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Abstract. A k-lift of an n-vertex base graph G is a graph H on n X k vertices, where each
vertex v of G is replaced by k vertices v1,...,v; and each edge uv in G is replaced by a matching
representing a bijection 7y, so that the edges of H are of the form (u;, vy, ,(s)). Lifts have been
investigated as a means to efficiently construct expanders. In this work, we study lifts obtained
from groups and group actions. We derive the spectrum of such lifts via the representation theory
principles of the underlying group. Our main results are 1. a uniform random lift by a cyclic group
of order k of any n-vertex d-regular base graph GG, with the nontrivial eigenvalues of the adjacency
matrix of G bounded by A in magnitude, has the new nontrivial eigenvalues bounded by A\ + O(\/&)
in magnitude with probability 1 — ke=n/d®)  The probability bounds as well as the dependency
on \ are almost optimal. As a special case, we obtain that there is a constant c¢; such that for every
k< 2c1n/ d , there exists a lift H of every Ramanujan graph by a cyclic group of order k such that H
is almost Ramanujan (nontrivial eigenvalues of the adjacency matrix at most O(v/d) in magnitude).
This result leads to a quasi-polynomial time deterministic algorithm to construct almost Ramanujan
expanders; 2. there is a constant ¢z such that for every k > 224 there does not exist an abelian
k-lift H of any n-vertex d-regular base graph such that H is almost Ramanujan. This can be viewed
as an analogue of the well-known nonexpansion result for constant degree abelian Cayley graphs.
Suppose kg is the order of the largest abelian group that produces expanding lifts. Our two results
highlight lower and upper bounds on kg that are tight up to a factor of d° in the exponent, thus
suggesting a threshold phenomenon.
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1. Introduction. Expander graphs have spawned research in pure and applied
mathematics during the last several years, with applications in multiple fields includ-
ing complexity theory, robust computer networks, error-correcting codes, derandom-
ization, compressed sensing, and metric embeddings [28, 15]. Informally, an expander
is a graph in which every small subset of vertices has a relatively large edge boundary.
Most applications are concerned with d-regular graphs. The largest eigenvalue of the
adjacency matrix of d-regular graphs is d and we call this a trivial eigenvalue. In
the case of bipartite d-regular graphs, the largest and smallest eigenvalues of their
adjacency matrix are d and —d and we refer to these as trivial eigenvalues. The ex-
pansion of d-regular graphs is controlled by the difference between d and the largest
(in magnitude) nontrivial eigenvalue of the adjacency matrix. We will denote the
largest (in magnitude) nontrivial eigenvalue of the adjacency matrix by A. Roughly,
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the smaller ) is, the better the graph expansion. The Alon-Boppana bound [25] states
that A > 2v/d — 1 — o(1) (here, o(1) is with respect to n). Graphs with A <2/d —1
are known as Ramanujan graphs [19].

A simple probabilistic argument shows the existence of infinite families of ex-
pander graphs [26]. However, constructing such infinite families explicitly has proven
to be a challenging task. It is easy to construct Ramanujan graphs with a small
number of vertices: d-regular complete graphs and complete bipartite graphs are Ra-
manujan. The challenge is to construct an infinite family of d-regular graphs that are
all Ramanujan, which was first achieved by Lubotzky, Phillips, and Sarnak [19] and
Margulis [23]. They built Ramanujan graphs from Cayley graphs. For every prime
p, they built Ramanujan graphs of degree p 4+ 1 by relying on deep number-theoretic
facts. In two breakthrough papers, Marcus, Spielman, and Srivastava showed the
existence of bipartite Ramanujan graphs of all degrees [21, 22]. However they do not
provide an efficient algorithm to construct those graphs. Cohen [6] adapted the tech-
niques of [22] to design an efficient algorithm to construct Ramanujan multigraphs.
A striking result of Friedman [9, 3] and a slightly weaker but more general result of
Puder [27] show that almost every d-regular graph on n vertices is very close to being
Ramanujan, i.e., for every € > 0, asymptotically almost surely, A < 2/d — 1+e€. It is
still unknown whether the event that a random d-regular graph is exactly Ramanujan
happens with constant probability. Despite a large body of work on the topic, all
attempts to efficiently construct large Ramanujan expander (simple) graphs of any
given degree have failed, and exhibiting such a construction remains an intriguing
open problem.

A combinatorial approach to constructing expanders, initiated by Friedman [8], is
to obtain new (larger) Ramanujan graphs from smaller ones. In this approach, we start
with a base graph which is “lifted” to obtain a larger graph. Concretely, a k-lift of an
n-vertex base graph G is a graph H on kn vertices, where each vertex u of G is replaced
by k vertices uq,...,ur and each edge wv in G is replaced by a matching between
Uy, ..., u and vy, ..., vk In other words, for each edge uv of G there is a permutation
7wy Of k elements so that the corresponding k edges of H are of the form w;vy, ().
The graph H is a (uniformly) random lift of G if for every edge uv the bijection 7,
is chosen uniformly at random from the set Sy of permutations of k elements.

Since we are focusing on Ramanujan graphs, we will restrict our attention to lifts
of d-regular graphs. It is easy to see that any lift H of a d-regular base graph G is itself
d-regular and inherits all the eigenvalues of G. We will refer to the inherited eigenval-
ues as “old” eigenvalues and the rest of the eigenvalues as “new” eigenvalues. In order
to use the lifts approach for constructing expanders, it is necessary that the lift also in-
herits the expansion properties of the base graph. Naturally, one hopes that a random
lift of a Ramanujan graph will also be (almost) Ramanujan with high probability.

Friedman [8] first studied the eigenvalues of random k-lifts of regular graphs
and proved that every new eigenvalue of H is O(d3/ 4) with high probability. He
conjectured a bound of 2v/d — 1+0(1), which would be tight (see, e.g., [13]). Linial and
Puder [16] improved Friedman’s bound to O(d?/3). Lubetzky, Sudakov, and Vu [18]
showed that the magnitude of every nontrivial eigenvalue of the lift is O(\log d), where
A is the largest (in magnitude) nontrivial eigenvalue of the base graph, thus improving
on the previous results when G is significantly expanding. Adarrio-Berry and Griffiths
[1] further improved the bounds above by showing that every new eigenvalue of H is
O(V/d), and Puder [27] proved the nearly optimal bound of 2/d — 1 + 1. All those
results hold with probability tending to 1 as k& — oo, thus the order k£ of the lift in
question needs to be large. Nearly no results were known in the regime where k is
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bounded with respect to the number of nodes n of the graph. A “relativized” version
of the Alon-Boppana conjecture regarding lower bounding the new eigenvalues of lifts
was also recently shown in [11] and [3].

Bilu and Linial [2] were the first to study k-lifts of graphs with bounded k, and
suggested constructing Ramanujan graphs through a sequence of 2-lifts of a base
graph: start with a small d-regular Ramanujan graph on some finite number of nodes
(e.g., K4+1). Every 2-lift operation doubles the number of vertices in the graph. If
there is a way to preserve expansion after lifting, then repeating this operation will
give large good expanders of the same bounded degree d. Bilu and Linial [2] showed
that if the starting graph G is significantly expanding so that A\(G) = O(y/dlogd),
then there exists a random 2-lift of G that has all its new eigenvalues upper bounded
in magnitude by O(\/dlog3 d). In a recent breakthrough work, Marcus, Spielman,
and Srivastava [21] showed that for every bipartite d-regular graph G, there exists a
2-lift of G, such that the new eigenvalues achieve the Ramanujan bound of 2v/d — 1.
But their result still does not provide an efficient algorithm to find such lifts.

1.1. Our contributions. In this work, we study the lifts approach to efficiently
construct almost Ramanujan expanders of all degrees. We derive these lifts from
groups. This is a natural generalization of Cayley graphs.

DEFINITION 1.1 (T-lift). Let T be a group of order k with - denoting the group
operation. A T-lift of an n-vertex base graph G = (V, E) is a graph H = (V x T, ')
obtained as follows: it has kn wvertices, where each verter u of G is replaced by k
vertices {u} x I'. For each edge uwv of G, we choose an element g,, € I' and replace
that edge by a perfect matching between {u} x I' and {v} x " that is given by the edges
u;v; for which gy, -1 = j.

We denote the order k of the group I' to be the order of the lift. We refer to
D-lifts obtained using I' = Z/kZ, the additive group of integers modulo k, as shift
k-lifts. Since every cyclic group of order k is isomorphic to Z/kZ, we have that T-lifts
are shift k-lifts whenever I' is a cyclic group of order k.

A tight connection between the spectrum of T'-lifts and the representation theory
of the underlying group T is known [24, 7]. This connection tells us that the lift incurs
the eigenvalues of the base graph, while its new eigenvalues are the union of eigenvalues
of a collection of matrices arising from the group elements assigned to the edges and
the irreducible representations of the group. We note that this connection has also
been recently used in [14] in the context of expansion of lifts, aiming to generalize the
results in [22]. In this work, we address the expansion of I'-lifts obtained from cyclic
groups and abelian groups.

In order to understand the expansion properties of lifts, it suffices to focus on the
new eigenvalues of the lifted graph by the above-mentioned connection. We present
a high probability bound on the expansion of random shift k-lifts for bounded k.

THEOREM 1.2. Let G be a d-regular n-vertex graph, where 2 < d < y/n/(31nn),
with largest (in magnitude) nontrivial eigenvalue X. Let H be a random shift k-lift of
G with Apew being the largest (in magnitude) new eigenvalue of H. Then

Anew = O(A)
with probability 1 — k - e~ SUn/d%) Moreover, if A < d/logd, then
Anew — A = O(Vd)

with probability 1 — k - e~ /@)
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We say that a graph is almost Ramanujan if all its nontrivial eigenvalues are
bounded by O(\/&) in magnitude. By the above result, if the base graph G is Ra-
manujan, then the random shift k-lift will be almost Ramanujan with high probability.

Remark 1. In contrast to lifts of order k, where k — oo when n — oo, the
dependency of A\jew on A is necessary for the case of bounded k. This has previously
been observed by the authors in [2] who gave the following example: Let G be a
disconnected graph on n vertices that consists of n/(d + 1) copies of K411, and let H
be a random 2-lift of G. Then the largest nontrivial eigenvalue of G is A = d and it
can be shown that, with high probability, Apew = A = d. Therefore, our eigenvalue
bounds are nearly tight.

Remark 2. Theorem 1.2 involves a setting distinct from that of [10, 18, 1] with
some significant differences. To prove Theorem 1.2, in the case of k = 2 (or 2-lifts), one
seeks to estimate a Rayleigh quotient (y? By)/(y"y), where y is an arbitrary vertex
function and B is a random symmetric matrix which is +1 at the entries where A is 1,
and 0 otherwise. There are two extreme cases that illustrate the crux of the argument,
namely, (1) where y € {0,+1}" and y has a large support, and (2) the same except
that y has a small support (which we call mini support). In the case of large support,
standard counting arguments suffice to bound the Rayleigh quotient; this is analogous
to [10, 18, 1], but the context is different because the randomness here comes from
the many random =1 entries of B. The case of mini support is entirely new here:
the Rayleigh quotient estimates here hold with probability one, using the fact that the
base graph (with n vertices, n being large) is an expander; this argument can be found
in Claim 4.3, whose proof is very short. The mini support situation in [10, 18, 1] holds
only with high probability, and requires much more involved and subtle calculations.
In addition, just as in [10, 18, 1], more work is required to analyze a general y, which is
dyadically expanded to, roughly speaking, reduce the analysis of its Rayleigh quotient
to cases at either extreme.

Specializing Theorem 1.2 for the case of 2-lifts gives the following corollary which
improves upon the multiplicative logd factor in the eigenvalue bound that is present
in the result of Bilu and Linial [2].

COROLLARY 1.3. Let G be a d-regular n-vertex graph, where2 < d < \/n/(31nn),
with largest (in magnitude) nontrivial eigenvalue X. Let H be a random 2-lift of G
with Anew being the largest (in magnitude) new eigenvalue of H. Then

Anew = O(X)
with probability 1 — e~ Un/d%) Moreover, if A < d/logd, then

Anew — A = O(Vd)

with probability 1 — e~/

Remark 3. The multiplicative log d factor in the eigenvalue bound present in the
result of Bilu and Linial [2] arises due to the use of the converse of the expander mixing
lemma along with an epsilon-net style argument in their analysis. The converse of
the expander mixing lemma is provably tight, so straightforward use of the converse
will indeed incur the logd factor. We are able to improve the eigenvalue bound by
performing a fine-grained analysis of the epsilon-net argument, avoiding direct use of
the converse.
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Lifts based on groups immediately suggest an algorithm towards building d-
regular n-vertex Ramanujan expanders. In order to describe this algorithm, we first
describe the brute-force algorithm that follows from the existential result of [21].
The approach is to start with the complete bipartite graph K44 and lift the graph
log,(n/2d) times. At each stage, we do a brute-force search over the space of all possi-
ble 2-lifts and pick the best one (i.e., one with the smallest new maximum eigenvalue
in magnitude). However, since a graph (V, E) has 27! possible 2-lifts, it follows that
the final lift will be chosen from among 2"%/4 possible 2-lifts, which means that the
brute-force algorithm will run in time exponential in nd.

Next, suppose that for every k > 2, we are guaranteed the existence of a group
T" of order k such that for every base graph there exists a I'-lift that has all its new
eigenvalues at most 2v/d — 1 in magnitude. For example, [4] suggests the possibility
that for every k and for every base graph, there exists a shift k-lift that has all new
eigenvalues with magnitude at most 24/d — 1. Then a brute-force algorithm similar
to the one above, would perform only one lift operation of the base graph K 4 to
create a I[-lift with n = 2dk vertices. This algorithm would only have to choose the
best among k4 possibilities (k different choices of group element per edge of the base
graph), which is polynomial in n, the size of the constructed graph (here we have
assumed that d is a constant). This motivates the following question: what is the
largest possible group I' that might produce expanding I'-lifts? Our next result rules
out the existence of large abelian groups that might lead to (even slightly) expanding
lifts.

THEOREM 1.4. For every n-vertex d-reqular graph G, every real value € € (0,1/e),
and every abelian group U of size at least

ndlog 1 +logn
k= exp T s

all T-lifts H of G have \g at least ed in magnitude. In particular, when k = 22(d)
there is no U-lift H of any n-vertex d-regular graph G all of whose montrivial eigen-

values are bounded by O(\/d) in magnitude whenever T is an abelian group of order
k.

Theorem 1.4 shows that we cannot expect to have arbitrarily large abelian groups
with expanding lifts as suggested in [4].

Remark 4. The first and only known efficient construction of Ramanujan ex-
pander simple graphs are Cayley graphs of certain groups [19]. We observe that a
Cayley graph for a group I" with generator set S can be obtained as a I'-lift of the
bouquet graph (a graph that consists of one vertex with multiple self-loops) [20].
Our nonexpansion result for abelian groups complements the known result on non-
expansion of abelian Cayley graphs [12].

Remark 5. Our Theorems 1.4 and 1.2 can be viewed as lower and upper bounds
on the largest order kg of an abelian group I' such that for every n-vertex graph,
there exists a T-lift for which all new eigenvalues are O(v/d). On the one hand,
Theorem 1.2 shows that, for &k = 20("/d2)7 most of the shift k-lifts of a Ramanujan
graph have their new eigenvalues to be O(v/d). On the other hand, Theorem 1.4 shows
that for k = 22" there is no shift k-lift that achieves such eigenvalue bounds. This
suggests a threshold behavior for k.

We observe that Theorem 1.2 leads to a deterministic quasi-polynomial time al-
gorithm for constructing almost Ramanujan families of graphs.
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THEOREM 1.5. There exists an algorithm that runs in time 20(d*1og’n) 14 cop-
struct a d-regular n-vertex graph such that all its nontrivial eigenvalues are O(\/&) m
magnitude.

Algorithm 1 Quasi-polynomial time algorithm to construct expanders of arbitrary
size n.

1: Pick an 7 such that r2°/9° = n for a constant c that appears in the eigenvalue
bound in Theorem 1.2. Do an exhaustive search to find a d-regular graph G’ on
r vertices with A = O(V/d).

2: For k = 2¢7/ d2, do an exhaustive search to find a shift k-lift G of the base graph
G’ with minimum new eigenvalue (in magnitude).

Proof. We use Algorithm 1. We note that the choice of r in the first step ensures
that r = O(d?logn). By Theorem 1.2, there exists a lift G’ of the base graph G’ such
that A(G) = O(v/d). Thus, the exhaustive search in the second step gives a graph G
whose nontrivial eigenvalues are O(v/d) in magnitude.

In order to bound the running time, we note that the first step can be implemented
to run in time 20"*) = 20(@"1og’n) Ty hound the running time of the second step,
we observe that for each edge in G’, there are k possible choices. Therefore, the size
of the search space is at most k"%/? = ger?/2d — 90(d’log”n) anq for each k-lift, it
takes poly(n) time to compute A(G). Thus, the overall running time of the algorithm
is 20(d4 log? n) . ]

Organization. We give some preliminary definitions, notations, facts, and lem-
mas in section 2. We prove Theorem 1.4 in section 3. We illustrate the techniques
behind proving Theorem 1.2 by presenting and proving a slightly weaker version of
Theorem 1.2 (see Theorem 4.1) in section 4. We prove the concentration inequality
(Lemma 4.2) needed for the weaker version in section 5. We use a stronger version of
the concentration inequality and prove Theorem 1.2 in section 6.

2. Preliminaries. In this section, we define certain notations and present the
needed combinatorial inequalities and facts.

Notations. Let G := (V,E) be a d-regular graph with n vertices. If G is d-
regular bipartite, we will assume that the bipartition of the vertex set is given by
({1,...,n/2},{n/2 + 1,...,n}). Let A be the adjacency matrix of G. Since A is
a real symmetric matrix, its eigenvalues are also real. Let the eigenvalues of A be
A1 > X > - > \,. For a d-regular graph G, it is well known that \; = d. If G
is bipartite, then A\, = —d and we define A\g := max{|\;| : i € {2,3,...,n —1}}. If
G is nonbipartite, we define Ag := max{|\;| : i € {2,3,...,n}}. Thus, A\g denotes
the largest (in magnitude) nontrivial eigenvalue of G. When G is clear from the
context, we will drop the subscript and simply write A. For subsets S, T C V, let
E(S,T) be the number of edges uv € E with v € S and v € T. We denote the
largest eigenvalue of a matrix M by ||M|| and the support of a vector = by S(z). We
define log() to be the log function with base 2. We represent e by exp(z). Given
a vector x whose coordinates are from {0,4271, 4272 ... 427" .} we define the
dyadic decomposition of x as the collection of vectors {27%u;};cz, where each u; is a
vector whose jth coordinate is defined as

1 if Tj = 2_i,
[ui]j =q¢ -1 if Tj = 7271-,

0 otherwise.
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2.1. Combinatorial inequalities. We will use the following combinatorial
identity which was also used in earlier epsilon-net style arguments to bound eigenval-
ues [10, 18, 1]. We present its proof for the sake of completeness.

LEMMA 2.1 (discretization lemma). Let M € R"*™ be a matriz with diagonal
entries being 0.

1. For everyx € R™ with ||z||so < 1/2 there existsy € {0,427, £272 .. £27¢
..} such that |27 Mx| < |yT My| and ||y||* < 4||x||?. Moreover, each coor-
dinate of x between 2~ and 2=~ s rounded to either 2= or 2=~ and
between —27% and —2~=Y is rounded to either —27% or —2=0=1) i y.

2. For every xi,z2 € R™ with |21]co, |22]lcc < 1/2, there exist yi,y2 €
{07 i2717 :l:2727 RN :l:277;7 s }n such that |Z{M‘T2| < ‘y,lrMyQL Hyl“2 <
4|12, ly2l* < 4|jx2||® and for b € {1,2} each coordinate of x), between
27" and 2=0=V s rounded to either 2=* or 2=~V and between —2~" and
—2-0=1) s rounded to either —27% or —2=0=1) jn 4.

Proof. Let x € R™ with ||z]lec < 1/2. We first give a randomized rounding
rule that rounds each nonzero coordinate of x independently. Consider a nonzero
coordinate x;. Suppose |z;| € [27%,27 (D). Let §; € [0,1) be a real value such that
x; = sign(x;)(1+6;)27". We round z; to sign(x;)2~ =1 with probability §; and
sign(x;) - 27¢ with probability 1 — §;. Let the resulting rounded vector be 2.

We note that E[z;] = z; for every j € [n]. Since each coordinate is rounded
independently and the diagonal entries of M are 0, we get that E[zT Mz] = 27 Mx.
Hence, there exists a vector y € {£271, +£272 ... £27% .. .}" that can be generated
by derandomizing this rounding procedure such that |7 Mx| < |yTMy|. Further-
more, |y||? < 4||z||?>. By definition every coordinate in x with value between 27 and
2-0=1) is rounded to either 27% or 2-¢~1) and between —2~% and —2~ (=1 is rounded
to either —27% or —2 (=1 in y.

The proof of the second part of the lemma is the same as the first part. Here we
obtain z; and z5 by the same procedure and follow the same argument to get y; and
Y2 O

We will use the following inequality.

LEMMA 2.2. Let r > 2,x > 1/2,z > 0 be real values and t be a nonnegative
integer such that r* < z/2. Then,

t

> (r'log(z/r)” < e(r)(r*log(z/r"))”

=0

for a value c(r) that depends only on r. Moreover, ¢(2) < 9.

Proof. Let a; := (r*log(z/r"))® for all i € {0,1,...,t}. Let us consider the ratio

of consecutive terms a;11/a; for i € {0,1,...,¢t —1}:
Qi1 pitl log(z/rﬁ_l) z
a; rilog(z/rt)

(- mem)

> (r (1 - m»w (since ' < 2/2).
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If i < t—2, we get that a;41/a; > rJL(Lg(T)))JL Let a(r) := r#( el yo,

1+2log(r 1+21log(r)
Then «a(r) > % > 1 for r > 2. Also for i = t — 1, we get that a;y1/a; >

(r/(1+1log(r)))* > 1. Now consider
S_1:=ay+a1+ -+ a_1.
Multiplying both sides by a(r) — 1, we get

(a(r)—1)S_1 = (a(r) = 1)(ap+ a1 + -+ as_1)
= —ag + (a(r)ag — ar) + (a(r)a; — az) + - + ar_1c(r).

Since, a;+1 > a(r)a; for i € {0,1,...,t — 2} and ag > 0, we get

(a(r) —1)S_1 < as_1a(r).

> a; <S8 +a < <1+ (O[(C;gr_J)at

i€[t]

Hence,

Therefore

Setting c(r) = (1 + (Q?T(Ql )) we get the identity. We observe that «(2) is greater
than % which implies that ¢(2) < 9. O

We also need the following lemma.

LEMMA 2.3. For every c¢; > 0, there exists co $.t. \/\/Elog% < ¢1 + cox, where
0<x<1.

To prove this lemma, we first observe that lim, ,q Vv \/Elog% = 0. Hence, there

exists zo > 0 such that for z < zg, we have V\/x log % < c1. By setting co = V %,
we get the desired result. 0
We will use the following Hoeffding inequality for concentration bounds.

LEMMA 2.4 (Hoeffding inequality). Let X1, ..., X, be independent random vari-
ables such that X; is strictly bounded within the interval [a;,b;], then

()

> Xi— ZE[XZ]

_ 2t2
>t <2e ETimiti—en?

2.2. Spectral graph theory basics. Expander graphs have certain desirable
properties that are also present in random graphs. This intuition is quantified by
the following well-known fact known as the expander mixing lemma which bounds
the deviation between the number of edges between two subsets and the expected
number in a random graph.

THEOREM 2.5 (expander-mixing lemma; see [17, Lemma 2.5]). Let G = (V, E)
be a nonbipartite graph. Then

T
B(S,T) — % < /I8N VS, TCV.

We also have an analogue for bipartite graphs (by proceeding along the lines of
the proof of the expander mixing lemma). The following theorem states the general
bound.
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THEOREM 2.6. Let G = (V, E) be a graph. Then

d|S||T
E(S,T) < 2% +AaVIS|[T] ¥ S, TCV.

We need the following theorem showing that expanders have a small diameter in
order to show nonexpansion of large abelian lifts.

THEOREM 2.7 (see [5, Theorem 1]). The diameter of a d-regular graph G with
n vertices is at most (logn)/log(d/A\g).

2.3. Lifts. In this section we define lifts of graphs and state some of their prop-
erties.

DEFINITION 2.8 ((T',S,-)-lift). Let I be a group, S be a set of size k and - be
a group action of T' on S. A (T, S,-)-lift of an n-vertex base graph G = (V, E) is a
graph H = (V x S, E') obtained as follows: it has k X n vertices, where each vertex u
of G is replaced by k vertices {u} x S. For each edge uv of G, we choose an element
guv € T and replace that edge by a perfect matching between {u} x S and {v} x S that
is given by the edges u;v; for which gy, - = j. We define the order of the lift to be k.

We note that if S = I" and the group action - is the left group multiplication itself,
then (T, S, -)-lifts are just I'-lifts.

Remark 6 (group elements as permutations). An action of a group I' on a set
S induces an embedding from T' to Sym(S), where Sym(S) is the symmetric group
of S (group of all permutations of S). Thus, we can identify group elements with
permutations of |S| = k objects. By this perspective, the set of edges of the lift H
can be rewritten as E' = {u;v;|luv € E,my,(i) = j}, where my, is the permutation
corresponding to the group element that we choose for edge uv.

Besides T-lifts another interesting case of (T, S, -)-lifts is when T' = Sym([k]) (the
symmetric group on k elements), S = [k], and the group action - : I'x .S — S is defined
by o -t = o(t), i.e., the action of the permutation on the corresponding element. Such
lifts are known as general lifts or simply k-lifts. Recall that shift k-lifts are T-lifts
where the group I' is a cyclic group. We will use the term abelian lifts to refer to
T'-lifts where the group I' is an abelian group.

DEFINITION 2.9 (generalized signing). Let G = (V, E) be a base graph. Let E'
denote an arbitrary orientation of the edges of G (replace every edge uwv € E with a
directed edge u — v or v — u) and E" denote the reverse orientation. Given a group
T, a set S, and an action - of I' on S as in Definition 2.8, we define a generalized
signing of G as a function s : Ef U E™ — T with the property that if s(u,v) = g, then
s(v,u) =g 1.

We observe that there is a bijection between generalized signings and (T, .S, -)-lifts.

2.3.1. Spectrum of shift lifts. In this section, we characterize the spectrum of
shift k-lifts as a union of the spectrum of certain matrices. We will denote the cyclic
group of order k as Cy. For a shift k-lift of a graph G = (V, E) with adjacency matrix
A, which is given by the signing (s(i,j) = ¢i,j)(i,j)er, define the following family of
Hermitian matrices A4(w) parameterized by w, where w is a primitive kth root of
unity:

0 if Aij = 0, and
w9id if Aij =1.

[AS(W)]Z'J' = {

We have the following lemma regarding the spectrum of shift k-lifts.
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LEMMA 2.10. Let G = (V,E) be a graph and H be a shift k-lift of G with the
corresponding signing of the edges (s(i,J) = 9ij)@j)er, where gij € Cy. Then the
set of eigenvalues of H are given by

U eigenvalues (Ag(w)) .

w: w s a primitive kth root of unity

Proof. Let n:= |V| and let Ay be the adjacency matrix of H. Then,

All A12 . Alk

A21 A22 . A2Ic
AH = . . . . )

A.kl A.kz . A}ck

where A% € {0,1}"*" with A‘;}’ =1if A;; = 1and b = a+g;; mod k and 0 otherwise.
Let v be an eigenvector of Ag(w) with eigenvalue A, where w is a primitive kth root
of unity. That is, As(w)v = Av. We will show that

is an eigenvector of Ay with eigenvalue A and, moreover, the collection of eigenvectors
created this way are orthogonal.
We first show that z is an eigenvector of Ay with eigenvalue A. For this, we
observe that
Zlgzl wb—1 Alby,
Zlgzl wb—1 A2by,

AHZ:

Zlbf:l wh—1 ARy,
Hence, it is enough to show that for every a € [k],

k

ZwalAab _ w“flAs(w).

b=1
If A;; is 0, then the ¢jth entry on both the left and right sides is 0. Suppose A;; is 1.
Then the ijth entry of A? is1ifb=a +¢i;; mod k and zero otherwise. So, the ijth
entry on the left side is equal to w®*9 =1, Moreover, the ijth entry of A4(w) is equal
to wYi. So, the ijth entry on the right side is equal to w®*9~1, Thus, the matrices
in the left and right sides are equal. Hence, any eigenvalue of Ag(w) is an eigenvalue
of Ay, where w is a primitive kth root of unity.

Next, we show that these are the only eigenvalues of Ay. To prove this, it is
enough to show that these nk eigenvectors are orthogonal to each other. Let wy,ws be
primitive kth root of unity and vy, vs be eigenvectors of Ag(wy), As(w2), respectively.
Let z1, zo be defined as follows:

U1 V2
w1v1 WaU2
21 = . y B2 1=
k—1 —1
w1 U1 Wy V2
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We show that (21, z9) = 0:

k—1 k
(21,22) = Z(wivl,wévg) = Zwiw;(vl,vg).
i=0 =0

The last equality follows from the fact that for n-dimensional complex vectors a, b, the
inner product (a,b) is ;| a:b;, where b} is the complex conjugate of b;. If wy = wo,
then vy, vy are orthogonal. Hence, (v1,v2) = 0 which also implies that (z1,z2) = 0. If
w1 # wa, then wy ~w51 is a primitive kth root of unity that is not equal to 1. Hence,

—1\k
wiw -1
(z1,22) = 7( ! 271) (v1,v2) = 0. ]
wiwy - — 1

The above lemma simplifies significantly for 2-lifts as noted in the corollary below.

COROLLARY 2.11. When k = 2, the set of eigenvalues of a 2-lift H is given by the
eigenvalues of A and the eigenvalues of As, where Ay is the signed adjacency matriz
corresponding to the signing s with entries from {0,1, —1}.

3. Nonexpansion of abelian lifts. In this section we show that it is impossible
to find (even slightly) expanding graphs using lifts in large abelian groups I" and thus
prove Theorem 1.4. By Theorem 2.7, we know that if a graph is an expander, then it
has small diameter. We show that if the size of the (abelian) group I is large, then all
I'-lifts of any base graph have a large diameter and, hence, they cannot be expanders.
We restate Theorem 1.4 for convenience.

THEOREM 1.4. For every n-vertex d-regular graph G, every real value € € (0,1/e),
and every abelian group T of size at least

ndlog % +logn
k =exp —log T )

all T-lifts H of G have \g at least ed in magnitude. In particular, when k = 2%
there is no T'-lift H of any n-vertex d-reqular graph G all of whose nontrivial eigen-

values are bounded by O(\/g) in magnitude whenever T' is an abelian group of order
k.

Proof. We prove the contrapositive. Let I' be an abelian group of order k£ and
G = (V,E) be a base graph on n-vertices that is d-regular. Let e1,...,e,q/2 be an
arbitrarily chosen ordering of the edges E. Let H be a lift graph obtained using a
T'-lift. Recall that the signing of the edges of the base graph correspond to group
elements, which in turn correspond to permutations of k elements. Let these signings
of the edges be (0¢)cer(g). Let us define a layer L; of H to be the set of vertices
{v; : v € V}. We note that H has k layers.

Let us fix an arbitrary vertex v in G. Let A denote the diameter of H. Then,
for every j € {2,...,k} there exists a path of length at most A in H from v; to
a vertex in L;. A layer j is reachable within distance A in H iff there exists a
walk eq,es,...,e; from v of length ¢t < A in G such that o¢,0¢,_, ...0¢,0¢,(1) = 3.
Thus the set of layers reachable within distance A in H is contained in the set S :=
{0¢, .- 0¢, (1) t €1,...,e is a walk from v in G of length t < A}. Since the group T’
is abelian, S C {03022 ... oc"/2(1) | S2 gl < A} =: T. Since H has k layers,
the cardinality of S is at least k.
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The number of integral a;’s satisfying Z:ﬁ{z la;] < A is at most (

2(nd/2) " Therefore,
nd zd
5 + A n 2A 2 n
k<|T| < <2 d )22‘3 <2e <1+>> < (2)% €2,
o nd

Since H has nk vertices, using Theorem 2.7, we have A < (log nk)/log(d/A\(H)).
Thus, if A(H) < ed, then A < (lognk)/log(1/e) and, consequently,

(nd/2)+A) .
(nd/2)

log nk

nd

E<(2)%ese .

Rearranging the terms, we obtain that

nd

k< (26)2(17@> exp

logn <ndlogi+logn)
< exp 1 :
(log 1) (1 1 ) log 2

o log%

|

4. Expansion of random 2-lifts: Overview. In this section, we illustrate the
main techniques involved in proving Theorem 1.2 by stating and proving a slightly
weaker version, namely, Theorem 4.1. It focuses only on 2-lifts akin to Corollary 1.3
and is weaker in comparison to the eigenvalue bound in Corollary 1.3 by a multiplica-
tive factor of four. The proof of this weaker result captures the main ideas involved
in the proof of Theorem 1.2.

THEOREM 4.1. Let G be a d-regular n-vertex graph, where 2 < d < y/n/(31nn)
with largest (in magnitude) nontrivial eigenvalue X. Let H be a random 2-lift of G
with Anew being the largest (in magnitude) new eigenvalue of H. Then,

Anew < 4X\ 4 10™ max (y//\log d, \/g>

with probability at least 1 — e/

In order to prove this theorem, we use the concentration inequality in Lemma, 4.2
(recall that for a vector x, its support is denoted by S(z)).

LEMMA 4.2. Let G be a d-regular n-vertex graph, where 2 < d < y/n/(3lnn),
with largest (in magnitude) nontrivial eigenvalue . Let H be a random 2-lift of G
with corresponding signed acgjacency matrix As. The following statements hold with
probability at least 1 — e~/ ;

1. For all uy,...,u, € {0,£1}", and vy,...,v; € {0, £1}" satisfying
(I) S(u;) N S(uj) = 0 for every i,j € [r] and S(v;) N S(v;) = O for every
i,j €[4, and
(IT) either |S(u;)| > n/d? for everyi € [r] with nonzero u;, or |S(v;)| > n/d>
for every i € [€] with nonzero v;,
we have

Y @7l As(277 )| < 377 max(y/Alog d, Vd) Z S (w2
i=1

1<j

4

A )

+ (5 + 1012\/&> § 1S (v;)|272.
j=1
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2. For all uy,...,ur € {0,£1}" and vy,...,vp € {0,£1}"™ satisfying (I), (II),
and
(IIT) |S(w;)| > |S(vj)| for every i € [r], j € [£] with nonzero u;,
we have

> o7 A(2 )

1<j
r 4
< 3lmax (x/)\log d, \/g) Z IS (u;)|27% + Z |S(v;)|27%
i=1 j=1

We show the concentration inequality in Lemma 4.2 from Hoeffding’s inequality
by taking a suitable union bound (see section 5 for a complete proof). We will now
prove Theorem 4.1 using the lemma above.

Proof of Theorem 4.1. Let s denote the signing corresponding to H and A denote
the signed adjacency matrix. By Corollary 2.11, the largest (in magnitude) new
eigenvalue of the lift is Ao = maxgern |27 Agx|/zTx. To prove an upper bound
on Apew, we will bound |27 A z|/2Tx for all  with high probability. In particular,
assuming that the events given by Lemma 4.2 hold, we will show that

|27 Agz| <4 (A+ 1013\/&) I]|2.

By rescaling we may assume that the maximum entry of x is less than 1/2 in ab-
solute value. By Lemma 2.1, there exists a vector y € {0, £271, £272 ... £27¢ .. .}"
such that |27 A,x| < |yT Agy| and ||y||? < 4)|z|?. We will prove a bound on |y A,y
for every y € {0,4271, £272 .. 427" . }" which in turn will imply the desired
bound on |27 Asz|. Let us consider the dyadic decomposition of y = > o, 27 u; ob-
tained as follows: a coordinate of u; is 1 if the corresponding coordinate of y is 27¢,
it is —1 if the corresponding coordinate of y is —27%, and is zero otherwise. We note
that S(u;) N S(u;) =0 for every pair 7, j € N.

Next, we partition the set of vectors u;’s based on their support sizes. Let M :=
{i e N:|S(uw;)| <n/d?} and L := {i € N: [S(u;)| > n/d*} (we abbreviate M and L
for mini and large supports, respectively). Correspondingly, define yns := >, 5, 2 "u;
and yr = ZigL 27"u;. We note that y = yar + vz, [[yl* = lyml® + uzl® =
Dien [S(ui)[27%, and

ly" Asyl < yarAsyn| + 2lyarAsyc| + lyL Asyr ).

We next bound each term in the right-hand side (RHS) using the following three

claims.
CLAIM 4.3.

8
il < (3+5) el

Proof. Let yy,; be a vector obtained from yys by taking the absolute values of each
entry. Then [lyar]|? = i, |1* and |yL, Asynr| < viE Ayy,. Let J = vol and J' = v'0'7
where v is the all-ones vector and v’ is defined as follows: v, =1 for 1 <i < mn/2 and

v, = =1 for n/2 + 1 < i < n. For nonbipartite graph G, we have

d d d
Y Ay = Yy (A — nJ> Y + Yy (nJ> Yar < Mlyasl? + v (nJ> Yar-
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Above, we have used the fact that A — %J has the same set of eigenvalues as A
except for one—the eigenvalue d for the matrix A is translated to zero for the matrix
A-— %J . Similarly, for bipartite graphs, we have

d d d d
/T / T / / /T / T / /
Ay = A——J+—J —J - —J
YnAYy yM( n +n >yM+yM<n )yM Z/M(n )yM
/12 T d / /T d / /
< Myall” + v EJ Ym — Ynr EJ Y-
Above, we have used the fact that A — %J + %J " has the same set of eigenvalues as

A except for two—the largest (in magnitude) two eigenvalues d for the matrix A are
translated to zero for the matrix A — £.J + 4.J'. It remains to bound |y3} (£J) v},

and |yik (%J’) yhr|- Consider the dyadic decomposition of ¥, = >,c,, 27"}, where
the coordinates of u) are the absolute values of the coordinates of u;.

d d
1T / 1T / /
—J —J
Ym <n >Z/M Ym <n >yM

<23 Y Laris(uleIs(u)

€M jeM:j>i

)

1 . .
<23 2278 D0 27 (since [S(w)| < n/d” ¥ j € M)

ieM JEM:j>i

< = llyall*. 0

ISR

Remark 7. The bound in Claim 4.3 does not rely on the high probability event
given by Lemma 4.2. Hence, in contrast to [10, 18, 1] our bound for the mini support
case is valid with probability one and follows directly from the expansion of the base
graph.

Cram 4.4.

2
YL Asyr| < (5 +(3- 1012)max( Alogd, ﬂ)) lye*.

Proof. By the triangle inequality,

i Asyel = | D 27" ul) A2 uy)

i,jEL

IN

Z (Q*iui)As(Q*ju]') + Z (27iui)As(2ijuj)'

i,jEL:i<j i,jEL:i>j

We bound each term using the first part of Lemma 4.2. We now clarify our choice
of parameters to apply Lemma 4.2. For both terms, our choice is r + max{i € L},
C=r,u; < u;ifi € Land u; < 0if i & L, v; = u; for every i € [r], where 0 is the
all-zeroes vector. We note that the conditions (I) and (II) of Lemma 4.2 are satisfied
by this choice since every pair S(u;),S(u;) is mutually disjoint and [S(u;)| > n/d?
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for all ¢+ € L. Consequently,

Iyt Agyr| < 754 max (\/)\logd7 \/&) Z IS (u;)|27%

icL

+ (2 +2. 1012\@ > 18 (uy)27%

JjEL
2
< (; +(2- 10" + 754) max (\/)\logd, ﬁ)) lyr|?. 0

CLAIM 4.5.
[y Asyr| < 408 max (V/Xlogd, V) [lyas|®

# (3 + 010 mas (VAT v3) ) sl

Proof. By the triangle inequality,

wirAsycl = | > 7)) A2V uy)
i€M,jEL

<| > @Tuw)ATu) |+ DD 27w A2 )|

1€EM,jeL:i<j i€EM,jEL:i>]

We bound the first and second terms by the first and second parts of Lemma 4.2,
respectively. Let 0 be the all-zeroes vector. We now clarify our choice of parameters to
apply Lemma 4.2. For the first term, our choice is r + max{i € M}, ¢ + max{i € L},
u; — u; if i € M and u; < 0ifi & M, and v; < u; ifi € L and v; + 0if i & L.
For the second term, our choice is r < max{i € L}, { + max{i € M}, u; + w;
ifi € Land u; « 0ifi & L, and v; + u; if i € M and v; < 0 if i € M. The
conditions (I), (II), and (IIT) of Lemma 4.2 are satisfied for the respective choices
since every pair S(u;), S(u;) is mutually disjoint, |S(u;)| > n/d? for all ¢ € L, and
|S(u;)] > n/d? > |S(u;)| for every i € L, j € M. Consequently,

lybr Asyr| < 377 max (\/)\log d, \/(3) Z S ()27 %+ (?’)\ + 1012\/&> Z 1S (uj)|2~2

ieM jeL

+ 31 max (vNogd, ) | Y- 18wz + 3 [8(uy)27¥

jeL jeM
< 408 max (\/m, \/g) HyMH2
' (g + (10 +31) mas (/ATog . ﬁ)) e 0

From the above three claims, we have

lyT Agy| < ()\ + 817 max (\/m, m)) lyar?
. (4; + (7 10%) max (/7Togd wa)) el
< (A+8-10” max (y/Xogd. vd) ) ]
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Therefore, we have
2T Asz| < Jy" Ayl
< ()\ + 8- 10" max (\/)\log d, \/g)) |y
§4()\—|—8'1012max(\//\10gd, \/Zi)) I]|2. O

We note that in the above proof, the multiplicative factor of 4 is a by product of
the discretization of x. This can be avoided if we do not discretize x straightaway,
but instead “push” the discretization a little deeper into the proof. Indeed, we can
see that the proof of Claim 4.3 where we bound |y?, (A — (d/n)J)yu| by Allya||? does
not require yys to be a discretized vector. This is how we are able to prevent the
multiplicative factor loss so as to obtain Theorem 1.2.

5. Concentration inequality. In this section, we prove Lemma 4.2. Our proof
based on case analysis to bound the quadratic form of a random matrix closely resem-
bles a similar proof given in [10]. Our random matrix distribution is different from
the one that was of interest in [10] and moreover our probability bounds are stronger.

In order to prove Lemma 4.2 we need to upper bound

Z 27i7juiTAs’Uj

1<j

for all sets of vectors {uy, ..., u,}, {v1,...,v¢} satisfying the assumptions of the lemma
over random choices of A;. A natural approach is to use the triangle inequality and
upper bound each term |ul Asv;| separately for each i,j. We note that ul Asv; is
a sum of |E(S(u;),S(v;))| independent and identically ditributed random variables
with mean zero (one for each edge between S(u;) and S(v;)). By the expander
mixing lemma (Theorem 2.6), we may upper bound the size of E(S(u;),S(v;)) by
2d|S (w;)||S(v)|/n+ X\/1S(u;)||S(v)]. Depending on which of these two terms in the
RHS dominates, we have two cases. For each case, we use a different concentration
bound (Lemma 5.1 and Corollary 5.3). We begin with the needed concentration
bounds.

5.1. Concentration bounds.

LEMMA 5.1. Let G be a d-regular, n-vertez graph, where 2 < d < \/n/31nn, with
largest (in magnitude) nontrivial eigenvalue A. Let H be a uniformly random 2-lift of
G with corresponding signed adjacency matriz As. The following property holds with
probability at least 1 — e~ (108 d)/vVd (over the random choice of signings).

For every r € {0,1,...,(1/2)logd}, every a,by,by,...,b. € {0,£1}" satisfying

(i) S(bi) N S(b;) = 0 for alli,j € [r],i # j,

(ii) |S(a)| > 22|S(b;)| for alli € [r], and

(iii) 4\/[S(®:)]|S(a)] > n for all i € [r] with nonzero b;,
we have

(S| <0y s (S0 s ()
=0 =0

Proof. For notational convenience, let b = Y. ,2%,. Fix a,bi,bs,...,b, €
{0,£1}". Then a” A,b is a sum of independent random variables (one for each edge
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between S(a) and S(b;)) with mean 0. This is because the intersection between the
support of any two vectors b; and b; is empty. The sum of squares of the differ-
ence between the maximum and the minimum values of these variables is at most
S 1 4E(S(b;), S(a))2?%. For vectors a,by,...,b, satisfying (ii) and (iii), by the ex-
dSGIIS@I - We note that this

n

pander mixing lemma, we have E(S(b;),S(a)) < 3
inequality holds even if b; is a zero vector.
By Lemma 2.4,

Pr( |a"Asb > 14 §|S<a>|2 (Z |S(bi>|22i> log (sZ(ZM)

< 2exp (_98|53(a)10g (ISQ(ZN)) .

Now fixing the values of the support sizes « = |S(a)|, 8; = |S(b;)|, the number of
possible choices for a is at most () - 2* < exp(3alog(22)). Similarly the number of
possible choices for each b; is at most exp(30; log(%—’:)). Therefore the total number of

choices for by, ...,b, is at most exp(Z;l 33; log(%)). Since each «, 8; < n, we can
replace each 3; by its upper bound a2~%¢. Hence, using Lemma 2.2,

g 2 a , 2 2
exp ( E 30; log (;)) < exp (3 E a2 % og (0427121>> < exp <27a log (;)) .
i=1 v i=1

Therefore, the total number of choices of a, by, ..., b, of sizes «, 81, ... B, respec-

tively, is at most
2
exp (30a log <n>> .
!

By taking a union bound over the choices of vectors with the fixed support sizes, the
probability of the existence of a set of vectors a,by,...,b, with sizes «, 51,..., B,
respectively, satisfying (i), (ii), and (iii), but violating the conclusion is bounded by

2 exp (—830‘1og (i’j)) < 2exp (—3?7/% 1og(2\/&)> .

Above, we have used that o > n/v/d which follows since a = |S(a)| > n)\/d > n/Vd
by (ii) and (iii). Next, let us bound the number of choices for the support sizes
of the vectors a,by,...,b.. The number of choices for the support sizes is at most
n?t(1/2)logd Therefore taking the union bound over the choice of the support sizes,
we get that the total probability is at most

2 exp <<2 + ;logd) lnn> exp (—38\’/% 1og(2\/E)> < exp (—"l\jgd> . q

In the next lemma, let Ng(S) := {v : Ju € S with (u,v) € E(G)} denote the set
of neighbors for a set S of nodes in G.

LEMMA 5.2. Let G be a d-regular, n-vertex graph, where 2 < d < \/n/3Inn with
largest (in magnitude) nontrivial eigenvalue A and H be a uniformly random 2-lift of
G with corresponding signed adjacency matriz As. The following property holds with
probability at least 1 — e—3n/d* (over the random choice of signings).
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For every a,b € {0,+1}", q,w € {1,...,n} satisfying
(1) [S(a)| < q, [SO)| < w, S(b) C Na(S(a)),

(i) ¢ <w < dg,

(iii) w> J5, and

(iv) $,/qw <n,

we have

(5.1) laT Agb| < 10\/)\\/qw3 log (2dq)_

w

Proof. For a pair of vectors a, b € {0,£1}" and ¢, w € {1,...,n}, let Bad(a,b, ¢, w)
denote the event that inequality (5.1) is violated. We need to upper bound the
probability that there exists (a,b,q,w) satisfying (i), (ii), (iii), and (iv) such that
Bad(a,b, q,w) happens. We note that the sum a” A,b over random choices of A is a
sum of independent random variables chosen from {+2, 1}, all of which have mean
0. The number of such random variables being summed is at most E(S(a), S(d)), i.e.,
the number of edges between S(a) and S(b).

Therefore for a fixed a, b, ¢, w, by applying the Hoeffding inequality (Lemma 2.4),
we get that

50A/qus log (%)

P(Bad(a,b,q,w)) < 2exp E(S(a),S(b))

Now using (iv) and the expander mixing lemma (Theorem 2.6), we have

E(S(a),S()) < 2d|S(a)||S®)|/n+ A/]S(a)]|S(b)] < 2dgw/n + A\/qw < 3X/qu.
Substituting this into the previous expression, we obtain
2dq
P(Bad(a,b,q,w)) < 2exp | —(50/3)wlog | — | | .
w
We will use the union bound now. For this purpose, we will first fix ¢, w, and the
size of the support of a and b. We take a union bound over all possible choices of a,b
of that fixed size, and then take a union bound over all choices of the support sizes.

For fixed support sizes o = |S(a)|, 8 = |S(b)|, we observe that the total number of
choices for the support sets for a are (7). Now, since S(b) is a subset of N¢(S(a)),

the number of choices of S(b) is bounded by (dﬁa). Also, since each entry in a,b is 0
or £1 the total number of choices for a and b is at most

(02 (52 o (s () oo (00 (5 )

We will first show upper bounds on each of these terms. Since w > 75, by (ii),
we have ¢ > % Also, o = |S(a)| < ¢, = |S(b)| < w. Therefore,

v (e (2)) o o (%)

< exp (9¢log(2d))

B 4 log(2d) q

< exp <9w log (2d%>) .
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The last line follows from the fact that xlog(d)/log(2dz) is bounded by 1 for
x € [1/d,1] and that L € [1/d,1]. Further,

exp (35 log (?)) < exp (35 log (?)) < exp <3w log <2iq>> .

The last inequality follows by the fact that z log % is an increasing function if x < c.
Therefore, by the union bound we get that the probability of a bad event for fixed
¢, w and support sizes a = |S(a)|, 8 = |S(b)| is at most

4d 14 4d 14
2exp (—(14/3)w10g wq) < 2exp (_3d7; log wq> < 2exp <_3dZ 10g2) .

Now the number of choices of the support sizes of @ and b is at most n2, and the
number of choices for ¢ and w is at most n? and, therefore,

P (3(a,b,q,w) satistying (i), (ii), (iil), and (iv): Bad(a,b, ¢, w))

14
< 2n* exp <3dZ log2> < exp <i;721) .0

COROLLARY 5.3. Let G be a d-regular, n-vertex graph, where 2 < d < 4/n/31nn,
with largest (in magnitude) nontrivial eigenvalue A and H be a uniformly random 2-
lift of G with corresponding signed 2adjacency matriz As. The following property holds
with probability at least 1 — e=3"/4 (over the random choice of signings).

For every a,b € {0,£1}" satisfying

(i) [S(a)] < [S(b)| < d|S(a)l,

(i) |S(b)| > 35, and

(ii) §v/[S(@)]ISO)] <n,
we have

(5:2) jaT Ab| < 10\/A [S(@)[S®)]|S(b)]log (Mﬁl;f')

Proof. For every a,b, we apply the bound from Lemma 5.2 on |a” A.b/| with
qg = |S(a)|,w = |S(b)|, where b’ is the same as b restricted to the coordinates in
S(b) N Ng(S(a)). We observe that |a” A b| = |aT Ab'| and hence the corollary. O

5.2. Proof of Lemma 4.2. Next, we use Corollary 5.3 and Lemma 5.1 to prove
Lemma 4.2. We restate the lemma below for the benefit of the reader.

LEMMA 4.2. Let G be a d-regular n-vertex graph, where 2 < d < y/n/(31nn),
with largest (in magnitude) nontrivial eigenvalue . Let H be a random 2-lift of G
with corresponding signed acé]'acency matrix As. The following statements hold with
probability at least 1 — e~/ ;

1. For all uy,...,u, € {0,£1}", and vy,...,v; € {0, £1}" satisfying
(I) S(u;) N S(uj) = 0 for every i,j € [r] and S(v;) N S(v;) = O for every
i,j €[4, and
(IT) either |S(u;)| > n/d? for everyi € [r] with nonzero u;, or |S(v;)| > n/d>
for every i € [€] with nonzero v;,
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we have

Y@ ) A2 vy)| < 377 max(/Alogd, Vd) Z 1S (us)|27%

1<

¢
+ (; + 101W&> > 1S (vy)|27.
j=1
2. For all uy,...,u, € {0,£1}" and vq,...,v, € {0,+1}" satisfying (I), (II),
and
(IIT) |S(us)| > |S(vj)| for every i € [r],j € [£] with nonzero u;,
we have

Yo7 u)A(2 )

1<j

T £
< 3lmax (\//\log d, \/&) Z IS (u;)|27% + Z 1S (v;)[27%
i=1 j=1

Proof. For notational convenience, we will replace |S(u;)| by s; and |S(v;)| by t;.
We split the sum

Y27 ) A2 )

i<j

into several subcases depending on ¢,j and the sizes of S(u;) and S(v;). Figure 1
summarizes the splitting of (7, j) into various terms depending on the various values
of 7, j, s;, and t;. Next, we bound each of the terms separately. By Lemma 5.1 and
Corollary 5.3, we know that A, satisfies the property mentioned in both of them with

(G ellx1q )

e

(i <j < i+ 3logd)and (j > i+ Llogd)or

‘ (max(s;,t;) < dmin(s;,t;)) ‘ ‘ (max(s;,t;) > dmin(s;,t;))

[ 8272 < 2ot;07% } [ 8:27% > 2ot;27% } [ 5,272 < 1;27% ][ 5272 > ;2% J

Fic. 1.
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probability at least 1 — 23"/ @* We bound the terms assuming that Ay satisfies the
property mentioned in Lemma 5.1 and Corollary 5.3.

CLAIM 5.4.

>0 @A) <3V [ Y s+ Y 2

(4,5)€C1 i€(r] Jjell]
Proof. The sum is conditioned over the set of tuples (¢, 7) in Cy, where
C, = {(z € rl,j €4 | (j >0+ ;logd> or (max(s;,t;) > dmin(si,tj))}.
Let
Cy = {(z’,j) elr|x[f:j>i+ ;logd} and
Cy = {(i,j) Elrx[l]:i<j<i+ %logd, max(s;, t;) > dmin(si,tj)}.

By the triangle inequality,

Z 27 Iyl Agu;| < Z 27 Il Agv;| + Z 27l Agv; .
(3,5)€C1 (i,5)€C] (i,5)ecy

We note that the number of edges out of any set S is bounded by d|S|. So, |ul Asv;| <
dmin(s;,t;) for any w;,v; € {—1,0,4+1}". We now bound the two terms above. For
the first term,

¢
Z 27i*juzTAsvj < Z Z 27i7j|uiTAsUj|

(4,5)€[r]x[€]:j>i+ 5 log d i€[r] j=i+3 logd

¢
< Z Z 27779 d - min(s;, ;)

i€lr] j=i+1 logd

L
S Z Z 2_i_jd -7

i€lr] j=i+1 logd

<2vVd ) 277,

1€[r]
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For the second term,

—i—j, T ) —i—j1,,T )
E 2 u; Agv;| < E 2 lu; Agvj]
(6,3)€lrx [£]:i<j<i+ § log d, i€lr],jele)i<i<i+F logd,
max(si,tj)zdmin(si,tj) max(si,tj)zdmin(si,tj)
< E 277/dmin(s,,t;)
i€lr],jele)i<j<i+ 3 logd,
max(s;,t;)>dmin(s;,t;)
< g 2777 max(s;, t;)
i€lr],jele)i<j<i+ 3 logd,
max(s;,t;)>dmin(s;,t;)
ey )
< g 2 (si +15)
i€lr],jele)i<j<i+ 3 logd,
max(s;,t;)>dmin(s;,t;)
i+%10gd j
= E 27", E 277 + E 277t E 27"
i€(r] Jj=ti JE] i=j—%logd
<2y s27 M 42vd > 2 O
i€lr] jeld]
CLAIM 5.5.

3 @ uf)A,(270;)| < 28max (\/g,\/)\logd) 3 s2

(,5)€C i€[r]

Proof. The sum is conditioned over the set of tuples (¢, j) in Cy, where
1
Cy = {(z’,j) € [r] x [€]] (z §j<i+210gd) and (t; <s; < d-tj)}.

By the triangle inequality the required sum is at most > »cc, 270l Agv;|. We
note that u;,v; # 0 since t; < s; < dt;. Consider the term |ul Asv;|, where (i, j) is
in Cy. We have two cases:

Case 1: If (d/)\)+/siT; > n, then we use Lemma 5.1 for the choice a + u;, by < v;.
This choice satisfies the conditions of Lemma 5.1. Hence,

t; 2
luf Agv;| < 14\/d-sf -2 log < n) < 14Vds;.
n

t

Here, the last inequality follows by using 2 log(2) < 1 for z < 1.

Case 2: If (d/X)+/s:T; < n, then we use Corollary 5.3 for the choice a < v;,b + u,.
This choice satisfies the conditions of Corollary 5.3 since t; < s; < dt;, condition (II)
of the lemma implies s; > n/d?, and (d/\)\/s;f; < n. Hence,

2-d-t,

(2

lul Asvj| < 14\/)\\/tjsisi log (

The last inequality follows since t; < s;.

) < 144/ Alogds;.
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Thus, for (i,7) € Cy, we have |ul Asv;| < 14 max(v/d, /Alogd)s;. Therefore,

Z (27 "] ) As(277v)) Z 27 |uf Ay

(i,7)€C2 (7/7])602
oo
<14 Z Z 271 max(Vd, \/Alogd)s
i€[r] j=i
<28max(\f \/W)Zsﬂ %, 0
i€[r]
CLAIM 5.6.

S )AL (2 )| = (g‘ +0.95 - 1012\/&> > ot
(i,4)

JE[€]

Proof. The sum is conditioned over the set of tuples (¢, 7) in C3, where

1
C3 = {(Z,j)| (ZS]SZ+210gd) /\(Si <t <d8i)

d ; A ;
— /st 9=2t T 4 .9=2] .
/\()\ slt]<n>/\<sl < ft] )}

By the triangle inequality,

S @A) < D 2 ] Al

(i,4)€C3 (i,)€C3

We note that u;,v; # 0 since s; < t; < ds;. We use Corollary 5.3 to bound each
term |ul Asv;|. We use Corollary 5.3 with the choice a « u; and b < v;. This choice

satisfies the conditions of Corollary 5.3 since s; < t; < ds;, condition (II) of the lemma
implies ¢; > n/d?, and (d/\)\/s;f; < n. Hence,

> 27w Ayl

(4,5)€C3

<10 Z 271 J\/x\\/sz tit; log<2dsz>

(2,7)€C3

A%/ - 22Vd o |
<10 Z 17/875 2710 12-0—1) Jog (222/2:> (Since 8,272 < \/atj2_2j>

(4,J)€Cs3

2\3/4 . i=j y 2AMd
~ ].OW Z tj2 J Z 27 Zlog 22j—2i .

JEle] i=j— % logd+1
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By assumption, n > 9d%. Hence, \ > \Jd- o= > vd — 1. Applying Lemma 2.2, we
get

20 +1)
—i— T 2j
E 27" ] Av]|<90d1/8\/\flo 7 ) g ;27

(4,5)€Cs3 JE]
Vd (A+1) 0
= 90\ T10 < 7 );]m 7
J

By Lemma 2.3, we can chose an appropriate constant c¢; such that the above
quantity is bounded by

A ,
(5 +0.95 - 1012\/E) > 27 0
jeld

CLAIM 5.7.

> @) A2 vy = 136Vd Y 5277

(,5)€Ca i€[r]

Proof. The sum is conditioned over the set of tuples (¢, 7) in Cy4, where

1
Cy= {(z,])| (z <j <i+210gd) A (si <tj <ds;)

d i Ay
A (/\ Sit]‘ <n> A (87,2 2 > ﬁtﬂQ 2J> }

By the triangle inequality,

S @AV < D 2 ] Al

(4,5)€Ca ( 13)€C

We note that u;,v; # 0 since s; < t; < ds;. We use Corollary 5.3 to bound each
term |ul Asv;|. We use Corollary 5.3 with the choice a + u; and b +— v;. This choice
satisfies the conditions of Corollary 5.3 since s; < t; < ds;, condition (I) of the lemma
implies t; > n/d?, and (d/\)\/s:it; < n. Hence,

Z (27 "] ) As(2770;)) Z 27w Agvj

(4,7)€C4 ( ,J)ECY
<10 Y 27 J\//\\/sl tlog( )
(4,5)€Cy
3
o ti\2 2ds;
=10 27 I s [ [ L) 1 :
5 iy () e (%
(4,5)€C4
i d3/8 . 2\/d
<100y 27 s [ 299 log <22j_2i :
(1,7)€Cy4
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Above we use the fact that 23 log(£) is an increasing function if # < § and 5,27% >

c
xT
A 4925
\/Et32 . Therefore,

Yo @ u)A(27 )

(1,4)€Cs
i+1 logd—1
s, - 20Vd
S 10 ;} WSZ2 ; 27 1210g 92j—2i

a3 2\
€[]

=90 dis27% @ log (\2//\&)

i€[r]

By assumption, n > 9d?. Hence, A > /d- Z—:f > @. It can be verified that for
1

x> 5, #(log 235)1/2 < 1.502. Substituting this bound in the above equation, we get
S @ ul)A (20| <136vd Y 5277 0
(1,4)€Cs i€(r]
CrAmM 5.8.

S @l )AQR )| <56V [ Y 270 + ) 527

(i,)€Cs Jell] i€lr]
Proof. The sum is conditioned over the set of tuples (4, j) in Cs, where
N |
Cs = {(z,j)| <z <j<i+ 2logd> A(s; <tj <ds;)

d ) )
A ()\ Sitj > n) A\ (Si2_2z < tj2_2j) }

By the triangle inequality,
> @ u)A(2v)| < > 27| N 2T Ayl
(i,5)€Cs JjEK]:Fie[r] with (i,5)€Cs i:(1,5)€Cs

We note that u;,v; # 0 since s; < t; < ds; for every (i,j) € Cs. Let us fix j such
that there exists (4, j) € C5. We bound

—itj, T ]
g 2 u; Asv;j
i€{j—(1/2)logd,...,i}:

(i,j)€CH
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using Lemma 5.1. We will use Lemma 5.1 for the choice a <+ v; and for every
kE = 0,1,...,(1/2)logd, we take by < wuj_; if (j — k,j) € C5 and by < 0 if
(j —k,j) ¢ Cs. This choice satisfies the conditions of Lemma 5.1 since (i) condi-
tion (I) of the lemma implies the S(by) are mutually nonintersecting, (ii) |S(v;)| =
t; > 22725, = 222G (y;)| for every (i,j) € Cjs implies |S(a)| > 2%¥|S(by)| for
every k = 0,1,...,(1/2)logd, and (iii) by is nonzero iff (j — k,j) € C5 implies
(d/X)\/]S(br)||S(a)| > n for every nonzero by. Hence, by Lemma 5.1, we have

, » I o 2
S| B A suy ey [Ty s ()
jele] i:(i,5) €Cs jele) i=j— 4 logd !

J

=14Vd Y |2- 2ﬂjlog<2tn> > si272
J

JE] i=j—1logd

Next, we group the v; according to their support sizes and then sum them to-
gether. For ¢ =0,1,2,...,log(n), let J. be the set of indices j € [{] s.t. n/2° <t; <
2n/2¢ and for nonempty sets J., define j. := min(j € J.). With this notation, the
above sum is

logn i=j

. . 2
<14Vd Z Z 4n2-2i—2¢]og(2 - 2¢) N Z §;272% (since % <t < 22)
c=0 jeJ. i=j—1/2log d+1
<14Vd ) Z Ap2~I—deme 4 9t ¢ ]og(2 . 2°) Yoo s
c=0 jeJ. i=j—1/2log d+1

(since geometric mean is at most arithmetic mean)

logn logn
=28vd Z Z n2 -7 je=¢ 4 7/d Z Z Z 27+ ]og(2 - 2¢)5;27 %
c=0 jeJ. c=0 jeJ.i=j—1/2logd+1
logn no_. 72110gn 10g(2 9c ) .y
<aViy S L VA Y sty 22§ g
c=0 jeJ. i€[r] c=0 j€Je

We observe that

log n logn logn
SDIETEEED DD NEREED DD NERED LR
c=0 jeJ. c=0 jeJ. c=0 jel. JE[4]

Moreover, Y7, ; 277%7¢ < 2 and Solosr M < 4. Substituting these we have
the claim. d

CLAIM 5.9.

> @A vy)| = 154Vd Y 5277
1,5)

(' j)€Cs iG[T]
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Proof. The sum is conditioned over the set of tuples (¢, j) in Cg, where

1
Co = {(i,j)l (l <j<i+ 2logd> A (si < tj < ds;)

d , ,
A\ ()\ Sitj Z n) N (Si2_2z 2 tj2_2‘7) }

By the triangle inequality,
Z (27"l ) Ag (277 0)) Z 27wl Agvjl.
(i,5)€C% (l 7)€Cs

We will use Lemma 5.1 to bound each term |u] Asv;|. We use Lemma 5.1 with the
choice @ < vj,by < wu;. This choice satisfies the conditions of Lemma 5.1 since
s; <t; <ds; and (d/\)/s;t; > n. Hence,

Z 27wl Agvy| < 14 Z 2719y | — L log (tn>
n J

(4,5)€C6 (4,7)€C6

Next, we divide the tuples in Cg into two parts depending on the values of i and j:
Ci =19 0,0)G,75)eCs (i<j<i+ ilog(n/si) and
1
oy = {(6al05) & o (52 -+ F1ogta/s)) .

Let us consider the above RHS sum over tuples (i, j) in C§:

1422@] 1<2t”)
J

(i,5)€C§

1 2n
_ 21 2 2
=14vd > 27 \/2 2 — tlog(J)

(4,4)€Cq

o [8;2%772% 2n Y o
<14Vd D 52 2\/ - log(8i22j_2i> (t;27% < 5,27%)

(4,4)€Cs

J=i+3 log(&)

N 5222 on
Jj=i )

i€[r]

<126Vd Y 5277

i€[r]

j=i+3 log(2)

In the above, the last inequality is by using Lemma 2.2 for Zj:i
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\/Si22j72i log(-—3%5+). Next, let us consider the RHS sum over tuples (4, j) in C{:

n

_ 2 2n
142223 lg()

( ) C//

= [ 2
STV DS 2”,/ Jl "
(i,5)€Cy

i 2
< 14Vd Z si2lj\/? <tj <n,zlog o < 1>

(1,9)€Cy
<uvdy 2y gt [0
S,
i€(r] j=i+3log(n/s;) '
<98V Y s
€[]
The claim follows from the above two bounds. 0

We now obtain the required bound for conclusion 1 of the lemma from Claims 5.4,
5.5, 5.6, 5.7, 5.8, and 5.9:

Y @Tu)A 2 y)

(6,3)€lr]x[4]

< 377max (\/)\ log d, \/&) Y s27% (; + 1012\/&> 32,

i€[r] JE[€]

For conclusion 2 of the lemma, we observe that if s; > ¢; for all ¢ € [r],j € [/],
then Cs,Cy, Cs, Cg are empty. Thus the bound follows from Claims 5.4 and 5.5:

Y @Tu)A R y)

(6,3)€lr]x[4]

< 31 max (\//\log d, \/(3) Z 5272 4 Z tj2*2j

i€[r] jell]

6. Proof of Theorem 1.2. In this section, we prove Theorem 1.2. We need the
following modified version of Lemma 4.2.

LEMMA 6.1. Let G be a d-regular n-vertex graph, where 2 < d < y/n/31nn, with
largest (in magnitude) nontrivial eigenvalue X, and let A be the adjacency matrixz of
G. Let A’ be a random n X n real matriz whose entries A'(i,j) are random variables
with mean 0, |A’(i, )| < A(i,j) for alli,j, and the entries A'(i,j) are independent of
all other entries except A'(j,i). There exist constants c¢y,ce > 1000, c3,cq such that
the following statements hold with probability at least 1 — e=(n/d%) (over the random
choice of A”).

1. For all uy,ug,...,u, € {0,421, £271}7 vy vg ... v, € {0, £1, 4271} satis-
Jying
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(I) S(uwi) N S(u;) = ¢ for every i,j € [r] and S(v;) N S(vj) = ¢ for every
i,7 €[], and
(1) either |S(u;)| > n/d? for everyi € [r] with nonzero u;, or |S(v;)| > n/d?
for every i € [£] with nonzero v;,
we have

S A (2 0y)| < ey max (VA Iogd. V) Y [S(un) 2

i<j

+ (Cz + C3\/&> z: 1S (v;)|27%.

2. For all uy,ug,...,u, € {0,£1,42713" vy, v9...,0, € {0,£1, 427117 satis-
fying (1), (II), and
(IIT) |S(us)| > |S(v;)| for every i € [r],j € [£] with nonzero u;,
we have

Y7 )A (27 )

i<j
r 0
< ¢4 max (\//\ log d, \/3) SIS @)27% + S IS ()2
i=1 j=1

The proof of Lemma 6.1 is identical to that of Lemma 4.2. In the proof of
Lemma 4.2, we used the concentration inequalities from Lemma 5.1 and Corollary 5.3.
We note that these concentration inequalities were obtained using Hoeffding’s inequal-
ity. Since Hoeffding’s inequality is applicable when the random variables are bounded,
we have the version of Lemma 5.1 and Corollary 5.3 applicable to the random matrix
A’. As a consequence, we obtain Lemma 6.1 by following the same proof as that of
Lemma 4.2. We avoid repeating the proof in the interests of brevity.

Proof of Theorem 1.2. The proof is very similar to the proof of Theorem 4.1.
However, in order to avoid a loss of factor 4, we avoid discretizing in the first step,
but discretize only for certain cases. Using Lemma 2.10, we know that for a shift
k-lift, Apew 18 the maximum absolute value in the set

eigenvalues (A;(w)) .

w: w is a kth primitive root of unity, w#1

We will bound the probability that the maximum eigenvalue of Az(w) is large for w
being a fixed primitive kth root of unity. A union bound over the k — 1 primitive kth
roots of unity bounds the maximum eigenvalues of all k£ — 1 matrices simultaneously.

Let us fix w to be a primitive kth root of unity and bound the eigenvalues of
Ags(w). We need to bound max,ccn |2* Ag(w)z|/x*x, where 2* denotes the complex
conjugate of vector x. Let x = g + iw € C", where ¢q,w € R". By rescaling we may
assume that the absolute value of every coordinate of z is at most 1/2. We consider a
decomposition of ¢,w (similar to but not the same as the dyadic decomposition) into
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a sequence of vectors y;’s and z;’s for ¢ = 0,1, ..., respectively as follows:
i, = 9 if 2771 < |gj| <277,
’ 0 otherwise,

wj if 271 < |’LUJ| < 271‘,
[2i]; = :
0 otherwise.

Let us partition the set of indices {0, 1,...} into two sets M, := {i : |S(y;)| < n/d?}
and L, := {i : [S(y;)| > n/d?} and define yus, := Y ,cpy wi and yr, == > icp vi-
Similarly, define M. and L. based on the support of z;’s and define zp;, and zr,.
We will refer to vectors yas,, zar. as “type M” vectors, and yr,, and zr, as “type L”
vectors. We note that
oz = |y, |I° + lye, I° + lza ® + llzz. )1
By splitting the terms in |z*Ag(w)x|, we get
| As(w)a] < [(yar, + izar,)* As (@) (Yar, +iza, )| + 120, As(@)ye, | + YL, As(w)zL,|

+ 1YL, As(@)yr, | + [y, As @)y, | + lyir, As(@)yr, |

+ 2L, As()zr, | + 21, As(w)za | + |23y, As (W) 2L
(6.1) 1YL, As@)aar | + 24, As(@)yr, | + 21, As@)yar, | + [yis, As(w)zr, |

To derive an upper bound on |z*A,(w)z|, we will show upper bounds for each of

the terms in the RHS using Lemma 6.1. We note that the concentration i%equalities
given in parts 1 and 2 of Lemma 6.1 hold with probability at least 1 —e~"/¢" for some

constants ¢y, co > 1000, ¢3,cq. Assuming parts 1 and 2 of Lemma 6.1, we will show
the following claims.

CLAIM 6.2.

128

s, + 200 Ao, + )] < (34 25 ) o, + a2

CLAM 6.3. For every pair of type L vectors a and b,
32X
[T Ay (w)b] < ( +82(c1 + ¢5) (max (/Aog(d), x/&))) (lall? + 1B]1%) -
CLAIM 6.4. For every vector a of type M and every vector b of type L,
32\
0T Au()b] < 2 bl + 8201 + e + ) (mae (/Alog(d), V) ) (I + ).

We note that all terms in the RHS of inequality (6.1) fall into one of the three
categories given in Claims 6.2, 6.3, and 6.24 above. Using these bounds, the following
holds with probability at least 1 — e~ (7/d7):

|27 Ay (w) ]

128 . 256\
< (A + ) lar, +izan 1+ 222 (e P + 2z 1?)

d o
+ 256(c1 + c3 + ¢4) (max (\/)\log(d), \/g)) (Ilyar, 24 l2as,
< ()\ +288(c1 +c3+ ¢q) (max (\/m, ﬁ))) ¥ .

2+ llye P+ llze?)
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The last inequality is because co > 1000 and d > 2. Taking a union bound over the
k — 1 primitive roots of unity shows that there exists a constant ¢ such that with
probability at least 1 — ke=("/ d2), all new eigenvalues of a random shift k-lift have
absolute value at most

)\—&—cmax(\/ﬁg(cl),\/&). 0

Proof of Claim 6.2. We observe that |(yas, +izar,)* As(w)(yar, +izag, )| < y'T Ay,
where y' is a real vector whose jth coordinate is equal to the absolute value of the
jth coordinate in yas, + i2p, and A is the adjacency matrix of the base graph. Let
J =wvvl and J' = v'v'T, where v is the all-ones vector and v’ is defined as v} = 1 for
i€{l,...,n/2} and v, = —1 for i € {n/2 +1,...,n}. For nonbipartite graph G, we
have

d d d
yT Ay =yt (A - nJ> y +y" (nJ) v < AlYIP+y" (nJ) Y

d
‘2 +y/T (nJ> y/.

Above, we have used the fact that the maximum eigenvalue of A— (%J ) is A. Similarly,
for bipartite graphs, we have

= Al(ym, +izar.)

d d d d
y/TAy/ — le <A o *J‘F J/> y/ + y/T <J> y/ o y/T (J/) y/
n n n n

d d
S )\Hy/HQ +y/T (nJ) y/ _ y/T (n']/) y/

. 2d
< Al(war, +izan) |2 + 47 (nJ> y

It remains to bound |y’T%J y'|. Let yy, and zj, be vectors obtained by taking
the absolute values of the coordinates of yys. and zas,, respectively. We have

d d
y'’ (nJ> Y < (W, + 20" (nJ) (Yar, + Zhr.)-

We recall that the number of entries between 27*~! and 27" in y}, and z}, are less
than 7. We will show that [u”(£)Jv| < 4([[ull® + [[v]|?), where u,v € {y}, , 2}, }-
Let u,v € {y}; , ), }. By Lemma 2.1, there exist v/, v’ s.t. [u”4.Jv| < [T 2. Jv/|,
where v/, v € {0,£271 £272 ..} ||[W/[|? < 4]|ul|?, and ||v'||? < 4|v||?>. Consider
the dyadic decomposition of u/ = Y ;- 2 ‘u; obtained as follows: a coordinate of
u; is 1 if the corresponding coordinate of u' is 27%, it is —1 if the corresponding
coordinate of v’ is —27%, and is 0 otherwise. Similarly define the dyadic decomposition
of v/ = Z;?io 277v;. We note that all entries between 271 and 27" in u and v are
rounded to either 27! or 27% in «’ and v’ and all entries between —27"~1 and —2¢ are
rounded to either —27% ! or —27%. Since the number of entries in u,v with absolute
value between 277! and 277 is at most n/d?, we get [S(u;)],[S(v;)| < 2% for all 4, j.
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Thus,
d i d
u <nJ) V| = i]Z:OQ Jul (nJ) v
SZZQ"‘jﬂulrJvﬂ—i—z Z 27—l Juy|
i=0 j=i " §=0i=j+1 n
SZZQ—i—jd‘S(Ui)HS(W)‘ +Z Z 2—i—jd|S(Uj)HS(ui)|
i=0 j=i " §=0i=j+1 n
§222—2i|5(:;i)| 22—j+i+222—2j|5(§j)| Z 9—i+j
i=0 Jj=i j=0 i=j+1
4 [eS) o 00 L
<3 oIS @27+ (S (w27
i=0 §=0
4 112 /112
< S (WP +11?)

For w,v € {yp, 2y b (R0 < W TGV < WP + 0)17) <
17?(Hu||2 + ||v||?). Therefore,

d
y/T (n‘]> y/
! A T d ! !
< (Y, + 201.) (nJ> (Y, + 20,)

d d d d
<yl <nJ> Y + Y (nJ> 2. + 2, (nJ> Yhr, + 2t (nJ> 2,

16

<= (lwar 1P + N 12 4 1an 112+ lzan 1P 4 12 1+ a1 + 252 10+ 125211
64 64 64 .

= (lwar I + 1232.11%) = i (lyar, I + |20z 11?) = g”yM,. + iz, |7 o

Thus, we have

|(yar, +i2ar.)" As(@)(yar, +izar,)| < y' Ay’ < (A + (128/d))l|(ymr, + iz, )|

In order to show Claims 6.3 and 6.4, we divide the matrix into its real and
imaginary parts: As(w) = Al(w) +iA2(w), where Al(w) and A%(w) are real matrices.
For any two vectors a,b € R™,

ja® Au(@)b] < |a” Ag(w)b] + o’ AZ(w)b].

We will bound |a® A’ (w)b|, where A, (w) € {Al(w), A%(w)} for a, b as in Claims 6.3
and 6.4. We start by discretizing a and b. By Lemma 2.1, there exist a’, b such that
laT AL (w)b] < |aT AL(w)b'|, where o/,b' € {0,4271, £272 . .17 and ||d/||?> < 4[al?
and ||b'[|? < 4]|b]|?. Moreover, every entry of a and b between 27¢~! and 27 is rounded
to either 27%~1 or 27% in @/ and ¥’, respectively (similarly, every entry between —2~¢~!
and —27% is rounded to either —27i~! or —27%). Consider the following vectors

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 08/19/19 to 130.126.255.219. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

1370 AGARWAL, CHANDRASEKARAN, KOLLA, AND MADAN
{ui}icf0,1,...}> {Vitie{o,1,...} obtained from a', a and b, b', respectively:
2%al; if 2777 <a;| < 277,
[ui]J = .
0 otherwise,
200 if 270 < by < 27,
[vi]; = .
0 otherwise.

We observe that u;,v; € {0,£271 £1}", |a/TAL(w)V| = | 35 i=0 27 Iul AL (w)vy],
la’l]? = 325 27 lus|* > § 32, 27%|S ()], and

S 2 T AL W)y < |3 2T ALy | £ |3 27 A )y

4,7=0 i<j i<j

Proof of Claim 6.3. Since a and b are type L vectors, we have [S(u;)], [S(v;)] > 2=
for all nonzero u;,v;. By part 1 of Lemma 6.1,

Z 27 Iyl Al (w)v;

1<j

<c (max (m, \/E)) i IS (u;)|27% + (c); + 03\/3) i |S(v;)|272%,
i=0

J=0

Z 27 Iyl Al (w)uj

<cl(max(mf))z (0)]2-% + ( +c3\f>2|5 )j2-%.

Combining the above two we get

la'T AL(w)V'|

Z 27 Iyl Ag(w)v;

4,7=0

(2 + a1+ o) (max (VTR va)) ) Z|s ()22 + 3 [S(o)27
=0

IN

2

< (24 4(c1-+ o) max (VAToR(@, V) ) ) 12 + 1)

2
Hence,
a7 AL ()] < 57 AL (w)z]

< <4>\ + 4(61 + c3) (maX (\/Tg(d), \/&))) (||a'||2 + ||b/||2)
< (16)‘ +16(c1 + 3 (max (\/Tg(d), ﬁ))) (||GH2 + Hb||2) :
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Therefore,
la” Ag(w)b] < |a” AL (w)b] + |a” A2(w)b]

< <3022)\ +32(c1 + 03) (max (\/ﬁg(d)7 \/(3))) (||CLH2 + Hb||2> : 0

Proof of Claim 6.4. Since, a is a vector of type M, b is a vector of type L, we
have |S(u;)| < 7 < |S(vj)] for all nonzero v;. Applying parts 1 and 2 of Lemma 6.1,
we get

Z 27yl Al (w)v;

i<j

< 1 (max (v/Xlog(d), Vd)) i 1S us)2 % + (A + csﬁ) gwwmzzj,

> 27l Al (w)uy

i<j

< e (max (VATB@. V) ) | S Istel2 % + 3 IStz

Combining the above two, we get

’a’TA’S (w)b"

Z 27 Iyl Ag(w)v;

i,J

A3 I5(wy)2%
Co ;

IN

+(c1 + 3+ cq) (max (\//\ log(d), ﬁ)) oIStz + 318 (w2~

J
4N
< IV +Aer + e+ o) (mane (/Alog(d), V) ) (I + ')
Hence,
la” AL (w)b] < |a'T AL (w)V|
< P2+ ler + s+ ca) (max (v/ATog(d), V) ) (V)7 + ')
2
16
o bl + 161 + €5+ ca) (max («/)\log(d), \/&)) (IIBII2 + [lalf?) -

IN
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Therefore,
|a" Ay (w)b| < |a AS(w)b] + |aT AZ(w)b|
2
< %Hbﬂ2 +32(c1 + 3+ ca) (max (ng(d)’ ﬁ)) (6 +llal?) . ©
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