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NEW APPROACH TO THE LAGRANGE-BURMANN THEOREM VIA
OMEGA CALCULUS AND APPLICATIONS

ANTONIO FRANCISCO NETO

ABSTRACT. A novel approach to the ubiquitous multidimensional Lagrange-Biirmann Theorem
is developed which uses the omega calculus (OC) developed long ago by MacMahon to study
the partition of natural numbers. Several applications are given including the answer to open
questions regarding the generalized Lambert function W as stated in [56]. More precisely, a
master theorem is presented introducing a new generalized Lambert function for which several
previously known representations arise as special cases including most Taylor series results
of [66] and some other integral representations. Furthermore, the convergence radius of the
aforementioned generalized Lambert function is explicitly determined for which even special
cases were not known before. This work shows another instance where omega calculus is useful,
this time, to address inverse problems of general interest related to functional equations.

1. INTRODUCTION

The Lagrange-Biirmann (L-B) formula including its multidimensional version is a distinguished
example of an inverse problem. More precisely, it provides an expansion of the composition of
a function defined by a power series with an inverse function (provided it exists) and has a long
history with many proofs, variations, and widespread applications. We refer the reader to the non-
exhaustive list [I} [T} [26] 27, 28], 29, 3T, B7, [40] 44} [48, (5l 60, 67, [69] including the many facets
involving in its proof and extensions to the noncommutative and ¢-contexts. The applications
are so widespread that even if we limit ourselves to the physical context many scales are involved
ranging from the micro, such as quantum mechanics as in, e.g., [70], to the macro, such as general
relativity as in, e.g., [68].

Another inverse problem comprises the computation of the Lambert function, W(¢) for short,
which solves the functional equation

W(¢)e" () =¢ (1.1)
and extensions [57] sharing the same ubiquitous character of the L-B formula and appearing also
in a wide range of scales from the micro to the macro [14], 57, [16l [61, [65, 66]. In this respect,
for a general account we refer the reader to [57] which includes a detailed analysis of its multi-
valued character and applications in the physical context (see also [59] for a pedagogical account).
Although we focus on the scalar Lambert W function as defined in (1.1) we refer the reader to [72]
for applications of the matrix-valued Lambert W function in order to solve time-delay systems.

Omega Calculus (OC) also known as MacMahon Partition Analysis (MPA) was originally in-
troduced by MacMahon in order to describe the partition of natural numbers [5I]. Since then
many extensions [18, 19 21} 23] and unexpected applications emerge including a new basis and
integral-free approach [20, [24] to the Dyson series [I7}, 43| [63] associated with the time-ordering op-
erator [25] with dynamics dictated by the Schrodinger equation. In this way, a new combinatorial
approach to perturbation expansion which implies the divided-differences approach of [45] [46] if a
basis is used for the time-independent part of the generator of the dynamics was developed. Aside

2020 Mathematics Subject Classification. 05A15, 05A17, 34K05, 44A99.
Key words and phrases. Lagrange-Blirmann theorem; Omega calculus; Lambert function;
functional equation; inverse problem.
(©2025. This work is licensed under a CC BY 4.0 license.
Submitted June 25, 2025. Published September 26, 2025.
1



2 A. F. NETO EJDE-2025/90

from the OC approach to perturbation theory, there are plenty of others combinatorial/algebraic
approaches to perturbation theory each one with distinct flavors [8], @} 10} [15] [30, [49, 53] 50] and
several relying on graphs [6] [7]. More recently, the inverse problem associated with the dynamics
of non-autonomous systems of differential equations was considered; that is, given the generator of
the dynamics the problem comprises computing perturbatively the associated dynamical system.
More concretely, a version of the aforementioned inverse question was raised as an open problem
in [4] and answered in [22] using OC. In this sense OC provides another operational approach
besides others more well-known such as [43] [54].

In this work, we show that the aforementioned inverse problems; that is, the L-B formula and
the Lambert W function and generalizations are amenable to be treated in the realm of OC with
interesting and unexpected consequences. We will show, among other things, that a generalized
Lambert W function can be constructed which implies several previously known results concerning
representations of the Lambert W functions and associated extensions. This fact justifies our
use of the name master theorem as it encapsulates in a single expression many known results
including Taylor series and integral type representations. Furthermore, the convergence radius
of the aforementioned generalized Lambert W function is explicitly determined for which even
special cases were not known before. The results summarized above answer some of the open
questions put forward in [56] Section 5]. Furthermore, we generalize a previous representation of
a function related to configuration spaces in the context of algebraic geometry [52, Chapter 4] and
a formula for higher order derivatives of the inverse function as described in [42].

This work is organized as follows. In Section 2 the necessary background is introduced and
some central results are stated in Theorems 3.1, 3.5, and 3.7 in Section 3. Some applications are
discussed in Sections 7, 8, 9, and 10. Sections 7 and 8 concern applications of Theorem 3.1, where
we introduce a generalized Lambert W function along with its radius of convergence, respectively,
which implies as special cases several previous cases addressed in the literature including the
answer to some of the open questions raised in [56]. Other applications are discussed in Sections
9 and 10 concerning a sequence arising in algebraic geometry using Theorem 3.5 and higher order
derivatives related to the inverse function using Theorems 3.1 and 3.7, respectively. We finish
with some concluding remarks in Section 11. To make the text more fluid we include the proofs
of Theorems 3.1, 3.5, and 3.7 in Sections 4, 5, and 6, respectively. In doing so, the versatility of
the OC is shown by allowing us to construct multiple proofs of the aforementioned theorems and
auxiliary results with several distinct flavors; that is, exploring different aspects which come along
the OC representation.

2. AUXILIARY RESULTS

2.1. Notation. Before we continue, we introduce the notation used throughout this work:

o i j, k,l,m,n,p qeN.

e a b cecl.

e Greek letters such as «, 3, ¢, and so on, stand for complex numbers with the Omega
variables represented by the middle of the Greek alphabet such as A, i, and v. R(a) ($(«))
stands for the real (complex) part of the complex number « so that a = R(«) + 1S ().

o [m,m-+n]={m,...,m+n}, [n] =[1,n], and [n]o = [0, n].

o e ==+1.

e ¢ stands for the unit vector in R™ with all the coordinates zero except for the k—coordinate
which is one and e = >;_; ey.

e =1 means the inverse function of F or

FCVoF=I=FoF",
where I stands for the identity function and F{™ means function composition or
F — Fo...oF

with F' appearing n times.

o If F(&) =), an&™, then (§")F(§) := oy

e F(n) ~ G(n) means asymptotic equality as n — oo.
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® 0, stands for the Kronecker delta.
e S, is the set of permutations of n elements.

2.2. Basics of omega calculus. The OC is rooted in the use of the Omega operators.

Definition 2.1. Let oy € C™ for each a € Z™ and A* = A7* ... A%, We define the linear operators
acting on absolutely convergent matrix valued expansions by

QZaa)\ = ay,,,
N X (2.1)
gZaa)\ = Zaa

a>0

in an open neighbourhood of the complex circles |\;| = 1 with

a1 =—00 Ap=—00

In other words, the Omega operator in (2.1) extracts in a given convergent expansion only
powers of A\ such that n = 0. We note that the Omega operators above are connected. Indeed,
e.g., we have

A

A A 1
QF(\) = (22(1 - f)F()\)
which follows from

ON* = 60 :6(1— l)xa
= ’ > A '

Definition 2.1 is well-posed in the sense that we can ensure that all expressions considered
here have no singularities in the ); variable in an open neighbourhood of the circle [A\;| = 1. As
remarked in [2], this is an important ingredient leading to unique Laurent expansions avoiding
ambiguous results as discussed in [2, Introduction] and in more details below. In Definition 2.1
we can see an example of the elimination procedure which is the basic building block about which
the OC is based. More precisely, the Omega operator in (2.1) selects only the terms in > aaA®
with a = 0, resulting in an expression free of Omega variables or, in other words, the Omega
variable A is eliminated. From now on we refer to the expression containing an Omega variable a
crude generating function. For other aspects of the elimination procedure, we refer the reader to
13, B3L [7T], 23]. Two key observations of the elimination procedure in the context of the OC which
follow directly from Definition 2.1 will be crucial for us here.

The elimination is independent of the order chosen to eliminate the variables; that is, we have
A/l A, nosA
Q(2) =2 =9(2).

2

It follows as a consequence that the Omega operator commutes with derivatives of complex vari-
ables not to be eliminated. Indeed, we have the next lemma.

Lemma 2.2. We have

| D>

Da @F(a, )\)) = Q(DoF(a, ).

Proof. The proof follows the usual limiting procedure and the linearity of the Omega operator

or by the simple observation that the derivative is the coefficient of the linear term « in F(a, A)
which can be rewritten as an Omega operator. In symbols, we have

(Do F(a, \)).

| D>

D, @F(a, )\)) _ siz% @F(a i A)) - é(éif‘(a +u ,\)) _
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Care must be taken about the smaller parameter in a crude generating function containing
Omega variables in order to avoid ambiguity as discussed before. Indeed, on the one hand, observe

that
A

97 =
=1—a/\
if |a| < 1. On the other hand, if |a| > 1, we have
AA 1A A2

9 MAN o M AN}
=1—a/\ a=1-\a«a 0

The next lemmas which comprise particular elimination procedures will be useful later on.

Lemma 2.3. We have
A A" Bn

Q = .
A= aN(—F/N)  1-aB
Proof. Using Definition 2.1 we obtain

A P A " n " ﬁ B 2
Qe T g = L eNt s e )15+ (5) + )

=B"+af" T +apm

1—af’
O
We also have the important lemma.
Lemma 2.4.
T\ Y =\ FlaB)-X"L ™ (0)(aB)™ /m!
Y A (aB) Zm_om 0)(eB)™/ . B#£0
with the convention Z;Ll:o =0.
Proof. We first show
A QA By 1 ﬂ, B=0
O—(1-7 = :O"ﬁ— n—laB)™/m
= \" ( )\) { Zm;(zl( B)™/ I’ 67&0
Indeed, note that
Aea)‘ 5 -1 A1 al 2)\2 ﬁ 52
o5 (1-3) =eu(+ T )
LW 3 v + +2 +. +)\+/\2+
A 2)\2 6 62
_2<1+7+ +- )(An+>\n+1+/\n+2+"')
n+1 n+2 2
= P A
nl (n+1)!  (n+2)!
B =0
=\ el (aB)™ /m!
EMB%,( B8)™/ '7 B 0.
The result now follows using
Fi = o St (2)
(aX) 11>HoloZF (0)u* exp
>k
O

We also have

aA -m=1  DZ X F(a) -1
PN (- 8y - BaReN )
using that we can permute the symbols (2 and Dp'.

AF
&
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Lemma 2.5.

Proof. We have
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GENCO) g %P G

= pum pn

m+n=k

NT—Apl— A/V)F(“)G(”)
' Flp) G)

#m Vn

Il
(=)
YN
| D>

>

3

+

3

>
N—

)

Mm l/’ll

where the first equality follows using Lemma 2.4 with n = 0. O

Finally, we recall the connection between OC and standard integral representations which
follows from a direct observation,

A
/ezmedﬂ = 2m0m,0 = 27Q\™ = 27

VO >

(1=

where [ = [ fo%' In this way, we can write

A A
f(cosO,sin@)dd = [ g(e?, e )dd = 2xQg(X\, A7) = 27Q(1 — 1 g(A At (2.2)
= > by

provided g satisfies the conditions stated in Definition 2.1. This observation was used in [23] to

solve a nontrivial integral using OC.

Example 2.6 ([64] Problem 2202]). We have

I, = /0 i cos(cos(#)) cosh(sin(6))df = 2,

I_= /0 sin(cos(#)) cosh(sin(6))dé = 0.

Indeed, if A\ :=2(\ + eA™1)/2, we note that

N2>

(ez)\ + 61)\71 + ee—zk + 66—1)\71) — 27-(-(56}+_

o] 3

Example 2.7. We have

/” cos(0) 20 Vi—a?-1
= =T .
o 1+ acos(d) aVl—a?

Indeed, we note that

T by —1
Izl/ _cos(l) T A+A .
2 J_, 1+ acos(d) 2=1+a(XA+271)/2
Next, we introduce 82 + 8% =1, 848_ = —a/2, and assume |3_| < |B4|. A simple calculation

gives
oy +ea_

Be: 2
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such that a. := V1 + ea2. In this way, we have

A A+ A1
=20
2= By — BN (Bs — B
_ 0 A
B - BNBy - B
_ ThB_
B -2

Vvi—a? -1
= 7'('7,
av1l—a?
where the second equality follows from the invariance of the denominator under the replacement
A — A7! and, the last but one follows from Lemma 2.3. Although this example is of elementary
nature it is sufficient to show another nice feature of OC; that is, the ability to obtain closed form
expressions.

3. LAGRANGE-BURMANN EXPANSION viA OC

In all the expansions that follow care must be taken such that Definition 2.1 applies. For this
purpose we take

] < [AL
We let
FO) = anc”, (3.1)
n>0
n>1

with 81 # 0. We can now state the main results of this section.

Theorem 3.1. We have

(FoG<D)@)Zao—éAF%Um(l—G£U>. (3.3)

If we set F' = I in Theorem 3.1 we immediately obtain the Lagrange inversion formula stated

in the next corollary.

Corollary 3.2. We have
A ¢
0y = - (1— =——).
S =A“( GQQ

To get a flavor of what is going on we describe some simple examples before embarking into
more involved calculations.

Example 3.3. We take
G(¢) = Cexp(¢) (34)

to obtain

B A A exp(—nA -n
G0 == (1 - 1) = 0 S - 3

nf
n>1 n>1

with radius of convergence

R= lim |-

where v, = (—n)"~'/n!. From now on we write G{=1(¢) = W(¢) for G as in (3.4) using the
standard notation for the Lambert W function.

1
==
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Example 3.4. We take

to obtain

with radius of convergence

where

(_1)n—1nn—1 A exp(—)\/?))
Q
n = )l
nnfl
~ g

using rescaling A — A\/n to obtain the third equality and observing

(1 + %)n ~ e (3.5)

~
~

Alternatively, we can state the following Omega representation which avoids the direct compu-
tation of F’.
Theorem 3.5. We have
A AF(MN)G' (A
(FoGU)()=Q WER) (3.6)
=(1-¢/G)EW

Again, if we set F' = I in Theorem 3.5 we immediately obtain the next corollary.

Corollary 3.6. We have
_ A A2G'(N)
=(1-¢/GN)GN)

We now turn to a multivariable extension of Theorem 3.5. We take

G

ICren)| < [Akeml;

Gi(€) = BiGi(1 + Hi(C)),
where ¢ = (C1,...,¢) and H;(¢) = O(¢¥) with [k| > 1 such that we write

Hi(¢) =) B¢
j

Theorem 3.7. We have

(FoGED)(¢) = ?z A°F(X) det (D;G;(X))
- (

[Tiey (1= G/Gr(N)Gr(X)
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Of course Theorem 3.5 follows from Theorem 3.7, but we prefer to state them separately for
readability because the proof of Theorem 3.7 given in Section 6 uses heavier notation and it is
motivated by the proof of Theorem 3.5 in Section 5.

We now establish contact with [34], Theorem 1] by observing that if

F() =) a,\*

a€Z

is as in Definition 2.1, then
A
a_1 =: Res(F) = QAF()).

Therefore, using Theorem 3.1 we have

(F o G<*1>)(C) =aqp+ Z %Res (%)Cn

n>1

which is nothing more than [34) Theorem 1] in disguise; that is, once the correspondence between
notations is established the equivalence is clear. A similar consideration applies to the multidi-
mensional version in Theorem 3.7; that is, Theorem 3.7 is equivalent to [35, Theorem 7]. More
precisely, Theorem 3.7 is equivalent to

(FoG) (€)= ) Res (%)c“,

n>0

where we now identify

A
a_e =: Res(F) = QA°F(A)

with

FA) =) aad®
aczn
See also [36].
If G(¢) = ¢/H(¢) (a functional dependence compatible with (3.2)) with H(0) # 0, then we can
use Theorem 3.1 to obtain well-known equivalent forms of the L-B theorem. Indeed, we have
LAY 1AV HO)"

nQ(G(/\))" n= An—1

() (F o GV = (TP

in agreement with [29, Equation (2.1.1)]. If instead Theorem 3.5 is used, we obtain

AFE(NG' (V)
(G()\ )n+1
F)(HQX) = AH' (X)) (HN)"
An
CMYF(Q(H(C) = CH'(¢))(H (¢)" ™!

1 D>

() (F oG (¢) =

[
Sl [Fope

in agreement with [29, Equation (2.1.2)].

4. PROOF OF THEOREM 3.1

We first introduce the key auxiliary result
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First Proof of (4.1). Indeed, if m = 0, then

A AG(N) AAG' (V)
Q =Q =1.
=@ T =G0
If m > 0, then
A AG'(N) 1A _ 1 xp A
Q =——OQAD(G\)) " =——1
Gy = T PAPENT = s
with |p] < |A| since
A\
Q-=A+p*=0
=
Indeed, if a > 0 the result is direct since there is no term independent of A and pu. If a = —n < 0
we write
A A Ap 1 m+n— 1\ e pym!
= pA )t = pA T (A /A mz>0( n—1 ) = Amin=d

since we cannot have m —1 =0 =m+ n — 1, because n > 0.

Second proof of (4.1). An even more compact approach is possible showing another instance
where the power of the OC based approach is manifested. For m > 0 and a € C\ {0}, we have
A AG (M) A NG (a))

2aemy T ~ LG

1 A
= —— 0D, (G(aN) "

_Da
= Pegapy =0

m =

A
Q(Gan) ™

using invariance of the crude generating function under rescaling A — aA to obtain the first
equality and observing that (G(X))~™™ does not depend on « to obtain the last one. Since aw # 0
we obtain the desired result.

Third proof of (4.1). Another compact proof is available using basic OC properties. For m > 0,
we write

G((1+8))) — GO

/ 1
o) = i S
to obtain
S%\Z AG' () A G((1+5HN) -GN

(GO~ S0 =T S(G))mT

L AG(HN) A G

= fm (Qa(G(A))W1 - Qé(G(A))’”*1>

L AG(HON) A G(L+0)N)

= fm (Qa(G(A))mH B 5)A))’"“)

i (SCMAEEN A G(L+)N )

T im0 \Z5(GO)™HL T E5(GON) + 0AGT(N)) T

i (AELEDY O((1+ o) )
550 \=8(GA)™ T =5(G(A)™ (1 4 6AG'(N)/G(A))m+1 )

where the third equality follows from invariance under the rescaling A — (1 + J)A. Next, we can

write

SAG' ()
G(X)

>_m_1:1—(m+1)

(1 AG(N) +0(6%)

G(A)
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taking into account only terms linear in §. Therefore, we have

AG' () . AAG((140)NG'(N)
—_— = 1) lim Q
@y~ Y I Gy

which implies (4.1) (recall that m > 0).

A A
Q = (m+1)Q

First proof of Theorem 3.1. We prove Theorem 3.1 by showing that
(Hio (Go RO == ((GoFT) o Hi)(Q)

or, equivalently, that
Hyo (GoF( ™) =T = (GoF( ") oI,
where I is the identity operator and Hj, given by the RHS of (3.3) with F}(¢) = ¢* so that

Fl€<71>(§) = (k. We first show that Hj, is a left inverse of G o Fé%). We will show an equivalent
statement

(Heo (GoFS M) (=1, (Hio (GoF))(0)=1.
Therefore, we conclude that

1)

Hy, = (G ° F}i—n)(* =Fo a=b

using the uniqueness of the inverse function. We first observe that

1/k
(Hio (GoF{))(Q) = Hi(G(¢VF)) = *’{N tn (1~ GéC(A) )>

by recalling that «g = 0 in this case. Indeed, we have

(Hk o (G o Fé—l)))/(o _ H,;(G(Ql/k))G/(Cl/k) (Cl/k)/
k)\kG’(gl/k) (Cl/k)’

G(\) — G(¢V*)
P \lel (Cl/k)
=G(\) — G(CF)
=C(1_’“)/"§'\2 ARGY (/%)

= (/\ — Cl/k) (G(/\) — G(<1/k))/(/\ — Cl/k)

g<1*k)/’€§ /\k—lG/(gl/k>
=1 RN (GO — G(CYR)) /(A — 7Ry
_ C(l—k)/kg(k—l)/k G’(gl/k)

— limy /e (G(A) — G(CHF)) /(A — ¢V/F)

=1

A
=

— C(lfk)/k

=1.
Now we show that Hy is a right inverse of G o F,é_m. We have
A
(GoFTY) e H)(0) = (Go V) (= kA (1)) = GRS (0)) = G(0) = 0

which implies
(GoFY) o Hy)(Q) = 0(Q). (4.2)
Next, observe that

H,=10H, = (H;C o (GOF1§71>)) oH, = Hyo ((GOF1§71>) o Hk) (4.3)

=1
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)

using that Hy is a left inverse of G o Fk<_1 which implies

B (1 E0) =k 1 - ((GoFé;(l))o 1))y,

——Hu(Q) ——(Hio((Gor ™) om4) ) (©)

(4.4)

By using (4.2) we can equate terms with equal powers of ¢ in (4.4) to obtain the first non-null
contribution

A AR k . n AN

n=1 -

Ck
Next, we use

Ak—n
BE(1+ BoA/Br+ BsA2/Br+...)

Ak—n

B GO/ m =0

1>
I

1 D>

1>

if n < k and observe that

A\ 1
Q E gk
= (G(/\)) 1

£0

if n = k. We arrive at

k
i = (G2 E) o) 0)

= ((GoF ") o Hy)(¢) =¢.

Therefore, H, = Fj, o G~ using the uniqueness of the inverse function. Finally, the result now
follows by observing that F in (3.1) is a linear combination of the F}’s. Since Fj, o G¢~1), the
general case follows straightforwardly recalling that

(FoGU1)(Q) = a0+ 3 an(Fi o G)(0)

k>0

and using (3.1) with F'= 37, - aFj. O

Second proof of Theorem 3.1. We first observe that

(FoG)(0) =) (™

n>0
so that
F(Q) =Y @GO = FI(Q) =Y mm(G(Q))" ¢
n>0 n>1
to obtain

Q) G
GO~ Z Gy

Using the linearity of the Omega operator along with (4.1) we obtain

DO

AFT(N) AAG'(N)
Gy~ 2 gy

which is equivalent to the required result. O
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5. PROOF OF THEOREM 3.5

First proof of Theorem 3.5. We prove Theorem 3.5 using the same strategy of the previous
section. More precisely, we show that

(Hyo (Go F)N)Q) = ¢ = ((Go FY) o Hy)(Q),

where Hj, now stands for the right-hand side of (3.6) and F(¢) = ¢* so that FI§71>(C) = (Vk, We
first show that

(Hio (GoF{)) () =¢.

Indeed, we have

(Hio (GoFTY))(Q) = Hi(G(¢'H))

LA ARG
= (1 GO/ G0
_f\) >\k+1G/()\)
= (1= G /GN)EN)
_6 )\k'HG/()\)
= (A= (G = G(¢R) /(A = ¢
4 ARG (A)
SN @O~ G = )
ARGY(N)

S e ) ea

Next, we observe that

which implies

and use (4.3) to obtain

ARFLGY ()
(1-¢/GN)GM)

/\k+1G/(/\)
(1- (6o FTV) 0 H)(©)/G(N) G

A A
0 -0

Expanding in { we obtain the first non-null contribution

ARG (A B A NG (N
M7 = (@0 R 0 1) Q) oty

since
ANFFLGI(N) 1
G

It follows that
(GoF) o Hy)(C) =¢

and the proof is complete, again, after recalling the uniqueness of the inverse and observing that
F in (3.1) is a linear combination of the Fj’s. O
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Second proof of Theorem 3.5. We first observe that

(FoGU)(Q) =Y 7ucm

n>0
so that
Q) =Y m(G()
n>0
to obtain
OGO _ g~ ()
GO~ & Gy
Using the linearity of the Omega operator and (4.1) we obtain
ANF(A A /\G’()\)
(:2 ( Z Q m ntl = Tm-
n>0

6. PROOF OF THEOREM 3.7

The proof follows along the lines of the proof of Theorem 3.5 in Section 5, but somewhat more
involved. Again, we first introduce the key auxiliary result that follows which is the multidimen-
sional counterpart of (4.1)

QA?(DG(D

GOy = tmo. (6.1)

First Proof of (6.1). The case m = 0 is handled as follows
aAe det (DiGj (A)) A det (ﬁiéij(l + Hl(A)) + ﬁj)\jDiHj(A)) _ det(ﬂzéw)

ey [T, A1+ H(M) T

I

using
D;iGj(N) = Di(BiA; (1 + Hj(N))) = Bidij (1 + Hy(N)) + BiA; DiH;(N)
and observing that in the numerator and denominator only positive powers of A; contribute due
to the functional dependence of H;(\).
We next consider the case m > 0 since if some m; = 0 then we have a trivial cancelation of the
omega variable A; resulting in an expression free of the Omega variable ;. We have

AX®det (D;G5(N)) _ ()\2)\9 > res, sign(m) [T DiGriy(A)
SRRV IETINE VS

—1_} D" Q)\QZ&gn HDGTF(T"“
(=

TeSy

2 A® mw()
:H 1le;W§Slgn 1_[Gfr(z A+ piei) =0

if m > 0. Note that each term of

TESy
is of the type
Au)\e 2 Apu)e 2 i i (i)
> sign(m) 6 25 [T+ e = 3 signr) 620 TI ™ (142
TESy N i=1 TeSy B i=1 v

Z sign(m Q)\e H)\Z i a”( )

TES,
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g y
= Z sign()ainr ;)2 H )\iZj =0

TES, =1
using
(A + pieg)2 @ = X[7D (O 4 )@ Ay
_ /\tlhw(q,) )\a17r(7) (1 + Mz) im (i) )\Znﬂ(i)
... y ...
to obtain
n n 2\ Qi (i)
TT + pies)2o = AT D 32 i) 1T (1 + &) AR D)
. , Ai
i=1 1=1
— H AZ @ij ( 1>ai”(i)
’L
and

i 1 i\ @i (i) Qi (4)
Q— (1 *) = N
= i - Ai Ai

where a,;) is the 7(i) € [n] column of
A= (ay,...,a,).
Finally, since the A variable forces a linear dependence among the rows of A, we obtain a zero

determinant.

Second Proof of (6.1). Another compact proof is available using basic OC properties following
the proof of (4.1). For m; > 0, we write

DkGl( ) ~ lim Gl()\ + 5;€Akek) - Gl()\)
6 —0 §k>\k

and by Laplace expanding det(D;G;(A)) along the first column we get
Si))\e det (DiGj ()\)) _ zn:( )k+19>‘k‘DkG1( ) ()\)

Gmre 2 Gyt
where
A7 det (D;G;(N)
Fk()‘) = G m+¢(ef(mlj+1)e2 :
(G(N)) (i.)# (k1)
In this way, we obtain
éAkaGl()\)Fk()\)
= Gy
(DGt S Aker) Fr(A) A Gi(A)Fr(A)
=1 Q -Q
5130 (7 0k (G1(A))m+1 =0r(Gi(A ))’"1“)
. (A G1( A+ S ver) Fre(N) _aGl()\-l—(Sk)\kek)Fk()\“F(Sk)\kek))
Snr0 5k (G1(A))mi+1 = O(Gi( A+ SpApeg))™t )7

Next, we can write
X (X + phper) = X(A) + G DX (A) + O(67)
with X = Fj, G and
5k/\kaG1()\) —mi—1
1 7> =1- 1
( ey (m1 +1)
taking into account only terms linear in §. Therefore, we have

Aien)\{r} (Ae_e’“ det (D Gji(A )) )‘

i k+1 0
P — (G()\))ere (m1+1)e1

0k A\ DrG1 ()

Gy o)

=0.
(3,9)#(k,1)
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Indeed, we use induction with the base case given by (4.1) and the induction hypothesis given by

Aiemhvy  X®T% det (D;G5(N))
((G()\))m+e—(m1+1)e1 )

along with a simple observation

*ie[a\{k} A°7% det (D;G;(N))
((G(}\))m+e—(m1+l)e1 )

= Om-—mye;,0

(3,9)#(1,1)

(4,9)#(k,1)

for k # 1 because we will always have a prefactor A\; in A°”°* and no term containing )\1_1. Finally,
we obtain
A®det (D;G;(X)) AN det (D;G5(N))

GO DR TGy

which implies (6.1) (recall that m > 0).

A
Q

Proof of Theorem 3.7. We can now prove Theorem 3.7. We have
(FoGT)(Q) = mc”
neNy
so that

F(O) =Y m(GE)"

neNy

to obtain

F(Q)det (DiG,(Q)) _ 5 3 det (DG, (Q)
(G(Q)me (G(Q)mmre

neNy
Using the linearity of the Omega operator along with (6.1) we obtain

A AeF()\) det (DlG](}\)) . A Ae det (DiGj ()\)) .
TG 2 M e

neNg

which implies the desired result. ]

Remark 6.1. It is instructive to compare our proof with the one given in [35, Theorem 7]. We
note that our proof is much simpler and direct. In particular, the handling of the case k; = 0 is
simpler in the context of our approach as one may compare the proof of [35, Theorem 7] with the
proof above.

7. A NEW GENERALIZED LAMBERT W FUNCTION

In this section we introduce a new generalized Lambert W function, and we show that some of
the main results of [56, 68| [12] follows from our new representation. This section is motivated by
the following question left open in [56] which is quoted verbatim below:

Q1: Could one carry out some general analysis for W( T )?

01...05"

An even more recent reference [57] refers to Q1 as “elusive”.

7.1. Main theorem. The aforementioned function W(g?, ) solves the equation
¢ H;:1(§ — Tp) _
== (7.1)
[1=1(§ —0q)
in the variable £ and we have
gZW(Tl...TT;g) (72)
01...04
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using the notation of [57]. Equation (7.1) arise, e.g., in the context of Bose-Femi mixtures [56]
and delay differential equations [59]. More generally, we will consider

ngl(f —Tp)
=i (€ —0q)

and we are interested in determining ¢ that solves the equation above in the variable (. From now
on regarding such £ we use the notation

§=Wp( ;a,ﬂ,%c),

T
(2

d
P (Z ai(§ - ﬁ)i) (exp(B(§ — 1)) + p)e® =¢
=2

where 7 = (7;,) ey and o = (04)ge(s)- If

d T
G(&) = exp (Z Oéifi) (exp(BE) + p) exp(~€ + 5)§Hp:2(f +Tp)

where 0 := y7i, T := 11 — 7p, and Sy := 11 — 04. We obtain
Wo( "5, 8,7,¢) = m+ G Q) (7.3)
with the convention B
W, e8.7.¢)

in (7.3) setting

T

[[e+1) -1

p=2
Likewise, we use

w,("sa8,7.)

meaning (7.3) upon setting
S

[[¢+S)—1

g=1
The explicit determination of G¢=1(¢) in (7.3) is the content of the next theorem. We highlight
that it is possible to obtain an explicit expression for I/Vp(;;oz7 B,’y,() in a way that several

theorems emerge as special cases including
Wo(~:0,0,1,¢) = W(Q)

as in Example 3.3,
WO(;;O,QLC) :W(ﬁ...n 5()

01...04
as in (7.2), and

W,(Z50,0,1,¢) = W,(Q)

for the p-Lambert W function.
To introduce our next result we recall the definition of the Stirling numbers of the second kind
(see, e.g., [I3l Chapter 5, Sections 1 and 2]). The Stirling numbers of the second kind {TZ} count

the number of ways a set of n elements can be partitioned into m nonempty disjoint subsets. They
can be described via an exponential generating function

S{n) = &

n>m
{nt=o

and adopting the convention
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if n < m. We will also need later on the rising factorial

EMi=EE+1)...(E+n—1) (7.5)

|
()=t (70
i=1 bt
stands for the multinomial coefficient.
We are now ready to state the main result of this section giving our answer to Q1. In this
section from now on and the next section, we assume i € [2,d], p € [2,r], and ¢ € [s] unless
otherwise stated.

with the convention 56 =1 and

Theorem 7.1. We have the Omega representations

A
W (e Br0) = m = 0 (1= o). (77)
T _d NG (N)
Wp(07a75177<>_Q(l_C/G()\))G()\)y (78)
where
G_l()\) _ Hq(/\+5q)
—Xexp (3, X+ A+ 0) (e + o) TI,(A+Tp)
Equivalently, if p # —1, we have the Omega free Taylor series expansion
T (Ce™)" (=n)™ (m\ (£ (k+n—1
W (e =m DS (D) () () (7.9)
7.9

: LRjm—~L n
X (1), mp{ﬂ }EO‘ By S ,
kI G+ p)ktn® 2 (T, T Tm

where
j::nferEfZi&fsnflemeran,
i . ) P q
2.=2.2.2.2.0. 2
n>1m>0/=0 £ k=0m,n>0
with

soox el

4 lo+-+Lg=L q
with n = (ng) such that S* =[], Sy, and

+n—1
o)
p n—1

with m = (my,) such that T™ =[], T,"".

Proof. We observe that (7.7) and (7.8) follow directly from Theorems 3.1 and 3.5 applied to (7.3),
respectively.
We now turn to the proof of (7.9). Starting with (7.7) we have

(I, (A +5g) )
Aexp (Zz a A A+ 5) (e +p) [I,(A+T)

B % Aexp(—n(ziai)\i—l—'y/\)) Hq(/\—l—Sq)”
=y = exp(—nd)$2 A—1(eBA 1 p)n [, +T,)"

Wp(;;a,ﬂ,'y,() - fé)\ln (1 —

n>1
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using
n - n n—ng Qng
CEALEDY (nq>/\ Sna,
nge=0
we write
1 B 1
A+T)  Tp(A+MNT)"
such that
1 my+n— 1) A\ 7
A+ NT,)" — 7 (7.10)
A+ M) ;( a1 )(-z)
to obtain
8P (= n(F; X + X)X 2"
= AT e (eBA 4 p)n
_ Z (*n)mf\z (ZZ A\t + ’y/\)m
2 Tl =R, T (¢ ¢ g
NE
Ly g () (Spax) A
w0 ™ T \! = ATy Moty Ma (BN 4 p)n
()" < (m) <€) £ m—t) 1
= oty ‘
mso ™ ;ze: 6\ =N ((1+p)+ (P =1)n
-y (=n)™ iz (m) (6) atymt A 1
o om S N\ 4= N+ (P =1/ )
o [ —
B oo NG\ ) =(BA) (L4 (P =1)/(1+ p))"
using
1 k+n-—1 eBA _1\k
- - 7.11
T+ (@ =D/+p)" Z( I (711)
and e/ — 1 = O()) so that
A (6[”‘ _ 1)k
ey 0

for k > j. Finally, the result follows observing that

e —1)F {j }lﬁ
= (BN kS

so that the Omega variable A is now eliminated. We additionally observe that the expansions used

in the proof in (7.10) and (7.11) must hold,

ol <

T,"" 1+p
and recalling that e® is entire. In the next section we will show that such conditions always hold
true by a suitable rescaling. O

7.2. Connection of Theorem 7.1 with previous work: Taylor series and integral rep-
resentations. We now show that several known results emerge as special cases of Theorem 7.1.
In the next proposition, we will need the Rodrigues formula for the Laguerre polynomials

D) =S D"(o‘ ) (7.12)

nl o\ e

n
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Proposition 7.2 ([56, Theorem 1]). The solution of

is given by the Taylor series
T (Ge7m)"
W( ;0,0,1, ): —Sg =2 I'(nS),
o\, ¢ T n>1 " (nS)
where S =1 — 0.

Proof. In this case a« = 0, 8 =0 = p, and 7,7,5 = 1. Since a* = 0¢ so that £ = 0 which implies
¢ =0 and 37 = 0/ so that § = 0. These observations imply

j:n—m—i—é—Zi&—sn—l—ZmP—l—an
i P q

— 0=n-m+0—-0—-n—-1—-0+4+n1

= m=n; —1

and we obtain

m(G00e) =rs TS () S

n>1 ni=1
_ (Ce_T)n - n (_n)nl n1
_T_z; n? Z (nl)(nll)!s '
n>1 ni=1

In the expression above, we put m in place of ny. The result now follows by showing that
"L (n) (—nS)k1
L'(nS) = — —
(n8) ==2. )T

Indeed, using Rodrigues formula for the Laguerre polynomials in (7.12) and recalling the Omega
representation of the derivative in the proof of Lemma 2.2 we have

/ _ea n an _ aA(Oé—"_)‘)n_)\(a—’_)‘)n
L) = n! O‘(eia) =g AneatA e el
which implies
Ao+ Nt
L(e) =n—75—
n n—1 m
B SENT (n - 1)an1e>\e
m=0 ¢=0 = ml A" ¢
n n—1 m
— Z (_1) n n—1 an—l—( S%\ZAE—Q—m—n
m! / =
m=0 £=0 —_——
=60,n—m
— (_1) n<n_1)aml
— m! n—m
S ()
= \m/ (m—1)!
by noting that when m = 0 we have 6y, = d¢,n, = 0 since £ € [n — 1]o. O

If we compare the proof given above with the one given in [50, Theorem 1] we see that ours is
much more direct in the sense of avoiding the search for a pattern to be confirmed later by the
principle of induction. Indeed, see the proof of [56, Theorem 1].
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Proposition 7.3 ([56, Theorem 6)]). The solution of { = e + p€ is given by

W Z0.00) = 1+ M ()

where .
m B 7(n
M () —;m‘{e}w ‘

Proof. In this case a =0, 3 =1, and v = 0 = 7; (and hence § = 0). Since o = 0¢ so that £ =0
which implies £ = 0 and v~ = 0™~* so that m = . These observations imply

j:n—m—!—é—Zi&-—sn—l—Zmp—Fan (7.13)
i P q

= j=n-m+m-0-0—-1-0+0 (7.14)

— j=n-—1 (7.15)

Therefore,

k+n—1 {j}kfli(kﬂrn—l)!{n—l} L {n—l}
n—1 EJgl kl(n—1)! EJn—-1)! (m-1)0 k
using (7.5), (7.6), and (7.13) so that the result follows by observing that

»myumkziféﬂiywwfnwaam

n>1 k=0

n—1 % n— _\k n
1+p+z( { 1}(§+13))k)n!(lg+p)”

n>2 :0

which implies the claim. O

Proposition 7.4 (|56, Theorem 9]). The solution of ( = e*(£ —71)(€ — 72) is given by the Taylor

series
T T2 ¢ e~T\n ntn+m—1), 1 \m
Wo(" 0.0 1.¢) = = 3 (- ) Gr)
0 ¢ & Z n! T z>:o ml(n —m—1)! \nT

n>1 m>

where T = 11 — T9.

Proof. In this case a = 0, 3, p, s = 0, v = 1, and = 2. Since o = 0f so that £ = 0 which
implies £ = 0 and 37 = 0 so that j = 0. In this way we have

j:nferEfZifi*Sn*l*Zmeran
i P q

= 0=n-m+0—-0—-0n—-1—my+0

— m=n—1—msy

so that
T Ty n mo—1 (Cefn)n
Wo ( .0,0,1, ) -
Y YL n_m2_1 0
n>1mo= 0
-1 1
« (_1)m2 mo +n
n—1 )qpetn

and the result follows. (In the proposition statement we write m (T') instead of mg (T3).) O

Proposition 7.5 ([12, Theorem 1.1]). The solution of
¢ = &e H(ﬁ + 1)
P
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is given by the Taylor series
_ )n—l

(7 00..0) - 3 EV e

n>1

(1 —n)Xe™Mepmz

% Z ma!...m ! (—nT3)™2 ... (—nT,)m"

m>0,_1

Proof. In this case a = 0, 3, p, 71 = 0, v = 1, and s = 0. Since a = 0¢ so that £ = 0 which
implies £ = 0 and 37 = 07 so that j = 0. In this way we have

j:nfer@fZifi*S?l*l*Zmeran
i P q

= 0=n-m+0-0-0n—1-Y m,+0
P
= m=n—1- Z my
P
and the result follows from
(—n)" e (GeT)"

Wo(i;O,O,l,C)ZZ Z (n—l—mep)! n

n>1m>0,_1

my+n—1 1
X (—1)%0 < g )m_,_n
1;[ n—1 "

after observing that

e R VT L B i
n(n—l—zpmp)!_n!(n—l—zpmp)!_ n!
and o
m+n—1 n™
( n—1 > ~ml
using (7.5). O

The next proposition describes a generalized Lambert W function appearing in the context of
plane-symmetric Einstein-Maxwell fields.

Proposition 7.6 (|58, Theorem 3]). The solution of ( = £e“€*+€ s given by the Taylor series
- Ly~ (" m ) (zn/a)"
H(0,00.2),0,1,¢) = = 300 A7
WO(_?(aaOd 2))07 7( QZ n Z n—m —1 m!
n>1 m=|[(n—1)/2]

Proof. In this case 8, p, 7 =0, vy=1, and » = 0 = 5. Since 87 = 0/ we have j = 0. It follows

that
j:n—m—i—f—ZiEi—sn—l—Zmp—i—an
e O:n—m—;ﬁ—Qﬂg—On—lp—O—i-O '
= 0=n-m—-¥¢—-0m—-1—-0+0
= {=n—m-—1
since £ = {3, because £; = 0, i € [3,d], and the result follows by observing that

i 00-0.010) = 3 5 S EE (ot

n>1m>0 ¢=0

Finally, if £ = 0, then m =n — 1 and if £ = m, then m =n —m — 1 so that m = [(n —1)/2]. O
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Finally, we turn to obtaining previous integral representations. In contrast to Example 3.3,
there is a right-side enlargement in the interval of validity because of the integral representation
as discussed in [47].

Proposition 7.7 ([47, Equations (86) and (89)]). For ¢ € (—1/e,e) we have
1

W(¢) = ~5r j e’ In (1 —¢e exp ( — eza)>d9.

Proof. Using observation (2.2) in (7.7) we obtain

W) = _s:mn (1-¢xte?) = —% /7r e’In (1 — e exp (— e’g))de.

—T

U
Proposition 7.8 ([47, Equation (81)]). For ¢ € (—1/e,e) we have
1 T 20 ( 10 1
W(C):f/ UHL) g
21 J_o 1= (e Wexp (—e*)
Proof. Using observation (2.2) in (7.8) we obtain
A AN+ 1) I e? (e 4+ 1)
w 97 = — de.
(= =1-C\lemr 21 ) 1—(eexp(—e?)
U

Proposition 7.9 ([47, Theorem 8.1]). If —1/e < ¢ < e we have

eXp — (e
== dé.
m/ exp 619) Ceze )

Proof. We first prove that

mn 9 T
=53 ) sin(ng)de.
n 7r\s/0 exp (me )sm(n )
Note that
m" A em,)\6 by A\ A" — A\ mn
— = mAx _  om/A\N_ AN T
T e
A n vem .
s Ig(em )Xt
‘= 2 n!
1 ™ 0 ~0Y) sin(nd)do — mn
i (exp (me'’) — exp (me )) sin(nf)df =~

which is equivalent to the desired result. The result now follows using (2.2) in (7.7) and using the
argument in [57, Section 1.7.3] showing that the representation is not valid when ¢ < —1/e and
¢ >e. O

Remark 7.10. There are other cases that fit the general representation given in Theorem 3.7
although this may not appear to be the case at first sight. The reason is because under simple
transformations they are related to W(¢). Indeed, see [38] [39] and also the application discussed
in Section 6, more precisely, Proposition 9.2.

8. RADIUS OF CONVERGENCE FOR THE TAYLOR SERIES OF THE GENERALIZED LAMBERT W
FUNCTION

We show that we can improve upon certain aspects the radius of convergence mentioned in [56
Theorems 2 and 9]. In particular, we aim to address some of the open questions left open in [50].
For the convenience of the reader the open questions are quoted verbatim below:

Q2: Theorems 1 and 9 contain Taylor series including derivatives of Laguerre polynomials, and

the Bessel polynomials. Could we say more on these Taylor series, especially how to find
the radius of convergence in general apart from Theorem 27
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Q3: We could say nothing about the radius of convergence of (14) for the r-Lambert function
except the only case r = —2. What can we say about the convergence radius p, in general?

Our strategy consists in using as a starting point Theorem 7.1.

8.1. Main theorem. We can take |3| << 1 and |7,| >> 1 so that |T},| >> 1 by using a suitable
rescaling & — £/a with « sufficiently large so that

P EIL,(E+aly)
exp(zi:azf Ja )(exp(ﬁf/oz) +p)exp(’y£/a+6)m =a 7%

and in all the expressions that follow Definition 2.1 applies. We are now ready to state the main
result of this section.

Theorem 8.1. The radius of convergence of the power series representation for
w,("sa8,7.¢)
o
18
I, 7ol
I1, 15l

R=e""1+p|

3 1 11
I SRS SET
1+p zq:Sq Zp:Tp
Proof. We write
n T. —
(€W, ( e 8.7.¢) = .

Next, we define
exp (—n Y At — ny)) [1, 531+ A/S)"

A= I, 7500 + AT,
so that
e A A(N)
T T T T EN (1 4 o+ exp(BA) — )7
_ e‘"‘sé A(N)
n =A""H14p)"(1+ (exp(BA) —1)/(1+ p))"
_ e_"‘ss%\z n"LA\/n)
n =A""H14p)"(1+ (exp(BA/n) —1)/(1 + p))"
e A n"~ LA\ /n)

Q

n Q)\”*l(1+p)”(1+5)\/(n(1+P)))”
e én”* exp(—BA/(1 + p))A(\/n)
n = )\n—l(1+p)n )

where the third equality follows from the invariance under rescaling A\ — A/n and the last one
follows using (3.5). Next, we observe that

exp (—nY; A /nt — ) I1, Sr(1+ )\/(nSq))n
L, Ty (1 + A/ (nTp))"

_exp(N I, S5 (1+ A/ (nS5,))"

T LT M)

S

n
q 49

Nll:[[pT;eXp(—(’y—Z;I—&-zzz))\)

A(\/n) =

~

using again invariance under rescaling A — \/n and observing that

exp ( —nZai)\i/ni) ~1
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along with (3.5). Finally, we have

e "onn- 11_[ éeXP(_(B/(1+P)+7_Zq1/sq+Zp1/Tp)>\)
L0 o X

N 7n5 nn— IH (_ )n,1 5 1 1 \n—1
Sl TE A+ o) (n—l)!(1+p”‘;sq+§n)

e—nénn—ln Sn(—1)n—1 5 1 1 \n—1
e e el (o REED DR Dy
[, 71 +p) n! 1+p . Sy > T,

Tn =

to obtain

I1, 75| 1
R=1 e —
=l - s X

using Example 3.3. (]

8.2. Connection of Theorem 8.1 with previous work: convergence radius of certain
Taylor series. We first observe that if we take ;m =0 =p,vy=1=s, 7 =2, and S; = T3 in
Theorem 8.1 we obtain the well-known radius of convergence of the usual W function as discussed
in Example 3.3. Our answer to the query Q2 is the content of the next corollary.

Corollary 8.2. The radius of convergence of the power series for WO(Z;O, O,W,C) 1s

1 |T| -1
Ree b Sl

Remark 8.3. The radius of convergence R stated in Theorem 8.1 improves the previous result
[56, Theorem 2] in the sense that it is valid for all S = 7 — o # 0 and not only if S < 0, but
the radius of convergence in [56, Theorem 2] improves ours if S < 0. As a way of comparison, by
adapting to our notation, [56, Theorem 2] reads

= 5),

R(MB) = exp (T+U

where the superscript (M B) stands for Mez6-Baricz and note that —S > 0 while our result reads
e’ 1

RN — -
\5| \ !

where the superscript (V) stands for Neto. Furthermore, note also that if T'= —S > 0 we have

R(MB):eXp(—%—Q\/T-‘rU)

and

such that R®Y) < RMB) if 7 > (.

Remark 8.4. The radius of convergence R stated in Theorem 8.1 improves the previous result
[56 Theorem 9] in the sense that no radius of convergence was obtained in [56, Theorem 9.
Indeed, we recall the verbatim commentary taken from [56]: “Neither Mugnaini nor the authors
could calculate the radius of convergence of this series.”

We finally address the open problem quoted verbatim above in Q3. For easy of reference we
have the correspondence between notations

pMB) = p(N)and  pMB) = RIN)
The p-Lambert function is the solution & = W,({) of the equation
et +pE = C.

Our answer is the content of the next corollary.
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Corollary 8.5. The radius of convergence of the Taylor series of W,(¢) around 0 is

(1+p)? |

R= .

9. A SEQUENCE ARISING IN ALGEBRAIC GEOMETRY

The problem comprises when solving the functional equation
a(l+ xa) In(1+ xa) = (@ +1)xa — ¢ (9.1)

which arises in the study of configuration spaces [62, Chapter 4, Equation (4.25)] and the exact
determination of x, is related to WDVV equations in physics [62]. We write

_ "
Xa(Q) = ¢+ D ma(a)>.
n>2
We consider first the simpler problem of solving
I+ x_)In(l+x-)=¢C. (9.2)
It is easy to show that (9.2) is equivalent to
W(Q)e"9 = ¢,
under the observation x_(¢) = e"(©) — 1. In words, the solution of our original problem; that is,
determine the solution of (9.2) is now connected to the Lambert W function. Therefore, we can
write
X-(¢) =" —1=(Fow)(()
with F(¢) = e — 1 so that Theorem 3.1 can be applied as the next proposition shows.
Proposition 9.1 ([32, Theorem 2.4]). We have
Mp(—1) = (1 —n)" L

Proof. Note that

(FoG) () = a0~ Sil/\F’()\) In (1 - L)

G(A)
= fSi))\e)‘ In (1 - %)

(n A e(l—n))\

:Z ng )\nfl

Il
[V
S
o~
|
S|
=
L

using Theorem 3.1 with F(¢) = e¢ — 1 so that ap = 0 and G~ = W so that G(¢) = (e®. O
More generally, we have the next result.

Proposition 9.2. We have
Xa(Q) = exp (a+ W(=B¢ = 7)) — 1,

where +1 )
a e
= = d =—.
« a ’ p aea’ MM T
Proof. We introduce the change of variables
Xa = €a+£ -1

to obtain
—(a+1) —age™™* =( = &t =B~
using (9.1) and the result follows by recalling the definition of the Lambert W function. O
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We next recall the definition of the generalized Stirling numbers of the second kind (see, e.g.,
[13, Chapter 5, Page 57])

Z Sp(m, n)ﬁjq%m = exp (§<6T - Til ;—T)) (9.3)
m,n>0 k=0

In combinatorial terms S, (m,n) counts the number of partitions of [m] in n blocks with at least
r elements. Note that
m
Sl (m7 ’ﬂ) = { }

n
n (7.4). For later use we also recall the fundamental triangular recurrence relation (see, e.g., [13]
Chapter 5, Page 57])

Sr(m+1,n) = nS,(m,n) + (rml) Sp(m—r+1,n—1). (9.4)

We can now state a generalization of a result of Koganov as stated in [32].

Theorem 9.3. We have

ng n—1 min(j,£)
S1(0+ 1,k +
(@) =14 (n -3 n(n+1). (-1 Y 1—>
j=1 =0 k=0

j_kSQ(n_€_1+j_kv]_k)
h—l—1+j—k!

where
n—1

Jéa’l + (TL — 1)(1 — (5,1’1).
Proof. Note that
-1 A / C
(FoG™)(¢) = ag — QAF'(\) In (1 - m)
C )
(a+1)(er = 1) + are?

- _(:Me* In (1~ 141/)2(/\))

A
=~ (1-

where
er—1-—\
A

and using Theorem 3.1 with F(¢) = €% — 1 as in Proposition 9.2 so that we have again «g = 0,
but now we take G(¢) = (a + 1)(e$ — 1) — aleS. In this way we obtain

1 n o\ )\6/\
(Foa )= 3 S5 p
n>1 @

Do(N) == a(e —1) — (a+1)

Next, we use

1 nn+1)...(n+j—1) .
— =) : Di(N). (9.5)
D" & j
We next observe that D, (\) = O(AH‘SM) so that we have j < n,, because
-1
(1 <n-—1
J(140a1) <m0 :>]_1+5a1

and

= 2l (1—-6,4).
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We next note that

J - A j—k
J\ k k k( 1=A)
Di(\) = — 1)k (=1) 1)7
10 =32 (1)~ ey e
to obtain
A DI 1 (5 " P Gt VAl ot B i
Q CASAPANERAN el 1)~ 1)k .
=1l ,;)j! <k:)a( Vet S G — k)
Finally, we have
e’\(e)‘ o l)k (e)‘ _ 1)k+1 (e)‘ _ 1)k
PG iy o s R

to obtain
o) (6)‘ B 1)k (eA _1- )\)j*k‘
= \n—l+i—k (j—k)!
1 (DM (DR (-1
s (kD CESV R ) (G~ k)
(k+1)S1(¢,k +1) + S1(¢, k) Sa(m, j — k)
Z /) m!

l+m=n—1+4j—Fk
. Sl(f+1,k+1) Sg(m,jfk)
N Z 2! m)!

l+m=n—1+j—k

using Lemma 2.5 with k - n — 147 —k,

B (e)\ _ 1)[
FQ) = !
such that £ =k, k + 1, and
(er —1— NI~k
G\ =—F7——
W=

along with
-1y

L (-5

which follows from (9.3) to obtain the second equality and 9.4) to obtain the last one. Collecting
the results above and observing that / > kand m > j—ksothat 0 </<n—-1land 0<k<p
with p = j,k so that 0 < k < min(4, ¢) we arrive at the desired result by going back to (9.5). O

Corollary 9.4. We have

125+ n—1min(j,£)

mp(l) =14+ (n—1)! nn+1)...(n+j-1) Z Z
=0 k=0

j=1
pS2n—Ll—1+j—k,j—k)
n—l—14j—k)

Sh( €—|—1 k+1)

x (=2)

This is nothing more than Koganov’s aforementioned expression apart from a minor sign cor-
rection: j — k should replace k — j in
Son—C0—1+k—j4,j—k)
n—0—1+Fk—j)!

as stated in [32] Page 3].
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10. HIGHER ORDER DERIVATIVES OF F o G{~1)

In this section we generalize the main result in [42]. The exact determination of higher order
derivatives has some interesting consequences for the Langevin function [41]. In all that follows
we let Fy(¢) = ¢*.

Theorem 10.1. We have

B

m

D (Fro G Q) =k ) (B) ™ (—1) Rt (Bas - Brn—k—t42),
=0

where 1
Ronrt (B2, s Bn—k—t42) = 7 > (m~+£—1)8k, ... Bk,
T k4t ke=m—k4t
with k; € [2,m —k — { + 2].
Proof. Using Theorem 3.1 we obtain
EXx Ak
™ (F 0 G5 () = —Q
()0 G0 = s
_k 6 1 1
mp = A"k (14 (G(A)/(Bi1A) — 1))
m—k
koA 1 efL+m—1\ /B2 B —kr1 AR
1 222 4 .y Emekrlr )
mpm = m—k ( )< m—1 )(51 Tt B4 )

£=0
The result follows by using

A1
QW(IBM +... Bm—kﬂ)\m_k)e =

1 m—k— L
mF (BeA+ -+ 4 B kg2 N F )

= > Brey - - - Bre

(k1—1)4+(ke—1)=m—k

= > Bro - - Bre

k4 +ke=m—Fk-+e

Q>

with k; € [2,m — k — £ + 2]. By considering
k£
(BoA + o Bk A"TF) = (L)

we have A\ witha <m —kif /=1, a<m—k—1if £ =2 and so on to arrive at (...)é so that
a<m—k— (£—1) to obtain the first equality. The general term in

ke ¢
(BoA+ 4 B g2 A TFT)
is of the form Hle Br; A¥~1 such that the Omega operator selects only terms satisfying

1 o
éni:l )\kz ! _ (5
LT m—k = Ot (ki—1),m—k

and the second equality follows. O

By setting k = 1 we obtain the corollary that follows. To connect with [42, Theorem 2] observe
that B, = G*)(0)/k!.

Corollary 10.2 ([42] Theorem 2]). We have

i

DG (¢) = (B1) " (=1 Rin—1,0(B2, - - Bra—t41),
=0
where .
Ry (527 e 7Bm7£+1) =7 Z (m+£€—1)!1By, ... B,
D kitethe=m—1+44
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We can also compute higher order derivatives using Theorem 3.7. Indeed, we first observe that
the Omega representation of F o G{=1) carries the term

A°F(X) det (D;G;(X)) € C[[A]].

(See the right-hand side of (3.7).) Therefore, if we consider A® with k = (ki,...,k,) and use the
notation Fi(¢) = ¢, then it is possible to determine Dg (FoG<_1>) (¢) by computing the simpler
expression D (Fx o G (Q).

Theorem 10.3. We have

D (FkOG< b - m+e H Z (Zk +mk) Zﬁlkl ”kn’

k=1 &
where K; = (K1, . .. ykjo,) and the sum is taken subject to
121 L
Zkh‘l + -4 Z knyw :mkare
i1=1 in=1

Proof. Using Theorem 3.7 we have
(€™ (Fico G71)(¢)
X k
= Q 7 A 1
= [Tr=1 (G (X)) ™
1 A 1
= ereQ m—k-+e
ﬂ A [T=1 (1 + Hi( A))m’““

O +mi\ A
= m+e H Z ( g mk)(} m— k+e

k=1 ¢

H{O

B (g”m’“)* (S )" (S BN

m—k-+e
k=1 £ A

_ m+eHZ <€k+mk> . nk,

k=1 £

where Ej = (kj1,. .-, kjg;) such that Bk, = Bikjy - - Bik;e, With j € [n] and we write
yn
K\ _ k; A Ko,
(Z/Bjkj)‘ ) = (Zﬁjkn’\ 1)"'(Zﬂjkjej)‘ [J)
K, k1 kje,

for each j. The action of the Omega operator results in the constraints: the sum Zek is limited
to max;ep,)(m; — kj 4+ 1) and the )~ is taken subject to

£n

L
zl:khl—l——l—kan:m—k—i—e

i1=1 in=1

11. CONCLUDING REMARKS

Up to now, there are several known proofs of the L-B inversion formula with several different
flavors such as combinatorial, algebraic, analytic, and so on, and this work adds another perspective
on this topic. We showed that an OC based proof of the L-B inversion formula is available in
Theorems 3.1, 3.5, and 3.7 stated in Section 3. In a certain sense, this work comprises another
instance of computing the continuous discretely [5]. By this we mean recasting the L-B theorem to
compute inverse functions (hence a continuous tool) via combinatorial analysis using the OC which,
as already mentioned, was originally used to study diophantine equations (hence a discrete tool).
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This line of approach already made its appearance before and this work provides another instance
where tools developed to address discrete problems are also useful in the continuous scenario. One
may therefore ask what is the point of our OC based representation of the L-B formula? We
have several answers to the query. First, our proofs are simple and our representation has the
nice feature of requiring simple elimination rules in the context of the OC to obtain free Omega
generating functions because all the expressions involved contain factored polynomials. Second, as
one may see by carefully reading Sections 4, 5, and 6 we have at least two available proofs of most
results regarding the aforementioned versions of the L-B inversion formula showing the versatility
of the method in a way that the Omega elimination rules play and essential role. Third, some
applications are advanced to show the versatility and usefulness of the aforementioned approach.
In particular, we introduced a new generalized Lambert W function in Theorem 7.1 which implies
several previous known theorems scattered in the literature and stated as propositions in Section 7.
Furthermore, it provides insight into some of the open problems stated in [56] which are answered
using our approach in Sections 7 and 8 dealing with the Omega free expansion of the generalized
W function and the radius of convergence of some subclasses of the aforementioned generalized
W function, respectively. We highlight also that the OC representation was crucial in obtaining
by simple means the convergence radius of some generalized Lambert W functions in Section 8
pointing out another instance outside the original scope where OC can be useful. In Section 9
a generalization of a representation of a sequence arising in algebraic geometry was determined
which implies Koganov’s representation as a special case [32]. Finally, in Section 10 we showed that
higher order derivatives of F o G{=1) can be easily handled using OC based methods generalizing
some previous results in the literature [42] corresponding to the case F = I and G = G.

Recently OC has shown to be extremely useful not only to describe the partition of natu-
ral numbers, but in a number of other problems including inverse problems such as the inverse
problem for non-autonomous dynamical systems (answering a question left open in [4]) and the
L-B inversion formula along with the generalized Lambert W function with this work (answering
some of the questions left open in [56]). Therefore, this work reinforces the ubiquitous nature
and usefulness character of OC at the interplay of the discrete-continuous settings by exploring
the computation of inverse functions and associated consequences, most notably the case of the
generalized Lambert W function.
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