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Abstract

The Fuss—Catalan numbers, which are a generalization of the well known Catalan numbers, are described
and their basic properties are reviewed. The generating function of the Fuss—Catalan numbers is extended to
include multiple independent parameters. Multiparameter extensions of theorems for the single parameter
case have been published in diverse sources and are cited and collected in one place. Fuss—Catalan series
have applications in fields such as probability theory and combinatorics. The formalism is applied to the
solutions of algebraic equations by infinite series. An example is the Bring-Jerrard normal form, thence the
roots of a general quintic. The Brioschi normal form and the principal quintic are also treated. Contact is
made with the works of numerous authors, including the early works of Lambert and Euler. Two bounds
for the absolute convergence of Fuss—Catalan series are derived (necessary but not sufficient and sufficient
but not necessary). For the important special case of the solutions of algebraic equations by infinite series, a
new necessary and sufficient bound for absolute convergence is presented, correcting and extending previous
work in the field.

Keywords: Fuss—Catalan numbers, generating functions, convolution identities, Bring-Jerrard quintic
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1. Introduction

We employ the standard notation C for the complex numbers, R for the reals and N for the natural
numbers {0,1,2,...}. The Catalan numbers are defined, for t € N, as
!
= til(i’f) _ (t(ftl))'t' (1.1)
(It is more usual to write C,, instead of Cy, but there are too many other meanings for n later in this paper,
so to avoid confusion I shall employ ¢ not n.) Catalan numbers have been claimed to be the most ubiquitions
numbers in combinatorics, second only to the binomial coefficients themselves, e.g. see the text by Stanley

[39]. Tt is also shown in [39] that Catalan numbers are the solutions to numerous counting problems. For
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example, Euler showed that C; gives the number of triangulations of a convex (¢ + 2)-gon. (See [39] for
an extensive historical description, including quotes from the correspondence of Euler and other authors.)
A generalization of the Catalan numbers, known as the Fuss—Catalan numbers, are the principal objects of
interest in this paper. (They are named after Nicolas Fuss and Eugéne Charles Catalan; see the text by

Graham et al. [22] for a historical discussion.) First let m,t € N and define

AAm):On_iﬁ+1(?O. (1.2)

The Catalan numbers are the special case where m = 2. Then A;(m+1,1) counts the number of dissections
of a convex (mt + 2)-gon into regions that are (m + 2)-gons [39, exercise A14]. The term ‘dissection’ means
the diagonals joining the vertices of the (mt 4 2)-gon, to form the (m + 2)-gon, do not intersect in their
interiors. See [39] for details. However, our interest extends beyond combinatorics. We require a definition
not restricted to integers. We define the Fuss—Catalan numbers, for p,r € C and t € N, as Ag(u,r) :=1 and

for t > 1 via

t—1
T .
Ae(psr) =5 | |t +r—J). (1.3)
1

The above expression is well-defined for all u,r € C. We can employ the Gamma function to write

T(tp+1)
P+ )0t —Dp+r+1)°

Ai(p,r)=r (1.4)

However, this expression contains potential 0/0 problems if the arguments of the Gamma functions equal
zero or a negative integer. We shall employ eq. (1.3) in this paper. There are other equivalent definitions
of the Fuss—Catalan numbers; for example the text by Graham et al. [22] employs generalized binomial
coefficients. All of the applications in this paper will in fact treat only p,r € R. Note that eq. (1.2) is the
special case y =m and r = 1.

Concomitant with the Fuss—Catalan numbers is their generating function, and in fact we shall mostly
work with the generating function below (here z € C)

oo

Bu(riz) =Y Ay(p,r)z". (1.5)

t=0
It is proved in [22] that B,(r;z) has the remarkable property B, (1;2)" = B, (r;z). Also, and very impor-
tantly, B, (1; z) satisfies the following equation for f(z) (again, see [22])

f=1+zf". (1.6)

Variations of this equation were solved, using power series, by Lambert [27, 28] and Euler [16]. In both
cases, their solutions are now known to be Fuss—Catalan series; this will be shown below. (I shall use the

term ‘Fuss—Catalan series’ as a shorthand for ‘power series whose coefficients are Fuss—Catalan numbers.’)



It is then very natural to extend eq. (1.6) to functions of multiple k > 1 complex variables
f:1+21f“1+---+zkf“k. (17)

Here 21, ..., 2 € C and also u1, ..., ur € C. Analogous to eq. (1.6), the solution of eq. (1.7) is also given by a
generating function, a multinomial power series in z1, . . ., 2, where the series coefficients are ‘multiparameter
Fuss—Catalan numbers.’

This brings us to the heart of this paper. The multiparameter Fuss—Catalan numbers will be defined
below. However, it turns out that the literature on the multiparameter Fuss—Catalan numbers is scattered.
As can be seen from above, there are two broad threads, i.e. combinatorics and the theory of several complex
variables. Different authors have published overlapping (not always equivalent) definitions, with duplication
of theorems and proofs. It is the purpose of this paper to collect together the literature on the multiparameter
Fuss—Catalan numbers, with a consistent notation and references to the various theorems and proofs by
diverse authors. In particular, consider the general algebraic equation of degree n, with z € C and complex
coefficients ay, . . ., ay

ap+arz+---+a,z” =0. (1.8)

It is known that eq. (1.8) can be solved by expressing x in a multivariate series (more accurately, a Laurent—
Puiseux series) in the coefficients ag, ..., a,. This can be accomplished by an application of the Lagrange
Inversion Theorem; indeed Lagrange himself did so as a demonstration of his theorem, for the special case
of the trinomial [26]. Most of the literature on complex variable theory to be cited below in fact treats the
solution of eq. (1.8) via a series in the coefficients ag, ..., a,. It is immediately cleat that eq. (1.8) can be
cast in the form of eq. (1.7), and the solution is a (multiparameter) Fuss—Catalan series. This highlights
two broad themes in this paper: the literature on combinatorics treats integer-valued parameters, whereas
the literature on complex variables treats algebraic equations (polynomials), but both are subsumed into
a general framework of Fuss—Catalan series. Note that the exponents p1,...,ux in eq. (1.7) are arbitrary
real (or in principle complex) numbers, and are not restricted to be integers (or rational numbers). Some
authors, such as Mohanty [33], recognize this fact, but most do not. Mohanty’s work will be important
below. Contact will also be made with the works of numerous other authors such as Euler, Lagrange and
Lambert (mentioned above), Klein (solution of the quintic), Gould, Mellin and Raney, to name a few. Mellin
[32] employed his eponymous transform to solve eq. (1.8); it will be shown below that his solution is a Fuss—
Catalan series. Ramanujan [5] also published briefly on the subject, the equation and his series solution
will be cited below; it is of course a Fuss—Catalan series. Significantly, Ramanujan derived a bound for the
radius of convergence of his series (many other authors did not). We shall derive two bounds for the absolute
convergence of the series solution of eq. (1.7). The first is necessary but in general not sufficient and the

second is sufficient but in general not necessary. A necessary and sufficient bound for absolute convergence



is not known at this time. However, for the special case of an algebraic equation, we shall present a necessary
and sufficient bound for the absolute convergence of the series solution of eq. (1.8) in Sec. 8. This is a new
result, not previously published. The new bound is based on earlier work by Passare and Tsikh [35]. Some
counterexamples to their bound will be displayed below; this indicates the need for a more careful treatment
of the problem.

On a more personal level, in a recent paper [13], Dilworth and this author derived the analytical solution
for the probability mass function of the geometric distribution of order k [17]. The roots of the associated
recurrence relation were obtained as series in Fuss—Catalan numbers. It was recognized that Fuss—Catalan
series are a potentially powerful tool to solve related problems, and in a follow-up paper [14], they were
applied to solve additional problems for success runs of Bernoulli trials. The title of [14] was deliberately

R

worded “Applications of Fuss—Catalan Numbers to Success Runs of Bernoulli Trials.” This paper will not
treat problems of probability and statistics, but it is this author’s personal belief that (multiparameter) Fuss—
Catalan series offer great promise to solve problems in numerous subfields of mathematics. This motivates
the desire to collect the literature on the subject in one place, with a consistent notation and to assemble
together the various duplicated theorems and proofs.

The structure of this paper is as follows. The basic definitions of Fuss—Catalan numbers, their generating
functions and relevant theorems are presented in Sec. 2. Bounds for the absolute convergence of Fuss—
Catalan series are derived in Sec. 3. The application to algebraic equations is presented in Sec. 4. The
quintic is sufficiently important that it is placed in a separate section in Sec. 5. The trinomial equation is
also sufficiently important that it is placed in a separate section in Sec. 6. The domain of absolute convergence
for the solutions of algebraic equations by infinite series is discussed in Sec. 7, where it is shown that a new,
more careful treatment is required, and a new necessary and sufficient bound is presented in Sec. 8. A sample
nontrivial application of the new bound is presented in Sec. 9, for the principal and Brioschi quintics. Some
material, including historical material, is relegated to Appendix A. In Appendix B, contact is made with
the work of Sturmfels [41] on the solutions of algebraic equations via so-called &/-hypergeometric series.

A few disclaimers and words of caution follow. First, it is important to note that there are complex roots
in many of the series, hence branch cuts are required to obtain well-defined expressions. Overall, this detail
is not clearly (or explicitly) addressed in the literature, but it is important. The claimed series ‘solution’ of
eq. (1.8) may be erroneous (or meaningless) if an appropriate branch cut is not specified. The series may
converge, but not to the root of the original equation. The subject of branch cuts will be discussed below.

Next, no claim is made here that the use of a series to solve eq. (1.7) is a computationally efficient
algorithm, nor that a series solution of the algebraic equation eq. (1.8) furnishes a computationally efficient
expression for the roots of a polynomial. McClintock did make such a claim [31], but in 1895 modern digital

computers and the concomitant numerical algorithms did not exist. Sturmfels also attempted to make such



a claim [41, Section 3]; it is not clear why. No claim is made that the series below converge rapidly. Indeed, a
power series will not converge rapidly close to its circle of convergence. Nevertheless, an analytical expression
can indicate properties of a function not evident from a purely numerical solution. To return to success runs
of Bernoulli trials, no alternative analytical expression is known, at the present time, for the probability
mass function of the geometric distribution of order & [13].

Finally, this paper is not intended to be an encyclopedia. There is a vast literature on the solution of
algebraic equations by infinite series, as well as on combinatorics using Catalan and Fuss—Catalan numbers.
Any omissions are inadvertent and not deliberate. For example, the text by Appell and Kampé de Fériet
[1] derives solutions of algebraic equations using generalized hypergeometric functions. The general sextic
equation can be solved using Kampé de Fériet functions but it is beyond the scope of this paper to discuss
such functions. The paper by Kamber [24] contains interesting material on the coefficients of certain inverse

power series, but is also beyond the scope of this paper.

2. Basic definitions and theorems

For ease of reference, some of the equations displayed in the introduction will be repeated below. The

Fuss—Catalan numbers are defined, for u,r € C and t € N, as Ag(p,7) := 1 and for ¢t > 1 via

t—1
T .
Ae(pr) o= [ [t tr 7). (2.1)
1.1

As stated in the introduction, all of the applications in this paper will treat u, € R. The above numbers are
also known as Raney numbers, at least when p and r are nonnegative integers, in which case A;(u, ) is itself
a nonnegative integer. Raney’s work [36] will be cited below. The generating function of the Fuss—Catalan

numbers is (where z € C)

oo
Bu(r;z) = Z Ay (p,m)2" (2.2)
t=0
The following results are known:
Theorem 2.1. (a) The generating function B, (1;z) satisfies the following equation for f(z)
F=1+zf" (2.3)
(b) The generating function B,(r;z) also has the property
Bu(1;2) = By(ri2). (2.4

Let s € C and using B,,(1;2)"* = B, (1;2)"B.(1;2)%, eq. (2.4) is equivalent to the statement

B, (r+s;2) = Bu(r; 2)Bu(s; 2) . (2.5)



(¢) The Fuss—Catalan numbers satisfy the following convolution identity

At(:uv 5+ T) = Z Ay (Ma 7“>At7u</% S) . (26)

u=0
(d) The Fuss—Catalan numbers satisfy the recurrence relation (there are other equivalent ways to express the
recurrence)

Ae(p,r +1) = A(p,r) + Aea(pr + 1) - (2.7)

Note that Theorems 2.1(b) and (c) are equivalent. Write out eq. (2.5) in full, then

gAtm,r +a)et = (i; A ) (32 A=) 28)

=0
Selecting a particular value of ¢ on the left hand side and equating terms, we obtain a sum of terms ¢’ +t"” = ¢
on the right-hand side and eq. (2.6) follows. Reversing the steps proves the converse. Also, using egs. (2.2)
and (2.4), eq. (2.7) can easily be employed to show that

Bu(Li2)™! = Bu(Li2)" + 2B, (L;2) (2.9)

This is simply eq. (2.3) multiplied through by B,,(1;2)".

To generalize to k£ > 1 multiple parameters, we employ a vector notaton and introduce the k-tuples
t = (t1,...,tr) € N* p = (u1,...,pu) € C* and z = (z1,...,2;) € CF (and recall 7,5 € C). Also
define [t| = |t1]| + - -+ + |tg]. For brevity we shall frequently write ¢ = |¢| below. Also, for |¢| > 0, define
the ‘unit vector’ ¢ = t/[t|. We also define the zero vector 0 = (0,...,0) and the ‘basis vectors’ e; =

(0,...,0,1,0,...,0) = (81, .., 0k;).

Definition 2.2 (multiparameter Fuss—Catalan numbers). We define the multiparameter Fuss—Catalan num-
bers oty (p,r) via o(p,r) =1 for t =0 and for |t| > 0 via

-1
r :
() Tl H(t'N-H‘—J)- (2.10)
[ L

If k =1 this reduces to the single-parameter definition eq. (2.1). Equivalently, for all |t| > 0,

) = ) At ), (2.11)

ety
Note that a 0/0 indeterminate expression fort does not arise in eq. (2.11) because of the definition Ag(-) := 1.

Definition 2.3 (multiparameter generating function). The multiparameter Fuss—Catalan generating func-

tion is defined as

B(p;r;z) = Z Ay (p,r) 22k (2.12)
teNk



Technically, the above expression is not well-defined because the answer can depend on the order of summa-

tion. In all the applications in this paper, we collect the terms in level sets in t = |t|

o0 t )
Bluiriz)=Y_ Y (tl th)At(t.u,r)z?mz,ﬁk. (2.13)

t=0 t14-Ftp=t
However, to obtain rigorous results, we must specify a domain of absolute convergence. Then the answer

will not depend on the order of summation. The topic of absolute convergence will be discussed below.

Theorem 2.4. (a) The generating function B(w; 1; z) satisfies the following equation for f(z)
F=14z21 M+ 4 2 15 (2.14)
(b) Analogous to eq. (2.4), the generating function B(u;r; z) has the property
B(p;1;2)" = B(p;rs; z). (2.15)
Analogous to eq. (2.5), it follows that
B(p;r + s;2) = B(p;r; 2)B(p; 53 2) - (2.16)
(¢) The multiparameter convolution identity analogous to eq. (2.6) is (the allowed values of w are obvious)

Ay(por+5) =Y S, 7) S (p1,5) - (2.17)

ueNFk
(d) Analogous to eq. (2.7), the multiparameter recurrence is (again, there are other equivalent ways to express

the recurrence)
k

Ag(p,r+1) = Ag(p,r) + ZAt,e]. (p, 7+ ) . (2.18)
j=1

Theorems 2.4(b) and (c) are equivalent; the proof follows the same steps as for the case k = 1. Also,
using eqgs. (2.12) (or (2.13)) and (2.15), eq. (2.18) yields

k
B(p;1;2) " =B 1;2)" + Y 2B(ps; 1;2)" (2.19)

j=1
This is eq. (2.14) multiplied through by B(u;1; 2)". A search of the literature revealed that all of the results
in Theorem 2.4 have already been proved. Unfortunately, the proofs are scattered (and rediscovered) in the
literature. Unlike the single-parameter case, where the relations are explicitly stated as properties of Fuss—
Catalan numbers (see Theorem 2.1), for & > 1 there is a variety of notations and not all authors mention
Fuss and Catalan. (This should not be misinterpreted as a criticism; see the comment at the beginning of
the Appendix.) For the multiparameter case, the most comprehensive references I have found were by Raney

[36], Chu [11] and Mohanty [33]. I summarize their works in turn. Raney [36] presented proofs of all the



results in Theorem 2.4. Raney’s expression is as follows. Let ai,as,... be an infinite sequence of natural

numbers of which at most a finite number of terms are different from zero. Then define
o0 o0
m:n—|—2iai, a0=n+2(i—1)ai. (2.20)
i=1 i=1

Raney defined the multinomial coefficient

o)
M(ao, a1, az,...) = (ao+tl'14702'+ ) (2.21)
ap:aq:ag. - - -

Then [36, Theorem 2.2] states
mL(n;aq,as,...) =nM(ag,a1,a2,...). (2.22)

Let us reexpress this in our notation. We know only finitely many of the a; are nonzero. Suppose there are
k nonzero a; are they are indexed by the set (p1,...,ur). Also define t; = a,, and replace n by r, then

m=r+t-pand ag=r+t-p—|t| =m—|t|. Then

L(n;ay,a9,...) = % (a Z;;Iﬁgif'”)!
T (r+t-p)!
r4top (r+tep— |t ! tg!
[t]—1 (2.23)
:% [IE w+r—35

tll cee ! jaie

= %(N?r) .

Notice that Raney’s expression for L is a solution, not a definition. Raney posed and solved many combi-
natorial problems in [36]. Then [36, Theorems 2.3, 2.4, 4.1] yield respectively egs. (2.17), (2.18) and (2.15).
Also [36, egs. (6.1) and (6.2)] yield eq. (2.14). Note that Raney [36] took the p; (in my notation) to be
integers; this is common also in the derivations by other authors (see below). However, it is straightforward
to generalize from integer to complex-valued parameters. The relevant steps are given by Graham et al. [22]
(for the single-parameter case k = 1, but the same reasoning works also for multiple parameters k > 1). Chu
[11] also published a proof of the solution of eq. (2.14) (citing Raney [36]). Chu remarked that eq. (2.14) can
also be derived using the multi-variable version of the Lagrange inversion formula [19]. (Numerous authors
have stated that eq. (2.14) can be derived using Lagrange inversion. Raney gave an example of Lagrange
inversion in [36].) Chu treated only integer-valued parameters. Chu defined ‘higher Catalan numbers’ and
‘generalized Catalan numbers’ as follows. Chu employed vectors ¥ and m, which are k-tuples of integers.

The ‘higher Catalan numbers’ are [11, eq. (1)]

Ci(n) = ! (

(2.24)

nk +1

nk+1
" .



This is equivalent to A, (k,1) in eq. (2.1) The ‘generalized Catalan numbers’ are [11, eq. (2)]

k
1 _1niv; +1
2eim1 i1 ) . (2.25)

Cy(1) = 425:1 nvy + 1 (nl,nQ, R YR Zle ni(v; — 1)
This is equivalent to o7, (v, 1) in eq. (2.10). Beware of the slightly inconsistent use of k& by Chu, as quoted
in eqgs. (2.24) and (2.25). Curiously, Chu [11] restricted his definitions only to r = 1, even though unnamed
expressions with r > 1 appear in his paper (Chu wrote ¢ for what I call 7). Mohanty [33] explicitly treated

complex-valued parameters. He defined the multinomial coefficient as follows [33, eq. (3)]

. dw—1)-(@— X5 j+1)

Then Mohanty defined (without assigning a name) [33, eq. (4)]

k
i—1 bini
A(a;bla.‘.,bk;nh...,nk):Z(a—i—}:l_l n) o
G+Zi:1bmi Ni,...,Nk

Here a,by,...,b; € C are all complex. This is equivalent to o7, (b,a) in eq. (2.10). Mohanty proved several
multiparameter convolution identities in [33], in particular eq. (2.17). (Additional results are given in the
Appendix below.) Mohanty defined a generating function [33, unnumbered before eq. (13)] and proved that
it satisfies the following equation for z [33, eq. (22)]

s+t —2+1=0. (2.28)

Here all of b, d, s and ¢ are complex. Note that Mohanty displayed explicit derivations for the case k = 2 and
pointed out that the extension to more parameters merely requires additional bookkeeping, hence eq. (2.28)
generalizes to k > 2 parameters and is effectively eq. (2.14). Similarly [33, eq. (25)] yields the identity
eq. (2.16). Strehl [40] also gave a proof of the solution of eq. (2.14), where [40, eq.(21)] is an algebraic
equation with complex coefficients. In fact [40, eq.(21)] is the equation solved by Mellin [32] and displayed
in eq. (4.12) below. Strehl also provides some historical background, citing both Chu [11] and Raney [36].
Banderier and Drmota [3] also derived a series solution for an algebraic equation where [3, Theorem 3.3] is

termed the ‘Flajolet-Soria formula for coefficients of an agebraic function.” See [3, eq. (3.3)].

Remark 2.5. The exponents p; in eq. (2.14) need not be distinct, although from a practical viewpoint it
may be pointless if they are not. Consider the extreme case where they are all equal 1y = -+ = pp = 1 so

t-p=p. Then eq. (2.14) simplifies to

=141+ +z)f". (2.29)

k

This is simply eq. (2.3) with z =3 _5_; zj. Then in eq. (2.14), A¢(u, 1) does not depend on the individual t



SO

S o \u. .
fztz;At(M,l)[ Z (h,...,tk)zl Zk:|

b=t (2.30)

=Y A )z 4+ )
t=0

This is precisely the Fuss—Catalan series which is the known solution of eq. (2.29).

Remark 2.6 (branch cuts). If some of the u; in eq. (2.14) are nonintegers, a branch cut is required in the
complex plane. The classic example is the square root j; = % and fY2. A specific sheet of the complex
plane must be selected, to render equations such as eq. (2.14) well defined (although, as pointed out above,
the domain of absolute convergence will not depend on branch cuts). In all of the numerical work reported
in this paper, the branch cut was placed along the positive real axis, so 0 < arg(z;) < 2w for j =1,...,k
and similarly for f and all other complex variables to appear below. This is necessary to obtain meaningful

sums for the various series in this paper. Mellin [32] placed the branch cut along the negative real axis. The

essential fact is that a branch cut is required; one must make a specific choice and adhere to it consistently.

3. Domain of convergence

In general, the convergence of an infinite series depends on the order of summation. In this paper, we
take ‘convergence’ to mean exclusively absolute convergence. In that case, the answer does not depend on
the order of summation. In general, the series in eq. (2.13) has a finite domain of absolute convergence. We
present two sets of conditions for the series in eq. (2.13) to converge absolutely. The first is necessary, but
in general not sufficient, and the second is sufficient, but in general not necessary. A more detailed analysis
for the special case of algebraic equations will be presented in Secs. 7 and 8. The derivations below assume
the p; are real and are ordered py < g < -+ < . We begin with the following lemma for the asymptotic

value of the Fuss—Catalan numbers.

Lemma 3.1. Asymptotically for t > 1 and real p,r,

1
r |/J’|T7§ o 1—p\t
Alper) ~ s e (bl (3.1)

The above is an application of Stirling’s formula and the proof is omitted. We require p # 0 and p # 1 to
Justify the intermediate steps in the derivation. To determine the radius of convergence using d’Alembert’s
ratio test, note that asymptotically

At(ﬂa’r) L 1—
STl = B 3.2
A Gir) |1 — p (3.2)

10



Proposition 3.2 (necessary, not sufficient). For the series in eq. (2.13) to converge absolutely, it is necessary

that
1

g1 |1 — g [P

Then all points of the following form lie in the domain of convergence

G=1,....k). (3.3)

2] < |2j|max =

zZ; =(0,...,0,]2j| = |2j|max,0,...,0) (G=1,...,k). (3.4)

Proof. Fix a value of j and set all the other z;, to zero, where j' # j. Then the series in eq. (2.13) reduces
to a sum in powers of single variable z;. Then eq. (3.3) follows from eq. (3.2) and d’Alembert’s ratio test.
From the asymptotic form of the Fuss—Catalan numbers in eq. (3.1), the series converges also on its circle of

convergence, justifying the ‘<’ in eq. (3.3). Then eq. (3.4) follows immediately. |

Proposition 3.3 (sufficient, not necessary). The series in eq. (2.13) converges absolutely if

k 1 1
| < mi . 3.5
2,1 i T e T ) o

The above condition is sufficient, but in general not necessary.

Proof. We employ eq. (2.13) and eq. (2.14). Let us define o = 25:1 |z;| and p; = |2|/a, for j =1,... k.
Then 0 < p; <1 and Z§=1 pj = 1. Then from eq. (2.14)

UED IR IS SRRV R e ¥ (36)

bttt =t

Let us suppose that |Ag(£ - p,1)| is majorized by setting - p = p.., where y, does not depend on the ;.
(This will be discussed in more detail below.) Actually, to establish convergence of the series, it is sufficient

if |Ay(t- p,1)| < |A(ps, 1)] only asymptotically, say for ¢ > T. Then

= t
FETED SIIVNSIES (N SRR PR ey

t=T Ly Htp=t (3.7)

= const + > _ [Ay(p, 1)] "

t=T
Using eq. (3.2) and d’Alembert’s ratio test, we obtain the following sufficient (but not always necessary)

condition for convergence:

b 1
|z5] < —. (3.8)
; T T 1 = gt

The essential step to complete the proof is to specify the value of u,. Since the p; are ordered, p; <
t-p < py. Now the graph of |, |**|1 — pu.|'7# attains a minimum at g, = % (and is symmetric around

e = %) and increases monotonically in either direction away from the minimum. Hence the value of

11



x| |1 — s |*~#+ is maximized by setting . = u1 or p, = py. Either value will do if they are equidistant

from % This proves eq. (3.5). Admittedly, this may not be an optimal criterion: it is sufficient, but may
not be necessary. Numerical tests indicate that the domain of convergence using the above value of u. can

be very conservative. [ ]

Corollary 3.4 (trinomial). For the special case k = 1, there is only one summand, and so p. = p1 = p and
we may write z1 = z. Then the criterion for absolute convergence is necessary and sufficient. The series in

eq. (2.2) converges if and only if
1

< 3.9
A= = (39)

The proof is immediate from taking Propositions 3.2 and 3.3 together. From Proposition 3.2, the series

converges everywhere on its circle of convergence. This corollary will be important below.

Remark 3.5. It is clear that the conditions in eq. (3.3) are individually necessary, but, even taken together,

they are not sufficient to guarantee absolute convergence of the full sum in eq. (2.13). Hence an upper bound

for the measure of the domain of absolute convergence, for (|z1],...,|zx|) € R¥, is given by the finite product
i 1
< - — < oo. (3.10)
I ey

The use of p on the left hand side to denote measure should not be confused with other uses of p in this
paper. The true domain of absolute convergence is a set of smaller measure. This justifies the claim at the
beginning of this section that the series in eq. (2.13) has a ‘finite domain’ of absolute convergence, i.e. finite
measure.

Similarly, using the sufficient condition in eq. (3.5) and p. from eq. (3.8), a lower bound for the measure
of the domain of absolute convergence is

>1 L ' 0 3.11
42 S ) 7 &1

The measure is positive: for sufficiently small |z;|, j =1,...,k, the series in eq. (2.13) converges in an open
neighborhood of the origin for z € R¥. Of course this latter fact could be deduced directly using eq. (2.14),
but eq. (3.11) supplies a quantitative lower bound. For the special case of a trinomial, where k = 1, the two

bounds in egs. (3.10) and (3.11) coincide.

Remark 3.6. A complete derivation of a necessary and sufficient condition for the absolute convergence
of the series in eq. (2.13) has not yet been discovered. However, the situation is different for an algebraic
equation. As stated in the introduction, the necessary and sufficient bound for the convergence of the series

solution of eq. (1.8) will be presented in Sec. 8.
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4. Algebraic equations

4.1. Preliminary remarks

We now treat some applications of the above formalism. In this paper we shall treat algebraic equations,
i.e. series solutions for roots of polynomials. Other applications will be reported in future work. We begin
with an illustrative example, to avoid cluttering the essential ideas with heavy formalism and subscripts,

etc. Consider the general algebraic equation of degree n with = € C and complex coefficients aq, ..., a,
O=ap+arx+- - +az™. (4.1)

We require ag # 0 else we factor out a root x = 0. We also require a,, # 0. We begin with an obvious, but
necessary, caveat. It is possible that some or all of the remaining a; could vanish. To avoid cluttering the
presentation, it is to be understood that in all of the multinomial sums below, the sums extend only over the
nonzero a;. We now note two elementary transformations of eq. (4.1), which do not affect the fundamental
properties of the roots. First, we can multiply all the coefficients by a constant A # 0. This does not change
the roots of eq. (4.1). Next, we can replace z by uy, where u # 0. The roots for = are simply those for y,
multiplied by u. The resulting equation is Z;‘L:O aj \ly? = 0. Define b; = ajA\u/. We can select two integers
p and ¢ such that 0 < p < ¢ < n and find values for A and p such that b, = b, = 1, yielding

0=bo+biy+ -+’ ++yi+ - +byy". (4.2)

Clearly both a, and a, must be nonzero to do this. It is easily derived that y = (a,/a,)'/(?P) and

_ a;
o aéqu)/(qu)a((lj*p)/(qu) )

b (4.3)

Technically, b; depends on p and g also, but we consider this to be understood below. Clearly a branch cut
is required to derive the above expressions. There are actually ¢ — p solutions for p and b;, indexed by the
q — p roots of unity 1%/(4=P) (actually (—1)%/(4=P) we shall see this below). For brevity we define the set
Nopg ={0,...,n} \ {p,¢}. We divide eq. (4.2) through by y? and rearrange terms to obtain the equation

—yTP =1+ Y by P (4.4)
JE€ENnpq
Note that if we set all the b; to zero, the equation reduces to y?~? = —1. The solution is any of the

radicals y = (—1)1/ (¢=P) By the implicit function theorem, an absolutely convergent solution for y exists
for sufficienly small amplitudes of the |b;|. Hence the domain of absolute convergence of the series solution
of eq. (4.4) is nonempty, expressing y in a power series in the b;. (We already know this from Sec. 3.) Now

set ( = —y97P, 5oy = (—1)/(a=P)¢1/(4=P) We append a subscript £ on x, y and ¢ to index the g — p choices

13



of radicals (—1)'/(¢=?) Employing a branch cut along the positive real axis, they are e!™(2¢+1)/(a=P) where
¢=0,...,q—p—1. Set u; =(j —p)/(g—p), then b; = aj/(allj_“jaf;j) and (, satisfies
im0+ )y Y 1
Co=1+ Z et (204 1) 1*#? r e (4.5)
JEN npq ap " dq
This has the form of eq. (2.14), with k = Card(4;,,4) parameters (the b;). The expressions for ¢ and ¢ -
are, in this case,
t= Yt tep= ) iy (4.6)
JEN npq JE€ENnpq
The solution for ¢, is given by eq. (2.13) and z, is obtained from ¢, via

Qq

Ty =¢€ 4

iw% (ap)l/(qip)gel/(qu) . (47)

It is conventional to solve for the r* powers of the roots. From Theorem 2.4(a) and (b) and eq. (4.7), we
obtain
;CZ _ e”% (al)l/(Q*P) Z ,th(u, r ) em(ze—&-l)t-u( H b;j)
aq - 4 p jeJVnpq
im0+ )t

:em%(zz)l/(qp) Z 'dt(”’qip) S t'“( H a;_j).

teNn—1 ap Qq JENnpq

(4.8)

e In the first line of eq. (4.8), x} is a sum over products of positive integral powers of the b;. In the
second line, a, and a, appear with fractional (and possibly negative) powers, whereas the other a;
appear with positive integral powers. Hence in general the series solution for the roots of a polynomial
is a multivariate power series in the scaled coefficients b;, i.e. eq. (4.2), or a Laurent-Puiseux series
in the coeflicients of the original polynomial, i.e. eq. (4.1). These are of course a known facts, not

connected with Fuss—Catalan numbers.

e Note that eq. (4.1) has n roots, counting multiplicities, but eq. (4.8) yields ¢ — p roots. If p = 0 and
q—mn, so ¢g—p = n, then eq. (4.8) yields expressions for all the n roots of eq. (4.1). If g —p < n
then we require multiple series to obtain all the n roots of eq. (4.1). It is simplest to explain with an
example. Choose p =0 and g = 1, this yields only one root. Next choose p =1 and g = n, this yields
n — 1 roots. One must try different selections for p and ¢ to verify that expressions for all the roots of

eq. (4.1) have been found. We shall see this in connection with the trinomial below.

e It is also possible to choose ¢ < p. Doing so yields the same set of roots of eq. (4.1) obtained by
interchanging p and ¢. This can be seen with some elementary transformations and relabelling of

indices. The details are left to the reader. Hence without loss of generality we may assume p < q.

e As stated above, if any of the a; vanish, for j € A7,,4, i.e. 7 # p and j # ¢, we omit those values of j
in the sum in eq. (4.8). In that case the set .4}, has cardinality less than n — 1.

14



e For all the nonvanishing a;, from eq. (3.3), for absolute convergence we require (necessary, not sufficient)

|aj] 1

|b;| = (4.9)

gl fagls = Ty oL — gy
Let the lowest and highest indices of the nonzero a; in A},q be jmin and jmax, respectively. From
eq. (3.5), the sufficient (but not necessary) criterion for absolute convergence is
;] - 1
| = I b A B
Z |bj| Z |ap|1_”j‘aq|/‘j = ton |/J,jmm|”jmin

) ) 1— 0 [P Himin
JEJVWqu ]E:/Vnpq M]mn\| (4 10)

)
‘/"ijax |Hjmax |1 - Mjmax |1_Hjmax ’
As noted in Sec. 3, the domain of absolute convergence depends only on the amplitudes |a;| and hence

the domain is the same for all the choices of radicals for (—1)*/(4=P) i.e. all the values of £.

4.2. Comment on McClintock’s series

McClintock in 1895 published a paper [31] deriving series expressions for all the roots of a polynomial of

arbitrary degree. He began with the illustrative example 2% = —1 — 2. McClintock derived the solution [31,
eq. (1)]
2 3 39 8 43
r=w-—wa— -w’ae — -wa>—--- (4.11)
2 3
where a = —% and “w is any one of sixth-roots of —1.” This is essentially exactly the procedure I employed

above: in eq. (4.7) I took an n'h

root of the highest power 2™ and solved for (; in eq. (4.5). Note that
e (21)/7 is an nt root of —1. McClintock examined many other polynomials, on a case by case basis; the
analysis in the previous subsection gives a general expression for the roots of an arbitrary polynomial. We see
that McClintock’s solutions are multiparameter Fuss—Catalan series. McClintock noted that his series had

finite radii of convergence but did not derive a general expression for the radius of convergence. McClintock

also noted the use of the Lagrange inversion theorem in his derivations.

4.3. Comment on Mellin’s solution

Mellin derived a series solution for the following algebraic equation [32]
22" e 4 —1=0. (4.12)

Here n >ngs >1,s=1,...,p (see [32]). Hence all the coeflicients z in eq. (4.12) are nonzero by definition.
Mellin derived a series solution for the ‘Hauptlosung’ or principal root, which is the unique branch which

equals 1 for zy = --- =z, = 0, and where « is a positive number [32]

o (=1)F
« — 1
z +a; 2

> Mt 4 mpy =),

D(vy + O(vp + 1) Dy + 1) 175 (4.13)

vi+--trp=k
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It is easily verified that this equals the Fuss-Catalan series with k = p, r = a/n, p; = n;j/n, t; = v; and

zj = —xj,for j=1,...,p, so

zo‘:B((E,...,@)%;(fxl,...,fxp)). (4.14)

n n

In fact « is not constrained to be positive. Mellin also specified the following bound for the domain of

convergence of his series; it is clearly sufficient but not always necessary [32]

1 1 1
1|, ..., |Tp| < —min , . 4.15
ool < i e ) e

For ease of comparison with my work, I have written ;; and p, on the right hand side. This is a more

conservative bound and is superseded by eq. (3.5) or eq. (4.10).

4.4. Comment on Birkeland’s series

Birkeland published numerous papers on the solutions of algebraic equations using hypergeometric series

[6, 7, 8], culminating in his 1927 paper [9]. We note some comments on the latter paper (which largely

subsumes his earlier work). Birkeland treated the general algebraic equation with complex coefficients [9,
eq. (1)]

apx” + agz" V4 +ap_1x+a, =0. (4.16)

Hence his indexing is the opposite of that in eq. (4.1). Birkeland also selected two integers, with p > ¢, such
that 0 < ¢ < p < n. He then obtained the scaled equation [9, eq. (1’)] (see his paper for the definitions of z,
l; and m;)

2P =29+ [12™ + 1™ 12 (4.17)

This is very similar to eq. (4.4). Birkeland then derived a series solution of eq. (4.17). First define € as a
primitive root of unity satisfying the equation zP~¢ = 1. Then Birkeland obtained for the « power of the
root zj, where j =1,2,...,p—q [9, eq. (5)]
oo
2] :aM{HV S mr =) e e | (4.18)

— arlasg! .. ay!
p qal,...,aszo 1-Cx2 s

(N.B.: T changed i to j in Birkeland’s equation to avoid confusion with i = /—1.) With elementary changes
of notation, eq. (4.18) is equivalent to the first line of eq. (4.8). See in particular [9, eq. (4)] for his definitions
of 7 and v. Birkeland did not recognize his series coefficients as Fuss—Catalan numbers. Birkeland then
expressed the series solution in eq. (4.18) in terms of sums of hypergeometric series. It would take us too far
afield to discuss hypergeometric series in this paper. Birkeland derived the same convergence criteria as in

Sec. 3. He derived the necessary (but not sufficient) bound [9, unnumbered, §2]
G <1, |&l<1, ..., |¢l<1. (4.19)
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This matches eq. (4.9), after working through the details of his notation: his ¢; equals my b; | ;[#7|1—p [ =3,
with obvious allowances for differences in his indexing. Birkeland did not recognize that one can write ‘<’
instead of strict inequalities ‘<’ in the bound. As for the sufficient (but not necessary) bound, Birkeland
obtained [9, eq. 12]

P—4q 1

L)+ |l +- -+l < - 4.20
[l + |l2| |Ls] m+p_q(1+p7q)pfq (4.20)
m

This is clearly similar to eq. (4.10). From eq. (4.17), Birkeland’s I; are my b;, and on the right hand side
of eq. (4.20), he wrote out the bound explicitly in terms of integers m, p and ¢q. Contrary to Mellin [32]
(see eq. (4.15)) and myself (see eq. (4.10)), Birkeland did not write a ‘min’ of two possible choices for the
best bound. Here Birkeland made an error of algebra: Birkeland defined m in eq. (4.20) as the value of m,
which maximizes the value of |m, — p|. Quoting from [9], “Wir wollen mit m die groite der Zahlen |m,, — p|
...” However, as was seen in Sec. 3 for the parameter ji,, we must choose j. to be the value of ;; which
maximizes the value of |p; — %| Working through Birkeland’s notation, we must choose m to maximize the
value of |m, — (p+q)/2|. Birkeland then applied his formalism to derive the solution of the trinomial, which
he had also treated in an earlier paper [6]. The trinomial is sufficiently important that it will be studied in

a section of its own in Sec. 6.

4.5. Comment on Lewis’s series

In 1939 Lewis published a paper on the solution of algebraic equations by infinite series [30]. He treated
the trinomial, then the quadrinomial and finally general multinomial equations. We discuss only the general
case here. (The trinomial will be studied in Sec. 6.) Lewis treated the general algebraic equation with

complex coefficients [30, eq. (39)]
anz" — apz® — agzd — - — apz’ —ap=0. (4.21)

(The above corrects a misprint in [30].) The notation suggests that all the coefficients are nonzero. He

treated only the case we denoted above by p = 0 and ¢ = n. He wrote [30, eq. (40)]
2" = ag/an + (1/an)(agz® + agz? + -+ ap2’) . (4.22)

Lewis then employed Lagrange inversion to derive his solution. Following Lewis, we write ag/a,, = re?’ and
the n roots of a,z™ — ag = 0 are denoted by ay, = r1/7e!hm+0)/n where h =1,...,n. The solution for the
root zp is given as [30, eq. (41)]

oo

apal...ay 1+pk+--+vb—n o LHPRE b (h=1 n) (4.23)

Zh =
' p,q,;_op!q!...v!<aon)P+q+~-+v(p+q+-~-+v—1) "
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Lewis did not derive a series for powers of the roots. With some effort, eq. (4.23) can be equated to the

solution in eq. (4.8). Lewis derived the following sufficient condition for absolute convergence [30, eq. (42)]

lakaf| + - + lapal | 1" n"
< 4.24
{ ao] S B m (4.24)

Unlike Mellin [32] and Birkeland [9], Lewis [30] recognized that equality ‘<’ is permitted in the bound.
However, like Birkeland, Lewis failed to recognize that the bound on the right hand side is given by the

minimum of multiple possibilities, and the expression he derived is not always the correct choice.

4.6. Comment on Raney’s series

Raney [36] employed his formalism to demonstrate the use of Lagrange inversion for a power series
zZ=73 " ,anZ" [36, egs. (5,4), (5,7) and (5.8)]. Then in [36, Sec. 6], Raney applied his formalism to derive
series solutions for algebraic equations. As mentioned earlier, [36, egs. (6.1) and (6.2)] yield eq. (2.14). Raney
took the p; to be integers; this yields an algebraic equation. Raney displayed the example of the trinomial

w =1+ Tw" [36, eq. (6.3)], with the series solution [36, eq. (6.4)]

B > 1 nk\ _
w=§M<k>xk. (4.25)

This matches the series coefficients in eq. (1.2), replacing m by n and ¢ by k. Raney did not discuss
questions of convergence. Unlike the other authors cited earlier in this section, Raney took the coefficients

in his equations to be elements in a commutative ring, not just complex numbers.

4.7. Summary

Numerous results for the solutions of algebraic equations by infinite series were derived by McClintock
[31], Mellin [32], Birkeland [9] and Lewis [30]. Their works all fall in the realm of functions of several
complex variables and are almost not cited in the papers cited in Sec. 2. Raney [36] treated the problem as
an example application of his work on combinatorics, with coefficients in a commutative ring, and did not
discuss questions of convergence. I have found no reference to Raney in the literature on complex analysis, at
least for the solution of algebraic equations by infinite series. Nevertheless, all of the above authors published
significant results. This, at least partially, illustrates the statement made in the Introduction, concerning

duplication of proofs and the desire to collect relevant results in one place in this paper,

5. Quintic

The quintic is sufficiently important that it is placed in a separate section. It is known that by means of

a Tschirnhaus transformation, a general quintic may be brought to the Bring-Jerrard normal form
P —x4+~v=0. (5.1)
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This algebraic equation (of degree n = 5) lends itself naturally to a solution using Fuss—Catalan series. Using
the formalism in Sec. 5, we set p = 0 and ¢ = 5. From eq. (4.7), z, = em(2e+1)/571/5<€1/5 with £ =0,...,4.

Then (; satisfies the equation
eim(20+1) /5

~A/5

There is only one summand, so k = 1 and g = 1/5. The roots x, are given by

G=1- ¢"”. (5.2)

) 1 1 ei‘n’(2€+1)/5
— pim(2041) /5,1 /5 ( 2. 2. N
Ty =€ v 8(57 57 ,74/5 ) (53)
From Corollary 3.4, the condition for convergence is necessary and sufficient:
1 1 5 4
|v| > === ~ 0.534992. (5.4)

< = — ~
"Y|4/5 (%)1/5(%)4/5 44/5° 55/4
We can say more. What if the value of 7 does not satisfy the above bound? There are alternative series we
can derive. Rewrite eq. (5.1) as = v + 2° and set ¢ = x/v. This corresponds to p = 0 and g = 1. Then (

satisfies ¢ = 1 + v4¢®. Once again k = 1 and now z; = v* and y = 5. There is only one root and it is
z=7( =7B(51;7%). (5.5)

The necessary and sufficient condition for convergence is
1 44 4
4 —_
ol §5547_4—5*57 |’Y|§55ﬁ~ (5.6)
This is the inverse of the condition in eq. (5.4). However, we have found only one root. We obtain the other
four roots as follows. We divide eq. (5.1) through by z to obtain 2* = 1 — /2. This corresponds to p = 1

and ¢ = 5. Set ¢ = % or & = e2™/4¢/4 for 1 = 0,...,3, so (; satisfies

Co=1— e imt/2¢; 14 (5.7)
Once again k = 1 and now z; = —ye /2 and pu = —i. There are four roots, indexed by £ =0,...,3
. 1 1 .
Ty = ezﬂ'@/QB(_Z; Z; _6—171'@/2,)/) . (58)

The necessary and sufficient condition for convergence is

B 1 4
"= g T
This is the same as eq. (5.6).

e As noted earlier for the case k = 1, all the series convergence on their respective circles of convergence.

e The series in egs. (5.5) and (5.8) do not yield the same root. If we set v = 0, eq. (5.1) reduces to
x(z* — 1) = 0. One root is zero and the others are the fourth roots of unity. The roots in the series in
egs. (5.5) and (5.8) lie on the branches which respectively approach zero and the fourth roots of unity.
Hence the two series, taken together, yield all five roots of eq. (5.1).
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e There are multiple ways to find the roots of a polynomial using Fuss—Catalan series. The series in
eq. (5.3) converges for |y| > 4/5%/* whereas those in egs. (5.5) and (5.8) converge for |y| < 4/5%/%. In

all cases one obtains convergent solutions for all the five roots of eq. (5.1), thence the general quintic.

e The Bring-Jerrard normal form has been solved using hypergeometric functions, e.g. see [34]. Klein’s
solution of the quintic [25] also employed hypergeometric series. The series have finite radii of con-
vergence (actually the same radius for all the series). Analytic continuation is required to treat all
coefficients of the general quintic. Using Fuss—Catalan series, the series in eqs. (5.5) and (5.8) are the
explicit analytic continuations of the series in eq. (5.3) across the ‘boundary’ |y| = 4/5%/%. Together
they cover the whole parameter space, i.e. all values of 7 in eq. (5.1). The solution of the Bring-Jerrard

normal form using Fuss—Catalan series is arguably ‘cleaner’ than that using hypergeometric series.

6. Trinomial

6.1. General solution

The trinomial is also sufficiently important that it is placed in a separate section. The Bring-Jerrard
normal form of the quintic and Lambert’s trinomial, to be discussed in Sec. 6.2, are particular examples of
the general trinomial equation

2"t az" +b=0. (6.1)

The general solution of the trinomial, for all values of the coefficients, was derived by Birkeland (1920,1927)
[6, 9] and Lewis (1935) [30]. The general solution of the trinomial was also derived in 1908 by P. A. Lambert
[29], not to be confused with the more famous Johann Lambert. P. A. Lambert in fact also presented a
series solution for the general algebraic equation, but his analysis contained some technical errors and was
not discussed in Sec. 4. The derivation below follows Eagle (1939) [15], whose paper was devoted exclusively
to the solution of the trinomial, and eq. (6.1) is taken from his paper. Eagle employed McClintock’s [31]
formalism to furnish convergent series solutions for all the roots of eq. (6.1), valid for all values of the
coeflicients. Eagle employed the Lagrange Inversion Theorem to solve for the roots. We have already noted
that the solutions are Fuss—Catalan series. All four authors cited above derived correct expressions for the
radii of convergence of their series. The derivation below may be considered as an independent validation of
their results.

As was seen in Sec. 5 for the Bring-Jerrard normal form, there are three series. To systematize the
derivation, to give a more panoramic overview of the results, we proceed as follows. Here ¢ takes values as

appropriate to index the roots of unity.
e Setp=0and g=m +n and z, = e”(%*l)/(m*”)bl/(er”)(l}/(er") then ¢, satisfies

T n/(m+n a n/(m+n
Cp = 1 4 eim2e+1n/ (m+ )W n/(mtn) (6.2)
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Then = n/(m + n). This series yields m + n roots.

e Set p=0and g = n and z, = "D/ (b, /a)'/™ then (; satisfies

bm/n

(o= 1 4 eim @D mAn)/n (mtn)/n (6.3)

a(mtn)/n ot

Then p = (m + n)/n. This series yields n roots.

e Set p = n and ¢ = m + n and divide eq. (6.1) through by ™. Set x, = ™ Z+1/™(g¢,)1/™ then ¢,

satisfies
. b _
_ —in(2041)n/m Y —n/m
CGe=1+e ) ¢ . (6.4)
Then p = —n/m. This series yields m roots.
The respective series solutions are
_im(2041)/(m+n) p 1/ (mtn) no 1 peaon a ) B
Tp=¢€ b B(m—i—n’m—i—n’e + Ty coy (0<f<m+n-1), (6.5a)
. pt/n o m4n 1, pm/n
_ im(20+1)/n . . im(2041)(m4n)/n _
rp=¢e —al/nB( e 7a(m+n)/n) (0<t<n-1), (6.5b)
_imetym o mp(_ "L ir@ertngm b ) _
Te=e a B( e ey 0<t<m-1). (6.5¢)
The respective domains of convergence are as follows.
|a| (m+ n) |b|m mmnn
|b|m/(m+n) - nn/(ern)mm/(ern) ’ |a|m+n - (m+n)m+n ’ (663')
b/ n |b|™ mmn"
) , 6.6b
|a|(m+n)/n — (m_i_n)mfm/n |a|m+n — (m+n)m+n ( )
D] m |b|™ mmn" 6.6
|a|(m+n)/m — n—n/m(m+n)(m+n)/m ’ |a|m+n — (m+n)m+n . ( . C)

If we set b — 0 then z"(2™ 4 a) — 0. Hence n roots approach zero and m roots approach the respective
m*" roots of —a. The roots of the second and third series respectively lie on the branches which approach
zero and the m** roots of —a as b — 0. The second and third series have the same domain of convergence
and hence together yield all the m + n roots of eq. (6.1). The above set of three series are those found by
Eagle [15] and together yield all the roots of the general trinomial for all values of the coefficients. They are
equivalent to the solutions derived by P. A. Lambert [29], Birkeland [6, 9] and Lewis [30].

Consider also the following. Divide eq. (6.1) through by 2™ as above, but now set 2, = e!™2+1)/"(q¢,/b)~1/".

This corresponds to setting p = n and ¢ = 0, i.e. ¢ < p. Then (, satisfies

, pm/n

— in(204+1)m/n_ Y " —m/n
G=1+e ey R (6.7)
Compare this to eq. (6.4) Now p = —m/n. This series yields n roots. It converges if and only if

|b|m/n n ‘b|m mmn™
|a|(m+n)/n - mfm/n(m+n)(m+n)/n ’ ‘a|m+n — (m+n)77L+7L ’

(6.8)
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The solution is

, bi/m m 1 pm/n
_ im(2641)/n e &L im(2641)m/n _
Tp=¢€ —al/nB( e 7a(m+n)/n) (0<lt<n-1). (6.9)

Hence this series yields the same n roots as the second series above, for which y = (m+n)/n, with the same
domain of convergence. It must therefore be the same series as in eq. (6.5b). Even the permutations of the
roots are identical, because the first terms of both series are e!™2+1)/7(p/q)'/". Tt was remarked in Sec. 4

that choosing g < p yields the same solutions as the series obtained by interchanging p and gq.

e Johann Lambert [27] solved the equation 2™ + px = ¢ in 1758. Corless et al. [12] stated “In 1758,
Lambert solved the trinomial equation z = g + =™ by giving a series development for x in powers of
q.” 1 found that the equation x = g + ™ appears in Lambert’s 1770 paper [28, §8], where Lambert
stated “auquel on peut toujous donner la forme plus simple” (“to which we can always provide the
simpler form”) and where Lambert derived a series for the n'* power . Lambert’s solutions are
Fuss—Catalan series, for the branch which approaches zero when ¢ — 0. Lambert’s series solution for

a™, where x = ¢ + 2™, may be written as [28, §§]
" = qB(m;n;¢™ ). (6.10)

Lambert did not specify the radius of convergence of his series. It converges if and only if

m—1

lq| <

e Ramanujan also solved the trinomial via a series. The equation he treated was [5, first quarterly report,
1.6 (iv), eq. (1.15)]
aqr? + 27 =1. (6.12)

Ramanujan derived the following solution for any power n [5, first quarterly report, 1.6 (iv), eq. (1.16)]

({n + pk}/q)(—qa)*
*Zr ({n+pk}/q—k+ k! (6.13)

This is the branch which approaches unity for a — 0. The above expression is stated in [5] to be valid

for all real numbers n, p, ¢ and for complex a satisfying
la| < |p|7"/?|p — q|®=9/4. (6.14)

Let us verify Ramanujan’s solution. The expression in eq. (6.13) is tricky if n = 0. The first term in

the sum is actually unity

n (/oT(/g)  n < (—qa)t 7
T Tn/g+1) +q —~ L
o L (6.15)
- Z ).



We need to perform the cancellations before setting n = 0 on the right hand side. To solve eq. (6.12)
using a Fuss—Catalan series (for the branch treated by Ramanujan), put ¢ = z%, so ¢ = ¢'/4, then
¢ =1—aqCP’9. Hence i = p/q and z = —qa in eq. (2.3). The solution is (using k as a summation
variable)

#" == Ag(p/a.n/a)(—qa)"

k=0

o1 (6.16)
n o (—99)* 1
:1+72 ' H(kp/qun/qfu).
Lyt ! u=1
This equals the expression in eq. (6.13). The series converges if and only if
la] < 1 1
| &~ — 9
lal |p/al?/e|1 — p/q|*~/a (6.17)

= |p|7P/1p — q|P=D/4

This confirms the bound in eq. (6.14).

6.2. Lambert and Euler trinomial equations
At stated above, in 1758 Lambert [27] gave a series solution for the trinomial equation z™ + px = g and

later in 1770, Lambert [28, §8] revisited the equation in the form
r=q+am. (6.18)

The treatment below follows Corless et al. [12]. In 1779 Euler [16] derived the following equation from

Lambert’s trinomial (I have changed Euler’s ‘@’ to ‘2’ to avoid confusion as to which equation z satisfies)
2% — 2P = (a — B)vz*tFP. (6.19)

This is obtained from eq. (6.18) via the substitutions = 2%, m = o/ (this corrects a misprint in [12],

which stated m = af) and ¢ = (o — 8)v. Euler’s solution of eq. (6.19), for 2", was [16]

1
z":1+nv+§n(n+a+ﬂ)v2

+gn(nt o+ 28)(n+ 20+ 6)v? (6:20)

+%n(n+a+3ﬁ)(n+2a+26)(n+3a+6)v4+~~~

Clearly, eq. (6.18) can be solved using Fuss—Catalan series. There are m roots, of which one approaches 0
and m — 1 approach the roots of unity as ¢ — 0. Lambert’s solution is the unique branch which vanishes for
g = 0 and was displayed as a Fuss—Catalan series in eq. (6.10). Euler’s solution in eq. (6.20) does not vanish
for a = 3, i.e. ¢ = 0, and is the unique solution of eq. (6.18) which is real (if ¢ is real) and approaches 1 as

¢ — 0. We can derive it as follows. Divide eq. (6.18) through by 2™ and set = ¢~*/("™~1) then

C=1+qcm/ (M=, (6.21)
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Hence = m/(m — 1) and the solution is

$:B(m/ ! ) (6.22)

w1 w1

Put z =277 m =a/B and ¢ = (a — f)v, then 2" = /8

«a n
n_ ) ey — . 2
2= B( 2 i (e B) (6.23)
Let us verify from eq. (6.20) that this equals Euler’s solution:
o0 ’Ut t—1
2" = 1+nZ—' H(toz—i—n—j(a—ﬁ))
t=1  j=1

(6.24)

This agrees with eq. (6.23). For brevity, we stop here. The paper by Corless et al. [12] discusses various
applications of the Lambert W function, which is the real solution (for real z > —1/e) of the equation
W(x)ew(l) = z. For example, they discuss asymptotic (large n) solutions of the following trinomial equation

[12, eq. (2.30)]. Their cited reference is the text by Gonnet and Baeza-Yates [18, Appendix, eq. (I1.41)]
(a+n)z™ 4+ (b—n)z" ' + f(n) =0. (6.25)

This is visualized in [12] as a sequence of polynomial (trinomial) equations indexed by n. The solution in
[12] and [18] is for the real root near 1, if @ and b are real (and n is large). I solved the above trinomial using

a Fuss—Catalan series

n—>b f(n)t
= —1)'A4(1 —n,1 . 6.26
X n+a tz:;( ) t( n, ) (n—‘ra)(l_")t(n—b)"t ( )
For large n, I approximated the terms and derived the asymptotic solution up to O(1/n)
W(— a+b —a—»b
p=14 WETM) Zazb o 2y, (6.27)

n

This agrees with the solution in [12] and [18]. Gonnet and Baeza-Yates [18] also published the O(1/n?) term.

7. Algebraic equations: convergence of series 1

7.1. General remarks

It was stated in the introduction and in Sec. 3 that more detailed results for the domain of convergence

are available for the solutions of algebraic equations by infinite series. Recall from Sec. 3 that we consider
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‘convergence’ to mean absolute convergence. In particular, a necessary and sufficient bound for absolute
convergence is available. We begin with some known theorems from the theory of power series in several

complex variables.

Definition 7.1 (multicircular or Reinhardt domain). A multi-circular or Reinhardt domain in CF has the

property that for k complex variables z = (z1,...,2k), if a point z. lies in the domain, then so does every
point z such that |zj| = |zj.| for j =1,..., k. A multi-circular domain with the property that if a point z,
lies in the domain, then so does the polydisc given by {z : |zj| < |z, j =1,...,k} is known as a complete

Reinhardt domain. A polydisc is a Cartesian product of discs, in general with different radii.

The convergence domain of a power series in multiple variables is a union of polydiscs centered at
the origin and is a complete Reinhardt domain. The following is also known. Using a vector notation,
with coefficients co indexed by a k-tuple a, if both > _ |ca2®| and ) |caw®| converge, then so does
Yo leallz®[flw|' =t for 0 < t < 1. This property of a Reinhardt domain is called logarithmic convezity.
Define a map Log : C\ {0})¥ — R¥ where z; + In|z;| for j = 1,...,k. Let the image of the domain of
convergence D be Log(D) C RF. If Log(z), Log(w) € Log(D), then also tLog(z) + (1 — t)Log(w) € Log(D)
for0<t<1,ie.

(tIn|z1|+ (1 —t) In|wy],...,tIn|zx| + (1 — t) In |wg|) € Log(D). (7.1)

A complete Reinhardt domain in C* is the domain of absolute convergence of a power series if and only if
the domain is logarithmically convex. The power series converges uniformly in every compact subset of the
domain D. Note that logarithmic convexity does not imply convexity. For k = 1, the domain of convergence
of a univariate power series is a disc in C centered on the origin, and is convex. However, for k > 2 variables, a
complete Reinhardt domain in not in general convex. However, from the foregoing remarks about polydiscs,
the following is true. If a point z, lies in the domain of convergence, then so does every point on the ray
joining the origin to z,, i.e. z = Az, for 0 < A < 1.

The above theory is general. In this section, we are concerned with the domain of absolute convergence
of the series in eq. (4.8), which is the solution of eq. (4.1). Passare and Tsikh [35] claimed to offer a necessary
and sufficient bound for convergence in this case. We summarize their work below. We also display some
counterexamples to their bound, and present a more detailed analysis below. For ease of contact with the

formalism in [35], we write
apt+ax+---+2P+---+274+ - +a,z” =0. (7.2)

This is effectively eq. (4.1) (or eq. (4.2)) where we have simply set a, = a, = 1. This is the equation treated in
[35]. The series solution is given by eq. (4.8), with obvious changes of notation. Passare and Tsikh employed

the notation [p] to denote that the index p is excluded from a list of the form (ag,a1,...,[p],...,an). The
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solution of eq. (7.2) is a power series in the n — 1 variables (ag, a1, ...,[p],...,[q],-..,an). Passare and Tsikh
studied the discriminant Apg(ag,a1,...,[p),...,[q],...,a,) which is the discriminant of the polynomial in
eq. (7.2). Then Passare and Tsikh [35] claimed that the domain of absolute convergence D,, of the series
solution of eq. (7.2) is a complete Reinhardt domain whose boundary is (a segment of) the zero locus
Apqlag,ar,...,[pl,...,[q],...,an) = 0. Specifically, for absolute convergence, they derived equations of the

form Apg(%|aol,...,[p],-..,[gl,.-.,£lan]) = 0. See [35, Thm. 3] for a precise statement of their result.

7.2. Application to cubics

Passare and Tsikh [35] employed their formalism to display the domains of convergence for the series

solutions of a cubic [35, Sec. 5.2]. The general cubic equation with complex coefficients (ag, a1, as, as) is
ap + a1x + azx® + azx® = 0. (7.3)

There are six choices for p and ¢, and the respective domains of convergence D,, were given as follows [35,

unnumbered before eq. (17)]

Do = {Ao1(Jaz|, —as]) < 0}, (7.4a)
Dy = {Aoz(Jaa|, |as]) > 0} N {Agz(|ar], —as]) < 0}, (7.4b)
Doz = {Aoz(—la1], —laz]) > 0}, (7.4¢)
D1z = {Awz(Jao|, —as]) < 0} N {A12(—lacl, as]) <0}, (7.4d)
D1y = {Ais(laol, [az]) > 0} N {Ass([aol, —|az|) <0}, (7.4e)
D33 = {Ass(laol, —[a1]) < 0}. (7.4f

Three of the above six cases, marked with asterisks, are wrong. The cases Dps and D;3 contain fundamental
errors, while Dy3 can be explained as a misprint. I have attempted to resolve these issues privately with
Tsikh, but regrettably have not received a reply of scientific substance. (Passare is deceased.) We begin

with the case p = 0 and ¢ = 2. The relevant cubic equation is
1+ax+a2?+as2z®=0. (7.5)
Setting as = 0 in eq. (7.4b) yields the self-contradictory conditions
Apa(]ai],0) >0 and Apa(|as],0) < 0. (7.6)

These conditions imply that for ag = 0, the series does not converge for any a1, and in particular the origin
(a1,a3) = (0,0) is not in the domain of convergence, which is false. For ag = 0, eq. (7.5) reduces to the
quadratic 1+ a;x + 22 = 0 and the series solution converges for 4 — |a;|? > 0 or |a;| < 2. We now show that

the error in eq. (7.4b) is fundamental and cannot be explained as a misprint in [35].
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e First, the expressions for the discriminants are, for all four + sign assignments (+|aq|, |as|),

Aoz (layl, las]) = 27]as|* + 4|ai|?|as| + 4 — 18|a1||as| — |a1|?, (7.7a)
Aoz (lai], —|as]) = 27]as|* — 4|a1|?|as| + 4 + 18|a1||as| — |a1|*. (7.7b)
Aoz (—lail, |as]) = Aoa(la1], —as]) . (7.7¢)

) )

Aoz (—|a1], —las|) = Ao2(|a],|as]) . (7.7d

Hence there are only two independent expressions, viz. Aga(|a1], |as]) and Aga(]ai|, —|as]). Hence the
problem with eq. (7.4b) cannot be explained as a misprint in the assignment of + signs for +|a;| and/or

:|:|a3|.

e Putting a1 = ag = 0 yields Ag2(0,0) = 4, i.e. a positive number. Let us therefore tentatively reverse

the second inequality in eq. (7.4b) as follows
Doz =7 {Ao2(|a1l, az]) > 0} N {Aoz2(|a1|, —|as]) > 0} . (7.8)

Putting a1 = 0 yields Ag2(0, |az]) = Ao2(0, —|as|) = 27]as|* + 4, i.e. both expressions are equal and
positive definite, so eq. (7.8) is satisfied for all as. Hence, if eq. (7.8) is taken seriously, it implies that
for a3 = 0, the series solution of eq. (7.5) converges absolutely for all az3. We know this is false. If
a; = 0, then eq. (7.5) reduces to the following trinomial equation 1 + 2% + azz® = 0. We proved in

Sec. 6 that for such a situation the series solution converges absolutely for |a|? < 4/27.

Hence there is no assignment of + signs for +|a;| and/or +|ag|, nor any reversal of the inequalities in
eq. (7.4b), which leads to a correct formula for the domain of convergence Dgs. The error in eq. (7.4b) cannot
be explained as a misprint in [35]. A more careful treatment is therefore required, and will be presented in

the next section. We shall also deal with the other cases D3 and Da3 in Sec. 8.

8. Algebraic equations: convergence of series 11

8.1. Revised formalism

We present a more careful analysis of the problem of the domain of absolute convergence of the series
solution of an algebraic equation below. To make the exposition self-contained, we begin from scratch,
although we shall attempt to minimize repetition of material already presented earlier in this paper. The
original polynomial is

P(x) =ao+ a1+ -+ apa". (8.1)

For the purposes of determining domains of convergence, we assume all the coefficients are nonzero in general.

The specialization to cases such as a trinomial is obvious. We fix two integers p and ¢ such that 0 <p < g <n

27



and derive a transformed polynomial, whose roots are proportional to those of &?(z). Employing (nonzero)

constants A and u, where x = py, we obtain
Ppg(y) =AP(uy) =bo +bry + -+ yP + - +y? + -+ byy". (8.2)

Here b; = aj/(a;f“j ay’), where p; = (j —p)/(¢ —p). Then b, = b, = 1, by construction. For brevity below,
we define the tuples a = (ag,...,a,) and b = (bo,...,[p],.--,[q],...,br). Then a and b contain respectively
n+ 1 and n — 1 components. We solve for a root y,, where &pe(ym) = 0. Note that y,, also depends on
p and ¢, but we omit this for brevity. We express y,, as a multivariate power series in the n — 1 scaled
coefficients b;, where j € A,,p,. Recall A7, ={0,1,...,n}\ {p,¢}. We saw previously that this procedure
yields ¢ — p roots, so m = 0,...,q — p — 1. We know the domain of absolute convergence of the resulting
power series for ¥, includes a nonempty open neighborhood of the origin 0,4, where b; = 0 for all j € A7,,,.
We also know the domain of absolute convergence is a complete Reinhardt domain and depends only on the
amplitudes |b;|, i.e. the domain is the same for all the ¢ — p roots y,,.

Next note that just as the original polynomial &(x) can always be transformed to Zp,(y), the same
procedure also transforms the discriminant A(a) of Z?(z) to the scaled discriminant A,,(b) of Pp,(y).
Then A,,(b) = \2(=Dyn(m=DA(a@). Thus far, the argument is correct. It is, however, false to con-
clude that the boundary of the domain of absolute convergence is determined by the scaled discrimi-
nants given by A,q(£lbol,...,[p],...,[ql,...,£[bnl]), specifically, by solving for the hypersurfaces given by
Ape(£lbol, -, [pl,---, 4], -, £|bn]) = 0. For example, we saw above that this led to erroneous results for
the domains of convergence for the series solutions of a cubic.

The weak point is that there are additional discriminants, which are also required to determine the
boundary of the domain of absolute convergence. To see this, let us review the key steps. We employ fresh

notation to avoid confusion with the above symbols. For brevity below, define an (n — 1)-tuple of + signs

o= (00, [Pl [ds e om). (8.3)

Here 0; = %1 for j € A},,4. The dependence of o and o on p and ¢ is taken as understood. We also define
the set ,, of all the distinct tuples o. Then X, has cardinality 2"~!. The power series solutions for the

roots of the following 2" %! algebraic equations all have the same domain of absolute convergence
oolbol +01lbaly - £ 4P £y oalbaly” = 0. (34)

Note that the coefficient of 47 is permitted to be +|b;| only. We can always divide through by —1, if necessary,
so that the coefficient of y? is unity. This yields 2" distinct equations. The discriminant of the associated
polynomial is A(oo|bol,- -, 1, ,%1,-+- ,0p|bn]). Let us now define the following two families (or sets) of

discriminants. We employ the symbol ¥ to avoid confusion with A,, above. Then, with 1 in the pt slot
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and +1 in the ¢'" slot, we define

U (b,a) = Aoglbol, -+, 1+, Lo o bal), (8.5)
o (b,0) = Aloolbol,- -, 1, =1, aulbal) (8.5b)
U, (0) = {0, (b,0) |0 € 5y}, (8.5¢)

Wy (B) = {W,(b,0) [0 € Xy} - (8.5d)

Each set has at most 2"~ ! distinct elements. The following lemma shows that the family - (b) is nontrivial.

Lemma 8.1. If ¢ — p is odd, the sets \Il;q(b) and W, (b) are identical. If ¢ —p is even, the sets \IJ;Fq(b) and

U=

pq(b) are disjoint.

Proof. Tntroduce two additional tuples o’ where ¢y = (=1)’0; and —o’ where obviously the components are

—(—1)J0;. Then consider the polynomials
Pi(y,o) =oolbo| + orlbrly + -+ "+ £yl + -+ onbaly” . (8.6)

The only permitted transformations of Py and P_ are to reverse the sign of y and/or to multiply Py by —1,
because the coefficient of ¥/ must be £|b;| only. By construction, the discriminant of Py (y, o) is an element
of U} (b) and that of P_(y, o) is an element of ¥, (b).

(a) First suppose g — p is odd. If p is even and ¢ is odd, then

Pi(—y,0) =oglbo| —o1lbily+ -+ 4P+ Fy! 4+ -+ (=1)"0n|ba|y"

(8.7)
= P? (ya O',) .
If p is odd and g is even, then
—Py(~y,0) = —oolbo| + o1lbrly + -+ 4"+ FyT 4 A (1) onlbaly” (8.8)
= Px(y, —o’).
Cycling through all values of o shows that the sets W (b) and ¥, (b) are identical, if ¢ — p is odd.
(b) Now suppose ¢ — p is even. Suppose p and ¢ are both even. Then
Pi(—y,0) =oolbo| —o1|brfy + -+ 4"+ Ey? + -+ (1) 0n|baly” (8.9)

= Pi(y,0').
The discriminant of Py (—y, o) is an element of W f, (b). The other transformations —P, (y, o) and — P (~y, o)
also fail to yield a polynomial with a discriminant which is an element of \Ilzjq(b). Similarly the discriminant
of £P_(+y, o) is always an element of W (b). Next suppose p and g are both odd. Then
—Pi(—y,0) = —oolbo| + orlbrly + -+ yP + -yl 4 4 (1) oy b fy"

= P:t(yv 70-/) .

(8.10)
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As was the case when p and ¢ were both even, the discriminant of +P; (£y, o) is always an element of ¥ (b)
and the discriminant of £P_(+y, o) is always an element of . (b). Hence if ¢ — p is even, the sets ¥} (b)
and ¥ (b) are disjoint. |

Armed with this additional information, we return to eq. (7.5) and the case p = 0 and ¢ = 2. There are

four distinct discriminants which can contribute to the boundary of the domain of convergence, viz.

Vs(larl, |as)) = 27]as|* + 4|ar *|as] + 4 — 18]as||ag| — [a1[?, (8.11a)
U (lar], ~las|) = 27]as|* — 4]ar*|as| + 4 + 18]as||as| — [a1[?, (8.11Db)
oy (lasl, |as|) = 27]as|® + 4]a1|?|az| — 4 + 18|ay||as| — |a1|?, (8.11c)
Voo (lar], —las|) = 27]as|* — 4]ar*|as| — 4 — 18]as||as| — [a1[*. (8.11d)

The expressions for W, (|a1|, +|as|) are the same as for Aga(|as], £|as|) in eq. (7.7). Observe that W, (0,0) =
4 and U,(0,0) = —4. If we set |a;| = 0 then W, (0, +[az|) = 27]as|> — 4, which yields the correct upper
bound for |az|. If we set |az| = 0 then W{,(|a;|,0) = 4 — |a;|?, which yields the correct upper bound for |a1 .
The correct answer requires both Wg, and ¥g,. Some further algebra yields the correct expression for the

domain of convergence to be
Doz = {4y (a1l Jas]) = 0} N {¥gy(larl, |as|) < 0} (8.12)

Note that the series converges on the boundary of its domain of convergence.

We can then state the corrected expressions for the domain of absolute convergence for the series solutions
for the roots of a cubic as follows. For clarity, we distinguish between the coefficients ay, . . . , ag of the original
cubic in eq. (7.3) and the coefficients b; in the scaled polynomial &, (y). Recall that ‘b;” depends also on p
and ¢ but this is considered to be understood. Then the domains of convergence D,, for the various choices

for p and ¢ are given by

Dor = {4y (|b2], —[bs]) < 0}, (8.13a)
Doz = { Wy ([b1 ], [bs]) = 03 N { Wy (|ba ], [bs]) < 03, (8.13Db)
Doz = {Wg5(—[b1], —[b2]) > 0}, (8.13c)
Diy = { U5 (|bol, —[bs]) < 0} N {¥T5(~|bol, [bs]) < 0}, (8.13d)
Dig = {U35([bol, [ba]) > 0} N {T5(1bol, [b2]) < 0}, (8.13¢)
Doz = {Wa5(—Ibol, [b1]) < 0}. (8.13f)

The series converge on the boundaries of their respective domains of convergence. For the case Ds3, note

that ¢—p = 1 is odd, hence ¥} (b) and ¥, (b) are identical, so the solution is expressed using purely ¥7;(b).
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We can therefore consider the expression in eq. (7.4f) to be a misprint. For the cases Dy and D3, where

q —p =2 is even, the need for ¥, (b) is essential.

There is an additional caveat, which is that the formula for the domain of convergence cannot always be

expressed using purely inequalities. Consider the quartic equation with no term in x

3

ap+arx+ 22 +2*=0. (8.14)

We choose p = 2 and ¢ = 4 and we have set as = a4 = 1 so that the scaled coefficients are simply b; = a;. The

boundary of the domain of convergence in this case is determined solely by W5, (—|aol,|a1]). The derivation

is omitted. Then

W4 (~laol, la1]) = 16]ac| (1 — 4]ao|)* + 4(1 — 36|ac|)|ar|* — 27]ar|*. (8.15)

The discriminant vanishes at the origin: ¥;,(0,0) = 0. The significance of this will be discussed below.

For now we seek nonzero solutions of the equation U5, (—l|ag|, |a1]) = 0.

Put a; = 0, then W5, (—|ag|,0) = 16|ao|(1 — 4|ag|)?. This is (proportional to) a perfect square, which

equals zero at |ag| = 1. The necessary upper bound on |ag| for this problem is known to be |ao| < 1.

Next put ag = 0, then 5, (0,]a1|) = (4 — 27|a;1|?)|a1|>. For nonzero a;, this vanishes at |a;| = /4/27.
The necessary upper bound on |a;| for this problem is known to be |a1| < /4/27.

Next let us put |ag| = a and |a1| = Ja, where a € R. The graph of W;,(—a, 1a) is plotted against
a in Fig. 1. As the value of a increases from zero, initially ¥5,(0,0) = 0 for a = 0, then the value
of U5, (—a, %a) is positive, reaches a maximum, then it changes sign and becomes negative, reaches a
minimum and then becomes positive again and increases to +o0o thereafter. The value of ¥, (—a, %a)

is thus not monotonic in a.

All of the above facts demonstrate that an unconditional inequality W5, (—l|aol,|a1|) > 0 is insufficient
to determine the domain of convergence. First, the discriminant vanishes at the origin. We need to
exclude the origin as a solution, because we know the domain of convergence has positive measure.
Even after doing so, we require an additional stipulation “the domain of convergence includes only the

component which satisfies the inequality and is connected to the origin.”

It is implicit in [35, Thm. 3] that the domain of convergence includes only the component connected
to the origin. What is not clear is that the formula for the domain of convergence cannot always be
expressed using only unconditional inequalities on the values of the discriminants. The stipulation “the

component connected to the origin” is necessary.
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e One source of the difficulty is that if a; = 0 in eq. (8.14), it becomes an algebraic equation in 2,

viz. ag + 22 + 2* = 0. The discriminant of any polynomial in 22, with three or more terms, is
(proportional to) a perfect square. Similarly, the discriminant of any polynomial in ™, with three or
more terms, is proportional to a perfect m‘* power. If m is even, the discriminant will not change sign
as the (absolute values of the) coefficients are varied. Hence, in general, an unconditional inequality
on the value of the discriminant(s) is insufficient to determine the domain of convergence. This feature
will occur generically (or at least, cannot be ruled out) for a quartic and algebraic equations of all

higher degrees, for example if the coefficients of all the odd powers of x are set to zero.

e We remark in passing that for this problem, the domain of convergence is determined solely by a

discriminant of the form \Il;q. A discriminant of the form ¥t

2 1. Apg in the formalism in [35], does

not appear.

8.2. General formula

We have seen that the formalism in [35] must be augmented by the inclusion of an extra set of discrim-
inants. Although this yields the correct result for a cubic, as in eq. (8.13), the procedure in [35] becomes
tedious for polynomials of high degree, and we have seen that it is prone to error. We seek a procedure
that yields a single ‘general formula’ valid for arbitrary n, which is simpler to state and to compute, for
practical work. This can be accomplished via the use of hyperplanes and foliations, as will be explained
below. (N.B. the word ‘single’ was employed informally above; we shall require at least two formulas.)

Still speaking informally, given an algebraic equation of degree n with a coefficient tuple a and a choice
for p and g, hence a scaled tuple b, the equations \I/;‘q(b, o)=0and ¥ (b,a) =0, taken over all o € X,
specify a set of hyperplanes in the amplitudes |b;|. The domain of convergence in Rﬁ_l is given by the set
of hyperplanes closest to the origin and which together bound a region which is connected to the origin 0.
The domain of convergence for b € C"~! is the inverse image of the above domain in Rﬁfl. The domain of
absolute convergence is clearly unique. If there were two or more sets of such hyperplanes, the full domain
of absolute convergence would simply be the union of the individual domains. However, one reason the
above discussion is informal is that we saw that the discriminant can vanish at the origin. Hence to write
an equation such as ‘\Ilzfq(b, o) = 0’ is not precise enough for our needs.

We now sharpen the above ideas. Clearly, the domain of absolute convergence is determined solely by the
amplitudes |bj|, j € Appq. We previously denoted the doman of absolute convergence by D and introduced
its image Log(D). Here we define a second image via an ‘amplitude map’ C* — R% where z; — |2;] for
i=1...k:

2 ={(|z1l,-.-,|2|) | z € D}. (8.16)
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From the previous discussion of polydiscs and a complete Reinhardt domain, z € D if and only if (|21], ..., |zk]) €
2. Clearly also Log(2) = Log(D). Our interest is the case of an algebraic equation of degree n, so k =n—1
and z = b. We shall derive a formula to determine the domain 2 in this case. Obviously 0,, € Z. Recall
that for an algebraic equation of degree n and fixed p,q, then p; = (j — p)/(¢ — p). From eq. (3.4), let us

define, for algebraic equations,

- 1
b; = . 8.17
T TP 1
Recall one must have |b;| < b; for j € A;pe. It follows that 2 C 2 where the ‘hypercuboid’ is
9 = {(b1|,~--,[p}7~-~,[q],---7|bn|) ‘ bl <bs, 5 € «/Vnpq}- (8.18)

The following n—1 vertices of the hypercuboid lie in the domain of convergence, viz. (l;o, 0,...,0), (0, b1,0, ... ,0),

. (0. i)n) We also know that 2 has positive measure and 2 > 2, where

1
b;| < . 8.19
> i G | &1

JENnpq

@:{(|b1|a""[pL"'a[Q]v"'vbn)

Recall eq. (3.8) and the definition of p.. We require the following lemma.

Lemma 8.2. At the origin, exactly one of the two following mutually exclusive possibilities is true: (i)
Wt (0pg) =V, (0,) =0, or (i) U (0,9) = £V, (0,) # 0. (Ezplicit mention of o has been omitted since

it is irrelevant at the origin.)

Proof. The values of U} (0,,) and ¥, (0,,) can be nonzero if and only if the unscaled discriminant A(ag, . . . , a5)
contains a term of the form cpqagaqﬁ for some coefficient c,, and exponents a and 8. From the homogeneity
properties of the discriminant, we must have a + 8 = 2n — 2 and pa + ¢8 = n(n — 1). Hence, given p
and ¢, then « and 8 are uniquely determined, so there is at most one monomial of this form in the dis-
criminant. We say ‘at most one’ because « = (n — 1)(2¢ —n)/(¢ —p) and g = (n — 1)(n — 2p)/(q — p)
and these values may not be integers. Even if they are integers, the relevant monomial may not appear
in the discriminant. After scaling, this term (if it exists) maps to c,b3b7. Then at the origin ), we ob-
tain Wt (0,q) = cpq and ¥, (0,) = (=1)Pcpy. Hence either (i) holds, if ¢,y = 0, or else (ii) holds, with
U7 (0pq) = Cpg = £V, (0pg). u

The two cases (i) and (i) in Lemma 8.2 require separate treatments. In practice, it is convenient to
introduce the notion of a ‘reduced’ discriminant. If \I/;Lq(b, o) contains a common factor, we divide out that
common factor. A common factor in a discriminant clearly cannot contribute to the determination of the
domain boundary in an equation such as ¥} (b,o) = 0. We denote the reduced discriminant by \il;‘q(b, o).
By definition, it does not vanish if any single component b; in b is set to zero. Next W_ (b, o) clearly contains

the same common factor as \I/;q(b, o) because flipping =+ signs in the coefficients of the polynomial does not
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affect common factors in the discriminant. Hence by an obvious analogy we define the reduced discriminant
ﬁl;q(b, o). We work with if;rq(b, o) and if;q(b, o) below. Note that Lemma 8.2 holds true also for the
reduced discriminants.

The next key idea is that of foliation. For fixed tuples b and o, the level sets of \I/;‘q(b,a) foliate the
parameter space Ri_l. The level sets of \i/;q(b, o) also foliate ]Rff__l. Hence both families of level sets foliate
the domain 2. For our purposes, the foliation is a mapping Rfffl — R, because both @;q(b, o) and @;q(h o)

are real valued.

8.5. \ilgzq(b, o) nonzero at origin

We begin with the simpler case (ii) in Lemma 8.2, where \i';’q(b, o) and \i';q(b,a) are nonzero at the
origin. First fix the values of p and ¢. Then for any tuple o, for any b whose image is in &, both
\i/;‘q( g O )\I/+ (b/,o) > 0 and \il_ (Opq,a)‘i/_ (b/,o) > 0. To determine the boundary of the domain of
convergence, we solve for b, where \I/ ,(be,0) = 0 or \I/ ,(bi,0) = 0 for any 0 € X,,. This can be

encapsulated in a single formula

II ¥\ ®..0)¥,,(b.0)=0. (8.20)

€Y,
The domain of convergence Z is the set connected to the origin, bounded by the hyperplanes which satisfy
eq. (8.20). Although technically there are 2" discriminants in the product in eq. (8.20), in practice many
of them are identical and the number of distinct discriminants is much fewer. However, I do not have a

definitive estimate of the number of distinct discriminants.

e If ¢ — p is odd, we need consider only \i!;fq and we can simplify eq. (8.20) to

II ¥} ®b.0)=0. (8.21)

[cSDIP

e Another way to view the matter is to select the ray in Ri_l from the origin to b’ and to extend it
outwards from the origin until eq. (8.20) is satisfied. We know from the polydisc property that all
points on the ray lie in 2, until eq. (8.20) is satisfied. We do this for all choices of b’ C 2.

As an illustrative example, consider the quartic equation ag + x + 22 4+ as2* = 0. We choose p =1 and ¢ = 2
and we have set a; = a2 = 1 so that the scaled coefficients are simply b; = a;. Because ¢ —p = 1 is odd, we

require only \I/;fq. The discriminant has a common factor of |ayl:

i (laol, laa]) = Jaal (256]aol?|as|* ~ 128|aol*|as] + 144]ac]lau| + 16]ac] — 27as| ~ 4) . (8.22)
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We divide out the common factor |ay4| and obtain the reduced discriminants

Uy (laol, jas]) =  256|ao|?|as|® — 128ao|?|as] + 144|ao]|as| + 16]ao| — 27|as| — 4, (8.23a)

T (|aol, —|as]) =  256|ao|?|aq|?® + 128|ag|?|as| — 144|ao||as| + 16|ao| + 27]as| — 4, (8.23b)
T, (—laol, |as]) = —256|ao|?|as|? — 128|ag|?|as| — 144|ac||as| — 16|ag| — 27]as| — 4, (8.23¢)
Uy (—|aol, —|as|) = —256|ag|*|as|?® + 128|ao|?|as| + 144|ao||as| — 16]ao| + 27|ay| — 4. (8.23d)

The reduced discriminants all equal —4 at the origin. The necessary bounds for convergence yield |ag| < % and
las| < 4/27. Note that the above expressions are quadratics in |as|. Thus to solve for ¥, (+|ag|, £|as|) = 0,
we fix a value of |ag| and solve the resulting quadratic in |as|. Note that this procedure will not always
yield a real solution for |a4|; the discriminants which fail to do so do not contribute to the boundary of the
domain of convergence. The discriminant ¥, (—|ag|, |a4|) is such a case. Setting the other discriminants
to zero yields valid hyperplanes. The resulting curves in the (|agl,|as|) parameter space are displayed in
Fig. 2, for W, (|aol, |as|) = 0 (dashed), ¥, (|ag|, —|as|) = 0 (dotdash) and Wi, (—|ao|, —|as|) = 0 (solid). The
shaded area indicates the domain %;5, which is determined by the two hyperplanes given by the level sets
Ul (|aol, |as|) = 0 and ¥, (—|ag|, —|as]) = 0. The level set Wi, (|ag|, —|as|) = 0 does not contribute. The

domain of convergence is therefore
D1z = {¥(Jaol, Jaa]) < 0} N {¥5(—lao|, —|as]) < 0} (8.24)

Recall that technically, the domain D5 is the component which satisfies the above conditions and is connected
to the origin. Observe from the curvature of the upper boundary in Fig. 2, i.e. the level set W, (—|ao|, —|as|) =
0, that the domain of convergence is not convex. A complete Reinhardt domain is logarithmically convex,

but is not necessarily convex.

8.4. \il;tq(b, o) vanishes at origin

The case (i) in Lemma 8.2 is more difficult. Now \i/;q(b,o) and ﬁl;q(b,o) vanish at the origin, hence
solving for \i/;‘q(b,o) =0or \il;q (b,0) = 0 yields the origin as an unwanted solution. Recall the example
of the quartic eq. (8.14). Hence we must proceed more carefully. As always, we first fix the values of p
and ¢. Next, fix a tuple o. Then the discriminants will exhibit one of three mutually exclusive properties:
either @;q(b, o) has a local maximum, or a local minimum, or a saddle point at the origin. The same is
true for \ilzjq(b, o). We can also say ‘a local extremum or a saddle point’ at the origin. The concept of ‘local
extremum’ must be understood carefully, because it is really a constrained extremization. It is simplest to
illustrate with an example. Consider a cubic equation 1 4 2 + by2? 4 bsz® = 0 with p = 0 and ¢ = 1. Since

g —p =1 is odd, it suffices to treat ﬁl;q(h o) only. The expressions for the discriminants in this case are
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(note that they all vanish at the origin)

U, ([bal, [ba]) = 27bs[* + 4[bs| + 4|bo|* — 18[b2]|bs| — [ba]?, (8.25a)
\113'1(|b2|, —|bs]) = 27|bs|* — 4|bs| + 4|ba|* + 18|ba||b3]| — |ba]?, (8.25b)
W (—[bal, ba]) = 27[ba|* + 4[bs| — 4baf® + 18]ba][bs] — [baf, (8.25¢)

U, (—[bal, —|bs|) = 27|bs|* — 4]bs| — 4[ba|* — 18[ba||bs| — [b2* . (8.25d)

e Then U, (|by|, —|bs3]) has a local maximum at the origin. Put |by| = 0, then U, (0, —|bs|) = —4|b3] for
sufficiently small |bs|. This is negative definite because |bs| > 0 ouly, for b3 # 0. However, the partial
derivative OW(, /8|bs| does not vanish at |b;| = 0. Next put |bs| = 0, then ¥, (|ba|,0) ~ —|bg|? for
sufficiently small [by|. This is also negative definite for by # 0. One can show that W, (|ba], —|bs|) < 0
for all sufficiently small |ba| > 0 and |b3| > 0. Hence for our purposes, a ‘local maximum’ is a constrained

local maximum. Similarly, the concept of ‘local minimum’ is a constrained local minimum.
e Similarly U, (—|ba|, —|bs|) also has a local maximum at the origin.

o However W, (|ba], |b3]) and ¥, (—|bal, |bs]) both have saddle points at the origin. Put |by| = 0, then
W, (0,|b3]) =~ 4|bs| for sufficiently small |bs|, and is positive for |b3| > 0. Next put |bz| = 0, then
W (|bal,0) =~ —|bg|? and U (—|ba|,0) ~ —|ba|? for sufficiently small |by|, and are both negative for
|bo] > 0. This establishes that both U, (|byl,|bs|) and W, (—|bal, |bs|) are of indefinite sign in the

vicinity of the origin, i.e. they have saddle points at the origin.

Returning to the general theory, a discriminant \iJ;{q(b, o) or \i/;q(b, o) which has a saddle point at the origin
does not contribute to the determination of the boundary of the domain of convergence. Such a discriminant
has a nontrivial level set \i/;‘q(b, o)=0or \i/;q(b, o) = 0 which includes the origin, and as such, the hyperplane
cannot form part of a set which encloses any open neighborhood of the origin in Rfﬁ_l.

We must therefore define a set of £ sign assignments E;{q (resp. qu) consisting only of those o such
that the discriminants \il;‘q(b, o) (resp. \ilzjq(b, o)) have a (constrained) local extremum at the origin. (It is
possible that the sets E;‘q and ¥ are identical, but I do not have a proof of this.) For these values of o,
the origin is a one-element level set of the equations i/;q (b,0) =0or il;q (b,0) = 0. We exclude the origin
as an unwanted solution. Recall the example of the quartic eq. (8.14) and the discriminant ¥y, (—|ao|, |a1]).
We then proceed as in the previous section. To determine the boundary of the domain of convergence, we

solve for b, # 0pq Where

( 11 \if;q(b**,a)>( 1T @pq(b**,a)) =0. (8.26)

ces, oES,,
The domain of convergence Z is the set connected to the origin, bounded by the hyperplanes which satisfy

eq. (8.26).
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e Hence we require a preliminary calculation to exclude those values of o for which the discriminants

have saddle points at the origin.

e As before, if ¢ — p is odd, we can restrict attention only to \ifz‘fq and write the simpler formula

IT ¥ (b, 0)=0. (8.27)

oes,

As an illustrative example, consider the quartic eq. (8.14). Recall we choose p = 2 and ¢ = 4 and we have

set as = a4 = 1 so that the scaled coefficients are simply by = ag and by = a;. Then

U, (|aol, £|a1|) = —27]a1|* — 4(1 — 36|ao|)|a1|* + 16]ao|(1 — 4|ao|)?, (8.28a)
U, (—laol, £la1]) = =27|a1|* — 4(1 + 36|ao|)|a1|* + 16|ao|(1 + 4|ag|)?, (8.28b)
U5, (Jaol, £lar|) = —27]a1|* + 4(1 + 36|ag|)|a1|? — 16|ao|(1 + 4|ao|)?, (8.28¢)
U5, (—laol, £la1|) = —27|a1|* + 4(1 — 36|ao|)|a1|* + 16]ao|(1 — 4|a|)?. (8.28d)

Hence there are four distinct discriminants, viz. W3, (|aol, |a1]), 3, (—|aol, |a1]), ¥5,(|aol, |a1|) and W5, (—|aol, |a1]).
The necessary bounds for convergence yield |ag| < 1 and |a;| < /4/27. The above expressions are all
quadratics in |a;|2. Thus to solve for Wi (£|ao|, %|a1]) = 0, we fix a value of |ag| and solve the resulting
quadratic in |a1|?. This procedure will not always yield a real positive solution for |a;|; the discriminants
which fail to do so do not contribute to the boundary of the domain of convergence. The discriminant
W3, (—|aogl,|a1|) is such an example. Setting the other discriminants in eq. (8.28) to zero yields valid hyper-
planes. The resulting curves in the (|ag|, |a;|) parameter space are displayed in Fig. 3, for W3, (|ao|, |a1]) = 0
(dashed), ¥, (|agl,|a1]) = 0 (dotdash) and U5, (—l|ag|, |a1]) = 0 (solid). The first two level sets pass through
the origin, because the discriminants have saddle points at the origin, and they do not contribute to the
boundary of the domain of convergence. The domain of convergence is determined solely by the level set
Vo, (—lagl, la1]) = 0. However, that level set (the solid curve) bounds two domains in Fig. 3. The domain
D4 is given by the shaded area only, because that is the region connected to the origin. The cross-hatched
region is not connected to the origin and is not part of the domain of convergence. Because U5, (—|ag|, |a1])
has a local minimum at the origin, the domain of convergence is the component connected to the origin such

that
Doy = {5 (—lacl, |a1]) = 0}. (8.29)

The caveat about ‘connectedness to the origin’ is essential in this case. The domain D4 is also not convex.
This is demonstrated in Fig. 4. The domain Z is the shaded area and is bounded by the solid curve. The
dashed line is the straight line which joins the vertices (by,0) = (1,0) and (0, b) = (0, V/4/27) to form a
right-angled triangle with the origin. Observe that Ds, is not convex, hence the full domain of convergence

D>, is not convex.
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8.5. Normalization of discriminant

The literature in fact contains multiple normalization conventions for discriminants. For example for
the quadratic axz? + bx + ¢, some authors define the discriminant to be A = 4ac — b? and others prefer
A = b? — 4ac. Hence the directions of the inequalities in expressions such as eq. (8.13) could be reversed,
depending on the normalization convention employed for the discriminant. The reader should beware of this
important detail. However, the formulas in both egs. (8.20) and (8.26) are independent of the normalization

of the discriminant, which is an advantage of the above formalism.

8.6. Nonconvergence for all p and q

The foregoing analysis should not be taken to imply that the domains of convergence for an algebraic
equation of degree n span all values of the coefficients, i.e. all of C"t!. We present the example of the
following cubic

—1+$+x2+%3:0. (8.30)
A series solution for the above cubic does not converge for any choice p and ¢g. The criterion for convergence
is not satisfied for any of the choices in eq. (8.13). The proof is left as an exercise for the reader. Nevertheless,
eq. (8.30) is a cubic, hence can be solved by radicals. Hence there are equations such as a trinomial, where a
convergent series solution exists for all values of the coefficients, but there are also examples of equations for
which there is no convergent solution using an infinite series. Note also that a Tschirnhaus transformation

can be employed to remove the term in 22, thereby transforming eq. (8.30) into a trinomial. Hence one must

examine every algebraic equation on its merits; a simplifying transformation may be available.

9. Applications: principal and Brioschi quintics

The principal and Brioschi forms of the quintic are tetranomials, and furnish nontrivial applications of
the more sophisticated formalism of Sec. 8, to determine the domains of convergence of their solutions by

infinite series. We treat them in turn. The principal quintic form is
ap + a1z + agz? + 25 =0. (9.1)
The discriminant is

Aprin = a3 (3125a3a§ + 2250a2a;a3as — 1600agaiazas + 108agal + 256aas — 27a§a3) . (9.2)
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We factor out a? and employ reduced discriminants for the formulas for the domains of convergence, expressed

in terms of the scaled coeflicients (bg, by, ba, bs) for each choice of p and g:

Do = { U5, (|bal, —|bs]) < 0}, (9.3a)
Doz = { U, (|b1], [bs]) > 0} N { W5, (|ba ], [bs]) < 0}, (9.3b)
Dos = {Ugs(~[b1], —[b2]) > 0}, (9.3c)
Dia = {UH,(bol, —[bs]) < 0} N {T 5 (—[bol, [bs]) < O}, (9.3d)
D15 = {U5([bol, [ba]) > 0} N {¥i5(Jbol, [b2]) < 0O}, (9.3¢)
Dos = {U5(—bol, |br]) < 0}. (9.3f)

As always, the domains of convergence consist only of the components which are connected to the origin.

Next, the Brioschi normal form of the quintic is [10]
z° —1002® 4+ 45C%z — C* = 0. (9.4)

The coefficients are all functions of a single parameter C' and are hence not independent. There is a real
root for all real C. If C = 0 there is a repeated root of multiplicity five at x = 0. We write eq. (9.4) as

ag + a1z + azx® + a52® = 0 where ag = —C?, a1 = 45C?, as = —10C and a5 = 1. The discriminant is
Apy = as (3125a0a5 + 2000aga3aza? — 900agarajas + 108adal + 256a5a2 — 128ata3as + 16a‘;’a§) . (9.5)

We factor out a5 and employ reduced discriminants for the formulas for the domains of convergence, now

expressed in terms of the scaled coefficients (bg, b1, bs, bs).

e Setting p =0 and ¢ = 1 yields one root. Put « = (ag/a1)z = —z/45, then
0, 1

0:1—|—z—4530z —|—45502z (9.6)
The domain of convergence is given by
Do1 = {5, (—bs], —[bs]) > 0} . (9.7)
This yields the condition
1+ 29376|C| — 36578304|C|* < 0. (9.8)
This is satisfied for
17+ 132 4
|C| > 399749 = ~ 8.358-107". (9.9)
e Setting p = 1 and ¢ = 5 yields four roots. Put = = (a;/as)'/*z = (45C2)'/*z, then
1 10
0= s+ 2— — 2>+ 2°. (9.10)

455/401/2 451/2
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The domain of convergence is given by
Dis = {UF5(|bol, —[bs]) > 0} N {P75([bol, —[bs[) < O} . (9-11)
This also yields the condition eq. (9.8) and hence is also satisfied for the bound in eq. (9.9).
Setting p = 0 and ¢ = 5 yields five roots. Put x = (ag/as)/®z = —C?/5%, then
0=1445C%52 — 100523 + 2°. (9.12)

The domain of convergence is given by

Dos = { W5 (—[ba], —[bs]) > 0} . (9.13)
This yields the condition
1 —29376|C| — 36578304|C|* > 0. (9.14)
This is satisfied for : s
-1 13v2
|| < m ~0.327-107%. (9.15)

Next set p =0 and ¢ = 3. Put = = (ap/az)/3z = (C/10)'/32 then

4501/3 5 1 5
The domain of convergence is given by
Doy = { Wiy (bl ~[bs]) > 0} (9-17)
This yields the condition
—(1—1728|C)* > 0. (9.18)

This is only satisfied by the single value |C| = 1/1728, but |C| = 1/1728 lies in a domain not connected
to the origin. Hence this scenario yields no roots. We see that the stipulation ‘connected to the origin’

is essential.
Next set p =1 and g = 3. Put = = (a;/a3)"/?z = i(45C/10)'/%z, then

1101/2 45
0 ! +z4+22 20, (9.19)

T 453202 100
The necessary upper bound for convergence is |bs| < %. However, bs = 0.45, which exceeds the above

bound. Hence the series solution does not converge for any value of C, for this scenario.
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e Next set p =3 and ¢ = 5. Put = = (ag/as)'/?z = i(10C)*/?z, then

) 45
! +—z+ 28420 (9.20)

0= 1572012 ™ 100

The necessary upper bound for convergence is |by| < i. However, b; = 0.45, which exceeds the above

bound. Hence the series solution does not converge for any value of C for this scenario.

The Brioschi quintic normal form yields some instructive insights. First, for three of the six possible choices
of p and ¢, the series solutions do not converge for any value of C'. Second, observe that the choices p = 0,
qg=1and p =1, ¢ = 5 together yield five roots, but only if |C] > 8.358 - 10~* (see eq. (9.9)), whereas the
choice p = 0, ¢ = 5 also yields five roots, but only if |C| < 0.327-107% (see eq. (9.15)). Hence there is a gap
of values for which there is no convergent series solution of the Brioschi quintic, for any choice of p and ¢,

given by
17+ 13v2 17 4+ 13v2

< < — . .
32-27-49 _|C|_32~27-49 (9:21)

10. Conclusion

This author was led to the main ideas of this paper because they are required to prove results in probability
and statistics (not reported here). The papers by Chu [11], Mohanty [33] and Raney [36] were cited, as well
as others, and the various notations, definitions, identities and nomenclature were collected in a common
setting. Note that although most of the derivations in the literature treat only integer valued parameters,
Theorem 2.4 is applicable for arbitrary complex coefficients and real (or even complex) exponents. The
early works by Lambert [27, 28] and Euler [16] and were shown to be Fuss—Catalan series. An important
application of the formalism was the solution of algebraic equations by infinite series. This is a heavily studied
problem and contact was made with the works of numerous authors [5, 9, 15, 30, 31, 32]. An example was
to present convergent Fuss—Catalan series solutions for all the roots the Bring-Jerrard normal form, thence
the roots of a general quintic, for arbitrary values of the quintic coefficients. Two bounds for the absolute
convergence of general Fuss—Catalan series were derived (necessary but not sufficient and sufficient but not
necessary). For the important special case of the solutions of algebraic equations by infinite series, a new
necessary and sufficient bound for absolute convergence was presented in Sec. 8, correcting and extending

earlier work in the field [35].
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Appendix A. Miscellaneous items

This Appendix lists various items which were not used in the main body of the paper, essentially for
completeness of the exposition. According to the information in Appendix B of Stanley’s text [39] (the
Appendix was written by Pak), the name ‘Catalan numbers’ only came into prominent use after the pub-
lication of Riordan’s monograph [37] (in 1968, first edition). Hence it is understandable if authors such as
Gould [20, 21] and Raney [36], also earlier authors such as Mellin [32] and Schléafli [38], did not mention
Fuss or Catalan. Belardinelli’s memoir [4] contains an overview of the solutions of algebraic equations using
hypergeometric series, with an extensive bibliography. The works of Mellin [32] and Birkeland [6, 7, 8, 9]
are cited, but the series solutions by McClintock [31], Lewis [30] and Eagle [15] are omitted, not to mention
combinatorial papers such as by Raney [36], etc. Conversely, Eagle [15] did not cite Lewis [30] and neither
Eagle nor Lewis cited Birkeland [9], who had derived the same solutions using essentially the same formalism.
There is evidently a diversity of notations and terminology, and duplication of proofs.

The ‘diversity of notations’ leads to an immediate caveat: different authors employ the same symbols,
such as n, p or ¢, to mean different things and it is impractical to disambiguate all the notations in the
equations below. The reader is warned to consult the original literature for the precise meanings of all
symbols displayed below.

Turning to technical matters, Mohanty [33] derived additional convolution identities not mentioned in
the main text above. I list only one, viz. [33, eq. (11)], because it subsumes the others as special cases. In
the notation of this paper, [33, eq. (11)] is

(a+c¢)+ag-n
a—+c

> (0+q-3)%(b,a)n_;(b,c) = b
EN

G (b,a+ c). (A1)

All of a, ¢, p, b and g are complex valued and b, j, n and g are k-tuples. Put ¢ = 0 then eq. (A.1) yields
[33, eq. (9)], which is eq. (2.17) above. Put p = ¢+ b-n and ¢ = —b then eq. (A.1) yields [33, eq. (10)].
Mohanty [33] actually cited Gould [21] for the single-parameter convolution identities; Mohanty generalized
them to multiparameter versions. Gould [20, 21] proved several convolution identities and suggested that
they are all special cases of a single general formula. The exposition below follows Raney’s [36] summary of

Gould’s work. Define the numbers [36, eq. (7.7)]
G(a’0;67’y) = 1’

n—1
Glayni ) = = [ (a+ Bn = ym).
" m=1
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See also the polynomial Py(p) by Gould [21, Sec. 5] and associated comments therein about the work of
Schlafli [38]. Then [36, eq. (7.8)]
Glar+az,n;B,7) = D Glan,n; 8,7)G(a2,n9;8,7) - (A.3)
ni+nz=n
Here ay, a9, 8,7 € A where A is a commutative ring and n,ny,ny € N. Gould [21, Sec. 5] also proved that
the convolution identity derived by Schléfli [38], in the latter’s 1847 paper on Lambert series, was equivalent
to [20, eq. (10)]. See also Riordan [37] for additional combinatorial identities and Strehl [40] for an overview

of numerous multiparameter identities. If v = 0 then

a  (a+pn)"
G :6,0) = . A4
(a,m:8,0) = -0 (A.)
If v # 0 then the above is proportional to a Fuss—Catalan number
n—1
a/y)y" a+ fBn
G(aan7677>:( / |) H( _m)
Tl. m=1 v (A5)
=7"An(B/7, /7).
Note that this relation works for n = 0 also. A multiparameter generalization might be as follows
G(a707137,}/) = 17
In|-1 (A.6)

G(a,n;ﬁﬁ):ﬁ 1__[1(&+,5'.n—7m).

Hence the work of Gould may lead to a more general set of multiparameter identities and generating functions.
The matter will be left to future work.

Kahkeshani [23] has defined so-called ‘generalized Catalan numbers’ via

Clmyn) = — (n 2n(m —1) ) . (A7)

nim-—1)+1 coonn(m—1)
m—1
Let us process this as follows. Set ¥ = m — 1 and r = 1 in eq. (2.1). Also set t; = --- = ¢, = n and
 =--=pr=2,s0 [t =n(m—1) and ¢t - p = 2n(m — 1). Then
1 1 n(m—1)—1
= 2 -1)—3j
Cm,n) n(m —1) 41 (n!)m-1 3'1;[0 (Bnm =1) = 5)
n(m—1)—1
1" , (A.8)
= G Hl (2n(m —1) +1—j)
j=

Hence Kahkeshani’s definition is a special case of the multiparameter Fuss—Catalan numbers defined in this
paper. Note that Chu’s [11] and Kahkeshani’s [23] nomenclature ‘generalized Catalan numbers’ should not

be confused with each other.
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We close with a comment on the paper by Aval [2], who defined so-called ‘multivariate Fuss—Catalan

numbers’ via [2, remark 3.2]

p—1 p—1
n+k; —1 n—>y . ki
Bp(nak:tha"ka*l) = (H ( k: )) % . (Ag)

i=1
Clearly B,(-) =1 for p=10 and p = 1. For p > 2 we have
p—1 p—1 ki—1
1 K 1 .
Bp(n,k‘hk‘g,...,]{ip_l) Z H( H(’I’L—Fki—l—j))

1
i1\ §=0

p—1 ki—1
=2 o) T (o [T+ - ) (A10)

= j=1
p—1

=n""?(n— [k|) [] Ar (1,n).
i=1

Hence for p > 2, Aval’s definition equals a product of p — 1 single-parameter Fuss—Catalan numbers, with a

prefactor. This is different from the multiparameter Fuss—Catalan numbers defined in this paper.

Appendix B. &-hypergeometric series

Sturmfels [41] published an elegant analysis employing so-called «7-hypergeometric series to solve for the
roots of the general algebraic equation of degree n. A brief comparison with his work is presented here. His

first example is for the quintic. Let us write the quintic in the form

ap a2 as a4 as
r=—— — =% - g% - St a5 (B.1)

ai a1 ai ay ay
This corresponds to p = 0 and ¢ = 1 in my terminology, so ¢ —p = 1 and the Fuss—Catalan series yields one
root, which is

—imt-
Troot = — |:Z At ”7 t tu l:;,,( H aj-j)]

ay

teEN jEJVnpq (B 2)
ao apaz adaz aday ajas  2a2a3  Sajasaz
=1t e e - 5
ai ay ay ai ay ai ay

This equals the root X7 _; of Sturmfels [41]. Next let us select p = 0 and ¢ = 5 and write

ao ai ag as Q4
2= g Eg? o 28 ot (BS)
as as as as as

The series yields five roots. Following Sturmfels, we define & = ?™(2+1)/5 a5 a root of —1. Then the roots

of the quintic are given by

gotm t;
J
1/5 ZAt(“’ ) t tuatu( H aj)
teN4 5 JE€ENnpq (B 4)
1/5 2 3 4 '

a 1 a a a a
=¢ (1)/5+5< 3?5 ;/5+ 455 §/5+ 1§5 i/s_;)+"'

ag aqg’ asg aqg’ asg ag’ asg 5
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These are the leading terms of the «7-hypergeometric series for the roots X5 of Sturmfels (see [41] for
details of his notation)
woe ] 30 [l e Ll e ] (2] o
5,§ aé/s 5 a§/5a§/5 ag/sag/s aé/5a§/5 as . .
e This illustrates a difference between the use of &7-hypergeometric series and Fuss—Catalan series. In
general, for a polynomial of degree n, a total of n /-hypergeometric series are required to derive
solutions for all the roots. In contrast, a Fuss—Catalan series encapsulates all the roots in one series,

cycling through the roots of unity. There is a single formula for all the terms in a Fuss—Catalan series.

e A similar remark applies to the work of Birkeland [9]. In general, a total of |¢ — p|"~! hypergeometric

series are required to express the solutions for all the roots of an algebraic equation of degree n.

e For the ‘triangulation of unit length’ of the quintic, Sturmfels obtained expressions for the five roots
Xj-1, 7 =1,...,5 (see [41] for details). The example X; _; was displayed above. If all of the
coefficients of the quintic are real then all of the series for the roots X; _; are real. However, a quintic
with all real coefficients may not have all real roots. As Sturmfels noted, the &7-hypergeometric series
have finite radii of convergence. Sturmfels offered a convergence criterion for the o7-hypergeometric
series in his Theorem 3.2, reproduced here for ease of reference. (Consult [41] for definitions and

notation).

Theorem ([41] Theorem 3.2). The n series X, ¢ are roots of the general equation of order n; that is;

f(Xje) =0. There exists a constant M such that all n series X, ¢ converge whenever

lag, |7 Flag, [F75-1 > M|ay|% forall1 <j<randk¢{ij_1,i;}. (B.6)

The above corrects a misprint in the direction of the inequality in [41, Thm. 3.2]. (I thank Sturmfels

[42] for confirming the correct direction of the inequality.)

e Sturmfels also stated (last paragraph in [41, Section 3]) “First, no good bound for M seems to be
currently known, and, second, for many concrete instances the inequalities (3.2) [this is reproduced

as eq. (B.6) above] will not hold for any triangulation. In this case one has to carry out analytic

”

continuation: In fact, from eq. (3.3), we can supply a value for M above. In terms of our

notation, i;_1 = p, i; = ¢ and d; = ¢ — p. Then from eq. (3.3), M actually depends on k, i;_; and i;

and is given by ‘ _
=g P iy — k[

lij —djafta i

M

(B.7)

Sturmfels was however correct to note that a convergent series solution might not exist for any trian-

gulation. We saw some examples earlier in this paper.
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Figure 1: Graph of the discriminant W, (—|ao|, |a1]) for (|aol, |a1|) = (a, 2a), plotted as a function of a.
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Figure 2: Graphs of the discriminant level sets U}, (|aol, |as|) = 0 (dashed), ¥i,(|ao|, —|as]) = O (dotdash) and

U, (—|aol, —|aa]) = 0 (solid) plotted in the (|aol, |as|) parameter space. Points which map into the shaded area lie in
the domain of convergence.
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Figure 3: Graphs of the discriminant level sets U, (|ao|,|a1]) = 0 (dashed), ¥5,(|aol,|a1]) = 0 (dotdash) and
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Vo, (—laol,]ai]) = 0 (solid) plotted in the (Jaol,|a1|) parameter space. Points which map into the shaded area

lie in the domain of convergence. Points which map into the cross-hatched area are not in the domain of convergence.
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Figure 4: Magnified view of Fig. 3. The solid curve is the level set W5, (—|ao|,|a1|) = 0. The dashed line is a straight

line which demarcates a right-angled triangle in the parameter space (|aol, |a1]).
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