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Abstract

A subset of leaves of a rooted tree induces a new tree in a natural way.
The density of a tree D inside a larger tree T is the proportion of such
leaf-induced subtrees in T' that are isomorphic to D among all those with
the same number of leaves as D. The inducibility of D measures how
large this density can be as the size of T tends to infinity. In this paper,
we explicitly determine the inducibility in some previously unknown cases
and find general upper and lower bounds, in particular in the case where
D is balanced, i.e., when its branches have at least almost the same size.
Moreover, we prove a result on the speed of convergence of the maximum
density of D in strictly d-ary trees T' (trees where every internal vertex
has precisely d children) of a given size n to the inducibility as n — oo,
which supports an open conjecture.

1 Introduction and statement of results

The inducibility of rooted trees is a recently introduced invariant that captures how
often a fixed rooted tree can occur “inside” a large rooted tree. By a d-ary tree, we
mean a rooted tree whose internal (non-leaf) vertices all have at least two and at
most d children. In the special cases d = 2 and d = 3, we speak of binary and ternary
trees, respectively. A rooted tree is called strictly d-ary if every internal vertex has
exactly d children. For our purposes, it is natural to measure the size of a rooted tree
T by the number of leaves, which we denote by ||T||. A subset S of leaves of a d-ary
tree induces another d-ary tree in a natural way: we first take the smallest subtree
of T that contains all the leaves in S, and then repeatedly suppress all vertices with
only one child by contracting the two adjacent edges to a single edge, until no vertex
with a single child remains. The procedure is illustrated in Figure 1. The resulting
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tree is called a leaf-induced subtree. Its root is precisely the most recent common
ancestor of the leaves in S.

[ ]
b by by Uy b byl

Figure 1: A ternary tree (left) and the subtree induced by four leaves {¢1, (5, (3, (4}
(right).

A copy of a fixed d-ary tree D is any leaf-induced subtree that is isomorphic to
D; we denote the number of distinct copies of D in T by ¢(D,T). In other words,
¢(D, T) is the number of subsets of the leaf set of T' that induce a tree isomorphic to
D. A normalised version of this quantity is the density v(D,T), which is defined as

c(D,T)

N7l

(llDll)
This can be seen as the probability that a leaf subset of T', chosen uniformly at
random among all sets of || D] leaves, induces a subtree isomorphic to D. Thus it

always lies between 0 and 1. Now we finally define the d-ary inducibility of a fixed
d-ary tree D as the limit superior of the density as the size of T tends to infinity:

7(D7T) =

I;(D) = limsup v(D,T)=limsup max ~(D,T). (1)
[ T||—o00 n—00 [|T||=n
T d-ary tree T d-ary tree

It is a nontrivial fact, proven in [4], that one can replace limsup by an ordinary limit
in the second expression. Moreover, it is possible to restrict T to strictly d-ary trees
without changing the value of the limit (also proven in [4]):

I;(D) =1 D, T) = li D, T). 2
a(D) = lim — max  (D,T) = lim  max (D7) (2)
T d-ary tree T strictly d-ary tree

Note here that | 7|| =1 mod (d — 1) for every strictly d-ary tree T' (which is well-
known and easy to show), hence the restriction to values of the form (d — 1)n + 1.
The definition described above parallels the notion of inducibility of graphs, which
is defined in an analogous way (“copies” being isomorphic embeddings). Its investi-
gation began with a paper by Pippenger and Golumbic [12], and there is a substantial
amount of literature on this parameter (see [1,8,10,11] for some recent examples).

Bubeck and Linial defined a similar concept [2, Problem 4]: for two (unrooted)
trees S and T, let C'(S,T) be the number of copies (isomorphic embeddings) of S in



A.A.V. DOSSOU-OLORY ET AL./AUSTRALAS. J. COMBIN. 81 (1) (2021), 1-24 3

T. Moreover, let Zy(T') be the number of k-vertex subtrees of 7. The inducibility
of S in the sense of Bubeck and Linial is the limit superior of the quotient Z(:(?)
(i.e., the proportion of subtrees of T' that are isomorphic to S among all subtrees of
the same size as S) as the size of T" tends to infinity, similar to (1). There are two
important differences: the trees in the setting of [2] are not rooted, and subtrees are
induced by arbitrary vertices rather than leaves. A consequence of the latter is that
the denominator Zg/(T") depends on the full structure of 7" rather than its size only,
which can complicate matters. Bubeck and Linial asked in particular whether there
are trees other than paths and stars whose inducibility can get arbitrarily close to
1, and whether there is a constant € > 0 such that there are infinitely many trees of
inducibility > €. Both questions were settled recently by Chan, Kral, Mohar, and
Wood [3]: the answer to the former is negative (there is a constant €; > 0 such that
every tree that is neither a path nor a star has inducibility at most 1 —€;), while the
answer to the latter is affirmative.

The definition of inducibility in (1) in terms of leaf-induced subtrees first appears
in an article by Czabarka, Székely and the second author of this paper [5], originally
only in the binary case. The maximum value of I;(D) is equal to 1, and it is attained
precisely when D is a binary caterpillar, i.e., a binary tree whose internal vertices
form a path rooted at one of its ends (see [4]). Note that this is trivial if [|[D|| =1
or ||D|| = 2, since there are no other trees of the same size in these cases. On the
other hand, the following lower bound was shown in [4] to hold for all d-ary trees
with & > 1 leaves:

(k—1)!

Io(D) = pr—
with equality for the star when k = d. In particular, we have I;(D) > 0 for all d-ary
trees D. The minimum min|pj—x I4(D) is not known in general, though. In this
context, it is worth mentioning that the quantity

liminf ~(D,T) =liminf min D, T),

7|00 g ) n—oo ||T||=n g )

T d-ary tree T d-ary tree

which is the minimum analogue of the inducibility, is much better understood. Specif-
ically, it was shown in [6] that this quantity is always equal to 0 unless D is a binary
caterpillar, in which case an explicit formula can be given.

While the limit in (2) is difficult to evaluate, it can be used to approximate
I4(D); this method was applied in [7] to two concrete examples. For this purpose,
information on the speed of convergence is crucial. Define I;(D;n) and ig(D;n) as

I4(D;n) = max D, T) and i4(D;n)= max D,T), 3
ADim) = max y(D.T) (D)= max A(DT), (3)
T d-ary tree T strictly d-ary tree

so that I4(D) = lim,, o 14(D;n) = lim, o iq(D;n). It was shown in [4] that

/(D) < 1(Dem) < 1,(0) + AU D (1)
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so the sequence of maximum densities converges to the limit with an error term of
order at most O(n~!). There are concrete examples (see [5]) showing that the order
of magnitude of this error term cannot be improved in general. In the case where
only strictly d-ary trees are considered, it was shown in [4] that

ia(D;n) = I4(D) + O(n™"?). (5)

Here and in the following, O-constants may depend on d and D, but nothing else.
It is an open question whether the order of the error term in (5) can be improved.

This paper contributes to all the aforementioned questions. In particular, we
determine the precise value of I;(D) in some new cases. Among the trees to which
our method applies are what we call even d-ary trees (based on the property that the
leaves in these trees are “evenly distributed”). This extends previous results in the
binary case [5]. The even d-ary tree with k leaves, denoted EY, is defined recursively
as follows:

e For k < d, E{ is a star, consisting only of the root and k leaves.

o If £ > d, we express it as k = ds + b, with b € {0,1,...,d —1}. Take d — b

copies of E¢ and b copies of EZ, |, and connect a new common root to each of

their roots by an edge to obtain EY.

Figure 2 shows the even ternary trees with up to nine leaves.

A /N /ﬁ\ /&\
E} E3 E} E}
E} E3?

E§
Figure 2: All even ternary trees with at most nine leaves.

While in general, the trees T that attain the maximum in (3) seem to be difficult
to determine, we find evidence (looking at small instances) that there is an explicit
answer for even trees, namely that the even d-ary tree E¢ always has the greatest
number of copies of the tree E¢ over all n-leaf d-ary trees:
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Conjecture 1.1 Let d > 2 and k > 1 be two fized integers. Then we have
Ly(E;n) = (B, Ey)
for every n > 1.

We verify that this holds in the limit as n — oco. The following theorem gives an
explicit formula for I;(E¢).

Theorem 1.2 Let the constants ¢y be defined recursively by co = ¢y = 1, and by
d\ @b . b
Cds+b = ( )CS Cot1
b dd8+b _ d
for every s > 0 and every b € {0,1,...,d —1}. Then we have
I(EH = k!¢

for every k.

As an example, Table 1 indicates the value of I3 for the first few even ternary
trees.

Table 1: Some values of I3(E}).

k [1]2]3|4|5]6 [ 7] 8 |9 | 10 | 11 | 12
L(E?) H 1 ‘ 111] s ‘ 3 ‘ 15 ‘ 15 ‘ 35 ‘ 7 ‘ 1575 ‘ 4725 ‘ 1247400
3\ 10 138 | 121 | 208 | 2186 | 5248 | 255886 | 453596 | 104594881

In addition, we show that the asymptotic formula
i(Egin) = Lo(Bg) + O(n™")

as n — oo holds for all even trees E¢, lending support to the conjecture that the
error term in (5) can generally be improved to O(n™1).

Theorem 1.2 will be proven as part of a general approach in which a strictly
d-ary version of even trees plays a major role. For the inducibility of arbitrary d-ary
trees, our approach yields both a general lower bound (Theorem 2.3) and an upper
bound (Proposition 3.1). In both cases, the bounds are determined recursively by
decomposing a rooted tree into its branches, i.e., the smaller trees that result as
components when the root is removed. As it turns out, the inducibility of a tree can
often be bounded in terms of the product of the inducibilities of its branches, both
from above and below.

As a particularly simple example, we have

I4(D) < f[ 14(D;)

for every d-ary tree D with branches Dy, D5, ..., Dy with the property that no two
nonisomorphic branches D;, D; have the same size (Corollary 3.3). We provide a
more general version of this inequality as well as further upper and lower bounds of
a similar nature. We also demonstrate in some examples how they are applied to
compute or approximate the inducibility in different cases.
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2 A special limit

The proof of Theorem 1.2 (as well as other results) relies on a general recursion
for the number of copies ¢(D,T) of a tree D inside a larger tree T', based on the
decomposition of a rooted tree into its branches. It will be useful for notational
purposes to allow empty trees (in particular, as branches of a tree) with no leaf. If
D is empty, then we set ¢(D,T) = 1; accordingly, we will also set I;(D) = 1 if D is
empty. If T is empty, but D is not, then ¢(D,T) = 0.

For a d-ary tree D with branches Dy, D, ..., D, (some of which are allowed to
be empty), we define the equivalence relation ~p on the set of all permutations of
[d] ={1,2,...,d} as follows: for two permutations 7 and 7" of [d],

(7(1),7(2),...,7(d)) ~p (7'(1),7(2),...,7'(d))

if for every j € [d], the tree D, (;) is isomorphic to D.(;) as a rooted tree (i.e., there
is a root-preserving isomorphism between the two; two empty trees are of course
considered isomorphic). Moreover, let M (D) be a complete set of representatives of
all equivalence classes of ~p. One verifies easily that all these equivalence classes
have the same cardinality.

With all this notation in mind, we can state and prove the following lemma,
which will be used repeatedly in various places of this paper.

Lemma 2.1 Let T be a d-ary tree with branches Ty, Ts, ..., Ty (some of which might
be empty). Then for every d-ary tree D with branches Dy, Do, ..., Dy (some of which
might also be empty), we have

(D, T) = Zc(D,Ti) + Z HC(DW(j),j—’]-) :

i=1 reM(D) j=1

Proof. Recall that ¢(D,T') denotes the number of subsets of leaves of T" that induce a
copy of D. A subset of leaves of T belongs to either a single branch of T" or different
branches of T'.

The number of subsets of leaves that belong to a single branch of 7" and induce a copy
of D is given by Z?:l ¢(D,T;). On the other hand, the number of copies of D in which
its branches Dy (1), Dx(2), - - ., D) are induced by subsets of leaves of 11,75, ..., Tg,
respectively, is given by H?Zl c(DW(j),Tj). This term needs to be summed over all
distinct (non-isomorphic, to be precise) permutations of the branches Dy, Dy, ..., Dy,
for which M (D) provides a set of representatives. Hence, the formula follows. a

For our next step, we introduce the natural analogue of even d-ary trees in the class
of strictly d-ary trees:

e The tree HZ consists only of a single leaf.
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o If n >0, wewriten—1=ds+b, withb € {0,1,...,d—1}. Take d—b copies of
H¢ and b copies of HZ, ;, and connect a new common root to each of their roots
by an edge to obtain H?. For future purposes, let us write s;(n) = so(n) =

- = 84-p(n) = s and sd_b+1(n) = Sg_pi2a(n) = -+ = sq(n) = s+ 1 to encode
the branches.

See Figure 3 for an example. One easily shows that H¢ is a strictly d-ary tree with
(d—1)n+1 leaves for every n. As in the sequence of even d-ary trees, the leaves are
as evenly distributed among the branches as possible. We first prove that v(D, HY)
converges to a positive limit for every fixed d-ary tree D, which immediately provides
a lower bound on the inducibility.

Figure 3: The tree H3.

Definition 2.2 For every d-ary tree D, let ng(D) be determined recursively as fol-
lows: it is equal to 1 when D is empty or only consists of a single vertex. Otherwise,
let Dy, Dy, ..., Dy be the branches of D (some possibly empty), and define M (D) as
in Lemma 2.1. Now set

1D
D =
D) <HD1”,HDQH,...,HDdH dHDII H”d

Theorem 2.3 For every d-ary tree D, we have
¥(D, Hy) = na(D) + O(n"),
where the constant implied by the O-term only depends on d and D.

Proof. Define ¢(D) = % which satisfies the recursion

(D) anu dch (6)

Let us set k = ||D|| and ¢; = ||D;|| for simplicity and use induction on k to prove
that there exists a nonnegative constant x(D) such that

(D, HY) — ¢(D)n*| < k(D)n* (7)

holds for all n > 1. This is straightforward for £ = 0, where D is the empty tree,
c(D,H?) =1 and ¢(D) = 1, so that we can take x(D) = 0. Likewise, the cases
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k=1 (where ¢(D, HY) = ||HY|| = (d — 1)n+ 1 and ¢(D) = d — 1) and k = 2 (where
d —1)n
c(D, HY) = (HH2 H) = ((d 12) +1) and ¢(D ): (d— 1) ) are easy.
For the induction step, we apply the recursion of Lemma 2.1: for the tree T = H¢,

the branches T are of the form ng(n), where s;(n) = [%1] or s;(n) = [254] + 1.
So for every j, we have

br(i L
(Dr3): T3) = 6D 1T + O(IT 70 7) = 6(Day) (5) ™ + O(n=007)

by the induction hypothesis, applied to Dy(;. From this, it follows that the final
sum in Lemma 2.1 (with T = H?) is equal to

S T (600 (2)™ (106) ) = o T oo (3) (1+0).

reM(D) j=1 i=1
Thus, we can conclude that

d

(D, HY) =3 e(D, HE () + |M(D yH¢ () Ot ).

=1

In particular, there exists a positive constant C'(D) such that

’ (D, HY) — ic D, HY ) — |M(D)| ﬁ(ﬁ(Di)(g)k’ < oDt (8)

for all n > 1. We choose (D) in such a way that (7) holds for 1 <n < d, and

k(D) > sup D) 3 i [5i(n)* ~ (E) |+ C(D)n*~ |

d
= nkt = iy S

This choice will be justified later. To see why the supremum is posmve and finite,
note first that the denominator is always positive, as Z?Zl si(n)k1 < (ZZ L Si(n))kFt
= (n — 1)*71. The numerator is clearly positive, so the fraction is positive for every
n. Moreover, since s;(n) = 2 4+ O(1) for each 4, the numerator is O(n*~!), and the
denominator is n*71(1 — d?=%) + O(n*~2). The factor 1 — d*7* is positive as we are
assuming k > 3. Therefore, the quotient remains bounded as n — oc.

Now we prove by induction on n that (7) holds for all n > 1 with this choice of (D).
For 1 < n < d, it holds by our choice of k(D). For n > d, we can apply the induction
hypothesis to ¢(D, H,(,)) for all 7 in (8), which is possible since s;(n) > 1 for all 7.
This yields

d d

(D, 1) =Y o(D)sin) M (D) T] (D) (5 )| <+ Z n) - C(D)nk !

=1 =1 =1
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by the triangle inequality. Applying the triangle inequality one more time gives us

d

o(D, Hy) —d- ¢<D>(§)k ~ [M(D)] H¢<Di)<g)k’

< K(D) Y si(n) T+ ¢(D) Y

i=1 i=1

si(n)k — (g)k‘ + (D).

By the recursion for ¢(D), we have |M(D)| [, #(D;) = (d* — d)¢(D), and by our
choice of k(D), we have

which finally reduces to

(D, HY) = 6(D)n"| < (D",
completing the induction with respect to n and thus also the induction with respect
to k. O

Note that
na(D) = lim ’V(D7Hff) < I4(D)

n—oo

holds by definition, so Theorem 2.3 provides a lower bound on the inducibility. We
now show that this lower bound is in fact sharp for (among others) even trees, thereby
proving Theorem 1.2. This is achieved by proving a matching upper bound, which
is derived in the following.

3 Upper bounds involving branches

We first need some notation. For a fixed d > 2 and a given d-ary tree D with
branches Dy, Do, ..., D, (some of them possibly empty), we define the d-dimensional
real function

D._:
Z — € ™(3)
(,TI,CEQ,...,LU ) d 1Dl Z H J ’

1= reM(D) j=1
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It follows from the definition that this function is always symmetric in its variables.
This is because ™ ~p 7’ implies that D, ;) and D, ;) are isomorphic for all j, thus

| Dxij)|l = [[Drjy|| for all j. It follows that the final product is the same for all
members of an equivalence class of ~p, and we can write Zp as
d
1 [M(D)] 1Dl
ZD($1,$2,--.,$d) = 1 _Zd .CUHD” . d! Z ij ’ ’ (9)
i=1Ti €Sy j=1

the sum now being over the set S; of all permutations. For example, when D is the
even ternary tree E2 with seven leaves, as shown in Figure 2, the function is given

by
3,2,2 | ,2.3.2 | 2.2 3
TITRT3 + T1TRT3 + T1XT3

7 7 7

ZE$’<I‘17 T, x3) =

The following proposition bounds the inducibility of a tree D in terms of the
inducibilities of its branches and the function Zp.

Proposition 3.1 Let D be a d-ary tree with branches Dy, Dy, ..., Dy (some of them
possibly empty). Then the following inequality holds:

I1D|| :
1(D) < ( D)) s Zple e ...x),
IDu[, D5l | Dl (H ) bt

0<z1,x2,....,xq9<1
1+t Fxg=1

(10)

The benefit of this proposition is that the combinatorial problem is translated to
a purely analytic question. The supremum on the right side of the inequality can be
determined explicitly in many cases. In order to prove the proposition, we first need
a technical lemma on the supremum occurring in (10) that will also be useful at a
later point.

Lemma 3.2 Let D be a d-ary tree, and let Dy, Do, ..., Dy be its branches (some of
which might be empty). Moreover, let m; be the number of branches with j leaves for
every 7 > 0. We have

sup ZD(x17'T27"‘7xd) S |
0<z1,z2,....,249<1 d!
z1+x2++xg=1

’M(D)‘szomj! _ ( | D]l >_1
[ D1, 1 D2ll, - - -, [| Dall

In particular, if D has the property that no two nonisomorphic branches have the
same size, then

—1
sup ZD(':Ehx??"'uxd) < ( ||D|| ) ’
0<x1,22,...,xq<1 HDIHJHDQH?ﬂHDd“
T1+zo+-Fxg=1

Finally, if D has only two nonempty branches Dy, Dy with | Dy|| =1 and || Dz > 1,

then )
sup Zp(w1,22,...,24) = 707 -
0<zy,29,...,x4<1 HD”
r1+x2+Frg=1
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Proof. Let us use the abbreviations k = ||D|| and ¢; = ||D;||. Recall that we can
write the function Zp as

1 (i
ZD(:El?wQa"'?xd): 1 Zd ‘ Z HJ? 7

le‘ eSSy j=1

We apply the multinomial theorem to (z; + 29 + - - - + 24)* and split the resulting
terms according to the exponents of xy, s, ..., x4 into permutations of (k,0,...,0),
permutations of (¢1,0s,...,¢), and the rest The terms corresponding to permu-
tations of (k,0,...,0) are clearly ZZ L 2¥. Monomials where the exponents form a
permutation of ({1, 4, ..., ¢;) have a coefﬁment of ( and the sum of all such
monomials can be expressed as

41 ,Z:...,Kd) ’

oS | G

J>0 'ﬂesdg 1

since each of them occurs precisely [] j>0™My! times in the sum over all permutations

in Sy. So the contribution to the expansion of (x; +xg+ -+ xd)k according to the
multinomial theorem can be expressed as

1 ( k ) 7r(J)
HJ>0mJ 61,62,..., %H

The remaining terms corresponding to exponents that are not permutations of (&, 0,
,0) or (01,0y,...,¢;) are clearly nonnegative whenever the variables x1, xa, ..., 24
are, so we obtain

d
1 k

T1+ T+ -+ ag)t > xf—i——( > bets)

( ' : d) ; H 617627"'7 ZH

m
320770 reSy j=1

If additionally x1 + 29 + - - - + x4 = 1, then we can easily manipulate this to get

ZD(xl,xz,...,xd) = 1d ‘M ‘ZH W<J

1 - Z =1 w TESy j=1
< |M (D )|Hj20mj! k !
- d! Uil lg)
which proves the first part.
If we assume that two branches D;, D, of D are isomorphic if and only if | D;|| = || D, |,

then the equivalence relation ~p is given by

T~p T = Ur(jy = Lrr(jy for all j.
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Accordingly, the elements of M (D) correspond to all distinct permutations of ({1, £5,

..., 4g), and we have
d!
(IM(D)| = 75—
szo m;!
giving us the second part of the lemma.

For the proof of the final part of the lemma, we merely need to show that the upper
bound can be reached in the limit for a suitable sequence of vectors (z1, xs, ..., x4).
Note that under the given conditions, the function Zp is given by

Dt (Ii‘”?_l + If_lfj)

Zp(x1, T2, ..., xq)

1—- Z?:l xf
_ (Z?:l xl) ( E?:l xfil) — (ijl xf)
1 - Z?:l xf '
If weset oy =29 =--- =241 =¢€and g =1 — (d — 1)¢, the numerator is readily

seen to be (d — 1)e + O(e?), while the denominator is (d — 1)ke + O(€?). Hence we
have

1
lim ZD(E,os,...,os,l—(d—l)e):E7

e—0Tt

which completes the proof of the lemma. O

Proof of Proposition 3.1. Let us first consider the case that D has only two leaves.
We can then assume that both D and D, are single vertices, and all other branches
empty. Thus I4(D) = 14(Dy) = 14(Dy) = -+ - = I4(D4) = 1. Moreover,

d d
_ Z{M}Q[d} Titi (i i)’ = Y T ‘

1= 22 21— a2)

If 21 + a9+ -+ x4 = 1, this actually simplifies to %, so the supremum in the

inequality is %, and the statement of the proposition holds.

ZD(.CL’l,ZL‘Q, Ce ,.CEd>

For the rest of the proof, we can assume that D has more than two leaves. As
before, let us use the abbreviations k = || D|| and ¢; = || D;||. We know from the proof
of Theorem 3 in [4] that

k(k—1)

0 < 1(Din) — 1(D) <
n

(11)
for all n > k. Consider a sequence Ty, T, ... of d-ary trees such that ||T,|| — oo
as n — oo and ¢(D,T),) is the maximum of ¢(D, T) over all trees T" with the same
number of leaves as 7). Denote the branches of T,, by T}, 1,12, ..., T4 (some of
these branches are allowed to be empty). One can assume that 7, ; is the branch of
T, with the greatest number of leaves for every n. Set a,,; = ||T..||/||1| for every
i € [d] and every n (the proportion of leaves belonging to T, ;), and set 3, = 1 — v, ;.
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We distinguish two cases based on whether 3, is “large” (bounded below by a positive
constant) or “small” (going to 0 along a subsequence) as n — oc.

Case 1: Suppose that (3, is bounded below by a positive constant § as n — oo.
We can assume that § < é. Note that (3,, is automatically bounded above by % by
definition. It follows that

d

1-Y ok, >1-ak, <Zam> —1-(1=B)F =B >1—(1—68)F —d* (12)

=1

for all n, since the function z + 1 — (1 — 2)¥ — 2* is increasing for = € [0, %] and

2
decreasing for x € [%, 1]. Now we apply Lemma 2.1:
d
S BRI S | CT
i=1 TmeM(D) j=1
In view of (11), it gives us

Id(D)(HZI; H) <cD.T,) <> <[d ||Tm\| )) (”Tg,z’H)

=1

d
€7r(j)(£7r(j) — N (IT;]]
" [T (14(Dx5) 1T )02

reM(D) j=1 tr(s)

which implies that

1D <HT ||) . Z

=

HTnZHk HTn,inl)
k! (k —2)!

(1D
Z ﬁ ( M + N(Tn,ijw(j))> ,

j=1 7"(])

where N(T,, j, Dr(;)) is equal to || Ty, ;]|® 7/ (Cr) — 2)! if Lrjy > 2, and 0 otherwise.
Consequently,

T, _
(1~ § ITill*) 1a(D) < B! §j ||f o Ll ’(”), + O(ITlI*),
7'('_]'

reM(D) j=1

as ||T,.;|| < |1l for all j € [d] and all n. Dividing through by [|T,,||*, we get

d
(- X)) < gy 3 Tt + o0z
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Now using the fact that 1 — Zle Oéfm- is bounded below by a positive constant as
n — oo by (12), we deduce that

d
k
< ) .
D) < <i111d(D1)> (517527 . ’£d> Zp(ani,anay ..y anq) + O T,

d
k
= ‘ -1y
> <H]d(Dz)> (€1,€27---,€d> sup ZD(Il,ZE27 733d)+0(||Tn|| )

0<z1,x2,....,0q9<1
z1tz2+-txg=1

Finally, we take the limit as n — oo, giving us the desired result in the first case.

Case 2: If (,, is not bounded below by a positive constant, then liminf, . 5, =
0 and we can assume (without loss of generality, by considering a subsequence if
necessary) that the limit of 3, is actually 0 as n — oo. Denote by T,,\T,,1 the tree
that is obtained by removing the branch 7, ; from 7;, (and possibly the root of T, if
there is only one other nonempty branch). We first prove two auxiliary claims.

Claim 1: We claim that the number of copies of D in T,, that involve more than
one leaf of T,\T}, 1 is at most of order O(B2|T,.||*).

For the proof of this claim, note that by definition, the number of copies of D in
T,, that involve more than one leaf of 7,,\T,, 1 is at most

2’“:<||Tn|| —‘||Tn,1||> (||Tn1||) 3 I- Il T

s J = —J)!
k ji—2  k—j
<l_a”1)] A q
= [ITu]l* (1 = ann)? W
; k=)t
i 1
<Tul*52 ) | -
;J!(k’—ﬁl

This completes the proof of Claim 1. It follows that the proportion of copies of D in
T,, that involve more than one leaf of T),\T},; is at most of order O(32) among all
subsets of k leaves of T,,.

Claim 2: We further claim that D must have only two nonempty branches, one
of which is a single leaf.

Indeed, suppose that D does not have this shape. Then the subsets of leaves of
T,, that induce a copy of D come in two types: either the k leaves are all leaves of
T,.1, or more than one of the k leaves is a leaf of T,,\T}, ;. So this gives us

o(D,T,) = ¢(D, Tn1) + OB Tul") (13)

by Claim 1. It was established in the proof of (11) (see [4, Theorem 3]) that

0<14y(D;j)—La(D;j+1) < ——=



A.A.V. DOSSOU-OLORY ET AL./AUSTRALAS. J. COMBIN. 81 (1) (2021), 1-24 15

Summing all these inequalities for j = m,m + 1,...,n — 1, we find that

0 < L,(D:m) — L,(D:n) < k(k — 1)(i _ 1) |

m n

Thus we have

Lo(D;m) — Iy(Dyn) = 0(” - m)

mn

as m < n and m — oo. In particular, since 7,, was assumed to contain the maximum
number of copies of D among all trees of the same size,

[Tl = 1751l
7(D7Tn,1) - 7<D>Tn) S Id(D; HTn,lH) - V(D’Tn) = O( ”T ” . HT 11H ) . (14)
Using (14), formula (13) implies that
(") T ]| = 1IT1
oD, T,) <~k Lep. T, +(’)< T |- el = Wondll g2y k)

Thus

(||Tn,1 ||)
(1= SED) D, T,) < 0BTl + BITIY).

(IIYI“:H)

and using the asymptotic formula

("D = (") ~ i = L SRS )

which holds since ||T},|| ~ ||T1]|, we derive
YD, T) < O(ITll™" + Ba) -
Therefore

I;(D) = lim v(D,T,) <0
n—oo
as lim,_,o, B, = 0. This contradicts the fact that I,(D) is strictly positive (which
was mentioned in the introduction and also follows from Theorem 2.3). Thus the
proof of Claim 2 is complete.

Back to the main argument, we can now assume (by Claim 2) that D has only
two nonempty branches, one of which (D, say) is the tree that has only one vertex.
Since we are assuming that k£ > 2, the second nonempty branch Ds of D has at least
two leaves. Using Claim 1, we get

¢(D,T,) = ¢(D, Tn1) + (ITall = [ TunlDe(D2, o) + O(BLITAII")
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Following the same course of reasoning used to prove Claim 2, it is not difficult to
see that

T, ]
< Ul = 1D (7 )2 (D To) + O (BT 4 GEITLIE)

It follows from the asymptotic formula (15) now that
YD, T,) = (D2, Tnp) < O(| Tl 7" + Ba) -
Applying liminf to both sides of this inequality, we get
I;(D) — limsupy(Dy, T,,1) = liminf (V(D,Tn) — ’}/(DQ,TnJ)) <0,

n—o00 n—oo

which implies that
I4(D) <limsup (D2, T1) < I4(D>) .

n—oo

This completes the proof of Case 2 and thus the entire proposition once we invoke
the final part of Lemma 3.2. a

The following corollary is a direct consequence of Proposition 3.1 combined with the
first and second part of Lemma 3.2.

Corollary 3.3 Let D be a d-ary tree, and let Dy, Dy, ..., Dy be its branches (some
of which might be empty). Moreover, let m; be the number of branches with j leaves
for every 7 > 0. Then we have

M(D)|[Lisgm;! +&
]d(D)S‘ ( )‘CEIJZO d ]:[Id(Di).

If D has the property that no two nonisomorphic branches have the same size, then
this reduces to

Further improvements rely on our ability to determine (or estimate) the supre-
mum over the function Zp occurring in Proposition 3.1. This will be achieved for a
special class of trees in the following section.

4 Balanced trees

Recall from Theorem 2.3 that ny(D), as described in Definition 2.2, provides a lower
bound on the inducibility: n4(D) < I;(D). Simple instances where equality holds
are the empty tree or trees with only one or two leaves. It turns out that there are
many more such cases, which is a consequence of the following theorem:
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Theorem 4.1 Let D be a d-ary tree with branches Dy, Da, ..., Dy (some of which
may be empty). If 1,(D;) = nqa(D;) for all branches and the supremum of Zp(x1, xa,

., Zq) under the conditions 0 < x; <1 and x1 + x9 + -+ + x4 = 1 is attained when
T1=Tg ="+ =Ty = é, i.e.,

11 1y |M(D)
Zplay, e, ... xg) = 7 <_,_,,'.,_>:—,
v SR Zp(enanxa) = Zp( G g g ) = ol =g
r1+w2+trg=1

then we also have I4(D) = ng(D).

Proof. Let us compare the recursion for n,,

D] (D)
D)= (4 ..o, = LD (16)

to the upper bound in Proposition 3.1:

0<z1,22,...,xg<1
z1twe+-trg=1

d
D]
]d(D) S ( ( ]d(Dz)> sup ZD(iL‘l,J,’Q,...,ZL‘d).
il 10sl- o) UL

(17)
The similarities are obvious. Plugging 1 =29 = -+ = x4 = é into the representa-
tion (9), we obtain
11 1 1 |M )| IM(D)|
A ( ) _ gl — )]
P\ad 7 d) T 1 q-lol ; —dIol— g
TESq
Thus we can combine (16) and (17), giving us
HDH ) D)|
D) < I;(D Iy(
D) < D)< (1 it g a2 H i
_ 1D )
B (||D1||, 1Dl ... |1 Dall ) dTPT = d H”d )
which implies that I;(D) = n4(D). O

Let us now define a class of trees for which the supremum condition of Theo-
rem 4.1 is satisfied. A balanced d-ary tree is a d-ary tree whose branches D1, Do, ...,
Dy (some of which may be empty) satisfy |||D;|| — || D;]|| < 1 for all 4,7, i.e., the
number of leaves in two different branches differs at most by 1. In particular, this
means that a balanced d-ary tree is either a star or has root degree d. Figure 4 shows
an example of a balanced 4-ary tree.

It turns out that balanced d-ary trees always satisfy the supremum condition of
Theorem 4.1. Among other things, this will imply Theorem 1.2.
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Figure 4: A balanced 4-ary tree.

Lemma 4.2 For every balanced d-ary tree D with branches Dy, Dy, ..., Dy (some of
which may be empty), we have

|M(D)|
su Z 1. Loy ..., T = —_—
Ogml,xg,?,zd<l D( b2 ’ d) dHDH —d
r1txo+-Frg=1

In the proof of this lemma, we rely on Muirhead’s inequality (see [9, p. 44-45]).
Let A = (ay,a9,...,a4) and B = (by,bs,...,bg) be vectors of real numbers with
a; > ap > -+ > aqg and by > by > --- > by. We say that the vector A majorizes the
vector B if S°% a; = 32 b; and for every j € {1,2,...,d — 1},

J

i=1

i=1
Muirhead’s inequality states that for nonnegative real numbers xi,xs,..., x4, We
have
d d
A () (%)
> 1= =2 1=
TESy i=1 TESy i=1
if A majorizes B, the sum being over all permutations of [d] = {1,2,...,d}. For

our purposes, the following special case is particularly relevant: let k be a positive
integer, and write it as k = ds+b, with b € {0,1,...,d—1}. It is not difficult to see
that the vector (s+1,...,s+1,s,...,s) (b copies of s+ 1, followed by d — b copies
of s) is majorized by all other vectors of d nonnegative integers with sum k.

Let us now get to the proof of Lemma 4.2.

Proof of Lemma 4.2. Let us write k = || D|| as in previous proofs. Since D is balanced,
there exists a positive integer s such that each branch of D contains either s or s+ 1
leaves. Writing k = ds+0b, where b € {0,1,...,d— 1}, we have b branches with s+ 1
leaves, and d — b branches with s leaves.

We write the function Zp according to (9) as

1 [M(D)] T ID.
ZD($17'T27"'7$d): d ’ €, ) :
1=, o) d! 7;561 31;[1 ’
As mentioned before, the vector of branch sizes (|| D1, || Dzl|,-..,||D4l]) = (s +

1,...,s+1,s,...,s) (without loss of generality in decreasing order) is majorized



A.A.V. DOSSOU-OLORY ET AL./AUSTRALAS. J. COMBIN. 81 (1) (2021), 1-24 19

by all other ordered nonnegative integer vectors of the same length and sum. We

expand
d

(3on) -3

i=1
by means of the multinomial theorem and group the terms according to the vector
of exponents. Each of the resulting groups has the form

d
oy 1+

TeSy j=1
for a suitable constant C' and a vector (ai,as,...,aqs) whose sum of entries is k.
Since each vector (ay,as,...,aq) majorizes (||D1||,||Dzll,--.,||Ddl|), we can apply

Muirhead’s theorem repeatedly to obtain

d

k d dk—d d »
() - 3oet= St [Tt
i=1

=1 TeSy j=1

If the sum of the x;s is equal to 1, then this immediately yields

d

1 |M (D) 1Dl _ [ M(D)]

Zp(@1, 2, Ta) = ik ql >, = S F—d
1= T reSy =1

Equality holds in Muirhead’s inequality if and only if all x; are equal, so this is also
the case for our inequality: when xy = 29 = --- = x4 = Cll, the upper bound is
attained (as we have already seen in the proof of Theorem 4.1). This proves the
lemma. O

The following theorem is now straightforward.

Theorem 4.3 For a balanced d-ary tree D with branches Dy, Dy, ..., Dy (some of
which may be empty), the inequality

|M(D)] I1D|| :
1) < gror— d(HDlH, 1D, HDdH) [[ 7P

holds for every d. Furthermore, if 1;(D;) = nq(D;) for all i, then we also have
14(D) = n4(D).

Proof. The first part is a consequence of Proposition 3.1 and Lemma 4.2. The second
part follows from Theorem 4.1 together with Lemma 4.2. a

The upper bound in Theorem 4.3 can be extended to trees which have fewer than
d nonempty branches, but are otherwise balanced (i.e., the number of leaves in any
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two nonempty branches differs at most by 1). In this case, the same approach yields
the inequality

|M(D)] |1D|| I
1) = =55 (||D1||,||D2||,...,||Ddu> [ 7P,

where X(D) is defined as follows: let r be the number of nonempty branches of D,
and let V(D) be the set of all vectors (ki, ko, ..., kq) with 0 < k; < ||D|| for all 1,
ki + ko + -+ kg = ||D||, and at least d — r of the entries k; equal to 0. Then

SD)y= Y (k‘l,k‘!?”wk) '

(k:1,k‘2 ..... kd)EV(D)
Let us now look at an application of Theorem 4.3.

Proof of Theorem 1.2. Let us define EJ to be the empty tree, which is consistent
with the recursive definition. We have I;(ES) = ny(ES) = I4(EY) = na(EY) = 1.
Since even trees are balanced and their branches are again even trees, it follows by
induction on k from the second part of Theorem 4.3 that I4(E¢) = na(EZ) for all k.
Setting ¢, = I4(E)/k! = ng(EZ)/k!, we have ¢y = ¢; = 1. The recursive definition
of ny yields

o By M(EG,) (nd(E§)>d-b<nd(E§H)>b
BT s+ b))l ddtb—d \ gl (s+1)1/) -

The even tree EY ., has two types of branches (E¢ and EY, ), occurring d — b and
b times respectively. Thus the elements of M(EY,,,) correspond precisely to the

b-element subsets of [d]. So [M(ES.,,)| = (‘Z), and it follows that

((If) d—b b

Cdstb = Tgsrb _ gCs  Cs+l)

which is precisely the recursion stated in Theorem 1.2. O

A complete d-ary tree is a strictly d-ary tree in which all leaves are at the same
distance from the root; the complete d-ary tree with d” leaves (whose distance from
the root is h) is denoted by C¢. It is not difficult to see that complete d-ary trees
are precisely the even trees of the form Egh, see for instance Ej in Figure 2. As
a corollary of Theorem 1.2, we obtain an explicit formula for the inducibility of a
complete d-ary tree.

Corollary 4.4 For the complete d-ary tree of height h, we have

Li(Cy) = (dh)!}i:[1 (ddhﬂ' B d) —d |

Proof. Note that I;(C%) = (d")!cgn, and the recursion
1
dd" —d
holds. The stated formula follows easily by induction. O

d
Cgh = Cgh—1
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Balanced trees are by far not the only trees that satisfy the supremum condition of
Theorem 4.1. For example, one can show that all binary trees where one branch has
¢ > 2 leaves and the other £+ 2 leaves satisfy it. This implies, among other instances,

that the binary tree T} in Figure 5 has inducibility I5(T}) = n2(17) = 24—157. The tree

T, in the same figure can also be shown to satisfy the conditions of Theorem 4.1

(even though it is not balanced), and one obtains I3(T3) = n3(1s) = %

Th T

Figure 5: Further examples satisfying the conditions of Theorem 4.1.

Unfortunately, it does not seem easy to characterise the cases when the supremum
condition of Theorem 4.1 is satisfied. An answer to this open question would be
extremely useful.

We conclude this section with a result on the speed of convergence of the maxi-
mum density over strictly d-ary trees to the inducibility.

Theorem 4.5 If [,(D) = nq4(D), then we have
ia(D;n) = I4(D) +O(n™ ). (18)
Proof. The lower bound is a consequence of Theorem 2.3, since
ia(Dyn) 2 y(D, Hy) = na(D) + O(n").
The upper bound follows directly from (4):

DI = 1)

t(Din) < 1(Di(d = 1)n+1) < (D) + 2725 =

O

As mentioned in the introduction, this result gives support to the conjecture
that (18) holds for arbitrary trees D (in general, it has only been proven with an
error term O(n~'/2)). As we have seen in this section, there are many examples for
which the condition I4(D) = n4(D) holds, such as all even trees.

5 Further bounds

Even when Theorem 4.3 does not yield the precise value of the inducibility, it often
gives us very good bounds. In the case where D has d identical branches, the following
theorem shows that it is at least “almost sharp”.
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Theorem 5.1 Let d > 2 be a fixed integer and D a d-ary tree. Assume that D has
d branches all of which are isomorphic to the same d-ary tree, say D'. Then we have

d d
DIt 1) DIt (140
aor \ o) =P = g —a o

Proof. The lower bound is a special case of [4, Theorem 9], while the upper bound
is a direct consequence of Theorem 4.3. O

We conclude with a lower bound on the inducibility of a tree in terms of the
inducibilities of its branches, of which the lower bound in the previous theorem is
also a special case.

Theorem 5.2 Let D be a d-ary tree with branches Dy, Da, ..., Dy (some of which
may be empty). The following inequality holds:

d d
ID| o b
1(D) > ( |DI- T D P T 2u(D
IDu 1 1Dl - 1Dl [l 11

Here, we set 0° =1 if | D;|| = 0 for some i.

Proof. Let us write k = || D|| and ¢; = || D;|| as in previous proofs. For each D;, we can

find a sequence of rooted trees T\ such that ||T || =n and lim,_, v(D,,T( ) =
I;(D;). Now define a new sequence of trees 7T, as follows:

e For each i € [d], take a copy of the tree Te(ji, which has ¢;n leaves (if £; = 0, this
is the empty tree).

e Add a new root, which is connected to the roots of all these trees by an edge.

Note that the tree T, has Z?Zl(ém) = kn leaves. If we take a leaf set in the i-th
branch that induces a copy of D; for each 7, then the union of all these leaf sets
induces a copy of D. Therefore, we have

17Té(zn :

||::g

This also follows easily from Lemma 2.1. Now note that ¢(D;, Te(jr)z) = (ezﬁ)y(Di, E(;D
and ¢(D,T,) = (kg)v(D,Tn). It follows that

d m d
v(D,T,) > H H (D, T2

As n — oo, the right side of this inequality tends to

I, 2 k
ST D) = (ﬁl,@,.. ) kl‘{geqfd
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so it follows that

n—oo

d d
k
I,(D) > 1i D,T,) > el [T,
d( )— lmsuer( ’ )_ (£17€27"'7£d> H Z H d( )7

which completes the proof. O

Let us illustrate the results of this section with two final examples, which are
shown in Figure 6.

T1 T2

Figure 6: Two final examples.

For the ternary tree T on the left, Theorem 5.1 yields 0.08535 = % < I3(T) <

L~ 0.08537, giving us an excellent approximation. The lower bound provided by

82
189

Theorem 2.3 is much weaker in this case, as n3(71) = ;¢ ~ 0.03601. For the binary

tree Ty on the right, Theorem 5.2 yields I5(T3) > %03 ~ 0.32922, which is stronger

than the lower bound 7y(73) = % ~ 0.27650. An upper bound can be obtained

from Proposition 3.1, which gives us I5(T3) < 32 ~ 0.48387. We do not know the
precise value in either of the two cases, though.
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