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Summary. In this article, we mainly formalize in Mizar [2] the equiva-
lence among a few compactness definitions of metric spaces, norm spaces, and
the real line. In the first section, we formalized general topological properties of
metric spaces. We discussed openness and closedness of subsets in metric spaces
in terms of convergence of element sequences. In the second section, we firstly
formalize the definition of sequentially compact, and then discuss the equivalen-
ce of compactness, countable compactness, sequential compactness, and totally
boundedness with completeness in metric spaces.

In the third section, we discuss compactness in norm spaces. We formalize
the equivalence of compactness and sequential compactness in norm space. In
the fourth section, we formalize topological properties of the real line in terms
of convergence of real number sequences. In the last section, we formalize the
equivalence of compactness and sequential compactness in the real line. These
formalizations are based on [20], [B], [I7], [I4], and [4].

MSC: 46B50/ 54E45 103B35

Keywords: metric spaces; normed linear spaces; compactness

MML identifier: TOPMETR4, version:|8.1.05 5.37.1275

1. ToPOLOGICAL PROPERTIES OF METRIC SPACES

Now we state the propositions:

(1) Let us consider a non empty set M, and a sequence x of M. Suppose
rng x is finite. Then there exists an element z of M such that

(i) 271({z}) €N, and
(i) z71({z}) is infinite.
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PROOF: Define X(object) = x71({$1}). Set K = {X(w), where w is
an element of M : w € rngz}. K is finite from [I8, Sch. 21]. For eve-
ry set Y such that ¥ € K holds Y is finite. domz C [JK by [6, (3)].
O

Let us consider a subset X of N. Suppose X is infinite. Then there exists
an increasing sequence N of N such that rng NV C X.
PROOF: Reconsider B = 2% as a non empty set. Reconsider Ny = min*X
as an element of N. Reconsider Y = X as an element of B. Define
Plobject, object, set, object, set] = $5 = $3 \ {32} and $4 = min*$5. For
every natural number n and for every element x of N and for every ele-
ment y of B, there exists an element x; of N and there exists an element y;
of B such that Pln, x,y, z1,y1]. Consider N being a sequence of N, Y being
a sequence of B such that N(0) = Ny and Y (0) = Yp and for every natural
number n, Pln, N(n),Y(n), N(n+1),Y (n + 1)] from [13, Sch. 3|. Define
Q[natural number] = N ($;) = min*(Y($1)) and N($1) € Y($1) and Y ($;)
is infinite and Y'($;) C N. For every natural number i such that Q[i] holds
Qi + 1] by [8, (31)]. For every natural number i, Q[i] from [I, Sch. 2].
rmg N C X by [7, (11)]. For every natural number ¢, N(i) < N(: +1). O

Let us consider a non empty metric space M, and a subset V' of M.
Suppose V' is open. Then there exists a family F' of subsets of M such
that

(i) F ={Ball(x,r), where z is an element of M,r is a real number : r >
0 and Ball(z,r) C V}, and
(i) V=UF.
PROOF: Set F' = {Ball(x,r), where z is an element of M, r is a real num-
ber: » > 0 and Ball(z,7) C V'}. For every object z such that z € F' holds
z € the open set family of M by [3], (29)]. Reconsider @@ = |J F' as a subset
of Miep. For every object z, z € V iff z € Q by [9) (15)], [12] (1), (11)]. O
Let us consider a non empty metric space M, a subset X of M;,p, and

an element p of M. Then p € X if and only if for every real number 7 such
that 0 < r holds X meets Ball(p, r).

Let us consider a non empty metric space M, a subset X of M, and
an object . Then = € X if and only if there exists a sequence S of M
such that for every natural number n, S(n) € X and S is convergent and
lim S = x.

Let us consider a non empty metric space M, and a subset X of M.
Then X is closed if and only if for every sequence S of M such that for
every natural number n, S(n) € X and S is convergent holds lim S € X.
The theorem is a consequence of (5).
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(7) Let us consider non empty metric spaces X, Y, and a function f from
Xiop into Yigp. Then f is continuous if and only if for every sequence S of
X and for every sequence T of Y such that S is convergent and T'= f - S
holds T" is convergent and lim 7" = f(lim S).
PROOF: For every subset B of Y;op, such that B is closed holds f~1(B) is
closed by [7, (15)], (6). O

2. COMPACTNESS IN METRIC SPACES

Let M be a non empty metric space and X be a subset of M. We say that
X is sequentially compact if and only if
(Def. 1) for every sequence S of M such that rng S} C X there exists a sequence
So of M such that there exists an increasing sequence N of N such that
So =851+ N and 59 is convergent and lim Sy € X.
Let us observe that every subset of M which is empty is also sequentially
compact.
We say that M is sequentially compact if and only if
(Def. 2) Qjy is sequentially compact.
Now we state the proposition:

(8) Let us consider a non empty metric space M, a subset X of M, a subset
Y of Miop, an element x of M, and an element y of Mi,p. Suppose X =Y
and x = y. Then y is an accumulation point of Y if and only if for every
real number r such that 0 < r holds Ball(x, r) meets X \ {z}.

Let us consider a non empty metric space M. Now we state the propositions:
(9) If Miep is countably-compact, then M is sequentially compact.
PRrROOF: For every subset X of M such that X is infinite there exists
an element x of M such that for every real number r such that 0 < r
holds Ball(z,7) meets X \ {z} by [16, (28)], [II, (16)], (8). For every
sequence x of M such that rngx C Qs there exists a sequence x1 of M
such that there exists an increasing sequence N of N such that 1 =x- N
and x; is convergent and limz, € Qy by (1), (2), [7, (4), (38), (15)]. O

(10) If M is sequentially compact, then M, is countably-compact.
PRrROOF: For every subset X of M such that X is infinite there exists
an element x of M such that for every real number r such that 0 < r
holds Ball(z,r) meets X \ {z} by [15, (3)], [7, (2)], [19, (26)], [T, (112)].
For every subset A of My, such that A is infinite holds Der A is not empty
by (8), [11}, (16)]. O

(11)  M;op is compact if and only if M is sequentially compact. The theorem
is a consequence of (9).
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(12) M is totally bounded and complete if and only if M is sequentially
compact. The theorem is a consequence of (11).

Let us consider a non empty metric space M and a non empty subset .S of
M. Now we state the propositions:

(13) S is sequentially compact if and only if M[S is sequentially compact.
PROOF: For every sequence S; of M such that rngS; C S there exists
a sequence Sy of M such that there exists an increasing sequence N of N
such that Sy = 57 - N and Ss is convergent and lim Sy € S by [7, (6)]. O

(14) S is sequentially compact if and only if M[S is compact. The theorem
is a consequence of (11) and (13).

(15) Let us consider a non empty metric space M, a subset S of M, and
a subset T of Mio,. If T = S, then T is compact iff S is sequentially
compact. The theorem is a consequence of (11) and (13).

(16) Let us consider a non empty metric space M, a non empty subset S of
M, and a non empty subset T of Mi,. Suppose T' = S. Then M, [T is
countably-compact if and only if S is sequentially compact. The theorem
is a consequence of (11) and (13).

(17) Let us consider a non empty metric space M, and a non empty subset
S of M. Then M|S is totally bounded and complete if and only if S is
sequentially compact. The theorem is a consequence of (12) and (13).

3. COMPACTNESS IN NORM SPACES

Now we state the propositions:

(18) Let us consider a real normed space N, a subset S of N, and a subset T
of MetricSpaceNorm N. If S =T, then S is compact iff T' is sequentially
compact.

(19) Let us consider a real normed space N, a subset S of N, and a subset T’
of TopSpaceNorm N. If S = T, then S is compact iff T" is compact. The
theorem is a consequence of (15) and (18).

4. TOPOLOGICAL PROPERTIES OF THE REAL LINE

Let us consider a sequence S7 of the metric space of real numbers, a sequence

s of real numbers, a real number g, and an element g; of the metric space of
real numbers. Now we state the propositions:

(20) Suppose S; = s and g = g1. Then for every real number p such that

0 < p there exists a natural number n such that for every natural number
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m such that n < m holds |s(m) — g| < p if and only if for every real
number p such that 0 < p there exists a natural number n such that for
every natural number m such that n < m holds p(S1(m),g1) < p.
PRrOOF: For every real number p such that 0 < p there exists a natural
number n such that for every natural number m such that n < m holds
|s(m) —g| <p by [9 (11)]. O

(21) If S = s and g = ¢1, then s is convergent and lims = g iff S is
convergent and lim S; = g1. The theorem is a consequence of (20).

(22) Let us consider a sequence S; of the metric space of real numbers, and
a sequence s of real numbers. Suppose S; = s and s is convergent. Then

(i) Sp is convergent, and
(ii) lim S; = lims.

The theorem is a consequence of (20).

5. COMPACTNESS IN THE REAL LINE

Now we state the propositions:

(23) Let us consider a subset N of R, and a subset M of R!. Suppose N = M.

Then for every family F' of subsets of R such that F' is a cover of NV and for
every subset P of R such that P € F holds P is open there exists a family
G of subsets of R such that G C F and G is cover of N and finite if and
only if for every family I of subsets of R! such that F is cover of M and
open there exists a family G; of subsets of R! such that G; C F; and G
is cover of M and finite.
PROOF: Reconsider F; = F as a family of subsets of R!. For every subset
Py of R! such that P, € Fy holds Py is open by [10, (39)]. Consider G4
being a family of subsets of R such that Gy C F; and G, is cover of M
and finite. [

(24) Let us consider a subset N of R. Then N is compact if and only if for
every family F' of subsets of R such that F'is a cover of N and for every
subset P of R such that P € F' holds P is open there exists a family G of
subsets of R such that G C F and G is cover of N and finite. The theorem
is a consequence of (23).
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Summary. First, we define in Mizar [5], the Cartesian product of two
filters bases and the Cartesian product of two filters. After comparing the product
of two Fréchet filters on N (F;) with the Fréchet filter on Nx N (F2), we compare
limz, and limz, for all double sequences in a non empty topological space.

Endou, Okazaki and Shidama formalized in [I4] the “convergence in Pring-
sheim’s sense” for double sequence of real numbers. We show some basic corre-
spondences between the p-convergence and the filter convergence in a topological
%H)(m»") €ENxN
converges in “Pringsheim’s sense” but not in Frechet filter on N x N sense.

space. Then we formalize that the double sequence (T, =

In the next section, we generalize some definitions: “is convergent in the first
coordinate”, “is convergent in the second coordinate”, “the lim in the first coor-
dinate of”, “the lim in the second coordinate of” according to [I4], in Hausdorff
space.

Finally, we generalize two theorems: (3) and (4) from [I4] in the case of
double sequences and we formalize the “iterated limit” theorem (“Double limit”
[7], p. 81, par. 8.5 “Double limite” [6] (TG 1,57)), all in regular space. We were
inspired by the exercises (2.11.4), (2.17.5) [17] and the corrections B.10 [18].
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1. PRELIMINARIES

From now on x denotes an object, X, Y, Z denote sets, 1, j, k, [, m, n denote
natural numbers, 7, s denote real numbers, ny denotes an element of the ordered
N, and A denotes a subset of N x N.
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Now we state the propositions:

(1) Let us consider a finite subset W of X. If X \ W C Z, then X \ Z is
finite.

(2) If ZC X and X \ Z is finite, then there exists a finite subset W of X
such that X \ W = Z.

(3) Let us consider sets X1, Xo, a family Sy of subsets of X1, and a family
Ss of subsets of Xo. Then {s, where s is a subset of X; x X5 : there exist
sets s1, s2 such that s; € S; and s € So and s = s1 X sa} is a family of
subsets of X7 x Xs.

(4) If x € X xY, then x is pair.

(5) If 0 <r, then there exists m such that m is not zero and = < r.

(6) Let us consider points x, y of the metric space of real numbers. Then
there exist real numbers x1, y; such that

(i) =1, and

(ii) y = y1, and
(iii) p(z,y) = pr (2,y), and
(iv) p(z,y) = p'((2), (y)), and
(v) p(z,y) = |21 — .

(7) Let us consider points z, y of (€!)top. Then there exist points xa, y» of
the metric space of real numbers and there exist real numbers x1, y; such
that 2o = @1 and y2 = y; and x = (z1) and y = (y1) and p(x2,y2) =
pr (21, 91) and p(a2,y2) = p'((x1), (y1)) and p(z2,y2) = |21 — 1.

(8) Let us consider points z, y of £!, and real numbers r, s. If z = (r) and
y = (s), then p(z,y) = |r — s|. The theorem is a consequence of (7).
One can check that N x N is countable and N x N is denumerable.
Now we state the propositions:

(9) the set of all (0, n) where n is a natural number is infinite.
PRrROOF: Define F(object) = (0, $;). Consider f being a function such that
dom f = N and for every object x such that x € N holds f(z) = F(z)
from [9, Sch. 3]. f is one-to-one. rng f = the set of all (0, n) where n is
a natural number by [9] (3)]. O

Ifi<kandj<l,thenZiijQkaZl.
(N\Zp,) x (N\Zyp) CN XN\ Zyp, X Zy,.
If n =n; and n < m, then m € Tny.

If n =n; and m € Tny, then n < m.

If n = nq, then Tny =N\ Z,.

A~ o~~~
—_
[\)
NN N N
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PRrROOF: Tny € N\ Z,, by [12 (50)], (13), [1, (44)]. N\ Z,, C Tny by [I,
(44)], [12} (50)]. O

(15) 71 (A) = {x, where z is an element of N : there exists an element y of
N such that (z, y) € A}.

(16) m2(A) = {y, where y is an element of N : there exists an element = of
N such that (z, y) € A}.

(17) Let us consider a finite subset A of N x N. Then there exists m and there
exists n such that A C Z,, X Z,. The theorem is a consequence of (15)
and (16).

(18) Let us consider a non empty set X. Then every filter of X is a proper
filter of 2.

(19) Let us consider a non empty set X, and a filter F of X. Then there
exists a filter base B of X such that
(i) B=F, and
(ii) [B) = F.
(20) Let us consider a non empty topological space T', and a filter F of the car-
rier of T. If z € LimFilter(F), then x is a cluster point of F,T.

(21) Let us consider an element B of the base of Frechet filter. Then there
exists n such that B = N\ Z,,. The theorem is a consequence of (14).

(22) Let us consider a subset B of N. Suppose B = N\ Z,,. Then B is an ele-
ment of the base of Frechet filter. The theorem is a consequence of (14).

2. CARTESIAN PropucT OF TwoO FILTERS

From now on X, Y, X1, X5 denote non empty sets, A;, By denote filter bases
of X1, Ay, By denote filter bases of X5, F; denotes a filter of Xy, F5 denotes
a filter of X5, B3 denotes a generalized basis of F.

Let X7, X5 be non empty sets, By be a filter base of X1, and Bs be a filter
base of X5. The functor By x Bs yielding a filter base of X; x X5 is defined by
the term

(Def. 1) the set of all By x By where Bj is an element of By, By is an element of
Bs.
Now we state the propositions:
(23) Suppose Fi = [By) and F; = [A1) and F3 = [B2) and F2 = [Az). Then
[81 X Bg) = [./41 X AZ)
(24) If By = B1, then [Bl] = Fi.
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(25) There exists By such that [B1) = F;. The theorem is a consequence of
(24).
Let X1, X5 be non empty sets, F1 be a filter of X1, and F3 be a filter of X5.
The functor (Fi, Fs) yielding a filter of X; x X5 is defined by
(Def. 2) there exists a filter base By of X; and there exists a filter base By of Xy
such that [By) = F1 and [B2) = F2 and it = [By X Ba).
Let By be a generalized basis of F; and By be a generalized basis of F5. The
functor By x Bs yielding a generalized basis of (Fj, F2) is defined by
(Def. 3) there exists a filter base B3 of X; and there exists a filter base B4 of Xo
such that By = Bg and By = By and it = B3 x By.
Let n be a natural number. The functor 12(n) yielding a subset of N x N is
defined by
(Def. 4) for every element x of N x N, z € it iff there exist natural numbers nq,
ng such that n; = (x)1 and ng = (z)2 and n < ny and n < no.
Now we state the proposition:
(26) (n, n) €1*(n).
Let us consider n. One can check that 12(n) is non empty.
Now we state the propositions:
(27) If (i, j) €1%(n), then (i + k&, j), (i, j +1) €1*(n).
(28) 12%(n) is an infinite subset of N x N. The theorem is a consequence of
(17).
(29) If ny = n, then 1%(n) = Tny x Tni. The theorem is a consequence of (12)
and (13).
(30) If m =n—1, then 12(n) C N x N\ Segm x Segm.
PROOF: Reconsider y = = as an element of N x N. Consider ny, no being
natural numbers such that ny = (y)1 and ny = (y)2 and n < n; and
n < ng. x ¢ Segm x Segm by [3, (1)]. O
(31) 12(n) CNx N\ Zy, x Zy,.
PROOF: Reconsider y = x as an element of N x N. Consider ni, ny being
natural numbers such that n; = (y)1 and ny = (y)2 and n < ny and
n < ng. x & Ly X Ly by [16, (10)]. O
(32) 1%(n) = (N\ Z,) x (N\ Zj,). The theorem is a consequence of (14) and
(29).
(33) There exists n such that 12(n) C (N\ Z;) x (N\ Z;). The theorem is
a consequence of (4).
(34) If n = max(4, ), then 1*(n) C (1%(2)) N (1%(5))-
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Let n be a natural number. The functor |%(n) yielding a subset of N x N is
defined by

(Def. 5) for every element z of N x N, z € it iff there exist natural numbers nq,
ng such that ny = ()1 and ny = (z)2 and ny < n and ng < n.
Now we state the propositions:
(35) 1%(n) = Zy, X Zy,.
PrOOF: |%(n) C Z,, x Z, by [1} (44)]. Consider ys, y1 being objects such
that yo € Z,, and y; € Z,, and = = (y2, y1). U

(36) Let us consider a finite subset A of N x N. Then there exists n such that
A Cl2%(n).
PRrOOF: Consider m, n such that A C Z,,, xZ,,. Reconsider m; = max(m,n)
as a natural number. A C|%(mq) by [I, (39)], [L1}, (96)], (35). O

(37) 13(n) is a finite subset of N x N. The theorem is a consequence of (35).

3. COMPARISON BETWEEN CARTESIAN PRODUCT OF FRECHET FILTER ON N
AND THE FRECHET FILTER OF N x N

Let us consider an element x of (the base of Frechet filter) x (the base of
Frechet filter). Now we state the propositions:

(38) There exists ¢ and there exists j such that z = (N'\ Z;) x (N\ Z;). The
theorem is a consequence of (21).

(39) There exists n such that 12(n) C x. The theorem is a consequence of
(38) and (33).

(40) (The base of Frechet filter) x (the base of Frechet filter) is a filter base
of N x N.

(41) There exists a generalized basis B of FrechetFilter(N) such that
(i) B = the base of Frechet filter, and
(ii) B x B is a generalized basis of (FrechetFilter(N), FrechetFilter(N)).
The functor 1% yielding a filter base of N x N is defined by the term

(Def. 6) the set of all 1%(n) where n is a natural number.
Now we state the propositions:

(42) 1% and (the base of Frechet filter) x (the base of Frechet filter) are equ-
ivalent generators. The theorem is a consequence of (22), (32), and (39).

(43) [(the base of Frechet filter) x (the base of Frechet filter)) = (FrechetFilter
(N), FrechetFilter(N)). The theorem is a consequence of (41).

(44) [1%) = (FrechetFilter(N), FrechetFilter(N)).
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(45) (FrechetFilter(N), FrechetFilter(N)) is finer than FrechetFilter(N x N).
The theorem is a consequence of (17), (11), (22), and (43).
(46) (i) NxN\the set of all (0, n) where n is a natural number € (Frechet
Filter(N), FrechetFilter(N)), and
(ii) N x N\ the set of all (0, n) where n is a natural number ¢ Frechet
Filter(N x N).
PRrROOF: Set X = Nx N\ the set of all (0, n) where n is a natural number.
T2(1) € X by (32), [1, (44)]. X ¢ FrechetFilter(N x N) by [12, (51)], [15]
()], (9). O
(47)  FrechetFilter(N x N) # (FrechetFilter(N), FrechetFilter(N)).

4. TOPOLOGICAL SPACE AND DOUBLE SEQUENCE

In the sequel T" denotes a non empty topological space, s denotes a function
from N x N into the carrier of T, M denotes a subset of the carrier of 7', and
Fi1, Fo denote filters of the carrier of T. Now we state the propositions:

(48) If F; is finer than Fi, then LimFilter(F;) C LimFilter(F2).

(49) Let us consider a function f from X into Y, and filters Fi, F2 of X.
Suppose F is finer than Fj. Then the image of filter F» under f is finer
than the image of filter F; under f.

(50) s71(M) € FrechetFilter(N x N) if and only if there exists a finite subset
A of N x N such that s7}(M) =N x N\ A.

(51) s~Y(M) € (FrechetFilter(N), FrechetFilter(N)) if and only if there exists
n such that 72(n) C s~!(M). The theorem is a consequence of (43), (39),
and (42).

(52) The image of filter FrechetFilter(N x N) under s = {M, where M is
a subset of the carrier of T : there exists a finite subset A of N x N such
that s~1(M) = N x N\ A}. The theorem is a consequence of (50).

(53) The image of filter (FrechetFilter(N), FrechetFilter(N)) under s = {M,
where M is a subset of the carrier of T : there exists a natural number n
such that 1%(n) C s71(M)}. The theorem is a consequence of (51).

Let us consider a point x of T'. Now we state the propositions:

(54) = € limpyechetrilter(nx) S if and only if for every neighbourhood A of z,
there exists a finite subset B of N x N such that s71(4) = N x N\ B. The
theorem is a consequence of (52).

(55)  x € limpyechetrilter(vxi) § if and only if for every neighbourhood A of z,
N x N\ s71(A) is finite. The theorem is a consequence of (54), (1), and

(2).
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(56) @ € lim (prechetFilter(N),FrechetFilter(n)) 8 if and only if for every neighbour-
hood A of z, there exists a natural number n such that 12(n) C s~1(A).
The theorem is a consequence of (53).

Let us consider a point  of T and a generalized basis B of BooleanFilter
ToFilter(the neighborhood system of x). Now we state the propositions:
(57)  x € lim prechetFilter(N),FrechetFilter(N)) S if and only if for every element B
of B, there exists a natural number n such that 1?(n) C s~!(B). The

theorem is a consequence of (56).

(58) = € limpechetrilter(vxny) S if and only if for every element B of B, there
exists a finite subset A of N x N such that s71(B) = N x N\ A. The
theorem is a consequence of (54), (1), and (55).

(59) = € im prechetFilter(N),FrechetFilter(N)) § if and only if for every element B of
B, there exists a natural number n such that s°(7%(n)) C B. The theorem
is a consequence of (57).

(60) z € limpyechetFilter(Nxiy) S if and only if for every element B of B, there
exists a finite subset A of N x N such that s°(N x N\ A) C B.

PROOF: For every neighbourhood A of 2, N x N\ s71(A) is finite by [4
(2)], [19, (143)], [9, (76)]. O

(61) = € limpechetrilter(vxny) S if and only if for every element B of B, there
exists n and there exists m such that s°(N x N\ Z,, x Z,,) € B. The
theorem is a consequence of (60) and (17).

(62) x € s°(1%(n)) if and only if there exists i and there exists j such that
n<iandn <jand x = s(i,j).

(63) x € s°(NxN\Z; xZj) if and only if there exist natural numbers n, m
such that (i <nor j < m) and x = s(n,m).

PRroor: Consider n, m being natural numbers such that : < n or j < m
and z = s(n,m). (n, m) ¢ Z; x Z; by [1, (44)]. O
Let us consider a point z of T and a generalized basis B of BooleanFilter
ToFilter(the neighborhood system of x). Now we state the propositions:

(64) @ € limmechetFilter(N),FrechetFilter(N)) S if and only if for every element B
of B, there exists a natural number n such that for every natural numbers
ni, ng such that n < ny and n < ng holds s(ny,ny) € B. The theorem is
a consequence of (62) and (59).

(65) = € limpechetrilter(vxn) S if and only if for every element B of B, there
exists ¢ and there exists j such that for every m and n such that ¢ < m or
j < n holds s(m,n) € B. The theorem is a consequence of (61).

(66) limpyechetrilter(Nx) 8 lim[Té ys. The theorem is a consequence of (42),
(43), (45), (48), and (49).

179
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5. METRIC SPACE AND DOUBLE SEQUENCE

Now we state the propositions:

(67) Let us consider a non empty metric space M, a point p of M, a point z
of Miop, and a function s from N x N into Mi,p,. Suppose = p. Then x €
lim (FrechetFilter (N),FrechetFilter(N)) $ if and only if for every non zero natural
number m, there exists a natural number n such that for every natural
numbers nj, ng such that n < n; and n < ng holds s(n1,n2) € {q, where
q is a point of M : p(p,q) < %}
PROOF: z € lim FyechetFilter(N),FrechetFilter(N)) § iff for every non zero natural
number m, there exists a natural number n such that for every natural
numbers nj, ng such that n < ny and n < ng holds s(n1,n2) € {q, where
q is a point of M : p(p,q) < £} by [13, (6)], (64). O

(68) Let us consider a non empty metric space M, a point p of M, a point = of
Miop, a function s from Nx N into Miep, and a function sp from Nx N into
M. Suppose z = p and s = sg. Then z € hm(FrechetFilter(N),FrechetFilter(N)) s
if and only if for every non zero natural number m, there exists a natural
number n such that for every natural numbers ni, no such that n < ng
and n < ng holds s3(n1,n2) € {q, where ¢ is a point of M : p(p,q) < %}

6. ONE-DIMENSIONAL EUCLIDEAN METRIC SPACE AND DOUBLE SEQUENCE

In the sequel R denotes a function from N x N into R.
Now we state the proposition:

(69) Let us consider a point z of (€!)tep, a point y of !, a generalized basis B
of BooleanFilterToFilter(the neighborhood system of x), and an element b
of B. Suppose x = y and B = Ballsz. Then there exists a natural number
n such that b = {q, where ¢ is an element of £ : p(y,q) < %}

Let s be a function from N x N into R. The functor # s yielding a function
from N x N into R! is defined by the term
(Def. 7)  s.
Now we state the propositions:

(70) Let us consider a function s from N x N into (€!)ep, and a point y of
EL. Then s°(1%(n)) C {q, where ¢ is an element of £! : p(y,q) < %} if and
only if for every object = such that z € s°(7%(n)) there exist real numbers
r1, o such that z = (r1) and y = (ro) and |ro — r1| < . The theorem is
a consequence of (8).

(T1) 7 € W pyechetiteer() Frechetriter() # 1 if and only if for every non zero
natural number m, there exists a natural number n such that for every
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natural numbers n1, ng such that n < ny and n < ng holds |R(ny, ne)—r| <
1

gROOF: Reconsider p = r as a point of the metric space of real numbers.
for every non zero natural number m, there exists a natural number n
such that for every natural numbers ni, ng such that n < ny and n <
ny holds R(ni,ng2) € {q, where ¢ is a point of the metric space of real
numbers : p(p,q) < %} iff for every non zero natural number m, there
exists a natural number n such that for every natural numbers nq, no such
that n < ny and n < ny holds [R(n1,n2) — 7| < = by (6), [8, (60)]. O

7. BAsic RELATIONS CONVERGENCE IN PRINGSHEIM’S SENSE AND FILTER
CONVERGENCE

Now we state the propositions:

(72) Suppose liHl(FrechetFilter(N)7FrechetFilter(N)) #R 7é (. Then there exists a re-
al number x such that lim grechetFilter(N), FrechetFilter(N)) # 12 = {7}

(73) If R is P-convergent, then P-lim R € IiIn(FrechetFilter(N),Fr(x:hetFilter(N)) # R.
The theorem is a consequence of (71).

(74) R is P-convergent if and only if lim pyechetFilter(W) FrechetFilter(n)) # 1 7 0.
The theorem is a consequence of (71) and (5).

(75) Suppose R is P-convergent. Then {P-lim R} =
im (RrechetTilter(N), FrechetFilter(N)) # f2- The theorem is a consequence of (73)
and (72).

(76) Suppose liIn(F‘rechetFilter(N),F‘rechetFilter(N)) # R is not empty. Then

(i) R is P-convergent, and

(i) {P-lim R} = lim prechetFilter(N) FrechetFilter (N)) 7 12-

8. EXAMPLE: DOUBLE SEQUENCE CONVERGES IN PRINGSHEIM’S SENSE BUT
NOT IN FRECHET FILTER OF N x N SENSE

The functor DblSeg-ex1 yielding a function from N x N into R is defined by

(Def. 8) for every natural numbers m, n, it(m,n) = #H

Now we state the propositions:

(77) Let us consider a non zero natural number m. Then there exists a natural
number n such that for every natural numbers ni, no such that n < ny
and n < ng holds |(DblSeq-ex1)(ny,n2) — 0 < L.

(78) 0e hm(FreChetFilter(N),FrechetFilter(N)) # DblSeq-exl1.
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(79)  limpyechetrilter(Nx) # DblSeq-ex1 = ). The theorem is a consequence of
(66), (42), (43), (72), (78), and (65).

(80)  limFrechetFilter(N),FrechetFilter(N)) # DblSeq-ex1 7
limgyechetFilter(NxN) 7 DblSeqg-ex1.

9. CORRESPONDENCE WITH SOME DEFINITIONS FROM [14]

Let X1, X2 be non empty sets, 71 be a filter of X, Y be a Hausdorff, non
empty topological space, and f be a function from X; x X5 into Y. Assume for
every element  of Xo, limz, curry’(f,z) # 0. The functor lim; (f, ;) yielding
a function from X5 into Y is defined by

(Def. 9) for every element = of Xy, {it(z)} = limg, curry’(f, ).

Let F; be a filter of Xo. Assume for every element z of X1, limz, curry(f, z) #
(). The functor limy(f, F2) yielding a function from X; into Y is defined by

(Def. 10) for every element z of X, {it(x)} = limz, curry(f, z).
Now we state the propositions:
(81) Every function from X into R is a function from X into RY.
(82) Every sequence of R is a function from N into R1.
From now on f denotes a function from Q¢he ordered v into R and s; denotes

a function from N into R.
Now we state the propositions:

(83) Suppose f = s; and LimF(f) # (). Then
(i) s1 is convergent, and

(ii) there exists a real number z such that z € LimF(f) and for every real
number p such that 0 < p there exists a natural number n such that
for every natural number m such that n < m holds |s;(m) — z| < p.

PRrROOF: Consider x being an object such that x € LimF(f). Reconsider
y = x as a point of (the metric space of real numbers);o,. Reconsider
z = y as a real number. Consider y; being a point of the metric space
of real numbers such that y; = y and Ballsy = {Ball(y, %), where n is
a natural number : n # 0}. For every real number p such that 0 < p there
exists a natural number n such that for every natural number m such that
n < m holds [s1(m) — z| < p by (5), [12, (84), (50)], [2, (18)]. O
(84) If f = s1 and LimF(f) # 0, then LimF(f) = {lim s1}.

PRroOOF: Consider z being an object such that x € LimF(f). Consider u
being an object such that LimF(f) = {u}. LimF(f) = {lims;} by (83),
[11, (3)]. O
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(85) Let us consider a function f from Q, into T', and a sequence s of T. If
f =s, then LimF(f) = LimF(s), where « is the ordered N.
(86) Let us consider a function f from €, into 7', and a function g from N
into T. If f = g, then LimF(f) = LimF(g), where « is the ordered N.
(87) Let us consider a function f from N into R. Suppose f = s; and
LimF(f) # (. Then LimF(f) = {lims;}. The theorem is a consequen-
ce of (84).

(88) for every element x of N, limpyechetritter(y) Curry’ (# R, z) # () if and only
if R is convergent in the first coordinate. The theorem is a consequence of
().

(89) for every element x of N, limpechetriter(y) CUrry (# R, ) # 0 if and only
if R is convergent in the second coordinate. The theorem is a consequence
of (5).

Let us consider an element ¢ of N, a function f from N x N into R, and
a function s; from N x N into R. Now we state the propositions:

(90) Suppose f = s1 and for every element x of N, limgyechetFitter(v) CUrry(f, =)
# (0. Then limpyecpetpitter(ny) Curry(f, t) = {lim curry(s1,t)}. The theorem is
a consequence of (87).

(91) Suppose f = s1 and for every element  of N, limpyechetilter(n) curry’(f, =)
# 0. Then limpyechetritery) Curry’ (f, t) = {limcurry’(s1,¢)}. The theorem
is a consequence of (87).

(92) Let us consider a Hausdorff, non empty topological space Y, and a func-
tion f from NxNinto Y. Suppose for every element x of N, limgyechetFilter(l)
curry’(f,z) # 0 and f = R and Y = RL. Then lim; (f, FrechetFilter(N)) =
the lim in the first coordinate of R. The theorem is a consequence of (91).

(93) Let us consider a non empty, Hausdorff topological space Y, and a func-
tion f from NxNinto Y. Suppose for every element x of N, limgyechetFilter(l)
curry(f,z) # 0 and f = R and Y = R!. Then lima(f, FrechetFilter(N)) =
the lim in the second coordinate of R. The theorem is a consequence of
(90).

10. REGULAR SPACE, DOUBLE LIMIT AND ITERATED LIMIT

From now on Y denotes a non empty topological space, x denotes a point
of Y, and f denotes a function from X; x X5 into Y.
Now we state the proposition:
(94) Suppose x € limr, 7, f and [B1) = F; and [Bz) = F2. Let us consider
a subset V' of Y. Suppose V is open and x € V. Then there exists an ele-
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ment B; of By and there exists an element By of By such that f°(By X
By) C V.
Let us consider a neighbourhood U of . Now we state the propositions:
(95) Suppose z € limz, 7,y f and [B1) = F1 and [Bz) = Fa. Then suppose U

is closed. Then there exists an element B; of B and there exists an element
By of By such that f°(B; x Bg) C IntU.

(96) Suppose z € limz, 7,y f and [B1) = F1 and [Bz) = F2. Then suppose U
is closed. Then there exists an element By of By and there exists an element
By of By such that for every element y of By, f°({y} x Bs) C IntU. The
theorem is a consequence of (95).

(97) Suppose z € limz, 7,y f and [B1) = F1 and [Bz) = F2. Then suppose U
is closed. Then there exists an element By of B1 and there exists an element
By of By such that for every element z of X for every element y of Y such
that z € By and y € limg, curry(f, z) holds y € Int U.
PRrROOF: Consider By being an element of B1, By being an element of Bs
such that f°(B; x By) C IntU. For every element y of By, f°({y} x
By) C IntU by [11, (95)], [19, (125)]. For every element z of B; and for
every element y of Y such that y € limg, curry(f, z) holds the image of
filter 5 under curry(f, z) is a proper filter of 22Y and Int U € the image of
filter F» under curry(f,z) and y is a cluster point of the image of filter F»
under curry(f, z),Y by (18), [19, (132)], [10, (95)], (20). For every element
z of By and for every element y of Y such that y € limg, curry(f, z) holds
y € IntU by 4, (25)]. O

(98) Suppose z € limz, 7,y f and [B1) = F1 and [Bz) = Fa. Then suppose U
is closed. Then there exists an element B; of B and there exists an element
By of By such that for every element z of X5 for every element y of Y such
that 2z € By and y € limg, curry’(f, z) holds y € Int U.
PRrooOF: Consider By being an element of By, Bs being an element of Bo
such that f°(B; x Bg) C Int U. For every element y of By, f°(B1 x {y}) C
Int U by [11L (95)], [19, (125)]. For every element z of By and for every
element y of Y such that y € limg, curry’(f, z) holds the image of filter
Fy under curry’(f, z) is a proper filter of 28’/ and Int U € the image of
filter F; under curry’(f,z) and y is a cluster point of the image of filter F;
under curry’(f, z),Y by (18), [19, (132)], [10, (95)], (20). For every element
z of By and for every element y of Y such that y € limz, curry’(f, z) holds
y € IntU by [4, (25)]. O

Let us consider a Hausdorff, regular, non empty topological space ¥ and
a function f from X7 x X5 into Y. Now we state the propositions:

(99) Suppose for every element x of Xo, limz, curry’(f,x) # 0. Then limz, )
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f Climg, lim; (f, F1). The theorem is a consequence of (19) and (98).

(100) Suppose for every element x of X1, limg, curry(f, z) # (. Then lim r, 7,
f Climg, lima(f, F2). The theorem is a consequence of (19) and (97).

Let us consider non empty sets X1, Xo, a filter F; of Xy, a filter F5 of Xs,
a Hausdorff, regular, non empty topological space Y, and a function f from
X1 x X5 into Y. Now we state the propositions:

(101) Suppose lim(z, 7,y f # 0 and for every element x of X1, limz, curry(f, z)
# 0. Then limz, 7,y f = limg, lima(f, F2). The theorem is a consequence
of (100).

(102) Suppose lim z, 7,) f # () and for every element x of X, limz, curry’(f, x)
# 0. Then limz, 7,y f = limg, lim; (f, 71). The theorem is a consequence
of (99).

(103)  Suppose limr, z,) f # 0 and for every element = of X1, limg, curry(f, x)
# () and for every element z of Xo, limz, curry’(f, z) # 0. Then limz, limy
(f,F2) = limg, lim; (f, 1). The theorem is a consequence of (102) and
(101).
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Summary. Representation of a non zero integer as a signed product of
primes is unique similarly to its representations in various types of positional
notations [4], [3]. The study focuses on counting the prime factors of integers in
the form of sums or differences of two equal powers (thus being represented by 1
and a series of zeroes in respective digital bases).

Although the introduced theorems are not particularly important, they pro-
vide a couple of shortcuts useful for integer factorization, which could serve in
further development of Mizar projects [2]. This could be regarded as one of the
important benefits of proof formalization [9].
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From now on a, b, ¢, d, x, j, k, [, m, n, o denote natural numbers, p, q, t, z,
u, v denote integers, and ap, b1, c1, di denote complexes.
Now we state the propositions:
(1) a™* + byt = qym - (ar* + blk) + bk (0" —a1™).
(2) a"tF — bR = a7 (@ — b ) + 8 (@ = 7).
(3) a2 4 b2 = (a1 +b1) - (a1m+1 + b1m+1) —ay-by-(a™+b™).
Let a be a natural number. Let us note that a is trivial if and only if the
condition (Def. 1) is satisfied.
(Def. 1) a < 1.
Let a be a complex. Let us note that the functor a? yields a set and is defined
by the term
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(Def. 2) a?.
Let a, b be integers. The functors: ged(a,b) and lem(a,b) yielding natural
numbers are defined by terms

(Def. 3)  ged(|al, [b]),
(Def. 4) lem(|al, |b]),

respectively. Let a, b be positive real numbers. Note that max(a,b) is positive
and min(a, b) is positive.

Let a be a non zero integer and b be an integer. One can check that ged(a, b)
is non zero.

Let a be a non zero complex and n be a natural number. Let us observe that
a™ is non zero.

Let a be a non trivial natural number and n be a non zero natural number.
Note that a™ is non trivial.

Let a be an integer. One can check that |a| is natural.

Let a be an even integer. Note that |a| is even.

Let a be a natural number. Let us note that lem(a,a) reduces to a and
ged(a, a) reduces to a.

Let a be a non zero integer and b be an integer. Note that ged(a, b) is positive.

Let a, b be integers. One can check that ged(a, ged(a, b)) reduces to ged(a, b)
and lem(a,lem(a, b)) reduces to lem(a, b).

Let a be an integer. Observe that ged(a, 1) reduces to 1 and ged(a + 1,a)
reduces to 1.

Now we state the proposition:

(4) Let us consider integers ¢, z. Then ged(t", 2™) = (ged(t, 2))".

Let a be an integer and n be a natural number.

One can verify that ged((a + 1)", a™) reduces to 1.

Let us consider a; and b;. One can verify that a;? — b;° reduces to 0.

Let a be a non negative real number and n be a natural number. One can
verify that a™ is non negative and there exists an odd natural number which is
non trivial and there exists an even natural number which is non trivial.

Let a be a positive real number and n be a natural number. One can verify
that a™ is positive.

Let a be an integer. One can verify that a - a is square and £ is square and
there exists an element of N which is non square and every element of N which
is prime is also non square and there exists a prime natural number which is
even and there exists a prime natural number which is odd and every integer
which is prime is also non square.

Let a be a square element of N. Observe that /a is natural.
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Let a be an integer. Let us note that a? is square and a - a is square and
there exists an integer which is non square and every natural number which is
zero is also trivial and there exists a natural number which is square and there
exists an element of N which is non zero and there exists a square element of
N which is non trivial and every natural number which is trivial is also square
and every integer which is non square is also non zero.

Now we state the propositions:

(5) Let us consider integers a, b, ¢, d. If a|band ¢ | d, thena-c|b-d.
(6) Let us consider integers a, b. Then a | b if and only if lem(a,b) = |b|.
PRrROOF: If a | b, then lem(a,b) = |b| by [8, (16)], [7, (44)]. O

Let a be an integer. Observe that lcm(a, 0) reduces to 0.

Let a be a natural number. Note that lem(a, 1) reduces to a.

Let us consider a and b. Let us observe that lem(a - b, a) reduces to a - b and
lem(ged(a, b),b) reduces to b and ged(a,lem(a, b)) reduces to a.

Let us consider integers a, b. Now we state the propositions:

(7) l|a-bl = (ged(a,b)) - lem(a, b).
(8) lem(a™, b™) =lem(a,b)”. The theorem is a consequence of (4) and (7).

Let a be a square element of N and b be a square element of N. One can
check that ged(a, b) is square and lem(a, b) is square.

Let a, b be square integers. One can verify that ged(a,b) is square and
lem(a, b) is square.

Now we state the proposition:

(9) Let us consider an integer ¢. Then ¢ is odd if and only if ged(t,2) = 1.
ProOF: If t is odd, then ged(t,2) =1 by [13] (1)], [14, (5)]. O

Let ¢t be an integer. One can check that ¢ is odd if and only if the condition

(Def. 5) is satisfied.
(Def. 5) ged(t,2) = 1.

Let a be an odd integer. Let us observe that |a| is odd and —a is odd.

Let a, b be even integers. Note that ged(a,b) is even.

Let a be an integer and b be an odd integer. Note that gcd(a, b) is odd.

Let a be a natural number. One can check that |—a| reduces to a.

Let ¢, z be even integers. One can check that ¢t + z is even and t — z is even
and ¢ - z is even.

Let ¢, z be odd integers. Note that ¢t + z is even and ¢ — 7 is even and ¢ - 2 is
odd.

Let t be an odd integer and z be an even integer. Let us observe that ¢ + z
is odd and t — z is odd and ¢ - z is even.

Now we state the proposition:
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(10) Let us consider a non zero, square integer a, and an integer b. If a - b is
square, then b is square.

Let a be a square element of N and n be a natural number. Let us observe
that a™ is square.

Let a be a square integer. Note that a™ is square.

Let a be a non zero, square integer and b be a non square integer. Let us
note that a - b is non square.

Let a be an element of N and b be an even natural number. Note that a® is
square.

Let a be a non square element of N and b be an odd natural number. Note
that a® is non square.

Let a be a non zero, square integer. Note that a + 1 is non square.

Let a be a non zero, square element of N. Let us observe that a 4+ 1 is non
square.

Let a be a non zero, square object and b be a non square element of N. Let
us observe that a - b is non square.

Let a be a non zero, square integer and n, m be natural numbers. Let us
observe that a™ + o' is non square.

Let a be a non zero, square element of N. Let us note that a™ + a™ is non
square.

Let a be a non zero, square integer and p be a prime natural number. Note
that p - a is non square.

Let a be a non trivial element of N. One can verify that a — 1 is non zero.

Let g be a square integer. Let us observe that |g| is square.

Let = be a non zero integer. Let us observe that |z| is non zero.

Let a be a non trivial, square element of N. Let us observe that a — 1 is non
square.

Let a be a non trivial element of N. Let us note that a- (a —1) is non square.

Let a, b be integers and n, m be natural numbers. One can verify that
(@ +0b") - (a™=b")+ (a™+b™) - (a™ —b") is even and (a” +b") - (™ + ™) +
(@™ —=b™) - (a™ —b") is even.

Let a be an even integer. Let us note that § is integer.

Let a, b be non zero natural numbers. Note that a + b is non trivial.

Let b be a non zero natural number and a, ¢ be non trivial natural numbers.
Let us observe that c-count(c?"t(®)) reduces to a-count(b).

Let a, b be non zero integers. Let us note that —%— is integer and

ged(a,b)
lcm(a,b)

ged(a,b)
Let a be an even integer. One can verify that ged(a,2) reduces to 2.

lem(a,b)
b

is integer and is integer.

Let us observe that there exists an even natural number which is non zero.
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Let a be an even integer and n be a non zero natural number. Let us observe
that a - n is even and a” is even.
Let a be an integer and n be a zero natural number. One can check that a-n
is even and a' is odd.
Let a be an element of N. Note that |a| reduces to a.
One can check that every integer which is non negative is also natural.
Let a be a non negative real number and n be a non zero natural number.
Let us note that {/a™ reduces to a and ({/a)" reduces to a.
Now we state the propositions:
(11) Ifatb, then a-ctb.
(12) Let us consider non negative real numbers a, b, and a positive natural
number n. Then o™ = b™ if and only if a = b.
Let a be a real number and n be an even natural number. One can verify
that a™ is non negative.
Let a be a negative real number and n be an odd natural number. One can
verify that a™ is negative.
Now we state the propositions:
(13) Let us consider real numbers a, b, and an odd natural number n. Then
a™ = b" if and only if @ = b. The theorem is a consequence of (12).
(14) 1If a and b are relatively prime, then for every non zero natural number
n,a-b=c"iff Ya, YbeNand c = /a - Vb.
PROOF: If a-b = ¢, then {/a, Vb€ Nand ¢ = {/a- ¥/b by [14] (30)], [11,
(11)], [1L (14)]. O
(15) Let us consider a non zero natural number n, an integer a, and an integer
b. Then 0" | a™ if and only if b | a.
PRrOOF: If b" | a™, then b | a by [10] (1)], [14, (3)], (4), [5, (3)]. O
(16) Let us consider an integer a, and natural numbers m, n. If m > n, then
a | a™.
(17) Let us consider integers a, b. If a | b and b™ | ¢, then a" | ¢. The theorem
is a consequence of (4).
(18) Let us consider integers a, p. If p>*"** | a?, then p™ | a. The theorem is
a consequence of (16), (4), and (12).
(19) Let us consider odd, square elements a, b of N. Then 8 | a — b.
Let us consider odd natural numbers a, b. Now we state the propositions:
(20) If4|a—b, then 41a™+b"™.
(21) If4|a™+b", then 41 a%™ + b>".
(22) If4|a™ —b", then 41 a®™ + b>".
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(23) Let us consider odd natural numbers a, b. If 2™ | a® — b", then 2™+ |
2n 2-n
a“™ = bo".

(24) a1® - bi® = (ay — bi) - (a1? + b2+ a; -b1). The theorem is a consequence
of (2).

(25) Let us consider an odd natural number n. Then 3 | a™ + b™ if and only
if3|a+0.
PRrOOF: Consider k such that n =2-k+1. If 3| a™ + ", then 3 | a+ b by
14, (173)], [5 (4)], 8, (1), (10)]. O

(26) Let us consider an integer c. If ¢ | a — b, then ¢ | a™ — b™.

(27) Let us consider an odd natural number n. Then 3 | ™ — b™ if and only
if3|a—0.
PRrOOF: Consider k such that n =2-k+1. If 3| a™ — ", then 3 | a — b by
[14, (173)], [8, (10)], [55 (4)], [8, (1)]. O

(28) Let us consider a natural number n. Then a" = (a — b)" (modbd).

(29) Let us consider a non trivial natural number a. Then there exists a prime
natural number n such that n | a.

(30) Let us consider a prime natural number p. If p | (p+(k+1))-(p—(k+1)),
then k+1 > p.

(31) Let us consider a prime natural number p, and a non zero natural number
k. If k < p, then p{ p? — k2. The theorem is a consequence of (30).

(32) Let us consider integers a, b, and an odd, prime natural number p. If
p1b, then if p | a — b, then pta+b.

(33) Let us consider a non zero, square element a of N, and a prime natural
number p. If p | a, then a + p is not square.

(34) Let us consider a non zero, square element a of N, and a prime natural
number p. If a + p is square, then p =2 - \/a + 1.

(35) Let us consider integers a, b, c¢. Suppose a and b are relatively prime.
Then ged(c,a - b) = (ged(c, a)) - (ged(e, b)).

(36) Let us consider a prime natural number p. If a | p”, then there exists k

such that a = pF.

Let us consider non zero natural numbers a, b and a prime natural number
p. Now we state the propositions:

(37) If a+ b= p, then a and b are relatively prime.
(38) If a™ +b™ = p", then a and b are relatively prime.

(39) Let us consider non zero natural numbers a, b. If ¢ > a + b, then ¢*+! .
(a4 b) > "2 + pF+2,
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(40) Let us consider natural numbers a, ¢, and a non zero natural number b.
Ifa-b<c<a-(b+1),then atcandcta.

(41) Let us consider real numbers a, b. Then a + b = min(a, b) + max(a, b).
(42) Let us consider non negative real numbers a, b. Then
(i) max(a™,b") = (max(a,b))", and
(ii) min(a™,b") = (min(a,b))".
(43) Let us consider a prime natural number p. Suppose a-b = p™. Then there
exist natural numbers k, [ such that
(i) a =p", and
(ii) b= p', and
(iii) k+1=n.
(44) Let us consider non trivial natural numbers a, b. If a and b are relatively
prime, then a1 b and b1 a.

(45) Let us consider a non trivial natural number a, and a prime natural
number p. If p > a, then pta and a 1 p. The theorem is a consequence of
(44).

(46) Let us consider a prime natural number p. Then

(i) ged(a,p) =1, or
(i) ged(a,p) = p.

(47) Let us consider a non trivial natural number a, and a prime natural
number p. If a | p", then p | a. The theorem is a consequence of (46).
(48) Let us consider odd natural numbers a, b, and an even natural number

m. Then 2-count(a™ + ™) = 1.

(49) Let us consider a non zero natural number a. Then there exists an odd

natural number k such that g = 22-cownt(a) .

(50) Let us consider a non zero natural number b. Suppose a > b. Then there
exists a prime natural number p such that p-count(a) > p-count(b).
PRroor: If for every prime natural number p, p-count(a) < p-count(b),
then a < b by [12, (20)], [1, (14)]. O

(51) Let us consider natural numbers a, b, c. Suppose a # 1 and b # 0 and
c # 0 and b > a-count(c). Then a® { ¢. The theorem is a consequence of
(11).

Let us consider a non zero integer b and an integer a. Now we state the
propositions:

(52) If |a| # 1, then alab<ount(b) | b and qllelcomt(bD)+1 4 p,

(53) If |a| # 1, then if a™ | b and a™*! { b, then n = |a|-count(|b]).
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(54) Let us consider a non zero natural number b, and a non trivial natural
number a. Then a | b if and only if a-count(ged(a,b)) = 1.
PRrROOF: If a | b, then a-count(ged(a, b)) =1 by [14] (3)], [6, (22)]. O

(55) Let us consider non zero natural numbers b, n, and a non trivial natural
number a. Then a-count(ged(a, b)) = 1 if and only if a"-count((ged(a, b))™)
= 1. The theorem is a consequence of (15), (54), and (4).

(56) Let us consider a non zero natural number b, and a non trivial natural
number a. Then a-count(ged(a, b)) = 0 if and only if a-count(ged(a, b)) #
1. The theorem is a consequence of (54).

Let a, b be integers. The functor a-count(b) yielding a natural number is
defined by the term

(Def. 6) |a|-count(|b|).

Let a be an integer. Assume |a| # 1. Let b be a non zero integer. One can
check that the functor a-count(d) is defined by

(Def. 7) a® | b and a*!¢b.
Now we state the propositions:
(57) Let us consider a prime natural number p, and non zero integers a, b.
Then p-count(a - b) = (p-count(a)) + (p-count(b)).
(58) Let us consider a non trivial natural number a, and a non zero natural
number b. Then @ count(®) < p,

(59) Let us consider a non trivial natural number a, and a non zero integer
b. Then a™ | b if and only if n < a-count(b).
PRrOOF: If @™ | b, then n < a-count(b) by [8 (9)], [, (89)], [I, (13)]. If
a™ 1 b, then a-count(b) < n by [8 (9)], [7, (89)]. O

(60) Let us consider a non trivial natural number a, a non zero integer b,
and a non zero natural number n. Then n - (a-count(b)) < a-count(b™) <
n - ((a-count(b)) + 1). The theorem is a consequence of (4) and (59).

(61) Let us consider a non trivial natural number @, and non zero natural
numbers b, n. If b < a, then a-count(b™) < n. The theorem is a consequence
of (60).

(62) Let us consider a non trivial natural number a, and a non zero natural
number b. If b < a”, then a-count(b) < n. The theorem is a consequence
of (59).

(63) Let us consider non zero natural numbers a, b, and a non trivial natural
number n. Then a + b-count(a™ + b"™) < n. The theorem is a consequence
of (62).

(64) Let us consider non zero natural numbers a, b. Then ged(a,b) = 1 if and
only if for every non trivial natural number ¢, (c-count(a))-(c-count(b)) = 0.
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ProoF: If ged(a,b) = 1, then for every non trivial natural number ¢,
(c-count(a)) - (c-count(b)) = 0 by [6, (27)]. If for every prime natural
number ¢, (c-count(a)) - (c-count(b)) = 0, then ged(a,b) = 1 by [6, (27)].
O
Let us consider a non zero, even natural number m and odd natural numbers
a, b. Now we state the propositions:
(65) Ifa # b, then 2-count(a>™—b%™) > (2-count(a™—b"))+1. The theorem
is a consequence of (12), (23), and (59).
(66) If a # b, then 2-count(a®™—b*>™) = (2-count(a™—b"))+1. The theorem
is a consequence of (12), (57), and (48).
Let us consider a prime natural number p and integers a, b. Now we state
the propositions:
(67) If |a| # |b|, then p-count(a® — b?) = (p-count(a — b)) + (p-count(a + b)).
(68) If |a| # |b|, then p-count(a® — b3) = (p-count(a — b)) + (p-count(a® + a -

b+ b%)). The theorem is a consequence of (24).

a _ lem(a,b)
ged(a,b) b

Let us consider a non zero natural number b. Now we state the propositions:
(70) lem(a,a-n+b) = ((%*) + 1) -lem(a,b). The theorem is a consequence
of (69).
(71) lem(a,(n-a+1)-b) = (n-a+1)-lem(a,b). The theorem is a consequence
of (70).
(72) Let us consider a non trivial natural number a, and non zero natural
numbers n, b. Then a-count(b) > n - (a™-count(b)). The theorem is a con-
sequence of (51).

(69) Let us consider non zero natural numbers a, b. Then

Let us consider odd integers a, b. Now we state the propositions:
(73) 4|a—>bif and only if 4t a +b.
(74) 2-count(a® + b?) = 1. The theorem is a consequence of (5) and (73).
(75) Let us consider a prime natural number p, and natural numbers a, b.
Suppose a # b. Then p-count(a + b) > p-count(ged(a, b)).
(76) Let us consider a non zero integer a, a non trivial natural number b, and
an integer c. If @ = b>°°""@) . ¢ then b { c.
Let a be a non zero integer and b be a non trivial natural number. Let us
note that ;i is integer and iy 1s integer and iy is odd.
Now we state the proposition:
(77) Let us consider a non zero integer a, and a non trivial natural number
b. Then b-count(a) = 0 if and only if b1 a.

Let a be an odd integer. Observe that 2-count(a) is zero.
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Observe that o= immy reduces to a.
Now we state the propositions:

(78) Let us consider a prime natural number a, a non zero integer b, and
a natural number ¢. Then a-count(b¢) = ¢ - (a-count(b)).

(79) Let us consider non zero natural numbers a, b, and an odd natural num-

n+2 n+2 n (o .
ber n. Then % =a"t "t — b (“afg ). The theorem is

a consequence of (3).

(80) Let us consider odd integers a, b, and a natural number n.
Then 2-count(a?"! — p2"+1) = 2-count(a — b). The theorem is a conse-
quence of (13), (2), and (57).

(81) Let us consider odd integers a, b, and an odd natural number m. Then
2-count(a™ +b™) = 2-count(a + b). The theorem is a consequence of (80).

(82) Let us consider odd natural numbers a, b. Suppose a # b. Then 1 =
min(2-count(a — b), 2-count(a + b)).
Let us consider a non trivial natural number a¢ and non zero integers b, c.
Now we state the propositions:
(83) If a-count(b) > a-count(c), then a® ™€) | p and a®cot®) 4 ¢,
(84) If a@eowt®) | ¢ and q*°te) | b, then a-count(b) = a-count(c). The
theorem is a consequence of (83).

(85) Let us consider integers a, b, and natural numbers m, n. If a™ | b and
a™ 1 b, then m > n. The theorem is a consequence of (16).

Let us consider a non trivial natural number a¢ and non zero integers b, c.
Now we state the propositions:

(86) If a-count(b) = a-count(c) and a” | b, then a™ | c¢. The theorem is
a consequence of (85).

(87) a-count(b) = a-count(c) if and only if for every natural number n, a” | b
iff a™ | c.
PROOF: If a-count(b) # a-count(c), then there exists a natural number n
such that a | b and a™ { c or a™ | ¢ and a™ t b by (83), [1, (13)], [7, (89)],
8, (9)]. O
(88) Let us consider odd integers a, b. Suppose |a| # |b|. Then
(i) 2-count((a — b)?) # 2-count((a + b)?), and
(i) 2-count((a — b)?) # (2-count(a2)) — b2.
The theorem is a consequence of (78), (73), and (87).

(89) Let us consider a non trivial natural number b, and a non zero integer
a. Then b-count(a) # 0 if and only if b | a.
PROOF: b-count(|a|) # 0 iff b | |a| by [6, (27)]. O
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(90) Let us consider a non trivial natural number b, and a non zero natural
number a. Then b-count(a) = 0 if and only if @ mod b # 0. The theorem
is a consequence of (89).

(91) Let us consider a prime natural number p, and a non trivial natural
number a. Then a-count(p) < 1.

(92) Let us consider non trivial natural numbers a, b, and a non zero natural
number ¢. Then q(e-count(b))-(b-count(c)) . The theorem is a consequence
of (58).

(93) Let us consider a prime natural number p, a non trivial natural number
a, and a non zero natural number b. Then a-count(p®) < b. The theorem
is a consequence of (89) and (59).

(94) Let us consider a prime natural number p, and a non trivial natural num-
ber a. Then (p-count(a))-(a-count(p™)) < n. The theorem is a consequence
of (92).

(95) Let us consider non trivial natural numbers a, b, and a non zero natural
number ¢. Then (a-count(d)) - (b-count(c)) < a-count(c). The theorem is
a consequence of (17).

(96) Let us consider a non zero natural number a, and an odd natural number
b. Then 2-count(a - b) = 2-count(a).
Let us consider a non trivial natural number a. Now we state the proposi-
tions:

(97) a4 a" < a2,
98) (a+1)"+(a+1)" < (a+1)""
(99) Let us consider a non trivial, odd natural number a. Then a"+a" < a™*1.
The theorem is a consequence of (98).
(100) Let us consider a non trivial natural number p. If a { b, then (p®)¢ # p®.

(101) Let us consider non zero integers a, b, and a non zero natural number n.
Suppose there exists a prime natural number p such that n { p-count(a).
Then a # b".

(102) Let us consider non zero integers a, b, and a non zero natural number
n. Suppose a = b". Let us consider a prime natural number p. Then
n | p-count(a).

(103) Let us consider positive real numbers a, b, and a non trivial natural
number n. Then (a + b)" > a™ 4 b™. The theorem is a consequence of (42)
and (41).

(104) Let us consider non zero integers a, b, and an odd, prime natural number
p. Suppose |a| # |b| and p { b. Then p-count(a? — b?) = max(p-count(a —
b), p-count(a + b)). The theorem is a consequence of (32), (77), and (57).

197



198 RAFAL ZIOBRO

(105) Let us consider a non trivial natural number a, and a non zero integer
b. Then a-count(a” - b) = n + (a-count(b)).
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Summary. In this article, the definitions and basic properties of Riemann-
Stieltjes integral are formalized in Mizar [I]. In the first section, we showed the
preliminary definition. We proved also some properties of finite sequences of real
numbers. In Sec. 2, we defined variation. Using the definition, we also defined
bounded variation and total variation, and proved theorems about related pro-
perties.

In Sec. 3, we defined Riemann-Stieltjes integral. Referring to the way of the
article [5], we described the definitions. In the last section, we proved theorems
about linearity of Riemann-Stieltjes integral. Because there are two types of line-
arity in Riemann-Stieltjes integral, we proved linearity in two ways. We showed
the proof of theorems based on the description of the article [5]. These formali-
zations are based on [6], [4], 2], and [3].
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1. PROPERTIES OF REAL FINITE SEQUENCES

Let A be a subset of R and ¢ be a real-valued function. The functor vol(A, o)
yielding a real number is defined by the term
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0, if A is empty,
o(sup A) — o(inf A), otherwise.

(Def. 1) {

Now we state the propositions:

(1) Let us consider a non empty, closed interval subset A of R, a partition
D of A, a function p from A into R, a non empty, closed interval subset
B of R, and a finite sequence v of elements of R. Suppose B C A and
len D = lenv and for every natural number ¢ such that ¢ € domv holds
v(i) = vol(B Ndivset(D, ), 0). Then > v = vol(B, o).

(2) Let us consider natural numbers n, m, a function a from Segn x Segm
into R, and finite sequences p, g of elements of R. Suppose domp = Segn
and for every natural number ¢ such that ¢ € domp there exists a finite
sequence 7 of elements of R such that domr = Segm and p(i) = > r
and for every natural number j such that j € domr holds r(j) = a(i, j)
and dom g = Segm and for every natural number j such that j € domg
there exists a finite sequence s of elements of R such that dom s = Segn
and ¢(j) = Y s and for every natural number ¢ such that i € dom s holds

s(i) = a(i,j). Then Y} p =73 gq.

2. THE DEFINITIONS OF BOUNDED VARIATION

Let A be a non empty, closed interval subset of R, g be a real-valued function,
and t be a partition of A. A var-volume of p and t is a finite sequence of elements
of R and is defined by

(Def. 2) lenit =lent and for every natural number k& such that & € domt holds
it(k) = | vol(divset(t, k), 0)|-

Now we state the propositions:

(3) Let us consider a non empty, closed interval subset A of R, a function o
from A into R, a partition ¢ of A, a var-volume F' of p and ¢, and a natural
number k. If k£ € dom F', then 0 < F'(k).

(4) Let us consider a non empty, closed interval subset A of R, a function g
from A into R, a partition ¢ of A, and a var-volume F' of ¢ and ¢t. Then
0 < X_ F'. The theorem is a consequence of (3).

Let A be a non empty, closed interval subset of R and g be a function from
A into R. We say that o is bounded-variation if and only if

(Def. 3) there exists a real number d such that 0 < d and for every partition ¢ of
A and for every var-volume F of p and ¢, > F < d.

Assume g is bounded-variation. The functor TotalVD(p) yielding a real num-
ber is defined by
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(Def. 4) there exists a non empty subset V of R such that V' is upper bounded and
V = {r, where r is a real number : there exists a partition ¢ of A and
there exists a var-volume F' of p and ¢ such that r = Y F} and it =
sup V.

Now we state the propositions:

(5) Let us consider a non empty, closed interval subset A of R, a function g
from A into R, and a partition T of A. Suppose ¢ is bounded-variation.
Let us consider a var-volume F' of g and T'. Then }_ F' < TotalVD(p).

(6) Let us consider a non empty, closed interval subset A of R, and a function
o from A into R. If p is bounded-variation, then 0 < TotalVD(p). The
theorem is a consequence of (4).

3. THE DEFINITIONS OF RIEMANN-STIELTJES INTEGRAL

Let A be a non empty, closed interval subset of R, ¢ be a function from A
into R, and u be a partial function from R to R. Assume g is bounded-variation
and domwu = A. Let ¢t be a partition of A.

A middle volume of p, u and t is a finite sequence of elements of R and is
defined by

(Def. 5) lenit = lent and for every natural number k such that & € domt there
exists a real number r such that r € rng(u[ divset(t,k)) and it(k) = r -
vol(divset(t, k), o).

Let T be a division sequence of A. A middle volume sequence of g, u and T
is a sequence of R* and is defined by

(Def. 6) for every element k of N, it(k) is a middle volume of g, u and T'(k).

Let S be a middle volume sequence of ¢, u and T and k be a natural number.
One can check that the functor S(k) yields a middle volume of o, u and T'(k).
From now on A denotes a non empty, closed interval subset of R, o denotes
a function from A into R, u denotes a partial function from R to R, T" denotes
a division sequence of A, S denotes a middle volume sequence of o, u and T,
and k denotes a natural number.

Let A be a non empty, closed interval subset of R, ¢ be a function from A
into R, w be a partial function from R to R, T be a division sequence of A,
and S be a middle volume sequence of g, u and T'. The functor middle-sum(.S)
yielding a sequence of real numbers is defined by

(Def. 7) for every natural number 4, it(i) = > (S(7)).
We say that u is Riemann-Stieltjes integrable with o if and only if
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(Def. 8) there exists a real number I such that for every division sequence T
of A for every middle volume sequence S of o, v and T such that dp
is convergent and limdr = 0 holds middle-sum(S) is convergent and
lim middle-sum(S) = I.

Assume g is bounded-variation and domu = A and u is Riemann-Stieltjes
integrable with p. The functor / u(z)dx yielding a real number is defined by
0

(Def. 9) for every division sequence 1" of A and for every middle volume sequ-
ence S of o, u and T such that ép is convergent and limdr = 0 holds
middle-sum(.S) is convergent and lim middle-sum(S) = it.

4. LINEARITY OF RIEMANN-STIELTJES INTEGRAL

Now we state the propositions:

(7) Let us consider a non empty, closed interval subset A of R, a real number
r, a function ¢ from A into R, and partial functions u, w from R to R.
Suppose ¢ is bounded-variation and domu = A and domw = A and
w = 1w and v is Riemann-Stieltjes integrable with p. Then

(i) w is Riemann-Stieltjes integrable with o, and

(ii) /w dw-r/()dw

(8) Let us consider a non empty, closed interval subset A of R, a function
o from A into R, and partial functions u, w from R to R. Suppose g is
bounded-variation and domu = A and domw = A and w = —u and u is
Riemann-Stieltjes integrable with o. Then

(i) w is Riemann-Stieltjes integrable with p, and

The theorem is a consequence of (7).

Let us consider a non empty, closed interval subset A of R, a function ¢
from A into R, and partial functions u, v, w from R to R. Now we state the
propositions:

(9) Suppose g is bounded-variation and domu = A and domwv = A and
domw = A and w = u 4+ v and w is Riemann-Stieltjes integrable with g
and v is Riemann-Stieltjes integrable with . Then

(i) w is Riemann-Stieltjes integrable with p, and
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(ii) /w(:n)da: = /u(:ﬁ)d:v—l—/v(:n)dm.

0
(10) Suppose g is bounded-variation and domu = A and domv = A and
domw = A and w = u — v and v is Riemann-Stieltjes integrable with g
and v is Riemann-Stieltjes integrable with p. Then

(i) w is Riemann-Stieltjes integrable with o, and

(ii) /w da:—/ (w)dw—/v(w)dw.

0
The theorem is a consequence of (8) and (9).

(11) Let us consider non empty, closed interval subsets A, B of R, a real
number 7, and functions g, o1 from A into R. Suppose B C A and g = r-9;.
Then vol(B, ) = r - vol(B, g1).

(12) Let us consider a non empty, closed interval subset A of R, a real number
r, functions g, o1 from A into R, and a partial function u from R to R.
Suppose ¢ is bounded-variation and o1 is bounded-variation and dom u =
A and g = r - 01 and u is Riemann-Stieltjes integrable with o1. Then

(i) u is Riemann-Stieltjes integrable with o, and

(ii) /u(m)daz =r- /u(a:)d:c
0 o1
The theorem is a consequence of (11).

(13) Let us consider a non empty, closed interval subset A of R, functions
0, 01 from A into R, and a partial function v from R to R. Suppose ¢
is bounded-variation and p; is bounded-variation and domu = A and
0 = —o1 and u is Riemann-Stieltjes integrable with ;. Then

(i) w is Riemann-Stieltjes integrable with p, and

(ii) /u(x)dm = —/u(x)d:c.

0 01
The theorem is a consequence of (12).

(14) Let us consider non empty, closed interval subsets A, B of R, and func-
tions o, 01, 02 from A into R. Suppose B C A and ¢ = g1 + 2. Then
vol(B, o) = vol(B, p1) + vol(B, 02).

(15) Let us consider a non empty, closed interval subset A of R, functions
0, 01, 02 from A into R, and a partial function v from R to R. Suppose
o is bounded-variation and g is bounded-variation and go is bounded-
variation and domu = A and o = 01 + 02 and u is Riemann-Stieltjes
integrable with ¢, and v is Riemann-Stieltjes integrable with go. Then

203
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(i) w is Riemann-Stieltjes integrable with g, and

(ii) /u(a:)daz = /u(:c)dl‘-l—/u(m)d:c
0 o1 02
The theorem is a consequence of (14).

(16) Let us consider non empty, closed interval subsets A, B of R, and func-

tions o, 01, 02 from A into R. Suppose B C A and ¢ = 91 — 02. Then
vol(B, o) = vol(B, 01) — vol(B, 02). The theorem is a consequence of (14).

(17) Let us consider a non empty, closed interval subset A of R, functions

1]

0, 01, 02 from A into R, and a partial function u from R to R. Suppose
o is bounded-variation and p; is bounded-variation and g5 is bounded-
variation and domu = A and p = 01 — g2 and wu is Riemann-Stieltjes
integrable with 91 and v is Riemann-Stieltjes integrable with go. Then

(i) w is Riemann-Stieltjes integrable with p, and

(ii) /u(z)daz = /u(:c)cm - /u(fv)daz
0 o1 02
The theorem is a consequence of (16).
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Summary. In this article, using mostly Pervin [9], Kunzi [6], [8], [7], Wil-
liams [I1] and Bourbaki [3] works, we formalize in Mizar [2] the notions of quasi-
uniform space, semi-uniform space and locally uniform space.

We define the topology induced by a quasi-uniform space. Finally we for-
malize from the sets of the form ((X \ Q) x X) U (X x Q), the Csaszar-Pervin
quasi-uniform space induced by a topological space.
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1. PRELIMINARIES

From now on X denotes a set, A denotes a subset of X, and R, S denote
binary relations on X.
Now we state the propositions:
(1) (X\4)xXUXxACXxX.
(2) (X\AXXUXXxA=AXxAU(X\A) xX.
PROOF: (X \A)x XUX XACAxAU(X\A)xX by (1), [4 (87)]. O
(3) R-S = {(x, y), where x,y are elements of X : there exists an element z
of X such that (z, z) € R and (z, y) € S}.
PrOOF: R - S C {(z, y), where x,y are elements of X : there exists
an element z of X such that (z, z) € R and (z, y) € S} by [4, (87)]. {(z,
y), where x,y are elements of X : there exists an element z of X such that
(r,z) e Rand (z,y) € S}C R-S. O
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Let X be a set and B be a family of subsets of X. One can check that [B] is
non empty.

Let B be a family of subsets of X x X. Note that every element of B is
relation-like.

Let B be an element of B. We introduce the notation B [~] as a synonym of
B.

Let us observe that the functor B [~] yields a subset of X x X. Let By, By
be elements of B. We introduce the notation B; ® By as a synonym of By - Bo.

One can verify that the functor B; ® B yields a subset of X x X. Now we
state the propositions:

(4) Let us consider a set X, and a family G of subsets of X. If G is upper,
then FinMeetCl(G) is upper.

(5) If R is symmetric in X, then R~ is symmetric in X.

2. UNIFORM SPACE STRUCTURE

We consider uniform space structures which extend 1-sorted structures and
are systems
(a carrier, entourages)

where the carrier is a set, the entourages constitute a family of subsets of
(the carrier) x (the carrier).
Let U be a uniform space structure. We say that U is void if and only if
(Def. 1) the entourages of U is empty.

Let X be a set. The functor UniformSpace(X) yielding a strict uniform space
structure is defined by the term
(Def. 2) (X, (Z)QXXX).
The functors: the trivial uniform space and the non empty trivial uniform
space yielding strict uniform space structures are defined by terms
(Def. 3) (0, 20%0),
(Def. 4) there exists a family S; of subsets of {#} x {@} such that S; = {{0} x
{0}} and the non empty trivial uniform space = ({0}, S1),
respectively. Let X be an empty set. One can verify that UniformSpace(X) is
empty.
Let X be a non empty set. One can check that UniformSpace(X) is non
empty.
Let X be a set. Note that UniformSpace(X) is void and the trivial uniform
space is empty and non void and the non empty trivial uniform space is non
empty and non void and there exists a uniform space structure which is empty,
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strict, and void and there exists a uniform space structure which is empty, strict,
and non void and there exists a uniform space structure which is non empty,
strict, and void and there exists a uniform space structure which is non empty,
strict, and non void.

Let X be a set and S; be a family of subsets of X x X. The functor S; [~]
yielding a family of subsets of X x X is defined by the term

(Def. 5) the set of all S [~] where S is an element of 5.

Let U be a uniform space structure. The functor U [~] yielding a uniform
space structure is defined by the term

(Def. 6) (the carrier of U, (the entourages of U) [~]).

Let U be a non empty uniform space structure. One can verify that U [~] is
non empty.

3. AXioMs

Let U be a uniform space structure. We say that U is upper if and only if
(Def. 7) the entourages of U is upper.
We say that U is N-closed if and only if
(Def. 8) the entourages of U is N-closed.
We say that U satisfies axiom U1 if and only if
(Def. 9) for every element S of the entourages of U, id, C S, where « is the carrier
of U.
We say that U satisfies axiom U2 if and only if
(Def. 10) for every element S of the entourages of U, S [~] € the entourages of U.
We say that U satisfies axiom U3 if and only if
(Def. 11) for every element S of the entourages of U, there exists an element W
of the entourages of U such that W @ W C §.
Let us consider a non void uniform space structure U. Now we state the
propositions:
(6) U satisfies axiom Ul if and only if for every element S of the entourages
of U, there exists a binary relation R on the carrier of U such that R = S
and R is reflexive in the carrier of U.
(7) U satisfies axiom Ul if and only if for every element S of the entourages
of U, there exists a total, reflexive binary relation R on the carrier of U
such that R = S. The theorem is a consequence of (6).
Note that every uniform space structure which is void does not satisfy also
axiom U2.
Now we state the proposition:

207
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(8) Let us consider a uniform space structure U. Suppose U satisfies axiom
U2. Let us consider an element S of the entourages of U, and elements x,
y of U. Suppose (z, y) € S. Then (y, z) € [J(the entourages of U).

Let us consider a non void uniform space structure U. Now we state the
propositions:

(9) Suppose for every element S of the entourages of U, there exists a binary
relation R on the carrier of U such that S = R and R is symmetric in
the carrier of U. Then U satisfies axiom U2. The theorem is a consequence
of (5).

(10) Suppose for every element S of the entourages of U, there exists a binary
relation R on the carrier of U such that S = R and R is symmetric. Then
U satisfies axiom U2. The theorem is a consequence of (9).

(11) If for every element S of the entourages of U, there exists a tolerance R
of the carrier of U such that S = R, then U satisfies axiom Ul and axiom
U2. The theorem is a consequence of (7) and (10).

Let X be an empty set. Observe that UniformSpace(X) is upper and N-
closed and satisfies axiom Ul and axiom U3 and does not satisfy axiom U2
and UniformSpace({0}) is upper and N-closed and does not satisfy axiom U2
and the trivial uniform space is upper and N-closed and satisfies axiom Ul,
axiom U2, and axiom U3 and the non empty trivial uniform space is upper and
N-closed and satisfies axiom Ul, axiom U2, and axiom U3.

There exists a uniform space structure which is strict, empty, non void,
upper, and N-closed and satisfies axiom U1, axiom U2, and axiom U3 and every
strict uniform space structure which is empty satisfies also axiom Ul and there
exists a uniform space structure which is strict, non empty, non void, upper,
and N-closed and satisfies axiom U1, axiom U2, and axiom U3.

Let S4 be a non empty uniform space structure satisfying axiom Ul, x be
an element of Sy, and V be an element of the entourages of S;. The functor
Nbh(V, z) yielding a non empty subset of Sy is defined by the term

(Def. 12) {y, where y is an element of Sy : (z, y) € V'}.

Now we state the proposition:

(12) Let us consider a non empty uniform space structure U satisfying axiom
Ul, an element x of the carrier of U, and an element V of the entourages
of U. Then x € Nbh(V, ).

Let U be a N-closed uniform space structure and Vi, Vo be elements of
the entourages of U. One can check that the functor Vi N V5, yields an element
of the entourages of U. Now we state the proposition:

(13) Let us consider a non empty, N-closed uniform space structure U satis-
fying axiom U1, an element x of U, and elements V', W of the entourages
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of U. Then Nbh(V,2z) N Nbh(W, x) = Nbh(V N W, z).

Let U be a non empty uniform space structure satisfying axiom Ul. Let us
observe that the entourages of U has non empty elements and the entourages
of U is non empty.

Let « be a point of U. The functor Neighborhood x yielding a family of
subsets of U is defined by the term

(Def. 13) the set of all Nbh(V,x) where V' is an element of the entourages of U.

Let us note that Neighborhood z is non empty.

Now we state the proposition:

(14) Let us consider a non empty uniform space structure Sy satisfying axiom
Ul, an element x of the carrier of Sy, and an element V of the entourages

of S4. Then
(i) Nbh(V,z) = V°{z}, and
(ii) Nbh(V,z) = rng(V [{z}), and
(iii) Nbh(V,z) = V°zx, and
(iv) Nbh(V,z) = [z],,, and

(v) Nbh(V,x) = neighbourhood(z, V).
PRrOOF: Nbh(V,z) = V°{z} by [4, (87)]. O
Let U be a non empty uniform space structure satisfying axiom U1. The func-

tor Neighborhood U yielding a function from the carrier of U into 22" =" ** %/
is defined by

(Def. 14) for every element z of U, it(x) = Neighborhood z.
We say that U is topological if and only if
(Def. 15) (the carrier of U, Neighborhood U) is a topology from neighbourhoods.

4. QUASI-UNIFORM SPACE

A quasi-uniform space is an upper, N-closed uniform space structure satis-
fying axiom Ul and axiom U3. In the sequel @) denotes a quasi-uniform space.
Now we state the propositions:
(15) If the entourages of @ is empty, then the entourages of Q [~] = {0}.
(16) Suppose the entourages of @ [~] = {0} and the entourages of Q [~] is
upper. Then the carrier of @) is empty.
Let @ be a non void quasi-uniform space. One can check that @ [~] is upper
and N-closed and satisfies axiom Ul and axiom U3.
Let X be a set and B be a family of subsets of X x X. We say that B satisfies
axiom UP1 if and only if
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(Def. 16) for every element B of B, idx C B.
We say that B satisfies axiom UP3 if and only if
(Def. 17) for every element B; of B, there exists an element By of B such that
By ® By C By.
Now we state the propositions:

(17) Let us consider a non empty set X, and an empty family B of subsets of
X x X. Then B does not satisfy axiom UP1.

(18) Let us consider a set X, and a family B of subsets of X x X. Suppose
B is quasi-basis and satisfies axiom UP1 and axiom UP3. Then (X, [B]) is
a quasi-uniform space.

5. SEMI-UNIFORM SPACE

A semi-uniform space is an upper, N-closed uniform space structure satisfy-
ing axiom Ul and axiom U2. From now on Sy denotes a semi-uniform space.

Let us observe that every semi-uniform space is non void.

Now we state the proposition:

(19) If Sy is empty, then () € the entourages of Sy.

Let S4 be an empty semi-uniform space. One can verify that the entourages
of S4 has the empty element.

6. LocAaLLy UNIFORM SPACE

Let S4 be a non empty semi-uniform space. We say that Sy satisfies axiom
UL if and only if

(Def. 18) for every element S of the entourages of Sy and for every element = of
Sy, there exists an element W of the entourages of Sy such that {y, where
y is an element of Sy : (x, y) € W @ W} C Nbh(S, ).

One can verify that every non empty semi-uniform space which satisfies
axiom U3 satisfies also axiom UL and there exists a non empty semi-uniform
space which satisfies axiom UL.

A locally uniform space is a non empty semi-uniform space satisfying axiom
UL. Now we state the propositions:

(20) Let us consider a non empty, upper uniform space structure U satisfying
axiom Ul, and an element x of the carrier of U. Then Neighborhood x is

upper.
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(21) Let us consider a non empty uniform space structure U satisfying axiom
Ul, an element z of U, and an element V' of the entourages of U. Then
x € Nbh(V, ).

(22) Let us consider a non empty, N-closed uniform space structure U satis-
fying axiom U1, and an element x of U. Then Neighborhood x is N-closed.
The theorem is a consequence of (13).

(23) Let us consider a non empty, upper, N-closed uniform space structure
U satisfying axiom Ul, and an element « of U. Then Neighborhood z is
a filter of the carrier of U. The theorem is a consequence of (22) and (20).

Let us observe that every locally uniform space is topological.

7. TOPOLOGICAL SPACE INDUCED BY A UNIFORM SPACE STRUCTURE

Let U be a topological, non empty uniform space structure satisfying axiom
Ul. The FMT induced by U yielding a non empty, strict topology from neigh-
bourhoods is defined by the term

(Def. 19) (the carrier of U, Neighborhood U).

The topological space induced by U yielding a topological space is defined
by the term

(Def. 20) FMT2TopSpace(the FMT induced by U).

8. THE QUASI-UNIFORM PERVIN SPACE INDUCED BY A TOPOLOGICAL
SPACE

Let X be a set and A be a subset of X. The functor qBlock(A) yielding
a subset of X x X is defined by the term

(Def. 21) (X \A) x X UX x A.

Now we state the proposition:
(24) (i) idx C gBlock(A), and
(ii) gBlock(A) - qBlock(A) C gBlock(A).
ProOF: idxy C gBlock(A) by [4, (96)]. O
Let T be a topological space. The functor qBlocks(T") yielding a family of
subsets of (the carrier of T') x (the carrier of T') is defined by the term

(Def. 22) the set of all gBlock(O) where O is an element of the topology of T.

Let T be a non empty topological space. One can check that qBlocks(T) is
non empty.

Let T be a topological space. The functor FMCqBlocks(T') yielding a family
of subsets of (the carrier of T') x (the carrier of T') is defined by the term
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(Def. 23) FinMeetCl(qBlocks(T)).

Let X be a set. One can check that every non empty family of subsets of
X x X which is N-closed is also quasi-basis.

In the sequel T' denotes a topological space.

Let us consider T. One can check that FMCqBlocks(T") is N-closed and
FMCqgBlocks(T') is quasi-basis and FMCqBlocks(7T") satisfies axiom UP1 and
FMCqgBlocks(T') satisfies axiom UP3.

Let T be a topological space. The Pervin quasi-uniformity of T yielding
a strict quasi-uniform space is defined by the term

(Def. 24) (the carrier of T, [FMCqBlocks(T)]).
Now we state the propositions:

(25) Let us consider a non empty topological space T', and an element V'
of the entourages of the Pervin quasi-uniformity of 7. Then there exists
an element b of FinMeetCl(qBlocks(7")) such that b C V.
(26) Let us consider a non empty topological space T, and a subset V' of
(the carrier of T') x (the carrier of T'). Suppose there exists an element
b of FinMeetCl(qBlocks(T")) such that b C V. Then V is an element of
the entourages of the Pervin quasi-uniformity of 7.
(27) gBlocks(T') C the entourages of the Pervin quasi-uniformity of 7'
Let us consider a non void quasi-uniform space Q. Now we state the propo-
sitions:
(28) (The carrier of @) x (the carrier of @) € the entourages of Q.
(29) Suppose the carrier of T' = the carrier of @ and qBlocks(7") C the entoura-
ges of (). Then the entourages of the Pervin quasi-uniformity of T° C
the entourages of Q.
PROOF: The entourages of the Pervin quasi-uniformity of 7' C the entoura-
ges of @ by (28), [, (1)]. O
Let T be a non empty topological space. One can check that the Pervin
quasi-uniformity of 7" is non empty and the Pervin quasi-uniformity of T is
topological.
Now we state the propositions:
(30) Let us consider a non empty topological space T, an element x of gBlocks
(T'), and an element y of the Pervin quasi-uniformity of 7. Then {z, where
z is an element of the Pervin quasi-uniformity of 7": {(y, z) € x} € the to-
pology of T'.
(31) Let us consider a non empty topological space T', an element x of the car-
rier of the Pervin quasi-uniformity of 7', and an element b of FinMeetCl
(gBlocks(T")). Then {y, where y is an element of T": (z, y) € b} € the to-
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pology of T. The theorem is a consequence of (30).

(32) Let us consider a non empty, strict quasi-uniform space U, a non empty,
strict formal topological space F, and an element x of F. Suppose F' =
(the carrier of U, Neighborhood U). Then there exists an element y of U
such that

(i) z =y, and
(ii) Up(x) = Neighborhood y.

(33) Let us consider a non empty topological space T. Then the open set

family of the FMT induced by the Pervin quasi-uniformity of T" = the topo-
logy of T.
PROOF: The open set family of the FMT induced by the Pervin quasi-uni-
formity of T' C the topology of T" by (32), [5, (18)], (31), [12, (25)].
The topology of T C the open set family of the FMT induced by the Pervin
quasi-uniformity of 7" by (32), [10, (4)], [5, (18)], [4, (87)]. O

(34) Let us consider a non empty, strict topological space T'. Then the topologi-
cal space induced by the Pervin quasi-uniformity of T = T'. The theorem
is a consequence of (33).
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Summary. In this article, we formalize in Mizar [I] the notion of uniform
space introduced by André Weil using the concepts of entourages [2].

We present some results between uniform space and pseudo metric space. We
introduce the concepts of left-uniformity and right-uniformity of a topological

group.
Next, we define the concept of the partition topology. Following the Vlach’s
works [IT} [10], we define the semi-uniform space induced by a tolerance and the
uniform space induced by an equivalence relation.
Finally, using mostly Gehrke, Grigorieff and Pin [4] works, a Pervin uniform
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1. PRELIMINARIES

From now on X denotes a set, D denotes a partition of X, T denotes a non
empty topological group, and A denotes a subset of X.
Now we state the propositions:

(1) AxAUX\A) x(X\A)C(X\A)xXUXxA.
(2) {123} \ {1} = {2,3}.
(3) Suppose X ={1,2,3} and A = {1}. Then

(i) (2, 1) e (X\A) x XUX x A, and

(i) (2,1) ¢ Ax AU(X\ A) x (X\ A). o
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The theorem is a consequence of (2).
(4) Let us consider a subset A of X. Then (Ax AU(X\A)x(X\A4))" = Ax
AU(X\A) x (X \ A).
(5) Let us consider subsets Py, Py of D. If |y P; = J P, then P; = Ps.
(6) Let us consider a subset P of D. Then J(D\ P)=UD\UP.
(7) Let us consider an upper family S; of subsets of X, and an element S of
Sl. Then ﬂSl Q S.
(8) Let us consider an additive group G, and subsets A, B, C, D of G. If
ACBand CC D, then A+CC B+ D.
Let us consider an element e of T and a neighbourhood V' of 1. Now we
state the propositions:
(9) {e} -V is a neighbourhood of e.
(10) V -{e} is a neighbourhood of e.

(11) Let us consider a neighbourhood V of 17. Then V! is a neighbourhood
of 1T-

2. UNIFORM SPACE

A uniform space is an upper, N-closed uniform space structure satisfying
axiom U1, axiom U2, and axiom U3. From now on ) denotes a uniform space.
Now we state the propositions:
(12) @ is a quasi-uniform space.
(13) @ is a semi-uniform space.
Let X be a set and B be a family of subsets of X x X. We say that B satisfies
axiom UP2 if and only if
(Def. 1) for every element B; of B, there exists an element Bz of B such that
By C By~
Now we state the proposition:
(14) Let us consider an empty set X. Then every empty family of subsets

of X x X is quasi-basis and satisfies axiom UP1, axiom UP2, and axiom
UP3.

One can verify that there exists a uniform space which is strict.

Now we state the proposition:

(15) Let us consider a set X, and a family S; of subsets of X x X. Suppose

X = {0} and S; = {X x X}. Then (X, S1) is a uniform space.

Let us observe that there exists a strict uniform space which is non empty.

Now we state the proposition:
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(16) Let us consider a set X, and a family B of subsets of X x X. Suppose B
is quasi-basis and satisfies axiom UP1, axiom UP2, and axiom UP3. Then
there exists a strict uniform space @ such that

(i) the carrier of Q@ = X, and
(ii) the entourages @ = [B].

3. OPEN SET AND UNIFORM SPACE

Now we state the propositions:
(17) Let us consider a non empty uniform space @. Then

(i) the carrier of the topological space induced by @ = the carrier of @,
and

(ii) the topology of the topological space induced by @ = the open set
family of the FMTinduced by Q.

(18) Let us consider a non empty uniform space @, and a subset S of the FMT-
induced by @Q. Then S is open if and only if for every element x of ) such
that = € S holds S € Neighborhood x.

(19) Let us consider a non empty uniform space ). Then the open set family
of the FMTinduced by @ = the set of all O where O is an open subset of
the FMTinduced by Q.

Let us consider a non empty uniform space ) and a subset S of the FMTin-
duced by Q. Now we state the propositions:
(20) S is open if and only if S € the open set family of the FMTinduced by
Q.
(21) S € the open set family of the FMTinduced by @ if and only if for every
element z of @ such that x € S holds S € Neighborhood z.

4. PSEUDO METRIC SPACE AND UNIFORM SPACE

Let M be a non empty metric structure and r be a positive real number.
The functor ent(M,r) yielding a subset of (the carrier of M) x (the carrier of
M) is defined by the term

(Def. 2)  {{(z, y), where z, y are elements of M : p(z,y) < r}.

Let M be a non empty, reflexive metric structure. Let us observe that
ent(M,r) is non empty.

Let M be a non empty metric structure. The functor ENT (M) yielding a non
empty family of subsets of (the carrier of M) x (the carrier of M) is defined by
the term
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(Def. 3) the set of all ent(M,r) where r is a positive real number.
The uniformity induced by M yielding a uniform space structure is defined
by the term
(Def. 4) (the carrier of M,[ENT(M)]).

Let M be a pseudo metric space. The uniformity induced by M yielding
a non empty, strict uniform space is defined by the term
(Def. 5) (the carrier of M,[ENT(M)]).
Let us consider a pseudo metric space M. Now we state the propositions:
(22) The open set family of the FMTinduced by the uniformity induced by
M = the open set family of M.
PROOF: Set X = the open set family of the FMTinduced by the uniformity
induced by M. Set Y = the open set family of M. X C Y by (18), (20), [5,
(11)]. Reconsider t; =t as a subset of M. For every element z of the uni-
formity induced by M such that = € ¢; holds t; € Neighborhood z by [5),
(11)]. O
(23) The topological space induced by the uniformity induced by M = M;p.
The theorem is a consequence of (22).

5. UNIFORM SPACE AND TOPOLOGICAL GROUP

Let G be a topological group and @) be a neighbourhood of 14. The functor
leftU(Q) yielding a subset of (the carrier of G) x (the carrier of G) is defined by
the term

(Def. 6) {{x, y), where x is an element of G, y is an element of G : x71 -y € Q}.

Let T be a non empty topological group. The functor SleftU(T") yielding
a non empty family of subsets of (the carrier of T') x (the carrier of T) is defined
by the term

(Def. 7) the set of all leftU(Q) where @ is a neighbourhood of 1.

The left-uniformity T yielding a non empty uniform space is defined by the

term
(Def. 8) (the carrier of T, [SleftU(T)]).

Let G be a topological group and @) be a neighbourhood of 14. The functor
rightU(Q) yielding a subset of (the carrier of G) x (the carrier of G) is defined
by the term

(Def. 9) {{x, y), where x is an element of G, y is an element of G : y-2~! € Q}.

Let T' be a non empty topological group. The functor SrightU(7T) yielding
a non empty family of subsets of (the carrier of T') x (the carrier of T) is defined
by the term
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(Def. 10) the set of all rightU(Q) where @ is a neighbourhood of 17.

The right-uniformity 7" yielding a non empty uniform space is defined by the
term

(Def. 11)  (the carrier of T, [SrightU(T')]).
Now we state the propositions:

(24) Let us consider a non empty, commutative topological group T, and
a neighbourhood @ of 17. Then leftU(Q) = rightU(Q).

(25) Let us consider a non empty, commutative topological group 7. Then
the left-uniformity T" = the right-uniformity 7". The theorem is a conse-
quence of (24).

Let G be a semi additive topological group and ) be a neighbourhood of
0¢- The functor leftU(Q) yielding a subset of (the carrier of G) x (the carrier
of G) is defined by the term

(Def. 12)  {(z, y), where x is an element of G, y is an element of G : —x+y € Q}.

Let T be a non empty semi additive topological group. The functor SleftU(T')
yielding a non empty family of subsets of (the carrier of T') x (the carrier of T")
is defined by the term

(Def. 13) the set of all leftU(Q) where @ is a neighbourhood of 07.

Let T be a non empty topological additive group. The left-uniformity T°
yielding a non empty uniform space is defined by the term

(Def. 14)  (the carrier of T, [SleftU(T)]).

Let G be a semi additive topological group and ) be a neighbourhood of
0¢c- The functor rightU(Q) yielding a subset of (the carrier of G) x (the carrier
of G) is defined by the term

(Def. 15)  {{(z, y), where x is an element of G, y is an element of G : y+ —z € Q}.

Let T be a non empty semi additive topological group. The functor SrightU(T")
yielding a non empty family of subsets of (the carrier of T') x (the carrier of T')
is defined by the term

(Def. 16) the set of all rightU(Q) where @ is a neighbourhood of 07.

Let T" be a non empty topological additive group. The right-uniformity 7'
yielding a non empty uniform space is defined by the term

(Def. 17)  (the carrier of T, [SrightU(T)]).
Now we state the propositions:

(26) Let us consider an Abelian semi additive topological group 7', and a ne-
ighbourhood @ of 07. Then leftU(Q) = rightU(Q).

(27) Let us consider a non empty topological additive group 7. Suppose T
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is Abelian. Then the left-uniformity 7" = the right-uniformity 7'. The the-
orem is a consequence of (26).

(28) The topology of the topological space induced by the left-uniformity
T = the topology of T'.
PROOF: Set X = the topology of FMT2TopSpace(the FMTinduced by
the left-uniformity 7). Set Y = the topology of T. X C Y by (9), [0, (7)].
Y C X by [8, 3)], B (6), 8 (6)]. O

(29) The topology of the topological space induced by the right-uniformity
T = the topology of T'.
PROOF: Set X = the topology of FMT2TopSpace(the FMTinduced by
the right-uniformity 7°). Set Y = the topology of T. X C Y by (10), [6]
(7). Y € X by [0 (3)], [, (6)], [8. (6)]. O

6. FuNcTION UNIFORMLY CONTINUOUS

Let @1, Q2 be uniform space structures and f be a function from (), into
Q2. We say that f is uniformly continuous if and only if
(Def. 18) for every element V' of the entourages @2, there exists an element @ of
the entourages @1 such that for every objects z, y such that (x, y) € Q
holds (f(z), f(y)) € V.

Let 1, Q2 be non empty uniform space structures satisfying axiom Ul.
One can check that there exists a function from ) into Q2 which is uniformly
continuous.

7. PARTITION TOPOLOGY

Now we state the propositions:
(30) the set of all |JP where P is a subset of D = UniCI(D).
(31) X € UniCl(D). The theorem is a consequence of (30).
(32) If D =0, then X is empty and UniCl(D) = {0}.
Let X be a set and D be a partition of X. Let us note that UniCl(D) is

N-closed and UniCl(D) is union-closed and every family of subsets of X which
is union-closed is also U-closed.

Let D be a partition of X. Let us note that UniCl(D) is closed for comple-
ment operator and UniCl(D) is U-closed and \-closed.
Now we state the proposition:

(33) UniCl(D) is a ring of sets. The theorem is a consequence of (30).
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Let us consider X and D. One can verify that UniCl(D) has the empty
element.
Let X be a set and D be a partition of X. Let us observe that UniCl(D) is
non empty.
Now we state the proposition:
(34) UniCl(D) is a field of subsets of X.
Let X be a set and D be a partition of X. Observe that UniCl(D) is o-
additive and UniCl(D) is o-multiplicative.
Now we state the proposition:
(35) UniCl(D) is a o-field of subsets of X.
Let X be a set and D be a partition of X. Observe that UniCl(D) is closed
for countable unions and closed for countable meets.
Now we state the proposition:
(36) Let us consider a non empty set €2, and a partition D of Q. Then
UniCl(D) is a Dynkin system of (2.
Let X be a set and D be a partition of X. The partition topology D yielding
a topological space is defined by the term
(Def. 19) (X, UniCl(D)).
Now we state the propositions:
(37) Every open subset of the partition topology D is closed.
(38) Every closed subset of the partition topology D is open.
(39) Let us consider a subset S of the partition topology D. Then S is open
if and only if S is closed.
Let X be a non empty set and D be a partition of X. Observe that the par-
tition topology D is non empty.
Let us consider a non empty set X and a partition D of X. Now we state
the propositions:
(40) LC(the partition topology D) = UniCl(D). The theorem is a consequ-
ence of (38) and (31).
(41) OpenClosedSet(the partition topology D) = the topology of the partition
topology D. The theorem is a consequence of (37).

8. UNIFORM SPACE AND PARTITION TOPOLOGY

In the sequel R denotes a binary relation on X.
Let X be a set and R be a binary relation on X. The functor p(R) yielding
a non empty family of subsets of X x X is defined by the term
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(Def. 20) {S, where S is a subset of X x X : R C S}.
Now we state the propositions:
(42)  [p(R)] = p(R).
(43) [{R}] = p(R).
(44) p(R) is upper and N-closed.

Let us consider X and R. Observe that p(R) is quasi-basis.
Now we state the propositions:

(45) Let us consider a total, reflexive binary relation R on X. Then p(R)
satisfies axiom UP1.

(46) Let us consider a symmetric binary relation R on X. Then p(R) satisfies
axiom UP2.

(47) Let us consider a total, transitive binary relation R on X. Then p(R)
satisfies axiom UP3.

Let X be a set and R be a binary relation on X. The uniformity induced by
R yielding an upper, N-closed, strict uniform space structure is defined by the
term

(Def. 21) (X, p(R)).
Now we state the propositions:

(48) Let us consider a set X, and a total, reflexive binary relation R on X.
Then the uniformity induced by R satisfies axiom Ul. The theorem is
a consequence of (45).

(49) Let us consider a set X, and a symmetric binary relation R on X. Then
the uniformity induced by R satisfies axiom U2. The theorem is a conse-
quence of (46).

(50) Let us consider a set X, and a total, transitive binary relation R on
X. Then the uniformity induced by R satisfies axiom U3. The theorem is
a consequence of (47).

Let X be a set and R be a tolerance of X. Note that the uniformity induced
by R yields a strict semi-uniform space. Now we state the proposition:

(51) Let us consider a set X, and an equivalence relation R of X. Then
the uniformity induced by R is a uniform space.

Let X be a set and R be an equivalence relation of X. Observe that the uni-
formity induced by R yields a strict uniform space. Let X be a non empty set
and R be a tolerance of X. Let us note that the uniformity induced by R is non
empty and every non empty uniform space is topological.

Let Q be a non empty uniform space. The functor ®Q yielding a topological,
non empty uniform space structure satisfying axiom Ul is defined by the term
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(Def. 22) Q.
Now we state the proposition:

(52) Let us consider a non empty set X, and an equivalence relation R of

X. Then the topological space induced by @(the uniformity induced by

R) = the partition topology Classes R. The theorem is a consequence of
(30) and (18).

9. UNIFORMITY INDUCED BY A TOLERANCE OR BY AN EQUIVALENCE

Now we state the proposition:

(53) Let us consider an upper uniform space structure Q. Suppose ()(the ento-
urages ()) € the entourages ). Then there exists a binary relation R on
the carrier of @ such that

(i) N(the entourages Q) = R, and
(ii) the entourages @ = p(R).
PROOF: Reconsider R = [\(the entourages @) as a binary relation on
the carrier of Q. p(R) C the entourages Q. The entourages @ C p(R) by
7, (3)]. O
Let @ be a uniform space structure. The functor Uniformity2InternalRel(Q)
yielding a binary relation on the carrier of () is defined by the term
(Def. 23) ((the entourages Q).

The functor UniformSpaceStr2RelStr(Q) yielding a relational structure is
defined by the term

(Def. 24) (the carrier of @, Uniformity2InternalRel(Q)).

Let R; be a relational structure. The functor InternalRel2Uniformity(R;)
yielding a family of subsets of (the carrier of Ry) x (the carrier of R;) is defined
by the term

(Def. 25) {R, where R is a binary relation on the carrier of R; : the internal
relation of Ry C R}.

The functor RelStr2UniformSpaceStr(R;) yielding a strict uniform space
structure is defined by the term

(Def. 26) (the carrier of R, InternalRel2Uniformity(R;)).

The functor InternalRel2Element(R;) yielding an element of the entourages
RelStr2UniformSpaceStr(R;) is defined by the term

(Def. 27) the internal relation of Rj.
Now we state the propositions:
(54) Let us consider a binary relation R on X. Then (" p(R) = R.
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(55) Let us consider a strict relational structure R;. Then UniformSpaceStr2—

RelStr(RelStr2UniformSpaceStr(R;)) = R;. The theorem is a consequence
of (54).

(56) Let us consider a uniform space structure (). Then

(i) the carrier of RelStr2UniformSpaceStr(UniformSpaceStr2RelStr(Q))

= the carrier of @), and

(ii) the entourages RelStr2UniformSpaceStr(UniformSpaceStr2RelStr
(Q)) = p(N(the entourages Q)).

(57) Let us consider a family S; of subsets of X x X, and a binary relation
Ron X.If S; = p(R), then S; C p(N S1)-

(58) Let us consider an upper family S; of subsets of X x X. If S € 5y,
then p(NS1) C 5.

(59) Let us consider an upper family S; of subsets of X x X, and a binary
relation R on X. Suppose R € S; and S; = p(R) and () S1 € S1. Then
p(N51) = 5.

(60) Let us consider an upper uniform space structure ). Suppose there exists
a binary relation R on the carrier of @) such that the entourages @ = p(R)

and ((the entourages @}) € the entourages ). Then the entourages Q) =
p(N(the entourages @)). The theorem is a consequence of (57) and (58).

(61) Let us consider an upper uniform space structure ), and a binary re-
lation R on the carrier of Q. Suppose the entourages @ = p(R) and
(N(the entourages Q) € the entourages Q.

Then the entourages @ = p(((the entourages Q)).

Let us consider a tolerance R of X. Now we state the propositions:

(62) (i) the uniformity induced by R is a semi-uniform space, and
(ii) the entourages the uniformity induced by R = p(R), and

(iii) MN(the entourages the uniformity induced by R) = R.

(63) RelStr2UniformSpaceStr(UniformSpaceStr2RelStr(the uniformity indu-
ced by R)) = the uniformity induced by R. The theorem is a consequence
of (54).

(64) Let us consider an equivalence relation R of X . Then RelStr2UniformSpa—
ceStr(UniformSpaceStr2RelStr(the uniformity induced by R)) = the unifor-
mity induced by R. The theorem is a consequence of (54).
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10. UNIFORM PERVIN SPACE

Let X be a set, S1 be a family of subsets of X, and A be an element of S;.
The functor Block(A) yielding a subset of X x X is defined by the term

(Def. 28) (X \A)x (X\A)UAXx A.
From now on S; denotes a family of subsets of X and A denotes an element
of Sl.
Now we state the propositions:
(65) If A =0, then Block(A) = X x X.
(66) Suppose X is not empty. Then Block(A) = {(z, y), where z,y are ele-
ments of X :z € Aiff y € A}.
PRrROOF: Set S = {(z, y), where x,y are elements of X : v € A iff y € A}.
Block(A) C S by [3, (87)]. S C Block(A) by [3l, (87)]. O
(67) (i) idx C Block(A), and
(ii) Block(A) - Block(A) C Block(A).
Let X be a set and S; be a family of subsets of X. The functor Blocks(.S})
yielding a family of subsets of X x X is defined by the term
(Def. 29) the set of all Block(A) where A is an element of 5.
Let us observe that Blocks(S7) is non empty.

The functor FMCBlocks(S}) yielding a family of subsets of X x X is defined
by the term

(Def. 30) FinMeetCl(Blocks(S1)).
Now we state the propositions:
(68) FMCBlocks(S7) is N-closed.
(69) FMCBlocks(S7) is quasi-basis. The theorem is a consequence of (68).
(70) FMCBlocks(S) satisfies axiom UP1.
(71)

Let us consider an element A of S7, and a binary relation R on X. If
R = Block(A), then R~ = Block(A). The theorem is a consequence of
(65) and (4).

(72) Let us consider a binary relation R on X. Suppose R is an element of
Blocks(S7). Then R~ is an element of Blocks(S7). The theorem is a con-
sequence of (71).

Let us consider a non empty family Y of subsets of X x X. Now we state
the propositions:

(73) If Y C Blocks(S1), then Y [~] = Y. The theorem is a consequence of
(71).
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(74) IfY C Blocks(S1), then (NY)” =Y [~]. The theorem is a consequence
of (73) and (71).

(75) If Y C Blocks(S1), then NY = (NY)~. The theorem is a consequence
of (73) and (74).

(76) FMCBlocks(S7) satisfies axiom UP2. The theorem is a consequence of
(73) and (75).

(77) FMCBlocks(S7) satisfies axiom UP3. The theorem is a consequence of
(67).

Let X be a set and S be a family of subsets of X. The Pervin uniform space
of S yielding a strict uniform space is defined by the term

(Def. 31) (X, [FMCBlocks(S1)]).
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1. PRELIMINARIES

Let R be a non empty double loop structure and a be an element of R.
Observe that the functor {a} yields a subset of R. Observe that every ring
which is almost left invertible and commutative is also almost right invertible
and every ring which is almost right invertible and commutative is also almost
left invertible and every ring which is almost left cancelable and commutative
is also almost right cancelable and every ring which is almost right cancelable
and commutative is also almost left cancelable.

Let L be a non empty zero structure and X be a set. We say that X is

L-polynomial membered if and only if
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(Def. 1) for every object p such that p € X holds p is a polynomial over L.

Let X be a 1-sorted structure. We say that X is L-polynomial membered if
and only if

(Def. 2) the carrier of X is L-polynomial membered.

Let us note that there exists a set which is non empty and L-polynomial
membered and there exists a 1-sorted structure which is non empty and L-
polynomial membered.

Let X be a non empty, L-polynomial membered 1-sorted structure. One can
check that the carrier of X is L-polynomial membered.

Let L be an add-associative, right zeroed, right complementable, distribu-
tive, non empty double loop structure. Let us observe that Polynom-Ring(L)
is L-polynomial membered.

Let L be a non empty zero structure and X be a non empty, L-polynomial
membered set.

Observe that an element of X is a polynomial over L. Let R be a ring. One
can verify that there exists an element of the carrier of Polynom-Ring(R) which
is zero and there exists an element of Polynom-Ring(R) which is zero and there
exists a polynomial over R which is zero.

Let R be a non degenerated ring. Let us note that there exists an element of
the carrier of Polynom-Ring(R) which is non zero and there exists an element
of Polynom-Ring(R) which is non zero.

Let L be an add-associative, right zeroed, right complementable, distribu-
tive, non empty double loop structure and p, ¢ be polynomials over L. We say
that p | ¢ if and only if

(Def. 3) there exist elements a, b of Polynom-Ring(L) such that a = p and b = ¢
and a | b.

Now we state the proposition:

(1) Let us consider an add-associative, right zeroed, right complementable,
distributive, non empty double loop structure L, and polynomials p, ¢
over L. Then p | ¢ if and only if there exists a polynomial r over L such
that pxr = q.

Let us consider a field F' and polynomials p, ¢ over F. Now we state the
propositions:

(2) If degp < deggq, then p mod g = p.

(3) p mod ¢ =0.F if and only if ¢ | p. The theorem is a consequence of (1).

(4) p=(pdivg) * g+ (p mod q).

Let us consider a field F', polynomials p, r over F', and a non zero polynomial
q over F'. Now we state the propositions:
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(5) (i) p+rdivg= (pdivg) + (rdivg), and

(ii) p+r mod ¢ = (p mod ¢) + (r mod q).
The theorem is a consequence of (4).
(6) pxrmod g = (p mod q)*(r mod ¢) mod ¢q. The theorem is a consequence
of (4), (5), (3), and (1).
Now we state the propositions:

(7) Let us consider a field F', polynomials r, ¢, u over F, and a non zero
polynomial p over F. Then (r * ¢ mod p) * u mod p = (r * ¢) * u mod p.
The theorem is a consequence of (5), (3), and (1).

(8) Let us consider an add-associative, right zeroed, right complementable,
left distributive, non empty double loop structure L, and a sequence p of
L. Then Op, -p=0.L.

(9) Let us consider a left unital, non empty double loop structure L, and
a sequence p of L. Then 1, -p = p.

(10) Let us consider an add-associative, right zeroed, right complementable,
right unital, distributive, associative, commutative, non empty double
loop structure L, sequences p, g of L, and an element a of L. Then a - (p *
a) =px(a-q).

(11) Let us consider an associative, non empty multiplicative magma L, a se-
quence p of L, and elements a, b of L. Then (a-b)-p=a-(b-p).

(12) Let us consider an add-associative, right zeroed, right complementable,
left distributive, left unital, non empty double loop structure L, and
a sequence p of L. Then 1. L *xp = p.

Let L be an add-associative, right zeroed, right complementable, well

unital, distributive, non empty double loop structure. Let us observe that
Polynom-Ring(L) is well unital.

2. CONSTANT POLYNOMIALS

Let R be an add-associative, right zeroed, right complementable, distribu-
tive, non empty double loop structure and x be an element of the carrier of
Polynom-Ring(R). We say that z is constant if and only if

(Def. 4) degz < 0.

Let R be a non degenerated ring. Observe that there exists an element of
Polynom-Ring(R) which is non zero and constant and there exists an element
of the carrier of Polynom-Ring(R) which is non zero and constant.
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Let R be an integral domain. Let us observe that there exists an element of
Polynom-Ring(R) which is non constant and there exists an element of the car-
rier of Polynom-Ring(R) which is non constant.

Let L be a non empty zero structure and a be an element of L. The functor
alL yielding a sequence of L is defined by the term

(Def. 5) 0.L+-(0,a).
Note that a[L is finite-Support and a[L is constant.

Let a be a non zero element of L. Let us note that a[L is non zero and there
exists a polynomial over L which is non zero and constant.

Now we state the propositions:

(13) Let us consider a non empty zero structure L. Then 0r[L = 0. L.

(14) Let us consider a non empty multiplicative loop with zero structure L.
Then 1,[L=1.L.
Let L be a non empty zero structure. Observe that Oz [L is zero.

Let L be a non degenerated multiplicative loop with zero structure. Let us
note that 1 [L is non zero.

Now we state the propositions:

(15) Let us consider an add-associative, right zeroed, right complementable,
distributive, non empty double loop structure L, and an element p of
the carrier of Polynom-Ring(L). Then p is non zero and constant if and
only if degp = 0.

(16) Let us consider an add-associative, right zeroed, right complementable,
right distributive, right unital, non empty double loop structure L, and
an element a of L. Then a[L =a-1. L.

Let us consider a ring R and elements a, b of R. Now we state the proposi-
tions:

(17) alR+ bR = (a+b)[R.

(18) (alR)* (b|R) = a - bIR.

(19) alR =b|R if and only if a = b.
(20)

20) Let us consider a ring R, and an element p of the carrier of Polynom-Ring-

(R). Then p is constant if and only if there exists an element a of R such
that p = a|R.

(21) Let us consider a ring R, and an element a of R. Then deg(a[R) = 0 if
and only if a # Og. The theorem is a consequence of (19).
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3. MoNIC POLYNOMIALS

Let L be a non empty double loop structure and p be a polynomial over L.
We introduce the notation p is monic as a synonym of p is normalized.

Let L be an add-associative, right zeroed, right complementable, distribu-
tive, non degenerated double loop structure. Let us observe that 1. L is monic
and 0. L is non monic and there exists a polynomial over L which is monic and
there exists a polynomial over L which is non monic and there exists an element
of the carrier of Polynom-Ring(L) which is monic and there exists an element
of the carrier of Polynom-Ring(L) which is non monic.

Let L be a well unital, non degenerated double loop structure and x be
an element of L. One can verify that rpoly(1,x) is monic.

Let L be a field and p be an element of the carrier of Polynom-Ring(L). Let
us observe that the functor NormPolynomial p yields an element of the carrier
of Polynom-Ring(L). Let F' be a field and p be a non zero polynomial over F'.
Observe that NormPolynomial p is monic.

Let L be a field and p be a non zero element of the carrier of Polynom-Ring(L).
Observe that NormPolynomial p is monic.

Now we state the proposition:

(22) Let us consider a field F. Then NormPolynomial 0. F' = 0. F'.

Let us consider a field F' and a non zero element p of the carrier of Polynom-
Ring(F'). Now we state the propositions:
(23) NormPolynomialp = (LCp)~! - p.
(24) p is monic if and only if NormPolynomialp = p. The theorem is a con-
sequence of (23) and (9).

Let us consider a field F' and elements p, ¢ of the carrier of Polynom-Ring(F).
Now we state the propositions:

(25) ¢ | pif and only if NormPolynomial ¢ | p. The theorem is a consequence
of (22), (1), (9), (11), (10), and (23).

(26) q | pif and only if ¢ | NormPolynomial p. The theorem is a consequence
of (22), (1), (23), (10), (9), and (11).

Let us consider a field " and an element p of the carrier of Polynom-Ring(F).
Now we state the propositions:

(27) NormPolynomial p is associated to p. The theorem is a consequence of
(1), (26), and (25).

(28) NormPolynomial p is irreducible if and only if p is irreducible. The the-
orem is a consequence of (27).

Now we state the propositions:
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(29) Let us consider an integral domain R, and elements p, ¢ of the carrier of
Polynom-Ring(R). If p is associated to ¢, then degp = degq.

(30) Let us consider an integral domain R, and monic elements p, g of the car-
rier of Polynom-Ring(R). Then p is associated to ¢ if and only if p = q.
The theorem is a consequence of (29), (20), (16), (10), and (12).

4. THE CANONICAL HOMOMORPHISM FROM R INTO R[X]

Let R be a ring. The canonical homomorphism of R into quotient field

yielding a function from R into Polynom-Ring(R) is defined by
(Def. 6) for every element x of R, it(x) = z[R.

Note that the canonical homomorphism of R into quotient field is additive,
multiplicative, and unity-preserving and the canonical homomorphism of R into
quotient field is monomorphic and Polynom-Ring(R) is R-homomorphic and
R-monomorphic.

Now we state the proposition:

(31) Let us consider a ring R. Then char(Polynom-Ring(R)) = char(R).
Let R be a non degenerated ring. Let us note that Polynom-Ring(R) is
infinite and every ring with characteristic 0 is infinite.
Now we state the proposition:
(32) Let us consider a ring R. If char(R) = 0, then R is infinite.

Let n be a non trivial natural number.
One can verify that Polynom-Ring(7 /n) is infinite. Now we state the pro-
position:
(33) Let us consider a non trivial natural number n.
Then char(Polynom-Ring(Z /n)) # 0.
Let n be a non trivial natural number. Observe that there exists a ring which
is infinite and has characteristic n.

5. UNITS AND IRREDUCIBLE POLYNOMIALS

Let us note that there exists an integral domain which is non almost left
invertible.

Let R be a non almost left invertible integral domain. One can verify that
there exists a non-unit of R which is non zero and Z® is non almost left invertible.

Let R be an integral domain. Observe that Polynom-Ring(R) is non almost
left invertible.

Now we state the propositions:
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(34) Let us consider an integral domain R. Then R is a field if and only if for
every non-unit a of R, a = 0g.

(35) Let us consider an integral domain R, and an element a of R. Then a[R
is a unit of Polynom-Ring(R) if and only if @ is a unit of R. The theorem
is a consequence of (1), (20), (18), and (19).

(36) Let us consider an integral domain F', and an element p of the carrier
of Polynom-Ring(F'). If p is a unit of Polynom-Ring(F"), then degp = 0.
The theorem is a consequence of (1).

(37) Let us consider a field F', and an element p of the carrier of Polynom-Ring
(F). Then p is a unit of Polynom-Ring(F) if and only if degp = 0. The
theorem is a consequence of (1), (20), and (18).

(38) Let us consider an integral domain R, and an element p of the carrier
of Polynom-Ring(R). Suppose p is a unit of Polynom-Ring(R). Then p is
non zero and constant. The theorem is a consequence of (36) and (15).

(39) Let us consider a field F', and an element p of the carrier of Polynom-Ring
(F). Then p is a unit of Polynom-Ring(F") if and only if p is non zero and
constant. The theorem is a consequence of (37) and (15).

Let R be an integral domain. One can check that every element of Polynom-

Ring(R) which is non constant is also non zero and non unital.

Let F' be an integral domain. Let us observe that every element of the carrier
of Polynom-Ring(F') which is non constant is also non zero and non unital.

Let F' be a field. Observe that every element of Polynom-Ring(F') which
is non zero and constant is also unital and every element of Polynom-Ring(F')
which is unital is also non zero and constant and every element of the carrier
of Polynom-Ring(F") which is non zero and constant is also unital and every
element of the carrier of Polynom-Ring(F") which is unital is also non zero and
constant.

Now we state the propositions:

(40) Let us consider an integral domain R, and an element p of the carrier
of Polynom-Ring(R). Suppose there exists an element ¢ of the carrier
of Polynom-Ring(R) such that ¢ | p and 1 < degq < degp. Then p is
reducible. The theorem is a consequence of (36).

(41) Let us consider a field F', and an element p of the carrier of Polynom-Ring
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(F). Then pis reducible if and only if p = 0. F or p is a unit of Polynom-Ring

(F) or there exists an element g of the carrier of Polynom-Ring(F') such
that ¢ | p and 1 < degq < degp. The theorem is a consequence of (1),
(37), and (40).

(42) Let us consider an integral domain R, and a monic element p of the car-
rier of Polynom-Ring(R). If degp = 1, then p is irreducible. The theorem
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is a consequence of (36), (20), (16), (10), (12), and (35).

(43) There exists a non monic element p of the carrier of Polynom-Ring(Z®)
such that

(i) degp =1, and
(ii) p is reducible.
The theorem is a consequence of (16), (10), (12), (15), (35), and (36).

(44) Let us consider a field F', and an element p of the carrier of Polynom-Ring
(F). If degp = 1, then p is irreducible. The theorem is a consequence of
(36), (20), (21), and (35).

(45) Let us consider an algebraic closed field F', and an element p of the carrier
of Polynom-Ring(F'). Then p is irreducible if and only if degp = 1. The
theorem is a consequence of (36) and (44).

(46) Let us consider a field F. Then F is algebraic closed if and only if for
every monic element p of the carrier of Polynom-Ring(F), p is irreducible
iff degp = 1. The theorem is a consequence of (37), (41), (28), and (45).

Let R be an integral domain. Note that there exists an element of Polynom-

Ring(R) which is irreducible and there exists an element of the carrier of
Polynom-Ring(R) which is irreducible.

Let R be a ring. Let us observe that there exists an element of Polynom-Ring

(R) which is reducible and there exists an element of the carrier of Polynom-

Ring(R) which is reducible. Let R be an integral domain.

Note that IRR(Polynom-Ring(R)) is non empty.

Let F be a field. Observe that every element of Polynom-Ring(F') which is
constant is also reducible and every element of the carrier of Polynom-Ring(F")
which is constant is also reducible and every element of Polynom-Ring(F')
which is irreducible is also non constant and every element of the carrier of
Polynom-Ring(F) which is irreducible is also non constant.

6. THE FIELD F[X]/<p>

Let F' be a field and p be an element of the carrier of Polynom-Ring(F).
Let us note that %—iﬁzﬁ(lf) is Abelian, add-associative, right zeroed, right
complementable, commutative, associative, well unital, and distributive.

Let p be an irreducible element of the carrier of Polynom-Ring(F'). Observe
that w is non degenerated and almost left invertible.

Let p be a polynomial over F'. The functor PolyMultMod(p) yielding a binary

operation on Polynom-Ring(F') is defined by
(Def. 7) for every polynomials r, q over F', it(r,q) = r * ¢ mod p.
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Let p be a non constant element of the carrier of Polynom-Ring(F'). The
functor Polynom-Ring(p) yielding a strict double loop structure is defined by

(Def. 8) the carrier of it = {q, where ¢ is a polynomial over F' : degq < degp}
and the addition of it = (the addition of Polynom-Ring(F")) [ (the carrier
of it) and the multiplication of it = PolyMultMod(p) | (the carrier of it)
and the one of it = 1. F" and the zero of it = 0. F..

Observe that Polynom-Ring(p) is non degenerated and Polynom-Ring(p) is
Abelian, add-associative, right zeroed, and right complementable and Polynom-

Ring(p) is associative, well unital, and distributive.

The functor PolyMod(p) yielding a function from Polynom-Ring(F') into
Polynom-Ring(p) is defined by

(Def. 9) for every polynomial q over F', it(q) = ¢ mod p.

Observe that PolyMod(p) is additive, multiplicative, and unity-preserving
and Polynom-Ring(p) is (Polynom-Ring(F'))-homomorphic and PolyMod(p) is
onto.

Let us consider a field F' and a non constant element p of the carrier of
Polynom-Ring(F'). Now we state the propositions:

(47) ker PolyMod(p) = {p}-ideal. The theorem is a consequence of (1) and
(3)-

Polynom-Ring(F
(48) PR
a consequence of (47).

and Polynom-Ring(p) are isomorphic. The theorem is

Let F' be afield and p be a non constant element of the carrier of Polynom-Ring

(F). Observe that Polynom-Ring(p) is commutative.

Let p be an irreducible element of the carrier of Polynom-Ring(F'). Observe
that Polynom-Ring(p) is almost left invertible.

7. PoLyNoMIAL GCDs

Let L be a non empty multiplicative magma, x, y be elements of L, and z
be an element of L. We say that z is x,y-GCD if and only if

(Def. 10) z | x and z | y and for every element r of L such that r | z and r | y

holds 7 | z.
Let L be a GCD domain. Note that there exists an element of L which is
z,y-GCD.

A GCD of z and y is an x,y-GCD element of L. Now we state the proposition:

(49) Let us consider a GCD domain L, elements x, y of L, and GCDs u, v of
x and y. Then u is associated to v.
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Let L be a GCD domain and z, y be elements of L. One can verify that
every element of L which is x,y-GCD is also y,z-GCD.

Let F be a field and p, g be elements of the carrier of Polynom-Ring(F).
The functor ged(p, ¢) yielding an element of the carrier of Polynom-Ring(F) is
defined by

(Def. 11) (i) ¢t =0.F,ifp=0.F and ¢ =0.F,
(ii) et is GCD of p and ¢ and monic, otherwise.

One can check that the functor ged(p, ¢) is commutative.

Let p, ¢ be elements of Polynom-Ring(F'). Let us note that the functor
ged(p, q) is commutative.

Let p, ¢ be elements of the carrier of Polynom-Ring(F'). Let us observe that
ged(p, q) is p,g-GCD.

Let p, ¢ be elements of Polynom-Ring(F'). Observe that ged(p, ¢) is p,q-GCD.

Let p be an element of the carrier of Polynom-Ring(F) and ¢ be a non zero
element of the carrier of Polynom-Ring(F). Note that ged(p, ¢) is non zero and
monic.

Let p be an element of Polynom-Ring(F') and ¢ be a non zero element of
Polynom-Ring(F’). Let us observe that ged(p, g) is non zero and monic.

Let p, ¢ be zero elements of the carrier of Polynom-Ring(F"). Let us note
that ged(p, q) is zero.

Let p, ¢ be zero elements of Polynom-Ring(F'). One can verify that ged(p, q)
is zero.

Now we state the propositions:

(50) Let us consider a field F', and elements p, ¢ of the carrier of Polynom-Ring
(F). Then

(i) ged(p,q) | p, and
(ii) ged(p,q) | g, and
i

(iii) for every element r of the carrier of Polynom-Ring(F') such that r | p
and r | ¢ holds r | ged(p, q).

(51) Let us consider a field F', and elements p, ¢ of Polynom-Ring(F'). Then

(i) ged(p,q) | p, and

(i) ged(p,q) | ¢, and

(iii) for every element r of Polynom-Ring(F') such that r | p and r | ¢
holds r | ged(p, q).

Let F be a field and p, ¢ be polynomials over F. The functor ged(p,q)
yielding a polynomial over F' is defined by
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(Def. 12) there exist elements a, b of Polynom-Ring(F") such that a = p and b = ¢
and it = ged(a, b).
Observe that the functor ged(p, ¢) is commutative.
Let p be a polynomial over F' and ¢ be a non zero polynomial over F. Let
us note that ged(p, ¢) is non zero and monic.
Let p, g be zero polynomials over F'. One can verify that ged(p, q) is zero.
Now we state the propositions:

(52) Let us consider a field F', and polynomials p, ¢ over F. Then
(i) ged(p,q) | p, and
(i) ged(p,q) | ¢, and

(iii) for every polynomial r over F' such that r | p and r | ¢ holds r |
ged(p, ).
The theorem is a consequence of (1).

(53) Let us consider a field F', a polynomial p over F, a non zero polynomial
q over F', and a monic polynomial s over F'. Then s = ged(p, q) if and only
if s | pand s | ¢ and for every polynomial r over F' such that r | p and
r | ¢ holds r | s. The theorem is a consequence of (52).
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