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Chapter 1

Introduction

In this class, we will cover the following four aspects of random matrix theory:

Universality of eigenvalue distributions: Random matrices have been introduced by physi-
cist Wigner in the 1950s to model the Hamiltonians of heavy nuclei. The success of random matrices
in modeling physical systems lies in the universality phenomenon of their eigenvalue and eigenvec-
tor statistics. Under mild conditions, the empirical eigenvalue distributions of Wigner matrices
and sample covariance matrices converge to the Semi-circle distribution and Marchenko-Pastur
distribution. We will discuss different approaches to prove this universality phenomenon.

Non-asymptotic analysis of random matrices: Sample covariance matrices play a central
role in statistics. For high-dimensional data, when the dimension is comparable to the sample size,
it falls into the regime of random matrix theory. We will discuss tools for the analysis of the extreme
singular values of random matrices with possibly dependent rows or columns. Several applications
will be covered, particularly for the problem of estimating covariance matrices in statistics and for
probabilistic constructions of measurement matrices in compressed sensing.

Signal detection in spiked random matrix models: Many statistical models are in the
form of “signal”+ “noise”, and the signal-to-noise ratio measures the strength of the signal relative
to the noise. For the spiked random matrix model, the signal is a deterministic low rank matrix
and noise is some random matrix, and the goal is to detect/recover the signal from the noisy
observation. For the standard dense priors discussed below, there is a critical signal-to-noise ratio for
consistent detection (both testing errors tending to zero). Below this threshold, consistent detection
is information-theoretically impossible; above this threshold, simple spectral algorithms detect the
signal. These thresholds need not coincide for other priors. We will discuss this phenomenon for
spiked Wigner matrices and sample covariance matrices.

Deep neural networks: Deep neural networks are built out of matrices and nonlinear ac-
tivation functions. The weights of deep neural networks are initialized to random numbers, and
then trained using stochastic gradient descent. The randomly initialized deep neural networks are
compositions of random matrices and nonlinear activation functions. We will discuss the properties
of randomly initialized deep neural networks, and the neural tangent kernel associated with deep
neural networks. Under suitable initialization and scaling, in the infinite-width limit the gradient-
flow training dynamics on fixed time intervals are described by the neural tangent kernel; when this
flow converges, its predictions are related to kernel regression.

Besides the above materials, we will also have several guest lectures on the applications of
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6 CHAPTER 1. INTRODUCTION

random matrix theory to high dimensional statistics, computer science and bio-statistics.
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Chapter 2

Eigenvalues of Random matrices

2.1 Lecture 1: Semicircle Distribution

In this lecture, we prove the convergence of the empirical distribution of the eigenvalues of the
Wigner matrix via the moment method.

Theorem 2.1.1. Let
hll . hln

H=—]": . :
f hnl s h’nn

be a real Wigner matriz, i.e. for i,j = 1,...,n,h;; = hj; and {h;j}i<; are i.4.d. with Elh;;] =
0,E[|hi;]?] = 1. Moreover, for each k > 1, assume E[|h;;|*] < By uniformly in n. Denote the
eigenvalues of H as Ay > Ao > ... > X\, and the empirical eigenvalue distribution p, = %Z?:l Oy
Then

L L, Psc,  in probability

That is, ., converges to the semicircle law weakly in probability, where

psc(T \/ — 22 1yjp)<2}-

Since H is symmetric, we can write the ngner matrix as
H = 0AO"

where O is orthogonal and A = diag{\, ..., A, }. Observe we can write the trace of H as

Tr(H) = Tr(OAOT) = ZA
Tr(H?) = Tr(OA?0T) = ZA2

Tr(H*) = Tr(OA*OT) = Z)\k n/xkd,un
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Meanwhile, we have

1
Te(H*) = > Hijpy Higig - oo Higi, = (%)k D Dy higig e hig,

D1y lk T1yeenylk

To prove Theorem we aim to show that for k > 1,
1
k ~ k
/:L‘ dpin = W ) Z hi1i2 'hizis Tt hikil ~ /LL' pSC(‘r)dw
115-00ylk

Notice that

f
L/a*pwcwdx::{o or odd k

Cys2 for even k

where

Cr

T k41

is the Catalan number. The Catalan number C}, is a sequence of natural numbers that occur in
various counting problems. For example, the Catalan number counts

e the number of simple random walks from (0, 0) to (2k,0), whose trajectories stay at or above
0;

e the number of non-crossing partitions of {1,2,...,2k} in which every block is of size 2.

e the number of planar rooted trees with k edges and k + 1 vertices. This particular example
will come up in our proof later.

We need two auxiliary lemmas: for fixed k > 1,
Lemma 2.1.2. E[kadun] — kapsc(x)dx as n — o0o.
Lemma 2.1.3. For e > 0,P(| [ 2*du, — E[[ 2*du,]| > €) — 0 as n — oo.

Combining Lemma and Lemma we have P(| [ zFdu, — [ 2*ps.(2)dz| > €) — 0 and
thus P(| [ f(z)dpn — [ f(z)psc(x)dz| > €) — 0 for any polynomial f. A tail argument is needed
before using polynomial approximation. From any subsequence we can choose a further subsequence
along which all moments converge almost surely. Along each such realization, bounded second
moments give tightness, and bounded higher even moments give uniform integrability of every fixed
power. Consequently any weak subsequential limit has the semicircle moments. These moments
determine a unique measure: since Oy < 4%, Markov’s inequality applied to all even moments forces
its support to lie in [—2, 2], where polynomial approximation determines the measure. Thus every
such limit is the semicircle law. The subsequence criterion for convergence in probability proves

Theorem 2111
Proof of Lemma[2.1.2 It suffices to show that

W Z E[hiliz h2223 T hi}cil] - /xkpsc(x)dz
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For each term E[h;,;, - Riyig - - - Riyiy ), consider the closed walk (iy,...,4g,41). Its connected graph
G = (V, E) has distinct vertices V' and distinct undirected edges E (loops are allowed). Let m, be
the number of traversals of e. In the sums below, G denotes the entire walk up to relabeling, not just
its underlying graph: label vertices 1,2,... in order of first appearance. Then II(G) = [] .z E[h*]
depends only on this canonical walk, and the number of labelings is (n)|y/| = n(n—1) - (n—|V|+1).
Thus, for fixed k,

1 1
pyyorEY D Elhiyiy - g, = WZ(”)MH(Q)
TR g
Let’s make a few observations:
e II(G) = 0 unless the multiplicity of every edge is at least 2.

e Notice
H(g) ES ]E[h’h’iz . h1213 C et hikil] = E[hzl . hZ;Q D) hZT]

By Holder’s inequality,

my

B[R - B2 - B < Ellhe, [F]F - Elhey [F]F - Elhe, [F] % < By

e If the multiplicity of every edge is at least 2, then we have

k k
E|l <= < -+1
Bl<s, VI<3+

with [V] = g + 1 if and only if G is a tree, each of whose edges has multiplicity 2.
Consider the following two cases (only walks with nonzero II(G) need to be included):

1. |V| < k/2+1/2. The absolute value of their total contribution is bounded by

1 Bkkk
2L @< == —o.
G: |V|<k/2+1/2

Here there are at most k* canonical words of length k.

2. |V| =k/2+41. Then k is even, the graph is a tree, each edge is traversed twice, and II(G) = 1.
Starting at the root, the walk orders the children of each vertex by their first visits, and is
exactly the contour walk of the resulting plane rooted tree. Conversely, each plane rooted
tree gives one canonical walk. Their total contribution is therefore

n
%sz = (1+ O(n™"))Cp/2.

For odd k only the first case occurs. Adding the contributions proves the lemma. O

Proof of Lemma[2.1.3 1t suffices to show that

IEH /xkdun —]E[/ 2*djun)

2}—>0
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Now,

) 2

EH/xkdun —E[/xkdun] }

B [ tdpa)?) - L [ o
1 2.1.1
:"Ml > Elhuyiy o Bigiy - hayg - ha ] (2.1.1)

il,...,’ik,i/l,...,’i;c
— Y Elhiy e higi) - Elhagay o i)
B eyl B el

Let I = (i1,...,i) and I' = (i},...,4}) denote the two closed walks. Combine the two sums in

into a sum of covariances. If the walks share no undirected edge, the covariance is exactly
zero by independence, even if they share a vertex. Otherwise their union is connected. A nonzero
covariance requires every edge in the union to appear at least twice in total, so the union has at
most k edges.

In fact it has at most k vertices. If the union contains a cycle (including a loop), this follows
from |V| < |E| < k. If it is a tree, every closed walk traverses each of its used edges an even number
of times. A shared edge is therefore traversed at least four times in total, so |F| < k — 1 and again
|V| < k. There are finitely many canonical pairs for fixed k, each has at most n* labelings, and
each covariance is bounded in absolute value by a constant depending only on Bsyy. Consequently

Var (/ z* dun> = O(n72).

Chebyshev’s inequality proves the lemma. In addition, summability and the Borel-Cantelli lemma
imply almost-sure convergence of every fixed moment. The preceding tightness argument then also
gives almost-sure weak convergence of pi,,. O

Remark 2.1.4. By generalizing the proof we have above, we can relax two conditions of Theorem

21T

1. E[|hij]*] =1 can be replaced by

1 n
¢ < E[lhi;*] < C, - > Byl =1

j=1

for constants 0 < ¢ < C, allowing independent, not necessarily identically distributed,
upper-triangular entries with uniform moment bounds. It is the normalized variance pro-
file (n'E|h;j|?);; that is stochastic, not EH.

2. For a fixed entry distribution, the higher-moment assumptions can be dropped, retaining
mean zero and variance one. Start with the centered truncation

hij = hijLiin,; <ary — Elhij L, <),
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and divide by its standard deviation, which tends to one as M — oo. For fixed M the bounded-
entry proof applies. The Hoffman—Wielandt inequality bounds the mean squared displacement
of eigenvalues by n~!||H — H||%, whose expectation tends to zero as M — oo, uniformly in n.
This transfers weak convergence in probability to the original matrix. For entry distributions
that vary with n, an additional uniform-integrability or Lindeberg condition is needed.
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2.2 Lecture 2: Extreme Eigenvalues

In this lecture, we prove the convergence of extreme values.

Theorem 2.2.1. Let
h11 . hln

vn hni oo hpp

be a real Wigner matriz, i.e. fori,j = 1,..,n,h;; = hj; and {h;j}i<; are i.i.d. with Elh;;] =
0,E[|hi;|?] = 1, and entries are bounded, i.e., |h;j| < B. Denote the eigenvalues of H as A1 > Ag >
e > A, then Ny — 2 and A\, — —2 in probability and almost surely (as n goes to +00).

Here we are going to prove two parts:
1. P(AM1 <2—¢) = 0.
2. P(A1>2+4+¢) —0.

Proof of 1. If A\ < 2 — ¢, take f as:

07 $§2—6,
f@)=<2@x—-2+¢), 2—e<z<2—¢/2,
1, x>2—¢€/2,

then we have [ f(z)psc(z)dz = C. > 0.
We also have [ fdu, =0if Ay <2 — ¢, then

]P’()\1§26)§IP’(/fd,un—0>.

Since
P (‘ [ s [ sputeyin| > 6) 50 and [ fplade > 2
we have
P(’/fdﬂn < 5) — 0,
which implies that P(A; <2 —¢) — 0. O

Proof of 2. We can write the trace of H?* as
Tr(H™) = AF 4+ 055 4+ + A2F > ATF,

then
max{\2* \2*} < Tr(H?*) < nmax{\3¥, A2k},
max{[Ad, [Aal} < (Te(H2))Y25 < 0t/ max{| A, [Aal}-
(IDEA: Take k> Inn, i.e., (Inn)?, we can have n'/2F = enn/2k x 0 — 1))
We need the following Lemma to finish the proof:
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Lemma 2.2.2. Take k = [(logn)?]. For any fived ¢ > 0 and all sufficiently large n, we have
2%
E[TH{H?)] < (2 + %) .

Applying Lemma [2.2.2] yields
BN _ (24 /2
212k = (21 )2k

P\ > 24 ¢€) PO > (24 ¢)%F) <

O

For this choice of k, the same estimate for || H|| is summable in n, so the Borel-Cantelli lemma
gives limsup || H|| < 2 almost surely. The almost-sure semicircle law established in Lecture 1 gives
liminf A; > 2. Applying the same argument to —H proves A, — —2 almost surely as well.

Next we are going to prove Lemma [2.2.2]

Proof of Lemma[2.2.3 Firstly we know

1
E[TI‘(HQk)] = nilc E E[hiliz . h’izig t hizkiIL
11,502k

where G denotes a canonical closed walk as in Lecture 1, and only nonzero contributions are retained;
writing its graph as (V, E), 1 <|V| <k + 1 and E[h;y4, - - - higiy ] = H(G).
The number of terms (iy,4s,- - - ,iox) ~ G < nlV| then

k+1

E[Tr(H?*)] Zn“’lm )| = Z AL

g\V| t

Denote E = FE5 U E~5, where F5 are edges with multiplicity 2 and where E<o are edges with
multiplicity larger than 2. Let m. be the multiplicity of e, then it is clear that

Qk:Zme: 22+ Z Me.
e€E e€Es e€E>s
Also let |Ey| =1 and |E| = |Ea| + |Es2| >t — 1, we claim:
Claim 2.2.3. |Esq| <2(k—t+1) and k—1<3(k—t+1).
Then we have

I 1 Elne]

ecE

< T £ T Bl < Beemar — pohodt < gt
ecEs ecFE~ o

We have another claim:

Claim 2.2.4. The number of canonical closed walks with t vertices, all of whose edges have multi-

plicity at least two, is bounded by
2k n
¢ (k—t+1)C _
(Qt N 2) t—1,

where Cy_1 = %(2: 2) < 22t — 4t
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The second claim is the standard Firedi-Komlés walk-counting bound (The eigenvalues of
random symmetric matrices, Combinatorica 1 (1981), 233-241); unlike the fixed-k count in Lecture
1, it controls the dependence on k. It is a combinatorial input to this high-moment argument. The
walk (including its traversal order), rather than only its underlying graph, must be counted. With
these two claims, we plug back to the first equation:

k41
1
E[Tr(H*)] < ZW Z I1L(G)|
t=1 G.|V|=t
Bl
6(k—t+1
PR =2 D DI
t=1 g,|V|=t

k+1

Z nkl_t BG(kftJrl)(Qk)2k72t+2(t2)2(k*t+1)4t
t=1
k+1 B6(k—t+1)

2\ 2(k—t+1) 4t
n E T (2kt*) 4
t=1

k+1 6 2\2 k+1-—t
B°(2kt
n§( ( )) 4t (t<k+1<nl/%
t=1

n

IN

IN

IN

n(k + 1)45+1
(24 ¢/2)%F.

IN A

Here B > 1 is fixed, B®(2k(k 4+ 1)2)2/n = o(1), and log(n(k + 1)4) = o(k), which justify the last
two inequalities for our choice of k. O

Proof of Claim[2.2.3 We have

2k = ZQ‘FZ"”@

e€Es  e€Ews
2|Es| + 3| Eso|

= 2(|E2| + |Esz]) + [ Eso|
2(t = 1) + [Exal,

v

then it follows that
|Eso| < 2k — 2t + 2.

Also from the second line, we get
2k >20+3(t—1-1),

thus
k—1<3(k—t+1).

O

Remark 2.2.5. For a fixed entry distribution, the finite-fourth-moment hypothesis E[|h;;|*] < oo
suffices for the almost-sure conclusion (the Bai-Yin theorem). An infinite fourth moment does not
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by itself imply a power-law tail or polynomially diverging eigenvalues. As an example, if
P(|hi;| > t) ~ ct™ 7, 2<a<4,
then the maximum among the order-n? independent entries is of scale n?/®. Since ||H|| > max;; |h;;|/+/7,

these entries force the norm to diverge on scale n?/*~1/2,

In the above discussion, in particular, in Theorem we have shown convergence of extreme
eigenvalues of a Wigner matrix H, which can be thought of as a version of the law of large num-
bers for the extreme eigenvalues of H. In the following, we discuss the concentration of extreme
eigenvalues around their means. These are concentration bounds, not a central limit theorem.

Before going into the optimal concentration of eigenvalues of H, let us first look at a more
straightforward concentration result that uses tools from Gaussian concentration.

Theorem 2.2.6 (Gaussian concentration inequality). Let F': R™ — R be a Lipschitz function, that
18,
|F(x) = F(y)| < Lllz — yll2 for all z,y € R"

and for some constant L > 0. Then for X = (X1, Xo,..., Xy) ~N(0, I, xn),

c
P(|F(X)-EF(X)| >t) <Cexp (7ﬁt2)
where the constants, C and ¢ are universal constants.

Now consider a n x n symmetric matrix A = ((a;;))i j=1,... ,n With eigenvalues \;(A) > A2(A) >
... > A(A). For 1 < i < n, by definition, A\;(A) is a function of {a;; : 1 < i < j < n}. For two
n X n symmetric matrices A and B, by Weyl’s inequality,

A(A) = \i(B)| < A - Bllssz < | A - Bllr (2:2.1)

where || - ||2—2 is the spectral norm and || - || ¢ is the Frobenius norm. By (2.2.1)) it can be seen that
Ai(A) is a Lipschitz function of {a;; : 1 <i < j <n}. Thus, for H = n='/?(h;;) with independent
hij ~ N(0,1) for ¢ < j and hj; = h;j, the Lipschitz constant in the independent entries is at most

v/2/n. Using Theorem we get,
P (|\;(H) — EX;(H)| > t) < Cexp (—cnt?)

Having established a concentration result for eigenvalues of the Wigner matrix H, we present an
informal version of the optimal concentration result in the following.

Theorem 2.2.7 (Eigenvalue rigidity I). Consider a Wigner matriz H satisfying the assumptions
of Theorem |2.2.1. For every fixed e,D > 0, for all sufficiently large n, with probability at least
1 —n~P, simultaneously for all intervals I C R,

<n®.

Z Lo (myery — n/psc(t) dt
=1 I

This is a standard high-probability formulation of the local semicircle law and rigidity. Sharper
logarithmic versions require corresponding sharper estimates; they are not proved here.
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Now, suppose Y1,Ys,---,Y, b Psc- Then the number of points falling in an interval I C [—2, 2]

is given by >_"" | 1{Y; € I'} having variance,

Var | Y 1{Y; € I}| =np(1 - p)

=1

where p = [} psc(t)dt. For a fixed interval with 0 < p < 1, we have np(1 — p) =< n and thus
>, 1{Y; € I} has fluctuations of order O(y/n). Thus independent points have fluctuations of
order y/n, much larger than n for ¢ < 1/2. This comparison illustrates the stronger rigidity of
eigenvalues; by itself it does not establish the optimal rate.

Note that Theorem [2.2.7] estimates the number of eigenvalues present in an interval between
[-2,2]. In the following, we show that Theorem can be used to estimate the eigenvalue.
Consider the upper-tail (i/n) quantiles of the semicircle distribution, that is, 2 =~y > v > -+ >
Yn = —2, defined by

% - / : pec(t)dt (2.2.2)

Then using the above relation and the local behaviour of ps, it is immediate that,

L@ = 2—m=(m)?P, 1<i<n/2
n

Now consider the interval [v;11,7:]. The area under the curve ps. in that interval is %, and hence
roughly speaking the length of the interval is given by,

1 1 1
T ) T VI 2R
The spacing estimate suggests a corresponding statement for individual eigenvalues. Control of

possible eigenvalues outside [—2,2] is also required; it does not follow from counts restricted to
intervals inside [—2, 2] alone.

Theorem 2.2.8 (Eigenvalue rigidity II). For every fized €, D > 0, for all sufficiently large n, with

probability at least 1 —n =P,

€

n
‘)‘z(H) —’Yz'| <

, = 1<i<n.
~ n2Bmin{i,n + 1 —i}/3 =

This is the standard rigidity theorem, quoted here without proof. In the bulk, a sharper statement
is available: for fired 0 < k < 1/2 and D > 0, there is C = C(k, D) such that

1
IP’( max  |A; — 7yl > ¢ ogn) <CcnP.
n

rkn<i<(l—k)n

This logarithmic bulk bound is Theorem 1.8(ii) of Bourgade, Lopatto, and Zeitouni, Optimal rigidity
and maximum of the characteristic polynomial of Wigner matrices (arXiv:2312.13335).
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Having discussed the concentration of eigenvalues, it is now natural to ask about the limiting
law of the same. If H is a GOE/GUE then we have the following limiting behavior of the largest
eigenvalue of H.

n?3 (A (H) —2) EEN TWjg (Tracy-Widom distribution)

where we have § = 1if H is a GOE and g = 2 if H is GUE. The same result holds true for Wigner
matrices as long as E|h;;|* < cc.
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2.3 Lecture 3: Marchenko-Pastur Distribution

We begin this lecture by defining and exploring properties of the Stieltjes transform.

Definition 2.3.1 (Stieltjes transform). Given a probability measure p on R, define its Stieltjes
transform S, : C\ supp(u) = C by

dp(z)
S = | ——. 2.3.1
o) = [ (231)
Example 2.3.2. For the semi-circle distribution with density given by
1
psc(z) = by 4—221(jz| < 2) (2.3.2)
s

the Stieltjes transform is given by

— 2 _
Spul)= ZEYEZE sec\ -2

Here the square root is the analytic branch on C\ [—2, 2] satisfying V22 — 4 ~ z at infinity, so
that S,,.(2) ~ —1/z.
Properties of Stieltjes transform

e Stieltjes transform as a generating function for moments

1 1 1 1 /i R
x—zz.i—lzg(z) :722"“‘1 for |z] > fz.

=0

Thus, if u is supported in [—R, R], the series converges absolutely for |z| > R, and we have

= [atdu . Expu[X7]
Sulz) == Sitl > Zz‘l+1 :
=0 =0

e Im(z) > 0 iff Im[S,,(2)] > 0.

To see this,

e One can recover y from S,(z).

For z=E +in, n >0,

%%sM(EHn):/W((x_E")HnQ) dp(x).

This is the density of u convolved with the centered Cauchy law of scale 7. Consequently
1
—SSu(E+in)dE = p - (n0).

This statement concerns measures; it does not assert pointwise convergence to a density when
1 has atoms.
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e For probability measures, {p,}72, — p weakly iff S, (z) — S, (z) for each z € C*.

Example 2.3.3 (Stieltjes transform continuity theorem). pu,, is a sequence of random prob-
ability measures and p is a deterministic probability measure. Then

fin — o weakly in probability /almost surely <= S,(z) —  S,(z) VzeC*

in p/ a.s.

For the almost-sure statement it suffices to first impose convergence on a countable dense set
of z € C*: the bound |S,(2)| < ($2)~! and analyticity then extend the limit to all z on one
event of probability one.

|
Next, consider a symmetric matrix A = OAOT where O is an orthogonal matrix, A = diag(\y, - -
such that A\ > --- > \,. Then,

(A—2)"'=(0A -2)0")'=0(A - 27107

and thus,
1
)\i —Z

1 1 1
ETr(Afz) :ETr(Afz) :E;

We know by Theorem that if H is a Wigner matrix of order n, then the empirical distribution
of its eigenvalues converges to ps.(z) in probability as n — co. Now, we also have,

—z+Vz22 -4

Sn(z) = %Tr(H — z)_l — S(z) = 5

Clearly S(z) satisfies S?(2) + 2S(z) + 1 = 0. Show that S2(2) + 2S,(2) + 1 = 0,(1).
Now, we shall deal with the empirical distribution of the eigenvalues of the sample covariance
matrix. Suppose X = n~'/2[X,..., X,], where the coordinates of the vectors X; € R? are i.i.d.

real random variables from a fixed distribution with mean zero and variance one. The matrix
XXT =p= 13" | X; X € RP*P has eigenvalues A\; > -+ \,,.

1
In the classical setting, as p is fixed when n — oo, we have, — > 1" | X; XTI — I,, and hence
n
1
- Zzi):l 6)\1' — 01.
p
Next we shall consider the high dimensional regime £ — A € (0, c0).

Theorem 2.3.4 (Marchenko-Pastur theorem). Under the preceding assumptions, when p/n —

A € (0,00), the empirical measure p~t>"Y_| 65, converges weakly in probability to pip- Define
A = (1£VN)? and prrp(z) = —WH{LQKM}. Then uy,p is defined as follows

(i) 0 <A< 1. Then dupyp(x) = ppp(z) de.
(i) A =1, then A =4, A\_ =0, and thus

dunrp 1 /4—x
dr (z) = VT Lio<a<ay
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(iii) A > 1. Then ppyp = (1 — X"1) + parp(x) dw. The continuous part already has mass 1/\.

Remark 2.3.5. It should be evident that when A > 1, there should exist a mass at 0 for the limiting
distribution. This is because, when A > 1, we have p > n, and there are at least p — n zero
eigenvalues. Their forced proportion tends to 1 — 1/X, which is the atom in the limit.

Next, we will recap some linear algebra facts and use them to prove Marchenko-Pastur Theorem.
Linear algebra facts
Consider X € RP*™ where p < n.

e Singular value decomposition (SVD). X has SVD of the form X = USVT, where U €
RP*P S € RPX" V € R™". Then XXT = U(SSTUT, XTX = V(STS)VT, which im-
plies that the eigenvalues of XX, denoted by {A1,..., A}, equal {s7,...,s2}. XTX has
these p eigenvalues and n — p additional zeros.

T
e Consider Y = [ OX g( ] € RPH+)x(+n) Tt has at least (n — p)-many zero eigenvalues, its

remaining eigenvalues, counted with multiplicity, are £s1, ..., £s, (some s; may also be zero).

From X = USVT, we have Xv; = s;u;, XTu; = s;v;. It follows YV [ Uzi } = s [ Zl ] and
K2 (2
S]]
U —U
e Schur complement formula.
[ A|B ]‘1 3 (A—BD='C)™! —(A-BD"'C)"'BD™
clD -D-'c(A-BD"'C)”" D '4+D'C(A-BD'C)” BD™

Assuming D and A — BD~'C are invertible, this formula computes the inverse of a large
matrix by inverting the smaller matrices D and A — BD~!C instead.

e Cauchy interlacing. Let A € R™*" be a symmetric matrix with eigenvalues Ay > ... > A,.
AW ¢ R=Dx(=1) 5 from A by removing i-th row and i-th column. Then A®) is symmetric
with eigenvalues py > ... > p,_1, which interlace with eigenvalues of A: A1 > g > Ao >
N2Z~~~2/14n71 ZAn

e Rank-1 perturbation. A is a symmetric matrix with eigenvalues A\; > ... > \,. Consider
the rank-1 perturbation: A 4+ vvT with eigenvalues w1 > ... > py. Then they are interlaced:
H1 = A1 2> 2 2> A 2> o0 2y > Ap.

Now, we will use the above facts in linear algebra to prove Marchenko-Pastur Theorem.

Proof of Theorem [2.5.] for sample covariance matriz. Instead of XX”, we study ¥ = [0 X"].
For z € CT let G(z) = (Y — 2I)~!. Schur complements give

(XTX/)z — 2I,)7 " *

Glz) = . (XXT/z - 2L,) |-
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Write 2; = X;/y/n for the i-th column of X, and let X @ be X with that column removed. Let Y
be Y with its i-th row and column removed, where 1 < ¢ < n indexes the first block. For i =1,

-z 0 a7
Y—2I=|0 —zl,, (XU)T
1 XM —zI,

Hence, writing GV = (Y1) — 21)~1,

Cu(z) = <—z — (0,27 Lf } > -

1
=(—z-— fol(z)xl)_l ,

~1
Ai(z) = (X<1>(X<1>)T 2 — zIp)
The key point is that 1 and A;(z) are independent, since A;(z) is computed from the other columns
ZT9,...,ZTn. This is the “leave-one-out” argument.
We will continue this proof in the next lecture. O]
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2.4 Lecture 4: Marchenko-Pastur Distribution Continued

Recalling our set-up, we have X = n_1/2(Xij)izl,...,p,jzl,.,.,n with the X;; iid with mean 0 and
variance 1. The sample covariance matrix is given by the p x p matrix X X7, with eigenvalues
denoted by A1 > Ay > --- > X,. For this section we initially assume p < n and p/n — A € (0, 1].
For the elementary fourth-moment concentration proof below, assume also ]E|Xij|8 < Mg < 0.
The finite-variance extension is explained after the proof.

The Stieltjes transform of the empirical eigenvalue distribution is

P

1 1 1 1
du, = = = -Tr(XXT —w) L.
/ =23 ( )

r—w AN —w
i=1 " p

We also have

I m(xTx —w) i =L zp: 1 _n-p
P p izl)\ifw w

because X7 X has the p eigenvalues of X X7 together with n — p additional zeros. Last lecture we
used Schur complements to find

1 —1

X (x) " -
Y -2)i=|-2—af <(z)z x1

which we need to evaluate the trace which gives us the Stieltjes transform of pu,. If we can find
(Y — 2)1" we can find (Y — z);Jl for j > 1 so we will focus on this case. Our move is to use the

independence of X and z; to allow us to use concentration inequalities.

Lemma 2.4.1. Let A € CP*P be deterministic and symmetric, and let X = p~'/2(Xy,..., X,)7,
where the real coordinates X; are independent, centered, of variance one, with E|X;|® < Mg. If
T 1
X AX ——-TrA|>¢ ) <

|A| < C, then
P
p

The statement also holds conditionally when A is random and independent of X .

)T

I

CrC4
p2€4 .

Proof of Lemma[2.4.1} Independence and unit variance give E[X7T AX] = p~! Tr A. Write

pPXTAX —Tr A=) Au(X?-1)+2) A XX,

i<j

Expanding the fourth absolute moment, independence eliminates terms with a coordinate occurring
only once. The remaining terms are bounded by the eighth-moment assumption and Cauchy—
Schwarz, giving

EjpXTAX — Tr A|* < Car, || Al 7 < Cor C*p.

For complex A, apply the real estimate to its real and imaginary parts and use |u+iv|* < 2(u*+v%).
This is also the ¢ = 4 quadratic-form bound in Lemma B.26 of Bai and Silverstein, Spectral Analysis
of Large Dimensional Random Matrices. Dividing by p* and applying Markov’s inequality proves
the claim. O
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Applying this result conditionally on X ), and recalling z; = n~*/2X;, we have
T 1
x; Ai(z)xi = ﬁ TI‘AZ'(Z) + O[p(l).

Fix z in the first quadrant and put w = 22 € C*. The matrix A;(z) is a block of a Hermitian
resolvent, so ||4;(2)]] < (3z)~!. The error is uniform over i < n: for example, the union bound
at tolerance n~'/8 has failure probability O(nfl/ 2) when p/n stays bounded away from zero and
infinity. Thus

Gilz) = (—z - %Tr Ai(2) + OP(1)> - . i<n,

uniformly in i. The imaginary part of z + 21 A;(2)z; is at least 3z, so taking inverses does not
amplify these fixed-z errors uncontrollably.
Next we want to write this in terms of X rather than X,

Claim 2.4.2. For fized w = 2> € C*,

1 1

z (=2 ) (x (T _ -
ST A(2) pTr<X (X @) w1p>

z _ |2
=X XT —wl) '+ 0 )
2O - wry) (p%w)

Indeed, XX = XO(XNT 4 2,27, Rank-one interlacing bounds the difference of the eigen-
value counting functions by one. Integration by parts against (z — w)~! gives a trace difference
bounded by [, |z — w|™? dz = m/Sw, proving the claim.

Denote ¢, = p/n and S, (w) = p~! Tr(XXT — wl,)~1. Then

1
g — ;< n.
Gu(z) —Z—ZCnSn(ZQ)-f—OP(l), TSN

On the other hand, the first diagonal block of G gives the exact identity

1 —1
- Z Gu(z) = %Tr(XTX — 2217 =, 28n (%) + an .
i=1

Averaging the preceding approximation, multiplying by z, and setting w = 22 yields

1
-1 — ¢, Sn(w) +op(1)”

cpwSp(w) + ¢, — 1=

Since | S, (w)| < (Sw)™!, we obtain
cnwSy (w)? 4+ (w + ¢ — 1)Sy(w) + 1 = op(1).

This equation alone must not be used to assume convergence. The resolvent bound makes the
family locally bounded and hence normal in C*. Also p™' Tr XX* = (np)~' >, X7, — 1 in
probability, which gives tightness of the empirical measures. Along any subsequence, extract a

further subsequence on which these bounds and the equation on a countable dense set hold almost
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surely. Every limiting Stieltjes transform is analytic, is the transform of a probability measure on

[0, 00), and solves
AwS(w)? 4 (w+ X — 1)S(w) +1 = 0.

The probability-measure normalization S(w) ~ —1/w at infinity selects the unique branch

S(w) = ~lwtA-D)+ ;/A(;” —A)w A V=2 (w—Ay) ~w.

Consequently S, (w) — S(w) in probability. Stieltjes inversion gives

1 A0 —a)
e —
17}\{% ﬂ_\fS(l' +in) 2T AL ’

A<z <A

For A < 1 this has total mass one. The same trace identities remain valid when p > n (now the
extra zeros are in XX7), so the same argument proves the result for A > 1; its atom at zero is
lim,, o(—in)S(in) =1 -1/

Finally, to retain only the stated finite-variance assumption, center and truncate the entries and
then normalize their variance as in Lecture 1. The inequality 3, (s;(X) — 5;(X))? < |X — X||3,
followed by Cauchy—Schwarz and the bounded mean squared singular values, makes the normalized
sum of |s;(X)?—s;(X)?| small in expectation as the truncation level tends to infinity. This transfers
weak convergence from the truncated matrices to the original matrices.

As a final detail, the preceding proof uses independent whitened coordinates, not merely the
covariance identity cov[X;] = I. In practice we might have cov[X;] = . In the following paragraph,
let X =[Xy,...,X,] and Z = [Zy,..., Z,] denote unnormalized data matrices, with X; = X1/27;
and the coordinates of Z; i.i.d., centered, and of variance one. Then

lXXT = 121/2227“21/2.
n n

Isotropy alone, without suitable assumptions on the coordinate dependence, is not enough for the
Marchenko—Pastur conclusion.

A similar moment method lets us study the empirical eigenvalue distribution of X X7 /n. Denote
the eigenvalues of ¥ by o1 > --- > 0, and those of XXT/n by Ay > -+ > A,

Theorem 2.4.3. Suppose p/n — X € (0,00), ¥ = X, is deterministic and positive semidefinite,
sup,, IX,]] < o0, and its empirical measure converges weakly to v. Under the preceding assumptions
on Z,

1 p
- Z5>\i — v R pjrp
i=1

weakly in probability, where B denotes free multiplicative convolution.



Chapter 3

Non-asymptotic Analysis

We begin by considering the problem of solving Az = b for A € R™"*?, If this is overconstrained then
there may not exist a solution so instead we will seek the z that is as close to solving the equation
as possible; that is, we solve argmin,||Axz — b|| for some norm. For the rest of this discussion we
will use the Lo norm but this could be done with a different norm if desired. Using the L; norm
would lead to a more robust solution but it is mathematically harder to work with.

Taking derivatives of the squared Euclidean objective, which has the same minimizers, we obtain
the normal equations AT Az = ATb which govern the critical points of this optimization. If A has
full column rank then & = (AT A)~1ATp.

Definition 3.0.1 (Condition number). For a matrix A, we define its condition number to be

SmaX(A)

524y where S; (A) denotes the jth singular value of A.

We have two main questions now:
1. What can we say about the condition number of A if A is a random matrix?

2. The time complexity of solving the normal equations is O(nd?). Can we find some faster
algorithm, perhaps if we are willing to sacrifice some accuracy? To be more precise, can we
find an z with [|[Az —b||, < (1+¢)||Az* —b||, (p = 1,2) for some small € > 0, and z* denoting
the true solution?

The latter question leads us to sketching. Let S € R™" for r < n (since n > d is the dominating
term in the time complexity) and compute A := SA and b := Sb. We can now solve

min ||SAz — Sb||; = min || Az — b2

in O(rd?) time. We want to understand when the solution to this problem will be close to z*.
The key idea that if .S is an isometry, so it preserves the distance from b to the column space of
A, denoted col(A), then we will get a good result.
If (1—e)|lyllz < I1Syll2 < (1 +¢)||y||2 for y € span(col[A,b]), then, as Ax —b € span(col[A, b)),
we will have
(1 —e)llAz = bljz < [[SAz — Sbl[2 < (1 +¢)[| Az — bl

for any z.

25
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If Z minimizes || SAz — Sb||2 then we have
- 1 -
142 = bl]2 < T—[[SAZ — 5b]l2

1
< ——||SAx™ — Sb||2
1—¢

<1+5
“1—¢

[|Az™ — b2

so we pay a price of order €.

To find such an S, we can note that (1 —¢)|lyllz < [|Syllz2 < (1 + ¢)]lyll2 is equivalent to a

condition on the singular values of S, but only over y in the column space of A and b which is a
weaker requirement. So let U € R"*4, ¢ = rank[A,b] < d + 1, have orthonormal columns spanning
this column space (which can be produced via Gram-Schmidt). Then y = Uv for some v and
lyll2 = ||v]l2 by the isometry of U.

This means (1 —e¢)|jv]|2 < [|SUv||l2 < (1+4¢)||v||2 and now v is unconstrained, so we can see that

if we find an S such that with probability 1 —

1—e<8min(SU) < Spax(SU) < 1+¢

then our required condition holds.

Theorem 3.0.2. Let A € RP*™ p < n, be a random matriz with A = [Ay, As, ..., A,] and A;
are independent sub-Gaussian vectors. Assume || A;|y, < k, E[A;] =0, and cov[A;] = I. Then for
t > 0, with probability at least 1 — 26’6”2, where c, Cr > 0 depend only on k, /n — Cp/p—t <
Smin(A) < Smax(A) < V/n+Cry/p+t

Note that unless n > p the lower bound here will be trivial. For i.i.d. centered unit-variance

entries, the corresponding extreme-eigenvalue theorem gives Siin(A4) & /1 — /D, Smax(A4) = /n +
/P with probability 1 — o(1). The theorem above gives better probability bounds.

Theorem 3.0.3. Let A € RP*" have independent centered entries with variance one and sup;; || Aijlly, <

K <oo. If 2 — X\ < 1, then with probability 1 — e™", cxy/n < Syin(A) < Smax(A4) < Cxy/n, with
0 < cx < Cy depending on A and the uniform sub-Gaussian bound.

Note that this gives a nontrivial lower bound even if n ~ p, and the singular values are bounded

above and below by positive constant multiples of y/n. They are relatively close to \/n when
p/n — 0.

We will continue with the proofs of the two theorems next time.

3.1 Lecture 5: Largest and Smallest Singular Values

Theorem 3.1.1. Let A € RP*™ p < n, be a random matriz with A = [Ay, As,..., Ay] and A;
are independent sub-Gaussian vectors. Assume || A;|y, < k, E[A;] =0, and cov[A;] = I. Then for
t > 0, with probability at least 1 — Qe_cktz, where ¢, Cy > 0 depend only on k, \/n — Cj\/p —t <
Smin(A) < Smax(A) < V/n+Cry/p+t

Definition and properties of sub-Gaussian random variables and sub-Gaussian vectors:
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Definition 3.1.2 (Sub-Gaussian random variable). A real random variable X is sub-Gaussian
if the first two conditions below hold for some positive constants. For centered X, the third is
equivalent as well:

+2
o P(|X|>t) <2 *

x2
o]E<e’“§>§2

o If E(X) =0, then E(e*¥) < k3>’

where ki, ko, k3 > 0 are constants; the tail bound is for all ¢ > 0, and the Gaussian moment-
generating bound is for all A € R.

With the second condition, we define the sub-Gaussian norm.

Definition 3.1.3 (Sub-Gaussian norm). Let || X||,, denote the sub-Gaussian norm of X defined

by
2
IX |y, = inf {t ~0:E (eXT) < 2} (3.1.1)
Lemma 3.1.4 (Sum of independent sub-Gaussian random variables). If Xy, Xo,...,X,, are inde-

pendent sub-Gaussian random variables with E(X;) = 0, then Y | X; is a sub-Gaussian random

variable and

n 2

DX

=1

<oy X2, (3.1.2)
P2 =1

where C is a constant.

We will prove this property using the third condition.
Proof of Lemma[5.1.7)

n
20y 112 L.
< H O 1 Xilly, (by condition 3)
_ O, X,

where C is constant. Then by condition 3, I, X; is sub-Gaussian and the square of the sub-
Gaussian norm is bounded by C' Y7 | ||Xz||12p2 O

Instead of using condition 3, we get the concentration inequality for sum of independent sub-
Gaussian random variables if we use condition 1.

Lemma 3.1.5 (concentration inequality for sum of independent sub-Gaussian random variables).
If X1,Xs,..., X, are independent sub-Gaussian random variables with E(X;) = 0, then

Ct?
> < —_—_—
P ( > t> < 2exp < 2?21 Xi%h) (3.1.3)

n

>

i=1
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Definition 3.1.6 (sub-Gaussian random vector). A random vector X € R™ is a sub-Gaussian
random vector if any linear combination of its coordinates is sub-Gaussian, and the sub-Gaussian
norm is defined as

[ X, = sup (X, a)]ly, (3.1.4)

I
\a 2:1

Example 3.1.7. If a random vector X = (X;, Xo,...,X,,), where X1,...,X,, are independent
centered sub-Gaussian random variables, and || X;||y, < k, k is constant, then

n
E a; X;
=11li=1

[ Xlly, = sup
lall=

P2

Take the square on both sides,

n
E a; X;
=11li=1

IX %, = sup
loll=

2

P2

n
< sup C’Z ||aiXi||12/}2 (by Lemma |3.1.4)

lall=1 55

n
= sup O a7 Xil3,

lall=1 =54
< CkK*
So the sub-Gaussian norm of X is bounded by Ck, where C' is an absolute constant.
Another related concept is sub-Exponential.

Definition 3.1.8 (sub-Exponential random variable). A real random variable X is sub-exponential
if the first two conditions below hold for some positive constants. For centered X, the third is
equivalent as well:

o P(IX|> 1) <277
X1
o E (6 k2 ) <2
e If E(X) =0, then E(e?¥) < gk§>\2’ for [\ < %
where ki, ko, k3 > 0 are constants, and the tail bound is for all ¢ > 0.

The sub-exponential norm is the infimum of the positive constants ko for which condition 2
holds.

Definition 3.1.9 (sub-Exponential norm). | X]||4, denotes the sub-Exponential norm of X, which
is defined by
1 Xlly, = inf {t > 0: E(e) < 2} (3.1.5)

The product of two sub-Gaussian random variables is sub-exponential; independence is not
needed.
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Claim 3.1.10. If X, Y are sub-Gaussian random variables, then XY is sub-exponential and the
sub-Exponential norm is bounded:

XY N < X o 1Y [ (3.1.6)
Indeed, | XY|/(ab) < X?/(2a2) + Y?/(20*) and Cauchy-Schwarz imply EelXY1/(@) < 2 for q >
| X g, and b> |||y, ; take infima.

Similarly, there is a concentration inequality for the sum of independent sub-Exponential random
variables, which is also known as the Bernstein inequality.

Theorem 3.1.11 (Bernstein inequality). If Xi,..., X, are independent sub-Ezponential random
variables with E(X;) = 0, then

g

To prove theorem we still need the concept of e-net.

Definition 3.1.12 (e-net). An e-net, denoted by N, is a collection of points on S"~! that for any
x € 8”1 there is y € N, such that ||z — y| <e.

Claim 3.1.13. There is N. such as [N.| < (1+ 2)"

Proof of Claim[3.1.13 Greedy algorithm to construct the e-net: pick one point, and keep adding
new points that the distance is greater than or equal to € with the previous points, until no more
points could be added. With the Greedy algorithm, we get a maximal e-separated set N, such that
for x,y € N, [[x — y|l2 > €. For x € N, put a ball with center x and radius §. Recall that the
volume of a radius r ball is

n

Sox

i=1

12 t

n 3
iz 1XGll5, fg?gnﬂXinl

(3.1.7)

> t) <2exp | —C min

vol(B,) = r" vol(By)

Sum of volumes of all radius § balls are bounded by the volume of the ball with radius 145, then

IN,| (%)nvol(Bl) <(1+ g)nvol(Bl)

2 n
N, < <1+>
€

Claim 3.1.14. max||Az| < ||4] < X max| Az||
€N, Ne

vol(B7) cancels out, which gives

1_€m€

Proof of Claim[3.1.13 ||A| = sup |Az| and then the lower bound follows trivially. For the
wesn—1

upper bound, suppose ||A|| = ||Az*|| with z* € S"~!, and assume 0 < € < 1. By the definition of
e-net, there is y € N, such that ||z* — y|| < e. Then
[ Al = [ Az~
= Ay + A@z" — )|

<[l Ay[ + [|A(z" — )|
< [lAyll + €[l A]
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Then, (1 — €)||Al| < | Ay| and [|A|| < X[l Ay]|. H

Claim 3.1.15. If A is symmetric and 0 < e < 1/2, ||A|| = sup |{(z,Az)| < ﬁm%ﬂ(x,AxH
resn—1 rENe

Proof of Claim[3.1.15 Choose z* € S"~! with |(z*, Az*)| = ||A|, and choose y € N, with ||z* —
y|| < e. Then

|(@*, Az™) — (y, Ay)| < (2" —y, Az™)[ + [(y, A(z" — y))|
< 2¢||All.

Thus (1 — 2¢)||A]| < |{y, Ay)|, proving the claim. O
Next we will prove Theorem [3.0.2] which is stated at the end of last lecture.

Proof of Theorem[3.0.3 Because A is p x n with p < n, its p singular values are controlled by AT
on RP:
Smax(A) = sup || ATz|, Swmin(A) = inf [|ATz].

zesp—1 reSp—1

Let Nyjy € SP71 be a 1/4-net of size at most 97. Then

|AAT — || <2 max |(x, (AAT — nI,)x)|.

1/4

For fixed x € SP71, set 2; = ATz, The z; are independent, Ez; = 0, E2? = 2TE[4;AT]x = 1, and
l|zillp < k. Hence ||22 — 1], < Ck?, and Bernstein’s inequality gives

2
IP’( >nu> < 2exp {—cnmin{;,;}].

Take § = Cjy/p/n +t/\/n and u = § max{4,6%}. With C, sufficiently large, a union bound and
the net estimate imply

n

SE-1)

=1

P (| AAT /n — L] > max{6,§}) < 2",
Here min{u?/k* u/k?} > c,02, and the C2p part of nd? absorbs plog9. On the complementary
event, |S;(A)?/n—1| < max{4,52}. If § < 1, taking square roots gives |S;(A)/v/n—1| < &;if § > 1,
the lower bound is trivial and v/1 + 42 < 1+ gives the upper bound. This proves the theorem. [

Theorem 3.1.16. Let A € RP*™ have independent centered entries with variance one and sup;; || Aij ||y,

K. Suppose p/n < X\ < 1, where X is fized. Then with probability 1 — e~ ",
C)\\/H S Smin(A) S Smax(A) S C)x\/rﬁ

where ¢y and C) are constants depending only on \ and K.

This theorem provides better control for the smallest singular value when p < n. We will start
the proof of this theorem in the next lecture.
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3.2 Lecture 6: Randomized Algorithms

Theorem 3.2.1. Let A be a p X n matrix with independent centered entries of variance one and
sup;; [|Aijlly, < K. If p/n <X <1, where \ is fized, then with probability at least 1 —e™",

C/\\/ﬁ < Smin(A) < Smax(A) < CA\/ﬁa

where ¢, cy,Cyx > 0 depend only on A\, K. The probability statement is for all sufficiently large n;
constants may be adjusted to cover smaller dimensions.

e The c-net
Lemma 3.2.2. For any 0 < ¢ < 1, there exists an e-net N. of SP~' such that

[Ne| < (1+2/¢)P.

Proof. The maximal separated-set and volume argument from the preceding lecture proves
this assertion; no assumption n > p is needed for the net itself. O

For a fixed unit vector X, write V; = AT X, where A; is the i-th column of A. Then EV? =1
and EV* < Ck. By the Paley—Zygmund inequality,

1

The indicators are independent, so a scalar Chernoff bound shows that, for constants ax, by >
0,

n
P(|ATX |2 < agv/n) =P (Z V2 < a§<n> < e bxm,
i=1
A union bound over a fixed-resolution net proves the lower singular-value bound when p/n is
sufficiently small. To treat every fixed A < 1, we need a better estimate on most vectors.

e The n-net

Let C denote the compressible set defined below, and put m = min{p, |e~2|}. The unit
vectors supported on at most m coordinates have an n-net M,, of size

Mol < (1) a2

For each support, use the sphere-net bound in that coordinate subspace, and then take the
union over supports. A unit vector within n of an m-sparse vector of norm at most one is
within 27 of an m-sparse unit vector, by normalizing that vector. Therefore M, is a 3n-net
for C.

The upper bound from the previous lecture gives an event £ = {||A|| < Ck+/n} with P(€°)
e~°K™ after adjusting constants. Fix n < ax/(6Ck). On &, if some X € C has [|[ATX||
ar+/n/2, then some Y € M, has |ATY]| < ax+/n. Thus

<
<

: T < < e CKN p m_—bgmn < —c/Kn
P()%réfCHA X|| _aK\/ﬁ/Q) <e + <m>(1+2/17) e <e

for sufficiently large n, when €, n are fixed. Indeed, m is then fixed and the logarithm of the
net size is O, ,(logn) = o(n).
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e Compressible and Incompressible Vectors

We decompose SP~! into two types of vectors. First fix > 0 as above; later choose £ < 1.

Definition 3.2.3. A vector X € SP~! is called compressible if it is within Euclidean distance
n of a vector of norm at most one supported on at most m = min{p, [e7?|} coordinates. It is
incompressible otherwise. Denote these sets by C and I, respectively.

In particular, if 37,y <. | X;|? < n?, then X is compressible: define

)};i: X, |Xz| > e,
O, |Xz| <e.

Then | X]| <1, |[X—X|? = D1 <e |X;|? < 2, and X is supported on at most m coordinates.
Consequently every X € I satisfies
S >

[ Xi|<e

The converse of this last implication is not needed. A maximal e-separated subset of I gives
a net No(I) C I with [No(I)| < (1+2/¢)P.

We will show the improved estimate, for fixed X € I and 0 < 7 < 1,

P(|ATX|| < 2Ckev/n) < C), e =™,

How this estimate completes the theorem. On &, approximating by N.(I) gives

P (inf AT X || < Ckev/n, 5)
Xel
<(1+ 2/5)1’07%’[(5(1_7)" < (SCW,T’K)”E(l_T)”_p.

Choose 7 = (1 = A)/2,s0 (1 —=7)n—p > (1 — A)n/2. Choosing ¢ > 0 sufficiently small,
depending only on A, K, 7, makes the last bound exponentially small. Combining this with
P(£¢) and the compressible-vector estimate proves the lower bound. The upper bound is
already included in &. O

We next establish the fixed-vector estimate used in this union bound.

Claim 3.2.4. For X € I and any fixzed L > 0,

supP(|(A4;, X) —u| < Le) < Cy 1 ke.
u€R
o Let V; = (A;, X). If 37| V2 < 4C%&%n, then at least [(1 — 7)n] indices satisfy |V;| <
2Cke/+/T. Independence and Claim therefore imply, after taking € small enough,

P (Z V2 < 4012(5%) < 2" (Cyyrice) 7

< énrfT’Kg(lfr)n.
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o This is precisely the estimate required by the union bound over N.(I). The factor =7
from the net is defeated by e(}=7)" because p/n<1l—r1.

Proof of Claim[3.2) Let A; = (a1,...,a,)T and X = (x1,...,7,)T. The central limit
heuristic suggests that sums with many small coefficients have Gaussian small-ball proba-
bilities. A quantitative statement, uniform in the center of the interval, is required here.

¢ For independent centered variables y; with variances O'JQ-, the Lyapunov condition
> j Ely; |#+0

2)146/2
(5,037

for some 0 > 0 is sufficient for the normalized sum to converge to N(0,1). It implies the
Lindeberg condition; these conditions are not identical.

—0

o The Berry-Esseen theorem, with v? = Ej 0]2- > 0, gives

Zj IE|yj|3
.

SltlpIP v*IZngt —-®(t)| <C ”

J

Since the standard Gaussian density is bounded, it follows for h > 0 that

Z]‘ E|yj‘3

h
sup P Zyj—u <h SC’;—&—C’ 3

J
Here ® is the standard Gaussian distribution function.

Decompose the sum as
p
E ajmj = E CLj(Ej —+ E a]‘(Ej.
j=1 |zj|<e |zj|>e

Condition on all variables in the second sum. This sum is now a fixed shift, and the first sum
has variance v? = ZI%ISE :E? > n?. Also

Z Elajz,|* < Cke Z :1:? = Cgev’.

|zj|<e |zj|<e

The preceding Berry—Esseen estimate, applied with h = Le, is at most Ck (L + 1)e/v <
Cy, L, kx€, uniformly in the conditioned shift. Averaging over that shift proves the claim. [

e Sub-Gaussian Random Variables

Let’s come back to the questions discussed at the beginning: What is the condition number
of a random matrix?

— For independent centered unit-variance sub-Gaussian entries with a uniform sub-Gaussian
bound, and p/n < A < 1, we have K(A) = Spax(A)/Smin(A) = Oz k(1) with probability
at least 1 — e~ ",
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— If p = n, then Spax(A) < /n with exponentially high probability, but the smallest

~

singular value is typically of order n='/2, not order \/n.

Theorem 3.2.5. Let A € R™*™ have independent centered unit-variance entries with sup;; HAij ||w2
K. Then, fore >0,
P(Smin(A) < en™Y?) < Cge + e K™,

This is the square-matrix least-singular-value theorem; its proof requires an additional small-
ball argument beyond the rectangular proof above.
Remark 3.2.6 (3.2.5). The scale n~'/2 is suggested by the Marchenko-Pastur density when
p=n:

1 /4—=z 1

—\ — ~—= 0).

27 x ™ (@4 0)
Heuristically, the first eigenvalue of AAT /n occurs when n fox pap(t) dt is of order one, namely
x < n~?; taking square roots gives Smin(A4) = n~1/2. The weak Marchenko—Pastur law
alone does not prove this microscopic conclusion. The theorem and the upper bound imply
K(A) = Op(n), meaning tightness of K(A)/n, not an exponentially high-probability bound
K(A) < Cn for a fixed C.

For the sketching algorithm, now let A € R"*¢ and b € R™. We wish to solve argmin,, || Az —
b||2-

1. Sample a random matrix S € R™*" with r < n.
2. Compute SA and Sb.

3. Solve the smaller problem (*):
Z € argmin,, ||[(SA)x — Sb||2.

For sufficiently small r, step (3) is cheap. Let U € R™*? have orthonormal columns spanning
col[A, b], where ¢ < d + 1. If S is an almost-isometry on this space, so that

(L =e)lloll < f[Svll < (X +e)fvll, v € collA,b],

then, writing z* € argmin_ [|Az — b||2,

~ 1 ~
1AZ = bll2 < 7—_[15A% — Sb]|2

IN

1 1+4+¢
— * < ——||Az* —bl|o.
T E||SAac Sb||2 < T €||Am bl|2

Equivalently, the sufficient condition ||(SU)T(SU) — I,]| < § < 1 controls the squared norms
and gives a residual factor /(1 +9)/(1 — ) = 1+ O(0) for small ¢.

Take S = r—1/28 , where S € R™™" has independent centered unit-variance entries with uni-
formly bounded sub-Gaussian norm. The rows of SU are independent isotropic sub-Gaussian
vectors. For r > Cx(d + 1)/6%, the preceding singular-value theorem, applied to (SU)T,
implies

I(SU)T(SU) — Ly <
with probability at least 1 — 2e~¢%(d+1) " after adjusting Cx. No additional division by r is
present: it is already included in the normalization of S.

<
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Theorem 3.2.7. For the preceding sub-Gaussian sketch, 0 < § < 1/2, and r > Cx(d+1)/5?,
the solution of (x) satisfies

| AT — blla < (1+ C8)l| Az — bl
with probability at least 1 — 2e—cx (d+1)

Remark 3.2.8. — A dense least-squares solve on the sketched problem costs O(rd?) =
O(d3/6?%) when r =< d/5°.
— A dense solve of the original problem costs O(nd?), assuming n > d.

There is a problem: dense multiplication to compute SA costs O(rnd), and computing Sb costs
O(rn). Thus the sketch is not automatically faster overall. There are different approaches:

— Take S sparse.

— Take S with a fast structured transform, such as a randomized Fourier or Hadamard
transform, so that SA is easier to compute.

e Sparse Randomized decomposition

We first define the one-nonzero-per-column sketch. Independently for each i € [n], choose
h(i) uniformly in [r] and a Rademacher sign o;, independent of all hashes, and set

Ski = il {n(i)=k}-

Let U € R™*? have orthonormal columns. For least squares, replace d by ¢ < d + 1 and use
a basis for col[A, b].

Theorem 3.2.9. Ifr > 2d%/(c6?), then ||(SU)T(SU) — I,|| < & with probability at least 1 —¢.
Forming SA and Sb costs O(nnz(A) +n), and the subsequent dense solve costs O(rd?), where
nnz(A) is the number of nonzero entries of A.

Remark 3.2.10 (3.2.9). — Forming the sketch takes input-sparsity time, not O(n) for an
arbitrary dense n x d matrix.

— This elementary argument requires order d? rows at fixed accuracy and failure probabil-
ity, rather than order d for a dense sub-Gaussian sketch.

Let’s set up the proof. Set X = (SU)T(SU) — I;. This matrix is symmetric, so
IX11% < X[ = Tr(X?).
Proof of Theorem[3.2.9. By Markov’s inequality,
P(|| X[ > ) < 6*E[X|[3-
To compute the entries, write U, for column a of U, and put X;(k) = L{s(;)=k}. Then

(ST)"(SU))ap = Y > 010 Xi(k) X (k) Ua (i) U (5)
k4,5
=S+ Y 010 Xi(k) X; (k) Ua (D) U (),

ki
since Y, X;(k) = 1 and (U,, Up) = dqp. The following claim gives E|| X ||%. < 2d?/r, hence the
required probability bound. O
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Claim 3.2.11. For all a,b, EX? < 2/r. Consequently ETr(X?) < 2d?/r. Higher moments
ETr(X?") can yield sharper estimates.

Proof of Claim[3.2.11. We can write

Xab =Y 0051 n(iy=n(5)) Ua())Us (5)-
i#j

After squaring, the expectation over the signs is zero unless the two ordered pairs are (i, 5), (4, 5)
or (i,7),(4,7). In either case the collision probability is 1/r.

— Case I: the contribution is
IS U620, = 2 (1= S Ua@200)? ).
"t " i

— Case II: the contribution is

S| =

1 , . . ) , .
T > Ua(D)Us(i)Ua(§)Us(5) = (m -3 Ua<z>2Ub(z>2> :
i#j i
Adding these contributions gives
Ex2 — (144 b= 2 Ua(i)’Up(i)? | < 2
ab r a : a =

7

Summing over a, b proves the claim. O

Matrix Inequality

More generally, a sparse embedding can have ¢ nonzeros per column, each equal to an inde-
pendent sign divided by v/¢. One useful construction divides the r rows into ¢ equal blocks
and, independently in each block and column, chooses one uniformly random row and a sign.
Thus S, (i) = 04; Xa(i)/V/t, where X, has exactly one entry equal to one in each block and
all others zero; in particular | X,/v¢| = 1.

Theorem 3.2.12 (Sparse subspace embedding; Cohen). For fized U € R™*¢ with UTU = I,
and 0 < g,0 < 1/2, there are choices

(), 1-o(w44)

2

for the preceding sparse construction such that ||(SU)T (SU) — 14| < e with probability at least
1 — 6. The constants and integer roundings are chosen sufficiently large, with t dividing r.

This sharper result uses matrix trace inequalities; see M. Cohen, Nearly Tight Oblivious
Subspace Embeddings by Trace Inequalities (SODA 2016). The sparsity parameter here is ¢
throughout; a further tradeoff parameter would require a separately specified construction
and theorem. We will continue this topic in the next class.
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3.3 Lecture 7: Matrix Concentration Inequality

Reminder:
e Suppose U € R™*(@+1) i an orthonormal basis for the span of the columns of [A b].

e For the sketching algorithm we want to construct a matrix S € R"*" such that with probability
at least 1 — O(1) (over the draw of .S) it holds:

I(SU)(SU) 1|l <6
Or equivalently,
|UT(STS)U —1I| <4
| —
X

Last time we bounded this norm using the inequality:
X% < Tr X*

(we proved for [ = 1 but we can extend it for higher-order moments as we did in the previous
lectures).

In this lecture, we will prove another way to control this norm by bounding the exponential function

of the eigenvalues using, for 6 > 0,
Pmax (X) < Ty o0X

First, observe that X e R(U+Dx(@+D) g o symmetric matrix. We know that every symmetric
matrix A € R??, is diagonalizable, with real eigenvalues and a full set of orthogonal eigenvectors.
The eigenvalue decomposition of A can be written as:

A=UAU",

where A = diag(A1,- -+, Ag) is its diagonal matrix of eigenvalues and U the orthogonal matrix of
its eigenvectors.

If f: R — R is a polynomial function (or more generally has a power series convergent on
a disk containing the spectrum) then we can define (by overloading the notation) the function
f: R¥xd 5 RIXd by substituting 2 with a matrix A € R??. Then, in our case,

f(A) =UfFMU?

In particular, for f(z) = e” = Y p- ) 42" we define the matrix exponential f(X) = e¥ =

o X" and in our case this specializes to:

f(6A) = Udiag(ew‘l, e 769’\d)U*

Also, we define a partial ordering in the set of symmetric matrices. In particular, we have:
A X B iff B — A is symmetric positive semi-definite matrix. Then it holds that

e if A< B as. then E[A] < E[B].
e if f < gon R then f(4) X g(A).
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Theorem 3.3.1 (Matrix Chernoff Bound (Tropp)). Let Ay, ..., A, be independent random positive
semidefinite d x d matrices with EY , A; = Iq and ||A;|| < a almost surely, where a > 0. For
0 < € < 1, with probability at least 1 — 2d exp(—€?/(3a)),

=1

Remark: What makes the matrix bounds more difficult than the scalar case is the non-
commutativity of matrix multiplication, which in turn leads to eX+Y # eXeY .

<e.

Application 1: Before the proof, we give an application. Consider independent X; ~ N(0, I,
with sample covariance n=' Y, X;XI. For A; = n 'X;X], we have |4 = || X;||*/n and
E>, A; = I,. However, Gaussian vectors are unbounded, so the almost-sure hypothesis || A4;|| < a
cannot be imposed directly.

Here is the required truncation. Fix 0 < ¢ < 1 and take L = C'(p+log(n/q)) with C sufficiently
large. Gaussian norm tails imply

P(max || X;[|* > L) <q/2,  ar:=p B[ X1 " Lyx, 2<ry) = 1 - q/(2n).
The matrices B; = (nap) ' X; X[ 1y, 2<ry remain independent, satisfy EY", B; = I, by rota-

tional invariance, and obey ||B;|| < L/(nar). Applying Chernoff and then restoring the discarded
event shows, with probability at least 1 — ¢, that

%inxfffp < c\/(p+10g(”/Q))1og(4p/q) L

n 2n’

provided the displayed square-root term is less than a sufficiently small constant (otherwise this
small-deviation application gives no useful bound). Remark: When p dominates log(n/q), this
general matrix bound loses a square-root logarithmic factor relative to the sharp Gaussian covariance
scale \/p/n; it is not a sharp Marchenko—Pastur edge estimate.

Application 2: Another application is in our sketching algorithm. By denoting the rows of U
by u; i.e.:

—U1—
—Ug—

— Uy —
we can write:
UT(STSU =Y (S78)iju] u;
— ————
which can be understood as a sum of n? random matrices. They are not independent, and the
off-diagonal summands are generally neither symmetric nor positive semidefinite. Thus this expan-

sion is not directly an application of Matrix Chernoff. Sparse-embedding proofs require additional
decoupling and matrix moment or trace estimates, together with control of the diagonal terms.

To prove the theorem we will use the Lemma:
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Lemma 3.3.2. (Lieb Theorem) If H € R¥*< js a symmetric matriz, then the map
RI* 5 A s Treltlos4

is a concave function on the space of positive definite matrices.

What we need from Lieb Theorem is the fact that since the map f(A) is concave, it holds that:
E[f(A)] < f(E[A]). Now, for a random symmetric matrix X, the matrix e* is positive definite;
assume the required exponential moments are finite. What we need is to bound the trace of this
exponential matrix. We have:

Ex[Tref™X] = IEX[TreH“OgeX] < Trexp(H + log E[e™])

Proof. We will prove that: PAmax(D 1, A;) > 14€] < dexp(—€?/(3a)). We also give the lower-tail
bound at the end of the proof.

Pmax (Y | Ai) > ] < P[Tref 2z 40 > e8] < e E[Tr e 2im A1]

=1

For the upper tail take # > 0. Conditioning on Aj,...,A,_1, independence and the preceding
concavity bound, with H = 0 Z?:_ll A, X = 0A, give:

E[Tr e 2 Ai] < E[Tr eH-s-loglE[eeA"]]

and applying the inequality recursively to the remaining terms in the sum Z;:ll A; we get the
upper bound:

= Trexp Z log E[ef4]

i=1

Trexp Z log E[e?4]

i=1

<E

Since, each A; is symmetric and positive semidefinite with ||A4;]] < a we have: 0 5 A4; < al.
Moreover, the function f(x) = e® is convex which implies that for all z € [0, a] we have:

which implies:

0a_1
E[eOAi] 41_’_ €

i) < o ()

where in the last inequality we used 1 4+ = < e®. To use this inequality, note that the matrix
logarithm is operator monotone on positive definite matrices, and B +— Tre®? is monotone in

a
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the positive-semidefinite order (by eigenvalue monotonicity). The matrix exponential itself is not
operator monotone. Therefore:

n n Oa __ n fa __
Tr epologE[eMi] < Trepologexp (e 1E[AZ-]> = TreXpZ (e IE[AZ-])
a
i=1

a
i=1 i=1

Oa n fa fa
-1 -1 -1
=Trexp ¢ , ( E IE[AA) = Trexp ¢ , I;=dexp €
i=1

a

By putting this bound on the expectation back to the total bound we get:

n fa

PAmax (Y Ai) > ] < e (dexp ——

1 fa _q
¢ ) = dexp (e 9t>
=1 a a

The upper-tail inequality above holds for every # > 0. To make it as tight as possible we get that
f that minimizes the bound. If we take the derivative equal to zero this happens for 6 such that

e%® = ¢ from which we get:
( tlnt—t+1>
dexp | ———

a

Fort=1+eand0<e<1, (14¢)log(l+e€)—e > e2/3, giving the upper-tail bound de~< /(39), For
the lower tail take 0 < 0. If Apin(D; Ai) < 1—¢, then Tr ef2iAi > ¢0(1=€)  The same convex chord
bound on [0,a] and the same trace-mgf argument apply for negative 6. Taking § = a~!log(1 — ¢)

gives
P ()\min(ZAi) <1- 6) < dexp [_e +(1—€)log(1 — e)} < do-lom

a

The union bound proves the stated two-sided estimate. O



Chapter 4

Spiked Matrix Models

4.1 Lecture 7: Spiked Matrix Model I

Definition 4.1.1. The spiked matrix model is defined as follows:
Y = Bup’ + X (4.1.1)

where p is a deterministic unit vector, independent of the noise, and g > 0 is sometimes called
the signal-to-noise ratio. In the theorem below, take X to be the normalized Gaussian orthogonal
ensemble: its independent upper-triangular entries have X;;, ~ N(0,2/n) and X;; ~ N(0,1/n) for
i <j.

Theorem 4.1.2 (BBP phase transition). Denote the largest eigenvalue of Y by A, and take § fized
as n — o0o. There is a phase transition:

o IfB <1, then A\ — 2 and n?/3(\ —2) converges in distribution to the GOE Tracy-Widom law
(no separated outlier).

o If 3 >1, then A — B+ 1/, with Gaussian fluctuations on scale n~4/2,
Denote [i the normalized eigenvector associated with .

o If B <1, then |{u, i)|*> — 0

o IfB>1, then |(u,@)|* - 1—1/32

The case B =1 has a critical deformed edge law and is not covered by the two fluctuation statements
above.

The argument below proves the limiting locations and eigenvector overlaps; the Tracy—Widom
and Gaussian fluctuation statements are quoted as part of the BBP theorem. The location and
overlap limits extend to suitable non-Gaussian Wigner matrices, but Gaussian outlier fluctuations
need not hold for an arbitrary localized spike and non-Gaussian entries.

Proof. Because X is a Wigner matrix, without the signal, eigenvalues of X are in [-2 — €,2 + €]
with high probability 1 — —5.

41
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The eigenvalues of Y are roots of the characteristic polynomial
det(z —Y) = det(z — Bup” — X) =0 *

Detecting outlier is equivalent to ask, are there z ¢ [—2 — ¢,2 + ¢] such that () holds.
For z ¢ [-2 — €,2 4+ €], z — X is invertible,

det(z — Bup” — X) =det((z — X) — Bz — X)(z — X)L up”)
=det(z — X) det(I — f(z = X) " up”)
=0 (4.1.2)

> det(I - Bz — X) " ") =det(I + B(X — 2) ") = 0 ()

Fact: det(l,, + ABT) = det(l,, + BT A) where A, B € R"*"
Proof of the fact:

o If n=r and det A # 0.
det(I,, + ABT)det(A) = det(A + ABT A) = det(A) det(I,, + BT A)
If det A = 0, take a sequence Ap — A entrywise with det Ay # 0

o If r <n.

~ ~ -,

o ~ ~ T
ABT — ABT. BTA— {B A O}

0 0
det(I,, + ABT) = det(I,, + ABT) = det(I,, + BT A) = det(I, + BT A)
The case r > n follows by interchanging the two sides. We can rewrite (xx) as

det(I + B(X —2) " tpp®) =1+ Bp" (X —2)"'p =0

For 8 > 0, locating a separated outlier therefore becomes the question:
p'(X —2)tp=—=. (***)

(X — 2)7! = G(2) is the Green’s function of the matrix.

psc(m)dx _ —z+ V22 —4
2

r—z

LTEG(E) = () = [

in probability, locally uniformly away from [—2, 2].
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Theorem 4.1.3. For any fized deterministic unit vector p, and fized € > 0,
pH(X = 2D) " = me(2) + op(1)
locally uniformly for z ¢ [-2 —€,2 + €.

Proof in the Gaussian case. The GOE is invariant under orthogonal conjugation: X LyXVT for
every deterministic orthogonal V. We must also establish concentration; invariance alone is not
enough. Conditional on the eigenvalues, the eigenvectors form a Haar orthogonal basis independent
of those eigenvalues. Thus the coordinates of 4 in this basis have the law of a uniform ¢ € S,
and

i~ 4
M‘TG(Z)M = Z )\ ! *
T j T2
j=1
Using E¢; = 1/n and E(¢7q3) = (14 21;—;3)/(n(n + 2)), the conditional mean equals n~" Tr G(z)
and, when dist(z,{\;}) > a > 0, its conditional variance is at most 2/((n + 2)a?). The semicircle
law and || X || — 2 then give the claimed pointwise convergence in probability. A finite grid and the
bound ||G'(2)|| < a2 give local uniform convergence.
Equivalently, the diagonal case u = e; extends to any deterministic u by taking Ve; = u:

(e, (X —2I)ey) 4 les, VIXV — 2I)7tey)
= (e, VI(X — 2I)"Vey) = (u, (X — 2I) " p).
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4.2 Lecture 8: Spiked Matrix Model 11

(proof continued). Write uw = p and @ = fi. On z € (2, 00), the range of my.(z) = (—z+ V22 —4)/2
is (—=1,0). Thus the equation
u (X — 20 tu = . +0(1)
B

has a solution that stays a fixed positive distance above 2 with probability tending to one if and
only if 8 > 1. Indeed, u? (X — zI)~'u is increasing on z > A\;(X); local uniform convergence and
a sign change around the limiting root give existence and uniqueness of the separated root. For
B < 1 there is no such root; interlacing and A;(X) — 2 then imply A(Y) — 2. A finite-n root
just above A1 (X) can still exist below threshold, so it is the separation from the bulk, not merely
existence of a root, that distinguishes the two regimes. Also, solving

“A+ VA2 -4 1
— = ——+40(1)
2 B
in A we have A = 8+ 1/8 + o(1), as desired.
For the eigenvector overlap, first consider 5 > 1. For this case, with A = A;(Y") (top eigenvalue
of Y) by definition we have

after choosing the sign of 1, since it is proportional to (A — X)~!u and has unit norm. Thus

(0, ) = u* (M — X)"lu
IO = X) 7t

where u* (A — X)"1u = —my.(\) +0(1) = 1/8+0(1) from the results above and ||(A — X))~ ul|? =
u*(M — X)~2u. Note that 2 (A — 2I)~1 = (A — 2I)~2 since

2(A —2zI)7! = lim (A—(z+t))' —(A—2I)!

0z t—0 t
. -1 . -1
g A GO A
t—0 t

Local uniform analytic convergence of the resolvent away from the spectrum also gives convergence
of its derivative, including at the random outlier A — 5+ 1/8. Thus

WO = X) "2 = mly () + o1) = —= A

+————t0(1) =
3 o= W

1
ﬁ + 0(1)

implying that
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in probability. For 0 < 8 < 1, choose 8 < 8/ < 1 and write L, (b) = A1 (X +buu’). This is a convex
function of b. Since the top eigenvalue is simple almost surely at each fixed b in the GOE setting,
the Hellmann-Feynman formula gives L, (3) = |(u, @)|?. Convexity yields

Ln(B') — Ln(B)
B —-p

because both eigenvalues tend to 2. This completes the location and overlap claims. O

0 < [{u,a)* < — 0,

The BBP phase transition tells us that with spectral algorithm, we can (asymptotically) know
whether there exists a spike if the signal-to-noise ratio 3 is larger than 1. Then, a natural question is
to ask whether we can do better (in a lower signal-to-noise ratio regime) with some other algorithms.
We will show under certain priors on the signal, consistent detection below the spectral threshold
is impossible. This does not rule out tests with a nonvanishing advantage over random guessing.

Also, now we formulate the problem as a detection problem, meaning that we would like to
detect whether there is a signal (alternative hypothesis) or not (null hypothesis).

Definition 4.2.1. Let P,,Q,, be probability measures on measurable spaces (9, F,) for each
n € N. Then Q,, is contiguous with respect to P,, (denoted as Q,, <P, if

lim P,(A4,) =0= lim Q,(4,)=0
n—oo

n— oo

for every sequence of measurable events A, € F,.
The concept of contiguity is important for hypothesis testing, as shown by the following theorem.
Theorem 4.2.2. If Q, <P, then there exists no test such that
P(Type I error) + P(Type II error) — 0
as n — oo.
Proof. Let A, be the rejection region of the test. Assuming the contrary, we have
Po(An) + Qu(AS) = 0

implying P,(A,) — 0. Then by contiguity, we have Q,(A,) — 0 and thus Q,(A%) — 1, a
contradiction. O

In general, it is difficult to show contiguity directly. Instead, we can use the following second
moment method.

Lemma 4.2.3 (Second moment method). Let P,,,Q,, be probability measures with Q,, < P,,. If

dQn,
dP,,

Ep, ( )2 < C foralln € N

for some finite constant C' independent of n then Q, <P,.
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Proof. Let A,, be any sequence such that P, (A,) — 0. Then

Q) = [ 14,00, = [ 1An%dm

< P (A4,) (B, (20

< CV2P,(A,)Y% =0

The argument is unchanged by conditioning on an event whose probability tends to one:

Lemma 4.2.4. Let W, be such that Q,(W,) =1—o(1) and define

oA Qn( N Wn)
&) ="g, (%)
Then Q,, <Q,, and Q,, < Q,,. If
]E[pn(dQn)2 < C foralln e N

P,
for some finite constant C' independent of n then Q, <P,, which implies Q,, <P,,.

Given such definitions, we now consider

1

=7
1

Q,:Y =Xzz? + — W,z ~ X,,W ~ GOE(n) are independent
n

NG

where ||z||2 — 1 in probability. Here W is the unnormalized GOE, with off-diagonal variance one
and diagonal variance two, and A\ > 0 is fixed. In other words, we consider the signal detection as
a hypothesis testing. Here are some examples for the prior.

Example 4.2.5. X, = N(0,11,)

P,:Y W, W ~ GOE(n)

Example 4.2.6. X, = {(z1,...,z,) : z; " Uniform(+n~—1/2)}
Example 4.2.7. X, = Uniform(S"~1)

Using second moment method, we show that with such priors we cannot do better than the
spectral algorithm. The following result shows that for ¢ = 1 (which hold for the three priors
above), if A < 1 then no test can distinguish between the two hypotheses with vanishing error.

Theorem 4.2.8. Suppose ||z|2 — 1 in probability and X, is centered and o2 /n-sub-Gaussian in
the moment-generating-function sense:

24211112
Eet(v®) < exp ((72||v||) , teR, wveR"™
n

If0< A< 1/o, then Q, <P,.
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Proof. We first calculate the likelihood-ratio second moment, allowing its value to be infinite, and

then apply the identity to a truncated prior. Consider E]pn((d;%" )2. From

1 n o 1 n T

]

4Q, = By, exp(~ (Y — daaT) (Y — AaaT)T)dY

(dY is Lebesgue measure on the independent upper-triangular entries, and Z' = Z because trans-
lation does not change the normalizing constant) we have

dQ,, A A2
d%n =E;x, exp(%tr(Y:vxT) - nTtr(xxT:mT))
and thus
dQ,, A A2
Br, (T20)7 = By wp, Eurn, exp( (Y (207 +0'2™)) — "2 tx(aaaa” + a2 Tala'™))
where

A
Ey~p, exp(%tr(Y(xxT +2'2'T)))

— / exp(%)\tr(Y(xxT + x'x'T)))% exp(—gtr(YYT))dY

2

- / % exp(—%tr((Y — Mz +22T) (Y = MNazz? + 2'2'7)T))dy exp(%tr((me +2'2'T)?))

2
= exp(%tr((a:a:T + 2'2'T)%))

and thus

dQn 5 _ nx’® T, 1 0TV nx’?
ap, ) =Eganx, exp(Ttr(2xm ') =Eppn, exp(T

Eg, ( (z,2')?)

According to the second moment method, we should bound this value.
Claim 4.2.9. If (x,2') is %—sub—Gaussian then for A < 1/o,

Ee™3 (@.0')?
1s bounded.

Proof. The case A = 0 is immediate. For A > 0, by the sub-Gaussian condition,

2

P(|(z,2')| > ) < 2¢7 507
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and thus
ni2 N2 o0 ni2 "2
Fe™2 (@27 :/ P(e™2 @20 > u)du
0
o 2logu
=1 P N> d
+ [ Bl > 2
§1—|—2/ e~ B dy,
1
:1+2/ U_ﬁdu<oo
1
if X>1ex<i O

The independent Gaussian prior does not make the unconditioned overlap of two Gaussian
vectors globally sub-Gaussian, so truncation is essential for that example. Given A < 1/0, fix 6 > 0
such that A < ﬁ and let W,, = {z : ||z|| < 14 6}. Also, let X, be the conditional law of X,, on
W.,,. Then for

~ 1
Y =zl + —W
Qn + 7
where the only difference is  ~ X,,, put ¢, = X,,(W,) — 1. The total variation distance between
the two data laws is at most 1 — g, by coupling the latent priors and using the same noise. Thus
they are mutually contiguous; this conclusion does not require W,, to be observable from Y. Also,

d@n nAZ 1 22
Epn,(dP )2 :Ex,aj’w?ene ;\ (e

2
_q nA2 (5 p7)2
S qn Em’w)?n]EwNXne 2 < !

where conditioning on z' ~ X, (z,2') is ”2(1J5)2—Sub—Gaussian. From A\ < ﬁ, with the
n 2 /
corresponding bound 0 < C' < 0o on Exwxne%@@ )* we have
dQ _
p(gp)" <0 By, C = Clan = O(1)
n
which proves that Epn(‘;g: )2 is bounded. Thus by the second moment method, Q, <P,,. O
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4.3 Lecture 9: Spiked Tensor Model

Consider 3-tensor (Zijk)lgignl,lgjgng,lgkgng € RMxnexns, Similarly, we can define [ank] S
R™>* X"k Tt is interesting to study the “low rank tensor” plus noise model

K
Zﬂﬂ}i Qui®uv+Z, v €R",
i=1

where {vi}le is an orthonormal family and Z is a noise tensor. An illuminating example is the
recovery of the multi-dimensional Gaussian mixture model. Suppose X € R? has distribution
Zle w; N (pi,0214), with w; > 0 and Y, w; = 1. Suppose P[h = i) = w;,1 < i < k. Conditionally
on h, X ~ N(pun,0?1,); equivalently, X = uj, + 2, where Z ~ N(0,021;) is independent of h. Given
the observation X1, ..., X,,, we have to estimate {w;, u;}¥_;, 02. Consider the following moments.
k _
L E[X] = E[pp] = 32_ wipi = &
k _ _
2. E[(X —E[X)(XT —E[X )] = 0?Lq + 32, wilps — @) (s — 1)"
3. BXXT) =02l = Y5 wipip] = Mo;

4. The noise-corrected third moment is
d
M =E[X®*| -0 (A®e;®@e;j+e; QL@ e; +¢; @ ¢; @ fi)
=1

k
— § ®3
i=1

This follows by expanding (u + Z)®3: terms with one or three Gaussian factors vanish, and
terms with two factors give the displayed correction.

If k < d, the between-component covariance has rank at most k—1, so o2 is the smallest population

covariance eigenvalue. Now suppose k = d and the means uq, ..., uq are linearly independent, so
M,y is invertible. Define v; := ./wngl/zpi. Therefore vq,...,vq are orthonormal vectors. We
write V = [v1,...,v4] and

k
vV = E v,
i=1

k
= vaiM{l/QuiuiTMil/vai
i=1

=1.
Thus

k
—1/2 —1/2 —1/2 —1/2 —1/2 —1/2
Ma(My 2, My V2 My ) =N My P g @ My P @ My P
=1

k
—-1/2
= E w; /U¢®’Ui®’ui
i=1
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~1/2

from which an orthogonal tensor decomposition recovers v;, w;, up to permutation (choosing

signs so the coefficients are positive). Then p; = w; -1/ 21\421 / 2’Ui. We define the operator norm for

the tensor X

|X]lop = sup (X,uP @---@u®)
i) =1

where (X,Y) = > X;,...;, Y5, ...i, for X,Y to be two tensors. We say a tensor X to be symmetric
if for any permutation 7™ € Gk such that X;,..;, = = Xi () iniy- Under symmetry, we can write
[ X|lop = supjy=1 [{(X,u® - ®@u)|. To find the individual w;,v;, an orthogonal CP decomposition
is needed. Tucker’s decomposition identifies multilinear subspaces and a core tensor, and can be
useful as a preliminary dimension reduction; it does not by itself identify the individual components.
For X € Rmxm2xns x — T x (UM U U®)) where

1. T € R™*"2%7s ig the core tensor;
2. UM e Rmxm () ¢ Rr2xm2 7(3) ¢ R"3%7s have orthonormal columns.

Then we can write

_ U@ e
111213_ 7172]3 zlgl 12]2 1373 "

J1,J2,78

To obtain the U matrix for example, we unfold the tensor X into a n1-by-(ne X ng) matrix and
compute the singular value decomposition so that the left singular matrix is U"). The following
identity holds when each U") spans the full column space of the corresponding unfolding. For
truncated ranks it is an approximation unless the tensor has those multilinear ranks:
X=X x (OUDOUNT, u@D@WwT uBwtHT)
= X x (U))@)) x 00,0, U
—T x (U(l), U(2)’ U(?’)).

Next we consider the rank 1 spiked tensor model. First, similar to the spiked matrix case, it
can be divided into two cases:

e (Symmetric)
X=0/RuvR - -Qu+Z,

where ||v|| =1 and 8 > 0. To fix the normalization for the constants below, let
\/ Y GT, Gy iid N(O,1),
TrEGk
where GT, ;= Gi_ . i, Thus entries with distinct indices have variance 1/(n(k —

1)1), while repeated indices have the variances imposed by symmetrization. In particular,
E[Z(u,...,u)Z(v,...,v)] = (k/n)(u,v)* for unit u,v. This is the convention in Montanari
and Richard, 4 statistical model for tensor PCA (2014).
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e (Asymmetric)
X=01@u®- - Qu,+ Z,

where the entries of Z are independent N (0,1/n), and [jv;| = 1.

For the symmetric case, the maximum likelihood estimator is written as
- k
fmr, € argmax|,| =1 {B(u, v)* + Z(u,u,... ,u)} .

Claim 4.3.1. There exists pui = Vklogk(1 + ox(1)) for large k, such that, almost surely for the
preceding symmetric Gaussian model,

Jim 2]y = o (for k is cven),
limsup || Z]|op < pi (for k is odd).
n—oo
Combining this proposition, we have the following theorem for the maximum likelihood estima-
tor:

Theorem 4.3.2. If 3 > uy, then for every fived § > 0, with probability tending to one, |{firr, v) ¥ >
1- 2“%6 for large n.

Proof. By definition,

5<’U7ﬂML>k+Z(ﬂML7"' JﬂML) ZB+Z(va 71})7

which gives

Z(HML7"'aMML)_Z(U7'”7U)21_2||ZH0P21_2/’“€+6
g B 5
with probability tending to one. The displayed bound is nontrivial when g > 2uy 4+ 6. To obtain

a nontrivial guarantee for every 8 > uy, use additionally Z(v,...,v) ~ N(0,k/n) = op(1), with v
deterministic or independent of Z. The same comparison then gives the stronger bound

(v, fina)* > 1 =

. +4
(v, )| > 1 — B2

with probability tending to one. O

Note that when k& > 3, the argmax function above is nonconvex. Under the worst case, this
question is NP hard. For randomly initialized tensor power iteration, n(*=2)/2 is a signal-strength
scale appearing in more refined analyses and heuristics; this is not a guarantee for an arbitrary
gradient-descent scheme. The result depends on the noise convention, initialization, iteration rule,
and possible logarithmic factors.

To improve this rate, we introduce the method of tensor unfolding when £ = 3. Unfold the
tensor v ® v ® v € R™™X™ to a matrix in R™*"° by merging the last two dimensions. Similarly,
the tensor Z € R™*"*™ is unfolded to a matrix Z € R"*"*. For the asymmetric independent-entry
noise model, one can use the BBP transition for long matrices. Symmetric tensor noise produces
dependencies after unfolding, so the following independent-entry theorem cannot be applied to it
directly.
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Proposition 4.3.3 (BBP transition for long matrix). Consider the matriz
BouT + W e R™™ n<m <n.

Assume v,u are deterministic unit vectors, W has independent identically distributed centered en-
tries of variance 1/n with E|\/nW;;|7 < C, for every fized q, and l is fived. Let ¢ = \/m/n and
B = XM/®, with X\ > 0 fized. Let 51 be the largest singular value and vy the corresponding left singular
vector. The following asymptotic profiles hold in probability (Ben Arous, D. Huang, and J. Huang,
Long Random Matrices and Tensor Unfolding):

1. A>1, s1=+/>+ AN+ A2+ 1+o0p(1), |<vl,v>|%,/$)}1/¢.

2). 0<A<1:s1=0¢+1+0p(1) and |{vy,v)| — 0.

Rescale W = \‘;‘%,

ti.on with 7 = . In the spiked k-tensor problem, take m = n*~1, then ¢ = V= n¥, which
gives

then the eigenvalues of %WWT converges to the Marchenko-Pastur distribu-

‘, M -1
B = )\n¥()\ > 1), [{v1,v)] = v

Combining tensor unfolding with a suitably initialized refinement gives algorithms at the n(+=2)/4
signal scale in the independent-entry setting above, rather than the larger scale associated with
naive random initialization. These are algorithm-specific sufficient scales, not an unconditional
lower bound on all polynomial-time algorithms.

The statistical lower bound must be specified separately from the noise-norm constant uy. For
example, for a uniform spherical spike and the symmetric normalization above, define

log(1 — ¢2
I%nd: inf _k‘Og( Q)

0<g<1 2q* '

For 8 < 24 a bounded likelihood-ratio second moment rules out consistent detection. Indeed,
the second moment is E exp((n32/k)(v,v')¥), and the overlap of independent spherical vectors has
density proportional to (1 — qz)(”*S)/ 2. The defining inequality makes the exponential rate negative
away from ¢ = 0; near zero the integral is bounded (and for k£ > 3 it tends to one). This is a lower
bound, not an identification of the exact statistical threshold. The arguments in these notes do
not settle the optimal polynomial-time threshold between the constant statistical scale and the
unfolding scale.
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5.1 Lecture 10: How is Random Matrix Theory Used in
Machine Learning? Guest Lecture by Zhun Deng

5.1.1 Overview

Some decades ago, deep learning was a very empirical field, leading mathematicians to believe it
was founded on tricks and heuristics. In 2017, however, a number of theoreticians began to study
how overparameterized neural network models generalized well to test data, seemingly contradicting
conventional notions from statistical learning theory. Around that time, Horng-Tzer Yau started
studying the dynamics of neural networks. Others began studying why local minima achieved by
usual gradient-based optimization algorithms generally work well.

Today, we’re entering a new era of Al which is meaningful for theoreticians and mathematicians
(e.g. recent developments in automated theorem proving). This talk studies some interesting
theoretical problems in machine learning.

Transfer Learning

Transfer learning involves training a model on a source scenario, then deploying on a target scenario.
This sounds simple, but it wasn’t until recently that pretrained models were able to work very well,
such as in large language models.

In transfer learning, instead of training a model from scratch, we take a model trained on a
different domain for a source task, and adapt it for a target task. There are two variants: one
is same domain, different task (e.g. classifying a common group of people based on gender, then
race) and different domain, same task (e.g. train on ImageNet, and transfer to CIFAR). Another
example of the latter regime is pre-training a neural network for classification on a cat/dog dataset,
then modifying the parameters slightly when working on a new dataset.

Transfer learning is needed for data and task augmentation. For example, for gene data, datasets
are often imbalanced: just training on the given data might lead to high accuracy only for certain
categories. Another frequent application is for large language models. Another reason is to reduce
computational costs: transfer learning involves “fixing” part of the model, so the costs of training
are reduced.

In fized-feature learning, one trains from scratch on source data, freeze some layers of the net-
work, then fine-tune remaining layers on the target data (often just the last layer or the last few
layers, although some have experimented with fine-tuning the initial layer too). In full-model fine-
tuning, we fine-tune all layers, and use the pre-trained parameters for initialization.

For some papers which study theoretical aspects of transfer learning, see:

e Provable Meta-Learning of Linear Representations (Tripuraneni et al.),
e Few-Shot Learning via Learning the Representation, Provably (Du et al.),

e Adversarial Training Helps Transfer Learning via Better Representations (Deng et al.).

We shall now proceed to discuss such aspects now.
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5.1.2 Transfer Learning: Theoretical Development
Setting

Assume there are T source tasks in total, and that for each task ¢ € [T], we have a corresponding
training data set

S ={@ ") @0y},

where xgt) € X CRP and yft) € {—1,1} are i.i.d., drawn from some distribution 733% The aim of
transfer learning is to learn a representation from the T tasks, freeze this representation, then run
the resulting model on the T + 1'" task, training some extra task-specific layers.

The data-generating process is given by

0 =l 40,

for i.i.d. noise ngt)

and n(t) A1 y(t), where

i i
i = Ba; € RP, a; € R", B € RP*"

is an orthonormal matrix, i.e., BTB = I,. We further assume that p > r, so we map a low-

dimensional data signal into a high-dimension (it is generally regarded as a fact that high-dimensional
(t)

%

E [exp ()\UTU?))] < exp ()\22/)%)

for all v € SP~! and A € R. Throughout this talk, we assume p; = ©(1) for all ¢.
We now define the relevant loss functions for our setup. For each task ¢ € [T + 1],

14 ('ra Y, WQ(t)7 Wl) - _yf(t) (x)y

image data lie on low-dimensional manifolds), and that n, ’ is zero-mean and p?—sub-Gaussia ie.,

where f(®)(.) is a two-layer linear neural network, i.e. f)(z) = (WQ(t))TwlTx for Wi € Opxr,
Wi e R, and [|[Wi|| < 1. Here Opy, = {U € RP*" : UTU = I,} is the Stiefel manifold. We
interpret W as a “good” common representation, and Wz(t) as a task-specific linear classifier. The
empirical loss for task ¢ is given by

R 1 &
i (St,WQ(t),Wl) = Zyz‘(t) <W1W2(t),a:§t)>
tim1

while the expected loss for task ¢ is

(P

T,y

W2(t)a Wl) = _E(z,y)wpg(ﬁfg |:y<W1W2(t)?x>:| .
Finally, the evaluation criterion is the excess population risk on the target task:
R(W, Wy 0) = LR W30 i)

- min L(PETD W, Wh).
W2 ||<1, W1 €0, x ’

1Sub-Gaussianity is a fairly flexible condition: it can be applied to image sets that are all bounded, which implies
sub-Gaussianity.
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How to quantify “good”

We begin by defining a notion of subspace distance. Consider two subspaces Sy, So in the same
p-dimensional space, represented by full-column-rank matrices S1, Sy € RP*". Write both in terms
of their QR decompositions to yield

S1 = Q1Ry, Sy = Q2 Ry.

Writing QT Q2 = UXVT in terms of its singular value decomposition, where ¥ = diag(o1,...,0,)
with 01 > 09 > --- > 0, > 0, let us define

0, = cos *(01), O = cos Y(02),..., 0, = cos (o).
Then the subspace distance between S, S5 is defined as

[1sin © (Q1, Q2)||, where © (Q1,Q2) = diag(f1,...,0,).

For one more remark, note that during our setup, we have a model non-identifiability issue, since
for any r x r orthonormal matrix €2,

wiwl =wlao-taw]!

However, we can still hope to learn a good Wl, for which

smGM@BwF%&

In other words, the subspace distance between the learned W1 and the matrix B used for the data
generating process vanishes.

Algorithm
Given input {S;}7 1! (the datasets in our setup), we proceed as follows.

1. Optimize the loss function on each individual source task t € [T] and obtain estimates
1 &
5 . ¢ t
Bt = argmin, g <1 ;t Z _yi( ) <ﬂt7-'171(' )> .
i=1

2. Let W1XV7T denote the rank-r truncation of the SVD of [31,32, . ,BT], so that ¥ is an

r X r diagonal matrix consisting of singular values, and V' is a T' X r matrix with orthonormal

columns.
3. Update
2 (T+1) 1 & T4l A Ta1 —_
W, = argmin, e ) o ; g )<W1W2( D (T )>'

Return Wl, W2(T+1).
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Analysis
We now analyze the performance of the optimization algorithm. Let us define, for ¢ € [T + 1],

K nt xgt)yl(t)
e =
T

i=1

ut = Bay.

Notice that?l

- 1 1 N N . 1 1
J:_<If1 PR lfT >_(Mla"'7NT)dlag( ~ [T )7
[l A || [l | Il

where 8, = fi/||fie]| when fi; # 0. If an empirical mean vanishes, any vector in the unit ball
minimizes that task loss; the normalized formula below is used on the event all empirical means are
nonzero. Column normalization preserves the full column span but generally changes the leading
singular subspace, so we must analyze the normalized matrix

- . P 1 1
@:(ul,...,uT)dlag<A,..., - )
[l |||
Assume p; # 0 for all source tasks and that the vectors a; span R” (task diversity). Then the
population normalized matrix has rank r and column space equal to that of B. Denote

. 1 1
(I):(:ula'-'v,u’T)dlag< )

el ]

We briefly mentiorﬂ the techniques used to achieve bounds on the evaluation criterion: the heart
of the proof follows from a variant of the Davis-Kahan Theorem. Assume min{T,p} > r. For
simplicity, we denote 61 > G5 > .-+ > G, as the top largest r singular values of <i>, and o1 > 09 >
.-+ > o, as the top r singular values of ®. Let V = (vy,...,v,) contain the left singular vectors of
® associated with oy,...,0,. > 0, and let V be the corresponding matrix for d. Then,

_ (2014112 — @Il ) min { 7@ — oy, 1 — @[] }

2
Oy

o (1)
F
Moreover, there exists an orthogonal matrix O € R™*" such that

WO -Vviir < V2|

sin@ (V, V)HF

and

(201 + 116 — @llop) min { 711% — @l]op, 1 — ][ }

2
o5

VO -Vllr <

2The columns of the matrix J can be thought of as the gradients of the ¢t objectives in Step 1 with respect to the
corresponding parameters (¢, normalized to have unit norm.
3See the Canvas notes for the full treatment; we stay consistent to the lecture.
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5.1.3 Optimization of Over-Parametrized Neural Networks

One of the biggest mysteries in theoretical deep learning today is that gradient-based optimization
algorithms generalize well to unseen data, despite the loss landscape being highly non-convex and
the model being overparametrized. This requires a better understanding of three directions: the
power of first-order algorithms, the structure of neural networks, and the properties of inputs such
as images.
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5.2 Lecture 11: Random Feature Model

Consider a general learning problem where the data distribution is given by:

2 SN(0,10) i = Oreacn (€7 73), €l =1
where 6ieacn represents the underlying teacher model. Our prediction model is defined as:
y = fulz)
In most cases, the model has a sequential structure and can be expressed as:
fo(x)=0wrr) ,r="T(x)

where T (.) is the feature map and 6 is the transform function applied to it. Feature maps are
essential to every learning model and studying them can help us understand what a model can
learn and how it processes complex data. [Rahimi & Recht '08] first proposed mapping input data
to a randomized low-dimensional feature space and then applying fast linear methods.

In the Random Feature Model (RFM) setting, the learner receives n samples of the form
(z4,y;) € R? x R and aims to learn the weights w € RP that make the following model fit the
data:

aTw

fuw(x) = 75 for a=o(Fz),

where F' € RP*? is a random transform matrix and o(-) acts coordinatewise. To state the Gaussian
equivalence used below, assume the rows of F' are independent N(0,I;/d), independent of all
inputs, and p/d,n/d tend to positive finite constants. A sufficient set of regularity hypotheses is:
o is odd with bounded first three derivatives; r(w) = >-%_, h(w;) with h” > ¢ > 0 and bounded
h®): ¢(y,s) > 0 is convex and three times differentiable in s, its third derivative is bounded by a
polynomial in the teacher argument uniformly in s, and its value and first two derivatives at s = 0
have the same polynomial growth. Assume also that the teacher has polynomial growth. These are
the hypotheses relevant here from Hu and Lu, Universality Laws for High-Dimensional Learning
with Random Features (arXiv:2009.07669); equivalence is not asserted for arbitrary feature maps,
losses, or regularizers. The discussion of more general activations below describes the surrogate
construction; the proof outline uses the stated odd-activation hypotheses. We refer to a as the
random feature vector. The learner trains by solving the optimization problem

n CLT’LU
min > 6y, 20 4 p(w),
v =1 \/23

where £(-,-) is a loss function and r(-) is a regularizer. The optimal solution found by ERM is
denoted as w. The train and test errors are defined as

1 — alw aT

Etrain = E ;g(yla 27\/1—9) and Etest = ]Eg(ynewy %)

S
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The explicitly nonlinear transform hinders a straightforward analysis of the learning performance
of the RFM under random features {a;}"_ ;. In these notes, we will take a step towards showing
that the above RFM setup is asymptotically equivalent to the following linear Gaussian model setup

by = poly + pi Fay + poz;

where, after fixing pg(dz) as the standard Gaussian measure, we define the coefficients as
fo = /U(w)uc(dw)
i = [ o@panctiz)

o = \/ [ o@ructds) - i -

and z; ~ N(0,1I,) are independent across ¢ and independent of F' and the inputs. Here 1, is the
all-ones vector; under oddness, pg = 0. This is exactly consistent with the well-known Gaussian
equivalence conjecture, which states that as d,p,n — oo while p/d — ¢; and n/d — ca, “swapping
out” the difficult-to-analyze random features by their Gaussian feature counterparts does not change
the train and test error by much, i.e.

5train(*A) ~ Etrain(B) and 6test(14) ~ 5test(B)a

where A, B are respectively the stacks of random features a; and Gaussian features b;.

The proof outline below compares the regularized optimal objective. Deducing unregularized
training error and test error requires additional perturbation and joint-comparison arguments; those
conclusions do not follow from a single objective comparison alone. Our proof will use the classic
Lindeberg technique, which can be thought of as interpolating between the train and test errors
with respect to A and B by swapping the matrices row by row, then showing the change in the
train and test errors with respect to each swap is small. We can think of the interpolation at step
k to be

F BT T

b

nxp
7 € R™"*P,
A+

Sk =

T
an,

More rigorously, we will show that for
aiTw bl w

®a=min) Uy, =) +r(w) and Pp=mind (y;, =)+ r(w)
) VP = \/ﬁ

and a smooth enough test function ¢, we have that

Op

Eo("4) ~Eo(22)] 0
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Keeping the above interpolation scheme in mind, we can define

ék_mm{zzyﬂbz WD)+ Y a0/ VB + 1w >}

i=k+1

Then we have that

n

P(@p/n) —p(@a/n) =Y _[o(Pr/n) — @(Pr_1/n)].

k=1

It will suffice to show that

Sup [Elp(®r/n) — o(Pr—1/n)]| = o(1/n).

Furthermore, if we define
- k—1 , b n T
\k(w) = ; (i % ot \/ﬁ
then we can write, for this fixed swap k,
@ = min{ Ry (w) + £y, by w/V/p)} & By + Albr) = Uy,
P = H}Li)n{F\k(w) + é(yk,agw/\/f))} ~ Oy + Aag) =: Ug_1.

The approximations Wy, U1 in this paragraph are local to the k-th swap; they are not one globally
defined interpolation sequence. Thus

q)k — (bkfl ~ \I/k — \Ifk,1 = A(bk) — A(ak)

To be clear, we are viewing the k-th swap as a perturbation and expanding the leave-one-out
objective to second order. Set

O\, = rrgn Rp(w), w, = argmin, F\z(w), Hy= VQF\k(wi‘k).

Strong convexity ensures uniqueness and H\j, = cl},. The linear Taylor term is zero at the minimizer.
Accordingly, for ry, € {ag, b} define

A = min { 3w~ 0l Halw ~ ) + ol v |

The additive constant @\, is not part of A.
The required quantitative leave-one-out estimate is, uniformly in k,

polylog(n)

E[®) — Up|? + E|@yp_1 — Upq|* < C -

(5.2.1)
Here and below polylog(n) means a fixed power of logn, with constants uniform in the swap index.
This is a quantitative input, not a consequence of a formal Taylor expansion alone; its proof controls
the optimizing weights and the Taylor remainder under the hypotheses above (Hu-Lu).



62 CHAPTER 5. STATISTICAL LEARNING

Actually, we can simplify A(ry) using its first-order condition:

H\k(w - w>\kk) + (ykﬂ’l{w/\/@ = 07

Tk g
VP
where the prime differentiates the second argument of ¢. Put

T, * Trr—1
TR W T H\k Tk

Sk = ) Ye\Tk) =

T =
For fixed = r{'w/,/p, minimizing the quadratic form subject to this linear constraint gives (z —
51)2/(2vk(7%)). Therefore

Arg) = gjnel]% {(;%(Z)) + E(yk,I)} = Moy, (81375 (T8))-

This is the Moreau envelope. When r; = 0 and 7y, = 0, interpret it as £(yg,0). Its first-order
condition is & — sk + Y (yx, x) = 0; multiplying the entire objective by ~x would preserve the
minimizer but would change the value and hence would not equal A(rg). The corresponding
moment bound needed below is

EA(ar)? + EA(by)? < Cpolylog(n). (5.2.2)

These estimates can first be proved conditionally on a high-probability regularity event for F' and
then averaged, controlling the exceptional event by moment bounds.

Now let Hj be the sigma-field generated by F' and all samples and auxiliary Gaussian vectors
except those at index k. The leave-one-out quantities are Hy-measurable. For a test function ¢
with bounded first two derivatives, Taylor expansion at ®\;/n gives

[Elp(®x/n) — o(Pr—1/n)]|

/
< %E IE[@y — By | Hall

/!
+ HZJLOOE[(% — ®\)? + (Pro1 — Pyg)?]
. polylog(n
< %EIE[A(%) — Alar) | Hill +O <n?)/2) '

The last line uses Cauchy—Schwarz, (5.2.1), and (5.2.2). Thus the remaining required comparison
is

polylog(n)
sup E |E[A(bg) — A(ag) | Hel] < C———=——=.
sup [E[A(br) — Alax) | He]| Tn
Together these estimates give a total Lindeberg error O(polylog(n)/v/n) = o(1) after summing over
the n swaps.

The linear projection bgwi‘k /+/P is Gaussian conditionally on Hy, but this fact alone does
not prove the comparison: the label y, and the random quadratic form ~(rg) also enter the
Moreau envelope. One needs a joint Gaussian approximation including the teacher coordinate and
concentration of the quadratic form, as well as delocalization of the leave-one-out weights. These are
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the additional model-dependent inputs in the Hu—Lu proof. The scalar calculation below illustrates
Stein’s method; it is not by itself a proof of that dependent-feature comparison. Stein’s method
exploits the Gaussian identity

E[f'(G)—GF@)] =0, G~ N(0,1).

Stein’s method works by using a characterization equation for the normal distribution, which allows
one to compare any distribution to the normal distribution by solving a differential equation. Stein’s
method can also handle different types of probability metrics, such as total variation, Kolmogorov,
and Wasserstein.

So to show that for a test function ¢(-) and a sequence of distributions {Z,} that

E[p(Zn) = (G)] = 0,
we can solve for f that satisfies the differential equation
o(z) —Ep(G) = f'(z) — xf (),
then show that
E[f'(Zn) = Znf(Zn)] — 0.

Consider the following toy example to build intuition for this method. Suppose {X;}; is i.i.d.
sample from distribution D s.t. EX; = 0,EX? = 1,E|X;|> < co. We want to show a CLT result
for Z, = 21t=FXa  QObserve that

EZ.f(Z ZEXf

For each term in the sum,

[Xi (Zj;éin Xi)}:EXif(Z\i)_’_EXsz (Z\i + \/ﬁ)dt_]EXzfo (Z\i + \/ﬁ)dt

T P TR o "
So

S B - X)) f(Z0)] [Zz | XELF fo (2 + )ty

n

E[f/(Zn) - an(Zn)] =

For a Lipschitz test function ¢, the bounded solution to the Gaussian Stein equation has f’ Lipschitz
with a constant L controlled by the Lipschitz constant of ¢. Write Z\; = n=1/2 ZJ#X This
implies that for ¢ € [0, 1],

/ Xt ’
F'(Zy; + \/ﬁ)_f(z\i) <

Then
E|X;| +E|X3|

- x27)] = [E[0 - X220 - (2] < pEELEE
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which implies that

E|X;| +E|X3|
Vn '

‘Z:‘L—l E[(1 — X?2)f'(Zn)]

B
n

Symmetrically, we can show that

S X2 (Zn) = fo /(2 + )yg)dt]} L P

IE:[ T

n

which lets us conclude
E[f'(Zn) = Znf(Zn)]] = O(n~'/?).

For the random-feature comparison, the coordinates within one row a; = o(Fxz;) are correlated
through the common input x; when F' is fixed. The different sample rows are independent condi-
tionally on F'. Extending the scalar Stein calculation requires the joint and quadratic-form estimates
specified above.
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5.3 Lecture 12.1: Approximate message passing
Consider the linear model
M= *(v*)T + W

with

W;; = W;; ~ N(0,1/n) for i < j, and W;; ~ N(0,2/n); the upper-triangular entries are
independent, and W is independent of v*.

e A\ = SNR (signal-to-noise ratio) with |[v*|2 = 1.

Goal: Estimate v* from M

e Phase Transition at A > 1: the top eigenvalue separates from bulk, eigenvector correlates
non-trivially with v*.

The linear model has multiple applications e.g., spin-glass problems, community detection, image
alignment:

e Zs synchronization: /nvf ~ Unif{+1, —1}.

e sparse Wigner model: ||v*|o = k.

e non-negative Wigner model: v} > 0.

e cone-constrained spiked models: v* € K (e.g., monotone, convex)

We consider the approximate message passing algorithm for spiked models:
Tppr = Mng() — (p(@e)) - -1 (x4—1), fort>1

where (z) = n=' >, x;, while (u,v) = u”v denotes the Euclidean inner product. Unless stated
otherwise, 7; acts coordinatewise and no(zo) = 0. We denote 7, to be the denoising function
selected a priori:

e 7o synchronization: n;(x) = p; tanh(msx).
e sparse estimation: n:(z) = p; Sign(z)(|z| — 7¢) 4.

e general closed convex cone: n;(x) = pt Proji (). This is generally nonseparable; its Onsager
coeflicient is a normalized Jacobian trace, not the coordinatewise derivative above. A separate
nonseparable AMP theorem is needed in this case.

We first consider the exact asymptotic state evolution. Since ||v*|| = 1, the scalar coordinates of
order one are y/n v}, not vy.

Theorem 5.3.1. Suppose the empirical law of {\/nv}} | converges in Wasserstein distance of
order two to py, with EV? = 1. Let f; : R — R be fized continuously differentiable Lipschitz
functions with Lipschitz derivatives, and use

n(z) =n" 2 fi(Viz).



66 CHAPTER 5. STATISTICAL LEARNING

Ingtialize 1 = ayv* + B1g/\/n, where g ~ N(0,I,) is independent of W,v*, and aq, 31 are fized.
For each fized t, in probability,

1 n
=Y (VA= V)t = |z — o'} — El(aV + 4G - V)2
i=1

where V ~ puy and G ~ N(0,1) are independent.

Within the theorem, the deterministic state evolution is characterized as

Ayl = )\E[Vft(atV + ﬂtG)],
Bi1 = Elfi(aV + BiG)?).

The empirical joint convergence of (v/n v}, /nx; ;) underlying this statement is the Gaussian AMP
state-evolution theorem, used here as an input. The displayed square error follows by applying it to
a pseudo-Lipschitz function of order two. Lipschitz nonsmooth denoisers require the corresponding
version of that theorem. Classical fixed-iteration state evolution does not itself give a finite-sample
guarantee for a growing number of iterations. Therefore, the question is that: Is it possible to
develop non-asymptotic analysis of AMP beyond o(log(n)/log(log(n))) iterations?

Theorem 5.3.2. Initialize AMP with x1 independent of W and ng(x9) = 0, and suppose the
scalar denoisers are differentiable except at finitely many points. For 1 <t < mn, AMP admits the
decomposition

t
Tyl = Q10" + Zﬂfﬂsk + &,
k=1

where the ¢, are independent N (0,1, /n) vectors,

arer = AW (), 1Bell2 = lne(@)llo-

This is the decomposition theorem of Li and Wei, A Non-Asymptotic Framework for Approz-
imate Message Passing in Spiked Models (arXiv:2208.03313, Theorem 1). The coefficients may
depend on the Gaussian vectors, so their weighted sum is not automatically Gaussian. In its
construction, zi are the orthonormal directions obtained by orthogonalizing the denoised iterates
(completing the basis if needed), and BF = (n;(x¢), zx).

For t > 2, put

t—1
v = ouv” + Z/Btk_ﬁbk =z — &1,
k=1

0 = () — me(ve), op = () — m(ve).

The same theorem gives a unit vector u; € R*~! such that, with probability at least 1 — O(n~11),

1
léellz = <Zuf¢k,5t> — (O D HEBEL + A +o< t j’f"wtz) ,

k<t k<t

Ap=Y uy [ m(ve)) = ((0))BEy] -

k<t
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At t = 1, the corresponding initialization residual satisfies ||&1]|2 = O(y/logn/n||B1]2); no unit
vector in RY is required.

We have the following error bound, which makes explicit the quantities that must be controlled.
Assume for this bound that 7 is twice continuously differentiable and ||7}]lc < p. Define ¢,, to be
standard Gaussian measure on R", set b = ||f;—1]|2, and suppose

Z Mk[<¢5k, ne(ve)) — <772(Ut)>5t]€71]

k<t

) [0 = [ e + b/ yyon(ao)] | < B

sup < Ay,

lll=1

For qs = vy + s& 1, let

)

k ok
<Z uw) onae) — I

0<s<1 k<t 2

where o is coordinatewise multiplication.

Theorem 5.3.3. On the event of the preceding bounds and the decomposition estimate,

Qpp1 = )\(v*)T/nt(atU* +bx/v/n)pn(dz) + Ao i,
|Aa,t

< Bi+ pll§i-1ll2,

n

tlogn
[€ell2 < Kel|§e—1ll2 + Ae + O ( = |ﬁt2> :

The normalization ||B¢]|2 = 1 holds only when the denoiser has been chosen so that ||n:(z¢)|2 = 1.

Proof. The signal estimate follows from the Lipschitz bound and [[v*|| = 1. For the residual, write
0y = fol 7,(qs) 0 &t—1 ds and ] = 01 1y (gs) 0 &s—1 ds. The first two terms of the residual formula are
the inner product of & _; with the integral of the vector defining x; at u = p;. Cauchy—Schwarz

and |A;] < A; give the result. O

It suffices to control k; < 1 — ¢, Ay, and By over the desired range of iterations. None of these
bounds follows from the decomposition alone. The supremum above includes the dependence of the
coefficients on the Gaussian vectors; replacing it by a fixed-coefficient Gaussian expectation needs
a separate uniform concentration argument. For nonsmooth denoisers, additional errors near their
nondifferentiable points must be included.

The prior art on hybrid procedure is the following:

e Setting: M = \v*(v*)T + W where \/nv} ~ Unif{+1, —1}.
e Goal: recover v* given M.

For the following quantitative result, specify the spectral initialization and the denoiser. Let g ~
N(0,I,,) be independent of M, and take

A2logn —‘ AM3og

m T = M7 770(330) = 351/)‘7

S = ’VC
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with a sufficiently large absolute constant C. For each subsequent step use
ne(x) = pg tanh(mx), m = y/n(||z:]]3 — 1), pe = || tanh(mezy) |5 "

The scalar parameters are held fixed when computing 7;. These formulas are used on the high-
probability event where their square roots and denominators are well defined; the algorithm may
be defined arbitrarily on its complement. The sign of the initialization is immaterial for recovery
up to sign.

Theorem 5.3.4. Suppose 1 +logn/n'/* < X\ < 1.2. Define
T = )\2 — 1, Tt4+1 = )\2 /tanh(Tt + /T .’L')(b(d(ﬂ%

where ¢ is standard Gaussian measure on R. For any deterministic T, = o(n(A — 1)*°/log" n),
with probability at least 1 — O(n~Y) the spectrally initialized AMP satisfies, simultaneously for
1<t<T,,

t
Tyl = Q10" + Z ﬂf(bk + &,

k=—2s¢

a1 = MNv*) ny(zy), 1Be]l2 = 1,

2 7
agyq tlogn log' n
—= 1| <C
Te+1 ‘ - (A—1)%n + \/ A—1)tn |’
Il < C tlogn n log" n
iz = (A—1)n (A—1)n

Here the ¢ are independent N(0, I,,/n) vectors; the extra indices account for the dependence in-
troduced by the power initialization.

This is the specialization of Li-Wei, Theorem 4; it is not a consequence of applying the
independent-initialization theorem to a spectral eigenvector. Comparing to state evolution, let
7« > 0 be its positive fixed point. In this range of A, the scalar recursion converges geometrically,
and the estimates above imply

tlogn i log” n
(A—1)8n (A—1)n |’

\a?—rt| <C

tlogn log" n
A—1)8%n (A=1)4n

2 — 7| SCO2 = 1)(1—c(A— 1)1+ C

The deterministic geometric term is a bound, not an equality with a signed random error.
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5.4 Lecture 12.2: Ridge Regression

We consider the linear model
y=Xp+e (5.4.1)
with the following assumptions on data generation:

(
(

a) The population covariance matrix ¥ € R?*? is deterministic and symmetric positive definite.

)
b) The rows 2 of X € R"*? are independent, with z; ~ N(0,X).
(c) The noise coordinates ¢; are independent N (0, c?) variables.

)

(d) The signal 3 has mean zero and covariance (a?/d)I;, where a,o > 0; X, 3, ¢ are mutually
independent.

For the asymptotic statements, assume d/n — v € (0, 00), that ||X|| is uniformly bounded, and that
its empirical spectral measures converge weakly to a probability measure. These conditions ensure
the sample spectral limit used below.

We estimate the signal § in with the Ridge Regression estimator, for A > 0:

) . 1
By = argmin,cpa {nlly — Xb[3 + )‘||b|%}

= (XTX +nrly) ' XTy,

One natural question is: What is the prediction risk 7 (X) of 81?7 Let 29 ~ N(0,%) and ¢ ~
N(0,02) be independent of the training variables, and set yo = 2 3 + €9. Then

rA(X) = E[(yo — x5 Br)* | X]
=0 +E[(z5 (B — 8))° | X] (54.2)
=? +E[(Br = B)TE(Br - B) | X].
Furthermore, writing @ = (X7 X + n\I;)~!, we have
br—B=QXT(XB+e)—p
= —n\QB+ QX Te.
Plugging this into (5.4.2), the cross term vanishes by independence and centering, and

(X)) =02+ (nA)2E[BTQEQS | X]+ E[TXQEQXTe | X|

A2n2a?

=0+ Tr(2Q?) + o Tr(2QXTXQ).

Let £ = XTX/n, G = (X4 My)~ !, and g = d/n. Since GEG = G — AG?,

2 2 2
(X)) = o2 + UTW TH(2G) + w Tr(SG2).



70 CHAPTER 5. STATISTICAL LEARNING

Thus, to analyze the asymptotic risk, we should look at the two normalized traces
1 - 1 -
S Te(3(3 + Ag)™h), STe(3(5 + Ay)72).

We define the Stieltjes transform of a probability measure H on [0, 00) by

mp(z) = /000 dH (1) z € C\[0,00).

l—z’

For the empirical spectral measure of f),

The companion transform is

1 - 1-
vn(2) = ~ Tr(XXT/n = 20,) " = qamg(2) - z%l'

If mg(2) = m(2), write v(z) = ym(z) — (1 —v)/=.
The main step in deriving the limiting risk is the following weighted-resolvent limit.

Theorem 5.4.1. Under the assumptions above, for each X\ > 0, almost surely,

1 - 1 1
p Tr(2(X + Mg) ™) — 5 <)\v(—)\) - 1) =: Kk(A).
The weighted trace is not determined by the empirical sample spectrum alone for arbitrary
matrices. Its identification here uses the sample covariance structure and the Gaussian design.
Before proving the theorem, we compute its consequence for the risk.
The normalized weighted resolvents are locally uniformly bounded and analytic away from
[0,00). The theorem and analytic convergence therefore also give

é Te(5(5 4+ Ay ~2) — —#/(N).

Consequently, the limiting risk is 02 + o2yx(\) — A\

ra(X) — ﬁ {02 + (A:Q - 02) (1 - W) } : (5.4.3)

Here v’ is differentiation with respect to its argument, not with respect to A.
We make the following observations about ((5.4.3)):

2 024)K'()). After simplification,

(a) The optimal limiting ridge parameter is \* = o%y/a?, and

o2

T)\*(X) — m

In fact, the finite-sample conditional risk is minimized at X} = o%y4/a®. To see this, di-
agonalize ¥ with eigenvalues s; > 0 and unit eigenvectors u;, and put c; = ujTZuj > 0.
Differentiating the exact risk gives

2\ o2 CiS;
(x)=2(22 -2 _G%
&) <d n);(8j+)\)3
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(b) When ¥ = I, the Marchenko—Pastur theorem gives
mA(X) — 0 + P ymr(=Xi7) + AAa? — o*y)m] (=X y).
The formulas with irreducible noise risk 1 are the special case 02 = 1.

Now we prove Theorem Let G = (My +3)~'. We are interested in Tr(GX)/d and
Tr(G)/d. To this end, we invoke Stein’s formula.

Theorem 5.4.2. Let X ~ N(0,%) and let f : R? — R be continuously differentiable with f and
its gradient of at most polynomial growth. For iy € [d],

[Xzof Z EzokE 8kf( )]

k=1
As a consequence, we have the following matrix-valued version.

Theorem 5.4.3. For a continuously differentiable matriz-valued function F with the same inte-
grability conditions,

EXTF(X)X] =ETe(SF(X) +EY  (S(0:F(X))X), .

>
Il &
—

The identity follows by applying Stein’s formula to (F/(X)X); and summing over i. It allows
us to compute E Tr(GX). Regard the i-th row of the data matrix as the column vector X (i) = ;.
Conditionally on all other rows,

ETr(GY) ZE NTGX(i)]

=ETr(GY) + 711 iiE [ Tz( 5?)1) X(i)} :

i=1 k=1
Differentiating an inverse matrix gives the crucial minus sign:

oG
X (i)

1
= —EG(ekX(i)T + X (1)el)G.
Substitution and summation therefore yield the exact identity
ETr(GY) = ETr(GY) — lE[Tr(EG) Tr(GY)] — lg Tr(ZGEG).
n n

Set a, = n ' Tr(GY) and b, = n~' Tr(GX). The final trace is O(d) for fixed A, since ||GEG| <
1/(4X) and ||X]| is bounded. After division by n its contribution is O(1/n).

For completeness, the required concentration follows directly from Gaussian concentration.
Write X = ZX/? with independent standard Gaussian entries in Z. Differentiation with respect
to X gives

2 2
Vxa, = —/\XGQ Vb, = —ﬁXGzG.
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The squared Frobenius norms of the corresponding gradients with respect to Z are O(n=2): use
XTX = n3, the bound on ¥, and the bounded scalar functions s/(s + A)? for j > 2. Thus both
functions have Lipschitz constant O(n~!). Their fluctuations vanish almost surely by Gaussian
concentration and Borel-Cantelli, and E[a,b,] — E[a,]E[b,] = O(n™?).

It follows that, almost surely,

an

an = by — anb, + o(1), b, = + o(1).

T 1-—a,

There is no singular denominator: b,, is bounded and the first equation implies (1 4 b,)(1 —a,) =
1+ o(1). Finally,
an =va(1 = dmg(=N)), 1 —a, = A (=A).

Therefore

éTr((Md )iy = e (MHE_A) _ 1) +o(1)

which proves the theorem.
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5.5 Lecture 13: Mean Field Limit of Two-Layer Neural Net-
works

For a deep neural network f(z;0), the loss function can be highly non-convex. However, when
training neural networks with gradient descent, it is often observed that the loss goes to zero, i.e.,
the global optimum, (or close to zero) in practice. This intriguing phenomenon motivates us to
study the training dynamic of neural networks.

There are different trends of studying neural networks theoretically. For example, the random
feature model has been widely analyzed due to its simplicity. A random feature model is a two-layer
neural network defined as

f(z:0) =a'o(Wz)

where W and a are the weights associated with the first and second layer, respectively. In particular,
W is randomly initialized but becomes frozen once initialized. In other words, only a is trainable
in a random feature model.

The second popular theory trend is the neural tangent kernel (NTK). For full-batch gradient
flow of the empirical loss (2n)~! > (f(z550) — y;)?, the exact chain rule gives

1 n
O f(x50;) = fz (@, 25) (f(2530:) — vy5)

3

where kernel k;(z;, ;) = (Vo f(x:;6:), Vo f(xj;6;)). Under the appropriate NTK parameterization,
initialization, and regularity assumptions, the kernel variation tends to zero as width N — oo on
a fixed training-time interval. The rate is parameterization-dependent, and is not universally 1/N.
Thus, in this regime k; is nearly constant. As a result, we can replace k; by k¢ and use

Orf (w3 6;) = ——Zko i, 5) (f (55 61) — y5).

The evolution obtained is kernel gradient flow. With an invertible training Gram matrix its long-
time limit interpolates the training data, with the corresponding kernel predictor and initialization
offset. SGD has additional sampling noise and is not exactly this deterministic ODE.

Below, we will focus on another perspective named as the mean-field limit of two-layer neural
networks. Recall that a two-layer neural network can be written as

2 \

N
E wu

where & is the nonlinear activation function and 6 = {6;}Y; with 6; = (a;,w;) are the parameters
to be learned. We absorb (a;, w;) and & as o(x;6;) = a;5((w;, x)). We assume data (z,y) follows an
unknown distribution and £ is the squared loss function, i.e., £(f(x;80),y) = (f(x;0)—y)?. Ideally, to
obtain good generalization performance, we hope to minimize the population risk E[¢(f(z;0),y)] =
E[(f(z;0) —y)?]. We let Ry (6) denote the population risk where subscript N indicates the number
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of neurons. Note that

;z N 1 N

=E[y*] - N ZE[G(x; 0i)yl + 2 Z Elo(x;0;)0(x; 0;)]
2 ]_V 1 I N

=E[y?] + ¥ Z V(0:) + 5 > U:,0))

i=1 ij=1

where V(0;) := —E[o(x;6;)y] and U(0;,0;) := E[o(z;6;)0(x; 6;)].

A very special property of two-layer neural network is the permutation invariance, namely,
permuting {6;}% ; does not change the output. Thus, its predictive performance only relates to
set {0;}Y,. If we encode the parameters by the empirical probability measure p = N~!'>" dy,,
we have f(z;0) = [o(x;9)p(d¥). The empirical measure need not have a density. For a general
probability measure p, define f,(z) = [o(z;9)p(dd). Similarly, we can write the population risk
as

R(p) <El?) +2 [ VO)o(dd) + [ [ U6.0)pta0)p(a).

We note that parameter 6 is learned by stochastic gradient descent (SGD) in practice

Ot +1) = 0(t) — Vo (f(xe:0(1) — ye)?

where (z,y:) is the data sampled at the t-th iteration and v > 0 is the learning rate. Considering
the component 6;, we have

03(t + 1) =0i(8) — 2V, (a3 6(2)) (F(136(8)) — )
=04(t) = 2150, 0(0) (S s 00) — o)
—04(t) — 209,723 0: () (20 0(8)) — )

where we denote = v/N. Similarly, for the neural network f(z;0) = N~! Ef\il o(x;0;) with N
neurons, we denote the empirical measure of parameters {6;}Y ; as p, = % Zfil d9,(+)- Thus we
have f(z:6,) = [ o(a:0)pi(d0).

The first result requires regularity and initialization assumptions. Here is one sufficient setting
on a fixed interval [0,7]. The initial parameters are i.i.d. with a compactly supported law pg,
independently of the i.i.d. training samples. Assume that the sample update field

b0, p;z,y) = —2Vgo (;0)(fo(z) — y)

is uniformly bounded and uniformly Lipschitz in (6, p), using the Euclidean distance and the Wasser-
stein distance W1, respectively. It is enough that these bounds hold on a common invariant bounded
region containing all trajectories under consideration. Assume sufficient differentiability to justify
the gradients of V, U and their interchange with expectation.
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Theorem 5.5.1. If N — 0o, n = ny — 0, and nx log>? N — 0, then, in probability,

sup Wi(pie/n),pt) — 0,
0<t<T

where p; is the unique weak solution with initial law py of
Ope = 2Vg - (Voo (03 p1)), (5.5.1)
wl6p) = V(6) + [ U0.0)p1(a).

The condition on 7y is a convenient sufficient condition for the uniform-particle estimate below,
not an optimal restriction.
Remark 5.5.2. 1. Theorem/[5.5.1|gives a full characterization of the limit of the training dynamics
of a two-layer neural network.

2. (5.5.1) essentially corresponds to the gradient descent of the population risk R(p) in the
measure space, with respect to the Wasserstein metric.

We provide some intuition for (5.5.1). Let the continuous particles start from the same initial
parameters as SGD and solve

N
d - - _ _ 1
0i(s) = 2Ve(Bi(); ), e = N;%w

The relation 6;(s) ~ 6;(|s/n]) is an approximation, not a definition. The conditional mean of one
SGD increment is exactly —2nV(6;; p), which explains the time scale. This is called mean-field
dynamics because each particle interacts with the others through their empirical measure.

For a smooth compactly supported test function g, differentiation gives

% [ 90069 = =2 [ Va(6)- T06:p1p.00).

This is the weak form of ((5.5.1). The Lipschitz assumptions give existence, uniqueness, and stability
of the characteristic flow. Coupling the particles with nonlinear characteristics having the same
initial values, and applying Gronwall’s inequality, gives

sup Wi (s, ps) < e“TWi(po, po)-
s<T
The right-hand side converges to zero by the law of large numbers for the initial empirical measure.
Combining this with the next proposition proves Theorem [5.5.1
Based on the limit dynamics, we can derive the approximation for a neural network with N
neurons.

Proposition 5.5.3. Under the boundedness and Lipschitz assumptions above, for 0 < § < 1 and
0 <n <1, there is a constant Cr independent of N,n, such that

max sup [i(s) — 0i([s/n))l| < Cr (v/710g2N/0) +1)

1<i<N g<s<T

with probability at least 1 — d. The constant may depend on the fized parameter dimension and the
regularity bounds.
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Proof. Subtract the conditional mean from each SGD increment. For each neuron, the resulting
martingale differences have norm bounded by C7n. A maximal martingale concentration bound over
the O(T'/n) steps, followed by a union bound over the N neurons, bounds all their partial sums
by Cr+/nlog(2N/0). The Lipschitz drift and the Euler discretization error then give the stated
estimate by the discrete Gronwall inequality. The neurons need not have independent martingale
increments: the union bound only uses a bound for each neuron separately. Taking 6 = e—clog” N
gives a bound of order Cr(y/nlog N + 1), as used above. O

More general versions of Theorem [5.5.1]and Proposition [5.5.3]are developed in A mean field view
of the landscape of two-layers neural networks (S Mei, A Montanari, P Nguyen) and Mean-field the-
ory of two-layers neural networks: dimension-free bounds and kernel limit (S Mei, T Misiakiewicz,
A Montanari).

The takeaway messages of the mean-field perspective are

1. Due to the permutation invariance, the measure of parameters is more essential to study in
the training of two-layer neural networks than the parameters themselves.

2. The limit of training dynamics (with infinite width and infinitesimal learning rate) of two-
layer neural networks is the gradient descent of the population risk in the measure space, with
respect to the Wasserstein metric. This identifies the evolution, but does not by itself prove
convergence to a global optimum. Indeed, when the differentiation is justified,

d
SR = =4 [ 190000 Por(a0) <0.
Monotonicity of the risk gives dissipation, not global optimality of every stationary measure.
Although R is convex under linear interpolation of probability measures, it need not be
displacement convex in the Wasserstein geometry. Global convergence requires additional
assumptions.

3. The approximation result for two-layer neural networks with finite width and learning rate
can be established. This partially explains why the training of two-layer neural networks
works surprisingly well in practice.
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