).

3.5. Supersymmetric transformation by squaring the Hamiltonian

In this subsection we will show that the square of the Hamiltonian decouples the
sublattices and renormalizes the hopping and on-site energies making it somewhat
analogous to a phonon problem and akin to a supersymmetric transformation [59H62].
To understand this, from Eq. we use the second equation in the first and vice
versa. Then Eq. 22 can be rewritten as

(B — )6 = 11(bjn1 + Sjns1) + T2(Gjmsa + djn2), j = 1,2, (23)
with pp =224+ 2(1 + A\?), 7y = 28, and 7 = (1 — \2).

Equation 23] is equivalent to square the Hamiltonian [3] It is also equivalent to
remove one of the bipartite sublattices [11}/63,/64], in this case for the Kitaev-Creutz
ladder leaving two decoupled periodic chains with nearest neighbour hoppings (71),
next-nearest hoppings (72) and with an effective on-site energy u (See Fig. |§| b)).
The dispersion relations are obtained from Eq. using a procedure similar to that
exposed in Eq. [T}

B = p =+ 27y cos(kl) 4 2715 cos(2kl)

& By = £/ (£ + 2 cos(kl))? + 47 sin? (k) (24)

or in a simpler form, by taking the square of the Hamiltonian [6] which reduces to
2
20y _ [ € (k) 0
i = (0 o (25)

The eigenvalues of H2(k) are simply the square of those of H(k) explaining the hole-
particle symmetry of the spectrum seen in Fig. We now observe that while any
eigenfunction of H (k) is also an eigenfunction of #2(k), the inverse in not necessarily
true. Thus, the eigenfunctions of H(k) are sublattice polarized while those of H?(k)
are not necessarily polarized.

In the flat band regime (£ = 0, |A| = 1), and from Eq. 71 = T2 = 0 indicating
the existence of localized atomic-like states that are equivalent to the CLS shown
in Sec (see Fig. |§| b). Moreover, for the flat band H2(k) = (4) Llay2 and the
eigenfunctions are arbitrary linear combinations of the basis vectors (1,0)7 and (0,1)7.
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This emphasizes the very peculiar localization properties of flat bands as seen in other
systems [12}/58])65]. Therefore, the flat band now becomes a massive degenerate ground
state of H?(k). As in other systems, the squared Hamiltonian can be interpreted as
a massive vibrational band [11] quite similar to the protected electronic boundary
modes found in the QHE and topological insulators [66] and which are well-known in
the rigidity theory of glasses [67H70].

3.6.  Topological properties II: Fubini-Study metric

The quantum geometry tensor is a key factor in understanding the behavior and
characteristics of physical systems at the quantum level. It is particularly useful
in the analysis of topological insulators and materials with flat bands. Moreover,
it can be used to gain insight into the electronic structure and properties of these
materials [36-39].

In general, we consider a quantum state |¢(£)) in the N-dimensional parameter
space, where & = (£1,&2,...,&n) is a set of parameters. Thus, this space can be
endowed with the geometric quantum tensor [71H76], given by

where Py¢) is the orthogonal complement projector,
Py =1 = [¥(€)) (¥ (8] (27)

Since Q. can have complex values, this leads to the F.S metric (g, ), which is the real
part of the quantum metric g, (§) = Re[Quu(¢)]. The imaginary part is associated
with the Berry curvature 2, (§) and is given by

Quy
. 28
- (25)
The FS metric measures the statistical distance between nearby pure quantum states
[(€)) and |¢(&€ 4 d€)), providing a means of distinguishing them [77].
For calculating the F'S metric, it is necessary to consider the Bloch states, which
are given by

Im[Q,.] = —

ul) = (cos(wy/2),isin(wy/2))T, for conduction band
|y

luy, ) = (isin(wg/2), cos(wy/2))", for valence band. (29)
(30)
Then, the derivatives are
|Okuy ) = ak;k (—sin(wy/2), 4 cos(wy/2)) 7, (31)
Oy ) = ak;’“ (i cos(wp/2), — sin(wg /2))7. (32)

and following the formula for the FS metric, it can be proved that [77.|7§]

Own \ 2
g, = (Onud|opu) — (Opuit lul) (uiF|Opul) = ( ’“2 ’“) ) (34)
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Figure 7. The complex plane C; under the relation > (Eq. can be interpreted
as each state z on a specific external ray is an element of the equivalence class, [z].
This leads to an isomorphism between C1 and S! (blue circle), and the distance
between two equivalence classes [z1] and [z2] is given by the angular difference
between the respective external rays (cf. Eq. . In this space, the distance
between any two adjacent external rays depicted in the figure is the same.

The first observation is that from Eq. it follows

Vaet(gf) = 12l (3)

We define the quantities vol(BZ) and vol(S') given by

vol(BZ) = /B Jdettat)ak. vol(s = [ . (36)

In the case where the F'S metric are nondegenerate, vol(BZ) and vol(S!) correspond to
the volumes of the Brillouin Zone (BZ) and the unitary circle S*, respectively. Thus,
we obtained from Egs. the following inequalities

x|v] < vol(BZ) < %vol(Sl). (37)

Therefore, the minimum value of the quantum volume is determined by the winding
number of the occupied Bloch bundle. In the 2D case, this is equivalent to the
result found by Ozawa and Mera, where the equalities are associated with a flat
Kahler structure . This 2D version has also been used in topological
superconductors to establish a relationship between the topological properties of the
system and the superfluid weight, as demonstrated in [80-85].

On the other hand, to understand the geometry related to the F'S metric tensor,
g,fk, it is necessary to consider the FS arc element dspg and the usual infinitesimal
line elements in S', dsg1, which are given by
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Figure 8. The image of C; (Fig. under the mapping f (Eq. with the
values |A\| = 1 and a) € = 1.9, b)g = 2.1 are shown. In the nontrivial topological
regime, €] < 2, f maps rays and circles from C; (Fig. to rays and circles
with half the radius, respectively. On the other hand, in the trivial topological
regime, circles are transformed into arcs of circles, providing another geometrical
interpretation of Eq. The inequality in Eq. is visible in these figures. Thus,
vol(BZ) (cf. Eq. corresponds to the perimeter of the blue circle (or the arc
circle), respectively; therefore, in the topological regime, the equality holds (a)),
while in the nontopological regime (b)) the strict inequality holds.

2
1
dstg = gi&.dk* = <2> dw?, |k| <7/l and ds, = d6?, |0] < 7 (38)

Thus, from Eq. we show that there is a locally conformal transformation between
S! and the F'S manifold. Furthermore, we can conceive the space F'S and S' as
embeddings in the complex plane with an additional structure given by the equivalence
relation > on C,

2152 if |21] = |Rl|2] and Arg(z1) = Arg(z) (39)

where |R| is a scale factor; i.e., z; and 2y are on the same external ray. In addition,
let us consider the mapping f defined by

f : (Cl — (CQ

ro.
Fsw=f(z) = 56“‘”“ (40)
where the indexes refer to the first and second copies of the complex plane, respectively.
Therefore, if we consider the usual infinitesimal line element on C

ds? = dzdz* = dr® +r2d6?, z = re'’ (41)

z=re

where * is the complex conjugate, we obtain that C; and C; under the relation >, are
isomorphic to S! (see Fig. [7)) and F.S manifold (see Figs. E[), respectively.
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Figure 9. The image of C; (Fig. E[) under the mapping f (Eq. @D with the
values € = 0 and a) |A\| = 1, b)|A\|] =_0.5 and c) |A\| = 3, and a contour plot of
the metric tensor g;; given by Eq. as a function of A and k with € = 0 (d)
are shown. As discussed, f preserves circles and external rays in the topological
regime (see Fig. ; however, it deforms the distribution of rays, which is related
to the F'S metric tensor, g;; . For example, in the case of ¢) where [A\| = 3, the
external rays appear to separate near the angles k = 0, £7 and correspond to the
maxima of g as seen in d). This geometric representation reveals that although
all 3 systems have a nontrivial topology with v = 1, the FS metric allows us to
distinguish between them. In particular, system a), corresponding to the regime
of flat bands, is the only system in which the distribution of rays is preserved

under f.
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Then, in Figs. [§ and [9] a)-c), we show the maps C; onto Cy under f given by
Eq. [0 with different values £ and \; a first observation is that f preserves circles and
external rays only in the nontrivial topological regime, but deforms circles onto arcs
of circles, given another geometrical perspective of Eq. This mapping also allows
for a visual realization of the inequality Eq. in which vol(BZ) corresponds to the
perimeter of the blue circle (or arc circle), respectively (see Fig. [§).

However, as we show in Fig. [9] a)-c), f deform the distribution of rays, which
is related to the FS metric tensor, g,:fk. For example, in the case of Fig. |§| b) where
A = 0.5, the external rays appear to separate near the angles k = £7/2 and correspond
to the maxima of g,fk as shown in Fig. |§| d). In a similar form, in the case of
Fig. |§| c) where A\ = |3| for kK = 0,%+7. Something noteworthy about this geometric
representation is that although all 3 systems have a nontrivial topology with |v| =1,
the FS metric allows us to establish differences between them. In particular, system
Fig. |§| a) corresponding to the regime of flat bands is the only system in which the
distribution of rays is not deformed under f.

This can be confirmed as in the FB regime, the F'S metric is constant as,

Opwi(X = £1) = £ (cf. [9) (42)

and thus is equivalent to the usual metric over S*. Such equivalence is readily found
from the fact that an arc element ds of a geodesic in the FS manifold is given by,

2
dsts = (5) a* K </ (43)

equivalent to an arc element of a circle with a radius 1/2.

4. Conclusions

In conclusion, we have shown a mapping between a chain with s — p orbitals onto a
Kitaev- Creutz type model. With this map, we have found the existence of pseudo-
Bogoliubov modes and compact localized states in the flat band (FB) regime, which
obeys an analogous Landau relation (cf. Eq. . In addition, we obtained that there
is a nontrivial topological transition by condition € = 42 (see Fig. |3)) that results in a
nontrivial winding number. Furthermore, our analysis reveals the fingerprint of the flat
bands with the F'S metric that allows us to distinguish between pure states of systems
with the same topology; in particular, in this model, the FS metric is equivalent to
the usual metric over S' in the FB regime. These findings could have implications
for developing simpler models that aid understanding of flat band formation and its
effects on many-body interactions.
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Appendix A. Bogoulibov transformation

We define the pseudo-Bogoulibov modes v, or as

Vi = ugak + vipbg and g = —vjak + upbg (A1)
and the anti-commutation relations for 4 are
{’Ykﬁl/} = (ugag + vgbg) (uz,al, + v,’;,bT,) + (u,’;,ai, + v,’g,bz,) (ugar + viby)

= wpufy {ag, al } + vpvi {be, bl } + wnvi {ar, bl } + wlvr{br, al, }
= (upujy + vEvg) Oki
= Oppr, i |uel® + |op* =1 (A.2)

{7V, M } = (uar + vebe) (U ap + Vi b ) + (Upragy + v bir) (urar + viby)
= ukuk/{ak, akr} + vkvk/{bk, b/y} + ukka{ak, bk’} + ukka{bk, ak/} (A.3)
=0 (A4)

(oot = (uial +0io]) (wival, + bl ) + (wival, +opb], ) (wial +vjo})
= wjuj {al,al, } +vivg {bL, b1} + wivi {al, bl } + upvi {0, al,} (A.5)
=0 (A.6)

and similar anticommutation relations for g; under the interchange of u;, <+ —v;, and
vk < uj. From the definition, [AT] we can obtain the following result

(k) (vim — ohor ) = e(k) |(uwial + vib]) (unar, + viby) — (—vna], + wkbl) (~viar + uibi) |

= e(k) [(|uk\2 — |vg?) afar + — (Jug|* — or|?) bLbx + 2ufvralby + 2ukv,’;b;ak] (A7)
If we choose uy, and vk as ui = cos (“’2—") , U = —isin (“—2’“) where
. _ 2Xsin(kl) _ E+2cos(kl)
sin(wy) = k) cos(wy) = O
e(k) = /(z+ 2 cos(kl))? + (2Xsin(kl))2. (A.8)

We recover the Hamiltonian form of Eq. We note that only in the two cases
g =0, A = %1, the relation wy with k is linear, that is, wy = +kl, if A = +1 and € = 0.
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