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Abstract

This work presents a comprehensive understanding of the estimation of a planted low-
rank signal from a general spiked tensor model near the computational threshold. Relying
on standard tools from the theory of large random matrices, we characterize the large-
dimensional spectral behavior of the unfoldings of the data tensor and exhibit relevant
signal-to-noise ratios governing the detectability of the principal directions of the signal.
These results allow to accurately predict the reconstruction performance of truncated mul-
tilinear SVD (MLSVD) in the non-trivial regime. This is particularly important since it
serves as an initialization of the higher-order orthogonal iteration (HOOI) scheme, whose
convergence to the best low-multilinear-rank approximation depends entirely on its initial-
ization. We give a sufficient condition for the convergence of HOOI and show that the
number of iterations before convergence tends to 1 in the large-dimensional limit.

Keywords: random tensors, random matrix theory, spiked tensor model, truncated
MLSVD, higher-order orthogonal iteration

1. Introduction

Information retrieval from large amounts of data has become a common task of signal
processing and machine learning in the past decades. Often, these data have several modes
as they may come from various sources, modalities, domains, and so on. Tensors (multi-way
arrays) are therefore a natural representation for such datasets — they appear in multiple
areas such as brain imaging (Zhou et al., 2013), neurophysiological measurements (Seely
et al., 2016), community detection (Anandkumar et al., 2013), compression of hyperspectral
images (Li and Li, 2010), spatio-temporal gene expression (Liu et al., 2022), recommender
systems (Karatzoglou et al., 2010; Rendle and Schmidt-Thieme, 2010; Frolov and Oseledets,
2017) and topic modeling (Anandkumar et al., 2014). Indeed, tensors as multi-way arrays
provide a more detailed representation of data than mere matrices (two-way arrays) as they
convey a structural information. For instance, the modes of a data tensor can represent pizel
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x pizel X wavelength X sample in hyperspectral imaging (Zhang et al., 2013; Kanatsoulis
et al., 2018), time x spatial scale x electrode in the EEG analysis by Acar et al. (2007) or
neuron X time X stimuli in the study of the visual cortex by Rabinowitz et al. (2015).

In an information retrieval context, it is common to make use of tensor decompositions
in order to estimate a sought signal. In their fMRI study, Hunyadi et al. (2017) perform
a blind source separation via a joint tensor decomposition on a channel X time X patient
array, whereas Williams et al. (2018) use a low-rank tensor approximation on a neuron X
time X trial array as a dimensionality reduction technique to study neural dynamics. In
fact, supposing that the signal has a low-rank structure is a natural sparsity assumption
(Kadmon and Ganguli, 2018; Anandkumar et al., 2014), and low-rank tensor approximations
are key tools to extract information from multi-way data.

In the present work, we propose a random matrix analysis of a general low-rank infor-
mation + noise tensor model and precisely quantify the amount of information which can
be recovered with a low-rank tensor approximation depending on the signal-to-noise ratio
(SNR). For a general introduction to tensors, we refer the reader to Comon (2014, 2009);
Landsberg (2011); Hackbusch (2012) and, for an emphasis on statistical learning applica-
tions, Bi et al. (2021); Sun et al. (2021). In the remainder of the introduction, the main
concepts and challenges behind low-rank tensor estimation are presented in Section 1.1.
Then, Section 1.2 introduces some important related works. Our main results are finally
summarized in Section 1.3. All the notations are properly defined in Section 2.

1.1 Low-Rank Tensor Estimation

What is meant by a low-rank approximation of a tensor? And how is the rank of a tensor
actually defined? Let us start with a familiar matrix case: a matrix M € R™*"2 ig a two-
way array (or order-2 tensor). A singular value decomposition (SVD) allows us to write
M in a compact way as the sum of R rank-1 terms, M = Y%, ocuw] = UZVT where
U, V are respectively ny x R and ny X R matrices with orthonormal columns and X is
the R x R diagonal matrix of singular values. The rank of M is here the minimal number
of rank-1 terms in which it can be exactly decomposed. Extending this notion to tensors
therefore seems straightforward: a tensor! J € R"™*"2Xn3 has rank R if it is the minimal
number of rank-1 terms in which it can be exactly decomposed, T = Zf;l gia; @ b; ® c;.
What we have just described is the canonical polyadic decomposition (CPD) of T, it dates
back to Hitchcock (1927) and is unique under very mild conditions (Kolda and Bader, 2009).
However, we have lost an important property in this process: the unit vectors a; (resp. b;, ¢;)
are, in general, no longer orthonormal. Conversely, retaining the orthonormality property
inevitably results in the loss of the diagonality property, T = >3/, 3702, 3512 G; jpwi ®
v; @ wy. This latter decomposition is called a Tucker decomposition and dates back to
Tucker (1966). In fact, the best way to represent J with a Tucker decomposition is to
choose the u; (resp. v;, w;) as the left singular vectors of the unfolding of I along mode
1 (resp. 2, 3)?. This is called the multilinear SVD (MLSVD, De Lathauwer et al., 2000b)
and gives rise to a new definition of rank: the multilinear-rank (r1,72,73). Note that, in
the matrix case, r; = ro = R since both the diagonality and orthonormality properties are

1. It is chosen of order 3 for simplicity of exposure.
2. This is properly defined in Section 2.2.
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verified. However, 71,72, 73 are, in general, not equal in the tensor case, but max(ry, re, r3) <
R < min(ryre,rorsg, r173). See, e.g., Sidiropoulos et al. (2017) for details. Other relevant
references for the reader interested in tensor decompositions are Kolda and Bader (2009);
Cichocki et al. (2015); Rabanser et al. (2017).

Given an order-d tensor J € R™*-*"d of possibly very high rank, we are interested in
finding a low-rank approximation, i.e., an ni X...xng tensor X which minimizes the distance
|7 — X||g on a set of low-rank tensors. Yet, the problem of the best rank-R approximation
of a tensor is ill-posed as soon as R > 1 because the set of rank-R tensors is not closed
(Kolda and Bader, 2009). Instead, we shall consider the best low-multilinear-rank problem,
which is always well-posed, )

rank(xggl(g}h...,rd)”g' :X:HF (1)
It is well known in the matrix case that the best rank-R approximation can be easily
computed by truncating the SVD to its R most energetic terms (Eckart and Young, 1936;
Mirsky, 1960). Could this also be true for the MLSVD? Unfortunately, counter-examples
exist (Kolda, 2003), showing that there is no tensor equivalent of the Eckart-Young-Mirsky
theorem. Worse still, Problem (1) is in fact NP-hard (Hillar and Lim, 2013). Nevertheless,
despite not being the best low-multilinear-rank approximation, the truncated MLSVD T
remains a very good “first guess” as it verifies | T —T,||p < |T—T|lp < Vd||T =T, ||r where
T, denotes a solution to Problem (1) and d is the order of the tensor (Grasedyck et al.,
2013; Hackbusch, 2012). It is a cheap (it consists only in d standard matrix SVDs) and
quasi-optimal low-multilinear-rank approximation of J. Moreover, it is often used as an
initialization of numerical methods which estimate a solution to Problem (1), among which
the most common is the higher-order orthogonal iteration (HOOI) algorithm (Kroonenberg
and de Leeuw, 1980; Kapteyn et al., 1986; De Lathauwer et al., 2000a).

Another motivation for the analysis of the low-multilinear-rank approximation problem
is that it has also a practical interest for the numerical computation of the canonical polyadic
decomposition (CPD). Indeed, when dealing with large tensors, it is computationally more
efficient to first compress the tensor with a low-multilinear-rank approximation and then
compute the CPD on the smaller core tensor rather than computing the CPD of the large
tensor directly (Bro and Andersson, 1998). This is done, e.g., by the cpd function of the
MATLAB toolbox Tensorlab (Vervliet et al., 2016).

1.2 Related Work

Multilinear SVD (MLSVD) has a wide range of applications and is often used to extract
relevant information from multi-way arrays. For instance, it has been used in human motion
recognition (Vasilescu, 2002), face recognition (Vasilescu and Terzopoulos, 2003), handwrit-
ten digit classification (Savas and Eldén, 2007) but also genomics (Omberg et al., 2007,
2009; Muralidhara et al., 2011) and syndromic surveillance (Fanaee-T and Gama, 2015).
The analysis of spiked tensor models — i.e., low-rank perturbations of large random
tensors — has started with the introduction by Montanari and Richard (2014) of the rank-
1 symmetric spiked tensor model, T = Bx®? 4+ N with ||| = 1, N Gaussian noise and
B a parameter controlling the signal-to-noise ratio (SNR). They show that estimation of
x from T is theoretically possible as soon as 3 is above a certain threshold 5. behaving
like \/dlog d, which is reminiscent of the now well-known spiked matriz model where signal
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reconstruction is only possible above a critical threshold (Péché, 2006) — a phenomenon
called the BBP phase transition (Baik et al., 2005). The behavior of singular values and
singular vectors of spiked matrix models is comprehensively studied by Benaych-Georges
and Nadakuditi (2012). Contrary to the matrix case however, Montanari and Richard (2014)
make the disturbing observation that none of the polynomial-time estimation algorithms
among tensor unfolding, power iteration and approximate message passing (AMP) succeed
unless § diverges as the dimensions of the tensor grow large. The results of Hopkins et al.
(2015, 2017) suggest that no polynomial-time algorithm can succeed unless § 2 N %,
where N scales as the dimensions of the data tensor. While Perry et al. (2020) show that the
information-theoretic threshold is of order 1, this indicates the existence of a computational-
to-statistical gap in spiked tensor estimation, as in a myriad of other problems (Bandeira
et al., 2018; Zdeborovd and Krzakala, 2016).

The landscape of the rank-1 symmetric spiked tensor model is studied by Ben Arous
et al. (2019), who show that the number of local optima to Problem (1) grows exponentially
with the size of the tensor, but all lie close to a subspace orthogonal to the sought solution,
except for one if § exceeds a critical threshold .. Completing this analysis, Jagannath
et al. (2020) show? the existence of two close but different thresholds 8, < 3. such that the
solution aligned with the underlying signal is a local minimum of Problem (1) as soon as
8 > (s but becomes a global one only if 8 > £.. Relying on the Kac-Rice method, Ros
et al. (2019) thoroughly study such high-dimensional landscapes and classify the different
behaviors and phase transitions which can occur.

So far, we have only referred to works dealing with the rank-1 symmetric case, but
there are also some studies on higher-(low-)rank spiked models. Chevreuil and Louba-
ton (2018) give a sufficient (but not necessary) condition for the non-detectability of a
rank-R asymmetric signal perturbed by an additive Gaussian noise. Chen et al. (2021)
also discuss signal detectability in the rank-R symmetric case. The statistical inference
of finite rank tensors is studied by Chen et al. (2022) who identify the limit free energy
of the model in terms of a variational formula. Zhang and Xia (2018) consider a gen-
eral low-multilinear-rank signal P + Gaussian noise N model and bring to light the same
statistical-to-computational gap: if ||P|p is above a statistical threshold of order 1 then
Problem (1) has a solution which is aligned with the signal but is computationally in-
tractable unless ||P||r is above a computational threshold of order N ‘. In this strong
SNR regime, the higher-order orthogonal iteration (HOOI) algorithm (De Lathauwer et al.,
2000a) is minimax-optimal. In fact, it is also proved by Ben Arous et al. (2020) that,
with Langevin dynamics and gradient descent, the algorithmic threshold behaves like N
with o > 0. Other algorithmic thresholds have been shown as well for semi-definite and
spectral relaxations of the maximum likelihood problem (Hopkins et al.,; 2015, 2016; Kim
et al., 2017). AMP and tensor power iteration algorithms achieve N e (Lesieur et al.,
2017; Huang et al., 2022) while tensor unfolding methods (truncated MLSVD and HOOI
algorithm) achieve N T as already conjectured by Montanari and Richard (2014) and later
proven by Hopkins et al. (2015); Ben Arous et al. (2023) in the rank-1 case. The conver-

3. The setting considered by Jagannath et al. (2020) is more general than the one of Ben Arous et al.
(2019) because the noise in their model is not necessarily symmetric but the perturbation is still a
rank-1 symmetric tensor.



A RANDOM MATRIX APPROACH TO LOW-MULTILINEAR-RANK TENSOR APPROXIMATION

gence of the HOOI algorithm towards a local maximum for a sufficiently close initialization
is proven by Xu (2018) and Feldman and Donoho (2023) show that it achieves exact recov-
ery of a rank-1 perturbation in the large N regime when it is initialized with the dominant
singular vectors of the unfoldings.

Recently, a new approach relying on tools from random matrix theory has broaden the
understanding of spiked tensor models. In particular, Goulart et al. (2022) study the rank-1
symmetric case and are able to recover explicitly the same 5 threshold as Jagannath et al.
(2020) as well as to precisely quantify the alignment between a solution to Problem (1) and
the signal. A similar analysis is carried out by Seddik et al. (2022) for the more general
asymmetric case, relying solely on classical techniques from random matrix theory. Such
tools show promise for the theoretical understanding of learning from tensor data (Seddik
et al., 2023). In particular, the results of Ben Arous et al. (2023) and Feldman (2023) on
long random matrices, similar to those considered in this work, provide instructive insight
into the recovery performance of tensor unfolding methods.

1.3 Summary of Contributions

In low-rank tensor approximation, tensor unfolding methods achieve the best known per-
formance among polynomial-time algorithms. Motivated by several works suggesting that
such method could actually reach the computational threshold (Hopkins et al., 2015, 2017;
Zhang and Xia, 2018; Wein et al., 2019), we propose a thorough random matrix analysis of
the low-multilinear-rank tensor approximation problem.

Consider the general spiked tensor model,

L
VN

where d > 3 is the order of the tensor, N is an additive Gaussian noise, N is a parameter
controlling the size of the tensor such that the ratio ny/N is constant? (at least for N above
a certain threshold value Ny) for all £ € {1,...,d} (for instance, N = n; or N = 3>¢_, ny)
and P is a low-multilinear-rank deterministic tensor, i.e., which can be decomposed as

T=P+ —N eRWxma N, M A0,1), (2)

L d def
P=3 Y Hy eV e eald] < [[:}C;X(l),...,X(d)ﬂ, (3)
1

4dd
q1=1 qd=

with H € R™*>*"¢ and X an n, x r, matrix with orthonormal columns :B(qi). The
range of X is the ¢-th singular subspace of P. This decomposition is illustrated for the
case d = 3 in Figure 1. Model (2) with P as in Equation (3) is the most general spiked
tensor model — i.e., low-rank perturbation of a large random tensor. Indeed, any of the
models referred to in the previous Section 1.2 fall into this definition since decomposition
(3) always exists and low CPD-rank is equivalent to low multilinear rank thanks to the
inequality max,{r¢} < R < ming{[[, ¢} (Sidiropoulos et al., 2017).

In the regime where N — +00 — representing the fact that, in practice, the dimensions
of the tensor are large compared to its rank —, we study the estimation of P from J with
a truncated MLSVD, which serves as initialization of the HOOI algorithm. In particular,

4. This ensures that the spectral norm of ﬁ]\f is of order 1 (Tomioka and Suzuki, 2014).
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Figure 1: Tlustration of the Tucker decomposition (3) of an n; X ny X ng tensor P with
multilinear rank (r1, 72, r3). J is the 71 X r9 X r3 core tensor and X0, x@ x6)
are matrices with orthonormal columns spanning the singular subspaces of P.

d—
we reveal that the interesting non-trivial regime is characterized by the © (N TQ) quantity®

1 d
ON = NH[:l \/Ty.

o If |P||Z /0N ﬁ 0, then the noise completely masks the signal, and truncated
—+00
MLSVD fails to recover P.

o If |P|%/on FTIY +o00, then the signal clearly stands out from the noise, and
— 400

reconstruction of P with a truncated MLSVD is easy.

o If |P||2/on = O(1) as N — +oo, then we are precisely in the non-trivial regime
between the two previous situations, and truncated MLSVD may partially recover P.

It is the analysis of this last regime which is of practical interest. Given the low-multilinear-
rank approximation T = [[Q, uv,...,U (d)]] obtained with a truncated MLSVD of T, we
quantify how well T reconstructs P in this non-trivial regime. To do so, we study the spectral
properties of the unfoldings (i.e., matricizations) of the tensor J, i.e., the n; x [erze e

matrices T() whose columns are mode-£ fibers of T and the columns of U are its dominant
left singular vectors. Such long matrices (the second dimension grows faster than the first
one) have already been studied by Ben Arous et al. (2023) in order to analyze the properties
of tensor-unfolding methods in the particular setting of a rank-1 spike. Here, we tackle this
problem with a highly different approach relying solely on classical tools from random
matrix theory (Couillet and Liao, 2022) and give very general results on the spiked tensor
model that go beyond the specific rank-1 one case. Moreover, we justify the practical use
of truncated MLSVD as an initialization of the HOOI algorithm by showing its optimality
in the large N regime.

5. Note that this corresponds to the regime of the algorithmic threshold but, here, our measure of the signal
d— d—
power is ||P||% (and not ||P||r) hence the @(NTZ) instead of G(NTz).



A RANDOM MATRIX APPROACH TO LOW-MULTILINEAR-RANK TENSOR APPROXIMATION

1 .__.__.__.__.__.--.------——n--n—————n--.n.—' ————— -
= 0.8 ,
= |
=) P2 R A S e e _
20 0.6 8
< ny "
o] ,II*
g 0.4+ 7' Mode ¢ —
z T-MLSVD (th) — —— —
& 02 & T-MLSVD (sim) --e- o
B HOOI (sim) -e- -o-
O #SE‘.."\ T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20
w (SNR)

Figure 2: Alignments between singular subspaces (see Section 3.2) of the observation I =
VWP, + ﬁN and of the signal P,, with |Po||32 = Y522 as a function of

N
the signal-to-noise ratio w. Theoretical alignments (Theorem 9) achieved with

truncated MLSVD are compared with simulations and those achieved with the
HOOTI algorithm. Empirical results are averaged over 10 trials, with error bars
representing standard deviation. Experimental setting: d = 3, (n1,n2,n3) =
(100,200,300), N = nj + ng + n3 and (r1,7r2,73) = (3,4,5).

Although the spectrum of TOT®OT ¢ e {1,...,d}, diverges as N — +00, we show that

its eigenvalues (i.e., the squared singular values of T'¥)) gather in an interval [y%) + 20n]

with u%) = % [Lyzene = O(N 4=2) More precisely, the empirical spectral distribution of

the centered-and-scaled matrix %[T(Z)T“)—r — u%)Iw] converges weakly to the semicircle
distribution on [—2,+2] (see Figure 3, Theorem 5 and Corollary 6). Furthermore, we
show that a BBP phase transition phenomenon occurs: for each singular value of PO (the
unfolding of P along mode ¢) which is above the threshold /ox, an eigenvalue of TOTOT
isolates itself on the right side of the bulk (see Figure 3) and its corresponding eigenvector
(i.e., left singular vector of T(Z)) is aligned with the corresponding singular subspace of
P. The position of the isolated eigenvalue and this alignment are efficiently predicted by
Theorem 9 (see also Figure 3).

As a result, Figure 2 plots, for an order-3 tensor, as a function of the signal-to-noise
ratio (SNR) w = ||P||2/on, the alignments between the singular subspace of the signal P
spanned by X and the dominant singular subspace of the observation I spanned by U®.
Solid curves are the alignments predicted by Theorem 9 while dotted curves are empirical
alignments computed on a 100 x 200 x 300 tensor with signal-rank (3,4, 5). If the SNR w is
too small, there is no alignment, meaning that truncated MLSVD fails to recover P — the
signal is masked by the noise. When it exceeds a critical value (see Theorem 9 and Section
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3.2 for details), a phase transition phenomenon occurs®: the alignment starts to grow —
i.e., truncated MLSVD now partially recovers P — and converges to 1 as w — +00.

Besides, Figure 2 also plots the empirical alignments between the singular subspaces
of P and those estimated with the HOOI algorithm (De Lathauwer et al., 2000a) given
in Algorithm 1, whose truncated MLSVD serves as initialization. This yields much better
alignments, especially close to the phase transition. In fact, we show in Theorem 15 that
the HOOI algorithm converges to a solution to Problem (2) as soon as its initialization suf-
ficiently preserves the underlying signal. This provides new insight into the computational
barrier: initialization is the limiting factor here. Had one prior information on the solution,
one could initialize the HOOI algorithm in the right basin of attraction and still be able to
perfectly (i.e., with alignment 1) reconstruct the signal in the regime 1 < ||P||p < N =
which is computationally hard but statistically easy (see details in Section 4.1 and discussion
in Section 4.2).

In a nutshell, our contributions can be summarized as follows.

e We characterize, in the large N limit, the behavior of the singular values of the
unfoldings of the tensor T — denoted TW, ¢ € {1,...,d} — when it follows the
general spiked tensor model (2) (Theorem 5 and Corollary 6). This is performed
through the analysis of the limiting spectral distribution of the symmetric matrix
TOTOT using standard tools from the theory of large random matrices.

e We give a precise condition, depending on a © (N %) threshold on the signal, for
the detectability of a principal direction of the ¢-th singular subspace of P from the
unfolding T@. This corresponds to the presence of an isolated eigenvalue in the
spectrum of TOT®OT with associated eigenvector aligned with the sought singular
subspace. We find similar formulae as Feldman (2023)7 for the asymptotic position
of this isolated eigenvalue, as well as the quality of the alignment (Theorem 9).

e Relying on our random matrix analysis, we characterize the performance of truncated
MLSVD in the reconstruction of the signal P from the observation I (Section 3.2).

e We show that exact reconstruction of P from J is possible in the large N regime
with the HOOI algorithm (De Lathauwer et al., 2000a) as long as ||P||r > 1 and it is
initialized in the right bassin of attraction (Theorem 15). Without prior information,
this depends on the detectability of P in the truncated MLSVD of J, which is only
possible above the ©(N %) computational threshold. Moreover, as N — +o00, the
number of iterations needed for the convergence of the algorithm converges to 1.

In section 2, we introduce our notations, tensor-related operations and decompositions
and useful tools from random matrix theory. Section 3 presents the random matrix analysis
of long matrices emerging from the unfoldings of tensors following the general spiked tensor

6. In fact, we will see in Section 3.2 that there is one phase transition for each principal direction of the
singular subspaces of P, resulting in ZZ:1 r¢ phase transitions. Their positions corresponds to sudden
changes of slope in the solid curves of Figure 2.

7. Feldman (2023) studies the spiked model associated with long random matrices within a similar frame-
work as Benaych-Georges and Nadakuditi (2011). Our approach is different in that it mostly relies on a
deterministic equivalent which is introduced in Theorem 5.
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model (2). These results are presented in the context of truncated MLSVD and exploited
to quantitatively explain its reconstruction performances. Then, relying on these results,
Section 4 deals with the numerical estimation of a solution to Problem (1) with the HOOI
algorithm. We show its asymptotic optimality and provide insight into the limiting factors
for numerical estimation below the computational threshold. We conclude and discuss our
results in Section 5. Most proofs are deferred to the appendix.

2. Preliminaries on Tensors and Random Matrix Theory

We start by introducing some notation and the main tools which are needed to expose the
results of the next sections.

2.1 General Notations

a, a, A and A respectively denote a scalar, a vector, a matrix and a tensor. a;, A;; and
Ai,....i, are their entries. For x € R, [z]" = max(0,2). The imaginary part of z € C is
3[z]. The set {1,...,n} of positive integers smaller or equal to n is denoted [n]. ¢, is
the Dirac measure at point x. The support of a probability measure p is denoted Supp pu.
The notation X ~ £ means that the random variable X is distributed according to the
law £. Given a sequence of random variables (X, ),>0, its convergence in distribution to

L is denoted X, SN L and its almost sure convergence to L is denoted X, —2* L
n—+-00 n—+o0

The normal distribution with mean p and variance o2 is denoted N (u, 02). The span of an
ny X ng matrix A is Span A = {Ax | * € R"} C R™. The singular values of A in non-
increasing order are denoted s1(A) > s2(A) > ... > 0. Given an n x n matrix B, its trace
is Tr B = }_i"; B;; and its spectrum, Sp B, is the set of all its eigenvalues. |-|| denotes the
standard Euclidean norm for vectors and the corresponding operator norm (spectral norm)
for matrices.

Given two real sequences (un)n>0 and (vn)n>0, we write u, = O, (v,) if there
exists a constant C' > 0 and an integer ng such that |u,| < C|vy,| as soon as n > ng. If
tun =0, (vp) and v, = O, (un)®, then we write u, = O, (v,). We also write
Up Knostoo Un (OF Uy >nsioo uy) if, for all € > 0, there exists an integer ng such that
|un| < e|vy| as soon as n > ng. When it is clear from context that n — 400, we simply
write up, = O (vy), up = O(vy), Uy K Uy OF Uy, > U,

Unless stated otherwise, d represents the order of a tensor; £ is an index ranging from 1
to d and iy, gy range from 1 to ng, rp respectively.

2.2 Tensors, Related Operations and Decompositions

For our purposes, tensors are considered as multi-way arrays: J € R™*-*"d ig g collection
of elements T;, ;. € R with iy € [ng], £ € [d]. An (-fiber of T is the vector of R™ obtained
by fixing all the indices of J but the ¢-th. This is the generalization of columns and rows of
matrices, which are respectively 1- and 2-fibers. Unfolding (or matricization) is the process

8. Le., if there exist two constants ¢,C' > 0 and an integer ng such that c|v,| < |un| < Clvn| as soon as
n = ng.
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by which a matrix is built from a tensor — T is the unfolding of T along mode ¢, i.c.,
the ng x [ ne matrix whose columns are (-fibers of Jo.
Given two ny X ... X ng tensors A, B, their scalar product is

‘A 3 F d_ef Z Z ‘AM, ld Zl,m,id'

11=1 ig=1

The Frobenius norm of A is ||A||r et (A, A)r.

Just as a matrix is said to have rank 1 if it can be expressed as the outer product of two

vectors, xy dof ® vy, an order-d tensor is said to have rank 1 if it can be expressed as the
outer product of d vectors, i.e., T;, ;i = 1‘511) . EZZ) — T = def ®£

Given two matrices A and B of respective sizes nq X ny and p; X po, their Kronecker
product, denoted AKX B, is the n1p; X nape matrix such that [AX B, (5, —1)4j1 pa(io—1)4jo =
A, iy Bj, j, for all (i1, i2) € [n1]x[na], (j1,72) € [p1] % [p2]. It is also defined for n-dimensional
vectors, seen as n x 1 matrices. This product is useful to express unfoldings of tensors defined
as outer products. For instance,

zoyoz]V =2@yRz)", [zoyez]® =y@Rz2)", [zey0z® =z2zRy)". 4)

Among the various properties of the Kronecker product (Abadir and Magnus, 2005, Chapter
10), we highlight that it is bilinear, associative, non-commutative, (AX B)" = AT x BT
and (AKX B)(CXD) = (AC)X (BD) when the matrix products AC and BD are defined.

Because of their multidimensional nature, tensors can be very large and cause compu-
tational and storage difficulties. Hence, tensor decompositions are an appropriate way to
provide a sparse representation of these objects and reveal relevant knowledge from multi-
way data arrays. We briefly present two of the most common decompositions, namely CPD
and MLSVD, although many others exist (see, e.g., Kolda and Bader, 2009; Vervliet et al.,
2014).

Canonical Polyadic Decomposition (CPD). T is decomposed as a sum of R rank-1
terms, T = Y8 0: @, a(g), with agg) of unit norm, o; > 0 and minimal R. Introduced
by Hitchcock (1927), and also called CANDECOMP or PARAFAC, this decomposition is,
up to permutation, essentially unique under mild conditions (Kolda and Bader, 2009).

Multilinear Singular Value Decomposition (MLSVD). J is written as the multi-
linear tensor-matrix product of an 71 X ... X ¢ core tensor § with d factors U®), ¢ € [d],

()

of respective sizes ny x 7y and orthonormal columns ug,’,

7= 3 Y G @u  [su0,o0]

q1=1 qq=1 /=1

The integer 7, is the dimension of the subspace spanned by the ¢-fibers of J, whose an
orthonormal basis is formed by the columns of U®. This decomposition, introduced by
Tucker (1966), is also called higher-order SVD (HOSVD, De Lathauwer et al., 2000b).

9. The order of the columns does not matter, as long as other operations, such as the Kronecker product,
are defined in a consistent manner.

10
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From this decomposition, the unfoldings of J can be expressed with matrix and Kronecker
products between the factor matrices and the unfoldings of the core tensor G. For instance,
ity =[G;,U,V,W],

T — UG(l)(V %4 W)T, T2 — VG(2)(U X W)T, TG — WG(3)(U X V)T.

Note how these expressions generalize (4).

The contraction of T on AW, ... A with AW ¢ R™*Pe ¢ € [d], is the p; X ... X pqg
tensor T(AW, ..., AD) whose (ji,...,jq)-entry is PO 'Z:‘de:l Tiv,oosig e, Az(‘f,)j[ If
T =[GUD,... . UD] then G = [T;UDT, ... . UDT] = FWD,...,UD). The tensor
contraction generalizes the matrix operation AVTMA®R) = M(AD| A?),

Remark 1 (Uniqueness of the MLSVD up to isometries) For all ry x ry orthogonal
matrices OO, £ € [d], we have the equivalent decomposition

[5:00,. ] = [g:0000, . uwow]
where G = 9(0(1),...,0(d)) is the contraction of G on OW ... 0@ Nevertheless, up
to isometries, the multilinear singular value decomposition is unique (De Lathauwer et al.,

2000b, Property 4).

The actual rank of a tensor is usually understood as its CPD-rank R whereas its MLSVD-

rank (r1,...,rq) is called multilinear rank. These two ranks are constrained by the following
inequalities,
< R < mi , 5
moxre <R < min, 1] re ®)

>,

which implies one can generally speak of a “low-rank tensor” without having to mention
the rank to which it refers.

2.3 Tools from Random Matrix Theory

The results presented in this work rely on tools from the theory of large random matrices.
Given a certain n X n matrix M whose entries are random variables, one is interested
in the behavior its eigenvalues and eigenvectors as n — 4+o00. Common questions are, in
this regime, how does the empirical spectral distribution (ESD) of M, i.e., %Z/\eSpM Ox,
behave? Does it (weakly) converge to a limiting spectral distribution (LSD)? Are there
any isolated eigenvalues? If so, are the corresponding eigenvectors aligned with a relevant
subspace?

In case M is symmetric, its eigenvalues and eigenvectors are real and a key tool to
answer the preceding questions is its resolvent, Qpr(z) = (M — zI,) ™", defined for all
z € C\ SpM. Indeed, 1 TrQun(z) = %ZAespM 1L is the Stieltjes transform of its
empirical spectral distribution.

Definition 2 (Stieltjes transform) The Stieltjes transform of a real probability measure
1 is defined for all z € C\ Supp p as my(2) = [p 2=du(t).

11
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The knowledge of m,, is equivalent to the knowledge of y thanks to the inversion formula
1([a, b]) = L limy g f: S[my(x+1in)] do for any continuity points a, b of u (Couillet and Liao,
2022, Theorem 2.1). Hence, following the behavior of % Tr Qpr(z) as n — 400 gives insight
into the limiting spectral distribution of M via its Stieltjes transform. To do so, we seek
first a deterministic equivalent of Qpy.

Definition 3 (Deterministic equivalent) Let X be a random n x n matriz and X bea
deterministic n x n matrixz. We write X <> X if, for all deterministic matrices A € R™*"
and vectors a,b € R™ of bounded norms (spectral and Euclidean norms respectively,*’,

1 = a.s. T > a.s.

STrA(X - X) =250  and o' (X - X)b—"250.

n n—-+o0o n—-+o0o

The matriz'Y is called a deterministic equivalent of X. For more details on this notion,
see Couillet and Liao (2022, §2.1.4).

The following lemma will be extensively used to derive such equivalents.

Lemma 4 (Stein, 1981) Let Z ~ N(0,1) and f : R — C be a continuously differentiable
function. When the following expectations exist, B[Z f(Z)] = E[f'(Z)].

Once a deterministic equivalent Qas of Qs is found, the limiting spectral distribution
of M is accessible through the limit of % Tr Qas as n — +oo. In the study of spiked models,
eigenvalues are usually gathered in a bulk, described by the limiting spectral distribution
(LSD), with a finite number of isolated eigenvalues, which do not appear in the LSD (see
Figure 3 for example). The position of these isolated eigenvalues are singular points of the
resolvent Qps. Hence, the asymptotic analysis of the resolvent provides equations yielding
their almost sure asymptotic position. Moreover, thanks to Cauchy’s integral formula, for
all a € R", |a'u? = 3L ¢, a' Qnr(2)a dz where 7 is a positively-oriented simple closed
complex contour circling around an isolated eigenvalue (assuming it has multiplicity 1) with
all other eigenvalues left outside and w is the eigenvector associated to the corresponding
eigenvalue. The almost sure asymptotic value of this contour integral can be computed
with our deterministic equivalent, thus yielding formulae for the alignments of the spike
eigenvectors with relevant directions of the model.

This briefly summarizes the main techniques we use in our proofs, see Appendix A for
an extension. A complete presentation of these tools can be found in Couillet and Liao
(2022). Other valuable references for the reader interested in random matrix theory are
Potters and Bouchaud (2020); Bai and Silverstein (2010); Pastur and Shcherbina (2011);

Tao (2012).

3. Analysis of Truncated MLSVD under the General Spiked Tensor
Model

This section presents a random matrix analysis of the general spiked tensor model intro-
duced in Equation (2) using tools presented in Section 2.3. We give precise results on the

10. Strictly speaking, we refer to sequences of matrices and vectors whose size grow with the index n.
Yet, this mathematical aspect is made implicit in order to simplify notation and be closer to practical
considerations where these sequences, in fact, do not exist — the assumption n — +oo models the fact
that n is large but remains finite.

12
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spectral behavior of the unfoldings of the observed tensor J, and specify the achievable per-
formance in the estimation of the underlying signal P with a truncated MLSVD. Although,
as explained in Section 1.1, this approach is only quasi-optimal, it is very easy to implement
and represents an excellent “first guess” to initialize a numerical scheme converging to a
solution to Problem (1), which is discussed in Section 4.

3.1 Random Matrix Results on the Model

Under the general spiked tensor model (2), we consider an ny X ... X ng tensor J = P +

ﬁN of order d > 3, modeling a low-rank deterministic signal P corrupted by an additive

Gaussian noise tensor N whose entries are independent N'(0,1) random variables'!. We
denote by (ry,...,rq) the multilinear rank of P and study this model in the asymptotic
regime where N — +oo with ny = ©(N) and r, = ©(1), ¢ € [d].

The estimation of P with a truncated MLSVD on J is simply the computation of the
dominant singular subspaces of J. Specifically, U® e Rrexre gathers the ry dominant left
singular vectors of T — and thus, UOTg® = I,,. Then, a low-multilinear-rank approxi-
mation of Tis T = [[9, uw, ..., Ij(d)]] with an r x. . . x4 core tensor G = T(Tj(l), ce ﬁ(d)).
An equivalent expression is T = [T;UDUWT . UDOTDT], which explicitly shows
that T is the projection of J on its dominant singular subspaces'?. Thus, the quality
of this estimation hinges upon the alignments between the singular subspaces of P and the
dominant singular subspaces of J. Namely, denoting '&gi), for q; € [ry], the columns of
U = [ﬁ,g@ . ﬁ% } and given that P = [H; X, ..., X @], the quantities of interest

(£)

are || X (e)Tﬁéﬁ)HQ since they represent how much of 4y, is in the ¢-th singular subspace of
the signal P.

In order to understand how the singular subspaces of P are perturbed by the addition of
noise, we study the spectral properties of the unfoldings T¥) = P(®) +\/LNN (@) In fact, since

we are only interested in the left singular vectors of T, it is more convenient to consider
the ng x ny symmetric matrix TOTOT . Note that this is different from standard spiked
matrix models (Benaych-Georges and Nadakuditi, 2011) because the second dimension of
T® grows at a faster polynomial rate than the first one (0 (N%1) versus ©(N)). Hence, it
is easy to see that the spectrum of TOTOT ghould diverge as N — +o0: set P = 0y, x...xn,
for simplicity and consider the expected mean of the eigenvalues,

1 1 1
- E — —_EIT ON© >
E A IE{ r( NY N

1
— = — H ngr ———— +00.
ny My N
AeSp(TOTOT)

I, N—+o0

11. We highlight the fact that the Gaussian noise assumption is not restrictive. Firstly, the universality result
of Gurau (2014) shows that, as N — o0, the distribution of a random tensor with i.i.d. entries has the
same limit than that of a tensor with i.i.d. Gaussian entries. Moreover, our results can be extended to
non-Gaussian noise up to a control on the moments of the distribution with the “interpolation trick” of
Lytova and Pastur (2009, Corollary 3.1). These are technical aspects which go beyond the scope of our
work. Examples of results relying on this method are Pastur and Shcherbina (2011, Theorems 18.4.2
and 19.2.1); Merlevede et al. (2015); Banna et al. (2015).

12. In the more familiar matrix case (d = 2), the expression [T U(l)ﬁ(l)T,ﬁ(Q)ﬁ<2)T]] is equivalent to
UOTOT @O @T,

13
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Hence, we need to consider instead a centered-and-scaled version of our random matrix

TOTOT to properly study the behavior of its spectrum. The quantities u%) and oy

introduced in Theorem 5 below are such that the eigenvalues of % {T(@T(@T — u%)Ine}
N

neither diverge nor vanish but stay at a ©(1) scale as N — 4o0.

Theorem 5 (Deterministic equivalent) For ¢ € [d], define the following quantities,

1 1
M%):NHTLZ,7 O-N:N HTL(.
0#EL Le(d]

As N — +o0, if the ratio | P||%/on is bounded, then the resolvent of the centered-and-scaled
matric %[T(E)T(Z)T — ,u%)IW} has the following deterministic equivalent (Definition 3),
defined for all Z € C\ R,

Q(Z)(z) :f (1 {T(K)T(Z)T - N%)IM} B ’%Ine>
ON

—1
s Q) Y <1p<e>p<m Ly )

ON m(z)" "™
e 1 ~
where m(Z) o NhIE — TrQY)(2) does not depend on € € [d] and satisfies the following
—+00 Ty
equation,
m?(2) + zm(2) + 1 =0. (6)
Proof See Appendix B. |

This theorem is fundamental. It gives a deterministic equivalent Q)(Z) of the resolvent
of the centered-and-scaled matrix - [T(Z)T(z)—r — ,u%) Ine} , which is our entry point into the

oN
precise characterization of its spectral behavior, following the approach presented in Section

2.3. First of all, notice that the “scaling parameters” u%) and oy are respectively O (N92)

and O(N %), meaning that the eigenvalues of TOTWOT grow at a speed N4~2 and spread

over an interval whose length grows as vV N9-2 and does not depend on the mode .
Moreover, the relation given in Equation (6) characterizes m, the Stieltjes transform

of the limiting spectral distribution (LSD) of %[T(Z)T(Z)—r - u%)In } We see that this

e
LSD is the same regardless of the low-rank perturbation POPOT as it is expected that
the perturbation should only cause the presence of a finite number of isolated eigenvalues
in the empirical spectral distribution. Notice that, if pPO — 05, %...xny, We simply have
QY (3) = m(Z)I,,. As a corollary, we recover the limiting spectral distribution of long
random matrices, which was first characterized by Bai and Yin (1988).

Corollary 6 (Limiting spectral distribution) As N — +oo, the empirical spectral dis-

tribution of the centered-and-scaled matrix # [T“)T(f)T — ,u%)Ine} converges weakly almost

surely to usc, the semicircle distribution on [—2,+2],
def 1
dusc(z) & o VA 22" da.
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Figure 3: Top: empirical spectral distribution (ESD) of TOT®T The orange curve is the
density of the stretched semicircle on [,u%) + 20n] (Corollary 6). Green dashed
lines represent asymptotic positions of spikes ,ug\e,) + aNégf) (Theorem 9). Bot-
tom: Observed alignments between the dominant eigenvectors of TOT®T and
POPOT (purple bars) with their predicted asymptotic values [ é?]* (red curve,
Theorem 9). Experimental setting: d = 3, (n1,n2,n3) = (300,500, 700),
N =ny +na +ng, (r1,72,73) = (3,4,5) and |P||%/on = 15.

Proof Following Equation (6), m(z) = %[—z + V22— 4] where the + sign is chosen so
that m satisfies the properties of a Stieltjes transform, in particular S[Z]S([m(Z)] > 0 for all

zZ € C\R. Then, the result follows from the Stieltjes transform inversion formula introduced
in Section 2.3 (see also Couillet and Liao, 2022, §2.1.2). [

This result states that the limiting spectral distribution of % [T(@T(@—r — ,u%)Im,} is,
in fact, the very-well-known semicircle distribution, first observed by Wigner (1955, 1958)
in the study of certain special classes of random matrices arising in quantum mechanics. It
indicates that, as N — o0, the density of eigenvalues of TOTOT is a stretched semicircle
on [,u%) + 20]. This phenomenon is illustrated in the first row of Figure 3, where the
empirical spectral distribution (ESD) of TOTOT i represented with the corresponding
stretched semicircle for every mode £ of an order-3 tensor of size 300 x 500 x 700 following

the general spiked tensor model (2).

Remark 7 (From Marcéenko-Pastur to Wigner) Given a random matriz X € RP1*P2
with i.i.d. N(0, p%) entries, it is well known that the empirical spectral distribution of X X T
converges weakly to the Marcenko-Pastur distribution as p1,p2 — +o00 with py/ps — ¢ > 0
(Maréenko and Pastur, 1967; Pastur and Shcherbina, 2011, Corollary 7.2.5; Couillet and
Liao, 2022, Theorem 2.4; Potters and Bouchaud, 2020, Chapter 4). On the other hand,

15



LEBEAU, CHATELAIN AND COUILLET

the standard semicircle distribution usc is known to be the limiting spectral distribution
of symmetric p x p random matrices with i.i.d. (up to symmetry) N (0, %) entries (Pastur
and Shcherbina, 2011, Corollary 2.2.8; Couillet and Liao, 2022, Theorem 2.5; Potters and
Bouchaud, 2020, Chapter 2). Here, Corollary 6 shows that if pa grows at a faster polyno-
mial rate than py, the matrizc X X T behaves asymptotically (up to a deterministic rescaling
and shift) like a Wigner matriz, even if its entries are not independent. FEzperimentally,
we observe that, if ny and n3 are chosen small compared to ny (in contradiction with our
assumption ni,nz2,n3 = O(N)), e.g., (n1,n2,n3) = (1000,40,40), then the empirical spec-
tral distribution of TOTWT is better modeled by a Maréenko-Pastur distribution than by
a Wigner semicircle.

Remark 8 (Confinement of the spectrum) The weak convergence of the empirical
spectral distribution to usc stated in Corollary 6 could allow for a negligible amount of
etgenvalues to stay outside the support of the limiting spectral distribution. In fact, in Ap-
pendz’x B, we show an even more precise statement on the global behavior of the eigenvalues
of ~N e)N T (the model without signal): for all € > 0, there exists an integer Ny such

that Dist(- el Mgv)] [—2,2]) < e almost surely for all A € Sp xNONOT as soon as
N > Ng. Thzs means that no eigenvalue of %{%N(@N(@T — ,u%)IW} stays outside the
support of the semicircle distribution [—2,2] almost surely as N — +oo.

The empirical spectral distributions of Figure 3 also show isolated eigenvalues on the
right side of each semicircle. They are caused by the low-rank perturbation P which, in
this setting, has multilinear rank (3,4, 5). The estimate of P given by a truncated MLSVD
on T has its singular subspaces spanned by the dominant eigenvectors of TOTOT e,
precisely those associated with these isolated eigenvalues. Hence, a precise characterization
of the behavior of these spikes is needed to plainly understand the recovery performance
of this estimate. As explained in Section 2.3, this can be achieved with the deterministic
equivalent given in Theorem 5.

Theorem 9 (Spike behavior) For ( € [d] and q; € [r¢], define the following quantities',

2 (pW
o 55, (PY) 1 ¢ 1
p((lz) - %07’ ng pqe + R0 and Cée) =1- 012
N Pae {qu ]

As N — +oo, if the ratio |P||3/on is bounded and pt(l? > 1, then

1 2 /¢ 71 a.s.. ze 0T 2 as.
o [sqé(T( )) — ,uN} - flge) and HX ) ((M) -5
where ﬁ((li) is the qo-th dominant left singular vector of T®.
Proof See Appendix C. n

13. We recall that the notation s;(A) denotes the i-th singular value of A in non-increasing order.
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The first quantity defined in this theorem, péi), should be understood as a signal-to-noise

ratio (SNR). Indeed, the squared g,-th singular value of P (i.e., the g,-th eigenvalue of
pPOPOT 3(21 [(P(e)), measures the “strength” of the signal in its go-th principal direction,
whereas oy measures the spread of the noise, as seen in Theorem 5. The two quantities éc(,f)
and ng) depend only on the value of this SNR and indicate respectively the position of an
isolated eigenvalue in the sprectrum of TT®T and the alignment of the corresponding
eigenvector with the sought signal. In fact, we observe a phase transition phenomenon: if
the SNR is large enough, i.e., if pé?
semicircle! around ,u%) + UNE(%). Moreover, recalling that P = [3H; X W X (d)]], the
eigenvector associated with this isolated eigenvalue is aligned with the subspace spanned
by X which is the ¢-th singular subspace of P. The quality of this alignment is given by
0<¢P <1

Most importantly, this result reveals the non-trivial regime for the estimation of P with
a truncated MLSVD. Since oy = @(N%), it shows that |P||2 = =1 ng(P(@) must
also be of the same order. Indeed, if |P|% < N%, then pgi) — 0, the SNR is too small
and no signal can be recovered, whereas if ||P||Z > N %, then p,(l? — 400, the SNR
is very high and recovery of P is easy. It is precisely between these two regimes, i.e.,

> 1, an eigenvalue of TOTOT jsolates itself from the

Pl = ©O(N %), that the recovery is non-trivial. Note that this observation is in line
with the results of Ben Arous et al. (2023) and Zhang and Xia (2018). In this non-trivial

regime, the quantities ng) given in Theorem 9 precisely quantify how well the dominant
eigenvectors of TOT®T are aligned with the sought signal, i.e., the singular subspaces
of P. In section 3.2 below, this result is used to study the reconstruction performance of
truncated MLSVD.

Remark 10 (Spiked Wigner model) The reader familiar with the spiked Wigner model

may have recognized the expressions of é,gf) and C(gf) given in Theorem 9. Indeed, given
a symmetric p X p random matriz W with i.i.d. (up to symmetry) N (O, %) entries, the

spectrum of [pxx’ + W with ||| = 1 follows a semicircle distribution as p — +oo with
an isolated eigenvalue at p + % if, and only if, p > 1 (Féral and Péché, 2007; Edwards and
Jones, 1976; Fiiredi and Komlds, 1981). Moreover, the corresponding eigenvector w is such
that | u|?> — 1 — p% almost surely as p — +oo (Benaych-Georges and Nadakuditi, 2011).

As discussed in Remark 7, up to a deterministic rescaling and shift, TOTOT asymptotically
behaves like a spiked Wigner matriz.

Theorem 9 is illustrated in Figure 3. In the first row, asymptotic positions of isolated
eigenvalues ,u%) + UN&%) are represented by the green dashed lines. In our experiment, P
has multilinear rank (3,4,5). Hence 3, 4 and 5 isolated eigenvalues are expected in the
spectrum of TOTOT for ¢ = 1, 2 and 3 respectively. This is indeed the case for ¢ = 1
and £ = 2 but not ¢ = 3 where there are only 4 spike eigenvalues. In fact, s5(P®)) is
not “energetic enough” to extricate itself from the bulk of eigenvalues, i.e, the SNR pég) is
below the phase transition threshold. Hence the 5-th dominant left singular vector of T

is not informative as it is not aligned with the 3-rd singular subspace of P, spanned by

14. Indeed, note that pfzi) >1 = géi) > 2.
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- (6)

X®). The second row of Figure 3 depicts the alignments of the spiked eigenvectors Ug,
with the corresponding singular subspaces of P as well as the asymptotic alignment given
by Theorem 9 as a function of the position of the associated eigenvalue. It appears that
the higher is the SNR p(qi), the farther is the isolated eigenvalue from the bulk and the
more is the corresponding eigenvector aligned with the span of X ). This assertion can be
intuitively understood in terms of “energy” s (P(l)) of a given principal direction. More
energy pushes the eigenvalue farther from the bulk and aligns the corresponding eigenvector
with the corresponding singular subspace of P.

3.2 Reconstruction Performance of Truncated MLSVD

Our random matrix results allow to accurately study the reconstruction performance of
truncated MLSVD. Given a data tensor J following the general spiked tensor model (2), we
consider its low-rank approximation J = [[97 uw, ..., ﬁ(d)]] where U® is the ngy x 7, matrix
whose columns are the r, dominant singular vectors of I and G = 3’([7(1), LU (d)). T is
the projection of J on its dominant singular subspaces, hence the name truncated MLSVD
as it generalizes the truncated SVD of matrices Given Model (2), the underlylng signal
estimated by Tis P = [3; X @, ... ]] The reconstruction performance of T hence
depends on how well the subspace'® spanned by U® estimates the one spanned by X @,

Metrics between singular subspaces are often expressed in terms of principal angles
(Bjorck and Golub, 1973; Stewart and Sun, 1990, 11.4), which generalize the concept of
angle between lines. Given two subspaces (here, Span X ) and Span U(Z)), one can define
a set of mutual angles which are invariant under isometric transformation.

Definition 11 (Principal angles) The principal angles 9((1? € [0, 5] between the subspaces
spanned by X and U®O are recursively defined for gqp=1,...,79 by
cos 9%) = w;uqe with (g, uq,) € arg max xu.
(@,u)eSpan X (©) xSpan U )
:chq/ =0, uTuq/ =0, 1<q;<qe
4 f4

Moreover, we have the following useful property.

Proposition 12 (Bjorck and Golub, 1973) The q;-th singular value of xXOTg® ip
non-increasing order equals the cosine of the qp-th principal angle,

Squ (XOTUO) = cos Y

a0 le [d], Qv € [7"@].

In fact, information about the alignment between the subspaces induced by X and
U® are contained entirely in the ry x r, matrix XOTU® . Following Definition 11, we
2 O(Z) . q(f)]+

know from Theorem 9 that, as N — —+o0, cos almost surely'®, where we

15. The object of importance is indeed the subspace and not the matrix U® since any other matrix U(DO(Z),
with O® an ry x g orthogonal matrix, would span the same subspace and therefore give the same
approximation.

16. Indeed, since GZ) > ... > W , observe that, in Definition 11, |z, ,Uq,|” is asymptotically bounded by
(O1+
[Cae' 1™
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have used the handy notation [-|* = max(-,0) since pg? >1 = géf) > 0. Hence, using

Proposition 12,

Lxomooft =15 oo 2y LS o) ™)

£ g=1 qe=1

Therefore, the quantity % IXOTUW®|2 € [0,1] appears as a relevant measure of alignment

between the singular subspaces of P and J and does not depend on the chosen orthonormal
bases X and U®. More details on metrics between subspaces can be found in Stewart
and Sun (1990, I1.4).

In Figure 2 are represented the alignments between the singular subspaces of J and
P = JwP, with |P,]|> = on as a function of the signal-to-noise ratio w. The fact that
|P5]|> = on ensures that the estimation problem is non-trivial (neither too easy nor too
hard) as p((f;) = O(1). Plain curves are the alignments given by Theorem 9 as N — +oo
(right-hand side of Equation (7)) whereas dotted curves are simulation results at finite N
(left-hand side of Equation (7)). In this setting, P, has multilinear rank (3,4,5). Hence, its
“energy” ||P,||? is spread among 3, 4 and 5 directions along modes 1, 2 and 3 respectively.

Each break in the plain curves correspond to a value of w such that p(e) = 1, that is,

(6)

w = O'N/qu( > "). In other words, there are ry phase transitions along mode ¢ whose

positions depend on the singular values of Po(g). If w is too small (here, w < 2), truncated

MLSVD fails to recover any direction of the singular subspaces of P,. As w passes the
first phase transition (here, at w = ox/s3(Ps (1 )) 2), a first principal direction is partially
reconstructed. Then, more and more phase transitions occur, corresponding to more and
more principal directions being recovered as w grows. Simultaneously, the reconstruction
of previous directions keeps improving. Eventually, as w is large, subspace alignments
approach 1, indicating that truncated MLSVD accurately recovers the singular subspaces
of P,.

The reader has not missed the dashed lines in Figure 2 showing much better subspace
alignments than truncated MLSVD. They result from the numerical estimation of the best
rank-(3,4,5) approximation of J with the HOOI algorithm, which is discussed in the next
section.

Remark 13 (Reconstruction of H from J) Guarantees on the recovery of the core ten-
sor H can be deduced from Theorem 9 as well. Without loss of generality, we can assume
that X(K)TU(E) z's up to an almost-surely vanishing additive term, a diagonal matriz with

entm’es C1 yen Cre (otherwzse replace U® by Uvo® for a well-chosen orthogonal matriz
@), Then, 9 TOW, ..., UD) is the corresponding estimator of H and

G—dc+ \/%mﬂw, LU it Fe=[acO0TXO, L OOTXO]

We will see in Lemma 14 below that |\\/LNN(I7(1),...,(AJ(CI))||F = ( ) almost surely as
N — +00. On the other hand, we know that |H|p = |P|lr = O(N 7 ) > O(1) as soon
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as d = 3 and the entries offf are proportional to those of H:

A

d
Harronaa = Haraa H ngf) + €q1,esqa> teld], q €lrd,
=1

up to an almost-surely vanishing additive term eg, . 4, a8 N — 400.
Moreover, regarding the reconstruction of T, we know from De Lathauwer et al. (20000,
Property 10) that

H‘J‘—‘j‘

2 d n d Ty
Ty Y @)=Y (II‘II% -y s;(r_rw))
=11,

4
to=rp+1 /=1 qe=1

and the asymptotic behavior of SZE (T(z)) is given by Theorem 9.

4. Numerical Estimation of the Best Low-Multilinear-Rank
Approximation

In search of an efficient estimator of the planted signal P, one naturally considers the best
low-multilinear-rank approximation of J, that is, a solution to Problem (1). As explained
in the introduction, this is NP-hard in general but numerical schemes can compute it in
polynomial time above the computational threshold (Montanari and Richard, 2014; Zhang
and Xia, 2018). In this section, we examine the most standard of these numerical schemes,
namely the Higher Order Orthogonal Iteration (HOOI) algorithm (De Lathauwer et al.,
2000a; Kroonenberg and de Leeuw, 1980; Kapteyn et al., 1986), and discuss the numerical
difficulties faced in the computation of a solution to Problem (1).

4.1 Higher-Order Orthogonal Iteration

Following De Lathauwer et al. (2000a, Theorem 4.2), the maximum likelihood estimation
formulated in Problem (1) is equivalent to

1
A R

where V., (R™) & {U® ¢ Rrexre | yOTU® = I,,} is the set of 74 x ny matrices with
orthonormal columns, known as the Stiefel manifold (Chikuse, 2003; Absil et al., 2009).
Then, since the Frobenius norm of J(U @, .., U(d)) is equal to the Frobenius norm of any
of its unfoldings,

UOT®) )
K

, ¢ € [d].

o, )| - ‘
F

And we see from Problem (8) that U,Eg) is the matrix gathering the r; dominant left singular
vectors of T'(*) Xz U*(E ). This is precisely what motivates the HOOI algorithm presented
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Algorithm 1: Higher-Order Orthogonal Iteration (De Lathauwer et al., 2000a)

for /=1,...,ddo Uég) + r¢ dominant left singular vectors of T')
repeat
‘ for/=1,...,ddo Ut(_?l < 7 dominant left singular vectors of T'(¥) Xz Ut(g)

until convergence att =T
d
Snoor « T(UY,... . UY)

in Algorithm 1. It performs fixed-point iterations to compute a solution U*(l), e U,Ed)
satisfying the previous property!”.

The HOOI algorithm is initialized with Uél), ey éd), the truncated MLSVD'® of T
Given the results of Section 3, this is indeed a very good and easily computable first guess.

9) such

that U*(Z) spans the left r,-dimensional dominant singular subspace of T® @/# U,EZI) for
all ¢ € [d], which corresponds to a solution to Problem (8). In practice, the stopping
criterion can be chosen as a negligible change in the norm of the estimated core tensor,
7@, Uk

Xu (2018) showed that the convergence of this algorithm towards a local minimum of
Problem (8) is guaranteed as long as its initialization is sufficiently close to this local min-
imum. In light of our previous results, we can provide further insight into this “sufficiently
close” property. Indeed, in Theorem 15 below, we show that an initialization with non-
zero alignment with the signal P is sufficient to ensure that the HOOI algorithm perfectly
reconstructs it after a single iteration.

Before introducing Theorem 15, we formulate an important preliminary result which
essentially states that, given A € V,,(R™), £ € [d], the quantity T%HN(A(I), L AD)|p
is almost surely bounded as N — +oc.

Then, fixed-point iterations are repeated in order to find a solution U*(l), ceey U,E

Lemma 14 With probability at least 1 — 6,
2

sup HN(A(l), .. .,A(d))H

AV, (R™), (e[d] ¥

d
1 1
ZW(W_ re + > logﬂ —|-1og< max(l,eé HZ_IT‘[—l))
£=1 2 log 5 5

where C' > 0 1s a universal constant.

<16

Proof See Appendix D. |

This result is crucial to handle the behavior of the noise in our analysis of Algorithm 1
(Appendix E), which leads to the following result on the alignment between the singular
subspaces of the signal P (spanned by X (E)) and those estimated from the observation I

after the first iteration of HOOI (spanned by Ul(ﬁ)).

17. In fact, this property corresponds to first-order optimality conditions of Problem (8), with the squared
singular values as Lagrange multipliers.
18. Consistently with the notations of Section 3, this is UM, ..., U,
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Theorem 15 (Asymptotic optimality of HOOI) As N — +oo, if |P||r > 1 and

n |epw® .. 20, U YLy P
nin 2@l US| L > 12
where w(g? s the qp-th column of XO then,
1 2 P
—HX(Z)TUl(g)H =140 H# almost surely.
Ty F LN
Proof See Appendix E. |

It is important to carefully understand the assumptions of Theorem 15. Firstly, it
assumes that ||P|lp > 1 as N — 400, that is, the signal is not necessarily in the non-trivial
regime @(N%) but can be smaller or bigger as long as ||P||p — 400, regardless its speed.
Then, the second assumption H?(Uél),...,azéi),...,Uéd))HF > Hﬂ’||%/2 means that each
principal directions of the ¢-th singular subspace are sufficiently preserved after contraction
on {Uéel)}g/#. When these assumptions are verified, Theorem 15 states that the matrices

Ul(l), cees 1(d) computed after the first iteration of HOOI perfectly reconstruct the singular
subspaces of the sought signal P as the dimensions of the tensor, nq,...,nq, grow large.

More formally, as N — +o00, the alignment %HX (K)TUl(Z)H% approaches 1 almost surely.
Furthermore, the speed of this convergence behaves like ||P|| /L3

Theorem 15 does not assume a particular choice of initialization Uél) Yy éd) and gives
a sufficient condition for it to ensure the convergence of the algorithm. Nevertheless, as it is
presented in Algorithm 1, truncated MLSVD is a standard choice of initialization. In this
case, the assumption Ly = O(||P||) is verified as soon as enough principal directions are
recovered. According to Theorem 9, this is only possible if ||P||p > \/on = O(NNV %) since
a necessary condition is ng) > 1 for all ¢ € [d], while a sufficient condition is p,(li) > 1 for all
¢ € [d) and g, € [d]. In other words, convergence at speed ||P||" as assured above a critical
signal-to-noise ratio lying between the first and the last phase transition of each mode, and
which depends on the particular structure of the core tensor J. Yet, in most cases, this
happens quite early, right after the first phase transitions, see for example Figure 2.

We emphasize the fact that the assumption of Theorem 15 can already be verified as soon

as miny pge) > 1. That is, there is no need for all the principal directions to be reconstructed

at initialization. In fact, it could very well be that maxy ng) < 1. If the singular subspaces

of P are sufficiently preserved with the initialization Uél), e Uo(d) — e, if Ly > ||P||Y/?
—, then the other principal directions still emerge after the first iteration.

In the simpler rank-1 case, these technical considerations vanish and we recover the
result of Feldman and Donoho (2023, Theorem 4.2): if P = S Qyc(g x then a necessary

and sufficient condition for Ly = O(||P||r) is simply 5% > on. Indeed, pgg) = 3% /oy for

all £ € [d]. Moreover, when this assumption if verified, Theorem 15 ensures the asymptotic
exact reconstruction of (1), ... 2@ in a single iteration with a |P||z' = By speed of
convergence.
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Initialization First iteration First iteration (rescaled)
1 L = 0.4
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Figure 4: Alignments between singular subspaces of the observation I = P + ﬁ?\f and of

the signal P, with ||P||%/on = 10, at initialization of Algorithm 1 (i.e., truncated
MLSVD) and after the first iteration, as a function of the size of the tensor given

by the parameter N. Left: 1| XOTU{"|2. Middle: 1| XOTU{"|]2. Right:
(1-— %HX(Z)TU@H%) x \/on. Experimental setting: d = 3, (%, %, &) =
(%a %7 %)a N =mny +ng + n3 and (7"1,7’2,7‘3) = (3’45 5)

Remark 16 (Practical implications) In practice, one should still run several iterations
of Algorithm 1 until a certain stopping criterion is verified as this effectively improves
the final estimate and converges to a solution to the maximum likelihood estimation (1)
(Xu, 2018). Theorem 15 states that the reconstruction performance of HOOI after the first
iteration increases as we consider larger tensors, until it reaches perfect recovery in the
large N limit. In other words, the number of iterations required to achieve a specific level
of accuracy in maximum likelihood estimation tends to 1 as N — +o0.

Theorem 15 is illustrated in Figure 4. As a function of N — the size of the tensor —
we represent the subspace alignments observed at initialization and after the first iteration
for a fixed signal-to-noise ratio | P||2/on = 10. The left panel compares the observed align-
ments achieved with truncated MLSVD (initialization of Algorithm 1) with the asymptotic
alignments predicted by Theorem 9. As N grows, the observed alignments remain around
their asymptotic values, with only a decrease in variance. The middle panel presents the
alignments after the first iteration. Here, as N increases, we observe an increase in the
values of the alignments, which approach 1, consistently with Theorem 15. This is specified
in the right panel where the value (1 — %HX(@TU@H%) x /oy is plotted. According to
Theorem 15, this value should be O(1) since Ly = O(||P||r) = ©(y/on) here. The observed
behavior confirms the |P||z" speed of convergence asserted in Theorem 15.

4.2 Discussion on Signal Reconstructibility

Our results on truncated MLSVD (Section 3) and HOOI (Section 4.1) bring insight into
the computational-to-statistical gap observed in the low-multilinear-rank approximation
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problem. Truncated MLSVD can only work efficiently if || is at least O(N d4;2) and
its reconstruction performance has been discussed in Section 3.2. However, Theorem 15
suggests that it is possible to perfectly reconstruct the signal P from the observation J as
long as ||P||r > 1 and HOOI is accurately initialized. Yet, it is known that, without prior

information on P, maximum likelihood estimation (1) is NP-hard below the © (N %) com-
putational threshold (Zhang and Xia, 2018), which lies precisely in the non-trivial regime
of truncated MLSVD.

In fact, what can be understood from Theorem 15 is that it suffices to have an initial-
ization Uég), ¢ € [d], slightly aligned with the underlying signal P to be in the right basin
of attraction and allow the convergence of Algorithm 1 towards a solution to Problem (1).
This complements the results of Xu (2018) on the conditions of convergence of HOOI. Fur-
thermore, a solution to Problem (1) is aligned with P as soon as |P||r = ©(1) (Ben Arous
et al., 2019; Jagannath et al., 2020; Zhang and Xia, 2018). Hence, as the HOOI algorithm is
meant to compute a maximum likelihood estimator, with the assumption ||P||p > 1 made in
Theorem 15, it is expected that these iterations allow to perfectly recover the signal asymp-
totically. Maximum likelihood estimation is indeed (theoretically) trivial if ||P||p — +oo.
It is more surprising however that this already happens at the first iteration.

As said previously, the choice of initialization UD(Z), ¢ € [d], does not matter in Theorem
15. In fact, without prior information, a truncated MLSVD is the best choice as it allows
to partially reconstruct the signal at the © (N d4;2) computational threshold. Nevertheless,

had one prior information allowing such a reconstruction in the regime 1 < P < N -
where truncated MLSVD would not be fruitful —, HOOI would still be able to perfectly
reconstruct the signal P given this initialization.

Hence, HOOI initialized with a truncated MLSVD, as it is presented in Algorithm 1,
allows to numerically compute a maximum likelihood estimator (solution to Problem (1))
but only above the phase transition of truncated MLSVD. Indeed, its initialization plays a

determining role: it must place Uéz), ¢ € [d], in the right basin of attraction, which, without

prior information, is only possible above the © (N 7 ) computational threshold.

Finally, we highlight the fact that these results concern the large N limit. In practice,
it makes no sense to talk about ©(1) or O (N %) regimes at finite N. Figure 2 also depicts
the subspace alignments achieved with the maximum likelihood estimator computed with
Algorithm 1 on T = /&P + JN. Although [|P[lr = /&N = O(N'T ), HOOI does
not achieve perfect recovery of P as one might expect from Theorem 15 (even if several
iterations were performed here). In fact, at finite N, perfect recovery is not feasible. But,
as N grows, the dashed line would approach 1 above the (computational) phase transition
determined by the truncated MLSVD and stay close to 0 below.

5. Concluding Remarks

The analysis presented in this work yields theoretical and practical insights into the esti-
mation of a low-rank signal from an observation T = P + ﬁN following the most general
spiked tensor model. While Zhang and Xia (2018) gave a general overview of the differ-
ent regimes governing the estimation of P with a low-multilinear-rank approximation of
J — thereby confirming the existence of a computational-to-statistical gap —, our results
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shed light on the non-trivial aspects at stake around the © (N %) computational thresh-
old. This is of particular importance as practical applications lie in this non-trivial regime
where signal and noise have the same magnitude and must be decoupled. In particular,
truncated MLSVD and HOOI are very standard and efficient algorithms to compute low-
multilinear-rank approximations. Performances of the latter rely strongly on the quality of
its initialization, which is usually performed with a truncated MLSVD in the absence of
prior information. This approach allows the detection of the underlying signal as early as
the computational threshold contrary to other methods such as AMP or tensor power iter-
ation, which are efficient above a © (N %) algorithmic threshold (Montanari and Richard,
2014).

Relying on standard tools and methods from the theory of large random matrices, we
have characterized the spectral behavior of the unfoldings of J in the large IV limit. Specifi-
cally, our first main result shows that, when properly centered and scaled, the eigenvalues of
TOTOT asymptotically follow a semicircle distribution. The rescaling exhibits their mean
u%) = O(N%?) and a quantity oy = O(N %) governing their spread. From our denois-
ing perspective, oy indicates the strength of the noise. Indeed, while the global behavior
of the eigenvalues is controlled by the noise, the addition of a low-rank signal causes the
presence of a finite number of eigenvalues outside the limiting semicircle distribution with
corresponding eigenvectors aligned with the singular subspaces of the sought signal P. Yet,
the existence of these outlier eigenvalues hinges on the values of the signal-to-noise ratios
p((li) = sgl(P“)) /on, manifesting a BBP phase transition phenomenon. When they exist,
the positions of these isolated eigenvalues and the quality of the corresponding alignments
are completely determined by p((]?. These results justify the use of a truncated MLSVD
to estimate P from the observation J and allow the precise characterization of the achiev-
able reconstruction performances in the non-trivial regime, i.e., close to the computational
threshold. In particular, we have seen that each singular value of P(®) determines the posi-
tion of a phase transition corresponding to the detectability of the corresponding principal
direction.

Although truncated MLSVD does not yield the best low-multilinear-rank approximation
— i.e., a maximum likelihood solution —, it serves as an excellent initialization for the HOOI
algorithm, which converges to such an estimator if it is initialized sufficiently close to it (Xu,
2018). In fact, we precise this last assertion by showing that, as long as the initialization
preserves the singular subspaces of P in a sense precised in Theorem 15, HOOI converges
to a maximum likelihood solution in a number of iterations which tends to 1 as N — +oc.
Hence, when it is initialized with a truncated MLSVD, it shares the same phase transition,
whose position depends on the singular values sgi)(P(g)) of the unfoldings of P. Yet, given
prior information, HOOI can still reconstruct the maximum likelihood solution below the
computational threshold ||P|r = ©(N %), where its success depends entirely on the quality
of its initialization.

This work gives a comprehensive understanding of the low-multilinear-rank approxima-
tion problem near the computational threshold, which has both practical and theoretical
implications. Besides, from a theoretical perspective, the behavior of the maximum likeli-
hood estimator is still unclear near the statistical threshold — that is, in the regime where
|P|lr = ©(1). Several works have studied the rank-1 symmetric case (Ben Arous et al.,
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2019; Jagannath et al., 2020) and the approach developed by Seddik et al. (2022) in their
analysis of the rank-1 asymmetric case may be an attractive direction to consider. Relying
solely on classical tools from random matrix theory, they bring the study of the best rank-1
tensor approximation down to that of a structured matrix defined from the contractions of
the data tensor on its dominant singular vectors. Extending this procedure to our general
spiked tensor model (2) presents no conceptual difficulty, despite being computationally
cumbersome due to the multiple dimensions of the singular subspaces. It is an interesting
line of investigation to refine our understanding of the statistical limits to low-rank tensor
estimation from spiked models.
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Appendix A. More Random Matrix Tools

In this appendix we state a few useful results for our proofs in Appendices B and C. This
completes the basic tools given in Section 2.3. Let us also recall valuable references for the
interested reader: Bai and Silverstein (2010); Pastur and Shcherbina (2011); Tao (2012);
Potters and Bouchaud (2020); Couillet and Liao (2022).

A.1 Stieltjes Transforms

Following the definition of Stieltjes transform (Definition 2), we state a few of its properties.
They can be found in Pastur and Shcherbina (2011, Proposition 2.1.2).

Proposition 17 (Properties of Stieltjes transforms) Let m be the Stieltjes transform
of a real probability measure L.

1. m is analytic on C\ R and m(z) = m(z);
2. if Sz # 0 then S[m(z)|Sz > 0;
3. forall z € C\ R, |m(z)] < 1/|3z|;

4. if p has a density at x € R then %(m) = limy o S{m(z + iy)].

Note that the resolvent Qg(z) def (S — zI,)~! of a symmetric matrix S also satisfies

1Qs(2)l] < 1/[3z].

In order to take into account the potential divergence of m(z) or ||Qs(z)]|| near the real
axis, we introduce the following notation.
Definition 18 We write u,(z) = O,(v,) whenever there exist two polynomials P, Q) with
nonnegative coefficients and an integer ng such that |u,(z)| < %”UM as soon as
n = ng.

In particular, m(z) = O,(1) and ||Qs(2)| = O,(1).
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A.2 Concentration Tools

In order to prove the concentration around its expectation of a scalar quantity, we will rely
on the two following lemmas.

Lemma 19 (Poincaré-Nash inequality) Let z ~ N (0,,I,) and f : RP — C be a differ-
entiable function with polynomially bounded partial derivatives O1f,...,0pf. Then,

Var(f(2)) < E[|[V£(2)|?]

whereV:[al 8P]T.

Proof See Pastur and Shcherbina (2011, Proposition 2.1.6). |

Lemma 20 Let (X,)n>0 be a sequence of random variables on C. If E[X,] — X € C as
n — 400 and there exists an integer k > 1 such that 3,0 E[| X, — E[X,]|*] < +o0, then
X, — X almost surely as n — +o0.

Proof Let € > 0. By Markov’s inequality (Billingsley, 2012, equation 5.31),

3" P(X0 ~ EX)| > €) < o Y B[l — B[] < +ov.

n>0 n=0

Thus, by the first Borel-Cantelli lemma!? (Billingsley, 2012, Theorem 4.3),

]P’(lim sup| X,, — E[X,,]| > 5) = 0.

n—+00

This implies the almost sure convergence of (X,,)n>0 to X:

P(limsup‘Xn - X|> g> < P(limsup[\xn — E[X.)| + [E[X,] - X|] > 5) —0.

n—-+o0o n—-+o0o

A.3 The Helffer-Sjostrand Formula

A basic property of Stieltjes transforms is that, if f : R — R is a bounded continuous

function and m is the Stieltjes transform of a real probability measure, then [ fdu =
lim, 1o L[ f(z)ym(x + iy)de. Yet, this formula is not always satisfying because m(z + iy)

may diverge as y | 0. The following powerful result gives a more pleasing formula when f

is smooth and compactly supported.

19. Given a sequence of events (A,)n>o0 in a probability space (2, A,P), if >~ _ P(A,) converges then
P(limsup,,5o Az) = 0.
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Proposition 21 (Helffer-Sjostrand formula) Let u be a probability measure on R and
m be its Stieltjes transform. Let f : R — R be a compactly supported function which has a
contz’nuous (k + 1)-th derivative (k > 1). We define ®i[f], the quasi-analytic extension of

fonCJr {ze(C|\sz>0}as

FOR)x(32)

k i%z)l
() =3
=0

where x : R — [0,1] is an infinitely differentiable even function such that** x(y) = 0 if
ly| =1 and x(y) =1 if ly| < I for some 6 €]0,1[. Then,

/Rf dp = g% 8¢3ka] (z)m(z) dz

T Jo+ OZ

1
where % = (88%2 + i@iz) is the Wirtinger derivative.

Proof The support of ®[f] is compact therefore an integration by parts gives
2 0P[f]
— d
W%/(C+ 2% (z2)m(z) dz

)
[ )

— 00

i +o00 +oo aq)k[f] ) ) ) ]
+§ /_OO (/0 Dy (x +iy)m(x +iy) dy |dx
2 [—i . . . om
= 2R [lm{@ulfe + (e + i) do— [ @A) GEG) 4o
Since m is an analytic function, the Cauchy-Riemann equations give 9m/0z = 0 and the

second integral of the right-hand side is zero. Then, as the limit of a product is the product
of the limits and lim, o ®[f](x +iy) = f(x), we have

i?)?/(c+ 8@;k2[f] (z)m(z) [ / f(z (hmm x —|—1y)) dx}

Finally, observing that R[—iz] = Sz and 4 lim, o S[m(z + iy)] = du(z) (Proposition 17)
concludes the proof. |

N
Since x is constant on ]0,0], 0 < ¥z < 0§ = 6q>k[f] (2) = %%f(kﬂ)(%z). The
greater k, the faster the convergence to zero of Lkzm as Sz | 0. This is particularly

useful to evaluate quantities such as [ fdu; — [ fdue from the knowledge that the Stieltjes
transforms m1, mo of pu1, uo (respectively) satisfy |m1(2) — ma(2)| = O(|Sz|7%) as Sz | 0:

[5am =[5 am=2n [ 2y me) - mae)) d

=0(1) as Szl0

20. An example of such function is x : y +— g(%)g(tg) with g(u) = % and f(u) =
exp(—1/u) ifu>0
0 ifu<<0 ’
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The smoothness of f compensates for the divergence of mj(z) — ma(z) near the real axis.
The next lemma is a handy result to evaluate some integrals which appear after using
the Helffer-Sjostrand formula.

Lemma 22 Let K be a compact subset of R and h be an analytic function on C\ K such
that

1. hm|z‘%+oo h(Z) = O,

2. h(z) = h(z) forall z€ C\ K,
3. there exist an integer ng = 1 and a constant Cx > 0 such that

|h(2)| < Cx max(Dist(z, )", 1) for all z € C\ K.

Then, limyyo 1 [ STh(z + iy)] dz = limy, o —iyh(iy).

Proof According to Theorem 5.4 of Schultz (2005) (see also Capitaine et al., 2009, Theo-
rem 4.3; Loubaton, 2016, Lemma 9.1), h is the Stieltjes transform of a compactly-supported
Schwartz distribution (Rudin, 1991, Chapter 6) and therefore satisfies the stated result. W

Appendix B. Proof of Theorem 5
The resolvent of TOT®T is defined for all z € C\ SpTOTOT as

Q0 (07 )

We will often drop the dependence in z to simplify notations.
Since QU1QY = I, and TO = PO 4 ﬁN(a, we have,

1
POTOTQO 4 = NOTOTQO _ Q0 — 1, . )

B.1 Expressions with Stein’s Lemma

Using Stein’s lemma (Lemma 4), we find the following expressions.
E{p(f)T(f)TQ(f)] - E[P(E)P(E)TQ(K)] _ %E[p(f)T(f)TQ(f) Tr QY + p(f)T(f)TQ(f)QL
(10)
OpoToo] = Hegene arow) _ 1 Q ©2 4 0 Ty Q)
E[NOTOTQW] = i E[Q"] \/NIE[(nngl)Q +2(QU2 + QT Q")].
(11)
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Derivatives of Q¥) Firstly, we need to show that

Q) 1
ab _ 2 (o0 [p0OTQ®] L [gOr® w). 19
N VN (Q“[ @ L,b [Q }a,dQva (12)

)

Indeed, using the fact that QW) = —QUWA(TWOTOT)QW  we have,

) ¢ OT
9t _ | g0 porgo|  _ |gur©dTVT oo
aN(f) 8NC(2 a,b 0NC(2 a,b

e a’
ON') , VN ab
T 1
O Gl O] oW
O N U QT 0u
¢ a,b

Proof of Equation (10) Since T = P + ﬁN(Z), we have,
E[P(Z)T(Z)TQ(Z)] — E[P(f)p(f)TQ(f)] + \/LE[P(@N(@TQ(O].
N

To deal with the rightmost term, we successively use Stein’s lemma (Lemma 4) and Equation
(12).

HZ’;élnf’ ng
[pon] - 5t $alryal)
b =1 1=1
H 120 l
_ ij ‘ i 7 8Ql(,j)
= ik
k=1 =1 3Nl(,i)

_ 1 : O A ()T A
-5 X YEARl[roTeY], |



A RANDOM MATRIX APPROACH TO LOW-MULTILINEAR-RANK TENSOR APPROXIMATION

Proof of Equation (11) We proceed similarly with Stein’s lemma (Lemma 4) and Equa-
tion (12).

OpOT o)
E[NOTOTQ L
Hz'# ' ny ©
= Z ZE[ zk Q ]
k=1 =1
HW# ¢ ny Q
— Q Z) l,]
kZl Z: “ " ont)
. HZ’;&Z TM’E{Q(@} _ 1 HzlfnwﬁE T(g)Q(ﬁ){ TQ é)}
- \/]V i ﬁ = I,k %l k,j
1 Hl’;ﬁl ) (@ « (z) o
—m;;W@LM

= el - or[eOr T Q0 @O

Since TOTOTQW — QW = I,,,, we find the result stated in Equation (11).

7]

B.2 Asymptotic Behavior of the Resolvent
Taking the expectation of Equation (9) and injecting Equation (11) yields
E[POTOTQO] + ME[Q@]
N

- %E[(nz +1)QY +2(Q"2 + QU T Q)| - :E[QY)] = I,

We rearrange this expression into the more convenient following form,

Tr Q¥ ng — [przp e
QO fz ] N <Z+ EFZIVW>E[Q<@} LT,

ng
My
N

1
— _NE{Q(@ + ZQ(K)Q} + ]E[p(é)T(f)TQ(é) )

Here, the divergence of the spectrum of TOT®T bhecomes problematic: its resolvent QW
vanishes asymptotically, allowing the presence of the diverging coefficient % 11 ¢r¢ e I the
previous equation. To bypass this difficulty, we proceed to a rescaling,

-1
def 2 —,ugv) =) det (TOTOT — u%) n
oN

2 . QY= . - 4—21m> =onQ(2),

with - H Ny, ON = H ng.

N vz teld]
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This changes our equation into

Q) (¢
13N +O'NZ anlQ(g)TrQ( )

2
oN N 7

(ﬁ) Ny — ’ Ny ~
+ (MN +zZ+ ”HH)E{Q(@} + I'n,g
ON onN

LT ()
- _ E Q(@) 4 (HN + Z) Q(€)2

onN

n LE{ POTOTGO

ON ON

Let us define ﬁz%) P2 ni Tr Q(z)(~) the Stieltjes transform of the empirical spectral distri-
(£)

bution of # [T(Z)T(Z)T — ,u%)I } With this definition, and using the fact that Miﬂ =1,

we can rewrite the previous relation as

E[m{ Q"] + 2E[QY] + I, - ;VIE[P“)T(@)TQ“)}
e @) (5 el - e oo

ON
where we have kept only the non-vanishing terms on the left-hand side.

B.3 Concentration of Bilinear Forms and Traces
B.3.1 OVERVIEW

Let us show that E[Q®)] is a deterministic equivalent of Q) (Definition 3). That is, for all
bounded (sequences of) vectors a,b € R™ and matrices A € R™ >,

aT(QU-E[QU])b 20 and o TA(QU-E[QU]) o

This result is derived with the Poincaré-Nash inequality (Lemma 19) and Lemma 20. Indeed,
relying on Lemma 19 and Equation (12), we find below that

B[ 4(@"() - E[QVa))[] = 0:v2),
8|7 (@) - E[Q)] )t | = 0:v

for all deterministic matrix A € R™*™ and vectors a,b € R™ of bounded norms (spectral
and Euclidean norms respectively). By Lemma 20, this implies that

T A(QY(2) - E[QV(2)]) =250 and o' (QY(2)-E[QV(3)|)b 0.

N—+o00 N—+o00
Hence, E[Q)(2)] is a deterministic equivalent of Q()(Z) according to Definition 3.
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B.3.2 PROOF OF THE CONCENTRATION

Concentration of Traces Let A € R™*™ be a deterministic matrix with bounded
norm. The Poincaré-Nash inequality (Lemma 19) yields

E l(; TrA(Q(‘Z) - E[é(ﬂ)ﬂ = Var<nlé T&"AQ(K))

With Equation (12), we have,

0Tr AQ ne e 8Ql

=>.> 4 HEND

aN k=11=1 i
= Z Z Ary TOTQW) % + 1QVTY),,Q)
O-N\Fk 11=1 { }
1 - ~ ~
= [QVATQUT® + QW AQVTV] .
JN\/N{Q @ @ ? L’j

Thus, using the fact that (a + b)? < 2(a® + b?), we have,

Y] Hz';ﬁe o 8TrAé(€) 2
5> Y B[S

= = ony)
ng Hi’;é/ B B B B
Nn% 3 Z [[Q(E)ATQ(K)T(E)]ZZJ + [Q(Z)AQ(K)T(@}?J}
=1 7=1
_ 2 OATHOTO|? L o0 a0OTO|
2 sl aaorel +|a0agore]]
£)
< 4[] ]
where the last inequality is obtained using the property |AB|r < ||All[|B|lr and the
sub-multiplicative property ||[AB]| < HAHHBH Since HA||F < ngHAH2 = O(N) (because
ng = ©(N) and || Al is bounded), ||Q H = O3(1) and 2 HT H2 = O(1), we find that

Var(-- TrAQ )y = 0;(N~2); QE.D.

Concentration of Bilinear Forms Let a,b € R™ be two deterministic vectors with
bounded norms. The Poincaré-Nash inequality (Lemma 19) yields

ne He’yse T TA 2
(50 _=la®\p)] — THO Oa Q()b)
E (a (Q E[Q Db” Var(a Q b) gg jzl E (

®
N,
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With Equation (12), we have,

8aTQ e le

—ZZ%

aN(f k=1 1=1

= ZZ QAT OTQYY 4+ 1QUTY,,QY b

UN\/>1€ 11=1
1 - - -
_ OgbTAOTO + GObaTGOTO]
UN\/N[Q ab’ QT +QVba"QUT®]
Thus, using the fact that (a + b)? < 2(a® + b%), we have,
%He’z;ﬁti & (8aTQ(Z )
©)
=1 = 8N7,]
Hg/
i 752 . _
< NZ Z [Q(z bTQ ] <+[Q(£)baTQ(£)T(£)]?A
2
2 sfJavarar 7 +larwrarn]

R

@[z} = o

where the last line is obtained similarly to the previous case. Hence, Var(aTé(f)b) =

O:(N~1), which is not enough to apply Lemma 20. We must therefore evaluate the moment

of order 4,

e[ (a (@ - E[@])p)'] = vor( (a7 (@ - E[@“] 1))
+5[(a7(@-5[Q))o)"]

Since we already known that the rightmost term is O(N ~2), we use the Poincaré-Nash
inequality (Lemma 19) on the variance of (a™ (QY) — E[Q¥])b)?,

v (o (@ 5[0

0
§jE '—%
(a oNY

7.]

2
;[@Yba" QY - QVbaE[Q }—E[Q“)]baTQ“)}b> .
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Similarly, injecting the expression of oQW / aNi(?, straightforward computations yield

Vaur((aT (Q(f) —E {Q(@Dbf)
%: . l( UN\F< (@ —E[QY])5)[Q® (ab + baT>é(€)T(@]i7j)2]
< Se [l (@0 -£[@0])p) (@°aT @O, + @ bT@ T )|

< glalior|(a” (@ -£[@])e)’|a [ |z

Since we have shown that E[(a’ (Q® —E[Q®])b)?] = O-(N~1), we have Var((a' (Q®) —
E[Q“])b)?) = O:(N?); QE.D.

B.4 Expansion of the Mean Empirical Stieltjes Transform

Let Q(()Z) denote the resolvent of i [iN ONOT _ (Z)Inl} Using the resolvent identity
A7l - Bl = A"YB - A)B™!, we can see that - Tr(Q(Z QW) = O,(N~1) therefore
the low-rank perturbation P does not change the limiting spectral distribution and we
can consider P = OWXH Y from now on.

Applymg - Tr to Equation (13) and using the fact that - Tr Q2 m%), as well as
E[m\Y?(2)] = E[m%)( )2 + Var(ml (2)) with Var(m{? (2)) = OE(N 2), we find

E[m%)(z)r + 2B (3)] +1

(e
_ L sm®2(2) + md (2 LUN o=@ - ~ min(4,2)
=~ E[E ) + w0 0] - G AL )]+ o.vmnd ) aa)

where the Oz (N~ min(gg)) stems from o = @(N%). We know that the Stieltjes transform
msc of the Wigner semicircle distribution on [—2,2] satisfies mZ(2) + Zmsc(2) +1 = 0
for all Z € C\ [-2,2] (see, e.g., Pastur and Shcherbina, 2011, Corollary 2.2.8). Let us
subtract this relation to Equation (14) and factorize by E[ﬁ%%)(i)] — mgc(Z) using the
relation a? — b? = (a — b)(a + b).

(B[ (2)] = mso(2)) (E[mR(2)] + mso(2) + 2)
O )
= —UlN T]L\fE =l (2) + mi (2)] - ;JQVNE 8 (2)] + Oz (N min(E2),
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O 21

—1 . Since, mgc and E[m)/] are Stieltjes transforms*', we

Fmsc(2)+Emy (2)]
have |9\ (2)] < |S[Z + msc(2) + E[mP (2)]]7! < |9%]~! therefore

n ) )
:g%&z)[jzvjéla[ AE) A )] + G E[AE) |+ o)
= g0) = NE[m() + ()] + 0. (16)

ON
_ OZ(N—min(%,l)). (17)

Notice that the dominant term in the difference E[m%)(é)] mgc(2) differs depending on

whether d = 3, d = 4 or d > 5 because oy = G)(ngz). The higher d, the faster the
convergence of the empirical spectral distribution to the semicircle distribution. Indeed,
at this point, Equation (17) already shows the pointwise convergence of E[m%)(fi)] to msc
and therefore the weak convergence of the corresponding distributions (Geronimo and Hill,
2003). Yet, in order to show the confinement of the spectrum below, we need an explicit
expansion of E[ﬁb%)(,%)] with all the terms not dominated by N~!, which we state in the

following lemma.

Lemma 23 E[m\"(2)] = mgc(2) + b\ (2) + O, (N~ ™(2:2)) with

) -
h%)(f):Tz(f)(f)(;%(2t§§)2(5)+t§?(5)> 1 MN msc()>

N N 03, 2+ 2msc(3)
-1 1 2 = ~
where T](\f)(z) =— |1+ 1oy Zmge(2) + mSC(zz)
Z + 2mgc(2) on N (2 +2mgc(3))

1 ny Zmdo(2) + msc(2)

@/ _ 5\ _
and ty (%) =mse(?) = o o ea(2)

Proof Firstly, with the Poincaré-Nash inequality (Lemma 19), we can show that

g Hz’;&e o

16|V ]
Var Z)/ Z Z <

ngo 3 N2

. 2
el L oTr Q2

= 0:(N7?).

z

and differentiating with respect

/

Taking —Tr of Equation (13) with P = OanH

to the complex variable Z under E (which is pos&ble because the integrand can be upper

21. ﬁl%) is obviously a Stieltjes transform and it can be shown that its expectation is also a Stieltjes transform
with Herglotz theorem (Weidmann, 1980, Theorem B3).
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bounded on every compact subset of C \ R), we find

E[ (2 () + 2)m{) (2) + mi) (2)]

N
_ L ngy @2, o (0) o (O oy = (O
= B[ 2 (a0%) + 20 ()l () + 0 )
0 s ~ (01
L (kN 2\ wn s 2mY(Z)
—— |+ = - G

Then, since Varm\? () = O.(N~2) and Varm\('(2) = O.(N~2), we have E[m\)*(2)] =

()~ _ () oy~ (O~ () e (O~ _ .
Eliy (2))* + O:(N~2) and E[myy (<)) (2)] = Elmfy ()JE[RY (2)] + O:(N~?) (using
the Cauchy-Schwarz inequality to upper bound the covariance). And, with the fact that
E[m%)(,%)] = mgc(2) + O;(N™ mm(%’l)) (Equation (17)), we obtain from Equation (18)
that

7O (= _LC(Z) _ —min(ﬂj)
B[ (9)] = 5 e gy + Os(N )

since |2 + 2mgc(2)|7! < 2|7 < |$Z|7L. Moreover, using Equation (17) in Equation (16),
we find

E[m{(2)] = msc(2) + gV (z)(;v?é (2m3e(2) +msc(2)) + O:(N7Y). (19)

We can now inject the last two relations into Equation (15):

B[10(2)] = mscl2) + o0 (5)— 2 (mso(2) + o0 (2) ¢ (mde(2) + mscl@) )
+980(2)5 5 (msc(@) + o (2) 5 (mio2) + msc(2))
0

_ O Ly msc(?) (N-min(2.2)

We only need to handle the asymptotic behavior of g%) (2) to conclude the proof. With
Equation (17) and the fact that |2 + 2mgc(2)| 7! < |32, we have g%)(é) = _71) +

—min(452 1) . . . . Framsc(s
O;(N 2 7). We can then use this relation in Equation (19):

1 ny 2mdo(2) + msc(2)
on N zZ 4+ Qmsc(f)

E[m\)(2)] - msc(2) = - +O:(N7).

37



LEBEAU, CHATELAIN AND COUILLET

Therefore, we have

Vi) = —
Z 4+ mgc(2 )-i-E{ (3)( )}

E[ml) (2)] - mso()\
_ 1 - my’ (2 msc(2
§+2msc(§)( Z 4+ 2mgc(Z2) )

1 (1__E@nﬁkzﬂ-nmcu)

Z+2mgc(2) Z 4+ 2mgc(Z2)

= o e EmEe(3) +msc(f) .
24 2msc(?) (1 ! on N (24 2mgc(2))? ) FO

+ Og(N_ min(d—2,2) ))

Eventually, Equation (20) becomes

2 n ng Zm2. (2 mec(2 2

on N Z 4 2mgc(2)
(€
0 L uy msc(Z) - min(2.2)
TN(Z)NUNZ+2msc()+O( 7)-

(@(g)i@ (msc(f) 1 ng §mgc(2) + mSC@))

with T](\f) A ——— ( +1W£m§c(2)+mSC(2)) -

Z+2msc(2) on N (z42msc(2))?

B.5 Confinement of the Spectrum

We have just found, in Lemma 23, the following expansion: E[ﬁl%)(f)] msc(Z)+ h )( )+

(9 S(NT min(§, 2)).  Note that this shows that the limiting spectral distribution of
Fae [ LNONOT u%)Inz} (and therefore that of % [T(Z)T(Z)—r - u%)Ine]) is the semicir-
cle distribution on [—2,2]. We will now use this expansion to prove that, almost surely, no
eigenvalue of % {%N(@N“)T — u%)Im} stays outside [—2,2] as N — 4o00. That is, for all
€ > 0, there exists an integer Ny such that, for all A € Sp(% {%N(K)N(E)T — M%)I"’—’D’
Dist (A, Supp pmp) < € as soon as N > Nj.

Let € > 0, ¢ : R+ [0, 1] be an infinitely differentiable function which equals 1 on [—2, 2]
and O on R\ [-2—¢,2+¢] and ¢ = 1 — . We want to show that

171
Tr (Q/J(UN [NN(K)N(Z)—r — uS@I,d)) — 0 almost surely as N — +oo.
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First of all, we show the convergence in mean with the Helffer-Sjostrand formula (Propo-
sition 21).

1 171
- S|l nonoT _ O ]))]
E[WTr(g0< N{NN N pn In,

TR T
= ;S‘E - 8‘%@ (Z)E{m%)(z)} dz
_2p [ 0%l sy az o 2w [ 2%ad95),05) as

m Jo+r 02 m Jo+r 0%
2 Bq)q [SD] 5 —min(¥,2) 3
+ ;% o 7(2) X Og(N 2 ) dZ.

where we have used the expression of E[ﬁ@%)(é)] given by Lemma 23. The first integral is

Jr ¥ dusc = 1 while the last one is O(N™ min(g’2)) with ¢ chosen sufficiently large so that

&%EM(Z) cancels the divergence of O;(N~ mm(%’m) near the real axis. In order to evaluate
the second integral, we perform an integration by parts:

2 /(C ) 9ale )40 3 az

T 0z
Sl (i)
T e e
=25 [im{@de it} e - [ aee 556 @

Since h%) is an analytic function (as sums and products of Stieltjes transforms), we have

Oh/dZ = 0 by the Cauchy-Riemann equations. Moreover, we have lim, o ®4[¢](z + iy) =
¢(x) and, from the definition of h%), limy 1o %[h%)(m +iy)] = 0 for all z € R\ [-2,2].
Therefore,

2 A 1 P D R N Y
;?R/(C+ 55 (2)hy () dz—lylﬂ)l; _Q\s[hN (x +iy)] dz.

We use Lemma 22 to show that this integral equals limy_, 4 —iyh%) (iy) = 0. The function

h%) is analytic on C\ [~2,2], lim|z_, 1 h(2) = 0 and h%)(é) = h(2) for all Z € C\ [-2,2].

Thus, we just need to show that there exist an integer ng and a constant C' > 0 such that

\h%)(é)] < Cmax(Dist(2,[—2,2])7"0,1) for all Z € C\ [-2,2]. Firstly, we find an upper
O/ o = _

bound for ty/(Z). Since Z — HT;C(E)

on [—2,2] and —(Zmsc (%) + 1) = m3y(Z), we have

is the Stieltjes transform of a probability measure

) 1 ngzZmgc(2) +1
on N Z+2mgc(2)

[ 2)] = Imso(2)]

SRR SRR T T —
= Dist(z,[-2,2]) on N Dist(z,[-2,2])3

1
< (1 + W) max(Dist (2, [-2,2]) ™%, 1),
on N
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Moreover, since |Z| < Dist(Z, [-2,2]) + 2, we also have

( Dist(2 2])) (1 i ;V?\? Dist (2, ?—2, 2])3)

3( +1W> x(Dist (3, [~2,2]) 4, 1).

Similarly,

1 ngmsc(Z)(Fmsc(2) +1)
on N (2 +2msc(2))’

< (1+1W max (Dist(Z, [-2,2]) 7%, 1).

Hence, we can upper bound ]h%) (2)|:

00| < ol (L 3l - L0 )
on N N N NU]2V Z 4 2mgc(2)

—

o~

~
1

1 ny 1ng< lng)[( 1ng> } 1 py
<l 1+ —=)|—=(1 311+ ——=— 1 ——
<+UNN>[UNN +O'NN +0NN + +NO']2V

x max(Dist(2, [-2,2]) "1, 1).

Therefore we can conclude that 2R [ aqg’z[@]( )hg\,) (2) dz2 =0 (Lemma 22) and

Ny ON N

ie., E[Tr(zp(l {JifN(Z)N(Z)T B “%)I’”Dﬂ _ o(v-min(52.0y,
oN

E|:1 'I‘I'((p(l {1N(£)N(5)T _ M%)I :|>):| =1+ O(N—min(g,Z))’

Secondly, we prove the almost sure convergence of Tr (1/1(% [%N ONOT u%)Ine} ))
to 0 by showing that its variance is O (N~ min(%’m) (and Lemma 20 implies the result). With
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the Poincaré-Nash inequality (Lemma 19), we have

171 ¢
(s [fvorin]))
= Var (TI“ <90<1 L{IN(Z)N(Z)T - M%)Ine )))
w lozre [lome(p( L[ENONOT -4 01,]))

ON
<>, Y E =
i=1 j=1

n He'# 4
— EZ E E Ty (SO/ (1 {1N(Z)N(4)T _ M%)Ine} ) 0 [11N(5)N(4)T
N
=1 j=1 i

1 e Hz';uz"f’
E

—awY X

i=1 j=1

,1{1 OnOT _ O D (e)]
[290 <UN NN N pn In, | | IN

4,J

N
= 1:},E[TI‘U<1 {;N(Z)N(K)T — N%)Inz:| )]

O 11 ,
)

where u : x — z¢'?(x) and '? are infinitely differentiable functions with compact support
which equal 0 on [—2,2]. Hence, applying similarly the Helffer-Sjostrand formula (Proposi-
tion 21), we find

L [LNONOT 0, )] = ey [ 0% e ) 0z

on N ON oNn N7 0z
_ O(N—min(d—1,¥))
and
4u%@ﬁ,%1[1Nmer_wu]ﬂ
N U?V v on |N HN e

0 /
_ gy 2 / OPg[P'] T~ (O AT 15— s nr—min(£.2)
=N 02 W?R M (z)E{mN (z)] dz=0(N 2:2)

for ¢ chosen sufficiently large. Thus,

171

Var (Tr (w(UN [NN“)N“)T - u%)IWD)> — O(Nmin(5.2))

and we can conclude on the almost sure convergence with Lemma 20.
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B.6 Deterministic Equivalent

With the rescaling (z, Q®(2)) ~ (2,Q¥ (%)), Equation (10) becomes

LE[ POTOTQY] = LE[ POPOTQO]
ON ON

L 27— 0) o\ )T A0 . L p@m@T /02
_U;VE[NmN (HPOTOTQY ¢ L POTOTQO

where — 0as N — +oosince |PO)| =

%E [%m%)( HPOTOTQY 4 L p(@T(Z)TQw]

O(N%) and | T = O(N%). Hence, with Equation (13) and Equation (17), we have

[rsc(o[@) + 8]0 + 1., - L pOPOT[@0]| o

N—4o00
and, since mgc(2) + 2 = Wl(g), we can define the following deterministic equivalent (Defi-
nition 3):
-1
O (z) s QW (5) % <1P<e)P<m n 1~In2> .
ON msc(2)

Appendix C. Proof of Theorem 9

Recall that Q) is the resolvent of % {T(Z)T(ﬁ)T - u%)Im} while Q(()E) denotes the resolvent
of the same model without signal, # [%N(@N(@T — ,u%)IW}.

C.1 Convergence of Bilinear Forms

First of all, we must show the almost sure convergence aTQ((f)b — mgc(Z)(a,b) — 0 for
all bounded (sequences of) vectors a,b € R™. Given the concentration result proven in

Section B.3, we just need to show that aTE[éé@]b —mgc(Z){a,b) - 0 as N — +o0.
Let us multiply Equation (13) when y O OWXHW# ny by @' on the left and b on the
right.
E[mY (2)a’ Q{'b] + 2E[aT Q{"b] + (a,b) = O (N~"n(FD),

Then, using the fact that E[m%)(,%)] =mgc(2)+0: (N~ min(%vl)) and mgc(2)+7 = ms_cl(é)’
we obtain the desired result: E[aTQé@b] = mgsc(2){a,b) + O;(N~ min(%vl)).
C.2 Isolated Eigenvalues

We seek eigenvalues of % {T(E)T(g)T — u%)IW} which stay outside the support of the semi-
circle distribution [—2,2]. That is, we seek € € R \ [~2,2] such that

1 _
det( [rOTOT - )01, | - gIW) = 0.
ON
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Using the expansion TG = PO 4 ﬁN (@), this is equivalent to

1 1 1 -
det( = (popoT L L _ponor L o p(m) 0@ 11, )
et ( ~ ~ O@) + I,

X det<01N LIVN“)N(@T - M%)IW} - EIW) =0

where the second determinant is non-zero for IV large enough from the confinement of the
spectrum proven in Section B.5. Then, we know that P = [H; X W . X (d)]] therefore

PY = XOL® with LO = H® (®€,# X(Z’)T) and we can write

1 1 1
1 (popor . 1 ponoT L No p(@T)
oN ( VN VN

L gOFgOT x0T

ON
as the matrix product {X(“ X C,Nl\/ﬁN(“L“)T} L LONOT |, Thus, with Sylvester’s
x@OT

identity (det(I, + AB) = det(I; + BA)), we are left to evaluate a 3ry x 3r, determinant:
det(Is, + M) =0

where M is the following matrix

ﬁH(Z)H(Z)TX(Z)Té((JZ)(E)X(Z) ﬁH(Z)H(‘Z)TX(Z)Té((f)(E)X(f) — i/ﬁH(l)H(Z)TX(Z)Tét(f)(E)N(Z)L(Z)T
N

1 L T AW (& x (¢ 1 L T AW (& x (¢ 1 0 OTOHO (AANE@ T.(OT
WL( )N () Q; (5)){() WL( )N () Q; (f)X() []%ViNL()N() Q; (§)N(>L(>
X(é)T@é@ X X(é)TQ“é@ X ;mxwﬁgjgﬁ (ENOLOT

°N

From the convergence of bilinear forms and the orthonormality of the columns of X (),
we have X (Z)T@((f) O)XO — mga(€)I,, almost surely. Moreover, we can see that the
matrix mL(Z)N (Z)T@é@ (€)X vanishes almost surely as N — +oo since |[LY)|| =

O( N%) and |[N@Wa| = O(V/N) almost surely?? for all bounded (sequences of) vectors

22. This fact is not so easy to see (note that it does not depend on d!). If we naively upper bound | N a||?

by [|[NO|?|la|?® = O(N%), we do not find the desired upper bound. Instead, we can remark that
INWa|? =a"NOTNOa = a" VDV " a where D = Diag(M(NOTNO) .\, (NOTNO)) (we
assume N large enough so that Hz,# ng > ng thus Mi(NOTN®Y = 0 for i > ng) and V follows a

uniform distribution on the Stiefel manifold V,,, (RH"# n”) (Chikuse, 2003, Theorem 2.2.1). Therefore
%HN([)aH2 < (u%) +20n)a’VV Ta. Without loss of generality, we can assume that a; = ||a|/01,
(replace @ and V by Oa and OV for a well-chosen orthogonal matrix O). From Mardia and Khatri

(1977), we know that [VV T]1; follows a beta distribution with parameters %, M so its
moments are given by E[VV ']} ] = H’:;; HW% for all k > 1. This is enough to see that (u{ +
e ngr+2r
20 )E[[VV ] = (u + 2o8) [T = O(1) and 1Y 1 208 VY E[([VV i — E[VV 1)) =

oo M
O(N72), whence the almost sure statement %HN“)(LH2 =0(1).
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a e Rllvze™ The only term which remains to evaluate is the block (2, 3):

L Juonengp@noner]

B Y

S on  oN N H N—+o00

Eventually, as the determinant is a continuous function in the entries of the matrix, we
have, in the large N limit,

%@H(Z)H(K)T + In, mSC( )H(‘e)H( )T OT,gX'f'ﬁ

ON

det 0, = 0.

IT@ 07‘4 XTyp

E( oI, msc(§)I, I,
AB]

Using twice the relation det[4 B] = det(AD~' — BD™'CD) when D is invertible, this
simplifies into

Thus, we seek &Sf) € R\ [~2,2] such that

O g7 +m>:0

&(0)

msc(§

Uqué)sge(p(f))_,_lzo, e € [re).
Injecting the expression ﬂ”Lsc(chf)) — (P(f 7 into the equation mgc( )+€qz msc( (é)) +
1 =0 yields

) s2 (PW)
oy (8) - %l ®
T PE) (P@) oy s3,(PO)

As ééf) > 0 by definition, it must be strictly greater than 2 (the right edge of the semicircle).

P
This is true only if pt(z ) def M

C.3 Eigenvector Alignments

Let uge), i¢ € [ng], denote the is-th left singular vector of T (sorted in non-increasing

order of its corresponding singular value). From the spectral decomposition TOTOT —
S 2 (T80T e have,
Q) = .
= s (Tw)) - “5v)] ~:

If p((M) > 1, o € [rg], then s (T () is an isolated eigenvalue in the spectrum of TOTOT and

# [33 ’ (T(g)) (5)} —> 5%). Hence, for any positively-oriented simple closed complex
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(£)

contour 4, circling around é,gf), leaving all the other éff), qy # qu, outside and not crossing
14

[—2,2], Cauchy’s integral formula yields, for N large enough and any a € R™,

.02 1 TAWO) (= g~  as 1 oo
‘a UEH) T (Z)a Q()(z)adzm—% (£> QY (3)a dz

by the dominated convergence theorem since, for all Z € ’yqe ) TQ(@( Ja — a'QY(%)a
almost surely as N — +oo by definition of the deterministic equivalent (Definition 3) and

(0)

z ey, = |la’ QW (Z)al is almost surely bounded for N large enough because we can choose
WO such that Dist(E,7{?) > & > 0 and therefore |aT Q¥ (2)al < [|la]2|QV(2)| < ||al?/e
almost surely.

Using residue calculus, we can compute,

L a0 e (s 20 T(l ©poT , 1 >_1
21%7{ QY (%)a dz = hm)(z h )a UNP P mSC( )Iw a.

Note that POPOT = xXOFOFOTXOT and there exist an ry X 7 orthogonal ma-
trix O such that HOH®OT = OOWAOOOT with A = Diag(s3(PY),...,s2 (PY)).
Hence,

-1
aT(lp(E)p(é)T+ 1 ~ Inz) a
oN msc(Z)

—1
—aTxO0® <1A<e> n 1IW) 00T x0T,
oN msc(2)

Let us therefore compute the following quantity,

s2,(PWY) L) 0 ifq
o / q # q
— lim (z —5(%))( g + = = { 0 . e qp € [rel,

z—>§(3) ON mSC(Z) ng) if qé =qe

where we have used the fact that msc (fg)) = In order to handle the case ¢, = gy,
2

__ON_ __
52/ (P(@) ’
¢

we use L’Hopital’s rule,

—1
C(E) _ i Sig(P(Z)) N 1
q dz ON msc(2) 50
ag

~(¢
_ m3o(E)
mie(E5))
o
nglg(P(Z))msc( (z))

In order to compute mg (ééf)) let us differentiate the relation m3y(2) + Zmgsc(2) +1 =0,

2mgc(2)msc(Z) +msc(Z) + Zmge(2) =0,

msc(Z)

/ 7 — =N
msolZ) = 2mgc(2) + 2
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Hence,
oN
- T2 (PO
/ )\ _ sqe(P )
mSC( ég)) - s2 (P(0)
-2 ON + ¢ + ON
Sge(P(Z)) oN sge(P(f))
B 1
sq, (P19) _
N

: . ¢
Back to our previous expression of Qg,_,), we now have,

0_q,__ON
qr 53{ (P(f))

Therefore, for all a € R™,

b 7{(@) a"QO()a dz = a’ X V0O ZOOOT X0 4
o

where Ztgf) is an ry X ry matrix with all its entries equal to 0 except [Z(gf)]%ql = (Z). Thus,

()

summing the alignments of 1, with each column of X yields

4)
N—+o0 qu /Z qp:ae _Cq '

QZ

Jxerag)

q,=

Appendix D. Proof of Lemma 14

Our proof of Lemma 14 uses the notion of e-covering. An e-covering of a compact set K
for the norm ||-|| is a finite set C C K such that for all x € K, there exists z € C such
that ||z — Z|| < e. We also define the covering number N(g, K, ||-||) as the smallest possible
number of elements in C.

Moreover, we recall the definition of the Gamma function T'(s) = [;"*°¢*~le~*dt and
the (upper) incomplete Gamma function T'(s,z) = [/ t>"le7dt for s > 0 and = > 0

For our proof, we need to introduce a few preliminary results which are stated and
proven below (except Lemma 26 for which a reference is given).

Lemma 24 For ( € [d] and € > 0, let A € R™*"¢ be such that |AO|| < & and VI ¢
Vi (R™) be the matriz of its left singular vectors. For all AW) e R xre ! # 4,

HN(AU), . .,A“),...,A(d))HF < eHN(A@),...,V“), . .,A<d>)HF.
Proof Let VOZOWOT phe the singular value decomposition of A®). We have,

HN(A<1>, A0 A(d))HF = HAWN“) XJa®
U#L

F

<o)

— [wOTOyOT N© lx Al
=7 -

vOTN©O lx Al
‘ =7

:HN(A(l),...,V(Z)’_..7A(d))||F

F
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using the fact that ||AB|r < [|A||||B||r- [ |

Lemma 25 Given A(() € V,,(R™), ¢ € [d],

a1 )

Leld]
Proof Firstly, observe that, for all (q1,...,qq) € Xeld [re],

n1y..5M

IN(AD, . Ay, = Z Niyoi,AD - AD L N(0,1)

1,91 td,qd
Ulyenyig=1

since Y1 Agf)qe — 1 for all £ € [d]. Then, we show that all the entries of N(AM, ..., A¥)

are independent because their covariance is identity,

E “N(A(l)v s 7A(d))](h,---711d [N(A(l), ceey A(d))]q’l,...,ql’i}

ni,...,Ng  MNi1,...,N
= Y BN Ny AT, AL, A0, A,
3eey 10009lyg 21,91 217q1 1d,9d il,d
U1yeeld= 1Z1, zdfl
N1,eesTg
= Z AL 4 AlD - p(d)

11,q17 i1,q) T g Vig,q)

1 g = ()
0 otherwise ’

Hence, the result follows from the fact that |[N(AM, ...  AD)|2 is the sum of [Lecia e
squared independent N (0, 1) variables. [ |

Lemma 26 (Hinrichs et al., 2017, Lemma 4.1) For 0 < € < 1, we have the following
upper bound on the e-covering number of the Stiefel manifold V,.(R™) for the spectral norm

115

'r+1)

o=
NE V@), ) < ]
where C' > 0 is a universal constant.
Lemma 27 I'(s,z) < max(1,e* )T(s)e™*/2 for all z > 0 and s > 0.

Proof Given s > 0, consider the function f : z € [0, 4o00[— ge(f’f/)Q with C' > 0. Our goal
is to show that 0 < f < 1 when C' is well chosen. f is continuously differentiable on [0, +00]

and

1

1
f(x) = Ce_w(—ms_le_z + 2F(s,a:)> >0 < I(s,z)—2z°te™® > 0.
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Consider the function g : z € [0, +oo[— ['(s,2) — 225 te™®. g is also continuously differen-
tiable on [0, +-o00[ and

Jd@) =2""te ™™ —2(s —1)a* 220 <= 2 >2(s—1).
We distinguish two cases.

1. If 0 < s < 1, then g increases monotonically on [0, 4o00[. Since lim;_,4 g(x) = 0, we
necessarily have g(x) < 0 for all z € [0,400[. Hence, f(z) < f(0) = % and we can
choose C' =T'(s).

2. If s > 1, our conclusion stems from the following table.

x 0 2(s—1) +00
9'(2) - 0 +
I'(s 0
o T — -
9(2(s — 1))

Since g is strictly increasing on [2(s — 1), +oo[ and lim, 4 g(x) = 0, we necessarily
have ¢g(2(s —1)) < 0. Hence, since I'(s) > 0, the equation g(x) = 0 has a unique
solution on [0, +oo[ and it lies between 0 and 2(s — 1). Let zo(s) € [0,2(s — 1)] be
this unique solution. Then,

['(s,wo(s))
[Os’,ﬂgo[f = flo(s)) = = e

and we can choose C' = T'(s, zo(s))e®0(*)/2. The final result follows from T'(s, z¢(s)) <
['(s) and e®0(3)/2 L es—1,

We are now ready to prove Lemma 14.
Let ¢ > 0 and Cy be an e-covering of V;,,(R™) for the spectral norm |||, ¢ € [d]. Since

Xeld V,,(R™) is compact, it contains an element (Ail), .. A(d)) such that

AO v, @), ge[d]HN(A(”w--’A‘d))HF — [va®,..., 4]

Let A®) € ¢, be such that A = A® + AO with |A®]|| < e. Then, using the triangle
inequality, Lemma 24 and the optimality of (Agl) ,A&d ), we have,

[NCAD + A® L AD L AD)| < [NAD, L AD)| +s|Nal A

i k .
with § % e, ( Yk < 08 15’“2, < e — 1. Hence, choosing ¢ = 4 log 3, we get,

HN(A&”, . .,A@)HF < QHN(A“), - ,A<d>)HF
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and, from the union bound, for any t > 0,

r(ala), =) < U flatan), s 1)
AW®ec,, te[d]

< ¥ ]P’(HN(A(”, L ADY| > ;)
ADee,, teld)

Thus, combining Lemma 25 and 26, we have,

_ 'r£+1)

(1) (@ Cd Ej:l re (W 2 12
p([a. ... a2 0) < [ 24 o(x=1)

where X is a random variable following a X2(H£€[d] r¢) distribution. Eventually, the proba-
bility on the right-hand side can be bounded using Lemma 27,

) < max(l’ 6% HZQ[d] T£—1)67t2/16‘

We get the result stated in Lemma 14 with

1 1
oS ) o 1) )]

Appendix E. Proof of Theorem 15

Recall the decomposition P = [H; X W, .. X (d)]]. We use the following lemma whenever
we state that |[P(UD ... . UD)|p = O(|P|r) as N — +oo.

Lemma 28 For all (AW ... A) ¢ Xeqa) Ve R™),

HiP(A(l),...,A(d))HF <|IPlle T |x“7A®].
Leld]
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Proof The proof relies on the property ||AB|r < ||A|||B|.

d
Hg)(A(l)7 o A(d))H —AOT x @) gr@) & X (OT 40
F (=2 F
d
<1 AOT x O Fr® lZ X OT 40
F
d
— AT x O AT x@ 72 (Irl X IE X(Z)TA(€)>
(=3 F
d
<AOT x @ A(Q)TX(Z)HHH(?) (Ih X lx X(Z)TA(Z)>
(=3 F

(1o o 3.
/=1 /=1 F

<
=[1H[e=11Plx
|
Given ¢ € [d], U, ® gathers the r, dominant left singular vectors of T &3/# UO( ), ie.,
it is solution to
,max OTTO K] U(‘” (21)
UW®ev,, (R™) UZ -
Consider also a solution /Ijl(e) to the following related problem
o1 ()
max p lx U, (22)
£) . n ;
UOeV,, (R™) vz v

Observe that, using the property ||AB||p < ||Al/||B]|g, we have,

2

2
¢ / v
HU(K)TP(K) IX Ué | p— ||U(Z)TX(£)H(£) IE x (¢ )TU(g )

OF F OF P
2
< lu©OT x| g S xO U < S x Ty
s g

and this upper bound is only reached with U®) = X®OW  for any r;x ry orthogonal matrix
0Y. Hence, Ul(z) = XOO0W, The strategy of our proof is to show that, as N — o0,
Problem (21) has the same solutions as Problem (22), which are known.
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With the decomposition T = P + ﬁN, we have,

U(e TNO |X| )

H v R v’

[
F

0£L @’;ﬁﬁ 0'£L F
+m<U“”P<f>xvéf’%vww&Ué"’> |
£l 0'#L F

From Lemma 14, +|U®TN® X 2o Ué )H = O(1) almost surely and

2 y
Ao roggu vorvogar)
2t 17
F
<= lovotpoKQud| lvoTNne Kol
=7 - U2 -
—o(7lp) —O(/N)
Therefore, for all U®) € V,, (R™),
2 2
vOTTO N U vOTPORUS | +O(Plly)  almost surely.  (23)
UFL - Iz, -
In particular,
2 2
(K)T & vl = Ul(e)TP(Z) & U(()el) + O(||P]lg) almost surely,
U2 - U2 -
2 2
UI(Z)TT(Z) & Uém = ﬁfg)TP(e) lX Uégl) + O(||P]lg) almost surely,
O - UL -

where the first equation is simply Equation (23) with U O = Ul(g) and the second equation
stems from the maximum over U € V;,,(R™) of both sides of Equation (23)?3. Hence,

o PO XUl

O£l

+ O(||Pg) almost surely.  (24)
F

HUl(Z)TP(g) & Uégl)

O£l

F ‘

23, max{[UOTT K, UL |2} < max{[UOT PO R, U [2} + max{O(|P]lx)} where each max

is over U¥) € V,, (R™). Thus, [U{"TT® [X],,_, US |3~ 10T PO K, US |2 = O(|P||r) almost
surely.
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Then, consider the singular value decomposition X (Z)TUl(é) = ZZ? 1 s((]i)véf)wéf)—r.

2 2
Ul(Z)TP(g) lX Uo(g/) _ Ul(z)TX(g)H(g) lX X(@/)TUé@)
IZE P IZE P
2
e
/ v
= |3 spwlpely) O R X0
qe=1 AL P
2
_ Z e)z e)TH(z IXIX@/ TUO( ")
=1 U F
Ty 2
_ Z TH IXI x () TUéz) _ Z (1 _ 525)2) ,Uéf)TH(E) IXI X(zl)TUézf)
qr=1 £F#L F o @=1 oL F
2
HO lzl X(e')TUO(Z’) _ zé: (1 ((15)2) e)TH(z lXI X(e')TU )
vF pooa=l UE ¥

Therefore, because ||H®) Xz X(EI)TUSEI)H% = Hff/l(Z)TP(Z) Xz Uéél)H%, Equation (24)
yields,

2
4

(1= s02) ol

qe=1

o1 T
v OTHO K] xOTU”
O£

=O(||P||p) almost surely.
F

Using the decomposition U((Jf) =" [v(z)]

a=1 X )Tacg), we can see that

q

2
(Um.nxgwa@wFZGQQ.

S

F =1

(f TH(K & X(f')TU ()
0 £L

Hence,
Te
Z (1 — séﬁp) =0 (H;J;HF> almost surely,
qe=1 N

which is the result stated in Theorem 15:

HX TU1 H 7721 P 1+(’)<” U ) almost surely.
a
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