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Abstract

Group synchronization aims to recover the group elements from their noisy pairwise mea-
surements. It has found many applications in community detection, clock synchronization,
and joint alignment problem. This paper focuses on the orthogonal group synchronization
which is often used in cryo-EM and computer vision. However, it is generally NP-hard to
retrieve the group elements by finding the least squares estimator. In this work, we first
study the semidefinite programming (SDP) relaxation of the orthogonal group synchroniza-
tion and its tightness, i.e., the SDP estimator is exactly equal to the least squares estimator.
Moreover, we investigate the performance of the Burer-Monteiro factorization in solving
the SDP relaxation by analyzing its corresponding optimization landscape. We provide de-
terministic sufficient conditions which guarantee: (i) the tightness of SDP relaxation; (ii)
optimization landscape arising from the Burer-Monteiro approach is benign, i.e., the global
optimum is exactly the least squares estimator and no other spurious local optima exist.
Our result provides a solid theoretical justification of why the Burer-Monteiro approach is
remarkably efficient and effective in solving the large-scale SDPs arising from orthogonal
group synchronization. We perform numerical experiments to complement our theoretical
analysis, which gives insights into future research directions.

1 Introduction

Group synchronization requires to recover the group elements {g;}* ; from their partial pairwise
measurements:
9i; =9; 'g; +wij, (i,j)€E

where g; belongs to a given group G, w;; is the noise, and & is the edge set of an underlying
network. Depending on the specific group choices, one has found many interesting problems
including Zo-synchronization [2], angular synchronization [35, [7], and permutation group [32],
special orthogonal group [37, 4], orthogonal group [30], cyclic group [19], and real number
addition group [22].

Optimization plays a crucial role in solving group synchronization problems. One commonly
used approach is the least squares method. However, the least squares objective arising from
many of these aforementioned examples are usually highly nonconvex or even inherently discrete.
This has posed a major challenge to retrieve the group elements from their highly noisy pairwise
measurements because finding the least squares estimator is NP-hard in general. In the recent
few years, many efforts are devoted to finding spectral relaxation and convex relaxation (in
particular semidefinite relaxation) as well as nonconvex approaches to solve these otherwise
NP-hard problems.

In this work, we focus on the general orthogonal synchronization problem:

Ajj = GZ-G]T + noise
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Figure 1: Illustration of group synchronization on networks

where G is a d x d orthogonal matrix belonging to
O(d) :={0 cR™ . 070 =00" = I}. (1.1)

Orthogonal group synchronization is frequently found in cryo-EM [37], computer vision [4] and
feature matching problem [22], and is a natural generalization of Zs- and angular synchro-
nization [2, [35]. We aim to establish a theoretical framework to understand when convex and
nonconvex approaches can retrieve the orthogonal group elements from the noisy measurements.
In particular, we will answer the following two core questions.

e For the convex relaxation of orthogonal group synchronization,
When is the convex relaxation tight?

Convex relaxation has proven to be extremely powerful in approximating or giving the
exact solution to many otherwise NP-hard problems under certain conditions. However, it
is not always the case that the relaxation yields a solution that matches the least squares
estimator. Thus we aim to answer when one can find the least squares estimator of O(d)
synchronization with a simple convex program.

e For the nonconvex Burer-Monteiro approach [I4], [15], we are interested in answering this
question:

When does the Burer-Monteiro approach yield a benign optimization landscape?

Empirical evidence has indicated that the Burer-Monteiro approach works extremely well
to solve large-scale SDPs in many applications despite its inherent nonconvexity. One way
to provide a theoretical justification is to show that the optimization landscape is benign,
i.e., there is only one global minimizer and no other spurious local minima exist.

1.1 Related works and our contribution

Group synchronization problem is a rich source of many mathematical problems. Now we will
give a review of the related works which inspire this work. Table [I] provides a non-exhaustive
summary of important examples in group synchronization with applications.

The most commonly used approach in group synchronization is to find the least squares
estimator. As pointed out earlier, finding the least squares estimator of general O(d) synchro-
nization is NP-hard. In fact, if the group is Zo, the least squares objective function is closely
related to the graph MaxCut problem, which is a well-known NP-hard problem. Therefore,
alternative methods are often needed to tackle this situation. One line of research focuses on
the spectral and semidefinite programming relaxation (SDP) including Zs-synchronization [2],



Group Application
Zo ={1,—-1} Community detection and node label recovery [2, [12]
Cyclic group Z,, = Z/nZ Joint alignment from pairwise differences [19]
U(l) ={e?:0¢0,2m)} Angular synchronization [35, [7, [45], Phase retrieval [25]
Permutation group Feature matching [32] 24]
SO(3): special orthogonal group Cryo-EM [36], 37] and computer vision [4]
Addition group on a finite interval Clock synchronization on networks [22]

Table 1: Examples of group synchronization and applications

angular synchronization [35, [7, [45], orthogonal group [37, [ [I§], permutation group [32, 24].
Regarding the SDP relaxation, many efforts are devoted to designing approximation algorithms,
such as the Goemans-Williamson relaxation [23] for graph MaxCut. Inspired by the development
of compressive sensing and low-rank recovery [17, [34], we are more interested in the tightness
of convex relaxation: the data are not as adversarial as expected in some seemingly NP-hard
problems. Convex relaxation in these problems admits the exact solution to the original NP-
hard problem under certain conditions. Following this idea, [2] studies the SDP relaxation of
Zs-synchronization with corrupted data; the tightness of SDP for angular synchronization is
first investigated in [7] and a near-optimal performance bound is obtained in [45]; a very recent
work [44] gives a sufficient condition to ensure the tightness of SDP for general orthogonal group
synchronization.

Despite the effectiveness of convex approaches, they are not scalable because solving large-
scale SDPs are usually very expensive [31I]. It is more advantageous to keep the low-rank
structure and obtain a much more efficient algorithm instead of solving large-scale SDPs directly.
As aresult, there is a growing interest in developing nonconvex approaches, particularly the first-
order gradient-based algorithm. These methods enjoy the advantage of higher efficiency than
the convex approach. However, there are also concerns about the possible existence of multiple
local optima which prevent the iteration from converging to the global one. The recent few
years have witnessed a surge of research in exploring fast and provably convergent nonconvex
optimization approaches. Two main strategies are: (i) design a smart initialization scheme
and then provide the global convergence; (ii) analyze the nonconvex optimization landscape.
Examples include phase retrieval [16] 39], dictionary learning [38], joint alignment [19], matrix
completion [26], 21] and spiked tensor model [9]. These ideas are also applied to several group
synchronization problems. Orthogonal group synchronization can be first formulated as a low-
rank optimization program with orthogonality constraints and then tackled with many general
solvers [11], 20} 42]. The works [19] on joint alignment and [45] on angular synchronization follow
two-step procedures: first, use the spectral method for a good initialization and then show that
the projected power methods have the property of global linear convergence.

Our focus here is on the optimization landscape of the Burer-Monteiro approach [14 [15] in
solving the large SDPs arising from O(d) synchronization. The original remarkable work [I5] by
Burer and Monteiro shows that as long as p(p + 1) > 2n where p is the dimension of low-rank
matrix and n is the number of constraints, the global optima to Burer-Monteiro factorization
match those of the corresponding SDP by using the idea from [33]. Later on, [12] [13] show
that the optimization landscape is benign, meaning that no spurious local optima exist in the
nonconvex objective function if p is approximately greater than v/2n. This bound is proven to be
almost tight in [41]. On the other hand, it is widely believed that even if p = O(1), the Burer-
Monteiro factorization works provably, which is supported by many numerical experiments.
We have benefitted greatly from the works regarding the Burer-Monteiro approach on group
synchronization in [8, [43] [30]. In [§], the authors prove that the optimization landscape is
benign for Zs-synchronization as well as community detection under the stochastic block model
if p = 2. The optimization landscape of angular synchronization is studied in [43]. The work [30]
provides a lower bound for the objective function value evaluated at local optima. The bound
depends on the rank p and is smartly derived by using the Riemannian Hessian. However,



the landscape and the tightness of the Burer-Monteiro approach for O(d) synchronization have
not been fully addressed yet, which becomes one main motivation for this work. It is worth
noting that the Burer-Monteiro approach is closely related to the synchronization of oscillators
on manifold [27, 28, 29]. The analysis of the optimization landscape of the Burer-Monteiro
approach in Zs with p = 2 is equivalent to exploring the stable equilibria of the energy landscape
associated with the homogeneous Kuramoto oscillators [27]. This connection is also reflected
in the synchronization of coupled oscillators on more general manifolds such as n-sphere and
Stiefel manifold [28, 29] on arbitrary complex networks.

An important problem regarding the tightness of convex relaxation and landscape analysis
is how these two properties depend on the general notion of SNR (signal-to-noise ratio). In
most cases, if the noise is rather small compared to the planted signal, optimization methods
should easily recover the hidden signal since the tightness of SDP and the benign landscape are
guaranteed. However, as the noise strengthens, the landscape becomes bumpy and optimizing
the cost function becomes challenging. This leads to the research topic on detecting the critical
threshold for this phase transition. FExamples can be found in many applications including
eigenvectors estimation [5] and the community detection under the stochastic block model [IJ.
For Zs- and angular synchronization, convex methods are tight all the way to the information-
theoretical limit [6, 45] but the analysis of optimization landscape remains suboptimal [8], [43].
Our work on O(d) synchronization will follow a similar idea and attempt to explore the critical
threshold to ensure the tightness of convex relaxation and the Burer-Monteiro approach.

Our contribution is multifold. First, we prove the tightness of convex relaxation in solving
the O(d) synchronization problem by extending the work [7, 8] on Zs- and angular synchro-
nization. We propose a deterministic sufficient condition that guarantees the tightness of SDP
and easily applies to other noise models. Our result slightly improves the very recent result
on the tightness of O(d) synchronization in [44]. Moreover, we analyze the optimization land-
scape arising from the Burer-Monteiro approach applied to O(d) synchronization. For this
low-rank optimization approach, we also provide a general deterministic condition to ensure
a benign optimization landscape. The sufficient condition is quite general and applicable to
several aforementioned examples such as Zs- and angular synchronization [8] 43], and permu-
tation group [32], and achieve the state-of-the-art results. Our result on the landscape analysis
serves as another example to demonstrate the great success of the Burer-Monteiro approaches
in solving large-scale SDPs.

1.2 Organization of this paper

The paper proceeds as follows: Section [2] introduces the background of orthogonal group syn-
chronization and optimization methods. We show the main results in Section Section
focuses on numerical experiments and we give the proofs in Section

1.3 Notation

For any given matrix X, X | is the transpose of X; X > 0 means X is positive semidefinite.
Denote || X ||op the operator norm of X, || X || the Frobenius norm, and || X ||, the nuclear norm,
i.e., the sum of singular values. For two matrices X and Z of the same size, X o Z denotes
the Hadamard product of X and Z, i.e., (X 0 Z);j; = X;;Zij; (X, Z) := Tr(X Z") is the inner
product. “®” stands for the Kronecker product; diag(v) gives a diagonal matrix whose diagonal
entries equal v; blkdiag(II;y,--- ,II,,) denotes a block-diagonal matrix whose diagonal blocks
are Il;;, 1 < ¢ < n. Let I, be the n x n identity matrix, and J, be an n X n matrix whose
entries are 1. We denote X = Z if X — Z > 0, i.e., X — Z is positive semidefinite. We write
f(n) < g(n) for two positive functions f(n) and g(n) if there exists an absolute positive constant
C such that f(n) < Cg(n) for all n.



2 Preliminaries

2.1 The model of group synchronization

We introduce the model for orthogonal group synchronization. We want to estimate n matrices
G, -, Gy € O(d) from their pairwise measurements A;j:

Aij = GlGj_l + Aij; (2.1)

where A;; € R4¥4 i the observed data and Ajj € R4 ig the noise. Note that GZ-_1 = G; holds
for any orthogonal matrix G;. Thus in the matrix form, we can reformulate the observed data
A as

A=GG" + A e rxnd

where GT = [G], -, G, ] € R and the (i, j)-block of A is A;j = GiG]-T+AZ-j. In particular,
we set A;; = I and Ay, =0.

One benchmark noise model is the group synchronization from measurements corrupted
with Gaussian noise, i.e.,

Aij = GZG;— + O'VVij

where each entry in W;; is an i.i.d. standard Gaussian random variable and VVJ = Wj;. The
corresponding matrix form is

A=GG" + oW e R

which is actually a matrix spike model.
One common approach to recover G is to minimize the nonlinear least squares objective
function over the orthogonal group O(d):

min ZZHRRT Ayjll%. (2.2)

R;c0(d _1] 1

In fact, the global minimizer equals the maximum likelihood estimator of under Gaussian
noise, i.e., assuming each A;; is an independent Gaussian random matrix.

Throughout our discussion, we will deal with a more convenient equivalent form. More
precisely, we perform a change of variable:

IRR] — Ajjl|7 = |RiR] — (GiG] + Ayj)|E
= |G/ RiR; G, — (I, + G| A;G))||7

where R; and G; € O(d). By letting
RZ‘ < G:RZ, Aij < GJ—AUGJ (2.3)

then the updated objective function becomes

ZZ IRiR] — (I + Ayj)|F

i=1 j=1

Its global minimizer equals the global maximizer to

max Z Z TI+ Ay (P)

i€0(d) = =

The program (P) is a well-known NP-hard problem. We will focus on solving (P) by convex
relaxation and low-rank optimization approach, and study their theoretical guarantees.



2.2 Convex relaxation

The convex relaxation relies on the idea of lifting: let X = RR" € R"*"¢ with Xij = R,LR;r
We notice that X > 0 and X;; = I hold for any {R;}!' ; € O(d). The convex relaxation of
O(d) synchronization is

max (A,X) suchthat X;=1I;, X >0 (SDP)
XeRndxnd

where (7, j)-block of A is A;; = I+ Ay € R%*? In particular, if d = 1, this semidefinite
programming (SDP) relaxation reduces to the famous Goemans-Williamson relaxation for the
graph MaxCut problem [23]. Since we relax the constraint, it is not necessarily the case that
the global maximizer X to (SDP) is exactly rank-d, i.e., X = GG for some G € Rndxd
with G; € O(d). Our goal is to study the tightness of this SDP relaxation: when the solution
to is exactly rank-d, i.e., the convex relaxation gives the global optimal solution to
which is also the least squares estimator.

2.3 Low-rank optimization: Burer-Monteiro approach

Note that solving the convex relaxation is extremely expensive especially for large d and
n. Thus an efficient, robust, and provably convergent optimization algorithm is always in great
need. Since the solution is usually low-rank in many empirical experiments, it is appealing to
take advantage of this property: keep the iterates low-rank and perform first-order gradient-
based approach to solve this otherwise computationally expensive SDP. In particular, we will
resort to the Burer-Monteiro approach [14] [15] to deal with the orthogonal group synchronization
problem. The core idea of the Burer-Monteiro approach is keeping X in a factorized form and
taking advantage of its low-rank property. Recall the constraints in @ read X > 0 and
X;i = I;. In the Burer-Monteiro approach, we let X = SST where S € R"*P with p > d. We
hope to recover the group elements by maximizing f(.S):

f(S):=(A,88T) =% (A, 88]), (BM)

i=1 j=1
where
ST.=1[s],---,8]]errmd g8 =1,

In other words, we substitute R; in by a partial orthogonal matrix S; € R4*? with SiSZ-T =1,
and p > d. Therefore, S belongs to the product space of Stiefel manifold, i.e., St(d,p)®" :=

n times

St(d,p) :={S; e R™? : §;S = I;}. (2.4)

Running projected gradient method on this objective function definitely saves a large
amount of computational resources and memory storage. However, the major issue here is the
nonconvexityﬂ of the objective function, i.e., there may exist multiple local maximizers in
and random initialization may lead to one of the local maximizers instead of converging to the
global one. As a result, our second focus of this paper is to understand when the Burer-Monteiro
approach works for O(d) synchronization. In particular, we are interested in the optimization
landscape of f(S): when does there exist only one global mazimizer, without any other spurious
local maximizers? Moreover, is this global maximizer exactly rank-d, i.e., it matches the solution

to (]ED?

'"Here we are actually referring to the nonconvexity of —f(S).




3 Main theorem

3.1 Tightness of SDP relaxation

Here is our main theorem which provides a deterministic condition to ensure the tightness of
SDP relaxation in orthogonal group synchronization.

Theorem 3.1 (Deterministic condition for the tightness of SDP relaxation). The solutions
to (]ED and (SDP)) are exactly the same, i.e., the global maximizer to the SDP is unique and
exactly rank-d, if

, SPIALL, .
Ao e [Adlop + e [ATE| 4 1Al 54,

where A;r = [Ai1, -, Ain] € R s the ith block row of A and AZTG = Z?:1 A;G;.

Theorem indicates that solving the SDP relaxation yields the global maximizer to ([PJ)
which is NP-hard in general, under the condition that the noise strength ||A||op is small. More-
over, this condition is purely deterministic and thus it can be easily applied to O(d) synchro-
nization under other noise models. Here we provide one such example under Gaussian random
noise.

Theorem 3.2 (Tightness of recovery under Gaussian noise). The solution to the SDP relaz-
ation (SDP)) is exactly rank-d with high probability if

00n1/4
S d3/4

for some small constant Cy.

Our result improves the bound on ¢ by a factor of v/d, compared with the recent result by
Zhang [44] in which the tightness of SDP holds if

nl/4

One natural question is whether the bound shown above is optimal. The answer is negative.

Take the case with Gaussian noise as an example: the strength of the planted signal GG is
|GG ||op = n. The operator norm of the noise is

[Aflop = o[[Wllop = 20vnd(1 + o(1))

where [|[W|lop = 2vVnd(1 + o(1)) is a classical result for symmetric Gaussian random matrix.
For this matrix spike model, the detection threshold should be

1
20Vnd§n<:>a§2\/z.

In fact, our numerical experiments in Section [4] confirm this threshold. This indicates that our
analysis still has a large room for improvement: namely improve the dependence of o on n from
nt/4 to nl/2,

In particular, if d = 1, i.e., Zg-synchronization, SDP is proven to be tight in [6] if o <
under Gaussian noise. If d = 2 and

1 | X5 Y,
W = — ) l]:|
Y2 [—Y;j Xij
where X;; and Y;; are independent standard normal, then the model is equivalent to the angular
synchronization under complex normal noise which is discussed in [7], [45]. It is shown in [45]
that the factor n'/4 can be improved to n'/2 by using the leave-one-out technique. We leave
the tightness analysis of the orthogonal group synchronization as a future research topic.

__n
(2+¢)logn



3.2 Optimization landscape of Burer-Monteiro approach

Our second main result characterizes the optimization landscape of (BM)).

Theorem 3.3 (Uniqueness and tightness of local maximizer). For the objective function f(S)
defined in (BM)), it has a unique local maximizer which is also the global maximizer if p > 2d+1
and

362d||A|| .
Aoy s |18y + s [ATG + 1ALy
7 op
where
2 d T o
p—2d HAHop

and Trg(A) = [Tr(Ayj)]i; € R™*™ denotes the partial trace of A. Moreover, this global maxi-
mizer is exactly rank-d.

Theorem conveys two messages: one is that the optimization landscape of is
benign, meaning there exists a unique local maximizer which also corresponds to the global
maximizer to the SDP; moreover, it is rank-d, indicating the tightness of the global maximizer.
The characterization of benign optimization landscape justifies the remarkable performance of
the Burer-Monteiro approach.

Theorem 3.4 (Optimization landscape under Gaussian noise). The optimization landscape of

f(S) is benign if p > 2d+ 1 and
p—2d n'/4
<
U_CO\/ p+d a3/t

with high probability for some small constant Cy. In other words, f(S) in - ) has only one lo—
cal mazximizer which is also global and corresponds to the maximizer of the SDP relazation

and .

Similar to the scenario in Theorem this bound is suboptimal in n. The numerical
experiments indicate that ¢ < 271n/2d=1/2 should be the optimal scaling. However, it remains
one major open problem to prove that the landscape is benign for o up to the order n'/2
in the scenario of the angular synchronization [43] [45]. Regarding the choice of p, one always
wants to keep p as small as possible. We believe the bound can be improved to p > 2d or even
to p > d + 2 from our current bound p > 2d + 1 with more careful analyses. In our numerical
experiments, we have seen that p = 2d suffices to ensure global convergence of the generalized
power method from any random initialization.

, even

4 Numerics

4.1 Synchronization with Gaussian noise

Our first experiment is to test how the tightness of (SDP)) depends on the noise strength.
Consider the group synchronization problem,

Ajj =T+ oW, eR™ A=ZZ" + oW

where Z' = [I,--- ,I;] € R and W € R™>*"? is a symmetric Gaussian random matrix.
Since solving is rather expensive, we will take an alternative way to find the SDP solution.
We first use thd projected power method to get a candidate solution and then confirm it is the
global maximizer of the SDP relaxation ISDPJ) by verifying the global optimality condltlon
Proposmon indicates that R € R”dXd is the unique global optimal solution to

and (| if R

(A—AR=0, Ag1(A—A) >0



where A is an nd x nd block-diagonal matrix with its ¢th block equal to

~ 1S o~ ~ ~
A= 5 Z(RzRJTAﬂ + AZ]RJRZT)
j=1

We employ the following generalized projected power iteration scheme:
R =P (3 AyR) | =Uv) (1)
j=1

where the initialization is chosen as R©) = Z, i.e., REO) = I;. Here Ui(t) and Vi(t) are the
left /right singular vectors of 2?21 Ainét) respectively. More precisely, we have

%

ZAZJR§t) — Uz(t)z(t)(v(t))—l—
j=1

— Uz(t) Ezt) (U(t))T . Uz(t) (‘/Z(t))T

7

_ A REHD

(e

and AZ(:) = Ui(t)ZEt)(U(t))T is a symmetric matrix. The fixed point R(>) of this iteration
satisfies

> AR = APR™, 1<i<n
j=1

which is actually the first-order necessary condition as discussed in Lemma If the fixed
point is found, it remains to show Agy1(A® — A) > 0 and (A® — A)R(>) = 0 in order to
confirm R(OO)(R(OO))T is the optimal solution to (SDPJ|). The iteration stops when

[(A® — A)RD|op, <1076, Ay (AW — A) > 1078 (4.2)

or the number of iteration reaches 500.

Phase transition: d = 3 Phase transition: d =5

100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
n n

Figure 2: The phase transition plot for d = 3 and 5.

In this experiment, we let d = 3 or 5 and ¢ = /{\/g. The parameters (k,n) are set to be
0 <k <0.6 and 100 < n < 1000. For each pair of (k,n), we run 20 instances and calculate the
proportion of successful cases. From Figure |2 we see that if x < 0.35, the SDP is tight, i.e.,
it recovers the global minimizer to the least squares objective function. The phase transition
plot does not depend heavily on the parameter d. This confirms our conjecture that x < 1/2
(modulo a log factor), the SDP relaxation is tight.

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1



4.2 Phase transition plot for nonconvex low-rank optimization

Instead of applying Riemannian gradient method to (BM]), we employ projected power method
to show how the convergence depends on the noise level. Here the power method is viewed as

projected gradient ascent method. We randomly initialize each SZ-(O) by creating a d x p Gaussian
random matrix and extracting the random row space via QR decomposition. Then we perform

t+) _p [ S 4, g0
ST =P > AyS;
j=1

and the projection operator P is defined in (4.1)).

Phase transition for low-rank approach: d = 3, p = 2d Phase transition for low-rank approach: d =5, p = 2d
1
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Figure 3: The phase transition plot for d = 3 and 5.

After the iterates stabilize, we use to verify the global optimality and tightness of the
solution. Here we set p = 2d and for each pair of k and n, we still run 20 experiments and
calculate the proportion of successful instances. Compared with Figure [2 Figure [3| provides
highly similar phase transition plots for both d = 3 and d = 5. This is a strong indicator that
the objective function is likely to have a benign landscape even if o = Q(v/nd~1), which is much
more optimistic than our current theoretical bound.

5 Proofs

5.1 The roadmap of the proof

The proof consists of several sections and some parts are rather technical. Thus we provide
a roadmap of the proof here. For both the analysis of convex relaxation and the Burer-
Monteiro factorization, the key is to analyze the objective function f(S) defined in for
S € St(d, p)®". Our analysis consists of several steps:

(a) For (BM)), we first provide a sufficient condition to certify the global optimality and tightness
of S by using the duality theory in convex optimization. This is given in Proposition

(b) We show that S is the global maximizer of (BM) if S is a second-order critical point and
is sufficiently close to the fully synchronized state, i.e., S; = S;,Vi # j. Moreover, the rank
of S equals d and thus it is tight. This leads to Proposition [5.4

(c¢) For convex relaxation, we show that the global maximizer of must be highly aligned
with the fully synchronized state, see Proposition for the Burer-Monteiro approach, we
prove that all the second order critical points (SOCP) of must be close to the fully
synchronized state, as shown in the Proposition

(d) Combining all the supporting results together finishes the proof.

10



The idea of proof is mainly inspired by [7, 8] which focus on the Zg- and angular synchro-
nization. However, due to the non-commutativity of O(d) for d > 3, several parts require quite
different treatments. Now we present the first proposition which gives a sufficient condition
to guarantee the global optimality and tightness, and establish the equivalence of the global
maximizers among the three optimization programs , , and . Without loss of
generality, we assume A = ZZT + A, i.e., A;j = Iy + A, where Z' =[14,--- 1) € RI*™
from now on.

Proposition 5.1. Let A be an nd x nd block diagonal matric A = blkdiag(Ai1, -, Apn).
Suppose A satisfies
(A—A)S=0, A—A*>D0, (5.1)

for some S € St(d,p)®", then SST € R™>*" s ¢ global optimal solution to the SDP relaz-
ation (SDP)|). Moreover, S is the unique global optimal solution to if the following additional

rank assumption holds
rank(A — A) = (n — 1)d. (5.2)

The condition (j5.1]) provides a sufficient condition for X = SST to be one global maximizer
to (SDP)) and (BM]). The condition (5.2) characterizes when the solution § € RP*"? is of rank
d and unique. In particular, if rank(S) = d, then S is actually the global maximizer to (P)).

The next step is to show all the second order critical points, i.e., those points whose Rie-
mannian gradient equals 0 and Hessian is positive semidefinite, are actually global maximizers
if they are close to the fully synchronized state. It suffices to show that those SOCPs satisfy
the global optimality condition and . In fact, if S is a first order critical point, we
immediately have (A — A)S = 0 for some block-diagonal matrix A € R™¥>*"4,

Lemma 5.2 (First order critical point). The first order critical point of f(S) satisfies:

ZAiij =A;S;, S, €St(d,p)
=1

where Ay equals
1 n
j=1
The proof of Lemmal5.2]is given in Section[5.2] Lemma[5.2]shows that A;; depends on S and
is completely determined by (A — A)S = 0. As a result, it suffices to prove that A — A > 0 for
some second order critical points which obey the proximity condition, i.e., S is sufficiently close
to Z. To quantify this closeness, we introduce the following distance: given any S € St(d, p)®",

the distance between S and the fully synchronized state is defined by

n

dp(8,Z):= _ min IS-2Q|lr= _ min >ISi - QI (5.4)
QER?.QQT=1, QeR?.QQT=1, \ i

where (ZQ)" = [QT,---,Q"] € RP*™, For the rest of the paper, we will let @ be the d x p
partial orthogonal matrix which minimizes (5.4). In fact, the minimizer equals Q = P(Z'S)
where ZTS§ =377 | §; € R”P and P(-) is defined in [.1).

Condition 5.3 (Proximity condition). A feasible solution S € RP*™ ¢ St(d, p)®" satisfies
the proximity condition if

d
4r(S,2) < 5\/; 1A op (5.5)
for some constant § > 0.

The next Proposition is the core of the whole proof, stating that any SOCPs satisfying the
proximity condition ([5.5)) are global maximizers to (]ED and (SDPJ.
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Proposition 5.4 (Global optimality of (P) and (SDP)). For a second order critical point
S satisfying (5.5)), it is the unique global mazimizer to both (P) and (SDP) if

352d”AHo
Py
ot max, ZAWS + | Allop (5.6)
op

where

12, Z ijSi|| < 5\/7HAH010 max [A][op + 1o op (5.7)

J#i
In other words, the global optzmalzty of 8 is guaranteed by
352dHA” \/> A A Alz A
A lop g [ Aillp + max [[ATZ] 4[| Allop,

Remark 5.5. Proposition provides a simple criterion to verify a near-fully synchronized
state is the global optimal solution. However, the estimation of maxi<i<p Z#i AiijHOp 18

not tight which leads to the suboptimal bound in the main theorems. The major difficulty results
from the complicated statistical dependence between A and any second-order critical points S.
This is well worth further investigation for O(d).

Now we present two propositions which demonstrate that any global maximizers and second-
order critical points to (BM)) satisfy (5.5 for some § > 0.

(i) Convex relaxation: For the tightness of SDP relaxation, we show that the global maxi-
mizer to (P) must satisfy (5.5) with § = 4.

Proposition 5.6 (Proximity condition for convex relaxation). The global mazximizers

to (BM) satisfy
d
r(S,Z) < 5\/;]\A||Op, 0 =4.

This proposition essentially ensures that any global maximizer to (BM)]) is close to the fully
synchronized state and its distance depends on the noise strength.

(ii) Low-rank approach: For the Burer-Monteiro approach, we prove that if p > 2d + 1, all
the local maximizers of (BM)J) satisfy (5.5) with ¢ which depends on p, d, and 7.

Proposition 5.7 (Proximity condition for low-rank approach). Suppose p > 2d+ 1. All
the second-order critical points S of f(S) in (BM) satisfy

d (2+V5)(p+d)y
dr(S,2) < 6\/;H lop: 0 p—2d

where -
T
| Allop

and Trq(A) = [Tr(A4j)]i; € R™*™ denotes the partial trace of A.

Remark 5.8. If A is a symmetric Gaussian random matriz, then Trg(A) is an nxn Gaussian
random matriz whose entry is N'(0,d) and || Trq(A)|lop = (1 4 o(1))[|Allop holds.

We defer the proof of Proposition and to Section and

respectively. Now we provide a proof of Theorem and by using the aforementioned
propositions.

12



Proof of Theorem [3.1l To prove the tightness of convex relaxation, we first consider the
global maximizer to hich is also a second-order critical point. By Proposition
we have dp(S,Z) < é6vn~ld||Allop with 6 = 4. With Proposition we immediately have
Theorem [3.11 O

Proof of Theorem [3.3l To analyze the landscape of , we invoke Proposition which
states that all the second-order critical points (SOCP) are essentially close to the fully synchro-
nized state. Now it suffices to show that all SOCPs are global maximizers to and
and the global maximizer is unique under the assumption of Theorem This is fortunately
guaranteed by Proposition 5.4 O

5.2 Riemannian gradient and Hessian matrix

We start with analyzing the SOCPs of f(S) by first computing its Riemannian gradient and
Hessian. The calculation involves the tangent space at S; € St(d, p) which is given by

Ts,(M) :={Y; e R>?: SY," +Y;8,] =0}, M :=St(d,p). (5.8)

In other words, SiYi—r is an anti-symmetric matrix if ¥; € R?? is an element in the tangent
space.

Proof of Lemma [5.2] Recall the objective function f(S) = 37" >>"_,(Si, A;;S;) in (BM)
where S; € St(d,p). We take the gradient w.r.t. S; in the Euclidean space.

of
j#i

The Riemannian gradient w.r.t. S; is

. = 1 =
VSif — PrOJTsi(M) Z Aiij = Z Al-ij — 5 Z SiSJTAji + AiijSl-T S@' (5.9)
j=1

j#i i=1

by projecting % onto the tangent space T, (M) at S, as shown in [3, Equation (3.35)]:
. 1

where IT € R¥*? and the matrix manifold M is St(d, p).
Setting Vg, f = 0 gives A;; in (5.3) and

ZAiij = AiiSi,
j=1
In other words, (A — A)S = 0 where A = blkdiag(A11,- -+, Aun). a

Next, we compute the Riemannian Hessian and prove that A > 0 for any second order
critical point.

Lemma 5.9. The quadratic form associated to the Hessian matriz of (BM) is
S Visosf(S): 8§ == (Aii,SiST)+> D (A, S8:8))
i=1 i=1 j=1

where 8T = [SI, o, 8T e RP*" and S; € R¥*P is an element on the tangent space of Stiefel
manifold at S;. In other words, if S is a second order critical point, it must satisfy:

S (A $5T) = 33 Ay $.8T). (5.10)

i=1 i=1 j=1

13



Proof: Recall the Riemannian gradient w.r.t. .S; is given by

1
Vgif = Z Aiij — 5 Z SZS]T14]Z + AUS]SZT S;.
J#i J#i

Let Si be a matrix on the tangent space at S;:

lim Vsif(s + tSi) — Vsif(S)
t—0 t

. 1 . .
= —(Mii — 1)Si — 5 ) (S:S] Aji + A;8;80)5;
J#i

where (S +t8;)T = [S],---,(S; +tS;)7,---,S]] and 8;8; = I;. As a result, the quadratic
form associated to the Riemannian Hessian is

. . .1 . . .
-S;: v(%Si(’)Sif(S) 0 S, = <(Au — Id)Si + 5 Z(SZS]TAﬂ + AZ]SJSZT)SZ, Sz>

J#i
.. 1 . . 1 . .
= (Aii = 10,88 ) + 5 ) (Si8] 450, $iS[) + 5 ) (458,5],5:8])
J#i J#i
LT 1 T T o
= (Ay — I, 8:8]) + §Z<Aij5jsi .88 +8;8)
J#

= (Ayi — I, 8:S])

where SZSZT + 8,8 = 0 since 8; is on Tg,(M).
For the mixed partial derivative, we have
. Vs [(S+18)) — Vs, [(S)

li
t—0 t

for j # 4. Thus

= Az‘ij — % <.S'Z‘S']T14]Z + AZJS]SZT> S;

) ) .1 ) ) )
Si: Vs, /(S): 8) = <Aij5j = (SiSJTAﬁ + Aijsjsj) Si, si>

(A8 — (88T A+ ASST 88T
3 9 j 4] J054 i

(A58, 8 — 1(4,,8,5T 8,8 + 8,7
I~ 2 ¥ A R} [3 )

= (Ai;S;, Si).

. ) 5. 2 -3 .. . )
Taking the sum of S, : Vasiasjf(S) : S; over (i,7) gives
S : v%sasf : S = — Z<A“, SzSZT> + ZZ<AU’ SlSJT>
i=1 i=1 j=1
If S is a local maximizer of (BM)), then S : Vg, f : S < 0 holds for any S € (T, (M))®". O
Suppose S is a local maximizer of (BM)J), then (5.10) implies that
<Aii — Id, st:> > O, Sz c Tsi (M)

Does it imply that A;; = I;? The answer is yes if p > d. However, this is not longer true if
p = d. For p = d, we are only able to prove that the sum of the smallest two eigenvalues is
nonnegative.

Lemma 5.10. Suppose S is a local mazimizer, then it holds

Ay =15 1<i<n.
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Proof: Note that S; € R¥*P with p > d is a “fat” matrix. It means we can always find v; € R?
which is perpendicular to all rows of S;, i.e., S;v; = 0. Without loss of generality, we assume
v; is a unit vector. Now we construct S; in the following form:

T

Si = Uu;v;

where w; is an arbitrary vector in R?. Tt is easy to verify that
SZSZT = Sﬂ]zu;r = 0,

which means S; is indeed an element in the tangent space of St(d,p) at S;.
Now, we have

<Aiz’ — Id, uluj) = <Au — Id,uiviTviuD = <A“ — Id, SZSZT> > 0, Vuz S Rd

which implies that A; — Iz > 0 and A;; = 1. ]

5.3 Certifying global optimality via dual certificate

To guarantee the global optimality of a feasible solution, we will employ the standard tools
from the literature in compressive sensing and low-rank matrix recovery. The core part is to
construct the dual certificate which confirms that the proposed feasible solution and the dual
certificate yield strong duality.

Proof of Proposition We start from the convex optimization and derive its dual
program. First introduce the symmetric matrix II; € R%? as the dual variable correspond-
ing to the constraint X;; = I; and then get the Lagrangian function. Here we switch from
maximization to minimization in by changing the sign in the objective function.
n
L(X, M) =) (M, Xy — Iy) — (A, X)
i=1

— (I - A, X) — Tr(II)

where IT = blkdiag(IIyy, - - - ,II,,) € R">*"? and X > 0. If IT — A is not positive semidefinite,
taking the infimum w.r.t. X > 0 for the Lagrangian function gives negative infinity. Thus we
require IT — A > 0:

inf £(X,II) = — Tr(II).

X>0
As a result, the dual program of is equivalent to

min Tr(II) such that II— A >0, IIis block-diagonal.
HeRnand

Weak duality in convex optimization [10] implies that Tr(IT) > (A, X). Moreover, (X,II) is a
primal-dual optimal solution (not necessarily unique) if the complementary slackness holds

MM—-A,X)=0, I—-A*>0 (5.11)

since (5.11]) implies strong duality, i.e., Tr(ITI) = (A, X) since X;; = I. In fact, this condi-

tion (5.11)) is equivalent to
(II-A)X =0, II-A>0 (5.12)

because both IT — A and X are positive semidefinite.

Let S € R™*P be a feasible solution. Suppose there exists an nd x nd block diagonal matrix
A and satisfies . The global optimality of X = SST follows directly from and .
In addition, if the rank of IT — A is (n — 1)d, then the global optimizer to is exactly
rank-d. This is due to (IT — A)X = 0, implying that the rank of X is at most d but X;; = I

15



guarantees rank(X) > d. This results in the tightness of (SDPJ) since the global optimal solution
to the SDP is exactly rank-d and thus must be the global optimal solution to (P) as well.
Now we prove that if rank(IT — A) = (n — 1)d, then X is the unique maximizer. Let’s

prove it by contradiction. If not, then there exists another global maximizer X such that
(A, X) = Tr(IT) = (I, X) since the feasible solution X and X achieve the same primal value
due to the linearity of the objective function:

M-AX)=0= II- A)X =

Since rank(IT — A) = (n — 1)d, thus rank(j)\(/) < d. Note that each diagonal block is Iy and it
implies rank(X) = d. This proves that X = X holds (modulo a global rotation in the column
space) since X and X are determined uniquely by the null space of IT — A. O

Proposition indicates that in order to show that a first-order critical point of f(.S) is the
unique global maximizer to (P), it suffices to guarantee A — A »= 0 and Agy1(A — A) > 0. This
is equivalent to rank(A — A) = (n — 1)d here since the first order necessary condition implies
(A—A)S =0 for A defined in which means at least d eigenvalues of A — A are zero. Now
we can see that the key is to ensure A — A = 0 for some first-order critical point S (i.e., those
critical points which satisfy the proximity condition). Define the certificate matrix

Ay — Ay, 1=7,

for any given S. From the definition, we know that any first-order critical points satisfy C'S = 0.

C:=A- A, Cij == { (513)

5.4 Proof of Proposition
Lemma 5.11. Suppose the proximity condition (5.5)) holds, we have

o%d||All3,

n > Umax(ZTS) > Jmin(ZTS) >n— B
n

This Lemma says that if S is sufficiently close to Z, then Z 'S is approximately an identity.

Proof: Note that
IS - ZQ|% =2nd — 2(Q,Z ' S)

where ||S]|% = | ZQ||% = nd. Note that
Q. Z2"8) < IQllop - 12" S|l = 127 S

where ||Z" S|+ denotes the nuclear norm of Z'8 € R¥P. The maximum is assumed if Q@ =
UV " where U € R?*? and V € RP*¢ are the left and right singular vectors of Z'S.
As a result, we get

52d|| 12,
d3(S,Z) =2(nd— | Z"S||,) <

Note that the largest singular value of ZTS is at most n which trivially follows from triangle
inequality. For the smallest singular value of Z S, we use the following inequality

To <y v Ta o SdIAJ2
n—omn(Z2'8) <Y (n—0i(278) =nd— |27 S|, < — —=
i=1
which implies oyin(Z'S) > n — 252n_1d||A||gp. 0
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Lemma 5.12. Suppose a second-order critical point S satisfies the prozimity condition. Then

a2d|| A3,
)\mm(Am) Z n— T - lIgzaSXn 27; Aiij R
VED

op

1<i<n

d T
Q. < et ] )
s | 258 <01l s 180 + s [472],
Ve

op

where A; is the ith block column of A.
Proof: Suppose S is a SOCP with dp(S, Z) < dvVn=1d||Allop. We have

82d||A||? 1 <
- HQn | P, A= B Z(Sz’SjTAji +A;;8;87) = 0
j=1

amin(ZTS) >n

from Lemma and The first order necessary condition (5.9)) implies

D AiS; =AiSi, A=) SiS]A;=> A;S;S/

j=1 j=1 j=1

where SiSiT = I;. Therefore, the singular values of 2;21 A;;S; and A;; are the same. Moreover,
due to the symmetry and A;; = 0, its eigenvalues and singular values match:

Amin(Aii) = Omin(Aii) = Omin Z Ai;S;
=1

n n
— Omin ZSJ—l_ZA”S]
7j=1 7=1

> Ounin (ZTS) 1> A48,

i#i op
0%dl| A5,
JF1

op

where the lower bound is independent of i. The key is to bound Z#i AiijH which is
op

suboptimal in this analysis.

DoAGS < DA -Q)| +|>_AuQ
i#i op |77 op |77 op
< 1A (S = ZQ)|lop + | A] Zllop

where A, € R¥" is the ith row block of A. The operator norm of ||A;(S—ZQ)||op is bounded
by
1AT(S = ZQ)lop < [Aillopl|S — ZQllop < | AllopIS — ZQ|| -

Thus we have

d
> A8 < ladlolS - ZQlr + Al Z|| < 6\/;||Auopumuop +alz] .
i op

Taking the maximum over 1 < i < n gives the desired result. O
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With this supporting lemma, we are ready to prove Proposition

Proof of Proposition The proof consists of two steps: first to show that S is a global
maximizer to by showing that A — A > 0; then prove that S is exactly rank-d.

Step One: show that S is a global maximizer

Remember that CS = 0 if S € R™>*P ig a critical point of f. Thus, to show C is positive
semidefinite at critical point S, it suffices to test w' Cu > 0 for all uw € R"™>*! which is
perpendicular to each column of S:

n
STu=0¢cRrr! <:>ZSJTuj:0€IRp
j=1

where u; € R? is the jth block of u, 1 < j < n.
Then it holds that
v Cu=u"Au—u'Au

> Amin(A)]|u]|* — uT(ZZT +A)u

> Amin(A)[u]? —u"ZZTu — || Allopu?
Note that Apin(A) = minj<j<, Amin(Ay;) which is given by Lemma For u' ZZ Tu, we use
> i1 S]Tuj =0 and
2 2

w'ZZu = Zuj = ZQTuj

2
n

=D (S - Q) vy,

j=1

I(S - ZQ) u|?

< |18 - ZQ|I3, |ul®
52d|| A2

IN

2
L |y

where the last inequality uses the proximity condition. For Apin(A), we apply Lemma and
immediately arrive at:

30%d| A2, [d v
Muin(C) 20— | ==+ 8\/ | Allop max | Aillop + max |ATZ| +l|A]op | = 0.
2n n 1<i<n 1<i<n op

Step Two: S is exactly rank-d We have shown the solution to the Burer-Monteiro approach
is equivalent to that of the SDP. Now, we will prove that the solution to the Burer-Monteiro
approach is exactly rank d.

How to show that C' is rank-d deficient? It suffices to bound the dimension of its null space.
In a more compact version, we have

C=A-A=A-ZZ" - A
The null space is bounded by

null(C) = nd — rank(A — ZZ" — A)
<nd+ d—rank(A — A)

where

rank(A — ZZ' — A) +rank(ZZ") =rank(A — ZZ" — A) +d > rank(A — A).
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It suffices to provide a lower bound of rank(A — A). In particular, we aim to show that A — A
is full-rank by
A—A>0.

This is guaranteed by
Amin(A) > [[Allop

and more explicitly
)‘min(A) - HAHOP
2d|AlZ,  [d .
— [ = 0\ SllAllop max [Aullop + max |ATZ]| Al | > 0.
2n n 1<i<n 1<i<n op

Then we have null(C) < nd + d — rank(A — A) = nd+d —nd = d. If C is of rank nd — d, then
rank(S) = d. Thus the global optimum is the same as that of (SDP)) and (P). O

5.5 Proof of Proposition

Proof of Proposition It is unclear how to characterize the global maximizer to the ob-
jective function . However, the global maximizer must be a 2nd critical point whose
corresponding objective function value is greater than f(.S) evaluated at the fully synchronous
state S; = 5.

Throughout our discussion, we let @ be the minimizer to mingegiayp) IS — ZQ|r. Given
S which satisfies f(S) > f(ZQ), we have

f(8)>f(ZQ) = (ZZ" +A,SS")>(ZZ" + A, ZZ").
Note that (ZZT,ZZ") =n’d and (ZZ",SST) = || Z"S|%. This gives

n?d—||Z"S|% < (A,88" —zZT)

=(A,(S-2Q)(S+2Q)")

A
<[[A(S+ZQ)|F-dr(S,Z) (5.14)

where dp(S,Z) = ||S — ZQ)||r and
(S—ZQ)(S+2Q)'=858" - (2Q)'S+8(2zQ) —zzZ"

In fact, n%d — || Z 7 S||% is well controlled by dr(S, Z) :

d d
n?d—||Z'S|3 =) (n*-0}(Z278)) =) (n+0i(Z'8))(n—0i(Z"8)) (5.15)
=1 i=1

where 0;(Z " S) is the ith largest singular value of Z'S. On the other hand, it holds that
d

1
1 . - 2 nd— 127 8|, = —o(ZT
QQEIgtl(I(li,p)HS ZQ|r=nd—|Z" S| ;1(” oi(Z'S))

Remember that 0 < 0;(Z s ) < n due to the orthogonality of each S;. Therefore, we have

nd%(S, Z)
2

which follows from ([5.15)). Substitute it back into (5.14]), and we get

2
<n(nd—||ZTS|.) < nd - HZTSHF < 2n(nd — ||Z78|.) < nd%(S, Z) (5.16)

nd*(S, Z)

22 <wa- 27| <1als + 2Q)lk - d(s. 2)
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Immediately, we have the following estimate of d(S, Z) :

2
ap(S,2) < ~|A(S + ZQ)r
2
< = | AloplS + ZQ)
2
<= Aoy - 2Vnd

d
<4/ —||Allo
<ay/TAl,

where ||S 4+ ZQ||r < 2Vnd follows from [|S||r = || Z]||r = Vnd. O

5.6 Proof of Proposition

This section is devoted to proving all the SOCPs are highly aligned with the fully synchronized
state. The proof follows from two steps: (a) using the second order necessary condition to show
that all SOCPs have a large objective function value; (b) combining (a) with the first order
necessary condition leads to Proposition

Lemma 5.13. All the second order critical points S € St(d, p)®™ must satisfy:
(p—d)IZT S| > (p—2d)n°d + ||SS|3d

+ Zn: Zn:(IISz-SjTH% —d)Tr(Ayj) + (p—d)(A,ZZT — SST).

i=1 j=1

Suppose the noise is zero, then (p — d)||Z T S||% > (p — 2d)n?d + ||SST||%d holds. It means
that || Z " S||2 is quite close to n2d, i.e., {S;}", are highly aligned, if p is reasonably large. The
proof idea of this lemma can also be found in [29, [30].

Proof: Let’s first consider the second-order necessary condition (5.10)):

n

D (A, 88T =)0 (A, SiS))
i=1 i=1 j=1
for all S; on the tangent space of St(p, d) at S; where A;; = %Z?Zl(SiS]TAji —|—AiijSiT). Now
we pick S; as .
S;=®(I, - S S;) e P

where ® € RY*? is a Gaussian random matrix, i.e., each entry in ® is an i.i.d. N(0,1) random
variable. It is easy to verify that S; is indeed on the tangent space since SZSZ-—r = 0. By taking
the expectation w.r.t. @, the inequality still holds:

Z<Aii, ES;S|) > Z Z<Aij,E SiS][).
i=1 i=1 j=1
It suffices to compute E SZSJT NOW.
E(S;S]) =E®(I,— S/ S:;)(I, - S S;)®"
= (I, - S/ S;, I, - 8] S;) I,
= (p—2d+ 1SS ) Ly

_ (p - d)Idv 1= jv
(p—2d+S:S] |3)1a, i #j
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where d = Tr(S;S;"). Therefore, we have

(p—d) Y Tr(Ai) =Y > (p—2d+|SiS] |[7) Tr(Aj).
=1

i=1 j=1

The right hand side of (5.17)) equals

D (p—2d+|S:S] [7) Tr(Ay)

i=1 j=1

=Y > (p—2d+|SiS]|IF)(d + Tr(Ay))
i=1 j=1

= (p—2d)n°d+||SST|Fd+ (p—2d)(A, ZZ") + > > |1S:S] |} Te(Ay))
i=1 j=1

where A;; = Iy + A;;. From the definition of Ay;, the left side of (5.17)) equal to

ZTI'(AM‘) = Z Z<Aij, S’LSJ—I—>
=1

i=1 j=1
—(A,8ST)
=(ZZ" +A,8S")
=Z"S|% +(A,8ST).
Plugging the estimation back to results in

(0 - ) (127 SIF +(A,SST)) = (p — 2d)n2d + |SST |3

+(p—2d)(A,ZZ7)+ > > |ISiS] I1F Tr(Ay).

i=1 j=1
By separating the signal from the noise, we have
(p—d)Z7 S|} > (p—2d)n’d + ||SST||}d
S USSR - &) Tr(Ay) + (p— d)(A.ZZT — SST)
i=1 j=1

where (A, ZZT) = Yoy Z?:1 Tr(Agj).

Lemma 5.14. Any first-order critical point satisfies:
15713 > |27 8| - ~jas;
F= F n E

Proof: Note that the first-order necessary condition is

n 1 n
AiS;— 5 > (SiSAji+ A;;S;87)S;i =0
=1 j=1

J

(5.17)

which implies ijl SiSjTAjZ- = ijl Az-jS’jSiT by applying S,' to the equation above. Then

it reduces to

f: AiiS; (I, - S7S)) = 0= | Z"S+ f: AyS; | (1,-87s;) =o.
j=1 j=1
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By separating the signal from the noise, we have
ZTS(IP - Sz'TSi) == Z Aiij(Ip - Sz‘TSi)

Taking the Frobenius norm leads to
2

|1Z7S|% - (27888;,2TS) < ZAUS

where || I, — S, Si|op = 1. Taking the sum over 1 <1i < n gives

2
n n

lasi =313 ays

i=1 ||j=1 P

2 n
>n||Z'S|| - (278S]S;,ZzT
>n|2'S| ;< S$88;,Z7S)

2
=n||Z'S| —(2'88"8,Z'8S)

|

=n||Z'S| —(SSTSST,zZ"))

B!

where STS =", S, S;. Thus
2 1 1
|27s| - lasik< (ssTssT,zz7) <||SST |}
F n n
where ZZ"T = J, ® I; < nl,,. O
Lemma 5.15. For any matriz X € R™>"_ it holds that
1X 0SS lop < | X lop

where S € RP*™ and [SS];; = I,. Here “o” stands for the Hadamard product of two matrices.

Proof: Let the uy € R™*! be the ¢th column of S where 1 < ¢ < p and let o € R™X1 he an
arbitrary unit vector.

e (Xo8ST)p=> ¢ (Xouwu)p

M@

~
Il

1

@' diag(ug) X diag(ug)e

I
M“@

~
Il

1

p
<X lop - > |l diag(ue) |
=1

= | X [lop | diag (@)1, -+, w1

= | X llop - || diag(¢) S|/

= [|X |lop - Tr(diag(¢)S ST diag(y))
= | Xloplleell?

where diag(SS") = I,,4. Thus we have shown || X 0 SST |lop < || X lop- O
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Proof of Proposition Lemma and imply that all the SOCPs of (BM)) satisfy
2 d
(- d)|Z7SI} > (p—2d)n?d+d|Z7S| - S|as|}

+ D (1SS 1F — d) Tr(Ay) + (p—d)(A, ZZT - SST)
i=1 j=1

where ||SST||Z > HZT‘S'Hi — L||AS|J3.. This is equivalent to

d n n
(p—2d)(n*d — | 2" S|[%) < —|AS|F~ > (IS8 IF — d) Tr(Ay) +(p —d) (A, 88T —2Z7)

—_———  i=1j=1 ~
T T3

T
< |Thl + T2 + (p — d)[ T3]

Estimation of |77| and |T3|: For T}, we simply have

d d
T3] < SIALGISIF = - - [AlS, - nd = d*[| A3,

For T3, we have

T5] = (A, 88T - ZZT)]
=[{A,(S—2ZQ)(S+2zQ)")|
<|Allop - IS+ ZQllF - IS — ZQ| r
< 2||AllopVnd - dp(S, Z).

Estimation of |T3|: Define a new matrix A := Try(A) ® Jy whose (i, j)-entry block is
Tr(Ajj)Jq and |Allop = || Trg(A)||opd. Note that

DN IS8 F - d)Tr(Ay) =D ) (SiS] 0 8iS] — I, Ja) Tr(Ay))

i=1 j=1 i=1 j=1

=33 (8:8] 088 — I, Ay)
i=1 j=1

= (88"088"—2zZ"02Z" A)
=((SST—-2ZZ"o(8SST+2ZZ"),A)

where (SST o SST)ij = SZSJT o SZSJT, (ZZ—r 9] ZZT)Z‘]‘ = Id, and HSZSJT”%; = <SZSJT, SZS]T> =
(SiSjT o SiSjT, Jg). As a result, we have

SO UISiS] I —d) Tre(Ay) = (SST - 22T, A0 (8ST +227))

i=1 j=1
—((S—ZQ)(S+2ZQ) A0 (SS"T +22Z"))
<|S-2Q|r-|A(SST+ZZ7)llop|lS + 2Q|
<dp(S,Z)-2Vnd|Ao(SST +ZZ")|op.

Now the goal is to get an upper bound of ||A o (SST + ZZ")|lop- In fact, it holds

A0 (SST +ZZ")|op <A 0SS |lop + [|A0ZZT|op
< 2| Allop = 24| Tra(A)|lop
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where the second inequality follows from Lemma and HEHOP = d|| Trq(A)]|op- Therefore,

To| < dp(S,Z) 2Vnd|Ao(SST + ZZ")||op
< dp(S,Z)-2vVnd - 2d|| Trg(A)||op
= 4dV/nd)|| Trg(A)|opdr (S, Z)

Now we wrap up the calculations:

(p—2d)(n*d — || Z" S||}) < d*|| A2, + 4dVnd|| Tra(A)|lopdr (S, Z) + 2(p — d)||AlopVnd - dp(S, Z)
< A2, +2Vnd(p — d + 2vd) || Allop - dr(S, Z)

where 5 = 50lee v/1 is defined in (B1). Note that n?d— || 27 8|3 > 2 'nd% (S, Z) in (5.16).
Thus for p > 2d, we have
nd%(8,Z) _ 2vn d(p d+2yd)|Allop 2

and equivalently

Ap—d+2vd) [d 2d
d%(&Z)sW-\/;nAuop-dF(s,m 2 LA,

As a result, we have

2(p — d + 2vd) p—d+2vd\? 2d \/E
dp(S,Z) < | 22— 4\ 4 VNE

(2+fp d + 2vd) 2+f p+d
b —2d IIAHop_ HAHop

where (p — d + 2vd)? > (p + d)? > 2d(p — 2d) holds for p > 2d + 1 and v > 1. O

5.7 Proof of Theorem and
Proposition implies that it suffices to prove

, 30%d, \ o +5\/E A2 + HATZH +A 5.18
w2 2 A, + o/ fal, + max [ATZ] + 1Ak (518

where maxj<i<p [|Aillop < |[|Allop- Now we will estimate [|A|lop and maxj<i<p [|A, Z||op for
A = oW where W is an nd x nd symmetric Gaussian random matrix.

Proof of Theorem [3.2] and [3.4L The proof is straightforward: to show that (5.18)) holds for
some ¢ in both convex and nonconvex cases. If A = ¢W where W is a Gaussian random
matrix, it holds that

|Allop < 30Vnd

with high probability at least 1 — e~"%/2 according to [7, Proposition 3.3]. For AZTZ , we have

ATZ=0> Wy er™ (ATZ) "X oN(On—1), 1<k (<d
i

Theorem 4.4.5 in [40] implies that the Gaussian matrix A Z is bounded by

1A Zlop < C2ov/n(Vd + /210gn)
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with probability at least 1 — 2n~2. By taking the union bound over all 1 < i < n, we have

max | A Z||op < Coov/n(Vd + +/2logn)

1<i<n

with probability at least 1 — 2n~!.

hand of (5.18)) is bounded by

Ch ((352(1 + 5\/5) 90%nd + Coo/n(Vd + \/2logn) + 30\/@)

In the convex relaxation, we have § = 4. Then the right

2n

where § = 4. The leading term is of order 02\/ﬁd3/2 and thus o < Con'/4d—3/* guarantees the
tightness of SDP.

For Burer-Monteiro approach, it suffices to estimate v in . The partial trace Try(A) is
essentially equal to ovdWeo E,n, Which implies

| Tra(A)]lop < 30Vnd

with probability at least 1 — e~"/2 and

2+V5)(p+d) ot
(p — 2d) max{||Allop, || Tra(A)[lop} < -

where § = (2 + V/5)(p + d)(p — 2d) 1.
Thus the right hand of (5.18)) is bounded by

d (p+Hd\® d p+d Jrd
|- -o“nd + o -o’nd + o/n(Vd + \/2logn) + ov/nd

n \p—2d p—2d

d
2d-a\/nd.

Ol Aflop <

for some universal constant C]. The leading order term is o (p—2d) ! (p+d)dv/nd which implies

that (5.18)) holds if
2 _ Con(p — 2d) B C’onl/Q(p —2d)

dvnd(p + d) d3/%(p+d)

for some small constant Cy. This means 02 < Con'/?(p — 2d)d=3/?(p + d)~" ensures that the
optimization landscape of (BM)J) is benign. O
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