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EULERIAN IDEMPOTENT, PRE-LIE LOGARITHM AND
COMBINATORICS OF TREES

RUGGERO BANDIERA AND FLORIAN SCHATZ

ABSTRACT. The aim of this paper is to bring together the three objects in the title. Recall that,
given a Lie algebra g, the Eulerian idempotent is a canonical projection from the enveloping
algebra U(g) to g. The Baker-Campbell-Hausdorff product and the Magnus expansion can both
be expressed in terms of the Eulerian idempotent, which makes it interesting to establish explicit
formulas for the latter. We show how to reduce the computation of the Eulerian idempotent
to the computation of a logarithm in a certain pre-Lie algebra of planar, binary, rooted trees.
The problem of finding formulas for the pre-Lie logarithm, which is interesting in its own right
— being related to operad theory, numerical analysis and renormalization — is addressed using
techniques inspired by umbral calculus. As a consequence of our analysis, we find formulas both
for the Eulerian idempotent and the pre-Lie logarithm in terms of the combinatorics of trees.
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1. Introduction

1.1. The problem... Given a Lie algebra g over a filed K of characteristic zero, the Poincaré-
Birkhoff-Witt Theorem states that the symmetrization map

1
sym: S(g) S UE): 210 O 5D ) To(o)
.O'GSn

going from the symmetric coalgebra S(g) over g to its universal enveloping algebra U(g), is a
natural isomorphism of filtered coalgebras. One can therefore consider the map

E:U(g) sym”l, S(g) & g = U(g),

where the second map p is the natural projection and the last map g < U(g) is the natural
inclusion. The following explicit formula for E was found by Solomon [27]

1 —1)de
(1) E(wy-mn) =~ Y <(n_)1)%(1) T ()

O'GSn dcr

where d, is the descent number of the permutation o, i.e. dy := |{1 <i<n—1]o(i) > o(i+1)}|.
A bit improperly, we shall call the projection E the Eulerian idempotent on U (g)ﬂ We point
out that neither the fact that E is an idempotent, that is, £ o F = FE, nor the fact that FE
takes values in g C U(g), is apparent from the previous formula. To solve the second problem,
we may compose F with another well-known Lie idempotent, namely, the Dynkin idempotent
D:U(g) = g, 21+ Tn = L[a1,...[zn-1,2,]...]. Since both E and D are projectors onto
g C U(g), we have E = D o E, hence
do
(2) E(xl T xn) = ig Z %[1‘0(1)1 e [xa(n—l)v xa(n)] o ]
" 0ESK (da)

Now the problem is that the iterated brackets appearing on the right hand side of are not
linearly independent among each other, due to the antisimmetry of the Lie bracket and the
Jacobi identity. For instance, for n = 3 formula becomes

Blornrg) = 5 (lou, loa,asl] = o, oo, )] = oo, o, 23] +
—%[9627 [z3, 21]] — %[1‘3, 1, xo]] + [23, [562,1‘1]])7
but, after some manipulation, this can be simplified to
Blaraars) = glon, o2, zal) = glo, lon,ael) = glon, oo, 73]l + g llar, ), )]

From here on we shall focus on the universal case, that is, in the previous discussion we set
g =L, := L(x1,...,x,), the free Lie algebra over z1,...,x,, and U(g) = A, := A(z1,...,2,),
the free associative algebra over x1,...,x,.

Definition 1.1. We denote by L,, C Ly, the vector subspace spanned by those Lie words in which
each generator appears exactly once.

We remark that the vector space £,, is finite dimensional, of dimension dim(£,,) = (n — 1)!.
It is apparent from formula (2|) that E(zy---x,) € £,,. We shall study the following

More properly, the name usually refers to a corresponding idempotent in the group algebra K[S,] of the
symmetric group, see [17].
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Problem A: find the expansion of E(xy ---xy) with respect to a basis of Ly,.

Before we go further, let us provide some motivation why one might be interested in the above
problem.

Remark 1.2. The Eulerian idempotent E is related to the following topics (among others):

e Baker-Campbell-Hausdorff product: given a pro-nilpotent Lie algebra g, an element x € g

and the corresponding group-like element e* € U(g), it follows from the definitions that
E(e*) = x. In particular, given x1,...,z, € g, we get the following formula for their
Baker-Campbell-Hausdorff product z; e - - - e x,, (cf. [17]):

1 A 4
Tie s emy = B ) = (e et = N B(a ),

1! eiy! "
i1yein>0 n

Magnus expansion: given a matrix Lie group G C GL(k) with Lie algebra g C gl(k),
together with a Lipschitz continuous function a(—): Rt — g, consider the following
ordinary differential equation in the space of (k x k) matrices (where - is matrix multi-
plication):

{ X'(t) =a(t)- X(t)
X (0) = Idy

It is well-known that the solution X (¢) to (3] satisfies X (¢) € G at all times. In particular,
using the exponential map exp: g — G, we can write it (at least near ¢ = 0) in the form
X (t) = exp(w(t)), where w(t) is a function with values in g. When G = GL(1) (or,
more in general, when G is abelian) w(t) = fg a(7)dr, which recovers the well-known

formula X (t) = elo aMdr The general case was studied by Magnus [19], who found a
series expansion for w(t) which has since then been called the Magnus expansion, see
[15] for further details. In the paper [21], Mielnik and Plebanski discovered the following
formula for w(t) in terms of the Eulerian idempotent

w(t)=>_ / E(a(t1)---a(ty))dty - - - dtp,

"Zlan )
where the domains of integration A, (t) are the n-simplices of size t, i.e.,
An(t) :={(t1,... . t) ER"|0<t, <--- < t; <t}

Let us mention that the Magnus expansion is related to a problem concerning the rational
homotopy theory of one-dimensional CW-complexes, investigated by us in [3]. This
provided our original motivation to study the previously stated Problem A.

Hochschild homology: Given a commutative algebra A, the complex of Hochschild chains
HC,(A) can be split into several subcomplexes in terms of the Eulerian idempotent, see
[4, 12]. One of these pieces is the image of E, and the cohomology of this subcomplex
identifies with the Harrison homology of A.

1.2. ...and our solution. We shall provide an answer to our problem for two particular bases
of £,,. Our main focus throughout the paper will be the study of the expansion of E(x; ---xy,)
with respect to a certain basis B,, of £,, which we introduce next:

Definition 1.3. We denote by L<, C L, the subspace spanned by those Lie words in which
each generator appears at most once (in particular, we can regard L, as the subspace of L<y
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spanned by Lie words of lenght n). Given a Lie word w in L<y, we refer to
max{i|z; appears in w}
as the maximum of w, and to
min{i | x; appears in w}
as the minimum of w.
The PBW basis B, of L,, consists of those Lie words w in L, such that, for any Lie sub-word
v C w inside w, either v is one of the generators x1,...,xy, orv = [v',v"], where the minimum

of v’ is smaller than the minimum of v”, and the mazimum of v' is smaller than the mazimum
of V" (cf. [18, §13.2.5.2], and references therein).

Example 1.4. For n < 4, the PBW basis B, is as follows:

By ={a1}, Bz ={[z1,22]},
Bs = {[z1, [x2, z3]], [[z1, 2], 23]},
By = {[z1, [w2, [v3, za]], [x1, [[w2, 3], w4l [[21, 2], [23, 4]}
[[z1, 23], [2, za]], [[21, (w2, 3]], 4], [[[21, w2], 23], 24}
Remark 1.5. The space L, with its obvious structure of an S,,-module, is the n-ary component

of the operad Lie encoding Lie algebras. The basis B,, arises naturally in the study of this operad:
in particular, the name PBW basis is borrowed from [I§].

Definition 1.6. For every element b € B,,, we shall denote by Ey the coefficient of b in the ex-

pansion of E(xy - - - xy) with respect to the PBW basis, and we shall call it the Eulerian coefficient
of b. Thus

E(zy--zp) = Z Eyb.

beBn

In this context, we may reformulate Problem A from the previous subsection more explicitly
as follows:

Problem B: given an element b € B,,, how can we compute its Eulerian coefficient Ey?

The second basis of £, with respect to which we will address Problem A, is Dynkin’s basis.
Definition 1.7. The Dynkin’s basis D,, of L, is
Dy, = {[$J(1)7 to [xa(n—l)a l’n] o ']}a’ESnil'

At the very end of this paper (see Subsection |4.3)) we shall prove the following as a byproduct
of our previous analysis:

Theorem 1.8. The expansion of E(xy---xy,) with respect to the Dynkin’s basis Dy, is

1 —1)d
E(xy--my) == Z (n_)l [wg(l),"'[xg(nq)ﬁn]"‘]-
n O'ES,,L,1 (dg )

In the remainder of this introduction we shall sketch our answer to Problem B, how Theorem
follows from it, and the most significant results we establish along the way.

Step 1) From Lie words to planar, binary rooted trees
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A basic and familiar observation is that we can depict iterated brackets in L,, as planar, binary,
rooted trees with leaves labeled in the set {1,...,n}, as illustrated in the following picture.

1 32 4 5

[[1‘1,173], [[ZL‘Q,ZL‘4],£L’5H AN

The Definition |1.3| of the PBW basis B,, has a clear graphical analog, cf. [20] or [18, §13.2.5.2].
Given a leaf [ and an inner vertex v of a given planar, binary, rooted tree T', we say that [ is a
descendant of v if v lies in the unique directed path from [ to the root.

We say that a labeling ¢: {leaves of T} — {1,...,n} is admissible if:

e the labeling, seen as a function from the set of leaves of T" to the set {1,...,n}, is injective
(in particular, T has at most n leaves); and

e for every inner vertex v of T, the smallest (largest) label among all the leaves which are
descendants of v is located at the left-most (right-most) position.

It follows directly from the definitions that there is a bijective correspondence between the set
By, and the set T,p1(n) of planar, binary, rooted trees with n leaves and an admissible labeling
¢: {leaves of T} — {1,...,n}. In particular, given (T,¢) € Typi(n), we can define an associated
Eulerian coefficient E(7 ).

An important observation — see Corollary of Subsection [3.5] - is that after the passage to
trees, the Eulerian coefficient E(7 ) turns out to be independent of the labeling £. In order to
prove this fact, we shall consider the vector space Ty, spanned by all (un-labeled) planar, binary,
rooted trees. In Subsection 3.5 we equip this space with a bilinear operation >: Ty, ® Ty — Tpb,
defined in terms of graftings of one tree onto another, and show that (7, >) is a left pre-Lie
algebra.

Inside the pre-Lie algebra (7pp, >), we can consider the pre-Lie logarithm X := —log, (1 —|),
where | is the (planar, binary, rooted) tree with only one leaf (and 1 is a fictitious unit). By
definition, the element X is the unique solution to the equation

n

L 1 1 (71)71-&—1 A |
1—eo ::X—§X>X+6X>(X>X)+~-+TX>(~~(X>X)~~)+~- =|.

We can expand X with respect to the canonical basis of 7y, given by planar, binary, rooted trees:
we shall denote by Er the coefficient of the tree T in the expansion of X, ie., X =Y ErT.
This is consistent with the previous notation: given a (planar, binary, rooted) tree 7" with |T'|
leaves and an admissible labeling ¢: {leaves of '} — {1,...,|T|}, we show that the identity
E(T,K) = ET holds.

More precisely, we prove the following fact: We consider the map lab,, : T, — L<, sending a
tree T' to the sum » ,, . . o (T,¢) (and to zero if T" has more than n leaves), where the sum
runs over the admissible labelings (as defined above) of the leaves of T' by the set {1,...,n},
and we regard the labeled tree (7', /) as an iterated bracket inside L<,, in the usual way. We also
denote by 7 : L<, — L, the obvious projection. The crucial Proposition from Subsection
asserts that lab, is a mophism of Lie algebras, and that 7 o lab, (X) = E(z1---x,) € L.
The independence of the Eulerian coefficient on the labeling follows a posteriori. In fact, we
will prove stronger invariance properties for the Eulerian coefficients, which shall be explained
at Step 3) below.

Step 2) Computing pre-Lie logarithms via umbral calculus.

In the previous step we explained how to reduce the computation of E(zy ---x,) with respect
to the PBW basis, for all n > 1, to the computation of a pre-Lie logarithm in a certain pre-Lie
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algebra. In Section [2| (in particular, in Subsection we study the problem of how to compute
pre-Lie logarithms in general. This problem is interesting in its own right, with connections to
operad theory [7, [10], numerical analysis [14, 8] and renormalization [9, [5]. Our approach is
inspired by umbral calculus, in its modern formulation by G.-C. Rota and S. Roman [24].

Given a pre-Lie algebra (L, >>) and an element y € L, the usual way to compute x = log (1+y)
is to observe that the equation

n

E-1=3 T (@) ) =y

n>1
is equivalent to
n
B e N
n>0

where B, is the n-th Bernoulli number, and the latter can be solved recursively in . On the
other hand, this recursion becomes rapidly unwieldy.
We denote by (L[t],r>) the pre-Lie algebra of polynomials with coefficient in L, with the

pre-Lie product > induced by scalar extension. We also denote by <EDL_1‘ #> : K[t] — K the

linear operator on polynomials defined by <% t"> = B, as well as its extension to a linear

operator <e13%1’ #> : L[t] — L.
Our idea is to consider the differential equation

(5) { P'(t) = <DL_1‘ P(t)> > P(t),
P(0) =y,

in the pre-Lie algebra L[t], where P’(t) denotes the ordinary derivative with respect to ¢. It is
not hard to prove — see Proposition — that if P(¢) solves the above differential equation,

then z := <€DL_1’ P(t)> € L solves the recursion ([4)), hence = = log, (1 + ).

We study the differential equation in two particular cases. In Section |3| we shall consider
the case where L is the aforementioned pre-Lie algebra (7pb,>) of planar, binary, rooted trees,
and y is the tree | with only one leaf (in order to compute —log, (1—|), as in the previous step, in
this case we shall replace the operator <%‘ #> by the one < %‘ #> :t"— (—=1)"B,). The
second case is the universal one. As is well-known, the vector space 7 spanned by (non-planar,
not necessarily binary) rooted trees, together with a certain pre-Lie product ~: T @ T — T
defined in terms of graftings of one tree onto another, is the free pre-Lie algebra generated by
e, the tree with just the root, cf. [6]. In Section [2, we study the differential equation when
L is the free pre-Lie algebra (7,~) and y is the generator e.

In both cases we show how to solve recursively, see Theorem and Theorems
and The recursion turns out to be much more amenable to computations than the one
implicit in equation . Moreover, by studying this recursion we are able to determine formulas
for the coefficient of a given tree in the expansion of the pre-Lie logarithm (more precisely, in

the expansion of —log. (1 — |) in one case, and of log . (1 + e) in the other) in terms of purely
combinatiorial data associated to the tree: see Theorem Remark [3.:54] and Proposition [£.16]

Step 3) From planar, binary, rooted trees to trees.

There is a standard bijective correspondence between the set of planar, binary, rooted trees
with n leaves and the set of planar, (not necessarily binary) rooted trees with n vertices, that
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goes under the name of Knuth’s rotation correspondence, see [16], [11]. We denote the vector
space spanned by planar, (not necessarily binary) rooted trees by 7,. We consider a slight
variation ®: T, — 7T, of the rotation correspondence, which also involves the specular involution
Y: Tob — Tpp sending a planar, binary, rooted tree to its mirror image (see Definition and
the following remark). This allows us to observe some surprising invariance properties for the
Fulerian coefficients. First of all, it follows directly from the explicit formula that:

e the Eulerian coefficients are invariant under the specular involution, that is, for every
planar, binary, rooted tree T' we have Er = Exr); cf. Lemma

On the other hand, as explained in the previous step, we can compute the Eulerian coefficients
by associating recursively a certain polynomial, which we denote by P (T') (t) € K[t], to every

T € Ty, and then applying the linear operator < %‘ #> : t" — (—1)"B,, to this polynomial.
Using the correspondence ®, we can equivalently consider both the polynomial and the coefficient

as being associated to the corresponding planar rooted tree ®(7"). When we do this, the recursion
for the polynomial becomes more transparent, and in particular it implies that

e The polynomial — hence, also the Eulerian coefficient — associated to a planar roooted
tree is independent of the planar structure, that is, it only depends on the underlying
(non-planar) rooted tree; cf. Lemma [3.44]

Finally, putting these two facts together, we obtain the following surprising result.

e The Eulerian coefficient associated to a planar rooted tree is furthermore independent
of the location of the root, that is, it only depends on the underlying tree (in the sense
of graph theory, i.e., a connected graph with no cycles); cf. Corollary

We stress that the number of trees (in the sense of graph theory) with precisely n vertices
(sequence A000055 in the OEI% is much smaller than the cardinality of the PBW basis B,,
which is (n — 1)!. A table of Eulerian coefficients for trees with n < 8 vertices can be found
in Appendix [A] We also remark that the polynomial is not independent of the choice of root:
in particular, the last invariance result also implies a plethora of identities involving Bernoulli
numbers, the simplest example being the classical Euler’s identity, cf. Remark for more
details.

Step 4) From the PBW basis to Dynkin’s basis

We conclude this long introduction by sketching how Theorem follows from the previous
results.

To an element b € B, in the PBW basis, or equivalently, to the corresponding planar bi-
nary rooted tree T' with n leaves and an admissible labeling ¢: {leaves of T} — {1,...,n},
we associate a subset of the symmetric group S(b) = S(T,¢) C S,—1. This may be de-
fined as the set of permutations ¢ such that b appears, with a non-zero coefficient, in the

expansion of [Ty, " [To(n—1);Tn] *:] € Dy in the PBW basis B,. More precisely, given
[Zo(1)s """ [To(n—1), Tn] - - -] € Dp, and writing its expansion in the PBW basis
[1:0(1)7 T [:‘Ca(n—l)y xn} v ] = Z Cob b,
beBn,

we have (cf. Proposition [4.5):
® ¢, =0if o & S(b);
e ¢, = (—1)7"1if 0 € S(b) = S(T,¢), where (T, /) is the labeled tree corresponding to
b, and 77 is the number of right pointing leaves of T

2Available at the following link: https://oeis.org/A000055
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On the other hand, we will see that the set S(7, ¢) can be described in terms of the combinatorics
of the labeled tree (T, /) alone, see Remark . We use the above observation to switch between
the PBW basis and the Dynkin’s basis.

We define the Fulerian numbers associated to (T,{), and we denote them by E(T,/,d), where
0 < d <n—2, as the number of permutations in S(7T',¢) having descent number d, that is,

E(T,,d) = |{o € S(T,0) | dy = d}]|.

We recover the usual Eulerian numbers (cf. [23]) when T is a left pointing comb (equivalently,
when ®(T) is a corolla). Using Stanley’s shuffling Theorem [28], [13], we prove in Proposition
that these numbers are independent of the labeling ¢, which accordingly will be dropped from
the notations.

In Theorem we prove a generalization of the classical Worpitzki’s identity (cf. [23], §1.5]),
relating the numbers E(7T,d) and the polynomial P (T (¢) from the previous step. More pre-
cisely, we will prove the following identityﬁ, where |T'| is the number of leaves of T,

IT|—2
& -1k -d
(6) (D) P(T) (k+1) = > ( 1 )E(T,d).
d=0

Once again, this recovers the usual Worpitzki’s identity when T is a left pointing comb. In fact,
our argument follows a bijective proof of the latter, that we found in Knuth’s book [16].

We apply the identity @ to deduce the following formula, relating the Eulerian numbers
E(T,d) and the Eulerian coefficient Ep associated to T":

(~1)rr=1 2 (— 1)

T

Er = E(T,d).

Finally, after these preparations, the proof of Theorem becomes straightforward: it follows
by combining the above formula for E7 and the aforementioned rule to switch between the bases
D,, and B, see Subsection Of course, a more direct proof than the one given here should
be possible: nonetheless, we believe that the various results we establish along the way, and in
particular the previous identity @, are of independent interest.

Acknowledgements. We are grateful to the Erwin Schrodinger Institute in Vienna (Austria)
for the excellent working conditions during our stay there in July and August 2016, as well as for
the financial support that we received through its “Research in Teams” program. Moreover, we
thank the authors of the Wikipedia page on Bernoulli numbers https://en.wikipedia.org/
wiki/Bernoulli_number|— it was of great help to us at certain stages of this project.

2. Computing pre-Lie logarithms via umbral calculus

In this section we develop tools to compute logarithms in a pre-Lie algebra: these will be
used in Section [3| to solve our main problem outlined in the Introduction, that is, find formulas
for the Eulerian idempotent. On the other hand, the computation of pre-Lie logarithms is an
interesting problem in its own right, with connection to operad theory [7, [10], numerical analysis
[14, 8] and renormalization [9 [5]. Our approach is inspired by umbral calculus, in its modern
formulation by G.-C. Rota and S. Roman [24].

As always, we work over a field K of characteristic zero.

31t might appear that this identity already implies the independence of the numbers E(T, ¢, d) from the labeling,
but in fact we use this result in the proof of @ On the other hand, once we have proved both facts, @ implies
the stronger result that the numbers E(T, d) only depend on ®(T) as a (non-planar) rooted tree.
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2.1. Basics on pre-Lie algebras.
Definition 2.1. A (left) pre-Lie algebra is a vector space L, equipped with a bilinear operation
>:L®L— L,

such that its associator Ax(x,y,z) :=x > (y > 2) — (x > y) > 2z is symmetric in the first two
arguments. When this happens, the corresponding commutator [z,y] == x>y —y > x is a Lie
bracket on L (hence the name pre-Lie algebras).

Example 2.2. Any associative algebra (A, -) is in particular a pre-Lie algebra, as in this case
the corresponding associator is identically zero. In particular, both the polynomial ring K[t] and
the ring of formal power series K[[t]] come equipped with the structure of a pre-Lie algebra.

Definition 2.3. Given a left pre-Lie algebra (L,r>), the associated symmetric brace operations
{#,...,#|#}: L°" @ L — L are defined recursively by (see |22, [10])

{x} = x?

{ylz} =y >,

k
{ylv"wyk’x} = > {927,%’35} - 2{927---791 > yjayk“{r}
7j=2

For instance, {y1,y2|z} = y1 > (y2 > x) — (y1 > y2) > x is the usual associator. Starting
from this observation, it is not hard to prove inductively that for & > 2 the brace {yi,..., x|z}
is symmetric in the arguments y1,...,yx. It is well-known that the operations {#,..., #|#}
make L into a symmetric brace algebra. In fact, this construction establishes an isomorphism
between the categories of (right) symmetric brace algebras and (left) pre-Lie algebras (cf. [22]
and [18] §13.4.9] for further references on symmetric brace algebras).

Definition 2.4. A complete pre-Lie algebra is a pre-Lie algebra (L,>) equipped with a filtration
- CFPLCFP'Lc.-- - FPLCF'L=1L

such that

e the filtration is complete, that is, the natural morphism of vector spaces L — @L/FPL
s an isomorphism; and

e the filtration is compatible with the pre-Lie product, that is, F*L > F'L ¢ FFL for all
k0> 1.

We next turn to a special example of a complete pre-Lie algebra, defined in terms of trees.

Remark 2.5. Let us fix some basic terminology concerning trees. A rooted tree is a tree with a
distinguished vertex, the root. Given any vertex v of a rooted tree 7', there is a unique shortest
path from v to the root. The distance of v from the root is the length of this path, i.e., the
number of edges in it. The set V(T') of vertices of T inherits a partial order by declaring v > v’
whenever v lies on the shortest path from v’ to the root. In this situation, we also call v’ a
descendant of v. The height h(T') of a tree is the maximal distance of a vertex from the root.
The order of T', denoted by |T'|, is the number of vertices (including the root).

Definition 2.6. Let T (n) be the vector space spanned by all rooted trees with n vertices (includ-
ing the root). We denote by T the direct product T := [~ T (k).

o We define a complete filtration on T by setting FPT := szp T (k).
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e We define a bilinear operation ~ on T by
TAT:= ) T\,T,
veV(T")

where T\, T" is the rooted tree obtained by taking the disjoint union of T and T’,
drawing an edge from the root of T to v, and finally taking the root of T' as the new root.

Example 2.7. An example of ~ is shown below:

o)
N N O\i/o N
e M o = o o —+ + 2 Y
. Ne . .

Remark 2.8. It is well-known that (7, ~) is a complete pre-Lie algebra. In fact, as shown by
Chapoton and Livernet [0], it is the free complete pre-Lie algebra generated by e, the tree with
only the root. It therefore satisfies the following universal property: given a complete pre-Lie
algebra (L, >) and an element = € L, there is a unique morphism of pre-Lie algebras ¥, : T — L
such that W, (e) = x. This morphism is more easily described in terms of the symmetric brace
operations. First of all, it is easy to show by induction that the symmetric brace operations
{#,...,#|e} : TO" — T are as follows: given trees T1,...,Ty € T, the tree {T1,...,Ty|e} is
obtained by taking the disjoint union e,77,..., T}, drawing an edge from e to the root of each
one of the trees T1,...,T, and finally making e into the root of this new tree. For instance,
{o]0} = E is the tree with only the root and one leaf, and, more in general, the corolla with n
leaves can be written as follows:

\X// = {5 Tele).

Another example is depicted below:

o o oo o cor N
{a~¢MﬁAmmq={\yﬂ\{-}=N</g

In particular, it is clear how to generate any tree from e via nested symmetric braces. Since
any morphism of pre-Lie algebras is automatically compatible with the associated braces, this
describes W, completely. For instance, for the tree T' depicted above we get

Vo (T) = {{z, 2, 2|z}, {{z, x|}z }]x}.
2.2. Umbral calculus in pre-Lie algebras. We call a formal power series

(7) K[t 3 f(t) = Y 7t

k>0

a d-series if co = 0 and ¢; # 0. Given a J-series f(t), the formal power series @ has a

multliplicative inverse, which we shall denote by

g(t) == LI Z a—];:tk.

Finally, we shall denote by ag(t),ai(t),...,ar(t),... the Appell sequence of polynomials associ-
ated to the sequence of scalars ag, a1,...,ax,... € K: these are defined recursively by

t
ap1(t) — aps1
t) = d dr = =/ 7R
ap(t) =ap an /Oak(T) T ] ,
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and explicitly by

e
a(t) = Z ( ,)ak_jtj.
i=o M
For instance, the first few polynomials are
a()(t) = ao,
ai (t) = apt + aq,
as(t) = agt? + 2a1t + as,
az(t) = aot® + 3a1t* + 3ast + as,

Let (L,t>) be a complete, left pre-Lie algebra. Given x € L, we shall denote by

k

2= (- (x>x)-).

Given a d-series f(t) € K[[t]] as in (7)), we can consider the function

fo(=):L—Lix— fu(z) = %x%
E>1

The above infinite summation (and the following ones) makes sense since L is complete. This
function admits a compositional inverse fJ 1(—) : L — L. In fact, given z,y € L, and denoting
by y>#:L— L:z— y> 2z the operator of left multiplication by y, the equation

r=fuly) =) %ybk => %(y > #)*(y)
E>1 k>0 )

is equivalent to
ay
(8) y=>) 1w #)"),
k>0
and the latter can be solved recursively in y.
Example 2.9. One can compute y up to order three as follows, where o(n) denotes a remainder
term o(n) € F"L.
y = apx+o0(2) =
= art+ary>xr+o3)=azr+ai(agxr+o(2)>x+03)=ayx+aarz>x+0(3)=

Qa
= a0x+a1y>x+§y>(y>x)+o(4):

a
= ayr+a;(apr+aaz>x)>x+ gaox > (apx > x) +o0(4) =
a%aQ 2
= a0x+a0a1x>$+T$ > (x > x) 4+ apaj (x > ) >z + o(4).
It is clear that the above process can be iterated up to any order, and since L is complete, the
resulting infinite series converges to a well defined y =: f_ 1(37) € L.

The previous recursion for fo 1(—) : L — L becomes rapidly unwieldy, and the aim of
this section is to develop techniques to compute the function fo 1(—) more efficiently. In the
remainder of this section, we will focus on the universal case, i.e. we shall assume that (L, >) is
the free complete pre-Lie algebra (7, ~) of rooted trees described in the previous section.



12 RUGGERO BANDIERA AND FLORIAN SCHATZ

We denote by (T7[t], ~) the complete pre-Lie algebra T[t] := K[t] ® T of polynomials with
coefficients in T, with the obvious pre-Lie product ~ induced via scalar extension. We shall
denote an element P € T[t] by

P=) P(T)(t)®T,
T

where the sum runs over the set of all rooted trees, and by P’,P”,..., P ... the ordinary
derivatives P = T d ;SLT) (t) ® T with respect to the variable t. Furthermore, given the

formal power series g(t) = Y~ %t* € K[[t]] as before, we shall denote by (g(D)|—) the linear
functional K[t] — K sending t" to an, and by the same symbol its extension to a functional
(9(D)|—=) : T[t] = T. This notation is inspired by umbral calculus, cf. Roman’s book [24].

In order to compute f~!(e), our main idea is to replace the recursion by the following
differential equation

(9)

{ P'={g(D)|P) ~ P
P(0) =

in the pre-Lie algebra T [t].

Remark 2.10. For the remainder of this subsection, we shall denote by

P= ZP(T)(t) QT
T

the solution of @D To get nicer formulas later on, it will be convenient to introduce the
normalized polynomials

p(T)(t)

Aw(r) &7

p(T)(t) == |Aw(T)|- P(T)(t), P=Y_
T

where | Aut(7')| is the number (also called the symmetry factor of T') of automorphisms of 7" as
a rooted tree.
We shall also denote by a := (g(D)|P) € T, and respectively by ar,ar € K the normalized
and unnormalized coefficient of a tree T" in the expansion of a, that is,
ar == (g(D)|P(T)(t)), ar = (g(D)lp(T)(t)) = [Aut(T)| - ar,
a:=(g(D)|P) =3 rarT =3 ¢ rxudrry T-

The link between and @D is explained by the following proposition.

Proposition 2.11. If P € T[t] is the solution to the equation (9)), then a := (g(D)|P) is the
solution of the recursion (§)), hence a = f'(e).

Proof. Equation @D implies by induction that

k
p(@(o):am(...(am.)...)’

and therefore the Taylor series of P reads

k
P:Z%am(---(amo)---).
k>0
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Since by definition a = (g(D)|P), and (g(D)|#) is the functional sending t* to ay, applying
(g(D)|#) to both sides yields

which is precisely saying that a solves the recursion
ag k
a=3 T )
k>0

O

Remark 2.12. We notice that equation @D could be solved recursively, in a way similar to what
we did for . For instance, we can determine P up to order three as follows: first of all, P’ =
0(2), together with the initial condition P(0) = e, implies that p(e) = 1, as = (g(D)|p(e)) = ap.
Next, we have

P'=an~ P =(age+0(2)) ~ (e + 0(2)) = ap] + o(3),

thus p(i) = apt and ao = aga;. Continuing like this, we find

P = (ape —i—aoali +0(3)) ~ (o4 aoti +0(3)) =
= aoi + agto\./o + ao(aot + a1)°*0*0 + 0(4),
thus

Q O Q O

p( ) =2P( )= a%tQ, ao\./o = a%ag,

2
a 1
p(e-0-0) = P(e-0-0) = ?Otz + apait, Ge-0-0 = §a%a2 + agaj.

On the other hand, there is a simpler recursive scheme to compute the polynomials p(T)(t),
which is why we prefer to work with equation @D To state the result, we need an additional
piece of notation: given the formal power series g(t) = >~ 4t" as before, we shall denote by
g(D) : K[t] — K[t] the associated operator on polynomials, obtained by formally replacing ¢ by
the derivative operator D = %. Equivalently, this is the linear operator sending t" to the n-th
polynomial a,(t) in the Appell sequence associated to ag,...,ak,... (cf. the beginning of the
subsection, as well as Roman’s book [24], §2.2])

g(D) =" D" Kl 5 Kli] :p s g(D)p, - g(D)" = an(t).
k>0

Theorem 2.13. The polynomials p(T')(t) € K[t], T € T, are determined by p(e)(t) = 1 and
the following recursion.

(I) Given a tree T = {T1,...,Ty|e}, k > 1 (see Remark[2.§ for the notation), we have

(10) p(T) =p({Th, ..., Ti|e}) = p({T1]e}) - -- p({T|e})-
(IT) For every tree T € T, we have

(11) p({T]e})(t) = /0 g(D)p(T)(7)dr.
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Remark 2.14. Given the initial d-series f(t) = > ;- %% we denote by f(D) the associated

operator f(D) := Y5, %DF : K[t] — K[t]. Recall that g(t) := ﬁ Then item (II) in the

previous theorem can be stated equivalently as follows:

p({T!°})(t)=/0g(D)p(T)(T)dT<=> Dp({T(e}) = g(D)p(T), p({T]e})(0) =0

g@)mm-}) —p(T), p({T]s})(0) =0

< f(D)p({T'|e}) =p(T), p({T]e})(0)=0.
In particular, the latter equivalence and [24, Theorem 2.4.5], together with a straightforward

induction, imply that the polynomial associated to the tall tree
o

J) . pn(t)

Tipr=_pn+1 1 P(Tpi1) =

:

where p,(t) is the n-th polynomial in the sequence of binomial type associated to the J-series
f(t), cf. [24, §2.4].

Our proof of Theorem relies on the following recursion for the (unnormalized, cf. Re-
mark [2.10|) polynomials P(T"). In the statement of the following lemma, we consider the coprod-

uct A : T — T ® T which is the transpose of ~ with respect to the canonical basis given by
trees, for instance

—

o

A O\.)’ :2-®o\./o+i®f+o®f

We shall write in Sweedler’s notation

AT =Y TV eT®.
Remark 2.15. As the above example shows, there might be some integer coefficients in the
expansion of A(T), which we hide inside the term T} when using Sweedler’s notation. In

particular, when we write a1 as in the following formula ((12]), we are also taking into account
these coeflicients.

Lemma 2.16. Given a tree T # o, and writing A(T') in Sweedler’s notation as above, we have

(cf. Remark for the definition of apa))
t
(12) PO =Yg, [ PO®)()ar

Proof. Straightforward consequence of the differential equation @ O
Proof of Theorem[2.13. Part (I) of the theorem can be restated, in terms of the unnormalized
polynomials { P(T") }reT, as follows. For any set of distinct trees 17, ..., T} and positive integers
i1,...,1, we consider the tree

i1 ik

T:= {Tl,...,Tl,...,Tk,...,Tk‘0}.
Then we have to show that the following relation holds
_ P{Tile})" - P({TiJo})"

(13) P(T) il g
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We work inductively on |T'|, the number of vertices of T (including its root): when k =i; =1
(in particular, for T = e, i) there is nothing to prove, which gives the basis of our induction. It
is easy to see that

i1 ij—1 ik
14) AD)=> | T;e{T,....T\,....T5,... . Tj.. ., T, ..., T [0} +
j=1

2 1 2
+ 3 KOTO o (TP T T, T T T T e |

where kj(-z) =qp + 1 if Tj(2) = Ty, for some h # j, and k](.z) = 1 otherwise. Thus, by the previous
lemma and the inductive hypothesis

k

el)il... |el)ti—1... o)k
PT) =3 (a1, + L (o)) SRR PO PUTED,

il (i — 1))

J=1

On the other hand, another application of Lemma (together with the previous formula
for k =4; = 1) shows that

ar, + 3 a0 PUTS le}) = P({T5[e}),

hence the right-hand side of the above identity is precisely the derivative of the right-hand side
of . Since both sides of evaluate to zero for ¢ = 0, this concludes the proof.

Let us now turn to part (II) of Theorem We already checked the claim for 7' = e (in
the computation from Remark , hence we can work inductively on the number of vertices
of T. Since | Aut({T'|e})| = | Aut(7T)|, the claim is equivalent to

1%ﬂ®@=£ﬂ@ﬂﬂmﬁ

In the course of the proof, we shall denote the coefficients of the polynomial P(T')(t) by ¢(T, k),
that is,

|T|-1
P(T)(t) = Y (T, k)t*.
k=0
It follows directly from the definitions that
1T1-1 IT|—1
ar =Y oT,k)ar,  g(D)P(T)(t) = Y (T, k)a(t),
k=0 k=0

and it follows immediately from Lemma that if T e

1
o(T,0)=0,  c(T.k) = > arne(T® k-1) ifk>1.
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By Lemma and the inductive hypothesis, together with the recursive relation fg ag(T)dr =
%H(akﬂ(t) — agy1) for the Appell sequence ag(t),...,ar(t),..., we can now compute
P(Tle})(t) = ar+» apnPUTP|e})(t) =ar + > ara) / DYP(T®)(r)dr =

IT)—1 .
= > <c(T, K)ar + > / (TP k — 1)ak_1(7-)d7->
k=1 0
IT|-1 1
= 3 (R £ ek~ ()~ ) ) =
k=1
IT|-1
= > (AT, k)ag + (T k) (ax(t) — ax)) =
k=1
= g(D)P(T)(?).
This shows that the identity holds after differentiation, and since both sides vanish when
t = 0, this concludes the proof. O

Definition 2.17. Given a rooted tree T and a vertex v € V(T), the hook lenght hi(v) of v
is the number of descendants of v (including v itself). The tree factorial of T' is the number
V= [l,ev(r) M(v). For instance,

Q [0}

O O O \/'
Ol t=9441-1.1.3.1-1=432,
N

Example 2.18. We illustrate Theorem [2.13| in the simplest possible case, namely, when the
initial d-series is f(¢) = ¢. In this case, we also have ¢g(¢t) = 1 and g(D) = id : K[t] — K[t]. We
show by induction that p(T')(t) = %t'T‘*l. In fact, the formula is evidently true for p(e) = 1.
Given a tree T' = {T1,...,T;|e}, k > 1, using Theorem and the inductive hypothesis, we
see that

| ]I Ty1-1 T |T| ety Ty

d | | — Tl T — 2 14 T[=1
/ T H T[Tyl Ty T! ’
as desired.

As an application, we recover the well-known formula
n!
15 o= — T
(15) . 2. [Awt(T)[-T!
TeT (n)

where the sum runs over the set of rooted trees with n vertices. In fact, the same argument
as in the proof of Proposition shows that, when f(t) = ¢, the Taylor series of the solution
P e T[t] to (9) reads P = Zk>0 5 " orkitl (notice that f(t) = t implies a = fZ!(e) = e).

Comparing this expansion for P with the one P = > . ";(Zt)((%))'T , together with the previous

computation of the polynomials p(T')(t), yelds the desired formula (L5)).

Remark 2.19. The same inductive argument as in the previous example shows, more generally,

that p(T)(t) = 1zl 71 (aot)T1=1 + {lower degree terms}, for any initial d-series f(t) € K[[t]] and any
rooted tree T
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2.3. The pre-Lie logarithm in 7. We shall apply the results from the previous subsection in
the particular case f(t) ="' — 1, g(t) = 545 = > k>0 %tk, where

1 1 1
By=1, Bi=——-, By=-, B3=0, Byj=——
0 ) 1 27 2 6, 3 5 4 30,
are the Bernoulli numbers. The Appell sequence associated to By, B1,..., B, ... is the usual

sequence of Bernoulli polynomials

Bo(t)=1, Bit)=t—3,  Ba(t)=1*—t+y,
By(t) =13 - 3t2 + 3t,  By(t)=t'— 263+ - L,

Remark 2.20. Let us introduce some notation. Having fixed the above choice of f(t), we
shall use a special notation for the solution of @D in this context, namely, we shall denote the
(normalized) polynomial p(T")(t) associated to a tree T', as in the previous subsection, by

0= (1)

Moreover, we denote the corresponding coefficient by

b= (2 |(7)) <=

and we call it the Bernoulli coefficent of T.
To justify the notation for the coefficients (cf. also Remark , we notice that for the corolla
Cp+1 with n leaves we get (by Theorem m Part I)

Cpit i= oo\\ /O, <Cj+1> =t", Be,,, = By

To justify the notation for the polynomials, we notice that the polynomial sequence py(t)
of binomial type associated to the J-series e — 1 is the usual sequence of falling factorials
po(t) = (t)o =1, pp(t) = (t)n :=t(t —1)---(t —n+ 1) if n > 1, cf. [24, §4.1.2]. We apply
Remark [2.14 to deduce

Proposition 2.21. For the tall tree T,,+1 with n 4+ 1 vertices, we have

t t (=)™
= B = —
<Tn+1> <n>7 Tt = 03D

where (Z) = (%” is the gemeralized binomial coefficient.

Proof. The identity on the left is clear by Remark The coefficient Br, , is thus given by

D t B D
eD—1{\n)/ \eP -1
where s(n, k) are the Stirling numbers of the first kind. This last sum is known to equal
cf. for instance [24, §4.2.2].
Alternatively, we may consider the unique morphism of pre-Lie algebras ¥, : T — K][[t]]

sending e to ¢. This morphism W, is easily described according to Remark since K[[t]] is
associative, the associated braces {#, ..., #|#}: K[[t]|*"®K[[t]] — K[[¢]] vanish for n > 2, hence

n

1 1
o Z s(n, k‘)tk> = Z s(n, k) By,
) " k=0

k=0

=n"
n+1 7’
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Uy (T) = 0 whenever T is not a tall tree, while for the tall tree T}, 1 we find Wy(T),41) = t"T1.
The claim about By, , follows by comparing the coefficients of t"*+1 in the identity

v ZiT = U, (log . (1+e)) =1 (l—i—t)—zﬂtk
NS Tawm) )~ 7 Cesli Ty = K

k>1

We can reformulate the main result from the previous subsection in the present context.
First, we notice that the operator

D

By 1(t) — Bria
0 €D — 1p

K[r] = K[t] : p(1)+— F 1

(r)dr : 7k

appearing in the right-hand side of Equation coincides with the usual indefinite sum operator

t—1

— - Bj41(t) — By
K[l 2 K[t]: p(r) = > plr) + =) 7t = P E—
=0 7=0

Il
o

T

where the identity on the left-hand side is the classical Faulhaber’s formula. Equivalently, we
may apply Remark to reach the same conclusion, and notice that the operator e — 1 =
D k1 %Dk associated to e! — 1 coincides with the usual forward difference operator

A K[t] = K[t]: p—~ Ap, Kp(t) =p(t+1)—pt),

and that >2'_{ is (by definition) the formal inverse to A.
We can now restate Theorem [2.13]in the following form.

Theorem 2.22. Given a tree T = {T1,...,T|e}, the identity

(-2 ) ()

Tiyeees =0

holds.

Proof. Using the first part of Theorem [2.13] we are reduced to the case k = 1, which follows from
the second part of the same theorem and the above discussion. Il

Our next goal is to apply the previous theorem to get a description of the polynomial (r}) and
the coefficient Br in terms of purely combinatorial data associated to the tree T. Recall that
given a tree T, we put a partial order < on the set V(T) of vertices (including the root) of T’
by saying that v’ < v if v lies in the unique path from v’ to the root. If this is the case, we call
v" a descendant of v.

Definition 2.23. A decreasing decoration of T is a strictly monotone correspondence d :
(V(T),<) = (N, <), orin other words, it is the association of a natural number d(v) to each ver-
texv of T, such that d(v) = d(v") whenever v' # v is a descendant of v. We say that a decreasing
decoration is complete if it maps V(T surjectively onto a segment [0,k] ={0,1,...,k} CN, or
in other words, if all the numbers from zero to a certain k € N — which is necessarily associated
to the root — appear as the label of some vertex of T'.

We shall denote by 2(T,i) (resp.: 2°(T,1i)) the set of those (resp.: complete) decreasing
decorations of T which associate the number i to the root of T.
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Example 2.24. Two examples of decreasing decorations are

1 0
00 3 o o
30 0 o1 5
oo\/ 1 \V J)
4 3
N
3
5

The one on the right-hand side is complete, while the one on the left-hand side is not. The
following labelings are not decreasing

1 0
00 3 o o
g 3 O\O/O 1 \/2
30, 1
\/ M b

3 [
5
We need the following lemma.

Lemma 2.25. Given a tree T € T, the identity

1

29T, i) = 3 (1) (J) 9T, 5)

=0
holds.

Proof. Let us denote by 2%)(T,i) € 2(T,i), 1 < k < i, the set of decreasing decorations of T
such that k£ — 1 does not appear as a label. The set of complete decorations can be written as

2°(T, i) = 2(T,i) \ | J 2¥(T,1).
k=1
Moreover, for a collection of distinct numbers 1 < kq,..., k. < i, we have
() 2%)(1,4)
s=1

The inclusion-exclusion principle now yields

@) = Y1y ()ioi-il- S (1) (el

j=0 Jj=0

= |2(T,i—1)].

O

As a consequence of Theorem we obtain an interpretation of the polynomial (%) and the
coefficient Br in terms of the decreasing decorations of T

Theorem 2.26. The polynomial (;) is the unique polynomial that, when evaluated at a natural
number i € N, yields the number of decreasing decorations of T associating i to the root, i.e.,

<;> = |2(T,i)|, VieN.

In particular, it has the following expansion in the basis {(Z)}keN of K[t] given by the generalized

binomial coefficients:
IT|-1

(1) - > 1) (1)
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where h(T) is the height of T. Finally, we get the following combinatorial formula for the
Bernoulli coefficient By
IT|—1 )
(-=1) ,
Br = ¢ i
r= Y |l
k=h(T)

Proof. The first formula follows from the fact that the numbers |2 (T, i)| obey the same recursions
as (%), that is, we have:

o |Z(e,i)| =1,

o |Z({T1,..., Ti|e},i)| = |Z({T1]e}, )| - - - |Z({Tk|e}, 2)],

o |2({T|e},i)| = X251 2(T )
To verify the last relation, observe that if a decreasing decoration associates i to the root of
{T'|e}, it associates a number strictly smaller than i to the root of T.

The second formula is a consequence of the first one, Lemma and the following general

fact: given a polynomial ¢(¢) of degree d, the expansion of ¢(t) in the basis {(:L) tn>0 of generalized
binomial coefficient reads

q<t):§Aj (). where W S (7)ato

=0

For a proof of this fact, cf. [24, pg. 59]. Moreover, notice that |2°(T, k)| = |2(T,k)| = 0
whenever k is strictly smaller than A(T'), the height of T

Finally, the claim about the Bernoulli coefficients Bp is a consequence of the established
formula for (,}) and the fact that, as observed in Proposition

(@51]()) -5

Remark 2.27. Comparing the previous theorem and Remark we recover the following
well-known formula

O

c |
\Z°(T,|T| - 1)| = T

Remark 2.28. We may associate to a tree T' the polynomial Br(t) defined by

Br(t) = eD’il@)

This is the only polynomial satisfying the identity

nzl (}) - / " Br(tydz,

i=m m
where the previous theorem provides a combinatorial interpretation of the left-hand side. It
makes some sense to consider Bp(t) as a generalized Bernoulli polynomial associated to the
tree T', and to consider the previous formula as a generalization of Faulhaber’s formula. In
particular, we recover the ordinary Bernoulli polynomial B, (¢) as the polynomial associated
to the corolla C, 41 with n leaves. This justifies the terminology Bernoulli coefficient for the
number Br = Br(0).

We conclude this subsection by presenting a simple umbral proof of [8, Proposition 4.3]. To
state the result, we recall the following notation from [8]: Given two trees T = {T1,...,T}j|e}
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and 7" = {T7},...T}|e}, their Butcher products T o T, T" o T, and their merging product 7" T"
are defined respectively by (cf. [14, fig. 3.1 at pg. 75])

ToT' ={Ty,....,T;,T'|e}, T oT ={Ty,...,T},Tle}, TxT ={Ty,...,T;,T1,...,T}|e}.
Proposition 2.29. For every pair of trees T,T', we have
Brorr + Brior + Brir = 0.
Proof. By the product rule for the difference operator

— —

A(pg) = A(p)g + pA(g) + A(p)Alg),
together with Theorems and we see that

(r2) *er) *(oln) =Ewrm) = wrrm)

Using [24, Theorem 2.2.5], we get

et o e = (75 € =070 ) ) = (2] (i) ) =0

where the last identity follows from the fact that (D|q(t)) = ¢/(0) for all ¢(t) € K[t], together

with ({T,Tt”\o}) = ({Tt|.}) ({Tﬂ.}) and ({T(f.}) = ({T9|.}) =0.
Il

3. The Eulerian idempotent in the PBW basis

In this section, we bring together the problem outlined in the Introduction and the results
from the previous section. More precisely, we show that expressing F(z1---x,) in the PBW
basis By, for all n > 1, see Subsection [1.]], is equivalent to computing a logarithm in a certain
pre-Lie algebra (7pp, >) of planar binary rooted trees. We then address the latter problem with
the methods developed in Section

3.1. A recursion for the Eulerian idempotent. Let g be a pro-nilpotent Lie algebra over
a field K of characteristic zero. We denote its universal enveloping algebra by U(g). This is a
biaugmented cocommutative bialgebra. We denote the product in /(g) by - and the coproduct by
Ayy(g)- Let S(g) be the symmetric coalgebra over g. We denote the image of 71 ®---®@x, € T(g)
under the canonical projection T'(g) — S(g) by 21 ® - -+ © x,.

The Poincaré-Birkhoff-Witt Theorem asserts that the symmetrization map sym : S(g) — U(g),
defined by

Sym(l) =1 and Sym(xl (ORRRNO, wn) = % Z Lo(1) """ Lo(n)
gES,

is an isomorphism of coaugmented coalgebras.

The following lemma is an easy consequence of [I, Theorem 1.2], see also [2, Equation (3.12)]
and the discussion therein.

We denote by Coder(S(g)) the Lie algebra of coderivations of the symmetric coalgebra S(g).
Recall that, since S(g) is cofree, every coderivation @ € Coder(S(g)) is completely described
by the family of its Taylor coefficients @, : g — g, which are defined as the composition

Qn : g®" — S(g) A S(g) & g, where the last map p is the natural projection.

Lemma 3.1. The linear map ® : g — Coder(S(g)), given in Taylor coefficients by

Ot (x)o(1) = =, Ot (2)p(y1 @ - Oyk) = (—1)k% > Wo)s - Wows 2l -+,

) €Sk
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is an anti-morphism of Lie algebras, i.e., we have ®*([z,y]) = —[®*(z), D (y)] for all z,y € g.

As a consequence, the map ® : g — Coder(S(g)) C End(S(g)) extends uniquely to an
anti-morphism of algebras
@+ : U(g) — End(S(g)).

Definition 3.2. We define a map n:U(g) — S(g) by setting

n(1) =1 and n(wi---wp) = (21 2n)(1) = D (2) 0+ 0 O (w1)(1)
for all x1,...,x, € g (where we denote by 1 both the unit in S(g) and the one in U(g)).
Lemma 3.3. The map n:U(g) — S(g) is the inverse to sym : S(g) — U(g).

Proof. Following the proof of [2 Theorem 3.3], one shows that 7 is an isomorphism of coaug-
mented coalgebras. We claim that the composition

sym

S(g) =5 U(g) - S(g),

which is an automorphism of the coaugmented coalgebra S(g), is the identity. Since S(g) is
spanned by elements of the form x®", x € g, it suffices to verify that 1 o sym is the identity on
such elements. By the compatibility with the comultiplication, and the cofreeness of S(g), it
therefore suffices to verify that

z ifn=1
pete sym(xQ”) - {0 otherwise ’

where p denote the canonical projection S(g) — g. This is straightforward for n = 0,1. Assum-

ing by induction that 1o sym(z®") = n(2") = x®", we compute
ponosym(z®™V) = pon(a™) =podt(a"t)(1) =po <1>L( ) o @ (2")(1)
po®t(z)on(z") =podt(x)(«®") = By (x)(x®") = 0.

Definition 3.4. The Eulerian idempotent E on U(g) is the composition
E:U(g) = S(g) = g = Ulg).

Remark 3.5. F may be equivalently defined as the logarithm E = log, (id) of the identity in
End(U(g)) with respect to the convolution product *, cf. [17].

Since 7 is a morphism of coalgebras, and since S(g) is cofree, we can write 1 in terms of its
corestriction E : U ( ) — g as follows:

Z > D EB@eq) o) © 0 O E@amint1) Tolm)-

= ! i1+ Fig=n o€S(i1,...,ix)
As a consequence of these considerations, we obtain the following recursion for the Eulerian
idempotent:
Proposition 3.6. The map E is determined by the following recursion:
o E(x)=ux foralzcg.
e Foralln>1 and x1,...,Tpt1 € 9,

E(xl .. 'mn—‘rl) =
n

B
= Z(_l)kk,ﬁ;C Z 2 [E(:UU(I) "'xa(il))"" [E(xa(n—ik-&-l) "'xa(n))v$n+1] ]

k=1 D dretig=n oeS(i,...ik)
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Proof. We have

E(xy- - wpy1) =pon(ry - xpy1) =po (I)J_(xn-&-l)(n(xl ).

Using the above formula for n(z; - - - x,), together with the formulas for the Taylor coefficients
of ®+(z,41) in Lemma we arrive at the claimed formula for E(xy - - x,41). O

3.2. The Eulerian idempotent as a pre-Lie logarithm. In this subsection we introduce a
(left) pre-Lie algebra structure on the vector space 7y, spanned by binary planar rooted trees.
Moreover, we show how the computation of E(z;---x,) € L,, n > 1, in the PBW basis B,
of £, (cf. the Introduction) can be reduced to the computation of a pre-Lie logarithm in the
pre-Lie algebra Tpp,.

Definition 3.7. Let Typ(n) be the vector space spanned by all planar, binary, rooted trees with
n leaves. By convention, the root of such a tree is always univalent.
We denote by Ty, the direct product Ton, = [],,51 Tpb(n).

Remark 3.8. As we will need to switch between binary and non-binary rooted trees, we shall
use different pictures to avoid confusion. Namely, we shall depict binary, planar, rooted trees as
in the following example

while we shall depict non-binary (or rather, not necessarily binary) rooted trees, both in the
planar and the non-planar cases, by the same kind of pictures we used in the previous Section
as in the following example

Q [e]

OOO\J
N

o

Definition 3.9. Given an edge e of a planar, binary, rooted tree T, we say that e is right
pointing if it is oriented along the south-west/north-east diagonal, and we say that e is left
pointing if it is oriented along the south-east/north-west diagonal. By convention, although we
do not show this in the pictures, we think of the edge connected to the root as a right-pointing
edge. We denote by E(T) (resp.: E.(T), E(T)) the set of (resp.: right pointing, left pointing)
edges of T'.

Gwen trees T,T" € Tpb, and an edge e of T', we denote by T . T' the tree obtained by
grafting the root of T' onto the edge e.

Finally, we define a bilinear product >: Ty, @ T, — Tpp on Tpp by the formula

(16) TeT'= > TNeT - > TN\.T.

ecE.(T") ecE (T")

Example 3.10. Let us provide a few examples:

>l =Y, Yol = Y ey = 2V Y
Yoy = N\ - N

Proposition 3.11. The operation > equips Toy, with the structure of a (complete) left pre-Lie
algebra.
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Proof. Given three planar, binary, rooted trees 11,75, T3, a direct computation shows that the
associator
A|>(T1,T2,T3) = T1 > (TQ > T3) — (T1 > Tz) > T3

equals the (signed, with signs as in Definition sum of all possible graftings of 77 and 75 onto
two (possibly coinciding) edges of T3, minus the (unsigned) sum of all graftings of the element

T T >, T

Vo
onto a right pointing edge of 73. This element of 7y, is clearly symmetric with respect to T}
and T5. The pre-Lie algebra is complete with respect to the filtration

FPTo, = [ Ton (k).

k>p

Example 3.12. For instance,

A (Y D =40 (Y D= 7+ N = N - X

Definition 3.13. We refer to (Tpp,>) as the pre-Lie algebra of planar, binary, rooted trees.

Remark 3.14. It will be convenient to describe explicitly the pre-Lie coproduct on 7, dual to
>, which we denote by A : T, — Top, ® Tpp. Given a planar, binary, rooted tree T', we denote
by V(T) the set of inner vertices of T'. Given v € V(T'), we put ¢(v) = 1 if v is the vertex
connected to the root or if v is a right child, and we put e(v) = —1 if v is a left child. Moreover,
given v € V(T') such that e(v) = 1 (resp.: e(v) = —1), we denote by T, the (planar, binary,
rooted at v) subtree of T' to the left (resp.: right) of v, and by ﬁ the (planar, binary, rooted)
tree obtained by removing T, from 7. With these notations, the coproduct A is given by the
formula

(17) AT)= D () T,®T,.
veV(T)

For instance,

A<\W):W®—®W—Y®\</+®\<(/.

Definition 3.15. Let (X, <) be a totally ordered set. A labeling of a planar, binary, rooted tree
T by (X, <) is a map
¢ : {leaves of T} — X.
We say that a labeling € of T is admissible if

e the labeling is injective as a function { : {leaves of T} — X; and
e for every inner verter v of T, denoting by Des(v) the set of leaves of T which are
descendants of v, the rightmost leaf in Des(v) is labeled by

max{i € X |i is the label of a leaf in Des(v) },
and the leftmost leaf in Des(v) is labeled by
min{i € X |7 is the label of a leaf in Des(v) }.

We denote by Tob1(X) be the vector spaces spanned by pairs (T',£), where T is a planar, binary,
rooted tree and ¢ is an admissible labeling of T by (X, <).

Definition 3.16. We introduce a bilinear operation > on T (X) as follows:
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o (Th,01) > (Tz,l2) = 0 unless the labelings £1 and ¢y have disjoint image.
o Ifly and ly have disjoint image, then (Ty,01)> (T4, £2) is obtained by the element Ty>Ty €
Tob (as defined in Equation ), equipped with the labelings inherited from ¢1 and {2,
by removing all terms for which the inherited labeling is not admissible.
Example 3.17. Here are a few examples of the product > on T, (X) (when (X, <) = (N, <)):
1 2 3 1 23

2 1 2 1 3 2 2 1 3
‘:Y7 YD‘:Ov ‘DY: \P/_\</7

1324

1
| >

1 3 2 4
VoY =
Remark 3.18. In particular, given (71,41), (T2,¢2) € Tpbi(X) such that ¢1,¢; have disjoint

Tn T
images, we have (17, (1)>(T5,¢2) = \\/ , 0| (where ¢ is induced from ¢; and ¢2) whenever the

minimum label of ¢; is smaller than the minimum label of {2, and we have (T3, 1) > (T3, ¢2) =0
whenever the maximum label of ¢; is greater than the maximum label of /5.

Lemma 3.19. The product > on Tppi(X) is a pre-Lie product. Furthermore, when the set X is
finite, the “labeling” map

labX : 7;]0 — %bl(X), T — Z(T,E),
l

where the sum runs over all admissible labelings of T in (X, <), is a morphism of pre-Lie
algebras.

Proof. The first statement follow from the definition of the product > on Tppi(X). Given
(T,45) € Tonl(X), j = 1,2, 3, by definition both the associators Ay ((T1, 41), (T2, €2), (13, ¢3)) and
Ap ((To, £2), (T1,41),(T5,¢3)) are obtained by the same element Ay (T7,7,13) = Ap (T, Th,T3)
in 7pp, equipped with the labelings inherited from /1, /2, /3, by removing those terms for which
the inherited labeling is not admissible.

To see that laby commutes with >, it is more convenient to consider the dual statement,
namely, that the map Tppi(X) = Ton: (1,¢€) — T forgetting the labeling is a morphism of pre-
Lie coalgebras. In order to check this fact, we observe that the pre-Lie coproduct A : Tppi(X) —
Tobl(X) @ Topi(X) dual to > is given precisely by formula , where both T, and ﬁ are
equipped with the inherited labeling (which will be automatically admissible).

O

Definition 3.20. We denote by L(X) the free Lie algebra over X. Giveni € X, we shall denote
the corresponding generator of L(X) by x;. The Lie algebra L(X) is the quotient of L(X) by
the ideal I spanned by Lie words such that one of the generators appears more than once.
Given a Lie word w in L(X), we shall refer to
min{i € X | x; appears in w}
as the minimum of w, and denote it by min(w), and we shall refer to
max{i € X | x; appears in w}

as the maximum of w, and denote it by max(w).
The PBW basis B(X) of L(X) is defined recursively as follows (cf. [20], [18, §13.2.5.2], and

references therein):

e Every generator x; is in B(X).
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e Given a Lie word w in L(X), which is the bracket w = [v,v'] of Lie words v,v', then
w is in B(X) if both v and v' are elements of B(X), and furthermore the relations
min(v) < min(v') and max(v) < max(v') are satisfied.

Remark 3.21. It is well-known that B(X) is indeed a basis of £(X). The fact that B(X)
spans L(X) can be seen by induction on the length of words, were the inductive step depends
on the Jacobi identity. In order to check linear independence, it is not restrictive to assume
(X,<) =(n,<):={1 <--- <n}. In this case L(n) is a finite dimensional vector space, whose
dimension is known to be >_p_; (7)(k — 1)!, and an easy count (cf. [26, Proposition 3]) shows
that this is also the cardinality of B(n).

Lemma 3.22. The “realization” map r : Toni(X) — L(X), defined recursively by

" <> e and v (T\/T> = [r(T2), H(To)),

is an isomorphism of Lie algebras, where the left-hand side is equipped with the commutator
bracket with respect to I>.

Proof. The fact that r is an isomorphism of vector spaces is clear, as it sends the canonical basis of
Tob1(X) bijectively onto the PBW basis B(X) of £L(X). Let ¢ : L(X) — To1(X) be the morphism

. 7
of Lie algebras defined by ¢(x;) = | and the universal property of the free Lie algebra L(X). A
straightforward induction shows that ¢(w) = 0 whenever some generator appears more than once
inside the Lie word w. Hence, ¢ descends to a morphism of Lie algebras ¢ : L(X) — Toni(X).

1

The thesis is proven once we show ¢ o r = id. This is obvious for trees of the form |. Finally,
Tn T»
given (T,¢) € Topi(X), with T = \/ , we denote by ¢;, j = 1,2, the labeling on T} inherited

from ¢. According to Remark [3.18] we have (T, ¢) = (T1, (1) > (Ts, l2) = [(T1, (1), (T2, £2)]. This
implies
por(T,l) = o([r(Th,lr),r(T2,l2)]) (by definition of r)
= [T, b), (Tn, £2)] = (T, 0),
as ¢ is a morphism of Lie algebras and by induction on the number of leaves. O

We now turn our attention to the pre-Lie logarithm
—log|> (1 - ‘) S 7;}3.
Recall from Subsection 2.2] that this can be characterized as the unique solution to the recursion
B
k Ok k
y=> (1) H(y > #)" (]) -
k>0

Definition 3.23. The Eulerian coefficient Er € K of a planar, binary, rooted tree T' € Ty, is
defined by the expansion

—log. (1-))=> ErT.
T

Remark 3.24. By the universal property of (7, ), there is a unique morphism
U:T = Ton, @]

from the pre-Lie algebra of rooted trees, see Subsection In principle, this reduces the
computation of —log, (1 —|) to the computation of —log,, (1 — e), which was essentially (up to
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signs) performed in Subsection On the other hand, it is not easy to describe explicitly the
morphism V¥, or equivalently, the symmetric brace operations on (7, >) (cf. Remark . It
will be more convenient to apply the techniques developed in Section [2| directly to this situation:
this will be done in the following Subsection

We consider the totally ordered set n +1:={1 <-.- <n+ 1}. As in Subsection in this
case we shall denote the Lie algebra £(n + 1) by L<,41, and by L,41 C L<p41 the subspace
spanned by Lie words of length (n + 1). We also denote by 7 : L<p41 — Lp41 the canonical
projection. In the following proposition, we consider the composition

labn+1
Tob —— Topi(n+ 1) 5 Lapi1 = Lo,

where the first map was introduced in Lemma [3.19] and the second one in Lemma [3.22
Proposition 3.25. Given n > 0, the element

(morolabyyy) (—logy (1 —1)) € Lyt
coincides with E(xy -« Tpy1).

Proof. The thesis is clear for n = 0, thus we can proceed by induction. We equip L<y 41
with the pre-Lie product > induced via the isomorphism r : Ton(n+1) — L<p41. Since
rolabyy1 @ Tob — L<py1 commutes with >, the element

X :=(rolabyy1) (—logy (1 —|)) € L<nta

satisfies the recursion

X =) (D)X o #) e 4+ zn).

We decompose L<y 1 = EBZ,H%Ek, where L, C L<p41 is the vector subspace spanned by Lie
words of length k. Accordingly, X decomposes as X = Z”H X(x)- The inductive hypothesis
(and naturality of the Eulerian idempotent) implies that, for k& < n, we have

Xy = Z E(zja) - o))
J:(k, <)== (n+1,<)

Putting together this fact, the above recursion for X, and the observation that any product of
Lie words v > w in L<;,41 vanishes if the generator z,,1 appears in v (Remark [3.18]), we finally
find

Xnt1) =
By,
= Z(—l)kﬁ > Z E(To1) To(iy))>( (E(To(noipt1)  To(n) ) >Tnt1) ) =
k>0 i1+ tig=noeS (i1 i)
By,
= Z(_l)kﬂ Z Z [E(J:cr(l) "'xa(h))v'” [E(xo(nfi;ﬁrl) "'xo(n))aa:n-‘rl] ]
k>0 i14tig=noc€S(i1- i)

Therefore, by Corollary Subsection X (n+1) coincides with Epi1(x1- - mpy1). O

Corollary 3.26. Forn > 1, the expansion of E(x1---xy) € Ly, with respect to the PBW basis

B, reads
E(x =) Eb= Z Err(T,0),
beB,
where the sum in the right hand side runs over the set of planar, binary, rooted trees with n
leaves and an admissible labeling in (n, <).
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Remark 3.27. In particular, the two definitions of Eulerian coefficients, the one in and
the one in are consistent with each other. Given a basis element b € B,,, corresponding to
(T,¢) € Tppi(n) under the realization isomorphism r, the Eulerian coefficient Ej, coincides with
the Eulerian coefficient Er of the underlying planar, binary, rooted tree.

3.3. Invariance under the specular involution.

Definition 3.28. We consider the anti-automorphism of the free Lie algebra L, over x1,..., Ty,
defined on generators by x; — Tn_;r1. This obviously descends to an anti-automorphism of the
Lie algebra L<,,, which we call the specular involution and denote by ¥ : L<;, = L<p.

Example 3.29. For instance, X([z1, [[x2, z3], z4]]) = [[z1, [x2, x3]], x4].

Definition 3.30. We continue to denote by X : S, — Sy the involution on the set of permuta-
tions defined by Yo (i) =n —o(i) + 1.

The proofs of the following lemmas are easy and left to the reader.
Lemma 3.31. The specular involution ¥ : L<,, = L<, sends the PBW basis B, onto itself.

Lemma 3.32. Given a permutation o € Sy, we have ds, = n — 1 — d, (recall that we denote
by dy,ds, the descent numbers of the permutations o, Yo, respectively).

Proposition 3.33. For any b € B,,, the Fulerian coefficients Ey and Exy) are equal.

Proof. First, we show that E(x;---x,) is a fixed point for ¥. To do so, we use the formula
for E(x1 - --xy) from the Introduction. Using this formula and Lemma we see that

—1)%
E(E(xl .. gjn)) = ) (7;[2 Z ((nl—)l) [550(1)7"‘ [xg(n_l),ajg(n)] ])

geSn d

= n2 Z (n 1) l“zo(n) xZa(nfl)]'” afﬂzo(l)]

GGSn dcf
Z n 1—ds
= [T5001)s  [T2o(m-1), TSo@m)] -]
n2 O'GSn ( do‘ )

dZa’
= T [T201)y [TSe(n-1) TRo(m)] ]
n2 ag (dZGl)

= E($1 s xn)
This implies

E(wyap) =Y Eb=X(Y Eb|=> EX0b) =) Exyb

beBn beBy beBn beBn

and the thesis is proven. O

IR

Definition 3.34. The specular involution 3 : Ty, — To, on the vector space Ty, is defined
inductively by

n T E(Ty) X(Th)
S(y=| e z(\/>: N

for any Ty, Ty € Tpp.



EULERIAN IDEMPOTENT, PRE-LIE LOGARITHM AND COMBINATORICS OF TREES 29

Remark 3.35. In other words, ¥(7') is the reflection of the planar, binary, rooted tree T with
respect to a non-intersecting vertical axis (hence the namel!), as illustrated in the following

picture
T | X(T)
!
\W ‘ \§§/
!
!

It is straightforward to see that the specular involution on 7, and the one on L<, are
compatible under the map

rolaby : Top — L<p.

from Proposition that is, ¥ o r olab, = r olab, 0¥ : T, — L<,. This, together with the
above Proposition and Corollary from the previous subsection, proves the following

Corollary 3.36. The Eulerian coefficient of a (planar, binary, rooted) tree and the one of its
specular coincide, that is, ET = Exr) for all T € Typ.

3.4. Computing the Eulerian coefficients via umbral calculus. In this subsection, we
apply the umbral calculus developed in Sectionto compute the pre-Lie logarithm —log, (1 —|)
in the pre-Lie algebra of planar, binary, rooted trees. As in Proposition this is done by
solving the differential equation

(18) {P':<1—5D\P>>P

in the pre-Lie algebra (7pp[t], >>) of polynomials with coefficients in 7pp. In the remainder of this
paper, given a planar, binary, rooted tree T', we shall denote by P(T)(t) € K]t] the coefficient of
the solution P € Tpp[t] to in the expansion with respect to the canonical basis of T,,. We
can recover the Eulerian coefficient E7 from the polynomial P(T')(t) via the identity

Br = ( —p| PO

1—e D

Our main result is an analog of Theorem in this context.

Theorem 3.37. The polynomials P(T)(t) are determined by P (|)(t) = 1 and the following

recursion:
Ty

(I) Given a tree of the form T = 1\/ (cf. Appendiz|B| for the notation), we have

k T
P =TT P ¢
mo =117 (/)@
(IT) For all trees T' € Ty, we have
PCW>®—§HHMPﬂ
\/ 7=0 7

where Zt;:loz K[r] — K[t] is the indefinite sum operator, and ¥ : Tp, — Tpp is the
specular involution from the previous subsection.
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Proof. We follow closely the proof of Theorem In particular, our proof will rely on the
following key lemma, analog to Lemma [2.16] which is a straightforward consequence of the
differential equation .

Lemma 3.38. Using the notations from Remark the polynomials P(T)(t) are determined
recursively by P (]) (t) =1, and for T # | by

PO = Y <wEr, [ P(T) (i

veV(T)
For notational convenience, we shall introduce a linear map

T
Z:Tob = Ton: T — Z(T) := \/

Remark 3.39. The main difference between the current proof and the one of Theorem [2.13]is
linked to the asymmetry between left and right in the formula . More precisely, the problem
arises when we consider the vertex v, connected to the root of 7. In this case, by definition T,
is the subtree to the left of v,. On the other hand, in the tree Z(T") the vertex v, has become a
left child, hence, always according to the definitions, Z(T'),, will be the subtree to the right of
v. For any inner vertex v of T different from v,, conversely, the subtrees T, and Z(T), coincide.
We handle this asymmetry by using the specular involution . A direct computation shows
that, for all T' € Ty, the folowing relation holds

AoZ(T)=T® |- (S®(ZoX))oAoX(T).

We focus on the proof of Item (II) in the claim of the theorem. When T'= |, Z(T) = Y/, the
thesis, that is, P (Y) (t) = t, can be checked directly using Lemma thus we may assume
T # |. To simplify the notations, we shall write X7 instead of X(7'). By the previous remark
and Lemma |3.38] we have

P(Z(T)() = Br— Y. =) BxeryP (2 (2 (5T))) @)

vEV(ET)

Using induction on the number of leaves and Corollary this becomes

t—1
P(Z(D)(t) = Bsr — Y e(v)Bsp, Y P (ﬁ) (—7).
7=0

vEV(ET)

Now we are in a position to repeat the computation from Denoting by ¢(XT,k) the

coefficients of the polynomial P(XT)(t) = LT:‘(;I c(XT, k)t*, we have

|T|—1
Egr = Y (-1)Fe(ST, k) By,
k=0
and furthermore, by another application of Lemma [3.38] we see that

o(ST,0)=0 for T # |, c(ET,k):% 3 5(1})E2Tvc(fi),k—1) if k> 1.

veV(ET)

Putting together the above identities, we can finally compute
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t—1
P(Z(T)(t) = Bsr— > e Esn, Y P(ST,)(-7)
veV(ET) =0
IT—1 -1
= Z (—1)kc(ZT, k)By — Z e(v)Exr, Zc <ETU, k— 1) (_T)k—l
k=1 VeV (ET) =0
IT|-1 . -
= Y (VST RBi+ L Y e() Borc (va, k— 1) (By(t) — By)
k=1 VeV (XT)
IT]-1 |T)—-1
= > (=DM (e(ST, k) By, + ¢(ST, k)(Bi(t) — By)) = Y (—=1)*c(ST, k) By(t)
k=1 k=1
d [ K Biy1(t) — Bt =
= = ;0(1) (ST, k) . —dt ZP (=T)(-1) |,

which concludes the proof of Item (II).

Taking into account the subtleties illustrated in Remark [3.39] the proof of Item (1) is similar
Ty

T
to the proof of the corresponding item in Theorem [2.13] Namely, given the tree T = V/,

one shows

k
=Y P(Z(T))P(Z(Tv))--- P(Z(T3)) - - P(Z(T})),
using induction on the number of leaves and Lemma [3.38] Details are left to the reader. O

3.5. The Y-twisted rotation correspondence. We can further improve our invariance results
for the Eulerian coefficients (Corollary and Corollary with the help of an alternative
presentation of 7o, which relies on Knuth’s rotation correspondence, cf. [16, I1]. This is a
bijective correspondence between the set of planar, binary, rooted trees with n leaves and the
set of planar, non-binary (rather, not necessarily binary) rooted trees with n vertices. We
consider a slight variation of Knuth’s rotation correspondence, which makes also use of the
specular involution ¥ from Subsection [3.3]

Definition 3.40. We denote by Tp(n) be the vector space spanned by all planar, rooted trees
with n vertices, and by Ty == [[,,>1 Tp(n).

The X-twisted rotation correspondence ® : 7y, i Tp is deﬁned recurswely by
(X(Tk))
P(]) = and
.

Remark 3.41. In other words, we may describe ®(7T') in terms of the branches of the planar,
binary rooted tree 7. The rightmost branch of T corresponds to the root of ®(T). Given a
branch b of T', corresponding to a vertex v in ®(T'), the branches of T" having their root in b
correspond to the children of v in ®(T'), with the branch closest to the root of b corresponding
to the leftmost child of v, and the one farthest from the root of b corresponding to the rightmost
child of v.
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Below we depict some examples of how ® works:

st=f o)=L e(W)=as o () =L

()= (V)

In particular, it is clear that ® is a bijective correspondence from the set of planar, binary,
rooted trees with n leaves to the set of planar rooted trees with n vertices. In fact, using
the above description of ® : Top(n) — Tp(n), it is straightforward to construct the inverse

&L Ty(n) = Ty (n).

Remark 3.42. Using the isomorphism ®, we can associate an Eulerian coefficient Er and a
polynomial P(T')(t) to every planar rooted tree T' € Tp.

In the context of planar rooted trees, the recursion for the polynomial, given in the previous

Theorem becomes very similar to the one from Theorem (but with a twist involving
signs). More precisely, Theorem translates into the following result.

Theorem 3.43. The polynomials P(T)(t), T € Ty, are defined by P(e)(t) = 1 and the following

recursion: for all planar rooted trees T,T1,..., Ty, € Ty, k > 1,
Ty Tk T;
P(\V/>w=HPQ)@
[} ]:1
T t—1
P (l) (t) =Y P(T)(-7).
=0

The above recursion, together with a straightforward induction, implies the following

Corollary 3.44. Given a planar rooted tree T', the polynomial P(T)(t), thus also the Eulerian
coefficient Erp, is independent of the planar structure on T (that is, it only depends on the
underlying rooted tree).

When we combine the previous corollary with the one [3.36] we reach the following surprising
conclusion.

Corollary 3.45. Given a planar rooted tree T', the Eulerian coefficient Ep is further independent
of the location of the root of T, that is, it only depends on the underlying tree (in the sense of
graph theory, i.e., a connected graph with no cycles).

Proof. To prove the corollary, we have to understand how specularity behaves under the rotation
correspondence ®. Let us denote by ¥ the map ¥ := ® oo &~ : Tp — Tp. Given a planar
rooted tree T, we claim that 7" and X(7') have the same underlying tree, but the root of 3(7")

corresponds to the leftmost child of the root of T'. More precisely, if the tree T" has the following
Tj - T}

form, for certain planar rooted trees 71 = To,...., T, k>1,r>0

) \./ ) 9 9y ? 9 )

7! rf
N T

N
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S(T) = \/ T/

The claim is checked by a direct inspection, using the definition of ® (cf. also the discussion, as
well as the figures, in Remark |3 -

Given two planar rooted trees having the same underlying tree, it is clear that we can turn
one into the other by a sequence of moves which are:

then the tree X(T) is

e cither a change in planar structure, leaving the underlying rooted tree unchanged, or
e an application of the map ¥ described above.

By Corollary and Corollary neither of these moves will change the associated Eulerian
coefficient. 0

Remark 3.46. Let us stress that the number of (non-planar, non-rooted) trees with exactly
n vertices (which is sequence A000055 in the OEISlEI)7 is much smaller than the cardinality
|Bn| = (n —1)!. This greatly reduces the number of necessary computations to obtain the
expansion of E(zy - --xy) in the PBW basis. A table of Eulerian coefficients for trees with n < 8
vertices can be found in Appendix [A]

Remark 3.47. We remark that, conversely, the polynomial associated to a planar rooted tree
(is independent on the planar structure, according to Corollary but) depends on the root.
In particular, Corollary implies a plethora of identities involving Bernoulli numbers. The
simplest instance of this assertion, happens when we consider a corolla C),+; with n leaves,
specular ” £(Cpt1) (where the map 3 : To — Tp was introduced in the proof

“

together with its

of Corollary [3.45))
n—1
/ A \ - O\ /O
Cnt1 = \/ ) E(Cpt1) = 9

.

Using Theorem one immediately finds that the associated polynomials are P(Cp41)(t) = t"
and P(3(Chy1)) = (—1)"‘1% Applying < ")
the results, we finally recover the following well-known identity, due to Euler

_B, = % i(_nk (Z) B,,_1. By

k=1

#> to both polynomials, and equating

As another example, we consider the trees

i J

= Ptn St
7\//'/\ = 7\/%’\
= B = S\~

Using Theorem [3.43| the associated polynomials are P(T)(t) = (z+1) t7(Bi+1(t) — Biy1) and

P(E(T)(t) = (j_i%] t'(Bj+1(t) — Bj41). Equating the corresponding Eulerian coefficients, we
obtain the identity

1+1

1 i+1 1 j+1
mZ(—l)’“( k )B””“BM_MZ(_N( k >B”1’“B”’“'
k=1 -

4Available at the following link: https://oeis.org/A000055.



https://oeis.org/A000055

34 RUGGERO BANDIERA AND FLORIAN SCHATZ

As a final corollary to Theorem [3.43] we notice that

o

Corollary 3.48. For the tall tree T\, 11 = n+1 with (n+1) vertices, the associated polynomial
o

.

and Eulerian coefficient are (where (t)¥ :=t(t+1)--- (t+k—1) is the rising factorial, (t)° :=1)

(00— ') _ Lphrsn

P(Tn'f'l)(t) = n ) ETn+1 - (n+ 1)‘ .

Example 3.49. For instance,

P(Ty)(t) =1, P(Ty)(t) =t, P(T3)(t) = %t(l —t), P(Ty)(t) = ét(l —t)(1+1),

PT)(0) = 53t - 01+ 0@ —1),  PT5)(1) = 151~ )1+ D@2~ 2 +1),
B =1, Bp—% Br—— Bp—— FEn-— By—-—

2’ 6’ 12° 30 60’
Pmof The statement about the polynomials follows inductively from [3.37] by showing that
AP( Tht1)(t) = P(T,)(—t), where the P(T,41)(t) are as in the claim of the corollary and

A : K[t] — K[t], Ap(t) := p(t + 1) — p(t), is the forward difference operator. This is a direct
computation, left to the reader (it is convenient to consider the cases n = 2m and n = 2m + 1
separately).

To prove the claim about the coefficients, we look at the coefficient of ¢ in the polynomial

P (o) (1) =

m t(l—t2)~--(m2—t2).

t(1—t)(1+t)--~(m—t)(m+t)=m

By a straightforward computation, this is % On the other hand, Lemma |3.38) (or rather,
its translation in the context of planar rooted trees) implies that this coefficient is precisely the

Eulerian coefficient of the tall tree T: 2m+1 thus Er,, ., = (m& as desired. On the other

2m+1)!?
hand, the above computation of P(T%,+2)(t) shows that only odd powers of ¢ appear in it,
and since the odd Bernoulli numbers with the exception of B; vanish, the Eulerian coefficient

ET2m+2 = < 1— e—D ‘ P T2m+2)(t)> is given by

lx m!m!  m!(m+1)!
27 2m+1)! (2m+2)°

ET2m+2 =
O

We conclude this section by giving a combinatorial interpretation of the polynomial P(T")(t)
associated to a planar (although, as we know, the polynomial is independent of the planar
structure) rooted tree T' € T, in the spirit of Theorem from Subsection

Definition 3.50. We call a decreasing decoration | of T (Deﬁm’tz’on alternating if for all
edges of T the labels of the two endpoints have opposite parity.

We denote the set of decreasing, alternating decorations of T, which associate the number i to
the root, by Pa(T,1).

T
5More generally, Lemma [3.38|implies that the coefficient of ¢ in the polynomial P (l) (t) is precisely Er: this

follows from the fact that P(T,)(t) is either 1 if T, =|or it has no constant term if T, # ‘
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Example 3.51. The following two decreasing decorations are alternating,

¢l 30 o o1 \3/
00\/!2 \i/
3

while the following ones are not

Recall that the distance of a vertex v of T" from the root is the number of edges in the directed
path connecting v to the root.

Definition 3.52. Given a (planar) rooted tree T' € T,, we denote by r (resp.: lr) the number
of vertices of T having even (resp.: odd) distance from the root.

The notation is justified by looking at the corresponding planar, binary, rooted tree ®~H(T) €
Tob: then rp (resp.: lr) is precisely the number of right (resp.: left) pointing leaves of ®~1(T).

Proposition 3.53. Given T # e, the polynomial P (T') (t) is the unique polynomial that, when
evaluated at £k, k € N\ {0}, yields

P(T)(k) = (-1 HZu(T,2k —1)],
P(T) (k) = (=1)7|Zan(T,2k)|.
Proof. We prove the claim by inductively establishing that the assignment
—1)" T Dy (T, 2k — 1)| for k>0
B:TxZ—1Z, (T,k)— B(T,k):= ( )l | Dt (T, )| for k>0,
(=1)'T| Dot (T, —2k))| for k<0

satisfies the following recursion:

(1) f(e,k) =1 for all k € Z.
11 Tj
(2) for a rooted tree T' = \ / with j > 1 (or in other words, T" # e), one has

T Fi T
ﬁ(\/,k> =Hﬁ<i,k>,
b i=1
(3) for every rooted tree T one has 3 <f, 0) =0, and for all k > 0
8 (k1) = B0+ BT 4 1)+ 4 5T, 1),

(i k) B(T, k) — B(T, k —1) — -+ — B(T, 1).

Using Theorem it is easy to check that the assignment 7 x Z — Z : (T, k) — P (T) (k)
obeys the same recursion, and the claimed equality follows.

In order to establish the above recursion, we use induction on |T'|, the case T" = e being the
starting point. The only non-trivial thing to check is Item (3). We know by induction that the
signs on the right-hand sides of each of the claimed identities are constant, so we can separately
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check their validity for the absolute values, followed by a comparison of the signs. The identity
for the absolute values is a direct consequence of the definitions and the fact that the decreasing
decorations are required to be alternating. The identity of the signs is a simple check, using the

T
fact that for Z(T) := | (this notation is borrowed from the proof of Theorem [3.37) we have

Tz(T) = lT + 1 and lZ(T) =Tr.
0

Remark 3.54. We could use the previous proposition to deduce combinatorial formulas for
the Eulerian coefficients, always in the spirit of Theorem [2.26] For instance we may use our

knowledge of the integers P(T')(k), k € N, to deduce the expansion P(T)(t) = !,Qo_l /\k(tk—)!k of

the polynomial P(T)(t) with respect to the basis {(Z—)f} of K[t], where we denote by (t)* :=

t(t+1)---(t + k — 1) the rising factorials. We can compute the coefficients A\; in a similar
way as we did in the proof of since the rising and the falling factorials are related by the

identity (t)x = (—1)*(—t)*. It is known that < 1_5_13 O;C—),k> = k%i—l’ hence we would obtain closed
formulas for Ep = <1_c%‘ P(T)(t)>.

Another approach would be to try to expand the polynomial P(T')(t) with respect to the basis
{P(T}+41)(t) }r>0 of K[t] given by the polynomials associated to the tall trees, as in Corollary
It is not hard to check that, given p(t) € K[t], its expansion p(t) = Z!rf‘:o wrP(Tii1)(t)
can be computed via

po = p(0)

m = p(1)—p(0),

p2 = p(1) —2p(0) +p(-1),

ps = p(2) —3p(1) + 3p(0) — p(-1),

pa = p(2) —4p(1) + 6p(0) — 4p(—1) + p(—2),

ps = p(3) —5p(2) +10p(1) — 10p(0) + 5p(—1) — p(—2),

Using the previous proposition, together with Corollary once again we would obtain closed
formulas for the coefficient Er.

Neither of the above approaches is entirely satisfying, though, as we don’t know a combinato-
rial interpretation for the resulting (integral, by the previous proposition) coefficients A, pg, in
the expansion of P(T')(t), as we did in Theorem [2.26l A more satisfying combinatorial formula
for B will be given in the next section, Proposition [4.16]

4. The Eulerian idempotent in Dynkin’s basis

In this section we associate certain numbers to trees, generalizing the classical Eulerian num-
bers (cf. [23]). We then proceed to generalize classical identities involving Eulerian numbers,
such as Worpitzki’s identity. In the final subsection, we apply these results to prove Theorem
on the expansion of E(z; ---zy,) in Dynkin’s basis from the Introduction.

4.1. From Dynkin’s basis to the PBW basis. We consider the pre-Lie algebra (T,n1(n), >)
of planar, binary, rooted trees, equipped with an admissible labeling £ by the totally ordered set
(n,<) ={1 <--- < n}, cf. Definition We shall denote by A : Topi(n) = Tpbi(n) @ Tobi(n)
the pre-Lie coproduct dual to >: this is given by the formula in Remark cf. also the
proof of Lemma We shall also denote by A1 : Tobi (1) = Tpbl (n)®* the iterated coproduct,
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defined recursively by (notice that A is not coassociative) Al := A, A*1 = (id ® AF=2) 0 A
for k > 3.

Definition 4.1. Given a labeled tree (T',¢) € Topi(n), where T' has precisely n leaves, we define
a subset S(T,¢) C Sp—1 of the symmetric group by the identity

- P o(1) on—1) n
AT, 0) = (-1) > e | @]
ceS(T,0)

where, as usual, we denote by rp the number of right pointing leaves of T'.

Remark 4.2. Using the discussion from Remark [3.14] we may give a more explicit description
of the subset S(7,¢).

First of all, for any planar, binary, rooted tree T”, we say that a leaf [ of T" is removable if
(using the notations from Remark :

e [ is the left child of a vertex v of 7" such that e(v) = 1; or
e [ is the right child of a vertex v of T” such that e(v) = —1.

With this terminology, it follows from the definition of S(T, ¢) and the explicit description of
the coproduct A, that a permutation o € S,,_1 is in S(7T,¥) if and only if the following condition
is satisfied:

1 i — 1
(#) For all 1 <i < n—1, the leaf labeled by (i) is removable in the tree T\ U(‘ ) Lo 70(2 | )}7
where we have removed the leaves labeled by o(1),...,0(i — 1) from T.

Remark 4.3. We shall represent a permutation o € S,,_1 by the corresponding string of num-
bers o(1)---o(n—1). For instance, the permutation o = 3421 € Sy is the one given by o(1) = 3,
0(2)=4,03)=2,0(4) =1.

Example 4.4. Given the labeled tree
1324

we can use the previous Remark to check that S(T,¢) = {231, 321,312} C Ss. For instance,
to see that 231 € S(T, ¢), we check that the leaf labeled by 2 is removable in T', the leaf labeled by
1 3 4
. . 2 . . 14 23
3 is removable in \</ =T\ (> and the leaf labeled by 1 is removable in Y =T\ 5] ¢

As another example, given the labeled tree
13245

(T7 E) =

we have S(T, () = {3142, 3412, 3421,4312, 4321, 4231} C S,.

As a final example, if (7', ¢) is a left pointing comb with (n+1) leaves and its unique admissible
12 n n+1

labeling, T' = , then every leaf different from the rightmost one is removable, and
S(T,¢) = S,.

The following Proposition will allow us to pass from the PBW pasis B, of £,,, considered in
the previous Section |3 to Dynkin’s basis

D, = {[xo(l)v t [‘To(n—l)vxn] T ]}aeSn_1 .
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Proposition 4.5. Given an element [T4(1)," " [To(n—1), Tn] - - -] in Dynkin’s basis, its expansion
wn the PBW basis reads
[aja(l)a T [gja(n—l)al‘n] o ] = Z (71)TT_1T(T7 f),

(T,0) s.t. c€S(T,0)
where r : 7;101(@) — L<p, 15 the realization isomorphism from Lemma and the tree T has

precisely n leaves.

Proof. Tt follows directly from Definition that o lies in S(T,¢) if and only if (T, ¢) appears,
with the coefficient (—1)"7~1, in the expansion of

o(1) on—1) n
‘ [> o .. ‘ [>‘ o

inside the pre-Lie algebra Tppi(n). According to Remark (which implies (11, 41) > (T2, 42) =
[(T1, 1), (To, £2)] if the maximum label of T5 is greater than the maximum label of T3), the

identity
o(1) on—1) n _
[ | { | ]] = > (—1) T, 0)

(T,0) s.t. 0€S(T,0)
holds inside T,pi(n), equipped with the commutator bracket associated to ©>. Since r is an
isomorphism of Lie algebras by Lemma [3.22] the thesis follows. O

4.2. A generalization of Worpitzki’s identity. The discussion in the previous subsection
leads us to consider the following generalization of the classical Eulerian numbers [23].

Definition 4.6. Given a labeled (planar, binary, rooted) tree (T',£) € Toni(n) with n leaves, we
denote by E(T,¢,d), 0 < d <n—2, (only temporarily, soon we will drop the labeling { from the
notation), the cardinality of the set

E(T,0,d) = |{o € S(T,0) s.t. dy = d}],

where dy is the descent number of the permutation o (cf. the Introduction). We call the number
E(T,¢,d) the d-th Eulerian number associated to (7, /).

Remark 4.7. As we said in Example if (T,¢) is a left pointing comb with (n 4 1) leaves
1 2 n n+1

and its unique admissible labeling, T" = , then S(T,¢) = S,, and the associated

Eulerian numbers are the classical ones (see [23]), which we denote by E(n,d).
Our first objective is to show that

Proposition 4.8. The Eulerian numbers E(T,{,d) associated to (T,¢) are independent of the
(admissible) labeling £.

Proof. We proceed by induction on the number of leaves |T'|. The thesis is empty when |T'| = 1,

and straightforward when |T'| = 2.
Ty

T
We consider a tree of the form T = V/, and equip T;, 1 < i < k, with the labeling

¢; induced from ¢. For every 1 < i < k, let {ji < ... < jfm} be the set of labels appearing
in ¢;. We define a subset S(T,7;) C S, in a similar way as in Remark by saying that
T € Sy is in S(T,T;) if, for all 1 < r < [T;, the leaf labeled by jf_(r) is removable in the tree
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i) rro1) , )
T\ { || }, where we have removed the leaves labeled by j;(l), . ,j;(r_l) from T

For every T € S(T,T;), we denote by w; the corresponding word w, := ji(l) . -ji(m') (we notice
that 7(|T;|) = 1: in fact, the leftmost leaf of T}, which is labeled by ji since ¢ is admissible,
becomes removable only after all the other leaves of T; have been removed). It is now obvious
from Remark that the set S(T,¢) is in bijective correspondence with the set of choices of
a permutation 7; € S(T,T;) for all 1 < i < k, and of a shuffle of the corresponding words
Wryy ooy Wry -

The proof of the proposition is completed by the following two claims.

Claim: the number of 7 € S(T,T;) such that d, = d;, for a certain 0 < d; < |T;| — 1, is
independent of the labeling ¢;, and only depends on the planar, binary, rooted tree T;.

Claim: Given permutations 7; € S(7,7;) having descent numbers d,, = d;, for all 1 <i <k,
the number of shuffles of w;,, ..., w,, having descent number a certain d, 0 < d < |T'|—2, is inde-
pendent of the particular choices of 7;, and only depends on the numbers |T1|, ..., |Tk|, d1, . . ., dk.

The first claim follows by the inductive hypothesis. To see this, we consider the specular tree
Y(T;) (cf. Subsection , equipped with the labeling ¢; defined as follows: given a leaf [ of T;,
labeled by the number j¢ under #;, the corresponding leaf of X(T;) is labeled by |T;| — r + 1
under £,. It is clear that £ is an admissible labeling of X(T;) by the set {1 < --- < |T;|]}. We
notice that the “ specular” involution X : Sz, — S|7;| from Definition induces a bijective
correspondence 3 : S(T,T;) — S(X(T;), ). In fact, we already noticed that 7(|T;|) = 1 when-
ever 7 € S(T,T;), thus £7(|T;]) = |T;], and 7 is just the restriction of 7 to {1,...,|T;| — 1}:
it is easy to see that 7 satisfies the requirement to be in S(7),T}) if and only if $r satisfies the
corresponding requirement (#) from Remark Finally, comparing with Lemma we see
that d, = |T;| — dsr — 1 = |T;] — ds_— 1, and we can apply the inductive hypothesis to deduce
the first claim.

The second claim is a consequence of Stanley’s shuffling Theorem [28, 13]. More precisely, this
is really a statement about shuffling of words, and using an obvious induction, it is sufficient
to consider the case of two words. In this case, the claim follows from [I3, Theorem 1.2], after
substituting ¢ = 1 in loc. cit.. O

Remark 4.9. According to the previous proposition, we can drop the labeling from the notation
for the Eulerian numbers associated to a tree T' € Ty;,, which from here on will be denoted by
E(T,d),0<d<|T|-2.

Our next objective is to relate these numbers to the polynomial P(T")(t) from the previous
Subsections B.4] and

Remark 4.10. In order to make use of the results from Subsection [3.5] we switch to planar
rooted trees using the (3-twisted) rotation correspondence ®. Under @, an admissible labeling
¢ : {leaves of T} — {1,...,n} corresponds to a labeling ®(¢) : {vertices of ®(T7)} — {1,...,n}
satisfying the following two conditions:

e For every vertex v of ®(T) at an even (resp.: odd) level, i.e., having even (resp.: odd)
distance from the root, the label of v is a maximum (resp.: minimum) for the set of
labels of the descendants of v.

e The labels of the children of an even (resp.: odd) level vertex are increasing from left to
right (resp.: from right to left).
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For instance, the following two labelings correspond to admissible labelings under the rotation
correspondence,

03 80 O 06 \3/
N /lm \i/

while the following two do not (the left one fails to satisfy the second item above, while the right
one fails to satisfy the first):

¢3 80O O o6 o\/o
Vs \4/

We can use the bijection ® to associate Eulerian numbers E(T, d), 0 <d<|T|-2, to every
planar rooted tree T' € 7,. We shall give a more explicit description of these numbers, in the
spirit of Remark First of all, we already observed that a vertex v of T corresponds to a
removable leaf in ®~1(T") if and only if v is a leaf of T', different from the root. For instance, for
the tree

03
10 Jm
NV
4
the removable vertices are the ones labeled by 1 and 3. Given an admissible labeling of T', that is,
a bijective correspondence ¢ : {vertices of T} — {1,...,|T|} satisfying the two conditions above,

we can define a subset S(7',¢) C Sjp—; as in Remark Namely, we say that o € S(T, /) if for
all 1 <4 < |T| — 1, the vertex labeled by (i) is removable in the tree T \ {U(.l), . ,U(i._ 1)},
where we have removed the vertices labeled by o(1),...,0(i — 1) from T. The Eulerian number
E(T,d) is the number of permutations o € S(T,¥), for any admissible labeling ¢ of T', having
descent number d, = d.

We notice that a vertex of T' becomes removable only after all its descendants have already been
removed. This shows that there is a bijective correspondence between the set S(7, ¢) and the set
2°(T,|T| — 1) from Definition [2.23} given a complete, decreasing decoration § € 2°(T, |T| — 1),
we remove the vertices of T' in the order prescribed by §. More precisely, we shift the labels in
d by 1, in order to get a bijective correspondence ¢ : {vertices of T} — {1,...,|T'|}: then the
desired 2¢(T, |T|—1) = S(T, ¢) sends § to the permutation 0§, restricted to {1,...,|T|—1}.
For instance, for the above labeled tree, the complete decreasing decoration

6 =29 l>1e@6:r|:ry—1)
3

goes into the permutation 321 € S(T,¢) under this bijection. By Remark we find the
following formula for the sum of the Eulerian numbers associated to T":

7|2

Y E(T.d) = |S(T,0] = |21, |T| - 1)| =

d=0

|
T
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Theorem 4.11. The polynomial P(T)(t) and the Eulerian numbers E(T,d) associated to a
planar rooted tree T' € Ty, are related by the identity

|T|—2
(19) (_QWAPka+1%:§:<uwhifﬁ_d>MTd%
d=0

for all integers k > 0 (by interpreting the binomial coefficients as generalized ones, in the above

formula we have ('T“_Tllt]f_d) = 0 whenever k < d).

n

—
Remark 4.12. When T is a corolla with n leaves, T = O\./O, we have P(T)(t) =t", E(T,d) =

E(n,d) are the usual Eulerian numbers (by the previous Remark since T' corresponds to a
left pointing comb under ®), and the previous identity becomes the classical Worpitzki’s
identity

nd <n+k—d

(k+1)" = >Em¢%
d

n
=0

cf. [23], §1.5, Corollary 1.2].

Proof. We adapt a bijective proof of Worpitzki’s identity from Knuth’s book [16].

First of all, we shall equip 7" with a particular admissible labeling ¢, defined as follows (we
remark that the following proof does not work for a general admissible labeling). The labeling
¢ associates (necessarily) the number |T'| to the root. Next, assume there are i vertices at level
one: we label them with the numbers 1, ... 41, in increasing order from left to right. If there are
io vertices at level two, we label them with the numbers |T| — g, ..., |T| — 1, in increasing order
from right to left. In general, if there are ig; (resp.: ig;y1) vertices at the even (resp.: odd) level
2j (resp.: 2j+1), we label them with the numbers |T| 41— 31 _,ion, .., |T| — S24_§ don (resp.:
1+ Z%;E 19h+1y---> D hepi2h+1), iDl increasing order from right to left (resp.: from left to right).
For instance, the admissible labelings depicted in the previous Remark are of this type.

Having fixed the above choice of an admissiblee labeling ¢ of T, it is defined the corresponding
set of permutations S(T',¢) C Sir|-1- Now, according to Proposition the left hand side
in the claimed identity is precisely the cardinality of the set Z,(T, 2k + 1) of alternating
decreasing decorations of T' (Definition associating the number (2k + 1) to the root. In
order to prove the theorem, we shall consider a certain map 0 : P, (T,2k + 1) — S(T,¢), and
count the cardinality of its fibers.

The map 6 is defined as follows. Given an alternating decoration § € P (7T, 2k + 1), the
corresponding element in 0(5) € S(7T',¢) is defined by removing the leaves of (7', ¢) in the order
prescribed by 4, cf. the discussion in the previous Remark When there are repetitions in
d, we remove the leaves according to the order prescribed by the labeling £. For instance, given
the labeled tree
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and the alternating decreasing decoration

2 0
Q o0

3
30 O O1 %
= N
N
5

to get the corresponding permutation 0(d) € S(T, /), we start by removing from (7, /) the leaf

labeled by 0 under §, thus 6(§) = 4---. Next, we remove, in order, the leaves labeled by 1 and 2

under ¢, thus 0(§) = 463 ---. Now we remove the leaves labeled by 3 under 4, according to the

order prescribed by ¢, thus 0(0) = 463578 - - -. Finally, we remove the leaves labeled by 4 under

J, according to the order prescribed by ¢, and in the end we found 0(6) = 46357812 € S(T, 7).
The theorem will follow from the claim below.

S @alt(T7 5))

Claim: Given o € S(T,¢) and k > 0, the cardinality of the fiber §~1(0) C Zuy(T, 2k + 1) is

zero if k < d,, and is (|T|_1+k_d"

71 ) otherwise.

To prove the claim, first of all we shall try to construct, given o € S(T,¢), an alternating
decreasing decoration d, such that 6(d,) = o, and such that the odd number corresponding to
the root under d, is the smallest possible. To distinguish between the labels under ¢ and the
ones under d,, we shall call the first ones ¢-labels and the second ones d,-labels.

Observation: We notice that, by construction of £, the ¢-label of an even level vertex of T is
always greater than the £-label of an odd level vertex.

To start constructing é,, we consider the vertex vy of T having ¢-label o(1). The d,-label of
v1 will have to be the smallest possible, which is 0 if v1 is an odd level vertex and 1 if v; is an
even level vertices. In fact, since d, has to be alternating, and since it has to associate an odd
number to the root, even level vertices will have odd d,-labels, and odd level vertices will have
even d,-labels. Next, we consider the vertex vg of T' having ¢-label o(2). There are several cases
to consider. If the levels of v; and v have the same parity, and if o(1) < 0(2), by the definition
of @ we can put d,(v2) = d5(v1). On the other hand, if the levels of v; and vy have the same
parity, and if o(1) > 0(2), we will have to put d,(v2) = d5(v1) + 2. If the levels of v; and v
have opposite parity, we have to put d,(v2) = d,(v1) + 1. Notice that in the last case, by the
previous observation, we will have o(1) < ¢(2) if the level of v; was odd and the level of vo was
even, and we will have o(1) > 0(2) otherwise. In all cases, we see by the previous discussion
that d,(v2) is 0 or 1 if (1) < 0(2), and is 2 or 3 if o (1) > 0(2).

Proceeding like this, we consider the vertex v; of T having (-label o(j). Assume that the
ds-label of v; is either 2h or 2h + 1. The same case by case argument as before, shows that
the d,-label of vjy1 (the vertex having ¢-label o(j 4+ 1)) will have to be either 2h,2h + 1 if
o(j) <o(j+1),or 2h+2,2h + 3 if 6(j) > o(j + 1). This implies that the d,-label of the root
will have to be precisely 2d, + 1. Furthermore, since at every step we had only one possible
choice of smallest d,-label, this will be the only alternating decoration in %, (T, 2d, + 1) such
that its image under 6 is 0. This proves the previous claim when k < d,.

It remains to consider the case k > d,. In this case, we claim that the set #~!(o) is in bijective

correspondence with the set of ordered partitions k£ —d, = p1 + - -+ pj| of the number (k —d,)
T~ 1+k—do
IT|-1
conclude the proof of the theorem. As before, we denote by v; the vertex of T" having /-label
o(j) (and by v the root). The desired bijective correspondence is defined as follows: given

the ordered partition k — d, = p1 + - -+ + pj|, the corresponding decoration d € Zu (T, 2k + 1)
is given by 6(vj) = 0o (vj) +2>°7 _1 DPh- O

by |T'| non-negative integers. Since there are precisely ( ) such partitions, this will
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Corollary 4.13. The Eulerian numbers associated to T € T, are independent of the planar
structure on T', and only depend on the underlying rooted tree.

Proof. This follows from the previous theorem and Corollary O

Other consequences of the previous theorem are the following generalizations of classical iden-
tities concerning the Eulerian numbers.

Corollary 4.14. Given a rooted tree @ # T € T, its associated Eulerian numbers E(T,d) can
be extracted from the polynomial P(T)(t) via the identity

d
T
E(T,d) =) (~ptrrt ('k‘>P(T)(d+ 1-k), VY0<d<|T|-2
k=0
Proof. This is obtained by inverting the previous formula , as can be seen by following the
proof of [23, §1.5, Corollary 1.3]. O
To state the last result of this subsection, we introduce the polynomials
|T|—2
E(T)(t):= Y _ E(T,d)t"
d=0

which can be regarded as generalized Eulerian polynomials associated to the rooted tree T € T .
When T = e, we put E(T)(t) = 1. The following corollary generalizes the classical Carlitz
identity [23, §1.5, Corollary 1.1].

Corollary 4.15. For any rooted tree T € T,

E(T) (t) rT 1
— P(T)(k+ 1)t
(1—t)m — kzm
Proof. Follow the proof of [23] §1.5, Corollary 1.2], using the identity . 0

4.3. The Eulerian idempotent in Dynkin’s basis. In this subsection we prove Theorem
from the Introduction. First of all, we shall use the results from the previous subsection to
deduce a combinatorial formula for the Eulerian coefficient E7 of a given rooted tree T' € T in
terms of the associated Eulerian numbers E (T, d).

Proposition 4.16. For any rooted tree @ £ T € T,

(~1yrr=1 2 (—1)

|T| 711

Er =
d=0 ( d

E(T,d).

Proof. We denote by A; the coefficients of P(T')(t) in the expansion with respect to the binomial
basis, that is P(T)(t) = Z‘T‘ A ( ). These can be computed as in the proof of Theorem [2.26]
by the formula (where in the first identity we also use the fact that P(7)(0) = 0 for T' # e)

J—1

_ 1y J
N = k::o( 1)J+k+1<k+1>P(T)(k+1)

NP L O\~ (T —1+k—d
= (=1)T 1;:0(_1)J+k+1<ki1>§<\ ’\T]—1 )E(T,d),

where in the last identity we used the generalized Worpitzki’s identity (19| . It is known that

<1_c%‘ (;)> _ (]11:1) for completeness, we give a simple umbral proof of this fact. First of
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D t -
25| () =

< DeP ‘( — 1)(j+1)> = <DeD‘ (j+1)>, where we used [24], Theorem 2.2.5]. According to

all, since the operator e” — 1 on polynomials is the forward difference operator, <

eP—1
[24, Formula (2.1.4)], the functlonal DeD‘ #> sends a polynomial p(¢) to p/(1), thus, by a
(=17 !

straightfoward computation, it sends the binomial coefficient ( +1) to Going back to

J(G+1) -
the proof of the proposition, we found that
IT|-1
D t
Er = Y j
: <1 z;%<j>>
IT|— 1 1)i- 1J- . k
Hx e () (T e

ITI*2 IT|—2 [T|-1

LA DY Z

k+1

2 Mw_d)

We denote by K|7| 4 the sum between parentheses in the last line, and by Cj) 4 the numbers
We want to show K|p| 4 = C)p| 4 for all 0 < d < |T'|—2: this is straightforward

Cirla i= oy
when d = |T'| — 2. Since the numbers C|p| 4 obey the recursion Cip| 4 = Cjp|—1,4 + Cj7| 441, the
proof is complete if we show that for 0 < d < |T'|—2 the numbers K| |T|,d Obey the same recursion.
We compute

IT|=2 [T]-1

(—1)k j T|—1+k—d
Kirja—Krj-1a = Y Y =
— .7k+1j(j+1) kE+1 IT| -1
|T|-3 |T|—2

“DF (G \(IT|-2+k—d
X 2 i) (M)
T3 1112 IT|—24+k—d

k=dt1j=ht1” j+1< >< 7 -1 >
IT|-2

- > >
Yo (T =1\ (|T| -1+ k—d
*me—l(ml) T -1 )

B gf T =1\ (|T| —2+k—d
= Kjrian = ITI(T = 1) yT\ — D)\ k+1 IT| -1
k=d+1
+T§":2 (—1)* (\Ty - 1> <\Ty - 1+k—d>
27T~ )\ k+1 T~ 1

|T|—2

1 IT| -1 yTy—2+k—d>

= K b > (-1 :
L (T - 1) k:d( )<kz+1>< 7| -2
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Finally, to complete the proof we have to show that for all 0 < d < m = |T| — 2
m
1 k—d
S (P (MR e
= + m
To this end, we compute

Eor(ri) s - Hore(n) e

k=d
_ Ny AL Y (mrk
N P m—d—k k

oS () )

k=0

= (—1)d<m0_d) =0,

whenever 0 < d < m. Here we are interpreting (_’Z_l) and (mo_ d) as generalized binomial

coefficients, and relied on the Chu-Vandermonde identity (sjt) = Z;:o (Zf]) (;) in the passage
to the last line.

Q <

[e=]

—~

O
After all these preparations, the proof of Theorem is rather straightforward.

Theorem 4.17. With the notations from the Introduction, the element E(x1---xy) has the
following expansion in Dynkin’s basis Dy, of Ly,

_1)do
(20) E(zy---zy) = 1 Z ( nl_)l [Zo(1)s " [To(n—1), Tn] - ]-
n 0ESH_1 ( ds )

Proof. We apply Proposition to rewrite the right hand side of the claimed identity in
the PBW basis B,;:

—1)4e _1\rr—1 _1\ds
% Z ((nl)l) @y [Tomony @] ] = 3 =y S ((nl)1 (T 0) =

(T0) " ceS(TH) \ do )

rp— n—2 .
-3 (S e o0 = 5 et = e,
(T,0) (

d=0 ( d ) T,0)
where in the last two identities we used the previous Proposition and Corollary O

Remark 4.18. Of course, a more direct proof of the previous theorem than the one given
here should be possible. For instance, we may expand the brackets in the right hand side of
, and try to check that the resulting element in the free associative algebra A(z1,...,x,)
coincides with E(x; ---x,), as given in Formula from the Introduction. Given a word w in
A(z1,...,x,) such that each generator appears exactly once, let w; be the subword of w to the
left of n, and let wo be the subword to the right of n in reverse order. Then w appears in the
expansion of [T (1), [Tg(n—1); Tn] - - | if and only if o is a shuffle of wy and wy. Using Stanley’s
shuffling Theorem [28] [13], we can count for how many ¢ having a fixed descent number d the
word w appears in the expasion of [ (1), [Z5(n—1); Zn] - - -|. Following this approach, the proof
of would be reduced to the proof of a certain identity involving binomial coefficients.
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APPENDIX A. TABLE OF EULERIAN COEFFICIENTS

Below we list all (non-planar, unrooted) trees with n < 8 vertices, together with their Eulerian
coefficient, see Corollary from Subsection

Table of Eulerian coefficients

n=1: o +1
n=2: 0-0 %
Q. 1
n=3: 0-0-0 +5
1 o
n=4: 0-0-0-0 + is o-b-0 0
e 1 i 1 e 1
n=>s: 0-0-0-0-0 +35 0-0-0-0 +% 0-8-0 =35
o o
n=~0: 0-0-0-0-0-0 —+ % 0-0-0-46-0 0 0-0-4-0-0 + %
oo Q o o090
0-b-b-0 + % o-o-Lo — & oo 0
o o
—7 O_O-0-0-0-Omi 1 ooco-0-b- 1 o oosbo- 1
n="7: oooggoo —|—140 ooooooéo +420 oooé)c;o —|—210
1 1 1
0-0-6-b-0 + 10 oféfgféfo — 310 0-0-0-0 — 105
o o ) 0Q 0O
0-0-d-0-0 — ﬁ 0-0-b-0-0 + ﬁ 0-0—d-0 =+ ﬁ
0fo Qo
ol Po
o—o—\cgfo — 8714 oo + é
o o
n=yx8: 0-0-0-0-0-0-0-0 —|—ﬁ 0-0-0-0-0-0-0 0 0-0-0-0-0-0-0 —|—ﬁ
o oo o o
0-0-0-6-0-0-0 0 0-0-0-0-6-0  + 21T0 0-0-b-0-b0 — ﬁ
o o oo o o
1 1 1
0-6-0-0-b-0 + 10 ofoféfgfofo —+ 168 0-0-0-0-o ~ 310
oo b 000
o-0-0-do-0  — ﬁ 0-0-0-b-0-0  + ﬁ 0-b-b-bo  — ﬁ
0Q 0 1 oo o 0Q O 1
o-0-—d"0 —319 o-4-0-d-0 0 o-b—do-o + 110
o o
o
; ,i,g, i ?\f ) 1 RN
0-o o) 0 0-0-0-0-0 +210 0-0-0-0-0 0
0%o Q 0Q O 0000
N 1 1 N 1
ofoféfofo —3a O- o;}))/fo —+ 3 o—6 o —3q
ol Po o]0
0-0Y=0 + 8714 o>\<yio 0

Remark A.1. When tabulating the Eulerian coefficients, there are certain tricks one can use
to aid the computation. We do not try to make this assertion precise, but rather illustrate it
through examples. As a first example, whenever we consider a tree which looks like

T o
. ‘:'j:O
Tk Yo
the results established in Subsection together with the identity
t(1—1t) o

P (o\./o) (t) = 2= -2

5 tt=-2P <f) (t)+ P () (t)
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T o i Ty
E 1':;:o< = —92F : o—o—o |+ FE : o—o |.
Tk o Tk Tk

For instance, we have

readily imply

1 1 1
E (Oioigio) = —2F(0-0-0-0-0) + E(0-0-0-0) = —2 X B + o 0’
1 1 1
K (ofoof\c/—oo) = 2B (o—ofcoﬁ»fofo) +E (o—ofgfo) =2 60 + 60 60
Similarly, if we consider a tree of the form
Tl /O
Tk .-'0\070

the identity P ( > (t) implies

O
2 6 2
%

Ti.. o Ty T
El: o =3FE| ! o000 |- : o—o—o |.
Tk 0-0 Tk Tk
For instance,

E g 3B 3 gl 3 gx + 1 !
<OOO\O/OO> o (OOOéOO) B (OO(SOO) o x m N ﬁ o io

(@]
As a final example, using the identity P <f) (t) = t_2t2 = —1P(%°) (1) + 3P (3) (t), we can

i) (1) = 558 =38 — 58 =3p %

Dj SN——
=
|
o)
7N\
—0—O0

compute

o 1 1 1 1 1 1 1
6 _ _ o O - o - _ = o - I )
E (OO(BOO) 2E (O—O—\O/—O—O) + 2E (O*O—é—o—o) 2 x ( 420) + 2 X 60 105

Notice that in all of the above examples, we are expressing the Eulerian coefficient of a given
tree T as a linear combination of Eulerian coefficients of trees T”, 7", such that both 7" and
T" precede T in the table above. The moral is: when tabulating the Eulerian coefficients, after
choosing a convenient order on the set of trees (we do not try to make this precise), the Eulerian
coefficient of a given tree can be expressed as a linear combination of Eulerian coefficients which
have already been computed. The previous table was obtainted using this method.
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APPENDIX B. UMBRAL CALCULUS IN MAGMATIC ALGEBRAS

The umbral calculus developed in Section [2| is not specific to pre-Lie algebras, and can be
applied to more general situations. In this appendix we consider a simple instance of this
statement.

Definition B.1. A complete magmatic algebra (V,V) is a vector space V equipped with a bilinear
operation V : V@V — V and a filtration

- CFPLCFPLCc---F’LCF'L=1L
which is complete, i.e., V — @V/FPV, and compatible with V, i.e., FPV v F1V C FPTV,
Given a d-series f(t) =3 ;5 %t% € K[[t]], we define a map
k

F(=): Vs Vig— f(z) = %x\/(---(w\/x)---).
k>1

Following the same reasoning as in Subsection one sees that f,(—) is a bijection from V' to
itself. In fact, the same argument given there shows that the equation z = f\(y) is equivalent

to
k

y= X BT Gva) )
k>0

where the aj are the coefficients of the formal power series g(t) := ﬁ = Zkzo %tk, and the
latter can be solved recursively in y. Furthermore, the same proof as the one of Proposition
shows that y can be computed as (g(D)| P), where P is the solution of the differential
equation

P'={g(D)|P)Vv P
(21) { P(0) = &
in the magmatic algebra (V[t], V) of polynomials with coefficient in V.

We focus on the universal case. As well-known, the vector space 7Tpp, (Definition [3.7) equipped
with the magmatic product

T T
\/:7;3b®7;b—>7;)b, TiVvTy, = \\/
is the free (complete) magmatic algebra generated by | . Given planar, binary, rooted trees
T1,..., Ty, we shall depict the tree T7 V (--- (T V |)--+) as
Ty

Furthermore, we observe that every planar, binary, rooted tree T' has a unique decomposition
as above.
The right pointing branches of a planar, binary rooted tree T are those indicated by a dashed
line in the following picture ) \< )
7/
7/

7

We denote the set of right pointing branches of T by B,(T'). Given a right pointing branch
b € B,(T), its length, denoted by [(b), is the number of edges in it. For instance, in the above
picture there are two right pointing branches of length one, and one of length two.
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Theorem B.2. The expansion of f\/_1 (|), with respect to the canonical basis of Tpn, reads

a
=1 11
T \beB.(T)
Proof. First of all, we shall denote by P(T)(t) € K[t] the coefficient of T" in the expansion of the
solution P € Tpb[t] to (21) (with z = |). Moreover, we denote by ar the coefficient of T in the
expansion of (g(D)|P) = f;* (|). It is straightforward to check that implies P (|) (t) = 1.
We observe that the dual magmatic coproduct A : o, — Tpb @ Tpb is given by A (|) = 0 and

T/ T//
A < \/ ) =T'®T". Thus, the analog of Lemma [2.16| tells us that

T T t
P ( N ) (t) = ar /0 P(T")(7)dr.

Finally, the above formula and a straightforward induction shows that for the tree
Ty

- B

we have P(T)(t) = aqy - - -aTk%. Then, another straightforward induction, keeping in mind that
a right pointing branch of T is either the rightmost branch or a right pointing branch of the

subtrees 11, ..., Tj, shows that ar = (g(D)|P(T)(t)) = [Isep, (1) %, as desired. O

As a consequence, we find the following formula for the pre-Lie logarithm.

Corollary B.3. Given a complete left pre-Lie algebra (L,>) and x € L, the pre-Lie logarithm
log. (1 4 x) is given by

log.(1+2) =Y | ] B To (),

!
T \beB.(T) {o)!

where the sum runs over the set of planar, binary, rooted trees, and we denote by Ti.(x) € L the
image of T under the unique morphism of magmatic algebras (Ton, V) — (L,>>): | — .

Example B.4. Up to order four, the previous formula for log (1 + ) reads

1 1 1 1
logp (14+2) = m—ixbx—l—ﬁxb(:L‘D:U)+Z(mbm)bx—ﬂxb((xbx)bx)

1 1 1
—ﬂ(:nbx)b(xbx)—ﬂ(xb(xbzn))bx—g((xD:L")Dx)DJH-“-
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APPENDIX C. A FORMULA FOR THE BAKER-CAMPBELL-HAUSDORFF PRODUCT

As recalled in the introduction, the Baker-Campbell-Hausdorff product e on a (complete) Lie
algebra g and the Eulerian idempotent E : U(g) — g are related by the following formula

(22 vey= 3 LB,
3,520
see [I7]. In this appendix, we use our results on the Eulerian idempotent to deduce a new
formula for the Baker-Campbell-Hausdorff product.
To state the formula, we shall introduce some notations. Given a planar, binary, rooted tree
T € Tpp with |T| leaves, we denote:
e by rp (resp.: lp) the number of right (resp.: left) pointing leaves of T' (if T = |, by
convention rp = 1, lp = 0);
e by E7 the Eulerian coefficient of T7;
e by Kp the number of labelings ¢ : {leaves of T} — {1,...,|T|} which are admissible in
the sense of Definition and satisfy the additional condition:
— the label of a left pointing leaf is always smaller than the label of a right pointing
leaf;
e given x,y € g, by T'(x,y) € g the element obtained by labeling every left pointing leaf of
T by z, every right pointing leaf of T' by y, and finally by regarding the corresponding
labeled tree as an iterated bracket inside g as usual (by convention, when 7' = | we put
T(x,y) =z +vy).

Example C.1. For instance, for the tree

- W
we have
=2 =3 Er=o  Kr=1 T(ey)=lnl sl
while for the tree
- V\y
we have
=3, =2 Er=g Kr=2  T(ny)=lwg) (el

Using these notations, we can state our result as follows

Theorem C.2. The Baker-Campbell-Hausdorff product x e y in g is given by the formula

ErK
vey=y TT(z,y),
T

ZT!T’T!
where the sum runs over the set of planar, binary, rooted trees.

Proof. We apply Equation . Thus, we have to understand the element E(x'y’) inside
g. By naturality, this is the image of the element E(zy---x;4;) inside the free Lie algebra

L(x1,...,21j), under the morphism of Lie algebras ¢ : L(z1,...,Zitj) = @, T1,...,%; Y, x,

Tigly- oy Titj % y. Given a tree T' with precisely (i + j) leaves, together with an admissible
labeling ¢ : {leaves of T} — {1,...,i + j}, we denote by Ty(z,y) € g the element obtained by
replacing the labels 1,...,7 by x, the labels i+1,...,i4+j by y, and finally by regarding this new
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labeled tree as an iterated bracket inside g as usual. According to the results from Subsection
we have E(ziy)) = > (r.0) ErTe(x,y), where the sum runs over the set of planar, binary,
rooted trees with (i + j) leaves and an admissible labeling ¢. To complete the proof, we claim
that Ty(x,y) = 0 unless (7', ¢) has precisely i left pointing leaves, labeled by the set {1,...,i},
and j right pointing leaves, labeled by the set {i+1,...,i+j}. In fact, if this isn’t the case, there
has to be a right pointing leaf [ in Ty(x,y) labeled by x. Denoting by 77 C T the subtree such
that [ is the rightmost leaf of 7", by the admissiblity requirement on the labeling ¢, all leaves of
T’ have to be labeled by z, and then the corresponding iterated bracket inside g vanishes. [

Remark C.3. The previous formula for the Baker-Campbell-Hausdorff product is not an op-
timal one, as the iterated brackets T'(z,y) inside g are not linearly independent among them-

selves. For instance, when 7' = v we have T'(z,y) = [[z,y],[z,y]] = 0. As another

example, when T' = \i/P/ = \2/ by the Jacobi identity T'(z,y) = [z, [[z,y],y]] =

[z, [z, y]],y] + [[z,y], [z, 9]] = [z, [z,9]],y] = T'(x,y). In particular, up to order four the previ-
ous formula reads

1 1 1

rey=aty+t il eol) + gl Lol o) + gl (o)) + -

1
= e %
while an optimal formula would be

Lo+ sl + gl o] + ol ool +

It is an interesting problem to determine a subset By, C Tpp of the set of planar, binary, rooted
trees, such that the corresponding iterated brackets T'(x,y) € L(z,y), with T'" € By, form a
basis of the free Lie algebra L(x,y) over z and y, and such that in the corresponding expansion
Tey = ZTepr crT(x,y), the coefficient ¢y can be computed in terms of purely combinatorial

1
rey=c+y+ -|x

data associated to the tree T.
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