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Abstract

Classical optimisation theory guarantees monotonic objective decrease for gra-
dient descent (GD) when employed in a small step size, or “stable”, regime. In
contrast, gradient descent on neural networks is frequently performed in a large
step size regime called the “edge of stability", in which the objective decreases
non-monotonically with an observed implicit bias towards flat minima. In this pa-
per, we take a step toward quantifying this phenomenon by providing convergence
rates for gradient descent with large learning rates in an overparametrised least
squares setting. The key insight behind our analysis is that, as a consequence of
overparametrisation, the set of global minimisers forms a Riemannian manifold
M, which enables the decomposition of the GD dynamics into components par-
allel and orthogonal to M. The parallel component corresponds to Riemannian
gradient descent on the objective sharpness, while the orthogonal component is a
bifurcating dynamical system. This insight allows us to derive convergence rates in
three regimes characterised by the learning rate size: (a) the subcritical regime, in
which transient instability is overcome in finite time before linear convergence to
a suboptimally flat global minimum; (b) the critical regime, in which instability
persists for all time with a power-law convergence toward the optimally flat global
minimum; and (c) the supercritical regime, in which instability persists for all time
with linear convergence to an orbit of period two centred on the optimally flat
global minimum.

1 Introduction

The well-known gradient descent (GD) iteration
0 — GD*(n,0) == 0 —nVL®B), HecRP (1)

for minimisation of an objective function ¢ : R? — R, with learning rate > 0, is the foundation of
most practical algorithms for training deep neural networks (DNN5s). Despite the apparent simplicity
of the algorithm and practical ease with which DNNs can be trained using GD, theoretically GD
on DNNs remains poorly understood. In addition to the well-known non-convexity of DNN loss
functions ¢, our theoretical understanding is hampered by the fact that in practice DNNs tend to be
trained with larger learning rates than permissible according to standard optimisation theory.

Specifically, classical optimisation theory requires that the learning rate n be less than twice the
reciprocal of the largest eigenvalue A (the sharpness) of the Hessian V2£. The reason for this is easily
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seen by considering the simplest quadratic objective £(6) := %)\92 of a single variable 0: if n > 2/,

then the iterates 6,1 = (1 — 7\)6; of GD*(n, -) grow in magnitude like |1 — n\|* leading to rapid
divergence. In contrast, DNNs are typically trained in a regime called the edge of stability (EOS)
[13], in which 7 is often (pointwise) strictly larger than 2/ . Miraculously, despite this large learning
rate, GD is capable of converging non-monotonically to a global minimum of the loss, exhibiting an
apparent bias toward less sharp (flatter) minima.

Despite significant theoretical progress in the past few years, GD at the edge of stability is still poorly
understood when compared with its small learning rate counterpart. In particular, while convergence
rates for GD in the small learning rate regime can be obtained for DNNss using standard methods [25]],
convergence rates for GD at the edge of stability have so far only been obtained in settings wherein
monotonic loss decrease can be eventually guaranteed [42, 141} 111 32].

Our purpose in this paper is to provide convergence rates in a least squares setting, wherein sustained
monotonic decrease of the loss may never occur. To our knowledge, these are the first rates of this
kind to be provided in the literature.

Our analysis synthesises Riemannian geometry and dynamical systems theory to formalise an intuition
that has been folklore in the literature for some time [16} [12], namely that GD with a large step
size implicitly favours flatter global minima. This formalisation is achieved for codimension I,
overparametrised least squares problems, including deep scalar factorisation, in which the solutions
(global minima) are guaranteed to form a p — 1-dimensional Riemannian submanifold M of the
p-dimensional Euclidean parameter space RP. Inspired by the “self-stabilisation” idea proposed
in [[16], we introduce new coordinates (0” , 9J-) for a neighbourhood of M, where ol is a point
in M and 6+ coordinatises the direction orthogonal to M, with respect to which the GD map

ol 6L) — eHUCINE ,GD* (61, 61)) has approximately the following form:
( pp y g

HL 2
Gl (01, 64) — GD}I(Mﬁl) GD: (01,6%) = (1 —nA(01)6+ + (64)%. 2
The left map GD?‘W is Riemannian gradient descent on A along M (see (@), with step size
n(0+)2/(2¢(n, ) for some strictly positive number c(n, !1); the right is the normal form for
a period-doubling bifurcation [27]. Our analysis thereby clarifies the implicit bias of GD toward flat
minima:

In a neighbourhood of the solution manifold, GD with a large learning rate implicitly
performs Riemannian GD on the sharpness along the solution manifold, and oscillates as a
bifurcating dynamical system in the direction orthogonal to the solution manifold.

Paper contributions. In the context of codimension 1 least squares problems, we:

1. Make the implicit bias of GD toward flat minima explicit: overparametrisation enables the
decomposition of GD into an explicitly sharpness-minimising component along the solution
manifold, controlled by an oscillating component orthogonal to the solution manifold.

2. Prove that a class of non-convex scalar factorisation problems fit into our framework. In particular,
we prove that despite the non-convexity of the landscape itself, the sharpness in such examples is
geodesically strongly convex along a geodesic ball in the solution manifold. To our knowledge,
this observation has not previously been made.

3. Identify and prove convergence and implicit bias results for large step size GD in three regimes:
(a) the subcritical regime, in which the iterates can be guaranteed to (eventually) decrease
monotonically at a linear rate until convergence to a suboptimally flat minimum;
(b) the critical regime, in which the iterates converge non-monotonically with a power law rate
to the sharpness-minimising global minimum;
(c) the supercritical regime, in which the iterates converge linearly to a stable period-two orbit
orthogonal to the solution manifold at the point of minimum sharpness.

Although the former and the latter have already been observed in some examples, to our knowledge
the middle regime has not yet been identified. Moreover, our work is the first to be able to
theoretically quantify the rate of convergence and implicit bias in all three regimes.

4. Verify our theory against numerical experiments.



2 Related work

Overparametrisation and convergence guarantees for DNNs. Convergence analyses of GD for
non-convex loss landscapes such as DNNs are by now well-established [[19, 18} 3} 135} 134, 36, [10].
Although none of these works are able to account for non-monotonic convergence of GD using a large
step size, they do point to overparametrisation as a key feature of DNN loss landscapes which enables
a (local) Polyak-tL.ojasiewicz inequality and thus convergence guarantees in the absence of convexity.
Specifically, overparametrisation enables the map f sending parameters to network outputs to be
submersive, in the sense that the derivative matrix D f of f is pointwise full-rank. Much of the analysis
involved in the aforementioned papers is aimed at quantifying this submersivity by lower-bounding
the smallest eigenvalue of the “neural tangent kernel” D f D f* [24,[10]. Overparametrisation in this
sense plays a key role in our work too, since it guarantees that the global minima form a smooth
manifold with a well-defined normal direction, which is the foundation for Equation (2} and all the
analysis that follows.

GD with large learning rates. Recent work in convex optimisation has demonstrated surprising
benefits of large step sizes [21] 22| 23| 4, |5], however the mechanism in these works appears to
be distinct from the EOS phenomenon in deep learning. Concerning deep learning, although local
stability analysis had already hinted at a relation between step size and sharpness prior to 2020 [43],
the seminal work of [13]] in 2021 was the first to conduct a systematic empirical study of large step
size GD. In particular, [[13]] exposed the fact that GD on DNNss typically uses a larger step size than
admissible by classical theory. Moreover, [13] made the empirical observation that this larger step size
implicitly regularises sharpness during the late stages training, and coined the term “edge of stability”
for this phase. An explosion of empirical and theoretical work has since been produced in an attempt to
account for these empirical observations [2,[7,40L 38} 139,116,130} 144} 1} 12,126,142} 141} 11} 117,32} 20].
At a high level, work up to this point on large step size GD can be classified into one of two categories:
general analysis attempting to outline the essence of the mechanism of stability in this regime while
abstracting from specific architectures [[16L[14]; and specific analysis focusing on precise architectural
details in an attempt to derive more fine-grained results on convergence [42} 41|11} 32]] or implicit
bias [38} 139,12} [1'7]. The advantage of the former approach is generality and clarity of insight, with
the disadvantage of less facility in the proof of quantitative results. The advantage of the latter is the
wealth of tools for the proof of quantitative results, with the disadvantage of obfuscating essential
mathematical structures with inessential architectural detail.

Our work attempts to achieve the strengths of both approaches with a middle ground of abstraction. On
the one hand, in common with and inspired by the seminal work [[16]], our formulation identifies and
hinges on minimal mathematical structures which underlie the dynamics of GD with large step size,
independent of architectural details; on the other hand, in common with the latter works, we retain
enough mathematical structure in our assumptions to cover some of the specific examples already
studied in prior work and obtain quantitative convergence rates and implicit bias characterisations. In
particular, we are able to provide convergence rates outside of the “eventually monotonically stable”
regimes considered in prior work [42, 41, |11} 32]], as well as rigorously quantify oscillatory implicit
biases of large step size GD observed empirically and partially accounted for theoretically in [12} [17].

3 Theoretical setting

3.1 Notation

Given a smooth (i.e., infinitely differentiable, C'>°) manifold M without boundary, and a point
0 € M, we will use Tp M to denote the tangent space to M at 6, and TM := | |, ,, Ty M to denote
its tangent bundle. Given a smooth map g : M — N of smooth manifolds, we will denote by D ;g :
TM — TN its derivative, acting at each point 6§ € M as a linear map Dysg(0) : ToM — Tygy N
between tangent spaces.

A Riemannian metric on M is a smoothly-varying inner product (-, -)¢ on each Ty M ; we will usually
drop the subscript and denote the metric by simply (-, -). Given Riemannian metrics on M and N, any
higher derivative D%,g : TM®* — T'N is also defined, and at each point § € M acts a symmetric,

multilinear map Dﬁ/[g(ﬁ) c Ty M®k — T,6)N whose value on vectors vy, . .., vg € Ty M we denote
D%,g(0)[v1, ..., vk (respectively, DX, g(0)[v®*] if v; = v Vi). This D%,g may also act on vector

fields Vi, ..., Vx : M — TM to give amap D%,g[Vi,...,Vi] : M — TN defined by the formula



DfglVa, ..., Vi) (0) == Dfrg(0)[Vi(0), ..., Vii(0)] (resp. Dy, g[VE*|(0) := D3 g(0)[V(0)=*] if
V; =V Vi) ford € M.

If g : M — R is scalar-valued, then V% g : TM®*=1 — T M will be used to denote the map
obtained by dualising one of the inputs of D%, g using the Riemannian metric. Specifically, given any

6 € M and tangent vectors vy, . .., vy € TyM, V%, g(6)[va, ..., vx] is the unique element of Ty M
satisfying

<v]]€wg(9)[’l)27...,’l)k],7)1> :Dﬁ/[g(e)['l}l,’l}27...,’l}k]7 VUl ETQM, (3)

where (-, -) is the Riemannian metric in Ty M. The objects Vg and V3, g are the Riemannian
gradient and Riemannian Hessian respectively. In particular, DE,g and VE, g will be denoted simply
D¥g and V*g; Vg and V2g then are the ordinary Euclidean gradient and Hessian respectively.

A geodesic is a locally length-minimising curve in M (for instance, geodesics in Euclidean space
are just straight lines). We will use dps(8,6’) to denote the geodesic distance between 6,6’ € M,
which is the length of the shortest geodesic connecting 6 to 6'; d,; makes M into a metric space. For
any § € M and any sufficiently small v € Ty M, there is a unique geodesic 7 : [0,1] — M such
that 4(0) = 6 and 4(0) = v; the exponential map on (6, v) is then by definition exp,(v) := y(1);
in Euclidean space exp,y(v) = 6 + v. See Appendix [A| for more details. Any smooth function
g : M — R is associated to a Riemannian gradient descent map (1), 0) — GD%,(n,0) € M defined
in an open neighbourhood of {0} x M C R>¢ x M by

GDY,(n,0) := expy ( - nVMg(H)). )

This reduces to the familiar (7, ) — 6 — nVg(0) in the Euclidean setting, wherein it is denoted
simply GD? with the subscript dropped.

Recall that a regular value of a function f : R? — R? is a point y € R such that f~*{y} is
nonempty and f is C*° in a neighbourhood of f~*{y} with derivative Df(6) : TyRP — Tp(gR?
surjective for all § € f~1{y}. Moreover, if y is a regular value of f, then M := f~'{y} is a smooth
submanifold of R, and if f is also analytic in a neighbourhood of M, then M is an analytic manifold.

3.2 Problem setting

Given a natural number p > 1, function f : R? — R and target value y € R, we aim to solve the
codimension 1 least squares problem

1

min (0) == o (f(6) - )*, 5)
using gradient descent with constant step size > 0:
0 — GD (n,0) := 6 — nVL(h). (6)

We will make the following assumptions on f and y.

Assumption 3.1 (Regularity and analyticity). The point y € R is a regular value of f, and f is
analytic in a neighbourhood of the pre-image M := f~1{y}.

The assumption that y is a regular value of f is a strong version of overparametrisation: it is
equivalent to assuming that the “neural tangent kernel" D f D f = || D f||? is non-vanishing along
M, as is often insisted upon in overparametrisation theory for deep learning [24} [10]. Analyticity of
f in a neighbourhood of M := f~{y} will be used to invoke powerful results from holomorphic
dynamics [6] in our convergence theorems.

The key consequence of Assumption[3.1]is that, by the regular value theorem, the solution set M of (3))
is a (p — 1)-dimensional analytic submanifold of R”. Points in M will be denoted #!l in what follows.
For any 0l € M, the tangent space Ty M to M at 6!l is the kernel of D f(0), and any singular value
decomposition of D f(6!l) admits precisely one nonzero singular value corresponding to a singular
vector orthogonal to Ty M. This singular vector is the normal vector n(81) := V £(61) /|| V f(8!)].

It follows from the chain rule and the fact that f = y along M that the Hessian V2 of ¢ satisfies the
identity
V| = (VIVIT +(f =9V )i = VIV 7



along M. We denote by \ the largest eigenvalue of V2/, which is equal to ||V f||%. We assume M to
be equipped with the Riemannian metric inherited from its embedding into the Euclidean space RP.

Our new coordinate representation (2)) for gradient descent is essentially a consequence of coordinatis-
ing a tubular neighbourhood N of M by a ||-coordinate along M, and a L-coordinate orthogonal to
M (Figure[I). However, the rigorous form of (2) requires two additional assumptions on the solution
manifold M. The first of these provides an invariant line segment about which GD can oscillate, and
enables the correct decay rate of the error terms in the ||-component of GD.

Assumption 3.2 (Orthogonal stability). There is HLI € M and a line segment £ through 911 orthogonal
to M which is invariant under gradient descent on ¢ (see Figure|l).

The second assumption necessary for the rigorous form of (2)), concerning the L-equation, is a
standard assumption from bifurcation theory enabling the realisation of the | -equation in a well-
known normal form which is easily analysed [27, Theorem 4.3].

Assumption 3.3 (Genericity). Recall the normal vector field n := V f/||V f||. Ateach point 8!l € M,
for all 7 in a neighbourhood of 2/A(!l), one has

c(n,0) = (ZD%[n@ﬂ(el))Q - gD4€[n®4}(9”) > 0. ®)

Assumptions [3.1] [3.2] and [3.3] are sufficient to obtain

the rigorous form of (2)) (Theorem[d.I). As is evident

from Equation (2), GD with a large step size behaves

like gradient descent on the sharpness along M. To N
utilise this fact in our convergence theorems, we will
make the following additional assumptions on M and

the sharpness .

Assumption 3.4 (Strong convexity of A). There is a ball

By (&L| ,7) C M, centred on 9! and of radius » > 0 with
respect to the geodesic distance, which is geodesically

convex in the sense that any two points in By (9!, r) are

connected by a unique distance-minimising geodesic, Figure 1: M = {(z,y) : zy = 1} with
over which the sharpness A : M — R is u-geodesically tubular neighbourhood N (shaded) and
strongly convex and has L-geodesically Lipschitz gradi- line L (dotted). Inside N, any point 0 is
ents, in the sense that the Riemannian Hessian V3, of closest to a unique point 8 on M, with

) satisfies 0 — 0 = 6+ n(0!) orthogonal to M for
plrar = V3N = LIry (9) some 6+ € R. Assumptionsays that

00 i llel to £ at int ¢’ € L.
uniformly over B) (9!, r), where Ir,s is the identity VA7) is parallel to £ at any point 6" €

map on 7'M . We assume moreover that A achieves its minimum value )\(Gﬂ) in B M(Gﬂ, ) uniquely
at 9!, where one moreover has

VAAGL) = v I (6Y) (10)
for some v > 0, where I M(Gﬂ) is the identity map on the tangent space Te! M of M at 9,‘!.

These assumptions need not be satisfied for general functions f. The geodesic strong convexity of A
in particular seems at first to be an alarmingly strong assumption, since it is well-known that DNN
loss landscapes are non-convex. Surprisingly, these non-trivial assumptions can be guaranteed to
hold for the following class of toy examples of deep learning non-convex loss landscapes.

Multilayer scalar factorisation. The map f : R? — R defined by f(0',...,07) := 07 ... 0!
corresponds to a linear network of depth p and width 1 on a single input datum. Any nonzero target
value y # 0 is a regular value for f, and f~!{y} is then a union of hypersurfaces (Proposition ﬁ]}

Assuming without loss of generality that y > 0 and setting Hﬂ = y% 1,, one takes M to be the

connected component of 0!. The line £ is given by the span of the ones-vector 1,, (Proposition .
Assumption [3.3]holds by Proposition while Proposition [B.6] demonstrates that ) is geodesically

strongly convex on a geodesic ball centred at 9,!, with

V2,01 = 4y2 4210, (01 (11)



so that Assumption[3.4|holds. One may also take f (01, ..., 0P) := 0Pp(OP (- - - (¢(01)) - - - ), with
¢ any nonlinearity that is the identity on a neighbourhood of 3'/? and still satisfy all assumptions.

Some thought reveals that these assumptions can be relaxed in more-or-less straightforward ways to
deep linear networks of sufficient constant width on multi-point datasets. However, the scalar case we
consider in this paper is already sufficiently instructive and non-trivial that we leave a more general
elaboration of this framework to future work.

4 A normal form for gradient descent about the solution manifold

In this section we state a rigorous form (Theorem [4.T) of the approximate update equations alluded to
in Equation (2), and give an idea of its proof. This section makes use only of Assumptions
and[3.3] The geodesic convexity of Assumption [3.4]is not needed to derive the normal form of GD
about M, and is necessary only for the convergence theorems to be given in the next section.

Our analysis of the dynamics of GD is inspired by that of [[16]]; it proceeds from a Taylor expansionﬂ
However, while [L6] Taylor expands around a set of points with sharpness < 2/7, we Taylor expand
around the solution manifold M. Our derivation is novel and provides a number of advantages: the
assumptions are more transparent and easily checked, and we are guaranteed that M is a Riemannian
manifold, while the set of points with sharpness < 2/7 considered in [L6] need not be.

Specifically, every point 6 sufficiently close to M admits a unique nearest point 6! on M. The
difference 6 — ! is then a scalar multiple 8 n(#!1) of the normal vector n(8l) = V £(6) /|| V (61|
at 9ll. Thus, pairs (A, 0+) with 1 € M and sufficiently small 6+ € R suffice to completely
coordinatise a neighbourhood of M in R? known as a tubular neighbourhood N [28, p. 147]. Our
first result is then the following characterisation of the GD dynamics in terms of gl , 0+, the sharpness
A and its Riemannian gradient descent map GD?‘W.

Theorem 4.1 (Normal form for GD about M). There is an analytic change of coordinates
(n,01,0%) — (n,0) for a tubular neighbourhood N of M in which the gradient descent map GD* :
(n,0) — (n,9 — nVﬂ(G”)) takes the form (n,0!,0+) — (n,GD” (77,0”,9L),GDL(77,9“,9L)),

where

GDll(n, 0!, 04) = GD), <2’Z<(f}32),9'> +0((64)? min{1,dp (81, 61)}), (12)
GD*(n,0,6+) = (1 — nA(01)o+ + (6+)% + O((65)), (13)

with ¢(n, 01 defined in Assumption

Outline of proof. Recalling the normal vector field n := V f/||V f||, we approximate the gradient
V{(6) at 6 € N by the Taylor series
132
Vi) = veol) + 6-v2eoh)n(oh] + Qv%(ell)[n(a”),n(e“)] +O((01)). (14
Since M consists of global minima for ¢, V/(fll) = 0. Additionally, since n(#!) is the sole
eigenvector along which V2£(8ll) = V £(61)V £(61)7 is nontrivial, with eigenvalue (@), one has
V2001 [n (8] = X(@n(0!). One thus has:
L2
Vi) = Aehetn(o") + %v%(e\l)[n(eﬂ),n(e“)] +0((6)?). (15)

Plugging this into the gradient descent update formula, applying the orthogonal projection Prp; of
TRP onto TM and n” of TRP onto the normal direction respectively, and noting that

PryV3¥n,n] = Vi (V3n,n]) = VA (16)

’The idea of higher order terms inducing implicit bias is also present in literature on Sharpness-Aware
Minimisation [8]].



since V(nTn) = V(1) = 0, yields the following formulae for the GD update in (6!, §-):

oll — ol — WTL)QVM/\(M) +0((61)?) (17)
6+ — (1 —nA(0)0+ — WGTL)QDSE((L)H)[TL(HH)W] +0((61)*). (18)

The O((6)?) error in the ||-update is tightened to O ((6)% min{1, dps (61, 9!)}) using Assumption

, and 9l — 77(97;)2VM/\(9“) is the first order approximation of expg (— "(9;)2 Vm A1) by the
aylor expansion of the exponential map [33]. The final form is obtained by invoking Assumption

[3.3]and applying a standard transformation from bifurcation theory [27, Theorem 4.3]. See Theorem
for a rigorous proof. O

We can immediately make the following qualitative observations of the dynamics in Theorem[4.1]
with which we will be able to give an idea of how our convergence theorems work. Let (01' ,0)
denote the t*" iterate of gradient descent in the (!l 61) coordinates of Theorem

The ||-component of the GD dynamics is a perturbed version of Riemannian gradient descent on the
sharpness along the solution manifold M, with time-varying step size determined by the magnitude
of the L -iterates ;-. Recalling that we assume ) to be geodesically strongly convex as in Assumption
3.4, we can be assured of descent guarantees for \ provided |6;-| can be controlled.

The behaviour of |0;"| is governed by the map (T3), which is a perturbed, time-varying version of the
simpler “flip bifurcation"

= (1 —n\)z +2® (19)
from bifurcation theory [27]]. The iterates z; of (I9) admit the following dynamics.

1. Whenn < 2/X, 01is a hyperbolic attractor, and the iterates || go to zero exponentially fast.

Were this to hold also for the iterates |0;-| of (T3), el' would evolve like gradient descent
on \ with exponentially decaying step size, hence would converge exponentially fast to a
suboptimally flat point.

2. When 5 = 2/\, 0 is a parabolic attractor, and the iterates |z;| go to zero like ©(¢t~1/2).

Were this to hold also for the iterates |6;-| of (T3), 91‘ would evolve like gradient descent on
A with power-law-decaying stepsize, hence would converge with a power-law rate to the
optimally flat point.

3. When n > 2/), there is a hyperbolically attracting orbit of period two with amplitude
~ +/nA — 2 to which the iterates x; converge exponentially fast. Were the same to be

true for the iterates ;- of (T3), Hll would evolve like gradient descent on A\ with step size
O((n\ — 2)), hence would converge exponentially to the optimally flat point.

In the next section, we provide theorems showing that these intuitions gathered from the unperturbed,
time-invariant (T9) can be rigorously carried over to the perturbed, time-varying system defined by
Theorem [4.11

5 Convergence theorems

In this section, we state our convergence theorems and provide numerical demonstrations of them on
a multilayer scalar factorisation problem. In addition to the Assumptions[3.1} [3.2and [3.3|required for
the normal form (Theorem [4.1)), we now also invoke Assumption [3.4|to provide rates of convergence.

Iterates will be denoted 6 (respectively (Gl‘ ,0;-)) for t € NU {0}. For convenience, our |#;| plots
concern the orthogonal coordinate of the intermediate Proposition [C.3|rather than that of the final
Theorem 4.1} since the transformation going between them is analytic (Theorem [C.6)), this causes no
difference in the convergence rate.



5.1 Subcritical regime

The subcritical regime is when 2/ )\(9!) >n>2/ )\(6(‘)'). In this regime, considered also in certain
examples in prior works [26] [32]], the orthogonal component ;- of the iterates exhibits initial,

transient oscillation driven by (I3 of Theorem during this time, the sharpness values A(Q,U) are

monotonically decreasing according to Theorem 4.1{to the point of stability n < 2/ )\(Hll) in a finite
number of steps. Following the achievement of stability, 6;- decays exponentially fast, resulting in

exponentially less aggressive steps in Qil to decrease /\(Gll ), ultimately resulting in convergence to a
suboptimally-flat global minimum of ¢. See Figure[2] The theorem below appears as Theorem in
the appendix.

Theorem 5.1. Assume that n < 2/x\(0£). Then there is a constant v > 0 such that for all 05
sufficiently close to zero and all F)g #+ 0! € By (6‘!, r), ifn > 2/)\(9(!) is sufficiently small, then

there is
0“ _ 0! vy
rs0<(00l>2<k( o) A(H )> ) (20)
2/m — A0<)
such that n < 2/)\(9% forallt > 7 and n > 2/)\(91lt|) for all t < 7. Consequently, setting

B:=1-(2— n/\(ﬁﬂ)) < 1, the iterates (el‘ ,0;) converge to a global minimum (Hﬂo, 0) of L in M
with suboptimal sharpness

1y\2 2\—1
L) = AOY) = exp (= O((67)7(1 = 82)71)) (A(B]) = A.). 1)
at a rate O(BY).
led —6!] 6] G ECE)
\ \
—_—
10-977 10-18 10712
0 50 100 0 50 100 0 50 100
Iteration (t) Iteration (t) Iteration (t)
le -t 1641 Al A6
10—0.49, 10—1.1 10—0.66
10—0]9, 1077.7 10—1.2 \
0 5000 10000 0 5000 10000 0 5000 10000
Iteration (t) Iteration (t) Iteration (t)

Figure 2: Log-scale plots of distance from Gt“ to 0! (left), magnitude of 0} (centre) and sharpness
suboptimality gap (right) for gradient descent on depth 5 scalar factorisation in the subcritical regime.
Trajectories from five different initialisations shown. Initial instability in |6;-| (top) is overcome in
finite time with rapid convergence to a suboptimally flat global minimum (bottom).

5.2 Critical regime

The critical regime happens when n = 2/ /\(Oﬂ). To our knowledge, this regime has not been observed
previously in the literature. In this regime, the dynamics of GD are non-hyperbolic, with §;- exhibiting

2-periodic decay to zero with a rate @(t*% ). Consequently, the dynamics of 91' are essentially those
of gradient descent on \ with a step size decaying according to a power-law. Ultimately then, 6; does
converge to the optimally flat global minimum of £, but does so at a slow rate. See Figure[3] The
theorem below appears as Theorem [D.9]in the appendix.



Theorem 5.2. Assume thatn = 2/ 9!) and that v/(c(2/ A, 9!))\*) < 1, where v and c(-,-) are
defined as in Assumptions and respectively. Then for all 9(|)‘ sufficiently close to 9! and all
0L + 0 sufficiently small, one has dpy (6!, 601) = ©(t=1/2) and |0;-| = ©(t~1/2),

led —el| 164 | PCARCE)
10049 10-11 10-0-66
10-14 | \ 10-22 N 10-26 \
0 5000 10000 0 5000 10000 0 5000 10000
Iteration (t) Iteration (t) Iteration (t)

Figure 3: Log-y-scale plots of distance from 01‘ to 6! (left), magnitude of ;- (centre) and sharpness
suboptimality gap (right) on depth 5 scalar factorisation in the critical regime. Trajectories from
five different initialisations shown. The iterates |0;-| may or may not initially increase; in both cases,
asymptotic, power law decrease of |0;"| and ||0,U — 0! || to zero indicates power law convergence to
the optimally flat global minimum.

Some further remarks about the critical regime are necessary. First, the additional hypothesis that

v/(e(2/ A, 0! )JAx) < 1 (which is satisfied for multilayer scalar factorisation, see Proposition
is not strictly necessary for convergence; power-law convergence still occurs to the same minimum
without this assumption, but is in that case faster for d M(é‘l‘ , 9!) than the ©(¢~1/?) rate given in the
theorem statement. However, we are unaware of examples having this faster rate. Second, the ||
iterates may initially increase substantially as in Figure [3|depending on the initialisation; our theorem
accommodates this behaviour explicitly (see Theorem .

5.3 Supercritical regime

The supercritical regime is when n > 2/ )\(9,‘!). In this case, when n > 2/ )\(9,‘!) is sufficiently
small, Equation (I3 exhibits linear convergence to a stable orbit of period two with amplitude

~ (77)\(9,!) —2)=. It follows that the step sizes in 91‘ in its descent on A are of approximately constant
size, so that Hﬂ will converge linearly to the optimally flat ol. However, the complete iterates 6; of
GD do not converge to a global minimum, but asymptotically oscillate orthogonally to M about the

point Hﬂ along the line £ of Assumption See Figure Although this regime has been observed
in prior works [12} 17, 120]], no general quantitative convergence theorem in this regime has yet been
proved. The theorem below appears as Theorem [D.I0]in the appendix.

Theorem 5.3. Assume thatn > 2/ /\(9!) is sufficiently small. Then there are positive constants
C4,Cy, C3 and a stable orbit of period two of the form (9! ) :I:(n/\(ﬁﬂ) 212 4 O(n)\(ﬁﬂ) —2)) 10
which the iterates (Oll ,0;-) starting from any (0(‘1, 05) satisfying 0 < |0 | < C’l(n)\(ﬁﬂ) — 22 and
alM(Q(‘)l7 9!) < Cz(n)\(Qﬂ) — 2)1/2 converge with rate O ((1 — 03(77)\(9!) —-2))H).

6 Limitations, discussion and conclusion

Our work has a number of limitations, all of which point toward avenues for further exploration along
the lines we have developed.

Higher order orthogonal dynamics. Prior work has indicated that beyond the 2-periodic behaviour
we studied in this work, higher-order periodicity and chaos emerge as the learning rate increases
[17]. Our Theorem .| provides new insight into this behaviour as a manifestation of a bifurcating
system oscillating orthogonally to the solution manifold. Our analysis only handles the simplest
(namely 2-periodic) case of this supercritical behaviour. We expect our framework to be able to admit
convergence proofs of higher oscillatory and chaotic behaviour also, using ideas from dynamical
systems theory, however we do not expect this to be easy and have not attempted it in this paper.
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Figure 4: Log-scale plots of distance from GtH to 9! (left), magnitude of 6 (centre) and sharpness
suboptimality gap (right) on depth 5 scalar factorisation in the supercritical regime. Trajectories
from five different initialisations shown. The iterates |0;-| converge to a stable, period-two orbit

driving linear convergence of 01‘ to the optimally flat global minimum 9!.

Higher codimension least squares. Our theory only allows us to treat codimension 1 problems.
This is clearly a severe limitation, ruling out for instance overparametrised regression on multiple
datapoints or multiple outputs. It is not difficult to extend our definitions to higher codimension,
however proving anything in this setting seems very challenging, as it would require an understanding
of higher-dimensional bifurcating dynamical systems. We leave this question to future work.

Geodesic convexity of sharpness for more general solution manifolds. One of the most surprising
results of our work is that the sharpness of the loss is geodesically strongly convex over a geodesic
ball in the solution manifold for a number of overparametrised non-convex problems. Should this
prove to be a more general fact, which we suspect may be the case, it would go a long way to
explaining the still-mysterious ease of optimisation and implicit bias of GD on DNNs. We leave a
more thorough investigation of this question to future work.

Finding the tubular neighbourhood. Our theory is premised on the assumption that GD is initialised
in a tubular neighbourhood of the solution manifold. While there is no reason to think this is the case
with standard initialisation schemes used in practice, we conjecture that GD does converge rapidly
to a tubular neighbourhood from a standard initialisation during the phase known as progressive
sharpening [13], after which the familiar dynamics described here would apply. We leave exploration
of this question to future work.

Relation to stochasticity. Prior works [9} 15, 131]] studying stochastic gradient descent have demon-
strated an implicit bias toward flat minimisers arising from stochasticity. All of these works consider
a smaller learning rate than those considered in our work; consequently, the mechanism behind the
implicit bias considered in [9} 15, 31] is fundamentally different than that considered in our work.
Studying how these distinct implicit biases interact is an important direction for future research.

Acknowledgments and Disclosure of Funding

This research was supported by NSF 2031985 and Simons Foundation 814201 (Theorinet), ONR
MURI 503405-78051 and University of Pennsylvania Startup Funds.

References

[1] Atish Agarwala, Fabian Pedregosa, and Jeffrey Pennington. Second-order regression models
exhibit progressive sharpening to the edge of stability. In ICML, 2023.

[2] K. Ahn, J. Zhang, and S. Sra. Understanding the unstable convergence of gradient descent. In
ICML, 2022.

[3] Z. Allen-Zhu, Y. Li, and Z. Song. A Convergence Theory for Deep Learning via Over-
Parameterization. In ICML, pages 242-252, 2019.

[4] J. M. Altschuler and P. Parrilo. Acceleration by Stepsize Hedging: Multi-Step Descent and the
Silver Stepsize Schedule. Journal of the ACM, 2023.

10



[5] J. M. Altschuler and P. Parrilo. Acceleration by stepsize hedging: Silver Stepsize Schedule for
smooth convex optimization. Mathematical Programming, pages 1-14, 2024.

[6] M. Arizzi and J. Raissy. On Ecale-hakim’s theorems on holomorphic dynamics. Frontiers in
Complex Dynamics, 2014.

[7] S. Arora, Z. Li, and A. Panigrahi. Understanding Gradient Descent on Edge of Stability in Deep
Learning. In ICML, 2022.

[8] P. L. Bartlett, P. M. Long, and O. Bousquet. The Dynamics of Sharpness-Aware Minimization:
Bouncing Across Ravines and Drifting Towards Wide Minima. Journal of Machine Learning
Research, 24:1-36, 2023.

[9] G. Blanc, N. Gupta, G. Valiant, and P. Valiant. Implicit regularization for deep neural networks
driven by an Ornstein-Uhlenbeck like process. In COLT, 2020.

[10] S. Bombari, M. H. Amani, and M. Mondelli. Memorization and Optimization in Deep Neural
Networks with Minimum Over-parameterization. In NeurIPS, 2022.

[11] Y. Cai, J. Wu, S. Mei, M. Lindsey, and P. L. Bartlett. Large Stepsize Gradient Descent for
Non-Homogeneous Two-Layer Networks: Margin Improvement and Fast Optimization. In
NeurlPS, 2024.

[12] Lei Chen and Joan Bruna. Beyond the Edge of Stability via Two-step Gradient Updates. In
ICML, 2023.

[13] J. Cohen, S. Kaur, Y. Li, J. Zico Kolter, and A. Talwalkar. Gradient Descent on Neural Networks
Typically Occurs at the Edge of Stability. In /CLR, 2021.

[14] Jeremy Cohen, Alex Damian, Ameet Talwalkar, J Zico Kolter, and Jason D. Lee. Understanding
Optimization in Deep Learning with Central Flows. In ICLR, 2025.

[15] A.Damian, T. Ma, and J. Lee. Label Noise SGD Provably Prefers Flat Global Minimizers. In
NeurIPS, 2021.

[16] A.Damian, E. Nichani, and J. Lee. Self-Stabilization: The Implicit Bias of Gradient Descent at
the Edge of Stability. In ICLR, 2023.

[17] Dayal Singh Kalra and Tianyu He and Maissam Barkeshli. Universal Sharpness Dynamics
in Neural Network Training: Fixed Point Analysis, Edge of Stability, and Route to Chaos. In
ICLR, 2025.

[18] S.S.Du,J. Lee, H. Li, L. Wang, and X. Zhai. Gradient Descent Finds Global Minima of Deep
Neural Networks. In ICML, pages 1675-1685, 2019.

[19] S. S. Du, X. Zhai, B. Poczos, and A. Singh. Gradient Descent Provably Optimizes Over-
parameterized Neural Networks. In /CLR, 2019.

[20] Avrajit Ghosh, Soo Min Kwon, Rongrong Wang, Saiprasad Ravishankar, and Qing Qu. Learning
dynamics of deep matrix factorization beyond the edge of stability. In ICLR, 2025.

[21] B. Grimmer. Provably faster gradient descent via long steps. SIAM Journal on Optimization,
34:2588-2608, 2024.

[22] B. Grimmer, K. Shu, and A. L. Wang. Accelerated gradient descent via long steps.
arXiv:2309.09961, 2023.

[23] B. Grimmer, K. Shu, and A. L. Wang. Accelerated objective gap and gradient norm convergence
for gradient descent via long steps. INFORMS Journal on Optimization, 7:156-169, 2025.

[24] A.Jacot, F. Gabriel, and C. Hongler. Neural Tangent Kernel: Convergence and Generalization
in Neural Networks. In NeurlIPS, pages 8571-8580, 2018.

[25] H. Karimi, J. Nutini, and M. Schmidt. Linear Convergence of Gradient and Proximal-Gradient
Methods Under the Polyak-ELojasiewicz Condition. In ECML PKDD, pages 795—-811, 2016.

11



[26] Itai Kreisler, Mor Shpigel Nacson, Daniel Soudry, and Yair Carmon. Gradient descent mono-
tonically decreases the sharpness of gradient flow solutions in scalar networks and beyond. In
ICML, 2023.

[27] Y. A. Kuznetsov. Elements of Applied Bifurcation Theory, 4th Edition. Springer, 2023.
[28] J. M. Lee. Introduction to Smooth Manifolds, Second Edition. Springer, 2013.
[29] J. M. Lee. Introduction to Riemannian Manifolds, Second Edition. Springer, 2018.

[30] S.Lee and C.Jang. A new characterization of the edge of stability based on a sharpness measure
aware of batch gradient distribution. In /CLR, 2023.

[31] Z. Li, T. Wang, and S. Arora. What Happens after SGD Reaches Zero Loss? —A Mathematical
Framework. In ICLR, 2022.

[32] Liming Liu, Zixuan Zhang, Simon Du, and Tuo Zhao. A minimalist example of edge-of-stability
and progressive sharpening, 2025.

[33] Maria G Monera, A Montesinos-Amilibia, and Esther Sanabria-Codesal. The taylor expansion
of the exponential map and geometric applications. Revista de la Real Academia de Ciencias
Exactas, Fisicas y Naturales. Serie A. Matematicas, 108:881-906, 2014.

[34] Q. Nguyen. On the Proof of Global Convergence of Gradient Descent for Deep ReLU Networks
with Linear Widths. In NeurIPS, 2021.

[35] Q. Nguyen and M. Mondelli. Global Convergence of Deep Networks with One Wide Layer
Followed by Pyramidal Topology. In NeurIPS, 2020.

[36] Q. Nguyen, M. Mondelli, and G. Montufar. Tight Bounds on the Smallest Eigenvalue of the
Neural Tangent Kernel for Deep ReLU Networks. In /CML, 2021.

[37] P. Petersen. Riemannian Geometry. Springer, 2016.

[38] Yuqing Wang, Minshuo Chen, Tuo Zhao, and Molei Tao. Large Learning Rate Tames Homo-
geneity: Convergence and Balancing Effect. In ICLR, 2022.

[39] Yuqing Wang, Zhenghao Xu, Tuo Zhao, and Molei Tao. Good regularity creates large learning
rate implicit biases: edge of stability, balancing, and catapult. In NeurIPS 2023 Workshop on
Mathematics of Modern Machine Learning, 2023.

[40] Z. Wang, Z. Li, and J. Li. Analyzing Sharpness along GD Trajectory: Progressive Sharpening
and Edge of Stability. In NeurIPS, 2022.

[41] J. Wu, P. L. Bartlett, M. Telgarsky, and B. Yu. Large Stepsize Gradient Descent for Logistic
Loss: Non-Monotonicity of the Loss Improves Optimization Efficiency. In COLT, 2024.

[42] J. Wu, V. Braverman, and J. Lee. Implicit Bias of Gradient Descent for Logistic Regression at
the Edge of Stability. In NeurIPS, 2023.

[43] L. Wu, C. Ma, and W. E. How SGD Selects the Global Minima in Over-parameterized Learning:
A Dynamical Stability Perspective. In NeurIPS, 2018.

[44] X.Zhu, Z. Wang, X. Wang, M. Zhou, and R. Ge. Understanding Edge-of-Stability Training
Dynamics with a Minimalist Example. In /CLR, 2023.

12



A Differential geometry background

The purpose of this section is to give a brief overview of essential notions from Riemannian geometry.
A good source for the first subsection is [29]. We have not been able to locate a good source for
the latter subsection; in particular, to our knowledge no attempt has yet been made to consider the
Riemannian Hessian of the square gradient norm of a function defining a hypersurface, however the
calculation is elementary.

A.1 Riemannian metrics, connections and geodesics

Recall that a Riemannian metric on a manifold M is a smoothly-varying family of positive-definite
inner products (-, -)¢ on the tangent spaces Ty M of M, with associated norm || - ||g. Any submanifold
M of a Riemannian manifold (N, g ) inherits a Riemannian metric from N; precisely, given tangent
vectors v, w € Ty M C TyN, one defines

gy (v, w) := gn(v,w). (22)

Since we work with submanifolds of Euclidean space, whose tangent spaces are all themselves
subspaces of Euclidean space equipped with the Euclidean inner product, we will often use the
notation (-, -) and || - || without further decoration when considering the metric of a submanifold of
Euclidean space.

Denote by T*M the cotangent bundle of M, whose fibre over § € M is the space of linear
functionals Ty M — R. Given (k,1) € NU {0} a (k,[)-tensor at the point § € M is an element of
TyM®* @ Ty M®!, and a (k, )-tensor field is a smooth section of the bundle TM®* @ T* M®!, that
is, a smooth assignment of a tensor 7'(0) € TyM®* @ Ty M®' to each § € M. The space of such
sections will be denoted I'(TM ®* @ T* M%),

Whether or not M carries a Riemannian metric, the derivative of a map f : M — R makes sense
asamap Dy f : TM — TR which is fibrewise-linear in the sense that its restriction Dy f(0) :
ToM — Ty )R to each fibre is a linear map. The derivative D/ f can in this sense be thought of as
a (0, 1)-tensor field. Higher derivatives D%, f of f are thus derivatives of tensor fields, and can be
defined using a Riemannian metric. Specifically, assuming that M has a Riemannian metric, there is a
distinguished derivative operator Dy : T(TM®F @ T* M®') — I'(TM®* @ T* M®!*1) defined for
all (k,1) € NU {0} called the Levi-Civita connection. The additional T* M -slot gained by applying
Dy to atensor 7' is to be thought of as a direction in which T’ is differentiated by D, . In particular,
given T € T(TM®* @ T*M®!) and X € I'(T M), the notation Dy, T[X] € T(TM®* @ T* M®")
is the directional derivative of T in the direction X. Note that when M = RP, D := Dgp is
the usual multivariate derivative, and the higher derivatives D* := Dﬁp coincide with the usual
higher-order derivatives in Euclidean space. If g : M — R is a smooth, scalar-valued function, then
V4,9 € T(TM @ T* M®*~1) will be used to denote D%, g with one of the T* M-slots dualised to
a TM-slot as in (3). In particular, V ;g and V3,g are the Riemannian gradient and Riemannian
Hessian respectively; they coincide with the usual gradient Vg and Hessian V2g respectively when
M = RP.

A special case of the Levi-Civita connection is that inherited by a submanifold. If M is a submanifold
of a Riemannian manifold IV, then the Levi-Civita connection associated to the induced metric (22)
is Dy := Pra Dy, where Prjy is the orthogonal projection TN — T'M induced by the metric on
N.

Given (6,v) € TM, classical ordinary differential equation (ODE) theory guarantees the existence
of a unique M -valued solution ~y to the T'M -valued second order ODE

DOy =0, 7(0)=6, 5(0)=v (23)
on some interval [0, €]. This unique solution is called the geodesic through (6, v). In particular, for all
v € Ty M sufficiently small, (1) makes sense and is the value of the exponential map expgy(v). The
exponential map exp, : B, (0, R) — M is invertible onto its image expy (BT9 M (0, R)) cM
for all R > 0 sufficiently small, and its inverse, denoted logy : expy (Br, (0, R)) — Br,a(0, R),
is called the logarithm. When M = RP with the Euclidean metric, exp,(v) is defined for all
(0,v) € TR? and is equal to § 4+ v. The length of a geodesic v on [0, b] is given by fob I15:(t) |l dt,
and the geodesic distance dp;(0,0’) between two points 6,0 € M is the length of the shortest
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geodesic connecting 6 to &’. Associated to any geodesic «y : [0,b] — M and any ¢ € [0, b] is a unique
orthogonal map I1(7)¢ : Ty )M — Ty )M such that TI(7y) : ¢ = II(7y)t satisfies the ODE

(DaTIM)F =0, T(v)o = Ir, g u- 24)

This map II(v); is called the parallel transport morphism, and extends to a map T’y M ®F @
T,’Y*(O)M@l = Ty iyM®* @ T;(t)M@ of arbitrary tensors. In particular, if §,0" € M admit a unique
geodesic v : [0,b] — M with v(0) = 6 and v(b) = 0', II() : T9M — Tp M will be denoted
simply ITp_,¢/.

Tensor fields admit covariant Taylor expansions on M defined as follows. Fix 6 € M and suppose
that ' € M is sufficiently close to € that there is a unique geodesic v : [0,1] — M such that
7(0) = @ and v(1) = ¢’. Consider then the function T'(t) := TI(y); ' T((t)) € TyM®* @ Ty M.
Taylor’s theorem in a single variable implies that

T(1) = T(0) + DT(0) + 3 D*T(0) + ... (25)
Since (DpI1(y))[4] = 0 and (Dps4)[4] = 0, one has:
D*T(0) = D*(II(y) ™" o T o 7)(t) =0 (26)
= (I(M); ' DY TO0) () *M) le=o 27)
= Dy, T(6)[logy(6')%"]. (28)

Substituting these formulae into (23)yields the covariant Taylor expansion

T(0) = o (T(60) + DT (O)og, )] + 5 DT 0)108,(0)] + O( 108 0 ).
(29)

A.2 Riemannian geometry of submanifolds and hypersurfaces in Euclidean space
When M is a hypersurface Euclidean space RP, with normal vector field n, the Hessian of a smooth
function takes the following form.

Lemma A.1. Let M be a smooth hypersurface in RP with normal vector field n. The Riemannian
Hessian V% \ of a smooth map \ : RP — R along M is the p X p matrix-valued function

PTM(VQ)\ — <n, V)\>DTL)PTJW, (30)
on M.

Proof. When M is an embedded submanifold of RP, the action of the Levi-Civita connection on a
function A (i.e., the Riemannian gradient operator) is given by Prj; V), where V is the ordinary
Euclidean gradient. The action of the Levi-Civita connection on a vector field X : R? — RP? is given
by PTM DX PTM' Thus:

VA = PryD(PryVA)Pry = Pra(V2A — Dn(n, VA) — n((Dn)"VA)" — nn" V2N Pry

€1y

= Pry(Pra VA — (n, VAYDn — n((Dn) TV A)T) Pry (32)

= Pry (VX — (n,VA)Dn)Pryy, (33)
where the final line follows from

Pry(nv”) = (I = nn™)(no?) = no” — o™ =0 (34)

for any vector v. O

We will be particularly interested in the case of a hypersurface M = f~1{y} C R?, where f : R? —
R is a smooth submersion, with metric g inherited from the ambient Euclidean space. Specifically,
when n is the unit normal vector field defined by

n(0) := VIO) 0ecM, (35)

IRAZICIK
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the Riemannian metric g on M is defined by
g(0) := Prpr(0) := I —n(0)n(0)7, oM (36)

where we use Prj;(6) to denote the projection onto Ty M. We will be particularly interested in
computing the Riemannian Hessian of the function \ := ||V f||?, which admits the following formula
entirely in terms of f and its derivatives.

Lemma A.2. For a hypersurface M := f~'{y} of Euclidean space defined by a smooth function
f : RP — R, the Riemannian Hessian of \ := ||V f||? is given by

VA =2Pry (V2 fVf+ (V2f)?) = (n, V2 fn)V2f) Proy (37)

where V3 f is regarded as a map RP — RPXP, or as the map sending a direction vector v to the
directional derivative of the Hessian matrix V2 f in the direction v.

Proof. By Lemma[A.T] we have that

VA = Pra (VA = (n, VA)Dn) Pryy, (38)
so it remains only to compute the various quantities. The following identities are elementary to verify:
VA =2V?fVf, (39)
VEA=2(VfV [+ (V?f)?), (40)
and )
Vaf
IV
The result now follows. ]

Our next lemma allows us to lower-bound the convexity radius conv(6) at € M which is the largest
r > 0 such that the geodesic ball By, (6, r) is geodesically convex. This will be used in verifying
Assumption [3.4|for multilayer scalar factorisation. If M is a hypersurface in R? with normal vector
field n, then the second fundamental form of M isthe map h : TM ® T M — R defined by

h(8)[v, w] := —(Dn(0)[v], w) (42)

forall € M and v,w € Ty M.

Lemma A.3. Let M be a smooth hypersurface in RP with normal vector field n, and fix 0, € M.
Assume that for all R > 0, there exists C'gr > 0 such that

|h(0)[u, v]| < Cr (43)
Sorall 6 € By (0+,2R) and all orthonormal vectors u,v € TyM. Then for all R > 0, one has
1
conv(6,) > 3 min {Cl’ R}. (44)

Proof. The bound follows from a well-known relationship between the convexity radius and the
injectivity radius, which, at a point 6 € M, is the largest r > 0 such that expy : Br,p(0,7) = M
is injective. We thus first bound the injectivity radius. Fix R > 0. By the Gauss equation and the
hypothesis, at any point § € B(0,, 2R), the sectional curvature K (6) of M satisfies

| K (0)[u, ]| = [A(O)[u, u] h(O)[v, v] = h(O)[u, v]*| < CF (45)

for all unit, orthogonal pairs u, v € Ty M. Consequently, by Klingenberg’s formula [37, Lemma 6.4.7],
the injectivity radius inj(6) at 6, namely the largest value of  such that expy : By, pr(0,7) — M is
injective, satisfies

i) 2 min { -1 20)}. (46)
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where L(0) is the length of the shortest geodesic loop based at 6. If L(#) > 2R, then this simply
yields inj > min{n/Cg, R}. If L(6) < 2R, then the shortest geodesic loop v : [0, L(y)] — M at @
is contained entirely in B(6.,2R). Fenchel’s theorem then combines with the hypothesis to give

L(0) o
Cez [ @B A0 > 7, @7
0 L(v)
so that (1/)L(#) > w/Cpr. Consequently, one has the bound
7r
inf inj(6) > < —,R 48
HGBI?G*,R)IHJ( ) = {CR’ } (48)
in general.
Now, setting
1
TR = 2min{gR,R}, (49)
one sees that the hypotheses of [37, Theorem 6.4.8] hold, implying that B(0.,,rg) is geodesically
convex. O

B Case study: deep scalar factorisation

In this section, we verify that all of our assumptions are satisfied for deep scalar factorisation, where
f :RP — Ris defined by

fbr,...,0,) :=01---6p, 0:=(01,...,0p) € RP. (50)
For # € RP having all entries nonzero, it will be convenient to denote
v(0) = (07",...,0,"). (51

We first demonstrate that Assumption [3.1]is satisfied.
Proposition B.1. Any y # 0 is a regular value of f. Consequently, Assumption[3.1]is satisfied.

Proof. Since y # 0, any point 8!l € f~'{y} has all coordinates being nonzero. Hence D f(6!)
yv(01) # 0 making y a regular value of f.

Ol

The pre-image manifold f~*{y} of any y # 0 has several connected components. Without loss
of generality, we will assume from hereon that y > 0 and denote by M the component of f~*{y}
contained in the positive orthant. We next demonstrate that Assumption [3.2]is satisfied.

Proposition B.2. Set HJkl = qyl/p 1, where 1y, is the vector of Is. Then the line spanned by the normal

vector n(@,‘kl) is invariant under gradient descent on { = (1/2)(f — y)? for any 0, so that Assumption

[B-2)is satisfied.

Proof. Atfl = y'/P1,, one has n(6}) = p~'/%1,,. For any o € R, one sees that

Ve(an(8)) = (flap~/*1,) —y)V f(ap~/?1,) (52)
= (flap™?/?1,) —y) aP~tp~-D/21, (53)

is a multiple of n(@ﬂ), implying that the span of n(&ﬂ) is invariant under gradient descent on /. [J

We will continue to denote GLI = yl/ P1,,, which is often referred to in the literature as the “balanced”
solution. We next come to Assumption 3.3

Proposition B.3. Assumption holds along M. In particular, at Hﬂ,

N )

where we use the convention (g) =0ifp <3
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Proof. Given symmetric, multilinear functionals A, B taking k and [ inputs respectively, let A ©® B
denote their symmetric product:

1
(AGB)[Ul;---,rUk-&-l] = m Z A[ 0(1)7"'7va(k)]B[vo(k+1)a"'7vo(k+l)]7 (55)
" oePerm(k+1)
where Perm(k + 1) is the group of permutations of k + [ elements. Since £ = (1/2)(f — )2, one has

Dl = (f —y)Df = DIy =0, (56)

D =DfoDf+ (f —y)D*f = D*|yy = Df © Df (57)

D =3D*f o Df + (f —y)D*f = D3|y = 3D*f © Df (58)

DY =4D3¥f ® Df +3D*f ® D*f + (f —y)D*f = D*|n :4D3f@Df+3D?f®D?5fé
One then sees that >
c(n,0) = <2D3€[n®3](9|)>2 - gD4€[n®4](9”) (60)

= (S02 D sial) 00 - (4070101l + 30° ) 0 o

= (2 osani - 1) (00072 - L1DF0)| D00
(62)

By continuity, it suffices to prove the claim at 7 = 2/A(8!) = 2/|| D f(6!)||?; substituting this into
the above yields

2O, 0 = — 8 preim@)®22 — — 2 prrehmehE. (63
/N0, 01) = 1 DOV — g D O ) (6
One computes
Do) = 7. (64)
0
‘D2flll2(6”) = (]- - 61112)ﬁ7 (65)
3 I — (1_61112)(1_51113)(1_51213)m if L >3
D flll2ls(9 ) {OlfL_2 . (66)
Consequently,
1
D*f(ON[n(O®?) = ————D2f(O[Df(0)*? 67
FONO)*) = D 0D (67
1 Yy
= ofn ”2[;2 ) g e B (©%
2
= IDF@n, Z 7 0 (69)

If p = 2, then, since D3 f = 0, Assumption tr1v1ally holds for all !l € M and all 7 close to
2/A(01). Let us assume then thatp > 3. One has:

D3 (0N [n(oh®3] = 7@ )HgDsf(QH)[Df(GH)@?’] 70
1 Yy vy yy
HDf(aH H3l1§3 — 61,1,)( 51113)(1—51213)0119120[daaa 71
6 yl
= 7@, 2=, O )
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Thus one has

32y 1 \? 8y 1
c2/N00, 0 = Df<9l>|6(zaiei> “iprenE 2= wee 7Y

lhi<la<ls L7127 13

1<l
Substituting
p yz
IDFONIE =% (74)
1=1 1
then yields
2 -3 -2
c(2/A(0), 0y = 32( > 91129122) (Zeﬁ) — 8( > 911291229132) (2912)
i<l l l1<lz<ls l
(75)
-3 2
-(3) (g ) o, 2, ) (o))
l 11<ls 1<la2<l3 l
(76)
2
= 5102 (32(5) 5202~ 30} ) 51061561 ), a

where S;(6) are the elementary symmetric means in the variables 9;2. Newton’s inequality for
the elementary symmetric means gives S (0!1)2 > S; (61)S5(1), so that ¢(2/X(611),6) > 0 since

(2)° = p2(p—1)2/4 > p2(p— 1)(p — 2)/6 = p(%).

To complete the proof, we evaluate at 9! =yl/P 1,,. One has:

072 = py2/P 0= 23 2 _ —4/p 020 29 3 _ —6/p
; 1 by s Z Iy Yy s Z 1 Y1, 3 Yy ,

11 <lo 11 <la<ls
(78)
from which it follows that
32 (p z 8 (p\ _
2/x(61),60) = = g 2/p 79
C(/(),)pg,gy 2lg )y (79)
thus yielding the claimed formula. O

We finally come to verifying Assumption This requires us both to demonstrate the existence of a

geodesically convex ball containing 9!, and to demonstrate that A is geodesically strongly convex in
this ball.

We first give an explicit ball about 9! which is geodesically convex using Lemma
Lemma B.4. The geodesic ball of radius

o0 ifp=2
ri= 71— TG ) (80)
o (=) i

centred on 0! is geodesically convex.

Proof. That r can be taken to be co if p = 2 follows from the fact that M in this case is a copy of the
real line.
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Suppose that p > 3. Observe that for any 6 = (6;,...,0,) € M and any u,v € Ty M, one has

(") [u,v] = —(Dn(0")[u], v) (81)
= —[IVFON7* (u, V2 £(01)) (82)
——(T0?) w00 -0 6

—(Ze) T (Zwwer). (34)

since n(0!)Tw = 0 for any vector w € Ty M. Consequently, for any R € [0, (1/2)y*/?), since
BM(HM ,2R) C Bgr (9!, 2R) by the distance minimising property of geodesics, if 0!l € BM(QU, 2R)
then 6; € [y'/P — 2R, y'/? + 2R)] for all i, so that

|h(0N)[u, v]| < (y*/P — 2R)2(y*/P + 2R) =: Ck. (85)

By Lemma|A.3| for all R € [0, (1/2)y'/P) the ball of radius

1
TR = 2Inin{CR,R} (86)

is geodesically convex; it thus remains only to optimise this rg. Since R — R is monotonically
increasing and R — m/Cr is monotonically decreasing, it suffices to find the first smallest value of
R for which 7/Cr = R. This equality gives a quadratic whose solution is

4 1-+/16 1
R=yr( T ), (87)
8Tt —4
from which the result follows. O

We next use Lemma[A-2]to compute the Riemannian Hessian of A along M.

Lemma B.5. For 0l = (0,,...,0,) € M, define s, () := 3. 0,2 and s5(0V) := 3", 0;*. Then

the function \ has Riemannian Hessian

2y*Pry | 3diag(v®*) — :';’diag(vm))PTM ifp>2
V2, = (88)
292 Pros | diag(v®*) + <51 - ij)diag(vm)) Prav ifp=2
In particular, at 0! e,
V2 A0L) = dy> =7 Iy (60)). (89)

Moreover, if p = 2, then \ is 2-geodesically strongly convex over all of M ; if p > 2, then for any
§ €[0,2—3), Nis 2y~ 4/P(146)~*(1—6)2(3(1 = 0)? — (1+6)?)-geodesically strongly convex
over the closed geodesic-distance ball By (0!, 5y*/?) of radius 5y*/? about 9]! in M.

Proof. For notational convenience, set V; := diag(v®?) and V5 := diag(v®*), where ® denotes the
Hadamard (componentwise) product and v is the vector field defined in (31)). From the identities (64),
(63) and (66), one sees that along M one has

Vf=yw, V2f = y(wol =), nEsfl/Zv. (90)
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The pointwise-bilinear map V3 f is zero if p = 2, and if p > 2 it acts on a vector z to give the matrix
with components

(V2 £l2))is =y(1 = 6i5) D (1 = 66) (1 — Sk )vivjvp 2k 1)
k

=y(l - 5ij)(2(vivjvkzk — 0RViVj V2L — Oik ViV Uk 2 + 5jk5ikvivjvkzk)) (92)

k
=y(1-— 6ij)((sz)va —v(Viz)t — (Viz)vT + diag(v®® © z))” (93)
=y((v"2)vv” —v(Viz)" = (Viz)v" + diag(v®® © 2)+ (94)

— (v"2)V4 + diag(v®? ® 2) + diag(v®® © z) — diag(v®® ® 2)), . (95)

)

=y((v72)(vvT = V1) —v(Viz)T — (Viz)oT + 2diag(v™® © 2)) (96)

ij’
where the fourth line follows from the fact that (1 — §;;)A;; = (A — diag(A));; for any matrix A
and the fact that diag(v(V12)T) = diag((Vi2)vT) = diag(v®® ® 2). Substituting z = Vf = yv
one sees that

2 T _vY_ ooV T :
VIV S = {30/ (s1(v0? = V1) — 00T V; = ViooT 4 2V3) ¥fp i 2 . ©7)
ifp=2
(V21)? =y (s1007 — ootV — Vivw 4+ V3) (98)

and
2

(n,V2fn)V3f = %(v,vaU — Vi) (vl = Vi) = y2(s1 — so/s1) (w0 = V1), (99)
so that, by Lemma[A2]
VA =2Pry (VP Vf + (V2 f)? = (n, V2 )V ) Pry (100)
= 2y?Pry (3V2 — (52/51)Vi + (51 + (s2/51))vv’ — 2007 V) — 2V1’U’UT)PTM (101)
if p > 2 and
VA =2y Proy (Vo + (81— (s2/51))Va — vo? Vi — VivoT + (s2/s1)vv”) Pray (102)

if p = 2. Now, let 7 be any tangent vector field to M. Since v is normal to M one has vIr=0,s0
that

((51 + (82/31))UUT — 20TV — 2V1’U’UT)T =20’ Vir (103)
and
( — TV, = Voo + (Sz/sl)UUT)T = —vTVir (104)

are both multiples of the normal vector v; it follows that

T2\ — {2y2PT]\/I(3V2 — (s2/s1)Vi) Pru ifp>2 (105)
M QyQPT]\/[ (V2 + (51 — (52/51))V1)PTJW ifp=2

as claimed. In either case, evaluating this matrix at 0,! =y P1, gives the claimed identity
VAAOD) = 4> =P 170 (0)). (106)
In particular, if p = 2, evaluating VZ,\ on the unit tangent vector field 7+ : (01,62)

(—91, 92)/\/ 9% + 9% yields
2y> 407205
T2 \ ~ I Yy -2 -2 1 Y2

ViyAt)(0") = ———1| 0 0 —_— 107
FVi7)E) W%W@<l+2+ﬁﬁ+%g aon

22 (62467 4 ) 8y?
= + =24 o > 2 108
7 +e§( PR 0710 CEYE (108)
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for any O = (6,,05) € M, so that X is 2-geodesically strongly convex over all of M as claimed.

We now assume that p > 2 and come to determining a neighbourhood of 6! on which Vi is
positive definite. It is clear that a sufficient condition for V3, to be positive-definite is to have all
entries of the diagonal matrix 3V, — (s2/s1) V] be positive; we will show that this sufficient condition

can be guaranteed over a geodesic ball in M centred at 9!. Since the geodesic ball of radius r at a
point in M is contained in the Euclidean ball of radius r at the same point by the distance-minimising
property of geodesics, it suffices to show that this sufficient condition can be guaranteed over a

Euclidean ball centred at 0!,
Fix § € [0,1): for any § = (01,...,0,) in the Euclidean ball BRp(9£,§y1/1’), one has 0; €
[(1 = 8)y/P, (1 + §)y'/?]. Consequently, for any 6 € Bg» (6!, 5y'/?) one has

min 0, % > (1 +6) "2y, 8—2(0) < max 0;28—1(0) < (1—68)"2y~2/p, (109)
7 S1 2 S1

It follows that for all 6 € Bgs (6!, 5y/7) one has

Amin (3V2 — (s2/51)V1)(6) > mjn9;2(3mjn9;2 — (82/51)(9)) (110)

> (140) 2y P31 +08) 2y /P = (1-6)2y>7) (11D

= (146" 1 -0y YP(3(1-6) — (1+6)*), (112)

which is strictly greater than zero provided that 3(1 — §)% — (1 4 §)2 > 0, which holds provided that
0<46<2—+/3. This proves the result. O

Note that A is not globally convex over M in general. For instance, when p = 3, along the
family 0/l (¢) := (e, 1,ye™!) € M, elementary calculations show that V2, \(6!l (¢)) exhibits negative
eigenvalues as € — 0.

Combining Lemmas [B.4]and [B.5] one obtains explicit bounds under which Assumption [3.4] holds for
multilayer scalar factorisation.

Proposition B.6. If p = 2, then \ is 2-geodesically strongly convex over the geodesically convex set
M. Ifp > 3, then X is 1.33y>~*/P-geodesically strongly convex over the geodesically convex ball

By (Hﬂ ,0.15y"/P). In all cases, one has
V2 AOY) = 4> P I (0)). (113)

Proof. Numerical computation reveals that the radius of Lemma B.4]is lower-bounded by 0.15y'/7.
Substituting § = 0.15 into the strong convexity bound of Lemma |B.5| and rounding down to two
decimal places yields the claimed result. O

We conclude the section by proving that the additional hypothesis required for Theorem [5.2] is
satisfied.

Proposition B.7. For any p > 2, with v = 4y*>~*/? as in Proposition@ one has
v

c(2/A(01)A@))

so that the additional hypothesis of Theorem [5.2] holds.

1
<5<l (114)

Proof. Since )\(G,U) = HDf(F)!) |2 = py?>~2/?, one calculates using Propositionthat

I alsgals  aeap(32(P\° 8 (D
e2/xehy. bl =y (B (0) - 2(0)) (115)
=y P8(p—1)(p—1-(1/6)(p—2)) (116)
>y P8 —1)(p—1—(p—2)) (117)
> 8y2 /P (118)
for any p > 2. The result follows. O
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C The normal form of gradient descent

To prove Theorem rigorously requires a number of steps. First, one must give leading order
formulae for the expression of gradient descent in tubular neighbourhood coordinates. It is essential
here that the errors in these leading order formulae are appropriately sharpened from their naive esti-
mates using the structure of the tubular neighbourhood map (Lemma|C.2)) and the orthogonal stability
assumption (Lemma[C.4); without this sharpening our convergence theorems are impossible. These
considerations culminate in an intermediate coordinate expression for gradient descent in Proposition
Second, one must invoke Assumption|3.3|to transform the | -dynamics of Proposition into
the easily-analysed normal form quoted in Theorem {.1} This is formalised in Theorem |C.6|and
concludes this section.

Throughout this section, given functions ¢, k1, ..., hs : RF — R! we will use the notation
g=0(hy,..., hy) (119)
to mean that there exist constants C'q, ..., Cs > 0 such that
lg(w)| < Cillhi(w)]| (120)
i=1

for all w sufficiently close to zero.

In addition to this asymptotic notation, we will continue the notation of the main body of the paper,
denoting by M := f~1{y} the submanifold of R” obtained as the preimage of a regular value y € R
of an analytic map f : R? — R. We will also denote by n := V f/||V f]| the unit normal along M.
Assumptions[3.1] [3.2] and [3.3] are assumed in all of what follows. Assumption [3.4]is not needed for
this section.

Consider the map E : M x R — RP defined by
E@6%) =0l + 0+n(ol). (121)
Observe that
DE#!,6+) = (Ira (1) + 0+ Dn(8), n(81)), (122)
where It M(G”) : Ty M — Ty M is the identity map. The derivative DE (9“ ,0%) acts as the linear
map

Ty M & Ty R > (0, 0h) s ol + 6+ D@ [pll] + vn(0l) € Ty g1 o\ RP (123)

between tangent spaces, and can equivalently be written in terms of the shape operator S (9”) :
Ty M > v —Dn(01)[v] € TyM as

DE,61) = (Irp(81) — 6+-5(01),n(ol)). (124)

Observe that since n(6!l) is orthogonal to T, M, DE(A!,0+) is invertible whenever |§+] <
[1S(61)]|~*, where ||S(!)|| denotes the operator norm of S(8!l) : Ty M — T, M with respect to
the Riemannian metric. Applying the inverse function theorem proves the following.

Proposition C.1. The map E : M x R — RP? is invertible on an open neighbourhood U of M x {0}.
The image of U in RP is a tubular neighbourhood N of M, and we denote the inverse of E thereon
by E71.

The coordinates E : (A!l,64) — E(6l,61) are called tubular neighbourhood coordinates. The next
step is to derive a formula for E~! and thereafter derive a formula for the conjugate of gradient
descent in the coordinates (A!l, §+) induced by E. The following technical lemma will be necessary
to get the correct asymptotics for the error terms in our formula for £—1.

Lemma C.2. Let U C R™ x R™2 be an open set and let g : U > (x,y) — g(z,y) € RP be a
C? function. Assume that ng g=0onU fork = 2,3 and that g is invertible on U. Then for any
(z,y) € U and all v € RP sufficiently small, setting (v;,vy) = Dg(z,y) " [v] and z == g(z,y), the
point z + v is contained in the domain of g~ and one has

1
g7 (z+v) =¢7'(2) + Dg ' (2)[v] + 51729_1(2)[%@] + Ollval, lval vy, lva oy ).
(125)
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Proof. Since g is invertible on U and U is open, g(U) = domain(g~!) is also open. Fix (z,y) € U
and set z := g(x,y). Then since g(U) is open, z + v € g(U) for all sufficiently small v so
that g_l(z + v) makes sense. Moreover, for all such v, there exists u € R™! x R™2 such that
g((z,y) +u) = z+vsothat g1 (2 +v) = (z,y) + u = g~ '(2) + u. Hence one has the following
formula for the remainder R(v) of the Taylor expansion of g~ (z + v) about z:

R(w) =g~ (= +v) — g~ () = D~ (2)[o] — 5% (2)[v,) (126)
—u— Dy )]~ 5D @)l (127)

To bound R(v), therefore, we seek a formula u(v) for u in terms of v.

From g((z,y) + u) = z + v, one obtains
1
v =G(u) := Dg(,y)[u] + 5 D*g(,y)[u, u] + S(u), (128)
where the remainder @ — S(a) satisfies S (@) = O(||i ||?, [|Gx||?[|@y|) since Dfg = 0 for k = 2,3

by hypothesis. Since Dg(z, y) is invertible by the invertibility of g on U, G is smoothly invertible on a
neighbourhood V' of 0 by the inverse function theorem. Consider now the second-order approximation

w::lm@xw‘lcw—;D%ﬂ%yHDg@am_Wd®ﬂ> (129)

to u. Since v’ = O(]|v]|), taking v smaller if necessary we are guaranteed that v’ € V. Thus there is
C > 0 such that

[u' —ull < CIG(W) = Gu)l| = CIG () —v]. (130)

We will show that the right side of (T30) admits a sufficiently tight bound b(v) that u(v) = «’(v) +
O(b(v)) suffices to give the desired decay in R(v).

For notational convenience, set w := (1/2) Dg(x,y) ' D?g(z,y)[Dg(xz,y) ' [v]®?]. Then v/ =
Dg(z,y)~![v] — w, and substituting this expression into (I28) yields

_ 1 _ 1
GWU—U=—D%WWﬂDﬂ%w1@Mﬂ+2D%®wWﬁﬂ+SQM@w)Wﬂ—Qw-
(131)
Since D7 g = 0 by hypothesis, one has w = O(||v ||, [[ve ||[|vy[|) as well as
D?g(x,y)[Dg(x,y) " o], w] = O(llvall® [lva P [[oy, 0a oy %), (132)
D?g(z,y)[w®?] = O(||[w]*) = O([Jvz|I* [lva P [oy , 021wy [*) (133)
and
~ 1
(Dali) 1] = ) = Olea . sl ) (134
Thus, by (T30),
w =t + O([lvz 1%, [z vy [l; l[vz | [0y 1) (135)
_ 1 _ _
=Df(@,y)""[v] = 5Df(x,y) " D*f (@, y) [Df (w,9) " [v]**]+ (136)
+ O (o, llval* oyl llva oy 112)- (137)

Finally, applying the chain rule to the equation g~ o g = Identity shows that Dg~!(z) = Dg(z,y)~!
and D?g~1(2) = —Dg(x,y) "t D?g(x,y)[Dg(x,y) !, Dg(x,y)~!]. It thus follows from substitut-

ing (137) into (I27) that
- 1 -
R(v) = = Df ()] = 5D*F 71 (@), o] + O(llva I, llva oyl llvallloy %) (138)
= O(llvall® [lve I l[ylls [lve vy 1) (139)

as claimed. O

23



A formula can now be given for E~! using a Taylor expansion as follows.

Proposition C.3. For all 0 € M and all v = vl + vln(ﬁ”) eTyMa span(n(@“)) =T, RP
sufficiently small, one has

B0 +v) = (el o +ff<9“>[v'1vi> +O(lo" 12, o7 o) o[l 117). - (140)

Proof. The result follows from a second-order Taylor expansion with remainder:
1
E7HO! +v) = E71(01) + DE~T (0[] + 50?]5*(9“)@, v] 4 error(6!, v). (141)

Since the 6+ -derivatives of E(#!l,6+) = 0!l + §-+n(0!l) vanish for all orders > 1, by Lemma
error(fl, v), satisfies
error(61, v) = O(Jo! 1%, [[o" [l [, [[o" [l |%). (142)

It thus remains only to calculate the leading order terms. One easily computes

DE(!,6") [ (;jl) } = ol + 0+ Dn(@) W] + vn(o) (143)
prsat e[ (31) ] <o (oroten [ () ) (1)
=Dy (vI + 6+ D0 W] + vn (o)) [+ (145)

+ Dyi (V1 + 0+ D@ [v!] + vtn (o)) [vt] (146)

=6+ D*n (N[l 1] + vt D@D [ + v D[] (147)

=0+ D?*n (0Nl vl] + 20 Dn(e o], (148)

for any (0,0+) € M x R and (vl,0t) € Ty, M x R. Recalling that F is invertible when
restricted to an open neighbourhood U of M x {0} in M x R, by differentiating the identity
E~! o E = Identity; ;g One computes

el
DE~Y(0"y = DE"' o E(0",0) = (DE!,0))"! = (iT&;fo) , (149)
where Pr M(G”) : TyyRP — Ty M is the orthogonal projection, so that
Il
DE-Y(0)[v] = (:}1) . (150)

Again differentiating the identity E—' o E = Identity,; yields
D?*E1(01) = D*E~ o E(6!,0) = —DE4!,0)7* D2E(G!,0)[DE®6!,0)~t, DE(OI, 0)~1],

(151)
so that from (T48) one obtains
Il 1 ol
D?E~Y(0N[v,v] = (T(ng()@)) (20t Dn(o[vl]) = <2” D”O(e )l }> , (152)
with the final equality being a consequence of n? Dn = —(Dn)Tn = —n™ Dn = 0 as follows from
differentiating the identity n”n = 1. The result follows. O

The next result characterises the scaling of the ||-component of V/ in a neighbourhood of 9!. Itis
essential for obtaining the correct asymptotic decay in the error terms.

Lemma C.4. Assumption implies that for all 6 € M sufficiently close to 9! and all 6+ € R
sufficiently small, one has P (61)VL(E(OI,04)) = O(dM(GHﬁH)), where Prp(01) : Ty RP —
Ty M is the orthogonal projection onto Ty M.
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Proof. By Assumption[3.2] one has
Prag(01)VE(E(0),6%)) =0 (153)

for all - € R sufficiently small. Since for all sufficiently small #+ the map 6! —
Pry(0Ve(E(61,64)) is smooth, the result follows. O

We are now able to give the tubular neighbourhood coordinate expression for gradient descent.

Proposition C.5. In the tubular neighbourhood coordinates E - (0!l,6+) — E(6!,0+) for a tubular

neighbourhood of M, the gradient descent map GD%, (1, -) : 0 — 0 — nVL(6) is conjugated to the
analytic map

(9') ( ol — 2@ G A1) + O((04 ) min{1, das (61, 61)})

o+ (1= nA@)o+ — FD*[n=*)(01)(6+)* — FD*[n=*](01)(6+)* + O((64)*)
(154)

Proof. Since f is analytic by Assumption SO too are GD]%,, (n,-) and E and hence, since the

inverse function theorem preserves analyticity, so too is E~'. Hence the conjugate E—! oGDﬁp (n,-)o
E is analytic wherever defined. Recalling the open neighbourhood U of M x {0} in M x R from

Propositionon which E is a diffeomorphism, given (8!, 0-) € U
GD, (n, B0, 64)) = E(01,64) —nVe(E@G),01)) (155)
=0l + 0+n(0) — nve(ol + 6+n(ol). (156)
Applying Propositionwith v =0n(0) —nve@! + 6+n(01)), one then obtains
- 1+ ol +O([[ol I3, [0l |0+
E~Y(GDE, (n, E(0!, 0+ :( ’ . (157)
(D& (0 EOLE9)) = {1 ool 2, o2l o 112

Note the crucial role played by the estimate on the error in Proposition [C.3|here: were there to be
a pure O(||v*||*) term in the error for some k > 1, then the same error term would have appeared
in the the formula (I57) and, as we shall now see, would have prevented the ||-component of the

dynamics from having an O (d (6, 0! )) error term.

We now compute formulae for v/l and v*. Using the fact that V£(Al) = 0, one has the Taylor
expansion

(0+)? ()

VUE@O!,604)) = 0+ v2en](0) + Tv%[n@?](e") + Tv‘%[n@@i‘](e“) +0((0H)"Y)
(158)
=0+ an(0l) + @v%[n@?](e”) + @v%[n@f’](e“) +0((0M)Y), (159)

where the second line follows from the fact that n(!) is an eigenvector of V2¢(!) with eigenvalue
A(01). Taking the inner-product of (T59) with n(6!l) then reveals that

vt = (n(0),v) (160)
= (L= A6+ — ZD*M)(81)(9)* — ID > (61)(6")° + O((61)").  16D)

One obtains v/l by projecting (T59) onto T}y M:

ol = Prar (0o = —nPray 0V, 04)) (162)
_ _MQTL)zPTMV?’é[nW](G”) +0((0*)* min{1,dp (61, 0)}) (163)
_ _’WTL)QVM (V2en®2) (01) + O((6+)* min{1, dp (61, 61)}) (164)
_ —W;)QVMA(G”) +O((6%)° min{L,das (61, 61)}). (169
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where the second line follows from Lemma[C.4] the third line follows from the definition V; =
PryV of the Levi-Civita connection on M C RP, and the final line follows from the identity
V2¢[n,n] = X that holds along M. Substituting these expressions into (I37) yields the result. [

By finally invoking Assumption [3.3] we may now transform the tubular neighbourhood coordinate
expression of gradient descent from Proposition[C.3]into the normal form expression of Theorem f.1]

Theorem C.6. Recall the function c : R x M — R
2
c(n, 0l = <ZD3€[n®3](0|)> - gD4€[n®4](0”) >0 (166)

from Assumption There is an open neighbourhood W of {(2/A(0),601,0) : 01 € M} in
R x M x Ronwhichp: W — R x M x R defined by

o(n,01,01) =("(n,01,0%), 0l (n,01,6+), o (n,00,6+)) (167)
- Hl gDSE[n&‘S] (GL)Q
= o - oA ) O

is an analytic diffeomorphism onto its image. Moreover, the composite (Ig x E)op: W — RP x R,
where Iy is the identity map, conjugates (Ig, GD]%,,) :R x RP — R x RP to the map

77 1452 -
ol | — [ GD), (2%3)79') +O((0+)? min{1,dp (01, 00)}) | . (169)
o+ ’

(1= nA@1)0+ +(0)* + O((61)*)

Proof. That an open neighbourhood W of {(2/A(81),601,0) : ! € M} exists on which ¢ is a
diffeomorphism follows from the fact that ¢(1), 8!1)~1/2 =£ 0 for all 8!l € M and 7 in a neighbourhood
of 2/A(A!) and the inverse function theorem. That ¢ is analytic is a consequence of the analyticity of
f and the functions used in defining ¢ in terms of £ = (1/2)(f — y)2.

The formula (T69) pertains to the conjugation
¢ oIz x E7)oGDgy o (Ig X E) o (170)

of GD§,. Proposition already gives us a formula for (Ir x E~1) 0 GD&, o (I x E), so it
suffices merely to conjugate this formula by .

Since ¢l (1, 0!I, 6+) = 61, the ||-component of (T70) is given by substituting ¢ (1, 8!, §1) in place
of 6+ in the ||-component of (T54), which yields the map

n U(QL)Q
ol | = 6l = 222w A0 + O((6)? min{1, dp (61, 61)}). (171)
Ql 26(77’9”)
As demonstrated in [33], however, one has
n(6+)? Y _ ol n(6+)? I 14 2
=gl — MVM)\(G“) +O((6)* min{1,dp (01, 61)%})
2¢(n, 0l ’ ’
(173)
since V M)\(OLI) = 0. Thus the ||-component of (T70)may be written as
ol | s a3, (1O 1Y 4 (64 minfL, das @1, 6! 174
gu ) OOy ) OO min A G0 (7

as claimed.

Finally, the | -component of (T69) follows from the same argument used in [27, Theorem 4.3]. [
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D Convergence theorems

The purpose of this section is to provide proofs of the main convergence theorems presented in the
paper. In addition to assuming Assumptions [3.1] [3.2)and 3.3]as in the previous section, in this section

we will also assume Assumption which states that there is a geodesically convex ball B M(GM, r)
centred on Qﬂ over which ) is geodesically smooth, geodesically strongly convex, and has unique
global minimum at 0! with Riemannian Hessian at 0! being a multiple of the identity.

D.1 Subcritical regime

Our convergence theorem in the subcritical regime has two components. First, it is proved that
gradient descent implicitly descends )\(Qll) from being initially > 2/7 to eventually being < 2/7.
For this, it is necessary to have a descent lemma for the perturbed Riemannian gradient descent
component of Theorem (Lemma D.1)) as well as upper and lower bounds on |0;-| during this
phase (Lemma D.3). Following this transient phase, convergence is easily proved using the fact that
|6;-| contracts exponentially to zero.

Lemma D.1 (Descent lemma for perturbed Riemannian gradient descent). For the u-geodesically
strongly convex, L-geodesically smooth function X\ on the geodesically convex ball B, (9!, r) centred
on 911 in M, consider the map

GDll(n, 81,6+ = expy, (U(GLFVM)\(H')) +O((01)? min{1,dp (01,01} (175)

2¢(n, 01

of Theorem Then for any 1 > 0 and all 8~ sufficiently close to zero, GD! (n,-,0+) maps

By (0!,7") into By (0,!,7“). Moreover; for any 1 > 0, any 0l € By, (9,!,7“) and all 0~ sufficiently
close to zero one has

A(GDI (011, 61)) — Aol < (1 - m)mel) — (o). (176)

Proof. For 6+ sufficiently small, there is unique (6!, 6+) = O((6+)® min{1, dy (9“,&!)}) such
that

1\2
GDll (5,01, 0%) = expy, —MVMA(Q“)M(H“,HL) . (177)
2¢(n, 0l

To see that GD/I(n,-,01) preserves the ball BM(GL‘,T‘), consider the function p(g!l) :=
(1/2)dM(0”,9,‘.<|)2. By the Gauss lemma [29, Corollary 6.10], Vap(0ll) = —logy (9,!) Fixing
oll ¢ BM(GH, r), for any vector w € Ty M one therefore has

% p(engn (—tVarA(l) +t3/2w),eﬂ) = —(Varp(@), Varr(olhy) (178)
t=0

= (logyi (1), VarA(81)) (179)

< —2up(0") <0, (180)

where the third line follows from Lemma Thus, for all 6+ sufficiently small, we are assured that
p(GD” (n,01,64)) < p(6!), implying that SHUONINSNS BA{(GL‘,T).
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We now come to the descent lemma. Since B M(Hﬂ ,7) is geodesically convex, we may perform a
covariant Taylor expansion and invoke the geodesic smoothness of A to obtain

A(GDlI(n, 011, 6+)) <x(o!) + <VM>\(0|), —MVWM) + 5(9',9i)>+ (181)

1\2 2
i L’ QZEZ,Q)UV N6 - etel o) 1
1 iR
<A@ - QZEQ,H)U (1 s )0'>>”VMA<9|)' i 5
)

+(1- (fwu))wm(a'>,6<9',9L>>+§||6<9'79L>||2. (184

From Cauchy-Schwarz and the estimate 0 < (¢'/2a — ¢~ /2b)? (implying that ab < (1/2)(ea® +
e~ 1b?)) with € = n(0+)2/(4c(n, A1), one obtains

(VarA(@"),8(01,64)) < [Varx@D]l[16(0", 1)) (185)
n(0+)? 2¢(n, 01)
< WHVMA(G‘)W Wnd(a“ 6|1 (186)
Taking |6 | sufficiently small that 77(6)2L/(4c(n, 0!)) < 1/4, therefore, one obtains
n(0+)>? 2, 20(7%9“) L 2
A(GD(n, 61, 6%)) < Ao!) - 4c(n, 0 ‘)I\WW“)II (W + 2)>||6<9',9L)|| (187)
— @l - 472%9 )|> 1A @] + O((0* ) mind1, dus(el, 01)?). (188)

Subtracting )\(OL‘) from both sides and applying geodesic strong convexity (||VaA(01)]2 >

2u(A(O1) — )\(9!)) by Lemma | yields
pn(6+)?

A(GD 01, 6) — Aol < (1= 20

D61 = A1) + 064" min{1. dus (61, 612)).
(189)
Finally, invoking geodesic strong convexity once more to estimate d; (6!, 0! )2 < (2/p) (A0 —

)\(9! )) asin Lemma and taking 6 sufficiently small allows one to absorb the remainder term on
the left side into the A(0) — )\(Hﬂ) factor and yields the result.. O

The next result will be used in giving uniform bounds on the magnitudes of the - iterates.
Lemma D.2. For a € R, define f, : R — R by

fa(z) = —(1+ @)z + 2> + O(z*). (190)

For ap, a1 € R, consider the composite fo, o, ‘= fa, © fao- Then for all v > 0 sufficiently small
and all ap, ap € [0,7):

1. fayap is monotonically increasing on [—2./7,2./7].

2. fa,a, admits the sole fixed points 0,

ap +« ap +
== 5 L+ O(ap + 1), &+ = s 5 =+ O(ag + ) (191)
in the interval [—2./7, 2,/7].
Proof. For~ > 0 small and all o, 1 € [0, ], one computes
faran (@) = (14 a1 + ag)x — 22° + O(pon 2, aq 2®, apa®, %), (192)

28



Dfuiay(@) =14 a1 + ap — 622 + O(apay, oy z?, apa?, 3). (193)

In particular, for all || < 2,/7, one has

Dforoo(x) > 14 ar +ag — 24y +0(*?) >0 (194)

for all -y sufficiently small, so that fu,a,|[—2,/7,2,/4) is monotonically increasing. Set 8 := (ap +
a1) /2 for notational convenience, and denote

B(2) = faya0(®) —x = 2Bz — 22° + O(B%x, B>, ). (195)

Fixed points of f,,, are precisely roots of ®, one of which is clearly x = 0. Moreover, if 5 = 0,
then ®(z) = —2x% + O(a*) so that in this case 2 = 0 is the only root of ® on [—2,/7,2,/7] for all
~ sufficiently small. Suppose now that 3 > 0. We will demonstrate the existence of a unique root £

of @ in (0, 2,/7] with the claimed formula. Since 28z — 22% > 0forall 0 < x < 271/2,/B, we see

that for all y sufficiently small, ®(x) is strictly positive on (0,27'/2\/5] and so cannot admit any
roots therein. However, observe that for all -y sufficiently small one has

D®(z) = 26 — 622 + O(B%, f2%,2%) < 0 (196)

forall 271/2\/B < z < 2,/7, implying that ® is monotonically decreasing on [2-1/2\/B, 2,/7),
and thus admits az most one root therein. Since moreover ®(27/2\/3) > 0 and ®(2/3) =
—128%/2 + O(B?) < 0, by the intermediate value theorem ® admits precisely one root &, in
[2-1/2\/B,2,/7]. By the mean value theorem, there is z between /3 and £, < 2/ such that

0= (&) = 2(VB) + D(2)(&+ — VB), (197)
so that, since |D®(2)| > 48 + O(3°/?) = Q(B) and ®(/B) = O(B?),
)
& =vB- D(q*)/(/j)) =VB+0(8) (198)
as claimed. A similar argument can be used to show there exists a unique root §_ = —/B + O(f)
of ® in [-2,/7,0), thus proving the lemma. O

Lemma D.3 (Upper and lower bounds for T iterates). Let {)\; }ien be a monotonically decreasing
sequence of numbers. Then for all n > 0 such that n\g > 2 is sufficiently small, there is a constant
C > 0 such that for any 0y sufficiently small, the iterates defined by

0, = (1—n\)0i + (6;5)° + O((65)") (199)

satisfy the bounds

|90l| 1 Il
—— < |0; | <24/ nA(0;) — 2 (200)
T+ 30502 3(93_)% |t| n (0)
forall t € N such that n\; > 2.

Proof. We prove the upper bound first. For each s € N such that n\; > 2, denote as := nA; — 2
and denote by f, the map

fs 0% =1 =nA)0" +(61) + O((64)") (201)
= —(1+ a0t + (052 +0((6H)Y). (202)

Supposing that s € N is such that both nAs, nAs11 > 2, since {\; }+cn is monotonically decreas-
ing Lemma guarantees that fsy; s := fs41 o fs admits attractive fixed points 511 5+ =

++/(ast1 + as)/2 + O(as41 + o) and is monotonically increasing on [—2, /g, 2,/ag] provided
oo = Ao — 2 is sufficiently small. Suppose now that 63 € [—2,/ag, 2./ag] \ {0}. The iterates 6;
as defined in (T99) satisfy

03110 = far41,2¢(037), 03301 = for2e—1(035_1), teN. (203)
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Assuming without loss of generality that - > 0, we will prove by induction that f3; < 2,/aq for
all t € N such that oy > 0 for all s < 2¢ — 1. Clearly 63 < 2,/ag by assumption. Suppose as

an inductive hypothesis that 0 < 5; < 2,/ag and that a4 1, ey > 0. Using the monotonicity of
fat41,2¢ from Lemmaand the fact that o;41,9¢ + is its sole fixed point in (0, 2,/cy), either

03 < Earv10t+ = 033 < forr1,20(03;) = 03145 < Eorr120.4 < 2¢/a0, (204)
or
033 > Eorr1 264+ = Eorrr204 < forr1,20(03;) = 0310 < 03; < 2/g (205)

by the inductive hypothesis; in either case 0s; 12 < 24/ayp, thus proving the claim. A symmetric

argument shows that the odd iterates satisfy |63;, ;| < 2,/ for all t € N such that g > 0 for all
s < 2t, thus proving the upper-bound in (200).

We now prove the lower bound. Invoking the upper bound, « can be taken sufficiently small such
that the recursive estimate

05 1 = 105](1 + ar — (65)% + O((6)%)) (206)
> [6;"[(1 — 2(6;)%) (207)

holds as long as a; > 0. By taking « even smaller if necessary, squaring, taking the reciprocal of
both sides and applying 1/(1 — x)? < 1 + 3 for x sufficiently small one deduces that
1 1 1 1
< (1+6(1)?)=> ——5 — —— <6, (208)
(0741)% ~ (6)? ' (0i41)%  (67)?
from which it follows by a telescoping sum that
ol
1+6(05)%t
for all ¢ such that oy > 0. This proves the claim. O]

0;-| > (209)

Theorem D.4. Assume that n < 2/)\(9,‘.!), and let 0 < ¢,C < oo satisfy ¢ < ¢(n,0l) < C for
all 9l € BM(QM,T). Then for all 05 sufficiently close to zero and all GH =+ 0! € BM(G,U,T), if
n>2/ A(O(l)‘) is sufficiently small, then there is T € N, with

24C

<ol oty .- |1 2/m— A6 \

such that n < 2/)\(9!) forallt > 7 and n > 2//\(9?) for all t < 1. Consequently, setting
B:=1-(2— n/\(ﬁﬂ)) < 1, the iterates (el‘ ,0;) converge to a global minimum (Qﬂo, 0) of £ in M

with suboptimal sharpness
AnL? (07)?
cp 1 — (32

A(BL) = A(0Y) > exp ( )(A(@J) -\ (211)

at a rate O(BY).

Proof. For any 9(! #* HM, take 03~ # 0 sufficiently close to zero that the hypotheses of Lemma m and
Lemmaare satisfied, with A\g in Lemmataken to be equal to /\(0(‘)| ), and assume that n\g > 0

is sufficiently small as in Lemma Then we may assume that \; := A(Qﬂ) is monotonically
decreasing and the bounds of Lemma apply to 0;-. Since {\; }+cn is monotonically decreasing,

any 7 satisfying n < 2/)\(9,‘5|) forallt > 7 and n > 2//\(91‘) for all ¢ < 7 is necessarily unique. We
claim that this 7 satisfies the upper bound 7 < 7'((9(‘)', 63-). Indeed, suppose for a contradiction that
T> 7(03-, 0(|)‘) Then for all ¢ < 7, denoting A, := )\(Gﬂ), one would have

un (05)? )
A A< (1- At — A 212
th ( PSRN ASEr ) A 12
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by Lemmas and Invoking ¢(n, Hll) < (, taking logarithms, applying the upper-bound
In(1 — ) < —x and applying a telescoping sum then yield

Hn 1
In(\) — In(Xg) < — - 213)
24C pur S CESE + s
< —FT (1 + 6(64)2) 214)
- 24C 0
by Lemma|[E4] so that
Ar < (Mo = A (1 +6(63)%) 7216 4 A, (215)

However, plugging in t = 7(03, 9(\)|) then reveals that \; < 2/1), thus contradicting the assumption
that 7 > (0, 9(|)|) and implying that 7 < 7(0g, 9(\)|) as claimed.
We now come to the final convergence and sharpness suboptimality claim. For all £ > 7, Lemma

continues to imply that \; < 2/7 decreases monotonically, while #;- contracts exponentially
according to the estimate

10521 = 107111+ (0 = 2) = (6) + OO )’ < 16111 = (2 = nAo)] < 10111 = (2 = nAs)].
(216)
This proves the claim that the iterates (0?,9#—) converge to a global minimum ol of ¢ at rate

O((1—(2—nA;))"). We now turn to proving the suboptimality of the sharpness at ol.. The geodesic
strong convexity of A in the form of Lemma[E-2]implies that

udar(01,04)7 < (I, i VarA(81), logyy (61)) < [|VarA@")][ das(61,61)  217)

for any 0l € B M(GL| ,T), so that the ||-update can be written

142
GDH(%f)”agl) = XDyl (— )

2¢(n, 011)
_ _ e n 1Y g u

= oo { — 50y VAP + O((07) mind1, [VarA@D}) ). 219)
Consequently, invoking the geodesic strong convexity of A once again in the form of Lemma[E-T]

Nt 2Ae + (VarM(6]), logy (01,1)) + Sl logy (61,) 2 (220)

VM)\(Gl)—|—O((QL)?’min{l,dM(@”,@L)})) (218)

M<VMM@%iii;VMMﬂ)+OW#fmmﬂwVMM@WD> @21)

QL 2 2
ﬂmt)|VMM@>+O«&H%mManMMQMH> @)
26(777 915)
eL 2
- O aehira + o) @23)
20(777 Gt)
HL 2
S GG 24
0(777 et)

for sufficiently small 2,/nXg — 2 > |07 |. Subtracting A, from both sides and invoking the Lipschitz

gradients (||V A0 < LdM(HH,HLI)) and strong convexity ((u/2)dM(9”,9ﬂ)2 < O = X\,
from Lemma [E. 1)) properties of A then yield

132
Mat = Ae = A — Ay — W—t}LZdM<9l'7eﬂ>2 (225)
C(T’a Gt)
1\27r2
> (A — ) <1 _ 2n6:)°L7 )u L ) (226)
c(n, 0; )
2/nl\2
> (A — ) (1 — %Lciff)ﬁ), (227)
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where in the final line we have invoked ¢(7, 01') > c. It follows that

t—1 L
At — A >81'[T<1—”C(M)525>(AT—/\*). (228)

Taking 2v/nXo — 2 > |0 smaller if necessary and using the bound In(1 — z) > —2x valid for small

x one has
t—1 t—1
2 L2 QJ_ 2 4 L2 QJ_ 2

hl(H (177(»525)) > AL 2) = e (229)

s=0 CH CH s=0

ApL?(0+)2 1

cp 1-p2

from which the result follows. O

D.2 Critical regime

The convergence theorem in the critical regime is the most difficult to prove. This is because in this
regime, the fixed point to which the iterates converge is merely parabolic rather than hyperbolic as is
(at least asymptotically) true in the subcritical and supercritical regimes. The convergence theorem in
the critical regime will follow from a careful analysis of the following parabolic system.

Fix 0 < a < cand b > 0. Let A(z,y) = O(x,y), B(z) = O(z) and C(y) = O(y) be analytic
functions, and consider the analytic functions

To(z,y) = (1= (a+ Az, 9)y*)z,  Tylz,y) = (1+ (b+ Bx))z? — (c+ C(y)y?)y.
(231)

Denote by T’ = (T, T}) : R? — R? the corresponding analytic map. Clearly 0 is a fixed point of T7;
we will be concerned with proving convergence of the iterates of 7" to this fixed point. The following
result guarantees that 7" admits an invariant manifold approaching the origin. This result is essential,
since our final convergence proof is a two-stage proof; first, convergence to a neighbourhood of the
invariant manifold is proved, following which, second, convergence to the origin is easy.

Lemma D.5. There exists r > 0 and a function u : {x > 0 : |22 —r| < r} — R whose graph

(@2).

Ty = {(z,u(x)) : « € dom(u)} is invariant under T, and for which u(x) =

Proof. The analytic map 7 : R?2 — R? extends uniquely to a holomorphic map T defined on a
neighbourhood of 0 in C2. Like 7, at the origin the map T is the identity to first order, vanishes at
order two, and has third order Taylor coefficients given by

92, 1:(0,0) = —2a, 83,,7,(0,0)=2b, 85, T,(0,0) =—6c, (232)
with all other third order coefficients being zero. Observe that on the vector v given by
b
v = <1, > (233)
c—a

one has

3
83T(0,0)[v,v,v]:<— “— ,/Cfa—6c cf@) (234)
3
o @)

so that v is a non-degenerate characteristic direction of T [6, Definition 4.1], which is moreover
attracting since —6a+/b/(c —a) < 0. By [6l Section 6], therefore, there exists » > 0 and a
holomorphic function u : {z € C : |#? — 7| < r} — C such that u(z) = /-2 + O(2?) whose

graph is invariant under 7'. Restricting this u to the intersection of its domain with the positive real
axis yields the result. O
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The next lemma will be key in establishing convergence to the invariant manifold.

Lemma D.6. Let u(x) = 4/ Cfax + O(x?) be the function from Lemma@ and define A(z,y) :=
y — u(z). Then A(z,y) := A(z,y)/x satisfies

Aol < A1~ ) @36)

for all sufficiently small x > 0, y > 0.

Proof. We estimate %. Define

T, (x, AoT(z,
D(x,y) == i(x y)7 N(z,y) := A(x(,y)y)’ (z,y) € dom(u) x Rxo. (237)
Observe that both D and N are analytic on the domain of u. Observe moreover that

D—N

so that estimation of % is reduced to estimating . We first estimate D — NN. For this, observe
that since T'(x,0) = (z,0), one has D(x,0) — N(z,0) = 0 for all 2 € dom(u). Thus, by analyticity
of D and N, there is a unique analytic function H on dom(u) x R such that

D(z,y) = N(z,y) = yH(z,y). (239)
We compute H (z,y) to second order. For notational convenience, set

K= b (240)

cC—a

so that u(z) = kx + O(«?). Differentiate (239) with respect to y and evaluate at y = 0 to obtain
H(z,0) = 0yD(x,0) — 0,N(x,0), (241)
Observe that
0yD(x,0) = 0y(1 - ay® + A(z,y)y*)ly=0 = 0 (242)
while, from N = (A oT)/A, one has

Ady(AoT)—(AoT)0,A

OyN(z,0) = A2

(z,0). (243)

From A(z,y) = y — u(x), is easily seen that
A(z,0) = —u(x), OyA(z,0) =1, AoT(z,0) = —u(Ty(z,0)) = —u(x) (244)

while
dy(AoT)(z,0) = 0,T,(x,0) — v (2)9,Ty(z,0) = 1 + bz* + O(x?) (245)
so that (243) yields
2 3
H(z,0) = —9yN(z,0) = lm:(f)(x) = (¢ —a)kz + O(z?). (246)

To compute the second order component of H, differentiate (239) twice with respect to y and evaluate
at y = 0 to obtain

dyH(z,0) = = (9;D(x,0) — 9;N(x,0)). (247)

N =

One sees that

92D(x,0) = 02(1 — ay® + A(z,y)y*)|y=0 = —2a + O(x), (248)
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while

2(AoT AoT)I2A  _9,(AoT)d,A AoT)(8,A)?
8§N(3370) _ (  ( AO ) _ ( oAg v= 9 y( 22) y +2( ° gg yA) ><x70).
(249)
Since
G2(A 0 T)(,0) = 62T, (2,0) — " (2)(8, T (2, 0)) — ' ()82 (2,0) = 2arz + O(z?)
(250)
one obtains
9 _ 2akz+ O(x?) 1+ br? + O(x?) 1
9y N(z,0) = kx + O(x?) k2x2 + O(x3) k2x2 + O(x3) @51
= —2a —2b/k* + O(z) = —2¢ + O(x). (252)
Thus
OyH (x,0) = %(—2@ +2c+O0(z)) = (c—a) + O(x). (253)
We deduce from (246), (253)) and (239) that
D(w,y) = N(z,y) = (c — a)(y* + syz) + O(yz*, y*,°). (254)

It follows that for all sufficiently small & > 0,y > 0, one has D(z,y) — N(z,y) > {5%y? and
1> D(z,y) > 0 so that
RoTy) _,_ Dy -Nay) _, _c—a,
A(r,y) Day) = 2

as claimed. ]

(255)

Lemma [D.7] below gives uniform upper-bounds on the magnitudes of iterates, which are used in
enabling certain estimates in the convergence theorem.

Lemma D.7. Define W (x,y) := ba® + %y Then for all (xo, yo) in a sufficiently small neighbour-
hood of 0, with yy > 0, the sequence x, is monotonically non-increasing and the sequence y; satisfies
the uniform bound y? < 2W (z0,y0)/a forall t € N.

Proof. In any sufficiently small neighbourhood U of 0 € RQZO, one has

W(T(z,y)) = bz®(1 — ay® + O(zy?, y3)))2 + %ay2 (14 bz® —cy® + 0(353,3/3))2 (256)
= b2?(1 — 2ay?) + O(2™y?, 2%y°) + %ayQ(l + 2b2® — 2cy?) + O(z®y?,9°) (257)
= W(x,y) — aba’y* — acy® + O(2y?, 2%y>, y°) (258)
<W(z,y) — %y2(abx2 + acy?) (259)

for all (z,y) € U, so that W is non-increasing as a function of the iterates of the map close to zero.

Now fix (xg, yo) sufficiently small that, with Wy := W (z0, yo) one has (zq, \/2Wy/a) contained
in U. Then in particular (zg, yo) is contained in U since yo < /2Wy/a. Suppose as an inductive

hypothesis that y; < /2Wy/a, x; < x¢ and Wy < Wj. Shrinking U yet further if necessary, one
sees that

1>1 -y} +O0(xuyiy) >0 (260)
thus yielding z; 11 < x; < xo. Moreover, the inductive hypothesis implies that (x;,y;) € U thus,
denoting Wy := W (x4, y:) and Wipq := W (@11, yi41), one sees that

1
Wipr < Wi = Say; (b + cyf) < Wo, (261)

so that Y11 < \/2Wy41/a < \/2Wp/a. This completes the proof. O
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Finally we can prove convergence of the iterates of 1" toward zero.

Theorem D.8. Ser k := \/b/(c — a). For all sufficiently small xy > 0 and yo > 0 and all 0 < € < K,
there is

7= 7(yo,€) = Olyy 2e >/ () (262)
so that for all t > T, one has
Ty T,
<ap < (263)
V1+3a(k +€)2x2(t — 7) ' V14 2a(k —€)222(t — 1)
and
(k—€/2)xy <y < (k+€/2)xy. (264)

In particular; x;,y; = O(t=1/?).

Proof. Using Lemma we may take (2o, yo) sufficiently small that the quantity A= E(azt, Yt)
of Lemma[D.6] satisfies the recursion

~ ~ c—a
|Apy1] < Atl(l - yf) (265)

2

for all ¢ € N. By taking (xg, yo) yet smaller if necessary we may also assume that y; satisfies the
lower-bound

Y1 > ye(1 — 2cy3). (266)
Squaring and taking the reciprocal yields
1 1 1
<— ; (267)
Yier ~ yi 1 2eyf

and, taking (g, yo) yet smaller if necessary so that 1/(1 — 2cy?) < 1 + 6y? for all ¢, one obtains the
recursive estimate

1 1
s— — — < 6c, (268)
Yit1 Yt
from which one obtains the bound
2 y(Q)
> 269
=7 + 6eydt (269)
for all ¢ € N by telescoping. Plugging this into the recursion for A and taking logarithms, one has
2
X X c—a  yp
In|A —In|A < — —_— . 270
L R g (270)
Taking a telescoping sum yields
~ ~ c—a 4 1 c—a
In A —In|Ag| < — < — In(1 + 6eygt 271
nlAd = Aol < 120212—1—3_ 1oc 11+ Geypt) @71
s=0 6cyg
by Lemma[E.4] Thus
|Ad] < A0](1 + Beygt) ==/ 12, (272)

and for any 0 < € < 1/b/(c — a) one sees that for any ¢ greater than or equal to

1 ¢ —12¢/(c—a)
om0 = [ () -] e

one has |A;| < €/4. It follows from the definition of A(z, y) := (y—kz+O0(22))/x that t > 7(yo, €)
implies

y; € [kx — (e/4)x + O(2?), kx + (e/4)x + O(2?)] C [(k — €¢/2)x, (k + €/2)x], (274)
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where, shrinking zo, yo if necessary, the final containment is obtained using Lemma [D.7} With
t > 7(yo, €) and the bounds (k + €/2)x; > y: > (k — €/2)x; in hand, one obtains

(1 —a(k+ €222z < 21 < (1 — a(k — €)*x?)wy, (275)

again shrinking xg, yo and invoking Lemma if necessary to deal with the higher-order terms.
Inverting and squaring yield the bounds

1 1 1 1
S5 <= 1—|—3a 22 276
a7y @ (1—alk +e)%af)? — xf( (5 +€)7a7) (276)
and
1 1 1 1
Z 5 > — (14 2a(k — 6)23;‘2) (277)
w7y ap (L—alk —e)%af)? ~ a7 t

again shrinking x, ¥ and invoking Lemma [D.7]if necessary to obtain the final upper bound in (276)),
so that
1 1
— = >2a(k —€)?, (278)

3a(k +¢€)? >
xl, x

)

from which telescoping summation yields the bounds (263). The corresponding bounds for y; now
follow from the limits of (274). This completes the proof. O

Finally, we may prove our convergence theorem in the critical regime using Theorem

Theorem D.9. Assume that ) = 2 )\(HM). Assume in addition that v (0(2/)\(9!), 9!))\(9!)) <1
where v is defined in Assumption and c is defined in Assumption Then for all 9(! sufficiently

close to 0 and all 6+ # 0 sufficiently small, one has dM(Hy,HL‘) =0t ?) and |0-| = ©(t1/?).

Proof. Denote A\, := )\(9,‘!) and ¢, 1= c(2/ A, 9!) for notational convenience. By Theorem for
all (9!, 0+) sufficiently close to (6!, 0), GD has the coordinate expression

(GD'@%@“,&L)) _ ( c(2/(/\9VM>\(9|)> +0((64)dy (61, 61)

GDim’ GH,QL) (1 2/\(9\\ )9l (QL)?) N O((Ql)‘l) (279)

We first derive a formula for d (GD (1, 61, 1), 0!) = || log, (GDI'(n,61,64))||. Using a covari-
ant Taylor expansion (29)), observe that:

VarA(O) =10, o (VarA(©)) + V30D flog, (0] + O(dar (01, 61)%))  (280)
=Tl g (v log, (01) + O(ds (81, 61)2)). (281)
by Assumption , where H _ o1 1s parallel transport from 6’” to 0!l Similarly, observe that

(9l) _(09)?

c@/AOMA. X +0((04)dw (0, 01)). (282)

We may thus write

1 V(HL)Q
o, (6D (9, 61.64)) =togy ((exvn (= 5000, (o, 61 ) ) 9
+O((05)3dp (01,61, (01)%d i (01, 61)2) (284)
:(1 - C*”A* ((#)2) log, (61 (285)
+O((6)3dar (81,61, (61)2drr (81, 601)%). (286)
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Hence:
dar (GDI(n,61,64),60) = || Tog, (GDI(, 61, 64)) || (287)

= (1 - CL 052+ 0((6+)° + (ei)QdM(el,ei)))dM(el,eL).
o (288)

We now derive a formula for |GD* (7, 811, §1)|. Perform a covariant Taylor expansion (29) on A(4!)
to obtain

1
MO = X+ (VarA(0), log, (01)) + §V?\4)\(9ﬂ)[logaﬂ 0122 + 0 (dar(61,61)%)  (289)
:)\*+%I/dM(Q”,é),U)?+O(dM(0H,9L|)3) (290)
by Assumption[3.4] Then one sees that

GD*(n,01,0+) = - (1 + /\Lde”ﬁL')Q + O(dM(G'ﬁ*')?’))eL + (012 + 0((0H)Y) 91

*

- (1 n )\idM(H“,GLl)Z — (61)2 + O(dar (0, 012, (9i)3))9i. (292)

*

so that

GD* (n,01,64)| = (1 + 1 dar (61,617 = (91)? + O(dus (61, 01", <9L>3)) 0t @93)

provided d (61, 9,‘.!) and |0+| are sufficiently small. The result now follows by invoking Theorem
O

D.3 Supercritical regime

Our convergence theorem in the supercritical regime is the easiest of the three. The orbit to which
the iterates are attracted is hyperbolic unlike in the critical case, and the transient phenomena are
relatively simple compared with those of the subcritical case.

Theorem D.10. Assume thatn > 2/ )\(0!) is sufficiently small. Then there are positive constants
C1, Cq, C3 and a stable orbit of period two of the form (0,‘! , :I:(T]/\(QM) —2)12 4 0(7])\(9,!) —2)) 10
which the iterates (GLI ,0;-) starting from any (0(‘!, 05 ) satisfying 0 < |0 | < 01(17)\(9!) —2)1/2 and
alM(Q(‘)'7 Hﬂ) < Cg(n)\(eﬂ) — 2)1/2 converge with rate O((1 — 03(77)\(9!) —-2))H).

Proof. Arguing using covariant Taylor expansions as in the proof of Theorem [D.9] one sees that

dr (GD! (g, 01,04, 6l) = ( - T (0%)* + 0((04)?, (ai)2dM(9',9*))>dM(9',6*')
2¢(n, %)
(294)
and
GD™ (1,01, 0%) = — (1 + (6L — 2) + Tdar (61,61)7 = (9) + O(das (61 6", (W))@*
(295)
Consequently, the result follows from Theorem [D.TT]below. O

Theorem D.11. Given o > 0 and constants a > 0 and b > 0, consider the functions

Fyo(w,y) = (1 —ay’ + O’ ay*))a,  Fylz,y) = —(1+a+bz® —y* + 0@ y°))y.
(296)
Then, there are constants C1,Cs,Cs > 0 such that for all o sufficiently small, the map F =
(Fy, Fy) admits a stable, period-2 orbit {(0,&4), (0,£-)} with {4 = £/a + O(«), and the iterates
(tra1.01) = Fx1,9,) starting from any (20, yo) with 0 < |yo| < Chv/a and |zo| < Coy/a
converge to this orbit at a rate of O((1 — Csa)").
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Proof. The line x = 0 is preserved by I, and thereon one sees that I, takes the form
Fy(0,) ry = —(1+ )y +4° + O(y") (297)

which, by Lemma admits a period-two orbit {£1,£_} of the form {1 = £/ + O(a). We
will show that the iterates of the square F'2 of F' converge to (0, ¢.) for all initial points (g, 7o)
sufficiently small, yo # 0. This will be achieved by showing that || DF?(x,y)| < 1 uniformly over a
neighbourhood of (0, £.), followed by proving a guarantee of convergence to this neighbourhood in
finite time.

Via a routine calculation one sees that

F2(z,y) = z(1=a(l+(1+a)?)y* + O(xy*,y%))
’ y((1+ ) +2(1+ a)ba® — (1+ )1+ (14 @)?)y* + 0@, 2%y, 2%, 9%)) )
(298)
The derivative of F? is then given by
DF2(z,y) = 1—a(l+(1+a)?)y? —2a(1+ (14 a)?)zy
Y= 4(1 + a)bay (14 a)2 4+ 2(1+ a)bz® — 3(1 +a)(1 + (1 + a)?)y?
(299)
+0(%, 2%y, 2%, ). (300)
In particular, for all y satisfying
) <y? <2, (301)

1+a)(1+ 1+ a)?)
the matrix DFQ(:E7 y) has entries with magnitudes upper-bounded by
1— 22 O(z+v/) 5 ) 5
I+ /2
(O(m &) 1-(1/2)a+0() TOW: Vet a.a) (302)

for all « sufficiently small. Using the bound || Al|2 < v/||Al|1]|A||cc for a matrix A, where || - ||; and
I l|oo are the maximum column 1-norm and maximum row 1-norm respectively, one sees then that
there are C'y, C's > 0 such that for all « sufficiently small, all = satisfying

lz| < Cav/a. (303)
and all y satisfying (301)), one has | DF?(z,y)|]2 < 1 — Csa.

Letting V' be the neighbourhood of the two-point set {(0,£+)} enclosed by the bounds (30T) and
(303), one sees that the iterates (w2, yo;) of F2 starting at any point (z¢,yo) € V converge toward

(0, Ssign(yo)) With rate || (2, y2r — £2)[| < (1 — C30)"[[ (20, Y0 — &sign(yo)) I

We complete the proof by showing that the iterates starting from any z satisfying (303) and any y,
satisfying

o

1+a)(1+(1+a)?)

are eventually drawn into V. This, however, is easy: for any z satisfying (303)) and any y satisfying
y? <a/((1+a)(1+ (14 a)?)), one has

|(F2)y (2 9)] = [yl (1 +a)? = (L+a) (L + (1 +a)*)y® + O(a®/?)) (305)

> [yl (1 + (1/2)a) (306)

for all « sufficiently small. It follows that the iterates yo; = (F%'),(z0,yo) satisfy the recursion

lya+1)| = (14 (1/2)r) [yze| as long as y3, < o/ ((14 ) (1+ (1+a)?)). We claim now that there
exists 7 € N satisfying

r< 3w (e raam) (1 éaﬂ eon

such that yo, > a/((1 4 a)(1+ (14 «)?)). Suppose for a contradiction that this were not the case;
then

0<yp < (304)

o 2 27 @
> yo(1+(1/2)a)”” > , 308
(R TRy R i A (s T ey M
which is a contradiction. This proves the result. O
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E Elementary lemmas

In this section, for ease of reference, we collect several well-known facts and their elementary proofs.
Recall that a subset M’ of a Riemannian manifold M is geodesically convex if any two points of M’
can be connected by a unique geodesic contained entirely in M.

Lemma E.1. Let A : M’ — R be a C? function on a geodesically convex subset M' of a Riemannian
manifold M. If X is p-geodesically strongly convex in the sense that V3, \ = plrar at all points on
M, then

A(y) > Aw) + (VarA(), log, (1) + Sdui(a.y)? (309)
Sforall z,y € M.

Proof. Fix x,y € M'. Since M' is geodesically convex, there exists a unique geodesic v : [0,1] —
M’ such that y(0) = z and (1) = y. This +y satisfies

V() =(7)¢7(0) = I(7)elog, (), 7@ = dm(z,y) (310)

forall t € [0, 1], where TI(v); : Ty )M — Ty M is parallel transport. Define o(t) := A(v(t)).
Then using (23) and the chain rule,

G(t) = (Var(v()),4(1), () = (3(1), ViA((£)3(1) (311)
for all ¢ € [0, 1]. Thus, by Taylor’s theorem, there is s € [0, 1] such that

M) = 0(1) = p(0) +¢(0) + 36(5) G12)

= A@) + (Vah (@) log, () + 5009 FRAGENRE)  G13)

> (@) + (VA (z).log, (1) + 5 14(5) (14)

= (@) + (Vs (@), log, () + & das (2. 9)? (315)

as claimed. O

LemmaE.2. Let \ : M’ — R be a C? function on a geodesically convex subset M’ of a Riemannian
manifold M. If X is u-geodesically strongly convex in the sense that V3, \ = plras at all points on
M, then

(Masy VarA(z) = VarA(y), log, () > pda (2, y)? (316)
forallz,y € M', where I1,_,, : T, M — T, M is parallel transport.

Proof. Fix x,y € M'. From Lemma|E.1} one has the estimates
A(Y) = M) + (VarA(@), log, (1) + Sdar () (317)
A(@) = My) + (VarA(y), log, () + Sdur (. 9)*. (318)
Since parallel transport is an orthogonal transformation, one has

(VuA(x),log, (y)) = =(VuA(), Hy—elog, (7)) = ey VarA(z),log, (z)).  (319)
Substituting this into (317) and rearranging yields

(Hasy VarA(2), log, (2)) = Sedur(2,9)> + M) = A) (320

while (318) may be rearranged to give
~(VarA(y),log, (2)) = Sdu(a.)” + Ay) - A(a). (321)
Adding these estimates then yields the result. O
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LemmaE.3. Let \ : M’ — R be a C? function on a geodesically convex subset M’ of a Riemannian
manifold M. If X is pi-geodesically strongly convex in the sense that V3, X\ = ulrs at all points on
M’ and admits a critical point z, in M', then x, is the unique global minimum of \ in M’ and

193 2@ > 2u(Aa) - Alz.)) (322)
Sforallz € M.

Proof. That the global minimum z, is unique follows from Lemma [E.1} for any = # z, in M, one
has

Az) > Ma) + ng(x,z*)Q > Az), (323)
thus proving the first claim. To prove the second claim, fix z € M’. LemmalE.1|then applies to yield
Ax) = Mav) < =(VarA(z), log, (z.)) — gH log, (x.)]* (324)
nll1 S|

=—-=|- 1 X — 2 2

;| 29303 + o) | + 5 1T (325
1

< — A)|? 2
< g V@), (326)
from which the result follows. O

Lemma E.4. For any c > 0, and any integers 0 < s < t, one has
t
t+1 1 1 t
Y <3 < 4o [ EE)), (327)
c+s k:Sc—i—k c+s c+s

is monotonically decreasing along the positive reals, one has

Proof. Since x — (C+x)

/n " fapde < / " e = fin) = / :f(n>dx < / :f(w)dfc (328)

for any natural number n, from which it follows that

t+1 t t
329
e e e R a2)
/ (330)
Integrating both sides now yields the result. O

F Experimental supplement
Our experiments were conducted for a depth 5, width 1 scalar factorisation problem, corresponding
to the function f : RP — R defined by

fOr,...,0,) =066, (01,...,60,) € RP, (331

with target value y = 1. Our codeﬂ runs gradient descent on this problem, and can be executed in
seconds on a single cpu. At each iterate, the projection onto the solution manifold M := f~1{y} is
computed as follows.

The KKT conditions for the constrained optimisation problem

p
210l — g2 I _
gﬁur{l} ||9 0||© such that H 9 =y (332)

3 Available at https://github. com/lemacdonald/eos- convergence-rates-codimension-1
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are given by

ol 0o, +aZ =0, i=1,....p, (333)

[
K3
where « is the constraint parameter. These equations admit the quadratic solutions

0; £ /07 — 4
9! (o) = —2” ay, i=1,...,p. (334)

It is easily verified a — 9! (c), is monotonically decreasing (when (334) is taken with the +
sign) or monotonically increasing (when (334) is taken with the — sign); consequently, the map
¢a— T, Hll («) is also monotonic provided the signs are consistent among the 91‘ ().

The sign conventions we use are as follows. If Hf:1 0; < y, then we must take the + sign for all
0! (a). 1t [1%_, 6; > v, then, noting that 2=7 [T?_, 6; is the minimum value possible for [T5_, 0! (c)
when all Qll (c) are taken with the positive sign in (334), either:

1. y > 27PT[Y_, 6;, in which case we take the positive sign in (334) for all 1.
2. y < 27P[[_, 0;, in which case we take the negative sign in (334) for all i.

Having determined the sign to use uniformly over all ¢ = 1,...,p in (334), we are assured that
a— ¢(a) =14, 91“ () is monotonic, hence that ¢(«) = y admits a unique solution which we

obtain using the bisection method.
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: See the “Paper contributions" section in the Introduction, which outlines our
contributions in the context of codimension 1 least squares problems.

Guidelines:

* The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]

Justification: The limitations are discussed in detail in the Discussion/Conclusion section
under several bold headings.

Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

 The authors are encouraged to create a separate "Limitations" section in their paper.

* The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

* If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory assumptions and proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?
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Answer: [Yes]

Justification: Complete proofs of all theoretical results are provided in several appendices
with appropriate referencing.

Guidelines:

» The answer NA means that the paper does not include theoretical results.

 All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

* Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.
4. Experimental result reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]
Justification: We included the code to produce our plots with the submission.
Guidelines:

* The answer NA means that the paper does not include experiments.

* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-

sions to provide some reasonable avenue for reproducibility, which may depend on the

nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code
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Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer: [Yes]
Justification: We provide open access to our code; see experimental supplement.
Guidelines:

* The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.

6. Experimental setting/details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]
Justification: All relevant hyperparameters etc are contained in the code.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.
7. Experiment statistical significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer:
Justification: Our experiments are deterministic.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)
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8.

10.

* The assumptions made should be given (e.g., Normally distributed errors).

« It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

* It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
Experiments compute resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]

Justification: See the “Experimental supplement" appendix.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code of ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]
Justification: We have reviewed and conformed with the NeurIPS Code of Ethics.
Guidelines:

e The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).
Broader impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [NA]

Justification: Our work is primarily theoretical and concerned with understanding in simple
settings what practitioners have already been doing at scale for over 10 years. No forseeable
societal impacts.

Guidelines:

* The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.
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» The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: We considered only toy models in our experiments.
Guidelines:

» The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [NA]
Justification: No existing assets used.
Guidelines:

* The answer NA means that the paper does not use existing assets.

* The authors should cite the original paper that produced the code package or dataset.

 The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

 For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

 If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.
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* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

New assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]
Justification: No new assets introduced.
Guidelines:

* The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

Crowdsourcing and research with human subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification: No crowdsourcing or research with human subjects.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with

human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

Institutional review board (IRB) approvals or equivalent for research with human
subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: No crowdsourcing or research with human subjects.
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.

Declaration of LLM usage
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Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used
only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigorousness, or originality of the research, declaration is not required.

Answer: [NA]

Justification: LLMs were not used outside of creation of code for toy experiments and
minimal assistance with proving theorems. All material was thoroughly checked and revised
if necessary.

Guidelines:

* The answer NA means that the core method development in this research does not
involve LLMs as any important, original, or non-standard components.

¢ Please refer to our LLM policy (https://neurips.cc/Conferences/2025/LLM)
for what should or should not be described.
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