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Quadri-algebras, preLie algebras,
and the Catalan family of Lie idempotents

Loic Foissy, Frédéric Menous, Jean-Christophe Novelli
& Jean-Yves Thibon

ABSTRACT We compute the expansion of the Catalan family of Lie idempotents introduced in
[Menous et al., Adv. Applied Math. 51 (2013), 177-22] on the PBW basis of the Lie module.
It is found that the coefficient of a tree depends only on its number of left and right internal
edges. In particular, the Catalan idempotents belong to a preLie algebra based on naked binary
trees, of which we identify several Lie and preLie subalgebras.

1. INTRODUCTION

A Lie idempotent is an idempotent of the group algebra of the symmetric group which
acts on the free associative algebra as a projector onto the free Lie algebra [30].
Historically, the first example of a Lie idempotent is provided by Dynkin’s theorem

(1947, [9]): The linear map ©,, : ajas---a, — [---[a1,a2],- -], as], sending a word
to its iterated bracketing, satisfies ©,, 0 ©,, = n©,,. This result, originally intended as
a mean to expanding the Hausdorfl series H(a1,...,an) = log(e® - --€*V)in terms of

commutators, can also be used to give a new proof of the fact that H is a Lie series,
and to prove the Poincaré—Birkhoff-Witt theorem. In particular one can deduce from
it most basic facts about free Lie algebras, such as Friedrich’s criterion [4].

In 1969, Solomon [32] introduced another Lie idempotent, with the aim of provid-
ing a constructive proof of the Poincaré-Birkhoff-Witt theorem, that is, an explicit
isomorphism between the universal enveloping algebra of a Lie algebra and its sym-
metric algebra. It turns out that this idempotent is also related to the Hausdorff
series: it computes its expansion in terms of words, and has been rediscovered several
times in this context (see, e.g. [3, 24]). Solomon’s idempotent is also known as the
first Eulerian idempotent [16].

Finally, Witt’s formulas [34] for the dimensions of the multihomogeneous com-
ponents of the free Lie algebra L(V') generated by a vector space V show that, as
a representation of GL(V), L, (V) is isomorphic to the eigenspace with eigenvalue
e217/m of the cyclic shift operator acting on V®™. An explicit interwining operator for
these representations is provided by Klyachko’s idempotent [14], introduced in 1974.

Prior to the introduction of noncommutative symmetric functions [12], these three
examples, which are given by very different expressions, were the only known Lie
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idempotents. They have however one important common point: they all belong to
the descent algebra, a remarkable subalgebra of the group algebra of the symmetric
group, introduced by Solomon [33] in 1976. The descent algebra is a noncommutative
version of the character ring of the symmetric group, and noncommutative symmetric
functions are to the descent algebra what ordinary symmetric functions are to the
character ring. In particular, one can lift to the descent algebra various operations
such as the (1 — ¢)-transform and its inverse [15]. This allowed to give a complete
characterization of Lie idempotents in the descent algebra, and to provide an explicit
interpolation between all known examples.

It came therefore as a surprise that a sequence of operators defined in the context
of resurgence theory [22], when interpreted as noncommutative symmetric functions,
thanks to an isomorphism with Ecalle’s Hopf algebra of alien operators [23], provided
a new family of Lie idempotents of the descent algebras, not explained by the previous
constructions.

In the sequel, we shall give a much simpler expression of these idempotents, in
terms of the recently introduced PBW basis of the Lie module [31]. It is however
not clear from this expression that the result belongs to the descent algebra. In the
process of investigating the symmetries of Lie idempotents in this basis, we have
been led to the discovery of various Lie and preLie subalgebras of the convolution Lie
algebra of permutations. The PBW expansion of the Solomon idempotent, determined
by Bandiera and Schétz [2], also satisfies the same type of symmetry. It involves a
Lie algebra of binary trees, of which we provide an alternative interpretation. This
Lie algebra have remarkable subalgebras, whose bases are parametrized by families
of bicolored trees. We prove that Lie elements of the descent algebras all belong to
one of these subalgebras and conjecture a similar statement for Lie elements of the
Loday—Ronco algebra.

2. BACKGROUND

2.1. LIE IDEMPOTENTS. Let V be a vector space over some field K of characteristic 0.
Let T(V) be its tensor algebra, and L(V') the free Lie algebra generated by V. We
denote by L, (V) = L(V) N V" its homogeneous component of degree n. The group
algebra K&,, of the symmetric group acts on the right on V" by

(1) (M ®V2® - ®Vp) -0 = V1) ®VUs(2) ® @ Vg(n) -

This action commutes with the left action of GL(V'), and when dim V' > n, which
we shall usually assume, these actions are the commutant of each other (Schur—Weyl
duality).

Any GL(V)-equivariant projector II,, : V" — L, (V) can therefore be regarded
as an idempotent m,, of K&,,: II,,(v) = v - 7,,. By definition (cf. [30]), such an element
is called a Lie idempotent whenever its image is L,, (V). Then, a homogeneous element
P, e V®isin L,(V) if and only if P,m, = P,.

From now on, we fix a basis A = {ay, az,...} of V. We identify T'(V') with the free
associative algebra K(A), and L(V') with the free Lie algebra L(A).

2.2. CONVOLUTION ALGEBRAS. For o € G, let g, be the endomorphism of K,,(A)
defined by

(2) gola1az -+ an) = a1z -+ an - 0 = Ag(1)0(2) * ** Go(n)-
The free algebra K(A) is a graded bialgebra for the coproduct
(3) Ala)=a®1+1®a, (a€A),
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so that a convolution product on the space of graded endomorphisms Endg, (K(A))
can be defined by

(4) frg(w) =po(f®g)oA(w),

where p denotes the multiplication of K({A) (i.e. the concatenation product).
For permutations, this operation reads

(5) Ja*xgp = Z 9
std(u)=a
std(v)=p
y=uv
where std(u) denotes the standardization of the word u, that is, the unique permuta-
tion having the same inversions as u.

We also define the x product on permutations by the same formula. This convolu-
tion has been extensively studied by Reutenauer [29, 30] while investigating free Lie
algebras and Lie idempotents.

When A is finite, the g, are not linearly independent anymore when the size of o
exceeds the cardinality of A. By taking an appropriate inverse limit over an increasing
sequence of alphabets, one obtains a convolution algebra K& based on all permuta-
tions, and it has been shown by Malvenuto and Reutenauer [21] that this algebra
acquires a Hopf algebra structure when endowed with the coproduct

(6) Ao = Z(U, ulllv)std(u) @ std(v),

u,v

where (o, ulllv) denotes the coefficient of ¢ in the shuffle product ulv of the words
w and v.

2.3. FREE QUASI-SYMMETRIC FUNCTIONS. The Malvenuto—Reutenauer Hopf algebra
admits a convenient “polynomial realization”.

The algebra of free quasi-symmetric functions over a totally ordered alphabet A,
denoted by FQSym(A), is the algebra spanned by the noncommutative “stable poly-
nomials” (formal series of bounded degree, defined for any totally ordered alphabet)

(7) Go(A)= Y w,
weA™
std(w)=0o
where o is a permutation in the symmetric group &,, [8].
Its multiplication rule turns out to be given by

(5) G.Gsi= Y G
std(u)=a
std(v)=p
y=uv
as in the Malvenuto—Reutenauer algebra K&. Moreover, its natural coproduct, defined
by the ordinal sum A ® B of two mutually commuting alphabets

(9) AG, =G,(A® B) = Z<a, u W 0) Ggragu) ® Gep(v)s

also coincides with the Malvenuto-Reutenauer coproduct (identifying F'(A)G(B) with
F®G).

Thus, FQSym is isomorphic to K& as a Hopf algebra.

In the sequel, we shall often identify permutations ¢ with the corresponding G,
without further notice.
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2.4. DENDRIFORM STRUCTURE. A dendriform algebra [17, 18] is an associative alge-
bra (A, -) endowed with two bilinear operations <, >, such that

(10) a-b=a<b+a>b,
satisfying the relations
(11) (z<y)<z=z=<(y-2),(z-y)<z=z>(y<z2),(x-y)=z=z>(y>2).

The dendriform structure of FQSym is inherited from that of the free associative
algebra over A, which is [25, 26]

(12) - wv  if max(v) < max(u),
u<v =
0  otherwise,

(13) . wo  if max(v) > max(u),
u=v =
0  otherwise.

This yields

(14) GaGg = GQKGB+GQ>GB,

where

(15) G,=<Gg= > G,,
y=uvEaxf

|u|=|a|; max(v)<max(u)

(16) G,~Gps = > G,,
y=u.v€axf
lu|=|al; max(v) >max(u)
where a x [ is interpreted as the set of permutations occuring in the convolution.
Then z = G; generates a free dendriform algebra in FQSym, isomorphic to PBT,
the Loday—Ronco algebra of planar binary trees [19].

2.5. QUADRI-ALGEBRAS. The half-products of FQSym, which are defined by split-
ting the concatenation of two words according to the position of the greatest letter
can again be refined according to the position of the smallest one: for a € Sy, 5 € G,
and n =k +1,

(17) G.NGi= Y G,

Y=uvEax*f
1,n€u

(18) Gu/Gs= Y. G,

y=uvEaxf
1€ev, n€u

(19) GaNGs= Y G,

y=uvEa*f
1,n€v

(20) G/ Gs= Y G

y=uveEaxf
l€u,n€v

The relations satisfied by these partial products have led Aguiar and Loday to the
notion of quadri-algebra [1].
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A quadri-algebra is a family (A4,N, ", \, "), where A is a vector space and
v\, " are products on A, such that for all z,y, z € A:

Ny Nz=z\ (y*=2),
(21) (x Yy Nz=a /(y< z),
(xty) Sfz=a /(y—2),
(/Y Nz=2,(y712),
(22) TNy Nz=2\(y\ 2),
(zly) 2=\ (y /" 2),
(zy)z=2.(y2),
(23) (x—=y) 2=\ (y 2),
(xy) Nz =2\ (Y \2),
where:
24) =N+, =S4\ TENAES L=+
(25) * =N+ + N+ S=e o=t

The augmentation ideal FQSym, of the Hopf algebra FQSym is a quadri-algebra
for these operations [1], up to the involution o ++ o1

As FQSym is self-dual, its coproduct can also be split into four parts, making
it a quadri-coalgebra. Dualizing, with the pairing defined by (G,,G.) = d, -1, we
obtain a quadri-coalgebra structure on FQSym , , defined by:

(26) A\(GU) = Z GU{],...J} ® GStd(a{1+1 ..... n})
o(1),0(n)<i<n

(27) A/(GU) = Z GU{l ..... i} @ GStd(U{pri ..... n})
o(n)<i<o(1)

(28) A\‘(GU) = Z G0{1 ,,,,, i} ® GStd(U{1+i ..... n})
1<i<o(1),0(n)

(29) AAGo)= Y Gopu .y ®Gudopy. )
o(1)<i<o(n)

where for all I C {1,...,n}, oy is the word obtained by deleting in o the 1etter~s which
do not belong to I. The sum of the four coproducts is the ususal coproduct A:

(30) A(G Z GU{1 ..... i} ® GStd(U{1+z ,,,,, n})"

1<i<n

Moreover, for any a,b € FQSym:

(31) AlaXb)=d 1b®d" +d @d «b+d 1V @d 1,

(32) Alay/ b)=b@a+d | b@d +V @a b +d [V @d V"

(33) Ala\b)=alb bV +b@a—b +d [V ®d ="

(34) Ala /D) =a@b+atb @b +d @d -b+d 1V @d -V
As a consequence, if a and b are two primitive elements of FQSym:

(35) Ala *b—by/a)=a®@b—a®b=0,

soa /' b—b, ais also primitive.
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PRrROPOSITION 2.1. The operation

(36) s N y=r Y-y
preserves primitive elements.

2.6. SOLOMON’S DESCENT ALGEBRA. The descent algebras have been introduced by
Solomon [33] for general finite Coxeter groups in the following way. Let (W, S) be a
Coxeter system. One says that w € W has a descent at s € S if w has a reduced word
ending by s. For W = &,, and s; = (i,i+ 1), this means that w(i) > w(i+ 1), whence
the terminology. In this case, we rather say that ¢ is a descent of w. Let Des(w) denote
the descent set of w, and for a subset F C S, set

(37) Dp= > w €ZW.
Des(w)=FE

Solomon has shown that the Dg span a Z-subalgebra ¥, of ZW. Moreover,

(38) .DE/DEN = ch’E”‘DE7
E

where the coefficients c£, ,, are nonnegative integers.
In the case of G, it is convenient to encode descent sets by compositions of n.
It E={d,...,dr—1}, weset dy = 0, d, = nand I = C(E) = (41,...,1.), where
i, = dy — dp_1. We also say that F is the descent set of I. From now on, we shall
write Dy instead of Dg. We shall also write C(o) = I if the descent set of ¢ is E.
Most known examples of Lie idempotents turn out to belong to the descent algebra
Y,,. The simplest (and oldest) example is the Dynkin idempotent [9]

|
—

(39) 6, %[. C20,3] o] = % (~1)* Dy .

0

Bl
Il

The Solomon idempotent [32], or first Eulerian idempotent is

_1)d(o)
(10) =13 LU,

" ea. (i)

and the Klyachko idempotent [14] is

1 .
41 Kp = — w2 @) g
) 2
where d(o) is the number of descents of o, maj(c) is their sum, and w = e?!7/™,
Note that on these expressions, one easily sees that both the Solomon idempotent
and the Klyachko idempotent live inside the descent algebra since the coefficient of a
permutation o only depends on its descents.

There is a one-parameter family (the g-Eulerians) interpolating between these three
examples [5, 15], and more recently, another one-parameter family (the Catalan fam-
ily) related to mould calculus and random walks on the line has been introduced [23].
This family is given by an explicit expansion in terms of descent classes. One of the
aims of the present paper is to give its expansion on the so-called Poincaré-Birkhoff—
Witt basis, to be defined below.
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2.7. NONCOMMUTATIVE SYMMETRIC FUNCTIONS. The algebra of ordinary symmetric
functions Sym can be regarded as the free associative and commutative algebra over
an infinite sequence (hy,)n>1 of homogeneous generators (h,, is of degree n), so that
its linear bases in degree n are naturally labelled by partitions of n (e.g. products
hy = hy, -+ hy, of complete homogeneous functions) [20].

Similarly, the algebra Sym of noncommutative symmetric functions is the free
associative (but noncommutative) algebra over an infinite sequence (.S, ),>1 of homo-
geneous generators, endowed with a natural homomorphism S,, — h,, (commutative
image) [12].

Thus, linear bases of the homogeneous component Sym,, of Sym are labelled by
compositions of n, exactly as those of the descent algebra ¥, of &,,.

Noncommutative symmetric functions can be realized in terms of an auxiliary
(totally ordered) alphabet A = {a1,as,...} by setting

(42) Sn(A) = Z Ay Qgp " ° Qg = Glgn(A) 5

11 <2< <in
that is, .S, is the sum of nondecreasing words, or, otherwise said, words with no
descent. Then, obviously,

(43) ST =88, S,

is the sum of words whose descent set is contained in Des(I) (the descents of a word
are defined as for permutations as those i such that w; > w;41, and are similarly
encoded as compositions C'(w) of n). Since S, (A) = Gia..,(4), Sym(A) is actually
a subalgebra of FQSym(A).

Introducing the noncommutative ribbon Schur functions

(44) Ri(A)= Y w= Y  Gy(4)

C(w)=I C(o)=I

whose commutative image are indeed the skew Schur functions indexed by ribbon
diagrams, we have

(45) S'=>"R,

JLT

where J < I is the reverse refinement order, which means that Des(J) C Des(I).

The linear map defined by « : D; — R; appears therefore as a natural choice
for a correspondence ¥,, — Sym,,. This choice is actually canonical. Indeed, there
is a natural way to introduce an internal product * on Sym, by dualizing a natural
coproduct of its graded dual (which is the so-called Hopf algebra of quasi-symmetric
functions).

For this product, « is an anti-isomorphism. This is convenient, because we want
to interpret permutations as endomorphisms of tensor algebras: if g,(w) = wo, then
9o © 9r = Gro-

The internal product * is consistently defined on FQSym by

GTO' if = 5
(46) G,+G, = if || = ol
0 otherwise,

where 70 is the usual product of the symmetric group.
The fundamental property for computing with the internal product in Sym is the
following splitting formula.

PROPOSITION 2.2 ([12]). Let Fy, Fs, ..., F.,G € Sym. Then,
(47) (F1Fy - F) %G =, [(FL®-- @ F) % A"G|
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where in the right-hand side, p.,. denotes the r-fold ordinary multiplication and x stands
for the operation induced on Sym®™ by *.

2.8. LIE IDEMPOTENTS AS NONCOMMUTATIVE SYMMETRIC FUNCTIONS. The first re-
ally interesting question about noncommutative symmetric functions is perhaps “what
are the noncommutative power sums?”. Indeed, the answer to this question is far from
being unique.

If one starts from the classical expression

k
(48) ou(X) = Y ha ()" =expd S p g

n>0 k>1

one can choose to define noncommutative power sums @ by the same formula

(19) 7(4) = X S, e Y

n=0 k>1
but a noncommutative version of the Newton formulas
(50) nh’" = h’rb—lpl + hn—2p2 + -+ pp

which are derived by taking the logarithmic derivative of (48) leads to different non-
commutative power-sums ¥y inductively defined by

(51) TLSn = n—l\:[ll + Sn—Q\I’Q —+ -4 \Ijn .

A bit of computation reveals then that

I
—

n

(52) v, =R, — Rl,nfl + Rl,l,n72 - = (_]—)lek,nfk ;
0

b
Il

which is analogous to the classical expression of p, as the alternating sum of hook
Schur functions. Therefore, in the descent algebra, ¥, corresponds to Dynkin’s ele-
ment, nf, (see (39)).

The ®,, can also be expressed on the ribbon basis without much difficulty, and one
finds

(53) o, — Z (_1)1(1)—1

RSN
|T|=n (l(I)—ll)

so that ®,, corresponds to n¢, (see (40)).

The case of Klyachko’s idempotent is even more interesting: it is related to the
so-called (1 — g)-transform (see [15]).

The following result is proved in [12].

THEOREM 2.3. Let F' = a(w) be an element of Sym,,, where m € X,,. The following

assertions are equivalent:

n’

(1) 7 is a Lie quasi-idempotent;
(2) F is a primitive element for A;
(3) F belongs to the Lie algebra L(¥) generated by the U,,.

Moreover, m is a Lie idempotent iff F — LU, is in the Lie ideal [L(V), L(¥)].

Thus, Lie idempotents are essentially the same thing as “noncommutative power
sums” (up to a factor n), and we shall from now on identify both notions: a Lie
idempotent in Sym,, is a primitive element whose commutative image is p,,/n.
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Noncommutative symmetric functions can also be regarded as elements of the free
dendriform algebra on one generator, and Lie idempotents can be expressed in terms
of its preLie structure. Indeed, there is a Hopf embedding ¢ : Sym — PBT of
noncommutative symmetric functions into PBT [8, 12, 13], which is given by

(54) (Sp)=(..((z=2)=x)...)=x (n times).

For example, the Dynkin elements are

(55) () =(..((zpz)pz)...)px (N times),
where
(56) arb=a>b—b<a

is the preLie product defined in any dendriform algebra.
Using the embedding in FQSym, the proof of this identity is remarkably simple.
Indeed,

(57) Go -2 = Gy (ng1) and 2<Go = Gnq1).0

so that ¢(S,) = Gia. . In terms of permutations, this is therefore the standard
embedding of Sym into FQSym as the descent algebra, for which, identifying G,
with o,

(58) U, =][...,[1,2],...,n—1],n].
It is then clear that

(59) xbx:G127G21:R27R11:\I/2

(60) Uy >z = Giog — Gaiz — G312 + G3o1 = R3 — Rig + Ry = U3
n—1

(61) U, 1>bxr= G12___n — -k Gn...21 = Z(_l)lek,n—k =V,.
k=0

2.9. THE CATALAN FAMILY. Recently, Theorem 2.3 has been used to identify a new
family of Lie idempotents of the descent algebras [23]. Families of coefficients obtained
from iterated integrals coming from resurgence theory turned out to be interpretable
in terms of noncommutative symmetric functions, thanks to a highly nontrivial iso-
morphism with a certain Hopf algebra of Ecalle’s alien operators.

Consider the generating series

1—(a+b)t— /1 ;a2b(ta +b)t+ (b— a)?t? _ Z can (a, b)t".

n=1

(62) ca(a,b,t) =

The coeflicients ca,(a,b) are homogeneous and symmetric polynomials in a, b of
degree n — 1, which reduce to the Catalan numbers for a = b = 1:

cai(a,b) = 1
cas(a,b) = a+b

(63) caz(a,b) = a® + 3ab + b
cay(a,b) = a® + 6a2b + 6ab? + b*

cas(a,b) = a* + 10a3b + 20a2b? + 10ab> + b*.

The coefficients of these polynomials are the Narayana numbers

-2
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so that
n—1
(65) ca,(a,b) = Z T(n,i+ 1)a’b" 1%
i=0
For any sequence of signs € = (¢1,...,&,) (n > 1), consider its minimal decompo-
sition into stacks of identical signs
(66) e=(e1,-y8n) = (m)" ... (s)™,

with ; # 1,01 and ny + -+ +ng = n.
Define the signed ribbons as

(67) R.e = (-1)!D7IR; (Ry =1, Ry = Ry),

where [ is the composition such that

(68) Des(I)={1<i<n—-1;¢=-}
The following result is proved in [23].

THEOREM 2.4. For n > 1, the element of Sym,,, defined by

(69) D(Tgl = Z H a H b | ca,,(a,b)...ca,, (a,b)Re
e=(m)"t...(ns)"s \ mi=+ ni=—
1<s 1<s

is primitive, and corresponds (up to a scalar factor) to a Lie idempotent of the descent
algebra.

For example, using the correspondence with the usual noncommutative ribbon
Schur functions,

Dg,b =Ry — Ry
Dg,b = (a + b)Rg — aR21 — leg + (a + b)Rlll
D;l’b = (a2 + 3ab + b2)R4 — a(a + b)Rgl — abRoy — (CL + b)leg
+a(a + b)RQll + abR121 + (a + b)lelg — (a2 + 3ab + b2)R1111 .

(70)

3. THE LIE MODULE AND ITS BASES

3.1. THE L1IE MODULE. Lie idempotents belong to a subspace of K&,, called the
Lie module, denoted by Lie(n). It is the linear span of the complete bracketing of
permutations, regarded as words over the alphabet {1,2,... n}.

Of course, these bracketings are not linearly independent, and the dimension of
Lie(n) is actually (n — 1)!. The simplest basis of Lie(n) is the Dynkin basis

(71) Do =[--[[1,0(2)],0(3)],-- ,o(n)]
parametrized by permutations fixing 1, or equivalently
(72) Dy =lo(1),[0(2),--+ [o(n —1),n]--]]

parametrized by permutations fixing n. The expansions of various Lie idempotents in
this basis can be found in [15].
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3.2. THE POINCARE-BIRKHOFF—WITT BASIS. A less obvious basis is the so-called
Poincaré-Birkhoff-Witt basis [2, 31]. Its elements are complete bracketings of permu-
tations, represented by complete binary trees with labelled leaves, such that for each
internal node, the smallest label is in the left subtree, and the greatest label is in the
right subtree.

Such a labelling of the leaves will be said to be admissible. In particular, the leftmost
leaf is always 1, and the rightmost one always n.

For example, the admissible labellings of all binary trees with three internal nodes
are

[ ] [ ] [ )
/N /N SN
° 4 ° 4 ° °
AN / VRN /N
./3 1\0 1 2 3 4
7\ VRN
1 2 2 3
[ [ ) [ )
/N /N RN
° ° 1 ° 1 .
/N /N /N VAN
4 . 4 2 °
/N /N
2 3 3 4

The corresponding Lie elements are

1,2],3,4], [[1,(2,3]),4] [[1,2],[3,4]],
(73) [[[]]][[H][[l][ﬂ

(131, 12,4]), [1,0[2,3],4]] [1,[2, (3, 4],
the smallest example of a tree with two admissible labellings being
(74) (1,21, (3, 4]],  [[1,3],[2,4]].

Note in particular that there is only one admissible labelling of the left-comb tree
and that this element is equal to the Dynkin element (39).

It is known [31] that the number of such labelled trees is indeed (n — 1)! and that
they are linearly independent. More precisely, one can count the number of admissible
labellings of a given tree.

Recall that the decreasing tree DT (w) of a word without repeated letters w = unv
is the binary tree with root n = max(w), left subtree DT (u) and right subtree DT (v).

The number of permutations of &,, with a given decreasing tree ¢ is given by the
hook-length formula

(75) Nty =n]] %U)

where the hook-length h(v) of a node v is the number of nodes of its subtree.

One can show (see Appendix) that the admissible labellings of a complete binary
tree T are in bijection with the permutations whose decreasing tree has shape ¢, the
binary tree consisting of the internal nodes of T.

3.3. THE CONVOLUTION LIE ALGEBRA AND ITS CATALAN SUBALGEBRA. The fol-
lowing easy proposition appears to have remained unnoticed.
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ProrosiTIiON 3.1.
(1) The direct sum
(76) Lie = € Lie(n)

n>=1

is a Lie algebra for the convolution bracket
(77) [a, Bl =ax 8 —Bxa

of K&, where x is defined as in (5).
(2) Representing its elements as complete binary trees with labelled leaves T(o),
one has

(78) (), T(B)l. = D [Taln), Ta()]

Y=71-72€%

where vy is the prefiz of v of size equal to the size of a. Note that in the r.h.s.,
the bracket is taken with respect to concatenation.
(3) Lie is (strictly) contained in the primitive Lie algebra of KG.

For example
([1,2],1], = [1,2] x 1 — 1% [1,2]
(79) =1[1,2].34+[1,3].2+[2,3].1 — 1.[2,3] — 2.[1,3] — 3.[L, 2]
= [[1,2], 3] + [[1, 3], 2] + [[2, 3], 1].

Proof. Points (1) and (2) are consequences of the following identity. Let o and 5 be
two permutations. Then,

(80) [a,Bly =axf—fra= Z (72 =72 m),

Y=71-72E€axf

which is immediate from the expression of the convolution product (5).

Point (3) is a consequence of Ree’s criterion (cf. [30]): in the free associative algebra,
the free Lie algebra is the orthogonal of the space of proper shuffles. But in K&, an
element is primitive iff it is othogonal to special shuffles ulllv, where v and v are
permutations of consecutive intervals [1, k] and [k + 1, n]. O

As proved in [31], the PBW basis is a Z-basis of Lie(n).

It is known that the primitive Lie algebra of K& is free [10]. Therefore, Lie, the
convolution Lie algebra, which is a Lie subalgebra of the previous one, is free as well
(see [30, Section 2.2]).

Moreover, the PBW basis of Lie allows one to define an interesting Lie subalgebra
implicitly defined in [2].

THEOREM 3.2 ([2]). For a complete binary tree T, let
(81) o= Y Tw)

o admissible
Then, the cr span a Lie subalgebra € of Lie.

Our proof of this fact relies upon the quadri-algebra structure, introduced in Sec-
tion 4. Actually, € is also a preLie algebra as already observed in [2].

Let T and T’ be two binary trees. We shall denote by T'A T’ the tree whose left

(resp. right) subtree is T (resp. T”). This grafting operation is understood as bilinear.
Let > be the preLie product as in Eq. (56).
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ExXAMPLE 3.3. Let us compute 1> [1,2]. By definition,

(82) 1,2 =1>(12—-21)—(12—-21) <1
and

(83) 1= 12=123+ 213,

(84) 1 <21 =132+ 231,

(85) 12 <1 =231+ 132,

(86) 21 <1 =321+ 312,

so that

(87) 1>[1,2] =123 +213 —2 x (132+231) + 312+ 321 =2 x [1,]2,3]] — [[1, 2], 3]
is a Z-linear combination of the two elements of degree 3 of the PBW basis.

PROPOSITION 3.4. € is stable for the preLie product 1>.
Writing T for cp, the preLie product satifies the recursion

(88) T > (T2 A\ Tg) = (Tl AN (T2 A\ Tg)) + ((Tl > TQ) A\ Tg) —+ (T2 A\ (T1 I>T3))
— ((Tl /\TQ) A Tg) — ((T2 A Tl) A Tg),
or, pictorially,

T, > . = ° + ° + °

N P PN VRN
T2 T3 Tl N ° T1 > TQ T3 T2 T1 > Tg
7\
T T
(89)
— ) — ° .
~N ~N
o om T
7\ 7\
T1 T2 T2 Tl

Proof. Let us define a new law b’ as T/ T/ =TT’ — T AT'. Then the statement
rewrites as

T]_ [>/ [ ) = _ ° + ° -
T2 T3 T1 >’ T2 T3 T2 T1 >/ T3
(90) + e - .
v ~N
T N o T3
VRN VRN
Ty Ts Ty Ty

We have seen that the product of FQSym can be split into the sum of the four
quadri-algebra products, so that the Lie bracket consists of eight different terms. Let
us group the terms as follows:

Sp-w(l,Te)=Tr \\To -T2 v/ T1
(91) Sw_p(T,To) =T/ To —Tra \\T1
Nw_p(T,To) =TT' \NTo -~ T2 /' Th
Ne w(,To) =T /To -T2 \NTh
Then,
(92) Sew(iT)= o SwpliT)=- s
T Ty Ty T

Algebraic Combinatorics, Vol. 5 #4 (2022) 641



Loic Foissy, FREDERIC MENOUS, JEAN-CHRISTOPHE NOVELLI & JEAN-YVES THIBON

(93)

[} [ ] ®
NW,E s N 7T‘g = N + N
( Ty T ) Sp-w(T1,T3) T, Nw-g(T1,T3) Ty

[ ] [ ]
+ ~ ~

T Sw_g(T2,T3) Ty Nw_5(To, T3)
and
(94) Ng_w(Th,Ty) = —Nw_g(T2,T1).

All these formulas are easily obtained by following carefully what happens to the
smallest and largest values in the different products.
It follows that

(95) T1 I>T2 = T1 - T2 — T2 =< T1 = SEfw(Tl,TQ) + NEfw(Tl,Tg),

whence the formula for the pre-Lie product of naked trees (89). O

In [2], a pre-Lie algebra structure is defined on the linear span of (abstract) complete
binary trees, by means of a combinatorial formula defined in terms of graftings. We
are now in a position to see that our pre-Lie structure on € coincides with that of [2].

PrOPOSITION 3.5. The Catalan preLie algebra € is isomorphic to the preLie algebra
Tob defined in [2, Sec. 3.2].

Proof. In the setting of [2], computing T>'T" amounts to taking the sum of all (naked)
trees obtained by creating a new internal node n in the middle of any right branch
and gluing T as left subtree of n, the right subtree of n being what was below n in
the beginning, minus the similar sum where one creates a new internal node in the
middle of any left branch and gluing T as right subtree. Indeed, Formula (90) consists
in the creation of two nodes on the branches connected to the root (last two terms)
and in the induction on the left and right subtrees (first two terms). 0

Recall that the primitive Lie algebra of Sym is freely generated by the W,,. Since
U,=((Gi>G1)>--)> Gy €&, we have:

PROPOSITION 3.6. The primitive Lie algebra of Sym is contained in the Catalan Lie
algebra €.

It is therefore of interest to investigate the expansion of the various Lie idempotents
of the descent algebra on the basis cr. The Dynkin elements are obviously the left
and right comb trees. The expansion of the Solomon idempotent is obtained in [2].

In the sequel, we shall obtain the following expansion for the Catalan idempotents
of [23].

THEOREM 3.7. For an element T'(c) of the PBW basis of Lie(n), denote by t the
binary tree consisting of its internal nodes, and let r(t) and 1(t) be respectively the
number of right edges and left edges of t. Then,

(96) np= > a" ' OT(0),

T(o)

where the sum is over all admissible labelled trees.
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In particular, the sum of the PBW basis is a Lie idempotent of the descent algebra.

The proof of this result involves the fine structure of FQSym, as a dendriform
algebra, and also as a quadri-algebra. As we shall see, it is not obvious to determine
whether an element of € belongs to the descent algebra. This question motivates the
developments of Section 6.

4. THE CATALAN IDEMPOTENTS IN THE PBW BASIS

This section is devoted to the proof of Theorem 3.7.

4.1. A FUNCTIONAL EQUATION. For a complete binary tree T, let T » / be the
evaluation of T" with G in all the leaves, and the operation '/ in the internal
nodes.

PRrROPOSITION 4.1. The operation ./ is magmatic, i.e. satisfies no relation other
than bilinearity, and

(97) Trv= Y, T)=cr

o admissible

1s the sum of all trees of shape T in the PBW basis.
Proof. This follows from Prop. 7.2 with B =7 O

It follows from the previous considerations that the formal sum X of the PBW
basis satisfies the functional equation
(98) X =G, +B(X,X), where BX,)Y)=X /Y,

and setting X = G; + X, we can introduce parameters to count left and right
internal branches: the sum X of the expressions for the Catalan idempotents proposed
in Theorem 3.7 is the unique solution of

(99) Xy =B(Gy +aX,,Gy +0X,).
From now on, we shall write ¢ for G, and set, for n > 2,
(100) Xn= > co0.
occ6,

Let 0 € 6,,, with n > 2. Let us first consider the case where n precedes 1 in o. Since
X=G;+X "X —-X X, the products contributing to ¢, correspond to products
7/ p containing ¢ which amounts to considering all ways of writing o as u - v with
1 € v and n € u. The other case for ¢ is similar so that ¢, is inductively

(101) Co = Z Q) bjo| Cstd (w) Cstd (v) — Z bjw|@|v| Cstd (w) Cstd (v) -
1 gﬂ,ifié}v nge; ,ulgv

Note that only one sum contributes to a nonzero coefficient for c,.
LEMMA 4.2. For o € G, defined =00 (n,...,1) = (on,...,01). Then:
o = (—1)"e5

Proof. This follows by induction from Eq. (101). Indeed,

Co = Z alu‘b‘vlcﬁd(“)cStd(U) - Z b\u|a|v\cstd(u)cstd(v)

IE:u.v F:ul.v
€cu,n€v neu,l€v
(102)
= - § ) bjv| Cstd (@) Cstd () T E b)u| Q|| Cstd (@) Cstd (7) -
o=u.v =_
l1€u,n€v n%ﬂjllév
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Now, |o| is equal to |u| 4 |v| hence of the same parity so that we recover ¢, with the
correct sign. O

The Narayana polynomials N,(a,b) == ca,_1(a,b) satisfy the recurrence
1ifn <2,

103 N, = 2
(103) (a+b)Nn1+ab>_ NyNn_ if n > 3.

k=2
Let 0 € G,,. We define the maximal runs of ¢ as the integers ip =1 < i3 < --- <
ip < M = ip41 satisfying the conditions
e For any 0 < k < p, O|{ip,...inpq} 1S MoONDOtONOUS.
e For any 0 <k <p—1, 0(4,,...i,»} 1S DOt monotonous.

4.2. PROOF OF THEOREM 3.7. We are now in a position to compute ¢, by induction.
Thanks to Eq. (101), we know that ¢, is obtained by deconcatenating o at all positions
between 1 and n. The main ingredient of the proof consists in observing that summing
over positions inside a given run gives a simple inductive formula.

PROPOSITION 4.3. Let 0 € &,. Let (ig,...,ip+1) be its sequence of runs and, for
0<k<p, put:

— {a if O\ {ig,...insr} 18 tnCTEASING,

b if 0|(iy,...ips,} 15 decreasing.

Let des(o) denote the number of descents of o. Then:

p—1 D
(104) Co = (_1)des(0) H me H Nik+1—ik+1'
k=0 k=0

Proof. We proceed by induction on n. This is obvious if n = 1.
Let us first assume that Ufl < U;l. There exists 0 < a < 8 < k + 1 such that
o7 =i, and 0, = iz. Hence:
B—1idgt1—ix—1
Co = ai1+-~-+ik+€bn—i1—-~-—ik—€cstd(0'1,...,o,ilJr...+ik+1g)Cstd(ai1+...+ik+g+1,.4.,0'71)
k=a (=0
B—1tdky1—ix—1 M

des
= (-1 ) oy Ninmiort Nimie 41 Nt Nip iy 1801000
k=« £=0

with
p—1
(105) M = ] mi,
i=0
(106) . +1if o144,,...i,,} 18 increasing,
—1if ofiy....ip.,} i decreasing;

MmNy —ip+1 if £ =0,
(107) ke = mk,lNiHl,ikJrl if 0 =gy —ip — 1,
mkflmkNéJrlNikaikfé fl1</< Th+1 — Ik — 2.
As {my_1,mi} = {a,b}, summing over ¢ yields

ihp1—ip—1

(108) Z ke = Niy i —i+1,
=0
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and we obtain

(109) o = (—1)des(@) H my, H Nip iy —int1 Z Ek-
k=0

P .. . _(_1\k—a P | . )
ASio =01, O|{in,...ins.} 18 increasing, so e, = (—=1)"" % Asig = 0,7, O|(is_,,....is}
is increasing, so 8 — a — 1 is even. Hence,

Sy 1- (1)

(110) ng > (-)F= — =1

k=0
which finally gives the announced result for c,.

Let us now assume that o, ! < o] 1 Applying the previous result to @, we obtain:

(111) Cp = (—1)n17des(@) HmkHNzw i1
k=0

If p is even, then

p—1 p—1

(112) LI 7% =[] = (ab)?.
k=0 k=0

If p is odd, then

p—l p—1 . P .
(113) H my, = (ab) 21(1 if o|(i,....i1} 18 increasing,
(ab)“= b if oy, i,y i decreasing,
(ab)

p—1

> aif og,,. i,,,} is decreasing,

pppppp

(114) I m: = {(“b

o ab)= "D if O|{ip,....ips1} 1S iNCreasing.

Aspisodd, oy, ..i,,,} Is decreasing if, and only if, 0|74, 4,3 is increasing. Therefore,
in all cases,

p—1 p—1
(115) 1T =TT
k=0 k=0
and finally the result is proved for any o. O

COROLLARY 4.4. If the descent sets of o and T are equal, then c, = ..

Comparing the explicit expressions for the coefficients, this proves Theorem 3.7.

5. A NEW BASIS OF €

5.1. FROM BINARY TREES TO PLANE TREES. In this section, it will be convenient to
label the basis elements of € by plane rooted trees instead of binary trees.

The Butcher product Ty " T, of two plane rooted trees Ty, To is obtained by
grafting T1 on the root of Ts, on the left. Then one defines the usual bijection from
plane trees to binary trees as the Knuth rotation K recusively defined by K(e) = ¢
(the empty binary tree) and for any plane rooted trees T and T,

(116) K(TrT)=K(T)AK(T).

This correspondence is illustrated on Figures 6 and 7 at the end of the paper, repre-
senting the Tamari order for n = 3, 4.

We shall make use of some typographical distinctions to help understand which
object is of what type: if T is a complete binary tree, we denote by ¢ the binary tree
obtained by removing its leaves, and by T the corresponding plane tree.
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The cover relation of the Tamari order on plane trees is described as follows: starting
from a tree T and a vertex x that is neither its root or a leaf, the trees T’ > T covering
T are obtained by cutting off the leftmost subtree of x and grafting it back on the
left of the parent of z.

Now, in the P basis of PBT (cf. [13] for background and notations), the product
P, P;, is an interval of the Tamari order, which is described on plane trees as fol-
lows. Let us define Ty = B(Uy ---U,.) where U ... U, are the subtrees of T and let
b1,...,b, be the vertices of the leftmost branch of Ty, b; being its root and b, its
leftmost leaf.

Then, any nondecreasing sequence 0 = 49 < 43 < i3 < -+ < i, = 7 of n
indices corresponds to one term of the product Pr,Pr,: define the plane forest
Fl(k) = (Us_y41,---,U;,) for all k& € [1,n]. The corresponding term of the prod-

uct (in the basis P) is the tree obtained by grafting all the elements of the forest F fi),
respecting their order, on the vertex b; and to the left of b; 1, see Figure 1.

by

/
Uiy --- Uiy *
Uis41...Us, “oby,
/

Ui, 141...U

in

FIGURE 1. A generic element of the product Pt,Pt,, where
Ui,...,U;, = U, are, in this order, the children of the root of T;
and the b; are the vertices of the left branch of Ts.

5.2. A NEW BASIS OF €. Define a new basis x; of €, (indexed by incomplete binary
trees of size n — 1) by the condition

(117) = qu R Zu(u,t)cu
u<t u<t

where < is the Tamari order, and p its Moebius funtion.
For example,

(118) x./.:c././.
(119) x<.:c<.—c/.
(120) Xeq =Cq —C

AL
(121) x‘.\.:c‘.\.—cx
(122)

Xeq =Ceq —C o —Cea +C o
For a binary tree t of size n — 1, denote by T = K ~'(t) the plane tree of size n

corresponding to ¢, and set X1 = x; and Ct = ¢;. Then on plane trees, the previous
equations read as (see Figure 6 for the bijection between incomplete binary trees of
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size 3 and plane trees of size 4)

R
AR
e A
AT
(127) X=C /I\

/‘}_ Cfx—f— C E
THEOREM 5.1. The preLie product in the X basis is given by

(128) XT1 > .XT2 = Z XT
TeG(T1,T2)

where G(T1,Ta) is the multiset of trees obtained by grafting T1 on all nodes of To in
all possible ways.

For example,

(129) X

oy
TR

To prove this theorem, we shall show that Equations (128) and (89) are equivalent.
To this aim, we define a new product » by the condition that it satlsﬁes (128) and
then show that it also satisfies (89). This is done in the following section.

(130) X

5.3. A PRELIE STRUCTURE ON PBT. Relation (117) between the bases z and c is
the same as the one between the natural basis P; of PBT and the multiplicative basis
H, defined in [13, Eq. (46)]. We can therefore define a linear map

¢ :PBT,_1 — Lie(n)
(131) P, — X,
H; — ¢,

and define a preLie product on PBT by requiring that
(132) Y(Hy, > Hyy) = ¢y >y,
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Theorem 5.1 can then be derived from a compatibility property of the usual product
of PBT with this preLie product. Indexing as above the bases of PBT by plane trees
instead of binary trees, we define a new product » by

(133) Pr» Pr = Z P
T7€G(T,T)

NoTE 5.2. We shall use the facts that P+ » P, = Pp(r) (by definition since B
amounts to add a root on a sequence of trees) and that Hy » H, = Hp(T) since the
trees smaller than B(T) in the Tamari order are the B(T’) with T < T.

ProrosiTioN 5.3. For U,V,W € PBT,
(134) U (VIW)=Uw VW+VU» W)-V(U» &)WV,
where ¢ = Py = H,.

The idea behind this formula is fairly simple: the left hand-side consists in gluing
U either on W or on V. The first two terms amount to doing essentially that, except
that an extra term appears that should not be there, where V is glued on U, hence
the corrective term with a minus sign.

Proof. Since (134) is linear in U, V, W, we can assume that
(135) U=Pr, V=P, W=Pr,

In that case, let by,...,b, be as above the vertices the leftmost branch of Ty. Then
the first product Pt, » (P1,PT,) is obtained by summing over three disjoint sets of
grafting patterns that we will denote by (a), (b) and (c).

Set (a) consists of the grafting patterns where Ty is grafted on a b; and to the left
of bj+1. Set (b) consists of those where Ty is grafted on a vertex belonging to T1. Set
(¢) consists of all other elements. We also denote by (d) the set of trees obtained in
the product Pt, (Pt, » ¢)P,.

Let us now consider the other two terms. The term (Pt, » Pt, )P, also gives rise
to two cases: either Ty is grafted on the root of Ty (set (a’)), or not (set (b')). Finally,
the term P, (P1, » Pt,) splits into two cases: either Ty is grafted on a b; to the left
of b;y1 (set (d')) or Ty is grafted somewhere else (set (¢')).

Let us show that the sets labelled with the same letters coincide.

First, consider an element T of (a’). From the product formula on plane trees, T is
a tree obtained by grafting Ty on the root of T, and then grafting all the children of
the root of this new tree, respecting their order, on the b;s of Ta, to the left of b;4 ;.
Whether we put the children of T; on the left of the b;s and then Ty on the same
spots or put them all together is irrelevant, so that sets (a) and (a’) coincide.

Let us now prove that (b) = (V'). Let T be in (V'). It has been obtained by grafting
To somewhere on a subtree U; of T1 and then by grafting all subtrees of T; on the
b;s as usual. This is the same as first grafting all subtrees of T; on the b;s and then
grafting T on a subtree that was initially a subtree of T;. So (b) = (b').

The equality (c) = (¢’) is easy: the operations of grafting the U;s on the b;s to the
left of b;+1 and then grafting T¢ not on that spots clearly commute, which means
precisely that (¢) = ().

Finally, let us prove that (d) = (d'). Observe that the product P, » Pt, decom-
poses into two cases, depending on whether Tg is grafted on a b; left of b;11 or not.
If it is the case (from which case (d') is derived by multiplying by P, on the left), it
corresponds to a term of the product (P, » )P, (from which case (d) is derived)
also by multiplying by P, on the left. Hence (d) = (d').
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This proves that
(136) P, » (P1,P1,) + P71, (P1, » ¢)P1, = (P1, » P1,)P1, + Pr,(P1, » P1,)
which is equivalent to (134). O
LEMMA 5.4. Let T be a tree of the form T = B(T') and Ty be an arbitrary tree. Then,
(137)  Hr, » Hr = Hp(r,m) + Hpr1) — Hper) — Hparery) + Hproem)-
Proof. In the P basis,

(138) Hr,»Hr=| Y P |»| Y Ppqy
T,<To TLT

Expanding the product, we find three kinds of terms: either Tj, is grafted on the root
of B(T") to the left or to the right of T” (two cases) or it is grafted below it. This last
case sums up to Hp(t,p7/). The other two cases are identical up to exchanging the
roles of Tg and T’. Let us deal with the first case. All trees appearing by grafting a
Ty < To to the left of the root of a B(T”) with T” < T’, are all smaller in the Tamari
order than B(ToT’). Conversely, all trees smaller than B(T(T’) belong to the first
case, except those where T(, was grafted below the root. But these trees are precisely
the elements smaller in the Tamari order than B(To " T'). So the terms belonging to
the first case sum up to Hp(ty1) — Hp(1or1)-

Analogously, the terms of the second case sum up to Hg(/71,) —Hp/rT,). Adding
the contributions of the three cases, we obtain Formula (137). O

Proof of Theorem 5.1. We are now is a position to prove Theorem 5.1 by showing
that » and > coincide.
We want to compute a generic product Ht, » Hrt. Since the H basis in multiplica-
tive, we can replace Hr by Ht,Hy, where Ty has a single tree attached: T, = B(T}).
Now let us apply Formula (134) on the H basis:
(139)
HT1 > (HT2HT3) = (HTI > HTz)HTz + HT2 (HTI > HTS) - HT2 (HTI > .)HT3'
By (137), the first term can be rewritten as
(140) (Hp(r,1y) + Hpryry) — Hpr,ery) — Hpryery) + Hpremy)) Hr,
and now its second term Hpt,7,)Hr, cancels with Hr,(Hrt, » ¢)Hr,, so that
Hr, » (Hr,Ht,) = Hp(,75)H7, + Hp(1,p 1)) H7, + H1,(HT, » Hr1))
(141)
—Hp,rry)Hr, — Hpryper)Hry,

which is exactly (89) expressed on plane trees. This proves that »= 1> by induction
on the sizes of the trees. O

NoOTE 5.5. The preLie product in the X-basis coincides with that of the free brace
algebra on one generator, which is the linear span of all plane trees, endowed with
the brace product

(142) (TaTo- - T, Tgr) = > T,
TeG(T1,To, . Tr;Thq)

where G(T1, Ta,... Tg; Trt1) is the multiset of trees obtained by grafting Tq,..., Tk
in this order on all nodes of Ty41 in all possible ways [11].

This brace product does not coincide with the one induced by the dendriform
structure of FQSym. Indeed, on can check that € is not stable for this one: ({e, e)e. o)
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is not in Lie. However, both products induce the same preLie structure, as well as the
extended preLie products

(143) {TiTy-- T T} = Z (To)To@) Toey T)

€S,
defined by their symmetrized versions (the Oudom—Guin construction [27]).

5.4. THE CATALAN IDEMPOTENT IN THE X-BASIS. Let PL be the free preLie algebra
on one generator, and let p, be its Chapoton-Livernet basis [7], indexed by rooted
trees. Recall that the preLie product in this basis is given by

(144) D D Py, = Z Dr,

TE€Y(T1,72)

where g(71, 72) is the multiset of trees obtained by grafting the root of 71 on all nodes
of T2.

By definition, € contains the free preLie algebra generated by X, = G1. As an easy
consequence of Theorem 5.1, we can express its Chapoton-Livernet basis in terms of
the X-basis of €.

LEMMA 5.6. For a rooted plane tree T, denote by T the underlying non-plane rooted
tree. The map

(145) t: pr— |Aut(7)] Z Xt
T

is an embedding of preLie algebras.

In terms of the symmetrized brace product (143),

(146) PB(ry-m) = {pn o 'p‘rkvXO}'

We shall therefore identify PL with its image under ¢.

As already mentioned, the primitive Lie algebra of Sym, being generated by the
U, is a Lie subalgebra of PL. In [6], Chapoton gives an expression of the Catalan
idempotent on the basis p,: setting the unnecessary parameter a to 1, the coefficient
of p, in D7, is equal to the generating polynomial of small closed flows on T by size.

A small closed flow of size k on 7 is equivalent to the following data:

e a set O of k distinct vertices (outputs), which cannot be the root;

e a multiset I of k vertices (inputs);

e a perfect matching between I and O such that each pair (i,0) determines a
path from 7 to o directed towards the root.

Denoting by F/(7, k) the set of small flows of size k on 7 and by d.(b) the polynomial
(147) d-(b)=> > W,
k ¢eF/(7,k)

we have [6]

(148) fh= Y de(bpr.
[7|=n

The rate of a vertex is the sum of the multiplicities of the inputs minus the number
of outputs in its subtree.

Define the canonical labelling can(T) of the vertices of a plane tree T as the one
which yields the identity permutation when the tree is traversed in postfix order: the
label of a node is the cardinality of its subtree plus the number of nodes strictly to
its left. For example,
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Extending the notion of flow to plane trees, we define the vector of a flow ¢ on T
as the tuple Vy = (¢(v1),. .., ¢(vy,)), where v; are the vertices of T numbered by their
canonical labelling. The complete example of all small closed flows on plane trees on
4 vertices can be found on Figure 8.

PROPOSITION 5.7. If T" > T in the Tamari order, the vector of any small closed flow
on T’ is also the vector of a small closed flow on T.

For example, on Figure 8, one can check that there are five different flow vectors
on plane trees of size 4 and that they all are flow vectors of the minimal plane tree,
the chain.

Proof. Let v be the vector of a small closed flow on T’. If T > T are canonically
labelled, and if T’ covers T, the description of the Tamari order on plane trees shows
that the subtree of a node labelled = in T’, contains all the vertices of the subtree of
the node labelled z in T. Indeed, T’ is obtained from T by cutting the subtree U of a
vertex u, and grafting it again on the left of its parent. The labels of the vertices of
U, being equal to the cardinality of their subtree plus the number of vertices to their
left, remain unchanged by this operation, and the other labels remain the same as
well. For example, the following tree covers the above one. The subtree of 5 has been
cut and grafted back on 8 without changing its labelling.

Thus, the rate of z in T is at least the rate of x in T’, so that it is in particular
non-negative. Hence, v is the vector of a flow on T, which is obviously small and
closed. g

Conversely, if a perfect matching between I and O never go through a left edge
of a tree T, then the same values on the same elements give rise to another perfect
matching on the tree T (a covering tree of T) obtained by cutting this edge and gluing
it on the node immediately above.

Define the maximal small closed flow ¢o(T) by choosing as outputs all the internal
vertices except the root, and the leftmost leaf of each subtree as inputs with the
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maximal allowed value. This is a flow of maximal size, whose vector is lexicographically
maximal among all flows of T
For example, the maximal flow on the first tree above is

(149) [0,3,0,0,—1,—-1,0,-1,1,—1,0,0],
and the maximal flow of the second one is
(150) [0,2,0,0,-1,0,0,—1,1,—1,0,0].

One easily checks that both flows are flows of the first tree but not of the second one
(the leaf 6 has a —1 as value).
Let ko(T) be the size of ¢o(T).

PROPOSITION 5.8. Given a plane tree T, there is a bijection between all small closed
flow on T and the set of mazimal flows on all trees T' > T. The flow vector is preserved
in the bijection.

Proof. We have already seen that each flow vector of T’ > T is a flow vector of T. So
in particular, each maximal flow vector of a T > T is a flow vector of T.

We need to prove that all maximal flow vectors are distinct and that each flow
vector of T is indeed a maximal flow vector of a T/ > T.

First, the maximal flow vectors are distinct since one can rebuild a tree given its
maximal flow vector v: the nodes i such that v; = —1 are the internal nodes, those
with v; > 0 are the leftmost leaves of a non-root node, and the nodes with v; = 0
are the other leaves and the root. So, reading the flow vector from right to left, there
cannot be any ambiguity on where node i should go, and since nodes are added from
right to left, no two flows can give rise to the same tree.

Finally, let ¢ be a flow on a tree T. If it is its maximal flow then the statement
is a tautology, so we assume that it is not maximal. We will prove that ¢ is a flow
on a tree T" > T and conclude by induction on the maximal distance from T to the
maximal element of the Tamari lattice, the corolla. Consider the maximal flow ¢’ of
T. There is a node that is nonzero in ¢’ and that does not have the same value in
¢. If it is an internal node, it has 0 value in ¢ and since it is the leftmost child of
its parent, we can cut its connection to its father and graft it on its grand-parent,
then obtaining a flow on a tree T’ > T. If there is no such internal node differing
between ¢ and ¢', there is a leaf that does not have its maximal possible value in
¢. Then, since all the internal nodes above it except the root have value —1, let n
be the bottom-most such node that has another flow coming to it from below. Then
cut the left child of n and graft it on the parent of n. In the resulting tree T’, the
flow is still valid. Indeed, by definition of a flow, if all matchings between inputs and
outputs correspond to a path towards to the root, then it is valid. In our case, n can
be matched to this other source, so that all elements matching to the leaf are either
above or below n and hence remain valid matchings in T'.

So we have proven that any flow of a tree T is either its maximal flow or a flow of
a tree T/ > T. Iterating this process with T, it will have to stop since there are only
a finite number of trees greater than a given tree. O

Note that ko(T) is the number of non-root internal vertices so that ko(T) = #(T)—1,
where i(T) is the number of internal vertices. It is also the number of left edges of the
corresponding binary tree. Thus, the polynomials dt(b) enumerate Tamari intervals
according to these statistics.

PROPOSITION 5.9.

(151) dr0) =" > o= vk,

k ¢eF/(T,k) 2T
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As a consequence, we recover Theorem 3.7.

COROLLARY 5.10.

(152) te= Y. b,
[t|=n—1

Thus, we have now two quite different explanations of the curious fact that the
Catalan idempotent is the weighted sum of the PBW basis. The first one relies upon
the functional equation (99), which involves the quadri-algebra structure of FQSym,
and the second one, which is derived from the preLie expansion given by Chapoton in
terms of small closed flows. It would be interesting to investigate in the same manner
the PBW expansions of the new Lie idempotents introduced in [6, Prop. 6.8 and
Conj. 6.10].

6. LIE AND PRE-LIE SUBALGEBRAS OF €

6.1. LEFT EQUIVALENCE. As we have seen on the case of the Catalan idempotent, it is
not easy to decide whether an element of Lie(n) expressed on the PBW basis belongs
to the descent algebra Sym,,. A similar question arises with PBT. For example, an
old conjecture by Ecalle, as reformulated by Chapoton, states that PBT N Lie is the
free preLie algebra generated by Gy = P,.

The equivalences classes to be defined below arose from the following question: in
a generic linear combination g = Zt ¢y of the basis ¢; of €, which trees must have
the same coefficient if one requires that g € PBT or g € Sym?

It turns out that the sums over equivalence classes span Lie subalgebras of Lie,
which are conjectured to contain respectively PBT N Lie (for the L-classses) and
proved to contain Sym N Lie (for the LR-classes). In both cases, the bracket of these
subalgebras admits a remarkable combinatorial description.

6.1.1. An exchange rule. Consider the following transformation on a binary tree T
choose a vertex v that can either be the root of T" or the right child of its parent. Let
Ty and T5 be the subtrees depicted below

(153) v N
Ty .
/
T3
and define 7" = L, (T) as the result of exchanging T} and T5:
(154) v — v
/N RN
T o Ty ..
s /
Ts T

Define an equivalence relation by T =y T iff T" = L, (T) for some vertex v. The
equivalence classes will be called L-classes.

Note that the numbers of left and right branches are constant in each equivalence
class.

For example, here are the L-classes of (incomplete) trees of sizes 3 and 4. In size 3,
there are four L-classes for five binary trees so that only one class contains two trees:

(155) o, and °>.

In size 4, there are ten classes. Here are the three non-trivial ones.
(156) {«\_, A B},{ex, '2-},{,&, '7}.
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6.1.2. Combinatorial encoding of the L-classes. The L-classes can be parametrized by
certain bicolored plane trees. To see this, let C' be an L-class and let T' € C.

Number its vertices in infix order (recursively label by consecutive integers the left
subtree, then the root, then the right subtree) so that flattening the tree results in
the identity permutation, and build two set partitions L(T") and R(T") where L(T)
(resp. R(T")) consists of the sets of labels of nodes along left (resp. right) branches. On
may observe that both partitions are noncrossing, and are related by the operation
of Kreweras complement.

The left subsets will correspond to white nodes and the right ones to black nodes.

Now build a bipartite plane tree, whose root is representing the sequence of R(T)
containing the root of 7" and such that all nodes below a given node are the subsets
of the other color (except the one encoding its own parent) that have an intersection
with the given node in increasing order of the intersection.

For example, let us consider the trees of the L-class (156). Their labelings are

(157) 2 | and 1

For the first tree, the white nodes will be the sets {1,2}, {3} and {4}, and the black
nodes the sets {1} and {2, 3,4}. These five sets are the vertices of an undirected bi-
partite graph, where there is an edge beween a white node and a black node whenever
the intersection of the underlying sets is nonempty. This graph is necessarily a tree,
because a cycle would imply a nonempty intersection between blocks of a partition.
The corresponding bipartite trees are thus

(158) o ) o and o
VRN VRN VRN
O o ©O O O o O O O
| | |
[ ] L] [ ]

As a more substantial example, consider the labeled tree

(159) 5

for which L(T) = {125,34,6,7} and R(T) = {567,24,1, 3} so that the corresponding
bipartite tree is

(160)

Note that in that case, the resulting bipartite tree is not the image of the initial
binary tree by the classical bijection between plane trees and binary trees (Knuth
rotation). However, this operation is a bijection since the number of children of the
(black) root gives the length of the right branch starting from the root and each
subtree corresponds itself recursively to a binary tree.

Actually, this correspondence coincides with the twisted Knuth rotation defined
in [2].
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THEOREM 6.1. The L-classes are indexed by bipartite trees with black roots up to
reordering of the children of the black nodes.

Proof. The exchange rule between two binary trees along a right edge amounts to the
exchange of the corresponding subtrees of the black node corresponding to the right
branch containing this right edge. O

We shall need at some point a similar encoding, now with a white root. The process
is the same except that the root is the part of L(T) that contains the label of the root
of T. These trees can be obtained from the black-rooted trees by moving above the
root its first (white-rooted) subtree. Again with the same three bipartite trees, we get

(161) o , o and

Note that in the case of the white-rooted bipartite trees we find in general several
classes of bipartite trees up to reordering of the children of the black nodes.

6.1.3. The Ecalle-Chapoton conjecture. The L-classes arose while investigating the
following question: given a generic linear combination C of the T'(o), regroup the
T(o) that always have same coefficient if one requires that C belong to PBT. They
conjecturally are the L-classes.

CONJECTURE 6.2. Any Lie element of PBT is a linear combination of L-classes.

The number of L-classes in size n is greater that the size of PBT,, NLie(n) so that
the conjecture provides only a necessary condition.

Here are some tables to clarify this point. Define a,, 1, as the dimension of Lie(n) N
PBT, ;,, where PBT,, ;; is the subspace of PBT,, spanned by the binary trees with
k right branches.

The a,, ;; are conjectured to be Sequence A055277, which is the number of rooted
trees with n nodes (hence the dimension of the free preLie algebra on one generator as
conjectured by Ecalle and Chapoton) refined by their number of leaves (parameter k).

n\k|[0]1]2]3]|4]|5|6
2 |1
3 (1)1
A055277
4 1121
(162)
5 (1] 4
6 |1]6 41
7 (1] 9|18]14] 5
8 [1]12]35(39(21|6/1

FIGURE 2. The ay .
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Let now b,, , be the number of L-classes with n — 1 nodes and k right branches.

n\k|[ 0] 1]2]3]4]5]6
2 |1
3 11
(163) 4 121
5 (153
6 1|8 [11]4]1
7 |[1]13[30|20] 5 |1
8 |[1[18|67|73(31]6]1

FIGURE 3. The b, .

The first discrepance between a, ; and b, occurs at n = 5. Indeed, all five L-
classes do not belong to PBT. The five L-classes with one right branch are (repre-

sented as incomplete binary trees)
Al

Let us denote these L-classes by C1,...,C5. Expanding these as combinations of
permutations in FQSymy;, one finds that only C5 belongs to PBT5. The linear span
of the other ones has a 3-dimensional intersection with PBT5. A linear basis of this
intersection is given, e.g. by

(165) Cy + Cy, Cy — Oy, C3 + Cy.

Even if many properties of L-classes are conjectural, the following result is already
of interest.

THEOREM 6.3. Let £(n) be the linear subspace of Lie(n) (and therefore of the Catalan
subalgebra €) spanned by the L-classes. Then L(n) is a sub pre-Lie algebra of €.

The pre-Lie product s11> sy of two L-classes can be computed as follows: let By and
By be their respective representatives as black-rooted bipartite trees and let B be the
non-equivalent representatives as white-rooted bipartite trees of s1. Then the product
is obtained as the following sum:

e with a minus sign, all trees obtained by gluing By as a child of a white node
Of BQ,’

o with a plus sign, all trees obtained by gluing any element of B} as a child of
a black node Bs.

The multiplicity of a given tree is equal to the number of ways to cut it into two parts
such that so is the part containing the root of the tree and sy is the other part.

Proof. Recall that the preLie product of two naked trees T'>T" is obtained by gluing
in all possible ways T” on the middle of all branches of 7" (adding an invisible root
to T" so that it is its right subtree), the sign of the result depending on the branch
being left (—1) or right (4+1), see (89).
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Consider two L-classes C’ and C” and let T} be a tree occuring in C'>C"”. Let now
T, be a tree obtained by a right branch exchange from T3 (hence in the same L-class
as T1). We want to show that the coefficient of Ty in the preLie product C' > C” is
the same as the coefficient of T} in the same product.

To do this, let us encode all the ways of obtaining 7} in T} > T} with T € C’ and
T/ € C" as a set of triples (77,T}',a) where a € T} is the branch used to insert T}
inside T7'.

Now, follow the branch a through the right branch exchange sending 77 to T and
contract it (that is, reverse the gluing process on it). We then get two trees, Ty and
T3'. Now, several cases arise. If a was not itself the right branch on which the exchange
occurred, it is obvious that: either T4 = T} and T% is obtained from 7}’ by an exchange
along a right branch, or 7§ = T{" and Ty is obtained from T by an exchange along
a right branch. Moreover, if a was the exchange branch, then the parent branch of
a was itself a right branch (condition to be allowed to exchange subtrees) and Tb is
then obtained by gluing 77 onto the father branch of a in T}

So each triple of T7 is sent to a different triple of T5. Since their roles can be
reversed, this injection is in fact a bijection, which proves the required result. O

Let us now describe the pre-Lie product of two L-classes on their natural combi-
natorial encodings.

For example, let s; be the L-class of s and sz be the L-class (156). Then By
and By are respectively

(166) o and o
| VERERN
[¢] o O O
. .

and the product s1 > s9 is

].67 — [ ] — [ ] — Y + Y + °
( ) VAR RN /7 1\ /7 1\ 7| \ /7 1\
] o O o [e) o O o O O O o ]
| I\ [N | 7| |
[ ) [} e o [ ] [ ] [ ) e o [}
| | | |
o] o o o]
| | | I\
[ ] [ ) [ ] [ [ )
whereas the product s > 57 is
(168) — ° — ° + e + e + e + e
| | | I\ I\ |
[e) o] [e) 0] [e) () [e) o)
! I\ | I\ N | | |
e o [} [ ] [ ] e o o e o [ ]
VAR RN VRN | [IERN [IERN |
0] o) 0] 0] o] o 0] 0] o o ) ]
| [N | |
[ ] [ ) [ ) [ ] [ ] [ )
I\ [IERN
0] 0] o o
|
[ )

6.2. LR-CLASSES OF BINARY TREES.

6.2.1. R-equivalence. Exchanging left and right, we have a symmetrical notion of R-
equivalence. For a binary tree T', choose a vertex v that can either be the root of T’
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or the left child of its parent. Then let T and 75 be as depicted below

(169) R
. Ty
A
15

and define 7" = R, (T) as the result of exchanging T} and Tb:
(170) v > v

/N /N

° T ° Ts
AN AN
Ts T

The union of this relation and its twin relation (154) defines the LR~equivalence:
T =g Tt T =L,(T)or T' = R,(T) for some vertex v.

Again, the numbers of left and right branches are constant in equivalence classes.

For example, here are all LR-classes of (incomplete) trees of sizes 3 and 4. In size
3, there are three LR-classes for five binary trees and one class contains three trees:

any {aooe ]

On size 4, there are six LR-classes. Here are the four non-trivial ones.

et o ) )

6.2.2. Combinatorial encoding of the LR-classes. Consider an LR-class C' and a tree
T belonging to it. Number its nodes as above in infix order and build two set partitions
L(T) and R(T) where L(T) (resp. R(T)) consists of the subsets of numbers of nodes
along left (resp. right) branches. The left subsets will correspond to white nodes and
the right ones to black nodes.

Now build a bipartite free tree (i.e. neither rooted nor ordered) whose nodes rep-
resent the blocks of L(T) or R(T) (with the appropriate colors) such that two nodes
are connected iff their intersection in nonempty.

For example, consider the trees of the LR-class (172). The first three give rise to
the same tree (see Equations (156) and (158)) and the last one is labelled as

(173) 4

so that its (plane bipartite) tree is
(174)

AN
o

oO-e-0-e@

which is again topologically equivalent to the three previous trees.
THEOREM 6.4. The LR-classes are parametrized by bipartite free trees.

Proof. LR-classes are built by successively applying either an exchange of subtrees
along a left or a right branch. None of these change the tree associated with their
plane trees (defined as the encoding of their associated L-classes). Indeed, a right ex-
change corresponds to an exchange of children of a black node whereas a left exchange
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corresponds to an exchange of children of a white node. The statement then follows
since this is an equivalence. ]

6.3. LR-CLASSES AND THE DESCENT ALGEBRA. The LR-classes arose while investi-

gating the following question: given a generic linear combination g of the c;, regroup

the ¢; that must have the same coefficient if one requires that C' belongs to Sym.
In this case, one can prove the following result.

THEOREM 6.5. The intersection LieNSym is contained in the linear span of the LR-
classes.

Proof. Tt is known that Lie is (strictly) contained in the primitive Lie algebra of
FQSym (cf. [28]; this is also an easy consequence of Ree’s criterion). The coproduct
of Sym is the restriction of that of FQSym, so all elements of Lie NSym are primitive.
Conversely, the primitive Lie algebra of Sym is generated by the Dynkin elements
V,,, which is an element of the PBW basis, and is alone in its LR-class (its bipartite
free tree is the star with a black vertex at the center). Hence, the result follows from
Proposition 6.6 below. U

The number of LR-classes in size n is greater that the dimension of Sym,, NLie(n),
so that an LR-class is not necessarily in Sym.

Here are some tables to clarify this point.

Let us define a .k as the dimension of Lie(n) intersected with Sym,, , where
Sym,, ;, is the subspace of Sym spanned by all ribbons with k parts.

Note that the a,, , are known (from external considerations) to be Sequence
A055277, which is the number of Lyndon words in two letters a and b with k times
letter b.

n\k{0]1]2]3[4]5]6
2 |1
3 11
A245558
4 [1]1]2
(175)
5 (1]2]2]1
6 [1]2]3]2]1
7 11]3]5]5 1
8 1378|731

FIGURE 4. The aj, ;.

Let now b/, , be the number of LR-classes with n — 1 nodes and k right branches.

The first d1screpance between a .k and b .k occurs at n = 6. Indeed, all ten LR~
classes do not belong to Sym. The dlscrepance occurs with k = 2, hence on free trees
with 3 black and 3 white nodes. They are

(177) o .

e-0-e-0-0
O-e-0-@-0

o]
o]
O-e-0-@e-0-0
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n\k[|0|1|2|3]|4]|5|6
2 1
3 111
A122085
4 111]1
(176)

5 1122 |1
6 1124
7 1137|713
8 1/3(10]14]10|3 |1

FIGURE 5. The b] ;.

Let us denote these LR-classes by Li,...,Ls. Expanding these as combinations

of permutations in FQSymy, one finds that none belongs to Symg. However, the
intersection of their linear span with Symg has dimension 3, and a linear basis is
given, e.g. by

(178) L1+ Ly, Lo+ Ly, L3 — Ly.

PROPOSITION 6.6. Let B(n) be the (vector) subspace of Lie(n) (and of naked trees)
generated by LR-classes. Then B(n) is a Lie algebra.

Proof. This follows directly from the fact that the subspace generated by L-classes is
a preLie algebra with a simple product rule. O

Again, directly from the product rule of the L-classes expressed as bipartite black-
rooted trees, the Lie product of the LR-classes is quite simple.

THEOREM 6.7. The Lie product [s1, $2] of two LR-classes can be computed as follows:
let By and By be their respective representatives as free bipartite trees. Then the
product is obtained as the following sum: all trees obtained by gluing By as a child of
a white (resp. black) node of By with a minus (resp. plus) sign. The multiplicity of a
given tree is equal to the number of ways to cut it into two parts such that one is s1
and the other one ss.

7. APPENDIX

7.1. MISCELLANEOUS REMARKS. The LR-classes admit several alternative defini-
tions. The original one involves elementary moves on binary trees. Another one relies
on two non-crossing partitions which can be read on a complete binary tree with
n leaves: label the sectors by 1,...,n — 1 from left to right. The blocks of the first
partition m consist of the sectors which are separated by a left branch. The blocks
of the second one 7' consist of the sectors which are separated by a right branch.
Then, 7 is the Kreweras complement of 7’. Define a directed graph whose vertices are
blocks of b of 7’ and blocks b of w. The oriented branches are the pairs (b',b) such
that &’ Nb # @. This graph can be encoded by a bicolored tree, by coloring sinks and
source in black and white, and forgetting the arrows and the labels.

CONJECTURE 7.1. The bracket of B is

(179) [,y =2zty—ytuax
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where & is a Lie admissible operation, computed on bicolored trees from a coproduct d
la Connes—Kreimer: the coefficient of z in x & y is equal to the number of subgraphs
of z isomorphic to x such that removing its vertices yields a graph isomorphic to y.

Let us also observe that the main result of [2], the expression of the Solomon
idempotent on the basis ¢; of €, is actually (as expected) an expression of the LR-
classes, and that moreover, the cofficient of a free tree is the same for its two possible
bicolorings.

7.2. ADMISSIBLE LABELLINGS AND DECREASING TREES.

PROPOSITION 7.2. The admissible labellings of a complete binary tree T are in bijec-
tion with the permutations whose decreasing tree has shape t, the binary tree consisting
of the internal nodes of T'. Their number is therefore given by the hook-length formula.

Proof. Let Ty(a), To(3) be two admissible labellings. Define

(180) B(Ty(a), T5(B)) = > T(v),

std(u)=«, std(v)=p
l€u, n€v, y=uv

where T is the complete binary tree with left and right subtrees T7 and T5. The sum
runs over a subset of the admissible labellings of T', and each admissible labelling is
obtained in one, and only one sum B(Tj(«), T>(8)) for some « and 8. Thus, the sum
of all admissible labellings of T is Br (I), where for a complete binary tree T and
a bilinear map B, Br(a) means the evaluation of the same tree with B at internal
nodes and «a in all the leaves. This yields a bijection between these labellings and the
permutations of &,,_1 occuring in B%.(1), where

(181) B'(G.,Gg) = > Gy=G,>1=<Gy
std(u)=c, std(v)=p3
l€u, n€v, y=uv

in FQSym (see (15) and (16) below for the last expression), which are precisely the
permutations whose decreasing tree is t. O

For example, consider the complete binary tree T’
182 .
(182) o

[ ] ®
VRN /N
[ ) C [}

VR 7N\
a b d e
The constraints on the labellings impose that a = 1, f = 6, b < ¢, and d < e. There
are therefore 6 different labellings:
(183) 123456, 124356, 125346, 134256, 135246, 145236.

These labellings are indeed in bijection with the decreasing trees of shape

(184) F
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where the constraints fix that F' =5, B < C, and D < E. Note that the inequalities
are exactly the same between capital and non-capital letters.

This observation allows a more direct description of the bijection. Start with a
complete binary tree T' and an admissible labelling. Record into each internal node
the set of values of the leaves below it. Then remove 1 from all subsets containing it,
send each value ¢ to i — 1 in all subsets and then select in each subset (starting from
the leaves and moving towards the root) the smallest value that has not yet been used
by the nodes below it.

One easily checks that the resulting tree is indeed decreasing, that the process can
be reversed, and that starting with a decreasing tree, one indeed obtains an admissible
labelling of the corresponding complete binary tree.

For example, this bijection sends each labelling (1, b, ¢, d, e, 6) of the above complete
binary tree to the labelling (B,C,D,E,F) = (b—1,c —1,d — 1,e — 1,5) of the
corresponding incomplete binary tree.

7.3. THE TAMARI ORDER ON PLANE TREES. Recall the cover relation of the Tamari
order on plane trees: starting from a tree T and a vertex x that is neither its root or
a leaf, the trees T' > T covering T are obtained by cutting off the leftmost subtree of
x and grafting it back on the left of the parent of x.

The Hasse diagrams here are drawn upside down with respect to the usual conven-
tion: the smallest element is at the top.

/ /
“ £
oA
. \/1\/

FIGURE 6. The Tamari order on incomplete binary trees and on the
corresponding plane trees (size 3).
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S
N\, /
e,

FI1GURE 7. The Tamari order on incomplete binary trees and on the
corresponding plane trees (size 4).
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0 0 0 0 0
185
( ) \ \ \ [ \
-1 -1 0 -1 0
\ \ \ \ \
-1 0 -1 1 0
\ [ \ \ \
2 1 1 0 0
-1 0 0
N /N
0 /N 1 -1 1 0 0
/ N\ / N\ /N / N\ |
0 -1 0 -1 0 O 0 0 0 O
| | | |
1 0 1 0

(1]
2]

(3]

(4]
(5]
[6]
[7]

8

9

(10]
11]
(12]

(13]

FIGURE 8. Small closed flows on plane trees with 4 nodes
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