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Abstract
Benign Overfitting in Linear Regression and Classification
by
Alexander Tsigler
Doctor of Philosophy in Statistics
University of California, Berkeley

Professor Peter L. Bartlett, Chair

Benign overfitting, a phenomenon where deep neural networks predict well despite perfectly
fitting noisy training data, challenges classical statistical intuition, which suggests a tradeoff
between training data fit and prediction rule complexity. This dissertation explores benign
overfitting in the context of linear models in the overparameterized regime, that is, where
the dimension exceeds the number of data points. We study both regression and classifica-
tion settings, focusing on the ridge regression solution, particularly its special case of zero
regularization known as the minimum norm interpolating (MNI) solution.

In regression, we show that for MNI to exhibit benign overfitting, the data must possess a
specific structure: data points should be nearly orthogonal when projected onto a subspace
of small co-dimension. Learning occurs within the low-dimensional subspace, while the
orthogonal complement absorbs noise, providing implicit regularization that adds to the
explicit ridge regularization applied to the problem.

For classification, we study a scenario with two classes sharing the same covariance and
opposite means, assuming the clusters exhibit the “benign structure” identified in regres-
sion. Our findings indicate that benign overfitting can also occur in classification, though
the mechanism is more intricate. The ridge regression solution exhibits different regimes
depending on the distance between the cluster centers.
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Chapter 1

Introduction

1.1 Motivation

Deep learning methodology has revealed a surprising statistical phenomenon: interpolation
can perform well. The classical perspective in statistical learning theory is that there should
be a tradeoff between the fit to the training data and the complexity of the prediction
rule. Whether complexity is measured in terms of the number of parameters, the number of
non-zero parameters in a high-dimensional setting, the number of neighbors averaged in a
nearest-neighbor estimator, the scale of an estimate in a reproducing kernel Hilbert space, or
the bandwidth of a kernel smoother, this tradeoff has been ubiquitous in statistical learning
theory.

Deep learning seems to operate outside the regime where results of this kind are informa-
tive. Deep neural networks can be overparameterized —having more trainable parameters
than data points—and trained to perfectly fit (interpolate) the training data, but still gen-
eralize well to the test sample. We refer to this phenomenon as “benign overfitting.”

As one example of benign overfitting, consider the experiment illustrated in Figure 1(c)
in [61]: standard deep network architectures and stochastic gradient algorithms, run until
they perfectly fit a standard image classification training set, give respectable prediction
performance, even when significant levels of label noise are introduced. The deep networks in
the experiments reported in [61] achieved essentially zero cross-entropy loss on the training
data. In statistics and machine learning textbooks, an estimate that fits every training
example perfectly is often presented as an illustration of overfitting (“... interpolating fits...
lare] unlikely to predict future data well at all.” |23} p37]).

Classical theory suggests that large models overfit the data and require significant reg-
ularization to generalize. In some cases, however, the best value of the regularizer can be
zero [31] or even negative [28] for overparameterized models. Thus, to arrive at a scientific
understanding of the success of deep learning methods, it is a central challenge to understand
the performance of prediction rules that are trained with little or no regularization and can
fit the training data perfectly.
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In this dissertation, we consider perhaps the simplest class of models that can exhibit
overparameterization and interpolation: linear models. The goal of this work is to mathemat-
ically characterize how benign overfitting can occur in such models and to provide high-level
explanations of the mechanisms that allow for it.

1.2 Problem statement

We consider linear regression and classification settings, in which the covariates come as
independent identically distributed (i.i.d.) samples from a distribution on R?, and the targets
are real-valued. From this data, the learner infers a linear function on RP, which is then used
for predicting the label of a newly sampled covariate vector.

For a linear model to be able to interpolate the data, the dimension p should be larger
than the number of training data points n. Thus, we always assume that p > n.

Regression

In regression we assume that the covariate-target pairs (x;, y;); come as i.i.d. samples from
a distribution on R? x R, and the responses are related to the covariates in the following
way: y; is generated as y; = x; 0° + ¢;, where 8* € RP is the vector of coefficients of the
ground truth linear model, and (g;)?_; are i.i.d. samples from a zero mean noise distribution
with variance o2. We denote the vector whose coordinates are (y;)", as y € R™, and the
matrix whose rows are (z; )", as X € R™P. That is, X = Z>Y? where Z is a matrix
with i.i.d. isotropic rows, and X is the covariance matrix of x;.

We consider ridge regression solution, which for a regularization parameter A € R we
define as follows:

0:=X" (XX +\,) 'y

If (¢,41,Yns1) is @ new independent sample of a covariate-target pair from the same
distribution, then the excess risk of the prediction rule £ — '8 is defined by the following

formula:

T a 2 T * 2
Ewn+17yn+1 (mn+10 - yn+1) - Ewn«l»hyn«l»l ($n+10 - yn+1> .

Here E,,, ., .., denotes expectation over the draw of (@,41,yn+1). The main technical goal
of our analysis of regression is obtaining sharp non-asymptotic bounds on the excess risk.

An important particular case of the ridge regression solution arises when we set regular-
ization A to zero. In this case the solution becomes the minimum-norm interpolating solution
(MNI), that is, the minimum norm vector 6 such that X6 = y. Studying generalization of
MNT is our main motivation, but extending the results to ridge regression allows us to make
additional high-level conclusions. For example, we show that in an overparameterized setting
the data itself can introduce “implicit regularization” that adds to the explicit regularization
A imposed on the problem. One unexpected qualitative conclusion is that somethimes this
implicit regularization is too large, and choosing negative \ is optimal.
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Classification

In classification we assume that first the true labels (y;), are sampled as i.i.d. Rademacher
random variables (that is, y; = 1 with probability 0.5, and y; = —1 otherwise). Then the
covariates are generated as x; = g, + y;p, where p € R? is the center of the positive cluster
and (g;)!, arei.i.d. samples from a centered distribution on R”. We denote the vector whose
coordinates are (y;)", as y € R™, and the matrix whose rows are (z])", as X € R™?.
That is, X = ZX'? + yp', where Z is a matrix with ii.d. isotropic rows, and ¥ is the
covariance matrix of q;. The labels y are not actually known to the learner, and instead
the learner observes the vector gy, which is obtained from y by flipping the sign of each
coordinate with some probability 7.

As in regression, we consider the following ridge regression solution:
= X" (XXT + I,

If (11, Yns1) is a new independent sample from the same distribution, the misclassifica-
tion probability of the linear classification rule & — sign(x '), is defined as P(sign(x, , ;) #
Yn+1).- The main technical goal of our analysis of classification is obtaining sharp bounds for
this misclassification probability.

Even though the regression and the classification setting that we consider look very
similar, there is a fundamental difference. In regression the “signal vector” 8™ belongs to the
dual space: the matrix X does not depend on 8%, and only the target vector y depends on
its product with X. In classification, however, the “signal vector” p belongs to the primal
space: the vectors (y;u)", are directly added to (g;)"_; to obtain (x;)_;. This distinction
leads to significant differences in the analysis between regression and classification settings
that we consider.

1.3 Covariance structure and technical assumptions

Let us fix the basis in the covariate space to be the eigenbasis of the covariance matrix X.
In this basis X is diagonal, that is,

Y =diag(A, ..., \p).

Without loss of generality we can assume that the sequence (\;)7_; is non-increasing.

So far the elements of the sequence (\;)7_; are arbitrary parameters of the problem. The
first result of this dissertation is that in the setting of regression, under the assumption that
the data is Gaussian, a certain structure of this sequence is required for MNI to exhibit
benign overfitting. More concretely, if all elements of Z are i.i.d. standard normal randorn
variables, then for MNT to have small excess risk compared to the amount of noise o2, there
should exist k& which is small compared to n, such that > ._, A; is large compared to n)\kﬂ.

Introduce the following notation:

Z Ai.

>k

)\k+1
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The quantity rq is an important complexity parameter for covariance estimation problems,
where it has been called the “effective rank” [56, 30]. Earlier, effective rank of X? was called
the “stable rank” [48] and the ‘numerical rank” [49], although that term has a different mean-
ing in computational linear algebra [20, p261]. A straightforward interpretation of effective
rank is the effective number of dimensions across which the covariates are distributed: in-
deed, we are dividing the energy of the whole covariate vector ) _, A; by the maximum energy
in a single direction A;. Thus, the condition for benign overfitting is that after removing the
first k coordinates, the distribution of the covariates should be smeared across many more
directions than the sample size. Throughout the dissertation we refer to such structure (or
its variations) as “benign structure”. The variations of the benign structure arise due to
differences in technical assumptions imposed on the data and due to accounting for ridge
regularization. The main idea, however, remains the same: after throwing out the first k
coordinates, the covariates should have high effective dimension in some sense.

The separation of the first k eigendirections of X is in the core of all our results. Because of
it, throughout this whole dissertation we use the following notation: for any k& € {0, 1,...,p}
and any matrix M € R"*P we denote M ., to be the matrix comprised of the first k£ columns
of M [T] Analogously, we denote M .., to be the matrix comprised of the last p — k columns
of M. For any u € R? we denote ug.; to be the vector comprised of the first £ components
of u, and uy.., — of the remaining components. Finally, we denote ¥y = diag(Aq, ..., \g)
and Y. = diag(Agy1, ..., Ap). We sometimes refer to the first & components as the “spiked
part of the covariance”E], and to the remaining components as the “tail of the covariance”.

We choose the k : co notation instead of & : p to emphasize that our results don’t depend
on p, and only the notions of effective dimension implicitly given by the sequence {\;}}_;
matter. For example, if one increases the dimension to p’ > p and pads the sequence {\;}7_;
with p’ — p zeros, our results will still hold.

The assumption of Gaussianity that we mentioned above is not necessary. The first (and
the most straightforward) generalization of this result is to the case when the elements of Z
are independent and sub-Gaussian, as given by the following definition.

Definition 1. For any centered random variable v we define its sub-Gaussian norm as
[v]lg, :=inf {t > 0: Eexp(v?/t?) < 2} .
If |v|y, < o, we say that the distribution of v is o-sub-Gaussian.

Those assumptions, however, can also be weakened. The main point where our argument
uses the independence of the coordinates is the proof that the matrix X ;..o X .. has bounded
condition number with high probability. A geometric interpretation of this fact is that

"When k = 0 this matrix is just empty and all the terms that involve 0 : k index become zero.

2Here we use the word “spiked” as in the “spiked covariance models”, which usually assume that the
eigenvalues of ¥j.., are all equal and of smaller order than eigenvalues of ... One way to interpret
our results is that only spiked-covariance-like models can exhibit benign overfitting, and we derive general
conditions for a model to be spiked-covariance-like.
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since the data has high effective rank in components k : 0o, the rows of Xy.., are almost
orthogonal to each other, and their Gram matrix X ..o X .. behaves as a scaled identity
matrix. Because of that, for our main bound on the excess risk in regression we make a direct
assumption on the condition number of X ..o X ,IOO instead of assuming that the components
of Z are independent. We do still assume the rows of Z are sub-Gaussian, as given by the
following definition.

Definition 2. For any random vector v in RP we define its sub-Gaussian norm as

[0llg, := sup  [Jul vy,
ueRP:||ul|=1

If |v||y, < o, we say that the distribution of v is o-sub-Gaussian.

When it comes to classification, we assume that 3 has the benign structure described
above from the very beginning. Similarly to regression, we make a direct assumption on the
eigenvalues of Zj..oX k.00 k0o Instead of assuming sub-Gaussianity, however, we precisely
describe the event that should happen with high probability in order for our bound to hold.
We prove that that event does hold with high probability under sub-Gaussianity, but argue
that sub-Gaussianity can be relaxed.

1.4 Overview of the next chapters

We study regression in Chapter [2] and classification in Chapter

Chapter[2|starts with deriving the “benign structure” of the covariance, that we introdced
in Section [1.3] We discuss two simple settings first: “essentially high dimensional” and
“essentially low dimensional”. Then we derive general bounds for the variance term of the
excess risk for MNI, which show that the covariance should decompose into an essentially
low-dimensional and an essentially high-dimensional part in order for that term to be small.
Given that decomposition, we proceed with deriving sharp bounds on the full excess risk of
the ridge regression solution under weaker assumptions (as was discussed in Section. We
show that the learning happens in the first £ components, while the rest of the components
absorb the noise and provide implicit regularization to the learning problem in the first &
components. We then study the effect of ridge regularization on the bounds. One interesting
effect happens when the implicit regularization coming from the data is very high: in this case
it can be optimal to use a negative value of the ridge regularization parameter. Chapter
is based on the following publications:

1. Peter L. Bartlett, Philip M. Long, Gébor Lugosi, and Alexander Tsigler. “Benign
overfitting in linear regression”. In: Proceedings of the National Academy of Sciences
(2020). 1SSN: 0027-8424. DOI: 10.1073/pnas.1907378117. eprint: https://www.
pnas . org/content /early/2020/04/22/1907378117 . full . pdf. URL: https:
//www.pnas.org/content/early/2020/04/22/1907378117


https://doi.org/10.1073/pnas.1907378117
https://www.pnas.org/content/early/2020/04/22/1907378117.full.pdf
https://www.pnas.org/content/early/2020/04/22/1907378117.full.pdf
https://www.pnas.org/content/early/2020/04/22/1907378117
https://www.pnas.org/content/early/2020/04/22/1907378117
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2. Alexander Tsigler and Peter L. Bartlett. “Benign overfitting in ridge regression”.
In: Journal of Machine Learning Research 24.123 (2023), pp. 1-76. URL: http:
//jmlr.org/papers/v24/22-1398.html

In Chapter [3| we also start with a discussion of the MNI solution, but with the purpose
of investigating its geometric structure. Then, using the machinery that we developed in
Chapter [2| and assuming that the distribution within the clusters has benign structure,
we provide bounds on the classification accuracy. Furthermore, we study the bounds and
show that the effect of the benign structure of the covariance is different than in regression.
When label-flipping noise is not introduced (that is, 7 = 0), in components k : co the ridge
regression solution is approximately collinear with p,.., but in components 0 : k it approx-
imately recovers the optimal rotation of p,.,. That is, learning happens in both the spiked
part of the covariance and in the tail, but it is somewhat more efficient in the spiked part.
Introduction of the label-flipping noise (that is, setting n to be a small constant) does not
qualitatively change the performance of the ridge regression solution if the magnitude of p
is moderate. However, if p is large in magnitude, the performance of the ridge regression
solution may change significantly, and the mechanism of benign overfitting in that regime
becomes very similar to that in regression. Finally, we study the effect of ridge regularization
in the setting without label-flipping noise. We show that one cannot achieve a significant
gain in accuracy by increasing regularization beyond the point where the benign structurd’]
appears. For example, just as in regression, if the implicit regularization coming from the
data is large, it may be optimal to set ridge regularization parameter to a negative value.
Chapter [3] is based on forthcoming work by Alexander Tsigler, Luiz Chamon, Spencer Frei
and Peter L. Bartlett, expected to be posted in August 2024.

1.5 Additional notation

We use the symbol := to introduce definitions: for example, b := a + 1 means that we
introduce a new quantity b which is defined as a + 1. We use a = b to denote an informal
statement that a and b are within a constant factor of each other with high probability
(which we abbreviate as w.h.p.). Analogously, we use a 2 b (a < b) to denote “w.h.p. a is
at least (at most) constant times b 7, and a > b (a < b) to denote “w.h.p. a is much larger
(smaller) than b”.

For any positive integer d we denote 0; € R to be the vector of all zeros, I; € R™? to
be the identity matrix. We use diag(ay, ..., aq) to denote the diagonal matrix in R¥? whose
diagonal elements are aq, ..., aq.

We use ;(M) to denote the i-th largest eigenvalue of a symmetric matrix M. For any
square matrix M we denote its spectral norm by || M ||, its Frobenius norm by || M||r and
its trace by tr(M). For any u € R? we denote its Euclidean norm by |||

3Here we refer to a modified definition of benign structure, which takes regularization into account.


http://jmlr.org/papers/v24/22-1398.html
http://jmlr.org/papers/v24/22-1398.html
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We abbreviate positive-definite as PD and positive-semi-definite as PSD. For any PSD
matrix M € R¥? and any u € R? we denote ||u|/as :== VuT Mu. For any matrix M € R"*?
we denote its pseudo-inverse as M € RP*".

We use P(«7) to denote the probability of an event .7 and E[{] to denote expectation of
a random variable £. We use the notation P and E, for probability and expectation with
respect to a draw of the random element ¢. We say that a random vector v € R? is isotropic
if Eflvv'] = I;. For a vector m € R? and a PSD matrix M € R%¢ we denote the normal
distribution with mean m and covariance M as N (m, M). If a random vector v has that
distribution, we denote it as v ~ N (m, M).



Chapter 2

Regression

2.1 Introduction

The aim of this chapter is to provide a theoretical understanding of benign overfitting in
the setting of linear regression. As introduced in Section [1.2] our main goal is to bound
and to analyze the excess risk of the ridge regression solution to an overparameterized linear
regression problem.

Despite being a classical statistical methodology, ridge regression and its ridgeless limit
were not completely studied by classical theory in such a regime: when n < p it suggests
that the regularization parameter should be large enough to provide additional capacity
control (see, e.g., [25] and references therein). First, we study the variance term for ridgeless
regression (that is, MNI) with n < p under the additional assumption that the data vectors
have independent components. We discover that the variance term can be small if and only
if there exists & < n such that if one removes the first k£ largest eigenvalues of the covariance
operator, the remaining tail of the sequence of eigenvalues has large effective rank compared
to n. After that, we start afresh and use the same separation of eigendirections from the
very beginning, which allows us to substitute the independence assumption by a weaker
assumption on the condition number of the Gram matrix of the tails of the data vectors.
Moreover, we show how the same separation of the eigenvalues gives tight bounds for the
bias term too. Finally, by virtue of algebra, our argument extends very easily to the setting
of ridge regression, which allows for comparison with the above mentioned classical results
and investigation of the case when the regularization is even less than zero. We show that
we extend (with different constants) the results of [25] to a larger range of regularization
parameters, and give general conditions under which negative regularization is optimal and
can provide arbitrarily high multiplicative gain in excess risk.

The structure of the chapter is the following. We start by introducing the setup of ridge
regression in Section where we also derive the decomposition of the excess risk into
the bias and variance terms. Then, in Section we derive the necessity of the existence
of k and provide an intuitive explanation of how its existence helps MNI interpolate the
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data without overfitting. After that we present our main bounds on the excess risk of the
ridge regression solution in Section 2.4 Section provides a technical discussion of the
assumptions imposed in Section [2.4] and Section provides an outline of the proof and
explains where it uses the assumption that the data is sub-Gaussian. In Section [2.7| we note
that as a side product of the proof an alternative form of the main bound arises, which
makes it convenient to compare our bounds to other results. In Section [2.8 we derive the
sufficient conditions for optimality of negative regularization. In Section 2.9 we provide an
overview of the field of overparameterized ridge regression and explain how our work relates
to others. Finally, we conclude the chapter with Section [2.10]

2.2 Ridge regression setup

The learning problem we consider is ridge regression. Its goal is to learn an unknown real-
valued function on R? given noisy observations of its values in n points. We operate in the
overparameterized regime, i.e., p > n.

Covariate model

We assume that the data set consists of n i.i.d. vectors sampled from some distribution
on RP whose mean is zero. Throughout this chapter  denotes an independent draw from
that distribution. Denote X € R™*P to be the matrix whose rows are the (transposed) data
vectors.
Our results depend on the spectrum of the covariance matrix 3. We fix an orthonormal
basis in which ¥ is diagonal:
b :diag()\l,)\g,...,)\p), (21)

where A\; > Ay > --- > ), is the non-increasing sequence of eigenvalues of X.

We assume sub-Gaussianity: denote Z := XX~ /? (whitened data matrix). Rows of Z
are isotropic centered i.i.d. random vectors. We assume that rows of Z are o,-sub-Gaussian
as defined in Section [L.3l

Sub-Gaussianity is a classical assumption, which provides a convenient framework for
controlling deviations of various quantities of interest (see [55] for an introduction). We
discuss whether it is actually needed in Section [2.6]

Response model

Denote y € R™ to be the vector whose coordinates are noisy measurements of the values of
an unknown function in the corresponding data points. We assume that the true function is
linear with coefficients 8* € R?, i.e.,

y=X0"+e¢,
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where € is the noise vector. We assume that components of € are i.i.d. centered random
variables with variance v2, and that € is independent from X.

Learning procedure

Ridge regression with regularization parameter A is a classical learning algorithm that esti-
mates 8" from X,y according to the following formula:

Oy) =X (XX +\I,)"'y.

See Appendix for a discussion. The matrix A\, + X X " will play an important role in
our analysis, so we denote

A=)\,+XX".

In the ridgeless case (A = 0), A is the Gram matrix of the data. Ridge regularization shifts
all its eigenvalues by .

Excess risk and its bias-variance decomposition

The quantity of interest is excess risk that we define in the following way: recall that x is a
new data point from the same distribution as rows of X. The error that our predictor incurs
on this data point is &' (0(y) — 0). We define excess risk as the average squared error over
the population, i.e.,

~

E. |(@"(O(y) - 67)] = I6(y) - "%
Note that 0(y) is linear in y, which allows us to write
0(y) = 6(X0") +0(e),
E. [[0(y) - 0°I%] = 16(x67) - 6|5 + E. [Il6(e) 3] |
18(y) — 67[|5 < 2(]|6(X6") — 6"[|5 + [|6(e)]3).

The term [|@(X0*) — 6*||% is the error in the noiseless regime; it is caused by rows of
X not spanning the whole space and by regularization. The term ||@(g)||% is the error of
learning the zero function from pure noise. One can see that these two terms nicely decouple

from each other and can be studied separately. Moreover, note that ||0(g)||% is a quadratic
form in e. Its expectation scales linearly with v2 (variance of the noise):

E. [Hé(e)ué} — 2tr(ATIXEXTAY).

If the noise is o.-sub-Gaussian, then by Lemma [82| from the appendix for some absolute
constant ¢ and any t > 1, with probability at least 1 — ce™/¢,

10(e)]|L =" AT'XTX A e < ctotr(ATIXTX AT,
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Therefore, both expectation and deviations of the term [|@(e)||% are controlled by the
quantity tr(A* XXX A™"). Thus, we define:

B= [6(X0) -0} = (X A'X -L)6k — biss

. 2.2
V= E. [HO(E)H%}/UE} = tr(AT'XEXTAY)  — variance. (2:2)

These quantities don’t depend on the distribution of the noise. The goal of this chapter
is to provide sharp non-asymptotic bounds for them.

2.3 Deriving the split into the spiked part and the tail

In this section we start by considering simple settings for which B and V' are rather straight-
forward to assess. We then do a more involved computation for the term V to derive the
benign covariance structure that we introduced in Section [[.3] The simple settings that we
start with can be seen as building blocks, combining which gives that benign structure.

Essentially high-dimensional linear regression vs. essentially
low-dimensional

Let us develop some intuition by considering two easy scenarios: “essentially low-dimensional”
and “essentially high-dimensional”. For each scenario we will do an informal computation
of the excess risk and give a geometric interpretation.

e Essentially low-dimensional linear regression. Consider least squares regression
in which data lives in R¥ and & < n: X € R™* with i.i.d. centered rows from a
distribution with covariance ¥ € R*** and y = X 0" + ¢, where € has i.i.d. centered
components with variances vZ. Our estimator of choice in this regime is OLS:

6 = argmin [ X6 — y||* = argmin || X (6 — 6") — e|*

As 0 takes all possible values in R¥, X (0 — 0*) takes all possible values in the span of
columns of X, which means that

X (6 —6*) =Ilxe,

where [Ix is the projection on the span of columns of X. This allows us to write the
following informal computation, which leads to the classical k/n rate:

02k =B |lxe|? = E|| X (0 —0%)|>?=E. [(0—6)" X" X(0—06%)],

~nX

~

viok/nx(0—609"2(0 - 60") = Epunos)(®, 0 — 6°)%
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Here we used the informal transition |n~'X " X —3|| &~ 0 — the population covariance
matrix is well-approximated by the sample covariance matrix uniformly in all direc-
tions. If £ < n this results holds with very few additional assumptions (see [52] and
references therein).

What we have obtained is an example of a classical argument: the training error
| X (6 — )2 is a good proxy for the population error |£Y%(6 — 6*)||? uniformly
over all § € R¥ , and the model helps eliminate the noise because it gets projected on
a subspace of low dimension. The larger the model, the more error comes from the
noise.

Such a result leads to a classical bias-variance trade-off: the larger the model is, the
better it can approximate the true dependence, but also the more noise it picks up. A
classical cartoon is shown in Figure 2.1} Figures [2.1b show the result of perform-
ing least squares regression with features {cos(mmz)}? _,. As the number of features
grows, the ability of the model to approximate the signal grows too, but at the cost of
increasing sensitivity to the noise. As the number of features approaches the number
of data points (the “interpolation threshold”), this leads to overfitting.

e Essentially high-dimensional linear regression. Now consider linear regression
in which p > n, but with isotropic data: assume that the matrix X hasi.i.d. standard
normal elements and y = X6, + & where € ~ N(0,,v2I,) — independent from X.
We consider the minimum /s-norm interpolating solution:

~

6 = argmingcgs.xo_y 16] = X (XXT) 'y = XT(XXT) (X" +e).

According to our definitions of bias and variance from Equation (2.2]) with A =0,
B=|(I,-Xx"(xX")"'X)6"|,
V=B XT(XXT) e?/0? = (XX D)),
——

~pl,

Here we see the following: the matrix X " (X X ")~'X is the projection on the span of
the data. This is a random n-dimensional subspace in p-dimensional space. Thus, with
high probability || X (XX )1 X60%|/(16%||> =~ n/p, so the projection only preserves
an n/p fraction of the energy of the signal. When it comes to the variance term, we
can use the same concentration result for the sample covariance as we did in the low-
dimensional case, but for the transposed data matrix, meaning X X ' ~ pI,,. Finishing
the computation yields

B=(1- n/p)|]9*||2, E.V ~n/p.

We see that the signal is almost not learned at all in this regime (the bias term is close
to the full energy of the signal), but the noise is also damped by the factor p/n.
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The geometric interpretation is as follows: if p > n, the span of n data points is almost
orthogonal to 8™ with high probability. The data just does not measure " in most
directions, so almost the whole signal is lost. On the other hand, despite the noise fully
propagating into in-sample predictions, a new data point @ is also almost orthogonal to
all the old data points with high probability, so those noisy predictions don’t influence
the prediction in . Overall, despite interpolating the data, we effectively learn a zero
estimate out of sample. The zero estimator can be a very good estimator, e.g., if
the true signal is zero. This hints at the possibility of learning via high-dimensional
interpolation: the model can use the directions in which the signal is not learned to
smear the noise over them.

The learning cartoon for this regime is given in Figures [2.2bH2.2¢; as the number of
cosine features becomes large compared to the number of data points, the learning pro-
cedure predicts zero out of sample, despite interpolating the values in sample. However,
if we add certain multiplicative weights to the cosine features, down-weighting higher
frequencies, it causes the minimum norm solution to learn the low frequency signal and
interpolate the noise using the high frequency components.

Deriving k

In this section we explain how to derive the structure we introduced in Section We only

consider the MNI solution here (that is, we set A to zero until the end of this section), and

we impose an additional assumption that all the elements of the matrix Z are independent.
Recall that the variance term is defined as follows:

V=tr(A'XEXTA™).

The first idea is to represent this quantity as a sum over the columns of matrix X. Denote
the i-th column of matrix Z as z;. Then we can write the following.

p
V= Z Nzl A%z,
i=1

Recall that vectors z; are random with i.i.d. components (as the rows of X are i.i.d.). That
would allow the quantity z] A~?z; to be bounded by standard results on concentration of
quadratic forms if the matrix A was independent from z;. This idea leads to the following.
First, we write

p
A = Z/\ijZ;-r. (23)
7=1

Since we imposed the simplifying assumption that all the vectors (z;)?_; are independent
of each other, we see that A is “almost independent” from z;. Indeed, only one term in
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(b) Features {cos(mz)}2,_;: underfitting. A
linear combination of features cannot approx-

imate the true dependence.
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(d) Features {cos(mz)}>%_;: overfitting. As

the number of features approaches the number
of data points, the effect of the noise becomes
stronger.

Figure 2.1: Learning cos(3z) using linear regression with different featurizations. The num-
ber of features is less than the number of data points, and the OLS estimator is used. The
data points (z;,v;)%°, were generated i.i.d. such that z; have uniform distribution on [0, 7]
and y; have normal distribution with mean cos(3z;) and standard deviation 0.4.
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(a) Legend for all the plots. (b) Features {cos(mxz)}29%: isotropic overpa-

rameterization. As the number of cosine fea-
tures grows above the interpolation threshold,
the learned solution goes to zero out of sample.
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(c) Features {cos(mz)//m}2%%: benign over-
fitting. Adding weights to cosine features re-
sults in interpolating the noise with high fre-

quency features and learning the signal with low
frequency features.

Figure 2.2: Learning cos(3x) using linear regression with different featurizations. The num-
ber of data points is lower than the number of features, and the minimum norm interpolating
solution is used. The data points (z;,y;)°, were generated i.i.d. such that z; have uniform
distribution on [0, 7] and y; have normal distribution with mean cos(3z;) and standard de-
viation 0.4.
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Equation is not independent of z;: the one for which j = ¢. That is, A is a rank
one correction to a matrix that is independent from z;, which gives us the next idea: use
Sherman—Morrison formula to disentangle A and z; for every i. This leads to the following
lemma, whose proof can be found in Appendix [A.2]

Lemma 3. For any i € {1,...,p} define A_; := Z#i /\jzjij. If A_; is invertible, then

2.,T A—2

(1+ Nzl AT} z)*

Mzl A%z =

Now quadratic form concentration gives us that z] A~?z; ~ tr(A~?) and 2] A"}z; ~

tr(A~}), and thus the next step is to understand the values of those traces. Since we haven'’t
restricted the sequence (\;)Y_; in any way so far, the eigenvalues of all the matrices A_;, as
well as A, can be approached in a completely analogous way. Because of that, let’s focus
on the matrix A. The following lemma is a result of a straightforward application of an

epsilon-net argument to matrix A using Equation (2.3]). See Appendix for the proof.

Lemma 4. Set A = 0. Suppose all elements of matrix Z are independent and o,-sub-
Gaussian. There is a constant ¢ that only depends on o, such that with probability 1 — 2e™"

p

p
pn(A) =D "N —c|nh+  [n) N | = () — c(n]|Z] + Vol =),
=1

=1

p p
m(A) <Y Aite|nh+,|n) A| =t(E) + eS| + Vol | r).
=1 =1

One can see that Lemma {4 may give sharp bounds for the eigenvalues under the condition
that n||X|| < tr(X). Indeed, since n||X[|% < n||X|/tr(X), that condition would also mean
that /n||X||r < tr(X). However, imposing such an assumption on the sequence (\;)%_;
doesn’t seem right for the following reason: our actual goal is to estimate tr(A~') and
tr(A™?). Large eigenvalues of A give a small contribution to those quantities, so it is only
important to estimate the small eigenvalues. If we change \; to some large value, it will
only yield a rank one correction to A and change its spectrum essentially by only changing
the largest eigenvalue. Therefore, this operation would not change tr(A™') and tr(A?)
much, but would completely destroy the assumption that n||X| < tr(X). This is how the
main idea of our work comes up for the first time: since we only really care about the small
eigenvalues of A, we can apply Lemma [4] to a low rank correction to A that has similar
smallest eigenvalues. This is why for every k € {0,...,p — 1} we introduce the following

matrix:
Aj = Z INEITID (2.4)

i>k
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Now Lemma [4] applied to Ay instead of A would yield sharp bounds on the eigenvalues
under the condition that nAg,; is much smaller than ZD x Ai- This motivates the following
definition:

Definition 5 (Effective Rank). For k > 0, define the effective rank of the sequence (N\;)i=
as

Zi>k Ai

T ‘=
Akt1

With this definition, we can formulate the following lemma about the eigenvalues of Ay:

Lemma 6. Set A\ = 0. Suppose all elements of matriz Z are independent and o,-sub-
Gaussian. There is a constant c¢ that only depends on o, such that the following holds.
Suppose that vy > ¢ for some k. Then with probability 1 — 2e™"

YN < pn(Ar) < p(Ag) <N

i>k i>k
Proof. Denote the constant from Lemma [4| as ¢;. By that lemma, with probability 1 — 2e™"

p1(Ag) <tr(Bpoo) + 1 (0| Bhioo || + \/EHER:OOHF>7
pin(Ag) >t (Brioo) — c1(n]| Biioo || + \/ﬁHEkOOHF)

Note that for any scalar w AM-GM inequality yields

Taking w = 2¢; and plugging in this inequality into the bounds above gives the following:

Nl(Ak) §1.5tr(2km) + (Cl + 2C%)n||2koo|| = (15 + (Cl + QCf)n/Tk)tr(Ekm),
i (Ag) >0.5tr(g.00) — (1 + QCf)nHEka =(0.5—(c1 + QCf)n/rk)tr(Ekm).

If c is large enough, then the condition 7, > cn implies 0.5 — (¢ + 2¢2)n/r, > ¢! and

1.5+ (c¢1 4+ 2¢3)n/ry < ¢, which finishes the proof. O

To return from the matrix Ay to the matrices A and A_; we can use the following lemma,
whose proof can be found in Appendix [A.2]

Lemma 7. 1. foralli>1,
i1 (A=) < g1 (A) < p(Ay),

2. foralll1 <i<k,
,un(A) > :un<A—') > fn (Ak) )
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Let’s denote A, := Zi>k Ai. We now know that if r, > cn then the small eigenvalues of
A (and A_; foi < k) are around A} '
Plugging Lemma [3| into the formula for the variance term gives

P P 2_T A—2
Nez! A %z,
V= E Nzl A2z, = E U el Rk
i=1 o i=1 (1 —i—)\iz;'—A:}zi)?

On the right-hand side of this equation in the denominator either 1 or \;z; A~} z; could be

the dominating quantity. Depending on that, one of the following inequalities will be sharp
up to a constant factor:

2.,T A—2

Nzl A2z, Nzl A2z,

7 %

2_T A—2
5 <Nz, A" z;,

Now our task is to understand for which ¢ we want to apply the first inequality, and for
which — the second.

Assume that r, > cn for some k which is small compared to n. Plugging in quadratic
form concentration together with our results for eigenvalues gives \;z A~} z; ~ n)\iAlzl. The
latter quantity decreases with ¢, and when ¢ = k 4+ 1 it becomes n)\k+1A];1 =n/ry < c 1,
which is small. Therefore, 1 will dominate n)\iAlzl. Thus, we want to apply the second
inequality for all ¢ > k and we only want to apply the first inequality for the first ¢ terms,
where ¢ < k. Doing that together with plugging in z; A~!z; ~ nA,; ' and 2] A%z ~ nA;?
yields the following upper bound on V:

Lemma 8. Suppose all elements of matriz Z are independent and o,-sub-Gaussian. There
are constants b,c > 1 that only depend on o, such that if 0 < k < n/c, r, > bn, and | < k
then with probability at least 1 — 8e™"/°,

2
VSC(£+”Zi>z)‘z’)_

no (Aeprrs)’

The formal proof of this lemma requires a few more technical steps, and can be found in
Appendix

Interestingly, if we are looking for a lower bound, for the first ¢ terms we can obtain it
without assuming that 7, > cn. The idea is that the ratio z] A"?z;/(z] A~} 2;)? is lower

bounded by 1/|z;||* & 1/n due to Cauchy-Schwartz inequality. Thus, we can write

_ _ 2 _
Nzl A2z, _( Nz A"} z; ) 2] A%z,

. 1 2
i >t .
(1+ Nz A"} 2;)? 1+ Nz ATlz;) (2] AT}z)2 ™ (1 + 1/()\iziTA_llzi))

To lower-bound this quantity, we only need to bound z A~jz; from below, which means

bounding the eigenvalues of A_; from above. Application of Lemma |4 to A, instead of

!'Even though the relation between A_; and Ay is only straightforward for ¢ < k, it turns out to be
enough for the rigorous argument.
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A does the job, and gives a non-vacuous upper bound on eigenvalues even without high
effective rank condition (even though it may not be sharp).

This idea, combined with a few other technical steps gives the following lower bound,
whose proof can be found in Appendix [A.2]

Lemma 9. Suppose all elements of matriz Z are independent and o,-sub-Gaussian. There
is a constant ¢ that only depends on o, such that for any 0 < k < n/c and any b > 1 with
probability at least 1 — 10e="™/¢,

1. If rj, < bn, then V > "fb%i

2. If rp > bn, then
1 I v A
V>—min|—+ Lﬂ; )
cb? i<k \\n (Aer17r)
In particular, if all choices of k < nj/c give ry < bn, then rn/. < bn implies that with
probability at least 1 — 12e/¢, V > (cb)~2—at least a constant.

Note that if 7, > cn for some k < n/c then our upper and lower bounds coincide up to a
constant factor. It may be surprising, since the choice of k is somewhat arbitrary: there may
be several choices of k that satisfy those conditions, and each of those choices potentially
gives a new value for the bound. However, the freedom to choose k is somewhat illusory:
Lemmas [7] and [6] show that, for any qualifying value of k, the smallest eigenvalue of A is
within a constant factor of Mg, 17. Thus, any two choices of k satisfying k < n/c and rp > bn
must have values of \; 17, within constant factors.

This observation helps choose the “right” ¢ and k. Looking at the bound, we see that
decreasing ¢ by one subtracts 1/n but adds nA?/(A\17%). Because of that, for the optimal
¢, it should hold

nAj nAf
(Akg17)? (Akg17e)?

That is, £ is the place where the ratio nAy/(Ag1171) switches from being more than a constant
to less than a constant. If we try ¢ = k 4 1, then the ratio becomes n/r; — smaller than a
small constant, so ¢ < k. Since A\, 17 is approximately the same for all values of k for which
ri is large, however, ¢ should be smaller than all of them. On the other hand, if / + 1 < k,
we can write

>l>
an\/

nAet1 nAry1

12 >

~o — = n/rﬁ,
Ne1Th Aot

which means that r,/n should be larger than a constant. This suggests that ¢ should be
taken to be equal to the minimum value of k for which 7, /n is larger than a constant. Taking
such ¢ indeed works and simplifies the bound on V', as the following lemma shows. The proof

is in Appendix
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Lemma 10. For any b > 1 and k* := min{k : r, > bn}, if k* < oo, we have

b k* b Ak b
min( n nZz>l 22) v n i L= _n,
where we introduced Ry, == (3, Ai)2/ (XCiar AY) .

Finally, putting everything together yields the final form of the result:

Theorem 11. Put A\ = 0 and suppose all elements of matrix Z are independent and o,-
sub-Gaussian. There are constants a,b,c > 1 that only depend on o, for which the following
holds with probability 1 — 20e~™/¢. Define

k*=min{k > 0:r; > bn},

where the minimum of the empty set is defined as co. If k* > n/c, then V > 1/a. Otherwise,

k* n
Vie< —
/e < n+Rk*

<cV. (2.5)

Proof. Take b to be the constant b from Lemma [§, Take ¢, to be the constant ¢ from
Lemma [§ and ¢, to be the constant ¢ from Lemma [9]
Suppose that £*/n < min(c,,¢,). Then Lemmas |8 and @ yield that with probability

1 — 12e /et — ge~n/cu
%mm( + DS ’><V§cumln( " 2is 2).
ceb? i<k \n ()\kﬂ'f’k) Iskr \ 1 (Ak+17’k)

Since b > 1, we can weaken the right inequality to obtain the following:
1 b b
—min( + "2 21) <V<cubm1n( + "2 is 21).
ceb 1<k \ bn ()\kJrlrk) bn ()\kJrlrk)

Now by Lemma [10, we get

1 [k N bn UV <eb k* n bn
cb\tn " R )= =\ T R )
which yields Equation (2.5)) for ¢ = b? max(cy, ¢, ).

Now, suppose k* > n/c. Take k = |n/c| < k*. Due to definition of k*, 7, < bn. Thus,
by Lemmal[9} V > (k + 1)/(cib®n) > (n/c)/(ci®n) = 1/a for a = ccb?. O

Inspection of the proofs shows that the “essentially low-dimensional” rate k/n comes from

the first k& components of the vector 9(6) and the term (n >, ;. A?) /(3o )\i)2 comes

2Recall the notation @(e) introduced in Section
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from the rest of the components of é(e) . Note that if one plugs in \; = A; for all 4,7 > £*,
then it becomes (nY ;o4 A?)/ (X iape )\,;)2 =n/(p — k*) — exactly the variance term of the
“essentially high-dimensional” regime discussed earlier in Section [2.3] Thus, we can make
a conclusion that the only way that an interpolating solution can damp the noise by more
than a constant factor is the following: the data is such that after removing k components,
it becomes “essentially high-dimensional”, meaning that the effective rank of its covariance
is large compared to the number of data points. The learning only happens in the first &
components, and the corresponding variance in the first £ components is the same as for
the classical least squares. The variance in the rest of the components corresponds to the
“essentially high-dimensional” case, where you cannot learn but the noise is still damped.
Note, however, that we haven’t completely justified that story yet, because only the variance
term was bounded sharply so far. We understood when the model doesn’t overfit to the
noise, but we haven’t yet shown what the model actually learns.

Effective rank

The notion of effective rank appears in two different places throughout the derivation Theo-
rem 11} we need large 71 to sharply estimate the eigenvalues of Ay and the first place where
rr becomes large turns out to also give the right choice of ¢. Because of this coincidence, the
final result has such a simple form.

Due to such a prominent role of the effective ranks in the argument, it is informative to
discuss which sequences of (ry)i_; are possible. The following theorem gives an answer to
this question.

Theorem 12. Consider some positive summable sequence {\;}2,, and for any non-negative
integer ¢ denote
-1
j>i
i=0 Wi

oo and for every i u; > 1, there exists a positive sequence {\;} (unique up to constant
multiplier) such that r; = u;. The sequence is (a constant rescaling of)

Thenr; > 1 and >, ;" = co. Moreover, for any positive sequence {u;} such that > o2 u; ' =

k—2
M=t A=),

%
1=0

The proof can be found in Appendix [A.2]

In Lemma [10| we introduced another quantity: Rj. This quantity can be seen as another
measure of the effective rank of sequence (\;);~x. Indeed, if we fix the value of ZD i, then
under this constraint the value of »°,_, A7 will be minimized when all \; are equal to each
other, resulting in Ry = p — k, and it will be maximized when A;;; is the only non-zero
element in the sequence, resulting in R = 1. Thus, R can be seen as a measure of how
spread the energy of the covariates is between the coordinates starting from k + 1-st. Let’s
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add dependence on ¥ to the notation of ranks, that is, write r,(X) and Rj(X) instead of ry,
and Rj. Then the following lemma shows that the two notions of effective rank are closely
related.

Lemma 13. 7(2) > 1, 72(2) = rp(Z*)Ri(X), and rp(2?) < rp(B) < Ru(T) < r2(2).

Proof. The first inequality and the equality are immediate from the definitions. Together
they imply Ry(X) < r2(X). For the second inequality,

Zz’>k )‘12 < )‘k+1 Zi>k A;

Tk?(zz) - :rk(E).

2 2
)\k+1 )\k+1

Substituting this in the equality implies r;(32) < Ry(X). O

Further in this chapter we will obtain a sharp bound on the bias term and see that the
signal can only be learned in the first £* components, while in the remaining components at
least a constant fraction of the signal will go into prediction error. Because of that, and our
bound on the variance term, we give the following definition.

Definition 14. We say that a sequence of covariance operators 3, is benign if

A T T e sy

where kY = min{k > 0:r,(3,) > bn} for the constant b from Theorem applied for the
case o, = 1.

In the following theorem, which is proved in Appendix [A.2] we study several examples
of covariance sequences and derive for which values of parameters they are benign.

Theorem 15. Define A\, := pr(X,) for all k,n.
1. If Mgy = k72 In"?(k 4 1), then X, is benign if and only if « =1 and § > 1.
2. If My = k~0F0) then 3, is benign if and only if w(1/n) = a,, = o(1).
3. If

k= if k< pn,
/\kn = .
’ 0 otherwise,
then X, is benign if and only if either 0 < o < 1, p, = w(n) and p, = o (nl/(l_"‘)) or

a=1, p, = eV and p, = ™.
4. 1f
Vi + €n Zf k < DPn,
)\k n — .
’ 0 otherwise,

and v, = O(exp(—k/7)), then X, is benign if and only if p, = w(n) and ne=°" =
€nDn = 0(n).
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2.4 Main bounds for ridge regression

In this section, we complete the story of Section by providing sharp bounds on the bias
term, extending the results to the setting of ridge regression with nonzero A, and replacing
the assumption of independence of the components by a much broader sufficient condition.
The notion of k* is the main discovery of Section [2.3] Now we start with separation of the
first k eigendirections right away, and show that the same split leads to a bound for the bias
term that is in full alignment with the previously obtained intuitive explanation.

The central object in our analysis is the following matrix:

A= X oo X Lo+ M, (2.6)

Note that extends the definition of A; that we gave in Section to the case when A
is not zero.

The matrix X ..o X loo is the Gram matrix of the data after removing the first £ com-
ponents. Ay is obtained from that Gram matrix by shifting all eigenvalues by the ridge
regularization parameter \.

To take into account the effect of regularization on the notion of effective rank we intro-
duce the following notation: for any k& € {0,1,2,...,p — 1} define

1
= A Ai |-
o= e (2]

i>k

For A = 0 we have p, = ry/n, where ry is the effective rank introduced in Section .
For example, k* from that section is the first index k£ for which p; becomes larger than a
constant.

In Section [2.3] the crucial step was to show that the singular values of Aj are within a
constant factor of each other for k¥ = k*: Lemma [0] showed that when the components of
data vectors are independent, such control over the condition number is a consequence of
high effective rank. In the remainder of this chapter, the roles of effective rank and condition
number of Ay are reversed. We prove sharp bounds assuming that there is some oracle that
guarantees that with high probability all eigenvalues of A are within a constant factor of
each other. Independence of components is not needed. Moreover, such control implies that
pr is at least a constant, which, in turn, implies sharpness of the bounds. In other words,
we provide a more general condition under which the tail of the data is “essentially high
dimensional” — instead of assuming independent components and high effective rank, only
oracle control of condition number of Ay is needed. In Section we provide an extensive
discussion of this assumption: we show that a version of a small-ball condition for the tails
of the data is required and that a stronger version of the same condition is sufficient if the
data is sub-Gaussian.

The bound that we obtain for the bias term is given informally by the following expression:

A+Zi>kAi>2

B~ |6l3,. + 110502 ( n
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One can see how it aligns with the intuition of “essentially low-dimensional” and “essentially
high-dimensional” parts: one cannot estimate the signal in the high dimensional part, so
almost all of its energy [|0}. ||3;, _ goes into the error. When it comes to the low-dimensional
part, the high-dimensional part acts as a ridge regularizer for it, so the bias in the first
k components is the same as that of ridge regression with regularization coefficient A\ +
> iox Ai (i-e., the full regularization is equal to the explicitly imposed part A plus “implicit
regularization”, which is equal to the energy of the tail of the covariance.)

Our extension of the results to the ridge regression scenario allows us to answer the fol-
lowing question: can it happen that the “essentially high dimensional part” has too much
energy, meaning that it provides too much regularization and negative A is needed to com-
pensate for that? In Section [2.8] we show that this indeed can happen and that the following
is sufficient for it to be true: the noise and the energy of the signal in the tail (components
k : 00) are small compared to the signal in the spiked part (components 0 : k), but the
effective rank of the tail abruptly becomes much larger than n.

The central objects in our proof are Ay and p;. In principle, any control of the spectrum
of Ay, leads to some upper bound on B and V (see our Theorem , the question is when
that bound is tight. The intuitive answer is the following: the bound is tight when the
condition number of Ay is a constant and & is chosen correctly, meaning that either p; is a
constant or k is the smallest number such that py is larger than a constant (i.e., k = k*)ﬁ
Our arguments, however, only support this intuition when the following technical assumption
holds for some constant v < 1:

NoncritReg(k,v) Assume that A > —y 3. \;.

The reason why this assumption is needed is that as A approaches — > ., A;, EA;, approaches
zero. It still can be possible to bound the eigenvalues of A, with high probability in such
regime, but their magnitude will be smaller, and some error terms that were dominated
before become significant. We do investigate such a regime in Section 2.8} where we show that
negative regularization may give better rates than any value of non-negative regularization,
but we only provide an upper bound there. For all the results we discuss in this section, we
make Assumption [NoncritRed(k, 7).

The focus of our work was to obtain the tight upper bound on the excess risk under
minimal assumptions. Such minimal assumption turns out to be

CondNum(k, 0, L) Assume that with probability at least 1 — ¢ the matrix Ay is positive-
definite (PD) with condition number at most L.

We provide a thorough discussion of this assumption in Section for example we derive
sufficient and almost matching necessary conditions for it to hold when the distribution
is sub-Gaussian. The reason why we don’t just assume those sufficient conditions is that
we believe that sub-Gaussianity is not essential for our results to hold, as we discuss in

3Note that there may be several values of k that satisfy these conditions. Applying our upper bound for
any of those k will yield the same result up to a constant factor.



CHAPTER 2. REGRESSION 25

Section [2.6] Moreover, the matrix Ay, is the central object in our argument, and making an
assumption on its condition number explicitly makes presentation easier.

A careful reader will notice that we have just stated that another condition is needed for
the bound to be tight: k& should be chosen in the right way. This, however, can be achieved
by shifting k to k* if necessary: indeed, assumptions [NoncritReg(k, ) and [CondNuni(k, 6, L)
imply a constant lower bound on pj (see Corollary . That means that either p; is a
constant, or it is more than a constant, i.e., k > k*. In the latter case one can shift from
k to k* meaning that Assumption [CondNumi(k*,d’, L') also holds with modified constants
§', L' (see Lemma [26| for the exact statement). Now applying the upper bound (Corollary
with k = k* gives tight result, as given by the following.

Theorem 16. Fiz any constants b > 0, v € [0,1), L > 0. Denote
k* = min{k : p, > b}.

There exists a constant ¢ which only depends on o, b, v, L such that the following holds:

suppose (/2,7) and [CondNuml(k, 6, L) are satisfied for some k < n/c and § <

1 —ce™™°. Take k = min(k, k*). Then with probability at least 1 — ce™/¢ —§

At DA Ai)Q : (2.7)

Ble <10} l%,.. + 1664115, ( n

A2
V/CSE—F nZz>k 7 .
n ()‘ + Zi>k /\i)

Moreover py, > ¢, [NoncritReg(k,~y) holds, and there exist L, ¢ that only depend on o,,b,~, L

s.t. (k, §+cde e L)) holds.

Proof. In this proof let’s call any quantities that only depend on oy, 7, b and L “con-
stants”. First of all, if & < k* then k = k. Since we are given that [NoncritRed(k,~)

and [CondNum|(k,d, L) are satisfied, we immediately get that NoncritReg(k, ) and |Cond-
Nu@(kﬁ + e /¢ L') are satisfied with L’ = L and any ¢ > 0. However, if k& > k* then

k = k* and by Lemma (k:, ) and [CondNum|(k, 6 +c'e~™¢ | L) are still satisfied

for some constants ¢’, L'. Note that the larger the constants, the looser the assumptions, so
we can take our final choice of ¢, L’ to be the maximum over two cases.

Now that we know that (k, 7) and |CondNumk,§ + c'e™™/¢'| L') are satisfied,

by Corollary , there is a constant ¢; such that pr > 1/¢; and with probability at least

(2.8)

4That is, the assumptions still hold if we substitute k by k, but with different L, . Further we will see
that satisfaction of these assumptions implies tightness of the bounds for the chosen k.
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_ _ /
1—ce ™ — dem/d _§

k )2
Viey <=+ "2 5
" ()‘ + Zi>k /\i>

Taking ¢ > ¢; + ¢ gives the first part. ]
Algebraically, under Assumption [CondNum|(k,d, L) all eigenvalues of A, are within a

constant factor of each other, so one can pull its operator norm from the expressions and
obtain an upper bound without losing tightness. This strategy, however, doesn’t produce
lower bounds, so we derive them in a different way. Because of that, we impose different
assumptions, namely

IndepCoord Assume that all elements of matrix X are independent (i.e., data
vectors have independent coordinates) []

for the variance term, and

ExchCoord Assume that the sequence of coordinates of 372 is exchangeable
(any deterministic permutation of the coordinates of whitened data
vectors doesn’t change their distribution).

PriorSigns(@) Assume that 8 is sampled from a prior distribution in the following
way: one starts with vector 8 and flips signs of all its coordinates with
probability 0.5 independently.

for the bias term. The reason we introduce them is purely technical: taking expectation
over the prior signs kills the cross-terms in the expression for bias, after which we decompose
bias and variance into sums with respect to individual coordinates of the predictor, and
bound each term in each sum from below. The latter is possible because of the Assumptions
[IndepCoord and |[ExzchCoord. We don’t believe those assumptions to be necessary for our
results to be tight, but because of this mismatch in assumptions, our lower bounds don’t
formally show that our upper bound is always tight. What they show is that one needs
some specific knowledge about the distribution to obtain better bounds. We provide a more
detailed discussion of the relations between those assumptions in Section 2.6, The lower
bounds themselves are given by the following

5Recall that we fix the basis to be the eigenbasis of the covariance from the very beginning. Because of
that, Assumption is stronger than the assumption that elements of X =12 are independent in
some basis, that is often made in Random Matrix Theory literature.
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Theorem 17. Fiz any constants b > a >0, v € [0,1), L > 0. Denote
k* = min{k : p, > b}.

There exists a constant ¢ which only depends on o, a, b, v, L such that all the following
hold:

1. For any k € {0,1,...,k*} under assumptions|IndepCoord, |NoncritReg(k,~), if pr > a
then with probability at least 1 — 26 — ce=/™

2
Vzl E+ nY ik A ne
cA\" <)\+Zi>kz)\i)

2. For any k € {1,2,...,k*} under assumptions [NoncritReg(k,v), [CondNum|(k, s, L),
(0) and if pr > a then with probability at least 1 — 25 — ce™/"

1/(. - _ A3
E¢-B > p (HBk:ooH%;k:oo + HOO:kH;&i (A) > ;

n

where Eg- denotes expectation over a random draw of @ from the distribution described

in assumption [PriorSigny(0) [

Proof. Lemma [22] gives a lower bound for V', and Lemmas [23]| and [24] give the lower bound
for B. Those lower bounds have the desired probability, but different algebraic form. To
bring them to the same form as the upper bounds one needs the right k& to be chosen. We
assumed that p, > a. Moreover, since k < k* by definition of k* we either have pp < b or
k = k*. In both of those cases Theorem [25| guarantees that these lower bounds are the same
as what we need up to multiplicative constants that only depend on o, v, a, b and L. [J

One can notice from this proof that having separate arguments for the lower bounds
results in a different algebraic form of the same bound. This different form turns out to be
convenient to draw explicit connections between our results and results from earlier works.

We do that in Section 2.7

2.5 Effective ranks and control of the spectrum of Aj

The central assumption that we need to compute the excess risk is Assumption
[Numi(k, 6, L), which provides control over condition number of Aj. In this section we discuss
when this assumption is known to be satisfied and what are the necessary conditions for it
to happen.

6Note that under this distribution ||@r.collz,.. = |0 k:colls,.. and ||90;k||2_11c = He*OzkHz—i almost
) o 0: 0:k
surely.
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Effect of A\ on the condition number

Recall that A, = Xk:OOX;:Oo + M, so its spectrum is the shift by A\ of the spectrum of
XX ,I:OO, the random matrix that is equal to the Gram matrix of the projected data.
There are therefore three ways of establishing a constant upper bound on the condition

number of Ay:

1. Establish an upper bound i on g (X .00 X }...) and take A\ > fi/c for some constant
¢ > 0. In this case, the singular values of Ay are all equal to A (and greater than i)
up to a constant multiplier.

2. Establish upper and lower bounds g and g on ,ul(Xk:ooXkT:OO) and ,un(Xk:OOX,IOO)
respectively, such that i/ is a constant. "Then take A > —u/c for some constant
¢ > 1. In this case, the singular values of Ay, are all equal to ji (_or () up to a constant
multiplier. B

3. Establish upper and lower bounds 7 and g on (X e X 1) and fin (X oo X 1.o0)
respectively, and take A = —p + O, where ¢ > ¢(ji — ) for a constant ¢ > 0. In this
case, the singular values of Aj are all equal to ¢ up to a constant multiplier. This
case can be substantially different from the previous case when the singular values of
Xi0oX ,IOO are very well concentrated, i.e., the gap i — p is of smaller order than p
itself. In this case { can be a smaller order term. B B

Our bounds are sharp when assumption [NoncritReg(y) is satisfied for some v < 1, i.e.,
in the first and the second case above. The third case is quite rare because it requires
very good concentration of the spectrum of X ;..o X goo Moreover, in this case A is very
close to the critical negative value under which it is impossible to even guarantee that Ay
is PD as it becomes negative definite in expectation. We use this regime to investigate how
negative regularization can improve excess risk by more than a constant factor in Section
2.8 However, we don’t expect our bounds to always be sharp in this regime.

Therefore, we focus our attention on the first two cases. In Section we discuss in-
formally what conditions on the distribution are necessary to bound p1(X .0 X ;OO) and
tin( X koo X o), and show how notions of high effective rank and norm concentration condi-
tion arise. In Section [2.5 we combine those bounds for sub-Gaussian data with the choice of
A to provide necessary and almost matching sufficient conditions for the condition number
of Ay to be constant under sub-Gaussianity. In Section we show that sub-Gaussianity is
not actually required for the condition number of A; to be controlled with high probability:
Theorem [19|states that norm concentration condition and a modified version of high effective
rank condition are sufficient even if the data only has bounded 4 + € moments.

Informal necessary conditions

There are several easy observations that help understand what is needed for the condition
number of A to be bounded. In the following we use notation U = V to denote that the
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matrix U — V is PSD, we use M [i, i] to denote the i-th diagonal element of the matrix M,
and we denote

1. The first observation is that Xk:ooXkT:OO > At zkﬂzgﬂ, where zy is the first column
of Z..c —a vector with n i.i.d. coordinates with unit variance. By the law of large
numbers, ||zx41]|* & n, meaning that ||Agi125112,4] & Mpin. Therefore, i 2 Agpan.

2. The second observation is that the diagonal elements of X ..o X ,IOO are squared norms
of the tails of data vectors. That is, (X .00 X} )[i, 7] are i.i.d. random variables.

Once again, by the law of large numbers, tr(X .00 X .on) = nY ;- Ai» Which implies
that i1 2 >, i 2 p. Combining it with the first observation shows that i and p can
only be within a constant multiplier of each other when Zbk Ai > cAgypin for some
constant c¢. This is exactly the high effective rank condition p, > ¢ for A = 0.

3. The third observation is that the diagonal elements of a PD matrix themselves provide
bounds on the singular values:

:Un(Xk:ooXZ:oo) < min(Xk:oole;—:oo)[iai] < maX(Xk:ooX;:oo)[iv i] < H’l(XkZOOX;—:oo)‘

i€[n) i€[n]

Therefore, to control condition number of X ;..o X ;:OO by a constant L with probability
1 — 4, it is necessary to guarantee that

% J
Recall that we denote an independent draw of a covariate vector as . We see that
n independent random draws of the random variable ||@..||* should all lie within a
constant factor of some value, meaning that the norm of the tail of a covariate vector
should be within a constant factor of a fixed value with probability (1 — §)/™.

Controlling condition number under sub-Gaussianity

Sub-Gaussianity of the data implies an upper bound on p;(Ay), but doesn’t help with
tn(Ag). To see this one can consider a well-known construction: take a sub-Gaussian dis-
tribution and construct another distribution in the following way: to sample from this new
distribution take a vector from the old distribution and multiply it by v/2 with probability
1/2 and by zero otherwise. The new distribution is still sub-Gaussian with the same co-
variance, but the Gram matrix of n i.i.d. samples from it is degenerate with probability at
least 1 — 27™. Therefore, an additional assumption is needed to lower bound p,(Ag). As we
already mentioned in Section we need norm concentration. Since sub-Gaussianity allows
to bound the norm from above, it reduces to a version of the small-ball condition: ||@k.o||
should be lower-bounded with high probability. The formal result is given by the following
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Lemma 18 (Controlling p1(Ayg)/pn(Ax) under sub-Gaussianity). For any v € [0,1) and
o, > 0 there exists ¢ > 0 that only depends on o, and v such that under Assumption

(k:,’y) the following holds: for any L > 1
e If pr > L? and with probability at least (1 — §)*/™
c

n/c

then with probability at least 1 —§ — ce™
pn(A) > L7 i (Ay,).
e Suppose that it is known that with probability at least ce™™° p,(Ay) > L™ ui(Ay).
Then pr > CLL and with probability at least (1 — ce*”/c)l/n
1
2 2
A+ [ Thiool” = 7 (A + El|lzroo|?) -

The proof is given in Appendix[A.4 One can see that both the necessary and the sufficient
conditions are that pj is lower bounded by a constant and a version of small-ball condition
that says that the regularized squared norm of the data exceeds a constant fraction of its
expectation with probability (1 — &)'/". There is, however, a gap in those constants.

Heavy-tailed case
The following is a direct corollary of Theorem 2.1 from [21]

Theorem 19. Suppose that the distribution of the tail satisfies the following two assump-
tions:

1. Norm concentration: For some é € (0,1/n), L >1 and M >0
P(L7! < ||Zpool| /M < L) >1—4.

2. Heavy-tailed effective rank: for some h > 4 denote ry; > 0 to be the mazimum
number such that for any a € SP™*~! and t > 0

P (\/Th,k ‘aka:oo‘ S t) < —h

M

There exists a constant c¢ that only depends on h such that with probability at least 1 —
ent=hA — ps

X ooX . <M2 L2 + L2 1-h/4 + n + n

,LL1< k: koo) = ( ¢ n Tk [,2 Thk [2 )

Uy (X b X0 Y >M2 (L2 — e [ nt 14 & n_, .
( k: koo) = ( c n Thk [2 Thk [2
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Proof. First, note that by union bound with probability at least 1 — nd all the diagonal
elements of the matrix X ... X ... belong to the segment [L~2M? L?M?]. Next, take the
bound on By from the Case 1 of Theorem 2.1 from [21] with the following choice of their
parameters: k = N, 7 =1, A =p, 0 = 1+ p/4, t = /n. Use that bound for vectors
VThiTheo/M. Note that that By is exactly the operator norm of the off-diagonal part of

Thik X koo X po /M. O

The quantity r, that we introduced in Theorem (19| can be interpreted as a notion of
effective rank for heavy tailed distributions. Indeed, one can write

M
ThE Tt {7 Va € SR IVE > 0P (|a @pa| /7 > 1) < E0)

— the ratio of the typical norm of the random vector to the scale of the worst case deviations
of its one-dimensional projection. This is completely analogous to our usual definition of the
effective rank: r, = )\,;il i~ Ai- Indeed, in sub-Gaussian case /) ., A; is the typical value
of the norm of the vector x.o, and /i1 is up to constant the largest sub-Gaussian norm
of its one-dimensional projection. We see that the conditions under which the eigenvalues of
X 100X .., are within a constant factor of each other with high probability remain the same
even in the heavy-tailed case: the norm of ||xj..o| concentrates within a constant factor of
a fixed quantity, and the heavy-tailed effective rank 74 should be large compared to the
number n of data points.

2.6 Structure of the proof and role of sub-(Gaussianity

Upper bound

The core of our argument is Theorem [20| given below. There are two important things to note
about it: first, it only requires sub-Gaussianity and matrix A, being positive semidefinite
(which always holds with probability 1 for non-negative A). Second, its proof decomposes
very clearly into two parts: an algebraic part, which only requires A; being PD and holds
with probability 1 conditionally on this event, and a probabilistic part, where standard
concentration results are directly plugged into the algebraic bounds. Because of this decom-
position, it is straightforward to track how the sub-Gaussianity is used and how it can be
relaxed. We provide the sketch of the proof to show these details.

Theorem 20. There exists a (large) constant ¢, which only depends on o, s.t. for any
k < n/c with probability at least 1 — ce™™/¢, if the matriz Ay, is PD, then
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pn (A1)
1 Nit1 Nl(A_l)

0.1/ %- k
+| ().Ic”z;():}c <TL2,un(A];1>2 + n ,un(AI;I)Z

2
<—E +nup (A)? Z A2

i>k

Ble <|0i% (1 ; e (A (1 4+ max(0, —A)m(Akl)))

(1 + max(0, —A)m(A;))) 7

Proof sketch. The full proof of Theorem [20| can be found in Section of the appendix.
The following is a sketch of its derivation.
Recall the following notation: for any y

Oy)= X"\, +XX") 'y

In Section 2.3 we introduced the notion of £* for which the behaviour of the variance term
in the first k* coordinates is qualitatively different than in the rest of the coordinates. The
argument from that section, however, relied crucially on independence of the components of
the data. The main idea that allowed us to get rid of that assumption and to obtain the
tight bound for the bias term was to separate the first k coordinates from the very beginning
and to use some sort of uniform convergence argument in that low-dimensional subspace.

The crucial tool that allowed us to realise this idea turned out to be the following algebraic
identity that we prove in Section of the appendix:

é(?/)o:k + X(IkA?Xo:ké(y)o:k = X, A Y.

This identity allows convenient access to the error in the first & coordinates (the spiked part).
The argument decomposes clearly into two parts: algebraic and probabilistic. The alge-

braic part is to decompose the excess risk (up to a constant multiplier) into four terms and

show that the following inequalities hold on the event that the matrix Ay is PD:

(1) Bias error in the spiked part:

1/2
—1/2 5T ~1/2
M1(A;;1) H1 (20:k/ XO:kX02k20:k/ )

Hé(Xg*)Ok - OSZkHEO:k < HXkOO Zoo”

165,111, 1

+ .
(A i (Bt "X L X 02,

(2) Variance error in the spiked part:
. AL (X 0 20 X o,
EE"0(€>O:]€‘|QEO:I€ S /“Li( k ) r(l/QO.kDT 0:k 0.k>1/2 3
fn (A )2 ik (EO:k X 06X 0:8 2.1 )
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(3) Variance error in the tail:
ESHé(e)k:oo - Z:oo“QEkm < N1<Al;1)2tr(Xk:ooEk:ooXszoo)~

(4) Bias error in the tail:

1, * *

S10(X0) o — O1[,.
<165 l%, .+ Arr (1 4+ max(0, = A) (A7) 1 (AR 1 X koo O |1
(A (S X0uX0aZ0) | en

ic12 —1/2 5T —1/2 HEO:Ilc/QOS:kHQ'
pn (A )? (B0 2 X g X 020, )

+ A1 (1 + max(0, =A\) 1 (AL ™))

The probabilistic part of the argument is to control the quantities that arise in the
algebraic bound with high probability. Namely, we plug in

e Concentration of k-dimensional sample covariance with n samples: w.h.p.

1__ _ 1__ _
Hk < ZO:IIC/QX;]rszOZkEO:IIC/2> ~ M1 (EEO:IIC/QX(IkXOZkEO:Ilv/Q) ~ 1.

n
e Concentration of norm of vectors with i.i.d. components: w.h.p.
1 _
ﬁtr(XOIkEO:IIeXE)r:k) Sk,

1
(X koo T b X ) <) A2
n r( k: k: koo) NZ 70

i>k

1

After plugging in the probabilistic bounds, the final result is obtained by a straightforward
computation. 0]

Note that the only probabilistic statements that are used in this proof are concentration of
sample covariance in dimension k and concentration of the sum of n i.i.d. random variables.
The same concentration results hold with weaker assumptions, but with larger probability.
For example, under rather weak moment assumptions only a linear in dimension number of
samples is needed for the sample covariance matrix to concentrate within a constant factor of
the population covariance, see [52] and references therein. It is also interesting to point out
that the “uniform convergence” result that we mentioned in the beginning of the proof sketch
is nothing but the convergence of the empirical covariance matrix n‘12(;,1€/ .6 (IkX ME;}C/ 2
to its expectation I, which is exactly the uniform convergence result that gives the bound

in the “essentially low-dimensional” regime from Section [2.3]
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Despite the fact that the bounds of Theorem [20] apply under very general assumptions,
we don’t expect them to be tight if the condition number of Ay is not bounded by a constant.
When some oracle control of the condition number of Ay is provided, the bound becomes
the following.

Corollary 21. Fix any constants v € [0,1) and L > 0. There exists a constant ¢ that
only depends on o, v, L s.t. for any k < n/c and § < 1 — ce™™¢ under assumptions

NoncritReg(k,~) and|CondNumi(k,d, L), it holds that py, > c=', and with probability at least
p
1—0—ce e,
Be <0il, . + 105l (222 )

k a2
V/C S_ + n Zz>k 7 .
n ()‘ + Zi>k >‘i)

Proof sketch. Assumptions[NoncritReg(k,~) and [CondNum|(k,§, L) imply that all the eigen-

values of Ay, are equal to A+, A; up to a multiplicative constant that depends on L, v, 0.
Plugging it into Theorem [20] gives the result. The full proof is given in Appendix O

The sub-Gaussianity is used in Corollary to ensure that tr(Ay) concentrates around
n ()\ + Zbk )\Z-). Since the diagonal elements of Ay are i.i.d. random variables, the same
concentration would also hold under weaker assumptions with lower but still high probability.

It is also worth mentioning that the story about “essentially high-dimensional” and “es-
sentially low-dimensional” parts is not just an interpretation of the final result: the whole
proof strategy is in accordance with it, as we explicitly separate the two parts and bound
errors in them separately.

Lower bounds

Our lower bounds have a different form from the upper bounds. We show separately that
they match if the condition on effective rank is satisfied. One benefit of this approach is
that the lower bounds provide a different form of the same result, which allows for different
analysis. We employ it in Section

The lower bound for the variance term is given by the following lemma, whose proof is

given in Appendix [A.5}

Lemma 22 (Lower bound for the variance term). Fiz any constant v € [0,1). There
exists a constant ¢ that only depends on o, and v s.t. for any k < n/c under assumptions

\NoncritReg(k,~) and|IndepCoord w.p. at least 1 — ce™/°

1 22 }
V>—) mnil, ——""+——>%.
> i {L
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One can see that the assumptions under which the lower bound is proved are different
from the assumptions required for the upper bound: we require independent components
here. On the one hand, it means that there could be a gap between upper and lower
bounds in some particular cases where one can control the condition number of A, without
independence of components. On the other hand, it means that even such strong additional
assumption as independence of components does not allow the upper bounds to be improved,
which suggests that those specific cases for which the bound is not tight are rare and require
even stronger additional assumptions.

The most general lower bound for the bias term that we prove requires the following
assumption

StableLowEig(k, 5, L) Assume that for any j € {1,2,...,p} with probability[] at least 1 — ¢

:un(A—j) > Mn(EAk)/L = (Z Ai + >‘> /L>

i>k
and that A > = ., A
Then the bound is given by the following lemma, whose proof is given in Appendix

Lemma 23 (Lower bound for the bias term). Fiz any constant L > 0. There exists c that

only depends on o, and L s.t. for any k € {1,2,...,p} under assumptions [PriorSigns(0)
and [StableLowEig(k, 5, L) w.p. at least 1 — 20 — ce™™/°

1 )07
Eg-B > — L

—
- i
! (1 + Ak-s-wk)

where g+ denotes the expectation over the random draw of @° from the prior distribution

described in assumption |PriorSigns(0).

Assumptions [StableLowEig(k, §, L) and [CondNum|(k, 6, L) are formally incomparable, but
informally if k& > 1 then |StableLowkig(k, 0, L) is weaker: indeed, the matrix A_; is obtained

from the matrix A by subtracting \;z; z;, while the matrix Aj is obtained from A by
subtracting Zle \iz] z;, i.e., the sum of k “largest” of the terms \;z, z;. Therefore, the
matrix A_; is “larger” than Ay, and controlling its lowest singular value should be easier.
The following lemma, whose proof is given in Appendix [A.5] formalizes this argument under
Assumption [EzchCoord

Lemma 24. For any v < 1 there exists a constant c that only depends on ~v and o, such

that if assumptions[CondNum|(k, 6, L), [NoncritRed(k, ) and[EzchCoord are satisfied for some
L>1and ke {1,2,...,p}, then StableLowEid(k, § +2e7° cL) is also satisfied.

"Note that the condition on probability is separate for every j, i.e., we don’t assume that events hold
simultaneously for all j.
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When it comes to averaging over the prior given by the assumption [PriorSigns(8), it just
means that it is impossible to obtain a better lower bound without some specific knowledge

of how signs of components of 8" interact with the probability distribution of the data.

Connecting upper and lower bounds

One slight inconvenience with our approach of imposing oracle control over the spectrum of
A, via Assumption (k:, d, L) is the following: what if the oracle provides control for
the wrong value of k? There can in principle be many values of k for which such oracle control
is possible, with not all of them giving the right point where the behaviour changes from
“essentially low-dimensional” to “essentially high-dimensional”. As an example, consider
the isotropic setting with p > n: one can exclude any number k of components such that
p — k > n and still be able to control the condition number.

First of all, in accordance with the result of 3], the following theorem shows that the
“right k" is the k£ that is not larger than k*.

Theorem 25 (The lower bound is the same as the upper bound). Denote

il |7
E = ﬁa
v <1 + )\k+1pk)
o . i AN ?
B = 6coll5. + 105415 (Tk) ’
Vo=

byl A
e Al + 12 )7
Vo= k+ nY ik

n (>‘+Zi>k )‘i)Q.

Fiz constants a > 0 and b > 1/n. There exists a constant ¢ > 0 that only depends on a,b,
s.t. the following holds: if either py € (a,b) or k = min{x : p, > b}, then

c'<B/B<1, ¢'<V/V<L1.

Proof. The proof is a rather straightforward comparison of pairs of sums term by term. It
is given in Appendix [A.9] O

Secondly, if the data is sub-Gaussian, then oracle control for any k& < n results in tight
bounds, but with worse constants. This happens because of the following lemma.

Lemma 26 (k can be taken to be k*). Fiz any constants v € [0,1), b > 0, L > 0. Denote

k* = min{k : px > b}.
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There exist constants ¢, L’ that only depend on o, v, b, L s.t. the following holds: sup-
pose assumptions [NoncritRed(k,~) and [CondNum|(k,§, L) hold for some k € [k*,n]. Then
assumptions Noncm'tRegl(k*,”y) and CondNu@(k*, 5+ ce™™¢ L") hold too.

Proof sketch. Since k > k*, pu,(Ayg) provides a lower bound for p,(Ag+). When it comes
to p1(Ag«), it can be bounded with high-probability because the data is sub-Gaussian. The
full proof is given in Appendix O

The role of sub-Gaussianity

As can be seen from the proof of Theorem [I6] the strategy to obtain a tight bound is the
following: ask the oracle to control the condition number of Ay, if that k is too large, shift
it to k*, and then apply the bound from Corollary 2I} In Section we showed that if
the norm ||@y.|| concentrates, and the effective rank rj, ; is high enough, then the control
over the condition number of Ay is possible even if we have very weak moment assumptions
instead of sub-Gaussianity. Moreover, as we have discussed in the proof sketches, if we
didn’t shift from k to k*, we would only need the usual concentration results such as the
law of large numbers or concentration of k-dimensional empirical covariance matrix with n
samples, which also hold under weak moment assumptions. Therefore, sub-Gaussianity is not
essential to obtain the bound in the form given in Corollary 21} one just needs to substitute
the sub-Gaussian concentration results with their heavy-tailed analogues. However it may
not necessarily give a tight result unless the oracle is guaranteed to choose the appropriate
k (e.g., k = k*). To shift from k to k* we also need an upper bound on ||Ag«||, which we
derive from sub-Gaussianity. According to Section [2.5, an analogous bound is still possible
under weak moment assumptions, but additional work is required: to use Theorem for
k = k* one would need to obtain a high-probability upper bound on ||@+.o|| under moment
assumptions and to relate r; which we use in definition of £* to rj, ;, which is introduced in
Theorem 19

2.7 Alternative forms of the bounds and effect of
increasing regularization

Alternative form of the bound and its relation to classical
in-sample analysis

Theorem 25| reveals an alternative form of the bounds: when p;, is lower- and upper-bounded
by constants or when k£ = k*, the bounds on the bias and variance respectively become equal
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to the following up to a constant multiplier:

p 2)\2

B =Y Ao —Lek (2.9)
— (PrAk41 + Ni)

- 1 & )2

V== ? . (210)

n i=1 (pkAk-i-l + Al)z

These expressions closely resemble the classical expressions for the in-sample bias and
variance of ridge regression. Indeed, a straightforward computation gives

1 R

—IEEHXO - X6
2

= |(XXT(XXT + ML)~ L)XOP + 2| XX (XX + L)%
n

p P \
= Z Xi{vs, WV% +0; % Z /\—%A?’
— <>\/n + )\i) i=1 <)\/n + )\i)

i
N g N g
v vV
in-sample bias in-sample variance

where {\;}?_, are eigenvalues of the empirical covariance n~'X "X and {v;}_, are the
corresponding eigenvectors. Recall that ppApi1 = ()\ + D ik A ) /n. One can see that Equa-
tions — can be obtained from the classical equations for the in-sample risk by
substituting the empirical eigenvalues with population eigenvalues and increasing the regu-
larization level A by >°._, A; — the energy in the tail of the covariance.

Similarly, B has an mterpretation as the bias term of ridge regression with infinite data:
for A > 0 denote 07 to be the solution to the following “population ridge regression” problem:

_ 2o\t
65 = argming [E[| X0 — y||> + )[|6]%] = (2 + EIP) 36"

A straightforward computation gives

1050 = A S

which is equal to B when )\ = NAgr1PE = A+ ZD,C A

Dependence on A\

The alternative form of the bounds presented in Section provides a convenient way to
investigate the dependence on A, which is cumbersome in the initial form because increasing
A may decrease k*. This effect, however, is negligible when Equations f are
considered, as demonstrated by the following lemma that we prove in Appendix [A.9]
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Lemma 27. Suppose k < n/c for some ¢ > 1 and k* < k. Then

N1k < N1 0bs < Apprpr/(L—07Te™h).

Because of this lemma, any k € [k*,n/c| gives the same result (up to a constant factor) in
Equations f. One can, therefore, start with some A and the corresponding k = k*
and then consider larger values of A\ without decreasing k£ in Equations —. The
result will give sharp (up to a constant factor) bounds, which depend on A as follows:

_9 4
B:Z)\ZW:P 7” ()\+Zl>k)\l) =
i (Rt (A + X M) +A)

1 22

7 (O S ) + )

which are obtained by simply plugging in the definition of p; into —.

A particularly interesting case arises when A is large enough that it dominates ), , A;
and all eigenvalues of Ay are equal to A up to a constant multiplier. The corresponding
result is given by the following corollary.

Corollary 28. There is a large positive constant ¢ that only depends on o, such that if

A > cnAp e + 2 Z Ai

i>|n/c|

then

2 (A/n)?
Bjc SZM@H Y ESWEL

Proof sketch. The full proof is given in Appendix [A.9} the following is its outline:
1. Use Lemma (18| to control the eigenvalues of A/, /.|.

2. Use Theorem [I6] to obtain the bounds for k = k*.

3. Use Theorem [25|to convert the bounds into the form given in Equations f.
4. Use Lemma 27| to substitute k* back with |n/c|.

5. Since A > 23", A, A/n is equal to pp A1 up to a multiplicative constant.

Note that the statement of Corollary [28| does not require the notion of k*.
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Comparison with other results

As we saw in the previous section, the alternative form given by Equations (12.9)—(2.10)
has milder dependence on the choice of £* than our main bounds f and allows to
compare to other results for in-sample error of ridge regression. In this section we use it to
compare with more recent developments: the non-asymptotic bounds in [25] and [22].

First of all, we follow [25] and introduce the following notion of effective dimension of the

problem:
_ \;
d(N) == —
=Y

i

where \ is a parameter which can informally be understood as effective level of regularization.
[25] provide non-asymptotic bounds for B and V' in the regime when

n > cd(N/n)log(1 + d(A\/n)), (2.11)

(see their Theorem 2)E| The simplified version of their results given in Remark 17 gives the
following bounds{’|

<1+ ) S

)

1% <£Z>\—12
n (A/n+ X\)?

i

where ¢ is some constant that depends on the concentration properties of the data. This is
the same as the result of Corollary 28 but with different constants. However, our Corollary
covers a wider range of \ if n is large enough. This follows from the following lemma,

which is proven in Appendix

Lemma 29. Suppose that n > ¢* + ¢ for some ¢ > 0 and take
A=cnAjpe +2 Z A
i>|n/c|

Then
n

= 2max(2, (c+1)2)

d(A/n)

Indeed, d(\/n) is a decreasing function of A, and due to Lemma [29| the range of A for
which Corollary [28)is applicable when d(\/n) = O(n), while Equation (2.11)) restricts to the
range d(A/n) = O(n/logn).

8Note that in [25|, the scaling of the regularization parameter is different from ours: to express their

results in our terms one needs to substitute their A by A/n in our notation.
9Note that under our assumptions, approx(x) = 0, where approx(z) is defined in Equation (7) in [25].
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After we first posted our results, the following non-asymptotic bound for the interpolating
regime (i.e., A = 0) appeared in [22]: informally

c clé*]”
|V — Vs SW, |B — Bg| < —
where ¢ is a constant, Vg and Bg are defined aﬂ
2
e (2.12)
Zi (1+;\_1)\i)2
Ail 072
By :=(1 +VS)Zm, (2.13)

and X is the solution to the equation n = d(S\) See their Definition 1 and Theorem 2 for the
exact statement [7] B
Note that because of the equation for A

A2 M AN
Z(M&)ﬁz(ﬂ&)fz(ﬂ A)Q_dm_n’

% 7

This allows us to rewrite (2.12))—(2.13)) as

Vi ! ! > u (2.14)
S = ) c T .
1 z AL )2
a2 Ghay (A A)
. N
By :=(1+Vs) > N0 . 2.15

Comparing these equations with 1) reveals that they are the same up to a
constant multiplier whenever 1% < 1—1/c for some constant ¢ and ppA,y1 is up to a constant
equal to X. In the following, we show that this is indeed the case.

Recall that these results from [22] are for the interpolating regime, i.e., A = 0. Let’s see
how \ is related to Agy1pk. The connection is given by the following lemma.

Lemma 30. Suppose that k < n/c and px > ¢ for some constant ¢ > 1 . Then

A 1 1
e1-2—).
Ak11Pk cl—2

10Here we introduce the notation \ := (yco) ™1, where v and c( are parameters used in [22].
"'Note that there is a typo in their definition of #: a multiplicative factor of ¢y is missing.
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Proof. Denote a = . Then we can write

A
Ak+1Pk

n = _— > = s
; Ai +aXppr Dzk Mev1(apr +1)  app+1

which implies apy, +1 > pr,soa>1—1/p, >1—1/c.
For the upper bound on a we write

i Ai n
DD WAL D werial it

ik W10k a
which gives a < n/(n —k) < c¢/(c—1). O

The similarity of Equations ([2.14)—(2.15]) with our results should not be taken for granted,
and it is actually quite surprising. As we explain in Section , the regime considered in [22]
is significantly different, so it is rather unclear why the results would have the same form.

2.8 Negative regularization

The aim of this section is to find a family of regimes in which the optimal level of ridge
regularization is negative. Since we are comparing different values of A in this section, the
following notation will be useful: recall that for any &

1
0):= )\7;,
pr(0) it Dzk

the value of py for A = 0. Intuitively, the components of the tail of the covariance provide
regularization for the first £ components, and the larger py is, the more is that regularization.
Thus, one could expect that if there is an abrupt jump in the sequence {px(0)},_,, then that
additional regularization is too large and negative A may be optimal.

As we investigate further, a jump in px(0) is indeed one of the sufficient conditions for
optimality of negative regularization, but not the only one: the strength of the noise and how
the signal is distributed among the principal components of the data also play an important
role.

We start the discussion with several informal observations. The first observation is that V'
is a decreasing function of \: indeed, V = tr(El/ XA xxY ?) and increasing \ increases
all eigenvalues of A. Thus, negative regularization cannot help with damping the noise
compared to non-negative regularization, and the noise should be sufficiently small in order
for negative regularization to be beneficial.

Now let’s look at the role of the signal in the tail. It contributes to error in two ways:
first — the components in the tail are not getting estimated themselves, second — the signal
that comes from those components acts as additional noise for estimation of the first k
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components. When A is non-negative, the error of the first type dominates the error of the
second type, but negative A\ can amplify the noise and result in error of the second type
dominating. Therefore, the signal in the tail also needs to be sufficiently small in order for
negative regularization to be optimal.

The final observation is the following: since we only compute the bounds up to a constant
multiplier, the bound in Theorem [16| cannot distinguish between negative and zero regular-
ization. To see this, consider the form of the bound given in Section 2.7} up to a constant
factor the bound is a weighted combination in each component with weight A+3"._, A;, and
as A increases there is no need to change k. Now it is easy to see that for all A in range
from —v >, . A to zero, that weight is the same up to a constant factor. Thus, negative
regularization can only decrease the excess risk by more than a constant factor in the critical
regime, i.e., A\ = — Zbk i + O where ¢ is of smaller order than ZDk Ai. To consider such A
and have A PD we need tight concentration of eigenvalues of X ..o X 2:00 around ZDk A
To ensure such tight control we restrict ourselves to the case of independent components,

i.e., when Assumption |IndepCoord is satisfied. In this case, the eigenvalues of X ..o X ,I:OO
can be bounded according to Lemma [ which we restate below in a slightly different form.

Lemma 31. Under assumption there exists a constant c that only depends on

o, s.t. with probability at least 1 — ce™"/¢,

ul(Xkongoo) SZ/\Z +c n)‘k-f—l + nz/\g )
i>k i>k

(X oo X o) 2D A= [ A+ [0 N2
i>k i>k

The fluctuations nAgy1 + /1Y, A7 will be of smaller order than Y, , A; if pi(0) is
larger than a constant, which is shown by the following bounds:

1
Mt = —— ST, 2.16

1
\/ Dzk \ " Dzk Vo (0) Dzk

Using this lemma allows us to obtain following two lemmas. See Appendix for the
proofs.

Lemma 32 (Lower bound on the bias for any non-negative regularization). There exist
constants b, ¢ that only depend on o, such that the following holds: suppose that assumptions
\Indep Coord and |PriorSigns(0) hold. Take k = min{x : p.(0) > b} and suppose that k > 0.
Then with probability at least 1 — ce™™/¢ for any X > 0

(zi>k )‘@')2.

n2

1 -
B> Z|00..]1%_
EoB > —|Boall3
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Lemma 33 (Upper bound on excess risk for some negative regularization). There exists a
constant c that only depends on o, such that the following holds: suppose that assumptions

(9) and hold and that p(0) > ¢ for some k < n/c. Assume also that

2
1, - Dok Ni
V2 < —HOO:kH;}%. (2.18)
c 0k 3 (Ez>k )\i)
Then there exists such A\ < 0 that with probability at least 1 — ce™™/°
k _ PR T: Aet1 2imi Nz
Eg- B + vV <c (vig + vel|€our ]| -2 >T’“ + ”90:’“”22(;,1% + 10k llE, | -

Lemma [32| provides a lower bound on the expected (over noise and 8*) excess risk which
holds w.h.p. uniformly over all non-negative A. Lemma [33| provides an upper bound that can
be achieved by some negative \. Combining these two lemmas gives a sufficient condition
for the optimal A to be negative, which is given by the following theorem.

Theorem 34. There exist constants b and ¢ that only depend on o, such that the following

holds. Suppose that assumptions [PriorSignd(0) and hold. Take k = min{x :

px(0) > b} and suppose that k < n/c. The value of A that minimizes Eg+B + v,V will be
negative with probability at least 1 — ce ™€ if the following conditions are satisfied:

small noise:

. ) \
2 < ||49o:k||2&11c . (Zbk )\i) (Zi>k )\i)

e — N 5 s
¢ nk n3y ik A

Jump in effective rank: pr(0) >c,

n

Zi>k )‘1)2

. . . - 1~
small signal in the tail: H9k:ooH§,m SEHOO:kl‘;&i (

Proof. 1t is easy to see that by taking c¢ large enough, the conditions of Lemmas 33| and
are satisfied, and the upper bound in Lemma becomes lower than the lower bound in
Lemma [32] O

We see that the conditions indeed align with the intuition outlined in the beginning of this
section: we need small variance, small signal in the tail, and a sharp jump in effective rank.
However, we do not have matching lower bounds in the critical regime when Assumption
[NoncritReg(k, ) is not satisfied for a constant v > 1. Thus, we don’t know whether these

conditions are also necessary.
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2.9 Comparison to related works

Motivated by the empirical success of overparametrized models, there has recently been a
flurry of work aimed at understanding theoretically whether the corresponding effects can
be seen in overparametrized linear regression; see, e.g., |33, 43, 5, 6, 44, 60, 62, |46] and other
references in this section.

The results that aim at characterizing the generalization performance of linear methods
can be split roughly into three categories. The first category is results that give exact
expressions of the excess risk in the asymptotic setting with ambient dimension and the
number of data points going to infinity, while their ratio goes to a constant, and the spectral
density of the covariance operator converges weakly to some limiting distribution [15] 24} |59,
47).

The second category is results that make strong assumptions on the distribution of data
(e.g., that data vectors have i.i.d. components or come from a uniform distribution on a
sphere) and derive bounds on excess risk of linear regression with some specific features, or
kernel regression with a kernel that has some specific properties [41], |18] 138, 17, 32]. Some
of these results are also asymptotic, and some are non-asymptotic.

The third category is results that prove non-asymptotic bounds depending on the arbi-
trary structure of the covariance of the data. This is the category to which our work belongs.
The other works in this category are [28], [12], [14] and [13].

There have been many related works since our results were first posted on arXiv [53], for
example, [36, 37, (19,39, 4, |9} 42, 45, (35|, 50} 29, |7, 11] etc. [22] obtained a finite sample version
of the asymptotic results of the old version of their paper [24]. In Section we provide
an explicit comparison with our results. More recently, [36] obtained generalization bounds
for kernel ridge regression under similar assumptions to those we consider here (see their
Assumption 1). [29] used the idea of separating the first &k eigendirections of the covariance
to study excess risk of minimum norm interpolators with arbitrary norms and Gaussian data.
[4] obtained results which belong to the intersection of the first and the second categories
which we described in Section (see their Theorem 4.1). [50] constructed an example of
a misspecified setting (i.e., the noise is not independent from the data) in which our results
don’t hold even though the condition number of the matrix Ay is a constant (see their
Example 1).

Next, we provide more detailed comparison with other works and discuss some technical
aspects.

Results from the first category |15, 24, |59, 47] compute exact asymptotic expressions
for the excess risk assuming that p/n goes to some constant as p,n go to infinity, and that
the spectral distribution of 3 converges to some limiting distribution. From the point of
view of our approach, such distributions are indistinguishable from isotropic: indeed, the
very existence of limiting spectral measure implies that almost all eigenvalues are within a
constant factor of each other. Many of those works even assume explicitly that the spectrum
of 3 is upper- and lower-bounded by two constants [47, page 7], [59, Assumption 1], [24],
Theorem 3]. Our results don’t need any asymptotic set up, and apply to p = oo with some
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fixed summable sequence \;, which has no meaningful notion of limiting distribution, and
no separation from zero is needed. For example, our setup covers kernel regression with a
fixed kernel and increasing number of data points. On the other hand, when all \; are within
a constant factor of each other, our lower bounds become B > ||0"||s/c and V' > 1/¢, so
the constant part of the whole signal doesn’t get learned and the variance term is at least
a constant, i.e., the asymptotic expressions obtained in the works from this category are all
just different constants and our approach cannot distinguish them. Therefore, we answer
significantly different questions: while the asymptotic work distinguishes between constant
error rates, we investigate when the error can be less than a constant. The final difference
with our work is rather technical but quite strong: all the works in this category assume that
the coordinates of the data become independent if multiplied by the inverse square root of
the covariance. This assumption stems from asymptotic random matrix theory techniques,
on which these papers are based. To the best of our knowledge, it is not known how to
extend these techniques beyond random matrices with independent elements. Our approach,
however, does not require the coordinates to be independent.

When it comes to the second category, featurized or kernel regression [41, |18, 138, |17,
32|, the difference from our approach is that we do not assume any particular mechanism for
data generation or how the features are constructed, but we directly make assumptions about
feature vectors. Our results can in principle be applied in this setting if one computes the
spectrum of the population covariance for particular features or kernels and the corresponding
sub-Gaussian norms. The major difficulty that precludes such a direct comparison is that
that computation is not straightforward. The works from this category operate in a more
particular setting and circumvent the computation of the spectrum of 3. On the other hand,
it is not hard to trace strong similarities with our approach on the level of the proof. First
of all, all the papers in this category that we are aware of assume that the data comes from
a very regular distribution: either d-dimensional isotropic data with i.i.d. coordinates |32
Assumption 1], or data from the uniform distribution on the sphere [38, |17, abstracts], [41},
Section 3.2|, or data from the product of two uniform distributions on spheres |18, Section
2.1]. Second, in all those papers the kernel is either spherically symmetric |18, Section 2.2],
[32, Equation 4] or close to being spherically symmetric due to isotropic initialization of the
neural network or isotropic choice of random features [17, Assumption 1], [38, Thorem 2], [41],
Section 3.2]. After that, they consider the regime where n is large compared to d* for some «
[41, Assumption 1], [18, Theorem 1], [38, 17,32, abstracts]lr_zl. Finally, all those papers derive
that kernel regression works effectively as ridge regression with polynomial features up to
degree « |41, |17, abstracts], [18, Theorem 1], |32, Proposition 1 and Section 2.3]. The only
exception is [38], who derive asymptotic expressions for excess risk when the true function
is affine (i.e., a polynomial of degree 1) plus Gaussian misspecification. The connection
with our results is that in such a regime (uniform distribution on the sphere, spherically
symmetric kernel) polynomials are exactly the eigenfunctions of the kernel operator, which
plays the role of the covariance operator, and there are k ~ d* of polynomials of degree at

121n [38] a = 1.
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most . Thus, their approach is similar to ours: separate the first k eigendirections (or their
approximations) and show that other directions act as regularization.

The third category is where our work belongs, so a more concrete comparison to other
results is possible. [28] proved that negative ridge regularization is optimal in a spiked
covariance model with one spike, which is a simple particular case with £ = 1 of our results.
In Section[2.8 we showed that negative regularization is optimal under a rich set of covariance
structures, and gave general sufficient conditions. [12] obtain non-asymptotic bounds for bias
and variance in the ridgeless setting. They assume Gaussian data and the existence of k*,
which means that our results apply in their setting. Our bound for the bias term is tight, so
it cannot be worse than theirs by more than a constant multiplier. At the same time, their
bound on the bias term can be much worse than ours: note that their bound depends on
|0%]|, while our bound scales with ||@*||s, therefore their bound can be arbitrarily close to
infinity while our bound stays finite. When it comes to the variance term, the bound of |12]
is larger but holds with smaller probability, as they discuss when they compare their results
to those in [3]. [14] start with an arbitrary covariance matrix and construct a specific data
distribution for which the approximation error E[|@ — 6*||2 has an explicit expression. We
provide bounds for the excess risk ||é — 0%||%, so our results are not directly comparable to
theirs. [13] consider expectation of the projector on the orthogonal complement to the span
of i.i.d. data with arbitrary covariance and derive tight upper and lower bounds for it with
respect to Loewner order. The bias term in our setting is exactly such a projection of %,
but measured in || - ||x. Because of this mismatch in the norm, the results of [13] do not
translate into our results directly, even if we consider the expectation of the bias term.

2.10 Conclusions

Our results characterize when the phenomenon of benign overfitting occurs in high dimen-
sional linear regression, with gaussian data and more generally. We give finite sample excess
risk bounds that reveal the covariance structure that ensures that the minimum norm inter-
polating prediction rule has near-optimal prediction accuracy. The characterization depends
on two notions of the effective rank of the data covariance operator. It shows that overpa-
rameterization, that is, the existence of many low-variance and hence unimportant directions
in parameter space, is essential for benign overfitting.

We then studied the excess risk of ridge regression and showed how geometry of the data
can influence both which part of the signal is learned and how the noise is damped. For a
range of values of the regularization parameter we showed that learning can be seen as the
composition of two parts: classical ridge regression in the first k& components (the “essentially
low-dimensional part”) and learning the zero estimator in the rest of the components (the
“essentially high-dimensional part”). We introduced a general assumption under which the
data is “essentially high-dimensional”, and provided geometric sufficient conditions for its
satisfaction. Moreover, we investigated the regime in which the “essentially high-dimensional
part” has too much energy, and derived general sufficient conditions for negative regulariza-
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tion to be optimal: small noise, small energy of the “essentially low-dimensional part”, but
an abrupt jump in the effective rank.

On the technical side, our proof decouples cleanly into an algebraic part, which holds
with probability 1 for non-negative regularizationﬁ and the probabilistic part, where we
plug in well-known concentration results from high-dimensional probability. This makes it
easy to trace how different terms in the bound correspond to the parts of the estimator, and
supports the geometric interpretation given above.

We provided a thorough overview of the related papers, and explained how our results
are significantly different from them despite some optical similarities. Those similarities,
however, are intriguing, and hint at the task of developing a unified treatment of different
regimes of overparameterized linear regression as a promising direction of future work.

I3For the case of negative regularization we need to condition on the event that all the necessary symmetric
matrices are PD.
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Chapter 3

Classification

3.1 Introduction

In this chapter we turn our attention to binary classification. Our main goal is to study how
benign overfitting can happen in this setting.

Binary classification problem setting

We consider a mixture of two classes with the same covariances ¥ € RP*P and symmetric
(with respect to the origin) centers {—pu, p} C RP. Both classes have the same probabilities.
More precisely, the matrix whose rows are the data points is given as

X =yp' +ZXV? e RV,

where y € {—1,1}" is the vector of class labels, whose components are i.i.d. Rademacher
random variables, and Z € R™? is a matrix with i.i.d. isotropic rows. We also denote
Q = ZX'Y? — the matrix of covariates with centers of clusters subtracted. We always
consider the overparameterized regime, that is p > n.

We consider linear classifiers which assign label sign(w'z) to a point * € RP. Here
w € R? is the weight vector of the classifier.

Imagind'| that we had some control over the deviations of the rows of Z in all directions,
namely, imagine that there is some function ¢ : R>o — R such that, for any v € SP~! and
t>0

P(zTv < —1) < (1),
is a random draw from the same distribution as the rows of Z. Then the probability
Tx) could be bounded as

where z T

of an error for the classifier x — sign(w

T21/2 T T
P (w22 <0) =p (B2 s ) <o (R0,
lwl|= lwl|= lwll=

"'We don’t actually impose any assumptions on ¢ throughout the chapter.
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That is, the quantity p'w/||w||s provides control over the probability of predicting the
wrong label on a new data point. Moreover, if rows of Z have Gaussian distribution, then
by the same argument the probability of an error is exactly ®(—p'w/||w|/s), where ® is
the normal CDF.

The main quantitative results of this chapter are bounds on g Wyidge/||Wridge||s, Where
Wridee 15 the solution to the ridge regression problem defined as follows. First, we assume
that we are given a vector of labels ¢, which contains some label-flipping noise, that is, ¥ is
obtained from y by flipping the sign of each of its coordinates independently with probability
1. Then, for a given regularization parameter A € R we define

Wrigge '= X (XX T + A\, 'y, (3.1)

where I,, € R™" is an identity matrix. An interesting particular case of this solution arises
when A = 0. In that case X w = g, that is, this solution exactly interpolates labels y. When
A = 0 we introduce separate notation for w,igge — wnni. Here MNI stands for the Minimum
Norm Interpolating solution.

Assumptions on the distribution of the covariates

When it comes to the assumptions that we impose on the data distribution, we follow the
steps of Chapter

First of all, let’s denote the eigenvalues of ¥ in non-increasing order as {\;}¥_; and fix
the basis to be the eigenbasis of 3, that is, ¥ = diag(Ay,..., ). For the remainder of the
chapter we will work in this basis. We assume that for some k, which is small compared to
n, removing the first £ columns of the matrix @ makes the “effective rank” of its rows large
compared to n. The exact notion of large effective rank that we use is somewhat technical,
and we postpone its introduction to Section . When the data is Gaussian (or, more
generally, if the matrix Z has independent sub-Gaussian elements), that condition would be

A4) Nzl nha+ n) M2, (3.2)
1>k >k

where ¢ is a large constant. Note that the regularization parameter A adds to the energy of
the tail of the covariance spectrum »,_, A; in the left hand side of the expression. That is,
the notion of effective rank depends not only on 3, but also on the regularization applied.
In Chapter [2| we showed that for A = 0 the condition is necessary for benign overfitting
to happen in linear regression.

Apart from the “large effective rank” condition described above, we also need several
concentration inequalities to hold. Those inequalities, however, are rather standard (such as
law of large numbers for i.i.d. random variables or sample covariance concentration in low
dimensions), so we opt with assuming that those inequalities hold directly, instead of deriving
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them from assumptions on the distribution of the data. We introduce those inequalities in
Section [3.3

When we began this work on classification, our motivation to consider such a regime was
rather technical: we just believed that the quantities of interest can be accurately evaluated
in this regime using existing techniques. However, our results suggest that such a structure
of the data is necessary for benign overfitting to occur. We elaborate on that point in Section

B8

First result: recovering the geometry in the noiseless setting

Even though our goal is to study benign overfitting, the first result that we obtain is actually
for the “noiseless” setting, that is, n» = 0 and y = y. In this setting, our bounds show that
Wyigge performs effectively as Q' A~ 'y + (X + n~'AI,) 'y, where A = \ + > ik Ais and
A=M\,+QQ". Let’s look at those two terms separately. First of all, the vector Q" A 'y
has symmetric distribution and has no dependence on pu, so it plays the role of a noise term.
The vector p should be large enough in order for that noise term not to dominate. On
the other hand, the term (X + n~'AI,) ' can be seen as a “ridge regularized version” of
the optimal classifier. Indeed, the direction w that minimizes p'w/||w|s is T 'pu — p is
multiplied by the inverse of the covariance. In the expression (X +n~'AI,) ' we multiply
p by inverse of the regularized version of the covariance, and the energy of the tail of the
covariance ) ., A; adds to the explicit ridge regularization A\. Another way to think about
it is to introduce k* as it was done in Chapter [2

k* ::min{k:n)\k+1<)\+z>\i}, A=A+ A

1>k i>k*

Then the direction above can be rewritten up to a constant factor as

-1 —1
(AT + 1)~ (" Af“’ﬂ*““**) .
k*:00

We see that the ridge regression solution performs the optimal linear transform in the first
k* coordinates, but is proportional to g without any transformation in the remaining coor-
dinates. Throughout this chapter we refer to this effect as “recovering the geometry” in the
first k* components.

Therefore, we show that there are 3 regimes for the noiseless setting: when p is small
in magnitude, the “noise term” QTA_ly will dominate in terms of both uT'wridge and
| Wyidge s, and the quantity g ' w,iqee Will be negative with probability close to 50%, resulting
in no meaningful bound on classification performance. As the magnitude of p grows, the term
(X4+n"'AI,) 'p will start dominating in terms of the scalar product with g, while the term
Q" A 'y will still dominate in terms of the norm in X. This regime already yields a non-
vacuous classification guarantee, but still does not exhibit the full “recovery of the geometry”.
Finally, as p becomes even larger, wyiqge performs effectively as (X 4+ n~'AI,) ' p.
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It is also worth noting that the direction (X + n~'AI,)"'u approaches St oas A de-
creases, which suggests that one should always use the smallest possible (perhaps even neg-
ative) regularization to achieve the best classification performance. This conclusion is not
straightforward, however, since decreasing A also increases the noise term Q' A 'y. Never-
theless, we show that it is indeed the case, and one cannot gain a significant (in a certain
sense) increase in performance by increasing A beyond the point at which the data has high
effective rank in the tail of the covariance when 7 = 0.

Second result: benign overfitting

When it comes to the case with label-flipping noise, we show that the structure of the solution
vector may change significantly compared to the case without that noise, depending on the
magnitude of . In the case of MNI, adding label flipping noise multiplies the solution vector
by a certain scalar, and it also picks up an additional “noise component” in the orthogonal
direction, which has no dependence on . As p becomes large, that multiplicative scalar
becomes close to zero-mean, that is, it flips the direction of the noiseless solution with
probability close to 50%. Moreover, the new orthogonal “noise component” becomes much
larger in magnitude than the noiseless solution.

Nevertheless, even though the solution vector for the noisy case may look very different
from the noiseless case, the bounds on ,u,Twridge and ||Wyidge||s remain rather similar. The
bound on gt ' w,ige remains practically the same, while the bound on ||wyiage||s only picks
up one additional term, corresponding to the norm in 3 of that additional orthogonal “noise
component” that we mentioned above.

As a result, our bounds Suggestﬂ that the noisy solution goes through the same regimes
as the noiseless one, but picks up an additional regime when g is very large in magnitude.
In that regime, our bound completely loses dependence on g and becomes just a function
of the covariance. Interestingly, the conditions under which the bound becomes small (that
is, the conditions under which we obtain benign overfitting in this regime) are exactly the
same as the conditions for benign overfitting from the Chapter

Comparison of classification and regression

Let us recap the main conclusions of Chapter [2] and highlight some connections and differ-
ences with our classification setup.

In Chapter [2| we considered the minimum-norm interpolating solution for an overparam-
eterized linear regression problem. In the notation of this chapter, it can be formulated as
follows:

~

0 = argming g, ||0|| s.t. QO = QO" + ¢,

2Unfortunately, we only provide a lower bound on MT’wridge /|| Wridgells for the case with label-flipping
noise without a matching upper bound, so we can only make a statement about the bound itself, not the quan-
tity N‘Twridge/llwridge”)i here. We do believe, however, that this statement applies to MTU’ridge/eridge”Ea
and we speculate why in Section
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where we introduced 8* € RP — the coefficients of the ground truth linear model, and
e € R"® — a noise vector, which has independent centered components with variances v..
The random noise € is independent from Q.

The solution for 8 has a closed form expression:

6=Q A QO +e),

and thus the mean squared error on a test point can be bounded as

|

The first term in the right-hand side of Equation ({3.3) constitutes the bias of the MNI
solution to regression, while the second term constitutes the variance. The main result of
Chapter [2] is that under the structure that we introduced in Section [I.3] the variance term
becomes small for the following reason: in the first £ components, the noise vector € gets
projected from dimension n onto a small dimension k, and thus its energy gets damped by a
factor k/n. The remainder of that noise vector, however, gets smeared over the components
k : 0o. Since the tail of the covariance has high effective rank, a newly sampled data point
will be almost orthogonal to 0 in those components, so it doesn’t matter that they absorbed
the noise. When it comes to the bias term, we showed in Chapter [2| that in components
k : oo no learning happens, that is, almost all the energy of the signal [0}, ||s,... goes into
the bias term. All the learning happens in the first & components, and the corresponding
part of the bias term behaves like a bias term of classical ridge regression in dimension k£ with
regularization ), , A;. In short, the tail of the covariance provides implicit regularization
to the low-dimensional linear regression in the first £ components. The signal is not learned
in the tail at all, but at the same time it doesn’t matter that it absorbs the noise.

On the one hand, the classification setting that we consider in this chapter is fundamen-
tally different from the regression setting. Indeed, in regression the “signal vector” 0 is
an element of a dual space. The data matrix Q measures 8™ through evaluating the cor-
responding linear function. In our classification setting the “signal vector” p is baked into
the design matrix X = Q + yu ', and the matrix Q obscures p instead of helping to mea-
sure it. Because of that, it is not clear how to apply the high-level conclusions of the work
on regression to the classification setting. For example, a naive application would suggest
that if p is supported on the tail of the covariance (i.e. if ||pg..|| = 0), that should result
in high classification error, because no learning happens in the tail. This is not correct,
as our bounds can imply arbitrarily high classification accuracy in this setting. Since p is
baked into X, a plausible interpretation could be to say that the “useful space” in which the
learning happens is the span of the first k eigendirections of the covariance together with p
itself. Unfortunately, we did not find such a decomposition of the space useful in terms of
obtaining a clear argument.

On the other hand, our argument shows very strong connections to the regression setting.
In Section we stated that in the setting without label-flipping noise, w,iqqe behaves as

0 —6||_<|(I,-QTA"Qe|,+[QTA |, (3.3)
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QA 'y + (X + n~'AI,)"'p, and one can immediately see that the first term in that
expression is almost exactly the variance part of the regression solution. Moreover, the vector
(2 +n~'AI,) 'y arises as an approximation to the vector nA™'(I, — QT A™*Q)u, which
is directly analogous to the bias part of the regression solution. Therefore, for the setting
without the label-flipping noise, the bound on ||w;idge||s has almost the same expression as
the bound on ||6* — 9“; Since the quantity of interest in this chapter is g Wyigge/ || Wridge| s,
we see (at least on a technical level) that having high classification accuracy is strongly related
to having small prediction error in regression. Furthermore, in Section we talk about “an
additional noise component in the orthogonal direction”. As it turns out, this component also
has a very similar structure to Q' A 'y (see Section for the precise derivation). Because
of that, in the large p regime with the label-flipping noise, our bound on pt" Wyidge/|| Wridge || s
becomes something like 1/||Q" A  y||x. That is, if p is large, the conditions under which
the classification accuracy is high are exactly the same as the conditions under which the
variance of regression is low. This suggest that the mechanism by which the regression
solution “hides” the noise it interpolates is very similar to that used by the classification
solution.

Overall, even though there are very concrete connections between our classification results
and the regression results, identifying either a clear unifying picture of these two settings or
a fundamental difference between them remains an intriguing open question.

Structure of the chapter

We start in Section by considering MNI and providing a geometric picture explaining the
structure of the solution vector. After that, in Section [3.3] we introduce the assumptions
that we impose on the distribution of the data to obtain quantitative bounds. Section
gives those quantitative results, and explains the regimes they go through depending on
the magnitude of . We put almost all the technical steps of the proofs of those bounds
in the Appendix, while Section in the main body provides their outline and points to
the Appendix for those particular steps. In Section we study the influence of ridge
regularization on the error of the classifier. Finally, in Section we provide detailed
comparisons with the previous literature, and Section concludes the chapter.

Additional notation

For any scalars a,b we denote min(a, b) by a A b and max(a,b) by a vV b. We denote a V0 as
ay. For any i € {1,2,...,p} we denote the i-th coordinate vector in R” as e;.

For any u,v € R? we write u > v to denote that all the components of u — v are non-
negative. We use diag(v) to denote the diagonal matrix in R whose diagonal elements
are coordinates of v. For any positive integer d we denote 1; € R? to be the vector of all
ones.

For a linear space A C RP we denote its orthogonal complement by A*.
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There is a slight collision with notation because we use p for the centers of the clusters,
and we use ; to denote the i-th component of g, but we also use p;(M) to denote the i-th
largest eigenvalue of a symmetric matrix M.

We say that a random element V' of some real vector space has symmetric distribution
if V' has the same distribution as —V.

3.2 Geometric picture for minimum norm
interpolation

In this section, we present a geometric view on binary classification. We restrict the dis-
cussion to MNI, that is, the ridge solution wyigge With zero regularization A = 0. We do
that because minimum norm interpolation is easier to think about geometrically, while ridge
regularization is a more algebraic construct.

The minimum norm interpolating solution (MNI) can be defined as

WMNT (= argr%)n |lw| s.t. Xw =g,

that is, the vector with minimum Euclidean norm that interpolates the given labels. There
is an explicit formula for it, namely wyn: = X 9, where X' denotes the pseudo-inverse of
X. Unfortunately, that formula is not convenient to use since we want to decouple p from
Q. There is, however, an alternative definition: to obtain the direction of MNI, one can
simply find the vector with the smallest norm in the affine span of the columns of X TDQ,
where we define Dy := diag(y). That is, we define

wynt = X ' Dya, where a = argming g, | X ' Dyaf st. a1, = 1.

In other words, wwnr is the projection of 0, onto the affine span of the columns of X TD@
(recall that affine span is defined as the set of linear combinations, whose coefficients sum to
one, that is, {X "Dgya s.t. a'1, = 1}).

The precise result is given by the following proposition.

Proposition 35. The vectors w yy; and w yn; have the same direction, but different norms.
They are related to each other as follows:

W MNT W pMNT (3 4)

W MNT = B W MNT =

[|w pwvi] [|w aril|*

Proof. First, we can rewrite the definition of MNI as

wynt = arg min [|w|| s.t. Dy Xw = 1,,.
RP

We see that wyn has the same scalar products with all the columns of X TD@, which implies
that it has the same scalar product with all elements of the affine span of those columns.



CHAPTER 3. CLASSIFICATION 56

Therefore, it must be perpendicular to that affine span. Note that it also lies in their linear
span, and there is only one direction in that linear span that is perpendicular to the affine
span: the direction of the projection of zero onto the affine span. Thus, we already obtained
that wynt and wyny have the same direction.

When it comes to the norm, since wynr belongs to the affine span, wyn ' wynt = 1. On
the other hand, these vectors are colinear. This yields Equation [3.4] O

Since both those vectors have the same direction, they result in the same classification
rule. We are going to start our discussion in Section [3.2] where we consider the case without
label-flipping noise. As it turns out, looking at wyNy is more convenient in that case. After
that, in Section [3.2] we add label-flipping noise. There it will be more convenient to return
back to wyni.

MNI without label-flipping noise

We start the discussion with the case without label-flipping noise, that is n =0 and y = y.
Introduce the following notation for the two notions of the MNI direction for clean labels:

WiNy = argr{lg’n |lw| s.t. Xw =1y,
Wiy =X | Dy, where a = argmin | X 'Dyal st. o'y = 1.
Here the superscript ¢ stands for “clean”. Plugging in the expression for X gives
X'Dy=(Q+yn")'Dy=Q'Dy+pl,.

We see that changing p simply shifts all the columns of X TD@ by the same vector, which
gives an easy way to derive the formulas for the solution. For convenience, for the rest of
this section we will explicitly track the dependence on p in the notation, that is, we will
write w§; () and win (@) instead of just w$; and Wi

Let’s start with the case p = 0,, and then see how adding p changes things. When
p = 0, the matrix X coincides with @, so

wing(0p) =Q'y=Q"A™'y,
’L~Uc (O ) _ wi/INI(OP) — QTA_ly
MNELEP Jwin(0,)12  yTA 'y

Note that || (0,)]* = (y™A~'y)".

As we add p, it shifts all the columns of X TD@, and thus also their affine span. Denote
the linear span of the columns of QTDQ as @, and the linear space that is parallel to the
affine span of those columns as Q4. Note that Q4 is orthogonal to wy;(0,), and that
Q = Q4 ® (Wwin(0,)) — the direct sum of Q4 and the line spanned by w3y (0,). Thus, we
can decompose p into 3 orthogonal components: g, — a component perpendicular to Q,
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Mo, — a component lying in Q4, and p,,) — a component in the direction of W (0).
That is,

T,.3,C
B Wy (0p)
p=p, + o, + W 0,). 3.5
R e B T (35)
Hjw(0)

Recall that wjn;(p) is the projection of the origin onto the affine span of the columns
of XTD?;. Note that pg, does not change that affine span (it shifts the affine span by a
vector parallel to it). The component Hjw(o) does not change the linear span, but it shifts
the affine span orthogonally, so it just gets added to that projection. Finally, g, shifts the
linear span orthogonally, so it also just gets added to that projection. Therefore, we get

.U‘Tﬁ)lc\/[NI(Op) ~.C (0 )

Wi (1) = Wiy (0p) + oy + [ @51 (0 )||2wMNI
p

Plugging in the expressions for everything we get the formula:

B QTA—ly

B (1) VA
Wi (1) = _
MNI yTA Ty

+ U, - QTA*IQ)%erQTA*ly, (3.6)

20

where we introduced v := Qu.

Now that we have this decomposition, we can discuss the quantitative implications. Recall
that we are interested in the quantity g w§ (1) /|| wSmg (1) || Thus, we compare the scalar
product with g and the norm in ¥ for the terms above.

Interestingly, our bounds show that the second term, p,, always dominates the third
term in terms of both scalar product with g and the norm in X in the regime that we
consider.

In Section we claimed that in absence of label-flipping noise the solution behaves as
QA 'y + (= +n'AI,)'u. In the case of MNI, this happens because g, behaves like
(nA™'S + I,)"'p, while y" A™'y ~ nA~'. More concretely, Lemma from Appendix
gives 'y, ~ p'(MAT'E + 1) ' and |jpylls S [[(RAT'E + I,) " pfls. Moreover,
tightness of the latter bound was shown in Chapter , since the same quantity (up to the
change of notation) arises there as the bias term. We have already seen this connection to
the regression setting in Section where we also discussed that the vector QT A 'y is
directly analogous to the variance part of the minimum interpolating solution for regression.

MNI with label-flipping noise and benign overfitting

Now let’s see what happens when labels are not clean and contain label-flipping noise. Recall
that we denoted the linear span of the columns of Q' as Q. For any v € R? denote the
projection of v on Q as v and the projection of v on Q* as v,. Note that Qu, = 0,, for
any v € RP.
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MNTI interpolates labels g, that is, (Q + yu " )wynt = 9. Let’s consider which labels are
interpolated by wyNr; and WnNT ||

(Q+ yp wnni, =yp wyni L = ay,
(Q +yp"wyuny =9 — ay,
QwMNIH =y —ay — yIJ'T'wMNIH =y - Py,

where we introduced two scalar quantities: o and f.
Note that there is a unique vector w € Q such that Qw = y — Py, namely w =
Q'(y — By). Thus,
WNNI|| = Q'(y—By) =QTA (g — py).
On the other hand, wyng always lies in the span of the columns of X ', and projections of
those columns onto @+ are +p,. Thus, wyny; must be collinear with g . Therefore, for

some scalars a, b
wani=Q ATy +aQ ATy + b,

which reduces the problem to two dimensions. The next simplifying step is to move to an
orthogonal basis. Since g, is already orthogonal to Q" A~y and Q" A 'y, we just need to
find such ¢ that Q" A~ (¢ — €y) is orthogonal to Q" A~ y. We write

Yy AT'QQTAT (¥ — Ly) =0,
y A7 (y —¢y) =0,
yTAy
CyTATly
Note that E,4[y"A7'g] = (1 — 2n)tr(A™") and E [y A 'y] = tr(A™"), so informally
¢~ 1—2n. Now denote y := y — £y, and we get that

wynt = QTAT'Y + Aw,

where Aw belongs to the span of p, and Q' A™'y. Since Aw is orthogonal to Q' A~
and wynr is the minimum norm solution that interpolates labels y, Aw is the minimum
norm vector that interpolates the following labels:

- (Q+yp QA 'y=(c-v A ')y

These labels are just the scaling of the clean labels y. Thus, Aw is a scaled noiseless
solution, that is,
wynt = QTAT'Y + ( —vT AT P wiy (3.7)

In this expression, Q' A™'y acts as a “noise vector”: it has no dependence on g and it
has a symmetric distribution. The term {w§;y; is a scaling of the noiseless solution. Recall
that & ~ 1 — 2n, which is close to 1 when the noise level n is small. Therefore, the term
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Ewspy is close to the noiseless solution w§;y;. The last term —v T A~ §w§ is also a scaling
of the noiseless solution, but the scaling factor " A1y has symmetric distribution, as it is
a linear function of y. That is, with probability 0.5 this term points in the opposite direction
from the noiseless solution, and also seems like a “noise vector”.

Now let’s consider how large these terms are in Euclidean norm. To do this, it is infor-
mative to consider the scale of p as a parameter and to see how changing it from zero to
infinity affects those Euclidean norms.

The first term, Q" A™'g, does not depend on p, so its Euclidean norm stays the same.
When it comes to w$y, however, when ||| = 0 it is equal to Q" A~ y. It is very similar to
the first term, with the only difference that we substitute the “noise” part of the labels y by
the clean labels y. If we take the noise to be a small constant, those two vectors should have
Euclidean norms of the same order. As p grows, however, the vector wg;y; starts changing,
and asymptotically its norm decreases inversely proportional to the scale of p. The third
term, —v T A~ gw§y starts at zero because v scales with . However, because of that same
scaling, as p grows, the vector —v " A~ gw§ converges to a vector of finite length. Recall
that this vector is equally probable to point in the same direction as wgy; as in the opposite
direction.

Overall, we see that adding a small constant amount of label-flipping noise makes the
solution look significantly different compared to the noiseless one. First, it picks up an
additional scaling factor, which may potentially flip the sign of the projection on the direction
of the noiseless solution when p is large enough. Second, it picks up an additional noise
component in the orthogonal direction, whose magnitude can be comparable to or even
much larger than the magnitude of the noiseless solution.

However, despite those differences, the bound for the noisy case is surprisingly similar
to the bound in the noiseless case. Recall that we need to estimate two scalar quantities:
|wyni|ls and p"wyng. When it comes to the first of them, our bounds sugges that the
sum of ||QT A7 Y||s and ||w|ls dominate |vT A7 g ||| w s, so ||wamnt||s only picks up
one term compared to ||w§;||s, and that term is |QT A™'g||x. When it comes to the scalar
product with p, even more cancellations occur. First, recall that for the clean solution we
obtained that

W Ny ., Q' Ay viA!

c Yy T A—1
w =Tz 3 = ——F—— tup, + Q Ay
NN |y |2 NN y'A l’y *

y ATy
Denote S := y" A~ 'y||w;n||?>. Plugging in the formulas results in

SHTwMNI ZS(SNT’U’K/[NI + VTA_I@(l - :u’Twi/INI))
=ESp wipg + (1+v A7y’ A 'y,

3We can only make an informal statement here, since our formal arguments work with slightly different
expressions: instead of ¢ we use the formulas involving Ay := ¢y — y, because it has i.i.d. components. We
also don’t have a proof of tightness for the case with label-flipping noise.
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which already suggests that S " wyny is similar to Sp " w. To see that even more clearly,
however, we can plug in the formula for Sp " w¢y, that is

Splwimg =y A7 ylu P+ (1 +v ATy ANy,
Plugging that in together with the definition of ¢ gives
Splwyni =y A7yl P+ 1+ v ATy ATy,

so the formula for the scalar product in the noisy case turns out to be almost the same as
in the noiseless case, and the bound doesn’t change.

A part of the reason for this cancellation can be seen from our derivation of the formula:
we started by saying that we need the component Q" A~1g to interpolate the “noise part of
the labels” . When multiplied by @ + yu ', this vector picks up additional labels propor-
tional to y because of the scalar product with . We then say that the job of the additional
term Aw is to kill those additional labels. However, the labels that Aw interpolates them-
selves come largely from its scalar product with p. In the end, this leads to the cancellation
when we compute the scalar product of g and the sum of Q" A™'¢ and Aw. However,
this only explains why some of the terms disappear. Finding an intuitive explanation why
the resulting formulas for the scalar product are so similar in the noisy and noiseless cases
remains an intriguing question.

3.3 Assumptions on the data

So far we have seen how MNI behaves geometrically and which terms arise in the expressions
of interest. To make a quantitative statement about classification, however, one needs to
bound those terms. In their turn, those bounds require assumptions.

In this section we explain which assumptions we impose on the distribution of the rows
of Z and on the sequence {\;}._; in order to obtain our results.

Gram matrix of the tails

The central object in our analysis is the (regularized) Gram matrix of the covariates projected
onto the tail of the covariance, which we denote as follows:

A= Qu.QL.. + M\, (3.8)

Just as in Section [2.4] of Chapter [2| the main assumption under which our argument works
is that the condition number of the matrix A; is bounded by some constant. Therefore, we
introduce the following event:

Definition 36. For any k € {0,1,...,p — 1} and L > 1 we define by <t (L) the following
event:

A (L) = {(A D ON) /L < il Ar) < p(A) < L(A+ Z&-)} .39

i>k >k
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Note that EA, = I,, - ()\ + D ik )\i), so on (L) the eigenvalues of A; are within a
constant factor of eigenvalues of its expectation.
Throughout the chapter we will also always impose assumptions of the following form:

A N> nhga + [nd N, (3.10)
1>k >k

where ¢ is some large constant. It is closely related to saying that the event o7, holds with
high probability, and also to the notions of effective ranks used in Chapter 2] Indeed, the
following lemma follows directly from Lemma [4] from Section [2.3]

Lemma 37. Suppose that elements of Z are o,-sub-Gaussian and independent. There exists
a constant ¢ that only depends on o, s.t. with probability at least 1 — ce=™/¢,

(AR = A+ 1(Qpae Qo) SA+ D Nt [ nAesr + ‘ n> N,
i>k

>k

pn(Ar) = A Qe Qre) A+ D Ni—c | nhpr + [0 N2
>k

>k

Lemma [37| shows that if components of the data are independent and sub-Gaussian, then
Equation implies that o7 (L) holds with high probability for some constant L. The
reason why we introduce event o7, (L) instead of assuming independence of the components
is that we don’t believe that independence to be necessary for @7(L) to hold. The same
logic was followed in Section of Chapter [2] Moreover, in Section we explained that
much weaker conditions, such as sub-Gaussianity and a version of a small-ball condition, are
sufficient for the event 2% (L) to hold with high probability. We even showed that (L)
can hold with high probability for some heavy-tailed distributions. Note, however, that
the strategy in Chapter [2| was slightly different: we imposed Assumption (k, 9, L)
which directly controls the condition number of A;. Then we showed that under additional
Assumption (k, ) and sub-Gaussianity the eigenvalues of Ay are within a con-
stant factor of X+, A; (see Lemma [85]in Appendix [A.4). In this chapter we put direct
bounds on the eigenvalues of A, in Definition [36] which simplifies the presentation.

Algebraic assumptions

Similarly to our results on regression, our argument for the main lower bound cleanly decom-
poses into an algebraic and a probabilistic part. Because of that, we don’t need to formulate
that bound with some probability over the draw of @, but we can just specify the exact
event on which our results hold. We have already introduced the event <7, (L). Another
event that we need is as follows.
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Definition 38. For any k € {0,1,...,p— 1} and cg > 0, we define by By(cp) the event on
which all the following hold:

~

- (ZoyZox) < cpn and pn(Zoy Zox) > n/cp.

NS

N Qoo bioo I < cBnll o, -
Q. Do Q1) < BN > ik A7

4. t(Z g, Zos) < cpnk.

5 | Qra ke Qo | < (Zz>/€ AP+ ”/\iﬂ) :

It is easy to see that the event % (cp) holds with high probability if the constant cp is
large enough. For the case of sub-Gaussian data this can be stated more precisely:

Co

Lemma 39. Suppose the distribution of the rows of Z is o,-sub-Gaussian. One can take the
constant cg large enough depending only on o, such that for any k < n/cp the probability of
the event By (cg) is at least 1 — cge™™/°B

Proof. We need to show that all 5 bounds from the definition of %} (cp) hold with probability
at least 1 — ce™™/°, where ¢ only depends on o,. The first 4 of these bounds were shown
in Appendix up to the change of notation; see the display (A.18). One just needs to
substitute X by @ and 6" by u in that display to get the result of the lemma. The last
statement follows directly from Lemma [84] by plugging in Z3: instead of X. m

As with the definition of the event o7, we introduce the event %y (cp) instead of assuming
sub-Gaussianity because we believe that sub-Gaussianity is not necessary for %y (cp) to hold
with high probability. This was also discussed in Section [2.6] Indeed, the first condition in
the definition of % (cp) is just concentration of sample covariance in dimension k with n
data points, which is known to hold for heavy-tailed distributions (see [52] and references
therein). The inequalities 24 are just the law of large numbers (concentration of the sum of
n ii.d. random variables). Only the inequality number 5 (bound on the norm of the Gram
matrix) is somewhat less standard. Note however, that the Gram matrix has the same
spectral norm as the sample covariance matrix multiplied by n. Therefore, that inequality
could be obtained as a direct corollary of a dimension-free bound on the spectral norm of a
sample covariance matrix. An example of a heavy-tailed result of this type can be found in
[1], see their Theorem 2.

3.4 Main results

In order to formulate the results more succinctly throughout the chapter we introduce ad-
ditional notation. First of all, we denote the bound on the sub-Gaussian constant of the
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label-flipping noise as
3+n!
5

Next, for a given k we will use the following notation:

A=X+>N,

oy :=1/4/In

(3.11)

i>k
Voi=n"ltr <(An_12(;,1C + Ik)_2) +A%n Z A2,
>k
1 nA2 2+ > N\
AV =2 A 1 k+1 i>k 7V
n e T A2 !
_ 1 1 2
B :=n 2A2 H (ATL 1230:11€ + I/f) EO:llc/QIJ’O:kH + ||“k:oo||§)k:oo7
O? :=nA?B,

A e ~1/2 «—1/2 2
M - H (An™"Sgp + 1) o /’l’O:kH + | ool
N :=nA"'M.

Note that we don’t track the dependence on k in the notation. We always introduce k before
using it.

To explain how these quantities arise, let’s consider the ridgeless case (i.e., A = 0) and
return to the geometric picture from Section [3.2] First of all, note that A is just the energy
of the tail of the covariance, and as we already mentioned in Section [3.1] A is just implicit
regularization that the tail imposes on the learning problem. Next, the term V' corresponds
to £, ||Q" A 'y||%, which, as discussed in Section , is nothing but the variance term from
the regression setting of Chapter 2] As in that chapter, V' is bounded by a constant, but
can be arbitrarily small. The quantity AV controls deviations of ||QTA*1y||22 with respect
to the randomness in y.

The terms B and M arise as B =~ ||p || and M ~ p" g . Once again, one can notice
that ||p, [|% is exactly the bias term from Chapter 2l Interestingly, ¢, which is a rescaling
of /B, also controls the magnitude of v A™ly.

One may notice that our expressions for V' and B are somewhat different from the main
bounds in Chapter [2| (see Sections and [2.7). This is because we choose a different
presentation strategy: while Chapter 2 gives bounds in a simpler form, they are only tight
for the right choice of k. The way we formulate the bounds in this chapter makes them tight
for any choice of k£ under which the assumptions are satisfied, at the cost of worse-looking
expressions. We elaborate more on differences in techniques with Chapter [2] in Section [3.5
A formal connection can be established by the following proposition:
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Proposition 40.
k
V<SS H ATy A
n i>k
_ 2
B <n™?A? ||”0:k:||2&,1€ + ||“k100||22k:oo'
Proof.
V =n"ltr <<An_120k +1) ) A X <

>k

k
< (L) + A S A =S A 3N
Sty A= E ey

1>k >k

B =n"2A? !

(An’lz&i+Ik) EM .u‘OkH +“l"’kooHEkoo—

1/2 _ 2
Ok/ /J'OkH + ||“’k:oo||2k:oo =n?A? ||“’0:k|l20’:}€ + ||I~1’k:oo||§]k:oo‘

[]

< n72A?

The fact that the bounds are the same up to a constant multiplier for the right choice of
k can be seen from Lemma 47

When it comes to noisy labels, informally, V also controls || Q" A™'§||% and ¢ controls
v A7'g. These statements are only informal because in our proof we don’t deal with the
vector y directly. It is more convenient to work with the vector Ay := ¢y — y as it has i.i.d.
coordinates.

Finally, by virtue of algebra, our results extend to ridge regression, not just MNI. How-
ever, among the quantities defined above, only A has explicit dependence on the regulariza-
tion parameter A, all the other quantities depend on A through A. Thus, explicit regulariza-
tion simply adds to the implicit regularization from the data, without qualitatively changing
the results.

When it comes to the interpretation from Section [3.1] it is not hard to see that N is
within a constant factor of ' (X + An=1I,) ', while n{? is within a constant factor of
(X + An_le)_ll,l,H; (see Lemma (48] for a precise statement).

Some useful relations between those quantities are shown by the following lemma, whose
proof can be found in Appendix [B.3]

Lemma 41 (Relations between the main quantities). Suppose that

k<n and A>nl\i1V nZ)\f (3.12)
T

3
n

Then

nO?* < N, nO>* < NVnAV, V<2 AV <= AV <4V
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Lower bound

Our main lower bound on the quantity g Wyiage/ ||Wridge || s is given by the following theorem.

Theorem 42 (Main lower bound). For any cg > 0, L > 1 there exists a constant ¢ that only
depends on cg and L, such that the following holds. Assume thatn < c™', k <n/c, and

A>cnA 1V /nZ/\%.
>k

For any t € (0,y/n/c), conditionally on the event <, (L) N By(cp), with probability at
least 1 — ce™**/2 over the draw of (y,9), the following inequalities hold for a certain scalar
S > 0:

SpTw,igge >N — ct, (3.13)
Sl wriggellss <c ([1 + Noy | VV + 2AV + <>\/ﬁ> . (3.14)

That is, if N > 2c¢*t{, then on the same event,

“Twridge > 1 N

”wridgeHZ - 262 []. + NO'n] vV Vv + t2AV + O\/ﬁ

It is informative to explain how this result relates to the expressions we derived in
Section [3.2 Recall that we restrict ourselves to the case A = 0 in that section, that is,
Wyigge = Wyt First of all, for A = 0, S = y" A y||w;||>. As in Section [3.2] let’s start
with the noiseless case, that is, n = 0, =0 and y = y.

Swipg =y A Y
=y Ay, +(1+07A7'Q)QT Ay
We need to bound Sp " w§ from below and S|lw$|s from above, so we write
Splwing =y Ayl P+ 1+ v ATy ATy,
Slwinalls <y" A7 yllpylls + (1 + v A7 Y)[QT A ylls.
The bound from Theorem [42| can now be obtained by plugging in the following:
y Ay mnAT!
e 1 A,
v AT y| <10,
e llss SVB,
QT A Y|l SVV +tAV.
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As was stated in Section the contribution of the term g, dominates the contribution of
v'A 'y, Q" A 'y in both those bounds, that is

nA~'M > 1202, nA~'VB = /n0 > tOVV + tAV.
Overall, we get the bounds
Splwing = N —ctd,  S||wipglls S VV + AV + v/nd.

Now let’s consider the case with label-flipping noise. As we already mentioned in Section
B.2] due to certain algebraic cancellations the formula for the scalar product in the noisy
case is very similar to the formula in the noiseless case:

Splww =y A'Ylp P+ (1+v ATy AT

Since the vector ¢ is just a noisy version of the vector y, the quantities y ' A~ 'g and v" A~y
are close to y' A7 'y and v A~y correspondingly, which yields the same bound on the scalar
product as in the noiseless case.

When it comes to the denominator, as we already stated in Section [3.2] only one extra
term survives compared to the noiseless case, the other terms get dominated. To show
exactly how that happens, write

Slwunills < SIQTA ' Ylls + (€ + [vT AT Y)) S |winls-

We already have the upper bound on S||w§n||=- The other bounds come from the following
inequalities:

S=(1+v' A7y’ +y A y|p |’
<(1+t0)* + N,
1Q"A™ Y|z So,VV + AV,
§~1,
v AT gl SontQ-
Combining everything together yields

Slwgmalls S ((1+80)% + N) o'V A+ AV + (1+ 0,0) (VV +EAV + v/n0)

By Lemma [41] and since ¢ < y/n, N dominates t*¢2. Moreover, 0,Nv/V + tAV dominates
o,t0 - v/n®, Dropping those dominated terms leaves us with

S|lwimlls < (30 + N) o,V V + AV +VV + 1AV + /).
Finally, the term 3tQo,v/V + tAV is dominated by /n{, which gives us the final bound:
Sllwimalls < (14 Noy) VV +tAV + /nd.

Recall, however, that this derivation is only informal, as our proof does not give rigorous
bounds on quantities involving g, as we deal with Ay = y — y instead.
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Upper bound

Even though a lower bound on g7 Wyigge/||Wsidge||s is more important than the upper bound
(since a lower bound provides a guarantee for high classification accuracy), obtaining an
upper bound turns out to be more technically challenging. We elaborate on that in Section
3.5, where we explain what additional assumptions and tricks we needed to prove the upper
bound and why.

Because of those technical difficulties, we only provide the upper bound for the regime
without label-flipping noise. It is given by the following:

Theorem 43 (Main upper bound). Suppose that n = 0 — there is no label-flipping noise,
and the rows of Z are o,-sub-Gaussian. For any L > 1 there are large constants a,c that
only depend on o, and L and an absolute constant c, such that the following holds. Suppose

that k < n/c and
A>c|nhgr + nZ)\f
\/ i>k

Assume that Q.. s independent from Q.., and the distribution of Q.. 1S symmetric.
1. If N < a™'¢ then with probability at least c;* (P(#,(L)) — ce™/¢)
1 Wrigge < 0.
Here uy denotes uV 0 for any u € R.

2. If N > a0 then for any t € (0,y/n/c,) the probability of the event

)
MK Wridge N }
— < c(l+t)——

{||wmdgey|z I+t T

15 a least ,
(6" — eyl — c,e™) (B(A(L)) — ce™™")s

Tight bound for a quantile

Theorems 42| and 43| give lower and upper bounds on the quantity g wyiqge/||Wsidge||s cor-
respondingly. That quantity, however, is random, and the bounds depend on the parameter
t which controls the probability with which the bound holds. We don’t expect those bounds
to be sharp for all possible values of ¢, but we show that they are sharp for the case when ¢
is a constant.

Definition 44. For any e € (0,1) we denote by a. the following e-quantile of the distribution
Of NTwridge/”wridgeHZf

Tap .
a,:nﬁ{aeR:P(ﬂlﬂﬂE<a>>g}. (3.15)

W ridgel| =
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The following theorem shows that our upper and lower bounds on a. are within a constant
factor of each other when ¢ is set to a certain absolute constant.

Theorem 45 (Tightness of the bounds). Suppose that the distribution of the rows of Z is
o.-sub-Gaussian. Suppose that n = 0 — there is no label-flipping noise. For any L > 1
there exist constants a,c that only depend on L,o, and absolute constants ,9 such that the
following holds. Suppose that n > ¢, k < n/c,

A>c|nh\gV nZ)\f ,
\/ i~k

and the probability of the event <7, (L) is at least 1 — 0. Assume that Q... is independent
from Q,.i., and the distribution of Q... is symmetric.

Then
N

AN TS

> cilL.
T VV R0

If additionally N > a{), then

3

Regimes of the lower bound

In this section we discuss which form the bound from Theorem [42| can take depending on
which terms dominate in the expressions.

First of all, the bound depends on the choice of t and 1. We put ¢ to be a large constant,
and 1 to be a small constant. That is, the bound will hold with high constant probability,
and the probability of label-flipping noise will be a small constant.

Let’s think about the classification problem in the following way: treat the covariance
33, the number of data points n and the direction of p as fixed, and treat the magnitude of
vector p as a parameter.

The bound on Sy w;igge from Equation has two terms (up to constant multipliers):
N and —¢{. The term N is quadratic in g, while ¢ is linear. Thus, for small p the second
term will dominate and the bound will be negative, but when g becomes large, N will
dominate.

When it comes to the bound on S||wyiqge||s from Equation (3.14]), it has three terms:
\/V, O/n, and N+ V. The first term doesn’t scale with w, the second is linear in g and the
third is quadratic. Thus, when g is small, the term V' will dominate the bound, and when
it is large, Nv/V will dominate. Note that in the noiseless case ( = 0), there is no term
NV, and for large magnitude of p the term ¢+/n will dominate in the bound.

Now, let’s investigate how those transitions relate to each other. According to Lemma

, VnO? < NVAV < 2NV, which implies

&

MV
Ovn = 2N’
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That is, if ¢ is at least a constant times NN, then V'V is at least a constant times Ov/n.
Moreover,

N2
N\/V < —\/V,
n?

so if ¢ dominates N, then vV dominates Nv/V (and even nN+/V). Thus we see that the
transition in the bound for p" wyag happens first: N starts dominating ¢ earlier than VV
stops dominating {+/n and Nv/V.

Another question is whether for a constant value of 7, the term ¢+/n can dominate in the
bound on S||widge||s- As turns out, it may or may not happen depending on the relation
between ¥ and the direction of p. To see this, consider two examples: first, assume that
pn = me; — a vector supported on the first coordinate. For such choice of pu we have

Viim . m?

Ovin = )\1+A/n M A

We see that if A\; > A/n and 1> V| then for m = v/A; we will get Ov/n > (1 + N)VV.
On the other hand, consider i = me, — a vector supported on the last coordinate. Then

Ovn=nA"'\/\m, N= nA"tm?.

If it so happens that V' > n\,/A (which is possible as A, can be arbitrarily small), then we
can write

(1+N)WVV = (14+nA" m?)VV > (1+nA" m?)/nA=1A, > 2VnA—1m2y/nA=1\, = 20/n.

That is, for such choice of covariance and p, the term ¢+/n cannot dominate in the bound
for ||wyigge||ss for any choice of m.
Table summarizes the discussion of the regimes we had so far.

Magnitude of u small | medium large very large
Bound on I'I'Twridge/l‘wridge”ﬁ _<>/\/v N/\/V N/(\/ﬁ<>> 1/\/v
Occurs in noiseless case n =0 yes yes yes no
Occurs in noisy case 1 = ¢! yes yes sometimes yes

Table 3.1: Regimes of the main bound

Finally, recall the transition that happens in the structure of the noisy solution, namely in
Equation from Section [3.2] which was derived for the MNI solution with label-flipping
noise:

wynt = QTAT'G + (€ —vT AT G wipy
We see that the clean solution is multiplied by a scalar ¢ — vTA7'g. As discussed in
Section , £ ~ 1—2n~ 1, while vT A"y is a random variable with symmetric distribution,
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which is also linear in p. As the magnitude of p grows, the magnitude of the zero-mean
term v A7'g also grows, and at some point it starts dominating the term £. At that point
the contribution of the clean solution to the noisy solution becomes “washed out”, and the
component of wyny in the direction of wgy; becomes close to zero mean instead of being
positive (recall g L w§y;)-

Let’s investigate how this qualitative transition in the structure of the noisy solution
is related to other transitions that we discussed previously. Unfortunately, as we already
mentioned before, our arguments don’t provide a rigorous bound on v A~'g. Because of
that we can only speculate about the magnitude of v A™'¢, and here we will assume that
for constant noise level we have [vT A7 | ~ |[vT A 'y|, with the magnitude of the latter
term being controlled by ¢. Thus, the transition happens when { becomes larger than 1. In
this case, however, we can write using Lemma

021, N>n0*>n>1, NVV > VV, NVV > NVAV/2 > /nd? > V/nd.

Thus, in this regime, the term Nv/V is the largest (up to a constant multiplier) in the bound
on || wWridge|-

To conclude, let’s tie the regimes we discussed in this section to the geometrical pictures
of Section 3.2l

For the case without label-flipping noise, Equation shows that the vector wyny is
proportional to

QTA—l,y VTA—ly

yT ATy Ty TATy
The term g, dominates the last term, and acts effectively as (nA™'X + I,)"'u. As a result,
as stated in Section , wyn performs as QT Ay + (X+n"'AI,)"'p. When p is small in
magnitude, and ¢ dominates N, the “noise term” Q' A 'y will dominate in terms of both
pwynr and [Jwyn||s, and the quantity p'wy, resulting in a negative bound. As the
magnitude of pu grows, N will become larger than ¢, but V' will still dominate over /n{,
so the term (X + n~*AI,)"'u dominates in terms of the scalar product with p, while the
term Q' A~y will still dominate in terms of the norm in ¥. The bound in this regime is
N/+v/V up to a constant factor. Finally, as g becomes even larger, wyn; performs effectively
as (X +n~'AI,)"'p, and the bound becomes N/(1/nQ) up to a constant factor.

The noisy case is harder to explain without an intuitive explanation why the formula
for p"wyny is so similar to the formula for pu'w§ (end of Section [3.2). Nevertheless,
that similarity yields that the condition when the bound becomes positive is the same: u
should be large enough so that N dominates . After that, the bound for the noisy case
goes through the same regimes: from N/v/V to N/(y/n¢), and then through a new regime:
1/V/V. The regime N/(1/n¢)) may or may not appear, depending on how the energy of p is
distributed across the eigendirections of 3.

Now let’s explain geometrically how those transitions happen. Equation from Sec-
tion [3.2] states

QA 'y.

want = QAT+ (£ — v AT Y)wi .
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In that section we also explained that the noisy solution is very similar to the noiseless
solution in terms of scalar product with g, while it’s norm in 3 only picks up one additional
term: the norm of Q" A~'¢. That is

plwnn = plwing,  wlls = QT AT Yls + [lwiplls:
For small g and constant 7 we have
lwinalls ~ 1QTA™ ylls ~ QA Ylls ~ VV.

That is, for small g not only the scalar product in g, but also the norm in ¥ is similar for the
noisy and the noiseless solution. Thus, the first regime that the bound goes through is the
same as the initial regime for the clean solution, with the bound N/v/V. As p grows further,
| W |ls may grow and start dominating over |Q T A™'¢||s, so the bound may go over the
second regime of the clean solution: N/(1/n¢). Eventually, however, w§y; converges to zero
as p goes to infinity, so |Q" A ¢||s dominates ||w§y|s. So it becomes

p Wy - P Wi
lwnnills  QTAT'g|s

Recall that we are in the regime when p is large, and wgy; has high classification accuracy.
Recall also that w§y; is defined as an interpolator of labels 41, and p"w;y; is the label
that it assigns to the center of the positive cluster. Thus, p' w§ =~ 1. Since for constant 7
we have |QT A7'g||s ~ vV, we get the final regime, when the bound becomes 1/v/V. Note
that this quantity loses dependence on g completely, and the only condition that makes the
bound large is that V' has to be small. In Section [3.1 as well as the beginning of Section
3.4) we've seen that V' is (up to a multiplicative constant) equivalent to the bound on the
variance term obtained by Chapter [2] Because of that, the sufficient condition for benign
overfitting that we get in the large p regime is equivalent to the benign overfitting condition
in linear regression.

Benign overfitting

One interesting phenomenon that Theorem |42 implies is that the misclassification error can
be arbitrarily close to zero even if we have a small constant level of label-flipping noise. One
can see that it happens for t < /n, V < 1, and N > 'V +t//n+O+/n (which is a form of
an SNR condition). In order to simplify the presentation, we formulate a rigorous corollary
for Gaussian distribution:

Corollary 46. Suppose the rows of matriz Q come as i.i.d. samples from a Gaussian
distribution. Take A = 0 (that s, Wae coincides with wyny). There exists a large absolute
constant ¢ such that the following holds for any C > 1.
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Assume all the following:

the noise is bounded by a constant: n<ct (3.16)
the spiked part of the covariance has low dimension: k < n/(cC?), (3.17)
the tail of the covariance has high effective rank: Z Ai > cendgyr VeC In Z A2,
i>k i>k
(3.18)
the scale of p is large enough: N>1+cC (\/V—i— O\/ﬁ) . (3.19)
Then with probability at least 1 — ce™/(«©)*
-
B Wunt > C. (3.20)
[wnnil|=

Proof. First of all, due to Equation , if ¢ is large enough, by Lemma , for absolute
constants c4, L the probability of the event o7, (L) is at least 1 — c4e™/°4. Moreover, due
to Equation and Lemma , for an absolute constant cp the event %y (cp) holds with
probability at least 1 — cge /5.

Next, by Theorem [42} for an absolute constant c¢; on the event <7,(L) N %y (cp) we have
for a certain scalar S > 0 for any ¢ € (0,+/n/c;), with probability at least 1 — cre /2,

S[LT'lUMNI ZCIIN — Clt<>, (321)
Sllwnmills <er ([1+ Noy) VV +BAV +0v/n) (3.22)

Since t < y/n/cy, if ¢ is large enough, due to Equation (3.19)), for an absolute constant ¢y
Equation (3.21) implies Sp wyny > ¢ ' N.

So far, for an absolute constant c3 we have with probability at least 1 — cre /2

,UTwMNI >l N

|wynis ~ ° [1+N0n]m+<>\/ﬁ
)

T2c3 \OVn +VV +2AV 0V F12AV )

For simplicity, we use Lemma 41| to bound AV < 3/n. We see that to achieve the bound
(3.20)), we can show the following two conditions:

N > 2C¢ (<>\/E+ VV + \/3t2/n>  oy(VV +/32/n) < (2¢50) 7.

Recall that n < ¢!, so 0, < 1. The two conditions above can be achieved by first taking
t?2 = n/(c4C?) for a large enough absolute constant ¢;. Then, Equation implies the first
condition, while Equations (3.17)) and (3.18)) imply the second due to Proposition . H

We believe these sufficient conditions for benign overfitting in classification to be novel.
For example, in a recent paper, [58] obtain similar conditions only for the case of isotropic
data (i.e., ¥ = I,); see their Theorem 7.
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3.5 Proof outline and different forms of the main
quantities

Lower bound proof sketch

On a high level we follow the same logic as in Section[2.6|of Chapter [2} use algebraic formulas
for the solution to disentangle the contribution of components 0 : k from the components
k : 0o, then plug in concentration inequalities. It is, however, a more difficult task in the
case of the mixture model because clusters are not zero-mean, and have centers +u. Alge-
braically, we have X = Q+yu ', and the rank-one correction yu " prohibits straightforward
application of the machinery from Chapter[2] Thus, the first step in the proof is to transform
the expression for wyigge = X T(X X'+ M\ ») "'y into a form that operates with the inverse
of A = QQ" + M\, instead of XX " 4+ M. The corresponding formula is obtained in
Appendix Lemma

After obtaining the formula in Lemma [89] we derive sharp bounds on all the terms that
appear in it. Note that we have two independent sources of randomness in our setting:
randomness from the matrix @ and randomness from the labels (y,y). We start by ad-
dressing the second source, making the high probability statements over the draw of (y,y)
conditionally on @ in Lemma [98, Appendix

As a result of Lemma[98 we reduce the problem to bounding expressions that only depend
on Q. At this point we can apply the ideas developed in Chapter [2| to bound those quanti-
ties, which we do with some modifications. As in Section [2.6] we start by deriving algebraic
bounds that hold almost surely on the event that the matrix Ay is PD. Those bounds can be
found in Lemma [09, Appendix[B.5 Some of the terms that we bound there have already ap-
peared in Sectio, namely ||p.||% and tr(AT'QXQ " A™!) are exactly bias and variance
of the regression problem. We could, in principle, reuse the results of that chapter, but we do
a new slightly different derivation to obtain them in a different form. Namely, we directly use
the Sherman-Morrison-Woodbury (SMW) identity (Lemma , the most important em-

bodiment of which is A™'Qq,, = A, Qo (It + Qo Ay ' Qo) to obtain our algebraic de-

compositions. After that, we use Lemma |101| to substitute Eéz/,f (I + Q(IkA,ZlQOZk)fl Eé:/,f
by ail(ﬂflza}c + I)~!, where «, 3 are scalars that concentrate within a constant factor of
their typical value. The alternative strategy from Section |2.6|would be to say that the matrix
(Ik + Q(IkA,ZlQ():k)_l is dominated by I for k£ = k*. Because of that, our results are sharp
for any choice of k and we obtain upper bounds in the same form as lower bounds right
away, while in Chapter [2] we obtained them in different forms and needed to do a separate
conversion to show that they coincide for £k = k*. We pay for that, however, with a bulkier
form of the bounds in this chapter.

The bounds from Lemma [99] are formulated in terms of quantities that we assume to be
concentrated around their typical values on the events o7, (L) and % (cp). Plugging those
values into the bounds is done in Lemma [I02] Appenxix [B.6] Finally, we finish the proof
of Theorem [42]in Appendix [B.7} first, we combine the bounds from Lemmas [98 and in
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Lemma [I03] Then we plug the result into the formulas from Lemma [89]

Upper bound proof sketch

When we deal with the bounds within a constant factor, it is usually more difficult to obtain
a bound from below than from above. This is because to bound a sum from above one can
use a triangle inequality |a + b| < |a|+ |b] to reduce the problem to bounding separate terms
from above. If, however, we want to bound a sum |a + b| from below, the triangle inequality
yields |a +b| > (Ja| — |b]) V (|b] — |a|), which is only sharp when one term dominates another
in magnitude.

In our case, we want to bound the fraction g’ widge/||Wridge||s- To bound it from below
we bound g wyiqge from below and ||wyigge||s from above. Moreover, it turns out that there
is only one term in the expression for uTwridge that we actually need to bound from below,
other terms play the role of noise and can be bounded from above in absolute value. Because
of that, bounding g wyigge/ || Wiidge||s from below is a much more straightforward task than
bounding it from above.

Two problems arise when we bound g wyigge/||Wridge||s from above: first, we need to
bound ||wyigge||s from below, and there is no one dominating term in its expression. Second
problem is to show that the numerator /J,Twridge will be negative with constant probability
if N is not large enough compared to ¢, for which we also need to bound the magnitude of
the noise terms in the numerator from below.

To alleviate the problem with the triangle inequality we resort to the following trick:
we assume that Q.. has a symmetric distribution and is independent from Q.. This
means that the joint distribution of (Q.;,, Q}.00, ¥) is the same as that of (Qq.;, £Q .00, EvY),
where we introduced two new Rademacher random variables (e,, €,), which are independent
of all previously defined random variables and from each other. The basic idea behind the
introduction of these random variables is as follows: suppose ¢ is a Rademacher random
variable, which is independent of random variables a,b. Then, conditionally on a,b, with
probability 0.5 over the draw of ¢, |a + €b| = |a| + |b|. If we now have high-probability lower
bounds on |a| and |b|, then we get a constant probability lower bound on |a + b)|.

To explain how this idea applies to the quantities that we need to bound, we will need
to look at their exact expressions. Denote

Q = [QO:k? 5qCQk:ooL y =&Y, ﬁ)ridge = (Q + QMT)T(\QQT + /\In,)_lg'
=A

(Recall that for the upper bounds we only consider the case with no label-flipping noise, i.e.,
y = y.) The expression for the numerator is now

Sp wiage =y A lyp p+ (1+0T A gw ATy,

where v = Qu, 1, = (I, — QTA_lQ)/J,, and S is a scalar, which is non-negative with high
probability. The proof of Theorem 42| already provides sharp high-probability bound on the
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term y' A 'yu " i1, as well as the upper bound on |" A y|. Thus, the difficulty is only in
proving a lower bound on [T A~y to say that the term " A™'y will make the numerator
negative with constant probability unless N is large compared to {. The random variable
¢4 helps as follows: with probability 0.5 over the draw of ¢,

HA_117”2 = HA_1<QO:kl'l'0:k + quk:ool'l’k:oo)”2 Z ”14_1Q0:kl'l’(]:kH2 + ‘|Qkool’l'koo”2

We bound the terms || A~ Q.. p0.4]|* and [|Q.o0 .00 ||* from below in Lemma We then
use them in Lemma to get the full upper bound on the numerator S p,T’wridge.
When it comes to the denominator || Sw,iqge||s, the expression that we use is

Swigge = (1+ 2T A79)Q Ay + 9 Ay,

The term |DTA*1@|||QTA*1@||2 is dominated by others, so we can reuse an upper bound
on it from the proof of Theorem [42] When it comes to the remaining terms, note that
QTA_lfg = 5yQTA_1y, while y" A ™'y, = y" A 'yf,, which does not depend on Ey.
Thus, with probability 0.5 over ¢,, the cross-term that arises from those two terms is non-
negative and can be ignored for the purposes of obtaining a lower bound. Next, note that
HQTA_lyHg = ||Q" A 'y||s does not depend on &,, thus with probability 0.5 over the draw
g4 we can ignore the cross terms that arise from interaction between components 0 : £ and
k:ooin py. Overall, with probability at least 0.25 over the draw of (¢,,¢,) we can ignore
a few terms in the expression for HS’ﬁJridgeHz to obtain a lower bound on it. The precise
statement is given in Lemma {106

The strategy for the remainder of the proof of the upper bound is the same as in the
proof of the lower bound: in Lemma we make high-probability statements with respect
to the draw of y, and in Lemma we make high probability statements with respect to
the draw of Q. We put together the lower bound on the denominator in Lemma [109] and
combine it with the upper bound on the numerator in Theorem [43], whose proof is given in
Appendix

Note that due to the nature of the proof, we only obtain the upper bounds with constant
probability.

3.6 Effect of regularization

In this section we discuss the effects of the regularization on the accuracy on the learned
classifier in the noiseless setting (i.e., n = 0). We will touch on the noisy setting in Section 3.6
but we can only talk about the dependence of the lower bound on regularization there since
we don’t provide a matching upper bound.

The main result that we have for the noiseless case is Theorem [45, which proves tight-
ness of the bound for a quantile a.. Throughout this section we will study how changing
regularization affects that quantile.
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Before we start, however, let’s introduce two alternative forms of the bound on that
quantile, that are somewhat more useful in terms of tracking the effect of A\. As we already
pointed out, these bounds are closely related to the bounds for the regression problem studied
in Chapter 2| but have somewhat different form. In the next two lemmas we show how
definitions of our quantities of interest could be alternatively defined to have similar form to
the quantities from that chapter.

The following lemma gives a form of the bounds using the notion of £* introduced in
Section This form corresponds to the form of the main results obtained in Section

Lemma 47 (Bounds via k*). Suppose that
E<n/2 and A >nlg.

Define
k* ;:min{lie {0,1,7]{7} : )\—"Z/\z Zn/\fi—‘rl}v
1>K
A=A+ >0,
i>k*

Vo=t AP ) N

n + A nZA“

i>k*
0% = g W, + 1A e
No o= et + 70T e
Then

IN.>N>NJ2, 20,>0>0./2, 4>V >V./4 A >A>A/2
The next lemma gives an alternative form of the bounds, which makes their dependence

on k less pronounced. They are analogous to the bounds from Section [2.7]

Lemma 48 (Alternative form of the bounds). Suppose that k < n and A > nAy1. Denote

2 2
Hi A}/ 2 i [n
N, = = = :
¢ ;AﬁA/ Z (N + A/n)?’ Ya Z (X + A/n)?
Then
N>N,>N/2, V>V, >V/4, >0, > 0%/4

Note that this form of the results already appeared in our discussion in Section |3.1]

Now we are in position to return to studying the effect of regularization. To track
changing values of regularization parameter A, for the rest of this section we add it explicitly
to the notation, i.e., in this section we will write a(\), A(X), N(A), V(A), O(N), o (L, \) etc.
Note that if L > 1 and X' > A, then «%(L,\) C (L, ), that is, we always only need to
assume that 7 (L, \) holds for the smallest value of the regularization parameter that we
consider.
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Increasing regularization never helps in the noiseless case

Due to Theorem {5 the main quantity of interest in the setting without label-flipping

noise is % According to Lemma , this quantity is within a constant factor
No(N)

of T o) The first interesting observation is that N, (A)/04(A) is a non-increasing

function of A. To see this denote
ti=A/n, v:=X""pu w:=S+tI,)'Tu= T, +t=") v

With this notation, it becomes
N,(A)  vTw

VnQa(A) — fw]’

which is non-increasing by the following lemma, whose proof can be found in Appendix [B.9]

Lemma 49. Consider a non-zero vector v € RP and a PD symmetric matric M € RP*P.
Introduce the function f : R? — R as f(w) = v'w/|w]|. Then f((I,+tM)'v) is a
non-increasing function of t on [0, +00).

This observation already suggests that increasing regularization should not lead to an
increase in the bound. The only way that it could happen is when the term 1/V'(\) dominates
v/n{ in the denominator. As it turns out, however, in this case the vector g cannot be large
enough for the bound to be larger than a constant. A formal statement is given by the
following lemma, which is proven in Appendix [B.9

Lemma 50 (Increasing the regularization cannot make the bound large). Suppose that k < n
and A(X) > nAg. Then for some absolute constant ¢ > 0 and any X' > X

N(X) <c<1+ N()) )
SV + Vo) = VO + v/r0\)

Combining this with Theorem [45| gives the following.

Corollary 51. Suppose that the distribution of the rows of Z is o,-sub-Gaussian. For any
L > 1 there exist constants a, c that only depend on L and o, and absolute constants 9, such

that the following holds. Assume that n > ¢, k <nj/c, P(e(L,\)) > 1—0, N(A) > ad(N),

and
AN) > c | nAg1 V /nZAZZ
>k

Suppose that Q... has a symmetric distribution and is independent from Q...
For every X' > \
a:(N) <c(l4a:.(N).
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Proof. Take a,d, e the same as in Theorem [45] Denote the constant ¢ from that theorem as
c1. Note that P(<7,(L, \')) > P(«#,(L, \)) > 1 — 4, which means that Theorem [45] applies for
all values of the regularization parameter A’ > \. Thus,

/ N<>\,) —1 N()\)
Qe )\ S 1 3 Qe )\ 2 G :
) VV(N) 4+ /nO(N) ) VV(A) + v/nO(N)

Combining it with Lemma and taking c large enough depending on ¢; yields the
result. O

Note, however, that our argument only works if the probability of the event @7.(L, \) is
high for some constant L, and that A(\) is large compared to nAx;1. Increasing A increases
both A(\) and the probability of 7 (L,\). Therefore, the results above don’t say that
smaller values of regularization are always better. A more precise interpretation would be
“if X\ is large enough so that A(A) > nA\xyq and @ (L, A) holds with high probability, then
there is no benefit from increasing it further”.

Increasing regularization does nothing in some regimes

Even though we showed that there is not much use (in a certain sense) in increasing regular-
ization, we haven’t yet shown that it is harmful. For example, the following question arises:
can decreasing regularization increase p' Wiigge(A)/||Wridge(A)||s by more than a constant
factor? As it turns out, it depends on how p is spread across the eigendirections of 3. For
example, increasing regularization will always preserve the bound within a constant factor
if p is supported on the tail of the covariance or p is an eigenvector of the covariance, and
p is large enough so that V(\) is dominated by n{(\)%. The formal statement is given by
the following corollary, which is proven in Appendix [B.9]

Corollary 52 (Regularization doesn’t matter for certain ). Suppose that the distribution of
the rows of Z is o,-sub-Gaussian. For any L > 1 there exist constants a,c that only depend

on L,o, and absolute constants £,0 such that the following holds. Suppose that n > c,
k<n/c, P(e(L,\)>1—06, NN\ > ad(N), and

AN) > c | nAg1 V /nZ)\?
i>k

Suppose that Q... has a symmetric distribution and is independent from Q..
If either for some i < k

n i3 2
= [i€;, d . > A
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(here e; is the i-th eigenvector of %), or
lporll =0 and Y N < nllpplls,

then for any N > X,
a:(N) /e < a.(N) < cac(N).

The results that we obtained so far seem to contradict the conclusion made by [58], who
considered a particular case of our model with Gaussian data and & = 0 and concluded
that increasing regularization always decreases the classification error (see their Section 6.1),
and checked that empirically in simulations. According to our results, increasing A does not
change p" Wiigge(N) /|| Wridge(A) || by more than a constant factor in this regime. There is no
actual contradiction, because [58] only proved that their bound is decreasing. They neither
proved that the bound is sharp, nor that it can decrease by more than a constant factor. We
provide a detailed comparison with their results in Section [3.7]

Increasing regularization may cause harm by breaking the balance
between the tail and the spiked part

Now let’s investigate for which p having regularization as small as possible actually provides
more than a constant factor gain. Lemma [47] gives, perhaps, the most convenient formulas
to look at. For simplicity let’s restrict ourselves to the case where pu is large enough, so the
term /V'(\) is dominated in the denominator. Let’s write out the quantity of interest:

2 _
N, ||l’l’0:k* E(Zi* + HA* 1||I‘l’k*:oo||2

V0. B \/”No:k*

Increasing regularization does two things: it changes the value of A,, which serves as a
scaling factor in front of the contribution of the tail, and it decreases k*, therefore recovering
the geometry in fewer components. We are going to look at those effects separately.

First, consider the case when k* doesn’t change from changing A\. Note that if the term
| b0+ 226;1& dominates in both the numerator and the denominator, then the ratio becomes

jUSt ‘ Koo+
The same happens if the term ||zeq.-

- = )
S0k + n?A, 2||I‘l’k*:oo||§lk*:oo

-1 up to a constant factor, that is, it is not sensitive to the changes in A,.
0:k*

2271 is dominated in both the numerator and the
.k*

denominator: the ratio becomes || fye.o0 ||/ | 00 || 5e. » and again it is not sensitive to the
changes in A,. Moreover, since we always assume A, > nAg«1; we have

A e o1 = AN 0o 155, = P A e oI5, -

Thus, the case in which changing A can change the bound by more than a constant in
this regime is

2 —
20_:11@* > n2A* 2Hl“"k*:oo”§}k*:oo‘

nA;1||IJ’k*:oo||2 Z ||l‘l’0:k*
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In this case the bound becomes equal to nA | .o 12/ || o

x-1, Up to a constant
factor, so the dependence on A, is inversely proportional. Recall, however, that in order to
not change k* we need to always have A, < n\,-. Putting it together with A, > n\p, 1 we
see that changing regularization in this regime can change the bound by at most Ags /Agsy1.
Thus, there should be a big relative gap between A\i- and A« for that quantity to be large.

The discussion above reveals a recipe for constructing regimes in which increasing reg-
ularization can significantly impair the classification accuracy. The formal statement is as
follows, its proof can be found in Appendix [B.9]

Lemma 53. For any o, > 1,L > 1 there exist constants a,c that only depend on o, and
absolute constants ,0 such that the following holds. Suppose that n > ¢, 0 < k < n/c. Take
any C' > 1 and construct the classification problem as follows:

1. Take Zy.oo with o,-sub-Gaussian rows and the sequence {\;}i~r and regularization
parameter \ such that P(<#(L,\)) > 1 -9 and

AN) > c | nh\g1 V /nZ)\?
>k

2. Take Zyy, with o,-sub-Gaussian rows independent from Zj..., and {/\i}f-“:1 such that
nAx > CA(N).

3. Take py.., whose most energy is spread among the eigendirections of ¥ with small
eigenvalues, that 1s,

[ - e A XON ][/ 7 [
4. Takeﬂ o, Which balances ... in the following sense:
nCIAN)  brool® = kol 1 = n* AN [ bpoclls, .. (3.23)
5. Scale p ugﬂ if needed, so it holds that
nO*(A) > V(\)  and N(\) > ad()).
Then for any X' such that A(N') > CA(N)

az(\) >

C
—a(\).
—a.(N)

The following corollary, whose proof can be found in Appendix [B.9] shows a particular
example when the optimal regularization is negative:

4Note that such i, exists because of how we chose py. .-
5Note that the previous conditions were homogeneous in p, so multiplying it by a scalar does not break
them.
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Corollary 54. There exists absolute constants a,b such that the following holds. Take p =
oo, n>a and 1 < k < n/a. Consider the following classification problem with Gaussian
data (in infinite dimension) and no label-flipping noise (n =0):

N {26, i <k, | {4\/19//«1;, i <k,

e R/On) s P 4yp 2R s

Then the value of A that mazximizes c(\) is negative.

Increasing regularization can harm by destroying “recovery of the
geometry”’

Now let’s consider a scenario where k£* changes all the way to zero because of increase
in regularization. That is, we stop “recovering the geometry” of the first k* components
because of it. For simplicity, consider the case with no tail, that is, ||ptj«.o| = 0. Infor-
mally, increasing regularization will change the classifier from (Wyidge(A))oks X gipe Ho-e-
t0 (Wridge(N))oks X o+ and the value of p' wiigge/ ||Wiidge||s Will go from || g 51, to
| ttg1o: 12/ | 0.5 |2 e » Which may be much smaller depending on ey, This results in the
following lemma, whose proof can be found in Appendix [B.9}

Lemma 55. For any o, > 1,L > 1 there exist constants a,c that only depend on L,o, and
absolute constants €,9 such that the following holds. Suppose that n > ¢, 0 < k <n/c. Take
any C' > 1 and construct the classification problem as follows:

1. Take Zy.oo with o,-sub-Gaussian rows and the sequence {\;}i~r and regularization
parameter \ such that P(<#(L,\)) > 1—0§ and

AN >c | ndea v 0D N
>k

2. Take Zyy, with o,-sub-Gaussian rows independent from Zj..., and {/\i}le such that

3. Take p that is only supported on the first k coordinates (i.e., ||py.ooll = 0) such that
12050 120451 = Clpso® (3.24)

4. Scale p up if needed, so that

nO*(\) > V(\)  and N()\) > ad(N).
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Then for any X' such that A(N') > n\
C
a:(A) > zozg()\').

A natural question is when one can choose such ;. that Equation (3.24) is satisfied.
The answer is given by the following.

Lemma 56. For any ., # Ok

| < ”l‘l’O:kHZU:kH#’O:kHZ&}C < A1 +)\k.
B [ 12012 T2V A
The upper bound is achieved for p., = e + €.
Proof. Without loss of generality we can put |go.,]|> = 1. Now the numbers {2} act as
weights: Hu&ksz&i is the weighted average of {\;'}¥_, with weights {x?}, while H,uo:ngik
is inverse of the weighted average of {\;}*_,. Thus, for the convex function f(z) = 1/z we

can write N

Z¢:1 :uzz f(N)
f (Zf:l I )‘i)
Thus, the lower bound follows from Jensen’s inequality. Moreover, if f is a non-negative con-
vex function and X is a random variable with a support [a, b], then the ratio E[f(X)]/ f(E[X])
is maximized by a distribution of X is supported on {a,b}. That is, we should have

pe =1 —p? and p; = 0 for i € {1,k}. Now we only need to find the scalar u} that
maximizes the following:

HIJ’Och%JDk||l‘l’01c|‘22811C 2 _1 1 —1\ 2
T ik — (/\k; + (A1 — /\k;)lh) ()\k + (A = A )/h) :
0:

Putting the derivative equal to zero yields:
0= (A —Ae) (A + O = A )md) + (A + (= Aui) (A = A,

p2 =0.5.

(A+Ap)?
e u

it 15, 101551 =
0:k

The maximum value is equal to

The following corollary, whose proof can be found in Appendix [B.9] shows another ex-
ample when the optimal regularization is negative:

Corollary 57. There exist absolute constants b > ¢ such that the following holds. Take
p>bn, and b < k < n/b. Consider the following classification problem with Gaussian data
(in dimension p) and no label-flipping noise (n =0):

[ k).
i = Hi =

. )
et i > k. 0, i> k.

Then the value of \ that mazimizes a.(\) is negative.
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Regularization with label-flipping noise

Since we don’t have a matching upper bound for the case with label-flipping noise, we can
only consider the effect of the regularization on the lower bound given in Theorem [42] That
bound, up to a constant factor, is given by the following formula:

N — ctd
(L + Noy ] VV + AV + Oy/n)

Let’s look at it in the simple regime when t is a constant and p is large enough so that ¢t
is dominated by N. Thus, we are going to consider the formula

N
([1 + Noy | VV + Oﬁ) '

We can rewrite it up to a constant as a minimum of 2 terms:

1 N
A ;
o V'V VV +0n

and the second term is just the bound for the case n = 0. We’ve already seen this in
Section [3.4] where we stated that the bound for the case with label-flipping noise goes over
the same regimes, and only picks up a new regime for large u. We already know that
increasing A “doesn’t help” in the noiseless regime. It does, however, increase the first term
(V(A) is obviously a decreasing function of A). Thus, regularization can only provide a
significant benefit in that new “large p” regime. Since we don’t have a proof of tightness for
this bound, however, we leave a more careful study of this effect to future work.

3.7 Related work

Despite the fact that the literature on linear classification in high dimensions is vast, only a
few papers studied cases with general covariance structure and the impact of that structure
on the prediction accuracy. Here we only review those works, while referring the reader to
[34] and [57] for a more broad review of related literature.

Existing results can be split into asymptotic and non-asymptotic. We start with the
asymptotic literature. The most common asymptotic regime is the “proportional asymptotic
regime,” that is, both p and n go to infinity, while their ratio goes to a constant. The results
obtained in this regime always require some assumptions on the spectral decay of covariances
of the clusters, for example, that all eigenvalues of covariances are bounded from above and
below by fixed constants.

[40] consider i.i.d. data x; from a centered Gaussian distribution with covariance ¥ in
the proportional asymptotic regime. There are two classes, and the probability that a point
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x belongs to the first class is a function of ' @, for some true parameter vector 8,. They ex-
press the asymptotic classification error of the maximum margin classifier through a solution
to a certain system of non-linear equations. [34] consider a problem of multi-class classifi-
cation of Gaussian mixtures with generic covariances and means in the proportional asymp-
totic regime. They express asymptotic in-sample and out-of-sample classification errors of
a generic convex-loss-minimization algorithm through a solution to a system of non-linear
equations under the condition that that solution exists and is unique.

Asymptotic methods often stem from analytical methods from statistical physics, which,
even though being mathematically non-rigorous, can accurately predict properties of cer-
tain large stochastic systems. [27] consider a binary linear classification problem in which
classes have arbitrary means and covariances, and use a non-rigorous computation based on
replica-symmetry trick to obtain expressions for the distribution of the solution to a generic
loss minimization problem. Interestingly, for the case of symmetric clusters with the same
covariance, the empirical mean of that distribution is (I, + 8%) !, where scalars «, 3 are
a solution to a certain system of non-linear equations. Because of this form of the result, one
can say that they observed what we call “recovering the geometry”. However, the number
of components in which the geometry is recovered is hidden behind the system of non-linear
equations.

[51] considers a data structure that is very similar to ours. The main result of that paper
can be formulated as follows: in an asymptotic setting in which the rows of X .., become very
close to orthonormal, the maximum margin solution to the classification problem effectively
minimizes hinge loss on the first £ components. This paper was an important motivation
for our work as it suggested that the regime considered in the regression literature may also
lead to fruitful results in classification.

The results of the papers mentioned above are substantially different from ours. All of
those papers either consider the maximum margin solution instead of the ridge regression
solution, or obtain the result in the form of a solution to a system of equations that is difficult
to approach analytically. Because of that, we do not provide more detailed comparisons
between our results and the results of those papers. The papers we discuss in the remainder
of this section, however, turn out to be directly comparable to ours.

To finish with asymptotic literature, [42] consider a model similar to that of [40], but with
a different choice of the covariance structure. Their main result is given for a certain “bi-
level” covariance, whose eigenvalues can only take one of two values: there is a small number
of eigenvalues with a large value, and a large number of eigenvalues of small value. One can
immediately see the similarity between that structure and the structure we introduced in
Section [3.1] Even though the goal of [42] was to study the maximum margin solution, the
approach they took was motivated by a recent observation that under certain assumptions
maximum margin solution coincides with the minimum norm interpolating solution |26, 2].
This phenomenon is known as “support proliferation”. Because of that, the main result of
[42] is actually derived for the minimum norm interpolating solution, which makes it possible
to compare it to our result.

When it comes to non-asymptotic literature, motivated by the same support prolifera-
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tion idea, [8] studied the classification error minimum norm interpolating solution and [58]
studied the ridge regression solution. Finally, [10] obtained a bound on the misclassification
probability of maximum margin solution in binary classification. To approach maximum
margin solution they utilized its characterization for separable data as the limit of gradient
descent on logistic loss. As it turns out, however, assumptions that they consider imply that
support proliferation must happen on the event when their proof works.

We will give detailed comparisons with [8], 58| |10, |42]. Before we do that, however, it is
worth talking about some similarities that all those papers possess. All four of them had
studying the maximum margin solution as their aim. In our notation, the maximum margin

solution (MM) is defined as
Wy = argming ., ||wl s.t. Dy Xw > 1, (3.25)

where Dy = diag(y). A standard argument with Lagrange multipliers shows that the
solution to the optimization problem ({3.25) is a conic combination of the columns of the
matrix X TD@, and strictly positive coefficients in that conic combination correspond to
the inequalities on the right hand side of Equation that are saturated, i.e., they are
satisfied with equality. The data points (columns of X T) which correspond to those strictly
positive coefficients are called support points. One of the core ideas of [42, |8, 58] is that
in some cases “support proliferation” happens with high probability, which means that all
points are support points. In this case all inequalities in the constraints become equalities,
ie, DyXw = 1,, and MM coincides with MNI. Motivated by this observation, those
papers actually study MNI under support proliferation or in a certain vicinity of that regime.
Because of that, our results can be directly compared to the results of those papers.

When it comes to [10], they don’t explicitly rely on support proliferation to study MM,
but, as we explain in Section their proof implies that support proliferation must happen,
and thus we can compare our results to theirs too.

Interestingly, one of the conditions under which support proliferation happens is that the
whole data distribution has high effective rank. Because of that, most of the results from
the above mentioned papers correspond to our results with k£ = 0.

The remainder of this section has the following structure. First, we show that our results
generalize the results of [§] and [58]. Then we discuss the relation between our results and
those of |10], and show that their bound is weaker then ours for the case of Gaussian data.
Finally, we explain how the model considered in [42] is related to ours, and show that some
of the conclusions of that paper can be recovered from our analysis too, even though our
results do not strictly generalize theirs.

Comparison with “Risk Bounds for Over-parameterized
Maximum Margin Classification on Sub-Gaussian Mixtures”

[8] study the same data generating model as ours. Their main result, reformulated in our
notation, is given by the following theorem.
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Theorem 58 (Theorem 3.1 and Proposition 4.1 from [§]). Suppose the elements of matriz
Z are independent and o,-sub-Gaussian, and n = 0. There are constants C,C" that only
depend on o, such that the following holds. Assume that

(%) > Cmax {n®?| S|, nl| S|, ny/log(n) | ul}z } (3.26)

and ||p||? > C||plls. Then, with probability at least 1 —n™', wynr = wynr and

(T wsn)® . AP
fwsall = nllalg + 1515 + ol S]2

(3.27)

Note that if we take k = 0 and A = 0, the assumption imposed in Equation implies
that A > n32X; > n. Moreover, since the data is assumed to be sub-Gaussian, the events
(L) and HBy(cp) hold with high probability for constants L, cp that only depend on o,
due to Lemmas [37] and 39} Therefore, our Theorem [42] is applicable and gives the following
bound with probability 1 — ce~**/2 (up to a constant factor):

N — ctd
VV + AV 4+ /nd’

Thus, the following proposition, whose proof can be found in Appendix [B.10| shows that
our bound is at least as good as the bound from [§].

Proposition 59. Tauke k = 0 and some ¢ > 1. Suppose that n\; < A and ||p|* > 2¢||p||s.
Then for t < +/n,

N —ctd 21 nlpl?
VV + AV +/n0 ~ Anlpls +valZ|r + o))

Note that the resulting bound does not depend on A\. We have already observed that
in Corollary 52} indeed, since k = 0, p is supported on the tail of the covariance, and
regularization does not change the bound by more than a constant factor. Moreover, since
they effectively considered k = 0, [8] did not observe the effect of “recovering the geometry.”

(3.28)

Comparison with “Binary Classification of Gaussian Mixtures:
Abundance of Support Vectors, Benign Overfitting and
Regularization”

The next paper we compare ours with is [58]. They consider Gaussian @. When it comes
to X, they consider two ensembles, which they call “balanced” (see their Definition 2.1) and
“bi-level” (see their Definition 2.2). Translating to our terminology, for a balanced ensemble,
k* =0, and for bi-level, k* = 1.

Their result for the balanced ensemble is as follows.
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Theorem 60 (Theorem 3 from [58]). There are large absolute constants a,b, ¢ such that the
following holds. Assume that rows of Q come from a Gaussian distribution, k =0 and

nA <bY A (3.29)

Take X > 0. Assume that ||p|* > a (A7 |p|l% + ||plls). Then with probability at least
1— e /e

pwrigge oy [|pl? — a (AT pll% + [lplls)

> c .
lridge | = (VA pls) /22 A + llells

We see that their bound is at most within a constant factor of

(3.30)

]
n||2 '
IZ]e + lllls + |l s

Comparing to our bound from Equation [3.28] we see that the bound from [58] has ||Z||»
in the denominator, which is larger (up to a constant) than |X||r/+/n + ||| that stands
in the denominator of Equation m (after dividing both numerator and denominator by
n). Moreover, it picks up an additional term || [L"g% in the denominator. Thus, the
bound from Theorem [60] is worse than the one from Equation [3.28] Note that, just as in
the previous section, Equation (3.29) implies that our Theorem is applicable with high
probability. That is, Proposition 59 shows that our result generalizes the result for balanced
ensembles from [58].

When it comes to the bi-level ensemble, the result of [58] translated to our notation is
given by the following theorem.

Theorem 61 (Theorem 5 from [58]). There are large absolute constants a,b,c such that
the following holds. Assume that rows of Q come from a Gaussian distribution. Take p
that is supported on one coordinate, i.e., u = pje; for some j, and j > 1. Assume that
el > a (nA7Y|pl|% + ||plls). Assume that k=1, X >0 and

b > N and  bndy <) A (3.31)

i>1 i>2

A+ nllp|s .
A=)\ ———= B =1 A A2,
TN LA (I +nApls) i;j i

Then with probability at least 1 — e~ /¢,

Denote

B Whage oy lP(1 = enA7IN) — of|pls
[wridge|l s A+ B+ A+ [luls

(3.32)
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Note that for £k = 1 the second part of Equation yields A > bAyy1. Thus, if
b is large enough, under that assumption, the events @7,(L) and HBy(cp) hold with high
probability for absolute constants L, cg, due to Lemmas [37] and [39] Therefore, our Theorem
is applicable just as it was in Section [3.7 So, the following proposition, whose proof
can be found in Appendix [B.I10, shows that our bound generalizes the bound for bi-level
ensembles from [58].

Proposition 62. Take k = 1 and some ¢ > 1. Assume that A > 0, nAgr1 < > A

i>k Vs
0]l = 0, and ||p||* > 2¢||pl|s. Take any j > 1 and define A, B as in Theorem[61 Then

fort <./n
N —ctQ - ImE

VV T EAV + 00 ~ 6A+B+ X+ uls’

Overall, we see that the bounds from [58] are not sharp. Moreover, since they considered
either K = 0 or k = 1 and pu supported on a single coordinate, they did not observe the effect
of “recovering the geometry.”

Comparison with “Finite-sample analysis of interpolating linear
classifiers in the overparameterized regime”

[10] consider almost the same data generating model as ours: two clusters with symmetric
means and the same covariances. Only their definition of the noise is different: they consider
arbitrary corruptions of the distribution of (x,y) that preserve the marginal distribution
of  and have bounded total variation distance with the initial distribution. Label-flipping
noise can be seen as a particular case of such corruption.

Nevertheless, comparing our results with those of |10] is not straightforward for two
reasons. First, they consider the MM solution, while we consider the ridge and MNI solutions.
Second, |10] impose assumptions that are incomparable with ours, for example they assume
that elements of @ have bounded sub-Gaussian norms, while we only have proofs that the
events @7 (L) and %y (cp) hold with high probability when elements of Z are sub-Gaussian
(see our Lemmas [37) and [39).

Regarding the first potential issue, we note that they in fact consider a regime where the
max-margin solution coincides with MNI. To see this, note that by Lemma A.2 of [16], for
max-margin to coincide with MNI, it suffices for the training data to be ‘nearly-orthogonal’
in the sense that ||zx]|? > nmax;; %maxﬁj |z ;| for every training sample (z, yx).
One can verify this property holds in their setting by using their Lemma 10 together with
their assumption (A.3).

To alleviate the problem with the differences in the assumptions, we compare the results
for the case of Gaussian distributions, where both our and their results are directly applicable.
We also only consider the label-flipping noise here, since it is a particular case of the noise
considered in [10]. When translated into our notation, that result is given by the following.
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Theorem 63 (Theorem 1 from [10], Gaussian case). Fiz some constant x € (0,1). Suppose
rows of Q are i.i.d. samples from a Gaussian distribution. Suppose that \; < 1 for every
ie{l,...,p} and >, N\; > kp. There is a constant c that only depends on k and an absolute
constant b such that the following holds.

Take § € (e7™/¢,c1). Assume that p > cn*log(n/é§), p/(en) > ||p||* > clog(n/d), and
n < 1/c. Then with probability 1 — § over the draw of X,y

4
Featia <0 < o (41EL) -
p

where (x,7) is a new data point from the data distribution with label-flipping noise.

Note that assumptions of Theorem [63| yield for n > e/c:

Z i > kp > en?log(ne) > cn).

(2

Thus, for k = 0 we have A > en\gy1. According to Lemmas [37 and 39 if ¢ is a large enough
absolute constant, both events 2% (L) and % (cp) hold with probability at least 1 — ce™/¢
for some absolute constants L and c¢g. Thus, Theorem is applicable for £ = 0, and
yields the result with probability 1 — ce™™/¢ — ce /2. To match the probability of 1 — 9
from Theorem |63 we should take ¢ = /2log(1/§). Finally, in Section we saw that in
the Gaussian case the error probability on a new noiseless point (x,y) is ®(—p w/||w||s).
Since ®(—z) < e **/2 for every z > 0, to recover the result of Theorem 63| we just need to
show that p'w/||w||s 2 ||p||*/\/p. Thus, the following proposition, whose proof can be
found in Appendix shows that our result is stronger than Theorem [63]

Proposition 64. Assume that \; <1 for any i and Y 5 | \; > kp for some constant k €
(0,1]. Take k = 0, A = 0 and some ¢ > 1. Suppose additionally that kp/n > ||p|* >
(2¢t)?/(k*n), and t* < nk.

Then

N —ctd o 1 lplPvns
1+ No | VV+82AV +0y/n ~ 10 p

That is, our lower bound picks up an additional factor of \/n compared to the bound
from Theorem 63l

Comparison with “Classification vs regression in
overparameterized regimes: Does the loss function matter?”
Apart from the data generating model considered in this chapter, there is another model

that was recently considered in the literature on linear classification. Consider a centered
Gaussian distribution with covariance 3. When a point £ is generated from this distribution,
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it gets assigned the label sign({Ta) for some vector a« € RP. Thus, the domain is split into
two clusters. It is easy to see that the centers of the clusters are

. T . T1/2 1/2 1/2 2 2V« 2
E[Slgn(€ a)ﬁ] = E[Slgn(z by a)E Z] = . ;M = mza =m,

where we used z to denote a vector from the isotropic Gaussian distribution, and denoted
the centers of the clusters as +m, which plays the role of . The covariance within a cluster
is not 3, but a rank-one correction to it, namely

Y =E [(¢sign(¢’ o) — m)(sign(€' a)€) '] = E[¢€"] — mE[sign(¢ ' a)¢]" =

T
S omm =% 2 e (Ip - zsza> 12,
m

Ta' Yo

where we denoted the projection on the direction of /2ex as Py, ). Because of the factor
2/m < 1in front of it, the matrix I, — %quza is still within a constant factor of identity,
so the covariance of a cluster is within a constant factor of X.

Moreover, for a classifier & — sign(¢ " w), the probability to assign a wrong label is

4 21/2 21/2 1 TE
P (sign(zTEUQ'w) -+ sign(zTEl/za)> = ( w, o) — Z arccos (&) :
m a ez ([wlls

where we used Z(-,-) to denote the angle between two vectors. Note that the argument
of arccos is almost the same as the quantity p'w/|w|s studied in this chapter: indeed,
plugging in the formulas for the mean and the covariance of the cluster we obtain

m'w 2 a'Sw

VuXw ;\/aTEa\/wE'w7

and we saw that (1 — 2/71)wXw < w¥'w < wXw.

Thus, in principle, our results can apply directly to this model. The caveat, however, is
that our bounds are only defined up to a constant multiplier, while the quantity ”aor‘;%
is always between minus one and one. For example, our bounds cannot distinguish between
perfect classification and some constant probability of error that is less than 0.5.

Now let’s compare our results with the result of [42], who consider such a model. The
main result of [42] is their Theorem 13, which considers the following construction: there
are three non-negative real-valued parameters ¢,r, s such that r < 1 < s, ¢ < s —r. The
covariance is diagonal, that is, ¥ = diag(\,..., ), and p = n®. The spectrum of ¥ has a
bi-level structure, that is

S—q—rT f y < T
)\i:{n , ort<n', (3.34)

(1-=n"9/(1—=n""%) fori>n".
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Finally, [42] consider ¢ = e; (note that, similarly to [58], taking such o hides the effect of
“recovering the geometry,” since a has the same direction as ¥ 'a). For this choice of a,

Ya = 2)‘1
[42] consider the asymptotic setting with n approaching mﬁmty, and Compute the classi-
fication error of the MNI. Namely, their Theorem 13 shows that if g+ < (s+1)/2 then the
misclassification probability approaches zero, while for ¢ +r > (s 4 1)/2 it approaches 0.5.
That is, the quantity % approaches 1 when ¢+r < (s+1)/2, and 0 if g+r > (s+1)/2.
Proposition [65] be\

the mean of the positive cluster becomes m = |/ —2——
Ta' Yo

ow shows that one can see the same phase transition in our results.
However, as our bounds are only defined up to a constant multiplier, we do not recover the
result of |42] precisely.

Proposition 65. Take real q,r,s such that 0 <r <1<s,0<qg<s—r. Consider p=n?®,
¥ =diag(Mi, ..., Ap), and p = \/2\1/mer, where {\;}}_, are given by Equation (3.34). Take
A=0, k=n", and c to be any constant that doesn’t depend on n.

Then, as n goes to infinity, for t < n%%" the following holds:

on(1), 2q+2r—1—s>0,
N —ct$ N ) toa(n) 2 +2r —1—5=0,

WAy + o W e I

+o,(1) 2g+2r—1-—s<0.

™

Here we use 0,(1) to denote quantities that converge to zero as n goes to infinity.

3.8 Conclusions and further directions

In this chapter we studied classification accuracy of the ridge regression solution in a binary
classification problem. We derived tight bounds for the case without label-flipping noise, and
a lower bound for the case with label-flipping noise. Our bounds are additionally supported
by geometric derivations for the minimum norm interpolating solution, which explain the
structure of the solution vector. Even though we don’t provide a matching upper bound for
the case with label-flipping noise, the geometric derivations show that the vector QA 'y
plays an important role, thus suggesting that the term an\/v should indeed appear in the
bound for ||w;idge||s, and that our bound is indeed tight.

Our bounds yield several novel qualitative conclusions. We discover the effect of “recov-
ering the geometry” in the first £* components, which was seemingly missed in the previous
literature. For the setting without label-flipping noise, we show that there is no benefit
(in a certain sense) of increasing regularization beyond the point where the (regularized)
covariance obtains a tail of high effective rank, and that the optimal regularization can even
be negative. When it comes to the case with label flipping noise and benign overfitting,
we discover that the bound for this case exhibits the same behavior as the bound for the
noiseless case, unless p is large in magnitude. In the latter case, our bound loses dependence



CHAPTER 3. CLASSIFICATION 92

on p completely, and the conditions for benign overfitting in this regime coincide with the
conditions from the regression setting considered in Chapter [2]

Despite all the above mentioned progress, there are still gaps in our understanding of
benign overfitting in this model, which we leave for future work. The most obvious task is to
obtain the matching upper bound for the case with label-flipping noise. As explained above,
we believe that our bound should be tight, at least when 7 is a constant. The dependence of
the bound on 7, however, is probably not sharp when 1 becomes small. This is because our
argument relies on sub-Gaussianity of a Bernoulli random variable with parameter n, but
when that parameter is small, the Bernoulli random variable behaves as a heavy-tailed one.
Thus, the argument using sub-Gaussianity may not be sharp.

Next, our argument only works if there exists £ for which the tail of the covariance has
high effective rank. However, the bound that we obtained suggests that this structure may
be necessary for benign overfitting to occur. Indeed, as we explained above, the sufficient
conditions for benign condition that we obtain are very similar to those for regression, and
we showed in Section that high effective rank in the tail of the covariance is necessary
for benign overfitting in regression. Proving the necessity of this regime in classification is
another direction of future work.

Finally, even though we use a very similar regime for both regression and classification,
and there are a lot of technical similarities between the results, we do not have a high-level
explanation of benign overfitting that would unify the regression and classification settings.
Resolving this, and understanding when and how the noise that is interpolated in training
does not impact classification accuracy, are important directions for future work.



93

Bibliography

Pedro Abdalla and Nikita Zhivotovskiy. “Covariance Estimation: Optimal Dimension-
free Guarantees for Adversarial Corruption and Heavy Tails”. In: arXiv:2205.08494
(2023).

Navid Ardeshir, Clayton Sanford, and Daniel J Hsu. “Support vector machines and
linear regression coincide with very high-dimensional features”. In: Advances in Neural
Information Processing Systems. Ed. by M. Ranzato, A. Beygelzimer, Y. Dauphin, P.S.
Liang, and J. Wortman Vaughan. Vol. 34. Curran Associates, Inc., 2021, pp. 4907—
4918. URL: https://proceedings.neurips.cc/paper_files/paper/2021/file/
26d4b4313a7e5828856bc0791fcad9a2-Paper. pdf.

Peter L. Bartlett, Philip M. Long, Gabor Lugosi, and Alexander Tsigler. “Benign
overfitting in linear regression”. In: Proceedings of the National Academy of Sciences
(2020). 18sN: 0027-8424. DOI: 10 . 1073/ pnas . 1907378117, eprint: https : // www .
pnas . org / content / early /2020 /04 /22 /1907378117 . full . pdf. URL: https :
//www.pnas.org/content/early/2020/04/22/1907378117.

Peter L. Bartlett, Andrea Montanari, and Alexander Rakhlin. “Deep learning: a sta-
tistical viewpoint”. In: ArXiv abs/2103.09177 (2021).

Mikhail Belkin, Daniel Hsu, and Ji Xu. “T'wo models of double descent for weak fea-
tures”. In: ArXiv abs/1903.07571 (2019).

Koby Bibas, Yaniv Fogel, and Meir Feder. “A New Look at an Old Problem: A Uni-
versal Learning Approach to Linear Regression”. In: July 2019, pp. 2304-2308. DOTI:
10.1109/ISIT.2019.8849398.

Florentina Bunea, Seth Strimas-Mackey, and Marten H Wegkamp. “Interpolating Pre-
dictors in High-Dimensional Factor Regression.” In: J. Mach. Learn. Res. 23 (2022),
pp. 10-1.

Yuan Cao, Quanquan Gu, and Mikhail Belkin. “Risk Bounds for Over-parameterized
Maximum Margin Classification on Sub-Gaussian Mixtures”. In: CoRR abs/2104.13628
(2021). arXiv: 2104.13628. URL: https://arxiv.org/abs/2104.13628.

Michael Celentano, Theodor Misiakiewicz, and Andrea Montanari. Minimum complex-
ity interpolation in random features models. 2021. arXiv: 2103.15996 [cs.LG].


https://proceedings.neurips.cc/paper_files/paper/2021/file/26d4b4313a7e5828856bc0791fca39a2-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2021/file/26d4b4313a7e5828856bc0791fca39a2-Paper.pdf
https://doi.org/10.1073/pnas.1907378117
https://www.pnas.org/content/early/2020/04/22/1907378117.full.pdf
https://www.pnas.org/content/early/2020/04/22/1907378117.full.pdf
https://www.pnas.org/content/early/2020/04/22/1907378117
https://www.pnas.org/content/early/2020/04/22/1907378117
https://doi.org/10.1109/ISIT.2019.8849398
https://arxiv.org/abs/2104.13628
https://arxiv.org/abs/2104.13628
https://arxiv.org/abs/2103.15996

BIBLIOGRAPHY 94

[10]

[11]
[12]

[13]

[17]

[18]
[19]
[20]

[21]

[22]

[23]

Niladri S. Chatterji and Philip M. Long. “Finite-sample analysis of interpolating linear
classifiers in the overparameterized regime”. In: Journal of Machine Learning Research
22.129 (2021), pp. 1-30.

Chen Cheng and Andrea Montanari. Dimension free ridge regression. 2022. arXiv:
2210.08571 [math.ST].

Geoffrey Chinot and Matthieu Lerasle. “On the robustness of the minimum ¢, inter-
polator”. In: ArXiv abs/2003.05838 (2021).

Michal Derezinski, Feynman Liang, Zhenyu Liao, and Michael W. Mahoney. “Precise
expressions for random projections: Low-rank approximation and randomized New-
ton”. In: ArXiv abs/2006.10653 (2020).

Michal Dereziniski, Feynman Liang, and Michael Mahoney. “Exact expressions for dou-
ble descent and implicit regularization via surrogate random design”. Dec. 2019.

Edgar Dobriban and Stefan Wager. “High-Dimensional Asymptotics of Prediction:
Ridge Regression and Classification”. In: arXiv: Statistics Theory (2015), pp. 247-279.

Spencer Frei, Gal Vardi, Peter L. Bartlett, and Nathan Srebro. “Benign Overfitting
in Linear Classifiers and Leaky ReLU Networks from KKT Conditions for Margin
Maximization”. In: Conference on Learning Theory. 2023.

Behrooz Ghorbani, Song Mei, Theodor Misiakiewicz, and Andrea Montanari. “Lin-
earized two-layers neural networks in high dimension”. In: ArXiv abs/1904.12191
(2020).

Behrooz Ghorbani, Song Mei, Theodor Misiakiewicz, and Andrea Montanari. “When
Do Neural Networks Outperform Kernel Methods?” In: ArXiv abs/2006.13409 (2020).

Nikhil Ghosh, Song Mei, and Bin Yu. The Three Stages of Learning Dynamics in
High-Dimensional Kernel Methods. 2021. arXiv: 2111.07167 [stat.ML].

Gene H. Golub and Charles F. Van Loan. Matrix Computations. Third. The Johns
Hopkins University Press, 1996.

Olivier Guédon, Alexander Litvak, Alain Pajor, and Nicole Tomczak-Jaegermann. “On
the interval of fluctuation of the singular values of random matrices”. In: Journal of the
Furopean Mathematical Society 19.5 (2017), pp. 1469-1505. DOI: |10.4171/jems/697.

Trevor Hastie, Andrea Montanari, Saharon Rosset, and Ryan J Tibshirani. “Surprises

in high-dimensional ridgeless least squares interpolation”. In: Annals of statistics 50.2
(2022), p. 949.

Trevor Hastie, Robert Tibshirani, and Jerome Friedman. The Elements of Statistical
Learning. Springer Series in Statistics. New York, NY, USA: Springer New York Inc.,
2001.

Trevor J. Hastie, Andrea Montanari, Saharon Rosset, and Ryan J. Tibshirani. “Sur-
prises in High-Dimensional Ridgeless Least Squares Interpolation”. In: ArXiv (2019).
URL: https://arxiv.org/abs/1903.08560v4.


https://arxiv.org/abs/2210.08571
https://arxiv.org/abs/2111.07167
https://doi.org/10.4171/jems/697
https://arxiv.org/abs/1903.08560v4

BIBLIOGRAPHY 95

[25]

[20]

[27]

28]

[29]

[35]

[36]

Daniel Hsu, Sham M. Kakade, and Tong Zhang. “Random design analysis of ridge
regression”. In: Foundations of Computational Mathematics 14.3 (2014), pp. 569-600.

Daniel Hsu, Vidya Muthukumar, and Ji Xu. “On the proliferation of support vectors in
high dimensions”. In: International Conference on Artificial Intelligence and Statistics
(AISTATS). 2021, pp. 91-99.

Hanwen Huang and Qinglong Yang. “Large dimensional analysis of general margin
based classification methods”. In: Journal of Statistical Mechanics: Theory and Ezx-
periment 2021.11 (Nov. 2021), p. 113401. por: 10.1088/1742-5468/ac2edd. URL:
https://dx.doi.org/10.1088/1742-5468/ac2edd.

Dmitry Kobak, Jonathan Lomond, and Benoit Sanchez. “Optimal ridge penalty for
real-world high-dimensional data can be zero or negative due to the implicit ridge
regularization.” In: arXiv: Statistics Theory (2020).

Frederic Koehler, Lijia Zhou, Danica J. Sutherland, and Nathan Srebro. “Uniform
Convergence of Interpolators: Gaussian Width, Norm Bounds and Benign Overfitting”.
In: Advances in Neural Information Processing Systems. Ed. by A. Beygelzimer, Y.
Dauphin, P. Liang, and J. Wortman Vaughan. 2021. URL: https://openreview.net/
forum?id=Fy0OhThdDBM.

Vladimir Koltchinskii and Karim Lounici. “Concentration inequalities and moment
bounds for sample covariance operators”. In: Bernoulli 23.1 (2017), pp. 110-133. DOTI:
10.3150/15-BEJ730. URL: https://doi.org/10.3150/15-BEJ730

Tengyuan Liang and Alexander Rakhlin. “Just Interpolate: Kernel "Ridgeless” Regres-
sion Can Generalize”. In: ArXiv abs/1808.00387 (2018).

Tengyuan Liang, Alexander Rakhlin, and Xiyu Zhai. “On the Multiple Descent of
Minimum-Norm Interpolants and Restricted Lower Isometry of Kernels”. In: ArXiv
abs/1908.10292 (2020).

Tengyuan Liang, Alexander Rakhlin, and Xiyu Zhai. “On the Risk of Minimum-Norm
Interpolants and Restricted Lower Isometry of Kernels”. In: ArXiv abs/1908.10292
(2019).

Bruno Loureiro, Gabriele Sicuro, Cédric Gerbelot, Alessandro Pacco, Florent Krzakala,
and Lenka Zdeborova. “Learning gaussian mixtures with generalized linear models:
Precise asymptotics in high-dimensions”. In: Advances in Neural Information Process-
ing Systems 34 (2021), pp. 10144-10157.

Andrew D. McRae, Santhosh Karnik, Mark A. Davenport, and Vidya Muthukumar.
Harmless interpolation in regression and classification with structured features. 2021.
arXiv:2111.05198 [stat.ML].

Song Mei, Theodor Misiakiewicz, and Andrea Montanari. “Generalization error of ran-
dom features and kernel methods: hypercontractivity and kernel matrix concentration”.
In: ArXiv abs/2101.10588 (2021).


https://doi.org/10.1088/1742-5468/ac2edd
https://dx.doi.org/10.1088/1742-5468/ac2edd
https://openreview.net/forum?id=FyOhThdDBM
https://openreview.net/forum?id=FyOhThdDBM
https://doi.org/10.3150/15-BEJ730
https://doi.org/10.3150/15-BEJ730
https://arxiv.org/abs/2111.05198

BIBLIOGRAPHY 96

[37]

[38]

[39]

[40]

[41]

[42]

[44]

[45]

[46]

Song Mei, Theodor Misiakiewicz, and Andrea Montanari. Learning with invariances
in random features and kernel models. 2021. arXiv: 2102.13219 [stat.ML].

Song Mei and Andrea Montanari. “The generalization error of random features regres-
sion: Precise asymptotics and the double descent curve”. In: Communications on Pure
and Applied Mathematics (2019).

Theodor Misiakiewicz and Song Mei. Learning with convolution and pooling operations
in kernel methods. 2021. arXiv: 2111.08308 [stat.ML].

Andrea Montanari, Feng Ruan, Youngtak Sohn, and Jun Yan. “The generalization
error of max-margin linear classifiers: Benign overfitting and high dimensional asymp-
totics in the overparametrized regime”. In: Preprint, arXiv:1911.01544 (2023).

Andrea Montanari and Yigiao Zhong. “The interpolation phase transition in neural
networks: Memorization and generalization under lazy training”. In: The Annals of
Statistics 50.5 (2022), pp. 2816-2847. DOI: |10.1214/22-A0S2211. URL: https://doi.
org/10.1214/22-A0S2211.

Vidya Muthukumar, Adhyyan Narang, Vignesh Subramanian, Mikhail Belkin, Daniel
Hsu, and Anant Sahai. “Classification vs regression in overparameterized regimes: Does
the loss function matter?” In: Journal of Machine Learning Research 22.222 (2021),
pp. 1-69.

Vidya Muthukumar, Kailas Vodrahalli, and Anant Sahai. “Harmless interpolation of
noisy data in regression”. In: 2019 IEEE International Symposium on Information
Theory (ISIT) (2019), pp. 2299-2303.

Preetum Nakkiran. “More Data Can Hurt for Linear Regression: Sample-wise Double
Descent”. In: ArXiv abs/1912.07242 (2019).

Adhyyan Narang, Vidya Muthukumar, and Anant Sahai. Classification and Adversar-
ial examples in an Overparameterized Linear Model: A Signal Processing Perspective.
2021. arXiv: 2109.13215 [cs.LG].

Jeffrey Negrea, Gintare Karolina Dziugaite, and Daniel Roy. “In Defense of Uniform
Convergence: Generalization via Derandomization with an Application to Interpolating
Predictors”. In: Proceedings of the 37th International Conference on Machine Learning.
Ed. by Hal Daumé III and Aarti Singh. Vol. 119. Proceedings of Machine Learning
Research. PMLR, July 2020, pp. 7263-7272. URL: http://proceedings.mlr.press/
v119/negrea20a.html.

Dominic Richards, Jaouad Mourtada, and Lorenzo Rosasco. “Asymptotics of Ridge
(less) Regression under General Source Condition”. In: ArXiv abs/2006.06386 (2020).

Mark Rudelson and Roman Vershynin. “Hanson-Wright inequality and sub-gaussian
concentration”. In: Electronic Communications in Probability 18.none (2013), pp. 1-9.
DOI: 10.1214/ECP.v18-2865. URL: https://doi.org/10.1214/ECP.v18-2865.


https://arxiv.org/abs/2102.13219
https://arxiv.org/abs/2111.08308
https://doi.org/10.1214/22-AOS2211
https://doi.org/10.1214/22-AOS2211
https://doi.org/10.1214/22-AOS2211
https://arxiv.org/abs/2109.13215
http://proceedings.mlr.press/v119/negrea20a.html
http://proceedings.mlr.press/v119/negrea20a.html
https://doi.org/10.1214/ECP.v18-2865
https://doi.org/10.1214/ECP.v18-2865

BIBLIOGRAPHY 97

[49]

[50]

[51]

[52]

[53]

[54]

[58]

[59]

Mark Rudelson and Roman Vershynin. “Sampling from large matrices: An approach
through geometric functional analysis”. In: J. ACM 54.4 (July 2007), 21-es. ISSN:
0004-5411. por: 10.1145/1255443 . 1265449, URL: https://doi.org/10.1145/
1255443.1255449.

Ohad Shamir. The Implicit Bias of Benign Querfitting. 2022. arXiv: 2201 . 11489
[cs.LG].

Ohad Shamir. “The Implicit Bias of Benign Overfitting”. In: Proceedings of Thirty
Fifth Conference on Learning Theory. Ed. by Po-Ling Loh and Maxim Raginsky.
Vol. 178. Proceedings of Machine Learning Research. PMLR, July 2022, pp. 448-478.
URL: https://proceedings.mlr.press/v178/shamir22a.html.

Konstantin Tikhomirov. “Sample Covariance Matrices of Heavy-Tailed Distributions”.
In: International Mathematics Research Notices 2018.20 (Apr. 2017), pp. 6254-6289.
1SSN: 1073-7928. DOI: 10 . 1093/ imrn / rnx067. eprint: https : //academic . oup .
com/ imrn /article-pdf /2018 /20 /6254 /26127510 / rnx067 . pdf. URL: https :
//doi.org/10.1093/imrn/rnx067.

Alexander Tsigler and Peter L. Bartlett. “Benign overfitting in ridge regression”. In:
ArXiv abs/2009.14286 (2020).

Alexander Tsigler and Peter L. Bartlett. “Benign overfitting in ridge regression”. In:
Journal of Machine Learning Research 24.123 (2023), pp. 1-76. URL: http://jmlr.
org/papers/v24/22-1398.html.

Roman Vershynin. High-Dimensional Probability: An Introduction with Applications
in Data Science. Cambridge Series in Statistical and Probabilistic Mathematics. Cam-
bridge University Press, 2018. DOI: [10.1017/9781108231596.

Roman Vershynin. “Introduction to the non-asymptotic analysis of random matrices”.
In: Compressed Sensing: Theory and Applications. Ed. by Yonina C. Eldar and Git-
taEditors Kutyniok. Cambridge University Press, 2012, pp. 210-268. po1: 10.1017/
CB09780511794308.006.

Ke Wang, Vidya Muthukumar, and Christos Thrampoulidis. “Benign Overfitting in
Multiclass Classification: All Roads Lead to Interpolation”. In: Advances in Neural
Information Processing Systems. Ed. by A. Beygelzimer, Y. Dauphin, P. Liang, and
J. Wortman Vaughan. 2021. URL: https://openreview.net/forum?id=005jpovbdHO.

Ke Wang and Christos Thrampoulidis. “Binary Classification of Gaussian Mixtures:
Abundance of Support Vectors, Benign Overfitting and Regularization”. In: Preprint,
arXiw:2011.09148 (2021).

Denny Wu and Ji Xu. “On the Optimal Weighted ¢ Regularization in Overparame-
terized Linear Regression”. In: ArXiv abs/2006.05800 (2020).


https://doi.org/10.1145/1255443.1255449
https://doi.org/10.1145/1255443.1255449
https://doi.org/10.1145/1255443.1255449
https://arxiv.org/abs/2201.11489
https://arxiv.org/abs/2201.11489
https://proceedings.mlr.press/v178/shamir22a.html
https://doi.org/10.1093/imrn/rnx067
https://academic.oup.com/imrn/article-pdf/2018/20/6254/26127510/rnx067.pdf
https://academic.oup.com/imrn/article-pdf/2018/20/6254/26127510/rnx067.pdf
https://doi.org/10.1093/imrn/rnx067
https://doi.org/10.1093/imrn/rnx067
http://jmlr.org/papers/v24/22-1398.html
http://jmlr.org/papers/v24/22-1398.html
https://doi.org/10.1017/9781108231596
https://doi.org/10.1017/CBO9780511794308.006
https://doi.org/10.1017/CBO9780511794308.006
https://openreview.net/forum?id=0O5jpovbdHO

BIBLIOGRAPHY 98

[60] Ji Xu and Daniel J Hsu. “On the number of variables to use in principal component
regression”. In: Advances in Neural Information Processing Systems 32. Ed. by H. Wal-
lach, H. Larochelle, A. Beygelzimer, F. d’Alché-Buc, E. Fox, and R. Garnett. Curran
Associates, Inc., 2019, pp. 5094-5103. URL: http://papers.nips.cc/paper/8753-
on-the—-number-of-variables-to-use-in-principal-component-regression.
pdf.

[61] Chiyuan Zhang, Samy Bengio, Moritz Hardt, Benjamin Recht, and Oriol Vinyals.
“Understanding deep learning requires rethinking generalization”. In: International
Conference on Learning Representations (ICLR). 2017.

[62] Lijia Zhou, Danica J. Sutherland, and Nathan Srebro. “On Uniform Convergence and
Low-Norm Interpolation Learning”. In: ArXiv abs/2006.05942 (2021).


http://papers.nips.cc/paper/8753-on-the-number-of-variables-to-use-in-principal-component-regression.pdf
http://papers.nips.cc/paper/8753-on-the-number-of-variables-to-use-in-principal-component-regression.pdf
http://papers.nips.cc/paper/8753-on-the-number-of-variables-to-use-in-principal-component-regression.pdf

99

Appendix A

Proofs for Chapter 2

A.1 Ridge regression

We are interested in evaluating the MSE of the ridge estimator. For positive regularization
parameter A that estimator is defined as

~

0(y) = O(y) = argming {[| X6 — y||3 + \[ 0|3}
— (M, +XTX) ' XTy.

In the overparametrized case (i.e., p > n), however, the latter expression has a singularity
at zero, because the matrix X ' X does not have full rank. If A = 0 the solution to the
minimization problem above is not unique. Moreover, if A < 0, no solution exists at all
because we are minimizing a quadratic form whose matrix has negative singular values. To
alleviate these issues and extend the definition of the solution to non-positive values of A,
we propose the following: since the matrix X ' X doesn’t have full rank, we can apply the
Sherman-Morrison-Woodbury formula:

M, +XTX) " = AT, - AX (I, + V' XX )\ X.
So,

M, +XTX) " XT=A'XT - A2X ([, + A XX) ' XXT
“AIXT NI, VXX )T AVIXX T T, - 1)
=\ XTI, + 2 XX
O(y) =X"(\[, + XX ") y.

The matrix X X ' has full rank, and the expression above is continuous in A as long as
X X "+ M, stays PD. When A = 0, X " (A,,+ X X ")~y is the minimum norm interpolating
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solution. Therefore, we use the expression
O(y) =X "\, +XX")y

to define the ridge regression solution for any A > — (XX ).
Note that €(y) is linear in y. Since we have y = X 0" + € we can also write

0(y) = 0(X0°) +0(e).

The first term is the noiseless estimate; its error gives the bias term. The second term is the
estimate obtained when the signal is pure noise. It gives the variance term.

For the full MSE we have
16(y) — 6°[|3 =]16(X8") + 6(e) — 07| %
<2[|0(X6*) — 6°||% + 210(e)|5
=2(B + V;),

where we introduced bias B and variance V:

B:=0(X6") - 6"||% = (I, - X (AL, + XX )" X)0"|3,
Ve i=[6(e)13 = X" (ML + XX ") e5
Finally, since V; is a quadratic form in €, by Lemma 82| if the noise is sub-Gaussian, then
its value is controlled by its expectation with high probability. That expectation, in its turn,

scales linearly with the variance v? of the noise. Therefore, we can decouple the effect of the
noise and only study the following purified variance term:
1
V Z:—QEF_—‘/&-
Ue

=tr(M, + XX ' XEX"(\,+ XX
—tr(ZX (M, + XX ") 2X).

The main aim of our work is to give sharp non-asymptotic bounds for B and V.

A.2 Proofs for the ridgeless derivation

Algebraic decompositions

Lemma 66. Suppose k < n, A € R™" is an invertible matriz, and V' € R™* is such that
VV' + A is invertible. Then

VIIVVI 4+ AV = (I, + VAV 'VTA2V(I, + VAV
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Proof. We use the Sherman—Morrison-Woodbury formula to write
Vvi+A T =A"-A'VI,+ViAT'V)IlVTATL (A1)

Denote M, :=V'A™'V and M, := V'A%V Applying (A1), we get

VvV + A7V

—yT <A*1 CATWV(I ¢ VTA1V)‘1VTA1>2V

—vT (A‘1 CATW(I + M1)1VTA‘1)2V

—vT (A—2 CATV(L,+ M) WA - AW (I + M)V A

FAWIL+ M) WVTARV (I + Ml)‘lvTA’1> 1%

=M, — My(I,+ M) "M, — M,(I,+ M, "M,
+ M (I, + M) 'My(I,+ M) M,
=My — Ms(I,+ M) "My — M(I, + M) 'My(I), — (I, + M) M,)
= My(I,+ M) — M (I, + M) 'My(I,+ M,
= (Ip + M) 'My(I),+ M),

where we used the identity Iy — (I, + M) *M, = (I}, + M;)~! twice in the second last
equality and the identity I, — M (I + M)t = (I}, + M)! in the last equality. O
Lemma 3. For anyi € {1,...,p} define A_; := Zj# )\jzjij. If A_; is invertible, then
Nzl A3z,

)\2z—.l—A—2zi = .
v (1 + )xlzZTA:lel)z

Proof. We use Lemma [66] which is a consequence of the Sherman-Woodbury-Morrison for-
mula.

—2
Mz (Z )\jzjij> zz; = Nz ()\iziziT + Aﬂ.)*Q Z;
J

2, T A2
Nz, A" z;

(14 Nz A”lz)?

by Lemma , for the case k =1 and V = /\; 2. n

Concentration inequalities

We use some standard results about sub-Gaussian and sub-Exponential random variables.
First of all, we define sub-Exponentiality:
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Definition 67 (Definition 2.7.5 from [55]). For any centered random variable v we define
its sub-Exponential norm as

|v||g, :=1inf{t > 0: Eexp(|v|/t) < 2}.
If |v||y, < o, we say that the distribution of v is o-sub-Ezponential.

We are going to need the following direct consequence of Propositions 2.5.2 and 2.7.1 and
Lemma 2.7.6 from [55]:

Lemma 68. There is a universal constant ¢ such that for any random wvariable & that is
centered, o-sub-Gaussian, and unit variance, £2—1 is a centered co®-sub-Exponential random
variable.

Second, we are going to use the following form of Bernstein’s inequality, which is Theorem
2.8.2 in [55):

Lemma 69. There is a universal constant ¢ such that, for any independent, mean zero,
o-sub-Exponential random variables &1, ..., n, any a = (a1,...,an) € R", and any t > 0,

. t? t
P >t ] <2exp | —cmin ~ , .
02 ., af 0maXici<p G;

Corollary 70. There is a universal constant ¢ such that for any non-increasing sequence
{Ai}21 of non-negative numbers such that Y > N\ < oo, and any independent, centered,
o-sub-Exponential random variables {&;}52,, and any x > 0, with probability at least 1 —2e™"

Z)\,{i < comax | TAq, /xz/\g

Proof. Denote the constant from Lemma |69 as ¢;. Plug in the following value of ¢ in the
result of that lemma:

N

Z a;&;

i=1

t = omax cl_lzv max a;,
(2

N

—1 2

¢y xg aj | .
i=1

Finally, change notation from (a;)¥, to (A5, and take ¢ = max(c; !, 0;1/2). O

Concentration of a quadratic form evaluated at a vector with independent components
is implied by the following lemma.
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Lemma 71 (A version of Hanson-Wright inequality). Suppose M € R™™ is a (possibly
random) matriz, and z € R™ is a random vector with independent components, that have
unit variances and are o-sub-Gaussian. If z is independent from M , then for an absolute

constant ¢ and any t > 0 with probability 1 — 2e ",

2" Mz — tr(M)| < co®(VE| M| +t]| M]]).

Proof. By Theorem 6.2.1 (Hanson-Wright inequality) in [55], for some absolute constant ¢;
for any t > 0,

t? t
P |zTMz—EzTMz\ >t < 2exp (—clmin{ , }) )
{ j Mo M
Substituting ¢ by o? max(y/t/c1|| M|, t||M]|/c1) yields the result. O

Corollary 72. There is an absolute constant ¢ such that for any centered random vector z €
R™ with independent o-sub-Gaussian coordinates with unit variances, any random subspace
L of R"™ of codimension k that is independent of z, and any t > 0, with probability at least
1 —4e™t,
|z]|> <n + co®(t + Vnt),
Tl z|? >n — co®(k +t+ Vnt),
where Il is the orthogonal projection on £ .

Proof. Denote the coordinates of z as (z;),, that is, z = (2y,...,2,)". First of all, since
|z = >, 22 — a sum of n o-sub-Exponential random variables, by Corollary [70] for

=11
some absolute constant ¢ and for any ¢ > 0, with probability at least 1 — 2e7*,

|[|z]I* = n| < co® max(t, vnt).

Second, we can write
IMez|® = ||2]° — [Ty 2|

Recall that projectorsare self-adjoing operators, so the matrix IT,. is symmetric PSD.
Since |[IIg.| =1 and tr (I14.1) = tr(II%,,) = k, by Lemma , for some absolute constant
¢, with probability at least 1 — 2e~?,

Tlgrz||? =2"Tyi2
<k + c10%(t + Vkt)
<c,0%(2k + 2t).
Thus, with probability at least 1 — 4e™*
|2]|? <n + co? max(t, v/nt),
Ty z]* >|l2]| — 2c10°(k + )
>n — co02(k + t + max(t, vnt)),

where we chose a new large enough absolute constant ¢, in the last transition. O]
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Epsilon-net argument

Lemma 73 (e-net argument). Suppose A € R™™ is a symmetric matriz, and N. is an e-net
on the unit sphere S ! in the Euclidean norm, where € < % Then

A|| < (1= &)~ max |u" Aul.
’(LGNE

Proof. Denote the eigenvalues of A as A1,..., A\, and assume |[A;| > [Ag| > -+ > |\,
Denote the first eigenvector of A as v € S"!, and take Av € R" such that v + Av € N,
and ||Av|| < e. Denote the coordinates of Av in the eigenbasis of A as Awvy, ..., Av,. Now

we can write

[(v+ Av)TA(v + Av)| = (A + 20 A0y + Y N AY
=1

= M| |1+ 240 + Av? + Y AW
il 12800 2+ 3

> M| - |1+ 240 + Av? —zn:Avf
=2

= |\ - |1 + 2Av; + Av? — || Av|? —I—Av%‘

= |\ - !1 + 2 (Avl —I—Avf) — ||Av||2‘

> M- [14+2 (=[|Av| + (=[|Av])?) — [|Av|]?|
= [M] - [1 = 2[|Av|| + [|Av]?|

> A1 — 2¢ + €

_ Al - o

where the first inequality holds because the \;s are decreasing in magnitude, and the last
two inequalities hold since the functions x + 22 and 2z + 22 are both increasing on (—3, o0)
and Avy > —[|Av|| > —e > —1. O

Lemma 4. Set A = 0. Suppose all elements of matrix Z are independent and o,-sub-
Gaussian. There is a constant ¢ that only depends on o, such that with probability 1 — 2e™"

p p
pa(A) 2> Ai—c [ nhi+, [nY M| = t(Z) = clZ] + vl =r),
i=1

p
pi(A) SZAmLc ni; +

\

Proof. For a fixed vector v € R", Proposition 2.6.1 from [55] implies that for some constant
c; and any i the random variable v'z; is ¢;||v||?0,-sub-Gaussian. Thus, for any fixed unit

p
nYy A | = () +c@lB] + valEr).
i=1
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vector v, as v Av =Y, \i(v' 2;)?, Lemma and Corollary imply that for some constant

¢y with probability at least 1 — 2e™,
"UTA'U — Z \i| < 02 max (Alt, \/tz Af) )

Let NV be a %—net on the sphere S"~! with respect to the Euclidean distance such that
IN] < 9". Applying the union bound over the elements of A/, we see that with probability

1 —2e7t, every v € N satisfies

"UTA’U - Z i

< co?max | \i(t+nln9), \/(t+nln9)2)\f

Since NV is a -net, by Lemma , we need to multiply the quantity above by (1 —1/4)72 to
get the bound on the norm of the A — I,,> ", \;. Denote

O= | M(Et+nIn9) + \/(t +nin9) Y N2
Thus, with probability at least 1 — 2e7?,

HA—I,{ZA,-

Taking ¢ = n finishes the proof. O

< c3020.

Eigenvalues of low rank corrections

For symmetric matrices U,V we use the notation U < V to denote that the matrix V —U
is PSD.
Recall (half of) the Courant-Fischer-Weyl theorem.

Lemma 74. For any symmetric n x n matriz A, and any i € [n], p;(A) is the minimum,
over all subspaces % of R™ of dimension n—1, of the mazimum, over all unit-length u € £,

of u' Au.

Lemma 75 (Monotonicity of eigenvalues). If symmetric matrices A and B satisfy A < B,
then, for any i € [n], we have p;(A) < p;(B).
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Proof. Let % be the subspace of R™ of dimension n — ¢ that minimizes the maximum over
all unit-length w € %, of u' Au, and let ¥ be the analogous subspace for B. We have

pi(A)= max u'Au (by Lemma|74)

weil[ul=1

< max v Av (since % is the minimizer)

veY:||v||=1
< max v'Bw (since A=< B)
ve?:||v||=1
= //Ji<B)7
by Lemma [74], completing the proof. m

Lemma 7. 1. foralli > 1,
fr1(Ay) < pigpa(A) < pa(Ag),

2. forall1 <1<k,
fin(A) > pin(A) > pn (Ag),

Proof. First, the matrix A — Ay, has rank at most k£ (as a sum of k& matrices of rank 1). Thus,
there is a linear space .% of dimension n — k such that for all v € £, v' Av = v' Ajv <
fi(Ag)|[v[|*, and so pur1(A) < i (Ay).

Second, by the Courant-Fischer-Weyl Theorem, for all ¢ and j, p;j(A_;) < p;j(A) (see
Lemma. On the other hand, for i < k, A, < A_;, so all the eigenvalues of A_; are lower
bounded by p,,(Ag). O

Proof of the upper bound

Lemma 8. Suppose all elements of matriz Z are independent and o,-sub-Gaussian. There
are constants b,c > 1 that only depend on o, such that if 0 < k < n/c, ry > bn, andl < k
then with probability at least 1 — 8e~"/¢,

Y
V< c<i+—”zl>l ;) .
o (AepaTr)
Proof. By Lemma [3],
V= Z Nzl A%z,
!

AZZTA_2Z<
= 171 —1 <1 + )\2 TA72 .. A2

First, consider the sum up to I. Take b to be equal to the constant ¢ from Lemma [0 If
re > bn, Lemmas [6] and [7] show that with probability at least 1 — 2e™", for all i < k,
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pn(A_;) > Neriri/cr, and, for all i, prpi1(A-;) < i A\kp17rk. The lower bounds on the
tn(A_;)’s imply that, for all z € R” and 1 <7 <1,

2T A2y < =]
T <)‘k+17"k)2
and the upper bounds on the py1(A_;)’s give
MLy, 2]

zTA:le > (H;&Z)T A:ZIHZ,Z > s
C1 A+ 1TE

where %, is the span of the n — k eigenvectors of A_; corresponding to its smallest n — k
eigenvalues. So for ¢ <[,

/\?ZIA:?ZZ ZIA:?Zz A HZ1H2
(1+ Nzl AZ{z)? ~ (2] Ajz)? ~ 7 Tzzi*

Next, we apply Corollary [72] times, together with a union bound, to show that with prob-
ability at least 1 —4e™t, for all 1 < i <1,

|zl < n+ac(t+Ink + /n(t+1nk)) < con, (A.4)
MLy zi||* > n—ac(k+t+Ink+/n(t+Ink)) >n/cs, (A.5)

provided that ¢ < n/cy and ¢ > ¢q for some sufficiently large ¢y (note that ¢, and c3 only
depend on ¢y, a and o,, and we can still take ¢ large enough in the end without changing cy

and c3). Combining (A.3), (A.4), and (A.5), with probability at least 1 — 5e~"/,

zl: Nzl A2z, l

(A.3)

< cy—.
1+ N2z Alz)2 — 'n

Second, consider the second sum in (A.2]). Lemma shows that, on the same high probability
event that we considered in bounding the first half of the sum, p,,(A) > Apy17%/c1. Hence,

Z Nz2lTA722 < 3D NNl
2, < |
= (Akgars)?

i=1

Notice that Y., A?||z;]|* is a weighted sum of o2-sub-Exponential random variables, with
the weights given by the A? in blocks of size n. Corollary |70 implies that, with probability

at least 1 — 2e77,
D Ml <n ) AP+ acimax | At ftny N
>l >l >l
< nZ)\f + ao? max (tZ)\ZZ, MZA?)

1> 1> >

< csn Z A2

1>
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because t < n/cy. Combining the above gives

A2
Z A?Z:AiQZ’L S CﬁnM.

2
i>l Ay 17s)

Finally, putting both parts together and taking ¢ > max{cy, ¢4, cg} gives the lemma. O]

Proof of the lower bound

Lemma 76. There is a constant ¢ such that for anyi > 1 with \; > 0, and any 0 < k <n/e,
with probability at least 1 — 6e~™/¢,

)\?Z;I—A:?ZZ 1 (1 i Zj>k )\j + n)\k+1>2

>
(1+XNzf Alz)2 ~ en n\;

Proof. Fix i > 1 with \; > 0 and 0 < k& < n/c. Apply Lemma [4| to matrix Ay instead of
A, and note that /|| kool < /1l koo [t1(Bkoo) | < 1| Bkico|l + tr(Bkoo). Plugging the
resulting bound on p;(Ay) into Lemma |7 shows that with probability at least 1 — 2e™",

i1 (A) < (Z Aj+ )\k+1n> )

J>k

and hence
[T,z
C1 (Ej>k )\j + )\k+1n)

By Corollary [72] with probability at least 1 — 4e™*,

T A-1

Mg 2| > n —ao?(k +t+ Vtn) > n/es,

provided that ¢ < n/cy and ¢ > ¢y for some sufficiently large ¢q. Thus, with probability at
least 1 — He ™/,

n

Cs (z PP )\k+1n> ’

T A1
z, AZ;z; >

hence

C3 <2j>k )\j + )\k+1n)
)\in




APPENDIX A. PROOFS FOR CHAPTER 2 109

Dividing A2z A"?z; by the square of both sides, we have

1

-2

Nzl A3z, - C3 (2j>k Aj+ /\k+1”> i1 z] A3z
(1+ Nz A-lz)? ~ Ain (2] AZ}2)?

Also, from the Cauchy-Schwarz inequality and Corollary [72 again, we have that on the same
event,

2TA2z, z] AZlz

(2] A2~ ||A7 2| |22
_ 1 > L > !
“ 2l T a0+ Val) T an’

Choosing ¢ suitably large gives the lemma.
]

Lemma 77. Suppose that {n;}\_, is a sequence of non-negative random variables, and that
{t;}o_, is a sequence of non-negative real numbers (at least one of which is strictly positive)
such that, for some § € (0,1) for any i < p with probability at least 1 — 0, n; > t;. Then with

probability at least 1 — 26, i ,
; n; 2 % ; ti.
Proof. We know that, for all i < p, P(n; > t;) > 1 — . Consider the following event:
p 12
& = {;m < 5;%} ;

and denote its probability as P(&) = ¢d for some ¢ € (0,67!). On the one hand, by the
definition of the event, we have

p 1 p
152%] < éztm
=1 i=1

where 1, is the indicator of the event &. On the other hand, note that for any i,

1
F&)

E[n:ile] >E[t:1 1 5,30e]
=tP({n >t} N &)
> ti(P{n; = t;} + P(&) — 1)
> ti(c—1)d.



APPENDIX A. PROOFS FOR CHAPTER 2 110

So
i p ] p
E 152771‘ 2(6—1)52%
L i=1 | i=1
1 i P ] P
——E|ls) mi|>(1-cH)) t
BE) |2
Thus, we obtain
1 p p
N t>1-ch)) h
i=1 i=1
c<2

]

Lemma 9. Suppose all elements of matriz Z are independent and o,-sub-Gaussian. There
is a constant ¢ that only depends on o, such that for any 0 < k < n/c and any b > 1 with
probability at least 1 — 10e="™/¢,

1. Ifrp, < bn, then V > E£L

ch?n

2. If rp > bn, then

’nd ., N2
V> ! min<£+—n22>l ’).

cb? i<k \n (Akgars)?

In particular, if all choices of k < nj/c give ry < bn, then ry,. < bn implies that with
probability at least 1 — 127, V > (cb)~2—at least a constant.

Proof. From Lemmas , and , with probability at least 1 — 12e~"/1,
1 Dok A A -
V> — 14 ==
T an Z < N nA;

1 2)2 22
> — Z min | 1, A , —
Con = A ? A%+1
¢ (Zj>k j)

1 bn\> A2 A2
> 1 1. — ) =%, =% .
~ cb®n Zi:mln{ ’ (Tk) At )‘i+1}
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Now, if r, < bn, then the second term in the minimum is always bigger than the third term,
and in that case,

A7 k+1
> .
- 02b2 me{ )\zﬂ} ~ ob’n

On the other hand, if rp(\) > bn,

1 (1 b
\%4 Z @me{ﬁ,(—Q}

Aot 17k)
1 b*n
= — min (——i— Lo QZ),
cb? i<k \no (Ngary)
where the equality follows from the fact that the \;s are non-increasing. n

Choosing /
Lemma 10. For any b > 1 and k* := min{k : r, > bn}, if k* < 0o, we have

bn > bny i A K bnd Ak bn
SRR >-2 wlld R -
bn b

min — =
()‘k +17"k*)

I<k*

J— J— _.I_ ,
n ()\k:*+l7nk*)2 bn Rk*

where we introduced Ry := (3", )\i)Z/ (Yiar A2).

Proof. We can write the function of [ being minimized as

l
L TN Y N Z— b2

bn (Ake17ie)” ()\k*+17”k*)2
2
> me{ 1 bn)\ }
bn /\k* 1T’k*)
bn\?
+> A

L (Aegarie)”
l*
1 bn?
I
= b S earee)
where [* is the largest value of ¢ < k* for which

1 bnA?
=~ <

bn - ()\k’*+17ak*)2’
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since the \? are non-increasing. This condition holds iff
)\ * T 1%
A > blhe
bn
The definition of k* implies ri«_; < bn. So we can write
Zi>k* Ai

Ak 41
Zi>k*71 Ai = Apr

Tpx =

Ak 41

= (rge—1 — 1)

and so the minimizing [ is k*. Also,

Zi>k* >‘12 o Zi>k* )‘12 _ 1

Oearc P (Seph)? B

Effective ranks

Theorem 12. Consider some positive summable sequence {\;}:2,, and for any non-negative

integer ¢ denote
-1
j>i
Thenr; > 1 and >, 7" = 0o. Moreover, for any positive sequence {u;} such that > oo u; ' =
oo and for every i u; > 1, there exists a positive sequence {\;} (unique up to constant
multiplier) such that r; = u;. The sequence is (a constant rescaling of)

k-2
A= ulty [ =),
i=0

Proof.

dN=) N-N=0-r)D) N

i>k+1 i>k i>k
Thus,

k-1

Z )\i:H(l_ri_l)'ZAiv

i>k+1 i=0 i
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which goes to zero if and only if ), 771 = 0o. On the other hand, we may rewrite the first
equality in the proof as
Ner1Tk = M-t (L =1L,

and hence
k-2

)\ka_l = H (1 — 7‘;1) )\17’0.

i=0
So for any sequence {u;} we can uniquely (up to a constant multiplier) recover the sequence
{A\i} such that r; = u; — the only candidate is

k—2

A= uty H(l —u; ).
i=0
However, for such {\;} one can compute
k k-1
dn=1-JJa-u),
i=1 =0
so the resulting sequence {\;} sums to 1, and
k—1
Ty = )‘l;—il-l Z)‘i = AEL H(l - “z’_l) = Uk-
i>k i=0

Benign sequences

Here we prove the following theorem.

Theorem 15. Define A\, := pi(X,,) for all k,n.
1 If My = k~“In"P(k + 1), then 2, is benign if and only if a =1 and 8 > 1.
2. If A = k=0F) then X, is benign if and only if w(1/n) = a, = o(1).

3. If

k= if k < pn,
/\k: n — .
’ 0 otherwise,

then X, is benign if and only if either 0 < a < 1, p, = w(n) and p, = o (nl/(l_"‘)) or
a=1, p, =V and p, = e’™.
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4. 1f
Tk + €n Zf k S DPn,
)\k n — .
’ 0 otherwise,
and v, = O(exp(—k/7)), then 3, is benign if and only if p, = w(n) and ne ™ =
€nPn = 0(n).
We start the proof by proving two auxiliary lemmas.
Lemma 78. Fiz some sequence (\;)2, and define 1, = )\,;jl sk i for any non-negative
integer k. Suppose b is some constant, and k*(n) = min{k : ry > bn}. Suppose also that the

sequence (r,)>2, is increasing. Then, as n goes to infinity, k*(n)/n goes to zero if and only
if rn/n goes to infinity.

Proof. We prove the “if” part separately from the “only if” part.

1. If k*(n)/n — 0 then r,/n — occ.

Fix some C' > 1. Since k*(n)/n — 0, there exists some N¢ such that for any n > N¢,
k*(n) < n/C. Thus, for all n > N¢,

E*(|Cn]) < n,
Tn Z ’)"k*(LCnD 2 bLCTLJ

Since the constant C' is arbitrary, r,/n goes to infinity.

2. If r,/n — oo then k*(n)/n — 0.

Fix some constant C' > 1. Since r,/n — oo there exists some N such that for any
n > Ng, r, > Cn. Thus, for any n > C'N¢g/b

Tinb/c) = bn,
kE*(n) < [nb/C].

Since the constant C' is arbitrary, k*(n)/n goes to zero.

]

Lemma 79. Suppose the sequence {r;} is increasing and rp/n — 0o as n — oo. Then a

sufficient condition for Ty 0 s

rt=o(r, ! — rk’il) as k — oo.

For example, this condition holds for r, = nlogn.
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Proof. We need to show that

n n Zz>k‘* )\2 n Zz>k* n) 2
7 = 5 = )\2 2 — 0.
k*(n %
) (Zi>k*(n) )‘i> n)+17 ke (n)
Since 74+ () > bn and lim,,_,o K*(n) = oo, it is enough to prove that z”’“r L — 0 as k goes

k+1
to infinity. Since

NitoThs1 = Mepari(l —rp ),
we can write that

k+1—1
—1
Akt 1Tkl = Mot 1Tk H (1—r7")

ki1
< Agt17k €Xp (— Z 7"1'_1>

i=k

which yields

)\k+17'k

k-1
Ak+1+1 P 1
< 7T exp | — ri .
i=k
Thus, we obtain

Zi>k)‘l2 -2 — —1
Z—STeri exp —227’]. ,

AN
k+1"k i>k =k

and it is sufficient to prove that the latter quantity goes to zero. We write

i1 Zexp ( 2 § )
_ . z>k T Jj= k ]
Tk E T 2eXp (—2 E r; 1> = -
j=k

i>k Tk

22>k T eXp( 22] =0 j >
T exp( 22?3 J_1> '

Since both numerator and denominator are decreasing in k and go to zero as k — oo, we
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can apply the Stolz—Cesdro theorem (an analog of L’Hopital’s rule for discrete sequences):

Zz>k T exp< 22] -0 ) T:Izexp( 2253 ;1>

Jim - -
—00 Tk_ eXp< 223 - J—) —00 (,rk—l e —2r, rk+1) exp( 22] o J‘)
-2
r
= lim k

k= (1t — e )

since, for large enough k, e 2 <1 —
k
-2

i T
< lim — : 11
k—oo ) = — 7"k+1 T T et
— ()7
where the last line is due to our sufficient condition. O

Now we are ready to prove Theorem [I5]
Part [1}, if direction, first term: We have

RS — _ log”(2)
) =AY A=) —
) ! ; ;ilogﬁ(l—l—i)

which is O(1) for 8 > 1 since the function f(z) = 2~ (log(2)/log(x))” has finite integral on
1, +00).

Part , if direction, second term: By Lemma it suffices to prove that lim,, o, = = occ.
This holds because

Lion g (159
= TR~ G(nlogn)
(n-+1) log” (24n)

since 3 > 1.
Part if direction, third term: By Lemma , it suffices to prove that r,;2 = 0(7“,;1 —
T41), that is

, r
lim k — =0
koo " — Ty

or, equivalently,

. Tk+1
lim = 0.

k—o00 T (rk—&-l — Tk)
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As argued above, when « = 1 and 8 > 1, r, = O(klogk), so it suffices to show that
limy o0 (7g21 — 7%) = 00. We have

Zi>k+1 Ai _ Zi>k Ai

Thet — Th =
S D VS N1
(Mt = Aga) Diopn Ai) = Mepa My
Ak 1 A k42

1 1
= - N -1
(-55) )

so it suffices to show that

. 1 1
i () S =

A A
k+2 1/ S0

Since ); is non-increasing, we have
1 1 1 1 o 1
Akt2  Aktl iShil Akr2 Akgr/) Jee1 xlog’ x

(1 1 1
B (>\k+2 a )\k—i-l) (B—1)log” 1k +1)
(k4 2)1og’(k + 3) — (k + 1) log” (k 4 2)
(B —1)log"(k + 1) '
If we define f on the positive reals by f(z) = zlog’(z + 1), then f is convex, and, since

f(z) = % +log” (z 4 1), we have

ogh—1
(k+2)log”(k+3) — (k+ 1) log(k +2) _ plerDlos (42) 4 Jogf(k + 2)
(B—Dlog (k+1) =T B Dlog k1 1)
which goes to infinity for large k, completing the proof of the “if” direction of the third term

of Part [I
Part [1}, only if direction, o > 1: If @ > 1, then

)

1
Th = T
na log? (14+n)
B
< ”az .log 531 —l—n).
i*log” (1 + 1)

>n

1
<n® —
<n =

>n

= nO‘O(nl_Q),
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which does not grow faster than n. Thus, by Lemma [78] k*(n)/n does not go to zero.

. . . _ . . o0 1
Part only(;f) direction, o < 1, or a = 1 and § < 1: In this case, > ., o)

diverges, so “=21 does not go to zero.
Before starting on Part , let us define 1y, = r,(X,,) and Ry, = Rp(X,).
Part [2], if direction, first term: We have

o0

1 1
Tomn = ZZ.H% < 1+a—na
i=1

r = . .
so =t < % which goes to zero with n if o, = w(1/n).
Part [2] if direction, second term: First,

Py = (k4 1)Tren 3 (i)

i>k

> (k+1>1+an/ :E_(H_a")dx
k+1

k1

= ~ .

Thus, k*(n) = O(a,n), so that k*fl") = O(ay) = o(1).

Part , if direction, third term: We bound Ry, from below by separately bounding its
numerator and denominator:

E:fmmﬁz/mx*H%hm
k

i>k +1
B 1
(k4 1)’
and
Zi_2(1+an) S/ l.—?(l—l—an) dr
i>k k
B 1
T klH2an (2, + 1)’
so that

4200 (24, + 1 1o\
R > k (2a, + 1) k (1 ) ‘

> — X e
a2(k+1)2n = a2 E+1
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So now we want a lower bound on £*(n). For that, we need an upper bound on 74, and

o0
Thm < (k+ 1)1+a"/ - (Fen) dg
k

_(k+1) (Hl)an

Qp

< %e“"/k.
=

This implies %(")ea"/k*(”) > bn. This, together with the fact that, for v > 1, ue'/* is an
increasing function of u, implies that, for large enough n, k*(n) > «,bn/3. Since «,, =
w(1/n), this implies that k*(n) = w(1). Combining this with (A.6)), for large enough n

k*(n) —an /K ) 5 k*(n) bn

e .
2 2 =
az 202 6,

Rk* (n),n >

Thus n/ Ry (nyn = O(an) = o(1).
Part [2, only if direction, «, # w(1/n): We have

oo

1 S 1
Ton = E - =z —
i Zl‘f‘an an ’

=1

so 2 > —L which does not go to zero unless o, = w(1/n).
Part o7rllly if direction, «, # o(1): Recall that, in the proof of the “if” direction of
the third term, we showed that k*(n) > a,bn/3. This implies that %(”) = Qa,), so it is
required to have a,, = o(1).
Part [3; Suppose that 3, is benign. Then because r,(3,,) < p,—k, we must have p, = w(n).
Thus, we can restrict our attention to the sequences for which p, = w(n) and find the
necessary and sufficient conditions for that class.

Next, for any positive a and any natural number & € [1,p,), we can write

i=k+1 k+1
p’n
F(pn) = F(k) > Y i > F(p,) — F(k+1),
i=k+1
where
Fle) = Lzt fora #1,
In(x), for o = 1.

As the sequence can only be benign if k* = o(n), we can only consider values of k that
do not exceed some constant fraction of n, e.g. n/2. Since p, = w(n), noting that, for = > 0,
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the sign of ﬁxka flips when « crosses 1, we can write, uniformly for all k£ € [1,n/2],

on O, (pL~), for a € (0,1),
Z i =40, (hl(pn/k)) , fora=1,
i=k+1 O (K'7), for a > 1.

Recall that we consider A;,, = i~ for ¢ < p,,. Using the formula above, we get uniformly for
all k € [1,n/2]

O (k*pL=), for aw € (0,1),
r(3n) = ¢ O, (kIn(p,/k)), for a=1,
O, (k), for o > 1.
Recall that £* = min{k : rx(3,) > bn}. We compute

Ou | Pn E?ﬁ) , for a € (0,1),
k" =46, “ ), for a =1,
O, (n), for o > 1.

One can see that for a > 1, k* = Q,(n), so the sequence is not benign for & > 1. On the
other hand, k* = o(n) for a < 1.
Next, analogously to the asymptotics for r,(3), we have

O (K*pi=22) . for a € (0,0.5),

r(22) =4 0, (kIn(p,/k)), for a=0.5,
O, (k) , for v € (0.5, 1].
Since Ry, = ::ggj, we can write uniformly for all k£ € [1,n/2]
O. (Pn), for v € (0,0.5),
R, = a (1 (]f:/k)) , for a = 0.5,

@ n
O (K2 p272%) | for a € (0.5, 1),
O (In(p,/k)?), for a=1.

Now we plug in k* instead of k. Recall that p,/k* = O, ((p,/n)"*) for a € (0,1), and
pn/k* = O4 (pn/nn(p,/n)) for a« = 1. We get

Ou (Pn) for o € (0,0.5),
O <n Do /n ), for a = 0.5,
O <n (@) o ) , for a € (0.5,1),
O4 (In(p,/n)?), for a=1.

Ry =
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Since p, = w(n), for any a € (0,1), Rg« = w(n). For @ = 1 the necessary and sufficient

for Ry = w(n) is In(p,/n) = w(yv/n).
So far, we obtained the necessary and sufficient conditions for the last terms to go to
zero. Now let’s look at the upper bound for the first term: we write, for a € (0, 1],

o Loy f 1
oS {@a(pn ), forac(0,1),

B O, (Inp,), fora=1.

=1

Thus, for a < 1, r¢(X%,)/n goes to zero if and only if p, = o (nl/(lfa)), and for a = 1,
r0(2,)/n goes to zero if and only if In(p,) = o(n).
Part : Suppose that 3, is benign. Then because r,(%,,) < p,—k, we must have p,, = w(n).
Also,

tr(3,) =0 (1 — e/ 4 pnen)
=0 (1 + pn@n) )

and so p,€, = o(n). Since 3, benign implies k* = o(n), and hence k* = o(p,), we consider
k = o(p,). In this regime,

Z Ai =0 (e_k/T — e 4 (p, — k)en)

i>k
<O (e_k/T + Dnén) -
Thus, whenever £ < p,,
—k/T
e +pn€n
X)) <0 —kF———).
Tk( ) = ( e—k/T +e, >

Notice that

d $+pn6n o €n — Dntn
dr z+e,  (z+€,)?

<0,

so k* must be large enough to make
e M7 + puen
e—k/T +e€,
Substituting k = 7In(n/(py€,)) £ O(1) gives

(pnGn/n + pn€n>

Dn€n/N + €,
Pnén
o ;)
O (n),

= Q(n).

IN
@

rk(En)
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which shows that £* > 71n(n/(pn€,)) —O(1). Thus, if ¥, is benign, we must have k* = o(n),
that is, €,p, = ne ",

Conversely, assume p, = Q(n) and €,p, = ne ™ (that is, In(n/(pue,)) = o(n)). Set
k = 7In(n/(pnen)) — a, for some a, which we shall see is ©(1). Notice that & = o(n), so
pn — k= Q(pn) and e~ pnfo( *). Thus,

Z AN =0 (e_k/T — e P74 (pn — k:)en)
i>k
O (e M+ pnen) :

Z}\Q (6 2k/T _ _—2pn +( k) )

i>k

=0 (e’%/T + pney) -
These imply
tr(3,) = O(1 + puen),

e M7+ pren
) =o ()

(apnen/n + pnen)

apnén/n + €,

Prén
apnén/n

|
@

which shows that £* = 71In(n/(pn€,)) +

k/T +p en
e—2k/T + pn 62

( (Puca/n + Pucn)”
&

Il
©)

v

pnen/n2 + pné2

pn n
/nz—l—pne2
= mln {n ,pn

Now, it is clear that p, = w(n), €,p, = o(n), and €,p, = ne~°™ imply that 3, is benign.

A.3 Concentration inequalities

Lemma 80 (Mahalanobis norms of sub-Gaussian vectors ). Suppose z is a o-sub-Gaussian
vector in RP.  Consider ¥ = diag(A\1,...,\,) for some positive non-increasing sequence
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{NY_,. Then for some absolute constant ¢ for any t > 0

P { |2122|2 > co? <t/\1 + Z )\i> } < 2e7 e,

Proof. The argument consists of two parts: first, we obtain a bound that only works well in
the case when all \; are approximately the same. Next, we split the sequence {\;} into pieces
with approximately equal values within each piece and obtain the final result by applying
the first part of the argument to each piece.

First part: Consider a 1/4-net {u;}7, on SP~', such that m < 9”. Note that for any
vector v € SP7! there exists an element u; of that net such that (v, w;) > 3/4 - ||v||. Thus,
we have

4
=22 < 3V A m;lX<zvuj> <2V A\ m?x<z,uj)-

Since the random variable (z,u;) is o-sub-Gaussian, it also holds for any ¢ > 0 and some
absolute constant ¢ that

P(|(z, u;)| > t) < 2/
P(4\ {2, u;)? > 4\ to?) < 2.

By multiplicity correction, we obtain

40%\ log 9
P (||§Jl/2z||2 > 4\ 0%t + &p) < 2e .

C

We see that the random variable (HEl/ 22|? - Mp) has sub-Exponential norm
+

bounded by Co?\;.

Second part: Now, instead of applying the result that we have just obtained to the
whole vector z, split it in the following way: define the sub-sequence {i;} in such that
iy = 1, and for any [ > 1 441 = min{i : \; < \;;/2}. Denote z; to be a sub-vector of z
comprised of components from the 4;-th to (4,41 — 1)-th. Let X; = diag(\;,, ..., Xij,y—1)-

0'2 i; 10, . .

Then by the initial argument, the random variable <||§]ll/2zl||2 - W(HH - Zl))

+
has sub-Exponential norm bounded by Co?)\;,. Since each next \; is at most half of the
previous, we obtain that the sum (over [) of those random variables has sub-Exponential
norm at most 2Co2)\;. Combining this with the fact that

iy41—1

Z )‘% > (il-&-l - il))‘iz+1—1 > (il+1 - il))‘iz+1/27

=1
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we obtain that for some absolute constants cg, ¢y, ... for any ¢t > 0

2e™" 2P {Z <H211/2Zl||2 - 010-2)\2'1 (il+1 - Zz)) > 6202)\175}
!
>P {uzmzn? > 0?3 N+ cmlt} |

O
Lemma 81 (Concentration of the sum of squared norms). Suppose Z € R is a matriz
with independent isotropic o-sub-Gaussian rows z*,... 2" (i.e. Z' = [z',...,2"]). Con-
sider ¥ = diag(A1, ..., Ap) for some positive non-increasing sequence {\;};_,. Then for some

absolute constant ¢ and any t € (0,n) with probability at least 1 — 2 exp(—ct),

(n—Vnto?) > N < Z 122 212 < (n+ Vato?) 7 A
i>k i>k
Proof. Since {2} _}" | are mdependent isotropic and sub-Gaussian, ||Zk Lzi |* are inde-
pendent sub- Exponentlal r.v.’s with expectation ) ., A; and sub-Exponential norms bounded
by ¢ 0? > i=x Ni- Applying Bernstein’s inequality gives

( znzy; W

i>k
Changing ¢ to y/t/n gives the result. O

> to Z Ai ) < 2exp (—comin(t, t)n) .

>k

Lemma 82 (Weakened Hanson-Wright inequality). Suppose M € R™ " is a (random) PSD
matriz and € € R™ is a centered vector whose components {e;}!, are independent and o-
sub-Gaussian. Then for some absolute constants ¢, C and any t > 1 with probability at least
1 —2et/e

e Me < Cto?tr(M).

Proof. By Theorem 6.2.1 (Hanson-Wright inequality) in [55], for some absolute constant ¢;
for any ¢ > 0,

t? t
Pas {le"Me —Ee"Me| >t} < 2exp (—cl min{ , }) ,
{ } [MEe" [0

where Pps denotes conditional probability given M.

Since for any i, Ee; = 0, and Var(g;) is within a constant factor of o2, and since M is
PSD, we have
Ee'Me < cyo*tr(M).
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Moreover, since ||M]||% < tr(M)? and | M || < tr(M), we obtain
Par {e"Me > o*(cy + t)tr(M) } < 2exp{—c; min(t,*}).

Restricting to ¢ > 1 and adjusting the constants gives the result (note that since the RHS
doesn’t depend on M, we can replace Pp; with P). O

A.4 Controlling the singular values

In this section we use the following notation: for any matrix M we denote the element in
the i-th row and the j-th column of M as M{i, j]. We denote the i-th row of M as M{i, %]
and the j-th column of M as Mx, j]. For a vector u we denote it’s i-th coordinate as wli].

Lemma 83 (Bound on the norm of non-diagonal part of a Gram matrix). Denote Ay, to be
the matriz Ay, with zeroed out diagonal elements: Agli, j| = (1—0; ;) Axli, j]. Then for some
absolute constant ¢ for any t > 0 with probability at least 1 — 4e~'/¢,

AL < co?, | (t+n) (Agﬂ(wn) +ZA§>.

>k

Proof. We follow the lines of the decoupling argument from [56]. Consider a 1/4-net {u;}7,
on 8" ! s.t. m<9". Then ) )
A < 2max ] A,
j

Indeed, take v € 8" ! to be the eigenvector of Ak whose eigenvalue has the largest absolute
value p (i.e., [[Ag|| = p), and let u; be the closest point in the net to v. Then
[v —w;l| <1/4,
u/v >3/4,
lu) Ay >u] Aol — |u) Ag(v — uy)
=[plu] v — [u] Ap(v —uy)|

>|pfu; v — [l || Akl v — w;|
>l 3 1
- /”l’ 4 4 :

Denote the k-th coordinate of u; as u;[k]. Note that

wl Ajuy = AEr > uylklug[l) Ak, 1],
k€Tl
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where the expectation is taken over a uniformly chosen random subset T of {1,...,n} (since
A, has zeroed-out diagonal, we don’t need to consider terms with m = [ which allows us to
sum over k € T # ). Thus,

lu] Aju,| < 4max > allu;[m] Al m]‘
leTFm
= 4max <Z W [ X koo [, %], Z w;[m| X j.00[m, *]>' .
T leT m¢gT

Fix 7 and denote

&= u| X oo [l 42

leT

’r’T = Z u; [m]Xkoo[ma *]2222
m¢gT

Note that since w; is from the sphere, { X j.[i, %]}, are independent, and [, m live in
disjoint subsets, the vectors £ and 1 are independent sub-Gaussian with sub-Gaussian norms
bounded by C'o, for some absolute constant C.

First, that means that for some absolute constant ¢; we have

P{|(=2¢ 51 2n)| > to, | Enll} < 267"

Second, by Lemma [80] for some constant ¢, for any ¢ > 0

IP’{||Z]17||2 > cy02 (Aiﬂt + Z)\f) } < 2etez,

>k

We obtain that for some absolute constant ¢ for any ¢ > 0 with probability at least
1 —dete

’<21/2£, 21/2,7>) <co?, |t (Azﬂt + ZA?).

i>k
Finally, making multiplicity correction for all j (there are at most 9" of them), and all

subsets T" (at most 2"), we obtain that for some absolute constant ¢ with probability at least
1 — 4e7t/e

ALl < co?y | (¢ +n) (AiH(H n) + ZV)-

i>k
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Lemma 84. For some absolute constant c, for anyt > 0, with probability at least 1 —6e~/°,

X e X[ || < co? (Am(t +n)+ Y %‘) :

>k

Proof. Note that || X g X 10| < max; | X;.|| + [|A]|. Combining Lemma [80] (with multi-
plicity correction) and Lemma [83| gives with probability 1 — 6e~/

>k i>k

1 X koo X Lol < 102 (t+0110gn))\k+1+2)\i+ (t+n)< it +mn) +Z)\2)

Now note that

(t+ c1logn) g1 <ci,| (t+n) (Aiﬂ (t+n) Z )\2>

>k

<el \/Asz F)? 4 el +0) S0 A

>k
C1 <)\k+1<t + n) + Z >\1> s

>k

where we used va? + ab < a + b in the last transition. Removing the dominated (up to a
constant multiplier) terms gives the result.

]

Lemma 18 (Controlling pu1(Ag)/pn(Ax) under sub-Gaussianity). For any v € [0,1) and
o, > 0 there exists ¢ > 0 that only depends on o, and v such that under Assumption

[NoncritRed(k,~) the following holds: for any L > 1
e If pr > L? and with probability at least (1 — §)*/™

C

then with probability at least 1 — § — ce™"/¢

pn(Ag) > L™ 11 (Ay).

e Suppose that it is known that with probability at least ce™™° p,(Ay) > L™ ui(Ay).
Then py > é and with probability at least (1 — ce‘”/c)l/n

1
At | Troo|)® > = A+ E|@pa?) -
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Proof. We start with the high-probability bounds that we can derive assuming only sub-
Gaussianity and independence of data vectors. By Lemma [80] for some absolute constant ¢
and for any t > 0,

P { H.Xkoo[l, *]||2 > CO'i (t)\k—I—l + Z Az) } S 2€_t/c.

>k
By Lemma for some absolute constant ¢ and for any ¢ > 0, with probability at least
1 — de7te,

ALl < cozy | (t+n) (Aerl(t +n)+ ZA?)

i>k

Since ||Ay|| < A+ || Ak 4+ max; || X roo[i, #]||, the above two statements imply that for
any ¢t > 0 with probability at least 1 — de=™/¢ — 2ne=t/¢,

p(Ag) <A +co?, | n (Azﬂn + Z Af) + co? (t/\kﬂ + Z >\i>

>k

A+2c02 | (E+n) A + D A+ [0 N
i>k i>k

<\ + 3co? ((t + 1) A1 + Z )\i> ;

i>k

where we used the following chain of inequalities to make the last transition:

2 Y M2<2 Inhga > N < ndea+ YA
i>k i>k i>k
On the same event,
paA) > At min | Xpclis 17 — o2 g + 3732
i>k

On the other hand, note that the sum of eigenvalues of Ay is equal to

tI‘(Ak) = \n + Z ||§]1/2 Zkoo[l7 *]THQ‘

k:oo
=1

By Lemma , for some absolute constant ¢ and any ¢t € (0,n), with probability at least
1—2e ¢,
(n—Vnto2) YN < D NIZUL Zuclis#] I < (n+Vtod) Y A

i>k 1=1 >k
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On this event

t
AL) >\ 1—4/=c? \;
(A > +< n%)Z :

i>k
t
(AR <A 1 ~o? i
S GREY)>

Finally, note that ui(Ag) > Met1]| Zroo[*, 1] + A. By Lemma [81] for some c3 and for
any t € (0,n), with probability. at least 1 — 2e",

| Z .00 [ #, 1]||2 >n— \/ntag,

t

Combining all those bounds together gives that there is a constant ¢, that only depends
on o, such that with probability at least 1 — c,e™™/% all the following inequalities hold
simultaneously:

p1(Ag) <A +c, (n)\kﬂ + Z )\i> ;

>k

which means that

1 (Ay) >\ + — Z/\,,

Ca >k

1
pi(Ag) >\ + Ak,

pa(Ax) 2A+ min | Xpclis I = e [ i+ 03007,
i>k

>k

fin(Ax) <A+ min || X p.c0[, *]Hz
In view of the bounds that we derived above, the following inequality is a sufficient

condition for the statement that with probability at least 1 — ¢,e~™/¢ the condition number
of A; does not exceed L:

1 ) .
I (A—ch (n/\kH +§/\i>> < /\—|—mi1n||ka[2,*]H2 —Cp | n Ay + /TL;/\f
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Note that for any ¢ > 0

[n> N <2 n) A2<2 I Y N < e+,
>k i>k >k i>k

which implies that for any ( the following is also a sufficient condition:

A min [| X poo[i, #]1* 2 AL+ eo (14 L7+ Ons +eo(L7H ¢ ) A

>k

Recall that A > —vy 3., Ai, so

PPy <1 (A +) N )

i>k >k

which allows us to upper bound the right-hand side of that condition. We write
AL 4 (14 L7+ Ondpgs + oL YN
>k
-1 L "¢
SLTAY N +e@+ L7+ 0 [ A+ N )+ = [ A+ )N
i>k i>k -7 i>k

_1 _1 Cy -1 Cmc_l
:(/\+Z)\i> (L ( . 1_7>+pk <Cx+cx0+1—'y)'
i>k

Now take ¢ = pi/ ? and a constant ¢ that is big enough depending on v and c,. Then if
pr > L? > 1 and with probability at least 1 — 6,

A+ min || Xy 0[7, %] ”2 > % <>\ + Z Ai) '
’ ik
then with probability at least 1 — § — ce /%,
pn(A) > L7 i (Ay).

Note that since the rows of X .., are i.i.d., the first condition is equivalent to that with
probability at least (1 — §)'/"

&
A | X oL A 2 7 <A+Z>\>

i>k
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Now let’s derive a necessary condition. Suppose it is known that with probability at least
coe ™ 1, (Ay) > L7y (Ay). Then

: . 1 1
A+ miln | X k:o 1 *]||2 Zz ()\ + o Z )\1') )
Aec Z/\->l TR
X ' 7 _L Ca k+1 .
i>k
For the first equation, we can write
A+ min || X g.oo[i >x<]\|2>l A+i2>\-
i k:oco 9 - L C:E : 3

1
AL = L7 L) + min | X gci, ) > <A+ Z&-) ,

v

1
. . 2
/\+H1ilnHXk:oo[1;*]|| Lo —L 1L e (x\—i-ZA)

i>k
> 7o </\+Z>\>

where we used the fact that ¢, > 1 and L > 1.
When it comes to the second equation, we write

1 1
Atep Y N> <A+ —n/\k+1>,

; L Co
i>k
1
(L= DA+ LY N >—ndppr = —pk (A+Z)\>
i>k Ca i>k
(L—1)<>\+Z)\i)+(CIL—L—|—1)Z>\ =i <>\+ZA>
i>k i>k i>k
L —L+1
7 i>k i>k
L—L+1\"
ﬂkZCQI(L—lJerl—Jr) >c 'L
-7

where c is a large enough constant that only depends on v and c,. O]
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Lemma 85. Suppose assumptions [NoncritRed(k,~) and[CondNuni(k, 6, L) are satisfied and

v < 1. Then for some absolute constant ¢ for any t € (0,n) with probability at least 1 — 6 —
26—015

%<1_\/‘\(f )<A+ZA><MnAk <u1(Ak)<L(1—\/_\(/_J )()\Jr;)\)

Moreover, if § <1 —4e~ for some t € (0,n), then

)‘+Zi>k>‘i> 1—-o02 t/n

Proof. First of all, note that the sum of eigenvalues of A; is equal to
tr(Ag) = An + Z 122 Z ool #] |12
i=1
By Lemma 81| for some absolute constant ¢ and any ¢ € (0,n) with probability at least
1—2e
(n—Vnto?) > N < Zuz:l/? Ziooli,*] |2 < (n+ Vo) Y A
i>k i>k

Now we know that with probability at least 1 —d—2 exp(—cyt) the following two conditions
hold:

1 (Ar) < Lpn(Ay),
n\+ (n — Vnto?) Z Ai < Z 1i(Ar) < n\+ (n+ Vnto?) Z i

i>k i=1 >k

The first line of the display above implies that
nn(AR)/L < 37 il Ag) < npin(Ae) -
i=1
Thus, with probability at least 1 — § — 2 exp(—cat),

A n—+/nto? (n+ vnto?)L
R TR A 4 < < < N Y e/ )
— ;A < i (Ag) < pa(Ag) < AL+ p ;A

<)\+Z)\> vio} Z)\ <Mn(Ak)<u1(Ak)<L<>\+Z/\) \ff/“ﬁiLz&.

z>k:
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Using the fact that 3,0, A < (A + X0, Ai) /(1 — ), we obtain

Vio? . L
(“ZA}A)( m>S“"<Ak>§“1<Ak>§L(“D>(“ml—w)’

>k

which gives the first assertion of the lemma.

Next, note that u;(Ax) > M1l Zrool*, 1]||> + A. By Lemma 81| for some ¢z for any
t € (0,n) w.p. at least 1 — 2e7% || Zp.00[*, 1]||? > n — V/nto?, which means that if 1 — § —
2e72t — 2¢7t > () then with positive probability

AL + (n+ @ai)L Z i > N1 (n — Vnto?) + A
AL —1)+ (”+\/_‘7 3" N Zhsi(n — Vato?),
i>k
(A + Z&) (L—1)+ (1 + \/_f/aﬁ%[/) Z)\i >Ner1(n — Vnto?),
(A " Z;A) (L e 7 \/%/(%fx—Lv)) 2 M (n = Vntoy)

Taking ¢, = min(cg, c3) we see that if § < 1 — 4e~ ! then

)‘+Zi>k)‘i> 1—o? t/n

O
Lemma 26 (k can be taken to be k*). Fiz any constants v € [0,1), b > 0, L > 0. Denote
k* = min{k : pr > b}.

There exist constants ¢, L’ that only depend on o, v, b, L s.t. the following holds: sup-
pose assumptions [NoncritRed(k,~y) and[CondNuni(k,d, L) hold for some k € [k*,n]. Then

assumptions |NoncritRed(k*,~) and|CondNumi(k*,§ + ce=™/, L") hold too.

Proof. First, by Lemma [85| for any ¢t € (0,n) with probability at least 1 — § — 2e~“*,

1 Vito?
E(l_\/ﬁ( )<A+Z)\><,unz4k < i (Age).

>k
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Next, by Lemma [84 we know that with probability at least 1 — 6e~%/¢3,

/Ll(Ak*) S 630'5 (/\k*+1(t + n) + Z )\z> + A

i>k*

By definition of £* and p

Ape s = pri ()\ +> /\i) <p ! </\ +> )\i> .

i>k* i>k*
Therefore,
k
S D D R S G M)
i>k i>k* i=k*+1 i>k* i>k*

Moreover, since A > —y >, \;,

A<+ N

i>k*

Thus, with probability at least 1 — § — 8¢~/
1 Vio?
(A > (1Y% Yy (A A
() > (1= 22 ) )< > )

[ (Ag) < (c3a§ (ﬁ +% (1 + %)) + 1) (/\+i>zk*)\i> .

Taking c; large enough (depending on L, b, o, and ) and plugging in ¢ = n/cs gives the
result for ¢ = max(8, c4c5) and

L' = ( 302 L—i—l(l—i—c_l) +1) = 1 1_0—926 (1—-bv71
Te\l-y bt T AL\ VE(l-) '
The derivation of [NoncritRef(k*,~) is obvious: indeed, assumption [NoncritRed(k,~)

states that
A> =) A

>k
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Since k* >k, > A <D0 i, SO
>k

which is exactly assumption [NoncritReg(k*, ). O

A.5 Lower bounds

We reuse a very convenient tool for proving lower bounds: Lemma [77] from Appendix [A.2]
We restate it below for convenience.

Lemma 77. Suppose that {n;}'_, is a sequence of non-negative random variables, and that
{t;}o_, is a sequence of non-negative real numbers (at least one of which is strictly positive)
such that, for some § € (0,1) for any i < p with probability at least 1 — 0, n; > t;. Then with

probability at least 1 — 20,
n 1 P
i > = ) i

It turns out to be quite straightforward to express bias and variance terms as sums of
non-negative series. This lemma allows us to give a separate high probability lower bound
for each term in the series to obtain the high probability lower bound for the whole sum.

Variance term

The argument for lower bounding the variance term is the same as in Appendix [A.2] We
repeat it here because the result there was stated in a different form and in the ridgeless
setting only. Small changes are required to deal with possibly negative regularization.

Lemma 22 (Lower bound for the variance term). Fizx any constant v € [0,1). There
exists a constant ¢ that only depends on o, and v s.t. for any k < n/c under assumptions

\NoncritReg(k,~) and|IndepCoord w.p. at least 1 — ce™™/°

1 \2
V>—) mnd{l———"—_>%.
N

Proof. The variance term can be written as

2, T A2
Nz, A7z

(1 + )\VZJ—AZZIZJZ ’

V=t (SXTA?X) =)

=1

where z; are columns of matrix Z (recall that Z = XX 7'/?). Note that every term in this
sum is non-negative, even if A_; is not PSD. Denote A_;, to be the PSD square root of A%,
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i.e., the matrix with the same eigendecomposition as A_;, but with eigenvalues substituted
by their absolute values. It immediately follows that

- io: Nzl A2z,
O (1+ )‘iziTA:z1+zi)2’

By Cauchy-Schwartz we have
|zl - 2f A7z > (2] AT}, 2:)°,

Thus,

> 1
V Z T -1 2"
= |lzill? (1 + (\iz; A7i+zi)71)

Now our goal is to lower-bound the largest eigenvalues of A:Z1 - Let’s write
A=A, + ) Nzz)
J#1

The idea is, as always, to separate the first k coordinates. Our initial goal is to bound the
norm of Zj Li sk /\jzjij. Using Lemma , for some absolute constant ¢; and for any ¢ > 0,

with probability at least 1 — 6e~*/¢!,

§ T § T
/\ijZj AijZ]

J#ij>k >k

<

= | X poo X || < 102 <)\k+1(t+n +Z)\>

>k

The matrix » . i NiZjE T is a correction to > ki N zjz of rank at most k. Therefore,
with probability at least 1 — 66*15/01 the bottom n — k eigenvalues of Z#i Nz ]T lie in the
segment from 0 to ¢;02 (Ag1(t +n) + > ;o Ai). The matrix A_; has the same eigenvalues,
but with A added to each one, so on the same event all the eigenvalues of A_; are from X\ to
At 102 (N (t+n) + 3,00 Ai). We can write

02 <Ak+1(t +n)+ ) /\i> + A

i>k

1
<cy0? <Ak+1(t+n)+1—<A+ZA)> <A+Z/\)
v >k >k

where we used that A > —v )., A; in the second line (for A < 0 it implies [A] <> 7,0, Ai).
Moreover, for the left end of the segment we also have that either A > 0 or

NEEDIPT <—<>\+Z/\>

>k i>k
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Thus, for some constant ¢, which only depends on ¢ and +, for any ¢ with probability at
least 1 — 6e="™/°2 for any j > k

1 (A)] < e (Ak—f—ln +A+ Z )\i> :

1>k

In words, with high probability the matrix A_; has at least n — k eigenvalues whose
magnitude is bounded by ¢y ()\kﬂn + A+ EDk ) Recall that A_;, is PSD with the same
magnitudes of the eienvalues. Denote P, to be the projector on the linear space spanned by
the first k eigenvectors of A_; ;. We can now write that with probability at least 1 — 6e~"/¢2

-1
2l ATz > (I = Piy)zil ey’ ()\an + A+ Z )\i>
i>k

Since z; is independent of P, j, by Theorem 6.2.1 (Hanson-Wright inequality) in [55], for
some absolute constant ¢y and for any ¢ > 0,

t2 l
2 1 mi
szi” } > t} < 2exp (—02 m1n{04HP kH 2HP k” })

We have ||P; |2 = k, | P3| = 1, and E.,||P;42||> = tr(P;y) = k since P is an
orthogonal projector of rank kThus, w.p. at least 1 — 2e~t/¢2,

P{|[[Piszil* — E

|1 Piszil]® — k| < 0 max(VEt, 1) < (t + VEt)o2.
Next, by Lemma [81| for some constant ¢ and any ¢ € (0,n) w.p. at least 1 — 2et/es
n—vnto? < ||z]|* < n+ Vntol.

Take constant ¢4 large enough depending on o, and set ¢t = n/cy. Then for any k < n/cs,
w.p. at least 1 — 10e~"/% — §,
n

Cr ()\an + A + Zi>k )\z) ’

where constants c5 and cg depend only on o, and constant ¢; depends only on o, and ~.
Rewrite this equation as

(Z:A:;_i_zi)_l S Cr (Ak-i-l + — ()\ + Z Ai )) == 07)\k+1(,0k + 1),

>k

o7
A~ +zl_

where Pr = n>\k+1 ( + Zz>k )



APPENDIX A. PROOFS FOR CHAPTER 2 138

On the same event

1 S 1
— 2 = 27
=0 (0 QT A7) (14 22+ 1)

where cg depends only on o, and 7.
Finally, by Lemma [77], we can convert lower bounds for separate non-negative terms into
a lower bound on their sum: with probability at least 1 — 20e"/%,

1 < A2
V> —Smind1,—2 |
~ 8cgn ; { A (o + 1)2}
where we also used that 1/(a + b)? > min(a—2,b2)/4 for non-negative a, b. O

Bias term

Lemma 23 (Lower bound for the bias term). Fiz any constant L > 0. There exists ¢ that

only depends on o, and L s.t. for any k € {1,2,...,p} under assumptions |PriorSigns(0)
and |StableLowEig(k, 8, L) w.p. at least 1 — 26 — ce /¢

1 )07
Eg-B > — L

—
- i
! (1 + >\k+1pk>

where Eg+ denotes the expectation over the random draw of @ from the prior distribution

described in assumption [PriorSigns(0).

Proof. Applying Sherman-Morrison-Woodbury yields

(M, +XTX) " =2, -\ 2X (I, + A ' XX ) ' X,
So,
M, +X"X) X' X-I,=(0\[,+X'X) '\, +X X —-\,)—1I,
—A(M,+XTX)"

=I,- \'X"(I,+\'XX")'X
=I,- X"\, +XX")'X.

Thus, the bias term becomes

@) (I,- X"\, +XX")'X)S(I,-X"(M,+XX")'X) e,
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and taking expectation over the prior kills all the off-diagonal elements, so

EeB=> ((I,- X"\, +XX")"'X)S (I, - X" (A, + XX")™'X)) [i,q] - 0.

Let’s compute the diagonal elements of the matrix
I, - X"\ L+ XX")"'X)S(I,- X"\, + XX")'X).

The i-th diagonal element is equal to the bias term for the case when 8% = e; — the
i-th vector of the standard orthonormal basis. Note that the i-th row of I, — X (\I, +
XX")'X is equal to e; — v Nz (M, + XX ")"'X, so the i-th diagonal element of the
initial matrix is given by

ZP:AZ» (eili] = VANZ AT, + X XT) ! )2

ML=zl A72) 3 ANzl AT )2
J#i
Recall that A =\, + >0 Nziz], A= A— \zz]
First, let’s use Sherman—l\/[orrlson 1dent1ty to convert A in ziTA_lzi into A_;:

1— )\iziTA_lzi =1— Nz, (A i + )\iziz?)fl Z;

— Nz} (AD] —NATIzi(1+ 2] ATlz) 2] A7) 2
()\iziTAjzif
1+ Nzl AT}z

1

So the diagonal element becomes

A
(1+ Xz AT} 2)?

Ai
(1 + )\ZZ:A:ZIZZ)2 ’

+ ANz ATz >
J#i

and thus 5

Eg-B >
o Z 1+/\zTA 122

Let’s bound each term in that sum from below with high probability. By our assumptions,
for any ¢ with probability at least 1 — ¢

1
fin(A_) > T <A+ Z/\j> :

j>k
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Next,
Ai Ai

7 > ,
(T+ Nzl A2 7 (L4 Npa (A=) 7Y z]12)°
and by Lemma for some absolute constant ¢, for any ¢ € (0,n) w.p. at least 1 —2e~*/° we

have ||z;]|? < n — Vtno? < n/2, where the last transition is true if additionally ¢ < n/(402).
Recall that p; := %}:ﬁ/\] We obtain by plugging ¢t = n/(40?}) that w.p. at least
1—6—2e /e,
A0 N A6
(14+ Nz A [2)? ~ (1 L), >27
2Ak41Pk

where ¢y only depends on .
Finally, since all the terms are non-negative and we need to obtain a lower bound on
their sum, Lemma [77] gives the result.
O

Lemma 24. For any v < 1 there exists a constant c that only depends on v and o, such

that if assumptions[CondNunl(k, d, L), [NoncritRed(k,~) and[EzchCoord are satisfied for some
L>1andk€{1,2,...,p}, then|StableLowEig(k,d + 2e /¢, cL) is also satisfied.

Proof. First of all, note that Assumption |[NoncritReg(k,~) with v < 1 directly implies that
A+ > ok Ai >0, which is the second part of Assumption |StableLowEig(k, 0, L).

Next, by Lemma [85[ for some absolute constant ¢; for any ¢ € (0,n) with probability at
least 1 — § — 2e=<

pn(Ax) > —

2(1—%) >\+Z)\i .
vn(l=7)

Taking t = n/cy where ¢y is large enough depending on v, 0, we get that for ¢ large enough
with probability at least 1 — 2e~"/¢

[ (Ag) > é ()\ +) AZ») .

>k

Now we just need to propagate that result to A_; for all 4.
For i < k, we simply have A_; = A (that is,A_; is at least as large as Ay, in the sense
of Loewner order) with probability 1, so indeed Vi < k

P (un(A_» > ciL (A + Z&)) > P (un<Ak) > ciL <A+ Z&-)) >1—2e "

>k 1>k
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When it comes to i > k, we can write

-
A—i :)\In + Z /\ijZj
J#i
T T
:)\In —+ Z/\ijZj + Z )\ijZj
J<k J>k,j#i
=M, + Alzlzf + Z )\jzjij
J>k,j#i
i)\In + )\Z'ZlZ;r + Z )\ijZ;r.
Jj>k,j#i
Now note that due to Assumption |ExchCoord, the distribution of the matrix AI,, +\;z12z] +
Zj>k’j¢i )\jzjij is the same as the distribution of A = \I,, + Zj>k )\jzjij. Therefore

1
P ) > .
pn(A) > — <A + ZA))
>k
1
J>k,j#i i>k
1
=P | in(Ax) > — (A — Z A))
i>k
>1 — 2e7e,
which finishes the proof. m

A.6 Deriving a useful identity

Motivated by the results of Section [2.3] we split the principal directions of the covariance
matrix into two parts: small dimensional and high dimensional. The main idea of our
argument is to use classical machinery (like some sort of uniform convergence argument)
in the small dimensional subspace. To do this we write O(y)T = [9(y)gk,9(y);€roo] and
mentally split the search process for 9(y) into two parts: first, for any fixed 0., optimize
for 0.... Then only the first k coordinates are left. The result of that optimization in 0.,

is the following identity:

A

0(y)ox + Xg)r;kAlleO:ké(y)O:k = X . A Y. (A7)

The goal of this section is to derive this identity.



APPENDIX A. PROOFS FOR CHAPTER 2 142

Derivation in the ridgeless case

In the ridgeless case we are simply dealing with projections, and @(y) is the minimum norm
interpolating solution. ANote that O(Y)x.c0 is also the minimum norm solution to the equation
Xk:0oOkioo = Y — X0k0(Y)o:k, where Oy is the variable. Thus, we can write

Now we need to minimize the norm in 8(y)os (our choice of @(y).e0 already makes the
solution interpolating): we need to minimize the norm of the following vector:

v(0ox) = [H(Ik, (y — XO:kHO:k)T (Xk:ooXkT;oo)_l Xk:oo:|

As Bo; varies, this vector sweeps an affine subspace of our Hilbert space. The vec-
tor O(y)ox gives the minimum norm if and only if for any additional vector n,,, we have
v(0(Y)ox) L v(0(Y)ox + Mo.s) — v(0(y)ox). Let’s write out the second vector: V., € RF

- - -1
O(B(y)o + 101 — V(OW)ow) = Mo 10X L (Xpino X [o0) ™ X

We see that the above mentioned orthogonality for any 1, is equivalent to the following:

~

N T -1
0(?/)(—;19 - (y - Xo:;ﬁ(?/)o:k) (Xk:ooXkT:oo) Xox =0,
0(y)or + X0 AL X010(v)or = X g1 ALY,

where we replaced X,moX,IOO =: Ay.

Checking for the case of non-vanishing regularization
So, now we have A # 0 and we want to prove that 0(y)o.x+X 0., A% X010 (Y)ox = X op AL Y.
Recall that
Oy) =X" (M, +XX")y,
0(y)os =X i (Ax + X0 X ) 'y
This identity yields
0(y)o + XA X 040(y)ouk

=X 0 (Ar + X0 X 0) 'Y + Xop Ay XoaX 04 (Ar + XoaXos) 'y

=X oAy, (Ak + X 04X 0) (Ak + X4 X )y

ZX&A;Zly.
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A.7 Variance

Recall that the variance term is
1 - 1 _
V= SElB(e)lk = —Ee XL, + XX T) el

€

In this section we prove the following lemma.
Lemma 86. If for some k < n the matrix Ay is PD, then
(A (X oxE1 X o)

V<
fin (A2 (20 VXX, szm)

5+ 11 (AL X koo Zhoo X froo)-

Note that the RHS of the inequality above is straightforward to estimate if one knows
the spectrum of Ay. Indeed, the matrices XO:kE&iX&k and Xk:OOEk;OOX,::OO have i.i.d.
elements on their diagonals, so their traces concentrate around expectations:

(X 04 So X o) = b and t1(X oo S X o) A0 Y AL,

1>k

When it comes to the matrix E(;,lc/QX(IkXDIkE&,lg/z/n, this is just a sample covariance
matrix of n isotropic vectors in k-dimensional space. Since k is small compared to n, it
concentrates around the identity. Thus,

" (2(;,1/2)(0 XoxSo, 1/2) n.

These computations are done rigorously in the proof of Theorem [20]

First £ components

It was shown in Section that the following identity holds (c.f. (A.7)):

X Ar'e = 0(e)ox + XA X040(€)ox-
Multiplying the identity by @(e), from the left, and using that 6(g){,.0(€)ox > 0 we get
é(e)(—l)—:kXE)r:kAlzls 2 é(g)&ankAEIXO:ké(e)O:k- (A.8)

The leftmost expression is linear in 9(6)0;;6, and the rightmost is quadratic. We use these
expressions to bound [|0(€)o:x||x,,, -
First, we extract that norm from the quadratic part

é(€>gngkAI;1X0ké(€)0k z,un( ) ( )OkXOkX0k0< )
> (AL O(E)ok I, ox (Zon* X 0 XowT’?)
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Then we can substitute (A.8) and apply Cauchy-Schwarz to obtain

( )0 kX 1X0:ké(€)0:k
( Jor X oAy €

5 ~1/2 _
6 ZO:k/ XAy e

100kl (AT itk (B> X 33 X050 ) <

| /\

IN

16(€)o:k [l

and so T AL 1y T A-1
e AL X020, XA, €

2"
(A (B X 5 X0 B

Since € is independent of X, taking expectation in € only leaves the trace in the numerator:

10()or %, <

tr(A ' X oxZor X 06 A% ")

1 ~
—E[6(e)ox%,, <
Ug || ( )0 Hzo.k (A 1 2,U,k< _1/2XTkX0k2—1/2>

(A

)
p1(Ay (X k2, ngk)
(A P (Sl X L X 0w S0?)

where we transitioned to the second line by using the fact that tr(MM'M) < pu; (M )*tr(M’)
for PD matrices M, M.

Components starting from k + 1-st

The rest of the variance term is
2
HEW X] A*lsH = e TAT X o S X A e

Since € is independent of X, taking expectation in € only leaves the trace of the matrix:

1
02
UE

2
E, zi{joxgmA—le‘ (A7 X oo Do X1 AT

S/,LI(A_1>2tr<Xk;oozk:ooX;:oo)
S/,Ll (A£1>2tr(XkooEkOOX;§roo) .

Here we again used the fact that tr(MM'M) < u;(M)*tr(M’) for PD matrices M, M’ to
transition to the second line. We then used A = Ay, to infer u;(A™") < i (AY).
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A.8 Bias

The bias term is given by [|@* — 8(X0*)||%. In this section we prove the following

Lemma 87 (Bias term). Suppose that for some k < n the matriz Ay is PD. Then there
exists an absolute constant ¢ such that

16" — 6(X6%)||%/c

pi (A2 (E(;llg/QXT X2, 1/2)
—1\2 - _ 2

(A7) M <Eo:i/2X(IkX0:k20;llc/2>
’|08:k|l2 _

S HOZOOHQZJkoo + HXkOO ;;ZOOHZ

_I_
(A2 (3 1/2kaX0kzai/2)
o Ao (1 mas(0, =N )par (A ) 11 (A | X o0
MI(A;) u1<2&]1€/2ngXo_k271/2) 2—1/20* 2
DR

+ )\k+1 1 —+ maX(O )\)Ml(A ) — — —
( )un(Ak1)2uk(z:&}j?XTkXOkE 1722

First £ components
We need to bound |6, — 0(y)ox (A, X 07) 1%, - By Section , in particular identity (A.7)),

we have

O(X0")os + X WA X 060(X 00 = X, AL X",
Denote the error vector as ¢ := (X 0*) — 6*. We can rewrite the equation above as
CO:k + X(IkAlgl-XO:kCO:k = ngAlzl'Xkooel:oo - Oak

Multiplying both sides by ¢, from the left and using that ¢g,Cox = [|Conll? > 0 we
obtain
ConX o Ar ' XoaCon < CorXonAr X koo = Conbos-

Next, divide and multiply by 21/ ® in several places:
Co: k21/22&]1€/2X(L€A X, kz_l/z 1/2C0 & <Co; kzl/ngllg/QngAflxk o0 Ohioo

Now we pull out the lowest singular values of the matrices in the LHS and largest singular
values of the matrices in the RHS to obtain lower and upper bounds respectively, yielding

Corell o in (AT e (B> X T X 03

< Hco:kuzo:km(A,;lWl (512X X 0x 20l | X |

+ 1 Conll 2o 100kl 552
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and so

- B 1/2

(A i (Zol X0 X0x 50 ?) X 05|
2 k:ooYk:00

(A e (34 X3 X 00 301%)

||00;k||2(;,1c

Nn(Alzl)Nk (E(;Ilc/2X;]r:kXO:k20_:llv/2>

HCO:kHZO:k <

The rest of the components
Recall that the full bias term is || (I,— X " (A, +X X ")7' X)0*||4 and that A = \I,,+ X X .

The contribution of the components of ¢, starting from the k+ 1st can be bounded as follows:

”0200 - Xl—lc—ooA_ng*H%)kw

< 3(l6; 1 X oo AT Koo I, o+ 1 X e AT X005 15, ) -

:OOHZ);CZOO
First of all, let’s deal with the second term:

HX;—OOA_IXI@OOOZooH%k HEl/Q XT A_IXk:oo Z:oo“2

SHE]I‘COOHHXIC0014_1)(]6OOO;ZOOHQ

:/\k-ﬁ-l(e;;:oo)TX;rzooAil (A — M, — X k?ng) AileiOOO;;:oo

Xk OOXT
<Ny (05. )TXT A (A4 max(0, =\ I,) A7 X 40065
<N (2 (A7H) 4+ max(0, =) (A7) [ X koo oo 1
g1 (1 + max(0, =) (A ) i1 (AL X koo I

where we used that ju;(A; ") > 11(A™") in the last transition.
Now, let’s deal with the last term. Note that A = A, + XOsz(Ik. By the Sher-
man-Morrison-Woodbury formula,

A_lXO:k: :(A];l + XO:kXE)r;k)_lXO:k
— (A7 = A X (I + X3 AL X o)

-1

X&!“f) Xo:k
_ _ -1 _
:Akl.XO:k (In - (Ik + ngAleQk) ngA 1X0:]€>
— A X (Lo — (I + XA Xoa) ™ (I + X5, A Xoi — 1))

_ _ -1
=A X (I + X 0,4 X o)
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Thus,
1X oo A X 040543,
| XA Kok (I + XA Xon) 05415,
S X L A X 0a Ty (Soh + Do P XL AL XOkzg}/Q) 1200 )12
(B0 ” X 54 X045, %)

SA_l/QXk:ooEk:ooXT. 1/2 A2 2—1/20* 2
|| k k:oo ” ( ) Mk<2_1/2XT A 1X0k2_1/2) || k”
_ Al LD D, € e .
kel l14, X e X [ A, ’““(A’%) e
P (AL 1 (B X 60 X 0B )?
_ AL ul(A;Zl) Ml(z(;;lg/QXoTkXOkE /) —1/2p% 112
_A1||I’fl_/\ k || —1\9 “1/2 T —1/279 ||20k 0 kH
(AL )? 1B X gw X o Zog )2
Al E‘WXTX ) B
< (1 masx(0, ~ Ny (A7) 22 ) 1 Zos XoaXoiPor ) a2

Iun(A ) Mk‘(E(]]{;/QXTkXOk;E 1/2)

where in the last transition we used the fact that I, — /\A,;1 is a PSD matrix with norm
bounded by 1 for A > 0.
Putting those bounds together yields the result.

A.9 Main results

Upper bound on the prediction MSE

Theorem 20. There exists a (large) constant ¢, which only depends on o,, s.t. for any
k < n/c with probability at least 1 — ce™™/¢, if the matriz Ay, is PD, then

:Ul(Akl)2
Mn(Ak )

+||9 k”g‘ < 2 Afl 9 — 1Ak1 2
n?pn (A, ) n pn(Ag)

(AL & A2 2
V/c<#—7—+nu1 v ) Z)‘i‘
k

) =

B/c <|6;.l3,... <1+ + 0 (A ) (1+max(0, =N (A 1>))

(1 + max(0, _)‘)Nl(Akl))> )

Proof. Lemmas [86] and |87 bound the bias and variance on the event that Aj is PD. Next
to those lemmas we already put explanations of why those bounds are easy to assess via
concentration arguments. Here we just do this rigorously.
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Recall the bounds from Lemmas and 87 for some absolute constant ¢

Ble <[|6f.|1%,... (A.9)
“1y2 i (2‘1/2XT X0k2_1/2>

+H1(Ak) k X, . 0F |2 A.10

1 (A71)2 ~1/2 T _1/2 2|| k:oo k:oo| ( . )
n(A)® (2 X! XS )

1661115+

+ s — (A.11)
pn (AL (25;/ X 0 X 0430,/ )

FApp (1 + max(0, =) (A1) 1 (A1 X koo O I (A.12)

(A7) m(zai”XTkXOkz‘l )

A1 (14 max(0, —A) g (A7) L 0 QLI > 2o |
( ),un(Ak 1) Mk(zo ]1§/2XTkXO kz 1/2) k
(A.13)
V/C < lu’l(Alzl)Qtr(XOkzalchg)—k) (A14)
(AL (S X T X 0 S 1/2)
1 (AL )0 (X koo Do X oo )5 (A.15)

where the first four terms correspond to the bias and the last two to the variance. By
inspecting that expression one can notice that it consists of some products of simple quantities
that could be assessed individually. Namely, those quantities are:

1. p1(A;"Y) and p,(A; ") — smallest and largest singular values of Aj. In this theorem
we assume that those quantities are known or there is some oracle control over them.

2. (2;,1/2)(5,9)(%25,1/2) and ,Uk( Syl kXOkz‘l/Q).

The matrix X, kE_l/Q € R¥" has n ii.d. columns with isotropic sub-Gaussian dis-

tribution in R*. The matrix Eoﬂlc/ X (IkX ME&}C/ 2 /n is the sample covariance matrix
of those columns, so when k < n it concentrates around its expectation, which is Ij.
More precisely, by Theorem 5.39 in [56], for some constants ¢, C, (which only depend
on g, ) for every t > 0 s.t. \/n — C'Vk —+/t > 0, with probability 1 — 2 exp(—c,t),

ik (Eo VX X0 kE_W) > (\/5 — CyVk - \/¥>2 ) (A.16)

2
i (Bol X3 X0xT0)”) < (Vi + Ok + Vi) (A17)

3.t (XouZop X o) and tr (X oo Shioo X g ) -
tr (X o 2o, . ¢ ;) is the sum of squared norms of columns of X, 1/QXOT,C, which are n

i.i.d. isotropic vectors in R*. Analogously, tr (X S 3. ¢ ,mo) is the sum of squared
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norms of n ii.d. sub-Gaussian vectors with covariance X7, . Therefore, they con-
centrate around their expectations by the law of large numbers. More precisely, by
Lemma [81| with probability at least 1 — 4e=<2¢,

tr (X o XX o) < (n+ Vino2)k,
tr (X oo Do X foo) < (0 + Vino?) Z A2
i>k
4[| X oo B 1

Once again, this quantity concentrates by the law of large numbers. The vector
X k000700 / 10500l =1, has n ii.d. centered components with unit variances and sub-
Gaussian norms at most o,. Treating those components as sub-Gaussian vectors in
R!, we can apply Lemma 81| to get that for any ¢ € (0,n), with probability at least
1 —2e <t

IX kiooOio |* < (0 + VEno) 05|35, ..

Now take constant ¢4 to be large enough depending on o, and set t = n/cy. For some
constant ¢; which only depends on o, we get that with probability at least 1 — cze=™/, all
the following inequalities hold at the same time:

Hk (E(;Ilc/zxa—:kXO:kE(;iD) >n/cs,
2 <E(;11c/2X(IkX0:k2(;,1€/2> <csn,

||Xkoo Iﬁoo”2 §C5n‘|0200||%k00’ (A 18)
HthoOEkZOO7 |

tr (XOkE(;]lCX(—)FIJ §C57’Ll€,
tr (Xk:OOEk:OOX;:OO) §C57’L Z )\12

i>k
Next, plug these bounds into (A.10)—(A.15):
~1/2 ~1/2
pi(AL)? <20:k/ X5 X 04 Zg >
k

1\2 _ _
pn( Ay Hk (20:2/2){3—:]9)(0:1@20:11@/2)

* :U’I(A_l)Q *
2 HXkOO lc:ooH2 < Cglu (Ak—l)Q Hekzoouék:oo’
n{Ay

105413 .

) R e s Cs (A )22’
Mn(Ak )2 1tk (EO:k X 0.5 X 0:6 20,5, ) Hnl

M1 (1 4 max(0, =) i1 (A1) 11 (A7) X oo O ||* <
< g (14 max(0, =) (A1) i (A )n|65,

OOH%}]COCQ
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(AT (S X gx X0k Z0s %)

pn (ALY (2, UQXTkXO o)

A (1 + max(0, —\)pr (A7) 1204054112 <

< G A\kt1 (1 + max(0, —A)m(AIZl)) u ||9 kH;&i’

(A (X oD Xow) (A

Putting all the terms together gives the result. O

Corollary 21. Fiz any constants v € [0,1) and L > 0. There exists a constant ¢ that
only depends on o, v, L s.t. for any k < n/c and § < 1 — ce™™¢ under assumptions

NoncritReg(k,~) and|CondNumi(k, o, L), it holds that p,, > c¢=', and with probability at least
p

1—0—ce e,

/\+E@->Mi>2

n

Ble <|00l%  + 1004l (

Ve Sﬁ + nYion

n <)‘+ Zi>kz l) ‘

Proof. Almost all the work was already done in Lemma |85 It says that for some absolute
constant ¢; and for any ¢ € (0,n) with probability at least 1 — & — 2=,

1 Vio? }

il > (1= 7075 (A : ?Z) |
Vio? |

p1(Ag) <L (1 - m) (A + ;&) .

Moreover, if 6 < 1 — 4e~ ", then

1—o%\/t/n
Pr =2 I NI
+ 15+ e

We just need to choose t, plug these bounds into the result of Theorem [20[ and evaluate
the result up to multiplicative constants.
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First, choose constant ¢, large enough depending on L, 7, 0, , and put t = n/cy. State-
ments above imply that if § < 1 — 4e~"/(¢1¢2) then for some constant ¢; which only depends

on L, 7, 0,, with probability at least 1 — § — cye/(1¢2),

—1
1
-1\ -1
pn(Ay ") =p1(Ag) " > o (AJF E@ )\z’> ;

1
_ . 1
pi(ALY) =pa(Ag)7' < o <)\+ Z)\z> ;

1
Pr =—.
C3
These three inequalities allow us to evaluate the result of Theorem 20} let’s plug them

term-by-term:

e Since A > —y> . A,

Thus,
L max(0, ~ A (A7) < 1+ = 1

so this term is just a constant.

g (A7) < esndpa (/\ + Z )\z‘) = c3/pr < 63,

so this term is also just a constant.

1 s i
— < = A i |-
n?u, (A2 T n +Xi:

)\k—&-l N’l(Alzl) <C_§ 'n)\k—l-l <>\+Z/\>

i Nn(Alzl)Q —n?
C% -1 2: i
3 ’
Sﬁ ()\ + E /\i) )

7
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b < [? — also just a constant.

nu (AN < én ()\—1—2/\) .

Plugging all these bounds in the statement of Theorem gives the result for a large
enough c. O]

Upper bound matches the lower bound

In the next theorem we show that the upper bound given in Theorem [20| matches the lower
bounds from Lemmas [22] and [23] if we choose suitable k. Note that by Lemmas [85] and [26]
being able to control the condition number of Ay for some k" < n implies that we can choose
a suitable k.

Theorem 25 (The lower bound is the same as the upper bound). Denote
Al 072
I~ T
‘ (1 + )‘ki\iﬂk)
B 0l + 16501 (

/\2 }
V:=—"% min —_— 7,
o Z { k+1(pk‘ + 1>2
V — k Zl>k 7

B =

)\+Zi>k&)2

n

S )

Fiz constants a > 0 and b > 1/n. There exists a constant ¢ > 0 that only depends on a,b,
s.t. the following holds: if either py € (a,b) or k = min{k : p, > b}, then

c'<B/B<1, ¢'<V/V<L1.

Proof. First of all, we represent

A N Y . :
187l + 185ty (522 ) =50 (10 < A i o)

- %
)

N 1 2
E+ nzpk i ZZZ(H{iSk}_+1{i>k3} 2)\1 2)
- ()\ Y )\i) : n nAL 1Pk

In the following we will bound the ratio of the sums from the statement of the theorem
by bounding the ratios of the corresponding terms.
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e First case: pp € (a,b).

— Bias term:
x 3 < k:
o] S A T2
5
A Ai
<1 + )\k+lpk>
2
B 212 a2
PiNis1 (1 + m)
Akt 1Pk -
=1
( " Ai
e((1+b)721)
x 1> k:

il 2 ]
ﬁ : )‘i|0i |2
(1 + >\k+zlpk>

DY N
=(1+ !
< )\k+1pk)

€ ((1 +aH72, 1)

— Variance term:

x 1< k:
I {1 A } 1
—mins 1, —————= ¢ : —
n Nploe +12) " n
e ((1+0b)%1]
* 1> ke
I {1 A } A
—min q 1, :
n Aepa(oe + 12 ) 7 A
22 A2
_)‘iﬂ(f)k + 12 A
2
Pk
(pr + 1)

e(l+a )21
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e Second case: k = min{l: p, > b}. In this case we have

Pk Z b7
>\k + n)\k+1pk _ A + >\k -+ Zi>k )\Z - < b’
Vi<k: A>AL> NAk41Pk _ Akt1Pk > )\k+1pk.
nb—1 b b

The rest of the computation is analogous to the previous case:

— Bias term:
x5 < k:
o] S A 2
5
A i
(1 + )\k+1pk>
)\2
B 212 2
)\k+1 (1 + >\k+1ﬂk>
Akt1Pk -
1
(e
e[(1+0b)7%1)
x 7> k:
Al 0|2 .
6] 7 - Aild; |2

A
<1 + >\k+1pk>

()
/\k-l—lpk

e[(1+b71721)

— Variance term:

x4 < k:
1 { )\f } 1
— min —_— 3 =
R D VRN PRI IES (R
{ )‘k+1pk/b2 1]

m

>‘+1 Pk+1

2b2’ 1

b+1 1]

N



APPENDIX A. PROOFS FOR CHAPTER 2 155

* 1> k:

\? A2
— min G : !
n { Ai+1(pk+lyz} nA; 1Pk

A2 22
_)‘zﬂ(f)k +1)2 . Aiﬂﬂi
2
(o +1)2

el(1+0o )72 1]

Alternative form of the main bound
Lemma 27. Suppose k < n/c for some ¢ > 1 and k* < k. Then

M1k < M1 Phe < Apprpr/(1=b71eh).
Proof.

k
1
A+ L =X + — E hy
k*+1Pk k+1Pk o e

k—k*
<Apt1pk +

Ak*-‘rl

k— k" A «
“Aee1pn + . k*+1Pk

Plx

)\k*+1,0k*

<Aks1pk + ) :
C

where we used k — k* < n/c and pg- > b in the last transition. Moving ’“+—1pk to the
left-hand side and dividing both sides by (1 —b~1c™!) gives the result. O

Corollary 28. There is a large positive constant ¢ that only depends on o, such that if

A > cn/\Ln/CJ + 2 Z A
i>|n/c]
then

*|2 ()\/n)Z
Bc SZM@J RYCESWEL

Viesy E:,Vn+A
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Proof. Set v = 0 and denote ¢; to be the constant ¢ from Lemma [18] Take L = 2¢; and
b=L1% a= b/2. For such choice of v, L, a, b denote ¢, to be the constant from Theorem |1 .
and take any k < n/cs.

Take any A s.t.

/\>2Z)\ and  pp > L*

ie.,

A>max | 2) N, g, — ) A
i>k i>k
Then the conditions of the first part of Lemma [18| are satisfied with 6 = 0, which means
that with probability 1 —cie™/“, u,(Aj) > L™ 111(Aj), so the assumptions of the first part
of Theorem |16| are satisfied with 5 = cie ™ and k = k. Note also that since pi, > L* =0,
then k* < k. This means that with probability at least 1 — ¢;e ™ — o™ for k = k*,

/\+Zi>k/\i)2

Bfey <[10roc5,... + 10641151 ( n

Ve SE + n i A

" ()‘+ Zi>k l) ‘

Now since k = k*, by Theorem [25| there exists a large constant c3 (that depends on b and
¢2) such that on the same event,

2 PR +1
B/cs < )\Z 9:( - s
oo = zl: i (Prs Ar 1 + i)’

1 A2
V/Cg ngl: (

Prr Ak 41 + >\i)27

where B and V are defined in Equations f.

We’ve just cast the bounds to the alternative form, which allows us to transition from
k* to the initial value k. By Lemma [27] since n/co > k > k* there exists a constant ¢4 that
depends on ¢y, c3, b such that on the same event

2 P%Aiﬂ
Ble, < il 6 ;
o= Z o (Pe A1 + i)

| A2
Ve SE; (

Prdks1 + )
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Finally, since A > 2> \;, we have

>k

A1 < ppAp =

S|

(A +> Ai> < 1.5\/n.

1>k

Thus, on the same event

/(2.25¢,) < Z A6 A/A/j:)A 5

/(2.25¢,) <— Z )\/n+)\

To finish the proof take ¢ = max(2.25¢4, ¢; + ¢o, L?) and k = |n/c].

Lemma 29. Suppose that n > ¢ + ¢ for some ¢ > 0 and take

A= cnAjpje +2 Z A

i>|n/c]
Then n
A 2 @ e 1Y)
Proof.

s
d(A/n) = :
; Xi+ Anje) + 2 X i nge) A
Consider two cases:

Case 1: (1 +c)A\jn/ 2 %ZDWQ Ai. Then

Ai
Zi: Xi + A lnje] + 2 D s nje) N
Ai
>
)\‘ ‘I— 1 + QC)/\Ln/cJ

—ZA o
e + ( +0) |n/c]

- Z 2—1—20)

i<|n/c|

_In/e)

24 2¢
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Case 2: (1+ )\ < %Zi>|_n/CJ Ai. Then

Ai
zi: Ai + CAlnse) + % Zz’>tn/cj Ai
Ai
>
- Z Ai + C)\Ln/cj + % Zz’>[n/CJ A

i>|n/c|

A
B Z (I+c )‘Ln/cJ + 2o nge N

'L>Ln/cJ

Z Zz> [n/c| Ai

i>|nfc] ™

A straightforward computation shows that if n > ¢ + ¢ then n/c —1 > n/(c+ 1), so

|n/c] n
2+ 2c = 2(c+1)%’

which finishes the proof.

A.10 Negative regularization

Lemma 32 (Lower bound on the bias for any non-negative regularization). There exist
constants b, ¢ that only depend on o, such that the following holds: suppose that assumptions
\Indep Coord and |PriorSigns(0) hold. Take k = min{x : p.(0) > b} and suppose that k > 0.
Then with probability at least 1 — ce™™/¢ for any X > 0

(zi>k )‘Z’)Q_

1 -
B> Z|00..]1%_
Eo-B > [|Box ) ~=%

Proof. We start exactly as in the proof of Lemma [23] where it was shown that if A_; is PSD
for every ¢ (which is satisfied almost surely when A > 0 ) then

2

6
Eg-B > > b . A.19
vB2 Y T S s A A

Note that have j,(A"}) is a decreasing function of A\ with probability 1. Thus, the
right-hand side of is a non-decreasing function of A\ with probability 1, and any lower
bound for it when A = 0 will also hold uniformly for all A > 0. Thus, for the remainder of
the proof, fix A = 0.
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We are going to use Lemma to lower bound pu,(A_;) for each i separately (we are
not looking for a uniform bound over all ¢ simultaneously). If ¢ < k, then A_; = A, with
probability 1, so we can just use Lemma |31 directly. If ¢ > k, consider the following matrix:

X;(f)oo = [\/ Akt 12kt 1, -5 V Aic1Zi1, \/Xizla VAig1Zig1, - \/)‘_pzp]'

In words, we took matrix X, multiplied the first column by 1/\;/\; (to make the variances
equal to \;), swapped the first column with the i-th column and dropped the first k£ columns.
The purpose of this matrix is to write the following:

A= Z)‘jzjz; = Niz1z] + Z Nzjz] = X (x)T

He el
J# J>k,g#

)T). This can be

done by using Lemma 31| with matrix X 1(;)00 instead of X .., which is valid because matrix
’ (4)

k:oo

Thus, to lower bound p,(A_;) one can just lower bound p, (X SLO(X (@)

k:oo
X 5;)00 satisfies exactly the same assumptions, namely the matrix X E,;}x/f has independent
centered o,-sub-Gaussian elements with unit variances.
Therefore, by Lemma [31| for some constant ¢; that only depends on o, for any ¢ with
probability at least 1 — c;e™™/“1,

pn(A_;) > Z Ai —c1 | nAgp1 +  n Z A2
i>k \ ik

> (1= c1pe(0)™! = erpu(0)72) DO\

i>k
:n>\k+1<,0k —C — Cl@)?

where we used Equations (2.16)) and (2.17). Choose a constant b large enough depending on
c1, so that pp —c; — c1/px > pr /co for some constant ¢y that only depends on o,.

By Lemma , for some absolute constant c3 for any ¢ € (0,n), w.p. at least 1 — 2e7/¢3,
we have ||z;]|? < n — Vitno? < n/2, provided t < n/(40?}). Combining it with the previous
results and taking constant ¢4 large enough depending on o, and ¢y we get that if pp > ¢4
then for any 7 with probability at least 1 — cqe™™/4,

)\,912 S 1 )\19? 1 )‘2912
(L4 X (AZD)[2il7)2 T eo (14 5222 ea (14 52)

Now we convert the high-probability lower bound for each term into the high-probability

lower bound for the whole sum. Using Lemma [77] gives that with probability at least 1 —
2ce e,

1 \0;

E¢-B > — _

o= 20421,:(1—{——)‘1' )2

Ak+1Pk
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Finally, by Theorem [25| there exists a constant c¢; that only depends on b s.t.

A0 1 s (i)’
S e (e

A
i (1 + >\k+1pk) n
Therefore, setting the constant ¢ large enough (depending on b and o) gives the result.
O

Lemma 33 (Upper bound on excess risk for some negative regularization). There exists a
constant ¢ that only depends on o, such that the following holds: suppose that assumptions

(9) and hold and that pr(0) > ¢ for some k < n/c. Assume also that

ol —Zee )
S (0 A)

Then there exists such X\ < 0 that with probability at least 1 — ce™™/°

2
v, <

Q-

(2.18)

k 7 P T A1 sk N | g
E@*B + UEV SC (’l}gﬁ + UEHHOIICHE(;}C ;k : + ||00k||§]6}cT>k + HekooH%koo .

Proof. In the following ¢y, co, ... are constants that only depend on o,.
Let’s introduce a new variable  such that A = — ZDk Ai + 0.
By Lemma [31| with probability at least 1 — ¢;e="/“,

p1(AR) = A+ 10 (X oo X o) <O+ | nhe + WZ)\? )
>k

pn(Ar) = A+ (X poo X o) 20 — €1 | nAgr + [0 Y N2
i>k

> XN>0>2e [ nha+ 0> M. (A.20)
>k >k

Note that the range for ¢ is non-empty if py is large enough according to Equations (2.16))
and (2.17)). On the same event we get

Let’s put

3 2

pin (AL = i (Ag) <59, (A7) > 207
1

(ALY = pn(Ay) 2590, p(Ah) <2071
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Now we are in a position to use Theorem . Recall that 0 < Q) < >

max(0,-A) = -A=> A -0 <) A

i>k i>k

A;. Thus

>k

Note that results of Theorem still apply for the case when the expectation of the
bias term is taken over the prior from assumption (é) Indeed, as explained in
the sketch of its proof, it decomposes very clearly into an algebraic and a stochastic part,
where concentration results are applied. One can see that the only stochastic quantity that
changes when the expectation over 8" is taken is || X ..80;..]|*>. To obtain the result of the
theorem one needs to show that E§ || X reob.e0I* < ¢l|0:co0 |3, with probability 1 — ée/¢
for some ¢ that only depends on o,. This is indeed the case because expectations over 6*
of the squared components of Xj.o.0).., are i.i.d. sub-Exponential random variables with
expectation [0y [|%, _ and sub-Exponential norm bounded by ¢/|0.0||%;, _ for a constant ¢
that only depends on o,. Thus, the desired concentration result holds by the same application
of Bernstein’s inequality as in Lemma [81]

Thus, we can plug our bounds on eigenvalues into Theorem [20| to get that if k& < n/cy
then with probability at least 1 — c;e™/¢t — coe=™/2,

EoB/cy <||Okooll%, (1 + ég—l); + 11 (2071 (1 + (2071 ZA ))

>k

a2 1 A1 (2071) —1
+[160l5;. 1 (n2 (2617 +— 201y <1+(2<> );)\)>
—1\2
V/es g%ﬁ + n(2<>—1)QZA§.

3 _1) n i>k

Recall that ¢ < 3., A, so 14 (2071) >, A; is the same as ™'Y, , A, up to a
constant multiplier. That is, on the same event,

n NAE+1 D s, Ai
- O Mer1 D isp N
2 ~v i>k
+||00:k‘|2a]1€ <n2 + — ) (A.22)
E n A2
ey <k 5 1 Z a2

One can see that ¢ balances the bias in the first £ components against two things: the
bias in the tail and the variance. The value of { that is optimal to balance the bias in the
first £ components and the bias in the tail is y/nAg1 Zbk Ai. As we will check further, up
to a constant factor, ¢ will be in the range that we set in Equation (A.20). There are two



APPENDIX A. PROOFS FOR CHAPTER 2 162

cases then: the first case is when this choice of ¢ is optimal because the variance is not larger

than the bias. The second case is when { needs to be chosen larger than \/nAxq Zbk Ai
to decrease the variance. So, consider two cases:

1. If the noise is small, meaning that

9 N Zi>k )‘12

” A1 D g Ai
© NAk41 ZDk Ai

< NBrooll% o + 180lI5 —— =2

n
O=a, [nAy Z Ai
i>k

for a constant a that only depends on o, that we will choose next. This a must be
such that Equation (A.20]) is satisfied, which means

a, [MAp1 Z Ai < Z Ais
>k >k

a [n\1 Z Ai >2¢1 | nArp1 + /nz A
i>k i>k

Using /1,0, A7 < \/nX\ig1 2,00 Ai We obtain that it is enough for a to satisfy

then set

a Spk(o)l/Qa
a >2c; (pk(O)’l/2 + 1) )

One can see that a = 4c; satisfies this condition when ¢ > max(1, 16¢%) since py(0) > c.

Taking such an a, plugging ¢ into Equations (A.21)—(A.23)), and choosing ¢, big enough
depending on a, ¢y, ¢2, c3, we get that with probability at least 1 — cqe™™/¢,

2 N Zi>k /\22 Ak+1 Zi>k /\i)
TN D g A n

1 B _
<2¢4 <ﬁv3 + ||9k:oo||2zkm + 1100113 ok

k _ _
BV <o (it + 1Brel . + 180l s

>\k+1 Zi>k /\z)

n
which implies the desired bound for any ¢ > 2¢y.

2. If the noise is large, meaning that

g N Zi>k )‘12

v )‘k—&-l Zi>k Ai
E— —’
NAk+1 Zi>k Ai n

> [0kioo 155, + 100251 (A.24)
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O=a | —=————n [n A2,
ol

for a constant a that only depends on o, that we choose next. As in the previous case,

a must be such that Equation (|A.20)) is satisfied, which means

)\2 A,
\ ElDBLEDY
0 | —2 p nz)\f >2c; | N1 + nZ)\ZQ
\ Heozk”z&; i>k i>k

The first condition is satisfied whenever a < /¢ due to Equation (2.18)). Now consider
the second condition. Because of Equation (A.24]), we have

Ve /ng/\% > (|80 1551 Akt Zk A, (A.25)
1> 1>

= | ——n nZ)\Q nAest Y A (A.26)

||90k||z &

then set

©
a

Thus, it is enough to satisfy

a [nA1 Z i > 2¢1 | n g1 + /nz A
>k i>k

This is exactly the same condition as in the previous case, so it can be reduced to

a > 2¢1(pr(0)"V2 +1).

Thus, just as in the small variance case, we see that since ¢ > max(1,16¢?) then a = 4¢;
satisfies both conditions.

Take such an a. Before plugging ¢ into Equations (A.21))—(A.23)), note the following.
Because of Equation (|A.26]), we have

n)\k—i-l Zi>k )\z <i

o2 =42’
<>_2 > 02 Akt1 Ei>k Ai
n? — n
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which means that if we take c; large enough depending on a and c3, then Equations

(A.21)-(A.23) imply

) ] 0?

Bes <||0rccll3,.. + 1803 -
k n2i>k )‘22

V/es Sﬁ + oz

Now plugging in the expression for ¢ gives that with probability at least 1 — c;e™"/1,

2 k 2 —2 2 0 Zi>k )\12 N 2
B+ vV <es | Svg+ (a7 + a)vel|Oollz i \f T + 1Oklls, . |

which implies the result for ¢ > max((a™2 + a?)cs, ¢1).
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Appendix B

Proofs for Chapter 3

B.1 Formulas for the solution

In this section we derive the explicit formula for w,iqge, which operates with inverse of matrix
A instead of XX . The version of this formula for the case of MNT solution wypy with
clean labels y = y already appeared in [§], who, in their turn, took it from [5§].

Lemma 88 (Explicit formulas for MNI). Denote Ay := y — y. Denote the projection of
i on the orthogonal complement to the span of the columns of Q" as w,, and take A = 0.

Denote
S=01+v' A7y’ +|p.|Py" A7y

Then

Swinr=[(1+v A7y’ + u |’y A7y QT AT Ay
+[(1+v AT Y1 -v AT Ay) — ||p,[PAyT AT Y| QT ATy
+y ATy +(1+v A YAy ATy —y ATy TAT Ay
Splwynr =y AT Yp P+ (1T ATy ATy
=y ATyl [P+ 1+ ATy ATy
AT AY - (14 v A y) +y AT AY -l |

In particular, when y =y

Swuni =1+v"A'Y)QTAly +y A yp
Splwyni =y Ay P+ (1 +v AT y)v T ATy,

Proof. We defined wyny as X (XX ") ~'g. Our goal is to derive a different formula, which
would have inverse of QQ" instead of X X ". This derivation could be made algebraically
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using the fact that X X " is a low-rank correction to QQ" and applying Sherman-Morrison-
Woodbury identity. Such derivation would be very bulky, so we take another path here and
derive the required formula from scratch using geometric considerations. We are going to
use the fact that wyn; can be equivalently defined as the unique vector w that lies in the
span of columns of X such that Xw = ¢.

Denote the span of the columns of Q" as Q, and the projector onto Q as Pg = Q' A 'Q.
For any v € R? denote the projection of v on Q as v and the projection of v on Ot aswv,:

v, = (I, — Pq)v, v|:=Pgv=v—v,.

Consider any vector w in the span of the columns of X . The projection of this vector
on QF must be a scalar multiple of g, because the projection of the i column of X
is y;p, . That is, w; = ap, for some scalar a. Now let’s answer the following question:
which labels does w give to data points? The part in Q doesn’t interact with g, (they are
orthogonal) and vice versa, so

Xw =(Q +yp| Jwy +yp w,
=Quw| + (pwy + ol )y

Recall that we want to find the minimum norm interpolator for labels ¥, that is such w
that

Qv + (| wy + allp, I))y = 9.

Denote 3 := u[ﬁz” + afjp, ||*. We see that ) is such vector in Q that Qw) =y — Sy.
Therefore, it is the minimum norm interpolator of labels y — Sy with the data matrix Q
and we can use the formula for MNI to obtain

W =Q'(QQ") (g — By).

QQ’
——
A

Thus far, we learned that for some scalars «, § it holds that
ﬁ)l =ap |,
W) =Q ATy - QT Ay,
B =p ) +allp|’
=v ATy - v ATy Falp |

There is, however, one more condition that we are missing: there is only one pair «, 8
that satisfies the relation above for which the vector Q" A™'y — QT A~ 'y + ap, lies in
the span of the columns of X ' — the one with the minimal norm. Thus, we arrive to the
following optimization problem in «, 3:

o, [P+ By ATy — 289 A7y — min,

st. Bl+v A y) —v AT g = allp, |,



APPENDIX B. PROOFS FOR CHAPTER 3 167

where in the first line we wrote the expression for ||[w||* = |lw||* + ||w . ||* and dropped the
term ||Q" A™'9||?> which doesn’t depend on «, f.
To solve this problem we parameterize

B=tlp? a=tAl+vATy) —p. v ATy,
The optimization problem becomes to minimize the following quantity in ¢
P+v ATy P -2t T AT Y T AT g 'y T ATy 2t [Py T ATy,
which is a simple minimization of a quadratic function in one variable. We get

(+vTAT Yy AT g+ |l PeT ATy
Q+v AT Y2 p [P+ o lty™ Ay
(I+v Ay A g+ |p,|*9 A"y
1+vTA Y2 + [l |Py" Ay
1+vTA Y TA g+ ||p, P9 Ay _ _ 1A
O./:( = 71)2 : H J_‘L —— (1—|—I/TA 1y)_||lJ’J_|| QVTA ly
(L+vT A7y p P + ey Ay
(I+v A 'YW A g+ (L+v A y)|lp P9 Ay
Q+vTA Y2 P+ e T Ay
v ATy (1 +v ATy + e’y AT y)
L+vTA Y2 |? + potyT Ay
(1+v"Ay)g Ay —y A gAYy
1+vTA Y + [|py[PyT ATy

b=

Y

Recall that Ay := ¢y — y. Using this notation
W =Q A Ay +(1-pB)Q Ay, W =op,.

Denote
S=01+v'AY) + |p, Py Ay
We have
S1—-8)=(1+v A y)(1-v A Ay) — ||p. |’y A Ay,
Sa=1+v'A 'Yy Ay —y Ay T A g
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which gives the desired formula for . When it comes to ', we directly compute the
scalar product using the formula for w:

Splw=[1+v A7)’ +|u Py Ay v AT Ay
+[1+v'AT YY) (1 - v AT AY) — p|PAy AT Y] v ATy
+ly Ay + (1+v ATy Ay ATy —y ATy T AT Ay [ 1P
=v' AT Ay 1+ v ATy + e [Py ATy
—(1+v Ay ATy — |, PyT ATy
+y AT Ay [+ v T Ay lp P — v A Yl I
+y ATyl P+ (v ATy ATy

=y ATyl P+ (1 +v ATy ATy
v AT AY - (14 vT A y) +y AT Ay -l |

Lemma 89 (Explicit formulas for the ridge solution). Denote

Ay =y -y,
py =, - Q AT Q)p,
Si=(1+v Ay +pu'py Ay

Then for any X such that the matriz A is PD the following holds:

SWrigge = [(1 LU A ) 4 yTA—lyu}Tu%} Q A Ay
+[1+v Ay (1 -v AT AY) Ay AT yp | QTAT Yy
+y ATy +(1+v A YAy ATy —y T AT iy TAT Ay
Sp wrigee =y AT g p + 1+ v ATy ATy
=y A lyp p, + (1+v A YT Ay
+v AT AY - (1+v Ay +yTAT Ay - p T

In particular, when y =y

Swigee =(1+ v AY)QTA 'y +y A yp, (B.1)
Spwigge =(1+v AT Yy Ay +y T A yp (B.2)
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Proof. First of all, we obtain formulas for the particular case when A = 0 in Lemma
below. These formulas can be extended to the case of positive A by a standard trick. Recall
the definitions:

Wridge = XT<XXT + AIn)ilya
wyn = X1y =X (XX

Ridge solution can be obtained from the MNI solution with augmented data, namely denote

Q=@vanl a=(4).

and ) )
X :=Q+yp' =X,V

Now MNI solution for the augmented data becomes
; o X' 1
’wMNIZXT = (\/XI >(XXT+)\In) 'y,

that is, wyiqge is equal to the first p coordinates of wyni. Moreover, note that uT’wridge =
f1"wynr. To apply Lemma and obtain the formula for @y and fi' Wy we need to
plug in the following objects instead of Q, A, v, and p, correspondingly:

Q ::[Qa \/XIn]a
A:=QQ' =QQ " +)I,= A4,

_— STy (L, —QTAT'Q)uY _ p
i, =Ty, —Q A Q)i= ( VA ) = (_\/XZIV) :

The only thing that is not straightforward to plug in is || ||?, which we derive next:

e ]? =T, - QT AT Q)u[* + N|A™ v|*
=p?-20"TA v+ TATIQQTAT IV + AT AT IpAT Y
=lul-20TAT v+ TATHQQT + M)A Y
A
|l — v A
=g
Now we can obtain the result for A > 0: Plugging all those objects in Lemma [88| gives
the formulas for Wy and ft' Wynr = uT'wridge. The formula for w,jqe is then obtained
from wyn by trimming the last n coordinates.
Finally, to extend the result to the case of negative A note that the expressions on the
both sides of equations in (B.1]) are analytic functions of A on the domain {\ € C: R(\) >

—11,(QQT)}. Since those equations hold on {\ € R : A > 0} they coincide on that whole
domain, in particular for {\ € R: XA > —,(—,(QQ "))}. O
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B.2 General probabilistic results

Lemma 90. Consider a random variable £ such that

n2=PE=1)=P¢=-1)=(1-P¢=0))/2.

el =1/ 5 17) < 174/ 25

3+n!
1€ = nlls <1/y/n =51

Proof. By Definition [T} since ¢ is a centered random variable

Then

1€, := inf {t > 0: Eexp(£2/t?) < 2} .
We write out
Eexp(¢2/t*) =ne' + (1 —n) <2,

and see that it is equivalent to ¢!~ < 1+ 1/n. Thus, |||y, = 1/+/In(1 + 1/7).
Now let’s do the same for £2 — n: we need to find some ¢ such that

Eexp(( n) /t2> —ne = L (1 —p)e”/t < 2.
Let’s find such ¢ that a stronger condition is satisfied, namely
n?/t? <§
e <3
nel I < el <2 2,

We take

3. 3+n!
t2 =min (7 %In=,In il .
2 2

Since ! > 1, we have

w2 S = In(3e/2) > (314 77%)/2) > (31 +n7Y)/2),

-1
50 (€7 = nlly, <t =1/1/InFF—
Finally, we compare two bounds that we obtained:
3+nt -1
2 2

We see that 1/4/In(1+1/n) <1/ 3+” O

1+n ! — > 0.
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Lemma 91. Suppose that {n;}!_, are i.i.d. centered random variables with sub-Gaussian
norms o. Then for some absolute constant ¢ > 0 and any t > 0 with probability at least

1 — 2et%/e
2o <oVt

Proof. We basically repeat the proof of Theorem 3.1.1 from [55], but we don’t use the
assumption that {n;}" ; have unit variances.

Without loss of generality we can assume that ¢ = 1. Indeed, if 0 # 1 we can just work
with random variables {n;/o}? | instead of {n;} ;.

Denote v = y/E[n?] — standard deviation for {n;}"_,. Recall (or note) that v < o < 1.

As in the proof of Theorem 3.1.1 from [55], we get that random variables {n?}", are
sub-Exponential, with sub-Exponential norms bounded by an absolute constant. Applying
Bernstein’s inequality (Corollary 2.8.3) from [55], we get that for some absolute constant
¢ > 0 and any u > 0 with probability at least 1 — 2 exp(—cn(u A u?))

n_IZniQSUQ%—ugl—i-ug(1+(\/ﬂ/\u))2.

(2

Finally, we make a change of variables: ¢t = \/n(u A u?) = \/n(y/u A u), and get that with

—ct?
[n=1> " <1+4t/vn.

Lemma 92 (Hanson-Wright inequality). Suppose M € R"™ " is a (random) matriz and
e € R" is a centered vector whose components {&;}", are independent, have variances v*
and sub-Gaussian norms at most o. If € is independent from M, then for some absolute
constant ¢ and any s > 0

probability at least 1 — 2¢

]

P{le"Me — v*tr(M)| > o max(y/s|| M||p, s|M]|)} < 2exp{—s/c}.

Proof. This is basically a rewriting of Theorem 6.2.1 (Hanson-Wright inequality) in [55].
According to that theorem, for some absolute constant ¢ for any ¢ > 0,

t° t
T T 1 mi
PeTMe ~Eue Ml 2 1) < 20w (= win . s )

where [E. denotes expectation over e.

Since for any i, Ee; = 0, and Var(g;) = v?

, we have

Ee'Me = v*tr(M).
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2

Plug in t = 0? max(y/s||M||r, s||M||), and note that MW > s and W > s

P{le" Me — v*tr(M)| > 0® max(/s| M| r, s||M||)} <2exp{—c's}.
[

Corollary 93 (Weakened Hanson-Wright for PSD matrices). In the setting of Lemma @
assume that M is almost surely PSD. Then for some absolute constant ¢ > 0 and any s > 0

P{e"Me > co®(tr(M) + s|M|)} < 2exp{—s/c}.

Proof. We just need to transform the result of Lemma [92] using the fact that M is PSD.
Note that this fact implies that || M||% < tr(M)| M]|| so we obtain that with probability at
least 1 — 2exp {—cfls}

6" Me — vtr(M)] < o® max(+/s[M[tr(M), s|| M),
where ¢; is the constant from Lemma [92] Now on the same even we can write

e Me <vtr(M) + o®\/s||M||tr(M) + s| M||
<o*(tr(M) + /s[| M|[tx(M) + s|| M)

3
<Zo%(tx(M) + 5| M),

where we used the fact that o > v (sub-Gaussian norm is greater or equal to variance for
any centered distribution) in the second line, and AM-GM inequality 2+/s||M||tr(M) <
tr(M) + s||M|| in the last line.

Taking c large enough depending on ¢; yields the result. O

The following lemma is a restatement of Lemma [84] with a change of notation.

Lemma 94. Suppose that Z € R™P is a matriz with i.i.d. isotropic o-sub-Gaussian rows.
Suppose that M € RP*P is a symmetric PSD matrix that is independent of Z. Then there
exists an absolute constant ¢ such that for any t > 0 with probability at least 1 — 6e~/¢

1ZMZ' || < co®(||M|(t+ n) + tr(M)).

Corollary 95. There exists a constant ¢ that only depends on o, such that with probability
at least ce™™/°

i>k

Proof. Note that Qk:OOEk;OOQ,IOO = Zk:OOEz:OOZT apply Lemma for Z = Zy. and

ko000

M=% _. O
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Lemma 96. Consider y € {—1,1}" — random vector with i.i.d. Rademacher coordinates.
Suppose that v € R™ is independent from y. Then for some absolute constant ¢ with proba-
bility at least ¢!

vyl = vll.

Proof. Since y is a vector with centered independent coordinates that have constant sub-
Gaussian norms, the random variable ¢ := v'y/|v|| has sub-Gaussian norm at most ¢,
where ¢; is an absolute constant.

Thus, for some absolute constant ¢ we and any ¢t > 0

P(¢ > t) < 2 /e,

The idea is to consider variance E¢? = 1. Since the tails of the random variable & decay
very fast, only a small fraction of that variance can come from the tail, which means that
most of it must come from a segment of constant length, from which it is easy to deduce the
bound by Markov’s inequality.

Formally, we can write for any c3 and ¢4 > ¢3

1 =E[¢?]
:/0 Pl > ¢) dt

c3 Cq4 ]
g/ 1dt+/ P(yg|2>t)dt+2/ e~tex dt
0

c3 C4
<cs 4 (cq — c3)P(E2 > ¢3) 4 2007/,

We see that
1 — 3 — 2c9e~4/e2

Cy

]P)(§2 > 63) Z

Taking ¢4 to be a large enough absolute constant, and c3 — small enough, yields the result.
]

Lemma 97. Consider y € {—1,1}" — random vector with i.i.d. Rademacher coordinates.
Suppose that M € R™ " is a matrix that is independent from y and almost surely PSD.
Then for some absolute constant ¢ with probability at least ¢+

ly My| > ' ir(M).

Proof. First of all, since y has i.i.d. centered coordinates with sub-Gaussian norms bounded
by an absolute constant, by Corollary (93| for some absolute constant ¢; and any s > 0

P(y' My > ci(tr(M) + s||M|)) < 27/,

Denote £ = y' My/tr(M). Recall that our goal is to to show that P(§ > ¢7!) > ¢ L.
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Note that || M|| < tr(M) since M is PSD. Thus, it follows from the above that for any
s>0
P& > c1(1 4 8)) < 27/,

For further convenience we rewrite that as follows: for any t > ¢;
P(¢ > t) < 2~ Wer=b/er,

Now we follow the same strategy as in the proof of Lemma We write for some small
co, and large c3 > ¢

1=

[€]
:/0 P(|¢| > t)dt
/

1dt+/ (\§| >t) dt+2/ e~ (t/a=1)/e1 gy

c3

IN

| /\

C3 - 62) (5 > Cg) —+ 2616 (ez/c1— 1)/01

1 — ¢y — 2cie(e/a-D/a

C3 — C2

]P)(f > CQ) >

Taking ¢, to be a small enough constant, and c3 — large enough, yields the result. O]

B.3 Some important relations

Lemma 41 (Relations between the main quantities). Suppose that

k<n and A>nlV /nZ)\%. (3.12)
i>k

nO? < N, nO? < NvVnAV, V<2 AV < §, AV < 4V.
n

Then

Proof. For the first inequality, we write

_ _ e 1 2
O? =nA 2||Nk:oo||22km +n! H(A” 120:11C+Ik) Eoi/QNOkH

1 —-1/2

2
<A e o+ 7 || (A0 + 1) T S0

— — _ _ —1/2
At 2 07 || (A g 4+ 1) T

=AM,

2
—1/2
EO:k/ Mok H
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-1

where we used that H(An_lﬁla}c + Ik) < 1 in the second line, and A > nAg;q in the

third line. Alternatively, we could use H (An='Sg, + 1 k)fl H < nA~'\; in the second line to

obtain

~1/2

2
0% <nA Nl 4+ nA A | (An S+ 1) B0 |

)

\/_Al) VA M < AT MVRAV.

-1/2 «—-1/2
EO:k/ Ho:x

<nA=2), (HumH? +n A | (An7' S + 1)

=nA"2 N M,

which means that

O < A 'M ARA2A\M = (\F

Now let’s upper bound V:
Vo=t (An IS5+ 1)) A Y2

>k
<k/n+A?n Z A
i>k

<2

)

where we used Equation (3.12)) to make the second transition, and we used the fact that
([\11_12(;,1C + Ik)f2 is a k x k symmetric matrix, all eigenvalues of which are in (0, 1).
When it comes to AV, we write

2>‘i+1 + nZz>k {
A2
where the last transition follows directly from Equation (3.12)).
Finally, let’s compare V' and AV. In case k = 0 we get

4V = 4A"?n Z N> A2 (QnAf + Z Af) = A

If £ > 0, we have
AV =40 (An7'gh + 1) ) +4A 20 Y0 02

i>k
1
-1 —2 2 —2 2
>4n (5 An-in )2 +A 7 nA, +A Z A
1>k

nt 1
(1V An—1A;1)2
=AV.

HATRAL AT N

1>k
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Lemma 47 (Bounds via k*). Suppose that

E<n/2 and A >nlg.

Define
1+ ::min{ﬁ €4{0,1,...,k}: )\+Z>\i > n)\n+1}7
>k
A* =\ + Z )\iv
>k

Voi=—+ A0 ) N

n A Z Ai

i>k*
OFi=n ™ oge sy, + A e 15,0
N, = || s 22(;;1* + A | o]
Then

2N, > N > N./2, 20,>0>0./2, 4V,>V >V./4, A >A>A/2

Proof. First of all, let’s compare A and A,. Since £* < k, we obviously have A, > A. On
the other hand,

k
A=A+ Y A+ N

i=k*+1 >k
A+ (k= E) N + )N
>k
k— k*
< A+ A
n
< 1A +A

Therefore, A, < 2A.

Suppose that &* # 0 (we will deal with the case k* = 0 separately in the end. Let’s show
that k* is the “the place where the transition happens”, more precisely \; < n~'A, for i > k*
and \; > n~'A, for i < k*. Indeed, the first of those inequalities follows from the definition
of k*, and for the second we can write

nA; > Ny >>\+Z/\i > A,
i>k*

where the second inequality also follows from the definition of £*. Combining with the fact
that A < A,, we also obtain that \; > n~'A for ¢ < k*.
Now, let’s prove the remaining relations one-by-one.
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1. nA™'M vs nAJ1M,.

—-1/2

nATIM = H

omn

2
Mt 4+ 1) S | A

Mw

2
Hi —1 2
NOFA Ty H

1=1 i>k

k
M N N
>\ +ntA A +ntA L~ n1A
i=k*+1 1>k

2
{> Zz 1 2)f + Zz k*+1 2n—21A* + Zz>k n—lAz*
<YV, X + e e WD e ot

nM?;

where we plugged in n='A < \; for it < k*, \; <n~'A, for i > k* and A, > A > A, /2
in the last transition.

Since
nAT ML = Z Mz
ik
the above implies that 2nA; M, > nA~ M > nA;1M, /2.
2. O vs O,.

-1

2
= H (An_lzallc + Ik) 20:]1~c/2“’0:kH + nzA_QHp’k:oo ||22k:oo

2
H; 24 =2 2
A i L4
NI A " ; H

M L A
(1A §3<&+n1m2+22m1Av

i=k*+1
> Y IS S
i=1 (2\ )2 i=k*+1 (2n 1A 2 i>k (n=1A,)2 )27
z/JZ zﬂl z:“'l
<> 22 + 3 k41 GeTATEE Tt Disk GeTALSE

ﬁ%

=1

ﬁﬁ

=1

where we plugged in n='A < \; for ¢t < k*, \; <n'A, for i > k* and A, > A > A, /2
in the last transition.

Since -
it it
2 117 11

the above implies that 4n(? > n0? > n{?/4.
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3. VvsV,.

Vzn_ltr<(An_1§]0k—i—I;.C >+A nZ)\Q
1>k
k

. 1
:"1;(1+A Loy AN

>k
k* k
AP/ X2 /n A2 /n
_; Ovntae i_;ﬂ Cv+niay ' ; (n~TA)?

E* A2 /n A2 A /n A2 /n
> i1 GagE T >kt @n-ta)? T Disk GETAE
< A2 /n A2 A/ )\2/n
Zz 1 )\2 + Z’L k*+1 (n— 1A /2)2 + Zl>k (n=1A./2)2

where we plugged in n™'A < \; for i < k*, \; <n7'A, fori > k* and A, > A > A,/2
in the last transition.

Since

k*

) AP /n AP /n

Vi= Z \2 + Z (n—1A,)2
i=1 i>k*

the above implies that 4V, >V >V, /4.
OJ

Lemma 48 (Alternative form of the bounds). Suppose that k < n and A > nAg1. Denote

i A\ /n N2 /n
N = _— = 2 = L .
¢ ;AﬁA/ Z (N + A/n)?’ Va Z@,:()\ﬁ/\/n)?
Then
N>N,>N/2, V>V, >V/4, *>0,°>0%/4.

Proof. We prove the relations one-by-one. In the last transition in each display below we
use the fact that for ¢ > k we have (A/n)~' <2(X\; + A/n)~! to obtain the upper bound.

_ _ —1/2 _
nATM = | (At 1) S |+ A e
k 2
=2 VR I
1 n-1 %
—AN(l+ A nA) =
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e —1 . @-1/2
n<>2:H(An 120:llc+Ik) 0:k :u‘OkH +n?A” 2Hukoonm

2
o 24 —2 2
+n“A E il
Ai(L+ A n7tA)? " Y H

Zuz l:ul
(A + A/n)? Z

>k

M-

i=1

P"qw

=1

{

V:n_ltr<(An_1EOk+Ik >+A nZ)\Z

>k

Aip?

DT (A2
Aip?

4 ke

IN IV

k
1
:712 A E:)\Q

i>k
k

_ )\2/n A2 /n
- Z v+ A2 Z (A/n)?

B.4 Randomness in labels

Lemma 98 (Factoring out randomness in labels). There exists an absolute constant c s.t.
conditionally on the draw of Q for any t > 0 with probability at least 1 — ce=°/° over the
draw of (y,y) all the following hold:

1.
max(|p” A y|, jpT A7) < et AMw].
2.
v AT Ay| < cto, || ATy
3.

Ay T ATyl < AT (nn + toy(Vn + 1)) -
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/.
y ATy >(n —nn — ctoyn — k) (Ay)
—(nn + cto,/n + cty/n+ ct?) | A7
5.
nAT > yT ATy > (0 — k) (Ay) ™ = e(tvn+ %) A7),

6.

1QT A Ay|l3 <ot (1(A7'QTEQTAT) + £ A7'QTEQT A,
7

QA <e(1(A7QTEQTAT) + 4|47 QTEQT A ).

Proof. Throughout the whole proof we will use Lemma which states that sub-Gaussian
norms of the components of Ay/2 are at most o,. Recall also that sub-Gaussian norms of
the components of y and y are equal to an absolute constant (to be precise, 1/4/In(2)).
Each time we use c in this proof it denotes a new absolute constant. In the end we take ¢
large enough, so all the statements hold.

1. [vTA y|, [vT A 'g|: the bound follows directly from the fact that y and ¢ are sub-
Gaussian vectors with sub-Gaussian norms bounded by an absolute constant (see
Lemma 3.4.2 in [55]), and both y, ¢ are independent from vT A",

2. [vT A7 Ay|: the bound follows in the same way as above from the fact that Ay is
a sub-Gaussian vector with sub-Gaussian norm at most co,, and Ay is independent
from vT A"

3. |[Ay" A 'y|. Denote y, = y + Ay/2 — the vector, whose coordinates corresponding
to the clean points are equal to their clean labels, and other coordinates zeroed out.
Conditionally on Ay, y, is a vector with i.i.d. Rademacher coordinates supported on
the complement of the support of Ay. Since Rademacher R.V’s. are sub-Gaussian,
we have that for some absolute constant ¢ for any ¢ > 0 the following holds with

i _ 9,—t%/c.
probability at least 1 — 2e¢ :

AyT Ay =|-Ay AT Ay/2+ AyT ATy,
<Ay"A'Ay/2 + ct| AT Ay
<[[A7H|([[Ay|I?/2 + ctl|Ay])).
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By Lemma [90| squares of coordinates of Ay/2 are o,-sub-Gaussian with mean 7, so
by General Hoeffding’s inequality (Theorem 2.6.2 in [55]) for some absolute constant
¢ and any ¢ > 0 with probability at least 1 — 2¢~t*/¢

[ Ayl*/4 —ny| < ctoyv/n.

We could use this result to bound |[[|Ay]| as well, but then /7, will appear in the
bounds. Instead, we use Lemma [91] to give an alternative bound that also holds with
probability 1 — 2e~t*/¢:

1AY[/2 < oy (v + 1)

Combining these bounds yields the result.

4. y" A7'y: denote Sy € R™™ to be a diagonal matrix, such that Sy[i,i] = —1 if the
label of the i-th data point is noisy, and Sy|i, ] = 1 otherwise.

The matrix Sy is independent from both y and A. Now we can write
y' Ay =y (A7'Sy)y.

By Lemma 92| (Hanson-Wright inequality), for some absolute constant ¢ for any ¢ > 0
with probability at least 1 — 2=/«

’yTA_l’g Z tr(A_lSN) — CtHA_lsNHF — CtQHA_lsN“
Note that

AT SNl =AY,
AT SNl =A™ | < V/nll AT,

We need to bound the number of noisy data points in order to bound tr(A~'Sy) from
below. The number of noisy data points is equal to

1Ayl = [|Ay[*/4 < nyp + ctoyv/n,

where the last inequality was taken from before, and holds with probability at least
1—2e1/e,

Recall that the n— k largest eigenvalues of A~ are greater or equal to p1(Ay)~!. Thus,
with probability at least 1 — 2e~*/¢.

tr(A7'Sy) =(n — | Ayllo — k)pa(An) ™" — [ Ayllo[lAT],
>(n —nn — cto,v/n — k) (Ay) ™t = (nm + cto,v/n) | A7

—t2/c

Combining it with Hanson-Wright, we get that with probability at least 1 — 4e

y ATy >(n—nn — cto,/n — k) (Ay) ™t — (nm + cto,/n + cty/n + o) ||A7
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5. y' A" 'y: the inequality y " A™'y < n||A™"|| holds with probability one since ||y||*> = n
almost surely. When it comes to the lower bound, it is simply a particular case of the
result for y " A4 proven above for n = 0.

6. |QTA™'Ay|%: the bound is a direct consequence of Corollary , applied to M =
A'Q'EQ A and e = Ay.

7. |QT A y||%: the bound is a direct consequence of Corollary , applied to M =
A'Q'SQ A ' and e = y.

B.5 Algebraic decompositions

The purpose of this section is to provide algebraic decompositions of various terms or bounds
on them as given by the following Lemma.

Lemma 99 (Algebraic decompositions). For any k < n all the following hold almost surely
on the event that the matriz Ay is PD:

1.
-
_ ,ul(Ak) :ul(ZO:kZUik> T 1 _1 -1 -1/2
A"y < | (11028 Z0) " 1 ( A0Sk + 1) ™ 201 b
,un<Ak) H,k(ZS—kZOk) ( 0:k 0:k ) 0:k 0:k
2.
1 _ e —1/2 — 2
i, Z§Mn(Ak)M1(Z(IkZo:k) ! H (1n (AR (Z 5 Zok) " Sop + 1) Eo;i/QMo:kH
3.
_ _ _ “1/2 2
p g <3 (A (Z 0, Zow) ™ H(Mk(ngZo;k) L (Ap) 2, + 1) / 20:;1,/211/0%

—1/2
ol + 201 A% Qoo oo |-
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[
_ _ _ 1 2
2 Z g1 Zow) i (Ar)? H (111(Z 3 Zok) " pin(Ar) S + 1) EO:Ilc/Q/JJO:kH

:ul(Ak)2[1/1(Z0k,Z(—)rk)

1in(Z g1 Zox) 1 (Ay)
111 (AR 11 (21, Z o,

+3||Qkoozkole—crooH 1( _ll_c) 1( 20k 0k)2

Wi(Z o Z o) pin(Ayg)

_ _ 1 2
x H(ﬂl(zgszO:k) i (Ag) S + Ii) EO:llf/zu’O:kH :

+2

2
2 ||Qk:oo/’l’koo ||

- - A )2M1(ZT~ Zo~k) _ _ -2
tA12TA1<M1(k 0:kZOk) 4 Z! Zow) i (ADSTE+ T
n4Te=e )_/vwf(Z&Zo;k)%b(Ak)2 r<(’“< o Zo) " in(Ar) Ty, + Ir) >

+ Mn(Ak)_2 tT’(QkOOEkooQ;oo)

(B.4)

111(AR)? 11(Z 3. Z o) A/\%MI(Z(IkZOIk) ||Qk:oozk:ooQg;oo||.
Mn(Ak>2 Hk(Z(—)r;kZO:k)Q Mn(Ak>2 :un(Ak)2

The remainder of Section gives the proof of Lemma

|AT'QEQTA™!| <

Techniques and proof strategy

The main tool that we are going to use in this section is the following application of Sherman-
Morrison-Woodbury (SMW) identity for the matrix A~

Lemma 100. If A, is invertible, then all the following hold:

AT A - AUQu (I + QLA Qo) QAL (BY)
AilQO:k :AlleO:k (Ik + Q;)r:kAI;IQO:k>_1 ) (BG)
I]f - Q(—)r:kAilQO:k - (Ik + Q(;kAlleO:k)_l . (B7)

Proof. Equation (B.5)) is a direct application of SMW as A™' = (A + Q. Qus) . To
derive we write

_ _ _ _ ~1 _
A7'Qq, =A; 'Qo — Ay 'Qu.x (Ik + Q(IkAk IQO:k) Q(IkAk 'Qo.i
_ _ —1 B
=A; 'Qo.x (Ik - (Ik + Q(—)r:k:Ak IQO:k) (Ik + Qa—:kAk 'Qu. — Ik))
_ B 1
=A'Q (Ik + Qo1 A} 1Q0:k)
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Finally, we derive (B.7)) from (B.6):
Iy — Qu A" Qyy
_ _ —1
=I), — Q1A Qo (Ik + QoA 1Q0:k)
_ -1 _ _ —1
=I.+ (I + Q(IkAleo:k) — (I + Q(IkAleo:k) (I + Q&kAleO:k:)
_ 1
= (Ik + Q(IkAk 1Q0:k>

Another algebraic result that we will utilize is as follows:

Lemma 101. Suppose M € R*** is a PD matriz such that o, < M =< I, for some
positive scalars oo < 3. Then for any vector u € R”

[(Z + M) ul| =57 [[(07 Sop + Te) " (B.8)
H(Eolc"'M uH<of1H B0 + 1n)” “” (B.9)

Moreover,
Bt (o' Sgp + 1)) < tr((Bgp + M)7?) <o ?tr (8BS0, + 1) 7). (B.10)

Proof. Denote v 1= (X5, + M) tu, v, = (Zy; + aly)tu, and vs = (g, + BI) 7"
Then

=(Zgp +alp)'u

=g+ al) " (X + M)

=v + (B, + aly) {(M — al)v

Thus,

ol < ol (14 10 = aTlZ54 + a2 1) < ol (14 252 ) = Zjol,

which yields Equation (B.8)). Analogously,

vg =(Zgp + A1)
= (B + L) (B + M)v
=v + (2, + 81;) {(M — BI)v

Thus,

sl = o]l (1= (M = BI)|I(Sok + BI) ') = ||| (1 _£2 “) — 2],
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which yields Equation -

Finally, Equation (B is a direct consequence of Equatlons B.8) and (B.9) - take g to
be an isotropic Gaussaan Vector in R*. Equations (B.8)) and ( . give

7%l S+ 1) ~g|” < | (S5k + M) g” < 0 (5700 + 1o g

Taking expectation over g yields Equation (B.10j). O

A"y

In this section we derive an upper bound on ||A™'v||. Recall that

vV = QN = QO:ku’O:k + Qk:oou’k:om
HA_IVH S HA_IQO:k“’O:kH + HA_IQkool’l’k:ooH

We bound those two terms separately. For the first term we use Equation :
AT'Qu o =AL Qo (I + Q(IkAilQOk)—l Fo.,
=A;'Z, k21/2 (Ik + El/QZTkAI;IZO:kE(lJ:/kZ) h Fo.
—A; ' Zoy 3] (Ik +x.27] A_lzo-kzl'ﬂ) h o
=A Zos (Soh+ Z3 AL Zox) S0 pos

So,

1 2
1A Quabtonl® < 120, A Zoxl || (Bak + 20, A% Zon) ™" S o

Now we use Lemma together with the observation that
1204 A: Zok|l < 1 (Zg Zow) pn(Ar) 2,
1e(Z o Zow)in(Ar) " Iy 2 Zoy A Zog, = pn(Zoy Zow) in(Ar) "
to write

||A71Q0:kl‘l’0:k|l2

<p1(Z g1 Zok) in(Ar) " (11(Z g Zosk) i (Ar) )
_ _ —1 _

X H (lul(Z(—)rkZOk) 1#“(Ak)2011: + Ik) EOi/Ql’l’Ok

K (ZT Z k) M (Ak 2 _ . 1 2
:Mkl(ZTO kZ Ok))2 Nl(Ak;Q H<M1(Z&’€ZM) Yin (Ag) Sy, + 1) EO:Ilﬂ/QlJ’O:kH :
0:k40: n

-2

‘ 2
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For the k : oo part we can just write

||A71Qk:oo”’k:oo|| S ||A71||||Qkool"l’koo|| S lun(Ak?>_1||QkooIJ’koo”

Overall,
-
_ p1(Ayg) 11(Z o Zo:r) T . 1 1 -1/2
A"y < | (11(Z8Z0) " (AT + 1) ™ 203 o
Mn(Ak) /ubk(ZE)rkZOk> ( 0:k 0:k ) 0:k 0:k
-
nopy

Bound from below

In this section we derive a lower bound on p' . First of all, we write
plpg=p (I,-QTAT'Q)p
:Hak(Ik: - Q(IkAilQo:k)IJfo:k
+ ”;—oo('[p—k - Q;ooAileoo)“’koo
- 2N(IkQ(IkA_1Qk:ooﬂk:oo-

We see that this decomposition has 3 terms: energy in the spiked part, energy in the
tail, and the cross term. We expect the positive contribution to come from p, (I —
QoA Qo) ok + 14 Ty iy, the other terms will be upper bounded in absolute value
and subtracted from the lower bound. The last term (the cross term) is a bit tricky, because
bounding it separately leads to a potentially vacuous bound. The approach we take here is
to bound it in terms of the quantities from the first two terms, and then bounding those
quantities.

Due to Equation (B.7) the first term becomes

_ —1
Lo (Ik: + Q(IkAleO:k) Mo, -

Now let’s apply a similar transformation to the cross-term: we use Equation (B.6) to
write

|/'I’(IkQ(—)|—:kA_1Qk:oouk:oo‘
= ’H(Ik (Ik + Qg)r:kAlleO:k)_l Qg)r:kAllek:ool"’k:oo‘
= |1 (T + QLA Qo) ™ (I + Q1AL Q)
Swﬂgk (Ik + Q(—l)—:kAI;IQO:k>_1 Fo:
(I + Q(—)r:kAI;IQO:k)_l/Q Qo1 AL Qoo Moo

_ —1 o
<wpg, (Ik + Q;Jr:kAk 1Q0:k) pos +w | Ay 1/2Qk:oo#’k:oo|’2>

—-1/2

ngAl;le’oo/‘l’koo ‘

. 2
+w
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where we introduced an arbitrary scalar w > 0 when we used AM-GM inequality. In the
last line we also used the following fact:

H (Tx + Qo1 AL ' Qo)

Indeed, I, + Q.. A} ' Q. is larger than Q(IkAgl/z(Q&kAgl/z)T in the sense of the Loewner
order.
We take w = 0.25. So far we obtained that

—-1/2

QA <1

1 _ -1 —1/2
IJ’T/J’;% Z 5“(% (Ik + ngAk 1Q0:k) Mok + Hl"l'k:oo||2 - 9HAk / Qg)r:k/‘l’lc:oo||27
where we also used

AL _ 2 T AT -1
Ky oo( Qk oo Qkoo)y’k’oo _||/J’koo H /J’k:ooQk:oo \A 1, Qk:ool‘l’k:oo
=A;

—-1/2
> e = AL Qi bt

Now we just need to bound pg,,, (1), + Q(IkA,;lQM) Mo, from below and || A,
from above. We write

MoTk (Ix + Qg)l—:kAlleO:k)_l Fo.

TS e (Bok + Z0r AL Zok) 25;1/2% k

TS 2 (o + k(AR 11(Z 04 Zow) Ii) 1 2811/2#0 k
::un(Ak):ul(Z&kZU:k)_l (n(AR) 1 (Z o Zox) " g + 1)

—1/2

-1/2 —1/2 2
EO:k/ IJ’O:kH .

—-1/2

For the term || A, "* Qg .k.o0]|> We simply do a norm-times-norm bound:

—1/2 _
1A, Qoo ? < 110 (AR) " Qoo I

Combining everything together gives the bound.

—1/2 2

1 _ PP
1T 25 (A (20 Z00) ™ | (i (A0 (20, Z00) ' S5k + )

—1/2
EO:k/ Mok H

Bound from above

In this section we bound p'p, from above. This is easier than bounding it from below.
Indeed, recall the decomposition from the previous section:
HTI% :.UoTk(Ik - ngA_lQo k) Koz
+ K. oo( Qk: 00 71Qk:oo)“’k:oo
- 2""’0:kQ0:k 1Qk:oo/‘1’k:oo'
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For the first term we had
_ _ —1
H&k(Ik - Q(IkA lQo;k)Ho;k = ,U(Lg (Ik: + Q(—)r:kAk lQo:k) Ho:k-
and for the cross-term
|l'l'g)|—:kQE)r:kA_1Qk:oo“k:oo‘
_ -1 _ _
<wpgy, (Ik + QoA 1Q0:k> o+ w || A 1/2Qk:oo/*l’k:oo||27
for any w > 0. Here we will take w = 1. For the second term we simply write
I’I’Z:oo(IP—k - Q;—ooA_leoo)u’koo S Hu’koon
Combining everything together, we get
_ -1 _
IJTI% Sgy’g)rk (Ik' + Q;]rkAk 1Q0:k) Mok + ||l’l’koo||2 + 2||Ak 1/2Qk::oop‘k:oo||2
“1/2 /e _ -1 —1/2 ~1/2
=300, Z0x (Zok + 204 Ay Zox) Ton thos + 1ol + 20 A, Qc e |
_ _ _ —1/2 — 2
<3 (A pn(Z 0w Zow) ™ || (1 Z g Zo) " 111 (Ar) Sy, + 1) s o,

—1/2
sl + 21 A Qoo oo |1

2
peclls
The quantity ||p,||% is exactly the bias term from Chapter [2/ up to the following change of
notation: p instead of 8%, @ instead of X. We could, in principle, just borrow an algebraic
bound from that chapter (Lemma . However, we would like a bound in a slightly different

form, so we do a new derivation here.
As before, we start with the first k& components and use Lemma [100}

e donlls,, /2
<|[(Ty - Qg)r;kA_lQO:k)/'l'O:k”;&k + HQ&kA_le:oo“k:ooH;M

_ —1 2
= H (Ik + Q(;kAk IQO:k) HO:k‘

0:k
2

+ (Ik + Qg)r:kAlleO:k)_l Qg)—kAllekoolJ’koo

3ok

—1/2

_ _ -1 2
= H (20:116 + ZJkAk’ IZOIk) EO:k/ Mok H

2

_ _ —1 _
+ (20:11: + ZE]rkAk 1Z0:k) ZE)rkAk le:ool'l’k:oo

1

1y =2 _ 7 1 2
< (120 Z0a) i (A0 ™) || (11(Z01Z0) " 1 ADZG) + 1)~ S0 o

+ N1<Ak>2/ﬁn(Z&kZ0:k>_2M1(ZO:kZ(Ik)Mn<Ak>_2 HQk:ool’l’k:ooHQ ;
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where in the last transition we used Lemma and the following observation:

H (X0 + Z(IkAI;1Z0:k)71 < Z3 AL Zog) ™t < (A p(Zg Zog)

When it comes to the rest of the components, we write

[ koo
_ o T A—l
=M. Qk:oo Q/"l’
=Moo — Q;—:ooA_le:oou‘k:oo - QE:OOA_IQO:ICH’O:IC
— _ _ -1
=rno — QuineA ™ Qroolioe — Qoo Ay Qo (I + Q(Ik;Aleo;k) Ko
— _ _ _ -1 _
=Moo — Q;—ooA le:ool’l‘k:oo - QZOOAIC IZOZk’ (20:]16 + Z(—)rk’Ak 1205k) O:Ilf/2l’l‘0:k7

which yields

oo 1 + 1@ o0 Bkioo QoI (A) | Q I
S Mo koo k:oo k00 k00 Hon k:ooMk:00
_ _ _ -1 _
1@ Do @ 2100 (A) " 11 (20, Z00) 2 || (S + 200 AL Zoa) ™ S
S”I’l’k:ooHEk;oo + ||Qkoozk?OOngoHl/Qun(Ak)_l“QkoolJ’k:ooH

Qe B @ 21 ) 1 Es )
o - 1(Z g Zoa) i (Ag) !

_ _ -1 —
X H (/’Ll(Z(—)rkZOk) l:un<Ak)2011€ + Ik) Eollf/2l’l’0k

F

where we used Lemma and the fact that p,(A) > p,(Ax) in the last transition. Com-
bining everything together and using the inequality (a + b+ ¢)? < 3(a® + b + ¢?) yields the
final bound.

tr(A'QEQ A

The quantity tr(A'QXQ"A™") is exactly the variance term from Chapter : as for the
bias term, plug in Q instead of X. As before, we could in principle use the algebraic
decomposition from Lemma [86, but we make a new derivation because we want to obtain
the bound in a different form.
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tr<A_1[Q0:k> Qk:oo]E[QO:lm Qk:oo]TA_l)
:tr(A_lQO:kEO:kQ(—)l—:kA_1> + tr(‘4_162k:ooE]k:ooQ;:oo‘4_1)

—tr (A7 Qo (T + QLA Qi)™ S (I + QULA Qo)™ QLA
+ (A7 Qpoe Do Qi A ™)

(A7 Zok (S5} + 20,4 Z0) 20,47
+ (A7 Qpoe Do Qi A ™)

Now let’s bound these two terms separately. First, recall that for any PSD matrices M
and M, the following holds: tr(M;My) < ||M|tr(M,). We use this to bound the first
term as follows:

tr ( F Zox (Soh+ 230 AL Zow) Z&Mf)
<pin(Ap)~? (ZOk (Sok+ 21, Ay Zow) Z&)
i (A2) 2t ( 25, 20)

<pin(A) 211 (Z L, Zow)tr ( (Solk+ Z(Ik,A,;lZo:k)_Q)

< n(Ax)” 211(Z 5 Zor)
Mk(ngZo k)21 (Ag) 2

where we used Lemma [101] in the last transition.
When it comes to the second term, we simply write

(A7 Qroe Zioo Qroe A™") < 1 (A) 720 Qoo Shico Qoo -

(Zor+2 k;AI;IZO:k)

tl" <([L1(Z(—)r:kZO:k)_1,un(Ak>Eallc + Ik)_2> ’

lA7'QEQ A7

In Chapter [2] the deviations of the variance term in noise were dealt with in the following
way: Hanson-Wright inequality states that a quadratic form e " Me, where € is a vector with
i.i.d. centered sub-Gaussian components concentrates around tr(M ), with deviations being
composed of a sub-Gaussian tail controlled by || M]||r and sub-Exponential tail controlled
by ||[M]||. In Chapter [2| the latter two quantities were bounded as ||[M||% < tr(M)?* and
|M|| < tr(M), so only the bound on the trace of the matrix A'QXQ" A™" was required.
Instead of making such step, we can bound the spectral norm separately, and then use
|M||% < ||M||tr(M). This section shows the following:

/‘Ll(A 1)2 :u1<ZE)r:kZ01k> ||Qk oozk ooQk ooH
1 (A2 (2 3 Zok)? [in(Af)?

&

|ATIQEQTA™!| <



APPENDIX B. PROOFS FOR CHAPTER 3 191

We bound the operator norm as follows: first, we decompose into two terms
AT'QEQ AT = A7'QT04 QAT + AT Qo Do QL AT
The second term is straightforward:
A7 Qo e Qroc Al
<||A*1||HQkooEkoleoollllA*lll

,Un(Ak)

For the first term we use Equation (B.6) to write
IA™ Qo Zox Qo A
— (A7 Qo (1 + QLA Q0) ™ S (I + Q1A Qo) QILAL
= |4, Zos (X, + Z(LcAi;lZO:ky2 Z5 AL
< |55k + 20,40 Zoa)” nllA

< (M n]|(25.40 Z0x) 7)) 1 ZonZ 0l A2

11(AR)? 11(ZZow) . N(ZowZos)
= (AR u(Z 1. Z o )? fin (Ag)?

B.6 Randomness in covariates

Lemma 102 (Randomness in covariates). Consider some L > 1. There exists a constant c
that only depends on cg and L such that the following holds. Denote

A= )\+Z)\

A > cendppq V nZ)\f
\/ i>k

Then all the following hold on the event <, (L) N PBr(cp):
1.

Assume that k < n/c and

JA~v|| <c (n2

(An™ 5k + 1) 503 2| + A7 Vil s )

—-1/2

Al e
plpL >~ H(An Sk + 1) S0 kH Bl > 1 L/



APPENDIX B. PROOFS FOR CHAPTER 3 192

3.
il < A7 (5t + 1) St P el
4.
o Qug e (i (it 1)) 4t Yot
1>k
d.

_ _ 1 A a0 A
A QzQ A Sc(;A 5t 1A22>’“ )

Proof. Recall that on <7;(L) we have A/L < p,(Ay) < p1(Ax) < LA.

The proof is rather straightforward: we plug the bounds from the definition of the event
Pr(cp) from Section , and the bounds on eigenvalues of Ay from the definition of the
event <7 (L) into the result of Lemma [09] Recall that cp is the constant from the definition
of Br(cp).

On @, (L) N PBy(cp) all the following hold:

1.

A 123 Zo)
Aty <2 B
fin(Ag) 1(Z o1 Zok)
+ ,LLn(Ak>71HQkool’l’kooH
(:?J’B/ZL2

vn

Note that in the last transition we used that for a positive scalar a < 1 we can write

H i ( OkZOk) Nn(Ak)EOk"‘Ik) E&ilﬁ/Qlio:kH

_ — -1
< CBLH<An 12]O:llc_l_Ik’) Z]Ok u’OkH +clB/ LA™ 1\/_||I-l’koo||2koo

—1 «—1/2
EO:k/ /J'O:kH

H(G'An_lz(;llq + Ik) Eai/Quoch <q ! H (An_lzj(;,l€ + Ik)

It is easy to see that this is correct since both matrices I, and 3., are diagonal. We
will make such a transition several more times throughout this proof, as well as the
following for b > 1:

-1 1 —1/2
EO:k/ No;kH .

om0 s 2 v
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2. We start with the lower bound on p'p:

—1/2 2

—1/2
2o;k/ Mok

1 _ e
Wb 25 (A (203 Z0) ™ | (in (A1 (203 Z02) ik + In)
el = 91 (AL | Qe

A 1 —1y— -1/2 —1/2
A= sl H
~2Lcgn  cgL H( no o k) ok Hok
+ ||IJ’I<:<>0||2 - 9LCBA_1n”IJ’k:oo||22k:oo
A N -1/2 «—-1/2 _
22[/2023” H (An 120:ilc + Ik) 2o:k/ No;kH + Hl’l’k:ooH2(1 — 9LepnAgi A 1)>

¢ > 18cpL in the end, then 1—9LcpnA 1 A~ > 0.5 since we assumed that A > cnAp 1.

where in the last line we used that [|p..o |13, < Aetil[rool|>. Note that if we take

Now, we do the upper bound:

—1/2 2

_ _ _ —1/2
1 <30 (A (BT Z0w) || (200 Z0n) (A Sk + 1)~ 50 o
—1/2
ool + 201 AL 2 Qoo ttroe

2
<3LcgAn~t-cgL (An_lz(;i + I;g)_l/2 Eai/2u0:k”

+ ||l“l’koo”2 + QLCBA_lnH“k:ooH?Ek:OO
_ 3 2
<3 an~ || (A Sk + 1) S0 0| + it (1 + 2Lep N A ),

where, as before, we used ||ty [|%, < Akr1ll#h00ll” in the last line. Note that here

A > cnApq implies that 2LegAp 1 A™In < 2Leg/c < 1 for ¢ large enough.

3. The upper bound on ||p1,]/%, is very similar to the bound on the bias term in Chapter 2|
but has a slightly different form. We derive it below.
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[
_ _ _ —1 - 2
SQMk(Z(—l)—kZOk) 21“1(Ak)2 H (Ml(Zg)—kZOk) 1Mn(Ak’)20:l{: + Ik) EO:;:/QM’O:]CH

11 (Ax)’ 1 (ZowZ i)

Nn(ngZO:k)2ﬂn(Ak)2
AN (Z], 2,

_{_BHQkOOEkOOQ;OOH /1’1( _ﬁ) 1( 2O.k 0k)2

1(Z ., Zo:k)* i (Ag)

_ _ -1 —
x H (M1<ngZOk) 1/’Ln<Ak)2011€ + Ik) 20:]1/2“0#@

2

2

B 2
<2c5L*N*n 2 - R L2 H (/\71_12](;,1C + Ik) ' 2(;116/2#0%”
_ 2
+ 2L4C%n b CBN ||l’l'k:ooHEk:oo
+ 3’|/"'koo||22koo + 3CB (n/\erl + Z A?) ’ L2A_2CBn ”I"l’k:oo”;koo
i>k

e 1 e 2
(An 120:}6 + Ik) EO:llc/2l’l’O:k

Y

+ 3cp (miﬂ +) A?) LA AL

>k

e 1155
_ 2
< H (An~'3, + I) ' E&,lg/Quo:kH : (20%L4A2n_2 +3c% L0t (n/\i_1 + Z Af))

i>k

+ | Bpoe3, <2L4cjg +343c4L*A n (miH +) A?)) .

>k

Recall that we imposed the assumption that

A>nd, A> nd A2
i>k

n (n)\zﬂ + Z A?) < 2A%

i>k

Therefore

Plugging this inequality in and taking c large enough depending on cp and L gives the
bound.
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4. The upper bound on tr(AilQZQTAfl), is also very similar to the one derived in
Chapter [2, where it is exactly the the variance term, but has a slightly different form.
We derive it below:

_ _ Ay (Z g, Zox) _ - -2
H(AOx0T A < (A 0k L 0k) ¢ ZT Zow) i (A)S L + T
(AT QEQTATY < g ({2520 (A5 + 1))

+ Mn(Ak)_Qtr(Qkoozkoongo)
§L4c%n_1 -cglLtr <(An_12a,ﬁ + Ik)_2> + L?cpA%n Z )\?.

>k
5.
1A1QzQT A7) Sul(Ak)Q 1(Zoy Zox) A N (ZoiZok) | 1QuocZrocQrce
pn(Ar) 1 (Z g4 Z o1 )? fin(Ag)? tin(Ar)?
SL‘Z:% A foAZ +epl?A (mﬁﬂ +3° A?) .
>k

In all the cases above we see that taking ¢ large enough depending on cg and L yields
the result. n

B.7 Proof of the main lower bound

First of all, we combine Lemma [98 with Lemma to obtain high probability bounds on
all the terms that appear in quantities of interest. The result is given by the following

Lemma 103 (High probability bounds on separate terms). Consider some L > 1. There
exists a constant c that only depends on cg and L and an absolute constant c, such that the
following holds. Assume that n < c¢™'. Assume that k < n/c

A > cendg V /nz A7
i>k

For any t € (0,+/n/c,), conditionally on the event <%, (L) N By(cp), with probability is at
least 1 — cye*t2/2 over the draw of (y,vy) all the following hold:

1.

T Ay v [vT ATy <ct0,

|1/TA_1Ay] <cto,?,
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3.
|Ay" A" y| <co,nAT,
/.
yT Ay > At
d.
enA™t > yTA_ly > c_lnA_l,
0.
IQT AT Ay|%: <cop(V +t2AV),
7.
1QTA™ |3, <c(V +#2AV),
8.
cM > p'py >c M,
9.

lpeslls <cAO/V/n,

Proof. Parts 1, 2, 6 and 7 can be obtained directly from the corresponding parts of Lemma
by plugging in the bounds from Lemma [102] Parts 8 and 9 are exactly parts 2 and 3 of
Lemma {102, Thus, only parts 3, 4, and 5 require additional explanation, which we provide
below.

First of all, note that ||[A™"| < ||AL']| = un(Ag)7!, since A is larger than A, w.r.t.
Loewner order. Thus, on «7,(L) we have

||A71|| < LA, /~L1(Ak;)_1 > LA

Now let’s explain parts 3, 4, 5 starting with the corresponding parts of Lemmal[98 Denote
the (absolute) constant from that lemma as ¢;. In all the following we plug in the bounds
on eigenvalues of Ay, together with n < 1/¢, k < n/c and t < /n/c. In the end of each
derivation we need to take c large enough depending on L and c;.

By Lemma (98] for every ¢ € (0,4/n/c1) on (L) N PBy(cp) we have with probability at
least 1 — c1e~"*/2 over the draw of (y,¥)
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3.
[Ay" AT y| <ci|ATY| (nn + toy (Vi + 1))
<c¢1LA(noy, + vno,(vn+ v/n)
<cnA o,
4.
y Ay >(n—nn — crto,/n — k)i (Ay) ™
—(nn + erito/n + eity/n + o t?) | A
>L'A (1 = 1/c— cyo,/c—1)c — L*/c — ey L*o,/c — L*c; /c)
>c InAL
D.
enA Tt >nLAT > n||ATY >y Ay,
and

y ATy 2(n — k) (Ap) 7 = a(tvn+ )| ATY|
>(n—n/c)L' At —cj(nfe+n/c*) LA™
>cinATL
[

Theorem 42 (Main lower bound). For any cg > 0, L > 1 there exists a constant ¢ that only
depends on cg and L, such that the following holds. Assume thatn < c™*, k <n/c, and

A > cndp V nz/\l2
\/ i>k

For any t € (0,4/n/c), conditionally on the event <t (L) N PBy(cp), with probability at

least 1 — ce~*/2 over the draw of (y,y), the following inequalities hold for a certain scalar
S > 0:
S/,LT'wmdge >IN — ct, (3.13)
Sl w iagell s <c ([1 + Noy | VV + 2AV + <>\/ﬁ) . (3.14)

That is, if N > 2c¢*t{, then on the same event,

.U‘Twm'dge > 1 N

|wridggells — 2¢2[1 + Noy | VV + 2AV 4+ O/n
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Proof. Note that increasing ¢ only makes the statement weaker. From the very beginning
let’s put ¢ to be large enough, so that ¢ > 1 and o, < 1.

Recall that )
kA1 + n)‘k+1 + Zz>k %

n (>‘ + Zi>k Z)
The plan is to plug in the bounds from Lemmall03|into quantities of interest, the formulas
for which are given by Lemma [89 First of all, however, we need to make sure that S > 0.
This is required to write ||SwWyidge|ls = S||Wridge||s and then cancel S in the numerator and
denominator. This is indeed the case since S = (1 +v A 'y)? +y" A 'yu"p,, and in
Lemma we bound p"p, and y" A™'y from below by strictly positive quantities.

Let’s plug in the bounds Lemma[I03]in the formulas from Lemmal[89} denote the constant
from Lemma [103] as ¢; and write

AV =

1. Sp"wyigge: recall that y is the vector of labels of clean points: yo = y + Ay/2 =
y — Ay/2. Now we write

y' Algpp + (1+v ATy ATy
=y Alyp p +v AT g+ T AT (Yo — Ay/2)vT AT (y o + Ay/2)
=y A 'gu'p, +v ATy - (VT AT AY)? A+ (v AT y)?
>y A gp p +v AT g — (v AT Ay)? /4

>—M—ct — At ?
ClA 1<> 1 <>
N
=—2—clt<>—clt2 2<>2
S

Recall that by Lemma [41| we have N > n(?, which yields

N 200 22 N 5N
— —c{t’o > - — —=nQ’ > —,
a ! W02 A 2 0=z 2¢2
where the last transition is correct if ¢ is taken large enough depending on ¢;. Thus,
we get

N
y Al'lguTp + (1+v Ay Ay > 22 1.
1

2. S| wyidge||s, the first term:
[(A+ Ay +y A yp p, ] |QTA Ayl
[ (14 c1t0)* + EMnA~ } \/clag(V + 2AV)
<t [(1+ t0)* + nA~'M] o, V'V + 2AV.
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3. S||Wridge||s, the second term

[+ A y) (1 + v A Ay)) + [AyT A y|p ] QT A yls
<1+ at®)(1 4 c10,t0) + i MoynA™'] e (V + 2AV)

VvV +12AV

Scf‘5 14+ (1+0,)t0+ ant2<>2 + 71/\_1]\4077

<2¢} |1+ t0 +nA~ Mo,

VV 1+ 2AV,

where we used that o, < 1 and t?0? < n0? < nA~'M in the last transition (by Lemma

).
4. S||wridge|ls, the third term
[yTA 'y + (1+ v Ay AyT Ay +yT Ayl T AT AY|] s

cinoy, c%ntano 01/\<>

A A | Vn

< % + (1 + 1tQ)
<2civ/n(1 + to,0)0,

where we used c;nA~!(1 + o,) < 2c¢ynA~1 in the last line to reduce the number of
terms.

Combining all the terms for S||w;iqge||s, We get that for some new constant ¢, that only
depends on L and cp under the condition that ¢t < y/n/c; and n < 1/cy

S widge|ln/c2 < [(1+10)* + nA M] 0, VV + 2AV
+ [14t0 +nA" Mo, | VV + 2AV
+v/n(1 +to,0)0
=0% - to,(Vn + tVV + 2AV)
+0O - (V4 t(1 + 20,)VV + 2AV)
+ [1 + 0o, + 2nA_1Man} VV + 2AV
By Lemma [4T]
V<2 AV <3/n, AV <3.

This allows us to obtain the final bound on S||wyidge||s: plug in the following inequalities:

Vi +tVV + AV <(1+ V5)n,
Vi + (14 20,)VV + AV <(1+3V5)V/n,

1+o0, <2
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We get for some c3 that only depends on L, cp:
Sl|wiidgells < €3 ([1 +nA" Mo, | VV + AV + Ov/n + tan<>2\/ﬁ> . (B.11)

Finally, note that by Lemma {41 we have ? < A~'M+/nAV, so
to,0*v/n < to, MA™'nVAV = o, MA"'nVI2AV < nA™'Mo,VV + 12AV.

We see that the term to,0%\/n is dominated by another term up to a constant factor, so it
can be removed. This gives the final form of the bound.
m

B.8 Proof of tightness

The goal of this section is to prove a constant probability upper bound on g " wiiqge/ || Wridge|| =
for the case without label flipping noise (that is, y = ¢). We are going to do it by sepa-
rately bounding Sp ' wiigee from above and || Swiiqge||s from below, where S is the scalar
from Lemma With our techniques, the bounds from below are usually more compli-
cated then the bounds from above. This happens because of the cross-terms: one can use
Cauchy-Schwarz to bound them from above, but not from below. To overcome this issue,
we introduce two additional random signs to the data. More precisely, introduce two inde-
pendent Rademacher random variables €, and ¢,, which are independent from y and @, and
denote

Q ::[Qo:lw 5t]Qk:oo]? (B12)

Y 1=5,Y, (B.13)

ﬂ)ridge :<Q + @H‘T)T<QQT + >\In)_1@ (B14)
=A

Note that since the distribution of y is symmetric (i.e. y and —y have the same distribu-
tion), the distribution of g is the same as the distribution of y. We are also going to assume
that Q.. is independent from Q,.;, and that the distribution of Q,.., is symmetric, which
implies that the Q is has the same distribution as Q. Moreover, note that the expressions
in the definitions of the events % (cp) and ., (L) don’t change if we substitute Q by Q in
those definitions. Both random signs ¢, and ¢, cancel. For example, this implies Lemma
102 applies if we substitute @ by @, and its result holds almost surely over &,.

Introduction of those random signs allows us to say that the cross terms are non-negative
with probability 0.5 independently of Q and vy, and thus we don’t need to lower bound them
to obtain results with constant probability.
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By Lemma [89]
=1+ A7)’ +pu' oy
Sﬁ)ﬁdge =(1+v'A'9Q A
Sp Wrage =y AT gp p + (1 + 0 AT YT ATy,

where we introduced ¥ := Qu and 1, = (I, — QTA_lQ)u

The remainder of this section is organized as follows: in Section we bound S u ’lIJrldge
from above, in Section we bound ||S B Wiigge|| s from below. In Sectlon we combine
those bouds into the upper bound on Sy " W iqge /| St Wridge || s, and thus p wrldge/HdegeHg
too because it has the same distribution.

Numerator

We start with the following auxiliary lemma, which gives separate bounds on two quantities
of interest that arise in the proof of the upper bound on S ,uT'&)ridge.

Lemma 104. Suppose that the distribution of the rows of Z 1is 0,-sub-Gaussian. For any
L > 1 there exists a constant ¢ that only depends on L,o, and cg such that the following
holds. Suppose that k < n/c and Q. is independent from Q... There exists an event €
whose probability is at least 1 — ce ™™ such that all the following hold on the event (L) N
%k (CB> NE:

2

1 «-1/2
)

||A71Q0:li’O:kH2 Zc_ln_l H (An_lza}c + Ik)_ EO:k/ Ho:k
H14_lczkzool’l’k:ooH2 2C_lA_2nHN'k?IOOH%k:oo'

Proof. We prove the inequalities separately. Recall that cp is the constant from the definition

of By (cp) in Section 3.3

1. Using the expressions that we derived in Section we have on the event 7,(L) N
%k(cB)

||A_1Q0:k;/’l’0:k ||2

_ _ _ 1 2
= HAk 1Z0:k (20:11: + Z(IkAk 1ZO:k) 20;11/2#0:1@

_ _ _ 1 2
> 11 (Ar) 2 pin(Z g1 Z o) H (Sok + Z3u A Zow) ™ S04 o,

,un(Ak) Nn(ZO kZO k
Ml(Ak) Ml(ngZO k

>Lcin ™! ~LCBH An’lﬁ&k+I;€)_1 20,1/2;1,%

-1

2
H (A (Z g Zow) " Sop + I1) E(;xlc/zﬂo:kH

2

where we used Lemma [101]in the penultimate line.
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2. Use Sherman-Morrison-Woodbury for the matrix A~ (Equation (B.5)):

AT = (A + QuuQur) ' = AL — AL Qo (T + QAL Qo) ' Qua AL

Let’s consider the matrix A;A™' and see what happens when we multiply it by
Q.oollioo- Theidea is to say that the column span of Q. is independent of Q... 440 s
and thus the part that lies that span doesn’t influence the norm of the vector much. For-
mally, denote the projector on the orthogonal complement to the span of the columns

of Qu. as Py € R™" and note (from Equation (B.5))) that Py, A, A~ = Py;,. We

write

AT Qo oo I”
> 1 (Ap) AR AT Qoo oI
>0 (Ag) 2| P ArA™ Qoo oo |1
Zul(Ak)—ZHP(J)_:ka:oo”’k:ooHQ’

Now note that the vector Q.. .o has i.i.d. components, whose variances are equal
t0 ||Mp.o0ll% and whose sub-Gaussian constants don’t exceed .||y« ||s. Moreover,
Q). My is independent from Py, and since Py, is a projector, we have

HP(JJ_kcgkoolJ’koo”2 - (Qkooukoo)TP(J]_kaoolJ’koo

Thus, by Hanson-Wright inequality (Lemma for some absolute constant ¢; and any
s > 0, with probability at least 1 — 2exp {—s/c1},

1P Qe PiooI* = | Btioo |5t (Piig)| < 02| oo |5 max(V/s || Poge L, (| Pl])-
Once again, P({k is a projector of rank n — k, so

t1(Pyy) =n—k>n/2, |Pyllr=vn—k<vn, |[[Pylr=1

Taking s = n/cy for a large enough constant ¢y that only depends on o, we see that
the probability of the following event is at least 1 —2exp {—n/(c1c2)}:

1
¢ = {1PEQuecttnl > il (5 - 21V ) |

For C2 > 160-3 oné¢’ we have ”'P(J)_kC?kool"l’koo”2 Z n””’kzoo”%)/4
Combining everything together, on «7%,(L) N € we get

HAile:oo“’k:oo ”2 ZO25L_2A_2n”I’l’koo ||22
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Our upper bound on Sy ' W4 is given by the following lemma.

Lemma 105. Suppose that the distribution of the rows of Z is o,-sub-Gaussian. Consider
some L > 1. There exist large constants a,c that only depend on o.,cg and L and an
absolute constant ¢, such that the following holds. Assume that k < n/c and

A >cndp VvV /nz A2
i>k

1. If nA='M > a='0, then on (L) N By(cg) for any t € (0,y/n) with probability at
least 1 — cye_t2/cy over the draw of y almost surely over the draw of (¢4, ¢€,)

SuTﬁJm-dge < (14 t)nA~tM.

2. If nA='M < a=1{, there exists an event € that only depends on Q, whose probability

is at least 1 — ce™™° such that then on @,(L) N By(cp) N'E with probability at least

¢, over the draw of y and (g4, €,)

gIJ’Tﬁ)ridge < 0.
Proof. Recall that
Sp'wiage =y Alyp' p+ (1+0" A gw ANy,

First of all, denote the constant from Lemma[102]as ¢;. By that lemma on «7,(L)N%;(cp)
we have

g A g oy <p(A) 7 glPe By
<LA 'n-eiM:;
||A‘1DH <c; 0.

Recall that we indeed can apply Lemma m to ||[A™'v| instead of |A 'v| because
introducing ¢, into the matrix @ does not change the definitions of the events .o7;,(L) and
%k(03>.

In the same way as in the proof of Lemma since y is a sub-Gaussian vector with
sub-Gaussian norm bounded by an absolute constant, we have for some absolute constant
¢y that for any ¢ > 0 on @, (L) and %y (cp) with probability at least 1 — cyvle*tQ/c%l over
the draw of y almost surely over the draw of ¢

T Ay = |pT A y| < eit0.

We can make that statement almost surely over ¢,, because it can only take two values, so
we can just do multiplicity correction by adjusting the constant c, ;.
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These upper bounds directly imply the first part of the lemma. Indeed,
Sp g =y A g (I, - Q AT'Q)+ 1+ A ') Ay
<ENATIM + eitO + (et0)?
<nAT M 4 et 4 eind?
<nAT'M(c3 + ¢;) + eitanA ™ M,
where we used that ¢ < /n, 0* < A™'M (Lemma and O < anA~'M in the last line. In

the end, we just need c to be large enough depending on ¢; and a.

When it comes to the second part, we leave the same bounds for the terms g™ A 'y (I p—
QTA_IQ) and (7" A7'9)?, but show that the term ' A™'y can be negative with large
enough magnitude to pull the whole bound in the negative direction.

We take the event € to be the same as in Lemma [I04], by which there exists a constant
o that only depends on L, 0., cg such that on <. (L) N Br(cp) N €
2

Y

_ _ _ _ _ —1 —1/2
|A 1Qo:k:.“o:k”2 2021” ! (An 120;11C+Ik) EO:k/ No:k‘

||A_1Qk:ool‘l’k:oo ||2 ZC2_1/\_271”"1’19:00 ||22k:oo .

Now we use the same expressions as we derived in Section to write

AT D)2 =[| A" ( Qo ttos + €4Qoobbiod) I
= |47 Zox (S5 + 20,47 Zoa) " S0 2|
H AT Qoo oI’
+264(Qpootbios) A7 (Qouiborr,)
>c;10%/2 4 25q(Qk;oo,uk:oo)TA_2(Qo:kuo:k)-

Note that conditionally on @7,(L) N By(cg) N € with probability 0.5 over the draw of
g, the term involving ¢, is non-negative, that is [|[A™'D| > (2c;)"'/20. That statement
doesn’t involve y, so y is still independent of this event. Thus, conditionally on it, by
Lemma for an absolute constant ¢, 5 with probability at least ¢, 5 over the choice of y we
have |y " A™'D| > ¢, 3||A”'D||. Moreover, we've seen in the first part of the proof that with
probability at least 1 — ¢, 67"/ over the draw of y |yT A™'v| < ¢;/n0. Finally, with
probability 0.5 over e, we have snyA*ID = —|y"A"'p|. Combining everything together
(recall that ¢4, ¢,,Q and y are independent) we get that on <7, (L) N HBi(cp) N € with
probability at least 0.25 (¢, 3 — ¢y 1e7"/“1) over the draw of y and (g, ¢,)

Yy AT D <~ }(20) 720,
S’uTﬁyridge <nA'M(c2 + 2¢;) — c;é(QcQ)_l/zO
<0,

where the last transition holds for a large enough depending on ¢y, ¢2, ¢, 1, ¢y since nA™'M <
-1
a” . m
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Denominator

The next step is to lower-bound the denominator ||Spe” Wyigge|s- Recall that e,,¢,, ¥, Q are
all independent from each other. We factor out the randomness in each of those variables
one-by-one, starting with the following

Lemma 106. With probability at least 0.25 over the choice of (gy,€,) (that is, conditionally
ony and Q)
< 2 1 T A-1,.112
”SH’ wridgeHE 25 HQ A sz

1
+§(’yTA71y)2 (H(Ik - Q(;kAilQO:k)MO:kH;Ok + 0-5||Nk:oo||2zkm>

7

_§<yTA_1y>2 HQl—lc—;ooA_le:ool'l'k:oo H;,ﬁx}

(" ATy’ |Q T AT ylx.
Proof. Note that for any vectors u, v of the same dimension the following holds:

I+ ol* =[lul* + [[v]]* + 2u v
>|lw]l® + [lv]* — 2 (0-25][u]|* + 4] v]]*)
=0.5]ul* = 7|lv]|*.

Thus, we write
= _ ST 1 T a1 — _ 1o AT a—1—
[SWiigee||% >0.5|Q A'y+y A \yp, Iz — 7w A7)’ |Q A 'Y|%.
For the last term note that
fTA,l, 2_ 7TA71 2_ T AL 2 T Al 2 _ TA1L 2
Q Ay =|Q Ay|| =[QuA ylly,, + 50 QueAT Yy, =R A Yy

Next, we decompose the first term as follows:

_T 4 3 |2
Q" a gy +y A yp,

b

_T 2 _ B
=@ ATy + ATy AL + 22,53 Qo).

where f1(3,Q, p,c,y) is a cross-term, which doesn’t involve ¢,. Recall that for the first
=T 1 |2 12
Qay| =@ a [y

term we have ‘
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For the second term in that decomposition we go a step further and write
I3
= H#O:kz - Q(;kAAQMH;OIk + Hll’k:oo - 5ng;ooA71QNH;km
= (L~ Q1A Qubonlls, + [[Hie — QLA™ Qb s,
+ ngQg)—:kA_le:oo/“‘l’k:oo”;&k + ngQZooA_lQo:kHo:k”;km
+eof (5, Q, p)
>[I~ QLA™ Qoo + [0 — QA Quencttionc s +0f2(2,Qup0)
> || (Ix — QoA Qoo |y, , + 05184 3.
~ Qe A Qe iy, + 025, Q. p0),

where fo(2, Q, p) is the cross term, which is independent from ¢4, ¢, and y.
The statement of the lemma holds on the following event

{5qf2(27 Q7 /J') Z 07 5yf1(27 Qa M, 5qy) Z 07 }

whose probability is at least 0.25 conditionally on y,Q since ¢, and ¢, are independent
random signs. O

Note that the last term in the lemma above still depends on ¢, through v and Q. This is
not a problem since we will bound that term almost surely over the draw of ¢, conditionally
on (L) N PBr(cp) and y.

The next step is to obtain lower bounds w.r.t. randomness that comes from y. Once
again, we don’t touch the terms that we subtract yet, and only lower-bound the positive
terms.

Lemma 107. There exists an absolute constant c, such that for any fized value of Q for
any t € (0,+/n/c,) with probability at least ¢, — cye—tQ/Cy over the draw of y all the following
hold almost surely over the draw of g,4:
[T Ay | > (A7 QEQ A,
y ATy >(n— k) (Ar) ™ = oy (tvn+ £)|ATY
y Ay <n|A7Y],
1QTA™yY|%: <c,((AT'QEQTAT) + 2| ATIQEQTAT),
DT ATy| <cpt| AT
Proof. The first inequality is a direct application of Lemmal97] and the remaining were shown
as a part of Lemma[98 Note that only the last inequality depends on ¢4, and formally Lemma
only shows it for a fixed value of ¢,. However, there are only two possible values of ¢4, so

the uniform result can be obtained by straightforward multiplicity correction (the constant
from Lemma [98] should be doubled). O
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At this point we just need the lower bounds on the quantities that only involve @ and
p. These are done by the following

Lemma 108. Suppose that the distribution of the rows of Z is o,-sub-Gaussian. For any
L > 1 there exists a constant ¢ that only depends on L,cg and o, such that the following
holds. Suppose that k < n/c and Q. is independent from Q,.... There exists an event €
whose probability is at least 1 — ce™™/¢ such that all the following hold on the event </,(L) N
%k (CB) NG :

tr(A7'QEQTA™) >V,

2
1L = QU A™ Qoo e A% 72| (An "S5k + 1) ™ S0 |-

Proof. We prove the inequalities separately:
1. We start with the first inequality by writing the following.
tr(AT'QEQ A =tr(A ' QT4 Qs A™") + tr(A T Qo oo Qroo A1),
For the first term we use the same formula as in Section [B.5:
tr(AilQO:kEOIkQ&kAil)
—tr (A,;lz():k (Sok + Z3 AL Zog) Z(IkA,j)
> (Ap) (2 Lo tr ((E&}f + ngA;;IZo:k)J)

o (A (Z g Zo)
(AR (Z o Zo)?
>Lichn - cp Lr ((An_lﬂ&}{J + Ik)_2> ,

tr ((uk(Z&kZO:k)_lﬂl(Ak)_lzali + Ik)d)

where we used Lemma [101] in the penultimate line and the definition of the event
P (cp) from Section in the last transition.

When it comes to the second term, we once again (as in the proof of Lemma are
going to use the fact that
P, ALA™ = Py,

Thus, we write

(A7 Qpoe ko Qe A ™)
(Ar) (AR AT Qo B Qe A Ay
>,u1(Ak) 2r(PrpArA Qoo koo QLo A AL P
(A)*tr(P, Qoo koo Qrioe Piv)
(Ar)” Z)\fz;rPékzi,

>k
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where z; are columns of Z. Note that for every fixed ¢ > k the vector z; has i.i.d. com-
ponents with variance 1 and sub-Gaussian constant at most ¢, which are independent
of Py.,. As in the proof of Lemma , by Hanson-Wright inequality (Lemma for
some absolute constant ¢; and any s > 0 with probability at least 1 — 2e~%/“

|2 Poyzi — t1(Pgy)| =|2] Pyyzi — (n— k)|
<oy max(V/s| Py, s/ Poll)
=o2max(v/svVn — k, s).

So, for a large enough constant ¢y that only depends on o, given that ¢ > ¢y (i.e.,
k < n/cy) for any separate i with probability at least 1 — cye™™/¢

Tpl
Zi PO:k;Zi Z n/CQ.

By Lemma 9 from [3], we can combine separate high-probability lower bounds on non-
negative terms into a high-probability lower bound on the sum, that is, with probability

at least 1 — 2¢qe~ /2
Z)\z TPl > _Z)\z
i>k

Take this event as .

Overall, we get that on «7,(L) N €

tr(A_le:OOEkIOOQ;—:ooA_ ) = 2L262 Z)\Q

2. Using Lemma [100] we have

H( - QS—:kA_lQO:k>l’l‘0:kH§JOZk
_ 1
= H21/2 Ik + ngAk 1Q0:k) Ko

_ _ -1 —1/2 2
= ” o + Z(Ik:AkIZOJC) ZO:llc/ I“’O:k”

2

_ _ _ 1 2
ZMl(Z(—)rkZOk) 2,un<Ak>2 H (Nk(Z(—)rk.ZOk) 1/,1/1 (Ak)zoli. + Ik) EOI{;/QIJ’Ok‘

2

Y

L2 N LR | (A Sk 4 1) S0

where we used Lemma [101] in the penultimate line and the definition of the event
Pr(cp) from Section in the last transition.

]

Finally, we can put everything together in the following
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Lemma 109. Suppose that the distribution of the rows of Z is o,-sub-Gaussian. Take some
L > 1. There is an absolute constant c, and a constant c that only depends on L and o,

such that if k < n/c and
A>c|nhe1+ nz A, (B.15)
\/ i>k

then there exists an event € which only depends on Q, whose probability is at least 1 —ce™™/°
such that conditionally on </.(L) N By (cp) N'€ with probability at least c;* — c, e over
the draw of y with probability at least 0.25 over the draw of (g, ¢,)

HS/J'Twridgesz > C_l(v + n<>2)

Proof. Take the event & to be the same as in Lemma [108, and denote the constant from it
as ¢;. By that lemma on @7,(L) N Br(cg) NE

tr(AT'QIQTA™Y) >V,

2
(L), — Q(IkA_lQo;k)NozkH%:M ZCI1A2”72

el 1
(A” 120:llc + Ik) 20:11/211!0%

Moreover, denote the constant from Lemma as co. Note that £ < n/cy and A >
canXgs1 V A/n Yo A on if ¢ is large enough. Thus, we by Lemma on (L) N Br(cp)
A~ D] <ex0,
tr(A'QEQTA™Y) <V
|A"QEQ A <eAV.
Now denote the constant from Lemma as ¢,. Combining that lemma with the results
we stated above we get that conditionally on the event o7, (L) N PBr(cp) N € for any t €

(0,+/n/c,) with probability at least 1 — cye_tQ/  all the following hold almost surely over the
draw of ¢,

QT A Y|y, >e, eV,
y ATy >(n = k) (Ar) T - otV + )| AT
>nA~H (L1 — k/n) — e, LA™ (tv/n + %),
y' A7y <nLA™",
1QT AT Y| <cyea(V + 2AV),
]DTA_1y| <cycat.

For the second inequality let’s restrict ¢ to the range (0,1/n/c3), where ¢3 is a large enough
constant depending on o, L, so that inequality implies yT A~ 'y > c;'nA~L.
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Moreover, on (L) N PBr(cp) we can write

<HQkooEk<>oQkooHNn 2||Qkooﬂkoo||

cen (Z e m) DA ol

i>k
L2
<

where in the last line we used the assumption from Equation ([B.15]).

Combining all that with Lemma [106] gives that conditionally on % (L) N Bk(cg) N'E for
any t € (0,/n/cs) with probability at least ¢’ —cye—tQ/ “ over the draw of y with probability
at least 0.25 over the draw of (g4, ¢,)

_ 1
151" Baaeel3 =5 [|QT A7y

1 ~ ~ 2
+§(yTA 1y)2 <H(Ik - Q(IkA 1Q0:k)“0:k“g;0:k + O'5||uk500||§:k:oo>
7 - B 2
—§(yTA 'Y)* |QrocA™ Qoo |5,
-T0T A y)? QT Ayl
> Ly
2c1¢y
1 _ e —1
+527 A2 <011A2n 21(An "0 + 1) Eoi/lelokH +O'5Hl'l'k:ooH§lk;oo)
3
7 L2
A e b — TEARO eV + PAY).

If ¢ is large enough, namely if 7c¢%4 L%c3 < 0.25¢%, then we have

1

5¢2 ”2/\ <01_1A2”_2 H(An_lz&llc +Il~c) 2. llc/Qllo k:H +0~5||Nk:oo||22km)
3

_ ;nzA—z CBL2

”’J’kooHEkoo

1 _
> (et || (g 4 1)
2c;5

Zmin(cl_l,O.QE))

2
2c3

Sk |+ 02500 )

nd? /2.
That is, for a large enough constant ¢4 that only depends on o, cg, L, we have

1S Wrigge|| 5 > (V 4 n0?) — cat>O*(V + 2AV).
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By Lemma V <2 and t*AV < 3t?/n < 3. Thus,
151 Wiagell3 > ¢ (V 4+ n0*(1 = 5% /n)) > 51 (V + nd?),

provided that c¢; is a large enough constant depending on ¢4, and t = /n/cs.

The ratio

Finally we can put the bound on the numerator together with the bound on the denominator
and obtain the following

Theorem 43 (Main upper bound). Suppose that n = 0 — there is no label-flipping noise,
and the rows of Z are o,-sub-Gaussian. For any L > 1 there are large constants a,c that
only depend on o, and L and an absolute constant c, such that the following holds. Suppose

that k < n/c and
A>c | nhg + /nZA?
i>k

Assume that Q... is independent from Q,.., and the distribution of Q... is symmetric.

1. If N < a™'¢ then with probability at least ¢, (P(a#(L)) — ce /),

B W igge < 0.
Here uy denotes uV 0 for any u € R.

2. If N > a0 then for any t € (0,+/n/c,) the probability of the event

-
M Wridge < (1 N }
Lalhadii i ) —
{uwmgeuz U0 e
15 a least ,

(¢ = ey — ¢,e™%)  (B(A(L)) — ce™/°),..

Proof. First of all, it is enough to show the statement for w;;qe (as defined in the beginning
of Section instead of wyigee as it has the same distribution.

The straightforward combination of Lemmas and almost does the job, but we
also need to show that S > 0 with high probability.

Recall that

S=(1+v'Ay P +pu'py Ay

By Lemma , if ¢ is large enough depending on o, L, then on the event %, (L)N%(cp)

we have
p' i, > Mje>0.



APPENDIX B. PROOFS FOR CHAPTER 3 212

Moreover, (1 -+ A 'g)? > 0 almost surely, and y' A™'y > 0 on @, (L). Thus, if ¢ is large
enough, then S > 0 on @,(L) N By(cp).

Recall that since the data is sub-Gaussian, we can take cg in the definition of the event
By (cp) large enough depending only on o, such that P(%y,(cp)) > 1 — cge ™8 (as shown
in Section . Now the first part of the theorem is a direct consequence of part 2 of Lemma
105, while the second part of the theorem is a direct combination of Lemma [109| with the

first part of [L05] O

Theorem 45 (Tightness of the bounds). Suppose that the distribution of the rows of Z is
0.-sub-Gaussian. Suppose that n = 0 — there is no label-flipping noise. For any L > 1
there exist constants a,c that only depend on L, o, and absolute constants €,9 such that the
following holds. Suppose that n > ¢, k < n/c,

A>c | nh\p VvV /nZ)\f ,
>k

and the probability of the event <#.(L) is at least 1 — 6. Assume that Q... s independent
from Qy.i., and the distribution of Q... is symmetric.

Then
N

o, < cC——.
VV + /o
If additionally N > a{), then
N
Q. > C

= o

Proof. First of all, denote the constants from Theorem [43|as a,, ¢, ¢, ., (here index u stands
for “upper bound”). Note that by that theorem, regardless whether nA™*M < a=1¢ or
nA~TM > a0 it still holds for any ¢, € (0,v/n/c,.) that the probability of the event

Tw, ATM
{u < Cu(1+tu>"_}
eridge”E vV Vv + TL<>2

is a least ,
(Cys — Cyu€ /v — ™) (P( (L)) — cue™™ )4

Thus, if ¢t,,n,0 and ¢ are such that

-1 —t2/c —n/c —n/c
(Cyu — Cyub e —coemu), (1 —§ — ™) > e,

then
nA—*M

VV +nd?
When it comes to the lower bound, recall that by Lemma the event %y(cp) holds
with probability at least 1 — cge /B for a constant cp that only depends on o,. Thus,

. < ¢, (1+1t,)
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Theorem [42|is applicable. Denote the constant from Theorem 42| as ¢, (here index ¢ stands
for “lower bound”). Then we have that for the case n = 0 (i.e. y = g) for any t, € (0,v/n/cy),
conditionally on the event o7, (L) N By (cp), with probability at least 1 — coe~ /2 over the
draw of y

NTwridge > e N — Cgtﬂo 2 N/2
[Wridgel[x \/71/ T EAV + 0\/_ VYV T AL) + 0y

where the last transition is made under the assumption that ¢3¢, < N, and also uses the
fact that AV <4V (Lemma
Thus, if we take a = 2ct, and ty,m,e,0 are such that

(1—06—cpe ™) (1 —coe ), >1—¢,
then under the condition nA=*M > a) we get
nA~tM/2
VVI(1+4t2) + Ovn

Finally, to finish the proof we just need to choose ¢y, t; and ¢, that can only depend on
L, o, and absolute constants ¢, ¢ such that for any n > ¢;

Oés_ E

(1—6—cge™™) (1 - cy,ge_t?/Q)Jr >1 —¢,

(c;L — cy,ue_ti/%“ — e ) (1= 6 — cpeo), >e.

This is easy to do: first choose t, large enough so that cyue_ti/ Cou L cy_u1 /2. Note that ¢, is
an absolute constant. Second, take ¢ = 0.5 A (¢! /16) — an absolute constant. Third, take
c; large enough depending on cg, ¢y, €y, € SO that

1
Cy —Cl/Cu < 0_1/4 cy _Cl/Cu < Z CBG_CI/CB S 5/4

Fourth, take § = £/4 — an absolute constant. Finally, take t, such that cie /2 < /2 — a
constant that only depends on ¢, (which, in its turn, only depends on L and o,). Combining
all gives
(10— cpe ™) (1= cppe/?),
>(1—e/d—e/4)4(1—¢/2)4

>1—¢,

(C;ﬂl‘ — Cyu e—ti/cy,u —c e—n/cu) (1 5 Cue_n/c“)+
>(cyh = b /2= b /41— 1/4 = 1/4)
:c;ul/lﬁ > e,

which finishes the proof. n
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B.9 Analysis of ridge regularization

Lemma 49. Consider a non-zero vector v € RP and a PD symmetric matric M € RP*P,
Introduce the function f : R? — R as f(w) = v'w/|w]|. Then f((I,+tM) 'v) is a
non-increasing function of t on [0, +00).

Proof. The idea is to introduce the vector-valued function w(t) := (I, + tM) v and to
compute the derivative of f (w(t)) in ¢ using the chain rule as

w00 (o0 (T

We write the following using the brackets (u;, us) to denote the scalar product u{ us.

f(w) :==v w/||w]|,

Vo f(w) =v/|w| —w- v w/||w|?,

w = %'w =—M(I,+tM) *v
=—t'I,+tM —I,)(I,+tM) *v
=—t I, +tM) o+t (I, +tM) v
=—t(w+ T, +tM)'w).
tv'w=—v w+ |w|?
tw'w = — |w|* +w' (I, +tM) w,

tw|*(V f(w), w) =|lw|* — v w - w (I, + M) 'w
— (I, + tM) v, (I, + tM)*?0)"
(L + EM) 2|2 (L, + M) 2
<0

—

where the last transition is by Cauchy-Schwartz . We see that the derivative of f(w(t)) is
non-positive when ¢ > 0, thus the function f(w(¢)) is non-increasing in t on [0, 400). O

Lemma 50 (Increasing the regularization cannot make the bound large). Suppose that k < n
and A(X) > nAg. Then for some absolute constant ¢ > 0 and any X' > A

N(X) <C<1+ N(N) >
N R VYV + Vo)

Proof. First of all, note that A(X') > A(X) > n\;. Thus, by Lemma [4§ we can show that for
some absolute constant ¢; > 0

N,(Ay) e (1 . Na(A) ) |

Va(A1) V /nQu(Ar) Va(Ao) V v/nQa(Ao)
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where we denoted Ag = A(X), A; = A(XN) and used the notation from Lemma [48]
From now on we forget about the notion of £ and only study the following quantity as a
function of A:

Na(d) N

VVa(A)  Vnda(A)

Note that if we denote
= An, o= ST wis (T4 1L,) S 2 = (I, 4+ 157 M,

then it becomes
Ny (A) v w

VinQa(A)  [lwl]
Nao(A) - : . . . .
Thus, by Lemma Tnoo(h) 1S @ non-increasing f;[lrti‘;lon of A, i.e., the benefit of regulariza-
tion could only potentially come from the term —~=L. More precisely, suppose that
Yy p Yy \/m p Y, Supp

Noho) | Nalho) _ NulA) Na<A1>
\/ A[) \/_<>a AO \/ Al \/_<>a
Then 1/V,(Ag) > v/nOa(Ag), otherwise we would have

Na(ho) | No(ho) _ Nu(ho) N(Al) > Na(Al) Na(Al)
VVa(Ao) \/—<>aAO — V/n0a(Ao) T V/nda(A V'V, \/_<>

Moreover, if \/V (A1) < v/nOu(A1) then by Intermediate Value Theorem we can take
such Ags that +/V, Ao 5) = v/1nOa(Ag5), and we'll once again have

No(hos) | Nalhos) _ Nalhos) N(An > Na(hi)  Na(ho)

v Va(Aos) \/_<>a Nos)  VnOa(Nos) — V/nla(A v Va(Ay) \/_<>a Ay)

In case Ag5 as above exists set A = Ag5, otherwise set A = A;. Now we have

AIZA>A0a

VVa(A) = VnOa(A),  /Va(Ao) = vVidu(Ao),

N(AO> N<A0> Na(A> /\ Na(A) > Na(Al) Na(AI)

vV Va(No) \/_<>a Ao) \/ VnOa(A V'V, \/_<> (A1)

Let’s study \/T/)\) The idea is to re-introduce k, but the “right one” (basically choose

a

k = k*). Then split into the 0 : k and & : co part and say that increasing regularization does
nothing to the tail, but also cannot make the 0 : £ part more than a constant. Formally,
take ko = min{k : A\,11 < Ag/n}. Such ky < n exists since Ag > nAgy.
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Now we write

_H
Na(/\) 2 NaTm

A2 /n
i o
ko 1

=1 \;+A/n

216

N2
Zz>k0 Xi+A/n

)\2/n
\/Z i+ n)2 +A/n

Zko v
=1 )\Z—H\/n

Az/n
\/Z Z—H\/n

[T
Zz>k0 A/n

o N/
\/Z Ni+A/n)?
ko #1
i=1 N+A/n

)\2/n
\/Z 1+A/n
Zz>k0 /’L’L

A2 /n
VT

A2 /n
\/Z /AT D)2

The second term is a decreasing function of A, which implies

Zi>k0 ILLZ2

Zz>k0 Iul Z:Z>k0 AO/”

2

Zz Ai +A0/n . a(AO)

A2 /n )\2/n
\/Z (nxi/A+1)2 \/Z (nX;/Ao+1)2

/ )\z/n
7,+A0/n

/ 2 /n ,/va Ao)
)\+A0/n)2 ( O)

where we used that (Ag/n)~! < 2(\; + Ao/n)_1 for i > ko in the last inequality.
Now let’s study the part that comes from the first ky components. We can write

Sk S
=1 N\4+A/n =1 \;+A/n

e
\/Z (Ni+A/n)?

)\2/71 zl’/z
\/ (s +A/n \/Z (N Jr/\/n

)\2/n
\/Z I+A/n

By Lemma [49] the first multiplier is a non-increasing function of A. Moreover, if we plug Aq

instead of A we get

Zko p? Zko i
i=1 NitAo/n i=1 (iAo /n)Z

z#l zﬂz -
\/Z 1+A0/n \/Zz 1 )\+A0/n)2

k 2
~ (A + Ao/n)?

< 2/n0q(Mo) < 20/Va(Ag) < 2V2,

where we used that \; > Ag/n for i < kg. In the last transition we also used that V,(Ag) <

V(Ap) (Lemma [48) and V(Ag) < 2 (Lemma [41)).

Thus, the first multiplier starts less than a constant and stays less than a constant. For

the second multiplier we have

o
\/Z’L 1 )\+A/n

V() _

)\2/n
i A

Va(A)
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Overall, we've got that either
Na(Ao)  Na(Ao) > Na(A1)  Na(A1)

\/ AO \/_<>a AO \/ A1 \/_<> Al

Nl Nl M)y o By gy e e

Vi " Vo = v - e Vo) " Vitu(ho)

which implies the desired result.

or

]

Corollary 52 (Regularization doesn’t matter for certain p). Suppose that the distribution of
the rows of Z is 0,-sub-Gaussian. For any L > 1 there exist constants a, c that only depend
on L,o, and absolute constants €,0 such that the following holds. Suppose that n > c,
k<njc, P(e(L,\) >1—39, N(A) > ad(N), and

AN > | ndea v [0 N
i>k

Suppose that Q... has a symmetric distribution and is independent from Q..
If either for some i < k

n\;u?
= Mi€4, d . A
SR N (RN WIXG) Z

(here e; is the i-th eigenvector of ¥), or
lporll =0 and Y N < nllpls,
then for any X' > A,
a:(N)/c < a(\) < ca(N).

Proof. Denote the constants from Theorem 45| as ag, cg, dp and &q.
First of all, let’s show that if a is chosen to be equal to ag, then for any A’ > X it holds
nAN)TM(N) > agO(N). Indeed, if ||peo..]| = 0, then

nAN) " M (V)
o)
|(aynrsst + 1)

-1/2 (—-1/2 _
EOk/ IJ’OkH + AT | o |2

\/n—l H (AN 1Zg, + Ik;) %, Ilg/QI'l’OkH + A oI5,
_ Vil |?
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— doesn’t depend on X at all.
In the case that p is an eigenvector of X, that is, u = p;e; for some i € [k], we have

nA(N) LMY
O(\V)
(LA AN) A
Ve (LA A ) T A 2

— doesn’t depend on X once again.

That is OO A
nA)MOY) _nAYTMO)

O(X) 0N

AN) = AN > e[ nhea Vv [n) N2,
>k

P(#, (L, N)) > P((L, A) > 1~ 6o,

Note also that

and
so if ¢ > ¢y, € = g9 and § = §p then the assumptions of Theorem 45| are satisfied for both A
and ), which yields

nAN)"TM(N) nA(N) "M (V)

a:(N)/co < < cpae(N), a-(N)/cy < < coa-(N).
Wfer € o B S e, 0V S~ < ()
We'’ve already seen that "A(\’\/Iﬁ)gz%()‘/) = ”A%Z;(% (’\), so the only thing we need to study is

V(A). Namely, we are going to show that under the assumptions we made V(\) < n0?(\)
and V(X) < n®?(\). That will finish the proof since in that case

Ve < AN TIMY)  nAN)TIMX)
c(N)/eco < \/er\/ﬁO()\’) < Vo)
_ nAN)TM(N)

VRO

nAN) M)
VVN) +v/nO(A)

<2 < 2cp0(N),

and analogously a.(\)/co < 2cpa:(N).
Thus, in the rest of the proof we show that V(\) < nQ?(\) and V(X) < nO?(\). Let’s

write out two cases:
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1. p is supported on the tail. Then
V() =n"ltr <(A()\)n‘12&}§ + 1) *2) AN Y A2

>k
—_ _ _ -1 _
= | (A0 + 1)~ S 2| A s,
=nA()) znumngm
We want to show that
7t (Sgh+ AW T ) #0730 < el

>k

which holds since

n”'tr ((Za}c + nA()\)_IIk)_2> +nt Z A
<n"tr ((Ea}g)_2> +nt Z A7
=> X

Sn”l‘"’kc>oH§]koo
We showed that V(\) < nQ?(\). Note that V(\) < n®?(N) by exactly the same

argument.

2. u=e; for i < k. Write out V and ¢ again:
VO =t (AR S+ 1)) A 2 YN,

>k
1l «-1/

O = | (A Sk + 1) St | + A il
A

-1

(R LA +1)2
o n)\i/i?
N (A(X) 4+ n);)?

By the same argument as before, since
n\ip?
. 2
(1+nX\/AN)2 — Z
we have V() < nQ(\)%. When it comes to X', we can write

3 > Z )\
(T+nX/AN))?2 — (1+nN\ /A Z

which yields V(X) < nO(N)%
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]

Lemma 53. For any o, > 1, L > 1 there exist constants a,c that only depend on o, and
absolute constants €,9 such that the following holds. Suppose that n > ¢, 0 < k < n/c. Take
any C' > 1 and construct the classification problem as follows:

1. Take Zy.o with o,-sub-Gaussian rows and the sequence {\;}isr and regularization
parameter \ such that P(<#(L,\)) > 1— 9§ and

AN) > c | nAg1 V nZ)\?
\ ik

2. Take Zyy, with o,-sub-Gaussian rows independent from Zj..., and {)\i}le such that

3. Take py.., whose most energy is spread among the eigendirections of ¥ with small
eigenvalues, that 1s,

[Bksoll%, < O A | |
4. Takeﬂ o, Which balances ... in the following sense:
nCIAN)  brool® = Nkorlls s 2 n* AN paclls, .. (3.23)
5. Scale p upﬂ if needed, so it holds that
nO*(\) > V(A)  and N(A) > aO(X).
Then for any X' such that A(X') > CA(N)

a:(\) > —a.(\N).

C
c
Proof. Take a,e,0 to be the same as in Theorem 45 Denote the constant ¢ from that theorem
as c¢1. In the end we will take ¢ large enough depending on ¢;. If ¢ > ¢; then Theorem
implies that

AT AT
s et PATHO)nA) )
VVO) + /o) 2y/nO(A)
At the same time, by Theorem 5] for any N > A

(V) < e nAN)TM(X) <ClnA(X)*1M(/\’)
T VI VoY) T VRO

Note that such p,, exists because of how we chose py.. -
2Note that the previous conditions were homogeneous in g, so multiplying it by a scalar does not break
them.




APPENDIX B. PROOFS FOR CHAPTER 3 221

Take such A that /}(5\) — CA()). Note that A > X. By our construction, due to the fact that
A > CA(N) = A(N) and Equation (3.23) we have

nAN) M (A) ZnAN) oo,
nAN) M) <oz + AR gl

<2nA(})” 1||u;foel|2
nO(A)* <H:U’OkH2 A AN | o5,

2
nO(A)? > H 120 Lt Ik> Sor 0,

21”“0]?”;8){:7

where we used that /\(5\)71’123(;,1€ + I}, is a diagonal matrix whose diagonal elements are at
most 2 in the last transition.
Combining everything together we get that

-1 —1 2
o) 5 A ) L A
VoY) 2e1 ﬂ“l"'O'k”Ef}c
2nA(\) ! 2 AN TM () .
O O el O W) €y
8\/_01 2”“’0:]@”2&% 8\/501 \/EO( ) 8\/501
We obtained the result for N = X. To extend the result for all N > )\ note that by

Lemma[48 and the fact that N,(X)/Q0q()) is a non-increasing function of A for some absolute
constant c; > 1 we can write

() > c 1nA()\) M()) ._C . NQ(X)A .
sV VRo(h) T 8VRde  Vi0l(Y)
S C . Ny(N) > C . nAN\)TM(N) > C a. (V).
~ 8v2c¢c, 1\/ﬁ<>a()\/) 8v2c3c3 ! VnO(N) 8\/_0102
Taking ¢ = 8v/2c2¢2 finishes the proof. ]

Corollary 54. There exists absolute constants a,b such that the following holds. Take p =
oo, n>a and 1 < k < n/a. Consider the following classification problem with Gaussian
data (in infinite dimension) and no label-flipping noise (n =0):

N {%, i <k, . {4\/6/15, i <k,

e =R/n) s 7 b 2702 S

Then the value of \ that mazimizes az(\) is negative.
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Proof. Since we consider Gaussian data, o, is an absolute constant. Let’s take L = 2 and
denote the corresponding constant ¢ from Lemma [53| to be ¢;. We are going to use that
lemma to construct such distribution of data that the quantile o (\) is minimized for a
negative A. Note that to do that it is enough to take C' = ¢; and A = —% > ik Ai as this
condition is equivalent to A(0) = c;A(N).

Let’s take infinite-dimensional Gaussian data with slow exponential decay in the tail,

that is
6, 1 S k, mo.k, 1 S k,
Ai:: —a(i—k) . ) Hi = _ﬁa_m .
e , 1> k. Moo € 2 , 1> k.

Thus, the whole classification problem is described by scalars ¢, «., 3, mo.x, Mi.00, N, k.

Let’s see how we need to choose those scalars in order to follow the recipe from Lemma
B3l This is an absolute constant since L is an absolute constant and the data is Gaussian.
As discussed before, we fix C'=¢; and put A = —2=L 3"\

Cc1

Due to Lemma [37] for Gaussian data the statement P(<7,(L, \)) > 1 — 6 follows from the

statement
AN 2 b [ ndea v 0> N
i>k

where b is a large constant that depends on §. Let’s also take it to be larger than ¢; in order
to fully satisfy step 1 of Lemma For our covariance and regularization this translates

into
1 e e2o
— >blne*Vyy/n——— |,
cil—e@ 1] —e 2

which can be equivalently rewritten as
1 <L L ! AV1 2
—e€ — —e ).
_-bclvﬁi ti

For z € (0,1) it holds that 1 —z < e™® < 1 —x(1 —e ') < 1 — x/2. Thus, assuming that
a < 0.5 the condition above follows from the following:

agbcll\/ﬁ(%/\\/a)’

that is
1 1 1
a <

~ bein b2En bAcEn

Let’s take ¢y = b?c? and put a = ¢; 'n~'. Then conditions from step 1 of Lemma [53| are
satisfied.
The second part of Lemma states that we require nA, > CA(A), that is, nl >

C ( e+ )\) = <~ Note that we also need ¢ > 1 in order for the sequence {\;}

l—e— @ l—e—@
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to be non-increasing. Given our previous choice of o we have

2
< — = 2¢9n.

Thus, we can take ¢ = 2¢,.
The third part of Lemma [53| requires the following

||l"l’koo H%kjw S C_ln—1A<)\) ||/J’koo H27

which we equivalently transform below:

~(aB)(i- 2,-1_€ " N Bk
Z O 1—e@ Z ’

i>k i>k
6_(a+5) < C—Qn—l e_a 6_6
1 —e(ath) = l—el—eF
1—e” 1
< (2,1
1—e(ath) — ¢ 1—e

Let’s restrict the range of 8 so that «+ 5 < 1. Then it is sufficient to choose 3 that satisfies
the following stronger condition:
20 1

< .
a+ 5~ C?na

Plugging the expression for « yields

1
2522 (o).

Actually, since ¢, = b*C? > 2C?, the inequality above always holds, so we can take any
f <1+ a, for example, 5 = In(2) (to make further computations simpler).
Next, part 4 of Lemma [53| requires

nC AN pool® = lboalls 1 2 AN 2 pc s, .o

that is,
nl —e @ ¢ F S km Ok > 202( — e )2 e—(a+B) '
e=® l—eB = Imi_ e~2a 1 —e(ath)

Plugging in # = In(2) and simplifying yields

l—e@ > km?,. > 202(1—6_0‘)2 1

n .
e @ Emk . e 2 —e @

As before, let’s replace it by a stronger condition:

no > kmOk > 220202,
2 ﬁmk
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Plugging in a = (con) ™! and £ = 2¢, yields

1 S kmZ., >202

2cy ~ 2cami T 3
1> /{:mOk 5 47 4C? _ 4
—mi Ca b2

We see that since b > 4, we can simply put km2,/m2. =

satisfied.

224

1, and part 4 of Lemma is

At last, we need to check the last part of the lemma. Let’s start with writing out and
transforming the expressions for nO?(\), V(A), and nA=H(A)M(N):

(12
AR =C 1—6“6(2004’Ca)’

V) =t (AT S5k + 1)) + A YD A2

=n ! b —— + C*ne
(14 nteic1 s
2
< h/n 5 + o
(I1+nY"1C71/(2a)) ¢!
k/n

B (14+n71(2c)"1C~1eqn/2)
= k/n 5 + C’zc;1

(14 0.25C1)
<2.

5 + C*na

i>k

2a(1 _ e—a)2

672(1

1 — e 22

AAT OO = [ (A S5k + 1) 7 S5 |+ nA ) O
2 B
i)+ et
-8
= Qnﬁ(;ﬁl Jcay b %mzmncau) =
2021{;—:1—200];/6' + 1mk ~nC/(cam)
> (b ) = T
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e 1 2 _
nO*(A) = || (A S5k + 1) T 0 |+ 2 AQ) el

—J mg:k Tom2 nQA(/\)_2 e~ (oth)
N (1 +n"H~1AN))? koo 1 — e—(a+h)
= 190 , AN

Bor A mpE T et AN TS

For n{? we need bounds from both sides. In what follows we write them separately.

2com?

2 21000

A <

" () “(2¢2 + 0.5n71C o™t
2020

= oo (2 2< 2
(2¢9 + 0.5¢,C—1)? Moo 20/ 02)" < 5Mi00/ C2s

5+ m;. .n*(2Ca)?

where in the last transition we used that ¢y/C = b > Ve
When it comes to the bound from below, we write

2com?
2 )\ > 21000
no"(M) (2o + 2n"1C )
2com3.
o s O3

=Moo/ (8€2),

where we used 2cy + 2¢5C ! < 4¢, in the last transition.

Finally, we can write out the conditions from part 5 of Lemma [53] According to the
bounds above, the following conditions on my.., are sufficient:

5+ mi. .n*(2Ca)?/3

2
2 Mo 5
my. cy) > 2, —=2 >y —my.
koo/( 2) = 4 202 = con k:co)

that is m7. . > (16c2) V (5cea? /n) = 16¢, given that n is large enough. O

Lemma 55. For any o, > 1,L > 1 there exist constants a,c that only depend on L,o, and
absolute constants €,9 such that the following holds. Suppose that n > ¢, 0 < k < n/c. Take
any C' > 1 and construct the classification problem as follows:

1. Take Zy.oo with o,-sub-Gaussian rows and the sequence {\;}i~r and regularization
parameter \ such that P(<#,(L,\)) > 1—9 and

AN > | ndea v 0D N
>k
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2. Take Zy, with o,-sub-Gaussian rows independent from Zy..., and {\}5_, such that

3. Take p that is only supported on the first k coordinates (i.e., ||py.ooll = 0) such that
it ll 20 [ 0x 572 = Cliosl® (3.24)
4. Scale p up if needed, so that
nO*(A) > V(\)  and N(\) > ad()).
Then for any X' such that A(N') > n\

a-(\) > —a.(N).

C
c
Proof. Take a, e, to be the same as in Theorem 45| Denote the constant ¢ from that theorem
as c¢1. In the end we will take ¢ large enough depending on c¢;. If ¢ > ¢; then Theorem
implies that

—1 —1
0N > et nANTMR) = nAN) M)
VV(A) +vnO(A) 2y/nO(N)
At the same time, by Theorem {45| for any X' > A

0 () < 6 nAN)TM(N) ClnA(X)*lM()\’).
T VYV RO T VoY)
Since ||pr.oo | = 0, A(X) < nA, and A(X) > nA;, we can write

2

A M) = || (A S5k + 1) 50 gy

1 2
Zﬁ”uo:knga}ca

~1/2 2

RAN) M (V) = H (AN T + Sow) ™" oy
<2nA(N) | ol

nOW)? = | (AR~ Sk + 1)~ B0 oy

2

1 .
> P AN) 7 ol

where we used the fact that A(A\)n='3;, + Iy and A(N)n~'I) + Xy, are both diagonal
matrices whose diagonal elements are at most 2.
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Combining everything together we get that

ANIMO) 1 slBelly C 12
ag(}\) > cl—ln ( ) ( ) > _2 ok — _HUO:kHE—l > HNOk” —
Vo) 2c1 |porlls;r 4 ok ey [ gl
N—1 2 N—1 /
O ) el € A €
161 3nAN) " oxll s, — 1661 Vno(N) 16
Taking ¢ = 16¢7 finishes the proof. O

Corollary 57. There exist absolute constants b > ¢ such that the following holds. Take
p>bn, and b < k < n/b. Consider the following classification problem with Gaussian data
(in dimension p) and no label-flipping noise (n =0):

. )
SR i > k. 0, i > k.

Then the value of X that mazximizes c.(\) is negative.

Proof. Since we consider Gaussian data, o, is an absolute constant. Let’s take L = 2 and
denote the corresponding constants a, ¢ from Lemma [55] to be a1,c¢;. We are going to use
that lemma to construct such distribution of data that the quantile () is minimized for a
negative A\. Note that to do that it is enough to take C'=¢; and A = —% > ok i as this
condition is equivalent to A(0) = ¢;A(N).

Let’s take finite-dimensional Gaussian data with exponential decay in the first k£ compo-
nents and isotropic tails:

o {e“”, i <k,

l, 1> k.

Note that A(X) = A(0)/c; = l(p —k)/cy.
We take p... to be zero, in accordance with Lemma [55] When it comes to ., we just
put all its components to be equal, that is

_m, 1 < k,
Hi 0, >k

Thus, the whole classification problem is described by scalars ¢, m, o, n, k, p.

Our goal is to find the values of these parameters such that the conditions from Lemma
B8 are satisfied for some L. We take L = 2.

The first part of that lemma says that <%, (2) should be satisfied with probability at least
1 — 6 and that

lp—Fk)/er=AN\)>c1 | nAg1 V /nZ)\? =cl(nV/n(p—k)).
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Due to Lemma for Gaussian data both these conditions follow from p > bn and n > b,
where b is a large enough absolute constant.

The second part of Lemma [55| requires n); > A()), that is, ne=** > {(p — k)/c;, so we
can take ¢ = clne_a’“/p. Note that since p > ¢;n we have A\ = £ < e % = \;, so the
eigenvalues remain in the right order.

The third part of Lemma demands ||M0:k||20:k||ll,0:k||z(;llc > C|| o], that is,

k k
(m2 Z e—ai) (m2 Z em> > c1km?,
i=1 i=1

\/1—6"”6’““—1 S ok
l—e @ e —1 = ar

Note that for a > 0 we have 1 — e~ > 1 — e~ Moreover, e¥* — 1 > (e* — 1)el*=D2, Thus,
it is enough to satisfy the following weaker condition:

e(k’—l)a/Q > Clk',

so we need to take a > 21In(c1k)/(k —1). Since k is lower bounded by a large constant b, we
can take a = 4In(k)/k. Plugging it into equation for ¢ yields ¢ = c;ne=**/(ep) = cin/(epk?).
We take ¢ = ¢; /e, so { = cnp~ k™.

Finally, we need to take m large enough so that part 4 of Lemma is satisfied. To
check that part, we start with writing the expressions for n{?*(\), V(A), and nA~*(A\)M(N)
and bounding them.

n(p — k)
epk*
V) =t (A S5k + 1)) + A2 Y A2

>k

AX) =t(p —k)/c1 =

Y

§k+A4n§:ﬁ
>k

n
k n
n

p—k
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_ _ 2
nAT )M = (| (AT B3+ 1) 7 S0P+ nAN) T O e

Let’s bound the sum of exponents separately. We write

Zk: ai aeak_l k-1 {Z 5llflik)
(& = e =
— _ o—4ln(k)/k K
=1 R A Tin(k)
where we used that a < 1 (since k is large enough) and for x € (0,1) it holds z > 1 —e™® >
x/2.
Thus,

. m2k5
nAT (A M(N) > 00k

When it comes to ¢, the derivation is very similar as above:

e 1o 2 _
nO*A) = || (A S5k + 1) S0 | 2 AQ) el

S
>
V)
=
IA
3l\D
E
|CB

TL<>2()\) > m Zeai
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Finally, to satisfy part 4 of Lemma [55| we need
nO*(\) > V(A), nATA)MN) > a 0N,

that is, it is enough to have

m2k> >E+ n m2k® - m2kd
20ln(k) = n  p—Fk  10In(k) = '\ 2nin(k)’

For example, we can put

given that b is a large enough constant. O]

B.10 Comparisons with earlier results

Proposition 64. Assume that \; < 1 for any i and Y " | N\ > kp for some constant k €
(0,1]. Take k = 0, A = 0 and some ¢ > 1. Suppose additionally that kp/n > ||p|* >
(2ct)?/(k*n), and t* < nk.

Then

N —ct) o L llplPvns
1+ Noy|VV +2AV +Oy/n — 10 p

Proof. First of all, due to assumptions on \;, A and k we can write

DA A,
A :Z)\i € [kp, 1),

1% :A_znZ)\? <n/A< E,

ik P
2 2 2
AvénA1+n)\1~l—ZiAi§ 2n +i§ 3’
A2 A2 2p2 | kp = Kp

2 -2 2 n||y,||2
O =nA"||ully < T2t

M =| .
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Plugging in those bounds together with o, < 1 yields
nA*M — ctd ZEHMHZ — ct—\/ﬁHuH,
p Kp

1404 M) VAT + 0V < [1 L] 2wl MR

Kp

Next, since n||p||?/p < k for t* < nk we can write
4
[14 A~ Moy V7 T BAV + oy <[4+ 1),/ 2y 2ol 5 /1
Kp Kp bR

Finally, if ||p| > 2ct/(k+/n), then %HMP — ct% > 2%”#”2- Plugging in that bound

in yields the result. O]

Proposition 59. Tuke k = 0 and some ¢ > 1. Suppose that n\; < A and |pu||* > 2¢||p|s.
Then fort < +/n,

N — ctd ! n||p|?
VV F AV + 0~ 4nllplls + vol|Z|F+ ol 2]

Proof. Let’s write out the definitions of A, M, ), V, AV for the case k = 0 with nA\; <

(3.28)

A=A+ N=A+tr(D),

2
vV :A*QnZ)\? _ ﬂbw
= (A +tr(X))

_nAL L AT A 20307 £ 2

AV = + L=
A A (A + tr(2))?
- nllpl%
<>2 :TLA 2 2 — 7
M =| ||,

Now we can rewrite our bound as
nA=IM — ctd
VV +2AV + /nd
B nM — ctAd
VARV + 2AZAV + /nA)
_ nllpl® — ctv/n|pls '
VIlIZ(E + 2 2nllZ]2 + [Z]3) + nllpls
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We see that for ¢ < /n the condition ||p|> > 2¢||p||s ensures that the numerator

greater or equal to n||p,.. ||?/2. At the same time, the denominator doesn’t exceed n||p| s +
V2n||X||F + 2n||X|| Thus, we obtain the desired result. O

Proposition 62. Take k = 1 and some ¢ > 1. Assume that X > 0, nA\gy1 < D o i,
o]l = 0, and ||p||? > 2¢||pl|s. Take any j > 1 and define A, B as in Theorem [61. Then
fort <./n

N —cto 1 s
VV A+ AV + 0O~ 6A+B+ A+ [lplls

Proof. Note that under assumption ||, || = 0 we have
M = s = el 0% = A lptocll5s, . = nA7? el

and thus, the condition ||p|* > 2c||p||s can be rewritten as M > 2c¢\/nA. Therefore, it
implies that nA™*M — ¢t > nA~'M/2 for t < y/n. Thus,

nA*M — ctd 1 M
VV AV + 00 ~ 20 'AVV + 2AV + ||plls

We see that in order to compare Equation (B.16]) and (3.32)), we need to compare A+ B+ \;
to n71AVV + t2AV Note that

(B.16)

1
=0 (A AT T > (A AR
“nA A+ A ()7 + AT _Qn( nA)

V= (1+n AN+ A ) N
i>1
—nA\ "> (n2(A1 +n AT Y A?)
i>1
<nA?(A*+ B*+ \)),
1 nA2 A3+, A7

AV =0 N A2
5 (AAnA) + —(nd)” A+ Lo N
2
Y g0 D
— 2 2 2
SW (2nA)? + n (QnA)A;— B+ X;

=nA"*(8A% 4+ B*/n+ X} /n),
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where we used that nAy < nA; and nAy < Zi>1 A < A for A > 0 to write nAy < nA\j A A
when we bounded AV. Overall, we get

t2
n A (V 4+ 2AV) < —(A*+ B4+ X)) + E(SAZ + B?/n+ X2 /n),

S|

that is, for t < y/n

n A (V +2AV) <9A* + 2B*/n + 2/\§/n,
nTAVV + 2AV <3(A+ B+ ),

which yields the result. O]

Proposition 65. Take real q,r,s such that 0 <r <1<s,0<q<s—r. Consider p=n?®,
Y = diag(Ai, ..., Ay), and p = /2 [/mer, where {\;}1_, are given by Equation (3.34)). Take
A=0, k=n", and c to be any constant that doesn’t depend on n.

Then, as n goes to infinity, for t < n%4%" the following holds:

on(1), 2q+2r—1—-s>0,
N —ct N on
0 (1+04(1) el 20+2r —1-5=0,

VT AV + V0 VV +nd

\/§+on(1) 2¢+2r—1—s<0.

Here we use 0,(1) to denote quantities that converge to zero as n goes to infinity.

Proof. Throughout the proof we treat ¢,r, s as constants and use small-oh notation o(1) to
denote a function of n, ¢, r, s that converges to zero as n goes to infinity. Each time we use
this notation it denotes a different function.
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First of all, let’s write out the quantities of interest and plug in the expressions for ;.

2
M= 7161 = Z/Wn(s’q””mel,
A=) =0 =n")

i>k

=(n*—=n")-(1-n"7)/(1=n"")
=n®—n*"1=n°(1-o(1)),
An AT =nf(1 —0(1)) - nt - n ST = patL (1 — o(1),

_ e 1 2 _
0 =n"! (An 120;llc+Ik) 20:11:/211*0%” +nA QHNk;ooH%km
2\
=7l (L+ An~ AT 2
T

24 0(1)
mn (1 + natr=1)%’
_ e ~1/2 o 2 _
nA 1M:H(An 120:11:+Ik) / 20;11/21%:1@“ + AT oo

2\
™

=1+ An" "IN\ H A

2+0(1)
(1 + natr—1)’
V =n"'tr ((An_lﬁa}C + Ik)_2> +A%n Z A
i>k
:nflnr(Anfl)\fl + 1)72 + A’2n(ns — n’”))\iJrl
B 1+o0(1)
_nlfr(l _|_nq+rfl)
I nA2 n\i, + > N

A _ 1 k+1 i>k 7\

v n A A2 * A2

=n"P AR (1 4 0o(1) + n (14 o(1)).

= +n'(140(1)),

Now let’s plug this into the quantity of interest. Note that as long as t = o(y/n), we have
tO = o(nA~*M). Moreover, AV/V = O(n™"), indeed

1

nl-r v p2lg+r—1

wav = ) (L ol1) £ V(1 +o(1),

since 7 < 1. Thus, if t* = o(n"), then V + t?*AV = V(1 + o(1)). Now note that nA~*M =
Ovn(/2/m + o(1)). That is,

nAT'M  \/2/7 4 o(1)
VV 400 14 /V/nd?)
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So, the only thing left is to compare V' and n?:

4 m+o(l) 4 1-s r—1\2
n? = (Rt +n! (14 )

Since 7 < 1 < s, this ratio goes to infinity if and only if n'=%(n?"1)2 goes to infinity, that
is 2¢ + 2r — 1 — s > 0, which yields the result. O
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