arXiv:1805.02864v1 [math.CO] 8 May 2018

RECURSION FORMULAS OF ¢-APPELL FUNCTIONS

XIAOXIA WANG 4 AND CHUANAN WET #

A Department of Mathematics, Shanghai University
Shanghai 200444, P. R. China

B Department of Medical Informatics
Hainan Medical University, Haikou 571199, China

Recently, Opps, Saad and Srivastava gave the recursion formulas of Appell’s
function F>. The first author of this paper then established the recursion
formulas for Appell functions Fy, Fp, F5 and Fy by the contiguous relations of
hypergeometric series. In this paper, the authors will present the recursion
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Keywords: g-Appell functions; recursion formulas; contiguous relations.
2010 Mathematics Subject Classification: Primary 33D70; Secondary 33C65.

Appell functions [I] which are famous in the field of double hypergeometric functions [4} [8, @] are read
as follows:
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Then, Jackson [5, 6] first discussed the g-Appell functions &) &2 &) and ®):
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which are the g-analogies of Fy, Fy, F3 and Fy.
When |g| < 1, the shifted factorial of infinite order is well-defined as
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The research of recursion formulas of hypergeometric function are important and interesting. Opps,
Saad and Srivastava [7] established some recursion formulas for the function F5 by the contiguous rela-
tions of the Gauss hypergeometric series o F;, and then applied the relations to radiation field problem.
Wang [10] gave the recursion formulas for Appell’s four functions Fy, Fy, F5 and Fj; which including
Opps, Saad and Srivastava’s results. Chu and Wang [2] [3] have reviewed many hypergeometric summa-
tion formulas by the recursion formulas which are obtained by Abel’s lemma on summation by parts.
In this paper, the authors will present the recursion formulas for g-Appell functions &), &) )
and ¥, and all the results are verified by Mathematica.

1. Recursion formulas of &)

In this part, we will present the recursion formulas for ¢-Appell function ®(!) with five theorems as
follows. First, we present the recursion formulas of ®(!) with the numerator parameter a.

Theorem 1 (The recursion formulas of &) with parameter a).
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Proof. From the definition of g—Appell’s function ®) and the transformation (aq; q)min = (a5 q)min[l+
a(l=¢™) | ag™(1-q")
+
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], we get the following contiguous relation:
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Applying the above contiguous relation on function ®() with parameter ag?, we have
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Iterating this computation on ®() for n—times, we get the recursion formula (@) with parameter aq™.
Performing the replacement a — ag~! in the contiguous relation (B]), we have
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Applying this contiguous relation on function ®() for n-times, we obtain the recursion formula @) as
same as we have done in the proof of (). O

By the known contiguous relations (@) and (@), we can express the hypergeometric functions ®() with
aq™ and ag~" in another expressions.

Theorem 2 (The recursion formulas of &) with parameter a in another expression).
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Proof. Here, we just prove the recursion formula (@) by the induction method for example. The
relation (B]) can be proved by the similarly method. When n = 1, formula (B]) reduces to relation (3]
obviously. Suppose that the result (H) is true for n < ¢ and the recursion formula (&) reads as follows
when n = t:
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Now we only need to confirm the correction of (Bl with n = ¢+ 1. Performing the replacement a — ag
in the above relation, we have
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In the second equality, we have applied the contiguous relation (3] with the replacements a — ag®,b —
bg" =i b = bt ¢ = ¢¢® and © — x¢'. Simplifying the above result, we have
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which is exactly the coefficient of ®*) with n = ¢t+1 in (G)). Now, we certified the result (). Applying
the relation (), we can confirm the recursion formula (6l) by induction method too. This completes
the proof of this theorem. O

Second, we establish the recursion formulas of ®(!) about the numerator parameter b. The recursion
formulas about &’ can be obtained by the similar method.

Theorem 3 (The recursion formulas of &) with parameter b).
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n
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Proof. From the definition of g-Appell function @) and (bg; q)m = (b;q)m[1 + 725 (1 — ¢™)], we can
easily get the following contiguous relation:
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where we have applied the contiguous relation (I0]) in the second equality. Iterating this method on
&M for n times, we have
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which is exactly the recursion formula (g]).

Performing the replacement b — b/q in relation ([I0), we have

bx(l —a)
g(1-¢)

Applying this relation on function ®() with the parameter bg~" for n—times, we arrive at the recursion
formula ([@). This completes the proof of this theorem. O

dW(a,b/q,b';c;2,y] = @Va,b,b';c;2,y] — ®Wlag,b,b'; cq; z, y]. (11)

In fact, we have another expression of recursion formulas for hypergeometric functions ®() with the
parameters bg™ and bg~".

Theorem 4 (The recursion formulas of ®(1) with parameter b in another expression).

dWa,bg™, b'; c; z,y] = { ] (5) b2 @i D g aq®,bq", b’ cq”; 2, y); 12

[ Z: o [ ] (12)
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Proof. This theorem can be proved by inductive method as we have done in Theorem Here, we
just prove the recursion formula ([I2)) for example. The formula (I3]) can be proved by the similarly
method. When n = 1, the formula ([I2)) is exactly (I0). Suppose that the recursion formula ([I2)) is
true for n < ¢, and ([I2]) reduces to the following result when n = ¢

t

®Wla,bg' Vs e,y = { }QQ(E>M®(”[M’“,bqk,b’;ch;x,y]-

=0 k (@)



6 Xiaoxia Wang—Chuanan Wei

Performing the replacement b — bq in the above result, we have
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where, we have applied the contiguous relation (I0) in the second equality and ¢* L{J + [ ] =

k—1
t+1
k
recursion formula (I2)). Applying the contiguous relation (II), we can get the recursion formula (I3])
by the similarly method. Here, we completes the proof of this theorem. O

} and {m] =0 when n > m and n < 0 in the fifth equality. Now we completes the proof of the
n

Finally, we present the recursion formulas of ®(*) about the denominator parameter c.

Theorem 5 (The recursion formulas of ®() with parameter c).

e e 1 ] (e A A U R ZE G
(a/c;a)n =,
n n .
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Proof. From the definition of ¢g-Appell function ®) and the transformation

1 _ 1 { c qm+n g }
(/@ Dmin (G @min Lec—q c—ql’
we get the following contiguous relation:

1
1—gq/c
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Dla, b, ¢/qi 2, y] =
[0)) [a,b,b,C/(Lany] l—q/C

Obviously, the relation (4] is exactly right when n = 1. Suppose that the result (4] is correct when
n =t as follows:

t

Z k tq (") - []q)(l)abb/.c.xk k
) 3 3 ) q )yq :
Q/cq = T ]

dWla,b,b;cq 2,y
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we just need to proof that the result is right with n = ¢ 4+ 1 by the induction method. Performing the
replacement ¢ — ¢/q in the above identity, we have

t
1 —— _ (-1 || g Sk K
O Wfa,b,seq™ ] = s Q/Cq >~/ gl ) M@“[a,b,b’,c/q,:cq,yq]

k=0
t
= (L)1 t}
= Cq
S ML
1 q/c
D0 b v e w1 gkt dWig b v': }
X{l_q/c [a,0,V'5c;2¢" " yg™ ] — /e [a,0,0'; ¢ 24", yg"]

t
1 _ t+1—k L t
:mz(_c)k tg("Th )tk 1|:k:|(1)(1)[a7b,b/;c;qu—kl’qu—i—l]
’ k=0
Ly (et
— —o)kt=1 () ek dVa b.b:c: xd®. ya®
e i ];)( ) 1 [k] [a,6,0% ¢; 24", yq”]
1 i t4+2—k t t
e Yo A R ( A BT PSS SUUEZS
’ k=0
t+1
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where, we have applied the transformation

t t t+1
k—t—1 k—t—1
S R |

Performing ¢ — c¢q in contiguous relation (8], we get
®Wla,b,b;cq; 2, y) = (1 - )M a,b,V; ¢, y] + ¢ 9V [a, b,1'; cq; 24, yq).

Applying this contiguous relation, we can arrive at the recursion formula (I3 by induction method.
This completes the proof of this theorem. O

2. Recursion formulas of ¢
In this part, we will list the recursion formulas of g-Appell function ®) with the parameters a, b and
c. All the theorems can be proved by the similarly method as we have done in part one.

By the definition of ®®), we can get the following two contiguous relations of ®?) with parameter
as:

1—
®ag, b, s, s,y = @@a,b, Ve, sz, y] + axf D5 ®fag, b, s q, ¢,y
1—
ayf ") @) ag,b,¥q: ¢, ¢ g; 2, )
1—
®Pfag ", b, V5 c,ds 2,y = @Pa, b, ¢, 2, y) — ((1 ))<1>(2 [a,bq,b'; cq, ¢ 2, y]
21—
ay(l=b") (o
- mq’( Na,b,V'q; ¢, ' q; 2, ).

From the above relations, we can establish the recursion formulas of ®®2) with parameter a in the
following two theorems.
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Theorem 6 (The recursion formulas of &) with parameter a).

1-0)
®Pag”, b,b'; ¢, ¢ 2,y] = @P[a, b,V ¢, sz, 9] + % > " oP agk bg, Vs cq, s,y
— C
k=1
1-b) &
L,) Z qk_l(l)(2) [a/qk7 bu b/Q7 Cy Cl(]? g, y]7
(1-¢) =
1-b) &
®Plag ", b,0';c,dsw,y) = 9Pa, b, ¢, ¢ ,y) — % > 7 F P ag"F bg, Vs eq, s,y
—C
k=1
ay(1 -V) - —kg (2 1-k . .
- qu o )[aq ,b,0'q; ¢, g5 24, y).

k=1
Theorem 7 (The recursion formulas of ®) with parameter a in another expression).
n k
k] (b @r—i (b5 9)i _o(% i
@(2) aqn,b7 bl;C7 Cl;x,y — |:n:| |::| ) ) q2(2)akxk lyz
[ ] ;; klli] (e @)r—-i(c;q)i
x ©Pag", bg" Vg ced" T g g y);
n k
- k1 (b; @) p—i(b'5q)i (xy_ o
@(2) aq n7 b7 b/; c7 C/; x? y = [n] [ '} : : q(z) nk —a k.’I]k ZyZ
| | ,;O; kili] (¢ @)r—i(c;q)i (=)

x P a,bg" 1 Vg eq" ! I ¢t yl;

Applying the contiguous relations of ®(2) with parameter b as follows

bx(1l —
P a,bq, Vs ¢, s,y = 80,0,V ¢, s 2, y] + M@@) lag, bq, Vs cq, s x, yl;
br(l —
®@a,bg~ Ve, 52,y = 2P a, b, Ve, 2, y] — %fﬁ(z) lag,b,b'; cq, sz, y),
q — C

we can establish the recursion formulas with parameter b in two expressions in the following two
theorems.

Theorem 8 (The recursion formulas of ®?) with the parameter b).

ba(l —a) o
oPa,bg", Vs, s,y = @Pa, b, Vs, s, y) + H > d" P ag, bg" Vs cq, ¢, y);
—c
k=1
ba(l —a) <
2@ a,bg~ " V¢, s 2,y = @Pa,b, Ve, ¢ 3, y] — % > g7 FeP[ag,bg"F Vs cq, s y).
— C
k=1

Theorem 9 (The recursion formulas of &) with the parameter b in another expression).

Pa,bg", Ve, syl =Y m ¢*(2) (b2)"(ai q)i ,(a’q)k ®@[ag", bg", Vs cq", sz, yl;
k=0 (Ca q)k
n —b k(,.
P, bg ", Ve, syl =Y mq(g)_nki( D@ D g 2) lag",b,b; cq", ¢ 2, y).

Pl L (¢ @)

Theorem 10 (the recursion formulas with the parameter c).

n

1 n ntl—k
(I)(Q) avbab/;cqinvc/;xvy = 7N |: :| —C kinq( 2 )71(1)(2) a,b,b’;c, C/;quay )
| 1= e 2 [1] 9 | |

®Pa,b, b5 cq”, s,y =Y m () (cq¥; @)1 ®P[a;b,V'; g, s 2" ).
k=0
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The above theorem can be proved by the following contiguous relations

da,b,b;cq, ;2,9 = (1 — )®P[a,0,0; ¢, ¢ 2,y + @ [a, b, V; cq, s 2, yq;

®Pa,b0,beq7", ¢, y) =

= q/C(I)(Q)[a,b, b’;c, c’;xq7yq] - 1z#qc/cq)@)[a,b,b’;c, c/;:v,y],

which can be established easily by the definition of ®(2).

3. Recursion formulas of ®®)

In this part, we will present the recursion formulas for g—Appell’s hypergeometric function ®®) with
the parameters b and ¢. Applying the following two contiguous relations of ®() with parameter b,

bx(l—a
1

3 [a,d,bq,b;c; 2,y = P a,d,b,b; ¢; 2,y + )MNWﬂwmwmdmwk
— C

b

P2 = ) 56 ag, b, cq, s 2, 9],
q(1—c)

we can establish the recursion formulas with parameter b in two expressions in the following two

theorems.

P a,a’,bg~ " Vse, s a,y) = 2P [a,d b, ¢, s a,y] —

Theorem 11 (The recursion formulas with parameter b).

b 1— -
®a,a’,bg", Vs c;2,y] = @ a, b,V ¢, y) + =l —a) qu Lo [ag, a’;bg", b5 cq; 2, y);

oPa,a';bg7 ", V52, y) = 9P a,a'sb, 05 5w, y) — a _C;L Z:lq Nag,d';bg" Vs eq; 2, y).

Theorem 12 (The recursion formulas with parameter b in another expression).

n b k(..
o®a,a';bg" V5 ¢,y = Y [n] q2(5)7( 7) (a’q)kfb(?’)[aq’“,a';bq’“,b’;cq’“,d;w,y];
Pl L (e @)k

n —b k(,.
®®a,a’;bg™" Vicim,y) = [n]q(g)_nki( z) (e 0)i ®®[agk, a';b,b'; cq"; ,y).
Pl L (e @)k

Theorem 13 (The recursion formulas with parameter c).

1 - nt1o
2 0a, b Vg™ 0] = (a/c;q)n &= Z m (—e)k () @@, a5 0,0 ¢ 00, ]
P a,a’;b,b;cq";2,y] = Z[ } ) (" @)ur P, a's0,0;cq"; 2d", ya*].
k=0

This theorem can be proved by the contiguous relation

P a,d,b,b;cq;x,y] = (1 — ¢)@B[a,d’,b,V;c; 2, y] + @3 [a,d, b,b'; cq; 2q, yq;

1 q/c
(3) /. (3) / /oo
= ——®Wa,d,b,V; c; 2q, yq] — 1—q/cq> [a,a’,b,b; ¢; 2,y

All the recursion formulas of ®(3) are established with the similarly method as the results of function
®(M), Here, we will present with no details.

d®a,d,b,b;cq 5 x,y] =

4. Recursion formulas of &)

Here, we present the recursion formulas of g-Appell function ®*) about parameters a and ¢ by different
expressions.
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Applying the following two contiguous relations of ®®*) with parameter a,

1-0
®Wlag, bse,csz,y] = ®W(a, bse, s 2,y] + %@4) lag, bg; cq, ¢z, y]
— C
ay(l—1>0) (4 . _ _
+ W‘I’( Nlag, bg; ¢, ¢'q; g, yl;
1-0b
oDlag™, bye,ds2,y) = ®Pa,b,b; ¢, z,y] — %‘1’(4) la, bg; cq, s, y]
q(l1 —c
ay(l - b) 4 . .
- mq)( )[CL, bq7 c, Cl(]a xq, y]a

we can establish the recursion formulas of ®*) with parameter a in two expressions in the following
two theorems.

Theorem 14 (The recursion formulas with parameter a).

1-b) «
®Wag"; bye, s, y) = Wlasbie, s y] + aifl(i > d"reWag" bg;cq, s w,y)
— C
k=1
1-b) <
L,)Z F1eWagk; bg;s ¢, d g5 wq, yl;
(1—¢) k=1
1-b) <
oWag " bie, s,y = ®Wlasb;e, s 2,y] - % > g FeWlag' F;bg; eq, s 2, y)
—C
k=1
1-b) <
— 7a(yl( ,>) > g FeWag s bg; ¢, g g, y).
—c
k=1

Theorem 15 (The recursion formulas with parameter a in another expression).
k - 4 - q

" k (b; q)x . L
oW ag™,b,V;c, s, " : () gk gh—iyi
log W= ,;”:0 k) i) (@ nai(@r ) Y

% @(4)[a k.p k. kii,c/qi;l'qi,y];

Q
, S
Q
Q
(S}

i n] [k] (s (5)=nk (g gh—iy

q
< [k] L] (6 @r—i(¢59)i

M:

dWag™"; b, s x, ]

o
Il
.

A

x ®W[a,bg*; cq* s 2q’, y);

By the following contiguous relation

dW(a,b;cq, c;x,y] = (1 — )@ W(a,byc, s 2, y] + c@V[a, b; cq, ¢'; 24, yql;

1
®Wfa,bycq 9] = —7e® W a,bi ¢, s 2q,yq] — z/;/c@(‘”[a,b;c,c';x,y]-
we can get the following results.
Theorem 16 (The recursion formulas with parameter c).
1 - n ntl—k
dDa,b,b;cq ™, s 2,y = ——— [ } _c k—nq( 2 )1 p@ a;b; ¢, s 2q®, yl;
| = a2 [ 9 | )

®a, b, s cq", s 2,9] = Y { } £2(3) (cq®; q)r @D [as 0,05 eq", ¢ 2d*, yat).
k=0

The results in this part can be obtained similarly as the recursion formula of ®() in the first part.
Here, we will present with no details.
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In fact, by contiguous relations, we can establish the recursion formulas of multiply ¢-hypergeometric
functions. The interested author can do by themselves.

(1]
2]

[3]
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