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Abstract

A spanning tree T in a graph G is a sub-graph of G with the same vertex set as G which is
a tree. In 1981, McKay proved an asymptotic result regarding the number of spanning trees in
random k-regular graphs. In this paper we prove a high-dimensional generalization of McKay’s
result for random d-dimensional, k-regular simplicial complexes on n vertices, showing that
the weighted number of simplicial spanning trees is of order (£4.x + 0(1))(2) as n — oo, where
€41 is an explicit constant, provided k > 4d® + d + 2. A key ingredient in our proof is the
local convergence of such random complexes to the d-dimensional, k-regular arboreal complex,
which allows us to generalize McKay’s result regarding the Kesten-McKay distribution.

1 Introduction

Let G = (V,E) be a graph with vertex set V and edge set E and for a vertex v € V, denote
by deg(v) its degree. G is called a k-regular graph, if deg(v) = k for all v € V. A subgraph
T = (V/,E') of G is called a spanning tree of G if T is an acyclic, connected graph such that
V' =V. For a graph G, denote by x1(G) the number of spanning trees in it.

A classical model for random k-regular graphs, called the random matching model G, , is
defined for ¥ > 1 and n € N even as the graph with vertex set [n] := {1,2,...,n} and edge set
which is the union of k independent and uniformly distributed perfect matching on the set [n]. In
[McK81], McKay proved the following asymptotic result regarding the number of spanning trees
in random k-regular graphs.

Theorem 1.1 ([McK81]). Fiz k > 3. Let (n;)72, C N be a strictly increasing sequence of even
numbers and for i > 1, let G; be a random graph sampled according to Gy, . Then

% k1(Gi) — &g
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in probability, where
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In this paper we generalize Theorem 1.1 to the context of simplicial complexes. We concentrate
on the model of random (d, k,n)-uniform Steiner complexes, which for fixed d,k € N and n a
d-admissible number (see Definition 2.2), is defined as the union of k i.i.d. (n,d)-Steiner systems
chosen uniformly at random from all (n, d)-Steiner systems, see Section 2 for further details and
additional models. Under the assumption k > 4d? + d + 2, we prove that the weighted number of
d-dimensional spanning trees r4(X;) contained in a random (d, k, n;)-Steiner complex X, satisfies

(/ka(X3) — €an (1.2)
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in probability, whenever (n;) is a sequence of d-admissible numbers such that lim; ., n; = oo,
where €4 5, is an explicit constant and the weights are determined according to the (d —1)-homology
over Z of the d-dimensional spanning trees (see Theorem 5.1 for further details).

In order to establish the generalization of Theorem 1.1, we prove two results regarding the
structure of uniform random Steiner complexes which are of independent interest. Both results
show that in a certain sense, the random complexes (X;) are close to the (d, k)-arboreal complex
Ty, introduced in [PR17] as a high-dimensional counterpart of the k-regular tree.

The first result shows that the local structure of X; converges to that of the arboreal complex
Tak, i-e., that for every r > 0, the r-neighborhood of a fixed (d — 1)-face in X; is isomorphic to
the r-neighborhood of any of the (d — 1)-faces in Ty j, with probability tending to 1 as i tends to
infinity.

Using the local convergence result together with spectral information on the Laplacian of T} j
from [Ros14], we prove our second result, showing that the eigenvalues of the Laplacian of X;
converge to the spectrum of Ty, in the sense of weak convergence of probability measures (see
Section 2 for further details). This result generalizes a classical result by Kesten and McKay
[Kesh9, McK83] regarding the limiting spectrum of k-regular graphs.

In order to conclude the proof of (1.2), we use a high-dimensional variant of the matrix tree
theorem, see [Kal83, DKMO09], which relates the weighted number of d-dimensional spanning trees
of X; to the eigenvalues of the Laplacian of X;. Then, using our result on the limiting behaviour
of the eigenvalues of X;, we are able to conclude (1.2).

The results in this paper are part of the second author master degree. In particular, the master
thesis [Ten20] contains additional details and further discussion.

Acknowledgements. The authors are grateful to Alex Lubotzky for fruitful discussions that led to
this work. We would also like to thank Antti Knowles, Alan Lew, Zur Luria and Roy Meshulam
for their insightful comments.

2 Results

2.1 Preliminaries

Let V' be a non-empty set. A simplicial complex X on a vertex set V', is a collection of finite subsets
of V that is closed under inclusion, namely, if 7 € X, then o € X for all ¢ C 7. The elements of a
simplicial complex are called faces or cells. For a face o € X, define its dimension by dim(o) :=
|o| — 1. The dimension of the simplicial complex X is defined as dim(X) := sup, ¢y dim(c). A
simplicial complex of dimension d is abbreviated d-complex and a face of dimension ¢ is called
an (-face. For a simplicial complex X and ¢ > —1, the collection of ¢-faces of X is denoted by
X! = {0 € X : dim(o) = ¢}, and the number of ¢-faces by f, := |X*|. For £ > 0, the (-dimensional
skeleton of X is defined to be X := U§:_1Xj. We say that X has a complete ¢-skeleton if

X contains all subsets of X° of dimension at most ¢, i.e. X() = (j)iol) for all j < ¢, where for
non-empty set A and 5 > 0, we denote by (‘;) all subsets of A of size j. The complete complex

of dimension d on n vertices is denoted by K,(Ld). The degree of an ¢-face ¢ in a d-complex X is
defined by deg(c) = degy (o) := |{T € X9 : 0 C 7}|. If all the (d — 1)-faces of a d-complex have
degree k, we say that the simplicial complex is k-regular. A d-complex is called pure, if every face
in it is contained in at least one d-face. If the complex has a complete (d — 1)-skeleton, this is
equivalent to saying that deg(c) > 1 for all ¢ € X9~1. Throughout this paper, with the exception
of the arboreal complexes (see Section 2)), we study simplicial complexes, with a finite vertex set
which are pure and have a complete (d — 1)-dimensional skeleton. For future use, for o € X and
v € X\ o, we introduce the abbreviation vo := {v} Ua.

Given two complexes X and Y, amap f : X° — Y is called a simplicial map, if f[o] is a face in
Y for any o € X, where flo] = {f(v) : v € o}. In this case the map f induces a map f: X — Y,
which is a mapping of sets. If f is also a bijection, then f is called a simplicial isomorphism.



Oriented faces and upper-Laplacian. For £ > 1, every {-face o = {0°,..., 0} € X* has two possi-
ble orientations, corresponding to the possible orderings of its vertices, up to an even permutation.
We denote an oriented face by square brackets, and a flip of orientation by an overline. For ex-
ample, one orientation of o = {z,y, z} is [x,y, 2] = [y, 2, 2] = [z, 2,y]. The other orientation of o
is [z,9,2] = [y,7,2] = [z,2,9] = [2,y,7]. We denote by X{ the set of oriented /-faces (so that
| XL | = 2|X¥ for £>1). We also define X$ = X©.

For ¢ > 0, the space of £-forms on X, denoted by Qf(X), is the vector space of skew-symmetric
functions on oriented ¢-faces over R

AX)={f:X{ >R : f@)=—f(o)Voe XL }.
We endow Qf(X) with the inner product
G0 = 3 fo)alo).
ceX?t

Note that f(o)g(o) is well-defined since its value is independent of the choice of orientation of the
(-face o. If we denote by X f_ a set of oriented /-faces, containing exactly one orientation for each
of the (-face, then (1g)gexi is an orthonormal basis for Qf(X), where for o € X/, we define

1 o =0
1,(cY =S -1 o' =7

0 otherwise

The boundary do of the (£ + 1)-face o = {0,..., 0!} € X1 is defined as the set of /-faces

{o%,...,0" o™t ... o'} for 0 <i < +1. Anoriented (£+1)-face [0, ...,/ € X induces
orientations on the /-faces in its boundary, as follows: the face {0, ..., 0'" 1 o™t ... o1} is
oriented as (—1)![0?,..., 0?7 o't ... o/F1] where we use the notation (—1)7 := 7.

The following neighboring relation for oriented faces was introduced in [PR17]: for 0,0’ € X971,
define o and ¢’ to be neighbors, denoted o’ ~ o (or ¢ & ¢') if there exists an oriented d-face T € X¢
such that both o and ¢’ are in the boundary of 7 as oriented faces (see Figure 1 for an illustration

in the case d = 2).
A

~
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Figure 1: Left: an oriented 2-face and the orientation it induces on its boundary. Right: an
oriented 1-face in a 2-face together with its two oriented neighboring 1-faces.
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The adjacency operator A = Ax of a complex X is a linear operator Ay : Q471(X) — Q4-1(X)
defined by
Af(o) =Y f(0), VfeQ'(X),ceXx{t. (2.1)
X

o~o'!

Similarly, the upper Laplacian A} | =AY (X): Q%7 1(X) — Q4~1(X) is defined by

AT f(o) :=deg(o)f(o) — Z flo"), Ve 1(X), o e x4, (2.2)

ol~o

where the degree of an oriented face is defined to be the degree of the corresponding unoriented face.
As in the graph case d = 1, The upper Laplacian is a self-adjoint with non-negative eigenvalues.



Furthermore, 0 is always one of its eigenvalues, since each function g € Q972(X) defines a 0-
eigenfunction dg € Q~(X) by dg(c) = Zpéao g(p). We split the eigenvalues and eigenvectors of
Aj_l(X ) into two parts, the trivial 0 eigenvalues which are the 0-eigenvalues with eigenvectors of
the form dg for some g € Q972(X) and the remaining eigenvalues which are called non-trivial.

The definitions of the adjacency and upper Laplacian that are given here are rather direct.
An equivalent, and more conceptual way to define the upper Laplacian, originating in the work
of Eckmann [Eck45], is via the boundary and couboundary opertaros which are closely related to
the definition of homology and cohomology over R. For additional information on the connection
between A, A(—;q and the homology and cohomology of the complex c.f. [Hat02, GW16].

Simplicial spanning trees. The next notion we wish to recall is the generalization of a spanning
tree for simplicial complexes as introduced in the work of Kalai [Kal83] and of Duval, Klivans and
Martin [DKMO09]

Definition 2.1 (Simplicial spanning trees). Let X be a finite simplicial complex and let £ <
dim(X). An {-dimensional sub-simplicial complex T C X is called an ¢-dimensional simplicial
spanning tree of X, abbreviated £-SST, if

o XU-1) — T(f—l)}

« Hy(T;7Z)=0,

o |Hy_1(T;7)| < oo,

o Jo(T) = fo(X) = B+ B,

where fﬂ(T; Z) is the £-th reduced homology group of T with coefficients in Z and Eg is the (-
th reduced Betti number of X, i.e., By = rank(Hy(X;Z)), see [Hat02] for additional information
on homology and [Kal83, DKMO0Y] for more information on SSTs and the reasoning behind the
definition.

When ¢ = dim(X), an ¢-SST is simply called an SST. Note that we will only use the above
definition in the case where the d-dimensional complex X has a full (d — 1)-skeleton. In this case,
the the co-dimension 1 skeleton is complete and so is the (d — 1)-skeleton of each of its SSTs.

The collection of £-SSTs of X is denoted by Te(X) and the weighted number of ¢-SSTs of X is
defined by

k(X)) = Z |Hy 1 (T Z)|2~
TeT:(X)

Uniform random Steiner complexes. Next, let us discuss the generalization of the matching model
into high-dimensional simplicial complexes.

Let d € Nand n > d + 1. An (n,d)-Steiner system is a collection S C 2[" of subsets of size
d + 1 such that each subset of [n] of size d is contained in exactly 1 element of S. In the language
of simplicial complexes, an (n, d)-Steiner system can be thought of as the collection of d-faces in a
1-regular d-complex with n vertices and complete (d — 1)-skeleton. In particular an (n,1)-Steiner
system is a perfect matching.

Noting that for every 0 < j < d — 1, the number of (d — 1)-faces containing a fixed j-face o
in the complete (d — 1)-complex on n faces is (Z:g:i), and that each d-face containing o covers

exactly d — j of those (d — 1)-faces, it follows that if S is an (n, d)-Steiner system, then d — j must
divide (Z:g:i) for every 0 < j < d — 1. This naturally leads to the following definition.
Definition 2.2 (d-admissible numbers). For a fized d € N, we say that n > d + 1 is d-admissible

if d— j divides (Z:;j) for every 0 < j <d-—1.

Note that for any fixed d € N, there are infinitely many d-admissible natural numbers.

Although being d-admissible is a ncessary condition on n for the existence of an (n, d)-Steiner
system, the fact that for fixed d € N, there are infinitely many d-admissible numbers for which
Steiner systemes exist is a highly non-trivial fact. This and much more has been proved using



a random construction by Peter Keevash [Keel4, Keel8], who showed that (n,d)-Steiner systems
exist for any large enough d-admissible number n.

The notion of Steiner systems leads us to the following natural generalization of the random
matching model.

Definition 2.3 (Uniform random Steiner complexes). Let d,k € N and n € N a d-admissible
number. We say that X is a (d, k,n)-uniform random Steiner complez if X = Kfld:ll) U Ule S,
where (Sj)§:1 are i.i.d. (n,d)-Steiner systems sampled uniformly at random from the set of all
(n, d)-Steiner systems on the vertex set [n).

The resulting random complex X, is of dimension d. Furthermore, the degrees of all (d—1)-faces
is bounded k and the complex is k-regular if and only if the sets (Sj);?:l are disjoint (see Section
6 for further discussion). This construction also has the property that it induces the matching
model on graphs for links of (d — 2)-faces and in particular that in dimension d = 1 it recovers the
matching model. Finally, note that the distribution of X is invariant under permutations on the
vertex set.

In [LLR19] a slightly different model, named random Steiner complex, was introduced and
studied. There, for d,k € N and n € N which is d-admissible, the (d, k,n)-random Steiner com-
plex is defined as the union of k independent (n,d)-Steiner systems each sampled according to
Keevash’s construction. That is, if Sy,..., Sk are (n,d)-Steiner systems, each of which is sampled
independently according to Keevash construction, a (d, k,n)-random Steiner complex X is then
defined as X := K,(zdfl) L Ule S;.

In this article, we do not go into the details of Keevash’s construction, but take a few useful
statements about the algorithm used in its definition. First, with high probability, namely with
probability tending to 1 as the number of vertices tends to infinity, the algorithm produces an
(n, d)-Steiner system and in particular does not abort. Second, the distribution of the resulting
subset of ( d[i]l) is invariant under permutations on the vertex set. Finally, it is worth noting that
the distribution on Steiner systems obtained from Keevash construction is not the uniform one.

We note that at the moment there is no algorithm for sampling an (n, d)-Steiner system uni-
formly at random, however Keevash’s algorithm provides an algorithm for sampling such systems
in a non-uniform way, and it is relatively easy to construct systems which are close to being
(n, d)Steiner systems, in the sense that all (d — 1)-cells except for o(n?) are contained in a unique
d-cell. See further discussion in Section 6.

As it turns out the result stated below for uniform random Steiner complexes union are also
valid for the original model of random Steiner complexes studied in [LLR19]. Furthermore, all of

our results are valid for any distribution on subsets of A C ( d[i]l) such that

1. Each subset of size d in [n] is contained in at most 1 element in A.
2. The probability that A is an (n,d)-Steiner system converges to 1 as n tends to infinity.
3. The distribution of A is invariant under permutations of the vertex set.

Indeed, an inspection of the proofs shows that those are the only properties of the distribution
that are used in the proofs of the Theorems.

Arboreal complexes. Consider the following construction for an infinite d-dimensional complex.
Start with a d-face T, and attach to each of its (d — 1)-faces new d-faces, using a new vertex for
each of the new d-faces. Continue by induction, adding new d-faces to each of the (d — 1)-faces
which were added in the last step, using a new vertex for each of them. A complex obtained in
such a way is called an arboreal complex. Similar to what happens in the graph case, i.e. d =1,
for every natural numbers k and d, the process in which we add exactly (k — 1)-new faces to each
of the (d — 1)-faces in each of the steps defines a unique k-regular d-dimensional arboreal complex,
denoted T} ;. See Figure 2, for an illustration of the first stages in the construction of 75 ».
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Figure 2: The construction of the zeroth, first, second and third layers of X = T5 5.

Empirical spectral distribution. Let W be a r-dimensional vector space over R and let A : W — W
be self-adjoint linear operator on W with eigenvalues {\;(A)}7_; including multiplicities. The
empirical spectral distribution of A is the Borel probability measure on R, defined by

1
Y
A 7’7;:1 Ai(A) >

where 9§, is the Dirac probability measure in x.

Throughout the paper, we only discuss the empirical spectral distributions of the adjacency
operator A and the upper Laplacian A;l associated with a uniform random Steiner complex X,
denoted by pa, and p AT (X) respectively.

2.2 Results

We now state our main results.

Theorem 2.4. Let (X;)2, be a sequence of (d,k,n;)-uniform random Steiner complexes with
(n;) a sequence of d-admissible numbers such that lim;_, ., n; = 0o, and assume that k > k(d) :=
4d? +d + 2. Then

Ciy/ka(X) — &d.k

in probability, where
(k — 1)kt

d(k—1)—1 *

(k—1— )11 g~

The proof of Theorem 2.4 is based on the asymptotic behaviour of the eigenvalues of uniform
random Steiner systems. Recall that a sequence of random probability measures u, converges to
a probability measure p weakly in probability if lim, oo P(|{ttn, f) — (1, f ) >¢e) =0, for every
€ > 0 and every continuous and bounded function f: R — R, where (i, f fR x)dpy, (x

Theorem 2.5. Let (X;)2, be a sequence of uniform random Steiner complexes with (nz) a se-

quence of d-admissible numbers such that lim; .. n; = oo, and assume that k > d + 1. Then

Bat (x,) converges weakly in probability to v4 ) as i — oo, where vqy is the unique Borel proba-
d—1 z

bility measure on R such that for every Borel set B C R

- ky/4(k —1)d — (k — 1 +d — )2
var(B) = /Bmd ) 2rz((d+ 1)k — x) o

and

Iy = [(VEk—1-Vd)?, (Vk -1+ Vad)?.

Similarly, u Ay, converges weakly in probability to the probability measure fiq . obtained from
vak via the transformation x — k —x on R, i.e., for every Borel set B C R

B k/’\/4 a?— 1+d)
pak(B) _/BﬁJd,k Qﬂ(k )(dk+x) dx

where Jgp = [-d+1—2y/(k—1)d,—d + 1+ 2/(k — 1)d].




The limiting probability measure pq ) from Theorem 2.5 is a high-dimensional variant of the
Kesten-McKay distribution p; %, which is known to be the spectral measure of the Laplacian of the
k-regular tree Ty = Ty, c.f. [Kes59]. Similarly, it was shown in [Rosl4] that pgy is the spectral
measure of the upper Laplacian of the arboreal complex Tg .

Finally, the main ingredient in the proof of Theorem 2.5 is a local type convergence result for
random (d, k, n)-Steiner complexes to Ty k.

Theorem 2.6. Let (X;)2, be a sequence of random (d,k,n;)-Steiner, with (n;) a sequence of
d-admissible numbers such that lim;_,o,n; = oo. Then for every r > 0 the following holds with
high probability: The r-neighboring complex of a fized (d — 1)-face in X; (see Definition 3.1 and
Theorem 3.9 for precise statements) is isomorphic to the r-neighboring complex of any (d—1)-face
m Td,k-

Conventions. We use C' to denote a generic large positive and finite constant, which may depend
on some fixed parameters, and whose value may change from one expression to the next. If C
depends on some parameter k, we sometimes emphasize this dependence by writing C}, instead of
C. The letters d,i,5,k,1,m,n,r, £ are always used to denote an element in N = {1,2,...} or in
Ny ={0,1,2,...} with d being used to denote the dimension of a complex, k the maximal degree
of a (d — 1)-face in it and n a d-admissible number.

3 Local convergence of uniform random Steiner systems

3.1 r-neighboring complex and local convergence

In this section we define a local structure for simplicial complexes and prove that the local structure
of uniform random Steiner complex converges in probability to that of the arboreal complex. The
locality is defined with respect to a metric on the (d — 1)-faces of the complex. Given a d-complex
X, define its line-graph G4(X) to be the graph whose vertex set is X9~1 and its edge set Fq(X)
is defined as {o,0'} € X971 x X971 such that 0 Uo’ € X% We denote by distg,(x) the graph
distance in G4(X) and for r > 0 and o9 € X1, define B,(00, X) to be the ball of radius r in
Gq(X) around oy, namely

B,(09,X) ={o € x4t . diStGd(X)(O'o,O') <r}.

Definition 3.1 (r-neighboring complex). Let X be a d-dimensional simplicial complex, oy €
X1 gnd r > 0. The r-neighborhood complex of oo in X, denoted X (og,r), is defined to be the
subcomplex Y C X satisfying

1. Y41 = B, (00, X).
2. Yd:{TGXd : 3TCYd’1}.
8. Yi={ne X" : nCo for someos €Y1}, for every { <d—1.

Note that X (og,0) is the complex whose faces are subsets of ¢, and it contains no d-faces.
Hence X (09,0) is a (d — 1)-dimensional complex. If deg(og) = 0, then X (¢, r) = X (09,0) for all
r > 0. On the other hand, if deg(og) > 0, then X (o, r) is d-dimensional for all r > 0.

For —1 < ¢ < dim(X(og,7)) and r > 0, we denote by X*(0q,r) the (-dimensional faces of
X (09, r) and by

0X" (00,7) = X (00,7) \ X* (00,7 — 1)

the ¢-faces of X (o, r) which are not in X (oo, — 1), where we define X*(0g, —1) = (). The latter
can be heuristically thought of as the number of /-faces at distance r from oy.

Claim 3.2. Let X be a d-complex and o9 € X9~1 such that deg(c¢) > 1. Then
1. X(og,7) is pure for all v > 0.

2. If o € X971 satisfies degx (o) = k, then degx (py,r) () =k for all r > distg,(x)(00,0).



3. Ifve 0X%oq,r), then there exists o € X4 1(0g,r — 1) such that vo € X% (og, 7).
4. If v ¢ X%(og,7), then T ¢ X(0g,7) for any T € X satisfying v € T.

5. For every r > 0, it holds that |0X°(09,7)| < |0X%(0g,7)|. Furthermore, if |0X°(aq,7)| =
|0X % (00,7)|, then each of the d-faces in 0X%(ag,r) contains exactly one vertex from 0X°(og, 7).

Proof.

1. Note that X (09,0) = {0 : 0 C 0p}, and hence it is a pure (d — 1)-dimensional simplicial
complex. Assume next that » > 0. Since degx(oo) > 1, by definition og is contained
in at least one d-face in X which is also contained in X (og,r). Furthermore, for every o €
X4=1(gg,7)\ 00, there exists a sequence {o;}I_, such that o, = o and distg,(x)(0i—1,04) =1
for all 1 < ¢ < d. In particular o is contained in the d-face cUao,._1. Since all faces of X (cq, )
of dimension strictly less than d — 1 are contained is at least one (d — 1)-faces by definition,
we conclude that X (og, ) is pure.

2. Since X (o9, r) is a sub-complex of X, it is enough to show that every d-face containing o in
X is also in X (cg,7). Let 7 be such a d-face, and let o # ¢’ € X! be a different (d — 1)
face of 7. Then distg,(x)(0,0’) = 1 and we can conclude by the triangle inequality that
distg,(x)(00,0") < 7 and hence ¢’ € X(0¢,7). Since this is true for all (d — 1)-faces of 7, it
follows that 7 € X (0p,r) as required.

3. From the definition of 0X°(0¢,7), we know that there exist 0 € X9 !(og,r) and o’ €
0X4Y(og,r — 1) such that v € o, v ¢ o’ and 0 Uo’ € X% In particular 7 = o U0’ =
o' U{v} € X% Since 0 € 9X9(oy,r), it follows that o ¢ X9 1(0p,7 — 1) and hence
that 7 ¢ X%(0g,7 — 1). In order to show that 7 € 9X%(ay,r), it remains to show that
each of its (d — 1)-faces is in X% 1(0g,r). Given a (d — 1)-face ¢ C 7 distinct from o, it
follows that 7 = o Uo” = o' U {v} € X? and therefore, by the triangle inequality, that
distg,(z)(0”,00) < 7. Hence 0" € X¥ (00, ), as required.

4. This follows from the fact that X (o9, r) is always a simplicial complex.

5. The first inequality follows from (3.) and the fact that two d-faces containing a single vertex
in 0X%(0g,7) and a (d — 1)-face in X9~ !(oq,r — 1) are distinct if and only if the 0-face in
0XO(og,r) are distinct. If equality holds, then by (3.) we obtain that each of the d-faces in
0X%(cg,r) contains a unique vertex from 9X° (o, 7).

O
Next, we turn to define the notion of local convergence.
Definition 3.3. A pair (X, o), where X is a d-complex and o € X1 §s called a pointed d-complez.

1. A sequence of pointed d-complexes {(X;, 0;)} is said to locally converge to a pointed d-complex
(Xo,00) if for all r > 0, there exists N, € N, such that X;(o;,r) = Xo(0g,r) for all i > N,.

2. A sequence of random pointed d-complexes {(X;,0;)} is said to converge locally in probability
to a random pointed simplicial complex (Xo,00), if for all r > 0,

lim P(X;(0i,7) % Xo(00,7)) =0.

71— 00

3. A sequence of random d-complexes {X;} is said to converge locally in probability to a de-
terministic pointed d-complex (X,o00) if the random sequence (X;,0;) converges locally to
(X, 00), where given X;, o; is chosen uniformly at random from Xid*l, In other words, local
convergence of unpointed simplicial complexes is always defined with respect to the uniform
distribution on the (d — 1)-faces.



3.2 Simplicial isomorphism with balls in the arboreal complex

Let X and Y be two complexes and recall the definition of simplicial maps and simplicial iso-
morphisms from Subsection 2.1. The following lemma provides simpler conditions for a map to
be simplicial using the notion of a maximal face, namely a maximal element of the complex with
respect to inclusion.

Lemma 3.4. Let X,Y be d-dimensional simplicial complexes and let f : X© — Y° be a bijection
such that f[r] is a face in' Y for every maximal face 7 € X. Then f is a simplicial map and
f: X =Y is injective. Furthermore, if f=*: Y? — X© also satisfies that f~'[7'] € X for every
mazimal face 7' € Y, then f : X =Y is a simplicial isomorphism.

Proof. To show that f is a simplicial map, we need to show that f[o] is a face in Y for every face
o € X. Since X is finite dimensional, every such face ¢ is contained in some maximal face 7. By
our assumption f[7] is a face in Y, with f[o] as its subset. Since Y is a simplicial complex, we
conclude that f[o] € Y. Hence f is simplicial. Also, f is injective since f is injective.

Assume next that f~1 : Y? — X0 satisfies the additional condition. Due to the first part, all
that remains to show is that f is surjective. Let ¢’ € Y, and denote its pre-image under f by
o := f~1[0']. since Y is finite dimensional, there exists some 7/ which contains o’. By assumption
we know that 7 := f~1[7'] is a face in X with o as its subset. Since X is a simplicial complex, we
know that o is a face in Y. Thus, we have shown that there exists o € X such that f(a) =o', ie.,
that f is surjective. O

We are interested in proving local convergence of uniform random Steiner systems to the ap-
propriate arboreal complex. Since the arboreal complex is transitive, i.e., for every 01,02 € Ty
there exists a simplicial automorphism of T taking oy into o9, it follows that Ty (o1,7) and
Ty x(02,7) are isomorphic for all » > 0. Hence, we use the abbreviation Ty x(r) to denote any of
the above r-neighboring complexes in T} j.

Claim 3.5. Let X be a finite, pure d-complex, o9 € X9~ and v > 0. Then X (09,70) = Tax(ro)
if and only if the following conditions hold

(1) |X (00,7 = |Tg . (r)] for all v < ro.
(2) 10X oo,7)| = |0T4(r)| for all v <rg.
(3) degx (o) =k for all 0 € X7 satisfying diste,(x)(0,00) < 19 — 1.

Proof. Since proving that X (og,r0) = Ty 1 (ro) implies the above conditions is more easily shown,
and we only use the other direction, we restrict ourselves to proving that the conditions imply the
isomorphism of the complexes.

We wish to find a bijective simplicial map f,«o : X(00,70) = Ty k(o) and since both X (¢, 7o)
and Ty (o) are finite d-dimensional simplicial complexes, by Lemma 3.4, it is enough to construct
a bijective map f,., : X%(09,70) — Tg’k(ro) such that f., and f. I preserve maximal faces. We
construct such a sequence of maps by induction on r from 0 to rg. For r = 0, since both X (o, 0)
and Ty x(0) are composed of a unique (d — 1)-face and its subsets, i.e. they are both isomorphic
to the complete (d — 1)-dimensional complex Kédil), by transitivity they are isomorphic. In
particular, we can fix an arbitrary choice of a simplicial isomorphism fy : X%(c9,0) = T3 ,.(0).

Turning to the induction step, assume that for some 0 < r < 7y, there exists a simplicial
isomorphism f,_1 : X%(og,r — 1) — Tik(r — 1). From the definition of Ty, each d-face in
6T§{k(oo, r) is composed of a (d— 1)-face in 8T§{;1(r —1) and a vertex in 9T, (r), using a different
vertex for each of the d-faces. Since the degree of each (d — 1)-face in Ty, is k, we conclude that
|8Tj7k(r)| = (k- 1)|8T;7;1(r —-1)| = |8T37k(r)|‘ By assumptions (1) and (2) together with the
previous equality, we get that [0X%(oq,7)| = |0X°(00,7)| and hence, using Claim 3.2(5), that
each of the d-faces in X% (ag,r) is composed of a (d — 1)-face in X% !(og,r — 1) and a vertex
in X0, 7). Consequently, for each vertex v € dX (og,r), there exists a unique (d — 1)-face
o, in 0X9Y(og,r — 1) such that vo € 9X%(0g,r). Furthermore, from assumption (3), for each
(d—1)-face 0 € X 1(0g,r—1), the number of vertices v € dX*(0¢, ) such that vo € dX%(og, )



is exactly k — 1 for r > 1 (and k for r = 1). For every v € aTC?)k(r) denote by o, the unique
(d — 1)-face in 8Tj;1(r — 1) such that vo, € aTik(r). Combining all of the above we conclude
that f,_1 : T3, (r—1) = X°(0o,7—1) can be extended to a function f, : Ty, () = X°(0g, r) such
that

° fr‘Tg,k(r—l) = fr1
e fr is a bijection.

e For every v € ﬁTg)k(r), the vertex f(v) € X is one of the k — 1 (k if r = 0) vertices in
90X (00, r) which belong to a d-face in dX%(0¢,r) together with f[o,].

From the construction f, is bijective and maps d-faces in 8T$k(r) to d-faces in 9X%(og,7).
Since we also assumed that f,_; is a simplicial isomorphism of Ty ;(r — 1) and X (oo, — 1) by
Lemma 3.4, this proves that f, is a simplicial isomorphism of T 1, (1) and X (o9, r), as required. [

Before turning to the proof of Theorem 2.6, we state a short claim regarding the number of
vertices, (d — 1)-faces and d-faces in Ty, and in each of its layers, as defined by the r-neighboring
complexes.

Claim 3.6. Letr > 1, then
LT, (0) = d, [T (0)] = 1 and |T,,(0)| = 0.
2. 1079, ()| =k, [0T3 ;' (1)| = dk and |0T3 ,(1)| = k.
8. T9,(r)] = TS, (r — D] + 0T, ().
4. 0T (r)] = (k — DIOTE (r — 1)].
5. |05 ()] = dIOTg (r)]-
As a result, for all v > 1
0T3 . (r)| = k(k—1)" ", 0T (r)] = k(k —1)"*d"*

e (d(k—1))" -1
d(k—1)—1

The claim follows directly from the definition of Ty and its proof is left to the reader.

T2x(r)| =d+k-

3.3 Probabilistic estimations for uniform random Steiner complexes

Claim 3.5 can be used to determine whether a sequence of uniform random Steiner complexes
converges locally in probability to the arboreal complex Ty . To this end, we wish to accumulate
some probabilistic results regarding uniform random Steiner complexes.

Proposition 3.7. Let S be an (n,d)-Steiner system chosen uniformly at random from the set
of all (n,d)-Steiner systems. Let A C (d[i]l) and T € (d[i]l) such that 7 C A := oo 7" and
|A°| < %. Then

MAcaTewg%mAca.

Proof. Denote p = 7N A° and note that by assumption 0 < |p| < d. Since S is a random
(n, d)-Steiner system sampled uniformly at random for all sufficiently large n

[n] \ A°

P(AcC S)>P(do e
(Acs)z (" (d+1|p|

) : AU{pU}CS)

] 40
- pacs poes) ="M Ypuacs res).
d+1—1p
Je( [n]\AO)
d+1—|p|

10



Using the fact that |p| < d and [A°| < Z, gives (;rl‘ffp") > n —|A°| > %, thus concluding the

proof. O

Proposition 3.8. Let S be an (n,d)-Steiner system chosen uniformly at random from the set of
all (n,d)-Steiner systems. Let A C (d[j_]l) be a family of d-cells such that |A°| < 5 —2d—1, where
AY =, e 7. Furthermore, let 0,0 € ([Z]) be two distinct (d — 1)-cells and v € [n]\ (A°Uo Ud”)
a vertex. Then, there exists Cyq € (0,00) such that

C
P(AU{vo,vo’} C S) < n—;]P’(A c9).

Proof. Denote § = o N A%, 0 =0’ NA° p=o0\ A and p’ = o’ \ A°. Throughout the proof we
will consider permutation on the vertices which fix A° and so # and ¢’ remain fixed while p and
p' varies. Let j = |pN p’|, which by assumption satisfies 0 < j < d. Due to the symmetry of the
model under permutation of the vertex set and the fact that the number of triplets (p1, p2,u) €

([”]\AO) X ([n]\AO) x [n] \ A° so that |py N pe| = j and u € [n] \ (A° U p1 U p2) is

o] o]
n—|A° o\ (n— A% —|p )
= 3%, = (M7 ) () (7 I o g
|| J ' =
The invariance of the law of S under permutation on the vertices implies that
P(AU {vo,vo’} C S) = L Z P(AU{Oupy,0'ups} C S)
) A 1 2

0 1\ A0 .
pre("I ) pee (M) Iprnpel =
u€[n]\(A°Up1Up2)
1
= M]E E ]]-(AU{Oupl,G’upz}CS .
n 0 0
pre(M ) pze(MT) lpinpz =
u€[n]\(A°Up1Up2)

Rewriting the sum over p1, p2 and u as the number of ways to sample a j-cell 1 (that includes the
vertex u) and two d-faces whose intersection is 7, we obtain

P(AU {vo,va’} C S)

j+1
= E[ Z Z ]]-AU{Gngl,G’ngz}CS]
n

ne([nj]x\") 916([n]\\;()|A—OJW)) Qze([n]\(AUUnUgl))

' =3
Jj+1
= M IE[]IACS § ( § ]10779165' ( E ]19’7792€S)>:| .
n
ne([v;]}:lio) gle([n]}ifj’;n)) 926(%]\(;1;"{?@1))

) mf\&\)
d—|&]/)°
see the discussion leading the the notion of d-admissible numbers, by taking 6 = 6'n and m =

n — |A°| we obtain

Since the number of (d — 1)-faces in the complex Kyt containing a fixed cell & is d++—|0|(

1 n—|A%—j—1-1¢
Z Lormeses < Z Lomgses < w( d—j—1—1¢|
eae ("N (1)

using the last bound together with the bound on the number of (d — 1)-cells containing § = 6n

11



and m = n — |A%| gives

Z ]]-97]0165 . ( Z ]]-9/7]9265')

[n]\(A0Un) [nI\(A0UnUey)
ere(ML") o2€(M 0 )

1 n—|A%—j—1—10|
< 1 —_
> fnencs d—j—l9’|< d—j—1-1¢|

Qle([n]\‘éi‘ljﬁn))

oL (A1 L (A1
Sd—j 0\ d-j-1-l6] ) A9\ d—j-1-p

(A n— A
“\a—j—1-10))\a—j—1-1)"

where in the last step we used the fact that o and ¢’ are distinct and thus |0n] = |n|+j+1 < d
and |0n'| < |0 +7+1<d.
Summing over the choices for n and using E[1 5] =P(A C 5), gives

P(AU{UU,UJ’}CS)§j+1< n = |47 )( n— |47 )(n_|AO|>P(ACS)

M, \d—j—1-10])\d—j—1-1¢"|)\ j+1
j+1
M,

n

< (n — |A%)2d—I—1=101=10"Ip(4 9.

m
!

Using the explicit expression for M,,, the bounds (7) > —l and |p|, |¢’|,j < d, and the assumption
n —|A°| > 2d + 1, we conclude that there exists Cy ; € (0, 00) such that

M, > L(n — |AQ|)lelle =t
Ca,j

Combining both estimations and using the fact that |p|+ |0| = |p'| +[0'| = d and n — |A°] > %, we

conclude that A+ 1O
P(AU {vo,vo'} € S) < MP(A cS).
n

Defining Cq = 4max{(j +1)Cq; : 0 < j < d} the result follows. O

3.4 Proof of Theorem 2.6

Using the estimations from the previous subsection we turn to the proof of Theorem 2.6. The main
step in the proof is stated next.

Theorem 3.9 (Restatement of Theorem 2.6). Let X be a random (d, k,n)-Steiner complexes and
o € X4L. Then for every r > 0, there exists Cy. 4 € (0,00) such that

Cr.dk

B(X(07) = Typlr) 21—

Proof. We prove the statement by induction on r. Denote by Si,52,...,Sk the k independent
(n, d)-Steiner systems used to define X. We use the abbreviations

E, ={X(o,r) = Tyx(r)}.
The case r = 1. Since X (o,0) is composed of o and its subsets, by Claim 3.5
E{ = {deg(o) < k}.

Since X is composed of k independent (n,d)-Steiner systems, each of which contains a unique
d-face that contain o, it follows that degree of ¢ is k if and only if those d-faces are distinct. Hence

Ef = {deg(0) <k} = | U {resinsa}.

1<t<m<k g cre( )

12



Using a union bound and the fact that the processes are i.i.d. gives

PE)< > Y. P(reSinSy)

1<b<m<k gere( )

= > > P(reS) P(reSn)

1<b<m<k pere( M)

(S) Y Pres).

UCTe(d[ill)

By Proposition 3.7 (applied with A = ()
C
P(r € 5;) < ?d

and therefore

P(E) < <§> 3 %-P(resl): <’;>€j:c}fbk

O'CTE(d[i]l)

where in the equality before last we used the fact that the events {7 € S} for o C 7 € ( d[i}l) are
disjoint and their union has probability 1. This completes the proof for r = 1.

General r. We proceed by induction over r. Assume that for some r > 1, there exists C, 41 €
(0,00) such that P(ES) < C,.4xn~! and let us turn to prove the result for r + 1.
By Claim 3.5, for every r > 1

Eri1 = B0 {|X%(0,r + 1)| = [T9,(r + 1)|}

3.1
N{10X%o,r+1)| = [0T3,(r + 1)|} N {deg(c') =k Vo' € 90X (o,7)}, (3.1)
and by the induction assumption
c c c c c c c Or,d,k
P(Er—i-l) = HD(ET N Er+1) + P(Er N Er+1) S P(ET” N Er—i—l) + ]P)(Er) S ]P)(ET N Er+1) =+ n .

Hence, it suffices to estimate the probability of the event £, N ES, ;.
Let Y, be the set of all rooted d-complexes on the vertex set [n] isomorphic to Ty k(1) whose
root is . Then by the law of total probability

P(E,NES) = 3 B(ES,|X(0,r) = Y)-B(X(0,r) = Y). (3.2)
Yey,

IfY € Y., then we can use any of the simplicial isomorphism between Y and Ty () to identify
the set of (d — 1)-faces in Y corresponding to 9T j;l(r), which we denote by 9Y. Note that by
(3.1) and Claim 3.5, conditioned on the event X (o,r) =Y, if the event E,; does not hold, then
one of the following must happen:

1. There exists ¢’ € Y such that deg(c’) < k.
2. There exist o/ € Y and v € Y9\ ¢’ such that vo’ € X% (o, + 1).
3. There exist 0/,0” € JY distinct and v € [n] \ Y such that vo’,vo” € 0X%(o,r + 1).

Indeed, if none of the above conditions hold, then the degree of each of the (d — 1)-faces in Y is
k, and each of them must be connected to k-faces generated by new and distinct vertices. Hence,
by Claim 3.5, the event FE, 7 holds.

13



Denoting by Fr11y(0'), Gry1y(0/,v) and H, 11y (o', 0", v) the three events above respectively,
we conclude via a union bound that

PE; 1| X (0,7) =Y)

<Y PFEay (@) X(er)=Y)+ Y P(Gr1y(d,v)|X(o,r) =Y)
o’€dY o'edy (3 3)
veY"\o’ .

+ ) P(H, 11y (0", 0",0)|X(0,7) =Y).
o' ,0"coY, o' #a"’
ve[n]\Y?°

We turn to estimate each of the sums separately. For the first sum, note that by repeating the
argument we used for r = 1 with o replaced by ¢’ and A =Y, we conclude that

S PPy (0 X(0,r) = )
o' €Y

k k k :
<iov1- () G = omiron () S = kox - v () G < Cone.

n n

where in the last equality we used Claim 3.6.
Turning to the second sum, note that by Proposition 3.7, applied with A = Y, for every
o' €Y and v e Y\ o

u k-Cy  Cax
! =Y) < ! < = .
P(Gry1,y(0',v)| X (o,7) ) < m§:1]P’(v0 € Sm) < - pay
and thus
C _ C, Chra,
Y. P(Gry (o' 0)|X(0.r) =Y) < |OY|(IV|=d) =25 = [OT 3 (r)|-(1T2 () |=d) =2 < =228

o' edy
veY\o’

where in the last step we used Claim 3.6.
Finally, turning to estimate the third sum, note that

> PHppy (0o 0)[X(er)=Y)< Y > Po €Sy, v0" € S| X(o,r) =Y).
o’ 0" edy o',0”edy 1<tm<k
ve[n]\Y? ve[n]\Y°

We split the sum over £ and m into the cases £ = m and ¢ # m. Starting with the former, i.e.,
with the sum

> > P(uo’ € Sy, vo" € So|X(o,r) =), (3.4)
0”,0’”68}/, 0";50'” lgegk
ven]\Y?

by Proposition 3.8,applied with A = Y?¢, we have the bound

Cax
n2 -’

P(vo’ € Sy, vo” € S| X (o,7)=Y) <

Since the sum in (3.4) over o’,¢” contains at most [9Y|?> terms and the sum over v contains at
most n terms, we conclude that there exists C,. 4 € (0,00) such that

C
Z Z P(UJ/ c SZ? UO'// c Sg|X(O’, 7’) _ Y) < r,d,k '
o',0"€dY, o' o 1<U<k n
ven]\Y°

Turning to the latter, i.e., to the sum

S Y Bo' € i vo € 5|X (o) = V),
o ooy 1<iEFm<k
vE[n]\YO

14




we note that by Proposition 3.7 for every choice of ¢’,¢”,£ and m as above

]P)(’UO’/ S S@, ’UO’N S Sm|X(U7 T) = Y)

1
= P(vo’ € Sy, vo'' € Sy, A; C S; V1 <i < k)
P(X(O—, T) - Y) A1®A2§Ak_yd
1
_— Z P(A, U {vo'} € S))P(A,, U{va"} C Sp) H P(A; C S;)
P(X(O—7 r> - Y) AiWA.. . Ap=Y4d 1<i<k
i#L,m
1 Cy
[ —
_P(X(O—’T):Y)A&JA LTJZA* n? 1<Z]lkPA CS) n2’

and thus by repeating the counting argument in the former case we get

S B(Hppay (o0, 0)X(o,r) = V) < Stk
o',0""edy "
ve[n]\Y?

Combining the estimation for the three sums in (3.3), we conclude that

C,
P(ES, | X (o,r) = V) < —HLE
n

which together with (3.2) gives

C.
P(E, NESy,) < —8 N p(X(0,r) = V)
Yey,

IN

thus completing the proof. O
Using Theorem 3.9 we immediately obtain the following corollary

Corollary 3.10. Let (X;) be a sequence of random (d, k,n;)-Steiner complezes with (n;) a sequence
of d-admissible numbers such that lim; ,.,n; = co. Then X; converges locally in probability to
(Tuk,00) for every choice of oy € T(‘i;l.

Proof. Denote by o; a random element in X idfl sampled uniformly at random. Then, by Theorem
3.9, for every r > 0

C,
> P > Typ(r)) > 1— =0tk

Xd 1 i

P(Xi(oi,r) = Tax(r)) = |Xd 1|

and thus lim; oo P(X;(0y,7) = T i(r)) = 1. =

4 Weak convergence of the empirical spectral distributions

The goal of this section is to prove Theorem 2.5. We start by recalling the definition of weak
convergence in probability and state a sufficient and simpler condition for proving it in our setting.
Let (un) be a sequence of random Borel probability measures, recall that u,, are said to converges
weakly in probability to a Borel probability measure p on R if

lim ]P)(|</Lnaf> =, ) > 5) =0,

n—oo

for every continuous and bounded function f : R — R and every € > 0, where for every probability
measure v and every v-integrable function f : R — R, we abbreviate (v, f) := [, f(z)du(x)

15



Note that when p,, is the empirical spectral distribution of a random self-adjoint operator A with
eigenvalues A\ < ... < \,, the term (u,, f) is simply the random variable (u,, ) = %Z?:l F(A).
In particular, the moments of u, are given by

I 1

¢ ‘ ¢

n =— A; = —tr(A%), vl >0. 4.1

na') = 230K = Ja4), e (1)
We have the following useful result providing a sufficient condition for weak convergence in

probability.

Proposition 4.1 ([AGZ10] (2.1.8)). Let (un) be a sequence of random Borel probability measures

n—oo

on R and p a Borel probability measure on R such that {ji,, z*) "= (i, z%) in probability for all
> 0. If there exists K > 0 such that u([—K, K]) = 1, then u, converges weakly in probability to
L

Since the probability measures vq; and g from Theorem 2.5 are compactly supported, by

11—

Proposition 4.1, it suffices to show that (,uA; (Xv),xe) =% (Va, ") in probability for all £ > 0
_ (X

and similarly (u Axi,xz> o {ttak,7%). In order to prove the weak convergence in probability
of the above sequences, we first need a simpler way to describe the limiting values (vqx, z%) and
(pa e, z°).

Theorem 4.2 ([Rosl4]). v and pq i are the spectral measures of the upper Laplacian Aj_l(Td,k)
and the adjacency matriz A, , of the arboreal complex Ty . respectively. In particular they are the
unique probability measures such that for every og € Ti;l and every £ > 0

<A$—1(Td7k)61007 100> = <Vd,k7xl>7 VE>0

and
<A§’d,k 15, 160> = <Nd,kvxe>a Ve =0
respectively.

Combining (4.1), together with Proposition 4.1 and Theorem 4.2, we conclude that in order to
prove Theorem 2.5 it suffices to show that the following converges in probability for all £ > 0

—1
ni
(%) oA X)) =2 (AL (T D 1) (12)
and .
n;
< d) tr(A%,) — (A% Loy ay).- (4.3)

4.1 The oriented line-graph

Definition 4.3. Let X be a d-dimensional simplicial complex. The oriented line-graph of X,
denoted 8d(X) = (x4, ﬁd(X)), is the graph whose vertex set X4 is composed of all oriented

(d —1)-faces in X and its edge set Bd(X) is defined to be the set of pairs {o,0'} from X471 such
that o is a neighbor of o’ in X (see Figure 1 for an illustration of the neighboring relation).

The oriented line-graph allows us to rewrite the left hand-side of (4.3) in a form which is similar
to the term on the right and is thus useful for proving Theorem 2.5.

Proposition 4.4. Let X be a pure, d-complex such that deg(c) < oo for all o € X941, For £ >0
and 0,0’ € X1 denote by ¢y(X;0,0") the number of paths of length £ in 8d(X) from o to o’.
Then

(A5 1,,1,) = ¢o(X;0,0") — ¢o(X;0,07), Vo,o' € X¢t.

In particular, for every choice of orientation X_‘ffl for each of the (d — 1)-faces

1 , 1 , 1

et TAN) = > (Ax Lo Io) =
X XET 2 x|
+

Z (0e(X;0,0) — de(X;0,7)).

JGin:l
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Proof. The proof follows by induction on ¢. For £ =0, A% = Idga-1(x) and thus

1 oc=co
(A%1,,1,) =< -1 o=0
0 otherwise

On the other hand, from the definition of ¢,., we have that

1 o=0

¢o(X;0,0") = {

0 otherwise

and thus
1 o=0
bo(X;0,0") — do(X;0,0") =X -1 o=0
0 otherwise
which proves the result for £ = 0.
Turning to the induction step, assume the result holds for ¢ and observe (Aﬁ?‘lla, 1,/). By
definition (A?ll,,7 1,/) = (A% (Ax1,),1,/) and since

1 o'~
Ax1,(0")= Y 1.(p)={-1 o"~7 |
pra’ 0  otherwise

namely

AXlazzlpv

pro

<AZ)2L110710’> = <A§((Z lﬁ)v 10/> = Z<A§(1pa 1,7).

pr~o p~o

we conclude that

Thus by induction

(AF",,10) =Y (¢e(X5p,0") = ¢e(X5p,0)) = pu41(X;50,0') — ¢ui1(X;0,07),

pr~o

where in the last step we used the fact that any path of length £ + 1 from o to ¢’ is composed of

one step from o to a neighbor p of ¢ in 8d(X) followed by a path of length ¢ from p to o’.
The formula for (pa,,z*) follows from the fact that (1,), . xi-1 is an orthonormal basis for

Q1(X). O

4.2 Proof of Theorem 2.5

We start by proving the results for the adjacency matrices. By Proposition 4.1 and the fact that
4, ) is compactly supported it is enough to show that for all £ > 0

</’[’Axl7xz> Zﬁ)o </~Ld,k7xz> 5

where the convergence is in probability. Furthermore, by Theorem 4.2, this is equivalent to proving
(4.3), i.e., that for every £ > 0

-1
<d> tr(Af;(i) - <A£Td,k 1,,1,), in probability .

Finally, by Proposition 4.4 this is equivalent to proving that for every [ > 0
1
— Y (¢(Xi30,0) = ¢u(Xi50,5)) — be(Tuk, 00,00) = e(Tak; 00,70) ,

x4t
| Lt eex?T!
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where the convergence is in probability and og is some arbitrary choice of an oriented (d — 1)-face
in Td,k~
Abbreviate
;0= Z (pe(Xis0,0) — e(Xi50,7)) .
UGX:Z;FI
Fori > 1and £ > 0, denote by N; ¢ the number of (d—1)-faces in X?~! whose [¢/2]-neighboring
complex is isomorphic to Ty x([¢/2]), i.e

Nigj2=Ho € X7+ Xi(o,[€/2]) = Tus([¢/2D)}. (4.4)

Since any closed path of length ¢ in 8 (X3) startmg from o € Xi uses only vertices which
are at distance at most [¢/2] from o in 8d X;), it follows that on the event E;rs/01(0) =

{Xi(o,[£/2]) 2 Tyr([€/2])}, it holds that
Ge(Xi30,0) — 0¢(Xi50,7) = ¢o(Tak; 00,00) — ¢e(Tak; 00,00) -

Furthermore, since the degree of each of the (d — 1)-faces in X; is bounded by k, it follows that
the degree of each edge in G 4(X;) is bounded by dk and hence that for every ¢ > 0 and every
o e Xff;l

[60(X130,0) = ¢e(Xi;0,7)| < (k)"

Hence
D0 > Nigso- (0e(Tak; 00,00) — ¢e(Tak; 00,50)) — (|X ' - N, Ni2) - (dk)* . (4.5)

and
O < Nigsz - (¢e(Tar; 00,00) = de(Tak; 00,50)) + (XL = Nigso) - (dk)° (4.6)

Combining (4.5) and (4.6), we conclude that
i
X

| | i,0/2 o
_|X—/ <|¢€(Td,k§00a0'0) — ¢¢(Tax; 00,00)| + (dk)e> =
it

— (¢e(Tu; 00,00) — Ge(Taw; 00,00))’

Cd,k,z(|Xgll| — Ni¢/2)
a1 '
| X+

(4.7)
Let € > 0, by (4.8), Markov’s inequality and the linearity of expectation

D, _
P( d’fl — (¢e(Tuk; 00,00) — ¢Z(Td,k;00,00))‘ > 5)

X7,
Capn(| XY = N,
SIP’( ak,e(] +| z/2)>5>
|Xi+
Cake
= 7,7 EH ‘ 1@/2]
Ry
Cake
—xiin 2 OG22 Tun(lt/2).
i+ o’GX.EL*1

Using Theorem 3.10, we conclude that

lim P
im0 ( R d 1
thus proving the convergence in probability.

Next, we turn to deal with the convergence for the Laplacians. As for the adjacency matrices,
it suffices by (4.2) to prove that for every ¢ > 0

— (¢e(Tak; 00,00) — ¢E(Td,k§UO,UO))‘ > 5) =0,

—1
(ZZ) tr(AY (X)) — (AT (Tu) 1oy, 10y), in probability ,

18



or equivalently

1 . -
7\Xd_1\ Z [(Aj{_l(Xi) 1,,1,) — (AF [ (Tux) 1y, 100>} — 0, in probability .
+

d—1
06X+

Note that Ty is k-regular and hence that A(‘Ll(Td,k) = k-Id — Az, ,. Furthermore, since
AT (X;) = Dx,—Ax,, where Dy, is the diagonal operator of the degrees, D, f(o) = deg(o) f(o),
it follows that on the event E; ¢y1(0) = {X;(0, 0+ 1) 2 Ty (¢ + 1)}

AT (X;)=Dx, —Ax, =k-1d — Ax,,
and hence by the same argument used in the adjacency matrix case
<A;—1(Xi)£1‘77 10> - <A;—1(Td,k)élaov ]-cro> =0.

In addition, since the degree of each of the (d — 1)-faces in X; is bounded by k, it follows that
(see [PR17, Proposition 2.7(ii)] for a similar argument)

‘<A};1(Xi)zlm 1U> - <A<—1~;1(Td,k)£1oo7 10’0>| < 2((d + 1)k)z :
Consequently

1
R 2 [0 e Lo) — (AL (Ta) Ly 1)
+

N;,
< (1 - |X£f|) 2((d+ 1)k)E, (4.8)

d—1
anJr

where N; ¢41 is defined in (4.4). The rest of the proof is similar to the proof for the adjacency
operator. O

5 The asymptotic number of simplicial spanning trees

5.1 Proof of Theorem 2.4

Let X be a d-complex on n vertices with a complete (d — 1)-skeleton, and recall that the weighted
number of j-dimensional SSTs is given by

~ 2
ki (X)= Y |H (T;2)|".
TeT;(X)
We use the following version of the simplicial matrix tree theorem.

Theorem 5.1 ([DKMO09]). Let X be a d-dimensional simplicial complex. Denote by mq(x) the
product of the non-trivial eigenvalues of the (d — 1)-upper Laplacian. Then
Iid(X) . Hd_l(X)

[Ha—2(X;Z)[?

ma(X) =
Furthermore, we recall Kalai’s generalization of Cayley’s formula, see [Kal83], which states
K1 (K{D) = ni=3) |

Turning back to our setting, since X has a complete (d—1)-skeleton, it follows that |Hy_»(X;Z)| =
1. Furthermore we can apply Kalai’s theorem to X (@1 = K,(Ld*l)7 thus obtaining rgq_1(X) =
n(gif). Hence,

n—2

Iid(X) : fidfl(X) _ n(d—l) . ﬁd(X) .

|Hy—o(X;Z)[

7Td(X) =
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In particular, if 74(X) > 0, i.e., all zero-eigenvalues of A}'_l are trivial, by taking logarithm on
both sides and dividing by (Z), the last equality can be rewritten as

log (((/ka(X)) = (n)l 3 log(\) — 2= d)los(n)

n(n—1)
AGSpec(AIﬁl)ﬁ(O,oo)

/ log(t)duat  (x)(t) — @<logn> .

n
(0,00)

(5.1)

Assume next that (X;) is a sequence of d-complexes with a complete (d — 1)-skeleton such that
7a(X;) > 0 for every i > 1 and |X?| = n; with lim; ., n; = co. If we were to know that

[ o0 =5 [ tog(tidvan(t) = €y (5.2)
(0,00) (0,00)

in probability, then (5.1) would imply that
log ( (Zi’b “d(Xi)) s Eans

in probability and hence that -
(’Zli l‘id(Xi) — egM

in probability. Consequently, in order to complete the proof of Theorem 2.4 is suffices to prove the
following propositions.

Proposition 5.2. Let (X;)2, be a sequence of d-dimensional k-regular uniform random Steiner
complezxes on n; vertices, with (n;) a sequence of d-admissible numbers satisfying n; =% 50. Then
P-almost surely mq(X;) > 0 for all sufficiently large i and (5.2) holds.

Proposition 5.3.
(k— 1)kt

€m=€d7k = S
(k—1—d)71 'k

d(k—1)—1 *
d+1

5.2 Proof of Proposition 5.2

Recall that the spectrum of A} | (X) is contained in [0, (d+1)k] for every d-complex whose degrees
are uniformly bounded by k, c.f. [PR17, Proposition 2.7(2)]. Hence, for every C € (0, (d + 1)k)

[ ostdus; xo®= [ logdua; s, (5.3)
[C,00) -t [C,(d+1)k] ot

If we assume in addition that C' € (0, (vE — 1 — v/d)?), then the function logt is continuous
and bounded in [C, (d 4+ 1)k] and in addition, by Theorem 4.2,

supp(z,,) C [(VE—1 - Vd)*, (VE =1+ V)] C [C.k(d+1)].
Hence by Theorem 2.5

[ sy )@ 25 [ logOdvant) = [ lostdvan(t) =Eas (5.0
[C,(d+1)k] - [C,(d+1)k]

(0,00)
in probability.

Consequently, if we can find C' € (0, (vE — 1 — v/d)?) such that all non-trivial eigenvalues of
AT | (X;) are within [C, 00) for all sufficiently large i P-almost surely, then (5.3) and (5.4) would
give

| tosane, =5 [ tos(thdv (0 =g
(0,00) (0,00)

and in addition we would get m4(X;) > 0 for all sufficiently large 4, thus completing the proof of
Proposition 5.2.
In order to prove the above, we first recall the following result by Abu-Fraiha and Meshulam.
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Theorem 5.4 ([AF16]). Let (X;)2, be a sequence of d-dimensional, k-regular uniform random

Steiner complexes onn; vertices, with (n;) a sequence of d-admissible numbers satisfying n; 2% .
For € > 0, define the event

E5 := {all non-trivial eigenvalues of Ax, are contained in (—oo,2dvVk — 1 + 5]}6.

If k> (d+1)* + 1, then P(ES eventually) = 1.

Since the statement provided above for Abu-Fraiha’s result is slightly different than the one
stated in [AF16], we provide a revised proof in the Appendix.

Theorem 5.4 provides us with an upper bound on the eigenvalues of the adjacency matrix of X;
for all sufficiently large 4, while we are interested in a lower bound on the eigenvalues of AT | (X;).
These operators are related to one another via the relation A} | (X;) = Dx, — Ax,, where Dy, is
the degree operator defined by Dy, f(0) = degx. (o) f(o) for all f € Q?~1(X;). If we were to know
that X; is k-regular, then Dy, = kId and the relation between the eigenvalues would have been
trivial. However, in general it is not true that the resulting complex X; is k-regular. That being
said, the following claim shows that with high probability the degrees are between k —d — 1 and k.

Claim 5.5. Let X be a (d, k,n)-uniform random Steiner complex composed of the independent
random (n,d)-Steiner systems S1,..., Sk and assume that k > d + 1. Then there exists Cqy €
(0,00) such that for every 1 <j <k —1

. ~ _ Cak
d—1 :
P(30 € X" such that deg(o) <k —j) < —=d-

Note that the inequality yields a trivial bound whenever j < d.

Proof. By a union bound, it suffices to prove that P(deg(c) < k—j) < Cypn~ for any (d— 1)-face
o. To this end fix 0 € X9~ and for 1 <4 < k denote by 77 the unique d-face in S; containing o.

Then
k—j

P(deg(0) < k— ) = B({r{,....f} < k=) = S B({r{,.... 70} =1).
=1

For each 1 < i < k — j, the probability P(|{7{,..., 77} = i), can be written more explicitly as

P({r{,.... i} =d)= > P =vmoV1<m <iVj€By).
By,...,B;C[k] wv1,...,v,€[n]\o
Wi Bm=lk] distinct

Bm#0 V1<m<i

Noting that from the independence of the Steiner systems and Proposition 3.7, for every partition

(B1,...,B;) of [k] into non-empty sets and every choice of vy, vs,...,v; € [n]\ o
- Ny i - i Ca Ca\*
P(r7 =vmo V1 <m <iVj € By,) = H H P(17 = vmo) < H H (;) = (;) ,
m=1j€Bnm m=1jeBy,
it follows that
P({r7,.... 7 =1)
"y & i(Ca\*
= Z Z P(r; =vno V1<m <iVje B,) <i*(n—d) (;) .
Bi,....,B;C[k] wv1,...,v;€[n]\o
&anlem=[k] distinct
By #£0 V1<m<i
Summing over ¢ from 1 to k — j gives
k_j d Cik _ Cup
P({r¢,.... 77 <k—j) < k —dl(—> < gRHL ’“—j(f) = Z%k
L O I i C O~
as required. O
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The last claim together with Borel-Cantelli, immediately gives

Corollary 5.6. Let (X;)i>1 be a sequence of (d, k,n;)-uniform random Steiner complexes with
(n;) a sequence of d-admissible numbers such that lim;_, ., n; = co. Then

P(30 € X! deg(o) < k —d — 1 for infinitely many i) = 0.

Combining Theorem 5.4 and Corollary 5.6 we conclude that for every € > 0, the event

B _ { For sufficiently large ¢ all non-trivial eigenvalues of the adjacency operatorAx, are }
g I
within (—oo,2dvk — 1 +¢] and deg(o) is between k —d — 1 and k for all o € X1

has probability 1 provided k > (d +1)? + 1.

Finally, note that on the event B, all the eigenvalues of the operator kId — Ax, are within
(k —2dvk —1—¢g,00). Furthermore, the norm of the difference between the operators kId — Ax;
and A:{_l(XZ-), i.e. the norm of the operator kId — Dx, is bounded by d + 1, since kId — Dy, is a
diagonal operator with entries in {0,1,2,...,d + 1}. Hence, by Weyl’s inequalities (c.f. [Tao10]),
we conclude that for all large enough 4 all non-trivial eigenvalues of AT |(X;) are within [k —
2dvk —1—d—1—¢,00). Finally, since k —2dvk —1—d — 1 > 0, whenever

1
k>2d2<1+\/1+a>+d+124d2+d+2,

the result follows by taking C' € (0,k —2dvk —1—d—1). O

5.3 Chebyshev polynomials

The proof of Proposition 5.3 is based on Chebyshev’s polynomials, whose definition and helpful
properties are summarized in this subsection.

Definition 5.7. Chebyshev polynomials of the first kind are defined as the unique sequence of
polynomials (T,)2, satisfying deg(T,) = n for all n € Ny and T, o cos(x) = cos(nx) for all
n € Ny.

Chebyshev’s polynomials are classical and well-studied, c.f. [MHO03]. Below we collect several
useful properties they possess.

Orthogonality
0 if
/ 1 TH‘L) Lnlz) g, ?f o 0 (5.5)
————dr=q7 ifnm= . .
—1 1— £ZJ2 T .
5 ifn=m#0

Logarithmic generating function For all [{| <1 and x € R
o0 t"

log(1—2xt +1*) =-2Y T,(z)  —. 5.6

ol =2at +) = =23 To(o) - (56)

Expansion of powers via Chebyshev’s polynomials For every n > 0

n
2n +1
2n+1 _ 2—2n T m 57
z mz::O g | Tom1(2) (5.7)

and

g2 = gl-2n zn: (n 2_"m> Tom (z) + 272 (?) . (5.8)
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Hence for every converging power series

iw - (i o (iﬁ’))%(z)

n=0
(e} oo
Cond1 2n+1 Con n
S (E () e X () e
m=0 \n=m

Let g : [-1,1] — R be a continuous function. Denoting h(x) = g(z)v/1 — 22, the orthogonality
property (5.5) with respect to the function (1 — 22)~/2, enables us to develop h as a power series

in Chebyshev polynomials
x) = Z anTy (),
n=0

(5.9)

where a, is given by
1 .
L [0 To(x)g(x) ,ifn=20
a, = .
f Tn( x)dx Lifn>1
In particular, if the Chebyshev power series of h converges uniformly on (—1,1) we get from
(5.6) and integration term by term that

[ 1ot~ 20t 4 ) glapie = [ (—z me)t:) o

N (5.10)
t" Qn
_‘22 / m o)

5.4 Proof of Proposition 5.3
Recall that
San = / log(t)dva k. (t) .
(0,00)

By Theorem 4.2, for k > d + 1, we can rewrite the last expression as

_ ky/A(k —1)d — (k — 1+ d — )2
gd,k _/ log( ) 2’/Tt((d+].)k ) dta

Ia,k

where

Lo = [(VE—1—Vd)?* (VE—1+Vd)?.
Denoting w := 24/d(k — 1) and using the change of variables x = (k — 1+ d — t)/w gives

kw?V/1 — 22 i
2n(k—1+d—wz)(dk—1)+ 1+ wx)

1
Ean = / log(k —1+d—wz)
~1
Defining gqx : [-1,1] = R by

kw?y/1 — 22
2n(k —1+d—wx)(dk—1)+1+wz)’

gax(x) =

and noting that f_ll gak(xz)dx =1, for k > d+ 1, we can write

1
Ed,k = / log(k — 1+ d —wx)gqr(x)dz

-1

! wx
! wx
=log(k—1+d —|—/ log (1 — ———— ) ga,r(x)dz.
( ) | tom (1 =g )aen(@)
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The remaining integral is computed using Chebyshev polynomials. Denoting hq x(x) = gax(x)-
V1 — 22 and assuming that hq(z) = > o Ty (x), we conclude from (5.10) that for all [¢] < 1

1 0o
@
log(1 — 2zt + t2) - gap(x)de = —7 Y  —4™. (5.12)
/. >
Furthermore, since
log(1 — 2zt + t?) = log(1 + %) + log (1 — ix)
1+¢27/7

and recalling that in our case fil gak(xz)dr =1, we conclude that

1 1
2t
/ log(1 — 22t + %) - gax(z)dz = log(1 + t?) + / log (1 - maz) - gak(x)de . (5.13)
-1 —1
Combining (5.12) and (5.13) and taking |¢| < 1 such that ;=45 = 353, namely
1= /1= (=173)?
t= e (5.14)
k—1+d
we conclude that -
€ap = log(k — 1+ d) —log(1 + 1) —WZ%’%”. (5.15)
n=1
Hence, all that remains is to find the coefficients a;, in the Chebyshev expansion of hg . To this
end, note that partial fractions and Taylor expansion for the function ﬁ for a € R, gives for all
|z| < max{k=1+d 7‘1(16_1)“}
kw?(1 — 22
2n(k —14+d—wx)(dk—1)+ 1+ wz)

1 1 1 w(eg —eq)

oA+ 1) ees | 2m(d+ 1) e2¢2

1 o fw?—ef fw\" w?—e3 (w)\"
_ _1 n _ n
+27r(d+1)2< e? <e1> (=D e2 (62) T

n=2

where we introduced the notation
e1:=k—1+d and ¢ 1= d(k‘—l)—l—l (516)

Also, note that for k,d € N such that k > d + 1, we have max{%7 W} > 1 and thus the
expansion is valid for all z € [—1,1].

Using (5.9) to transform the power series into a Chebyshev series, we conclude that for m > 0

1 i w? —¢? ( w )2"+1 w? —¢3 ( w >2n+1 2n + 1
Q21 = (5 -— (5= ,
2T on(d+ 1) e 2, ¢ 2¢; n—m

n=m

and for m >1

1 2 fwr—¢ w2 —e2 2n 2
aom = Z 1, (i) + w 2, (i) n X
27T(d + 1) €1 221 (] 262 n—m

n=m

Next, using the identity, c.f. [Wil06, Chapter 2.5],

\/iﬁ(l—éi—ﬁ)k:i(%z;—k)zn’

n=0
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and the abbreviation

we conclude that for m > 0,

V e% B w2 ,r2m+1 (5.17)

Camit =TTy Ay
and for m > 1,
/2 2 /2 — o2
Qo = — YA @" 2m VT am (5.18)
m(d+1) m(d+1)

Combining (5.15), (5.17) and (5.18) together with the fact that Y - | x;: = —1log(l — 2?)
and Y7 o gi:_:ll = 1log (1£2) for |z| < 1, we conclude that as long as |ry],|r2| < 1 (which is the
case whenever k > d+ 1)

X
Eap =1log(k —1+d) —log(1+t%) — "
. = log( +d) —log(1 + %) W;n
2 _ 2 /2 _ 2
=log(k — 1 +d) —log(1 +1*) — ;1+ 1w log(1 —ryt) — % log(1 + rot)
Plugging in the values
2d 2
21:k—1+d, ngd(k—1)+1, t:lef, ro = —, w=2 (/ﬂ—l)d,
w w
gives
_ k—1 k—1
gd,k = log ( k—l)—d dk—1)—1 |
(k—1—d)y &1 k= a1
as required. 0

6 Open problems and conjectures

6.1 Sampling of (n,d)-Steiner complexes
Following the discussion in Section 2 we suggest the following:

Problem 6.1. Find an (efficient) algorithm for sampling (n,d)-Steiner systems uniformly at ran-
dom.

6.2 Uniform random Steiner complexes and the matching model

When sampling k independent random matchings uniformly at random on n vertices, it is known
(see [BCT8]) that the probability for obtaining a simple graph converges to something as n tends
to infinity, and that conditioned on obtaining a simple graph, the resulting distribution is uniform
over all such graphs.

Question 6.2. Is there an analogue of the above result in higher-dimensions?

6.3 Improving the regularity threshold

The regularity condition in Theorem 2.4 requires that k > k(d) = 4d*> + d + 2, however this
condition only arises from Theorem 5.4 which in turn follows from applying Garland’s method.
Except for the restriction arising from Theorem 5.4, the only requirement is that &k > d+ 1. A
natural question arises as to whether the threshold on k is indeed strict, or whether a finer analysis
would yield a better threshold.
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Since the number of d-faces in a k-regular d-complex X on n vertices is ( df_l) (Z), it follows that
for k < d+1, the number of d-faces is strictly smaller than the number of (d — 1)-faces (7). Hence,
A;H(X ) always have a non-trivial 0 eigenvalue, and thus by the simplicial matrix tree theorem
ka(X) = 0. Consequently, the least lower bound on & for Theorem 2.4 is d. A similar, yet slightly
more evolved argument would show that in fact the least lower bound is k = d + 1. This leads us

to the following conjecture.

Conjecture 6.3. The condition on k in Theorem 2.4 can be improved to k > d + 1.

6.4 Unweighted asymptotic number of simplicial spanning trees

Our result deals with a weighted number of simplicial spanning trees. One would hope to generalize
Mckay’s results for the number of spanning trees in a graph by proving an unweighted version of
Theorem 2.4. See [LP19] for partial results in this direction in the case of the complete d-complex.

6.5 Finer asymptotic for the number of SSTs

In Theorem 2.4, it is shown that (";iQ/Hd(Xi) izop 4.k, namely, kq(X;) = 55’7:)(1-5-0(1)) as i — 00.

It would be interesting to obtain better bounds on k4(X;). For example can one say something
about the next order of x4(X;) by studying the sequence /ﬁd(X,»)ﬁng dl)?
6.6 Asymptotic number of SSTs in other random sampling models

In this work we studied the asymptotic weighted number of SST’s in simplicial complexes sampled
from uniform random Steiner complexes. One can hope that similar methods can be used to study
other models.

Appendices

A Proof of Theorem 5.4

Let us start by stating a result of Friedmann regarding the spectral gap in the matching model.

Theorem A.1 ([Fri08]). Fiz k € N and € > 0. Then there exists a constant Cj . € (0,00) such
that a random graph G on n vertices sampled according to the matching model satisfies

Ck,e
n7(k)’

]P’(|)\i(G)| §2\/k;—1+5) >1- V2<i<n, (A1)

where A\ (G) > ... > M (G) are the eigenvalues of A(G), the adjacency matriz of G, and (k) =
[Vk —1] — 1. Furthermore, there exists a constant Cy, > 0, such that

]P’()\Q(G) > wm) > G

nsk)’
where s(k) = |Vk—1].

Let € > 0. As stated before in Theorem A.1, a random graph G on n vertices sampled according
to the matching model satisfies (A.1). Recall that for every o € X?~2, the link of o, denoted
k(X;,0) is a random graph on n; — d + 1 vertices, distributed according to the matching model
with parameter k and therefore, the event

Ei,o,e = {)\Q(Ik(X7,U)) >2Vk—1+ 8}

satisfies
P(Ei ) < Cre(ng —d+4 1)~ (V==
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A union bound, thus gives

1}»( U EU> <X Cpe(ng — d 4+ 1)~ (VETI=D < ¢y _pd=IVESTT

o’EXfF2

where in the last bound we used the fact that | X/ ?| = ().

d—1

By Garland’s method (c.f. [GW16]), on the event J . ya-2 Ej 5., all non-trivial eigenvalues of

the adjacency matrix of X; are within (—oo,2dvk — 1 +¢).
Hence, whenever [k —1] > d + 1, by the Borel-Cantelli lemma, only finitely many of the
random complexes X; do not satisfy

spec(Ax,) C (—o00,2dvVk —1+¢).

Since [vk — 1] > d + 1 whenever k > (d + 1)? + 1, the result follows.
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