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1 Introduction

In mathematics, the quantum calculus is equivalent to the usual infinitesimal calculus
without the concept of limits or the investigation of calculus without limits (quantum is
from the Latin word “quantus” and literally it means how much, in Swedish “Kvant”). It
has two major branches, g-calculus and %-calculus. And both of them were worked out
by P. Cheung and V. Kac [13] in the early twentieth century. In the same era F.H. Jack-
son started working on quantum calculus or g-calculus, but Euler and Jacobi had already
figured out this type of calculus. A number of studies have recently been widely used in
the field of g-analysis, beginning with Euler, due to the vast necessity for mathematics
that models of quantum computing g-calculus exist in the framework between physics
and mathematics. Tariboon and Ntouyas [19] proposed the quantum calculus concepts
on finite intervals and obtained several g-analogues of classical mathematical objects.
This inspired other researchers and, as a consequence, numerous novel results concern-
ing quantum analogues of classical mathematical results have already been launched in
the literature. Noor et al. [14] obtained new g-analogues of inequality utilizing first or-
der g-differentiable convex function. In [3], Alp et al. acquired some bonds for left-hand
side of g-Hermite—Hadamard inequalities and quantum calculations by using convex and
quasi-convex functions for midpoint form inequalities. For more details, see [13—18, 20]
and the references cited therein.

In various mathematical fields, it has many applications, like number theory, combi-
natorics, orthogonal polynomials, simple hyper-geometric functions, and other sciences,
quantum theory, physics and relativity theory; many of the fundamental aspects of quan-
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tum calculus. It has been shown that quantum calculus is a subfield of the more gen-
eral mathematical field of time scales calculus. New developments have recently been
made in the research and methodology of dynamic derivatives on time scales. The re-
search offers a consolidation and application of traditional differential and difference
equations. Moreover, it is a unification of the discrete theory with the continuous the-
ory from a theoretical perspective. Time scales provide a unified framework for study-
ing dynamic equations on both discrete and continuous domains. In studying quantum
calculus, we are concerned with a specific time scale, called the g-time scale, defined as
follows: T := g™ := {g* : t € Ny}, see [1-10] and the references cited therein. The Hermite—
Hadamard inequality was introduced by Hermite and Hadamard, see [11]. It is one of the
most recognized inequalities in the theory of convex functional analysis, which is stated
as follows:
Let F : [k1,k2] — R be a convex mapping and «; < k3. Then

.7:<K1 +K2> = : /KZ F(e)dsx < Fle) + Floea) }—(KZ). (1.1)
K2 =K1 Jiy

2 - 2

If F is concave, both inequalities hold in the reverse direction.

The important purpose of this article is to derive some new quantum integral inequali-
ties of the convex function for a midpoint formula. Moreover, when g — 1, several exam-
ples of Hermite—Hadamard form inequalities are derived as special cases.

2 Preliminaries of g-calculus and some inequalities
Several fundamental inequalities are well known in classical analysis, like Holder in-
equality, Ostrowski inequality, Cauchy—Schwarz inequality, Griiss—Chebyshev inequality,
Griiss inequality. Using classical convexity, other basic inequalities have been proven and
applied to g-calculus. For more details, please see (2, 3,7, 9, 14, 16, 18, 21].

In this section, we discuss some required definitions of quantum calculus and important
quantum integral inequalities for Hermite—Hadamard on left and right sides bonds.

n

1—q =l+q+q*+---+q"" qe<(0,1).
-9

[”]q =

Jackson derived the g-Jackson integral in [12] from O to k, for 0 < g < 1 as follows:

/0 CFedgre= (- g1 Y a" Fload') 1)
n=0

provided the sum converges absolutely.
The g-Jackson integral in a generic interval [«1, k2] was given by in [12] and defined as

follows:
) K9 K1
/ Foe)dgs = / F(s)dyse - / F(s2) dys.
K1 0 0
Definition 1 ([19]) We suppose that a function F : [k1, k2] — R is continuous. Then the
i, -derivative of F at s € [k, k2] is defined as follows:

F(50) = Flgse+ (1 - q)k1)

e e

, »xFK1. (2.2)
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Since F is a continuous function from [k1, k3] to R, s0 , Dy F (k1) = lim,,, ., «, Dy F (x). The
function F is said to be g- differentiable on [«1, «5] if ., D, F(t) exists for all > € [«1, k2]. If
k1 =0 in (2.2), then (D, F(3) = D, F (), where D, F () is a familiar g-derivative of F at
2 € [Kk1,k2] defined by the expression (see [13])

F(50) - Flgx)

D, F(x) = A=)

, x#0.
Definition 2 ([5]) We suppose that a function F : [k1,k;] — R is continuous, then the
q'?-derivative of F at s € [k, k7] is defined as follows:

Flgr+ (1 -q)ia) — F(5)

B T B

% ZKs.

Definition 3 ([19]) We suppose that a function F : [k1,x2] — R is continuous, then the
g, -definite integral on [}, k] is defined as follows:

/ F)ydgse = (1 - q)(xz—xl)quqK2+(1 7))

= (kg — /q)/ — bk + t/cz) dgt.

In [3], Alp et al. established the g,,-Hermite—Hadamard inequalities for convexity,
which is defined as follows.

Theorem 1 Let F : [k1,k3] — R be a convex differentiable function on [k1,k;] and
0 < g < 1. Then q-Hermite—Hadamard inequalities are as follows:

F (qu : K2> / Fo0) dye < L0+ F2). 2.3)
l+q Ko — K1 l+q

The authors of [15] and [3] have set certain boundaries for the left and right sides of
inequality (2.3).

On the other hand, the following new description and related Hermite—Hadamard form
inequalities were given by Bermudo et al.

Definition 4 ([5]) Let F : [k1,4x2] = R be a continuous function. Then the ¢*2-definite
integral on [«1, k3] is defined as

/ F)dy = (- les - ) S " Flr + (1 4)ea)

n=0

1
:(Kz—Kl)/ ]:(l'l(l +(1—t)K2)dqt
0

Theorem 2 ([5]) Let F : [k1,k3] — R be a convex function on [k1,k3] and 0 < g < 1. Then
q-Hermite—Hadamard inequalities are as follows:

]-"<K1+qK2> / Flo)rdy < 00+ aF) (2.4)
l+q Ko — K1 l+q
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From Theorem 1 and Theorem 2, one can have the following inequalities.

Corollary 1 ([5]) For any convex function F : [k1,k2] - R and 0 < g <1, we have

qKk1 t+ Ko K1+ 4K .
F(Tq)Jf}_( 1+q> Kz—Kl{/ ]:(%),qdq%+/ F()"*d, } (2.5)

< Flk1) + Fk2)

and

K1+ K2 1 “2 2 K2
.7:< 5 )52(K2_K1){/K1 .F(%)Kldq%+/’;1 F(3) dq%} (2.6)

- f(K1)+F(I<z)'
- 2

Alp and Sarikaya, by using the area of trapezoids, introduced the following generalized

quantum integral which we will call ., T,;-integral.

Definition 5 ([1]) Let F : [«1,k2] — R be a continuous function. For ¢ € [k, k2],

[ F@ude - q)él;z_’q)|:(1+4)an—7:(an2+(1—qn)l<1)—-7:(l<2):|, 27)
n=0

where 0 <g < 1.

Theorem 3 (,, T,-Hermite—Hadamard, [1]) Let F : [k1,k2] — R be a convex continuous

function on [k1,k3] and 0 < g < 1. Then we have

K2
J___(Kl +K2) < 1 / ]:_( Kld; ./—"(Kl)+.F(K2)‘ (28)
Ky — K1 2

2

3 New generalized quantum integrals
In this section, we introduce a new generalized quantum integral which is called 2 T,-
integral. We also prove several properties of this integral.

As can be seen from Fig. 1, the area of nth-trapezoid is

F(g" 1+ (1= q"Mk2) + F(g'k1 + (1 - ¢"ka)
5 .

B, =(1-49)q" (k2 — K1)

By summing all the area of B,, n=1,2,..., we have

y 5, - d-ote ) q)(zm ) {Z T F(g" e+ (1- "))
n=0

+ iq”]—"(q”/q +(1- q”)/cz):|

n=0
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F(x)

o K1 K1+ (1—a)Ka @K1+ (1 - a)K2 K2

Figure 1 Areas of trapezoids

(1 q)(KZ_K1|: Z n+1]: nely (1 qn+1) )

n=0

+ iq"]—'(q”/q + (1 - q")lcg)j|

n=0

1— _
- q)(;Z Kl){qzq”quu(l q")K2)

n=1

+ iq”]—'(q":q + (1 - q”)/cg)i|

n=0

L E {f(m )+ Y F (g + (1 qn)Kz)}

+ iq”}'(q"xl + (1 - q”)/cg)j|

n=0

1- - 1 >
= M{a{_f(K1)+anf(qu1+(1_qn)K2)}

n=0

+ iq”]—'(q”fq + (1 - q")/cg)i|

n=0

(=g k1)
- G

- [TFemde

Now we can give the following definition.

1+q) Zq”]—'(q”/q + (1 - q”);cg) - ]:(Kl)]

n=0
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Definition 6 Let F : [k1,k3] — R be a continuous function. For s € [k1, k2],

/K2 f(é)nd;'%. _ (1 —Q)(Kz _Kl) |:

2 1+ Y q"F(q"1+(1-q")ks) - f(m)} (3.1)

n=0
where 0 < g < 1. This integral is called “ T, -integral.
Theorem 4 Let F : [k1,k2] — R be a continuous function. Then we have

F(e) + Flgse + (1 - q)ka)
2

Kqu‘/ 2]—‘(5)"%{;5 - _ (3.2)

for s € [k1, k2]

Proof From the definition of “2 T, -integral, we have

/KZ ]:(E)sz;%_ _ (1 - 51)('(2 - %) |:

2 1+¢9) Zq”]—"(q”% +(1-¢")k2) - ]-'(%):|.

n=0

From Definition 2, we obtain

W@/J%Wﬁs

n=0

= “ZDq{ w [(1 +q) Y q"F(q" %+ (1-q")k2) - f(%)] }

_ 1 (1-q)(ky—3)q
(1-q)(ky - ») 2q

X |:(1 +q) Zq"}“(q”*l% + (1 - q”*l)/cz) —Flgqre+(1- q)/cz):|
n=0

(A=) — )
2q

L+ q"F(q"s+ (1-q")K2) - F(%)} }

n=0

1 o0 o0
= Z [(1 +q) (qu”]:(q””% + (1 - q””)/cz) - Zq”]:(q”% + (1 - q”)K2)>

n=0 n=0
x F(32) - qF(qr+ (1 - Q)Kz)j|

_ TG+ Flaz+ (1-q)k)
& .

The proof is completed. O

Theorem 5 Let F : [k1,k2] — R be a function and 0 < g < 1. Then we have

K

1 2
/ Flerca+(1-&)1)'d] & = F()d]t. (3.3)
0

K2 =K1 Jig
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Proof From the definition of “> T, -integral, we have

1
| Fera - ale
0

:W[(l+q)2q”f 70+ (1-q")1]k2 + (1=[q"0 + (1 - ¢")1])c1)

n=0

- F(0b+(1- o)/q)}

(12qq) [(1+q)Zq”F "1+ (1-g")e2) - f(’“)]
n=0

K2

F()d] t.

K2 =K1 Jig
The proof is completed. O

Theorem 6 Let F : [k1,k2] — R be a continuous function. Then we have

/K2 "Zqu(S)KquT?;” - 1+ Q)]:(’Q) - q]:(%z)q_ ]:(61% +(1- q)KZ) (3.4)
for 3 € (k1,Kk32).
Proof From Definition 2, we have
_ F(g& + (1 —q)ka) — F(§)
P8 e -0
By using Definition 6, we have
| e
i /Kz FE+(1-9)) = F )y, yr,
> (1-q)(k2-§) 7
_ (- 61)( - ) 1+ )Z q"F(q" 2+ (1-q" k) Flgoe+ (1= qks)
(1-q)q" (k2 — ») (1= q)(k2 — )

(1- )z~ ) G Fg e (=) F()
g [(“q)z (- g (2~ ) (1—61)(K2—%)i|

I
—
+
AN
K

[F(g" e+ (1= " )i2) = F(q"5 + (1 - 4")i2) ]

Il
(=}

n

+ Z—Iq[}"(q% +(1-q)iz) + F ()]

_ (14 q)F(k2) = qF () - Flgs + (1 - g)ica)
2q '

The proof is completed. O

Page 7 of 15
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Theorem 7 Assume that F,g : [k1,k3] — R are continuous functions. Then we have

/ CIFE) g@)]2dTe = f

b bl

F(&)2dTE + / g6y’ (3.5)

for 3 € [Kk1, k2]

Proof Using the definition of “2 T, -integral, we can write that

[ TF© )l

»

_ (- Q)( {(1+q)Zq (7" + (1-q")k2) +g(q" >+ (1 - q")k2) ]

—J:(%)—g(%)}

_ (1—q)(x2—%)[

2 1+q) Y q"F(q"+(1-q")k2) —f(%)]

n=0

. (1—q)(x2—%)[

2 (L+q) Y q'g(q" >+ (1-q")) —g(%)}

n=0

- [ Feraes [ awna,

bl

which finishes proof. O

Theorem 8 Assume that F : [k1,k2] — R is a continuous function and o € R. Then

[ @r@ndie-o [ Feae (3.6)

b el

for s € [k1, k3]

Proof By the definition of “2 T, -integral, we have

/ @ F)E) s

_(1-dlka=2) [(1 +q) ) _q"@F)(q"+ (1-q")k2) - (“f)(%)}

2q n=0

_ q)z(;z ~ %) {(1 + )Y q"F(q"+ (1-q")k2) - J-'(%)}
n=0

K2
:af F(E)2de. 5
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Theorem 9 Assume that F,g : [k1,k3] — R are continuous functions. Then we have

| Fermpgera (37)

2

_ qF(§)g(&) + F(g& + (1 - q)ia)g(gE + (1 - g)rca) 2
2q B

—f 2§(Q€ + (1= q)ica) Dy F(€) ) €
for s € [k1, k2]

Proof Using Definition 2, we get

2Dy (F(6)g(5)) (3.8)

_ F(gé + (1 - q)k)g(gé + (1 - g)kz) — F(§)g(§)

- (1-q)(k2 —8)

g(g§ + (1 —g)ka) — g(§)
(1-q)k2 - 8)

= F(£)*D,g(&) + g(q& + (1 - q)k2) > D, F ().

Flgé + (1 - q)k2) - F(§)

= 7€) A=) -8)

+g(q€ + (1 - g)xs)

By taking the “2 T, -integral of equality (3.8), we get

[ =niFee)ae (39)

_ f T FE)2Dyg(E)d s + f 2(qt + (1 - @) 2D, F(§)2d].

bl

By applying Theorem 6, we have

[ enuFee) drs (3.10)

_ L+ @) Fla)glier) — qF (§)g(§) — Fg§ + (1 - q)ia)g(g§ + (1 = g)ica)
2q
_ qF(£)g(€) + Flqé + (1 - )ia)g(gé + (1 - q)iea) |
2q %'

From equalities (3.9) and (3.10), we obtain

qF (£)g(&) + F(g& + (1 - q)ra)glqé + (1 - q)ka) [
2q e

—/ 8(q& + (1 - q)ix) Dy F(§)2d] .

| P pge s -

This completes the proof. O
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Theorem 10 Assume that F,g : [k1,k2] — R are continuous functions and F(§) < g(§)
for all & € [5,k3]. Then we have

/ " FEmdTs < [ " @) edTe

for s € [Kk1,Kk2].

Proof By the definition of “2 T, -integral, we have

[ Fereaze - W 1+0) Y F(@ s+ (1-)e2) —fw)}
” n=0

_1=9ka=2) q)2(;2 =) (1+¢9) an]_-(qn% +(1-q")K2) + q]:(%)i|
n=1

<00 Yt (1)) )
n=1

- % (1+q) Y q"¢(q" >+ (1-q")k2) -g(%)}
n=0

= / g&)2ds. O

F

Proposition 1 For o € R\{-1}, we have the following equality:

b 1 +qa
_ab T _ _ o+l
/x (b-5s) dqs Yo+, (b—x)*". (3.11)

Proof Using the definition of “> T, -integral, we have

[ -

b

_ %{’?‘}‘) (1+9) Y q" (k2= (4" + (1= q")k2))" ~ ez - ”)a}
n=0

| ((R2)) SRR AR ma}
L n=0

= %:;2_%) (1 +q)(Ky — 52)* Z(qoul)” — iy — 3)*
n=0

i (1—61)(/(2—%)0”1[ (1+q) _1}
- 2q 1 _qﬂt+1

1-g 1+4g*
1 1+q o
"1, 2 e "
q

The proof is completed. O
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4 Hermite-Hadamard inequalities for “2T -integral
In this section, we present some Hermite—Hadamard type inequalities for “2 T, -integral

by utilizing convex functions.

Theorem 11 Let F : [k, k2] — R be a convex continuous function on [k1, k3] and 0 < g < 1.

Then we have

}_(;q +K2> _ 1 /“2 ]_.(%)szqTKS w (4.1)

2 _Kz—Kl

Proof Since F is a differentiable function on [«1, k3], there is a tangent line for the function

F at the point **2 € (k1, k7). This tangent line can be expressed as a function W, () =
K1+K2 7 ( K1+KD K1+K2

F(EL2) 4 F(51852) o - f1382),

Since F is a convex function on [k1, k2], then we have the following inequality:

Wy () = ]—"(Kl ;"2> +]-"<K1 ;"2>(%_ f ;"2> < F() (4.2)

for all ¢ € [k1, k2] (see Fig. 2). From Theorem 10, we have

K2 K2
[ wieandins [ Foomdre
K K1

1

By Definition 6, we have

K2
/ Wy (2) "quT%

1

:/Kz[ <K1+K2>+ ,<K1+K2>(%_K1+K2>:|K2d7~%
) ’ 2 2 a

K1+ Ko [ K1+ K2 k2 K1 —K2\ ., T
=(K2—K1).7:< 5 >_]:(T>/,q (Kg—%+T) >d,

K1 K1+ qrs
I+q

W3(x)

Figure 2 Graphs of a convex function F and some tangent lines
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:(Kz—Kl)]-"<K1 ;IQ) —]-"’(K1 ;IQ)
() (5

K1

_ 2 _ 2
=(K2—K1)7<K1;K2>—}"’<K1;Kz)[('cz 2"1) (K 2K1) ]

= (ky —xl)f(“ “’2>.

K1 — Ky
Ky — K
5 (k2 1)}

2

This gives the proof of the first inequality in (4.1).
On the other hand, we have the function W, () = F(ky) + f('(KZT
Since F is a convex function on [k, k2], we have the inequality

(3¢ — K2) (see Fig. 2).

F () < Wa(5),

and thus, by Theorem 10, we get

2 K2
]:(%)szqT%S/ \Pz(%)szqT%

K1

for all 5z € [y, k2]. By the definition of “2 T -integral, we have

/Kz W, (52) ’(quT%
[ (P M(%_ )i
K1 K2 — K1
Ky gT
(k= k) Fly) = = / —)edT
= (r — 1) Fliy) - 202 = Fa) (1 ‘qz) (1 ' q)(Kz )
Ky — K1 1- q 2
= (e — k1) Fliey) — Fliez) = Flier) (k2 — 1)
Ky — K1 2
_ F k1) + F(i2)
= (k2 — Kl)fc
The proof is completed. O

Remark 1 In Theorem 11, if we take the limit g — 17, we recapture the classical Hermite—

Hadamard inequality for convex function.

Theorem 12 Let F : [k1,k3] — R be a convex differentiable function on [k1,k;] and 0 <

q < 1. Then we have

~1 (ks - 1 [
(o), a-llo-n) gy lqate) f F0)2dT 3¢ (4.3)
l+gq l+gq 2 l+gq Ko =K1 Jiy 1

< ~7:(K1)+‘7:(K2)'
- 2
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Proof Since F is a differentiable function on [«1, k3], there is a tangent line for the function
F at the point q’(”f € (k1,4). This tangent line can be expressed as a function W3 () =
F( q'(f:;z) + ]-'/(q'(“;2 )(3e — q'(lf;z). Since F is a convex function on [«1, k2], then we have
the following inequality:

W3(2) < F(») (4.4)

for all ¢ € [k, k7] (see Fig. 2). From Theorem 10, we have

K2 K2
/ ‘113(%)'(261;%5/ ]:(%)szqT%.
K1

K1

By definition of “2 T, -integral, we get

K2
/ Ws3(5) "quT%

K1
:/K2|:F<qK1+K2)+]:/(qK1+K2><%_qK1+K2>:|K2qu%
Py l+q l+q l+q
K2 —
:(K2—K1).7:<qK1+K2)—J_"/(W)[/ (Kz—%+qM)K2dT%:|
l+gq l+gq 1 l+gq 1

= (K2 —I(l)]:<qK1 +K2)
l+q

e (ST .

= (ko —Kl).F(qu + Kz) _]__,(qu +K2> |:(IC2 —k1)? B q(K2 —K1)2j|’

l+qg l+qg 2 l+qg
which completes the proof. g

Theorem 13 Let F : [k1,k3] — R be a convex differentiable function on [k1,k3] and 0 <
q < 1. Then we have

J-"<K1 +qK2> pimdle ”‘”F("l +qK2> / F)2d] (4.5)
l+g 1l+g 2 l+g Ko — K1
< (Kl);'f(KZ)‘

Proof Since F is a differentiable function on [«1, k3], there is a tangent line for the function
F at the point % € (k1,%2). This tangent line can be expressed as a function Wy(s) =

F( K11++q;2) +F /('“;;qq"2 (o2 — Klli‘{;z ). Since F is a convex function on [k, k,], then we have

the following inequality:
Wy(s) < F(5) (4.6)

for all s € [y, k2] (see Fig. 2). By Theorem 10, we have

K2 K2
/ Wy(3)*2d] 3 < / F()*2d] ».
K1

K1
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By definition of “2 T -integral, we get

K2
/ Wy (22) szqT%

K1

=fK2|:f<K1 +qK2)+]__,<K1+qK2)<%_K1 +qK2>i|K2d5%
fq l+q l+qg l+q
K2 _
= (kg — k1) F “atgla)  p(fatde / K2_%+u x2 T o,
l+q l+gq 1 l+q 1

= (k2 _Kl)]:<K1 +qK2)

l+gq

R (S e

+4q
(Kz—Kl)f<K1 +qK2) ]-"/(K1 +qK2>|:("2_"1 P (k= k1) i|
l+q 1+gq 2 l+g

This gives the proof of the theorem. O

Theorem 14 Let F : [k1,k3] — R be a convex differentiable function on [k1,k;] and 0 <

q < 1. Then we have

Flrr) + Fliez)
2

maX{II:IZIIB} S ) (4.7)

1 k2 T
F9)2d! 5 <
—K1 K1

where

[2:f qK1+K2 +q—1(K2—K1)]__/ qK1+K2
l+qg l+qg 2 l+qg

I (e +1—q(Kz—K1)}_/ K1+qK2 )
l+q l+qg 2 l+q

Proof A combination of (4.1), (4.3), and (4.5) gives (4.7) and the proof is completed. [

5 Conclusion

In this article, we proved a new idea of quantum integrals which is called “> T -integral. By
using this idea, we proved several properties for quantum integrals. Further, we presented
several Hermite—Hadamard type 2 T, -integral inequalities within a class of convexity. It
is also shown that some classical results can be obtained by the results presented in the
current research by taking the limit ¢ — 17. It will be an interesting problem to prove

similar inequalities for the functions of two variables.
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