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ABSTRACT

The weighted projection of a hypergraph is the weighted undirected graph with the same
vertex set and edge weight equal to the number of hyperedges that contain the edge; the
projection is the unweighted graph with the same vertex set and edge set consisting of
edges with weight at least one. For d > 3, after observing the unweighted and weighted
projection of a random d-uniform hypergraph that is sampled using a generalization of the
Erdés-Rényi random model, we study the recovery of a fraction of the hyperedges and the
entire hypergraph. For both cases, we show that there is a sharp phase transition in the
feasibility of recovery based on the density of the hypergraph, with recovery possible only
when the hypergraph is sufficiently sparse. Particularly, we resolve numerous conjectures
from [5]. Furthermore, we display an efficient algorithm that is optimal for both exact and
partial recovery. We also analyze the phase transition for exact recovery by exhibiting a
regime of probabilities that is below the exact recovery threshold by a polylogarithmic factor
for which exact recovery is possible.
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Chapter 1

Introduction

A hypergraph consists of a set of vertices and a set of hyperedges, each of which is a subset of
the vertex set. Storing the data of hypergraphs can be very challenging due to the potential
high-dimensionality of the hyperedges. For example, if we are given that a hypergraph has
n > 1 vertices, the number of potential hypergraphs is 22" 7!, assuming that the hyperedges
must be nonempty. Even if we assume that each hyperedge has size d, the number of potential

hypergraphs is 2(3). In order to decrease the dimensionality of the dataset, we can consider
applying lower-dimensional processing. Then, the question that we pose is, what fraction of
the hypergraphs can we recover after applying this processing?

A method to represent the data of a hypergraph is to store its edge data. We refer to the
set of edges between any two vertices both present in some hyperedge of the hypergraph as
its unweighted edge data and the counts of how many hyperedges contain each edge as its
weighted edge data. We also refer to the unweighted edge data as the (unweighted) projected
graph and the weighted edge data as the weighted projected graph. See Section 1.1 for rigorous
definitions of these terms.

Observe that we can uniquely determine the edge data of a hypergraph but we cannot
always determine a hypergraph given its edge data. In this paper, we study the problem of
recovery for the hyperedges of random uniform hypergraphs after storing its unweighted and
weighted edge data.

The paper [5] studies the recovery of the hypergraph exactly after storing unweighted edge
data and we extend upon its results. Furthermore, [15] studies recovering the communities
exactly in the hypergraph stochastic block model (HSBM) after observing the hypergraph
and [8, 14, 17| study recovery in the HSBM after observing the weighted edge data of the
hypergraph. We study recovering the hypergraph exactly after observing the weighted edge
data as well.

The paper [22] considers reconstructing a hypergraph given its projected graph, but
the random hypergraph model that it considers differs significantly from the model that
we consider. In the random hypergraph model studied by the paper, the hypergraph can
have hyperedges of any size and there can be multiple hyperedges with the same vertex set.
Furthermore, the number of hyperedges that have a given vertex set is determined by a
Poisson distribution with mean determined by the size of the vertex set.

A statistical and machine learning approach is used in [20] to reconstruct a hypergraph
given its projected graph. The approach considered involves first selecting cliques from the
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projected graph and then deciding which of these cliques are hyperedges using a machine
learning approach. The paper does not restrict to uniform hypergraphs and does not consider
recovering the hypergraph completely but rather optimizing the Jaccard score between the
original and predicted hyperedges.

Furthermore, the paper [7] views data as a weighted hypergraph with the goal of analyzing
the pretraining of foundational models. The hypergraph model that the paper studies first
samples hyperedges from a weighted hypergraph with probabilities proportional to their
weights. Afterwards, the goal is to use this data to construct a hypergraph that is isomorphic
or approximately isomorphic to the original hypergraph, where the distance between two
weighted hypergraphs is the L! distance between the vectors of weights assigned to their
hyperedges.

A hypergraph with vertex set V' has an edge set E such that each hyperedge e € E is
a nonempty subset of V. For d > 2, each hyperedge of a d-uniform hypergraph contains
d vertices. Then, a 2-uniform hypergraph corresponds to a graph. We consider d-uniform
hypergraphs for d > 3.

The random hypergraph model that we consider is introduced in 5] and generalizes the
Erdés-Rényi model G(n,p). Suppose d > 3 and n is a positive integer. In this paper we

often denote the set of d-uniform hypergraphs with vertex set [n] as {0, 1}([3]). Then, for
some § € (—oo,d — 1) and p o< (1 + 0,(1))n~%*1*9 the random d-uniform hypergraph H is

sampled from Ber(p)([z]). We specify the model in more detail in Section 1.1. After observing
the unweighted or weighted edge data of H, the goal is to recover information of H.

We extend upon the ezact recovery results of the paper [5] and study the problem of
partial recovery introduced in Appendix C of the paper. Exact recovery refers to recovering
each hyperedge of H and the main quantifier of it that we use is the probability of exact
recovery. For the definition of this metric, see Subsection 1.2.2. The partial recovery problem
refers to recovering a fraction of the hyperedges of H on average and the main quantifier of
partial recovery we use is the partial recovery loss. The partial recovery loss is the ratio of
the size of the symmetric difference between the hyperedges of H and the hyperedges we
predict to be in H to the expected number of hyperedges of H, see Subsection 1.2.1.

As mentioned earlier, the papers [8, 14, 15, 17| consider exact recovery for the hypergraph
SBM. On the other hand, [21] considers exact and partial recovery for graph matching and
discusses “all-or-nothing" thresholds. We discuss these thresholds later in Section 1.3.

We can describe the exact recovery problem for the unweighted projection as min(AH, 1) =
Proj(H), where A € {071}([gl)x([g]) is fixed, H € {071}([7;]) is the prediction of H, and
Proj € {0,1}([3]). In this case, for h € ([g]) and e € ([72‘]), A, = 1{e C h}. The exact
recovery problem for the weighted projection is more interesting inte{r}esting, since we can
describe it as the linear equation AH = Projy, (H), where Proj,, € Z<>S )

Furthermore, observe that this recovery problem is an example of a planted constraint
satisfaction problem (CSP). First, we randomly select H, which then deterministically defines
the set of constraints. For more works on planted CSPs, see [1-3, 11-13, 16].

In this paper we study thresholds for § for when the probability of exact recovery and
partial recovery rate are asymptotically equal to 0 or 1. We find the threshold values for ¢ for
both types of recovery for all d > 3. Moreover, we observe that in most contexts, there is an
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d—1
d+1°
for § < % and the partial recovery loss is 1 — 0,(1) for § > %, see Section 1.3. In general,
we first focus on recovery for unweighted edge data and afterwards we discuss how to extend
the results to weighted edge data.

We also note that this problem has been solved algorithmically. See Section 5.4 for

discussion regarding this direction.

“all-or-nothing” transition at meaning that the probability of exact recovery is 1 — 0,(1)

1.1 Random model

We define the projected graph and random hypergraph model that are introduced in [5].

For a d-uniform hypergraph H = (V| E) let the projection of H be the 2-uniform hyper-
graph with vertex set V' and edge set equal to the set of {7, j} such that i,j7 € V, i # j, and
there exists h € F such that {i,5} C h; we denote the projection of H by Proj(H). Let
the weighted projection of H be the weighted graph with vertex set V' and edge weight of
{i,j} equal to the number of h € H that contain {7, j} for all i, 7 € V', i # j; we denote the
weighted projection of H by Projy, (H).

Suppose § € (—o0o,d — 1) and ¢ € (0,00). Unless otherwise stated assume that p =
(c+0,(1))n=41+° Suppose H C {0, 1}([3]) is a random variable such that each element of ([Z])
is a hyperedge of H independently with probability p. Furthermore suppose H. € {0, 1}([:11])
is the random variable such that each d-clique in Proj(#) is a hyperedge of H.. We observe
Proj(H) and use this projected graph to make statistical inferences about H.

Remark 1.1. The regime of p we consider is slightly different from that of the paper [5], which
considers when p = n=%1%9_ Despite this, many of the results from the paper are still true.

1.2 Notation

Next we describe some additional notation that is used throughout this paper. Suppose d > 2
and H is a d-uniform hypergraph. Let F(H) and V(H) denote the sets of edges and vertices

of H, respectively, and let e(H) = |E(H)| and v(H) = |V (H)|. Furthermore let a(H) = i(gi

and m(H) = maxg<y a(H), where the maximum is over subgraphs K of H.

Let G (resp. Gw) be the set of projections (resp. weighted projections) of some d-uniform
hypergraph. Also let ¢ = Pr[[d] € E(#.)]. Note that ¢ is the probability that any element of
([Z]) is an edge of H. by symmetry.

1.2.1 Partial recovery

Suppose B : G — {0, 1}([3]) is a partial recovery algorithm for the unweighted projection. We
define the loss of B to be
_ E[B(Y)AE(#H)|]

r(a)

{(B)

where p(7) = E[|E(H)|].
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Observe that

E[|B(W)AH]] = > Luepw) Prlh & H] + (1 — Lyenw)) Prih € H| V.

he (')

Hence the optimal unweighted partial recovery algorithm is

B¢ {0,1}() G (he (?) : Pr[h € H|Proj(H) = G] > %}.

. . [n] . . .
For a partial recovery algorithm By : Gy — {0, 1}( 1) for the weighted projection, the
loss of By is

E[!Bw(Projw(H))AE(H)H_
p(;)

The optimal weighted partial recovery algorithm Bjj, is defined analogously to B*. That is,

by (Bw) =

By :G— {0,114V a {ne (“j) . Pr[h € H|Proj, (H) = G] > =}.

1
2
Definition 1.2. The partial recovery loss is ((B*). If {(B*) = 0,(1), then almost exact
recovery s possible.

The weighted partial recovery loss is bw (By,). If bw(B5y,) = on(1), then almost exact
weighted recovery is possible.

Remark 1.3. Observe that this definition of almost exact recovery is equivalent to the definition
of almost exact recovery in [21].
1.2.2 Exact recovery

Suppose A : G — {0, 1}([31) is an exact recovery algorithm for the unweighted projection. Its
probability of error is Pr[A(Proj(H)) # H]. As discussed in [5, Section 2.3], the algorithm

minimizing the probability of error is the MAP algorithm A*: G — {0, 1}([3]) where

A*(G) € argmax Pr[H = H|= argmin e(H).

H:Proj(H)=G H:Proj(H)=G

Similarly, for an exact recovery algorithm Ay : Gy — {0, 1}([3]) for the unweighted
projection, its probability of error is Pr[Aw (Projy, (H)) # H|. The algorithim minimizing
the probability error is the MAP algorithm Aj;, : Gy — {0, 1}([31) which is analogous to A*.

Definition 1.4. The probability of exact recovery is Pr[A*(Proj(H)) = H|. The weighted
probability of exact recovery is Pr[As,(Projy, (H)) = H].

16



1.3 Main results

Theorem 1.5 (Partial Recovery). If § <
o>

d+1 then the partial recovery loss is 0,(1) and if

d+1 L then the partial recovery loss is 1 — o, (1).

Proof. This follows from Theorem 3.1, Theorem 3.7, and Theorem 3.8. [ |

Theorem 1.6 (Partial Recovery for Weighted Projection). If § < % then the partial

recovery loss is o, (1) and if 6 > then the weighted partial recovery loss is 1 — 0,(1).

d+1

Proof. Since the partial recovery loss is 0, (1) for § < d i) L by Theorem 1.5, the same is true
for the weighted partial recovery loss, see Lemma 1.10. Afterwards, using Theorem 3.13
finishes the proof. |

Furthermore, we prove the following two theorems in Chapter 5.

Theorem 1.7 (Exact Recovery). Suppose 3<d<5. Ifé <3 then the probability of
exact recovery is 1 — op(1 ) and if 6 > 2

Suppose d > 5. Ifd < d+1 L then the probability of exact recovery is 1 —o,(1) and if § >
the probability of exact recovery is 0,(1).

4 then the probability of e:mct recovery s on(l)

d+17

Remark 1.8. Observe that Theorem 1.7 verifies the conjecture from [5, Appendix C| that the
threshold for exact recovery is 2d 4 for d = 4,5. Furthermore the two cases of the statement

overlap for d = 5. This is mtentlonal since gg 4 — d_+1 when d = 5.

Theorem 1.9 (Exact Recovery for Weighted Projection) If§ <

weighted exact recovery is 1 — o,(1) and if 6 >
is on(1).

d+1 then the probability of

d +1 the probability of weighted exact recovery

The contributions of this paper as compared to previously established exact recovery
thresholds are summarized in Table 1.1.

d Previous work New Partial recovery
(exact recovery) | (exact recovery) | Weighted exact recovery
3 2/5 2/5 1/2
4 [1/2,4/7] 4/7 3/5
5 [1/2,2/3] 2/3 2/3
26| |3 ) s s

Table 1.1: This table compares exact recovery thresholds discovered in [5] with the contribu-
tions of this paper. Note that the exact recovery thresholds correspond to the problem of
unweighted exact recovery. Furthermore, the partial recovery thresholds are the same for
observing the unweighted or weighted projection.

An all-or-nothing phase transition occurs at a threshold if, for example, we can recover all
of the input with high probability below the threshold, but we cannot recover any constant
fraction of the input with constant probability above. As mentioned earlier, [21] finds that the
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all-or-nothing threshold occurs for the problem of graph-matching. All-or-nothing thresholds
are also discovered in [19] for the problem of recovering a sparse binary vector with linear
regression, where the metric is the mean squared error. Furthermore, [4] finds all-or-nothing
thresholds for recovery in the spiked Wigner model.

We observe an all-or-nothing threshold at % for unweighted recovery when d > 5 and
weighted recovery when d > 3. This is the case because we transition from having a probability
of exact recovery of 1 —0,(1) below the threshold to a partial recovery loss of 1 —0,(1) above.

Furthermore, observe that the exact recovery results do not consider when § = min(%, %).
We exhibit regimes of probabilities satisfying this condition for which the probability of exact

recovery is 1 — 0, (1) in Chapter 6.

1.4 Introduction to the partial recovery loss

We discuss some fundamental equalities for the partial recovery loss introduced in Subsec-
tion 1.2.1. First, we have that

Eoo[|B*(0)AH[] = > min(Pr[h € H|V], Pr(h ¢ H|T]). (1.1)

he ()
Using this gives that
()05 = EalEnall vy 2]
=>_ > Pr[¥ = G|min(Pr[h € H|V], Pr[h ¢ H|¥))
GEG pe (M)
= ) ) Pr[¥ = G)min(Pr[h € H|V], Pr[h ¢ H|¥))
he(l)) GG

= (5) X Pelw = Glmin(pi(id < 19l Pafd] ¢ M)

Geg

()gre-al-

Geg

2

Pmﬂemm—lb.

Furthermore, ¢(B*) < 1 since the trivial algorithm that always outputs the empty set has a
loss of 1.

Lemma 1.10. ((B*) > lw (B},) and Pr[A*(Proj(H)) = H] < Pr[ A}, (Projy (H)) = H].

Proof. 1t is straightforward to deduce that Pr[A*(Proj(H)) = H| < Pr[A}, (Projy, (H)) = H].
For ¢(B*) > lw(B;y,), using (1.2) and its analogue for weighted projections gives that it
suffices to prove that

> Pr[¥ =G G -

Geg

PmﬂeM@:Q—%D
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which is equivalent to

1 1
> |Pr[[d] € H|Projy, (H) = G] - 5‘ > " |Pr[d] € H|¥ = G] - 5‘ .
Gegw Geg
This can be proved using Jensen’s inequality since x +— |:r; — %} is convex. [

1.5 Thesis organization

This thesis is based on the contents of the preprint [6], a paper that I am a primary author
of. Chapter 6 does not appear in the paper, but all other content of this thesis appears in
the paper.

In Chapter 2, we enumerate combinatorial structures in ¥ and prove the concentration
result Theorem 2.9; this concentration result implies Corollary 2.10, which is used to justify
the upper bounds of the partial recovery thresholds. Afterwards, in Chapter 3, we prove
the partial recovery results. In Chapter 4, we prove extremal combinatorial results related
to ambiguous graphs which are essential to showing the lower bounds of the exact recovery
thresholds. In Chapter 5, we display the proofs of the exact recovery results, and in particular
prove the upper bounds of the exact recovery thresholds in Theorem 5.7. Furthermore, we
discuss efficient algorithms for partial and exact recovery in Section 5.4. Next, in Chapter 6,
we analyze the phase transition for exact recovery by exhibiting a regime of probabilities
that are below the exact recovery threshold by a polylogarithmic factor for which the exact
recovery loss is 1 — 0,(1). In Appendix A, we analyze the conditional entropy H (H|V).
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Chapter 2

Structures of the Projected Graph

2.1 Projection covers and relaxations

First, we give two lemmas that generalize ideas from |5, Proof of Lemma 39]. We do not
include the proofs.

Lemma 2.1. Suppose k > 2 and U C 21, The probability that there exists h € E(H) such
that h N [k] = u for allu € U is

[Ta-a-pE).
ueY
Furthermore, this probability is at most

ul =k o (M-S
p H (d _ |u’> n(n € )

ueU

Lemma 2.2. Suppose k > 2 and € C ([S]). The probability that £ C E(Proj(#H)) is at most

21l (5 —_|5|)’

ueU
where the sum is over U C 2% satisfying the following conditions:

o Foralluel, |u|>2 and (3) ¢ Uwern (uy (é)

e &C Uueu (;)

Remark 2.3. Proj(H) is a 2-uniform hypergraph, so F(Proj(#)) is a set of edges, which are
hyperedges with size 2.

Next we discuss a technique from [5] that involves using relaxation to establish a convex
optimization problem after applying Lemmas 2.1 and 2.2. Suppose k£ > 2 and £ C ([’;]).
The goal is to upper bound the probability that £ C F(Proj(#)) using Lemma 2.2. Sup-
pose U satisfies the conditions of Lemma 2.2; the lemma implies that an upper bound on

21



P ey (;:Iqj') is an upper bound on the probability that & C E(Proj(#)) after scaling by
some constant since the number of U is finite.
First observe that [£] < 37,/ 450 (' ‘) The relaxation technique is to replace (3) for

some real variable x > 2 with the real variable y > 1; that is, y = (g) and r = —1+\/21+78y. If
Yo = (%) for u € U such that |u| > 2 then |€] < Y uet jul>2 Yu- From Lemma 2.1,

n— _ " iz
u|H< M) _ 0, (nMHM-Eualily — @ (n(H+9Ul-Eae S5

ueU

Suppose M = |U|; the conditions of Lemma 2.2 imply that 1 < M < |€|. Then maximizing

the quantity p“! [L.cu (d"_ﬁ') corresponds to maximizing (1 4+ )M — ZM ERaVE T 1+8y1 given

that Zf\il y; > || and y; > 1 for 1 < ¢ < M, which is a convex optlmlzatlon problem.
Particularly, since the function (1 + d)M — ZM 1+m is convex, it is maximized at a
vertex of the set of inputs.

Some results of 5] that are proved using the methods described in this subsection are
[5, Lemmas 35, 39, and 40|. In this paper we prove results in Chapter 2, Theorem 3.3, and
Lemma 4.5 using these methods.

Remark 2.4. For the proof of Lemma 2.6, we also impose the constraint that |u| < d for all
u € U, which corresponds to y; < (‘21) for 1 <14 < M, because the hyperedges of ‘H have size
d. It is necessary to impose this constraint because the value k£ in Lemma 2.1 and Lemma 2.2
may be greater than d in the context of Lemma 2.6. We also impose this constraint in the
proof of Lemma 4.5.

2.2 Structure results

The main goal of this section is to prove that e(H.) is concentrated around its mean if § > j Ji,

see Corollary 2.10. Observe that Lemmas 2.5 and 2.6 have similar statements and proofs as
[5, Lemma 35 and Lemma 40] but some differences are that we require different bounds and
only consider when § > Furthermore, we use methods discussed in Section 2.1 in this
section.

d+1

Lemma 2.5. Suppose 6 > d+1 Suppose m is an integer such that 0 <m < d — 1. Assume
that {K; : 1 <i < M} is a set of subsets S of [d] such that 2 < |S| < d. Assume that

U(3)= (G0

oS () ()

Equality occurs if and only if the K; are distinct and {K; : 1 <i< M} = ([g])\([gﬂ).

Then
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2 2
We can assume this because if the condition is not true we can remove K, and increase

(1+06)M — M |K;|. This condition implies that the K; are distinct and M < (g) — (7).

Suppose y; = (llgi') for1<i< M, theny; >1for1<:<mand Zi‘il Y > (d) — (m)

2 2
We have that . y
1 M — K| =(1 M — B S
(4 0M =3 JK | = (14 5)M =3 =

i=1 i=1

Proof. First we may assume that (K) N (([d})\([rg]» 7 Uje[M]\{i} (1;) for 1 < i < M.

Let
M
1+ 1+ 8y;
f(yl,---,yM)z(lJr(S)M—Z—z Yi

i=1
Since f is convex, its maximal value occurs at a vertex. Suppose (y;)1<i<as is the vertex

suchthatyz-zlforlSiSM—landyM:(;)—(T;)—M—f—l. Then

T+ /T+8(() — (3) - M +1)

fr, - ym) = (0 —1)M +2 — 5

Since f(y1,...,yn) is convex with respect to M, the maximum value of f(yi,...,yy) for

1< M < (%) — (%) occurs when M € {1, (%) — ()}

Suppose M = 1. Then

:1“_1#1%2((2)_@)'

f(y17"'7yM)

Because the number of edges in [d] but not [m] is greater than M, we also must prove that

equality does not hold. Because § > % it suffices to prove that

L, -1 1+\/1+8(<g)_(7§>)<_(<d)_(m))i'

d+1 2 =

This can be proved using expansion.
Next suppose M = (g) — (Tg) Then yy; =1 so

o= () ()

Afterwards it is straightforward to verify the equality case. |

Lemma 2.6. Suppose 6 > %. Suppose m and k are integers such that m € {0,1,2,d — 1}
andm <k <d—1. Assume that {K; : 1 <i < M} is a set of subsets S of [1,2d — k| such

that 2 < |S| < d. Assume that

05> (DU ) ()
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Then
M

(L+0M = K| <k —m+ (d(d—1) —m(m—1))(6 - 1). (2.1)
i=1
Equality occurs if and only if k = m, the K; are distinct, and {K; : 1 < 1 < M} =

<([g}) U ([kJU{i:d+12§iszd—k})) \(Im).

Proof. Let ) |
o (([;z]) y ([k;] Ui d+ 12§ i < 2d — k})) \<[7;])'

Similarly to the proof of Lemma 2.5, assume the condition (x1) that for 1 < i < M,
(I;) NEZ Ujepniay (Igf) Note that (x1) implies that the K; are distinct and that

weie=2() - (5) - (2)

We must prove that the equality case of (2.1) occurs if and only if M = 2(;1) — (S) — (’;)

Furthermore, since each element of [2d — k| must be a vertex of one of the K; and 2d — k > d,
M > 2.
Case 1: me {0,1,2}, m<d—1
Suppose m € {0,1,2} and m < d — 1. (We do not consider when m = 2 and d = 3.)
Suppose y; = (‘Igi‘) for 1 <i< M. Then, 1 <y; < (g) for 1 <4¢ < M and

> >2(3)-(3)-(5)
Z Yi =2 - - :
, 2 2 2
=1

Furthermore, the left hand side of (2.1) is

M
1+ T+
(1+5)M—Z¥.

=1

Let Ry be the set of (y;)1<i<m such that 1 < y; < (g) for 1 < i< M and Zf\il Y >
2(9) = (%) — (7). Additionally, let

2 2

M
fl, .. ym) = (1+5)M—Z#.

i=1
Observe that f is convex so the maximum value of f over Rj; occurs at a vertex of Ry.
Suppose (y;)1<i<ar is a vertex of Ry such that y; € {1, (g)} for1l1<i< M —1.

SupposeQSMS(g)—(g)—(gl).IfyizlforlgiSM—lthen

s () () ()

which is a contradiction. Assume that one of the y;, 1 <7 < M — 1 equals (d

2
not optimal if two distinct y; for 1 < i < M — 1 equal (;l) since we will then have that

); it is clearly
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Zi]‘il yi > 2(;), so we can increase the value of f by decreasing some of the y;. Without loss
of generality, assume that y; =1for 1 <i < M — 2, ypr1 = (g), and

=)= () = (3) e
f(ylw-"yM):(5_1)M+2((5—|—1)+4—d_ﬂ_

Since M < 2(3) — (’;) — (7;), we must prove that equality does not occur. Therefore, we must
prove that

Then,

(=DM +d—d—2 ] <h—m+ (dd—1)—m(m—1))(6 - 1)

It suffices to prove that this inequality is true for 2 < M < (g) — (’;) — (’;) + 1 (observe

that we add (‘21) — (g) — (”21) + 1 as a value for M to simplify calculations). The left hand

side is convex with respect to M, so it suffices to prove that the inequality is true for

Me 2, () - (- (2) + 1)
First, suppose M = 2. The required inequality is

25— 1) +4—d— 1+\/1+8<(22)—(2)—(’§))

<k—m+(dd—1)—m(m—1))( —1).

Since § > =L and d(d — 1) — m(m — 1) > 2, it suffices to prove that

- () - ()

2
Sk—m—ﬁ(d(d—l)—m(m—l)).

This inequality can be verified by expansion. Note that equality occurs if and only if
k=m=0or k=m=1.

Although Lemma 2.6 is true for m € {0,1,2,d — 1}, we only use the case m = 0, see
Remark 2.7. Therefore, for completeness, we include the expansion for the case m = 0 and
equivalently m = 1. It suffices to prove that

4 2 _ _ 2 _
B +4_d_1+\/1+4d 4d — 4k +4k§k_2d(d 1)
d+1 2 d+1

2 _ _ 2 _ _ 2
2d- —2d 4+4_d_k_1§\/1+4d Ad — 4k? + 4k
d+1 2 2

o2d — 2k — 1 < V14 4d? — 4d — 4k2 + 4k < 8k* < 8dk,

which follows from 0 < k < d — 1.

Next, suppose M = (g) — (g) — (’;) + 1. Then, y); = 1 so the required inequality is

(5-1)((3) - (’;) - (7;)+1>+2—d<k—m+(d(d—1)—m(m—1)>(5—1).
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This is equivalent to

() (2)+ () e

d—1
d+1’

SHEROROR R

This inequality is equivalent to

We need to prove this inequality for § > so it suffices to prove that

(k—m)(d+2—k—m) >0,

which is true since m < k <d—1 and m < 2.

Suppose (‘21) — (g) — (7;) +1<M< 2(‘;) — (S) — (’;‘) It is clearly not optimal for two of

the y; for 1 <7 < M — 1 to equal (g) Suppose one of the y; for 1 <i < M — 1 equals (g)
Without loss of generality, suppose y; =1 for 1 <i < M — 2 and yp;—1 = (‘21) Then,

s ()-(0)- () -

Since (3) — (5) ~ (1) - M +2<1

2

s omes§) () (5) o)
sl () (5) 00

Then, we may assume that y; = 1 for 1 <i < M — 1. We have that
d k m
=2 — — — M+ 1.
w=2(5) = (o) - () -+

L 1+8020) = () - (3) - M+ 1)
: .

d
f(yl;---any%nyl;yM) < f <y17"'7yM27 ( )71)

Furthermore,

f, o ym) =0 —1)M +2 -

Observe that f convex with respect to M. Therefore, f is maximized over (g) — (g) — (m) +1<
M <2(3) = (3) — () when M € {(3) = (3) = (5) + 1.2(3) = (5) = (5)

Suppose M = (‘21) — (g) — (’;) +1. Then y = (g) so this case is equivalent to the previous
case we considered where (y1,...,ym) = (1,...,1, (;l), 1).

26



Next suppose M = 2(;[) — (’;) — (’;) Then yy; = 1 so the required inequality is

(6 —1) (2(‘;) - (’;) - (Z‘)) <k-—m+(dd—1)—m(m - 1)) (6 —1).
This is equivalent to
o(()-(2) st

If K = m then it is clear that equality occurs. Suppose k > m. We must prove that

1-0(()- (5) <5

Since § > m, it suffices to prove that
2 k
_— (" <k-—m.
d+1 2 2
This is equivalent to
1

which is true since m < 2 and k <d — 1.
Case 2: m=d—1
Next suppose m = d — 1. Since k = m = d — 1, we must prove that

(14 0)M Z|K|<2 — 1) —1)
and that equality occurs if and only if {K; : 1 <i < M} = E. Note that

E={{d.j}t:jeld-1}u{{d+1,j}:j€ld U( )

Suppose
{K; :1<i<M}=5,U8,USgu,

where K; € S, if K;n{d,d+1} = {d}, K; € S, if K;n{d,d+1} = {d+ 1}, and K, € Sy if

K,n{d,d+1} ={d,d+ 1} for 1 <i < M.

Let Z ={j:j€|d—1],3k € Sy such that j € k}. For all j € Z, both edges in £ that
contain j are covered by an element of S,,. Suppose k € S, contains an element j of Z. If
k ={d,j} then (x1) will be contradicted so |k| > 3. If we remove j from k then the left hand
side of (2.1) will decrease but all of the edges of £ will remain covered. Hence, we can assume
that no element of S, contains an element of Z. We can similarly assume that no element of

Sy, contains an element of Z.

Furthermore, assume that j € [d — 1] and ky, ko € S, satisfy ki # ky and j € ky N ky. If
ki ={d,j} then (x1) will be contradicted so |ki| > 3. If we remove j from k; then the left
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hand side of (2.1) will decrease but all of the edges of £ will remain covered. Hence, we can
assume that no element of [d — 1] is contained in two elements of S,. We can similarly assume
that no element of [d — 1] is contained in two elements of S, and that no element of [d — 1] is
contained in two elements of Sg.

Suppose k € S, and |k| > 3. Suppose j € [d — 1] N k. Suppose we remove j from k and
add {d,j} to {K;:1 <i < M}. Then, the left hand side of (2.1) will increase by §. Hence,
we can assume that |k| = 2 for all k € S, and similarly that |k| = 2 for all k£ € S,

Since each element of S, is {d, j} for some j € [d — 1]\Z, |S,| = d — 1 — |Z|. Similarly,
|Sp| = d — 1 —|Z|. Furthermore, the left hand side of (2.1) is

26 —1)(d—1—|Z])+ Y _ 1+6— k[ = (6 — 1)(2d — 2 —2|Z| + |Saw]) — | Z].

kESap

The inequality
(0—1)(2d—2=2|Z|+|Sw|) — 2| < (6 — 1)(2d — 2)
is equivalent to
—(1-8)ISul < (20 - 1))2].

If |Z] = |Sw| = 0, then the inequality holds with equality. Suppose |Z| > 0. Then, the
inequality is strict because § > % > 1. Hence, equality holds if and only if |Z| = |Su| = 0.
Furthermore, |Z| = |Sup| =0 if and only if {K;: 1 <i< M} =¢£. |

Remark 2.7. It may be possible to generalize the previous result to more values of m. We use
the case m = 0 and intermediate results to prove Corollary 2.10, which is used in Section 3.3.

Theorem 2.8. Suppose § > %. Suppose m is an integer such that 0 < m < d—1 andl is

an integer such that | > m. Let X be the set of elements h of ([Z]) such that h N [l] = [m]
and (g)\(@) C e(W), where [0] is the empty set. Then

) = o (, ") ((;nj_;)!>@_@ |

Proof. The proof of this theorem has the same structure as the proof of Theorem 3.3. Suppose

h e ([Z]) and h N [l] = [m]. The number of A is (:—_77[1)' Hence, it suffices to prove that

Prlh € X] = Pr[(h)\<[m]) C e(T)] = (1 + on(1)) (%) R

2 2

Using the Harris inequality gives that

Prih e X] > (1— (1 —p)li=2))()-(%)

= ((525)r—r-oule0p) o

> (1= 0(1) ((ng)p) s
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d m

= (1—o0n(1)) (%) (QHQ).

From Lemma 2.2 with [k] replaced by h and & replaced by (}2‘)\([7;]),

() o= I(G)

where the sum is over U C 2" satisfying the conditions of the lemma.
If o = (2)\ ("), then

| (” _,jl) < (14 0p(1) (<§7f_21)!) R

uel

Otherwise

| ( n _W> O, (n 0Tl = o, (n((E)=(D)6-D)

ueU

by Lemma 2.5. Therefore

Pr[[d] € X]

IN
—
+
S
S
—_
S~—
S~—
VR
oW
|
)

which finishes the proof. [

Theorem 2.9. Suppose § > d+1 Suppose m is an integer such that m € {0,1,2,d — 1} and
[ is an integer such that | > m. Let X be the set of elements h of (Z]) such that h N [l] = [m]
and (g)\([";}) C e(V), where [0] is the empty set. Then Var[|X|] = o, (E[| X]]?).

Proof. Let S be the set of elements of ([Z}) that have intersection with [l] equal to [m]. We
have that

E[| X[ = ) Prla,b € X].

a,beS

Suppose m < k < d — 1. Suppose a,b € S and k = |[aNb|. From Lemma 2.2 with [k]
replaced by a U b and & replaced by (a U b)\([m])

Prla,b € X] = Pr[(@) U (g>)\([g‘]> 1< Zplw ul;g (" ;fdhj k") (2.2)

where the sum is over U C 2%° satisfying the conditions of the lemma. For convenience,
denote the set of such U by P.
Suppose k > m. From Lemma 2.6, for / € P we have that

L+ )| =D Jul <k —m+ (d(d—1) —m(m —1))(5 — 1),

ueU
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where the equality case of the lemma cannot occur. Using (2.2) then gives that
Prla,b € X| = on(nk_m+(d(d_1)—m(m—l))(5—1)).

Suppose k = m. From Lemma 2.6, for U € P we have that

(L+8)U =Y Jul < (d(d = 1) = m(m = 1))(§ — 1)

ueU

with equality if and only if & = ((5) U (g)>\([gﬂ) Using (2.2) then gives that

-1 )d<d—1>—m(m—1)

Prla,b € X] < (1+0,(1)) ((d —2)!

We therefore have that

d
W XPI =) PrlabeX]=Y Y  PrlabeX]
a,beS k=m a,beS, |anb|=k
d—1
n—Il\[{d—m\[n—-l—d+m e 16—
<E[||X m4d(d—1)(5—1)
<elxi+ > () () (" et )

k=m+1

+ (J:é) (” —Cli : f,:r m> 1+ on(1)) ((CCiTiS—zl)!)d(d—l)—m(m_l)

:E[|X|]+(1—I—on(1))< " )2< 0”5_1‘)d(d_1)_m(m_1).

d—m

Furthermore, from Theorem 2.8,

E[1X]) > (1- 0n<1>>(d fm) (%>(3)_@ |

Var[| X[] = E[|X|*] — E[|X[]* = 0. (E[|X]]?),

It follows that

which finishes the proof. [ |
Corollary 2.10. Suppose § > 9. Then Var{le(H.)|] = on(E[|e()]]*).
Proof. This follows from Theorem 2.9 with [ = m = 0. [

Remark 2.11. We expect Corollary 2.10 to be true for § < & d+1

rigorous proof. For § < d +1, the idea is that almost all hyperedges of H,. are hyperedges of
‘H, the number of which we know is concentrated.

as well although we omit a
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Chapter 3

Partial recovery

3.1 Dense regime

In this section we consider when ¢ > 1, in which case H is very dense. In any other parts of
the paper, it is assumed that ¢ < 1.

Theorem 3.1. Suppose 1 < § < d— 1. The partial recovery loss is 1 — 0,(1).
Proof. This follows from Lemma 1.10 and Theorem 3.2. |
Theorem 3.2. Suppose 1 < 6§ < d— 1. The weighted partial recovery loss is 1 — 0,(1).

Proof. Suppose the function f : Gy — {0, 1} satisfies the condition that if G € G then
f(G) = 1igep(e)- Using (1.2) gives that

5" (Proju ()DAH] = ( ) Palf (Proie () # Ligesl (3.1)
From Fano’s inequality,
H(Yigeeo [Projw(H)) < Hp(Prf(Projy (H)) # Ligeen]):

Using this gives that

(Z) Hy (Pr(f (Projy (M) # Ligecon) Z H(L{h € H})[Projyy (H))

("H!PTOJw( )) = H(H) — H(Projy (H)).
First suppose 6 > 1. Then, for all 4, j € [n], i # j, we have that
. n—2
H({he€ E(H) : {i,5} C h}]) <log ((d— 2>) :

Thus,

H(Proj () < 30 (e 500 Gy < < (5 ) o ((23))-

1<i<j<n
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Since H(H) = () Hp(p) = Q,(n' ™ log(n)), we then have that H(Projy, (H)) = o0,(H(H)).
Hence, (3.2) gives that Pr[f(Projy (H)) # ligee)) = (1 — on(1))p so using (3.1) gives that

o5 = Ey[|B*(D)AH]] _ Pralf (V) # Lgeero] _ | on(1).

p(y) p

Next suppose § = 1. Suppose i,j € [n], i # j. We have that

[{h € E(H) : {i,j} C h}| ~ Binomial ((Z B ;) ,p)
H({h € E(H):{i,j} Ch}]) = 0,(1)

since [{h € E(H) : {i,j} C h}| has mean (_2)p = O,(1), see [18, Exercise 1.4]. Then,

H(Projy(H)) < ) H({h e EH):{i,j} C h}|) = Ou(n®).

1<i<j<n

Since H(H) = Q,(n*log(n)), H(Projy, (H)) = 0,(H(H)) and we conclude similarly as the
case 0 > 1. [

3.2 Preliminary results

Theorem 3.3. Recall that ¢ = Pr[([g]) C W]. Then

q=(140,(1)) (p + (%) g + oy, <p + n(i)(é—l))) .

Proof. First we lower bound ¢. Note that if [d] € e(H) then [d] € e(H.) so ¢ > p. Suppose
[d] ¢ e(H); this event occurs with probability 1 — p. Then, [d] € e(H.) if and only if for each
edge {i,7} for 1 <i < j < d, there exists h € ([Z])\{[d]} such that {7, j} C h and h € e(H).

Suppose 1 < i < j < d. The probability there exists h € ([Z})\{[d]} such that {i,7} C h

n—2

and h € e(H)is 1 — (1 — p)(dﬂ)_l. Using the Harris inequality gives that

Prlld] € (Mol ¢ ) > (1- (1 - p) D1
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Hence,

)

)@ 4 0, (n(2)ED)y,

4= Pr{ld] € o(H)] = p+ (1 - p)(1 - 0n(1)) (

51 (3.3)

cn(

(d—2)!

=p+(

Next we upper bound ¢ using the technique discussed in Section 2.1. From Lemma 2.2
with [k] replaced by [d] and & replaced by ([d])

0 =Prlld € e < 3_r ] (a )

ueU

where the sum is over Y C 29 satisfying the conditions of the lemma. For convenience,
denote the set of such U by P.
Suppose U € P and M = |[U|. It is clear that 1 < M < (). f M =1 (U = {[d]}) the

d

probability is p and if M = (%) U = (%)) then the probability is (1 + 0,(1)) (ﬁ)“

Using the union bound gives that

< 14o0.(1 L(H (g) O, (n(HOM=3, ey luly. 3.4
q<p+(1+0,(1)) a—2i) ° D ) (3.4)
el

Suppose U € P and M = |U[; recall that 1 < M < (g) Furthermore suppose y, = (';')
for u € U. Then y, > 1 for u € U and Zueu Yu = (g) Furthermore

M1+ 6) = 3 Jul = M(1+5) - AL (3.5)

ueU uel

Suppose 1 < M < (‘;) Let Ras be the set of (y;)1<i<p such that y; > 1 for 1 <i < M
and My > (9). Let

f(yla---7yM):M(1+5)—ZH— ‘syzﬂ

i=1
An upper bound of (3.5) is the maximal value of bound f over R,,. Since f is convex, this

maximal value occurs at the vertex y; =1 for 1 <i < M — 1 and y; = (g) — M + 1. The
value of f at this vertex is

) +2_1+\/8 M+1) 1

and maxyer,, f(y) = g(M). Observe that ¢ is convex in M over [1, (g)] Hence, the
maximum value of g for M € [1, (‘21)] is g(1) = —d+ 146 or g((9)) = (g)(é —1). Particularly,
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if 1 < M < (9) then g(M) < max(—d + 1+ 6, ($)(5 — 1)). Using the fact that an upper
bound of (3.5) is g(M) then gives that if ¢/ € P and 1 < |U| < (9),

U|(1+9) — Z lu| < max(—d+ 149, (Cgi) (0 —1)).

uel

Using (3.4) then gives that

d
cn

-1\ () ;
Pr([d] € e(H.)] < p+ (1 + 0a(1)) (M) +ou(p+ nED)

Using this inequality and (3.3) completes the proof. [ |
Remark 3.4. Observe that Theorem 3.3 for § > 4=1 is implied by Theorem 2.8 with [ = m = 0.

d+1

Corollary 3.5. The asymptotic expressions

T
L

(14+o0,(1))p ifé <

dr1
q= p+®n(p> Zf(SZ%
wn(p) if 6> 44

are true.

Proof. This follows from Theorem 3.3 and the fact that (g) (6 —1) > —d+ 146 if and only
if § > 4= n

Lemma 3.6. Almost exact recovery is possible if and only if

> Pr[¥ = G| Pr([d] € H|V]* = p — 0,(p).
Geg

Furthermore if
> " Pr[¥ = G| Pr([d] € H|V]* = 0,(p)
Geg

then the partial recovery loss is 1 — o0,(1).

Proof. Since

_ PegPrl¥ = G] (5 — [Prlld] € H|Y = G] - 5)

1 - 2
Yoeq PrI¥ = G] (4 = (Prld] € H|w = 6] - 1)*)

<2

we have that

TPV =G (5~ [Prlld e MU =G —3) _, (3.6)

L TS PV = P d e HY = GE
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From (1.2), almost exact recovery is possible if and only if

1
Prjv =G| = —
S 1(2

Then, from (3.6) almost exact recovery is possible if and only if

Pr([d] € H|¥ = G] - %D — onlp).

> " Pr[¥ = G| Pr([d] € H|V = GJ* = p — 0,(p).
Geg

Furthermore from (1.2) the partial recovery loss is 1 — 0,(1) if and only if

> Pr[¥ =G (% —

Geg

Pﬂﬂe%@=¢ﬂ—ﬂ):p—%@»

Then (3.6) gives that

> " Pr[¥ = G Pr[[d] € H|V = G]* = 0,(p)
Geg

implies that

1 1
ZPr[\I/ =G| (5 — [Pr][d] € H|V = G] - 5‘) > p— 0,(p).
Geg
This quantity is also at most p, which implies that partial recovery loss is 1 — 0,(1). [ |

Theorem 3.7. Almost exact recovery, which means o,(1) partial recovery loss, is possible if

6 < 9=.

Proof. Suppose § < %. We have that
> P =G|Pr[[d e HIT =G = > Pr[¥ =G]Pr[ld € H|V =GP
Geg Geg, (i) ce(@)

Using Cauchy-Schwarz and Corollary 3.5 gives that
) T
Pr[¥ = G| Pr[[d] € H|¥ = G]* > =—=(1-0,(1))p.
(d]
Geo,(T)celc) Pr[( 2) C e(0)] q

d—1

1 from Lemma 3.6. [ |

Then, almost exact recovery is possible if § <

3.3 Partial recovery

The goal of this section is to prove the following result.

d—1

Theorem 3.8. Suppose 0 > 7.

Then the partial recovery loss is 1 — 0,(1).
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Towards this direction, we analyze when the partial recovery loss is 1 — 0,(1) by us-
ing Lemma 3.6. First, assume that H’ is sampled from the conditional distribution pyy
independently of H. Then, we obtain the Markov chain

H — Proj(H) = Proj(H') — H'.
The following lemma is essential.

Lemma 3.9.

(Z) 3" Pi[¥ = G] Pr[[d] € H|V¥ = G)?

Geg
- Pr[H = H]Pr[H = H']
B Z Pr[Proj(H#) = Proj(H)]

|E(H) N E(H")|.
H,H’e{0,1}([3]),
Proj(H)=Proj(H")

Lemma 3.10. Suppose U,, C {0, 1}([3]), n > 1 satisfy Pr[H € U,] = 0,(1). Then
Pr[H = H| Pr[H = H'] N n
20 BelProg) = Pra) P U = on ()

[n
Heun,H’e{0,1}< d )
Proj(H)=Proj(H")

Proof. Using the Cauchy-Schwarz inequality gives that

Pr[H = H|Pr[H = H'|
Z Pr[Proj(H)]

|[E(H)NE(H')| < Y Pr[H = Hle(H)
Heun,H’e{o,l}([d]> Hetn
Proj(H)=Proj(H’)

> Pr[H=H ( > PriH = H]e(H)2>

Hely,

SIS

IN

He{0,1}<[z])
|

First observe that e(#) is concentrated around its mean p(Z) and Corollary 2.10 gives
that e(H.) is concentrated around its mean ¢(7}). Suppose € = o0,(1) satisfies e(H) €
[(1=e)p(5), (1+e)p(h)] and e(H) € [(1—€)q(}), (1 + €)q(7)] with probability 1 — o,(1). Let
Z be the set of H € {0, 1}([?) such that e(H) € [(1 — e)p(5), (1 + €)p()] and the number of
d-cliques in Proj(H) is in [(1 — €)q(}), (1 + €)g(})]. From Lemma 3.10,

Pr[H = H|Pr[H = H'|
Z Pr[Proj(#H) = Proj(H)]

|E(H) N E(H)]
H,H’E{O,l}([g] R
Proj(H)=Proj(H') (37)

B Pr[H = H|Pr[H = H'| , n
= 2 b = oy P OB o (+(3))
Proj(H,):PrOS(H/)
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d—1
Lemma 3.11. Suppose 6 > 7. Then,

Pefi = HIPeH = 1] _ (14 0,(1))e®) T
Z Pr[Proj(H) = Proj(H)]? = ( P ) )

HHEZ,
Proj(H)=Proj(H'")

Proof. Let G’ = Proj(Z). We have that

Pr[H = H|Pr[H = H'| Pr[H = H]
2. DrlProiH) = Proj (D = 2= PrlProj(#) = Proj()]

<G

HH'€Z, HezZ

Proj(H)=Proj(H")

2

1= a+a(y)e() ((l +€()%)p(g)),

The maximum number of edges in some G € G’ is (1 + ¢€) (d) p(%}). Therefore,

if n is sufficiently large so that (1 + ¢) (g) p(”) < l(’2‘) Stirling’s approximation gives that

k! > (%)k Thus using Theorem 3.3 and the dfact tilat o> % gives that
( (g) ) 3 ( e(g) )(He)(g)P(Z) _ ((1 +On(1))e(g)>(1+e)p(z>
1+~ \Q+aE)r() a |
[
Lemma 3.12. Suppose § > gﬁ and M € (0,1). Then
Pr[H = H| Pr[H = H’]
H,;;z, Pr[Proj(H) = Proj(H)] = on(1):

Proj(H)=Proj(H'),
B(H)NE(H")>Mp(7})

Proof. If H' € Z then
(1-9n(2) )
P =< ({22 e,
-P

Suppose I € [Mp(7), (1 + €)p(;)] is an integer. Next we upper bound the number of choices
for H' given H and |[E(H)NE(H')| = 1.
Suppose H € Z. The number of choices for E(H) N E(H’) is at most

(o +e)p(Z)J)_

1
Since E(H') C E(H¢), the number of choices for E(H")\E(H) is at most

(L(L(l +e)a(3) ) )

14 e)p(Z)J -1
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assuming that n is sufficiently large so that p < . Hence

> Pr[# = H|Pr[H = H']
HHEZ,
Proj(H)=Proj(H"),
E(H)NE(H)=I

< S p ) (122) 7 G (10 I (L0

Hez I 1+e¢) ()J

< (1% ) ey (a9 (ergr |
“\l-p I/(p(3) ) \L+e—1/(p(3))

; 1))p(1/(p(’;))—2e)p(3)q(1+e—1/(p(2)))p(’;)

—~
—_
+
)
—~

( 14 0,(1) )p(:})
(/DD 1+ e = 1)) /oth )

Observe that the inequalities are true even for the edge-case I = [(1+ €)p(7)]. Let o =
MaX,e[M,1) m Then if n is sufficiently large,

N PiH = HIPiH = H'] < (14 0,(1)pt/ @) =200(0) g+ 1/ (i) op (i)
HH'EZ,
Proj(H)=Proj(H’),
E(H)NE(H)=I

(3.8)
Using this inequality, Lemma 3.11, and Cauchy-Schwarz gives that

Pr[H = H| Pr[H = H’|
Z Pr[Proj(H) = H]

H,H'eZ,
Proj(H)=Proj(H'),
Mp(g)g\E(H)mE(H’)\S(He)p(Z)

N[

< > Pr[H = H|Pr[H = H'|
MP(Z)SIS(IJF )p( )PrOJ(g)HIPGri](H’),
E(H)NE(H)=I
Z Pr[H = H| Pr[H = H’]
ez, Pr[Proj(#) = Proj(H)]?
Proj(H)=Proj(H’)
< ( (1+ On(1))p(1/(p(2))*2é)p(2)q(1+6*1/(p(3)))p(2)ap(Z)
Mp(7)<I<(1+e)p(})
(14€)p
((1+0n(1)) ()) ());
q
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/(7)) , r(3) :
= Z <(1 + 0,(1)) (g) p_QEoze(?)) :

MP(Z)§I§(1+6)p(Z)

Observe that using Theorem 3.3 gives that

(g)(5—1)+d—1—5_

> (1+0,(1))

c(3)-1
~
2

(d—2)1¢)

SEES

Because 0 > %, (g)(5 —1)+d—-1-46 > 0. Suppose Mp(Z) <I<(1+ e)p(z .

I/(p(7}) > M so

D /(%)) , ]
(14 0,(1)) (5) p_zeae(Q) _ On(nfM((2)(6—1)+d—1—6)+26(d—1—6))'
Particualrly, if n is sufficiently large then
/(%)
(1 +0n(1)) <§> p‘26a@(§) — On(n—%((g)(é—l)w—l—(s))

since € = 0,(1). We therefore have that

5 Pr[H = H]Pr[H = H']

HHEZ, Pr[Proj(H) = H|
Proj(H)=Proj(H’),

Mp(g)g\E(H)mE(H’)\S(He)p(Z)

- ((1 Lo (Z) O, (n~ ()61 -1-3) )p<z>) — 0,(1).

N

Proof of Theorem 3.8. From Lemma 3.6 and Lemma 3.9 it suffices to prove that

Pr[H = H|Pr[H = H'| N n
> Pr[Proj(H) = Proj(H)] [E(H) N E(H)] = on (p<d)) '

H,H’G{O,l}([g )
Proj(H)=Proj(H')

From Lemma 3.12, for all M € (0,1) we have that

Pr[H = H|Pr[H = H]
Z Pr[Proj(#H) = Proj(H)]

H,H’e{o,l}( Z]),
Proj(H)=Proj(H")

B N () < 01+ 0,

Considering the limit M — 0 completes the proof.
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3.4 Weighted partial recovery

For weighted partial recovery, we can prove a similar result as Theorem 3.8 using a very
similar method. This is the statement of the result.

d—1

Theorem 3.13. Suppose 6 > .

Then the weighted partial recovery loss is 1 — 0,(1).

Proof. Suppose k > 1. For 7,5 € [n], i # j, the probability that {i,j} is contained in at least
k hyperedges of H is

o0 3 () ()= 5 (7)o

m=k m>k

Then, the expected number of {i,j} that are contained in at least k hyperedges of H is
O, (n**0=1)) By selecting k to be sufficiently large, this expected value will be 0,(1), so the
probability that there exists an edge {i,j} that is contained in at least k hyperedges is 0,(1).

Suppose k is sufficiently large. Then, set Z’ to be the set of H € Z such that each edge
{i,j} is contained in less than k hyperedges. We have that Pr[H € Z'| =1 — 0,(1), so we
can use Z’ in place of Z.

We can now essentially use the same proof as Theorem 3.8, of course after replacing Proj
with Projy, and Z with Z’. The only significant step is to prove the analogue of Lemma 3.12;
the remaining steps are straightforward to verify. For this proof, we can follow the framework
given in the proof of Lemma 3.12.

The most important step is to justify the analogue of Lemma 3.11. Letting G” = Projy, (2),
since each edge of Proj(H) is contained in less than k hyperedges and the number of edges in
Proj(H) is at most (1 + e)(g)p(s) for H € Z', we have that

16" < (k — 1)+9@)e(3) g7,

so using Lemma 3.11 gives that

(1+e)p(y
> Prfft = H|Pr{H = H1 o (L 0a(D)(ke) =
Projy, (H)=Projy (H')
Furthermore, it is clear that
> Pr[H = H|Pr[H = H'] < 3 Pr[H = H]Pr[H = H'|
HHeZ', H,H'e€Z,
Projy, (H)=Projy, (H'), Proj(H)=Proj(H'),
|E(H)NE(H')|=I |E(H)NE(H')|=I

for all I € [Mp(Z), (1+ e)p(Z)], so the analogue

> Pr[H = H|Pr[H = H'] < (1 + 0,(1))p?/®()=290(3) gte=1/w(3)0r(5) o2(3)
H,H'€Z,Projy, (H)
=Projy, (H'),
|E(H)NE(H')|=I

of (3.8) is true. Afterwards, we can follow the same steps to prove the analogue of Lemma 3.12.
[
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3.5 Correlation inequality

It is in fact possible to extend the results from Theorem 3.8 from one hyperedge to multiple
hyperedges. As explained in the proof of the following result, the special case k = 1 is
equivalent to Theorem 3.8.

Theorem 3.14. Suppose Suppose § > d—ﬁ and k > 1. Then

sup({ ) Z Pr[hy, ..., hy € E(H)|Proj(H) = G]* Pr[Proj(H) = G] = 0, (p").
hhee () Geg

distinct

Proof. First we resolve the case k = 1. From Lemma 3.6, it suffices to prove that Ey 3/ [E(H)N
E(H')] = 0, (p(%)), which we show in the proof of Theorem 3.8.

Next, assume that k£ > 2. Suppose hq,...,h; € ([Z]). Suppose 5;, 1 <1 < k are disjoint
sets of |7 | —d vertices that are disjoint from h;, 1 <7 < k, assuming n > kd. Let T; = S; U,
for 1 < ¢ < k. Let H; be H with vertex set restricted to T; for 1 < ¢ < k. Observe that the

H; do not have any overlapping hyperedges. Furthermore, let H denote H\ (Ule ’Hi), that

is, HC is H restricted to ([”])\ (UZ 1 (E’))

Suppose G € G. Where G; is some graph with vertex set 7} for 1 < i < k and G¢ is some
graph with vertex set [n], we have that

PrlProj(H) =G| = Y []Pr[Proj(H;) = Gi] Pr[Proj(H) = G

Gi,1<i<k,GY, 1==1
projection is G

and
Prhi,...,h € E(H),Proj(H) = G]

= > TIPelProi(m:) = Gi, hi € E(H:)| Pr[Proj(HE) = GC).

Gi,1<i<k, G, =1
projection is G

Using the Cauchy-Schwarz inequality gives that
Prlhi, ..., h € E(H)|Proj(H) = G]* Pr[Proj(H) = G]

2

projection is G

ZGi,lgigk,GC, Hf:l Pr[Proj(H;) = Gi, h; € E(H;)] Pr[Proj(H%) = G|

projection is G

3 H Pr| Protl]D]f Proj(fj’)h. E@f(%l)] Pr[Proj(H1%) = G“].

IN

G;,1<i<k,GY, i=1
pI‘OJeCthn is G
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Afterwards summing over the G gives that

> Prfh, ... hy € E(H)[Proj(H) = GJ* Pr[Proj(H) = G
Geg

Pl“ PI"OJ Gi, h; € E(/Hz)]z . 1n,C C
< ey
Z Z H P PrOJ(H) e Pr[Proj(H") = G*]
Geg @4,1<i<k,G¢, 1=1

proj jection is G

B Pr[Proj(H;) = Gi, h; € E(H,;)]? .(2/C\ _ AC
- Z H Pr| PIOJ(H ) =G PriProj(#7) = &1
Gi,1<i<k,GC i=1

Z H Pr[Proj(H;) = Gy, h; € E(H;)]?
Pr| PrOJ("H ) =Gl

G;,1<i<k i=1

H Z Pr[Proj(H;) = G;, h; € E(H,;)]?
ey Pr| PrOJ (H;) = G ‘

Observe that the H; follow the same random model as H but with a different value of p. The
H; have || vertices and each hyperedge appears with probability (¢ + 0, (1))n~*"*°. Thus,
when the H; have n vertices, each hyperedge appears with probability (c+o,(1))k=4¢T1Hop=d+1+9,
From repeating the case k = 1 for this random model,

> " Prfhy, ..., hy € E(H)[Proj(H) = GJ* Pr[Proj(H) = G]

Geg
<[> PrIProih) = Go b € BOLE | sy
plrives Pr| PrOJ(H) Gl

Remark 3.15. The previous proof exhibits an advantage of considering the regime p =
(C+0n(1))n_d+1+6.
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Chapter 4

Ambiguous graph results

4.1 Introduction to ambiguous graphs

The goal of this chapter is to prove combinatorial results that will eventually justify lower
bounds of the exact recovery thresholds. We apply these results in Chapter 5 to prove
Theorems 1.7 and 1.9. First, in Definition 4.1, we define an ambiguous graph, which is
introduced in the paper [5]. Afterwards, in Definition 4.2, we define the ambiguous graph
G4, which is also introduced in the paper.

Definition 4.1. A minimal preimage of a graph G is a hypergraph H such that Proj(H) = G
and |e(H)| is minimal. A graph G is ambiguous if there exists two distinct minimal preimages

of G.
Definition 4.2. Define the hypergraph H = (V, E) as follows:
o V= {w,wo}U{vr,...,var} ) SFLES S2.
o E consists of {wi,v1,...,va 1}, {wi,v;}US} for 1 <i<d—1, and {wy,v;} US? for
1< <d—-1.
Then, define G, 4 := Proj(H).

As explained in [5, Lemma 27|, H and H' are minimal preimages of G, 4, where H' is H
with the hyperedge {wy,v1,...,v4-1} replaced by {ws,v1,...,v4-1}.

The following result is the main result of this chapter. We dedicate the sections of this
chapter to proving various cases of the theorem for d > 4.

Theorem 4.3. Suppose d > 3. For any preimage h of an ambiguous graph, d—l—#h) > %.

Proof. The d = 3 case is resolved in [5, Appendix D|. The cases d = 4 and d = 5 follow from
Lemmas 4.8 and 4.9, respectively. [ |

Remark 4.4. Observe that d — 1 — % = gzll—:‘ll for the minimal preimage h of G, 4, so

Theorem 4.3 implies that G, 4 is the optimal ambiguous graph in the context of the theorem.
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Figure 4.1: This figure displays (G, 3. One minimal preimage consists of the gray and red
triangles while the other consists of the gray and blue triangles. For general d > 3, the set
{v1,v9} is replaced with {vy,...,v4-1}. Then, the red and blue triangles are replaced by
d-cliques. Furthermore, the sets S and S are replaced by (d — 2)-cliques for 1 <i < d — 1.

4.2 Optimization result

Lemma 4.5. Suppose d > 3 and v € [%, 00). Assume that h is a d-uniform hypergraph.
Assume that the set of edges of h is Ey U I, where E;, and I are disjoint. Suppose U is a set
of vertices of h such that each hyperedge in E), is a subset of U. Suppose P is a set of edges

such that for all {a,b} € P, {a,b} C U and there exists i € I such that {a,b} Ci. If

(d—D|Ex| = U+ [P] y
| En| + [P 7

then d — 1 — ﬁ > min(y, 1).

Proof. Assume that
(d—1)|Ex| — U] + [P
| En| + [P -
For all i € I, let x; = [iNU|. Let Z be the set of i € I such that x; < 1. Let V' be the set of
vertices in U or some hyperedge in I\ Z; that is, V = U UieI\Z i. Suppose h' is the subgraph
of h that is induced by V.

Start with the vertex set U. The number of vertices is |U|. After adding the hyperedges
i € I\Z, the number of vertices |V| satisfies

VI<IUL+ Y 1\UI= U+ ) (d = ).

i€\Z i€\Z
Therefore,
E N7 E IAVA
w5 [BLEINZ BN
Vi U+ ZieI\Z(d - ;)
Note that
1 1
d—1———>d—-1-
m(h) ~ a(h)
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U+ Zie[\Z(d — ;)

>d—1-—

|En| +[1\Z]
(A =DIE] = U]+ (d = D[I\NZ| = 3 e p 2 (d — )
- | En| + [1\Z]
(A= DIE] = U] = [INZ] + ) icp %

| En| + [1\Z] '

Hence, it suffices to prove that

(d = DB = [U] = [INZ] + 3\ i
| En| + [1\Z]

> min(y, 1).

Next we use the technique from Section 2.1 to finish the proof. Observe that

T
>
> ()=
i€I\Z

from the definition of P. For all i € I\Z, let y; = (%). Note that

N 2

for all i € I\Z. Because x; > 2 for alli € I\Z, 1 <y; < (J) for all i € I\Z. We have that

(d = DB = [U] = [INZ] + 3y i

|En| + [1\Z]
S (d = D|Ex| = |U| = [INZ] + e p z 50
T 1<yis(d) ienz, | Enl + [1\Z] '
ZieI\Z yi>|P|

Hence, it suffices to prove that

2

(d = DB = U] = [NZ) + Yiepz 5
> min(y, 1).

min
1<y;<(2).i€1\7, |Ew| + [I\Z]
ZiEI\Z yi=|P|

Assume that M = |I\Z| and replace I\Z with {1,..., M}, for simplicity. Furthermore,
let Rar = {(yi)r<i<ar 1 <y < (3),1<i < M, 3N g > [P} for M > 1.
Case 1: M =0

If M =0, then |P| =0, so

(d = D|Ba| — U] = M + 57, 255 (d— 1)|Ey| — |U]

|En| + M | En|
_ (d=1)|Ey| - |U| + |P]
| En| + |P| N
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Case 2: 1 < M < |P|
Suppose 1 < M < |P|. Observe that

(d—1)|Ey| — U] = M + Y1, Bt
|Eh| + M

is concave in (y;)1<i<m, so the function is minimized over Ry, at a vertex.
At the vertex, M — 1 of the values must be elements of {1, (‘21) }. Without loss of generality,
assume that y; € {1, (g)} for 1 < j < M — 1. Assume that A of these values equal (;l) and

M — A —1 equal 1. Then, since Zf‘il v > |P|,

yu — 1+ A <(g) — 1) >|P|— M= (d—2)A+ 2<ydM+_11) > 2(7;1”). (4.1)

Furthermore,

(d—1)|Ep| — U] — M + Y1, Y
|En| + M
(d—1)|Ep| — U] = M + Ad + 2M — 2A — 2 /18
\En| + M
(d = 1)|Ex| = U]+ [P] = (|P| = M) + Ad — 2A + =H/T580m
| Ep| + P = (IP| = M) '

Let X = (d—1)|Ey|—|U|+|P|, Y = |Ey|+|P|, W = |P| - M, and A = Ad—2A+ =2/ +5u
Then,
(d—1)|Ey| — U] = M + M /118w X -W+A
th|+M Y -W 7

. Observe that

&|&.

and we know that % >y >

(d—1)|Ey| — |U| - M+ZM O X WX -Y)+HAY . W(EE) +A

|Ep| + M Y Y =-wy Y W
Because 25X >~y —1 > _d+1’
(4= DIEs| = U] = M+ 300, G50 XA gy
\Ep| + M Y - Y-W
M 1T
The goal is to prove that (@=DIBn|~ |U|| Ei\ﬁz\% )Y—( For this, it suffices to prove that
A > W
= dt1

Since A = (d — 2)A + =20/ 8w V21+8W, in order to prove that A > 2 ysing (4.1) gives that

d+1°
84+ vT T B _ 20— 1)
2

— d+1 7

it suffices to prove that
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where 1 < ypr < (9). We have that f(z) = =2HH82 23:;1) is concave, so f(z) is minimized

over the interval [1, (4)] at its endpoints. Since f(1) = f((2)) =0, f(z) > 0 over [1, (3)],

which shows that A > 53/1 Thus,

(d— DB — U] = M+ 30, B X
|Ep| + M =y =7

Case 3: M > |P|
Next, suppose M > |P|. Then,

(d—1)|Ey| — U] = M + 3 Httn
|En| + M

is minimized over Ry, at y; = 1 for 1 <7 < M. Therefore, over R); we have that

(d =D E| — U] = M + 337, 25 (d = 1)|Ey| = U]+ M
| Ep| 4+ M - |Ey| + M
_ (A= DB~ U] +[P| + (M — P])
[Enl + [P+ (M = [P])
> min(y, 1).

We are done. [ |

4.3 Unweighted

Suppose h and g are hypergraphs such that Proj(h) = Proj(g), h # g, and e(h) > e(g). Note
that G := Proj(h) is not necessarily ambiguous (despite the title of this chapter) and g is
not necessarily minimal. In this chapter we derive lower bounds for d — 1 — ﬁ for different
values of d.

Let £}, be the set of hyperedges in h but not g and E, be the set of hyperedges in g but
not h. Furthermore, let I be the set of hyperedges in both h and g.

Let &, be the set of edges of Proj(E},) and &, be the set of edges of Proj(E,). Furthermore,
let £ be the set of edges of Proj(I).

Lemma 4.6. The set &, is a subset of £ UE, and the set &, is a subset of EUE,.

Proof. Suppose {i,j} € &,. Then, {i,j} is an edge of Proj(h) = G. Hence, {i,j} is an edge
of Proj(g) = G, which implies that {i,j} € EUE,. |

Let P be the symmetric difference of &, and &;. From Lemma 4.6, P C €. Let U be the
set of vertices in some hyperedge in Ej, U E,. Observe that for all {a,b} € P, {a,b} C U and
because P C &, there exists i € I such that {a,b} C i. Hence, Ej,, I, U, and P satisfy the
conditions of Lemma 4.5.

Let V}, be the set of vertices that are in £}, but not E,, V; be the set of vertices that are
in E, but not in Ej, and V; be the set of vertices that are in both E, and E}. Observe that

U=V,UuV,uV;.
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Suppose v € U. Let d(v) be the number of elements of Ej, that contain v and dj (v) be
the number of u € U such that {u,v} € ,\&,. Similarly, let d,(v) be the number of elements
of E, that contain v and d(v) be the number of u € U such that {u,v} € E\E.

Suppose v € V7. Let k(v) be the largest positive integer k such that there exists i, € F,
and i, € E, such that v € iy,1, and |is\iy| = |ig\in| = k. Assume that i) € E} and i, € E,
satisfy v € iy, 1, and |in\iy| = k(v). We have that i, # i, so i,\i, and i,\i; are nonempty.
Let iy (v) = 45 and i,(v) = 4,. If there are multiple choices for (ij,14,), we can select one choice
randomly. Let ny(v) be the number of w € ij\i, such that {v,w} € &,\E&, and n,(v) be the
number of w € i,\¢;, such that {v, w} € £)\Ep.

The following lemma is implied by Lemma 4.9. However, we include its proof since its
contents motivate later methods.

Lemma 4.7. Suppose d > 5. Thend—1— m%h) > 4=

Proof. From Lemma 4.5, it suffices to prove that

(= DIE U1+ 1P| _ d—1
|En| + |P| —d+1

Thus, it suffices to prove that
d(d — D)|Ey| +2|P| > (d+ 1)|U]. (4.2)
We have that

dEy =) dp(v)= ) duy(v) and d|E|= > dy(v)

velU veVRUVr veVyuVy
Furthermore,
2P| =) dy(v) +di(v
velU
SO
2P| =Y di(v)+ > dy(v)+ > (dy(v) + di(v)). (4.3)
veV veVy veVr

Suppose v € V. For simplicty, let i, = i5(v) and i, = i4(v).
Assume that nj,(v) = 0. Suppose w € i,\i,. Then, there exists i € E, such that {u,w} €1
because {u, w} € &, and {u,w} ¢ E,\E,. Because w ¢ iy, i # iy. As v € 0,14, dy(v) > 2.
Assume that ny(v) > 0. Then, there exists w € i,\i, such that {u,w} € &,\&,, so
dy(v) > 1. Observe that d,(v) > 1 because v € i,,.
Hence,
dg(v) > 1+ Ly, w)=0 and d;(?}) >1- Ly, (v)=0-

We similarly have that

dh(v) >1+ 1ng(v):0 and d;(?}) >1- 1ng(v):0.

N, = Z 1nh(v)=0 and Ng = Z 1ng(v):0

veEVT veEVT

Let
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We have that dj,(v) > 1 for all v € V}, and d,(v) > 1 for all v € V. Thus,

dEy = Y dn(0) > Vil + D (14 Lyyyo) > [Val + Vi + N, (4.4)

veEVRUVT veEVT

and similarly,
dlEg| > [Vg| + [Vi] + Np. (4.5)

Adding (4.4) and (4.5) gives that

d(|Bul + 1 Egl) = Vil + Vg + D (2+ Ln9=0 + Lny0)=0)

veV]
= |Vl + |V, +2|Vi| + N, + N,
= U] + V1| + N + N,.

Since |Ep| > |E,| because g is minimal,

Ul + Vil + Nu + N,

d|Ey| > 5

(4.6)

Suppose v € V},. Suppose v € i for i € h. We have that for all w € ¢ such that v # w,
{v,w} € E\E, because v € Vj,. Therefore, dj (v) > d — 1. Similarly, if v € V,, di(v) > d — 1.
Hence, (4.3) gives that

2/P| > (d = 1)|Val + (d = DIVyl + D (2 = Lo, =0 = Ln,w)=0)
veVr (47)
= (d=D(IVal + [Vg]) + 2[VI| = N» — N,

We have that

(@=1W| , (@+3)Vi

d—3
d(d —1)|En| +2|P| = +(d = D)(IVa] + [Va) + —— (N + N)

2 2 2
d—1)|U d+3)|Ul d-5 d—3
_ ) ‘+< ) ’+ (|Val + IVy|) + ——(Nn + Ny)
2 2 2 2
d—>5 d—3
= @+ VU] + (Wil + V) + S5 (N + )
> (d+ 1)|U].
This proves that (4.2) is true, which finishes the proof. [ |
Lemma 4.8. Suppose d =4. Then, d —1 — ﬁ > %_:11 = %.
Proof. For the sake of contradiction, that d — 1 — ﬁ < % < %, where % = g From
Lemma 4.5,
(= DI - U +IP| _3
|Ew| + | P] 5
This is equivalent to
12|E,| + 2|P| < 5|U. (4.8)
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For the sake of contradiction, assume that |V},| = 0. Using (4.6) gives that

Ul + Vil + No + N,

4|1 Ey| > 5

and using (4.7) gives that
2|P| > 3|Vy| + 2|Vi| = Niy — Ny =2|U| + |Vy4| = Ni — N,
Hence,
12
12|En| + 2[P| = = (IU] + Vi + Np + Ny) + 2|U| + [Vy| = Nj, = Ny
7 1
= D1+ Vil + Val) + S0Vl + Mo+ )
9 1
= MU+ S (Vil + N+ Ny).
Therefore, (4.8) implies that

9 1
U+ (Vi + Na o+ ) < 5[0,

SO
Vi| + Ny + N, < |U]. (4.9)

Additionally, using (4.5) gives that,
A|Ey| > 4|Ey| > |V, + |Vi| + Ny, = |U| + N,
We therefore have that

12|Eh| + 2|P| > 3(|U| + Nh) + 2|U| + |Vg| — Np, — Ng
= 5|U| + [V + 2N, — N,.

Thus, (4.8) gives that
5IU| + |V,| + 2N, — N, < 5|[U| = 2N, + |V,| < N,
Substituting this in (4.9) implies that
Vil 4+ 3Nn + Vg < [U],

which is a contradiction to |U| = |V;| + |V,|. Thus, |V,| > 0.
Next we prove that m(h) > @ = 1—77 Suppose v € V},. Assume that ¢ € h and v € 1.
Suppose @ = {v,uy, us,us}. Observe that because v € Vj,, {v, w1}, {v,u2}, {v,us} € E\E,.
Hence, each of these edges is contained in an element of I by Lemma 4.6. Let

T= {{U7 ul}v {'Uv UQ}’ {U7 U3}}

Step 1: Covering the edges of 7
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We cannot cover the edges in Z with one element of I. Suppose we cover the edges with
a,b € I, where {v,uj,us} C a and {v,u3} C b without loss of generality. Then, if £ is the
subgraph of h induced by the vertices of a, b, and i, e(k) > 3 and v(k) < 7 so

e(k) S 3 7

v(k) =77 17

17

~J

Hence, m(h) > .

Suppose we cover the edges in Z with a,b,c € I, where {v,u1} C a, {v,us} C b, and
{v,us} C c. Let f(a) = {v,u1}, f(b) = {v,us}, f(¢) = {v,us}, and §(i) = {v,u1, u,us}. For
any two distinct elements x,y € {a, b, c,i}, f(x) N f(y) C x Ny since f(z) C x and f(y) C v.
Suppose there exists two distinct elements z,y € {a, b, ¢,i} such that f(z) Nf(y) is a strict
subset of  Ny. Then, if k is the subgraph of h induced by the vertices of a, b, ¢, and 7, then
e(k) >4 and v(k) <9 so
(k) 4 7

> = > —.
v(k) — 9 17
Assume that for any two distinct elements z,y € {a,b, c,i}, f(x) Nf(y
the subgraph of h induced by the vertices of a, b, ¢, and i, e(k) > 4
Step 2: Covering {uj,us}, {us,us}, and {us,u;}

We have that the edges {uy, us}, {us,us}, and {us, u;} must be covered by elements of
E,U I by Lemma 4.6.

Assume that d € (E, UI)\{a,b,c,i} and |d N {uy,us, us}| > 2. If £ is the subgraph of h
induced by the vertices of a, b, ¢, d, and 7, then

e(k) _ b 7
> — > —.
v(k) — 12 7 17

Next, assume the condition (*2) that there does not exist d € (E, U I)\{a,b,c,i} such
that |d N {uy, us, ug}t| > 2. In particular, this implies that the edges {uy,us}, {us, us}, and
{us,u1} must be covered by elements of E,,.

Let V be the set of vertices of a, b, ¢, and i; observe that [V| = 10.

Step 2.1: Covering {u,us}

Suppose d € E, and {uy,us} C d. The two cases are d N {uy, ug, us} equals {uy, us} or

{uy, ug, us}.
Step 2.1.1: d N {uy,us, uz} = {uy, ug, us}
Assume that d N {uy, ug, us} = {ug, us, us}. Suppose d = {w, uy, us, us}. By Lemma 4.6,

all edges in the set
§= {{'U}, u1}7 {UJ, u?}v {UJ, Ug}}

must be covered by an element of £ N I.

Assume that w € V. For the sake of contradiction, assume that all edges in S are covered
by an element of {a,b,c,i}. Then, {w,u;} is covered by some element of {a,b,c,i}. Thus,
w € aUisince uy ¢ b,c. Since w ¢ i, w € a. Similarly, w € b,c. Hence, w € aNnbNec = {v},
which is a contradiction to d # i. Suppose e € Ej, U I is not an element of {a,b,c,i} and
covers some element of S. If k is the subgraph of h induced by the vertices of a, b, ¢, e, and
i, e(k) > 5 and v(k) < 12 so

a

) =xNy. Then, if x is
and v(k) = 10.

)

(k)

R
12717

<
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Assume that w ¢ V. Then, no element of S is covered by an element of {a, b, c,i}. By (x2),
each of the elements of S must be covered by a distinct element of (E,UI)\{a, b, ¢,i}, otherwise
two elements of {uy, us, ug} will be contained in a single element of (E,UI)\{a,b,c,i}. Hence,
this is the only case that we consider.

Suppose the elements of S can be covered by three elements of (Ej, UI)\{a,b,c,i} but not
less than three. Then, there exists e, f,j € E, U I such that {w,u;} C e, {w,us} C f, and
{w,uz} C j. If k is the subgraph of h induced by the vertices a, b, ¢, e, f, j, and i, e(k) > 7
and v(k) < 17 so

e(k) o 7
om) = 17
Step 2.1.2: dN {ul, Uz, Ug} = {Ul, UQ}

Suppose d N {uy, uz, uz} = {us, us}. Suppose d = {uy, us, wy,wy}. Observe that the five

edges in the set

S = {{Ul, wl}, {Ul, ’wg}, {'LLQ, U)l}, {u2, w2}7 {w17 ’ll)g}}

must be covered by elements of £j Ul by Lemma 4.6.

Assume that wy,ws € V. For the sake of contradiction, assume that all edges in S are
covered by some element of {a, b, ¢,i}. Then, {wy, u; } must be covered by a or i, so w; € aUs.
Also, {wq,us} must be covered by b or i, so wy; € bUi. Observe that (aUi) N (bUi) = 1,
so wy € i. Similarly, ws € 7. This is a contradiction to d # ¢. Thus, some edge in § is not
covered by some element of {a,b, c,i}. This edge must be covered by e € Ej, U I. Note that
because d C V and |dNe| > 2, |e\V| < 2. Then, if « is the subgraph of h induced by the
vertices of a, b, ¢, e, and i, e(k) > 5 and v(k) < 12 so

e(w) o5 7

om) 1217

Assume that |[{wy,we} NV| = 1. Without loss of generality, assume that w; € V and
wy ¢ V. We have that the edges {wa, w1}, {wa, us}, and {ws,us} in S are not covered by
elements of {a,b,c,i}. Let

Q = {{w27 w1}> {w27 ul}? {w27 u2}}

The cases that we must consider are that the elements of Q are covered by two or three
elements of Ej, U I. By (¥2), they cannot be covered by one element of Ej U I.

Suppose the elements of Q can be covered by two elements of Ej, U I. There exists
e, f € E UI such that wy € e, f and {wy,u;,us} C eU f. Suppose e, f € E, U I such
that {ws,u,us} C e and {wq, w1} C f, without loss of generality; note that the vertices
{w1, u1,us} can be considered to be equivalent for the purposes of this computation. If x is
the subgraph of h induced by the vertices of a, b, ¢, e, f, and i, e(k) > 6 and v(k) < 14 so

6/1')>

6T
v(k) — 14 7 17T

Suppose the elements of Q can be covered by three elements of Ej U I but not less than
three elements. Then, there exists e, f,j € Ej U I such that {wy,u;} C e and {wq,us} C f,
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and {wy, w1} C j. Assume that e, f, and j satisfy this condition. If x is the subgraph of h
induced by the vertices of a, b, ¢, e, f, j, and i, e(k) > 7 and v(k) < 17 so

e(k) _ 7
v(k) = 17

Next, assume that wy,wy ¢ V. Then, none of the elements of S are covered by elements
of {a,b,c,i}. The cases we consider are when the elements of S are covered by at least 2 and
at most 5 elements of F), U I. Furthermore, recall that there does not exist an element of
(Ep,UI)\{a,b,c,i} that contains {uy, us} by (%2).

Suppose the elements of S can be covered by two elements of Ej, U I. There exists
e, f € Ep U1 such that {wq,wy,u1} C e and {wy, ws,us} C f. Assume that e and f satisfy
this condition. If  is the subgraph of h induced by the vertices of a, b, ¢, e, f, and 7, then
e(k) > 6 and v(k) < 14 so

e(k) _ 6 7
> — > —
v(k) — 14 17

Suppose the elements of S can be covered by three elements of Ej,UI but not less than three
elements. Then, there exists e, f,j € Ej, U I such that either {wy, wq,u1} C e, {wy,us} C f,
and {wy,us} C j or {wy,wy,us} C e, {wr,u1} C f, and {wq,u;} C j. Without loss of
generality, suppose e, f,j € E, U I satisfy the condition that {w,wq,u1} C e, {wy,us} C f,
and {ws, us} C j. If k is the subgraph of h induced by the vertices of a, b, ¢, e, f, j, and i,
then e(k) > 7 and v(k) < 17 so

e(r) _ 7

v(k) = =17

Next, suppose the elements of S can be covered by four elements of Ej, U I but not less
than four elements. Suppose e, f, 7,k € E, UI cover the elements of S. Since |S| = 5, at least
one of e, f, j, k must contain three elements of {uy, ug, wy,wy}. Without loss of generality,
suppose e satisfies this condition. Since e cannot contain {uy, us}, suppose {wy, ws,u1} C e,
without loss of generality. The uncovered edges of S are {wy, us} and {ws, us}. There exists
two elements of {f, j, k} that covers both of these edges, so the elements of S can be covered
by at most three elements, which is a contradiction.

Suppose the elements of S are covered by five elements of Ej U I but not less than
five elements. Suppose e, f,j,k,l € E, U T and {uy, w1} C e, {uj,ws} C f, {ug, w1} C j,
{uz, w2} C k, and {wy, wa} C L. Let f(e) = {ur, wi}, f(f) = {wr, wa}, §(j) = {ua, wi}, f(k) =
{ug, ws}, and §(I) = {wy,wy}. For any two distinct elements x,y € {a,b,c,e, f,j, k,1,i},
f(x) Nf(y) C z Ny since f(x) C = and f(y) C y. Suppose there exists two distinct elements
x,y € {a,b,c,e, f,7,k,1,i} such that f(x) N f(y) is a strict subset of x Ny. Then, if  is the
subgraph of h induced by the vertices of a, b, ¢, e, f, j, k, [, and ¢, then e(k) > 9 and
v(k) <21 so

) L9 T
21

v(k) 17
Assume that for any two distinct elements x,y € {a,b,c,e, f, 5, k,l,i}, f(z) N f(y) =z Ny.

Then, if £ is the subgraph of h induced by the vertices of a, b, ¢, e, f, 7, k, [, and i, e(k) > 9
and v(k) = 22.
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Step 2.2: Covering {us,u;}

There exists d’ € E, such that {us,u;} C d'. Assume that d’' N {uy, ue, us} = {us, us}; we
have already considered the case d’' N {uy,ug, us} = {uy, uz, us3} in the case d N {uy, ug, ug} =
{uy,ug,us}. Suppose d' = {ug, uy, w], wh}. By symmetry, we have that the only case we must
consider is if w], w) ¢ V and the edges in the set

{{U3, w,1}7 {U3, w/2}7 {ub w/1}7 {uh wé}? {w,h w/2}}

are covered by five elements €', f’, j/, k', and I’ of E;N1I. Suppose {us, w}} C €', {ug,wh} C f',
{ulvw/l} CJ, {ulawé} C K, and {w/17wl2} C l'. Let f(e/) = {u3,wi}, f(f/) = {u?nwé}?
f(7) = {ur, wi}, (k') = {w, w)}, and f(I') = {w], wh}. By symmetry, we may further assume
that for any two distinct elements x,y € {a,b,c, €, f', i/, k', l',i}, f(x) N fly) =x N y.
Let V' be the set of vertices of elements of {a, b, c, e, f, ], k,[,i}; observe that |V'| = 22.
Suppose wi, why € V'\V. Note that the edges {w],us} and {w),us} are not covered by
any element of {e, f, j, k, [} since no element of {e, f, j, k,l} contains ug. Because, w},w) ¢ V,
{w], us} and {w), uz} are not covered by any element of {a, b, c,i}. Since {w}, us} is covered
by ¢ and {wj, us} is covered by f’, we have that €', f' & {a,b,c,e, f,j,k,1,i}. Then, if £ is
the subgraph of h induced by the vertices of a, b, ¢, e, ¢/, f, f', 4, k, |, and i, e(x) > 11 and
v(k) < 26 so
ew) J1L 7
v(k) — 26 17
Assume that [{w], w)} NV'\V| = 1. Without loss of generality, assume that w| € V'\V
and wh, ¢ V'. Using the argument from the previous case gives that {w], us} is not covered
by any element of {a,b,c,e, f,j, k,1,i}, so € ¢ {a,b,c,e, f,j,k,1,i}. Because wh ¢ V', any
element of {e', f', 7/, k', 1"} that contains w) is not an element of {a,b,c,e, f, j, k,1,i}. Thus,
KU ¢ {a,b,c e, f,5,k,1,i}. Then, if k is the subgraph of h induced by the vertices of a,
b c,e e, f, 'y, kK, U, and i, e(k) > 13 and v(k) < 31 so

6(/{) > E > l
(K

- 31 17
Assume that wi,w)y ¢ V'. Then, €, f', 7, K, I' ¢ {a,b,c,e, f,j,k,1,i}. Thus, if £ is the
subgraph of h induced by the vertices of a, b, ¢, e, €, f, ', 7, ', k, k', [, I, and i, e(k) > 14
and v(k) < 34 so

<

~—

e(k) S 4 7

v(k) — 34 17
This proves that m(h) > L. |
Lemma 4.9. Suppose d > 5. Then, d —1 — ﬁ > 32—:‘11.
Proof. For the sake of Contradiction assume that d— (h) < m Let v = _4. We

must have that d — 1 — ( ;<7 Because v > 2= Lemma 4.5 gives that

d+1’

(d—D|Ex — U+ [P
| En| + [P
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This is equivalent to
(d—1—=7)[Ex|+ (1 —)[P]<|U|.
Observe that
1
| Bnl 2 o (Val + Vel + > (dn(v) + dg(v)))

veVr

and from (4.3), '
[Pl = 5((d = 1)(|Val + [Vgl) + D () + d;(v))).

Hence,

T2 WAl + 1V, 32 o)+ dy )

veVr

F 25— D+ V) + X (i) + dy) < U]
For v € V7, let

F0) = T 0) + dy(0) + (o) + (o))
We have that

(S ) i v + X ) < 101, (4.10)

veEV]

Claim 4.10. Suppose v € Vi. If ny(v) < k(v) then dy(v) > 1 and if ng(v) < k(v) then
dh(v) > 1.

Proof. Suppose v € Vi, i, = i,(v), and i, = ip(v). Assume that n,(v) < k(v); the case
ng(v) < k(v) follows similarly. Then, there exists w € i,\i, such that {v,w} € &, and
{v,w} ¢ E\E,. Assume that w satisfies this condition. Then, there exists i € £, such that
i # i, and {v,w} C i, so dy(v) > 2. |

Let V be the set of v € V7 such that:
L. dyp(v) = dy(v) = 1.
2. k(v) =np(v) = nyg(v) = 1.

Observe that if v € V, i;(v) and i4(v) are deterministic since dj(v) = 1 and dy(v) = 1,
respectively. Furthermore, the formulation of V corresponds to the ambiguous graph G, 4
from [5]. For the sake of contradiction, assume the condition (*3) that there does not exist
in € B, and i, € E, such that |i,\iy| = 1 and i, N i, C V.

Suppose v € V. Since dy(v) = dy(v) = 1, d;(v) > ny(v) = 1, and d;(v) > ny(v) = 1,

d—1—~

f(v) > y

+(1—7). (4.11)
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Let C = &2 + (1 — 7).
Suppose v € VI\V. If ny(v) < k(v) or ny(v) < k(v), then using Claim 4.10 gives that

d=1—-v 1-9
2d 2
If k(v) = np(v) = ny(v) > 1, then,
fw) = C+ (1 -9).
If dp(v) > 1 or dy(v) > 1 and k(v) = np(v) = ngy(v) = 1, then

d—1—~
> _—
flv)>C+ 5
Suppose 8 € R such that d_(lj_w > (14+26)(1 —v) and 0 < 5 < 1. Then, since
112> Bl - ) and < 1,
d—1—7~
f0) 2 0+ -7) = T (g ) - ). (412
Note that <2=* > (1+28)(1 — ) if and only if
1/d—1—+~ 1/2d 8 5
<-l— -1)==(— - = — ] . 4.1
6—2<d(1—7) ) 2(3 3+3d) (4.13)

Let A be the set of v € V; such that dj,(v)+d,(v) > 3 and there exists i, € Ej, and i, € E,
such that v € i), N7, and |i\iy| = 1. Let S be the set of v € A such that dj,(v) + dy(v) =3
and 7 be the set of v € A such that d(v) + dy(v) > 3.

Let V* be the set of v € V such that i,(v) Ni,(v) NS is nonempty. Furthermore, let V**
be the set of v € V such that i,(v) Ni,(v) NT is nonempty.

Suppose v € V. By (*3), there exists u € i,(v) Nig(v) such that u ¢ V. Assume that u
satisfies this condition. We have that there exists ¢ € Ej, U E,\{ix(v),i4(v)} such that u € i
because u ¢ V, so d,(u) + dp(u) > 3 and u € A. This implies that V* U V** = V.

Claim 4.11. (d —1)(3>_,c5 dn(v) + dg(v)) > 3|V*|.

Proof. Suppose v € S. Without loss of generality, assume that d(v) = 2 and d4(v) = 1.
Suppose iy, 45 € Ey, i}, # i3, i, € Ey, |iz\ig] = 1, and v € i}, Ni3 Ni,. Let

s(v)
Note that s(v) C i,\{v} so |s(v)| < d — 1. Hence,
(d = 1)(dn(v) + dg(v)) = 3(d — 1) = 3[s(v)].

((ip Nig) U (35 Nig)) NV*

This implies that
(d=1) > (dn(v) +dg(v)) =3 " [s(v)].
vES veS

Suppose u € V* and suppose v € ij(u) Niy(w) NS; note that ip(uw) Niy(u) NS is nonempty
by the definition of V*. We have that u € s(v). Hence, V* C |J,cg5(v) so [V*| <37 cs|s(v)].
This finishes the proof. [
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Claim 4.12. (d — 1)(3,cr dn(v) + dg(v)) > 2[V*].

Proof. Suppose v € T. Define

t(v) = U Gunig) | nve.

ihEEh7ig€Eg,
vE€ipNig,
lin\ig|=1

Suppose i, € Ej and v € 5. Note that i, Nt(v) Cip\{v} so |ipNt(v)] < d—1. We have that
< Y linnt(w)] < (d—1)di(v).
ihEB vET,
Similarly, |t(v)| < (d — 1)d,(v). Hence,
(d = 1)(dn(v) + dy(v)) = 2[t(v)].

We then have that

(d—=1) Y (dn(v) + dg(v) = 2 [t(v)].

veT veT

Suppose u € V**. We have that i5(u) N i,(w) N7 is nonempty by the definition of V**. If
v € ip(u) Nig(u) NT then u € t(v). Hence, V** C |J,ort(v), so [V**| <>~ o7 |t(v)]. We are
done. [

Observe that (4.10) implies that

d—1—~ (d=1)(1—7) d—1—7v, 1+~
(=g 5 Vil + [Vel) + > (f(v) — ) <— Ul
veEVT
d—1— d—1)(1—
Note that — 21d7+( )2( 7)2%77, SO
147 d—1—7 147
T(\VhHMDJrZ(f(v)— ) <— Ul
veVr
This implies that
d—1—7~ 14+~
S ) - T < (4.14)
veVr
If v € V, then (4.11) gives that
d—1-—
fo) - ——=1-
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Hence, using (4.12) gives that

S () - 21

d
veVr
>1-+ Y- Y -
vESUT veVI\(VUSUT)
> (1= + Y () = T+ (Vi = V- IS UTD( + B)(1 ~ )
veSUT
1=Vl + 3 (F0) = =T (4 =) + (Wi = D+ ) )
veESU
" (4.15)
Suppose v € S. Then,
d—1—7~ d—1—7~
) + dy (o)) 2 35—

2d
Without loss of generality, assume that dj,(v) = 2 and d,(v) = 1. Suppose i, € Ey, i, € Ey,

and v € i, N1, Observe that for all w € i,\iy, {w,v} € E\E, since dy(v) = 1. Since
lin\ig| > 1, dj(v) > 1. Similarly, if d,(v) = 1 and dy(v) = 2, d}(v) > 1. It follows that

dp,(v) + dy(v) > 1.

S) - I - 218 (T G aa )
vES

Furthermore, using Claim 4.11 gives that

S () - LT (14 gy - )

d
vES

> LS (o) + dy0)) — (T (G4 A )8

veES d
>d—1—’y.3\V]

d—1—7~ 1
w0 ao1 g A -)s

Next, we consider a linear combination of these two inequalities. If

P d721di’y - (% + 6)(1 - '7) _ d721di’y - (% + 6)(1 - 7)
(S =G+ =)+ (2 + G+ A1 —7)) 35 ’
then
d—1—7~ d—1—7~
;(T(dh@) +dy(v)) — —Qa (1+B8)(1—=7))
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d—1—7~ 1
A

pe W2 s - is)
d—1—y (G+A)A-7)

:<2d(d—1) -1 VI

> (L=c)IS]-(

Observe that ¢* > 0 because d_}j—” > (1+268)(1—7).
Suppose v € T. Then,

d—1—7~

fv) = 2—

S - T e p) - ) 2 171 (T ) )

veT d

Furthermore, using Claim 4.12 gives that

S - e pa - )

> TS (o) + 4y (0) — (T (B = )]
veT

d—1—~ |V d—1—7

> P (T - )iT

Next, we consider a linear combination of these two inequalities. If

o = ek el [ Uk _E2 (4 h0 )
(2 -0+80 =)+ (52 + 0 +8)(1-7) I )

) - T - = e (T - y)
o d—=1—y V[ d—1-—1v
per (Y e (e @ - )IT)

_d=1=y (A48 =)\
_(2d(d—1)_ 2(d—1) Vel

Similarly, ¢ > 0 because <22 > (1 + 3)(1 — 7).

Let 5* = %—I— 5. Because d*}Tﬂ > (14 28)(1 — ), d*}Tﬂ > 26*(1 — ). Furthermore,
14+ 8> 1L since B > 0. It follows that

> () = 2 = 1+ ) =) 2=~ G+ A=V
veSUT
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(d—l—v (1+8)(1 -~

)\ y s
2d(d—1)  2(d—1) vl

e T (A L)
d—1—r Jd—7
—%ﬂd—1y_5d—1ﬂw'

Using this inequality and (4.15) gives that

S D = (= G — B DIV (Vi = DL+ A1 =)

Afterwards, (4.14) implies that

d—l—v_ﬁl—v
2d(d — 1) d—1

(— VI (Vil = WD+ )1 =) < 0w

From (4.13), we can set [ to be % Let 6 = % and §* = % + 4= %. Furthermore, let

d—1- -
6@%:“_7+2ﬂd—3_5w—Y

)z + ([Vi| = 2)(1+ B)(1 = 7).

We have that ¢(|V|) < £2|V;|. Note that ¢ is a linear function and 0 < |[V| < |V;|. Then,
(([V]) < 22|V;| implies that min(¢(0), £(|V7])) < 22|V

First, observe that
1 +7

1+~ 4d — 5

(0) = — Vil = (L4 AL = 7) = — Vil = 57— B0+ 8) = —)IVil.
Since -5 &
(148~ ———==>0,
0(0) > H2|v;l.
Furthermore, p
—1- 1—
Vi = (1 =+ Sy = # gVl

We have that

d—1—7 5*1—7 I+~  7d—5—6dp"

Yt siam ) TP as1 T Td T 2dd—D@i-1)

Since f* =

GblU‘

7d—5—6dB* = 2d —5 > 0.

Thus, ((|V;]) > ££2|V;|. This is a contradiction to min(£(0), £(|V7])) < £2[Vq].
Therefore, there exists i, € Ej, and i, € E; such that |i\is| = 1 and i, N, C V. Assume
that 4, and i, satisfy this condition. Suppose in = (in Niy) U{vp} and iy = (ip Nig) U{v,}.
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Because iy, Ni, C V, dp(v) = dy(v) =1 for all v € ij, Ny, which implies that {v,, v} € E)\E,
and {v,, v} € E\E, for all v € i), N i,

Let B} = {in}, E, = {ig}, U =i Uiy, and P' = {{vp, v} 1 v € i, Nig} U {{vg, v} 1 v €
i, Nig}. Let I' be the set of i € I such that there exists e € P’ such that e C i. Because
P’ C P, each edge in P’ is contained in some element of I’. Let V' be the set of vertices in
in, ig, or some hyperedge in I’. Let h' be the subgraph of h induced by V’. Furthermore, let
h" be the graph with vertex set V' and edge set £} U I’. We have that

1 1 1
d—1———>d—-1- >d—1-—
m(h) — a(h') — a(h")
so it suffices to prove that
do1 1 S 2d —4
ah’) —2d—1"

L 2d—4 it suffices to prove that

Using Lemma 4.5 gives that to prove that d — 1 — o) 2 2d-1

(d—1)|E| — U |+ P S 2d — 4
|Ey |+ [P —2d—1
Observe that

(d=DIE = |U+|P| d—1-(d+1)+2(d—1) 2d—4
B+ [P B 142(d—1) 24— 1

which finishes the proof. |

4.4 Weighted ambiguous graphs

For recovery after observing the weighted projection, we consider when two hypergraphs have
the same weighted projections, which would imply that they have the same projection. First,
we define weighted-ambiguous graphs, which are analogous to ambiguous graphs.

Definition 4.13. A weighted-minimal preimage of a graph G is a hypergraph H such that
Projy,(H) = G and |e(H)| is minimal. A graph G is weighted-ambiguous if there exists two
distinct minimal weighted-preimages of G.

We use similar conditions as the previous section: suppose h and g are hypergraphs such
that Projy, (h) = Projy, (g); observe that this immediately implies that e(h) = e(g). The goal
is to prove the following result:

Theorem 4.14. Suppose d > 3. Then d —1 — % >4 1> %.

First, observe that we can remove all hyperedges in both A and g; afterwards, the condition

Projy, (h) = Projy, (g) will still be satisfied, and d —1— ﬁ will be decreased. Hence, assume

that E(h) and E(g) are disjoint. Since h # g, both E(h) and E(g) are nonempty.

Lemma 4.15. Suppose v € V. Then, dy(v) # 1.
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Proof. For the sake of contradiction, assume that dj,(v) = 1. Suppose 7 is the hyperedge of h
that contains v. Then, the weight of {v,u} for all u € i\{v} in Projy, (h) equals one. Since
Projy (g9) = Projy (h), each edge {v,u} for u € i\{v} is contained in a hyperedge i, of g.
If all of the 7, are equal, then they must all equal ¢, which is a contradiction to E(h) and
E(g) being disjoint. Therefore, some two of the i, are distinct, which implies that d,(v) > 2.
However, Projy, (h) = Projy,(¢g) implies that d,(v) = dy(v) = 1, which is a contradiction. W

Proof of Theorem 4.14. Let V' be the set of v € V such that dj(v) > 1. Let A’ be the
subgraph of h induced by V’. Using Lemma 4.15 implies that

de(h) Z dn(v) > 2v(h),

veV/’

som(h) > (k') > 2 = d—l——) > 4—1. Tt is straightforward to verify that 4—1 > %. |

The following result is an immediate implication of Theorem 4.14,
Corollary 4.16. Suppose G is a weighted-ambiguous graph. For a preimage h of G, d — 1 —
>4 1.
(h)

Observe that threshold of 4 — 1 is greater than the threshold of 2d 4 for the unweighted
projection in Theorem 4.3. The reason for this is that the graph G, 4 deﬁned in Definition 4.2
is not ambiguous under the weighted projection. In fact, we show that the threshold in
Theorem 4.14 is tight by defining a weighted-ambiguous graph that achieves it.

Definition 4.17. Define the hypergraph H = (V, E) as follows:

o V =35,USU{wy,wy,ws,wy}, where |Si| = [Ss| =d — 2.

e FE consists of Sy U {wy,wy}, Sy U{ws, wy}, SoU{wy, w3}, and Sy U {wy,w: }.
Then, define Gy, := Proj,(H).

Suppose H' has the same vertex set as H and edge set Sy U {wy,ws}, Sy U {ws, wy},
S1U{wsy, ws}, and S;U{wy, wi}. Then, H and H' are two distinct minimal preimages of G¥ ot
so Gy ; 1s a weighted-ambiguous graph. Since each vertex of H is contained in two hyperedges
we also observe that H achieves the lower bound in Theorem 4.14. For an example, when
d = 3, H corresponds to an octahedron.
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Chapter 5

Exact Recovery

5.1 Two-connected components

First, we introduce the notion of two-connected components from [5] in the following definition,
which we use in the proof of Theorem 1.7.

Definition 5.1. Suppose H is a hypergraph. Two hyperedges a and b of H are two-connected
if there exists a sequence of hyperedges (h;)i<i<m such that if hg = a and hy,11 = b then
|hi N hiy1] > 2 for 0 < i < m. A two-connected component of H is a set C of hyperedges
of H such that any two elements of C' are two-connected and no element of E(H)\C is
two-connected to an element of C.

From [5, Lemma 32|, if § < % then all two-connected components of H,. have O(1)
vertices with probability 1 — 0,(1). We refer to % as the two-connectivity threshold.

The papers [10] and [9] use a notion of connectivity that generalizes two-connectivty.
The random hypergraph models the papers consider are the same as H and the papers
bound the sizes of the largest connected components given the probability a hyperedge is
present. However, the results of the papers are not directly applicable to the two-connected
components of H,. since the hyperedges in H,. are not independent. Because H. is the set of
d-cliques in W, its hyperedges are positively correlated.

5.2 Proof of Theorem 1.7

From [5, Theorem 4|, the probability of exact recovery is 1 — 0,(1) if d = 3 and § < %.
In this section we address the remaining cases of Theorem 1.7. First, we address the lower
bound of the exact recovery thresholds for d > 4. We state two lemmas.

Lemma 5.2 (|5, Lemma 17]). Suppose K is a fized d-uniform hypergraph. Then,
on(1) if p=on(n ™),

PriK CH]=q1—0,(1) ifp=w,(n =),
() ifp =6, mm).

1
(K
1

<

m
m

-
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Lemma 5.3 ([5, Lemma 19]). Suppose 6 < If for all finite ambiguous graphs G,

d+1

Pr[Cli(G,) is a two-connected component of H.| = o,(1),
then Pr[A* (V) = H] > 1 — 0,(1).
Theorem 5.4. Suppose d = 4. If § < then the probability of exact recovery is 1 — o,(1).

Proof. Suppose ¢ < 1 From Lemma 5.3, it suffices to prove that for all ambiguous graphs
G, the probablhty that Cli(G,) is a 2-connected component of H, is 0,(1). Suppose G, is
an ambiguous graph. Let P be the set of hypergraphs h such that Proj(h) = G,. Then,

Pr[Cli(G,) is a two-connected component of H,] < Z Pr[h C H]. (5.1)
heP

Suppose h € P. Using Theorem 4.3, or more specifically Lemma 4.8, gives that

2d — 4 1
2d—1 = m(h)

—d+1+0<—-d+1+

Then, Lemma 5.2 implies that Pr[h C H] = 0,(1). Using (5.1) finishes the proof because P
is finite. H

Theorem 5.5. Suppose d > 5. If 6 < d+1 then the probability of exact recovery is 1 — o0,(1).

Proof. We can prove this result using Theorem 4.3, or more specifically Lemma 4.9, and the
same argument as the proof of Theorem 5.4. [ |

Remark 5.6. 1t suffices to the weaker result Lemma 4.7 rather than Lemma 4.9 in the proof
of Theorem 5.5. Using the lemma gives that if h € P, then

d—1 1
sl g —
Sdyls m(h)’

and similarly Lemma 5.2 implies that Pr[h C H| = 0,(1).
Next we address the upper bound of the exact recovery threshold. Observe that it suffices

to prove that if § > min(%, %), then the probability of exact recovery is 0,(1). From
Theorem 1.5, the partial recovery loss is 0, (1) if § > m, which implies that the probability

of exact recovery is 0,(1) in this regime. Proving the following result completes the proof of
Theorem 1.7.

Theorem 5 7 Suppose d > 3. If 6 = then the probability of exact recovery is 1 — Q,(1)
and if o > then the probability of exact recovery is o,(1).

Remark 5.8. The case where § > gzll—:‘ll implies exact recovery having 1 — €, (1) probability has
been proved in [5, Appendix A] for 3 < d < 5 using two-connected components. Furthermore,
when d > 5 the probability of exact recovery is 0,(1) if § > 2d 4 T > 2 +} from Theorem 1.5.
Hence the main contribution of this result is proving that the probablhty of exact recovery is

0n(1) if 6 > 22=1 and d = 3, 4.
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Proof of Theorem 5.7. Suppose o> 2d . It suffices to prove that A* fails with probability
Q,(1) and 1 — 0,(1) if § > 241

We consider a hypergraph that is a minimal preimage of G, 4 repeated over many two-
connected components. For the definition of G, 4 and one of its minimal preimages, see
Definition 4.2. Suppose m > 1 and h is a d-uniform hypergraph with vertex set V. Suppose
V =%, Vi. For 1 <i < m suppose

Vi={vi:1<j<d+1} || s* || S

1<j<d-1 1<j<d-1

where ]S]“| = |SJ27’| =d—2for 1 <j<d-— 1. Furthermore, suppose that for 1 <i < m the

hyperedges of the subgraph of h induced by V; are {vi,...,vj}, {v}, v}, S]1 "V for je[d—1],

and {v), , v}, 52 "} for j € [d — 1]. Additionally assume that % has no other hyperedges.
We have that

Pr[A* (V) # H|h C H,H is not minimal] =

For all G € {0, 1}([3]), let S(G) be the set of hypergraphs H such that Proj(H) = G,
h C H, and H is minimal. Let G* be the set of G such that |S(G)| > 1.

Suppose G € G*. Suppose H € S(G). For 1 < i < m, let H" be the hypergraph
obtained from H after the hyperedge for {v,...,v}} is removed and the hyperedge for
{vi,...,vi_, vl }is added. Note that H and H* are distinct elements of S(G) for 1 <i <m
so [S(G)| > m+ 1.

Furthermore, for all G € G*, let P(G) be Pr[H = H] for a hypergraph H such that
Proj(H) = G and H is minimal. We have that

Pr[h C H,#H is minimal] = Z Pr[H = H|

hCH,H is minimal

ZZPr’H H|

Geg* HeS(G
=) PG )|5 (@)]-
Geg*
Furthermore,
Pr[A*(V) = H,h C H,H is minimal] = Z Z PrlA(V) = H,H = H|.
Geg* HeS(G)

Suppose G € G*. We have that

> PrA(W)=HH=H = > Pr[A(Y)=HH=HPr[}H=H
HeS(G) HeS(Q)
= P(G) > Pr[A(¥) = H|V =]

Proj(H)=G,hCH,

H is minimal



Therefore,
Pr[A*(¥) =H,h C H,H is minimal] < Z P(G).

Geg*
Since |S(G)| > m for all G € G*,
1
o i 0 -
Pr[A*(V) = H, h C H,H is minimal] < GGZQ P(G) < GEZQ P(G)|S(@)]

1
= Pr[h C H,H is minimal].
m+ 1

It follows that

Pr[A*(V) # H,h C H,H is minimal] >

Pr[h C H,#H is minimal].

m—+1

Thus,

Pr[A*(V) # H] > Pr[A*(¥) # H,h C H,H is not minimal]
+ Pr[A* (V) # H,h C H,H is minimal]

e ; Pr[h C H,H is minimal]

> Pr[h C H,H is not minimal] +
m +

m
>

m_l_lPr[hCH].

Because

|
41 <—d+1+6
m(h) LY P T

Pr[h C H] = Q(1) so PrlA*(¥) # H] = Q(1). Assume that § > 2¢=1. Then,
—d+1+§soPr[h C H|=1—o0,(1). It follows that for all m > 1,
m

— 1<1 - On(l»'

Therefore Pr[A*(V) # H] =1 — 0,(1). |

1
m(h)

Pr{A™(¥) # H] >

5.3 Proof of Theorem 1.9

s . . d—1 .
Observe that the probability of exact recovery being o,(1) if 6 > o1 follows from the partial

recovery loss being 1 — 0,(1) if § > % by Theorem 1.6. Thus it suffices to prove that the

probability of exact recovery is 1 — 0,(1) if 6 < %.
First note that the analog of Lemma 5.3 is true with projections replaced by weighted
projections. Afterwards we can use Theorem 4.14 and the same argument as the proof of

Theorem 5.4.
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5.4 Efficient algorithms for partial and exact recovery

For partial recovery, consider the algorithm that returns H.. It is clear that this algorithm
is efficient, since there are (Z) hyperedges that must be considered to compute H,. from W.
In the regime § < g;JF} where partial recovery is possible, this algorithm achieves a partial
recovery loss of 0,(1), because H,. outputs q(g) hyperedges on average and ¢ = (1 + 0,(1))p
by Corollary 3.5.

Furthermore, in the regime § < gﬁ, the MAP algorithm is efficiently computable because
each of the two-connected components has size O,,(1) with high probability, see |5, Theorem
10]. Since the exact recovery threshold is always at most %, this implies that we can achieve

1 — 0,(1) probability of exact recovery with an efficient algorithm when it is possible.
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Chapter 6

Phase transition

In the main results in Section 1.3, we do not consider when § equals the exact recovery
threshold min (g—ﬁ, %—j) while analyzing exact recovery. In this chapter, we analyze this case
by exhibiting regimes for p which are below the exact recovery threshold n —d+1+min( 5 5551
by a polylogarithmic factor and at which exact recovery has probability 1 — 0,(1). Note that
we no longer consider when p o (1 4 0, (1))n~%*!*% in this chapter.

The first result that we prove bounds the sizes of the two-connected components With

high probability, sumlarly to [5, Lemma 12|. The difference is that we consider when ¢ = 41 +1
rather than when § < d +1

Theorem 6.1. Suppose 0= + . Assume that t satisfies lim,,_, log,,(t!) = co. Furthermore,
assume that p < at~n="1+° for some a > 0. All 2-connected components in H. have at
most Oy (t) vertices with probability 1 — o0,(1).

Proof. We use the methods of Appendix B of the paper [5] in this proof; in particular, we
follow the proof of Lemma 34 of the paper. Suppose H' € Grow(H); that is, E(H) C E(H')
and there exists a d-clique h that is two-connected to H such that:

e Proj(h) C Proj(H’).

e [W'Nh|>2forall e E(H)\E(H), and the sets b’ N h for ' € E(H')\E(H) are
disjoint.
Note that h can be any d-clique; for example, h can be a hyperedge of H. Furthermore,
in contrast with [5], we allow Proj(h' N h) to be a subset of Proj(H), to account for when
Proj(H') = Proj(H) or similar cases. We have that all hypergraphs whose projection is a
two-connected component is isomorphic to a hypergraph obtained from applying the grow
operation to [d] a finite number of times.

Let Xz and X g be the expected number of appearances of H and H' in H as non-induced
subgraphs. In this case, we only require the hyperedges of H to be a subset of the hyperedges
of H, so there does not have to be a bijection between the non-hyperedges. Note that H and
H’ do not have any disconnected vertices, so

|aut(H/)’E[XH’] |U(HI>| (|U(Z/)|)ple(Hl)‘ < |?J(H’)| (l (Z)‘)p\e(H’ﬂ
laut(H)|E[X#] lv(H )|l( " |)p\e(H)\ = |v(H)|'(‘ (")‘)p|e(H)|

69



Therefore,

o CH [ (F (7 —dyle(H")|
laut(H) B[ Xy ] T D) i) (o) 0G| [o(ED) [ (— - 1+8) (e(HY) [ (HD))

|aut(H)|E[XH] R |U(H)|‘(|v(?1)|) (at_d)|e(H)|

From [5, Lemma 35|,

/ / d—1
o) = [o(E)] + (=d + 1+ 0)(je(H)| —le(H)]) < 6 — o= =0. (6.1)

Additonally, () ~[e(H)] < 2,50 lo(E)|~ () < (@~ D{JeCH)]|~ le#D)]) < (=12

— v 4 n — e 4 v H/ —1 .
jaut (B[] _ 7" o)y i) (=) () (ﬂ B (gt C-Iean)
laut (H)[E[Xy] = n-PEo(H)I(, ) (at =)D i=Jo(H)|
< (at—d)ldH')\—le(H)l
(6.2)
Suppose H = [d] and H' € Grow™([d]). Repeating (6.2) with |aut([d])| = d! gives that
laut(H')|E[X ] < d! (at~4) " B[X ).

Furthermore, |[v(H')| < d+ T(d — 1)2¢. For all k > 1, the number of H' € Grow™ ([d])
d+T(d—1)2¢

with k£ hyperedges is at most 1k2t(( Z )), note that £ > T because we add at least one
hyperedge at each step. Hence,

d+T(d—1)2¢

3 ]aut(H’)|E[XH/]§d!Z<( ‘ )) (at=4) " E[Xy]

H'eCGrow™) ([d])
| _ dyd\ * B
= z <(d = 12) ) (at_d)k IE[XH].

A d!

" k>T

_ t
Suppose T = T Then,

((d+ T(d — 1)2d)d) a1 dazt=)? 1+ on(1).

d! d! B d!
Let this quantity be €. Note that ¢ does not depend on n. Then,

d't? ditd e’ at™? nitoel
E t(HNE[X ] < — MEIX ] < — —— . p!t? = .
[aut(H)|E| H]_aT! <El H]_aTll—e T TI(1—¢) (6.3)
H'€Grow(™) ([d]) k=T

1
Observe that (T1)2¢7@-1D2" > 41 as n — oco. Therefore, since lim,_ log, () = oo,
lim,, o log,, (1) = oco. It follows that

> |aut(H)E[X ] = 04(1).

H'eGrow (™) ([d])
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This implies that the probability that there exists H' € Grow'?)([d]) such that H' is a
non-induced subgraph of H is 0,(1). Since all elements of Grow)([d]) for T" > T must
contain an element of Grow!”)([d]) as a non-induced subgraph, all 2-connected components
in H, are isomorphic to the projection of an element of Grow™"([d]) for some 7" < T with
probability 1 —o0,(1). Therefore, all 2-connected have O,,(T') = O, (t) vertices with probability
1 —o0,(1). |

Note that it is possible to refine the previous result to require lim,,_,., t! > C, for some
constant C' that depends on a and d. For simplicity, we omit this calculation. Consider the
following example of ¢ such that lim,,_, log, (t!) = co.

log(n)

log(log(log(n))) * Then, lim,, . log, (t!) = occ.

Lemma 6.2. Suppose t =

Proof. Using Stirling’s approximation for ¢! gives that ¢! > (£)!. Observe that

log, (") = logt(n) = 0,(1).

Thus, it suffices to prove that lim, ., log, (') = co. Observe that

log(n) _
log(log(log(n))) log(n)

- log(log(n))
Since limy, o0 ioglogtay)

log,,(t") = - (log(log(n)) — log(log(log(log(n))))).

= 00, lim,, 4 log, (t') = oo, which finishes the proof. [ |

Theorem 6.3. Supposed > 6, 6 = + ,a >0, andp < at~n~H0 where lim,, o log, (t!) =
oo and lim,_, log,,(t) = 0. Then the e:mct recovery probability is 1 —o,(1).

Proof. From (A.5) it suffices to prove that the probability that H is not a unique minimal
preimage is 0,(1); if H is a unique minimal preimage, then the MAP algorithm applied to
its projected graph outputs H. Suppose H is not a unique minimal preimage. Then, there
exists a 2-connected component of Proj(H) that H is not the unique minimal preimage for.
That is, there exists a set of vertices S such that S induces a 2-connected component in
Proj(H) and if h is the subgraph of H induced by S then there exists a hypergraph g such

that Proj(g) = Proj(h) and e(g) S e(h) From Lemma 4.9, d —1 — —5 > 281 Then, H

has a subgraph A’ such that d — a(h,) > gg ‘11 Furthermore, Theorem 6.1 gives that the
sum of Pr[H = H] for H such that |S| > Ct is 0,(1) for some C' > 0.
Let NV be the set of H such that H contains a subgraph h’ such that d — 1 — ( ) > gg ‘11

and |v(h')| < Ct. Since the probability that # is not uniquely minimal and H ¢ N is 0,(1),
it suffices to prove that Pr[H € N| = o0,(1).

Let R be the set of hypergraphs A’ such that |v(h')| < Ct and d — 1 — ( 52 21 T
suffices to prove that the probability that an element of R appears as a subgraph of H is
0,(1) to prove that Pr[H € N] = 0,(1).

Suppose that the hypergraph h’ satisfies d — 1 — ﬁ > gg ‘11 Then,

E[X;] < nlP®lple®)l < (gg=d)le®)ly (G~ (4=1-9)) (at=4) ey~ (Gam1=)le()],
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Observe that gj—:‘ll — ¢ > 0 since d > 6. Furthermore, the number of hypergraphs A’ with v

vertices and k hyperedges is at most ((2)) Hence,

D EXW < > <(z)>(atd)kn— Bt o)k

h'ER d<v<Ct,
e
< Z Udk(at—d)knf(gg—:‘l‘fé)k
dSv%Ct,
FeE (6.4)
< vdat*dnf(%fé)
a d<v<ct 1 — Udatfdn_(ggj_é)

(C’t)dat_dnf(%f‘s)
1-— (Ct)dat—dn_(%_‘s)
= 0,(1).

<Ct

Observe that we have used lim,_, log,(t) = 0. This implies that », . Pr[h’ € H] <
> wer E[Xw] = 0,(1). Applying union bound proves that the probability that an element of
R appears in H is 0,(1). [

Theorem 6.4. Suppose d = 5, § = g‘;—j = %, and p = 0,(t " In"dTH) where

lim, ., log, (t!) = co. Then the exact recovery probability is 1 — o0,(1).

Proof. This theorem can be proved using the proof of Theorem 6.3. Similarly, we analyze
when the two-connected components have size O,,(t) with probability 1 — o0,(1). The only
difference is in (6.4). |

Theorem 6.5. Suppose d = 3,4, § = gg—:‘l‘, and p = 0, (n"41+0) . Then the exact recovery
probability is 1 — 0,(1).

Proof. This theorem can be proved using the fact that the 2-connected components have at
most O, (1) vertices from [5, Lemma 32| and the proof of Theorem 6.3. |

From Theorem 5.7 or |5, Appendix A], when p (1+0n(1))n*d+1+% for d = 3,4, 5, then
the probability of exact recovery is 1 — Q,,(1). Then, we see that Theorem 6.5 describes the
phase transition in the exact recovery probability very sharply when d = 3,4. Theorem 6.4
also captures the phase transition in the exact recovery probability for d = 5, but the
transition is not as sharp.
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Appendix A

Entropy and exact recovery

For simplicity, assume that the logarithms in entropy are base e. In this section we mainly
analyze the entropy of Proj(?) and hence the conditional entropy H(#H|Proj(H)) = H(H) —
H(Proj(H)).

Lemma A.1. Suppose 6 > 9=5, ¢ >0, and p = (¢ + 0,(1))n=""*. Then there exists C > 0

such that C' does not depend on ¢ and H(H|V) > (C + 0,(1))H(H).
Proof. Since H(H|V) = H(H) — H(¥), it suffices to prove that H(H) — H(V) = Q,(H(H))

if 6 > %.
First observe that
1
HH)=— (Z) Hp(p) = CdTu& log(n)n'*® + o, (log(n)n'*?). (A1)

For all 4,5 € [n] such that i # j, let Xy, ;3 = 1 j1ee(w)- We have that

. . n n—2
HW)=H(Xuy:1<i<j<n)< Y H(Xuy) = (2) Hp(1—(1-p)lid)y. (A.2)
1<i<j<n
Bernoulli’s inequality implies that

1= pd < (70

and for sufficiently large n we have that (Z:g) p < % Hence, for sufficiently large n we have
that

~(1 = (1 =p)E)log(1 - (1 - p)li2)) < —(Z ) j)plog<(3 _ j)m
since —z log(z) increases as @ increases over [0, 1]. Then,
Hp(1—(1—p)liz)y < — <Z B ;)pbg( (Z B ;)p) — (1 - p)(E) 1og((1 — p) (i)

=(1-9) (Z : S)plog(n) + on(log(n)n5_1).
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Using this inequality and (A.2) gives that
H(¥) < cl—_(s log(n)n*™ + o, (log(n)n°™)
=“@—2)1 ® nio8 ‘
Using this inequality and (A.1) then gives that it suffices to prove that
1-6 - d—1-96
2(d —2)! d 7

d—1—46 1-6

afterwards we can let C' = % which does not depend on c. This inequality is true
because 0 > <=, which finishes the proof. [ |

i
Firstly observe that H(H|V¥) = H(H) — H(V) and

H(V) < H(H) = ©,(n'* log(n)).
We analyze H(H|V) and H(V) in the next result.
Theorem A.2. H(V) = 0, (n'*°log(n)). Furthermore

0, (n119) if 6 < d+1’
H(H|T) = { On(n'*?) if 6 = dH,
O,(n'*log(n)) if 6 > d+1

Proof. We have that

3

H(V)=I1(H;V) > (d>1(1[d]ee(m; v)

— (Z) Hp(p) = > Pr[¥ = GIH (Ljgeem)|V = G))

Geg

_ (n) Hp(p) — Z PrV = G1H(1igec)|V = G)

Geg,('Pce(@)

Observe that ¢ = Zceg,([g])cE(G) Pr[U = G]. Then Jensen’s inequality implies that
S PV = GlH(Ligep|¥ = G) < qHp (g) .

Therefore



Assume that § < %. Then Corollary 3.5 gives that ¢ = (14 0,(1))p so ¢Hp(%) = 0.(p)

and (A.3) gives that H(V) = H(H) — 0,(n'*)

Next assume that § = %. We have that ¢ = (1 + 6,(1))p from Corollary 3.5 so

qHp() = On(p) and (A.3) gives that H(V) = H(H) — O, (ntt9).
Suppose § > %. Then ¢ = w,(p) from Corollary 3.5 so if n is sufficiently large then

Lemma A.5 gives that
p p
(¢ —p)In(1 — 5) > —2(q —P)a = Q. (p)

and using (A.3) gives that H(¥) = Q,(n'*?log(n)). Furthermore Lemma A.1 gives that
H(H|¥) =0,(H(H)). |

Corollary A.3. The conditional entropy H(H|V) is 0,(H(H)) if 0 < ﬁ.
Proof. This follows from Theorem A.2. [

Theorem A.4. If n is sufficiently large then

H(W) > (1 2o ) S (i )Ha(1— (1 p)E3) = 0+ log(n))

C1- (dﬁQ)p i—2

Proof. Assume that n is sufficiently large throughout the proof. Suppose the set of vertices
in H is [n]. We construct a sequence of edges S. Initialize S as the empty sequence. From
i =2toi=mn,add the edges {i,j} to S from j =1 to j =i — 1. Note that S contains each
edge between two vertices of [n] exactly once. It follows that

H(V) =) H(Xg|Xs,1<b<a-1).
a=1
Suppose 1 < a < (g) Assume that S, = {7,j} where 1 < j < i < n. Observe that the
random variables 1,c4 for h € ((["]\[i_dl])u{j }) are independent of the random variables Xg,
for 1 < b < a— 1. This is because no hyperedge in ((["]\[izll])u{j}) contains S, as an edge for
1 < b < a—1. The probability that a hyperedge in (([”]\[i_dl])u{j }) that contains S, is present
in H is

n—i

1—(1 —p)(d72),
Suppose x;, € {0,1} for 1 < b < a— 1. Hence,

Pr[Xs, = 1|Xs, =z, 1 <b<a—1]>1— (1-p)liz).
Note that 1 — (1 —p) (i-2) < (Z:;)p < L1 if n is sufficiently large. Thus, if

n—i

Pr[Xs, = 1|Xg, =2, 1 <b<a—1] < (1—p)liz)

5



as well, then
H<XSa|XSb = l’b,l S b S a — 1) = HB<PI'[XSa = HXSb = ZL’b,l S b S a — 1]) (A 4)
> Hp(1— (1-p)li-2)). |

We have that
n
EXsb,lgbga—l[Pr[XSa = 1|X5b = Tp, 1 S b S a — 1“ = PI"[XSa = 1] S (d )p

Therefore, Markov’s inequality implies that

n—i

Xsb,lfg)})‘ga*l[Pr[Xsa 1|XSb Ilﬂl — b >a ]'] > (1 p) a=2 ] (1 _p)(s:;)

Observe that (dz{ﬂ)f; < (dii)p . Using (A.4) then gives that
(17p)(d—2) 1=()p
H<X5a|ng, 1 S b S a — 1) = ]EXsb,leSafl[H(XSa’XSb = Tp, 1 S b S a — 1)]

>(1—  Pr [Pr[Xs, =1|Xg =21 <b<a—1] < (1—p)lia])

Xg, I<b<a—1

CHp(1— (1 —p)li=))

(") o
> (1 - ) e - —p)liz2)).
Summing this inequality from a =1 to a = (2‘) gives
PN (2-3)
H(W) > (1— ) S (= DH(1 - (1 - p)lid).

1 - (dﬁ2)p i=2

Observe that we use the fact that if ¢ > n —d + 2 then Hg(1 — (1 — p)(3:5>) =0. It is
straightforward to check that this lower bound on H(¥) is Q,,(n'* log(n)). |

A.1 Exact recovery

Lemma A.5. e ?>1—p foralln>1 and e~ < 1 — p if n is sufficiently large.

Theorem A.6. Suppose X is a finite set. Suppose S C Z>y contains infinitely many elements.
Suppose n € §. Suppose f, : X" — YV, and A, : YV, — X" are functions such that for
aly € Vo, fu(A(y)) = y. Suppose X™ € X™ is a random variable such that X;, i > 1
are independent and identically distributed with distribution p,. Assume that x= € X and
limy, 00 P () = 0 and lim, oo np, () = oo for all x € X~ := X\{z~}, where the limits
are over §. Also assume that sup,cy, Pr(f,(X") = y] < Lf n is sufficiently large. The

e

probability that A, (f,(X™)) is not X™ is at least 1 — % + 0,,(1), where the asymptotic

term 0,(1) does not depend on f,.
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Proof. Suppose n € S. Let U,, be the set of 2™ € X™ such that there does not exist y € Y,
such that A, (y) = 2". Observe that

Pr[A, (f,(X"™) # X" = Pr[X" € U, (A.5)

In order to prove this, it suffices to prove that A, (f,(z")) = 2™ < 2™ € U,. Assume that
A, (fo(x™) = a™; then, it is clear that 2" ¢ U,. Next, assume that =" ¢ U,. Suppose
" = A, (y) for y € V. We have that f,(z™) = f.(A.(y)) =y, so A, (fu(2™)) = Au(y) = 2™

First observe that

YyEVn (A6)

Suppose z" € U,,. Then,

log(Pr[X" =a"]) = (n— Y Nu(a"))log(pa(z7)) + D Nu(a")log(pn()).

reX— reX ™

Using Lemma A.5 and the fact that lim,, . p,(z) = 0 for z € X'~ gives that

if n is sufficiently large. Observe that

H(X") > =n Y pa(z)log(pa(z))

TEX ™

and —log(p,(x)) = 2,(1) since p,(x) = 0,(1) for all x € X~. Hence

(n= > No(a")log(pa(a7)) = 0a(H(X")) (A7)

log(Pr[X Z Ng(2")log(pn(x)) + 0, (H(X™)).
This implies that
— Z PriX" = 2"]log(Pr[ X" = z"])
x"eU,

! (A.8)

= 0,(H(X")— Y Pr 2] Y Ny(a")log(pa(x)).
T EUR rzeEX~

Let W, be the set of 2™ € X™ such that

Ne(2") € [npn(2) — (npn(z))

e
Bl

]

;1pn () + (npn ()

7



for all x € X~. For all x € X~ the random variable variable |V, (X")| has mean np,(z) and

variance np,(z)(1 — p,(z)). Because p,(z) = 0,(1) for all x € X, Chebyshev’s inequality
implies that X™ € W, with probability 1 — 0,(1). Therefore, Pr[X™ € U,\W,| = 0,(1).
Observe that

Z Pr[X" = Z N, (") log(pn(x))

" EUR, reX—

= > 2] Y Na(a")log(pa(x))

" EULNWp, reEX
+ ) PrX"=2" ) Ny(z")log(pa(x))

" €UR\Whn zEX ™

= Pr[X" € U] < > pul@) log(pal >>>

rzeX

+ Y PrX" =" ) Na(2")log(pa(z)) + on(H(X™)).
€U \Wn TEX—

Suppose x € X~. We have that

S PX"=a"N(a") < (Y PrXm=a")E( Y Pr[X" =a"|N,(a"))2

" €U \Wh, " €U \Wh, " €U \Wh,
<Y PrX"=a")E(npa(@)? + npa(@)(1 = pa(x)))?
" €U \Wh,
— 0n(npn()).
Hence
Sop 2] Y No(a™) log(pa(z)) = 0, (H(X™)).
€U \Whn TEX

Therefore using (A.7) with 2" = (x7)" gives that

Z Z N, (") log(pn())

€U, reX ™
= Pr[X" € U] ( > pul@)log(pa(w ))) +on(H(X"))
reX ™

= Pr[X" € U,JH(X™) + 0,(H(X™)).

Then, using (A.6) gives that

— > PrlX ()] log(Pr[X"™ = A, (y)]) + Pr[X" € U H(X™) + o (H(X™)).
YEVn
(A.9)
For all y € Y, we have that Pr[f,(X") = y] < 1 if n is sufficiently large and

Prfo(X") = y] > PrlX" = A, (y)].
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Afterwards using the fact that the function —x log(x) increases as x increases over [0, %] gives
that

H(f(X™) 2 = Y PrX" = A(y)] log(Pr[X" = A(y)]) (A.10)

YEYVn

if n is sufficiently large. Afterwards using (A.9) and (A.10) gives that
H(X"™) — H(fo(X")) < Pr[X" e U,|H(X") + 0, (H(X™)).
This finishes the proof after using (A.5). |

Lemma A.7. Suppose 6 < 1. Then

r(r;lgé(Pr[\If = G| = o,(1).

Proof. Suppose G has at least 2(;) ( ) O(n'*?) edges. Then the number of hyperedges in

2(5)r(3) _

a preimage H of G has at least o - 2p( ) hyperedges. Since e(#H) has mean p(’;) and

/\

variance o,,(n?+%9),

2426
Prfw = ¢ < 2

(p(y))?
from Chebyshev’s inequality.

Next suppose G has less than 2(‘;) p(’dL) edges. For some m > 1 there exists G;, 1 <i<'m
which are distinct isomorphic copies of G such that each element of ([g]) is an edge of G; for
some ¢. We have that

1—5).
Since the G; are distinct and Pr[¥U = G| = Pr[¥ = G] for 1 <i <m,

Pr[¥ = G] < — = 0, (n°) = 0,(1).

1
m

Remark A.8. If § > 1 then Pr[Proj(H) = (["])] =1—0,(1).

2

We give an example of an application of Theorem A.6. Observe that the following corollary
is weaker than Theorem 1.7, which proves that in the same regime, the probability of exact
recovery is o,(1).

Corollary A.9. Suppose d > 5 and 6 < 4=%. Then, the probability of exact recovery is

d+1
1—Q,(1).
Proof. By Lemma A.7, we can apply Theorem A.6 to get that the probability of exact
recovery is at most HEH; — 0,(1). By Lemma A.1, this quantity is 1 — €2,,(1). [
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