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It is widely accepted that topological superconductors can only have an effective interpretation
in terms of curved geometry rather than gauge fields due to their charge neutrality. This approach
is commonly employed in order to investigate their properties, such as the behaviour of their en-
ergy currents. Nevertheless, it is not known how accurately curved geometry can describe actual
microscopic models. Here, we demonstrate that the low-energy properties of the Kitaev honeycomb
lattice model—a topological superconductor that supports localised Majorana zero modes at its
vortex excitations—are faithfully described in terms of Riemann-Cartan geometry. In particular,
we show analytically that the continuum limit of the model is given in terms of the Majorana ver-
sion of the Dirac Hamiltonian coupled to both curvature and torsion. We numerically establish the
accuracy of the geometric description for a wide variety of couplings of the microscopic model. Our
work opens up the opportunity to accurately predict dynamical properties of the Kitaev model from

its effective geometric description.

I. INTRODUCTION

In recent years there has been a surge of interest in
the geometrical degrees of freedom that characterise the
response of topologically-ordered phases of matter be-
yond the well-known limit governed by an effective topo-
logical quantum field theory. An important class of
such systems, the fractional quantum Hall (FQH) states,
have been understood to exhibit a universal response
to the variations of ambient geometry, leading to many
fruitful investigations of an interplay between topology
and geometry in these strongly-correlated systems ''1.
In particular, the neutral collective mode of FQH sys-
tems'? has been described as a fluctuating spacetime
metric!> 1. On the other hand, a recent study!'® has
shown that by minimally coupling a spinless p-wave su-
perconductor on a square lattice to an electromagnetic
field, the continuum limit takes the form of a Dirac
Hamiltonian defined on a spacetime with both curva-
ture and torsion. Such curved spaces with torsion are
called Riemann-Cartan spacetimes'”. Riemann-Cartan
geometry also naturally arises in the theory of defects
in lattices, whereby disclinations and dislocations in the
continuum limit are described by curvature and torsion,
respectively'®19, which has been investigated in strained
graphene'® 2!, Other techniques from quantum gravity
have also been employed in condensed matter such as
the holographic correspondence or AdS/CFT correspon-
dence. Recently, the holographic correspondence has
been used to model gapless modes living on the defect
lines of class D topological superconductors?? and to de-
termine the specific heat of a two-dimensional interacting
gapless Majorana system?3. Moreover, the emergence of
gravitational anomalies has been considered in topolog-
ical superconductors 2*. Building upon Luttinger’s pro-
posal®®, gravitational techniques applied to the thermal
Hall effect have also attracted many theoretical?632 and
experimental®33* investigations.

Nevertheless, despite much progress in the investiga-

tion of geometric effects in the continuum field theory
description, the study of Riemann-Cartan geometry in
microscopic, solvable lattice models has received less at-
tention. In this paper, we investigate geometric descrip-
tion of the Kitaev honeycomb lattice model (KHLM)3,
the well-known two-dimensional (2D) model of interact-
ing Spin—% particles that gives rise to a quantum spin
liquid phase with topological order. A salient feature of
the KHLM is that it can support non-Abelian anyons in
the form of Majorana zero modes (MZMs) trapped at its
vortices® 3. Similar to the FQH effect??, the KHLM is
both topologically ordered in the sense that it can sup-
port anyonic excitations and it is a topological phase cat-
egorised by a non-trivial Chern number®>4!. Unlike the
FQH effect, the KHLM is exactly solvable, which has
provided unique opportunities to analytically probe its
anyonic properties®3942 its topological edge currents*?,
its finite temperature behaviour***? and to investigate
dimer limits of the model °®:°!. Moreover, many features
of the KHLM are recognised in experimentally realisable
materials, such as complex iridium oxides®?>°* or ruthe-
nium chloride®®. This makes the KHLM of interest to
numerous theoretical and experimental investigations.

In this paper we address the following question: can we
use the KHLM to simulate Majorana fermions embedded
in a Riemann-Cartan spacetime? To answer this ques-
tion, we allow the couplings of the KHLM to take general
configurations that are anisotropic and inhomogeneous,
while leaving the lattice configuration of the model un-
affected. We demonstrate that in this case the low en-
ergy limit of the model can be effectively described by
massless Majorana spinors obeying the Dirac equation
embedded in a Riemann-Cartan spacetime which is lo-
cally Lorentz invariant. Moreover, the Majorana spinors
are coupled to a non-trivial torsion. It is important to
stress that this geometry emerges purely from distortions
in the couplings of the system and not from the geometry
of the lattice itself.

We shall see that choosing the two-spin couplings to



be anisotropic gives rise to a general two-dimensional
metric. When these couplings are varying in space they
can give rise to an arbitrary curved space. Moreover,
the three-spin interactions generate the torsion of the
Riemann-Cartan geometry. As a result, the KHLM can
be effectively described by massless relativistic Majorana
spinors. These particles become massive when a Kekulé
distortion is introduced in the two-spin couplings®®. We
numerically investigate the phase diagram produced by
the torsion and mass terms that support competing topo-
logical phases.

To quantify how faithful the geometric description is
to the KHLM we consider two physical quantities of the
original microscopic model. First, we investigate the
spatial distribution of the quantum correlations in the
ground state of the model. Second, we analyse the shape
of a Majorana zero mode bounded by a vortex. While we
vary the couplings of the model away from the isotropic
regime we numerically observe that the geometric dis-
tortion of the quantum correlations as well as shape of
the zero mode follow the theoretically predicted geomet-
ric configurations. This agreement is faithful through
most of the non-Abelian phase only breaking down near
the phase transition boundaries. Hence, the Riemann-
Cartan description can be employed to accurately de-
scribe the behaviour of the KHLM in a quantum field
theory language. This opens up the exciting possibility
to theoretically study response properties of KHLM, such
as the energy currents as a function of coupling distor-
tions or temperature gradients, in a quantitative way.

The paper is organised as follows. In Section II we
provide a self-contained introduction to the KHLM and
demonstrate that the low energy limit of the model is
described by massless Majorana fermions satisfying the
Dirac Hamiltonian. In Section III we review the relevant
theory of Majorana spinors defined on a Riemann-Cartan
geometry and derive the corresponding Hamiltonian. In
Section IV we demonstrate that the low energy limit of
the KHLM can be faithfully described by massless Ma-
jorana fermions propagating on a Riemann-Cartan back-
ground, with geometric characteristics fully determined
by the coupling constants of the model. We also present
the Kekulé distortion modification to the KHLM, which
is responsible for generating mass in the continuum limit.
In Section V we present numerical results of correlation
functions and zero mode profiles for various coupling con-
figurations of the KHLM in order to verify its non-trivial
description in terms of a metric. Finally in Section VI
we present the conclusions and an outlook of our work.

II. KITAEV HONEYCOMB LATTICE MODEL
IN THE CONTINUUM

Similar to graphene®” 7, the KHLM with isotropic,
homogeneous couplings has a continuum limit that is
given in terms of a Dirac Hamiltonian. To reveal this fea-
ture we consider the low energy sector of the model where

@ Lattice A
O Lattice B

FIG. 1. The honeycomb lattice with Majorana fermions tun-
nelling between nearest neighbouring sites with couplings J,,
Jy and J. depending on the direction of the link. Tunnelling
between next-to-nearest neighbouring sites with coupling K
is also indicated. The honeycomb lattice comprises two tri-
angular sub-lattices, A and B, denoted by full and empty
circles, respectively. We take the unit cell along the z-links.
The translation vectors between sites of the same sub-lattices
are nq = (?, 3) and ny = (—?, 2). The orientations of the
nearest tunnelings (from A to B sites) and next-to-nearest
tunnelings (anticlockwise) are indicated.

long wavelengths are dominant and the lattice spacing is
negligible. In this low energy regime the KHLM can be
efficiently described by a linear energy dispersion rela-
tion. This linearity between energy and momentum can
be modelled by the Dirac Hamiltonian. For the case of
the KHLM, this Dirac Hamiltonian can take a purely
imaginary form signalling that the effective degrees of
freedom of the model are Majorana fermions. As a re-
sult, the model is faithfully described by a quantum field
theory of relativistic Majorana fermions. We will review
this derivation here in order to set our notation for the
later sections.

Kitaev’s honeycomb lattice is an exactly solvable
model that describes interacting spin—% particles residing
on the vertices of a honeycomb lattice3®. The spin cou-
plings consist of nearest and next-to-nearest neighbour
interactions described by the Hamiltonian

H:—4(Jx Z ojoi +Jy Z ofof +J, Z o;o;

z links y links z links

(1)
where the orientation of the z-links, y-links and z-links
are indicated in Fig. 1. In Eq. (1) we have introduced
a factor of 4 compared to Ref. 35 in order to simplify
the subsequent algebra. The three spin interaction acts
between three successive spins around a hexagonal pla-
quette®>. For certain values of the couplings {J;} and
K., the ground state of the model is a quantum spin
liquid®® %2, This state exhibits exotic quantum order
due to long-range entanglement, which leads to spin-



fractionalised excitations that behave as Abelian or non-
Abelian anyons®®.

By employing an appropriate fermionisation proce-
dure, the spin Hamiltonian can be brought to a form de-
scribing Majorana fermions coupled to a Z, gauge field.
This gauge field can encode vortices which are eigenstates
of the original spin Hamiltonian. Here, we shall restrict
ourselves to the no-vorter sector, where the gauge field
has a trivial configuration. In this case, the Hamiltonian

takes the form

H=1 Z 2(]1‘]'01'0]' + 2K Z CiCj5 | (2>
(2,5) ((4.9))

where {¢;} are Majorana fermions sitting on the site i.
The first term of the Hamiltonian is a sum over nearest
neighbours whilst the second term is a sum over next-to-
nearest neighbours. The ordering of the Majorana oper-
ators for the nearest and next-to-nearest couplings is as
shown in Fig. 1.

The honeycomb lattice contains two triangular sub-
lattices, A and B, denoted in Fig. 1 by full and empty
circles, respectively. With this identification, we denote
the Majoranas of sub-lattice A as ¢} and those of sub-
lattice B as c?, where now the index i labels a unit
cell of two neighbouring sites along the z-direction, as
shown in Fig. 1. The honeycomb lattice model is pe-
riodic with respect to this unit cell. We are able to

diagonalise the Hamiltonian in Majorana form by tak-
a/b _
i
J d2ge—tami cg/b, where 7; is the position of the cell 7. If

we define the two-component spinor 14 = (cg icg)T, then
the Hamiltonian takes the form H = fqu@[J;h(q)z/Jq,

with the single-particle Hamiltonian h(q) given by

_( Ale)  —f(q)
o= (5% “4) )

ing its Fourier transform, through the definitions ¢

where
f(q) = 2(Joe'T™ + J, €772 4 J.), (4)
and

A(q) =2K[—sin(qg-ny) + sin(q - ny)
+sin(q - (n1 — n2))].

(®)

For simplicity we initially consider the isotropic case
where J, = J, = J, = J. The dispersion relation of the
single-particle Hamiltonian is given by

A%(q) +[f(q)*. (6)

For K = 0 the spectrum of h(q) is plotted in Fig. 2. We
see that the system has two independent Fermi points in
the Brillouin zone located at

Pi:i<;\7/r§,0>. (1)

E(q) =+

FIG. 2.

The dispersion relation E(q) for the honeycomb
Hamiltonian when J, = Jy, = J, = J and K = 0. The Fermi
points are the points where E(q) = 0. The two inequivalent
Fermi points within the Brillouin zone are given by P4 and
P_.

When K # 0 this opens a gap in the dispersion of
2|A(Py)|, where A(Py) = £A and A = —3v/3K. The
presence of Fermi points enables us to analyse the low
energy properties of the Kitaev model and extract its
behaviour in the continuum limit.

In the regions close to the two Fermi points the Majo-
rana fields have a linear dispersion relation much like the
spectrum of graphene, as shown in Fig. 2. Hence, at low
enough energies the Hamiltonian h(q) can be effectively
described by a Dirac Hamiltonian. In order to obtain this
description, we substitute ¢ = P4+ + p for small p and
Taylor expand h(q) around the Fermi points up to first
order in p. For convenience we define the Hamiltonian
hi(p) = h(Px + p) for each Fermi point. For non-zero
K we obtain

hi(p) = 3J(x0"p, — o¥p,) 7 3V3Ko" + O(p). (8)

which act on the spinors ¥, (p) = (ci,ici)T and
Y (p) = (c%,ic®)T, respectively, where ci/b(p) =
a/b

Cpy p- As these two Hamiltonians need to be considered
simultaneously, we can treat the two Fermi points as dif-
ferent chiral degrees of freedom by defining the Dirac-like
spinor ¥(p) = (¢4 ic’ ic® ¢*)T. We take the direct sum
of hy(p) and h_(p) in their respective bases defined by
U to yield the total 4 x 4 Hamiltonian

hxaLm(p) = 3J(0° ® 0%p, — 0% @ a¥p,) — 3V3KI® ?Z.
9)

Note that we have rotated h_(p) with a o® rotation be-
fore combining it with h4 (p) to obtain hxarm(p).

The low energy limit given by (9) suggests that we use



the Dirac o and 8 matrices

o5 8) e 0= (23)-

where o = (0%,0Y,0%) are the Pauli matrices and I is
the two-dimensional identity. The corresponding Dirac
gamma matrices are defined by 7% = 8 and v = 87 '«
where

A0 = <(]% g) =0"RI = (2_ —00') =—ic'®oao.

(11)
These matrices satisfy the Clifford algebra {y¢,7%} =
219, where Latin indices a,b € (0,1,2) and 7, =
diag(1, -1, —1) is the Minkowski metric.
Using the gamma matrices, the Hamiltonian (9) be-
comes

hicaa(p) = 3J7° (v pe — 2py) — 3V3Kiy'42. (12)

o1, (10)

By its turn the many-body Hamiltonian of the low energy
limit is given by

Hynom = /dQP U1 (p) hicurm(p) ¥(p). (13)

Hence, the low energy limit of the Kitaev model is given
by the Dirac Hamiltonian with linear energy dispersion
relation and an additional K term that gives rise to an
energy gap at the Fermi points.

To verify that the spinors of the Dirac operator are
Majorana we first define charge conjugation. The charge
conjugate of a Dirac spinor ¥ is defined as ¥(°)(p) =
CU*(—p), where C is the unitary charge conjugation ma-
trix satisfying CTy#C = —(y*)* for all gamma matrices.
In our chiral basis the charge conjugation matrix is given
by C = —o¥ ® ¢¥. With this and the fact that the Majo-
rana modes obey CL (p) = cx(—p), we see that the spinor

U satisfies the neutrality condition ¥(¢)(p) = ¥(p) and
is therefore a Majorana spinor.

III. MAJORANA FIELDS ON
(2+ 1)-DIMENSIONAL RIEMANN-CARTAN
GEOMETRY

As we have seen in the previous section, the contin-
uum limit of the KHLM describes a Majorana field on a
Minkowski spacetime. We now consider a Majorana, field
on a curved spacetime. To proceed we first introduce
the tools that allow us to transform from a flat space,
where the usual Dirac Hamiltonian is defined, to a curved
space. This can be achieved with the help of the dreibein
and spin connection. In particular, we are interested in
curved spacetimes that support torsion, i.e. deformations
of spacetime that cannot be descried by a metric. These
generalised spacetimes are called Riemann-Cartan space-
times. The following section closely follows references 63
and 64.

A. Riemann-Cartan Spacetime

1. Dreibein

Consider a (2 4 1)-dimensional spacetime M with co-
ordinate system (t,z,y). At every point on M we have
the coordinate basis vectors {e, = 0,} of the tangent
spaces, together with their corresponding dual basis vec-
tors {e# = dat} satisfying e (e,) = 6%. We use Greek
indices ranging over t,z,y to represent components of
tensors with respect to the coordinate basis. When dis-
cussing spinors on a general spacetime we need the notion
of an orthonormal basis. Given a metric tensor g, the
dreibein basis is given by {e, = e/'e,, } with correspond-
ing dual basis {e® = e e}, which satisfies g(e,,ep) =
Nap and e*(ey) = 0, where ng, = diag(l, —1,—1) is the
Minkowski metric. In components, these relations read

guved'ey” = nap, €)' =0y (14)

We use Latin indices ranging over 0, 1, 2 to represent com-
ponents of tensors with respect to the dreibein basis.

The components of the dreibein e/ themselves are
sometimes called the dreibein, while the components of
the dual dreibein e, are called the inverse dreibein as
they allow one to invert the expressions (14). However,
we adopt the convention of simply calling them both the
dreibein. The dreibein also allow us to transform com-
ponents between frames, i.e. for a (1,0) tensor A we
have A* = e A® and A® = e A" and so on for higher
rank tensors. The metrics g, and 7,5 and their inverses
g" and n? allow us to raise and lower Greek and Latin
indices, respectively.

2. Spin Connection

The covariant derivative of a tensor is usually ex-
pressed in terms of the coordinate basis. For example,
the covariant derivative of a rank (1, 1) tensor A* is given
by

VoAt = 0, A, + TV A5, — FBWA“ﬁ, (15)

where I'®,_ are the components of the connection. From
this, we can extend the definition to tensors of arbitrary
rank with a factor of I'%,_ for each index of the tensor.

The choice of our connection defines what our covari-
ant derivative is. It is commonplace to restrict to a met-
ric compatible connection, that is, a connection for which
Vg = 0. It can be shown that a metric compatible con-
nection takes the form

Fp;w = I"P#U + KPW”

(16)
where T”,, is the Levi-Civita connection, sometimes
called the Christoffel symbols, and K* , is the contor-

y13%
tion tensor. The Levi-Civita connection is completely



determined by the metric

(3#901/ + 5'1/90# - aag,uu)a (17)

= 1
Fp,ttl/ = igpo-

and is symmetric on exchange of y and v. On the other
hand, the contortion tensor is given by

1
Kp;u/ = i(Teu/ + T;Lpu + Tupu)' (18)
where 1%, = QFﬁW] is the torsion tensor corresponding

to the connection I'”,,. Square brackets denote anti-
symmetrisation over the indices contained within the
bracket.

The tools introduced so far can be expressed in terms
of the dreibein basis. The components of the spin con-
nection are given by

wl = e (Oue, +T% ge,0). (19)

In this case, analogous to (15), the covariant derivative
of a (1,1) tensor A% in the dreibein basis will be

VA% = 0, A% + Wi A — WL A% (20)

,u,b
The spin connection is of interest to us as it allows one
to take covariant derivatives of spinors which will be dis-
cussed in more detail in the next section.

If we work with a metric compatible connection given
by (16), we see that the spin connection will expand out
as

wa = @Zb + K“ub, (21)

where @¢, is the Levi-Civita spin connection related
to the coordinate Levi-Civita connection via the for-
mula (19) with 'Y ;5 replaced with I'Y 5 and K¢, =
e“aeb’@ K*, 5 is the contortion tensor simply expressed in
the dreibein basis instead. It can be shown that for a
metric compatible connection, if we treat the dreibein
e/t as the components of a (1, 1) tensor, then V,e/)” =0,
which is known as the dreibein postulate.

3. Curvature and Torsion

The connection of a space also defines two extra ge-
ometric quantities, the curvature and the torsion. The
torsion of a connection has already been defined as

_ oTP
T[L = 2T

) (22)

with respect to the coordinate basis. As the Levi-Civita
connection I'f, is symmetric under interchange of y and
v, its corresponding torsion vanishes. The curvature of a
connection is given by the Riemann tensor defined as
R, =017, — 0,17

ouv po

+FPMFAV —T7 I, (23)

From the Riemann tensor, we can obtain two more ge-
ometric quantities, the Ricci tensor defined as R,, =
R?,,, and the Ricci scalar defined as R = R/,.

pnov
In terms of the full connection I}, = FPW + K?*,, the
Riemann tensor is given by

+2I‘
+2K

R, =R, + 2a[u

p
+2K7,,,T0,

o (24)
K)\
(LA™ Voo
where RPUW oy 1 (23),
but with I'%; , replaced with [ .- The bracket notation
Apuu By for example denotes anti-symmetrisation over
only p and p, leaving v alone. The corresponding Ricci
scalar is given by

is defined equivalently to R’

R=R—K,, K", (25)

where we have assumed that the contortion is completely
anti-symmetric. We shall employ this simple formula in
order to determine the curvature of the spaces we con-
sider.

B. Spinor Fields on Riemann-Cartan Geometry
1. The Dirac Action

The action for a spin—% particle ¢ of mass m defined on
a general (24 1)-dimensional Riemann-Cartan spacetime

M is given by®3

St =5 [ @ all (997D = D+ 2imi).
(26)
where {y#} are the curved space gamma matrices. These
matrices obey the Clifford algebra {y*,+"} = 2¢*" and
are related to the flat space gamma matrices {y*} via
v = ev*, which obey the flat space Clifford algebra
{7%,7%} = 2n9. The gamma matrices obey (y%)1 =
70y249. The object |e| = |det[e® ]| which from (14)
obeys |e| = 1/|g|, where g is the determinant of the met-
ric. Using the flat space gamma matrices, we define the
Dirac adjoint ) = 1)T+°
The covariant derlvatlve of spinors is given by

DM/J = 81/1/) + Wuw7 (27)
m ( M1/J)T 0= ,u'@b ¢W,uv (28)

where w,, is given by

1 i
W = iw#abzab’ n = Zha”yb]a (29)
and wyqp = nacwzb are the components of the spin con-
nection. The operators {£} are the generators of the
Lorentz algebra s0(2,1). We use the notation D,, instead
of V, to highlight the fact these derivatives are acting on



spinors and not tensors. In this paper we shall refer to
w,, as the connection as well.

When quantising this theory, we impose the curved
space fermionic anti-commutation relations

{1/)04 (tv m)’ ¢/3 (t’ m/)} = {¢L (t7 .’1}), ¢; (t7 wl)} =0,

1 30
{wl(t7 SE), ¢5(t7 wl)} = 604,36(2) (:E - wl)v ( )

le]

where «, 3 label the components of the spinors and
6@ (x — «’) is the two-dimensional Dirac delta.

It is important to note that the continuum limit of the
KHLM can be described using a single-particle Hamilto-
nian (12) expressed with respect to a spinor field ¥ obey-
ing flat spacetime anti-commutation relations. These
flat spacetime anti-commutation relations are simply (30)
with |e] = 1. In order to compare the lattice and quan-
tum field theory Hamiltonians at the single particle level,
the corresponding spinors need to satisfy the same anti-
commutation relations. Hence, we must renormalise the
spinors ¢ of the Riemann-Cartan theory in (26) in order
to obey the flat space anti-commutation relations. This
is achieved by defining

x = Vel

which indeed obeys {x/,(t,x), x5(t, ')} = 6050 (2 —
x'), the flat spacetime anti-commutation relations. We
can then make the identification ¥ = x between the
spinors of the two theories.

With this observation, we substitute our new spinor y
into the Dirac action (26). If we explicitly expand out
the covariant derivatives, we have

(31)

i _ _ _
Sro = 5 / d*z (0ydux — 9uxy x + x {0, wu )
M
(32)
where to declutter the algebra we have temporarily set

m = 0. We now integrate by parts to remove 9, x. This
gives

Src = [ d*Tlax <i’r“8u + 2 {r W} + Z@w“) X-
M 2 2
(33)
Using the identity that in (2 + 1)-dimensional spacetime
we have {v%, [v%,7¢]} = 4e2°704142  where €**¢ is the
Levi-Civita symbol, we can simplify the second term in
the integrand as

1 1
{v*, wu} = —zwpan{e v A1) = *gwabceabcvovlvzv

8
(34)
where wape = €'wupe. The final form of the action is
given by

4

Src = / d**lay (M“aﬂ - 3wabcﬁabc’Yo’Yl’)’2 + ;3;{7“) X-
M

(35)

2. The Hamiltonian

We restrict our spacetime M to be a static spacetime
of the form
M=RxX (36)
with the natural coordinate system (¢, %), where R corre-
sponds to time and ¥ is a two-dimensional curved space.
In this way, we are assuming that only the purely spatial
part of spacetime is curved and time can be viewed as a
parameter. This is the case that corresponds to the geo-
metric description of KHLM as time remains unaffected
by the distortion of the system’s couplings.

The metric tensor for M takes a block-diagonal form
in the natural coordinate system

1 0 0
0 gzy Gyy

uv = (37)

and will be a constant in coordinate time, 0;g,,, = 0.
The dreibein that correspond to this metric will take the
form

1.0 0 10 0
e, =(0¢e'y ey, el =[0e" ¢, (38)
0 e? er 0 e ey

where the convention taken is that the index a runs down
the columns while the index p runs along the rows.

We make two observations which allow us to simplify
the action (35). First, using the definition (17), we see
that any time components of the Levi-Civita connection
r#,, will vanish: T*,, =T, =T, = 0. This means the
time components of the corresponding Levi-Civita spin
connection will also vanish: g = (:)21) = wyo = 0, while
the contortion of the spin connection remains unaffected.
If we expand out the spin connection term in the action
(35) we have

- 1
W(:Ll)ceabC = Wabceabc + Kabc€abc = iTabceabcv (39)

so the Levi-Civita connection falls out, where we have
used the fact that @ep.€?*® = 0 on a static spacetime and
replaced the contortion with the torsion using definition
(18).

The second observation we can make is by noting that,
due to (39), the spinor field only couples to the com-
pletely anti-symmetric part of the torsion Typ.. For this
reason, without loss of generality, we take our torsion to
be completely anti-symmetric

1
Tope = gd)eabca (40)

where we refer to ¢ as the torsion pseudoscalar.



With these two observations, the action reduces to the
simple form

Src = / d**tay (iv“au — 27yl + Zﬁf/) X
" 8 2

= / d2+13¢'£RO 5
M

where Lrc is the Lagrangian density.

As we have assumed our spacetime is static, we can
define the Hamiltonian from the Lagrangian density via
a Legendre transformation as

OLRC .
HRC_/d2$< al?CXﬁRc> E/d%XTthX
= X =
(42)

(41)

The single-particle Hamiltonian hgc is given by

7 a i i [ a
hre = e, 7" y"pi + §¢7172 - 531'% Oyt +mA°, (43)

where we have written it down explicitly in terms of the
dreibein and reinstated the mass m. The canonical mo-
mentum operator is given by p; = —i0;.

IV. RIEMANN-CARTAN GEOMETRY FROM
THE KITAEV HONEYCOMB LATTICE MODEL

We now deform the original Kitaev model by varying
its couplings in order to obtain a Riemann-Cartan Hamil-
tonian in the continuum limit, as given by (43). There
are several aspects of this Hamiltonian that we would like
to identify.

The non-trivial geometry of a Riemann-Cartan theory
is encoded in the dreibein e * and torsion pseudoscalar
¢. These objects arise in the Hamiltonian with their own
respective terms which both require corresponding terms
in the microscopic model to emerge. The same applies to
the mass m. In addition to this, we require a metric that
has space-dependent components in order to achieve a
non-trivial curvature. This implies that the parameters
{J;} and K of the micoscropic model have to be upgraded
to space-dependent parameters.

In this section, we shall assume that the continuum
limit of the model with space-dependent parameters
takes the same form as the model with constant param-
eters, but where the parameters have been simply up-
graded to slowly varying space-dependent functions. For
this reason, we first take the continuum limit in the con-
stant parameter case in order to extract the dreibein and
torsion, and then upgrade them to space-dependent func-
tions to extract the curvature.

Note that any continuum limit of the KHLM for con-
stant parameters will not yield the d;e, term of the gen-
eral Riemann-Cartan Hamiltonian (43), however this is
not a problem because all of the important information
about the dreibein is contained in the kinetic term.

A. The isotropic J, = J, = J. = J case

We first focus on the isotropic coupling case for which
Jy = Jy = J. = J. The corresponding continuum limit
for which J is a constant is given by

hicaim = 3J7° (v pe — 7%py) — 3V3Kin'y2.  (44)

We proceed to interpret this as a Riemann-Cartan Hamil-
tonian of the form (43) and identify the corresponding
dreibein, metric, curvature and torsion of the model.

1. The Metric

A direct comparison of the isotropic continuum limit
(44) with the Riemann-Cartan Hamiltonian (43) reveals
that the dreibein of the model are given by

10 0 10 0
a 1
el =103J 0 ;e =10 53 O1 ,  (45)
0 0 —3J 00 —355
with the corresponding metric
1 0 0
G = eauebynab =10 —# 0 . (46)
0 0 —g5=

We see that the J term alone determines the metric of
the model and is unaffected by the K term.

2. Curvature and Torsion

As presented previously, the curvature and torsion of a
spacetime depends upon which connection we are work-
ing with. We first calculate the curvature of the Levi-
Civita connection I'?,,.

As we are working on a static spacetime of the form
M =R x X, the metric, after diagonalisation, takes the
form

Guv =

OO =
oMo

0
0], (47)
G

where F' = F(z,y) and G = G(z,y) are arbitrary func-
tions of space only. A metric of this form yields the Levi-
Civita connection I'f;, = 29°% (04980 + 0u98u — 089,
where

- 1 ~ ~ 1

[* =_—§,F, I'* =% = _—9,F,
s 1 ~ 1

- ~ 1 ~ 1

while all of the time components vanish.



As the Levi-Civita connection has no time components
and is constant in time, all time components of the cor-
responding Riemann tensor are zero. For this reason we
can restrict ourselves to the two-dimensional spatial hy-
persurface X. It can be shown that the Riemann tensor in
a two-dimensional space has only one independent com-
ponent and is given by

Rijkl = R(Qikglk - gilgkj)v (49)

N | =

where R is the Ricci scalar and 7, j,k,l denote spatial
components. With a metric in the form (47), giving the
connection (48), we find the corresponding Ricci scalar
is given by

~ 1 0,G Oy F 092G + 3§F

R__z[a“" <FG> 0 (FG) T Fa
With the Ricci scalar at hand, the Riemann tensor is
fully determined. This is a result we shall refer back to
later on in the paper.

For the isotropic case we have FF = G = —#. Em-

ploying (50), we upgrade the parameter J to an arbitrary
function of space which yields the Ricci scalar

| 6o

R=20’1nJ, (51)

where 9% = 9,0, is the Laplacian operator. Hence, in
order to obtain non-zero curvature from the Levi-Civita
connection, the coupling constant J of the isotropic
KHLM needs to be position dependent. In other words,
when 0;J = 0, then R = 0.

Next, we calculate the curvature and torsion of the
total connection I'”,, = T, + K* . Comparison of
(44) with (43) also reveals that the torsion pseudoscalar
¢ and mass m are given by

¢ =—24V3K, m=0, (52)

so we see the continuum limit describes massless Majo-
rana fermions. From ¢, the corresponding components of
the torsion and contortion in the dreibein basis are given
by

Tabc = *4\/§K€abm Kabc = *2\/§K€abca (53)

so we see that the next-to-nearest K couplings are re-
sponsible for torsion in the continuum limit. The tor-
sion pseudoscalar ¢ also determines the total Ricci scalar
which, using (25), is given by

R =20*InJ — 72K?. (54)

Note that the total Ricci scalar R is non-zero even when
0;J = 0 due to the contribution from ¢.

To summarise, the continuum limit of the isotropic
KHLM corresponds to freely propagating massless Majo-
rana fermions on a curved spacetime with torsion. Start-
ing from the lattice model, the nearest-neighbour J terms

= Strong bonds

——  Weak bonds

FIG. 3. The Kekulé distortion in the couplings of the hon-
eycomb lattice model, as described by Eqns. (55) and (56),
which generate a mass term in the Hamiltonian. Strong and
weak tunnelling couplings are indicated as thick and thin
bonds, respectively, between lattice sites. This configuration
of couplings is periodic with respect to a unit cell with six
sites, as shown. ?, 1,
83 = (—?, 1) used in (56) translate between lattices A and
B are also depicted.

The vectors s1 = (0,—1), s2 = (

become the kinetic terms in the continuum limit with
non-trivial dreibein, while the next-to-nearest-neighbour
K terms become the torsional contribution in the contin-
uum limit. Both of these terms contribute to the total
curvature of the model as seen in (54)

Originally, the next-to-nearest K terms were derived
from three-spin interactions as given in (1). These in-
teractions are inserted into the KHLM to generate an
energy gap in order to give rise to a well-defined non-
Abelian topological phase. Despite the gap, this term is
not interpreted as a mass in the continuum limit as it
does not generate the mass term of (43), but instead it
is interpreted as the source of torsion as given in (53).

8. Mass from Kekulé distortions

The energy gap of the original Kitaev model comes
from the K term that is equivalent to torsion in the con-
tinuum limit. To give rise to a mass term in the contin-
uum limit, we need to introduce a Kekulé distortion to
the tunnelling couplings of the Majorana fermions. This
method is similar to the one employed in graphene to
theoretically generate a mass gap® and adjusted further
to the case of Majorana fermions®.

To proceed we consider an additional term in the lat-
tice Hamiltonian of the Kitaev honeycomb lattice model
of the form

3

0H =1 Z Z 8Tl b Lo +huc, (55)
i€A k=1

where A is the sub-lattice defined in Fig. 1 and the vectors
s1, 82 and s3 are defined in Fig. 3. With this term the
couplings J;, J, and J, that were taken to be equal and
homogeneous before, are now distorted in the following
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FIG. 4. Phase diagram of the KHLM with its energy gap AF
varying as a function of the K coupling and the mass, m. By
increasing the Kekulé distortion a first order phase transition
is induced from the gapped topological phase of the KHLM
with Chern number v = 1 that belongs in class D to a gapped
Kekulé phase with Chern number v = 0 that belongs in class
BDI. Both of these phases support vortices that bound Majo-
rana zero modes. The red dashed line denotes the analytically
obtained phase transition boundary.

way:
5T = %eip*s’“ei(P**P*)'” tec, (56)

where m is a constant real number. This additional term
causes a Kekulé distortion in the couplings of the honey-
comb lattice that has the form shown in Fig. 3.

The Kekulé distortion changes the unit cell of the hon-
eycomb lattice to include six sites, causing the Brillouin
zone to fold three times compared to the undisturbed
case. Subsequently, we Fourier transform and restrict
ourselves to the low energy contributions near the Fermi
points. Up to linear order in momenta the additional
term, 6H, gives the following contribution around the
Fermi points®®

6H = UimA 0, (57)

The contribution to the single-particle Hamiltonian is
therefore

B = mA°, (58)

where 70 = 0% ® I, which is the mass term given in (43).
Hence, the Majorana fermions in the continuum limit of
the KHLM can acquire a mass if a non-trivial Kekulé
distortion is inserted.

When K = 0 the Kekulé distortion creates an energy
gap due to a non-zero mass m. In this situation ver-
tices of sub-lattice A are coupled exclusively to vertices
of sub-lattice B. So the KHLM recovers its chiral sym-
metry and the phase of the system belongs in the BDI
class that has trivial Chern number. Nevertheless, zero

dimensional defects, such as vortices, can trap chiral Ma-
jorana zero modes®®66:67, This should be contrasted with
the case where only the K-term is present and the model
is equivalent to the p + ip superconductor belonging to
class D%,

By varying the couplings of the extended Kitaev
model, it is possible to induce a phase transition be-
tween the BDI and D phases. The phase diagram of
the model as m and K are varied is shown in Fig. 4.
It is possible to investigate the nature of the phase
transition from the quantum field theory description of
the model given by the single-particle Hamiltonian (43),
where ¢ = —24v/3K. As we consider here the homoge-
neous and isotropic case we have e, = §°. Moreover, the
phase transition is given when the energy gap is mini-
mum, so we take p; = 0 which is exactly at the Fermi
points. Observing that [iy!1y2,7°] = 0, we deduce that
the phase transition occurs when the coefficients of these
two operators are equal, i.e. m = 3v/3K. This is verified
in Fig. 4 to be in agreement with the numerical mod-
elling. Due to the commutation relation [iy!y2 %] = 0
we deduce that the phase transition is first order occur-
ring due to a simple energy level crossing. We have also
verified this behaviour of the spectrum numerically.

B. The generally anisotropic J coupling case

We now turn away from the isotropic coupling case
Jr = Jy = J. = J and consider the most general met-
ric achievable. In particular, we consider the completely
anisotropic case where all {J;} couplings are unequal.
Moreover, we allow for anisotropy in the K couplings
taking values K, K, and K, depending on their ori-
entation, as shown in Fig. 5. This is to ensure that the
Fermi points are not shifted as discussed later in this sec-
tion. We refer to this case as the generally anisotropic
case.

1. Continuum Limit

In this section we take the continuum limit of the gen-
erally anisotropic case where the parameters are con-
stant. In this case, the KHLM Hamiltonian takes the

form H = [d?qy}h(q)hq, where g = (& ich)T, and

the single-particle Hamiltonian h(q) given by
Alg) —f (q)>
h(q) = N , 59
@=( 3% A9 (%)
where

flg) =2(J7" ™ 4 J¥eldme 4 %), (60)

A(q) =2[ — K, sin(g - ny) + K, sin(q - n2)

+ K, sin(g - (n1 — ny))]. (61



FIG. 5. The anisotropic KHLM is given by choosing the
couplings J;, Jy and J. to be unequal, giving rise to an
anisotropic model. In order to have the K-term contribute
purely an energy gap we choose the couplings K, K, and K,
to be also anisotropic and functions of J;’s, as given by (69).

For K; = 0 we expect the system to have Fermi
points. Following the procedure we employed in the
isotropic case, we solve for the momenta ¢ = P such
that f(P) = 0. This condition gives two equations

Jycos(P -mny) + Jycos(P-mny)+ J. =0, (62)
Jesin(P -nq) + Jysin(P - ng) = 0. (63)

There are two solutions to these equations corresponding
to two Fermi points located at momenta

P+ (\}g(arccos(a) + arccos(b))) 6

% ( arccos(a) — arccos(b))

where

2_ 72 _ 72
a= 7Jy Ja = J; and b=
2J,J,

Bon-2
2.J,.J. (65)

To determine the behaviour of the Hamiltonian around
these points, we Taylor expand to first order as

f(Pe+p) = f(Pe) +p- Vf(P:)+ 0@,
APy +p) = A(Psy) +p- VA(P:) + O(p%).  (66)

By direct calculation we find

V(Py) = 2i [Jga (a +iy/1- a2) n

+J, (bq:z'\/l —b2) nz}, (67
VA(PL) =2 { — Kyany + K,bns )

+K, (ab —vV1-a?y1- b2) (ny — ng)}

For the isotropic case addressed earlier in section IV A,
we note that in the continuum limit f(p) became the
kinetic term whist A(p) simply provided an energy gap
at the Fermi points. If we demand that this is the case
for generally anisotropic couplings, we must ensure that
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A(p) does not shift the position of the Fermi points de-
termined by f(p). This can be achieved if (68) vanishes.
In order to impose this, we must constrain the couplings
{K;} to take the values

K, = 4Kb (ab— VI—a2/1- b2> :
K, =4Ka(ab—V1-a?V1-0?), (69

K, = 4Kab,

where K € R is a constant that gives the overall scale of
the K couplings and a, b are given in (65). The factor of
4 ensures the gap for the most general case agrees with
the gap from the isotropic case in Section II.

With these conditions, the energy gap at each Fermi
point is given by 2|A(Py)|, where A(Py) = £A and

A =8K+\/(1—a®)(1—b2)(ay/1 - b24+bV/1 — a2). (70)

At the isotropic limit, J, = J, = J, = J, we have
from (65) that @ = b = —1/2 and we recover the cor-
responding A = —3+/3K, in agreement with (9).

As usual, we expand our Hamiltonian about the Fermi
points and define the continuum limit Hamiltonian as
hi(p) = h(Py + p). We consider the Fermi points
simultaneously by defining the four component spinor
U = (% ic% ic® ¢*)T where ci/b(p) = c‘;,/ib+p. We com-
bine the Hamiltonians h (p) and h_(p) by taking their
direct sum with respect to the basis defined by W. This
yields the total 4 x 4 Hamiltonian

hxuaim = (Ao” ® 0% 4+ Bo® @ 0¥) p,

71
+Co* ®oYp, + Al® 0%, (71)
where we have defined the quantities
(T = 2= I2p

A= \/12J§ — ByJ—ZQ, (72a)

(2~ 72)
B= ﬁ%, (72b)
C=-3J.. (72¢)

This reduces to the original isotropic continuum limit
given in (9) when J, = J, = J. = J. In terms of the
gamma matrices defined in (11), we see that the contin-
uum limit Hamiltonian is given by

hxam = (477" 4+ BY°Y?) po + C7%9%py + iy,
(73)
which is the most general continuum limit Hamiltonian
in Riemann-Cartan form.

2. The Metric

From previously, the general Riemann-Cartan Hamil-
tonian is given by

i a i i i a
hro = €9 "pi + 58717 = 50ie " +ma” (T4)



FIG. 6. The phase diagram of the anisotropic KHLM, where
the couplings are normalised as J,+J,+J. = 1. The isotropic
case with J, = J, = J, is denoted by a dot in the centre of
the triangles. The quantum spin liquid phase that supports
Majorana fermions, denoted as B, sits in the centre of the
diagram. The topological phases A correspond to the Toric
Code phase. The singularity condition of the metric (78) de-
fines the boundaries between the phases A and B. The dashed
line corresponds to a possible anisotropic change of couplings
in the B phase.

Direct comparison of the continuum limit (73) with the
Riemann-Cartan Hamiltonian (74) for constant parame-
ters reveals the dreibein of the model are given by

100 1 0 0
ef'=10A 0, e, =1(0 %AB 0], (75)
0 BC 0 —4& %
with corresponding metric
1 0 0
a 2
uv = € Mebynab =10 _# - A§C2 Agz . (76)
0 x= oo

We also identify the torsion pseudoscalar and mass as
¢=8A, m=0. (77)

From (76) we see that the geometry becomes singular
when A = 0 or C = 0. To analyse the properties of
the model when A = 0 we note that this condition is
equivalent to satisfying one of the following equations

Jo+Jy+J.=0,
Jo—Jy—J.=0,
Jo—Jy+J. =0,
Jo+Jy—J. =0.

(78)

Assuming that J;, Jy, J. are all positive we obtain the
following conditions that J, = J,+J, or J, = J, +J, or
J. = Ju + Jy. Choosing for convenience the normalisa-
tion condition J, + Jy + J, = 1 we obtain the triangular
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phase diagram shown in Fig. 6. The above conditions
between the {J;} couplings define the phase boundaries
that lie between the non-Abelian phase B and the Toric
CodeS phases A of the model. On the other hand, the
condition C' = 0 corresponds to the case where J, = 0.
This coupling configuration makes the model gapless as
it becomes a set of disentangled one-dimensional chains
with zero energy gap. The J, = 0 case corresponds to
the middle of the bottom site of the large triangle in
Fig. 6. Hence, the geometric description of the KHLM
is non-singular within the whole region B. The singular
regions of the metric correspond to the well known phase
transitions of the KHLM?°.

C. The anisotropic case with J, = J, =1 and
0<J, <2

The phase diagram obtained above corresponds to pa-
rameters {J;} that are constant. We now upgrade these
parameters to functions of space to investigate whether
the continuum limit can describe a curved geometry.
For simplicity, we focus our attention on the special
anisotropic case where J, = J, = 1 and J, can take
values between the critical points 0 < J, < 2, as shown
in Fig. 6. We refer to this case as the anisotropic case.

1. The Metric

In the anisotropic case, we see from (72) and (73) in the
previous section that the continuum limit Hamiltonian is
given by

hicnrv =v/'12 — 3J29%' p, — 37.4°7%py

5 (79)
— KJ.(4— J?)2iyy?

Using formula (76), the corresponding metric is given by

1 0 0
1
uv = 0 3J2-12 01 . (80)
0 0 -5

We see that this agrees with the metric of the isotropic
case (46) when J, = 1, in which case this would be de-
scribing the isotropic case for J = 1.

2. Curvature and Torsion

We now upgrade our coupling constants to slowly-
varying functions of space only in order to calculate the
curvature. The metric (80) is diagonal so we can employ
the general formula (50) for the Ricci scalar R of the
Levi-Civita connection. A direct substitution of

1 1

F=—/ = 1
s7-120 97 g (81)



into the formula yields a rather unpleasant expression for
the curvature, but the upshot is that the curvature is non-
zero and space-dependent when the coupling constant J,
is space-dependent. The Ricci scalar R, together with
the formula (49), fully determines the Riemann tensor of
the Levi-Civita connection.

Next we determine the torsion of the system. Using
equation (70) we find that the gap at the Fermi points is
given by

A=—KJ.(4-J%)3. (82)

Combining this result with the equation (77), we have
the torsion pseudoscalar

¢ =—8KJ.(4—J2)% (83)

which fully determines our torsion Ty = %Qbeabc and
contortion K., = ﬁqﬁeabc tensors. This result, com-
bined with the Levi-Civita connection, fully determines
the spacetime connection IV, = I’ + K’ of the
model. We can use the above results to determine the
total Ricci scalar of the model using formula (25) which
gives

-8
R=R- gK2J§(4 — J2)3. (84)

We stated previously that the torsion of the continuum
limit is due to the next-to-nearest-neighbour interaction
term. Indeed, in the isotropic case the torsion was solely
determined by K and had no dependence on the J term—
it existed whether we had nearest-neighbour interactions
or not. However, despite this fact, we see that the tor-
sion in (83) actually depends on J, in this special case.
This is due to the fact that we modified our K term to
ensure that it did not shift the Fermi points determined
by the J term. For this reason, the value of these next-
to-nearest neighbour K terms has a dependence on the
couplings {J;}, however the overall scale of the torsion
is determined by K and will vanish if K = 0. There-
fore the identification of the next-to-nearest-neighbour
interactions as a source of torsion in the continuum limit
remains, albeit the strength being dependent on J, too.

The same can be said for the total curvature R. We see
that in the isotropic case, the J term only contributed
to the curvature of the Levi-Civita connection and was
independent of the contortion. Now, due to the previous
reasons, the J term contributes to the total curvature in
two ways.

In the next section we shall investigate how faithfully
KHLM can reproduce the metric (80) just by varying its
couplings.

V. GEOMETRY OF QUANTUM
CORRELATIONS AND ZERO MODES

In this section we perform a numerical study of
the KHLM with periodic boundary conditions and
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anisotropic J couplings. Our aim is to determine how
faithfully the exact form of the metric obtained in (80)
can be reproduced from the lattice description of the mi-
croscopic model. To proceed we employ the following
procedure. The geometric description of KHLM deter-
mines the form of the metric for any configuration of
the couplings. By knowing, for example, an eigenstate
of the Hamiltonian for a given configuration such as the
isotropic case, we can deduce the form of the eigenstate
for any other coupling configuration by only considering
its spatial transformation according to the corresponding
change of the metric.

To be more concrete consider the transformation of
the model from the isotropic case, J, = J, = J. =1, to
the anisotropic case with J, = J, =1 and 0 < J, < 2
described by the metric (80). As J, varies this metric
describes the simultaneous change in the measure of dis-
tance for both the z and y directions. To study systemat-
ically this effect we consider the case where J, is constant
in space. In this case the spatial distance d between two
points on the distorted space X is given by

d= \/—gijAXiAXj, (85)

where AX' is the change in coordinates between each
point and g;; are the spatial components of the metric.
We can visualise what the effect of changing the coupling
J is on the spatial anisotropy by noting that a unit circle
at J, = 1 gets deformed into an ellipse as J, # 1 with
principle axes d, and d, along the x and y directions,
respectively, satisfying

di — V —Yzz _ \/ng (86)

dy =Gy A J?
In the following we study the effect varying J, has on
physical observables of the model. Specifically we will
investigate how faithfully the spatial profiles of two-
point Majorana correlations and Majorana zero modes®,

bounded at a vortices, are deformed compared to the ra-
tio (86).

A. Two-Point Quantum Correlations

Two-point Majorana correlations are the expectation
value of a product of two Majorana operators at dif-
ferent sites with respect to the ground state |ig), i.e.
i(cic;) = (Yolicicy [1o). They are an important quantity
as any other property of the model can be deduced from
them as our model is effectively free%®. As the system
is gapped we expect the two-point correlations i(c;c;) to
decrease exponentially fast with respect to the distance
|r; — rj|. We extract the two-point correlations by ex-
act diagonalisation of Hamiltonian (2). Taking a single
row or column of the correlation matrix gives us a dis-
crete spatial profile of the two-point correlations of each
site with respect to a central reference site, as shown in
Fig. 7(a).



. ’ o
l<(‘()(’/‘> " -
107 1073 10711075 1073 1071
i(Con) i<600i>
FIG. 7. The two-point correlations and their continuous

profile. (a) The two-point correlations i{coc;) between each
site, 7 and a central reference site, 0, denoted with a red cross.
(b) A continuous approximation of the two-point correlations
is constructed using two-dimensional Gaussians centred on
each lattice site, as described by (87). The size and shape of
the correlations are characterised by finding the set of points
where i(coc;) = 1073, as illustrated. We notice that even
for large system sizes the hexagonal geometry of the lattice
influences the spatial distribution of the correlations. Here
we used J, = Jy, = J, = 1, system size 36 X 36 K = 0.1 and
e=1.

To study the effect of varying J,, as in Fig. 6, on this
discrete spatial profile we produce a continuous approx-
imation by replacing the two-point correlation data at
each lattice point with a two-dimensional Gaussian cen-
tred at the site,

Z i(cicy) o(

%

i{cicy) \r v |2
)= Z ot :
2me

(87)
where € is taken to be of similar magnitude as to the lat-
tice spacing so that the Gaussians of neighbouring sites
overlap. Fig. 7 illustrates this substitution. This con-
tinuous approximation reduces the discrete lattice effects
and allows us extract the stretching and squeezing of the
observables predicted by (86). It is worth noticing that
as the two-point correlations are local they are strongly
influenced by the lattice structure of the system. Hence,
even if we expected the isotropic point to be rotationally
invariant we observe that the honeycomb lattice structure
is still evident in the continuum representation even for
large system sizes. Nevertheless, this deformation does
not obstruct us from demonstrating the equivalence be-
tween the microscopic model and the RC geometric the-
ory.

From the continuous approximation of the correlations
we numerically identify the set of points where (c(r)c;)
has decayed to a fixed value e.g. 1073, This ‘boundary’
line is drawn for the correlations at the isotropic point of
the model in Fig. 7(b). We find that at the isotropic point
the boundary is almost circular. As we move away from
the isotropic point the boundary should be stretched in
either the x or y direction.

i(c(r)ey) =

13
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FIG. 8. Verifying the metric from the continuous approxima-
tion of the correlations. The points in the main panel plot the
ratio between the height and width of the ‘boundary’ wy/ws
for J, = Jy =1, e = 1, system size 36 x 36 and a range of K.
Also plotted with a dashed line is the theoretically predicted
ratio d,/d, = v/3J,/\/4— J2 from Eq. (86). The numerical
data converges to the theoretical line as K decreases. Below
are illustrative examples of the boundaries we find at various
J. and K = 0.1. At the isotropic point, J., = 1, we find
wy/we = 1. As J, deviates from the isotropic point the ratio
wy /w, can become larger or smaller than one.

To verify the metric (80) we compare the ratio between
the height and width of the boundary w, /w, to the ratio
of the principle axes of the ellipse d,/d,, given in (86).
We find that at the isotropic point the width and height
of the boundary are almost circular, with w,/w, ~ 1.
Fig. 8 plots the comparison of w,/w, to d;/d, for dif-
ferent values of J,. The ratio w, /w, converges to d/d,
with decreasing K. As K decreases the energy gap also
decreases, which leads to an increase in the correlation
length. When the correlation length becomes large com-
pared to the lattice spacing discrete lattice effects be-
come negligible and the correlations approximate the be-
haviour of those in a continuous system. We find that
these ratios agree very well, particularly away from the
phase transition boundaries. We observe that an increase
(decrease) in J, corresponds to a decrease (increase) in
the effective distance between lattice sites d, (d;), re-
sulting in stronger (weaker) correlations along that axis.
Thus the correlations appear stretched (squeezed) along
that axis of the lattice, i.e. wy/w, increases (decreases).
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FIG. 9. Obtaining a continuous profile for the vortex wave
function and extracting its dimensions. (a) The discrete lat-
tice probability density |1;|® of the wave function for a vor-
tex, located on the plaquette in the centre. (b) A contin-
uous approximation of the discrete vortex probability den-
sity is constructed using two-dimensional Gaussians centred
on each lattice site, as described in the text. The size and
shape of the vortex are characterised by finding the set of
points where |¢(r)|> = 1073, as illustrated. Here we used
Jz = Jy = J. =1, system size 36 x 36, K = 0.125 and € = 1.

B. Vortex zero-modes

Vortex excitations can be introduced in pairs by in-
serting w-fluxes into the Z, gauge field that couples to
the Majorana matter fermions of the model®®. Practi-
cally this can be done by flipping the sign of a coupling
Jij of a link (4, ) relative to its value in the no-vortex
sector. This link belongs to two hexagonal plaquettes,
and following this change of gauge, these two plaquettes
will each hold a vortex with a Majorana zero-mode lo-
calised at each. By subsequent changes in the sign of J;;
couplings these two vortices can be moved far apart. In
the spectrum of the model the vortex pair manifests as a
zero-energy fermion mode3®. We study the spatial wave
function of a single vortex sufficiently separated from its
pair. We call the probability density at each lattice site,
;)% the discrete spatial profile of the wave function, as
shown in Fig. 9(a).

To analyse the geometric profile of the zero modes we
adopt the same procedure we used for the Majorana cor-
relations. We approximate the discrete wavefunction pro-
file with a continuous distribution by replacing the proba-
bility density at each lattice point with a two-dimensional
Gaussian centred at the site,

2= Z|¢i|25

where € is taken to be similar to the lattice spacing so
that the Gaussians of neighbouring sites overlap. Fig. 9
illustrates this substitution. In the continuum we expect
a wave function exponentially localised at the position of
the vortex. This continuous profile reduces the discrete

|i|* _lr=rai®
—>Z zm T, (88)
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FIG. 10. Inferring the metric distortions from the spatial
profile of a vortex wave function. The points in the main panel
plot the ratio between the height and width of the vortex
boundary wy/wg, divided by the height to width ratio of a
regular hexagon 2/\@ for J, = Jy, = 1, € = 1, system size
36 x 36 and a range of K. Also plotted with a dashed line is
the theoretical relationship given in Eq. (86) we expect from
the geometrical description. The numerical data converges
to the theoretical line as K decreases. Below are illustrative
examples of the hexagonal boundaries we find at various J,
and K = 0.125. At the isotropic point, J, = 1, it is a regular
hexagon. As J. deviates from the isotropic point the ratio
wy /w, can take smaller or larger values than 2/+/3.

lattice effects allowing us to clearly observe the effects of
geometry.

From the continuous profile of the vortex we extract
its relative scale in the x and y spatial directions by nu-
merically identifying the set of points where |1(7)|? has
decayed to a fixed value, e.g. 1072, This ‘boundary’ line
is drawn for a vortex at the isotropic point of the model
in Fig. 9(b). We observe that the geometry of the hon-
eycomb lattice is strongly manifested in this boundary.
This is due to the exponential localisation of the zero
mode to the vortex, with localisation length comparable
to the lattice spacing and independent of the system size
if we keep the energy gap constant. Hence, the lattice
effects are expected to be visible in the wave function of
the zero mode.

As we move away from the isotropic point the hexagon
will be stretched in either the z or y direction. To com-
pare the changing shape of the boundary to the distor-
tions predicted by (86), we compare the ratio between the
height and width of the hexagonal boundary w,/w, to
the height and width ratio of a regular hexagon, (2/v/3).



We find that at the isotropic point the boundary sat-
isfies w, /w, = 2/v/3. Fig. 10 plots the comparison of
(wy /w,)/(2/V/3) to the ratio d, /d,, given in (86), for dif-
ferent values of J,. The ratio w,/w, converges to d,/d,
with decreasing K. As K decreases the energy gap also
decreases, which leads to an increase in the correlation
length. When the correlation length becomes large com-
pared to the lattice spacing discrete lattice effects become
negligible and the probability densities approximate the
behaviour of those in a continuous system. We find that
these ratios agree very well, particularly away from the
phase transition boundaries. We observe that an increase
(decrease) in J, equates to a decrease (increase) in the ef-
fective distance between lattice sites d, (d). This results
in the apparent stretching (squeezing) of the zero mode in
that direction, i.e. an increase (decrease) in wy/wg. As
a result the effective geometric description of KHLM in
terms of a metric is faithful. As the metric is a geometric
primitive, we expect that the rest of the geometric quan-
tities, such as the curvature, to be faithfully reproduced
as well. We leave this investigation to future work.

VI. CONCLUSIONS

In this paper we expanded upon the known result that
the low energy limit, or continuum limit, of the Kitaev
honeycomb lattice model is described by massless Majo-
rana fermions obeying the Dirac Hamiltonian embedded
in a Minkowski spacetime. We took this idea further by
investigating whether the continuum limit could possibly
yield non-trivial curved geometry. A suitable generalisa-
tion of Minkowski spacetime, namely a Riemann-Cartan
geometry, with both curvature and torsion manifests it-
self in the KHLM via non-trivial dreibein e * and space-
time connection I'”,, = f"lw + K*,,. It was shown that
if the couplings of KHLM take a general space-dependent
form, a Riemann-Cartan continuum limit can indeed be
obtained.

We first showed theoretically that the single-particle
Hamiltonian of a Majorana field in a Riemann-Cartan
spacetime hrc can be identified with the continuum limit
of the KHLM Hamiltonian hgpgpy with general space-
dependent nearest-neighbour couplings {J;} and next-
to-nearest-neighbour couplings {K;}. We demonstrated
that the nearest-neighbour part of the Hamiltonian be-
comes the kinetic term of the Dirac-like continuum limit
while the next-to-nearest neighbour part generates an en-
ergy gap at the Fermi points. By comparing hrc and
hkurM, we subsequently interpreted the coefficients of
the kinetic term as the dreibein corresponding to a non-
trivial Levi-Civita connection I'”,,, and interpreted the K
term that generates the gap as a non-trivial contortion
K "W. With this identification the metric g, = eauebl,nab
was fully determined, as well as the total connection

re, = fpw + K’ ,, providing us with the curvature
RP,,, and torsion T, of the Riemann-Cartan theory.

For the special case of isotropic couplings where J, =
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Jy = J, = J, we demonstrated that the continuum limit
had non-trivial dreibein and spacetime connection yield-
ing a curvature and torsion depending on the parameters
J and K. The torsion term is equivalent to the supercon-
ducting gap. So when the torsion is dominant the sys-
tem is a topological superconductor in class D. We also
demonstrated that by modifying the model with a Kekulé
distortion, one can give the Majorana fermions a non-
zero mass in the continuum limit. When the mass term is
dominant over the torsion then the system is in class BDI.
To study the anisotropic case we considered in detail the
special configuration of couplings where J, = J, = 1,
with J, a free parameter. In this case, the metric of the
continuum limit corresponded to a non-uniform dilation
in the x- and y-directions relative to the isotropic metric.
This stretching of space was confirmed by analysing the
spatial distribution of the quantum correlations as well
as the zero-mode profiles of the model. We numerically
determined that the description of the model in terms of
a geometric metric is faithful even for moderate system
sizes. In Fig. 8 and Fig. 10 we see how well the geo-
metric theory describes the deformation of the quantum
correlations and zero mode profiles, respectively. We see
the accuracy of the geometric description improves with
increasing correlation length. As expected, in the limit
of large correlation length discrete lattice effects become
negligible and the model strongly resembles its continu-
ous description.

Our work verified that the theory of Majorana fields
in Riemann-Cartan geometry can faithfully describe the
microscopic Kitaev honeycomb lattice model. This field
theoretic description can be then employed to analyti-
cally investigate a variety of properties of the microscopic
model. As an example, this opens up the exciting possi-
bility to quantitatively study the energy-momentum cur-
rents of KHLM and determine their behaviour in terms of
various coupling configurations or external driving. The
geometric description of superconductors used to obtain
the thermal transport coefficients from response theory
as employed by Luttinger?® can be realised here with a
perturbation of the KHLM couplings around the isotropic
and homogeneous configuration. Similarly, our geometric
description of KHLM parallels the coupling of topolog-
ical superconductors to a geometric backgroung®? that
demonstrate, with the help of the AdS/CFT correspon-
dence, the presence of chiral edge modes at their bound-
ary.

Our geometric framework can also consider the pres-
ence of Heisenberg interactions in the KHLM. In the low
energy limit these interactions take the form of four Ma-
jorana fermion interactions, Cic‘icici. For weak cou-
plings mean field theory can be employed that will renor-
malise the tunnelling J couplings and the mass m of
the Majorana fermions, thus appropriately renormalis-
ing the metric of the geometric description. Moreover,
chiral gauge fields have been investigated in the context
of graphene®’ that could be extended to the KHLM case,

giving a more complete quantum field theory description



of the model. Finally, the response of KHLM to time-
dependent geometric perturbations including quenches™
or considering a dynamical metric introduced by addi-
tional quantum fields, such as phonons that perturb the
tunnelling couplings, can also be probed using the for-
malism developed here. We leave these investigations to
a future work.
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