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Quantum walks (QWs) describe the evolution of quantum systems on graphs. An intrinsic degree of freedom—
called the coin and represented by a finite-dimensional Hilbert space—is associated with each node. Scalar
quantum walks are QWs with a one-dimensional coin. We propose a general strategy allowing one to construct
scalar QWs on a broad variety of graphs, which admit embedding in Eulidean spaces, thus having a direct
geometric interpretation. After reviewing the technique that allows one to regroup cells of nodes into new nodes,
transforming finite spatial blocks into internal degrees of freedom, we prove that no QW with a two-dimensional
coin can be derived from an isotropic scalar QW in this way. Finally, we show that the Weyl and Dirac QWs can
be derived from scalar QWs in spaces of dimension up to three, via our construction.
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I. INTRODUCTION

Quantum walks (QWSs) on graphs [1-5] describe the evolu-
tion of quantum systems in a discrete arena. Their applications
range from quantum information and computation [6-9]—
where they have been applied to design search algorithms
[10-16]—to discrete approaches for the foundations of rel-
ativistic quantum field theory (QFT) [17-22]—where QWs
are particularly suitable for a reformulation of free QFTs in
a discrete scenario [23-29]. In particular, foundational inves-
tigations have been carried out, focusing on how a continuous
space-time, fermionic dynamics, and Lorentz symmetry can
be reconstructed by a discrete and purely quantum theory
[30-34]. In Ref. [35], it has been proved that, under the
physical assumption of homogeneity of the physical evolution
[36], the graph of the QW must be in fact a Cayley graph,
namely the graphical representation of a group. This allows
one to exploit the group-theoretical machinery, which is of
aid in order to construct the QWs, analyze them, and connect
the graph to the emergent continuous geometry [17,37-39].

Historically [40], QWs have been introduced in the broader
context of quantum cellular automata (QCAs) [41], which
provide a general model for the local unitary evolution of
quantum systems on arbitrary graphs. In the case where the
evolution law is linear in the fields, a QCA reduces to a QW,
representing the quantum counterpart of the classical random
walk model.

So far, the case of a Euclidean emergent space has been
particularly studied as a simplifying restriction of the theory.
It is worth mentioning here that, in fact, non-Euclidean cases
have been hardly treated in the context of QWs, while the
literature focuses on QWs on lattices. The main reason to
focus on the Euclidean case is that lattices have a convenient
embedding in the usual space R?. Furthermore, this has
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the advantage of allowing one to easily define the Fourier
transform on the lattice and analyze the QWs dynamics in the
wave-vector space, and this in turn provides a straightforward
procedure for taking the continuum limit. Restricting discus-
sion to Cayley graphs which have a Euclidean emergent space
R? is equivalent to considering groups containing finitely
many copies of Z? [42]: These groups are called virtually
Abelian [39].

A QW is, loosely speaking, a unitary evolution for a wave
function on a graph. Each vertex of the graph is structured
as a local quantum system and thus associated with a finite-
dimensional Hilbert space, usually referred to as the coin
system of the walk at a given vertex. If the QW is homoge-
neous, every vertex is equivalent, and thus all the coin systems
are isomorphic to a prototype Hilbert space called the coin
system of the QW. One can now constructively analyze all
the conceivable QWs on a given graph. This analysis can
be carried out in a twofold way: On the one hand, one can
fix the simplest allowed group, i.e., Z¢ itself, and investigate
the admissible QWs defined on its Cayley graphs, varying
the coin dimension s; on the other hand, one can fix s and
construct all the admissible groups and graphs complying to
the Euclidean restriction. The first path has been carried out in
Refs. [33,38].

In this paper, we explore the second way, starting with
the minimal coin dimension s = 1, and performing a sys-
tematic analysis of the Euclidean scenario. QWs with a one-
dimensional coin are often referred to as scalar or coin-
less [38,43-46]. Despite the algorithmic simplicity of the
model, finding all scalar QWs for an arbitrary graph is not
a straightforward task. Indeed, the resolution of the unitarity
constraints involves a quadratic system of complex equations,
and it turns out that it is simpler to address the problem as
a matrical one. In Ref. [38], scalar QWs on Cayley graphs
of arbitrary Abelian groups have been classified, finding that
they give rise to trivial dynamics: This result extends the
classical no-go theorem by Meyer [40]. Therefore, the present
approach is to undertake a systematic investigation of QWs
on Cayley graphs of virtually Abelian groups, relaxing the
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Abelianity assumption. This allows them to have nontrivial
dynamics.

The present paper benefits from the work carried out
in Refs. [38,39] and represents their completion. Here, we
construct the first examples of infinite scalar QWs with more
than one space dimension; moreover, we avoid partitions of
the underlying graph or of the QW itself, as opposed to the
literature where the partition is used [43,45,46] to circumvent
the no-go theorem [38], leading to an inhomogeneous evolu-
tion. Furthermore, the scalar QWs constructed here are both
non-Abelian and infinite, unlike those explored in Ref. [44],
where only finite graphs have been considered.

The paper is organized as follows. In Sec. II, we review
the general model of discrete-time QWSs on graphs; we then
specialize our treatment to the Euclidean case, establishing a
connection between algebraic and geometrical properties of
groups. In Sec. III, we study the group extension problem
in generality, proving some structure results and reviewing
a coarse-graining technique for QWs on Cayley graphs; we
then apply the aforementioned results and technique to the
Euclidean case. In Sec. IV, we investigate the Euclidean scalar
QWs, proving a no-go theorem in the isotropic case and
then paving the way for the study of a particular class of
QWs in space dimension d = 1,2,3. In Sec. V, we apply
the group extension technique to particularly analyze the
case of scalar QWs whose coarse grainings are QWs with a
two-dimensional coin on the simple square and on the BCC
lattices; finally, we derive the Dirac QW in two and three
space dimensions as the coarse graining of a scalar QW on the
Cayley graph of a non-Abelian group. In Sec. VI, we conclude
the paper discussing some (open) aspects of the theory and
drawing our conclusions.

II. DISCRETE-TIME QUANTUM WALKS ON GRAPHS

For the convenience of the reader, we start recalling the
basic notion of a directed graph.

Definition 1. A directed graph or digraph is an ordered
pair I' = (V, E), where V and E are set such that E collects
arbitrary ordered pairs (x, xp) of elements x;,x, € V. The
elements in V are called the vertices and those in E the edges
of the graph.

The vertices are graphically represented as dots and are
also called the sites or nodes. The set E of edges defines
the connectivity between the vertices of the graph: an edge
(x1, xp) is graphically represented by an arrow having direc-
tion from x; to x;. In the following, we define the neighbor-
hood schemes for the sites of a graph.

Definition 2. LetT" = (V, E') be a graph. We define the first
neighborhood of each site x € V as the set

N,:={yeV|(,y) e E},

namely all the vertices reached by arrows from x. The el-
ements contained in N, are called first neighbors of x. The
complement of the first neighborhood of each site x € V is the
set defined as

N;l ={yeV|(x)eE}

We are now ready to give the definition of a discrete-time
QW on a graph.

Definition 3. Let I' = (V, E) be a graph and let a finite-
dimensional Hilbert space %, be associated to each node x €
V.AQWon I in 7 := P, 4% is a unitary operator W
providing a time-homogeneous evolution defined as follows:

W H — H
[V ()) — Y +1))

for all times 7, such that, defining IT, as the projection on %,
one has

LW 2 D 1)) — [t + 1)) VxeV.

yen;!

This defines a discrete-time evolution on a graph I" accord-
ing to its neighborhood schemes. By linearity of the operator
W, one can block decompose the evolution as

LW @D [y = > Aulty(@)), )

YEN;! YeN;!

where the A,, are dims#; x dim.7, matrices, called the tran-
sition matrices of the QW. Definition 3 represents the general
definition of a QW, as originally given in Ref. [40], namely
every QW model admits a form (1). We now wish to represent
the QW evolution on the total Hilbert space

Hn =P ©C = 7.

xeV

One can verify that the action of the QW evolution is repre-
sented on J%, by the following operator:

A=) Ag®Ay:=) ) DI ®Ay. ()

x€V yeN, xeV yeN,

We notice that the evolution can be rewritten in terms of the
first neighborhoods, while in expression (1) the sum is on their
complements. Thus, the walk operator can be finally written
in terms of the edges of the graph as

A=) D Auy ®Aw, 3)

x€V feD,

where the set D, collects the edges f connecting x to its first
neighbors x; and the A,,, are the shift operators, mapping |x)
to |xy). Equation (3) represents the most general form of a QW
evolution operator. The graph structure is inferred from the
neighborhood schemes N, and the evolution may also be inho-
mogeneous in the sites. In the following, as already discussed,
we will restrict to homogeneous QWs, namely such that one
has (i) D := D, = Dy, (ii) |Ny| = [Ny|, IN"!| = |Nx‘,1|, and
(iii) Ay, = Ax/x} for all x,x’ € V and f € D. Accordingly,
we consider regular directed graphs. Moreover, the edges are
equipped with the same set of associated transition matrices.
Thus, the dimension of the coin system is taken to be the same
at any vertex—say s. Accordingly, %, = £*(V) ® C*, and
one has the following form for the evolution operator:

A:ZAf@Af :=Z<Z|Xf><x|>®f\f, “)

feD feD \xeV

where D collects the set of edges, x; represents the first
neighbor of x connected by the edge labeled as f, and the
Ay are s X s complex matrices.
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Remark 1. Equations (1) and (2) are equivalent expres-
sions providing the evolution of a QW in terms of the tran-
sition matrices. In the literature, it is quite common to present
QWs in terms of a decomposition into a product of (generally
unitary) operators, namely in the following form:

W@+ 1) =Y Yt + 1) = A|(@)
xeV
= 010,...0,|X) (1)) (5)
xeV

In general, these operators take the form

Z CUSI Q |i)(j

i,j=1

where ¢}, € C, {|i)}]_, is the canonical basis of C*, and the S
act as shift operators, namely
Siilx) = |, (0)

for some permutation nilj (including the identical one) of the
vertices of an underlying graph. Examples of decomposition
(5) can be found in Refs. [47-49]. It is common to associate
a geometrical meaning to the shift operators appearing in
the definition of the operators O;, namely to infer the graph
structure from these. Yet this interpretation is in some sense
misleading, since, for a fixed QW, the decomposition in the
form (5) may not be unique. Consequently, the same QW
might be decomposed into “virtual” steps, as in (5), in several
ways. On the other hand, all such different decompositions
correspond to a unique expression of the form (2). Moreover,
the “virtual” steps in (5) are not elementary steps of the walk
evolution: The elementary steps are in any case given by each
application of the total walk operator A = 0,0; ... O,. In the
context of homogeneous QWs, a paradigmatic example of this
fact is given by the three-dimensional Dirac QW. In Ref. [24],
one can find the Dirac QW expressed as a product of three uni-
taries, each involving a translation on one Cartesian axis, cor-
responding to a decomposition on a simple cubic lattice. The
same QW can be expressed in the form (4) on the BCC lattice.
In two recent works [47,49], one can find the two-dimensional
Dirac QWs decomposed into local operators in several ways,
each one with a different “virtual” graph. Nevertheless, each
of them is indeed a different decomposition of the same QW,
namely the two-dimensional Dirac QW on the simple square
lattice [17]. On the other hand, in Ref. [33], a theorem has
been proven stating that, for isotropic QWs on lattices (graphs
embeddable in R?) with a two-dimensional coin, expression
(4) identifies a unique graph for d < 3 (namely the integer
lattice in d = 1, the simple square in d = 2, and the BCC
lattice in d = 3). We point out that, however, the different
equivalent decompositions (5) have in fact a relevance with
regard to the concrete implementation and simulation of the
same QW.

A. Quantum walks on Cayley graphs

In the present subsection, we shall treat QWs on Cay-
ley graphs in full generality. In Subsec. IIC and from

Subsec. III B onward, we shall restrict our attention to Cayley
graphs of virtually Abelian groups (i.e., the Euclidean case).
Throughout this paper, we will write G; < G, if G is a
subgroup of G,, and G| < G; if G; is normal in G,. Finally,
Z(G) will denote the center of G.

Consider a finitely generated group

G = (S¢IR), (6)

where S, is a (finite) generating set for G and R is a set of
relators. We will denote the set of inverses of the elements
in S, by S_. A generating set S is called symmetric if S, =
S_ and we define the set of generators S := S; US_ of G,
which is clearly symmetric. Every group element g € G is a
word defined on the alphabet S. On the other hand, R is a
set of closed paths generating all the cycles in the group by
concatenation or conjugation with arbitrary words. The closed
paths correspond to words of S which amount to the identity
element e € G.

Expression (6) is called a presentation of G. In the fol-
lowing, we will restrict our attention to finitely presented
groups, namely such that also |R| < oo holds. Every group
can be presented, in principle, in infinitely many ways, the
presentations being in one-to-one correspondence with Cayley
graphs, as is clear from the following definition.

Definition 4. The Cayley graph I'(G, S;) of a group G
with respect to the generating set S, is the edge-colored
directed graph constructed as follows: (i) G is the vertex set
of I'; (ii) for all g € G, a colored edge directed from g to gh is
assigned to each 1 € S.

Edges corresponding to some h € S are represented as
undirected if and only if 4> = e. In general, we allow e € S,
whose corresponding edges can be denoted by loops on the
Cayley graph.

We shall consider the right-regular representation T
of a group G on ¢*(G), given as follows. We will de-
note by {|g)}eec the canonical basis for 02(G) and we
define

Tylg) = Igg™"). (7
from which it follows that 7,7y = T,y for all g, ¢ € G. By
construction, the right-regular representation is unitary. For
finite G one, has £2(G) = C!°!.

Definition 5. Let G be a finitely presented group. A quan-
tum walk on the Cayley graph I'(G, S) with an s-dimensional
coin is the quadruple

W ={G,S, s, {An}nes},

such that
(1) s e N*;
(2) for all i € S, the transition matrices A, € M;(C);
(3) the operator

A=) Ti®A 8)

heS

defined on £%(G) ® C* is unitary.
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The walk operator (8) is unitary if and only if all of the
following system of equations holds:

Z AhAZr = Z AZAh’ = ag.els’

i eS: W es:
' =g

Vge {¢ €Glah, heS: g =mnhy'} ©)

=g

Equation (9) can be checked just plugging expression (8) into
the unitarity conditions:

ATA=AA" =T, Q1.

Given a Cayley graph I', the unitarity conditions (9) represent
nontrivial constraints to solve in order to define a QW on I'.

The following definition is useful to introduce the gener-
alized notion of isotropy for QWs [17,33]. This feature is
relevant to model the physical law in a theory aiming to
reconstruct relativistic QFTs. Given a group G, the order of
an element g € G is defined as the natural number

re :=min{r € N* : ¢ = ¢}.

If 7, does not exist, the order of g is said to be infinite. We are
now ready to define an isotropic QW.

Definition 6. A QW on the Cayley graph I'(G, S) with an
s-dimensional coin is called isotropic if there exists a faithful
unitary representation {U;};c;, on C* of a graph automorphism
group L, called the isotropy group, satisfying the following:

(1) L is transitive on the classes of elements of S having
the same order [50];

(2) the following invariance condition holds:

SN T ®UAUS =Y Ti®@A, VieL (10
heS heS

In the case of a free QFT derived as a QW theory, the
following additional requirement has been demanded:

U, Al #0 VYheS,leL:I(h) #h. (11)

Condition (11) is never satisfied in the scalar case, since
both the representation {U;};c; and the transition matrices
are one dimensional. However, as long as the Cayley graph
structure is not derived by the requirement of homogeneity of
the evolution—but rather assumed as in the present context—
condition (11) is dropped. In Subsec. IV A, we will prove
a no-go result for isotropic scalar QWs without assuming
condition (11). This shows that in the Euclidean case, no QW
with a two-dimensional coin can be derived from an isotropic
scalar QW, even using the weak Definition 6 of isotropy.

In Ref. [33], it has been proven that in the case of QWs on
lattices (namely Cayley graphs of Z<), isotropy entails that all
the generators can be represented with the same length in R¥.
In particular, this implies that one has the following unitarity

constraints:
MAT, =ATA_, =0, VhesS. (12)

Equation (12) implies that the transition matrices assume the
following form [39]:

Asp = a1 Vinen) (nanl, (13)

where, for all h € S, oy, > 0, V,, is unitary, and {|ng), [n-n)}
is an orthonormal basis in the coin space for every 4. Finally,

in Ref. [17] it is shown that in the case of Abelian G one
has ) ,.¢A, = U for some unitary U commuting with the
isotropy group representation {U;};c;. The same happens for
arbitrary group G by a straightforward generalization. There-
fore, for the purpose of classification, one can first solve the
unitarity and isotropy constraints by posing

D Av=1 (14)

heS

and then obtain the other solutions upon multiplying all the
matrices A, by an arbitrary unitary U in the commutant of
{U1}ie. We shall make use of Egs. (12)—-(14) in the proof of
our main results in Secs. [V and V.

We conclude this section by recalling a necessary condition
for the existence of a scalar (or coinless) QW on a given
Cayley graph.

Proposition 1 (quadrangularity condition [44]). Given a
Cayley graph I'(G, Sy ), a necessary condition for the exis-

tence of a scalar QW
A= ZZhTh

heS

is that, for all the ordered pairs (h;, hp) € S X S such that
hy # h,, there exists at least a different pair (3, h4) such that
hihy = h3h;1. This is called the quadrangularity condition.

Remark 2. Proposition 1 holds for homogeneous coinless
QWs, according to the definition of the present work and
related literature (see, e.g., Refs. [38,44]); yet, a similar result
must hold, for any two connected nodes, also for inhomo-
geneous QWs. Elsewhere, the homogeneity requirement has
been in general dropped (see, e.g., Refs. [48,51] for the model
of the so-called staggered QW with Hamiltonians, or SQWH).
It is interesting to notice that—imposing homogeneity to the
transition scalars in the one-dimensional (1D) example of
SQWH presented in Ref. [48]—by direct inspection of the
first-neighborhood scheme one easily realizes that this QW
is contained in the family of QWs on the infinite dihedral
group found in Ref. [38]. Again, from the point of view of
a decomposition in the form (5), the “virtual” graph can be
regarded as the integer lattice, while expressing the QW in
the form (4) (which is unique), one realizes that the actual
graph is indeed a Cayley graph of the infinite dihedral group.
Remarkably, it is possible that the present model is actually
contained in the SQWH model. However, both constructions
have been devised in order to overcome the issue of construct-
ing coinless QWs. A no-go theorem proven in Ref. [38], and
generalizing a result by Meyer [40], states that coinless QWs
on Abelian graphs exhibit trivial dynamics. In the present
work, we show how to overcome this issue by considering
more general graphs, while keeping a homogeneous evolution
rule. We point out that generally inhomogeneous models (like
the staggered QW one) find their relevance on the side of
the experimental implementation or also to mimic a curved
space-time [52].

B. The continuum limit

Let G be isomorphic to Z?, for an arbitrary integer d >
1. Let then I'(G, S;) be a Cayley graph of G. This case
encompasses the usual lattices, including most of the cases
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treated in the literature where QWs are exploited to simulate
wave equations or to devise algorithms. In particular, in this
case the shift operators commutes. Accordingly, throughout
the present subsection we will use Abelian notation, denoting
the group composition law with the additive notation and the
elements x € G as boldfaced d-dimensional real vectors. In
particular, we will consider G as a space vector.
Now, let the unitary operator

A=) (D ly—hyl | @A =) Th®An

heS \yeG hesS

represent a QW on the Cayley graph I'. The unitary ir-
reducible representations of Z¢ are one dimensional. We
now constructively show how to decompose the right-regular
representation, which is unitary by definition, into the one-
dimensional unitary irreducible representations of G. The
latter are classified by the joint eigenvectors given by the
relation

Ty|k) = ¢*Yk), yeG, (15)
where k is an element of the dual G*. Taking the following
expansion for the eigenvectors
k) = c(x, k)Ix) (16)
xeG
and substituting it into Eq. (15), one obtains

Tylk) = > c(x. K)x —y)

xeG
= Z cx+y,Kk)x) = Z XY e(x, K)|x).
xeG xeG

Accordingly, the relation e ®Ye(x +y, k) = c(x, k) leads to
e*%c(0, k) = c(x, k). Substituting the latter into Eq. (16) and
imposing the normalization for the |k), we obtain

1 ik-x
k) = G ge x),

17
| a7)

_ —ik-x
x) = —(2n)d/2/,;dke k),

where B is the first Brillouin zone, which we determine in
the following. In general, the generators in S are not linearly
independent; then, we define all the sets

Dn = {hnla "'1hnd} - S+’

collecting linearly independent elements, where n labels the
specific subset. For every n, we can then define the dual set

Dn = {flnl P flnd}a fln, ' hnm = Slm‘

We now can expand each x € G and k € G* as

d d
X = E xn,-hnj» k= E kn,-hnj»
=1 j=1

for some n, where x,, € N for every j and k € B. Two
eigenstates |k), |k’) are equivalent if there exists 6 € [0, 27]
such that

k) = " |K').

Thus, from Eq. (17), one can derive

—7 —Kk’)-
e i(k—k')-x

— el(') — e—t(k—k )-y,

Vx,y € G,
which is equivalent to the condition
d . / .
Ae N ky —k, =2nl;, j=1,....d.

Since the choice of D, D, is arbitrary, defining D := |, D,,
the Brillouin zone B C R¢ is the polytope defined as

B=(\keR’|—nlh* <k-h<mhf).
heD

The evolution operator A can be thus diagonalized as follows:
A= /dk |k}k| ® Ay,
B

where the matrix

Ak = Zeih'kAh

heS

must be unitary for every k. Being Ay polynomial in e™,

imposing unitarity straightforwardly amounts to find the same
general set of constraints of Egs. (9).

Clearly, in general Ax € U(s) and its eigenvalues are of the
form ¢®_ for some integer 1 < I < s. The functions in the
set

{wi1(k),...,0iKk)}, keB

are called the dispersion relations of the QW. As one can
realize from the unitarity constraints in Egs. (9), the operator
A is defined up to a global phase factor, and then in particular
one can always choose Ak € SU(s) without loss of generality.
This fact, in the case s = 2, implies that the dispersion relation
of a QW with a two-dimensional coin system is of the form
Fw(k). In particular, this are interpretable as the particle and
antiparticle branches of the dispersion relation.

The Fourier representation allows one to define differential
equations for the evolution of the eigenstates and also study
the continuum limit. Let us introduce the interpolating Hamil-
tonian H;(K) defined by the relation:

exp[—iH;(k)] := Ax.

H;(k) generates a discrete-time unitary evolution interpolat-
ing through a continuous time ¢ as

exp[—iH;(K) ]|y (k, 0)) = [ (k, 1)).

Then we can write a Schrodinger-like differential equation
i [y (k, 1)) = H(K)|y (K, 1)) (18)
and expand to the first order in k, obtaining
id, |y (k, 1)) = [H;(0) + Ve H; (K=o - K1Y (K, 1))
+O(K)IY (k. 1)). (19)

Now, by identifying k with the momentum of the system,
one can interpret Eq. (19) as a wave equation in the wave
vector representation. Let us consider narrow-band states
| (K, 7)), where small wave vectors |k| < 1 correspond to
small momenta for the system. Then, identifying the lattice
step with an elementary invariant length (e.g., a hypothetical
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Planck scale), the limit of small momenta is equivalent to the
relativistic limit for the QW’s evolution.

In the case s=2, let |u*(k)) be the positive- and
negative-frequency eigenstates of H;(k), namely such
that H;(k)|ut(k)) = £o(k)luT(k)). Then a so-called
(anti)particle state is defined as

dk
lyE@)) = /B Wg(k,mmi(k»wi(kn.

Taking the normalized distribution g(k, #) smoothly peaked
around a given k¢ € B, the evolution given by Eq. (18) leads
to a dispersive Schrodinger dfferential equation for the QW:

i0,8(x,1) = £[v-V + iD- VV]a(x, 1), (20)

where 3(x, t) is the Fourier transform of e~*ox+ioko)r o(k 1),
Equation (20) is a Fokker-Planck equation, with drift vector
and diffusion matrix given respectively by

V= VioK)lkk,, D= ViVikoK)lx_g,- 2D

This method is general for the case of Cayley graphs of Z¢,
and in particular it has been exploited—e.g., in Ref. [17]—to
study the Weyl and Dirac QWs dynamics.

In Subsec. IIIC, via a unitary coarse-graining technique,
we will prove that the Euclidean QWs are strictly contained
in the QWs on Z“. Accordingly, one can apply the Fourier
method and take the continuous limit for all Euclidean QWs,
even in some particular non-Abelian cases, as shown in the
following. This will allow us to reconstruct the Weyl and
Dirac QWs from scalar QWs on non-Abelian groups.

To best of our knowledge, a technique allowing one to
extend a similar Fourier method to the non-Euclidean case is
still unknown. This would be relevant since it would allow
one to study the continuum limit of QWs on graphs with
a nonvanishing curvature, e.g., on Fuchsian groups (which
admit an embedding in the Poincaré disk). On the other hand,
so far in the literature curvature has been implemented on
classical gauge fields encoded in the transition matrices (see,
e.g., Refs. [52,53]).

C. Embedding Cayley graphs into smooth manifolds

In this section, we review some results from geometric
group theory [54] connecting algebraic properties of groups
to geometric ones. The starting point is recognizing that
endowing Cayley graphs with the notion of a distance allows
us to study them as metric spaces.

Definition 7. Let G = (S+|R) be a finitely generated
group. The word length is the norm defined, for all g € G,
as

Is(g) ==min{n e N | g=hy...h,, h € S}. (22)
The norm [g induces the word metric, defined as

d(g.¢)=1Is(g7'¢) Vg g €G. (23)

We are interested in Cayley graphs suitably embeddable in
a Euclidean space R?, with a notion of embedding resorting
to the following concept of quasi-isometry [55].

Definition 8. Let (G,dg) and (M, dy) be two metric
spaces. A quasi-isometry is a function & : G — M satisfying,

for some fixed @ > 1 and b,c > 0, and Vg, ¢ € G, the two
following conditions:

l / /
;dc(g, g)—b<du(&(g), £(g)) < adg(g g)+ b,
VYmeM3Ige G :dy(m, &) < c.

The previous definition intuitively states that the two met-
rics are equivalent modulo fixed bounds. Quasi-isometry is
an equivalence relation [56] and two metric spaces G, M are
called quasi-isometric if there exists a quasi-isometry between
them.

Definition 9. Let P be a group property. A group G is called
virtually P if there exists H < G satisfying P and such that the
cardinality of the coset space |G/H | (called the index of H in
G) is finite.

In the following, the property of a group of “being iso-
morphic to G” will be denoted by the same symbol G. For
example, “the group K is virtually Z” means that there exists
a subgroup H of K isomorphic to Z with finite index in K. The
next definition further refines the notion of virtually P group
and shall be useful to the characterization of the groups whose
Cayley graphs are quasi-isometric to R?.

Definition 10. Let N and Q be two group properties. A
group G is called Q-by-N if there exists N < G satisfying N
and such that the quotient group G/N satisfies Q.

We now provide some useful results to the purpose of
establishing a quasi-isometric equivalence between R¢ and
virtually Z¢ groups.

Theorem 1 (fundamental theorem of finitely generated
Abelian groups). Every finitely generated Abelian group is
isomorphic to a direct product of finitely many cyclic groups.

Lemma 1. Let G be a group and P a group property inher-
ited by subgroups of finite index. Then G is finite by P if and
only if it is virtually P.

Proof. (=) It follows by definition.

(<) Let H be of finite index in G and satisfying P. Let us
define

Ny = ﬂgHgil,
geG

namely the normal core of H in G. Clearly, Ny < H. Fur-
thermore, by a result due to Poincare [57], |G/Ny| < 400
holds, and then also |H/Ny| < +oc holds. By hypothesis, Ny
satisfies P, and then the thesis follows. |

Corollary 1. A group is finite by Z¢ if and only if it is
virtually Z<.

Proof. We have to check that the property of “being iso-
morphic to Z?” is inherited by subgroups of finite index.
By the fundamental theorem of finitely generated Abelian
groups (Theorem 1), every subgroup M of N = Z“ must be
isomorphic to Z? with d’ < d, thus |N/M| = +o00 unless
d=d'. ]

It is easy to see that further properties inherited by sub-
groups of finite index are cyclicity, Abelianity, and freeness.

Theorem 2 (quasi-isometric rigidity of Z¢ [42]). If a
finitely generated group G is quasi-isometric to Z¢, then it
has a finite index subgroup isomorphic to Z<.

Corollary 2. Let G be a finitely generated group. Then G
is quasi-isometric to R if and only if G is finite by Z¢.
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Proof. This straightforwardly follows from the fact that
quasi-isometry is an equivalence relation and R? is quasi-
isometric to Z<. |

In the light of Corollary 2, our aim is to provide structure
results for finite-by-Z¢ groups, along with their presentations,
in order to derive admissible (Euclidean) scalar QWs on them.
The problem of characterizing the class of groups G with fixed
N < G and quotient Q = G/N is called group extension prob-
lem: G is indeed said an extension of Q by N. In Subsec. Il A,
the extension problem will be discussed, while in Subsec. III B
we shall focus the analysis on the case N = Z¢ and |Q| < oo.
Our aim is to provide necessary and sufficient conditions in
order to explicitly construct every possible extension of Q
by N.

III. THE GROUP EXTENSION PROBLEM

A. Constructing group extensions

Let N, O be two arbitrary groups and G be a Q-by-N group.
The cardinality |Q| is called order of the group Q, and it
is precisely the index of N in G. The group G can be then
partitioned as follows:

G: {Nqu,Ncqz’ "'7Nc‘1\Q\}’

where the ¢,, are called the coset representatives. The identity
of @ will be denoted by &. One has ¢; := ¢, € N and ¢, &
N for all i # 1. The elements g € Q are in a one-to-one
correspondence with the cosets representatives c¢;, which, by
normality of N, follow the same composition rule of the
elements g up to multiplication by elements of N. One has

cqlcqzc;ll2 eN, Vqi,q€0. 24)

By definition, every element g € G can be written as g =
ncy, with n € N and ¢, being the representative of the coset
corresponding to g € Q. Then, the group multiplication can
be obtained as follows:

niCgN2Cy, = nlcqlnch_llcqlcq2
=1 mgq, () f(q1, 42)¢q,4,»
where
@4(n) == can;I, g, q2) == qucqzc;l;z’

and clearly ¢, € Aut(N). Therefore, a piece of information
we need in order to identify the extension G is the assignment
of a composition rule for the coset representatives: This
observation motivates the following definition.

Definition 11. Let G be an extension of Q by N and {c,}4e0
be a set of representatives of the cosets of N in G. The function

f: 0 x Q — N defined as
fa, @) i=cq e, Va1.q2€Q

is called a 2-cocycle.
From relation (24), one has

©q, 0 @, © (p;ZZ € Inn(N).
Defining
Gu(-):=m-m™', VmeN,

one indeed obtains
Pq, © (p(Iz(') = (Cﬂhcqz) : (Cq1C(J2)71

= ®fq1.a) © Pargr (), Vq1,92 € 0. (25)

Accordingly, the family {¢;},c0 can be identified, in gen-
eral, as a family of automorphisms which are in cor-
respondence with elements of the outer automorphism
group of N [58]. Since Inn(N) < Aut(N) and Out(N) :=
Aut(N)/Inn(N), Eq. (25) induces a homomorphism @ which
associates an element of Out(/N) to each g € Q. We define

¢ Q — Aut(N),
(26)

-1
q'_>§0q(')=Cq'Cq ,

and

7 : Aut(N) — Out(N),
(27)
voé, — w,

such that v € Inn(N), &, € Aut(N) are some coset represen-
tative of the cosets of Inn(V) in Aut(N), and the composition
@ 1= 1 o ¢ is a group homomorphism.

Therefore, in order to identify a group extension G of Q
by N (i.e., in order to give the complete composition rule
for the elements of G) one needs to choose a family of
automorphisms of N and a 2-cocycle, i.e., a pair (¢, f) such
that f satisfies Definition 11 and ¢ is defined as in (26) and
satisfies Eq. (25). We call such a pair (¢, f) data for the
extension G of Q by N. We are now ready to classify the group
extensions in the following lemma.

Lemma 2 (Classification of group extensions). Let Q and
N be two groups and ¢, f two maps such that ¢ : Q —
Aut(N), and f : Q x Q — N. Then, there exists an extension
G of Q by N with data (¢, f) if and only if the following
relations are satisfied Vqi, ¢2, ¢3 € QO:

Pqi © g = Dfq1.a) © Panans (28)

fau ) f(@192, 43) = 94, (f(q2, ¢3))f(q1, 9293)-  (29)

Proof. (=) Let G be an extension of Q by N with data
(¢, f). Property (28) has been already shown to hold. It is
easy to check property (29) for a 2-cocycle by imposing the
associativity for the product of coset representatives, namely
by the following computation. On the one hand, one has

(qucqz )cq,z = f(q1, Q2)quqch3
= f(q1, 92)1 (9192, 43)Cq10005 -
On the other hand, also

quf(QZs %)quqs
©q,(f(q2, 43))f(q1, 4243)Cq1 4245

holds, proving the first implication.

(<) We now explicitly construct the extension G of Q by
N having (¢, f) as data. Let G’ be the set of ordered pairs
N x Q and denote its generic element by g = (n, g). Let us
also equip G’ with the following composition rule:

Cq (cqz Ct]s) =

(n1, q1)(n2, q2) == (M@, (n2)f(q1, 42), 9192)-
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Moreover, let the inverse of g € G’ be given by
)" = (¢, ' f@. & Vg 9 g7"),  (30)

and the identity element of G’ by e := (f(&,&)"!, ). We
now show that G’ is isomorphic to an extension of Q by N
with data (¢, f). First, we need to show that G’ is actually a
group. Associativity of the composition can be proved using
the properties (28) and (29). Now, we can prove that e € G’
actually behaves as an the identity as follows. By property
(28), we have

Ve = Pre.e)- (31

Moreover, by choosing g; = g, = & and using Eq. (31), rela-
tion (29) reads

fe.e)=feq., Vqe0. (32)
Relation (29) with the choice g, = g3 = é reads
p,(f(e,e)) =f(q,e), VqeQ. (33)

Using Egs. (31)—(33), it is now easy to check that e(n, q)
(n, q@)e = (n, q). Equations (28) and (29) with the choice g; =
43,92 = g ' read

0y =bpgq) ©Pe 0P s (34)

o, (f@ ) Dfq. a7 =f@ofeo. (35

To prove that the inverse of (n, g) is well defined by relation
(30), one has to use (32) and (35) for the right multiplication
and relations (33) and (34) for the left multiplication. We
can now show that the group G’ is Q by N. Let us define
rp = (nf(¢,&)"!, ). The subset N' := {r,|n € N} forms a
subgroup of G/, and thus r,r,r,,' € N'. Let now define ¢, :=
(en, g). One has

cqracy = (@g)f (2,87, 8) = ry ), (36)

where we used Egs. (32), (33), and (35). Thus, since the
general element (1, ¢) € G’ can be expressed as r,¢;, Eq. (36)
shows that the subgroup N’ is normal in G’. Moreover, we
have that

Cqcq = (f(qr, @) f (@, é)_l’ &Cqigy = Tfqr.a)Caq:- (3T)
Moreover, one verifies that N’ is indeed isomorphic to N:
Tty = (1 f(2.2)7 &) (maf (2, 8)7",2)
= (mnyf (e, é)fl, €) = Fyn,-

On the other hand, the quotient G’/N’ is clearly isomorphic
to Q. We have then proven that G’ is Q by N. Finally, we can
now define an isomorphism ¢ : G’ — G by setting ¢(r,) =
n and ¢(cy) = ¢4, where N is now a normal subgroup of G
with quotient G/N = Q. Thus, G is an extension of Q by N.
Moreover, since relation (28) holds, and by Egs. (36) and (37)
one has

((cqr,lcq 1) = cqnc;I — C(V%(n)) = @,(n),
$(cqCq,) = Cqi¢q, = §(Tfigr,00Cara) = F(q15G2)Cq1055

then the group G has data (¢, f). ]

Lemma 2 extends the result proven in Ref. [59] for the case
where N is Abelian. By Lemma 2, in order to construct and
classify the extensions of Q by N one has to choose (i) a map
¢ defined as in (26) and (ii)) amap f : Q x Q — N, such that
properties (28) and (29) are satisfied. In particular, in the case
where N is Abelian, by Eq. (28) one has that themap ¢ : O —
Aut(N) is a group homomorphism, since in this case Inn(N)
is trivial.

Yet, in general two extensions with different choices of
data (¢, f) may still be isomorphic. We shall now prove
a sufficient condition, implying that two extensions having
different data are indeed isomorphic.

Definition 12. Let G, G’ be two extensions of Q by N
and of Q' by N’, respectively. G and G’ are called pseudo-
congruent extensions if there exist (i) an isomorphism ¥ :
G — G, (ii) two isomorphisms o : N' - Nand 8 : Q' — 0,
and (iii) a family {n,|q € Q’, n, € N'}, such that

Y (n) = a(n), VneN,VqgeQ.
(38)
Lemma 3 (classification of pseudocongruent extensions).
Let N,N’, Q, Q' be groups such that N = N', Q = Q’, and
G’ an extension of Q' by N’ with data (¢', f'). Then,
there exists an extension G of Q by N with data (g, f)
and pseudocongruent to G/, if and only if there exist two
isomorphisms o : N'— N and B:Q — Q and a family
{n4lq € Q', n, € N'}, such that

¥ (c,) = ang)cp ),

(g = Dutn;) 000 @y 0, (39)

F(B(q1), B(q2))

= Qp(q1) Oa(ngzl)a(n(;lf/(éha @2ngq,). V1,42 € Q.
(40)

Proof. (=) Let N,N’, Q, Q' be groups such that N = N’
and Q = Q'. Let then G, G be two extensions of Q' by N’
and of Q by N with data (¢’, f) and (¢, f), respectively.
By hypothesis, there exists an isomorphism ¥ : G’ — G, two
isomorphisms « : N — N and B:Q — Q, and a family
{nglg € Q', ny € N'}, satisfying the following:

Y (n) = a(n), Vne N, VgeQ.

For all neN and ¢,q2 € Q', one has cqlnc;2 =
@, (M) f'(q1, q2)cy,,,- Then, letting ¢ act on both sides
of the latter relation, it follows, Vn € N’, Vg € Q’, that

Y (cy) = a(ng)ep g,

a(ng,)Cpq)@ (Mg, )Cp(gy)
= a(ng, )Pp(q,) © (nng,) f(B(q1), B(q2))Cgig0)
= a0, (Ma(f'(q1, 92)14,6.)Cp(q1a)- 4D

Choosing n = e in Eq. (41), one obtains

f(Bq1), B(g2))
= @ © a(ng, e (ng, (' (g1, 42)4,4,)- (42)

Using condition (42), Eq. (41) finally gives relation (39).
(<) By hypothesis, G’ is an extension of Q' by N’ with
data (¢’, f). Moreover, there exist two groups N, Q, amap ¢ :
0 — Aut(N), two isomorphisms & : N — N and 8 : Q' —
0, and a family {ny4lq € O, n, € N}, satisfying Eqs. (39) and

012105-8



CHIRALITY FROM QUANTUM WALKS WITHOUT A QUANTUM ...

PHYSICAL REVIEW A 100, 012105 (2019)

(40). Then, using relations (28) and (39) for the data (¢’, f'),
we have

/ ! /
br@1.42) © Pgrgy = Py, © Py,
—1 —1
= n, 0 O Pp(g) O A O Py, O OPp(g) O
—1
=a" 0 Pan,) © Ppg) © Pan,,) © Ppg) © X

—1
= 0 Paing, s oaing) © L) © PBg) © s
Vg1,q92 € O (43)

that reads

PB(q1) © PB(q2)

_ ’ -1
= ‘pcpﬁ(q”oa(ngz‘ Jangly © & O Dfq1,9) © Pgig ©¢

— / —1
= Doy oalngatng Ha(f(g1.q2) © X © Pgg, 0

= Popiayyoangatng ! £/(q1.2m04,) © PB@ia2)
Vq1,q2 € 0. (44)

Therefore, by Eq. (44), the maps ¢, f satisfy property (28).
Moreover, expressing f” in terms of ¢, f by Egs. (39) and
(40) and writing property (29), it is straightforward to verify,
using Eq. (43), that property (29) also holds for ¢, f. Thus,
Lemma (2) guarantees the existence of an extension G of Q
by N with data (¢, f). Let ¢ : G’ — G be map defined by
1//(nc;) = a(n)a(ng)cpq) Yn € N',¥q € Q'. On the one hand,
one has

= B£Bg1).8(@)) © PBGi192)>

w(nlC‘;]nzCZh)
= ¥ (mgq, (m)f (@1, 42)¢y,,)
= a(n)a o ¢, () (f (g1, 42,0, )Chg1g2)-
On the other hand, also
Y (nic, )W (nacy,)) = a(ning, )cpiq)@(nang, )Cpqg,)

= a(ning, @) o (nang,) f(B(q1), B(G2))Chq14)

holds. Using relation (39) and Eq. (40), one finally con-

cludes that gb(nlc;lngcjh) = ‘{’(”10;1)1#(”20%2) VYny,np €N/,

q1, q2 € Q'. Consequently, v is an isomorphism and then the

two extensions G’ and G are pseudocongruent. ]
Corollary 3. One can always choose

cz=f(ee)=feq) = [f(qg.e)=e,

up to pseudocongruence.

Proof. We have already proven that f/(¢,¢) =
f'(&, q) Yq € Q [see Eq. (32)]. Then, by choosing «, 8 to be
the identical maps, n; = f'(e, &), q1 = &, g2 = q, and using
Eq. (31), relation (40) reads f(é,é) = f(é,q) =e Vq € Q.

YgeQ (45)

Moreover, by Eq. (33), one has e=g,(f(¢ &)=
f(q.é)vVq € Q. u

Lemmas 2 and 3, along with Corollary 3, imply the follow-
ing result.

Proposition 2 (construction of group extensions up to
pseudocongruence). Let N and Q be two groups and 7 be
the projection map in (27). The following procedure allows
one to explicitly construct all the extensions of Q by N up to
pseudocongruence:

(1) Classify all the homomorphisms @ : Q — Out(N) up
to the equivalence relation defined as follows:

90(1) ~ ¢(2) N
Ja € Aut(N), g € Aut(Q), ¢ : 0 — Aut(N) :

{b((]l) =7TOO£_1 ogpﬁ(q)oa, (0(52) =7T0(pq, qu Q
(46)

For each chosen homomorphism $* (modulo the equivalence
defined above), choose a map ¢* such that ¢* = 7 o ¢*.

(2) Classity all the maps f : Q x Q — N satisfying prop-
erties (28) and (29) with ¢ = ¢*, and (45) up to the following
equivalence relation:

O ~f? & 3nglg € Q.ny €N},
Ja € Aut(N), B € Aut(Q), ¥ : Q — Aut(N) :

FOPB@), B(g2))

= Dp(g) © a(”c;zl)“(”;lfa)(ql’ ‘12)”q|qz)’ Vg1, 92 € Q.
47

Choose a map f* (modulo the equivalence defined above).

Each pair of maps ¢*, f* obtained in this way provides,
up to pseudocongruence, a different extension G of Q by N,
whose data are (¢*, f*).

Although a general criterion allowing one to classify and
construct extensions up to an arbitrary isomorphism is not
known, the structure of the particular groups N, Q under study
can possibly help us to recognize whether two extensions are
isomorphic while being not pseudocongruent. Such a structure
can also help us to explicitly construct the equivalence classes
defined in relations (46) and (47) of Proposition 2, and we give
an example of this in the next subsection.

B. Finite-by-Z“ extensions

Our aim is to study the Euclidean scalar QWs, namely
walks on Cayley graphs quasi-isometric to R¢. By Corollary
2, this can be accomplished without loss of generality, con-
structing the extensions of some finite group Q by N = Z¢.
Notice that, in the case where the group N is Abelian, one
has Inn(N) = {id}, namely Aut(N) = Out(N). Consequently,
being the projection map 7 trivial, we shall set @ = ¢.

Theorem 3 ([54]): The group of automorphisms of Z¢ is
isomorphic to GIL(d, Z).

By relation (46) in Proposition 2 combined with Theorem
3, for each fixed finite group Q, one can consider the equiva-
lence classes of maps ¢ : Q — GILL(d, Z) up to precomposi-
tion with arbitrary 8 € Aut(Q) and to conjugation by arbitrary
o € GL, Z).

Lemma 4. Every element g of a finite group Q has a finite
order 7.

Lemma 4, using property (28) along with the fact that
Inn(N) is trivial, implies that

quQEIrqu:w;"(n)zn, Vn € N.

Such an automorphism g, is called r, involutory. Since ¢ is a
group homomorphism, we need the conjugacy classes of finite
subgroups of GIL(d, Z), whose elements will be r -involutory
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matrices. This fact will also help us in finding the equivalence
classes defined in Eq. (47) in Proposition 2.

In the following, we shall focus our attention in particular
on the extensions by Z? with index |Q| = 2, since it allows
us to reconstruct QWs with a two-dimensional coin. In this
case, by Corollary 3, the problem reduces to choosing the
only nontrivial value of the 2-cocycle f, namely f(4, §) =
¢z =: ¢?, which by property (29) is invariant under the au-
tomorphism ¢4. Accordingly, one can calculate the invariant
space of ¢; and then use Eq. (47) to find all the inequivalent
2-cocycles. We notice that Eq. (40) and Corollary 3 imply
nz = e. Furthermore, for Q = 7Z,, Aut(Q) = {id}. Therefore
in this case, for a chosen ¢2, by Eq. (47) one looks for solutions
n, > € N = 7 to the following equation:

A =n+gzn) + ¢’ (48)

(where we used the Abelian additive notation). We will ne-
glect the trivial homomorphism ¢ (from Q = Z, to 1), since it
gives rise to Abelian extensions, implying a trivial scalar QW
dynamics [38]. The explicit construction of all the extensions
for the cases d = 1,2,3 and Q = Z, will be performed in
Sec. V, along with two extensions with Q = Z, x Z,.

C. Coarse graining of QWs on Cayley graphs

Let G be a finitely generated group and N be a subgroup
of G. One can define a unitary mapping between /7 = £%(G)
and # = £>(N) ® £*(G/N) in the following way:

Uy : H —> J{,
Incg) > In)lq),

We notice that N is not to be necessarily normal in G.
For all n € N, h € G, and g € G/N, there exist ' € N and
q' € G/N such that nc,h™" = n'cypq). In particular, n' =
n(cgmghe; )", and cymghe;' € N for all g € G/N. One
can then provide a representation for G in terms of the right-
regular representation of N:

Ti=UvTiUy = Y Ty ® 140 @)gl.  (49)
q€G/N

The abovementioned change of representation has been
used in Ref. [39] to define the so-called coarse graining of
QOWs. Suppose we have a finitely generated group G with a
finite-index subgroup N. In the following lemma, we prove
that a QW on the Cayley graph I'(G, S ) with a s-dimensional
coin can be represented as a QW on the Cayley graph of N
having the following set of generators

_ G/N
Sy = {cqmahe; IS, (50)

and with an enlarged coin of dimension s - |G/N|.

Lemma 5 (characterization of coarse grainings of QWs).
Let G be a group, S be a set of generators for G, and N
be a subgroup of G. Let the coset representatives of N in G
be denoted by {c,}seqv With ¢, € N. Then, Sy is a set of
generators for V.

Proof. Let Sy be a set of generators for N < G. For all
he Sn, by hypothesis there exist Ay, h, ..., h, € S such that

h=hhy... h,.

Using elements in the set Sy, we can now recursively con-
struct all the elements of the form

7 —1

Cq'h.q'(q C.onhey,
._ —1 1
= Cq g onlt 1€, 1) Cq NGy, s

which are in N by construction (since cqr(h,q)hcq’l € N for
all h € G and g € G/N). Then, it must be cym, ¢ (.)) €
N, meaning that ¢'(hy, ¢'(¢'(...))) = q1. We thus constructed
cqlfzc{;l for all generators & of N. Hence, the thesis fol-

lows, noticing that the set {c,, Ec;l e N|h e Sy} generates the
whole N. ]

In Lemma 5, we have proven that the coarse graining of
QWs on Cayley graphs preserves the whole subgroup N < G;
namely, the coarse-grained walk is rigorously defined on a
Cayley graph of N. Moreover, being a unitary mapping, this
coarse graining does not erase information of the original
walk: Some degrees of freedom are just encoded in the new
enlarged coin. This circumstance was verified for particular
cases in Ref. [39]. Notice that the coarse graining is well
defined with no need to assume the normality of N in G.

Let now G be an extension of Q by N. For an arbitrary
h = x;¢q, € G, expression (49) reads

Ti=UvTiUy = Y > im0 1®1g0(@218,e, e,

q1.q2€Q n,n'eN

i1,
anh

Accordingly, one obtains

@ =quqn.  n=rn'cqqc, c og (%),
and the following holds:
Th = Z Tqu(x,,)Tf(q/,qh) ® Iq/> (q,|Tq;,~
q'eQ

One can thus give the following representation of the scalar
QW evolution operator (8) on I'(G, S;) in terms of the right-
regular representations of N and Q:

A=Y "> TonTigan ®uld)d Ty, (5D
heS q'eQ

where z; € C and h = x;¢,, € G. Finally, the transition matri-

ces corresponding to the coarse-grained generators /i € Sy are
given by (see Ref. [38])

Apij = } :Sﬁ,cq.hc‘*.‘ 8g1.q,0;" % (52)
i qj J
heS

Notice that each transition scalar is associated to one and
only one coarse-grained matrix element. Finally, via the above
construction we have proven the following.

Proposition 3. Let P be a group property. The set of QWs
on Cayley graphs of virtually P groups is contained in the set
of QWs on Cayley graphs of groups satisfying the property P.

Corollary 4. The Euclidean QWs are contained in the set
of QWs on Z¢. The Euclidean coinless QWS are contained in
the set of QWs on Z¢ with a s-dimensional coin, for s > 2.

IV. EUCLIDEAN SCALAR QUANTUM WALKS

In the following, when we consider the elements of N =
7.4 as vectors embedded in R4, we use the boldfaced notation,
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indicating by n the vector corresponding to the element n €
N = Z“. Depending on the context and without loss of clarity,
in the index-2 case where Q = {¢, §} = Z,, we adopt the
identification g5 = ¢.

A. Isotropic scalar QWs

In the present subsection, we treat the isotropic case. We
start by proving some useful results.

Proposition 4. Let N = Z“ be an index-2 subgroup of a
non-Abelian group G = {N, Nc}. Then N is characteristic in
G, namely N is invariant under the action of every automor-
phism [ € Aut(G). In particular, N < G.

Proof. By contradiction, suppose that

3l € Aut(G),In e N : [(n) =r'c.
Accordingly,
I(n*) =n'o)c? € Z(G) (53)

butn &€ Z(G), since every automorphism / maps Z(G) to itself
and [(n) = n'c ¢ Z(G). On the other hand, for all » € Nt and
g € N, one has that

g e€ZG) = ¢(@¢g " =e,

implying g € Z(G), since N is free Abelian. However, by
Eq. (53), it must be n? € Z(G) and then also n € Z(G), which
is absurd. Then N is characteristic in G. |

Using Proposition 4, we can now construct the automor-
phism group of a Z,-by-Z¢ group.

Proposition 5. Let G be a Z,-by-Z¢ group. Then
Aut(G) = Z¢ x GL(d, Z).

Proof. Let us pose G = {N, Nc} and N = Z“. By Propo-
sition 4, any automorphism of G acts separately on the two
cosets. Let Ly, L. be the proper subgroups of Aut(G) such
that, forall [y € Ly,Il. € L., n € N, then

In(n) €N,
le(n) =n,

Then, for all [ € Aut(G) and for all n € N, one can define the
two automorphisms Iy € Ly, I, € L. by

In(n) :=1(n), lc(c):=I(c),

so that [ = Iy o l.. Furthermore, L. N Ly = {e} clearly holds.
Moreover, for all Iy € Ly, I, € L., n € N, the following hold:

In(c) =c,

l.(c)=n.c, n.eN.

Iyol.oly'(n) =n,
Iy ol o1y (nc) = niy(l.(c)) = nly(n.)c =: I(nc),

where [/ € L.. This means that L. < Aut(G). We conclude
that Aut(G) = L. x Ly. Finally, Ly = Aut(N) = GL(d, Z)
(by Theorem 3), while L. = Z?: It is easy to verify that
L. is free Abelian and the cardinality of a minimal set of
generators is d (the elements of L. are the d-dimensional
translations). ]

In Ref. [33], it is proven that the isotropy group L (Defini-
tion 6) of a QW must be indeed a finite subgroup of Aut(G).
Moreover, a technique for constructing Cayley graphs starting
from L is presented. For an isotropic QW, the generating set
coincides with the orbit of an element ~ under the isotropy
group L, denoted by Op (k). Our aim is now to characterize

the isotropic presentations of Z,-by-Z<¢ groups G, in order to
investigate the admissible isotropic scalar QWs on them.

By Proposition 5, we know that the isotropy groups of
a Z,-by-Z¢ group are isomorphic to the finite subgroups
of Ly X GL(d, Z), since L. = Z? has no nontrivial finite
subgroups. The finite groups L < GIL(d, Z) are reported in
Ref. [33]. In particular, as long as the (isotropic) Cayley
graphs of Z¢ are embedded in R?, the elements in the orbit
Op(h) can be represented having all the same length [33]. We
shall use the above results to prove the following no-go result.

Proposition 6 (no-go for Euclidean isotropic scalar QWs).
In dimensions d > 2, there exists no isotropic scalar QW on a
Z»-by-74 non-Abelian group G. In other words, for d > 2 no
QW on Z¢ with a two-dimensional coin can be derived from
an isotropic scalar QW by coarse graining. For d = 1, there
exists a family of QWs on the infinite dihedral group Dy, =
7 X4 Z», with ¢(n) = —n, containing the 1D Weyl and Dirac
QWs.

Proof. Let us suppose that S = {(g;c)*'|2 <1 < oo} is a
set of generators for the non-Abelian group G = {N, Nc},
with N = Z¢ and d € N*. Take g;,, g, such that the length-2
path g c(g,c)™! = g, g;l, for g c, g,c €S, is of maximal
length in N among all paths of the form g; gl_,l. Following the
argument of the proof of Proposition 1 in Ref. [38], the pair
(g1, &1,) 18 unique in N. Accordingly, by the quadrangularity
condition (Proposition 1), we have to include g;c, gjc € Ncin
S such that

gng;,' = gig;’

and with g; = g;l and g; = g;l. This implies that gflc €
S. Imposing isotropy, and using Proposition 4 and 5 along
with aforementioned characterization of the isotropic presen-
tations of Ref. [33], we see that all the g; are all equal in
length. Accordingly, gllc(gzlc)’1 = g%] has maximal length
in N, and there cannot exist a different pair (gyc, gjc)
such that gyc(gjyc)™' =g . Then, by quadrangularity (see
Proposition 1), the set of generators for the group G must
have the form § = { nl, gme)t inel,meld Il >1,J] >
1}, with gy, | = llgn|l and gy, | = lign, I for all ny,ny € 1
and m, m, € J. Moreover, by isotropy, the g,,c cannot have
infinite order, implying that they must have order 2. Take now,
for ny €1, g, (g;ll)’1 = g%“: There must exist two different
&m,C, 8m,C € S such that gmlg;,z1 = g%“. Then, |J| > 2. Now,
by the same above argument of the maximal length, there
exists g,» € N such that gfn,lc € §. This implies that g,y € S
and finally, by isotropy, also

S = {0w(g). Or(g)e}-
Therefore, one has

2

e=(gnc) =gnolen ) = @uoew)

implying ¢ = and ¢(g,) =g, for all g, € Or(gm).
By Eq. (50), {OL(g,,)). Or(p(gw)*")} is a set of generators
for N, and then G must be then isomorphic to 74 Hg L3,
with ¢(n) = —n. By isotropy, denote now by z. and z. the
transition scalars associated to the elements in OL(gf,r]) and
in {O(gw)c, OL(g,_n,1 )c}, respectively. Computing the transi-
tion matrices of the coarse-grained QW on I'(V, Sy) using
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Eq. (52), these are equal to

Ay = (Zi ZC) V+heSy. (54)
Zc 2y

Ford > 2, itis easy to see that |07 (g, )| = 2. Accordingly, in

this case, in Eq. (9) one has at least one term with &, i’ € Sy

and h # 1/1'. Let us take the path 4 — A’ with maximal length,

which is unique: This fact, using Eq. (9) with Eq. (54), implies

the condition

2 2 2 2
|Z+| +|Zc| +|Z—| +|Zc| 20,

which is clearly impossible to satisfy. This proves the impos-
sibility for all dimensions d > 2. In the case d = 1, namely
N = Z, the only possible extension is isomorphic to Dy, =
7 x4 Z». The most general family of scalar QWs on D has
been studied in Ref. [38]. Imposing isotropy to these QWs,
one straightforwardly finds that the resulting QWs contain the
Weyl and Dirac QWs in one dimension. |

We conclude this investigation on the isotropic scalar QWs
with the following theorem, which can be of aid in the attempt
of generalizing the construction performed above.

Theorem 4 ([54]). Let G be a finitely generated group.
Then every finite index subgroup H in G contains a subgroup
N which is finite index and characteristic in G.

Remark 3. Accordingly, a finite-by-Z¢ group has, in gen-
eral, the following structure:

G ={N,Ncy,...,Nc},

with the subgroup N = Z¢ characteristic and of finite index
i in G. This, in particular, means that classifying finite-
by-Z¢ groups up to pseudocongruence (see Proposition 2)
is equivalent to classifying virtually Abelian groups up to
general isomorphisms. Moreover, Proposition 5 can be easily
generalized to groups G finite by Z“: In this case, Aut(G) =
Ly x GlL(d, Z), where Ly is the group acting on the coset
representative as a pseudocongruence. This fact, albeit not
leading to a straightforward generalization of Proposition 6,
can help to construct the Euclidean isotropic scalar QWs with
index greater than 2.

B. Spinorial walks from scalar QWs

In Subsec. IV A, we imposed isotropy to those scalar QWs
which reconstruct the QWs with a two-dimensional coin on
lattices, finding that they exist in dimension d = 1 only. In
the present subsection, we address the problem to provide
necessary and sufficient conditions in order to reconstruct a
class of known spinorial QWs. In particular, we aim to derive,
without imposing isotropy, QWs with a two-dimensional coin
on the simple square lattice and on the BCC lattice. In fact, as
already well understood in the Abelian case, unitarity alone in
general does not allow to perform a tight a priori selection
on the admissible Cayley graphs. For this reason, in the
following we restrict discussion to the case of coarse-grained
presentations exhibiting generators all with the same length in
R? (a necessary, but still not sufficient, condition for isotropy,
as already pointed out). However, the one-dimensional case
has been broadly studied in Ref. [38]. Accordingly, as already
mentioned, the cases which will be studied in generality shall
be the simple square lattice and the BCC lattice.

Lemma 6. Suppose that, for d € N* and N = Z¢, a QW
on I'(N, S ), with a two-dimensional coin and having genera-
tors which can be embedded in R? having all the same length,
is the coarse graining of a scalar QW on I'(G, §’,), with G a
Z,-by-N non-Abelian group. Then, G = Z¢ x Z,.

Proof. Let us fix a set of generators g; € Sy for N = 74,
with ||g; || = g, || for all iy, i,. Denoting again G = {N, Nc}
and using Eq. (50), one can easily see that the following
statements hold:

h e ScNN = h;, gO(h,) € Sy, (55)

hi = gic € S¢NNc = gi, p(gi) +c* € Sy.  (56)

We can then follow the same argument in the first part of
the proof of Proposition 6, since the same hypotheses hold.
Therefore, we have that 3g; € N : gflc, g7 € Sg, and then
also

(') = ul(gt)e e € S

Then, from Eq. (56), ¢(g;')c? € Sy. Using also Eq. (55),

we obtain [@(gi) — | = || — () — |l = llp(g)ll, im-
plying ¢2=0 (ie., c>=e¢). Then, G is a semidirect
product. |

We will consider two lattices for I'(NV, S;): The simple
square and the BCC. The simple square lattice is generated

by
ne() ()

while the BCC lattice is generated by

-1 -1 1
hy=1], ha=[=1], hs=] 1] hy=]-1
1 —1 —1

(58)

Following the same arguments of the proofs of Proposition
6 and Lemma 6 [in particular, using Egs. (55) and (56)],
by direct inspection it is easy to see that the only set of
generators for G satisfying the quadrangularity condition (see
Proposition 1) is of the form

S’ = {g, gcges, (59)

S being the set of generators corresponding to the simple
square or the BCC lattices.

Our strategy is the following. On one hand, in Appendix
A we derive the most general QWs with a two-dimensional
coin on the simple square and BCC lattices. These are shown
in Egs. (A2) and (A30). On the other hand, in Subsecs. VB
and VC we construct the admissible groups (according to
Lemma 6) supporting the scalar QWs whose coarse graining is
a spinorial one on the two chosen lattices. Clearly, their coarse
graining is contained in the spinorial QWs derived there. We
will derive the form of the coarse-grained QWs and impose
that form to the spinorial QWs (A2) and (A30) modulo unitary
equivalence. This will allow us to find the most general family
of scalar QWs on the extensions of Z, by Z? (d =2, 3),
whose coarse grainings are QWs with a two-dimensional coin
on the simple square and BCC lattices.
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V. RELATIVISTIC WAVE EQUATIONS
FROM COINLESS QWS

A. One-dimensional case

For completeness, we here briefly treat the one-
dimensional case, namely N = Z. The only nontrivial finite
subgroup of Aut(N) = GL(1, Z) is isomorphic to Z, itself.
Accordingly, the only non-Abelian index-2 extension by Z
is isomorphic to the infinite dihedral group Do,. The most
general family of admissible scalar QWs on D, has been
studied in Ref. [38]. This contains the one-dimensional Weyl
and Dirac QWs.

We here outline a generalization of these results for higher
indices.

Theorem 5 (Lagrange [60]). Let G be a finite group and
G’ < G. Then, |G’| divides |G].

This means that if we choose |Q] to be odd, then the order
rq of each element of g € Q will be odd. If we look for
a nontrivial homomorphism ¢ : Q — {1, —1}, with |Q| odd,
then for some g we will have

I=g =(-1)r=—1,

which is impossible. As a consequence, all the extensions of
some group Q of odd order by Z must satisfy

0, =1, VgeQ. (60)

Example 1 (Z5-by-Z groups). Let  us  pose 0=
(e, 4, ¢°}) = Z3. Having chosen a 2-cocycle f, one has

[(G. d)cg = c; = (cg)c(cy)™
= 9i(f (@, Pegepe;’ = £, Pegepey
where we used Eq. (60). This implies
CqZCq = CquZ.
However, by Eq. (60), one also has

cgn=ncg, VYneN,V§GeQ,

whence it follows that an extension G of Z3 by Z must be
Abelian. Namely, G is isomorphic to either Z or Z x Z3 (by
the fundamental theorem of finitely generated Abelian groups;
see Theorem 1).

B. Two-dimensional case

In Ref. [61], one can find a complete classification of the fi-
nite subgroups of GIL(2, Z) up to conjugation. The subgroups
of order 2 are three, clearly isomorphic to Z, = {é, §}. These
are, respectively, generated by

e (01 (1 0
2%=\1 o) %“=\o -1/

The simple square lattice is generated by the canonical ba-
sis for R?, i.e., the set of vectors (57). Regardless of the
homomorphism ¢ chosen, one has that ¢; € N = Z> will be
invariant under @;. For each automorphism, then, one has to
fix the only nontrivial 2-cocycle value f(q, §) = cfi among
the invariant vectors of the chosen automorphism. In the
following, we provide an application of the group-extension
technique developed in Sec. III. We construct all the index-2
non-Abelian extensions of N = Z? below.

(a) Case ¢; = —I. The only invariant element is the zero
vector. Then the only possibility is J; = Z2 x_y, Z,.

(b) Case ¢; = o,. The invariant space in 72 is ry(hy +
h,), with r, € Z. Let us choose r, = 0: Using Eq. (48), we
have

(L + 0,)(ngohy + ngihy) + ri.(hy + hy)
= (ngo +ng1 +ry)(hy +hy) =0,

namely Vr; 3ng0, ng,1 € Z such that the extension with c’; =
ri.(hy + hy) differs from that with cfi = 0 for a change of coset
representative. Then, the only possibility is again J, = Z2 x,,
Z,.

(c) Case ¢; = 0. The invariant space is r;hy, with r, € Z.
Choosing r, = 0, again from Eq. (48) we have

(I 4 o) (ngohy + ng1hy) + r’hy = 2ngo + r))hy =0,

namely, Vré even, dng o, ng,1 € Z such that the extension with
6/37 = réhl differs from that with c(zi = 0 for a change of coset
representative. Then, J; = 72 Mg, Z3. Choosing r, = 1, one
has

(2ngo +rihy =hy

and Vr] odd Ing0, ng,1 € Z such that the extension with c’fj =
rihy differs from that with cé =h; for a change of coset
representative. In this last case, the extension Jy is not a
semidirect product.

We list some possible presentations of all the non-Abelian
extensions of Z, by Z?:

Jy = (b1, ha, c|hihohy By ¢, chic™ by, choc™ ),

Jo = (b1, by, c|hihoh By ¢, chic™ 'y, choc™ Y,

J3 = (b1, ha, c|hihohi By, ¢, chic™ by, chac™ i),

./4 = (hz, C|02h26_2h2_1, Chz(,‘_lhz).
We now construct the admitted scalar QWs on the derived
extensions. Lemma 6 excludes J4, since it is not a semidirect
product. The admissible presentations are of the form (59),
S = {h1, —hy, hp, —h;} being the set of generator associated
to the simple square lattice. We write the coarse-grained tran-

sition matrices, derived using Eq. (52), for the three cases:
(1) Case of Jy, for x € {hy, hy}:

A+x= Zx Zxe ’ A—x= Zy-1 Zx-l¢ )
Zx=le  Zx-! Zxe x

(2) Case of J,, forx,y € {h;, hy} : x #y:

A+x — x Zxe . A= yx-1 Ax-le )
Zyc Zy Zy* le Zy*]

(3) Case of Jj3:

Aupy = (Zh,i‘ Zh,i‘c)’ Aip, = <Zh2il thi'c)
Zhlj:lc th:l Zh;“c Zh;Fl
One can check the conditions under which the above
coarse-grained matrices are unitarily equivalent to those of
(A4).
(1) Every QW obtained as the two-dimensional Weyl QW
[17], multiplied on the left by an arbitrary unitary commuting
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Zhl

(a)

4/11 4/11(

//1>

A+hl

_ [ #h2
Zhyc Zhq

(b)

FIG. 1. We report here the primitive cell of the coinless QW on the extension J, [Fig. 1(a)], and that of the same walk on J, represented as

a spinorial coarse-grained QW on Z? [Fig. 1(b)].

with oy, can be viewed as a coarse graining of a scalar QW on
the Cayley graph corresponding to presentation J;.

(2) Every isotropic 2D QW with a two-dimensional coin
[33] can be viewed as a coarse graining of a scalar QW on the
Cayley graph corresponding to presentation J5.

(3) No QW with a two-dimensional coin simple square
lattice can be viewed as a coarse graining of a scalar QW on
the Cayley graph corresponding to presentation J3.

Both families of coinless QWs on J; and on J, strictly
contain the Weyl QW in two space dimensions [17,33]. The
presentations corresponding to the QWs on the Cayley graphs
of J, and its coarse graining, along with, respectively, the as-
sociated transition scalar and matrices, are reported in Fig. 1.

C. Three-dimensional case

In Ref. [62], one can find a complete classification of the
finite subgroups of GL(3,Z) up to conjugation. One can
exploit the same methods provided in the two-dimensional
case (Subsec. V B) in order to construct all the extension of
Zz by ZS.

The subgroups of order 2 are five, clearly isomorphic to
Z,, and are respectively generated by

1 0 0 -1 0 0
—13, E:l: =+10 —1 0 N A:t =+ 0 0 1
0 0 -1 0 1 0

(61)

Lemma 6 excludes the extensions which are not semidirect
products. Accordingly, all the admissible non-Abelian exten-
sions of Z, by Z3 are derived as follows:

(1) Ki = Z° x_y, Zs,
(2) K, 2 7° x5, Ly,
() K3 =73 x5 Zs,
(4) Ky =7° 1y, Zo,
(5) Ks =Z° x5 L.

The BCC lattice is generated by the set of vectors (58). The
presentation of the groups K; admitting a scalar QW is given
by (59), with § collecting the generators (58) and the element
c realizing the automorphisms (61) by conjugation. Adopting
the same arguments used in Subsec. V B, one finds that Ky
and Ks do not support a scalar QW whose coarse graining is a

QW with a two-dimensional coin on the BCC lattice. On the
other hand, K;, K>, and K3 admit scalar QWs, which can be
found directly checking unitary equivalence. In particular, the
transition matrices in the case of K, are

A _ Zhlil Zh]ilc A _ thil thilc
+h » +hy s
e Zpf! ZpFle  ZpE!

Zp+l pEl . £l Tyl
A:l:h; — h3 hy ¢ i A:l:lu — hy hy ¢ )
h thilc thil Zh]i'c Zhlil
Accordingly, there exists a unitary W such that WA, W' =
Ay, and WAthZWT = A4y, and the family of scalar QWs on

K, strictly contains the Weyl QW in three space dimensions
[17,33].

D. The 2D and 3D Dirac QWs from coinless walks

For one space dimension, we already saw in Proposition 6
that the 1D Weyl and Dirac QWs are the coarse-graining of
isotropic scalar walks on D, (see the analysis carried out in
Ref. [38]).

We conclude the present work constructing two extensions
of Z, x Z, by 74 for d = 2, 3. This is needed to implement
the coinless Dirac QWs [17]. Clearly, the coin dimension of
the coarse-grained QWs must be of dimension 4, and this is
the reason why we take an index-4 extension by Z<.

Let G, be an extension of Q = D, = Z, X Z, by N =

74, with

Gd = {N,Ncl,ch,Nclc2}
and

c% = c% =e, CiCy) = CaC].

Accordingly, G4 = Z? %, D,. The associated automorphisms
realizing the semidirect product are denoted by ¢;, ¢, and
P12 =@10¢2 =¢20¢P1.

We choose the following presentation for G;:

S:[ = {hv h01302|h € Sd}v

where S, is the set of generators corresponding to the simple
square lattice for d = 2 and to the BCC lattice for d = 3 [see
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Egs. (57) and (58)]. Let {¢1, ¢} be represented in dimension

I 0
o, =02}, o= (0 _l)a

while in dimension d = 3 by
l _12 0
T = ( 0 1).

/ 1 0
{E+7 Z+}7 E-‘r = <0 _12)7

It is immediate to check that the associated Cayley graphs
satisfy the quadrangularity condition (Proposition 1). Accord-
ingly, via Eq. (52), the coarse-grained transition matrices are
given by

D __ nAh O D __ 0 Zczld
A = ( 0 th)’ Ac = <ZC2I(1 0 )
Ap = l( < Chen ), B, = l( Zoa(h)

n \Zgi(hyer  Zgi(h) n \Zgp(h)e,

where n € (0, 1] and A? is associated to the identity element
(i.e., the mass term). Since the form of the matrices (62) is the
same of those of the Dirac QWs [17], we can choose the A,
to be the transition matrices of Subsecs. V B and V C for the
two- and three-dimensional Weyl scalar QWs, with B, = AZ
and z., = im, with m > 0 and n> + m> = 1. We notice that
one can perform a change of basis only on the diagonal
blocks, attaining the desired form. These choices guarantee
unitarity and select the d-dimensional Dirac scalar QWs for
d=2,3.

sz(h)ﬂ)
Zgia(h)

(62)

VI. DISCUSSION AND CONCLUSIONS

In this work, we addressed the problem of providing a
constructive procedure to obtain all the possible QWs on
Cayley graphs quasi-isometric to Euclidean spaces—i.e., of
virtually Abelian groups. The latter are exhausted by groups
that are extensions of finite groups by free Abelian groups.
The problem has then been tackled starting from a thorough
characterization of all extensions of finite groups by arbitrary
groups, providing (partial) criteria for checking isomorphism
of a priori different extensions. The piece of theory thus
constructed is then applied in the special case of interest, i.e.,
where the extension is by a free Abelian group.

We then constructed all the extensions of Z, by Z and Z>.
As to the case of Z, by Z3, the analysis has been restricted
to semidirect products, even though there exist also different
extensions. However, extensions of the latter kind would lead
to embeddings in R where the nearest neighbours of a given
node need to have different distances from the node. We then
neglected extensions that are not semidirect products, since
the subsequent analysis focused on the simple square and the
BCC, where all the nearest neighbors of a given node have the
same distance from the node.

We then proved that there are no isotropic scalar QWs
on (non-Abelian) extensions of Z, by free Abelian groups
of dimension larger than 1. Our main results consist in pro-
viding criteria to find the families of QWs with s =2 on
the simple square and BCC lattices that can be obtained by

coarse graining a QW on Z, by Z¢ with d =2, 3. Among
those, interestingly, there are the Weyl QWs in two and three
dimensions. Finally, in a very special case of the extension
(Zy x Z») by Z¢ with d = 2, 3, we show that the Dirac QWs
in d = 2, 3 can be obtained by coarse graining.

This line of research has a relevance within our approach
to QFTs, where that all the nontrivial structures can be derived
from very simple evolution algorithms. In particular, internal
degrees of freedom like spin or chirality can be viewed as
obtained by coarse graining of QWs with trivial coin, i.e.,
originally describing the dynamics of particles with trivial
internal structure. A big problem that remains open in this re-
spect is the origin of symmetries like isotropy in this scenario.
One of the possible developments might consist in studying
how isotropy of coarse grained QWs can follow from other
requirements for the coinless underlying QWs, e.g., those
considered in Ref. [63]. Along these lines, one can imagine
a relaxation of isotropy where the symmetry involves only a
family of subgraphs.

We characterized Euclidean QWs in d dimensions, proving
that these are exhausted by the QWs on Z“ via a unitary
coarse-graining procedure. One possible future line of re-
search is the investigation of the properties of the Euclidean
QWs which are not coarse graining of any (scalar) QW, e.g.,
a subfamily of those derived in the Appendix of the present
work. In particular, the dynamics and space-time symmetries
of these can be in principle different from the ones exhib-
ited by the Weyl and Dirac QWs. Moreover, one could ask
whether there exist Euclidean scalar QWs on Cayley graphs
of (non-Abelian) groups with no cyclic element (i.e., without
torsion) under the hypothesis of coarse-grained generators
having all the same length. Finally, the next step is a char-
acterization and study of QWs on Cayley graphs which are
not embeddable in Euclidean spaces, i.e., carrying a nontrivial
curvature.
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APPENDIX: DERIVATION OF THE QWS

In Appendixes A1 and A2, we derive the most general
families of QWs with a two-dimensional coin on the simple
square and BCC lattices.

1. Simple square lattice

The presentation of Z? corresponding to the simple
square lattice is given by (A, hzlhlhzhrlh; 1y, The unitarity
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conditions (9) are given by
AuAT, =AT AL =0,
A-HA::j +Aiini =0, (Al)
Al Az +AL AL =0,

fori, j € {h, ho}and i # j. Let us introduce the polar decom-
position for the transition matrices: For VA € GL(n, C) there
exists V unitary and P positive semidefinite such that A = VP.
The first of Egs. (A1) implies

A = oy VilEi) (i,
where {| — i), | + i)} are on an orthonormal basis and oy; >
0 Vi and we posed Vy; = V_; =: V;: It is easy to verify it in
view of the nonuniqueness of the polar decomposition when

the matrix is not full rank (we refer the reader to Ref. [39]).
The second and third of Egs. (A1) imply

il Il
ApAL A =ALALA =0,
reading
(il FI) FIIVVilFi) = (=il £))(£jIV]ViI—i) = 0.

It is easy to see that at least one among (:|:j|VjTV,'| + i) and
(:I:le;Vi| — i) must be vanishing. The cases are just two:

(D) (F)IV/Vil£i) =0= | £i) = | £ j) := [0), [1),

@) (FjlV;Vil£i) =0=|£i)=1F/):=10), 1)

(up to a phase factor which is not relevant in defining the
transition matrices). Then VJ.TV,' is antidiagonal in the basis
{10y, 1)}, say Vi == W = V(S ’6), where V :=V,. Using
the second and third of Egs. (Al) and Egs. (9) for g=e¢
(i.e., the normalization condition), one gets in both cases

w=—v¥ oy =a_; =a,andaiy; = a_r = +/1 — 2. Sub-
stituting and changing basis to set v = 1, one gets
Ay =aVI1)(0], Aoy = —aV|0)(1],
(A2)

A =V 1 =a?VI0)(0], Ay = V1 —a?V]I)(1],

for the first case, while the second case is recovered just by
swapping +2 < —2.
Now, one can check that the unitarity conditions

AAT +AAT, =0,
AlA,+AT,A, =0 (A3)

cannot be satisfied for all 2 € S.

Finally, we can impose the condition (14), finding V =
(m

—o

\/1017). By plugging this into the transition matri-
ces (A2), one obtains

2

a’ 0 0 —avl—a?
A+1 = 3 ) A*l = s
a1 —o 0 o
1—o?

A+ = ! i A, =
= ﬁ R =

with « € (0, 1), and up to a left multiplication by an arbitrary
unitary commuting with the symmetry group giving the in-
variance condition (10).

am»

2. BCC lattice

The presentation of Z> corresponding to the BCC lattice
is given by (h1, ho, hs, halhih;h; 'l hihahshy). There are
three kinds of different paths of length 2 giving rise to the
unitarity conditions:

=+ 2h;, (AS5)
+ hl' + hj, (A6)
+ (b + h)), (A7)

for h;, h; € S,. Similar to the two-dimensional case, from the
first family of paths (A5) we obtain the following general
expression for the transition matrices:

Ay = oy VilEi) (L], (A8)
with {|—i), |4+i)} being an orthonormal basis and «y; > 0 Vi.
On the other hand, the condition associated to (A6) amounts
to

ApAl +AAT, =0,

ALAL+ATAL=0. (A9)
Exploiting the form (A8) and using Egs. (A9), we get

AGAL AL =0 = ALAL, =0 v AL AL =0. (Al0)

Accordingly, one of the two following cases hold:

Ay = oy Vil i) (£,

Axj = axViIFiO(Fils (A11)
AL = VIV (V]
AL, = g, VVilFi)(FilV] (A12)

In case (All), Ay ;AL =A AL =0 implies A AT, #0,
while in case (A12) AL A, ; = AL Ay = 0implies AT A, #
0: Since there are four elements in S, it is easy to see that, for
a fixed +i, conditions in (A10) can be satisfied at most for two
different values of +j. The possible couples are six, and then
either the first or the second condition must be satisfied for
at least two couples with a fixed +i. Thus, one has (modulo
relabeling the /;) three sets of conditions:

ApAl, =AAT, =ALAT, =0,

Al A =AT A =AT AL =0, (A13)

or

ApAl, =ALAT = ALAT, =A5AT, =0,
(A14)
AlLA =AT A =0,
or the previous one modulo the exchange of A,; and Aii, i.e.,
equivalently modulo the PT transformation Ak > A]i. It is
then sufficient to solve the first two sets of equations.
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Imposing the conditions which are common to Eqgs. (A13)
and (A14), we obtain

Ay =anVIM,
Ap =apV,(1-M),
Ap=ap V(1 -M), As=a3V:M,
Ay = oy 4VaM, Ay =a4Vy(1 =M),

where M :=10)(0],1 —M :=|1){(1| are arbitrary one-
dimensional projectors, and V]TV4, V;V3 have vanishing
diagonal elements. This form of the solutions is equivalent to
the set of constraints (A14). Imposing (A9), we find

A =aVi(1 -M),
A_z =a_2V2M,

a1 VIMV, + a_ja_sVi(1 — M)V, =0,
a0 3Va(l — M)V, + a_sa_3V3MV, =0,
implying that
Ayl = 01004,
o203 = 0203,

V'V, V) V3 € SUQ).

(A15)

Also, we have
ap 10 MV Va(l = M) 4+ a_ja_oMV, Vi(1 — M) = 0,
a1 MV V3(1 = M)+ a_ja_sMV; Vi(1 — M) = 0,
a0 4(1 — MWV ViM + a_sa_4(1 — M)V, VoM = 0,

ap3aig(1 = MYWVIVIM + a_sa_y(1 — MV, V;M = 0,
(A16)

J

w102 VIMV) + o 02Va(1 = MOV + a_soaVaM Y, + asa_gVa(l = M)VS =0,

a1 @MV VoM + oo (1 — MOV, Vi(1 — M) + a_30:4MV; VaM + o 30_4(1 — M)V, V3(1 — M) = 0,
a_1a3Vs(1 = M)V, + a0 3ViMVy + aa_aVa(l — MYV, + a_sa VoMV, =0,

a 131 = MWVl = M) + ap1a_sMV, VsM 4 aypa_g(1 — MV, Va(l — M) 4+ o020 4MV, V;M = 0,

a1 MV V(1 — M) + a0 aMVVy(1 — M) + o000 3sMV; Va(1 — M) + 20, 3MV, V3(1 — M) = 0.

We shall use the previous equations in order to show that
cases (A21) and (A22) lead to nontrivial solutions con-
nected via a swap 2 < 3, while case (A20) does not satisfy
unitarity.

Case (A20). Recalling that in this case p;; # 1 V(i, j),
then from Eqs. (A15) and (A18) it is easy to derive that
oy =a_;=:a; Yh; €S,. We can use this condition in
Eq. (A24), along with p; = p34, obtaining ooy = o304.
Similarly, since pi13 = py4, from Eq. (A26) also o3 = ap0g
follows. One thus straightforwardly has «; = o4 and oy = 3.
Then, again from Eqs. (A24) and (A26), it follows that ¢®2 =
—ei®, ¢ = —¢®¢ Finally, multiplying Eq. (A23) by V;" to
the left and by V, to the right and using the two identities on

implying (ViTVj)Ol = —(ViTVj)’fO for the pairs (i, )=
(1,2),(1,3),(2,4), (3,4). Then, we can pose

. pije J 1= pje?
V~'V' — J
e 1 2 p—igij o0 ’
- - pije pije

P14 = p23 = 0. (A17)
Notice that, from Eqgs. (A16), p;; # 1 and this implies
9,']' = 91'/_]" o0y =0, V(l’li, h]) (S S+ X S+. (AlS)

Using the equality ViTVI = ViTVjijVz, it is easy to show that

plz=\/1—p123=\/1—0224=/)34’

and, recalling Egs. (A15) and (A18) and considering the
determinants, one also realizes that

V'V, e SUQR) V(i j) €S x Sy.

(A19)

In particular, this holds Vp;; € [0, 1] and one has 6;; = 6; ; in
Eq. (A17).
Accordingly, the only three possible cases are

p12 # 0, 1; (A20)
o2 =1, (A21)
p12=0. (A22)

From paths of the form (A7), the following conditions
follow:

(A23)

(A24)

(A25)

(A26)

(A27)

[
the phases just found, the first matrix element reads
2 2 i(614—6>
L= (1= pi) = pis + M%) =0
— 2,0122 1= _ei(914*923)’

meaning that either pj; = 1 or pjp = 0, which is absurd.

Case (A21). Recalling Eq. (A19), from Eq. (A24) one
obtains a4ja+ = az3org and VITVz = —V,'V4, while from
(A23) one gets

041032 = Q4300x4, (A28)

ViV = -V, V5. (A29)
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Plugging the latter equation into Eq. (A27), one gets
Oy10_g + 003 = @_ 1044 + @_pa43. The latter equation
found, using conditions (A28), reads

Oy Qypp03 O_0pg Q203
+ +

s
o102 o403 oA_10042 4043

which in turn implies

Opq0lg + 00 OpaOl g+ 0o

’

2044 o420y

namely o_po44 = @pa_4. Combining this condition with
those already found, we just end up with o, ; = «_; =: o; and
a0y = 0304.

Posing now 6 := 6,1, ¢ := @31,V := V], we notice that
ViV, = =V, V3 = —V, VVTV; [where we used Eq. (A29)] and
that it can be set /¥ = 1 via a change of basis. We finally find
the transition matrices:

AL = a;V]0)(0], A =aVI1)(1],
Ay = are”VI1)(1], Ay = are PV [0)(0], (A30)
Az = —a3V]0)(1], Az = a3V[1)(0],

Ayg = —ase V10|, A_y = aseV]|0)(1],

along with the condition oy = a3y and being V' an arbi-
trary unitary.

Case (A22). Similarly to the previous derivation, from
Eq. (A26) we get V,'V3 = —V,'V,, while from Eq. (A23)
we have VITV4 = V;Vg. Then, from the form of V1+V3
and V|'Vy, the identity V,'Vo =V V3V v, = VW3V v, =
V4+V1V3TV1 holds. Moreover, using Egs. (A25), (A26), and

(A27), one likewise can derive the conditions o4, = o—; =: «;

and a0z = apay. At this point, one easily realizes that this

solution is connected to the previous one via a swap 2 <> 3.
We can now check that the unitarity conditions

AL +AAT, =0,
ATA, + AT, A, =0

cannot be satisfied for all 2 € S.
Finally, we can impose condition (14), finding

a1 + aye? o3 — oe’? B %
V= —if o) = N _pyx gx )
—a3 + age o) + e 14 B
(A31)

Plugging this into the transition matrices (A30), one obtains

0 0
Ap = 061(_/?/* O)’ A= 0t1(o /;/*>
_ e B O
A—2 = e (_y* 0>’
0
As=o3 (g* 0>,

(0 B
Ay = “ x|
) Me@ —V>
(A32)

0
A+3 = —03 (0 _f,*) ’

—i 0
A+4 = —04e i (g* 0)9

with @; > 0, ajar = o304, Z?zl o:iz =1, B, and y defined as
in Eq. (A31), and up to a left multiplication by an arbitrary
unitary commuting with the symmetry group giving the in-
variance condition (10).
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