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—— Abstract

We study high order random walks on high dimensional expanders on simplicial complexes (i.e.,
hypergraphs). These walks walk from a k-face (i.e., a k-hyperedge) to a k-face if they are both
contained in a k+ 1-face (i.e, a k+ 1 hyperedge). This naturally generalizes the random walks on
graphs that walk from a vertex (0-face) to a vertex if they are both contained in an edge (1-face).

Recent works have studied the spectrum of high order walks operators and deduced fast
mixing. However, the spectral gap of high order walks operators is inherently small, due to
natural obstructions (called coboundaries) that do not happen for walks on expander graphs.

In this work we go beyond spectral gap, and relate the expansion of a function on k-faces
(called k-cochain, for k = 0, this is a function on vertices) to its structure.

We show a Decomposition Theorem: For every k-cochain defined on high dimensional ex-
pander, there exists a decomposition of the cochain into i-cochains such that the square norm
of the k-cochain is a sum of the square norms of the i-chains and such that the more weight the
k-cochain has on higher levels of the decomposition the better is its expansion, or equivalently,
the better is its shrinkage by the high order random walk operator.

The following corollaries are implied by the Decomposition Theorem:

We characterize highly expanding k-cochains as those whose mass is concentrated on the
highest levels of the decomposition that we construct. For example, a function on edges (i.e.
a l-cochain) which is locally thin (i.e. it contains few edges through every vertex) is highly
expanding, while a function on edges that contains all edges through a single vertex is not
highly expanding.

We get optimal mixing for high order random walks on Ramanujan complexes. Ramanu-
jan complexes are recently discovered bounded degree high dimensional expanders. The
optimality in their mixing that we prove here, enable us to get from them more efficient
Two-Layer-Samplers than those presented by the previous work of Dinur and Kaufman.
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1 Introduction

In this work we study high order random walks on bounded degree simplicial complexes
(i.e., hypergraphs). These walks walk from a k-face (i.e., a k-hyperedge) to a k-face if they
are both contained in a (k + 1)-face (i.e, a k + 1 hyperedge). This naturally generalizes
the random walks on graphs that walk from a vertex (0-face) to a vertex if they are both
contained in an edge (1-face). Roughly speaking, we are interested in walks that converge
fast to a uniform distribution on the k-faces. For obtaining such fast convergence, a necessary
condition is that the k-faces are connected. Namely, every pair of k-faces is connected by
a path that is composed of (k + 1)-faces (e.g., in graph every pair of vertices is connected
by a path composed of edges). This high order connectivity is a necessary condition for the
high order walk to converge. High order connectivity is hard to achieve in bounded degree
complexes (or hypergraphs). For example, a random bounded degree simplicial complex
(i-e., a complex chosen with uniform distribution from the set of all complexes with the
same number of vertices and the same bound on the degree) does not have the high order
connectivity property. In fact, there are only few currently known bounded degree complexes
which do have this high order connectivity property. However, high order connectivity only
ensures the convergence of high order random walk to a uniform distribution. For fast
convergence, we need to require some form of high dimensional expansion. It turns out, that
fast mixing of its high order random walk on a simplicial complex can be deduced its links
structure. Links are local neighborhoods of faces in the complex (e.g. local neighborhoods
of vertices, edges etc). A conclusion of this work, as well as previous works on high order
random walks, is that requiring that ALL links (i.e. the local neighborhoods) are expanding
implies fast mixing of high order random walks (we will discuss links and their expanding
properties in detail momentarily). As said, random bounded degree complexes are not even
connected, let alone their links are not good expanders.

In this paper we study high order random walks of simplicial complexes whose links are
expanding (we call them local spectral expanders). High order random walks are strongly
related to PCP agreement tests; direct product testing and direct sum testing [3]. This
relation influenced, in part, the study of high order random walks.

The focus of previous works [8, 3] was to bound the second largest eigenvalue (in an
absolute value) of the high order walk operator in complexes whose links are good spectral
expanders. Namely, previous works have shown that in complexes with links that are good
spectral expanders, every k-cochain that is orthogonal to the constant functions is shrinked by
the k-order random walk operator M ,j' . Le., by the walk that walk from a k-face to a k-face
through (k + 1)-face. The shrinkage rate is immediately determined by the second eigenvalue
of the walk operator. However, there are natural obstructions (such as coboundaries) that
prevents very large spectral gap of the walk operator.

It could well be the case that k-cochains with some specific structures are shrinked much
better (or equivalently expand much better) than the bound obtained by spectral gap. This
is similar in spirit to the small set expansion question in, say, the noisy hypercube [2], where
the noisy hypercube is not a good expander so we can not say that general sets expand
well; However, methods beyond spectral gap enabled showing that small sets of the noisy
hypercube expand very well; this is similar to our goal here.

The focus of this work is to relate the structure of a k-cochain ¢ to its expansion,
or equivalently, to the amount of its shrinkage by the random walk operator M,j' , in
complexes that are local spectral expanders. We provide a decomposition theorem that
relates the amount of shrinkage of a k-cochain to the structure of the i-cochains to which it
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decomposes 0 < ¢ < k. Specifically, we decompose ¢ into i-cochains, 0 < i < k, such that
l|o]? = Zle |¢;]|?> and show that the more weight ¢ has on the top levels the better is its
shrinkage by the k-order random walk operator.

In particular, we derive the following conclusions from our decomposition theorem:

We characterize k-cochains which do not expand a lot as those whose mass is concentrated
on the lower levels of the decomposition that we construct. In particular, we show that
"locally thin" binary cochains shrink dramatically by the high order random walk operator
on a local spectral high dimensional expander. A binary k-cochain is “locally thin” if the

degree of the cochain in each (k — 1)-face is small. For example, a function on edges (i.e.

a 1-cochain) which contains few edges through every vertex is locally thin, and hence
highly expanding, while a function on edges that contains all edges through a single
vertex is not highly expanding.

We derive an optimal bound on the second eigenvalue (in an absolute value) of the high
order random walk operator M ,j of complexes whose links are good one sided spectral
expanders. Recent work of [3] have shown optimal bound on the second eigenvalue (in an
absolute value) of M ,j' for complexes whose links are good two sided spectral expanders.
Thus, we get optimal bound on high order walks on Ramanujan complexes [9] which are
one-sided local-spectral expanders, but NOT two sided spectral expanders. Ramanujan
complexes are one of the few currently known examples of bounded degree complexes
which are one-sided local-spectral expanders.

Since the links of the well studies Ramanujan complexes are one-sided spectral expanders
(but NOT two sided spectral expanders), the result of [3] does not apply to the Ramanujan
complexes but only for complexes obtained from Ramanujan complexes (e.g. a k-skeleton
of k? Ramanujan complex). Our result is the first result obtaining optimal bounds of
the spectrum of high order random walks on the Ramanujan complexes themselves. The
optimality in the mixing of the Ramanujan complexes that we prove here, enable us to
get from them more efficient Two-Layer-Samplers than those presented by [3]. In
the following we discuss the notion of two layers sampler (that was introduced by [3]),
and discuss the more efficient two-layers-samplers that we get in this work.

1.1 More efficient Two-Layer-Samplers implied by this work

The work of [3] that studied agreement expansion and agreement tests introduced to following
generalization of a sampler that is called a two-layer-sampler

» Definition 1. An infinite family of tripartite incidence graphs {G(LU RUW, E; U E3)},
is called a family of two-layer-samplers if there are constants 1 < k < n, v > 0 such that the
following conditions hold:

L=]l],RC ([,i]), W C ([ln]) such that there is an edge between r € Rand x € Lif x Cr

and such that there is an edge between w € W and r € R if r C w.

|R| + |W| = O(l) where the constants depend only on &, n,~.

G has the following double expansion property:

(G, R))? < -+ and (\G(RW)) < & 4,

where G(L, R), G(R,W) are the respective bipartite graphs and X is the second largest
normalized singular value of the appropriate transition matrix.

47:3
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The work of [3] has shown that a family of two-layer-samplers as above with sets of size
1, k, n could be derived from the 0,k — 1,n — 1 faces of a simplicial complexes in which the
n — l-order random walk has optimal mixing. For obtaining complexes with such optimal
mixing of (n — 1)-order walks [3] used the Ramanujan complexes of dimension (n — 1)2.
Thus, the 1, k, n-sets that appear in the two-layer samplers that they construct correspond
to 0,k — 1,n — 1 faces in a Ramanujan complexes of dimension (n — 1)2. Our result here
implies optimal mixing of (n — 1)-random walks in Ramanujan complexes of dimension n — 1
themselves (i.e., we do not need to take Ramanujan complexes of dimension (n —1)? in order
to argue about optimality of d — 1-random walks.). Thus, we get a two-layer sampler whose
1, k, n sets correspond to 0,k — 1,n — 1 faces in a Ramanujan complex of dimension (n — 1)
(and not dim (n — 1)2). The fact that we use Ramanujan complexes of smaller dimension
implies that our sampler uses sets L, R, W which are smaller than those obtained by [3] and
hence our two-layer-samplers are more efficient.

1.2 On simplicial complexes and localization

A pure n-dimensional simplicial complex X is a simplicial complex in which every simplex
is contained in an n-dimensional simplex. In other words, it is an (n + 1)-hypergraph
with a closure property: for every hyperedge in the hypergraph, all of its subsets are also
hyperedges in the hypergraph. The sets with ¢ + 1 elements are denoted X (i), 0 < i < n.
The one-skeleton of the complex X is its underlying graph obtained by X (0) U X(1). A
set 7 € X (i) is called a face. The link of 7 denoted X, is the complex obtained by taking
all faces in X that contain 7 and removing 7 from them. Thus, if 7 is of dimension i (i.e.
T € X(4) ) then X, is of dimension n —¢ — 1.

For every —1 < i < n — 2, the one skeleton of X is a graph. Its second largest eigenvalue
is p,; its smallest eigenvalue is v;.

» Definition 2 (One sided local spectral expander). A pure n-dimensional complex X is a
one-sided A-local-spectral expander if for every —1 < ¢ < n — 2, and for every 7 € X (1),
pr <A

» Definition 3 (Two sided local spectral expander). A pure n-dimensional complex X is a
two-sided \-local-spectral expander if for every —1 < i < n — 2, and for every 7 € X (i),
“A<v,and pur <A

1.3 A decomposition theorem for high order random walks and its
implications

We study the random walk operators: M,j' , corresponding to the walk from a k-face to a
k-face through k + 1 face. (For exact definition see Section 2). We normalize the operator so
that the largest eigenvalue is 1.

In this paper we show the following decomposition theorem that for one-sided A-local-
spectral expanders:

» Theorem 4 (decomposition Theorem, informal, for formal see Theorem 18). Given a pure n-
dimensional one-sided \-local-spectral expander X. For a k-cochain ¢ (k < n —1) orthogonal

to the constant functions there exist i-cochains ¢; for every 0 < i < k such that ||¢||* =
k
Zi:o ||¢z||2 such that

k k 1—34
(M 6,0) < 30 Il + (k+ Do)
i=0
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As a corollary of the decomposition theorem we derive optimal bounds on the second
largest eigenvalue (in an absolute value) of M, ,:r for X which is one-sided A-local-spectral
expander. This result is stronger than [3] that applies only for two-sided A-local-spectral
expander.

» Theorem 5 (Bounding the second eigenvalue of the k-walk Theorem, informal, for formal
see Theorem 20). Given a pure n-dimensional one-sided \-local-spectral expander X. For a
k-cochain ¢ (k <mn — 1) orthogonal to the constant functions:

ol < (1= g) + (6 DA ) [l

This result improves on previous results: in [8] a similar result is given, but the bound on

| M5 ¢|| is less tight (the bound is ((1 — m) +O((k+ 1)N)||¢]]). In [3], a similar bound is

given, but under the stronger assumption that X is a two-sided A-local-spectral expander.
The seemingly mild improvement that [3] achieves over [8] is crucial for their application.

However, as the Ramanujan complexes are only one-sided A-local-spectral expanders, the
result of [3] does not apply to the Ramanujan complexes themselves but only to other
complexes that could be built based on them.

All of the results discussed before are proven with respect to the lazy random walk
operator M ,j . The operator is called lazy since when the walk is located on a certain k-face

is has non-zero probability that the next step will stay on the same k-face and will not move.

Similarly one can define a a non-lazy random walk operator (see Definition 8). We show that
for complexes that are two-sided A-local-spectral expanders, similar results that we obtained
for the lazy ransom walks could be obtained also for the non-lazy random walk.

1.4 On small set expansion phenomenon, the Grassmann complex and
our work

As we have explained above, we study the amount of shrinkage of a k-cochain by the random
walk operator M, ,j . Our motivation is to go beyond spectral gap and to related the shrinkage
of a k-cochain by the operator, to its structure. Similar questions are asked in the study
of small set expansion in the noisy hypercube [2]. Recently it was shown that studying
the structure of non expanding k-cochains of the Grassmann complex is strongly related to
the "2-to-1 games Conjecture" [4, 5], which is a weaker form of the famous Unique Game
Conjecture. Our work here, is of the same flavor. However, instead of working with a
specific complex (e.g the Grassmann) we work with simplicial complexes, whose links are
good spectral expanders. We characterise non expanding k-cochains as those whose mass is
concentrated on the lower levels of the decomposition that we construct.

2 Definitions and notations

Let X be a pure n-dimensional finite simplicial complex. For —1 < k < n, we denote X (k)

to be the set of all k-simplices in X (X (—1) = {0}). A weight function m on X is a function:

m:J_jcpe, X (k) = RT, such that for every —1 < k < n —1 and for every 7 € X (k) we
have that m(r) = > cex (k1) m(0). By this definition, it is clear the m is determined by
the values in takes in X (n). A simplicial complex with a weight function will be called a
weighted simplcial complex. For a pure n-dimensional simplicial complex there is a natural
weight function mj, which we call the homogeneous weight function (since it give the value 1
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to each n-dimensional simplex) defined as follows:
Vre X(k),mp(t)=(n—Kk)!{ne Xn): 7 Cn}.

We leave it for the reader to verify that my, is indeed a weight function.

Throughout this article, X is a pure n-dimensional finite weighted simplicial complex
with a weight function m.

For —1 < k < n — 1, we denote C*(X,R) to be the set of all functions ¢ : X (k) — R.
Abusing the terminology, we will call the space C*(X,R) the space of non-oriented cochains.
On C*(X,R) define the following inner-product:

Vo, € CHX.R), (¢, 0) = Y m(o)p(o)i(o).

ceX(k)

Denote by ||.|| the norm induced by this inner-product.

3 Upper and lower random walks

Let X be a pure n-dimensional finite weighted simplicial complex with a weight function m.
We will define the following random walks on simplices of X:

» Definition 6. For 0 < k < n — 1, the upper random walk on k-simplices is defined by the
transition probability matrix M, : X (k) x X (k) — R:

k%—z / T=17
M]:_(T7 7—/) = (;}:;’)L::;(l) TU 7_/ € X(k —+ ]_) .
0 otherwise

» Definition 7. For 0 < k£ < n, the lower random walk on k-simplices is defined by the
transition probability matrix M, : X (k) x X(k) — R:

m(7) _
ZnéX(l/@—l) (k+1)m(n) T=1
Mk_(TvT,): % TﬁT/EX(k’—l).
0 otherwise

We leave it to the reader to check that those are in fact transition probability matrix, i.e.,
that for every 7, 3", Mf(7,7') = 1. We note that both the random walks defined above are
lazy in the sense that M= (7,7) # 0. In the case of the upper random walk, one can easily
define a non lazy random walk as follows:

» Definition 8. For 0 < k < n—1, the non-lazy upper random walk on k-simplices is defined
by the transition probability matrix (M)} : X (k) x X (k) — R:

k+2 1 k+2 1
MY =2 (M} - I)= M - I.
(M) k:+1( Fok+2 E+17F k41

It is standard to view Mki, (M")}} as averaging operators on C*(X,R) and we will not

make the distinction between the transition probability matrix and the averaging operator it
induces.

It is worth noting that M~ and (M’)J are familiar operators/matrices: M, is a projection
on the space of the constant functions (on vertices) with respect to the inner-product defined
above, and (M')J is the weighted (normalized) adjacency matrix of the 1-skeleton of X.
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4 The signless differential

» Definition 9. For —1 < k < n—1, the signless k-differential is an operator dj, : C*(X,R) —
CkL(X,R) defined as:

Vo € CH(X,R),Vo € X(k+1),dpp(0) = > ¢(r).
TCo,7eX (k)

Define (dy)* : C**1(X,R) — C*(X,R) to be the adjoint operator to dy, i.e., the operator
such that for every ¢ € CF(X,R), v € C* (X, R), (drp, ) = (¢, (di)*1)).

» Remark. We note that the signless differential is not a differential in the usual sense, since
di+1d # 0. The name signless differential stems from the fact that this is the operator we
will use in lieu of the differential in our setting (note that since our non-oriented cochains
are defined without using orientation of simplices, we cannot use the usual differential).

Below, we will usually omit the index of signless differential and its adjoint and just
denote d,d* where k will be implicit.

» Lemma 10. For -1 <k <n—1, d*: C*(X,R) — C*(X,R) is the operator

Vi € C*THX,R), Vr € X (k),d* () = > m(a)z/)(a).

ceX(k+1),7Co

Proof. Let ¢ € C*(X,R) and ¢ € C**1(X,R). Then

(dp, )= > m(a)dp(o)(o)= > mlo) Y.  ¢(M)Plo) =

ceX (k+1) ceX (k+1) T€X(k),7TCo
Yoo Y. mlo)lo) =
TeX (k) ceX (k+1),7Co

S om@en [ M) | = ..

TeX (k) oc€X (k+1),7Co

» Corollary 11. For 0 <k <n—1 and ¢ € C*(X,R), d*dp = (k +2)M*¢ and dd*¢ =
(k+1)M~¢.

Proof. Let ¢ € C*(X,R) and 7 € X (k), then

UCENED Y S CENED DR < I SR GO

ceX (k+1),7Co ceX(k+1),7Co 'eX(k), 7' Co

> oMD s e Y My,

c€X(k+1),7Co T'eX (k)7 Co, 7' #T ceX(k+1),7Co

Note that

m
ceX (k+1),7Co
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Also note that

> on > -

oceX(k+1),7Co T'eX(k), 7' Co,m'#T

Z Z m(7’ UT)¢(T,) _ Z m(TUT’)(ﬁ(T,).

ceX(k+1),7Cov'€X(k),7' Co,7'#T m(T) T'eX (k),TuUr’ € X (k+1) m(T)
Therefore
* m(rur) .
d*de(r) = ¢(7) + Z qu(T ) = (k+2)M7¢(r).
reX (k),rUr’ €X (k+1)
Similarly,

XGRS RS AT )

neX(k—1),nCr neX(k—1)mCrr'eX(k),nCr’ (Tl)

> S R X hie=
)

neX(k—1),nCr v’ eX(k),m'#rnCt’ neX(k—1),nCr (

m(7") o m(T) oy
> ) T E I R D L)

neX(k—1)nCr r'eX(k), 7' NT=n neX(k—1),nCr

o)+ Y D) = ks )M e,

neX(k—1),nCr m(n)

m(7")
m(TN7’)

T'eX(k),rNt"e€X(k—1)

5 Links and localization

Let X be a pure n-dimensional finite simplicial complex with a weight function m. Recall
that for —1 <k <n—1, 7 € X(k), the link of 7, denoted X, is a pure (n — k — 1)-simplicial
complex defined as:

neX,()eneX(l)andrUne X(k+1+41).
On X, we define the weight function m, induced by m as
mr(n) = m(T Un).

Using this weight function the inner-product and the norm on C*(X,,R) are defined as above.
The operators MTi,l, (M’)j:l and d,,d: are also defined on C'(X,,R) as above.

Given a cochain ¢ € C'(X,R) and a simplex 7 € X (k) with —1 < k < [, we define the
localization of ¢ on X, denoted ¢, as a cochain ¢, € C’l_k_l(XT7 R) defined as

b-(n) = ¢(T Un).

The key observation (which was initially due to Garland [6], but is now considered standard
—see [1], [7]) is that the norm of ¢, d*¢, and d¢ can be calculated via their localizations. Also,
the work of the second named author implies that the local spectral information needed to
bound d¢ can be deduced from the spectral information of the 1-dimensional links. The
proof are somewhat technical and therefore below we will just state the results and give the
proofs in the appendix.
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» Proposition 12. Let —1 < k <1< n and let ¢ € C'(X,R), then

I+1 2 _ 2 l . N2 _ £ 2
(i )10l = X dorlP and (4 Jlavol = X lazaP

TeX (k) TEX (k)

Also, if | < n, then

2 _ 2 L 2
i = 3= (Idrnl? = gl

TEX(I-1)
As a result of Proposition 12 we deduce the following:

» Proposition 13. Let —1 <k <n —1 and let ¢ € C*(X,R), then

ldl® = ld"glI> + 1>+ > (M) oI = M p)or. 7).

TeX(k—1)

In light of the above Proposition, we will want to bound the expression

> A (I =M y)or, br),

TeX(k—-1)

using spectral information about X. To make this precise, we will recall/define the following.
For 0 <k <mn—1and 7€ X(k—1), recall that by Corollary 11, (M/):T’O =did; — I and
therefore the eigenvalues of (M /);0 are real. Denote i, to be the second largest eigenvalue
of (M’):T’O and v, to be the smallest eigenvalue of (M/)j-_,o' Note that if 1-skeleton of X is
connected, then for every eigenfunction v € C°(X,,R), if ¢ L Im M, then (Ml)j,(ﬂ/J = up
with v, < p < pr < 1. Denote

= max [,V = min v;.
TEX (k—1) TEX (k—1)

» Lemma 14. For every 0 <k <n —1 and every ¢ € C*(X,R) we have that

S AMY (I = Mg)br, dr) < (k+ )il 6],

TeEX(k—1)

and

D AMYUI = Myg)gr,dr) = (k+ Dol

TeEX(k—1)
We recall the following definition from the introduction:

» Definition 15 (Local spectral expander). A n-dimensional complex X is a one-sided -
local-spectral expander if for every 0 < k <mn — 1, uxr < A. A n-dimensional complex X is a
two-sided A-local-spectral expander if for every 0 < k <n—1, —A <y and pp < A.

Therefore for one-sided A-local-spectral expanders, A can be used to bound
ZTEX(/C*I)<(MI);~'_,O(I — M. )¢r, ¢-) from above (and from below in the case of two-sided
A-local-spectral expanders).

We recall the following result appearing in [11][Lemma 5.1] (see also [10][Proposition
3.7]):

» Lemma 16. Let X be a weighted pure n-dimensional simplicial complex, such that all the
links of X of dimension > 1 (including X itself) are connected, then for every 0 <k <mn—2,

1%
i < He+1 and vy > k+1

T 1= e L—vppn

47:9

APPROX/RANDOM 2018



47:10

High Order Random Walks: Beyond Spectral Gap

6 Decomposition theorem for upper random walks

For every 0 < k <n — 1, we denote C¥(X,R) to be

CEXR) = {6 € C*X,B): Y m(0)o(o) = 0}.

oceX (k)

Let 1, to be the constant 1 function in C* (X, R), then by definition for every ¢ € C¥(X,R), we
have that (¢, 1x) = >, c xx) m(0)¢(o) = 0, and one can see that C*(X,R) has the orthogonal
decomposition C*(X,R) = span{1;} ® C§(X,R). It is easy to see that M1, = 1; and
since, by Corollary 11, M,j', M, are self-adjoint operators, is follows that M,j:(C’(]f(X, R)) C
CE(X,R).

» Lemma 17. For 0 <k <n—1, ker((dx_1)*) C C¥(X,R) and
vy € CF L (X, R), dy 19 € CE(X,R) = v € Ch (X, R).

Proof. We note that by definition di_11x—1 = (k + 1)1k, and, by Lemma 10, (dg_1)*1; =
1j—1. Therefore for every ¢ € ker((di—1)*), we have that

0= ((dr-1)"¢,Lg—1) = (¢, (di—1)Lg—1) = (k + 1)(¢, (dx—1)1z) = ¢ € C{ (X, R).
Also, for every ¢ € C*~1(X,R) such that dy_;? € C¥(X,R), we have that
0 = (dr-19, 1) = (¥, (dx-1)"1x) = (¢, Lx—1) = ¥ € G5 (X, R). <

» Theorem 18 (Decomposition Theorem). For every 0 < k <n —1 and every ¢ € CE(X,R),

there are ¢* € CF(X,R), "1, (¢F 1) € CE7HX,R),...,¢°, (¢°)" € CY(X,R) such that if

we denote (¢*)' = ¢, then the following holds:

L. For every 0 <i <k, [(¢")'I|> = [|¢"]]* + lo"~I* + ... + [|#°[|.

2. dg|* = 3ok + 1= d)ll6" 1% + 200 rex(imny (M0 (I = M) (8),, (6)7).

Proof. We will prove the theorem by induction on k. For k = 0 and ¢ € CJ(X,R), we take
0 = ¢ and check that the theorem holds for this choice.

1. This condition holds trivially.

2. We note that ¢ € CJ(X,R) implies that d*¢ = 0 and therefore this condition follows
from Proposition 13.

Assume next that k > 0 and that the theorem holds for £ — 1. For ¢ € C¥(X,R), we first
decompose ¢ as ¢ = ¢* + @', where ¢* € ker((dj_1)*) and ¢’ € (ker(dg_1)*))*. This is an
orthogonal decomposition and therefore ||¢[|? = ||¢¥||> + ||¢'||>. Also, by Proposition 13,

ldeg? = 611 + 1(dk—1) @ IP + D (M) = My o)dr. ér). (1)

TeX(k—1)

We note that (ker(dy_1)*))* = Im(dr_;) and therefore, by using Lemma 17, there is
¥ € CE71(X,R) such that dj_11 = ¢/. This yields that there is ¢ € C¥~1(X,R), such that
lde—19]1> = [|¢'[|* and

Idl* = (19> + l[(dr—1) dx—1l* + D (M) oI = My o)br, ).

TEX(i—1)

We recall that since (dg—1)*di—1 is a self-adjoint operator, with non negative eigenvalues,
(dg—1)*dg—1 is the self-adjoint operator, with non negative eigenvalues defined as follows:



T. Kaufman and |. Oppenheim 47:11

for every eigenfunction ¢ of (di_1)*dr—1 with an eigenvalue p, ¢ is an eigenfunction of

V/(dg—1)*dg—1 with the eigenvalue \f

We will take ((bk 1 = /(dk—1)*dr_1% and check that the theorem holds for this choice.
First, we note that using corollary 11, (dy_1)*dr_1(C¥~'(X,R)) € CF~1(X,R), and

therefore v (dp— 1) dy— 1(Ck71(X R)) C Ckfl(X, R), which implies that

("1 = /(dr—1)*dr—19 € Ch (X, R).

Second we note that

dr—19[* = ((d—1)*dx—1, ) =
(V(di—1)*dr—19, / (di—1)*di—19) = ||/ (dr—1)*dx_19||*.

Therefore, \/(d—1)*dr_1% € Ch~H(X,R) and ||\/(dk_1)*dr_1%| = ||¢'||. This yields that
11> = 16" 117 + [1(¢*~ )11,

and by the induction assumption

1% = Nlo" 1% + llo" 1% + ... + [I9°|I*. (2)

Last, we note that

[(de—1)*¢'|I* = [|(dr—1)*dp—19||> = ((dk—1)*dx—19, (d—1)*dx—1%) =
(dg—1)*dr—1/(dk—1)*dp—1, \/(dg—1)*dp—1%) = ||dx—1V/(dx—1)*dp—10||* =
lldk—1(6" 1))

Combining this with (1), we get that

ldglI* = [19]1* + lldu—1 (6" YI1P + D {(M)F o = M p)er, 6r).

reX(k—1)
By the induction assumption,
k-1 _
ldk—1 (") [7 =D (k—i ||¢’H2+Z D AT = M) ()s, (67)))-
i=0 i=0 reX (i— 1)
Therefore
ldg)* = 617 + ldk—a (" I+ D (M) (I = M y)¢r, br) =
reX(k—1)

|¢H2+Z |¢1||2+Z D (M) = Mop)(6");, (6)7)+

1=0 7€ X (i— 1)

Yo AWM~ Mg)dr, ) =

TEX(k—1)

H¢|I2+Z —%II¢’H2+Z Y (M = M)(6)),, (61);) =

=0 TGX('L 1)

Z(k+1—l ll¢* ||2+Z Y (M = M) (697 (69))),

1=0 7€ X (i— 1)

where the last equality is due to (2). <
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» Corollary 19. Let X be a pure n-dimensional weighted simplicial complex such that all the
links of X of dimension > 1 are connected (including X itself) and let 0 < k <n—1. Then
for every ¢ € CE(X,R), there are ¢* € CE(X,R),¢*! € CF (X, R),...,4° € CY(X,R),
such that

l1* = ll¢*]1* + .. + 16°11%,

and

k

k
ldo]> <D (k+1—i+ > (+Duy)le'|,
=0

i=i

k k
ldo® =D (k+1—i+ Y (G + Dw)le'l*.
i=0 j=i

Proof. Let ¢ € CF(X,R) and ¢*F € CF(X,R),¢* 1, (¢*1) € CE71(X,R),...,¢°, (¢°) €
CJ(X,R) as in the Decomposition Theorem. Then ||¢||? = ||¢¥[|2 + ... + [|¢°||?, and we will
prove that [|de||? < S5 o(k+1—i+3 5, (i +1)u;) ]| 67|12, (the proof of the second inequality
is similar and therefore it is left to the reader).

Note that for every 0 < i < k, we have by Lemma 14 that

DM = M) (), (67)2) < (i + Dpuall(67) 117
TEX(1—1)
Therefore

k %
Yo D AT = M) (@) (61)) < D i+ D Y [197]P =
=0

i=0 re X (i—1) j=0
k k
DI i+ D
=0 i=j

Replacing the roles of ¢ and j in the above inequality and combining it with the equation if
the Decomposition Theorem for ||d¢||? yields the needed inequality. <

A consequence of this corollary is the following mixing results for A\ local spectral
expanders:

» Theorem 20 (Mixing of the random walks). Let X be a weighted pure n-dimensional
simplicial complex and let 0 < A < 1 be some constant.
1. If X is a one-sided A-local spectral expander, then for every 0 <k <n —1,

k+1

¥o € CHOLR) 11761 < (g + (6 1A) ol

2. If X is a two-sided A-local spectral expander, then for every 0 <k <n —1,

k
¥ € CHOLR)IOL6 < (g + 6+ 1A) ol



T. Kaufman and |. Oppenheim

Proof.
1. Let 0 <k <n—1and ¢ € C¥(X,R). Assume that X is a one-sided A-local spectral
expander, then by Corollary 19 we get

k

k k k
ldl? < D (k+1 =i+ > G+ D)6l < Dk + 14 3 (k+ A2 = (3)
i=0 j=i i=0 §=0

k

. (k+ 1+ (k+ 12007 = (k+ 1+ (k+1)*Nlg]*. (4)

Recall that by corollary 11 (dg)*dx = (k +2)M," and therefore

o k1 (k+1)
(M 6,6) = 56l < Gy + 5

MIBI” < (55 + (ke 10 ol

M ,j is a positive operator that maps C§(X,R) into itself and therefore, by the above
inequality, any eigenvector of M, in C§(X,R) has an eigenvalue < ]Z% + (k4 1)\ so we
are done.

2. Let 0 <k <n-—1and ¢ € CE(X,R). Assume that X is a two-sided A-local spectral
expander. By (3), we have that ||de|> — ||#]|* < (k + (k + 1)2X)||#]|%. Also, by Corollary

19, we have that

k

k k
|dg|* > Zk+1—z+2 Duplle’? =D (k+1—k+> (k+ 1) (=)'
1=0 =0

=0

M?s‘

(L= (k+D2N)I6']* = (1 = (k + 1)°N)l|9lI*.

1=0
Thus, ||do|| — ||(;5||2 > —(k+ 1)2)\H¢||2. Note that
ldell = [[0]1* = (((k +2)ME = D)o, ¢) = (k + 1){((M")}.¢,6).

Therefore, after dividing by (k 4+ 1) we showed that

~(k + DAIIP < ((M)50,0) < (s + (k + DA 61

(M')% is an operator with real eigenvalues that maps Cf§ (X, R) into itself and therefore,

by the above inequality, any eigenvector of M ,j in C¥(X,R) has an eigenvalue between
kiﬂ + (k4 1)X and —(k + 1)\ so we are done. <

Another result of this flavour is mixing theorem for the non-lazy upper random walk in
which the condition of the two-sided spectral gap is replaced by the the condition of the
one-sided spectral gap and the condition n >> k:

» Theorem 21. Let X be a weighted pure n-dimensional simplicial complex and let 0 < X <1
be some constant. If X is a one-sided \-local spectral expander, then for every 0 < k <n—1,

vo € CHOLR) 006 < (max{ g+ e 0 5205 ol

E+1 2(n—k—-1)
Proof. By Lemma 16, for every 0 <i <k, v; > ——— and by repeating the same argument
as in the proof of the previous theorem completes the proof. <

47:13
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Proofs of localization results

Proof of Proposition 12:

Proof. Let ¢ € C'(X,R), then

SodellP= >0 > me.n)? =

TeX (k) TeX (k) eX(l—k—l)
Y mrunerun)t= Y DY m(o)p(o)’ =
TeX (k) nGX,(.lfkfl) TeX(k)oceX(l), 7Co
I+1 [+1
2 2 2
Y3 e (111) 3 miorstor = (411 1ol
ceX(l)TeX(k),7Co ceX(l)

In order to prove the second equality, we notice that for every 7 € X (k) and every n €
X, (I — k —2), we have that

@oe)=dorun= Y —) =

ceX(l),TunCo m(T Y 77)

S D o) = e,

o\Te€X(l—k—1),nCo\T mT(n)
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Therefore, (d*¢), = d:¢, and by the first equality of this proposition

(g o)l = X H@onlP= 3 fdor?

reX (k) reX (k)

Assume now that [ < n, then for every o € X (I + 1), the following holds:

(do(@)*=( Y. om)*= > o0+ > 20(n)g(n) =
neX(l),nCo neX(),nCo n.n' €X(),n#n",mn' Co
> () +om))> =1 > ¢m)’=
n,n' €X(),n#n' ' Co neX(l),nCo
Z (dT¢T(O\T))2 =1 Z ¢(77)2~
TEX(l-1),7Co nex(),nCo
Therefore
ldl> = > m(o)(dp(0))® =
ceX (I+1)
Z m(o) Z (dropr(o\ T))2 —1 Z m(o) Z ¢(77)2 =
ceX(1+1) TEX(l-1),7Co ceX(1+1) nex(l),nCo
Z Z m(o)(d-¢r (o -1 Z o(n Z m(o) =
TeX(l-1)ceX(I+1),7Co neX(l) oeX(I+1),nCo
S )1 Y m > ldeoel2 =0l =
TEX(I-1) yex D nex(l) TeEX(1-1)
S (ol = o lonl?)
TeX(1-1) < l +1
where the last equality is due to the equality
lol* = T Z 6112,
TeEX(1-1)
proven above. |

Proof of Proposition 13:

Proof. Let ¢ € C*(X,R). Note that for every 7 € X (k—1), M_, is the orthogonal projection

T7

on the space of constant functions in C°(X,,R) and therefore (Ml)j,oM;,o = M_,.
Further note that by Corollary 11

|‘dT¢T||2 <2M+0¢Tv¢'r> = <(( )-r,o + I)¢T?¢T> =
(M) 07, 0r) + 16712 = (M) oMo gr, 67) + (M) o (I = M o)¢r, 67) + |67 |* =
1M 700712+ (M) o (I = My g)br, 6r) + [l ||

Therefore, for every 7 € X (k — 1),
- II* =
—llo-|%.

ldrpr||* = == 1617 = lldr e |* = llpe|* + -—

k +1
|| Oqi)‘r”2 <( ) ,O(I - M7'_,O)¢T7¢T>

k+1

k+1
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Also,

vex(® uex®
2
me) | 5 Do ) | =z

ueXﬁO)
Combining this with the previous inequality yields that

L
k+1

S

2
oI

ldr ¢ ||* — lor1* = lldzo-1* + (M) o (I = M o)¢r, é7) +

By Proposition 12
2 § : 2 k 2
kE+1
TeEX(k—1)

therefore

1
o1 = 3 (Idzorl® 4 (ol = M) ) + g lonl?)
TeX(k—1)

Using the equalities proven in Proposition 12, we deduce that

Ido* = lld"$lI* + I gl1* + >~ (M) oI = M o)r, r),

reX (k—1)
as needed. |
Proof of Lemma 14:

Proof. Let ¢ be as above. Recall that for every 7 € X (k — 1), ¢, decomposes orthogonally
as

Or = (I - MTTO)(ZST + M;,O(b'm
Therefore

<(M/)j,0(1 - MT_,O)(bTa ¢T> =
<(M/)j,0(l — M o)pr, (I — M_o)¢r) + <(M/)j,0([ — M 4)br, M 49r).

As explained above, (M/)j,o(f — M_4)¢r € Im(I — M) and therefore
<(M/)i,0(1 - MT_70)¢7') MT_,0¢T> = 0.
This yields that
<(M/)j,o(f - M;,O)¢Ta¢r> = <(M/)7J—r,o(1 - M;,o)ﬁbm (I - M;0)¢r>~
Note that by definitions of g, vy

(M) o(I = M7o)br, (I = M o)¢r) < pll(I = M o)ér 1> < pull g7 12
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and

(M) T oI = Mo g)dr, (I = My g)br) = vill(I = Mo g)-|1* = vi [l ||,

Summing over all 7 € X(k — 1) and applying Proposition 12 yields the needed results, i.e.,

Z <(M/)j,O(I - M7—_,0)¢7'7¢T> =

TeEX(k—1)
Do AMYEI = Mg)ér, (T = Mg)ér) < D ello|® = (b + Do),
TEX(k—1) TeX(k—1)
and a similar computation yields the second inequality of the Lemma. |
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