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Abstract In our recent works (R. Szmytkowski, J Phys A 39:15147, 2006;
corrigendum: 40:7819, 2007; addendum: 40:14887, 2007), we have investigated the
derivative of the Legendre function of the first kind, P, (z), with respect to its degree
v. In the present work, we extend these studies and construct several representations
of the derivative of the associated Legendre function of the first kind, Pvim (z), with
respect to the degree v, for m € N. At first, we establish several contour-integral
representations of BPUi’" (z)/0v. They are then used to derive Rodrigues-type for-
mulas for [d Pvi’" (z)/0v]y=, with n € N. Next, some closed-form expressions for
[0 Pui’” (z)/0v],=, are obtained. These results are applied to find several representa-
tions, both explicit and of the Rodrigues type, for the associated Legendre function of
the second kind of integer degree and order, Q,jf’" (z); the explicit representations are
suitable for use for numerical purposes in various regions of the complex z-plane. Fi-
nally, the derivatives [92 Pl"(2)/0 vy, [0 0" (2)/0v]y=pand [0 QY (2)/OV]y=—pn—1,
all with m > n, are evaluated in terms of [0 P, ™ (£z)/0v],=,. The present paper is
a complementary to a recent one (R. Szmytkowski, J Math Chem 46:231, 2009), in
which the derivative 3 P} (z) /9 has been investigated.
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1 Introduction

In the paper [1], we have proved that the derivative of the Legendre function of the
first kind, P, (z), with respect to its degree v may be given in the form
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where the integration contour ¢ is shown in Fig. 1. Using the representation (1.1),
we have re-derived the Rodrigues-type formula
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(1.2)

which was first obtained long ago by Jolliffe [2] with no resort to the complex inte-
gration technique. Then we have shown that [0 P, (z)/dv],—, may be written as

dP, 1
W@ pm it
v

v=n

+ R (2), (1.3)

where P, (z) is a Legendre polynomial and R, (z) is a polynomial in z of degree n.
Using various techniques, we have found several explicit representations of R, (z). In
addition to the representation

Ry (z) = 2[1/’(2’7 + 1) —vn+ 1D]P,(2)

n—1
2k + 1
2 T (—)kHn P 1.4
+ k§_0< Y L (1.4)

which is a slight modification of the one found by Bromwich [3], and the representation

k+m)Wk+n+1) (z— 1)" 15)

Ry(2) = =29/ (n + D Py(2) + 2% K020 — o] >

due to Schelkunoff [4],' we have obtained the formula

(k +n)!
K2 — k)

n 1 k
Ru(z) =2 ()" [Iﬂ(k+n+1)—1/f(k+l)](z—; ) . (1.6)
k=0

! Notice that Schelkunoff used a definition of the digamma function different from that adopted in Refs.
[1,6] and in the present paper.
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Fig. 1 The complex z-plane and A Imt
the integration contour %) for
Eq. (1.1) and for the definition
(3.1) of the associated Legendre
function me (z) of the first %(Jr)
kind of integer order. The cut

joining the points t = +1 and

t = z (being two out of four

branch points of the integrands cuts K

t-plane

in Egs. (1.1) and (3.1)) is the
circular arc (3.3)

-1 +1 Ret

Here and henceforth,

1 dI'(¢)
- 37 1.7
¥ () r@) dz 1.7

denotes the digamma function [5].

Still more recently, in Ref. [6],> we have exploited the Jolliffe’s formula (1.2) to
present a derivation of Eq. (1.6) being much simpler than the original one in Ref. [1].
In addition, Eq. (1.2) has been used to obtain two further new representations of R, (z),

namely?
2+ 1\ & ()2 z—1\*
Rn<z)=2w(n+1)P,,(z)—z< ) ()W(n—k—i—l)( 1) (1.8)
k=0

2 k Z+

and

-1\ < (1)’ z+ 1\
Ry(2) =2y (n+ 1)Py(2) — 2 ( > ) > (k) Yk + 1) ( - 1) . (1.9
k=0 ¢

Solving certain boundary value problems of applied mathematics, one encounters
the derivative of the associated Legendre function of the first kind of integer order with
respect to its degree, i.e., BPU“—L’" (x)/dv or BPU“—L’" (z)/0v with m € N [7-29]. It is the
purpose of the present paper to give an extension of our previously-obtained results
for d P, (z)/0v to the case of 8Pvim (z)/0v. In particular, we shall extensively investi-
gate the functions [0 Pvim (z)/0v],=, with n € N. Besides being interesting for their

2 We note parenthetically that the simplest way of arriving at Eq. (5) in that paper is to differentiate both
sides of the identity d¥z% /dz¥ = ["(a + 1)/ T (& — k + 1)1z % with respect to a.

3 InRef. [6] the representations (1.8) and (1.9) have been given in slightly different forms.
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own sake and potentially useful for applications to the problems mentioned above, the
results will also allow us to contribute to the theory of the associated Legendre function
of the second kind of integer degree and order, Q,jf’" (z). In a simple manner, we shall
obtain several representations, both explicit and of the Rodrigues type, of the latter
function for various ranges of n and m; we believe that some of these representations
are new. The explicit expressions we provide for both [0 Pvim (z)/0v]y=, and Q,jfm (2)
are suitable for use for numerical purposes in various regions of the complex z-plane.

The structure of the paper is as follows. Section 2 provides a summary of
fragmentary research on 9P} (z)/dv done thus far by other authors. In Sect. 3,
we make an overview of these properties of the associated Legendre function of the
first kind of integer order, Pvim (z), which will find applications in later parts of the
work. In Sect. 4, we find several contour-integral representations of BPvim (z)/0v.
In Sect. 5, we investigate [anim (z)/0v]y=p withn € N, the cases 0 < m < n
and m > n being considered separately. In each of these two cases, at first we use
contour integrals for [ Pvi’” (z)/0v],=, to obtain Rodrigues-type formulas for this
function. Then, these formulas are used to construct several closed-form representa-
tions of [0 Pvim (z)/9v]y=n. Applications of the results of Sect. 5 to the construction of
some representations of the associated Legendre function of the second kind of inte-
ger degree and order constitute Sect. 6.1, while in Sects. 6.2 and 6.3 the derivatives
[82 P (2)/8V%]y=n, [0Q"(2)/8V]y=n and [ Q" (2)/dV]y=—n—1, all with m > n, are
expressed in terms of [0 P ™ (£z)/dv],=, (another application, to the evaluation of
closed-form expressions for the derivatives d”*[ P, (z) In(z & 1)]/dz™, may be found
in Ref. [30]). The paper ends with an appendix, in which some formulas for the Jacobi
polynomials, exploited in Sects. 3 and 5, are listed.

Throughout the paper, we shall be adopting the standard convention, according to
which z € C\ [—1, 1], with the phases restricted by

—nr<arg(z) <m, —m<arg(zxl)<m (1.10)

(this corresponds to drawing a cut in the z-plane along the real axis from z = +1 to
z = —00), hence,

—z=eTTz, —z41=eTT(z—1), —z—1l=e¢PT(z+1) (arg(z) =0).
(1.11)

Moreover, we define
@ —D*= (- DY+ D™ (1.12)

Furthermore, it will be implicit that x € [-1,1], v €e C, n € C, n € N, m € N.
Finally, it will be understood that if the upper limit of a sum is less by unity than the
lower one, then the sum vanishes identically.

The definitions of the associated Legendre functions of the first and second kinds
used in the paper are those of Hobson [31] (cf. also Refs. [32-34]).

The present paper may be considered as a complement to Ref. [35], where the
derivative 3 P} (z)/d has been investigated exhaustively. Further results concerning
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the derivative [0 Pvim (z)/0v]y=, may be found in Ref. [36]. Some of the formulas for
[0 Pvi’" (x)/0v],=, implied by the present work have found applications in our recent
work [29] on the wavized Maxwell fish-eye problem.

2 Overview of research done on d P} (z)/dv and d P} (x)/dv

An overview of the research done on BPVO (z)/0v (= 0P,(z)/dv) was presented in
Ref. [1]. As regards the derivative d P} (z)/dv with u # 0, our literature search
showed very few results. Robin [37] (cf. also Ref. [33, pp. 170-174]), differentiating
term by term the following series representation of P}’ (z) [5,38]*:

w2V Ftk+v+1) (z—l)k B
P”(Z)_(z—l) ;k!r‘(v—k—i—l)l“(k—u—i—l) 2 (e=11<2)

2.1

arrived at the formula®

Pz (z+ 1\ T(k+v+1)
v \z-1 kM —k+ DGk —p+1)

z—1

k
X[w(k+v+1)—1/f(v—k+1)]( ) (Iz=11<2). 22

If in Eq. (2.2) one makes use of the well-known [5] identities

rora—-¢) =

sin(¢) 2.3)

and

V(&) =y =) —mcot(nd) 2.4

4 In Section 8.76 of Ref. [38], a few formulas for the derivative of the associated Legendre function of the
first kind with respect to its degree (and not order, as incorrectly the title of the section says) are listed.

5 Actually, Robin [33,37] used a definition of the digamma function different from that in our Eq. (1.7);
his definition was

1 dr¢+1)
re¢+1n d¢

V() =
Hence, our Egs. (2.2) and (2.6) seemingly differ from their counterparts in Refs. [33,37].
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and exploits Eq. (2.1), this yields [5, p. 178]

Iz : nj2 _
P @ _ 7 cot(wv) PH(z) — sin(rv) (—Z i 1) Z —)kr(k o DI = v)
av b4 z—1 = k'k —pn+1)
RN
><[1p(k—i—v—|—l)—w(k—v)](Z 1) (Jz — 1] < 2). (2.5)

Manipulating with the series on the right-hand side of the above formula, Robin [33,37]
showed that for v = n the formula goes over into®

P (2)
ov

(1)L (k + n)!
ven  \z—1 ~ k= Ok —p+ 1)

o k
x[I//(k+n+1)—1p(n—k+1)](Zz 1)

N 2n + 1)! (z+1)“/2 (z— 1)”+l
m+DTrn—pu+2) \z—-1 2

L12n+2 1—z

with 3 F, being a generalized hypergeometric function.” In the particular case of n = 0,
the finite sum on the right-hand side of Eq. (2.6) vanishes, while the 3 F> function
appearing therein reduces to 2 F1(1, 1;2 — w; (1 — z)/2), so that the equation goes

6 Equation (2) in Ref. [37], which is the counterpart of our Eq. (2.6), was misprinted: in front of the term
containing the 3 F> function, the factor [(ux + 1)/(u — D™/ (the original notation of Robin is used here)
is missing. In Ref. [33, Eq. (329) on pp. 171-172] the same formula was already printed correctly.

7 If in Eq. (2.6) one sets ;© = 0, combines the result with the Schelkunoff’s formula for [0 Py, (z) /0v]v=n
following from Egs. (1.3) and (1.5), then solves the emerging equation for 3F>(1, 1,2n + 2;n + 2, n +
2; (1 — z)/2) and replaces therein z by 1 — 2z, one obtains

LL20+2 \ _ a0 DI B ~
3F2(n+2,n+2’z)_() W Py(1 —2z2)In(1 — z)

+ Z( >"(k,()/§+") oIV n 4 Dy =k ) =2y (4 D1

This relationship should replace Eq. (7.4.1.35) in Ref. [39, pp. 421-2], which is incorrect in view of the
fact that in Ref. [39, p. 685] the digamma function has been defined as in our Eq. (1.7) and not as in Refs.
[4,33,37].
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over into® [5, p. 177]

PN 2ol (RN, s Q.7)
v |,y 2@-m\z—1) \GreTETT) S

In addition to the above investigations, there are two very recent works on the deriv-
ative in question. The reader will find rather complicated two-sum formulas both for
(0P (2) /9v]y=y, (involving the Jacobi functions and the incomplete beta function)
and for [0 P)'(z)/9v]y=, (involving the Gegenbauer polynomials) in the paper by
Brychkov [41]. Moreover, Cohl [42] has recently arrived at the result

aPlfl;l/2(Z)

ER =[lﬂ(n+u+%)—1//(—n+u+%)]Pf_1/2(z)

v=n

+(=)"n'T (—n+ pn+ %)

-1 _
% nz (22 - 1)(n k72 Pn—k+u ().
S okt (n — k)T (n — 2k + p + ) <2

2.8)

Two alternative expressions for [0 Plf‘_l /2(z) /dVv]y—n, notably more complex than the

one in Eq. (2.8), may be also found in Ref. [43, Egs. (1.25.2.3) and (1.25.2.4)).°

Results on 9 P} (x)/dv are also scarce and fragmentary. A formula analogous to
Eq. (2.2) may be found in Refs. [38, p. 1026] and [44, p. 94]. Counterparts of Egs.
(2.5) and (2.7) are given in Ref. [5] on pp. 178 and 177, respectively. Closed-form
expressions for [0 P;l (x)/0v]y=o and [0 P;l (x)/0v],= are presented in Refs. [38,
pp. 1026-1027], [44, p. 94] and [45, p. 335]. Tsu [46]'° found explicit representa-
tions of [0 P,? (x)/0v]y=0 (= [0Py(x)/dV]y=0) and [0 PVl (x)/9v],=0 and provided the
recursive relation

8Pm+l opm
(1_x2)1/2‘)—(x) — (n—m)xﬁ
3\1 v=n 81) v=n
0P (x
T =B = P
vV=n—

2.9

8 It seems worthwhile to add at this place that Eq. (2.7) may be used to express the closed-form momen-
tum-space representation of the nonrelativistic Coulomb Green function, found by Hostler in Ref. [40], in
terms of the derivative [0 P (z) /dv],—o with suitably chosen p and z.

9 The section on derivatives of the associated Legendre function of the first kind with respect to its param-
eters was absent in an earlier Russian edition of this book (Fizmatlit, Moscow, 2006).

10 The definition of P)'(x) adopted in that paper differs from that of Hobson [31] by the factor (—)".
Moreover, what the author called an order of the Legendre function, in the mathematical literature is most
commonly named a degree of the latter. Finally, Eq. (40) in that paper has been misprinted; the innermost
differentiation should be with respect to 6, not v.
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enabling one to generate [d P} (x)/dv],—, for other values of n and m; however, no
general formula for [0 P)" (x)/0v],=, was given in that work. Finally, in a study on
the Dirichlet averages of x’ Inx, Carlson [47] arrived at the following closed-form
representation11 of [P, (x)/0V]y=p WithO < m < n:

AP (x)
v

I+x

= P, (x)In

v=n

W +m+ D+ e+ DI (x)

m—my [(1-x2\"?
+ (n +m)! 4
n—m

5 z(_)k(k+n+m)!1//(k+n+m+l) (l—x)k
k=0

Kk +m)l(n —m — k)! 2

_ m/2 n _ k
+(1 x) Z(_)k(k+n)!l//(k+n+l)(l x) 0 <m<n)

14+x = k!'(k +m)(n —k)! 2
(2.10)
and proved the identity
P (x) — Ly (n+m)! 9P (x)
W |, m—m) v |_,
+Wm+m+1D)—yn—m+DIP"x) O<m<n);
(2.11)

in addition, he showed that

AP, "™ (x)
av

1+x

= ()" P;"(-=x)In
v=0

+Y (P (x) = (D)"Y (m + D Py (—x)

L 1=\ wm—k+ 1) (1—x\F
e ( 4 ) g(_)k Klm — &) ( 2 ) (n =0

(2.12)

3 Some relevant properties of the associated Legendre function
of the first kind of integer order

In this section, we shall present these properties of the associated Legendre function
of the first kind of integer order which will find applications in later parts of this paper.

1" We have transformed Carlson’s original formulas so that Egs. (2.10) and (2.12) are concurrent with the
notation used in the rest of the present paper.
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3.1 Function of arbitrary degree

The associated Legendre function of the first kind of complex degree v and inte-
ger order =m may be defined as the following generalization of the Schlifli contour
integral [31, p. 191]:

dm, . TEm+1) 1 2 imﬂf (R
P& ==y o @ D &t e G

@)

The integration path ), shown in Fig. 1, is a closed circuit enclosing the points
t = +1 and ¢ = z in the counter-clockwise sense. If v is not an integer, the integrand
has four branch points located at t = &1, = z and |f| = co. To make the integrand
single-valued, we make two cuts in the 7-plane. The first one is

feww =—1 (1 <1 <o00), (3.2)

which is the semi-line drawn along the negative real semi-axis from# = — 1 to r=—o0.
The second one is the curve

1 +nz

z+7n

(I'<n<o0) (3-3)

cut =

joining the points t = 41 and t = z. It is seen to be that out of two circular arcs of
radius

e (Y (3.4)
p= 2Im(z) ) '
centered at
z)2 -1
to = 3.5
0 lzlm(z) (3.5)

and connecting the points + = +1 and r = z, which does not go through the point
t = —1. The contour € is not to cross any of the two cuts (3.2) and (3.3). The
phases in the integrand in Eq. (3.1) are stipulated as follows: at the point on the right
to t = +1 (and on the right to z if the latter be real), where the path € *) crosses the
real axis, we set arg(f &= 1) = 0 and | arg(t — z)| < 7. In the plane with the cross-cut
along the real axis from z = +1 to z = —oo (cf. the remark below Eq. (1.10)), the
function PE™(z) is single-valued.
It is seen from Eq. (3.1) that

24 E

P'@) =~ RET

(3.6)
where P,(z) = Pl? (z) is the Legendre function of the first kind.
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It may be shown [31] that Pvi’” (z) possesses the property

PE" (2) = PE"(2). (3.7)

v
Replacing in Eq. (3.1) v with —v — 1, exploiting the fact that

T(—vtm) " Tw+1) 38)

C(—v) Fvym+1)

and making use of Eq. (3.7), yields

dmg o _m_ LO+D 2V, im/zj{ (t — 7)VFm
P (@) = (=) —F(v:Fm+1)ni(Z b) dr oo (3.9)
[A4S2)

If in Eq. (3.9) we change the integration variable from ¢ to
u=_1+2t_’ (3.10)

this results in

P (z) =

Tw+1) 1 (z—l)im/zj{ (u — 1)VFm(y + 1vEm
du .

FwFm+1)2vHgi \z+1 (u — z7)vr!
e

3.11)

The contour ¢’ *) surrounds the points # = +1 and u = z in the counter-clockwise
sense and does not cross either of the two straight-line cuts

1
ucut:—l—i—Zii— (1< 1y < o00) (3.12)
and
z—1
e = 1 +2 (1< 1y < 00). (3.13)
147

Likewise, if in Eq. (3.9) the variable 7 is replaced by

R (3.14)
v t—1" '
one finds
im, . TO+D 1 7+ 1\ /2 (u — D)VEN (y + 1)vFm
FrFm+1)2¥Hlgi\z -1 (u — )Vt

@)
(3.15)
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where the path " (") encloses the points u = +1 and u = z in the counter-clockwise
sense and also does not cross the cuts (3.12) and (3.13). It is evident that the contour
¢ ™) may be deformed into the contour %’ *) without changing the value of the
integral in Eq. (3.15), i.e., it holds that

Pj:m(z) _ Tw+1) 1 2+ 1 +m/2 j{ i (u — l)uzl:m(u + 1)vFm
v FoFm+1)2v+tgi\z -1 (u — z7)v+!
)
(3.16)
As a corollary, from Egs. (3.11) and (3.16) one obtains the relation
_ Frv—m+1)
P"(z) = —P'(2). 3.17
b (2) FotmT D) y (2) (3.17)

If this is combined with Eq. (3.9), this results in

+m _ o \m F(V + 1) 2_]) 2 _ Tm/2 f (t _ Z)U:I:m
PO = () e @ D a e G189
€+

(It is worthwhile to add that Eq. (3.18) may be also obtained from Eq. (3.9) by subject-
ing the integral in the latter to the variable transformation (4.2) and deforming suitably
the resulting integration contour. Then Eq. (3.17) appears to be a corollary from Egs.
(3.9) and (3.18).)

On the cut —1 < x < +1, after Hobson [31], it is customary to define

PEM(x) = T2 pEm (x4 i0) = T2 pEm(x —0)
1

= 3 [H P PE e i0) + T PE  —i0)] . (3.19)

3.2 Function of integer degree

If v = n, the cut (3.3) in the definition of the contour integral in Eq. (3.1) is unneces-
sary and may be removed. Then, by the theory of residues, from Eq. (3.1) one has the
Rodrigues-type formula

ntm

(2% - 1)im/2d—(z2 -, (3.20)

1
+ _
P” m(z) T oon dznim

n!

subject to the constraint 0 < m < n if the lower signs are chosen. If Eq. (3.20) is
combined with

n—-m)
P'(z) (0<m<n), (3.21)

Pn_m(z) = m n
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which is the direct consequence of Eq. (3.17), this yields

1 (n+m)! n¥m
Em! 2 e 2 o<m<n). (22)

+m _
P @) = o e dznFm

For m > n, Eq. (3.20) implies
Pl'(z) =0 (m>n). (3.23)
Another property of Pni’" (z), which shall prove to be useful in later considerations, is
PE" (=) = (=)"PF™(z) (0 <m < n). (3.24)

This may be obtained from Eq. (3.20), with the aid of the relations (1.11).

Other Rodrigues-type representations of Pnim (z) may be obtained by applying
the theory of residues to the contour integrals (3.11) and (3.16), after setting therein
v = n and removing, now redundant, the cut (3.13). For 0 < m < n, this renders two
formulas

+ 1 z— 1 +m/2 dn . .
P m — . —1 nFm 1n m 0< <
e 2" (n F m)! (z+1) dz" [G= D" @+ D" O <m<n)
(3.25)
and
1 741 +m/2 dan
Pim — - -1 nEm 1ynFm 0< <n).
" (Z) 2”(1’1 :Fm)' (Z — 1) dz" [(Z ) (Z+ ) ] ( m I’l)
(3.26)

obtained originally by Schendel [48] in a different way. If m > n, proceeding in the
analogous way, from Eq. (3.11) one finds

—m 1 z+1 "2 da" n+m n—m
P, (Z)_Z"(n—}—m)!(z—l) @[(z—l) G+ D" (m>n).

(3.27)

For the sake of later applications, we shall derive here still another Rodrigues-type
representation of P, " (z) valid for m > n. To this end, at first we observe that if the
lower signs are chosen in Eq. (3.18) and if one sets v = n, the integrand in the resulting
equation becomes single-valued in the domain enclosed by the contour ) and is
seen to possess two poles in this region: one of order n + 1, located at t = +1, and
the other, of order m — n, located at t = z. Thus, we may remove the cut (3.3) and,
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by the Cauchy theorem, write

-y _ m_ N 2_ 2 _ym/2 % —(t —o"
(@) =() n+m)l ( D d (tz_l)n+1
dp
n! 2" t—o)t "
ym T~ N A
+(=) i n (z 1) ]{ dt D (m > n).
c@p‘z(-%-)

(3.28)

Here, the path ‘ff{) surrounds the point # = +1 in the positive direction and leaves the

points t = —1 and ¢ = z outside, while the contour %Z(H encloses the point t = z, is
run in the positive sense, with the points ¢+ = £1 located exterior to it; none of the two
paths crosses the cut (3.2). Instead of applying the theory of residues already at this
stage, we subject the first integral in Eq. (3.28) to the variable transformation (3.10).
This gives

_ m/2 _ n—m n+m
P2 = n! 1 .(z 1) %du u—D"""™u+1)

(n+m)!2ntlgi \z + 1 . (u — z)n+l
@+
n! 2" (t—z)tm
+ (_)m(+—)‘—(z 1)m/2 f dr W (m > }'l),
(K.H—)

(3.29)

where the contour ¢ 9 encircles the pointu = z counter-clockwise, does not enclose
the points ¥ = %1 and also does not cross the cut (3.12). Applying now the theory of
residues to Eq. (3.29), we obtain

_ 1 7 — m/2 qn N
B = W(m) el (GG
2ty m—n—1
—)" m/27 2 \—n—1
e (n+m)!(m—n—l)'( -D dzm—n— ](Z 1)) (m > n),

(3.30)

which is the desired result. Comparison with Eq. (3.27) shows that the first term on the
right-hand side of Eq. (3.30) equals (—)" P, " (—z) (with m > n), and consequently

P, "(2) = (9)"P;"(—2)
m 2"+ 2 mpe 4" e
+(-) R T ——y (z"=1) W(Z —D (m > n).

(3.31)
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Combining Egs. (3.20), (3.22), (3.25) to (3.27) and (3.31) with Eq. (A.1) and using,
whenever necessary, Egs. (3.21) and (3.24), yields the following formulas relating the
Legendre function considered here to particular Jacobi polynomials:

m/2
Py = — (Z - 1) PEM@) (0 < m <),
n—m)! \z—-1
(3.32)
n n! z+1 "2 (—m,m)

o= e sl o) BT (3.33)

Pm()"__ZL_'(i:i)mpiﬂm_mR) O<m<n)

nZ—(n_m)! Z+1 n < \m\n’
(3.34)

S n! 7 —1\"? (. —m)
P, @)—-(—125;( +1) P! (2), (3.35)
—m/2
P (z) = (n+m)' ( 1) P () (0<m <n),
(3.36)
m/2

B = " ( ; 1) P ) (0 <m < ),

(3.37)
n! 2N

P " () = (9)"P, m(@—()m(+my(z4 ) R;nlkm(m>n)
(3.38)

We shall make extensive use of the above formulas in Sects. 5.1.2 and 5.4.2.

4 Contour-integral representations of 3 P (z) /dv

We begin our investigations on the derivative 3 P;"(z)/dv with the derivation of its
several contour-integral representations.
Differentiation of Eq. (3.1) with respect to v gives the first such representation:

a P
VB—U(Z) =WoEm+1) -y +DIP™E)
Frbvm+1) 1 2—1)im/27{ dt((ﬂ_l)v 21

ro+ D 27007 P T

)
.1

@ Springer



1450 J Math Chem (2011) 49:1436-1477

Consider now the following linear fractional transformation:
t—1
S:_1+(Z+1)z_' 4.2)
-z

It maps the complex ¢-plane onto the complex s-plane. In particular, the points
t = —1, +1, z and oo are mapped onto the points s = +1, —1, oo and z, respec-
tively, the cut (3.2) is mapped onto the cut

1 +nz
Scut = (I<n<o0) 4.3)
z+n
and the cut (3.3) onto the cut
Scut = —1 (1 <1 <o00). (4.4)

In addition, the path € is mapped onto the contour 4" (7, which encloses the
points s = 1 and s = z in the clock-wise sense and does not cross any of the two cuts
(4.3) and (4.4).

To obtain the second representation of BPUim (z)/dv, we rewrite Eq. (4.1) in the
form

AP (2)

s = EmE ) -y o+ DIPE" ()

2
F(V:l:m+1) 1 .(Zz_l)im/z % dr (t _1)\) nt+1
Fw+1) 2v+1q (t — Z)vim+1 2

@)

FrvEm+1) 1 ) N 2% (2 =1)" r—1
— 1/ dr .
Frwv+1 2vtlgi (z ) (t — z)vEm+l n f—z

@
(4.5)

Let us look closer at the second integral on the right-hand side of Eq. (4.5), which is

Trw+m+1) 1, 2}{ @1 -1
v (Z) F(]) + 1) 2V+lj'[i (Z ) (t _ Z)vim—i—l n t—7z ( )

e

Subjecting this integral to the transformation (4.2) results in

TEm+1) |1 (z2—1)*’”/2fds -1’  s+1

Iim — .
v (@) Tw+1) 2vHigi (s — z)vFmtl n 7+ 1

(g///(—)
4.7

If in Eq. (4.7) we change the name of the integration variable from s to #, then switch
from the contour " (=) to the oppositely traversed contour ¢ *) and deform the
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latter into the path € (because of the structure of the integrand, this deformation
does not change the value of the integral in question), after subsequent use of Eq. (3.1),
we obtain

FrvEm+1) 1 ) (2 =1V t+1
I"(z) = — 1)Fm/2 f dr
@ Fv+1) 2"+l7ri(Z ) (t — z)vFmtl =
@)
1
—Pj“"(z)lanzr . 4.8)

Upon replacing the second integral on the right-hand side of Eq. (4.5) by the equivalent
expression given in Eq. (4.8), we arrive at the second contour-integral representation
of P (2)/dv:

+m
W = P on T L m D) -y + DIPE )

FrbEm+1) 1 5 " 2]{ (2 =1V t+1
— 1)t/ dr
Fwv+1) 2w+l (z ) (t — Z)vim+l n 2

z+1
2

e

Tw+m+1) 1 (Zz_l)m/z%dt 2 — 1) e
Tw+1) 2vtigi (t —z)vFm+l 2

)
4.9)
It is easy to see that for m = 0 Eq. (4.9) reduces to Eq. (1.1).
Next, replace in Eq. (4.9) v by —v — 1. Since, by virtue of Eq. (3.7), one has
IPE™ (2 dpEm
——1(@) __ 9 (2) (4.10)
o(—v —1) av
and since it holds that
Y(—vEtm) -y =y@Fm+1)-y@+1), (4.11)

the replacement leads to still another expression for 3 P (z) /dv:

+m
W = Pvim(z)hl% + W@ +1) =y Fm+ DIPE(2)
o Fmrnme & T

@)

r 1 2 t—)V 41
_ (_)m (V + ) _.(Z2 _ l)iFm/2 f dt ( Z) 1[1 + )
FrErm+1)xi (2 — v+l 2

)
4.12)
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Subjecting both integrals in Eq. (4.12) to the variable transformation (3.10) results in

dPEM(z) z+1

v :Pvim(Z)ln

+WO+ 1D —ywFm+ DIPE(2)

T+ 1) 1 7 —1\"/?
FbxErm+1)2vHgi\z+1
w—D"F" w4+ DV w41

d 1
X}’{ ! (u — z)v+1 g

e
T+ 1) 1 2+ 1\ /2
FrbxErm+1)2vHgi\z -1
u— D"+ DHVF" oy 41
X du In ,
(u — z)vH! 741

(4.13)
@1 ()

where the path €’ (t) has been defined below Eq. (3.11). With the aid of Egs. (3.11)
and (3.16), the above expression may be transformed into

IPF"(2) z+1

S = —PE"(z)In

+W+ 1) —ywFm+ DIPF(2)

Fr(v+1) 1 7 —1\"/?

C(wvFm+1)2v+iri (z+1)

(u—D"Fu+ DV oy 41
(u—z)"""l n 2

X 7{ du
@ (+)
Fr(v+1) 1 2+ 1\?
FrbxErm+1)2vHgi\z -1
(u— D"+ DHVF" oy 41
X du In .
(u—z)v+! 2

(4.14)

@)

5 Formulas for [d P,f':’" ()/0v]y=n
5.1 Evaluation of [0 P} (z)/0v]y=, for 0 < m < n
5.1.1 Rodrigues-type formulas

Let us consider Eq. (4.9), with the upper signs chosen, in the case when v = n and
0 < m < n. We have
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AP (z)
ov

z+1

= —P"(2)In

v=n

+Wn+m+1)—ym+ DIP"(2)

n+m) 1 5 2 -1 r+1
+ T ontlgg @ =D ]{ dr (t — g)ntm+l In )
G (+)
n+m) 1 5 w2 (2= 1" t+1
T e P T

@)
O<m<n) (5.1

(recall that the contour %) is the one defined in Fig. 1). We see that the only sin-
gularities of the two integrands in the domain enclosed by € are poles of orders
n+m+1and n —m + 1, respectively, located at # = z. Thus, on applying the residue
theorem, we find

apm +1
;U(Z) =PI I [ +m+ D) — Yo+ DIPMR)
1 2 P dn+m 5 Z+1
F @ TV g | - D
I m+m)! , A ) 741
-y —D"1 0< m<n).
2n! (n—m)!(Z ) dz—m @ )" In 2 ( m s m

(5.2)

Under the same assumptions, Eq. (4.14), with the upper signs chosen, becomes
AP (2) z+1

. = —P"(2)In

+Wn+ 1D —yn—m+DIP ()

n! 1 [(z—1\"?
+ ;
(n —m)! 20t 1gi (z + 1)

u—D"""u+ D" u+1
(u _ Z)n+l n 2

v=n

x]{du

@

n! 1 [(z+1\"?
+ ;
(n —m)! 20t 1gi (z— 1)

o j{ du (u — D" (g + 1) nu+1
(u—z)”"‘l 2

O<m<n)

@+
(5.3)

(the contour &’ (V) is the one defined below Eq. (3.11)). Since in the region surrounded
by ¢” ") both integrands in Eq. (5.3) have poles of order n + 1 located at u = z, by
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virtue of the residue theorem we obtain

AP (z)
av

z+1

=—P"(2)In +yn+1) —¢m—m+ DIP"(2)

1 —1\"?* g» 1
(Z ) [(z — D"z 4+ 1" In %}

v=n

T —mi\er1) @
1 2+ 1\ @ Z+1
— -1 n—+m Hr"
+ 2" (n — m)! (Z — 1) dz" |:(Z e+ ) :|
0 <m<n). 54

For m = 0, both Egs. (5.2) and (5.4) degenerate to the Jolliffe’s formula (1.2).

5.1.2 Some closed-form representations

The Rodrigues-type formulas (5.2) and (5.4) may be used to express [0 P)' (z)/0v]v=
with 0 < m < n in terms of parameter derivatives of particular Jacobi polynomials.
Using Egs. (A.1), (3.36) and (3.37) in Eq. (5.2) gives

Py +1
5U(Z‘) = PI@In = [P+ m+ 1) =Y+ DI )
V=n
n (n+m)! (22 - 1)_m/2 0P ()
|
L2 N2 g ponB)
+(n+m) Z 1 0 n—m (Z) (Oémén)
n! 4 B
B=m
(5.5
Similarly, exploiting Egs. (A.1), (3.32) and (3.34) in Eq. (5.4) results in
gpm +1
5V(Z) = P @I [+ 1) = = m + DI (2)
vV=n
n! z+4)mﬂaafmm@)
(n—m)! \z—1 ap
B=m
+ n! c—1\"? PP ) (0<m<n)
—mi \Z¥1 0B S
B=—m
(5.6)

The usefulness of these two formulas comes from the fact that, as it is shown in appen-
dix A, itis relatively easy to obtain various representations of the parameter derivatives
of the Jacobi polynomials entering Eqgs. (5.5) and (5.6).
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Using Eqgs. (A.4), (3.36) and (3.37) in Eq. (5.5) gives

P (2)

™ —Wu+1D)+yn—m+DIP)(2)

=P"(z)In

v=n

z+1
2

n (zz—l)m/zrin k+n+m)!yk+n+m+1) (z— l)k

4 Kk m)\ (1 —m — k! 2

N (n 4+ m)! (z— l)m/zi k+n)yk+n+1) (z—l

k
) 0O <m<n).
nm—m)! \z+1 k!'(k +m)!(n —k)! 2

k=0

(5.7

The same result is found if Egs. (A.4), (3.32) and (3.34) are plugged into Eq. (5.6).
In turn, inserting Eq. (A.5) into Eq. (5.5) and using then Eqgs. (3.36) and (3.37) yields

AP (2)
av

z+1

= P (2)In +Wn+ 1D —yn—m+DIP" ()

v=n

! (z2 - 1)""/2

(n —m)! 4
m—1 k
y Z k+n—m)im—k—1)! (z—i-l)
= k'(n+m —k)! 2

2 m/2 n—m
nm (2 —1 Lk (k+n+m)!
) ( 4 ) ;( TS e —y

2

LJAm) (21" &S )
+) (n—m)! (z—l) ;(_) k!(k +m)\(n — k)!

z+1 k
x[l//(k—i—n—l—m—l—l)—l/f(k—{—m—i—l)]( )

741

k
) O <m < n).
(5.8)

x[tp(k—i-n-i-l)—w(k—}-l)](

Interestingly, if Egs. (A.5), (3.32) and (3.34) are used in Eq. (5.6), one arrives at the
following representation of [d P (z)/9v],=, with0 < m < n:

0P (z) z+1
5U = P"(z)In

v=n

+Wn+m+1)—ym+ DIP"(2)

_ oy (z - 1)’"/2’”1 &k +n)l(m — k — 1)! (z n 1)k
z+1 Kl —k)! >

k=0

2 1 m/2 n—m k +n+m)!
+ (=) (z—) > '
4 k=0

k'(k +m)!(n —m — k)!
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z+1 k
x[l/f(k+n+m+1)—1//(k+1)]( 7 )

! 1\"?* !
oy (n+m) (z+ ) Z(_)k (k +n)
k=0

n—m! \z—1 Kk + m)!(n — k)!

k
X[W(k+n+1)—1/f(k+m+l)](z;r1) O<m<n),

(5.9)
which does not seem to be trivially equivalent to that in Eq. (5.8). Next, the formula

AP (2)
av

1
— P"(2)In E

V=n

+ e+ D) +ym+m+ DIP(2)

741 m/2 7—1 n
—n! !
woem: (35)" (5)

Y (k=1 -1\
XZ‘( ) tk + )k +n —m)!(m — k)! (z+1)

7 —1 m/2 741 n
—n! ! I
wormi(35) (5)

n—m

leﬁ(n—k—kl)—kw(n—m—k—i-l) (z—l
k\(k4+m)!(n —k)!(n —m — k)! z+1

k
) O<m<n)
k=0

(5.10)

is obtained if one combines Eq. (5.5) with Egs. (A.6), (3.36) and (3.37) or Eq. (5.6)
with Egs. (A.6), (3.32) and (3.34). From Eq. (5.10), it is immediately found that
[0P]'(2)/0v]v=, With 0 < m < n may be also written as

AP (2)
ov

z+1

= P (z)In

v=n

+ Y+ 1) +yn+m+ DIP(2)

—_1\™/? _1\"
— (=)"n!(n + m)! (i - i) (z . 1)
m—1 ‘
ok (m—k=D)! +1
) g( ) kl(n — k)!(n +m — k)! (z - 1)

Z+1 m/2 z—1 n
—n!(n+m)!(z_l) ( 5 )

n—m k
XZ Yyk+D)+yYk+m+1) (z—i—l) ©
£ K1k +m)!(n — k)l — m — k)!

p— <m < n).

(5.11)
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Finally, inserting Eq. (A.7) into Eq. (5.6), after subsequent use of Egs. (3.32) and
(3.34), leads to

W@ pmigypy 2! Y +1) — ¥ —m+ DIPM ()
eAVRRN I, 2
n—m—1
2k +2m + 1
_\n+m Nk
+=) l;) ) m—m—k)yk+n+m+1)

k!(n +m)! m
[1 + Cr 2 —m! _m)'] Pl (@)

(n+m) Z( )k 2k +1

+(=) n—kk+n+1) P

") (0<m<n).

(5.12)

For m = 0, the expressions (5.7) to (5.12) are seen to go over into the represen-
tations of [d P, (z)/dVv],=, resulting from combining Eq. (1.3) with Egs. (1.5), (1.6),
(1.6), (1.8), (1.9) and (1.4), respectively.

5.2 Evaluation of [0 P} (z)/0v],=, form > n
5.2.1 Relationship between [0 P} (z)/0v],=, and P, ™ (z)

For m > n the derivative [0 P)"(z)/dv],=, may be simply related to the function
P, (z). To show this, we refer to Eq. (3.17), from which it follows that

Pn‘L (Z)

RS e T —— T

(5.13)

Applying the I’Hospital rule and exploiting the fact that

1 Y -m+D
g s T L o s O A (B MR G0N
(5.14)
we obtain
P (z) = (—)mTm! ! IR () (m>n) (5.15)

m+m)m—n—-1) v

v=n

and consequently

P (z)

. = ()" 4+ m)m —n—DIP"(2) (m>n). (5.16)

v=n
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5.2.2 Rodrigues-type formulas

The following two Rodrigues-type formulas for [0 P (z)/9Vv]y=, With m > n:

aP" 1 1\"/2d"
Y@L e Ly (A [z = D"+ D"
9v on z—1 dz"

o (m > n) (5.17)
and

P (2)
av

n+m+1 1 z—1 2 g n—m n+m
=(-) z—n(m—n—l)! o dZn[(Z—l) (z+ D"™]

m—n—1

v=n

— ()2 z? = 1ym/? d @ -1 m>n (518)

dzm—n—l

are obtained if one combines Eq. (5.16) with Eqgs. (3.27) and (3.30).
A further representation of this type results from Eq. (4.9). Setting in the latter
v = n, choosing the upper signs and using Eq. (3.23), we have

apm ! 2 — 1) r+1
@) _etm) — =" ?{ dr ) - In T
AV n!  2ntlgi (t — z)ntm+ 2
L)
n+m)! 1 5 )2 (12 —1)" t+1
+ T ol =1 7{ dr (t — g)n—m+1 In 2
@+
(m > n). (5.19)

Since m > n, the integrand in the second integral in the above equation is regular in
the domain enclosed by the contour %) and thus this integral vanishes. In turn, in
the same domain the integrand in the first integral has a single pole of order n +m + 1
located at t = z, so that removing the cut (3.3) and applying the residue theorem to
this integral, we find

PM(z) _ 1 (22— 1yn2 d

o  |,—, 2'n! dz

n+m
n

a2 +1
T |:(22 —D"In T] (m >n). (5.20)
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Since the order of differentiation is greater than the degree of the polynomial
multiplying In[(z 4+ 1)/2], Eq. (5.20) may be transformed into

m n—+m
@yl (z2—1)’”/2d—[<z2—1)"1n<z+1)1 (m > n). (5.21)

w  |,—, 2"n! dzntm

It is worthwhile to mention that from Eqgs. (5.15) and (5.21) one may deduce the
following Rodrigues-type formula for P, (z) with m > n:

—m — (_ n+m+1 l 2 - m/2
n+m
@ - 1)+ D] (n > n), (5.22)
dZ"+m

supplementing the formulas given in Egs. (3.27) and (3.30).

5.3 Evaluation of [0 P, " (z)/0Vv]y=, for 0 <m < n
For 0 < m < n, the derivative [0 P, ™ (z)/0v], =, is most conveniently found with the

aid of the relationship (3.17). Differentiating the latter with respect to v gives

IP,™(z)  Tw—m+1)9dP"(z)
v Tw4+m+1 v

+[w—m+1)—y@+m+1DIP"(2),
(5.23)

hence, it follows that

PR m—m! P - B »
ov U:n_ (n +m)! v |, [Vin+m+1)—ymn—m+DIP, " (2)
O<m<n) (5.24)

(cf. Eq. (2.11)). Equation (5.24) may be used to obtain various representations of
[P, ™(z)/0V]y=p With 0 < m < n directly from those derived in Sect. 5.1 for
[8PJ"(Z)/8U]V:,,.
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5.4 Evaluation of [0 P, " (z)/0Vv],=, form > n
5.4.1 Rodrigues-type formula

Choosing in Eq. (4.14) the lower signs and setting then v = n yields

z+1
2

N n! 1 7+ 1\"?
(n+m)!2ntlgi \z -1

u—D""w+D"" w41
X du In
(u _ Z)n+1 2

aP; " (2)

o —[Wm+m+1)—y@n+DIP,™(2)

=—P"(z)In

v=n

@)

n! 1 z—1\"?
+ -
(n+m)!2ntlgi \z+1

y d U — D" (u + 1rtm N +1
u (u — Z)n+1 2

@
(5.25)

Since the integrands in both integrals in Eq. (5.25) are single-valued in the domain
enclosed by €’ F), in both cases the cut (3.13) in the u-plane may be removed. When
this is done, it becomes possible (and, as we shall see in a moment, also convenient)
to split the second integral in Eq. (5.25) into a sum of two: one over the contour &, ™
around the point # = z in the positive sense, with the points ¥ = %1 left outside, and
the other over the contour %”jr(ﬁ) around the point # = +1 in the positive sense, with
the points u = z and u = —1 left outside; none of the two contours is allowed to cross
the cut (3.12). This results in

z+1
2

N n! 1 2+ 1\"?
(n+m)!2ntlgi \z — 1

" % du (u _ l)n—i-m(u + 1)n—m n u+ 1
(u _ Z)n+1 2

aP; M (2)

™ —[Ym+m+1)—yn+DIP, ™)

=—P,"(2)n

v=n

@ ()

N n! 1 7 —1\"?
(n+m)!2ntlgi \z + 1

j{ u—D"""u+ D" oy 41
X du In
(u _ Z)n+1 2

74 +)
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n! 1 z—1\"?
+ T
m+m) 2" i \z+1

y ]{ du (w—D"""u+ D" w41

2y In > (m > n). (5.26)

o)
i

For a while, let us focus on the last term on the right-hand side of the above equation,
i.e., on

J, " (@2) =

n! 1 (- 1\"? = D"+ D"y 1

- du In

(n+m)! 27+ \z 41 (u — z)n+1 2
7

(m > n). (5.27)

Since in the domain enclosed by %jr(fr) the only singularity of the expression under
the integral sign is the pole of order'? m — n — 1 located at u = +1, the integral
might be taken by evaluating a residue of the integrand at this point. However, this
method appears to be inconvenient for the present purposes. Instead, we change the
integration variable to

: (5.28)

obtaining

: o (=2 o4
m _ (_\m 2 q1ym/2
W@ = e Y f{dt @

ot e g GO
O T Y Gy =

(5.29)

where the path ‘KZ('H runs around the point ¢+ = z in the positive sense, leaves the
points + = %1 outside and does not cross the cut (3.2). In both integrands, the only

singularity within the domain surrounded by %Z(H is the pole of order m — n located

120 At first sight, it might seem that the pole at # = 41 in the integrand in Eq. (5.27) is of order m — n.
The order is lower by one, however, due to the presence of the factor In[(u« + 1)/2].
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att = z, so that by the theory of residues we obtain

2n+1n‘ m—n—1 Z+1
O =" m/2 JE— —n—1
@ =) (n+m)!(m — n—l)'( D |:dmn l(Z 1) i|ln 5
2ty —n—1 st
- (=" m/27 n—1
O i —a =& T g 1[(2 -t ]
(m > n). (5.30)

A glance at Eq. (3.31) reveals that the factor in front of In[(z + 1) /2] in the first term
on the right-hand side of Eq. (5.30) equals P, (z) — (—=)" P, " (—z), i.e., we have

J@) = [P — (- B (=) In S
on+l,) 5 gm-n-—1 Lozl
_(_)m(n-l—m)!(m—n—l)!( l)m/dm n— 1|:(Z -7 In ) :|
(m > n). (5.31)

We return to Eq. (5.26). Evaluating the first and the second contour integrals on its
right-hand side by residues and substituting the right-hand side of Eq. (5.31) for the
last term leads to the following Rodrigues-type representation of [d P, (z)/0v]y=n
form > n:

1
S W m D =Y+ DA

Lo Z+1\"* @ z+1
2"(n+m)! \z —1 d n 2

_ m/2 gn
! (Z ) d [(z—l)" m(z 4 1) In “ZLI}

aP;"(2)
ov

— (_)n+1Pn_m(_Z) ln

v=n

Jr2”(n+m)! z+1 dzn
2n+1n!
m 2 m/2
—(= —1
O T mim == © Y
-t z+1
= [(12 D™ Hn = ] (m > n). (5.32)

5.4.2 Some closed-form representations
Once the Rodrigues-type representation (5.32) is known, we may proceed analo-

gously as in Sect. 5.1.2. Exploiting Egs. (A.1), (3.33), (3.35) and (3.38), we transform
Eq. (5.32) into
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opP;™ 1
v (Z) ( )n +
ov

—[Wn+m+1) —y@+DIP, ™)

v=n

PRI £ A L)
(n+m)!

z+1 3B
B=—m
Lot (el 2 5 pmP (2)
nm+m)!\z—-1 ap
B=m
ool (21 " er M) @)
(=) (m > n).
(n +m)! 4 a8
B=—m
(5.33)

If in Eq. (5.33) use is made of relevant representations of the parameter deriv-
atives of the Jacobi polynomials listed in appendix A, and then Egs. (3.33), (3.35)
and (3.38) are applied, this leads to several alternative closed-form expressions for
[P, (z)/0V]y=p withm > n listed below. Using the representation (A.4), we obtain

z+1

LY =)"P,"(=2)n — - 'Y +m+ 1)+ ¢n+ DIP ™ (—2)

av

v=n

(! m2ZE k+mk+n+1) [z—1\F
241 ~ ki(k +m)l(n — k) 2

N )" (z+ 1)'"/2
m+m)m—n—1ND'\z-1

S g kEmim —k =Dk +n+1) (-1
x> () K —k)! ( 2 )

k=0
2 —m/2
nf % -1
or(5)

mE -k =Dt m—k+1) (z—l)k
Z (m > n).
- kin4+m—~k!m—-—n—k—1)! 2

(5.34)

If Eq. (A.5) is plugged into Eq. (5.33), this results in

Q) e S - v 018
1 = IV (k+n)lm —k — 1))
+(n+m)!(m—n—l)! (Z+1) h k'(n —k)!

1
[Pk +n+ 1) = (m —k)](” )
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R N ()
- (z—l) Ig‘)(_) KNk +m)l(n — k)!

k
><[1//(k—|—m+1)—1//(k+n+1)](Z+1)

2
w21\ (m—k— 1)
-G (4) kg(:) =) kKl(n+m—k)lm—n—k—1)!
2+ 1\
><[1//(n+m—k—|—1)—¢(m—k)]( 5 ) (m > n). (5.35)

In turn, use of Eq. (A.6) gives the expression

aP; " (2) z+1

av

+ 'Y +m+D+yn+ DIP,™(—2)

) (z+ 1)'"/2 (z+ 1)—"—1
n'(n+m)! \z—1 2
mI k) m— k= D)Wk 40+ 1) (z - 1)"
x 2
P Klm—n—k — 1! 1

- n! (z—l)m/z(z—i-l)"
m—n—1D!'\z+1 2

5 i(—)k (k+mk'—n - 1)'!1ﬂ(k+l'n —n) (z - 1)’<
por l(k + m)!(n — k)! 2+ 1

oy —" (Z+1)’"/2(z+1)"
T a1 5
x;() kl(n —k)!(n +m — k)! (Z+1) (m > n),

(5.36)

from which the counterpart representation

z+1
2

+ ('Y +m+ 1D +y@n+ DIP,™(—2)

(=) -1 m/2 z—1 —n—1
Tl + m)! (z+1) ( 2 )
m—n—1 (k+m)m —k — DIy(m — k) (Z+ l)k
x>
klm —n —k — 1! ¢—1

IP,; ™ (2)
ov

= (=)"P,™(—z)In — W +m+1) =y m—n)P " (2)

v=n

k=0
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oy n! (z - 1)’"/2 (z— l)"
m—-—n—1D'\z+1 2

n k
$ 3 (m —k — DIy (m — k) (z+ 1)
k=0 °

k'(n —k)!(n +m — k)!

n! z+1 m/2 z—1\"
_(m—n—l)!(z—l) ( 2 )

o ktm—n—DlYyk+m+1) (z+1
x2 () Kk + m)l(n — k) (z—l

k
) (m > n)
(5.37)
follows immediately. Finally, application of Eq. (A.7) yields

z+1 1
2 2n+1 Fu

+ 'Y+ +yn+1) —Yym+ 1) — Y+ m+ DIP,™(—2)
n—1
VA PN S
+) g)( ) n—kyk+n+1)

tmton =k =DV
e y— S

aP, " (2)
av

=()"P,"(-2)In

v=n

"(2)

x [P,:’" @ + ()"

m—n—1

k2 ! p-m np—m
Z “ )kk(kizzil)[ P (@ = (P z)] (m > n).

(5.38)

5.5 The function [d P (x)/dv]y=n

All representations of [ Pvi’" (z)/0v]y—, derived so far in this section are valid for
z € C\ [—1, 1]. To obtain corresponding formulas for [d Pvi’” (x)/0v]y=p with —1 <
x < 1, we may use Eq. (3.19). Differentiating the latter with respect to v and setting
then v = n yields

—8 P"im ) — etinm/2 aP‘itm o +_i0) — oFinm/2 apvj:m (x —10)
v v=n v ven ov e
= 1 eii”’”/z 8P‘§tm (x +10) + e:|:i71m/2 BP;tm (x —1i0)
2 v ven v vend

(5.39)

Particular expressions for [0 Pvi’" (x)/9v]y=p, including the Carlson’s formulas (2.10)
and (2.12), arise if one combines successively Eq. (5.39) with the results of Sects. 5.1
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to 5.4, using Eq. (3.20) and the identities
x4+1+i0=x41, x—1£i0=e1—x) (=1<x<1), (540)

whenever necessary. The procedure is straightforward and therefore we do not list
here the resulting formulas.

6 Some applications

In this section, we shall present some illustrative applications of the results from
Sect. 5. Yet another application, to the evaluation of closed-form expressions for the
derivatives d”'[ P,(z) In(z £ 1)]/dz™, may be found in Ref. [30].

6.1 Construction of the associated Legendre function of the second kind of integer
degree and order

In this section, we shall apply the results of Sect. 5 to obtain several representations

of the associated Legendre function of the second kind of integer degree and order.
The following formulas:

7w eFTV P (2) — PN(—2)

0V (2) = B} SnGrv) (Im(z) = 0) (6.1
and
g Frv—-m+1) .,
0,"@ = TotmaD 0y (@) (6.2)

may serve as the definitions of the associated Legendre function of the second kind
of non-negative and negative integer order, respectively.

In the limit v — 7, in the case of 0 < m < n, after exploiting the I’Hospital rule,
from Eq. (6.1) we obtain

m Lo 19P)(z) ()" 9P (—2)
@ =F3ir (Hva:n_TTv:n
(o\ < n,Im(z) 2 0), (6.3)
while Eq. (6.2) gives
—m mn—-m)!
0, (@)= T ),Q (@) (O<m<n). (6.4)

Inserting particular representations of [0 P} (£z)/dv],=, derived in Sect. 5 into the
right-hand side of Eq. (6.3) and using, whenever necessary, some of the properties of
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P} (z) featured in Sect. 4, yields a variety of formulas for Q,f’" () with0 < m < n.
If Eq. (5.2) is plugged into Eq. (6.3), use is made of the property

1+z z+1

In =1In — +ir (Im(z) 2 0), (6.5)

—Z

and the result is combined with Eq. (6.4), this leads to the following Rodrigues-type
formula:

+ z+1 1 sy APET z+1
Q”m(z):_i n nZ_ on+ly l( - D " W (Z _1)" z—1
mZ”"'ln'( 1) W (z=—=1 lnz—l 0 <m < n).
(6.6)
If Eq. (5.4) is used instead of Eq. (5.2), this gives
1 z4+1
0;"() = =3 P @I =—
1 z—1\"* a z+1
— rm 1 n+m1
+2”+](n:|:m)! (Z+1) dz" |:(Z e+ 1]
1 z+1 /2 da" n+m n—m z+1
In
+2”+1(n:|:m)! (z—l) dz” [( e+ 1]
O <m < n). 6.7)

The latter formula has been also found by the present author, in a different way, in Ref.
[35, Section 4]. I Eq. (5.7) is employed to evaluate [d P (z) /9v],=, and Eq. (5.8) to
find [0 P (—z)/9Vv]y=y, or vice versa, from Eqgs. (6.3), (6.4) and (3.22) we obtain

0,"(2) = %P;”"(z) In % - W, () (0<m<n), (6.8)

with
W, @) = %:ﬂgnlw (0 <m<n), (6.9)

where

W™ () = £y (n+ DHP™(2)
)" (F)"™ (n + m)! (z2 - 1)'"/2
T a—m U4

m—1 k
y z(:‘:)k(k—l-n—m)!(m—k— 1! (ZZF 1)
k=0

kl(n+m — k)! 2
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_ (i);+m (z24— 1)’"/2’§’(i)k (kk—’l-n —i—m)'!lﬁ(k +m +'1) (z ¥ 1)'“
= k+m)!(n—m —k)! 2

2 m—ml\z£1 Kk +m)l(n—k! \ 2
0 < m < n). (6.10)

)" (n + m)! (z T 1)m/2i(i)k (k + )y (k + 1) (z T 1)"
k=0

If Eq. (5.9) is used instead of Eq. (5.8), this results in

W) ==+ %[W(n +m+ D) +ym—m+DIP(2)

B (2 1\ k+m)im—k— D! (25 1)\
T ( ) & 1(n — k)! ( )
x1) = l(n — k! 2

ntm m/2 p—
qc(i); (z24—1) "Zm(i)kk('kk—l—n—l—'m)!l//(k—kl)’ (z:FI)k
= Ik +m)!(n—m —k)! 2

)" (1 +m)! (z ¥ 1)”’/2 i(i)k (k+m(k +m+ 1) (z ¥ 1)"
2 n—m)!\z+£1 =0 kl(k+m)!(n —k)! 2

O <m<n). (6.11)

In turn, if use is made of Eqs. (5.10) and (5.11), this yields

zF1 2

ST (k— 1! ¥\
X,;( U I p—a (z:l:l)

(=)™ 2+ 1\"? (7 £ 1\"
F > n!(n—!—m)!(Z:Fl) ( > )
X"‘Z’l(_)k (m—k — 1)1 (z:Fl)k

S Kbl +m - \z£1

1 s I\? (£ 1\"' S 1
—_n! |
iz"'("+m)'(zil) ( 2 ) Zk!(k+m)!(n—k)!(n—m—k)!

m/2 n
W (@) = ﬂ:%n!(n +m)! (ZjE 1) (Z:F 1)

k=0
zF1 k
x[w(n—m—k—i-l)—l—l//(n—k—l—1)—1//(k+m+1)—1//(k+1)](z:t—1>
O <m<n). (6.12)
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Finally, application of Eq. (5.12) to evaluation of both [dP]"(z)/9v],=, and
[0P]'(—z)/0V]y=p leads to

m l(n‘l'm)'m l_k 2k + 1 “m, " pm
Wna @) = 2(n—m)! ;é( ) n—kk+n+1) [P (=) = ()" P ()]
n—m—1 o Nktndm
- 1-(-) 2k +2m + 1
=0 2 (n—m—k)k+n+m+1)
ki(n +m)! "
[1+ (k+2m)!(n—m)!i| Peen@ O <m<mn), (6.13)

which may be more conveniently rewritten as

1 N 2k 41
") = SIS * [P (=2) — (=) P (2]
" k=0

2 (n —m)! (n—k)k+n+1)
int[(n—m—1)/2] B B
T .
2 & m-khek+D
(n+m)l(n —m — 2k — 1)!
X|:1+(n—m)!(n+m 2k—])!} n—2k—1(2) (0 <m < n).

(6.14)

From Eq. (6.9) and either of Egs. (6.10)—(6.14) it is seen that the functions W;E_”; (2)
possess the property

WE (—z) = ()" TTWE () (0 <m < n). (6.15)

Some of the above representations of W | (z) were already obtained, in different
ways, in earlier works. In particular, the representations in Eq. (6.11) were derived
by Robin [33, pp. 81, 82 and 85] (in this connection, cf. footnote 5), while these in
Eq. (6.12) may be deduced from the findings of Snow [49, pp. 55 and 56]'3; an alter-
native method of arriving at the expressions (6.11)—(6.14) has been also presented by
the author in Ref. [35, Section 4].

We proceed to the case of m > n. In virtue of Eq. (3.23), from Eq. (6.1) now we
have

1 3Pm(Z) (=)' 0P (—2)
0y (2) = ™ - . (m > n). (6.16)

v=n v=n

13 The associated Legendre functions defined in that book differ from the counterpart functions of Hobson
[31] used in the present paper. The relationships between the two sets of functions are: [P# (2)ISnow =

[T+ +1)/TW—p+ DIPy " (2) and [OY (D) Isnow = e cos( ) Q% (2).
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Evaluating the first term on the right-hand side of Eq. (6.16) with the aid of Eq.
(5.17) and the second one with the aid of Eq. (5.18) (or vice versa), we arrive at the
Rodrigues-type formula

m—n—1

0" (2) = (="M 2"nl(? — 1)"/? d @ =D m>n). (617

dzm—n—l

Alternatively, we may use Eq. (5.20) (or Eq. (5.21)) in Eq. (6.16). This gives

n+m
07 () = L( Hmr—— ¢ |:(z2 —1)"In i%ﬂ (m > n). (6.18)

on+ly dzn+m

Using Eq. (6.5) and observing that in Eq. (6.18) the order of differentiation is greater
than the degree of the polynomial multiplying the logarithm, the above formula may
be cast into

z+1

(Z )’”/2d+m } (m>n). (6.19)
— . (.

d n—+m

on(z) =

[(z2 —1"In

2n+l !

Another remarkably simple expression for Q7' (z) with m > n follows if in Eq. (6.16)
one uses Eq. (5.16); it is

(_)n+m+l
0, (@) = T(n +m)l(m —n— D[P () — (=)"P;"(=2)] (m>n)
(6.20)
(cf. Ref. [33, Eq. (63) on p. 35]).
The following relation:
0", 1(z) = QU (z) — m cot(wv) P (2) (6.21)

may be easily derived from Eq. (6.1). From it, by virtue of Eq. (3.23), one finds

P (z)

Q%10 =0,@) — ——

(m > n). 6.22)

v=n

It is thus seen that representations of Q™ _,(z) withm > n may be straightforwardly
deduced from those of Q! (z), with the use of the findings of Sect. 5.2. In this way,
one arrives at

_\n+m
0", 1(2) = ( (n4+m)!(m—n—D![P,"(@) + (=)"P"(=2)] (m>n)
(6.23)
and
m m/2 dr 2 n 2
0", () = —5— @ = 1) Gl @ = DG = D] =), (624)

@ Springer



J Math Chem (2011) 49:1436-1477 1471

Other Rodrigues-type formulas follow if one couples Eq. (6.23) with Egs. (3.27) and
(3.30).

Concluding, we observe that on the cut —1 < x < 1 counterpart expressions for
the associated Legendre function of the second kind of integer order may be obtained
from the results of this section by combining them with the defining formula

07" (x) = _(_;m [emmﬂgﬁm (x +10) 4+ =2 Q" (x — 10)] . (625)

6.2 Evaluation of [3% P/ (z)/3v*],=, for m > n

In this section, we shall show thatif m > n, then the knowledge of [0 P, (z)/0V]y=n
allows one to evaluate [92 Pl"(z)/0 -
To begin, we observe that from the easily provable (cf. Egs. (2.3) and (2.4)) identity

V() =y —=¢) —cos(xH)I(OI (1 —¢) (6.26)
it follows that
Y —m~+1)=ym—v) —cos[r(v—m+ D)IC(m —v)[' (v —m +1). (6.27)
With this, Eq. (5.23) may be rewritten as

ro—m+1)

IP;™(2)
Cv+m+1)

oy = Wm—v) =y t+m+ DIP; " (2) +

IP"(2) —m
X{T_Cos[ﬂ(v—m+1)]F(m—V)F(V+m+1)Pu (Z)]
(6.28)

In the limit v — n (with m > n), Eq. (6.28) becomes

aP])_’n(Z) —m
i _:—[1//(n+m+1)—1//(m—n)]P,, (2)
. IP"(z)

CEETEL AR BT

—cos[r(v—m+ DICm —v)L(v+m+1DP; " ()} (m > n).
(6.29)
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The limit which remains to be evaluated on the right-hand side of Eq. (6.29) may be
taken with the aid of the I’Hospital rule. This gives

P pm
@) oyt m 1) — yim — 1) — L@
ov - av v=n
e I 02 (2)
O T mim —n =D a2 . (m > n).
(6.30)
Solving Eq. (6.30) for [82P]j" (z)/8v%],—p results in the sought relationship:
2 pm
8L2(Z) = ()" 20 4+ m)(m —n — 1)
v v=n
—m aP,; " (z)
X[[lﬂ(n-irm-l-l)—l/f(m—n)]Pn (Z)+T ] (m > n).
B 6.31)

Various explicit representations of [82P,j" )/ v?],—, withm > n may be obtained
from this formula with the aid of the results of Sect. 5.4.

A counterpart expression for [82Plﬁ" x)/ 9v?],—, with m > n, in terms of
[0P, ™ (x)/dV]y=, and P, (x), follows if one combines Eq. (6.31) with Egs. (3.19)
and (5.39).

6.3 Evaluation of [0 Q7' (z)/9V]y=p and [0 07 (2)/0V]y=—p—1 form > n

Finally, below we shall show that for m > n it is possible to relate the derivatives
[007 (z)/0v],=, and [0 Q) (z)/0V]y=—,—1 to the derivatives [0 P, ™ (£z)/0v],=y.
Differentiating Eq. (6.1) with respect to v gives

007 (2) . T B . 1 -
dv  sin(rv) [ cos(mv) 0y (z) F zme P’ (2)
1 _. BPm(Z) 1 aPm(_Z)
_ oV v L v
+ e w2 v } (m(z) 20).  (6.32)

In the limit v — n, after making use of the I’Hospital rule, from Eq. (6.32) we have

0y (2) __@p —7?P"(2) F i”v—(Z)
av v=n v v=n 2 dv v=n
192pm —)" PP (—z
1 vz(Z) _ =) # (Im(z) = 0).
2 0 |, 2 v v=n

(6.33)
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Solving Eq. (6.33) for [0 Q7' (z)/dv]y=, gives

aQm 1 1. aP" 192pP"
Qav (2) == Lopmy £ L 80 (2) 1 Uz(z)
Vo e 4 2 w |-, 4 o ven
_\n aZPm _
_ 9 # (Im(z) = 0). (6.34)
4 v v—n

So far, n has been an arbitrary non-negative integer. Imposing in Eq. (6.34) the restric-
tion m > n and using Eq. (3.23), we obtain

90V (2) 1. 9P 1P @] ()" 9P (=2)
w |, 2 o |, 4 |, 4 92 vn
(m > n,Im(z) 2 0). (6.35)

To eliminate the second derivatives from the right-hand side of Eq. (6.35), we may
exploit Eq. (6.31); in this way, using additionally Egs. (5.16) and (6.20), we find

%y@ =[(mn+m+1)—¢¥im—n)lQy(z)
(=)t
+ 5 (n+m)lim —n —1)!
x[ﬁﬁ&m@r—ﬂliﬁ o2 2 }
av v=n 8‘) v=n
(m > n,Im(z) 2 0). (6.36)

Proceeding analogously, with the aid of Eq. (6.23) and the relationship

32P"(z)

32P"(z)
av? T T

: (6.37)

v=—n—1

resulting from Eq. (3.7), one obtains

B%f) — W +m+ D) —ym—ml0", @)
v=—n—1
(_)n+m \ \
— 5 n+m)!lm —n—1)!
X |:ﬂ:iyr P, (2) + KL o ) ]
av v=n dv v=n
(m > n,Im(z) 2 0). (6.38)

Equations (6.36) and (6.38) may be combined with the formulas found in Sect. 5.4
to yield several explicit representations of [0 Q7' (z)/9V]y=, and [0 Q7' (2)/9V]y=—n—1
with m > n.
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To derive counterpart expressions on the cut —1 < x < 1, one should use the
results (6.36) and (6.38) in conjunction with Egs. (6.25), (3.19) and (5.39).

Acknowledgments The author wishes to thank an anonymous referee to Ref. [50], whose suggestion to
use the contour-integration technique to evaluate the derivative [d Py, (z)/dv]y—=y inspired the present work.

Open Access This article is distributed under the terms of the Creative Commons Attribution Noncom-
mercial License which permits any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.

Appendix A: some relevant properties of the Jacobi polynomials

The Jacobi polynomials [51] may be defined through the Rodrigues-type formula

1 _ _g d”
PP @) = o (e =D+ 1) ﬂdzn [z = D"+ 1D"] (@ peO).
(A.1)
If
re 1
'n+a+B+1)
then P,fa’ﬂ )(z) is a polynomial in z of degree n. From Eq. (A.1) it is seen that
PP (=) = (=)' PP (). (A3)

The following explicit representations of P,fa‘ﬂ ) (z), modified, whenever necessary,
with the help of the identity (3.8), have proved to be useful in the context of the present

paper:

n

F(n+a+1) 2:F%+n+a+ﬂ+&)(m—»k Ad)

plp) —
) R et B D R — Tk rath \ 2

k=0

PP (z) = (—)"

Tn+a+p+1) & Kln —k)\Tk+p+1) \ 2
(A.5)

F'n+B+1) 53_%F@+n+a+ﬂ+ﬂ)(z+ly
k=0

Pn(“’ﬁ)(z) =T'n+a+DI'n+B8+1) (Z_’z_l)

; 1 (1) e
ng!(n—k)!r(k+a+l)f‘(n+,3—k+1) +1) 6)

@ Springer



J Math Chem (2011) 49:1436-1477 1475

The relationship [43, Eq. (1.23.2.2)] (for two different proofs, see Refs. [52,53])

PP ()

3B =[YQnta+B+1)—yn+a+p+DIPYP ()

+ ()"

Fn+a+1) giﬂk %k +a+p+1
Fnta+pt D -bktntatptl)

F'k+a+p+1
o L p )ﬁwW@ (A7)
Ck+a+1)
and its variants obtained with the aid of Eqs. (2.4) and (3.8) have been exploited as
well.
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