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Abstract

A Rota—Baxter operator of weight A is an abstraction of both the integral operator (when A = 0) and the summation operator
(when A = 1). We similarly define a differential operator of weight A that includes both the differential operator (when A = 0) and
the difference operator (when A = 1). We further consider an algebraic structure with both a differential operator of weight A and a
Rota—Baxter operator of weight A that are related in the same way that the differential operator and the integral operator are related
by the First Fundamental Theorem of Calculus. We construct free objects in the corresponding categories. In the commutative case,
the free objects are given in terms of generalized shuffles, called mixable shuffles. In the noncommutative case, the free objects are
given in terms of angularly decorated rooted forests. As a byproduct, we obtain structures of a differential algebra on decorated
and undecorated planar rooted forests.
© 2007 Elsevier B.V. All rights reserved.

MSC: 16W99; 12HO05; 05C05

1. Introduction
1.1. Motivation

This paper studies the algebraic structure reflecting the relation between the differential operator and the integral
operator as in the First Fundamental Theorem of Calculus.

As is well-known, the two principal components of calculus are the differential calculus which studies the
differential operator d(f)(x) = %(x) and the integral calculus which studies the integral operator P(f)(x) = f;
f(t)dz. The discrete versions of these two operators are the difference operator and the summation operator. The
abstraction of the differential operator and difference operator led to the development of differential algebra and
difference algebra [5,21]. Likewise, the integral operator P and the summation operator have been abstracted to give
the notion of Rota—Baxter operators (previously called Baxter operators) and Rota—Baxter algebras [3,24,25]. In the
last few years, major progress has been made in both differential algebra and Rota—Baxter algebra, with applications in
broad areas in mathematics and physics [1,2,4,6,10,11,13,14,16,26,27]. For instance, both operators played important
roles in the recent developments in renormalization of quantum field theory [6,7,12].
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The differential operator and the integral operator are related by the First Fundamental Theorem of Calculus stating
that (under suitable conditions)

d X
o ( / f(t)dt> = f ). 0

Thus the integral operator is the right inverse of the differential operator, so that (d o P)(f) = f. A similar relation
holds for the difference operator and the summation operator (see Example 1.1(e)). It is therefore natural for us to in-
troduce the notion of differential integral algebra, or more generally the notion of differential Rota—Baxter algebra, that
provides a framework to put differential/difference algebra and Rota—Baxter algebra together in the spirit of Eq. (1).

Quite often, problems on differential equations and differential algebra are studied by translating them to integral
problems. This transition uses in disguise the underlying structure of differential Rota—Baxter algebra. In fact,
Baxter [3] defined his algebra and gave an algebraic proof of the Spitzer identity in probability guided by such a
point of view for first order linear ODEs. This view was further stressed by Rota [25] in connection with finding
g-analogues of classical identities of special functions. The framework introduced in the current paper should provide
a natural setting to study such problems. The reader is also invited to consult the paper [23], which came to our
attention after our paper was submitted, where a similar structure was independently defined under a different context
and was applied to study boundary problems for linear ODE in differential algebras. This coincidence might suggest
that a systematic study of differential Rota—Baxter algebra is now in order after the observation of Baxter several
decades ago.

1.2. Definitions and preliminary examples

We now give more details of our constructions. By analogy to a Rota—Baxter operator that unifies the notions
of an integral operator and a summation operator, we first unify the concepts of the differential operator and the
difference operator by the concept of a A-differential operator, where A is a fixed element in the ground ring, that
gives the differential (resp. difference) operator when A is O (resp. 1). We then introduce the concept of a differential
Rota—Baxter algebra of weight A consisting of an algebra with both a A-differential operator and a A-Rota—Baxter
operator with a compatibility condition between these two operators.

Definition 1.1. Let k be a unitary commutative ring. Let A € Kk be fixed.

(a) A differential k-algebra of weight A (also called a XA-differential k-algebra) is an associative k-algebra R
together with a linear operator d : R — R such that

d(xy) =d(x)y + xd(y) + Ad(x)d(y), Vx,y € R, 2)
and
d(l) =0. 3)

Such an operator is called a differential operator of weight 1 or a derivation of weight X. It is also called a
A-differential operator or a A-derivation. The category of differential algebras (resp. commutative differential
algebras) of weight X is denoted by Dif), (resp. CDif)).

(b) A Rota—Baxter k-algebra of weight 1 is an associative k-algebra R together with a linear operator P : R — R
such that

Px)P(y) = P(xP(y)) + P(P(x)y) + AP(xy), Vx,y € R. 4)

Such an operator is called a Rota—Baxter operator of weight A or a A-Rota—Baxter operator. The category of
Rota—Baxter algebras (resp. commutative Rota—Baxter algebras) of weight A is denoted by RB; (resp. CRB,)).

(c) A differential Rota—Baxter k-algebra of weight A (also called a )\-differential Rota—Baxter k-algebra) is an
associative k-algebra R together with a differential operator d of weight A and a Rota—Baxter operator P of weight
A such that

do P = idg. (5)

The category of differential Rota—Baxter algebras (resp. commutative differential Rota—Baxter algebras) of weight
A is denoted by DRB,, (resp. CDRB,).
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We also use Alg = Alg, to denote the category of k-algebras. When there is no danger of confusion, we will
suppress A and k from the notations. We will also denote the set of nonnegative integers by N and the set of positive
integers by N_..

Note that we require that a differential operator d satisfies d(1) = 0. A linear operator d satisfying Eq. (2) is
called a weak differential operator of weight 1. A weak differential operator of weight A with d(1) # 0 is called a
degenerate differential operator of weight A for the reason given in Remark 2.4, and will be discussed in Section 2.1.

We next give some simple examples of differential, Rota—Baxter and differential Rota—Baxter algebras. Further
examples will be given in later sections. In particular, the algebras of A-Hurwitz series are differential Rota—Baxter
algebras (Proposition 2.10). By Theorem 3.2 and Theorem 4.2, every differential algebra naturally gives rise to a
differential Rota—Baxter algebra. We also obtain the structure of a differential Rota—Baxter algebra on rooted forests
(Theorem 5.1).

Example 1.1. (a) A O-derivation and a O-differential algebra is a derivation and differential algebra in the usual
sense [21].

(b) Let L € R, & # 0. Let R = Cont(R) denote the R-algebra of continuous functions f : R — R, and consider the
usual “difference quotient” operator d; on R defined by

(d(fNE) = (fx+2) = f(x)/A. (6)

Then it is immediate that d; is a A-derivation on R. When L = 1, we obtain the usual difference operator on
functions. Further, the usual derivation is dg := limy o d;.

(c) A difference algebra [5] is defined to be a commutative algebra R together with an injective algebra endomorphism
¢ on R. It is simple to check that ¢ — id is a differential operator of weight 1.

(d) By the First Fundamental Theorem of Calculus in Eq. (1), (Cont(R), d/dx, fox ) is a differential Rota—Baxter
algebra of weight 0.

(e) Let 0 < A € R. Let R be an R-subalgebra of Cont(R) that is closed under the operators

Po(f)) = — / FOd, PO = =AY fx +nh),

n>0

For example, R can be taken to be the R-subalgebra generated by e™: R = > ;. Re~**. Then P, is a
Rota—Baxter operator of weight A and, for the d, in Eq. (6),

dAOPA=idR, VO#AGR,

reducing to the fundamental theorem dg o Py = idg when A goes to 0. So (R, d,, P,) is a differential Rota—Baxter
algebra of weight A.

1.3. Main results and outline of the paper

Our main purpose in this paper is to construct free objects in the various categories of A-differential algebras and
MA-differential Rota—Baxter algebras.

In Section 2, we first prove basic properties of A-differential algebras. We then construct the free objects in Dif in
Theorem 2.5 and cofree objects in Dif), in Corollary 2.9. The construction of free objects in CDRB,, is carried out in
Section 3 (Theorem 3.2) and the construction of free objects in DRB,, is carried out in Section 4 (Theorem 4.2).
Both constructions rely on the explicit construction of free Rota—Baxter algebras, in the commutative case in
[16,17] and in the noncommutative case in [2,10,11]. Consequently, we obtain a structure of a differential algebra
on the mixable shuffle and shuffle algebras, and on angularly decorated rooted trees. We further obtain the structure
of a A-differential algebra on planar rooted forests in Section 5 (Theorem 5.1). Grossman and Larson [15] have also
obtained a differential algebra structure on trees. There are differences between their construction and ours. The
multiplications on the trees are different. Further our trees form a differential algebra while theirs form a ring of
differential operators. It would be interesting to further explore their relation.

2. Differential algebras of weight A

We first give some basic properties of A-differential algebras, followed by a study of free and cofree A-differential
algebras.
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2.1. Basic properties and degenerate differential operators

Some basic properties of differential operators can be easily generalized to A-differential operators. The following
proposition generalizes the power rule in differential calculus and the well-known result of Leibniz [21, p.60]. It holds
without the assumption that d(1) = 0.

Proposition 2.1. Let (R, d) be a differential k-algebra of weight ).
(a) Let x € Rand n € N4. Then

n

doy =Y (?) A= d ()t

i=1
(b) Let x,y € R, and let n € N. Then

n n—k
d"(xy) = ZZ( )( )Akd" TEyd ™ (). (7)

k=0 j=0

Proof. (a) The proof is similar to the inductive proof on » for the usual power rule, using an index shift and Pascal’s
rule.
(b) The proof is again similar to the case for differential operators. Proceeding by induction on n, the case n = 0 is
trivial, so assume that Eq. (7) holds for n, and consider
4" xy) = d"d(xy)) = d"d@x)y) + d" (xd(y)) + Ad" (dx)d(y)). (®)

Applying the induction hypothesis to the first term gives

n n—k
ZZ( ) ( ))\kdn-H ](x)dk+j(y)

=0 ;=0

n n—k

— ZZ( ) ( >)\kdn+1 ](x)dk+](y) + Z( )kkd"+1(x)dk(y).

=0 j=1
Doing the same to the second term in Eq. (8) followed by an index shift gives

n n—k
ZZ( ) ( ))»kdn j(x)dk+]+l(y)

k=0 j=0

n n+l—k
Z < )( >)\‘kdn+1 ](x)dk+](y)

k=0 j=1

n—k
Z (ﬂ) ( : ))\kdn-‘r] ](x)dk-l—] (y) + Z( )kkdk(x)d"+l(y).

k=0 j=1 k=0

~

=

Thus by Pascal’s rule,

n n—k
d"(d(x)y) +d"(xd(y)) = <k> ( +} - k) k=1 () dk ()
=1

+
M 5
N
S
N~
>»
Q..
S
t
~~
-
N
o
8
~~
<
N
+
N
\—/
>
~
o
=9
Py
=
N
o
K]
t
Py
<
p—

n+1

Z) (" +; ) M () dH () + Z (" ;“ 1) 4" o d/ ().
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For the same reason, the third term in Eq. (8) gives

k=0 j=0
n+1n+1—k
_ n "+1'—k kA= 0y d ()
; k=1 J
k=1 j=0
n_n+l—k n n+1—k ) ]
— Z (k - 1) < ] >)\'kdl’l+l—j (x)dk-‘rj (y) + )\.n+1d”+l(x)dn+l (y)
k=1 j=0

Therefore another application of Pascal’s rule gives

n n+l—k n+1 n+1—k ) )
d"(d(x)y) + d"(xd(y)) + Ad"(d(x)d()) = Y < ) ( j ) WA ) dH (y)
k=1 j=0

n+1 <n+1
J

] )dn+1j(x)dj(y) + An+ldn+1(x)dn+l(y)
Jj=0
n+lni+l—k

()

1
=0 j=0

=~

This completes the induction. [

We now briefly study degenerate A-differential operators, that is, weak differential operators d for which d(1) # 0.
We first note that, for any A € k and any k-algebra R, the zero map

d:R— R, d(ry=0, VreR

is a differential operator of weight A, called the zero differential operator of weight A.
We next note that for any A € k that is invertible and for any k-algebra R, the map

d: R — R, d(r) = —2"'r, VreR, )

is a weak differential operator of weight A. We call such an operator (resp. algebra) a scalar differential operator
(resp. algebra) of weight A. We remark that by our definition, the zero map is not a scalar differential operator even
though the zero map is given by a scalar multiplication.

For A € k invertible, it is also easy to check that

Py:R— R, P.(r)=—Ar, VreR,
is a Rota—Baxter operator of weight A. Further d; o P, = id. This gives an instance of a degenerate differential
Rota—Baxter algebra of weight A.
Proposition 2.2. Let A € k. Let (R, d) be a weak differential k-algebra of weight ) with no zero divisors. Then the

following statements are equivalent.

(a) A is invertible and d is a scalar differential operator of weight A.
(b) X is invertible and d(1) = —r 1.
(c) d(1) #0.

(d) For everyr € R, d(r) is a nonzero K-multiple of r.

Proof. We clearly have (a) = (b) = (c) and (a) = (d). So we only need to prove (c) = (a) and (d) = (c).
(c) = (a): By Eq. (2), for any x € R, we have

d(x) = d(1)x + d(x) 4+ Ad(1)d(x).
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Thus d(1) (x + Ad(x)) = 0. Since R has no zero divisors, if d(1) # 0, then we have
x + Ad(x) =0. (10)

Letting x = 1, we have 0 = 14+Ad(1) = 1+d(1)A since A € k. Thus A is invertible and Eq. (10) gives d(x) = —A"'x,
as needed.
(d) = (c): Taking r = 1 in (d) we have d(1) = (1) # 0. Thus we have (c). O

Corollary 2.3. Let (R, d) be a weak differential algebra of weight A that has no zero divisors. If d is not a scalar
differential operator; then it is a differential operator of weight A.

Remark 2.4. Since a scalar differential algebra is just an algebra with a fixed scalar multiplication, its study can be
reduced to the study of algebras. By Corollary 2.3, a nonscalar weak differential algebra is a differential algebra under
a mild restriction. This justifies the requirement in our Definition 1.1 that a A-differential algebra be nondegenerate.
A more careful study of degenerate differential operators will be carried out in the future.

2.2. Free differential algebras of weight A

Using the same construction as for free differential algebras (of weight 0), we obtain free differential algebras of
weight A in both the commutative and noncommutative case.

Theorem 2.5. Let X be a set. Let
AX)=X xN={x"W|x e X,n >0}

(a) Let K{X} be the free commutative algebra K[AX] on the set AX. Define dx : K{X} — Kk{X} as follows. Let
w = uy---ug,u; € AX, 1 < i <k, be a commutative word from the alphabet set A(X). If k = 1, so that
w = x" e A(X), define dy (w) = x"+V_If k > 1, recursively define

dx(w) =dx@uz - - ug +urdy - - -ug) + Ady (uy)dyx (uy - - - ug). (11)

Further define dx (1) = 0 and then extend dx to K{X} by linearity. Then (k{X}, dx) is the free commutative
differential algebra of weight A on the set X.

(b) Let KNC{X} be the free noncommutative algebra K(AX) on the set AX. Define d%c ckNC{X} > KNC(X)} on the
noncommutative words from the alphabet set AX in the same way as dx is defined in (a). Then (kN€{X}, dgc) is
the free noncommutative differential algebra of weight A on the set X.

Remark 2.6. Our use of k{X} for free commutative differential algebras of weight A is consistent with the notation
of the usual free commutative differential algebra (when A = 0). We do not know a standard notation for free
noncommutative differential algebras.

Proof. We just give a proof of (a). The proof of (b) is the same. In either case, it is similar to the proof of the A = 0
case [21, p. 70].

Let (R, d) be a commutative A-differential algebra and let f : X — R be a set map. We extend f to a A-differential
algebra homomorphism f : k{X} — R as follows.

Letw = uy---up,u; € AX,1 < i < k, be a commutative word from the alphabet set AX. If k = 1, then
w =x" e AX. Define

fw) =d"(f()). (12)

Note that this is the only possible definition in order for f to be a A-differential algebra homomorphism. If k > 1,
recursively define

Fw) = fu)fua---up).

Further define f(1) = 1 and then extend f to k{X} by linearity. This is the only possible definition in order for f to
be an algebra homomorphism.

Since k{X} is the free commutative algebra on AX, f is an algebra homomorphism. So it remains to verify that,
for all commutative words w = u - - - uy from the alphabet set AX,
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Fdxw)) = d(f(w)), (13)

for which we use induction on k. The case when k = 1 follows immediately from Eq. (12). For the inductive step, by
Eq. (11):

Ffdxw)) = fdx@)uz - ur) + fuydy o - ug)) + A f(dx (up)dy (s - - - ug))
= fdx @) fuz-ug) + fur) fdx @z up) +Af(dx @) f(dx @z - ug)).

Then by Eq. (12), the induction hypothesis on k and the A-differential algebra relation for d, the last sum equals to
d(f(w)). U

2.3. Cofree differential algebras of weight A

For any k-algebra A, let AN denote the k-module of all functions f : N — A. We define a product on AN by
defining, for any f, g € AN, fg € AN by

n n—k
n\(n—=k\ . . .
TRIOEDID (k> ( j )x fn— g+ j).
k=0 j=0
Note that this definition is motivated by Proposition 2.1.(b). It is easily checked that this product is commutative,
associative, distributive over addition, and has an identity 1 4~ defined by 14n(n) = 0if n # 0 and 14,n(0) = 14. We
call this product the A-Hurwitz product on AN , since if we take A = 0, the product reduces to

“~ (n
n) = n—k)g(k),
(f8)(n) ];) (k) fn —k)gk)
which is the usual Hurwitz product defined in [20]. We denote the k-algebra AN with this product by DA, and call
it the k-algebra of A-Hurwitz series over A. Also, there is, for any k-algebra A, a homomorphism k4 : A — DA
of k-algebras defined by k4 (a) = aln. This makes DA into an A-algebra, where for any a € A and any f € DA,
af € DA is given by (af)(n) = a(f(n)).
The k-algebra D A behaves much like the ring of Hurwitz series. The following proposition is one instance of this.
We first define a map

04 : DA — DA, @a(f))(n)y=f(n+1), neN,feDA. (14)

Proposition 2.7. The map 04 is a A-derivation on D A.
Proof. It is clear that 4 is a mapping of k-modules, so all that remains is to show that for any f, g € DA,

04(f8) = 0a(f)g + f04(8) + 23a(f)Da(g).

But because of the definition of the A-Hurwitz product, the proof of this equation is virtually identical to the proof of
Proposition 2.1(b) and is left to the reader. M

It follows from Proposition 2.7 that (DA, d4) is a A-differential k-algebra. If 4 : A — B is a k-algebra
homomorphism, one checks that Dh : DA — D B defined by ((Dh)(f))(n) = h(f(n)) is a morphism of k-algebras,
and that dp o Dh = Dh o d4. Recalling that Dif = Dif, denotes the category of A-differential k-algebras, we see that
we have a functor G : Alg, — Dif given on objects A € Alg by G(A) = (DA, d4) and on morphisms 7 : A — B
in Alg by G(h) = Dh as defined above. Letting V : Dif — Alg denote the forgetful functor defined on objects
(R,d) € Dif by V(R,d) = R and on morphisms f : (R,d) — (S, e) in Dif by V(f) = f, we have the following
characterization of G(A).

Proposition 2.8. The functor G : Alg — Dif defined above is the right adjoint of the forgetful functor V : Dif — Alg.

Proof. By [22], it is equivalent to show that there are two natural transformations 7 : idpiyf - GV ande : VG —
idalg satisfying the equations Ge o nG = G and eV o Vi = V. Here idpjs denotes the identity functor on Dif, and
similarly for idajg.
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For any A € Alg, define ¢4 : DA — Aforany f € DA by e4(f) = f(0). One checks that ¢4 is a morphism
of k-algebras, and that if 2 : A — B is any morphism of k-algebras, then ep o Dh = h o ¢4, i.e., ¢ is a natural
transformation as desired.

For any (R,d) € Dif, x € R and n € N, define ng,q) : (R,d) — (DR, 9dg) by (nr,q(x))(n) = d(”)(x).
It is not difficult to see that n(g q) is k-linear, and it is immediate from Proposition 2.1(b) that for any x,y € R,
Mr,a) (X)) MR,a)(¥) = (Mr,a)(xy)). Also, it is clear that dg o n(gr,d) = N(r,d) © d, so that ng gy is a morphism in
Dif. Further, if f : (R, d) — (S, e) is a morphism in Dif, then one sees that n(s,.) o f = Df o n(,4). Hence n is a
natural transformation.

To see that Ge o nG = G, let A € Alg, f € DA andn € N. Then

(Dea) N a.on (FN0) = ea(ipa.ay (H) = 4@ () = @ (/))O0) = f(n).

Similarly, to see that eV o Vip = V, let (R, d) € Dif, and x € R. Then er(n(r,a)(x)) = (nr,0)(x))(0) = dO(x)
=x. N

The following corollary gives a “universal mapping property” characterization of the A-differential k-algebra of

A-Hurwitz series as the cofree A-differential k-algebra on any k-algebra A.

Corollary 2.9. Let (R,d) be any A-differential k-algebra, and let A be any K-algebra. For any K-algebra
homomorphism [ : R — A, there is a unique morphism of A-differential k-algebras f : (R,d) — (DA, d4)
suchthategs oV f = f.

Proof. This follows from page 81, Theorem 2 in [22]. O
We next show that D A provides another example of differential Rota—Baxter algebras. Define

ma: DA — DA, @a(Nn) = fn=1), n=1, (@a(fNO) =0, feDA. 5)

Proposition 2.10. The triple (DA, 04, w4) is a differential Rota—Baxter algebra of weight ).
Proof. Since

(@A@A( N () = @A(fN(m+ 1) = f(n)

for f € DA, we have m4 0 94 = idpa. Thus we only need to verify that 4 is a Rota—Baxter operator of weight A.
Let H € DA be defined by

H =ma(f)ma(g) —ma(ma(f)g) —mwa(fra(g)) — Ama(fg). (16)

By Proposition 2.7, we have d4(H) = 0. Thus H is of the form H : N — A with H(n) = 0,n > 0and H(0) =k
for some k € k. But by definition, w4 (0) = 0. Thus H(0) = 0 and so H = 0. This shows that 74 is a Rota—Baxter
operator of weight A. [

3. Free commutative differential Rota—Baxter algebras

We briefly recall the construction of free commutative Rota—Baxter algebras in terms of mixable shuffles [16,17].
The mixable shuffle product is shown to be the same as the quasi-shuffle product of Hoffman [9,18,19]. Let A be a
commutative k-algebra. Define

II(A) =@A®<k+1> —ABA®? ...
keN
Leta=ay® - Qapn € A2"D andb=by®--- @b, € A%"TD If m = 0orn = 0, define
(apbp) ®b1 ® -~ ®b,, m=0,n>0,

aob=1(@abh)®a1® --Qay,, m>0,n=0, (17)
apby, m=n=0.
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If m > 0 and n > 0, inductively (on m + n) define
aob = (apho) @ (a1 ® a2 Q-+ Qam) ¢ (1L @ - ®by) + (1 Qa1 ® - ®ap) o (b1 ®---Qby)
+Aa1Q - Qap) o (b1 ® - ®by)). (18)
Extending by additivity, we obtain a k-bilinear map
o III(A) x I(A) — III(A),
called the mixable shuffle product on III(A). Define a k-linear endomorphism P4 on III(A) by assigning
Paxo®x1 Q@ Qxp) =14 ®@x0 @ x1 Q-+ Q Xy,
forall xo ® x; ® --- ® x, € A2+ and extending by additivity. Let j4 : A — III(A) be the canonical inclusion

map.

Theorem 3.1 ([16,17]). The pair (II1(A), P4), together with the natural embedding js : A — III(A), is a free
commutative Rota—Baxter K-algebra on A of weight A. In other words, for any Rota—Baxter K-algebra (R, P) and any
k-algebra map ¢ : A — R, there exists a unique Rota—Baxter K-algebra homomorphism ¢ : (I1I(A), P4) — (R, P)
such that ¢ = ¢ o ju as k-algebra homomorphisms.

Since ¢ is compatible with the multiplication in A, we will often suppress the symbol ¢ and simply denote xy for
x ¢y in III(A), unless there is a danger of confusion.
Let (A, dp) be a commutative differential k-algebra of weight A. Define an operator d4 on III(A) by assigning

da(xo®x1 ® - @ xp) = do(x0) @xX1 Q-+ @ Xp + XoX1 QX2 Q@ -+ ® Xp + Ado(x0)X1 X2 ® -+ @ xp
for xo ® -+ ® x, € A®"*FD and then extending by k-linearity. Here we use the convention that when n = 0,
da(xo) = do(x0).
Theorem 3.2. Let (A, do) be a commutative differential k-algebra of weight ).

(a) (III(A), da, Pa) is a commutative differential Rota—Baxter K-algebra of weight A. The K-algebra embedding
ja A — 1I(A)

is a morphism of differential k-algebras of weight .

(b) The quadruple (I1(A), d4, Pa, ja) is a free commutative differential Rota—Baxter K-algebra of weight X on
(A, dy), as described by the following universal property: For any commutative differential Rota—Baxter K-algebra
(R,d, P) of weight & and any A-differential K-algebra map ¢ : (A,dg) — (R, d), there exists a unique
M-differential Rota—Baxter k-algebra homomorphism ¢ : (II1(A), d4, Pa) — (R, d, P) such that the diagram

(A, do) —2> (I1I(A), dy)

ek

(R, d)

commutes in the category of commutative differential kK-algebras of weight A.

(c) Let X be a set and let kK{X} be the free commutative differential algebra of weight . on X. The quadruple
(I(k{X}), dkx}, Pkix}, jx) is a free commutative differential Baxter kK-algebra of weight A on X, as described
by the following universal property: For any commutative differential Rota—Baxter k-algebra (R, d, P) of weight
A and any set map ¢ : X — R, there exists a unique M\-differential Rota—Baxter Kk-algebra homomorphism
¢ : (II(k{X}), dkix}, Pk(x}) — (R, d, P) such that § o jx = ¢@.

Proof. (a). Forany x = x0 ® - - - ® x,, € A®"*D by definition we have

da(PA(x) =da(1®@x0® - Qxp) = X0 Q -+ ® Xy
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Thus d4 o Py is the identity map on ITT(A). So it remains to prove that forany m, n € Ny andx = x0 ® -+ - ® xp,
e At D andy =y ®--- ® y, € A®HD we have

da(x oy) =da(x) oy +xoda(y) +rda(x) oda(y). 19)

If m = 0 or n = 0, then the equation follows from the definition of d4. Now consider the case when m, n € N, .
Denoting xtT = x| ® -+ @ xp and y© = y; ® ... ® ym, we have x = x9 © Pa(x1), y = yo ¢ Po(y™) and Eq. (18)
can be rewritten as

x oy = (x0y0) © (Pa(xT) o Pa(y™1))
= (x0y0) © (Pa(xT 0 Pa(y™)) + Pa(yt 0 PAxT) + APA(xT 0y ™))
= (x0y0) © Pa(xT o PAayT) +yT o PAGxH) + A(xT 0 y™)).

It follows from the definition of d4 that, for any zg € A and z € 11I(A),

da(zo ¢ Pa(z)) = do(z0) © Pa(z) + 20 0 da(Pa(z)) + Ado(z0) © da(Pa(z))
= do(z0) ¢ Pa(z) + z0 © z + Ado(z0) ¢ z.

Then

da(x 0 y) = da((xoy0) © Pa(xT o PAO™) +yT o Pa) + Axt 0 y™)))
= do(x0y0) © PAxT o PA(YT) +yT o PAT) +A(xT 0 y ™))
+ (xoy0) © (xt o PAOH) +yT o PAxH) +AxT 0y 1))
+ 2do(x0y0) © (xT 0 PAYT) + 3T o PG +Aa(xT o yh))
= (do(x0)yo + xodo(yo) + Ado(x0)do(y0)) © (Pa(x™) o Pa(y™))
+ (xoy0) © (xT o PAy ) +yT o PaxT) +xT 0 y™)
+ A(do(x0)y0 + x0do (y0) 4+ Ado(x0)do(y0)) © (xF 0 PA(y ™) + ¥yt o Pa(xT) +xT oy ).

Also

xoda(y) +yoda(x) +ada(x) o da(y)
= (x0 0 Pa(xT)) 0 da(yo o Pa(y™)) + (o © Pa(y™)) o da(xo o Pa(x™))
+Ada(xg © Pa(xT)) o da(yo ¢ Pa(y™))
= (x0 0 Pa(x)) o (do(yo) © Pay™) + yo 0y + Ado(yo) © y7)
+ (30 © Pa(y™)) o (do(x0) © Pa(x™) +x0 0 xT + Ado(x0) 0 x)
+ & (do(x0) © P4(xF)xg 0 xT + Ado(x0) © xT) © (do(yo) © Pa(yT)yo o y* + Ado(yo) © yT).

Comparing the last terms of the above two equations, we see that Eq. (19) holds.
The second statement follows directly from the definition of d4.
(b). Now let (R, d, P) be a commutative differential Rota—Baxter k-algebra of weight A and let ¢ : (A, dp) — (R, d)
be a A-differential k-algebra map. Then in particular ¢ is a k-algebra map. So by Theorem 3.1, there is a unique
Rota—Baxter k-algebra map ¢ : (III(A), P4) — (R, P) such that
p=¢oja (20)

in the category of k-algebras. We next show that ¢ is a differential k-algebra map.
Forany xo ® x| ® - -- ® x,, € A"+ we have
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d@(xo®x1 ® - ® xy)) = d(@(x0 ¢ Palx1 ® - ® X))

= d(@(x0)P(Pa(x1 ® - - ® X))

= d(@x0) P(@(x1 ® -+ @ xn)))

= d(@x0)P(@(x1 Q@ -+ ® X)) + ¢(x0)d(P(§(x1 ® - - - ® xp)))
+Ad(@(x)d(P(@(x1 ® - - ® xpn)))

= d(@x0)P(PaA(x1 Q@ - Q@ xp)) + ¢(x0)P(x1 ®@ - -+ ® Xy)
+Ad(@x0)P(x1 ® - - - ® xp).

Also

Pda(xo®x1 @ -+ ®xp)) = @(da(xp o Pa(x1 ® -+ @ xp)))
= @(da(x0) © Palx1 ®@ -+~ ® xp) + x0 0 da(Pa(x1 ® - - ® x))
+Ada(xp) © da(Pa(x1 ® -+ ® xn)))
= ¢(da(x0) © PA(X1 ® -+ @ xp) +x00 (X1 ® -+ ® Xp)
+Ada(x0) © (x1 ® -+ ® xp))
= @(da(x0)P(Pa(x1 ® -+ ® X)) + $(x0)P(x1 @ - - - @ xp)
+2¢(da(x0)@(x1 ® - -+ @ xp).

Since
d(¢(x0)) = d(@(ja(x0))) = d(@(x0)) = ¢(do(xo))
= ¢(ja(do(x0))) = ¢(da(ja(x0))) = @(da(x0)),
we have proved that
d(@(xo ®x1 @ -+ Q@ xp)) = ¢(da(x0 ® X1 ® -+ - ® xp)).

This shows that ¢ is a differential k-algebra homomorphism. Since ¢ and j4 are differential k-algebra
homomorphisms, we see that Eq. (2) holds in the category of differential k-algebras.

(c). The forgetful functor from the category DRB, to the category Set of sets is the composition of the forgetful
functors from DRB,, to Alg and from Alg to Set. By Theorem 1 in page 101 of [22], the adjoint functor of a composed
functor is the composition of the adjoint functors. This proves (¢). U

4. Free noncommutative differential Rota—Baxter algebras
We now consider the noncommutative analog of Section 3.
4.1. Free noncommutative Rota—Baxter algebras

We first summarize the construction of free noncommutative Rota—Baxter algebras on a set X in terms of angularly
decorated planar rooted trees. See [11] (as well as [2]) for further details.

4.1.1. Rota—Baxter algebra on rooted trees

We follow the notations and terminologies in [8,28]. A free tree is an undirected graph that is connected and
contains no cycles. A rooted tree is a free tree in which a particular vertex has been distinguished as the root. A
planar rooted tree (also called an ordered rooted tree) is a rooted tree with a fixed embedding into the plane. For
example,

rbalt AR s

The depth d(T) of a rooted tree T is the length of the longest path from its root to its leaves.
Let T be the set of planar rooted trees. A planar rooted forest is a noncommutative concatenation of planar rooted
trees, denoted by 71 U --- U Tp with T, ..., Tp € J. b = b(F) is called the breadth of F. The depth d(F) of F is
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the maximal depth of the trees 7;, 1 < i < b. Let F be the set of planar rooted forests. Then  is the free semigroup
generated by T with the product L, and k F with the product U is the free noncommutative nonunitary k-algebra on
the alphabet set T. We are going to define, for each fixed A € Kk, another product ¢ = ¢, on k¥, making it into a
unitary Rota—Baxter algebra (of weight A). We will suppress A to ease notation.

For the rest of this paper, a tree or forest means a planar rooted tree or a planar rooted forest unless otherwise
specified. Let |77 U - - - U Tp | denote the usual grafting of the trees 71, ..., Tj by adding a new root together with an
edge from the new root to the root of each of the trees 71, ..., Tp. If a tree F is the grafting of a forest, we denote that
forest by F. This is not the algebraic closure of a field . Our notation should not cause any confusion since neither
fields nor algebraic closure will appear in this paper.

Let F,, n > 0, be the set of planar rooted forests with depth less than or equal to n. Then we have the depth
filtration ¥y € F| C --- such that F = U,y F,. By using the grafting and the filtration JF,,, we recursively defined
in [11] a map

o FxTF - KkF

with the following properties
(a) For trees F and F’,
F, if F/ =,
FoF =1F, if F =, 1)
|FolF ||+ |IF]oF)+rFoF), ifF=|F|,F =|F].
(b) For forests F =Ty U---UTyand F' =T/ u---uT,,

FoF =Tiu---uUTp1U(TpoTH)UT, - UTy. (22)

Then ¢ extends to a binary operation ¢ on kJ by bilinearity. As an example, we have

Aol=[eUd ol =[(sUao o] F|eUsfoo +A(Us)od = fI+ A+ AN (23)
It was shown in [11] that (kF, ©) is a Rota—Baxter k-algebra.

4.1.2. Free Rota—Baxter algebra on a set X

Let X be a non-empty set. Let F € J with £ = £(F) leaves. Let X¥ denote the set of pairs (F; X) where X is in
XD Such a pair (F; X) is called an angularly decorated rooted forest since (F; X) can be identified with the
forest F together with an ordered decoration of X on the angles of F. We use the convention that X* = {(e; 1)}. For
example, we have

(/}; D= (Niem=4. (UA @) =ad.

24\ is denoted by * U= Hin [11].

Let (F;%) € XF. Let F = T; U --- U T}, be the decomposition of F into trees. We consider the corresponding
decomposition of decorated forests. If b = 1, then F is a tree and (F; X) has no further decompositions. If b > 1,
denote ¢; = £(T;), 1 <i < b, to be the number of leaves of 7;. Then

(Ty; exy ey xe=1))s (T2s gyt - o Xty —1))s oo os (T3 (X dedty 15 e s Xyt )

are well-defined angularly decorated trees when £(7;) > 1. If £(T;) = 1, then x¢,_,4+¢,—1 = Xx¢;,_, and we use the
convention (7;; x¢;_,+¢;,—1) = (T;; 1). With this convention, we have,

(F; (x5 o xe—1)) = (T15 (x1s oo X — 1) X, (125 (K415 -+ -5 Xy +6,—1)) X6+,
X ey (Tbv (x(1+~~-+[b,1+17 LR le+...+(b)).
We call this the standard decomposition of (F; X) and abbreviate it as

(F; X) = (T1; X)xiy (To; X2)Xiy - - - Xiy_, (Tps Xp) = Dy1xj, Daxjy - - - X, Dp (24)
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where D; = (T;; %), 1 <i <b.Soij=4;+---+ ¢ and

)?~ — (x€1+~~+ej,1+la cee 7~x(1+~~+€j71)a E] > 17
=1, 6 =1.

For example,
(.I_I A.u /\ (?J,:c,w,y)) = (.;1)*U(Q;;U)w(.)\;y) = .1.!% u,/y\

Let k(X) = €D,~ok X" be the noncommutative polynomial algebra on X. Denote its basis elements by vectors
and its product by vector concatenation: for X = (x1,...,xy), X' = (x{, ..., x;,), define

(X, X)) = (X1y ey Xy Xy e v X))
Define the k-module

Ve (x) = EBXF.
Fe&F

For D= (F; %) € XFand D' = (F/; ¥) € XF', define
DoD' = (F o F'; (X, %)), (25)

where ¢ is defined in Eqgs. (21) and (22). For example, from Eq. (23) we have

/}\512/"&4—/}(\4—)\.&\. (26)
Extending the product ¢ bi-additively, we obtain a binary operation
o VG (x) @ IIVC (x) — 1IVC(X).
For (F; %) € XF, define
Px(F;X) = [(F:D)] = (IF]; %) € X!, @7
extending to a linear operator on ITI" €(X). Let
Jjx X — V¢ (x) (28)

be the map sending a € X to (e LU e; a). The following theorem is proved in [11].

Theorem 4.1. The quadruple (ILINC (X), s, Px, jx) is the free unitary Rota—Baxter algebra of weight ) on the set
X. More precisely, for any unitary Rota—Baxter algebra (R, P) and map [ : X — R, there is a unique unitary
Rota—Baxter algebra morphism f : IIINC(X) — R such that f = f o jx.

4.2. Free noncommutative differential Rota—Baxter algebras

The following is the noncommutative analog of Theorem 3.2.

Theorem 4.2. Ler (KNC{X]}, d%c) = (k(AX), dgc) be the free noncommutative differential algebra of weight X on
a set X, constructed in Theorem 2.5. Let IIINC (AX) be the free noncommutative Rota—Baxter algebra of weight A on
AX, constructed in Theorem 4.1.

(a) There is a unique extension a;c of dé}’c to HINC(AX) so that (HINC(AX),C_IQC, Pax) is a differential
Rota—Banxter algebra of weight A.

(b) The differential Rota—Baxter algebra TIINC (AX) thus obtained is the free differential Rota—Baxter algebra of
weight A over X.
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Proof. (a). We define a A-derivation &]}\(’C on ITIINC (AX) as follows. Let F € F and let D € (AX)¥ be the forest F
with angular decoration by y € (AX)“F)~1 Let

D = (F;y) = (T1; y)yi, (T2; ¥2)Yi, - Yip_ (T ¥b)

be the standard decomposition of D in Eq. (24). We define al)}lc by induction on the breadth b = b(F) of F.If b =1,
then F is a tree so either F = e or F = | F | for a forest F. Accordingly we define

0, if F=oe,

(F;y), if F=|F]. (29)

d¥e(F; 5) = {

We note that this is the only way to define c_lj)\(lc in order to obtain a differential Rota—Baxter algebra since e is the
identity and (F; y) = [(F; y)].
If b > 1, then F = T u F; for another forest F; = T, LI - - - U F}, (¢ in F; stands for the tail). So

D = (F;y) = (T1; y1)yi,(F: y1) = D1y, Dy
where Dy = (T1; y1) and D; = (T2; ¥2)i, - - - Vi, (T; ¥p). We then define
dYC(D) = d¥C(T1: 0 yi, (Fr: ¥0) + (T1: 30D (Frs 30) + (T ¥0)yi, dy € (Fis 51

5 (VT i) (Fr; 0+ (T 50y, dXC (Fis 5o)

(T IO Fr 50) + 284 (T 50d i (Fis 30), (30)
where Elé}’c(Tl; ¥1) is defined in Eq. (29) and Elé}’c(F,; y:) is defined by the induction hypothesis. Note that by
Eq. (22),

(T1; Y1) yi, (Fr5 ¥1) = (T1; ¥1) © (eyi, @) & (Fr; Yr).
Soif anC were to satisfy the A-Leibniz rule Eq. (2) with respect to the product ¢, then we must have
dYC (D) = A (T1; 1) o (i 0) © (Fi: 3) + (T1; 1) 0 dYC (o1, 0) © (Fy: 1)

+(T1; 51) © (oy;,0) 0 dYC(F; 3) + 2dYC(T1; 31) © (odYC (3i)@) © (Fi5 5

+Ad¥C(T15 1) © (o1, 0) 0 AYC(Fy3 5) + A(T1: 31) © (edy € (3i)0) © A (F: 3)

+22dY (T35 1) o (od¥C (vi)e) 0 AYC(F: ). 31)
Since di€ is to extend dY€ : kKNC{X} — kNC{X}, we have

dYC(eyi, @) = ¥ (iax (i) = jax (@Y (i) = «d} (i) o

So by Eq. (22), Eq. (31) agrees with Eq. (30). Thus al)}lc(D) is the unique map that satisfies the A-Leibniz rule (2).
We also have the short-hand notation,

d¥€ (D) = dYC (D) yi, Dy + D1dYC (yi, Dy) + 2dYC (DAY (31, Do), (32)
where
d¥€ (yi, Dy) := dYC i) Dr + 31, dYC (D) + AdYC (vidY C (D).

Similarly, we can also write D = Dyy;, , D) where Dy, (h stands for the head) is an angularly decorated forest and
Dy, is an angularly decorated tree. Then

d¥¢ (D) = d¥C(Dyyi,_,) Dy + Dyyi,_,dNC (Dp) + 2d¥C (Dyyi,_)dYC (Dy). (33)
In fact, write

D =vjvy---v3p1,



536 L. Guo, W. Keigher / Journal of Pure and Applied Algebra 212 (2008) 522-540

where
vi — [ PG=n/2, Jodd,
7 Vi J even.

Then using Eq. (30) and an induction on b, we obtain the “general Leibniz formula” of weight A with respect to the
concatenation product:

dy“(D) = Z A=Yy vrn - vrap-1, (34)
1<2b—1]
where [2b — 1] ={1,...,2b — 1} and
v, JE1,

v j=1d¥ ), jel, jodd,
dgc(v./), j el, jeven.

We now prove that agc is a derivation of weight A with respect to the product <. Let D and D’ be angularly
decorated forests and write

D = (F;y) = (T1; y0)yi,(T2; ¥2)Yiy -+ * Vi (Tps ¥b) = Dnyi,_, Dy
and
D' = (F'; 3" = (T{; )y}, (T3 3)¥}, -+ ¥i,,_ (T Yy) = Dy, Dy

be as above with angularly decorated trees Dj, D1, angularly decorated forests Dy, D; and y;,_,, y; | € AX. Then by
Eq. (22) (see [11] for further details), DD’ has the standard decomposition

DD = (T1; y0)¥i, -+ Vipy (Tos )O3 YD) vi, -+ vi,, (T3 Vi)

= Dyyi,,(Dy © DDy}, Dy (35)
where
Dy ¢ D} = (Tp; yp)o(T}; ¥})
(.; 1), lf Tb = Tl/ = e (SO ib = 5;; = 1),
(T, yb), ifT) =, T} # e,
= (Tl/a 5;1)7 _, o lf T]/ # o, Tb = o, (36)
L(Ty: 3YS(F: )] + LFy: 53T )] » B
+AL(Fp; M)O(F 15 )], ifT{ = |F] #e,T,=|Fp] #e.

By Egs. (35) and (34), we have
dYC(D3D') = d¥C ((Dhyi, ) (DySD)) (Y], D))
= d¥“(Dnyi,_ ) (DD (v}, D}y) + (Diyi,_)dy € (DyS D)) (v, Djy)
+ (Dnyi,_ ) (DpSDAYC (v] D) + 2dY € (Dayi,_,)dX (DD (v}, Dy,)
+2dYC (Dyi,_ ) (DDA (v, Dyy) + AM(Diyi,_ A (Dye DAY C (], D)
+232dY C (Dnyi,_)dY © (DyS DAY C (3], Dy). (37)
Using Eq. (36), we have
d¥ € (DyoD}) = dYC (Dp)SD| + Dpody© (D)) + AdY € (Dp)SdYC (D). (38)
Applying this to Eq. (37), we find that the resulting expansion for c_il;(] €(D3D’) agrees with the expansion of
d¥€(D)aD’ + DAY (D) + 1dY € (D)sd{C (D)
after applying Eq. (32) to agC(D) and applying Eq. (33) to agC(D’).
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As an example, from Eq. (26), we have

B 5= B + A 4AA ) —oalt A +oze. (39)
This agrees with
dXO(AN )8 T A 3 a0 + AdYO (A )3 dxe(d).

(b). The proof of the freeness of HIVC(D(X)) as a free differential Rota—Baxter algebra of weight A is the same as
the proof of the freeness of III(D(X)) in Theorem 3.2. [

5. Structure of a differential algebra on forests

We now give the structure of a differential Rota—Baxter algebra of weight A to rooted forests without decorations.
It should be possible to derive this as a special case from a suitable generalization of the construction in Theorem 4.2.
To avoid making the process too complicated, we give a direct construction. See [15] for the work of Grossman and
Larson on differential algebra structures on their Hope algebra of trees.

Let (kJF, ¢, | |) be the Rota—Baxter algebra of planar rooted forests defined in Section 4.1.1. Let ' € F be a

rooted forest. By Eq. (22), the unique decomposition F' = Tj U - - - U T} into rooted trees 11, ..., T, € T gives the
decomposition

F=Tio(eue)oTrho(elie)o---0(elle)oTp. 40)
Denote this by

F=VioVro. -0 Vy_q, 41
where

V= T(i+1)/2, i Odd,
"7 l(eue), ieven.

We call Eq. (41) the ¢-standard decomposition of F. This decomposition is unique since it is uniquely determined
by the unique decomposition of F into rooted trees.
We define a linear operator

dg: kT — k7. (42)

as follows. First let V be either e LI ® or a tree. Since a tree is of the form e or |V | for a forest V, it makes sense to
define

0, V =o,
dH{V)=11, V=eloe, (43)
VvV, V=|V].

Next let F € F have the ¢-standard decomposition in Eq. (41). Define

dg(F)= Y AW 6o vy, (44)
BAICIk]
where for I C [k],
v idl,
Vi _{dg(vi), il @

with dg(V;) as defined in Eq. (43). Finally extend dg-to kF by k-linearity.
It is clear that d - satisfies the recursive relation

deo(F) =dg(V)) o (Vpo---o Vi) + Viodg(Vao -0 Vi) +Adg(V) odg{(Va 0 - - - 0 V). (46)



538 L. Guo, W. Keigher / Journal of Pure and Applied Algebra 212 (2008) 522-540

We give some examples. By the third case in Eq. (43), we have

dg(MN) = e U, ds(q)=-ul- (47)
Further, since'UI:('U')C‘:, we have
dy(eUUl) =eclt(elie)cet Aoeve)=If+elle+)e. (48)
Similarly,
dy(Aue) = dy(Ao(elle))
= (.l_lo)o(oUo)-l—f\.oo—l-)\(ouo)oo
= .U.U.+A+)\(IU'). (49)

As another example, from the ¢-standard decomposition

Aul=Aoc(eue)ol,

by Egs. (23), (46) and (48) we have

dy(AUl) = de(N)o((eUe)ol) + Nods((sLe)ol) +Adg(N)ods((eie) o)
= (oUo)o((ol_!o}oI)+A<>(I+ouo+/\ o)+/\(ouo)o(I+OUo+/\o)
= elUellelUl+Acl+ALe+ A+ dolUl+dollollo+)\0lle

'f\er}\JrQ/\.)\.JrALIo+ouoL[oUI+z\oI_II+/\oUouo+)\20LIo.

Theorem 5.1. The triple (kKF, dg, | |) is a differential Rota—Baxter algebra of weight M.

Proof. By the third case of Eq. (43), dgo | | = id. So we only need to show that d is a differential operator of
weight A, that is, dg-satisfies the A-Leibniz rule in Eq. (2):

A (F o F') = dx{(F) o F' + F o d{(F') + AMdg(F) o dg(F). (50)

This is not immediate since the ¢-standard decomposition of F ¢ F” is not the product of the ¢-standard decomposition
of F and F'.

First let F and F’ be trees. Then F is either o or | F | for a forest F. Similarly for F’. Since e is the unit, Eq. (2)
trivially holds if F = e or F/ = ¢.If F = |F| and F’ = | F ]. Then by the Rota-Baxter equation (4) and Eq. (45),
we have

df{FoF)=FoF +FoF +AFoF. (51

This is Eq. (50).
In general, let F and F’ be forests and let

F=Vio- -0 Vay_1, F'=Vio-oVy
be their ¢-standard decompositions from Eq. (40). Then
FoF =Vio-oVy oo (V1o V)oVyo-o Vs

is the ¢-standard decomposition of F ¢ F’. Here Vap_1 © Vl/ = Zk Z,Z is a tree or a linear combination of trees Z,/C/
given in Eq. (21). As in Eq. (41), we rewrite it as

FoF = Wio- -0 W2(b+b’—l)—1-
In particular, Wo,_1 = V31 © V] = ", Z;/. Then by definition,

dg(F o F') = Z AWIEMW 1o o Woagam—1)-1 (52)
P£IC2(b+b'—1)—1]
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with W, ; defined in the same way as T} ; in Eq. (43) and dg{(Wo,—1) = Zk der(Z,’c’ ). Depending on whether or not
2b — 1 € J, we can rewrite Eq. (52) as

dg(F o F') = > WIEIWy 100 Wy 2 0 dg(Wap—1) 0 -+ 0 Wy apap—1)-1
2b—1€JC2(b+b'—1)—1]
+ Z MWWy 0o Wrap 20 Wiapo1 0+ 0 Wyapp—1)-1
2b— 1T C[2(b+b'—1)—1]
i I
= Z N l(Vi,l O o Vig o) | odg(Vap—1 ¢ Vi) o Z Al |V15,’2 L RERRS V;,’Zb,_l
Ic2b-2] I'(2,....2b'—1}
+ Z A1+ ‘71(Vi,1 0 0 Vigy ) o (Vapoi o V) o (V}/,z PP V;/,zbq)' (53)
ic(l,...2b-2}
I'cf2,...,26'—1}
T#0 or I'#0)
By Eq. (51),
dg(Vap—1 0 V) = dg(Vap—1) © V| + Vap_1 o de(V]) + Adg{(Vap—1) o dH(V)).
Denote I C [2b — 1]and I’ C [2b’ — 1]. We can write the first sum in Eq. (53) as
Yoo+ >+ Y A Y oo (Vg 0 Vi) 00 Vg
2b—1el 2b—1¢1 2b—1el
1¢1’ ler’ ler’
S DIEDIES D e
2b—1el 2b—1lel =% 2b—1¢1#0 2b—1el
1'=p 121" #0 lel’ lel’ lel’
A=Y foio (Vi1 0 V] o0 V] . (54)
For the second sum in Eq. (53), we have
Yoo+ Y A, oo (Vgm0 V] ) 00 Vg (55)
2b—1¢I1#0 1=f 2b—1¢1#0
'=p 1¢1'#0) 1¢1'#0)

The first sum on the right-hand side of Eq. (54) adding to the first sum in Eq. (55) gives
DAY, oo (Vigpr 0 V) oo Vg,

I#D,1'=0
= Z)J”*IVM oo (Vigpo10V]) om0 Vy
1
=dg(F)o F'.

Similarly, the third sum on the right-hand side of Eq. (54) added to the second term in Eq. (55) gives F o d(F").
The remaining terms on the right-hand side of Egs. (54) and (55) add to Adg(F) ¢ dg(F’). This proves the A-Leibniz
rule (2). O
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