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Abstract: The expansion of a hypergraph, a natural extension of the notion of expansion in
graphs, is defined as the minimum over all cuts in the hypergraph of the ratio of the number of
the hyperedges cut to the size of the smaller side of the cut. We study the Hypergraph Small-
Set Expansion problem, which, for a parameter 6 € (0, 1/2], asks to compute the cut having
the least expansion while having at most 0 fraction of the vertices on the smaller side of the
cut. We present two algorithms. Our first algorithm gives an 5( 6~!y/logn)—-approximation.
The second algorithm finds a set with expansion O(8 ' (\/dmaxr—10gr¢* + ¢*)) in an
r—uniform hypergraph with maximum degree dpax (Where ¢ is the expansion of the optimal
solution). Using these results, we also obtain algorithms for the Small-Set Vertex Expansion
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problem: we get an 5(5_1 v/logn)—approximation algorithm and an algorithm that finds a
set with vertex expansion

0 (6“ VOV 108 dnax + 5—‘¢V)

(where ¢ is the vertex expansion of the optimal solution).

For & = 1/2, Hypergraph Small-Set Expansion is equivalent to the hypergraph expansion
problem. In this case, our approximation factor of O(y/logn) for expansion in hypergraphs
matches the corresponding approximation factor for expansion in graphs due to Arora, Rao,
and Vazirani (JACM 2009).

1 Introduction

The expansion of a hypergraph, a natural extension of the notion of expansion in graphs, is defined as
follows.

Definition 1.1 (Hypergraph Expansion). Given a hypergraph H = (V,E) on n vertices (each edge ¢ € E
of H is a subset of vertices), we say that an edge e € E is cut by aset Sif eNS# @ and eNS # & (i.e.,
some vertices in e lie in S and some vertices lie outside of S). We denote the set of edges cut by S by
Ecut(S). The expansion ¢(S) of aset S CV (S # &, S # V) in a hypergraph H = (V,E) is defined as

| Ee(S)
O08) = in(Is|.15)

Hypergraph expansion and related hypergraph partitioning problems are of immense practical impor-
tance, having applications in parallel and distributed computing [6], VLSI circuit design and computer
architecture [13], scientific computing [10] and other areas. In spite of this, there has not been much
theoretical work on hypergraph partitioning problems. In this paper, we study a generalization of the
Hypergraph Expansion problem, namely the Hypergraph Small-Set Expansion problem.

Problem 1.2 (Hypergraph Small-Set Expansion Problem). Given a hypergraph H = (V,E) and a pa-
rameter 0 € (0, 1/2], the Hypergraph Small-Set Expansion problem (H-SSE) is to find a set S C V of
size at most dn that minimizes ¢ (S). The value of the optimal solution to H-SSE is called the small-set
expansion of H. That is, for § € (0,1/2], the small-set expansion ¢y, 5 of a hypergraph H = (V,E) is
defined as
P 5= min P(S).
0<|S|<dn

Note that for 6 = 1/2, the Hypergraph Small-Set Expansion Problem is the Hypergraph Expansion
Problem.

We note that H-SSE can be reduced to SSE (small-set expansion in graphs) if all hyperedges have
bounded size. Let r be the size of the largest hyperedge in H. Construct an auxiliary (weighted) graph
F on V as follows: pick a vertex in each hyperedge e and connect it in F to all other vertices of e (i.e.,
replace e with a star); let the weight of an edge f in F be the total weight of the hyperedges e € E for
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which f is part of the representative star of e. Then solve SSE in the graph F. It is easy to see that if
we solve SSE using an a—approximation algorithm, then we get (r — 1) —approximation for H-SSE.
This approach gives O(/lognlog(1/8))—approximation if r is bounded. However, if H is an arbitrary
hypergraph, we only get an O(n+/lognlog(1/8))—approximation. The goal of this paper is to give an
approximation guarantee valid for hypergraphs with hyperedges of arbitrary size.

Related work. Small-Set Expansion in graphs has attracted a lot of attention recently. The problem
was introduced by Raghavendra and Steurer [22], who showed that it is closely related to the Unique
Games problem. Raghavendra, Steurer and Tetali [23] designed an algorithm for SSE that finds a set
of size O(dn) with expansion O(y/¢*dlog(1/0)) in d regular graphs (where ¢* is the expansion of the
optimal solution). Later Bansal, Feige, Krauthgamer, Makarychev, Nagarajan, Naor, and Schwartz [5]
gave a O(4/lognlog(1/d))—approximation algorithm for the problem. In a different direction, Louis [16]
and Chan, Louis, Tang and Zhang [7] studied a heat (Markov) operator for hypergraphs and showed
connections between its spectrum and some combinatorial properties of hypergraphs. In particular, they
used some tools developed in this paper to show connections between the small-set expansion of a
hypergraph and higher eigenvalues of its heat operator.

Our results. We present analogs of the results by Bansal et al. [5] and Raghavendra, Steurer and
Tetali [23] for hypergraphs.

Theorem 1.3. There is a randomized polynomial-time approximation algorithm for the Hypergraph Small-
Set Expansion problem that, given a hypergraph H = (V,E) and parameters € € (0,1) and § € (0,1/2),
finds a set S C'V of size at most (1+ €)0n such that

0(S) <O¢ (5_] log 8 'loglogs - \/logn-¢;}75> =0, (5_1 \/logn¢,’f,75> ,

(where the constant in the O notation depends polynomially on 1/¢). That is, the algorithm gives
O(+/logn)—approximation when 0 and € are fixed.

We state our second result, Theorem 1.4, for r-uniform hypergraphs. We present and prove a more general
Theorem 6.3 that applies to any hypergraphs in Section 6.

Theorem 1.4. There is a randomized polynomial-time algorithm for the Hypergraph Small-Set Expansion
problem that, given an r—uniform hypergraph H = (V,E) with maximum degree dy.x and parameters
€€ (0,1)and & € (0,1/2), finds a set S C 'V of size at most (1+ €)0n such that

0(S) < O <5“ <m+ ¢2},5>> :

Our algorithms for H-SSE are bi-criteria approximation algorithms in that they output a set S of size
at most (1 + €)dn. We note that this is similar to the algorithm by Bansal et al. [5] for SSE, which also
finds a set of size at most (1 + €)dn rather than a set of size at most dn. The algorithm by Raghavendra,
Steurer and Tetali [23] finds a set of size O(Sn). The approximation factor of our first algorithm does
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not depend on the size of hyperedges in the input hypergraph. It has the same dependence on n as the
algorithm by Bansal et al. [5] for SSE. However, the dependence on 1/§ is quasi-linear; whereas it is
logarithmic in the algorithm by Bansal et al. [5]. In fact, we show that the integrality gap of the standard
SDP relaxation for H-SSE is at least linear in 1/8 (Theorem 7.1). The approximation guarantee of our
second algorithm is analogous to that of the algorithm by Raghavendra, Steurer and Tetali [23].

Small-Set Vertex Expansion. Our techniques can also be used to obtain an approximation algorithm
for Small-Set Vertex Expansion (SSVE) in graphs.

Problem 1.5 (Small-Set Vertex Expansion Problem). Given graph G = (V,E), the vertex expansion of a
set S C V is defined as

~ {ue§:3veSsuch that {u,v} € E}|

\%4

Given a parameter § € (0, 1/2], the Small-Set Vertex Expansion problem (SSVE) is to find a set S C V of
size at most 8n that minimizes ¢ (S). The value of the optimal solution to SSVE is called the small-set
vertex expansion of G. That is, for & € (0,1/2], the small-set expansion ¢/, 5 of a graph G = (V,E) is
defined as '

0<|S]<én

Small-Set Vertex Expansion recently gained attention thanks to its connection to obtaining sub-
exponential-time, constant-factor approximation algorithms for several combinatorial problems like
Sparsest Cut and Graph Coloring [2, 19]. Using a reduction from vertex expansion in graphs to hypergraph
expansion, we can get an approximation algorithm for SSVE having the same approximation guarantee
as that for H-SSE.

Theorem 1.6 (“Graph to Hypergraph Theorem,” informal statement). There exist absolute constants
c1,¢2 € R such that for every graph G = (V,E), there exists a polynomial-time computable hypergraph
H = (V' E’) such that c, q);;s < ¢g5 < 02¢;1,5' Furthermore, the algorithm for H-SSE from Theorem 6.3
applies to H.

A detailed version of this statement appears as Theorem 8.2 in Section 8.
From this theorem, Theorem 1.3 and Theorem 6.3 we immediately get algorithms for SSVE.

Theorem 1.7 (Corollary to Theorem 1.3 and Theorem 8.2). There is a randomized polynomial-time
approximation algorithm for the Small-Set Vertex Expansion problem that, given a graph G = (V,E) and
parameters € € (0,1) and § € (0,1/2)), finds a set S CV of size at most (1 + €)dn such that

0" (5) < Oc (V/lognd~"10g 5 loglog ™" - 95

That is, the algorithm gives O(+/logn)—approximation when 8 and € are fixed.
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Theorem 1.8 (Corollary to Theorem 6.3 and Theorem 8.2). There is a randomized polynomial-time
algorithm for the Small-Set Vertex Expansion problem that, given a graph G = (V,E) of maximum degree
dmax and parameters € € (0,1) and 6 € (0,1/2), finds a set S C 'V of size at most (14 €)6n such that

0" (5) < Oc (1/98 510gdma -5 10g 5" loglog 6~ + 57 9% 5)
=00 (571 /90 s logdmas +5710%5)

We note that the Small-Set Vertex Expansion problem for § = 1/2 is just the Vertex Expansion
problem. In that case, Theorem 1.7 gives the same approximation guarantee as the algorithm by Feige,
Hajiaghayi, and Lee [12] (see also [1]); Theorem 1.8 gives the same approximation guarantee as the
algorithm by Louis, Raghavendra, and Vempala [20]. To the best of our knowledge, Theorem 1.7 and
Theorem 1.8 are the first non-trivial approximation algorithms for SSVE. We mention that Chuzhoy
et al. [9] considered a bipartite variant of SSVE (which is somewhat similar but not equivalent to the
problem we study in this paper) and proved a hardness result for it in the regime where & is polynomially
small.

Remark 1.9. We note that the notion of hypergraph expansion is not directly related to the notion of
coboundary expansion of simplicial complexes [15, 14, 11]. Aside from an obvious distinction that
the former applies to hypergraphs and the latter applies to simplicial complexes, these two types of
expansion measure very different parameters of hypergraphs/simplicial complexes. For instance, consider
an r-uniform hypergraph H = (V,E) (with r > 3), in which every two hyperedges intersect in at most
r — 2 vertices, and the corresponding simplicial complex X = {c C e: e € E} over F;.

Then, the hypergraph expansion of H may be more or less arbitrary, while the coboundary expansion
of X in dimension r is equal to 1.

Techniques. Our general approach to solving H-SSE is similar to the approach of Bansal et al. [5]. We
recall how the algorithm by Bansal et al. [5] for (graph) SSE works. The algorithm solves a semidefinite
programming relaxation for SSE and gets an SDP solution. The SDP solution assigns a vector i to each
vertex u. Then the algorithm generates an orthogonal separator. Informally, an orthogonal separator S
with distortion D is a random subset of vertices such that the following hold.

(a) If @ and ¥ are close to each other then the probability that u and v are separated by S is small;
namely, it is at most aD||i — 7||?, where « is a normalization factor such that Pr (u € §) = ot||it|*.

(b) If the angle between i and Vv is larger than a certain threshold, then the probability that both u# and v
are in S is much smaller than the probability that one of them is in S.

Bansal et al. [5] showed that condition (b) together with SDP constraints implies that S is of size at most
(1+ €)6n with sufficiently high probability. Then condition (a) implies that the expected number of cut
edges is at most D times the SDP value. That means that S is a D—approximate solution to SSE.

If we run this algorithm on an instance of H-SSE, we will still find a set of size at most (14 €)dn,
but the cost of the solution might be very high. Indeed, consider a hyperedge e. Even though every two

vertices u and v in e are unlikely to be separated by S, at least one pair out of (';') pairs of vertices is quite
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likely to be separated by S; hence, e is quite likely to be cut by S. To deal with this problem, we develop
hypergraph orthogonal separators. In the definition of a hypergraph orthogonal separator, we strengthen
condition (a) by requiring that a hyperedge e is cut by S with small probability if all vertices in e are close
to each other. Specifically, we require that

Pr(eis cut by S) < aDmax ||ii — /|- (1.1)
u,vee

We show that there is a hypergraph orthogonal separator with distortion proportional to /logn (the
distortion also depends on parameters of the orthogonal separator). Plugging this hypergraph orthogonal
separator in the algorithm by Bansal et al. [5], we get Theorem 1.3. We also develop another variant
of hypergraph orthogonal separators, Ez—@ orthogonal separators. An EZ—E% orthogonal separator with
{o—distortion Dy, (r) and ¢3—distortion D, satisfies the following condition.!

Pr(eis cut by S) < aDy,(|e|) - min ||| - max || — ¥|| + &D 2 - max ||@ — || (1.2)
weE u,vce 2 u,vee

We show that there is an £,-¢3 hypergraph orthogonal separator whose ¢, and £3 distortions do not depend
on n. (In contrast, there is no hypergraph orthogonal separator whose distortion does not depend on n.)
This result yields Theorem 1.4.

We now give a brief conceptual overview of our construction of hypergraph orthogonal separators.
We use the framework developed by Chlamtac et al. [8, Section 4.3] for (graph) orthogonal separators.
For simplicity, we ignore vector normalization steps in this overview; we do not explain how we take
into account vector lengths. Note, however, that these normalization steps are crucial. We first design a
procedure that partitions the hypergraph into two pieces (the procedure labels every vertex with either
0 or 1). In a sense, each set S in the partition is a “very weak” hypergraph orthogonal separator. It
satisfies property (1.1) with Dy ~ y/lognloglog(1/8) and o = 1/2 and a weak variant of property (b):
if the angle between vectors it and v is larger than the threshold then events # € S and v € § are “almost”
independent. We repeat the procedure / = log,(1/6) 4+ O(1) times and obtain a partition of graph into
2! = 0(1/8) pieces. Then we randomly choose one set S among them; this set S is our hypergraph
orthogonal separator. Note that by running the procedure many times we decrease exponentially in / the
probability that two vertices, as in condition (b), belong to S. So condition (b) holds for S. Also, we effect
the distortion in (1.1) in two ways. First, the probability that the edge is cut increases by a factor of /.
That is, we get

Pr(eis cutby §) <Ix O‘ODOR%’E i — 7%

1Tt may look strange that we have two terms in the bound. One may expect that we can either have only term
D - o2
2 max || — 7|
2 u,vee
(as in the previous definition) or only term
Dy, (le|) - min ||w|| - max ||& — 7| .
v (Jef) - min 7] - max [ — ]

However, the latter is not possible—there is no ZZ—E% separator with D@ =0.
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C. _ 2
— 2.1
minimize ee%l:lvae);\]u ul (2.1)
subject to:
Z(ﬁ,\7> < &n-|i? foreveryu eV, (2.2)
veV
) llal”* =1, 2.3)
ueVv
@ —¥)|> + |7 —w|]> > ||a—w]|* for every u,v,w €V, (2.4)
0 < (a,v) < |a|? forevery u,veV. (2.5)

Figure 1: SDP relaxation for H-SSE.

Second, the probability that we choose a vertex u goes down from ||iz|*/2 to Q(8)||i||* since roughly
speaking we choose one set S among O(1/8) possible sets. That is, the parameter o of S is (6).
Therefore,

Pr(eis cut by §) < a(aolDo/Oc)invae)é i@ — 7|2

That is, we get a hypergraph orthogonal separator with distortion (a/Dy/a) ~ O(8'+/logn). The
construction of 62—6% orthogonal separators is similar but a bit more technical.

Organization. We present our SDP relaxation and introduce our main technique, hypergraph orthogonal
separators, in Section 2. We describe our first algorithm for H-SSE in Section 3, and then describe an
algorithm that generates hypergraph orthogonal separators in Section 4. We define 62—5% hypergraph
orthogonal separators, give an algorithm that generates them, and then present our second algorithm for
H-SSE in Sections 5 and 6. Finally, we show a simple SDP integrality gap for H-SSE in Section 7. This
integrality gap also gives a lower bound on the quality of m-orthogonal separators. We give a proof of
Theorem 8.2 in Section 8.

2 Preliminaries

2.1 SDP relaxation for Hypergraph Small-Set Expansion

We use the SDP relaxation for H-SSE shown in Figure 1. There is an SDP variable i for every vertex
u € V. Our spreading constraint (2.2) is a standard spreading constraint used to ensure that only a small
number of vectors have “large” norms [23, 5, 17]. An illustrative example is the SDP solution obtained
by fixing a set S C V, and defining i = a/ \/m ,if u € S; u = 0, otherwise, where a is a fixed unit vector.
This solution will satisfy the spreading constraint (2.2) only if |S| < dn.

Every combinatorial solution S (with |S| < dn) defines the corresponding (intended) SDP solution:
i=a/ \/ﬁ ,if u € S; it = 0, otherwise, where a is a fixed unit vector. It is easy to see that this solution
satisfies all SDP constraints. Note that max, ye. ||it — 7||? is equal to 1/]S], if e is cut, and to 0, otherwise.
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Therefore, the objective function equals

o I Eew(S
Lmla-i= ¥ o= S _gs).

uyyee
eEEcut (S)

Thus our SDP for H-SSE is indeed a relaxation. We denote the value of the optimal SDP solution by
sdpcost.

2.2 Hypergraph orthogonal separators

The main technical tool for proving Theorem 1.3 is hypergraph orthogonal separators. Orthogonal
separators were introduced by Chlamta¢, Makarychev, and Makarychev [8] (see also [5, 17, 21]) and
were previously used for solving Unique Games and various graph partitioning problems. In this paper,
we extend the technique of orthogonal separators to hypergraphs and introduce hypergraph orthogonal
separators. We then use hypergraph orthogonal separators to solve H-SSE. In Section 5, we introduce
another version of hypergraph orthogonal separators, €2—€% hypergraph orthogonal separators, and then
use them to prove Theorems 1.4 and 6.3.

Definition 2.1 (Hypergraph Orthogonal Separators). Let {ii: u € V} be a set of vectors in the unit ball
that satisfy K%—triangle inequalities (2.4) and (2.5). We say that a random set S C V is a hypergraph
m-orthogonal separator with distortion D > 1, probability scale & > 0, and separation threshold 8 € (0, 1)
if it satisfies the following properties.

1. Forevery u €V, Pr(u € S) = al|it]|*.
2. For every u and v such that ||@ — || > B min(]|a||?, ||7]|?),

A2 2
Pr(ueSandveS)gaM.
m

3. Forevery e CV, Pr(eis cutby S) < aDmaxy e, ||i — v||*.

The definition of a hypergraph m-orthogonal separator is similar to that of a (graph) m-orthogonal
separator: a random set S is an m-orthogonal separator if it satisfies properties 1, 2, and property 3’, which
is property 3 restricted to edges e of size 2.

3". For every (u,v), Pr(eis cut by ) < aDl||ii — v||*.

In this paper, we design an algorithm that generates a hypergraph m-orthogonal separator with distortion
Og (vIogn-mlogmloglogm). We note that the distortion of any hypergraph orthogonal separator must
depend on m at least linearly (see Section 7). We remark that there are two constructions of (graph)
orthogonal separators, “orthogonal separators via £;” and “orthogonal separators via ¢,,” with distortions,
Ogp(+/lognlogm) and Og(+/lognlogm), respectively (presented in [8]). Our construction of hypergraph
orthogonal separators uses the framework of orthogonal separators via £;. We prove the following theorem
in Section 4.
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Theorem 2.2. There is a polynomial-time randomized algorithm that given a set of vertices V, a set
of vectors {i} satisfying ﬂ%—triangle inequalities (2.4) and (2.5), parameters m > 2 and 3 € (0,1),
generates a hypergraph m-orthogonal separator with probability scale a > 1/n and distortion D =
O(B~'mlogmloglogm x /logn).

3 Algorithm for Hypergraph Small-Set Expansion

In this section, we present our algorithm for Hypergraph Small-Set Expansion. Our algorithm uses
hypergraph orthogonal separators that we describe in Section 4. We use the approach of Bansal et
al. [5]. Suppose that we are given a polynomial-time algorithm that generates hypergraph m-orthogonal
separators with distortion D(m, ) (with probability scale o > 1/poly(n)). We show how to get a
D* =4D(4/(€d),e/4)—approximation for H-SSE.

Theorem 3.1. There is a randomized polynomial-time approximation algorithm for the Hypergraph Small-
Set Expansion problem that given a hypergraph H = (V,E), and parameters € € (0,1) and 6 € (0,1/2)
finds a set S C'V of size at most (1+ €)0n such that ¢(S) <4D(4/(€d),&/4) - ¢;; 5-

Proof. We solve the SDP relaxation for H-SSE and obtain an SDP solution {i}. Consider a hypergraph
orthogonal separator S with m =4/(€8) and B = €/4. Define a set S’

g S if|S]| < (14¢€)dn,
@ otherwise.

Clearly, |S'| < (1+¢€)dn. Bansal et al. [5] showed the following lemma (see also Theorem A.1 in [21]);
for completeness, we reproduce their proof here.

Lemma 3.2 (Bansal et al. [5]). Pr(u e S') € [(at/2) |||, t||i||*] for everyu e V.
Proof. Clearly, Pr(u € S') <Pr(u € S) = al|i||>. Now, let
A, = {\7: ||ﬁ—17\|22[3||12\|2} and B, = {\7: ||ﬁ—\7H2<B||ﬁH2} .

We show that only a small fraction of A, belongs to S, and that the set B, is small.
For any v € B, we have

lal|* = ¢a,v) = fla— o> = (I7]° — (@, 7)) < Bllal*.

Therefore, (i, ) > (1 — f)]/i]|*>. Now,

(@7) ) )
B.< ¥ 7= pyiaE < TopaE &0 < 7op < S0+ 280 = (1+€/2)8

veEB, ”Lt‘

Here, the last inequality uses (2.2).
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For an arbitrary v € A, by the first and second properties of orthogonal separators, Pr(v € S |u € §) <
1/m. Thus, E[|A,NS| | u € S] < n/m. Therefore, using Markov’s inequality,

1
Pr(|A,NS| > edn/2|ues) < njm

edn/2 = 2’
Therefore,

1
Pr(|S| < (14+¢€)én) >Pr(JA,NS| <edn/2|ucs)> 3

and _12

Pr(ues’) > alla|*Pr(|S| < (1+¢€)dn) > ol O
—_ -_— —_ 2 .
Note that

Pr (S’ cuts edge e) < Pr(S cuts edge ¢) < aD* max | — v||*
u,ve€e
where D* denotes D(4/(€6),e/4) for the sake of brevity. Let

7 — ‘S/‘ o |ECUt(S/)’ )
4D* - sdpcost
We have

E[|Ecu(S)]] a o Yeer 0D maxye ||d— 7|
ElZ|=E “S/H  4D* - sdpcost = Z 2 ===

= 4D* - sdpcost
aD*sdpcost «

_a ¢
2

"~ 4D*-sdpcost 4
Since Z < |§'| < (1+¢€)6n < n (always), by Markov’s inequality, we have Pr(Z > 0) > o//(4n) and
hence
Pr (|Ecu(S")|/|S'| < 4D* -sdpcost) > ot/ (4n).
We sample S independently 4/ times and return the first set S’ such that

Eou(S
|Cr‘;$|)| < 4D* -sdpcost.

This gives a set §’ such that |S'| < (1+¢€)dn, and ¢(S') < 4D*¢}; 5. The algorithm succeeds (finds
such a set ") with a constant probability. By repeating the algorithm n times, we can make the success
probability exponentially close to 1.

O
In Section 4, we describe how to generate an m-hypergraph orthogonal separator with distortion
D = 0(+/logn x ﬁ_lmlogmloglogm) .

That gives us an algorithm for H-SSE with approximation factor
O¢ (5_1 log & 'loglogs ! x \/logn) .
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4 Generating hypergraph orthogonal separators

In this section, we present an algorithm that generates a hypergraph m-orthogonal separator. At the high
level, the algorithm is similar to the algorithm for generating orthogonal separators from Section 4.3 in
the paper by Chlamtac, Makarychev, and Makarychev [8]. We use a different procedure for generating
words W (u) (see below) and set parameters differently; also the analysis of our algorithm is different. As
in [8], our algorithm has three main steps.

Our first step is to use a “normalization” map @ (the step is identical to one in [8]). This normalization
transforms the set of vectors into a set of functions in L,[0, 0], so that the image of every non-zero vector
is a function with L, norm 1; the images of orthogonal vectors are orthogonal; the distance between the
images of u and v is roughly preserved. Moreover, the images satisfy L% triangle inequalities. The map ¢
is defined as follows.

u, ift<1/|l?

Pl)lt) = {0 otherwise.

Formally, ¢ has the following properties.

1. For all vertices u, v, w. [|@ (@) — (7)|[3 + [ 9(?) — @() |13 > [ 0(i) — @ () 3.

@
max([|al]. [7]2)
9(@)]3 = (p(). 9()) = 1. Also, 9(0) =0.

2||a—v]>
max (a1, [[7]]*)”

2. For all nonzero vertices u and v, (@ (i), @ (V))

3. In particular, for every it # 0,

4. For all non-zero vectors i and 7, || @ (i) — @ (¥)]|3 <

In the second step of our algorithm, we also use the following theorem by Arora, Lee, and Naor [3] (see
also [4]).

Theorem 4.1 (Arora, Lee, and Naor (2005), Theorem 3.1). There exist constants C > 1 and p € (0,1/4)
such that for every n unit vectors x,, (u € V), satisfying E%—triangle inequalities (2.4), and every A > 0, the
following holds. There exists a random subset U of V such that for every u,v € V with ||x, — x,||> > A,

A
P Uandd(v,U) > >
r(ue and d (v, >*C hogn) Zp,

where d(v,U) = min,cy ||x, — x|

The second step of our algorithm is summarised by the following lemma. In this step, we describe an
algorithm that randomly assigns each vertex u# a symbol, either O or 1. In this step, we deviate from the
algorithm in [8].

Lemma 4.2. There is a randomized polynomial-time algorithm that, given a finite set V, unit vectors @ (ii)
foru €V satisfying E%—triangle inequalities, and a parameter B € (0, 1), returns a random assignment
o :V — {0, 1} that satisfies the following properties.
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e For every u and v such that || @ (it) — ¢(7)|*> > B, we have Pr(®(u) # ®(v)) > 2p, where p > 0 is
the constant from Theorem 4.1.

o For every set e C 'V of size at least 2,

Pr(ow(u) # o(v) for some u,v € ) < O(B_] \/lognllzlv%)é llo(a) — (p(V)HZ) .

Proof. Let U be the random set from Theorem 4.1 for vectors x, = ¢(i1) and A = B. Choose 7 €
(0,A/(Cy/logn)) uniformly at random. Let

() {07 if d(u,U) < t,

1, otherwise.

Consider first vertices u and v such that ||@(it) — ¢(7)||> > B. By Theorem 4.1,

A A
Pr<u6Uandd(v,U)2C\/@>2p and Pr(veUandd(u,U)ZC\/@>2p.

Note that in the former case, when u € U and d(v,U) > A/(Cy/logn), we have ®(u«) =0 and o(v) = 1;
in the latter case, when v € U and d(u,U) > A/(C+/logn), we have ®(v) = 0 and @(u) = 1. Therefore,
the probability that @(u) # w(v) is at least 2p.

Now consider a set e C V of size at least 2. Let

T, = mind (U, @(w)) and T = maxd(U,p(w)).
wee wee
We have Ty — T,, < max, e || @(@1) — @(7)||*. Note that if # < 7, then @(u) = 1 for all u € e; if t > Ty

then w(u) =0 for all u € e. Thus w(u) # @(v) for some u,v € e only if ¢ € [7,,, Tar). Since the probability
density of the random variable ¢ is at most C/logn, we get,

Pr(Ju,vee:o(u) # o)) <Pr(t €[t ) <

Cylogn
B

We now amplify the result of Lemma 4.2.

Lemma 4.3. There is a randomized polynomial time algorithm that given V, vectors @(it) and 3 € (0,1)
as in Lemma 4.2, and a parameter m > 2, returns a random assignment @ : V — {0, 1} such that the
following hold.

e For every u and v such that | ¢ (1) — ¢(¥)||*> > B,
Pr(@(u) # @(v)) >1/2—1/log,m.
o For every set e C 'V of size at least 2,

Pr(®(u) # @(v) for some u,v € e) < 0([371 \/logn-loglogm-%g o (i) — q)(17)||2) .
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Proof. Let
log,1
K:maxqogzogzmw ,1> |
—logy(1—4p)
We independently sample K assignments @y, ...,k as described in Lemma 4.2. Let

O (u) = @ (u) ©--- S o (u),
where @ denotes addition modulo 2. Consider u and v such that || (&) — @(¥)||> > B. Let
p="Pr(wj(u) #wi(v))>2p for ie{l,....K}

(the expression does not depend on the value of i since all @; are identically distributed). Note that
®(u) # @(v) if and only if @;(u) # @;(v) for an odd number of indices i. Therefore,

Pr(o() £o()= Y (Zklil)ﬁzm(l K2 1—(12—2p)

0<k<K/2
. o K
JI-(1—dp)f 1 1

- 2 —2 log,m’
Now let e C V be a subset of size at least 2. We have, by the union bound,

Pr(®@(u) # ®(v)) < Pr(w;(u) # @;(v) for some i) < O(Kﬁ \/lognmaxH(p (17)||2) .0

In the third step (step 3 of Algorithm 1), we generate “words” using the @(-). This step is again
similar to one of the steps in the paper [8]. We present our complete algorithm for the hypergraph
orthogonal separator below, and we analyze our algorithm in Theorem 4.4.

Algorithm 1.
1. Set! = [log,m/(1—1logy(1+2/log,m))] =logym+O(1).
2. Sample [ independent assignments @, ..., @; using Lemma 4.3.
3. For every vertex u, define word W (i) = (@ (u), ..., @ (u)) € {0,1}.

4. If n > 2, pick a word W € {0, 1} uniformly at random. If n < 2/, pick a random word W € {0,1}!
so that Pry (W = W (u)) = 1/n for every u € V. This is possible since the number of distinct words
constructed in step 3 is at most n (we may pick a word W not equal to any W (u)).

5. Pick r € (0, 1) uniformly at random.
6. Let S={ueV:|i|*>>rand W(u) =W}

Theorem 4.4. Random set S is a hypergraph m-orthogonal separator with distortion

mlogmloglogm)
D:O<\/10gn>< MOSMOEOEM )
B

probability scale oo > 1/n and separation threshold .

Proof. We verify that S satisfies properties 1-3 in the definition of a hypergraph m-orthogonal separator
with o = max(1/2,1/n).
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Property 1. Let a = max(1/2/,1/n). We compute the probability that u € S. Observe that u € S if
and only if W (u) = W and r < ||i||* (these two events are independent). If n > 2/, the probability that
W =W (u) is 1/2/ since we choose W uniformly at random from {0, 1}'; if n < 2/ the probability is 1/n.
That is, Pr(W = W (u)) = max(1/2!,1/n) = o. The probability that r < ||i||? is ||iz]|>. We conclude that
property 1 holds.

Property 2. Consider two vertices u and v such that ||z — > > Bmin(]|i||?,||7]|?). Assume without
loss of generality that ||i||> < ||7]|%. Note that u,v € S if and only if r < ||i||> and W = W (u) = W (v). We
first upper bound the probability that W (u) = W (v). We have

2(,7) = [[al|* + |91 = lla —v]* < (1= B)llall* + |I7]* < (2 B) 9]
Therefore, 2(iz, v) /||7||> < 2 — 8. Hence,

2(a, )
max (||]|2, [|7]|?)

lo(a) — p(9)[|* =2 —2{p(a), p(v)) =2 — >p.

From Lemma 4.3 we get that Pr(@;(u) # @;(v)) > 1/2 — 1/log, m for every i. The probability that

W (u) =W (v) is at most
N /
= m.
2 log,m;) —

Pr(u € S,veS)=Pr(r<min(|a| |[7]|2) x Pr(W = W(u) = W(v) | W(u) = W(v))
X Pr (W () = W (v)) < min(||al% [7]2) x o x (1/m).

Therefore we have, as required,

Property 3. Let e be an arbitrary subset of V, |e| > 2. Let p,, = min,e, 7> and py; = max,,e. |W]|%.
Note that

par — P = ||| = [[¥92|* < [[¥91 — 92| < max |2 — ]|,

for some wy,w, € e. Here we used that SDP constraint (2.5) implies that |1 |? — ||W,]|> < ||w1 —w2]|2.
LetA={uce:|il|>>r}. Wehave SNe={u€A:W(u)=W}. Therefore, if e is cut by S then
one of the following events happens.

e Event £1: A #eand SNe # 2.
e Event&ry: A=eandANS# 3, ANS #A.

If €, happens then r € [p, py] since A # e and A # @& (because A D SNe # &). We have

Pr(€1) < Pr(r € (pu,pu]) < [Pu — Pl < max a— 7[>
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If &, happens then (1) r < p, (since A = e) and (2) W(u) # W(v) for some u,v € e. The probability
that r < p,, is p,- We now upper bound the probability that W (u) # W (v) for some u,v € e. For each
ie{l,... .1},

Pr(@;(u) # @(v) for some u,v € ¢) < O(B~"+/logn-loglogm) max o () — (7))

) 2|\ — 7|2
< 1 . . =17 =17\
< o(ﬁ \/@ loglogm) iflvae’; min(|[]2, |[7]2)

<0(B~"y/logn-loglogm) x p,,' x glvae)é||ﬁ—ﬁ|]2.
By the union bound over i € {1,...,1}, the probability that W («) # W (v) for some u,v € e is at most
O(I x B~"\/logn -loglogm) x p,," x Lr{nyaéHﬁ—\?HZ.
Therefore,
Pr (&) < p x O(1 x B~ \/logn loglogm) x p,," x max | — 7]
< O(ﬁfl\/@logmloglogm) xiynvae)éﬂﬁ—ﬁHz.
We get that the probability that e is cut by S is at most
Pr(&€)+Pr(&) < O(Bfl\/@logmloglogm) X ilgg”ﬁ—ﬁw

For D = O(B~'\/logn logmloglogm)/a, we get Pr(e is cut by S) < aDmax, e, || — v||>. Note that
a>1/2'>Q(1/m). Thus D < O(B~'/lognmlogmloglogm). O

5 EZ—E% hypergraph orthogonal separators

In this section, we present another variant of hypergraph orthogonal separators, which we call Ez—@
hypergraph orthogonal separators. The advantage of 62—6% hypergraph orthogonal separators is that their
distortions do not depend on n (the number of vertices). Then in Section 6, we use £,—¢3 hypergraph
orthogonal separators to prove Theorem 6.3 (which, in turn, implies Theorem 1.4).

Definition 5.1 (/,—¢3 Hypergraph Orthogonal Separator). Let {ii : u € V} be a set of vectors in the unit
ball. We say that a random set S C V is an {o—¢3 hypergraph m-orthogonal separator with {,—distortion
Dy, : N =R, E%—distortion Dgg, probability scale & > 0, and separation threshold 8 € (0, 1) if it satisfies
the following properties.

1. Foreveryu € V,Pr(uc S) = al|ii>.
2. For every u and v such that || — || > B min(]|a]|?, ||7]|?),

min(|| %, [|7]|*)

PrueSandveS) <a
m
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3. Foreverye CV,

Pr(e s cut by ) < aDy, -max ||i@ — 7||* + aDy,(|e|) - min ||| - max ||z — 7| .
2 uyvee wee u,vce

(This definition differs from Definition 2.1 only in item 3.)

Theorem 5.2. There is a polynomial-time randomized algorithm that given a set of vertices V, a set
of vectors {ii} and parameters m and B generates an ZZ—E% hypergraph m-orthogonal separator with
probability scale o« > 1/n and distortions:

Dy = O(m) and Dy, (r) = O(B~/2\/logrmlogmloglogm).
Note that distortions DK% and Dy, do not depend on n.

The algorithm and its analysis are very similar to those in the proof of Theorem 2.2. The only
difference is that we use another procedure to generate random assignments @ : V — {0,1}. The
following lemma is an analog of Lemma 4.2.

Lemma 5.3. There is a randomized polynomial time algorithm that given a finite set V, vectors ¢ (ii)
foru eV, and a parameter 3 € (0,1), returns a random assignment ® : V — {0, 1} that satisfies the
following properties.

o For every set e CV of size at least 2,

Pr(w(u) # o(v) for some u,v € ) < O(B_l/zx/log le]) x max lo(a) — (V).

e For every u and v such that | @ (i) — @(¥)|* > B,
Pr(ow(u) # o(v)) > 0.3.

Proof. We sample a random Gaussian vector g ~ N(0,1,) (each component g; of g is distributed as
N(0,1), all random variables g; are independent). Let N be a Poisson process on R with rate 1/ \/E . Let
w(u) =1if N({g,(@))) is even, and w(u) = 0if N((g, ¢(iz))) is odd. Note that @w(u) = ®(v) if and only
if N((g, 9(i))) — N((g, 9(5))) is even.
Consider a set e C V of size at least 2. Denote diam(e) = max,, e, || (1) — @(V)||. Let
Tm = min<ga (P(W)> and ™M = max(g, (p(W)) :
wee wee

Note that
N(ty) =minN((g,@(7)))  and  N(7y)=maxN({g, (W))).

If all numbers N({g, ¢(i))) (for u € e) are equal then ®(u) = w(v) forall u,v € e. Thus if w(u) # w(v) for
some u,v € e then N((g,¢(i1))) # N({(g, @ (v))) for some u,v € e. In particular, then N(Ty;) — N(7s) > 0.
Given g, N(y) — N(%,) is a Poisson random variable with rate (Ty — T,,)/1/B. We have

Pr(o(u) # o(v) for some u,v€ e | g) <Pr(N(ty)—N(tn) >0]|g)
— = (mw)/VB <B V(1 —10).
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Let &, = (g, 0(@1)) — (g,9(V)) for u,v € e (u # v). Note that §,, are Gaussian random variables with
mean 0, and

Var[&u] = Var[(g, (1)) — (g, 9(7))] = | 9(i1) — ¢(7)||* < diam(e)”.
The expectation of the maximum of (not necessarily independent) N Gaussian random variables with
standard deviation bounded by o is O(y/logNo). We have

u,vee

Elty —tm) =E [max(&jw)} = 0(y/log(le|(|e| — 1)) diam(e)) = O(+/log|e| diam(e))
since the total number of random variables &,, is |e|(|e| — 1). Therefore,
Pr(w(u) # o(v) for some u,v € ¢) < B~V B[ty — 1] = O(B*I/Z\/log le| max (i) — @(D)]]) -

We proved that w satisfies the first property. Now we verify that @ satisfies the second property. Consider
two vertices u and v with ||@(i1) — @(¥)||*> > B. Given g, the random variable

Z=N({g,(@))) —N((g, 0(7)))
has Poisson distribution with rate A = |(g, ¢(i1)) — (g, 9(¥))|/+/B. We have

0 e—kle _ 1+e—21

k;) (k) 2

Pr(Ziseven|g) = ZPr(Zsz lg) =
k=0

Note that A is the absolute value of a Gaussian random variable with mean 0 and standard deviation
o = |l@(@) — ¢(¥)||/+/B > 1. Thus Pr(Z is even) = E [1 +e‘2"‘7’|] /2, where 7 is a standard Gaussian

random variable, ¥ ~ N(0, 1). We have
1 —e 201 1 —e 2
— | >E|——| >0.3.
> ] > [ > >03 O

Now we use the algorithm from Theorem 2.2 to obtain Ez—fg hypergraph orthogonal separators. The
only difference is that we use the procedure from Lemma 5.3 rather than from Lemma 4.2 to generate
assignments @.

Pr(0(u) # 0(v) = E

Theorem 5.4. Random set S is an EZ—K% hypergraph m-orthogonal separator with distortions

Dp=0(m) and  Dy(r)= 0(B~"*\/logrmlogmloglogm),
probability scale a > 1/n and separation threshold € (0,1).

Proof. The proof of the theorem is almost identical to that of Theorem 4.4. We first check conditions 1
and 2 of EZ—K% hypergraph orthogonal separators in the same way as we checked conditions 1 and 2 of
hypergraph orthogonal separators in Theorem 4.4. When we verify that property 3 holds, we use bounds
from Lemma 5.3. The only difference is how we upper bound the probability of the event ;. Recall that
&, is the event that

A=e, ANS# 2, and ANS#A.

We let p,, = min,,c. ||w||* as in Theorem 4.4. If €, happens then
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1. r < p,, since A =e, and
2. W(u) # W(v) for some u,v € e.

The probability that r < p,, is p,,. We upper bound the probability that W (u) # W (v) for some u,v € e.
Foreachie {1,...,l},

Pr(@;(u) # @;(v) for some u,v € e) < O(B~'/?\/log|e| loglogm) max llo(@) — ()]

_ i — |
< 0(B~"%/log|e| loglogm max,”_—_
B ) i . 57
< 0(B~"2\/1og|e| loglogm) x o2 x magx\|ﬁ—\7||.

u,vee

By the union bound over i € {1,...,[}, the probability that W («) # W (v) for some u,v € e is at most
O(I x B~'2\/log|e] loglogm) x p,;1/2 X max || —v|| .
u,vee

Therefore,
Pr(€2) < pm x O(I x B~1/2\/log |e] loglogm) x pm/? % inyegz”ﬁ—ﬁ”

<O(Ix ﬁ_l/z\/mloglogm) X p,}/z X inyg”ﬁ—\?\\ .

We get that the probability that e is cut by S is at most
Pr(€1)+Pr(€2) < max ||+ O(1 x p~'/*/log e[ loglogm) py* max| | —v]

< max||ii—7[|* + O(1 x B2 /log|e] loglogm) min | v|| max |1z — v]

For Dz = 1/aand Dy, (r) = O(B~'/2\/logr logmloglogm) / ct, we get
Pr(eis cutby §) < aDy - max || — [? + aDy, (Je]) - min |7 ~max |[a — v}

Note that o > 1/2! > Q(1/m). Thus

Dy = O(m) and Dy, (r) = O(B~"*\/logrmlogmloglogm). O

6 Algorithm for Hypergraph Small-Set Expansion via EQ—E% hypergraph
orthogonal separators

In this section, we present another algorithm for Hypergraph Small-Set Expansion. The algorithm finds a
set with expansion proportional to , /@, 5. The proportionality constant depends on degrees of vertices

and hyperedge size but not on the graph size. Here, we present our result for arbitrary hypergraphs. The
result for uniform hypergraphs (Theorem 1.4) stated in the Introduction follows from our general result.
In order to state our result for arbitrary graphs, we need the following definition.
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Definition 6.1. Consider a hypergraph H = (V,E). Suppose that for every edge e we are given a
non-empty subset ¢° C e. Let

log, |e
nu) =Y ga/el and nmax:Tea‘}n(u).

euce® ‘eO’
Finally, let nfIbe the minimum of M,y over all possible choices of subsets e°.

Claim 6.2.

1. Mg <max Y (log, le])/[e].

euce
2. IfH is an r-uniform graph with maximum degree dmax then N < (dnaxlog,r)/r.

3. Suppose that we can choose one vertex in every edge so that no vertex is chosen more than once.
Then nnffax < 1og, Fmax, Where rmax is the size of the largest hyperedge in H.

Proof.
1. Lete® = e forevery e € E. We have nf . < max,cy ¥,..c.(I0g; le])/|e].

2. Byitem 1,

Max < Max Y (log; |e])/le| =max Y (log, r)/r = (dmaxlog, 7) /7.

euce euce

3. For every edge e € E, let ¢° be the set that contains the vertex chosen for e. Then |¢°| =1 and
|{e:u € e°}| <1 forevery u. We have

0g2 le | max log, rmax

|e ’ T uev euee 1

=108, Fmax - O

Theorem 6.3. There is a randomized polynomial-time algorithm for the Hypergraph Small-Set Expansion
problem that given a hypergraph H = (V,E), and parameters € € (0,1) and 6 € (0,1/2], finds a set
S C V of size at most (1+ €)0n such that

0(5) < 0c (8 '10g8 ' oglogs ™\ /il 055+ 8 0715
=0c (87" (\ /il 5+ 915) ) -

In particular, if H is an r-uniform hypergraph with maximum degree dnax, then we have

#(S) < O¢ (61 (\/er o 5))
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Proof. The proof is similar to that of Theorem 3.1. We solve the SDP relaxation for H-SSE and obtain an
SDP solution {it}. Denote the SDP value by sdpcost. Consider an 62—6% hypergraph orthogonal separator

S withm =4/(€6) and B = €/4. Define a set S

o [s iflsI=(+en,
&, otherwise.

Clearly, |S'| < (1+¢€)d6n. As in the proof of Theorem 3.1,
Pr(ue §') € [(a/2) [al?, ollal]

Note that

Pr (S’ cuts edge e) < Pr(S cuts edge e) < aDy, max i@ —7||> + oDy, (r) mein Iz max ||z — 7.
u,vee weEe u,vee

Let €= a ' E[|Ecy(S)]]. Let

o[BS
=S 4€
We have Ean(S)
E[Z] =E[|S]] -E | =22 > 2_2_a_2a_0o
=B -E[ 2| = £ -G =5 -5 =

Now we upper bound €. Consider the optimal choice of ¢° for H in the definition of /I ..

C=a'E [|Ecut(S)]] < a! Z Pr (e is cut by S)

ecE
<0y X max 1P+ XD (el min 7] ma 75|
ecE
< Dy; -sdpcost + Y Dp(lel) Y. <‘]‘e°‘|‘> xumvzvéHu—vH
eckE wee®

, o
< D esdpcost+ Y Y e2|||rw||xmaxu7veeuu i

ecE wee® \/ \/ |e°]

D 2 7— 2
< Dg-sdpcost+,/ ) ) k2 AN AP | i T ’e‘ ”W” Yy Y maXuNEel’” il

ecE wee® ecEwee® ‘e ’
D
< Dyz - sdpcost + ) (|w\|2 ) M) \/sdpcost,
weV exwee’ ‘6 ’

where the inequality of line (6.1) follows from Cauchy—Schwarz. For every vertex w,

D 2
)y z2|(\06||) < Og(mlogmloglogm)* Y O|g20|| . < Op(mlogmloglogm)® X T
e ewee®

Y wl*=1.

weV

e:wee’

and
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€<0g (msdpcost—i—mlogmloglognu/77[’;1’ax . sdpcost) .

By the argument from Theorem 3.1, we get that if we sample S’ sufficiently many times (i. e., (4n” /&)
times), we will find a set " such that

Ecu (S
|°|“;§|)’ =4C<0p (5110g5110g10g51 m%— 5lsdpcost>

with probability exponentially close to 1. O

Therefore,

7 SDP integrality gap

In this section, we present an integrality gap for the SDP relaxation for H-SSE. We also give a lower
bound on the distortion of a hypergraph m-orthogonal separator.

Theorem 7.1. For 6 = 1/r, the integrality gap of the SDP for H-SSE is at least 1/(28) = r/2.

Proof. Consider a hypergraph H = (V,E) on n = r vertices with one hyperedge ¢ =V (e contains all
vertices). Note that the expansion of every set of size n =1 is 1. Thus (1)1’_‘1’ s=1

Consider an SDP solution that assigns vertices mutually orthogonal vectors of length 1/4/r. It is easy
to see this is a feasible SDP solution. Its value is max, e, || — 7||* = 2/r. Therefore, the SDP integrality
gap is at least r/2. O

Now we give a lower bound on the distortion of hypergraph m-orthogonal separators.

Lemma 7.2. For every m > 4, there is an SDP solution such that every hypergraph m-orthogonal
separator with separation threshold B < 2 has distortion at least [m] /4.

Proof. Consider the SDP solution from Theorem 7.1 for n = r = [m]. Consider a hypergraph m-
orthogonal separator S for this solution. Let D be its distortion. Note that condition (2) from the definition
of hypergraph orthogonal separators applies to any pair of distinct vertices (u,v) since ||ii — v||*> = 2||u/|*> =
2|lv]12.

By the inclusion—exclusion principle, we have

Pr(|S|=1)> ZPr(uES)—% Z Pr(ueS,ves)

ues u,veS, u#v
1 amin(||a|?, ||7)|? an(n—1
Y (S B U P
ues u,veS u#v m 2mr

On the other hand, if |S| = 1 then S cuts e. We have

Pr(|S| = 1) < Pr(S cuts ¢) < aDmax ||i— v||* = 2aD/r.
u,v€e

We get that o/2 < 2aD/r and thus D > r/4 = [m] /4. O
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8 Reduction from Vertex Expansion to Hypergraph Expansion

In the reduction from vertex expansion to hypergraph expansion, we will use the notion of Symmetric
Vertex Expansion. For a graph G = (V,E) and set S C V, we define its outer neighborhood N(S) as
follows.

N(S)={ue S:3ve Ssuchthat {u,v} €E}.

The symmetric vertex expansion of a set, denoted by @V (S), is defined as

@V(S):W and @ s= min P(S).
min(|S]|, |S]) G, Scv
0<|S[<8n

We will use the following reduction from vertex expansion to symmetric vertex expansion.

Theorem 8.1 (Louis, Raghavendra, and Vempala [20]). Given a graph G, there exists a graph G’ such
that

1%
1965 < Plr s < 204 5

where c1,cy > 0 are absolute constants, and the maximum degree of graph G' is equal to the maximum
degree of graph G. Moreover, there exists a polynomial time algorithm to compute such graph G'.

The following result is a detailed version of the informal Theorem 1.6 stated in the Introduction.

Theorem 8.2 (“Graph to Hypergraph Theorem,” detailed statement). There exist absolute constants
c1,¢2 € R such that for every graph G = (V,E), there exists a polynomial-time computable hypergraph
H = (V',E') such that ¢ 9}; 5 < (;)2;/75 < 29y 5. Also, for the hypergraph H, we have nl . <log,(dmax +
1), where nk__is defined in Definition 6.1 and diax is the maximum degree of G.

Proof. Starting with graph G, we use Theorem 8.1 to obtain a graph G’ = (V' E’) such that
195 < Pi 5 < 2005

Next we construct hypergraph H = (V' E"): for every vertex v € V', we add the hyperedge {v} UN({v})
to E” (note that N({v}) is the set of neighbors of v in G).

Fix an arbitrary set S C V. We first show that ® (S) < ¢ (S). Consider the set of vertices N(S).
Each vertex in v € N(§) has a neighbor, say u, in §. Therefore the hyperedge {v} UN({v}) is cut by S in
H. Similarly, for each vertex v € N(S), the hyperedge {v} UN({v}) is cut by S in H. Therefore,

INS)[+INS)|_ |Eeu(S)]

Now we verify that ¢z (S) < ®V(S). For any hyperedge ({v} UN({v})) € Ec(S), the vertex v has to

belong to either N(S) or N(S). Therefore,

Ea(S)] _ [NS)|+IN(S)

N
s ST

ou(S) <
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Thus we get that ¢z (S) = ®Y (S) for every S C V, and hence (j)[; s= 6192,7 s+ Therefore, by Theorem 8.1,

1% 1%
c19g5 < ¢;1,5 < fg s-

Finally, we upper bound nf . We use part 3 of Claim 6.2. We choose vertex v in the hyperedge
{v}UN({v}). By Claim 6.2, nfl _ <1og, rmax, Where rux is the size of the largest hyperedge. Note that
|[{v}UN({v})| =degv+ 1. Thus

nH « <108, max < 102y (dimax + 1) - 0
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