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OPERATOR METHODS AND LAGRANGE INVERSION:
A UNIFIED APPROACH TO LAGRANGE FORMULAS

CH. KRATTENTHALER

ABSTRACT. We present a general method of proving Lagrange inversion for-
mulas and give new proofs of the s-variable Lagrange-Good formula [13] and
the g-Lagrange formulas of Garsia [7], Gessel [10], Gessel and Stanton [11, 12]
and the author [18]. We also give some g-analogues of the Lagrange formula
in several variables.

1. Introduction. Let f(z) be a formal power series (fps) and g(z) a formal
Laurent series (fLs) with finitely many coefficients with negative index different
from zero (g(z) = Ekzl gr2® for an integer I). Let f(0) = 0 and f'(0) # 0. The
coefficients of the expansion g(z) = Y .z ¢kf¥(2) can be computed by the two
versions of the Lagrange formula, the first of which can be written as
(1.1) cn =n" Y271 (2)f™(2) for n#0, n € Z (integers),
where (2*) means the coefficient of z*; the second can be written as

z2f'(2)

— (50
(1.2) cn = (2 >g(z)~f"+1(z) forne Z.
These formulas are based on the orthogonality relation
zf'(2)

(%) f*(2) - T~ Onk

for all n,k € Z (8, is the Kronecker delta).

Using Hofbauer’s method [16] for an orthogonality relation (fi, fn) = 6nk we
can transfer certain properties of the sequence (fx)rez to the sequence ( fk)kez,
where ( , ) denotes a bilinear form. Hofbauer used it to prove some one-variable
Lagrange formulas. We extend this method in §4 by our Theorems 1 and 5 in order
to give a unified “recipe” for proving Lagrange inversion formulas. All known finite-
dimensional Lagrange formulas can be treated, as we show in §§5 to 8. Moreover
we use this recipe to find new Lagrange inversion formulas.

§5 deals with the Lagrange-Good formula [13]. Using our method, we give a
short new proof in which the Jacobian appears in a natural way. We are also
able to find multivariable generalizations even of (1.1), the “first version” of the
Lagrange formula (identities (5.6) and (5.7)).
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432 CH. KRATTENTHALER

§6 contains a new and extended presentation of Garsia’s g-Lagrange theory (7).
The main idea is to extend his definition of ¢-powers to powers with integral expo-
nents. We show that all of Garsia’s results remain true in this more general context.
Garsia [7] points out the connection between his theory and Gessel’s g-Lagrange
theorem [10, Theorem 6.9], but he is unable to prove it. Our extension to inte-
gral powers together with Theorem 8, where we discover the connection between
Garsia’s “right” and “left” inverses, is the key for finding a new proof of Gessel’s
theorem, within the setting of Garsia’s (extended) theory. (Gessel derives it as a
special case of a noncommutative generalization of the Lagrange inversion formula.)

In §7 Gessel and Stanton’s [11, 12] g-Lagrange formula is discussed. Earlier Car-
litz [2] proved an inverse relation which generalizes Gessel and Stanton’s formula.
We prove both of these results by our operator method and obtain multidimensional
generalizations (Theorem 12, Corollary 13).

88 concerns our [18, 19] g-Lagrange formula. In trying to find an s-variable
g-analogue of the Lagrange-Good formula, we succeed only when s = 2 (Theorems
20, 22 and 23), where we find g-analogues for special cases of the two-variable
Lagrange-Good formula. In Example 21 we give an application to MacMahon'’s
g-Catalan numbers.

2. Definitions. Let Z be the set of integers. For a natural number s Z° denotes
the set of s-tuples with the integers as components. For m = (my,...,ms) and n =
(n1,...,ns) € Z° we set as usual |m| = Y7_ mi, m+n=(m;+ny,...,ms+ny)
and m < n if and only if m; < n; for all integers 7, 1 < ¢ < s. If all m;’s
are nonnegative m! means m,!---mg!l. For the special vectors of Z° where all
components are zero except the ¢th, which is 1, we write e;. The vector e is
(1,1,...,1). For (0,0,...,0) we simply write 0. For a set of commuting variables
{21,22,...,2k} we set 2k = 251 . k2 ... 2ks where k € Z°.

In this paper sections in which only a single variable is considered are always
separated from multivariable sections. Although multi-indices (elements of Z°) are
not denoted differently than one-dimensional indices (the same is true for variables),
no confusion should arise. In the multivariable sections we assume a fixed s € N
(natural numbers) except in §8, where s = 2.

Let A be a (commutative) integral domain with unity. We shall consider the A-
module Ls(z) = Ls(21,...,2s) of all formal Laurent series having the form a(z) =
S .>kanz" for some k € Z° and a, € A. Adding elements of Ls(z) is done
by adding the components. The multiplication of a(z) (as above) and b(z) =
Y > bm2z™ is defined by

a(z) - b(z) = Z Ean_mbmz".

n>k+l m

The inner sum Y, @n—mbm is finite because of the special form of the elements of
Ls(z); in fact n — k > m > I. Of course (Ls(2),+,) is an integral domain.

Next we define some linear operators on Ls(z). Loa(z) denotes the coefficient of
2% in a(z). The coefficient of 2™ in a(z) is then Lo(2~™ - a(2)), for which we write
(2™)a(z). The partial differential operators D; are defined by D;2" = n,-2"~%. Fur-
thermore for the g-analogues we need the operators et(.q‘) given by efq‘)z" =gq2",
where the g;’s are indeterminates. Finally we introduce the partial ¢-difference
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OPERATOR METHODS AND LAGRANGE INVERSION 433

operators by
D) = [(g; — D] ™ (s = 1)
denotes the identity operator). The bilinear form (a(z),b(2)) = Lo(a(z) - b(z)) will
be crucially important. For a linear operator U on Ls(z), the adjoint operator U* is
the operator which satisfies (Ua(z), b(z)) = (a(z),U*b(2)) for all a(2), b(z) € Ls(z).
For the indeterminate g we define

n—1
(@,q)n = H(l - aqi)’
i=0
@ =T=F l=f -0 =
and
[a} el fe—1]-fa-n+1] _ (¢®¢Yn
n [n]! (¢,9)n
The g-exponential series is -
eq(2) = g Z—
Alternative expressions are
ea2) = [[(1+(a-1g*2)™" and eyy(2) = [JA+ (1 -9)¢*2),
k=0 k=0

where the infinite products converge as formal power series in ¢, yet may be viewed
as formal power series in z. For a definition of infinite products of that type as
fps in z see (7, p. 217]. In addition e4(2)~" = e;/4(—2). For an introduction to
our notation and g¢-identities see Cigler’s paper [3]. Note that in the one-variable

sections we write z for 2;, D for Dy, D@ for D%‘“), etc.

__3. Preliminaries. We start with a sequence f = (fk(2))kez+ of elements of
Ls(z) having the form

(3.1) fe(2) =Y facz™ and  fix invertible in A.
n>k
We call f a diagonal sequence.
Given another diagonal sequence g = (¢1(2))iezs, Where gi(z) = Y5, gki2z*, the
substitution g(f) is the sequence (h;(2))iez-, where -

hi(2) = gk fu(2)

k>l

=D Y fargu™

n n>k>l
This substitution is associative; the neutral element is the sequence 1 = (2"),cz:.

The sequence § = (Fi(z))iez- is called the inverse sequence or short inverse of f if
F(f) = (2™)neze. This means that if we set

(32) Fi(z) =) Fuz",

k>l

or, more precisely,
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434 CH. KRATTENTHALER

then

(3.3) =Y " Fufi(z) forallleZ.
P

Obviously for any diagonal sequence f there exists a uniquely determined inverse
sequence §. In particular Fy, = fk_k1 is invertible in A; therefore § is also a diagonal
sequence. Comparing the coefficients of 2" in (3.3) leads to the relation

(3.4) > frkFu = bt

n>k>l

Defining the operator U;jz*¥ = fi(z) by extending it linearly to Ls(z), we see that
UjFi(z) = 2! by (3.3); moreover this implies Ui_l = U;z. Applying Uf_1 to (3.1)
yields

(3.5) ¥ =" farFa(2).

n>k

Again comparing the coefficients of 2™, we have

(36) Z anfnk = 6mk'

m2>2n>k

Identities (3.3)—(3.6) are equivalent. The “inverse relations” [22, Chapters 2,
3] are essentially based on identities (3.4) and (3.6), respectively. Concerning the
connection between inverse relations and the Lagrange formula, see [1, 18, 19 and
12, Introduction]. In fact (3.4) and (3.6) simply say that the matrices (fnk)n, kcze
and (Fki)k ez are inverses of each other. This point of view leads to the concept
of “recursive matrices” introduced by Barnabei, Brini and Nicoletti (see [24] and
the references cited there).

As indicated in the introduction, we need a sequence f = (fi(2))rezs satisfying
the orthogonality relation

(3.7) (fk(2), fa(2)) = bnk-

Using (3.6) we get

(3.8) fi(z) = Z Fz~".
1<k

Analogously, by (3.4),
Foz) =) facz™™.

k<n
4. The main theorems.

THEOREM 1. Given M; and My modules over the integral domain A, (,) a
bilinear form from My X M, into A, and I a set of indices, let (fx)kxer be a sequence
of elements of My with the property

(4.1) (fi,h) =0 for all k € I if and only tf h=0.

Let U; and V denote linear operators on My, V bijective, and let g; be arbitrary
functions from I into A such that

(4.2) Uj fx = 9;(k)V fx for allk € I and j = 1,2, ST
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OPERATOR METHODS AND LAGRANGE INVERSION 435

(4.3) For all indices m,n € I, m # n, there exists a j with1 < j < r and
g;(m) # g;(n). .

Suppose there exist the adjoint operators of V, V= and U; denoted by V*, V1
and Uy (this means (V f,h) = (f,V*h) for all f € My and h € M3, etc.).

(A) If the system

(4.4) U;hk =gj(k)V'hk, kel,j=12,...,r,

has a nontrivial solution (hi)ker—t.e., hg # 0 for all k € I—then (fi,V*hy,) =
(fks V*hi)bnk, where (fie,V*hi) # 0 for all k € I. If (fi,V*hi) s an invertible

‘element of A for all k € I, then there exists a (unique) sequence ( fk)ke 1 of elements
of My satisfying

(45) (fk) fn) = 5nk, n, ke I»
and given by
(4.6) fe = (fe,V*he) ™" - V*hy.

(B) Let (fx)ker, Uj, V and g; be defined as above such that (4.1) and (4.2) hold.
For a sequence (fx)rer satisfying (4.5) the equations

4.7) UVt fi=gi(k)fs, kelj=12...r
hold.
PROOF. (A) Suppose (hi)ker satisfies (4.4). By using (4.2) we have

95 (k) (fi, V™ hn) = g;(k)(V fi, hn) = (Uj Sk, hn)
= (fk, U hn) = g;(n) (fi, V™). -

From (4.3) this immediately implies (fx,V*hy) = 0 for n # k. For n = k suppose
(fn,V*hyp) = 0 for some n € I. Together with the above calculation this means
(f&,V*hy) =0 for all k € I. From (4.1) we conclude V*h,, = 0. It is easy to show
that with our assumptions V* is bijective, and, therefore, h,, = 0, in contradiction
to the condition hy # 0 forall keI.

Defining fx = (fx,V*hi) 1V *hi, we evaluate

(fk, fn) = (me*hn)_l(fkaV‘hn) = Onk-

The uniqueness of the sequence ( fk)ker is obvious because of (4.1).

(B) Suppose (fi, fn) = bnk for all n,k € I by (4.2), we get

e, UsV™Y ) = (V7 Ui fiy fa) = 95(K) (fis )
= g;(n)énk = (fk, 95(n) fn)

which, combined with (4.1), proves (4.7). O

We choose M; = My = Ls(z) and I = Z°. A usually can be considered a field.
In this case (fx, V*h) in Theorem 1(A) automatically is invertible because it is not
zero. For the g-analogues we choose A = K(q), the set of all rational functions in
the indeterminates q;,qo,...,qs over the field K. The bilinear form we use is (, ),
as in §2. For the sequence (fi)rer we choose a diagonal sequence of Ls(z) (defined

by (3.1)). Then condition (4.1) certainly holds. The Lagrange formulas then have
the following form.
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436 CH. KRATTENTHALER

COROLLARY 2. Let (fx(2))keze be a diagonal sequence and U;, V linear op-
erators as in Theorem 1 satisfying (4.1)~(4.3). If g(2) € Ls(z) and (fi(2))keze
18 given by (4.6), where the sequence (hi(2))kezs, with hi(z) # 0 for all k € Z°,
satisfies (4.4), then the following hold: The coefficients in the expansion

g9(z) = Y cfu(2)

keze
are computed by
(4.8) Cn = (g(z), fn(z))’
or, if (fn,V*hy) and g;(n) are invertible in A,
(4'9) Cn = gj(n)_l(fnaV‘hn>_1<Ujg(z)7 hn(z))'

PROOF. The first formula is obvious because of (4.5). The second is just a
rearrangement of the first, where we use (4.4) and (4.6). O

The first version of Lagrange formula (1.1) corresponds to the second expression
for ¢,,; the second version (1.2), to the first. When s = 1 in the “ordinary” Lagrange
formula, the form (4.9) (i.e., the first version) is simpler and usually easier to use
than (4.8) (the second version). Because of the complexity of the operators Uj, in
general (4.9) will be rather complicated or even inapplicable.

For a diagonal sequence (fi(2))kezs, the procedure of finding a Lagrange for-
mula for this sequence is as follows: First we try to find a system of “eigenvalue”
equations for the fx(z)’s of the form (4.2) where the operators satisfy the condi-
tions of Theorem 1. Then we establish the dual system (4.4) deduced from the
system above. Next we try to find a sequence (hi(2))kezs of nontrivial solutions
of the dual system and from this compute (fx(2))keze the system orthonormal to
(fx(2))kez-. Having performed these steps, by Corollary 2 we get (two) Lagrange
formulas for (fx(z))kez:- We demonstrate this method by deriving the classical
Lagrange inversion formulas (1.1) and (1.2).

But first we need the adjoint operators relative to the bilinear form (,) which
belong to the elementary operators introduced in §2. They are listed below. Given
a(z) € Ls(z), the multiplication operator a(z) is defined by a(2)(b(z)) = a(z) - b(2).
Then

(4.10) a(2)* = a(z), (2iD;)* = —2D;, ef.q"). = eEl/q‘),
(D)) = —%zin”"") = _e(t/a), plas),
These identities are easily verified. We prove the second. For all k,n € Z°,
(2:D; 2%, 2™) = kibg,—n = —nibk,—p = (2*, —2;D;2").
By linearity we can extend this to a(z),b(z) € Ls(2):
(2:Dsa(2),b(2)) = (a(2), —2:Dib(2))-

Next we introduce another class of operators, the shift operators. Given a se-
quence f = (fk(2))keze, we set

1Sifk = fr—ess iTife = frte:
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OPERATOR METHODS AND LAGRANGE INVERSION 437

If f = (fi(2))ker satisfies (3.7), then elementary considerations show that
(4.11) 1S fx = frven  §S7 = 5T
(T} fe = feerr T = 75
Moreover for Uz holds:
(4.12) Uz2~F = fi(2).

Now we turn to the one-variable Lagrange formula (see also [16]). We take A = K
a field of characteristic zero, s = 1 and fx(2) = f*(z) for a fixed formal power series
f(z) with f(0) = 0 and f’(0) # 0. This assures us of (3.1). Hence f = (fx(2))kez
is a diagonal sequence. Thus

(4.13) 2Dfu(z) = ’f((j) fe(2).

Now applying Theorem 1(A), for r = 1, U; = 2D, V = zf'(2)/ f(2), g1(k) = k, and
(4.10) we get the dual equation

(4.14) —2Dhy(2) = k2 ﬁi‘;) hi(2),

from which we immediately obtain hx(z) = f~%(2). So
- f! '
e = e =

by (4.6) since

e 2@\ 2f(2)
<’ ("‘)’fk+l(z)>‘L &

Corollary 2 then reads as follows. For g(z) € Ls(z) the coefficients in the ezpan-
sion g(z) = Yyez ckS¥(2) can be computed by

g, 2 )
en= (000 ity ) = ) ity
or

1 - -
= 2(eDa(a). /() = T L forn 2o,
These are exactly formulas (1.2) and (1.1).

In §6 it will be necessary to transfer eigenvalue equations of (fi(2))kez of the
form (4.2) to the inverse sequence (Fi(z))xez. We demonstrate this first for fi(z) =
F¥(2) before stating a general result. Suppose F(f(z)) = z. The coefficients of the
fps F(z) are determined uniquely. We start with (4.13), which can be rewritten as

D) = (ELELEUED) )
Since, as is well known, f/(F(z)) = 1/F'(z), this is equivalent to
F( T)

T F,f( T fi(2).

(4.15) 2D fi(2) =
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438 CH. KRATTENTHALER

The dual identity for (fi(2))rez is, according to Theorem 1(B) and using (4.10)
and (4.11),

iISF'(S) z 1y _ 1.7
Wﬁc(k) = kfr(2).

Suppose tF'(t)/F(t) = 3°72, ®;t. Then comparing the coefficients of z~* by (3.8),
leads to

—2zD

[ ]
1Y ®;Fi_jy = kFi.
=0
Multiplying both sides by z* and summing up over all k € Z yield, with respect to
(3.2),
2F'(2)
F(z)

the eigenvalue equation for Fi(z) = F!(z).

The next theorem gives the general background of these considerations. But first
we need some notation.

DEFINITION 3. The linear operator L(f, d, C) is called a generalized shift for the
sequence f = (fi(2))kez- of degree d € Z*® and the associated sequence C = (ck)kez»
with ¢x € A if

(4.16) L(f, d,C)fi(2) = ckfr-a(2).

All operators previously defined (with the exception of Us) are generalized shifts
(or sums of them):

l

Fi(z) = 2DFi(2),

2" = L(1, —me;, (1)keze),

D; = L(1, e, (ki)keze),
4 D; = ‘C(ls 0, (ki)kez’)a

e = L£(L,0, (¢ )keze),
iSi = L(f, € (keze),
iTi = L(f, —ei, (1keze)-
Note that the weak composition rule
(4.17) L(f, d1,C)L(f, d2,B) = L(f, d1 + d2, (ck—a, * bk)kez*)
holds. Moreover, writing
L(f, d,C)fx(2) = ek 1S%fx(2),
where (8¢ = [[5_, 1S* (d = (d1,...,ds)), by applying Theorem 1(B), gives
L(5,d,C)* ;8% fi(2) = ek fr(2)
or, after substituting k + d for k,
L(f, d,C)" fi(2) = ckrafira(2)-
Therefore
(4.18) L(f, d, (ck)reze)” = LG, —d, (ck+a)reze)-
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OPERATOR METHODS AND LAGRANGE INVERSION 439

LEMMA 4. Let f = (fi(2))keze be a diagonal sequence with inverse sequence
§ = (Fi(2))ieze, d € Z°, and C an arbitrary sequence of elements of A. Then the
operator identities

(4.19) UzL(f, d,C) = L(1,d,C)U;
and
(4.20) UsL(1,d,C) = L(§, d,C)Us
hold.

PROOF. This is easily verified by applying both sides of (4.19) to fi(z) and
both sides of (4.20) to z*, respectively. O .
For convenience we write *L(f, d,C) = L£(1,d,C) and *£L(1,d,C) = L(F, d,C).

THEOREM 5. Let f= (fx(2))kez: be a diagonal sequence with inverse sequence
§ = (Fi(2))iezs and L = {L,/n € N} a set of generalized shifts for either f or 1.
M;(L) denote monomials of elements of L. Then

Y Mi(L)=0 ifandonlyif Y M(*L)=0,

where M;(*L) means the monomial obtained from M;(L) by replacing each L, by
*Ly.

PROOF. By Lemma 4, Uz L, = *L,Uz. This implies U M;(L) = M;(*L)Us and
Us Y Mi(L)=)_ M("L)Us.
i i

Since Uj is bijective, the equivalence of the above operator identities is proved. 0O
Let us try out this result by applying it to (4.15), which in this new terminology
is written

[ o]
L(L,0, (k)kez) = D &7 L(f, ~i, (k)kez) =0,
1=0
where 3 &7 12* = F(2)/2F'(2), by definition. By Theorem 5, which simply says
that f is to be replaced by 1 and 1 by §, respectively, this becomes

[o o)
ﬂ(& 0, (k)kGZ) - Z(I):lﬁ(l, —ia (k)kGZ) =0.
i=0
Applying this identity to Fj(z) gives

KR(2) ~ Sk 2DR(:) = 0
and
2DF(2) = kzg(S)Fl(z),
as desired.

From Theorem 1 and Definition 3 the eigenvalue equation (4.2) could also be

written
Uj fi(2) =V L(f, 0,(g;(n))nezs) fr(2).
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This equation is valid for all fi(z), which is supposed to be a diagonal sequence;
hence

U; =V L(, 0,(g;(n))neze)-

Then the adjointed operators must also be equal.
U; = L(f, 0,(gj(n))neze)V"
by (4.18). This identity is applied to V*~1 fk(z) to get

UFV*"1 fi(2) = g, (k) Ji(2),
which is (4.7).
5. The Lagrange-Good formula. In this section we start with s fps f;(2)
(¢ =1,2,...,8) in the variables 2y,...,2, with coefficients in the integral domain
A and the property f;(2)|z,=0 = 0 and (D; f;)(2)|z,=0 is invertible in A for all 3.
Set f(z) = (fl(z) fa(z ) .-+ fs(2)). Then the sequence f = (f*(2))kezs, where

f*(2) = f¥1(2)f¥2(2) - -- f¥+(2) is a diagonal sequence. Differentiation with respect
to z; yields

zi(D; f;)(2) .
(5.1) zDif%(2) Zk f](;) *k), i=1,2,...,s.

From these s equations we are able to compute the k;’s by Cramer’s rule, and thus
we will get s eigenvalue equations in the sense of Theorem 1.
We write for convenience [f](z) for the matrix

Its determinant is denoted by A f(2). Let A;; f(2) be the determinant of the matrix
obtained from [f](z) by omitting the ¢th row and jth column. Then

(5.2) (i(—l)j“Azjf(z)ZzDz) () = kAf(2)f*(2),  T=12...,s.

=1

With U; = Y7_, (1) Ay f(2)zDy, V = Af(z) and g;(k) = kj;, we can apply
Theorem 1, since all other conditions are satisfied. First we compute U;:

Uy = (Z(-l)j+'Atjf(z)zth)

=1

= — Z(—l)j+1lelA1jf(z)
=1

_-Z 1AL f(2)aDy = Y (=1 a(Didy f)(2).

=1

We shall show that the second sum in this expression is equal to zero. When this
is done (4.4) reads

- (i(—l)j"'lA[]’f(z)le[) hk(z) = chAf(z)hk(z).

=1
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OPERATOR METHODS AND LAGRANGE INVERSION 441

By comparing this relation with (5.2), we immediately get the solutions

hi(2) = f7*(2).
Since (fk(2),V*hi(2)) = LoAf(z) =1, by (4.6) we obtain

3 fe(2) = Bf(2) 7 (2) = z%

with 6 f(2)/6z the Jacobian of f.
We now must prove Y ;_, (—1)7+!2,(D;Ay; f)(2) = 0. Let T, be the set of bijec-
tions on the set of integers between 1 and s. Then

(5.4)
Y (1) a(Didgf)(z)
=1

(e D‘lri [
= > senmz() Driy) | [] %‘z;”(z)
TEL, i=1 i
i)
= z"’(') ﬂ(t)ft)( )
Py ngg‘l =0
k#3 i#3, k
' (z"(j)zr(k)(D"(")D n(k) fi)(2) _ zw(j)(Dr(j)fk)(z)zﬂ'(k)(Dﬂ-(k)fk)(z))
A 72
=2 SWZA(f,J,k )
TEL,
k#J
=Y 3 sennA(f, g, k7).
k=1n€X,
k#3

We divide X, into two classes for fixed j and k: Egl,z i = {olo(4) < o(k)} and

252,2 j the complementary set with respect to ,; i.e., 252,1 j = {olo(y) > a(k)}. We
introduce the map ¢;; from 2( ) 5 onto E£ ,Z j bY tiko = (0(5)o(k))o = o(sk). This

implies sgn(t;x0) = —sgno. Obvxously tjk is a bijection for all k£ # j. Furthermore
we note A(f, 7, k, ) = A(f, j, k, tjxm). Hence

> sgnwA(f,5,k,7)

mEL,
= Y senmA(f,j,k,m)+ > senmA(f,j,k,m)
rez{!) rez(?)
= Z (sgnmA(f, 5, k, m) + sgntxmwA(f, 5, k, tjx7))
neEﬁ'z i
=0.

This is valid for each k; therefore (5.4) is equal to zero, as desired.
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Combined with Corollary 2, this completes the proof of
THEOREM 6 (LAGRANGE-GOOD FORMULA). The coefficients in the erpan-

9(2) = > ef¥(2)

keZe
are computed by
o = { o), ZOL@82\ ) 0(2)81(2) 62
= (o) ZLELEY - (o 210

This is the analogue for (1.2).
Trying to get an analogue of (1.1) by (4.9) we get (if n; is invertible in A)

(5.5)

)
(5.6) cn =n;"'(2°) [E(—1)f+‘Az,-f(z)zzD,g(z)] f"(2)
=1
for j =1,2,...,8. These s formulas are put together in a symmetrical formula by

multiplying the jth formula by n; - |n|~! and then summing over all 5. The result
is

(5.7) en = In|7H(=0) | D (=1 Ay f(2)uDug(2)

l,7=1

f7(2)

(if |n| is invertible in A), but it seems to be only of theoretical interest if s > 1,
since there is no improvement to formula (5.5) (which is the case for s = 1), because
in (5.7) s? determinants have to be computed, in (5.5) only one.

REMARK. (1) In the proofs of the Lagrange-Good formula the Jacobian of f(z)
is usually “pulled out of a hat”; generally (e.g., in [16, 24, 27]) Loz¢(6 f(2)/62)f*(2)
= bk is first proved. The advantage of our proof is that the Jacobian of f(z), or
better A f(z), appears naturally when transforming system (5.1) to system (5.2) in
order to get eigenvalue equations which can be treated by Theorem 1.

(2) Brini [24] and Henrici [27] extend the Lagrange-Good formula to a larger
set of series. For a fixed s € N consider fLs of the form

(5.8) a(z) = Y ai,
lezs

where for all m € Z there is only a finite number of a;’s with |I| < m which are
different from zero. Let the set of all fLs of the form (5.8) be denoted by Ls(2).
Then Brini and Henrici start with f;(z) € Ls(2) of the form
(5.9) filz) =bizi+ Y baz',  i=1,2,...,5

[H1>2
where the b;’s are invertible in A. They show that the Lagrange-Good formula

remains true for these more general series. To establish this we can use our proof
of Theorem 6 verbatim. The only difference is that when applying Theorem 1 and

Corollary 2 we have to take M; = M, = ﬁ(z) instead of Ls(z).
Concluding, we turn our attention to Abhyankar’s [23] inversion formula, re-
discovered independently by Garsia and Joni [8, 9, 17] and Viskov [28]. Let
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fi(2) (¢ = 1,2,...,s) be fLs of the form (5.9) and b; = 1, f = (f*(2))kez- and

= (F'(2))icz- its inverse sequence, where F(2) = (Fi(z),...,Fs(2)) with F(z)
being of the form (5.9), too. (Such a system F(z) does exist; see [24, 27].) Ab-
hyankar’s formula gives an expression in terms of f; for the umbral operator Us,
i.e., the substitution by the inverse sequence §. The above-mentioned authors only
prove it for f; being fps of the form (5.9). A slight modification of Henrici’s [27]
proof establishes its validity even for fLs of the form (5.9) with b; = 1.

THEOREM 7. Let fi(2), Fi(z) (1 =1,2,...,8) be defined as above. Then
D™é
(5.10) =Y 2% ema),
m>0

where Gi(2) = z; — fi(2).

PROOF. Let g(2) = Y iz ckf*(2). Then by definition of Us,

Uzg(z) = E cx2.
kEZ®

Therefore ¢, = (2")Uzg(z). But considering Remark (2) above, we can compute
¢n by the Lagrange-Good formula (5.5). Hence

0\ e 2
611 (nUe(s) = LEHA

L ()9(2)(81(2)/62)2"
(1 - G(2)/z)"*e

=L@ 3 (M) G

m>0
=2 (") ("*m) L (66902
m2>0
= (") Z g 5 ¥ (6me(e).
m2>0

Note that the application of the multinomial theorem was possible because the
order (for definition see [27, (1.3)]) of G;i(z)/z is at least 1, since the f;’s are of
the form (5.9) and b; = 1. Equation (5.11) holds for all n € Z*; therefore

Uso(d) = Y 2L a)am(2)g2),
m>0

which is true for all g(z) € ﬁ(z). This furnishes the operator identity (5.10). O

The generalization of Theorem 6 to Ls(z) seems to be a little artificial, but there
are beautiful applications which can be found in [27, §5]. For surveys and references
concerning multivariable Lagrange formulas, see [27 and 26, Part II].

6. Garsia’s ¢g-analogue of the Lagrange formula. Here we take s = 1 and
A =K(qg) to be the set of all rational functions over a field K in the indeterminate
q. Let f(2) be an fps (in one variable z) over K(q) with f(0) = 0 and f’(0) # 0.
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The powers f*(z) are replaced by the “g-powers” f(2)-f(qz)--- f(¢*~'z) for k € N.
To apply our method, we need an extension for k € Z. Hence we define

f(z)- flaz) - f(g*"2) for k >0,
f[k,q](z) — 1 for k =0,

1
TGl faj s k<o

With the help of Garsia’s [7] starring operator this could be written in closed form:

f%A(2) = f*(2)/f*(¢F2) for k€ Z.
This definition warrants the following properties for k,! € Z:

(6.1) floal(z) . flbal(gky) = fletbal (),
(6.2) Fleal(z)/ flbal(z) = flk=tal(gly),
(6.3) 1/flkal(z) = fl=k1/4) (2 /q),
(6.4) Flkadl(5) = flk1/al(gk=15).

These identities are easily verified by trying all cases.
Let fi(2) = flk4(2). Then f = (fx(2))kez is a diagonal sequence. Then

() fleal(gz) = flertal(z)

by (6.1). But this is

F(2)e9 fi(2) = T fu(2)-
By Theorem 1(B) the dual equation would be, by (4.10) and (4.11),

e f(2):T fi(2) = fie(2).

This leads to . .

fe+1(2) = fk(g2)/ f(2),
and therefore we get
(6.5) Je(2) = fo(g*2)/ %9 (2),
which is proved inductively. The orthogonality relation (3.7) then becomes

Kl Jo(a"2)

(6'6) L f[ q](z) f[n q]( ) 6nk~

Using (6.2) and replacing z by ¢~ "z give
Lof*=™9(2) fo(2) = én,
or, using (6.3), )
Lo fo(2) _

FrR=kI/A(z/q) — "

Setting n — k = m, we get

fo(Z) =6
O fm i (z/q)
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Since fo(z) is an fps, the last identity does not give any information about fo(2)
when m < 0. For m > 0 we have

6.7) (20)——Jo(2)

TG fala™ =~ o

By this identity the coefficients of fo(z) can be succes§ively evaluated. By compar-
ing with Garsia [7, identity (1.7)], we see that our fo(2) is, in Garsia’s notation,
2f0(2)/f(2) or, vice versa,

(6.8) 1°(2) = (f(2)/2) fo(2).
(In our context this is to be regarded as a definition. Moreover we remark that in
Garsia’s paper the roles of f(z) and F(z) are exchanged.)

With his roofing and starring operations, Garsia is able to give an explicit expres-
sion for his f0(z). This cannot be deduced by our method (starring is a nonlinear
operator). We refer the reader to Garsia’s paper. We intend to give a survey of
the usefulness of our method by deriving and extending Garsia’s results that do
not involve roofing or starring operations within our setting, finding some new ones
((6.14), (6.24), Theorems 8 and 10), and proving Gessel’s [10] ¢g-Lagrange theorem.

Next we study properties of the inverse sequence § = (Fk(z))kez. Equation
(3.3) in terms of the g-powers fi(z) = fl%9(z) becomes, for I = 1,

69) S () = =
=1

We denote the fps Fy(2) = Y ;o Fi12' by F(z). Substituting z for ¢*z and multi-
plying by f(*4](z) transform (6.9) into _

Y Fu f+ial(z) = gk pthdl (z)

1=1

with respect to (6.1). In the operator terminology of §4 this is

Zﬁ(f, =1, (Fj1)sez) = L(1,-1,(1),ez) L(f,0 (qj)jez)-

=1

The dual equation, according to Theorem 5, is

Zﬁ Fj1)jez) = L(F,—1,(1)ez)L(1,0,(¢)jez)

or, in terms of the elementary operators,
F(z) = 3Tel®.
Applying this operator identity to £(1/9) Fy(z) yields
F(2)Fi(z/q) = Fi41(2).

Combining this with Fy(z) = F(z), we get immediately the surprising beautiful
form

(6.10) Fi(z) = Fh1/d (),
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From this point of view Garsia calls F(z) the right inverse of f(z) (and f(2) the
left inverse of F'(z)).

As a corollary we get

(6.11)(1) D arz* =) b flRal(z)
k k

if and only if

(6.11)(2) Za,F[' /4l (5 Zblz

The second equation is derived from the first by applying the operator Uy 1 and
vice versa.

By (6.5) the Lagrange formula (4.8) reads as follows: The coefficients in the
expansion

(6.12) 9(z) = 3 e /™ (2)
k€Z
where g(z) € Ls(z), are given by

09 = o ) = e B

(By comparing with (1.2) we note that fo(z) is the g-analogue for zf'(2)/f(2);
hence f°(z) by (6.8) for f'(2).)
Interesting new facts arise by studying the adjoint of Uz. First we find an ex-

pression for the coefficients of fo(z)fl™4](z). For g(z) = z~* the Lagrange formula
yields for the expansion (6.12)

— —k fo(q”z)
¢n = Lo (2 f[md(z)) )
On the other hand, by applying (6.11) to (6.12) we get
Cn = (2M) Ik (2) = Lo (27 FImk1/4 (7)),

Therefore by changing n into —n, we get

Lo(z"F[_k’l/q](Z)) =L (z_k fo( "z) ) )

fl=madl(2)

On the left side we substitute ¢g~*z for z; on . the right, ¢"z for z. This is allowed
because Lo(a(z)) = Lo(a(pz)) for all a(z) € Ls(z) and constant p. Together with
(6.2) this leads to

Lo(z"/F®:19(2)) = Lo(z™* fo(2) /™9 (2))
or
(6.14) () fo(2) S0 (2) = (z=™)1/FE:/4 ().

This identity plays a significant role in the proof of Gessel’s theorem [10, Theorem
6.9]. In addition, it is easy to extend Garsia’s g-Lagrange inversion formulas (7,
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identity (1.10) and 25, identity (5.6)] to integral n and arbitrary ®(z) € Ls(z) with
the help of (6.14). In fact each of them valid for all n € Z and ®(z) € Ls(z) is
equivalent to (6.14).

In particular, we get, for n =0,

= 1
k — (0
(2' )fo(Z) = (Z )F["’l/‘ll(z)'
After we substitute g*~!z instead of z on the right side, (6.4) implies

(6.15) A5 = (O (= EFEAG)

This briefly means, if we remember (6.11), that fo(z) is the same for the left and
right inverses of F(z). (6.14) for n =1 and k + 1 instead of k is

(6.16) (4 L) (z)f (2) = (2 ">Fuc+x/q](zy

which turns out to be Garsia’s coefficient representation of his f°(z) [7, Theorem
1.3]; compare to (6.8).
Now we consider Ug.

k rr= 1 — k 1
<z Vs memaragy ) =\ momray)

1
— [k,1/4] _
= (F+/90). i)
= Lo Flk+n.1/4] (¢"2)
by (6.2). Using (6.3), we rewrite (6.14), for n = 0, as
(z*) fo(2) = () FI=R1/4) (gz2) = LoFI=F:1/4)(p2)

for an arbitrary constant p. Therefore

<z Uﬁm‘i‘m?‘» (z7* ") fo(2) = (¥, Jo(2)2").

Asvalid forall ke Z ’
* —_ n
U _—F[-",l/q](z) = fo(2)2".

After using (6.3) again, we get

(6.17) fo(2) U@ Flmal () = 2.
But according to (4.12) and (6.5),
(6.18) fo(2)T'Uze 2" = g™ fo(2) ™ f-n(2)

nfO(q nz) 1
fo(z) flmmdl(2)

[n,1/q)
- (ekela ()
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Therefore the right inverse of F(z) is ¢(fo(z/q)/fo(2))f(z/q). This proves

THEOREM 8. Let f(z) be the left inverse and 1 f(2) the right inverse of F(z).
The coefficient of z™ of the fps fo(z) is defined by (6.15). Then the relation

(6.19) 1£(2) = a(fo(2/9)/ fo(2)) - f(2/9)
holds, and the operator identity
(6.20) U; = fo(2)U, /9

where 1f = (1 f51/9)(2))kez.

Quite analogously read the results for F(z), namely

_ 1 Fy(g2)

6.21 F(z = F(qz
(6.21) 1F(2) 1 Fo2) (g2)
if 1 F(z) denotes the left inverse of f(z) and

(6.22) Ut = Fo(2)U, 3¢9, O

Because Uz = Uf_l, we have by (6.20) and (6.22) that
(6.23) fo(2)U, /0 = MDY~ Fy(2) 7.
Combining (6.8) and (6.19) yields

1/(2)fo(2)/z = 1°(2/q)

and, analogously,
1F(2)Fo(2)/2 = °F(gz).
(Garsia has to distinguish between f°(z) and °f(z) or F°(z) and °F(z), respec-
tively, because these fps are not independent of whether we take the right or left
inverse. The advantage of our fo(2) is that we need not bother about this. For
clarity fO(z) arises by taking the right inverse of f(z); °f(2), by taking the left
inverse of f(z) or, in other words, the coefficient of 2* in f0(z) is given by the right
side of (6.16), and the coefficient of 2* in Of(z) is given by the right side of (6.16)
after q is replaced by 1/q and F is replaced by 1 F. The same holds analogously for
FO9(2) and °F(z).)
Moreover, we state the operator identities

U1 f(2)eMD =207}

and
U™ §1F(2)e@ = 2U 7,

which are verified by applying ; f{™1/9](2) and ; FI™9](2), respectively. Then (6.23)
reduces to

(6.24) 22U, =UFF(2)7".
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Garsia’s g-analogues of the chain rule for derivatives are special cases of this oper-
ator identity. Here it is convenient to adopt Garsia’s notation for his g-analogue of
functional composition:

o(f) =3 _f(z) or @(E) =) @FH/a(z),
k ]
respectively, with ®(z) = Y, ®x2* an element of Ls(z). Applying (6.24) to OF(z)
then yields
(6.25) PP =1
[7, Theorem 2.6]. By (6.19) and (6.8) we know that

F (2]ak
Jf1/al(z) = qk%(/:))f[kﬂ,l/q](z) .

which transforms the last identity into

W | =

oo

(6.26) Y OF ¢F S (2) fo(2/q*) = =
k=0

([7, Theorem 1.4], where g is replaced by 1/q. The equality of fo(z) and Garsia’s
eq(2) are proved in Theorem 8). Applying (6.24) to 1 yields

(6.27) fo(z)= °F7I(f)

which is another g-analogue of f'(2) = F'(f(z))~*.
Now we are in a position to give a new proof of Gessel’s (strong) theorem [10,
Theorem 6.9], which in our notation reads as follows.

THEOREM 9 (GESSEL). Let f(z) satisfy

(6.28) f(2) =gz gnf™(2)
n=0
with g(2) = X7 gn2™ an fps with g(0) # 0. Let f(z) satisfy
(6.29) @) =23 el ™).
n=0

Then there for n,k € Z,

(6.30) (") fo(2) f1E:0)(2) = g("3) (zn—F)glm1/al (2 /q)
holds, where fo(2) = (1 —d(2))~! with

(6.31) d(z) =2 f: 9i+j+1f[i’ﬂ(Z).TU'I/QI(Z)-
i,j=0

PROOF. Division by zf(2) and substitution of z/q instead of z turn (6.28) into
1 [e o]
(6.32) == ) tnta /().

n=-—1
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But 32° | gnt12™ = g(2)/2z. If we set F(z) = 2z/g(2), then FI-LVd(z/q) =
g(z)/z. By (6.11) we obtain that the left inverse of F(z/q) exactly satisfies (6.32).
Therefore (because of uniqueness) f(z) must be the left inverse of F(z/q). Since
Uze D [F(2/q)|h1/9) = 2!, we get f(z) = Uze@z = q(Uzz). Uzz is the left inverse
of F(z); therefore f(z)/q is the left inverse of F(z). Similar considerations starting
with (6.29) show that qf(z) is the right inverse of F(z). This and (6.19) give

g-1102/9) fO(Z/Q)

(6.33) fz) = o)

f(2/q),

where fy(2) is defined as in Theorem 8.
Since (6.30) is obviously just a rearrangement of (6.14) with n and k exchanged,
only 1 —1/fo(2) = d(2) is left to be proved. We have

1 1 ~
O C

- fotz) (-0 (o) - o (2))

= fotz)(l -t/ (Zfo n;1g nt1 9 (2)

-(3)i () £ st (3))

by (6.28) and (6.29). Using (6.33) and (6.4), we obtain

! ! (l/q) (Z gn+1 (zf()(z)f[n’q](z)

T Rox) hla)l-¢
- i () 19 (75) ) )
1_auw”‘

: E Int1=———17 c(1/9) (sz(z)f[n'q](z))

fO Z n=0

Z gnt1 Z e (fo(2) £ (2)

- ~(z
- ~1$la772) 174 [ia)
zz;og’““q T () e

Again using (6.33), we get the desired equation

1-

L oS gy /B9, o
fO( ) 1,7=0

The next theorem adds another identity of this rather strange type; it is a g-
analogue of the chain rule for derivatives.
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THEOREM 10. Let F(z) = Y .2, Fa2", f(2) be the left inverse and | f(z) the
right inverse of F(z) and f°(2) as in (6.8). Then

(6.34) i Fi+j+lf[i’q] (qz) lf[j’l/q](z)fo(z) =1.

i,5=0
PROOF. By (6.19) and (6.8),

(1 - WD) 3 Fiyjpafh9(gz) 1 /019 (2) f(2)

A’j_o

= (1-el/9) Z Fiyj1f9(g2)¢’ fo(z(/q )f[”l/"] (q) fO(z) ()

z]—o )

= (1) Z Foir Zeu/q)f foT(Z) flntial ()

n=0 7=0

— F 1— /ot fO(Z) flntlal
3 Fa( 1) pintralz)

n=0

fo(z) EF  fln+1al(z) o z) Z Fopy 1 fin 0174l ()
V4

z

Therefore the left-hand side of (6.34) is equal to a constant, which is easily evaluated
by setting z=0. O

Obviously more identities of this type can be obtained in a similar manner.
Indeed, a beautiful theory can be developed. But unfortunately it seems that only
in Carlitz’s special case, that is, f(z) = z/(1 — z), can the fps f0(z) and fo(2) be
evaluted concretely. (There

1

1 .
fo(z)=m and fo(z)=m~)

A slight generalization of this example can be obtained from the same considerations
Gessel makes in order to expand his g-Lagrange inversion formula of [11] to the
inversion formula of [12]. (Riordan does the same in the opposite direction, when
he derives the inverse relations of Legendre type by those of the Chebyshev type
in [22, §2.5].) We only briefly state the result of this procedure, making use of the
terminology of [18], namely

eq(g%z/(1—¢q
(6.35) P = ) = ,;,‘ RCIHES
which is a g-analogue for (1 — 2)*. Let d be a natural number. Then for f(z) =
2/p{%)(1,2%) and fi(2) = fikaI(2),
1 = 1

(x) = W and fo(2) = T4
(fr(2) of course is an analogue for z¥/(1 — 24)¥/4.) The corresponding Lagrange
formulas appear in [12 and 19].
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7. The g-Lagrange inversion formula of Gessel and Stanton, a general-
ization by Carlitz. Let K be a field of characteristic zero. Gessel and Stanton’s
[11] formula essentially is a g-analogue of the inverse relations of Gould type [22,
p. 52]. As application of our operator method in connection with this Lagrange
formula has already been discussed by Hofbauer in [16]. We shall only state the
result and leave the details to the reader.

The sequence (fx(2))kez with

(7.1) fule) = 3 AP Pk (75

n>k (q,Q)n—k
where A,p € K, satisfies the eigenvalue equation
(2 + 1)elD fi(2) = ¢* (fi(2) + A2eP @ fy (2)).

The sequence (hk(2))kez, given by

_ (Ap ap_l)k—l k=l _~1
hk(z)—,szk @

k—1_k
q

satisfies the dual eigenvalue equation
eV (2 4+ 1)hi(2) = ¢*(hi(2) + AP /D zp, (2)).

Therefore the wanted sequence (fi(2))kez is, by (4.6),

£ _ (Apk_lqk)p-l)k—l—l _ 1IN 1\k=1 -1
(7.2) fk(z)—lszk O (1— Aplgh)(=1)F—tz,

(Indeed Gessel and Stanton’s notation differs from ours by the factor q(g)"'(k;l), but
obviously both inverse relations are equivalent. Our choice of constants warrants
the condition fix =1 for all k.)

If g =p°~!, A=p® and p — 1, then this inverse relation turns into the classical
Gould-type relation if ¢ # 1:

ok = a+n+ck—k-—1
nk — n—k

if and only if

_(_k—t1atcl fa+ck
Fu=(-1) a+ck(k—l '

(The factors (c—1)¥~™ and (c — 1)'* are negligible.) In [14] Gould and Hsu found
a generalization of this inverse relation, which can be written as

j=k+1(a5 + kb;
r3)0) fon = hrmerales 2 22

if and only if

k
k=1 Q+1 + Iy H,-=,+1(aj + kb;)

(7.3)(2) F = (-1) @it Kbt (k—1)!

for arbitrary a;,b; € K.
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Carlitz [2] gave a g-extension of this generalized Gould-type inverse relation
which contains the above-stated formula of [11] as a special case. His viewpoint is
quite different, though. Whereas Carlitz restricts his interest to inverse relations,
Gessel and Stanton apply their formula to derive transformations of basic hyper-
geometric series, Rogers-Ramanujan identities, etc. The next theorem presents
Carlitz’s inverse relation in a somewhat modified form.

THEOREM 11 (CARLITZ). Let aj, b; be elements of K(q). Then

[T} k41 (as +9*b;) )

90 S e

if and only if

k
k—1 41 + qlbl+1 Hj:l-}-l(aj + qkb])

ary1 + qkbiga (9:9)k—1
PROOF. To apply Theorem 1 we let A = K(g). Set

(7.4)(2) Fr = (-1)

fel2) = Z [loksa(es + qkbj)q(";")zn.

n>k (q, Q)n—k
Then
(£(1,0, (a5)jez)z + 1)e'D fi(2) = ¢*(fi(2) — L(1,0, (b)) jez)2e@ fx(2)),

which we prove by comparing coefficients of 2™. The dual equation for the aux-
iliary sequence (hk(2))kez then becomes, from (4.10), (4.18), and because of 1 =

(27%)kez,
e (2L(1,0, (a—5)jez) + hi(2)
= ¢*(hk(2) — €MD 2L(L,0, (b-5)se2) bk (2))-
Comparing coefficients of z~* leads to

¢ (a4 1hia41 + hig) = ¢ (Rt — ¢ big1heisr)

or k
_ Q41+ qbi4

hr = =g

hi,it1,

from which we obtain

k
hit = (—1)k Hj=1+1(aj + qkbj)
(2, Dkt
by setting hxx = 1. Then a short calculation shows that, by (4.6),

k
aip1 + ¢'biyr [lj=iga (e + qkbj)z_,
ai+1 + qkbyy (9, Dkt

fe(z) =Y (-1)F

1<k

)

which completes the proof. O
Gessel and Stanton’s formula arises from (7.4) by setting a; = 1 and b; =
—Ap’~1. Their method of proving their formula in [12] also suffices to show (7.4);
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moreover, (7.4) seems to be the most general inverse relation which can be proved
by this method.

In [4] Egorychev found two generalizations to several variables for the Gould-type
inverse relations for the case ¢ = 1, namely

_fa+ Ef=l(n,~ + c,'k,' —k) -1
(7.5) = (*F el ek =) =)
k1| a+E,_ c,l, a+ Y, ciki
Fkl ( 1) a+21_ C,, kl—ll ]Cs—ls ’
and
]
_ a; + ¢jln|
a6 fue=T1 (% 75)
1=1

aj +c;ll| + k-1 -1
kj — 1 ’

Fiy = (-1l (1+Zc‘ +c|l|)

or equivalently

s
a; +cjlk|l +mn; —k;j —1
an = [I(vTOMAL R,
J J

i=1
ik = 1)\ 4 (a5 + ¢k
= (-pe-t (1 -yl h) H(’ i )
b= (1) Soitalkl )\ k=l

Here n, k,l are multi-indices. The multinomial coefficient

(¥ 5)

M!
Nl NJ(M =Ny — - = NI’

These relations are proved by the Lagrange-Good inversion treated in §5. For (7.5)
we have to observe that for the sequence

s k; 1
(I;I 1-— ‘ 1 z,)chJ ) (l - E;?:l 2)°

the sequence fi(2) by (5.3) is

fk(z) - ( Ez— C:Zz ) (H (1 - 1—1 zz) L] (1 _ i:Zi)
=1

J

Jj=1

n (7.5) means

(7.7) corresponds to the pair
k

Je(2) = H L 1—% )a,+c,|k|
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1- zj)%"’%lkl

R (125 ) [1 4=

In (7.6) the roles of fpx and Fy; have to be exchanged. Then the relation corre-
sponds to the above pair with the expression (14 ;_, (cizi/(1 — z;))) shifted from
fi(2) to fi(2).

To find a g-analogue for the first expression, one might try for f,x the expression

(Ap*lgf! - - gk*, p)jn
(ql"h)m—kl T ((Isa Qs)n,—k,

times suitable powers of the g;. It is not difficult to obtain the missing term either by
finding the “right” eigenvalue equations for fx(z) or by extending Gessel’s original
proof (in [12]) of his one-variable inverse relation to s variables. Once having done
this it is easy to extend even the more general Theorem 11 to s variables. The
result is

THEOREM 12. Let a;,b; be elements of K(q1,q2,...,9s). Then

k .
T 1 (a5 + b2 - gheby) 13[ q("";"-‘)—ki S (k)
1

(7.8)(1) S = (91,91)n, k1 =+~ (959 95)n,k,

i=1
if and only if
L Lop Hlfcl (a; +q* -
(7.8)(2) Fkl=("1)|k_”alll+l +4qr g0+ L=y 41135 T O H K,
aj+1+ q’ll ...qf,’bm.,.l (91,91) Ky 1, -+ (gss Qs)k.—l. =1
i—1
where K; = —k; Z(k,. -1).
r=1

PROOF. To apply Theorem 1 we need to take A = K(q1,...,qs). Set fx(z) =
> n>k fnk2™. For the linear operator £(1,0, (a);|)jezs) we write, for short, 4 and
for £(L,0, (bj;|)jez+), we write B. Then

8
(7'9) (ﬂ Ezieg‘h) .. .eg‘h‘) + eg‘ll) .. -egﬁh)) fk(z)
=1

=gkt ... gk (fk(z) -8B zel® .. -e£""’fk(z)) ,
=1

which again is proved by comparing coefficients of 2™. The dual equation for the
sequence (hi(z))kez. is then

8
(Z Egl/ql) .. ’5,(1/%)2:‘-4* + egl/‘“) ces egl/q’)) hi(2)

8
= qi‘l gl (hk(z) _ Zegl/m) . (1/0-) ) hi(2).
=1
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Since by (4.18), A*z7! = a|,|z_’ and B*z~! = bmz", comparing the coefficients of
27! leads to a recursion relation for the coefficients of hx(z) which finally gives

Ikl s
kl = (—l)lk—ll Hj=|l|+1(aj _f_ql1 : b, ) H K
(91,91) k-1, " (qs,qs ko ts |

By (4.6) we get, after a short calculation,

bl gle
fk(z)z Z(_l)uc—u ap+14; - q b4

k
1<k ajj+1 + fhl e 'qk’b|z|+1

|k| k
. ) R H Ki gl
(q1,91) k=1, - (qs,qs ke—lo 3o

for K; = —k; Y02} , as desired. O

REMARK. We d1d not mentlon specifically that it is not self-evident that appli-
cation of Theorem 1(A) to (7.9) is possible What has to be checked is condition
(4.3). In this case this is ¢¥' --- g5+ = ¢ ...¢™ if and only if n = k. A single
equation is enough information to compute fk(z) by Theorem 1, although fi(2)
is an s-variable fps. Normally when dealing with s variables we need s equations,
such as in §5 (yet it is not difficult to add to (7.9) (s — 1) similar equations).

The special case for b; = —Ap’ and a; = 1 is the g-analogue of (7.5).

COROLLARY 13. The following inverse relation holds:

(Ap*lgr -~ gb*, p)in—ki
7.10)(1 =
( )( ) fnk (QhQI)nl—kl n (qs’qs)"-!_k’ ]:Iq'

where

1—1
K = (" ) ’“) kS (e — k)

if and only if

)'k 1 (1 — Aplilgtr .. )
(1- Apligs - g5°)

(Aplkl ! fl T q Y |k ]
7.10 . . 0O
( ) (‘ha‘h)k;—h (st(Is)k 1qu

(7.10)(2) Fr = (-1

By setting ¢; = p%~!, A = p® and p — 1, we get the inverse relation (7.5)

(again after deleting the factors (c; —1)k»="1 ... (cs — 1)¥s=™s and (cy —1)'17F1 ...
(cs = 1)te=Fe).

Concluding, we remark that the inversion formulas of [12] are proved in a similar
manner.

8. The author’s g-analogue. This section deals with the g-analogue given in
(15, 18, 19]. Here we do not have such an extensive theory as in §6, but there are
many examples, which yield g-extensions of Riordan’s inverse relations (see [19]),
special polynomials, etc. Let s =1 and A = K(q) for a field K.
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The essential definition is
DEFINITION 14. The fps p4(2), a € R, are called g-powers for a fixed fps ©(2)
if a(0) # 0 for all & and

(8.1) DWp,(2) = [a)e(2)eal2)-

Obviously in the case ¢ = 1 the fps p,(2) (save a constant) are powers of an fps
?(2) with p(2) = @'(2)/®(2). If we write (8.1) as

(8:2) eWpq(2) = (14 (¢ — 1)2(2))pa(2),
we obtain, by successive use of this formula,
1
pa(z) =

[T520(1 + (¢* — 1)g720(g’2))’
or, by Garsia’s notion of starring (7],

1 *
(83 o) = ()

A short evaluation shows that for a,b € R(C) and m € N,
EXAMPLE 15. e4m((a[e] + b)z™)/eqm (b2™) are g-powers corresponding to

p(2) = a[m]z™ " /(1 + (g™ — 1)b2").

This is the most general known example for g-powers in the sense of Definition 14,
but it suffices for the applications.

Let pq(2) and ®,(2) be g-powers for p(z) and ®(z), respectively. Then we
consider the sequence f = (fi(2))kez, where

(8.4) fi(2)
By (8.2) we get for fi(z),

P

T oA (92)/®k—u(2)’

_ k 14 (g F* - 1)28(2)

(85) e I() = T T Dgsptae)

and, after a short calculation,

(8.6) (e\D(1 — 20(2)) — ¢7#28(2)) f(2) = ¢* (D zp(2) + 1 — 2(2)) fi(2).
Thus the dual equation for the auxiliary sequence (hg(z))kez, by (4.4), is

(8.7) ((1-2p(2))e/) — g™#28(2))h(2) = ¢*(—a* z0(2)e /D +1 - 28(2)) hi(2)

or, equivalently,

)fk(z),

k14 (a7 —1)28(2)

(1/4) =
e 0 hi(2) =" @~ Do) hi(2),
then finally "
—k 1+ (@** — 1)gzp(g2)
(@ — ok
eVhe(z) =¢ T+ (@57 = 1)g29(q2) k(2)
Thus
(8.8) hi(2) = P+ (92)/®—k—u(g2)

2k
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and, by (4.6),
(8.9) fu(2) = (—g*zp(2)e/D +1 - 28(2)) hi(2)
= (=¢"**2p(2)(1 + (77 — 1)28(2))

+(1 - 28(2))(1 + (¢** - l)w(z)))som(z)/jc-k_u(qz)

= (1= 2p(z) = 28(2) + (1 - )2 p(z)(z)) Lt Bkmnld)

The necessary condition (fi(z), fx(2z)) = 1 is easily verified. Thus we get the
Lagrange formula
THEOREM 16. The coefficients in the expansion

(8.10) 9(2) =) ek A

= e (2)/@—k-u(2)

with g(z) € Ls(2), pa(2) and ®4(2) being q-powers for p(z) and &(z), respectively,
are given by

(811)  cn= <g(z), (1 - 2p(2) — 28(2) + (1 - ) 22p(2)8(2))

“Pn+z\(z)/q)-n—u(qz)>
zn
= (2°)g(2)(1 = 2p(2) — 28(2) + (1 - ¢*#)2%p(2)®(2))
) Pn+a(2)/P—n-u(q2) o
2" '
In [18] also an analogue of the first version (1.1) of the Lagrange formula is

obtained. This shall be generalized here. First recall the case ¢ = 1. There the
expansion (8.10) corresponds to an expansion of the form

C kz
() =3 kf*(2)

e o)

if we assume lim,_; pq(2) = B%(2), limg_; Vo (2) = 3%(2), 2/8(2)®(2) = f(2)
and 3" (2)7*(2) = a(2). Then by (1.1),

-1 _
¢n=—(27")(9(2) -a(2)) f"(2) forn#0.

The g-analogue of this formula is

THEOREM 17. The coefficients in the expansion

(8.12) =) o a

kE€Z
with the assumptions of Theorem 1, for n # 0 are given by

_ 1 i@ (92)er(2)\ ensa(2)/P-n-u(az)
oo = 0 (%2505 ) )

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use

Orr(2)/Pk—p(2)’

(8.13)



OPERATOR METHODS AND LAGRANGE INVERSION 459

PROOF. This time we start with the sequence f = (fx(2))kez, where
2For(2)/P-u(2)
8.14 z)= L .
(8.14) fi(2) O+ (2)/P—k-u(2)
By (8.2) we get, after a short calculation (analogous to that which yielded (8.6)),

1—zp(2) a q *2®(2)
(1 o Py e P A e popn 1)z<1>(z)) (@)

_ *zp(2) . 1 - 28(z)
=q* <_1 (- 1)zgo(z)e( ) 4+ T3 (F = 1)z<I>(z)> fx(2),

which is equivalent to

~ ¢ 20(2) 1—29(2)
(8.15) 2D fi(z) = [k] (“ T P T KA e P T

Thus the dual equation for the sequence (hi(z))kez, remembering (4.10), is

) feta).

(8.16) — %zD(l/")hk(z)

= ¢*20(2) 1-29(2)
= (k] (—e(l/q) 1+ (@ - Dzp(2) + 15 ("= 1)z<I>(z)> hi(2),

which finally leads to (quite analogously to the considerations which proved (8.8))

hk(Z) — Pk+x (z)/q)—k—#(qz) .
For(2)/3-n(02)
Therefore by Corollary 2 we get, by letting U = 2D9), g(k) = [k], after having
compared (8.15) and (4.2):
The coefficients in the expansion

(8.17)

3 = 3 e 2022402

fo=ra ok (2)/®_k—u(2)
are given by (for n # 0)

-1 @ () Lrtr(2)/P—k-u(g2)
on =y (20950, Eoa e ).

But after multiplying both sides of (8.12) by px(2)/®_,(2), we see that this is
equivalent to (8.13). O

REMARK. (1) In [18] only the special case A = u = 0 is proved.

(2) Indeed here we have analogues of both types of the Lagrange formula. For
lack of identities similar to (6.1)—(6.4) this theory seemingly cannot be further
developed. In particular we are not able to say something reasonable about the
inverse sequence § in contrast to Garsia’s theory. (Via (8.15) and Theorem 5
we could get a recursive formula for the Fi(z). It is omitted here, because it is
usable only in special cases.) The reason is that the fps ¢(z) seems to be the only
connection between the powers o, (2).
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EXAMPLE 18. This example should demonstrate use of our Theorem 16 and
17. It concerns the problem of finding g-analogues of Euler’s (5] formula

= b(b+n)""1
(8.18) B DY —(—%(ze n,
n=0
An equivalent form of (8.18) is

n

(8.19)

= b(b+ n)" 1z
E elb+n)z’

A reasonable analogue for €%, or better e(bt™)?/eb2 in view of Example 15, is
el/q((b + q7[n]1/q)2)/€1/4(bz). In Example 15 q has to be replaced by 1/q, and
a is set equal to ¢~!. Then these fps turn out to be 1/g-powers corresponding to
p(2) =1/g(1+(q— l)bz). (The choice of the base 1/q instead of ¢ will be explained
later.) Theorem 17 for A = u =0, ®(2) = 0 and q replaced by 1/q gives: If

k
z
e1/4(b2) = c )
1a(82) = 2k e T e ey @)
then for n > 1,
| e1/q((b+ g7 [n]y/4)2)/€1/4(b2)
Cn = D19 ey, (bz 2 g 2
n [n]I/q ) ( l/q( )) Zn
_ 1 z_1>bel/q((b+q_1[n]l/q)z)
["]I/q 2"

g+ )

Of course ¢cg = 1 and ¢, = 0 for n negative. The desired analogue for (8.19) is
therefore

(8.20) 1= f:
n=0

The similar formula
1 _ q\ 2 —n[)n 2"
e ey vy R e R U I w8

n

zn
€ /q((b+Q‘"[nIZ))'

gz
l b(b+g~"[n))"

n+1

(8.21)

which is easily proved by Theorem 16, is a g-analogue for the well-known identity

1 X (b+n)m 2"

(822) 1—-2 r’ n! e(b+n)z’

If we multiply (8.21) by 1 — 2(1 + (¢ — 1)b) and then add to (8.20), we obtain

o0 "

(8.23) Z

)TN~ 2) + 2(1 - g)b)(g"b + [n]) + b)

“er/q((b+ g7 n])2)’
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which is valid in the sense of fps. In [1, identity (7.48)] Askey and Ismail evaluated
the right side of (8.23) f 0 < ¢ < 1, b > 0 and 2 = 1. The result is a curious
g-analogue for the special case of (8.19), where z = 1:

1

()
(8.24) 1— b(b+q™"[n])" "1 (2~ ¢" +b(1 - )qn)m-

= [ J!
(e1/4(2) converges for all z € C if |q| < 1; therefore we took 1/q instead of ¢.) Since
the right sides of (8.20) and (8.21) turn out to be analytic functions for Rez > 0
because there the series uniformly converge, two questions arise:

(1) Is it possible to evaluate the right sides of (8.20) and (8.21) for 0 < ¢ < 1 or
even |g| < 1?7 (Both (8.20) and (8.21) are wrong in this case.)

(2) What is the relationship between (8.24) and ¢-Lagrange inversion? (Askey
and Ismail obtain (8.24) in connection with an orthogonality relation for ¢-Carlitz-
Karlin-McGregor polynomials.)

What can be shown is that (8.20) and (8.21) (and therefore (8.23)) hold for ¢ > 1
and |2| < 1/|14+(g—1)b| after e1/4((b+¢"[n])2) " is replaced by e,(—(b+¢~"[n])2).
(In the fps-sense both expressions are identical, but for ¢ > 1 only the second
converges for all n € N and z € C.) This is proved by proving uniform convergence
of the right sides of (8.20) and (8.21) for |2| < r, r being fixed with 0 < r <
1/|1 + (¢ — 1)b|, and using Weierstrass’s double series theorem.

For 0 < g < 1 this argument does not work, because there does not even exist a
neighborhood of 0 where for all n the functions 2" /ey /4((b+ ¢~ "[n])z) are analytic.

After this excursion we turn to the problem of finding g-analogues of the s-
variable Lagrange-Good formula. At first sight this seems to be easily established
by suitable extensions of the g-powers p,(2) to s variables. But even for s = 2
great difficulties arise. Still we succeed in establishing some special two-dimensional
formulas.

LEMMA 19. Let po(21) and ®,(22) be g-powers for p(z1) and ®(z3), respec-
tively. Then

(1)

k1 k2
21 %9

fry ko (21,22) =
RN (750 y - SR %

satisfies the system
(D) (@721 - 28(22)) — £V 210(21)) fry 2 (21, 22)
= q"‘“*eﬁ"’(l — 210(21) — 22®(22) + 210(21) 22®(22) (1 — ¢*7#))
* S k2 (21, 22)5

() (g *22®(22) + eVef” (1 — 210(21))) fiy ks (21, 22)
= ¢"el? (1 - 210(21) — 228(22) + z10(21) 22®8(22) (1 — *H))
* fiy bz (21, 22).

(2)

©ky+k2+1(921)/ Pk, —k 2
hi, k,(21,22) = 1+ka+A (g :l/lzkz 1 —ka—u(g22)
1 %2
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satisfies the dual system
(1) (q—A(l ~ 228(2)) — 21p(21)ef Vel )b,y (21, 22)
g 7M1 = z1p(21) — 229(22) + 210(21) 22®(22) (1 — 7))
. f:‘gl/q)hkhk2 (21,22);

(") (=g #229(22) + (1 — 210(21))e DS D), ke, (21, 22)

=¢*2(1 — 210(21) — 229(22) + 210(21)22®(22)(1 — ¢* 7))

: Egl/q) hkl,kz (21, 32)'

(3) By (4.6),
Feu ks (21, 22) = (1 = 210(21) — 2200(22) + 210(21) 22B(22) (1 — g*74))
 Phitky 42 (21)/ Pk —ka—u(g22)
zf‘zé"
The proof of this lemma is straightforward.
Equation (4.8) then gives

a

THEOREM 20. With the assumptions of Lemma 19 and g(z1, 22) € Ls(z1, 22),
the coefficients in the ezpansion
k1

2k
9(21,22) = Z Ck 17

vege Pritka+x(921)/ @k —ko - (22)

are computed by
en = (20)9(21,22)(1 — z10(21) — 228(22) + 219(21) 228 (22)(1 — ¢*™#))

$0n1+ng+A(Zl)/®—n,—ng “(QZQ)
222
1 %2

Obviously this theorem intimately corresponds to Theorem 16. Indeed the proof
of the orthogonality relation in [18, Lemma 1] is easily converted to obtain the
orthogonality relation which proves Theorem 20 by g-differentiation with respect
to 2, and 25 at the same time (meaning the operator DI, = (¢{P&{? —1)/(¢—1)).
EXAMPLE 21. This short application of Theorem 20 concerns the g-Catalan
numbers treated by MacMahon [20, p. 214; 21, pp. 1345, 1429] and Firlinger and

Hofbauer [6]. They are able to compute a generating function of those numbers
9 (z):

u}

s = i ¢~ Gl ()2

(8.25) (=47 "2,9)n(—922,q)n

n=1
If we write C\ (z) = ¥, rnk(g)2*, the coefficients r,x(g) are g-Runyon numbers.
We compute them by Theorem 20. It is convenient to first set z = 25 and z = 21 /23.
Then (8.25) becomes, by (6.35),

> g G S, rak(q)2bp*
(8.26) =) (q) = (q)1 2

o1 PR (1, —q"29)pn’ (1, —q21)
1 kz

_ Z q rk1+k2,k1(Q)zl
(g)

k1 k2 Prytky (L =021 )Pfcql)+kz(1’ “q_k'—’” 22)

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



OPERATOR METHODS AND LAGRANGE INVERSION 463

o= — k1 + kz)
= 5 .
(2)

According to Example 15, ps'’ (1, —2) are g-powers for 1/(1+2) if weseta=1,b=
—1/(1-g) and m = 1. By setting p{? (21) = p (1, —2;) and ®4(2) = pP (1, —2,)
and applying Theorem 20 to (8.26), we get (A = u = 0)

where

ank1+k2,k1 (q) = (20)22 (1 - 1 j_lzl - 1 _7_222)
Pk (1 =221, (L =g ™8 ot 29))
zf‘zfz
(1—z120) P hry—1(L,—g21)
=(0)kk_1 o) 1t+k2 —— .
zlxzzz pk1+kz—l(l’_q k1 k2+122)

After setting n = k; + ko, k = k1, we obtain, by (6.35),

g~ B rni(q) = g1+ ("7")=ntn—k-) [" " 1] [ n—1 ]

n—k—1
_ Ky (P p(n-k-2) [P — 1 n—1
O+ [k_l][n_k_z
—(2)+k2+k [n—1]1?

=1 Kn — ke + 1)[n — k — 1!

“([n = k][k + 1] - g[k][n - & — 1))

- 725 2 [n— l]!2
=g ek e =R+ i =k =1

and finally

®.27) @ = 1] 0]

Two further two-dimensional ¢g-Lagrange formulas are stated below. The proofs
are quite similar to that of Theorem 20. A more detailed discussion of two-
dimensional ¢g-Lagrange formulas is the object of another paper.

THEOREM 22. With p4(2) and ®,(2) being g-powers for p(z) and ®(z), the
coefficients in the expansion

k1 k2

9z2)=>" e 1 %

oz Pl +k)/242(92122) /@ (ky +k2) 20 (2122)

are given by

cn = (29)9(2) (1 = z1220(2122) — 2122®(2122) + 2223 0(2122)®(2122) (1 — g*~H)).

. W(n1+n2)/2+z\(zlz2)/q)—(m+n2)/2—p(qzlz2)
21122
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THEOREM 23. With the assumptions of Theorem 22, the coefficients in the
expansion

k1 k2
21 2

k
Ok, +2(92122) /P ky—u(2122)

gz)=) ¢
keZ?

can be evaluated by

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.
20.

21.

23.

cn = (2°)9(2) (1 — z12200(2122) — 21229 (2122)
+ Z;')Z§<P(z1z2)q)(3122)(1 — q)\—#+n1—n2))

Pny+a(2122)/P—n,y—u(g2122)

ni N2 *
21 2
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