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Abstract

We study matrix completion via deep matrix factorization (a.k.a. deep linear neural networks) as
a simplified testbed to examine how network depth influences training dynamics. Despite the
simplicity and importance of the problem, prior theory largely focuses on shallow (depth-2) models
and does not fully explain the implicit low-rank bias observed in deeper networks. We identify
coupled dynamics as a key mechanism behind this bias and show that it intensifies with increasing
depth. Focusing on gradient flow under diagonal observations, we prove: (a) networks of depth > 3
exhibit coupling unless initialized diagonally, and (b) convergence to rank-1 occurs if and only if
the dynamics is coupled—resolving an open question by Menon [24] for a family of initializations.
We also revisit the loss of plasticity phenomenon in matrix completion [18], where pre-training on
few observations and resuming with more degrades performance. We show that deep models avoid
plasticity loss due to their low-rank bias, whereas depth-2 networks pre-trained under decoupled
dynamics fail to converge to low-rank, even when resumed training (with additional data) satisfies
the coupling condition—shedding light on the mechanism behind this phenomenon.

1. Introduction

Matrix completion, a task with practical applications in areas like recommender systems and image
restoration, provides a key framework for investigating implicit biases, particularly the tendency
towards low-rank solutions. The goal of the matrix completion task is to recover a low-rank ground
truth matrix W* using only a subset of its entries. A common strategy for matrix completion
involves matrix factorization, which can also be viewed as linear neural networks. These networks
reparameterize the target matrix X as a product of factors, X = Wy Wr_; - .- W7, and train these
factors W; by minimizing the mean squared error on the observed entries via gradient descent. The
observed entries constitute the training set, while the unobserved entries act as the test set.

The problem of predicting W* is underdetermined, as infinitely many completions are possible.
Nevertheless, both theory and experiments indicate that training even a simple two-layer factorization
(L = 2) with gradient descent, without explicit rank constraints, typically yields a low-rank solution
under reasonable assumptions [5, 23, 27]. Bai et al. [5] recently formalize this phenomenon using the
concept of data connectivity. They demonstrate that if the observed entries form a connected bipartite
graph (meaning any observed entry can be reached from any other via shared rows or columns), a
depth-2 factorization initialized at an infinitesimally small scale converges to a low-rank solution.
Conversely, the network may converge to a higher-rank matrix if the observations are disconnected
(see Definition 8 and Figure 1(a)).
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Figure 1: (a) Examples of bipartite graphs corresponding to observation patterns of Mp (discon-
nected) and M (connected). (b-¢) Training results showing effective rank (cf. [28]) for completing
rank-1 matrices Mp and M, respectively. The rank-1 ground truth matrices were generated via
uv', where u, v € R? with entries sampled i.i.d. from a standard normal distribution. We initialized
each layer’s entries by sampling from a Gaussian distribution with mean zero and std .

However, the situation changes significantly for deeper (L > 3) networks, as empirically
demonstrated in Figure 1. Consider the task of completing the 2 X 2 matrix

* ?
wll .
. w22

where only the diagonal entries are observed. This observation pattern forms a disconnected graph
as illustrated in Figure 1(a). Consistent with the theory for disconnected graphs, L. = 2 models fail
to find a low-rank solution, empirically converging to rank-2 regardless of initialization scale. In
contrast, deeper models (L > 3) with small initialization tend to converge to a rank-1 solution, as
shown in Figure 1(b). This specific example highlights that the implicit low-rank bias appears to be
strengthened by depth, in a way that cannot be explained solely by the data connectivity developed
for L = 2 models. Furthermore, considering connected cases as well, Figure 1(c) demonstrates that
this strong low-rank bias is generally robust, tending to strengthen further as depth increases.

However, a theoretical understanding of this depth-induced bias remains elusive, largely due to
the complex, coupled dynamics during training. Indeed, Menon [24] notes that even for a simple case
like (1) with w]; = w3, = 1, proving that gradient descent with a deep factorization converges to a
low-rank solution is still an open problem. Motivated by this gap in understanding, we theoretically
analyze such settings, including the example (1).

Investigating the implicit low-rank bias in matrix completion can also shed light on the phe-
nomenon of “loss of plasticity”, a challenge widely observed in general neural network train-
ing [1, 4, 6, 29]. Discussions on the loss of plasticity phenomenon are provided in Appendix A. To
summarize, here are the main research questions that we address throughout the paper:

ey

* What is the fundamental difference between deep (L > 3) and shallow (L = 2) factorizations
regarding their implicit low-rank bias, particularly for disconnected observations?

e Can we theoretically establish that deeper models (i.e., with larger L. > 3) exhibit a stronger
implicit bias toward low-rank solutions?

* What is the underlying cause of the loss of plasticity and how does depth interplay with it?
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2. Problem Setting

We consider the problem of estimating a ground truth matrix W* € R%*? based on observations of
its entries {w}; }(; j)eq. Where Q C [d] x [d] is the set of observed indices. We model the estimate as
a linear network Wi.; £ W; Wy _; - -- Wy, where W, € R4*%-1 with dy = d; = d. We denote
the (i, j)-th entry of the matrix W1 as w;;. The factor matrices { W}~ | are trained by minimizing
an objective function ¢, defined as the squared loss ¢ over the observed entries in §2:

1

Q) 2 Q) = = G — )2
S(Wh,...,Wp;Q) £ ((Wp;Q) = QZ(M)GQ (wij — wj;)” . )

We study the overparameterized regime where the intermediate dimensions satisfy d; > d for all
[ € [L — 1], imposing no explicit rank constraints on the product model W7,.;. Consistent with prior

works, our analysis focuses on gradient flow dynamics (gradient descent with an infinitesimal step
size) for a given objective function ¢. The dynamics for each layer W;(t) evolve according to:
a d 0

Wi(t) avvl(t)=—qu(wl(t),%(t),---,WL<t>;Q), le[Ll,t>0. (3

For depth-2 networks (L = 2), the product of factor matrices A € R4*% (representing W5) and
B € R%1 %4 (representing W), we denote Wa.B £ AB.

3. Implicit Bias of Depth via Coupled Training Dynamics

This section extends Bai et al. [5]’s connectivity argument to general depth factorizations. First, using
2 x 2 matrix examples, we demonstrate how coupled training dynamics explain the role of observation
connectivity in depth-2 models. Based on these insights, we hypothesize that deep networks exhibit
an intrinsic low-rank bias by maintaining highly coupled training dynamics, regardless of observation
patterns. This hypothesis is corroborated by the diagonal observation results.

3.1. Warm-up: Coupled Dynamics vs. Decoupled Dynamics in Depth-2 Networks

We focus on the simple 2 x 2 matrix completion of Mt and M, using depth-2 models W4 p(t) =
A(t)B(t). For brevity, let a;(t) € R% be the transpose of the i-th row of A(t), and let b;(t) € R%
be the j-th column of B(t). Our aim is to see how training dynamics affect the alignment of the
rows of A(t) or the columns of B(t), as such alignment leads to a rank-1 product matrix W4 g(%).

Decoupled Dynamics. In the M, case (disconnected observations wi;, w3,), the gradient flow
using the objective defined in (2), results in independent dynamics for the pairs (a1, by) and (asg, b2):

d;(t) = (w;.;. - ai(t)Tbi(t)) bi(t), bit) = (w;. - a,-(t)TbZ-(t)) a;(t) fori=1,2.

Note that while the dynamics couple a; (t) with b (t) and ax(t) with by(t) within each pair, the two
pairs (a1, b1) and (a9, by) are decoupled. This decoupling means the overall system’s dynamics
separate into two independent systems. Consequently, there is no good reason to align vectors from
different pairs, typically leading to high-rank solutions with generic initializations (Figure 1(b)).
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Coupled Dynamics. In contrast, for the M case (connected observations wj;, w3,), the gradient
flow on the objective (2) yields coupled dynamics that do not decompose into independent pairs:

ar(t) = (why = ar() ba(®)) ba(t),  da(t) = (why — az(t) B(1)) ba(t),
Bi(t) = (wh — a1() bi(1)) ar(t) + (why — aa(t) T1(1) ) ax(d).

The following theorem demonstrates that sufficiently small initial norms in A(0) also result in the
alignment of a4 (t) and as(t) with by (¢).

Theorem 1 For the product model W a g(t) = A(t)B(t) € R?*2, we consider the gradient flow
dynamics (4), where the observations are wi,(# 0) and wi,(# 0). We assume convergence to

“)

the zero-loss solution (i.e., wii(0c0) = wiy, wa1(00) = wiy). Defining u* = Hlil(g)))\\g and the
orthogonal component a; | (00) = a;(00) — (a;(00) Tu*)u*, we have:
ooz A (VIB I+ 1t 4w + 10,03 )
L 2 , fori=1,2.

lai(oo)ll3 — 2w},

The preceding theorem shows that small initial norms for A(0) lead to the alignment of a;(c0)
and az(co0) with by (c0), implying a near rank-1 product matrix W4 p(oco). This suggests that
for depth-2 networks, coupled training dynamics (resulting from connected observations) facilitate
the emergence of low-rank solutions under such small initialization, in contrast to the decoupled
dynamics of disconnected observations, where no such bias exists, regardless of initialization scale.

3.2. Coupled Dynamics in Deep Networks Induce Implicit Bias Towards Low-rank

Section 3.1 illustrated the importance of coupled training dynamics, driven by data connectivity,
for achieving low-rank solutions in simple two-layer factorizations (L = 2). Building on this
understanding, we now extend our analysis to deep networks (L > 3). For illustrative purposes,
consider a depth-3 network W3.1. An arbitrary observed entry w;; from this matrix is given by:

wij = ZZ; 27;1(W3)ik(w2)kl(wl)lj' ©)

Crucially, because all elements of the intermediate matrix W5 contribute to the computation of w;;,
independent of (i, j), gradients of different observed entries will propagate through and update these
shared elements in W5. This inherently couples their training dynamics, a structural feature distinct
from the depth-2 case, where coupling is primarily determined by the observation pattern. Such
inherent coupling, in turn, implies a potential intrinsic bias towards low-rank solutions for deep
models. To formalize this notion, we introduce the following definition of coupled dynamics.

Definition 2 (Coupled/Decoupled Dynamics) Consider the matrix completion setup with the model
Wra(t) = Wi(t)--- Wi(t) € R Let (t) be the vector of all trainable parameters evolving
according to the gradient flow dynamics (defined in (3)). Let w;;(t) = (Wp.1(t))ij be the model
prediction for an observed index pair (i,j) € Q C [d] x [d]. The gradient flow dynamics are

decoupled if there exists a partition of C) into non-empty, disjoint subsets 1, ...,Qx (K > 2) such
that Uszl Qi = Q and the following condition holds for any (i,j) € Q. and (z,y) € Q with k # 1:
(Voywij(t), Vopywaey(t)) =0, Vvt >0. (6)

The gradient flow dynamics are coupled if they are not decoupled.
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For depth-2 matrices, it is straightforward to verify (based on Definition 8 and 2) that the training
dynamics are coupled if and only if the observation graph is connected. Furthermore, Definition 2
indicates that for deep networks (L > 3), under random Gaussian initialization, the training dynamics
are coupled with probability 1, irrespective of the observation pattern.

To gain insight into how coupled dynamics induce low-rank bias as depth increases, we further
investigate the diagonal observation setting. As highlighted in the 2 x 2 example (cf. Figure 1(b)), this
setting reveals a stark difference between shallow and deep networks despite being a disconnected
observation pattern. To investigate this further, we now turn to the general d x d case.

Specifically, we consider a d x d ground truth matrix W* with positive and identical diagonal

observations wj; = w* > 0 for Qgcil;g £ {(i,q) | i € [d]}. We factorize the model with depth-L:

Wira(t) = WL(t)Wr_1(t) - -- Wi (t) where W; € R¥4 for all [ € [L].
To study how dynamic coupling affects the low-rank bias, we consider a family of initializations
where, for parameters o > 0 and m > 1, each factor matrix W;(0) is initialized as follows:

a a/m -+ a/m
wio) = [¥m ) (g e )
a/m a/m e a

Using this initialization scheme with diagonal observations, the following proposition specifies
how parameters m and network depth L determine if training dynamics are coupled or decoupled:

Proposition 3 Consider a depth-L model, where each factor W;(0) € R¥*? is initialized with (7)

(d)

trained with diagonal observations, 3,/ . Then, according to Definition 2, the following hold:

» For depth L = 2, the training dynamics are decoupled for all m > 1.
» Fordepth L > 3:

— The training dynamics are coupled if 1 < m < oo.

— The training dynamics are decoupled if m = oo (i.e., initialization with al).

Assuming convergence to a zero-loss solution, our objective is to determine the rank of solutions
found by gradient flow depending on the coupling of dynamics. The theorem below presents an
equation of each singular value of the converged matrix W, (c0), for all L > 2.

Theorem 4 Consider the product matrix Wy .1, whose factor matrices W; € R gre initialized
(d)
diag’
let (01)Y > --- > (04)F > 0 denote the singular values of the converged matrix W.1(00). Then,
for all parameter values o > 0, m > 1, d > 2, and L > 2, the following holds:

according to (7). Assuming convergence to a zero-loss solution under the diagonal observation ()

e If L = 2 (decoupled dynamics): The singular values are explicitly given by

w* w*

ov=(m+d=I\ g =MD

forr=2...,d.



IMPLICIT BIAS AND LOSS OF PLASTICITY IN MATRIX COMPLETION

m=10 m =100 m=1000 m=1e+10
10«7-—0—0—0 ] ] ]
wn
$ s
©
> 6
I
S 4
(o)}
£ 27
w0 (IR SER T - T === L & - *—
O{ M == — - ———— | 1 D sttt ittt dets. 1 B
0.1 0.001 1e-05 1le-07 le-10 0.1 0.001 1e-05 1e-07 1le-10 0.1 0.001 1e-05 1le-07 1le-10 0.1 0.001 1le-05 1le-07 1le-10
at at at at

—— [=2,0f —— L=3,0f —— L=50 —— L=70}

- L=2,0t -4 L=3,0t -#-L=50" -x L=70

Figure 2: Singular values (o;)” (numerically obtained from Theorem 4) against initialization scale
o, for the diagonal observation task. Solid lines represent the largest singular value (o;)%; dashed
lines denote the other (identical) singular values (o) for r > 2. For finite 1, these results illustrate
that both greater depth L and a smaller initial scale o enhance the low-rank bias, in contrast to
the L = 2 case. Conversely, a very large m (e.g., m = 10'0), approximating an oIy (rank-d)
initialization, leads to decoupled dynamics and a full-rank solution, independent of both L and «.

* IfL > 3and1 < m < oo (coupled dynamics): The singular values satisfy the implicit equations:
2—L
*d—(o L\ — 1
(0'1)27[/ - <w dd_(11) > b= a,m,L,d> (8)
2-L
(w*d —(d— 1)(O'T)L) Lo (crr)2_L =Coam,L,d, forr=2,...,d, )

where Coy 1.4 2 ()27 ((m+d —1)27L — (m — 1)275),

m

e If L > 3 and m = oo (decoupled dynamics): The singular values converge to:
(o)t =w*, fori=1,2,...d.

The preceding theorem details converged singular values of W7,.;(c0) for our initialization
scheme (7), with outcomes dependent on the nature of the training dynamics. For decoupled
dynamics—specifically, when L = 2 (for sufficiently large m > 1), or when L > 3 and m = oo—all
singular values approach w* independently of the scale «, implying convergence to a full-rank
solution. In contrast, for coupled dynamics (L > 3 with finite m), the outcome is a-dependent. The
analytical intractability of this coupled regime motivates a numerical study.

To numerically investigate this, we solve the implicit equations (8) and (9) that determine singular
values (O’Z‘)L for the coupled L > 3, finite m case. Setting w* = 1 and d = 10, we examine how
network depth (L) and initialization parameters («, m) influence the singular value distribution. The
results (Figure 2) confirm that these coupled dynamics in models with L > 3 and finite m indeed
induce a low-rank bias, contrasting with the full-rank outcomes of the L = 2 (decoupled) case.
Moreover, this bias becomes more pronounced as network depth increases, evidenced by a wider gap
between (o1)" and (o,)* for r > 2.

Remark. Our analysis of low-rank bias for a specific family of deterministic initializations resolves
the challenging open problem (1) highlighted by Menon [24]. Experiments in Appendix E further
demonstrate that our proposed deterministic initialization exhibits qualitative trends similar to
Gaussian initialization. We therefore argue that our results provide foundational insights into low-
rank bias applicable to more general random initializations.
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IMPLICIT BIAS AND LOSS OF PLASTICITY IN MATRIX COMPLETION

Appendix A. Understanding The Loss of Plasticity via Depth-2 Matrix Completion

Investigating the implicit low-rank bias in matrix completion can also shed light on the phenomenon
of “loss of plasticity”, a challenge widely observed in general neural network training [1, 4, 6, 29].
The term loss of plasticity describes the tendency of neural networks, particularly after initial
training, to lose their adaptability to new information, hindering their generalization capabilities. A
recent work by Kleinman et al. [18] empirically report the emergence of this phenomenon in matrix
completion: models pre-trained on limited observations struggle to adapt when training continues
on augmented observations. Notably, they observe that loss of plasticity is further intensified with
increasing network depth, a conclusion they reached by measuring a “relative reconstruction loss’
when compared to models trained from scratch on the augmented dataset.

However, our findings (Figure 3) offer a more nuanced perspective. We observed that even when
pre-trained with a sparser set of observations, deeper models increasingly favor low-rank solutions
as their depth increases. This aligns with our argument (Section 3.2) that they inherently achieve
low-rank solutions even from limited, disconnected initial data. Consequently, for these deeper
models, further training on augmented data (the post-training stage) does not lead to noticeably
higher rank compared to training equivalent models from scratch on the augmented observations.
Therefore, while their performance might exhibit a relative degradation compared to models trained
from scratch, their absolute solution quality can still surpass that of shallower models. Based on
our observations, we conclude that the low-rank bias of deep models helps them avoid the loss of
plasticity, while the loss is more pronounced in depth-2 models. To theoretically understand the
underlying cause of this phenomenon itself, we henceforth focus our analysis on depth-2 models.
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Figure 3: Experiments use a 100 x 100 rank-5 ground-truth matrix. pre-training utilizes 2000
randomly sampled entries (Qpre; |Q2pre| = 2000), while post-training adds 1000 more, forming st
(Qpre € Qposts |2post| = 3000). The top row of panels displays effective rank, and the bottom row
shows reconstruction error, both measured at convergence. The leftmost panels depict training on
Qpre, and the rightmost on {2,s¢, both starting from random Gaussian initialization. The middle
panels show warm-start training on {2, initialized from converged pre-trained models with €.

In Section A.1, models are pre-trained using only diagonal observations, with the set of diagonal
indices Qgil; . We then examine 2 x 2 (Section A.2) and d x d (Section A.3) cases. For the 2 x 2
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IMPLICIT BIAS AND LOSS OF PLASTICITY IN MATRIX COMPLETION

case, the pre-train observation set is Qézr)e £ Q((flig The post-train set, Ql(m)st, then incorporates an
additional off-diagonal observation to ensure connectivity. Similarly, for the d x d case, the pre-train

set is Qgﬁ?g £ Q(d)

diag" includes additional observations (see Section A.3).

Its post-train set, QI()O)St,

A.1. Pre-training with Diagonal Observations

To clearly observe loss of plasticity in a setting consistent with Section 3.2, we pre-train using only
diagonal entries, yielding a disconnected pattern. We consider decoupled-to-coupled scenarios,
where additional data is introduced to induce coupled training dynamics. For depth-2 models, they
correspond to a disconnected-to-connected observation pattern. For the pre-training, closed-form
solutions that depend solely on the network’s initialization can be found in the following proposition:
Proposition 5 Consider a ground truth matrix W* € R with diagonal observations Qé ;g The
model is factorized as Wa g(t) = A(t)B(t), where A(t), B(t) € R4, For each observation

(i,1) € foilig, define the constants P; and (Q; based on the initial values:

d

P2 Zaz k(0)bri(0) and Q; = Z (aik(0)% + by,i(0)%) .

k=1
Furthermore, for each diagonal observation, let the parameter 7; be determined from the ground truth

Pt

i (2]

convergence to a zero-loss solution of the loss {((W 4 B; Qéﬁ g), any entry ay, 4(00) of the converged

matrix A(oo) and any entry by, 4(00) of the converged matrix B(co) (for any p, q € [d]) are given
by:

entry w; ; and the constants defined above, T; = % log . Then, assuming

ap,q(00) = ap¢(0) cosh () — by p(0) sinh (7)
bp,q(00) = by4(0) cosh (7g) — aqp(0) sinh (7).

Remark. The above proposition applies to arbitrary initializations with distinct w}; values, which
is goes beyond Theorem 4. While the above analysis focuses on diagonal observation cases, it can
be generalized to any fully disconnected case (i.e., a single observation per row and column). This
yields distinct solutions for various types of observation sets, as detailed in Appendix G.1. We
analyze the scenario where training resumes from a state obtained through pre-training. Let the
pre-training phase conclude at a sufficiently large timestep 7. For simplicity, we assume that the
solution W4 g (17) has perfectly converged with respect to the pre-training objective, neglecting
any residual error due to the finite duration of this phase. Our subsequent analysis demonstrates that,
starting from W4 g(171), the model W4 g(t) cannot converge to a low-rank solution.

A.2. Post-training: 2 by 2 Matrix Example

We aim to analyze scenarios where training is resumed under coupled dynamics, building upon
solutions obtained from an initial decoupled pre-training phase (Proposition 5). To this end, we

first define the specific pre-training setup for an illustrative 2 X 2 case: We observe diagonal entries

(Ql(fr)e), which are identical and positive, i.e., w* £ w;; = wjy > 0. To make loss of plasticity

12
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particularly pronounced during the pre-training, we initialize the model with oIy (for o > 0), which
is the m — oo limit of our initialization scheme in (7). Then, from Proposition 5, it follows that:

A(T)) = B(Ty) = <\/S‘T V%)

For the subsequent post-training phase, an additional off-diagonal observation is introduced to
establish connectivity. Without loss of generality, we assume wj, > 0 is revealed, while the
diagonal entries w}; and w3, from the pre-training phase remain observed. Thus, the updated set

of observed entries becomes ng)st ={(1,1),(1,2),(2,2)}. The ground-truth matrix is assumed
to be rank-1, ensuring the setting is non-trivial, and the task is thus to predict the remaining entry

wh, = w*? /w}y > 0. The following theorem, however, reveals a contrasting outcome for this entry.

(10)

Theorem 6 Let A(T)), B(11) be the factor matrices obtained from the pre-training phase, as
specified by (10). Then, running gradient flow during the subsequent post-training phase (fort > T1),
starting from A(T1) and B(T1), results in exponential decay of the loss:

1 :
UWaB(1); Q) < Swi?e 2" (7T,

Consequently, a lower bound for the stable rank of the converged matrix W 5 g(00) is given by:

IWa,B(c0) I < sz)
> > 1+exp|—8 .
IWa,B(c0)|13 w*

Furthermore, for all t > Ty, wo(t) of the evolving matrix W o g(t) satisfies w1 (t) < 0.

The theorem indicates that the loss decreases exponentially fast, particularly when starting from
high-norm solutions (at a rate governed by w*). Therefore, since the model converged to high-rank
solutions during pre-training, its singular values remain largely unchanged from this initial state,
as long as wj, has a small magnitude compared to w*. Furthermore, the unobserved entry wo; (t)
converges to a negative value, which contradicts the positive w3, expected for the true rank-1 solution.

A.3. Post-training: d by d Matrix under Lazy Training Regime

We attribute Theorem 6 primarily to the model’s “lazy training” [8] as high-norm initializations lead
to faster loss decay, causing the model to converge to a nearby global minimum that may not be a
low-rank solution. Drawing on this concept, we extend the preceding analysis of loss of plasticity to
the more general case of d x d ground-truth matrices. The following theorem states that when the
model is initialized with a sufficiently small loss, resulting from warm-starting that perfectly fits all
previously observed data, the model exhibits lazy training. This, in turn, prevents further learning
that would reduce the rank and instead steers the model towards a nearby minimum.

Theorem 7 (informal) For factor matrices A, B € R™4, suppose A and B are balanced att = 0,
ie., A(0)TA(0) = B(0)B(0)". Let f(A, B) be the function that maps (A, B) to the vector of
(d)

model predictions for a given set of observed entries onst.

We then define opyax and oy as the
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maximum and minimum singular values, respectively, of the Jacobian of the function f evaluated at
the pre-trained state. If the loss at time T satisfies:
€<WAB(TI) Q( ) > Ugnn
’ Post) = 1152do2,,,’

max

this results in exponential decay of the loss:
o(w, 0D ) <0 (Wap(T); 0% L
A B( ) post A B( 1) post | €XP 2 Ominl | -
Consequently, the stable rank of A(t) (which is equal to that of B(t)) remains bounded below by

Al _ (VEIA@)]e - S
1A®I5 — \ V2| ATy )‘]24_5\%

The above theorem states that if a model has little remaining to learn (achieved via warm-starting),
it undergoes lazy training, leading to rapid loss convergence while its stable rank remains largely
unchanged from the initial state. Thus, once a model has converged to a high-rank state, it struggles
to recover a low-rank structure even when new observations are introduced to form connectivity.
Formal statement of Theorem 7 is provided in Appendix G.

As an illustrative example, consider the simple warm-starting scenario from Section A.2: the

*

model is first pre-trained using only diagonal observations of ground truth matrix W*, w* = wj; =
W59, after which off-diagonal entry w7, is introduced for subsequent training.

Example. Consider a warm-starting scenario where A and B are initialized as (10). When
post ={(1,1),(1,2),(2,2)}, the loss at time T is /(W 4, g(T"); o Swi,?. The

observing ol post)
two singular values of the Jacobian matrix are both v/2w*. If we choose wy; < - f Theorem 7

ensures that at every time ¢t > 77, the stable rank of A(t) stays uniformly bounded below:

LA/l A®)13 > 1.31.

Appendix B. Conclusion

We demonstrate that in matrix completion, deeper networks (L > 3) inherently exhibit a stronger
low-rank bias than shallow networks. This tendency is primarily attributed to their coupled training
dynamics, which operate irrespective of observation patterns. To enable a tractable theoretical analysis
of this phenomenon, we consider gradient flow starting at a family of deterministic initializations.
We show in the diagonal observation setting that coupled training dynamics lead to a low-rank bias,
and this bias is further intensified as network depth increases. Furthermore, our theoretical analysis
of warm-starting scenarios details the loss of plasticity phenomenon, revealing how suboptimal initial
states can hinder convergence to low-rank solutions. These findings contribute to a more precise
understanding of the implicit bias of depth and loss of plasticity in matrix completion.
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Appendix C. Further Related Works

C.1. Implicit Regularization in Neural Networks

Recent studies have shown that deep neural networks have implicit bias or regularization towards
certain solutions among the many global minima [2, 3, 5, 10-13, 15-17, 19, 21, 30, 31, 33-36].

Among these, Arora et al. [3], Gissin et al. [11], Li et al. [21] study the implicit bias of depth
towards low-rank solutions. Specifically, Gissin et al. [11] and Li et al. [21] examine this bias in
deep linear models in relation to the initialization scale. They report that as model depth increases,
the dependence on initialization can become weaker, and incremental learning can emerge. However,
their analyses consider a matrix factorization task, which they frame as matrix completion with full
observations. Therefore, in their setting, convergence to a low-rank solution is guaranteed if the
model converges to zero-loss, which does not hold in our matrix completion task settings.

While Arora et al. [3] investigate matrix completion in deep linear networks, offering insights
from derived singular value dynamics, they cannot fully track these dynamics to prove low-rank
convergence as network depth increases. Their analysis is primarily restricted to the regime where
t > to, after which singular vectors are assumed to have stabilized. For ¢ > g, they find that one
singular value can be expressed as a function of another, involving a constant term that emerges from
the state at ¢y (which can be the dominant component). Based on this, they demonstrate that the gap
between these singular values widens with increasing depth. In contrast, our Theorem 4, by precisely
tracking the converged values of singular values, rigorously establishes their ultimate behavior and
the resulting low-rank bias.

Bai et al. [5] introduce the connectivity argument in matrix completion tasks for depth-2 matrices.
For an incomplete matrix M, connectivity is characterized by its set of observed indices §2 C [d] x [d]
and the corresponding observation matrix P (where P;; = 1if (4,7) € ©, and 0 otherwise). The
formal definition is as follows:

Definition 8 (Connectivity from Bai et al. [S]) An incomplete matrix M is connected if the bipar-

, , . . : . : P .
tite graph Gpg, constructed from its observation matrix P using the adjacency matrix { p ol|®

connected after removing isolated vertices. Otherwise, M is disconnected.

They prove that if the observations construct a connected bipartite graph, the model can converge
to a low-rank solution when the initialization scale is infinitesimally small, subject to certain technical
assumptions. Conversely, if the observations form a disconnected graph, the model generally cannot
converge to a low-rank solution. However, a special case occurs if this disconnected graph is
composed of complete bipartite components: here, the model converges to the minimum nuclear
norm solution, again under specific technical assumptions. This characterization of implicit bias does
not readily generalize to matrices with deeper matrices, as depicted in Figure 1.

C.2. Loss of Plasticity

Loss of plasticity describes a widely observed phenomenon where a model’s ability to adapt to new
information diminishes over time [1, 4, 9, 25, 29]. This is frequently observed in scenarios with
gradually changing datasets, such as those encountered in reinforcement learning [14, 22, 25] or
continual learning [7, 9, 20, 26], where the model may struggle to adapt to new environments.

15



IMPLICIT BIAS AND LOSS OF PLASTICITY IN MATRIX COMPLETION

Although loss of plasticity is more extensively studied in non-stationary environments, a similar
phenomenon can be observed in stationary settings where a model processes a dataset that grows
incrementally from a fixed data distribution [4, 6, 29]. In such stationary scenarios, a model is
typically first trained to convergence on an initial, independently and identically distributed (i.i.d.)
subset of data (e.g., from CIFAR-10 or CIFAR-100). Subsequently, this converged model serves as a
initialization for continued training on an expanded dataset, which incorporates additional samples
from the original distribution. Perhaps surprisingly, these warm-started models struggle to generalize
to the newly introduced samples, often exhibiting lower test accuracy compared to models trained
from scratch on the combined dataset.

While this phenomenon is problematic in many real-world applications where new data is
continuously added, theoretical studies on it remain scarce. Shin et al. [29], for instance, offer a
theoretical explanation using an artificial framework. Within this framework, they demonstrate
that such behavior occurs because warm-started models often complete training by memorizing
data-dependent noise, which is not useful for generalization. However, the analytical framework they
employ is considered artificial and limited in its ability to accurately characterize the optimization
processes of typical deep learning models.

Recently, Kleinman et al. [18] observed loss of plasticity in deep linear networks, identifying
“critical learning periods”: an initial phase of effective learning followed by a significantly reduced
capacity to learn later. They employ a matrix completion framework to further observe this behavior.
When observations from matrix completion tasks are treated as training samples in neural network
training, they observed that a model initially trained on a sparse set of observations and subsequently
retrained (i.e., warm-started) on an expanded dataset typically exhibits a larger performance gap
(in terms of reconstruction error) compared to a model trained from scratch on the entire expanded
dataset. However, their work does not offer theoretical guarantees to account for these observations.
Motivated by this, in Section A, we attempt to explain this behavior within the specific context of
depth-2 matrix completion settings.
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Appendix D. Coupled and Decoupled Training Dynamics

This section discusses coupled/decoupled training dynamics defined in Definition 2, illustrated with
specific examples.

D.1. Coupled Dynamics

For shallow (L. = 2) matrices, coupled dynamics typically correspond to connected observations
under generic initialization, in accordance with Definitions 8 and 2 (the specific case of initialization
such as zero matrices, which leads to decoupled dynamics, will be further detailed in a later
subsection). We illustrate this principle with an example where the observed entries form the
first column of a 2 X 2 matrix.

Consider a 2 x 2 matrix, denoted M, which is to be completed using its first column as

observations:
*
M2 Y !
C wh 7]
21 ¢

The corresponding observation pattern matrix P is:

10
re=|1 o

The associated adjacency matrix A¢ for the bipartite graph is constructed as:

e[tz 5]

Pc 09

_ =0 O
S O O O
SO O =
oSO O =

which forms a connected graph as illustrated in Figure 1(a). This setup leads to coupled training
dynamics under non-zero initialization. The coupling arises because parameters used to construct
w1y and wop overlap. Specifically, elements from the first column of matrix B (i.e., b1, ba1) are
common to the computation of both wi; and wo;. This shared dependency links the dynamics. The
below illustration highlights these shared (teal) and distinct (red/blue) parameters involved in forming
the observed entries w1 and way:

wir wiz|  |air aiz| [bi1 bio
w1 W22 a1  az| |bar b2
w11 = a11b11 + a12b2

wa1 = a21b11 + a2b2

The shared use of b1; and b2 in reconstructing both observed entries is what couples their learning
dynamics.

For deeper matrices (L > 3), training dynamics are typically coupled, irrespective of the
observation pattern. Consider, for instance, predicting entries from the disconnected matrix Mp
where only diagonal elements are observed:

* ?
A W !
o [ 2],
! 22
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Even with such observations, for I > 3, coupling arises because parameters in intermediate layers
are involved in computing multiple observed entries. This is illustrated in the following depth-3
example (W = W; W, W3). Elements of the intermediate matrix W5 (colored teal) contribute to
both the computation of w1 and was:

[wn w12} _ [(wl)ll (wl)lﬂ [(102)11 (w2)12} [(wzs)n (w3)12}

w21 W22 (w1)21 (w1)22 (/11/'2)21 (71/'2)22

Specifically, the observed entries are formed as:

wiy = ((wl)ll(u’2)11 + (wl)lz(u‘2)21>(w3)11

+ ((’11/'1)11(“«’2)12 + (71)1)12(%‘2)22) (ws)21,
war = ((wn)ar(wa)ir + (wr)oa(w2)on ) (ws)as

+ ((w1)21(“’2)12 + (w1)22(“«’2)22) (ws3)22-

The shared involvement of all elements from W5 (the teal matrix) in forming both w;; and was
leads to coupled dynamics, provided these elements are non-zero. (Conversely, if some elements
were to become zero, this could potentially lead to decoupled dynamics, as illustrated in subsequent
subsection.)

D.2. Decoupled Dynamics

For shallow (L = 2) matrices, decoupled dynamics correspond to disconnected observations.
Therefore, to examine this disconnected case, we consider a 2 X 2 incomplete matrix example,
denoted M, which is to be completed using only its diagonal entries as observations:

* ?
a |Wyy !
e 1]
. w22

Then the observation matrix P can be constructed as:

10

and the adjacency matrix Ap can be constructed as:

el &

Pp 029

o= O O
= o o O
o O O
O O = O

which forms the disconnected graph as illustrated in Figure 1(a). This setup inherently leads to
decoupled training dynamics. The decoupling can be visually understood by examining how distinct
sets of elements in the factor matrices A and B contribute to the observed entries w1 and wos.
Specifically, as illustrated below, red-colored entries are exclusively involved in predicting w11, while
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blue-colored entries are exclusively involved in predicting wa2. These two sets of entries are disjoint,
confirming the decoupled nature of the dynamics:

wir wiz| e arz| |bin bi2
- )
w1 W22 az1  az| |ba1 b2
w11 = a11b11 + ai2ba1,

wa2 = a21b12 + a2b22.

For deep matrices, decoupled training dynamics are observed in at least two key scenarios. First,
as detailed in Appendix F.2.3, an ol initialization combined with diagonal-only observations leads
to decoupled dynamics for any depth-factorized matrix.

To illustrate this for a deeper case, we revisit the Mp observation pattern in a depth-3 context.
Lemma 9 in Appendix F.2.3 states that with such an initialization and observing only diagonal entries,
all off-diagonal elements of the factor matrices W () remain zero throughout training. Consequently,
the factor matrices W1, Wy, W3 are diagonal. The product matrix W71 (¢) is thus formed as:

e e K | K | §

The observed entries are therefore computed as products of the respective diagonal elements:

w11 = (71/’1)11 (71)2)11 (71)3)117

w2 = (w1)22(w2)22(w3)22-

Since w11 depends only on the set of parameters {(W},)11}5_, and wo2 depends only on the entirely
disjoint set of parameters {(Wk)gg}%zl, their training dynamics are decoupled.

Second, the training dynamics are also decoupled when the factor matrices are initialized as
d x d zero matrices (04). The reasoning is as follows: For any given set of observation indices
2 C [d] x [d], the gradient flow dynamics for an (i, j)-th entry of a factor matrix Wj(t) (denoted
(wy(t))i;) are given by:

dwi(t))ij _ 09
g7 O(wi(t))i;
B o (1) — ) Dwpa(t)
- (p%ég( pa(t) pq)f)(uu(t))ij.

Here, the derivative of an element w,(t) of the full product matrix W7,.; (t) with respect to (w;(t));;
is:
Owpq(t)
O(wi(t))ij
where the first term is the (p, 7)-th element of the product W7 (t) - - - Wy 1(t), and the second term is
the (4, ¢)-th element of the product W;_1(t) - - - W (¢). If all factor matrices W, (0) are initialized

as zero matrices, then wy,q(0) = 0. Furthermore, the matrix products forming a?w’”’(o)

wi(0))ij
zero. Consequently, dw

= (WLOWi1(t) - Wier(6)) s (Wisa (0Wisa(t) - Wi (D)),

are also

% lt=0 = 0. Since all entries (w;(0));; start at zero and their initial time
derivatives are zero, they remain zero throughout training. Thus, all W;(t) = 04 for ¢ > 0, leading
to trivially decoupled dynamics.
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Appendix E. Additional Experiments

This section provides additional experiments omitted from the main text.

E.1. Implicit Bias Experiments

In Figure 1, we conducted experiments with a 2 x 2 rank-1 ground truth matrix featuring specific
connected/disconnected examples. To generalize these observations, we extended our experiments
to a 3 x 3 rank-1 ground truth matrix, considering all possible connected/disconnected observation
patterns. After accounting for symmetries to eliminate duplicates, this results in a total of 23 unique
observation patterns, which are categorized into 17 connected and 6 disconnected cases.

For each of these 23 observation patterns, the 3 x 3 rank-1 ground truth matrix was generated
using constituent vectors whose entries were sampled from a standard normal distribution. Each
factor matrix was then initialized by sampling its entries from a Gaussian distribution with a mean of
zero and a standard deviation of «. We performed 10 independent trials for each pattern.

Figure 4 illustrates that, consistent with the findings in Figure 1, a significant discrepancy exists
between the behavior of depth-2 matrices and that of deeper matrices. This discrepancy becomes
notably more pronounced for the disconnected observation patterns.

Connected Observation Disconnected Observation

1.7 4
—e— Depth 2

Depth 3
—4— Depth 4

1.6 4

Effective Rank

le-1 le-3 le5 le7 1le-l 1e-3 le5 le-7
Initial Scale Initial Scale

Figure 4: The left panel shows the averaged effective rank of all possible connected patterns as a
function of the initial scale o”. The right panel displays the corresponding data for all possible
disconnected patterns.

In the context of Theorem 4, we further test our hypothesis: coupled dynamics can induce
a low-rank bias, while decoupled dynamics cannot. We examine this hypothesis under various
conditions by varying the ground truth value w* and the dimension d. The results presented in
Figure 5 (for w* = 1,d = 3), Figure 6 (for w* = 10, d = 10), and Figure 7 (for w* = 0.1, d = 10)
support this hypothesis.

Furthermore, we conducted experiments using gradient descent with a learning rate chosen to
be sufficiently small, to validate our derived equations. For the results presented in Figure 8, we
replicated the experimental setup of Figure 5 (however, the o = 1071 case was excluded due to
prohibitive computation time). The observed trends align well with those shown in Figure 5.

To validate that our initialization scheme (7) can achieve comparable outcomes to Gaussian
initialization while offering more control, we conducted experiments on a 3 X 3 matrix completion
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Figure 5: Numerical conditions identical to those in Figure 2, except with ground truth value w* = 1
and dimension d = 3.
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Figure 6: Numerical conditions identical to those in Figure 2, except with ground truth value w* = 10
and dimension d = 10.

task with diagonal observations (i.e., wj; = w3, = w33 = 1). While our scheme allows initial
rank properties to be adjusted via the parameter m, Gaussian initialization’s inherent randomness
precludes such direct control. Therefore, for comparison with Gaussian initialization, we ran one
thousand trials (seeds) and sorted the converged solutions by their rank.

A comparison of the results presented in Figure 9 indicates that the behavioral trends can appear
similar, particularly because distinct low-rank inducing effects are often subtle and difficult to capture
definitively in the depth-2 case. For deeper networks (L > 3), however, a clearer tendency to
converge towards lower-rank solutions is typically observed as depth increases.

E.2. Loss of Plasticity Experiments

Section A.2 discussed a scenario where pre-training employs diagonal entries, after which an off-
diagonal term (specifically, wj,) is introduced to restore connectivity, leading to coupled dynamics.
Theorem 6 establishes that, in this situation, the model indeed does not converge to a low-rank
solution. To empirically validate this theoretical finding, we conducted experiments using the family
of initializations (7) tailored to this specific scenario, with results detailed in Figures 10 and 11. These
experiments utilized a depth-2 model to reconstruct the ground-truth matrix, with an initialization
scale set to o = 10735, Notably, if the initialization scale « is set significantly lower, as the dynamics
are coupled, a cold-started model can converge to solutions exhibiting a more pronounced low-rank
structure.
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Figure 7: Numerical conditions identical to those in Figure 2, except with ground truth value
w* = 0.1 and dimension d = 10.
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Figure 8: Gradient descent experiments conducted under conditions identical to those in Figure 5.

For the case presented in Figure 10, where w* = 1,w], = 0.1, following Theorem 6, the
theoretical lower bound on the stable rank for a warm-started model initialized diagonally (m = oco)
is approximately 1.45, while the empirically observed stable rank is approximately 1.8. Even in
scenarios where substantial new information must be learned (e.g., by setting wJ, to a large value),
loss of plasticity is empirically observed, primarily manifesting as high test error (i.e., a significant
gap between the target w3, and the converged wo;). While Theorem 6’s analysis via stable rank does
not fully explain an accompanying low-rank bias (a point consistent with Figure 11), the theorem
does predict that w91 converges to a negative value, which implies a large test loss.

Furthermore, we performed additional experiments with different diagonal entry values to
investigate whether this argument extends to other scenarios (results shown in Figure 12), although
specific theoretical guarantees have not been established for these broader cases. We observe that
even in these varied settings, both the effective rank and the stable rank of a warm-started model
substantially exceed one, whereas cold-started models can converge to lower-rank solutions.
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Figure 9: (a) Effective rank for the initialization scheme in (7). The x-axis denotes the parameter
m, which controls the initial rank characteristics of the model, while the y-axis represents the corre-
sponding effective rank after convergence. (b) Effective rank distributions for Gaussian initialization.
The results are from 1000 independent trials, sorted by their converged effective rank. The x-axis
denotes the sorted trial index (from lowest to highest converged rank), and the y-axis represents the
corresponding effective rank after convergence.
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Figure 10: Experimental results for a 2 x 2 rank-1 ground-truth matrix W* with wj; = w3, =1
and w}, = 0.5 (implying w3; = 2 for rank-1 structure). Models, initialized according to (7), are
first pre-trained on diagonal entries. After achieving zero-loss convergence in pre-training, the
off-diagonal element w7, is introduced, and models are subsequently trained on combined diagonal
and off-diagonal observations. The plots display: (Left and Middle) effective rank under different
settings; (Right) converged value of ws; (00). Key observations: (1) Warm-starting with a model that
converged to a high-rank solution during pre-training tends to maintain this high rank, even when
presented with the same subsequent observations as a cold-started model. (2) In the theoretically
analyzed m = oo case, w1 (00) < 0 is observed, which correlates with the highest effective rank.
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Figure 11: Experimental conditions identical to those in Figure 10, except with ground truth value
w}y = 10. The model have to predict w3, as 0.1
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Figure 12: Experimental conditions identical to those in Figure 10, except with ground truth value
wi; = 1, w39 = 2, and wj, = 0.5. The model have to predict w3, as 4.
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Appendix F. Proof for Section 3

In this and the following section, we prove the Propositions and Theorems presented in the main text.
We begin with the proof of Theorem 1.

F.1. Proof for Theorem 1

. b .
When convergence is guaranteed, we can define reference vector u* = ﬁ € RY, which

is entirely determined by their initial values. We decompose a1 (t), as(t), and by (t) into two
components: one parallel to «* and one perpendicular to u*:

ai(t) = ay(t) + a1 (t), a2(t)=ag(t) +az(t), bi(t)=by(t)+ b1 (?).

For any vector u € R, the parallel component is defined as U = (u*Tu)u*, and the perpendicular

componentas u = u — uj.
We introduce notation to quantify the alignment of each vector with w*:

ag, (1) =uTar(t), aa,(t)=u*"as(t), o (t)=u""by(t). (11)
Additionally, we define notation to measure the magnitude of the perpendicular components:

Bay () = lar L (D13, Bas(t) = llazi I3, By, () = b1 (®)]]3- (12)

Then, using equation (4), time evolution of each component in equation (11) can be written as:

g, (t) = u*Tdy(t)

= (wi; —a; T (b1 (1) u* by (1)

érl (t)

= r1(t)a, (1). (3)

Likewise, for ag, (t), we derive:
Qay (1) = u* T da(t)
= (w3 — ag (b1 (1) u™ ' bi(1)
21y (t)
= ra(t)ap, (1). (14)

Finally, for ap, (t), we have:
ap, (t) = u* by (t)
= (wi; — af (b1 (t)u" " ai(t) + (w3, — a3 (b ()u" as(t)
— 1 (£)ata, (1) + 2(t)aay 1) (s)

Also, for the perpendicular components, their time evolution can be derived as:
Bay (1) = 2a11(¢) - d1. (t)
= 2a1(t) - % (al(t) - (U*Tal(t)) U*>
= 2a1(t) - (Tl(t)bl(t) —ri(t) (U*Tb1(t)) U*> :
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Noting that a1 | (¢) is perpendicular to w*, the second term in the parenthesis can be considered zero.
Thus, we have

Ba, (1) = 2r1(t)ay | (t) by L (1).
Likewise, for 84, (t) and Sy, (), we can derive their time derivative as:
Bay (1) = 2ra(t)az (1) "b1 1 (), Bo, (1) = Bay () + Bas (D).

~ Note that by the definition of u*, we have fp, (c0) = 0. Integrating the identity By, (1) =
Bay (t) 4 Ba, (t) from t = 0 to oo gives:

Ba, (OO) + Bas, (OO) = Ba, (0> + Bas (O) = Bo, (0)7

£8p>0

which depends solely on the initial values a;(0), a2(0), and by (0). This equation shows that if the
initial value f3j is small, the solution will eventually align with u*. However, since we do not know
u* in advance, one natural way to ensure small perpendicular components is to initialize the entire
norms of a1 (0), a2(0) to be sufficiently small.

To develop a more rigorous understanding, we analyze the parallel components. Under the
assumption of convergence, we have:

a1(00) by (00) = wi;,  @z(00) by(00) = wh,.

Decomposing a1 (oc) and ag(00) leads to:

a1(00) Tb1(50) = (a1 (00) +uTar (c)u’) by (o0)

— ttay (00)atpy (00) = iy, (16)
ax(00) Tb1(50) = (as.(00) +u"Tas(oc)u’) b (o)

— (1 (00) ity (00) = wy. a7

Using equations (13)—(15), and noting that
d o d 9 2
%abl (t) = %(aal (t) + gy (t))’
we can integrate the above equation both sides over time from 0 to co to obtain:

ag, (00) + ag, (00) = ag, (00) + ag, (0) + 7, (0) — a3, (0) . (18)

A
=0

By solving equations (16), (17), and (18), we can obtain closed-form solution of ag, (00), g, (00),
and ap, (00) as follows:

2 * 2 2 * 2
a2, (o) = L . a2, (o0) = 2 .9
Vo3 + 4wy + 4w — ag Vo3 + 4wy + 4w — ag
2 * 2 * 2
\/ozo + 4wl " + 4wz, " — ap
ag, (00) = : (20)

2
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Thus, we can upper bound the proportion of the perpendicular component of a1 (cc) and ag(00)
relative to its total magnitude as follows:

[a1(E ~ a2, (50) + fan () T ’
2 dw* 2 Adw* 2
laz (00)|I* _ Ba,(00) 60( O 1AWy F Ay ao)

laz(c0)[I2 a3, (00) + Bay(00) ~ w3,

To further refine these bounds, we analyze the terms 3 and S(ag) = \/ ad + 4w, + dwh ? —

. By the definition of 3y, it is upper bounded by ||a1(0)||?+ ||a2(0) %, which equals with || A(0)]|%..
Also, by the definition of oy, we have:

~[B1(0)]5 < a0 < [las(0)]5 + l|la2(0)|5 = [ AO)]7-

Noting that the function f(z) = vz2 + C — x (where C' > 0) is non-negative and monotonically
decreasing for all x € R, we can upper bound S(ag) using the lower bound of ayg:

S(ag) < S(—b1(0)]3)
= 1B 0)13)2 + 4w, + wiy?) — (~[B:1(0)]3)

= IBLO) + 4w, + w?) + [B2(0)].

2
lar o)l” < BoS(20) e gbtain the
lla1(o0)ll3 2wy

final upper bound for the proportion of the perpendicular component of a; (co):

Substituting these bounds for 5y and S(«yp) into the inequality

Jar ooy _ MAON W [B1(0)15 + 4<w +wy?) + Hbl(O)H%> |

Jar(co)ll} = 2w,

llaz  (o0)|I2.

o . \
A similar bound applies to IR

lag ooz 1AOI W 16104 + 4wy + w3,?) + Hb1(0)||§>

laz(0)l3 ~ w3,
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F.2. Proof for Proposition 3

According to the definition of coupled/decoupled dynamics presented in Definition 2, for the family

of initializations defined in (7) along with the diagonal observations (ng()l g), we divide the cases to
ensure that all possible scenarios for this family of initializations are covered.

F.2.1. CASEFOR L =2

First, we consider the depth-2 (L = 2) case. Each diagonal observation, w;(t), is the inner product
of the i-th row of A(t) and the i-th column of B(t). Then, when we take the gradient Vg wi(t),
where 6(t) represents the concatenation of A(t) and B(t), this gradient has non-zero components
only corresponding to the i-th row of A(¢) and the i-th column of B(t); all other components are
zero for all > 0. Therefore, for any j # i, the inner product (Vg wii(t), Vg w;;(t)) must be

zero. This means that there exists a partition of Qgﬁ o into disjoint subsets €21, . . ., {24, where each

Q; = {(i,7)}. Therefore, for any initialization, the training dynamics are decoupled.
F.2.2. CASEFORL >3 AND1 < m < o0

For the deeper matrix case (L > 3), we first note that each diagonal observation w;;(t) can be
expressed as:

d d
wit) = Y D (Wil))iip s (Weea(8))ig_yip s (Wi(t))irie
1, —1=1 i1=1

Now, let us consider m satisfying 1 < m < oo, under which every entry of each weight matrix
Wi (0) (forl = 1,..., L) is initialized as a positive value. Given that w;;(0) is a sum of products of
these positive entries, its gradient with respect to the parameters #(0) (which includes the entries of
Wi(0)), Vgoywii(0), will also consist of components that are sums of products of positive values.
Therefore, it is asserted that each relevant component of Vg gyw;;(0) is positive at initialization.
Consequently, for any j # 4, since both Vg )w;;(0) and Vg (g)w;;(0) have all their corresponding
components positive, their inner product (Vo) wi;(0), Vg(o)w;;(0)) will be non-zero (specifically,
positive). This non-zero inner product signifies coupled dynamics.

F.2.3. CASEFOR L > 3 AND m = 00

Next, we examine the m = oo case, which corresponds to initializing each factor matrix W;(0) as
a scaled identity, i.e., W;(0) = al,. The following lemma states that under this initialization, and

@ ), all off-diagonal elements of each W (t)

for dynamics driven by diagonal observations (from €2, g

remain zero for all ¢ > 0.

Lemma 9 For a set of L matrices Wy (t),..., Wr(t) € R let Wp.1(t) = W(t) - Wi(t).
Following gradient flow dynamics in (3), if each factor matrix Wi (0) is initialized as a diagonal
matrix (e.g., Wi(0) = oyl for scalars o), then all off-diagonal elements of each matrix W(t)
remain zero for all t > 0.
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(d)

Proof For a given diagonal observation indices {2 if we consider the gradient flow dynamics for

diag’®
an (4, 7)-th entry of the factor matrix W;(t) (£ (wy(t));;), we have:
d(wi®)ij 99
dt 8(wl (t))ij
d
__ ) 2t
- Z)E:l(wpp(t) wpp) a(wl<t>)” )

Here, the derivative of a diagonal element w,,(t) with respect to (w;(t));; is:

Owpp(t)
A(wi(t))s

where the first term is (p, 7)-th element of the product W, (¢)Wp_1(t) - - - Wi41(¢), and the second

term is (7, p)-th element of the product W;_; (t)Wj_o(t) - - - W1(t). We want to show that if all

W, (t) are diagonal, then % = 0 for any off-diagonal element (w;(t));; (i.e., i # j).
Assume at a given time ¢ that all factor matrices W(t) are diagonal. Then, the product P(t)

Hé:l +1 Wi(t) is diagonal. Similarly, the product S(t) = 2;11 Wi (t) is diagonal. For %
to be non-zero (given all W;(t) are diagonal), both (P(t)),; and (S(t));, must be non-zero. This
requires p = ¢ and j = p, which implies 7 = j.

However, we are considering an off-diagonal element (w;(t));;, for which ¢ # j. This means
that if all W;(t) are diagonal, then for any p:

= (Wr(t)Wr-1(t) - W1 (1)) Wima()Wi—2(t) - - Wi (1)), »

L

Owyy

Awi(t))is

Substituting this into the dynamic equation for (w;(t));;:

=0, ifi#j

dwi(t)i; < e
oAt _Z(wpp(t) —w,,)-0=0, ifi#j

p=1

Initially, W;(0) are diagonal, so all off-diagonal elements (w;(t));; are zero for ¢ # j. Since their
time derivatives are zero when they are zero (i.e., when the matrices are diagonal), these off-diagonal
elements remain zero for all ¢ > 0. |

With Lemma 9, the factor matrices W () remain diagonal, so w;;(t) = (W (t))i - - - (W1(t))s.
This structure leads to decoupled dynamics because each w;;(t) depends exclusively on the set of
parameters {(Wi(t));i }5_,, while w;;(t) (for j # i) depends on the distinct set {(Wy(t));; ;.
Consequently, for any j # i, their respective gradients Vg(;w;;(t) and Vg w;;(t) are orthogonal,
meaning their inner product is zero:

(Vomywii(t), Vo w;;(t)) = 0.

This orthogonality implies that the learning for each diagonal entry is independent, allowing a
conceptual partition of Qg?a)g into disjoint subsets ; = {(i,7)}. Therefore, under this specific

diagonal initialization (the m = oo case), the training dynamics are decoupled.
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F.3. Proof for Theorem 4

Before presenting the proof of Theorem 4, we first restate the problem setting. The model is defined

as Wi.1(t) = WL(t)Wp_1(t)--- Wi (t), where each factor matrix W;(t) € R4 is subject to

diagonal observations Qfﬁl = {(3,1) ;-1:1, and follows the gradient flow described in (3). We also

assume that all diagonal entries are equal, i.e., w* £ w}; = wj, - - = w’,. To simplify notation, we
use £(Wr.1(t)) in place of £(W7p.1(t); Qdiag) When the context is clear. The explicit gradient flow
dynamics for each factor matrix is then given by:

-1

L
Wit) = - [ wi)" - vewra @) - [[wi)", @1
i=l+1 =1

where V{(Wp.1(t)) = diag(r1(t),72(t),- - ,74(t)). Here, the residual term is defined as ;(t) =
wi; (t) — w*. To begin, we first present the preliminary lemma required for the following result.

Lemma 10 Let I,, denote the n x n identity matrix and J, £ Iln]lz denote the n X n matrix with
all entries equal to 1. Then the set

S ={al, +bJ, | a,beR}

is closed under scalar multiplication, addition, and matrix multiplication. Also, any two matrices
A, B € § commute.

Proof Let
A=al,+bJ, and B =cl,+dJ,,

with a, b, c,d € R, and let A € R be an arbitrary scalar.
Scalar Multiplication:

AA = Aal, + bJ,) = (Aa) T, + (Ab)J,..

Since Aa, A\b € R, it follows that AA € S.
Addition:

A+ B = (al,, + bJ,) + (cI,, + dJ,) = (a + c)I, + (b + d)J,.

Sincea+c¢, b+d € R, wehave A + B € S.
Matrix Multiplication:

AB = (al,, + bJ,)(cI, + dJ,).
Using the distributive property and the facts that
I.J,=J,0,=J, and J?>=nJ,,
we expand:

AB = acI,I, + ad I,J,, + bc J, I, + bd J>
=acl, + adJ, + bcJ, + bd (nd,)
= aclI, + (ad + bc + nbd)J,.
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Thus, AB is of the form aI,, + 5J, with « = ac and 3 = ad + bc + nbd, and hence AB € S.
Commutativity: By the same procedure as above,

AB = (al,, + bJ,)(cI,, + dJ,)
= acl, + (ad + bc + nbd)J),
= cal, + (cb+ da + ndb)J,
= BA,

which completes the proof. |

F.3.1. CASEFORL =2& L >3 AND1 <m < 0

We will first examine two main scenarios: the depth-2 (L = 2) case and deeper networks (L > 3)
where 1 < m < co. The m = oo case will be considered separately in the later subsection, as its
initialization with o.I; warrants distinct treatment.

We now proceed to prove the following auxiliary results, which are used in the proof of Lemma 12.
Based on Lemmas 11-13, we will show that all diagonal entries across all layers are identical, and
likewise, all off-diagonal entries across layers are also equal.

Lemma 11 Suppose we have a ground truth matrix W* € R¥ ¢ whose diagonal entries are the

W, = {01, We

. . * é * _ * _ _ *
same that we are observing, i.e., w* = wi; = w3y = -+ = wyy and Qg =

factorize a solution matrix at time t as a product of L matrices,
Wra(t) = Wr(O)Wir_1(t)---Wi(t), Wi(t) e R™? foralll € [L)].
Suppose that for all | € [L] and 0 < m < k, the following holds:
W (t) = ™I+ y ™ (I - 1),

for some scalars ™, y(™) € R where we denote A*) (t) as k-th derivative with respect to t of a
matrix A(t). Then, the k-th derivative of the product W1 (t) satisfies

k k k
wt () = wl) () = - = W) (8).

Proof Let us denote the m-th derivative of each layer matrix by
Alm) & VVl(m) (t).

Then, the k-th time derivative of the product Wp.1(¢) is given by the Leibniz rule:

dF k
el ) _ AkL) Atk—1) ... A1)
Wra(t) Z </€1, N -,kL>

By the assumption, each A(™) lies in the span of {14, J4}, and since this span is closed under matrix
multiplication and scalar multiplication (by Lemma 10), each term in the sum lies in the same span.
Hence, the entire sum W (¥)(¢) also lies in span{ I, J;}, which implies that all diagonal entries of
W ) (t) are equal. [ |
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Lemma 12 Under the setting of Lemma 11 where each factor matrix Wj(0) is initialized according
to (7), the following identities hold for all k € N U {0} under the gradient flow dynamics defined
in (3):

(W), = (W) . ideld el

(V‘/l(lk)(o))iljl = (sz(j)( )>i2j2 ;41 F 1,02 # J2 € [d], 11,12 € [L].

Proof For the base case, when k = 0, these identities immediately follow from our initialization
assumptions. Now, suppose the induction hypothesis holds for all orders m < k (with k£ > 1), which
means we have:

(Wz(lm)(o))ﬁ - (Wl@(o))ﬁ, i,j €ld), blz € [L], .
(VVl(lm)(O))iljl = (VVZ(Qm)(O)). i F i £ J2 €[d], I, e € L) .

1272

By applying the Leibniz rule to (21), the k-th derivative of W;(¢) is given by:

whiy=- 3 ( > H W) T VoW (1)@ - HW“) . (23

015yl r=l4+1

with ), 4, = k—1 where each 4; > 0. Given our induction assumption in equation (22) for all m < k,
let (™) (0) denote the m-th derivative of the diagonal entries and 3™ (0) the m-th derivative of the
off-diagonal entries at initialization. Note that at initialization. by Lemma 11, under the assumption

that VVl(m)(O) lies in the span of {1, J;} leads to ng) (0) = wéz )(0) s = wc(ld)(O). Therefore,
we know VA(W7.1(0))@) = r()(0)I, for all i; < k, where r(%)(0) £ rng)( 0) == rflz)(O).

Thus, at initialization, since equation (23) consists of terms involving (" (0) and (" (0) for all
m < k, we can rewrite the above expression at ¢ = 0 in terms of these derivatives as follows:

Y R

ityin, N1 re[LI\{1}
== > ( >r<il>(0) I (ads+0b.dq),
— L re[L)\{1}

where constants a, and b, are composed of (") (0) and (") (0). Then, by Lemma 10, VVl(k) (0) can
be expressed in terms of only two values—one for the diagonal entries and one for the off-diagonal
entries:

W 0) = al, + BJs, a,BER,

thus concluding the proof. |
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Lemma 13 Under the setting of Lemma 12, the symmetries are preserved for all time t > 0:
(‘/Vh (t))zz = (VVlQ(t))jj forall i,j € [d]> lilz € [L]v
(VVh (t))iljl = (Vvlz(t))isz Jorall iy 7& J1,12 7é J2 € [d]a hlz € [L]

Proof By applying Lemma 37 to the result of Lemma 12, we can conclude that the symmetries are
preserved for all timestep ¢t > 0. |

By the above lemmas, if the initialization follows the scheme in (7), then all diagonal entries of
the all layers are identical, and all off-diagonal entries are also identical. Under this condition, the
gradient flow dynamics can be easily described by the following lemma.

Lemma 14 Under the same conditions as in Lemma 12, if the diagonal entries of each layer are
identical at timestep t (denoted by x(t)), and if the off-diagonal entries of each layer are identical at
timestep t (denoted by y(t)), then the time derivative of x(t) and y(t) are given as:

x — L1 — D) () — L—1
gb(t):_((t)Jr(d Dy(t)) jj—(d 1)(z(t) — y(t)) ),

o(p) = 2O @ DUOF = Gl0) =)

Proof For [ € [L] the gradient flow dynamics of W are written as:

-1
H Wit)" - VeWLa (1) - [[Wi) T, (24)
i=l+1 i=1

where V(W71 (t)) = diag(r(t),- -+ ,r(t)). Since Wi(t) is comprised of z(¢) in diagonal entries
and y(¢) in off-diagonal entries, the above dynamics can be rewritten as follows:

Wit) = —r(t) Wi()]* " - 1o - Wi (1))~
= —r(t) W] (25)
If we rewrite VVl( ) = (x(t) —y(t))Iq + y(t)Jy, its eigenvalues are derived as:

= z(t) + (d — 1)y(t) for the eigenvector 1,
)\2 = z(t) — y(t) for any eigenvector orthogonal to 1 (multiplicity d — 1).

Here, we denote \; £ )\Z-(WL 1(t)), unless otherwise specified. Then, we can decompose W(t)
with projection matrix P = 3J and P| =1, — %Jd as follows:

‘/Vl(t) = )\1.P|| + AP
Therefore, if we take (L — 1)-th power of W(t), we can derive:

Wi =M TP+ AP

= (@(0) + (@~ Do)+ 13+ (ol0) ~ ) (L= 300

— (a(t) — y(t)Err 4 D 1>y<t>)Ld1 ~ () —y@)"
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Recalling that I; has 1 on the diagonal and 0 off-diagonal, and J; has 1 in every entry, the entries of
LG

((Wi()]2Y), = ((t) — y(8) "' + (z(t) + (d — 1)y(t))LC;1 — (2(t) — y(t) P

_ @O+ E=Dye) T+ @=DEO -y g

d
_ o(t) + (d—Dy)* " = (xt) —y@)t .,
(W) 1)1-]:( (t) + (d—1)y()) - (z(t) —y(t)) Cvitjeld 27
This concludes the proof by substituting the above equations to equation (25). |

Under the gradient flow dynamics of the diagonal entry x(¢) and y(¢), we derive the dynamics of
singular value of W(t).

Lemma 15 Under the conditions of Lemma 12, the singular values of W(t) evolve according to:

Proof By Lemma 13, each factor matrix W;(t) is symmetric, having x () as its diagonal entries and
y(t) as its off-diagonal entries. The distinct eigenvalues of Wj(t) are A1 (t) = z(t) + (d — 1)y(t)
and A\ (t) = x(t) — y(t) (Where () has multiplicity d — 1). Their time derivatives are calculated
by:

Xit) = =ML (E)r(L),

Note that by setting m > 1, we have A1 (0) > A\2(0) > 0. If L = 2, the solution of above equation is
equal to \;(t) = A\;(0) exp (— fot r(T)dT) , which means it maintains the positiveness of \;(0) for
all ¢ > 0. For L > 2, its general solution can be written as follows:

_1_
2-L

Ailt) = (M((»H +(L-2) /O tm)dT) :

due to its positiveness at initialization. Then, \;(¢) stays strictly positive, since it may diverge to
+o00, but it never reaches zero or changes the sign. Therefore, due to the symmetry and positive
definiteness of W (t), we further conclude that \;(t) = o;(t). [ |

By above lemma, we can solve ODE and find o, (¢) as follows:

o,(0) exp (— fg ’I“(T)dT) , L=2,
O’r(t) = 1
(ar(o)H +(L—2)- f! r(T)dT) =T L>o
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Since 01(0) = z(0) + (d — 1)y(0) = a (1 + £1) and 6,(0) = 2(0) — y(0) = a(1 — L) for all
1 > 2, we can separate above equation as following:

o (1 + %) exp (— fg T(T)dT) , L=2,
70 = (on_L (1+ @)Q_L +(L-2)- ftT(T)dT) = L>2
m 0 9 )
or(t) = (12__L eXp<2 Lfo g )7 S LZQ,, r=23,...,d.
(a (1= 2)2L (L —2)- [in( ) . L>2.

Then, we can establish a relationship between o1 (t) and o,.(¢), thereby identifying an invariant
property independent of time ¢:
* For L = 2:
o1(t) m+4+d-1

o t) m-—1 (28)

o bty —oF h(t) =t ((1 + dn_ll>2_L - (1 - ;)2_L) . (29)

Furthermore, we can derive a closed-form solution for the singular values by utilizing the
convergence guarantee. From equation (26), the diagonal entries of the solution matrix can be
expressed as:

e For L > 2:

)+ (d— Dy(t) " + (d — 1) (z(t) — y()"
Since wy;(t) converges to a fixed value w*, and noting that o (t) = x(t) + (d — 1)y(¢) and
or(t) = z(t) — y(t), we obtain the following convergence equation:

Combining Equations (28) and (30), we derive a closed-form solution for the singular values of
the depth-2 matrix as ¢t — oo:

w*
o) =mtd =D\ g1
w*
O'T(OO)—(m—l) m, 7'—273,...,d.

For the case when L > 3, we cannot obtain an exact analytical solution for o, (c0). Instead, we
derive implicit equations for both o1 (c0) and o, (00) that cannot be easily solved without specifying
numerical values:

_ w*d — o (o0 L
O'% L(OO) — (d—ll()> = Lam,L,d

2—L

(w*d — (d— 1)k (00)) T — o2 E(c0) = Compar forr=2,...,d,
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where Cy 1.4 = (%)Q_L ((m +d—1)>"F —(m— 1)27L). If we specify the values of a >
0,m >1,d > 2,L > 3 and w* > 0 for ground-truth value, we can derive o (00) and o, (c0) of
solution matrix of depth-L by substituting the values to above equations.
Furthermore, since Wr.1(t) = [W;(t)]”, when we diagonalize the factor matrix W(t) as
Wi(t) = QA(t)Q", we have:
Wra(t) = QA (HQ',

which indicates o;(Wp.1(t)) = (0:(Wp.1(t)))* for all i € [d]. This concludes the proof of
Theorem 4.

Remark. The L > 3 and m = oo case could arguably fall under the preceding analysis when
other parameters are held fixed, as m = oo implies that all singular values are identical. However,
a slight dependency on the specific value of « persists; for instance, tracking the overall result
becomes challenging if o approaches zero while m = oco. Therefore, we will restrict the scope of the
aforementioned analysis to finite m. Consequently, the L > 3 and m = oo case will be analyzed
separately in the following subsection.

F.3.2. CASE FORL > 3 AND m = o0

We now examine the m = oo case, which corresponds to an initialization scheme like W;(0) = aly.
By Lemma 9, the factor matrices Wj(t) remain diagonal for all ¢ > 0, and thus the diagonal
entries of the product matrix are w;; (t) = (Wr(t))ii(Wr—1(t))ii - - - (W1(t))i;. Assuming zero-loss
convergence is achieved for any initial choice of a > 0, it follows that w;;(c0) = w* for all 4, and
consequently, the overall matrix W1 (00) is diagonal with entries w*.

Furthermore, let us consider the implications of Lemmas 11-13. These lemmas hold under a
condition y(t) = 0, thereby belonging to span{ Iy, J;}), this leads to the result that each diagonal
element of the factor matrices at convergence is (Wj(00))s; = (w*)"/~ forall i € [d] and [ € [L].
This means each layer W;(co) becomes (w*)'/“ I, and thus has identical singular values equal to
(w*)l/ L (assuming w* > 0). This, in turn, leads to the final claim that for the overall product matrix
Wr.1(00), its singular values o;(W7.1(00)) satisfy (o;(Wr.1(00)))* = w* forall i € [d].

F.3.3. Loss CONVERGENCE

Actually, we can further show loss convergence under minor initialization assumption with the below
proposition.

Proposition 16 Under the conditions of Theorem 4, assume the initialization scale « is set such
that w;(0) < w*, specifically,
I w*dm”

VS S a1 @ D(m - DE

Denoting ((t) 2 ((Wr.1(t); ng;g), loss convergence is guaranteed for any L > 2, m > 1, and
d>2:

£(t) < £(0) exp

(—2La2L—2 ((d—=1)(m - 12724 (m+d —1)272) )
dm?2L—2 t)-
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Proof Recall that the eigenvalues are given by A1 () = x(t) + (d — 1)y(¢) and Ao (t) = x(t) — y(¢).
From Lemma 14, their time derivatives are

AN (),

=N () (1),

Ai(t)
Xa(t)

The diagonal entries w;;(t) of Wp.1(t) can be expressed in terms of these eigenvalues as

(x(t) + (d = Dy()* + (d — 1)(x(t) — y(t)"
d

Wiq (t) =

M) + (- D))
d |

Let the residual be defined as 7(t) = w;;(t) — w*, where w* is a constant. The time derivative of ()
can then be calculated by applying the chain rule to r(t)’s definition and subsequently substituting
the expressions for A\; (¢) and A\a(¢):

7 (t) = %(wm(t) —w")
- gAffl(t)/\'l(t) + L(dd_l)kél(t)Xz(t)
£ L(d-1)

= 27 ) (AT Or ) + S 0 (<M o)

L L(d—1)

== | AT + =X | (), 31)
2K(t)
This gives the first-order linear ordinary differential equation 7(¢) = —K (¢t)r(¢). The general
solution for r(t) is therefore
t
r(t) = r(0)exp <—/ K(T)dT) . (32)
0

Given the initial condition provided, r(0) < 0, and r(¢) maintains the same sign as 7(0).
Therefore, 7(¢) < 0 forall ¢ > 0. The choice of m > 1 ensures that A1 (0), A2(0) > 0. Withr(¢) <0
and A;(0) > 0, and assuming L > 1, the derivatives of the eigenvalues satisfy

A(t) = %(I(t) +(d = Dy(t)) = —(a(t) + (d = Dy()*'r(t) > 0,
Aa(t) = %(x(t) —y(t) = —(x(t) —y())* () 2 0,

because \“~*(¢) > 0 and 7(t) < 0. These non-negative derivatives imply that \; (¢) and Ao (%) are
monotonically non-decreasing. Since they start from positive values, they remain positive for all
t>0,1.e., )\z(t) > )\1(0) > 0.

37



IMPLICIT BIAS AND LOSS OF PLASTICITY IN MATRIX COMPLETION

With above lower bound for A;(¢), which is A;(0), we can upper bound the K (t) as follows:

L(dd_ 1) )\%L—2(0)

Lot 72 ((d—1)(m —1)*P72 4+ (m+ d — 1)2172)

L
K() 2 ZA3072(0) +

= dm2L—2 : (33)
By upper bounding the absolute value of (32) with (33), we derive:
()] < |r(0)] exp(—=K£(0)1),
and since {(Wp.1(t)) = %rz(t), this leads to loss convergence:
((Wra(t)) < €(Wp.a(0)) exp(—2K(0)).
|
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Appendix G. Proof for Section A

In this section, we provide the proofs for the propositions and theorems presented in Section A. First,
Subsection G.1 presents the general form of Proposition 5 along with its proof. Next, Subsection G.2
details the proof of Theorem 6, focusing on the 2 x 2 matrix case. Lastly, Subsection G.2.2 generalizes
the core ideas to d x d matrices and provides the proof of Theorem 6 for this general d x d setting.

G.1. General Form and Proof of Proposition 5

We first present the general form of Proposition 5. This proposition is applicable to any “fully discon-
nected case”, a scenario that involves the diagonal entries introduced within this same proposition.

For a d x d ground truth matrix W*, the observed entries are given by Q = {(i,, 7,)}%_,. Since
we consider fully disconnected case, iy, # im, jn # jm for all n,m € [d]. We factorize the solution
model at time t as W4 p(t) = A(t)B(t), where Wa g(t), A(t), B(t) € R¥?. We consider the
gradient flow dynamics with the loss function defined as in (2).

For a given row index k, since there exists a unique entry (k,j) € €, we denote this unique
column index by j). Thus, wy i) and wy, ;) (t) refer to the ground truth weight wy ; and the

time-varying weight wy, ;(t) respectively, where j = j (k). Similarly, for a given column index [,
since there exists a unique entry (i,1) € €2, we denote this unique row index by i, Thus wiy
and w;«) ; refer to the ground truth weight w’.‘l and the time-varying weight w; ;(t) respectively,

where i = i(!). Defining the residuals as r;;(t) := w;; — w;;(t), we adopt this compact notation for
residuals as well. Then, we can derive a closed-form solution for arbitrary initialization with below
proposition.

Proposition 17 Consider a ground truth matrix W* € R and a set of d fully disconnected
observations Q = {(in, jn)}2_,. The model is factorized as Wa g(t) = A(t)B(t), where the
factors A(t), B(t) € R¥9, For each observed pair (iy, j,) € S, define the constants P;, j, and

Qi,, j, based on the initial values A(0) and B(0):

nsJn

d

Zny.?n Z a’l'm bkv]n ) and Q”anjn é Z (ain7k(0)2 + bk,]n (0)2) .

k=1

Furthermore, for each such observed pair (in, jn), let the parameter ;, ;. be determined from the
ground truth entry w; j,, and the constants defined above, as follows:

1 P . o+
log tnoJn
w¥ ./ wk 2_p2 + Qin.jn 2
tn,Jn In,Jn In,JIn 2

Then, assuming convergence to a zero-loss solution (i.e., w;, ;, (00) = wy, . for all (in, jn) € Q),
any entry a, 4(00) of the converged matrix A(oco) and any entry by, ,(00) of the converged matrix
B(c0) (for arbitrary indices p, q € [d]) are explicitly given by:

= . B8
rlnﬂn - 5

p,q(00) = g (0) cosh (7, ) = by 00 (0) sinh (7, 56 )

bp.q(00) = by4(0) cosh (%,q) — 4y ,(0) sinh (ri@,q) .

39



IMPLICIT BIAS AND LOSS OF PLASTICITY IN MATRIX COMPLETION

Proof We can express their evolution in the following vector form using the vectorized parameter

_ |vec(A(?)) 25942,
o(t) = [Vec(B(t))} € Rt

(1) = - B‘fg;’i o (ﬂ o(1) (34)

where R(t) € R¥*" ig defined as:

71,5 (t)e—‘r(l)

Ty 5 (t)ej(1)+d

-
Tl j(l) (t)e S(1) d—1)d
R(t) = ; J D +(d-1) 35

®) 79,2 (t)e—-r@) (33)

T9 42 (t)ej(2)+d

-
| 7d,j() (t)ej(d>+(d—1)d_

042 42 R(t)

‘ 2 C
for e; € R® form the standard basis. Since [ R( t)T 02,02

] commutes with any other ¢ values, the

solution is given as:

6(t) = exp <— /0 ’ L(’%dé)di (52(2)2] dT) - 6(0) (36)
= exp (- [%d&;ﬁ (52(22] dT> - 6(0) (37)

where

71,50 (t)eT(n
71,5 (t)ej(1)+d

_ T
Bt - 1,50 (t)ej(l)Jr(dfl)d
0 To j(2) (t)e—.r(g)
To j(2) (t)€j<2)+d

_ T
| Ta,5 ()€ 4 (4—1)4]
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for 7 ;(t) = fg ri ;(7)dr. If we assume convergence, we get:

0(c0) = exp < [ Ig(fl;d)QT gd(;;)] d7> - 0(0) (38)
o (P 0 R A R e A
AP i [(R(tgﬁz)T)(;(gdﬁgt))?] 0
_> 0(0), 41)
which can be simplified as:
o) = | ] 00, @)

with C, D, E and F are defined as following:
C = cosh <diag <f17j(1), e fl,j<1>7f2,j<2)7 - ,f27]~(2), - 7’Fd,j(d>7 - 7rd,j<d)>>7
F = cosh (dz’ag (fi(n,l’ Fi(Q),Q7 . 7Fi(d),d7 RN 771»(1)’1, fi(2>,2’ L 7Fi(d),d>>7
: _ T _ T _ T _ T T
D = — Slnh |:7"17j(1)ej(1), e ”rl,j(l) ej(l)_"_(d_l)d, e ,rdJ(d)ej(d), e ,rd,j(d) ej(d)+(d_1)d] 5

FE = —sinh ([T17j(1)ej(1), e ,7717j<1) €54 (d—1)d> " - ,fdJ(d)ej(d), R 77id7j(d) ej(d)+(d_1)d]).

Here, for any matrix P, the operations cosh(P) and sinh(P) are performed elementwise. For a
set of d observed indices €2, there exists d corresponding unknown variables, 7, j, . If convergence
is guaranteed, the model yields d equations relating these variables to the d ground truth values.
This implies that the variables 7;, ;, can be characterized as a closed-form. To characterize more
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rigorously, we substitute C, D, E, and F' into (42):

[a11(c0)] [a1,1(0) cosh(F17j(1)) - b1,j(1) (0) Sinh(fl,j(l)) 1
ai 2(00) a1’2(0) COSh(Fl’j(U) — b?,j(l) (0) Sinh(FLju))
a1.q4(c0) a1,4(0) cosh(ry ;1)) — by ;) (0) sinh(7y ;)
az 1(00) a2,1(0) cosh(7y ;2)) = by j2) (0) sinh(7 )
a,2(00) a2,2(0) cosh(7y ;2)) = by j2) (0) sinh(7 )
az,q(00) az,4(0) COSh(sz(?)) — by 0 (0) sinh (7, j(2))
agd,1(00) aq,1(0) cosh(7y ;) — by j (0) sinh(7y ;@)
B(o0) add(00) | | ad,d(0) cosh(Ty ;) — by i (0) sinh(7y ;) 43)
by,1(00) —a;m 1(0) sinh(7;) ) + b1,1(0) cosh(7) ;) .
blyg(OO) —0;2) 1 (0) sinh(fi(z),Q) +b12 (0) COSh(fi(z)Q)
b1,a(>0) —a;( 1(0) sinh(7() 4) + b1,4(0) cosh(7;a 4)
ba,1(00) —a;) o(0) sinh(7;1) 1) + b2,1(0) cosh(7;) 1)
b2,2(00) —a;2) 5(0) sinh(Fy2) 5) + b2,2(0) cosh(Tyez) )
ba.4(0) —a;) 5(0) sinh(7;a) 4) + b2,4(0) cosh(r;a) 4)
ba,1(00) —a;) 4(0) sinh(7;) 1) + bg,1(0) cosh(r;) ;)
L6d(00)] |~ ;00 4(0) sinh (70 ) + bi.a(0) cosh (7o ).

Then, assuming convergence, for each observation (i,, j,) € 2 (forn = 1,...,d), we obtain the
equation:

w; ;= wi, j,(00) = aj, 1(00)by j, (00) + - -+ + aj, a(00)bg 5, (00)
d
= Z [(aimk(O) COSh(fimjn) — bk’j(in) (0) Sinh(ﬁmjn)>
k=1

+ (br,4, (0) cosh(74, 4, ) — a4, x(0) Sinh(fz'n,jn))] :
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Let Cy, = cosh(7;, j,) and S,, = sinh(7;, ;, ). Then we can rewrite above equation as:

d
wi =Y (i, k0, (0)CF — ai, £(0)°CrSn — brj, (0)°CrSp + i, 1 (0)by 5, (0)57)
k=1
d d
= (Z a’in,k(o)bkajn (O)> (CEL + S?L) - (Z (az7uk(0)2 + bk’7]n (0)2)> CnSn
k=1 k=1
= P, j, cosh(27;, ;) — % sinh(27;, ;). (44)

where P, j, = iy ai, 1(0)br 5, (0) and Qs 5, = ity (@i, £(0)* + br 3, (0)?).
By solving (44) with respect to 7, j, , We can get:

* _ D 27, —27i, Qimjn 27, —27i, 4
Qwin,jn — PLn,jn (e n,Jn _|_ e n Jn) — T (e n,in — e n Jn)

= <Pin,jn - Qi;’”) +e7?m <Pz'n,jn + Qi;’j”) :

Multiply by e?"in.in leads to:

2wf ;e =T Py = SR ) £ P
k 2 2
Rearrange into a quadratic equation by setting u = e2"in.in ;
L Qinvjn 2 _ * o Qinajn o
<P’Ln’]n 9 > U 2win,jnu + Plnv.]n + 9 - 0

By solving the above equation while noting that P; — Q“%i]" < 0 by the definition, we can get

explicit solutions for 7, j,,:

nyJn

1 PLan + Qi'rgjn

* * 2 2 Qin,j 2
_ - . n,Jn
winvjn + winajn P'Ln:]n + ( 2 )

Note that each 7;,, ;,, is solely determined by the initial points 8(0). With 7, ;, determined for each
observed entry, we have closed-form expressions characterizing the model’s learned relationship for
these observations. Consequently, by (43), we have:

ap,q(00) = ap4(0) cosh <Fp7j<p)) — b, j» (0) sinh (prj(p)) ,

bp7q(oo) = bp7q(0) cosh (fi(q)g) — ai(q)7p(0) sinh (fi(q)7q> .
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G.2. Proof of Theorem 6

In this section, we will provide the analysis of 2 x 2 matrix that starting from pre-trained weights
with diagonal observations w* £ w}; = wi,, Wa g(t) cannot converge to a low-rank solution. Let
171 > t; be the timestep that concludes the pre-train phase. For the sake of simplicity, we omit the €
term introduced in the pre-train phase. Then, we know from Proposition 17, we have:

A(TY) = B(T)) = (VST \/(27)

In the post-train phase, we introduce an additional observation in the off-diagonal entries,
specifically w}, or w3;. Without loss of generality, we assume wj, > 0 is revealed while other
observations remain the same, i.e., Qp0st = {(1,1),(1,2),(2,2)}. Note that the gradient of the
post-train loss is:

VI(Wap) = (w“ S e w”)

(45)

0 w2 — w*

_ (a11b11 + a12bo — w*  a11b12 + a12be — wi,y
0 a1b12 + agebar — w*

For simplicity, we again omit the {2 term in the loss specification. We define the residuals for the
relevant matrix elements as 711 1= w1 — W*, 12 1= W12 — Wy, and 7o 1= wop — W*.

We begin by demonstrating a pairwise symmetry between the entries of A(t) and B(¢), which
simplifies subsequent analysis. To this end, we first provide the time derivatives for the elements
of A(t) and B(t). Given the general gradient flow dynamics A(t) = —V/(W4 p(t))B (t) and
B(t) = —AT(t)V{(W p(t)), the component-wise updates are as follows. For A(t):

a11(t) = bui () (W™ — w11 (1)) + bra(t) (wiy — wi2(1)),

a12(t) = ba1 (t)(w" — w11 (1)) + baa(t) (Wl — wi2(1)), 46)
az1(t) = brz(t)(w" — waa(1)),

a2a(t) = baa(t)(w" — waa(1)),

and for B(t):

b11(t) = a1 (t)(w* —wii(?)),

l:?lz(t) = a11(t)(wiy — wi2(t)) + a2 (t)(w* — waa(t)), @
ba1(t) = ar2(t)(w* — w1 (?)),

boa(t) = ara(t) (wiy — wia(t)) + aga(t) (w* — waa(t)).

Using the equations above, we first present a result showing that the k-th derivative of each
element in A(¢) and B(t) at initialization exhibits a pairwise symmetry:

Lemma 18 Let W g(T1) = A(T1)B(T1) € R?*2 be a product matrix, where A(Ty) and B(T)
are matrices that are obtained at the end of the pre-training phase. Suppose the ground truth matrix
satisfies wi; = wsq. Then for every k € N U {0}, the following identities hold:
k k k

S, ol (1) =0l (1),

(k

(48)
k k
By, oS (1) =oB (1),
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and consequently,

w? (1) = wig) (Th). (49)

Proof We prove the statement by induction on k. When k = 0, by the initialization assumption, we
have

a1 (T1) = ba2(T1), a12(T1) = b12(T1), ao1(T1) = bo1(T1), a22(T1) = b11(T1),

and therefore w11 (71) = waa(T1).
Assume that for all orders m < k (with & > 1) the identities

a7 (1) =05 (1h), a5 (1) =501, aSP(T) = 65T, el (1) = 0P (1),

hold, and hence also ng) (Th) = wégL) (T1). By the Leibniz rule, each element of the k-th derivative

can be written as a finite sum involving derivatives of orders strictly less than k. For A(t):

k—1
k: —1 A . s .
Ho=-% (71 (oo odo).

> ()
k k-1 k—1—j ; h—1—j ;
o= (71 (V0o 5 Vo),
7=0
(k) = (k= 1\, (1) ()
ayy (1) = — Z j bis (t)rsy (1),
7=0
k—1
k—1\. (ko1—i )
Bw=-3 ("7 oo,
j=0
and for B(t):
k—1
E—1\ (o1
b (1) = - ( . )a%’i =9 (D),
Jj=0 J
k k-1 k k
- 1 1
g0 =3 (1) (oo + 08 o).
7=0
(k) o (k=1 (o1 ()
byy (1) = — Z i ajy (t)riy (),

J

k — (k-1 k k

0 =-3 (") (0 o+ P aso).
=0

By the inductive hypothesis, all derivatives of order less than £ satisfy the symmetric relations at
t = T1. Inserting these equalities into the expressions with ¢ = 77 above shows that the symmetry is
maintained at the k-th order:

k k k k k k k k
dB (1) =), ) =), B 1) =), ) =),
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proving equations (48) and (49). |

Lemma 19 Under the setting of Lemma 18, below relationships hold for all t > T;:

ai1(t) = baa(t), a12(t) = bia(t),

ag (t) = ba1(t), aoa(t) = biy (1), (50)

which further leads to w11 (t) = waa(t).

Proof By Lemmas 37 and 18, we may conclude that for all ¢ > 77, equation (50) holds, and therefore
’wu(t) = w99 (t) [ |

By Lemma 19, all entries of B(t) can be expressed in terms of the entries of A(t) for all ¢ > T;.
From this point onward, we will represent W4 g(t) solely using the elements of A(t). We begin by
simplifying the time derivative of A(t) as follows:

a1 (t) = axn(t)(w" —wi(t)) + a12(t) (wiy — wia(t)),

a12(t) = az1(t)(w" — w11 (1)) + a1 (¢)(wiy — wi2(?)), 1)
az1(t) = a12(t)(w" — waa(t)),

aga(t) = ann (t)(w" — wa(t))

Rewriting W4 g(t) in terms of the elements of A(t) yields:

Wa B(t) = A(t)B(t)

(an (t) a2 (t)> (am(t) a12(t)>

ag(t) a(t)) \axu(t) an(t)

(all(t)CLQz(t) + a12(t)a21(t) 2&11(t)(112(t) ) (52)
2a21(t)a22 (t) an(t)agg (t) + a12 (t)a21 (t) )

We can also simplify the time derivative of W4 g(t) as follows:

i (t) = (w* —wir(t)) (aiy () + afa(t) + a3, (t) + a5 (t))
+ (Wi — wi2(t)) (a11(t)as (t) + ar2(t)azz(t))
na(t) = 2(wiy — wia(t)) (a3, (t) + afy(t))
+ 2(w* — w11 (t)) (a11(t)az (t) + a12(t)aze(t)),
W1 (t) = 2(w" —wi1(t))(a11(t)az (t) + ar2(t)azz(?)),
woo(t) = w1 ().

(33)

\//—\

Using (52), we state the basic conservation law: if the matrices are initialized in a balanced
manner, this balancedness is preserved throughout the training process. That is,

A(T)"A(Ty) = B(T)B(Th) ',
holds at initialization, this leads to

ati(t) + a3y (t) = afy(t) + agy(t), V¢ =T (54)
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Now, we are going to examine the time derivative of the loss:

CUWaB0) = (VAWABD), W)

dt
= (VUWa(®), A®)B(t) + A B(®))
=T (V€T (Was(1) (ADB() + ADB()))
=T (VT (Was()AGB) + Tr (VT (Wa ()AL B())
=~ Tt (VO (Wa () VEWa®)B' ()B())
T (VT (Wap) A AT ()VEWa5(1))
= —Tr (V{Wa p(t)B' (t)B(1)VLW 4 5(1)))
=L (t
—Tr (W(WX,B@))A(t)AT<t())W(WA,B(t>>>)' (55)

:=Lo (t)

The third equality follows from the fact that for any two matrices A and B of the same size,
(A, B) = Tr(AT B). The last equation holds due to the cyclic property of the trace. Combining (55)
with Lemma 38, we can ensure L (¢) and Lo (t) are both positive semidefinite, which implies the
loss is monotonically non-increasing for all t > T7.

With Lemma 19 and the monotonicity of the loss, we can guarantee positiveness of a1, aze, w1,
and wyo after the pre-train phase:

Lemma 20 For a product matrix Wa g(t) = A(t)B(t) € R**2, if a11(T1), aze(Th), w11 (T1),
and wao (T ) have all positive values, following inequalities hold for all t > Ty :

a11(t),ag(t) >0, aa(t) >0.
Furthermore,
w1 (t), waa(t) >0
holds for all t > T1.

Proof We will prove the inequalities step by step.

Positiveness of a;1(t). For the sake of contradiction, assume that there exists a timestep 71 > T}
where a11(71) = 0 holds. From (52) and Lemma 34, we must have det(A(7;)) > 0, which implies
that a12(71)a21(71) < 0. Given the monotonicity of ¢, W4 g(t) must satisfy:

((WaB(t) <l(Wap(Th)). (56)

for all t > T;. However, W4 g(71) cannot satisfy (56) because wi1(71), w22(71) < 0 and
wi2(m1) = 0 for any 73 > 0. This contradiction implies that such a 71 cannot exist.

Positiveness of azz(t). Similarly, let’s assume there exists a time 75 > T3 such that aga(72) = 0
for the first time. We can express W4 g(72) as:

_ (a1a(m2)a(2) 2a11(T2)a12(72)
Wag(n) = ( 0 alz(Tz)am(T?)) '
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where the diagonal entries are negative due to the condition det(A(72)) > 0. Therefore, the time
derivative of ag9 at timestep 7 is positive:

dQQ(Tg) = all(TQ)('U}* — wn(Tg)) > 0.

Since a2 (t) is increasing at point 7o, there exists time ¢’ < 75 such that age(t') < 0 (since agz(t) is
continuous and differentiable), which is contradictory. Consequently, there cannot exist a 7, such
that ago (7’2) =0.

Positiveness of a;2(t). Given that / is non-decreasing, we can state:

((Wa,B(t) =5 [(w* —wi1(t)* + (wiy — wi2()* + (w* — waa(t))?]

1
2
1 x 2

< U Wa,p(T1)) = SWiz
for all t > T. Since (w* — wi1(t))? and (w* — wao(t))? are non-negative, wio(¢) must be non-
negative for all t > T3. From (52), we know w12(t) = 2a11(t)a12(t), which implies a12(t) > 0 for
all ¢ > T with the above conclusion which states a11(t) > 0.

Positiveness of w11 (t), waz(t). Likewise, assume for the sake of contradiction that there exists

a time 73 > 77 when wy;(73) = 0 is first satisfied. This directly implies that a1 (73)ag2(73) =
—a12(73)a21(73). Squaring both sides of the equation yields:

a3y (3)a35(13) = ais(3)az (13).
Subtracting a2, (73)a3,(73) from both sides:
0%1(7'3)@%2(7'3) - 0%2(7'3)‘1%2(7'3) = a%2(7-3)a§1(7-3) - G%Q(TB)G%2(73)~
Factoring:
a35(73) (ad1(73) — aty(73)) = afy(73) (a31(73) — a3y(73)) -

By the conservation law in (54), we have a2, (73) + a2;(73) = a%,(73) + a3,(73), which leads to
a3y (73) — a3y (7s) = a3y(73) — a3 (73). Replacing af, (73) — aiy(73) with —(a3; (73) — a3, (73)):

—a3y(73) (a3, (73) — ada(73)) = aia(73) (a3, (73) — a3a(73)) -
This gives us:
(ai9(73) + ado(73)) (a3, (73) — a3y(73)) = 0.

Since aga(73) > 0 from the previous result, we can conclude that ag;(73) = Faga(73). To
determine the sign of ag; (73), recall that W 4 g(73) is written as:

o 0 2&11(7’3)@12(7’3)
Wap(7s) = <2a21(7'3)a22(7'3) 0 > '

Since a11(73) > 0,a12(73) > 0 from the previous result, 2a11(73)a12(73) > 0 holds. Also,
given that det(W 4 g(73)) > 0, we can determine that a1 (73) is negative, which implies ag; (73) =
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—aga(73). Additionally, by the conservation law, we have a?,(3) = a2,(73), which leads to

ai1(r3) = ar2(m3) > 0.
Finally, consider the time derivative of w1 at timestep 73, substituting a11(73) and a9; (73) with
a12(73) and —ago(73), respectively:

w11(73) = (w* — wi1(73))(ady (73) + aia(73) + a31(73) + a3,(73))
+ (wiy — wi2(73))(a11(73)a21(73) + a12(73)aza(73))
= 2w (aiy(73) + a3y(73))
> 0,

which contradicts our initial assumption.
|

Given that the time derivative in the (53) includes the term a;;(t)ag; (t) + a12(t)az2(t), we need
to verify the sign of aj1a21 + a12a22 in order to proceed with the analysis. Below lemma shows that
as long as w2 (t) < wi, holds, ai1(t)asi (t) + ai2(t)aze(t) is always lower bounded by zero.

Lemma 21 For a product matrix Wa g(t) = A(t)B(t) € R**2, ifat any point t € [T1, Ts] we
have wia(t) < w3y, then the following inequality holds throughout the entire interval [Ty, T):

CL11(t)CL21 (t) + a12(t)a22 (t) > 0.

Proof We first define g(t) = a11(t)az1(t) + a12(t)aze(t). Recall that at T, we have a12(T}) =
a21(T1) = 0, which implies g(77) = 0 as well. Note that by (51), at timestep 77, we have

a12(T1) = a11(Th)(wiy — wi2(T1)) + a1 (T1)(w™ — w11 (T1)) > 0,
while other elements remain unchanged. This indicates that g(¢) > 0 immediately after 77. We
now show that if g(7) > 0 for any 7 € (71, T3], then there is no 7" € [, T5] which satisfies both
g(7") =0and % g(t) ‘ti . < 0. This implies that g(t) never becomes negative under the assumption
of wlg(t) < w{z.
Suppose, for the sake of contradiction, that there exists a 7/ € |1, T3] where g(7') = 0 and

% g(t) < 0. Given g(7') = 0 and the conservation law in (54), and the inequalities from
t=1'/

Lemma 20, we can determine that there exist two combinations of the solution:
L. a11(7) = age (™), a12(7) = —a1(7'), a1 (') > a2(7).
2. ann (") = ax (), a2(7') =ax (') =0.
We take the time derivative of g(t) at timestep 7’ and substitute the values from (51) as follows:

d :
ag(t) = an () (7) + an (7

t=1 ) )
= 2(w” — w1 (7)) (a11(7")ar2(7") 4 ag1(7")aza(7"))

+ (wiy — wia(7")) (@11 (7")aza (") + a12(7")agi (7). (57)

/ /

asi (7',) + dlg(T a9o (7'/) “+ a2 (7”)&22 (T’)
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For the first case, substituting equations a1 (7") = ag2(7') and a12(7") = —ag1(7') to (57) leads to:
d .
dfg(t) = (wy — wia(7"))wir (7).
t t=r1'

Since wy1(t) > 0 for all t > T, if wia(7’) < wi, holds, then ¢(¢) cannot take negative values at
time 7’.

For the second case, substituting equations a11(7') = ag2(7’) and a12(7") = as1(7") = 0 to (57)
leads to:

Lo)] = iy~ walr)ah (),

t=1'

which is again a non-negative value if w12(7’) < wj,, leading to a contradiction. |

Lemma 22 For a product matrix Wa g(t) = A(t)B(t) € R**2, the following inequalities holds
for all timestep t > T

wi2(t) < wiy,
wi(t), wa(t) > w*,
’u)gl(t) S 0.

Proof We will prove this lemma in several steps:

Step 1: wia(t) < wi, forall t > T7.

We know wi2(T7) = 0 < wj,. Assume, for the sake of contradiction, that there exists a time
t' > Ty where t' is the first timestep such that wia(t') > wi,. If this were true, there must exist a
time s where 7} < s < t’ such that:

wia(s) = wie, wWia(s) > 0.
For these conditions to be met, w12(s) must satisfy:
w12(s) = 2(w* —wi1(s))(ar1(s)a(s) + ai2(s)aa(s)) > 0. (58)
To satisfy (58), there are two possibilities:

(w* —wi1(s)) >0 and (a11(s)ag(s) + aiz2(s)a(s)) >0, 59)
or (w"—wi(s)) <0 and (a11(s)a1(s)+ ar2(s)az(s)) <O0. (60)

However, neither of these can be true:
1. Equation (60) contradicts Lemma 21, given that s < ¢

2. Equation (59) cannot be satisfied because there is no s where w* > wi;(s). If there were,
there would be a time s’ where 77 < s’ < s both satisfying w11 (s") = w*, and w;1(s") < 0.
But we find:

w11 (s") = (wiy — wiz(s))(a11(s")az1(s") + ara(s')aza(s’)) > 0.

This is because w12(s’) < wiy, and thus a11(s")ag1(s") + a12(s)aza(s’) > 0 by Lemma 21.
Therefore, our initial assumption must be false, implying that w;2(t) < wi, forall ¢ > T7.
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Step 2: Prove w1 (t) > wi; and waa(t) > wi, for all t > 1.

Given wi2(t) < wi, forall ¢ > T, Lemma 21 implies a3 (t)a21(t) + a12(t)aga(t) > 0 for all
t > Ty. The evolution of wy; is given by:
(1) = (w*—wn (1)) (af, (1) +aTa () +a3; () +a3y(t)+(wia—wia(t)) (a11 (H)az: () +ar2(t)ag(t).
By above equation, if there exists a time ¢ > T; where w11 (') = w*, we can conclude w11 (t") > 0,
and thus wy;(t) > w* forall t > T;. By Lemma 19, wos has the same value as w11, so waa(t) > w*
for all ¢t > T7.

Step 3: Prove wo(t) < 0 forall t > T7.

The evolution of wy; is given by:

wWo1 (t) = 2(w* — wu(t))(an(t)agl(t) + a12(t)a22(t)).

Since w11 (t) > w* and a11(t)ag1(t) + a12(t)age(t) > 0 for all t > T), we can conclude
wo1(t) < Oforallt > T7.
[ |

G.2.1. PROOF OF LOSS CONVERGENCE

Recall that the time derivative of the loss function is written as:

%g(WA B(t) = — Tr(Ly(t)) — Tr(La(t)),

where L1 (t) and Ly(t) are defined in (55). To further our analysis, we can expand the time derivative
of the loss by calculating the trace of L;(¢) and Lo (t). We omit the time index ¢ when clear from
context.

2 2
L= (" T2 ay; + asy aiiraz1 +aiza) (11 0
= 2 2
0 roo/ \ai1a21 + ar2a22 aj; + afy 12 T922
2 (.2 2 2 (.92 2
_ (7"11(@21 + as59) + 2r1iri2(aiiag + ai2a2) + ri5(aij; + as) Cy >
- b

Ch r3y(ad; + aiy)

for some time-dependent value C. Following a similar process, we calculate Lo:

2 2
Ly— (™ 0 ai; + afy airazr +aiza\ (111 T12
= 2 2
T2 T22 a11a21 + 12022 az; + azo 0 72
2 (2 2
_ (riilat; +a1p) ) , Co L )
Cs rio(aty + aiy) + 2riare(atia + a12a22) + riz(asz; + azy) )’

again for the time-dependent value C'y. With these expressions for L; and Ly, we can now rewrite
equation (55) in a more explicit form:

iE(WAB( t)) = — Tr (L1(t)) — Tr (La(t))

dt
= — i1 (t) (af, (1) + ais(t) + a3y (t) + a3y (1))
—2rfy(t) (af, ( ) + afy(t))
— r5y(t) (af1 (1) + ais(t) + a3 (t) + a3a (1))
— 2r1a(t)ro2(t ) (a11(t)az1(t) + arz(t)as(t))
—2r11()r12(t) (a11(t)ag (t) + a12(t)aga(t)) . 61)

)
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Note that the (61) is the non-positive term. Given that L, and L9 are positive semi-definite, we can
analyze each diagonal entry separately. This leads us to the following inequalities:

rii(a3; + a3y) + 2riiria(aiias + ar2az) + riy(al; + biy) >

0
2 (2 2 9 2 (.2 2>
r1g(at; 4+ ajy) + 2r1area(ariag + aizaze) + ryz(az; + asy) > 0.
By rearranging the above inequalities, we obtain:

—2r117m12(a11a1 + a12a22) (a31 + a3y) + riz(ad; + aiy),

<
—2r1araa(ar1az1 + a12a22) < riy(ad; + aiy) + rig(as; + a3y).

Substituting these inequalities into equation (61), we derive:

d

ZWap(®) < =rii(t) (afi(t) + aia(t) = 732(t) (a11(t) + ala (1)) - (62)

This provides a tighter upper bound on the time derivative of the loss. However, it is still insufficient
to guarantee convergence, as the bound does not depend on the term 712(¢). As a result, even though
the right-hand side converges to zero, this alone does not imply that the loss itself converges.
To further tighten the bound, we leverage the positive semidefiniteness of Ly and Ls. Specifically,
note that for both QK Q" and Q' KQ ) to be positive semi-definite, the only necessary condition is
K = 0. Therefore, we modify L1 (t) to L1 (t) £ V(W4 g(t)) (BT (t)B(t) — p(t) - eseq ) VET (W4 B(t)),
where f1(t) is chosen to ensure that the matrix BT (t) B(t) — uu(t)-ezeg remains positive semidefinite.
This guarantees that L, (t) = 0. To ensure this condition, y(¢) must satisfy:

_ a3, (t) + a3y(t) a1 (t)az (t) + aia(t)aze(t)
B(t) B~ u(t) ese] )| = ’(au(t)aif(>+af§<t>a22<t> a2 (1) + a2 (1) — u(t) )’

— (a3 (1) + a3y()) u(t) + (ar1(t)aze(t) — ara(t)az (1))
> 0.

Rearranging this inequality with respect to (), we get:

(a11(t)aga(t) — ara(t)ani (1))
a3 (t) + a3y (t)
det(B(t))?
a3y (t) + a3y(t)

(63)

u(t) <

Therefore, if we set ,u( ) to satisfy the above inequality, we can guarantee L1 to be a positive
semidefinite matrix. Now, L1( ) can be calculated as:

2 2
I = 11 T12 as; + aj, ai1ag1 +aigaxny (rin 0
0 roo) \a11a91 + arpaze  a}y + a3y —p ri2  T22
2 (.2 2 2 (.2 2 ~
_ (r1i(ay + agy) + 2ririz(ainas + ai2a2:) + rip(at; +afy — p) c
C ryg(afy + a3y —p))
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for some C'. Since the matrix BT B—j-e5 e, is positive semi-definite, we can ensure a2, +a3, — 1 >
0. This leads to the following inequality from <L1>
11

—2ri1ria(anians + aizag) < rij(a3; + asy) + rig(ai; + afy — p).

Finally, substituting this inequality into (61), we arrive at:

d

TWap() < = (ri(t) + (1)) (af1() + ata(t) — riz()u(t). (64)

To prove the convergence of the loss, our main remaining goal is to establish a time-invariant lower
bound for

min {af,(t) + aiy(t), p(t)}
to apply Gronwall’s inequality.

Lemma 23 For a solution matrix W 4 _g(t) initialized as W o (1" ), which represents the state of
the matrix after pre-training up to time 11, the inequality

det (W g(t) > w*?
holds for all t > T1.

Proof Since w12 (t) must satisfy [wi2(t) —wiy| < /20(W 4 B(t)) < w], by the monotonicity of the
loss, we can ensure that wi2(t) > 0forall ¢ > T}. Also, by Lemma 22, we have wy1 (t), waa(t) > w*,
and w1 (t) < 0 for all ¢ > T7. Under these conditions, det(W 4 g(t)) can be lower bounded as:

det(WAB(t)) = wu(t)wgg(t) — wlg(t)wgl(t) > U)*Q,

for all timesteps t > T7. |

Lemma 24 For u(t) defined to satisfy (63) and the entries in A(t), the following inequality holds
for all timesteps t > T

min {af, (t) + afa(t), pu(t)} > w*.

Proof
To prove the lower bound of a?; (t)+a?(t), Our goal is to demonstrate that a?; () + a2, () > w*
for all timesteps ¢ after 77. By Lemma 24, we have W4 g(t)||» > v2w*, which leads to:

V2w* < |Wap(t)|r

=\/0f (WaB(t) + 03 (Wa,pB(t)).
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By applying Lemma 35, we have:

VoA Was(1) +o3(Was(t) = /ol (A®) +o3(A1)
= /(02 (AW) + 03 (A(1)))* — 202(A(1)) 03 (A(1))
_ \/||A(t)||‘}m — 2det(A(1))2. (65)

Rewriting (65) while applying Lemmas 35 and 23 leads to:

JA®)[4 > 20w*? + 2det(A(t))?
= 2u*? + 2det(Wa 5(t))
> 4w*

Thus, A(t) have to satisfy || A(t)||% > 2w* for all timesteps ¢ > T}. Now, assume that there exists
atime ¢’ > Ty such that a? (¢') + a2, (') < w*. To satisfy inequality || A(¢')||% > 2w*, we would
need at least a3, (t') + a3 (t') > w* to hold. To verify the value of a3, (¥') + a3,(t'), we take its time
derivative using (51):

@ (@31(0) + ada(®) = 20 (Hain (t) + 2az(t)aza(t)

dt
= —2a12(t)az (t)r22(t) — 2a11(t)age(t)ra(t)
= —2rg(t)(a11(t)azz(t) + a12(t)az (t))
= 2w (¢) (W™ — w1 (t)).

Since w11 (t) > w* holds by Lemma 22 for all t > T, we conclude a3, (t) + a3, (t) is monotoni-
cally non-increasing from time ¢ > T7. Since a?o(T1) + a3,(7T}) is initialized as w*, this implies that
a3y (t') + a34(t') < w*. Consequently, there cannot exist a ¢ > Ty such that a3, (t') + a2, (') < w*

holds, which leads to contradiction.
det(B(t))?
az; (H)+a3,(t) N
set uu(t) as w*, we can guarantee the positive semidefiniteness of Ly (¢).
By applying Lemma 35 and the lower bound of det(W 4 g(t)) by Lemma 23, we have

Next, we are now showing that the term is lower bounded by w*. Therefore, if we

det (B(t))*>  det (Wa,p(t)) . w*?

azy (t) +a3y(t) a3y (t) + a3y(t) = a3y (t) + ady(t)

Also, from the previous result, we have an upper bound on a3, (¢) + a3, (t), which is a3, (t) + a3, (t) <
w*. Combining these results, the following inequality holds:

det Wap(®) _
ag (t) +ady(t) =

Therefore, if we set p(t) to be w*, u(t) can satisfy the positive semidefiniteness condition. By
combining the results, we can finally guarantee:

min {a?, (1) + aly (1), u()} > w".
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Using the results of Lemma 24, we can rewrite (64) as follows:

if(WA,B(t)) < = (M1 (1) + 5 (1)) (af () + aia(t) — ria(H)u(t)

dt !
- (7’%1@) + () + 7"32(75)) w”
—2w(Wa B(t)).

IAIN

Applying Gronwall’s inequality to our previous result, we can now demonstrate loss convergence
where t > T7:

UWaB(t) < U(Wap(Ty))e 2 T
= %wT22672w*(t7T1)' (66)

This inequality allows us to conclude that /(W4 g(t)) converges to zero exponentially.

G.2.2. PROOF OF STABLE RANK BOUND

From (66), we know that at convergence, w11 (00) = waz(00) = w* and wi2(0c0) = wi,. Although
a closed-form expression for wo; (c0) is unavailable, Lemma 22 shows that wg; (¢) < 0 for ¢t > T,
which implies ws;(0c0) < 0. This indicates that the test loss remains strictly positive, as the
ground-truth value w3, = ﬁ—z is assumed to be strictly positive.

In this section, we leverage the fast convergence rate detailed in (66) to establish bounds on the
singular values of the converged matrix W4 g(c0). Subsequently, these singular value bounds are
used to further bound the stable rank of W4 g(c0).

Lemma 25 The singular values of W 5 g (00) fulfill:

1 (Wap(e0)) < - exp (2”12>
w

*

02(Wa B (00)) > w* - exp <_2‘£’012)

Proof We denote the singular values of W4 g(t) as o.(t) for simplicity. By Lemma 32, we can get
general solution of each singular value o, () by solving linear differential equation:

or(t) = o.(s) - exp <—2 /t,t (VZ(WAyB(t’)),ur(t’)v;r(t’»dt’) , r=1,2 (67)

where u,.(t) and v, (t) denotes left and right singular vector of corresponding r-th singular value,
respectively. Since u,(t) and v,.(¢) are both unit vectors, applying Cauchy-Schwartz inequality, we
can bound (V{(W 4 g(t)), u,(t)v, (1)) by:

(VeWan®),un o] )] < IVAWa B+
= IVUWa0)r
=4/2((Wa,B(t)).

)

ur (ol (1)
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we can get bound o, (t) as following:

onlspesp 2V t VAW am@)it) < o0(t) < or(syeso (242 t;\/awA,B(t'))dt’)

e (68)
With the setting above, in the pre-train section, after 77 timesteps, we prove that o1 (7) = 02(T1) =
w*. Starting from 7 with pre-trained weights, we can lower bound o2(W 4 g(t)) with equations (66)
and (68) when t > T as follows:

oalt) 2 oa(ti) o (<22 [ \fiWan)ar

t
> w* - exp <—2w1‘2/ et _Tl)dt/>
t'=T,

= w* - exp <—2w§2 (1 — e_w*(t—T1)>>
w

and when ¢t — 0o, 02(00) can be lower bounded by:

w¥
(Wi
* 2 w*

By Lemma 25, we can now lower bound the stable rank of a matrix W4 g(00):

IWas(o)ll _ o3(Wap(x) +o3(Was())
Wap(o0)[3 77 (Wa (o))

L B(Was(x)

S (W)
>1+exp (—8?53) ,

which concludes the proof of Theorem 6.
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G.3. Formal Statement and Proof of Theorem 7

We now extend the preceding analysis to the general case involving a ground truth matrix W* € R%*¢,
The solution matrix W4 g € R4 is again factorized as Wa B = AB, where both A, B € Rdxd,
In this section, our detailed presentation and proof of Theorem 7 (from the main text) are structured as
follows: we first introduce and prove Theorem 26, which is then followed by its direct consequence,
Corollary 27.

We use the slightly modified loss function:

—_

N
=3 > (AB, X,) — )’ (©69)
n:l

where the measurement matrix X,, = e;,, ean represents a masking matrix, with the n-th observed

entry set to one and all other entries set to zero, and y,, € R denotes the ground truth value of the
n-th observation. Then, by defining ® = [;T] € R¥*d and X, = 1 [)?T )f)"} € R24x2d e
can rewrite the (69) as:

. N _ 2
L(A,B) = £(© ;; ( ©67,X,) - yn)
= IF(©) ~ |} (70)
Here, F/(®) and y represent vectors defined as:
(GQL Xi) Y1
F(@)2 <@®:’X2> RN, 42 3{2 c RV, 1)
(G)@T', Xn) y}v

By reparameterizing A, B to ©, and X, to X,,, we can reduce the parameter matrices into a single
matrix © while ensuring the symmetry of @® . We train the model © via gradient flow, where the
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loss evolution is given by:

|(XnO(1), O(1))

[vec (X,0(t))
—2(FOW) -y | (Xf@(t))T vee (1)) (72)
vee (Xy0 (1)
= (FO(1) — )" J(O(1)) vec (O(1)) . (73)
Here, the Jacobian matrix J(©(t)) is defined as:
vec (V@(Q(t)G(t)I, ;:m): vec ():(16(15)):
J(©(1) 2 aii((g((?)))) _ | vee (V@(G(t):G)(t) , X2)) o | Ve (X%G(t))  RNX2
vee (Vo (OO, Xx))" vee (X0 (1)

(74)
With the notations defined above, we state the following theorem:

Theorem 26 Let the combined weight matrix be

A
® é |: :| c RQdXd
BT ’

and consider the loss function L defined in (69). Denote
Omin é Umin(J(G)(O))a Omax é O'max(J(@(O))

If the initialization satisfies:
6
~ o).
® < min
L(®(O) = 1152do2 . .’

max

then for every t > 0 the following hold:

L) < £O0)exp (~5okut )

o) -0 < V2 /o)),

min
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The above theorem tells us that, if the model is initialized with a sufficiently small loss, the model’s
loss will converge to zero quickly, and the parameters will not move significantly from the initializa-
tion. With the above theorem, we can state the following corollary:

Corollary 27 Suppose A and B are initialized as balanced, i.e.:
A(0)TA(0) = B(0)B(0)".

Under the conditions of Theorem 26, for every singular index i € [d] and all t > 0:

0i(A(t)) = 0i(B(t)) and |oi(A(t)) — 0i(A(0))] < 4%-

Consequently, the stable rank of A(t) remains bounded below by

Omin 2
JA@IE  (V2IAOIr - 55
3~ \V2IAO)> + 2

G.3.1. PROOF OF THEOREM 26

We begin the proof of the theorem by noting that the Jacobian J(-) is a Lipschitz function, as stated
in the following lemma:

Lemma 28 The Jacobian matrix J(W), as defined in (74), is V/d-Lipschitz. Specifically, for any
matrices W,V € R¥>? the following inequality holds:

IJ(W) = J(V)|| < Vd|[vec(W) — vee(V)]], (75)
Proof Note that for each n-th observation,

Jn(®) = 2vec (XHQ)T

(3 ()

Let M, denote the [-th row of a matrix M, and let M. ; denote its [-th column. We have
17a(®)IF = | X, AlF + | X BT ||
= llej.ei, Allr + llei,e;, B |

= |4, 13 + 1 B.z. [13:

Now, suppose we observe all entries, i.e., N = d?. Then for any fixed n, 4,, = 4,, can be satisfied
for all m € [d], meaning each element of A is observed d times. Similarly, each element of B is
also observed d times.
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Therefore, we can upper bound the Frobenius norm of the Jacobian matrix by the Frobenius
norm of the Jacobian under full observation:

d2
l7@©)IF < > (IX7 Al + 1 X.B7|)
n=1

= d (Al +1BI%)
= d|®|%.

By upper bounding the spectral norm of the difference between two Jacobian matrices and
applying the inequality above, we obtain:

l7(W) = J(V)|? = l7(W = V)|
< |l7(W = V)l
<d|W - V|,

which concludes the proof. |

Next, we borrow a lemma from Telgarsky [32], which states that for a Lipschitz function J, if we
consider a sufficiently small neighborhood around the initialization ®(0), then the singular values of
the Jacobian J(®) remain close to those at initialization:

Lemma 29 (Lemma 8.3 in Telgarsky [32]) If we suppose ||vec(®) — vec(©®(0))| < ‘;% we

have the following:

Omin 30 max
Umin(J(G)) > 9 Umax(J(G)) < 5

where we denote oy = Tmin(J(0(0)), and omax = Tmax(J(0(0)).

For simplicity, we denote 6 as the vectorized version of ®, i.e., 6 £ vec(®). We define the time
step 7, which is the first time step when the trajectory of 6(t) touches the boundary:

e ggg{t [16(t) — 6(0)]] > 2%}

We now demonstrate the convergence of the loss when ¢ € [0, 7] using the following lemma.

Lemma 30 Forallt € [0, 7], the loss defined in (69) converges as follows:
- ~ 1
£©(0) < £O0)exp (~ 5okut )

where we define oy = omin(J(0(0))).

Proof Recall that the time derivative of the loss can be written as follows, according to (73):
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noting that ' .
0(t) = —Vou)£(O(t) = —J(O(1)) (F(O(t) — y).

By Lemma 29, for any ¢ € [0, 7], we can upper bound the above term as follows:

L(®(t)) < —Auin (7(©(1)J(O®)T) | F(©(1)) — yP

1 2 ~

< - L(©()).

2 mln
Applying Gronwall’s inequality gives:

L(©(t)) < L(©(0)) exp <—;or2nint) fort € [0, 7].
|

The above lemma shows that the loss decays rapidly to zero if 0(t) stays within a small neigh-
borhood around the initialization. We now show that if the loss converges quickly near initialization,
then O(t) does not move far from its initial value:

Lemma 31 Let opin = 0min(J(©(0))) and omax = 0max(J(©(0))). For all t € [0,7], the
distance between the weight vector at time t and the initial weight vector is bounded by:

16(t) - 0(0)]| < ©Y27me [ 00)).

O min

Proof We start by evaluating the distance between 8(t) and 6(0) using Lemma 29:

t

lo(t) —6(0)| = || | 6(s)ds

0
-l Hmw o) -] o

3
O'max/ |IF(© —y|| ds.

By Lemma 30, we know that the objective function E(@) satisfies:

IF©() -yl < [F(©(0) P exp 5okt )

Taking the square root of both sides, we obtain:

IF(©() -l < [F((0) - yllexp (- okt )
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Substituting this into the previous inequality:

— §0‘ - tex —102- S S
16(t) = 0(0)| < Somal F(©/0)) — y] /0 p< 10 ) d

60 max

< ——[F(©(0)) -yl

min

where we used the fact that:

t
1
/ exp(—Cs)ds < —, forC > 0.
0 C
|
By combining Lemmas 30 and 31, we obtain the following results:
5 5 1
£©(0) < £©0)exp (- 5okt ) 76)
6\/§O'max 5
6(t) — 6(0)]| < ~57 /£ (@(0)), )

which hold for ¢ € [0, 7]. If we can demonstrate that 7 = oo, the proof is complete.
Actually, if we initialize @ (0) to satisfy the condition:

; _ nin
< min
(®<O)) — 1152do2 ..’

max

and substitute this condition into (77), we obtain an upper bound for ||@(t) — 6(0)]|:

< 6\/§Umax Uiﬁn Omin

B Ur2nin \% 1152do’max N 4\/&

Recall the definition of 7, which is the first time when 6(t) touches the boundary of the small
ball around the initialization:

A . Omin
= — > .
r ;gg{t [16() - 6(0)]| > }

16(t) — 6(0)]

2vd
~ 6
However, with the condition £(©(0)) < H&‘i‘ﬁ, 0(t) cannot ever touch the boundary. This

is because ||@(t) — 8(0)|| is bounded above by %, which is strictly less than ‘;% Therefore, the

parameter will remain inside the ball indefinitely, meaning 7 = oco. This completes the proof of the
theorem.
G.3.2. PROOF OF COROLLARY 27

First, we establish the equality o;(A(t)) = o;(B(t)) for all i € [d]. Corollary 27 assumes that A(0)
and B(0) are initialized as “balanced”, satisfying A(0) " A(0) = B(0)B(0)". By Lemma 35, this
balanced condition ensures that the singular values of A(¢) and B(t) remain identical for all ¢ > 0:

0i(A(t)) = 0i(B(t)).
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Second, we address the change in the singular values of a combined parameter matrix © (t)
(related to A(t) and B(t)). Theorem 26 states that under a specified condition on the initial loss,

L(©(0)) < 1152%7”‘2)( the deviation of ©(¢) from its initialization ®(0) is bounded for all ¢ > 0 by:

1©(t) - 8(0)[|lr < 4?2.

Let K = Z‘\‘F By Weyl’s inequality, |03(X) — 0;(Y)| < || X — Y'||2, and noting that ||-||2 < ||-|| 7,

we have for all i € [d]:

|0i(©(t)) — 0:(©(0))] < [©(t) — ©(0)]|2

This inequality allows us to establish bounds for ||®(¢)||r (using reverse triangle inequality) and its
largest singular value o1 (©(t)) = [|©(t)||2:

e@lr = [1e0)|r - K,
01(0(t)) < 01(©(0)) + K.

This yields the following lower bound on the stable rank of @ (t):

IS0, (IS0 Y _ (ll@@)!F - m)

©®)z ~ \o1(®(0) + K 1©(0)l]2 + F25

Furthermore, the balancedness condition implies A(t)" A(t) = B(t)B(t)". By the definition
of O(t), (1) O(t) = A(t)T A(t) + B(t)B(t) ", this leads to ©(t) "©(t) = 2A(t) " A(t). This
relationship implies o;(©(t)) = v/20;(A(t)) for all i. Substituting this into the bounds for ©(t),
we have || ©(0)||r = v/2||A(0)||r and o1 (©(0)) = V201 (A(0)) = V2| A(0)||2. This leads to the
final lower bound on the stable rank of A(t) (which, by balancedness, is equal to that of B(t)):

AW (ana»nF— ) ) (ﬂHA«»HF— f)
[A@)]3 — \ V2]|A0)|]2 + K ﬂ\lA(O)Hﬁ%}dﬂ '
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Appendix H. Useful Lemmas

Lemma 32 (Adaptation of Lemma 1 and Theorem 3 in [3]) For any time t, the product matrix
W (t) € R%? can be decomposed into its singular value decomposition:

d
W)= ortu(t)o(t)T
r=1

where o.(t) are the singular values of W (t), and u,.(t), v,.(t) are the corresponding left and right
singular vectors, respectively. Moreover, if A, B are balanced at initialization, i.e.,

A (0)A(0) = B(0)B(0),
the time evolution of the singular values o, (t) is represented as:

Go(t) = —2- 0, (t) <V€(W(t)),ur(t)vr(t)T> . r=1,....d (78)

Lemma 33 For any real-valued square matrix A € R, the absolute value of its determinant
equals the product of its singular values:

d
|det(A)| =[] o~
r=1

where o, are the singular values of A.
Proof We express A using SVD: A = UXV T, Applying the determinant to both sides, we get:

det(A) = det(UZV)
= det(U) det(X) det(V'")

Here, U and V have orthonormal columns, and X is diagonal with singular values along its main
diagonal. Since the determinant of an orthonormal matrix is either 1,

d
|det(A)| = det(Z) = [ o
r=1
|

Lemma 34 (Determinant of A(t)) Consider a matrix A(t) € R%? initialized as det(A(0)) > 0.
Then, det(A(t)) > 0 forallt > 0.

Proof This follows directly from Lemma 32 and 33. Since the singular values are initialized as
positive, and their evolution is continuous according to the given differential equation, they cannot
become zero or negative. Therefore, A(¢) maintains its sign of the determinant at initialization
throughout the optimization process. |
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Lemma 35 (Adaptation of Lemma 8 in [27]) Consider a product matrix W (t) = A(t)B(t) €
R4 where A(t) and B(t) are of equal size and balanced at initialization. Under these conditions,
the following equality holds for all t > 0 and all singular values:

or (W(t) = or (A(t)* = o (B(t))?

where o,.(-) denotes the r-th singular value of the respective matrix where r € [d]. Moreover, if
det (A(0)) and det (B(0)) are both positive, then by Lemma 34, we can guarantee that for all
t>0:

det (W (t)) = det (A(t))? = det (B(t))?

Lemma 36 (Adaptation of Theorem 1 in [3]) Consider a product matrix W (t) = A(t)B(t) €
R We can guarantee A(t) and B(t) are analytic functions of t. As a result, W (t) is also an
analytic function of t.

Lemma 37 (Lemma 10 in Razin and Cohen [27]) Ler f,g : [0,00] — R be real analytic func-
tions such that f*)(0) = g*(0) for all k € NU {0}. Then, f(t) = g(t) for all t > 0.

Lemma 38 (Positive Semidefiniteness of ABA ") For matrices A, B € R%“, if B is positive
semi-definite, then both ABAT and A" B A are positive semi-definite.

Proof For any vector € R
' ABA'z=(A"x)"B(ATz) >0
since B is a positive semi-definite matrix. In the same way, for any vector & € R? we have:
x' ATBAx = (Az) " B(Azx) >0

which concludes the proof. |
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