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AsstracT. We study a generalization of the Erdés-Falconer distance problem over
finite fields. For a graph G, two embeddings p,p’ : V(G) — ]Fg of a graph G are
congruent if for all edges (v;,v;) of G we have that [|p(v;) — p(v)ll = llp’(v:) — p’ (@)l
What is the infimum of s such that for any subset E C ]P‘qi with |E| 2 4°, E contains a
positive proportion of congruence classes of G in ]FZ? Bennett et al. and McDonald
used group action methods to prove results in the case of k-simplices. The work of
Tosevich, Jardine and McDonald as well as that of Bright et al. have proved results
in the case of trees and trees of simplices, utilizing the inductive nature of these
graphs.

Recently Aksoy, Iosevich, and McDonald combined these two approaches to obtain
nontrivial bounds on the “bowtie” graph, two triangles joined at a vertex. Their proof
relies on an application of the Hadamard three-lines theorem to pass to a different
graph. We develop novel geometric techniques called branch shifting and simplex
unbalancing to reduce our analysis of trees of simplices to a much smaller class of
simplex structures. This allows us to establish a framework that handles a wide
class of graphs exhibiting a combination of rigid and loose behavior. In IF2, this
approach gives new nontrivial bounds on chains and trees of simplices. In ]Fg, we
improve on the results of Bright et al. in many cases and generalize their work to
a wider class of simplex trees. We discuss partial progress on how this framework
can be extended to more general simplex structures, such as cycles of simplices and
structures of simplices glued together along an edge or a face.

“The shortest path between two truths in the real domain passes through the
complex domain.”
- Jacques Hadamard
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1. INTRODUCTION

The Erdés distance problem is a classical problem in geometric combinatorics.
Originally introduced by Erdés in 1946, it asks for the smallest number of distinct
distances determined by a subset of R? under the standard Euclidean metric. The
original conjecture in [Erd46] states that for a subset P ¢ R, d > 2, with size
|IP| = N, the least number of distances determined by P is on the order of N i-¢ for
€ > 0. The case of d = 2 was resolved by Guth and Katz in 2011 within a /logN
factor of the best known lower bound ([GK15]) . The case where d > 3 is still open
with best known bounds from Solymosi and Vu in 2008 ([SV08]). The Falconer
distance problem is similar in nature to the original Erdés distance problem and
asks for the minimum Hausdorff dimension of a set E ¢ R? needed to achieve a
positive Lebesgue measure of distances. In [Fal85], Falconer conjectured that if
the Hausdorff dimension of E is strictly greater than %, the set of distances {||x —
yll, x,y € E} with the standard Euclidean metric has positive (one-dimensional)
Lebesgue measure. This conjecture is still open in all dimensions. For d = 2, the
best threshold is % from Guth et al. in 2018 ([Gut+20]), and for d > 3 the best known
bound is £ + 1 — &7 were found by Du et al. in 2023 ([Du+23]).

In [TRO7], Iosevich and Rudnev introduced the Erdés-Falconer distance problem
over finite fields, an arithmetic analogue to these two problems. In ng , for g a prime

power, we define the distance between two points x,y € IFZ as

lx =yl = (x1— 1)+ + (xa — ya)™ (1.1)
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The Erdés-Falconer distance problem over ng asks for the minimum size of a
subset E such that pairs of points in E determine all possible distances in IF,, or
more generally, a positive proportion of distances in ]Fql. More precisely, it asks for
the infimum of all s € R such that |E| > ¢° implies that E contains all distances,
or a positive proportion of distances, in IF,, where g is treated as an asymptotic
parameter.

Remark. Here, as in most other papers on the subject, we write X < Y to mean
there is a constant C with X < CY independent of g, and similarly, we write X > Y
if X > CY for a constant C independent of g. We say X = Y, or that X is on the order
of Y,if X <Y 5 X.

This problem has been actively researched over the past two decades. In [TR07],
d+1

it was proved that for E C F and s = %3, if E 2 ¢° then E contains all distances in
F,. In [Har+11], the authors showed that this s is tight in odd dimensions even for
the weaker problem of considering a positive proportion of distances. In d = 2, this
exponent has been improved when considering a positive proportion of distances,
first to £ in [Cha+12], and recently to 2 in [Mur+22], which is the best known result
as of this writing.

An interesting analogue of the original Erdés-Falconer distance problem in ng
generalizes the notion of the distance set determined by a set of points E in IFZ .

Definition 1.1. Given a graph G, we say that two embeddings p,p’ : V(G) — IFZ
of a graph G are congruent if for every (v;,v;) in the edge set of G, we have that
lip(vi) = p()Il = lIp’(©:) = p’ (@)l

For a general graph G, what is the infimum of s such that |[E| > ¢° implies that

E contains an embedding of G in each congruence class, or a positive proportion of
congruence classes of G in ]Fg? The original Erdés-Falconer distance problem over
ng relates to the case where G is the complete graph on two vertices.

A natural graph to consider in this generalization is the complete graph on k + 1
vertices, whose embeddings correspond to k-simplices in ]Ff]l. To this end, we often
refer to both the complete graph on k + 1 vertices and embeddings of this graph in
IFZ as simplices of dimension k. In [Ben+17], Bennett et al. proved that for n < d,

EcC ]F‘; ,ands = ’Z%ll, then E contains a positive proportion of congruence classes of n-

simplices in ng whenever |E| > ¢°. To achieve this, the authors adapted group action
methods from the continuous case of the Falconer distance problem, see [Gre+15].
While the distance function in (1.1) isn’t a norm, it is still invariant under trans-
formations in O,(IF,), the group of orthogonal transformations over IFZ with respect
to the standard inner product. These group action methods over finite fields have
found success in proving results for rigid graphs. For d = 2, [Ben+17] improved the

s = % exponent for 2-simplices due to a stronger bound on the finite field analogue

TAlthough this is not a metric, it is standard in the literature to refer to it as a distance due to
historical connections to the Erdés and Falconer distance problems.
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of the Mattila integral in this setting. In 2019, McDonald [Mc¢D20] used group ac-
tion techniques to extend the results of [Ben+17] in both the ]Fg and ]Fg settings to
n-simplices for n > d.

Results have been proven for loose graphs as well, such as paths, cycles, and
trees, where a group action approach is less clear. In this setting, success was
found in using techniques that take advantage of the inductive nature of these
graphs. In [Ben+16], the authors proved that for G a path of arbitrary length,
E c ]Fg and s = 21, if |E| > ¢°, then E contains at least one embedding of G in
every congruence class, and so E contains all congruence classes of G in ]Fg . Similar
results have been proved in [[JM21] when G is a tree for s = % These results have
been generalized in [Bri+23], where for simplices of sufficiently small dimension
relative to the ambient space, the authors proved that for E C ]Fg ,and s = m + ”’2;1,
if |[E| > ¢° then E contains all congruence classes of embeddings of a certain class of
trees of m-simplices.

In [TP19], Iosevich and Parshall proved a much more general result: for any con-
nected graph G with maximum vertex degree t, E C IFY, and s = t + "‘71, if |[E| 2 ¢°
then E contains at least one embedding of G in every congruence class. While this
result gives nontrivial s for any G in a sufficiently high dimension space, the spe-
cialized results of [Ben+17] and [McD20] yield better results on high-dimensional
simplices, and [Bri+23] yields better results on the class of simplex trees they han-
dle for all dimensions of the space. This suggests that the techniques that are used
to work with a graph G should vary with the properties that G exhibits.

Very recently, in [AIM24], Aksoy, Iosevich, and McDonald took a step toward
combining the group action techniques for simplices and the inductive techniques
for paths and trees to handle the bowtie graph B shown in Figure 1, a graph that
exhibits a combination of rigid and loose behavior. To do this, the authors first
reduced the problem to bounding a sum corresponding to the number of pairs of
congruent embeddings of B in E, following a similar setup as in [Ben+17]. Then, by
the Hadamard three-lines theorem from complex analysis, they convert the problem
from bounding the sum corresponding to B (a 2-simplex attached to a 2-simplex) to
a sum corresponding to the kite graph K (a 3-simplex attached to a 1-simplex), as
shown in Figure 1.

B K
Ficure 1. The “bowtie” graph, B, and the “kite” graph, K.

Morally, as paths are much more abundant than high-dimensional simplices, if E
is large enough to contain a positive proportion of congruence classes of 3-simplices,
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then E should also contain a positive proportion of congruence classes of K. To
prove this rigorously, the authors split up the sum corresponding to K to isolate the
contributions from the path and those from the 3-simplex. Then, the path terms
can be bounded using the inductive techniques from [Ben+16], and the 3-simplex
terms could be bounded using the group action techniques from [Ben+17].

In this paper, we generalize the techniques of [AIM24] to obtain nontrivial
bounds on s for a much wider and more complex class of graphs exhibiting a combi-
nation of rigid and loose structure. In particular, we focus our attention on a class
of graphs that we call simplex trees.

Definition 1.2. For a simplex S, let V(S) denote the set of vertices of S. Let T be a
single simplex or let T = {S; : i € I} be a finite set of simplices. We denote by N+(S;)
the set of all simplices in 7 sharing a vertex with S, We drop the subscript T when
it is clear from context. We say 7 is a (connected) simplex tree if |7| = 1 or if
|71 > 1 and T satisfies the following properties:

(1) For any i, € I distinct, we have that |V(S;) N V(S))| < 1.

(2) For each a,b € I, there exists a path of simplices in 7 from S, to S, i.e., there
exist distinct integers iy,...,i, € I such that S;, = S,, Si, = Spand S, ,, € N(S:)
foreach1<j<n-1.

(8) There is no closed loop of simplices, i.e. there do not exist distinct integers
i1,...,1, € I such that for each 1 < j < n, we have that Si., € N(Si) and
Si, € N(Si,). Note that for a connected simplex tree, S; € N(S)) if and only if
V(S)NV(S)l = 1.

ij+l

Our definition may be viewed as a natural generalization of an undirected tree,
where each simplex may be viewed as a vertex and each vertex shared by two sim-
plices may be viewed as an edge between them.

Remark. Our definition of a simplex tree is more general than the definition given
in [Bri+23]. Their class of simplex trees is formed by taking a standard graph-
theoretic tree, and to each edge, attaching a k-simplex sharing this edge. This
means that for any simplex in a tree considered by [Bri+23], only two of its vertices
may be shared by other simplices. Under our definition of simplex trees, however,
a simplex can share any number of its vertices with other simplices. Secondly,
while the definition in [Bri+23] requires all simplices in the tree to have the same
dimension, in our definition, simplices can have different dimensions throughout
the tree.

1.1. Statement of main results. Our main theorem deals with how big E needs
to be to ensure it contains a positive proportion of congruence classes of 7.

Theorem 1.3. For a simplex tree 7 and an integer k such that 1 < k < "”Tl, define

Ny = k+ Z (dim(S) — k). (1.2)

SeT”
dim(S)>k



46 T. CHEEK ET AL.

ANg+1 d-1 s ;
N1’ k + T)’ |E| 2 ¢°. Then E contains a

positive proportion of congruence classes of embeddings of T in ]F’f].

For an E C ]FZ, suppose that for s = max(

Note that for a given 7 and k, Theorem 1.3 results in some s < d, and therefore
this result is nontrivial for all simplex trees 7. Naively, for any graph G and a
space ]FZ, one can find a nontrivial s (i.e. s < d) such that for any E C ng and |E| 2 7°,
E contains a positive proportion of congruence classes of G in ]Fg by first finding
an s for the complete graph on the number of vertices of G, and then applying the
corresponding results of [Ben+17] and [McD20]. However, Theorem 1.3 and all
subsequent theorems in the introduction yield better bounds than this method.

The idea of the proof of Theorem 1.3 is as follows. We first generalize the setup of
[Ben+17] to reduce the problem to bounding a sum corresponding to the number of
pairs of congruent embeddings of 7 in E. We develop two techniques called branch
shifting and simplex unbalancing that algebraically modify this sum in ways that
correspond to geometric modifications of 7. This allows us to reduce to the problem
to bounding a sum corresponding to the modified 7. We apply these techniques re-
peatedly until our modified 7 consists of one large simplex of dimension N; with
trees of k-simplices attached to a single vertex. From here, we use Fourier analytic
techniques to isolate the contributions of each of these two different structures from
the sum, handling the large simplex with group action techniques in the spirit of
[Ben+17] and [McD20] and handling the smaller trees of simplices with the in-
ductive techniques from [[JM21] and [Bri+23]. Once E is large enough to contain a
positive proportion of congruence classes of Ni-simplices and all congruence classes
of trees of k-simplices, which occur at s = ‘ﬁ}i’fll ands =k+ ‘%1, respectively, we show
that E contains a positive proportion of congruence classes of 7. Therefore, the
geometry of our reduced structure dictates our threshold for s.

The value of k in Theorem 1.3 can be viewed as a parameter that determines
how much the resulting s relies on inductive techniques rather than group action
techniques. When k is small, we modify 7 to have a very large central simplex and
simplex trees of very small dimension attached to a vertex. Then, the strength of
our result relies much more heavily on group action techniques rather than induc-
tive techniques. On the other hand, when k is large, we modify 7 to have a smaller
central simplex, while the simplex trees sticking out of it are of higher dimension.
In this scenario, the group action techniques yield a smaller s, at the cost of in-
ductive techniques yielding a larger s to guarantee that E contains all congruence
classes of trees of k-simplices. The flexibility we gain by adaptively scaling between
group action techniques and inductive techniques yields a vast generalization of
the methods of [AIM24]. See Figure 2 for an illustration of how scaling in k affects
the modification of 7. Note that the edges inside of the simplices are omitted for
clarity.

Note that when the dimension of ng is much larger than the dimension of sim-
plices in a simplex tree 7, it is always optimal to pick k as the dimension of the
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Ficure 2. Two modifications of a simplex tree corresponding to differ-
ent k.

largest simplex in 7. However, when the dimension of ng is comparable to the di-
mension of the simplices, the choice of k is more nuanced. For example, Theorem
1.3 gives the best results for a chain of three triangles in IFZI1 for k = 1, and gives the
best results for a 6-simplex attached to a 3-simplex in ]Fg for k = 2. If the dimension
of the simplices in 7 is bounded, it becomes optimal to pick a larger k as the number
of simplices in 7 increases.

In the case where the simplices in our simplex tree are sufficiently small, we get
a result using purely inductive techniques.

Theorem 1.4. Consider a simplex tree T consisting only of simplices of dimension
at most n < d%l Fix E C ]Fg and put s =n + ‘12;1 If |E| 2 ¢° then E contains a positive

proportion of congruence classes of T in ]Fg

This result follows by using branch shifting to convert our simplex tree 7 to the
form of a tree of n-simplices in the sense of [Bri+23]. From here, using Theorem
1.12 of [Bri+23] gives the desired result.

When working with simplex trees of only n-simplices for n < ‘”Tl, Theorem 1.4
generalizes the results of [Bri+23]. We achieve the same exponent s = n + ‘12;1 in
Theorem 1.12 of [Bri+23] but for a wider class of simplex trees than they consider.
In many cases where a simplex tree contains simplices of dimension close to dzil,
Theorem 1.3 improves on the results of [Bri+23]. For instance, for a chain of three
triangles in [F}, choosing k = 1 in Theorem 1.3 gives s = ¥, while Theorem 1.9 of

[Bri+23] gives s = % It is worth noting that for n < dzﬂ, [Bri+23] and Theorem 1.4
give values of s independent of the size of the tree, but Theorem 1.3 weakens as
the size of the tree grows. This is because upon Hadamard three-lines reduction,
the results of group action techniques are sensitive to the size of the large simplex,
while the results of inductive techniques are independent of the size of the simplex
tree. As n grows, Theorem 1.3 becomes more and more reliant on group action

techniques, even when k is chosen to be maximal.
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For all simplex trees, we also improve the results of Iosevich and Parshall in
[IP19]. When 7 has a simplex of dimension at least ‘%1, the methods in [IP19] give
trivial results, and when 7 has all simplices of dimension at most n for n < "lzil,
applying Theorem 1.4 improves on the result of [IP19]. Furthermore, our results
are independent of the maximum vertex degree of 7, as Theorems 1.3 and 1.4 only
depend on the set of simplices in 7 rather than their configuration. For example,
these theorems yield the same bounds for a chain of n-simplices of length ¢ and a
collection of ¢ n-simplices sharing a common vertex. This gives further indication,
as [Bri+23] discusses, that maximum vertex degree is not always the right notion
of complexity.

Due to a stronger bound on the finite field analogue of the Mattila integral in IF?,

in this setting, we obtain a slightly better result.

Theorem 1.5. For a simplex tree 7, define

N =1+ Z (dim(S) — 1).
SeT,
dim(S)>1

IfE C F; with g =3 (mod 4) is such that
El 2 g7,

then E contains a positive proportion of congruence classes of embeddings of T in
IF2.
q

This result is novel in the sense that [IP19] and [Bri+23] both give trivial results
for simplex trees in ]Fg The restriction of g = 3 (mod 4) is to rule out the existence
of a square root of —1 and the resulting radius zero spheres in IF; These cause tech-
nical obstructions in obtaining the improved bound on the finite field analogue of
the Mattila integral, necessary when applying group action techniques to our large
central simplex (as in the discussion after the statement of Theorem 1.3 above). An
argument in [Ben+17] was able to work around the 4 =1 (mod 4) obstructions for
embeddings of 1 and 2-simplices in ]Fg via explicit analysis of the “bad cases” in this
setting. Therefore, with a more careful analysis of the g =1 (mod 4) setting in the
case of overconstrained simplices in IFg, it is believable that Theorem 1.5 should
hold for 4 =1 (mod 4) as well.

It is interesting to note that we obtain the same results as in Theorems 1.3 and
1.5 when we delete a number of edges from some complete graphs in our simplex
tree. More precisely, in Section 2, we note that for k > d, a congruence class of
an embedding of a complete graph on k + 1 vertices (i.e. a k-simplex) is defined by
dik+1) - (d;rl) pairwise distances rather than all (kgl) distances. Therefore, given a
simplex structure, we may remove up to (kgl) —dk+1)+ (d;rl) edges of any simplex
of dimension at least d and obtain the same bounds as in Theorems 1.3 and 1.5.

In Section 2, we discuss some preliminaries from Fourier analysis and the tech-
niques used in [Ben+17] and [AIM24]. In Section 3, we generalize the methods
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used in [AIM24] to isolate terms corresponding to high-dimensional simplices and
low-dimensional simplex trees in the sum corresponding to a simplified simplex
tree 7. In Section 4, we present the proof of Theorems 1.3 and 1.5. Given a simplex
tree 7, we recursively build a sum corresponding to 7 and reduce the problem to
bounding this sum. Then, we define and prove branch shifting and simplex unbal-
ancing. Finally, we inductively apply these two geometric operations to reduce to a
case where we may apply the methods in Section 3.

In Section 5, we discuss partial progress in applying the Hadamard three-lines
framework to cycles of simplices. As in Section 4, we are able to reduce to a class of
cycles with only one large simplex. However, in bounding the sum corresponding to
this simple class of simplex cycles, technical issues arise in trying to separate the
terms corresponding to the large simplex and to the small simplices.

In Section 6, we briefly discuss future work on structures of simplices glued to-
gether at an edge or a face, as well as a probabilistic approach to the Erdés-Falconer
distance problem that may circumvent the technical obstructions in Section 5.

2. PRELIMINARIES

2.1. Analytic preliminaries. We first state some of the Fourier analytic machin-
ery we need.

Definition 2.1. Suppose f: IFZ — C and suppose x is a nontrivial additive character
on IF,. Then we define the m-th Fourier coefficient of f as

fomy = g7 )" x(=m- ) f(x). (2.1)

d
xequ

We also have the usual inverse finite Fourier transform, defined by

fx) = Zx(m-x)/?(x)- (2.2)

d
me]Fq

Lemma 2.2 (Parseval). For f as above,

Y UfP = g Y If P, (2.3)

d d
me]Fq xe]Fq

For further reading on the finite Fourier transform see, for example, Chapter 7
of [SS03].

We now review some tools we use in bounding sums later on in this paper.
Lemma 2.3 (Log-convexity of L7-norms). For py, p1 € R*, define

1—r r\"
pr = o -|'p—1 . (24)

Then, for f € L' N LP', we have
1Al < AN TIAIE (2.5)
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Theorem 2.4 (Hadamard three-lines theorem). Suppose f(z) = f(x+iy) is bounded,
continuous on the strip {z : Re(z) € [a, b]}, and holomorphic in the interior of the strip.
Put

M(x) = sup|f(x+1iy)l. (2.6)

yeR
Then log(M(x)) is convex on [a,b]. Therefore, for any t € [0,1], we have
M(ta + (1 — t)b) < M(a)'M(b)' . (2.7)

Throughout this paper, we often apply the Hadamard three-lines Theorem in the
setting below, so we state it here for convenience.

Corollary 2.5. Consider a function ¢ : R*> — R that can be extended to a function
from C? to C. Suppose that the complex function V(z) = Y(a; + z,a, — z) satisfies the
criteria of Lemma 2.4 in the strip {z: Re(z) € [—a1,a:]}, and for each x € [—ay,a,],
|W(x + iy)| is maximized at y = 0. Then, we have that

l/}(all aZ) < 1;l}(al + a, 0)511/}(0/ a, + 02)52, (28)

a
and s, = m jﬂz.

a
ay+ap

for s =

Finally, we have a finite field variant of Taylor’s Theorem that is a special case
of Lemma 2.1 of [Ben+17].

Lemma 2.6. For any function ¢ : ng — R* and any n > 2, we have that

20" s g VB + gl Y (qb(x - ”%”) .

d d
erFq xe]Fq

(2.9)

2.2. Geometric preliminaries. We define the geometric counting function Ag
and highlight some important properties, as in [Ben+17].

Definition 2.7. Given a subset E C ]Fg and a 0 € Oy(IF,), the group of orthogonal
transformations over IF%, define the function Ag : ng — R by

Ao(w) = |{(u,u’) €E>:u—-06u = w}|. (2.10)
We also have ||Ao(w)l; = |EP IAo(w)|l = |E}, and Ag(0) = f—f

For all d > 2, we have the following bounds on sums over Ag.
Proposition 2.8 (Lemmas 4 and 5 of [McD20]). For Ag as defined in F¢, we have

Yo Y diw) s ERg), (2.11)

that for |E| 2 q + ,
0€04(Fy) welF

We also have, independent of the size of E, that
—~ 2
Y Y (Ro@) - 20) s gOER, (2.12)

0€04(IFy) welF




CONGRUENCE CLASSES OF SIMPLEX STRUCTURES IN FINITE FIELD VECTOR SPACES 51

In IF;, we have the following result.

Lemma 2.9. For any function h : ]Fé — Ry, for g =3 (mod 4)

1Sils < g S, (2.13)

See Theorem 4.4 of [Cha+12] for the original proof, or the proof of Lemma 2.4
in [AIM24] which more closely matches our notation. Lemma 2.9 allows us to get
better bound on sums of A4 as presented below.

Proposition 2.10. For g = 3 (mod 4), Ay defined as in (2.10), and |E| 2 q%, we

have
YOV i <
Ap(w) < part (2.14)

0€02(Fy) welF;

Furthermore, independent of the size of E, we have

Y (Ao - 16(0)? < IEIg. (2.15)

0€O0,(IF;) weﬂzg

Proof. The second part of the above Proposition is proven in [Ben+17], but more
explicitly proven in Lemma 2.4 of [AIM24]. To prove the first part of the above
Proposition, apply Lemma 2.6 to the sum over w, and apply Lemma 2.4 of [AIM24].

O

We now review some definitions and notation about congruence classes.

Definition 2.11. For a graph G with e(G) edges, the congruence class of G cor-
responding to the values ti,...,t.c) € I, is the set of embeddings & in G such
that for each embedding h € & and for all i, the ith edge (vi1,vi2) of G satisfies
|h(vi1) — h(vip)ll = ti. This forms an equivalence relation on the set of embeddings
of G.

When G is a simplex, we can rephrase this definition of congruence classes in
terms of group actions. For a k-simplex S = (x, ..., x;) € (F)*', the rigid-motion
congruence class of G is the set of k-simplices S = (yo, ..., yi) € (IF))*"" such that
there exists a 0 € O4(FF,) and w € lFfIl such that x; = Oy; + w for all i. We now show
that these two definitions coincide.

A k-simplex (more precisely, an embedding of a k-simplex) (xo, ..., %) € (Fj)*! is
called nondegenerate if the vectors x; — xy,...,x, — xo are linearly independent
or they span ng It is well known that for k < d, two nondegenerate k-simplices
(x0,...,xx) and (yo,..., yx) in ng are congruent in the sense of Definition 2.11 if and
only if there exists a 0 € O4(IF;) and w € IFZ for which x; = Oy;+w for all i (see Lemma
2.11 of [Cha+12]). In the case that k > d, we can form this nondegenerate k-simplex
as the union of nondegenerate d-simplices sharing a common d — 1-simplex, i.e,

(X0, ..+, %) = U(xo, X, Xi) (2.16)

i>d
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Then for two congruent k-simplices (xo, ..., x) and (yo, ..., y) in the sense of Def-
inition 2.11, for d < i < k there exists 0; € O4(IF,), w; € ]Fg sending (xo, ..., X4-1,X;)
to (Yo,...,Yi-1,vi). These 0; must be chosen from the two 0 sending (x,...,xs-1)
to (yo,...,Ys-1) (there are two since this 0 is unique up to reflection). Therefore,
for k > d, every congruence class of k-simplices contains most 27! rigid-motion
congruence classes of k-simplices defined by rotations and translations, and every
rigid-motion congruence class lies in a single congruence class. We see that rigid-
motion congruence classes of simplices are a finer equivalence relation than stan-
dard congruence classes, but only by a constant factor. As our results only care
about E containing a positive proportion of congruence classes of embeddings of
some graph, we may use these definitions interchangeably for congruence classes
of nondegenerate simplices.

Remark. In Theorem 7.5 of [Ben+17] for k < d and Theorem 1 of [McD20] for k > d,
it is proved that the number of rigid-motion congruence classes of degenerate k-
simplices is negligible compared to the number of rigid-motion congruence classes
of all k-simplices. Therefore, for the rest of the paper, we may assume that all
embeddings of simplices are nondegenerate.

We recall the following fact about embeddings of simplices in [McD20].

Lemma 2.12. The number of congruence classes of n-simplices in ng is on the order

of

(n+1) < d
ge2 n <
{qd(nﬂ)—(@l) n>d (2.17)
We note that these two values agree forn =d —1and n = d.
We establish the following notation.

Definition 2.13. For a simplex S, let c;(S) be the integer such that the number of
congruence classes of Sin ]Fg is on the order of g°©. We write c(S) when the dimension
is clear.

Finally, we recall a well-known fact about the size of the orthogonal group over
I,
q

Lemma 2.14. Let O4(IF;) denote the orthogonal group over ]Fg. Then we have that

O04(F,)| ~ q®. (2.18)

2.3. Simplex trees. We develop notation for simplex trees in order to work with
them more easily throughout the paper.

Definition 2.15. We define a rooted simplex tree (7, S,) to be a connected simplex
tree with a designated root simplex S,.
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Definition 2.16. For a rooted simplex tree (T, Sy), we define the depth of a simplex
Sin T to be the minimal length n of a path of simplicesin T from Sy to S. Specifically,
foriy,..., i, €I such that Sy = S;, and S = S,,, we define

n = min{meN:3S;,...,S;,  €7,S;, eN(S;) forall0<j<m-1}. (219

im—l +1

Definition 2.17. For a rooted simplex tree (7 ,5,), and a simplex S € T, we call a
vertex v of S a parent vertex of S if it is shared by a simplex of less depth. Note that
each non-root simplex has exactly one parent vertex, while the root has no parent
vertex. If v is shared by a simplex of higher depth, it is called a child vertex of S.
If v is not shared by any simplex other than S, it is called a free vertex.

A free rooted simplex tree (7, Sy, vp) is a rooted simplex tree with designated
free vertex v, of Sy.

Definition 2.18. For a simplex S in a rooted tree (7 ,S,), denote Ps(S) (P for
“pruned”) as the free rooted simplex tree consisting of S and all simplices connected
to S through a path of simplices in T of greater depth than S. We define P+(S) to be
rooted at S with the designated vertex being the parent vertex of S in 7. We drop the
subscript 7 when it is clear from context.

Definition 2.19. For each v € V(S) and simplices S;, ...,Si, € N(S) of greater depth
sharing the vertex v with S, we define the j-th branch of S at v to be the free rooted
simplex tree P(S;;) with root S;; and designated free vertex v. Let B1(S,v) be the set of
branches of S at v, where the T subscript is dropped when it is clear from context. If
a simplex S has no branches, we call the simplex a leaf. If the simplex S is dimension
greater than n and has branches consisting only of simplices of dimension at most
n, we call the simplex an n-leaf.

It is clear that any simplex tree with a simplex of dimension greater than n con-
tains an n-leaf.

Note that choosing a congruence class of each simplex S € 7 determines a unique
congruence class of 7, since it determines the distance between every pair of ver-
tices corresponding to an edge in an embedding of 7. Furthermore, every con-
gruence class of 7 uniquely determines the congruence class of each S € 7. This
immediately gives us following lemma:

Lemma 2.20. Given a simplex tree 7 we have that the number of congruence classes
of T in i is equal to qrs< ). We denote the quantity Y.s.;-c(S) as c(T).

Remark. By the discussion and remark under 2.11, we may assume that in any
embedding of 7, all embeddings of simplices in 7~ are nondegenerate.

3. FUNCTIONAL SUMS AND USEFUL BOUNDS

In this section, we prove several bounds on sums and products of geometric count-
ing functions that will become relevant in the upcoming sections. Some of the
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bounds in this section rely on the results of [Bri+23], who work with a weaker def-
inition of simplex trees than how we have defined them. We recall their definition
here:

Definition 3.1 (Definition 1.11 of [Bri+23]). We define an k-weak simplex tree
Ty as the graph obtained from a standard graph-theoretic tree, where each edge is
replaced with a k-simplex containing this edge. We assume k < ‘%1.

For a k-weak simplex tree Ty with a distinguished root vertex r, we enumerate
each of the e(T}) = {’(k;l) edges in Ty, where ¢ is the number of simplices in T;. For
ti,..., tqry € F, such that t; # 0, we identify the congruence class of embeddings
of Ty in ng by assigning the distance t; to the ith edge. For an E C ]FZ, we define
the function ka,tl,...,te(Tk>(x) as the number of embeddings  : V(Ty) — E of Ty in the
congruence class defined by ty, ..., tyr,) € IF,, with the condition that h(r) = x. In our
analysis of kartl/---rte(Tk) (x), our results will be independent of the ¢; (as long as they are
nonzero), so we denote this function simply as fr (x).

For a 0 € O,(IF,), it is useful to define the function 'y, (w) : ]Fg — R as

Tor@) = ) fr®frn&). (3.1)

x,x’eIFZ
x—0x"=w

This function counts the number of pairs of congruent embeddings iy, h, : V(Tx) —
E such that the transformation given by a rotation by 6 and a translation by w sends
hi(r) to hy(r). We prove some facts about fr, and I'gr, which are of use to us.

Lemma 3.2. Suppose |E| > q"*d%l and let Ty be a k-weak simplex tree with € simplices.
Then

D lifrlh =

|E|€k+1

(5
E €k+%

@ lfrl, ~ &

g (5)°
3) Torlh =

|E|2£’k+2
2(47)

| E|2fk+2

qd+2z("§1) )

and fg,Tk(O) =

Proof. By definition, fr,(x) counts the number of embeddings of T rooted at x in a
fixed congruence class. Hence, ||fr,||: is the total number of trees in this congruence
class class. From Theorem 1.12 of [Bri+23], this is on the order of |E |’fk+1q‘€(k51) when
|E| 2 q%.

To find ||fr, |, note that f%k(x) counts the number of pairs of embeddings of T
rooted at x in a fixed congruence class. Equivalently, szk(x) counts the number of
embeddings of a larger k-weak simplex tree T; rooted at x, where T| is obtained by
adjoining two copies of Ty at r, and denoting r as the root vertex of T,. T has 2¢
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d-1
2

many k-simplices, so by Theorem 1.12 of [Bri+23], we have that for |E| > 47,

) | E|2€k+1
YA~ S (3.2
xelFf,l q 2
Therefore, taking square roots, we get that
E lk+1
T f'(m) . 3.3)
q 2
By the definition of the Fourier transform we have that
i:(9,Tk(m) =q" Z x(=m - w)l'g 1, (w) (3.4)
weng
=g Y xm- (- 0N E) = ¢ frmfr O m). (3.5
x,x’e]Fg

d-1

We also have that for |E| > 47

i

— d 4 |E|£’k+1 |E|t’k+1
fr(0) = q7%lfrlh = g ) = ) (3.6)
Therefore, we get the following results.

— oar _ |E|2€k+2
Tor,0) = ¢'Ifr,(O)F ~ qd+2f(kgl) (3.7

E2€k+2
ITozlli = qTor(0) ~ lzL(M)- (3.8)

q 2
O

In the coming sections, we need bounds for sums of the form

Z Z A (@)To 7, (w). (3.9)

0€0,4(Fy) weng

This bound looks slightly different in IF; than in higher dimensions, due to our
ability to bound the finite field analogue of the Mattila integral better in two di-
mensions.

Lemma 3.3. Let T be a 1-weak simplex tree with € simplices (i.e. a standard graph-
theoretic tree with € edges) and let E C ]Fg for g =3 (mod 4). If |E| 2 qzr% for some
n > 1, then we have that

|E|2€+2n+2
ZAZ(W)FQ,T(W) S T (3.10)
0,w
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Lemma 3.4. Let T be a k-weak simplex tree with € simplices, for 1 <k < d*—l and let
EcCTF. If|El 2 gL T for some n > 1, we have that

| E|2€k+2n+2

) () 4D

Z Ab(@)To 7, (w) <
q

The proofs of these two Lemmas are contained in the subsequent subsections.

3.1. Proof of Lemma 3.3. We first prove a useful bound, which is a generalization
of Lemma 3.10 of [AIM24]. Recall that in the setting of Lemma 3.3 we have d = 2,
so our 1-weak simplex tree T} is just a standard graph-theoretic tree T.

Lemma 3.5. For q =3 (mod 4), E C IFj and |E| 2 ¢°7,

Z (1" — 5 |E|4€+§
G,T(w)_FG,T(O)) S = (3.12)

0,w

Proof. We first apply Parseval’s theorem.

X (Fort@)=TorO) = @ 3,3 Funt] (313)

0,w m#0
We note that

f@,T(m) = q_ZZX(—m'w)Fe,T(w) g Z x(=m - (u—0u"))frw) fr(u’) (3.14)

u,u’e]Fﬁ
= g fr(m) fr(0-'m). (3.15)
Plugging the expression (3.15) for fg r(m) into (3.13) gives us
Y (Tor@) - Tor () = g Z Y frm)Pifr (0 m) (3.16)
0,w m#0

We sum first in 6. Defining ||m|| = t and h(m) = j?;(m), we get that

Y IO mP ~ Y 0P
0

llel1=t

Y 7 (OSKOR(0) (3.17)
¢

72 Y Y Xt w) fr(@)SAOh(0) (3.18)
¢t w

Y FORSi0) = NfrllyallnSil, (3.19)
4

where the last equalitz\follows from an application of Holder’s inequality. We recall

that by Lemma 2.9, ||hS;|ls < g72/?||hS/|l, and we use the log-convexity of L” norms to
bound ||fT||4/3-
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Ifrllas < (lfrl) 21 frllz) 2. (3.20)
These give
20n8E = Y 1O mE < q Sl frl) (1 frik) 2, (3.21)
from which we get that 9
Y 1@ P < gl frlllfrll (3.22)
0
We calculate the remaining sum over m in (3.16).
Y Il = g2) | f0? = qfR. (3.23)
= xeF2

Putting this all together, we conclude that
— 2
Z (FQ,T(w) - re,T(0)> < ¢ -q 2B - g Pl Al = qllfrllllfrlls (3.24)

0,w

For |E| > 4%, we may plug in our bounds for ||fr|l; and ||fr||, from Lemma 3.2, com-
pleting the proof.
O

We are now ready to prove Lemma 3.3 by induction on n. Let A, =
Y00 Ap(w)lgr(w). We first find a bound on A;. By Cauchy-Schwarz, we have that

1/2 1/2
Z Ao(@)Tor(w) < (Z Ag(w)] (Z I%/T(w)] . (3.25)
0,w

0,w 0,w
By Proposition 2.10, we have that Y., ,A3(w) < |E[*q™" whenever |E| 2 ¢*?. To
bound } 4, I%/T(w), we apply Lemma 2.6 and plug in our bound from Lemma 3.5:
for |E| > 4/, we obtain

Y T3 (@)
0,w

E 40+4 .
|qlT + Z (Tor(w) - Fa,T(O))2 (3.26)

o,w

A

0
|E|4€+4 |E|4€+§

(3.27)

4041 a1
q q

We see that the first term in (3.27) dominates the second term at |E| > g*/°. Putting
everything together, we have for |E| > g%/,

|E|2€+4
Y Ao(@)or(w) < P (3.28)
0w
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This completes the base case. Now assume that n > 2, and assume the inductive
hypothesis that for |E| > g**~D/C0=D+1)

|E|26+2(n—1)+2
Ap1l S W (3.29)
Since A% (w)['g,r(w) is positive by definition and 16(0) = |E *g72, we may write
E
Y A@Tort) < [ A @) (Ae(w> - 'q—') (To:r(w) ~To(0)
0,w o,w
2
+ Z AiTy7(0) L EE (3.30)
0w
= [+ 11+ 111 (3.31)

We bound I by pulling absolute values inside the sum, taking the supremum bound
on A?'(w), and applying Cauchy-Schwarz to the remaining terms, as follows:

1/2 1/2
I < |E/"! (Z (Ae(w)—//\\e(o))z] (Z (FQ,T(w)_fQ,T(O))Z) (3.32)

0,w 0,w

|E|2€+%+n

e (3.33)

The bound above follows from plugging in Proposition 2.10 and Lemma 3.5. For
|E| > g*"/@™1) we have that

|E|2€+n+% |E|2€+2n+2
P Y gt (3.34)
From Proposition 2.10 and Lemma 3.2, we get that for |E| > g*"~D/@n=1+D)
|E|2€+2 |E|2€+2n+2
rz ZA (w) < = (3.35)
0,w
Finally, we note that for |E| > g*"~1/@r=1+D),
|E|2 |E|2€+2n+2
r = q_A” RS e (3.36)

Combining these bounds completes the proof.

3.2. Proof of Lemma 3.4. Before proceeding to the proof of Lemma 3.4, we prove
a d-dimensional analogue of the bound in Lemma 3.5. This is essentially a gener-
alization of Lemma 4 in [McD20].

Lemma 3.6. For E C ]Fg and |E| 3 k@12

Y Cor@) ~Ton O s [Efzg ()45,

0,w
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Proof. We see that

Y (Ton,@) ~Tor0)7 = ¢" ), on(m) (3.37)
0w 0,m#0
= 3 Y | frmPfr (07 m)P (3.38)
6,m#0
= ) I m)PDka(e )P (3.39)
m#0
=L Z frmP Y 1fr )P Z (3.40)
n#0
||m|| t [|n||=t Hm n

Note that for 6,¢ € O,(F,), we have that Om = n and ¢m = n if and only if ¢~'0
fixes m. Therefore, the sum over 0 occurs the size of the stabilizer of m many times,
which is just |O4-1(IF,)| since m, n # 0. Therefore, we may write (3.40) as

7104 1(1Fq)|2 Y rmP| . (3.41)

m#0
[lml|=t

We write the square of sums as the product of two sums. We dominate one of these
sums by dropping all conditions on m by positivity:

Y Ul < Y ifmP? = g lflE, (3.42)
m#0 m

|lmll=t
where the last equality follows from Parseval. We dominate the rest of (3.41) by
removing the non-zero condition:

Y Y P < Y IfnmP = qfrlB. (3.43)
t m#0 m
[lml|=t
All in all, we get that
Y Cor (@) = Tor, ) < 31041 (Fllfr, I3 (3.44)
0,w

Plugging in || f,||; from Lemma 3.2 and the size of |O,_;(IF,)| from Proposition 2.14
gives the desired result.
|

Proof of Lemma 3.4. As in the proof of Lemma 3.3, we proceed by induction on #.
Denote by A, the sum }',, A} (w)lg,r, (w). We first obtain a bound for A;. By Cauchy
Schwarz, we have that

1/2
ZA@(w)rg (W (ZA (w)] (Z 2, (w ) . (3.45)
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Applying Lemma 2.6 to the I sum and plugging in Lemma 3.6 for |E| > gD/

gives us that

4€k+4
Y Tin@ < ¥ |4€|(m) p Z(Fen ~Tor,0) (3.46)
0,w
©) _|E|4€k+4 + |E|4€k+2qd+(d;1)—45(k;1). (3.47)

> q4f(k;1)+d

By a straightforward computation, we see that the first term dominates in (3.47)
for |E| 2 q“*V/2, After plugging in the appropriate bounds from Proposition 2.8, we
conclude that for |E| 3 gma<(@+D/2 k+@=1)/2)

: 1/2 Alk+4 2 si-ae(Fg1
Al < (|E|4q(d§ )—Zd) (|E| q(d)) — |E|2€k+4q_d 3d 2[( ) (348)

a0(*41)+d

| E|2€k+4

- 2,f(k§1)+2d—(";1) ' (3.49)

dn=1)+1 1 +1

This concludes the base case. Now, for n > 2 and |E| 2 ¢™> 5 %) assume

that
|E|2£’k+2(n—1)+2

A1 % 2{’(k+1)+d((n 1)+1)-(%1) (3.50)

We break up A, similarly as before.

n-1 | |2 T
ZA (@)Tor,@) < Y A (@) | Ag(w) - | Ton @ ~Tor ()
0w
EZ
+ Z/\ (@)Tor,(0) + 'q' o (3.51)
w,0

= I+ II+III (3.52)

We bound each term individually. To bound I, we pull absolute values inside the
sum, take the supremum of /\g‘l, and apply Cauchy Schwarz to the remaining terms

to obtain
|E|2 n\1/2 _ ) 1/2
< [ [Z (A (w) - ?) ] (Z (Tor (@) -Tor0) | - (3.53)

0w o,w

2\2
By Proposition 2.8, we have that } ., ()\e(w) - '5—!,) < |E|2q(‘§)+1, Bounding the I' sum

with Lemma 3.6 for |E| 2 g¢*@V/2 taking square roots, and simplifying gives us for
|E| > qk+(d—l)/2,

< |E|2£’k+n+1qdz_2ﬂ—2€(k§]). (3.54)
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By a straightforward computation, we see that for |E| > qdﬁl,
| E|2€k+2n+2

(3.55)

~ qu(kgl)+d(n+1)—(d§1)'

Next, we bound II. From Proposition 2.8, when |E| > qd"_nd“, we have Aj(x) <

|E Iz”q‘d”(d;l). Plugging this in to our expression for I and using our bounds from
3.2 gives us that

| E|2£’k+2n+2

II <

~ qze(k;1)+d(n+1)—(d;1) ) (3.56)

Finally, the bound for III quickly follows from the inductive hypothesis for

d(n=1)+1 _
|E| > qmax("TJr,k+%) .

|E|2 |E|2€k+2(n—1)+2 |E|2€k+2n+2

= (3.57)

Ir s d k+1 a1y k+1 a+1)
q qu( D)+dm)-(%1) qzz( D)+dn+1)-(41)

~

4. PROOF OF MAIN THEOREMS

In this section, we will prove Theorem 1.3, 1.4, and 1.5. Recall from the discussion
and remarks under 2.11 and 2.20 that for an embedding & of a simplex tree 7, we
may assume that the embeddings of all simplices S € 7 (obtained by restricting the
domain of i to vertices of S) are nondegenerate.

4.1. The setup. For a given simplex tree 7, we would like to find an s such that
|E| > ¢° implies that E contains a positive proportion of congruence classes of 7 in
]Fg Denote D as the set of congruence classes of 7. For 6 € ID (6 a congruence
class of 77), we define v+(0) as the number of embeddings of 7 in E that are in the
congruence class 6. We denote by A(E) the size of the support of v+, or in other
words, the number of congruence classes of 7 in E.

By an application of Cauchy-Schwarz, we have that

(Z(SelD VT(é))Z
YseD v?r(é)
The sum in the numerator runs over all possible |V(7)|-tuples in E (where V(7)
denotes the vertex set of 7). Hence we have that

AE) > (4.1)

|E[AVT)I
ZéeID V(Zr(é) .

To obtain a lower bound on A(E), it suffices to get an upper bound on ) ., vz,r(é).
More precisely, to prove Theorems 1.3 and 1.5, we need to show that for the s in the

AE) (4.2)



62 T. CHEEK ET AL.

(T

theorem statements, A(E) is on the order of 4°7) whenever |E| > g°. By the setup

above, we see that
) |E[AVT)I o)
Z Vv2(8) < = AE) 2 §°D. (4.3)
oeD

Our first goal is to find an expression of a more workable form for ¥’ ;., v2.(9), the
number of pairs of congruent embeddings of 7. We build this expression recur-
sively, by first counting the number of pairs of congruent embeddings of simplices,
then sub-simplex trees, and finally the full simplex tree 7.

For u,u’ € E and an n-simplex S, we begin by finding an expression for the number
of pairs of congruent embeddings of S in E based at u and u’, i.e. congruent em-
beddings hy, h, : V(S) — E of n-simplices into E such that /,(vy) = u and hy(vy) = v’
The following exposition follows [Ben+17] closely, but our notation differs and these
ideas will be developed further later, so we present it here.

We define Ag(w) as in Definition 2.7. This is the number of pairs x,y € E such
that the ‘rigid motion’ p(0, w), consisting of a rotation by 0 € Oy(IF,) followed by a
translation by w, sends y to x. By the discussion under 2.11, two nondegenerate
n-simplices S, = (xo,...,x,) and S, = (yo,...,y,) With vertices in ng are congruent
if and only if there exists a rigid motion p(0,w) such that x; = p(0,w)y; for all i.
Therefore, we see that Ag“(w) counts the number of pairs of congruent n-simplices
sent to each other by the transformation p(0,w) (as we need to find n + 1 pairs of
points such that p(0, w) sends the first element of each pair to the second). For the
rest of this section, when the context is clear, a simplex S living in ng is actually an

embedding of a simplex into IFZ.

For u,u’ € IFZ, we also frequently make use of the term Ag(u — 6u’), which counts
pairs x, x’ such that the transformation given by a rotation by 6 and translating the
image of u’ to u, also transforms x” to x. Therefore, A}(u — Ou’) counts the number
of pairs of embeddings of n-simplices, one of which contains u as a vertex and the
other of which contains u’, that are sent to each other by first rotating by 6 and
then translating the image of u’ to u (the exponent is n and not n + 1 as u, u’ are
already fixed).

For 0, ¢ € O,(IF;) and n-simplices S, = (x,...,x,) and S, = (yo, . .., ¥») the transfor-
mations p(0, xo — 0yp) and p(¢p, xo — Pyo) both send y; to x; for all i if and only if 0 and
¢ differ by an element in the stabilizer of the n-simplex S,_,, = (0, y1—Yo,--., ¥n—Yo)-
Since for congruent n-simplices S, and S, the corresponding pinned simplices S, _,,
and S,_,, have conjugate stabilizer groups, we may define Stab(S,) to be the com-
mon size of the stabilizer S,_,, of simplices S, congruent to S,. We see that for
u,u’ € E C Fj, the sum

Al(u — Ou’) (4.4)
0€0,(Fy)

counts each pair of congruent embeddings of n-simplices (S,, S,) in E exactly Stab(S;)
many times. Let Stab(n) denote the minimum size of the stabilizer of a n-simplex
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in ]Fg. We have the following fact from [Ben+17] for n < d, which we easily extend
ton >d:

Proposition 4.1. The minimum size of the stabilizer of a dimension n simplex is

~ ()
Stab(n) ~ {'fd—n(ﬂ:q)l g Zig

The case for n > d follows trivially from the fact that a simplex S, = (xo, ..., x,) of
dimension d or larger, the vectors x; — xo,...,x, — xop may span all of ]F‘; hence the
stabilizer is minimally 1.

We note that since we can assume that all simplices are nondegenerate, the sta-
bilizers of our simplices are always of minimal size. Therefore, the expression

no_ 1 dim(S) ,
Ds(u,u') = ————— A (u—06u’) (4.5)
Stab(dim(S)) Qeg;m) 0
counts each pair of congruent embeddings of S in E based at u and #’ at on the
order of one time, since without the stabilizer term out front we count each pair of
congruent embeddings on the order of Stab(dim(S)) times.
We now use the above methods to obtain an expression for the number of pairs
of congruent embeddings /,, i, of a free rooted simplex tree (7, S, vy) based at u and
u (i.e. hi(vo) = u and hy(vg) = u').

Proposition 4.2. Suppose we have a free rooted simplex tree (7,S,vy), for S € T
and vy € S a free vertex. Define Dz s, : E* = R recursively as

' 1 '
D7 5,00, 1) = Stab(dim(S)) Z H Z H Dp(x, x').

0€0,(F,) veV(S) xx'€E BEB(Sv)
v#vy  x—0x’
=u—0u’
Then for each u,u’ € E, D(g s, (1, 1") is on the order of the number of pairs of congru-

ent embeddings of (T,S,vy) in E based at u and u'.

Proof. If (T, S,vy) is a simplex, then |B(S,v)| = 0. Defining the empty product over
B(S,v) = Dtobe 1, we see that D s, (1, u") reduces to Ds(u, u’), and by the discussion
above, Ds(u,u’) is on the order of the number of pairs of congruent embeddings of
(7,S,v9) based at u, u’.

We now proceed by induction on the number of simplices in (7, S,v;). We can
obtain an expression on the order of the number of pairs of congruent embeddings
of (7,S,v9) in E based at u and ' as follows:

(1) Fix a 0, and consider all embeddings of simplices /1, h, : V(S) — E based at
u,u’ such that the rotation 6 followed by the translation sending 6u’ to u also
sends /,(v) to hy(v) for all v € V(S) \ vy.

(2) For each such fixed pair of embeddings of S, count the number of ways this
pair hy, hy can be extended to a pair of congruent embeddings of (7, S, vp) in
E.
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(3) Sum over all 0 and divide the final sum by Stab(dim(5)).
First, we explain why

H Z H Dy(x, x') (4.6)

veV(S) x,x'€E BeB(S,v)

v#£0)  x—O0x'=u—0u’
corresponds to steps 1 and 2. For notational convenience, let dim(S) = n, so that S
has n+1 vertices. For a fixed 6, we consider all congruent embeddings /1, h, : V(S) —
E such that the transformation p(6, u — 6u’) sends h,(v) to hi(v) for all v € V(S). Each
pair of these congruent embeddings /,, i, corresponds to n pairs of points (a;, b;) € ng
(one pair for each v # vy, as u and v’ are already fixed) such that p(0,u — 0u’)b; = a;.
For a fixed vertex v € V(S) \ vy, the sum over x,x’ € E ranges over all possible
candidates for /(v), h,(v) with respect to a fixed transformation. For each such
x,x’ and a fixed branch B of (7, S,v,) at the vertex v, by the inductive hypothesis,
D3(x,x’) is on the order of the number of pairs of congruent embeddings of B in E
based at x and x’. The product over all branches B at the vertex v is on the order
of the number of pairs of congruent embeddings based at x and x’ of the structure
obtained by joining all branches in (S, v) at v. Taking the product over all vertices
v € V(S) distinct from v, yields an expression on the order of the number of pairs of
congruent embeddings of (7, S, vy) extending hy, h,.

We now argue step 3. Fixing a pair of based congruent embeddings h;,h, : V(S) —
E, of S, for each ¢ € Stab(hy(S)) and each 6 such that p(6,u — Ou’) sends h,(S)
to h1(S), we also have that p(0¢,u — Opu’) sends hy(S) to hi(S). Therefore, once
we sum over all 6, we overcount each pair of embeddings of S on the order of
Stab(h,(S)) = Stab(dim(S)) many times (as h,(S) is nondegenerate). Therefore, Steps
1 and 2 overcount each pair of congruent embeddings of 7 by the same factor, and
we divide by Stab(dim(S)) to complete the proof of the Proposition.

O

Finally, we construct an expression for the number of pairs of congruent embed-
dings of a general rooted simplex tree (7, Sp).

Proposition 4.3. Consider a rooted simplex tree (7,S,), and define

1
koo - s L X 11 X T oo
Stab(dlm(SO)) we]Fg 0€0,4(F;) veV(Sp) xx'€E  BeB(So,v)
x—0x'=w

Then we have that
Y 40) & Rosy.

o6eD
Proof. Note that ) s v,zr(é) counts the number of pairs of congruent embeddings of
(7,Sp) in E. We can obtain an expression on the order of this quantity as follows:

(1) Fix a 6, w, and consider all embeddings of simplices /y,h, : V(Sy) — E such
that h1(So) = p(6, w)ha(So).
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(2) For each fixed pair of congruent embeddings of the root Sy corresponding
to p(6,w), count the number of ways this pair of embeddings /;,h, can be
extended to a pair of congruent embeddings of (7, Sy) in E.

(3) Sum over all transformations p(6,w), and divide our final sum by
Stab(dim(Sy)).

The quantity

I1 Z [T Do) (4.7)

veV(Sg) xx'eE  BeB(So,v)
x—0x'=w

corresponds to steps 1 and 2. For notational convenience, let dim(Sy) = n. For a
fixed 6, we consider all congruent embeddings /1, h; : V(S) — E such that the trans-
formation p(0, w) sends h,(v) to hi(v) for all v € V(S). Each pair of these embeddings
hi,hy : V(S) — E corresponds to n + 1 pairs of points (a;, b;) such that p(0, w)b; = a; for
all i. For a v € V(Sy), the sum over x,x’ € E ranges over all possible candidates for
hi1(v), hy(v) with respect to a fixed p(6, w). We weight each candidate as in Proposi-
tion 4.2, and taking the product over all v € V(S;) yields a quantity on the order of
the number of pairs of congruent embeddings of (77, Sy) extending h, h,.

Now we argue Step 3 by a similar argument as in Proposition 4.2. Fixing a pair
of congruent embeddings hi,h, : V(Sg) — E, for each ¢ € Stab(h,(Sy)) and each pair
0, w such that p(0, w) sends hy(Sp) to h:1(Sy), we also have that p(0¢, w) sends h,(So)
to 11(Sg). Therefore, the sum over all 6 and w counts hy, h, exactly Stab(h;(Sy)) =
Stab(dim(Sy)) many times. Therefore, after summing over all 6 and dividing by
Stab(dim(Sy)), we see that each pair of congruent embeddings of 7 is counted on
the order of one time.

O

Therefore, in order to prove both Theorem 1.3 and 1.5, it is equivalent to show
the following:

Proposition 4.4. For a rooted simplex tree (7,5y), and for any 1 < k < d%l, define

Ne = k+ Z (dim(S) — k). (4.8)

SeT
dim(S)>k

de+].
Ng+17

Then for s = max( k + 5%1), we have that whenever |E| 2 ¢°,

|E[AVT)I

Rirs S TN (4.9)

If we additionally impose the condition that d = 2 and that g = 3 (mod 4), for s =

2;111121 we have that whenever |E| 2 q° the above holds as well.

From here, our goal will be to apply the Hadamard three-lines Theorem to bound
Rz s, effectively. This geometrically corresponds to reducing the proof of Proposi-
tion 4.4 for 7 to proving Proposition 4.4 for some collection of nicer simplex trees.
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4.2. Two geometric operations. In this subsection, we describe and prove the
two operations we use to simplify our sum: branch shifting and simplex unbalanc-
ing. Before we do so, we introduce some notation to make the statement and proof
of these operations more clear.

Definition 4.5. For a rooted simplex tree (7,S,), denote p(7,So) as the infimum
over s € R such that Rirsy < E*VTlg™D) (equivalently, Y. s.pva(6) < EFVTlg=T)
whenever |E| 2 ¢°.

Lemma 4.6 (Branch Shifting). Given a rooted simplex tree (7,Sy), consider two
simplices S and S,, that are not necessarily distinct from each other or the root
vertex. Further, suppose each of Si, S, contain respective, necessarily distinct, child
vertices v, and v,. Consider the rooted tree (71,Sy) formed from (7 ,Sy) by deleting
all branches of S, at v, and duplicating all branches of S1 at v,. Similarly, consider
the rooted tree (7,,So) formed from (7 ,S,) by deleting all branches of S; at v, and
duplicating all branches of S, at v,. Then p(7,So) < max(p(71, So), (72, So))

Note that the quantity N in Proposition 4.4 is the same for 7,77, and 7,. There-
fore, the above Lemma states that in order to prove Proposition 4.4 for 7, it suffices
to prove Proposition 4.4 for 77 and 7,. An example of branch shifting shown in Fig-
ure 3, with Sy being the black 3-simplex, S;,S, both the red triangle, v; being the
parent node of the green branches, and v, being the parent node of the blue branch.

7 (original) 77 (modified) 7, (modified)

S

Ficure 3. An example of branch shifting.

Proof. First, suppose that S; and S, are distinct from each other and from the root
simplex, with parent vertices vy; and vy, respectively. Then for ¢ € {1,2}, the ex-
pression R g, contains the term

Dps (1) = m Z H Z H Dg(x, ). (4.10)

0€0,4(F,;) veV(Sy) xx'€E BeB(Sv)
v£vy e x—0x
=u—0u’
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Now consider the modified expression

Ge(v)
’ 1 /
DP(Sg)(Z/l,u ,ap) = m Z H Z [ H Dg(x, x )] 4.11)

0€0,(F;) veV(Sy) xx'€E \BeB(S¢v)
v#vge  x—0x’

=u—6u’
where G, : V(S;) — R is defined as
Gi(v) = {1 7 # 0 (4.12)
a, v =1

We now consider the function y(a;,a,) defined as the expression for R s,) where
we substitute all instances of Dp(s, (11, u”) with Dps,)(u, u’, ar). Therefore, we see that

Rirsy = $(1,1). (4.13)

We plan to invoke the Hadamard three-lines theorem to “unbalance” 1(1,1), by
bounding it by the geometric average of y(2,0) and ¥(0,2). As the expression for
Y(2,0) corresponds to duplicating the contributions of the branches of S; at v; and
removing the contributions of the branches of S, at v,, and analogously for (2, 0),
these two terms represent simplex trees of a “lower complexity” than that of i/(1, 1).
For an example, consider the case in Figure 3, with S; = S, as the red triangle,
the green simplices as branches off of child vertex v;, and the blue simplices as
branches off of child vertex v,. Then 77 corresponds to the expression 1(2,0) and
7> corresponds to the expression (0, 2).

It is easy to check that i satisfies the requirements for the special case of
Hadamard three-lines in Corollary 2.5 (by an iterated use of the triangle inequal-
ity), so applying this gives us that

P(1,1) < P(2,0)2%(0,2): (4.14)
Note that the terms ¢(2,0) and ¢(0,2) are equal to R(7, s, and Rz, s, respectively,
where 77 and 7, are as defined in the Lemma statement. We also easily see
that 2c¢(7) = c(771) + ¢(72) and that 2|V(7)| = |V(T1)| + |[V(T3)]. Since for any
s > max(p(71), p(72)), we have that |E| > ¢° implies

|E[AVTD+2IV(T2)

YROV02) £ = ) (4.15)
we conclude that
|E[AVI
P(1,1) < W (4.16)

In the case where S; and S, are the same simplex and are still distinct from the
root node, we denote both of them as S for simplicity. We denote the parent vertex
of S as vy, and the two distinguished child vertices as v; and v,. Then the expression
R(7s,) contains the term
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1

. — | | Dg(x, ). 4.17)
Stab(dlrn(S)) 0€0,(F,) veV(S) xx'€eE BeB(S,v)
v#vy  x—0x

=u—06u’

Dp)(u,u') =

Now consider the modified expression

DP(S)(I’[/ ull ai, aZ)

1 /
= Stab(dim(s)) 13 [H Ds(x, ¥')

0€0,(Fy) veV(S) xx'eE \BeB(Sp)
v#£yy  x—0x’
=u—06u’

G1(0)+Ga(0)-1
J (4.18)

where G; and G, are defined as in (4.12) above. We define 1(a,4,) as the expression
for R(7,s,) where we substitute each instance of Dps) (1, u") with Dps)(u, u’, a1, a,). We
note that R, = ¥(1,1). Applying Hadamard three-lines and arguing as in the
previous case completes the proof of the Lemma in this case.

The cases where one or more of Sy, S, is the root of 7 follow in an extremely similar
fashion. Suppose that S; is the root of 7, then Rs s is of the form

Reso =y, Y, [] Y, T pstx) (4.19)

we]Fd 0€0,(F;) veV(S1) x,x'€E BeB(S1,0)
x—0x'=w

Define (a3, a,) as the modified expression

Z Z H Z ( H DB(x,x')]G](U) (4.20)

we]Fd 0€0,(IFy) veV(S1) xx'€E \BeB(51,0)
x—0x"=w

where we substitute each instance of Dy, (1, u") with Dp(s,)(u, u’, a;). From here, we
apply Hadamard three-lines to ¢/(1,1) and argue as in the previous cases. Finally,
in the case where S; = S, = Sy, we define 1)(a;,4,) as the modified expression for

R(7 s, below.
G1(0)+Ga(0)-1

Z Z H Z ( H DB(x/x’)] (4.21)

welF? 0€04(F;) veV(S1) xx'€E \BeB(51,0)
7 x—0x"=w

Then applying Hadamard three-lines to (1, 1) finishes this case.

We now proceed to our second geometric operation:

Lemma 4.7 (Simplex Unbalancing). Given a rooted simplex tree (7,5S,), consider
two distinct simplices S, and S, (one of which may be the root), each of dimension at
least 2 and each with at least one free vertex. Choose positive integers ky,k, such that
k; does not surpass the number of free vertices of S;. Consider the rooted tree (71,5)
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formed by deleting k; free vertices of S, and adding k, free vertices to Si. Similarly,
consider the rooted tree (7,,5¢) formed by deleting k, free vertices of S, and adding
ki free vertices to S,. Then p(7") < max(p(71), p(72)).

Similar to branch shifting, the operation of simplex unbalancing preserves the
quantity N as defined in 4.4. Therefore, this lemma allows us to rephrase proving
Proposition 4.4 for 7 into proving Proposition 4.4 for 77 and 7,. An example of
simplex unbalancing is shown in Figure 4, where we take S, to be the black triangle,
S1 to be the green triangle, and S, to be the blue triangle.

7 (original) 77 (modified) 7> (modified)

S A A

Ficure 4. An example of simplex unbalancing.

To prove simplex unbalancing, we need the following Lemma:

Lemma 4.8. Given a rooted simplex tree (7,5y) in IFg, consider two distinct simplices
S1 and S, each of dimension at least 2 and with at least one free vertex. Consider

the rooted tree (T',Sy) formed by deleting one free vertex of S; and adding one free
vertex to S,. Then we have that

Stab(dim(S,)) ' Stab(dim(S;))
Stab(dim(S7)) Stab(dim(S))
Proof. By Lemma 2.20, we see that ¢(7) — ¢(7”) = ¢(S1) — ¢(S}) + ¢(S2) — (S}). Let

dim(S;) = n and dim(S,) = m, so that dim(S}) = n — 1 and dim(S}) = m + 1. We split
into cases based on the dimension of simplices S; and S,.

)qC(T') = g, (4.22)

e If n,m > d, then by Lemma 2.12, we see that c(S) changes linearly by d as the
dimension of both simplices change by 1. Therefore, c(51)—c(57)+c(S2)—c(S)) =
d + (—d) = 0. The sizes of the stabilizers are trivial in this case, so we have
the equality in (4.22).

e If n,m < d, then by Lemma 2.12 we have that

¢(51) = c(Sp) +¢(52) = ¢(S)

A R SRS
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Similarly, by Proposition 4.1, we see that

Stab(n —1) Stab(m +1)

So again, we get the equality in (4.22).
e If n <d,m > d, then again by Lemma 2.12 we have that

c(S1) = ¢(51) +¢(52) = (S3)

Stab(n)  Stab(m) q(d;")-(d-;“)+(“’;’”)—("‘2"‘1) = g, (4.24)

2 2

The stabilizers Stab(mm) and Stab(m+1) are trivial, and we have by Proposition
4.1 that

:(n)—(n_1)+d(m+1)—d(m+2):n—d. (4.25)

Stab(n) d—n)_(d-n+1 ned
m:q(z)(z):q , (4.26)
Thus, we have the equality on (4.22). The case where n > d,m < d follows
similarly.
O

Proof of Simplex Unbalancing. For now, assume that S; and S, are not the root of
7, and denote the parent vertices of S; and S, as vy; and vy, respectively. Denote
the set of free vertices of S; as Fy, and the set of free vertices of S, as F,. For ¢ € {1, 2}
the expression R g, contains a term of the form

1
D uu) = ——— AFdy — o Dg(x,x"). (4.27)
piso (t 1) Stab(dim(S,)) eeoZd(‘n:q) o' )UWQ[) x,xz,;‘E Bezla(_s[f,v) 56,%)

V£V x—0x
vgF, =u—0u’

Now consider the modified expression

Dps,(u,u',ar) =

S art(Fd=k0) (o ,
Stab(dim(S,)) Y, w-ou) [T Y, [[ Detwr). (@28

0€0,4(IFy) v;‘t/v(sf) J;,x’eilé BeB(S¢,v)
0,6 X—
vgF, =u—0u’

Consider the function ¢(a;,4,), defined as the expression for R s,) where we sub-
stitute each instance of Dps,)(u, u") with Dy, (1, 1, ar). Therefore, we see that

R sy = Plki, ko). (4.29)

It is clear that ¢ satisfies the conditions needed for the special case of Hadamard
three-lines as stated in Corollary 2.5 (again by iterated triangle inequality), so ap-
plying this gives us that

l,b(kl,kz) < l,b(kl + kz, O)Sll,b(O, k1 + kz)s2 (430)
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for some positive s; such that s; + s, = 1. Note that the only difference between
Y(ky + k2,0) and R(s, s, is the stabilizer constant in front of i(k; + k, 0)’s modified
Dps,y and Dps,) terms. This is because in the process of applying Hadamard three-
lines above, we changed the dimension of S; and S, by changing the power on the Ay
terms, but didn’t change the stabilizer terms accordingly. Therefore, we have that

_ (Stab(dim(S;) + k») Stab(dim(S,) — k»)
Yl +ke,0) = ( Stab(dim(S;)) _ Stab(dim(S,))
By a repeated application of Lemma 4.8, we have that

)R(Thso)' (431)

Stab(dim(S:) + k2) Stab(dim(S;) —k2)} 1 1 (4.32)
Stab(dim(S;)) Stab(dim(Sy)) /g« gD’ :
After noting that |V(77)| = |[V(7")|, we see that for s > p(77, So),
Stab(dim(S;) + k;) Stab(dim(S,) — ky)\ ( |E[ZV7D)
. 4,
vlrio0) < ( Stab(dim(S1)) Stab(dim(S,)) g7 (433
|E[AVI
S T (4.34)
By an analogous argument, we also have that for s > p(73, So),
Stab(dim(S;) — ki) Stab(dim(S;) + ky)\ [ |E[*V7?)
. 4.
vOkath) ( Stab(dim(S1)) Stab(dim(S,)) g7 (4.35)
|E[AVI
< o (4.36)

Therefore, whenever s > max(p(71),p(72)), we may conclude that R, =
¢(k1/k2) < E2|V(‘T)Iq—6("f)_

In the case that S; or S, is the root of (77, Sy), the proof follows similarly. Without
loss of generality, let S; be the root of 7. Again, let F; and F, be the set of free
vertices of S; and S, respectively. The term R s is of the form

Rirsy = Z Z /\gll(w) H Z H Dsz(x,x") (4.37)
)

welFd 0€0,(F veV(Sy) x,x’€E BeB(S1,v)
p q
v¢F;  x—0x’
=w

Define (a3, a,) as the modified expression

Z Z Tt () H Z H Dg(x, x), (4.38)

welF? 0€0,4(Fy) veV(S1) x,x’€E BeB(S1,0)
1 vgF;  x—6x
=w

where we substitute each instance of Dp(s,) (1, u") with Dps,) (1, u’, ac) as we did in the
previous case. Applying Hadamard three-lines and arguing as in the previous case
completes the proof of the Lemma.

O



72 T. CHEEK ET AL.

4.3. Proof of Proposition 4.4 and Theorem 1.4. We have the following simple
fact that we use throughout this subsection.

Lemma 4.9. Consider a graph G and a subgraph H of G. If for some s € R, E C
ng contains a positive proportion of congruence classes of embeddings of G in ng
whenever |E| 2 q°, then E contains a positive proportion of congruence classes of
embeddings of H in ]Fg whenever |E| 2 ¢°.

Proof. Note that a congruence class of G determines a congruence class of H. As
long as the number of congruence classes of H in IF; is unbounded as g grows, it
is clear that E cannot contain a positive proportion of congruence classes of em-
beddings of G without containing a positive proportion of congruence classes of
embeddings of H.

O

Proof of Theorem 1.4. We may assume that all simplices in 7 are exactly dimension
k by Lemma 4.9. We first choose a root Sy of 7. Then, to any simplex S € 7 such
that S has more than one child vertex, we apply branch shifting to two child vertices
of S to reduce to to a collection of modified 7; where S has one less child vertex.
Repeating this process for all S € 7 allows us to reduce to the case where 7 is a
simplex tree consisting only of n-simplices with at most one child vertex. Simplex
trees of this form are k-weak simplex trees, and we apply Theorem 1.12 of [Bri+23]
to conclude that for s = k+ d;—l, |E| 2 ¢° implies that E contains all congruence classes
of 7 in IFy.

|

We first prove a special case of Proposition 4.4 for a simple class of simplex trees
7 before continuing to the proof of 4.4 in full generality.

Lemma 4.10. For an integer k such that1 < k < "lzil, let T be a simplex tree consisting
of exactly one simplex S of dimension greater than k. For s = max (ddcil;?gﬁl, k + ‘12;1),
we have that for E C I, whenever |E| 2 ¢,
) [ERV)
Z V2(8) < rran (4.39)

0eD
If we additionally impose the condition that d = 2, k = 1 and that g = 3 (mod 4), for

s = Ziiﬁ?s()sil we have that whenever |E| 2 q° the above holds as well.

Proof. We view S as the root of 7, and by Lemma 4.9, assume that all simplices of
dimension at most k are exactly dimension k. If S has no child vertices, we directly
apply the bounds found in [Ben+17] and [McD20] and no further work is needed.
If S has at least one child vertex, we may reduce to the case where S has exactly
one child vertex. To do this, we apply branch shifting to a pair of child vertices of
S to reduce to the case where S has one less child vertex, and repeat this process.
Denote the sole child vertex of S as v.
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Next, we modify the branches of S. To any k-simplex with multiple child vertices,
we repeatedly apply branch shifting to reduce to the case that each k-simplex only
has a single child vertex. After this modification, each branch of S is of the form of
a k-weak simplex tree as defined in Section 3. Then we may write the sum R ) as
follows:

1 im ’
Rr9 = Sab@m@) Yo Y Amw Y., [ st (4.40)
we]Fg 0€0,(IFy) xf,g}’clefw BeB(S,0)
We note that []pcgs.) Dp(x, ') counts the number of congruent embeddings (based
at x and x’) of the structure formed by the union of all the branches of S at v. We note
that the union of all of the branches of S at v is a k-weak simplex tree T, rooted at v.
Therefore, [[pcgs,.) Dp(x, X’) counts the number of congruent pairs of embeddings of
T, into E based at x and x’.

Defining e(Ty) = f(kzl) as the number of edges of Ty as in Section 3, let t,, ..., t,r) €

IF; determine a congruence class of embeddings of Ty. Defining fr, 4,1, as in Sec-
tion 3, we may write
1 dim(S)
Rrs) = comaan 2 Ao () Dp(x, x')
77 Stab(dim(S)) QZ 0 ZE BJ;L)
x—0x"=w
_ 1 dim(S)
= m Zt( ) QZ /\ (w) ZEE ka t1,.. e(Tk) (x)ka t1,0es e(T ) (4-41)
..... T. w X, x
x=0x"=w

We also may assume that ty,...,t,r,) range over nonzero elements in IF, rather
than all of IF,. This is because we only care about containing a positive propor-
tion of congruence classes of 7 in ng, and the number of congruence classes of T
determined by a set of e(T}) distances with at least one distance zero is negligible
compared to the number of congruence classes determined by a set of ¢(T;) nonzero
distances. Fixing a congruence class t1, ..., t,r, of Tk, we note that the inside of the
outermost sum of (4.41) is exactly of the form Yoo Glm(s)(w)l"g t.(w), where T'o 1, (w)
is defined as in Section 3. From this point onward, we split into cases for ]Fg and IFg .
For notational convenience, we let n denote the dimension of S for the rest of this
Lemma.

In IF?I, from an immediate application of Lemma 3.3 we have that for |E| > qm%,

Stab(n) Z Z)\g(w) Z ritstey Q) frot, ety (

ey Ow x,x'€E
x—0x'=w

1 26k+2n+2 26k+2n+2
< LB _ L1 |HE . (4.42)
Stab(n) qu(k51)+2n—1 Stab(n) qf(k;1)+2n—1
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It is easy to show that 7 has ¢k +n + 1 vertices. We also see that by Lemma 2.20,
(7)) =c(S) + f(kgl). In d = 2, we see that Stab(n) ~ 1 and ¢(S) = 2n — 1 by Lemma
2.12. Therefore, we have shown that for |E| 2 g7+,

) |E[AVT)I
Z V‘T(d) =~ R('T,S) < W (443)
deD

In F{, d > 2, we apply Lemma 3.4 to (4.41), so for |E| 2 gt ke i),

1 ; ,
Stab(n) h Zt GZ Ae(w) ZEE ka,h,...,te(Tk) (x)kartl,.../tg(Tk) (X ) (444)
e e xf’gx’:w
1 (1) |E2tk+2n+2
< .
® Stab(n) | (qze(k;1>+d<m-<d;1> (4.45)
1 | E|2€k+2n+2
- : 4.4
Stab(n) [qf(k;1)+d(n+1)—(d;1) (4.46)

Again we see that 7 has ¢k + n + 1 vertices, and that ¢(7) = ¢(S) + l(kgl). When
dim(S) = n > d — 1, we have that Stab(n) ~ 1 and that ¢(S) = d(n + 1) — (“}'). When
dim(S) = n < d — 1, we have that Stab(n) is q(d?l) by Proposition 4.1. As (d;”) +dn +
1) = (%1 = (1), we see that for |E| 2 g k)

, [ERVD)
ZVT(d) = R(q‘/s) < W (447)

deD
O

Proof of Proposition 4.4 for general simplex trees. Fix an integer k in the statement
of Proposition 4.4 such that 1 < k < d%l. If there are less than two simplices of
dimension greater than k in 7, then we are done by Lemma 4.10 and Theorem 1.4.
Now suppose there are at least two simplices in 7 of dimension greater than k.
Then there must be at least two k-leafs in 7~. Fix two distinct k-leafs S; and S, of
dimensions 1, m > k respectively.

e Step 1: We reduce to the case where one of 51, S, has at most one child vertex
and the other has no child vertices. To do this, we iteratively apply branch
shifting. Consider the case where S; has more than one child vertex. Here,
we apply branch shifting to a pair of child vertices of S; to reduce to the case
where S; has one less child vertex, and repeat this process until S; has a
single child vertex. Therefore, we may assume that S; has either zero or one
child vertices. Similarly, we may assume that S, has either zero or one child
vertices. If either S; or S, has no child vertices, we are done. Otherwise,
apply branch shifting to the child vertex of S; and the child vertex of S,.
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e Step 2: Denote F; and F, as the set of free vertices of S; and S,. If S; has a
child vertex, set k; = |F;| — k + 1, otherwise, set k; = |F;| — k. Similarly, if S,
has a child vertex, set k, = |F,| — k + 1, otherwise, set k, = |F,| — k. Then apply
simplex unbalancing to S; and S, with the appropriate kq, k. Note that in all
of these cases, this process lets us reduce to the case where one of Sq, S, is
an k-simplex, and the other is a (dim(S;) + dim(S,) — k)-dimensional simplex.

After an application of these two steps, we have reduced the goal of proving Propo-
sition 4.4 for 7 to proving Proposition 4.4 for a collection of 7;, all with one less
simplex of dimension greater than k than 77, since the quantity Ni is invariant un-
der branch shifting and simplex unbalancing. Note that for each of these 7;, we
have that

Z dim(S) = Z dim(S) | - k. (4.48)
SeT; SeT”
dim(S)>k dim(S)>k

Therefore, if we start with a simplex tree 7, and repeatedly apply the above
two steps to reduce proving Proposition 4.4 for 7~ to proving Proposition 4.4 for a
collection of 7 each containing exactly one simplex S; of dimension greater than k,
we see that for each 7,

dim(S;) = k+ Z (dim(S) — k) (4.49)

SeT”
dim(S)>k

Applying Lemma 4.10 to each T; completes the proof of Proposition 4.4 in full
generality.
|

5. CYCLES OF SIMPLICES
In this section, we discuss partial results related to cycles of simplices.

Definition 5.1. Let C be a finite set of simplices Sy, ...S; where S; shares a vertex
with S;;1 forall 1 <i < k-1, and S; shares a vertex with S,. Then we call C a cycle
of simplices.

Our goal is to find an s such that ng contains a positive proportion of congruence

classes of C in IF; whenever |[E| > 4°. As argued for simplex trees in Lemma 2.20, we
have the following:

Lemma 5.2. The number of congruence classes of C in Fi is on the order of q-s<®),
We denote ) s c(S) as c(C).

Following the framework developed in Section 4, to find an s corresponding to a
given simplex cycle C, we first reduce this goal finding an s for a simple class of
simplex cycles consisting of one large simplex and all other simplices of dimension
one. This is more precisely described in the proposition below.
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Proposition 5.3. Consider a cycle of simplices C with k simplices, and define.

N =1+ Z (dim(S) — 1)

SeC,dim(S)>1

Let C’ be a cycle of simplices containing k — 1 simplices of dimension 1 and one
simplex of dimension N. Then if for some s € R, E contains a positive proportion of
congruence classes of C' in ]Fg whenever |E| 2 ¢°, then the same is true for C and the
same s as well.

The proof of the above Proposition requires a modification of the simplex un-
balancing technique from earlier. However after we reduce to this class of simple
cycles, we find that various technical obstructions occur in trying to generalize the
methods of Section 3 to this setting. Morally, however, we expect the s for C’ to be
slightly larger or equal to that of simplices of dimension N, as cycles of arbitrary
length are much more abundant than simplices of dimension N in ]Fg

5.1. The setup and Hadamard three-lines reduction. Consider a cycle of sim-
plices C given by a collection of simplices Sy,..., Sy, where S; shares a vertex with
Sisiforall 1 <i<k-1and S, shares a vertex with S;. Again, we are interested in
finding an s such that ]Fg contains a positive proportion of congruence classes of C

in ]Fg whenever |E| > 4°. Using the same Cauchy-Schwarz setup as in Section 4.1,
we show that this problem is equivalent to finding an s such that whenever |E| > 7°,

) |E[AV©
ZVC((S) < W (5.1)

oeD

As usual, D denotes the space of congruence classes of C, v¢(0) denotes the number
of embeddings in the congruence class 6 contained in E, and V(C) denotes the vertex
set of C. Analogous to simplex trees, a vertex in C is called a free vertex if it is
shared by only one simplex. As per Section 4.1, the goal is now be to write }. s, v2(0)
in a way that is more amenable to applying Hadamard three-lines. We have two
different ways of doing this, depending on whether the two simplices S, 5, € C we
distinguish share a vertex or not.

First, consider nonadjacent simplices S, S, of C with dimension m and n respec-
tively. Denote H; and H, as the two chains of simplices connecting S; to S,, denote
v1; as the vertex shared by S; and H;, and denote v,; similarly as the vertex shared
by S, and H;. Let 6; and 9, be respective congruence class of these two chains. Let
the function fs, (x1,x2) count the number of embeddings of H; into E in a given con-
gruence class 61, such that the embedding sends v;; to x; and v,, to x,. Similarly,
let the function gs,(x1,x2) count the number of embeddings of H, into E in a given
congruence class 0,, such that the embedding sends v,; to x; and v,, to x,. Then
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we define

1 m— n—
Dnonadj(C/ Sl/ 52) Stab(m)Stab(n) Z Z Z /\9 1(w1)A(p 1(?02)

61,02 0,0€04(Fy) w,, wze]F

YooY fulnu)fs (], 4)80, (01,0285, (01, 0. (5.2)

ul,ui,vl,vieE uz,u’Z,vz,véeE
u—0u)= up—puy=
vl—Gvizwl vz—(pvé:wz
Proposition 5.4. For nonadjacent simplices S1,S, € C with dimensions m and n
respectively, we have that

Z V%’(é) ~ Dnonadj(cr Sl/ SZ) (53)

6eD

Proof. We first count the number of pairs of congruent embeddings h, 1’ : V(5; U

S,) — E of the collection of two disjoint simplices S;,S,. Let the dimensions of S;

and S, be m and n respectively. By the methods of Section 4.1, we see that this is

on the order of
1

Stab(m)Stab(n)

AT (@) AT (5) (5.4)
0,0€04(Fy) w, wze]F"’

~ Stab(m) Stab(n) Y. X A @y @) Z Z (5.5)

0,0€04(Fq) wy,wy€F] ul ) v1,0)€E 1,1y, 02,05 €E
Gu uz q)u =
vl—Gvi:wl V= PUy=w,

In the equality above, we just unpack the definition of Ay and A,. For every congru-
ent pair of embeddings /, i’ the expression above counts, ©; and v, are the vertices
h(v1,1) and h(v12) of h(S;), and u] and v} are the vertices h'(v1,1) and h'(v12) of 1'(S1).
Similarly u, and v, are the the vertices h(v, ;) and h(v,) of h(S,), and u/, and v} are the
vertices h'(v,1) and h'(v,,) of H'(S;). See Figure 5 for an example where dim(S;) = 2
and dim(S,) =3

We now weight the count of each pair of congruent embeddings /1,1’ : V(5;US;) —
E by how many pairs of congruent embeddings /1,7’ : V(C) — E it extends to. This
is exactly

Z fé] (u].l uZ)f(51 (u‘,ll ”;)862 (Ull vZ)géz (Ui/ ’Ué)l (56)
01,02
completing the proof of the proposition.
|

Now consider adjacent simplices Sq, S; of C with dimensions m and n respectively.
Denote H as the chain of simplices connecting S; to S,, denote v; as the vertex
shared by H and S;, and denote v, similarly as the vertex shared by H and S,.
Let 0’ be a congruence class of H. Let the function Fs (x1, x2) count the number of
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Ficure 5. A potential extension /1 and W of two embeddings h, I’ :
V(S1 U Sz) — E.

embeddings of H into E in the given congruence class ¢’, such that the embedding
sends v; to x; and v, to x,. Then we define

1 m— 4 n— ’
Dais(C,51,5:) = Stab(m)Stab(n)Z Yo ) ae-en i@ - ¢)

& 9,¢€Od(]Fq) X1 ,Xzeng

Z Z Fy (1, u2)Fy (i, 113).  (5.7)

ul,ui €E uz,uéeE

’ ’
Uy —Qul Uy —put}y
=x—0x" =x—¢x’

Proposition 5.5. For adjacent simplices S1,S, € C with dimensions m and n respec-
tively, we have that
Y v20) ~ Dui(C, 51, ). (5.8)
oeD
Proof. We first count the number of pairs 11,1’ : V(51 US,) — E of congruent embed-
dings of the collection of two simplices S;, S, sharing a vertex. Then by the methods
of Section 4.1, we see that this is on the order of

1 m / n /
Stab(m)Stab(1) Y, ), M- e - gx) (5.9)

0,0€04(Fy) x1,x; e]Fg

1
= AT2(x — Ox A2 (x — Ppx’ 1. (5.10
Stab(m)Stab() , L=t Z "2 — OX) AL (x - ) ZE ZE (5.10)
/ d\Lq X],XZG]FV] ul,ule uz,uzé
ul—Gui uz—qbué
=x—0x" =x—¢x’

For every congruent pair of embeddings &, i’ the expression above counts, u; and u,
are the vertices h(v;) and h(v2), and u] and u), are the vertices /'(v;) and h'(v;). See
Figure 6 for an example where dim(S;) = 2 and dim(S,) = 3.

We now weight the count of each pair of congruent embedding i, i’ : V(5,US,) — E
by how many pairs of congruent embeddings /1,7’ : V(C) — E it extends to. This is
exactly
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Ficure 6. A potential extension /i and W of two embeddings h, I’ :
V(51 U Sz) — E.

Z Fy (1, u2)Fy (}113), (5.11)
6/

completing the proof of the proposition.
O

We now prove a modified version of simplex unbalancing for cycles to reduce to
the case where all but one simplex in C has dimension 1. We have the following
definition for convenience of notation, and the following Lemma:

Definition 5.6. For a cycle of simplices C, denote p(C) as the infimum of s € R such
that }.sep Vé(é) < EZW(C)'q_C(C) whenever |E| 2 ¢°.

Lemma 5.7. Given a cycle of simplices C, consider two distinct simplices S and S,
each of dimension at least 2, so each have at least one free vertex. Consider the cycle
of simplices C’ formed by deleting one free vertex of S| and adding one free vertex to
S,. Then we have that

Stab(dim(Sy)) Stab(dim($2))\ ¢ _ <o)
Stab(dim(S))) Stabdim(Sy)) T T T

Proof. This proof follows identically to Lemma 4.8 as ¢(7") and ¢(C) are both defined
to be the sum of ¢(S) for all simplices S in the structure.

O

Lemma 5.8 (Simplex Unbalancing for Cycles). Given a cycle of simplices C, consider
two distinct simplices S; and S, each of dimension at least 2. Consider the cycle of
simplices C, formed by deleting all free vertices of S, and adding the number of free
vertices deleted to S1. Similarly, consider the cycle of simplices C, formed by deleting
all free vertices of S; and adding the number of free vertices deleted to S,. Then

p(C) < max(p(C), p(C2)).
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Proof. Throughout this proof, we denote the modification of the simplices S; and S,
in C; as 57 and S; respectively. Similarly, we denote the modification of S; and S,
inC; as S] and S7.

Suppose that S; and S, are nonadjacent, of dimensions m and n respectively. De-
fine the function (a;,4;) : R* —» R as the expression Dronadi(C, S1, S2), where we
replace the exponents on Ay and Ay with 4; and 4, respectively. The expression
Dronadj(C, S1, S2) can be written as ¢(m —1,n — 1), and by an application of Corollary
2.5, we see that

Yym-1,n-1) < Ppm+n-2,009P0,m+n—2)* (5.12)

for some positive s; such that s; + s, = 1. Note that the only difference between
Y(m+n-2,0) and Dponagj(C1, S7, S;) is the stabilizer terms out front. This is because
in the process of applying Hadamard three-lines above, we changed the dimension
of S; and S, by changing the power on the Ay terms, but didn’t change the stabilizer
terms accordingly. Therefore, we have that

Stab(dim(S;) + dim(S,) —1)  Stab(1)

I1l)(k1‘i'k210) = ( )Dnonadj(clzsz—/ SE) (513)

Stab(dim(S1)) " Stab(dim(S,))
By a repeated application of Lemma 5.7, we have that
(Stab(dim(Sl) +dim(S;) - 1) Stab(1 ) 1 _ 1 ' (5.14)
Stab(dim(S;)) Stab(dim(S,)) ) g<€v gc©
After noting that |V(Cy)| = [V(C)|, we have that for s > p(C,),
Stab(dim(S;) + k;) Stab(dim(S,) — k EPVE
Pl +ko,0) = ( St;b(di(ml()sl)) 2. St;b(di(mz()sz)) 2))(| J;c(co ) (5.15)
|E|AV© (5.16)
qC(C) )

By an analogous argument, we also have that for s > p(C,), that (0,k + k) <

EAV(Cg=<C)  Therefore, whenever s > max(p(C;),p(C,)), we may conclude that
Yosep Ve (0) = Pk, ky) < EAV©lg=©),

The proof for adjacent simplices S; and S, follows similarly but with D,q; instead.

|

Given any cycle of simplices C with at least three simplices, by applying simplex
unbalancing repeatedly and noting that this operation preserves the sum of the
dimensions of simplices in C, we arrive at Proposition 5.3. All that remains is to
find an s such that E contains a positive proportion of congruence classes of C’
whenever |E| > g°.

5.2. Technical obstructions. For the rest of this section, we describe our at-
tempts to bound the number of pairs of congruent embeddings of C’ in E, and the
obstacles that prevent us from applying a generalization of the methods in Section
3 and [AIM24]. We assume that N, the dimension of the large simplex in C’, is
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larger than d so that we don’t have additional stabilizer terms in the sums that
we’re working with. This is to add clarity to where technical obstructions arise,
but the same issues occur with the stabilizer terms present.

We define P;,,_, ,(u,u’) as the number of paths (x1,...,x;) in E of length k —1 such
that x; = u, x, = v/, and ||x;;; — x| = t; forall 1 < i < k—1. Let C’ be a cycle of
simplices with one N-dimensional simplex and k — 1 1-dimensional simplices. As
in Section 4.3, to find an s such that E contains a positive proportion of congruence
classes of C’ whenever |E| > 4°, we bound the sum

ZV(Z:(‘S) Z ZAN H(w) Z Py, (uy, u2) Py g (U], u5) (5.17)

o€D t,eet-1 O,w ulu uzu
—0u]
:u2—9ué
=w
As in Section 4.3, we may assume that t;,...t range over nonzero elements in ng
rather than all of ng We fix a congruence class of paths by fixing t;,...#_1, and
drop the t;s from the notation from P for notational convenience. Then, similar to
the goal of Section 3, we want to show that

|E[2V©

Z/\N L(w) Z P(u, 0)P,v) < FG (5.18)
0,w uuu 9qu
=v—-6v’

Following the work of Section 3 and of [AIM24], we would like to define a function
of the form

Bow) = Y P,0)P,v) (5.19)
i
v—0v" =w

We first calculate the zero Fourier coefficient of o below.

- 1 ’ ’
Bo(0) = p Z P(u, 0)P(’,v) (5.20)
ol o)
_ %ZP(u,v) Z P, o) (5.21)

llu—oll=llw’ 2’|l

1 |EF |EF P

~ %qk_—l? T gkl
The first equality of (5.22) follows from the fact that E contains a statistically
correct number of cycles of length k for |E| 2 q“*?/2 by [IJM21] (with the technical

condition that k > 4), and that E contains a statistically correct number of paths of
length k — 1 for a lower threshold by [Ben+16].

(5.22)
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We have that
Z:AN'%uo 2: P(u, 0)P(’,v) = z:Ag;%wﬂ%w) (5.23)
uu’ v 0,w
u— Qu
=v—-0v’

=w

This is a sum of a very similar form as the sum )., , A} (w)I'r, o(w) in Section 3.
Therefore, we try to apply the method of proof of Lemma 3.4 to bound this term.
However, this is not effective, since if we attempt to break up Y, , /\g"l(w)ﬁ(w) in

the same way as in Lemma 3.4, the term ) Agf-%(O) is too large by a factor of
-1
gt

Another idea is to instead consider the function ay : IF; X ]Ff; — R defined as

ao(wr,ws) = Y flu,0)f @, ) (5.24)

uu’ v
u—6u’'=w,
v—0v' =w,

We note that ag(w, w) = Bo(w). The benefit of o is that after taking the Fourier

transform of « in both variables, ay(0,0) is smaller than EQ(O). More precisely, in a
very similar manner as for I'r, g in Section 3, we see that

/Oé\g(ml, 7’1’12) = quF(ml, mz)ﬁ(G‘lml, 6_17’1’12) (525)
We now see that
|Eﬂ2k

ap(0,0) ~ (5.26)

2d+2k-2"
q

which is a factor of ¢! smaller than ,/8\9(0). Therefore, we define B, as
Y00 Ap(w)ag(w, w) to break up our sum instead as

|2

ZA (w)ag(w, w) < Z/\” Y(w) (/\g(w) - —)(ag(w w) — (0, 0))
0,w
2
+ z:Aﬁaoa400)+|E| (5.27)
w,0
= I+II+1III (5.28)

As y(0,0) is sufficiently small, the term II is of the proper size. Term I can be
bounded nontrivially by pulling absolute values inside, taking the supremum of
A"Y(w), and applying Cauchy Schwarz. We handle the term of the form

Y. (o, w) = @(0,0))°

w
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by dominating the sum over w by sums over w;, w,, and then running an analogous
argument to 3.6. This gives us that

4k—-4
[E] ) (5.29)

Z (OCQ(ZU, ZU) - /01\6(0, O))Z ~ qzd ( q4k_4
0,w

Plugging in bounds from 2.8 gives us that I is on the order of E2V©lg=(CO)=1 for an
s slightly larger than that of an N simplex, matching what we morally expect.

As we bound term III by induction, it remains to bound the base case B;, which
we are unfortunately unable to bound effectively. In the spirit of how we bound A,
in Lemma 3.4, one may easily generalize Lemma 2.6 to functions ng X ]Fg — R by
modifying the proof seen in [Ben+17]. However, our bound for B; is still too big by
a factor of g%!. If we reduce the base case to By, the L; norm of «a is too large by
a factor of ¢°~!. Finally, if we break up B; slightly differently in hopes to extract
cancellation from the negative term, we are still off by the same factor.

The recurring issue is that we need for one of a or g, both its L; norm and zero

Fourier coefficient to be small. While a,(0,0) is smaller than B4¢(0), the L; norm of
ap is much larger than fy. We have this difference because we get an extra factor
of g7 in the denominator by taking the Fourier transform of both coordinates for ay.
What we believe needs to happen is for the negative contribution of term I (without
the absolute values) to cancel with part of term III of 5.28. Therefore, we need to
somehow extract cancellation between terms I and III, potentially involving results
on number-theoretic sums. We also propose a potential workaround in Section 6.2.

6. FUTURE wORK

6.1. Edge gluing. We end this paper by discussing a natural generalization of
the work in the past two sections, considering structures of simplices where two
simplices may share an edge or some higher dimensional face rather than a vertex.
The Hadamard three-lines framework established in Section 4 can be applied to
such a situation, allowing us to reduce to a simple class of simplex structures that
encourages the use of a combination of group action and inductive techniques. To
illustrate this, we work through a simple example.

Consider the graph G formed by two 3-simplices Sq, S, sharing an edge, as shown
in Figure 7. We would like to find an s such that for E C ]F;, E contains a positive
proportion of congruence classes of G whenever |E| > 4°. Note that there are on
the order of g4'! congruence classes of G in IFZII. Denoting D as the set of congruence
classes of G, and v5(6) as the number of embeddings of G in E in the congruence
class 0, by the Cauchy Schwarz setup as presented in Section 4 it is sufficient to
find an s such that for |E| > ¢°,

12
Z V2(0) < % (6.1)
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G, two 3-simplices sharing an edge H, a 4-simplex and a 1-simplex sharing an edge

Ficure 7. An example of Hadamard three-lines simplification for
edge-gluing.

For two embeddings h,,h, : V(G) — E of G, h; and h, are congruent if and only if
there exist 0,¢ € O3(F,) and w;, w, € lFf, such that h;(v) = 6hy(v) + w, for all v € S,
and h;(v) = ¢hy(v) + w, for all v € S,. Therefore, we see by a similar argument as in
Section 4.1 that

Z V2 () ~ Z Z A2(x = 02) A3 (x — ) (6.2)
6€D 0,0€04(Fg)  x,yelFd

x—0x'=y-0y’

x=px'=y—oy’

Note that in general stabilizer terms are introduced (as in Section 4.1), but in this
example the stabilizer terms are trivial. Applying Hadamard three-lines in the
style of simplex unbalancing gives us that

Z V2 (6) < Z Z A = 0x)AL(x - '), (6.3)
5eD 0,0<04(Fy)  x,yelF!

x—0x'=y-0y’

x—px'=y—¢y’

where the right hand side is on the order of }s., v2,(5), where H is the graph shown
in Figure 7. Therefore, to find an s for G, it suffices to find an s such that for |E| > ¢°,

5 | E|12
Y VH6) £ S (6.4)
o6eD q

In more complicated simplex structures where all simplices are connected either
by vertices or edges, an inductive Hadamard three-lines approach similar to Section
4 can reduce to the case where 7 is a large simplex S where at a single vertex, stan-
dard (1-simplex) trees are attached, and at a single edge, tree structures formed by
gluing 2-links (shown in Figure 8) are attached.

Therefore, 2-links and trees of 2-links form a natural analogue to paths and trees
in the edge-gluing setting. Their inductive nature suggests that there exists an s
such that E C lFfl], |E| > ¢° implies that E contains a statistically correct number
of 2-links of arbitrary length in any congruence class, similar to chains and trees
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\VAVAVAVA'

Ficure 8. A 2-link of length 8

of simplices as in the work of [Ben+16] and [Bri+23]. Considering simplex struc-
tures where simplices can share up to n-dimensional faces, a similar Hadamard
three-lines approach can be used to reduce to a large simplex with k-links attached
(defined analogously) for 1 < k < n.

In attempting to bound Y s.p v#(0) in a similar manner to Section 5.2, we run into
similar technical obstructions. We propose a different approach in the following
subsection.

6.2. Thresholds. Intuitively, it is clear that if E contains a positive proportion of
congruence classes in ]F‘qi of a graph G whenever E > ¢°, then for E > 4°*¢, E should
contain "almost all" of the congruence classes of G in ng. However, the rate at
which this threshold phenomenon acts, and the precise definition of "almost all,"
is of importance as it may provide a different approach to finding such an s for
graphs G and H sharing a vertex, edge, or more complicated subgraph that avoids
the obstacles presented in Sections 5 and 6.

Suppose we have two arbitrary graphs G and H, and we pick an s such that for
EcC ]Fg, |E| > ¢°, E contains a positive proportion of congruence classes of G in IF?, and
E contains a statistically correct number of embeddings of every congruence class of
Hin ]F‘qi . This is the setup that we have in Section 3, where G is a simplex and H is a
k-weak simplex tree. Being able to quantify how many congruence classes of G that
E contains when |E| > 4°*° could open the door to showing that E contains a positive
proportion of congruence classes of G attached to H at a vertex/edge/some subgraph
via a probabilistic argument and concentration inequalities. An approach such as
this would avoid the need to work with the explicit sums corresponding to G and
H attached at some subgraph, bypassing the obstacles found in Sections 5 and 6
that occur while trying to separate out the individual contributions from G and H
in these sums.
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