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This article is a memorial, it is dedicated to the memory of the head of the Scientific
Center for Computational Methods in Applied Mathematics of RUDN, Professor
V.P. Gerdt, whose passing was a great loss to the scientific center and the computer
algebra community. The article provides biographical information about V.P. Gerdt,
talks about his contribution to the development of computer algebra in Russia and
the world. At the end there are the author’s personal memories of V.P. Gerdt.

Key words and phrases: computer algebra, quantum computing, mimetic methods,
polynomial computer algebra methods

1. Introduction

The name of Vladimir Gerdt is widely known among computer algebra
community. Many years he was a professor at the Joint Institute for Nu-
clear Research (JINR), where he was the head of the Group of Algebraic and
Quantum Computations (http://compalg.jinr.ru/CAGroup), and an orga-
nizer of many mathematical conferences. A few years ago, he was invited to
head the Scientific Center for Computational Methods in Applied Mathemat-
ics founded in RUDN university. His passing was a great loss to the entire
community.

2. Biography

Vladimir Gerdt was born in Engels near Saratov. He earned his M. Sc.
in Theoretical Physics from Saratov State University in 1971, his Ph.D. in
Theoretical and Mathematical Physics from JINR in 1976, and his D. Sc.
in Mathematics and Computer Science from JINR in 1992. In 1997 he
got the scientific title Professor in Mathematics and Computer Science by
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specialty “Application of Computer Techniques, Mathematical Modelling and
Mathematical Methods to Scientific Research”.

After his M. Sc. Vladimir Gerdt worked in JINR until his death in January
5, 2021. He began as an engineer-programmer (1971-1975), then he worked
as a junior researcher (1975-1977) at the JINR Department of Radiation
Safety where a software for neutron spectroscopy was developed. In 1977 he
moved to the JINR Laboratory of Computing Techniques and Automation
renamed in 2000 as Laboratory of Information Technologies, where he worked
as a researcher (1977-1980) and as a senior researcher (1980-1983), and since
1983 as the head of the research group on computer algebra. Vladimir Gerdt
worked abroad for several years, in Lille and Aachen, using Russian, English,
German and French in his work.

Figure 1. Vladimir Gerdt in his office. Dubna, 1998

3. Professional activities

V. Gerdt prepared 243 scientific articles, he edited 10 books. His latest
researches are devoted to the construction of involutive monomial bases and
to the discretizations of incompressible Navier—Stokes equations. His last
huge article was published in ArXiv in September 2020.

Vladimir was the referee at journals and organizations:

— Journal of Symbolic Computation;

— Programming and Computer Software;
— Physics of Particles and Nuclei Letters;
— Russian Foundation for Basic Research;
— Russian Science Foundation.

Vladimir was a member of:

— Association for Computing Machinery (ACM);
— ACM Special Interest Group on Symbolic and Algebraic Manipulation
(SIGSAM);
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— Editorial Board of Journal of Symbolic Computation (Academic Press);

— Advisory Board of Computer Science Journal of Moldova;

— Special Computer Algebra Group of German Societies on Computer
Science.

Vladimir took part in the coordination of the international research projects:

— he was adjoint coordinator of the INTAS-93-0030 project “Computer
Algebra, Symbolic and Combinatorial Tools in Differential Algebra and
Differential Equations, with impact in Fundamental Physics and Control
Theory” with 10 research teams from EC countries and 7 research teams
from NIS countries;

— scientific coordinator of cluster A: Computer Assisted Mathematics of the
INTAS-93-0893 project “ERSIM-FSU Cooperative Network in Informatics
and Applied Mathematics” with 10 research teams in EC countries and
10 research teams from NIS countries.

Vladimir Gerdt paid great attention to teaching. He gave 24 lecture courses
for students and young scientists. Under his supervision 10 master theses
were prepared, 9 Ph. D. theses were defended. He was the scientific consultant
of Yuri Blinkov’s thesis for Doctorship of Sciences.

Figure 2. Vladimir with students. Dubna, 2002

4. Vladimir Gerdt and computer algebra
4.1. At the beginning of computer algebra

Vladimir was one of the first who started computer algebra usage in the
USSR in the 70th. This activity was supported by Academic Dmitry Shirkov
and Professor Nikolay Govorun.

In the early 80th the Joined Institute for Nuclear Research (JINR, Dubna)
bought the computer CDC-6500. It was powerful enough for the implementa-
tion of the universal computer algebra systems. Professor Tony Hearn kindly
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passed the REDUCE system to the JINR during his visit to Dubna. Professor
Gerdt with colleagues took a large part in its implementation in the institute
and assisted in spreading the REDUCE in the scientific centers of the USSR.
Vladimir got the “First JINR Prize (1986) for the Research on Installation,
Development and Application of Program Systems for Symbolic Computation
on Mainframe Computers”.
Vladimir was on Committees of many conferences. The main of them are:
— International Symposium on Symbolic and Algebraic Computation (IS-
SAC);
— Conference on Applications of Computer Algebra (ACA);
— Polynomial Computer Algebra (PCA);
— Computer Algebra in Scientific Computing (CASC), Vladimir was one
of its founders. Now CASC-2021 is the 23rd conference in this series. It
takes place in Sochi (Russia).

Figure 3. Foundators of the CASC Profs. Vladimir Gerdt and Ernst Mayr, Armenia, 2010

4.2. Partial differential equations

A large cycle of works by Vladimir Gerdt was devoted to the study of the
compatibility of systems of partial differential equations (PDEs) by means
of computer algebra. The key to solving the problem was the Cauchy-
Kovalevskaya theorem, which reduces the study of the solvability of some
classes of systems of partial differential equations to the study of the compati-
bility of a system of algebraic equations for the coefficients of the corresponding
power series.

Theoretical research on the compatibility of systems of nonlinear differential
equations in general form was started at the beginning of the 20th century
by Riquier [1], Janet [2], and Thomas [3]. V.P. Gerdt told us about the
long months he spent in the 1980s searching and studying these far from
well-known works written in various European languages.
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Riquier proposed a complete ordering for partial derivatives, using which
he distinguished some of the derivatives, called principal ones, with respect to
which the system of PDEs can be resolved. The remaining derivatives, called
parametric, leave arbitrariness in the solution and affect the setting of the
initial conditions. As a result, a theory was constructed containing the Cauchy—
Kovalevskaya theorem as a special case. Along the way of algorithmization
of these results, Janet introduced the partition of independent variables into
multiplicative and non-multiplicative for the principal derivatives. Thomas
generalized the Riquier—Janet approach over the case of nonlinear algebraic
equations with respect to the principal derivative. He showed how to check
the consistency of a system or to split it into subsystems in a finite number
of steps (Thomas decomposition).

These works, at first, gave rise to a modern theory, which makes it possible
to investigate the compatibility of systems of partial differential equations
and carry out their decomposition into subsystems (Thomas decomposition),
created by V.P. Gerdt together with D. Roberts and very elegantly inscribed
in the theory of differential rings. Later, the theory was used to create
the DifferentialThomas package, recently implemented in Maple (https:
//www.maplesoft.com). A monograph by D. Roberts is devoted to this
issue [4].

4.3. Polynomial computer algebra

One of the most important achievements of algebra in the XX century was
the creation of the theory of Grobner bases, which made it possible to study
problems from the theory of polynomial rings and algebraic geometry using
a computer [5]. The main obstacle to the application of this technique is
the cost of calculating these bases according to the Buchberger algorithm,
therefore, the development of more efficient methods for finding Grobner bases
has been and remains an urgent problem of computer algebra. The key idea of
the theory of Grébner bases is the division of a polynomial into polynomials
generating a certain ideal J. In the case of the ring Q[x] every ideal is principal
and any polynomial g can be uniquely divided by the polynomial f generating
the ideal (f). In the case of the ring Q[zy,...,z,]| one can also talk about
dividing the polynomial into polynomials fi, ..., f,. generating the ideal J, but
this was realized only in the middle of the XXth century. One of the very first
steps in introducing the operation of division of polynomials was to define the
admissible McCauley ordering [6]. In the process of such division, expressions
of the form hf; are successively subtracted from g, where h € Q[z, ..., x,], so
that the leading coefficients in g are canceled. As a result, instead of g, a new
polynomial ¢” is obtained, the degree of which is less than the degree of g
and g — g’ € J. Unfortunately, in the case of many variables, ¢’ is uniquely
determined in this way only when a special basis is chosen, the Grobner basis,
and only in this special basis it follows from ¢ € J that ¢’ = 0.

A wonderful idea proposed by V. P. Gerdt is that the division of a polynomial
into polynomials generating the ideal J can be made unambiguous if we
preserve an additional structure on the set of monomials M, which he called
involutive division. The concept of involutive division is closely related to
the partitioning of independent variables introduced by Janet (see above)
in the study of the compatibility of systems of partial differential equations.
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V.P. Gerdt brought ideas that arose in the theory of PDEs to polynomial
algebra, which made it possible to look at old problems in a completely new
light.

Involutive division allows for any monomial m choosing one of the monomials
of a given finite set U and thus uniquely determine the choice of hf; when
dividing g by (fi, ..., f,.). The remainder of the division can now be called the
normal form of the polynomial g with respect to the polynomials fi, ..., f,,.
However, checking g € (f;, ..., f,.) is reduced to checking g" = 0 not for every
basis fi,..., f,, but only for an involutive basis whose principal monomials
satisfy certain properties, found and described by V. P. Gerdt and his disciple
Yu. A. Blinkov. The first concrete example of involutive division was described
by A.Yu. Zharkov, another disciple of V.P. Gerdt [7]-[10]. Soon V.P. Gerdt
and Yu. A. Blinkov constructed many other involutive divisions. This made it
possible to formulate a fundamentally new algorithm for constructing Grobner
bases [11]-[19].

Under the leadership of V.P. Gerdt, his disciples Yu. A. Blinkov and
D. A. Yanovich created a number of algorithms and programs for calculat-
ing involutive bases of ideals of polynomial rings, including the open-source
software package GINV (http://invo.jinr.ru). Their algorithms for cal-
culating involutive bases appeared to be faster than Buchberger’s algorithm
and able to compete with the algorithms optimized by Fougeres and his disci-
ples. The theory of involutive bases itself has become an important branch of
computer algebra, to which the participants of international conferences on
computer algebra regularly devote their articles and reports.

4.4. Mimetic methods for solving partial differential equations

Power series expansions are a very poor method for finding solutions to
compatible systems of differential equations, except in the rare case when the
solution is interesting in a small neighborhood of a given point. The main
and, by and large, the only method for solving such systems is the finite
difference method, according to which the system of differential equations in
R™ is reduced to an infinite system of algebraic equations for the values of the
sought functions at the grid nodes. Research in the field of finite-difference
approximations of differential equations inheriting their basic properties has
more than 60 years of history. Discretizations inheriting certain properties of
continuous (differential) equations are called mimetic or compatible [20]-[25].
Discussing reports at conferences, we often heard from V.P. Gerdt about
the importance of this concept for the development of numerical methods
of mathematical modeling, as well as about the flexibility of the concept of
inheritance, allowing for different interpretations.

In the last century, the transition from differential equations to algebraic
ones was done by hand. V.P. Gerdt and Yu. A. Blinkov proposed a new
approach in which this transformation was performed in computer algebra
systems. The studies mentioned above have stimulated interest to the question
of what happens to the differential consequences of discretization. V. P. Gerdt
singled out a class of strongly consistent difference schemes. The property of
strong consistency means not only the approximation of the original differential
equations by the finite-difference scheme, but also the approximation of any
algebraic consequence of these equations by the algebraic consequence of the
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difference equations that make up the scheme. These consequences include,
in particular, local conservation laws.

V.P. Gerdt in his recent studies, carried out together with Yu. A. Blinkov
and D. Roberts, strove to show the advantages of S-compatible schemes over
others. For the demonstration, they have chosen one the system of Navier—
Stokes equations, one of the most complex systems of great importance
for applications. For this system, an S-compatible difference scheme was
constructed and numerous computer experiments were carried out. A multi-
page report on this work by V.P. Gerdt was published in ArXiv [26] shortly
before his death. One can only regret that the size of this study will not allow
it to be published entirely as a full journal article.

4.5. Applications of polynomial computer algebra methods
in generalized Hamiltonian dynamics

The use of involutive methods in applied, engineering and physical problems
described by systems of underdetermined and overdetermined differential
equations has become an area of special interest for V. P. Gerdt in the early
1990s. In mechanical systems, the configuration and phase spaces of which are
subject to constraints and restrictions, evolution problems inevitably require
involutive analysis. This is especially true for physical systems which possess
a degenerate Lagrange function and are described in the framework of the
generalized Dirac Hamiltonian dynamics. In a large cycle of works carried
out by V.P. Gerdt together with colleagues from Bulgaria (D. Mladenov),
Georgia (S. Gogilidze, A. Khvedelidze) and Moldova (Yu. Paliy), an algorithm
was developed and applied for finding a complete set of constraints (of the
first and second kind) for polynomial mechanical systems with a degenerate
Lagrange function, which is based on the ideas of the theory of Grobner
bases and involutive division of polynomials. The efficiency of the proposed
algorithm was demonstrated, in particular, when calculating the constraints
in the so-called mechanical SU(3) Yang—Mills model on a light cone, where,
thanks to the use of computer calculations, for the first time it was possible to
determine and classify the complete set of constraints inherent in the model.

4.6. Applications of polynomial computer algebra methods
in quantum theory

Computational problems related to the description of quantum systems be-
came another area of application of Grébner bases in the studies of V. P. Gerdt.
In the 21st century, quantum theory has ceased to be just a purely funda-
mental physical theory. It has acquired the status of the basic element of
a new quantum technological design. These changes gave rise to new compu-
tationally intensive tasks. One of these problems is the problem of classifying
quantum systems in terms of their quantum resource, in particular, depend-
ing on the complete set of characteristics responsible for the phenomenon of
entanglement of quantum states. The joint research performed in Dubna in
the period from 2006 to 2016 by V.P. Gerdt, Y. Paliya and A. Khvedelidze
focused on this class of problems.

In these works, the algebraic structure of the ring of polynomial invariants
of basic composite binary quantum systems, such as qubit-qubit and qubit-
qutrite pairs, was studied. As these studies have shown, computer algebra
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methods allow performing labor-intensive computational calculations and,
thereby, determine the quantum resource of low-dimensional quantum systems,
which is interesting from the point of view of various applications, including
the theory of quantum information.

5. Personal memories

Figure 4. Vladimir Gerdt and Victor Edneral at Schliemann’s excavations.
Peloponnese, 1995

We met Vladimir Gerdt at the 3rd international conference on computer
algebra and its applications in theoretical physics, which took place in Sep-
tember 1985 in Dubna. Later, we met at a couple of dozen conferences, at
seminars, at defenses. I soon noticed that he took great care of those who
were with him. Vladimir never spoke badly about anyone. He criticized, of
course, but only in specific cases. A distinctive feature of Vladimir was great
respect for people, for each person. And people felt it. It should be added,
that Vladimir was a believer and observed orthodox church fasts and rituals.

Without advertising it in any way.
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Vladimir had wide erudition and organized very interesting excursions for
conference participants in amazing places. We were with him in Peloponnese,
in Germany, in France, in Japan, in Spain, in Israel, in China e.t.c.

I do not remember who said “Where the captain is, there is the captain’s
bridge”. This is about Vladimir. He was quickly becoming the soul of any
company, he saw any task in every detail and imagined the roles of everybody.

A clear mind allowed him to ask wonderful questions during conference
reports. Always to the point. Without any self-promotion. He was very
humble.

Figure 5. Alexandr Myllari and Vladimir Gerdt. Jordan river. 2017

6. Dedication

Professor Gerdt made numerous contributions to the fields of symbolic
computation, differential algebra, and applications in physics. He was an
excellent scientist and a kind-hearted and considerate man. Thank you very
much, Vladimir!

7. List of the published works of Vladimir Gerdt
7.1. Articles
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We present the possibilities provided by the MathPartner service of calculating
definite and indefinite integrals. MathPartner contains software implementation of
the Risch algorithm and provides users with the ability to compute antiderivatives
for elementary functions. Certain integrals, including improper integrals, can be
calculated using numerical algorithms. In this case, every user has the ability to
indicate the required accuracy with which he needs to know the numerical value of
the integral. We highlight special functions allowing us to calculate complete elliptic
integrals. These include functions for calculating the arithmetic-geometric mean
and the geometric-harmonic mean, which allow us to calculate the complete elliptic
integrals of the first kind. The set also includes the modified arithmetic-geometric
mean, proposed by Semjon Adlaj, which allows us to calculate the complete elliptic
integrals of the second kind as well as the circumference of an ellipse. The Lagutinski
algorithm is of particular interest. For given differentiation in the field of bivariate
rational functions, one can decide whether there exists a rational integral. The
algorithm is based on calculating the Lagutinski determinant. This year we are
celebrating 150th anniversary of Mikhail Lagutinski.

Key words and phrases: computer algebra system, MathPartner, integral,
arithmetic-geometric mean, modified arithmetic-geometric mean, Lagutinski de-
terminant

1. Introduction

The development of computer algebra systems and cloud computing makes
it possible to solve many computational problems. Vladimir Petrovich Gerdt
was at the forefront of the development of computer algebra. As a professional
physicist, he developed new algorithms for solving problems in mathematical
physics and implemented them in many well-known systems of computer
algebra. He has worked on systems such as REDUCE, Mathematica, Maple,
and Singular.

(© Malaschonok G.I., Seliverstov A.V., 2021

This work is licensed under a Creative Commons Attribution 4.0 International License
BY http://creativecommons.org/licenses/by/4.0/
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Today, many useful programs and cloud services are available. A new
generation of computer algebra systems is actively developing. They are cloud-
based systems freely available on the Internet. The MathPartner service is
a nice example of this [1]-[4]. Free access to the MathPartner service is possible
at http://mathpar.ukma.edu.ua/ as well as http://mathpar.com/.

In this review, we consider only a small area of MathPartner application,
namely the calculation of definite and indefinite integrals. Symbolic compu-
tations and estimates of the computational complexity are of the greatest
interest [5]—[9]. However, in some cases, symbolic computations need to be
supplemented with numerical methods. In particular, this is true when calcu-
lating special functions [10], [11]. For example, elliptic integrals are used to
calculate the period of the simple pendulum [12] as well as some properties of
porous materials [13], [14].

Robert Henry Risch proposed a method to integrate elementary
functions [15], [16].  The method was later improved by Manuel
Bronstein [17]. In 2010-2019, an algorithm based on the Liouville-
Risch—Davenport—Trager-Bronstein theory was developed at the Laboratory
of Algebraic Computations of Derzhavin Tambov State University. A se-
ries of papers on symbolic integration algorithms was published by Svetlana
Mikhailovna Tararova [18] and Vyacheslav Alekseevich Korabelnikov [19],
[20]. The procedures were developed using object-oriented programming in
Java. Their description is given in cited publications. Since the symbolic
integration theory has not yet been completed, this algorithm can be consid-
ered as a good basis for further theoretical and practical development in this
important area.

Historically, the first major symbolic integration project was the IBM
Scratchpad project led by Richard Dimick Jenks. The development of this
project as a commercial one was later stopped by the company. However,
he played an important role in the development of the theory of symbolic
integration and attracting interest in it.

Many general computer algebra systems today support symbolic integra-
tion of elementary functions. However, they all have a common drawback
that is the incompleteness of solving the problem of symbolic integration.
Another drawback is the lack of a detailed description of the procedural imple-
mentation and the technical possibility of further development of the package
of procedures. The most famous example is the cloud-based SAGE system,
which provides access to old open source packages that have long been dis-
continued. On the other hand, commercial systems do not give users access
to their packages of procedures, and they do not have specialists who can
complete the theory of calculating the antiderivative for the composition of
simple elementary functions.

Experiments with integration problems from mathematical analysis text-
books show that many problems can be solved using any of the systems such
as Mathematica, Maple, and MathPartner. Nevertheless, for each of them,
one can find functions that have an antiderivative, but it is not calculated
by this system. The MathPartner symbolic integration package is one of
the newest packages in this area. It is developed in Java and is the most
promising for further development.

In a series of important works, Mikhail Nikolaevich Lagutinski (1871-1915)
developed a method for determining integrals of polynomial ordinary differen-
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tial equations in finite terms. He also developed the theory of integrability
in finite terms of such systems of equations [21]-[23]. Lagutinski was an
outstanding mathematician. He had worked at Kharkiv and died during the
First World War. In this article, we also consider the Lagutinski method.

Note that he published his papers as Lagoutinsky using the French
spelling [24], [25]. The authors are grateful to Mikhail Malykh for com-
ments and historical notes about M. N. Lagutinski.

2. Integrals of some functions
2.1. Indefinite integrals

To calculate the indefinite integral of an elementary function f(x) one
can run the command int(f)dx, where x is declared in the environment
SPACE. Five number sets Q, R, R64, C, and C64 can be used. Over the
field Q, pure symbolic computations are done. For example, let us calculate

2z sin(z?) da:

SPACE = Q[x];
f = 2xx*\sin(x"2);
\int (f) 4 x;

The output is equal to (—1) cos(z?).
Next, let us calculate /(3x2 +2)? da:

SPACE = Q[x];
\int ((3x~2+2)"2) d x;

The output is equal to (9/5)x® + 42 + 4x.
2.2. Definite integrals (the numerical algorithm)

b
A definite integral / f(x) dz can be calculated by means of the command

Nint(f,a,b,e, N), where ¢ means the approximation to ¢ decimals and N
denotes the number of points in the Gaussian formula (optional). These
parameters can be omitted.

For example, let us calculate 42 decimal places of the integral / sinx dz:
0

SPACE = R[x]; MachineEpsilonR = 42; FLOATPOS = 42;

\Nint (\sin(x), 0, \pi);

The output is equal to 2.000000000000000000000000000000000000000000.
Next, let us approximate 7:

SPACE = R[x]; MachineEpsilonR = 43; FLOATPOS = 42;

2x\Nint (\sqrt(1-x~2), -1,1);

The output is equal to 3.141592653589793238462643383279502884197169.
All 42 decimal places are accurate.
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b
Let us consider improper integrals of the first kind / f(t) dt, where a or b
a

can be equal to +00. The integral can be calculated by means of the command
Nint(f,a,b,[qy, ", G, €, N), where [qy,,q,,] denotes the set of extreme
points of the function f inside the interval of integration (a,b), the answer is
the approximation to € decimals, and N denotes the number of points in the
Gaussian formula (optional). In fact, three parameters [¢;,,q,,], €, and N
can be omitted. If the extreme points are not indicated, then the correctness
of the output is ensured when the integrand is monotonic on the interval of
integration.

+00
For example, let us calculate / exp {—(z —5)?} du:
SPACE = R64[x];
f = \exp\{-(x-5)"2\};
\Nint (f, -\infty, \infty);
The output is equal to 1.77.

Next, let us calculate / exp{—z} dz:
0
SPACE = R[x];
MachineEpsilonR = 45; FLOATPOS = 45;
\Nint (\exp(-x), 0, \infty);
The output is equal to 1.000000000000000000000000000000000000000000000,
where all 45 decimal places are accurate.

2.3. The complete elliptic integrals

For some improper integrals, more efficient calculation methods are known.
Let us consider complete elliptic integrals [10], [12]. For positive numbers
a > 0 and b > 0, the complete elliptic integral of the first kind can be
calculated by means of the arithmetic-geometric mean

I(a,b) / " dp y
b Va2cos2 o+ b2sin’  2AGM(a,b)

where AGM(a,b) denotes the arithmetic-geometric mean of a and b. It
is equal to the limit of both sequences a, and b,,, where ay = a, by = b,

n?’

1
Apy1 = §(an +b,), and b, ; = \/a,b,,. The proof is based on the equality

I(a,b) = I((a +b)/2, \/%) Of course, if a = b, then I(a,a) = 7/2a.
On the other hand, the geometric-harmonic mean GHM(a, b) is equal to
the limit of both sequences a,, and b,,, where ay = a, by = b, a,, . ; = \/a,b,,
2a,,b
and b, ., = “ig . Note that AGM(a, b)GHM(a, b) = ab.
an n
Both AGM(a,b) and GHM(a,b) can be calculated in the MathPartner
service. For example, let us run the commands, where FLOATPOS denotes
the number of decimal places:
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SPACE = R64[];

FLOATPOS = 3;

a= \AGM(1, 5);

g= \GHM(1, 5);

\print(a, g);

The output is a = 2.604 and g = 1.920.

The complete elliptic integral of the second kind can be calculated by
means of MAGM(). It is also implemented in the MathPartner service.
The modified arithmetic-geometric mean MAGM(a, b) is equal to the limit
of the sequence a,, where ay = a, by = b, ¢ =0, a,,1 = a, +b,/2,

bn-‘rl = Cp + \/(a’n - Cn)(bn - Cn)’ and Cpnt1 = Cp — \/(a’n - Cn)(bn - Cn)’
/2 MAGM(a2, b?)
2 cog2 2sin? o do = &~ . )
té ’V“C“*¢+ SO = T TTAGM(a, b)

MAGM (a2, b?)
AGM(a, b)

, where a

So, the circumference of an ellipse is equal to 27

and b denote the semi-major and semi-minor axes.

2.4. Other special functions

The gamma function is defined via a convergent improper integral
oo
I'(z) = / " texp{—=x} du,
0

where Rez > 0. For any positive integer n, I'(n) = (n — 1)!. To calculate its
value one can run the command Gamma(z).

The beta function, also called the Euler integral of the first kind, is also
defined via another integral

1
]ﬂ@y%:/iﬂ%l—ﬂyldu
0

where both inequalities hold Rex > 0 and Rey > 0. It is closely related to
the gamma function because B(z,y) = I'(z)I'(y)/T'(z + y).

To calculate its value one can run the command Beta(z,y). For example,
let us verify the equality B(2,3) =1/12:

SPACE = R64[];

FLOATPOS = 4;
\Beta(2, 3);

The output is equal to 0.0833.

|
The binomial coefficients are binom(n, k) = (Z) = ﬁ For suit-
l(n—k)!

able function f, the Laplace transform is the integral / f(t)e st dt.
0
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To calculate the Laplace transform one can run laplaceTransform().
The inverse Laplace transform can be calculated by
inverseLaplaceTransform(). Let us consider an example:

SPACE = R64[t];

L = \laplaceTransform(\exp(3t));

1.0
t—3.0]

Next, let us calculate the inverse transform:
SPACE = R64[t];
F = \inverselLaplaceTransform(1/(t - 3));

The output is F = e3.

The output is L =

3. The Lagutinski determinant

The Lagutinski method allows us to search for rational integrals of a given
differential ring [21], [24], [25]. Therefore, it can be used to integrate ordinary
differential equations in symbolic form [7], [23].

Let us consider the differential ring Q[x,y] of bivariate polynomials over

0
the field Q, where the differentiation is given by D = p(z, y)g— +q(z, y)a—
T Y
Let us consider an infinite matrix whose entries are monomials. The first row
consists of all bivariate monomials with graduated lexicographical ordering
mq, My, .... The second row consists of the first derivatives Dm,, Dm,, ....

The third row consists of the second derivatives D?m,, D?*m,, ..., and so on.

In particular, both monomials m, and m4 are linear. For N = §(d +1)(d+2),

the monomial m is the last monomial of degree d.

The Lagutinski determinant of order n with respect to the differentiation D
is a leading principal minor of order n in this matrix. Of course, the first order
Lagutinski determinant is equal to 1. To calculate the Lagutinski determinant
of order n with respect to the differentiation D one can run the command
det L(”? [p7 'Ta Q7 y])

The significance of this determinant is explained by the following result
that was previously obtained by Lagutinski [24], [25], but presented here
in a modern formulation, cf. [7], [23]. A non-constant rational function
f € Q(z,y) is called an integral when D f vanishes identically.

Theorem 1 (Lagutinski). Given a differentiation D and a positive inte-

1
ger d > 0. The Lagutinski determinant of order N = §(d + 1)(d + 2) vanishes

if and only if there exists a rational integral whose numerator and denominator
are of degree at most d.

0 0
For example, if the differentiation is given by D = e + N then
T y

D(z —y) = 0. In accordance with Theorem 1, the third order Lagutinski
determinant vanishes:
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SPACE = Qlx, yl;
p = 1; q = 1;
\detL(3, [p, %, q, y1);
The output is equal to zero.
0 0
Next, if the differentiation is given by D = T T Vg then D(zy) = 0.
T Y
In accordance with Theorem 1, the sixth order Lagutinski determinant van-
ishes. Moreover, the fifth order Lagutinski determinant vanishes too because
the fifth monomial coincides with the integral:
SPACE = Qlx, yl;
Pp=x9=-Yy;
\detL(5, [p, %, 9, y1);
The output is equal to zero. But the third order Lagutinski determinant
is equal to —2zy. Thus, there does not exist any integral whose numerator
and denominator are linear. Contrariwise, if the differentiation is given

0 0 —
by D = x— + y—, then D (x y) = 0. In accordance with Theorem 1,
ox oy T4y

the third order Lagutinski determinant vanishes:

SPACE = Q[x, yl;

pP=x9=YV;

\detL(3, [p, x, q, y1);

The output is equal to zero.

4. Conclusion

The MathPartner service has become better and allows us to solve new
problems in geometry and physics. MathPartner supports both symbolic
and numerical integration of elementary functions. Moreover, some special
functions can be calculated using fast algorithms.
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1. Introduction

Mereology is the study of the part-to-whole and part-to-part relations within
a whole. In quantum mereology, the whole is a closed quantum system (“the
Universe”)! in a given pure state, undergoing a given unitary (Schrédinger)
evolution. Quantum mereology studies the interrelations between singled out
subsystems of the Universe (“observable system”, “observer”, “environment”,
etc.), the emergence of geometry and even time (Page-Wootters mechanism
[1]) from quantum entanglement, and other fundamental issues of quantum
mechanics [2]-[4].

The division of the whole into parts is somewhat arbitrary and depends on
the used separation criteria. There are two different facets of the separability
between quantum systems.

1. Quantum systems are separated if the interaction energy between them is
small. This is a more visible, material criterion that agrees well with the
usual concept of locality. Quantitatively, the interaction energy between
subsystems A and B can be represented as

AE(A, B) = E(AUB) — E(A) — E(B). (1)

© Kornyak V.V., 2021
This work is licensed under a Creative Commons Attribution 4.0 International License
BY http://creativecommons.org/licenses/by/4.0/
LObviously, in the exact sense, closed systems do not exist (or they are fundamentally
unobservable), with the possible exception of the Universe as a whole.
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2. Quantum systems are separated if the quantum correlations between them
are small. This criterion is more subtle and has non-local manifestations.
Quantitatively, the entanglement between subsystems can be described,
for example, by mutual information

J(A,B) = S(A)+ S(B) — S(AUB) , (2)
where S denotes entropy.

There is a certain structural similarity between expressions (1) and (2).
However, they describe completely different types of connections between
subsystems.

For example, in the Page—Wootters model of emergent time, it is assumed
that the whole timeless Universe is divided into two subsystems: the “clock”,
C, and the rest of the Universe, R. It is assumed that the Hamiltonian of
the Universe has the form H = H, ® 1z + 1, ® Hp, which means that the
interaction energy between C' and R is zero. On the other hand, the existence
of nontrivial quantum correlations between C' and R is assumed.

It would be interesting to take a closer look at the interplay between these
two different, energy and information, aspects of quantum separability.

We develop and implement algorithms based on computer algebra techniques
to perform the following. An isolated quantum system, constructed in the
framework of finite quantum mechanics, is decomposed into a tensor product of
subsystems. By reducing the “universe” quantum state, we obtain mixed states
for subsystems. This allows us to study energy interactions and quantum
correlations between subsystems and their time evolution.

2. Decomposition of a quantum system

Tensor product of Hilbert spaces. The (global) Hilbert space K of a K-
component quantum system is the tensor product of the (local) Hilbert spaces
J(,, of the components:

K
H = (R) I, . (3)
k=1

If dim# = N and dim J; = dj, then N =[]} d;.

For any d-dimensional Hilbert space, the 7th orthonormal basis element is
denoted by |i), that is,

0y = (1,0,...)", [1)=(0,1,0,..),..., |[d—1) = (0,0,...,1)" .

Tensor monomials of local basis elements form an orthonormal basis in the
global Hilbert space:

i) = [i1) @ ® i) @ ®lig), (4)
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where |i) € H, |i},) € H )}, and

z—zlnd + ...+ H dp + - Fig. (5)

=2 m=k+1

Tensor factorization of a Hilbert space. We can reverse the procedure,
since (4) is a one-to-one correspondence: the sequence iy, ..., 7 is uniquely
recovered from i by a simple procedure based on formula (5):

k+ K, 7+ 1

while £ > 1 do (6)
i <7 mod dy, 1<+ |1/dy]|, k <+ k—1

end while

Given an orthonormal basis in an /N-dimensional Hilbert space /' and
a decomposition N = d; ---dj, we can construct a particular bijection of the
form (3).

When constructing a bijection, we must take into account the freedom in
the choice of bases in Hilbert spaces. Any two orthonormal bases are related
by a unitary transformation.

It is easy to show that general unitary changes of bases in all involved
spaces are equivalent to a single change in the global space.

Namely, any vector of the global space can be represented as a sum of
tensor products of elements of local spaces

=S @), [Uh) € 7, ) € 5. (1)
¢ k=1

Applying unitary transformations to all vectors in (7) and using the properties
of the tensor product, we have

K K
Ul) = Z@Uk [vt) = QUiY_ Qi)
k=1 ¢ k=1
l
K K -1
U'l) = Q)|vh), where U’ = (@Uk> U
¢ k=1 k=1

Thus, to specify the factorization of the Hilbert space # we need two things?

1. an integer decomposition dim H = d; ---dy, and
2. a unitary transformation U, which fixes a basis in .

2 Another approach, in which the tensor factorization of a Hilbert space is specified by
a set of observables, was proposed in [5], [6].
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Decomposition of a pure quantum state. Any mixed state of a quantum
system can be obtained from a pure state in a larger Hilbert space by
taking a partial trace. It is natural to assume that at the fundamental level
the state of an isolated system must be pure.® For a given factorization
H=H,Q &Hy, we introduce the set of indices (which can be thought
of as “geometric points”)

X={1,..,K}.
Subsystems are identified with subsets A C X. The density matrix of the
pure state [¢) € J( of the entire system is p, = % . According to the

laws of quantum mechanics, the statistical behavior of the subsystem A is
correctly described by the reduced density matrix p = try, 4 px calculated
by taking the partial trace over the complement to A.

In more detail, the calculation of the reduced density matrix is as follows.
According to (4), the basis of the global Hilbert space can be represented as
the Cartesian product of the local bases

Bx =[] B:-

keX

In a similar way we introduce the sets

By=]] By and Bxa= [] B:i-
kecA keX\A

In components, the global density matrix can be written as
Px = (Px), . lix)Uxl,
xJx

where iy =~ {iy,...,ix} € By and jy =~ {j;,...,Jjx} € By, and the equiva-
lence =~ is provided by formula (5) and procedure (6). The procedure for
calculating the reduced density matrix is obvious from the formula

(PA)iAjA = Z (Px)ixjx , where iy, j4 € By.
mx\A€Bx\a
iX:iALImX\A
Jx=jalmx\ 4

3. Finite quantum mechanics

We use a version of quantum theory [8]-[10] in which the groups of unitary
evolutions are replaced by linear representations of finite groups, and the field

3This belief (an instance of Occam’s razor), expressed by the metaphor “Church of the
Larger Hilbert Space” (J.A. Smolin), allows one to obtain all probabilities in quantum theory
from the only fundamental probability that is described by Gleason’s theorem [7] (Born’s
rule).
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of complex numbers is replaced by its dense constructive subfields, which
naturally arise from the non-negative integers and roots of unity.

Permutation Hilbert space. Any linear (hence unitary) representation
of a finite group is a subrepresentation of some permutation representation.
This implies that the formalism of quantum mechanics can be completely*
reproduced based on permutations of some set

Q={ey,...,extr={1,...,.N} (8)

of primary (“ontic”) objects on which a permutation group G < S, acts.
The Hilbert space on €2, needed for calculations in quantum theory, can be
most economically constructed on the basis of two primitive concepts:

1. natural numbers N = {0, 1, ...}, abstraction of counting, and

2. roots of unity, abstraction of periodicity.

To construct a field F sufficient for all the needs of the quantum formalism,
in particular, for splitting any representation of any subgroup of G into
irreducible components, we can proceed as follows. We extend the semiring N
to the ring N [(,], where (, is the ¢th primitive root of unity, and ¢ is the LCM
of the periods of the elements of G. The algebraic integer ¢, can be written in
complex form as ¢, = 2™/*. Finally, constructing the quotient field of the ring
N [¢,], we arrive at the cyclotomic extension of the rationals F = Q(e*™/*) . For
¢ > 2, the field &, being a dense subfield of C, is empirically indistinguishable
from C.

Treating the set {2 as a basis, we obtain an N-dimensional Hilbert space
J 5 over F. The action of G on 2 determines the permutation representation
P in J 5 by the matrices P(g). . = 6, ;, where ig denotes the (right) action

i, ’

ofge Goniel

Decomposition of permutation representation. The permutation repre-
sentation of any group G has the trivial one-dimensional subrepresentation in
the space spanned by the all-ones vector

lw) = (1,1,...,1)T.
e’
N

The complement to the trivial subrepresentation is called the standard repre-
sentation. The operator of projection onto the (N — 1)-dimensional standard
space H , has the form
jw){w]

N

Quantum mechanical behavior (interference, etc.) manifests itself precisely
in #,. Tom Banks made a profound observation [11] that the projection of
classical permutation evolutions in the whole # 5, leads to truly quantum
evolutions in the subspace J, . Banks also showed that the choice G =S,

P*::H‘N_

4 Modulo empirically insignificant elements of traditional formalism such as infinities of
various kinds.
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where N is the number of fundamental (Planck) elements,® “can accurately

reproduce all of the results of conventional quantum mechanics”. In order to
clarify a correspondence between finite quantum mechanics and traditional
theory based on continuous unitary groups, Banks pointed out the connection
between the symmetric group on N elements and the unitary group in N — 1
dimensions. Namely, for sufficiently large V' (according to [12] N > 72), the
most general finite subgroup, G, of SU(N'—1) has the structure of a semidirect
product of a finite Abelian group, A, and the group S,

G=AxS, <SUN=-1).

Ontic vectors. S, is a rational-representation group, i.e., its every irre-
ducible representation (the standard representation is one of them) is realizable
over . This means that to describe evolutions in #,, it is sufficient to con-

sider only vectors with rational components.®
It is easy to show that any quantum state in 7, can be obtained as the

projection of an integer vector from the non-negative orthant H 7%, C H . Let

-
|z) = (:1:1, ,xN> € H 3, be a vector with non-negative rational components.
Then its projection to #, is an (N — 1)-dimensional vector of the form

W) = (yry, ) =P, ). (9)

The set {|0) — | N —1),...,|N—=2) — | N —1)} is one of the bases in H,, where
{]0),...,|N—=1)} is a basis in H 5. In this basis, equation (9) is equivalent
to the set of relations

’yl:Zlil—iCN,...,yi:.CCi—ZCN,...,yNil:$N71—$N.

Obviously, any set of values y;,...,y  can be obtained using only non-
negative values x4,...,x

Since quantum states are rays in Hilbert space, we can replace non-negative
rational vectors |z) with natural vectors [n) = (ny,...,ny) € NV C H- To
build constructive models (to remain in the finite realm), one needs to select
a finite subset in N”V. The simplest choice is vectors with coordinates from
the set {0, 1}, i.e., bit strings of length V. We call them ontic vectors or ontic
states. These states are attractive for both ontological and computational
reasons.

Interpreting ontic state |q¢) as a characteristic function, we can identify it
with the subset ¢ C () or, equivalently, with the partition of the ontic set
(8) into two nontrivial subsets =gl ~q, ~q=Q\g, where ~ denotes

5By the current cosmological data, the number JV is estimated as ~ Exp(Exp(20)) and
~ Exp(Exp(123)) for 1 cm® of matter and for the entire Universe, respectively.
Complex numbers — i.e., nontrivial elements of cyclotomic extensions — may be needed
only in problems that require splitting representations of some proper subgroups of S,, into
irreducible components.
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set complement operation (or bitwise inversion). The complete set of ontic

states is Q@ = 29\ {(), Q} . The number of ontic states, |Q| = 2"V — 2, depends
exponentially on N, so they present a fairly large set of quantum states in
the standard space for large V.

The complement operation applied to an ontic state induces a change in
the sign of the corresponding quantum state in the standard space:

The inner product of normalized projections of the ontic vectors |g) and
|r) onto H, is

{q|P.l7lg[P,[r) _ Nlg&er) —(g) (r)

S(q,r) =
) Vi{alPlda[P.la) (r[Plrlr[Plr)  /{g) (~q) (r) (~7)

where & is the bitwise AND for bit strings, and (-) denotes population
number (or Hamming weight). The obvious identities (~a) = N — (a) and
(a& b) 4+ (a & ~b) = (a) imply the folowing symmetries with respect to the
complement operations on the ontic states

S(q,T‘) = _S(NQJT) = —S(q,NT‘> = S(Nq’NT) .

)

4. Ontic and energy bases

Ontic basis. The original permutation basis in the space 7, i.e., the
set €2, will be called the ontic basis. In this basis, the density matrix in J¢,
associated with the ontic state |¢) € H 5 has the form

, PP 1 (g —alw) (4 —al)
Pi= APldaPld - N all-a) - 10

where a = (q) /N is the population density. There is an obvious duality: the
expression for the density matrix p?  is obtained from (10) by replacements
q— ~qgand a > 1 —«

Energy basis. In continuous quantum mechanics, the evolution of an iso-
lated system is described by the one-parameter unitary group U, = e 1t
generated by the Hamiltonian H whose eigenvalues are called energy eigenval-
ues.

In finite quantum mechanics, the evolution is described by a cyclic group
U(g)" generated by an element U(g) € P(G), where t is an integer parameter.

We call the energy basis an orthonormal basis in which the matrix U(g) is
diagonal.
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Planck’s formula E' = hv relates the energy E to the frequency v, which is
defined as the inverse of the period of the corresponding cyclic process.

Any permutation can be represented as a product of disjoint cycles. It
is instructive to see how often cycles of different lengths occur in the group
of all permutations S,,. A simple combinatorial calculation shows that the
total number of cycles of length ¢ in the whole group S, is N!/¢, and,
therefore, the expected number of /-cycles in a single permutation is 1//.
That is, high-energy evolutions prevail in our permutation-based model of
the Universe.”

The /-cycle matrix has the form

0 0 -~ 0
CZZ O 1 ‘ 0 )
100 -0

ie., (Ce)ij = 0;_j41 (mod ¢)- L'he diagonal form of this matrix is

1 0 0 - 0

0¢ 0 - 0
FéCeF[lZ O O Cl? O )

00 0 - (¢t

where ¢, = e2™/* is the ¢th (“ground”) primitive root of unity, and

1 1 1 1
) 1 CZ 1 CZQ . <; 2(1 11))

1 Ce—(e—n C@-z(e—n C@-(z—1)(e—1)

is the Fourier transform matrix. F), is both unitary and symmetric, therefore
T i-1G-1
Fl=F - — (F1) = ¢,
£ £ 12 ( £ )ZJ \/z £

In general, the matrix of the permutation representation of an element g € S,/

M
is the direct sum of cyclic matrices U(g) = @ C, ., and the corresponding
m=1

70Of course, it would be more adequate to calculate the energy distribution for a given
individual permutation evolution, but this is a more difficult combinatorial problem.
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diagonalizing matrix is F = @ F, , which is the transition matrix from
m=1
the ontic basis to the energy basis.

The density matrix of the whole system in the energy basis can be calculated
from (10) by the formula pg = Fpg F™.

5. Entanglement measures

Quantitatively, quantum correlations are described by measures of entangle-
ment, which are based on the concept of entropy. The most commonly used
in physics is the von Neumann entropy

S1(p) = —tr(plogp). (11)

Also often used are entropies from the Rényi family [13]

Sa(p) = 1= logtx(p®), 0>0, a1 (12)

The common feature of the von Neumann and Rényi entropies is their addi-
tivity on combinations of independent probability distributions determined
by the eigenvalues of the density matrices. The von Neumann entropy is pre-
ferred because it additionally satisfies a stronger requirement, the chain rule
for conditional entropies. In fact, the von Neumann entropy (11) can also be
included in family (12) by going to the limit o — 1.

In our calculations, we use the 2nd Rényi entropy (also called the collision
entropy) Sy(p) = —logtr(p?) for the following reasons:

— It is easy to calculate. For n x n density matrix p we have

Sy (p) :—log<2p“+222 Pij )
=1 j=1+1

— tr(p?) is the so-called purity of the state p.
— tr(p?) Com(ndes with the Born probability: “the system observes itself.”
— tr(p?) = 1S the expectation value of the observable p in the state p.

— tr(p?) = ||pH is the square of the Frobenius (Hilbert-Schmidt) norm of

the density matrlx
The Frobenius inner product for two matrices (or Hilbert-Schmidt in-

ner product for two operators) a and b is defined as (a | b), = tr(a'b).

The corresponding Frobenius norm is |af, = |/{(a | a),. It can be shown

that any constructions used in the study of quantum correlations and
based on the von Neumann entropy can be reformulated in terms of
matrix metrics.
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For example, in emergent geometry models [3], [14], [15], the distances
between subsystems A and B are described by functions of mutual infor-

mation
J(A,B) = S1(py) +S1(pg) —S1(Paus) - (13)

Replacing in (13) the von Neumann entropy with the 2nd Rényi entropy,
we obtain the expression

T3(A,B) = Sy(py) + Sa(pg) — Sa(Paup) (14)

whose exponential has the form

2

tr(p%) tr(p%) lps ® PB”E% .

Obviously, both (14) and (15), although (14) does not have a probabilis-
tic interpretation of (13), also describe quite well the deviation from
separability caused by entanglement.

6. Some computational observations

We are developing a C program for constructing tensor decompositions and
calculating quantum correlations in the ontic and energy bases.
To illustrate the calculations, consider a homogeneous quantum system, i.e.,
a system whose Hilbert space is decomposed into a product of local spaces of
the same dimension
H=H,,

zeX

where X = {1,...,|X]|} (a set of “geometric points”), dim K, = d for all
r e X.

Preliminary calculations indicate that decompositions with smaller local
dimension d exhibit more interesting behavior. Consider, e.g., the case d = 2
and |X| = 23, in which dim J = 8388608. We will treat here the analogue
of mutual information (14) as a measure of the distance between points.
Calculations of (14) on all edges (z,y) € X x X of the complete graph on X
show a spread of values by two orders of magnitude: a typical example is

Jo(m,y) € [5.3x 10787 x 1079] .

A large scatter in the distances between points can be considered a sign of
the non-triviality of the geometry.

For the case with a slightly larger local dimension, d = 7 and |X| = 7 (hence
dim A = 823 543), similar calculations give J,(z,y) € [0.0037,0.0041] . That
is, the geometry is close to trivial — all points are almost equidistant. More
detailed calculations show that the main contribution to the non-triviality of
geometry is made by the local dimension d, and not by the number of points
| X].

Figure 1 shows examples of calculating the entropies of subsystems of all
possible sizes for quantum systems with d = 2, and |X| = 6 (“small” case) and
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| X| = 12 (“large” case). In both cases, 10 randomly generated ontic states
were used — the legends show their Hamming weights. The data presented
in the figure demonstrates the following features:

— The trend towards universality (weak dependence on the quantum state)
with the growth of |X|: visually, all graphs are almost identical in the
“large” case.

— Symmetry S5(p4) = S5 (pX\A> is a manifestation of the Schmidt decom-
position [16] of a pure state: both matrices p, and py, 4 have identical

sets of nonzero eigenvalues.
— For the subsystem size |A| noticeably smaller than |X| /2, the reduced

state is close to the mazimally mized state: S, (pA) ~ |A|logd. Recall

that a maximally mixed state is a state whose density matrix describes
a uniform probability distribution, i.e., all its eigenvalues are equal.

d=2 IXI=6 N=dX =64

Entropy Syp,)

1 2 3 4 5
Subsystem size |Al

d=2 IXI=12 N=dX =4096

{q1) = 2032
{g2) = 2037
{gs) — 2037 ||
a1) = 2029
{as) = 2050
{gs) = 2053
(gz) = 2058 ]
{gs) =2112
{qo) = 2035
{q10) = 2040 [

RN

LI

Entropy Syp,)
w

1 2 3 4 5 6 7 8 9 10 11
Subsystem size |Al

Figure 1. Entropies of subsystems
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Quantum systems with a finite number of states at all times have been a primary
element of many physical models in nuclear and elementary particle physics, as well
as in condensed matter physics. Today, however, due to a practical demand in the
area of developing quantum technologies, a whole set of novel tasks for improving our
understanding of the structure of finite-dimensional quantum systems has appeared.

In the present article we will concentrate on one aspect of such studies related
to the problem of explicit parameterization of state space of an N-level quantum
system. More precisely, we will discuss the problem of a practical description of the
unitary SU (N )-invariant counterpart of the N-level state space P, i.e., the unitary
orbit space Py /SU(N). It will be demonstrated that the combination of well-known
methods of the polynomial invariant theory and convex geometry provides useful
parameterization for the elements of P /SU(N). To illustrate the general situation,
a detailed description of B /SU(N) for low-level systems: qubit (N = 2), qutrit
(N = 3), quatrit (N = 4) — will be given.

Key words and phrases: density matrix parameterization, quantum system, qubit,
qutrit, quatrit, qudit, polynomial invariant theory, convex geometry

1. Introduction

Quantum mechanics is a unitary invariant probabilistic theory of finite-
dimensional systems. Both basic features, the invariance and the randomness,
strongly impose on the mathematical structure associated with the state
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space B of a quantum system. In particular, the geometrical concept of the
convexity of the state space originates from the physical assumption of an
ignorance about the quantum states. Furthermore, the convex structure of
the state space, according to the Wigner [1] and Kadison [2| theorems about
quantum symmetry realization, leads to unitary or anti-unitary invariance
of the probability measures (short exposition of the interplay between these
two theorems see e.g. in [3]). In turn of the action of unitary/anti-unitary

transformations ¢ — o’ = UpUT sets the equivalence relation p =~ o’
between the states p, o’ € B and defines the factor space 3/U. This space
is a fundamental object containing all physically relevant information about
a quantum system. An efficacious way to describe OB ] := Py/SU(N) for
an N-level quantum system is a primary motivation of the present article. The
properties of OB 5], as a semi-algebraic variety, are reflected in the structure
of the center of the enveloping algebra (su(N)). Hence, it is pertinently
to describe OB y] using the algebra of real SU(N)-invariant polynomials
defined over the state space 3. Following this observation in a series of
our previous publications [4]-[8], we develop description of OB ] using the
classical invariant theory [9].

It is worth noting that within this description of the state space the
entanglement properties of binary composite systems can be analyzed as
well. In [5], [6] qubit-qubit and qubit-qutrit pairs were studied from this
standpoint. In particular, the optimal integrity basis for the polynomial
SU(2) x SU(2) invariant ring of a two-qubit system was proposed and the
separability criterion was formulated via polynomial inequalities in three
SU(4) Casimir invariants and two determinants of the so-called correlation
and the Schlienz—Mahler entanglement matrices, which are the SU(2) x SU (2)
polynomial scalars.

On the other hand, B, /SU(N) is related to the co-adjoint orbits space
su*(N)/SU(N) and hence it is natural to describe P5/SU(N) directly in
terms of non-polynomial variables — the spectrum of density matrices. Below
we will describe a scheme which combines these points of view and provides
description of the orbit space B, /SU(N) in terms of one second order poly-
nomial invariant, the Bloch radius of a state and additional non-polynomial
invariants, the angles corresponding to the projections of a unit (N — 2)-
dimensional vector on the weight vectors of the fundamental representation
of SU(N).

The article is organised as follows. The next section is devoted to brief
statements of general results about the state space B, of N-dimensional
quantum systems, including discussion of its convexity (Section 2.1) and
semi-algebraic structure (Section 2.2). Particularly, the set of polynomial
inequalities in an (N? — 1)-dimensional Bloch vector and the equivalent set
of inequalities in N — 1 polynomial SU (N )-invariants will be presented for
arbitrary N-level quantum systems. Section 3 contains information on the
orbit space OB ] — the factor space of the state space under equivalence
relation against the unitary group adjoint action. In Section 3.3.1 we introduce
a new type of parameterization of a qubit, a qutrit and a quatrit based on the
representation of the orbit space of a qudit as a spherical polyhedron on Sy_,.
This parameterization allows us to give a simple formulation of the conception
of the hierarchy of subsystems inside one another. In Section 3.3.2 we present
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formal elements of the suggested scheme for an arbitrary final-dimensional
system. Section 4 contains a few remarks on possible applications of the
introduced version of the qudit parameterization.

2. The state space

The state space of a quantum system 3, comes in many faces. One can
discuss its mathematical structure from several points of view: as a topologi-
cal set, as a measurable space, as a convex body, as a Riemannian manifold.!
Below we concentrate mainly on a brief description of 93, as a convex body

realized as a semi-algebraic variety in RY °-1 following in general the publica-
tions [4]-[8].

2.1. The state space as a convex body

According to the Hilbert space formulation of the quantum theory, a possible
state of a quantum system is associated to a self-adjoint, positive semi-definite
“density operator” acting on a Hilbert space. Considering a non-relativistic

N-dimensional system whose Hilbert space % is C, the density operator
can be identified with the Hermitian, unit trace, positive semi-definite N x N
density matriz [14], [15].

The set of all possible density matrices forms the state space P, of an
N-dimensional quantum system. It is a subset of the space of complex N x N

matrices:
Py ={oe My(C) o= 0", 0>0, Tro=1}.
A generic non-minimal rank matrix ¢ describes the mized state, while the
singular matrices with rank (9) = 1 are associated to pure states. Since the

set of N-th order Hermitian matrices has a real dimension N2, and due to
the finite trace condition Tr (9) = 1, the dimension of the state space is

dim(PB ) = N? — 1. The semi-positivity condition g > 0 restricts it further

to a certain (N2 — 1)-dimensional convexr body. The convexity of 9, is the
fundamental property of the state space. The next propositions summarize
results on a general pattern of the state space B as a convex set with an
interior Int (P ) and a boundary 9 5 [10].

Proposition 1. Given two states o0;,0, € Int(By) and a “probability”
p € [0, 1], consider the convex combination

0, = (1 —p)oy + po,,
then o, € Int(Py).

Proposition 2. The boundary 0 5 consists of non-invertible matrices of
all possible non-maximal ranks:

OBy = {o € Pyl det(e) =0}.

!Here is a short and extremely subjective list of publications on these issues [10]-[13].
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The subset of pure states Fny C 0Py, Sy = {0 € IPy |rank(o) = 1},
contains N extreme boundary points Z;(p) which generate the whole B by
taking the convex combination:

N N
Q:Zrz’@z<g>a Zrzzla 7”220 (1)
i=0 =0

In (1) every extreme component Z;(p) can be related to the standard
rank-one projector by a common unitary transformation U € SU(N) and
transposition P interchanging the first and ¢-th position:

2,(0) = U Py, diag(1,0, ...,0) Py, UT.

For any dimension of the quantum system the subset of extreme states
provides important information about the properties of all possible states,
even the pure states comprise a manifold of a real dimension dim(§,) =
2N — 2, smaller than that dimension of the whole state space boundary
dim(OBy) = N? —2.

2.2. The state space as a semi-algebraic variety

According to the decomposition (1), the neighbourhood of a generic point
of PN (RV*~1) is locally homeomorphic to (U(N)/U(1)N) x DN=1, where the
component DV~1 is an (N — 1)-dimensional disc (cf. [10], [13]). Following
this result, below we will describe how the state space ‘B can be realized
as a convex body in RV~ defined via a finite set of polynomial inequalities
involving the Bloch vector of a state. In order to formalize the description
of the state space, we consider the universal enveloping algebra 4 (su(N)) of
the Lie algebra su(N). Choosing the orthonormal basis A;, Ay, ..., Ay2_; for
su(N),

N2—1

su(N) = Z §iMiy (2)
=1

the density matrix will be identified with the element from (su(N)) of the

form: .
1 N —1
o(N) = ]_VHN+ \ o Z; §iNi (3)

The analysis (see e.g. consideration in [4], [6]) shows the possibility of
description of the state space via polynomial constraints on the Bloch vector
of an N-level quantum system.

Proposition 3. If a real (N2 —1)-dimensional vector £ = (£;,&, ..., En2_1)
in (3) satisfies the following set of polynomial inequalities:
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where Sk(g) are coefficients of the characteristic equation of the density
matrix o:

det |2 — o = 2™ — SN 4 SoxN T — o 4 (= 1)V Sy =0, (5)

then the equation (3) defines the states o € P .

The inequalities (4), which guarantee the semi-positivity of the density
matrix, remain unaffected by unitary changes of the basis of the Lie algebra
and thus the semi-algebraic set (4) can be equivalently rewritten in terms
of the elements of the SU(N)-invariant polynomial ring R[P5]5V™. This
ring can be equivalently represented by the integrity basis in the form of
homogeneous polynomials P = (t;,ts,...,t5),

SU(N
IR[517£2""7£N271] ® :IR[tl,tQ,...,tN].

The useful, from a computational point of view, polynomial basis 7 is given
by the trace invariants of the density matrix:

ty, == Tr(o"). (6)

The coefficients S}, being SU(N)-invariant polynomial functions of the
density matrix elements, are expressible in terms of the trace invariants via
the well-known determinant formulae:

1 0 0
. t, t, 2 1
Sy = i det | t, t, t,
: k—1
by lpo1 theo = 4

Aiming at more economic description of 3, we pass from N? — 1 Bloch
variables to N —1 independent trace variables ¢,. Pay for such a simplification
is necessity to take into account additional constraints on ¢; which reflect the
Hermicity of the density matrix. Below we give the explicit form of these
constraints in terms of P = (ty,ty, ..., tx)-

In accordance with the classical results, the Bézoutian, the matrix B = ATA,
constructed from the Vandermonde matrix A, accommodates information
on the number of distinct roots (via its rank), numbers of real roots (via
its signature), as well as the Hermicity condition. A real characteristic
polynomial has all its roots real and distinct if and only if the Bézoutian is
positive definite. For generic invertible density matrices — matrices with all
eigenvalues different, the positivity of the Bézoutian reduces to the requirement

det | B| > 0. (7)
Noting that the entries of the Bézoutian are simply the trace invariants:

BZ] - t’i+j72’ (8)
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one can get convinced that the determinant of the Bézoutian is nothing else
than the discriminant of the characteristic equation of the density matrix,

. 2 . . .
Disc = HDJ_ (ri — rj> , rewritten in terms of the trace polynomials?

Disc(tq,ty, ..., ty) := det |B]|. (9)

Hence, we arrive at the following result.

Proposition 4. The following set of inequalities in terms of the trace
SU(N )-invariants,

Disc (t17t27 7tN) > 07 Sk (t17t27 7tN) = 07 tl = 17 (10)

define the same semi-algebraic variety as the inequalities (4) in N2 — 1 Bloch
coordinates do.

3. Orbit space B5/SU(N)

3.1. Parameterizing B,/SU(N) via polynomial invariants

Proposition 4 is a useful starting point for establishing a stratification of
the P under the adjoint action of the SU(N) group. It turns out that, due
to the unitary invariant character of the inequalities (10), they accommodate
all nontrivial information on possible strata of unitary orbits on the state
space Py. Indeed, it is easy to find the link between the description of
P given in the previous section and the well-known method developed by
Abud-Sartori-Procesi-Schwarz (ASPS) for construction of the orbit space of
compact Lie group [16]-[18]. The basic ingredients of this approach can be
very shortly formulated as follows.

Consider a compact Lie group G acting linearly on a real d-dimensional
vector space V. Let R[V]% be the corresponding ring of the G-invariant poly-
nomials on V. Assume P = (tl, ty, ... ,tq) is a set of homogeneous polynomials
that form the integrity basis, R[&;, &y, ..., &4]% = R[t;, Lo, ... ;t,)- Elements of
the integrity basis define the polynomial mapping;:

l: V_>|Rq7 (517621-..75(1) - <t17t27"'7tq>- (11)

Since the map t is constant on the orbits of G, it induces a homeomorphism
of the orbit space V' /G and the image X of t-mapping; V /G ~ X [19]. In
order to describe X in terms of P uniquely, it is necessary to take into account
the syzygy ideal of P, i.e.,

I, = {h €R [yl,yQ,...,yq] i h (pl,pz,... ,pq) =0, in IR[V]}.

Let Z C R? denote the locus of common zeros of all elements of I, then Z
is an algebraic subset of R? such that X C Z. Denoting by R[Z] the restriction

2The dependence of the discriminant on trace invariants only up to order N pointed in
the left side of (9) assumes that all higher trace invariants ¢;, with k > N in (9) are expressed
via polynomials in ;, ty, ..., t 5 (the Cayley—Hamilton Theorem).
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of R[y1,Ya; -+, Y,] to Z, one can easily verify that R[Z] is isomorphic to the
quotient R[yy,ys, .., y,]/Ip and thus R[Z] ~ R[V]S. Therefore, the subset Z
essentially is determined by R[V]“, but to describe X the further steps are
required. According to [17], [18], the necessary information on X is encoded

in the structure of the ¢ X ¢ matrix with elements given by the inner products
of gradients, grad(t;) :

|Grad|;; = (grad (¢;) , grad (t;)) . (12)

Hence, applying the ASPS method to the construction of the orbit space
Br/SU(N), one can prove the following proposition.

Proposition 5. The orbit space P5/SU(N) can be identified with the
semi-algebraic variety, defined as points satisfying two conditions:

a) The integrity basis for SU (N )-invariant ring contains only N independent
polynomials, i.e., the syzygy ideal is trivial and the integrity basis elements
of RIB x]3UN) are subject to only semi-positivity inequalities

Sk: (t17t27 7tN) > 07

b) ASPS inequality Grad(z) > 0 is equivalent to the semi-positivity of the
Bézoutian, provided by existence of the d-tuple where x = (1,2,...,d) :

Grad(t17t27---7td) :XB (t17t27'--7td>xT' (13)

3.2. Py/SU(N) — as a Ay_;-simplex of eigenvalues

The decomposition of the density matrix (1) over the extreme states ex-
plicitly displays the equivalence relation between states,

SU(N)
o ~ o ifo =UpUT, UecSU(N).

Matrices with the same spectrum are unitary equivalent. Furthermore,
since the eigenvalues of the density matrix r = (ry,ry,...,75) in (1) can be
always disposed in a decreasing order, the orbit space B5/SU(N) can be
identified with the following ordered (N — 1)-simplex:

N

Zri:1,1>7“127“2>"'>7”]v>0}~ (14)
=1

AN—I — {I‘ G [RN

3.3. Py/SU(N) — as a spherical polyhedron on Sy _,

We are now ready to combine the above stated methods of the description
of the state space P, the polynomial invariant theory and convex geometry
for writing down certain parameterization of density matrices. Based on the
extreme decomposition of states (1), the parameterization of the elements
of Py reduces to fixing the coordinates on the flag manifolds of SU(N)
and the simplex A, of eigenvalues of density matrices. In the remaining
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part of the article, we will describe B ;/SU(N) in terms of the second order
polynomial invariant, which is determined uniquely by the Euclidean length
r of the Bloch vector, and N — 2 angles on the sphere Sy _5, whose radius in

. . . N-—-1
its turn 1s given as 4/ ~x— -

3.3.1. Qubit, qutrit and quatrit

In order to demonstrate the main idea of the parameterization, we start
with its exemplification by considering three the lowest-level systems, qubit,
qutrit and quatrit and afterwards the general case of an N-level system will
be briefly outlined.

Qubit. A two-level system, the qubit, is described by a three-dimensional
Bloch vector £ = {&;,&5,&5}:

1

92) = =
0(2) =5 (
The qubit state with the spectrum r = {r,,7,} € A; is characterized by the
only one independent second order SU(2)-invariant polynomial t, = r? + r3.

Introducing the length of the qubit Bloch vector, r = /&% + £3 + &3, we see
that? L1

t2:§+§T2.

Hence, the eigenvalues of the qubit density matrix (15) can be parameter-
ized as

Iy +&0,) - (15)

1
i T g + Ty (16)

It will be explained later that the coincidence of the constants p; = 1/2
and p, = —1/2 in (16) with the standard weights of the fundamental SU(2)
representation, when the diagonal Pauli matrix o4 is used for the Cartan
element of su(2) algebra, is not accidental. Below we will give a generalization
of (16) for the qudit, an arbitrary N-level system. With this aim it is sapiential
to start with considering the N = 3 and N = 4 cases.

Qutrit. We assume that a generic qutrit state (N = 3) has the spectrum
r = {ry,ry,r3} from the simplex A, and thus is an eight-dimensional object.
According to the normalization chosen in (3), it is characterized by the

8-dimensional Bloch vector £ = (£,&,, ..., &),

Z (17)

0(3) =

SI

3The semi-positivity of state (15) dictates the constraint, So = 1/2(1 — t,) > 0, which
restricts the value of the Bloch vector length: 0 < r < 1.
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A qutrit has two independent SU(3) trace invariant polynomials, the first
one, ty, = r? + 13 + r2, is expressible via the Euclidean length of the Bloch

8
vector, r? = > €2,
i=1
1 2
ty = = + =12, 18
and the third order polynomial invariant, t; = r$ + r3 + r3, which rewritten

in terms of eight components of the Bloch vectors reads:

1 2 2

ty = 9T §T2 + ﬁgl (€486 + &567) +
2 1

+ ﬁ& (€586 — €a&7) + ﬁfs (EF+&&-&-&)+

P& OE+8+8) 3@ +E+E+8)-23). (19)

Now we want to rewrite (19) in terms of the Bloch vector of a length r and
an additional SU(3) invariant. Having this in mind, it is convenient to pass
to new coordinates linked to the structure of the Cartan subalgebra of su(3).
Choosing the latter as the span of the diagonal SU(3) Gell-Mann matrices
and noting that the state (17) is SU(3)-equivalent to the diagonal state:

3) 2 L e L+ 70 (20)
e T o3BT 3 818 )

one can consider two coordinates (75, Jg) in the Cartan subalgebra of su(3)
as independent coordinates in B5/SU(3). Taking into account that for the
given values of the second trace invariant (18) the coefficients obey relation
J% + J2 = r?, we pass to the polar coordinates on the (75, 7g)-plane,

J5 =1 cos (g), Jszrsin<§). (21)

In terms of new variables (7, ) the expression (19) for the SU (3)-polynomial
invariant ¢5 simplifies,
1 2

2 4.
ty = 9 + 3 r? + 57’3 sin ¢, (22)

and the image of the ordered simplex A, in (75, Jg)-plane under the mapping
(21) is given by the triangle AABC:

V31 1}

Ayis L0<T, < X2 —
2 { 3 2 \/g

depicted in the figure 1.



370 DCM&ACS. 2021, 29 (4) 361-386

Figure 1. The image of the ordered simplex A, in (J3, Jg)-plane under the mapping (21)

In the figure 1 the A,-simplex of the qutrit eigenvalues is mapped to
the triangle AABC inscribed in a unit-radius circle J% + J2 = 1. Its inner
part AABC comprises the points of the maximal rank-3 states P; ; with
1> 1, >ry>rs > 0. All these points generate the regular SU(3) orbits 045
of dimension dim((@,43) = 6. The points on the line AB also generate regular
orbits 0,43, however the corresponding states have rank(p) = 2. In contrast
to the above case, the line AC'/{A} and line BC/{B} correspond to the
subspace of ‘B3 5, but now the eigenvalues of the states are degenerate, either

Ty =Ty > Ty, Or 'y > Ty = T3, hence representing the degenerate orbits O;o5
and O3, respectively. The dimensions of both types of orbits are the same,
dim(0Oy)p3) = dim(0,93) = 4. Finally, the single point C(0,0) represents
a maximally mixed state which belongs also to the set of rank-3 states.

The polar form of the invariants (21) prompts us to introduce a unit 2-vector
n = (cos (¢/3),sin (¢/3)) and represent the qutrit eigenvalues as

1 2
ro= g i (23)

3 V3

with the aid of the weights of the fundamental SU(3) representation:

e (ate) me () me (o) oo

Gathering all together, we convinced that the representation (23) is nothing
else than the well-known trigonometric form of the roots of the 3-rd order
characteristic equation of the qutrit density matrix:

1 2 (g0+47r> 1 2 <g0—|—27r>
) Ty = )

7’1:§—§T8in
1 2
r3:§—§rsin<£).
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It is in order to present a 3-dimensional geometric picture associated to
the parameterization (23). The three drawings in the figure 2 with different
values of r show that (23) are parametric form of the arc of the red circle

which is the intersection A, N'S;(1/2/37).

The picture in the figure 2 illustrates a geometrical meaning of the pa-
rameterization of qutrit eigenvalues (25) in terms of the Bloch radius r and
the angle ¢ € [0, 7]. Consider an intersection of a qutrit simplex A, with
2-sphere 72 +r2 +1r2 = 1/3 + (2/3)r%. The intersection depends on a value
of a qutrit Bloch vector. For r = 0 the sphere and the simplex A, intersect
at point C' = (1/3,1/3,1/3), while for 0 < r < 1 the intersection is an arc
C, of a circle on the plane r; + 74 + 75 = 1 of the radius y/2/3r centered at
the point C'(1/3,1/3,1/3). The intersection for = 1 takes place at B(1,0,0).
The ordering of eigenvalues 1 > r; > ry > r3 > 0 determines the length of
the arc C,.. For any r, the arc C, is described by (25), the depicted curve in
the figure corresponds to the fixed value r = 1/4. Furthermore, varying r

within the interval r € [0, 1], provides the slices covering the whole simplex
AQ — [07 7T] X C)r.

Figure 2. The geometrical meaning of the parameterization of qutrit eigenvalues (25)
in terms of the Bloch radius r and the angle ¢ € [0, 7]

Qutrit Boundary. The introduced parameterization is very useful for
analyzing the structure of a qutrit boundary states. The qutrit space L,
admits decomposition

5]33 = f']33,3 U mg,z U ‘133,1 (26)

into 8d-component of maximal rank-3, 7d-component of rank-2 and extreme
pure states. Every component of (26) can be associated with the corresponding
domains in the orbit space 00[B;]. Particularly, the boundary 0O[B5] consists
of two components and is described as follows:

— Qubit inside Qutrit. For a chosen decreasing order of the qutrit
eigenvalues, r; > ry > 73, the rank-2 states belong to the edge Aj, given
by equation r; = 0, which in the parameterization (25) reads:
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1
rank-2 states : {7“ = ——F
2 sin

for p € [0,71')}. (27)

(/3)
Considering (27) as a polar equation for a plane curve, we find that the
rank-2 states ;3 o can be associated to the part of a 3-order plane curve.

Indeed, rewriting (27) in Cartesian coordinates = rcos ¢, y = rsin g,
(22 +y?)(y — 3a) + 4a® = 0,

we identify this curve with the famous Maclaurin trisectrix with a special
choice of a = 1/2.
For the boundary states (27), the equations (25) reduce to

1 * 1 *
ry = 5(1 +75c3); To = 5(1 —T3c3); (28)

2 1

These expressions for non-vanishing eigenvalues of a qutrit indicate the
existence of a “qubit inside qutrit” whose effective radius is r3-5. Since
the radius of the Bloch vector of rank-2 states associated to a qubit in
qutrit lies in the interval 1/2 < r < 1, the length of its Bloch vector,
r5-3, takes the same values as a single isolated qubit, 0 < r5-5 < 1.

— Orbit space of pure states of qutrit. The boundary 00[%; ;] corre-
sponding to all pure states 3 ; is attainable by SU(3) transformation
from the point, r =1 for ¢ = 7.

where

Quatrit. Now, following the qutrit case, consider a 4-level system, the qua-
trit, whose mixed state is described by the Bloch vector £ = {&;,&,, ..., &5},
1 3 I

The integrity basis for a quatrit ring of SU(4)-invariant polynomials
R[E,, ..., &5]5"@ consists of three polynomials R[t,,ts,t,]. Using the com-
pact notations (see details in Appendix 5.1), they can be represented in terms
of the Casimir invariants of su(4) algebra in the following form:

1 3 1 9 3. .
b= 22 o= 224 D ELEy
2 =3T3 BTl s tve (30)
1 9 3. . - 9 I
ty=—+ =12+ - EVE+ —rt4+ — ¢V Vv
1=t gt Vet g g tvedve

From the expressions (30) one can see that apart from the length r of the
Bloch vector, there are two independent parameters required to unambiguously
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characterize the quatrit eigenvalues. To find them, let us proceed as in
the qutrit case. Consider the diagonal form corresponding to a quatrit state:

@ R 3 4T+ T ) (31)
o Ty 276 313 818 157\15) -

The coefficients J4,7g and J,5 in (31) are invariants under the adjoint
SU(4) transformations of p. By equivalence relation (31), the quatrit state
space is projected to the following convex body:

2 7 N 1
0<T3< /5, =< Te< =, 22<T,,< . 32

The 2-dimensional slice 7,5 = 1/3 of this body corresponds to rank-3
states, see the figure 3. In terms of new invariants, all states with a given
length of Bloch vector r belong to a 2-sphere: J2 + J2 + 73, = r?. Hence, the
corresponding spherical angles ¢ and 6 of these invariants,

73:rsin6’cos§, ngT‘SiHQSing, J15 = rcosb, (33)
can be used as two additional parameters needed for the parameterization of

a quatrit eigenvalues.

o T5=1/3

Figure 3. Slice of the convex body (32) as a result of cutting by the plane 7,5 = 1/3

Let us now, in accordance with (33), introduce the unit 3-vector 7 =
(sin @ cos(y/3),sinfsin(p/3), cosf) and parameterize 4-tuple of the eigenval-
ues of the density matrix r = (r,r,,73,7,) via the following projections:

1 3
L= — f— ‘)-‘)A 4
r; 4+\/;7“n i (34)
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where 3-vectors [ij, fio, fi; and i, denote the weights of the fundamental
SU(4). Explicitly the weights read:

n-Gasmn) a-CGasm)
1 1
e (0-Zag) m(00ag)

Note that the weights [i; are normalised in a way leading to a unit norm of
the simple roots of algebra su(4) and obey relations:

4
> fi; =0, and Zuz pi = 5a5- (36)
=1

Using these expressions, we arrive at the following parameterization of
a quatrit eigenvalues:

1 1 .. ptdm 1
rl:Z_E sin 6 sin 3 —2\/§ cosf |,
1 1 ( g P21 9>
— — —=7T | S1Invsin — COS )
1 2 3 2v/2

11 ( i @ 1 9>
Tq =———=T S o sin — — COS s
T4 2 3 2v2
1

3
Te= g Zrcos&.

T2:

To ensure the chosen ordering of the eigenvalues r; € Aj, the Bloch radius
should vary in the interval r € [0,1] and angles ¢, 0 be defined over the

domains:

T ¢ 7 L .y
TPl otz —osin(2). 38
6<3<2 co \/ﬁsm 3 (38)

A geometric interpretation of (37), in full analogy with the qutrit case, is
described in figure 4.

In the figure 4 the 3-sphere Zj r? = 1/4+(3/4)r? intersects the hyperplane
Z? r, = 1 in the positive quadrant. The intersection occurs iff 1/4 <

1/4+ (3/4)r? < 1, and represents the 2-sphere S (i r) centered at the point

= (1/4, 1/4 1/4 1/4). The intersection with the ordered simplex A, is
given by a spherical polyhedron with 3 or 4 vertices, depending on the Bloch
radius 7.

The boundary of a quatrit orbit space 00[J3,] can be decomposed into 2d-
component of rank-3, 1d-component of rank-2 and extreme zero-dimensional
component of rank-1, corresponding to pure states:

80[%4] - 80[%4,3] U 8(9[‘,]3472] U 30[‘434,1]-
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L]

Figure 4. A geometric illustration of (37)

Qutrit inside Quatrit. The boundary component OB, 3] of rank-3 states
is determined by the intersection of 3D simplex A, with the hyperplane:

r, = 0. (39)

Parameterizing quatrit eigenvalues in terms of angles, the solution to the
equation (39) is
1 1
cos = —, if re [—,1] . 40
3r 3 (40)

Hence, the parametric form of the 2-dimensional surface O[B, 3] is given in
terms of the remaining three non-vanishing eigenvalues:

B R L WA U U R s

=g ﬁf@sm( ) =g ﬁﬂr)sm( ). "
1 1 A,
r3—§——2f(7“)s1n(§>,

where f(r) = /72 — §.

Consequences of the above derived formulae deserve few comments.

1. According to the formula (41) for the eigenvalues of boundary rank-3
states, their expressions are similar to the qutrit eigenvalues given in
(25). This observation prompts us to introduce the conception of the
“effective qutrit inside quatrit”, whose Bloch radius value is determined by
the Bloch radius of a quatrit:

3 [, 1

Tacq = —=A\[T% — —.
3c4 2\/§ 9

Note that since the admissible range of the Bloch radius of rank-3
quatrit states is r € [1/3, 1], then the effective radius 75, takes values
in the interval 0 < r5-, < 1.
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2. The idea to identify qutrit inside quatrit is based on the establishing
correspondence on the level of orbit spaces ‘By,s and Pj; 3. The generic
qutrit state in (26) is 8-dimensional, while dim(*B, ;) = 14. Thus, one
can speak about the correspondence between quatrit rank-3 states and
qutrit states only modulo unitary transformations.

3. In favour of the idea considering “effective qutrit inside quatrit” is a rela-
tion between the polynomial invariants for states on bulk and boundary.
Particularly, using expressions for trace polynomials given in Appen-
dix 5.2, we get:

4.3 3,3 %
55V () = 157 (r50,) -

Qubit inside Qutrit inside Quatrit. In A, the rank-2 boundary compo-
nent 0[P, ,] is comprised from points on a line given by its intersection with

two hypersurfaces:
7“4 - 0, TS - 0.

Following in complete analogy with the rank-3 states, we arrive at “ma-
tryoshka” structure with “effective qubit inside qutrit which in turn is inside
quatrit”. The Bloch radius of this effective qubit is given by the Bloch radius
of a quatrit:

3 [, 1

Toc3ca = N AL
Note that for rank-2 states r € [1/v/3,1] and hence 0 < r5_5-, < 1.

Finally, the rank-1 boundary component O[B, ;] is generated by one point
r = (1,0,0,0) which represents all pure states in As.

3.3.2. Generalization to N-level system

Now after examining main features of the introduced parameterization for
a qutrit and quatrit, we are ready to give a straightforward generalization to
the case of an arbitrary N-level system. With this aim, we will use the Cartan
subalgebra of SU(N) as span of the following diagonal N x N Gell-Mann
matrices:

H, =diag(1,—1,0,...,0),

1
H2 = ﬁ dlag (1, 1, —2, ceey 0) 5
k times
2 e e
H,=—" diag | 1,1,..,1,-%,0,..,0 |,
2k — 1)

9 (N—1) times
D
Hy ) = ————diag | 1,1,..,1,—(N=1)|.
N 2N(N 1) g( ( >>
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The corresponding weights of the fundamental SU(N) representation are

(11 ! :

(-
w0l

tl
l\.')l»—t

1 1 1
"2v3 2k(k;+1)""’ 2IN(N—-1))’

0, —

1
k(k+1) \/QNN—l)’

i = ( = F \/T ﬁ)

(N—2) times
iy ={ 0,0,...,0 N-1
fy = ,0,...,0, ..., v |-

It is easy to verify that the following relations are true:
N N s 1
= o _ — sap
;_1 f; =0, and ;_1 i Hy = 9 0.

Taking into account these observations, one can write down the following
parameterization for the roots r of the Hermitian N x N matrix:

1 2(N —1
=Nt : N )rﬁi'ﬁﬂ (42)
where 12 € Syy_5(1) and parameter r provides the fulfillment of the correspon-
dence with a value of the second order invariant,

t_1 N —1
27N N

Writing the traceless part of the density matrix as the expansion over the
Cartan subalgebra H of su(N),

1 SU(N)
o(N)— Sy = w/ N ZJA

AeH

r2,

we see that N — 2 angles of the unit norm vector 7. (42) are related to
the invariants J32, 72, ..., 7 ?\/2 1> whose values are constrained by the Bloch

radius r:
ZJSQ = (43)
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Finally, it is worth to give the geometric arguments which are emphasizing
the introduced parameterization (42) of qudit eigenvalues. With this goal
consider the intersection S Sw- 1(R) N XyN_q of (N — 1)-sphere of radius R

and hyperplane ¥ _; Z r; = 1 in RY. Let us describe the hyperplane in
parametric form, with parameters 81,89, -+, SN_1"

r:d—i—e(l)sl+e(2)82+---+e(N_1)sN,1, (44)

where N-vector d fixes the point P € ¥_; and the basis vectors (Darboux
frame) obey conditions:

d.e(‘)‘):o7 e(O‘).e(ﬁ):éaﬁ, a,=1,2,...,N — 1.

Using this parameterization, the equation for (N — 1)-sphere reduces to
the constraint
d? + s+ 85+ + s%_; = R?

for all points of intersection Sy_;(R) N X5_;. Hence, the intersection is

nothing else as the (N — 2)-sphere of radius Ry_, = VR? —d? centered
at a point associated to the vector d € X _;. Now if we fix the point P
such that d = (1/N,...,1/N), express the parameters in (44) in terms of
the Bloch radius and the components of the unit vector by relation s, =

V/2(N —1)/Nrn,, and define the frame vectors e(®, so that*

=v2u¥ i=1,2,..,N, while a=1,2 . 6N—1,

we arrive at the representation (42) with the radius of intersection sphere
Ry_5=+/(N—1)/Nr.

Passing from hyperplane ¥,,_; to its subset, the simplex A,_;, we note
that Sy_;(R) N Ap_; will be determined uniquely for every chosen order of
the eigenvalues and the value of r. For an arbitrary NN, a special analysis is
required to write down explicitly Sy_;(R) N Ay_;. Here we only note that
the intersection is given by one out of all possible tillings of Sy_, by the
spherical polyhedra. For N = 3 such polyhedron degenerates to an arc of
a circle, whereas for N = 4 the intersection will be given by two types of
polyhedra, either a spherical triangle, or a spherical quadrilateral, depending
on the value of the Bloch radius r.

4. Concluding remarks

Since the introduction of the concept of mixed quantum states, the problem
of an efficient parameterization of density matrices in terms of independent
variables became one of the important tasks of numerous studies. Starting
with the famous Bloch vector parameterization [20], several alternative types
of “coordinates” for points of quantum states have been suggested [21]-[30].
According to the generalization of Bloch vector parameterization, initially
introduced for a 2-level system, the Bloch vector for an N-level system is a real

4Here o component of i-th weights fi(*) determines i-th component of basis vector e(®),
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(N? — 1)-dimensional vector. However, owing to the unitary symmetry of an
isolated quantum system, those N? — 1 parameters can be divided into two
special subsets. The first subset is given by N —1 unitary invariant parameters,
and the second one is compiled from the coordinates on a certain flag manifold
constructed from the SU(N) group. Introduction of the coordinates on both
subsets has a long history. A description of the former set of SU (N )-invariant
parameters is related to the classical problem of determination of roots of
a polynomial equation, while the latter corresponds to a description of the
homogeneous spaces of SU(N) group °.

In the present article we have discussed the first part of the problem of
parameterization of N x N density matrices and proposed a general form of
parameterization of N-tuple of its eigenvalues in terms of a length r of the

Bloch vector and N — 2 angles on sphere Sy_5(y/(N —1)/Nr). We expect

that this parameterization will be useful from a computational point of view
in many physical applications including the models of elementary particles.
Particularly, in forthcoming publications it will be used for the evaluation of
very recently introduced indicators of quantumness/classicality of quantum
states which are based on the potential of the Wigner quasidistributions to
attain negative values [35]-[37].

5. Appendix
5.1. Constructing Casimir invariants for su(/N) algebra

In this Appendix we collect few notions and formulae explaining the con-
struction of the polynomial Casimir invariants on the Lie algebra g = su(V)
of the group G = SU(N).

Consider algebra g = 2?2_1 &;\;, spanned by the orthonormal basis {\,}
with the multiplication rule

2
Aidj = ]T[(Sz'j + (diji + ofiji) Ans (45)

defined via the symmetric d,j;, and anti-symmetric f;;, structure constants.
Let {w'} be the dual basis in g*, i.e., w'()\;) = 0%, and introduce the G-
invariant symmetric tensor S of order r:

S—=5. .

110g...0,

wil ® wiQ vee ® wir' (46)

The G-invariance of tensor S means that

Z f’r;lzs Si1i2"'isflmis+l'“ir - 0 (47)
s=1

5 Among the important contributions to the problem of parameterizing SU (N ), we would
like to mention the following publications that influenced the present work: [31]-[34].
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Using the tensor S, one can construct the elements of the enveloping algebra

U(g):
(48)

which turns to belong to the center of U(g), i.e., [C,,\;] = 0, for all gener-
ators \,. Having in mind the solution to the invariance equations (47), one

can build the polynomials in N? — 1 real variables E = (&,&9, ... En2_1) "

Q:r@) = Z Silz'z...z',_ filfi2 §i,.7

CT':S' ; ; )\11)\22)\

11%9...0, B0

which are invariant under the adjoint SU (N )-transformations:

p(Ad,(€)) = p(&).

It can be proved that the symmetric tensors k(") defined in the given basis
(:) - =Tr (A{il/\z’Q /\ir}>’ satisfy invariance equation (47)

B1%q...7

of algebra as k

and form the basis for the polynomial ring of G-invariants. The tensors k(")
admit decomposition with the aid of the lowest symmetric invariants tensors,

d;; and d, ;.. Particularly, the following combinations are valid candidates for

the basis:
i1iotsiy d{ilig}sd{i3i4}s,

i1inigigiy d{iliz}sdsiBtd{i4i5}t7
...... = d{iliQ}sd d

111003940506 tai4:1L(i{i5i6}1L'

As an example, for N-level system the G-invariant polynomials up to order
six read:

sigt

63:(N—1)§-

€ =(N-1)EVE-EVE, (49)
EVEV

C=(N—1)(§VEVE?

In the equation (49) the Casimir invariants are represented in a dense
vectorial notation using the auxiliary (N? — 1)-dimensional vector defined via
the symmetrical structure constants d,, of the algebra su(N):

N(N —1)

(gV@k‘: 5

;i §i&-

5.2. Polynomial SU(N)-invariants on Ly

In this section the explicit formulae for polynomial invariants for quatrit
will be given in terms of the suggested parameterization of density matrices.
(N-1)

Since the traceless part of the density matrices, o — ]%I N = 5N

g, belongs
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to the algebra su(N), all trace polynomials ¢, can be expanded over the
su(N) Casimir invariants. The corresponding decomposition of independent
polynomials for the quatrit (N = 4) read:

1
ty = Z(l +3¢,),

1
t3 = 4—2(1 + 3¢, + &5),

t, = 4%(1+6€2+4€3+€§+¢4).

In order to derive the explicit form of polynomials €, and €5, the knowledge
of components of the symmetric structure tensor d is needed. It is convenient
at first to express the invariants for diagonal states, characterized by 7, Jg
and 7,5, and afterwards rewrite them for generic states using parameterization
(33). With this aim, we collect (up to permutations) in the table 1 all non-zero
coefficients d,;, for the Cartan subalgebra of su(3) and su(4).

Table 1
Symmetric structure constants for the Cartan subalgebra of su(3) and su(4)

ijk [3.3.83.3.15| 88.8 | 88.15 | 15.15.15
guw| L1 11 2
AR IRV T RV V3| 6 3
Sve | L L

Taking into account the values for structure constant d from the table 1,
the Casimir invariants of the third and fourth order of a quatrit read:

1
€3 =975 (93 +I2) +9V2 7, (7%—575) —677s, (50)

1
€, =9 (I3 +72)2+36V27475 <7§ —3 J§> + 12 74;. (51)

Finally, plugging expressions (33) into (50) and (51), we arrive at the
representation of the su(4) Casimir invariants in terms of quatrit Bloch radius
r and two angles (6, ¢):

¢, = 27"3 [4\/§sin3(9) sin(y) — 3 cos(f) — 5 COS<39)} ,

¢, = 27“4 [32\/§sin3 (0) cos(0) sin(p) + 4 cos(20) + 7 cos(460) + 21] ,

as well as directly for the trace polynomial invariants,
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L_L.3,
=—+-r
2 4 4 Y
ty = 1 + 27“2 + 37“3 (4\/5 sin® @sin p — 3cosf — 5 COS(39)>
5716 16 64 ’
t, = 1 + 37"2 + 37‘3 (4\/5 sin® @sin p — 3cosf — 5 cos(30)) +
Y64 32 64
3
+ 537‘4 (32\/5 sin® 0 cos Osin o + 4 cos(26) + 7 cos(46) + 45) .
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We consider an arbitrary monoid M, on which an involutive division is introduced,
and the set of all its finite subsets Set M. Division is considered as a mapping
d : Set M x M, whose image d(U,m) is the set of divisors of m in U. The properties
of division and involutive division are defined axiomatically. Involutive division
was introduced in accordance with the definition of involutive monomial division,
introduced by V. P. Gerdt and Yu. A. Blinkov. New notation is proposed that provides
brief but explicit allowance for the dependence of division on the Set M element.
The theory of involutive completion (closures) of sets is presented for arbitrary
monoids, necessary and sufficient conditions for completeness (closedness) — for
monoids generated by a finite set X. The analogy between this theory and the theory
of completely continuous operators is emphasized. In the last section, we discuss the
possibility of solving the problem of replenishing a given set by successively expanding
the original domain and its connection with the axioms used in the definition of
division. All results are illustrated with examples of Thomas monomial division.

Key words and phrases: involutive monomial division, Grobner basis

1. Introduction

The creation of the technique of involutive bases as an alternative to the
classical Grobner bases and its application to the study of ideals in polynomial
and differential rings is undoubtedly one of the most important contributions
made by V.P. Gerdt and his disciples in computer algebra.

The concept of involutive division came to algebras from the compatibility
studies of systems of partial differential equations, dating back to the works
of Riquier [1], Janet [2], Thomas [3]|. Since the mid-1990s, V. P. Gerdt and
his students A.Yu. Zharkov and Yu. A. Blinkov have published a series of
papers in which this concept was developed in an abstract algebraic form and
indicated the wide possibilities of using involutive bases as an alternative to
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the usual Grébner bases. The first example of involutive division — Pomare
division — was introduced by Zharkov in 1993 [4]-[7].

In general terms, the concept of involutive division was introduced by Gerdt
and Blinkov in [8]-[11]. V.P. Gerdt strove for an axiomatic presentation of
the concept of involutive division, especially emphasizing this in his report
made at RUDN University in November 2020 [12]|. In our opinion, the theory
of divisions on monoids, cleared of applied issues, looks like a self-sufficient
and very elegant theory, which is complete only to the extent that was of
interest for applied researchers. We have tried to present it in general terms.

We based on §1.2 from the Dr. Sci. thesis by Blinkov [13], but have
significantly revised the terminology. The fact is that the creators of this theory
obviously intended to give it a topological interpretation, but, unfortunately,
they never did it. Therefore, a number of terms (continuity of division, closure
of sets) refer to this so far unknown topology. In our opinion, this topology
is the Zariski topology, and therefore incidental analogies taken from the R
topology greatly hinder its development.

2. Divisions on monoids

Definition 1. A set is called a monoid if a binary associative operation
called multiplication is specified on it, and there is an element 1 such that
1m = m for any m € M.

The set of all finite subsets of the set M will be denoted as Set M. For
definiteness, we will assume that () € Set M.

Definition 2. By division on the monoid M we mean the mapping
d: Set M x M — Set M,

having the following properties:
1. d(U,m) C U,
2. uedU,u),
3. if u € d(U, m), then there is an element m* € M such that m = um?*,
4. ifu € d(U,mu) and u € d(U, m’'u), then u € d(U, mm’u),
5. if U' U, then d(U,m) N U’ C d(U’,m),
valid for any U,U’ € Set M, v € U, m,m’ € M. Elements of the image

d(U,m) will be called divisors of m in U and m is said divisible by elements
of d(U, m).

Remark 1. We have split the definition of involutive division from [13, def.
5] into the definition of division in general and involutive division (def. 4
below). The notation has been changed. The notation u|;;ym used in [13]

is now changed for u € d(U,m).

Example 1. Assuming d(U,m) = {u € U : Im* € M : m*u = m}, we
will define the standard division on the monoid.
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If there is a set X € Set M such that any element of the set M other than 1
can be represented as a product of elements from X, then the monoid is said
to be generated by the set X. If such a representation is unique for an element
of the set M, then M is said to be a set of monomials, and the elements of
the set X are treated as variables.

Definition 3. An element z € X will be called multiplicative for u with
respect to U if u € d(U, zu).

The set of all multiplicative elements for u relative to U will be denoted as
X, (U, u).

Theorem 1. If x4, ...,z are multiplicative elements of X for u with respect
to U, then u € d(U,x* ... x3°u).

Proof. Corollary of the 4th property of definition 2. O

To difine division on a monoid generated by the set X, it is enough to
specify X .

Theorem 2. Suppose that a finite set X generates a monoid M and some
mapping is given X, : Set M x M — Set X.

Let us define the function d : Set M x M — Set M as follows: u € d(U,m)
if and only if w € U and there exists a product of m* elements from X (U, u)
such that m = m*u. The function d defines division by M if and only if the
embedding U" C U implies

X,(U,u) Cc X;(U',u) YuelU'. (1)

Remark 2. In [13] it was noted that “involutive division for a monomial
can be specified by defining sets of multiplicative and non-multiplicative
variables”. We have formulated this idea in the form of theorems 1 and 2.
They seem to be mutually inverse. However, according to theorem 1

v= H e = u € d(U,vu),
reX

and theorem 2 does not reverse the arrow, but asserts that if the condition
(1) is satisfied, we can define a division by M such that

v= H e <= u € d(U,vu).
reX

Proof. Property 1 of definition 2 is fulfilled, since by construction of d, the
element u € d(U, m) only if u € U. Property 2 is satisfied, since for m = u
one can take m* = 1. Property 3 is fulfilled because m* is explicitly specified
when constructing d.

Property 4 is fulfilled, since by the construction of d the embeddings
u € d(U,mu) and u € d(U,m’u) mean that there exist products v,v" of
elements from X,(U,u) such that mu = vu and m’u = v'u. But then
mm’u = vv'u and, since vv’ is the product of elements from X,;(U,u),
u e d(U,mm’u).
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Now we turn to property 5. Let U" C U and u € d(U,m)NU’, then u € U’
and there exists a product of m* of elements from X ;(U, u) such that m = m*u.
From this it follows that v € d(V,m) if and only if X,;(U,u) C X (U’,u),
i.e., the ratio (1) is true. 0

Example 2. Consider the set M of all monomials generated by the n
variables X = (z,...,,). Let us agree to write 9,27 ...z, = j,.
Thomas division is determined by the formula
z; € X (U,u) < 0;u = max 0,v.
velU

Let us check the condition (1). Let w € U" C U. If z; € X;(U,u), then the
maximum of d;v on U is achieved when v =u € U’. Since U’ C U,

max 0,v < max ;v
velU’ vel

and, therefore, the maximum is attained at v = w. This is what condition (1)
asserts.

3. Involutive divisions on monoids

Definition 4. A division d will be called involutive if for any U € Set M
and m € M the set d(U,m)
1. is empty,
2. consists of one element,
3. consists of several elements, and then for any u,u” € d(U,m), it is strictly
true that either u € d(U,u’), or v" € d(U,u).

The maximum number of distinct elements that make up d(U,m) for any
U € Set M and m € M will be called the rank of the involutive division of d.

Remark 3. Simultaneous execution of equalities u € d(U,u"), v’ € d(U,u)
by virtue of property 3 of definition 2, implies the existence of two elements
v,v" € M such that v" = vu and u = v’«/. In a monomial set, the simultaneous
fulfillment of these equalities means that v = v = 1 and therefore u = u’.
Thus, only one of them can be fulfilled in definition 4. Definition 4 implies
that only one of these equalities holds in the case of an arbitrary monoid.

Definition 4 allows ordering the linearly finite set d(U,m):
uedU,u') and u#uv < u<u.

Therefore, there exists a single maximal element, i.e., an element u such
that d(U,m) C d(U,u). This can be taken as a definition of involutivity,
equivalent to the previous one.

Definition 5. A division d will be called involutive if, for any U € Set M
and m € M, there exists and, moreover, a unique element u € U such that

d(U,m) C d(U,u).



0. K. Kroytor, M. D. Malykh, On involutive division on monoids 391

Example 3. Let us describe the Thomas division in more detail. Let U
be a finite subset of the set M, of all monomials in n variables. For brevity
we put

r; = max J,w.
welU

These numbers only depend on U. Let u € d(U, m), then there is a product
of v variables from X (U, u) such that m = uv. Then 9;m = 0,u + J;v.

If x; € X;(U,u), then 9;v > 0 and 0,u = r;, whence 0,v = 9,m —r; > 0.

If x; ¢ X;(U,u), then 9,v =0 and 0,u < r;, where r; > d,u = 9;m — 0.

Thus, combining both cases,

{aim —r, Omz=r;
aiv -
0 om < r;

and

diu = 0, = {Ti om i _ min(9;m, ;).

7 7 v
om Om <,

Thus, u is uniquely determined by specifying U and m. It is already
clear from this that the Thomas division is an involutive division of the
1st rank. However, we also obtained an explicit formula for d(U,m). If
0;u = min(9;m, r;) specifies an element u from U, then d(U, m) consists of
this one element. If this element does not belong to U, then d(U,m) is empty.

4. Complete sets and completely involutive divisions

Let again U € Set M.

Definition 6. A set of elements of the form mu, where © € U and m € M,
will be called a cone generated by the set U and denoted as C'(U).

Definition 7. The set of elements m € M such that d(U,m) # ), will be
called an involutive cone generated by the set U and denoted as 1;(U).

By virtue of property 3 of definition 2, 1,(U) C C(U).

Definition 8. A set U € Set M is called complete with respect to the
involutive division of d if the involutive cone generated by it coincides with
the usual one, i.e., I,(U) = C(U).

Remark 4. In [13], instead of ’complete sets’, the term ’closed sets’ is used.
We prefer the term ’complete’ because it does not give rise to connotations
with some topology on Set M.

Example 4. In M,, the embedding m € C(U) means that there is an
element v € Usuch that 9,m > 0;u Vi =1,2,...,n. With respect to Thomas
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division, m € C(U) is divisible by U if and only if v with 9, = min(9;m,r;)
belongs to U. Let U contain all monomials u satisfying the inequalities

ngazugrl Vizl,z,...,n,
where ¢, ..., ¢, are non-negative integers. Then
azm> 81U> Ci VZ: 1,2,...,”,

and therefore ¢; < d;v = min(9;m,r;) <r; and v € U. Therefore, such a set
U is complete with respect to the Thomas division.

Definition 9. A set U* € Set M is called a completion of the set U € Set M
with respect to division d if

1. U is a subset of the set U*,
2. U* is a complete set with respect to division of d, that is, I,(U*) = C(U*),
3. C(U) =C(U").

Definition 10. An involutive division d is called completely involutive if
each set from Set M has completion with respect to this division.

Remark 5. In [13], such divisions are called Noetherian, which requires
a rather lengthy explanation of the connection between the issue and the
finiteness of the ideal bases.

Example 5. For the Thomas division, the completion can be described
explicitly: the completion of U is the set U* € Set M,, formed by the monomials
v with the following property: there exists a monomial u € U such that

Ou < 0;v <.

Indeed, by the construction of U*, U C U* holds, that is, property 1
of definition 9. The fulfillment of the 3rd property is also obvious, since
U* C C(U) by construction.

Let us check the second property. Let m € C(U*), that is, there is
a monomial v* € U* and a monomial v € M, such that m = u*v, where
o,m = o;u*.

By the construction of U*, this implies that for m one can specify a monomial
u € U such that 9;m > 0;u. On the other hand, the monomial m is divisible
by U* if and only if the monomial «* with 0;u* = min(9;m, r;) belongs to U*.
But this is indeed the case, since J;u < min(d;m,r;) < ;.

This means that C(U*) = I;(U*), that is, U* is a complete set. This is the
second property.

Remark 6. Historically, the concept of Pomare division was first intro-
duced, it is involutive, and not completely involutive, which is a source of
various kinds of pathological examples, see [13, example 55| and also [4], [14],

15,
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5. Necessary and sufficient conditions
for the completeness of a set

Theorem 3 (necessary completeness condition). Let the monoid M be
generated by elements of a finite set X. For the set M to be complete with
respect to the division of d, it is necessary that

d(U,zu) #0 VYueU,Vx e X. (2)
This condition is sufficient only for a certain class of divisions.

Definition 11. A sequence {ug,u; ..., } of elements of the set U will be
called fundamental if for any ¢ there is an element z; € X such that:

Lou; & dU, zu;),

2. u;q € d(U, zu;).

Definition 12. A division of d by the monoid M will be called finite if
every fundamental sequence is finite.

Remark 7. In [13], division is called continuous if every finite fundamental
sequence does not contain two identical terms. In this case, any piece of an
infinite fundamental sequence is shorter than the total number of elements in
U and the division is finite in the sense of our definition. However, to prove
theorem 4, the ’continuity’ requirement can be weakened to that described in
our definition.

Remark 8. In our opinion, this construction is much more similar to the
concept of a completely continuous mapping, and not just a continuous one.
For this reason, we call the sequences from definition 11 fundamental, and
the property described in the definition 10, complete involutivity.

Theorem 4. If d is a finite involutive division on the monoid M generated
by elements of the finite set X, then for the set U to be complete it is necessary
and sufficient that condition (2) be satisfied.

Proof. Let condition (2) be satisfied for the set U. Take u € U and m € M
in an arbitrary way and construct a divisor of mu in U as follows.

Let us take u as the first element u, of the sequence of elements U. If
ug € d(U,um), then we will not do anything. If uy ¢ d(U,um), then among
the factors m from X there is z such that uy ¢ d(U,ugz,) by theorem 1.
But by virtue of (2) then there exists u; € U such that u; € d(U,uyz).

If u; € d(U,um), then we will not do anything. Otherwise, there is an
element x; € X such that u; ¢ d(U,uyx,).

Then, by virtue of (2), there is an element u, € U such that u, € d(U,u,z;).

Proceeding on like this, we get a sequence {ug, uq, ... } of U elements.

The described sequence is fundamental (definition 11). Under the conditions
of the theorem being proved, it is indicated that d is a finite division, therefore
every fundamental sequence is finite. By construction, its last element is
a divisor of um in U.

Thus, every element um has a divisor in U, that is, U is a complete set.



394 DCM&ACS. 2021, 29 (4) 387-398

Example 6. In the case of Thomas division, the set d(U,u;x;, ) consists
of one element w,,, and d;u;,; = min(;u;xy ,7;).
For j # k;

Oju; 1 = min(dju,, ;) = ;u;.

since u; € U. For j =k;
O, Ui = min(dy u; + 1, rki) = O u; + 1,

because otherwise it would be 9y u; +1 > 7y, which contradicts u; € U.
Thus, u; 1 = u;xy, .
From this, in particular, it is clear that there are no coinciding elements

among the elements. Since there is a finite number of products of U and X,
the fundamental sequence is finite.

6. Set completion

Problem. Given U € Set M and a finite completely involutive division of d
by M, it is required to find its completion with respect to d.

In the specified class of divisions, this problem always has a solution
(definition 10). For Thomas division, we know its explicit solution (example 5).
For other divisions, it would be desirable to solve the problem, gradually
supplementing U with new elements.

So, let U be given. By searching over two finite sets, we seek all pairs u € U
and z € X such that d(U,zu) = 0.

If there is no such pair, then the completion U* = U (theorem 4) and the
problem is solved. If there are such pairs, then we add one of the products
xu obtained in this way to the set U and obtain the set U;. Proceeding on
like this, we will expand U more and more, while remaining inside the cone
C(U). If this process is interrupted at the n-th step, then the resulting set is
complete by virtue of theorem 4. This will be the completion U* of the set
U by definition 9. However, the finiteness of U* does not imply finiteness of
the described process, since we can get sets that contain elements that are
absent in U*. To avoid this, it is necessary to indicate a rule for choosing
a pair from the set of pairs u € U,, and = € X such that d(U,,, xu) = ), which
guarantees the embedding U,, C U* at each step.

The simplest option is to take an element that is in some sense minimal,
but for this purpose we have to restrict ourselves to the special case when the
monoid is the set of monomials in n variables that make up the set X. Let
this set be given a monomial order, say, deglex.

Given U, among the pairs u € U and = € X such that d(U,zu) = 0, we
take the one for which the product uz is minimal. By virtue of property 5 of
definition 2

d(U*,zu) NU C d(U, zu) = (.

That is why v € d(U*, zu) ¢ U.

By virtue of property 3 of definition 2 there is an element m € M such that
zu =vm. If m =1, then zu =v € U* and U; = U U {zu} C U* and you can
go to the next step.

Regarding the second option, when m > 1, one can notice the following.
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Theorem 5. If m > 1, then d(U,v) is not empty.

Proof. Since v € U* C C(U), there exists a pair u; € U and m; € M such
that v = myu;.

If my = 1, then v = u; € U, which is impossible. Therefore, m; > 1.
Therefore, xu = uymmy, m,m; > 1.

This means that u,;y < uz for any y € X. Since we initially chose the
minimum pair, d(U,uy) #0 Vy e X.

Let us denote the set of variables that are included in m; as Y.

Ifu;, € d(U,uyy) Vy €Y, then by virtue of theorem 1, u; € d(U,u;m;) =
d(U,v), i.e., d(U,v) is not empty.

Otherwise, there is y; € Ysuch that u; ¢ d(U,u ;).

The set d(U,uyy,) itself is not empty, let uy, € U belong to it, then u; # u,
and there exists m, € M such that u,y; = uym’. But then

mym’
1

and m is divisible by y,, since y; € Y. Thus, we get the first elements u, u,
of the fundamental sequence, and v = u;m; = uym,.

Repeating the above considerations in relation to the representation v =
UyMq, we get either u, € d(U,v), or the next element of the sequence. Since
every fundamental sequence is finite, at some step we get u,, € d(U,v), that
is, d(U,v) # 0. .

The process of solving the problem described above will stop if the following

condition is met:
d(U,v) =0 Vve (U*-U). (3)

It does not follow from property 5 of definition 2 and should be somehow
imposed on the division in question.

Example 7. For the Thomas division, the completion U* of the set U was
described in example 5: it is formed by monomials v for which there exists
a monomial v € U such that 0,u < 9;v < r;.

The criterion of emptiness for d(U,v) is indicated at the end of example 3:
d(U,v) is empty if and only if 0,w = min(9;v,r;) specifies an element w that
is not in U. For v € U* this equality reduces to the trivial J,w = 0,v, that is,
w = v. By hypothesis, v ¢ U, so d(U,v) is empty.

7. Discussion

As easily seen, all the basic concepts are introduced for arbitrary monoids.
The sufficient criterion for completeness (theorem 4) is proved for monoids
generated by a finite set, and the algorithm for successive completion of a set
only for a set of monomials. Moreover, axiom 5 of definition 2 of division
appears only in the last section and, by and large, it is lacking in the proof
of the correctness of the completion algorithm. Possibly, this part of the
definition of division could be slightly corrected.
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This axiom is the only one that suggests changing the domain. In fact, all
the results presented, except for theorem 5, are satisfied for a fixed U, that
is, the function d is considered as a function of one argument. Division is
not a good functor from Set M to Set M. Many questions here seem to be
unclear. The focus was on the completion of a set, but not the uniqueness of
such a completion. Moreover, there can be obviously sets enclosed between
a complete set and its cone, ’overfull’ sets. They hamper proving theorem 5,
but what is their true role in division theory?
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OO0 MHBOJIIOTUBHOM JdeJIEHUU HAa MOHOUIAX
0. K. Kpoiitop', M. JI. Magabix" 2

U Poccutickuti yrusepcumem dpyorcto, napodoes
ya. Muxayzro-Maxaas, 0. 6, Mocksa, 117198, Poccus
2 JTa6opamopus ungopmayuornms mexnosozuts um. M. I'. Mewepakosa
O06BedUHEHNBIT UHCMUMYM, AJCPHBLT UCCACO0BAHUTL
ya. Koauvo-Kropu, 0. 6, Hyona, Mockosckasn obaacmo, 141980, Poccus

PaccmarpuBaercs npousBoibHbIA MoHOUI M, Ha KOTOPOM BBEIEHO MHBOJIIOTUB-
HOEe JieJIeHrde, M MHOXKECTBO BCEX €ro KOHEYHbIX HojaMmHoxkecTB Set M. lesenue
paccMmaTpuBaeTcsa Kak orobpaxkenue d : Set M x M, o6pas koroporo d(U,m) —
MHOKeCTBO sesmuresieit m B U. CoiicTBa J1eJIeHUsI 1 MHBOJIIOTUBHOIO JEJI€HUsT 3310~
IOTCA aKCHOMATHYECKHU. IIOHATHS MHBOJIIOTHBHOIO JIEJIEHUs] BBEJIEHO B COOTBETCTBUU
C OIpeeIeHreM WHBOJIIOTUBHOIO MOHOMUAJILHOTO IejieHusi, BBeaéuabiM B. I1. Tepm-
toMm u FO.A. BymmakosbiM. [Ipemioxken psii HOBBIX OOO3HAYUEHUM, O3BOJISIOIINX
KOPOTKO, HO SIBHO YYHUTBHIBATH 3aBUCHMOCTD JieJieHndA OT 3djemenTa Set M. Teopus un-
BOJIFOTUBHOTO TIONIOJIHEHUS (3aMbIKAHWs) MHOYKECTB U3JIOXKEHA JJIsl IPOM3BOJILHBIX
MOHOU/IOB, HEOOXOIUMbBIE U JIOCTATOYHBIE YCJIOBUSI TIOJTHOTHI (3aMKHYTOCTH) — JIJIsT
MOHOU/IOB, TTOPOXKIEHHBIX KOHEIHBIM MHOKecTBOM X. [lomuépkuyTa aHagorus Mex-
JIy 9TOi Teopueil 1 Teopueil BIIOJIHE HEIPEPHIBHBIX OIIepaTopoB. B mociieaneM pasmese
00Cy XK IeHA BO3MOXKHOCTh PEIeHUs 3a/Ia9u O TOMOJTHEHUU 3aJAHHOTO MHOXKECTBA, IIy-
TEM TI0CJIE0BATEILHOTO PACITUPEHNA UCXOTHON 00JIaCTH U €€ CBA3Db C AKCHOMAMU,
HCIOJIb3YEMBIMHU B OIIPEIEIEHUN JejieHns. Bece pe3yabrarhl MpONIIOCTPUPOBAHDI
[IpUMEpPaMU O MOHOMMAJILHOM JeJeHnH TomMaca.

KirroueBbie cJjioBa: MHBOJIIOTUBHOE MOHOMHAJIbHOE JiesieHue, Gazuc ['pébuepa



