. symmetry 22

Review

From Entanglement to Universality:
A Multiparticle Spacetime Algebra
Approach to Quantum
Computational Gates Revisited

Carlo Cafaro, Newshaw Bahreyni and Leonardo Rossetti

Special Issue
Quantum Entanglement and Quantum Optics: Latest Advances and Prospects

Edited by
Prof. Dr. Mohammad Kazem Tavassoly



https://www.mdpi.com/journal/symmetry
https://www.scopus.com/sourceid/21100201542
https://www.mdpi.com/journal/symmetry/stats
https://www.mdpi.com/journal/symmetry/special_issues/4G7710ADTL
https://www.mdpi.com
https://doi.org/10.3390/sym16060734

symmetry MoPY

Review

From Entanglement to Universality: A Multiparticle Spacetime
Algebra Approach to Quantum Computational Gates Revisited

Carlo Cafaro >*(0, Newshaw Bahreyni 3 and Leonardo Rossetti /4

check for
updates

Citation: Cafaro, C.; Bahreyni, N.;
Rossetti, L. From Entanglement to
Universality: A Multiparticle
Spacetime Algebra Approach to
Quantum Computational Gates
Revisited. Symmetry 2024, 16, 734.
https://doi.org/10.3390/
sym16060734

Academic Editor: Mohammad Kazem

Tavassoly

Received: 13 May 2024
Revised: 1 June 2024
Accepted: 6 June 2024
Published: 12 June 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Department of Nanoscale Science and Engineering, University at Albany-SUNY, Albany, NY 12222, USA;
leonardo.rossetti@studenti.unicam.it

2 Department of Mathematics and Physics, SUNY Polytechnic Institute, Utica, NY 13502, USA

Physics and Astronomy Department, Pomona College, Claremont, CA 91711, USA;

newshaw.bahreyni@pomona.edu

School of Science and Technology, Physics Division, University of Camerino, I-62032 Camerino, Italy

*  Correspondence: carlocafaro2000@yahoo.it

Abstract: Alternative mathematical explorations in quantum computing can be of great scientific
interest, especially if they come with penetrating physical insights. In this paper, we present a
critical revisitation of our application of geometric (Clifford) algebras (GAs) in quantum computing
as originally presented in [C. Cafaro and S. Mancini, Adv. Appl. Clifford Algebras 21, 493 (2011)].
Our focus is on testing the usefulness of geometric algebras (GAs) techniques in two quantum
computing applications. First, making use of the geometric algebra of a relativistic configuration space
(namely multiparticle spacetime algebra or MSTA), we offer an explicit algebraic characterization
of one- and two-qubit quantum states together with a MSTA description of one- and two-qubit
quantum computational gates. In this first application, we devote special attention to the concept
of entanglement, focusing on entangled quantum states and two-qubit entangling quantum gates.
Second, exploiting the previously mentioned MSTA characterization together with the GA depiction
of the Lie algebras SO(3; R) and SU(2; C) depending on the rotor group Spin™ (3, 0) formalism, we
focus our attention to the concept of universality in quantum computing by reevaluating Boykin’s
proof on the identification of a suitable set of universal quantum gates. At the end of our mathematical
exploration, we arrive at two main conclusions. Firstly, the MSTA perspective leads to a powerful
conceptual unification between quantum states and quantum operators. More specifically, the complex
qubit space and the complex space of unitary operators acting on them merge in a single multivectorial
real space. Secondly, the GA viewpoint on rotations based on the rotor group Spin™ (3,0) carries both
conceptual and computational advantages compared to conventional vectorial and matricial methods.

Keywords: algebraic methods (03.65.Fd); quantum computation (03.67.Lx); quantum information
(03.67.Ac)

1. Introduction

A universal mathematical language for physics is the so-called geometric (Clifford)
algebra (GA) [1,2], a language that relies on the mathematical formalism of Clifford algebra.
A very partial list of physical applications of GA methods includes the fields of gravity [3,4],
classical electrodynamics [5], and massive classical electrodynamics with Dirac’s magnetic
monopoles [6,7]. In this paper, however, we are interested in the use of GA in quantum
information and quantum computation. The inclusion of Clifford algebra and GA in
quantum information science (QIS) is quite reasonable, given some physically motivated
grounds [8,9]. Indeed, any quantum bit |g), viewed as the fundamental messenger of
quantum information and realized in terms of a spin-1/2 system, can be considered as a
2 x 2 matrix when described in terms of its corresponding density matrix p = |g){g|. Once
this link with 2 x 2 matrices is made, one recalls that any 2 X 2 matrix can be expressed as a
combination of Pauli matrices. These, in turn, represent some GA. Furthermore, any 2 x 2
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unitary transformation as well can be specified by elements of some GA. Motivated by these
considerations, the multiparticle geometric algebra formalism was originally employed in
Ref. [10] to provide a first GA-based reformulation of some of the most important operations
in quantum computation. In a more unconventional use of GA in quantum computing,
suitable GA structures were used to perform quantum-like algorithms without closely
considering quantum theory [11-13]. Within this less orthodox approach, the geometric
product replaces the standard tensor product. Moreover, multivectors interpreted in
a geometric fashion by means of bags of shapes are used to specify ordinary quantum
entangled states. The GA approach to quantum computing with states, gates, and quantum
algorithms as proposed in Refs. [11-13] generates novel conceptual elements in the field
of QIS. For instance, the microscopic flavor of the quantum computing formalism is lost
when described from the point of view of such a GA approach. This loss leads to a sort of
non-microworld implementation of quantum computation. This type of implementation
is supported by the thesis carried out in Refs. [11-16], where it is stated that there is no
fundamentally basic reason why one should assume that quantum computation must
be necessarily associated with physical systems characterized by the rules of quantum
theory [13]. An extensive technical discussion on the application of GA methods to QIS is
presented in Ref. [9]. However, this discussion lacks a presentation on the fundamentally
relevant notion of universality in quantum computing. Despite the fact that the Toffoli and
Fredkin three-qubit quantum gates were formulated in terms of GA in Ref. [10], the authors
did not consider any explicit characterization of one- and two-qubit quantum gates. In
Ref. [17], Cafaro and Mancini not only presented an explicit GA characterization of one-
qubit and two-qubit quantum states together with a GA description of universal sets of
quantum gates for quantum computation, they also demonstrated the universality of a
specific set of quantum gates in terms of the geometric algebra language.

In this paper, given the recent increasing visibility obtained by our findings reported
in Ref. [17] as evident from Refs. [18-28], we present a critical revisitation of our work in
Ref. [17]. Our overall scope is to emphasize the concepts of entanglement and universality
in QIS after offering an instructive GA characterization of both one- and two-qubit quan-
tum states and quantum gates. More specifically, we begin with the essential elements of
the multiparticle spacetime algebra (MSTA, the geometric Clifford algebra of a relativis-
tic configuration space [29-32]). We then use the MSTA to describe one- and two-qubit
quantum states including, for instance, the two-qubit Bell states that represent maximally
entangled quantum states of two qubits. We then extend the application of the MSTA to
specify both one-qubit gates (i.e., bit-flip, phase-flip, combined bit and phase flip quantum
gates, Hadamard gate, rotation gate, phase gate, and 7/8-gate) and two-qubit quantum
computational gates (i.e., CNOT, controlled-phase, and SWAP quantum gates) [33]. Then,
employing this proposed GA description of states and gates along with the GA characteriza-
tion of the Lie algebras SO(3) and SU(2) in terms of the rotor group Spin™ (3, 0) formalism,
we revisit from a GA perspective the proof of universality of quantum gates as discussed
by Boykin and collaborators in Refs. [34,35].

Inspired by Ref. [17], we made a serious effort to write this work with a more peda-
gogical scope for a wider audience. For this reason, we added visual schematic depictions
together with background GA preliminary technical details (including, for instance, what
appears in Appendix A). Moreover, we were able to highlight most of the very interesting
works we have partially inspired throughout these years [18-28]. Finally, we were able to
suggest limitations and, at the same time, proposals for future research directions compat-
ible with the current scientific knowledge at the boundaries between GA and quantum
computing (with the concept of entanglement playing a prominent role).

The rest of the paper is formally organized as follows. In Section 2, we display the
essential ingredients of the MSTA formalism necessary to characterize quantum states
and elementary gates in quantum computing from a GA viewpoint. In Section 3, we
offer an explicit GA description of one- and two-qubit quantum states together with a
GA representation of one- and two-qubit quantum computational gates. In addition, we
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concisely discuss in Section 3 the extension of the MSTA formalism to density matrices for
mixed quantum states. In Section 4, we revisit the proof of universality of quantum gates
as originally provided by Boykin and collaborators in Refs. [34,35] by making use of the
material presented in Sections 2 and 3 and, in addition, by exploiting the above-mentioned
GA description of the Lie algebras SO(3) and SU(2) in terms of the rotor group Spin™ (3, 0)
formalism. We present our concluding remarks in Section 5. Finally, some technical details
on the algebra of physical space c[(3) and the spacetime Clifford algebra c[(1,3) appear in
Appendix A.

2. Basics of Multiparticle Spacetime Algebra

In this section, we describe the essentials of the MSTA formalism that is necessary to
characterize, from a GA perspective, elementary gates in quantum computing.

From a historical standpoint, GA methods were originally introduced in quantum
mechanics via Hestenes” work on understanding the nature of the electroweak group [36]
and the concept of zitterbewegung within the spacetime algebra formulation of the Dirac
relativistic theory of the electron [37]. While these first GA explorations into the quan-
tum world were motivated by the need for seeking deeper insights into quantum theory,
later inspections were motivated by pursuing more practical computational advantages.
For instance, the computational power of GA techniques in the form of spacetime algebra
in quantum mechanics was compared with the more cumbersome calculations based on
explicit matrix formulations in Ref. [38]. The theoretical characterization of quantum states
and operators from a quantum computing perspective was originally discussed in Ref. [30].
These GA characterizations of relevance in quantum information processing found their
first practical applications, for instance, on the use of quantum gates in NMR (nuclear
magnetic resonance) experiments in Refs. [32,39].

In the orthodox context for quantum mechanics, it is usually assumed that the notions
of complex space and imaginary unit ic are essential. Interestingly, employing the geometric
Clifford algebra of real 4-dimensional Minkowski spacetime [2] (i.e., the so-called spacetime
algebra (STA)), it can be shown that the i¢ that appears in the Dirac, Pauli and Schrodinger
equations possesses a clear interpretation in terms of rotations in real spacetime [40]. This
bouncing between complex and real quantities in quantum mechanics can can be clearly
understood once one introduces the so-called multiparticle spacetime algebra (MSTA), that
is to say, the geometric algebra of a relativistic configuration space [29-32]. In the traditional
description of quantum mechanics, tensor products are employed to construct multiparticle
states as well as many of the operators acting on the states themselves. A tensor product is
a formal tool for setting apart the Hilbert spaces of different particles in an explicit fashion.
GA seeks to explain, from a fundamental viewpoint, the application of the tensor product
in non-relativistic quantum mechanics by means of the underlying spacetime geometry [30].
Within the GA formalism, the geometric product provides a different characterization of the
tensor product. Inspired by the effectiveness of the STA formalism in characterizing single-
particle quantum mechanics, the MSTA perspective on multiparticle quantum mechanics
in non-relativistic as well as relativistic settings was initially proposed with the expectation
that it would also deliver computational and, most of all, interpretational improvements in
multiparticle quantum theory [30]. Conceptual advances are expected to emerge thanks
to the peculiar geometric insights furnished by the MSTA formalism. A distinctive aspect
of the MSTA is that it requires, for each particle, the existence of a separate copy of both
the time dimension and the three spatial dimensions. The MSTA formalism represents a
serious attempt to construct a convincing conceptual setting for a multi-time perspective
on quantum theory. In conclusion, the primary justification for employing this MSTA
formalism is the attempt of enhancing our comprehension of the very important notions
of locality and causality in quantum theory [41]. Indeed, exciting utilizations of the MSTA
formalism for the revisitation of Holland’s causal interpretation of a system of two spin-
1/2 particles [42] are proposed in Refs. [31,32]. In Ref. [42], Holland considers a Bell
inequality-type experiment where spin measurements are performed on a composite
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quantum system of two correlated spin-1/2 particles. In particular, Holland proposes
a non-relativistic definition of local observables that act on the space of a two-particle
wave function and that are extracted from the two-particle wave function itself. From a
conceptual standpoint, one of the limitations of Holland’s analysis is its non-relativistic
nature. Indeed, the notions of causality and superluminal propagation would require a
relativistic setting to be addressed in a coherent fashion. This was pointed out in Ref. [31],
where a first illustration of the utility of the multiparticle STA in providing an alternative
characterization of the non-locality revealed by Einstein-Podolsky-Rosen-type experiments
in the framework of non-relativistic quantum theory was offered. However, the power
of the MSTA was not fully exploited in Ref. [31] since the treatment was non-relativistic
as well. From a computational standpoint, Holland’s approach is based on building a
set of tensor variables from quadratic combinations of the spinorial wave function. Then,
compared to the underlying spinorial degrees of freedom, these tensor variables are shown
to be more easily associated with a set of physical properties. In Ref. [32], it was shown that
the MSTA formulation of multiparticle quantum theory makes the objective of extracting
these physical variables considered by Holland considerably simpler. In this context, the list
of advantages that the GA language offers includes the simplification of calculations thanks
of the lack of unessential mathematical technicalities and, in addition, the clarification of
the link between spinorial and tensorial degrees of freedom. For further details, we suggest
Ref. [32]. Inspired by this line of research, we apply here the MSTA formalism to describe
qubits, quantum gates, and to revisit the proof of universality in quantum computing as
provided by Boykin and collaborators from a GA viewpoint. For some basic details on
the algebra of physical space ¢[(3) and the spacetime Clifford algebra ¢((1,3), we refer to
Appendix A. In what follows, we begin with the n-qubit spacetime algebra formalism.

2.1. The n-Qubit Spacetime Algebra Formalism

The multiparticle spacetime algebra offers an ideal algebraic structure for the char-
acterization of multiparticle states as well as operators acting on them. The MSTA is the
geometric algebra of an n-particle configuration space. In particular, for relativistic systems,
the n-particle configuration space is composed of n-copies of Minkowski spacetime with
each copy being a one-particle space. A convenient basis for the MSTA is specified by the

set {fyfl}, withy =0,...,3and a = 1, ..., n identifying the spacetime vector and the
particle space, respectively. These basis vectors {’y;} fulfill the orthogonality relations

Vi b= (5”1711W where 77,y def diag(+, —, —, —). Observe that, because of the orthogo-
nality conditions, vectors from different particle spaces anticommute. Furthermore, since
dimg[cl(1, 3)]" = 2*", a basis for the entire MSTA possesses 24" degrees of freedom. In the
framework of non-relativistic quantum mechanics, a single absolute time is used to identify
all of the individual time coordinates. One can pick this vector to be 'yg for each a. Then,
bivectors are used for modelling spatial vectors relative to these timelike vectors {{}
through a spacetime split. Moreover, a basis set of relative vectors is specified by {of }

where o} def Yivowithk=1,...,3and a =1, ..., n. The basis set {(7,?} gives rise, for each
particle space, to the GA of relative space c[(3) 2 ¢[* (1, 3). Each particle space possesses a
basis set specified by,

L Ao}, {ior}, g, ey
where the volume element i denotes the highest grade multivector known as the pseu-

doscalar. Neglecting the particle space indices, the pseudoscalar is defined as i def 010203.
The basis set in Equation (1) characterizes the Pauli algebra, the geometric algebra of the
3-dimensional Euclidean space [2]. However, the three Pauli 0} are regarded in GA as
three independent basis vectors for real space. They are no longer considered as three
matrix-valued components of a single isospace vector. Unlike spacetime basis vectors,
note that (T;ja;’ = (7;’(7,? for any a # b. In other words, relative vectors {of } originating

from distinct particle spaces commute. Observe that the set {¢ } give rise to the space
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[cl(3)]" def c[(3)®...®cl(3) defined as the direct product space of 1 copies of ¢[(3), the geo-
metric algebra of the 3-dimensional Euclidean space. In the context of the MSTA formalism,
Pauli spinors can be viewed as elements of the even subalgebra of the Pauli algebra spanned
by {1, i} } which, in turn, is isomorphic to the quaternion algebra. This even subalgebra
of the Pauli algebra is a 4-dimensional real space in which an arbitrary even element can
be recast as ¢ = a° + aioy, where a° and a* are real scalars for any k = 1, 2, 3. A quantum
state in ordinary quantum mechanics can be specified by a pair of complex numbers « and

B as,
~(a\ [ Rea+icIma
0=(5) = (repticimp ) @
Interestingly, a 1 <+ 1 map between Pauli column spinors {|i)} and elements {¢} of the
even subalgebra was shown to be true in Ref. [29]. Indeed, one has

0 :..3
. a” +1ica ) k-
lp) = ( _@ +iga! ) P =a +aiog, (3)

with a® and a* being real coefficients for any k = 1, 2, 3. The set of multivectors {1, icq, iy, io3}
denotes the set of computational basis states for the real 4-dimensional even subalgebra that

corresponds to the two-dimensional complex Hilbert space 1 with standard computa-

tional basis specified by BH% et {]0), |1) }. In the context of the GA formalism, the following

identifications hold true

def 1,and [1) <~ ‘/’\(SA) def —i0y. 4)

GA

10) > pior)

Moreover, in GA terms [29], the action of the usual quantum Pauli operators {flk, icl } on
the states |¢) becomes

Sklp) < oxpos, (5)

withk =1,2,3 and,
l(c|lp> <~ l/)i0'3. (6)

Note that [ is the identity operator on 1. In summary, in the framework of the single-
particle theory, non-relativistic states are specified by the even subalgebra of the Pauli
algebra with a basis defined in terms of the set of multivectors {1, ioy} with k = 1, 2,
3. In particular, right multiplication by io3 plays the role of the multiplication by the
(unique) complex imaginary unit i¢ in ordinary quantum mechanics. Simple calculations
suffice to verify that this translation scheme works in a proper fashion. Indeed, from
Equations (3) and (5), we obtain

2., 1
. —a? +ica ) . . .
Laly) = ( o icig ) & —a* + a’ioy — a’ioy + atioy = oy (ﬂo + ﬁklUk) 03,

al +ica®
—a® +ica

Soly) = (

0 > & at 4 a%icy + adioy + dlioy = o (uo + aki(fk) 03,

a +icad

, ) e a® —atiog — a?
as —ica

23|1,[J> = ( iop + ﬂ3i0'3 =03 (LIO + ﬂkiO'k)O'g. (7)
It is important to note that, although there are n-copies of io3 in the n-particle algebra
specified by ic witha = 1, ..., n, the right-multiplication by all of these {ic4 } must yield
the same result. This is required to correctly reproduce ordinary quantum mechanics.
For this reason, the following constraints must be imposed:

Yioy = gios = ... = picl ! = yid}. 8)
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The conditions in Equation (8) can be obtained by presenting the n-particle correlator E,,

def 7 1 Y
n = Hi(l—zagzaé’), )
b=2

satisfying the relations E,io5 = Enia3b = J, for any a and b. What is J,? Observe that E,
in Equation (9) has been introduced by selecting the @ = 1 space and, then, correlating
all the other spaces to this space. However, the value of E; does not depend on which
one of the n spaces is picked and correlated to. The complex structure is characterized by

Jn def Enics, where ],% = —E;;. One can notice that the number of real degrees of freedom
are reduced from 4" = dimg [cI"(3)]" to the expected 2"*! = dimp H} thanks to the
right-multiplication by the quantum correlator E,;, which, in turn, can be regarded as acting
as a projection operator. From a physical standpoint, the projection locks the phases of
the various particles together. The reduced even subalgebra space is generally denoted by
[c1*(3)] " /E,.. Then, in analogy to ¢/ (3) for a single particle, multivectors that belong to
[el(3)] "/ E, can be viewed as n-particle spinors (or, alternatively, n-qubit states). Sum-
ming up, the generalization to multiparticle systems requires, for each particle, a separate
copy of the STA. Moreover, the usual complex imaginary unit induces correlations between
these particle spaces.

Although we presented a general GA framework for n-particles quantum theory in
terms of a relativistic spacetime algebra, many of the necessary properties can be illustrated
by focusing on two-particle systems. Interestingly, both classical relativistic physics and the
standard quantum formalism have a spinorial formulation in the GA language. The alge-
braic employment of spinors, in particular, offers quantum-mechanical character to several
classical findings. For more details, we refer the reader to [43]. In what follows, indeed, we
focus on the special case of the two-qubit spacetime algebra formalism.

2.2. The Two-Qubit Spacetime Algebra Formalism

As previously mentioned, while quantum mechanics has a unique imaginary unit
ic, the two-particle algebra possesses two bivectors playing the role of ic, namely io} and
io2. To properly reproduce ordinary quantum mechanics, right-multiplication of a state by
either of these bivectors must yield the same state. Therefore, it is mandatory that we have

pios = Pios. (10)

Manipulating Equation (10) leads to ¥ = $E, with E = E? specified by

E&f %(1 - z'a;z'aZ). 11)
Following what we stated in the previous subsection, right-multiplication by E is a pro-
jection operation. Moreover, the number of real degrees of freedom drops from 16 to
the expected 8 once we include this factor E on the right-hand-side of all states. The 16-
dimensional geometric algebra c[™(3) ® c[*(3) can be spanned by the set multivectors that
specify the basis B+ 3)q.+(3) defined as,

def

Bt 3)ect (@) = {1, io}, io?, iolio? }, (12)

with k,I =1, 2, 3. Using the quantum projection operator E to right-multiply the multivec-
tors in B+ (3)@clt (3) We obtain

E def .1 ) c 1. 2
Bc[+(3)®c[+(3) = Bc[+(3)®c[+(3)E = {E, io} E, iofE, io} ioi E } (13)
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After some simple calculations, one finds that
E = —iodio2E, ioc?E = —ioiosE, io5E = ioaioE, iocsE = iosE,
io\E = —i03io3E, iolio?E = —ioaiosE, io}ios E = io3iotE, ioiiosE = ioyE.  (14)

Therefore, using Equations (12) and (14), a convenient basis for the 8-dimensional reduced
even subalgebra [c[*(3) @ c[*(3)]/E can be expressed as,

def 2 22 21 . 1.2 s 1.2 . 1. 2
B[cr+(3)®c[+(3)]/E {1 io?, io3, i02, iol, iotio?, iolios, iotio? (15)

The basis B[c[+ ()@t (3)]/E in Equation (15) spans [¢I(3) ® ¢I"(3)] /E and corresponds to

a proper ordinary complex basis that generates the complex Hilbert space 3. A two-qubits
quantum state or, alternatively, a direct-product two-particle Pauli spinor can be represented
in the framework of spacetime algebra in terms of ! $p>E, namely |, ¢) > p'¢?E, with ¢!
and ¢? being even multivectors in their own spaces. A GA description of the usual
computational basis for two-particle spin states is given by,

meo=(g)e(y)eemen=(g)e(])e -

|1>®|0>=<(1J)®<(1)><—>—i0%15,l>®|l>=<(l)>®<(1)>H10210'2E (16)

In particular, recall that a typical maximally entangled state between a pair of two-level
systems can be written as,

pane) (5 )2 (1) -(1) e (5)} = 5ton-nop. a9

Using Equations (11), (16) and (17), the GA version of

1Psinglet> in Equation (17) is given by,

GA 2
H% > lpsinglet> A lpijngl)et € [C[+ (3)] ’ (18)
with 1/Jsm gl ot equal to,
(GA)_i.]_.z 1.2
Psinglet = 53 (1‘72 1‘72) (1 Z‘731‘73)' (19)

Moreover, the right-sided multiplication by | replaces the the role of multiplication by the
complex imaginary unit i¢ for two-particle spin states,

1
J = Eic} = Eio} = 5 (iod +ic?), (20)

in such a manner that ]2 = —F with E in Equation (11). From a GA perspective, the action
on two-particle spin states of two-particle Pauli operators is specified by

L@ Iy & —ioty], Sk @ 8|p) < —iolicPYE, T @ Sily) +» —icZy]. (1)
For illustrative purposes, the second correspondence in Equation (21) emerges as follows,

£Hy) < ofpo} = ofYEG3 = —ofPEiic} = —iofYEics = —icj ], (22)
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and, as a consequence,
S @5 [p) o (—iakl) (—iaf) Y2 = —ioltic?yE. (23)
Finally, recollecting that ic3|¢) <+ ioyy, we emphasize that
icSy @ Ip) < ik and, [ @ icEy|p) < ioty. (24)

For additional technical details on the MSTA formalism, we suggest Refs. [29-32].

Before moving to the next section, we add here a comment on entanglement and
GA. It is known in quantum theory that when two subsystems of a larger composite
quantum system interact, they become entangled. Then, each one of these subsystems
cannot be characterized by a pure quantum state. When the total number of subsystems
is just two, the Schmidt decomposition method can be used to quantify the degree of
entanglement that appears in the composite system [33]. However, quantifying quantum
entanglement in composite quantum systems that contain more than two subsystems is
much more complicated than characterizing entanglement in bipartite systems. Indeed,
even focusing on pure states, the transition from two to three subsystems exhibits tangible
complications. For instance, while the entanglement properties for an arbitrary pure
state of two subsystems with d-levels, each can be fully described by its Schmidt vector.
The same is not possible for an arbitrary tripartite pure state. For a detailed discussion on
the crucial differences between bipartite and multipartite settings in the study of quantum
entanglement, we indicate Refs. [44-46]. While the GA approach does not offer a definitive
solution on how to quantify the entanglement degree of multipartite quantum systems, it
offers the advantage that the number of entangled particles only modifies the size of the
space one is working in. However, it does not change the type of entanglement analysis
employed when transitioning from two-subsystems to n-subsystems with n > 2. For an in-
depth discussion on the GA form of the Schmidt decomposition and its possible extension
to quantifying multipartite entanglement, we refer to Ref. [47].

3. Quantum Computing with Geometric Algebra

In general, nontrivial quantum computations that occur in quantum algorithms can
demand the construction of tricky computational networks characterized by a large number
of gates that act on n-qubit quantum states. For this reason, it is very important to find a
suitable universal set of quantum gates. From a formal standpoint, a set of quantum gates
{U;} is considered to be universal if any logical operation U}, can be decomposed as [33],

o= T[] 25)
l:[le{fl,-}

In what follows, we provide a clear GA characterization of one- and two-qubit quantum
states, along with a GA description of a universal set of quantum gates for quantum
computing. Finally, we briefly discuss the generalization of the MSTA formalism to density
matrices for mixed quantum states.

3.1. One-Qubit Quantum Computing

We begin by considering, in the GA setting, relatively simple circuit models of quantum
computing with one-qubit quantum gates.

Quantum NOT Gate (or Bit Flip Quantum Gate). The NOT gate is represented here by
the symbol %1 and denotes a nontrivial reversible operation that can be applied to a single
qubit. For simplicity, we begin using the GA formalism to investigate the action of quantum
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gates on one-qubit quantum states given by gb‘({SA) = a° + a%io,. Then, the action of the

)

operator féGA in the GA setting is specified by

Salg) E g @ 1) 4’\(qG@A1)> o (ﬂo + ﬂzi@z) 03 (26)

. . . def . e . . ..
Given that the unit pseudoscalar i =<' 00407 satisfies the conditions ioy = opiwithk=1,2,
3 and, in addition, remembering the geometric product rule,

0i0j = 0; - 0j + 0; A\ 0j = 0jj + 1€ 0%, (27)

Equation (26) becomes

& def GA .

Sig) = lg@1) 1/J|(q@1)> =— (az + aozaz). (28)
For completeness, we emphasize that the action of the unitary quantum gate ﬁgGA) on the
GA computational basis states {1, icq, iy, ios } is specified by the following relations,

1 —ioy, SN iy oy, N iy 1, 8N iy iy (29)

s (GA)

2
Phase Flip Quantum Gate. The phase flip gate is denoted by the symbol 23 and is an
example of an additional nontrivial reversible gate that can be applied to a single qubit.
The action of the unitary quantum gate ﬁgGA) on the multivector l[J‘(qC;A) = a" + a%io can be

specified in GA terms as,

& def def .

£alq) = (<1)71q) < 9O = o3(a + iy ) o5, (30)
Employing Equations (10) and (27), it happens that

£ala) & (~1)71g) & $(Cph, = o - aion. (1)

Finally, the action of the unitary quantum gate ﬁgGA)on the basis states {1, ioy, ioy, i3} is
given by,

£ 1 51,8 iy o —ioy, £ tioy — iy, 8 iy 5. (32)

Combined Bit and Phase Flip Quantum Gates. A different example of a nontrivial re-

versible operation that can be applied to a single qubit can be constructed by conveniently
combining the above-mentioned two reversible operations 31 and %3. The symbol for the

)

. .o def . oo & . . GA S s
new operation is 5y = i3y 0 33 and its action on gb‘(q> = a% + a%ic, is specified by,

& def . def .
Solg) Fic(-1)g®1) < ¢f§é>1)q‘q@1> =0 (ao + a2102)03. (33)
Employing Equations (10) and (27), it happens that
& def . G . .
£alg) Fic(-) g @ 1) ¢ 950 ) = (o = olier ) ios. (34)

As a matter of fact, making use of Equation (27) and, in addition, exploiting the relations
ioy = oyifork = 1,2, 3, we obtain

0 (llo + a2i(72>(73 = ({Il2 — aoi(fz) ios. (35)
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Finally, the unitary quantum gate féGA) acts on the basis states {1, icq, ion, i3} as,
SO 1 iy, £ iy — 1, 8 tigy 5 dos, £ oy — oy (36)

Hadamard Quantum Gate. The GA quantity that corresponds to the Walsh-Hadamard
quantum gate H def &Lﬂ& is denoted here with H(G4). Its action on lpl(qc;A) = a’ + a%ioy is
given by,

Aoy e 1)+ (1) vl & (22) (@ + dim)er. @)

Making use of Equations (28) and (31), the correspondence in Equation (37) reduces to

A def 1 0 2

Alg) < (g @ 1)+ ()lg)] & g = T2 —ie) = 251 +im). G9)

As a side remark, observe that the GA multivectors that correspond to |[+) and |—) (i.e.,
the Hadamard transformed computational states) are described as,

def |0) + [1) (GA 1—io ~ def [0) — 1) 1+ ioy
Vi Y =g e ) E R oyt =

respectively. Finally, the action of the unitary quantum gate H(G4) on the basis states
{1, i0q, iy, io3} is

+) (39)

N 1—iop, - . —ioq +io3 ~ . 1+io, - . ioq +io3
AGA) 1 - 2 AGA) g o LTS GA) g, 22 F(GA) gy DL 40
7 1 v 2 7 3 7 (40)
Rotation Gate. The rotation gate RéGA) acts on tp‘(SA) =40+ llzio'z as,
N 1 ico 1-— Tol4 .
Rolq) &« H#(RC) + (_1)q% l7) < lpé |A§ Lf0 44 %o (cos 0 + io sin 0). (41)

More generally, the action of the unitary quantum gate fiéGA)

is given by,

on the basis states {1, ioy, ioy, i03 }

ﬁéGA) 11— 1, IQ(SGA) 1 i0q — iop(cos 0 + ioz sinf), RéGA) 2 ioy — iop(cos 8 + iogsin6), RéGA) 1103 — 103. (42)

Phase Quantum Gate and 1/8-Quantum Gate. The action of the phase gate $(G4) on
(GA) _ 0 2. ..
1pw> a° + a“ioy is given by,

A‘>d_ef 1+ic 1—ic

def
Slg SEH (DT I o g

+ (11 1(72) 103. (43)

Moreover, the action of the unitary quantum gate 5(G4) on the basis states {1, icy, ic», io3 }

is,
$6N 11— 1, 8CN tigy — iy, SN Loy — —ioy, SN oy — o, (44)
The GA version of the 71/8-quantum gate T is specified by the following correspondence,
A def |14 eXp(ic%) 1- exp(ic%) (GA) def 1 .
Tlgy 2 | THNCL) | gy THCE) 1o 1 . 4
) y o+ (VI ) o gl (o i) (1 + o) (45)

Finally, the action of the unitary quantum gate T(G*) on the basis states {1, icy, iy, i3}
is,
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1+io3)

. ) . 14i
FGA) 1 51, F(GA) iy s i FGA) gy iy (LT 103)

V2 V2
In Table 1, we report the the action of some of the most relevant one-qubit quantum
gates in the GA formalism on the GA computational basis states {1, icy, icy, i03}.

,TGA) s — o, (46)

Table 1. Geometric algebra description of the action of some of the most relevant single-qubit
quantum gates on the computational basis states {1, icq, iop, i3 }.

Single-Qubit States NOT Phase Flip Bit and Phase Flip Hadamard Rotation t/8-Gate
1 —ioy 1 in 17’%’2 1 1
i io3 —ioy 1 L\/Jg@ ioy (cos 6 + io3 sin 6) in %
iy -1 —i0y i03 — 1752 iop(cos 6 + io3 sin 6) iy %
i3 i i3 ioy % ios i3

Summing up, in the GA picture of quantum computing, qubits are elements of the even
subalgebra, unitary quantum gates are specified by rotors, and the bivector io3 controls
the usual complex structure of quantum mechanics. In the GA formalism, quantum gates
have a neat geometrical interpretation. In the ordinary description of quantum gates,
a joint combination of rotations and global phase shifts on the qubit can be employed to
characterize an arbitrary unitary operator on a single qubit as U = ¢/C*R;(6), given some
real numbers « and 0 along with a real three-dimensional unit vector 7 = (11, np, n3). To
illustrate this fact, consider the Hadamard gate H that acts on a single qubit. It satisfies the
relations A1 H = 33 and HY3H = ¥, with H? = [. Given these constraints and up to an
overall phase, H can be viewed as a § = 7 rotation about the axis #i = (71 + 713)/+/2 that
rotates £ to £ and the other way around. Explicitly, we have H = —i(CR( fy+3)/ v3(m). In
the GA formalism, rotors are used to handle rotations. The Hadamard gate, for example,
possesses a neat real geometric interpretation where there is no need for the use of complex

st 01103

numbers. Indeed, it is specified by a rotor H(GA) = ¢~ "2 V2 that characterizes a rotation
by 7 about the (7 + 03)/+/2 axis. It is simple to check that, up to an overall irrelevant
phase shift, the action of the rotor H(*) on the one-qubit computational basis states
fulfills the transformation rules in Table 1. We emphasize that when a rotor for a rotation
by 7 specifies the Hadamard gate, we have H(GA)2 = —1. Therefore, it appears that a
reflection rather than a rotation represents the gate more precisely. When state amplitudes
changed by the Hadamard gate are combined with the ones transformed by different
types of gates, the phase difference can become important. In Ref. [9], it was suggested
to treat the Hadamard gate as a rotation. However, the problem with this viewpoint is
now acknowledged. Analogously, similar geometric remarks could be developed for the
remaining one-qubit gates [9].

3.2. Two-Qubit Quantum Computing

Using the GA formalism, we take into consideration simple circuit models of quantum
computing with two-qubit quantum gates. We begin with a simple MSTA characterization
of the maximally entangled two-qubit Bell states.

Geometric Algebra and Bell States. We display a GA description of the two-qubit Bell
states. These states specify a set of four orthonormal maximally entangled state vectors that
represent a basis (Bgy) for the product Hilbert space C? ® C? = C*. Given the two-qubit
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computational basis Beomputational def {]00), |01), |10), |11)}, the four Bell states are defined

as [33],

10) @ 10) — |¢pen, ) % [Uenor o (B @ 1)](0) @ |0)) = <|o> ®10) + 1) ® |1)),

%\

10) @ [1) — |¢pen,) = [Uenor o (B ® D] (0) @ [1)) = <|o> ® 1) +]1)  |0)),

%\

1) © [0) = [pet,) = [Uenor o (A @ 1)](|1) @ 0)) = <|o>®|o> 1) ®|1)),

%\

1) ® 1) = |¢pen,) & [Uenor o (H@ D] (1) @ 1)) = %<|o>®|1>—1>®|o>>. (47)

In Equation (47), the operators H and Ucnor specify the Hadamard and the CNOT gates,
respectively. The Bell basis B, of C? @ C? =2 C* becomes,

B & {|¥gen, ), ) '} (48)
where, making use of Equation (47), we have
1 0 1 0
1 0 1 1 1 0 1 1
=— =— = — =— 49
| lPBelh > 5 0 > \/E 1 > \/E 0 > \/i -1 ( )
1 0 -1 0

Employing Equations (16) and (47), the Bell states in the GA language become

|Ben, ) <> 1/11(3311‘? = 21%(1 + 1(72102) (1 - 1031(73) ) < 1/11(351?2) = —21:25 (ia% + i022> (1 - i(f%ia§>,
|Ben ) <> ¢1(3§11A3) = 213(1 - 1021102) (1 — 1031103) ) & lPBell4 = 213(1'(721 102) (1 - 10311032> (50)

In Figure 1, we report a depiction of a quantum circuit for preparing a maximally
entangled two-qubit Bell state |1PBe111> with a one-qubit Hadamard gate and a two-qubit
CNOT gate.

00 < HF— 100y 411

0) —— V2

Figure 1. Schematic depiction of a quantum circuit for preparing a maximally entangled two-qubit

Bell state |ipper, ) dff (]00) + |11))/+/2 with a one- qubit Hadamard gate and a two-qubit CNOT gate.

The GA representation of |igey, ) is given by zpBeHl ) def [(1+i03io?)E]/v/2with E def (1—iclio?) /2

being the two-particle correlator.

Interestingly, both abstract spin spaces and abstract index conventions are unnecessary
within the MSTA language. Abstract spin spaces are specified by the complex Hilbert space
H75 of n-qubit quantum states and contain states that must be acted on by quantum unitary
operators. For instance, in the case of Bell states, such operators become the CNOT gates.
Furthermore, the MSTA formalism avoids the use of explicit matrix representations and,
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in addition, right or left multiplication by elements originating from a properly identified
geometric algebra play the role of operators. The proper GA is selected based on the
type of qubit quantum states being acted upon by the operators. This is an additional
indication of the conceptual unification provided by the GA language since “spin (qubit)
space” and “unitary operators upon spin space” are united, becoming multivectors in real
space. In all honesty, we remark that most GA applications in mathematical physics exhibit
this conceptual unification.

CNOT Quantum Gate. Following Ref. [33], the CNOT quantum gate can be conveniently
recast as

0Bor = 5[(M+53) o 2+ ('~ 51) e 53], (51)

with the operator U35y denoting the CNOT gate from qubit one to qubit two. From Equa-
tion (51), we have

0Borly) = 3 (e P+ 8o P+ ' o310 52)|y). (52)
Using Equations (21) and (52), we obtain
e Ply) <, 230 Ply) < —ioyy], '@ £3|p) < —ioty], — £ @ £3|¢) <> iogioT ¢ E. (53)
Finally, making use of Equations (52) and (53), the CNOT gate in the GA language becomes
(0Biorly) ¢ 5 (v~ ioky] — ioky] + iokiotyE). (54)

Controlled-Phase Gate. From Ref. [33], the action of the controlled-phase gate U, & on
l) € H3is,

2|y) = [11®12+21®12+11®22 £l 23 ly). (55)
From Equations (21) and (55), we obtain
e Ply) < v, 2@ Ply) & —iody], ' @ 23|p) < —iocdy], — 23 @323|p) - iokiocsyE. (56)

Finally, using Equations (55) and (56), the controlled-phase quantum gate in the GA lan-
guage reduces to

(G 19) ¢ 5 (4 iokp) — iody] +iotiodyE). 7)
SWAP Gate. From Ref. [33], the action of the SWAP gate l:Ié‘zNAP on [i) € 7-[% is,
OR2apl0) = (11®12+21®2 + 2} 03+ 5 @ 53 [y). (58)
Using Equations (21) and (58), we have
'@ Plp) « ¢, £ @ £3|p) < —ioliotyE, £1 @ £3|p) «» —iohioapE, £1 @ £3|) «» —iodiodpE. (59)
Finally, employing Equations (58) and (59), the SWAP gate in the GA language becomes,
WGoarly) > 5 (v — iofiofyE — icdic3yE — iolickyE). (60)

In Table 2, we display the GA description of the action of some of the most relevant
two-qubit quantum gates on the GA computational basis B[c[+(3)®cr+ (3)]/E-
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Table 2. Geometric algebra description of the action of some of the most relevant two-qubit quantum
gates on the GA computational basis B e+ (3)cl* (3)]/E-

Two-Qubit Gates Two-Qubit States GA Action of Gates on States
CNOT ¥ 3 (¢ — i3y — iofy] + icioT YE)
Controlled-Phase Gate ¥ L (p —ioky] —ic?y] + iokio2yE)
SWAP ¥ 3 (p — iclic*YE — io}io?YE — iokic3YE)

Interestingly, two-qubit quantum gates can be geometrically interpreted by means of
rotations. For example, the CNOT gate specifies a rotation in one-qubit space conditional on
the quantum state of a different qubit it is correlated with. In the GA language, this CNOT
gate becomes (lflg\(]g;)) —e i3 poi(1-e3 ) In particular, this operator acts as a rotation on
the first qubit by an angle 7 about the axis ¢ in those two-qubit quantum states in which
qubit is located along the —o73 axis. For further technical details on analogous geometrically
flavored considerations for other two-qubit gates, we refer to Ref. [10].

In what follows, we briefly discuss the application of the MSTA formalism to density
matrices for mixed quantum states.

3.3. Density Operators

It is known that the statistical aspects of quantum systems can be suitably described
by density matrices and, instead, cannot be specified by means of a single wave function.
For a pure state |i) = «|0) 4 B|1), the density matrix can be recast as

powe = 0001 = (e o ) o)

Importantly, the expectation value (O) of any observable O with respect to a given normalized
quantum state |1) can be derived from Ppure by noting that (O) = (9|O[pp) =tr(ppureO).
The formulation of Ppure in the GA language is given by

GA) 1

ppure — Pl(oure = 1/)2(1 + 03)1P+ = (1 + S)’ (62)

N —

with s denoting the spin vector defined as s df zpay,b* [31]. From Equation (62), we
observe that pé?ere) is simply the sum of a scalar and a vector from a geometric standpoint.
In standard quantum mechanics, a density matrix for a mixed quantum state fpixeq can
be expressed in terms of a weighted sum of the density matrices for the pure quantum

states as
, (63)

n n
pmixed = le] = le]’l/)]><l/)]
= =

where {p]-} is a set of (real) probabilities normalized to one (i.e., p1+... +pn = 1,

j=1,...n
where 0 < p; < 1forany j € {1,...,n}). In the GA language, given that the addition

operation is well-defined, Pixeq in Equation (63) can be expressed in terms of a sum as

. GA 1 1
Pmixed — pﬁnixe)d = E Z(P] + p]S]) = E(l + P)' (64)
=1

The quantity P in Equation (64) denotes the average spin vector (i.e., the ensemble-average
polarization vector) with magnitude || P|| satisfying the inequality ||P|| < 1. The magnitude

| P|| is a measure of the degree of alignment among the unit polarization vectors {s;} of

the individual elements of the ensemble. For correctness, we emphasize that pﬁf’e)d in

Equation (64) is the GA description of a density operator for an ensemble of identical and
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non-interacting quantum bits. In general, one could take into consideration expressions of
density operators for multi-qubit systems characterized by interacting quantum bits. In the
MSTA formalism, the density matrix of n-interacting qubits can be recast as

o) b = WEnE+ (PEx) ™ (65)

def

In Equation (65), E;, denotes the n-particle correlator, while E; = EiEi...Eﬁ describes the

geometric product of n-idempotents with EX et (1£0%)/2and k =1, ..., n. Finally, while
the tilde symbol “~” is used to describe the spacetime reverse, the over-line in Equation (65)
signifies the ensemble-average. For further technicalities on the GA approach to density
matrices for general quantum systems, we suggest Ref. [9].

4. Universality of Quantum Gates with Geometric Algebra

Employing the results obtained in Section 3 and, in addition, formulating a GA per-
spective on the Lie algebras SO(3) and SU(2) that relies on the rotor group Spin™ (3, 0)
formalism, we discuss in this section a GA-based version of the universality of quan-
tum gates proof as originally proposed by Boykin and collaborators in Refs. [34,35]. We
begin with the introduction of the rotor group Spin* (3, 0). We then bring in some uni-
versal sets of quantum gates. Finally, we discuss our GA-based proof of universality in
quantum computing.

4.1. SO(3), SU(2), and Spin™ (3, 0)

Motivated by the fact that the proofs in Refs. [34,35] depend in a significant manner on
rotations in three-dimensional space and, in addition, on the local isomorphism between
SO(3) and SU(2), we briefly show how these Lie groups can be described in the GA
language in terms of the rotor group Spin™ (3, 0).

4.1.1. Preliminaries on SO(3) and SU(2)

Three-dimensional Lie groups are very important in physics [48]. In this regard,
the three-dimensional Lie groups SO(3) and SU(2) with Lie algebras so(3) and su(2), re-
spectively, are two physically significant groups. The group SO(3) denotes the group of or-
thogonal transformations with determinant equal to one (i.e., rotations of three-dimensional
space) and is defined by,

sO(3) &f

{M € GL(3,R): MM' = M'M = L33, detM = 1}. (66)
In Equation (66), GL(3, R) is the general linear group specified by the set of non-singular
linear transformations in R3 characterized by 3 x 3 non-singular matrices with real entries.
The letter “t”, instead, means the transpose of a matrix. The group SU(2) is the special
unitary group all 2 X 2 unitary complex matrices with determinant equal to one. It is
defined as,

su(2) & {M € GL(2,C) : MM" = M'M = D, det M = 1}. (67)

In Equation (67), GL(2, C) denotes the set of non-singular linear transformations in C?
specified by 2 x 2 non-singular matrices with complex entries, while the symbol “1” signi-
fies the Hermitian conjugation operation. Interestingly, while the Lie algebras s0(3) and
su(2) are isomorphic (i.e., 50(3) = su(2)), the Lie groups SO(3) and SU(2) are only locally
isomorphic. This means that they differ at a global level (i.e., far from identity), despite
the fact that they are not distinguishable in terms of infinitesimal transformations. This
distinguishability at the global level implies that the SO(3) and SU(2) do not give rise to
a pair of isomorphic groups. In particular, this distinguishability manifests itself in the
fact that while a rotation by 277 is the same as the identity in SO(3), the SU(2) group is
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periodic exclusively under rotations by 47. This implies that while it is an unacceptable
representation of SO(3), a quantity that acquires a minus sign under the action of a rotation
by an angle equal to 27t represents an acceptable representation of SU(2). Interestingly,
as pointed out in Ref. [49], spin-1/2 particles (or, alternatively, qubits) need to be rotated by
720° (i.e., 47t radians) to return to the original state. Moreover, while SU(2) is topologically
equivalent to the 3-sphere S3, SO(3) is topologically equivalent to the projective space RP3.
For completeness, note that RP? originates from S°® once one identifies pairs of antipo-
dal points. These comparative remarks between the groups SO(3) and SU(2) imply that
the groups that are actually isomorphic are the quotient group SU(2)/Z; and SO(3) (i.e.,

U(2)/Zy = SO(3)). From a formal mathematical standpoint, there exists an unfaithful
representation » of SU(2) as a group of rotations in R?,

def

def 23 = exp(E - A9) € SO(3), (68)

o SU(2) > USU(Z) (A, 9) = eXp( ZC . AQ) — Rso(3) (A, 9)

for any vector A = (Aj, Ay, A3) in R3. For mathematical accuracy, we emphasize that
the employment of the dot-notation in Equation (68) (and, in addition, in the following
Equations (70), (80) and (103)) represents an abuse of notation for the Euclidean inner
product. As a matter of fact, while A is simply a vector in R?, the quantity & specifies the
vector of Pauli operators that act on a two-dimensional complex Hilbert space. Note that
the vector E = (Ey, E, E3) in Equation (68) determines a basis of infinitesimal generators
of the Lie algebra so(3) of the group SO(3),

i [0 00 w0 01 [0 10
EE|[ 00 -1 |,EE 0 00 |, 1 0 0] (69)
01 0 -1 0 0 0 0 0

The matrices {E;} with j € {1,2,3} in Equation (69) fulfill the commutation relations,
[E1, En] = €k Ex with €}, being the usual Levi-Civita symbol. Alternatively, the infinitesi-
mal generators of the Lie algebra su(2) of the special unitary group SU(2) are determined
by icZ = (icZ1, icZs, icZs). These generators satisfy the commutation relations given by
(L), Zim| = 2icepXy. It is worthwhile mentioning that these latter commutation relations
are identical to those for SO(3) once one employs X;/2ic as a new basis for the algebra
su(2). The map s in Equation (68) is exactly two-to-one. Therefore, to a rotation of R3
about an axis specified by a unit vector A through an angle of 6 radians, there correspond
two 2 X 2 unitary matrices with determinant equal to one,

=

p¥

o A0 +2m) (70)

22 - AB) and, exp|

xp(5;-

Put differently, not only does SO(3) possess the traditional representation in terms of 3 x 3
matrices, it also enjoys a double-valued representation by means of 2 x 2 matrices acting on
C2. In this respect, spinors can be simply viewed as the complex vectors ( ! ¢? )f € C?
on which SO(3) operates in this double-valued manner. From a mathematical standpoint,
SU(2) offers in a natural manner a spinor representation of the two-fold cover of the
group SO(3). Note that SU(2) is known as the the spin group Spin(3) when it is viewed
as the two-fold cover of SO(3). Representing three-dimensional rotations by means of
two-dimensional unitary transformations is extraordinarily effective. In the framework
of quantum computing, this is particularly correct when demonstrating particular circuit
identities, when characterizing arbitrary one-qubit states and, finally, in constructing the
Hardy state [50]. To say it all, this representation has a remarkable role in the proof of
universality of quantum gates as proposed by Boykin and collaborators in Refs. [34,35].
In particular, the surjective homeomorphism s in Equation (68) represents a formidable
instrument for studying the product of two or more rotations. This is justified by the fact that
Pauli matrices fulfill uncomplicated product rules, ;% = dj,; + ic€rmr2k. Unfortunately,
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the infinitesimal generators {E;} with I € {1,2, 3} of s0(3) do not satisfy such simple
product relations and, for instance, E% = diag(0, —1, —1).

Having discussed some links between SO(3) and SU(2), we are now ready to introduce
the group Spin™ (3, 0).

4.1.2. ERROR: Failed to Execute System Command: Preliminaries on Spin™ (3, 0)

In the GA language, rotations are described by means of rotors and they represent one
of the most significant applications of geometric algebra. Moreover, Lie groups and Lie
algebras can be conveniently studied in terms of rotors. In the following, we present some
definitions. For further details on the Clifford algebras, we refer to Ref. [51].

Assume that G(p, q) specifies the GA of a space with signature (p, q), where p+4q =n
and # is the dimensionality of the space. Assume, in addition, that V is the space whose
elements are grade-1 multivectors. Then, Pin(p, q) is the so-called pin group with respect
to the geometric product and is given by,

Pin(p, q) % {M €G(p,q): MaM™L € VVa e V, MM = il}, (71)

with “1” specifying the GA reversion operation where, for example, (a1a2)" = apay. The el-
ements of the pin group Pin(p, q) can be partitioned into odd-grade and even-grade
multivectors. The even-grade elements {S} of the pin group Pin(p, q) generate a subgroup
known as the spin group Spin(p, q),

Spin(p, 7) % {s €Gi(pq):SaS eVVaeV,sst = il}, (72)

with G4 (p, q) being the even subalgebra of G(p, q). Then, rotors are nothing but multi-
vectors {R} of the spin group Spin(p, ) that fulfill the additional constraining condition
RR' = +1. These elements specify the so-called rotor group Spin™ (p, q) defined as,

spin*(p, 4) = {R € Gi(p,q) : RaR* € VVa € V, RR" = +1}. (73)

For spaces like the Euclidean spaces, Spin(n, 0) = Spin™ (n, 0). For such scenarios, the spin
group Spin(p, q) and the rotor group Spin™ (p, q) cannot be distinguished.

In the GA language, the double-sided half-angle transformation law that specifies the
rotation of a vector a by an angle 6 in the plane spanned by two unit vectors m and # is
given by

a— a < Rart (74)

The rotor R in Equation (74) is given by,

6
Rd:efnm:n-m+n/\m:exp(—B§), (75)
with the bivector B in Equation (75) being such that,
A
L2 and, B2 = 1. (76)
sin(3)

Thanks to the existence of the geometric product in the GA setting, rotors offer a unique
ways of characterizing rotations in geometric algebra. From Equation (75), observe that
rotors are mixed-grade multivectors since they are specified by the geometric product
of two unit vectors. Since no special significance can be assigned to the separate scalar
and bivector terms, the rotor has no meaning on its own. However, observe that the
exponential of a bivector always returns to a rotor and, in addition, all rotors near the origin
can be recast in terms of the exponential of a bivector. Therefore, since the bivector B has
a clear geometric meaning, when the rotor R is expressed in terms of the exponential of
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the bivector B, both R and the vector RaR" gain a clear geometrically neat significance.
Once again, this mathematical picture provides an additional illustrative example of one
of the hallmarks of GA. Specifically, both geometrically meaningful objects (vectors and
planes, for instance) and the elements (operators, for instance) that operate on them (in
this example, rotors {R} or bivectors { B}) belong to the same geometric Clifford algebra.
Observe that there is a two-to-one mapping between rotors and rotations, since R and —R
lead to the same rotation. In Figure 2, inspired by the graphical depictions by Doran and
Lasenby in Ref. [2], we illustrate a rotation in three dimensions from a geometric algebra
viewpoint. We stress that one usually thinks of rotations as taking place around an axis in
three-dimensions, a concept that does not generalize straightforwardly to any dimension.
However, the GA language leads us to regard rotations as taking place in a plane embedded
in a higher dimensional space. Therefore, rotations are described by equations that are
valid in arbitrary dimensions.

—

7

B d:"f mAn /la\

sina (m A n) — plane

Figure 2. Schematic depiction of a rotation in three dimensions from a geometric algebra viewpoint.
The vector v is rotated through an angle « in the m A n plane with m - n = cos(a) specified by a unit

bivector B % (m An)/sin(a) such that B2 = —1. After the rotation, v becomes v’ = RuR' with

R exp(—Ba/2) being the rotor describing the rotation in terms of the m A n plane and the rotation
angle a.

From a formal mathematical standpoint, the rotor group Spin™(p, q) furnishes a
double-cover representation of the rotation group SO(n). The Lie algebra of the rotor group
Spin™ (3, 0) is determined by means of the bivector algebra relations,

[By, Bm| = 2B; X By = —2¢€1,,x By, (77)

with “x” denoting the commutator product between two multivectors in GA framework.
Moreover, the bivectors { B;} with j € {1, 2, 3} are defined as

def . def . def .
B1 = 0203 = 1071, Bz = 0301 = 107, B3 = 0102 = 103. (78)

Note that the space of bivectors is closed under the commutator product “x”, given the
fact that the commutator of a first bivector with a second bivector produces a third bivector.
This closed algebra, in turn, specifies the Lie algebra of the corresponding rotor group
Spin™(p, q). The act of exponentiation generates the group structure (see Equation (75)).
Moreover, note that the product of bivectors fulfills the following relations,

BiBy = —0pm — €1miBr- (79)

The antisymmetric part of B; By, in Equation (79) is a bivector, whereas the symmetric part
of this product denotes a scalar quantity. As a concluding remark, we emphasize that the
algebra of the generators of the quaternions is like the algebra of bivectors in GA. For this
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reason, bivectors correspond to quaternions in the GA language. In Table 3, we report in a
schematic fashion a comparative description of SO(3), SU(2), and Spin™ (p, ).

Table 3. Schematic description of the relevant relations among SO(3), SU(2), and the rotor group
Spin™ (3, 0).

Lie Groups Lie Algebras Product Rules Operator, Vectors
SO(3) [Ei, Em] = €1ukEx Not useful Orthogonal transformations, vectors in R3
SU(2) (X1, Zm] = 2ice X XX = O+ IC€ Ik Unitary operators, spinors
Spin™(3,0) [B;, B] = —2€1,xBx BBy = —81 — €1k Bi Rotors (or bivectors), multivectors

Summing up, two main aspects of the GA language become visible. First, unlike when
struggling with matrices, GA offers a very neat and powerful technique to describe rotations.
Second, both geometrically significant quantities (vectors and planes, for example) and
the elements (i.e., operators) that act on them (in our discussion, rotors { R} or bivectors
{B}) are members of the very same GA. This second feature is a consequence of the fact
that one of the main practical goals of the GA approach is to carry out calculations without
ever needing to employ an explicit matrix representation. Focusing for simplicity on the
quantum theory of spin-1/2 particles, operators are objects in quantum isospace that act on
two-component complex spinors that belong to two-dimensional complex vector spaces.
In typical quantum-mechanical calculations, one fixes a basis of this Hilbert space to find a
matrix representation of the operator acting on an arbitrary quantum state vector expressed
as a linear combination of the basis vectors. Instead, the GA description of the quantum
mechanics of qubits is coordinate-free and all operations involving spinors occur without
abandoning the GA of space (i.e., the Pauli algebra).

Having introduced the group Spin™ (3, 0), we can discuss the concept of universal
quantum gates.

4.2. Universal Quantum Gates

Spins are discrete quantum variables that can represent both inputs and outputs of
suitable input-output devices such as quantum computational gates. Indeed, recollect that
a finite rotation can be used to express an arbitrary 2 x 2 unitary matrix with determinant
equal to one,

04 s 0. o .0
def p—icsn T Icos(i) —ich - Zsin(i). (80)

Usy) (7, 0) =
For this reason, we are allowed to view a qubit as the state of a spin-1/2 particle. In addition,
we can regard an arbitrary quantum gate, expressed as a unitary transformation that acts
on the state, as a rotation of the spin (modulo an overall phase factor). When any quantum
computational task can be accomplished with arbitrary precision thanks to networks
that consist solely of replicas of gates from that set, such a set of gates is known to be
adequate. In the case in which a network characterized by replicas of only one gate can
be used to perform any quantum computation, such a gate expresses an adequate set
and, in particular, is known to be universal. The Deutsch three-bit gate is an example of a

universal quantum gate [52]. This three-bit gate has a 8 x 8 unitary matrix representation
(Deutsch)

universal

def Deutsch
By3 2 {]000),100), 010), [001), [110), [101), 011}, [111) }, Desch)

specified by a matrix D (7). With respect to the network’s computational basis

(7v) becomes

(Deutsch) def Isxe Oéx2
Duniversal (7) - ( OZ><6 DZXZ(’Y) )r (81)
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with Ij; being the I x I identity matrix, O, denoting the m x k null matrix, and the
matrix Dy () being given by

def [ iccos(ZE)  sin(%E
D2x2(7y) —< sm(%z) i(ccos(Z%) ) .

From Equation (81), we note that the Deutsch gate is determined by the parameter
which can assume any irrational value. The Barenco three-parameter family of uni-
versal two-bit gates provides an alternative and equally relevant instance of univer-

sal quantum gate [53]. This gate has a 4 x 4 unitary matrix representation denoted
here as A5 (¢, a, 0). With respect to the network’s computational basis BH% def

universal

{100),110Y, [01), [11)}, A'B") (45 o 0) is defined as

universal
(Barenco) def by O2x2
‘Aumversal (¢I / 9) - ( ()2><2 142><2 (4), DC, 9) ) ’ (83)

with I denoting the I x [ identity matrix, O,,«x being the m x k null matrix, and the
matrix Apx2(¢, &, 0) being defined as
def eic® cos () —igeic(@=9) sin(p)
A ,u, 0 . ; ; . 84
2x2(¢, &, 0) = < —igeic(@t9) sin(g) e’ cos(0) (84)

From Equation (83), we observe that the Barenco gate is characterized by three parameters
¢, &, and 6. These parameters, in turn, are fixed irrational multiples of 7r and of each
other. In general, it happens that almost all two-bit (or, k-bits with k > 2) quantum
gates are universal [54,55]. Recall that if an arbitrary unitary quantum operation can be
accomplished with arbitrarily small error probability by making use of a quantum circuit
that only employs gates from S, then a set of quantum gates S is known to be universal.
In quantum computing, a relevant set of logic gates is provided by

def (A A
Sciitford = {H, P, Ucnor }- (85)

The set Sclifforq contains the Hadamard-H, the phase—l5 and the CNOT-Ucnor gates and
produces the so-called Clifford group. As pointed out in Ref. [56], this group is the
normalizer NV (G,) of the Pauli group G, in U (n). While the set of gates in Scyiforg suffices
to accomplish fault-tolerant quantum computing, it is not sufficient to carry out universal
quantum computation. Fortunately, if the gates in Scyifrorg are supplemented with the
Toffoli gate [57], universal quantum computation can be realized by

Sh def . .
St(mlvoérsal = {H, P, Ucnot, Uroffoli }- (86)

As demonstrated by Shor [57], the addition of the Toffoli gate to the generators of Sciifforg
(Shor)

gives rise to the universal set of quantum gates S, . in Equation (86). An alternative
example of a set of universal logic gates was proposed by Boykin and collaborators in
Refs. [34,35]. This different set of gates is defined as,

Stnpverat & {H, P, T, Uexor }. (87)
From a physical realization standpoint, the set of gates in Equation (87) is presumably
easier to implement experimentally than the set of gates in Equation (86) given that the
Toffoli gate Uroftoli is a three- -qubit gate while the 77/8-quantum gate T is a one- qubit gate.

We are now ready to revisit, from a GA language standpoint, the proof of univer-
sality of the set of quantum gates in Equation (87) as originally proposed by Boykin and
collaborators in Refs. [34,35].
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SO(3)

Spin* (3,0) 5 MM (1)

4.3. GA Description of the Universality Proof

The universality proof, as originally proposed by Boykin and collaborators in Refs. [34,35],
is quite elegant and relies on two main ingredients. First, it depends on the local isomor-
phism between the Lie groups SO(3) and SU(2). Second, it exploits the geometry of real
rotations in three dimensions. In the following, using the rotor group Spin™ (3, 0) along
with the algebra of bivectors (i.e., [B;, Bu] = —2¢;,,xB), we shall reconsider the proof in

the GA language.

(Boykinetal.) .

One can use two steps to present the universality proof of S in Equation (87).

universal
In the first step, one needs to demonstrate that the Hadamard gate H and the 7r/8-phase
gate T = ZA%/ * give rise to a dense set in the group SU(2) where, in the GA language,

we have
o def (1 0 & GA
Zg = ( 0 elca )/ g|lp> AN l/J)(jgz )= 0§¢03' (88)

The density of the set { H, T} implies that a finite product of H and T can approximate
any element aSU(z) € SU(2) to any suitably chosen degree of precision. Put differently, it
suffices to possess an approximate implementation of the element U with some particular
level of accuracy, when a circuit of quantum gates is employed to realize a suitably selected
unitary operation U. Assume we use a unitary transformation (I’ to approximate a unitary
operation U. Then, the so-called approximation error ¢(U, U’') is a good measure of the
quality of the approximation of a unitary transformation U in terms of U [58],

e(0, U') < max|| (T - T) ), (89)

with ||¢|| = /(¢|) denoting the Euclidean norm of |} and (:|-) being the usual inner
product settled on the complex Hilbert space being considered. In the second step of the
universality proof, it is required to stress that all that is needed for universal quantum
computing is Ucnor and SU(2) [59]. The local isomorphism between SO(3) and SU(2)
must be exploited to demonstrate that Aand T give rise to a dense set in SU(2). As a matter
of fact, using the set of gates { H, T}, we can generate gates that coincide with rotations
in SO(3, R) about two orthogonal axes by angles expressed as irrational multiples of 7.
Examine the following two rotations in SO(3) specified by means of rotors in Spin™ (3, 0),

£ icAy i 5 - . n £ icAyrtiy S -
u(l) d:e el(c/\lﬂ'}’ll P <_) el}’ll/\lﬂ' G Sp1n+ (3, 0), u(z) d_e elc/\zﬂnz X (_) eli’lz/\zﬂ’ (90)

S0(3) SO@3)

with A4, A, being irrational numbers in R/Q. Let us verify that the two rotations in
Equation (90) can be described by means of a convenient combination of elements belonging
to {A, T} with T = £1/4. Given that SU(2)/Z, = SO(3), it happens to be that

N A ; A A - PN
Ll g 14814 € SU(2) and, e ¢ 0Q) L po12g i g2 (91

SU(2) SU(2)

with ﬁ%/ = Hfé/ *A. Exploiting our findings described in Section 3 and, in addition,
hammering out the technical details in Refs. [34,35], the rotor representations of as%)(z) and

Ué%])(z) become

) LY CIE I N P Y SRR PR N
USU(Z)HR1—2<1+\E> 2\@101+2 1 NG ZU’2+2\610’3, (92)

and,

1) Y ST AT Y N T PR PR Y RN IR
USU(Z)HR2—2<1+\6) AVING 101+2102+2 2 h 103, (93)
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cos(Ay7T) =

respectively. Note that Ry and R; in Equations (92) and (93), respectively, denote rotors that
belong to Spin™ (3, 0). Observe that,

MM — oS (AgTT) + My SIN( AT )icy + Ny sin(Ag7)ion + ng, sin(Agr)ios, (94)
for unit vectors n with k = 1, 2. Therefore, putting eMMT = R;, we obtain
1 1 1 1 11
~(14+ —), nyysin(Am) = = (1 — —=), ny sin(A7w) = = —, ny, = —Hq,. 95
2( ﬁ)1y(1)2( ﬁ)lz(l)zﬁlx 1z (95)
After some algebraic calculations, the number A reduces to
1 41 1
== “(14 —)].
M —cos {2( + ﬁ)} (96)
Moreover, the unit vector 1 def 1501 + n1,0% + 11,03 becomes
1 1 1 1 1
Ny = (N1, N1y, N1z) = — ,=(1=-—), —= ). 97
1= (n 1y, 1) — 12(2\/52( \f>2ﬁ> (97)
- [a+3)]
Analogously, putting e"1427 = R,, we obtain
0s(Ma7T) = (14 -2, 13y Sin(Ap77) = =, 1132 SIN(A27T) = = (& — -, 11y = — 1125 (98)
2 ) \/E’ 2y 2 — 9 2z 2 DAY \/Er 2x — 2z-

After some additional algebraic calculations, we have that Ay = Ay. Therefore, from Equation (96),
A> becomes

1 41 1
Ay = — cos [2(1 + ﬁ)} (99)
The unit vector 7, def 12501 + 1207 + 12,03, instead, reduces to
1 1.1 1.11,1 1
—=(z——=), =, =(z——=) ). 1

ny = (nzx, nay, 7122) = \/

1-[ba+ )

As a consistency check, we can verify that Equations (97) and (100) imply that n1 - n, = 0.
Since Ay = Ay = A € R/Q, any phase factor ec? can be approximately described by e/c""A7
forsomen € N,

P~ e (101)
Equations (91) and (101) imply that we possess at least two dense subsets of SU(2, C). They
are characterized by ¢/* and ¢/f"2 where,

a ~ Anl (mod2m) and, B ~ Aml (mod27), (102)

with I € N. We observe that we are allowed to express any element USU(z) € SU(2,C) as,

HSU(Z) _ eicq&ﬁi & oM — pima,impyimy (103)
given that n1 and n, in Equations (97) and (100), respectively, are orthogonal (unit) vectors.
Interestingly, note that the decomposition in Equation (103) can be regarded as the analogue
of the Euler rotations about three orthogonal vectors. Expanding the left-hand-side and the
right-hand-side of the second relation in Equation (103), we obtain

" = cos(¢p) + insin(¢). (104)
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and,
e!M®em2Peim — [cos(a) + iny sin(a)][cos(B) + iny sin(B)][cos(y) + inysin(y)],  (105)

respectively. Recollecting that r1111p = n1 - ny + 1y A ny and, in addition, that the unit vectors
n1 and n, are orthogonal, we obtain

NNy = —nony. (106)

Furthermore, keeping in mind the following trigonometric relations

sin(a + B) = sin(a) cos(B) £ cos(a) sin(B) and, cos(a £ B) = cos(a) cos(B) F sin(a) sin(B), (107)
additional manipulation of Equation (105) along with the employment of Equations (106)
and (107), yields

e = cos(B) cos(a + ) + cos(B) sin(a + y)ing + sin(B) cos(y — a)iny + sin(B) sin(y — &)y A ny. (108)

Putting Equation (104) equal to Equation (108), we finally obtain
cos(¢) = cos(p) cos(a + ) (109)

and,

nsin(¢) = cos(p) sin(a + y)ny + sin(p) cos(y — a)ny — isin(B) sin(y — a) (1 A nyz). (110)

In closing, the parameters «,  and 7y can be obtained once Equations (109) and (110) are
inverted for any element in SU(2). Then, exploiting the fact that Ucnor and SU(2) give
rise to a universal basis of quantum gates for quantum computation [59], the GA version
of the universality proof as originally proposed in Refs. [34,35] is achieved.

As evident from our work, we reiterate that the GA language offers a very neat and
solid technique for encoding rotations which is significantly more powerful than computing
with matrices. Moreover, as apparent from several applications of GA in mathematical
physics, a conceptually relevant feature of GA appears. Namely, vectors (i.e., grade-1
multivectors), planes (i.e., grade-2 multivectors), and the operators acting on them (i.e.,
rotors R and bivectors B in our case) are elements that belong to the very same geometric
Clifford algebra.

5. Concluding Remarks

In this paper, we revisited the usefulness of GA techniques in two particular appli-
cations in QIS. In our first application, we offered an instructive MSTA characterization
of one- and two-qubit quantum states together with a MSTA description of one- and
two-qubit quantum computational gates. In our second application, instead, we used the
findings of our first application together with the GA characterization of the Lie algebras
SO(3) and SU(2) in terms of the rotor group Spin™ (3, 0) formalism to revisit the proof
of universality of quantum gates as originally proposed by Boykin and collaborators in
Refs. [34,35]. We can draw two main conclusions. First of all, in agreement with what was
stressed in Ref. [60], we point out that the MSTA approach gives rise to a useful conceptual
unification in which multivectors in real space provide a unifying setting for both the
complex qubit space and the complex space of unitary operators acting on them. Second of
all, the GA perspective on rotations in terms of the rotor group Spin™ (3, 0) undoubtedly
introduces both computational and conceptual benefits compared to ordinary vector and
matrix algebra approaches.

In the following, we present some additional remarks related to our proposed use of
GA in QIS.

[i] Inthe ordinary formulation of quantum computing, the essential operation is repre-
sented by the tensor product “®”. The basic operation in the GA approach to quantum
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computation, instead, is the geometric (Clifford) product. Unlike tensor products,
geometric products have transparent geometric interpretations. Indeed, using the
geometric product, one can use a vector (07) and a square (003) to form a cube
(010203). Alternatively, from two vectors (o1 and 0,), one can generate an oriented
square (0102). Also, among many more possibilities, one can form a square (0203)
from a cube (010203) and a vector (07).

[ii] (Complex)entangled quantum states in ordinary formulations of quantum computing
are replaced by (real) multivectors with a clear geometric interpretation within the GA
language. For instance, a general multivector M in €[(3) is a linear combination of
blades, geometric products of different basis vectors supplemented by the identity 1
(basic oriented scalar),

3
ME M1+ Y Mioj + Y Myojox + Mins10203, 111)

j=1 j<k

with j, k = 1, 2, 3. In this context, entangled quantum states are viewed as GA
multivectors that are nothing but bags of shapes (i.e., points, 1; lines, 0j; squares, 0;j0;
cubes, 0107203).

[iii] One of the key aspects of GA that we emphasized in Ref. [17] and reiterated in the
above point [ii] of this paper, is that (complex) operators and operands (i.e., states) are
elements of the same (real) space in the GA setting. This fact, in turn, is at the root of
the increasing number of works advocating for the use of online calculators capable of
performing quantum computing operations based on geometric algebra [20,21,26,27].
We are proud to see that our original work in Ref. [17] has had an impact on these
more recent works supporting the use of GA-based online calculators in QIS.

[iv] Describing and, to a certain extent, understanding the complexity of quantum mo-
tion of systems in entangled quantum states remains a truly fascinating problem
in quantum physics with several open issues. In QIS, the notion of quantum gate
complexity, defined for quantum unitary operators and regarded as a measure of the
computational work necessary to accomplish a given task, is a significant complexity
measure [33]. It would be intriguing to explore if the conceptual unification between
(complex) spaces of quantum states and of quantum unitary operators acting on such
states offered by MSTAs can allow for the possibility of yielding a unifying mathe-
matical setting in which complexities of both quantum states and quantum gates are
defined for quantities that belong to the same real multivectorial space. Note that
geometric reasoning demands the reality of the multivectorial space. Moreover, we
speculate that this conceptual unification may happen to be very beneficial with re-
spect to the captivating link between quantum gate complexity and the complexity of
the motion on a suitable Riemannian manifold of multi-qubit unitary transformations
given by Nielsen and collaborators in Refs. [61,62].

In view of our quantitative findings revisited here, along with our more speculative
considerations, we have reason to believe that the use of geometric Clifford algebras in
QIS together with its employment in the characterization of quantum gate complexity
appears to be deserving of further theoretical explorations [63—67]. Moreover, motivated
by our revisitation of GA methods in quantum information science together with our
findings appeared in Refs. [68,69], we think that the application of the GA language (with
special emphasis on the concept of rotation) can be naturally extended (for gaining deeper
physical insights) to the analysis of the propagation of light with maximal degree of
coherence [68,70,71] and, in addition, to the characterization of the geometry of quantum
evolutions [69,72-77].

We have limited our discussion in this paper to the universality for qubit systems.
However, it would be fascinating to explore the usefulness of the GA language in the context
of universality problems for higher-dimensional systems, i.e., qudits [78-81]. Interestingly,
for quantum computation by means of qudits [82], a universal set of gates is specified
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by all one-qudit gates together with any additional entangling two-qudit gate [78] (that
is, a gate that does not map separable states onto separable states). Finally, it would be
of theoretical interest to exploit our work as a preliminary starting point from which the
use of GA techniques from Grover’s algorithm with qubits [83-85] to Grover’s algorithm
with qudits [86] could be extended. For the time being, we leave these intriguing scientific
explorations as future works.
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Appendix A. From the Algebra of Physical Space to Spacetime Algebra

In this Appendix, we present essential elements of the algebra of physical space ¢((3)
together with the spacetime Clifford algebra c[(1, 3).

Appendix A.1. Algebra of Physical Space cl(3)

Geometric algebra is Clifford’s generalization of complex numbers and quaternion
algebra to vectors in arbitrary dimensions. The result is a formalism in which elements of
any grade (including scalars, vectors, and bivectors) can be added or multiplied together
and is called geometric algebra. For two vectors a and b, the geometric product is the sum of
an inner product and an outer product given by

b . p1and. (A1)

-~

The geometric product is associative and has the crucial feature of being invertible.

In three dimensions where @ and b are three-dimensional vectors, the inner product
is a scalar (grade-0 multivector) and the outer product is a bivector (grade-2 multivector).
Considering a right-handed frame of orthonormal basis vectors 7, €3, €3, we have

—

186m = €1 - € + € N\ € = Opy + €1kl (A2)

where i % €16,¢3 is the pseudoscalar which is a trivector (grade-3 multivector) and it is
the directed unit volume element. Pauli spin matrices also satisfy a relation similar to
Equation (A2). Thus, Pauli spin matrices form a matrix representation of the geometric
algebra of physical space. The geometric algebra of three-dimensional physical space (APS)
is spanned by one scalar, three vectors, three bivectors, and one trivector which defines a
graded linear space of 8 = 23 dimensions called ¢[(3),

<((3) ¥ Span{1; 81, &, 5; 8185, 273, 8521 216273 ) (A3)
We also have that i2 = —1. Since &),¢,¢3 in the Pauli algebra are given by Pauli spin
matrices, we can write i = —i where “1” is the Hermitian conjugate in the Pauli spin
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matrices. This can give a geometric interpretation of 7 in quantum mechanics. For a general
multivector M in ¢[(3), we can write

M=a+d+B+pi (A4)

where « and B are scalars denoted by (M), @ is a vector denoted by (M),, B is a bivector
denoted by (M),, and i is a trivector denoted by (M),

M= Z (M) = (M)y + (M) + (M), + (M) (A5)

A bivector B can be written as B = ib, where b is a vector. Substituting this into Equation (A5)
we obtain
M = a+d+ib+ iB = scalar+ vector+ bivector+ trivector. (A6)

Equation (A6 ) can be rearranged as (complex scalar + complex vector) = (« +ig) + (@ + ib)
which can be written as

M = <M>c5 + <M>cv = [<M>rs + <M>zs] + [<M>rv + <M>w] = MO + M (A7)
where (M)  is the sum of real and imaginary scalar components,

def
cs

(M), € M® = (M), + (M), (A8)

while (M), consists of real and imaginary vector components

. def

<M>cv MO = <M>rv + <M>iv' (A9)

This is referred to as a paravector and it is used by Baylis to model spacetime. More details
can be found in Refs. [87-90].

Two involutions can be used, the reversion or Hermitian adjoint “t” and the spatial
reverse or Clifford conjugate “3”. For an arbitrary element multivector M = & 4 @ + ib + iB,
these involutions are defined as,

My 45— ib—ipand, MF o —7—ib +ip. (A10)

We use here the following notation M 4ef NIt Useful identities are,

(M), = 5 [M+M* + M+ (M*)i], (M), = i[Mi + (M) —M—M*}, (A11)

i i

(M5 = }L {M—M+ +MF - (M*)i], (M), = 41; {M* ~ M+ M- (M*)*]. (A12)

Moreover, an important algebra of physical space vector is the vector derivatives d and
9 % 3t defined by,

0= ol = ¢ 19, —Vand, 9= (_eVBV =c 19+ V. (A13)
Finally, the d’Alambertian differential wave scalar operator U, (3) in the APS formalism is,

Oens) & 99 = ele’d"d, = 6049, = 99, = & = ¢ 29} — V2, (A14)
It describes lightlike traveling waves. For additional technical details on the algebra of
physical space ¢[(3), we refer to Ref [2]. In the next subsection, we present elements of the
spacetime algebra cl(1, 3).
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Appendix A.2. Spacetime Algebra cl(1,3)

The spacetime algebra (STA) is constructed based on four orthonormal basis vectors
Y0, 71, Y2, ¥3 Where 7 is timelike and <4, 2, y3 are spacelike vectors and form a right-
handed orthonormal basis set such that

10 =1 107 =0, vi -7 =65 i,j=12,3 (A15)
which can be summarized as
Yu Y =y = diag(+ - ——); p,v=0,...,3. (A16)
There are two types of bivectors given by
(vi A)? = =77 = —Land (v A0)® = 10" = 1. (A17)

Finally, there is the grade-4 pseudoscalar, defined by

. def
i = %7117273 (A18)

The spacetime algebra, ¢[(1,3) has 16 terms which includes one scalar, four vectors ('yy),
six bivectors (7, A y), four trivectors (i7; ), and one pseudoscalar (i = v9y17273) which
give 2¢ = 16 dimensional STA. Therefore, a basis for the spacetime algebra is given by

A general element is written as
def v
M= Y (M), =a+a+B+ib+ip, (A20)
k=0

where & and B are scalars, 4 and b are vectors and B is a bivector. The vector generators of
spacetime algebra satisfy

YuYv + VY = 2o (A21)

These relations indicate that the Dirac matrices are a representation of spacetime algebra
and Minkowski metric tensor’s nonzero terms are (4o, 711, 22, 33) = (1, =1, =1, —1).
A map between a general spacetime vector a = a1y, and the even subalgebra of the STA
c[*(1,3) when 7 is the future-pointing timelike unit vector is given by

ayp=ap+a (A22)

where
ag=a-yp, d=aN "o (A23)

and 4 is an ordinary spatial vector in three dimensions which can be interpreted as a

spacetime bivector. Since the metric is given by 7, def diag(+ — ——), the matrix has no
zero eigenvalues and a trace equal to —2 which is in agreement with c[(1,3). If instead,
the metric is chosen such that the trace is +2, the algebra associated with that would be
¢[(3,1) which is not isomorphic to c[(1,3). In geometric algebra, the pseudoscalar which
is the highest-grade element determines the metric. For the spacetime Lorentz group,
the pseudoscalar satisfies i> = —1. Since n = 4 for this space, i anticommutes with
odd-grade and commutes with even-grade multivectors of the algebra

iP = £Pi (A24)

where (+) refers to the case when P is even and (—) is the case when P is odd. Animportant
spacetime vector derivative V is defined by
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v &, = 4% 10, + 419;. (A25)
Post-multiplying by 70 gives
Vo =c¢ 1+ 9900, = ¢ 19y — V (A26)

where V is the usual derivative defined in vector algebra. Multiplying the spacetime vector
derivative by 7° gives
YoV =c19; + V. (A27)

Finally, we notice that the spacetime vector derivative satisfies the following relation
0= (10V)(V10) = ¢ 20f — V2 (A28)

which is the d’Alembert operator used in the description of lightlike traveling waves.
Additional technical details on the spacetime Clifford algebra c[(1,3) can be found in [2].
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