Chapter 27 )
On the Exponential and Trigonometric e
q, w-Special Functions

Thomas Ernst

Abstract The purpose of this article is to continue the study of g, w-special functions
in the spirit of Wolfgang Hahn from the previous papers by Annaby et al. and Varma
etal. By introducing the new variable w, we develop a quite similar calculus consisting
of two dual exponential, hyperbolic and trigonometric functions. The concept even
and odd functions is replaced by x, w-even and odd, since a change of sign in x is
always accompanied by a change of sign in w. In the same way, formulas for chain
rule, Leibniz theorem, ¢, w-additions for the three above functions are introduced.
Graphs for these functions are shown, which closely resemble the original ones. To
enable trigonometric formulas with half argument and de Moivre theorem, Ward
numbers and ¢, w-rational numbers are introduced.

Keywords ¢, w-special functions * g, w-difference operator * g, w-rational
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27.1 Introduction

Our first aim is to generalize the g-difference operator by introducing the variable
w. Then the ¢ operator with the same name as before is used to compute D, ,, of
the second exponential and for the Leibniz theorem. Let w € R, 0 < w < 1. Put
wy = % 0 < g < 1. The x, w even and odd functions are used to simplify ¢, @
trigonometric formulas, which were proved by generalizations of Euler’s formula.
The two basic sequences are x, w-even for even exponents and x, w-odd for odd
exponents, which motivates the definitions of two new exponential functions. The
first exponential function can be given as power series in the first basic sequence with

domain a subset of three variables x, g, w in R3, bounded in x by two hyperspheres,
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the first one centered at wg, with radius ﬁ, the second one with radius 1. The second
exponential function can be given as power series in the second basic sequence with
domain |w| < 1. The corresponding meromorphic continuations are equal to quo-
tients of infinite ¢ -shifted factorials, similar to g-calculus. Limit formulas for x — oo
and inequalities valid for x > w( can then be proved in a straightforward way. In
the next section we define the g, w-addition followed by the g, w-real numbers, the
exposition closely resembles the related g-addition. The two ¢, w-additions have
absolute maximum only for @ in a small interval starting at 0. This interval should
be dependent of x and g. Then the ¢, w trigonometric and hyperbolic functions are
defined and some of their graphs are shown. In a remarkable way, Euler’s formu-
las appear again, and the differentiation formulas are quite similar. By introducing
q, w-rational numbers, we are able to prove trigonometric and hyperbolic formulas
corresponding to half arguments.

27.2 Preliminary Definitions and Theorems

We first generalize some definitions and theorems from g-calculus by simply adding
an index .

Definition 27.1 The automorphism ¢ on the vector space of polynomials is defined
by
ef(x) = flgx + ). (27.1)

This automorphism is a generalization of the operator with the same name in g-
calculus [2]. In [1, p. 136] it is proved that

e f(0) = f(g"x + wlk}y). (27.2)

Definition 27.2 Let ¢ be a continuous real function of x. Then we define the ¢, @-
difference operator D, ,, as follows:

plgxto)—px) .

D _ | TG e iTX F o0
OIGES N .

72 () if x = wo.

(27.3)
We say that a function f(x) is n times g, w-differentiable if D}, , f(x) exists. If we
want to point out that this operator operates on the variable x, we write D, ,, . for
the operator. Furthermore, D, ,(K) = 0, like for the derivative.

This operator interpolates between two well-known operators, the Ngrlund dif-
ference operator

fa+w) - fx)
QY

Aol f(x)] = (27.4)

and the Jackson ¢g-derivative
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p(X)—(gx) .
(Dyo) (1) = | Ao T4E G\, > 20 (27.5)
Ex) ifg =1;

Furthermore, we need the following chain rule:

Definition 27.3 . )
L& o(x) — efp(x)

k —
Dq,w(8 (P)(X)=CI (q—l)x+a)

(27.6)

The motivation for formula (27.6) is that it is identical with the g-calculus case and
enables smooth proofs of the following formulas, like the Leibniz formula. It also
follows from the chain rule (27.16).

Definition 27.4 A g, w-analogue of the mathematical object G is a mathematical
function F(gq, w), with the property lim,_.o F (g, ®) = G4, the g-analogue of G.
Both F and G can depend on more, common variables. They can also be operators.

Theorem 27.1 The q, w-difference operator is linear
o0 o0
Dyo Y afe(x) =Y arDy o fie(x). (27.7)
k=0 k=0
Proof This is obvious, since the definition of D, ,, is linear in the function.

Theorem 27.2 ([1, (16), p. 137]) The q, w-difference operator for a product of
functions.

Dy (f8)(x) = Dy.o(f(x))g(x) + f(gx + @)Dy »(8(x)). (27.8)

Theorem 27.3 ([1, (17), p. 137]) The q, w-difference operator for a quotient of
functions.

S , 27.9
g g(x)g(gx + w) (279

Dq,w <f) ()C) — Dq,w (f) (x)g(x) - f(-x)Dq,w (g) (-x)
where g(x)g(gx + w) # 0.

We now introduce two basic sequences, which generalize the Ciglerian polynomials
in [2, (5.9)].

Definition 27.5

k—1
@)k, = [ —olmly). (seel6, (16)) (27.10)
m=0
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k—1
[x15, = [[@"x + wlmly). (seel6, (15)]) (27.11)

m=0

Theorem 27.4 We have the following special cases of the basic sequences.

Wy, =1 )y, =x O, =0 k=2 (27.12)
0 _ 1 _ ko _q9"x
[x]qw 1, [x]qw =X, [x]qw =0, k>2, w= —ﬁ, O0<m<k. (27.13)
, , . m),

This will be used in the comments to the four g, w-additions. The following names
will be used for the ensuing g, w-trigonometric and hyperbolic functions.

Definition 27.6 A function f of two variables x, is called x,w-even if
f(=x,—w) = f(x,w). A function f of two variables x, w is called x, w-odd if

f(=x, —0) = - f(x, w).

Lemma 27.1 Products and sums of any number of x, w-even functions are x, w-
even. The product and quotient of an x, w-even function and an x, w-odd function
are x, w-odd.

Lemma 27.2 The two functions (x)f/fw and [x]ﬁ’fw are x, w-even. The two functions
(x)‘zlk;rl and [x]gk+1 are x, w-odd.

N

The two following formulas correspond to the formula Dx” = nx"~!:

Dy o(x)y, = {n}q(x)Zfa)l. (see [5,2.5], [6, (17)]) (27.14)
Dy wlx1y ,, = {nlglgx + a)]wal. (see [6, (18)]) (27.15)
Theorem 27.5 The chain rule for the q, w-difference operator.
Dy ((ax)g’aw) = a{n}q(ax)ZfaL. (27.16)
Dy ([ax];‘aw) =afn}ylagx + aw];,_alw. 27.17)

Proof We prove (27.16) by induction. The formula (27.16) is true for n = 1, 2.
Assume that it is true for n — 1. Then we have

Dy [(a)c)”_l (ax — {n — l}qaa))]

q.a0
by(27.8

yars) a(ax)gfai) +d? [qx +w—{n-— 1}(,] {n—1} (ax)Z;li) (27.18)
= a(ax)gfaiu [1 +g{n — l}q] = RHS.

Formula (27.17) is proved in a similar style.
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We now give an improved proof of the following crucial theorem.

Theorem 27.6 (The Leibniz’ g, w-theorem [1, (25), p. 138]) Let f(x) and g(x) be
n times q, w-differentiable functions on 1. Then the product fg(x) is also n times
q, w-differentiable and

n

D!, (f8)(x) = Z(’Z) WDEFODIF @) x £ oo, (27.19)
k=0

Proof For n = 1 the formula above becomes (27.8). Assume that the formula is
proved for n = m. Then it is also true for n = m + 1, because

DN (fg)(x) = Dy (DL, (f8)(x)) =
=D, (’Z) WDE DI K@) () =
k=0 q

b}’(27.2,(27.8) Z(Z) ( m— ka+1(f)(8m kx)D (g)(x)-I-

k=0 q

(f)(8n1+1 kx)Dn1+1 k(g)(x)) —

-y (’Z) WPE DI () () +
k=0 (27.20)

m+1
+ Z (km >q qm+1—ka (f)(8m+1 kx)DWH-l k(g)(x) —

k=1 -1

_ m+1 m+1 — m m+l—k [ M
= f(e" 0Dy <g><x>+2<<k>q+q (k_1>q>x

x Dy ()™ 0D, (g)(x) + DI () () g(x) =

oy 20901 Z(m+1> WDETF DT () ().
q

k=0 k
We next introduce two g, w-analogues of the exponential function:

Definition 27.7 The g, w-exponential function E, ,,(z) (see [6, (21)]) is defined by

= (@f,
E, () = Z {Zk}q*' L0 =)z — o] < 1. (27.21)
k=0 q-

The complementary g, w-exponential function E:1 ,(z) (see [6, (26)]) is defined by



630 T. Ernst

E1,() = Z {)C}", lw| < 1. (27.22)
4!

Theorem 27.7 The q, w-exponential function is the unique solution of the first order
initial value problem [6, (19)]:

Dyof(2) = f(2), f(0)=1 (27.23)

The complementary q, w-exponential function is the unique solution of the first order
initial value problem [6, (24)]:

D,of(@) = flgz+w), f(0)=1. (27.24)

Theorem 27.8 The meromorphic continuation of the q, w-exponential function
E, »(2) is given by [6, (21)]:

(—w; o
(1-—9)z— ;@

E,0(z) = (27.25)

The meromorphic continuation of the complementary q, w-exponential function
E.1 ,(2) is given by [6, (26)]:
T

E;,w(z) _ g =Dzt o q)oo_ (27.26)

(®; ¢)oo

Corollary 27.1 ([6])

Theorem 27.9 We have the following limit:

lim Ei ,(x) =00, 0 <q < I. (27.28)
1,

X—>00

Proof WeputE, ,(x) = (—x(1 — q) + w; ).
Then E1 ,(x) = (w; q)go1 lim,,_, o E, 4 (x). For g fixed, 0 < g < 1, choose x so
L ,
big that
H+¢"x(1 —q) —w]| >a>1, keN. (27.29)
This means |E, 4(x)| > a" and

lim |E,,(x)| > lim a" = oo. (27.30)
n—o0 n— o0

Theorem 27.10 The function E, ., (x) oscillates between =00 if
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lim, 0<qg < 1.

X—>00

Proof Consider the function

_ x(1—q) —w; q)oo

f@x)=Ei_,(=x) (27.31)
7’ (—(1); q)oo
This function has infinitely many zeros x,, = (1 — g) ' (@ + ¢ ™) with accumula-
tion point +00. Our original function E, ,(x) = ﬁ then goes — £oo.

We now prove two inequalities for the two g, w-exponential functions.

Theorem 27.11 (A generalization of [2, (6.160)]). An inequality for E; ,(—x)
holds:
E;—0(—x) > e (0; @)oo, 0 < q <1, x > wp. (27.32)

Proof Denote

N
1
P = . 27.33
v ,mea—q)—w]qk @139
Then we have
N
Py(x) > exp (— D1 —q) - w]qk) = exp (—(x —wo)(1 —¢"*h)) (27.34)
k=0
which implies
B —o(—X) = (03 @) lim Py(x) > €™ (@3 0)o. (27.35)

Corollary 27.2 (A generalization of [2, (6.164)]) An inequality for E1 ,(x) holds:

Ei (x) <e™™(w;q), X >wy, 0<qg < 1. (27.36)

-1
00

27.3 On the q, w-Addition with Applications to
q, w-Special Functions

In order to use these functions, we need to generalize the g-addition. The ordinary
g-addition is the special case w = 0. Just like for the g-addition, we use letters in
an alphabet for the ¢, w-additions. Equality between letters is denoted by ~. In the
following, beware of the fact that whenever we multiply the function argument x in
(x)g. Orin [x]y , by the constant a, we must also multiply w by a.
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Definition 27.8 The NWA ¢, w-addition is defined as follows:

(X B )" =) (Z) ) Dk o (27.37)
k=0 q

The NWA ¢, w-subtraction is defined as follows:

CELEDY (Z) =y (27.38)
q

k=0

The JHC ¢, w-addition is defined as follows:

xBpon'=) (Z) (/R e (27.39)
q

k=0
The JHC g, w-subtraction is defined as follows:

n

By =Y (Z) S e (27.40)
k=0 q

Theorem 27.12 The NWA q, w-addition is commutative and associative.
Proof Similar to the proof for NWA g-addition.

Example 27.1 We have the following special cases forx =y = w:

(x Dy x x)l =(x Bﬂq,x .X)l = 2x,
(x @y X)° = (1 +¢)x*, (x B, x)* =2(1 + g)x?, (27.41)
(x @y x)" =0, n>3.

Proof Use formulas (27.12) and (27.13).

Definition 27.9 For an arbitrary set M, let (M) denote the set generated by M
together with the four operations (27.37)—(27.40). For a given letter a, ,, in (27.44),
assume that

1. The sums (27.37)—(27.40) do not change sign as functions of the exponent 7.
2. These sums do not first decrease to a minimum and then increase.

Then the set R, ,, is defined as follows.
Ryo = (R). (27.42)

Like for the g-addition [2, p. 25], it turns out that these two ¢, w-additions, as func-
tions of the exponent n, first increase to a maximum value and then decrease to zero.
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Like for the g-real numbers, this happens only in a certain set Jj,,
follows.

My defined as

Definition 27.10 Given an integer &, the formula

Mo+ my by =k (27.43)

,,,,,

@é;l_lzoa,, la;] < 1, VI, its k’th power is given by

. -
(@) 1m0t = (@0 Bgo a1 Dy - ) =Y ] (az)q,w<m)q, (27.44)

Im|=k m1€ g,
where for each JHC-addition in g;, we change from (a;)4,. to [a;]g -

Conjecture 27.1 For certainvalues {a; }lj:_ol, within a convex set inside the hypercube
with length 1 in R/, the q, w-real number g0, With j letters, and with k’th power
given by (27.44) has an absolute maximum.

If there is no absolute maximum, and the function in (27.44) is infinite for some
exponent k, we say that there is no ¢, w-real number a, ,. As further confirmation
of our hypothesis, we show the following tables, which display n-values for this
maximum.

Example 27.2 Define the following function:
F(n)ayo.gg,w n— (a @O.gg,w a)”, 0<ac< 1, 0<w<l. (2745)

The table gives the n-values for the maximum of F

a,w |n| a,ow |n a,w |n| a,w |n
0.54, 0.05|1]0.54, 0.1| 3 [0.54, 0.15|1|0.54, 0.2| 3
0.55, 0.05|2]0.55, 0.1] 4 |0.55, 0.15]1]0.55, 0.2| 4
0.6, 0.05|3|0.6, 0.1|7 (0.6, 0.15|2(0.6, 0.2|7
0.65, 0.05|4]0.65, 0.1{11|0.65, 0.15]2]0.65, 0.2|11
0.7, 0.05]6|0.7, 0.1|14{0.7, 0.15|3(0.7, 0.2|14
0.8, 0.05]9|0.8, 0.1]|24(0.8, 0.15|4(0.8, 0.2(24

Example 27.3 Define the following function:
G(n)g088.0: 1 — (@Bogswa)’,0<a<l1l, 0<w< 1. (27.46)

The table gives the n-values for the maximum of G
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a,w n a,w |n a,w n a,w |n
0.54, 0.025{ 2 |0.54, 0.05{2[0.54, 0.075|2 [0.54, 0.1| 2
0.55, 0.025] 2 |0.55, 0.05{2]0.55, 0.075|2 [0.55, 0.1| 2
0.6, 0.025(4 (0.6, 0.05(4(0.6, 0.075|4 (0.6, 0.1|4
0.65, 0.025] 5 ]0.65, 0.05({5[0.65, 0.075|5 [0.65, 0.1 6
0.7, 0.025{7]0.7, 0.05 |6/ 0.7, 0.075|7 (0.7, 0.1 |8
0.8, 0.025 11| 0.8, 0.05 (9] 0.8, 0.075 (11] 0.8, 0.1 |12

Corollary 27.3 An extension of the formula [2, (4.29)]
Dq,w,x(x eaq,w y)”:{n}q(x Gaq,w y)"_l, ®q,w = @q,w v Baq,w-

Proof

n—1
n byQ27.14) n n—k—1, Nk _
Dyos(x Bgwy)' = Y (k) {n =K}y () (k= RHS.
k=0 q
Corollary 27.4 Four q, w-additions for the q, w-exponential function.
Eq,w(x Dy.0 y) = Eq,w(x)Eq,w(y)-

Eq,w(x eq,w Y) = Eq,w(x)Eq,—w(_y)-

Eq,a)(x Hﬂq,w y) = Eq,w(x)El w()))
Pt

Eq,w(x Elq,w )’) = Eqw(x)El_w(_y)
7’

Definition 27.11 The corresponding ¢, w-trigonometric functions are:

. 00 . (x)CZIkaJ)rl
Sin, ., (x) = ,;(_1) el 1 —¢)x —w| < 1.
> %,
Cosy.0(x) = g—l)k{%—‘;q!, A —g)x —ol < 1.

© (~ DA

Sinj (x)=Y ————4¢ ju < 1.
;@ ; {2k + 1},!

© (—DFI,

COSl w(x) = Zw, |(,()| < 1.
s q!

q k=0

T. Ernst

(27.47)

(27.48)

(27.49)

(27.50)

(27.51)

(27.52)

(27.53)

(27.54)

(27.55)

(27.56)
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3F — QSinEu2(0.9, x, 0.1)

2f

1 ’ /
i \ — QSINEUl(0.9, x, 0.1)
2 U 8

Fig. 27.1 Sing,,(x), Siny (x)
7

20¢
15F

1.0
0.5 \ /\ — QCosEu2(0.9, x, 0.1)
. — QCosEul(0.9, x, 0.1)

2 4 6 8
-0.5F

-1.0F

Fig. 27.2 Cosy(x), Cos1 (%)
T
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Like in [2, p. 222], assume ¢ = 0.9 and 0 < x < 8. Figure27.1 shows Sin, ,(x),

Sin; (x) and Fig.27.2 shows Cos, ,(x), Cos1 (x) forw = 0.1.
q,w 5&)

Definition 27.12 The corresponding g, w-hyperbolic functions are:

e8] 2k+1
(g

Sinh, ,(x) = Y — L2
i ; {2k + 1},!

|[1—g)x —w| < 1.

Cosh (x)Zi% [A=—g)x —w| <1
PO = 2k, :

00 2k+1
(x5

2 {2k + 13,

k=0

Sinh; (x) = lw| < 1.
q,cu

00 2k
(X150

Cosh; (x) = , lo| < 1.
7® kg; {2k},!

(27.57)

(27.58)

(27.59)

(27.60)
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—— QCosh1(0.9, x)

\ QSinh1(0.9, x)

Fig. 27.3 [Sinh,(x), Cosh (x)]

Sinh, ., (x)
Tanh, ,(x) = —22"7 (1 — ¢)x — 1. 27.61
anh, ,(x) Coshy.o (¥) (1 —g)x —w| < ( )
Coth, o () = OMa@ (27.62)
oth, ,(x) = ———, —qg)x —ow| < 1. .
i Sinhg , (x) 9
Sinh ; w(x)
Tanh SR A— 1. 27.63
nh1 () = gt el < (27.63)
q,a)
Cosh; (x)
Coth = 7 1. 27.64
o1 (9= Sioh, ™ ol < (2769

T
We have chosen not to use the names for inverse ratios of hyperbolic functions.

Our next aim is to show pictures of ¢, w-hyperbolic functions which resemble
the four basic graphs for hyperbolic functions and their inverse ratios. Each of these
pictures contain two functions, just like in the elementary textbooks. We choose
five examples; in order to show the similarity with the g-hyperbolic functions from
[2, p. 229 f.], we begin with five graphs of the latter functions. Everywhere we
have g = 0.9. Figures27.3, 27.4, 27.5, 27.6 and 27.7 show [Sinh,(x), Cosh,(x)],
[Sinhj (x), Coshji (x)], [Coshy(x), (Cosh,(x))~'], [Sinh,(x), (Sinh,(x))~'] and

q q
[Tanh, (x), Coth,(x)], respectively.

Figures27.8, 27.9, 27.10, 27.11 and 27.12 show [Sinh, ;(x), Cosh, ;(x)],
[Sinhlvl(x), Coshl"l(x)], [Coshy, 2 (x), (Coshq,.z(x))’l], [Sinh, > (x),

q q
(Sinhq,.z(x))_l] and [Tanh, ;(x), Coth, ;(x)], respectively.
The above definitions are obviously equivalent to the following formulas:
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5— QCosh2(0.9, x)

L Qsinh2(0.9, x)

-2

-3

Fig. 27.4 [Sinh; (x), Cosh; (x)]
q q

- QCosh1(0.9, x)

1
S
2 QCosh1(0.9, x)

Fig. 27.5 [Cosh, (x), (Cosh,(x))~!]

4l —— HSinEul(0.9, x, 0)
o /
1

! ! !

> N ; 5 HSINEuI(0.9, x, 0)
/ -2r
4

Fig. 27.6 [Sinh,(x), (Sinhy(x))~']

1
Sinq,a)(-x) = Z(eqw(lx) - Eq,—ia)(_ix))’

1
COSq,w(x) = E(Eq,iw(ix) + Eq,—iw(_ix))a

637

(27.65)

(27.66)
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/- HCot1(0.9, x,0)
_\ HTan1(0.9, x, 0)

2 -

-4

Fig. 27.7 [Tanh,(x), Coth,(x)]

L

2

. HCosEul(0.9, x, 0.1)

\ HSinEu(0.9, x, 0.1)

-15 -1.0 =05

8t

=— HCosEu2(0.9, x, 0.1)
" HSinEu2(0.9, x, 0.1)

Fig. 27.9 [Sinh; | (x), Cosh;  (x)]

1 1
7 7

T. Ernst
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3.5

~— HCosEul(0.9, x, 0.2)
3.0

2.5
2.0
1.5

0.5 !

P R B

15 10 -05 ' 05 10 15 20 CosEU09.x02)

Fig. 27.10 [Cosh, »(x), (Coshy »(x))™']

—— HCosEul(0.9, x, 0.2)

1
: : : éj HCosEUl(0.9, x, 0.2)

4,
2r HCot1(0.9, x, 0.1
Va 0t1(0.9, x, 0.1)
<
. . . . —HTan1(0.9, x,0.1)
2 - 1 2
2t
4t

Fig. 27.12 [Tanhy, ;(x), Coth, ;(x)]

1
Sinhy,,(x) = 3 (Bg.0/(x) = Eq (=), (27.67)

1
Cosh, ,(x) = E(Eq,w(x) +E; _o(—x)), (27.68)
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The following theorem is needed for the correct formulation of the next g, w-addition
formulas.

Theorem 27.13 The two functions Cosy ., and Cos1 are x, w-even. The six func-
L,
q
tions Sing o, Sin1 , Tang,, Coty,, Tani , Cot1 are x,w-odd. The same
=, w =, w =, w

q q’ q
applies to the corresponding q, w-hyperbolic functions.

Proof This follows from the corresponding properties of the two functions (x)’;,w
and [x]’;’w.

Theorem 27.14 New g, w Euler formulas:
E;iw(ix) = Cosy o(x) +1iSing o, (x), (27.69)
E, o (x) = Coshg o (x) + Sinhy ., (x), (27.70)

Proof Add formulas (27.65), (27.66), and (27.67), (27.68), respectively.

Theorem 27.15 The q, w-differences for the q, w-exponential functions are:
Dy.0 Eqaw(ax) = a B; 40 (ax), (27.71)

DywE1 (ax)=aE1 (agx+ aw), 27.72)
q,aa) Z,aw

The q, w-differences for the q, w-trigonometric functions are:
Dy.o Cosy a0(ax) = —a Sing q.(ax), (27.73)
Dy, 0Sing pw(bx) = b Cosy pe, (bx). (27.74)
The q, w-differences for the q, w-hyperbolic functions are:
D, » Coshy 4 (ax) = a Sinhy 4,(ax), (27.75)
Dy, Sinhy po(bx) = b Coshy pe,(bX). (27.76)
The functions Cosg aw(ax) and Sing 4., (ax) are solutions to the q, w-difference equa-
tion
2 _ 2
D2, f(x) = —af(x), 27.77)
with initial values f(0) = 1 and f(0) = 0 respectively.
The functions Coshy 4., (ax) and Sinh, 4., (ax) are solutions to the q, w-difference

equation
D, f(x) =a’f(x), (27.78)
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with initial values f(0) = 1 and f(0) = O respectively.

Again, the following formulas closely resemble the ordinary ones. The following
umbral numbers can only be function arguments in formal power series.

In the book [4] we introduced several new g-deformed number systems, semiring,
biring etc., each with an extra index ¢. By a miracle, we can extend these number
systems by adding another index w. The proofs will be very similar, and we just state
the definitions and corresponding theorems.

Definition 27.13 The Ward-w number 7, ,, is defined by
g ~1@10l®jw. .. Bgol, (27.79)

where the number of 1 on the RHS is n.

Definition 27.14 Let (Ng, ., ©4.0, Oy.0) denote the semiring of Ward-w numbers
E,,w, k > 0 together with two binary operations: @, ,, is the Ward g, w-addition.
The multiplication ©, , is defined as follows:

N0 Qg0 Mg.o ~ Mg 4, (27.80)

where ~ denotes the equivalence in the alphabet.

Theorem 27.16 Functional equations for Ward-w numbers operating on the
q, omega-exponential function. First assume that the letters m, ,, and ny ,, are inde-

pendent, i.e. come from two different functions, when operating with the functional.

Furthermore, mnt < 11+T¢; Then we have

E; (Mg olgot) = Eq ong ot). (27.81)
Furthermore,
Eq,w(j_mq,w) = Eq,w(jq,w)m = Eq,w(mq,w)j = Eq,w(jq,w Qq,w mqw) (2782)

We will now extend this semiring to a graded commutative biring.

Definition 27.15 Let the g, w-integers (24,4, g0, By 0, @q,w,ﬁq,w) denote +
the Ward w numbers, i.e. Z, ., = D\l@q,w U —D\l@q,w, where there are two inverse ¢g-

additions @, ,, and 8, ,. 0,.,, denotes the zero 6, and 1, ,, denotes the multiplicative
identity. The dual addition is defined by

g oWy o —Mgew~n—mge n>m. (27.83)
Furthermore, the multiplication ©, ,, is defined by (27.80) and

g0 O —Mg.o ~ —NHg 4. (27.84)
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Finally, we define

g0 =~y (27.85)

Theorem 27.17 An extension of [2, p. 167]. Assume that Z, ., is defined by the

previous definition. Then (24,4, ®q,0, Bg,0, Og,0, 04,0) s a graded commutative
biring.

Definition 27.16 An extension of [3, p. 4]. Let the g, w-rational numbers Q@W be
defined as follows:

Qa,., = {’f‘“”, meNU{0},neN, m#n, =22 ~8, Too | 1}, (27.86)
i g0 Mg Mg,
together with a linear functional
v, RIx] x Qg,, = R, (27.87)
called the evaluation. If v(x) = > ";_ axx*, then
<mq w) Z o) (27.89)
aj . .
Mg (g.0)*

Definition 27.17 An extension of [2, (4.70)]:
— k _
fg)= > (ml’ m) ]‘[(1 e (27.89)
my+-+m,=k q =1

where each partition of k is multiplied with its number of permutations. We have the
following special cases:

0g.0)" =805 (713" =1; (ig0)' =n. (27.90)

All of the following exponential, trigonometric and hyperbolic formulas are only
valid for w far away from 1.

Theorem 27.18
Eq,w(ﬁq,w) = (Eq,w(l))n (27.91)

Lemma 27.3 Eight q, w addition theorems for q, w trigonometric functions.
Cosy 0 (x)Cosy _o,(—y) — Sing o, (x)Sing, _,(—=y) = C0s4.,(x ©4,0 y). (27.92)

Cosy,0(x)C084 o (¥) — Sing o, (x)Sing »(y) = Cosq,o(x Bg,0 ¥). (27.93)
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Sing,»,(x)Cosg,0(¥) + Sing (¥)Cosq,,(x) = Sing o(x @y, ¥)- (27.94)
Sing o (x)Cosg,—w(—y) + Sing _,(—=y)C0s4 (x) = Sing (X O, ¥). (27.95)

Cosy,(x)Cos 1 _w(—y) — Sing (x)Sin _w(—y) = Cosy»(x By y). (27.96)

q q

Cosy o (x)Cos1 (y) — Sing »,(x)Sin1 (y) = Cosg o (x By o ¥). 27.97)
q,w q,w

Sing »,(x)Cos1 (y) +Sin1 (y)Cosy o(x) = Sing o (x By o ¥). (27.98)
a® ¢

Sing »(x)Cos1  (=y)+Sin1  (=y)Cosqu(x) = Sing o(x By y). (27.99)
7 w q‘iw

Proof Use formulas (27.49)—(27.52). We prove (27.96):

by(27.66) 1 . . : ;
Cosg0(x By y) = 5 Bg.io(ix Bg.io 1) + By —io(—ix By o 1))
1 :
VAL~ |:Eq$iw(l.x)El L) + By i (—ix)E iw(iy)] ME Las.
q’ a’
(27.100)

These formulas can be simplified by using Theorem 27.13.

Theorem 27.19 Eight q, w addition theorems for q, w trigonometric functions with
only positive function arguments on the LHS.

C0S4,(x)C084.0,(¥) + Sing o, (x)Sing o (y) = Cosq (X Sg.w ¥). (27.101)
Cosy.0(x)Co8q,0(¥) — Sing »(x)Sing o (y) = Cosq (X B0 ¥)- (27.102)
Sing.o(x)Cosq ., (¥) + Sing () Cosy o (x) = Sing ,(x By, ¥)- (27.103)
Sing o (x)Cosq,,(y) — Sing o (¥)C0sq o (x) = Sing »(x O4.0 ¥). (27.104)

Cosy o (x)Cos1 (y) + Sing ,(x)Sin1 (y) = Cosy o (x By 0 y). (27.105)
4 RO) 4 RO)

Cosy.o(x)Cos1 (y) — Sing o(x)Sin1 (y) = Cosy o (x By 0 y). (27.106)
q NOj q NO)

Sing,»(x)Cos1 (y) +Sin1 (y)Cosy0(x) = Sing o(x By 0 ¥). (27.107)
q,u) q,w ’

Sing »(x)Cos1 (y) —Sin1 (y)Cosq,0(x) = Sing o(x By 0 ¥). (27.108)
q.w q NO)
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Corollary 27.5 ~
Cos,, ,(x) = Sin; ,(x) = C084.0(2g.0%). (27.109)
2C054.,0,(x)Sing o (x) = Sing o (2q.0%). (27.110)
Cosg.0(x)Cos1 (x) + Sing »,(x)Sin1  (x) = 1. (27.111)
i PR

Remark 27.1 If the series expansion is not defined, we can use the corresponding
q, w-addition formula to define the g, w-addition for the product expansion.

Definition 27.18 Denote the k:th zero of Sin, ,(x), x > 0 by &(g, k, w). Denote
the k:th zero of Cos, ,,(x), x > 0by 1(q, k, w).

Theorem 27.20 First equality between q, w-trigonometric zeros.
1
Eq, k,w)y=¢—,k,o), k> 0. (27.112)
q
Theorem 27.21 Second equality between ¢, w-trigonometric zeros.
1
(q,k,w)=1t|—,k,0 ), k> 0. (27.113)
q

Proof We prove (27.112). Use

E iwi0)E1  (—ix) =1, (27.114)
7’ iw

and put x = £(q, k, w). This implies Sin: ,(§(q, k, w)) = 0, since the right hand
T
side is real. The second equation is proved in a similar way.

Theorem 27.22
Sing »(t(q, k, w))Sin1 (t(q, k, w)) =1, k > 0. (27.115)
Cosy0(é(q, k, w))Cos1 ,(6(q, k,w)) =1, k> 0. (27.116)
7z

Proof Putx = &(q, k, w) in (27.114).

Theorem 27.23 The function f(x) :x > Sing ,(x)Sin1 ,(x) has extreme values
.

forx =1(q,k, w), k > 0. Thefunctiong(x) : x = Cosy ,(x)Cos1 ,(x) has extreme

values for x = £(q, k, ), k > 0. These extreme values are both 1.

Proof We prove the first statement. Differentiate formula (27.111) with respect to x
and put x = t(q, k, w). The second term on the left is zero, as well as the right hand
side. This proves the first part. The second part follows from Theorem 27.22.
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Remark 27.2 Numerical computations show that both functions f(x) and g(x) are
positive, which means that

Sing ,(x), Sin1 ,(x) and Cos, ., (x), Cos: ,(x)
q q’

have the same signs for a fixed value of x, respectively. They have the same zeros by
Theorems 27.20 and 27.21. This means that the extreme values in Theorem 27.23
are maxima.

Remark 27.3 Theorem 27.23 does not mean that the maxima and minima of
Sing ,(x), Sin1 ,(x) and Cos, ,,(x), Cos: ,(x)

occur for x = 7(q, k, w) and x = &(q, k, w), respectively.

Compare with the pictures in [2, p. 222]. On the basis of Theorem 27.22 and
numerical computations we make a guess:

Conjecture 27.2 The function f(x) = Sing . (x) V Cosy ., (x) for fixed g < 1 and
fixed 0 < w < 1, far away from 1, oscillates between decreasing positive maximum
values and increasing negative minimum values as function of x > 0.

Conjecture 27.3 The function f(x) = Sin1 w(x) v Cos | w(x)forﬁxed q < 1land

q
fixed 0 < w < 1, far away from 1, oscillates between increasing positive maximum
values and decreasing negative minimum values as function of x > 0.

Definition 27.19 The g, w-tangens and cotangens are defined by

Tan,,,,(x) = M x #1(q, k, ®). (27.117)
1 Cosg,0(x)
Cosy
Coty() = Gt £ g, ko) @1.118)
q,w

Theorem 27.24 Formulas for q, w-Tangens and Cotangens.

Tang ., (x) + Tang ,(y)

ang.0(x Bg.0 y) 1 — Tang o (x)Tang »(y) ( )
Tang o (x Gy y) = —200) ~ T, (3) (27.120)
e T 1+ Tang ., (x)Tang ,(y) ’
Cot, ,(x)Cot, , -1
Coty o (x By y) = 2200l () (27.121)

Coty (x) + Coty ,,(y) '
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61
5F
4t
r — QTan1(0.9, x, 0.1)
3F
2F
1k
. QCot1(0.9,x,0.1)

0.2 0.4 0.6 0.8 1.0 1.2

Fig. 27.13 Tan, ,(x), Coty,,(x)

Coty ,(x)Coty ,(y) + 1

Cot ©Y) = : 27.122
9lg.0 (X Qa0 Y) = ) = Coty ) ( )
- 2Tan, ,(x)
Tanq,w(Qqux) = #’lzm (27123)
q,w
_ Cor, ,(x) — 1
Cth,w(zq,wx) = A, N (27124)

2Coty,,(x)

Figure27.13 shows Tan, ,(x), Cot, ,(x) forg = 0.9 and v = 0.1.
The graphs for Tan, , (x), Cot: ,(x) closely resemble the previous figure. Again,
q q’

the following formulas closely resemble the ordinary ones. They are also valid for
g-analogues.

Theorem 27.25 More q, w-differences for quotient q, w-trigonometric functions.

Cosg,0(x ©4,0 X)
C084.0(x)eC0s4 1 (x)

D, o Tan, ,(x) = (27.125)

Cosg,0(x ©4,0 X)
Sing, ., (x)eSing, ,(x)’

Dy (—1 ) = €05.0(x) (27.127)

D, ., Coty o(x) = — (27.126)

Singo(x)) — Sing o(x)eSing o (x)’
D ! = Sig.(x) (27.128)
e Cosgy ,(x) Cosq.w(x)SCOSq,w(x)'

Proof Use formulas (27.9), (27.73), and (27.74).

Remark 27.4 The numerators in (27.125) and (27.126) are g, w-analogues of 1.
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We now turn to g, w-hyperbolic functions. All of the following hyperbolic for-
mulas are only valid for w far away from 1.

Lemma 27.4 Eight q, w addition theorems for q, w hyperbolic functions.
Coshy ,(x)Coshy, _,(—y) + Sinhy ,(x)Sinhy _,(—y) = Coshy ,(x ©4,0 ¥).
(27.129)
Coshyg ,(x)Coshy ,(y) + Sinhy ., (x)Sinhy ,,(y) = Coshy (x ®g.0 y). (27.130)
Sinhg o, (x)Coshg ,(y) + Sinhy ,(y)Coshy ,(x) = Sinhg »(x ®g,0 y). (27.131)

Sinhg o (x)Coshy, —,(—y) + Sinhy _,(—y)Coshy . (x) = Sinhy ,(x Og.0 ¥).

(27.132)
Coshyg ,(x)Cosh 1 7w(—y) + Sinhy o, (x)Sinh 1 7w(—y) = Coshy ,(x B;.6 ).
! ! (27.133)

Coshg (x)Cosh1  (y) + Sinhy ,(x)Sinh1 (y) = Coshy ,(x B, » y). (27.134)
q® q?

Sinhy (x)Cosh1 (y) + Sinh1 (y)Coshy ,(x) = Sinhg ,(x By, y). (27.135)
q® q®

Sinhy »(x)Cosh1  (—=y) +Sinh1  (—=y)Coshy o(x) = Sinhy o (x Hy.» y).
7 0] P ,—
(27.136)
These formulas can be simplified by using Theorem 27.13.

Theorem 27.26 Eight q, w-addition theorems for q, w hyperbolic functions with
only positive function arguments on the LHS.

Coshy ,(x)Coshy ,(y) — Sinhg ,(x)Sinhg ,(y) = Coshy (x ©4,0 ¥). (27.137)
Coshy ,(x)Coshy ,(y) + Sinhg ,,(x)Sinhg ,(y) = Coshy ,(x @4, ¥). (27.138)
Sinhg o (x)Coshg ,(y) + Sinhy ,(y)Coshy ,(x) = Sinhg »(x ®g,0 y). (27.139)
Sinhy o, (x)Coshy ,(y) — Sinhg ,(y)Coshy ,(x) = Sinhy ,(x ©4,0 ¥). (27.140)

Coshg ,(x)Cosh1 (y) — Sinhy ,(x)Sinh1 (y) = Coshy ,(x B, y). (27.141)
7 7

Coshg ,(x)Cosh1  (y) + Sinhy ,(x)Sinh1 (y) = Coshy ,(x B, » y). (27.142)
q,a) q,w

Sinhy (x)Cosh1 (y) + Sinh1 (y)Coshy ,(x) = Sinhg ,(x By, y). (27.143)
q,w ‘—]w

Sinhy (x)Cosh1 (y) — Sinh1 (y)Coshy ,(x) = Sinhg »,(x By, ¥). (27.144)
q,w q,u)
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Theorem 27.27 The following formulas for q, w-Tanghyp and Cothyp hold:

Tanhy ., (x) 4 Tanhg, . (y)

Tanh,, ., wY) = ) 27.145
nhg.o(¥ g0 Y) 1 + Tanhy ., (x)Tanhg ., (y) ( )
Tanh, ,(x) — Tanh, ()

Tanh,, V) = q- 7. ) 27.146
anhg.o(x Sq.0 ¥) 1 — Tanhy, ., (x)Tanhy ., (y) ( )
Coth, ., (x)Coth, ,(y) + 1
Coth,, ,, wY) = 1 1 ) 27.147
0thy.o(x @g.00 ¥) Cothy ., (x) + Cothy ,(y) ( )
1 — Cothy ,(x)Cothy ,,(y)

Cothy (X ©4.0y) = 4 : ) (27.148)

@0 00 Y = 0 () — Cothy o (y)
_ 2Tanh,
Tanhy o3y o) = — a0 (27.149)
1+ Tanhq’w(x)

Cothy (2 COth’i‘“(x) ik 27.150

t w w: = —_—— .
oth0 o) = 6o (27.150)

Corollary 27.6 The following formulas hold:
Cosh; ,(x) + Sink ,(x) = Coshg ,(2q.0%). (27.151)
2Coshy o, (x)Sinhy, o, (x) = Sinhy o (2, ox). (27.152)
Coshg ,(x)Coshy  (x) — Sinhy ,(x)Sinh; (x) = 1. (27.153)
q,w q,w

Theorem 27.28 For q, w-differences for quotient q, w-hyperbolic functions

Coshy ,(x ©4,0 X)

D, ,Tanh, ,(x) = ,
g0 Ty o (x) Coshy ,(x) € Cosy o (x)

(27.154)

Coshy (x ©4,0 X)
Sinhy (x) € Sinhg ,(x) ’

D, ., Cothy ,(x) = — (27.155)

Remark 27.5 The numerators in (27.154) and (27.155) are g, w-analogues of 1.

Theorem 27.29 (g, w-de Moivre’s theorem)

Cosg,0(Mg.0x) +iSing ,(1g,ox) = (Cosy o (x) + iSing o (x))", (27.156)
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Proof Use formula (27.91).

We now prove some more g, w-analogues of trigonometric formulas. These formulas
are, of course, also valid for g-analogues, i.e. for @ = 0. It seems that these formulas
have not been published before. The ¢, w-rational numbers will be used when we
divide the function argument by ‘2.

Theorem 27.30 The following formulas hold:

1 _

Cos;,w(x) = 7 (Cosq,w(x Bg,0 X) + Cosq,w(Zq’wx)) , (27.157)
1

Sin? ,(x) = 3 (Cosg.er (x Og.00 x) — C054.00 (24.0%)) , (27.158)

Sin? ,(x) + Cos, ,(x) = C05q (X g0 X). (27.159)

Proof To prove (27.157), use (27.101) twice with y = —x and y = x and add the
results.

Corollary 27.7 The following formulas hold:

N C08q.0(*522) + Co5g,0,(x)
Cos|5— ) =+ : (27.160)
q,w

2
Sing. o <_
(1 w

Tan, <

Cot, o | =
e

Proof To prove (27.160), take square root of formula (27.157) and replace x by %

(27.161)

\/ Cosy.0(*522) = Cosy ()
5 :

+ o s (27.162)
Cosfi,w(x%#wx) + Cosq,w(x)

l\)l

q,w

Cos,, w(xeq “’x) + Cosq,0(X)
=4 xe ~ (27.163)
Cosq (== ) Cosq,w(x)

) Csq.0(*52%) — Cosg,0(x)
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27.3.1 New q, w-Hyperbolic Formulas

Analogues of three well-known formulas.

Theorem 27.31 The following formulas hold:

Cosh;, ,(x) = (Coshq 0(X Og.0 X) + Coshy ,(24.0%)) , (27.164)
Sinh2 X)) = (Coshq ® ( 7, wx) Coshy (x S x)) , (27.165)
Cosh] ,(x) — Sink, ,(x) = Coshg ,(x 4., X). (27.166)

Corollary 27.8 The following formulas hold:

X Coshq,w(x?”‘”x) + Coshy ,,(x)
Coshg | =— ) == e , (27.167)
240 2
x Coshy ,(x) — Coshq,w()%':x)
Sinhg o | =— | = e, (27.168)
240 2
x Coshy ,(x) — Coshy M)
Tanhg o, | =— | =+ o (27.169)
240 \ Coshy,, J’“’ ) + Coshy, 0(X)
. Coshgo(*52%) + Coshy o, (x)
Cothyw|=— ] == e e (27.170)
240 Coshy (x) — Coshq,w(%)

27.4 Conclusion

We have constructed a solid basis for the further development of finite differences
and the corresponding g, w-Appell polynomials in the same vein. At the same time
this subject is also very popular among other authors and it will hopefully reach
new heights in the near future. Other attempts have been made to produce new
trigonometric formulas, but our approach clearly shows close resemblance to the
original. This umbral approach in the spirit of Rota assumes a knowledge of the
corresponding alphabets in g-calculus.
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