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Morley’s Trisector Theorem

Roland Coghetto
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Summary. Morley’s trisector theorem states that “The points of intersec-
tion of the adjacent trisectors of the angles of any triangle are the vertices of an
equilateral triangle” [10].

There are many proofs of Morley’s trisector theorem [12} [16] 9] 13} 8, 20 [3]
18]. We follow the proof given by A. Letac in [I5].
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1. PRELIMINARIES

From now on A, B, C, D, E, F, G denote points of 5%.
Now we state the propositions:

(1) «(A,B,A) =0.
(2) 0< £(A,B,C)<2-m.
(3) (i) 0<«(A,B,C)<m,or
(ii) £(A,B,C) =, or
(iii) m < L(A,B,C) <2-7.
The theorem is a consequence of (2).
(4) |[F-E?=|A-E2+|A—F|?-2-|A—E|-|A—F|-cos((E,A,F).
(5) If A, B, C are mutually different and 0 < (A, B,C) < 7, then 0 <
£L(B,C,A) <mand 0 < L(C,A,B) <.
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(6) Suppose A, B, C are mutually different and (A, B,C) = 0. Then
(i) £(B,C,A)=0and £(C,A,B) =, or
(i) £(B,C,A) =7 and £(C,A,B) =0 and £(A,B,C) + L(B,C,A) +
L(C,A,B) =m.
(7) Suppose A, B, C are mutually different and £ (A, B,C) = w. Then
(i) L(B,C,A) =0, and
(ii) £(C,A,B) =0, and
(iii) L(A,B,C)+ L(B,C,A)+ L(C,A,B) = .
(8) If A, B, C are mutually different and £ (A, B,C) > =, then £(A, B,C)+
£L(B,C,A)+ «£(C,A,B)=5"-m.
Let us assume that £(C, B, A) < . Now we state the propositions:
(9) 0 < areaof A(A,B,C). The theorem is a consequence of (2).
<

(10) 0< #q (A, B,C). The theorem is a consequence of (9).

2. MORLEY’S THEOREM

Now we state the propositions:

(11) Suppose A, F, C form a triangle and £ (C,F, A) < 7 and £(A,C,F) =
£L(A,C,B)/3 and L(F,A,C) = (B, A,C)/s and (L(A,C,B)/3)+
(£(B, A,C)/s) + (£(C. B, A) ) = /5.

Then |A — F|-sin((w/3) — (L(C,B,A)/3)) = |A—C| -sin(L(A4,C, B)/3).

(12) Suppose A, B, C form a triangle and A, F, C' form a triangle and
L(C,F,A) <mand L(A,C,F) = «(A,C,B)/s and L(F,A,C) =
A(Bv A, C)/?) and (A(Av C, B)/3) + (A(Ba Aa C)/3) + (4(07 B, A)/3) = 77/3
and sin((7/3) — (L(C,B,A)/3)) # 0. Then |[A - F| = 4-gq (A,B,C) -
sin(«£(C, B, A)/s)-sin((n/3)+ (L(C, B, A)/3))-sin(L(A, C, B)/3). The the-
orem is a consequence of (11).

(13) Suppose C, A, B form a triangle and A, F, C form a triangle and F,
A, E form a triangle and F, A, B form a triangle and ((B,A,E) =
£L(B,A,C)/sand L(F,A,C)= «(B,A,C)/3. Then L(E, A F) =
£L(B,A,C)/s. PROOF: L(E, A F) #4 -7+ (L(B,A,C)/3) by [I7, (5)],
(2), [T (B0)]. £(E, A, F) £ 27+ (£(B, A,C)/3) by (2), [T, (30)]. O

(14) Suppose C, A, B form a triangle and £(A,C,B) < m and A, F, C
form a triangle and F', A, E form a triangle and E, A, B form a triangle
and ((B,A,E) = L(B,A,C)/3 and L(F,A,C) = (B, A,C)/3. Then
(r/s) + (£L(A,C, B)/3) + ((/3) + (£(C, B, A) 5)) + £(E, A, F) = 7. The
theorem is a consequence of (13).
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(15) If A, C, B form a triangle, then sin((7/3) — (£(A,C,B)/3)) # 0. The
theorem is a consequence of (2).

(16) Suppose A, B, C form a triangle and A, B, E form a triangle and

L(E,B,A) = £(C,B,A)/s and L(B,A,E) = £(B,A,C)/s and A, F, C
form a triangle and £ (A,C,F) = £(A,C,B)/s and L(F,A,C) =
£(B,A,C)/3 and £(A,C,B) < 7. Then |F — E| = 4- g4 (A,B,C) -
sin(£(A,C, B)/3) -sin(L(C, B, A)/3) -sin(«(B, A,C)/3).
PROOF: sin((n/s) — (£(4, C, B)/3)) # 0. sin((x/s) — (£(C, B, 4)/3)) £ 0.
0 < L(A,C,B). £(C,B,A) < 7. 0< L(A,C,B) < wand A, C, B are
mutually different. (B, A,C) < 7. 0< L(B,AE) <m. £(A,E,B) <.
0 < L(F,A,C) < m. L(C,F,A) < w. F, A, E form a triangle by [19,
(4)]7 (5)7 [177 (5)]7 [77 (31)] ‘A_F| = 4q (A7B7C) '4'Sin(4(C7B7A)/3) ’
sin((n/3) + (L(C, B, A)/3)) - sin(L(4, C, B)/s). (n/s) + (L(A,C, B)/3) +
((r/3) + (L(C.B,A)/3)) + L(E, A, F) = 7. |F — E|> = |[A- B> + |A —
FI2-2.-|A—E|-|A—F|-cos«(E,A, F). O

(17) Suppose A, B, C form a triangle and £ (E,B,A) = £(C,B,A)/3 and
L(B,A,E) = L(B,A,C)/3. Then A, B, E form a triangle. The theorem
is a consequence of (1) and (2).

(18) Suppose A, B, C form a triangle and ((A,C,F) = £(A,C,B)/3 and
L(F,A,C) = L(B,A,C)/3. Then A, F, C form a triangle. The theorem
is a consequence of (1) and (2).

(19) Suppose A, B, C form a triangle and £(C,B,G) = £(C, B, A)/3 and
£L(G,C,B) = L(A,C,B)/s. Then C, G, B form a triangle. The theorem
is a consequence of (1) and (2).

Let us assume that A, B, C form a triangle and ((A,C,B) < m and
L(E,B,A) = £(C,B,A)/s and £(B,A,E) = £(B,A,C)/3 and £(A,C,F) =
L(A,C,B)/3 and L(F,A,C) = £(B,A,C)/s and L(C,B,G) = £(C,B,A)/3
and £(G,C,B) = £(A,C, B)/s. Now we state the propositions:

(200 (1) |[F—E|=4-2q (A B,C) sin(£(A,C,B)/3) -sin(£(C, B, A)/3) -

sin(«£(B, A,C)/3), and

(i) |G - F| =4-2q(C,A B)-sin(£(C,B,A)/3) - sin(L(B,A,C)/3) -
sin(£(A,C, B)/3), and

(iii) |[E — G| = 4-2q(B,C,A) -sin(£L(B,A,C)/3) - sin(L(A,C,B)/3) -
Sin(i(C,B,A)/g).

The theorem is a consequence of (17), (18), (19), (2), (5), and (16).

(21) () |F—E|=|G-F|, and
(ii) |F —E|=|E— G|, and
(i) |G- F|=|E-G]|.
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The theorem is a consequence of (20).

(22) MORLEY’S TRISECTOR THEOREM:

(10]

(11]
(12]

(13]

(14]
(15]

[16]
(17]

(18]

(19]

Suppose A, B, C form a triangle and £(A,B,C) < m and ((F,C,A) =
£L(B,C,A)/3and L(C, A, E) = «(C,A,B)/3 and L(A,B, F) =
£(A,B,C)/s and £L(F,A,B) = £(C,A,B)/s and £(B,C,G) =
£(B,C,A)/3 and £L(G,B,C) = £(A, B,C)/s. Then

(i) |F— E|=|G — F|, and
(ii) |FF— E|=|E — G|, and
(iii) |G- F|=|E—-G|.

The theorem is a consequence of (21).
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Karol Pak
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Ciotkowskiego 1M, 15-245 Bialystok
Poland

Summary. In this article we introduce necessary notation and definitions
to prove the Euler’s Partition Theorem according to H.S. Wilf’s lecture notes
[31]. Our aim is to create an environment which allows to formalize the theorem
in a way that is as similar as possible to the original informal proof.

Euler’s Partition Theorem is listed as item #45 from the “Formalizing 100
Theorems” list maintained by Freek Wiedijk at http://www.cs.ru.nl/F.Wiedijk/
100/| [30].

MSC: 11B99/ 103B35

Keywords: summation method; flexary plus; matrix generalization

MML identifier: FLEXARY1, version: 8.1.04 5.32.1237

The notation and terminology used in this paper have been introduced in the
following articles: [1], [2], [6], 8], [13], [271, [13], [14], [23], [9], [10], [7], [25], [24],
131, M, 09, [, [22], [32], [33], [11], [21], [28], [18], and [12].

1. AUXILIARY FACTS ABOUT FINITE SEQUENCES CONCATENATION

From now on z, y denote objects, D, D1, Dy denote non empty sets, ¢, j, k,
m, n denote natural numbers, f, g denote finite sequences of elements of D*, f;
denotes a finite sequence of elements of D1*, and f5 denotes a finite sequence of
elements of Dy*.

Now we state the propositions:

!This work has been financed by the resources of the Polish National Science Centre granted
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(1) Let us consider a function yielding function F', and an object a. Then
a € Values F' if and only if there exists z and there exists y such that
x € dom F and y € dom(F'(x)) and a = F(z)(y).

(2) Let us consider a set D, and finite sequences f, g of elements of D*.
Then Values f ~ g = Values f U Values g.
PROOF: Set F' = f ™ g. Values f C Values F' by (1), [6, (26)]. Valuesg C
Values F' by (1), [6 (28)]. Values F' C Values f U Values g by (1), [, (25)].
U

(3) The concatenation of D ® f ™ g = (the concatenation of D ® f) ™
(the concatenation of D ® g).

(4) rng(the concatenation of D ® f) = Values f.
PROOF: Set D3 = the concatenation of D. Define Plnatural number| =
for every finite sequence f of elements of D* such that len f = $; holds
rng(D3 ® f) = Values f. P[0]. If Pi], then P[i + 1] by [8, (19), (16)], (3),
[27, (11)]. P[é] from [4, Sch. 2]. O

(5) If fi = fo, then the concatenation of Dy ® f; = the concatenation of
Dy ® fo.
PROOF: Set C = the concatenation of Dy. Set N = the concatenation of
D;. Define P[natural number| = for every finite sequence fy of elements
of D1* for every finite sequence f3 of elements of Dy* such that $; = len f;
and fi = f3 holds N® fy = C ® f3. P[0]. If P[i], then P[i+ 1] by [8, (19),
(16)], (3), 27, (11)]. P[i] from [4, Sch. 2]. O

(6) i € dom(the concatenation of D ® f) if and only if there exists n and
there exists k such that n + 1 € dom f and k& € dom(f(n + 1)) and
i = k + len(the concatenation of D ® f[n).
PROOF: Set D3 = the concatenation of D. Define P[natural number] = for
every 1 for every finite sequence f of elements of D* such that len f = $;
holds ¢ € dom(D3 ® f) iff there exists n and there exists k such that
n+1¢edomf and k € dom(f(n+1)) and i = k+len(D3 ® fIn). P[0]. If
Plj], then P[5 + 1] by [8, (19), (16)], (3), [27, (11)]. P[j] from [4, Sch. 2].
O

(7) Suppose i € dom(the concatenation of D ® f). Then

(i) (the concatenation of D® f)(i) = (the concatenation of D® f~g)(i),
and

(ii) (the concatenation of D® f)(i) = (the concatenation of D®g~ f)(i+
len(the concatenation of D ©® g)).

The theorem is a consequence of (3).
(8) Suppose k € dom(f(n+1)). Then f(n + 1)(k) = (the concatenation of
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D © f)(k + len(the concatenation of D ® f[n)). The theorem is a conse-
quence of (3).

2. FLEXARY PLUS

From now on f denotes a complex-valued function and g, h denote complex-
valued finite sequences.

Let us consider k£ and n. Let f, g be complex-valued functions. The functor
(f,k)+...4+(g,n) yielding a complex number is defined by

(Def. 1) (1) h(0+1)= f(0+k) and ... and h(n ="k +1) = f(n ="k + k), then
it =>(hl(n—"k+1)),if f=gand k < n,
(ii) it = 0, otherwise.
Now we state the propositions:
(9) Suppose k < n. Then there exists h such that

i) (f,k)+...+(f,n) => h, and

(ii) lenh =n—"k+1, and
(iii) h(0+1)=f(0+k) and ... and h(n —"k+1) = f(n —"k+ k).
PROOF: Define P(natural number) = f(k+$; —1). Set ng =n—"k+ 1.
Consider p being a finite sequence such that lenp = n3 and for every
i such that i € domp holds p(i) = P(i) from [6, Sch. 2]. rngp C C.
p(1+0) = f(k+0) and ... and p(1 + (n —" k)) = f(k+ (n =" k)) by [4,
(11)], [26l (25)]. O

(10) If (f,k)+...+(f,n) # 0, then there exists ¢ such that k¥ < i < n and
1 € dom f.
ProOF: Consider h such that (f,k)+...+(f,n) =Y h and lenh =n -/
k+1and h(04+1) = f(0+ k) and ... and h(n —" k+1) = f(n —" k+ k).
rngh C {0} by [26, (25)], [4, (11)]. O

(11) (f,k)+...+(f, k) = f(k). The theorem is a consequence of (9).

(12) Ifk <n+1, then (f,k)+...+(f,(n+1)) = ((f,k)+...+(f,n)+ f(n+
1). The theorem is a consequence of (11) and (9).

(13) If k < n, then (f,k)+...+(f,n) = f(k) + ((f,(E+1)+...+(f,n)).
The theorem is a consequence of (11) and (9).

(14) Ifk<m<n,then ((f,k)+...+(f,m)+((fy(m+1)+...+(f,n)) =
(f k) +...+(f,n).
PROOF: Define P[natural number] = ((f,k)+...+(f,m)) + ((f,(m +

M +...+(f,(m+ %)) = (f,k)+...+(f, (m + $1)). P0] by [, (13)].
If P[i], then P[i + 1] by [4, (11)], (12). PJi] from [4, Sch. 2]. O
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(15) If k > lenh, then (h,k)+...+(h,n) = 0. The theorem is a consequence
of (9).

(16) If n > lenh, then (h,k)+...+(h,n) = (h,k)+...+(h,lenh). The the-
orem is a consequence of (15) and (12).

(17) (h,0)+...+(h,k) = (h,1)+...+(h, k). The theorem is a consequence
of (13).

(18) (h,1)+...4+(h,lenh) =" h. The theorem is a consequence of (9).

(19) (g"h,k)+...+(g"h,n) = ((9,k)+...+(g,n))+((h,(k—"leng)) + ...+
(h,(n —"leng))). The theorem is a consequence of (11), (15), (16), (17),
and (14).

Let us consider n and k. Let f be a real-valued finite sequence. One can
check that (f,k)+...4+(f,n) is real.

Let f be a natural-valued finite sequence. Note that (f,k)+...+(f,n) is
natural.

Let f be a complex-valued function. Assume dom f NN is finite. The functor
(f,n)+ ... yielding a complex number is defined by
(Def. 2) for every k such that for every i such that ¢ € dom f holds ¢ < k holds
it =(f,n)+...+(f, k).
Let us consider h. One can check that the functor (h,n) +. .. yields a complex
number and is defined by the term

(Def. 3)  (h,n)+...+(h,lenh).

Let n be a natural number and h be a natural-valued finite sequence. Let us
note that (h,n)+ ... is natural.
Now we state the propositions:

(20) Let us consider a finite, complex-valued function f. Then f(n)+ (f, (n+
1))+...=(f,n)+.... The theorem is a consequence of (13).

21) Sh=(1)+...

(22) > h=h(1)+(h,2)+.... The theorem is a consequence of (18) and (20).

The scheme T'T deals with complex-valued finite sequences f, g and natural
numbers a, b and non zero natural numbers n, k and states that

(Sch. 1) (f,a)+...=1(g,b)+...
provided

o for every j, (f,(a+j-n)+...+(f,(a+j-n+(n-"1))) = (9,(b+7-
E)+...4+(g,(b+j-k+ (kE-"1))).
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3. PoweER FuNCTION

Let 7 be a real number and f be a real-valued function. The functor r/
yielding a real-valued function is defined by

(Def. 4) dom it = dom f and for every z such that z € dom f holds it(z) = rf(®),

Let n be a natural number and f be a natural-valued function. One can
verify that n/ is natural-valued.

Let r be a real number and f be a real-valued finite sequence. One can check
that r/ is finite sequence-like and r/ is (len f)-element.

Let f be a one-to-one, natural-valued function. Observe that (24 n)’ is
one-to-one.

(23) Let us consider real numbers 7, s. Then () = (%),

(24) Let us consider a real number 7, and real-valued finite sequences f, g.
Then v/ 9 = rf ~r9.
PROOF: Set f5 = f " g. Set 75 = rf. Set r3 = r9. For every i such that
1 <i <len f5 holds 75 (i) = (ro " r3)(4) by [26, (25)], [6, (25)]. O

(25) Let us consider a real-valued function f, and a function g. Then 2/ - g =
2/°9. ProoOF: Set h = 2/. Set f5 = f-g. dom(h-g) C dom2/5 by [9, (11)].
dom 275 C dom(h - g) by [9, (11)]. For every x such that 2 € dom 275 holds
(h- g)(x) =25 (x) by [, (11), (13)]. O

(26) Let us consider an increasing, natural-valued finite sequence f. If n > 1,
then nf (1) + (nf,2) +... < 2. pflenf),
PROOF: Define P[natural number| = for every increasing, natural-valued
finite sequence f such that n > 1 and f(len f) < $; and f # 0 holds
S nf < 2. nflenf) For every natural-valued finite sequence f such that
n > 1and len f = 1 holds Y. n/ < 2-nf0en)) by [26, (25)], [19, (83)], [6,
(40)], [I1}, (73)]. P[0] by [26], (25)], [4, (25)]. If P[é], then P[i+ 1] by [4, (8),
(25), (13)], [26, (25)]. P[i] from [, Sch. 2]. " nf =nf(1)+(nf,2)+....O

(27) Let us consider increasing, natural-valued finite sequences f1, fo. Suppo-
sen > 1and nf1(1)+(n/1,2) +... =n/2(1)+ (n'2,2) +.... Then f; = fo.
PRrROOF: For every natural-valued finite sequence f such that n > 1 and
S n/ < 0holds f = () by [IT], (85)], [I9, (83)]. Define P[natural number] =
for every increasing, natural-valued finite sequences fi, fs such that n > 1
and Y. nfl < $; and Y nft = Snf2 holds f; = fo. P[0]. If P[i], then
P[i + 1] by (21), (22), [ (8)], [IT, (72)]. P[i] from [, Sch. 2]. n/1(1) +
(nf1,2) +... =0t n2(1) + (n2,2)+... = n2. O

(28) Let us consider a natural-valued function f.If n > 1, then Coim(n/,n*) =
Coim(f, k). PrRoOF: Coim(n/,n*) C Coim(f, k) by [17, (30)]. O
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(29) Let us consider natural-valued functions fi, fo. Suppose n > 1. Then
f1 and f, are fiberwise equipotent if and only if n/ and n/? are fiberwise
equipotent. PROOF: If f; and f, are fiberwise equipotent, then n/1 and
nf2 are fiberwise equipotent by [9, (72)], [I7, (30)], (28). For every object
x, Coim(f1,2) = Coim(f2,x) by [9, (72)], [17, (30)], (28). O

(30) Let us consider one-to-one, natural-valued finite sequences fi1, f2. Sup-

pose n > 1 and n/1(1) + (n/1,2)+... = n/2(1) + (n/2,2) +.... Then
rng f1 = rng fa.
PROOF: Reconsider | = f1, F» = f2 as a finite sequence of elements of R.
Set s1 = sort, Fy. Set so = sort, Fy. nft and n®! are fiberwise equipotent.
n'2 and n*? are fiberwise equipotent. For every extended reals e, es such
that e1, e € doms; and e; < ez holds si(e;) < si(e2) by [16, (2)], [2,
(77)]. For every extended reals e, e such that e1, e € dom s and e < e
holds sa(e1) < s2(e2) by [16] (2)], [2, (77)]. o n®t =n®1(1)+ (n°,2) +.. ..
Saft = (1) + (n/1,2) +.. et = ettt (1) 4+ (n1,2) 4. =
n®2(1) 4+ (n2,2) 4 ... and s is increasing and natural-valued. OJ

(31) There exists an increasing, natural-valued finite sequence f such that
n=2/(1)+(2/,2)+...
PROOF: Set D = digits(n,2). Consider d being a finite 0-sequence of N
such that domd = dom D and for every natural number ¢ such that i €
domd holds d(i) = D(i) - 2° and value(D,2) = 3 d. Define P[natural
number| = if §; < lend, then there exists an increasing, natural-valued
finite sequence f such that (lenf = 0 or f(len f) < $;) and 3.2/ =
> (d[$1). P[(0 qua natural number)| by [L1], (72)]. If Pi], then P[i+ 1] by
[, (13)], 29, (36)], [20, (65)], [, (25), (23)]. P[i] from [4, Sch. 2]. Consider
f being an increasing, natural-valued finite sequence such that len f = 0
or f(len f) < lend and Y2/ = Y (d[lend). -2 = 2/(1) + (2/,2) +....
]

4. VALUE-BASED FUNCTION (RE)ORGANIZATION

Let o be a function yielding function and z, y be objects. The functor o,
yielding a set is defined by the term
(Def. 5)  o(x)(y).
Let F' be a function yielding function. We say that F' is double one-to-one
if and only if
(Def. 6) for every objects x1, z2, y1, y2 such that z; € dom F' and y; € dom(F'(z1))
and xo € dom F' and y» € dom(F(x2)) and Fy, 4, = Fy, 4, holds 21 = o
and y1 = ya.
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Let D be a set. Observe that every finite sequence of elements of D* which
is empty is also double one-to-one and there exists a function yielding function
which is double one-to-one and there exists a finite sequence of elements of D*
which is double one-to-one.

Let F be a double one-to-one, function yielding function and = be an object.
One can check that F(z) is one-to-one.

Let F' be a one-to-one function. One can check that (F') is double one-to-one.

Now we state the propositions:

(32) Let us consider a function yielding function f. Then f is double one-to-
one if and only if for every z, f(z) is one-to-one and for every z and y
such that = # y holds rng(f(x)) misses rng(f(y)).

(33) Let us consider a set D, and double one-to-one finite sequences fi, fa of
elements of D*. Suppose Values fi; misses Values fs. Then fi; ™ fo is double
one-to-one. The theorem is a consequence of (1).

Let D be a finite set.
A double reorganization of D is a double one-to-one finite sequence of ele-
ments of D* and is defined by

(Def. 7)  Values it = D.
Now we state the propositions:

(34) (i) 0 is a double reorganization of ), and

(i) () is a double reorganization of ().

(35) Let us consider a finite set D, and a one-to-one, onto finite sequence F
of elements of D. Then (F) is a double reorganization of D.

(36) Let us consider finite sets Dy, Do. Suppose D1 misses Da. Let us consider
a double reorganization o; of D1, and a double reorganization oy of Ds.
Then o1 ™ 02 is a double reorganization of Dy U Ds. The theorem is a
consequence of (33) and (2).

(37) Let us consider a finite set D, a double reorganization o of D, and a one-
to-one finite sequence F'. Suppose i € domo and rng F'N D C rng(o()).
Then o +- (i, F) is a double reorganization of rng F' U (D \ rng(o(7))).
PROOF: Set 1 = rng F'. Set 03 = 0(i). Set 74 = rngos. Set o4 = o+ (i, F).
mgoy C (riU(D\ ry))* by [7 (31), (32)]. 04 is double one-to-one by [T,
(32)], (1). Valuesoq C r1U(D\r4) by (1), [T, (31), (32)]. D\ 74 C Values oy
by (1), [7, (32)]. r1 C Valuesoy. O

Let D be a finite set and n be a non zero natural number. One can check
that there exists a double reorganization of D which is n-element.

Let D be a finite, natural-membered set, o be a double reorganization of D,
and x be an object. One can verify that o(x) is natural-valued.
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Now we state the propositions:

(38) Let us consider a non empty finite sequence F', and a finite function
G. Suppose rng G C rng F'. Then there exists a (len F)-element double
reorganization o of dom G such that for every n, F(n) = G(op,1) and ...
and F(n) = G(On,len(o(n)))'

PRrOOF: Set D = dom . Set d = the one-to-one ,onto finite sequence of
elements of D. Define P[natural number] = if $; < G, then there exists a
(len F')-element double reorganization o of d°(Seg$;) such that for every
k, F(k) = G(og,1) and ... and F(k) = G(0gen(o(k)))- P[0]. If P[i], then
Pli+1] by 4 (13)], [26, (29)], [4, (11)], [26) (25)]. P[i] from [4, Sch. 2]. O

(39) Let us consider a non empty finite sequence F', and a finite sequence
G. Suppose rng G C rng F. Then there exists a (len F)-element double
reorganization o of dom G such that for every n, o(n) is increasing and
F(n) = G(on,1) and ... and F(n) = G(0y 1en(o(n)))-

PROOF: Define P[natural number] = if $§; < len G, then there exists a
(len F')-element double reorganization o of Seg$; such that for every k,
o(k) is increasing and F'(k) = G(og,1) and ... and F(k) = G(ok,len(o(k))).
P[0]. If Pi], then Pli 4+ 1] by [4, (13)], [26, (29)], [4, (11)], [26} (25)]. P[]
from [4, Sch. 2]. O
Let f be a finite function, o be a double reorganization of dom f, and = be
an object. One can check that f - o(z) is finite sequence-like and there exists a
finite sequence which is complex-functions-valued and finite sequence-yielding.
Let f be a function yielding function and g be a function. We introduce g® f
as a synonym of [g, f].
One can check that g ® f is function yielding.
Let f be a ((dom g)*)-valued finite sequence. One can check that g ® f is
finite sequence-yielding.
Let « be an object. Let us note that (g ® f)(x) is (len(f(x)))-element.
Let f be a function yielding finite sequence. One can verify that g © f is
finite sequence-like and g ® f is (len f)-element.
Let f be a function yielding function and g be a complex-valued function.
One can check that g ® f is complex-functions-valued.
Let g be a natural-valued function. One can check that ¢ ® f is natural-
functions-valued.
Let us consider a function yielding function f and a function g. Now we
state the propositions:

(40) Valuesg ® f = ¢g°(Values f).

PROOF: Set g3 = g ® f. Valuesgs C g°(Values f) by (1), [9, (11), (12)].
Consider b being an object such that b € domg and b € Values f and
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g(b) = a. Consider x, y being objects such that x € dom f and y €

dom(f(x)) and b= f(z)(y). O
41) (9o f)(z) =g f(z).
Now we state the proposition:

(42) Let us consider a function yielding function f, a finite sequence g, and
objects z, y. Then (¢ ® f)zy = 9(fz,y). The theorem is a consequence of
(41).
Let f be a complex-functions-valued, finite sequence-yielding function. The
functor Y f yielding a complex-valued function is defined by
(Def. 8) dom it = dom f and for every set z, it(x) = > (f(x)).
Let f be a complex-functions-valued, finite sequence-yielding finite sequence.
One can verify that > f is finite sequence-like and Y f is (len f)-element.
Let f be a natural-functions-valued, finite sequence-yielding function. One
can verify that > f is natural-valued.
Let f, g be complex-functions-valued finite sequences. One can check that
f 7 g is complex-functions-valued.
Let f, g be extended real-valued finite sequences. One can verify that f "¢
is extended real-valued.
Let f be a complex-functions-valued function and X be a set. One can check
that f]X is complex-functions-valued.
Let f be a finite sequence-yielding function. One can check that f[X is finite
sequence-yielding.
Let F be a complex-valued function. One can check that (F') is complex-
functions-valued.
Let us consider finite sequences f, g. Now we state the propositions:
(43) If f~ g is finite sequence-yielding, then f is finite sequence-yielding and
g is finite sequence-yielding.
(44) If f~ g is complex-functions-valued, then f is complex-functions-valued
and ¢ is complex-functions-valued.
Now we state the propositions:
(45) Let us consider a complex-valued finite sequence f. Then Y (f) = (3 f).

(46) Let us consider complex-functions-valued, finite sequence-yielding finite
sequences f, g. Then Y (f ~g)=>f"> g
PROOF: For every i such that 1 < i <len f 4 leng holds (3>(f " ¢))(i) =
(X2 f 722 9)(@) by [26, (25)], [6, (25)]. O

(47) Let us consider a complex-valued finite sequence f, and a double reor-
ganization o of dom f. Then Y f =Y > (f ® o).
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PROOF: Define Plnatural number| = for every complex-valued finite se-
quence f for every double reorganization o of dom f such that len f = $;
holds Y~ f =Y > (f®o). P[0] by [26} (29)], [1T), (72)], [23] (11)], [11} (81)].
If P[i], then P[i + 1] by [4, (11)], [26 (25)], (1), [I2, (116)]. P[é] from [4,
Sch. 2]. O

Let us note that N* is natural-functions-membered and C* is complex-

functions-membered.
Now we state the proposition:

(48) Let us consider a finite sequence f of elements of C*.

Then Y (the concatenation of C® f) =3 > f.
PROOF: Set C' = the concatenation of C. Define P[natural number| =
for every finite sequence f of elements of C* such that len f = $; holds
Y(C o f)=3>f. Pl0]. If P[], then Pli + 1] by [8, (19), (16)], (46),
(45). P[i] from [4, Sch. 2]. O

Let f be a finite function.

A valued reorganization of f is a double reorganization of dom f and is

defined by
(Def. 9) for every n, there exists x such that x = f(it,,;) and ... and = =

f(ity jen(it(n))) and for every mnatural numbers ni, ng, i1, iz such that
i1 € dom(it(ny)) and iy € dom(it(ng)) and f(ity, i) = f(itn,,) holds
ny = nyg.

Now we state the propositions:

(49) Let us consider a finite function f, and a valued reorganization o of f.
Then

(i) rmg((f ©0)(n)) =0, or
(i) mg((f ©0)(n)) ={f(on1)} and 1 € dom(o(n)).

PROOF: Consider y such that y € rng((f ® 0)(n)). Consider x such that
x € dom((f ®0)(n)) and (f ® 0)(n)(x) = y. n € dom(f ® o). Consider
w being an object such that w = f(on,1) and ... and w = f(0p jen(o(n)))-
rng((f © 0)(”)) - {f(on,1>} by [9, (11)7 (12)]7 [267 (25)]' U

(50) Let us consider a finite sequence f, and valued reorganizations o1, o2 of f.
Suppose rng((f ®01)()) = rng((f ®02)(7)). Then rng(o; (7)) = rng(o2(i)).

(51) Let us consider a finite sequence f, a complex-valued finite sequence
g, and double reorganizations o1, oy of domg. Suppose 01 is a valued
reorganization of f and o9 is a valued reorganization of f and rmg((f ®

o1)(#)) = rmg((f © 02)(i)). Then (3(g © 01))(i) = (32(g © 02))(i). The

theorem is a consequence of (41).
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1. PRELIMINARIES
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(1) Let us consider non-decreasing, extended real-valued finite sequences f,
g. If f(len f) < g(1), then f ™ g is non-decreasing.
PRrROOF: Set f3 = f ~ g. For every extended reals e, es such that e,
ez € dom f3 and e; < ez holds f3(e1) < fs(e2) by [7, (25)], [25, (25)]. O
Let R be a binary relation. We say that R is odd-valued if and only if
(Def. 1) rng R C Nyggq.
(2) n € Nygq if and only if n is odd.
Let us note that every binary relation which is odd-valued is also non-zero
and natural-valued.
Let F be a function. Observe that F'is odd-valued if and only if the condition
(Def. 2) is satisfied.

(Def. 2) for every x such that z € dom F' holds F'(z) is an odd natural number.

One can check that every binary relation which is empty is also odd-valued.
Let 7 be an odd natural number. Let us observe that (i) is odd-valued.
Let f, g be odd-valued finite sequences. Note that f ™ g is odd-valued and
every binary relation which is Nygq-valued is also odd-valued.
Let n be a natural number. A partition of n is a non-zero, non-decreasing,
natural-valued finite sequence and is defined by
(Def. 3) > it =n.
Now we state the proposition:
(3) 0 is a partition of 0.
Let n be a natural number. Observe that there exists a partition of n which
is odd-valued and there exists a partition of n which is one-to-one.
Let us observe that sethood property holds for partitions of n.
Let f be an odd-valued finite sequence.
An odd organization of f is a valued reorganization of f and is defined by
(Def. 4) 2-n—1= f(ity1) and ... and 2-n — 1 = f(ity jen(it(n)))-

(4) Let us consider an odd-valued finite sequence f, and a double reorga-

nization o of dom f. Suppose for every n, 2-n —1 = f(0,,1) and ... and
2:-n—1= f(0pen(o(n)))- Then o is an odd organization of f.
PRrROOF: For every n, there exists = such that = f(o,,1) and ... and
T = f(Oplen(o(n)))- For every natural numbers ni, ng, 41, iz such that
i1 € dom(o(n1)) and iz € dom(o(n2)) and f(op, i) = [(Ong,i,) holds
n1 = ng by [25, (25)]. O

(5) Let us consider an odd-valued finite sequence f, a complex-valued finite
sequence ¢, and double reorganizations o1, 02 of dom g. Suppose o1 is an
odd organization of f and oy is an odd organization of f. Then (3} (g ®

01))(1) = (32(9 © 02))(i).
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PRrROOF: For every double reorganizations o1, os of domg such that oy
is an odd organization of f and 0o is an odd organization of f holds
g((f © o1)(n)) € rng((f © 02)(n)) by [19, (49), (1)], [25} (29), (25)]. OO

(6) Let us consider a partition p of n. Then there exists an odd-valued finite
sequence O and there exists a natural-valued finite sequence a such that
lenO = lenp = lena and p = O - 2% and p(1) = O(1) - 2%V and ... and
p(lenp) = O(len p) - 20(lenp),
PROOF: Define Pobject,object] = for every i and j such that p($;) =
20.(2-741) holds $2 = (2 - j + 1, 7). For every k such that k € Seglenp
there exists x such that Pk, x| by [20, (1)], [4, (4)]. Consider O3 being a
finite sequence such that dom O3 = Seglen p and for every k such that k €
Seglenp holds P[k,Os(k)] from [7, Sch. 1]. Define Q(object) = O3($1)1.
Consider O being a finite sequence such that len O = lenp and for every
k such that k € dom O holds O(k) = Q(k) from [7, Sch. 2]|. For every z
such that z € dom O holds O(z) is an odd natural number by [20, (1)].
Define 7 (object) = O3($1)2. Consider A being a finite sequence such that
len A = lenp and for every k such that k& € dom A holds A(k) = 7T (k)
from [7, Sch. 2]. For every z such that z € dom A holds A(x) is natural
by [20, (1)]. Set Oy = O -24. p(1) = O(1) - 240 and ... and p(lenp) =
O(len p) - 240enp) by [25] (25)], [20, (1)]. For every i such that i € domp
holds p(i) = O2(7) by [25, (25)]. O

(7) Let us consider a finite set D, and a function f from D into N. Then there
exists a finite sequence K of elements of D such that for every element d
of D, Coim(K,d) = f(d).
PROOF: Define P[natural number] = for every finite set D such that D =
$1 for every function f from D into N, there exists a finite sequence K
of elements of D such that for every element d of D, Coim(K,d) = f(d).
P[0]. If P[i], then P[i+ 1] by [21), (55)], [8, (63)], [25, (57)], [13} (56)]. P[i]
from [, Sch. 2]. O

(8) Let us consider complex-valued finite sequences f1, f2, g1, g2. Suppose
len fi =lengi. Then (f1 7 f2) - (917 g2) = (f1-91) ~ (f2 - g2)-

(9) Let us consider natural-valued finite sequences f, K. Suppose for every
i, Coim (K, i) = f(i). Then 3 K =1-f(1)+2- f(2)+ ((iddom f- f),3) + - . .
PROOF: Define P[natural number| = for every natural-valued finite sequ-
ences f, K such that len f = $; and for every i, Coim(K,7) = f(i) holds
S K = ((iddom f - f), 1) +.... P[0] by [25, (25)], [0, (72)], [19, (20), (22)].
If P[i], then P[i + 1] by [25, (55)], [B, (13)], [7, (59)], [8, (51)]. P[i] from
[5, Sch. 2]. O

(10) Let us consider a natural-valued finite sequence g, and a double reorgani-
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zation s1 of dom g. Then there exists a (2 - len s1)-element finite sequence
K of elements of N such that for every j, K(2-j) = 0 and K(2-j —
1) = g(s151) + ((9 ®51)(j),2) +. ... PROOF: Define Plobject, object] = if
$1 =2-j—1,then $5 = g(s1;1)+((9©s1)(4),2) +... and if $; = 2-7, then
$2 = 0. Set S = Seg(2 - len s1). For every k such that k € S there exists z
such that Pk, z| by [22], (9)]. Consider f being a finite sequence such that
dom f = S and for every 7 such that ¢ € S holds P[i, f(¢)] from [7, Sch. 1].
g f C Nby 22, (9)]. f(24) = 0. f(2:i—1) = gls1:1)+((9051)(1), 2) + ..
by [25, (25)], 5, (13)], [19} (15)]. O

2. EULER TRANSFORMATION

Now we state the proposition:

(11)

Let us consider a one-to-one partition d of n. Then there exists an odd-
valued partition e of n such that for every natural number j for every odd-
valued finite sequence O; for every natural-valued finite sequence a; such
that len O1 = lend = lena; and d = O1-2* for every double reorganization
s1 of domd such that 1 = O1(s11,1) and ... and 1 = O1(511 ten(s; (1))) and
3 = O1(s12,1) and ... and 3 = O1(S12len(s;(2))) and 5 = O1(s13,1) and
. and 5 = O1(8131en(s,(3))) and for every i, 2-i — 1 = O1(s1;,1) and ...
and 2-¢—1 = Ol(sli,len(sl(i))) holds Coim(e, 1) = 2% (811’1) + (2™ o
51)(1),2) +... and Coim(e,3) = 2% (s127) + ((2* ©® 51)(2),2) +... and
Coim(e,5) = 2% (s131) + ((2™ © 51)(3),2) +... and Coim(e,j-2—1) =
21 (5151) + (29 © 51)(j),2) + .

PRrROOF: Consider O being an odd-valued finite sequence, a being a natural-
valued finite sequence such that lenO = lend = lena and d = O - 2¢
and d(1) = O(1) - 2¢) and ... and d(lend) = O(lend) - 2¢(end)
d(1)+((d,2) +...+(d,lend)) by [19, (22)]. n = 2¢1).O(1) + 242 . 0(2)
((0-2%3)+...4+(0 - 2% lend)) by [19, (20)], [25, (25)]. Reconsider s;
the odd organization of O as a double reorganization of dom 2%. Consider
i being a (2-len s;)-element finite sequence of elements of N such that for
every j, iu(2-j) = 0and p(2-5—1) = 2%(s11) +((2°®51)(5),2) +. ... Set
a=a-s1(1). Set B =a-s1(2). Set y =a-51(3). n = (2*(1)+(2%,2) +...)-
1+(2°0(1)+(2°,2) +...)-3+ (27 (1) +(27,2) +...) -5+ ((idaom - 1), 7) + - - -
by [25, (29)], [19; (41)], [25, (25)], [9; (12)]. n = pu(1) - 1 4 pu(3) - 3+ pu(5) -
5+ ((iddomp - 1), 7)+ ... by [19, (42), (41), (25)]. Consider K being an

I+ 1

odd-valued finite sequence such that K is non-decreasing and for every i,
Coim(K,i) = u(i). n = Coim(K,1) - 1 + Coim(K,3) - 3 + Coim(K,5) -

54 ((iddomp - 1), 7)+.... n = > K by [19, (20)], (9). For every j such
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that 1 < j < lend holds O(j) = O1(j) and a(j) = ai(j) by [25, (25)],
[22, (9)], [4, (4)]. For every j, Coim(K,j -2 —1) = 2% (sortl;; 1) + (2 ©
sort1)(7),2)+ ... by [[9, (42)], 25, (29)], [9, (72)], 19, (22)]. O

Let n be a natural number and p be a one-to-one partition of n. The Euler
transformation p yielding an odd-valued partition of n is defined by

(Def. 5)  for every odd-valued finite sequence O and for every natural-valued finite
sequence a such that lenO = lenp = lena and p = O - 2% for every
double reorganization s; of domp such that 1 = O(s11) and ... and 1 =
O(Sll,len(sl(l))) and 3 = 0(81271) and ... and 3 = 0(812’1611(51(2))) and 5 =
O(s13,1) and ... and 5 = O(813 jen(s,(3))) and for every 4, 2-i —1 = O(s1;,1)
and ...and 2-i—1 = O(Sli,len(sl(i))) holds Coim(it,1) = 2a(811,1) +((2°®
51)(1),2) +... and Coim(it,3) = 2%(s121) + ((2° © 51)(2),2)+... and
Coim(it,5) = 2%(s131) + ((2* ©® 51)(3),2) +... and Coim(it,j-2—1) =
2(s151) + (2 © 51)(j), 2) + ..

Now we state the proposition:

(12) Let us consider a natural number n, a one-to-one partition p of n, and
an odd-valued partition e of n. Then e = the Euler transformation p if
and only if for every odd-valued finite sequence O and for every natural-
valued finite sequence a and for every odd organization s; of O such that

lenO = lenp = lena and p = O - 2% for every j, Coim(e,j-2—1) =
((2°®s1)(5),1)+....
PROOF: If e = the Euler transformation p, then for every odd-valued finite
sequence O and for every natural-valued finite sequence a and for every
odd organization s; of O such that lenO = lenp = lena and p = O - 2¢
for every j, Coim(e,j-2—1) = ((2* ® s1)(j),1) +... by [25, (29)], [19,
(42), (20)]. For every j and for every odd-valued finite sequence O and
for every natural-valued finite sequence a such that lenO = lenp = lena
and p = O - 2% for every double reorganization s; of domp such that
1 =0(s11,) and ... and 1 = O(511len(s;(1))) and 3 = O(s19) and ... and
3 = O(8121en(s,(2))) and 5 = 0(51371) and ... and 5 = O(513 en(s, (3))) and
for every 4, 2.4 — 1= 0O(s1;1) and ... and 2 -7 — 1 = O(S1; len(s, ())) holds
Coim(e, 1) = 2%(s1y, 1)+((2a®sl)(1), 2) + ... and Coim(e,3) = 2%(s121)+
((2* ® 51)(2),2) +... and Coim(e,5) = (513 1)+ ((2°©®s51)3),2)+...
and Coim(e,j-2 —1) =2%s1;1) +((2°©s1)(j),2) +... by [25, (29)], (4),
[19, (42), (20)]. O

One can verify that every real-valued function which is one-to-one and non-

decreasing is also increasing.
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Let us consider an odd-valued finite sequence O, a natural-valued finite
sequence a, and an odd organization s of O. Suppose len O = lena and
O - 2% is one-to-one. Then (a ® s)(i) is one-to-one.

PROOF: (a ® s)(1) is one-to-one by [9, (11), (12)], [25] (25)]. O

Let us consider one-to-one partitions p1, pe of n. Suppose the Euler

transformation p; = the Euler transformation po. Then p; = po.

Let us consider an odd-valued partition e of n. Then there exists a one-
to-one partition p of n such that e = the Euler transformation p.
PROOF: Define K(object) = Coim(e,$;1). Consider H being a finite se-
quence such that len H = n and for every k such that k& € dom H holds
H(k) = K(k) from [7, Sch. 2]. rng H C N. >~ e = Y (idseq(n) - H) by [25,
(25)], B, (14)], [9k (72)], [30} (5)]. Define F[natural number, object] = there
exists an increasing, natural-valued finite sequence f such that H($;) =
2/(1) + (2/,2)+... and $3 = $; - 2/. There exists a finite sequence p
of elements of N* such that domp = Seglen H and for every k such
that k& € Seglen H holds Flk,p(k)] by [19, (31)]. Consider p being a
finite sequence of elements of N* such that domp = Seglen H and for
every k such that k € Seglen H holds F[k,p(k)]. For every k such that
p(k) # 0 holds k is odd by [18, (83)], [12, (85)], [19 (22)], [9, (72)]. Set
N = the concatenation of N. Set ng = N ®p. Set s9 = sort, ng. so is a one-
to-one partition of n by [19, (1)], [25] (25)], [12, (45)], [18] (83)]. For every
odd-valued finite sequence O and for every natural-valued finite sequence
a and for every odd organization s; of O such that len O = len sy = lena
and sg = O - 2% for every j, Coim(e,j-2—1) = ((2*® s1)(j),1)+... by
25, (29)], 5, (14)], 9 (72)], [25. (25)]. O

3. MAIN THEOREM

Now we state the proposition:

(16)

EULER’S PARTITION THEOREM:
the set of all p where p is an odd-valued partition of n =
the set of all p where p is a one-to-one partition of n. The theorem is a
consequence of (15) and (14).
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Summary. In this article we formalize some results of Diophantine appro-
ximation, i.e. the approximation of an irrational number by rationals. A typical
example is finding an integer solution (z,y) of the inequality |z6 — y| < 1/,
where 0 is a real number. First, we formalize some lemmas about continued
fractions. Then we prove that the inequality has infinitely many solutions by
continued fractions. Finally, we formalize Dirichlet’s proof (1842) of existence of
the solution [12], [1].
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1. IRRATIONAL NUMBERS AND CONTINUED FRACTIONS

From now on i, j, k, m, n, mq, n; denote natural numbers, a, r, 1, ro denote
real numbers, my, c3, ¢1 denote integers, and x1, x2, 0 denote objects.
Now we state the proposition:

(1) (i) r=(rfsr)(0), and
(if) 7= (scfr)(0) + (1/(xsr)(1))> and

(i) (xfs ) (n) = (scf 1) () + (1 atoryms1))-
Let us assume that r is irrational. Now we state the propositions:
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(2) (rfsr)(n) is irrational.
PROOF: Reconsider r3 = (rfsr)(n) as a real number. (scfrs)(m) = (scfr)
(n+m) and (rfsrsg)(m) = (rfsr)(n + m). Consider n; such that for every
mq such that my > ny holds (scfrs)(my) = 0. For every m; such that
my > ny holds (scfr)(n + mq) = 0. For every m such that m > ny +n
holds (scf r)(m) = 0 by [28, (3)]. O

(3) (i) (rfsr)(n) #0, and
(i) (rfsr)(1) - (rfs7)(2) # 0, and
(iii) (scfr)(1) - (rfsr)(2) +1 #0.
PRrROOF: (rfsr)(n) # 0 by [21], (28), (42)]. (rfs7)(1) # 0 and (rfs7)(2) # 0.
(rfs ) (1) = (scfr)(1) + (1/ essry141))- O
(4) (1) (scfr)(n) < (rfsr)(n) < (scfr)(n) + 1, and
(i) 1 < (rfsr)(n+1).
The theorem is a consequence of (2) and (1).
(5) 0 < (scfr)(n+1). The theorem is a consequence of (4).

Let us consider r and n. Observe that (cnr)(n) is integer.
Let us assume that r is irrational. Now we state the propositions:
(6) (cdr)(n+1)=> (cdr)(n).
PROOF: Define P[natural number] = (cd7)($1) < (edr)($1 + 1). P[0] by
(4), |28, (7)]. For every natural number n such that P[n] holds P[n+ 1] by
(4), [28, (7)], [21} (51)]. For every natural number n, P[n] from [3, Sch. 2].
O
(7) (cdr)(n) > 1.
PROOF: Define P[natural number| = (c¢dr)($;) > 1. For every natural
number n such that P[n] holds P[n+ 1]. For every natural number n, P[n]
from [3, Sch. 2]. O

(8) (edr)(n+2) > (cdr)(n + 1). The theorem is a consequence of (5) and
(7).

(9) (cdr)(n) = n.
PROOF: Define P[natural number| = (edr)($1) > $;. For every natural
number n such that P[n] holds P[n + 1] by (7), (5), [21, (40)]. For every
natural number n, P[n| from [3, Sch. 2]. O

Now we state the proposition:
(10) If cg = (enr)(n) and ¢ = (cdr)(n) and c3 # 0, then c3 and ¢; are
relatively prime.
Let us assume that r is irrational. Now we state the propositions:
(11) (1) (edr)(n+1)- (xefsr)(n+2) + (edr)(n) > 0, and
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(ii) (edr)(n+1)- (xfsr)(n+2) — (cdr)(n) > 0.
The theorem is a consequence of (7), (4), and (6).
(12) (edr)(n+1)-((cdr)(n+1)- (rfsr)(n+2)+ (cdr)(n)) > 0. The theorem
is a consequence of (7) and (11).
(13) r=(enr)(n+1)- (efsr)(n+2) + (cn7)(n)/(cdr)(n1)-(fs r)(n+2)+(cd r)(n)-
PROOF: Define P[natural number] = r = (cnr)($1 + 1) - (vfsr)($1 + 2) +

(enm)($1)/ (cdr)($141)-(efs 1) ($142)+(cdr)($1)- P10]. For every natural number
n such that P[n] holds P[n + 1]. For every natural number n, P[n| from

3, Sch. 2]. O
(14) ((enr)(n+1)/(caryins1) =7 =

(=1)"/ (cdr)(ns1)-((cdr)(n+1)-(efs ) (n4+2)+(cd r)(n))- The theorem is a consequ-
ence of (7), (11), and (13).

Now we state the propositions:

(15) If r is irrational and n is even and n > 0, then r > (cnr)(n)/(car)(n)-
The theorem is a consequence of (12) and (14).

(16) If r is irrational and n is odd, then r < (cn7)(n)/(car)(n)- The theorem
is a consequence of (12) and (14).

(17) Suppose 7 is irrational and n > 0. Then |r — ((cn7)(n)/(carym))| + 17 —
((en)(n+1)/(carymrr)| = [((enr)(n)/ car)n)) —((en ) (n+1) / (car)(nt1)) |-
The theorem is a consequence of (15) and (16).

Let us assume that r is irrational. Now we state the propositions:

(18)  |r = ((enr)(n)/ (carym))| > 0.

(19) (edr)(n+2) > 2- (cdr)(n). The theorem is a consequence of (5), (7),
and (6).

(20) [r—((enr)(n+1)/(car)n+1))] < 1/(cdr)n+1)-(cdr)(n+2)- The theorem is a
consequence of (7), (4), and (14).

(21) (@) |r-(edr)(n+1) = (enr)(n+1)| < |r-(cdr)(n) — (cnr)(n)|, and
(i) [r = ((enr)(n+1)/(carymrn)| < |r = ((enr)(n)/car)ym)l-
The theorem is a consequence of (13), (11), (4), (7), (18), and (6).

Now we state the propositions:

(22) If r is irrational and m > n, then |r — ((enr)(n)/(carym))| > |7 —
((enr)(m)/ (carym))l-
PrOOF: Define Plnatural number] = [r — ((cnr)(n)/(carym))l > |1 —
((enr)(n+ 14 $1)/(car)(nt+1+8:))|- P[0]. For every natural number k such

that P[k] holds P[k+1]. For every natural number k, P[k] from [3, Sch. 2].
U

(23) If r is irrational, then |r — ((cn7)(n)/(cdrym))] < 1/(Cdr)(n)2.
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PROOF: |1 — ((en ) (1) tcanmy)| < 1/ erymy? by BB (43)], (7), 16, (1),
(6). O

(24) Let us consider a subset S of Q, and r. Suppose r is irrational and
S = {p, where p is an element of Q : [r — p| < 1/, )2} Then S is
infinite.
PROOF: Define F(natural number) = (cnr)($1 + 1)/ (cqr)($,+1)- Consider
f being a sequence of real numbers such that for every natural number n,
f(n) = F(n) from [17, Sch. 1]. For every real number o such that o € rng f
holds o € S by [21), (50)], (7), [15, (28)], [16}, (1)]. f is one-to-one. [J

(25) If r is irrational, then cocf r is convergent and lim cocfr = r.

denp

PROOF: For every real number p such that 0 < p there exists n such that
for every m such that n < m holds |(cocfr)(m) —r| < p by [27, (25)], [28,
(3)], 17, (8)], [6, (52)]. O

2. INTEGER SOLUTION OF |z6 —y| < 1/x

Let us observe that there exists a natural number which is greater than 1.

From now on ¢ denotes a greater than 1 natural number.

Let us consider ¢. The functor EDI(t) yielding a sequence of subsets of R is

defined by
(Def. 1) for every natural number n, it(n) = [n/¢,n+ 1/4].
Now we state the propositions:
(26) (The partial unions of EDI(¢))(i) = [0, + 1/¢[.

PROOF: Define P[natural number| = (the partial unions of EDI(¢))($1) =
[0,%1 + 1/¢[. For every natural number k such that P[k] holds P[k + 1].
For every natural number n, P[n| from [3, Sch. 2]. O

(27) Let us consider a real number 7, and a natural number 3. If |[r-¢] =1,
then r € (EDI(t)) ().

(28) 1If 1, ro € (EDI(¢))(i), then |ry — 79| <t 1.

(29) (The partial unions of EDI(¢))(t — 1) = [0, 1[. The theorem is a conse-
quence of (26).

(30) Let us consider a real number r. Suppose r € [0,1]. Then there exists a
natural number 7 such that

(i) i<t—1, and
(ii) r € (EDI(t))(7).
The theorem is a consequence of (29).

(31) Let us consider a real number r, and a natural number . If » € (EDI(¢))(2),
then |r-t] = 1.
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(32) Let us consider a real number r. Suppose r € [0,1]. Then there exists a
natural number ¢ such that

(i) i<t—1, and
(i) |r-t] =1i.
The theorem is a consequence of (30) and (31).
Let us consider ¢ and a. The functor FDP(t,a) yielding a finite sequence of
elements of Z; is defined by
(Def. 2) lenit = t+1 and for every i such that ¢ € dom 4t holds it(i) = |frac((i —
1)-a)-t].
Let us note that rng FDP(¢, a) is non empty.
Now we state the proposition:
(33) rmgFDP(t,a) € domFDP(t,a).

Let us consider ¢ and a. One can verify that FDP(¢, a) is non one-to-one.

3. PROOF OF DIRICHLET’S THEOREM

Now we state the proposition:

(34) DIRICHLET’S APPROXIMATION THEOREM:
There exist integers x, y such that

(i) |z-a—y| <1/ and
(i) 0 <z <t

The theorem is a consequence of (27) and (28).

REFERENCES

[1] Alan Baker. A Concise Introduction to the Theory of Numbers. Cambridge University
Press, 1984.

[2] Grzegorz Bancerek. |Cardinal numbers. Formalized Mathematics, 1(2):377-382, 1990.

[3] Grzegorz Bancerek. The fundamental properties of natural numbers. Formalized Mathe-
matics, 1(1):41-46, 1990.

[4] Grzegorz Bancerek. |The ordinal numbers. Formalized Mathematics, 1(1):91-96, 1990.

[5] Grzegorz Bancerek and Krzysztof Hryniewiecki. Segments of natural numbers and finite
sequences. Formalized Mathematics, 1(1):107-114, 1990.

[6] Czestaw Bylinski. The complex numbers. Formalized Mathematics, 1(3):507-513, 1990.

[7] Czestaw Bylifiski. Functions and their basic properties. Formalized Mathematics, 1(1):
55-65, 1990.

[8] Czestaw Byliniski. [Functions from a set to a set. Formalized Mathematics, 1(1):153-164,
1990.

[9] Czestaw Bylinski. [Partial functions. Formalized Mathematics, 1(2):357-367, 1990.

[10] Czestaw Bylinski. Some basic properties of sets. Formalized Mathematics, 1(1):47-53,
1990.


http://fm.mizar.org/1990-1/pdf1-2/card_1.pdf
http://fm.mizar.org/1990-1/pdf1-1/nat_1.pdf
http://fm.mizar.org/1990-1/pdf1-1/ordinal1.pdf
http://fm.mizar.org/1990-1/pdf1-1/finseq_1.pdf
http://fm.mizar.org/1990-1/pdf1-1/finseq_1.pdf
http://fm.mizar.org/1990-1/pdf1-3/complex1.pdf
http://fm.mizar.org/1990-1/pdf1-1/funct_1.pdf
http://fm.mizar.org/1990-1/pdf1-1/funct_2.pdf
http://fm.mizar.org/1990-1/pdf1-2/partfun1.pdf
http://fm.mizar.org/1990-1/pdf1-1/zfmisc_1.pdf

YASUSHIGE WATASE

Agata Darmochwal. Finite sets. Formalized Mathematics, 1(1):165-167, 1990.

G.H. Hardy and E.M. Wright. An Introduction to the Theory of Numbers. Oxford Uni-
versity Press, 1980.

Krzysztof Hryniewiecki. Basic properties of real numbers. Formalized Mathematics, 1(1):
35-40, 1990.

Peter Jaeger. Elementary introduction to stochastic finance in discrete time. Formalized
Mathematics, 20(1):1-5, 2012. doij10.2478/v10037-012-0001-5.

Andrzej Kondracki. Basic properties of rational numbers. Formalized Mathematics, 1(5):
841-845, 1990.

Andrzej Kondracki. The Chinese Remainder Theorem. Formalized Mathematics, 6(4):
573-577, 1997.

Jarostaw Kotowicz. Real sequences and basic operations on them. Formalized Mathema-
tics, 1(2):269-272, 1990.

Jarostaw Kotowicz. Convergent sequences and the limit of sequences. Formalized Mathe-
matics, 1(2):273-275, 1990.

Rafal Kwiatek. Factorial and Newton coefficients. Formalized Mathematics, 1(5):887-890,
1990.

Rafat Kwiatek and Grzegorz Zwara. The divisibility of integers and integer relatively
primes. Formalized Mathematics, 1(5):829-832, 1990.

Bo Li, Yan Zhang, and Artur Kornilowicz. Simple continued fractions and their conver-
gents. Formalized Mathematics, 14(8):71-78, 2006. doi:10.2478/v10037-006-0009-9.

Adam Naumowicz. Conjugate sequences, bounded complex sequences and convergent
complex sequences. Formalized Mathematics, 6(2):265-268, 1997.

Beata Padlewska. [Families of sets. Formalized Mathematics, 1(1):147-152, 1990.

Piotr Rudnicki and Andrzej Trybulec. Abian’s fixed point theorem. Formalized Mathe-
matics, 6(3):335-338, 1997.

Christoph Schwarzweller. Proth numbers. Formalized Mathematics, 22(2):111-118, 2014.
doi10.2478 /forma-2014-0013,

Andrzej Trybulec. On the sets inhabited by numbers. Formalized Mathematics, 11(4):
341-347, 2003.

Andrzej Trybulec and Czestaw Bylinski. Some properties of real numbers. Formalized
Mathematics, 1(3):445-449, 1990.

Michat J. Trybulec. [Integers. Formalized Mathematics, 1(8):501-505, 1990.

Zinaida Trybulec. Properties of subsets. Formalized Mathematics, 1(1):67-71, 1990.
Edmund Woronowicz. Relations and their basic properties. Formalized Mathematics, 1
(1):73-83, 1990.

Edmund Woronowicz. [Relations defined on sets. Formalized Mathematics, 1(1):181-186,
1990.

Bo Zhang, Hiroshi Yamazaki, and Yatsuka Nakamura. Set sequences and monotone class.
Formalized Mathematics, 13(4):435-441, 2005.

Received April 19, 2015


http://fm.mizar.org/1990-1/pdf1-1/finset_1.pdf
http://fm.mizar.org/1990-1/pdf1-1/real_1.pdf
http://dx.doi.org/10.2478/v10037-012-0001-5
http://fm.mizar.org/1990-1/pdf1-5/rat_1.pdf
http://fm.mizar.org/1997-6/pdf6-4/wsierp_1.pdf
http://fm.mizar.org/1990-1/pdf1-2/seq_1.pdf
http://fm.mizar.org/1990-1/pdf1-2/seq_2.pdf
http://fm.mizar.org/1990-1/pdf1-5/newton.pdf
http://fm.mizar.org/1990-1/pdf1-5/int_2.pdf
http://fm.mizar.org/1990-1/pdf1-5/int_2.pdf
http://dx.doi.org/10.2478/v10037-006-0009-9
http://fm.mizar.org/1997-6/pdf6-2/comseq_2.pdf
http://fm.mizar.org/1997-6/pdf6-2/comseq_2.pdf
http://fm.mizar.org/1990-1/pdf1-1/setfam_1.pdf
http://fm.mizar.org/1997-6/pdf6-3/abian.pdf
http://dx.doi.org/10.2478/forma-2014-0013
http://fm.mizar.org/2003-11/pdf11-4/membered.pdf
http://fm.mizar.org/1990-1/pdf1-3/square_1.pdf
http://fm.mizar.org/1990-1/pdf1-3/int_1.pdf
http://fm.mizar.org/1990-1/pdf1-1/subset_1.pdf
http://fm.mizar.org/1990-1/pdf1-1/relat_1.pdf
http://fm.mizar.org/1990-1/pdf1-1/relset_1.pdf
http://fm.mizar.org/2005-13/pdf13-4/prob_3.pdf

FORMALIZED MATHEMATICS "™ DE GRUYTER
Vol. 23, No. 2, Pages 107-114, 2015 (? OPEN

T
DOI: 10.1515/forma-2015-0011 degruyter.com/view/j/forma

Finite Product of Semiring of Sets

Roland Coghetto
Rue de la Brasserie 5
7100 La Louviere, Belgium
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1. PRELIMINARIES

From now on X1, Xo, X3, X4 denote sets.
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(4) (X1 \ X2) \ (X3\ Xy) = (X1 N Xg\ (X2 UX3)) U (X7 \ ((X2UX3) U
X4))) U ((X1 N X3) N X4\ X2). The theorem is a consequence of (2) and
(3)-

(5) U{X1, X2, X3} = (X1 U Xp) U X3,

2. THE DIRECT IMAGE OF A SEMIRING OF SETS BY AN INJECTIVE
FuncTIiON

Now we state the proposition:
(6) Let us consider sets T', S, a function f from 7 into S, and a family G of
subsets of T'. Then f°G = {f°A, where A is a subset of T': A € G}.

Let T, S be sets, f be a function from T into S, and G be a finite family of
subsets of T'. Let us note that f°G is finite.

Let f be a function and A be a countable set. Let us note that f°A is
countable.

The scheme FraenkelCountable deals with a set A and a set X and a unary
functor F yielding a set and states that

(Sch. 1) {F(w), where w is an element of A : w € X'} is countable

provided
e X is countable.

Let T, S be sets, f be a function from 7T into S, and G be a countable family
of subsets of T'. Let us note that f°G is countable.

Let X, Y be sets, S be a family of subsets of X with the empty element, and
f be a function from X into Y. One can verify that f°.S has the empty element.

Now we state the propositions:

(7) Let us consider sets X, Y, a function f from X into Y, and families
S1, So of subsets of X. If S; C Sy, then f°S; C f°Ss. The theorem is a
consequence of (6).

(8) Let us consider sets X, Y, a N-closed family S of subsets of X, and a
function f from X into Y. Suppose f is one-to-one. Then f°S is a N-closed
family of subsets of Y.

(9) Let us consider non empty sets X, Y, a Nyy-closed family S of subsets
of X, and a function f from X into Y. Suppose f is one-to-one. Then f°S
is a Nyp-closed family of subsets of Y.

(10) Let us consider non empty sets X, Y, a \%p—closed family S of subsets of
X, and a function f from X into Y. Suppose f is one-to-one and f°S is
not empty. Then f°S is a \%p-closed family of subsets of Y.
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PROOF: Reconsider f; = f°S as a family of subsets of Y. f; is \%p-closed
by [10, (64), (87)], [LT, (103)], [26, (123)]. O

(11) Let us consider non empty sets X, Y, a \ s)-closed family S of subsets of
X, and a function f from X into Y. Suppose f is one-to-one. Then f°S is
a \ sp-closed family of subsets of Y.

(12) Let us consider non empty sets X, Y, a semiring S of sets of X, and a
function f from X into Y. If f is one-to-one, then f°S is a semiring of sets
of Y.

3. THE SET OF SET DIFFERENCES OF ALL ELEMENTS OF A SEMIRING OF
SETS

Now we state the proposition:

(13) Let us consider a l-element finite sequence X. Suppose X (1) is not
empty. Then there exists a function I from X (1) into [[ X such that

(i) I is one-to-one and onto, and
(ii) for every object = such that x € X (1) holds I(z) = (z).

Let X be a set. Observe that 2 is N-closed and there exists a N-closed
family of subsets of X which has the empty element and there exists a N-closed
family of subsets of X with the empty element which is U-closed.

Let X, Y be non empty sets. Let us observe that X \\ Y is non empty.

Now we state the proposition:

(14) Let us consider a set X, and a family S of subsets of X with the empty
element. Then S'\\ S = the set of all A\ B where A, B are elements of S.

Let X be a set and S be a family of subsets of X with the empty element.
The functor semidiff S yielding a family of subsets of X is defined by the term

(Def. 1) S\ S.
Now we state the proposition:
(15) Let us consider a set X, a family S of subsets of X with the empty ele-

ment, and an object x. Suppose = € semidiff S. Then there exist elements
A, B of S such that z = A\ B. The theorem is a consequence of (14).

Let X be a set and S be a family of subsets of X with the empty element.
Observe that semidiff S has the empty element.

Let S be a N-closed, U-closed family of subsets of X with the empty element.
Note that semidiff S is N-closed and \ f,-closed.

Now we state the proposition:

(16) Let us consider a set X, and a N-closed, U-closed family S of subsets of
X with the empty element. Then semidiff S is a semiring of sets of X.
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4. THE COLLECTION OF ALL LocALLY CLOSED SETS LC(X,T) OF A
TOPOLOGICAL SPACE (X, 7)

Let T be a non empty topological space. The functor LC(T) yielding a family
of subsets of Qp is defined by the term
(Def. 2) {AN B, where A, B are subsets of T : A is open and B is closed}.
Let us note that LC(T') is N-closed and \ y,-closed and has the empty element.

(17) Let us consider a non empty topological space T. Then LC(T) is a se-
miring of sets of Q.

5. THE FINITE PRODUCT OF SEMIRINGS OF SETS

Let n be a natural number. Note that there exists an n-element finite sequ-
ence which is non-empty.
Let n be a non zero natural number and X be a non-empty, n-element finite
sequence.
A semiring family of X is an n-element finite sequence and is defined by
(Def. 3) for every natural number i such that i € Segn holds it(i) is a semiring
of sets of X (7).
In the sequel n denotes a non zero natural number and X denotes a non-
empty, n-element finite sequence. Now we state the propositions:
(18) Let us consider a semiring family S of X. Then dom S = dom X.
(19) Let us consider a semiring family S of X, and a natural number 4. If
i € Segn, then J(S(7)) C X (4).
(20) Let us consider a function f, and an n-element finite sequence X. If
f €J]X, then f is an n-element finite sequence.
Let n be a non zero natural number and X be an n-element finite sequence.
The functor SemiringProduct X yielding a set is defined by
(Def. 4) for every object f, f € it iff there exists a function g such that f =[]g
and g € [[ X.
Now we state the propositions:
(21) Let us consider an n-element finite sequence X.
Then SemiringProduct X C a(UUx)dom

(22) Let us consider a semiring family S of X. Then SemiringProduct S is a
family of subsets of [ X.
PRrROOF: Reconsider S; = SemiringProduct S as a subset of 2UUS)
Sy 21X by [3,(9)], (18), [ (89)], (19). O

dom S
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(23) Let us consider a non-empty, 1-element finite sequence X. Then [[ X =
the set of all (z) where x is an element of X (1). The theorem is a conse-
quence of (13).

One can check that [](0) is empty. Now we state the propositions:

(24) Let us consider a non empty set x. Then [[(z) = the set of all (y) where
y is an element of z. The theorem is a consequence of (23).

(25) Let us consider a non-empty, 1-element finite sequence X, and a semi-
ring family S of X. Then SemiringProduct S = the set of all [](s) where
s is an element of S(1). PROOF: S is non-empty by (18), [7, (3)]. [IS =
the set of all (s) where s is an element of S(1). O
Let us consider sets z, y. Now we state the propositions:
(26) TI{(z) NTI{y) = [I{(x Ny). The theorem is a consequence of (24).
(27) TLz)\II{y) = I1{= \ y). The theorem is a consequence of (24).

Let us consider a non-empty, 1-element finite sequence X and a semiring
family S of X. Now we state the propositions:

(28) the set of all [[(s) where s is an element of S(1) is a semiring of sets
of the set of all (x) where z is an element of X(1). The theorem is a
consequence of (24), (26), and (27).

(29) SemiringProduct S is a semiring of sets of [] X. The theorem is a con-
sequence of (23), (25), and (28).

(30) Let us consider sets X1, X9, a semiring S; of sets of X;, and a semiring
Sy of sets of Xs. Then the set of all s; X so where s1 is an element of Sq,
so is an element of S5 is a semiring of sets of X x Xo.

(31) Let us consider a non-empty, n-element finite sequence X3, a non-empty,
1-element finite sequence X7, a semiring family S35 of X3, and a semiring
family S1 of X;. Suppose SemiringProduct Ss is a semiring of sets of [| X3
and SemiringProduct S is a semiring of sets of [][ X;. Let us consider a
family Sy of subsets of [[ X3 x [[ X1. Suppose S4 = the set of all s; x
so where s1 is an element of SemiringProduct S3, s9 is an element of
SemiringProduct S;. Then there exists a function I from [] X3 x [[ X1
into [[(X3 ™ X1) such that

(i) I is one-to-one and onto, and

(ii) for every finite sequences x, y such that x € [[ X3 and y € [[ X3
holds I(z,y) = = "y, and

(iii) I°Sy = SemiringProduct(Ss ™~ Sy).

Proor: J(S1(1)) € X1(1). Consider I being a function from [] X3 x [T X;
into [T(X3 ™ X7) such that I is one-to-one and [ is onto and for every finite
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sequences x, y such that € [[ X3 and y € [[ X3 holds I(x,y) = = " y.
I°S, = SemiringProduct(Ss ~ S1) by (25), (20), [7, (89)], [24, (153)]. O

(32) Let us consider a non-empty, n-element finite sequence X3, a non-empty,
1-element finite sequence X;, a semiring family S3 of X3, and a semi-
ring family S7 of Xi. Suppose SemiringProduct S5 is a semiring of sets
of J[ X3 and SemiringProduct S; is a semiring of sets of []X;. Then
SemiringProduct(S37~57) is a semiring of sets of [](X3~X1). The theorem
is a consequence of (30), (31), (9), and (10).

(33) Let us consider a semiring family S of X. Then SemiringProduct S is a
semiring of sets of [] X. PROOF: Define P[non zero natural number] = for
every non-empty, $;1-element finite sequence X for every semiring family
S of X, SemiringProduct S is a semiring of sets of [[ X. P[1]. For every
non zero natural number n, P[n] from [5, Sch. 10]. O

Let n be a non zero natural number, X be a non-empty, n-element finite
sequence, and S be a semiring family of X. We say that S is N-closed yielding
if and only if

(Def. 5) for every natural number i such that ¢ € Segn holds S(7) is N-closed.
Note that there exists a semiring family of X which is N-closed yielding.

6. THE FINITE PRODUCT OF CLASSICAL SEMIRINGS OF SETS

Let X be a set. Note that there exists a semiring of sets of X which is
N-closed.

Let us consider a non-empty, 1-element finite sequence X and a N-closed
yielding semiring family S of X. Now we state the propositions:

(34) the set of all [](s) where s is an element of S(1) is a N-closed semiring
of sets of the set of all (z) where = is an element of X (1). The theorem is
a consequence of (26) and (28).

(35) SemiringProduct S is a N-closed semiring of sets of [ X. The theorem
is a consequence of (23), (25), and (34).

Now we state the propositions:

(36) Let us consider sets X1, Xo, a N-closed semiring S; of sets of X3, and a
N-closed semiring So of sets of Xs5. Then the set of all s1 x so where s is
an element of S, s9 is an element of S is a N-closed semiring of sets of
X1 X X2.

(37) Let us consider a non-empty, n-element finite sequence X3, a non-empty,
1-element finite sequence X1, a N-closed yielding semiring family Ss of X3,
and a N-closed yielding semiring family S7 of X. Suppose SemiringProduct
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Ss is a N-closed semiring of sets of [[ X3 and SemiringProduct S; is a
N-closed semiring of sets of [[ X;. Then SemiringProduct(Ss ~ S1) is a
N-closed semiring of sets of [[(X3 ™ X7). The theorem is a consequence of
(30), (31), (36), (8), and (10).
Let us consider n and X. Let S be a N-closed yielding semiring family of X.
One can check that SemiringProduct S is N-closed.

(38) Let us consider a N-closed yielding semiring family S of X.
Then SemiringProduct S is a N-closed semiring of sets of [] X.

7. MEASURABLE RECTANGLE

Let n be a non zero natural number and X be a non-empty, n-element finite
sequence.
A classical semiring family of X is an n-element finite sequence and is defined
by
(Def. 6) for every natural number i such that ¢ € Segn holds (i) is a semi-diff-
closed, N-closed family of subsets of X (i) with the empty element.

Let X be an n-element finite sequence. We introduce MeasurableRectangle X
as a synonym of SemiringProduct X. Now we state the propositions:

(39) Every classical semiring family of X is a N-closed yielding semiring family
of X.

(40) Let us consider a classical semiring family S of X.
Then MeasurableRectangle S is a semi-diff-closed, N-closed family of sub-
sets of [[ X with the empty element. The theorem is a consequence of (39)
and (33).
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Summary. Nelson algebras were first studied by Rasiowa and Biatynicki-
Birula [I] under the name N-lattices or quasi-pseudo-Boolean algebras. Later, in
investigations by Monteiro and Brignole [3,[4], and [2] the name “Nelson algebras”
was adopted — which is now commonly used to show the correspondence with
Nelson’s paper [I4] on constructive logic with strong negation.

By a Nelson algebra we mean an abstract algebra

<L7 T7 — T, T =, l—lv r|>

where L is the carrier, — is a quasi-complementation (Rasiowa used the sign
~, but in Mizar “—” should be used to follow the approach described in [12]
and [10]), — is a weak pseudo-complementation, — is weak relative pseudo-
complementation and = is implicative operation. U and M are ordinary lattice
binary operations of supremum and infimum.

In this article we give the definition and basic properties of these algebras
according to [I6] and [I5]. We start with preliminary section on quasi-Boolean
algebras (i.e. de Morgan bounded lattices). Later we give the axioms in the form
of Mizar adjectives with names corresponding with those in [I5]. As our main
result we give two axiomatizations (non-equational and equational) and the full
formal proof of their equivalence.

The second set of equations is rather long but it shows the logical essence of
Nelson lattices. This formalization aims at the construction of algebraic model of
rough sets [9] in our future submissions. Section 4 contains all items from Th. 1.2
and 1.3 (and the itemization is given in the text). In the fifth section we provide
full formal proof of Th. 2.1 p. 75 [16].
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The notation and terminology used in this paper have been introduced in the
following articles: [5], [6], [7], [18], [11], [13], [17], and [§].

1. DE MORGAN AND QUASI-BOOLEAN LATTICES

Let L be a non empty ortholattice structure. We say that L is de Morgan if
and only if

(Def. 1) for every elements x, y of L, (x My)® = z¢ U y°.

One can verify that every non empty ortholattice structure which is de Mor-
gan and involutive is also de Morgan and every non empty ortholattice structure
which is de Morgan and involutive is also de Morgan.

Every non empty ortholattice structure which is trivial is also de Morgan and
there exists a non empty ortholattice structure which is de Morgan, involutive,
bounded, distributive, and lattice-like.

A de Morgan algebra is a de Morgan, involutive, distributive, lattice-like,
non empty ortholattice structure.

A quasi-Boolean algebra is a bounded de Morgan algebra. From now on L
denotes a quasi-Boolean algebra and z, y, z denote elements of L.

Now we state the propositions:

(1) (zUy)®=amye.
(2) (Tp)*=Lr.
(3) (Lr)=Tr.
(4) zMN(zNy)=xNy
(5) zU(zUy)=aUy

2. THE STRUCTURE AND OPERATORS IN NELSON ALGEBRAS

We consider Nelson structures which extend ortholattice structures and are
Systems

(a carrier, a unity, a complement operation, a weak pseudo-complementation,

a weak relative pseudo-complementation, an implicative operation,
a join operation, a meet operation)

where the carrier is a set, the unity is an element of the carrier, the complement
operation and the weak pseudo-complementation are unary operations on the
carrier, the weak relative pseudo-complementation and the implicative operation
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and the join operation and the meet operation are binary operations on the
carrier.

Note that there exists a Nelson structure which is strict and non empty and
there exists a non empty Nelson structure which is trivial, de Morgan, involutive,
bounded, distributive, and lattice-like.

Let L be a non empty Nelson structure and a, b be elements of L. The
functor a — b yielding an element of L is defined by the term

(Def. 2) (the weak relative pseudo-complementation of L)(a,b).
We say that a < b if and only if

(Def. 3) a—b=Typ.
We say that a < b if and only if

(Def. 4) a=anb.

Let a be an element of L. The functor —a yielding an element of L is defined
by the term

(Def. 5) (the weak pseudo-complementation of L)(a).

Let a, b be elements of L. The functor a = b yielding an element of L is
defined by the term

(Def. 6) (the implicative operation of L)(a,b).

3. THE NON-EQUATIONAL AXIOMATIZATION

Let L be a non empty Nelson structure. We say that L has reflexive < if
and only if

(Def. 7) for every element a of L, a < a.
We say that L has transitive < if and only if
(Def. 8) for every elements a, b, ¢ of L such that a < b < ¢ holds a < c.

Let L be a bounded, lattice-like, non empty Nelson structure. We say that
L is quasi-Boolean if and only if

(Def. 9) L is de Morgan, involutive, and distributive.

Let us note that every bounded, lattice-like, non empty Nelson structure
which is quasi-Boolean is also de Morgan, involutive, and distributive.

Every bounded, lattice-like, non empty Nelson structure which is de Morgan,
involutive, and distributive is also quasi-Boolean.

Let L be a non empty Nelson structure. We say that L satisfies (qpB3) if
and only if

(Def. 10) for every elements x, a, bof L, aNx <biff < a—b.
We say that L satisfies (qpBy4) if and only if
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(Def. 11) for every elements a, b of L, a = b= (a—b) M (=b— —a).
We say that L satisfies (qpB5) if and only if
(Def. 12) for every elements a, b of L,a = b= T iff alb = a.
We say that L satisfies (qpBg) if and only if
(Def. 13) for every elements a, b, ¢ of L such that a < c and b < ¢ holds alUb < c.
We say that L satisfies (qpB7) if and only if
(Def. 14) for every elements a, b, ¢ of L such that a < b and a < ¢ holds a < blMec.
We say that L satisfies (qpBg) if and only if
(Def. 15) for every elements a, b of L, a —b < —(a— ).
We say that L satisfies (qpByg) if and only if
(Def. 16) for every elements a, b of L, —(a—b) < a1 —b.
We say that L satisfies (qpBig) if and only if
(Def. 17) for every element a of L, a < ——a.
We say that L satisfies (qpBi1) if and only if
(Def. 18) for every element a of L, ——a < a.
We say that L satisfies (qpBi2) if and only if
(Def. 19) for every elements a, b of L, aM —a < b.
We say that L satisfies (qpBi3) if and only if
(Def. 20) for every element a of L, ~a =a— —Tp.

Let us observe that there exists a bounded, lattice-like, non empty Nelson
structure which is quasi-Boolean and has reflexive < and transitive < and satis-
fies (qpB3), (qpBa), (apBs), (apBs), (apB7), (apBs), (apBy), (apBio), (apBi1),
(qpB12), and (qpBis).

A Nelson algebra is a quasi-Boolean, bounded, lattice-like, non empty Nelson
structure with reflexive < and transitive <. Let L be a bounded, non empty
Nelson structure and a, b be elements of L. Let us observe that the functor
a = b is defined by the term

(Def. 21) (a—b) 1 (=b— —a).
From now on L denotes a Nelson algebra and a, b, ¢, d, x, y, z denote

elements of L.
Now we state the propositions:

(6) aCbif and only if a < b.
(7) a<b<aifandonlyif a=hb.

PRrROOF: If a < b < a, then a = b by [I8, (4), (8)]. O
(8) amb=Trifandonlyifa= T and b= Tp.
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(9) a < bif and only if a < b and —b < —a. The theorem is a consequence
of (8).

(10) amMb < a. The theorem is a consequence of (9).

(11) a < aUb. The theorem is a consequence of (9).

(12) a<bifand onlyifa= b= Ty.

(13) —(amMb) = —a U —b. The theorem is a consequence of (1).

(14) (aM—a)M(bU—b) = alM—a. The theorem is a consequence of (1), (13),

and (9).

(15) Ifa<b<c thena<ec.

(16) Ifb < ¢, then allb < alUc and alb < alle. The theorem is a consequence
of (9), (1), and (13).

(17) —aUb < a—b. The theorem is a consequence of (1), (2), (9), (10), (16),
and (15).

(18) (a—b)M(—allb) = —aUb. The theorem is a consequence of (1), (13),
(17), (10), (9), and (7).

(19) —alUb < a—b. The theorem is a consequence of (18) and (9).

(20) an(a—b) =an(—alUb). The theorem is a consequence of (11), (10),
(13), (1), (19), (9), and (7).

(21) If —x < —y, then —(z —2z) < —(2 —y).

Let us assume that x < y. Now we state the propositions:
(22) aN(a—x) < y. The theorem is a consequence of (20) and (10).
(23) a—x < a—y. The theorem is a consequence of (22).

(24) a—(bMc) = (a—b) N (a—c). The theorem is a consequence of (11),
(13), (10), (23), (9), and (7).

4. PROPERTIES OF NELSON ALGEBRAS

Now we state the propositions:

(25) [SEE ALsoO [16] p. 69, TH. 1.2 (5)]:
a=a=Tp.

(26) [SEE ALsO [16] p. 69, TH. 1.2 (6)]:
Ifa=b=Trandb=c=Ty,thena=c=Ty.

(27) [SEE ALsoO [16] p. 69, TH. 1.2 (7)]:
Ifa=b=Tpand b= a= Ty, then a =0b.

(28) [SEE ALsoO [16] p. 69, TH. 1.2 (8)]:
a=Tr="Tp.
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(29) [SEE ALsO [16] p. 69, TH. 1.3 (9)]:
a—a=Tp.
(30) [SEE ALso [16] p. 69, TH. 1.3 (10)]:
Ifa—b=Trpand b—c=Tp,thena—c=Ty.
(31) [SEE ALsoO [16] p. 69, TH. 1.3 (11)]:
Ifb<c thenalb<alUcandalb<allc.
(32) [SEE ALso [16] p. 69, TH. 1.3 (12)]:
Ifa<bandc<d,thenallc<bUdandallc<bld.
(33) [SEE ALsoO [16] p. 69, TH. 1.3 (13)]:
al(a—b) <b.
(34) [SEE ALso [16] p. 69, TH. 1.3 (14)]:
a—(b—c)=(alb)—ec.
(35) [SEE ALso [16] p. 69, TH. 1.3 (15)]:
a—(b—c)=b—(a—c).
(36) [sEE ALsO [16] p. 69, TH. 1.3 (16)]:
a < (a—b) —b. The theorem is a consequence of (33).
(37) [SsEE ALso [16] p. 71, TH. 1.3 (50)]:
a < b—(amMb). The theorem is a consequence of (9).
(38) [SEE ALso [16] p. 69, TH. 1.3 (17)]:
a—a < bU —b. The theorem is a consequence of (1) and (9).
(39) [SEE ALSO [16] p. 70, TH. 1.3 (18)]:
a < b= aMb. The theorem is a consequence of (37) and (9).
(40) [sEE ALso [16] p. 70, TH. 1.3 (19)]:
a— —b=>b— —a. The theorem is a consequence of (35).
(41) [SsEE ALso [16] p. 70, TH. 1.3 (20)]:
a— T = Tr. The theorem is a consequence of (9).
(42) [SEE ALso [16] p. 70, TH. 1.3 (21)]:
17 —a= Tg. The theorem is a consequence of (9).
(43) [SEE ALso [16] p. 70, TH. 1.3 (22)]:
Tr —b=>b. The theorem is a consequence of (9), (33), and (7).
(44) [SEE ALso [16] p. 70, TH. 1.3 (23)]:
Ifa=Tranda—b=Tp,thenb= Tp.
(45) [SEE ALsO [16] p. 70, TH. 1.3 (24)]:
a—(b—a) = Tr. The theorem is a consequence of (9).
(46) [SEE ALso [16] p. 70, TH. 1.3 (25)]:

(a—(b—c)) —((a—b)—(a—c)) = Tr. The theorem is a consequence of
(33) and (35).
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(47) [sEE ALsO [16] p. 70, TH. 1.3 (26)]:
a—(aUb) = Tpr. The theorem is a consequence of (11).

(48) [SEE ALsO [16] p. 70, TH. 1.3 (27)]:
b—(alUb) = Tr. The theorem is a consequence of (11).

(49) [sEE ALso [16] p. 70, TH. 1.3 (28)]:

(a—¢)—=((b—c)—((aUb) —c)) = Tr. The theorem is a consequence of
(33) and (10).
(50) [SEE ALso [16] p. 70, TH. 1.3 (29)]:
(aMb)—a = Tr. The theorem is a consequence of (10).
(51) [SEE ALso [16] p. 70, TH. 1.3 (30)]:
(aMb) — b= Tr. The theorem is a consequence of (10).

(52) [SEE ALso [16] p. 70, TH. 1.3 (31)]:
(a—b)—((a—c)—(a—(bMc))) = Tr. The theorem is a consequence of
(33).

(53) [SEE ALso [16] p. 70, TH. 1.3 (32)]:

(a——b)—(b——a) = Tr. The theorem is a consequence of (40) and
(29).

(54) [SEE ALso [16] p. 70, TH. 1.3 (33)]:

—(a—a)—b = Tr. The theorem is a consequence of (29), (2), (43), and
(42).

(55) [SEE ALso [16] p. 70, TH. 1.3 (34)]:
—a—(a—b)=Tr.

(56) [SEE ALso [I6] p. 70, TH. 1.3 (35)]:
(—(a—b)—(an=b))MN ((aM—=b)——(a—b)) = Tp.

(57) [SEE ALso [16] p. 70, TH. 1.3 (36)]:
(—ma—a)N(a———a)=Typ.

(58) [SEE ALso [16] p. 70, TH. 1.3 (37)]:

——a =a.
(59) [SEE ALso [16] p. 70, TH. 1.3 (38)]:
—(aUb) = —al —b.

(60) [SEE ALsoO [16] p. 70, TH. 1.3 (39)]:

—(amb) = —a U —b. The theorem is a consequence of (1).

(61) [SEE ALsO [16] p. 70, TH. 1.3 (40)]:

If a < b, then b— ¢ < a—cand ¢c—a < c—b. The theorem is a consequ-
ence of (43), (46), (10), and (41).

(62) [SEE ALso [16] p. 70, TH. 1.3 (41)]:

(a—b)—((c—d)—((alNec) —(bMd))) = Tr. The theorem is a consequence
of (33).
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(63) [SEE ALsoO [16] p. 70, TH. 1.3 (42)]:
(a—b) —((¢c—d) —((alc) —(bUd))) = Tr. The theorem is a consequence
of (10).

(64) [SEE ALSO [16] p. 70, TH. 1.3 (43)]:
(b—a)—((c—=d)—((a—c)—(b—d))) = Tr. The theorem is a consequ-
ence of (33).

5. ALTERNATIVE EQUATIONAL AXIOMATICS BY RASIOWA

Let L be a non empty Nelson structure. We say that L satisfies (qpBy) if
and only if

(Def. 22) for every elements a, bof L, a <biff a = b= Tp.
We say that L satisfies (qpB7) if and only if
(Def. 23) for every elements a, b of L, a—(b—a) = Tp.
We say that L satisfies (qpB3) if and only if
(Def. 24) for every elements a, b, ¢ of L, (a —(b—¢)) —=((a—b) —(a—¢)) = TL.
We say that L satisfies (qpB3) if and only if
(Def. 25) for every element a of L, T, —a = a.
We say that L satisfies (qpB%) if and only if
(Def. 26) for every elements a, b of L, (a = b) —=((b = a)—b) = (b= a) —((a =
b) —a).
We say that L satisfies (qpBg) if and only if
(Def. 27) for every elements a, b of L, a—(alUb) = Tp.
We say that L satisfies (qpB%) if and only if
(Def. 28) for every elements a, b of L, b—(alUb) = Tp.
We say that L satisfies (qpB§) if and only if
(Def. 29) for every elements a, b, ¢ of L, (a—¢) —((b—¢)—=((aUb) —c)) = Tp.
We say that L satisfies (qpB§) if and only if
(Def. 30) for every elements a, b of L, (aMb) —a = Tr.
We say that L satisfies (qpB7) if and only if
(Def. 31) for every elements a, b of L, (aT1b) —b=Ty.
We say that L satisfies (qpBj;) if and only if
(Def. 32) for every elements a, b, ¢ of L, (a —b) =((a—c) —(a—(bMc))) = TL.
We say that L satisfies (qpB7,) if and only if
(Def. 33) for every elements a, b of L, (a ——b) —(b——a) = Tp.
We say that L satisfies (qpBj3) if and only if
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(Def. 34) for every elements a, b of L, ~(a —a) —b=Tr.
We say that L satisfies (qpB7,) if and only if
(Def. 35) for every elements a, b of L, —a—(a—b) = Tp.
We say that L satisfies (qpBj5) if and only if
(Def. 36) for every elements a, b of L, (—(a — b) —(aM—>b))M((aM—b) - —(a—b)) =
TL.
We say that L satisfies (qpBj-) if and only if
(Def. 37) for every elements a, b of L, —(a Lb) = —a M —b.
We say that L satisfies (qpBjg) if and only if
(Def. 38) for every element a of L, (—a—a)MN(a———a)=Tp.

We introduce L satisfies (qpBj) as a synonym of L satisfies (qpB4) and L
satisfies (qpBjs) as a synonym of L is de Morgan and L satisfies (qpBjg) as a
synonym of L is involutive.

Note that every Nelson algebra satisfies (qpB7), (qpB3), (qpB3), (apB3}),
(apB3), (apBg), (apB7), (apBg), (apBj), (apBio), (apBi1), (apBia), (apBis),
(apB14), (apBis), (apBie), (apBi7), (apBis), and (qpBiy).

Now we state the proposition:

(65) Let us consider a non empty Nelson structure L. Suppose L satisfies
(gqpBj). Then L is a Nelson algebra if and only if L satisfies (qpB7}),
(apB3), (qpB3), (apBi), (apB;3), (4pB§), (apB7), (apBg), (apBg), (apBiy),
(apBT1), (apBis), (apBi3), (apBis), (apBis), (apBis), (apBi7), (apBis),

and (qpBy).
PRrROOF: Reconsider I.; = L as a de Morgan, non empty Nelson structure.

For every elements a, b of L; such that aMb = T, holds a = T, and
b= Tp,. For every elements a, b of L;, a < b iff a < b and —b < —a. Set
d = (Tr)¢. For every element a of L, a < T. For every element a of L,
d < a. For every element a of L, dMa = d. For every element a of Ly,
a— Tr, = Tr,.Forevery elements a, b, c of L; such that a —b = T, and
b—c= T, holds a—c = Tp,. L; has transitive <. L; satisfies (qpBg).
For every element a of L1, a—a = Tr,. L satisfies (qpB7). For every
elements a, b of L1, aMb < a. For every elements a, b of Ly, a < alUb.
For every elements a, b of L1, b < a U b. For every elements a, b of Ly,
a b < b. For every element a of L1, a = a = Tr,. For every elements a,
bof Li,a=0biff a = b= T, and b = a = Tr,. For every elements a,
bof L1, a < b< aiff a=0>. L has reflexive <. For every elements a, b,
c of Ly such that a < b holds b—c < a—c and c—a < c—b. For every
elements a, b of L1, a—(b—(aMb)) = Tr,. For every elements a, b, ¢ of
Ly such that a < b—c holds b < a— c. For every elements a, ¢ of Ly,
a—(a—c) < a—c. Ly satisfies (qpBs3). For every elements a, b, ¢ of Ly
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such that b < ¢ holds a b < a M c¢. For every elements a, b, ¢ of L such
that b < ¢ holds a U b < a U ¢. For every elements a, b, ¢ of Ly such that
a < cand b < cholds allb < c. For every elements a, b, ¢ of L; such that
¢ < aand ¢ < b holds ¢ < allb. For every elements a, b of Ly, blla < allb.
For every elements a, b of L1, allb= bl a. For every elements a, b of Ly,
alb < bMa. For every elements a, b of Ly, alb = bMa. For every elements
a, b, c of L1 such that a < b holds a LI ¢ < bU c. For every elements a, b
of Ly, b = (aMb) Ub. For every elements a, b of L1, aM (aUb) = a. For
every elements a, b, c of Ly such that b < ¢ holds aMb < allc. For every
elements a, b, ¢ of Ly such that a < b < ¢ holds a < ¢. For every elements
a, b, cof Ly, am (bMec) = (aMb) Me. For every elements a, b, ¢ of Ly,
al(bUc)=(aUb)Uec. Set ¢ = Tp,. For every element a of L1, clla =c¢
and alc = c by [I8], (4)]. Ly is distributive. L satisfies (qpBs5). L1 satisfies
(qpBg). L; satisfies (qpByg). L; satisfies (qpBig). L1 satisfies (qpBi11). L1
satisfies (qpBi2). For every elements a, b, ¢ of Ly, =Ty, = —Tp,. For
every elements a, b of L1, a— —b=b— —a. L; satisfies (qpB13). O
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128 ROLAND COGHETTO
1. ADDITIVE NOTATION FOR GROUPS — GROUP_1

From now on m, n denote natural numbers, i, j denote integers, S denotes
a non empty additive magma, and r, 1, 79, s, S1, So, t, t1, to denote elements
of S.

The scheme SeqEx2Dbis deals with non empty sets X', Z and a ternary
predicate P and states that

(Sch. 1) There exists a function f from N x X into Z such that for every natural
number z for every element y of X, Plz,y, f(x,y)]

provided

e for every natural number z and for every element y of X, there exists an
element z of Z such that Pz, y, z].

Let I; be an additive magma. We say that [; is add-unital if and only if
(Def. 1) there exists an element e of I; such that for every element h of I,
h+e=hand e+ h=nh.
We say that Iy is additive group-like if and only if

(Def. 2) there exists an element e of I; such that for every element h of I,
h+e = h and e + h = h and there exists an element g of I; such that
h4+g=ecand g+ h=c.

Let us note that every additive magma which is additive group-like is also
add-unital and there exists an additive magma which is strict, additive group-
like, add-associative, and non empty.

An additive group is an additive group-like, add-associative, non empty
additive magma. Now we state the propositions:

(1) Suppose for every r, s, and t, (r+s) +t =1+ (s +t) and there exists ¢
such that for every si, s1+t = s1 and t 4 s; = s1 and there exists sy such
that s;1 + so =t and s9 + s1 = t. Then S is an additive group.

(2) Suppose for every r, s, and t, (r+s)+t = r+ (s+t) and for every r and
s, there exists t such that r + ¢ = s and there exists ¢ such that t +r = s.
Then S is add-associative and additive group-like.

(3) (R,+r) is add-associative and additive group-like.

From now on G denotes an additive group-like, non empty additive magma
and e, h denote elements of G.

Let G be an additive magma. Assume G is add-unital. The functor Og yiel-
ding an element of G is defined by

(Def. 3) for every element h of G, h + it = h and it + h = h.

Now we state the proposition:



GROUPS — ADDITIVE NOTATION 129

(4) If for every h, h+ e = h and e + h = h, then e = (.
From now on GG denotes an additive group and f, g, h denote elements of G.
Let us consider G and h. The functor —h yielding an element of G is defined
by
(Def. 4) h+ it =0¢g and it + h = 0¢.
Let us note that the functor is involutive.
Now we state the propositions:
(5) If h+¢g=0¢g and g+ h = 0¢g, then g = —h.
(6) fh+g=h+forg+h=f+h,then g=f.
(7) If h4+g=hor g+h = h, then g = 0. The theorem is a consequence of

(6).

(8) —0c = 0c-
(9) If —h = —g, then h = g. The theorem is a consequence of (6).
(10) If —h = 0g, then h = 0g. The theorem is a consequence of (8).
(11) If h4+ g = 0g, then h = —g and g = —h. The theorem is a consequence

of (6).

(12) h+ f =g if and only if f = —h 4 g. The theorem is a consequence of
(6).

(13) f+ h =g if and only if f = g+ —h. The theorem is a consequence of
(6).

(14) There exists f such that g + f = h. The theorem is a consequence of
(12).

(15) There exists f such that f + g = h. The theorem is a consequence of
(13).

(16) —(h+g) = —g+ —h. The theorem is a consequence of (11).

(17) g+ h = h+ g if and only if —(¢9+h) = —g + —h. The theorem is a
consequence of (16) and (6).

(18) g+ h = h+ g if and only if —g + —h = —h + —g. The theorem is a
consequence of (16) and (17).

(19) g+h = h+gifand only if g+—h = —h+g. The theorem is a consequence
of (18), (11), and (16).

From now on u denotes a unary operation on G.

Let us consider G. The functor add inverse GG yielding a unary operation on
G is defined by

(Def. 5) it(h) = —h.
Let G be an add-associative, non empty additive magma. Let us note that
the addition of G is associative.
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Let us consider an add-unital, non empty additive magma G. Now we state
the propositions:
(20) 0¢ is a unity w.r.t. the addition of G.
(21) 14 = 0g, where « is the addition of G. The theorem is a consequence of
(20).
Let G be an add-unital, non empty additive magma. Let us note that the
addition of G is unital.
Now we state the proposition:

(22) add inverse G is an inverse operation w.r.t. the addition of G. The the-
orem is a consequence of (21).

Let us consider GG. One can verify that the addition of G has inverse opera-
tion.
Now we state the proposition:
(23) The inverse operation w.r.t. the addition of G = add inverse G. The
theorem is a consequence of (22).
Let G be a non empty additive magma. The functor mult G yielding a func-
tion from N x (the carrier of G) into the carrier of G is defined by
(Def. 6) for every element h of G, it(0,h) = 0¢ and for every natural number n,
it(n+1,h) = it(n, h) + h.
Let us consider G, i, and h. The functor i - h yielding an element of G is
defined by the term
mult G)([i|, h), if 0 <7,
(Def. 7) { ((mult )C§|)(‘]z|,)h), otherwise.
Let us consider n. One can check that the functor n-h is defined by the term
(Def. 8) (mult G)(n,h).

Now we state the propositions:

(24) 0-h=0¢.

(25) 1-h=h.

(26) 2-h = h+ h. The theorem is a consequence of (25).

(27) 3-h = h+ h+ h. The theorem is a consequence of (26).

(28) 2-h = 0¢ if and only if —h = h. The theorem is a consequence of (26)
and (11).

29

(29) If i <0, then ¢ - h = —[i|] - h. The theorem is a consequence of (8).
(30) i-0g = 0¢. The theorem is a consequence of (8).
(31)
(32)

31
32

(—=1) - h = —h. The theorem is a consequence of (25).
(i+j)-h=1i-h+j-h.
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PROOF: Define P[integer] = for every i, (i +$1)-h =i-h+ $; - h. For
every j such that P[j] holds P[j — 1] and P[j + 1]. P[0]. For every j, P[j]
from [40, Sch. 4]. O

(33) (i) (¢t4+1)-h=i-h+h,and
(ii) (i+1)-h=h+i-h.
The theorem is a consequence of (25) and (32).

(34) (=i)-h=—i-h.

Let us assume that g + h = h + g. Now we state the propositions:

(35) i-(9g+h)=1i-g+i-h. The theorem is a consequence of (16).

(36) i-g+j-h=j-h+i-g. The theorem is a consequence of (19) and (16).

(37) g+i-h=1i-h+ g. The theorem is a consequence of (25) and (36).

Let us consider G and h. We say that h is of order 0 if and only if
(Def. 9) ifn-h=0g, then n =0.
One can check that Qg is non of order 0.
Let us consider h. The functor ord(h) yielding an element of N is defined by
(Def. 10) (i) it =0, if h is of order 0,
(ii) it - h = 0¢ and it # 0 and for every m such that m - h = 0g and
m # 0 holds it < m, otherwise.
Now we state the propositions:

(38) ord(h)-h=0¢g.

(39) ord(0¢g) = 1.

(40) If ord(h) =1, then h = 0. The theorem is a consequence of (25).
Observe that there exists an additive group which is strict and Abelian.
Now we state the proposition:

(41) (R,+g) is an Abelian additive group. The theorem is a consequence of

(3).
In the sequel A denotes an Abelian additive group and a, b denote elements
of A.
Now we state the propositions:

(42) —(a+0b)=—a+ —b.

(43) i-(a+b)=i-a+i-b.

(44) (the carrier of A, the addition of A,04) is Abelian, add-associative, right

zeroed, and right complementable.
Let us consider an add-unital, non empty additive magma L and an element
x of L. Now we state the propositions:
(45) (multL)(1,z) = =.
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(46) (mult L)(2,z) = 2 + x. The theorem is a consequence of (45).
Now we state the proposition:

(47) Let us consider an add-associative, Abelian, add-unital, non empty
additive magma L, elements z, y of L, and a natural number n. Then
(mult L)(n,z + y) = (mult L)(n, ) + (mult L)(n, y).

PROOF: Define P[natural number| = (mult L)($1, z+y) = (mult L)($1, z)+
(mult L)($1,y). For every natural number n, Pln| from [5, Sch. 2]. O
Let G, H be additive magmas and I; be a function from G into H. We say
that Iy preserves zero if and only if

(Def. 11) Il(Og) =0g-.

2. SUBGROUPS AND LAGRANGE THEOREM — GROUP_2

In the sequel x denotes an object, y, y1, y2, Y, Z denote sets, k denotes a
natural number, G denotes an additive group, a, g, h denote elements of G, and
A denotes a subset of G.

Let us consider G and A. The functor —A yielding a subset of G is defined
by the term

(Def. 12) {—g: g€ A}.

One can check that the functor is involutive.

Now we state the propositions:

(48) z € —A if and only if there exists g such that z = —¢g and g € A.
(49) —{g} ={-g}-
( ) _{97 h} = {_97 _h}
(51) —0, = 0, where « is the carrier of G.
(52) —, = the carrier of G, where « is the carrier of G.
(563) A # 0 if and only if —A # (). The theorem is a consequence of (48).
Let us consider G. Let A be an empty subset of G. Observe that —A is
empty.
Let A be a non empty subset of G. One can check that —A is non empty.
In the sequel G denotes a non empty additive magma, A, B, C denote subsets
of G, and a, b, g, 91, g2, h, h1, ho denote elements of G.
Let G be an Abelian, non empty additive magma and A, B be subsets of G.
One can check that the functor A + B is commutative.
(54) z € A+ B if and only if there exists g and there exists h such that
r=g+handge Aand h € B.

(55) A # (0 and B # () if and only if A+ B # (). The theorem is a consequence
of (54).
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(56) If G is add-associative, then (A+ B)+C = A+ (B+ C).
(57) Let us consider an additive group G, and subsets A, B of G. Then
—(A+ B) = —B + —A. The theorem is a consequence of (16).

(58) A+ (BUC)=A+BU(A+QO).
(59) (AUB)+C=A+CuU(B+0(0).
(60) A+BNCC(A+B)Nn(A+0C).
(61) ANB+CC(A+C)Nn(B+0O).
(62) (i) 0o+ A =10, and
(i) A+ 0, =0,
where « is the carrier of G. The theorem is a consequence of (54).
(63) Let us consider an additive group G, and a subset A of G. Suppose
A # (). Then
(i) Qq + A = the carrier of G, and
(ii) A+ Q, = the carrier of G,

where « is the carrier of G.

(64) {g}+{h}={g+h}.

(65) {9} +{91,92} ={9+9g1.9+ g2}

(66) {g1,92} +{9} ={91 + 9,92+ g}.

(67) {g,h} +{91,92} ={9+ 91,9+ g2, h + g1, h + g2}

Let us consider an additive group G and a subset A of G. Now we state the
propositions:

(68) Suppose for every elements g1, g2 of G such that g1, go € A holds g1+¢2 €
A and for every element g of G such that g € A holds —g € A. Then
A+ A=A

(69) If for every element g of G such that g € A holds —g € A, then —A = A.

(70) If for every a and b such that a € A and b € B holds a+b = b+ a, then
A+ B =B+ A.

(71) If G is an Abelian additive group, then A+ B = B + A.

(72) Let us consider an Abelian additive group G, and subsets A, B of G.
Then —(A + B) = —A + —B. The theorem is a consequence of (42).

Let us consider G, g, and A. The functors: g + A and A + g yielding subsets
of G are defined by terms,

(Def. 13) {g} + A4,
(Def. 14) A+ {g},
respectively. Now we state the propositions:
(73) xz € g+ A if and only if there exists h such that x = g+ h and h € A.
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(74) x € A+ g if and only if there exists h such that x = h+ g and h € A.

Let us assume that G is add-associative. Now we state the propositions:

(75) (9+A)+B=g+(A+B).
(76) (A+g)+B=A+(g9+B).
(77) (A+B)+g=A+(B+y)
(78) (9+h)+ A =g+ (h+ A). The theorem is a consequence of (64) and

(56).
(719) (9g+A)+h=g+(A+h).
(80) (A+g)+h = A+ (g+ h). The theorem is a consequence of (56) and
(64).
81) (i) Oa+a =0, and
(ii) a4+ 0q =0,
where « is the carrier of G.

From now on G denotes an additive group-like, non empty additive magma,
h, g, g1, g2 denote elements of GG, and A denotes a subset of G.

(82) Let us consider an additive group G, and an element a of G. Then
(i) Qq + a = the carrier of G, and
(ii) a+ Q4 = the carrier of G,
where « is the carrier of G.
(83) (i) 0¢+A = A, and
(i) A+0g = A.
The theorem is a consequence of (73) and (74).
(84) If G is an Abelian additive group, then g+ A = A+ g.
Let G be an additive group-like, non empty additive magma.
A subgroup of G is an additive group-like, non empty additive magma and
is defined by
(Def. 15) the carrier of it C the carrier of G and the addition of it = (the addition
of G) | (the carrier of it).

In the sequel H denotes a subgroup of G and h, hi, he denote elements of

H.
Now we state the propositions:
(85) If G is finite, then H is finite.
(86) If z € H, then z € G.
(87) heq@q.
(88) h is an element of G.
(89) If hy = g1 and he = go, then hy + hes = g1 + go.
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Let G be an additive group. Let us observe that every subgroup of G is
add-associative.

In the sequel G, G1, G2, G3 denote additive groups, a, a1, asz, b, b1, ba, g,
g1, go denote elements of G, A, B denote subsets of G, H, Hy, Hy, Hs denote
subgroups of G, and h, hy, he denote elements of H.

(90) 0g = 0g- The theorem is a consequence of (87), (89), and (7).
0z, = 0g7,. The theorem is a consequence of (90).

0, € Ha. The theorem is a consequence of (90) and (92).
If h = g, then —h = —g. The theorem is a consequence of (87), (89),
(90), and (11).
(95) add inverse H = add inverse G[(the carrier of H). The theorem is a con-
sequence of (87) and (94).
(96) If g1, go € H, then g1 + go € H. The theorem is a consequence of (89).
(97) If g € H, then —g € H. The theorem is a consequence of (94).

Let us consider GG. Observe that there exists a subgroup of G which is strict.

(91)
(92) 0¢ € H. The theorem is a consequence of (90).
(93)
(94)

(98) Suppose A # () and for every g and go such that gi, go € A holds
g1+ g2 € A and for every g such that g € A holds —g € A. Then there
exists a strict subgroup H of G such that the carrier of H = A.

PROOF: Reconsider D = A as a non empty set. Set o = (the addition of
G) | A. rngo C A by [17, (87)], [14, (47)]. Set H = (D, 0). H is additive
group-like. [

(99) If G is an Abelian additive group, then H is Abelian. The theorem is a
consequence of (87) and (89).

Let G be an Abelian additive group. One can check that every subgroup of
G is Abelian.

(100) G is a subgroup of G.

(101) Suppose G is a subgroup of Gy and Gy is a subgroup of G;. Then
the additive magma of G; = the additive magma of Gs.

(102) If Gy is a subgroup of Gy and Gy is a subgroup of Gj, then G; is a
subgroup of Gs.

(103) If the carrier of Hy C the carrier of Ha, then H; is a subgroup of Hs.

(104) If for every g such that g € Hy holds g € Hj, then H; is a subgroup of
H,. The theorem is a consequence of (87) and (103).

(105) Suppose the carrier of H; = the carrier of Hy. Then the additive magma

of H; = the additive magma of Hs. The theorem is a consequence of (103)
and (101).

135
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(106) Suppose for every g, g € Hy iff g € Hs. Then the additive magma of
H; = the additive magma of Hj. The theorem is a consequence of (104)
and (101).
Let us consider G. Let Hy, Hs be strict subgroups of G. One can check that
H, = H, if and only if the condition (Def. 16) is satisfied.
(Def. 16) for every g, g € H; iff g € Ho.
Now we state the propositions:

(107) Let us consider an additive group G, and a subgroup H of G. Suppose
the carrier of G C the carrier of H. Then the additive magma of H =
the additive magma of G. The theorem is a consequence of (100) and
(105).

(108) Suppose for every element g of G, g € H. Then the additive magma of
H = the additive magma of G. The theorem is a consequence of (100) and
(106).

Let us consider G. The functor O¢ yielding a strict subgroup of G is defined
by
(Def. 17) the carrier of it = {0}
The functor Q¢ yielding a strict subgroup of G is defined by the term
(Def. 18) the additive magma of G.
Note that the functor is projective.
Now we state the propositions:
109) Oy = O¢. The theorem is a consequence of (90) and (102).

0p, = 0p,. The theorem is a consequence of (109).

—
—_
DO

)

111) Og is a subgroup of H. The theorem is a consequence of (109).

) Let us consider a strict additive group G. Then every subgroup of G is
a subgroup of Q¢.

(113) Every strict additive group is a subgroup of Q.
(114) Og is finite.

Let us consider GG. Note that O¢ is finite and there exists a subgroup of G
which is strict and finite and there exists an additive group which is strict and
finite.

Let G be a finite additive group. One can verify that every subgroup of G
is finite.

Now we state the propositions:

(115) 0g = 1.
(116) Let us consider a strict, finite subgroup H of G. If H = 1, then H = 0.
The theorem is a consequence of (92).
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(117) HCG.
Let us consider a finite additive group G and a subgroup H of G. Now we
state the propositions:

(118) H < G.
(119) Suppose G = H. Then the additive magma of H = the additive magma
of G.

PRrROOF: The carrier of H = the carrier of G by [3], (48)]. O

Let us consider G and H. The functor H yielding a subset of G is defined
by the term

(Def. 19) the carrier of H.
Now we state the propositions:
(120) If g1, g2 € H, then g1 + g2 € H. The theorem is a consequence of (96).
(121) If g € H, then —g € H. The theorem is a consequence of (97).
(122) H + H = H. The theorem is a consequence of (121), (120), and (68).
(123) —H = H. The theorem is a consequence of (121) and (69).
(124) (i) if Hy + Hy = Hy + Hy, then there exists a strict subgroup H of G
such that the carrier of H = H; + Hs, and
(ii) if there exists H such that the carrier of H = Hy+ Ha, then Hi+Hy =
Hy; + H;.
The theorem is a consequence of (121), (16), (120), (55), and (98).

(125) Suppose G is an Abelian additive group. Then there exists a strict sub-
group H of G such that the carrier of H = Hj + H,. The theorem is a
consequence of (71) and (124).

Let us consider G, H1, and Hs. The functor H1NH> yielding a strict subgroup
of GG is defined by

(Def. 20) the carrier of it = Hy N Ho.
Now we state the propositions:
(126) (i) for every subgroup H of G such that H = H; N Hj holds the carrier
of H = (the carrier of Hy) N (the carrier of Hy), and
(ii) for every strict subgroup H of G such that the carrier of H =
(the carrier of Hy) N (the carrier of Hy) holds H = Hy N Hs.
(127) Hy N Hy = Hy N Ho.
(128) x € HyN Hy if and only if © € Hy and = € Ho.

(129) Let us consider a strict subgroup H of G. Then HNH = H. The theorem
is a consequence of (105).

Let us consider G, Hy, and Hs. Note that the functor H1NH is commutative.
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(130) (H1NHy)NHs = HiN(H2NH3). The theorem is a consequence of (105).
(131) (i) 0¢ N H = 0¢, and
(i) HNOg = 0¢.
The theorem is a consequence of (111).
(132) Let us consider a strict additive group G, and a strict subgroup H of G.
Then
(i) HN Qg = H, and
(ii) Q¢ NH =H.
(133) Let us consider a strict additive group G. Then Q¢ N Qg = G.
(134) Hj N Hs is subgroup of Hy and subgroup of Hs.
(135) Let us consider a subgroup H; of G. Then H; is a subgroup of Hj if and
only if the additive magma of Hy N Hy = the additive magma of Hj.

(136) If H; is a subgroup of Ha, then H;NHj is a subgroup of Hy. The theorem
is a consequence of (102).

(137) 1If Hy is subgroup of Hy and subgroup of Hs, then H; is a subgroup of
Hy N Hs. The theorem is a consequence of (86), (128), and (104).

(138) If H; is a subgroup of Hy, then H; N H3 is a subgroup of Hy N Hs. The
theorem is a consequence of (126) and (103).

(139) If H; is finite or Hy is finite, then H; N Hy is finite.

Let us consider G, H, and A. The functors: A + H and H + A yielding
subsets of G are defined by terms,

(Def. 21) A+ H,
(Def. 22) H + A,
respectively. Now we state the propositions:

(140) z € A+ H if and only if there exists g1 and there exists ga such that
r=g1+goand g1 € Aand g2 € H.

(141) =z € H + A if and only if there exists g1 and there exists ga such that
x=g1+¢goand g; € H and g2 € A.

(142) (A+B)+H=A+(B+H).

(143) (A+H)+B=A+ (H+ B).

(144) (H+A)+B=H+ (A+ B).

(145) (A+ Hi)+ Ho = A+ (Hy + Ha).

(146) (H1+A)+ Hy=Hy + (A+ H»).

(147) (Hi+ Hz) + A= Hy + (Hy + A).

(148) If G is an Abelian additive group, then A+ H = H + A.
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Let us consider GG, H, and a. The functors: a+ H and H + a yielding subsets
of G are defined by terms,
(Def. 23) a+ H,
(Def. 24) H + a,
respectively. Now we state the propositions:
(149) =z € a+ H if and only if there exists g such that z =a+ g and g € H.
The theorem is a consequence of (73).

(150) z € H + a if and only if there exists g such that z = g+ a and g € H.
The theorem is a consequence of (74).

(151) (a+b)+H =a+ (b+ H).
(152) (a+H)+b=a+ (H+D).
(153) (H4+a)+b=H+ (a+b).
(1564) (i) a€a+ H, and

(ii) a € H + a.
The theorem is a consequence of (92), (149), and (150).
(155) (i) 0g+H = H, and
(i) H+0c=H.
(156) (i) Og + a = {a}, and
(ii) a+0¢g = {a}.
The theorem is a consequence of (64).
(157) (i) a+ Q¢ = the carrier of G, and
(ii) Q¢ + a = the carrier of G.
The theorem is a consequence of (63).
(158) If G is an Abelian additive group, then a + H = H + a.
(159) a € H if and only if a + H = H. The theorem is a consequence of (149),
(96), (97), and (92).
(160) a+ H =b+ H if and only if —b+ a € H. The theorem is a consequence
of (78), (83), and (159).
(161) a+ H = b+ H if and only if a + H meets b + H. The theorem is a
consequence of (154), (149), (97), (13), (12), (96), and (160).

(162) (a+b)+ H Ca+ H+ (b+ H). The theorem is a consequence of (149)
and (92).

(163) (1) HCa+H+ (—a+ H), and
(ii) HC —a+H+ (a+ H).
The theorem is a consequence of (83) and (162).
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(164) 2-a+ H Ca+ H + (a+ H). The theorem is a consequence of (26) and
(162).

(165) a € H if and only if H +a = H. The theorem is a consequence of (150),
(96), (97), and (92).

(166) H+a= H +bif and only if b+ —a € H. The theorem is a consequence
of (83), (80), and (165).

(167) H +a = H + b if and only if H + a meets H + b. The theorem is a
consequence of (154), (150), (97), (12), (13), (96), and (166).

(168) (H+a)+b< H+a+ (H+b). The theorem is a consequence of (92),
(150), and (80).

(169) (i) HC H+a+ (H + —a), and

(ii) HC H+ —a+ (H+a).
The theorem is a consequence of (80), (83), and (168).

(170) H+2-a C H+a+ (H+a). The theorem is a consequence of (80), (26),
and (168).

(171) a+ Hi N H2 (a + Hyp) N (a + Hz). The theorem is a consequence of
(149), (128), and (6).

(172) Hy N Hy+a = (H; +a) N (Hz + a). The theorem is a consequence of
(150), (128), and (6)

(173) There exists a strict subgroup H; of G such that the carrier of Hy =
a + Hy + —a. The theorem is a consequence of (154), (74), (149), (97),
(150), (16), (73), (56), (96), and (98).

(174) a4+ H=b+ H.

PROOF: Define Plobject, object] = there exists ¢g; such that $; = g; and
$2 =b+ —a + g1. For every object x such that x € a + H there exists an
object y such that P[z,y]. Consider f being a function such that dom f =
a + H and for every object = such that x € a + H holds P[z, f(z)] from
[4, Sch. 1]. rng f = b+ H. f is one-to-one. J

(175) a+H~H+b.
PROOF: Define P|object, object] = there exists ¢g; such that $; = g; and
$5 = —a + g1 + b. For every object z such that = € a + H there exists an
object y such that P[z,y]. Consider f being a function such that dom f =
a + H and for every object = such that x € a + H holds P[z, f(z)] from
[4, Sch. 1]. rng f = H + b. f is one-to-one. J

(176) H 4+ a~ H + b. The theorem is a consequence of (175).

(177) (i) H=~a+ H, and

(i) H~ H +a.

The theorem is a consequence of (83), (174), and (176).
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(178) (i) H =a+ H, and
(i) H =H +a.
(179) Let us consider a finite subgroup H of G. Then there exist finite sets B,
C such that
(i) B=a+ H, and
(ii) C = H +a, and
(ili) H = B, and
(iv) H=_C.
The theorem is a consequence of (177).
Let us consider G and H. The functors: the left cosets of H and the right
cosets of H yielding families of subsets of G' are defined by conditions,
(Def. 25) A € the left cosets of H iff there exists a such that A =a+ H,
(Def. 26) A € the right cosets of H iff there exists a such that A = H + a,
respectively. Now we state the propositions:
(180) If G is finite, then the right cosets of H is finite and the left cosets of H
is finite.
(181) (i) H € the left cosets of H, and

(i) H € the right cosets of H.
The theorem is a consequence of (83).
(182) The left cosets of H = the right cosets of H.

PROOF: Define P[object, object] = there exists g such that $; = g+ H and
$2 = H + —g. For every object x such that x € the left cosets of H there
exists an object y such that P[z,y]. Consider f being a function such that
dom f = the left cosets of H and for every object x such that x € the left
cosets of H holds P[z, f(z)] from [4, Sch. 1]. rng f = the right cosets of
H. f is one-to-one. [J

(183) (i) U(the left cosets of H) = the carrier of G, and
(ii) U(the right cosets of H) = the carrier of G.
The theorem is a consequence of (87), (149), and (150).
(184) The left cosets of O = the set of all {a}. The theorem is a consequence
of (156).
(185) The right cosets of O = the set of all {a}. The theorem is a consequence
of (156).
Let us consider a strict subgroup H of G. Now we state the propositions:

(186) If the left cosets of H = the set of all {a}, then H = 0g. The theorem
is a consequence of (87), (149), (92), and (6).
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(187) If the right cosets of H = the set of all {a}, then H = 0¢. The theorem
is a consequence of (87), (150), (92), and (6).

(188) (i) the left cosets of Q¢ = {the carrier of G}, and
(ii) the right cosets of Qg = {the carrier of G}.
The theorem is a consequence of (157).

Let us consider a strict additive group G and a strict subgroup H of G. Now
we state the propositions:

(189) If the left cosets of H = {the carrier of G}, then H = G. The theorem
is a consequence of (149), (6), and (108).

(190) If the right cosets of H = {the carrier of G}, then H = G. The theorem
is a consequence of (150), (6), and (108).

Let us consider G and H. The functor |e : H| yielding a cardinal number is
defined by the term
(Def. 27) @, where « is the left cosets of H.
Now we state the proposition:
(191) (i) |e: H| =@, and
(i) |e: H| = 3,
where « is the left cosets of H and ( is the right cosets of H.

Let us consider G and H. Assume the left cosets of H is finite. The functor
|e : H|y yielding an element of N is defined by

(Def. 28) there exists a finite set B such that B = the left cosets of H and it = B.
Now we state the proposition:

(192) Suppose the left cosets of H is finite. Then

(i) there exists a finite set B such that B = the left cosets of H and
le : H|y = B, and
(ii) there exists a finite set C' such that C' = the right cosets of H and
le: Hly = C.
The theorem is a consequence of (182).
Let us consider a finite additive group G and a subgroup H of G. Now we
state the propositions:

(193) LAGRANGE THEOREM FOR ADDITIVE GROUPS:
G = H -|e: H|y. The theorem is a consequence of (179), (174), (161),
and (183).

(194) H | G. The theorem is a consequence of (193).
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(195) Let us consider a finite additive group G, subgroups I, H of G, and a
subgroup J of H. Suppose I = J. Then | : I|y = |o: J|y - |e : H|y. The
theorem is a consequence of (193).

(196) |e: Qg|y = 1. The theorem is a consequence of (188).

(197) Let us consider a strict additive group G, and a strict subgroup H of G.
Suppose the left cosets of H is finite and |@ : H|y = 1. Then H = G. The
theorem is a consequence of (183) and (189).

(198) |o:0q| =G
PROOF: Define F(object) = {$;}. Consider f being a function such that
dom f = the carrier of G and for every object x such that x € the carrier
of G holds f(x) = F(z) from [14, Sch. 3]. rng f = the left cosets of O¢. f
is one-to-one by [17, (3)]. O

(199) Let us consider a finite additive group G. Then |e : Og|ny = G. The
theorem is a consequence of (193) and (115).

(200) Let us consider a finite additive group G, and a strict subgroup H of G.
Suppose |o : H|y = G. Then H = 0c. The theorem is a consequence of
(193) and (116).

(201) Let us consider a strict subgroup H of G. Suppose the left cosets of H
is finite and |e : H| = G. Then

(i) G is finite, and
(i) H = 0g¢.

The theorem is a consequence of (200).

3. CLASSES OF CONJUGATION AND NORMAL SUBGROUPS — GROUP_3

From now on z, y, y1, yo denote sets, G denotes an additive group, a, b, c,
d, g, h denote elements of G, A, B, C, D denote subsets of G, H, Hy, Ho, H3
denote subgroups of G, n denotes a natural number, and ¢ denotes an integer.
Now we state the propositions:

(202) (i) a+b+ —b=a, and
(ii) a+ —-b+b=a, and
(iii) =b+b+a=a, and
(iv) b+ —b+a=a, and
(v) a+ (b+ —b) = a, and
(vi) a+ (=b+b) =a, and

) —b+

a
(vil) =b+ (b+ a) = a, and
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(viii) b+ (=b+a) = a.
(203) G is an Abelian additive group if and only if the addition of G is com-
mutative.

(204) O¢ is Abelian.

(205) f ACBand C C D, then A+C C B+ D.

(206) If AC B,thena+ACa+ Band A+aC B+a.

(207) If H; is a subgroup of Hy, then a+ H; C a + Hy and Hy +a C Hy + a.

The theorem is a consequence of (205).
(208) a+ H ={a}+ H.
(209) H+a=H + {a}.
(210) (A+a)+ H = A+ (a+ H). The theorem is a consequence of (142).
(211) (a+ H)+ A=a+ (H + A). The theorem is a consequence of (143).
(212) ). The theorem is a consequence of (143).
(213) (H+4+a)+A=H+ (a+ A). The theorem is a consequence of (144).
(214) (Hy+a)+ Hy = Hy + (a + Ha).

Let us consider G. The functor SubGr G yielding a set is defined by
(Def. 29) for every object x, z € it iff x is a strict subgroup of G.

Note that SubGr G is non empty.

Now we state the propositions:

(215) Let us consider a strict additive group G. Then G € SubGrG. The
theorem is a consequence of (100).

(216) If G is finite, then SubGr G is finite.
PROOF: Define P[object, object] = there exists a strict subgroup H of G
such that $; = H and $2 = the carrier of H. For every object x such that
x € SubGr G there exists an object y such that Pz, y|. Consider f being
a function such that dom f = SubGr G and for every object x such that
x € SubGr G holds Plx, f(z)] from [4, Sch. 1]. rng f C 2, where « is the
carrier of G. f is one-to-one. [

)
)
(A+H)+a=A+(H+a )
)

Let us consider G, a, and b. The functor a - b yielding an element of G is
defined by the term

(Def. 30) —b+a+b.
Now we state the propositions:
217) Ifa-g=b-g, then a =b. The theorem is a consequence of (6).
) 0c-a=0¢.
219) Ifa-b=0¢, then a = 0g. The theorem is a consequence of (11) and (7).
)

a-0g = a. The theorem is a consequence of (8).
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(222) (i) a-(—a) =a, and

(ii)) (—a)-a = —a.
(223) a-b = a if and only if a + b = b+ a. The theorem is a consequence of
(12).

(224) (a+0b)-g=a-g+b-g.
(225) a-g-h=a-(g+ h). The theorem is a consequence of (16).
(226) (i) a-b-(=b) =a, and
(ii) a-(=b)-b=a.
The theorem is a consequence of (225) and (220).

(227) (—a)-b= —a-b. The theorem is a consequence of (16).

(228) (n-a)-b=n-(a-b).

(229) (i-a)-b=1i-(a-b). The theorem is a consequence of (29) and (227).
(230) If G is an Abelian additive group, then a - b = a. The theorem is a

consequence of (202).

(231) If for every a and b, a - b = a, then G is Abelian. The theorem is a
consequence of (223).

Let us consider G, A, and B. The functor A - B yielding a subset of G is
defined by the term

(Def. 31) {g-h:ge€ Aandh e B}.
Now we state the propositions:

(232) z € A-Bif and only if there exists g and there exists h such that x = g-h
and g € A and h € B.

(233) A-B#0if and only if A # () and B # (). The theorem is a consequence
of (232).
(234) A-BC-B+A+B.
(235) (A+B)-C CA-C+ B-C. The theorem is a consequence of (224).
(236) A-B-C = A-(B+C). The theorem is a consequence of (225).
(237) (—A)-B = —A" B. The theorem is a consequence of (227).
(238) {a}-{b} ={a-b}. The theorem is a consequence of (49), (64), (233), and
(234).
(239) {a}-{b,c} ={a-bya-c}.
(240) {a,b}-{c} ={a-c,b-c}.
(241) {a,b}-{c,d} ={a-c,a-d,b-c,b-d}.

Let us consider GG, A, and g. The functors: A - ¢ and ¢ - A yielding subsets
of G are defined by terms,
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(Def. 32) A-{g},
(Def. 33) {g}- A,
respectively. Now we state the propositions:
242) x € A- g if and only if there exists h such that z = h-g and h € A.

243) =z € g- A if and only if there exists h such that x = g-h and h € A.

(

(243)

(244) g-AC —A+ g+ A. The theorem is a consequence of (243) and (74).
(245) A-B-g=A-(B+yg).

(246) A-g-B=A-(g+ B).

(247) g-A-B=g-(A+ B).

(248) A-a-b=A-(a+b). The theorem is a consequence of (236) and (64).
(249) a-A-b=a-(A+D).

(250) a-b-A=a-(b+ A). The theorem is a consequence of (238) and (236).
(251) A-g= —g+ A+ g. The theorem is a consequence of (234), (49), (74),

(73), and (242).
(252) (A+B)-aCA-a+B-a.
(253) A-0g = A. The theorem is a consequence of (251), (83), and (8).
(254) If A # 0, then 0g-A = {0¢}. The theorem is a consequence of (243) and
(218).
(255) (i) A-a-(—a)= A, and
(ii) A-(—a)-a= A.
The theorem is a consequence of (248) and (253).

(256) G is an Abelian additive group if and only if for every A and B such
that B # () holds A- B = A. The theorem is a consequence of (230), (238),
and (231).

(257) G is an Abelian additive group if and only if for every A and g, A-g = A.
The theorem is a consequence of (256), (238), and (231).

(258) @ is an Abelian additive group if and only if for every A and g such that
A # () holds g - A = {g}. The theorem is a consequence of (256), (238),
and (231).

Let us consider G, H, and a. The functor H - a yielding a strict subgroup of
G is defined by

(Def. 34) the carrier of it = H - a.
Now we state the propositions:

(259) z € H -a if and only if there exists g such that z = ¢g-a and g € H. The
theorem is a consequence of (242).
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(260) The carrier of H - a = —a + H + a. The theorem is a consequence of
(251).
(261) H-a-b=H-(a+0b). The theorem is a consequence of (248) and (105).
Let us consider a strict subgroup H of G. Now we state the propositions:
(262) H -0¢ = H. The theorem is a consequence of (253) and (105).
(263) (i) H-a-(—a)=H, and
(ii) H-(—a)-a=H.
The theorem is a consequence of (261) and (262).
Now we state the propositions:
(264) (H1NHz)-a=H;-an(Hz-a). The theorem is a consequence of (259),
(128), and (217).
(265) H =H -a.
PROOF: Define F(element of G) = $; -a. Consider f being a function from
the carrier of G into the carrier of G such that for every g, f(g) = F(9)
from [I5, Sch. 4]. Set g = f[(the carrier of H). rng g = the carrier of H - a
by [46], (62)], (88), (242), [14, (47)]. g is one-to-one by [46, (62)], (83), [14,
(47)], (217). O
(266) H is finite if and only if H - a is finite. The theorem is a consequence of
(265).
Let us consider G and a. Let H be a finite subgroup of G. Observe that H -a
is finite.
Now we state the propositions:

(267) Let us consider a finite subgroup H of G. Then H=H a.
(268) O - a = 0¢g. The theorem is a consequence of (238) and (218).

(269) Let us consider a strict subgroup H of G. If H - a = O¢, then H = 0.
The theorem is a consequence of (266), (115), (265), and (116).

(270) Let us consider an additive group G, and an element a of G. Then
Qg - a = Qg. The theorem is a consequence of (225), (220), and (259).

(271) Let us consider a strict subgroup H of G. If H - a = G, then H = G.
The theorem is a consequence of (259), (217), and (108).

(272) |e: H|=|e: H -a.
PROOF: Define Plobject,object] = there exists b such that $ = b+ H
and $3 =b-a+ H - a. For every object x such that x € the left cosets of
H there exists an object y such that P[x,y]. Consider f being a function
such that dom f = the left cosets of H and for every object x such that
x € the left cosets of H holds Plz, f(z)] from [4, Sch. 1]. For every z, yi,
and yo such that x € the left cosets of H and P[z,y;] and P[z, y2] holds
y1 = y2. rng f = the left cosets of H - a. f is one-to-one. [
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(273) If the left cosets of H is finite, then |e : H|y = |e : H - a|y. The theorem
is a consequence of (272).

(274) 1If G is an Abelian additive group, then for every strict subgroup H of G
and for every a, H -a = H. The theorem is a consequence of (260), (158),
(153), (155), and (105).
Let us consider G, a, and b. We say that a and b are conjugated if and only
if
(Def. 35) there exists g such that a =b- g.
Now we state the proposition:

(275) a and b are conjugated if and only if there exists g such that b =a - g.
The theorem is a consequence of (226).

Let us consider G, a, and b. Observe that a and b are conjugated is reflexive
and symmetric.
Now we state the propositions:

(276) If a and b are conjugated and b and ¢ are conjugated, then a and c are
conjugated. The theorem is a consequence of (225).

(277) If a and Q¢ are conjugated or Og and a are conjugated, then a = (O¢.
The theorem is a consequence of (275) and (219).

(278) a-Qg = {b: a and b are conjugated}. The theorem is a consequence of
(243).
Let us consider G and a. The functor a® yielding a subset of G is defined by
the term
(Def. 36) a-Qg.
Now we state the propositions:

(279) x € a® if and only if there exists b such that b = = and a and b are
conjugated. The theorem is a consequence of (278).

(280) a € b*® if and only if @ and b are conjugated. The theorem is a consequence

of (279).
(281) a-g€a’.
(282) a€a’.
(283) If a € b°®, then b € a®. The theorem is a consequence of (280).
(284) a® = b* if and only if a® meets b®. The theorem is a consequence of (280),

(279), and (276).

(285) a®* = {0¢} if and only if a = 0. The theorem is a consequence of (280),
(279), and (277).

(286) a®+ A = A+ a®. The theorem is a consequence of (280), (202), (226),
(224), (221), (225), (279), and (275).
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Let us consider G, A, and B. We say that A and B are conjugated if and
only if
(Def. 37) there exists g such that A= B - g.
Now we state the propositions:
(287) A and B are conjugated if and only if there exists g such that B = A-g.
The theorem is a consequence of (255).
(288) A and A are conjugated. The theorem is a consequence of (253).
(289) If A and B are conjugated, then B and A are conjugated. The theorem
is a consequence of (255).

Let us consider GG, A, and B. Let us observe that A and B are conjugated
is reflexive and symmetric.
Now we state the propositions:

(290) If A and B are conjugated and B and C' are conjugated, then A and C
are conjugated. The theorem is a consequence of (248).

(291) {a} and {b} are conjugated if and only if a and b are conjugated.
Proor: If {a} and {b} are conjugated, then a and b are conjugated by
(287), (238), (275), [I7, (3)]. Consider g such that a-g =b. {b} = {a} - g.
U

(292) If A and H; are conjugated, then there exists a strict subgroup Hs of G
such that the carrier of Hy = A.

Let us consider G and A. The functor A® yielding a family of subsets of G
is defined by the term

(Def. 38) {B: A and B are conjugated}.
Now we state the propositions:

(293) =z € A® if and only if there exists B such that + = B and A and B are
conjugated.

(294) A € B* if and only if A and B are conjugated.

(295) A-g € A*. The theorem is a consequence of (287).

(296) A€ A°.

(297) If A € B®, then B € A®. The theorem is a consequence of (294).

(298) A*® = B°* if and only if A® meets B®. The theorem is a consequence of
(294) and (290).

(299) {a}®* = {{b} : b € a®}. The theorem is a consequence of (287), (275),
(280), (238), and (291).

(300) If G is finite, then A® is finite.

Let us consider GG, Hy, and Hs. We say that Hi and Hy are conjugated if
and only if



150 ROLAND COGHETTO

(Def. 39) there exists g such that the additive magma of Hy = Hs - g.
Now we state the propositions:
(301) Let us consider strict subgroups Hj, Hs of G. Then H; and Hy are

conjugated if and only if there exists g such that Hy = H; -g. The theorem
is a consequence of (263).

(302) Let us consider a strict subgroup H; of G. Then H; and H; are conju-
gated. The theorem is a consequence of (262).

(303) Let us consider strict subgroups Hy, Hs of G. If H; and Hy are conju-
gated, then Ho and Hj are conjugated. The theorem is a consequence of
(263).

Let us consider G. Let Hy, Ho be strict subgroups of GG. Observe that H;
and Hy are conjugated is reflexive and symmetric.
Now we state the proposition:

(304) Let us consider strict subgroups Hi, Ha of G. Suppose H; and Hy are
conjugated and Hy and Hj are conjugated. Then H; and Hs are conjuga-
ted. The theorem is a consequence of (261).

In the sequel L denotes a subset of SubGrG.
Let us consider G and H. The functor H*® yielding a subset of SubGr G is
defined by

(Def. 40) for every object z, x € it iff there exists a strict subgroup H; of G such
that * = H; and H and H; are conjugated.

Now we state the propositions:
(305) If x € H®, then x is a strict subgroup of G.

(306) Let us consider strict subgroups Hj, Hy of G. Then H; € H,* if and
only if H; and Hs are conjugated.

Let us consider a strict subgroup H of G. Now we state the propositions:
(307) H -g € H*®. The theorem is a consequence of (301).
(308) H € H*.

Let us consider strict subgroups Hi, Hs of G. Now we state the propositions:
(309) If Hy € Hs®, then Hy € H;®. The theorem is a consequence of (306).

(310) H;*®* = H,*® if and only if H1® meets Hs®. The theorem is a consequence
of (308), (305), (306), and (304).

Now we state the propositions:
(311) If G is finite, then H* is finite.

(312) Let us consider a strict subgroup H; of G. Then H; and H, are conju-
gated if and only if H; and Hy are conjugated.
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Let us consider G. Let I; be a subgroup of G. We say that I; is normal if
and only if

(Def. 41) for every a, I - a = the additive magma of I;.

Let us note that there exists a subgroup of G which is strict and normal.
From now on Ns denotes a normal subgroup of G.
Now we state the propositions:
(313) (i) O¢ is normal, and
(ii) Q¢ is normal.

(314) Let us consider strict, normal subgroups Ni, No of G. Then N; N Ny is
normal. The theorem is a consequence of (264).

(315) Let us consider a strict subgroup H of G. If G is an Abelian additive
group, then H is normal.

(316) H is a normal subgroup of G if and only if for every a, a + H = H + a.
The theorem is a consequence of (260), (79), (151), (83), (153), (155), and
(105).

Let us consider a subgroup H of G. Now we state the propositions:

(317) H is a normal subgroup of G if and only if for every a, a+ H C H + a.
The theorem is a consequence of (316), (205), (151), (155), (152), (80),
and (83).

(318) H is a normal subgroup of G if and only if for every a, H+a C a+ H.
The theorem is a consequence of (316), (205), (151), (155), (152), (80),
and (83).

(319) H is a normal subgroup of G if and only if for every A, A+ H = H + A.
The theorem is a consequence of (140), (149), (316), (150), and (141).

Let us consider a strict subgroup H of G. Now we state the propositions:

(320) H is a normal subgroup of G if and only if for every a, H is a subgroup
of H - a. The theorem is a consequence of (100), (260), (80), (83), (207),
and (318).

(321) H is a normal subgroup of G if and only if for every a, H -a is a subgroup
of H. The theorem is a consequence of (100), (260), (80), (83), (207), and
(317).

(322) H is a normal subgroup of G if and only if H®* = {H}.

Proor: If H is a normal subgroup of G, then H®* = {H} by (301), (308),
[17, (31)]. H is normal. OJ

(323) H is a normal subgroup of G if and only if for every a such that a € H
holds a®* C H. The theorem is a consequence of (279), (275), (259), and
(226).
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Let us consider strict, normal subgroups Ni, No of G. Now we state the
propositions:
(321) N+ = N5+ Wh,
(325) There exists a strict, normal subgroup N of G such that the carrier of
N = Nj + Ny. The theorem is a consequence of (124), (75), (316), (76),
and (77).
Now we state the propositions:

(326) Let us consider a normal subgroup N of G. Then the left cosets of
N = the right cosets of N. The theorem is a consequence of (316).

(327) Let us consider a subgroup H of G. Suppose the left cosets of H is finite
and |e : H|y = 2. Then H is a normal subgroup of G.
Proor: There exists a finite set B such that B = the left cosets of
H and |e : H|y = B. Consider z, y being objects such that = # y
and the left cosets of H = {x,y}. H € the left cosets of H. Consider
z3 being an object such that {z,y} = {H,z3}. H misses 23 by (155),
(161), [34, (29)], [I7, (4)]. U(the left cosets of H) = the carrier of G and
U(the left cosets of H) = H U z3. |J(the right cosets of H) = the carrier
of G and z3 = (the carrier of G) \ H. There exists a finite set C' such that
C = the right cosets of H and |e : H|y = C. Consider 21, 22 being objects
such that z; # 22 and the right cosets of H = {z1,20}. H € the right
cosets of H. Consider z4 being an object such that {21,290} = {H, 24}. H
misses z4 by (155), (167), [34, (29)], [I7, (4)]. O

Let us consider G and A. The functor N(A) yielding a strict subgroup of G
is defined by
(Def. 42) the carrier of it = {h: A-h = A}.
Now we state the propositions:

(328) x € N(A) if and only if there exists h such that x = h and A-h = A.

(329) A® =]|e:N(A)|.
PROOF: Define P[object, object] = there exists a such that $; = A -a and
$2 = N(A) + a. For every object = such that € A® there exists an object
y such that P[z,y]. Consider f being a function such that dom f = A*®
and for every object = such that x € A® holds P[x, f(x)] from [4, Sch. 1].
For every z, y1, and y2 such that z € A® and Pz, y:1] and P|z, y2] holds
y1 = yo. rng f = the right cosets of N(A). f is one-to-one. [J

(330) Suppose A°® is finite or the left cosets of N(A) is finite. Then there exists
a finite set C' such that

(i) C = A*, and
(ii) C = |o: N(A)|n.
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The theorem is a consequence of (329).

(331) a* =|e:N({a})|.
PROOF: Define F(object) = {$1}. Consider f being a function such that
dom f = a® and for every object x such that = € a® holds f(z) = F(x)
from [14, Sch. 3]. rng f = {a}*. f is one-to-one by [17, (3)]. O

(332) Suppose a® is finite or the left cosets of N({a}) is finite. Then there exists
a finite set C such that

(i) C =a®, and
(i) C =|e:N({a})|n-
The theorem is a consequence of (331).

Let us consider G and H. The functor N(H) yielding a strict subgroup of G
is defined by the term

(Def. 43) N(H).
Let us consider a strict subgroup H of G. Now we state the propositions:
(333) z € N(H) if and only if there exists h such that x = h and H - h = H.
The theorem is a consequence of (328).
(334) H* = e : N(H)|.
PROOF: Define P[object, object] = there exists a strict subgroup H; of G
such that $; = H; and $» = H;. For every object x such that z € H*® there
exists an object y such that P[z,y]. Consider f being a function such that
dom f = H* and for every object x such that z € H*® holds Pz, f(z)]
from [4, Sch. 1]. ng f = H'. f is one-to-one. [J
(335) Suppose H* is finite or the left cosets of N(H) is finite. Then there exists
a finite set C' such that
(i) C = H*, and
(i) C = |o: N(H)|x.
The theorem is a consequence of (334).
Now we state the proposition:

(336) Let us consider a strict additive group G, and a strict subgroup H of G.
Then H is a normal subgroup of G if and only if N(H) = G. The theorem
is a consequence of (333) and (108).

Let us consider a strict additive group GG. Now we state the propositions:
(337) N(0Og) = G. The theorem is a consequence of (313) and (336).
(338) N(Q¢) = G. The theorem is a consequence of (313) and (336).
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4. ToPOLOGICAL GROUPS — TOPGRP_1

In the sequel S, R denote 1-sorted structures, X denotes a subset of R, T’
denotes a topological structure, x denotes a set, H denotes a non empty additive
magma, P, Q, P, Q1 denote subsets of H, and h denotes an element of H.

Now we state the proposition:

(339) If PC Py and Q C @1, then P+Q C P, + Q1.

Let us assume that P C (). Now we state the propositions:
(340) P+ h C @+ h. The theorem is a consequence of (74).
(341) h+ P C h+ Q. The theorem is a consequence of (73).

From now on a denotes an element of G.

Now we state the propositions:

(342) a € —Aif and only if —a € A.
(343) A C Bif and only if —A C —B.
(344) (add inverse G)°A = —A.
(345) (add inverse G)~(A) = —A.
(346) add inverse G is one-to-one. The theorem is a consequence of (9).
(347) rngadd inverse G = the carrier of G.
Let G be an additive group. One can verify that add inverse G is one-to-one
and onto.

Now we state the propositions:
(348) (add inverse G)~! = add inverse G.
(349) (The addition of H)°(P x Q) = P+ Q.
Let G be a non empty additive magma and a be an element of G. The
functors: a™ and Ta yielding functions from G into G are defined by conditions,
(Def. 44) for every element z of G, a™(x) = a + z,
(Def. 45) for every element z of G, Ta(x) =z + a,

respectively. Let G be an additive group. One can verify that a™ is one-to-one
and onto and Ta is one-to-one and onto.
Now we state the propositions:
(350) (h™)°P = h + P. The theorem is a consequence of (73).
(351) (*Th)°P = P + h. The theorem is a consequence of (74).
(352) (a*)'=(-a)".
(353) (Ta)~!="*(—a).
We consider topological additive group structures which extend additive
magmas and topological structures and are systems

(a carrier, an addition, a topology)
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where the carrier is a set, the addition is a binary operation on the carrier, the
topology is a family of subsets of the carrier.

Let A be a non empty set, R be a binary operation on A, and T be a family
of subsets of A. Let us observe that (A, R, T") is non empty.

Let « be a set, R be a binary operation on {z}, and 7" be a family of
subsets of {z}. Observe that ({z}, R,T) is trivial and every 1l-element additive
magma is additive group-like, add-associative, and Abelian and there exists a
topological additive group structure which is strict and non empty and there
exists a topological additive group structure which is strict, topological space-
like, and 1-element.

Let G be an additive group-like, add-associative, non empty topological
additive group structure. We say that G is inverse-continuous if and only if

(Def. 46) add inverse G is continuous.

Let G be a topological space-like topological additive group structure. We
say that G is continuous if and only if

(Def. 47) for every function f from G x G into G such that f = the addition of
G holds f is continuous.

One can check that there exists a topological space-like, additive group-like,
add-associative, 1l-element topological additive group structure which is strict,
Abelian, inverse-continuous, and continuous.

A semi additive topological group is a topological space-like, additive group-
like, add-associative, non empty topological additive group structure.

A topological additive group is an inverse-continuous, continuous semi ad-
ditive topological group. Now we state the propositions:

(354) Let us consider a continuous, non empty, topological space-like topolo-
gical additive group structure 7', elements a, b of T', and a neighbourhood
W of a 4+ b. Then there exists an open neighbourhood A of a and there
exists an open neighbourhood B of b such that A+ B C W.

(355) Let us consider a topological space-like, non empty topological additive
group structure T'. Suppose for every elements a, b of T for every neighbo-
urhood W of a + b, there exists a neighbourhood A of a and there exists
a neighbourhood B of b such that A+ B C W. Then T is continuous.
Proor: For every point W of T x T and for every neighbourhood G of
F(W), there exists a neighbourhood H of W such that f°H C G by [32,
(10)], (349). O

(356) Let us consider an inverse-continuous semi additive topological group T,
an element a of T', and a neighbourhood W of —a. Then there exists an
open neighbourhood A of a such that —A C W.

(357) Let us consider a semi additive topological group T'. Suppose for every
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element a of T for every neighbourhood W of —a, there exists a neigh-
bourhood A of a such that —A C W. Then T is inverse-continuous. The
theorem is a consequence of (344).

(358) Let us consider a topological additive group T, elements a, b of T, and a
neighbourhood W of a+—b. Then there exists an open neighbourhood A of
a and there exists an open neighbourhood B of b such that A+ —B C W.
The theorem is a consequence of (354) and (356).

(359) Let us consider a semi additive topological group T'. Suppose for every
elements a, b of T for every neighbourhood W of a 4+ —b, there exists a
neighbourhood A of a and there exists a neighbourhood B of b such that
A+ —B CW. Then T is a topological additive group.

PROOF: For every element a of T and for every neighbourhood W of —a,
there exists a neighbourhood A of a such that —A C W by [28| (4)]. For
every elements a, b of T" and for every neighbourhood W of a + b, there
exists a neighbourhood A of a and there exists a neighbourhood B of b
such that A+ B CW. O
Let G be a continuous, non empty, topological space-like topological additive
group structure and a be an element of G. One can check that a™ is continuous
and *a is continuous.
Let us consider a continuous semi additive topological group G and an ele-
ment a of G. Now we state the propositions:

(360) a™ is a homeomorphism of G. The theorem is a consequence of (352).
(361) Ta is a homeomorphism of G. The theorem is a consequence of (353).
Let G be a continuous semi additive topological group and a be an element

of G. The functors: a™ and *a yield homeomorphisms of G. Now we state the

proposition:

(362) Let us consider an inverse-continuous semi additive topological group G.
Then add inverse GG is a homeomorphism of GG. The theorem is a consequ-
ence of (348).

Let G be an inverse-continuous semi additive topological group. Let us note
that the functor add inverse G yields a homeomorphism of G. Let us note that
every semi additive topological group which is continuous is also homogeneous.

Let us consider a continuous semi additive topological group G, a closed
subset F' of GG, and an element a of G. Now we state the propositions:

(363) F + a is closed. The theorem is a consequence of (351).
(364) a+ Fis closed. The theorem is a consequence of (350).

Let G be a continuous semi additive topological group, F' be a closed subset
of G, and a be an element of GG. Let us note that F' + a is closed and a + F' is
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closed.
Now we state the proposition:

(365) Let us consider an inverse-continuous semi additive topological group
G, and a closed subset F' of G. Then —F is closed. The theorem is a
consequence of (344).

Let G be an inverse-continuous semi additive topological group and F be a
closed subset of G. One can verify that —F' is closed.

Let us consider a continuous semi additive topological group G, an open
subset O of G, and an element a of G. Now we state the propositions:

(366) O + a is open. The theorem is a consequence of (351).
(367) a+ O is open. The theorem is a consequence of (350).

Let G be a continuous semi additive topological group, A be an open subset
of G, and a be an element of G. One can check that A + a is open and a + A is
open.

Now we state the proposition:

(368) Let us consider an inverse-continuous semi additive topological group
G, and an open subset O of GG. Then —O is open. The theorem is a
consequence of (344).

Let G be an inverse-continuous semi additive topological group and A be an
open subset of G. Observe that —A is open.
Let us consider a continuous semi additive topological group G and subsets

A, O of G.

Let us assume that O is open. Now we state the propositions:
(369) O + A is open.
PrOOF: Int(O + A) = O + A by [48, (16)], (74), [48, (22)]. O
(370) A+ O is open.
ProoOF: Int(A+ O) = A+ O by [48, (16)], (73), [48, (22)]. O
Let G be a continuous semi additive topological group, A be an open subset
of GG, and B be a subset of G. Note that A + B is open and B + A is open.
Now we state the propositions:

(371) Let us consider an inverse-continuous semi additive topological group G,
a point a of G, and a neighbourhood A of a. Then — A is a neighbourhood
of —a. The theorem is a consequence of (343).

(372) Let us consider a topological additive group G, a point a of G, and a
neighbourhood A of a + —a. Then there exists an open neighbourhood B
of a such that B+ —B C A. The theorem is a consequence of (358) and
(342).

157
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(373) Let us consider an inverse-continuous semi additive topological group
G, and a dense subset A of G. Then —A is dense. The theorem is a
consequence of (345).

Let G be an inverse-continuous semi additive topological group and A be a
dense subset of GG. Observe that —A is dense.

Let us consider a continuous semi additive topological group G, a dense
subset A of GG, and a point a of G. Now we state the propositions:

(374) a+ A is dense. The theorem is a consequence of (350).
(375) A+ a is dense. The theorem is a consequence of (351).

Let G be a continuous semi additive topological group, A be a dense subset
of GG, and a be a point of G. Let us observe that A + a is dense and a + A is
dense.

Now we state the proposition:

(376) Let us consider a topological additive group G, a basis B of 0g, and a
dense subset M of G. Then {V + z, where V is a subset of G, z is a point
of G:V € Bandx € M} is a basis of G.
PROOF: Set Z = {V +x, where V is a subset of G,z is a point of G : V' €
B and x € M}. Z C the topology of G by [38, (12)]. For every subset W
of G such that W is open for every point a of G such that a € W there
exists a subset V of G such that V € Z and a € V and V C W by (8),
[28, (3)], (74), (372). Z C 2%, where « is the carrier of G. [J

One can check that every topological additive group is regular.
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