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Preface

This book is devoted to the study of exotic and non-standard mathematical methods
in quantum computing. The principal ingredients of quantum computation are
qubits and their transformations, which can be provided in different ways: first
mathematically, and they can then be further realized in hardware.

In this book we consider various extensions of the qubit concept per se, starting
from the obscure qubits introduced by the authors, and other fundamental general-
izations. We then introduce a new kind of gate, higher braiding gates, which are
implemented for topological quantum computations, as well as unconventional
computing, when computational complexity is affected by its environment, which
needs an additional stage of computation. Other generalizations are also considered
and explained in a widely accessible and easy to understand style.

This book will be useful for graduate students and last year students for
additional advanced chapters of lecture courses in quantum computer science and
information theory.

Steven Duplij and Raimund Vogl

Miinster, Germany
August 2023
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Chapter 1

Obscure qubits and membership amplitudes

Nowadays, the development of quantum computing technique is governed by
theoretical extensions of its ground concepts (Nielsen and Chuang 2000, Kaye
et al 2007, Williams and Clearwater 1998). One of these extensions is to allow two
kinds of uncertainty, sometimes called randomness and vagueness/fuzziness (for a
review, see, Goodman and Nguyen 2002), which leads to the formulation of
combined probability and possibility theories (Dubois et al 2000) (see, also,
Bélohlavek 2002, Dubois and Prade 2000, Smith 2008, Zimmermann 2011).
Various interconnections between vagueness and quantum probability calculus
were considered in Pykacz (2015), Dvureéenskij and Chovanec (1988), Bartkova
et al (2017), and Granik (1994), including the treatment of inaccuracy in measure-
ments (Gudder 1988, 2005), non-sharp amplitude densities (Gudder 1989), and the
related concept of partial Hilbert spaces (Gudder 1986).

Relations between truth values and probabilities were also given in Bolotin
(2018). The hardware realization of computations with vagueness was considered in
Hirota and Ozawa (1989), and Virant (2000). On the fundamental physics side, it
was shown that the discretization of space-time at small distances can lead to a
discrete (or fuzzy) character for the quantum states themselves.

With a view to applications of these ideas in quantum computing, we introduce a
definition of quantum state that is described by both a quantum probability and a
membership function (Duplij and Vogl 2021), and thereby incorporate vagueness/
fuzziness directly into the formalism. In addition to the probability amplitude, we
will define a membership amplitude, and such a state will be called an obscure/fuzzy
qubit (or qudit) (Duplij and Vogl 2021).

In general, the Born rule will apply to the quantum probability alone, while the
membership function can be taken to be an arbitrary function of all of the
amplitudes fixed by the chosen model of vagueness. Two different models of
obscure-quantum computations with truth are proposed below: (1) a Product
obscure qubit, in which the resulting amplitude is the product (in C) of the quantum

doi:10.1088/978-0-7503-5281-9ch1 1-1 © IOP Publishing Ltd 2023


https://doi.org/

Innovative Quantum Computing

amplitude and the membership amplitude; and (2) a Kronecker obscure qubit, for
which computations are performed in parallel, so that quantum amplitudes and the
membership amplitudes form vectors, which we will call obscure-quantum ampli-
tudes. In the latter case, which we call a double obscure-quantum computation, the
protocol of measurement depends on both the quantum and obscure amplitudes. In
this case, the density matrix need not be idempotent. We define a new kind of gate,
namely, obscure-quantum gates, which are linear transformations in the direct
product (not in the tensor product) of spaces: a quantum Hilbert space and a so-
called membership space having special fuzzy properties (Duplij and Vogl 2021). We
then introduce a new concept of double (obscure-quantum) entanglement, in which
vector and scalar concurrences are defined and computed for concrete examples.

1.1 Preliminaries

To establish a notation standard in the literature (see, e.g. Nielsen and Chuang 2000,
Kaye et al 2007), we present the following definitions. In an underlying d-dimen-
sional Hilbert space, the standard qudit (using the computational basis and Dirac
notation) H c(ld) is given by

d-1
|y @)y = Yaili), aeC,|iye (1.1)
i=0

where a; is a probability amplitude of the state| i). (For a review, see, e.g. Genovese
and Traina 2008, Wang et al 2020.) The probability ,; to measure the ith state is
p=F(a,...,a,), 0<p <1, 0<i<d- 1 The shape of the functions F, is
;1:0 D
(L = 1) quantum gate is a unitary transformation U?): J éd) - K éd) described by
unitary d X d complex matrices acting on the vector (1.1), and for a register containing
L qudits quantum gates are unitary d* x d* matrices. The quantum circuit model
(Deutsch 1985, Barenco et al 1995) forms the basis for the standard concept of
quantum computing. Here the quantum algorithms are compiled as a sequence of
elementary gates acting on a register containing L qubits (or qudits), followed by a
measurement to yield the result (Lloyd 1995, Brylinski and Brylinski 1994).

For further details on qudits and their transformations, see for example the
reviews by Genovese and Traina (2008) and Wang et al (2020) and the references
therein.

governed by the Born rule F(ay, ..., a) =|a; |, and ) = 1. A one-qudit

1.2 Membership amplitudes

Innovation 1.1. We define an obscure qudit with d states via the following super-
position (in place of that given in (1.1))

d-1
|wid) = Yaail i), (1.2)
i=0
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where a; is a (complex) probability amplitude a; € C, and we have introduced a (real)
membership amplitude a;, with a; € [0, 1],0<i<d - 1.

The probability ,; to find the ith state upon measurement and the membership
function y; (of truth) for the ith state are both functions of the corresponding
amplitudes, as follows

pi = F}Ji(a(]a LRI ad—l)’ 0 <p, < 1) (13)

Hi = F;t[(a()a LRRE) ad—l)a 0 < Hi < 1. (14)

The dependence of the probabilities of the ith states upon the amplitudes, i.e., the
form of the function F, is fixed by the Born rule

F}),»(ab LRI an) = | a; |2a (15)

while the form of F, will vary according to different obscurity assumptions. In this
paper we consider only real membership amplitudes and membership functions—
complex obscure sets and numbers were considered in Buckley (1989), Ramot ef al
(2002), and Garrido (2012). In this context, the real functions F, and F,
0 < i £ d - 1will contain complete information about the obscure qudit (1.2).

We impose the normalization conditions

d-1
dYp=1. (1.6)
i=0

d—1
=1 (1.7)
i=0

where the first condition is standard in quantum mechanics, while the second
condition is taken to hold by analogy. Although (1.7) may not be satisfied, we will
not consider that case.

For d = 2, we obtain for the obscure qubit the general form, instead of that in

(1.2),

| Wé§)> =aao | 0) + aar | 1), (1.8)
F,(ay, @) + F,(a, a) = 1, (1.9)
E, (a0, &) + F, (a0, 1) = 1. (1.10)

The Born probabilities to observe the states | 0) and | 1) are

Py = Fp a0, a) =l ag P, p, = F,""(ao, @) = | a . (1.11)

1-3
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Innovation 1.2. The membership functions are

Ho = E(ao, o), py = F,(ao, a). (1.12)

If we assume the Born rule (1.11) for the membership functions as well
m,(ao, ) = 0102, Et,(ao, ) = 0512, (1.13)

which is one of various possibilities depending on the chosen model, then

laoP +|ar P =1, (1.14)

ag + af = 1. (1.15)

Using (1.14)—(1.15) we can parameterize (1.8) as
6, 6,
|1//(fﬁ)>—cos—cos—|0>+e"”s1n§s1n5| 1), (1.16)

0<0<n, 0<¢@<2r, 0<6g,<m (1.17)

Therefore, obscure qubits (with Born-like rule for the membership functions) are
geometrically described by a pair of vectors, each inside a Bloch ball (and not as
vectors on the boundary spheres, because ‘| sin |, | cos |<1 °), where one is for the
probability amplitude (an ellipsoid inside the Bloch ball with §, = const;) and the
other is for the membership amplitude (which is reduced to an ellipse, being a slice
inside the Bloch ball with = const,, ¢ = const;). However, the norm of the obscure
qubits is not constant because

(2)
<Wob

In the case where 0 = §,, the norm (1.18) becomes1 — % sin” @, reaching its minimum
%When9=0”= >

Note that for complicated functions F, (ao, ), the condition (1.15) may be not
satisfied but the condition (1.7) should nevertheless always be valid. The concrete
form of the functions F, (@, ) depends upon the chosen model. In the simplest

case, we can identify two arcs on the Bloch ellipse for aj, a; with the membership
functions and obtain

1 1 1
‘//o(ﬁ)> 5+ cos (6+6,)+ 7 °08 (60 - 6,). (1.18)

2

F, (a0, @) = = arctan =, (1.19)
T Qg
2

F, (g, ay) = = arctan 22, (1.20)
T a

1-4
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such that p, + 4, = 1, as in (1.7).

In Mannucci (2006) and Maron et al (2013) a two stage special construction of
quantum obscure/fuzzy sets was considered. The so-called classical-quantum
obscure/fuzzy registers were introduced in the first step (for » = 2, the minimal

case) as
|s)r =T =f10)+ Jf 1), (1.21)
|s)g=1/1—g|0)+@|1), (1.22)

where 1, g € [0, 1] are the relevant classical-quantum membership functions. In the
second step their quantum superposition is defined by

| s) =cr|s); + cgls)e, (1.23)

where ¢, and ¢, are the probability amplitudes of the fuzzy states | s), and | s),,
respectively. It can be seen that the state (1.23) is a particular case of (1.8) with

aoty = cpy1 — f + ¢l — g, (1.24)

oqa; = C/\/7 + Cg\/g. (125)

This gives explicit connection of our double amplitude description of obscure
qubits with the approach (Mannucci 2006, Maron et a/ 2013) which uses probability
amplitudes and the membership functions. It is important to note that the use of the
membership amplitudes introduced here «; and (1.2) allows us to exploit the
standard quantum gates but not to define new special ones, as in Mannucci
(2006) and Maron et al (2013).

Another possible form of F, (ao, a1) (1.12), with the corresponding membership
functions satisfying the standard fuzziness rules, can be found using a standard
homeomorphism between the circle and the square. In Hannachi et a/ (2007b) and
Rybalov et al (2014), this transformation was applied to the probability amplitudes
do, 1.

Innovation 1.3. Here we exploit it for the membership amplitudes a4

2 . 2 .
E, (a0, o) = garcsin\/ agsign ay — agsign ap + 1 ’ (1.26)
T 2
2 . 2 .
F, (a, @) = %arcsin\/ oSign ao + ;‘1 signog + 1 (1.27)
/s

So for positive ag, |, we obtain (cf Hannachi et a/ 2007b)

1-5
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2 . lag—af+1
F, (a0, a1)=;arcsm %, (1.28)

F,(a, ) = 1. (1.29)
The equivalent membership functions for the outcome are

max (min (E.(@o, @), 1 = E,(a, @), min (1 = E, (a0, @), F, (o, al)), (1.30)

min (max (Fufao, a), 1 = E,(ao, o)), max (1 = E, (a0, @), F, (@, al)). (1.31)

There are many different models for F, (a, ) which can be introduced in such
a way that they satisfy the obscure set axioms (Dubois and Prade 2000,
Zimmermann 2011).

1.3 Transformations of obscure qubits

Let us consider the obscure qubits in the vector representation, such that

10 =(g) 1v=(%) (13)

are basis vectors of the two-dimensional Hilbert space J éz). A standard quantum
computational process in the quantum register with L obscure qubits (qudits (1.1)) is
performed by sequences of unitary matrices U of size 2L x 2L (nl x nt), U'U = |,
which are called quantum gates (| is the unit matrix). Thus, for one obscure qubit, the
quantum gates are 2 X 2 unitary complex matrices.

Innovation 1.4. In the vector representation, an obscure qubit differs from the
standard qubit (1.8) by a 2 X 2 invertible diagonal (not necessarily unitary) matrix

| w ) = Mo, @) | y?), (1.33)
M(ao, a1) = ((Z)O 21)- (1.34)

We call M(a, o) @ membership matrix which can optionally have the property
trM? =1, (1.395)

if (1.15) holds.
Let us introduce the orthogonal commuting projection operators

P, = ((1) 8) P, = (8 ‘1)) (1.36)

1-6
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P; =P, P}=P, PP, =PP,=0, (1.37)

where 0 is the 2 X 2 zero matrix. Well-known properties of the projections are that
Poly®)=ag|0), Pily®)=al0), (1.38)

WO Py ) =lag P, @PIPy?)=]al. (1.39)

Innovation 1.5. The membership matrix (1.34) can be defined as a linear combination
of the projection operators with the membership amplitudes as coefficients

M(a(), a) = aoPy + oyP;. (140)
We compute

Mao. @) ) = agao | 0) + afa | 1). (1.41)

We can therefore treat the application of the membership matrix (1.33) as
providing the origin of a reversible but non-unitary obscure measurement on the
standard qubit to obtain an obscure qubit—cf the mirror measurement (Battilotti
and Zizzi 2004, Zizzi 2005) and also the origin of ordinary qubit states on the fuzzy
sphere (Zizzi and Pessa 2014).

An obscure analog of the density operator (for a pure state) is the following form
for the density matrix in the vector representation

2 2 *

@ _ 1,2 @] _|% | a0 |° apagaian

p& = v (ws | = Lo (1.42)
agdoua; oy | a |

with the obvious standard singularity property detp!? =0. But trp() =
ag |ag? + af | a; > # 1, and here there is no idempotence (pcff’)f + péﬁ), which
can distinct p éﬁ) from the standard density operator.

1.4 Kronecker obscure qubits

We next introduce an analog of quantum superposition for membership amplitudes,
called ‘obscure superposition’ (cf Cunha et al/ 2019, and also Toffano and Dubois
2017).

Innovation 1.6. Quantum amplitudes and membership amplitudes will here be
considered separately in order to define an obscure qubit taking the form of a double
superposition (cf (1.8), and a generalized analog for qudits (1.1) is straightforward)
Aol 0) + A1)

\/5 s

| Wob) = (1.43)

1-7
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where the two-dimensional vectors
do, 1
Ao 1= [ao’ 1] (1.44)
are the (double) obscure-quantum amplitudes of the generalized states | 0), | 1).
For the conjugate of an obscure qubit we put (informally)

AG(O | + A1
\/5 s

where we denote Aj | = [ao’"l ap, 1 |, such that A5 Ag 1 =|ao > + ao% - The

(Yoo | = (1.45)

(double) obscure qubit is normalized in such a way that, if the conditions (1.14)-
(1.15) hold, then

2 2
| ao P + | a | ay + o
2 2

(Woo| o) = =1. (1.46)

Innovation 1.7. A measurement should be made separately and independently in the
probability space and the membership space, which can be represented using an analog
of the Kronecker product.

Indeed, in the vector representation (1.32) for the quantum states and for the
direct product amplitudes (1.44) we should have

1
| Wob)o) = on Qx ((1)) + A ®x ((1)), (1.47)

where the (left) Kronecker product is defined by (see (1.32))

[

€ = ((1)), € = ((1)), €0,1 € %éz)-

Informally, the wave function of the obscure qubit, in the vector representation,
now lives in the four-dimensional space of (1.48), which has two two-dimensional
spaces as blocks. The upper block, the quantum subspace, is the ordinary Hilbert
space H 0(12), but the lower block should have special (fuzzy) properties, if it is treated
(@]

memb*

_ [a(ceo + del)]

a(cey + del) (1.48)

as an obscure (membership) subspace V

where lives ’ ‘Pfﬁ», is not an ordinary tensor product of vector spaces because of

Thus, the four-dimensional space,

(1.48) and the vector A on the lhs has entries of different natures, i.e., the quantum

1-8
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amplitudes @y ; and the membership amplitudes a,_ ;. Despite the unit vectors in
H C(lz) and Vrfe)mb having the same form (1.32), they belong to different spaces (because
they are vector spaces over different fields). Therefore, instead of (1.48), we

introduce a Kronecker-like product ® y by

al = c a(cey + dey)
— 1.49
[a] ®x (d) [ alcey + dey) ]’ (1.49)
ey = ((1)) e = ((1)) 1€ HY, (1.50)
(1) ()
a=(y) " a=()" aie v (1.51)

In this way, the obscure qubit (1.43) can be presented in the from

O], o]0
| o) = —= ao((l))(ﬂ) iG] al((l))“‘) (1.52)

_ L]y Lfae)
— /2 Laogo J2 Laa [
Therefore, we call the double obscure qubit (1.52) a Kronecker obscure qubit to

distinguish it from the obscure qubit (1.8). It can be also presented using the
Hadamard product (the element-wise or Schur product)

[e]@n(3)= 2] (1.53)

i Rl
NG 7

where the unit vectors of the total four-dimensional space are

in the following form

| Yop) = —=Ao ®y Eo + —=A ®y Ei, (1.54)

e
Eo.1 = [ °’1] € HP X Vi (1.55)

€0, 1

The probabilities p, | and membership functions y, , of the states| 0) and| 1) are
computed through the corresponding amplitudes by (1.11) and (1.12)

p[ = | a; |2’ ﬂj = El,-(a(h al)a l: 05 15 (156)

and in the particular case by (1.13) satisfying (1.15).
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By way of example, consider a Kronecker obscure qubit (with a real quantum
part) with probability p and membership function u (measure of trust) of the state
| 0), and of the state| 1) given by 1 — p and 1 — y, respectively. In the model (1.19)-
(1.20) for y,; (which is not Born-like) we obtain

)]l
vyl 0 1 t=r
| ob>_ﬁ Coszlu w | + ﬁ 0 ()
02 Sin%,u (1.57)

1 [ N/ 1 el —p

— +
J2 | € cos %/4 J2 | & sin %,u

where €; and ¢; are unit vectors defined in (1.50) and (1.51).

This can be compared, e.g., with the classical-quantum approach (1.23), and
Mannucci (2006) and Maron et al (2013), in which the elements of the columns are
multiplied, while we consider them independently and separately.

1.5 Obscure-quantum measurement

Let us consider the case of one Kronecker obscure qubit register L = 1 (see (1.47)), or
using (1.48) in the vector representation (1.52). The standard (double) orthogonal
commuting projection operators, Kronecker projections, are (cf (1.36))

p-| O po|0 O (1.58)
“Tlo Pyl o PRI '

where 0 is the 2 X 2 zero matrix, and ng)l are the projections in the membership

subspace Vr(nzgmb (of the same form as the ordinary quantum projections P, ; (1.36))

(1) ()
P =5 o) P=(0 )" PP cEnavR, )
P2 = Py, PP = P, PYPY = PPIPY) = 0. (1.60)
For the double projections we have (cf (1.37))
P;=R, P=P, RR=PPR =0, (1.61)

where 0 is the 4 X 4 zero matrix, and P, | act on the Kronecker qubit (1.58) in the
standard way (cf (1.38))

1-10
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1 QO((I)) o [aoeo]_L

Py | W) —2 (1)(”) = f ae | = \/EAO ®y Eo, (1.62)
Qo
0
1 al(?) 1 1
P W) = = - | o] - <5 O B (1.63)

S0

Observe that for Kronecker qubits there exist in addition to (1.58) the following
orthogonal commuting projection operators

p= | O po= | 0 (1.64)
01 0 PY‘) 5 10 O Pgl) 5 .

and we call these the crossed double projections. They satisfy the same relations as
(1.61)
P =By, Piy =Ry, PP = PP =0, (1.65)

but act on the obscure qubit in a different (mixing) way than (1.62), i.e.,

POll\I’ob>=% ZTES; =%[‘2§f] (1.66)
| 1 _

_al(o)_
1 1 1 e
P | W) = ——[“l 1].

A0€o

B _ao((l))_ -5 (1.67)

The multiplication of the crossed double projections (1.64) and the double
projections (1.58) is given by

_ _ [P O] _ _ N L
PPy = By = [0 0] =Q), PP =PPF = [0 Pgﬂ)] =Q/", (1.68)
0 0 P, O
- - =W - —|m —
PPy = BP = [O Pgt)] =Qy’, PP =PP, [O O] =Q, (1.69)

where the operators Q,, Q; and QY’, Q¥ satisfy
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Qi =Qy Qi =0Q;, QQy=QQ =0, (1.70)
Q(él)2 — le)’ Q{ﬂ)z QOt) Q(.M)Q(ﬂ) Q(ﬂ)Q(ﬂ (1'71)
Q’'Qy = Q§’'Q; = QIQY’ = QQ" =0, (1.72)

and we call these ‘half Kronecker (double) projections’.

These relations imply that the process of measurement when using Kronecker
obscure qubits (i.e. for quantum computation with truth or membership) is more
complicated than in the standard case.

To show this, let us calculate the obscure analogs of expected values for the
projections above. Using the notation

A= (T | A ¥p). (1.73)

Then, using (1.43)—(1.45) for the projection operators P, P;, Q;, QW, i, j=0,1,
i # j, we obtain (cf (1.39))

_ 2+ a’ . a; P +
Pj= |al| +a1 , sz | I a , (174)
2 2
~ _lal ~w _ o (1.75)
Ql 2 H [ 2 .

So follows the relation between the obscure analogs of expected values of the
projections

=Q+Q", P=Q +QV. (1.76)

Taking the ket corresponding to the bra Kronecker qubit (1.52) in the form
1 1
(¥ | = f[am 0), al 0]+ f[al*(o D, a0 D], (1.77)

a Kronecker (4 x 4) obscure analog of the density matrix for a pure state is given by
(cf (1.42))

| ao |2 apay”  agdy Ao

aa; | a |2 aay  ao

Pai = | Won) (op | = (1.78)

4 2 *
2 g apa @ Qo

; 2
mag g apon o

If the Born rule for the membership functions (1.13) and the conditions (1.14)—
(1.15) are satisfied, then the density matrix (1.78) is non-invertible because

det p'? = 0 and has unit trace trpy) = 1 but is not idempotent( (2>) # p? because
it holds for the ordinary quantum density matrix (Nielsen and Chuang 2000).
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1.6 Kronecker obscure-quantum gates

In general, (double) obscure-quantum computation with L Kronecker obscure
qubits (or qudits) can be performed by a product of unitary (block) matrices U of
the (double size to the standard one) size 2 x (2F x 2L) (or 2 x (nt x nl)), U'U =1
(here I is the unit matrix of the same size as U). We can also call such computation a
quantum computation with truth (or with membership).

Let us consider obscure-quantum computation with one Kronecker obscure
qubit. Informally, we can present the Kronecker obscure qubit (1.52) in the form

#(@) |
% (Z?)w

Innovation 1.8. The state | W,,) can be interpreted as a vector in the direct product

(not tensor product) space I, (;2) x VO . where H éz) is the standard two-dimensional
2)

Hilbert space of the qubit, and V2 . can be treated as the membership space, which
has a different nature from the qubit space and can have a more complex structure.

| Wop) = (1.79)

For discussion of similar spaces, see for example Dubois et al (2000), Bélohlavek
(2002), Smith (2008), and Zimmermann (2011). In general, one can consider
obscure-quantum computation as a set of abstract computational rules, independ-
ently of the introduction of the corresponding spaces.

An obscure-quantum gate will be defined as an elementary transformation on an
obscure qubit (1.79) and is performed by unitary (block) matrices of size 4 x 4 (over
C) acting in the total space (> x V{2

memb
= u o T =UU =
U_(O UW), UU'=UU =1, (1.80)
UU™ = UTU = |, UWUWT = UWiyw = I, U e End%?, UM € End V., (1.81)

where I is the unit 4 x 4 matrix, | is the unit 2 x 2 matrix, and U and U® are unitary
2 X 2 matrices acting on the probability and membership subspaces, respectively.
The matrix U (over C) will be called a quantum gate, and we call the matrix U® (over
R) an obscure gate. We assume that the obscure gates U® are of the same shape as
the standard quantum gates, but they act in the other (membership) space and have
only real elements (see, e.g. Nielsen and Chuang 2000). In this case, an obscure-
quantum gate is characterized by the pair {U, U%}, where the components are
known gates (in various combinations), e.g., for one qubit gates: Hadamard, Pauli-
X (NOT),Y,Z (or two qubit gates e.g. CNOT, SWAP, etc). The transformed qubit then
becomes (informally)
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U | ¥) = (1.82)

Thus, the quantum and the membership parts are transformed independently for the
block diagonal form (1.80). Some examples of this can be found, e.g., in Domenech
and Freytes (2006), Mannucci (2006), and Maron et a/ (2013). Differences between
the parts were mentioned in Kreinovich et a/ (2011). In this case, an obscure-
quantum network is physically realized by a device performing elementary oper-
ations in sequence on obscure qubits (by a product of matrices), such that the
quantum and membership parts are synchronized in time; for a discussion of the
obscure part of such physical devices, see Hirota and Ozawa (1989), Koczy and
Hirota (1990), Virant (2000), and Kosko (1997). Then, the result of the obscure-
quantum computation consists of the quantum probabilities of the states together
with the calculated level of truth for each of them (see, e.g. Bolotin 2018).

For example, the obscure-quantum gate Uy yor = {Hadamard, NOT} acts on the

state E, (1.55) as follows
o) | _|v2\

N~ | row
61 10)
It would be interesting to consider the case when U (1.80) is not block diagonal
and try to find possible physical interpretations of the non-diagonal blocks.

UH ,NOTEO = UH,NOT

1
| Feoten (1.83)

€1

1.7 Double entanglement

Let us introduce a register consisting of two obscure qubits (L = 2) in the
computational basis | ij’) = | i) ® | '), as follows

Boo’ [ 00) + By | 10") + Bo1/ | 01") + Byy [ 117)
7 ,

determined by two-dimensional vectors (encoding obscure-quantum amplitudes)

WL = 2)) = | Won(2) = (1.84)

by
By = [ﬁ/] Lj=0,1, j=0,1, (1.85)
g

where b; € C are probability amplitudes for a set of pure states and f3;, € R are the
corresponding membership amplitudes. By analogy with (1.43) and (1.46), the
normalization factor in (1.84) is chosen so that

(For(2)¥on(2)) = 1, (1.86)
if (cf (1.14)<(1.15))
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| boo P+ 1 b P + 1 bor P+ | b P =1, (1.87)

Bo: + Bio + Boy + B = 1. (1.88)

A state of two qubits is entangled if it cannot be decomposed as a product of two
one-qubit states, and otherwise it is separable (see, e.g. Nielsen and Chuang 2000).

Innovation 1.9. We define a product of two obscure qubits (1.43) as

_ Ao ®yg A 00") + Al @y Ap | 10y + Ag ® Af | 01) + A @ Af| 117)

1.
3 (1.89)

| Wob) ® | W)

where @y is the Hadamard product (1.53).

Comparing (1.84) and (1.89), we obtain two sets of relations, for probability
amplitudes and for membership amplitudes
1

b[/, = ﬁalaj,, (1.90)

1
ﬂzi’zf

In this case, the relations (1.14)—(1.15) give (1.87)—(1.88).

Two obscure-quantum qubits are entangled if their joint state (1.84) cannot be
presented as a product of one qubit states (1.89), and in the opposite case the states
are called totally separable. It follows from (1.90)—(1.91) that there are two general
conditions for obscure qubits to be entangled

wap, 0,j=0,1, j=0,1. (1.91)

bgo/bllf ?é bl()fb()l/, or deth 7é O, b= (bOO/ bm,), (192)
blO’ bll’

(1.93)

ﬂoo/ﬂll/ # ﬂlofﬁoys ordetf #0,f = (ﬁOO’ 'BOI,)'

ﬁlO/ ﬂll’

The first equation (1.92) is the entanglement relation for the standard qubit, while
the second condition (1.93) is for the membership amplitudes of the two obscure
qubit joint state (1.84). The presence of two different conditions (1.92)—(1.93) leads
to new additional possibilities (which do not exist for ordinary qubits) for partial
entanglement (or partial separability), when only one of them is fulfilled. In this case,
the states can be entangled in one subspace (quantum or membership) but not in the
other.

The measure of entanglement is numerically characterized by the concurrence.
Taking into account the two conditions (1.92)-(1.93), we propose to generalize the
notion of concurrence for two obscure qubits in two ways. First, we introduce the
vector obscure concurrence
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C | detb |
Cia =| *[=2 , 1.94
t [Cm] [| det |] (199

where b and f are defined in (1.92)-(1.93), and 0 < C; < L0 K CW L L.

Innovation 1.10. The corresponding scalar obscure concurrence can be defined as

2 2
Csca1=\/|detb| ;"detﬁ' , (1.95)

such that 0 € Cyy < 1. Thus, two obscure qubits are totally separable, if Cyy = 0.

For instance, for an obscure analog of the (maximally entangled) Bell state

1 1
1|l v2 2 ,
) = | [ 100+ 119 (1.96)
2 2
we obtain
Cvect = I:i]’ Cscal = 1. (197)

A more interesting example is the intermediately entangled two obscure qubit
state, e.g.,

1 1 3 €
|\1!0b(2)>=% * 100 + fg 10+ 1 |10+ ? 1] (1.98)
2 4 22 4

where the amplitudes satisfy (1.87)—(1.88). If the Born-like rule (as in (1.13)) holds
for the membership amplitudes, then the probabilities and membership functions of
the states in (1.98) are

1 1 3 1

DPoor = Za Pro E’ Do = Ea P = E, (1.99)
1 5 1 1

Hoor = 3’ Hy = Ea Hopr = g’ Hyy = E (1.100)

This means that, e.g., that the state | 10’) will be measured with the quantum
probability 1/16 and the membership function (truth value) 5/16. For the entangled
obscure qubit (1.98) we obtain the concurrences

1-16
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1 1
2 - -3
c | 2 8 _ [0491]
vect — - ’

Las-La| o 1on

53 1 ]
Csca = — —J5 — —+/2+3 =0.348.
: Jms 16f_ mJir

In the vector representation (1.49)—(1.52), we have

e ®x ej] >

=0,1, /=0,1, 1.102
6 @y & J ( )

Iij’>=|i>®lj’>=[
where ®y is the Kronecker product (1.48), and e;, ¢; are defined in (1.50)—(1.51).

Using (1.85) and the Kronecker-like product (1.49), we put (informally, with no
summation)

=0,1, j/=0,1" (1.103)

b€ Q@ €
B.. | ii’) = ij 'j i
y | J > l[ij’gi ®K ej’l J

To clarify our model, we show here a manifest form of the two obscure qubit state
(1.98) in the vector representation

1 0 1 0

1fo 1 V3o R

2|1 4|1 4 720

I 0 0 1 I

| ¥or(2)) = NI N NI ) |

Lo V511 Lo 1
V2|1 4 [1 2420 4]0
0 0 RN I

Innovation 1.11. The states above may be called ‘symmetric two obscure qubit states’.
However, there are more general possibilities, as may be seen from the rhs of (1.103)
and (1.104), when the indices of the first and second rows do not coincide. This would
allow more possible states, which we call ‘non-symmetric two obscure qubit states’. It
would be worthwhile to establish their possible physical interpretation.

These constructions show that quantum computing using Kronecker obscure
qubits can involve a rich structure of states, giving a more detailed description with
additional variables reflecting vagueness.

1.8 Conclusions

We have proposed a new scheme for describing quantum computation bringing
vagueness into consideration, in which each state is characterized by a measure of

1-17
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truth. A membership amplitude is introduced in addition to the probability
amplitude in order to achieve this, and we are led thereby to the concept of an
obscure qubit. Two kinds of these are considered: the product obscure qubit, in
which the total amplitude is the product of the quantum and membership
amplitudes; and the Kronecker obscure qubit, where the amplitudes are manipu-
lated separately. In the latter case, the quantum part of the computation is based, as
usual, in Hilbert space, while the truth part requires a vague/fuzzy set formalism,
which can be performed in the framework of a corresponding fuzzy space. Obscure-
quantum computation may be considered as a set of rules (defining obscure-
quantum gates) for managing quantum and membership amplitudes independently
in different spaces. In this framework, we obtain not only the probabilities of final
states but also their membership functions, i.e., how much trust we should assign to
these probabilities. Our approach considerably extends the theory of quantum
computing by adding the logic part directly to the computation process. Future
challenges could lie in the direction of development of the corresponding logic
hardware in parallel with the quantum devices.
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Steven Duplij and Raimund Vogl

Chapter 2

Higher braid quantum gates

One of the main problems in the physical realization of quantum computers is the
presence of errors, which implies that it is desirable for quantum computations be
provided with error correction or that ways be found to make the states more stable,
which leads to the concept of topological quantum computation (for reviews, see,
e.g., Freedman et al 2003, Nayak et al 2008, Rowell and Wang 2018, and references
therein). In the Turaev approach (Turaev 1988), link invariants can be obtained
from the solutions of the constant Yang-Baxter equation (the braid equation). It
was realized that the topological entanglement of knots and links is deeply
connected with quantum entanglement (Aravind 1997, Kauffman and Lomonaco
2002). Indeed, if the solutions to the constant Yang—Baxter equation (Lambe and
Radford 1997) or Yang-Baxter operators/maps (Bukhshtaber 1998, Veselov 2003)
are interpreted as a special class of quantum gate, namely braiding quantum gates
(Kauffman and Lomonaco 2004, Melnikov et al 2018), then the inclusion of non-
entangling gates does not change the relevant topological invariants (Alagic et al
2016, Kauffman and Mehrotra 2019). For further properties and applications of
braiding quantum gates, see Melnikov et a/ (2019), Ballard and Wu (2011Db),
Kolganov and Morozov (2020), and Kolganov et al (2021).

Here we obtain and study (Duplij and Vogl 2021) the solutions to the higher arity
(polyadic) braid equations introduced in Duplij (2021b, 2021a) as a polyadic
generalization of the constant Yang—Baxter equation, which is considerably differ-
ent from the generalized Yang-Baxter equation of Rowell ef a/ (2010), Kitaev and
Wang (2012), Vasquez et a/ (2016), and Padmanabhan et a/ (2020b). We introduce
special classes of matrices (star and circle types), to which most of the solutions
belong, and find that the so-called magic matrices (Khaneja and Glaser 2001, Kraus
and Cirac 2001, Ballard and Wu 2011b) belong to the star class. We investigate their
general non-trivial group properties and polyadic generalizations. We then consider
the invertible and noninvertible matrix solutions to the higher braid equations as the
corresponding higher braiding gates acting on multi-qubit states. It is important for
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multi-qubit entanglement can speed up quantum key distribution (Epping et al 2017)
and accelerate various algorithms (Vartiainen et a/ 2004). As an example, we have
made detailed computations for the ternary braiding gates as solutions to the ternary
braid equations (Duplij 2021b, 2021a). A particular solution to the n-ary braid
equation is also presented. It is shown that for each multi-qubit state, there exist
higher braiding gates that are not entangling and the concrete relations for that are
obtained, which can allow us to build non-entangling networks.

2.1 Yang-Baxter operators

Recall here (Kauffman and Lomonaco 2002, 2004) the standard construction of the
special kind of gates we will consider, the braiding gates, in terms of solutions to the
constant Yang—Baxter equation (Lambe and Radford 1997), also called the algebraic
Yang—Baxter equation (Dye 2003), or the (binary) braid equation (Duplij 2021b).

2.1.1 Yang—Baxter maps and braid group

First we consider a general abstract construction of the (binary) braid equation. Let
V be a vector space over a field K and the mapping Cy2: V® V- V® V, where
®=Qj s the tensor product over K . A linear operator (braid operator) Cy: is called a
Yang—Baxter operator (denoted by R in Kauffman and Lomonaco 2004 and by B in
Lambe and Radford 1997) or Yang—Baxter map (Veselov 2003) (denoted by F in
Bukhshtaber 1998) if it satisfies the braid equation (Drinfeld 1989, 1992, Kassel
1995).

(Cr2 ® idy)o(idy ® Cp2)o(Cy2 @ idy) = (idy ® Cy2)o(Cy2 ® idy)o(idy @ Cp2)(2.1)

where idy: V — 7V is the identity operator in V. The connection of Cy: with the R-
matrix R is given by Cp» = roR, where 7 is the flip operation (Drinfeld 1989,
Bukhshtaber 1998, Lambe and Radford 1997).

Let us introduce the operators 4; ,: V® V® V- V® V® V by

A =CrQidy, 4, =1idy ® Cye, (2.2)
It follows from (2.1) that
A10A20A1 = AzOAloAz. (23)

If Cy2 is invertible, then Cp;)! is also the Yang—Baxter map with A" and 457
Therefore, the operators A; represent the braid group %; = {¢, 61, 65|616201 = 620165}
by the mapping 73 as

B—SEnd(V@ VR V), o1 3 A1, 022 Ay, o= idy. (2.4)
The representation x,, of the braid group with m strands
0i0i+10; = 6i410i0i41, =1, ..., m—1,
B =
e/}m {6, Oly «.. 5 Oy G,Uj _ 6]'0,', | l—] | > 2’ } (25)
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can be obtained using operators A4;(m): V ®"— V ®" analogous to (2.2)

A,(m) = ldy ® "'®1d17 ® C];l ® ldV ® "'ldv, (26)
Ao(m) = (idp)®", i=1, -, m—1,

by the mapping z,,: %4,, » End V ®” in the following way
mn(o;) = Ai(m),  my(e) = Ao(m). 2.7

In this notation (2.2) is 4; = 4;(2), i = 1, 2, and therefore (2.3) represents %; by
(2.4).

2.1.2 Constant matrix solutions to the Yang—Baxter equation

Consider next a concrete version of the vector space V' that is used in the quantum
computation, a d-dimensional Euclidean vector space V,; over complex numbers C
with a basis {¢;},i = 1, ..., d. A linear operator V; — ¥ is given by a complex d X d
matrix, the identity operator id, becomes the identity d X d matrix /,, and the Yang—
Baxter map Cy: is a d? x d* matrix C,2 (denoted by R in Dye 2003) satisfying the
matrix algebraic Yang-Baxter equation

(Car® 1)Us ® Co)(Cr ® 1y) = (14 ® Cp2)(C2 @ 1)1y ® Cp2), (2.8)

being an equality between two matrices of size d* x d3. We use the unified notations,
which can be straightforwardly generalized for higher braid operators. In
components

d
Cdzo(eil ® eiz) = ,Z Citiy e ejl, ® e,/'z/’ (29)
=1
the Yang—Baxter equation (2.8) has the shape (where summing is by primed indices)

d » ) d » )
X anteey My ttm B e M M= g M a0
Jy oy d3 =1 .l l=1
The system (2.10) is highly overdetermined because the matrix C,2 contains d*
unknown entries, while there are d° cubic polynomial equations for them. So for
d =2 we have 64 equations for 16 unknowns, while for d = 3 there are 729 equations
for the 81 unknown entries of C,. The unitarity of C,» imposes a further d?
quadratic equations, and so for d = 2 we have in total 68 equations for 16 unknowns.
This makes the direct discovery of solutions for the matrix Yang—Baxter equation
(2.10) very cumbersome. Nevertheless, using a conjugation classes method, the
unitary solutions and their classification for d = 2 were presented in Dye (2003).
In the standard matrix form, (2.9) can be presented by introducing the four-
dimensional ~ vector space V;=V ® V  with the natural basis

éi={e1®e, e Q e, e ® e, 2 ® ey}, where k =1, ..., 8 is a cumulative index.
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The linear operator Cy: ¥, — V, corresponding to (2.9) is given by 4 x 4 matrix Gy as

Cyo00: = Zj _ G5 - €. The operators (2.2) become two 8 x 8 matrices A, as

A =e®xh, 4 =57, (2.11)

where ® is the Kronecker product of matrices and I, is the 2 X 2 identity matrix. In
this notation, which is universal and also used for higher braid equations, the
operator binary braid equations (2.117) become a single matrix equation

1‘]1/121&1 = 1‘]2/111&2, (212)

which we call the matrix binary braid equation, and also the constant Yang—Baxter
equation (Dye 2003). In component form, (2.12) is a highly overdetermined system
of 64 cubic equations for 16 unknowns, the entries of ¢.

The matrix equation (2.12) has the following gauge invariance, which allows a
classification of Yang-Baxter maps (Hietarinta 1993). Introduce an invertible
operator Q: V' — V in the two-dimensional vector space V = V,_,. In the basis
{ey, ey}, 1ts 2 X 2 matrix ¢ is given by Qoe; = 2?:1%‘ - ¢ In the natural four-
dimensional basis &; the tensor product of operators Q ® Q is presented by the
Kronecker product of matrices g, = ¢ ®k ¢. If the 4 X 4 matrix ¢ is a fixed solution
to the Yang—Baxter equation (2.12), then the family of solutions ¢(g) corresponding
to the invertible 2 X 2 matrix ¢ is the conjugation of ¢ by ¢, such that

&(q) = 4,24, = (¢ ®x (¢~ ®x 7Y, (2.13)

which follows from conjugating (2.12) by ¢ ®g ¢ and using (2.11). If we include the
obvious invariance of (2.12) with respect to an overall factor 1 € C, then the general
family of solutions becomes (cf the Yang—Baxter equation Hietarinta 1993)

&g, 1) = 14,24, = 1(q ®x 9)&(q~ ®x ¢7"). (2.14)

It follows from (2.13) that the matrix ¢ € GL(2, C) is defined up to a complex
nonzero factor. In this case we can put

a 1
= 2.15
a=(}) 2.15)
and the manifest form of g, is

at a a 1

- ac ad ¢ d
= ) 2.16
4 ac ¢ ad d ( )

¢t cd cd d*

The matrix §,°g, (Where x represents Hermitian conjugation) is diagonal (this case is
important in a further classification similar to the binary one Dye 2003), when the
condition

2-4



Innovative Quantum Computing

c = —al/d* (217)

holds, and so the matrix ¢ takes the special form (depending on two complex
parameters)

g=( ¢ 1) (2.18)
(— ald* d)

We call two solutions ¢ and & of the constant Yang—Baxter equation (2.12)
g-conjugated, if

&dy = i (2.19)

and we will not distinguish between them. The g-conjugation in the form (2.19) does
not require the invertibility of the matrix ¢, and therefore the solutions of different
ranks (or invertible and not invertible) can be g-conjugated (for the invertible case,
see Hietarinta 1993, Alagic et al 2014, Padmanabhan et a/ 2021).

The matrix equation (2.12) does not imply the invertibility of solutions, i.e.,
matrices ¢ being of full rank (in the binary Yang—Baxter case of rank 4 and d = 2).
Therefore, below we introduce in a unified way invertible and noninvertible
solutions to the matrix Yang-Baxter equation (2.10) for any rank of the corre-
sponding matrices.

2.1.3 Partial identity and unitarity

To be as close as possible to the invertible case, we introduce noninvertible analogs
of identity and unitarity. Let M be a diagonal n X n matrix of rank r < n, and
therefore with n — r zeros on the diagonal. If the other diagonal elements are units,
such a diagonal M can be reduced by row operations to a block matrix, being a
direct sum of the identity matrix /., and the zero matrix Z,_, x(—)-

Definition 2.1. We call such a diagonal matrix a block r-partial identity

IRy = diag{l, ...1,0, ..., O}, and without the block reduction a shuffler-

partial identity I*™M°(r) (these are connected by conjugation). We will use the
term partial identity and 7,(r) to denote any matrix of this form.

Obviously, with the full rank r = n we have I,(n) = I,, where I, is the identity #n X n
matrix. As with the invertible case and identities, the partial identities (of the
corresponding form) are trivial solutions of the Yang—Baxter equation.

Innovation 2.2. If a matrix M = M (r) of size n X n and rank r satisfies the following r-

partial unitarity condition

M@E)*M@r) = IV, (2.20)
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M)M(r)* = 1), (221

where M (r)* is the conjugate-transposed matrix and I\V(r), I'”(r) are partial identities
(of any kind, they can be different), then M(r) is called a r-partial unitary matrix.

In the case, when I'(r)=I®(r), the matrix M(r) is called normal. If
M(r)* = M(r), then it is called r-partial self-adjoint. In the case of full rank r = n,
the conditions (2.20)—(2.21) become ordinary unitarity, and M (n) becomes an
unitary (and normal) matrix, while a r-partial self-adjoint matrix becomes a self-
adjoint matrix or Hermitian matrix.

As an example, we consider a 4 x 4 matrix of rank 3

0 000
0 ¢/ 0 0

MA)=| 5 o | ®PrER (222)
e“ 0 00

which satisfies the 3-partial unitarity conditions (2.20)—(2.21) with two different 3-
partial identities on the rhs

1 000 0000

0100 01 00
M@ MG) =] 0 o =1"3) # 1’3) = 00 1 0|=MOMO*(223)
0001 0001

For a noninvertible matrix M (r), one can define a pseudoinverse M(r)* (or the
Moore-Penrose inverse) (Nashed 1976) by

MEIME)*M(r) = M(r), M(r)*ME)M@)t=M(r)*, (2.24)

and M(r)M(r)*, M(r)*M(r) are Hermitian. In the case of (2.22) the partial unitary
matrix M (3) coincides with its pseudoinverse

M@3)* = M(3)*, (2.25)

which is similar to the standard unitarity M.5, = M;.! for an invertible matrix M;,,.
It is important that (2.22) is a solution of the matrix Yang—Baxter equation (2.12)),
and so is an example of a noninvertible Yang—Baxter map.

If only the first (second) of the conditions (2.20)—(2.21) holds, then we call such
M(r) a left (right)r-partial unitary matrix. An example of such a noninvertible
Yang—Baxter map of rank 2 is the left 2-partial unitary matrix

0 0 0 e
L]0 e” 0 0
MQ2)=—|  ° , a,fER, 2.26
@ =0 e 0 0 a, p (2.26)
00 0 e”
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which satisfies (2.20), but not (2.21), and so M(2) is not normal

0000 1 00 ef@d
0100 0 11 0

MM =000 ol#l o 11 o [FMOMQ@. @)
0001 el 0 0 1

Nevertheless, the property (2.25) still holds and M (2)* = M(2)*.

2.1.4 Permutation and parameter-permutation 4-vertex Yang—Baxter maps

The system (2.12) with respect to all 16 variables is too cumbersome for direct
solution. The classification of all solutions can only be accomplished in special cases,
e.g., for matrices over finite fields (Hietarinta 1993) or for fewer than 16 vertices.
Here we will start from 4-vertex permutation and parameter-permutation matrix
solutions and investigate their group structure. It has been shown by Dye (2003), and
Kauffman and Lomonaco (2004) that the special 8-vertex solutions to the Yang—
Baxter equation are most important for further applications including braiding
gates. We will therefore study the 8-vertex solutions in the most general way: over C
and in various configurations, invertible and not invertible, and also consider their
group structure.

First, we introduce the permutation Yang—Baxter maps that are presented by the
permutation matrices (binary matrices with a single 1 in each row and column), i.e.,
4-vertex solutions. In total, there are 64 permutation matrices of size 4 x 4, while
only four of them have the full rank 4 and simultaneously satisfy the Yang—Baxter
equation (2.12), as follows

1000)Y(000°1
sem _ |00 1 0/[0 100 tré =2, det¢=-1, 598
Cismm =10 1 0 0[]0 0 1 0f eigenvalues: (13, {1y, 32
0001)\1 000
0100)(00T10
sperm O O O 1|1 000 tr¢ =0, deté =-1, 599
symm =10 0 00 0 0 1| eigenvalues: 1, i, —1, —i. (2.29)
0010/\0100

Here and next we list the eigenvalues to understand which matrices are conjugated,
and, after that, if and only if the conjugation matrix is of the form (2.16), then such
solutions to the Yang-Baxter equation (2.12) coincide. The traces are important in the
construction of corresponding link invariants (Turaev 1988) and local invariants
(Balakrishnan and Sankaranarayanan 2010, Sudbery 2001), and the determinants are
connected with the concurrence (Jaffali and Oeding 2020, Walter et a/ 2016). Note that
the first matrix in (2.28) is the SWAP quantum gate (Nielsen and Chuang 2000).

To understand the symmetry properties of (2.28)—(2.29), we introduce the so-
called reverse matrix J = J, of size n X n by (J,);j = 6;41-;- For n =4 it is
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0001

loo1o0

5=10 1 0ol (2.30)
1000

For any n X n matrix M = M, the matrix JM is the matrix M reflected vertically,
and the product MJ is M reflected horizontally. In addition to the standard
symmetric matrix satisfying M = MT (T is the transposition), one can introduce

Mis persymmetric, if JM = (JM)T, (2.31)

Mis 90° — symmetric, if MT = JM. (2.32)

Thus, a persymmetric matrix is symmetric with respect to the minor diagonal,
while a 90°-symmetric matrix is symmetric under 90°-rotations. A bisymmetric
matrix is symmetric and persymmetric simultaneously. In this notation, the first
family of the permutation solutions (2.28) are bisymmetric but not 90°-symmetric,
while the second family of the solutions (2.29) are, oppositely, 90°-symmetric but not
symmetric and not persymmetric (which explains their notation).

In the next step, we define the corresponding parameter-permutation solutions
replacing the units in (2.28) with parameters. We found the following four 4-vertex
solutions to the Yang—Baxter equation (2.12)) over C

x 00 0)(O0OO0O0y
=]} 0 Lo s 0ol
000 ¢t)\z000 (2.33)
tré =x+t,
deté = —xyzt, x,y,z,t#0,
eigenvalues: x, ¢, \/yz, — [z,
00 xO0)Y (0 x 00
. perm,circ |y 000]]1000 x
Crank=a (X, y) = 000 xI'lyooof
0y 00)\0 0 » O (2.34)
tré =0,

deté = —x%?, x,y #0,

eigenvalues: /xy, — /Xy, i /Xy, —i /X).

Innovation 2.3. The first pair of solutions (2.33) correspond to the bisymmetric
permutation matrices (2.28 ), and we call them star-like solutions, while the second two
solutions (2.34) correspond to the 90°-symmetric matrices (2.28), which are called
circle-like solutions.
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The first (second) star-like solution in (2.33) with y = z (x = ¢) becomes symmetric
(persymmetric), while on the other hand with x = ¢ (y = z) it becomes persymmetric
(symmetric). They become bisymmetric parameter-permutation solutions if all of the
parameters are equal x = y = z = ¢. The circle-like solutions (2.34) are 90°-sym-
metric when x = y.

Using g-conjugation (2.14), one can next get families of solutions depending on
the entries of ¢ and the additional complex parameters in (2.15).

2.1.5 Group structure of 4-vertex and 8-vertex matrices

Let us analyze the group structure of 4-vertex matrices (2.33)—(2.34) with respect to
matrix multiplication, i.e., which kinds of subgroups in GL(4, C) they can form. For
this we introduce four 4-vertex 4 X 4 matrices over C: two star-like matrices

x 000
00 0
]vstarl: J 5
0z00
000 ¢
(2.35)
000y trN=x+1,
]Vstar2= 0 X O 0 B detN:_xth7 xnyazst;éoy
(z) 8 (l) 8 eigenvalues: x, t, \[yz, — [/yz,
and two circle-like matrices
00 xO0
]Vcirclz J O 0 O 5
000 z
0¢r 00
(2.36)
0 x 00 tr N =0,
]V(:irc2= 0 0 0 Y 5 detN=—Xny, xayazat;éoa
g 8 (t) 8 eigenvalues: {/xyzt, —4/xyzt, iy/xyzt, —4/xyzt,

Denoting the corresponding sets by Nguri, 2 = {Nstar1, 2} and Ngirer, 2 = {Mairer, 2}
these do not intersect and are closed with respect to the following multiplications

Nstar Nstart Nsart = Nstart, (2.37)
Nitar2 Nstar2 Nstar2 = Nstar2» (2.38)
NcirclNcirclNcirclNcirclNcircl = Ncircl: (239)
Neire2 Neirea Neire2 Neire2 Neire2 = Neirea - (2.40)

Note that there are no closed binary multiplications among the sets of 4-vertex
matrices (2.35)—(2.36).
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To give a proper group interpretation of (2.37)—(2.40), we introduce a k-ary
(polyadic) general linear semigroup GLS®(n, C) = {Mgy|p*1y, where My = { M.}
is the set of n X n matrices over C and ul*! is an ordinary product of k matrices. The
full semigroup GLS¥(n, C) is derived in the sense that its product can be obtained by
repeating the binary products that are (binary) closed at each step.

Innovation 2.4. The n X n matrices of special shape can form k-ary subsemigroups of
GLSW(n, C) that can be closed with respect to the product of at minimum k matrices but
not of two matrices, and we call such semigroups k-ary nonderived (or k-nonderived).

Moreover, we have for the sets Ny,1, 2 and N1 2
Mfu]l = Nstarl U NstarZ U Ncircl U Ncirc2;
Nstarl ﬂ Nstarz n Ncircl n Ncirc2 =Jd.

A simple example of a 3-nonderived subsemigroup of the full semigroup
GLSH¥(n, €) is the set of antidiagonal matrices M,g;,, = {Madiag} (having nonzero

(2.41)

elements on the minor diagonal only): the product u*! of three matrices from M,g;,q is

closed, and therefore M,gi,; 1s @ subsemigroup yﬁ}mg = {Madiag|ﬂl3l} of the full
ternary general linear semigroup GLSPl(n, C) with the multiplication ul*l as the
ordinary triple matrix product.

In the theory of polyadic groups (Dornte 1929) an analog of the binary inverse
M~1is given by the querelement, which is denoted by M and in the matrix k-ary case

is defined by
k-1

MM = M, (242

where M can be on any place. If each element of the k-ary semigroup GLSKI(n, C)
(or its subsemigroup) has its querelement M, then this semigroup is a k-ary general
linear group GL¥(n, C).

In the set of n x n matrices the binary (ordinary) product is defined (even it is not
closed), and for invertible matrices we formally determine the standard inverse M-,
but for arity k > 4 it does not coincide with the querelement M because, as follows
from (2.42) and cancellativity in C,

M = M**, (2.43)

Definition 2.5. The k-ary (polyadic) identity I'¥ in GLS¥)(n, C) is defined by
k-1

Ny = M, (2.44)

which holds when M in the lhs is on any place.
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If M is only on one or another side (but not in the middle places) in (2.44), then
IM is called left (right) polyadic identity. For instance, in the subsemigroup (in

GLSK¥(n, €)) of antidiagonal matrices V!ﬂiag the ternary identity I’ can be chosen
as the n X n reverse matrix (2.30) having units on the minor diagonal, while the
ordinary n X n unit matrix 1, is not in L}, . It follows from (2.44), that for matrices

over C the (left, right) polyadic identity 7! is
([n[k])k_l =1, (2.45)

which means that for the ordinary matrix product /M is a (k — 1)-root of I, (or I*is
a reflection of (k — 1) degree), while both sides cannot belong to a subsemigroup

S¥ of GLS¥(n, C) under consideration (as in Vﬂiag). Since the solutions of (2.45)
are not unique, there can be many k-ary identities in a k-ary matrix semigroup. We

denote the set of k-ary identities by Il = (7)), In the case of y[ﬂiag the ternary

identity 71! can be chosen as any of the n X n reverse matrices (2.30) with unit
complex numbers e, j=1,...,n on the minor diagonal, where «; satisfies

additional conditions depending on the semigroup. In the concrete case of y’gﬂmg,
the conditions giving (2.45) are (k — )ay =1 + 2zr;, 1, € Z, j=1, ..., n.

In the framework of the above definitions, we can interpret the closed products
(2.37)«2.38) as the multiplications uB! of the ternary semigroups

yﬁlrl, (4, €) = {Nyar1, 2|uPl}. The corresponding querelements are given by

l 0 00
X
0 0 l 0
= _ zZ
Nytar1 = stalrl = 1 >
0O — 0 0
y
0 0 O %
: (2.46)
00 0 —
zZ
0 l 0 0
]\7star2:Ns:alr2: o 1 5 X, Y, z, t?éo
00 —0
t
l 0 0 0
J
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The ternary semigroups having querelements for each element, i.e., the additional
operation () defined by (2.46), are the ternary groups

gﬁ]an, 24, €) = {Nyar, 2|, ()} which are two (non-intersecting because
Ngiart N Nyarz = @) subgroups of the ternary general linear group GLPI(4, C). The
ternary identities in gﬁ]m, »(4, C) are the following different continuous sets

3 3
Igtgirl, 2 = {Is[tjrl, 2}3 Where

e 0 0 0
Is[t3a]r1 — 0 0 el () ’ el = pliay — pilartas) — 1, a; € R, (2.47)
0 e» 0 0
0 0 0 e
0 0 0 e=
[3] j— O eiaz 0 O )2ia2 p— 21'053 p— i(a1 (14) j— .
IstarZ = 0 0 e 0| € =e = ellrtad = 1, a; € R. (248)
e 0 0 0

In the particular case @; =0, j =1, 2, 3, 4, the ternary identities (2.47)—(2.48)
coincide with the bisymmetric permutation matrices (2.28).
Next we treat the closed set products (2.39)-(2.40) as the multiplications ul of the

S-ary semigroups S5 | (4, C) = {Neire1, 2[uly. The querelements are

circl, 2

1

0 0O — 0
yzt
L 0 0 0
]\_](:ircl = Nc?ril = e 1 s (249)
0 0 0o —
xyl
0 L 0 0
Xyz
0 L 0 0
yzt
0 0 0 L
]\_rcirc2 = Nc;riZ = 1 et s X, Vs Z, t ?é 0. (250)
— 0 0 0
Xy[
0 0 L 0
Xyz

and the corresponding 5-ary groups 5}, (4, C) = {Nairet, 2|6, ()}, which are two

circl, 2

(non-intersecting because Ng.; N Nz = @) subgroups of the 5-ary general linear
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group GLPl(n, C). We have the following continuous sets of 5-ary identities

et 2 = {Ic[l3l"]c1 2} in %5, »(4, C) satisfying

0 0 e=m 0

B=1¢" 0 0 0 pararatar = 1, g, R, 2.51)
0 0 0 e
0 e« 0 0
0 em 0 0

5, = 0 00 ™ pitaarastar = 1, a; €R. (2.52)
e 0 0 0
0 0 ex 0

In the case a; = 0, j =1, 2, 3, 4, the 5-ary identities (2.51)~(2.52) coincide with the
90°-symmetric permutation matrices (2.29).

Innovation 2.6. It follows from (2.46 )—(2.52) that the 4-vertex star-like (2.35) and
circle-like (2.36) matrices form subgroups of the k-ary general linear group
GLIKI(4, ©) with significantly different properties: they have different querelements
and (sets of) polyadic identities, and even the arities of the subgroups ggﬂm »(4, C)

and g[CSI (4, €) do not coincide (2.37)—(2.40).

ircl, 2

If we take into account that 4-vertex star-like (2.35) and circle-like (2.36) matrices
are (binary) additive and distributive, then they form (with respect to the binary
matrix addition (+) and the multiplications uB! and pbl) the (2, 3)-ring
A1, A4, ©) = (Nyar1 o+, pPly and (2, 5)-ring 25, 54, €) = {Nyar1 2|+, 4.

Next we consider the interaction of the 4-vertex star-like (2.35) and circle-like
(2.36) matrix sets, i.e., their exotic module structure. For this, let us recall the ternary
(polyadic) module (Duplij 2001) and s-place action (Duplij 2018) definitions, which
are suitable for our case. An abelian group .# is a ternary left (middle, right)
#Z-module (or a module over %) if there exists a ternary operation
RBRXRXM—> MRXMXR—> M, MXRXR— M) which satisfies some
compatibility conditions (associativity and distributivity) that hold in the matrix
case under consideration (and where the module operation is the triple ordinary
matrix product) (Duplij 2001). A 5-ary left (right) module .# over # is a 5-ary
operation ZX BX RXRX M — M (M XRXRXRXR— ) with analo-
gous conditions (and where the module operation is the pentuple matrix product)
(Duplij 2018, 2022).

First, we have the triple relations inside star and circle matrices

Nstarl(NstarZ)Nstarl = (NstarZ)a NcirclNcirc2 Ncircl = Ncircla (253)

Nstarletarl(Nstar2) = (Nstar2)» NCil‘ClNCil‘ClNCil‘C2 = Ncircla (254)
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(Nstar2)NstariNstart = (Nsr2), Neire2 Neire1Neirer = Neiret (2.55)
Nitar2 Nstar2 (Nstar1) = (Nstar1),  Neire2Neire2 Neiret = Neire2 (2.56)
Nitar2 (Nstart)Nstar2 = (Nstar1), - Neire2NeiretNeire2 = Neire2 » (2.57)
(Nstart) Nstar2Nstar2 = (Nstart); Neiret Neire2Neirez = Neire2 - (2.58)

We observe the following module structures on the left-hand column above
(elements of the corresponding module are in brackets, and we informally denote
modules by their sets): (1) from (2.53)—(2.55), the set Ng,» is a middle, right, and left
module over Ng,.; (2) from (2.56)—(2.58), the set Ny, is a middle, right, and left
module over Ngm;

NstartNeiretNstart = Naire2,  Nstart Neire2 Nstart = Neirer, (2.59)
Nitar2 Neire1Nstar2 = Neire2,  NitaraNeire2Nstar2 = Nire, (2.60)
NitartNstart (Neire1) = (Neiret),  (Neiret) NstartNstart = (Neire1), (2.61)
Nstart Nstar1 (Neire2) = (Neire2),  (Neirc2)Nstart Nsart = (Neire2), (2.62)
Nitar2Nstar2 (Naire1) = (Neire1)s  (Neire1)Nstar2Nsar2 = (Neirer), (2.63)
Nitar2Nstar2(Neir2) = (Neire2),  (Naire2)Nstar2Nstar2 = (Neire2), (2.64)
(3) from (2.61)—~(2.64), the sets N, , are a right and left module over Ny 2;
Neire1 (Nstart)Nairet = (Nsart)s  Neiret (Nstar2)Neiret = (Nsear2), (2.65)
Neire2 (Nstart)Neire2 = (Nstar1),  Neire2 (Nstar2)Neire2 = (Nstar2), (2.66)
Neire1 Neiret Nstart = Nstar2,  Nstart Neire1Neiret = Niear2 (2.67)
Neirct Neiret Nstar2 = Nstart> Nstar2 Neiret Neiret = Nstart» (2.68)
Neire2 Neire2Nstart = Nstar2, NstartNeire2Neire2 = Nitar2 5 (2.69)
Neirc2 Neirc2Nstar2 = Nstart,  NitaraNeire2Neire2 = Nytart» (2.70)

(4) from (2.65)—(2.66), the sets Ny, » are a middle ternary module over Ngjx;. 2;
NcirclNcirclNcirclNcircl(Nstarl) = (Nstarl)a NcirclNcirclNcirclNcircl(Nstar2) = (Nstarz)a (271)
(Nstarl)NcirclNcirclNcirclNcircl = (Nstarl)a (NstarZ)NcirclNcirclNcirclNcircl = (NstarZ)a (272)

Ncirc2 Ncirc2 Ncirc2 NcirCZ (Nstarl) = (Nstarl)a Ncirc2 NcirCZ Ncirc2 Ncirc2 (NstarZ) = (Nstar2) 5 (273)
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(Nstarl)NcirCZ Ncicm NcirCZ NCicm = (Nstarl) 5 (Nstar2)Ncirc2 Ncirc2 Ncirc2 Ncirc2 = (NstarZ) 5 (274)

NcirclNcirclNcirclNcircl(NcirCZ) = (NcirCZ): (NcirCZ)NcirclNcirclNcirclNcircl = (NCirC2)7 (275)

Ncirc2 Ncicm NcirCZNCirCZ(NCircl) = (Ncircl)’ (NcirCI)NcirCZ NcirCZNCirCZ Ncicm = (Ncircl)- (276)
(5) from (2.71)—(2.76), the sets N1, » are right and left 5-ary modules over N, |

and Nstarl, 2-

Note that the sum of 4-vertex star solutions of the Yang-Baxter equations (2.33)
(with different parameters) gives the shape of 8-vertex matrices, and the same with
the 4-vertex circle solutions (2.34). Let us introduce two kind of 8-vertex 4 x 4
matrices over C: an 8-vertex star matrix My,, and an 8-vertex circle matrix M. as

, det My, = (xw — yo)(st — uz),

x 00 y
Moy = 8 i ; 8 , det Mg, = (xw — yo)(st — uz),
v 00w
0 x y O
I
0vwo

tr Mypr =X+ z+u+w, (2.77)

tr M. = 0.

(2.78)

If M, and M. are invertible (the determinants in (2.77)-(2.78) are non-

vanishing), then

_ 0 0
Xw — )0
u t
0 B t t
-1 Sl — Uz Sl — Uz
Mstar = s z
0 —
St — uz St — uz
_¢ 0 0
XW — Yo
w v
0 —
XW — yo XW — yo
u
- 0 0
-1 St — uz
Mcirc = s
0 0
St — uz
X
0 _ Y
XW — YU XW — YU

(2.79)

and therefore the parameter conditions for invertibility are the same in both M,,

and M,
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xw—yv # 0, st —uz # 0. (2.80)

The corresponding sets My, = { Mo} and M. = { M.} are closed under the
following multiplications

MsiarMgtar = Mgtar, (2.81)
MstarMcirc = Mcirc: Mcirc Mstar = Mcirca (282)
MeireMeire = Mtar, (2.83)

and in terms of sets we can write My, = Ngart U Ngtaro @and Meire = Neirer U Neire2s
while Ngizr1 N Ngaro = @ and Nyt N Neirex = @ (see (2.41)). Note that, if M, and
M., are treated as elements of an algebra, then (2.81)—(2.83) are reminiscent of the
Cartan decomposition (see, e.g., Helgason 1962), but we will consider them from a
more general viewpoint, which will treat such structures as semigroups, ternary
groups, and modules.

Innovation 2.7. The set Mgyeriex = Mtar U Meire s closed and because of the associativity
of matrix multiplication, Mgyrex fOrms a non-commutative semigroup, which we call a 8-
vertex matrix semigroup Sy enex(4, C), which contains the zero matrix Z € Hyeriex(4, C)
and is a subsemigroup of the (binary) general linear semigroup GLS(4, C).

It follows from (2.81), that M, is its subsemigroup .#5r ..(4, C). Moreover, the
invertible elements of . ex(4, C) form a 8-vertex matrix group %gyerex(4, C)
because its identity is a unit 4 X 4 matrix I, € Mgy, and so My, is a subgroup
G x4, C) of %y onex(4, €) and a subgroup of the (binary) general linear group
GL(4, €). The structure of Hyerex(4, C) (2.81) is similar to that of block-diagonal
and block-antidiagonal matrices (of the necessary sizes). So the 8-vertex (binary)
matrix semigroup Sg,eex(4, C) in which the parameters satisfy (2.80) is a 8-vertex
(binarY) matrix group g8vertex(4n C): having a subgroup g?it\f:errtex(4a C) = <Mstar|'a —ZOa
where (-) is an ordinary matrix product, and I, is its identity.

The group structure of the circle matrices Mg, (2.78) follows from

McircMcircMcirc = Mcirc» (284)

which means that M. is closed with respect to the product of three matrices (the
product of two matrices from M, is outside the set (2.83)). We define a ternary
multiplication ¢! as the ordinary triple product of matrices.

Innovation 2.8. Then S50 (4, C) = (Mg |P)) becomes a ternary (3-nonderived)
semigroup with the zero Z € Mgy, which is a subsemigroup of the ternary (derived)
general linear semigroup GLSP(4, C). Instead of the inverse, for each invertible

element M. € Mi;c\Z we introduce the unique querelement M,, (Dornte 1929) by
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(2.42), and because the ternary product is the triple ordinary product, we have
Mg = c_irlc ﬁ'Ol’l’l (2 43)

Innovation 2.9. If the conditions of invertibility (2.80) hold valid, then the ternary
circ(3)

semigroup Fgyerex(d, C) becomes the ternary group ggivrgr(sgx@, C) = (Meire|tP, )
which does not contain the ordinary (binary) identity, since Iy & M.

Nevertheless, the ternary group of circle matrices 5<%l (4, €) has the following set

B = {Ic[fr]c} of left-right 6-vertex and 8-vertex ternary identities (see (2.44)—(2.45))

0 1 b 0 b 1 b 1 d

a 0 -2 =0 0o -2 —% o

c C C C
a 00 - ab 1 cd 1 —ad
5 = O O O U I . (2.85)
000 % ¢c 0 0 a ¢ 0 0 a
0O » 00

00 ¢ 0 0 b d 0

which (without additional conditions) depend upon the free parameters
a,b,c,deC, b,c#0, and (1[3] )2 =1, IP € My.. In the binary sense, the

circ circ
matrices from (2.85) are mutually similar, but as ternary identities they are different.
If we consider the second operation for matrices (as elements of a general matrix
ring), the binary matrix addition (+), then he structure of Mgyerex = Mytar U Meire

becomes more exotic.

Innovation 2.10. The set My,, is a (2, 2)-ring 5“1 2 = (Mg |+, -) with the binary
addition (+) and binary multiplication (-) from the semigroup &y ox, while M. is a

(2, 3)-ring RS2 3 = (Mo |+, BV with the binary matrix addition (+), the ternary

8vertex
matrix multiplication U3 and the zero Z.

Moreover, because of the distributivity and associativity of binary matrix multi-
plication, the relations (2.82) mean that the set M (being an abelian group under

binary addition) can be treated as a left and right binary module .#§™, .. over the

ring #5322 with an operation (*): the module action M,* My = Merc,

Mo M. = M. (coinciding with the ordinary matrix product (2.82)). The left
and right modules are compatible because the associativity of ordinary matrix
multiplication gives the compatibility condition (Meire Myar) Miire = Meire( MstarMirc)»
My € REU2D | Mo, Mo € 2572 and therefore M, (as an abelian group
under the binary addition (+) and the module action (*)) is a 25 ?-bimodule
M . The last relation (2.83) shows another interpretation of M, as a formal
square root of M, (as sets).
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2.1.6 Star 8-vertex and circle 8-vertex Yang—Baxter maps

Let us consider the star 8-vertex solutions ¢ to the Yang-Baxter equation (2.12),
having the shape (2.77), in the most general setting, over C and for different ranks,
i.e., including noninvertible ones. In components, they are determined by

vu—z)=0, y(t*—wz—-x>+xz)=0, ys(x—z)+t(u—-x)=0,
yuw —x)+x? =52 =0, svy—tuz=0, tvy—suz=0,

Wy + xz(x —z) — stz =0, y(w? —wz + xz — s?) =0,

uz(z —u)=0, suz—tvy =0, yis(w—u)+t(z—w)) =0,

tuz —svy =0, stz —vxy+wz(z —w)=0, ov(s*>—wz—x?+xz)=0, (2.86)
stu+ ulx —ux? —vwy =0, v(s(z — w) + t(w — u)) =0, '
uz(u — z) =0, y(*+ u(w — x) — w?) =0,

o(s(u — x) + t(x —2)) =0, v(s®+ u(w — x) — w?) =0,

vz —u)=0, vuw-x)+x?-1*)=0,

2

uw? + vxy — stu — u*w =0, ovw? — 1> — wz + xz) = 0.

Solutions from, e.g., Dye (2003) and Hietarinta (1993), etc, should satisfy this
overdetermined system of 24 cubic equations for eight variables.

We search for the 8-vertex constant solutions to the Yang—Baxter equation over C
without additional conditions, unitarity, etc (which will be considered in the next
sections). We also will need the matrix functions tr and det, which are related to link
invariants, as well as the eigenvalues, which help to find similar matrices and g-
conjugated solutions to braid equations. Take into account that the Yang—Baxter
maps are determined up to a general complex factor 1 € C (2.14). For eigenvalues
(which are determined up to the same factor 7) we use the notation:
{ eigenvalue}[algebraic multiplicity]

We found the following 8-vertex solutions, classified by rank and number of
parameters.

e Rank =4 (invertible star Yang—Baxter maps) are

(1) Quadratic in two parameters

xp 0 0 2
_ 0 xy xxy 0
~par=2 —
crank:4(x , )V ) 0 FXY XY 0
-x> 0 0 xy (2.87)
tr ¢ = 4xy,
deté =4dx%* x#0, y#0,
eigenvalues: {(1 + i)xy}, {(1 — i)xy}P,

(2) Quadratic in three parameters
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xy 0 0 y?

0 zy +=xy O

~par=3 _
Crank= =4, l(x> Vs Z) - 0 +Xp zy 0 >
220 0 xy (2.88)
tré =2p(x + z),
det¢ = y4(z2 — x?)%, z# +x, y #0,
eigenvalues:y(x — z), —p(x — z), {p(x + z)}¥,
(3) Irrational in three parameters
xy 0 0 y?
X+ z X“+z
0 > y +y >
~rlzlanrk 4(X y,z)= 0 . X2 4+ 22 X+ z 0 )
+y B 2
(x+2)? 0 0 )z (2.89)
4
tr ¢ = 2y(x + z),

1
det& = —y*(x — 2)4,
eté 16y(x z)

y#0,z#x,

eigenvalues : {Ey(x+z— \/_m)} {—y(x+z+ \/_m)}

Note that only the first and the last cases are genuine 8-vertex Yang—Baxter maps
because the three-parameter matrices (2.88) are g-conjugated with the 4-vertex
parameter-permutation solutions (2.33). Indeed,

xy 0 0 »?
0 zy xy O
0 xy zy O
z2 0 0 «x

4 (2.90)

y(x + 2) 0 0 0
_ 0 0 y(x — 2) 0 4
0 0 0 y(x + 2)
+ F b
q = : 2.91)
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where b € C is a free parameter. If b = £ two matrices ¢ in (2.91) are similar, and we
have the unique g-conjugation (2.90), then another solution in (2.88) is g-conjugated
to the second 4-vertex parameter-permutation solutions (2.33) such that

xp 0 0 y?

0 zy —-xy O
0 —xy zy O
22 0 0 xy

(2.92)
0 0 0 y(x = 2)
_ 0 y(x + 2) 0 0 . .
y(x = 2) 0 0 0
A D I DR A
g= ’\FZ * l\/; : ’\E * ’\E : (2.93)
+1 1 + 1 1

where ¢s are pairwise similar in (2.93), and therefore we have two different ¢-
conjugations.
e Rank =2 (noninvertible star Yang-Baxter maps) are quadratic in parameters

xy 0 0 y?

0 xy xxy 0 tr ¢ = 4xy,
0 +xy xy O/ eigenvalues:{2xy}P, {0},
x2 0 0 xy

~par=2
Clg‘:lrk:Z(xa y) =

(2.94)

There are no star 8-vertex solutions of rank 3. The above two solutions for &P =2,

with different signs are g-conjugated (2.19), with the matrix ¢ being one of the
following

0 1
a=|.:~ ol (2.95)
y

Further families of solutions can be obtained from (2.87)—(2.94) by applying the
general g-conjugation (2.14).

Particular cases of the star solutions are called also X-type operators
(Padmanabhan et al 2021) or magic matrices (Ballard and Wu 2011b) connected
with the Cartan decomposition of SU(4) (Khaneja and Glaser 2001, Kraus and
Cirac 2001, Bullock 2004, Bullock and Brennen 2004).

The circle 8-vertex solutions ¢ to the Yang—Baxter equation (2.12) of the shape
(2.78) are determined by the following system of 32 cubic equations for eight
unknowns over C
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x(ty +zu—y)—vx) =0, x> + (v —z) —wx? =0,

y(=st+tx +wy —xz) =0, su(x — y) — sxy + uxy =0,

Z(t(y — x) — sz + wx) =0, v(sy + x?) — z(s*> + ux) = 0,

swy —s* + xp(v —z) =0, swx — s?w + yz(u — y) = 0,

st2 = 2x + 24y —u) =0, su(v — z) + x(xz — tu) = 0,

su(w —v) + xy(z — 1) =0, s(tu — uw + yz) — ty* =0,

s(tv + z2) — x(v* + wz) = 0, syw — ywx + z(xz — wy) = 0,

sww — t) + yz(z —v) =0, s(sz + u(v — w) —vy) =0, (2.96)
((tu— vy + z(y — x)) = 0, tx(x — 5) + u’v — uvy =0,
xp(t — w) + uPw — uvx =0, 1(sy + u?) — w(ux + y*) =0,
tz(s — x) — sv* + tuv =0, tz(x — y) — syw + uvw = 0,
u(w? — tz) —swz + tyz =0, s*(t = w) + u*(v — z) = 0,
tx(w — 1) + uv(z — v) = 0, tvx — 2y — uvw + ywy = 0,
tvy — tu + wwy — uz) =0, u(s(v — w) — tu + wx) =0,
twz — to(w + z) + vwz =0, v(s(w — t) — uw + vx) =0,

2

sw? —uv? + 0%y — w2x = 0, w(sv + u(z — v) — wy) = 0.

We found the 8-vertex solutions, classified by rank and number of parameters.
e Rank =4 (invertible circle Yang—Baxter map) are quadratic in parameters

0 xy yz 0
2
~par =3 _ z O O xy
X, Y, )
Crank= 4( Y Z) xz 0 0 yz
0 z2 xz 0 (2.97)

tré =0,
det¢ =y2z2(z2 = x%),y #0, z#0, z # +x,
eigenvalues: /[=yz(x — z), —/=yz(x — z2), [yz(x + 2), = /yz(x + 2).

e Rank =2 (noninvertible circle Yang—Baxter map) are linear in parameters

0 -y —» 0

~par =2

eheo(x, y) = , eigenvalues: 2 /xy, =2 /xy, {0}, (2.98)

0

0 0 vy

0 x 0

There are no circle 8-vertex solutions of rank 3. The corresponding families of
solutions can be derived from the above using the g-conjugation (2.14).

A particular case of the 8-vertex circle solution (2.97) was considered in Asaulko
and Korablev (2019).
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2.1.7 Triangle invertible 9- and 10-vertex solutions

There are some higher vertex solutions to the Yang-Baxter equations that are not in
the above star/circle classification. They are determined by the following system of
15 cubic equations for nine unknowns over C

(=py —x(u+w—-y)+ov(y+2)+s@v—-x)v+x)=0,

-ty +vz+x(y —z2)) =0,

x(t —v) + ty(w —z) + vz(y —u) =0,

Pz =ty +2z)+xu+w-=—2)+s(x*>—1*) =0,
S(—u+w—-—y+z)+s(—tu+z)+xu—-—w+y—z)+ow+y))
“uwy — uwz — uyz + wyz =0,
yp—-t)+ux-0v)=0,tpz - tu+z)+ux)=0,

s+ pu(—u+y + z) — (st + u(u + w)) + utx =0, t(z(p — v) — tw + wx) =0,
(it —v) + tw(y —u) + uo(w — z) =0, v(—=py + v(w + y) — wx) =0,
zw=p)+tw—wx)=0,00(t — p) + u(v — x)) =0,

2(=s) + pw(w — y — z) + s0% + w(o(u + w) — wx) =0,

(p(w —u) — tw + uv) =0,

(2.99)

We found the following 9-vertex Yang—Baxter maps

X y =y V4
N T SO I KON -
~9—vert, 1 00 xy 0 0 —-x -y y
1 2.1
rank=4 0 X 0 z B 0 —x 0 _ y s O N 0 z ’ ( 00)
00 0 x 0 0 0 X y
00 O X
tré =2x, deté=-x% x#0, eigenvalues: {x}l¥] —x. (2.101)

The third matrix in (2.100) is conjugated with the 4-vertex parameter-permutation
solutions (2.33) of the form (which has the same the same eigenvalues (2.101))

x 000

~4—vert 00 x O
a = 2.102
crank_4(x) 0 x 00 ( 0)

00 0 x

by the conjugated matrix
1 -2 X 9
2x 2x

z
yred=(0 1 0 L (2.103)

0 0 1 0

0 0 1
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The matrix (2.103) cannot be presented as the Kronecker product ¢ ®¢ ¢ (2.16), and
so the third matrix in (2.100) and (2.102) are different solutions of the Yang-Baxter
equation (2.12). Although the first two matrices in (2.100) have the same eigenvalues
(2.101), they are not similar because they are different from (2.102) middle Jordan
blocks.

Then we have another 3-parameter solutions with fractions

X y oy z
2

0 0 —x y—ﬁ
Y

~r9¢mﬁer4t¥ 2(X Vs Z)_ 0 —x O y - % 5
Y

00 0 x(ﬂ—3)

y? (2.104)
)
tré =2 2z > J ,
Y
2
detE:x(3—4—sz), x#0, y#0, Z;é—,
y 4x
. ) 4xz
eigenvalues: {x}P1, —x, x| — — 3|,
»?
and
X ¥y -y zZ
2zx
0 0 —x —/—+
Cramecs (%, p, 2) = 0 3x 0 2zx _
y
2
00 o XX
Y (2.105)

tre= Zx(l + zx—j)
Y
2
det€=3x(42—x+1) X#£0, y#£0, z# -
»? 4x
eigenvalues: x, iv/3x, —iv/3x, x(l + 42_x)
»?

The 4-parameter 9-vertex solution is
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2
x_ﬂ

z

0

0

S
25X

z
25X

z

x(4sx — z(2y + z))

2

tré =2

Isx —
(25x = yz

2

(2.106)

z
x4(2y — Z)(z(2y + z) — 4sx)

det¢ = 3

L X#E0,y# =, 2#0,
z 2
. 2 2 4sx — z(2
eigenvalues : x, x\/—y - 1,—x\/—y -1, X(dsx 22( y+2)).
z z z

We also found a 5-parameter and 9-vertex solution of the form

X y z s
s(t — x)
z

s(t—x
(=%, :

0 0 t

+y

~9—vert,par=5

rank=4 (xa ya z, S, l) =

0 M.,_x 0
z z
s(t—x)2+tz(y+z) - Xyz

72

0 0 0

i & st2 + sx? + tz2 + xz2 — 2stx + tyz — xyz (2.107)
Cc =
2 B
z

xt(x(y — z) — ty)(s(t — x)? + 1z(y + z) — xyz)
3 ,

deté =

z

. t t
eigenvalues : x, \/—(ty - Xy + xz2), —\/—(ty - Xy + xz2),
z z

st2 = 2stx 4+ tz2 + ytz 4+ sx2 -y

52

X #£0,2#0,1%#0.

Finally, we found the following 3-parameter 10-vertex solution

2

’

Canica (6, 1, 2)=[0 0 —x -y,
0 -—x 0 -y
z 0 0 x

Xy

(2.108)
tr ¢ = 2x,
deté = —x(x* + zp?), x #0,

»?

. ) 2 Zy2 2
eigenvalues: {x}P,  [x? + =—, — [x? +
X x
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This solution is conjugated with the 4-vertex parameter-permutation solutions
(2.33) of the form (which has the same the same eigenvalues as (2.108))

x 0 0 0
2
y Z
Commiei(X, ¥, 2) = 00 X+t (2.109)
0x 0 0
00 0 x
by the conjugated matrix
o X - o
z z
22y
Ut = yz yz x| (2.110)
2 2
1 -2 2 9
yz yz
o 0 1 1

Since the matrix (2.110) cannot be presented as the Kronecker product ¢ ®¢ ¢
(2.16), (2.108) and (2.109) are different solutions of the Yang—Baxter equation
(2.12).

Further families of the higher vertex solutions to the constant Yang-Baxter
equation (2.12) can be obtained from the ones above by using the g-conjugation
(2.14).

2.2 Polyadic braid operators and higher braid equations

The polyadic version of the braid equation (2.1) was introduced in Duplij (2021b,
2022). Here we define higher analog of the Yang—Baxter operator and develop its
connection with higher braid groups and quantum computations. The whole
material of this and the following sections is fully original and innovative.

Let us consider a vector space V over a field K. A polyadic (n-ary) braid operator
Cy» 1s defined as the mapping (Duplij 2021b)

n n

Com V® QV - V® ---QV.

(2.111)

The polyadic analog of the braid equation (2.1) was introduced in Duplij (2021b)
using the associative quiver technique (Duplij 2018).
Let us introduce n operators
2n—1 2n—1

4, V® @V - V® --QV,

(2.112)

A, =id¥"V® Cp @ idZ" 7, p=1,...,n, (2.113)
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i.e., pis a place of Cy» instead of one idy inid$". A system of (n — 1) polyadic (n-ary)
braid equations is defined by

AjoAyo0A30A40+--0A4,_20A,_10A4,04, (2.114)
= A;0A430A440450-+-04,_10A4,04104, (2 115)
=A,0A,04,0A430---0A4,_30A4,_,0A,_104,. (2.116)

Example 2.11. In the lowest non-binary case n = 3, we have the ternary braid
operator Cy: V® V® V— V® V® V and two ternary braid equations on 1 ®>

(Cys ®@ idy ® idy)o(idy ® Cyp3 ® idy)o(idy ® idy ® Cy3)o(Cyps Q idy @ idy)
=(idy ® Cy3 ® idy)o(idy ® idy ® Cy3)o(Cy3 ® idy ® idy)o(idy ® Cp3 ® idy) (2.117)
=(idy ® idy ® Cy3)o(Cy: @ idy ® idy)o(idy @ Cyp3 ® idy)o(idy ® idy @ Cy3).

Note that the higher braid equations presented above differ from the generalized
Yang-Baxter equations of Rowell et al (2010), Kitaev and Wang (2012), and Chen
(2012a).

The higher braid operators (2.111) satisfying the higher braid equations (2.114)-
(2.116) can represent the higher braid group (Duplij 2021a) using (2.6) and (2.113).
By analogy with (2.6), we introduce m operators by

m+n—2 m+n—2
B(m): V® -Q®V = V® ---®V, By(m) = (idy)®"*-2), (2.118)
Bi(m) = id§" " ® Cpn @ id" Y, i=1,...,m~- 1. (2.119)

The representation 7"l of the higher braid group #"*!! (of (n + 1)-degree in the
notation of Duplij 2021a, 2022) (having m — 1 generators ¢; and identity e) is given
by

”;E:l]: ,%EZ+1]—>EIIC1V®('”+’7_2), (2 120)

7)) =Bim), i=1,..,m- 1. (2.121)

In this way, the generators ¢; of the higher braid group %" +! satisfy the relations
e 1 higher braid relations

n+1

(2.122)
00;+1'**0i+p-20i+n—10;
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=0i+10i+2'**0i+;n—10/0;+1

(2.123)
= 0i17-100i110;42'** 00410, n—1, (2.124)
i=1,..,m-n, (2.125)
e n-ary far commutativity
/—A_ﬁ
0i0i,"**0i, 0, Oi, (2.126)
= 01(i)0(in)" " O (i 20 1(in-1)07(in)> (2.127)
ifall |i,—i|>n p.s=1..,n, (2.128)

where 7 is an element of the permutation symmetry group z € S,. The relations
(2.122)—(2.127) coincide with those from Duplij (2021a, 2022), obtained by another
method, i.e., via the polyadic-binary correspondence.

In the case m = 4 and n = 3, the higher braid group %" is represented by (2.117)
and generated by three generators o, 6,, 63, Which satisfy two braid relations only
(without far commutativity)

01626301 = 6203016 = 030610,03. (2.129)

According to (2.126)—(2.127), the far commutativity relations appear when the
number of elements of the higher braid groups satisfy

mzmy, =nn—1)+ 2, (2.130)

such that all conditions (2.128) should hold. Thus, to have the far commutativity
relations in the ordinary (binary) braid group (2.5), we need three generators and %;,
while for n = 3 we need at least seven generators o, and %% (see example 7.12 in
Duplijj 2021a).

In the concrete realization of VV as a d-dimensional Euclidean vector space V,; over
the complex numbers C and basis {¢;}, i=1, ..., d, the polyadic (n-ary) braid
operator Cy» becomes a matrix Cy of size d" x d" which satisfies n — 1 higher
braid equations (2.114)—(2.116) in matrix form. In the components, the matrix braid
operator is

d C
Coole, @ e, ® @)= D it e ® ey @ ®e,.  (2.131)
By iy =1
Thus, we have d*" entries (unknowns) in C,. satisfying (n — 1)d**=2 equations
(2.114)(2.116) in components of polynomial power n + 1. In the minimal non-

binary case n = 3, we have 2d'? equations of power 4 for d° unknowns, e.g., even for
d =2, we have 2048 for 64 components, and for d = 3 there are 118 098 equations for
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729 components. Thus, solving the matrix higher braid equations directly is
cumbersome and only particular cases are possible to investigate, for instance by
using permutation matrices (2.28), or the star and circle matrices (2.77)—(2.78).

2.3 Solutions to the ternary braid equations

Here we consider some special solutions to the minimal ternary version (n = 3) of the
polyadic braid equation (2.114)—(2.116), the ternary braid equation (2.117).

2.3.1 Constant matrix solutions

Let us consider the following two-dimensional vector space V = V,_, (which is
important for quantum computations) and the component matrix realization (2.131)
of the ternary braiding operator Cg: VQ V® V> VQ® V® V as

2 L
Co(e; ® e, ® €)= Dy M- e;®e @, hoaajlsy=12(2132)
Jy sz =1
We now turn (2.132) to the standard matrix form (just to fix notations) by
introducing the 8-dimensional vector space V3 = V' ® V' ® V with the natural basis
Ci={e®e®e,e1Q@e® e, ...,000 e, ® er}, where k =1, ..., 8 is a cumu-
lative index. The linear operator Cg: V; — F; corresponding to (2.132) is given by the
8 x 8 matrix ¢; as Cyoé: = Zi _ G - €;. The operators (2.112)~2.113) become

three 32 x 32 matrices /L, 2.3 as
A =Qyh ®x b, A =5L Qg é®xh, A4 =5LQ® L&, (2.133)

where ® 1s the Kronecker product of matrices and /; is the 2 x 2 identity matrix. In
this notation, the operator ternary braid equations (2.117) become the matrix
equations (cf (2.114)—(2.116)) withn = 3

1&1/121‘131‘11 = 1&2/13/111‘12 = /113/1’1/12143, (2134)
which we call the fotal matrix ternary braid equations. Some weaker versions of
ternary braiding are described by the partial braid equations

partial 12—braid equation 4,4, 434, = A, A A A, (2.135)
partial 13—braid equation 1‘11/121431&1 = 1‘131‘111‘1‘21&3, (2136)
partial 23—braid equation 44344, = 4344, 43, (2.137)

where, obviously, two of them are independent. It follows from (2.114)—(2.116) that
the weaker versions of braiding are possible for n > 3, but only for higher than
binary braiding (the Yang-Baxter equation (2.8)).

2-28



Innovative Quantum Computing

Thus, by comparing (2.134) and (2.129) we conclude that (for each invertible
matrix ¢ in (2.133) satisfying (2.134)) the isomorphism #": 6, » 4,,i = 1, 2, 3 gives
a representation of the braid group 4! by 32 x 32 matrices over C.

Now we can generate families of solutions corresponding to (2.133)—(2.134) in the
following way. Consider an invertible operator Q: ¥ — ¥V in the two-dimensional
vector space V' = V,_,. In the basis {e;, e,}, its 2 X 2 matrix ¢ is given by
Qoe; = Zi:l%’ - ¢;. In the natural 8-dimensional basis é;, the tensor product of
operators Q ® O ® Q is presented by the Kronecker product of matrices
Gs = q ®k q Qx g- Let the 8 x 8 matrix ¢ be a fixed solution to the ternary braid
matrix equations (2.134). Then, the family of solutions ¢(¢g) corresponding to the
invertible 2 X 2 matrix ¢ is the conjugation of ¢ by g so that

&(q) = G2d; ' = (9 ®x 9 ®x DE(q™' Bk ¢7' ®k 7). (2.138)

This also follows directly from the conjugation of the braid equations (2.134)-
(2.137) by ¢ ®kx ¢ ®x 9 ®k ¢ ®k ¢ and (2.133). If we include the obvious
invariance of the braid equations with the respect of an overall factor 7 € C, then
the general family of solutions becomes (cf the Yang-Baxter equation Hietarinta
1993)

(g, 1) = 14,24y = (g ®x ¢ ®k (g~ @k ¢~ ®k 7). (2.139)
Let
g= (“ Z) € GL(2, ©), (2.140)
.

and then the manifest form of g is

a’> a*b a*b ab*> a*h ab* ab® b
a*c a*d abc abd abc abd b*c b*d
a’c abc a*d abd abc b*c abd bd
acd acd ad®> bc? bed bed bd?
a’c abc abc b c a*d abd abd b*d |
acd bc* bed acd ad* bed bd?
ac*> bc* acd bed acd bed ad? bd?

A c2d Ad cd® c*d ocd* cd®  dP

(2.141)

It is important that not every conjugation matrix has this very special form (2.141),
and that therefore, in general, conjugated matrices are different solutions of the
ternary braid equations (2.134). The matrix g;"gs (* being the Hermitian conjuga-
tion) is diagonal (this case is important for further classification similar to the binary
one Dye 2003), when the conditions

ab*+cd*=0 (2.142)
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hold, and so the matrix ¢ has the special form (depending on three complex
parameters, for d # 0)

a b
— &
q= _a% al (2.143)
We can present the families (2.138) for different ranks because the conjugation by an
invertible matrix does not change rank. To avoid demanding (2.142), due to the
cumbersome calculations involved, we restrict ourselves to a triangle matrix for ¢
(2.140).

In general, there are 8 x 8 = 64 unknowns (elements of the matrix ¢), and each
partial braid equation (2.135)—(2.137) gives 32 x 32 = 1024 conditions (of power 4)
for the elements of &, while the total braid equations (2.134) give twice as many
conditions 1024 x 2 = 2048 (cf the binary case: 64 cubic equations for 16 unknowns
(2.8)). This means that, even in the ternary case, the higher braid system of equations
is hugely overdetermined and finding even the simplest solutions is a non-trivial task.

2.3.2 Permutation and parameter-permutation 8-vertex solutions

First we consider the case when ¢ is a binary (or logical) matrix consisting of {0, 1}
only, and, moreover, it is a permutation matrix (see subsection 2.1.4). In the latter
case, ¢ can be considered as a matrix over the field F, (Galois field GF(2)). In total,
there are 8! = 40 320 permutation matrices of the size 8 x 8. All of them are
invertible of full rank 8 because they are obtained from the identity matrix by
permutation of rows and columns.

We have found the following four invertible §8-vertex permutation matrix
solutions to the ternary braid equations (2.134)

10000O0O00O0
0000O0OO0OT1TPO
00100000

~bisymml=00001000

k=8 10001000 O0[
0000O0OT1O0O
01 000O0O0OO0
000O0O0O0OO0OT1 (2.144)
00000001 '
01 000O0O0OO
00000100 tre =4,

s f000 0000l il
00100000 eigenvalues: {1}4, {—1}14,
0000O0OO0OT1TO
10000O0O00O0

2-30



Innovative Quantum Computing

10000000
00001000
00000001
symmi _[00 010000
k=800 1000000/
00000100
00000010
00100000 2.145)
00000100 '
01000000
00100000 tre =4,
T
10000000 eigenvalues: {1}, {—1}141.
00010000
00000O0O01

The first two solutions (2.144) are given by bisymmetric permutation matrices (see
(2.31)), and we call them 8-vertex bisymm<1 and bisymm2, respectively. The second
two solutions (2.145) are symmetric matrices only (we call them 8-vertex symm1 and
symmz2), but one matrix is a reflection of the other with respect to the minor
diagonal (making them mutually persymmetric). No 90°-symmetric (see (2.32))
solution for the ternary braid equations (2.134) was found. The bisymmetric and
symmetric matrices have the same eigenvalues, and are therefore pairwise conjugate
but not g-conjugate because the conjugation matrices do not have the form (2.141).
Thus, they are four different permutation solutions to the ternary braid equations
(2.134). Note that the bisymm1 solution (2.144) coincides with the three-qubit swap
operator introduced in Ballard and Wu (2011b).

All the permutation solutions are reflections (or involutions) ¢2 = I; having
det ¢ = +1, eigenvalues {1, —1}, and are semi-magic squares (the sums in rows
and columns are 1, but not the sums in both diagonals). The 8-vertex permutation
matrix solutions do not form a binary or ternary group because they are not closed
with respect to multiplication.

By analogy with (2.33)-(2.34), we obtain the 8-vertex parameter-permutation
solutions from (2.144)—(2.145) by replacing units with parameters and then solving
the ternary braid equations (2.134). Each type of the permutation solutions
bisymm1, 2 and symm1, 2 from (2.144)—(2.145) will give a corresponding series
of parameter-permutation solutions over C. The ternary braid maps are determined
up to a general complex factor (see (2.14) for the Yang—Baxter maps and (2.139)),
and therefore we can present all the parameter-permutation solutions in polynomial
form.

e The bisymm1 series consists of two two-parameter matrices with two two-
parameter matrices
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xx 0 0 O 0 O 0 O
0 0 0 0 0 0 +y> 0
0 0 x» 0 0 O O O
~bisymml, 1 0 0 0 0 xx*> 0 0 0
Comg x, p) = 0 0 0 +2 0 0 0 o0
0O 0 0 0 0 xy O O (2.146)
0 +x>2 0 0 0 0 0 O
0 0 0 0 0 0 0 xy
tr ¢ = 4xy,
deté =x%%, x,y#0,
eigenvalues: {xy}l¢, {—xp}i2,
xx 0 0 O O 0 0 O
0 0 0 0 0 0 x> 0
0 0 x» 0 0 O 0 O
. bisymm 0 0 0 0 x> 0 0 O
Gy 2(x, y) = 0 0 02 0 0 0 0
0 0 0 0 0 xy 0 O (2.147)
0O x> 0 0 0 0 0 O
0o 0 0 0 0 0 0 xy
tr ¢ = 4xy,
deté =x%8, x,y#0,
eigenvalues: {xy}¥, {ixy}l?!, {—ixy}i?.
e The bisymm2 series consists of four two-parameter matrices
0 0 0 0 0 0 0 x°
0 +x%% 0 0 0 0 0 0
0 0 0 0 0 x%* 0 0
~ bisvmm 0 0 0 +x%* 0 0 0 0
g N(x, y) = 0 0 0 0 +x% 0 0 ol
0 0 x»H* 0 0 0 0 0 (2.148)
0 0 0 0 0 0 +x% 0
¥y 0 0 0 0 0 0 0

tr & = +4x3°3,
det 28 (x, y) = X2, x, y # 0,

eigenvalues : {x3yP, 1—x3phBcpxdyni
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(=2}

0 0 0 0 0 0 0 x
0 +x3»% 0 0 0 0 0 0
0 0 0 0 0 xH% 0 0
, 0 0 0 +x3%* 0 0 0 0
~bisymm?2, 2 —
Crank=8 (X, y) 0 0 0 0 ix3y3 0 0 0 5
0 0 —x¥»* 0 0 0 0 0] (2.149)
0 0 0 0 0 0 +x%* 0
-y 0 0 0 0 0 0 0
tr ¢ = +4x3)3
det Zni (x, y) = X2y, x, y # 0,
eigenvalues : {ix*y )P, i3y iy,
e The symm1 series consists of four two-parameter matrices
x 0 0 0 0 0 0 O
0 0 0 0 =y 0 0 O
0 0 0 0 0 0 0 y?
~symm1 1 0 0 0 Xy 0 0 0 0
x - B
Crank=8 ( J’) 0 XY 0 0 0 0 0 0
0O 0 0 0 0 xy 0 O (2.150)
0O 0 0 0 0 0 xy O
0 0 x>0 0 0 0 O
tr ¢ = 4xy,
deté =x%8, x,y#0,
eigenvalues: {xy}l, {—xy}i2!
xy 0 0o 0 0 0 0 O
0 0 0 0 =z=xy 0 0 O
0 0 0 0 0 0 0 y?
~symml 2 0 0 0 Xy 0 0 0 O
Cran X, - H
SEN= 0 S 0 0 0 0 0 o
0 0 0 0 0 xy 0 O (2.151)
0 0 0 0 0 0 xy O
0 0 -x20 0 0 0 0
¢ =4xy,

detc =x%8, x,y#0,
eigenvalues: {xy}l®l, {—xy}P
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e The symm2 series consists of four two-parameter matrices

0 0 0 0 32 0 0
O x» 0 0 0 O 0 O
0 0 xp 0 00 0 0
~symm2, 1 0O 0 0 0 0 O x=xy O
Crankeg (X, y) = 0 0 0 0 xy 0 Oy ol
x20 0 0 0 O 0 O (2.152)
0 0 0 #xy 0 0 0 0
O 0 0 0 O O 0 xy
tr ¢ = 4xy,
deté =x%8, x,y#0,
eigenvalues: {xy}4, {ixy}l?l, {—ixy}i?
0 00 0 0 > 0 O
0O x» 0 0 0 O 0 O
0 0 x» 0 0 O 0 O
~symm?2, 2 0O 0 0 0 0 0 =x=xy O
GRS D= 00 0 0 a0 ol
x>0 0 0 0 0 0 O (2.153)
0 0 0 Fx»p 0 0 0 0
0O 0 0 O 0 0 0 xy
tr ¢ = 4xy,

dete =x%%, x,y#0,
eigenvalues: {xp}¥, {ixy}2, {—ixy}.

The above matrices with the same eigenvalues are similar but their conjugation
matrices do not have the form of the triple Kronecker product (2.141), and therefore
all of them together are 16 different two-parameter invertible solutions to the ternary
braid equations (2.134). Further families of solutions can be obtained using ternary
g-conjugation (2.139).

2.3.3 Group structure of the star and circle 8-vertex matrices

Here we investigate the group structure of 8 x 8 matrices by analogy with the star-
like (2.35) and circle-like (2.36) 4 x 4 matrices, which are connected with our 8-
vertex constant solutions (2.146)—(2.153) to the ternary braid equations (2.134).

Let us introduce the star-like 8 X 8 matrices (cf (2.35)), which correspond to the
bisymm series (2.146)—(2.149)
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x000000O0 0000000 y
000000y O 0x000000
00z00000 00000sO00

v =[0 0005000 N,,=[0 0020000

oo ocsr000 o0 0000wu00O0O0
0000000 00700000 (2.154)
02000000 000000WO
0000000 w 20000000
trN'=x+z+u+w, detN' =stuvwxyz, s,t,u, v, w, x,p,z+#0,

eigenvalues: x, z, u, w, — Jyv, Jyo, —/st, /st

and the circle-like 8 x 8 matrices (cf (2.36)), which correspond to the symm series
(2.150)—(2.153)

x000O0O0O0DO 000O0O0Oy»00O0
0000y 000 0x000000
000O0O0OGO0OO0z 00 s 00O0O0O
Nc/im:O()OsOOOO’ Nc/ir02=000000205 (2.155)
0 000O0O0O0 000O0wuOO0O0
000O0O0OUZOO t 000O0O0OO0O
000O0O0O0D090O0 00O0wOOODO
00wOOOOO 000O0O0OO0O0TUWD
trN'=x+s+u+0v, detN' =stuvwxyz, s, t,u, v, w, x,y,z#0,
(2.156)

eigenvalues: x, s, u, v, —/ty, Jty, —Vwz, Jwz.

We denote the corresponding sets by N, » = {Ns’tarL 2} and Njp 0 = {Ngi,.cl, 2},
and then we have for them (which differs from 4 x 4 matrix sets (2.41))

M,full = Nétarl U N;tar2 U N::ircl U N,circz’ Nétarl N NétarZ N N::ircl N NZ:irc2 =D, (2.157)

where D is the set of diagonal 8 x 8 matrices. Again, as for 4 X 4 star-like and circle-
like matrices, there are no closed binary multiplications among the sets of 8-vertex
matrices (2.154)—(2.155). Nevertheless, we have the following triple set products

Nitart Netart Netart = Noart» (2.158)
Nitara Nstars Nstarz = Nicar2, (2.159)
Neiret Neiret Neirer = Neirer» (2.160)
Neire2 Neirea Naire2 = Neirea (2.161)

which should be compared with the analogous 4 X 4 matrices (2.39)—(2.40): note that
now we do not have pentuple products.
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Using the definitions (2.42)—(2.45), we interpret the closed products (2.158)—
(2.159) and (2.160)—(2.161) as the multiplications 3! (being the ordinary triple

matrix product) of the ternary semigroups ygi]m, ,(8,C) = {N;tarl, 2|/¢[3]} and
yljlcl’ »(8,C) = { virel. 2‘;4[3]}, respectively. The corresponding querelements (2.42)
are given by

’ '—1 {

Nstarl = ]Vstarl = 5 (2162)

[e)
(e
()
(e
[e)
S = |-

=

o

o

o

o

o

o

o

S Q=
= =

S x|=

’ 1

]Vslar2 = ]VstarZ = , S, LU, v, w, X, ¥,z * 0, (2163)

00001000
u
00100000
s
1

< |-

and
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S K=

o
o
o
|
o
o
o
o

=/ '—1 S

Neiret = Nejret = , (2.164)

o = |-
S ==

o

o

S Q=

o
o
o
o
o
|
o
o

S K|

=/

Niier = Nijrr = LS, LU, 0, W, X, v, 2 £ 0. (2.165)

o
o
o
o
S ==
o ==

0 0O

o = |-

0010000
z

OOOOOOl
v

)

The ternary semigroups S A8, C) = {N;tarl, 2‘;4[3]} and
FB 8, C) = N, Bl in which every element has its querelement given b

circl, 2 circl, 2 12 y q g y
(2.162)~(2.164) become the ternary groups 9., 48, C) = {N;ml,zjﬂm, (_)} and

G .28,C) = {N/circl,Z‘,uB]a G}, which are four different (3-nonderived) ternary
subgroups of the derived ternary general linear group GLPI(8, €). The ternary
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identities in ¥}, ,(8, C) and L)

circl, 2
sets Iy » = {Is,t[‘j,r]l,Z} and 153, 5 = {Ic,i[:c]l, 2}, where

e 0 0 0 0 0 0 0

0 0 0 0 0 0 e= 0

0 0 e 0 0 0 0 0

I8 = 0 0 0 0 e= 0 0 O
e 0 0 0 e 0 0 0 0
0 0 0 0 0 e 0 O

0 e 0 0 0 0 0 O

0 0 0 0 0 0 0 e

0 0 0 0 0 0 0 e=

0 e 0 0 0 O 0 0

0 0 0 0 0 e« 0 0

1B, = 0 0 0 €= 0 0 0 0
s 0 0 0 0 €% 0 0 0
0 0 e 0 0 0 0 0

0 0 0 0 0 0 e 0

e 0 0 0 0 0 0 0

€2ia1 — e2ia3 — e2ia(, — €2iag — ei(a2+a7) — ei(a4+a5) — 1’ aj, .

and
em 00 0 0 0 0 0
0 0 0 0 ¢ 0 0 0
0 0 0 0 0 0 0 e
i 0 0 0 e 0 0 0 0
0 ¢= 0 0 0 0 0 0
0 0 0 0 0 e 0 0
0 0 0 0 0 0 ev 0
0 0 e¢= 0 0 0 0 0
0 0 0 0 0 e« 0 0
0 ¢« 0 0 0 0 0 0
0 0 ¢ 0 0 0 0 0
s 0 0 0 0 0 0 €= 0
AT 0 0 0 e 0 0 0
e 00 0 0 0 0 0
0 0 0 e 0 0 0 0
0 0 0 0 0 0 0 ew

eZial — e2ia4 — eZia() — erOH — ei(a3+ag) — ei(a2+a5) — 1’ a, .
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such that all the identities are the 8 x 8 matrix reflections (I ')? = I (see (2.45)). If
a;=0,j=1, ..., 8, then the ternary identities (2.167)~(2.169) coincide with the 8 x
8 permutation matrices (2.144)—(2.145), which are solutions to the ternary braid
equations (2.134).

The module structure of the 8-vertex star-like (2.154) and circle-like (2.155) 8 x 8
matrix sets differs from the 4 X 4 matrix sets (2.53)—(2.76). First, because of the
absence of pentuple matrix products (2.71)—(2.76), and second through some
differences in the ternary closed products of sets.

We have the following triple relations between star and circle matrices separately
(the sets corresponding to modules are in brackets, and we informally denote
modules by their sets)

Netart (Netar2)Netart = (Netar2)s Neiret (Naire2)Nairet = (Neire2) (2.170)
NitartNetart (Nstar2) = (Nstar2)> NeiretNeiret(Neire2) = Neirea s (2.171)
(Nstar2)NtartNetart = (Ngar2), (Naire2)Neiret Nairet = (Neire2) (2.172)
Nitar2Netara (Notar1) = (Noart)> NeireaNeirea (Neire1) = (Neirer) (2.173)
Nitar2 (Near)Netars = (Noar)s Neireo(Neiret) Neires = (Neirer) (2.174)
(Notar)Nsiar2Nstar2 = (Noart)> - (Neire) Naire2Neire2 = (Nairer)- (2.175)

So we may observe the following module structures: (1) from (2.170)-(2.172), the
sets Niro (Niiro) are the middle, right, and left ternary modules over N,.; (N e1); (2)
from (2.173)—~(2.175), the set Nj;,,; (Ny;,c;) are middle, right, and left ternary modules
over N;tar2 (N,cirCZ);

Nitart Nstart (Naire) = (Nairet)>  (Naire) Nstart Nsart = (Neire), (2.176)
NitartNscar1 (Neir2) = (Neire2)>  (Naire2)NstartNotart = (Naire2) (2.177)
Natara Netara(Neire) = (Neirer)s  (Naire) NetaraNear2 = (Neirer) (2.178)
Nitars Nstar2 (Naire2) = (Naire2)s (Naire2)Netara Nstarz = (Neire ) (2.179)

(3) from (2.176)—(2.179), the sets Ny , are right and left ternary modules over

starl, 25
Naire1Neiret(Netar1) = (Nart)s  (Narn) NeiretNeirer = (Nigar1) (2.180)
NeiretNaire1 (Notar2) = (Noar2)s (Noar2)NairetNeirer = (Nitar2) (2.181)
Naire2 Neire2 (Nstar1) = (Nstart)> (Ntart) Neire2Neirer = (Ntar1) (2.182)
Neirea Naire2 (Ntar2) = (Ntar2)s (Noar2)Naire2Neire2 = (Nitar2) (2.183)
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(4) from (2.180)—(2.183), the sets N, , are right and left ternary modules over

/
circl, 2+

2.3.4 Group structure of the star and circle 16-vertex matrices

Next we will introduce 8 x 8 matrices of a special form similar to the star 8-vertex
matrices (2.77) and the circle 8-vertex matrices (2.78), analyze their group structure,
and establish which ones could be 16-vertex solutions to the ternary braid equations
(2.134). We will derive the solutions in the opposite way to that for the 8-vertex
Yang-Baxter maps, following the note after (2.34). Indeed, the sum of the
permutation bisymm solutions (2.144) gives the shape of the 8 X 8 star matrix
M. (as in (2.77)), while the sum of symm solutions (2.145) gives the 8 x 8 circle
matrix M. (as in (2.78))

x000000 y
0 z00O0OO0OU s O
00 ¢r 00 wuO02O0
., loooowooo
M =100 0a b 00 0f (2.184)
0 0c00dOO
0 £0000g0
HhOO0O0O0O0O0 p
x0000 y 00
0 z00s 0O0O0
0 0¢r 0000 u
, Jlooowoowo
Mcirc_ 0 f 00 g 000} (2185)
hOO0OO0DO poo
0 00a0O0ODbHO
0 0cO0O0O0OOUd
trM =x+z+t+0v+b+d+g+p, (2.186)
det M = (bv — aw)(cu — db)(fs — gz)(px — hy), )
eigenvalues : %(d +1— Jheu + (d - z)2), %(d + 1+ Jheu + (d - 1)2),
l(b + v — Jdaw + (b - 0)2), l(b + v+ Jdaw + (b — 0)2),
2 2 (2.187)

%(p+x+ Jahy + (0 = 0?), %(p+x — Jahy + (p = x7),
He+z- A+ =27 ) e+ 2+ Vah + @ - 2°)
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The 16-vertex matrices are invertible, if det M, # 0 and det M. # 0, which
give the following joint conditions on the parameters (cf (2.80))

bv—aw #0, cu—dt+#0, fs—gz+#0, px — hy # 0. (2.188)
Only in this concrete parametrization (2.184) and (2.185) do the matrices M,

and M}, have the same trace, determinant, and eigenvalues, and they are
diagonalizable and conjugate via

<
I

(2.189)

S o oo o o -
SO oo o —O
SO~ OO OO
=N N eleNaRel =)

S, O OO OO
— OO oo oo o

S oo oo~ OO
SO OO~ O OO

00 00

The matrix U’ cannot be presented in the form of a triple Kronecker product (2.141),
and so two matrices M, and M, are not g-conjugate in the parametrization
(2.184) and (2.185), and can lead to different solutions to the ternary braid equations
(2.134). It follows from (2.188) that 16-vertex matrices with all nonzero entries equal
to 1 are noninvertible, having vanishing determinant and rank 4 (despite each one
being a sum of two permutation matrices). In the case all the conditions (2.188)
holding, the inverse matrices become

P 0 0 0 0 0 o -2
px —hy px —hy
0 S 0 0 0 0 - 0
f5s— gz fs— gz
0 — 0 “ 0 0
cu — dt cu — dt
/ 0 0 0 . b e 0 0
Mst_a% _ 0 —atm vv— aw . (2.190)
0 0 0 - 0 0 0
bv —aw  bv — aw
0 ¢ [ J— 0 0
cu — dt cu — dt
0 _J 0 0 0 [(—— 0
f5—gz f5— gz
" 0 0 0 0 0 0 X
px —hy px —hy
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v 0 0 o -2 0 0
px —hy px —hy
0 -_£ 0 s 0 0
J5—gz fs—gz
0 0 __d 0 0 0 0 “
cu — dt cu — dt
0 0 0 ; b 0 0 -5 i 0
i v — ) v — aw
Mgl= 7 o B a . (2.191)
0 0 0 S 0 0 0
fs—gz f5—gz
__h 0 0 0 al 0 0
px —hy px — hy
0 0 0 __4 0 0 ¢ 0
bv — aw bv — aw
0 0 ¢ 0 0 0 0 S
cu — dt cu — dt

/

Denoting the sets of matrices corresponding to (2.184) and (2.185) by M, and
M., their multiplications are

M;tar M;tar = M;tar 5 M/circ M::irc = M::irc 5 (2 1 92)

and in term of sets M;tar = N;tarl U N;tarZ and Mz:irc = N::ircl U N::irc2’ and
Niarr N Ny = D and N,y N N,o = D (see (2.157)). Note that the structure
(2.192) is considerably different from the binary case (2.81)—(2.83), and therefore
it may not necessarily be related to the Cartan decomposition.
The products (2.192) mean that both M, and M, are separately closed with
respect to binary matrix multiplication (-), and therefore 5%, = (M., |-) and
dre = (M,.|) are semigroups. We denote their intersection by

gae = giar g5l which is a semigroup of diagonal 8-vertex matrices. In

cai‘é,nthe invertibility conditions (2.188) are fulfilled, the sets My, and M;,, form
Subgroups gigdvrert = <M;lar|'s ( )_13 JS) and gfiévr\(/:ert = <M::irc|'s ( )_1’ j8> (where I
is the 8 x 8 identity matrix) of GL(8, C) with the inverse elements given explicitly by
(2.190)—~(2.191). Because the elements Mg, and M}, in (2.184) and (2.185) are
conjugates by the invertible matrix U’ (2.189), the subgroups ¢ = and %S  (as
well as the semigroups {@r =~ and &I ) are isomorphic by the obvious
isomorphism

My > UM U™ (2.193)

where U’ is in (2.189).
The interaction between My, and M;;.. also differs from the binary case (2.82),
because

M;tar M::irc = Mé{uada M::ircM;tar = Méluad’ (2194)
leuaszquad = zluada (2195)
where Mg,,q is a set of 32-vertex so-called quad-matrices of the form
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xxi 0y 0 0 z 0 s
0 4 0 wy vy 0 wy O
a 0 b 0 0 ¢ 0 d
0 f 0 g MmO p O
0% 0 »p » 0 s, O
L 0 u, 0 0 v 0 wy
0 ao 0 by o0 0 d O
0 g 0 0 h 0 p

Because of (2.195), the set M,,q is closed with respect to matrix multiplication,
and therefore (for invertible matrices Méuad) the group
ghud = <M11uad o (), fg> is a subgroup of GL(8, C). So, in trying to find
higher 32-vertex solutions (having at most half as many unknown variables as a

general 8 x 8 matrix) to the ternary braid equations (2.134), it is worthwhile to
search within the class of quad-matrices (2.196).

!
Mquad =

(2.196)

Innovation 2.12. The group structure of the above 16-vertex 8 X 8 matrices (2.192)—
(2.195) is considerably different to that of 8-vertex 4 X 4 matrices (2.77)(2.78)
because the former contains two isomorphic binary subgroups 4Gy, and 4\¢ey of

GL(8, C) (cf (2.81)—(2.83) and (2.192)).

The sets My, Mg, and Mg,,4 are also closed with respect to matrix addition, and

therefore (because of the distributivity of C) they are the matrix rings 22}&5, , 250, |
and 2% | respectively. In the invertible case (2.188) and det Myaq # 0, these

become matrix fields.

2.3.5 Pauli matrix presentation of the star and circle 16-vertex constant matrices

The main peculiarity of the 16-vertex 8 x 8 matrices (2.192)—(2.195) is the fact that
they can be expressed as special tensor (Kronecker) products of the Pauli matrices
(see, also, Khaneja and Glaser 2001, Ballard and Wu 2011b). Indeed, let

Z’/k':pl ®Kpj®K pk’ i’j3k=1729 3943 (2197)

where p, are Pauli matrices (we have already used the letter ‘6’ for the braid group
generators (2.5))

1 —1i 1 1
p=(0 ) =0 = D) amr=(50) o

Among the total of 64 8 x 8 matrices X (2.197), there are 24 which generate M,
(2.184) and M, (2.185):
e Eight diagonal matrices: Zgiag= {X333, 334, 2343, 344> 2433, T43ds 243> 2ddd}
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o Eight antidiagonal matrices: Zogiag = {Z111, 112, 2121, 21225 2211, 22125 22215 2222} 5
e FEight circle-like matrices (Mg, with 0Os on the diagonal):

Zeire = {Zi31, 2132, Ziat, 2142, L2310, 22325 241> 22425 -
Thus, in general we have the following set structure for the star and circle 16-

vertex matrices (2.184) and (2.185)

Miar = Zdiag U Zadiags (2.199)
Mt/:irc = Z“di::tg U Zcirca (2200)
Mar M Migre = Zdiag- (2.201)

In particular, for the 8-vertex permutation solutions (2.144)—(2.145) of the ternary
braid equations (2.134), we have

~ bisymm 1
oyt 2 = 5(2111 + Zgss £ Zopn £ T343), (2.202)
5 1
eyt = 5(2141 + Zaas £+ Tz £ X333). (2.203)

The noninvertible 16-vertex solutions My, (2.184) and M/, (2.185) having 1s on
nonzero places are of rank = 4 and can be presented by (2.197) as follows

1 0000O0O0T1
01 000O0OT1PO0
001 001O0O0
My,(1) = 8 8 8 i i 8 g 8 = i1y + 244, (2.204)
001 001O00O0
01 000O0OT1O0
1 0000O0O0T1
10000100
01 001O0O00O0
00100O0O0T1
p 00010O0OT1O
M(1) 01001000 141 + Zaaq (2.205)
10000100
00010O0T1O0
001000O0O01

Similarly, one can obtain the Pauli matrix presentation for the general star and
circle 16-vertex matrices (2.184) and (2.185) which will contain linear combinations
of the 16 parameters as coefficients before the Xs.
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2.3.6 Invertible and noninvertible 16-vertex solutions to the ternary braid equations

First, consider the 16-vertex solutions to (2.134) having the star matrix shape
(2.184). We found the following two one-parameter invertible solutions

x2 0 0 0 0 0 0 -1
0 x> 0 0 0 0 FxZ 0
0 0 x3 0 0 —x2 0 0
~,l6—verl,star(x)= 0 0 0 X3 ¢X4 0 0 0
rank=s 00 0 +x2 x3 0 o0 of
0 0 x* 0 0 x3 0 0 (2.206)
0 +x* 0 0 0 0 x3 0
xX 0 0 0 0 0 0 X3
tr é = 8x3,
deté = 16x24, x #0,
eigenvalues: {(1 + i)x3}[4], (- i)x3}[4].
Both matrices in (2.206) are diagonalizable and are conjugates via
1 0 0 0 00O0OO
0-10 0 00O0OO
0O 0 1 0 00O0OO
0O 0 0-1000O0
Ustar = 2.207
T100 0 0 1000 (2:207)
0O 0 0 0 0100
0O 0 0 0 0010
0O 0 0 0 0O0O0OT1

which cannot be presented in the form of a triple Kronecker product (2.141).
Therefore, the two solutions in (2.206) are not g-conjugate and become different 16-
vertex one-parameter invertible solutions of the braid equations (2.134).

In search of 16-vertex solutions to the total braid equations (2.134) of the circle
matrix shape (2.185), we found that only noninvertible ones exist. They are the
following two 2-parameter solutions of rank 4

+xy 0 0 0 0 y2 0 0

0 +xy 0 0 xy 0 0 0

0 0 +xy 0 0 0 0 2
ey 00 0 e 0 0w 0

x2 0 0 0 0 +xy O 0 (2.208)

0 0 0 xy 0 0 +xy O

0 0 xzX 0 0 0 =+xy

tr ¢ = +8xy,

eigenvalues: {2xy}4, {0},
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Two matrices in (2.208) are not even conjugates in the standard way, and so they are
different 16-vertex two-parameter noninvertible solutions to the braid equations
(2.134).

For the only partial 13-braid equation (2.136), there are four polynomial 16-
vertex two-parameter invertible solutions

x 0 0 0 0 32 0 0
0 xp O 0 x 0 O 0
0 0 «x 0 0 0 0 =+y?
~16—vert, 13circ 0 0 0 Xy 0 0 £x O
Crank=8 X, = , 2.209
k=8 (x, ») 0+ 0 0 xy 0 0 ( )
x20 0 0 0 x 0
0 0 0 +=x 0 0 xy O
0 0 £x2 0 0 0 O b
x 0 0 0 0 > 0 0
0 xp O 0 —x 0 O 0
0 0 X 0 0 0 0 =+)y?
0O O 0 x» 0 0 Fx 0 ’ (2.210)
0 —-x 0 0 xy 0 O 0
x2 0 0 0 0 x 0 0
0 0 0 x 0 0 xy O
0 0 x> 0 0 0 O X
tré =4x(y + 1),
deté=x802 - )", x £0,y # 1, (2.211)

eigenvalues : {x(y + DI, {x(y — DI, {—x(y — D},

Also, for the partial 13-braid equation (2.136), we found four exotic irrational (an
analog of (2.89) for the Yang-Baxter equation (2.12)) 16-vertex, two-parameter
invertible solutions of rank 8 of the form

glé—vert, 13circ, l(x, )

rank==8
X2y — 1) 0 0 0 0 y2 0 0

0 Xy 0 0 x20-Dy+1 0 0 0
0 0 2y - 1) 0 0 0 0 +y2

1 o 0 0 xy 0 0 =20 -Dy+1 o | 3212
0 20— Dy + 1 0 0 xy 0 0 0
x2 0 0 0 0 x 0 0
0 0 0 X200 - Dy + 1 0 0 Xy 0
0 0 +x2 0 0 0 0 x
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~16—vert, 13circ, 2

Crank=8 (x, »)
X2y = 1) 0 0 0 0 »2 0 0
0 Xy 0 0 -x20-Dy+1 0 0 0
0 0 X2y = 1) 0 0 0 0 +y2
A 0 0 0 xy 0 0 w20 —Dp+1 o |2213)
1 o -y o 0 Xy 0 0 0|
x2 0 0 0 0 x 0 0
0 0 0 X200 - Dy + 1 0 Xy 0
0 0 +x2 0 0 0 0 x
tr ¢ = 8xy, deté = x¥%y — 1)8, x#0, y#1, (2.214)

eigenvalues : {x(y + 2y - Dy + 1)}[4], {x(y - J2(» - Dy + 1)}[4]. (2.215)

The matrices in (2.209)—(2.213) are diagonalizable, have the same eigenvalues
(2.215), and are pairwise conjugate by

10 0 0 0000
01 0 0 0000
00-10 0000
00 0 -10000
Um"_oo 0 0 100Of (2.216)
00 0 0 0100
00 0 0 0010
00 0 0 0001

Because Uj;,. cannot be presented in the form (2.141), all solutions in (2.209)—(2.213)
are not mutually ¢g-conjugate and become eight different 16-vertex two-parameter
invertible solutions to the partial 13-braid equation (2.136). If y = 1, then the
matrices (2.209)—(2.213) become of rank 4 with vanishing determinants (2.211),
(2.214), and therefore in this case they are a 16-vertex one-parameter circle of
noninvertible solutions to the total braid equations (2.134).

Further families of solutions could be constructed using additional parameters:
the scaling parameter ¢ in (2.139) and the complex elements of the matrix ¢ (2.140).

2.3.7 Higher 2"-vertex constant solutions to n-ary braid equations

Next we considered the 4-ary constant braid equations (2.114)—(2.116) and found the
following 32-vertex star solution
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100000000 O O O O O 0 —1
010000000 O O O O O —1 0
001000000 O O O O —1 0 0
000100000 O O 0O —10 0 0
000010000 O O —10 0 0 0
000001000 0 10 0 0 0 0
000000100 10 0 0 0 0 0

3 0000000110 0 0 0 O 0 0

“=100000001 1 0 0 0 0 0 0 0 (2.217)
000000100 1 0 0 O O 0 0
000001000 O 1 0 0O O 0 0
000010000 O O I O O 0 O
000100000 O O O 1 0 0 0
001000000 O O O O 1 0 0
010000000 O O O O O 1 0
100000000 O O O O O 0 1

We may compare (2.217) with particular cases of the star solutions to the Yang-
Baxter equation (2.87) and the ternary braid equation (2.206)

10000 0 0 —1
01000 0 —1 0
10 0 —1 00100 —1 0 0
o1t =1 0] . looo0o1-10 0 o

“Zlo1 1 ol %Tflooo1 1 0 0 o (2.218)
10 0 1 00100 1 0 0
01000 0 1 0
10000 0 0 1

Informally we call such solutions the Minkowski star solutions because their legs
have the Minkowski signature. Thus, we assume that in the general case for the n-ary
braid equation there exist 2"*l-vertex 2" x 2" matrix Minkowski star invertible
solutions of the above form
0 0 0 -1
0 .

0 -10
0

0 (2.219)

5271 =

—_o O O o =
S == oo
—_o O OO

1
. 0 -
00 0 O

This allows us to use the general solution (2.219) as n-ary braiding quantum gates
with an arbitrary number of qubits.
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2.4 Invertible and noninvertible quantum gates

Informally, quantum computing consists of preparation (setting up an initial
quantum state), evolution (by a quantum circuit), and measurement (projection
onto the final state). Mathematically (in the computational basis), the initial state is
a vector in a Hilbert space (multi-qubit state), the evolution is governed by
successive (quantum circuit) invertible linear transformations (unitary matrices
called quantum gates), and the measurement is made by noninvertible projection
matrices to leave only one final quantum (multi-qubit) state. So, quantum comput-
ing is noninvertible overall, and we may consider noninvertible transformations at
each step. It was then realized that one can invite the Yang-Baxter operators
(solutions of the constant Yang—Baxter equation) into quantum gates, providing a
means of entangling otherwise non-entangled states. This insight uncovered a deep
connection between quantum and topological computation (for details, see e.g.
Kauffman and Lomonaco 2002, 2004).

Here we propose extending the above picture in two directions. First, we can treat
higher braided operators as higher braiding gates. Second, we will analyze the
possible role of noninvertible linear transformations (described by the partial unitary
matrices introduced in (2.20)—(2.21)), which can be interpreted as a property of some
hypothetical quantum circuit, e.g., with specific loss of information, some kind of
dissipativity or vagueness. This can be considered as an intermediate case between
standard unitary computing and the measurement only computing of Bonderson
et al (2008).

To establish notation recall (Nielsen and Chuang 2000) that in the computational
basis (vector representation) and Dirac notation, a (pure) one-qubit state is
described by a vector in two-dimensional Hilbert space V' = C?

0

W)=y =a | 0) +all), |0>=((1))’ |1>=(1)’ (2.220)

la P +|aP=1, a€C, i=1,2,

where a; is a probability amplitude of | /). Sometimes, for a one-qubit state it is
convenient to use the Bloch unit sphere representation (normalized up to a general
unimportant and unmeasurable phase)

|1//(9,y)>=cos§|0)+ei7sin§|1), 0<0<7r, 0<y<2r.  (2.221)

A (pure) state of L-qubits | D)) is described by 2% amplitudes, and so is a vector in
2-.dimensional Hilbert space. If | X)) cannot be presented as a tensor product of L
one-qubit states (2.220), then it is called entangled. For instance, a two-qubit pure
state

| @) = ag | 00) + ag | 01) + ao | 10) + ay | 11),

la P+ an P + a0l +lan P =1, (2.222)

a,;-e@,i,j:l,Z,
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is entangled, if det (a;) # 0, and the concurrence
CO = CO| y@)) =2 det (ay) | (2.223)

is the measure of entanglement 0 < C® < 1. It follows from (2.220) that the tensor
product of states has vanishing concurrence C@(| y;) ® | y,)) = 0. An example of
the maximally entangled (C® = 1) two-qubit states is the (first) Bell state

| @) = (100) + | 11))/4/2.
The concurrence of the three-qubit state

I I
|y ®) = 2 i | k), z | @y |2 =1, ay €C, (2.224)

i.j,k=0 ij. k=0
is determined by the Cayley’s 2 x 2 x 2 hyperdeterminant
C® =4 |hdet(az) |, 0<COLI, (2.225)

2 2 2 2 2 2 2 2

hdet(a;i) = agooaris + aomaiio + aoro@ion + aioo@on — 2aooodooid ot 11

= 2apoodoro@ioidiin — 2dooodo1idioodiin — 2dooidorodioidinn — 200101100110 (2.226)
= 2ap10a01100t01 + 4dooodonidioidiio + 4@oo1@o10d100@ 11-

Thus, if the three-qubit state (2.224) is not entangled, then C® = 0 (for the tensor
product of one-qubit states). One of the maximally entangled (C® = 1) three-qubit
states is the GHZ state | ™)y, = (1 000) + | 111))/+/2.

A quantum L-qubit gate is a linear transformation of 2”-dimensional Hilbert
space (C*)®L — (C?)®F which in the computational basis (2.220) is described of the
2L x 2L matrix U such that the L-qubit state transforms as | y ) = U®D) | D),
In this way, a quantum circuit is described as the successive application of elementary
gates to an initial quantum state, which is the product of the corresponding matrices
(for detalils, see, e.g., Nielsen and Chuang 2000). It is a standard assumption that
each elementary L-qubit transformation is wunitary, which implies the following
strong restriction on the corresponding matrix U = UP) as

U*U= UU* = I = L, (2.227)

where I is the 2F x 2% identity matrix for L-qubit state and the operation () is the
conjugate-transposition. The first equality in (2.227) means that the matrix U®) is
normal (cf (2.20)—(2.21)). The equations (2.227) follow from the definition of the
adjoint operator

(Uy O Ip®)y = (TyD|U*pD) (2.228)

applied to this simplest example of L-qubits in the 2“-dimensional Hilbert space
(C?)®L (for the general case the derivation almost literally coincides), which we write
in the following special form (in Dirac notation with bra- and ket- vectors) with
explicitly added identities. Then, (2.227) follows from (2.228) as
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(U Uy PNp®) = (ly P\ UU ") = (Iy M) Ip™), (2.229)
and any unitary matrix preserves the inner product
(Up D[ Up®) = (Ty N Ip®), (2.230)

which means that unitary operators satisfying (2.227) are bounded operators
(bounded matrices in our case) and invertible with the inverse U~! = U*.

Let us consider a possibility of noninvertible intermediate transformations of L-
qubit states, i.e., noninvertible gates, which are described by the 2L x 2L matrices
U(r) of (possibly) less than full rank 1 < r < 2f. This can be related to the
production of degenerate states (see, e.g. Jaffali and Oeding 2020), particle loss
(Neven et al 2018, Fraisse and Braun 2016, Zangi and Qiao 2021), and the role of
ranks in multiparticle entanglement (Chong et a/ 2005, Bruzda et al 2019).

In the limited cases U(r = 2F) = U = UM, and U(1) corresponds to the measure-
ment matrix being the projection to one final vector | ig,,). In this case, for
noninvertible transformations with r < 2F instead of unitarity (2.227), we consider
partial unitarity (2.20)—~(2.21) as

U(r)<U(r) = K(r), (2.231)

Uru(r)* = L(r), (2.232)

where I(r) and L(r) are (or may be) different partial shuffle identities having r units
on the diagonal. There is an exotic limiting case, which is impossible for the identity
I: we call two partial identities orthogonal, if

L(nh(r) = Z, (2.233)
where Z = Z,i,ot is the zero 2L x 2L matrix.

We propose corresponding noninvertible analogs of (2.228)-(2.230) as follows.
The partial adjoint operator U(r)* in the 2"-dimensional Hilbert space (C2)®L is
defined by

(U P1Lr)e™) = Ly PIUr)*e"), (2.234)
such that (see (2.231)-(2.232))
(U@ Uy PIL(r)e®) = Ly DI U@ U@ ") = 40yl L(r)e™). (2.235)

We call the rhs of (2.235) the partial inner product. So instead of (2.230), we define
U(r) as the partially bounded operator

(U PN U™y = (B P Lre ™). (2.236)

Thus, if the partial identities are orthogonal (2.233), then the partial inner product
vanishes identically, and the operator U(r) becomes a zero norm operator in the
sense of (2.236), although (2.231)—(2.232) are not zero.

In case the rank r is fixed, there can be (2£!/r!(2L — r)!)? partial unitary matrices
U(r) satisfying (2.231)—(2.232).
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We define a general unitary semigroup as a semigroup of matrices U(r) of rank r
satisfying  partial regularity (2.231)-(2.232) (in the symmetric case
() = B(r) = 1(r).

As an example, we consider two 2-qubit states (2.222) | y®) and | @) (with a;;
and | #/j)) and the noninvertible transformation described by three-parameter 4 x 4
matrices of rank 3 (but which are not nilpotent)

0 0 0 O

- 0 ¢ 0 0
UB)=U"TIr=3)= . R. 2.237
(3) r=3=|0 % o w| =hrE (2.237)

e« 0 0 0

The partial unitarity (2.231)—(2.232) and partial identities now become

1000
UGy U3 =53 =100 (2.238)
000O0f
0001
0000
. _ _[01 00
UB)YUQB)* =L3) = 0010l (2.239)
0001
The partial identities (2.238)—(2.239) are not orthogonal (2.233), because
0000
L(3)hL(3) = #Z, (2.240)

0100
0000
0001

which directly gives the signature of the partial inner product (2.235), in our case of
the Hilbert space (C?)®2.

The definition of a partial adjoint operator (2.234) is satisfied with both sides
being equal to agoa1e(00|11") + agage?{01|0'1") + ayaoe”(11]1'0’). The partial
boundedness condition (2.236) holds with the partial inner product (2.235) becoming
apiag{0110'1"y + ajai{111'1"), thus U(3) (2.237), which is a bounded partial unitary
operator.

An example of a zero norm (in our sense (2.236)) operator is the two-parameter
partial unitary rank 2 matrix

000 0
ip

U2 = U= =2)=| 0 00 " per. (2.241)
ee 00 0
000 0

The partial unitarity relations for U;(2) have the form
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1 000

*TT (9 — T. _10 000
Uml(z) Un11(2) - n11,l(2) - 0000 5 (2242)

0001

0000O0

Ty — 7y |0 100
Uml(z)Uml(z) - ml,2(2) 0 0 1 0 . (2243)

0000O0

It may be seen that the partial identities I, (2) and ;;»(2) are now orthogonal
(2.233), and the partial inner product (2.235) vanishes identically, and also the
boundedness condition (2.236) holds with the rhs vanishing, despite U,;(2) being a
nonzero nilpotent matrix (2.241).

2.5 Binary braiding quantum gates

Let us consider those Yang-Baxter maps that could be linear transformations of
two-qubit spaces. We will pay attention to the most general 8-vertex solutions to the
Yang-Baxter equations (2.87)—(2.94) and (2.97)—(2.98), which are unitary (and
invertible) or partial unitary (2.20)—(2.21) (and noninvertible).

Consider the unitary version of the invertible star 8-vertex solutions (2.87)—(2.89)
to the matrix Yang—Baxter equation (2.12). We use the exponential form of the
parameters

X =ne“, y=re’ z=rev,

(2.244)
Feye @ By ER, 1ey2 20, Jal, [l 1y <27
For (2.87), exploiting unitarity (2.227) we obtain
eiath) 0 0 e2ip
_ 1 0 ei((1+ﬁ) + ei(a+/3) 0
8—vert,star _ - T
Urank=4 (a, /}) - \/5 0 T €[(a+ﬂ) €“a+ﬂ) 0 5 (2245)
— plia 0 0 ellath)
— i(a+p)
w v 2@6 ' (2.246)
det U= €4z(a+/3),
eigenvalues : {—(—1)¥4ei@P - r(_1)4eilaril2l (2.247)

With the particular choice of parameters « = f = 0 and lower signs, the solution
(2.245) coincides with the §-vertex braiding gate of Kauffman and Lomonaco
(2004).

Next we search for unitary solutions among the invertible circle of 8-vertex
traceless solutions (2.97) to the matrix Yang—Baxter equation (2.12) with parameters
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in the exponential form (2.244). The unitarity conditions (2.227) give the following
equations on the parameters (2.244)

r=r=r, rPei+r)=1, P+ + 1= (2.248)
a—p= % (2.249)

The system of equations (2.248) has two real positive (or zero) solutions

1) rn=1, r= ﬁz‘l, (2.250)

2 =0, r=1 (2.251)

Thus, only the first solution leads to an 8-vertex two-parameter unitary braiding
quantum gate of the form (we put y — f in (2.244))

8—vert,ci
pyd-ver c1rc(a’ )

rank=4
0 J@H)  jpilatp) % 0
i J5 -1 r
v R 0 0 ef@+h) (2.252)
= 5 ,
ie?i® 0 0 iei(a+p) %
0 _€2ia ﬁ -1 ieZi(t 0
2

det U = 2Catp), (2.253)

The second solution (2.251) gives 4-vertex two-parameter unitary braiding
quantum gate (we also put y = S in (2.244))

0 0 el 0

. 2ia
4—vert,circ _le 0 0 0
Urank=4 (a: ﬂ) - 0 0 0 ei(a‘*'ﬂ) b

0 ezia 0 0

det U = —e2Cath) (2.254)

The noninvertible 8-vertex circle solution (2.98) to the Yang—Baxter equation
(2.12) cannot be partial unitary (2.231)—(2.232) with any values of its parameters.

2.6 Higher braiding quantum gates

In general, only special linear transformations of 2--dimensional Hilbert space can
be treated as elementary quantum gates for an L-qubit state (Nielsen and Chuang
2000). First, in the invertible case, the transformations should be unitary (2.227),
and in the hypothetical noninvertible case they can satisfy partial unitarity (2.231)-
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(2.232). Second, the braiding gates have to be 2 x 2 matrix solutions to the
constant Yang—Baxter equation (Kauffman and Lomonaco 2004) or higher braid
equations (2.114)—(2.116). Here we consider (as a lowest case higher example) the
ternary braiding gates acting on 3-qubit quantum states, i.e., § X 8 matrix solutions
to the ternary braid equations (2.134), which satisfy unitarity (2.227) or partial
unitarity (2.231)—(2.232).

Note that all the permutation solutions (2.144)—(2.145) are by definition unitary,
and are therefore ternary braiding gates automatically, and we call them permuta-
tion8-vertex ternary braiding quantum gates Ufe_nvrf”e". By the same reasoning the
unitary version of the invertible star 8-vertex parameter-permutation solutions
(2.146)—(2.153) to the ternary braid equations (2.134) will contain the complex
numbers of unit magnitude as parameters.

Indeed, for the bisymmetric series (2.146)—(2.147) of star-like solutions we have
four two-real parameter unitary ternary braiding quantum gates (x = +1)

ei@tp) 0 0 0 0 0 0
0 0 0 0 0 0 xe¥ 0
0 0 eleth 0 0 0 0
vertex 0 0 0 0 xe*™ 0 0 0
Upiymmt (@, B) = 0 0 0 4xe® 0 0 0 0 [©259
O 0 O 0 0 ei(a+ﬂ) O 0
0 +xe2 0 0 0 0 0 0
0 0 0 0 0 0 0 elleth

a,PER, |al,|p|<2x,

which is a ternary analog of the first parameter-permutation solution to the Yang-
Baxter equation from (2.33). The ternary analog of the second star solution is the
following unitary version of the bisymmetric series (2.148)—(2.149)

8—vert
Ubisy\;leﬁine; (a, p)

0 0 0 0 0 0 0  ¢bia

0 xedeh 0 0 0 0 0 0

0 0 0 0 0 ekCap 0
1o 0 0 xe3ia+p) 0 0 0 0 (2.256)
1 0 0 0 0  xe¥eth 0 0 0l

0 0  xed@2) 0 0 0 0

0 0 0 0 0 0  xedian

+e8 0 0 0 0 0 0 0

The same unitary ternary analogs of the symmetric series (2.150)—(2.153) for the
first and the second circle-like solutions from (2.34) are
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U )

ei@th) 0 0 0 0 0 0
0 0 0 0 xel@h 0 0
0 0 0 0 0 0 0 e
1 o 0 0 el@h 0 0 0 0 (2.257)
1 0 xeleh 0 0 0 0 0o o
0 0 0 0 0 e@hH o 0
0 0 0 0 0 0 e@h 0
0 0  xe¥ 0 0 0 0 0
and
Ugmms”(at. )
0 0 0 0 0 e¥ 0 0
0 ei@h 0 0 0 0 0
0 0 e 0 0 0 0 0
| o 0 0 0 0 0 xel@d 0 (2.258)
1 o 0 0 0 el@th) () 0 0o I
+e2a () 0 0 0 0 0 0
0 0 0 axe@d 0 0 0 0
0 0 0 0 0 0 0 efl@d)
respectively.

The invertible 16-vertex star-like solutions (2.206) to the ternary braid equations
(2.134) lead to the following two unitary one-parameter ternary braiding quantum
gates (cf the binary case (2.245))

e« 0 0 0 0 0 0 -1
0 e 0 0 0 0 Fe 0
0 0 e 0 0 -—e 0 0
3ia — Ldia
Ul () = f 8 8 8 S g 8 8 . (2.259)
0 0 eltia 0 0 e 0 0
0 +e* 0 0 0 0 el 0
et 0 0 0 0 0 0 elia

The braiding gate (2.259) is a ternary analog of (2.245), and therefore with « = 0
it can be treated as a ternary analog of the 8-vertex braiding gate considered in
Kauffman and Lomonaco (2004). Note that the solution U- 16;33{;’1(0) is transpose to
the so-called generalized Bell matrix (Rowell ef al 2010). Comparing (2.184) and
(2.259), we observe that the ternary braiding quantum gates (acting on 3 qubits) are
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those elements of the 16-vertex star semigroup 4j&r ., (2.192), which satisfy unitarity
(2.227).

In the same way, the 32-vertex analog the 8-vertex binary braiding gate of
Kauffman and Lomonaco (2004) (now acting on four qubits) is the following

constant 4-ary braiding unitary quantum gate

10000000 0 0 0 0 0 0 0 —1
010000000 0 0 0 0 0 —1 0
001000000 0 0 0 0 —10 O
000100000 0 0 0 -1 0 0 0
000010000 0 0 10 0 0 O
000001000 0 -10 0 0 0 0
000000100 10 0 0 0 0 O

3everex_ 1L]O00O 000001 -1 0 0 0 0 0 0 0

J4‘Q“blt5‘\500000001 100 0 0 0 o of2®
000000100 I 0O 0O O O 0 O
000001000 0 I 0 0 0 0 O
000010000 0 0O I 0 0 0 O
000100000 0 0 0 I 0 0 O
001000000 0 0O 0 0O 1 0 O
010000000 0 0 0 0 0 1 0
10000000 0 0O O 0 0O 0 0 1

Thus, in general, the Minkowski star solutions for n-ary braid equations
correspond to 2"-vertex braiding unitary quantum gates as 2° x 2° matrices acting
on L = n qubits

100 0 0 -1

0~0 0 .~ 0

- 11001 -10 0

2% —vertex

its = —— 2.261
UL—qublls \/5 0 0 1 1 O O ( 6 )

0O-0 0 - 0

100 0 0 1

The braiding gate (2.261) can be treated as a polyadic (n-ary) generalization of the
GHZ generator (see, e.g., Rowell et a/ 2010, Ballard and Wu 2011b) actingon L =n
qubits.

2.7 Entangling braiding gates

Entangled quantum states are obtained from separable states by acting with special
quantum gates on two-qubit states and multi-qubit states (Jaffali and Oeding 2020,
2016). Here we consider the concrete form of braiding gates, which can be
entangling or not entangling. There are general considerations on these subjects
for the Yang-Baxter maps (Kauffman and Lomonaco 2004, Balakrishnan and
Sankaranarayanan 2010, Padmanabhan er a/ 2021) and generalized Yang-Baxter
maps (Chen 2012a, Vasquez et al 2016, Rowell et al 2010, Padmanabhan et al
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2020b). We present the solutions for the binary and ternary braid maps introduced
above, which connect the parameters of the gate and the state.

2.7.1 Entangling binary braiding gates

Let wus first examine how the 8-vertex star binary braiding gate
Uga, p) = Uy (g, B) (2.245) acts on the product of one-qubit states concretely.
We use the Bloch representation (2.221) to obtain the expression for the transformed
concurrence (2.223)

CR(Ula, B) 1 w61, 1)) & | w(0:, 1))

2.262
( 1B+21) gin? 2 0 + e cos 9—)( 15+2r) gin? 29 F e cos? 92) . ( )
2 2 2 2

In general, a braiding gate is entangling if the transformed concurrence (2.262)
does not vanish, and its roots give the values of the gate parameters U(a, #) for
which the gate is not entangling for a given two-qubit state. In search of the solutions
for the transformed concurrence C{ = 0, we observe that one of the qubits has to be
on the Bloch sphere equator 6, = % (or 6, = %). Only in this case can the first (or
second) bracket in (2.262) vanish, and we obtain

MHCc? =0, ifo, = %and a—p=2,—m orf= %and a—pB=2, (2.263)

2)C? =0, ifo, = %and a—p=2y, orb= %and a—B=2,—1 (2.264)

Therefore, the 8-vertex star binary braiding gates (2.245) with the parameters
fixed by (2.263)—(2.264) are not entangling.

For the 8-vertex circle binary braiding gate Uya, ) = US 1" (a, f) (2.252), we
obtain

COUda, B) | w1, 1) ® | w6 1))

=W (e““zm sin? o _ ie’® cos? ﬁ)(e"(/’“h) sin? % _ ie™ cos? @) , (2.265)
2 2 2 2
S -1y
— 2
w0 =D o7 (2.266)

NG

Analogously to (2.263)-(2.264), the concurrence of the states transformed by the
8-vertex circle binary braiding gate (2.252) can vanish if

CP=0, ifor=Janda ~p=21~ 7. orbr=Zanda~f=2n~ 7. (2.267)

Thus, the 8-vertex circle binary braiding gates (2.252) are not entangling if the
parameters satisfy (2.267).
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In the case of the 4-vertex circle binary braiding gate (2.254), the transformed
concurrence vanishes identically, and therefore this gate is not entangling for any
values of its parameters.

2.7.2 Entangling ternary braiding gates

Let wus consider the tensor product of three qubit pure states
lw (01, 1) w6 1)) ® | w(bs, 1)) (in the Bloch representation (2.221)), which
obviously has zero concurrence C® (2.225) because of the vanishing of the hyper-
determinant (2.226). After transforming by the 16-vertex star ternary braiding gates
Uig(a) = U;Eq—:g{{?(a) (2.259), the concurrence becomes

Cla(Uis@) | w(01s 1)) ® | w(2, 1)) ® | w(Bs, 13)))

= a | elia + e2in 4 (62"’ T e2’71)cos 6, |2 | e2ia _ o2y 4 (eZmz + 821}/2)008 0, |2 (2268)

| eZia T eZiy; + (eZia + eziy3)COS 93 |2.

We observe that the ternary concurrence (2.268) vanishes if any of the brackets is
equal to zero. Because the domain of all angles is R, we only have solutions for fixed
discrete 0, = #, —n, x/2, k =1, 2, 3, which means that on the Bloch sphere the
quantum states should be on the equator (as in the binary case), or additionally at
the poles. In this case, ¢/* = +e™, and

a= {ykM, k=1,2,3. (2.269)

Thus, for a fixed three-qubit product state one (or more) of which is at a pole or
the equator of the Bloch sphere, those ternary braiding gates Uj¢(a) satisfying the
conditions (2.269) are not entangling c{éi = 0, whereas in other cases they are

entangling Cl(gi # 0.

By analogy, a similar action of the 8-vertex bisymmetric (star-like) ternary
braiding gates Uy o(at, f) = Ubgenss 2(a, B) (2.255)~(2.256) gives

Cil(Uspi(a, B) | w(01 1)) ® | w(62 12)) ® | w(6s 1))

2 2.270
= Sin2 91 Sin2 93(e2i(/f+}’z) Sil’lz % _ eZia 0052 %) ( )

-

Cin(Usia(a, B) | w(01. 1)) ® | w(02 12)) ® | w(0s 1))
(2.271)

: . . ., 0 . 6, \
= | sin? @, sin? 6’3(e2’(“+72) sin? 72 — e% cos? ?2)

Their solutions coincide with the binary case (2.263)—(2.264) applied to the middle
qubit | y(6s, p,)) and p, = 2p,.
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The action of the 8-vertex symmetric (circle-like) ternary braiding gates
Uss(a, p) = Usgy;fni?f”g(a, B) (2.257)—(2.258) leads to the transformed concurrence

C(Usya, B) 1 w(@1 1)) ® | w(0s, 1)) ® | w(Bs, 13)))
, 93) ’ (2.272)

sin? Gz(ei(/’+271) sin? % — e cos? %)(e’“”zh) sin? % — e cos 5

The conditions for this to vanish, i.e., when the gate Usy(a, f) becomes not
entangling, coincide with those for the binary case (2.263)—(2.264), applied here to
the first or the third qubit.

Thus we have shown that the braiding binary and ternary quantum gates can be
either entangling or not entangling, depending on how their parameters are related
to the concrete quantum state on which they act.

The constructions presented here (Duplij and Vogl 2021) could be used, e.g., in
the entanglement-free protocols (de Burgh and Bartlett 2005, Rehman and Shin
2021) and some experiments (Almeida et al 2014, Higgins et al 2007). This can also
allow us to build quantum networks without any entangling at all non-entangling
networks, when the next gate depends upon the previous state in such a way that at
each step there is no entangling because the separable, but different, final state is
received from a separable initial state.
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Chapter 3

Supersymmetry and quantum computing

It is well-known that quantum computation is based on the algebraic structure of its
constituents, qubits and qudits, living in some Hilbert space. Therefore, possible
improvements could be connected with some special generalizations of the Hilbert
space. A promising direction is supersymmetric generalization of the ordinary
Hilbert space (De Witt 1992, Constantinescu 2002) and consideration of various
super analogs of quantum states in it, with simultaneous passing from corresponding
groups to supergroups.

3.1 Superspaces and supermatrices

Let us consider the main ideas in the supersymmetrization of qubits (Borsten et al
2010, 2014, 2015). The principal statement changes the Hilbert space to super
Hilbert space (in sense of Rudolph 2000) and considers quantum states as (even)
supervectors in the latter, i.e., taking values in the corresponding Grassmann algebra
(or some more general supercommutative superalgebra). In this approach, the inner
product and probabilities contain Grassmann algebra parts. In the same way, the
bra/ket formalism of quantum mechanics (Dirac 1939, van Eijndhoven and de Graaf
1985, Gieres 2000) transforms to super-bra/super-ket formalism with additional
parity rules. Here we will point out the foremost relations and statements concisely
(only needed), while we refer to the details and further notations to the standard
supermathematics sources (Berezin 1987, Leites 1980, De Witt 1992). To clarify the
structure of variables, we present some formulas in two columns: ordinary (left) and
supersymmetric (right) cases, and moreover we use different notations for them (the
latter will be marked in bold).

Let Ay(C) be a complex Grassmann algebra having N anticommuting generators
0;. The nilpotence of #s (which follows from their anticommutativity) leads to its
finiteness (with dimension 2”) and to the decompositions of any element zeA(C)
(informally)
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nod's with @’'s 1o @'s and no 0 with 0's and 0 even @'s  odd @'s
_ o~ ~ _ e (3.1)
Z = Zpody *+ Zsoul = Zinvert Znoninvert= Zeven T Zodd »

where zyoqy € C, Zinvert € C\0, Zgoui € AN(C)\C, Znoninvert € AN(C)\C U {0}. The last
decomposition allows us to introduce the degree by deg zeye, = 0 and deg zoqq = 1,
and elements with the fixed degree are homogeneous. Obviously, that for homoge-
neous elements deg yz = deg y+ deg z(mod 2). Another name of deg is parity (or
grade), in special cases they are fine different (Bernstein et a/ 2013) but in the
superqubit context all of them are interchangable. Thus, the mapping
deg: AN(C) = Z, = { 0, i}, gives the direct sum decomposition of the Grassmann
algebra  Ay(C) = AT(©) & AYYC) = AV(C) & AY(C), which means that
An(C) is the simplest example of Z,-graded algebra. The analog of the ordinary
commutator for Ay(C) is the supercommutator

susy

D zl=yz—zy, »,2€C,=>[y, z]aeg = yz — (=1)drdeezzy 3z Ay(C).(3.2)

If [y, z]4ee = O for all elements of a superalgebra, then it is supercommutative,
which is indeed the case of the Grassmann algebra Ay(C). The same rule will be
implied for all of the other Z,-graded homogeneous variables.

The ordinary involution * and the grade involution # (superstar or super-
involution (Bernstein et a/ 2013, Borsten et al 2010)) can be defined on Ay(C) as
follows

(p)*=xy, (y2)*=z%%, (p)** =y, (3.3)

(xp)f = xp%, (p2)f = pPzf, () = (=1)%ey, x€C, y,ze Ay(C), (34

such that zxeAFEI(C), ¥ € AlE9(C).

The superqubits live in a finite-dimensional Z,-graded linear vector space (or
superspace) ¥~ over C (or any other field K ), which has the same decomposition on
the even and odd parts as the Grassmann algebra above 7" = VO @ VD, If the
dimensions of the component spaces dimV© = p and dim V@ = ¢, then we denote
the Z,-graded vector space ¥~ = C?1, and its graded dimension dimC?¥ = p + ¢.
The Z,-graded direct product of superspaces ® (which is used for superqubit
constructions) is crucially different from the ordinary direct product of spaces ®
(exploited for qubits). Indeed, we have the ordinary direct product

VW =VO0 WO 4 phe Wwhy phe WO 4 PO g wh  (3.5)

which does not allow us to introduce the Z,-graded structure without additional
assumptions.

Innovation 3.1. Only the definition of a new operation, the Z,-graded direct product ®,
gives the consistent superspace structure of product (by endowing two last terms in (3.5)
with odd grading of the product)

3-2



Innovative Quantum Computing

1= @ VO WO, kr,se€z, rHs=r+smod2), (3¢

k=rHs

or simply
& W)@ = PO WO 4 phH g W), (3.7
& W)U) = PO WO 4 po g W, (3.8)

Usually, the (different) operations ® and ® are denoted by the same symbol, but they
should be used with care and taking account the actual distinction of (3.5) and (3.6).

In the consideration of mappings between superspaces and trying to introduce
Z,-graded structure for them, we also note some peculiarities (important for
superqubit constructions). Indeed, the set of homomorphisms {T} from superspace
" to superspace # is defined in the standard way

Hom(y", #") = {T|T v  Cc #}. (3.9)
We could assume that the Z,-graded structure is analogous to (3.6)

Hom®(7", %) = {T € Hom(¥", #)|T VO c W& Kk rez, (3.10)

Innovation 3.2. Only even mappings TO = Hom®(v", %) (deg T =0 € 2,) are
homomorphisms. Only odd mappings TV (deg T = 1 € Z,) are not morphisms at all
because they cannot be composed: TWoTW is not odd, but is even mapping.

The same observation can be made for the linear operators in a Z,-graded linear
vector space C?1¢ given by (super)matrices. In the standard basis, a linear operator
T € End(C*¥) can be represented by the square block (p + ¢) X (p + ¢) supermatrix
over Ay(C) (Berezin 1987, Leites 1980) (other representations are also possible
Bernstein et al 2013)

Apxy B
= p | & Mat(plg, AV(C)), (3.11)
qul’ Dq><q
where the even (ordinary) matrices A,y,, D,x, are over A(C) = A§8>(<r:), and the

x> Cyxp ATE OVET AYYC) = Ag)(C). This full supermatrix
has the total parity (degree) deg M = 0 and

odd (ordinary) matrices B,,,, C

(APXP)bOdy O[’Xq
Mdeg M=0 = Mbody + Msoul = + Msoul- (312)

O‘IXP (DqX‘I)body
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If oppositely, A4,y,, D,., are (ordinary) matrices over Ag,)(([l), and B,,,, C,, are
(ordinary) matrices over A{(C), then deg M=1, and

OPXP (Bqu)body
Mdeg M=1 = Mbody + Mgou = + Mou- (313)

(qul))body quq

Innovation 3.3. The supermatrices with deg M =1 are not morphisms of C?1¢ because
their product gives the first ones having deg M=0, and therefore

{M}deg m=1 & End(C?1). (3.14)

After the decomposition of the matrices (3.11) with deg M=0 (reminding (3.12),
(3.13))

M = Mven 4 Mlodd) — MO 4 M(l)’ (315)
MO — (APXP Of’xq), (3.16)

Oq><p Dqu
MO = (OPX" B"X‘I), (3.17)

qxp Oqu]

we observe that MOM @ = M, and therefore the corresponding operators are
even endomorphisms of C*l

{T®} € End(Crl7), (3.18)
but
MOM'D = MO, (3.19)

Innovation 3.4. The set {MD} is not closed under composition (matrix multiplica-
tion), therefore the corresponding odd operators TV are not morphisms by definition
at all

(T} ¢ End(Cl). (3.20)
Both “even” and “odd” superoperators (considered together) are morphisms.
These considerations should be taken into account during consistent calculations
with superqubits and supersymmetric quantum gates.

We remind some common notions in present notations for self-consistency. First,
in contrast to the standard transpose operator T: Mat(p, C) - Mat(p, C), the
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supertranspose operator sT: Mat(p|g, Ay(C)) — Mat(p|g, Ay(C)) is double-valued
depending of the parity of supermatrix

(( 4T T
App Coxp
T
Apxp Bpxg ! _ —Byxq Dyxq (.21)
Coxp Dyxq .

It is seen that (ST)°? # id (while T°? = id) but (sT)** = id, and therefore the
supertranspose operator is the reflection of order 4, while the transpose is the
ordinary reflection (of order 2). For two supermatrices of the same shape
M, N € Mat(plg, Ay(C)), we have

(MN)ST — (_ l)deg M deg NNsTMsT, (3.22)
and in particular
(@M)T = aMsT, Va € Ay(C), (3.23)

which means that supertranspose sT is a Ay(C)-module, e.g., in case of the ordinary
transpose operator T, which is a C-module.

The supertrace is the homomorphism str: Mat(p|g, Ay(C)) = Ay(C) that is also
double-valued (depending of parity of supermatrix) mapping (for the supermatrix of
the standard format (3.11))

Apxp Boxg tr Ay, — tr Dy, if degM =0,
Str = . _ (324)
qup quq tr Apxp + tr Dq><qa if deg M = 1,

which is additive and has the supercommutativity property, where M, N are
ordinary matrices, and str is invariant with respect to supertranspose (analogous
to ordinary trace)

trM' =tr M g str MST = str M. (3.25)

The standard superdeterminant (Pakhomov 1974, Berezin and Leites 1975) (or
Berezinian Berezin 1987, Leites (1980)) in our notation is

A B _
Ber M = Ber(cp:p Dpzq) = det (Apxp - Bpquq_ququp)(det quq) ], (3.26)
o Paxq

which differs from the ordinary determinant by the power (—1) in the last multiplier.
The mapping Ber is a homomorphism of Mat(p|g, Ay(C)) and invariant with respect
to supertranspose sT (3.21)

det M") = det M = Ber(MsT) = Ber M. (3.27)
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The connection of Ber and str is similar to the ordinary case

det M = et M) 2= Bep M = estriln M), (3.28)
susy
det eM = ¢™ — Ber eM = "M, (3.29)

where M € Mat(p, C) and M € Mat(p|g, Ay(C)).

The Berezinian (3.26) has the inconvenient property for characterizing the
entanglement: Ber is not defined for noninvertible D,,,. Therefore, in Borsten
et al (2010) it was proposed to use another possible function for the entanglement
measure, which has many properties of Berezinian (but not all of them), and which
satisfies (3.27) and has the ordinary det as the nonsupersymmetric limit (when odd
variables vanish). Because the notion sdet is widely used for Ber (Berezin 1987,
Leites 1980), we denote this function sdTr, which can be defined by the following
informal analogy

det M = %tr((MESl)T(MESI)) — sdTr M = %str((MEosp)ST(MEosp)), (3.30)

where Eg and E,, are SL(2) and OSp(1|2) invariant tensors (Bernstein ez a/ 2013)
(determining the corresponding group and supergroup in the standard way
MTEqM = M and MSTE, M = M). The main property of sdTr is vanishing on
the direct product states, and therefore it can measure whether a quantum (two
superqubit) state is unentangled or entangled (see below).

3.2 Super Hilbert spaces and operators

Let us denote vectors (quantum states) in the r-dimensional complex Hilbert space
H, by kets | w) and the inner product by (|): H, x H, - C, which is a non-
degenerate Hermitean and positive form that is linear in the first argument and
antilinear (conjugate linear) in the second argument. The bra (¢ | is defined as an
element of the dual space K, (in the notation of Borsten et al (2010), for a inner
product vector space V the notation V* is also used for its dual), which is the
functional (¢|): H, - C, such that the action on a ket is denoted by
(¢ | (lw)) = (ply) and coincides with the inner product after the identification of
the Hilbert space with its dual (Riesz representation theorem Rudin 1991).
Informally, one can write the injection (| y))" = (y |, which in the matrix represen-
tation (and finite-dimensional) standardly coincides with Hermitean adjoint, when
| w) becomes a matrix-column, {y | is a matrix-row, and the inner product is a scalar
product, the obvious property (@|y)" = (y|¢) also holds valid.

In a similar way, we consider the (r|s)-dimensional super Hilbert space 5, over

AN(C) as the Z,-graded space #,,) = %”g?l)s) &) %g&,), such_thrin the supersymmetric
quantum states, if homogenous, carry Z,-grading 7, =0, 1 € Z,, and they are

denoted by super-kets ||y ")) € F ((:I[;/)) with 7z, = deg y, while the body of even super

states are the ordinary kets

3-6



Innovative Quantum Computing

”lll((_)))body = | l//> € }[r- (331)

We denote the super inner product by (||): #,s X #{4;) = Ax(C) obeying the
property

(IDbody = (1) € C. (3.32)

The super dual Hilbert space %frm is defined as the space of the functionals

(p||): A E’,’l’s; — Ay(C), and the super bra (¢)|| with z, = deg ¢ € Z, is given by

the action

@ | () = (plw) € C = (@l = Sy, (P llpr ™)) € An(C). (3.33)

The presence of the delta function in (3.33) means that the commonly used
agreement that the graded super vectors of opposite parity are mutually orthogonal

(@ ly™)) = 0, if z, # 7,,. (3.34)
Therefore, in similar expressions we will put
n,=m,=1=0,1€2,. (3.395)
In this case, we have
(@l ™) = (w™llp™). (3.36)
Thus, informally, one can write
()" = ™, (3.37)

which means that (i) does not change parity z, and it is the reflection of order 4,
because

(@)™ = (= 1)y ™), (3.38)

(Il @)y = [jy@). (3.39)

If zeAn(C) has a fixed parity, then its product with super ket and super bra
behaves with respect to (}) differently

(Il )z)" = (= 1) e 22Ky @], (3.40)

pD|)F = (=1)ymdeg =Dy )5 (3.41)

where (f) is the graded involution or superstar (3.4).

Innovation 3.5. We can omit the 5-function in (3.33), and this will lead to a new kind
of Hilbert spaces that allow mixing of gradings, such that all above formulas should be
changed.
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In the super Hilbert space %, the superadjoint (f) of the superoperator (3.9)
with the standard graded structure (3.10) is defined by

. susy
(T gly) = (@I TT w)y => (T | jy 7)) = (= 1ymor (G| T% ym) - (3.42)

where T and T7 are an operator and its adjoint in the Hilbert space 74,
|w), | @) € H,, and ¢ € }[((r’iz), y) e }[((,TZB), ar =deg T € Z,. Here we do
not have the restriction (3.35) because the superoperator T with ny = 1 can
change the parity of quantum states. The superadjoint of the action on the quantum
state is

(T ) = (y| T = (T grmyyF = (= Lymwer ()| T3, (3.43)
The definition (3.42) is equivalent to (see (4.12))
(B [Ty ) = (=)o | T | (3.44)

If the superoperator T has a supermatrix representation in Mat(p|q, Ay(C)), then
its superadjoint is represented by composition of supertranspose (3.21) and the
graded involution (superstar) (3.4) as

M’ =MT, M € Mat(p, C) = M} = (M%7, M € Mat(plg, Ax(C)), (3:45)

which is the superanalog of the Hermitean conjugation (conjugate transpose).

3.3 Qubits and superqubits

Mathematically, qubits (or d-qudits) and superqubits (or (r|s)-superqudits) are
normalized vectors in the r-dimensional Hilbert space and (r|s)-dimensional super
Hilbert space, respectively, which are presented in the Dirac bra-ket notation (see
previous section). They are written in the computational basis to thoroughly study
various symmetries and introduce suitable variables that can consistently measure
entanglement. Because the super Hilbert space is Z,-graded, there can exist even and
odd vectors (as for the general quantum states in the previous section) that can
correspond to even and odd superqubits, respectively.

The definitions of a single qudit in the complex Hilbert space #,; and a single
superqudit in super Hilbert space 5, (over Ay(C)) can be written, in general, as the
expansions of the (pure) quantum states on the computational (super) basis as
follows

| W) =Wy =X 0) + i [ 1) + - + x4 | d = 1), (3.46)

IxB+IxF++|xa=1, xeC,|i)eFH,i=0,..,d-1,

347
Ususy ( )
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@) = [10)x0 + [11)x1 + - + [Ir = Dx,y + [leeg)aeg + - + [l )y, (3.48)

xgxo + xlﬁxl + -+ x,ﬁ_lx,,_l - eegaao - -~-a3§_laes_1 =1, (3.49)

D) = (1002 + [[1)ae; + - + [Ir = Dz, ; + [loeg)xo + = + [l )X, (3.50)
x; € AV(©), Ili) € (), @ € AV(C), lloes) € H (3. '
We assume that deg ||i) = deg x; = 0, deg ||e,) = deg &, = 1, and therefore the
superqudit (3.48) has the even parity 7y = deg ||¥) = 0, and we call it the even superqudit
[[¥©) = [|W)ever, while the superqudit (3.50) has the odd parity 7y = deg ||¥) = 1, and
we call it the odd superqudit || ¥(D) = ||¥)°dd, denoting both of them ||[F®)) = || W),
The normalization of the odd superqudit can be done using some special Grassmann
norms considered in Rudolph (2000), Rogers (2007) and Haba and Kupsch (1995).

Definition 3.6. The qudits | ¥) and superqudits ||¥) are
(1) Linear spans of the corresponding subspace span({| i)}) C #, and sub-
superspace span({|[i)}|{l|lceq)}) S #s), respectively,
(2) Having the normalization conditions (3.47), (3.49).

For consistency, it is natural to assume that the superqudit (3.48) has the
Grassmannless limit, body map (Rogers 1980), as the ordinary qudit (3.46)

”‘I’(()))body = | T>(r)- (351)

The normalization conditions (3.47) and (3.49) distinguish (super)qudits among
general span subspaces, which allows us to endow them probablistic interpretation.
If the limit (3.51) is accepted, then (3.47) and (3.49), as well as the bases {| i)} € X,
and {||i)} € s are connected with the body map.

The (super)qudits in minimum dimensions d = 2, r = 2, s = 1 are called (super)
qubits (Borsten et al 2010) and have the form'

IO = []0)x0 + [[1)x; + ||ce)ee,

f f _
|P) = | W)o = x0 | 0) + x| 1), xXgxo + X - @fe = 1,
Sus T
lxoP + P =1, = I¥D) = [10)zo + 1Dz + llee)x,  (3.52)
X0, 4 €C, |0, ]1) € %, x,x0, 5 € AV©), 110y, |11y € £,
&, &), & € A%)(C), [lee) € Jf&)l)-

! For clarity and convenience for applications, we use the manifest presentation of different variables. The right
coordinates are used in superqubits according to the sign agreement of Borsten ez al (2010).
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There are four main operations between two single (super)qubits.
(1) Inner product of bra (super)qubit and ket (super)qubit

, , susy p(0) \I‘(()), = xﬁx/ + xﬁx’ - 33’1&/,
(PI¥') = Xoxg + x] € C oy _” ) 070 T A (3.53)
(POPDY = ele) + @le] + xix’

where () is complex conjugation and (f) is the grade involution (3.4).

If the states coincide, | ¥') = | ¥) and ||¥') = ||¥), then (3.53) are square
norms of | ¥) and ||¥©®) becoming unity for normalized (super)qubits. For
physical states, the square norm of the even superqubit is positive

IOy = (CEOIE Y0y > 0. (3.54)
(2) Outer product of ket and bra gives the density (super)matrix of (super)qubit

_ _ [ X0Xo X%
P-"W‘I"—(xoxl m) (3.55)

Ususy (3 56)

)(30)6(1)'i .X].ng aexg

PO = OO = | xoxf i ey | (3.57)

—xo&t —xe' —xef

- ZEOZE% - 23133% - )CEB%
P = IO = | — gl — el — xeef | (3.58)

eox? et xxf

and the body map limit for p© is similar to (3.51). The standard connection
of the inner product with the (super)trace of density matrix for a given
(super)qubit holds valid (taking into account gradings)

sy str p@ = (WO WO e AP (©),

rp=Y¥)eC= ' S : (3.59)
str pD = —(¥DO|ED) € AP(C).

(3) Tensor product of two ket (super)qubits (or two bra (super)qubits) (3.52) can
be presented as the following manifest expansions on elementary tensors (all
gradings appear and are shown for clarity and direct usage in computations)
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%) ® |'¥) = x0x(10) ® | 0) +xox( [ 0) ® | 1) + x1xG| 1) @ | 0) + xix( | 1) ® | 1)
Ususy

PO & 1w

i xX0x¢ xox1
@)y @ (e’ | =00 | oz
7> T/> =||0)®I|0)x33, +|I0>®|I1>x&,
O @ e 00 -
_ ~ £0X( X0X]
M) @ 1@
xo&' X1x6 x1x{
| ®ox’ NESEN y ®1®]
+1I0y @ [l L I @110 L+ D @ i
@0’ &1X( @y (3.60)
xie’ &x( ®x]
NSt NEZ | xeel
+11) ® [le’) ,l S+ ey ®1107) s+ ey @ 1117) ,
X1X &ER() xX]
@2’ xx{ xxi
0
(#em ® #om)”
e 0
N (}’f<2|1>®7f<2|1>)()
+ |le) ® [|ce’) o’ ol
- (%’au) ® Ha)
M
(#am ® #a)

Thus, there are four different superqubit tensor products, depending of
their parity.

Definition 3.7. The (pure) quantum state that can be obtained as a tensor product is
called a separable state.

(4) Cross product of two ket qutrits ((3.46) with d = 3) of the form

[¥)=1¥)3=x10)+x]1)+x]2), (3.61)
2 2 2 _
xo, x1, % €C, [ 0),]1),]2) € H,
can be defined by analogy with ordinary cross product of vectors
| Pheross = | W) X | W) = D0 ey | i) (3.63)

i.j,k=0,1,2
10) | 1) |2)

—det| xo X % |=det M| 0) +det My, | 1) +det Mpy|2)  (3.64)
Xo X\ X3
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= (axy — 0x() | 0) — (xox; — %x0) | 1) + (xox; — x1x0) | 2), x;, X/ € C, (3.65)

where M,;, is the minor of element | i), and e fully antisymmetric tensor.
The last expanded form (3.65) is convenient to use for superqubits as well.

Definition 3.8. We call the qutrit | @), that is built as the cross product (3.65) a
cross-qutrit.

The square norm of the cross-qutrit is
I @)cross ”2 =¥ ||2”T,||2 - | (YY) |2

=| det M‘()) |2 + ‘ det M|1> ‘2 + ‘ det Mp) ‘2. (3.66)

Therefore, for the normalized qutrit | ®)..s We have the additional condition
(together with two conditions (3.62) for | ¥) and | ¥'))

| det My [ + | det My, [ + | det My [* = 1. (3.67)

Definition 3.9. The (pure) quantum state which can be obtained as a cross product is
called a cross-separable state.

The cross-qutrits have special properties and can be connected with the con-

currence measure in considering entanglement (see below).

3.4 Multi-(super)qubit states

The multi-(super)qudit quantum states are vectors in the tensor product of n (super)
n n

———
Hilbert spaces H "= Hy ® - @Hy (resp. ]f(?il’;) = M) @ - ®Hyyy)- On first
sight, a straightforward way to obtain such vectors is to use the tensor product (3.60)
repeatedly n — 1 times. However, this procedure is too restricted and can only give

separable states. The consequent definition should be made in terms of spans, as in
Definition 3.6.

Definition 3.10. The multi-qudits (z-qudit states) are
(1) Linear span of the Hilbert subspace

n

{{PY@)}=span(| i) ® Q| in) C Hy Q@ -QHy, |ix)y € Hy, k=1,...,n,

d-1  d-1 (3.68)
| W) = D0+ D Xy | ) ® @ i), Xy, € C,
=0 i,=0
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(2) With the normalization (3.46)
d-1
n=

=0 =

d-1
| x [f, = 1. (3.69)
0

Definition 3.11. The multi-superqudits (r-superqudit states) are
(1) Linear span of the super Hilbert subspace

llix) € A Gy llex) € #fghy, k=1, ..., n,

which respect parities of variables, such that we have even and odd
superqubits (see (3.6))

n—1 n—1

1EWm) =Y Py, ) @ @Y. ¥, . = (X @)

./1=O j”=0
k=degy, Hdeg |[I)Hdeg|lL,) =0, I € Z,,

(3.71)

(2) Normalization can be made for the even multi-superqubit |[¥©(x)) only, as
for the single superqubit (3.52).

To clarify the difference between the separable (3.60) and nonseparable (3.68),
(3.71) states, we consider the example of two (super)qubits. Thus, for n = 2 (two-
party states), we obtain

['P(2)) =x00[0) ® |0) + x01 ] 0) @ [ 1) + x10| 1) & [0) + x11| 1) @ | 1)

Ususy

(0)
[”‘I’ (2)>]= 10) @ 105(3%) + 10y @ 1))

) o
+10) @ 11e)(32) + 111 @ 10)(r) + 1) & 1)) (3.72)
1 ® llae)(52) + 1wy @ 10)(520) + lle) @ 111)( T2

/ 0)
Hon @ H )
NE: ( @n @
+ le) ® |lee >( >

&22 o DT
(Han) ® # o))

where | ¥(2)) has four bosons, ||[¥©(2)) has five bosons and four fermions, |[¥(1)(2))
has four bosons and five fermions. Comparing the tensor product (3.60) and (3.72),
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we observe that for separable states all the amplitudes (coordinates) in (3.72) can be

composed
!
sep XiXj sep xix/ sep &33;- sep | e’
Xij = e’ Xip = ex’ X = x!’ X = o’
i i

i~j

sep ’
X = XiX; ’
Y I susy sep | Xi®; sep x,-ee/ sep aax,/ sep ( &ex’
x;,eC, — & = 5 &ip = o &2i = )y &2 = , (3.73)
i ’ &®X &;X X&®; p: 3
i,j=0,1

’ 0)
X, Xis Xijs Xi2, X4, x/’ X; € AN (C)a

’ ()
®, ®, ®j, B, &, &, &; € AY(C).

Remark 3.12. The separability of two-party superqubit even |[¥®(2)) and odd
[|[¥D(2)) states (3.72) is determined in the nonunique way (3.73).

Definition 3.13. Multi-(super)qubit states are called entangled (inseparable) if at
least one of their amplitudes (yjlmj in (3.71)) cannot be presented in the composite

factorized form (3.73).

A suitable function that can measure entanglement should have the main
property: vanishing for the separable states (3.60). The simplest such function for
two qubits (without other requirements) is the determinant. Indeed, for the separable
two party (super)qubit system, we have from the factorization (3.73)

| W(2)): f(x) = detx; = det(xx/)=0, Vx,x/€C, i,j=0,1.
Ususy

(3.74)

I¥O2)): O ) = det (0 + @) = 0, 3y = (xy, @), (3.75)

IFD2)): fD () = det (5 — xpx) = 0, x5 € AR(C), =5 € AVC). (3.76)

Further requirements can be imposed, for ordinary qubits they are positivity,
monotonicity, and the range in {0, 1}, as probability, which gives the concurrence
(Hill and Wootters 1997, Wootters 1998, Horodecki et al 2009)

Co(x) = C(1 W) = 2| f(x) | = 2| det xy |, (3.77)
such that for maximally entangled states, e.g., the Bell state xj; = %, = %,
Xo1 = Xj0 = 0, to get C(x) =1.
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Innovation 3.14. We define the even and odd superconcurrences by

COy) = C(I¥(2))) = 2 |Idet (xjpay + @n@y) [Ir, (3.78)

CO(y) = C(IIPN2))) = 2 |Idet (=@ — Xi2%)) Ix (3.79)

where ||||g is one of the Grassmann norms (De Witt 1992, Rogers 2007, Rudolph
2000).

The square of the concurrence is called tangle (Borsten et a/ 2010), which can be
written for two qubits in the form

7(x) = 4f (x)f (x) = 4det x; det Xy, (3.80)

where (_) is the complex conjugation.

Innovation 3.15. For two evenlodd superqubits, by analogy with (3.80) and taking
into account possible noninvertibilities, we can define the even supertangle T0(x) and
odd supertangle TV (x) in the following way

Ol = 4O O ), (3.81)

cDmen(en) = 4 OO0, (3:82)
where fO(y) and £ (y) are defined in (3.75) and (3.76), respectively.

In case of invertible x,,, the even superconcurrence C©(y) (3.78) and even
supertangle 7@(x) (3.81) can be connected with the Berezinian (3.26).

There are many other entanglement measures, e.g., entropy of entanglement,
positive partial transpose, quantum discord, entanglement of formation, distillable
entanglement, entanglement cost, squashed entanglement, and entanglement wit-
nesses (Horodecki et al 2009). Some of them can also be applied for multi-(super)
qudits, for superqubits, see, e.g. Borsten ef al (2010).

The entanglement classification and manipulation can be provided by considering
various local symmetries of multi-(super)qubit systems. The main paradigm is local
operations and classical communication (LOCC), which was proposed in Bennett
et al (1996): it is not possible to change the quantum property of a many party state
(e.g. increase its entanglement) using local operations (e.g. on one party qubits) and
classical channels only. Thus, the many party quantum states can be classified in
such a way that each class contains the representative state with maximum
entanglement. If some operations can be performed using LOCC, but may fail,
they are called stochastic local operations and classical communication (SLOCC)
(Vidal 2000, Verstraete ef a/ 2001). Quantum states that can be transformed into one
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another are called SLOCC equivalent and the corresponding equivalence classes are
called entanglement (SLOCC) classes, which are invariant under invertible unitary
transformations (Eltschka and Siewert 2014, Verstraete et a/ 2001).

A single qubit | W) (3.52) carries the fundamental representation of SU(2) group,
and therefore for the n-qubit state the LOCC equivalence group is [SU(2, C)]®"
(Vidal 2000, Verstraete et al 2001), while the SLOCC equivalence group is
[SL(2, C)]®" (Borsten et al 2010). Thus, any separable n-qubit state will remain
separable under all [SU(2)]®" operations. In a similar way, the even superqubit
[[¥©) (3.52) carries the fundamental representation of the local operation (unitary
orthosymplectic) group uOSp(2|1), and so for n-superqubit state the LOCC
equivalence group is [uOSp(2|1)]®" and the SLOCC equivalence group is
[0OSp(2]1)]®" (Borsten et al 2015).

The supersymmetrization of (S)LOCC groups is different from supersymmetriza-
tion of the Poincaré group, and therefore artificially adding the superpartners of the
electron and photon does not give a superqubit (Bradler 2012). Nevertheless,
supersymmetric extension of quantum mechanics based on superqubits may be a
candidate for a superquantum theory that lies in the gap between the ordinary
quantum theory and nonlocal boxes (Popescu and Rohrlich 1994, Borsten et al
2014). There can be applications of superqubits in condensed matter physics where
the orthosymplectic Lie superalgebras play an important role (Efetov 1997).

3.5 Innovations

Here we consider the following generalizations of superqubits.

Innovation 3.16. (Odd superqubits). The odd superqubits || WD) were introduced in
(3.52) by analogy with the odd superfields. We suppose that the SLOCC equivalence
group for odd superqubits could be connected with the periplectic group, a subgroup of
the general linear supergroup over Ay(C), which preserves the odd bilinear form (Leites
and Serganova 1991, Deligne et al 2018).

Innovation 3.17. [Tensor product of qubit and superqubit] From the first glance, one
can think that the tensor product of | ¥) € H, and||¥') € H o)) is a particular case of
[P) ® ||¥') (3.60) where one multiplier is the body map (3.51). However, the
consistent construction is more complicated because the spaces J(; and A5, are over
different fields. In general, the tensor product of the vector space V over k, and v, over
k, can be built as

Vi @y, V2= Vi @y, (k2 ®y, V). (3.83)

The same construction can be provided for the corresponding Hilbert spaces by
consideration their inner products. Moreover, the properties of the qubit tensor product
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with even || WY and odd || WD) superqubits are fully different. Indeed, from (3.52) we
have the mixed qubit-superqubit tensor product (using informally the same its sign)

(0), !/ ’
¥ N0 e ||0’>(x°x?) 0 ||1'>(x°x‘,)
%) ® 1) o e

+|0>®||oe'>(fcsz)+ |1>®||0’>(f )+|1>®||1'>(2;) (3.84)

Xo
12
(][2 ® ﬂzu))(é)

, X]EB’
D) ® e >(xx/)e ol
! (76 ® Hop))
Such mixed tensor products and corresponding qubit-superqubit nonseparable
quantum states would be worthwhile to investigate in detail from the viewpoint of
entanglement and constructing SLOCC equivalence groups for them.

Innovation 3.18. [Concurrence through cross product of qutrits] Here we show that
concurrence of 2-qutrit states can be expressed through the cross product of qutrits.
Let us consider a general nonseparable 2-qutrit state which is not the tensor product of
two qutrits (3.61)

| YQ)sy = Y, xpli) @ 1)), (3.85)
ij'=0,1,2
Y oIxlp=1, xy€C, |i)€H|j) € Hi (3.86)

i,j'=0,1,2

Now we present 2-qutrit state (3.85) as some special kind of superposition by
introducing three (ancilla) qutrits | ®;)sy and call it the semi-separable form of
2-qutrit state

Y23 =ag | Do) @ 0) +a | D) Q| 1) + ar | P2) @ | 2), (3.87)

| D) = Di)a) =0 1 O) + 0 | 1)+ 00 12), aiy; €C, 0,j=0,1,2, (3.88)

2 _ . o . ’
»%zlyl(/_ 1, foreachi=0,1,2, |i)€ I, |j) € I (3.89)
J=Y1,

Both normalizatons (3.86) and (3.89) lead to the restriction on the coefficients a; in
the expansion (3.87), and if they are real a; € R, then ai + ai + a = 1, moreover,
in the simplest case we can choose

dg=dy =y =

1
Nk (3.90)
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Thus, we obtain the relation between amplitudes
¥y = X3, (3.91)

Let us construct three cross products (3.65) of the ancilla qutrits (3.88)
| O; X q>j> =| ) x ‘ q>j>, @i, j)=1(0,1), (1, 2), (2, 0), which have the square norms
(3.66) (given in terms of their amplitudes (3.88) in the form which is convenient for
application to superqubits)

’ (3.92)

2 2
[[®g x @ |* = ‘yOOyll = YotVio ‘ + |J’00J’12 = Yo21o ‘ + ‘me’lz — Yol

2 (3.93)

2 2
|®) X @, [P = ‘yIOyZI — N0 ‘ + |y10J’22 — V12V | + ‘J’UJ’zz = V12

2 2 2
[|®; X @ ||* = |J’00J’21 = Yoiao | + ‘J’oo)’n = Yo2Yo | + ‘y01y22 = Yoabai | . (3.94)

Observe, that the sum of the square norms after the substitution (3.91) coincides with
the concurrence for 2-qutrits (Cereceda 2003) (in Pashaev 2023 the coefficient /3 was
lost). Thus, we obtain the expression for the 2-qutrit concurrence

C3(| lI’(2)>(3)) = \/||‘I>o X O + ||®) X @y | + || Dy X Dy || |y, =x;/3 - (3.95)

Definition 3.19. The concurrence of 2-qutrit state (3.95) can informally be treated as
the space diagonal of the rectangular parallelepiped (cuboid) built on three ancilla
qutrit cross product vectors | @;) X ‘ q>j>, @ j)=(0,1),(1,2),(2,0) with the
further substitution (3.91). We call this procedure a cross product concurrence
computation.

Innovation 3.20. (Cross product of 7-qudits). The cross product of two vectors
(without modifications or extensions of its standard definition) exists in three and
seven dimensions only (Brown and Gray 1967). Therefore, the above general method
of concurrence construction can be provided in a similar way for two 7-qudit state using
7 ancilla 7-qudit cross products. The final formula C7(| ‘I’(2)>(7)) will have possibly the
same shape as that of 2-qutrit state (3.95), but with 7 summands.

Innovation 3.21. (Cross product of n-qudits). The cross product can be defined in n
dimensions if we wish to modify it by an additional cross term (Silagadze 2002, Tian
et al 2013). In the same way, the concurrence for n-qudit state C,,(l ‘P(2))(n)) can be
computed through their cross products using the above procedure of introducing n
ancilla n-qudits (3.87) and considering the space diagonal of the rectangular
parallelepiped in n dimensions, similarly to (3.95).

Innovation 3.22. (Cross product of 7-superqudits). The cross product concurrence
computation procedure can also be applied for superqubits because they are effectively
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defined in three-dimensional space (superspace #py), as well as for 7-superqubits in
effective seven-dimensional superspace H,, r + s = 7. We can introduce a super-
analog of (3.63), at least informally, taking into account Z, sign rule in further
calculations and use the graded involution (3.4) instead of the complex conjugation.
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Chapter 4

Duality quantum computing

The duality (quantum) computer is based on the interference principle of any
quantum system, but in a special way (Long 2006a, Long and Liu 2008). The main
idea is to consider an undisturbed quantum system from the wave viewpoint, while
on the measurement stage it is treated from the particle viewpoint. In this way, the
initial quantum state (as wave) can be (1) decomposed into subwaves moving along
separate paths and (2) combined at some point where they interfere (Gudder 2007).
These two operations provide the additional duality parallelism, which can improve
the calculational characteristics and the possible superiority of a duality computer
(Long 2006a, Gudder 2008). The corresponding two additional operations are
quantum operators of a new kind (duality gates): (quantum wave) divider and
(quantum wave) combiner. The subwaves pass through a set of quantum gates and
are collected by the combiner. The measurement is then performed on the joint final
state. This procedure is a division of state of the same particle but is not a clone of
the state of one particle onto another particle, and therefore this does not violate the
no cloning theorem (Long 2011). The connection of the duality computer concept
with the interference principle and computational applications was given in Long
and Liu (2008), and the experimental realization was given in Wei et al (2017). Here
we outline general mathematical constructions of a duality computer and present a
new interpretation based on analogy with a convolution product in the polyadic
Hopf algebra theory (Duplij 2022), which can be interesting by itself.

4.1 Duality computing and polyadic operations

Let us consider the complex Hilbert space ' with the inner product( |) and denote

n
f_—J%
the direct sum of # its copies by H®" = @L|H; = H; & ---DH,, where H; = H,

. . _)
1 < i < n. For short, we also use the vector-like notation H = H ®”, such that the
total quantum state @;_,| y;) becomes
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lyn)
9\_| ¢ _|lw) e .
V)= W) =" €I, ly) €T 1<i<n, (4.1)

| y,)

where we use number of slits # in the vector state (or operators below) manifestly
when it will be needed.
If all the states in (4.1) are the same| y;) = | y), then we place the subscript (=) as

follows @) =‘ @; , and this state will be called symmetric. A similar brief notation
will be used for other variables taking values in the direct sum.

The total inner product { |)~ of two vectors ‘_I’)> and ‘ 8> is defined by (in the

bra-ket notation)

<E5‘¥>ﬁ=<¢l|wl> + (palwn) + - + (0fw) €C. | @), |w) € Hi=H, 1<i<n (42)

The space 7 endowed with the total inner product { |}~ (4.2) becomes a complex
Hilbert space. The norm of the total space || ||~ is induced by (4.2)

— |-
H ¥ H =l F+ 1w IP +—+lwF, 4.3)

where || y; || = \/(wly;) is the norm in 7.
Thus, we have four different mappings of Hilbert spaces 4 and }7

H- K, 4.4)
H =, 4.5)
Ko I, (4.6)
H 9. (4.7)

The first two mappings (4.4)—(4.5) are the standard (bounded linear) operators in
ﬁ
the Hilbert spaces, such that T: % — H and T:H -9 , where

T
- - T2
T=Twn)=| |, T:H->H, (4.8)
T,
The action on the total quantum state becomes

T (lw)) (Tlw
%)= B = B (4.9)

4.2
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and we informally define T; | y) := | T; y;), such that T

- - = .
lI’>:=‘ T ‘P>, and (e) is the
Hadamard product (here it is the componentwise action). The norm of the total

operator T is defined by analogy with (4.3)

-
H T H —ITE+ 1P+ —+IT, [, (4.10)

Tiy;
el v ) e gy # 0}.

The inner product in ' of any quantum state | ¢) € H with the transformed
state T | y) can be written as the functional ((¢ [T | w)) = (¢|T w) = (@ | T | w).
which is the convolution (in C) of the operator T with the states | ¢) and | w). The

where || T; || = sup {

convolution of the operator T in the total Hilbert space % should be written with
respect to the total inner product ( | )~ (4.2) in the following way

> | ==\
(8] T|¥) <0 I T + @ Bl + -+ I TlwyeC. @D

If the states are the same | @) = | w), then the operator convolution (y | T | ) is
called the expectation value of the operator T, and the total expectation value of

TeH is determined using (4.11) with ‘ ¢>>= ‘P>
The adjoint operator T* with respect to the inner product { | ) in H is defined by
(| T y)=(w|T|e)eC, (4.12)

where () is the complex conjugation. The corresponding adjoint operator T in the

—
total Hilbert space H is defined in the similar way with respect to the total inner
product

<c_15 T ¥>q=<§" ’ T ‘ 8>ﬁ, (4.13)

which can be written using (4.11) as

> | =% | =2\~ S —
(8|7 |#) =T TTa + Gl Blo + -+ W TTg) €C. (@14)

The convolution can be written as (¢ | T |w) = ((¢ | T)(| v)), where the bra
vector ((¢ | T) in the matrix notation corresponds to ¢'T, which is equal to (T g)"
(because T*—TT in the matrix notation), where (7) is the Hermitean conjugation.
Thus, informally we can define (¢ | T := (T* ¢ | to get the conventional relation for
the adjoint operator

(@IT w) = (T* ply). (4.15)

) > | = =%k —
In the total space we informally define by analogy <<I> ‘ T:=< T @ |, and we have

R
with respect to the total inner product in the total Hilbert space 7

4-3



Innovative Quantum Computing

=>|= =2\ =% —=|=2\7
<®‘T tp> =<T cp‘ql> eC., (4.16)

which can be expanded using (4.11)—(4.14) to obtain

(0T w) + (02T v) + - + (0 Tuw) = (TE i) + (T3 ooy} + - + (Th g} @17)

It follows from (4.11), (4.17), and the commutativity of C that knowing the
operator convolutions (which are in C) in each subspace determines the total
convolutions uniquely, but not vice versa.

Recall that the unitary operator T = U preserves the inner product in the Hilbert
space

(U ¢|U y) = (ply) € C. (4.18)
Using (4.15), we standardly obtain that unitary operators satisfy
U*oU = UoU* =1id. (4.19)

— -
In the direct sum of spaces f we have the definition of U with the respect of the
total inner product

= == =2\ |
<U d)‘U ‘P> :<®“P>EC, (4.20)

and by means of (4.16) we obtain

n

U oU=UoU =id, d=1d&®did @ ---did.

4.21)

The unitary operators {U} acting in A are widely used as quantum gates in

quantum computers, while the vector operators {I_J)} act in the total space 7 and are
exploited as vector quantum gates in duality computing (Long and Liu 2008).

The second two mappings (4.6)—(4.7) can have another meaning (than the
previous ordinary operators acting in some Hilbert space) because they are multiary

operations between Hilbert spaces: /' and H. We propose to treat them as n-ary
comultiplication (4.6) and n-ary multiplication (4.7) of the special kind.

Definition 4.1. Let | ) € H be a quantum state in the Hilbert space J, then the
divider D,, is the operation which splits the quantum wave into n weighted subwaves,
describing multi-slits, as

Dy(n): H — H = H", (4.22)

n (1w plw)
D,(n) | w) = P§2.|1{/> _ Pz!’ﬂ) :I_’)o

—

=>, p €c, (4.23)

Pu) \l'w) P ly)
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where the probability distribution {F } is called the divider structure. The divider
structure is normalized, if
)4 )
(?)T? = (B> Pyse- oD, [ZZ =)
n) 7

pl =1 pec. (4.24)

Definition 4.2. The divider structure is called uniform, if

1
P =p,=-=p, = e (4.25)

The divider operation D,(n) (4.22) can be treated a special analog of n-ary

comultiplication (deformed n-ary coaddi) map (A™) in the polyadic Hopf algebra
theory (see Duplij 2022, chapter 9). The analog of polyadic total coassociativity for
D,(n) is

n—1-i i

id® -®id @ Dy(n) ® id @ ---Pid [oD(n)

n—1-j J (426)
=[id @ ---®id & Dy(n) ® id & ---@id [oDy(n),
Vi,j=0,...n—1, i#J, id=idg: H - H, ido| y) = | y).

There are (n — 1)? relations in (4.26). If not all of them satisfied the polyadic
coassociativity, then this is called partial (see, e.g. Thurston 1949, Belousov 1972,
Sokhatsky 1997).

- —
Definition 4.3. Let | ®)e be a direct sum of quantum states (4.1), then the
combiner operation that gathers multi-slits in one quantum state as follows

Cy(n): H —H, 4.27)

w)

T
Cq(n) ¥>=Cq |"?> =aq|w) +m|v) + g |w) =0 ‘¥>e%, G E€C, (428)

| vin)

T
where the probability distribution 5 = {4, ¢-..,q,} 1s called the combiner
structure, and it is normalized, if
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N\ — q !
(Q) ¢ =@ wa) =Xl =1. qec. (4.29)
i=1

The combiner operation Cy(n) (4.27) can be treated as a deformed (by the

probability distribution 6 ) analog of n-ary multiplication (or more exactly addition)
map (u") in the polyadic algebra theory (Duplij 2022, chapter 5). The analog of
polyadic total associativity for C, is

n—1-i i

Cy(n)o| id @ ---@id @ Cy(n) @ id @ ---®id

n1-j j (4.30)
=Cy(n)o|id @ @id ® Cy(n) ® id @ -@id |,

Vi,j=0,...n—1, i#j, id =idg: H - H, ido| y) = | w).

There are (n — 1)? relations in (4.26). If not all of them satisfied the polyadic
associativity, then this is called partial (see, e.g. Thurston 1949, Belousov 1972).

Proposition 4.4. The combiner operation Cy(n) is totally polyadic associative, if the
probability distribution {5 } is idempotent

—

Qe0 =0Q. org’=q. i=1..n 4.31)

Proof. Make the action of both sides of (4.30) on| y) and insert (4.28) into each of n
places consequently to get (4.31).

Corollary 4.5. Because ¢; € C, and in C there only two idempotents, that are 0 and
1, the total associativity of C, for invertible g; implies that all g, = 1, i = 1,...,n.

Corollary 4.6. If some ¢; in (4.28) are not idempotent (4.31), then the combiner

5
operation is a polyadic operator (n-ary multiplication) C,: ' —7( that is not totally
associative.

Definition 4.7. The combiner structure {5 } is called uniform, if

1
G=¢=""=q,= pe (4.32)
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The nonassociative binary operators are widely used in quantum mechanics and
quantum field theory (Lehmus et al 1994).

Let us consider possible relations between divider and combiner operations.
Initially, we will not fix the probability distributions (in our approach, deformation

parameters) {F} and {é) }, trying to find their connections in special cases.
Proposition 4.8. The composition () of divider and combiner is the identity
operator in J, if

Cy(m)oDy(n) =1id <= qp, + ¢p, + - +qp, =1, ¢, p €C. (4.33)

Proof. 1t follows directly from consequent acting first of D, and then C; on the
quantum state | y) and then using the definitions (4.23) and (4.28).

Corollary 4.9. A particular case
g, = p; (4.34)

corresponds to the complex duality computing (Cao et al 2012), in this choice the
condition (4.33) leads to uniformity of both Cy(n) (4.32) and D,(n) (4.25).

Without the restrictions (4.34) the equation (4.33) has an infinite number of
solutions, even when both divider and combiner operations are uniform.

Definition 4.10. We say that the divider and combiner are consistent if they are
similar to n-ary coalgebra map and n-ary algebra map, respectively (Duplij 2022,
chapter 9), i.e., Dy(n) and Cy(n) satisfy

n

Cq(n)o(Dp(n) o ---@Dp(n)] ‘ ¥>= D, (n)oCq(n)

¥>. (4.35)

In the Hopf algebra theory, the consistency condition is the part of polyadic
bialgebra definition in terms of m-ary multiplication and n-ary comultiplication
(Duplij 2022, chapter 9).

-
lp>:

Proposition 4.11. If the total state is symmetric )
and combiner are consistent, when the probability distributions are connected by n
equations

gp, +p, + - +p)=pl@+q+-+gq), i=1..n p,qeC. (4.36)

Proof. 1t follows directly from the definitions (4.23), (4.28) and the consistency
condition (4.36).

L_IJ)=> (4.1), then the divider
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In case n = 2, we have only one condition ¢gp, = ¢,p,.

Definition 4.12. We introduce an analog of the polyadic ith partial antipode S;
(Duplij 2022, chapter 9) by
n—1-i i

Cq<n>o[id ® -0id®Smn e ide ---eaid]onpm) vy =1w). ly)ed. @37

The full antipode is defined as S, = S,(n), i = 1,...,n if all partial antipodes are
equal.

For ith partial antipode from the definitions (4.23), (4.28) and (4.37) we obtain

1 n

qili k=1 ki

To finally understand the general algebraic structure of the duality computing, we
turn to further similarity with the polyadic Hopf algebra theory (Duplij 2022,
chapter 9) and introduce an analog of the n-ary convolution for gates. Recall that
the binary convolution product of two operators T; and T, in the bialgebra having
multiplication ¢ and comultiplication A is defined by puo(T, ® T,)oA (Abe 1980,
Sweedler 1969, Radford 2012).

Let T be an operator (4.8) in the total Hilbert space .’}? (in the vector notation),
D, and C, be the divider (4.23) and combiner (4.28).
Definition 4.13. The duality n-ary convolution of the vector operator T is the
composition

n

mar(F)_ = T
W4T )=Cy(n)o| T, @ T, @ - @T, |oDy(n) = Cq(n)oToDy(n). (4.39)

In this way, the antipode (4.37) can be treated as the polyadic inverse of the
identity with respect to the n-ary convolution product (4.39)
Informally, the ordinary quantum computation process (on pure states) consists
of:
(1) Preparation of the initial state | y ).
(2) Computation as consequent action on | ) with the set of k£ quantum gates
being unitary operators {UD, U®,... ;UM by their composition to obtain
the final (still not measured) quantum state

| ¥)iin = UPoU Vo-.oUPoUD | y)inic = U | )inir- (4.40)

(3) Measurement M: | y)5n—| ¥)measured-
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In the duality computation processing, one changes (2) and replaces (4.40) with
the more complicated set of gates acting in subspaces. Indeed, if in each ith subspace
we have k unitary gates

U
U=|Y%[ U= UPU o oUPUN, Ui 96— %, i=1...n, (441)
U,
then we obtain in total kn unitary gates.

Definition 4.14. Duality computation with n sub-slits is defined by kn unitary gates,

vector unitary gates U (instead of the standard unitary gate U (4.40) composed from
k unitary gates)

n e
|y = gggﬁ’p(U) | hnis (4.42)

where the duality operator Qi{ﬂ;{”’ (ﬁ) is defined in (4.39).

Effectively, any operator connecting initial and final quantum states can be called
a generalized quantum gate, but duality quantum gates are special nonunitary
combinations of the given unitary operators.

—

Theorem 4.15. The duality quantum gate QY47 (U) is a nonunitary operator of the
form

T = 042G = ap. U U + - U, ¢,p €C 4.43
dual dual ap Y + g, U + + 4D, Yns 4 P €L ( )

Proof. 1t follows directly from (4.42) the divider (4.23) and combiner (4.28).

Remark 4.16. The duality gate (4.43) is nonunitary, but with the special choice of
probability distributions {5 } and {I_’) } one could obtain the unitary Ty,

If the probability distributions satisfy (4.33), then the product ¢, can be treated
as the probability of the quantum wave to pass through the ith slit.

Corollary 4.17. If all components of U are equal and (4.33) satisfied, then the
duality quantum computer reduces to the ordinary quantum computer.

The case ¢, = p, was considered in Cao et al (2012), and such Ty, was called
generalized duality quantum gate.

4-9



Innovative Quantum Computing

4.2 Higher duality computing

Now we propose another generalization of the duality computation (4.42), i.e., the
higher duality one, by using higher powers of the divider (4.23) and combiner (4.28).
Because they are polyadic (multiary) operations, to be consistent with arities and
number of entries, we should use the polyadic powers for them (Duplij 2022). The
main consequence of this would be the possibility of having different compositions
of the divider Dy(n,) (4.23) and combiner Cy(nq) (4.28) with different arities n, # ng,
such that the number of slits remains to be equal to n.

Definition 4.18. The polyadic power ¢, of the divider Dy(n,) (4.23) as n,-ary
comultiplication (coaddition) is defined by the coiterated coaction (or ¢,
compositions)

12

np—1 np—1 p
(Dpnp)™* = || id @ --@id ® | id @ ~@id & Dy(np))--oDy(np))oDp(ny), .
id: H - I, Dp(np)i H — J{ Onp,
and the arity ny of the composed operation (4.46) is equal to
ny="Lyn, — 1)+ 1. (4.45)

Definition 4.19. The polyadic power /; of the combiner (4.28) as nq-ary multi-
plication (addition) is defined by the iterated action (or £; compositions)

l

4 g1 g1
(Cqlng)™ = Cy(ng)o(Cqng)o-+(Cq(ng) & id & c~l~€Bid)meBid ® C~l-~eaid) . @46
id: > H, Cqng): H® - 7,
and the arity n, of the composed operation (4.46) is equal to
ng=ly(ng— 1)+ 1. (4.47)

Note that the brackets in the polyadic powers (4.46) and (4.44) can be omitted if
operations Cy(nq) and D,(n,) are totally associative and coassociative, respectively.

Now, by analogy with (4.33), the composition of /, power of divider and ¢, power
of combiner can be the identity operator in /¢ but not for all divider and combiner
arities n, and n,.

Proposition 4.20. The composition of £, power of divider and ¢, power of combiner
can be the identity operator in J if their arities satisfy

Cy(ng)aoD,(n,)% = id, (4.48)
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Co(np = 1) = Ly(ng — 1). (4.49)

Proof. It follows directly from the definitions (4.23) and (4.28) that the arities of the
powers should coincide n, = n, and the arity formulas (4.45), (4.47).

Equation (4.49) can be treated as so called quantization of arities, and therefore
the analog of (4.43) depends of their concrete values.

Example 4.21. Let us consider the minimal case of nonbinary (n, > 2) and unequal
arities n, =3, /,=3 and ny=4, [, =2, and the total number of slits

Zp(np - 1) +1= Zq(nq - 1) + 1 = 7. Then for the values of the polyadic powers of
divider (4.44) and combiner (4.46) we have manifestly using (4.27) and (4.22)

plw)
P lw)
nps |l w)
D,(3)” | y) = P2P32 lw) |, (4.50)
nps lw)
»rilw)
Py lw)

Cq(4)02

N
lI’(7)> =qq v+ @ lv) + a3l +aalw)) + a2 lws) +a3lve +aalwy).  (4.51)

The condition that the composition of the powers (4.50) and (4.51) to be the
identity (4.48) gives the equation for the probability distributions

(G} = 101 40 v 0 nd PO} = tp1. 01 1}

4°Py+ GdPy + QAP + G4DPs + DD+ Gaps + gy =1 (4.52)
which is nonlinear in ¢;, ,; and should be compared with the standard linear case of

unity powers (4.33).

Let us introduce the higher analog of the duality n-ary operator Qgﬁ)ﬂ’p (4.39).

Definition 4.22. The higher duality n-ary convolution of the vector operator Tfe??
is the composition of the £, dividers (4.44) and /, combiners (4.46) which maps
H—-> K

n

(n).q.p =2 oly ; N ol oly = of},
Qhgual, ¢, 6, T) = Ca"(ng)o| T & T @ - @T, [oDp (1) = Cq*(11g)oToDp (), (4.53)
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where the number of slits 7 is equal to

n= Zp(np — 1) = Zq(nq - 1). (4.54)

Definition 4.23. The higher duality computation with n sub-slits is defined by kn
unitary gates, vector unitary gates U 4.41)

n —_
W = QU o(T) 1 Wi (4.55)

where the duality operator Q{::P 5 (,p(ﬁ) is defined in (4.53).

Theorem 4.24. The (£, £,)-higher duality quantum gate Qjgif, [p(ﬁ) is a non-
unitary operator of the form

_ Omap T\ — s\ T Tl .
Thavat = hdual, £, ¢, U)= Cq (”)°U°Dp (n), Thawa: H — J. (4.56)

It is important that not all possible values of arities and powers are allowed, but
only those which satisfy the quantization condition (4.54). The allowed number of
slits n and corresponding ng, n, and £, £, are presented in table 4.1. Note that the
unusual peculiarity comes from the nondiagonal entries, which correspond to
unequal arities of divider and combiner 7, # ny. The table is symmetric, which
means that the arity n (number of slits) is invariant under the exchange
(np, £y)—(ng, £;) following from (4.54).

Table 4.1. The allowed valued of slits for given arities 1, nq and polyadic powers (or numbers of divider and
combiner compositions) £, ;. The framed box corresponds to the binary standard duality convolution (4.39)
with two slits n = 2.

n,
" 1 C, ng =2 ng =3 ng =4 ng=>5
D, 6 by bog=1|0Ly=2Lg=3|l=1|l=2|0l;=3|0li=1|L;=2|0=3|l,=1]|l;=2]|(;=3
{P:l E
n, =2 =2 3 3
l,=3 4 4
l, =1 3 3
n, =3 l,=2 5 5
l, =3 7 7
=1 4 4
n, =4 =2 7 7
b, =3 10
l, =1 5 5
ny, =75 l, =2 9
l,=3 13
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Example 4.25. (Example 4.21 continued). With the concrete parameters (4.50) and
(4.51), we have the 7-ary convolution product with three dividers and two combiners

) 7 — O 7 o
Toawat = QUit? o, ¢(T) = Catd o TMeDy3)°? ) wsh

2 2 3
=q p1U1 + q19202 U2 + q1930103U3 + q19402 03U + qop1p3 Us + q3prp3 Us + q4p3 U7

Effectively, a nonunitary operator connecting initial and final quantum states can
be called a higher generalized quantum gate, i.e., higher duality quantum gate.
Indeed, to continue example 4.21 and 4.25, and consider a nonunitary generalized
quantum gate

T(l")=VIU1+V2U2+V3U3+F4U4+F5U5+I’6U6+V7U7, (458)
Inl+Inl+Inl+lnl+Isl+|sl+lnl=1 reC. (4.59)

If the parameters r; are given, we can find the corresponding higher duality n = 7
slits quantum gate (4.57) with the composition of three (ternary) dividers (4.50) and
two (4-ary) combiners (4.51), which have the following probability distributions

{1_3)(3)} and {5(4)}, where, e.g.,

8 8
1 s Iz 7
3 13 3 13
=, = —7’4”5 5”2 —3 317, D3 = — 315063 5”2 —35, (4.60)
h n ”2V3 ”1 T4¥sTs 23 i 1St

l’8
3

3 = —3>77, (4.61)
Ts 475 Ts

1 r 1 «x

3 13 4
4= ¢ sh—=33"m, q4= "1, (4.62)

1457 nor

and there are five other more cumbersome solutions. We should also take (4.59) into
account, which gives (4.52).

Let us consider the reverse convolution (with respect to (4.39)) by the divider and
combiner of an operator in /(.

Definition 4.26. The duality reverse n-ary convolution of the operator T: H — H
by the divider Dy(n) and combiner Cy(n) is the composition

PUYSP(T) = Dy(n)oToCy(n). (4.63)
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Proposition 4.27. The action of the duality reverse n-ary convolution with the
probability distributions {5 } and {F } on the vector quantum state ¥=(n)> e i

18

PR [ ) = (FC7) @ 7| T, (4.64)

where ®y is the Kronecker product of the matrix P é) ! € M, (C) and T is the
matrix of the operator T in its matrix representation.

Proof. It follows from the manifest form of the divider (4.22) and combiner (4.27)
and their linearity.

Note that if the duality reverse n-ary convolution (4.63) could be identity (for
T = id), then together with (4.33) the divider D,(n) and combiner Cy(n) become an
n-ary analog of the biproduct in category theory (Mac Lane 1971). However, the

.. . . .. —>—=T . . S .
condition that is needed for this condition (P Q is the identity matrix) is never
satisfied for nonvanishing probability distributions.

4.3 Duality quantum mode

The duality computer can be simulated by the ordinary quantum computer in a
special work mode, i.e., having an additional/auxiliary qubit (or qudit) (Wei et al
2016). The main idea of the duality quantum mode computer is to provide the one-
to-one correspondence of the auxiliary qudit state with the unitary operations on the
slits (Long 2011).

The total state of the k-qubits | )i, € H and one auxiliary qudit (n-dit)
representing n-slits | ¢),ux € H is the direct product | w)i ® | @)aux- The divider
operation is represented by the unitary operator V acting on qudit, while the
combider operation corresponds to the unitary operator W acting on qudit | ¢),,.
Between V and W there are n controlled operations corresponding to Uj, U,---U,
one-to-one related to the states of qudit U«—| i — 1). The whole duality quantum
mode process can be presented as four consequent steps.

(1) Action of V on |0),,. Prepare the initial quantum state, e.g., with
| @)aux = | 0)aux =1 0), as | w)hinit ® | 0). The divider operation for n slits
corresponds to the acting of the unitary operator V of the qudit (n-dit) state
| 0) as

id

n

|0>'X>V|0>=(Zli—1><i—1I)VI0>=ZK,1Ii—1>,
i=1

i=1

(4.65)

where V;; = (i — 1|V |0) € C is the convolution of operator V: H — F
between the states| i — 1) and | 0), i.e., its matrix element, which represents

the divider n-ary structure {1_3) (n)} (4.23) after the identification
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p=Va={-11V]0). (4.66)
Obviously, by definition

Mival=Y|nl =1 (4.67)
i=1 i=1

as it should be for probabilities. Thus, using (4.65) and (4.66) the final sub-
state | w)inie ® | i — 1) corresponds to the ith slit sub-wave, and

id@V - ] = .
| Wi ® 10) = [9hioic ® Xop [i= 1) =D p ) ® i—1). (468
i=1 i=1

(2) Action of U; on | y);,;- The auxiliary controlled operation means that the
action of the unitary operator U; on| y);,; will be applied to the ith slit only,
i.e., to the ith summand inside the last term (4.68). This is the reason why
the same (for each i) initial state | y);,; was inserted into the sum. Therefore,

Do v ® i - 1) Zp (Ui | 9)init) ® | 7 = 1). (4.69)
i=1

i=1

(3) Action of W on the state | i — 1). By analogy with (4.65) for each ith slit we
have

id

li- 1) S W]i-1)= (Zl]—l —1|]W|i_1>=z%|j_l>’ (4.70)
j=1

where W;; = (j — 1 | W|i— 1) € C is the convolution of operator (being a
representative of the combiner) W: ' — J{ between the states|j — 1) and
| i — 1), i.e., its matrix element, which represents (for fixed ith slit) the
probabilities

q"=W=(G-1|Wli-1)eC. 4.71)

Now the normalization condition is

n n
Siwil=Ya"f =
i=1 i=1

as it should be by definition of probability. Then, using (4.69) and (4.70), the
final quantum state will take the form

l, Vj=1,..n, 4.72)

4-15



Innovative Quantum Computing

| W)init ® 10)= Y p Ui [yl @ D g” 1= 1)
i=1 j=1

4.73)
= Zzpz (l U(l l/’)ll’llt ® |] -1 ) - qudual | l//>init ® |] - 1>7

Jj=1li=1

where
T = Zq,‘”p, (4.74)

represents the duality gate in ordinary quantum computer.

(4) Complete measurement. After the previous three steps the auxiliary qubit
arrives into the superposition state; therefore, the ith detector is placed at ith
slit, when the qudit wave function is in the final state | i — 1).

Consider the properties of the duality gate operator TY) , (4.74). The condition

qdua

Ppl <l Yi=1l..n, (4.75)

leads to the allowable duality gates (Long et al 2009). Because of the Cauchy-
Bunyakovsky—-Schwarz inequality and unitarity of the operators V and W, together
with (4.67) and (4.72), we have

Z‘ qm

The duality gate (4.74) with the condition (4.76) is called the restricted allowable
generalized quantum gate (Long et al 2009, Cao et al 2010).

Now we present the higher duality computation on the ordinary quantum
computer. To model the polyadic power of the divider (4.44), we introduce the
higher analog of the unitary operator action on the qudit state (4.65) and call it the
duality power denoted by (/g). In this case the number of slits n does not coincide
with the number of vectors of qudit n,; and they are related by the formula of
polyadic power (4.54) as follows

n={leng — 1)+ 1. 4.77)

<1, Vj=1,..n (4.76)

We propose the following definition of the duality power, which is consistent with
the polyadoc power (4.44). For instance, in case of quadratic duality power, instead
of (4.65), we have for the n slits and n,-dit the general formula

V@2 7y 7y - )
10) = Ve2|0) =) 5,-,1VI-,{ZV,-,1|J— 1>]+(1 —&Vali=1|. @.78)

i=1 j=1
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n=2n— 1, (4.79)

where §;; is the ordinary delta function, and V;, is defined in (4.66). For the ternary
duality power case /g = 3, to avoid cumbersome formulas, we give the concrete
example n; = 3, n = 7 from which the general pattern is clearly seen (cf (4.50))

®3
10) 5 V&3 10) = py[py(py 10) +py 1 1) +p3 12) +py [ 1) +p3 [2)] + 05 1 1)+ p3 12), 480)

where p, = Vi; and Vj; = (i — 1|V |j— 1) is the matrix element of the unitary
operator V, i, j = 1,...,n,.

The other steps (2)—(4) in the duality quantum mode computation can be taken
to be the same. This will lead to the higher nonlinear (in terms of the matrix elements
of the operators V and W) duality version of computation with the generalized
nonunitary quantum gates of the form (4.74).
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Chapter 5

Measurement-based quantum computing

The measurement-based quantum computation model (Raussendorf and Briegel
2001, Raussendorf er al 2003) is a counterpart of the standard circuit model
grounded on the unitary evolution (Deutsch 1989, Deutsch and Jozsa 1992). In
the latter, the measurement is provided at the end of the whole computation to get
the classical output, while in the measurement-based computation the principal
operation is the measurement itself. Informally, the computation starts with several
entangled qubits and measurements act on each qubit separately. The result is then
exploited for next measurements. To avoid measurement indeterminacy, local
unitary operations (named corrections) are implemented, which give the one-way
computation (Raussendorf and Briegel 2001).

In general, the computation or the measurement pattern (program) consists of
input and output sets of qubits connected with the sequence of basic commands. The
patterns are then merged using tensor products and compositions (Danos ez al 2007).
The one-qubit measurement-based basic commands are:

(1) Preparation N; of qubit i in the state |+); = (| 0) + | 1))/+/2 (set N);

(2) Entanglement E; = A Z;; (controlled-Z) of two qubits i and j (set E);

(3) Measurement M a) of qubit i defined by projections on |+,);, =
(10) £ €| 1))/\2 = P(a) | £ ), where P(a) = diag(l, ¢™) is the phase
operator, 0 < o < 2z is the angle of measurement (set M);

(4) Corrections being the Pauli operators X; and Z; (set C).

The result of the measurement provided at qubit i is presented by outcomes
s; =0, 1 € Z,, where the convention is s; = 0, if the initial qubit [+); after the
measurement becomes |+,);, while s; = 1, if |+);, collapses into |—,);. After the
measurement, the set of initial qubits {i} produces the sum (in Z,) of individual
outcomes Y s; = s, which is named signal, while the set {;} is called the domain of the
signal.

doi:10.1088/978-0-7503-5281-9ch5 5-1 © IOP Publishing Ltd 2023
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The main idea of this method is some additional functional dependence of the
corrections X; > X*), Z; - Z and measurements My(a) —» M""(a) from signals
s, t. Because the signals are in Z,, the dependences from them become simple
discrete functions

x® = {; oz {” =0, (5.1)

M a) = M((—1)ya + at) = (5.2)

The signal modification of measurements (5.2) can be expressed by the X- and Z-
actions Ay and A of conjugation with the Pauli matrices defined by (no summation)

AyoM{a) = X:M(a)X; = M(-a) = M "(a), (5.3)

AzoM{a) = ZM()Z; = M{a + ) = M* (a). (54)

The actions (5.3) and (5.4) commute because the addition of angles « is mod 27.
Since the measurements are destructive, the actions (5.3) and (5.4) can be simplified
as follows

Mfa)X; = M(-a), (5.5
M(a)Z; = M{(a — 7). (5.6)

The signal domains of dependent commands give the set of such measurements
that should be made before determination of the actual command value.
In general, the measurement pattern 2 is defined as
(1) Three sets:

a. The computation space V of qubits and the associated quantum state
space A, which is ®,,C>.
b. The pattern inputs In € V and outputs Out € V sets, together with
their associated quantum state spaces #, and Hgy, correspondingly.
(2) Two injective maps i: In — V and o: Out € V.
(3) The finite sequence of n commands A4;, 4,,...,4,_;, A, which act from the
left to the right as 4, 4,_,---4,A, on the pattern inputs from the set In.

In this notation, the measurement pattern becomes the map P: In — Out and the
pattern type is denoted by (V, In, Out). To simplify the notation, the sets of states
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i(In) and o(Out) are denoted by the same letters In and Out, correspondingly.
Providing a consequent pattern computation needs four conditions of definiteness
e Def0 If outcome state is not measured, then no commands depend on it.
Otherwise, one tries to apply a command depending on an outcome that is
not known.
e Defl If a qubit is measured, then no commands act on it.
If not, then one tries to execute a command on an already measured, and
therefore changed, qubit.
e Def2 If a qubit is not the input one but not prepared, then no commands act
on it.
Otherwise, one tries to apply a command to a not existing qubit.
e Def3 If a qubit is not output, then it can be measured.
In other words, since measurement consumes the qubits, this statement
makes sure that the final state is in the output state.

If all of the statements are satisfied, then the conjunction Def = Def0
ADefl A Def2 A Def3 will be used. It is important that a given pattern should
satisfy Def, in general. The case when one exploits neither input not output qubits in
a pattern corresponds to the auxiliary qubits, which considerably enlarges the space
computation complexity. To avoid this, one should use as small number of the
auxiliary qubits as possible. Moreover, one assumes that the inputs In and outputs
Out can intersect, which can lead to simple unitaries implementations (Danos et a/
2005).

The combination of patterns can be provided in two ways:

Composition If for two patterns defined by (V,, In;, Out)) and (V,, In,, Out,) we
have V; N V, = Out; = In,, then the composition 2 = 2,04, can be given by
(V, In, Out), where

V= V] U Vz, In = Inl, Out = Outz, (57)

and the commands are concatenated consequently.
Tensor product If the sets do not intersect V, N V, = @, then we can construct
the tensor product pattern 2 = 2, ® £ which is defined by

V=ViUWVW, In=In U In,, Out=O0ut U Out,. (5.8)

Since the sets V|, and V, are disjoint, the commands from different patterns
commute and are applied for qubits from different sets independently.

If V is initially not measured qubits (and then still active), then we denote the set
V* as the measured qubits, which become classical bits. Therefore, the computation
state space is

S = ZVV*%V X Z\Z/*a (59)
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where ZY* is outcome space of bits. We denote I': V*—Z,, and then the space (5.9)
becomes the set of the quadruples

S = {(V, V¥, ¢, T)} (5.10)

(for short notation, the set of pairs S = {(¢, I')}), where ¢ € Hy is a quantum state.
The value of signals given by I' are defined as sy = ). I'(i) with the sum in Z,. If

ieln
the outcome is empty, then the notation Z% will be used. Some modification of the

outcome map can be defined as follows
k, i= j
r'(), ’

which maps Z;/*U{"} — Z,. We can then write the action of the commands on the
computation space (5.9) as (suppressing V, V*)

T[k/i1() = { i,j, k€. (5.11)

(¢ ® |+):, T)
N,
1) (sT)
(Y, Ty<— (¢.T) ——>X"¢T) (5.12)
|Ej

and the action of the measurements (5.2) on the quadruples (5.10) as

M(”)(a) (Va V*U{l}: <+ar|,' q, F[O/l]):

, (5.13)
(V, VEULEY, (=, g, TL1/D),

VU i}, VH, ¢, D)—

using the modified a from (5.2) in the form ar = (—1)*ra + .

For instance, the structure of the patterns with Pauli corrections X', Y in terms of
the above commands can be formally (with suppressing all indices) written as
(Mhalla et al 2022) (] XYM )EN.

In general, the execution of a pattern can be presented in the diagrammatic form
(schematically)

ti A, A A,
Hin—s Fi x 292N g, x 7@l D g x YO g, (5:14)

The Brach map denoted by B, can be formally written as
B, = CsoMoU, (5.15)

where U: Hj,,Hy 1s a unitary embedding which is branch independent,
M;: Hy = Hoyt 1s a projection being collection of measurements along the branch,
and C; is a map corresponding to corrections on the output. Because all of the above
maps are unitary, the resulting branch map is also unitary
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2 BB =1 (5.16)

where I is the identity matrix, and s € Z5. It follows from (5.16), that each pattern is
presented by a positive map that preserves the trace (Danos et al/ 2007). A pattern is
called deterministic if it is a positive trace preserving map and sends pure states to
pure states.
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Chapter 6

Quantum walks

Quantum walks are the quantum counterpart of the classical random walks and they
play an important role in the modelling of many phenomena, e.g., information
spreading in complex networks (Noh and Rieger 2004), optimal search strategies (Lv
et al 2002), genetic sequence location (van den Engh et a/ 1992), and chemical reactions
(Gillespie 1977). The term ‘quantum walks’ was introduced in Aharonov et al (1993),
but the idea to incorporate quantum effects to stochastic calculus appeared in Iche and
Nozieres (1978), while the coherence effects in evolution of Brownian quantum particle
were first considered in Schwinger (1961). The quantum analogies of classical random
walks in discrete time and space were investigated in Godoy and Fujita (1992). The
quantum cellular automata were introduced in Grossing and Zeilinger (1988), which
appeared to be equivalent to the construction of Aharonov et al (1993), and which can
be considered as one particle sector of the former; for a review, see (Arrighi 2019) and
more general (Venegas-Andraca 2012). The connections between correlated classical
random walks and quantum walks were given in Konno (2009) using matrix methods.
There are two models of quantum walks:

(1) Discrete quantum walks consist of two systems, called a walker and a coin,
and the evolution unitary operator acts on them in discrete time steps.

(2) Continuous quantum walks consists of one quantum system called a walker,
which ‘walks’ without time restrictions, which is described by the evolution
operator (Hamiltonian) and the Schrodinger equation (Childs et al 2002).

The general topology in both cases can be described by discrete graphs.

6.1 Discrete quantum walks

In the case of discrete quantum walks on a line, the total quantum state consists of
quantum states of the walker and the coin, i.e., the total Hilbert state #;,; becomes
the direct product
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%tot = }[coin ® %walk- (61)

The position of the walker is described by the vector from the computational basis
of the walker Hilbert space ’y/walk> € Hyak» Which is infinite-dimensional and

countable, such that the walker state | ‘l’wa1k> is the quantum superposition
Vo) = 2w 0y Pwi=1, meC. 62)
tez tez

In distinction to the classical coin, which can be in two states, the quantum s-state
coin can be not only in s canonical basis states | 0), | 1).,...,| s — 1), but also in
their quantum superposition

s—1 s—1
| W) = D6 1 )es D7 =1, ¢ €C. (6.3)
=0 =0

Usually, to be closer to the classical case, one puts s = 2. The total state of the
quantum walk is given by

| lPtOl> = | %oin) ® | Wwa]k)a (64)
and the initial total state, if to take |y, ). .. = | 0)y, becomes
| lI]t0t>initiall = | lllcoin>jnitial ® | 0>W (65)
In general, the total state can be written as
| o) = D (200 10)e ® 1 £)y + 9, | 1) ® 1 £),,), 6.6)
lez
2 2
Z(\ oo + o] ) =1 ¢ ¢, €C. (6.7)
tez
It follows from (6.2)—(6.3) that
@0 = GWes tez, j=0,1, (6.8)

and so the normalization condition (6.7) reduces one parameter from the set of ones
describing the total state (6.6).

By analogy with the classical random walk, we need one operator to move the
walker on the line and one operator to play the same role as the coin toss. In contrast
to the classic case, where such an operator is represented by a stochastic matrix, in
the case of the quantum walk evolution there is no room for randomness before
measurement and it is represented by a unitary matrix, which acts as an internal
rotation in the internal state space. The goal of the coin operator is to render the coin
state in a superposition, while the randomness is introduced by making a measure-
ment on the system after both evolution operators have been applied to the total
quantum system for many times.
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Thus, the evolution of a quantum walk is driven by the special composite action
of two unitary operators: (1) in the first, a shift operator S acts in a combined total
position-coin space H,; (2) in the second, the coin operator C acts in the coin space
Heon- In this way, the total evolution is described by the unitary operator U, which is
defined by the main formula of the coined quantum walk concept

U=So(C®IL,), (6.9)

S: Heoin @ Hyaik = Heoin @ Hyat, C: Heoin = Heoins Ui Hior = Hior, (6.10)

where I, € Hya 18 the unity of the walker space Hyqik.
If we consider the two-state coin s = 2 (6.6), then the operator S should act on the
total quantum state (6.4) by shifts that are dependent from the coin state

So(| 0)e ® 1£),) =10)c ® | £ + 1), (6.11)

So(| e ® 1)) =11 @£ —1),. (6.12)
This can be written in the unified form
So(Ii)e ® 10)y) = 1i)e ® | £+ (1)), (6.13)

i.e., the shift operator depends on the coin state S = S;. Therefore, in the computa-
tional basis, S can be presented using two projections in J, as (the outer product
representation)

S=1000], ® X1+ DI, +IDLL® D=1 (6.14)
lez lez

which satisfies the required shifting properties in the walker space (6.11)—(6.12).

The coin operator C is an arbitrary element of the unitary group #%(s), and for the
two-state coin s = 2, and it can be represented by the four real parameter 2 X 2
complex matrix C of the form

A A (a b) _ ;y( e®cosd  ePsing
=e

C=C = , a,b,c,deC, a,p,y,0 €R. (6.15
0= \e d —e#sing i@ cos@) e @by (13

In most cases, for quantum walks with two-state coin the Hadamard operator is
widely used

1
Cy = f(l 0)c(0 . + 1 0)c(L |, + | 1)e(0 |, — [ 1)e(T L), (6.16)

or in the matrix representation (6.15)

A A 1
Cu=Cozrpr, —7p =—(1 1)- (6.17)
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The evolution of the total state (6.4) during the discrete time (=¢) quantum walk
after ¢ steps| W(?)) is given by the application of the unitary operator (6.9) ¢ times in
the following way

| Wor(2)) = U" | Het(0)), (6.18)
where | ¥o(0)) = | Yot)initiar (6-5)-

Example 6.1. Using (6.9) and (6.16), we can get the first three steps for the
Hadamard quantum walk with the two-state coin as

€L €L

|\Pt0t(1)>:\/§|0 \/Ell

e ® [ 1)y + e @ [=1)w, (6.19)

| Wo(2) = —% 1. ® |-2), + %a 0 + | 1)) ® | 0, + % 10). ®]2), (6.20)

1 1
=§|0)C®(| 0)w+|2>w)+5I1)C®(I 0w — [-2)w), (6.21)
|wtot<3>>=ﬁ|1>c®|—3>w—%wc@\—1>w+ﬁ<2\0>c+|1>c>®|1>w+ﬁ\0>c®|3>w (6.22)
1 1
=—— 0. (—|-Dy +2| Dy +|3))+ — 1. ® (| 1)y +[-3)w). (6.23
2\/§|>(|> |>|>)2\/§|>(|>|>)()

If the final state at the time ¢ is known ¥(¢), then the standard way to describe
the quantum walk is the partial measurement of the walker state probabilities (see,
e.g. Portugal 2013).

However, we now have the tensor product of two spaces (6.1). Therefore, to have
the complete description of the quantum walk, we propose to also consider the
partial measurement of the (s-) coin state probabilities.

Let the total state at the time ¢ (6.18) have the general form (see (6.6)—(6.8))

s—1
| Yol ) = X0 D00 1§ ® 1 0),, (6.24)
lez j=0
Yo [ =10,ec. (6.25)
lez

We denote the doubly partial probability of the state | j). ® | £),, at time ¢ by

s—1
0 =00 X Xpm=1. (6.26)

tez j=0
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Now we propose to characterize the quantum walk by two partial probability
distributions:
(1) The walker probability distribution

s—1

wa 2
0 =X e,0f, (6.27)
j=0
Zplwalk(t) = 1 (628)
lez
(2) The coin probability distribution
coin 2
ORI YOI (6.29)
lez
s—1
20 =1 (6.30)
j=0

In the standard approach (Portugal 2013), only the first (walker) distribution
(6.27) is usually considered: the time is fixed by ¢ = #,, and the graph {[, pgwalk (to)} is
plotted. Nevertheless, the coin probability distribution (6.29) gives additional
information about the quantum walk. To observe the difference between (6.27)
and (6.29) concretely, we continue example 6.1 in detail.

Example 6.2. (Example 6.1 continued) Here we compute the walker and coin
probabilities (6.27) and (6.29) for three steps ¢t = 1, 2, 3 of the Hadamard walk
¥,i(7) in (6.19)—(6.23).The formulas (6.19), (6.20), and (6.22) are convenient to use
for the walker probabilities, and the formulas (6.19), (6.21), and (6.23) can be used

walk

for the coin probabilities. We derive the walker probabilities p,"™ () from (6.19)

1Y 1
walk walk
PR =) = p2 (1= 1) ( ﬁ) > (631)
Walk([ —_ 1) —_ walk (t —_ 1) _ 1 ’ _ l (6 32)
p[:_l - _p[:‘_1>w - - \/5 - 2; .
and from (6.20) we obtain the symmetric distribution
walk walk 1 : 1
Prs(t=2)= p£:|_2>w(l =2)= 5 = T (6.33)
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Pl (1=2)=pMi§ (1=2) = (1)2 + (l)z =2, (6.34)
¢=0 £=10) 2 2 2

walk _ 2 walk — 2 — l ’ — l 6 35

Proy (1=2)=pipy (1=2)= 2) 4 (6.33)

The probability distribution pW“lk(Z) for the third step ¢ = 3 is nonsymmetric
(6.22)

2
P =3)=p, (1=3) = ( 5 f) é (6.36)
walk walk LYy _!
Do (t=3)=p," =1 (t=3)= (—ﬁ) = 3 (6.37)
Pl =3)=pM (1=3)= (2L)2 + (L)z =2 (6.38)
2V2 2V2 8
1k 1k ’ 1
P 1 =3)=pN5 (1=3)= ( f) = (6.39)
as well as for further steps (times) # > 3.
For the coin probabilities p, coin (1) we have from (6.19)
: 1Y 1
C°‘“(t =1)= /°°|1(‘)‘>c(z =1)= (f) =5 (6.40)
: 1Y 1
PR = 1) = p (1= 1) = (f) -1 (6.41)
and from (6.21) we have for the second step ¢ = 2 the symmetric distribution
peon o (1=2)= PR (1=2)= ((1)2 + (1)2) = l (6.42)
P 2 2 2
C"”‘(t =) =p&n (1=2)= ((1)2 + (—1)2) = l (6.43)
Pj=py. 2 2 2

The probability distribution pj“’i“ (¢) for the third step ¢ = 3 is also nonsymmetric
as p,"*(t = 3), so from (6.23) we get
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1Y 1Y 1Y
B =P = = ((ﬁ)(zﬁ) (2f)) O

com(t_3) coin (Z_3) ( 1 )2 (L)z =l (645)
P j=py, 22 22 4’ )

and in the similar way for further steps (discrete times) ¢ > 3.
As it should be, both the above walker and coin probability distributions are
correctly normalized satisfying (6.28) and (6.30) at each discrete time ¢.

6.1.1 Polyander visualization of quantum walks
The coin probability distribution p/.“'in (¢) introducted in (6.29), from the first glance,
can be also characterized at the fixed time 7 = 7, by the graph { 7, pj“’in (zo)} as the

walker probability distribution p, valk(1)). However, because the coin has a specific

physical sense, we propose here another way of the quantum walk description, which
originates from genome landscapes (Azbel’ M 'Y 1973, 1995, Lobry 1996) and one-
dimensional DNA walks (Cebrat and Dudek 1998) and trianders (Duplij and Dupljj
2005).

Innovation 6.3. We can consider the time evolution of the probability for the concrete
quantum state when we provide the corresponding measurements in the coin or walker
subspaces, ie., we fix the states { = {, or j = j, and introduce the following time

evolution graphs {t p [W‘Zl)k (t)} or {t pjcf]m (Z)}.

Definition 6.4. The polyander visualization of a quantum walk is its description by
the time evolution graphs {t ) (t)} {t P ]°°‘“ (t)}. Each line of the graph

describing the probability evolution of the fixed quantum state ¢ = ¢, for | £),, or
J =, for|j) is called a leg of the polyander.

It is obvious that the walker polyander has a finitely increasing number of legs
and corresponding quantum states, while the s-side coin polyander has exactly s legs.
For example 6.1, we obtain the following.

Example 6.5. (Example 6.1 continued) The walker polyander p Wa"‘(t) in the time
range 1 <7< 3 has seven legs (quantum states) —3 < ¢ < 3, which have the
following probability evolutions
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| [O)-leg\time ¢ | 1] 2] 3]
=3, [ 0]0]3
-2, [J0]3]0
=D, 2103 (6.46)
0),, 0]3]0
DY EIOE
12)., 0]5]0
BY 001

coin

The coin polyander p;on (1) in the time range 1 < ¢ < 3 has two legs (quantum
states), j = 0, 1, which have the following probability evolutions
| [j)-leg\time ¢ || 1| 2] 3|

10),
L,

—_

(6.47)

DN [ =0 [+
N [ =0 |
s | = | Q)

Each leg can be presented as a horizontal strip of the width 1 on which the points
corresponding to the probabilities 0 < p(¢) < 1 at times ¢ = 1, 2, 3... are indicated.
The probability behaviour of each quantum state can then be visually seen and
mutually compared in the same time points.

For the coin polyander, it is important to consider the probability differences
because of the following

Definition 6.6. The total quantum state is called trivial at the time ¢t = 1, if all the s-
side coin states have equal probabilities p;"i“ (tuiv) = é, j=0,1,...s -1, s>2.

Definition 6.7. The quantum walk is called trivial if the s-side coin states are trivial
at all times.

In the case of the standard coin s = 2, the triviality means that the measurements
of both sides give the same probability at the r = #;,. Therefore, to describe triviality
in detail, we should introduce the differences and search for nonzero ones.

Definition 6.8. The bias s-side coin polyander has (s — 1) legs, which are defined by
Apo™(1) = pP™(6) = p (), = 0,8 = 2, (6.48)

j+1
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Example 6.9. (Example 6.1 continued) The 2-side coin bias polyander in the time
range 1 << 3 has one leg which has the following probability evolution

AP (1) = Apjcjli:;)c(t) - Ap]?jli;‘>c(t) (see (6.47))

| j\time ¢ [ 1|2 ]
Lo [o]o]

w

(6.49)

DN |

which can be nontrivial after the time ¢ = 3 only.

In the higher times, the walker and coin polyanders, as well as the bias coin
polyander, will have more complicated behavior, which in any case needs the
manifest form of the total quantum state (6.18). In examples 6.5 and 6.9, we
considered for clarity only the time range 1 < 7 < 3 and the 2-side coin to show in
detail how to compute probability polyanders for finite times. The physical sense of
the bias polyander is in the following: its nonzero values show nontriviality
evolution along the quantum walk.

Thus, polyanders allow us to further study the fine structure, and thoroughly
characterize and visually present quantum walks from different viewpoints.

6.1.2 Methods of final states computation

The main goal of studying the quantum walks is to obtain the analytical expression
for the final quantum state (6.18) in discrete finite times ¢ € Z, and then calculate the
dynamical and statistical properties of various probability distributions and
characteristics.

The main computational methods to find the total quantum state (6.18) are

(1) The Schrodinger approach. Starting from an arbitrary state of the quantum
walk with a certain walker position, to provide the discrete time Fourier
transform (Ambainis et al/ 2001) and obtain the closed form of total
amplitudes.

(2) The combinatorial approach. The amplitude at any discrete time is derived
as a sum of amplitudes of all paths starting from the initial state and ending
up in the final state. This can be treated as reminiscent of the standard path
integral technique.

In Carteret et al (2005), it was shown that both Schrodinger and combinatorial
approaches are equivalent. Among less known methods, we can mention the
alternative description of quantum walks based on the scattering theory (Feldman
and Hillery 2007) and the analytic formulation of probability densities and moments
(Fuss et al 2007).
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6.1.2.1 Fourier transform and analytic solutions

In general, the usage of the Fourier transform is the standard way to simplify
computations by turning equations to algebraic ones. In its application to quantum
works and analysing the evolution (6.18), there two peculiarities:

(1) The Fourier transform is applied to one subspace from the product (6.4),
1.e., the walker one H .

(2) Sometimes it is simpler to turn from transforming functions to transform
the computational basis of the walker subspace.

Following (2 ), we transform the computational basis of the walker space Hyq as
1K) = D e 10y, £€Z, [ Dy, 1K)y € Huare (6.50)
ez

where the Fourier transformed vectors || k)),, are denoted by the double brackets
and depend on the continuous real wave number k € R, —z < k < z. The inverse
transformation is

— 1 " —ikl
dke™ ) 6.51

Let us introduce the Fourier transformation of the amplitudes ¢, (¢) at time ¢ from
the decomposition (6.24) in the standard way by

() = Y e My (1), —r <K< (6.52)
ltez

The inverse Fourier transform becomes
1 n .
0ut) = 3 [ dket (o). (6.53)

Then, instead of the computational basis | j). ® | £),, in (6.24), using (6.50) and
(6.53) and cancelling exponents, we can present the total state in the Fourier basis
e ® Il K))y as follows

s—1 .
a0} = 5= 3 [ @ 1) ® 11K, (654
=07 7"

The action of the shift operator S on the Fourier basis can be derived from (6.13)
and using (6.50), as follows

Se(l i)e ® I k))w) = D e™So(|i)e ® [ £)w) = Y e™So(| i) ® | £)w)

lez lez

= T @1+ (D)) = F MRN8 100 (6.55)

lez l'ez

= e DA (e ® 1)) = eV [)e ® [ K,

l'ezZ
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where we used the substitution £’ =/ + (—1)/ and the translation symmetry of the
infinite sum.

In the case of the two-side coin j = 0, 1 and the Hadamard quantum walk (6.16)—
(6.17), the action of operators can be expressed in the matrix form.

So we apply the total evolution operator U (6.9) in the matrix form to the Fourier
basis | j). ® || k))y using (6.17) to get

1
Ui ® 1 K))) = S[(ZC,, | j>c) ® k>>w]

Jj=0

(6.56)

1 1
=| XV Ep i) | @ 1K) = 2K ) ® 1K)
j=0 J=0
where
_ -k 0 A 1 (o=k oik
Ck=|¢" " |C=—|° - 6.57
o= S)e=5( <) (657
It follows from (6.56) that diagonalization of C(k) leads to the spectral decom-
position of the total operator U. Indeed, if A(k) is the eigenvalue of the matrix C(Kk),
then it is also the eigenvalue of U, as is seen from (6.56). We denote the
corresponding A(k) eigenvector by H v,l(k)>> , such that

Oo([| visa) ), ® I1kDw) = (€Kl viao) ). ) @ Il KD = 2(K) || Vi), @ 1l KD (6.58)
The matrix C(k) (6.57) has two eigenvalues
A(K) = e7@® (k) = —ee®), (6.59)

mm=mm{lﬂmq,ﬁ<mm< : (6.60)

z
NG 2 2

and two corresponding normalized eigenvectors

—ik
Hvllz(k)>> = 1 e. 1, (6.61)
’ ¢ Jia\&V2e M — gk
2 =2(1 + cosk  cos ky/1 + cos’k ). 662

Thus, in the total evolution the operator can be written in terms of eigenvalues
and eigenvectors of C(k) (6.57)

o if_ﬂ,, dk[(e—ia(k) [vaa)) (Vi ||, = €| Vo)) { (v HL) ® I K)w((k ||W]. (6.63)
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Using orthogonality of the basis eigenvectors, the power of the evolution operator
can be presented as

o - %/_’; dk[(e—m(k)t ‘|vjl(k)>>c<<vﬂl(k)|‘c + (—1)felalr H”2(")>>c<<”2(k)”c)® ||k))W(<k||W].(6.64)

Now we can use the main quantum evolution formula (6.18) to obtain the total
quantum state at any time from an initial quantum state (6.5). For instance, if
| Yot initiat = | 0)c ® | 0)y, then using (6.54) and (6.61), we derive the Fourier
transformed amplitudes

D= k(1) = ;[(VI + cosZk + cos k)e_i"(k)l + (vl + cos2k — cos k)ei(”+"(k))t],
241 + cos? k

ik (6.65)

(Djzl,k(l) - e—ia(k)t _ ei(ﬂ+a(k))t)'

2V1 + cos? k

Then by applying the reverse Fourier transform (6.53) and taking into account
symmetries of integrand, we get the amplitudes in the computational basis at the
arbitrary time ¢ as

1 /‘” , cosk
— dke'®-a) ——— + 1|, t+ ¢ =even,
Wj=0o(t) = 27 J - (\/1 + cos’k ) (6.66)

0, t+¢=o0dd,
1 /ﬂ dkei(k[‘“(k)f+k); t+ ¢ =even
@1 (1) =121 J == J1 + cos?k (6.67)
0, t+¢=odd.

Finally, using the partial probability formulas (6.27) and (6.29), one can plot the
time evolution graphs {t, p [‘Zzl)k (t)} and {t, p/cj;; (t)}, i.e., to provide the polyander
visualization (see section 6.1.1).

6.1.3 Generalizations of discrete-time quantum walks

There are plenty of generalizations of the above constructions. Nevertheless, the
main procedures remain nearly the same.

e Coin operator. The most general form of the two-sided (s = 2) coin operator C
is given by the complex matrix (6.15) from the unitary group %(2), i.e., other
than the Hadamard matrix (6.17) can be considered, such as the Fourier coin
(Portugal 2013).

e Higher dimensions. The main quantum walk equation (6.9) can be extended
to a higher dimension of the s-sided coin when F;, is 2s-dimensional Hilbert
space and FH, is the Hilbert space corresponding to the direct product

N

/__A_ﬁ . . . .
Z ® ---®7Z . The common choice for an s-sided coin is the Grover operator

6-12
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described by the corresponding 2s-dimensional matrix Cgover that was
proposed in Moore and Russell (2002).

e Anyonic quantum walks. To include the braiding interaction, one includes the
additional Hilbert space (fusion space) Hi,sion Where the generators of the braid
group act. Then the total space becomes Ho; = Heoin ® Hiusion ® Halk> and
the time evolution contains the additional braid operator in some representa-
tion (Lehman et al 2011).
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