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Abstract

Consider a simple locally finite hypergraph on a countable vertex set, where each edge represents
one unit of load which should be distributed among the vertices defining the edge. An allocation of
load is called balanced if load cannot be moved from a vertex to another that is carrying less load.
We analyze the properties of balanced allocations of load. We extend the concept of balancedness
from finite hypergraphs to their local weak limits in the sense of Benjamini and Schramm (2001)
and Aldous and Steele (2004). To do this, we define a notion of unimodularity for hypergraphs
which could be considered an extension of unimodularity in graphs. We give a variational formula
for the balanced load distribution and, in particular, we characterize it in the special case of
unimodular hypergraph Galton Watson processes. Moreover, we prove the convergence of the
maximum load under some conditions. Our work is an extension to hypergraphs of Anantharam
and Salez (2016), which considered load balancing in graphs, and is aimed at more comprehensively
resolving conjectures of Hajek (1990).

Keywords: Load balancing, sparse graph limits, hypergraphs, local weak convergence, objective
method, unimodularity, configuration model

1 Introduction

The problem of load balancing is ubiquitous in networks. As examples, consider the problem of
routing traffic through a communication network or of assigning tasks among the servers in a cloud
computing framework. What is common in these scenarios is a number of servers and a number of
tasks whose load should be distributed among the servers. Examples of servers are paths through the
network from a given source to a given destination in the routing scenario, or processors in a cloud
computing framework. Examples of tasks are the amount of traffic to be routed from the source to
the destination or the computational work to be done at the servers, respectively. Further, there are
typically restrictions as to which resources are available to a given task. Performance considerations
require that the allocation of the load of a task among the resources available to it should be done in
a way that optimizes a measure of performance, such as delay or queue length. When the problem
size is large, it may be expensive to compute the detailed characteristics of an optimal or sufficiently
good allocation of the load. Instead, it is interesting to focus on the statistical characteristics of the
allocation, such as the empirical distribution of the load faced by a typical resource in the network.

*Parts of this work have been presented in the 55" Annual Allerton Conference on Communication, Control, and
Computing
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Figure 1: Load balancing with 3 tasks and 4 servers. (a) illustrates the bipartite representation together
with an allocation. While the load of e; could be served by nodes in {v1,vs,v3}, half of its load is
being assigned to v1 and the other half to vz, i.e. 0(e1,v1) = 1/2, 8(e1,v2) = 0 and 0(e1,v3) = 1/2.
(b) shows the hypergraph representation. The total load at a node i is denoted by 96(i). For instance,
(96‘(’1)3) = 9(61,’03) + 9(63, ’1)3) = 1/2

This paper is concerned with developing such a viewpoint in the context of a specific kind of load
balancing problem which has broad applicability.

1.1 Model and Prior Work

We model the load balancing problem by a bipartite graph in which every node on the right represents
a task and every node on the left represents a server. Each server is accessible to a certain subset
of the tasks. Equivalently each task has access to only a certain subset of the servers. We view the
bipartite graph as a hypergraph, with each vertex of the hypergraph representing a server and each
hyperedge representing a task. The vertices of a hyperedge are then the servers that are accessible
to it. Let {v1,...,v,} and {e1,...,en} denote the set of servers and tasks, or equivalently vertices
and hyperedges, respectively. Therefore, v; € e; means that server v; can be used to contribute to
the performance of task e;. See Figure 1 for an example. In general, we might want to consider the
scenario where task e; has an amount of load equal to I;, which could be arbitrarily allocated among
the servers v; € e;. For simplicity, we will consider in this paper only the case where all the [; equal 1,
but we leave the discussion general for the moment. Let 6 be an allocation of the load of tasks among
the servers, i.e. 6(e;,v;) is the amount of load coming from task e; assigned to server v;. Hence,
6(e;,v;) > 0 and Evi@j 0(e;,v;) =1;. For a server v;, let 96(v;) be the total amount of load assigned
to Vi, i.e. 89(’01) = Eej:viEej 9(€j,’[}i).

This formulation of load balancing was studied by Hajek [Haj90] who, in particular, formulated the
notion of a balanced allocation. It is natural to expect that a task would be happier to use servers that
are currently handling less load, if available, as opposed to those handling more load. An allocation 6
is said to be balanced if no task desires to change the allocation of its load. For finite load balancing
problems, this turns out to be equivalent to the statement that the allocation minimizes ), f(960(v;))
for any given fixed strictly convex function f. One can think of ), f(06(v;)) as the aggregate cost we
need to pay to process all the tasks. Hajek showed the existence of balanced allocations and uniqueness
of the total load at nodes under any balanced allocation, and suggested algorithms to find a balanced
allocation. It is particularly remarkable that the notion of a balanced allocation does not depend on
the specific choice of the strictly convex cost function f.

With the aim of understanding the statistical characteristics of balanced allocations in large load



Figure 2: Hajek’s example to show non—uniqueness of the load for infinite graphs. Consider the rooted
3-regular graph with infinite depth as shown. We send all of the unit load corresponding to each edge
in the direction of the shown arrows. The red path goes to infinity in both pictures. The allocation in
(a) makes the total load at every vertex equal to 2 while that in (b) makes the total load at all vertices
equal to 1. Therefore, both are balanced.

balancing problems, Hajek assumed that each task could be performed by only two servers — hence
the underlying hypergraph reduces to a graph — and he assumed that each edge in this graph carries
one unit of load. He then studied such a load balancing problem in large random graphs [Haj90]. In
particular, Hajek considered the sparse Erdos—Rényi model to generate these graphs, where an edges
are distributed among n vertices uniformly at random, with « being a fixed parameter. It is well
known that the asymptotic structure of the local neighborhood of a typical vertex in a sparse Erd6s—
Rényi model is given by a Poisson Galton-Watson tree (see, for instance, [DMT10, Proposition 2.6]
for a precise formulation of this statement). This suggests that the behavior of balanced allocations
in Galton—-Watson trees might be a good proxy for the load distribution in large Erdés—Rényi graphs.
Hajek conjectured that the recursive nature of a Galton—Watson process helps one analyze the dis-
tribution of balanced allocations by studying fixed point equations. He was even able to suggest the
form of the fixed point equation for the Poisson Galton—Watson tree. However, it turns out that
this approach is more subtle than it looks. For one thing, Hajek realized that the notion of balanced
allocation in an infinite graph as a proxy for large graphs is not well defined [HT96]. See Figure 2 for
an example.

Hajek’s conjecture for the graph regime (i.e. when each task could only be distributed among two
servers) was settled by Anantharam and Salez [AS16]. They employed the framework of local weak
convergence, also known as the objective method [BS01], [AS04], [ALO7]. This framework introduces a
notion of convergence for a sequence of finite graphs by representing each finite graph as a probability
distribution on rooted graphs and then discussing convergence in probabilistic terms. Roughly speak-
ing, the operational meaning of this technique is that convergence holds when the distribution of the
local neighborhood of a vertex chosen uniformly at random in the graph converges to that of the local
neighborhood around the root in the limit. For instance, a sequence of sparse Erdos—Rényi graphs
converges in this sense to a Poisson Galton-Watson tree, consistent with our established intuition in
this case.

A random rooted graph that can appear as the limit of a sequence of finite graphs is called sofic.
Not all random rooted graphs are sofic. The reason is that all the vertices in a finite graph have the
same chance of being chosen as the root. This should manifest itself as some form of stationarity in
the limit, i.e. the limiting object should be invariant under changing the root. This property is called
unimodularity, which is a necessary condition for being sofic. Whether the converse is true is an open
problem [ALO7].

Anantharam and Salez settled Hajek’s conjecture by first defining a notion of balancedness for
unimodular random rooted graphs. Moreover, they showed that if a sequence of finite graphs G,



converges to a random rooted graph in the above local weak sense, the total load associated to a
balanced allocation at a vertex chosen uniformly at random in G, converges in distribution to the
total load associated to the balanced allocation at the root of the limit. Additionally, they managed
to express a certain functional of the distribution of the load at the root of the Galton—Watson tree in
terms of a fixed point distributional equation, settling Hajek’s conjecture in the graph regime. Beyond
this, they also proved the convergence of the maximum load for a sequence of finite graphs resulting
from a certain configuration model to that of their local weak limit, under some additional conditions.

1.2 Our Contributions

We study the above load balancing problem in the more general regime where each task could have
access to more than two servers, i.e. the underlying network is a hypergraph instead of a graph.

Our machinery for deriving results analogous to those in the graph regime will be a generalized
method of local weak convergence on hypergraphs. One novelty of our development is to introduce
a notion analogous to unimodularity for processes on random rooted hypergraphs. We believe that
this generalized framework could be of independent interest in a variety of problems in which the
underlying model is best expressed in terms of hypergraphs rather than graphs.

In particular, we prove that for any unimodular probability distribution on the set of rooted hy-
pergraphs with finite expected degree, there exists a balanced allocation which is consistent with the
local weak limit theory, i.e. the load distribution of a sequence of hypergraphs converges to that of
the limit. For a special class of branching process on rooted hypertrees which is a generalization of
Galton—Watson processes, we show that the distribution of the load at the root can be specified via
a fixed point distributional equation. Finally, we study the convergence of the maximum load for a
sequence of random hypergraphs generated from a configuration model to that of the limit, under some
additional conditions.

2 Prerequisites and Notations

Throughout this paper R and R>y denote the set of real numbers and nonnegative real numbers,
respectively. Moreover, Q denotes the set of rational numbers. N denotes the set of positive integers
and Ny := NU{0}. For a Polish space X, let P(X) and M (X) respectively denote the set of probability
measures and nonnegative finite measures on X, with respect to the Borel o—field of X. We use the
abbreviations “a.s.” and “a.e.” for the phrases “almost surely” and “almost everywhere”, respectively.
For a real number z € R, we denote max{z,0} by 2, and we denote min{z",1} by [z];.

For a Polish space X, we say that a sequence of probability measures u, converges weakly to a
probability measure u € P(X), and write p, = p, if for any bounded continuous function f: X — R
we have

lim fd,un:/fd,u.
n—r oo

See [Bil71] and [Bil99] for more details on weak convergence of probability measures.
Given two measurable spaces (X1, F1) and (Xa, F2), a measurable mapping f : X; — Xo, and a
nonnegative measure p1 on JFi, the pushforward measure f.(u1) on Fz is defined by

Felmn)(A) = (F7H(A)),

for A € Fs.
We write := for equality by definition. We use the terms “node” and “vertex” interchangeably.



2.1 Hypergraphs

We work with simple hypergraphs defined on a countable vertex set, where each edge is a finite subset
of the vertex set. For a hypergraph H, the sets of vertices and edges are denoted by V(H) and
E(H), respectively. We write H as (V, E), where V = V(H) and E = E(H). We say a hypergraph
is simple if F(H) C 2V(H) " This means that in any edge each vertex can show up at most once,
and that each subset of vertices can show up at most once as an edge. All hypergraphs appearing
in this paper will be simple, unless otherwise stated. For a vertex ¢ € V(H), denote its degree by
degy (i) :=|{e € E(H) : e > i}|. For a given hypergraph H, let

U(H):={(e,i):e€ E(H),i €e} (1)
denote the set of all edge-vertex pairs in the hypergraph.

Definition 1. A hypergraph H is said to be locally finite if degy (i) is finite for alli € V(H) and e is
finite for all e € E(H).

Note that the above definition does not imply that there is a uniform bound on edge sizes or
vertex degrees. Hence, a locally finite hypergraph can have arbitrarily large edges or vertex degrees.
Throughout this paper, we assume that all the hypergraphs are locally finite, unless otherwise stated.
Thus, by default, the term hypergraph in this paper means a simple, locally finite hypergraph on a
countable vertex set.

For technical reasons, it is sometimes easier to work with bounded hypergraphs in proofs and then
relax the boundedness condition.

Definition 2. A hypergraph H is said to be bounded if deg (i) < A for alli € V(H) and also le| < L
for all e € E(H), for finite constants A and L.

A path from node i to node j is an alternating vertex—edge sequence ig, €1, 1, €2, 99, . . ., €y, i, With
io =1 and i, = j, and ix € ex4+1 for 0 < k < n. The length of such a path is defined to be n. The
distance between vertices i and j, denoted by dg (i, j), is defined to be the length of the shortest path
between i and j if ¢ # j, and 0 when ¢ = j. A path is called closed if ig = iy,.

Definition 3. A hypergraph H is called a hypertree if there is no closed path ig,€1,41, ..., €n—1,tn—1,€n,in
with n > 2 such that i; # 1, and e; #e; for 1 <j#1 < n.

Remark 1. Note that a hypertree need not be connected. It is straightforward to prove that if there is
a path between vertices i and j in a hypertree, then the shortest path between these vertices is unique.

Definition 4. For a hypergraph H and a subset W C V(H), define Eg(W) :={e€ E(H):e C W}.
Ep(W) is comprised of the edges of H with all endpoints in the set W. For i € V(H) and d > 0,
define V% == {j € V(H) : du(i,j) < d} and DYy = {j € V(H) : du(i,j) = d}. In particular,
Vi% = Dz{fo = {Z}

Definition 5. A wertex rooted hypergraph is a hypergraph H with a distinguished vertexr i € V(H).
We denote this by (H,i). An edge-vertex rooted hypergraph is a hypergraph with a distinguished edge
e € E(H) and a distinguished vertex i € V(H) such that i € e. This is denoted by (H,e,i) .

Definition 6. We say that two hypergraphs H and H' are isomorphic and write H = H' when there
is a bijection ¢ : V(H) — V(H') such that e € E(H) if and only if ¢(e) := {¢(j) : j € e} € E(H').
Also we say two vertex rooted hypergraphs (H,i) and (H',i') are isomorphic and write (H,i) = (H',i’)
if the above bijection ¢ exists and we have ¢(i) = ' as well. Furthermore, we say two edge-vertex
rooted hypergraphs (H,e,i) and (H',¢e',i') are isomorphic and write (H,e,i) = (H',¢e',4') if the above
bijection exists, and we have ¢(i) =i’ and ¢(e) =¢’.



Instead of working with global isomorphisms as above, we can consider local isomorphisms, i.e.
comparing two rooted hypergraphs up to some given depth.

Definition 7. We say two vertex rooted hypergraphs (H,i) and (H',i") are isomorphic up to depth d
and write (H,i) =q (H',i’) if their truncations up to depth d are isomorphic, i.e. <K%7EH(‘/J§)> =
(VJZ,EH/(VJI;)) and also ¢(i) = i, where ¢ : VI — Vfl; is the vertex bijection establishing this
isomorphism. Also, for d > 1, we say two edge-vertex rooted hypergraphs (H,e,i) and (H' €' i)
are isomorphic up to depth d and write (H,e,i) =4 (H',¢',i') if <V£§,EH(V£§)> = <Vl.,1{d,EH/ (Vi{{d»,
¢(i) =, and ¢(e) = €', where ¢(e) = {p(j) : j € e}. Here ¢ : VZ)% — Vz,hfl/i is the vertex bijection
establishing this isomorphism.

Definition 8. Given two hypergraphs H and H', for i € V(H) and i’ € V(H') we say that (H,1i) has
a local embedding up to depth d > 1 into (H',i') and write (H,i) —q (H',i") if there is an injective
mapping ¢ : Vﬁi — Vlfi; such that:

1. ¢(i) =4, and

2. for alle € EH(Vllfl), we have ¢(e) € E(H') where ¢(e) := {d(j) : j € e}.
Definition 9. Given a hypergraph H, a node i € V(H) and d > 1, let (H,1)q denote the vertex rooted
hypergraph ((V;5, Ex(Vi'y)),4). In fact, (H,i)q is the d-neighborhood of vertex i.
2.2 Balanced allocations on a hypergraph

Definition 10. An allocation on hypergraph H = (V, E) is a mapping 6 : W(H) — [0,1] such that
O(e,i) with i € e € E tells us how much load from resource e is being given to node i. More formally,
1t 1s characterized by the properties:

O(e,i) >0, Ve e E(H),i € e, and
> 0(e,j)=1, Vee E(H).
j€e

In any allocation, a given vertex ¢ € V(H) receives a portion 6(e,i) of the total unit load of
resource e. The total load at the vertex is then the sum of portions it receives from resources e > 3.
The following definition establishes the notation to discuss this load.

Definition 11. Given an allocation 6 on a hypergraph H = (V, E), define the function 06 : V(H) —
R>o by
00(3) == Z 0(e,i) , for alli € V(H).
erice
Definition 12. For a hypergraph H = (V, E), an allocation 6 is called balanced if for all e € E and
i,j € e we have

90(i) > 00(j) = O(e,q) = 0.

Much of the paper is concerned with understanding the structure of balanced allocations on hy-
pergraphs, and of the load resulting from such allocations. As we will soon see via examples, balanced
allocations can exhibit phenomena analogous to phase transitions in statistical mechanics models. This
is because the hard constraint defining balancedness can be thought of as analogous to a zero tem-
perature limit. Following this analogy further, it is therefore convenient to deal with what might be
called a positive temperature notion of balancedness, and then to send the temperature to zero. This
is captured in the concept of e-balance.



Definition 13. For a hypergraph H = (V, E), an allocation 6 is called e-balanced, if for alle € E and
1 € e we have

exp(—90(i) /¢
> jee exp(—00(j)/€)’

Remark 2. Let 6 be an e-balanced allocation on a hypergraph H. Note that if e € E and i,j € e are
such that 00(i) > 06(j) then

O(e,i) =

exp(—00(i)/e) < 1
5 exp(=000)/€) = 1 4 oxp (20900)

€

O(e, 1) =

Roughly speaking, if 00(i) > 00(j) and € is small, then 0(e,i) ~ 0 and hence 0 is approrimately
balanced. Also, roughly speaking, the smaller € is, the more balanced an e-balanced allocation is.

In the above, we defined balancedness when all the loads come from the edges of the hypergraph.
We can generalize this to the case where, in addition to the internal load imposed by the edges, we
have external load as well. External load is modeled by a function b: V(H) — R, called the baseload
function. For a vertex i € V(H), b(i) denotes the external load applied to node i. Throughout this
paper, we assume that each baseload function is bounded, but we do not assume a uniform bound
on all baseload functions. More precisely, for each baseload function b on a given hypergraph H, we
assume that there exists M < oo such that |b(¢)| < M for all i € V(H), where the constant M may
depend on H and b. The concept of balancedness can be extended to the scenario with baseloads as
follows.

Definition 14. For a hypergraph H = (V, E), together with a baseload function b : V(H) — R, an
allocation 0 : W(H) — [0,1] is called balanced with respect to the baseload b, if for alle € E andi,j € e
we have

00(i) + b(i) > 00(j) + b(j) = O(e,i) = 0.

Note that 96(i) + b(i) is the total load at node i where 96(7) is the internal load and b(7) is the
contribution from the external load. We use the notation 0,60 as a shorthand for 96 + b.
The concept of an e-balanced allocations can be similarly extended to the scenario with baseloads.

Definition 15. For a given hypergraph H = (V, E), together with a baseload function b: V(H) — R,
we say an allocation 0 : U(H) — [0,1] is e-balanced with respect to the baseload b, if for all e € E(H)

and i € e we have )

exp (—00(i)/€)
> jee exp (—00(j)/€)
It is known that if the hypergraph is finite, then balanced allocations exist with respect to any

baseload and the resulting load vector is the same for all balanced allocations for the given baseload
(see Theorem 2 and Corollary 5 in [Haj90]). This result is stated in the following proposition.

O(e, i) =

(2)

Proposition 1. If H = (V, E) is a finite hypergraph, and b: V(H) — R is a given baseload function,
then there exists at least one balanced allocation 8 on H with respect to the baseload b. Moreover, if 6
and ' are two balanced allocations on H with respect to b, then 0y0(i) = Op0' (i) for alli € V(H).

Later, in Section 4, we will study e-balanced allocations with baseload for hypergraphs that are
not necessarily finite. In particular, we will show in Corollary 4 therein that for bounded hypergraphs,
for any baseload function, the total load at any vertex corresponding to any e-balanced allocation is
uniquely defined.



Figure 3: A graph with 3 vertices and three edges and two different balanced allocations with zero
baseload. Note that the total load at each vertex is the same for the two allocations and is equal to 1
at each vertex.

Note that for finite hypergraphs, although the balanced allocations with respect to a given baseload
might not be uniquely defined, the total loads at the vertices resulting from any two balanced allocations
necessarily have to be the same. See Figure 3 for an example. The case for infinite hypergraphs is
more complicated though; in this case, the loads at the vertices also may not be unique, see Figure 2.
See [H196] for more discussion on this. However, we can state a weak uniqueness result in this case.
The proof is given in Appendix A.

Proposition 2. Given the hypergraph H = (V, E) with the baseload function b : V(H) — R, suppose 0
and 9" are two balanced allocations on H with respect to the baseload b. If 3, vy gy |060(i) =060 (1)] < 00

then Op0(i) = O’ (i) for all i € V(H).

2.3 H, and H..

It is easy to check that the isomorphism between vertex rooted hypergraphs defined in Definition 6 is
an equivalence relation. For a vertex rooted hypergraph (H,1), let [H,] denote the equivalence class
corresponding to (H,4). Also, the isomorphism between edge-vertex rooted hypergraphs defined in
Definition 6 is an equivalence relation. Let [H, e, i] be the equivalence class corresponding to (H, e, ).

Definition 16. Let H. be the set of all equivalence classes of connected vertex rooted hypergraphs and
H.s the set of all equivalence classes of connected edge-vertex rooted hypergraphs. Hence, each element
of H. is of the form [H,i], where [H,i] denotes the equivalence class of (H,1i), where i € V(H) for
some connected hypergraph H = (V, E). Similarly, each element of H.. is of the form [H,e,i], where
e € E(H) and i € V(H) such that i € e for some connected hypergraph H = (V, E).

Definition 17. For two vertex rooted hypergraphs (H,i) and (H',i’), define

1

d«((H,1i),(H' i) := T

where m* = sup{m > 1: (H,i) =, (H',i')}, and m* := 0 if there is no m > 1 satisfying this. For
two equivalence classes [H,i| € M. and [H',i'] € ., define dy, ([H,i],[H',i]) to be di((H,7),(H',i"))
where (H,1) and (H',i') are arbitrary members of [H,i] and [H',i'], respectively. For two edge-vertex
rooted hypergraphs (H,e,i) and (H',€',i"), define

1

d**((H7 evi)v (Hlv 6/5 7’/)) = mv

where m* :=sup{m > 1: (H,e,i) =, (H',e',i')}, and m* := 0 if there is no m > 1 satisfying this.
For two equivalence classes [H,e,i] € Hix and [H',€',i'] € Hax, define dy,, ([H,e,i],[H',€',1']) to be
dw((H,e,1),(H' €' i")) where (H,e,i) and (H',€',i") are arbitrary members of [H,e,i] and [H', €', i'],
respectively.



Since all members of [H, | are isomorphic, it is not difficult to see that dy, is well-defined. Note

that (H,i) =, (H',d') and (H',i") =, (H",7") implies (H,i) =minfm,m’y (H"”,7"). Hence dy,
satisfies the triangle inequality. Moreover, dy, ([H,i],[H',i]) = 0 iff (H,i) =,,, (H',4’) for all m, i.e.
[H,i] = [H',i]. Hence dy, defines a metric on H,. We will show in Appendix B that H. with the
metric dy, is a Polish space (see Corollary 3). Similarly, dy,, is well defined and gives a metric on
H.x. In Appendix B we will also show that H.. with dy, . is a Polish space.
Remark 3. One can think of a function f on H. as a function on vertex rooted hypergraphs which is
loyal to the isomorphism relation, i.e. f((H,i)) = f((H',i')) whenever (H,i) = (H',i’). This allows
us to abuse notation and write f(H,i) instead of f([H,i]). We will follow a similar convention for
functions on H.x.

Definition 18. 7, and T.. denote the set of equivalence classes of connected vertex rooted hypertrees
and connected edge—vertex rooted hypertrees, respectively. It can be checked that T, (respectively Tis)
is a closed subset of H. (respectively H.x ).

2.4 Operators for total load and average load: 0 and V

Definition 19. For a function [ : H.. — R, define Of : Hie — R as follows. For an equivalence class
[H,i] € Ha, pick an arbitrary (H',i') € [H,i] and define

af([H,Z]) = Z f([Hlvelvil])
e CE(H"), e/

Remark 4. Note that in the above definition, [H',€',i'] denotes the equivalence class of edge—vertex
rooted hypergraph (H' e’ i'). Also, since all the representatives of [H,i] are isomorphic, it is easy to
check that the above expression is not dependent on the specific choice of (H',i"). More precisely, if
(Hy,i1) and (Ha,i2) are both members of [H, i), then if ¢ : V(Hy) — V(Hs) is the function establishing
the isomorphism, ¢ gives a one to one mapping between the set {e € E(Hy),e i1} and {e € E(Hz),e >
i2} and also [Hy,e,i1] = [He, ¢(e),i2]. Hence

Z f([Hlvevil]): Z f([HQaeaiQ])v
e€E(H1),e3i1 e€E(Hz),edio
which shows that Of is well-defined.

Remark 5. By the above discussion, we may write Of(H,i) = o, f(H, e, i), where by (H,i) we
mean any arbitrary member of [H,i].

Remark 6. By abuse of notation, we can think of 0f as a function on H.. by identifying 0f(H,e, 1) :=
Of(H,1i). This will be helpful when we have functions both on H, and H.. and want to unify the domain.

Definition 20. For a function f : H.«e — R, define the function Vf : Hee — R as follows. Given
[H,e,i] € Hax, take an arbitrary representative (H',e',i') € [H,e,i| and define

VI i) 1= o S0 H(H )

Remark 7. As in our discussion in Remark 4, it can be easily checked that the above expression does
not depend on the specific choice (H', €' i"). We can therefore abuse notation and write V f(H, e, i) =

‘_i| Ejee f(H7 6,j)~
Definition 21. For a distribution p € P(H.), define

deg(p) = /H deg (i)dp.



2.5 From u € P(H.) to its directed version i € M(H..)

Definition 22. Given p € P(H.) with deg(p) < oo, define the measure i € M(H.s) as the the one
with the property that for any Borel function f : H.. — [0,00), we have

Note that deg(u) = fH** 1dfi = [i(H.x) is the total mass of fi. Hence the assumption deg(u) < oo
guarantees [i(H..) < oo and 80 i € M(H.x).
This following useful lemma is proved in Appendix C.

Lemma 1. (i) Assume A C H. happens p—almost surely Then A C M., defined as
A:={[H,e,i] € H,. : [H,i] € A},

happens ji—almost everywhere, i.e. fi(A) = {(Hx). }
(1) Assume B C H.. happens fi—almost everywhere. Then, B := {[H,i] € H. : [H,e,i] € BVe >
i} happens p—almost surely.

The following fact relating the convergence of a sequence of functions on H, and that of their
counterparts on H., will be useful later. This is proved in Appendix C.

Lemma 2. Let fi : Hie — R,k > 0, be measurable functions such that we have limg— fr = fo,
p—almost surely. Then, if we define their H.. counterparts fi : Ha — R via

fe(H, e,1) == fu(H, 1),
then we have fk — fo, [i—almost everywhere.

Another useful lemma is the following one, which relates the convergence of a sequence of functions
on H.. to that of their 0 on H,. This lemma is also proved in Appendix C.

Lemma 3. Given p € P(H.) and a sequence of functions fi : Hix — R, k > 0, assume that we have
frx = fo fi—almost everywhere. Then we have 0fi — Ofy pu—almost surely.
2.6 Local Weak Convergence

For a finite hypergraph H, define uy € P(H.) by choosing a vertex uniformly at random in H as the
root. More precisely, if ¢ is a vertex in H and H (i) denotes the connected component of i, define

1
Ug = OTH (4).4]-
V) ;H) o
The reason why we take the connected component of H is that H, is the space of equivalence classes
of connected vertex rooted hypergraphs.
If, for a sequence of finite hypergraphs {H,}, upy, converges weakly to some measure pu € P(H.),
we say that p is the “local weak limit” of the sequence H,,. The following lemma is useful in checking
when local weak convergence occurs. See Appendix D for a proof.

Lemma 4. Given a sequence {fin}n>1 i P(Hs), and p € P(H.) such that supp(p) C Tw, pin = 1 iff
the following condition is satisfied: for all d > 1 and for all rooted hypertrees (T, i) with depth at most

d, if
A(Tﬂ-) = {[H,]] € H,: (H,j)d = (T, 2)},

then pn(Acrs)) = W(AT,0))-
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The way to understand wg, = p is that the local structure around a uniformly chosen vertex in
H,,, where local means up to a fixed depth, looks more and more similar to that corresponding to u,
hence the term “local” weak convergence. In particular, Lemma 4 says that if we have a sequence of
finite hypergraphs H,,, then ugy, = p, where u € P(T,), if and only if for each d > 1 and all rooted
hypertrees (T,1), if we choose a vertex v in H,, uniformly at random, the probability that the local
structure of H,, rooted at v, i.e. (H,,v)q, is isomorphic to (7T,4) of depth at most d converges to the
probability that the rooted tree with law p up to depth d is isomorphic to T. See [BS01], [AS04],
[ALOT7], [Borl4] for a review of the notion of local weak convergence in the graph regime.

2.7 Balanced allocations with respect to a distribution on #,

Definition 23. A function © : H.. — [0,1] is called a Borel allocation, or just an allocation, if © is
a Borel function and also
1

VO(H,e,i) = B

From Definition 20 and using our simplified notational conventions, we can equivalently say that ©
is an allocation precisely when it is a Borel function and ), ©(H, e, i) = 1 for the edge-vertex rooted
hypergraph (H,e,i). It may seem strange that the condition is required only at the root edge. This
will become more clear when we discuss unimodular measures in the next subsection, see especially
Proposition 3.

Definition 24. Assume p € P(H.). A Borel allocation © : H.. — [0,1] is called balanced with respect
to p if for fi almost all [H,e,i] € H.x and any (H',€',i') € [H, e, i] we have:
lean € ela 8@([H/76/5j1]) > 86([H/56/7j2]) = 6([H/56/7j1]) =0.

Remark 8. As in our discussion in Remarks J and 7, the above predicate does not depend on the
specific choice of (H',e',i') € [H,e,i]. Hence, by abuse of notation, we may write the above predicate
simply as “for i almost all (H,e,i) and j1,j2 € e, 0O(H, j1) > 0O(H, jo) implies O(H,e,j1) =0".

Similar to our notion of e-balanced allocation for a specific hypergraph, we can define e-balanced
allocations with respect to a measure 1 € P(H,). As in the discussion in Remark 8, we use a simplified
language in describing the definition.

Definition 25. Assume u € P(H.). A Borel allocation ©¢ : H.x — [0,1] is called e-balanced with
respect to p if for [ almost all [H,e,i] € H.x we have

exp (—00(H,i)/e)
Y jee exp (—00(H, j)/€)’

O.(H,e,i) =

2.8 Unimodularity

Definition 26. A probability measure p € P(H.) is called unimodular if for every Borel function

[+ Hax — [0,00) we have
/fdﬂ':/Vfdﬁ.

We denote the set of unimodular measures on Hs by U.

See [ALO7] for a definition of unimodularity for graphs. It can be easily checked that our definition
of unimodularity reduces to the definition in [ALO7] when we restrict to graphs, i.e. when we restrict
1 to have support on hypergraphs with all edges having size two.

11



It can be shown that for a finite hypergraph, uy defined in Section 2.6 is unimodular. Moreover, if
a sequence of finite hypergraphs has a local weak limit u, then x4 is unimodular!. See Appendix E for a
proof. Roughly speaking, unimodular measures are extensions of the kinds of measures on equivalence
classes of vertex rooted hypergraphs that arise from choosing the root uniformly at random in finite
hypergraphs.

The following property of unimodular measures is crucial in our analysis. It essentially says that
“everything shows at the root” of a unimodular measure. See Appendix E for its proof.

Proposition 3. Assume 7 : H.o — R and p € U is a unimodular probability measure such that T =1
fi—almost everywhere. Then there exists some A C Has such that fi(A°) =0 and

V[H,e,ije A 7([H,€¢',i'])=1, Ve € E(H),i €€ ,Y(H,e,i)€ [H,e,i] .

Note that this statement is consistent with our intuition regarding unimodular measures: when
some property holds at the root, since the root is chosen “uniformly” and so all vertices have the same
“weight”, that property should hold everywhere. See Lemma 2.3 in [AL07] for a version of the above
statement for graphs.

2.9 Unimodular Galton—Watson hypertrees

In this section, we introduce an analogue of Galton Watson processes on graphs for hypertrees. In
the graph regime, a Galton—Watson process is defined by generating the degree of the root at random
from a given distribution and then, iteratively, the degree of each child is generated at random and so
forth. In order to generalize the notion of a Galton—Watson process to hypertrees, since there might
exist edges of different sizes, one needs to make sense of the “degree” of edges of each possible size at
each node.

To this end, we introduce the notion of type as a generalization of the notion of degree. The type of
each node is a vector of integers specifying how many edges of each size a node is connected to. More
precisely, since we want all the hypergraphs to be locally finite, we define the set of types, denoted by
A, as

A={yeNZ* b y(k) =0,k > ko for some ko > 2}, (3)

where Ny := N U {0}. For a type v € A, v(k) determines the number of edges of size k a node is
connected to. For instance (2,1,0,1) means a node is connected to 2 edges of size 2, 1 edge of size 3
and 1 edge of size 5 (we haven’t shown the rest of the sequence, which is zero).

For v € A define
Il =D k), (4)
k>2

and
h(y) :== max{k > 2 : y(k) > 0}. (5)

For k > 2, define e € A to be the vector with value 1 at coordinate k& and zero elsewhere.

Assume P € P(A) is a probability distribution over the set of types, such that E[I'(m)] < oo for
m > 2, where I' is a random variable with law P. For m > 2 such that E[I'(m)] > 0, we define the
size biased distributions Pm as

5 oy lm) + Py +em)
S 3 7))

(6)

IWhether the converse is true is an open question, even in the graph regime
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(3,1,2)

(3,1,2,2,1,1)
Figure 4: The tree rooted at () generated by the sequence {7V }aeN,erex Where vg = (2, 1), ¥(3,1,2), Which
determines the type of (3, 1,2) in the subtree below (3, 1,2), is equal to (2) (which results in the single
edge of size 2 below (3,1,2)), and =, is the zero vector for all other nodes a.

where it is easy to check that the normalizing term makes B, a probability distribution. In case
E[['(m)] = 0, or equivalently I'(m) = 0 with probability one, we define P,, to be an arbitrary distri-
bution, e.g. Pm(v) = 1 when 7 is the type with all coordinates being zero.

Let () denote the root of the Galton—Watson hypertree and let Nyepex denote the set of vertices, so
0 € Nyertex- Let Nedge denote the set of hyperedges of the Galton-Watson hypertree. Each non-root
element of Nyertex Will be of the form (s1,e1,41,..., Sk, €x, %) where s; > 2,e; >1,and 1 <i; <s;—1
for all 1 < j < k. The semantics of (s1,e1,41) is that it is the vertex numbered i; of the e;-th
copy of a hyperedge of size s; attached to the root, and so on. Thus, for example (3,5,2,5,8,3)
represents the vertex numbered 3 of the eight hyperedge of size 5 that attaches to the vertex labeled
2 of the fifth hyperedge of size 3 that attaches to the root. The elements of Negge are thus of the form
(s1,€1,%1,...,8k,€x), where s; >2,e; > 1,and 1 <i; <sj—1lforalll<j<k-—1.

Given a sequence of types {7Va }aeN e s We can construct a hypertree with vertex set and edge set
Nyertex and Neqge, respectively, where for a € Nyertex, 7o determines the type of the node a in the
subtree below node a. See Figure 4 for an example.

Definition 27. Let P € P(A) such that E[I'(m)] < oo for m > 2, where I has the distribution P.
Construct a random rooted tree (T,0) by generating (T'y,a € Nyertex) independently such that Ty has
law P and for any non-root node a = (81,€1,11,- .., Sk, €k, ik), La has law Psk. Then UGWT(P) is
the law of [((T,0),0)] where [((T,0),0)] denotes the equivalence class of ((T,0),0) in H., with (T,0)
being the connected component of () in T.

One important observation is that UGWT(P), as in Definition 27, is unimodular. See Appendix F
for the proof.

Proposition 4. Assume P € P(A) is a distribution over types such that E[T'(k)] < oo for k > 2, then
UGWT(P) is unimodular.

Note that if (T, 0) is generated as in Definition 27 and (s1,e1,41) is a child of the root present in
T', the subtree rooted at i has a similar distribution to (T, D) except that the type of its root has law

P;, . It is useful for our subsequent discussion to define a notation for this distribution.

Definition 28. Let P € P(A) such that E[T'(1)] < oo for 1 > 2 and fix some k > 2. Construct a
random rooted tree (T,0) by generating (Ty,a € Nyertez) independently such that Ty has law f’k and
for any non—root node a = (81,€1,41,...,8r,€r,1r), [y has law }A’ST. Then GWTy(P) denotes the law
of [(T,0),0] where [(T,0),0] denotes the equivalence class of ((T,0),0) in H..
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2.10 Equivalence classes of marked hypergraphs: H.(Z) and H..(Z)

Recall that H, and H.. are Polish spaces of isomorphism classes of vertex rooted hypergraphs and
edge—vertex rooted hypergraphs respectively. We can extend the procedure by which these spaces were
created to hypergraphs with marks on their edges. Hypergraphs with marks on their edges would be
called “hypernetworks”, following the terminology in Aldous and Lyons [ALO7]. However, we prefer
to call them marked hypergraphs.

Definition 29. Assume H is a locally finite simple hypergraph on a countable vertex set and Z is a
complete separable metric space. A Z—valued edge mark on H is a function

§:U(H) — E,

where we recall that W(H) denotes the set of edge-vertex pairs of H. A hypergraph carrying such a
mark is called a marked hypergraph, and is denoted (H, ().

A wvertex rooted marked hypergraph is a marked hypergraph (H,&) together with a distinguished
vertex i € V(H), and is denoted ((H,§),i). An edge-vertex rooted marked hypergraph is a marked
hypergraph (H,£) together with a distinguished edge e € E(H), and a distinguished vertex i € e. It is
denoted ((H,E),e,1).

Remark 9. To simplify the notation, we employ the notation H to denote a marked hypergraph,
where its mark function is denoted by &g, and its underlying unmarked hypergraph is denoted by H.

Moreover, we may use V(H), E(H) and Y(H) instead of V(H), E(H) and V(H).

Definition 30. We call two vertex rooted marked hypergraphs (Hy,i1) and (Ha, i) isomorphic, and
write (Hy,i1) = (Ha,i2) if there is a bijection ¢ : V(Hy) — V(Hs), such that ¢(iy) = iz, and
e € E(Hy) iff ¢(e) € E(Hs), where ¢(e) := {¢(i) : i € e}. Moreover, for (e,i) € W(Hy), we require
that €5, (6,1) = &g (B(e), 6(0). ) )

We say two edge-vertex rooted marked hypergraphs (Hy,e1,i1) and (Ha,es,is) are isomorphic, and
write (Hy,ey,i1) = (Ha, e2,12), if there is a bijection ¢ : V(Hy) — V (Ha), such that ¢(i1) = iz, d(e1) =
e, and such that e € E(Hy) iff ¢(e) € E(Hz). Moreover, we must have &g, (e,1) = &g, (¢(e), ¢(i)) for
(e,i) € W(Hn).

Definition 31. Let H.(Z) be the space of equivalence classes of connected vertex rooted marked hy-
pergraphs with marks taking values in =, with the equivalence class of (H,i) being denoted [H,1i].
Similarly, let H..(Z) be the space of equivalence classes of edge-vertex rooted marked hypergraphs with
marks taking values in =, with the equivalence class of (H,e,i) being denoted [H e, 1.

We endow H.(Z) with the metric d, where the distance between [Hy,4;] and [Ha, o] is defined
in the following way: take arbitrary representatives (H,i}) € [Hi,i1] and (Hb,ib) € [Ha,42], then
let m* be the supremum over all m such that (Hy,i)) =, (Hj,1), and the =—distance between the
corresponding marks up to level m is at most 1/m, i.e. if ¢ is the level m isomorphism, then

~ ~ ~ 1 ~ H;
d= (€, (6, €, (0(6) 0() < — . Ve e By (Vi)

where d= denotes the metric on =. If there is no m satisfying the above conditions, we set m* to be 0.
Then, d.([Hy,i1], [Ha,iz]) is defined to be 1/(1 4+ m*). Since all the members in [H,1i] are isomorphic
as vertex rooted marked hypergraphs, d, can be easily checked to be well defined. One can also check
that it is a metric; in particular it satisfies the triangle inequality.

_ Similarly, we endow #..(Z) with the metric d.. where the distance between [Hi, ey, i1] and
[Ha, e2,1i2] is defined in the following way: take arbitrary representatives (H{,€},4}) € [Hi,e1,i1] and
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(Hb, eh,ib) € [Ha, e, is], then let m** be the supremum over all m such that (H{, e}, i}) =, (Hb, i, eb)
and the =E—distance between the corresponding marks up to level m is at most 1/m. If there is no
m satisfying these conditions, we set m* to be 0. Finally, define d..([Hy,e1,%1], [H2,ea,42]) to be
1/(1 4+ m*).

In Appendix B we prove that H.(Z) and H..(Z) with their respective metrics are Polish spaces,
see Proposition 19.

Similar to what we did for H. and H.., we can define 9 and V operators as follows, where we use
a simplified notation, whose validity can be justified as in Remarks 5 and 7:

Of(H,i):= > f(H,e,i),

e€cE(H),edi

and

. 1 =
VIi(H,ei) = > f(H, e j).
jE€e
Remark 10. The preceding notation, strictly speaking, applies only to real valued functions on H...
However, if we consider the function f : H.x(Z) — Z defined as f(H,e,i) = Ep(e,i), then, when =
has an additive structure, we may define Of : H.(E) — Z as

Of(H,i):= > f(Hyei)= > &glei)

e€FE(H),e>i e€E(H),e>i

By abuse of notation, we may use the notation O (i) instead of Of (H,i) with f defined above, and
similarly for V&g (7). We will use such notation in this document because the marks we are interested
in will be real valued.

For a probability measure i € P(H.(Z)), we define ji € M(H.«(Z)) in a manner similar to what

was done in Section 2.5. Namely, i € M(H..(Z)) is defined by requiring that for every nonnegative
Borel function f : H..(Z) — [0, 00) we have

/fdﬁz/&fdu.

A probability measure p € P(H.(Z)) is called unimodular if for every nonnegative Borel function

f i Hix(Z) = [0,00) we have
/fdﬂ':/Vfdﬁ.

By removing marks, we get a natural projection from II : H,(Z) — H. defined as

I([H,i]) = [H,1] - (7)

This can easily be checked to be continuous.

As was done in Section 2.8, choosing a vertex uniformly at random from a finite marked hypergraph
results in a unimodular measure. More precisely, if H is a finite hypergraph together with a mark &
taking values in Z,

1
U = 5750 01 (i), il
V(H)] VZ(H) o
is unimodular. Here, H (i) denotes the connected component of i in H. Moreover, the local weak limit

of finite marked hypergraphs, i.e. the weak limit of the measures u, , is unimodular, if it exists. See
Appendix E for a proof.
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3 Main Results

We now summarize the main results of the paper. We first prove some properties of balanced Borel
allocations, as defined in Definition 24.

Theorem 1. Let i € P(H..) be a unimodular probability measure such that deg(u) < co. The following

are true.
1. There exists a Borel allocation © : H.. — [0, 1] which is balanced with respect to p.
2. Let © be a balanced Borel allocation with respect to p. Then we have the following variational
characterization of the mean excess load under © above the load level t. For any t € R:
/(8@ —t)Tdy = max /fmmdﬁ—t/fdu,
FiHw—[0,1]
Borel
where fmm is defined as
5 1
min H,e,i = — min H,'.
Foin (. e.1) = o min (H.J)
3. The following are equivalent for a Borel allocation © : M. — [0,1]:
(a) © is balanced with respect to pi.
(b) © minimizes [ f o 0Odu among all Borel allocations, for some strictly convex function
f:10,00) = 10,00).
(¢) © minimizes [ fodOdu among all Borel allocations for every convex function f : [0,00) —
[0, 00).
4. Assume Oq is a balanced allocation with respect to p and © is any other allocation on H.. Then
O s balanced if and only if 009 = 00, p—almost surely.
5. Let {H,}n>1 be a sequence of finite hypergraphs with local weak limit p. Let Ly, denote the

distribution of the total load at a vertex in H, chosen uniformly at random. Namely, Ly, =
m > iev(a,) 900, (i), where (00,(i),i € V(H,)) denotes the load vector corresponding to any
balanced allocation 60, which we recall exists and is unique, due to Proposition 1. Let L denote
the law of the total load at the root of the balanced allocation on p, i.e. the pushforward of p
under the mapping 00, which we have just shown is well defined and unique, due to parts 1 and
4 of this theorem. Then Lg, converges weakly to L.

The proof of the above theorem is given in Section 6. Before that, we first investigate, in Section 4,
the properties of e-balanced allocations for a specific hypergraph, as introduced in Definition 13. We
then investigate, in Section 5, the properties of e-balanced allocations on H.. for a given p € P(H.), as
defined in Definition 25. Then, by sending € to zero, we prove part 1 of the above theorem in Section 6.1.
The proofs of other parts of the theorem are given in Sections 6.2 through 6.5 respectively.

Note that, as a result of part 4 of the theorem, for a given ¢t € R, the value of the integral
J(9© — t)*du for a balanced allocation © does not depend on the particular choice of ©. It only
depends on p and ¢, so it can be written as

(1) = / (00 — 1) dp. (8)
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The function @, is called the mean—excess function. Knowledge of ®,, is equivalent to determining the
distribution £ of the load at the root associated to a balanced allocation ©. We now describe ®,, for
the class of unimodular Galton—Watson process defined in Section 2.9.

Recall the notation A defined in (3). Assume P € P(A) and ¢t € R are fixed. For a sequence of
Borel probability measures (Q;,1 > 2) on real numbers, let F](Dkt) ({Qi}1>2) be the distribution of the
random variable 1

(k") 1
t— Z Z [1_le7,i,1_"'_le',z',kul 0’ (9)

K >2 i=1

where T has law Py, and X % ,i,; are random variables which are mutually independent and independent

of I', with X} ; ; having law Q. Note that P, is the size biased version of P defined in (6). Also note

that the first sum on the right hand side of (9) is a finite sum, because I" has finite support, pointwise.
Let Q be the set of sequences {Q;};>2 such that, for all k > 2, we have:

Qr = F1)({Qihiz2). (10)

Now, we are ready to provide a characterization of the mean excess function. We give the proof of
the following result in Section 8.

Theorem 2. Let P be a distribution on A such that E[||T'||;] < oo where I' has law P. Then, with
w:= UGWT(P), for any t € R, we have

SELR)], (v LW
®,.(1) = P X <1)] -t Yii>t], 11
# () (Qilimsce <Z k (; ki )) YD % (11)

k=2 k=2 i=1

where, in the first expression, I' is a random variable on A with law P and {Xy;}k are i.4.d. such
that Xy ; has law Q. Also, in the second expression, I' has law P and {Yy ;}x,: are independent from
each other and from T, with Yy, ; having the law of the random variable [1 — (Z +---+ Z;F )]}, where
Z; are i.i.d. with law Q.

For a finite hypergraph H, we define o(H) to be the maximum load corresponding to a balanced
allocation on H, i.e. if # is a balanced allocation on H,

o(H) := Uér‘l/a()é) 00(v), (12)

which is well defined due to Proposition 1. From [Haj90, Corollary 7] we know that there is a duality
between this parameter and the subgraph of maximum edge density, i.e.

|Enr ()]
) — il 13
o(H) O YT (13)

where Ep(S) denotes the set of edges of H with all endpoints in S.
For a unimodular probability distribution p on #, with finite deg(u), we define

o(un) :=sup{t e R: &,(t) > 0}, (14)

where ®,(.) is the mean excess function defined above. In other words, if © is the balanced allocation
corresponding to p introduced in Theorem 1 and £, is the law of 0© under p, then

o(p) =sup{t € R: L,([t,00)) > 0}.
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One question is whether local weak convergence implies convergence of maximum load, i.e., if H, is a
sequence of graphs with local weak limit u, does o(H,,) converge to o(u)? Similar to the graph case,
this is not true in general, since we can always add an arbitrary but bounded clique to boost o(H,,)
without changing the local weak limit. We prove convergence, under some conditions, for the special
case where the limit p is the UGWT model defined in Section 2.9 and, for each n, H, is a random
hypergraph obtained from a generalized hypergraph configuration model defined in Section 9.1.

Theorem 3. Let P be a probability distribution on A such that, if T’ is a random variable with law P,
P(T(k) > 0) > 0 for finitely many k and E[I'(k)] < oo for all k > 2. Moreover, let yu := UGWT(P).
Then, if {Hp}S2, is a sequence of random hypergraphs obtained from a configuration model, under
some conditions stated in Proposition 18, o(H,,) converges in probability to o(u).

This theorem is proved in Section 9.

4 e¢-balancing with baseloads

In this section, we analyze the properties of e-balanced allocations with respect to a baseload, which
were introduced in Definition 15. Note that throughout this section, we are dealing with a given
hypergraph, not a distribution on H,.. By setting the baseload function b to zero, our results here
reduce to those for e-balanced allocations as introduced in Definition 13.

4.1 Existence

The existence of e-balanced allocations with respect to a baseload b on hypergraphs is a consequence
of the Schauder—Tychonoff fixed point theorem (see, for instance, [AMOO09]). Here we give the details.
Fix a hypergraph H = (V, E) and define the topological vector space W to be:

W:={0:U(H) - R} =RV

with the product topology of R. Here, we recall that W(H) is the set of all edge—vertex pairs of the
hypergraph (1), and that this is a countable set. Define the following convex subset of functions with
values in [0, 1]:

A:={0:Y(H)— [0,1]}.

Since we have employed the product topology, Tychonoff’s theorem tells us that A is a compact set
(see, for instance, [Mun00]). Define the mapping T': A — A via:

exp (_ abz(z‘))
3 L exp (_abe(ad)'
JjEe €

We want to show that T" has a fixed point. In order to do so, we need to show that T is continuous.
Since we have employed the product topology, we need to show that, for all (e,7) € ¥(H), the projected
version T, ; defined as:

(T6)(e,7) ==

T.i(0) :== (T0)(e,1),

which is a mapping from A to [0,1], is continuous. In order to show this, note that T.; is the
concatenation of a projection I, : A — RIVel where

Uso:={(c,j):e e E,dne#0,jcene},
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and an addition function from RIU¢! to Rl¢l which gives us the vector [00(j)] e, and then a function
f:Rlel 5 R defined as:
o (@eb(i)/e
fllzjljee) = S e GG/

Since all these three functions are continuous (note that U, is a finite set since we have assumed that
the graph is locally finite and all edges have finite size), T is also continuous. Therefore, since W
is Hausdorff and locally convex, A is compact, and T is continuous, the Schauder—Tychonoff fixed
point theorem implies that T has a fixed point (see, for instance, [AMO09, Theorem 8.2]). Note that
0 = T(0) satisfies ), 0'(e,i) = 1 for any § € W. Therefore this fixed point is an allocation in the
sense of Definition 10, and is also e-balanced.

4.2 Monotony and Uniqueness

Intuitively, we expect that when we add more edges to a hypergraph and increase baseloads, the
total load for an e-balanced allocation would increase. We also expect that the effect of an increase
in baseload at any vertex tends to dissipate as one moves away from the vertex, when comparing
the respective balanced allocations. Lemmas 5 and 7 below quantify these phenomena. They are
formulated in the language of vertex rooted hypergraph embedding from Definition 8.

Lemma 5 (depth 1 local contraction). Assume the vertex rooted hypergraph (H,i) can be embedded
up to depth 1 into the vertex rooted hypergraph (H',i'), i.e. (H,i) <1 (H',i'), with embedding ¢ :
Vﬁ — VZ{{{ Let 0. and 0. be e-balanced allocations on H and H' respectively, with respective baseload
functions b and b, with b(¢) < ' (i'). If

M := max 0.(j) — 0w 0.(6(5)),

Jidm (4,5)=1

then we have .
|Di,1| +

O 0. (i') > 0p0. (i) — ——t M,
be()— b () |DZI){1|+4E

where Dfl is the set of nodes at distance one from node i as was defined in Definition 4.

Note that, in this lemma, 6. and 6/ are two arbitrary e-balanced allocations on H and H' respec-
tively, with respective baseload functions b and &’. We know from Section 4.1 that such allocations
exist, but they might a priori not be unique. We will later prove uniqueness for the special case of
bounded hypergraphs, which were introduced in Definition 2.

Before proving this result, we need the following tool, whose proof is given after the proof of
Lemma 5.

Lemma 6. Assume that for € > 0, the function f. : R¥ — R is defined in the following way:

1
fe(z1, ... o) = ———F/——.
‘ L+, e
Then, for arbitrary real valued sequences (x1,...,xx) and (x},...,x}), we have,

k
1
fe(za, .. o) — fe(2h, ... o) < EZ[% —z]t.

i=1
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Proof of Lemma 5. Since ¢(e) € E(H') for e 3 4, and 0. is a nonnegative function, we have

PNACKIEDPACIONSE (15)

e3> e>i
On the other hand, we have

(a)

00 (i) — Oy OL(i") <Y Oc(esi) — > 0L(/,i)

ed1 e’/
(b)
S 96(67 Z) - 92(¢(6)7 Z/)
edi
(© 1
B Z ( 00 ()= D0 (1)
esi \1+ Zz;;, exp | —— " (16)
VE2

€

1
— 1 + Zjeﬁ exp (_85/92(¢(j))_6b/92(i’)) )
d) 1 . o o
= 2D @0:) = 0u6.(0)) — (9 0L(6(5)) = DL

edi j€e
J#i
where (a) results from b(i) < b/(i’), (b) uses (15), (¢) is a substitution from Definition 14, and (d) uses
Lemma 6.
Now, let
Ii={(e,j) 1 e34,j € e,j # i,000e(j) = Oy O(d(7)) = Opbe(i) — Dy O (i')}-
Then the inequality in (16) together with the definition of M implies

019.(1) — Oy 8L) < LITI(M — (246.05) — A L(1)).

Rearranging the terms, we get

DH
Dbe(i) = O O(¥') < |I||+|46M = |D| |1le|4 MY
which is exactly what we wanted to prove. O
Proof of Lemma 6. First we prove the statement for k = 1. In this case, the function f.(z) = 1+el T
is ﬁfLipschitz and increasing in z, hence the statement holds for k£ = 1.
Now assume k > 1 is arbitrary. We have
fe(zr, .., xp) — fe(@), ... 2y :Z e (17)

i=1 (1+Zr 1€ m_) (1"‘25:167%)

Now, for each 1 <4 <k, if 2} > z; then

(re =) (e D) o aen



On the other hand, if 2 < z;, then we have

e — e e < e — e e
ko= Booo-te T ;
(1+Z7‘:1€ e)(l—i-zszle e) (14_6*7) (1+6T>
B 1 1
IL+e ™=  14¢ m?;
1
S@@i‘%]ﬂ

where the last step uses the statement for £ = 1. Therefore, in either case, we have proved that for all
1 < ¢ <k we have:

’
i T

T e — e e 1
k ‘ x : k ! S 4_['T1 :C;]J’_
(1+Zr:167%) (1+Zs:167%) ¢
Substituting this into (17) we get the desired result. O

Now we generalize Lemma 5 to depth d local embeddings.

Lemma 7 (depth d local contraction). Assume (H,i) <—q (H',i") with embedding ¢ : VZ% — Vfl;
Also let 0. and 0. be e-balanced allocations on H and H' respectively, with respective baseload functions
b and b, where b(j) < b (¢(4)) for all j such that dp(i,j) < d—1. Then we have:

d
617/9;(2")28176‘6(2')—( La ) My,

4e+ LA
where
My := max 90c(j) — Oy b.(6(5)),
JeDfd
and
L:= max |e|,
e€cEn(VH)

A:= max degy(j) .
jeV{Ll

i

Proof. Take some j € V(H) with dg(i,j) = k. If 7/ € V(H) is such that dg(j,j7') = 1, the triangle
inequality implies that
|du (i,5') = du (i, j)| < du(j.j") = 1.
Thus
DI c D, ,uDl, uDf . (18)
Hence, if dg(i,7) < d — 1, using the same embedding map ¢ we have (H,j) <1 (H', ¢(j)). Hence, if
we define

M, ;= max 81796(3') — (9b/6‘2(¢(j)) 0<k<d,
Jidu (i,5)=k
and
LA
T AT LA
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then using Lemma 5 and (18) we have
My < o(M;7 vMIVML)  1<k<d-1, (19)

and
My < aM;. (20)

We show by induction that M]j < 04M,3LJrl for 0 < k < d—1. For k = 0, this follows from (20) and the
fact that z + xT is increasing. For k > 1 we have from (19) that

M, <a(M;_, v MV ML) <al(aMf Vv M) VML) = oMV M),

We claim that M,j < on,;trl. The above inequality means that either M]j < on,j or M]j < on]jH.
The latter case is precisely what we have claimed, while in the former case, as o < 1, we have M =0
and the inequality M]j < oM ,:r 1 1s automatic. This implies that Mo < a?M j and completes the

proof. O

Using the above local results, we now show that if we add edges to a hypergraph and/or increase
the baseload, the total load should increase.

Proposition 5. Let H and H' be two hypergraphs defined on the same vertex set V.=V (H) =V (H'),
such that E(H) C E(H'), and H is bounded (but H' is not necessarily bounded). Suppose two bounded
baseload functions b,b’ : V. — R are given, such that b(i) < V(i) for alli € V. If 0. and 0. are two
e-balanced allocations on H and H', respectively, for the respective baseload functions b and V', then

we have Op0c (1) < Oy 0.(3) for alli € V.

Proof. Since H is bounded, there are constants A and L such that, for all ¢+ € V, degy (i) < A and
le] < L for all e € E(H). Also, as b is bounded, for some K > 0 and all i € V, we have |b(i)| < K.

Now, fix some ¢ € V. Since E(H) C E(H'), we have (H,i) <1 (H’,4) with the identity map as the
embedding function. With this, define

M = sup 940.(j) — O 0.(j).
JjEV
Note that, since 9,6° is bounded to A + K, the above quantity is finite and well defined. Now, using
Lemma 5, we have

/ AL
b\ , b (s < +
81795 (2) (91, 6‘6 (2) = et ALM .

Taking the supremum over 7 on the left hand side, we get

AL

M<—/——_M"
~ 4e+ AL ’
which, since ﬁ < 1, implies M < 0 and completes the proof. O

If we have a fixed bounded hypergraph H with a baseload function, and 6., §. are two e-balanced
allocations on H, repeating the above proposition twice, we get 96, < 960 and 00, < 90, which implies
uniqueness. To sum up, we have:

Corollary 1. If a hypergraph H is bounded, there is a unique e-balanced allocation with respect to any
given baseload on it.
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4.3 e—balanced allocations for unbounded hypergraphs with respect to a
baseload: canonical allocations

We now produce e-balanced allocations on a hypergraph H with respect to a given baseload even when
the hypergraph is not necessarily bounded. Note that we do not make any claims about uniqueness.
For a given hypergraph H and A € N, define H® to be the hypergraph with vertex set V(H) and
edge set E2, where
E2:={ec E(H):|e| <A ,degy(i) <A Vice}. (21)

Given the baseload function b, define 9? to be the unique e-balanced allocation on H® with respect
to the baseload b, where the existence and uniqueness of 9? is a consequence of Corollary 1 above.
Since E2 increases to E(H) as A increases, Proposition 5 implies that 9,02 is pointwise increasing in
A. Since it is also pointwise bounded, it is convergent. For a node i € V(H), define

T N
l; == Ahrn 0= (1),
Now, for e € E(H) and i € e, define

exp (L
0. (e,i) == _ew(y) (22)

l.
Z]Ee exp (_?])

Now we prove that 6. is an e-balanced allocation with respect to the baseload b. First, observe
that, because of the normalizing term in the denominator, . 0.(e,i) =1 for all e € E(H). We now
show that I; = 0,0.(). Note that

)DICED pite. Ao
(-%)

es1 es1 EjEe exp

i€e

- Y

02
edi ZjEe exp (_ > ;(J))

Observe that, for A > max,.s; (|e| V max;ec. degy (j)), we have e € E2 for all e 3 4. Hence, the term
inside the summation is 9? (e,1), because 9? is the unique e-balanced allocation on H? with respect
to the baseload b. Since we are taking A — oo, we can assume it is big enough to get

N . A N1 N
00 (1) = b(i) + Algnoog 0= (e,i) = AlgmOo WO (i) = 1;.

Substituting this into (22), we conclude that 6. is e-balanced, with respect to the baseload b.

Remark 11. Note that the above procedure gives rise to an e—balanced allocation with respect to any
giwven baseload, but we do not know if it is the only possible e-balanced allocation or not. In fact, we
have proved uniqueness for bounded hypergraphs only. To emphasize this and avoid confusion, we call
the e-balanced allocation resulting from the procedure above the “canonical” allocation with respect to
the given baseload. A special case of the procedure yields the canonical e—balanced allocation when there
s no baseload.

Now, we generalize the monotonicity property of Proposition 5 to the case of not necessarily
bounded hypergraphs, for these canonical allocations.
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Proposition 6. Given hypergraphs H and H' on the same vertex set V, with E(H) C E(H'), and
baseload functions b,b' : V' — R such that b(i) < V(i) for alli € V, if 6. and 0. are the canonical e-
balanced allocations on H and H', with respect to baseloads b and V', respectively, then Op0.(i) < Oy 0.(1)
forallieV.

Proof. Set E := E(H) and E’ := E(H'). Note that since E C E’ and the vertex sets are the same
for H and H', EA C E’ for any A. Thus, if 2 is the unique e-balanced allocation on (V, E®) with
respect to the baseload b and 6. is the canonical e-balanced allocation on (V| E’) with respect to the
baseload ', Proposition 5 implies that 0,02 (i) < 00’ () for all i € V' (note that in Proposition 5 only
the smaller hypergraph needs to be bounded, hence we only need to truncate E). By sending A to
infinity, we get the desired result. o

4.4 Nonexpansivity

Proposition 7. Let H be a given hypergraph and b,b’ be two baseload functions. Let 6 and 6’ be the
canonical e~balanced allocations on H with respect to b and V', respectively. Then, we have

||8b6‘€ — 613/92”[1(‘/([{)) < ”b - bl”ll(V(H))

Proof. To start with, assume that H is bounded. Later, we will relax this assumption.
Consider first the special case b(i) > () for all i € V/(H). Then, using the monotonicity property
of Proposition 5, we have 9,0, (i) > 0y 0.(3) for all i € V(H). In particular,

1060 = OOl iy = D, Obbe(i) — Dy BL(i).
i€V (H)

Now, let {V;,} be a nested sequence of finite subsets of V(H) converging to V(H), i.e. V, 1 V(H).
Let 6, and 9;76 be the e-balanced allocations on (V,, Ex(V;,)) with respect to the restrictions of b
and b’ to V,,, respectively. The monotonicity property of Proposition 5 and an argument similar to
the one given in Section 4.3 above, implies that 9,60,  and Oy 9;1 . converge to e-balanced allocations
on H and H' with respect to b and ¥, respectively. Since H is bounded there is a unique e-balanced
allocations with respect to any baseload function. Therefore, we have 9,0, T 950, and Oy 6., T Oy 0,

as n — 0o0. Using the conservation of mass, we have

Z OO, (i) — O b, Z b(i) —b'(i Z b(i = b=l vy »

i€V, i€V, i€V (H)

where we have used the assumption b > ¥'. In fact, for any finite subset of vertices K C V(H), we have
K C V, for n large enough and so using 90, T Opfe and Oy 0, e 0. and also the monotonicity
property of Proposition 5, we have

Z (91,96( (91,/ = hm Z ab6‘n e — Oy 6‘;1,5(1')

ieK ~ieK
. . / .
< nh—>ngo GZV 8b9n,e(7') - 85’ on,e(l)

<16 =Vl vy -
Since this holds for every finite subset K C V(H), we conclude that

||8b6‘€ — 613/92”[1(‘/(}[)) < ”b - bl”ll(V(H))
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Now, continuing to assume that H is bounded, suppose the condition b > b’ does not necessarily
hold. Define b := b AV with 6 being the unique e-balanced allocation on H with respect to b”. Due
to monotonicity property of Proposition 5, we have 9yf. > 00" and Oy 0. > Op0”. Thus, using the
above argument and the triangle inequality, we have

1060 = O Ol vy < 1068 = B O (|1 (v oy + 10002 — B O lpn (v 1y
<o ="l vy + 10 = 0" vy
= ) b(E) =) + V(i) = V(i)
i€V (H)

= > @ =@ =16Vl -

i€V (H)

Finally, we relax the boundedness assumption on H.

We take a not necessarily bounded hypergraph H and let H? be the truncation of H, as defined
in Section 4.3. Let 2 and 672 be the unique e balanced allocations on H?, with respect to the
baseloads b and ', respectively. Since H® is bounded, using the above argument, we have

A A
||3b96 - ‘917/92 Hll(V(H)) <|lb- b/Hll(V(H)) )
Hence, for any finite subset K C V(H), we have

Z 0,02 (1) — O 012 (i)] < ||0n02 — ab,egﬁull( <|b—

ice K

/
V(i) VMl v oy -

Sending A to infinity and using the facts that 902 and 962 converge to 96, and 96, respectively,
and also the fact that K is finite, we have

71006 (6) — D 0L0)| < 1Ib— ¥l ary -
ieK

Since the above is true for all finite K, we have
066 — ab"%”zl(v(H)) <|b— b/”ll(V(H)) )

and the proof is complete. O

4.5 Regularity property for canonical e-balanced allocations with respect
to a baseload

In this section, we give a regularity property of canonical allocations which is crucial in our analysis.

Let T be a hypertree. For a node i € V(T') and e € E(T), e > i, define T,_,; to the connected
subtree with root 7 that does not contain the part of T" directed from e. To be more precise, the vertex
set of T,._,; is the set of vertices j € V(T) such that the shortest path from 4 to j does not contain e.
The edge set of T,_,; contains all the edges with all their end points in this subset, i.e. Ep(V(Te—;))
in the notation of Section 2.1.

Proposition 8. Let T be a hypertree, b a baseload function on T, and 0 the canonical e—balanced
allocation on T with respect to the baseload b. Let e € E(T) and i € e, and let O, ,, denote the
restriction of 6 to Te_;, i.e.

Or, . (e, i) =0(e i), e € B(T.;),i €¢.
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Then, O, .. is the canonical e-balanced allocation on T._,; with respect to the baseload function b
defined as R
b(i) = b(3) + 6(e, 1),

and b(j) = b(j) for j € V(Tomsi) \ {i}.

Proof. 1t is straightforward to check that 67, is an e-balanced allocation on T._,; with baseload
function b. Thus, the content of the theorem is the statement about this e-balanced allocation being
the canonical e-balanced allocation on T,._,; with the baseload function b.

Let 6 denote the canonical e-balanced allocation on T.—,; with respect to the baseload b. Moreover,
let 62 denote the unique e-balanced allocation on the bounded tree (Teﬁi)A with respect to the
baseload b. Throughout this proof, we assume that A > Ay where

Ao = |e| Vmax{degy(j) : j € e}.
If A satisfies this property, then e € F(T?), and one can also check that
(Te%i)A = (TA)e%iy (23)

so we can unambiguously write T2, for this tree. (Note that 72 need not be connected, but this is

not relevant.) If 62 denotes the unique e-balanced allocation on T2 with respect to the baseload b
and 9:%6 _,, Is its restriction to TA,,, then, since A > Ay, 9:%6%1_ is the unique e-balanced allocation on
T2, with respect to the baseload b2 defined as b®(i) = b(i) + 62 (e, i) and b>(j) = b(j) for j # .
Now, #2 and H%Hi are canonical e-balanced allocations on T2, with respect to the baseloads b and
bA

i
, respectively. Using Proposition 7, we conclude that for an arbitrary vertex k € V(T.—;;) we have

10,008 (k) — 0,02 (k)| < Habwﬁﬂ_ — 0;0% <162 (e, ) — B(e, ).

BV (Tewi))

Now, sending A to infinity and noting the fact that 6°(e,i) — 6(e,i), we have |9pa07 (k) —
9;6° (k)| — 0. Since 0% . is the restriction to T2, of the e-balanced allocation # on T with respect
to the baseload b, we have 8ya0% (k) = 8,604 (k) for all k € V(TZ2,,). Since 0,6°(k) — 9,0(k) and

e—1
859A (k) — agé(k) for all k € V(T') as A — oo, we conclude that
950(k) = 0(k) , Yk € V(Tuss).

But it is straightforward to check that 9,0(k) = 0;0r,_,,(k) for all k € V(T.—;). From the definition of
e-balanced allocations, we conclude that 67, ,(¢’,i) equals 6(e’,i’) for all ¢’ € E(T._,;) and all i’ € ¢/,
i.e. that 07, ,, is the canonical e-balanced allocation on Te._,; with respect to the baseload I~), which
was what was to be shown. O

5 e¢balanced allocations on H..

In this section, we discuss how to find an e-balanced allocation on H.,, in the sense of Definition 25,
with respect to a unimodular measure u € P(H.). Recall that this is a Borel allocation O, : H.. —
[0, 1] such that

exp(—00.(H,i)/€) .

O.(H, e, i) = Z_jee oxp(—00. ()’ fi—a.e..
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What we do here is in fact stronger, in the sense that we introduce a Borel allocation O, such that the
above condition is satisfied pointwise, i.e.

exp(—00.(H,i)/e)
> jce exp(—00(H, j)/€)

O.(H,e,i) = V[H, e,i] € Hus. (24)

In fact, we can define ©.(H, e, i) to be 6 (e,i) where 87 is the canonical e-balanced allocation for H,
as was introduced in Section 4.3. Defining O, in this way guarantees that (24) is satisfied. Therefore,
it remains to show that O, is a Borel allocation. In the following, we construct O, differently, but as
we will see later, the ©.(H, e, i) we construct will be equal to 87 (e, i) (see Remark 12 below).

For the construction, given A € N, define F2 : H, — R via F2A(H, i) := 89£IA (1), where H” is the
truncated hypergraph introduced in Section 4.3. The uniqueness property of e-balanced allocations for
bounded hypergraphs (Corollary 1) implies that the above definition does not depend on the specific
choice of (H,i) in the equivalence class. Therefore, F2 is well defined. We claim that F2 is a
continuous function on H,. Indeed, if (Hy,i1) =q (Ha,iz2), then (HP,iy) =41 (HE,i2), and using
Lemma 7 we have

HE . HE . Az N\
901" (iy) — 96! (12)} < <m> A
This implies that £ is (uniformly) continuous. Moreover, Proposition 5 implies that F» is pointwise
increasing in A. On the other hand, F2(H,i) < degy (7). Hence, there is a pointwise limit

Fe(H, i) = lim_ FA(H, ). (25)

We now define O : H,. — [0, 1] in the following way:

exp(—F.(H,i)/¢)

Ol e.) = e o F(H, 1))

(26)

We want to show that ©, is an e-balanced allocation on H... Since F€A is continuous, F. is Borel,
and hence O, is a Borel map. Also, the normalization factor in the denominator guarantees that
Y ice Oc(H, e,i) = 1, and hence O, is a Borel allocation. Comparing (24) with (26), it suffices to show
that

00 (H,i) = F.(H,1). (27)

In order to show this, note that
00 (H,i) = Zgé(Hvevi)
edi

exp(—Fe(H,i)/e)

> jee exp(—Fe(H, j)/e)
I exp(—F2(H,i)/e)

= lim : '

Areo edi Zj€€ exp(—FEA (H,])/E)

=1

Now, when A > max,s; |e| and also A > max;ee c5; degy (7)), we have e € E(H2), and we have

exp(~FA(H,i)/e) _ exp(—00/" (H,i)/e)
e XD(=FA(H,j)J€) — 5, exp(—06F> (H, j)/e)

= GfA(H,e,i).
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Consequently,

0O.(H,i) = lim > 6l “(H,e,i)
ed1

= lim 007" (H,i)
A— o0

= lim F2(H,1i)

A—o0

= F.(H,i).

Therefore, we have shown (27), which shows that O, satisfies (24) and hence is an e-balanced allocation
(both pointwise and ji—almost everywhere).

Remark 12. Note that (25) means that F.(H,i) = 005 (i), where 02 is the canonical e-balanced
allocation in H. Hence, (26) implies that ©.(H,e,1) is pointwise equal to 02 (e,1).

The following Proposition proves an almost sure uniqueness property for Borel e-balanced allo-
cations which is similar in flavor to part 4 of Theorem 1. The proof of this statement is given in
Appendix H.

Proposition 9. Assume u is a unimodular measure on H. such that deg(p) < oo. Given € > 0, let
O, be the e-balanced allocation defined in this section, and let O be any other e-balanced allocation,
both with respect to . Then, we have 00, = 00., p-a.s. and O, = OL, [i-a.e..

6 Properties of balanced allocations

6.1 Existence
In this section we prove the existence of balanced allocations (part 1 of Theorem 1):

Proposition 10. Assume p € P(H.) is unimodular with deg(pu) < oco. Then, there is a sequence
€x 4 0 such that ©, converges to a balanced allocation O, with the convergence being both in L*(fi)
and [i—almost everywhere.

Proof. First, we show that ©. is Cauchy in L?(ji). To do so, we take ¢,¢/ > 0 and try to bound
[©c = Ocr||2(z)- For an integer A > 0, define the function ©2 on H.. as follows:

08% (e,i) if e € E(HA),

. (28)
0 otherwise,

@EA(H,e,i)z{

where H? is the truncated hypergraph introduced in Section 4.3 and oH ® is the unique e—balanced
allocation associated to it. N

Take a locally finite hypergraph H and an edge e in E(H®). As 0" is e-balanced on H* and
e € E(H?), for i, j € e we have
61" (c,i) _ exp(=06!7"(i)/e)

€ —

01 (e,j)  exp(—00H*(j)/e)’

By the definition of ©2, if e € E(H2), then for all j' € e, O2(H, e, ') = 07" (¢, j/) and 0O2(H, j') =
oo ° (j'). Taking logarithms on both sides of the above equation, we have

D02 (H,i) + elog ©2(H, e, i) = 002 (H, j) + elog ©2(H, e, j), Vi,j € e,
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with this equation holding pointwise whenever e € E(H?). As this equality holds for all 4,j € e, any

two convex combinations of the values of 902 + e¢log ©2 evaluated at nodes in e are equal, whenever

e € E(H?). In particular, if ©4 denotes the ¢~balanced allocation on .. defined similarly to the

above, then, whenever e € E(H?), we have -, . O2(H, e,i) = Y,.. ©5(H, e, i) = 1. Hence we have:
Z@A (H,e,i) (002 (H,i) + elog ©2(H, e, 1))

i€e (29)
=Y O8(H,e,i) (002(H,i) + elog O (H, e,1)) ,

i€e

which holds pointwise, whenever e € E(H?). On the other hand, if e ¢ E(H?), then, by definition,
O2(H,e,j) as well as ©4(H, e, j) are zero for all j € e. In this case the above equality again holds,
with 0log0 being interpreted as 0. In other words, pointwise on H.., we have

V(02002 + elog©2)) = V(02 (80 + elog ©2)),

where, by abuse of notation, we have treated 902 as a function on .. rather than on ., via
002 (H, e,i) := 002 (H, i), and likewise for 904. Rewriting the above identity, we have:

V (02002 + €02 log O — ©5002) = eV (05 log OF). (30)
Note that 902 is pointwise bounded by A by definition. Moreover, deg(u) < oo, which implies that

i has finite total measure. Hence, all terms in the above equation have finite integral. On the other
hand, from the definition of [, we have:

(@2 ~eo02di= [ a2 - 02002 = [(002 - 0021002

Substituting this into (30) and using unimodularity, we have

(002 — 005,00%) + e/ef log ©2dji = e/@f, log ©2dji, (31)
where (.,.) denotes the inner product of two functions in L?(x). Now, changing the order of € and ¢,
we have

(005 — 002,005) + ¢ / 05 log©4dji = € / 02 log ©4dji. (32)
Summing up these two equalities, we have:
= e/(aﬁlog@fdﬁ— e/ef log ©2dji

e’/@ﬁlog@g‘,dﬁ—e’/@ﬁlog@ﬁdﬁ

|loes —

(33)

We now use the following information theoretic notation. For functions 0,0’ : H.. — [0, 1], we define

H(©):= —/GlogG)dﬁ, and

D(©]|e) /Glog 5 4
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where 0log0 is interpreted as 0, and ©(H, e, ) is assumed to be zero whenever ©'(H, e, 1) is zero (by
definition, ©2 and ©4 have this property). Rearranging the terms in (33),

|oe2 — 002

eD(O702) + ¢ D(O2]102) = (e — ) (H(OF) — H(O7)). (34)

Note that, since deg(u) < oo and 902 and 904 are pointwise bounded to A, all the terms are finite.
With, A = {[H, e,i] € Hux : € € E(H?)}, we have

D(©g(|eg) =

A
€’

€ @A )
- /A v <® o8 ®A> W (35)
—/A |i|DKL((@E/(H,e,j))jeen(@ﬁ(ﬂ,e,j))jee)dﬁ(ﬂ,e,i)

=0,

where Dgp, denotes the standard KL divergence, and for [H,e,i] € A, by definition, (0% (H, e, j))jce
and (6?, (H,e,j))jee are vectors of nonnegative values summing up to one. Similarly, one can show
that D(©2(/©3) > 0. Therefore, all the terms on the left hand side of (34) are nonnegative. As a
result

e>¢€ = H(0%) > H(0%). (36)

As H(©2) > 0 for all € > 0, the above inequality implies that H(©%) converges to some value as € | 0.
Another result of (34) is that for € > ¢/,

D(©2]1©7) < (e - ¢)(H(02) — H(07)).
Dividing by € and using € > ¢’ and H(02) > H(0%), we get
D(07(e2) < H(02) - H(O7). (37)

Using (35) and Pinsker’s inequality (see, for instance, [CK11]),

1 , , .
D(®$|@?)—/AHDKL((GQ‘/(H,e,j))jeell(Gf(H,e,g))jee)du

(a) 11
/ N 108 (H, e, j) — 05 (H, e, ) di
A

el 2
jEe

1
03 [ 1e2 - etrd
2)a

1 2
:g\!@?—@?f 2

where (a) uses the Pinsker’s inequality, and (b) uses unimodularity of x. Combining this with (37),
for €, ¢ > 0 we have

A A2 A A
|02 — 2|, <2(H(02) - H(O2)].

Now, as we send A to infinity, @EA converges pointwise to the function O, defined in Section 5.
Moreover, deg() < oo and the function zlogz is bounded for x € [0,1]. Hence, using dominated
convergence theorem, we have

10 — O3 < 2(H(O.) — H(Ou)]. (38)
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Similarly, sending A — oo, (36) implies that
e>e >0 = H(O.) > H(O.). (39)

This means that, as H(©.) > 0 for all ¢ > 0, H(O,) is convergent as ¢ | 0. In particular, this
together with (38) implies that there is a sequence of positive values €; converging to zero such that
0., converges to some Og : H.. — [0,1] in L?(fi). Therefore, there is a subsequence of this sequence
converging to ©¢ ji—almost everywhere. Without loss of generality, we may assume this subsequence
is the whole sequence. With this, ©, converges to ©g both in L?(ji) and ji-almost everywhere.
Using Lemma 3, we have 00, — 00 p—almost surely. Lemma 3 then implies that for p—almost all
[H,i] € Ha, 00, (H,j) — 00¢(H,j) for all j € e. Following Remark 6, we can treat 00y and the
009, as functions on H.., instead of #,. Then, Lemma 2 implies that

00, (H,e,j) = 00¢(H, e, j) ¥j € e, fi-a.e.. (40)

Now, we are ready to show that © is actually fi—balanced. To do so, assume that 00¢(H,i) >
000 (H, j) for some i, j € e. Equivalently, 00¢(H, e, i) > 00¢(H,e,j). Then (40) implies that, outside
a measure zero set, for some fixed §, and for k large enough,

00, (H,e,i) — 00, (H,e,j) > fi-a.e..

On the other hand, using the definition of an e-balanced allocation, we have

1 1
- - < .
1+ exp (_ 909, (H,e,j) =00, (quﬂ)) — 1+ exp(é/ek)

€k

Gek (H7 677;) S

Sending & to infinity, since ¢ is fixed, the above inequality implies that ©, (H, e, i) converges to zero.
Also, we know that ©., — O ji-almost everywhere. Thus, we have shown that

00¢(H,i) > 00y (H, j) for i,j € e = ©o(H,e,i) =0, fi—-a.e.,

which shows that ©g is balanced and the proof is complete. o

6.2 Variational characterization

In this section, we prove the variational characterization (part 2) of Theorem 1.

Proposition 11. Assume © is a Borel allocation on H.. and p € P(H.) is unimodular with deg(u) <
0o. Then, for allt € R we have

J©e-ttdu= wph/ﬁmw—f/ﬂm (41)

fiHx—[0,1
Borel

where fmm s defined as

Frin(H, ;1) = = min f(H, )
6| JEe

Furthermore, equality happens for allt € R if and only if © is balanced. Moreover, when © is balanced,
the function f = lpos: achieves the supremum.
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Proof. Note that for any real number z, we have z= > zy for y € [0,1]. Therefore, for any Borel
function f : H. — [0,1], we have

/(a@ —t)Tdu > /(ae —t)fdp = /f&@du— t/fdu. (42)

The assumption that deg(p) < oo guarantees that both integrals on the RHS are finite, and hence
J (86 —t) fdp exists. It is easy to see that f0O = d(fO), where f : H., — R is defined as f(H, e,1) :=
f(H, ). Therefore, using the unimodularity of u, we have

/ f00du = / fodi = / V(fO)dj. (43)

Now, we have

V() H.c.i) = Y f(H.e.)O(H.c.5)

j€Ee

1
= — H,j)©(H,e,j
% jze;f( 7)O(H, e, j) "

= fmin(Ha eai)a

where (a) holds since Y. O(H,e,j) = 1 and ©(H,e,j) > 0 for all j € e. This, together with (42)
and (43), proves (41).

Now, we show that equality holds if and only if © is balanced. First, assume © is balanced. We
show that equality holds in (41) for all ¢ € R. Take f = lsos:. Then, (42) becomes an equality.
Therefore, it remains to show that (44) also becomes an equality, fi—almost everywhere. Note that
if f(H,j) =0 forall j € eor f(H,j) =1 for all j € e, equality holds in (44). Thereby, it suffices
to consider the case that for some j € e, f(H,j) = 0 and for some other j' € e, f(H,j') = 1. This
implies 0O (H, j') >t > O(H, j). As O is balanced, outside a measure zero set, we can conclude from
the above that ©(H, e, j') = 0, and so its contribution in (44) vanishes. Since this is true for any j’
with f(H,j') = 1, both sides of the inequality (a) in (44) become equal to zero. As this argument
holds outside a measure zero set, the above discussion shows that (41) becomes an equality when O is
balanced. Moreover, the function f = 1pe> achieves the supremum.

Now, we show that if (41) is an equality for all ¢ € R, then © is balanced. Fix some ¢t € R. First,
we claim that the supremum on the RHS of (41) is a maximum. To see this, note that we have already
shown in Section 6.1 that a balanced allocation ©y with respect to u exists, and the above discussion
then implies that f = 1pe,>+ achieves the equality in (41) with © being replaced with ©¢. But the RHS
of (41) has no dependence on ©. Thereby, the RHS of (41) always has f := lpg,>¢+ as a maximizer,
whenever p is unimodular with bounded mean. Since f € [0,1], we have (900 — )T > (00 —t)f
pointwise. However, equality holds in (41), so by (44), we must have

jEe

(00 —t)f = (00 —t)* pa.s.. (45)
Using Lemma 1, this means that

(00 —t)f = (00 —t)T  [iae., (46)
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where, by abuse of notation, we have treated 90 as being defined on H.. via 00(H,e,i) = 00(H,1).
On the other hand, (44) must be an equality and

V(fO) = fmin  j-ae. (47)

Now, we show that © must be balanced by checking the conditions in Defintion 24. For the above
fixed ¢, if for some [H,e,i] € H.. and some j € e we have

0O(H,e,i) >t > 0O(H,e,j),

then (46) implies that outside a measure zero set, we can conclude that f(H,i) =1 and f(H,j) = 0.
This can be seen by comparing the left hand side and right hand side of (46) in each of the two cases,

and then recalling that f(NH, e,i) = f(H,1).

Hence, by definition, fmin(H,e,7) = 0. Therefore, (47) implies that outside a measure zero set, we
have

~ 1
0=V(fO)(H, e,i)=—Y f(H k)O(H,e,k)

|6| kee
1 _ .

2 Hf(Ha Z)@(Ha €, 7’)
e

= i@(H e, i)
|e| ) ) )

which implies that ©(H, e, i) = 0.

So far we have shown that, for a fixed ¢, for almost all [H, e, ] € H.., if for some j € e we have
O(H,e,i) >t > O(H,e,j), then ©(H,e,i) = 0. Since this holds for all ¢ € Q, and Q is countable
and dense in R, we can conclude that for g—almost every [H,e,i] € Hax, OO(H,1) > 0O(H,j) for
some j € e implies that ©(H,e,i) = 0. Using Proposition 3, we can conclude that for jg—almost all
[H,e,i] € Hix, 0O0(H,e,j1) > 0O(H, e, jo) for some j1,jo € e implies that O(H, j;) = 0. Thus, O is
balanced. O

6.3 Optimality

In this section, we prove part 3 of Theorem 1. We do this in three steps:
(a) = (c¢) Let © be a balanced allocation with respect to . Let ©" be any other allocation, and
f:]0,00) = [0,00) be convex. We will show that

/fo@@duﬁ/fo@@’du.

Using Proposition 11, since © is balanced and ©’ is a Borel allocation we have, for any ¢t € R,

JICERERTE wp [ it =t [ s < [ (00" 1) a (48)

fiH s —
Borel

/8®du:/®dﬁ=/V®dﬁ=/%dﬁ.

The same chain of equalities holds for ©’. Hence, [9Odfi = [0©'dji. Standard results in the convex
ordering of random variables (see Theorem 3.A.1 of [SS07] for instance) show that (48) implies that

On the other hand,
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O =cx O, where <y denotes the partial order defined by the property that [ fo©du < [ fo®'du
for any convex function f.

(¢) = (b) Just restrict to the given strictly convex function.

(b) = (a) Assume Oy is a balanced allocation w.r.t. u (from Section 6.1 we know it exists). As we

showed above, [ fod0¢du < [ f o dOdu for the given strictly convex function f : [0,00) — [0,00).
But © is a minimizer. Therefore,

/fo&@du:/foa(aodu.

Now, define O’ : H,. — [0,1] as ©' = (© + ©g)/2. Note that O’ is a Borel allocation. Also, using the
convexity of f, we have

/fo&@’dug % (/fo&@du+/foa@odu> :/fo[)@odu. (49)

On the other hand, since ©’ is a Borel allocation and Oy is balanced, the (a) = (¢) part implies that

/fo@@odug/foa(B'dM.

Hence, we have equality in (49). As f is nonnegative, it must be the case that
fo00y+ fo00O
2

Now, since f is strictly convex, this implies that 00 = 900, u—almost surely. Therefore, for any value
of t, we have

fo00 =

U—a.S..

/(a@ )ty = /(3@0 ) *tdp.

Comparing this with (41), we realize that © achieves the equality therein, which means, from Propo-
sition 11, that © is balanced.

6.4 Uniqueness of 00

In this section we prove part 4 of Theorem 1. If © is balanced, part 3 of the theorem, which was
proved in the preceding section, implies that for a strictly convex function f, [ fodOdu is minimized.
Then, in the proof of the (b) = (a) part of Section 6.3 it was shown that 90 = 00 p—almost surely.
This is precisely what we want to show.

For the converse, assume that 00 = 00, u-almost surely. Then, for all ¢, we have

[ -1y du= [ @00~ 1) an

so Proposition 11 implies that © is balanced, by the same logic that was used at the end of the
preceding section.

6.5 Continuity with respect to the local weak limit

In this section we prove Part 5 of Theorem 1. Prior to that, we need some notation and tools.
Recall the notion of marked hypergraphs from Section 2.10. Let IT : H.(Z) — H. be the function
that removes marks, i.e.

H([H,Z]) = [Hvi]v (50)
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where H is the underlying hypergraph associated to H. It can be easily checked that II is a continuous
map.
Note that allocations could be considered as marks with values in [0, 1]. Hence, we can capture the
notion of a balanced allocation using the formalism in Section 2.10, via the following definition.
Consider the function f : H..(Z) — = defined as f(H,e,i) = {p(e,i). When = has an additive

—_

structure (e.g. = = [0,1]) we may consider df : H.(E) — =, defined as

8f(HaZ) = Z f(Hvevi) = Z gljl(evi)' (51)

e€E(H),edi e€E(H),edi

By abuse of notation, we may write 3¢ (i) instead of f(H, i) with the above f.

Definition 32. A measure i € P(H.([0,1])) is called balanced if for ji-almost every [H,e,i] €

H.([0,1]), we have
Y ale ) =1, (52)
j€e
and
g (j) > 0€a(j")  for some j,j'ee = &gle,j)=0. (53)

Before proving the result of this section, we state the following lemmas and postpone their proofs
until the end of this section.

Lemma 8. If fi,, is a sequence of balanced probability measures on H.([0,1]) with weak limit fi, then
i is also balanced.

Lemma 9. Assume6y,...,0, and0',...,0, are non-negative real numbers such that ) . 0; = >, 0; =
1. Also, assume that nonnegative real numbersly, ... l, andly,... 1l are given such that for 1 <i,j <

n, l; > l; implies 0; = 0. Similarly, assume that ] > I’ implies 0] = 0. Then, we have

n

D (0= 0151, <0,

=1

Lemma 10. Assume K is a compact subset of H. and = is a compact metric space. Define K C H.(Z)
as

K :={[H,i] € H.(E) : [H,i] € K}.
Then, K is compact in H.(Z).

Proposition 12. Let {H,}n>1 be a sequence of finite hypergraphs with local weak limit (. Then, if
Lu, denotes the distribution of balanced load on H, with a vertex chosen uniformly at random, and
L is the law of 0O corresponding to the balanced allocation © on u, we have

ACHH = L.

Proof. Define 6,, to be a balanced allocation on H,, and H,, to be the marked hypergraph obtained
by adding 6, to H, as edge marks, i.e. £z (e,i) = On(e,i) for (e,i) € W(H). Note that H,, is
a finite hypergraph; hence, 6,, is well defined and 90, (i) is unique for ¢« € V(H,). Now, define
fin € P(H.([0,1])) to be the distribution of [H,,,v] where v € V(H,,) is chosen uniformly at random.
We claim that {fi,}52 is a tight sequence, which means that it has a convergent subsequence. Since
tn, converges weakly to u, Prokhorov’s theorem implies that g, is tight in P(H.) (see, for instance,
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[Bil99, Theorems 5.1 and 5.2]). Consequently, for € > 0, there is a compact set K C H, such that
tn (K€) < e for all n. Define

K :={[H,i] € H.([0,1]) : [H,i] € K}.

From Lemma 10, K is compact in H.([0,1]). It is easy to see that ji,,(K¢) = u,(K¢) which means
that fi,, is a tight sequence. Hence, it has a subsequence converging weakly to some i € P(H.). In
order to simplify the notation, assume that this subsequence is the whole sequence.

With the projection map II defined in (7), define v, and v to be the pushforward measures on H.
corresponding to fi,, and [, respectively. As II removes marks, we have v, = u, and v = u. Now, note
that G, = @ implies (II).fi, = (II).f which means that p, = (II).f. On the other hand, we know
tn, = . Thereby, (IT).i = p.

Note that, with the above construction, Ly, is the pushforward of fi,, under the mapping [H 1] —
0€g (1) defined in (51). Therefore, as fi, = [, L, converges weakly to the law of 9¢5 () under fi.
Consequently, to show that Ly, = L, it suffices to show that

965(i) = 90o([H,i])  fi-as. (54)

From Proposition 20 in Appendix E we know that i is unimodular. Hence, we have
[ @tati) - 000 ((H.))* dnt. i)

= / (0m&(i) — 000([H, 1)) Lo, (5)>000((r.a) A [H , ])

— [ (€atesi) ~ @u(lH.€,) Lag, 00, 1) A 1)

- / ﬁ S (En1(e29) — Oo([H, e, 1)) Log (3000 .y il 1),

jE€e

where the last equality follows from unimodularity of ji. From Lemma 8, i is balanced in the sense
of Definition 32 above. Also, Lemma 9 together with the balancedness of i and ©g, implies that the
integrand is non—positive almost everywhere, which means that 9¢5 (i) < 00¢([H,]) f-almost surely.
It could be proved in a similar fashion that 90 (H, i) < 0¢5 () fi-almost surely. This proves (54).

So far, we have shown that Lp, has a subsequence Ly, such that Ly, = L. This argument
could be repeated for any subsequence of H,, i.e. any subsequence H,, has a further subsequence
Hy, such that Lanl = L. This implies that L, = L (see, for instance, Theorem 2.2 in [Bil71]). O

Proof of Lemma 8. First, we show that fi satisfies (53). Define

Ass 1= {[Hvevi] € 7:[**([0, 1]) : Vjvj/ € 67851:[(]) > agﬁ(]/) = §H(eaj) = 0}7

and
A= {[H,i) € Ho([0,1]) : Ve 34,5,5' € e,0¢(j) > 0a(7') = Eale.j) = O}

We claim balancedness of i € P(H.([0, 1])) is equivalent to i(A.) = 1. By definition, fi being balanced
means fi(A..) = fi(H([0,1])). This is equivalent to [1a, dii = [1dji, or [01a. dii = [ degy(i)dji.
But we have 01 4,, < degy(¢) pointwise. Therefore, 014,,(H,1,&) = degy (i), i—almost surely. This
is equivalent to [H,e,i] € A, for all e >4, i—almost surely, or [H,i] € A, ji-almost surely which is in
turn equivalent to fi(A.) = 1.

Now, we claim that A, is closed in H. ([0, 1]) (with respect to the topology induced by the distance

d. defined in Section 2.10). Equivalently, we show that A¢ is open. Take an arbitrary [H,i] € AC.
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Since [H,i] ¢ A., there exists e 3 i and j,j’ € e such that 9z (j) > 0¢5(j') but £5(e,j) > 0. If
[H',i'] € H.([0,1]) is such that d := d.([H,i],[H',i']) satisfies d < 1/4, then [H,i] =3 [H',i'] (recall
that H and H ’ are the underlying unmarked hypergraphs associated to H and H’, respectively).

Moreover, if we define
U AE (N f (e
e:min{agH(j) 9¢a (4" gH(evj)}7

3 ’ 2
and
A::kﬂggﬁggdqnﬂk%
then if
de L1
1+ 27

one can check that 95/ (¢(j)) > &g/ (¢(4')) while £g.(¢(e), ¢(j)) > 0, where ¢ is the local isomor-
phism between H and H' following from [H,i] =3 [H',4']. This in particular means that [H',i'] ¢ A..
Consequently, the ball with radius min{1/4,1/(1 + (A/e))} around [H,i] is in AS. This means that
A, is closed.

Notice that since fi,, is balanced, [i,(A.) = 1. On the other hand, as fi, = i and A, is closed, we
have

fi(Ax) = limsup fi,, (A,) = 1,

which means that fi(A,) =1 and f is balanced.
Now we turn to showing that i also satisfies (52). Similar to the above approach, if we define

B :={[H,e,i] € H.x([0,1]) Z{Hej =1},

j€e

and
B, :={[H,i] € H.([0,1]) : [H,e,i] € By, Ve 3 i},

we can show that for ji-almost every [H,e,i] € H.«([0,1]) we have > jecSale,j) = 1. Hence, all the
conditions in Definition 32 are satisfied and p is balanced. O

Proof of Lemma 9. Define L := min;l; and A := {1 <i <n:l; = L}. Likewise, let L' := min; [, and
A":={1<i<n:l=L"}. The given condition implies that ; = 0 for j ¢ A and similarly §; = 0 for
j¢A.

First assume that L > L’. In this case, we have

> (0= )Ly, @ > (6= 6)Ly,5

% i€ AUA’

= Z (0; — 6;)1y, >+ Z —6;)1,, >l

iEA\A/ ieA’
Z Oilp>y + Z (0: — 011,50

iEA\A =y

© > Olisy + Y (6 —6))
iEA\A =y

< > i+ > 00
iEA\A icA’

—1-1=0,
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where (a) holds since 6 and ¢’ are zero outside AU A’, (b) uses 0, =0 for i ¢ A’, and (c) uses the fact
that forie A’ ; > L > L =1.
Now, for the case L < L' we have

n

DO =)o = (6 =0T+ Y (6 —0) 150

i=1 €A i€AN\A
@ D (i =)L
i€ANA
¢ Z —0; 11,1
icAN\A
<0,

where (a) follows from the fact that for i € A, [; = L < L’ < and (b) employs 6; =0 for i ¢ A. This
completes the proof. O

Proof of Lemma 10. We take a sequence [H,,i,] in K and try to find a converging subsequence.
Notice that [Hy,i,] is a sequence in K. Therefore, it has a convergent subsequence. Without loss of
generality, assume this subsequence is the whole sequence, converging to some [H, i] € H.. By reducing
to a further subsequence, we may assume that dy, ([Hy, 0], [H,4]) < 1/(n+ 1). This means that, for
all m > n, we have (H,,,4m) =, (H,4). Since (H,14) is locally finite, there are finitely many marks
up to level n in (H, i) which all have values in the compact space Z. Hence, there is a subsequence
where the marks in the first n levels in H,, are convergent. With this, we may associate marks to
(H, i), using the limiting values. Since this is true for all n, via a diagonalization argument we may
construct a marked rooted hypergraph (H,i) together with a subsequence (H,,,im,) such that the
underlying unmarked hypergraph is identical to H and also, for any integer k, the marks up to depth
k in (H,,,im,) converge to those in (H,i) as m — oo. This means that [H,,,,%m,] — [H,i] and
completes the proof. O

7 Response Functions

Let H be a fixed hypergraph (not necessary bounded) and i € V/(H) be a vertex in H. Fix € > 0. The
response function pE Hi) R — R is defined as follows: pf H.i) (t) is the total load at node ¢ corresponding

to the canonical e-balanced allocation with respect to an external load with value ¢ at node ¢ (recall
the definition of canonical e-balanced allocations from Section 4.3). More precisely, given ¢ € R, let
b : V(H) — R be the baseload function such that b ;(i) =t and b;;(j) = 0 for j # i. Moreover, let

92“ be the canonical e-balanced allocation on H with respect to the baseload b, ;, as was defined in
Section 4.3. We then define

Py (t) = O, 00 (0).

It turns out that this function has the following properties:
Proposition 13. Given a vertex rooted hypergraph (H,i), for any e > 0 and x <y, we have
0< pEH,i) (y) — pEH,i) () <y—w. (55)

Also,
0 < Py (@) — 2 < degy (). (56)
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Proof. Let 95“ be the canonical e-balanced allocation with respect to the baseload b ;, as defined
above. Then, by definition, pfy ;) (z) = 81,%192“(2'). Let b,,; and 627" be defined similarly, with =

being replaced by y. As z < y, Proposition 6 implies that 81,2,1.92“(1') < 8by’it9£y‘i(i), which means
pEH,i) (CL‘) < pEH,i) (y)

In order to show that pfy ,\(y) — p{g ;) () <y — =, let dy; be the baseload function such that
dyi(i) = 0 and dy ;(j) = —x for j € V(H), j # i. Moreover, let d, ; be the baseload function such
that dy (i) = 0 and dy;(j) = —y for j € V(H), j # i. Let 62> and 62> be the canonical
e-balanced allocations on H? with respect to bz, and by ;, respectively. It is easy to see that, on H A

L= and 67" are e-balanced with respect to d,; and dy; as well, respectively. This is because
be,i(j) = dz,i(j) + o and by ;(j) = dyi(j) +y, for all j € V(H). As dy (1) = 0 and b, ;(i) = x, we have

Dg, 002 (1) = By, 0002 (1) — .

Likewise, 9, vei’“’A 1) = Op vei’y”"A 1) —y. On the other hand, as d ;(j) > d, ;(j) for all j € V(H),
Y, Y, s Y,

using Proposition 5, 8d1’it9£m‘i’A(i) > 8dy’i9£y’i’A(i). Comparing with the above, this means that

O, 0072 (1) — x> Oy, 002 (i) — y.

Sending A — oo, we have 8by’it9£y‘i (1) —81,1’1.93“' < y—a. This means that p( , (y) = p{p ;) (2) < y—=.
To show (56), simply note that py; ;) (z) - is 86" (i), which is the sum of degy; (i) many numbers

in the interval [0, 1], hence is in the interval [0, degy (7)]. O
In view of Proposition 13, it is convenient to define the following class of functions:

Definition 33. For C > 0, let Y(C) denote the class of functions g : R — R satisfying the following
conditions:

(i) g is nondecreasing.
(i1) g is nonexpansive, i.e. for x <y we have g(y) — g(x) <y — x.
(t31) 0 < g(z) —z < C.
In this notation, Proposition 13 implies that for any vertex rooted hypergraph (H,i) and € > 0,
Pinn(2) € T(degy (1)
It is easy to check the following properties of this class of functions:
Lemma 11. For any function g € Y(C) we have

(i) g is continuous.

(i)
(#9i) For anyt € R, the set {x € R : g(x) =t} is a nonempty bounded closed interval in R.
) The function g~' : R — R defined as

g (t) == max{z € R: g(x) = t}, (57)

lim, 00 g(z) = £00.

(iv

is well defined, nondecreasing and right—continuous. Moreover, if D denotes its set of disconti-

nuities of g=%, D is countable. Furthermore, the set {z : g(x) = t} has exactly one element iff
te¢ D.

(v) Let D be the set of discontinuities of g~* and t ¢ D. If for some a, a < g~1(t), then we have
g(a) < t. Moreover, if for some a we have a > g~ *(t), then we have g(a) > t.
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7.1 Recursion for Response functions on Hypertrees

Recall from Section 4.5 that if T' is a hypertree, then for (e, i) € U(T'), Te—,; is obtained by removing
e from T and looking at the connected component of the resulting hypertree rooted at .

Given z € R, let b, be the baseload function on T._,; with b, (i) = = and b,(j) = 0, j # i. With
this, let Hgm be the canonical e-balanced allocation on T,_,; with respect to b,. As was discussed above,
i, () = o+ 902 ().

Now we attempt to find some recursive expressions for such response functions. Before that, we
need the following general lemma, whose proof is postponed to the end of this section.

Lemma 12. Given C > 0 and a collection of nondecreasing functions g; : [0,1] = R, 1 <14 < n, the
set of fized point equations

e—9i(0:) '
97; = 2?21 e*gj(ej) i C 1 S (3 S n, (58)
has a unique solution (61,...,0,) € [0,1]™.

Proposition 14. Assume T is a locally finite hypertree (not necessarily bounded), € > 0, and (e, i) €
U(T). Then, p,  (.) is an invertible function, and for t € R, we have

) W=t— > (1= Y . (59)

e'dice’ #e JjEe’ JF£i

where {C5 ;} for e’ 3, ¢’ #£e, j €€, j#i are the unique solutions to the set of equations

exp (_ P;*e,aj (CSIJ) )
(60)

€
Pt ,

€D\
e~t/e 4+ Zlee/,l;éi exp <__ st § )

Proof. Note that Lemma 11 implies that the set A(t) := {x € R: p%,  (v) =t} is not empty. Hence,
in order to show that p%.  (.) is invertible, we should show that A(t) is a singleton for all t € R. By
definition, x € A(t) means that we have

t=z+ Y (1= 3 (). (61)

e'Sie’ F#e jee’jF#t

Cé/,j =

For each (€’, j) in the above summation, as T./_,; is a subtree of T._,;, we can treat Hgm as an allocation
on Te_,; via the identity projection. With this, Proposition 8 implies that 6%+ is the canonical e
balanced allocation on T,/_,; with respect to the baseload function that evaluates to 8(¢’, j) at j and
zero elsewhere. Thereby, by the definition of the response function, for each such pair (¢, j), we have

0% (5) = p,}ﬁlﬂ_ (6<(¢’, j)). Consequently,
( P, (0¢ (6’13')))
exp | —————

oz, 0 <eaz>>) '

0% (¢, §) =
e—t/e 4+ Zzee’,l;éi exp (— p

Lemma 12 guarantees that for each e’ 5 i, €’ # e, there is a unique set of solutions to these equations.
From (61), we realize that for any ¢ € R, there is a unique solution for . This implies the invertibility
of pg, . Rearranging (61), we get (59), with (o ; = %= (¢’, j). O
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Now, we will send € to zero in the above Proposition and show that, under some conditions, the
sequence of response functions converges pointwise to a limit which satisfies a certain fixed point
equation. To do so, we need the following lemma, whose proof is given at the end of this section.

Lemma 13. Assume {gn}52, is a sequence of functions in Y (C) that converge pointwise to a function
g, t.e. g(x) =limy, 00 gn(x) for all x € R. Then, g is also in Y(C). Furthermore, if D,, denotes the
set of discontinuities of gn and D denotes the set of discontinuities of g, then for t ¢ (|J,, Dn)U D we
have

lim g, (t) = g7 (t). (62)

n—oo

Now, we can write recursive equations for the limit of p%. , if it exists.

Proposition 15. Assume T is a locally finite hypertree (not necessarily bounded) and €, is a sequence
of positive numbers converging to zero, with 0., being the canonical €,-balanced allocation on T. If
li »=limy 00 00, (i) exists for all i € V(T), then, for all (e,i) € W(T), p7*_ . (.) converges pointwise
to some pr,_,(.) € Y(degr(i) — 1). Moreover, for all t € R, we have

e

1

=t Y - Y (o) (63)

e'dice’ #e JjEe’ j#i 0

where the inverse functions are defined as in (57). Furthermore, for a node i € V(T) we have

Lt o= Y 1 Y (pilﬂ_(t))Jr >t (64)

edi j€e,j#i

Proof. First we fix x € R and (e, i) € ¥(T') and show that, as n — oo, p7"  (z) is convergent. We call
the limit pr._, (). Let 932 denote the canonical €,,—balanced allocation on T,_,; with baseload b,;, which

€n

equals x at i and is zero elsewhere. By definition, p77  (z) = 24002 (i). Thus, it suffices to show that
86‘32 (i) is convergent. Note that 92: is a sequence in the compact space [0, 1]‘I’(TH¢) equipped with the
product topology. On the other hand, 892 (i) is a bounded sequence depending only on a finite number
of coordinates, namely degy(i) — 1. As a result, in order to show that 962 (i) is convergent, it suffices
to show that if #; and 0 are two subsequential limits of 6% in [0,1]Y(Te~+) then 00, (i) = 002(i).
Passing to the limit in (2), we realize that both 6; and 65 are balanced allocations on T._,; with
respect to the baseload b,. Using Proposition 2, it suffices to show that [[061 — 002/, (7, ) < o©.
From Proposition 8, we know that the restriction of 6., to T._,; is the canonical €,—balanced allocation
with baseload 0., (e,?) at i and zero elsewhere. Hence, if K is a finite subset of V(T._,;) \ {4}, using
Proposition 7, we have

> 106% (§) = 96c, ()| < |z] + be, (e,4) < x| + 1.
jEK
Using the triangle inequality, for integers n and m,
> 106% (5) — 962 ()] < 2(|x[ + 1) + > 196c, (§) — 9, ().
JEK jEK

Now, send n to infinity along the subsequence of 9£fl that converges to 6. Likewise, send m to infinity
along the subsequence of 92 that converges to 6. Using the assumption that 96, (j) is convergent,
and since K is finite, we get

> 1061(j) — 002(5)] < 2(|z| +1).

JEK
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Since K is arbitrary, sending K to V(Te—;) \ {i} we get

> 10601(5) — 002(3)] = 10601(i) — 962(i)|+

JEV (Tesi)
Yo 106:() — 902(9)]
JEV (Te—i)\{i}
<2(|z] + 1) + 2degp(i) < oo,

which means [|061 — 0621 (1, ,)) < 00. This means that for all z € R and (e, ) € ¥(T), p7=_ (2) —
pr, . (). As p7  (.) € Y(degy(i) — 1), this in particular implies that pr, ,,(.) € T(degy (i) — 1).

Now, we prove (63). Using part (iv) of Lemma 11, both sides of (63) are right continuous functions
of t. Hence, if D denotes the union of the discontinuity sets of pi}ﬂ_ and p}l/ fore’>iand j€é,

D is countable and hence D¢ is dense in R. Thus, due to the right continuity, it suffices to show (63)
for t ¢ D.
Now, take some ¢t € D¢. Using Lemma 13 we have

prl (1) = lm (o )7 (1),

for t in a dense subset of D¢. By abuse of notation, we continue to denote this subset by D¢. Using

Proposition 14, (pETzHi)_l is expressed in terms of C;,"j which are solutions to (60). Comparing this to

(63), it suffices to prove that for each e’ 3 i,¢e’ # e, we have

+
: €n  __ -1
Jm 1= 37 = 1m0 (enh,0) | (65)
jeel g jeel g 0
Fixing such an €', since for each j € €', j # i, the sequence {(;";}7; is in the compact set [0,1], it

suffices to show that if for all j € €/, j # 4, there is a subsequence Cz," % converging to some ¢ then

o 7
1
* ~1 +
- Y == X (pTe,ﬂ_(t)) . (66)
jee’ j#i jee’ jF#i 0

Without loss of generality and in order to simplify the notation, we may assume that the subsequence
is the whole sequence, i.e. for all j € €', j # 4, ('; — (3 ;. We show (66) in different cases:

Case I }°,c. iy (p;l,

e —j

+ +
(t)) < 1 osince 3. iy (pil/ﬂ_ (t)) is nonnegative, it suffices to

+
show that ¢, ; = (p}l, (t)) for each j € ¢/, j # 4. For such a j, we do this in two subcases:
’ el —j
Case Ia: First, assume p;'  (t) < 0, in which case we should show (% ; = 0. If this is not the
el —j s
case, as (} ; € [0,1], there must be the case that ¢}, ; > 0 > pr’ (). Then, part (v) of Lemma 11
) ’ el —j
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implies that pr,  (C% ;) >+ 0 for some § > 0. With this,

pg—zlﬂj (CZ/n’J) —t= pg—zlﬂj (Cz/nv.]) B pg:::/ﬂj (C‘;;j)

+ P%’;,ﬂ. (¢ i) — PT,_,; ()
+por,, (Corj)—t
> —[Cer; = Cer
+ P;ﬁ;,ﬂ. (C:’,j) —PT, (C:’,j)
+por,, (Corj) —t.
Note that the first two terms converge to zero as n — oo and hence they could be made smaller than
0/3 by choosing n large enough. Thus pffi/ﬂ_ (¢er;) —t = 6/3 for n large enough. On the other hand

1

t—p7,  (CT ~))

Cen <
1+ exp <_M

e
€] —

1
S 1+ 65/(3en) :

Sending n to infinity, since ¢ is fixed, we realize that (- ; converges to zero, which is a contradiction
with the assumption that ¢, ; > 0.

Case Ib: Now consider the case p;'  (t) > 0. If (¥, ;> pr} (1), following a similar argument as
el —j » el —j
in case la, we can conclude that ¢, ; = 0, which is a contradiction. Hence, assume (;, ; < p;ll (#).
’ 3 el —j
Since t € D¢ is a continuity point of p;l/ , using Lemma 11 part (v), we have pTC,H].( » j) <t—¢ for
el —j B}

some ¢ > 0. An argument similar to that in case Ia implies p?, _(C;"j) < t—4/3 for n large enough.
el —j ’

1= > Gu=lm1- Y ¢y

Now

lee’ 1i lee’ 1#i
. 1
= ot
n—00 rr., (67—
L4 cer 120 €XP <_ . >
. 1
< lim
n— o0

pr,  (C -t
1+ exp (—Tﬁﬂeij)

1
S Ty /Gy

Since ¢ is fixed, sending n to infinity we realize that ), .., 2i Gy = 1. This, together with our earlier
assumption of Case I, means that

Z Co=1> Z (p;:ql(t))Jr = Z Pi,l,ﬂl(t).

lee! l#£i lee’ l#i lee’ I#i,p7.", (>0
e’ —

Since we have assumed that (} ; < pr}ll (t), this means there exists some j' € €/, j # i such that
’ el —j
pil,ﬂ./ (t) > 0and ¢} ; > pi}/ﬂ_ (t) > 0. This, as we discussed above, results in ¢}, ;, = 0, which is a

contradiction. Hence, ¢, ; should be equal to p;l, (t) and the proof of this case is complete.
2 e —3
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+
Case IL: } .. iy (p}ll (t)) > 1, in which case we need to show that 1 -3, ., (5 ;=0
’ el —j B s
to conclude (66). Since
* _ : €n
Do Chy=dm Y0 G
jeel i jee i

ZlEe’ e exp(— PT,

el =1

(C)/e)
= hm t/ €n €n
n—oo e + ZlEe’ i exp(— Pr, (C / l)/ €)

el —1
§1< Z (pT/*> )+a

jee’ j#i

there should exist some j* € ¢’,j* # i such that ¢ ;. < pr} (t) and p3’ > 0. Since t ¢ D,
s el —j* e/

using Lemma 11 we have pr,,_ . (¢ j+) <t —0 for some ¢ > 0. Using calculations similar to those in

case la above, for n large enough we have p7', ((6" L) <t—4/3. Now,
el —j

—g*

Y = L
= T _<;:zj>—t)

Jechiz L2 jeer i ©XP < e
1
prt, (G )t
1+ exp %

1
S 1+ 65/(3en) :

IN

Since ¢ is fixed, sending n to infinity we conclude that 1 — ) jeejzi ey = 0, which completes the
argument of this case.

Having verified (66) in all cases, we conclude (63). Now, we prove (64). Note that in the above
discussion we started with the rooted tree T._,;. However, it can be verified that all the arguments
are valid if we start with the tree T rooted at an arbitrary vertex i € V(T'), i.e. (T,7). Convergence of
p(T,q) is also similar. In this case, repeating the above argument, (63) becomes

1

b =t-3 1= 3 (ol )| - (67)

edi jEe,jF#i 0
On the other hand, note that

li= lim 96,(i) = lim pz ;,(0) = pz.i)(0).
Hence, I; > t iff p(14(0) > t, or equivalently, using part (v) of Lemma 11, p(_le') (t) < 0. Substituting
into (67), we conclude (64), and the proof is complete. O

Proof of Lemma 12. Assume (01, ...,6,) and (61,...,0,) are two distinct solutions to this set of equa-
tions. We claim that it can not be the case that ¢ > 0; for some i and 0’ < ¢; for some other j # i.
Assume this holds. Since the right hand side of (58) is positive, all 6;’s and 6.’s are positive. On the
other hand, we have
e—9:(07) 0!
e—9i(0%) 9_

0; e—9i(0:)
> E - e—9i(05)’
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which means
9i(0;) +95(05) < 9;(0) + 9i(6:).

But ¢} > 0, implies ¢;(0;) > g:(0;) since g; is nondecreasing. On the other hand, 0;- < §; implies
g;(0%) > g;(6;) which is a contradiction with the above inequality.

Hence, without loss of generality, we may assume that 6; > 6, for all 1 < ¢ < n. If it is not the case
that 6; = @, for all 1 <4 < n, then

no,—gi(0:) no,—g:(6;)
v R MRDIEE S et
S e9lt) +C S e 9 + O
On the other hand, 6, > 0, and g; being nondecreasing implies that e 9i(0) > e=9:9) for all 1 <i<n,
which is in contradiction with the above inequality. O

Proof of Lemma 15. Sending n to infinity in the three conditions of Definition 33 and using the fact
that g,, converges pointwise to g implies that g is in T(C'). To show (62), given t ¢ (|J,, Dn)UD, define
T, = g, '(t) and z := g~1(¢). Since g, € T(C), we have z,, < g,(xn) <z, + C or z,, € [t — C, 1],
which is a compact set. Hence, it suffices to show that any subsequential limit of x, is equal to x.
Thus, without loss of generality, we may assume that x,, — 2, and we show that =’ = .

If 2/ < x, since ¢ is a continuity point for g, Lemma 11 part (iv) implies that g(z’) < t. Thereby,
g(z') <t — ¢ for some § > 0. Now,

9n(Tn) = gn(@n) — gn (@) + gn(2) — g(2') + g(2")
<an — 2’| + |gn(2) — g(z")] + g(2"),

where the last inequality employs the fact that g, € Y(C). Since x,, — «’ and g,, converges pointwise
to g, for large n the first two terms could be made smaller than §/3. Thus, for large n, g, (z,) < t—4§/3,
which is a contradiction with g,(z,) = t. The assumption 2’ > x similarly results in contradiction.
As a result, ' = z, and the proof is complete. O

8 Characterization of the Mean Excess Function for Galton
Watson Processes

In this section, we prove Theorem 2. This is done in two steps. First, in Section 8.1, we prove
that for any set of fixed points {Q;};>2, the LHS of (11) is no less than the RHS. This is proved in
Proposition 16. Later, in Section 8.2, we show that there exists a set of fixed points achieving the
maximum in (11). This is done in Proposition 17.

8.1 Lower Bound

In this section, we use the indexing notation Nyepex and Nedge, which was introduced in Section 2.9.
The level of a vertex (s1,e1,i1,..., Sk, €k, ix) € Nyertex 1S defined to be k, and the level of @) is defined
to be zero. Likewise, the level of an edge (s1,e1,%1,. .., Sk, €x) € Neqge is defined to be k. Also, recall
that for v € Nyertex, s > 2 and e > 1, (v, s,€) is an element in Negge obtained by concatenating (s, e)
to the end of the string representing v in Nyertex. Likewise, for s > 2, e > 1 and 1 < i < s — 1,
(v, 8,€,1) € Nygrtex 18 defined similarly.

We need the following tool before proving our lower bound. In the following lemma, II : H. (R) —
H. is the projection defined in (7).
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Lemma 14. Let t € R together with distributions P and {Qx}r>2 € Q be given as in Theorem 2.
Given a probability distribution W on A, there is a random marked rooted tree (TFW,(Z)), with marks
taking values in R, and with vertex set and edge set Nyerier and Negge, respectively, such that the
underlying unmarked rooted tree is a Galton Watson tree such that the type of the root is distributed
according to W, and the type of a non-root vertex v = (81,61,21, ey Spy€pyiy) in the subtree below v
18 distributed according to PST. Moreover, the marks of Tw satisfy

1

§'ﬂ‘w (evi) =t- Z 1- Z gﬁ'w (6/7j)+ ; (68)

e'Sie’#e jee’,j#i 0

for all (e,i) € W(Tw). Furthermore, for any L > 1, conditioned on the structure of the tree up to
depth L, the set of marks from edges in level L towards vertices in that level are independent, and for
any edge-vertex pair (e,i) both in level L, &3, (e,1) is distributed according to Q) where k is the size
of e.

In particular, when W = P, the measure v € P(H.(R)), which is defined to be the law of [Tp, ],
is unimodular and (I),v = UGWT(P).

Proof. We first generate the collection of random variables Iy, (I'y, Xy )ven, ope.\ {0} > Such that T', for
v € Nygrtex takes value in A and X, for v € Nygtex \ {0} takes values in R, with the following
properties: (i) (T'y)ueNyoe, are independent from each other such that T'y has law W and for v =

(81,€1,%1,5 -+, 8r, €r,ir) € Nyertex, L'y has law I:’ST; (11) For any v € Nygrtex \ {0}, we have
h(Ty) Ty (K) L
= [ ('u k1) T X(J;,k,l,k—l) o (69)
k=2 =1
(i4i) For any L > 1, X, for nodes v at level L are independent and for v = (s1,e1,41,...,5L,€L,i1) at

level L, X, is distributed according to Qs, .

We construct the law of the above random variables satisfying the above conditions using Kol-
mogorov’s extension theorem (see, for instance, [Taoll]). For an integer L > 1, define Ay, to be the set
of nodes in Nyertex with level at most L. For each L > 1, we introduce the law of a subset of the above
family of random variables, namely I'y, (Xy, I'y)yea,\ {0}, and denote this law by vr. To start with, we
generate I',, v € Ay, independently such that Ty has law W and T, for v = (s1,€1,%1,..., S, €, br),
X, has law PST. In the next step, we generate X, for nodes v with depth equal to L independently
such that X, for v = (s1,e1,41,...,8L,¢er,ir) has law Qs,. Next, we define X, for nodes at levels
1 through L — 1 using the relation (69) inductively starting from level L — 1 all the way up to level

1. Using the fact that Qy = ({Ql}l>2) see (9), and also that T', for v = (s1,€e1,%1,..., S €r,ir)

has law PST, it is evident that the set of measures {vr}r>1 are consistent. Therefore, Kolmogorov’s
extension theorem implies that the set of random variables with the conditions stated above exist.

Now, we turn these random variables into a marked random rooted tree Ty having vertex set and
edge set Nyertex and Negge, respectively. To do so, we first construct the underlying unmarked tree Tw
given the types I';, v € Nyertex- In the next step, for any edge e and vertex v being at the same level
in the tree, we set &z, (e,v) := X,. It can be easily seen that the “upward” marks, i.e. marks from
edges towards nodes above them, are immediately unambiguously defined. To see this, for an edge e
at level 1, we define &5, (e, () using (68). We then inductively go down one level at a time, to define
all the other upward marks.

Now, we show that the measure v, which is defined to be the law of [T p, (}], is unimodular. Our proof
technique is similar to that of Lemma 20 in Appendix F. Take a Borel function f : H..(R) — [0, 00)
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and note that due to our above construction,

h(Ty) Ty (k)

[ra= [ori=2{>" 3" s(Te. (k0.0

k=2 I=1

Using the symmetry in the construction, we have

h()
[ 107 =3 PO) Y AWE [£(T, (k. 1,0 = ].
yEA k=2

As all the terms are nonnegative, we may change the order of summation. Also using the definition of
P, if T is a random variable with law P, we get

[ 17 =3 BL0N S BOE [ (To, (k1.0 = + ]

yEA

Now, for each k > 2, define f’k to be the law of the random variable I'y, + ex where 'y has law I:’k
With this, for each k£ > 2, the inner summation over v in the above expression could be interpreted as
an expectation with respect to a tree with root type distribution Py, i.e. T B, In fact, this shows that

/fdﬁ:ZE[F(k)]E[f(?Tlgk,(k,l),(Z)) . (70)
k=2

Now, note that for each k& > 2, due to the definition of ﬁk, the tree (Tﬁk)(kyl)ﬁ@ rooted at () (which

we recall is obtained by removing (k,1) and then taking the subtree rooted at () has an underlying

unmarked structure which is precisely GWT(P). This, in particular, implies that &x ((k, 1), ) has
— k

law Q. Also, by construction, for 1 < i < k — 1, (Tﬁk)(k,l)a(k,l,i) have independent underlying

unmarked structures, all with law GWTy(P). Moreover, the downward marks in (Tﬁk)(kyl)ﬁ@ and

(Tﬁk)(k,l)%(k,l,i) for 1 <i < k — 1 are independent from each other and have the same distribution.

Thereby, & ((k,1),v) for v € (k,1) are independent and all have distribution Q. Now, we claim that
K _

for all v € (k, 1), (Tﬁk)(k,l)—w are equal in distribution. To see this, note that for all v € (k,1), the

unmarked structure of (T3 )(x,1)—v is GWTr(P) and the downward marks are constructed following

the same recipes. As was discussed above, to construct upward marks, we start from the root and go

down inductively. The fact that &¢ ((k,1),v) for v € (k, 1) are i.i.d. with law Q guarantees that the
k

downward marks in (T ng)(kﬁl)%v are equally distributed for all v € (k,1). This in particular implies
that for 1 <i<k-—1,

E[£(Tp,. (k,1),0)] = E [£(Tp,, (k,1), (k,1,1))]

Using this and writing (70) for [V fdu, we conclude that [ fd7 = [V fdi which completes the proof
of the unimodularity of v. O

Before proving our lower bound, we state a modified version of our variational representation in
Proposition 11 and a general lemma. The proof of the following lemmas are given at the end of this
section.
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Lemma 15. Assume p is a distribution on H. with deg(p) < oo and v is a unimodular distribution
on H.(R) such that (II), v = p. Then, for any Borel allocation © : H.. — [0,1] and any function

[ H.(R) — [0,1], we have
/ (00 —t)*tdu > / Fomind? — t / fdv,

where )
fmin([H, €,4]) := — min f([H, j]).
|€| jEe
1
Lemma 16. Assume x1,...,x, are real numbers. Then x; < [1 - Z#i :Cj]o forall1 <i<nif and

only if Yot < 1.

Proposition 16. Assume P is a distribution on A such that E[||T'||;] < co where " has law P. Then,
with u = UGWT(P), for any t € R, and any set of probability distributions on real numbers {Qx}r>2

such that for all k > 2 we have Qf = Fé]:;t)({Ql}ZZQ), it holds that

00 k h(I)T
®,(t) > (Z@P (ZX,L < 1)) — P ZZY’“ >t

k=2 k=2 i=1

Here, in the first expression, I' is a random variable on A with law P and {X}y i}k are independent
such that Xy ; has law Q. Also, in the second expression, T’ has law P and {Yy ;}x: are independent
from each other and from T’ such that Y ; has the law of the random variable [L — (Z{ + -+ Z;7 )3
where Z; are i.i.d. with law Q.

Proof. Note that the condition E[||T'||,] < oo guarantees that deg(u) < co. Define the functions
F:H..(R) = [0,1] and f: H. — [0,1] as

F([Hvevi]): 1- Z §H(eaj)+ )

jce.j#i 0

and f([H,i]) := Lyp(a.i)>¢- Using the unimodular measure v constructed in Lemma 14 and the
variational characterization in Lemma 15, we have

> / Fuind? — 1 / fv, (71)

1[0F(H,j)>tVjee].

where 1
fmin(Haea ) mlnf(ij):

1
[e] see [e]

Following the proof of Lemma 14, and in particular Equation (70) therein, we have

[ ot = S E LW [fana (T, (5, 1),0)]. (72)

k>2
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Due to the definition of f, fmin('ﬁ‘ﬁk, (k,1),0) = +1 {8F(Tﬁk,v) >t Yove (k, 1)} For v € (k,1),

v) = Z F(Tﬁk,e',v)

e’'dv

= 1 - Z gﬁ'ﬁk((k71)’w)+ +

we(k,1),w#v 0

1

Yoot Y &y (dhw)
e’dv,e’ #(k,1) wee' , w#v 0
Using (68), this yields
1
OF(T5 ,v) = [1— & (1), w)t | +t =& ((k1),0).
P> TPk s L) TPk sy 1),

we(k,1),w#v 0

Therefore, 8F(T13k,v) > ¢ for all v € (k,1) if and only if for all v € (k, 1),

gﬁ‘ﬁk ((k,1),v) < [1- Z gﬁ‘ﬁk ((k, 1)7w)+

we(k,1),w#v 0

Using Lemma 16, this is equivalent to 3°, . 1y &r, ((k, 1), v)t < 1. Therefore,
’ k

E {fmin(’frﬁkv (ka 1)70))} = %P Z é.'JT ) <1

ve(k,1)

But as was shown in Lemma 14, &g ((k,1),v) for v € (k, 1) are i.id. with law Qk. Consequently,
k

/fmindﬁ—iErk
k

substituting in (72) we get

)]]P’ (zk: X< 1) (73)
ki )

where Xy ;, k> 2,1 < ¢ < k are independent such that X}, ; has law Q.
On the other hand,

/fdu— (OF (Tp,0) > t) = Z ZFTP, (k,i),0) >
k=2 =1
h(I'g) Lo (F) k=1 '
=P Z &5, ki, )| >t
k=2 i=1 j=1

0

But, as we saw in Lemma 14, &5, ((k,4), (k, 1, 5)) for k > 2,4 <Ty(k), 1 < j <k — 1, are independent,
and &g, ((k, 1), (k,4,7)) has law Q. Thereby,

h(I) T'(k)

/fdu_ Yo Vi>t], (74)

k=2 i=1

49



with Y ; being independent from each other such that Y ; has the law of the random variable [1 —
(Z§ + -+ ZF )]} with Z;’s being ii.d. with law Q4. The proof is complete by substituting (73)
and (74) into (71). O

Proof of Lemma 15. By interpreting O as a function on H..(R) via Q(fl, e, i) := ©(H,e,i) (where we
recall that H is the underlying unmarked hypergraph associated to H), and also using the inequality
x> zy which holds for y € [0, 1], we have

/(8@ - t)*du/(Z)@ —t)Tdv > /faedu - t/fdy. (75)

Since deg(p) < oo, all the integrals are finite and well defined. Due to the definition of ¥ and the
unimodularity of v we have [ f00dv = [ fOdV = [ V(fO)dv. On the other hand,

I = s =
V(f@)HGZ |ZfH.] H j)ZEIjnel?f(ij):fmm(Hvl)v
JjEe
where the inequality holds since } >, O(H,e,j) = 1 and ©([H, e, j]) > 0 for all j € e. Substituting
this into (75) completes the proof. (]

1
Proof of Lemma 16. First, assume that x; < {1 — Z#i xﬂ for all ¢. If x; <0 for all ¢ then nothing
0

1
remains to be proved. Hence, assume that x; > 0 for some i. Since x; < {1 — Ej# xﬂo, we have

1
0< Z#ix;r < 1, which means that 1 — .27 € [0, 1]. Therefore, [1 -5 -:CJT}O =1-> . zF.

J#LTg J#LTg J#L g
On the other hand,
1

x?‘zwi< 1—2:10;’ zl—zgc;',
J#i 0 J#i
which implies Yz < 1.
In order to prove the other direction, take 1 < ¢ < n and note that

1

Mo T < 1. Thereby, 1 — Y a7 1d1—4.+:[1_,,4r
reover, » ., T Y < ereby, 222 €[0,1] an >t T >4 T .
Substituting this into the above inequality completes the proof. O

8.2 Upper Bound

In this section, we show that there exists a family of probability distributions {Q}x>2 satisfying the
fixed points equations (10) and achieving the maximum on the RHS of (11).

Proposition 17. Assume P is a distribution on A such that E[||T'[|,] < oo, where I has law P. Let
p = UGWT(P). Givent € R, there exists a family of probability distributions {Q;}i1>2 on the set of

real numbers such that, for each k > 2, Qi = Flgfg ({Qi}i>2), and such that we have

oo k h(I) T'(k)
®,(t) = (Z@P (ZX,L < 1)) —tP > ) V>t

k=2 k=2 i=1
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Here, in the first expression, T is a random variable on A with law P and { X ;}k,: are i.3.d. such that
Xk, has law Q. Also, in the second expression, I' has law P and {Yy;}x,; are independent from each
other and from T such that Yy, ; has the law of the random variable [1 — (Z; + -+ + Z;= )]} where Z;
are i.i.d. with law Q.

Proof. The condition E [||T'|;] < oo guarantees that deg(y) < oo. Therefore, Proposition 10 implies
that there exists a sequence €, | 0 such that the sequence of €,-balanced allocations O, converges
ji—a.e. to a Borel allocation ©¢ which is balanced with respect to u. As ji is supported on T,
Proposition 3 then implies that for f—almost all [T, e,i] € T, we have that for all (¢/,i") € ¥(T),
O, (T,e',i") = O(T,e',i'). Since all hypertrees in T, are locally finite, this means that for j—almost
all [T, e,i] € Tss, we have that for all ' € V(T), 00, (T,i) — 00¢(T, 7). Recall from Remark 12 that
O, (T,e,i) = 07 (e,i) where 67 is the canonical e,-balanced allocation for T'. Thereby, for ji-almost
[T, e,i] € Tix, the conditions of Proposition 15 are satisfied. Thereby, for ji—almost all [T, e, i], for all
(¢/,i") € W(T), p7", () converges pointwise to some pr,,_,(.). Moreover, for ji-almost all [T e, ],
we have that for all (¢/,i") € U(T),

pr B =t— > 1= > (p;?j,,ﬂ.(t))+ : (76)

e >il el Fe jee j#i o

and

000(T,i) >t = > |[1- Y (p;{, (t))+ >t (77)

el —j
Y jee j#i 0

For [T,e,i] such that O, (e’,i') is not convergent for some (¢’,i') € ¥(T'), we may define pil“%”(.)
arbitrarily for (¢”’,i”) € U(T'). This will not impact our argument, as this happens only on a measure
zero set. Using Lemma 1 part (i4), we conclude that for p—almost all [T, ] € T, we have that for all
(e/,i") € W(T), (76) and (77) hold.

With this, we define the functions F' and G on T, as follows:

G(T,e,i):= pilﬂ_(t),
and ) )
+
F(Tei)= (1= Y (ot ) | = 1= > G(T.eit
jeegti 0 j€egti 0

Moreover, define the function f : 7. — {0,1} as f(T,i) = lpp(r,s)>¢- From (77), p-a.s. we have
f = 1pe,>¢- Hence, using the variational characterization in Proposition 11, we have

J@e—tytau= [ fudii—1 [ gan (78)
where fmin : Haw — [0,1] is defined as

Fuin(T, e,) = = min (T, 5).

e| jee
With this and the definition of f, we have

L OF(T,j)>tVj€e,

le

0 otherwise.

fmin(Ta €, Z) = {
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From (76), for ji—almost every [T, e, i] we have

G(Taeaj):t_ Z F(T,6/7]):t—aF(T7])+F(T767])

e'Sj,e'#e

Therefore, ji-almost everywhere, OF (T, j) > t iff F(T,e,j) > G(T,e,j). Consequently, fi-a.e., we have

. = F(T,e,j) > G(T,e,j) Vj €e,
Fuin(T,e,d) = T ( e'J) (T,e,j) Vj€e 79)
0 otherwise.

1
Note that, by definition, we have F(T,e,j) = {1 - ice 1] G(T,e,l)T| . Thereby, using Lemma 16
' 0

in Section 8.1, ji—a.e. we have
‘_i| E_jee G(Ta eaj)+ < 15

fmin(Tu €, Z) = {

0 otherwise.

Note that the condition E[||T'||;] < oo in particular implies that for all £ > 2 we have E [I'(k)] < oo.
With this, using Lemma 20 in Appendix F, we have

[ Findii = > BICG) S BB (ST, (6 1,00 =7+ 4]
k=2

YEA

where T is the random rooted hypertree of Definition 28. Following the argument in the proof of
Proposition 4 in Appendix F, this can be written as

[ Foniii = S B [FunEi (. 1).0)].
k=2

where for k > 2, Ty is a tree with root @ that has an edge (k, 1) of size k connected to the root, with
the type of the other edges connected to the root being Pk, and with the subtrees at the other vertices
of all the edges (including the edge (k, 1)) generated according to the rules of UGWT(P). Now, using
the definition of fmin, we have

/fmmdﬁ -y @P S G (k,1),0) < 1
k=2 ve(k,1)

Now, for every k and 1 <i <k —1, let ’fF;m- be the hypertree below vertex (k, 1,7) rooted at (k,1,1).
Moreover, let 'TI‘;M be the hypertree rooted at () obtained from Ts by removing the edge (k,1) and all
its subtree. Now, due to the construction of Ty, 'f['k,i, for 1 < i < k are i.i.d. GWTg(P) hypertrees.
Hence, G(Ty, (k,1),v) for v € (k,1) are independent and identically distributed. Let @ be the
common distribution. This means that

(o'} k
/ Fenindii =Y @P (Z Xt < 1) , (80)
k=2 =1

where for each k > 2, Xj,;, 1 <¢ <k areiid. with law Q.
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On the other hand, with T being the random rooted hypertree of Definition 28, we have

h(Tg) Ty (k)
/fdu P (OF(T,0) > ZZ ), 0) >t
h(Ty) Ty(k !
= Z Z 1—ZG ), (kyi, gt >t

0

where T'y is the type of the root in T. But by definition, G(T, (k, ), (k,4,5)) = prﬂ_.(lm)ﬁ(k . (t). But
T(k,i)y— (k,ij) for 2 <k < Ty, 1 < i < Ty(k), 1 < j < k—1 are independent and T ;)—(x,i,) has
law GWT(P). Comparing this to the above definition of the distributions Qg, k > 2, we realize
that G(T, (k,i), (k,4,5)) for 2 < k < Ty, 1 < i < Ty(k), 1 < j < k—1 are independent and
G(T, (k,1), (k, i, 7)) has law Q. Consequently, as T'y in the above expression has law P, we have

h(F I'(k)

/fdu PIY D Yii>t], (81)

k=2 i=1

where T" has law P and {Y%,}r,; are independent from each other and from I" such that Y} ; has the
law of the random variable [1 — (Z;" + -+ + Z;7 )]} where Z; are i.i.d. with law Q. This together
with (80) and the variational expression (78), completes the proof. O

9 Convergence of Maximum Load

In this section, we first introduce our configuration model and conditions under which it converges to
the unimodular Galton—-Watson hypertree model defined in Section 2.9. This is done in Section 9.1
below, specifically Theorem 4. We then state the conditions under which we prove Theorem 3 in
Section 9.2, Proposition 18 and give the proof.

Before introducing our configuration model, we need to formally define multihypergraphs. Here,
we only work with finite multihypergraphs.

Definition 34. A finite multihypergraph H = (V,E = (e;,j € J)) consists of a finite vertex set V
together with a finite edge index set J such that each hyperedge e; is a multiset of vertices in V.

Here, the assumption of e; being a multiset allows for vertices to appear more than once in each
edge. In this case, we call such an edge a “self loop”. Moreover, it might be the case that e; = e; for
Jj # 7 €1, in which case we call e; and e;; “multiple edges”.

9.1 Configuration model on Hypergraphs

We proposed a generalized Galton Watson process for hypertrees in Section 2.9 and showed it is
unimodular. In this section, we propose a configuration model which converges to it in the local weak
sense under certain conditions.

Assume that, for each integer n, a type sequence y(™ = (Win), o ,77(1")) is given such that %—(") eA
and

(k) =0 V1<i<nk>n, and (82a)

K> 4k v2<k<n, (82b)
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where the latter means that &k divides Y ., W(n)(k). In what follows, we generate a random multihy-

pergraph on the vertex set {1,...,n} such that the type of node i is 7("). For each 2 < k < n and

i
1 < i < n, we attach an)(k) many objects ef ... eF ™ (k) called “1/k—edges” to the node i . For
? 4,5

each k, let A (k) be defined as the set of all 1/k-edges, i.e.
(M) (L) = k k
A (k) = g{eiﬁl,.. -7ei,’y§n)(k)}7

and let A := U A(™ (k) be the set of all “partial edges”, where by a partial edge we mean a 1/k-edge
for some k. Also, let AE") be the set of all partial edges connected to a node i € {1,...,n}, i.e.

(n _ k k
A’i = U {ei)l, ey ei,’yfn)(k)}'
k:'ygn)(k)>0

For a partial edge e € A(™ define v(e) to be the node it corresponds to, i.e. u(eﬁj) = 4. Also, define
le| to be the size of e, i.e. |ef | = k.

We say that a permutation oy, is a k-matching on the set A (k) if it is a permutation on A™ (k)
with no fixed points and also with all the cycles having size exactly equal to k. Due to the condition
k>0, 71-(”) (k), such k-matchings exist for all k such that A (k) # (). In fact, if for a finite nonempty
set A, whose cardinality is divisible by k, we denote the set of k—matchings on A with My (A), it could

be easily checked that |[My(A4)| = W.

Given this, for each k such that A (k) # 0, we pick o, uniformly at random from M, (A™) (k)),
independently over k. With this, we generate a random multihypergraph H,, on the set of ver-
tices {1,...,n}. This is done by identifying each cycle of o} such that A (k) # § of the form
(e,or(e),. .. ,U,(ckfl)(e)) with the edge {v(e),v(o(e)), ..., u(a,(ckfl)(e))} in H,. Here, e € A (k) and

U](cl) denotes the permutation o begin applied I times. Note that it is possible that two realizations of

permutations as above result in the same multihypergraph H,,. As an example, if n = 3, 71")(2) =2,
vM(2) =45 (2) = 1, and v (k) = 0 for k # 2, 1 < i < 3, then the two permutations o and ¢, on

3

A (2) presented in the cycle notation as o2 = ((e3,€3,)(e35,€3,) and o = (€3 5,€31)(e3 1, €3 ;)
would result in the same multihypergraph (which turns out to be a simple graph in this example).

Note that, in general, H, might not be simple. In particular, it might contain edges which contain
a vertex more than once (we call such an edge a “self loop”), or it might be the case that two edges
exist in H,, with the exact same multiset of vertices (we call such an edge a “multiple edge”), or these
two can happen simultaneously. Having generated H,, we may generate a simple hypergraph H; by
deleting all such self loops and multiple edges in H,,, i.e. we first remove all self loops and, subsequently,
we delete all edges with the same set of endpoints. See Figure 5 for an example of an instance of the
configuration model.
If one fixes a type sequence (") = (,ﬁn), e ,%(1")) for each n, then the above configuration model
generates a sequence of random hypergraphs Hy. Since HJ is random, uge is also a random probability
distribution over H,. Let E [quj be the expectation with respect to the randomness of HS, i.e. a
weighted average over all the possible configurations of H¢ (the number of such configurations is indeed
finite for each n). Hence, E [u HZ] is a sequence of probability distributions over H, and one can ask
whether it has a weak limit. On the other hand, one can build all H on a common probability space
under which Hj, are independent for different n. Then, for some yu € P(H.), we say that uge = p
almost surely when outside a measure zero set in this common probability space, this convergence
holds. The following theorem shows that under some conditions on the type sequence, HS has a local

weak limit. See Appendix G for a proof.
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1
[ 3 . .
€11 €1,2
€21 €31
24 * 3
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€3, %22 32 led g
2
5 €51
e i
4,1 3 3 e
e;q € 2
44 4,1 65,1745 ©5.2 4 o 5 4 5

(a) 0) (©)

Figure 5: An example of an instance of the configuration model on n = 5 vertices with vertex types
%") = (0,2), 72") = (1,2), fyg(,,") = (0,3), 74") = (1,1), fyé") = (1,2). Here, a type ~ is represented
by a vector where the first coordinate is v(2), the second is «(3) and so on. (a) illustrates the
set of partial edges connected to vertices. (b) depicts the multihypergraph H,, formed by matching
the partial edges using the permutations o2 and o3 which are represented in the cycle notation as
o2 = (€31, €5 1)(e31,€5,) and o3 = (e 1,e3 1,3 1)(ef 2, €30, €3 5)(ed5,ed1,e31). (c) illustrates the
simple hypergraph H; formed by removing the multiple edges of size 3 on vertices 1,2, 3 and also the
self loop on vertex 5.

Theorem 4. Assume that a probability distribution P on A is given and define I :={k >2: P({y €

A : (k) > 0}) > 0}. Furthermore, let 4™ = (7%"), . ,77(1")) be a type sequence satisfying (82a) and
(82b) such that

vk =0  Vk¢I Vn,i, (83a)
1o
lim — z; Lo_,=P() YreA, (83b)
. 1 . n)| 2
1 - ( . 83
imsup -~ ; ;111 < o0 (83c)

Additionally, assume that there are constants c1,co,c3,€ > 0 such that for n large enough,

max (4" < ei(logn)°2, (34a)

(n) C2
mmax h(y;) < c(logn)®, (84b)
v2<k<n AMWE) =0 or |[AM(K)] > esnt. (84c)

Then, if HS is the random hypergraph generated from the configuration model corresponding to (™)
described above, we have uge = UGWT(P) almost surely.

Remark 13. Note the the index set I would let us include only certain edge sizes in our model. For
instance, when I = {2}, this theorem reduces to a statement for the graph pairing model, and when
I ={k:k>2} it allows for all edge sizes to be present.
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Remark 14. For a fixed k and for each n, define X,, to be an integer valued random variable taking
value ’yi(n)(k) with probability 1/n for 1 < i < mn. Then, the condition (83c) implies that the sequence
{X,} is uniformly integrable. Also, (83b) implies that X, 4 (k) where T has law P. Thus, E[X,] —
E (k)] d.e.

im % i%(")(k) =E[I(k)] Vk>1. (85)
i=1

This identity is useful in our future analysis.

Remark 15. It can be proved that, under some reqularity conditions for P, when the type sequence is
generated i.i.d., that the conditions of Theorem /j are satisfied with probability one. However, we omit
the proof of such a claim here, since it is not central to our discussion.

We will use the following simplified version of the above theorem in this section.

Corollary 2. Assume that a probability distribution P over A is given such that for a finite set
I C {2,3,...,}, if T is a random variable with law P, we have P(I'(k) >0) > 0 for k € I and

P(T'(k) > 0) = 0 for k ¢ I. Furthermore, assume (") = (,ﬁn), e ,%(1")) is a type sequence satisfying
(82a), (82h), (83a) and (83b). Additionally, assume that for some 6 >0,

lim sup — Zee”"ﬁ It < oo (86)

n—oo N
i=1

Then, uge = UGWT(P) almost surely.
Proof. We check that in this regime, all the conditions of Theorem 4 are satisfied. Note that

1 — ) (1)? < 2! 1 orM (k) < 211 |
AW < Ze Sga el

which, together with (86), implies (83c). In order to show (84a), note that (86) implies there is
a constant A < oo such that 13" Ol < X for all n. Now, exp(f maxi<i<n ||%(")||1) <
e o™l < pA. Hence, maxj<i<n ||~yl ||1 < (logm + log A)/6, which shows (84a). On the other
hand, h(7\™) < max{k : k € I} for all i and n. Hence, (84b) also holds.

For a fixed k € I, using (85), which follows from (83c) which was proved above, for n large enough

we have [AM™ (k)| =7 | an)(k) > nE[I'(k)] /2. Since there are finitely many k € I, we have that for
n large enough |A™ (k)| > nming <7 B [T(K')] /2. But for &’ € I, we have E[['(k')] > P (T'(k") > 0) > 0
by assumption. Consequently, (84c) holds with e = 1 and ¢3 := ming ¢y E [['(k")] /2 > 0. This means
that all the conditions of Theorem 4 are satisfied and uge = UGWT(P) almost surely. O

9.2 Statement of the result

Here, we state the conditions under which we prove Theorem 3.

Proposition 18. Assume that a probability distribution P over A is given such that for a finite set
I C{2,3,...,}, if T is a random variable with law P, we have P (I'(k) >0) > 0 for k € I and
P(I'(k) > 0) =0 for k ¢ I. Moreover, assume that for all k € I, E[I'(k)] < co. Also, with ki, being
the minimum element in I, assume that P (T'(kmin) = 0) +P (I'(kmin) = 1) < 1. Moreover, assume that
a sequence of types ™) = (”y%n), e ,%(1")) is given satisfying (82a), (82b), (83a) (83b) and (86). Then,
if HS is the simple hypergraph generated by the configuration model in Section 9.1, o(HE) converges
in probability to o(u), where p = UGWT(P).
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Before proving this proposition, we need the following two lemmas, whose proofs are given at the
end of this section.

Lemma 17. With the assumptions of Proposition 18, there is a constant ¢4 > 0 such that for n
large enough, for any subset S C {1,...,n}, the number of edges in HE with all endpoints in S is
stochastically dominated by the sum of s independent Bernoulli random variables, each having mean
cqshmn=1 Ipkmin=1 “yhere 5 1= Yics H%")Hl.

Lemma 18. With the assumptions of Proposition 18, if t > ﬁ, there exists 6 > 0 such that if

Zéz) denotes the number of subsets S of {1,...,n} with size at most nd such that HS has at least t|5)|
many edges with all endpoints in S, we have P (Zéz) > O) — 0 as n — oo.

Proof of Proposition 18. Let p, denote uge, which is a random probability distribution on H.. Then,
Corollary 2 guarantees that p, = p almost surely. As a result, if £,, is the law of the balanced load
for HS and L is the law of 0O, where O is the balanced allocation corresponding to p, then, using
Theorem 1, we have £,, = £ almost surely. Now, let ¢t := o(p), and fix € > 0. Due to the definition
of o(p), L((t —€,00)) > 0. As a result, using the portmanteau theorem (see, for instance, [Bil99,
Theorem 2.1]), since p, = p almost surely, we have

liminf £, ((t —€,00)) >0 a.s..

This means that
P(o(Hy) <t—e)=P(L,((t — €,00)) =0) = 0. (87)

Now we show that P (o(HS) > t + €) also converges to zero. To do so, fix some ¢ > 0 and note that

P(e(Hy) =t +€) =P (La([t + € 00)) > 0)

= P(Lo([t+e€,00) > 8) +P(0< Lo([t + e 00)) < 8). (88)

The portmanteau theorem implies that P (L, ([t + €,00)) > §) converges to zero. Now, we argue that
the second term also converges to zero. If 6, denotes the balanced allocation on H;, then, by the
definition of £,, on the event 0 < L, ([t +€,00)) < 6, the set S := {1 < i <mn:00,0) >t+e€}is
non—empty and |S| < dn. Now if e € E(HS) with i,j € e such that ¢ € S and j € S¢, then, since
90,(j) < t+e€ < 00,(i), we have 0y (e, i) = 0. Hence, for all i € S, 00,,(i) = > 5 ccpme) Onle, i)
Thus, -

S 00,(i) = e € B(HS) s ¢ C S} = [Eus (9)).

€S
On the other hand, we have » ;g 00,(i) > |S|(t + €). Hence, |Ene (S)| > (t + ¢€)|S|, where Eg.(S)
denotes the set of edges in HS with all endpoints in S. As a result, if Zgzle denotes the number of
subsets S C {1,...,n} with size at most nd such that HS has at least (¢t + €)|S| many edges with all
endpoints in S, we have

P(0< Ly(t +€00)) <9) SP(HSQ{I,...,TL}, 0<|S] < dn,

B ()| = (t+6)|5|>

<P (2. >0).
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If we have t > 1/(kmin — 1), Lemma 18 above implies that P (Zgﬁré > O) goes to zero as m — oo

and we are done. We now argue why this is the case. For this, note that Proposition 10 together
with Proposition 3 imply that there exists a sequence of ¢,,~balanced allocations O, , such that for
p—almost all [H,i] € H,, for all vertices j € V(H), 90, (H,j) — 00¢(H, j) where O is a balanced
allocation with respect to p. Moreover, using Remark 12, 90, (H,j) = 00 (j) where 62 is the
canonical e-balanced allocation on H.

On the other hand, the assumption P (I'(kmin) = 0) + P (T'(kmin) = 1) < 1 guarantees that for all
integer M > 2, there is a nonzero probability under p that the Galton—Watson process has a finite
sub—hypertree containing the root, and having M edges with all these edge having size kni,. It can be
easily seen that a finite hypertree with M edges all having size ¢ has 1+ M (¢—1) vertices and there is a
balanced allocation on such a hypertree such that all the vertices get the same amount of load, which is
equal to H+H Motivated by the discussion in the previous paragraph, for p—almost all [H, ] € H.,
000(H, 1) = limy,— 00 BHgn (i) where Hgn is the canonical €,,—balanced allocation on H. This, together
with Proposition 6, implies that for each integer M, there is a nonzero probability under u that
000(H,1) is at least M /(14 M (kmin —1)). Sending M — oo, this means that ¢t = o(u) > 1/ (kmin — 1).

As was discussed above, using Lemma 18 above, P (Zéz)ﬂ > O) — 0. Thus, P(o(HE) >t + €) goes to
zero as n goes to infinity. This together with (87) proves that o(HS) & o(u). O

Proof of Lemma 17. For k € I, let s := ), ¢ an)(k) and my, := |A™ (k)|. As the set of edges in H¢
is a subset of that of H,,, we may prove the result for H,, instead. This allows us to directly analyze
the configuration model. Let A be the set of the partial edges connected to vertices in S. Note that
|A| = s. Arbitrarily order the elements in A. At time ¢t = 1, we pick the smallest element in A. Let k;
be the size of this edge. Then, we choose k; — 1 other partial edges in A (k1) uniformly at random to
form an edge in H,. We continue this process until all the elements in A are used up. More precisely,
at time ¢, we pick the smallest available partial edge in A, namely e;, and if k; is the size of e, we
match e; with k; — 1 other elements in the available partial edges in A(”)(kt) uniformly at random to
form an edge in H,. At time ¢, let sg, () and mg, () be the number of available partial edges of size
k; in A and A (k;), respectively. With this, if p; denotes the probability that e; is matched with
partial edges all inside A,

sk() =1 s -2 skt = (k1) (skt(t))’“—l'

= ><
P e ) 17 i (1) — 2 i, (1) — (ke — 1)~ \ g, ()
Note that if I; denotes the number of partial edges of size k; among ey, ..., e;—1, my, (t) is precisely
mg, — like. On the other hand, sg,(t) < sg, — l;, where equality holds only if all the partial edges of
size k among eq,...,e;—1 are matched with partial edges outside A. With this,

ki—1
k t
Dy < (ﬂ) ,
mkt
o \ k-1
This is because, if k;sg, < my,, the even stronger inequality p; < (ﬁ) holds, while otherwise
t
the RHS is at least 1, and the inequality is trivial. Furthermore, as we saw in the proof of Corollary 2,
there exists o > 0 such that for n large enough and all k£ € I, mj, > na. This together with the fact
that si < s for all k € I implies
Fomin—1
k}max—l S min
et (G5)
where k. denotes the maximum element in I. As this upper bound is a constant, and the above
process can continue for at most s steps until we match all partial edges in A, the number of edges
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with all endpoints in S is stochastically dominated by Binomial(s, kFmax—1 (i)k"’infl). The proof is

» "max na

complete by setting ¢y := kfmax=1/qFmin =1, O

Proof of Lemma 18. For positive integers L and r, let X(") denote the number of subsets S C
{1,...,n} with size L such that HE has at least r many edges with all endpoints in S. With this,

E [Zéi } ZLMJ E {Xi"?Lﬂ]. Now, fix integers L and r such that L < nd, with § > 0 sufficiently

small. Let Sy denote the set of S C {1,...,n} with size equal to L. Using Lemma 17 and the fact
that for a binomial random variable Z, P(Z > r) < (E[Z])"/r!, we have

() )
(SiesI™11)

nkmin71

n 1
E[Xé}} <> Sle
SeSL ’

Using the inequality ™ < m!e® which holds for > 0 and integer m, this yields

(n) (rKmin )y 0lv{™ I
E |:XL77‘:| = Z rl@rEkmin g7 (kmin—1) H
SeSL €S

(’I”kmm '04 Z 9||,Y(n)H
S k2
T'erkmmnr(kmln L'

where § > 0 is as in the statement of Corollary 2. Using the assumption (86), there exists A > 0

such that Y, ™I < p for all n. Using this, together with the inequalities L! > (L/e)* and
(rkmin)! /1! < (rkmin)’“(kminfl), and rearranging the terms, this yields

E [Xé"ﬁ] < (c;r)r(kmm—l) (?)L,

where c5 := kmmc min ™ / H’Cmm . Note that we may assume c; > 1; otherwise, we may replace it with
c5 V 1 which makes this quantity even bigger; for, the exponent of c5 is positive.
Using this bound for r = [Lt], we have

[Lt] (kmin—1) L
n cs [ Lt) eni
B X} ) < ( ) (7

rLt“(kmm ) L ’—Lt.l(km;nfl)fL
) (1)

n

Using ¢5 > 1, L/n < 1, Lt < [Lt] < L(t + 1) and the assumption ¢t > 1/(kmin — 1), we get the upper
bound
( L
E{X”m} <f( ) ,

£ () = cgat (=11,

with cg := eA(cs(t + 1))+ D Emin=1) " Note that f(L/n)* = exp(—ng(L/n)), where

where

g(x) := —zlogcg — (t(kmin — 1) — 1)z log z.
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As t > 1/(kmin — 1), there exists a > 0 such that g(z) is strictly increasing and strictly positive in
(0,a). Now, we choose ¢ > 0 such that § < a and also f(d) < 1. This is possible since the assumption
t > 1/(kmin — 1) guarantees f(6) — 0 as 6 | 0. With this, for any 0 < ¢ < d, we have

[n3)
B|Z7] < 3 rwm
an [nd]
=Y f@L/m) 4+ > exp(—ng(L/n)).
L=1 L=|n¢]+1

Using the facts that f is increasing in (0, c0), g is increasing in (0,a) and 0 < L/n < § < a, we have

[n¢]
E[2{)] < 31" | +nsesp(-ng(c)

But f(¢) < f(6) < 1. Therefore,
E [Zéz)} < % + nd exp(—ng(¢)).

Now, by sending n to infinity, the second term vanishes, because ¢g(¢) > 0, and we get limsup E [Z (")]

f(¢)/(1=£(¢)). Furthermore, by sending ¢ — 0, we get E [Z(")} — 0 which means PP (Zé,t) > O) — 0,

as Zg’;) is integer valued. O

A Weak uniqueness of balanced allocations
Proof of Proposition 2. For a fixed § > 0, define the set
As = {Z S V(H) : (91,6‘(2) — (91,9’(75) > 5}

By assumption, we have } -,y () [0,0(i) — 050'(i)| < oo. Hence, As is a finite set. Moreover

Z 0(i) — Ot (4) Z Z (e,i) — O (e, ). (89)

i€EA; 1€EAs i, e,ZAg
Now, fix some e € E(H) such that eN A5 # 0 and e € As. For i € eN As and j € e\ A, we have
D0(§) — Ot (§) < 0 < Dp(i) — AB(4"),

which means that

OO(7) — 0b(i) < 0’ (j) — b’ (4).

Hence it is either the case that 0,0’ (j) > 0p0’ (i) or Opb(j) < Opb (7).

If0(e,i) =0 for all i € eNAs, then >, 4, 0(e, i) —0"(e,i) < 0. If (e, i) # 0 for some i* € eN Ay,
then 0,0(i*) < Op0(j) for all j € e\ As. Consequently, 00’ (j) > 0p0'(3*) for all j € e\ As; thereby,
¢'(e,j) = 0 for all j € e\ As. This means that } ;. 4, 0'(e,9) =12> 3", 0(e,i). Hence, we have
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observed that, in either case, we have > ;.. , 0(e,i) — €(e,i) < 0. Since this is true for all e such
that e N As # 0 and e ¢ As, substituting into (89) we realize that

D" 0u0(i) — 9,0/ (i) < 0.

I€EAs

On the other hand, >7;_ 4. Oh0(i) — 90’ (i) > d|As|. Combining these two we conclude that As = ().
Symmetrically, the set Bs := {i € V(H) : 00’ (i) — 9p0(i) > } should be empty. Since ¢ is arbitrary,
we conclude that 90 = 9¢’, i.e. Op0 = Op0’, which completes the proof. O

B H.(Z) and H..(Z) are Polish spaces

In this section, we prove that H.(Z) and H..(Z) are Polish spaces when = is a Polish space. In
particular, by setting = = {0}, this means that H, and H,. are Polish spaces.

Proposition 19. Assume Z is a Polish space. Then, H.(Z) and H..(Z) are Polish spaces.

Proof. We give the proof for H.(Z) here. The proof for H.(Z) is similar, and is therefore omitted.
First, we show H.(Z) is separable. Since = is separable, it has a countable dense subset X =
{¢1,¢2,...} C E. Define A, to be the set of all hypergraphs with n vertices with marks taking values
in X, i.e.
Ay i={[H,i] € Ho(B) : [V(H)| = n,Eg(e,i) € X V(e,i) € U(H)}.

Since there are finitely many hypergraphs on n vertices and X is countable, we see that A,, is countable.
Now, define A = U, A, which is countable. We claim that A is dense in H.(Z). To see this for
[H,i] € H.(Z) and € > 0 given, pick (H,i) € [H,i]. Then take n large enough such that 1+—n < e
With H being the underlying unmarked hypergraph associated to H, we now define a marked rooted
hypergraph (H’,i") where the underlying unmarked hypergraph H’ has the property that (H',i") is the
truncation of (H, i) up to depth n and the mark function ¢z, is defined as follows. For (€,i) € W(H'),

define £5/(é,7) € X such that d=(Ex(6,1),€5(€,7)) < 1/(n+1). In this way, we have

< €.

But, (H’,i') is finite, and the edge marks are in X; hence, [H’,i'] € A. Since ¢ was arbitrary, this
shows that A is dense in H.(Z). Thus, H.(Z) is separable.

Now, we turn to showing that 7, (:) is complete. Take a Cauchy sequence [H,,,i,] in H.(Z) and
let (H,, zn) be an arbitrary member of [H,,,i,]. Without loss of generality, by taking a subsequence if
needed, we can assume that for m > n we have

- _ 1
d* an'anﬂ’m"m °
(Hyinl, By im]) < 15—

This means that, with Hj, being the underlying unmarked hypergraph associated to Hy for k > 1, we
have
(Hp,in) =n (Hpmyim) Ym > n, (90)

and
1

14+n

d= (8, (€',7'), 8, (Dn.m(€), pnm (i) < : (91)
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foralle’ € Ex, (V:’;) and ¢’ € €/, where @y, 1, is the depth n isomorphism between H,, and H,,. Note

that we can choose ¢, , for n > m so that

(bn,m = (bm—l,m ©:--0 (bn,n-i-l- (92)

In fact, since the RHS of (92) defines a depth n isomorphism from (H,,in) to (Hp, im ), one can define
®n,m in this way.

In view of (90), we can construct a rooted hypergraph (H,4) so that (H,i) =, (Hp,i,) for all n.
Further, there are depth n isomorphisms, ¢,, from (H,i) to (Hp,i,), which satisfy the consistency
condition

d)m = ¢n,m o ¢n Ym > n. (93)

So far we have constructed a rooted hypergraph (H,4) such that [H,,i,] — [H,i]. Now, we
construct a marked rooted hypergraph (H,4), where its underlying unmarked rooted hypergraph is
(H,1%), and the mark function £z : U(H) — E is defined as follows. Take (¢’,i') € ¥(H) and choose d
such that e’ € EH(VZ%) We claim that the sequence

{Sa, (Dn(€), Dn(i))Inza,

is Cauchy in Z. Indeed, for m > n, using (91), we have

1

dE(éHn (an(e/)a an(ll))a gﬁm (bn,m © ¢n(el)v Gn,m © (bn(ll))) < 1+n

Using (93), this means

1

d= (gﬁn (¢n (6/), On (i/)), gﬁm ((bm (e’), (bm(ll))) < 1+n

which means that the sequence is Cauchy in Z. Since Z is complete, we can define 5 (e’, i) to be the
limit of this sequence. -
Now, we show that [Hy,i,] — [H,1i]. For a given d € N, define

Aqg:={(,i') ¢ € EH(VZ-ﬁ),i’ ee'}l.

Since H,, are locally finite, H is also locally finite, and thus Ay is finite. On the other hand, since
¢, (On(e), dn(i") = £z (e/,i") for all (¢/,4") € Ag, there exists a Ng > d such that for all n > N, we

have )
d=(€m, (8a(),0n (), €0 (€11)) < T V() € Au.

Moreover, since n > Ny > d, [Hy,,i,] =4 [H,i|. Hence,

- = _ 1

d*([Hn,’Ln],[H,’LD < m Vn > Ng.

Since d was arbitrary, this means that [H,,,i,] — [H,i] and H.(Z) is complete. O

As was mentioned earlier, by setting = = {0}, we conclude that H, and H.. are Polish spaces.
This is explicitly stated below as a corollary.

Corollary 3. The spaces H. and H.. are Polish spaces.
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C Some properties of measures on .,

Proof of Lemma 1. Part (i): We have

fi(A) :/]lAdﬁ: /(9]1Adu.
But,
014(H, i)=Y 15(H, ei)=Y La(H,i)=degy(i)la(H,i).
edi ed1
Hence

() = [ 1a(tt. i) degy (= [ degy(iau= [ dii= i)

which shows that A happens i1 almost everywhere and the proof is complete.
Part (ii): Note that

AB) = [ 1l € Bld(H.ei) = [ ST 1(H.c.i < Bldu(. i),
% * edi
On the other hand, fi(B) = ji(H..) = deg(p) = [ degy (i)du([H,i]). Moreover, for all [H,i] € H.,
Y es; L[[H, e,i] € B] < degp(i). Consequently, it must be the case that for p—almost all [H,i] € H.,
Y es; L[[H, e,i] € B] = degy (i), or equivalently [H,e,i] € B for all e > i. O

Proof of Lemma 2. If we define
A:=A{[H,1] € H.: fi([H,i]) = fo([H,i])},
and R ~ B
A:={[H,e,i] € Hux : fu([H,e,1]) = fo([H, e,i])},
then we have ~
A={[H,e,i| € Hus : [H,i] € A}.
Then the proof is an immediate conseqeunce of Lemma 1. O
Proof of Lemma 3. Define B := {[H,e,i| € Hux : fu(H,e,i) = fo(H,e,i)}. As ji(B) = ji(Hss), from

part (i7) of Lemma 1, for y—almost all [H,i] € H., for all e > i, fr(H,e,i) — fo(H,e,i). This in
particular implies that for y—almost all [H,i] € H., dfix(H,i) = Ofo(H,1). O

D Proof of Lemma 4

We first prove that if the condition mentioned in Lemma 4 is satisfied, then p, = p. Fix € > 0.
Let f : Hi — R be a uniformly continuous and bounded function. There is some ¢ > 0 such that
|f([H,i]) — f([H',i])] < € when dy,([H,i],[H',i']) < §. Now choose d such that 1/(1 +d) < 0.
For all rooted trees [H,i] € T, [H,i] € A(n,;),. Hence, one can find countably many rooted trees
{13, ij};?';l with depth at most d such that A, ;) partitions 7.; hence, one can find finitely many
(Tj,15), 1 < j <m such that Z;n:l W Ary,.i;)) > 1 — e If A denotes UJL; A(g, i), then we have

/fdu—Zf([Tjaij])u(A(Tj,ij)) <> / fdw— f([T5, 1)) (A i)
j=1 =1 |7 Aw.ij
+ [ fll o #(A%)
<e(l+ [ flle)s
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where the last inequality uses the facts that u(A°) < e and | f([H,4])—f([T},i;])| < efor [H,i] € A, i)y,
1<j <msince 1/(1 4 d) < e. Similarly, we have

’ [ = 5T DA, )| < | [ Fan = 3 (5 (Aury )
=1 =1

+ Z Lf (T, i) pn (A, ipy) — (AT,
j=1

m

flloo [ 1=D Ay i) |+
j=1

j=1

Combining these two, we have

} [ s~ [ fdu}snﬂoo 1S Ay i) |+ 17 [ (A 1) — (At 1)
=1 j=1

+e2+ [ flls)-

Now, as n goes to infinity, y1,(A(z;.:,)) = 1(A(r; ;) by assumption. Also, u(A°) < e. Thus, we have

lim sup
n—oo

[ s —/fdu} <e@+20Ifll.).

Since || f||, < oo and this is true for any € > 0, we get [ fdu, — [ fdu; hence, pi,, = pu.
For the converse, note that 14, is a continuous function since 14, , ([H,i]) = 1a,., ([H',j'])
for dy, ([H, i, [H',i']) < 1/(1+d).

E Some properties of Unimodular Measures

First, we prove Proposition 3. Our proof depends on the following lemma:

Lemma 19. Assume 7 : H.x — R is a measurable function and p € P(H.) is a unimodular measure
such that T =1, ji—almost everywhere. Then, we have

1. With i(H,e,i):= 1[r(H,¢€',i) = 1,Ve' 3 1], it holds that 1 =1 [i-almost everywhere.
2. With 7o(H, e, i) := 1[1(H,e,i') = 1,Yi’ € e], it holds that T2 = 1 [i—almost everywhere.

Proof. In order to prove the first part, note that from Lemma 1 part (ii), we have that for y—almost
all [H,i] € H., T(H,€e',i) =1 for all ¢’ 5 i. Now, part (i) of Lemma 1 implies that for g—almost all
[H,e,i] € Hax, T(H,e,i) = 1 for all ¢’ 3 4, which is precisely what we need to prove.

For the second part, since y is unimodular, we have

. . 1 N :
/]]-TZIdMZ/V]]-TZIdM:/HZIT(H,e,i’):ldﬂ(Hueuz)'

i'Ee
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But since 1,—1 = 1 holds ji—almost everywhere and 0 < |_i\ Zi,ee Lr(H,e,ir)=1 < 1, we conclude that

1 —
@ Z LrHeiy=1 =1, —a.e..

i'Ee

Since the summands are either zero or one, this means that 7(H,e,i’) = 1 for all i’ € e, fi—almost
everywhere, which is what we wanted to show. O

Proof of Proposition 3. Define
A ={[H,e,i| € Huw : T(H,€',i') =1Vi' e V(H) : dp(i,i') < k, Ve’ 3¢’} (94)

Note that Ay = {[H,e,i] : 7(H,e,i) = 1}, for which it is known from the assumption that f(A4y) =
f(Hss). Now, we want to show that [i(Ay) = [i(H+) for all £ > 0. We will do this by induction on k.
Assume that fi(Ax) = @(H.). Hence, with ¢ (H,e,i) := 1[(H,e,i) € Ay, we have ¢, = 1 ji—almost
everywhere. Now, we will use Lemma 19 to prove that ¢x11 = 1 ji—almost everywhere.

To do so, using part 2 of Lemma 19, if we define

By :={[H,e,i]:Vi' € e, ¢pr(H, e,i') =1},
then we know (i(BY) = ji(H..). Then, applying part 1 of Lemma 19 for the function 1pr, we get that
BY .= {[H,e,i]: Ve 3i,[H,¢,i] € BY},
has the property that ji(B%) = ji(H.). On the other hand,
BY ={[H,e,i]:Ve' 34, Vi' €€, [H,e,i'| € Ap} = Apy1.

Hence, we have proved that [i(Axy1) = fi(Hax), which is the inductive step.

Thus, fi(NgenAr) = f(H.). Using the fact that the vertex set is countable, and that the hyper-
graphs corresponding to the elements of H, are connected, the property 7 holds for all the directed
edges ji—almost everywhere, in A := NgenAgk. Hence, the proof is complete. O

Now, we prove that the local weak limit of finite marked hypergraphs is a unimodular probability
distribution on H.(=Z). By setting = = {0} in the following proposition, we can conclude that the local
weak limit of finite simple hypergraphs is unimodular, as claimed in Section 2.8.

Proposition 20. Assume {H,} is a sequence of finite marked hypergraphs, with &m, = &n the asso-
ciated edge mark functions, taking values in some metric space =. Now, if

1
Hn ‘=Ug, = 575 0 H,,.i),i] s
e = v (d,)| V%) [(Hn )4

then i, € P(H.(Z)) is unimodular for each n. Moreover, if fi, converge weakly to some limit i €
P(H«(Z)) such that deg(fn) < oo, fi is also unimodular.

Proof. First, we show that fi, is unimodular for each n. For this, take a Borel function f : H..(Z) —
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[0,00) and note that
[ i, = [osc.ivdn,
1 _
=— Of (Hny,i
v 2 O

i€V (Hy,)

1 — .
“ @y 2 AW

i€V (H,) €31

1
S W 2, e

c€E(H,) i€e
1
= VL) Z ZVf H,,e,i)
cCE(H,) i€e

/ Vf(H, e, i)dfin.

Since this holds for all nonnegative Borel functions f, fi, is unimodular, by definition.

Now, for each n, define measures u%) and u%) on H.«(Z) so that for any Borel function f :

H.x(Z) — [0, 00), we have
/ FdiD = /ZfHezdun[Hz]) (95)

es>1

[ i = [ S AT e i (1., (96)

es>1 jee

and

We also define i) and i® for fi in a similar fashion. Note that the the RHS of (95) is Jofdpn,
[ fdji,. Therefore, it = fi,. Also, the RHS of (96) is [V fdji, = [V fdji,. Hence, [ fdjis) =

1A% fdji,. Since we have shown that fi,, is unimodular, this implies that u( ) = ( ),

Now, we claim that (") = i(?). To show this, take a bounded continuous funct1on i Hae(E) = R
For k > 0, define

f(Hv €, Z) if degH(Z) S kv

0 otherwise.

f;g(f[,e,i) = {

It is easy to see that fj is continuous for each k, as f is continuous. Moreover, Jf) and OV fj, are
bounded for each k. This, together with fi,, = [, implies that

[ et = [osdn, — [ofidn= [ fai®
/fkcf(2 /8kadﬂna/&kadﬂ:/fkdﬁ(z)

This, together with the fact that u( ) = usl ), implies that for all k&

/fkdﬁ(l) Z/fkdﬁ(z)
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Note that as all hypergraphs are locally finite, fy — f pointwise. Thus, sending & to infinity and using
the dominated convergence theorem, we have that for any bounded continuous function f : H..(E) —

[0, 00),
/fdﬁ(l) :/fdﬁ@).

Since f can be an arbitrary bounded continuous function, we have i) = i(®). But the definition of
i) and i® then implies that for any nonnegative Borel function f we have Ik fdi = IV fdji, which
means that i is unimodular. O

F Proof of unimodularity of UGWT(P)

Here we show that UGWT(P) is unimodular. Before that we prove the following lemma, which is
useful in calculating [ fdu when p = UGWT(P).

Lemma 20. Let P € P(A), and ' a random variable with law P, where E[I'(k)] < oo for all k > 2.
Moreover, let u = UGWT(P). Then, for any Borel function [ : H.x — [0,00), we have

[ =3 B0 S BB AT (). 0T =7+ el
k=2 YEA

where the expectation is with respect to the random rooted hypertree of Definition 28. Here, &, € A is
such that ey (k) =1 and ex(j) =0 for j # k.

Proof. Due to the definition of ji, we have

h(Ty) Ty (k
/fdu /6fduEZZf (k,i),0)
k=2 1i=1
Since I'y has distribution P, we have
h(Ty) Ty (k h(v) v(k)
Z Z F(T, (1), 0) | =Y POE | > (T, (k,i),0)|Tg = v
i= yeEA k=2 i=1

Now, due to symmetry, conditioned on I'yg =+, for a given k < h(v), all f(T, (k,i),0) for 1 <i < ~(k)
have the same distribution, hence

h(7)

[ =Y P) Y AR, (5. 1),0)I0y =]

yEA k=2
=>"P() Y ARE[F(T, (k,1),0)|Tg =],
YEA k=2

where the second equality uses the fact that y(k) = 0 for & > h(y). Now, since all the terms are
nonnegative, employing Tonelli’s theorem to switch the order of integrals we have

/ fi=% Y PONRELT, (51,90 =1

k=2 ~yeN:y(k)>
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Using the definition of Py, P(v)v(k) is equal to E [['(k)] Py(y — @) for € A such that (k) > 0, where
e € A is such that ex(k) =1 and e, (j) = 0 for j # k. Hence, we have

[ran=3"BLm) > By - eE (T (1), 0T =)
k=2 yeA:y(k)>0

)Y POE[F(T, (k,1),0)|Tg = 7 + ex] -

k=2 yEA

We can interpret the last expression above as follows. In computing [ fdji, when we consider f ([T, e, 0]),
the edge e attached to the root @) of the tree T is of size k with probability T'(k). This explains the
outer summation. Since the contribution to the integral is the same whichever edge of size k connected
to the root is picked, suppose the edge picked is the edge (k,1). Then the type of the rest of the edges
connected to the root is given by Py, and so T'p will equal v+ e with probability Pk( ). This explains
the inner summation. O

Now we are ready to prove the unimodularity of UGWT(P):

Proof of Proposition 4. We need to prove that for a nonnegative measurable function f : H.. — [0, 00)
we have [ fdji = [V fdji. Using Lemma 20, we have

[vsan® Z NE [Vf(Tk, (51),0)]
k=

o k—1
=S E[I(k)] % (]E (£, 05, 1),0)] + SB[ £(Fy, (k,1), (K, 1,2'))]) .

=1

Here, for k > 2, T}, denotes a tree with root () that has an edge (k, 1) of size k connected to the root,
with the type of the other edges connected to the root being Pk, and with the subtrees at the other
vertices of all the edges (including the edge (k, 1)) generated according to the rules of UGWT(P). Step
(a) is justified because, for each k > 2, we have

E[VS(Th (k,1),0)] = S EL(R)] Y- AGIEIVAT, (5 1), 0)[T = + @]

k=2 YEA

Now, because of the symmetry in the construction of Ty, for each i = 1,...,k — 1, (T, (k, 1), (k, 1,1))
has the same distribution as (T, (k, 1), 0). Hence, E {f(Tk, (k,1), (k, 1, z))] =E [f(Tk, (k,1), )] Sub-
stituting and simplifying we get

= = 0,
/Vfd Z]E JE [£(T,(k,1),0)] /fdu

where the last equality again uses Lemma 20. This completes the proof of the unimodularity of u. O

G Configuration model on hypergraphs and their local weak
limit: Proof of Theorem 4

In this section, we prove Theorem 4. We prove this in two steps: first, in Section G.2, we prove
that E [u ng converges weakly to UGWT(P), where the expectation in E [u HZ] is taken with respect
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to the randomness in the construction of HS. Later, in Section G.3, we conclude the almost sure
convergence by a concentration argument. See [Borl4] for an argument on the local weak convergence
of the configuration model in the graph regime.

Throughout this section, we employ the vertex and edge indexing notations Nyertex and Negge
defined in Section 2.9. Recall that for a € Nyepex and integers s > 2, e > land 1 <r <s—1, (a,s,e,r)
is the element in Nyetex Obtained from a by concatenating s, e, r at the end of the string representing
a. For an edge e € Negge and an integer r, (e,r) is defined similarly. Furthermore, 7 (Nyertex; Nedge)
in this section denotes the set of hypertrees with vertex set and edge set being subsets of Nyertex and
Nedge, respectively. Such a hypertree is treated to be rooted at (), unless otherwise stated. Moreover,
for a sequence of types {Va}aeNverers T ({VatacNene.) denotes the tree in T (Nyertex, Nedge) in which
the type of each node a € Nygptex in the hypertree below that node is equal to v, (recall Figure 4 from
Section 2.9 as an example).

Before going through the proof, we need to define a procedure called the “exploration process” in
Section G.1 below.

G.1 Exploration process

Assume that a random hypergraph H,, on the vertex set {1,...,n} is obtained from a given type
sequence (™ = (”yf"), e ,77(1")) satisfying (82a) and (82b). Note that, following our discussion in
Section 9.1, H, is identified by a set of random matchings oo, ..., 0,. Here, we introduce a procedure
that choses a node vy uniformly at random in {1,...,n} and explores the local neighborhood of that
node in a breadth—first manner. This process at each step produces a hypertree in 7 (Nyertex, Nedge)s
which turns out to be locally isomorphic to the neighborhood of vy given that the local neighborhood
of v in H, is tree-like. A similar process in the graph regime is introduced in [Borl4].

Formally speaking, the exploration process starts at time ¢ = 0 with choosing a vertex vy €
{1,...,n} uniformly at random as the root. At each time ¢ > 1, we have a node indexing function
@+ Nyergex = {1,...,n}U{x}. To begin with, we define ¢, () = vg and ¢1 (i) = x for @ # i € Nyertex-
Also, at each time step ¢, we partition A(™ into three sets: an “active set” Ay, a “connected set” Cy,
and an “undiscovered set” U;. These are initialized by setting A; = AS,Z), Cy=0and U =AM \ 4.
Moreover, at time ¢, Ny C {1,...,n} contains the explored nodes at time ¢, and is initialized as
N1 = {’UQ}.

At time ¢, given the sets A;, Uy, Cy and ¢, we first form the set W := {(i, %k, j) : ¢+(i) # X7e§7t(i)7j €
A;}. If Wy is nonempty, we define (i, k¢, j;) to be the lexicographically smallest element in W; and let
e = egi(it),jt' In fact, e; is the partial edge chosen at time ¢ to be matched with other partial edges
to form an edge. Now, define

etﬁj = U](szl)(et) 1 S _] S kt — 1,

which are the k; — 1 other partial edges matched with e;. Also, for 1 < j <k, — 1, let u; := v(es ;)
be the node associated to e; ;. Moreover, we update the sets Ct, A;, Uy and N, as follows:

Ciy1 =CrU{er,ern,. .. €1}, (97a)
kee—1
At+1 = A \ {et, €t1,-- -, et,kt—l} U (ASJZ)J M Ut) R (97b)
=1
kee—1
U1 = Ut \ U Affj?j, (97¢)
=1
Nij1 = NeU{ug, ... U -1} (97d)
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In order to update ¢;, define j; to be the minimum 5 such that
Ge((ie, ke, 5, 1)) = x.
With this, set ¢¢41 to be equal to ¢, except for the following values:
be1((ie, key 3, 1)) = ugy 1<i<k—1

This in particular means that the set of nodes in {1, ..., n} that appear in the range of ¢;1 is precisely
Niy1.

At each time ¢, we define a rooted hypertree formed by the exploration process, which we denote
by Ry, which is a member of T (Nyertex, Nedge). Rt is identified through the mapping ¢, i.e. its vertex
set is {i € Nyertex : ¢¢(1) # %}, and its edge set is {(ir, kr, Jr), 1 <7 < t}. This process continues until
A; = 0, which results in exploring the connected component of vg. Note that since the permutations
determining the configuration process are random, the exploration process is in fact a random process.
Let F; be the sigma field generated by all the random variables defined above up to time t. Let 7 be
the stopping time corresponding to A, = (). For the sake of simplicity, for ¢ > 7, we define R; = R,.

G.2 Convergence of expectation

In this section, we provide the proof of the convergence of E [u H;ﬂ . This is done in two parts. Loosely
speaking, we first show that, for any integer d > 1, with high probability, H, rooted at a vertex
chosen uniformly at random up to depth d is simple. Then, we prove that the multihypergraph H,
obtained from the configuration model is locally and asymptotically similar to the Galton—Watson
process. These two together complete the proof of Theorem 4. The former is proved in Proposition 21
below and the latter in Proposition 22.

Let i and p denote E [uge] and UGWT(P), respectively. In order to show that i = u, using
Lemma 4, it suffices to prove that for any d > 1, and with (T, 0) being a rooted hypertree of depth at
most d, fif,(A(r,0)) = 1(A(r,0)), where we recall that A,y = {[H,j] € H. : (H,j)a = (T,0)}. Note
that, with vg being chosen uniformly at random in {1,...,n}, we have

e 1
,un(A(T,o)) =K lﬁ Z 5[H$L(i),i] (A(T,o))

i=1
IS
n — [H2(1)7Z]€A(T,O) (98)

> (i) = (T.0)

=P((H:,v0)a = (T,0)).

Thus, motivated by the above discussion, we need to show that for all d > 1 and (7T, 0) with depth
at most d, P ((Hy,vo)a = (T,0)) = p(A(r,0)). We prove this in two steps. First, we prove in Propo-
sition 21 that the probability of (H,,,v0)q being a simple hypertree goes to one as n goes to infinity.
Subsequently, in Proposition 22, we show that P ((Hy,,vo)q = (T',1)) converges to pu(A(r,))-

In the following statement, (") = (7§"), ey ,(zn)) is a fixed type sequence and H,, is the random
multihypergraph resulting from the configuration model. Moreover, for an integer d > 1 and vertex
ve{l,...,n}, (Hy,v)q is the multihypergraph rooted at vertex v containing nodes with distance at
most d from v and edges in H,, with all endpoints among this set of vertices.
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Proposition 21. Assume conditions (84a), (84b) and (84c) are satisfied with constants c1,ca,c3, € >
0. Then, if vy is chosen uniformly at random from {1,...,n},

lim P ((Hy,vo)d s a simple hypertree) = 1.

n—oo
Proof. Note that (84a) and (84b) imply that the degrees of all vertices and the sizes of all edges in H,,
are bounded by a,, := c;(logn)°2. Therefore, there are at most 3, := (a,, )% edges in (Hy,v0)ds1-
Since at each step of the exploration process we form one edge, (H,,v0)qd+1 is completely observed up
to step B,. On the other hand, if at step ¢, the partial edge to be matched at that step, which is e; in
our notation, is matched to partial edges outside Ay, all of the endpoints of the newly formed edge at
step t are in N/, i.e. they are not observed so far. If in addition to this property, all the k; — 1 vertices
of these partial edges that are matched with e; are distinct, no loops or multiple edges are formed at
step t. If these properties hold for all 1 < ¢ < 8, (Hy,vg)q will be a simple hypertree. Note that, in
order to make sure that (H,,vg)q is a simple hypertree, we need to make sure that there is no loop in
the exploration process up to depth d + 1. This guarantees that even vertices at depth d do not get
connected to each other.

To formalize this, fix 1 < ¢t < 8, and assume that the exploration process is not finished up to

step ¢, and at step ¢, we need to match the partial edge e; of size k:. Let E}; denote the event that

er1 = a,(;)(et) e AN A,(;:). Moreover, for 2 < i < k; — 1, let E;; be te event that

i—1
eri = o (er) € (AN ALY U [ | A (v(ens)) |
j=1

where we recall that A,(:) (v(et,;)) denotes the set of partial edges of size k; connected to the vertex
associated to e, ;. Note that having chosen e;1,...,e;;—1, there are |A,(€n)| — |A,(;Z) N C¢| — i many
candidates for ol(ft) (e+), each having the same chance of being chosen. We claim that |A; N A,(:)| <
ta2. The reason is that at each step in the exploration process, at most «,, many new vertices are

added to V¢, each of whcih having at most o, many partial edges of size k;. On the other hand,

t

|AT (v(er,7))| < . Consequently,
i—1
(AN Ao [ U @) || < ¢+ Dai
Jj=1

Additionally, at each step, at most «,, partial edges are added to C; to form a edge; therefore, |Cy| <
tay,. This, together with (84c), implies that for 1 <1 < kt < v, we have |A,(JZ)| - |A,(;Z) NCy —i >
esn® — (t+ 1)a,. Since each of these candidates have the same probability of being chosen, we have

P (B, < (t+1)a?

<—— 1<i<k —1.
esnt — (t+ 1)ay,

If E; denotes Uf;]lEm-, using k; < «a,, and the union bound, we have

ﬁn + 1)2043
P (uﬁﬁ E) < n_
=17t = csn€ — (Bn + Day,

Note that, a,, and [, scale logarithmically in n, and d is fixed. Hence, due to the csn® term in the
denominator, the above probability goes to zero as n goes to infinity. As was discussed above, outside
the event Uf;lEt, the rooted hypergraph (H,, vg)q4 is a simple hypertree. O
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Proposition 22. With the assumptions of Theorem j, for an integer d > 1 and a rooted hypertree

(T, 0) with depth at most d, if vy is a node chosen uniformly at random from {1,...,n}, we have
nli_)n;oP((Hf;,vo)d = (T,0)) = u(A(r,0))-

Note that, the above proposition, together with the discussion in (98), implies that E [u HZ] = U.
In Section G.3 below, we show that uge is concentrated around its mean, which completes the proof
of Theorem 4.

Proof. Given the rooted hypertree (T, 0) with depth at most d, let C[T,o] denote the set of hypertrees
T € T (Nyertexs Nedge) such that (T 0) = (T,0). For T € Cr,0); let el .. ey T be the edges in T with

depth at most d — 1, ordered lexicographically in Negge. Moreover, let er PR denote the edges

’ r+l
in T with depth precisely d, ordered lexicographically (if there is no such edge, [ = 0). For a node i in

T, let 'yiT denote the type of the vertex i in the subtree below i. Furthermore, define

75 =P (T a aetnen)- 0)a = (T50))

under the probability in Definition 27. With the above notation, we have

rolel |-
H H 1000 (99)
By the definition of the distribution UGWT(P), we have

>,

TGC[T,o]

Recall that R; denotes the hypertree in T (Nyertex, Nedge) which results from the exploration process
at step ¢. Note that if (H,,v9)q is a simple hypertree, we have (H,,,vo)q = (Rg, ,0)q where 3, is defined
in Proposition 21 above. With this, we have

P((HE,v0)a = (T,0)) =P ((HS,v0)a = (T, 0) and (Hy,,vo)q is a simple hypertree)
+P((H:,v0)a = (T, 0) and (Hy,,v0)q is not a simple hypertree)

As is shown in Proposition 21, the second term converges to zero; therefore, we need to study only
the first term. But, if (H,,v)q is a simple hypertree, (HS,vo)q = (T, 0) if and only if Ry4;41 =T for
some T € C (T0] Consequently, it suffices for us to show that

lim P (Rr+l+1 =T and (H,,v)q is a simple hypertree) = T VT e Cr,0- (100)
n— o0

For 1 <t < r, let E; be the event defined in Proposition 21. Recall that Ef is the event that
U1, .- -, Ut k,—1 are all distinct and are not in IV;. From Proposition 21, we know that the probabilities
of both the events “(H,, vo)q is a simple hypertree” and Nj_; Ef converge to 1 as n — co. Therefore,
it suffices to show that

lim P ((RHH1 = T)N (m;;lEf)) = VT €Cy (101)

n—oo
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To prove this fix some T’ € T (Nyertexs Nedge) with depth at most d and define Sy to be the event

that *ngn) = . From (83b), P (So) = P(v; ) as n — oo. Moreover, for 1 <t < r, define S, to be the
event that

Ve = Viohogon TO LS8k,

and let S; = S‘t N Ef, which is in fact the intersection of S‘t and the event
ugj,1 < j < ki — 1 are distinct and are not in [V;.

With this, let S* = N_,S;. We claim that the event (R, ;41 = T) N (Nj_, Ef) coinsides with S”. The
reason is that on the event S, for each 1 <t <, the type of all the k; — 1 subnodes of edge formed
at step t matches with that of el. Moreover, on the event N;_; E¥, there is no loops or cycles formed
during the exploration process. In particular, those partial edges connected to the vertex u; s which
are added to the active set are not used until the process goes to vertex u. s itself. Also, note that as
T has depth at most d, its structure is determined by the type of the vertices of depth at most d — 1,
which are subnodes of edges of depth at most d — 1 in T, which are precisely ef,... el
Now, we prove by induction that for 0 <¢ < r,

t ‘6t1| 1

t
P(8%) = milt DI 11 7 7<e,,a>)
t'=1 j=1
If m7(t — 1) = 0, then P (S*) < P (S*™!) — 0 = mz(t). If mp(t — 1) # 0, we have P (S'') > 0 for n
large enough. Note that P (S?) =P (St_l NS,N Etc) Thereby,

P (s P(SiS"1) ~P(E) <P(S') <P (S )P (SiIs" ).

But, we know that P (E;) — 0. Consequently, it suffices to prove that

T

P(Sis ) = 1:[ (s ) (102)

Since we construct one edge at a time in the exploration process, conditioned on St~ the first
t — 1 edges are constructed in a way consistent with 7. Therefore, it is easy to see that

P (gt|St—l) =P (7,5?)] = ’y( o ]) ‘eTl for 1 < j < |€?| — 1)

For1 <j < |etT| — 1, let S;; denote the event that 7&?)] = V(Tef o T e Now, we study the
~ ~ ~ to ¢

probability of S ; conditioned on St=1 and St1,...,5¢j—1. Note that, having chosen e; 1,...,€ -1,

there are |A™ (k)| — |A®™) (k) N Cy| — j many candidates for e; ;, each having the same chance. With

By :={ec A(n)(|etf|) : 71(;7(18)) = ”Y(T;T' i + ®|8f|}7 the event S; ; happens iff e; ; is chosen among the set
B\ (CoU{ep,.. e j—1}) Thelﬁefore7

[Bij \ (CrUfern, . e}
A ([e] )] - |A(”)(|et MaleTEra

P (S,18" " S By ) =
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Note that

n

L 1 7 (n) _ T )
1Bl = =300 (e )+ D1 37 =T e

7=

Using (83b), we have
1 - s
LByl = 67 (T ) + VPO, + o).

On the other hand, conditioned on S*~1, |Cy| = Z;i |e;ff|, which is a constant. Consequently,

1 ~

LB (@ U enns e D = (T () + DPGT, ). (103)
Moreover, using (85),

LA e zw e D) = E[r(ef] (104)

Note that we are conditioning on S~ and assuming that P (S'"!) # 0. On the other hand, |etT| is
equal to the size of the partial edge e; which is a member of A, Using the assumption (83a), we

have |et | € I and hence E [ (|et |)} > 0. Putting (103) and (104) together, we have

O ) +DPOT,  +ey)
7 | 71 Vet )
E[T(lef )] a

B (S,18" St By )

Multiplying for 1 < j < |et | — 1, we get (102) which completes the proof. O

G.3 Almost sure convergence

In this section we prove that, with the assumptions of Theorem 4, ug. = UGWT(P) almost surely.

For a fixed n, Let A (ky)... A (k1) be the nonempty sets among A(™(2),..., A (n). From
(84b) we know that L < ¢;1(logn)® and also k; < ¢1(logn)® for 1 <14 < L. For the sake of simplicity,
write o for (o, ,...,0k,) and M; for My, (A™ (k;)), 1 <i < L. From our construction, we know that
ok, is drawn uniformly at random from M; and is independent from oy;, j # i. With H being the
simple hypergraph constructed by the configuration model, for a fixed d > 0 and a rooted tree (T',0)
of depth at most d, define

Z i)a=(Ti)

From Proposition 22 we know that lim, o E [F(0)] = p(A(7,0)). We will show that F' is concentrated
around its mean via a bounded difference argument.

Now, for each 1 < j < L, fix a permutation m, € M; and define 7 = (my,,...,m, ). Moreover, fix
1<i< Lande, e € A (k;). With this, define 7Tk i= swap, . 0T, 0SWap, ./, which is the conjugation
of 7, with the permutation that swaps e and e’. In fact, the cycle representation of W;w is obtained
by swapping e and €’ in the cycle representation of my,. Moreover, let 7' = (7x,, ..., T} ..., Tk,)
which differs from 7 only on the i*" coordinate. With this, the hypergraph obtained from 7 and the
hypergraph obtained from 7’ differ only in at most two edges. Since all edge sizes and degrees in the

:IH
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graph are bounded to c; (logn)°2, there are at most 2(c; (logn)¢2)?¢+! many vertices in the hypergraph

which have distance at most d to a vertex in any of these two edges. Consequently,

c1(logn)e )2d+1

() — F(r)| < 2o

(105)

Now, fix 1 <4 < L and m; € M; for j # 1. Let ok, being chosen uniformly at random in M; and
define Fi(og,) = F(py ooy 0k, ..., Tk, ). Since A (k;) is finite, we can equip it with an arbitrary
total order. Let X; be the smallest element in A" (k;) and define Y1 = (X1, 0%, (X1), - . -, a,(;:i_l) (X1)),
which is in fact the orbit of X7, or in the configuration model language, the edge containing the partial
edge X;. Let Xo be the smallest element that does not appear in Y7 and let Yo = (X, oy, (X2), . . ., U](cljiil)(Xg)).
We continue this process inductively, i.e. let X; be the smallest element that has not appeared in
Yi,....Y;_1 and let Y; = (X, 00 (X)), ...,00" "V (X;)). This process yields Yi,...,Yac0 (k)| /k:-
For 1 < j < |AM™(k;)|/k:, let F; be the sigma field generated by Yi,...,Y;. Moreover, let Z; =
E [F;(oy,)|F;] for 1 < j < |AM (k;)|/k; and let Zg = E [F;(oy,)]. Note that my,, j # i are fixed; there-
fore, the randomness in the expression is with respect to o, only. Indeed, (Z;,0 < j < |A™) (k;)|/k;)
is a martingale. We claim that, almost surely, we have

(c1(logn)e2)2d*

2

| Zj1 — Zj| < ki -

The reason is that changing the value of the k; variables in Y;; 1 can change the value of F; by at most
c2)2d+1

kiw and the above inequality results from (105). Using Azuma’s inequality and the fact
n

that k; < c¢1(logn)©2, we have

§2n?
P(Fi (o) ~ B R (o)) > 0) < 260 (= sy foriars ) (106)

To obtain an upper bound for |A(™ (k;)|, note that
n ~ (o 1§,
NSRS DBEARCHE I W bel
Jj=1 j=1

From (83c), there is a constant « independent of n and 4 that > ”%(_n) 2 < an. Hence, |AM™ (k)| < an.
Incorporating this into (106), we have, for 1 <i < L,

P (|Fi(ok,) — E[Fi(ox,)]| > 5) < 2exp (— — Z)@)w) . (107)

Since this is true for all 7 and 7, j # ¢ and also the oy; are independent, using the above inequality
L times and using the fact that L < ¢q(logn)©2, we have

. n
P(F(o) ~ EF(O)]] > ) < 2eallogn)®exp (-t ).
As the sum of the RHS over n is finite, using the Borel-Cantelli lemma and the fact that E[F(0)] —
p(A(r,0)); we have F(o) = u(A(r,,)) almost surely. But there are countably many choices for d and
the rooted hypertree (T, 0). Thus, outside a measure zero set, Upe (A(r,0)) = M(A(T,o)) for all rooted
tree (T, 0) with finite depth. The proof is complete, using Lemma 4.
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H Proof of Proposition 9

Proof of Proposition 9. Since O is e-balanced, from Definition 25, for ji—almost every [H, e, i] € H.x,

we have

exp (_ 86’6£H,i))

S exp (_ 6®;<H,j>) '
j€e €

Using Proposition 3, there exists a A C H.. such that ji(A°) =0 and, for all [H,e,i] € A, we have

exp (_ 86’6(€H,i’))

5 e exp (22D
jee’ €

Now, fix some [H,e,i] € A and take an arbitrary element of this equivalence class (H,e,) € [H, e, i].
The above equation guarantees that if we define the allocation 0’H on H as 0'H (e’,i') := ©.(H, €', i)
for (e’,i') € W(H), then 0’ is an e-balanced allocation on H. Now, assume that GfA is the (unique)
e-balanced allocation on the truncated hypergraph H* defined in Section 4.3 (uniqueness comes from
boundedness of H2). Proposition 5 then implies that 97" (i) < 90/H (i') for all i’ € V(H). Sending
A to infinity, this means that 907 (i) < 960/H (i') for all ' € V(H), with 0 being the canonical
e-balanced allocation on H. Using Remark 12 and the definition of 8’7, this means that for ji—almost
all [H,e,i] € Hux, 00(H,i) < 0OL(H,i). From part (ii) of Lemma 1, py—almost surely we have

©.(H,e,i) = (108)

GL(Ha 6/,i/) = V(e’,i/) € \I/(H)

00, < 00/, (109)

On the other hand, using unimodularity of x and the fact that ©. is a Borel allocation, we have

1
/ 00 dy = / Oudji = / VO, dji / rerdi([H. . 1)

Using the same logic, [00Ldu = [ %dﬁ([H,e,i]). This means that [ 00.du = [ 00Ldu. As deg(p) <
00, this common value is finite. This, together with (109), implies that 00, = 90., py—almost surely.
Therefore, Proposition 3 implies that for y—almost all [H, 4] € H., we have 90.(H,j) = 90L(H, j) for
all j € V(H). Then, part (i) of Lemma 1 implies that for ji—almost all [H,e,i] € Hix, 00(H,j) =
0OL(H,j) for all j € V(H). Thereby, using (108) for ©, and O., we have ©.(H,e,i) = OL(H,e,1) for
fi—almost all [H, e, i] € Hyx, which completes the proof. O
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