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ABSTRACT

We study the estimation of a planted signal hidden in a recently introduced nested
matrix-tensor model, which is an extension of the classical spiked rank-one tensor
model, motivated by multi-view clustering. Prior work has theoretically examined
the performance of a tensor-based approach, which relies on finding a best rank-
one approximation, a problem known to be computationally hard. A tractable
alternative approach consists in computing instead the best rank-one (matrix) ap-
proximation of an unfolding of the observed tensor data, but its performance was
hitherto unknown. We quantify here the performance gap between these two ap-
proaches, in particular by deriving the precise algorithmic threshold of the un-
folding approach and demonstrating that it exhibits a BBP-type transition behav-
ior (Baik et al., [2005). This work is therefore in line with recent contributions
which deepen our understanding of why tensor-based methods surpass matrix-
based methods in handling structured tensor data.

1 INTRODUCTION

In the age of artificial intelligence, handling vast amounts of data has become a fundamental aspect
of machine learning tasks. Datasets are often high-dimensional and composed of multiple modes,
such as various modalities, sensors, sources, types, or domains, naturally lending themselves to be
represented as tensors. Tensors offer a richer structure compared to traditional one-dimensional
vectors and two-dimensional matrices, making them increasingly relevant in various applications,
including statistical learning and data analysis (Landsberg}, 2012} |Sun et al.,[2014).

Yet, in the existing literature, there is a notable scarcity of theoretical studies that specifically ad-
dress the performance gaps between tensor-based methods and traditional (matrix) spectral methods
in the context of high-dimensional data analysis. While tensor methods have shown promise in var-
ious applications, including multi-view clustering, co-clustering, community detection, and latent
variable modeling (Wu et al.,[2019; |/Anandkumar et al 2014} |[Papalexakis et al.,[2012; Wang et al.,
2023)), little attention has been devoted to rigorously quantifying the advantages and drawbacks of
leveraging the hidden low-rank tensor structure. Filling this gap by conducting a thorough theoreti-
cal analysis is crucial for gaining a deeper understanding of the practical implications and potential
performance gains associated with tensor-based techniques.

In the specific case of multi-view clustering, [Seddik et al.|(2023a)) recently proposed a spectral tensor
method and carried out a precise analysis of its performance in the large-dimensional limit. Their
method consists in computing a best rank-one (tensor) approximation of a nested matrix-tensor
model, which, in particular, generalizes the classical rank-one spiked tensor model of Montanari &
Richard (2014), and can be described as follows. Assume that we observe m transformations of a
p x nmatrix M = py ' + Z representing n points in dimension p split into two clusters centered
around +u, with y € {—1,1}" and Z a Gaussian matrix encoding the “inherent” dispersion of
individuals (that is, regardless of measurement errors) around the center of their respective cluster.
Mathematically, each view is thus expressed as

X = folpy" +Z)+ Wy, k=1,...,m, (1)

where f;, models the transformation applied to M on the k-th view and Wy, is an additive observa-
tion noise with i.i.d. entries drawn from A(0, 1). The nested-matrix tensor model then arises when
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we take fi(M) = hy M, meaning the function f; simply rescales the matrix M by an unknown
coefficient by, € R. With h = (hy ... hm)—r € R™ and ® denoting the outer product, this gives

X= (,uyT + Z) Q@ h+W e RP*Xm, (Nested Matrix-Tensor Model)

By seeking a best rank-one approximation of X to estimate its latent clustering structure, |Seddik
et al.| (2023a) showed empirically that it outperforms an unfolding approach based on applying an
SVD to an unfolding of X (Ben Arous et al[2021; [Lebeau et al,[2024)), which is a matrix obtained
by rearranging the entries of a tensor (see Section[2.2). However, the tensor-based approach hinges
upon solving a problem which is worst-case NP-hard, unlike the unfolding approach. A natural
question is thus: what is the exact performance gap that exists between these two approaches, as a
function of some measure of difficulty of the problem (typically, a measure of signal-to-noise ratio)?

Here, in order to answer this question, we rigorously study the unfolding method by deploying tools
from random matrix theory. Specifically, our main contributions are

 within the framework of the general nested matrix-tensor model, we derive the limiting
spectral distribution of the unfoldings of the tensor (Theorems [I]and[3)) and precisely quan-
tify how well the hidden low-rank (tensor) structure can be recovered from them in the
high-dimensional regime (Theorems [2] and [7);

* we perform a similar random matrix analysis of the model when the vector spanning the
third mode is known (Theorems[3|and[d)), providing an optimal upper bound on the recovery
performance;

* in the context of multi-view clustering, we compare the performance of the tensor and
unfolding approaches to the optimal one and specify the gap between them thanks to our
theoretical findings (Theorem [3)), supported by empirical resultﬂ

Although the above described model arises from a rather particular choice of view transformations
fx, it is amenable to a precise estimation performance analysis, either by means of a tensor spectral
estimator as recently done by |Seddik et al.|(2023a)), or via a matrix spectral estimator as we consider
in the present paper. Moreover, from a broader perspective (that is, beyond the multi-view clustering
problem considered here), this model can be viewed as a more flexible version of the rank-one spiked
model, incorporating a nested structure that allows for versatile data modeling, deviating from a
pure rank-one assumption. A common low-rank structure encoding the underlying latent clustering
pattern is shared by all slices X}, which represent distinct views of the data. In particular, when the
variances of the elements in Z approach zero, the rank-one spiked model is retrieved. Hence, we
believe that the nested tensor-matrix model (and extensions) can be a useful tool in other contexts in
the broader area of statistical learning.

Related work. In the machine learning literature, the notion of “view” is fairly general and models
data whose form may differ but all represent the same object seen from different (and complemen-
tary) angles (for instance, multiple descriptors of an image, translations of a text or features of a
webpage such as its hyperlinks, text and images). Various approaches have been considered to
address multi-view clustering problems. For instance, [Nie et al.[(2016; 2017bga) consider a graph-
based model and construct a similarity matrix by integrating all views with a weighted sum before
applying spectral clustering. Other approaches, relying upon a space-learning-based model (Wang
et al.,2017; Zhang et al.,[2017; Wang et al.,2019; [Peng et al.,|2019)), reconstruct the data in an ideal
space where clustering is easy. [Zhang et al. (2019) suggest a method which is more suitable for
large datasets by mixing binary coding and clustering. Tensor methods have also been considered:
Wu et al.| (2019) propose an essential tensor learning approach for Markov chain-based multi-view
spectral clustering. Furthermore, Liu et al.| (2021} 2023)) design simple yet effective methods for
multi-view clustering relying on multiple kernel k-means. Our work differs from these previous
contributions in that it is focused on a tensor model having the specific form of equation
[Matrix-Tensor Modell Even though this model corresponds to a rather particular case of the general
setting given in equation |1} our results represent a first step towards precisely understanding how
tensor methods can contribute to addressing the latter.

"Note that these numerical results are only meant to illustrate our theoretical findings, showing their implica-
tions in practice. However, our work does not purport to explain the performance gap between any tensor-based
and any matrix-based multi-view clustering methods.
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Regarding the analysis of performance gaps between tensor- and matrix-based methods, we can
mention the recent work by Seddik et al.| (2023b), where the authors proposed a data model that
consists of a Gaussian mixture assuming a low-rank tensor structure on the population means and
further characterized the theoretical performance gap between a simple tensor-based method and a
flattening-based method that neglects the low-rank structure. Their study has demonstrated that the
tensor approach yields provably better performance compared to treating the data as mere vectors.

Proofs and simulations. All proofs are deferred to the appendix. Python codes to reproduce
simulations are available in the following GitHub repository https://github.com/HugoLeb
eau/nested_matrix-tensor.

2 TENSORS AND RANDOM MATRIX THEORY

2.1 GENERAL NOTATIONS

The symbols a, a and A respectively denote a scalar, a vector and a matrix. Their random coun-
terparts are a, a and A, respectively. Tensors (be they random or not) are denoted A. The set of
integers {1,...,n} is denoted [n]. The unit sphere in R™ is S"~! = {x € R" | ||z|| = 1}. The set
of eigenvalues of a matrix A is called its spectrum and denoted sp(A). The support of a measure
w is denoted supp p. As usual, J, is the Dirac measure at point x. Given two sequences of scalars
fn and g,,, the notation f,, = O(g,) means that there exist constants C, C’ > 0 and ng such that
n2=2ng = Clgn| < |ful < C'|gn|- The convergence in distribution of a sequence of random

. . D . . .
variables (X,,)n>0 is denoted x,, —+> L where L is the limiting distribution.
n—-+oo

2.2 TENSORS AND RELATED OPERATIONS

For our purposes, we can think of tensors as multidimensional arrays. In this work, we will only
consider tensors of order 3, i.e., elements of R *™2*"3_For such a tensor T and (i, j, k) € [n1] X
[ne] x [ns], T; ;i denotes its (7,7, k)-entry. T can be unfolded along one of its three modes to
construct a “matricized version” of the tensor: the unfolding of T along mode 1 is the matrix T'!) ¢

R™*m2m3 gyuch that T; 5, = ﬂ(i)g(j71)+k, and likewise for T and T®) — the unfoldings of

T along modes 2 and 3. The inner product between two tensors T, T' € R™*"2xns js (T T') =
Soiher® Tijx T} ;4 and the Frobenius norm of T is defined simply as || T||p = /(T,T).

The outer product ® allows to construct an order-3 tensor from a matrix A € R™ *"2 and a vec-
torw € R™, [A®@w], ;, = A;jwy, or from three vectors (u, v, w) € R™ x R" x R",

[u®v®w], ;. = u;vjwg. In the latter case, the tensor is said to be rank-one.

Unfoldings of tensors defined with outer products are often expressed using Kronecker products X.

Given two matrices (or vectors if the second dimension is set to 1) A € R™*"2 B € RP1*P2,
their Kronecker product A X B is the n1p; X naps matrix such that [A X B]pl(i71)+r pa(imT)ts =

A; jB, ;. Among the numerous properties of the Kronecker product, we highlight the fact that it is
bilinear, associative, (AKX B)' = ATRK BT and (AR B) (C X D) = AC X BD.

Example. Witha =[A;. ... Anly:]T c Rmnz,
AewM =A, Rw)", uevew =uwRw)',
Aow® = AT I, &wT7 uvow® =v u&wT,
1
[A®w]® =wa, uevew® =wuRv) .

2.3 RANDOM MATRIX TOOLS

The results presented below are derived using tools from the theory of large random matrices (Bai &
Silverstein, [2010; [Pastur & Shcherbinal 20115 |Couillet & Liaol [2022)), the main tools of which are
recalled here.
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Given a random symmetric matrix S_€ R"*", we are interested in the behavior of its (real) eigen-
values and eigenvectors as n — —I—O(ﬂ A first kind of result is the weak convergence of its empirical
spectral distribution (ESD) %Z A€sp(S) 0y towards a limiting spectral distribution (LSD) u. The

p(dt)
t—s °

11 can be recovered using the inverse formula z(dt) = lim,_,o 2S[m,, (¢ + in)]. A second kind of
result is the almost sure convergence of the alignment between a vector € R” and an eigenvector

latter is often characterized by its Stieltjes transform m,, : s € C\ spS — fR from which

% of 8, i.e., the quantity |z "% ?, towards a fixed value in [0, 1].

A central tool to derive such results is the resolvent Qg(s) = (S — sI,,) ", defined for all s €
C\spS. Indeed, 1 Tr Qs(s) is the Stieltjes transform evaluated at s of the ESD of S, so studying its
asymptotic behavior shall give us insight into m,. The alignments can as well be studied through the

12 . . .
resolvent thanks to the property |z "%|” = — ;L ¢, 2" Qs(s)z ds where 7 is a positively-oriented

complex contour circling around the eigenvalue associated to x (assuming it has multiplicity one)
and leaving all other eigenvalues outside.

Because of the random nature of Qg, we will first seek a deterministic equivalent, i.e., a deterministic
matrix Qs such that both quantities - Tr A (Qs — Qs) anda’ (Qs — Qs) b vanish almost surely
as n — +oo for any (sequences of) deterministic matrices A and vectors a, b of bounded norms
(respectively, operator and Euclidean). This is denoted Qg +— Qgs. The following lemma will be
extensively used to derive such equivalents.

Lemma 1 (Stein|(1981)). Letz ~ N(0,1) and f : R — R be a continuously differentiable function.
When the following expectations exist, E [zf(z)] = E[f'(z)].

3 MAIN RESULTS

Before presenting its practical applications in Sectionf4] we recall the definition of the nested matrix-
tensor model in a general framework. Consider the following statistical model.

1 1
T=BM®z+—W e R"* "X M= gByzy' +
T N MEY T

where np; = ny + ng and ny = ny + ng + n3, @, y and z are of unit norm and the entries of W
and Z are independent Gaussian random variable Wi .k i N(0,1), Z; i (0,1). Misa
rank-1 signal 3,2y " corrupted by noise Z, modelling the data matrix, whereas T models its multi-
view observation S7M ® z corrupted by noise W. The positive parameters 3, and 57 control the
signal-to-noise ratio (SNR). Our interest is the statistical recovery of @, y or z in the regime where

ny,na,n3 — +oo with 0 < ¢, = limng/ny < 1 for all £ € [3]. This models the fact that, in
practice, we deal with large tensors whose dimensions have comparable sizes.

Z c Rnl ><n27 (2)

Seddik et al.| (2023a)) have studied the spectral estimator of &, y and z based on computing the best
rank-one approximation of T, that is, by solving

(x,5.2) = arg max Tu®v®w).

(u,v,w)eS"1 1 xSn2—1x§n3—1

Concretely, they used random matrix tools to assess its performance in the recovery of x, y and
z, by deploying a recent approach developed by |Goulart et al.| (2022); Seddik et al.| (2022). In this
work, we study instead the performance of a spectral approach based on computing the dominant
singular vectors of the (matrix) unfoldings of T, aiming to precisely quantify the performance gap
between these different approaches.

Because M has the structure of a standard spiked matrix model (Benaych-Georges & Nadakuditi,

2011;|Couillet & Liao, 2022)) with a rank-one perturbation Sp;xy ' of a random matrix #Z, we

shall assume (8p; = ©(1) since we know that it is in this “non-trivial regime” that the recovery of &

2Strictly speaking, we consider a sequence of matrices S, but the dependence on n is dropped as the
assumption n — +oo models the fact that, in practice, n is large.

3The “interpolation trick” of |Lytova & Pastur| (2009, Corollary 3.1) allows to extend these results to non-
Gaussian noise up to a control on the moments of the distribution.
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or y given M is neither too easy (too high SNR) nor too hard (too small SNR) and a phase-transition
phenomenon (Baik et al., [2005) between impossible and possible recovery can be observed. How-
ever, we shall see that the algorithmic phase transition related to the unfolding approach takes place

when Sr = @(an/ ) in lieu of B = ©O(1). This is different from the tensor spectral approach for
which both ), and Sr are ©(1) in the non-trivial regime, supposing a better performance of the

latter method, although, practically, no known algorithm is able to compute it below S = @(n;/ 4)
(Montanari & Richard, 2014).

3.1 UNFOLDINGS ALONG THE FIRST TWO MODES

We start by studying the recovery of y (resp. x) from the unfolding T (resp. T(1)). In a multi-
view clustering perspective — which motivates our work and which will be developed in Section ]
— we are especially interested in the recovery of y since it carries the class labels. Therefore, we
present our results for T(2) only. As « and y play a symmetric role, it is easy to deduce the results
for T™") from those presented below. The recovery of z from T) is dealt with in Appendix @

Following the model presented in equation 2] the unfolding along the second mode of T develops as
1

T® = Rz + 7T (1, R2)T W, 3

Sy (@i )| + 2 (0, 82) + ©

Hence, a natural estimator ¥ of y is the dominant left singular vector of T® or, equivalently, the
dominant eigenvector of T(AT®)T  The latter being symmetric, it is better suited to the tools
presented in Section Our first step is to characterize the limiting spectral distribution of this
random matrix. However, one must be careful with the fact that the dimensions of T(2) ¢ R72xn173
do not have sizes of the same order, causing the spectrum of T T®T to diverge as ni, ny, ng —
~+oo. In fact, its eigenvalues gather in a “bulk” centered around a ©(ny) value and spread on an
interval of size ©(,/n7) — a phenomenon which was first characterized by Ben Arous et al.|(2021).
For this reason, in Theorem [1, we do not specify the LSD of T()T®T per se but of a properly
centered-and-scaled version of it, whose spectrum no longer diverges. Moreover, it is expected that

the rank-one signal S8y (x X z)T causes the presence of an isolated eigenvalue in the spectrum

of TA)T®T with corresponding eigenvector positively correlated with ¢ when it is detectable, i.e.,
when S8,y is large enough.

Our second step is thus to precisely specify what is meant by “large enough” and characterize the
asymptotic position of this spike eigenvalue and the alignment with y of its corresponding eigenvec-
tor. It turns out that the signal vanishes if 37 does not scale with ny. Precisely, S%nr/ Vninang
must converge to a fixed positive quantityﬂ denoted pr, to reach the “non-trivial regime” — that
is, one where the signal and the noise in the model have comparable strengths. However, because
the noise in Z is also weighted by 7, this affects the shape of the bulk. Hence, the value of pp
influences the limiting spectral distribution of T(2)T()T and shall appear in its defining equatio
Having said all this, we are now ready to introduce the following theorem.

Theorem 1 (Limiting Spectral Distribution). As n1,ns,ng — 409, the centered-and-scaled matrix

—nr__ m@)T@)T _ netning L C o
\/WT T \/WIM has a limiting spectral distribution U whose Stieltjes transform

m(8) is solution to

PTE 53(3) 4 (1 + 5 LT ) m2(3) + <§+ M) m(3)+1=0, 5eC\suppy

1—c3 I—es e
T BZnr
where pr = lim Vninang
Proof. See Appendix [B] )

*In fact, fZnr/ /ninzns only needs to stay bounded between two strictly positive quantities, i.e., stay
O(1). It is however easier for the present analysis to consider that it converges (as it allows to express the LSD)
and this assumption has no practical implications.

5This may be at first surprising because pr relates to the strength of the signal while the LSD stems from
the noise. We see that Z plays an ambivalent role of both a signal and a noise term.
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Figure 1: Empirical Spectral Distribution (ESD) and Limiting Spectral Distribution (LSD) of
TATAT (left) and TG TET (right) with n; = 600, ny = 400 and ns = 200. Both spectra
show an isolated eigenvalue close to its predicted asymptotic position, represented by the green
dashed line. Left: pr = 2, By = 1.5. The centered-and-scaled LSD © and spike location £ are
defined in Theorems[I]and2] Right: o = 4, 8y, = 3. The LSD is a shifted-and-rescaled semi-circle
distribution and the normalized spike location is o + = as precised in Theoremsﬁandﬂ

As mentioned in Section [2.3] the LSD 7 is characterized by its Stieltjes transform, uniquely defined
as the solution of a polynomial equatiotﬁ The influence of pr on the LSD of T@T®T is made
explicit in this equation and it is interesting to remark that, if p = 0 (i.e., in the absence of signal),
this equality reduces to m?(3) + 5m(3) + 1 = 0, which is a well-known characterization of the
Stieltjes transform of the semi-circle distribution (Pastur & Shcherbinal 2011, Corollary 2.2.8). Note
also that the condition p7 = ©(1) amounts to saying that 87 = O(n T/ 4) which coincides with the
conjectured “computational threshold” under which no known algorithm is able to detect a signal
without prior information (Montanari & Richard}, [2014}; Ben Arous et al.| 202T).

The ESD and LSD of T T®T with parameters (pr, Bar) = (2,1.5) are represented in the left
panel of Figure[I] We observe a good agreement between the actual and predicted shape of the bulk.
As expected, we see an isolated eigenvalue on the right which only appears for sufficiently high
values of pp and (35;. The following theorem specifies this behavior and quantifies the alignment
between the signal y and the spike eigenvector y.

Theorem 2 (Spike Behavior).

Let ¢ +
et §= /BM ( BM) ( s BM) o (1?63 5 )
2
1 5%4 C2 < C1 2>
and (=1- 4 +A
512\4(1 CS+BM> pT<1 03+6M) l—c3 \1—c3 M

If { > 0, then the centered-and-scaled matrix \/#WT@)T@)T %Im has an isolated

eigenvalue asymptotically located in §~ almost surely. Furthermore, in this case, the alignment be-
tween the corresponding eigenvector y and the true signal y converges to ¢ almost surely, i.e.,

1

yTy‘Q — almost surely.

ni,n2,n3—++00

Proof. See Appendix O

Naturally, we must assume pp, 8y; > 0 for £ and  to be well defined. The location of the iso-
lated eigenvalue in the spectrum of T T®T predicted from the expression of £is represented as
the green dashed line in the left panel of Figure [I] In fact, Theorem [2] reveals a phase transition
phenomenon between impossible and possible recovery of the signal with the estimator y. This is

6 Although this is not the only solution to this equation, it is the only one that has the properties of a Stieltjes
transform, such as 3[3]3[m(5)] > 0 forall 5§ € C \ R (see, e.g.,[Tao| (2012) for other properties).
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Figure 2: Asymptotic alignment (™ = max((,0) between the signal y and the dominant eigen-
vector of T(Q)T(Z)T, as defined in Theorem with ¢; = %, Cco = % and c3 = %. The curve { = 0 is
the position of the phase transition between the impossible detectability of the signal (below) and
the presence of an isolated eigenvalue in the spectrum of T2 T(2)T with corresponding eigenvector
correlated with the signal (above). It has an asymptote 8y, = (£1%)!/4, represented by the red

dashed line, as pp — +o00. ’

precisely quantified by the value of (* = max((, 0): the closer it is to 1, the better is the estimation
of y. The precise dependence of ( on pr and (3, is hard to interpret directly from its expression.
Figure displays ¢ as a function of pr and Bjs. The expression of the curve ¢ = 0 marking the
position of the transition from impossible to possible recovery is given by the following proposition.
By

c2 2 4 _ c1cg ”
1—c3 +BM)\/ﬁ1\/I 1—c3

1—03’

Proposition 1 (Phase Transition). If 31, > 2 then { =0 <= pr = (

We see that, if ﬂj‘(d < Ci‘fg, it is impossible to find pr > 0 such that ¢ > 0. This is due to

1
the fact that 5}, = % corresponds to the position of the phase transition in the estimation of y
from M. If the signal is not detectable from M, there is obviously no chance to recover it from T.

Moreover, as pp grows, the value of 3, such that ( = 0 coincides with (%)1/ 4 but it goes to

400 as pr approaches 0. This shows the importance of having S = @(n%/ 4) (in which case it is
more convenient to work with the rescaled version pr of Sr): if B is an order below (pr — 0)
then we are stuck in the “Impossible recovery” zone while if Sp is an order above (pp — +00) then

estimating from T is just like estimating from M. It is precisely in the regime S = @(an/ 4) that this
phase-transition phenomenon can be observed, thereby justifying its designation as “non-trivial”.

Remark. It should be noted that the aforementioned impossibility of (partially) recovering the sought
signal in a given regime refers only to the case where such a recovery is carried out by the unfolding
method. In other words, our discussion concerns algorithmic thresholds pertaining to such method,
and not statistical ones.

3.2 ESTIMATION WITH WEIGHTED MEAN

Before diving into the application of the previous results to multi-view clustering (where we will be
interested in the estimation of the class labels contained in y), we propose an analysis of a related
matrix model corresponding to the optimal estimation of y when z is perfectly known. These results
will give us an optimistic upper bound on the performance of the estimation of y from T.

In case z is known, y can be estimated with the following weighted mean of T along mode 3,

T=Y 4Tk = brfuzy’ + ——N )

k=1 VIM
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where N; ; "% A7(0,1) and <2 = 82 + 22Tt is well known that the dominant right singular

vector of T is an optimal estimator of ¢ under this model (Onatski et al.,|2013; [Loffler et al.,|2020).
Hence, we study the spectrum of (%TTT, which is a sample covariance matrix — a standard model
in random matrix theory (Pastur & Shcherbina) [2011; Bai & Silverstein, 2010). Its eigenvalue dis-
tribution converges to the Marchenko-Pastur distribution (Marcenko & Pastur}, |1967), as expressed

in the following theorem.

2
Theorem 3 (Limiting Spectral Distribution). Let E1 = (1 / lflcS + ./ 12203) . Asni,no — 400,

the matrix C%TTT has a limiting spectral distribution i explicitly given by

\/[a: —E "B, — 2]t de.

MMPOir>=:[1—-Z;}+a$«tz>+

2r 2w
—

Similarly to the previous spiked models, the rank-one information BTBM:/cyT induces the pres-
ence of an isolated eigenvalue in the spectrum of g%TTT. The following theorem characterize its
behavior and that of its corresponding eigenvector.

17C3)2 ’

4 -
Theorem 4 (Spike Behavior). If (BTfM ) > 1 €12 then the spectrum ofg%TTT exhibits an iso-

2 2 2 2
lated eigenvalue asymptotically located in [ﬁ;ﬁl (’B ngM + 1ilc3> (ﬁq;@” + 122%) almost surely.

Moreover, in this case, the corresponding eigenvector O is aligned with the signal y,

2 52
2 Br B C1
LT (2 S C2 G2 + 1—c3 I /
a y’ - =53 25 almost surely.
n1,M2,M3—>+00 BTﬂM 1 —c3 BrBu 4 2
G2 1—c3

For more details on standard spiked matrix models, see Couillet & Liao|(2022| §2.5).

4 PERFORMANCE GAPS IN MULTI-VIEW CLUSTERING

We shall now illustrate our results in the context of multi-view clustering. As explained in the
introduction, we consider the observation of a tensor X € RP*™*™ following the nested matrix-
tensor model,

iid.
Zig R N(0.54)
X=(ug" +Z)@h+W  with R e

5)
Wijr ~ N{(0O

1
’ p+n+m
The two cluster centers are - and y; = iﬁ depending on the class of the ¢-th individual. The

third vector h encodes the variances along the different views of uy' + Z. The clustering is
performed by estimating the class labels with the dominant left singular vector y of X(). It is thus
a direct application of the results of Section [3.1] where (|||, ||R]|) plays the role of (8ar, B7). In
fact, the behavior of the alignment ‘yTy‘Q given by Theorem [2[ can be further precised with the
following theorem.

Theorem 5 (Performance of Multi-View Spectral Clustering). Let (cp, ¢y, Cm) = ;}i:_ﬁz p =
2 p+n+m
IRl E o and
, 2
1 17 Cn c 2
el (s + el |\ (5 + al?) m \1=cm

N _ D . A .
Then, | /%C(yj — /(7)) m N(0,1) forall j € {1,...,n}, ie, y; approximately follows
N <\/Z Ui %C) Therefore, the clustering accuracy of the estimator y converges almost surely to
’ 2
P ( 1%() where ® @z — \/% ffoo e~z dt is the standard Gaussian cumulative distribution

function.
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Figure 3: Empirical versus theoretical multi-view clustering performance with parameters
(p,m,m) = (150, 300,60), varying |||| and two values of ||| : 0.5 in blue and 1.5 in orange.
The solid curve (O) is an optimistic upper bound given by Theorem [4] as it can be reached when
the variances along each view are perfectly known. The dash-dotted curve (T) is the performance
achieved with a rank-one approximation of X (Seddik et al., [2023a). The dashed curve (U) is the
performance predicted by Theorem [5] with the unfolding approach.

Proof. See Appendix [D|for a sketch. O

Figure 3] compares the performances of the unfolding approach predicted by Theorem 5| with that of
the “tensor approach” (Seddik et al.,|2023a) which performs clustering with a rank-one approxima-
tion of X. Moreover, an optimistic upper bound on the best achievable performance, given by the
solid curve, can be derived from Theorem[d Empirical accuracies are computed for both approaches
and show a good match between theory and simulation results. It appears that the unfolding approach
has a later phase transition and a lower performance than the tensor approach. This was expected

since they do not have the same non-trivial regime (@(n;/ *) against ©(1)). As ||h/| increases, the
performance gap between both approaches reduces. The performance of the tensor approach rapidly
comes very close to the upper bound: the two curves almost coincide for ||| = 1.5.

These results show the superiority of the tensor approach in terms of accuracy of the multi-view
spectral clustering. In particular, by contrast with the unfolding-based estimator, the tensor approach
has near-optimal performance, as quantified by Theorem[d} Nevertheless, when considering “not too
hard” problems (i.e., for which ||u|| and ||k|| are not too close to the phase transition threshold), the
performances of both methods are close and the unfolding approach may be more interesting given
its ease of implementation and lower computational cost.

5 CONCLUSION AND PERSPECTIVES

Under the nested matrix-tensor model, we have precisely quantified the multi-view clustering per-
formance achievable by the unfolding method and compared it with a previously studied tensor
approach (Seddik et al.| 2023a). This analysis has showed the theoretical superiority of the latter in
terms of clustering accuracy. In particular, the tensor approach can, in principle, recover the signal at
a ©(1) signal-to-noise ratio, while the matrix approach needs this ratio to diverge as an/ 4. However,
the tensor approach is based on an NP-hard formulation, and no efficient algorithm capable of suc-
ceeding at a ©(1) signal-to-noise ratio is currently known. In practice, for a sufficiently large ratio,
one may combine these approaches by initializing a tensor rank-one approximation algorithm (such
as power iteration) with the estimate given by the unfolding method. Overall, this work advances
our understanding of tensor data processing through rigorous theoretical results. Finally, a natural
question for future work is how to extend our results to more general view functions fj.
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A  UNFOLDING ALONG THE THIRD MODE

For the sake of completeness, we study in this section the recovery of z from the third unfolding of
T. Following the model in equation [2| the expression of T() is

1
T® = Brzm’ + TTW(?’) (6)

where m = [Ml,i s Mnh:]—r € Rmnz,

This unfolding has the peculiarity that the rank-one perturbation 37 zm " mixes signal (the vector z)

and noise (contained in M). Still, as for the previous unfoldings, the dominant left singular vector of
T(3) remains a natural estimator of z and we study the asymptotic spectral properties of T()T®)T,
Because of the long shape of T(®) (one dimension grows faster than the other), the spectrum of
TG)TG)T diverges in the same way as that of T2 T() T, Therefore, we must proceed to a similar
rescaling. The following theorem states that, after proper rescaling, the distribution of eigenvalues
of T®)T®)T approaches the semi-circle distribution.

Theorem 6 (Limiting Spectral Distribution). As ni,ns,ng — 400, the limiting spectral distribu-
tion of the centered-and-scaled matrix \/n?iziwsT(?’)T(?’)—r — :}%Ins converges weakly to a

semi-circle distribution on [—2, 2],

1
_ 21t
wsc(dx) o [4—22]".

Proof. See Appendix [E] O

The ESD and LSD of T()T()T are plotted in the right panel of Figure [l The result of Theorem
E] is not surprising: the “non-trivial” shape of the LSD of T(?)T()T (Theorem [1)) is due to the

presence of a “signal-noise” \/’%ZT (I, X z)—r in the expression of T(?) but, when Sy is set to

0, we have observed that the LSD of T T®T is simply a semi-circle. This is coherent with the
case that interest us here: in T, the “signal-noise” is restrained to the rank-one perturbation and
therefore does not impact the LSD of T(3)T®)T | which is then a semi-circle.

Because of the rank-one perturbation BszT, the spectrum of TAT®T exhibits an isolated
eigenvalue which can be observed in the right panel of Figure [I] Our next step is to character-
ize the behavior of this spike eigenvalue and the correlation with z of its corresponding eigenvector.
Before introducing the formal result in Theorem [/} let us have a close look at the expression of
TGTG)T to understand, with hand-waving arguments, what should be the non-trivial regime in
this case.
TETET = 52 ||M||2 zz| + br_ (zmTW(?’)T + W(?’)sz) + LW(?’)W(S‘)T
F A/ NT nr

Starting from the right, the term %W(?’)W@)T is already understood thanks to Theorem (6| and
yields a semi-circle as limiting spectral distribution. The crossed-terms in the middle have zero
mean and are expected to vanish. On the left, remains the rank-one term zz " weighted by 32 HM||%,
which is a random quantity because of the noise Z in M. However, the quantity ||M||% is expected

to rapidly concentrate around its mean 2 + /32,. Hence, guessing from the results on the previous

unfoldings, we would need the quantity 32 (”711—;2 + 512v1> o= Lo converge to a fixed positive

value denoted p. Indeed, this is precisely what is found when this analysis is rigorously carried out
(see Appendix @), meaning that 8y = @(n;1/4). In other words, if Bt is a constant (57 = ©(1)),
we are above the non-trivial regime and therefore should expect (asymptotically) exact recovery.
This is because the strength of the signal is “boosted” by HMH?r = O(nr).

Remark. o is defined as the limit of 32 ("nl—:f + B%) \/ﬂigns which is the same as that of

2 . _ 2 . . .
T2 \/n’l%m since By = ©(1). However, we keep the 83, term in the definition of pr as

it yields better predictions in our simulations.
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Theorem 7 (Spike Behavior). If o = lim Prnr (w + 51%1) > 1, then the centered-and-scaled

Vninang nm
. nr 3 3)T __ nztnins H H ; N : 1
matrix WT( )TET \/WI ns has an isolated eigenvalue asymptotically located in o+ n

almost surely. Furthermore, in this case, the alignment between the corresponding eigenvector z and
the true signal z converges to 1 — g% almost surely, i.e.,

z z

1
77 ‘2 —_— 1 - = almost surely.

n1,n2,n3—+00 92

Proof. See Appendix [F} O

Once the quantity o is defined, we recognize in Theorem [/| the same results as that of the spiked
Wigner model (Benaych-Georges & Nadakuditi, 2011).

Remark. In practice, we work with large but finite tensors. Hence, it makes no sense to say that
Br = 6(an/ 4) or Br = @(n;l/ 4). In fact, the characterization of the “non-trivial” regime is only
important here to reveal the relevant quantities, i.e., pr and g, which we will use in practice without
worrying whether /7 is in the right regime or not.

B PROOF OF THEOREMI]

Denote Q(s) = (T@T®T — sInz)f1 the resolvent of TZ)T@T defined for all s € C\
sp TAOTET,

B.1 COMPUTATIONS WITH STEIN’S LEMMA

Before delving into the analysis of QQ, we will derive a few useful results thanks to Stein’s lemma
(Lemmal[T). They are gathered in the following Proposition [2]

Proposition 2.

( _ Mgy 1
E [W 2>T<2>TQ} Uk Q] B [(n2+1)Q+5(QTrQ + Q?)] 7
E {MT (I,,®z)" T®T (Q + % (QTrQ+ QQ)H = BrE [MTMQ] (8)
T _ 1 o (. mng 2
E[Z"TMQ] = WIE {(n1 no—1)Q <s - > (QTrQ+Q )] )

E[4Q* +2Q°TrQ+ QTrQ* + Q T’ Q]
1
RN

E [y (xR z)T TOT (QTrQ+Q2)} (10)

RZNoT
[(n2 +2) QTr Q + (n2 + 4) Q7]

_ Br
N

brE[ya MQ) ~E|y(em) T (@ (@ @) ap

E[yz'ZQ] =

In order to prove these results, we will need the following expressions for the derivatives of Q.
Proposition 3.

8Qa b 1 (
e v

Que |T?TQ| +Q., |[T?7Q) d) (12)

)

Iup  Pr (2) (2)
A = (Qa,d QT (1, 82)| +Quy [QT? (I, Z)L,c> (13)
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Proof. Since 0Q = —Q0 (T(2)T(2)T) Q,

a(2z1,17 A o e oT. e oT, h
D 5) ) D) S (/S A T
4.k e=1 f=1g=1h=1 ok

:—\/j <ZQ‘173 1thhb+ZQa9 zengb)

e=1
Q. 1
AL @7 o T®T )
oW, ik N (Q‘W { Q} [4,k],b Qi [ Q} [4,k],a

Likewise,

aQa’ no ni ns no 8 .. 6T’ ’
82075 - _ZZZZQM ( LS T g+ Treg 8ijdg> Qnp

e=1 f=1g=1h=1

(ZZQang Cthhb+ZZQaeTC€gngdb>

g=1h=1 e=1g=1

n ]V[

aQa,b 6T (

8Zc7d ,/77,

s

Qa.a {QT(Q) (Lp, ® Z)]b . +Qayp [QT@) (Lp, ® Z)L,) .

Combining Stein’s lemma (LemmaT)) and Proposition [3] we can prove each expression of Proposi-
tion

Proof of equation

ning n2

£ [WTHTQ ] =3 Y E[WATRQ,]
J k=1 I=1

e oT 1(213 (2) 9Qy ; ]
= Q7 J

-SSR
- U, - Z Z 12 (e [r7a], +a, [107q] )]

k=1 =1 ’ ’

_ %E Ql,, - \/%E [QT@)T 2TQ+QTr (T<2>T<2>TQ)Lj
_ mng b 2
= Q) - B[ )@+ QT Q)]

where the last equality comes from TAT®TQ = I,,, + sQ.
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Proof of equation

E[MT (I, ®2)" T(Q)TQ] |
2]
nins n2

= BrE[MTMQ], . Z > E HMT (In, K 2) L kwl(,Qk)QlJ}

k=1 1l=1
.m0, 224]

nini n2
ik gw2)
ik W)

= rE[MTMQ], | Z > E

k=1 I=1

ning n2

= BrE[MTMQ], , - % Y>3 E [[MT (I, ® zﬂi L Qu [TWQ},”}
k=1 I=1 ' ’

b ZZEHMT (I, K z) Lk

k=1 I=1 ’

o, [197q], |

~ 5E[MTMQ], , - niE (M7 (1, 22" TOT (QTrQ+@Q?)] .

Y

Proof of equation 9]

ni no

E[Z'MQ],, => > E[ZMyQ,]
k=11=1
ny no

=\/7 7]+ZZ]E|:MI€I Ql’j}

k=11=1

ni
\/W Ql:;

\/TTM Z Z]E |:Mkl <Qz i [QT (I, B Z)L_,k +Qi; {QT@) (In, X Z)} lk)]

k=11=1

Br
Nom

= \/TWE [Ql; ;

E[QMT (I, B2) T®TQ+ QT (M (L, K2) T®TQ)]

,J
and, since ArM T (I,,, K z)" = T® — \/%W@), with the relation TO T TQ = sQ + I,,, we
have,

ni

1
E [ZTMQL,4 = WE Ql;; - WIE [sQ*+Q+sQTrQ+ n2QJ,
nMnT]E {QW(Q)TQ)TQ +QTr (W(Z)T@)TQ)LJ_
n 1
= =B, - 7=El+ 1) Q+s(QTQ+Q7Y],,
1 ng ning ng 8Q aT(Q) aQ
]E w 7 u w + Y2 uT(2)
m;;ﬂ; oW 1(“) 2J (2QJ Q, 8W2)
1 ng NiNz n2 Q 6’1"(2) 8Q
E | =T, Quu + Qe Quu + Qi TS
m;;; awuv Q Q]a (2)Q QJ wvawu
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where we have used Stein’s lemma (Lemmaﬂ]) again. Hence,

E[Z'MQ],
o ny _ 1 2 nins 2
_ ME [Ql,.; —FE (2 +1)Q+5(QTrQ+Q?)], , + nT\/WE [@*+QTrq],

n2 ninz N2

DI IDIE

u1v1w1|:

(Qm T@TQ| +Q,,[T?TQ] ) T&?,E,Qw,j}

. uTgv <Qw,u [T(2)TQ} +Q,, [T(z)TQL w)]

v,]

N2 Nin3g na

P I IDILIC

u=1 v=1 w=1

i 2 2 (e 107 vau, 17 )i

u=1 v=1 w=1 J

n2 ninz n2

- =y Sefeu (e [1970] au [197] )]

u=1 v=1 w=1

which bunches up into

E[Z'MQ], ,
nq 1

NGO
E [QQT@)T(?)TQ +QTTATQTy Q}

ninsg

E[(”2+1)Q+<S )(QTYQ+Q2)]

(2]

1
nry/nu

nT\iWE [QQT@)T(?)TQ + QT (T(z)T(Q)TQ)}

1

B nr«/ My
1

B nr«/Myr

.3

4,J

[Qz DTATQ + QT? T(2)TQ2}

2%

E {Q Tr (QT@)T(?)TQ) +QTrQTr (T<2>T<2>TQ)]

4,
and, using again the relation TOT?TQ = sQ + I,,,, we get,
E[Z"MQ]
1 1
= M EQ - —E|(na+1)Q+ s
E(Q- o e (
E[sQ+Q°+sQ°TrQ+QTrQ+sQ° + Q° + sQ* Tr Q + n2Q?]

ning

) (Qmmﬂ

1
B nr+/MNy
- L E[8Q3+Q2—|—3Q3+Q2+5QTrQ2—|—QTrQ—|—sQTr2Q—|—n2QTrQ]
nr/ My

1
_ \/%E[Q] - WE l:(ng +1)Q+ (s ”;”3) (QTrQ-i—QZ)}
E[s(4Q*+2Q°TrQ+QTrQ*+ QTr* Q)]

1
nr«/Myr

1
- nT\/WE [(n2+4) Q%+ (n2+2)QTr Q.
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Proof of equation
ni na
E[yz"2Q], > E|[yeT],, 2]
k=11=1

- 0Qy,
= k {[yw‘r]z )J}
;1 l—zl 7k 8Zk7l

kzl > E [ yz' (Qu QT (1, B 2)] | +Q, [QT (£, ¥2)] lk)}

Br T
= _WE [y (xX z) T@T (QTrQ + QQ)LJ )
Proof of equation
BrE [y2TMQ] = BrE |y (2 X 2) " (I, @ 2)MQ)
-
_ T(p@_ L we
=F |y (xXz) (T2 \/WW2> Q]
and,
E [y(m& ) W(Z)TQ} ) %i[{i “ (x X z) ]le(?k)Ql)j}
Y k=1 =1 o
ning no Q[ )
= E Rz)' J
’; ; [ zXz) L,k awl(’?k)
e benar] (oufrral, o v, )]

1

E
v T

B.2 DETERMINISTIC EQUIVALENT

[y(:c&z) 7T (QTrQ—i—QQ)] .

]

Since Q'Q = I,,,, we have TOTATQ — sQ = I,,,. Hence, using equationand taking the
expectation,

T 1
BrE M (I, ®B2)  TOTQ| + —=E (WEOTETQ| - SE[Q] = I,
and, injecting equation 7] this yields
BrE [MT (I, ®2)" T®TQ]

+ B E Q) - éJE [(na+1)Q+5(QTrQ+Q?)] — sE[Q] = I,,.

nr

Here, we must be careful that, due to the ny X njng rectangular shape of T®), the spectrum of
TATET diverges in the limit ny,no, n3 — +oo. In order to bypass this obstacle, we shall
perform a change of variable (s,Q) ~ (5, Q) which will become clearer after rearranging the
terms:

sZ—;E PQQ} + (s SRCC "1”3) E[Q]+ I,

UP) nr

= BrE [MT (I,, ®z)" T<2)TQ} - niE [Q+sQ?].
T

18
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nrs — (nz + nins) neTOTOT — (ny +mng) L, o )1 With
no .

S ana ) = Jmans

this rescaling, note that we have Q(s) = ——2L—Q(3), and the previous equation becomes

Let s =

V/ninang
nr - nr nr N9 TI‘Q ~ - 2’[7,2 ~
) ER — — |E [ } I,
(x/n1n2n38+ ninsg * n2> nrt 2 Q * (S * \/711712713) Q s

Brnr T T m(2)T & 1 ~ _ M2+ ning\ x
ziE[M I, Xz) T® Q}—iE Q+ 5+ 21118 ) Q2
V/ninang (In, B2) NI Vingng
and we no longer have any diverging terms. Keeping only the dominant terms, we can now proceed
to a matrix-equivalent formul

TrQys | .4 Brnr

+5Q+1,, +— ——=—

no Q Q 2 \/M1Nang

Remark. This previous step is justified by the use of standard concentration arguments such

as Poincaré-Nash inequality (Chen, (1982} |[Ledoux| 2001) and Borel-Cantelli lemma (Billingsley,

2012), following, e.g., the lines of |Couillet & Liao| (2022} §2.2.2). This reasoning is applied in what

follows whenever we move from an equality with expectations to an equality with matrix equiva-
lents.

MT (I,, Kz) T®TQ.

Applying the same rescaling to equation [8] yields

Brnr T T (2)T A B%HT
——M (I,,X2z) T Q+— ———
\/N1naons ( " ) Vingns

Remark. We see, here, that we must chose 8 = @(an/ 4) in order to place ourselves in the non-

trivial regime where both the noise and the signal are ©(1). This is different from the estimation of
y with a rank-one approximation of T, where 87 could be kept ©(1) (Seddik et al., 2023a)) (but at
the cost of an NP-hard computation (Hillar & Lim, [2013)).

M'MQ.

) .
With this in mind, let us denote pp = lim \/% and m = lim TZ? the Stieltjes transform of the
limiting spectral distribution of the centered-and-scaled matrix ——2L—T@)T()T _ ngtmns g

Vi Jringng Nz
m(3)Q + 3Q + I,, «+— prM MQ.
In order to handle the term MTMQ, observe that

‘We have,

E [MTMQ} — BuE [ya:TMQ} n \/:TME {ZTMQ}

and, after rescaling, the only non-vanishing terms in equation [9]yield

- N\ 2
1 ZTMQ<—> ny — na gﬂTrQ,ﬂ TrQ ~
i3y nar Ny N2 nm

Q
N2

Moreover, from equation [T0} we have

_ Brfunrny TrQ
Nary/Maneng N2

Buyz TMQ +— Byy ' Q y(xXz) TATQ
but, from equation we also know that

. 1 .
yr MQ +—— ﬁ—Ty (z X z)—r TATQ.

"We say that two (sequences of) matrices A, B € R™*" are equivalent, and we write A +— B, if, for all
M € R™™"™ and u, v € R" of unit norms (respectively, operator and Euclidean),

1

“TrM(A-B) —>—0, u' (A-B)v —"50, |E[A-B]|]—>-0.
n n——+oo n——+oo n——+oo
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Hence,
B2.Brmnrnsa TrQ T ()T A .
— Kz) TAOTQ +— B2,yy"
5 <5M+ rar /s T y(zX2) Q Buyy Q
and

BBunrny TrQ

Buyz 'MQ «— B (1 - —5 2 | yy Q.
Bar + BEBmnTN2 TrQ
M T o Jminans na

Therefore, we have the following matrix equivalent for MTMQ,

2
T A BM
M 'MQ «— B wa Yy Q
nJ\/I\/nln2n3 na

ny nm n2

mo_ e 1+§HQ+<HQ>2 Q.

Ultimately, we can define Q, the deterministic equivalent of Q such that,

m(3)Q +35Q + I,
=pr 5712”ny+ a __& (1+5m()+m()) I.|Q
1+%Th(§) l—c3 1-—c3 2
or, equivalently,
ﬂm2(§)+ 14 g Prc m(§)+g+w Q+1,, = LﬂfzwnyQ
1—03 1—03 1—03 2 1+%Th(§) '

(14)

B.3 LIMITING SPECTRAL DISTRIBUTION

According to the previous deterministic equivalent, the Stieltjes transform of the limiting spectral

distribution of \/7T(2)T( T :}%IM is solution to

PTC 2305) 4 <1+~1pi2) M2 () + <§+pT(62_Cl)>m(§)+1:0

]_—Cg c3 1—03
— ( PI2 3) +1> (m2(3) + &m(3) + 1) — PX%(3) = 0. (15)
1763 1703

C PROOF OF THEOREM

C.1 ISOLATED EIGENVALUE

The asymptotic position é of the isolated eigenvalue (when it exists) is a singular point of Q. From
equation[I4] it is therefore solution to

PTC2 .9 pTC2 T > PT (02—61) - pTB]QW
Em@) <1+§1— 3>m(€)+€+ I—cs _1—i—pTC2 3]

— (1 4 Lree fn(é)) [pTCQ (fn2(£) + Em(€) + 1) (@) +€— LI = pB2,.

—63 1—63 1—63
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Yet, (pTCZ m(3) + 1) (ﬁﬂ(;) + 3m(8) + 1) = 2% (5) (from equation . Thus,

—C3

f€) +& - P P2 (@) (m(é) +€) = priy

1—63 ].—Cg

— <1+ N m(é)) (7@ +&) —LE% = o,

— C3 1—(23

_pTC1 _ PTC2 1 " .

=T~ Tee " wm@ from equation[T5]again
- 1

= prea | 52 ¢

l—c3 + pTBM

Injecting this relation into equation [I3] yields
~ C1 C2
= (oo (
B M 1—cs3 M 1—c3

C.2 EIGENVECTOR ALIGNMENT

1

2 > 1
pT(li203 2

(16)

. . ~ .
The eigendecomposition of Q(3) is given by > | ‘;\f‘ilg where (\;, u;)1<i<n are the eigenvalue-
7LTT(2)T(2>T—(H2+TL1”L3)I

eigenvector pairs of NG "2 Hence, thanks to Cauchy’s integral formula, we
have )
12
w3 =5 fvT Qs

where 7 is a positively- oriented complex contour circling around the isolated eigenvalue only. The

asymptotic value ¢ of ‘y y| can then be computed with the deterministic equivalent defined in
equation[T4]

__ 1 TO(3)ay A2
Cmﬁy Q(5)y ds.

Using residue calculus, we shall compute,

. i-¢
¢ = lm (c2—c1) 5
§=E P12 72 (3) (1 +spTC§) n(3) + 35+ 2 — 1+5TT"2A12(3)
The limit can be expressed using L’Hopital’s rule,
1
(= 5
% |:§)Ti2 m2(8) + (1 + E—TZZ) m(§) + s+ PT(C_sz) _ 1+,1§’TT 21\;@)} ~
5=
-1
pPTC2 . 7 pTC2 prBir ffii - prc2 . =
=127, (£)+1+§1 i —— m(§)+1_c 6 +1
3 3 (1_|_ ;fTZm(f)) 3

We already know that 172(€) = zrez———. Let us then differentiate equation ,
T—c3 +pT B M

<3pmm2(§) +2 (1 + glpTCQ ) (3) + 5+ m) i (3)

1—63 — C3 1—03

+ P2 523) 4+ m(3) = 0.

1763
Since (m M2 (3) + (1 + s%) m(3) + 5+ %) m(3) + 1 = 0, we have,
c3 c3 c3
PTC2 9o/ - ~ PTC2 L 1 ~ pTC2 .9
9 P12 14312 - pres 0
(2222 5) + (14 5222 Y ils) = s ) (5) + 22 32(6) + () =
pPTC2 . . . PTC2 1 . pTC2 ., .
— (2 1 1=0.
(1_03 5 +1+ i m2(§)>m(s)+1_c3m(s)+
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From this last equality, we see that
-1
1 prBi e . m3(€)
m

mQ(g) (1 4 PTl2 (g))g m’' (5) -

1(/3

Moreover,

- 1+ PTC2
() = - St

2@ + 1+~ g

2

_ prBum
PTC2 2
T2 trTBYy

PTC2 2
T—c3 cprce [ prca 2
-2 PTCo +p ﬁQ + 1 + 1—c3 (1703 + pTﬁM)

T—c3

prBiy
~ 3
2 — 3, - £0r2 (829 4 prfR ) + (422 + prfY, )
- prBi
i'(€) -

2 3"
1
B — b 2 (22 pr ) (4222 4 Y )+ (822 + prih)

Hence,

2 3
—pr B — o 172 (822 + ooy ) (822 + o083 )+ (4222 + oo )

3
(1Tiz + pTBM)

o153 1 prey P52+ prBiy

=1- M 3 2 p_z(:g 2

RN

17(;3

2
1 2 c c
B +1 2 (1 1
512\4(1 63+ﬁM) pT(l C3+5M> e e

(=1- +5§4) LA

D SKETCH OF PROOF OF THEOREM [3]

¥ can be decomposed as o + 3y where 4 is a unit norm vector orthogonal to 4 and o 4 3% = 1.
From Theorem 2| we know that a? — ¢ (and thus % — 1 — () almost surely as ny, 1y, n3 — +o0.

From the rotational invariance of the model, ¥, is uniformly distributed on the unit sphere in the
subspace orthogonal to ¢y. Hence, any finite collection of its entries is asymptotically Gaussian
(Diaconis & Freedman, |[1987)).

E PROOF OF THEOREM
Let Q(s) = (T®TO®T — sIns)_1 defined for all s € C \ sp TG TE)T,

E.1 PRELIMINARY RESULTS

Let us derive a few useful results for the upcoming analysis.

s =~ (e [1070],, r s [r07a], ).
c,d ’ ’

Lemma 2.

22



Published as a conference paper at ICLR 2024

Proof. Since 0Q = —Q0 (T(3)T(3)T) Q,

0Q,, HTETE)T Q]
3 aw®
GWE’; awg,; ab
n3,mn1Mn2,"n (3) (3)
_ 3,n1n2,N3 Q aTe,f (3) (3) 8 Q
v\ gw® ol T el aw“”) o
e.f,g=1 e.d od
1 n3,nin2,n3 ( 3) )
=——— Y Que(0ecdrdTS} + TN 00a) Qg
m e, f,g=1
9Qqp 1 :
ab _ L T®T T®T .
oWl VT <Q‘“C{ Q) ab #1070 dio
Proposition 4.
) 1
E[wOT®TqQl = "™EQ - 1 ‘+QT
[ Q] \/ﬁ Q] T [(ns+1)Q+5(Q*+QTrQ)]

E [zmTT“)T (Q +.-(QTQ+ Q2)>] = BrE [llMll% zzTQ}

Proof. We prove these two results with Stein’s lemma (Lemma [I)) and Lemma 2]

(18)

19)

ning,m3
3)m(3
J k=1
e [omi 3 0,
= 2 B QT o5
k=1 oW oW,y
ning,n3
’ 01,i0k,k
= Y E { Qi
k=1 v
ninz,n3
Z (3) [T(S)TQ} +Q,, [T(B)TQ]
k=1 kg 7 ol
_ ?’LanE [Q] o LE [QT(S)T(B)TQ + QTI,T(B)T(S)TQ}
\/nNr hJ \/ﬁ ,J
_ ming 1 2
_ WE[Q]i,j - x/T7]E [(ns +1)Q+s(QTrQ+Q%)],
where the last equality comes from TG TOTQ = I,,, + sQ.
i 1 mpens
E [zmTT@)TQ = BrE ||M||§ 22'Q Z E [szkw(g)Qz ]]
“J - i V/nr k=1
: 1 &R 0Qy
= BrE |IM|Z 22T Q| + — E |zimy,——2
e A o
= BrE |IM[[t227Q]
1 ninz,n3
S o), o)
T kg -

E[am T07Q) — 6B [IM[22TQ] - E[amTOT (QIQ+ Q)

b )
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E.2 A FIRST MATRIX EQUIVALENT
Since Q7'Q = I,,,

Brzm TETQ + \/%W(3)T<3)TQ - sQ=1,,
and, from equation [T8] we have

BrE [zmTT@)TQ} + mng

BIQI - - [(ns+ 1) Q+ 5 (QF + QTrQ)] — 5B [Q] = L.

nr
Let us rearrange the terms

B3R [TTQQ] + (s + W) E[Q] + I,,, = S7E [zmTT(?’)TQ} ~ LE[Q+sq7
nr nr

ns nrtr
in order to see that we need to following rescaling to counteract the divergence of the spectrum of
TGTGT,

-1
_ nrs—(ng+ning)

- npTETGT _ (ng +mning) In, .
5= , Q(38) = — 51,
/N1inaons Vv ingng
Hence, our equation becomes,
nr . nr | np ™ Q ~ (~ 2ns ) .
§+ +—)—E + 5+ —— E[}‘F.In
<\/n1n2n3 niny n3> nr n3 Q N Q ¢
Brnr Tra(3)T & 1 ~ _ ng+ning\
_ E { T®) } _ ) ST Q2 20
v/ M1iNnang zm Q Vv Ninansg Q et v/ Ninang Q ( )

Moreover, equation [[9]becomes,

E [zmTT 3T (Q —_— (QTrQ n Q2)>] — BrE {HMH;zzTQ] Cen

1
\/N1n2ng

Tr Q(S)

Therefore, denoting m(5) = lim the Stieltjes transform of the limiting spectral distribution

of \/MTWT@)T(S)T _ % In3, the combination of equation 20| and equation [21| yield the
following matrix equivalent,

SN A L A Bnr

m(5)Q+3Q+1I,, +— ﬁHMHFzz (22)

At this point, we are still carrying the random term ||M||12; in the RHS. This quantity is expected to
concentrate rapidly around its mean 3%, + "nl—]zz However, because M and Q are not independent,
the RHS must be studied carefully.

E.3 ANALYSIS OF THE RHS

Lemma 3.

[e,d],b

6Qa,b _ ﬁT 3)T
azc,d - \/W ([Qz}a [T Q:|

Proof. Since 0Q = — Q0 (T(3)T(3)T) Q,
0Qup ”"i" (an ;
== Qa,e o

+(Qz], {T(S)TQ} [c=d1va> .

oT
Trgh+ Ttge f’g’h> Qnp

8ZC,d e f.gh=1 32 320761
ﬁT Z
= Qae Ze cdh+Tcd€Zh)Q}L
v e,h=1
0y  Pr (3)T ()T
6Zc7d o _,/’ILM ([QZLI [T Qi| c,d], + [Qz]b {T Qi| [c,d],a) '
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ni,n2

1 2

P Z (22 ) 2.0
E[IMI2 Q] = (8 + ":,) WZ (7

u,v=1

9Q
) 7.

where we have used Stein’s lemma (Lemmal[I)) to derive the last equality. Hence, using Lemma[3] it
becomes

5| (k- (54 52) ) @)

,

2 8] (e ) (0 [0, vl [, )]

u,v=1
Br X Zuw
= 2 K?m ] — W) ([th T97q]  +lQsl, [197Q) [W,ﬂ

= — 2B—TE [szTTC”)TQ + (szTT(?’)TQ) T]

1,J
ni,n2

iy 22,2 o (05 [ vias 17 )

and, since Brzm ' = TG — _LW® and T(B)T(3)TQ = I,, + sQ, we have,

1
Brzm TOTQ=1,, + sQ - —WOETO®TQ,
VT

Thus, our expression turns into

E [(HMH% - (ﬁzM n "”)) Q}
Ny i,j

,

= — nilE Q+ SQQL‘J o f/?TIE [Q (W(g)T(g)T + T(B)W(g)T) QLJ
nMF:gl { b "( 2l [T(B)TQ} ot T 197 [T(B)TQ} [u,v]»iﬂ
- _EE [Q+sQ°], an/ﬁ [Ar + AT, an:ﬁ [42+45],,
with
A —E [Qw(?’)T(?’)TQ} . A, = :zi]E {Zu,v (Qz]; [TC”)TQ} . J :
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Let us develop A; with Stein’s lemma (Lemma on W),

ns3,ninz,n3

e

_ aQi,a (3) 9 c,b (3) an,j
[A4], ;= a’%:zl E law((fz); b Qe+ Qi,ach,j + Qi Top 8W$I))
o ning 2
- \/WE [Q ]i,j
I ®) ®) 3)
_ . 3)T 3)T
vnr o a— E [(Ql’a [T Q] b.a T Qs [T Q} b,i> TesQ ’]}
1 nz,ninz,n3 )
N Z E |:Qi,aT£3g (Qc,a {T(B)TQ} . + Qa,j [T(S)TQ} >:|
n a,b,c=1 , b be
_ Tl,anE [QQ] o L]E |:(2Q2 + QTI' Q) (d)T TQ + Q2 Tr'T S)T J)TQ:|
/Nt v /Nt i.j
_ ning 2 1 2 2

since TOTETQ = I,,, + sQ.

Next, we develop A, with Stein’s lemma (Lemmam) onZ.

ni,n2 n3,n3

E Z a
uvzl abzl 8Z
Brnin

= TT1M2E [szTQ]i’j
BT ni,nz n3,N3

ni,n2 N3,N3

e 2 2B
u?) la,b=1

ni,n2 n3,Nn3

e 2 L E

ﬁT

_[Qz]i [T(:s)T

_[Qz] { 3)TQLM] Tl()[)qub,j:
sza uv] Q=] [ (S)TQ} [u,v],5 |

(3)
T 0Q
b,[u,v] (3) b.j
b [u v Qb ,J + Q1 a?a azu,v Qb,j + Qi,azaTb [w,v) az o

zaT b [u v) de

QL

w,v],a

[Q1 a%aT b [u v] [QZ} { (3)TQ} [u,v];b}

leu u,v=1 a,b=1
Brnin 5
T ElesTa), - JE[(@eT e [0 Q T T Q]
_ Br T @E)T B)@®T
WE Q=" (@T¥TTQ+ QT Q)]
[Aa]; B\T/%Q]E [Qzz7Q], , - El(ns +2)Qzz'Q+[2'Qz] Q]
F 21 (QTrQ+2Q°) + [27Qz] Q7]
since, again, T®) TG TQ = I,,, + sQ.
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Eventually, we have,

B [IMI2Q) = (5 + 22 ) BlQ) - LB [Q+ 50

nm

y Amn g Q°] - : E[(ns+2)Q°+QTrQ+25Q (Q°+ QTr Q)]
nynTt nynr
+ 25’;2”1”2 E[Qzz'Q] - ﬁ]E [(ns +2)Qzz"Q + [27 Q2] Q]
M
— ZﬁsE [szTQ TrQ+ [z Qz} Q ] — %SE [szTQ2 + QQZzTQ}
M M
2 [ ning 2 4 4 ng—mng = 2 9
B[IMIEQ) = (%24 6 - Bl - - (s+ B2 2 R(Q?
B 4ng E [Q’HQ} 8 SE [Qg] ~ 8ng SE {QQTrQ}
nynrtr ns nynr nynrtr ns
2
- iﬁzj\jE [(n3 —nina +2)Qzz' Q+ [27Qz] Q]
— %SE [nngz Q—— Q [zTQz] Q>+ Qzz'Q% + Q2zzTQ} .
M

After rescaling, this becomes,

nr

N M2 Q]

nina 9 4 nr ~ 4 (. 2(n3+1) nr ~y
= - E|Q|l - — E
< nanr +BM n]u) \/N1Nang |:Q:| nar <S + \/’I’Llngng \/nlngng, {Q :|

4n - Tr G 8&n . nzg+nn Tr
TEQQ_ T<s+3 12> Q3+Q2Q
NpMMNIN2 ns NMMIN2 \V/N1n2ng
2B5n ~ ~ -
ﬁﬂi [(ng —ning +2)Qzz'Q + [ Qz ]
’IlMTll’I'LQTL3
2 T
; Brng <~ n3 +n1ﬂ2> n3sz
nyN1n2ng n1n2n3
262.n2 . n3+nin
_ 2BT T ( 3 1 2) Q2+QZZTQ2+Q2,ZZ Qi|
njyminang n1n2n3

el
—@(n;wﬁ{éﬂ—@(wbﬁﬁ ¢
o(H)r[az="a] -0 (%)e[[-"as] Q]
o ()2 foer o
e (nﬁﬁ) B[[27Qs] Q2+ Qz2 QP + 02270

Hence, as long as S = o(n;/ 4), we have

o+ e)al-o(:
u(i)e[ar

ns

g

ns

BEnr nr o [nang Bumnr \ &
Q — 32 + Q.
Vninagns ” HF T Ny ns Vv ninang
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E.4 DETERMINISTIC EQUIVALENT

Coming back to equation 22} we are now allowed to write,

( )Q+5Q+Ind <—>5T( T [NiNg + 512w7lT )zzTQ'
N ns /ninang

Hence, in order to prevent the RHS from either vanishing or exploding, we see that S must be

2
@(n;l/ ). In this case, Let g = lim 32 (nM Mz 4 ﬁ%)

Then, we can define Q, the deterministic equivalent of Q such that,
m(3)Q+5Q + I, = 022 Q. (23)

2
Remark. In fact, with the assumption 85, = O(1), B2 ( mnz \/'il‘f%) ~ L, e
so we could have kept only this dominant term. However, for ﬁmte horizon considerations (as it is

the case in practice), adding the © ( %) term leads to slightly more precise predictions. Indeed,

with the dominant term only, we consider a “worst-case scenario” By = 0.

E.5 LIMITING SPECTRAL DISTRIBUTION

According to the previous deterministic equivalent, the Stieltjes transform of the limiting spectral

distribution of \/7T(3)T( T — :}%Ing is solution to
m2(8) + 5m(3) +1 =0, (24)

i.e., it is the standard semi-circle law.

F PROOF OF THEOREM[7|

F.1 ISOLATED EIGENVALUE

The asymptotic position € of the isolated eigenvalue (when it exists) is a singular point of Q. From
equation 23] it is therefore solution to

() +&= o
Following equation , £=—m(f) — ﬁl} 7 thus, m(€) = —%. Injecting this in equation [24|yields
~ 1
E=o0+-. (25)
o
F.2 EIGENVECTOR ALIGNMENT
Following Cauchy’s integral formula,
T2 1 -
= d
’z z 5. P TQ(5)z ds

where 4 is a positively-oriented complex contour mrcling around the isolated eigenvalue only.
Hence, using the previously found deterministic equivalent QQ, we can compute the asymptotic value

2
1
(=557 2Tz

§0f|zT2

)

This reduces to residue calculus,

¢=1lim (5-€) (5 +5—o "' = 5 . =
ds

§—E
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Differentiating equation 24] we have,

2 (€)m(&) + (&) + &' (§) =0 = ' (§) = —zmréflg
|
== ——
= () =
Hence, we conclude, 1
Czl—?:
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