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ABSTRACT: In this short note, we show that our approaches, in [4] and [7], concerning the composition,
inversion, and continuous iterates of normalized formal power series making use of sequences of polynomials of
binomial type and concerning the chain rule operation for cycle index series, can be unified as special instances
of a general “twisted” algebraic variant of the convolution operation added on suitable large monoid algebras.
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1. Twisted convolutions added to large monoid algebras

The general algebraic variant of the convolution operation which we will use is set within the context of large
monoid algebras. Let M = (M, -, e) be a monoid with finite decompositions of order 2 (i.e., for every n € M
there is a finite number of pairs (¢,5) € M x M such that i- j = n) and let A = (A, +,-,0,1) be a commutative
ring. The classical large A-algebra of the monoid M, A[[M]] = (AM, +,%,0,6.), is the set of all families

f=(f(n))nem € AM, written as formal sums of the form Z fn)n,
neM

4

equipped with term-wise addition “ 4+ ” and multiplication “x”, called convolution, defined by'

h=fxg < )= f)-90), (1)

ij=n

with Kronecker 6, = (0.(n))nea unit element, where d.(n) =1 if n = e and d.(n) = 0 otherwise.

The variant of this algebraic kind of convolution which we will consider is defined as follows.

Definition 1.1. Let 7 : M — hom(A, A) be a representation of the monoid M in the ring A. That is,
T=(1:A— A)iem suchthat 71, =1ida and 7;.; = T;0T;. (2)

The large A-algebra of the monoid M twisted by 7, denoted A[[M]], = (AM, +,%,%,,0,8.), is the algebra
A[M] together with an extra binary operation “*.”, called twisted convolution by 7, defined by

h=fx,g <= h(n)= Z f(@) - 7i(g(d))-

ij=n

“

Remark 1.1. In A[[M]],, the binary operation “*,;” does not replace “x” but is added as an extra binary
operation. So that A[[M]], is still an A-algebra (under +,%,0,6.). Twisted convolution is biadditive, associative
(using (2)) and 6. is its unit element. Also, if we embed A in A[[M]], in the natural way (i.e. a = ad.), then
ab = ax*, b for a,b € A. However, in general, a(f*g) = (af)*, g # f*:(ag) for a € A. This implies that “x,”
is only semi-bilinear. Technically speaking, this means that, contrarily to (AM + x,0,6.), (AM,+,%,,0,68.) is
not an A-algebra but only an A-module (or a “semi” A-algebra). Finally, if M is a commutative monoid, then
convolution “*" is commutative but twisted convolution “x,” is not commutative in general.

*No Al tools were used in the preparation of this work.
tOf course, (1) is obtained by collecting similar terms in the formal expansion iem FOV X jen 9(3)9) =225 jen fFDg()i-j.
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2. Connections with the calculus of series

2.1 Twisted convolutions and composition of formal power series.
Consider the choices

M =N=1{0,1,2,...},the additive monoid of nonnegative integers,
A = CJt], the ring of complex polynomials in a formal variable ¢,
7 = (1; : C[t] = CJt]);>0, the representation of N defined by 7;P(t) = P(t + 7).

Then, since N is isomorphic to the multiplicative monoid (z) = {1,z2,22,...} generated by a formal variable
z, the elements of A[[M]] are infinite sequences of polynomials P = (P,(t))n>0, which can be encoded in the

form
Z P,(t)z" € C[t][[2]]-

n>0
In this case, for P = (P, (t))n>0,Q = (Qn(t))n>0, R = (Rn(t))n>0, the convolutions take the form

R=PxQ < R,(t)= Z P(t)Q;(t), n=0,1,2,... (standard),
i+j=n

R=Px Q < R,(t)= > P(t)Q;(t+i), n=01,2... (twisted).
i+j=n

Definition 2.1. A sequence of polynomials (P, (t))n>0 € C[t] is said to be of binomial type if it satisfiest
Py(t) =1, degP,(t)<n, P,(u+v)= Z P;(u)P;(v),
itj=n
for every n > 0 and formal variables u,v. Let
B = {P = (P.(t)n>0| P is of binomial type} C AM.
It turns out that (see [4])

B = (B, *,dp) is an abelian group under convolution “*”,
the inverse of P = (P,(t))n>0 is P = (P, ' (t))n>0, where P, ' (t) = P,(—t),
B, = (B, *,,0p) is a non abelian group under twisted convolution “x,”,

t
Tt +n

the inverse of P = (P (t))n>0 is P = (P{V (1)) >0, where PS7 (1) P,(—t—n).

Consider now the two sets of “normalized” formal power series,
U={¢(2)| ¢(2) =1+ c12+ 2" +---} C C[[z]],
S={f(2)| f(2) = 2+ a22” + agz® +-- - } C C[[z]].
Of course, S = zU, and

U = (U, -, 1) is an abelian group under product of series,

S = (S, 0, 2) is a non abelian group under composition of series.
The following result is the starting point of our analysis of continuous iteration of formal power series [4].
Proposition 2.1. The correspondences
#(2)t = Z P,(t)z" and <f(z)>t = ZPn(t)z”
n>0 z n>0
respectively induce group isomorphisms
U-—=B:¢(2) = (P(t)n>0 and S—B,: f(2) — (Py(t))n>0-

In particular, we have the following version of Lagrange inversion,

Corollary 2.1. Let f(z),9(2) €S and (f(2)/2)" = 30,50 Pu(t)2", (9(2)/2)" = 32,50 Qn(t)2", then

foglz) ==z Z(P *r Q)n(D)2" and  fSV(2) = Z 7Pn,1n(—n) 2" (inverse of f(z) under “o”).

n>0 n>1

¥This definition is slightly different from the original one in [8] in which they require the stronger condition deg Pp(t) = n.
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2.2 Twisted convolutions and chain rule for cycle index series.

Recall that the cycle index series of a combinatorial species F' of structures is a formal power series, Zp, in
an infinity of variables x1, x2, x3, ..., which gives an inventory of the cyclic types of the automorphisms of the
F-structures. More precisely, see Joyal [3] or [1], the cycle index series of F' is defined in the following way:

1
ZFZZF($17$27$3,---)=ZE Z fo a7t ag?xd? - (3)
n>0 T o€Sn

where S,, denotes the symmetric group of degree n, f, is the number of the F-structures on the set [n] =

{1,2,...,n} for which o is an automorphism, and o; is the number of cycles of size i in the permutation o. The
n-tuple of integers (01,09, ...,0,) is called the cyclic type of o.
Many terms in (3) are repeated. Since, for n =iy + 2is + 3i5 + - - -, there are m permutations
in S, having cyclic type (i1, 42,13, ...), formula (3) can be rewritten in the more compact form
i1 ,.02 .13
- ) ) . l‘l ‘Z‘Q x3 PRI
ZF('/E17:I"27$37"‘) - Z Z f11;127137~~~ 11121|22222|3137]3| (4)

n>0 i1+2i2+3i3+-=n

where f;, i;.is,... is the number of the F-structures on the set [n] for which any given permutation o € S,, of
type (i1,12,1s3,...) is an automorphism. Cycle index series are important in enumerative combinatorics since
they are compatible with operations between species, F + G, F -G, F x G, F', F o G, in the following way

0
Zryag =2Zr+Za, Zra=Z2Zr Zg, Zp = aThZF, Zroq = ZpoZg (5)

and reduce, by specialization of variables, to series enumerating labelled and unlabelled structures:
z" ~ :on
ZF(.Z‘,O,O,...):F(.Z‘):Z]C”H and Zp(x,xQ,xg,...)=F(x):anx )
n>0 n>0

where f,, is the number of F-structures on [n] and fn is the number of F-structures on n indistinguishable dots
(i.e., number of isomorphism types of F-structures on n elements).

By extension, any series, a(x1, z2,3,...), of the form (3) or (4), with complex coefficients f, or fi, iy, i,
will be called a cycle index series. Composition “ o” in (5) is called plethystic substitution and defined by

aob(xy,xa,x3,...)=a(b(z1,z2,xs3,...),b(x2, 24, Ts,...),b(xs,T6,T9,...),...).
Consider now the choices

M =N*={1,2,3,...}, the multiplicative monoid of strictly positive integers,
A = C{{x1,z2,23,...}}, the ring of cycle index series in the variables x1, 22, x3, ...,
T = (1 : C{{z1, 22, 23,... }} = C{{z1, 22,23, ... }})i>1, the representation of N* defined by

Tia(x1, X9, X3, ... ) = a(xy, Toi, T3i, - - . ) = a;(T1,22,23,...) (plethystic notation).
In this context, plethystic substitution can, of course, be written in the equivalent forms
aob=a(rb,mb,73b,...) = a(by, bz, bs,...). (6)
The elements of A[[M]], are infinite sequences
a= (a(n;z1,22,23,...))n>1
of cycle index series, with convolutions of the form

c=a*xb < c¢(n;z1,29,...) = Z a(i;xy,x9,...)b(j;21,29,...), (standard),

1j=n

c=ax;b < c(n;x1,29,...) = Z a(i;xy, 29, ... )bi(J; 21, 22,...), (twisted).

1j=n

Note that the gradient Va of a cycle index series @ is an element of A[[M]], since it is an infinite sequence

Va = (aa)
ox, n>1

of the cycle index series. The following proposition shows that the chain rule operation for plethystic substitution
(introduced in [7]) becomes another instance of twisted convolution in A[[M]],.
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Proposition 2.2. Chain rule for plethystic substitution. Given two cycle index series a and b,
V(aob) =((Va)ob)x,Vb.

Proof. By (6),

0 0 da ob;
V(aob) = (&cn(aOb)lN = ((%n a(blab27b3v---)>n>1 = 2 o, -(b1,b2,b3,...) o, >13 (7)

8[)2 - 0 o %(%,@m%u~.~,$ki,~~~) if n==ki
5$n _@b(mmewl‘?)u"-axkla"')_ { 0 1fn7ék@)

0 otherwise, 0 otherwise.

Finally, from (7),
0 b
V(aOb): Z T;(bl’b%bg"”). (ax> :((Va)ob) *.,—Vb.
ij=n " 1) s

O

The above kind of chain rule has been used in [6] and [7] to compute the cycle index series of various families
of combinatorial species. For example, let TR = X R(Tr) be the species of R-enriched rooted trees (introduced
in [5]) and F be an arbitrary species. Then adapting Good’s [2] multidimensional inversion formula to the
present context, the coefficients of the cycle index series of the species F(Tg) are given by

[ w52 as® - | Zpry) = [t 5°t5° - - - | Zp(t1, o, 3, ... HP tistoistsi, ... ) ZR(ti, tai iy ... )", (8)
i>1
0Zn(ty,to, ts,...) /0t
where p(t1,ta,t3,...)=1—1 Bt tots, )/ Ly (9)

Zr(ti ta,ts,...)

In particular, taking R = FE (the species of finite sets) and F' = X (the species of singletons), we have
F(Tr) =T = the species of classical rooted trees. In this case, (8)-(9) give rise to the following extension [7] of
Cayley’s classical theorem stating that there are n” ! rooted trees on n given points:

Let o € S, be a permutation of [n] of cyclic type (01,02,...,0n). Then the number of rooted trees on [n] for
which o is an automorphism is given by 0 if o1 = 0 and otherwise by

o7t H (¢7F — kopd?*™")  where ¢y, = Zdad.
P

dlk

3. Conclusion

The above framework provided a somewhat unexpected conceptual connection between two apparently different
constructions in formal power series calculus. More instances of the above kind of twisted convolutions in
combinatorics should be developed in the future.
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