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1 RANDOM VECTOR THEORY

Before we continue to random matrix theory, it will be useful to establish some preliminaries
about random vectors, which will also lead us to a few important intuitions about high-
dimensional probability and geometry.

1.1 NATURAL RANDOM MODELS AND ORTHOGONAL INVARIANCE

As in the case of matrices, vectors have at least two natural interpretations: they are a list
of numbers, as well as a geometric object with a magnitude and direction (related notions
about vector and Banach spaces are abstractions of this latter viewpoint) with respect to a
basis of the space to which they belong. Each interpretation gives rise to a natural model'
of random vector.

In the list-of-numbers interpretation, it is most logical to model a random vector where
the entries are as statistically decoupled as possible. Thus, we consider

x ~ e, (1.1.1)

a vector with entries i.i.d. from some probability measure u on R.

In the magnitude-and-direction interpretation, it is most logical to model a random vec-
tor where the magnitude and direction are as statistically decoupled as possible. Thus, we
take these two properties to be independent (that is, a random x where ||x|| and x /|| x| are
independent). Since the magnitude can be any random non-negative scalar, the more inter-
esting new information of such a vector distribution is in its direction. Thus, we consider

x ~ Unif (5471, (1.1.2)

a vector drawn from the uniform surface measure on the unit sphere $4-! := {x € R4 :
lz]l = 1} (so denoted because it is a (d — 1)-dimensional manifold).

More generally, the following property of a vector distribution is natural to consider in
the context of the magnitude-and-direction interpretation.

Iwe will sometimes use this word “model” instead of “law” or “distribution” to emphasize that such a
choice includes some judgement of what distributional assumption is natural or reasonable—we make such
a choice to try to model typical situations we might encounter in applications.



Definition 1.1.1 (Orthogonal invariance). We say that a random vector & € R4 (or its
law Law(x)) is orthogonally invariant if, for each (deterministic) orthogonal matrix Q) €
O(d), we have Law(Qx) = Law(x).

Without going into more technical details of actually defining this probability measure ex-
plicitly, the following result should clarify the meaning of the measure Unif (54-1).

Proposition 1.1.2. There exists a unique probability measure supported on $4-! that is
orthogonally invariant, which we denote Unif (S4-1).

The following also shows that such distributions are nothing more than vectors distributed
as Unif (S471) rescaled by some independent random scalar, and thus are precisely the more
general class of models natural to the magnitude-and-direction interpretation that we indi-
cated above.

Proposition 1.1.3. Suppose that @ is orthogonally invariant. Then, ||| is independent
of z/||lz||, and Law(z/||z|) = Unif(S471).

Each of these distributions makes the random vector easy to reason about in its “native”
interpretation: the entries of an i.i.d. vector and the direction and magnitude of an orthog-
onally invariant vector are both described directly in the definitions. On the other hand,
the information “across” interpretations is harder to access. We will build up some tools to
address these questions now: what do the entries of & ~ Unif ($971) look like? And, what
are the magnitude and direction of an i.i.d. random vector?

1.2 GAUSSIAN RANDOM VECTORS

As we will see, in many ways the most natural of the i.i.d. random vectors is the standard
multivariate Gaussian x ~ N (0,1)®4. We also denote this law in the more conventional
multivariate Gaussian notation N (0, 1)®4 = N (0, I;). The general meaning of this notation,
which you should be familiar with, is as follows.

Definition 1.2.1 (Gaussian random vector). N (u,%) for parameters p € R and X €
R4 is the probability measure on R4 with density

B S
\Jdet* (21TX)

relative to the Lebesgue measure on the row space of X. Here, X" is the Moore-Penrose
pseudoinverse, and det* is the product of all non-zero eigenvalues. When X is invertible
(the most typical situation for us), then det™ above is the ordinary determinant, X* =
>~! and the above density is with respect to the Lebesgue measure on all of R%. We call

exp (—;(:c —p)"Z(x - ,u)) (1.2.1)



x a Gaussian random vector if x ~ N (u, X) for some p and X, and a standard Gaussian
random vector if p =0 and X = 1.

The following are the two fundamental properties of Gaussian random vectors.

Proposition 1.2.2 (Sufficiency of two moments). The parameters g and X are the mean
vector and covariance matrix of the random vector  ~ N (u, X):

S=FEx-p)(x-pn)" =Fxx" —pu’ (1.2.3)

Thus, the law of a Gaussian random vector is determined by its mean and covariance,
or equivalently by its linear and quadratic moments, Ex and Exx'.

Proposition 1.2.3 (Affine closure). If z € R4 is a Gaussian random vector and A € R4 x4
and b € RY, then Ax + b is also a Gaussian random vector. If  ~ N (u, %), then the
corresponding parameters after this linear transformation are

Law(Ax +b) = N(Ap+ b, AZAT). (1.2.4)

These two facts taken together make it easy to do certain computations with Gaussian ran-
dom vectors: provided we only make affine transformations, we both remain within the
class of Gaussian random vectors and can keep track of all distributions involved merely by
linear algebra.’

The following remarkable facts about standard Gaussian random vectors then follow by
simple calculations using the above. These show that, in fact, a standard Gaussian random
vector is both an i.i.d. random vector and an orthogonally invariant one, thus bridging the
two natural classes of models of vectors we were discussing before.

Proposition 1.2.4. Suppose £ ~ N (0,1;). For any a € $%°!, we have Law({a, z)) =
N (0,1). In particular, this law does not depend on a; the distribution of x is “the same
in any direction.” Further, x is orthogonally invariant.

Proof. Using the previous results, for Q € O(d),
Law(Qz) = N (0, Q" I,Q) = N (0,1,) = Law(z), (1.2.5)

giving the second result. The first follows from the second by considering a Q@ whose first
row is a. O

ZWe will not use it in this class, but another important fact to be aware of is that the more complicated
operation of conditioning a Gaussian random vector x on the values of some linear forms (a;, ) also yields
another Gaussian random vector.



Corollary 1.2.5. If x ~ N (0, I;), then Law(x/|lz||) = Unif (S4-1).

Proof. The result follows directly from the above together with Proposition 1.1.3. O

In fact, the following elegant result, which we will not prove here, shows that the Gaus-
sian scalar measure is the only one having this property.

Theorem 1.2.6 (Maxwell). Suppose that  ~ u®? for some p a probability measure on
R. If d = 2 and x is orthogonally invariant, then yu = N (0, o?) for some o2 > 0.

1.3 CONCENTRATION OF GAUSSIAN VECTOR NORMS

The above tells us that the direction of a Gaussian random vector is uniformly distributed;
in the exercises, you will see some similar more quantitative statements for more general
classes of i.i.d. random vectors. What about the magnitudes of such vectors? Again, let us
focus here on the Gaussian case.

A simple calculation gives the expectation of the norm (squared): if x ~ N (0, I;), then

Elz|? = d - Ex? = d. (1.3.1)

And, since ||z|? = Zlexf is a sum of ii.d. random variables, the basic theory of such
sums from scalar probability (law of large numbers, central limit theorem, etc.) tells us to
expect that we should have ||| ~ d with high probability; more precisely, we should have
lzl? =d+ O0(Vd).

Let us first try to establish this using some basic concentration inequalities. Markov’s
inequality gives .

d+t:1+é’

which only tells us that ||z||? = O(d) with high probability (say, P[||x||> < 100d] = 0.99 and
similar statements); the inequality “kicks in” and gives useful information only when t = d.
Chebyshev’s inequality gives

Plllzll®> >d+t] < (1.3.2)

2
Pl > d + t] = PlIzl? > Ellzl? + ] < o2l _ 2d

o o (1.3.3)

where we calculate Var[||z|?] = dVar[xf] = 2d. This gives the correct scaling, kicking in
when t = +/d. However, as the following result shows, the actual dependence on t above is
far from optimal.



Lemma 1.3.1. For x ~ N (0,1;) and any t = O,

u»[\na:n?—d\ >t] = u»[
- 2{ exp §—§;) ift <d, } (1.3.4)

2
= 2 exp (—;min{td,t}) . (1.3.5)

Proof. The proof uses the “Chernoff method,” a proof technique behind concentration in-
equalities like the Hoeffding, Bernstein, Azuma-Hoeffding, and McDiarmid inequalities. The
method is a general instance of something you might call a “nonlinear Markov” inequality
that also appears in the proofs of other bounds like Chebyshev’s inequality. This whole
family of approaches is important to know about.

We will only deal with one of the tails; the other follows similarly and the factor of 2
appears from taking a union bound. Note that [Exi2 =1, so, defining s; := xi2 — 1, we have

i=1

d [ d
P[fo—dzt}zﬂl’ Zsizt}
i-1

d
=P |exp (2\ Z Si) > exp()\t)}
i=1

- Eexp (7\ zle Si)

exp(At) (Markov inequality)
~ exp(At) (independence)
= exp (—At + d log Eexp(Asy)). (1.3.6)
Let us write
W(A) := log Eexp(As1) = log Eexp(A(x} — 1)), (1.3.7)

the cumulant generating function of the random variable x? — 1 (where we retain the —1
so that the expectation is zero. You may check as a calculus exercise that the remaining
expectation is finite if and only if A < %, and in this case

1
[Eexp(?\xf) = ﬁ, (138)
whereby | |

Taylor expansion shows that ¢/(A) = A? + O(A). Turning this into a concrete bound, you
may convince yourself by plotting (see Figure 1.1) and check by a slightly tedious algebra
exercise that ¢/(A) < 2A? for all A < 1/4.
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Figure 1.1: The cumulant generating function /(A) appearing in Lemma 1.3.1, our bound
on it, and the region where we apply this bound.

Thus we have that, provided A < 1/4,

d
P [Z x?—d=> t] <exp (=At +dy(A))

i=1

< exp (—At + 2d2\2> )

Inside the exponential now remains a convex quadratic function of A, which has a unique
minimizer that we compute to be at A* := ﬁ. We would like to set A := A*, but we must be
careful to respect that we have used a bound only holding for A < %. So, we consider two
cases:

Case 1: t < d. In this case, we may set A := A* < %. This gives

d t2
P Z_d=>t| < ——
L_lel d>t}<exp< Sd)’

as claimed.
Case 2: t = d. In this case, we set A := %. This gives

using that £ > d. O

The heart of the calculation, you can convince yourself, is that ¢(A) = O(A?) for A
smaller than some constant. Note that the bound on A is required, since @ (A) becomes
infinite for A > % in our case. This property, with the bound on A, is called a random
variable’s being subexponential, a weaker version of the property of being subgaussian that
you might have encountered before.

10



The result of the Lemma is characteristic of sums of i.i.d. subexponential random vari-
ables: they have “Gaussian tails” scaling as exp(—ct?/d) up to a certain cutoff of t ~ d,
beyond which they only have “exponential tails” scaling as exp(—ct). Bernstein’s inequality
is the general tool expressing this behavior; see Chapter 1 of [RH17] for more on that. A
rough intuitive explanation for this is that, when x; themselves have exponential tails, then
large deviations of Z‘f:l x; of order t < d are driven by the x; each being slightly unusually
large, while large deviations of order t > d are driven by the largest of x; being unusually
large, whereby the tail behavior becomes the same as that of an individual x;.

1.4 CONSEQUENCES FOR HIGH-DIMENSIONAL GEOMETRY

Lemma 1.3.1 is one of the fundamental facts of high-dimensional geometry. Let us unpack
its geometric meaning: informally, the result says that ||x||2 = d + O(~/d) with high proba-
bility. Taking square roots and a Taylor approximation, we see that

Izl = Jd + Oad) = Vd - 1+o<ja) =@<1+O(¢la>) _Jd+0(1).

That is, a random standard Gaussian vector usually falls close to the spherical shell of width
O(1) around the sphere of radius /d.

This is quite counterintuitive if you have not seen it before: we think of a one- or two-
dimensional Gaussian as having its “typical set” being a solid blob around the origin.® But,
a high-dimensional Gaussian actually has a non-convex typical set, consisting of a hollow
spherical shell!*

Some other “paradoxes” of high-dimensional geometry that you might be aware of may
be explained in the same way. For instance, consider = ~ Unif([-1, +1])®%, a uniformly
random point in the solid box [—1, +1]4. An integral calculation gives E|z|? = d[Exf =d/3.
Similar concentration inequalities to the Gaussian case show that ||| = \/d/3 + O(1) with
high probability. In particular, then, unlike in low dimension, almost all of the mass of this
box lies very close to its corners, far from the inscribed solid unit ball B4 := {x € R% : || x| <
1}. Using the analogous concentration inequality also implies that the ball B4 relative to its
circumscribing box [-1, +1]¢ is bounded by

vol(B%)
= P x| <1
vol([—1,+1]4) :E~Unif([—1,+1]d)[” | ]
< P [zl -d|l =d-1]
z~Unif([-1,+1]4)
— exp(—Q(d)). (1.4.1)

Thus, these same probabilistic tools show that the volume of the unit sphere is exponentially
smaller than the volume of its circumscribing box.’

3Let us not try to define a precise notion of typical set; think of it as meaning the smallest set in which a
random variable falls with high probability.

4Sometimes such random vectors are called thin-shell in convex geometry and probability.

>Actually, as you may look up, the true volume is even smaller than that, but to show that requires being
more careful than simply mimicking the proof of the bound for the Gaussian case in Lemma 1.3.1.

11
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Figure 1.2: An illustration of Borel’s theorem, Theorem 1.4.1, showing two low-dimensional
examples d = 2,3 where the distribution of x; - v/d is known exactly (and is not Gaussian)
as well as the Gaussian limit for large d.

Another way to look at our result is as implying the following approximation of laws,
which we emphasize is an informal one:

“N(0,I;) =~ Unif (S4-1(/d)) ” (1.4.2)

We arrive at this heuristic by combining our observations that, when & ~ N (0, 1;), then
Law(z/|lz|l) = Unif($91) (Corollary 1.2.5) and ||z| ~ +/d (Lemma 1.3.1). This idea can be
made rigorous, for instance in the following result.

Theorem 1.4.1 (Borel’s central limit theorem). Let  ~ Unif(S4-1). Then, x; - +/d con-
verges in distribution as d — o to N (0, 1). In fact, for any fixed k > 1, (x1 - Vd, ..., xk -
J/d) converges in distribution as d — o to N (0, Iy).

1.5 EXERCISES

1.5.1 HIGH-DIMENSIONAL GEOMETRY

Exercise 1.5.1. Consider the box B in R? of side length 2, centered at the origin, with vertices
at the points (+1,...,+1). For each s € {+1}4, let S; be the sphere of radius % centered at
the point %s. These are 24 spheres packed on a cubic lattice into the box B. Consider the
sphere S’ centered at the origin that is tangent to every S;. Find dg such that, if d < dg, then
S’ is contained in B, but if d = d, then S’ is not contained in B.

The case d = 2 looks as follows. The innermost circle is S’, and the four around it are
S(s1,+1)- The larger outermost square is B; the smaller square in a dotted line is just for
reference to show how the centers of the latter circles are arranged. Your task is to show
that, in high dimension, the innermost circle is not contained in the outermost square (!).

12



Exercise 1.5.2. Show that there is a constant ¢ > 0 such that, for all ¢ € (0,1), for d
sufficiently large, there are at least N = exp(ce?d) unit vectors vy,...,vy in R? such that
[{vi,vj)| <eforalll <i < j<N (ie., such that the v; are almost orthogonal).

Exercise 1.5.3. Consider the shape A4 ¢ R% that is the convex hull of the points 0, e;,e; +
€s,...,e1 + e+ -- -+ ey (the origin plus the “partial sums” of the standard basis vectors).
This is a simplex or high-dimensional tetrahedron, though not an equilateral one: edges
have lengths varying among 1 = +/1,+/2,...,+/d. Compute the volume of A4. What is the
side length of a cube in R4 with the same volume? (Give an asymptotic approximation as
d— .)

Exercise 1.5.4. Suppose that g ~ N (0, I;). Show the non-asymptotic inequalities

(1 - 2) Vd < Ellg|l < Vd.

1.5.2 CONCENTRATION INEQUALITIES

Exercise 1.5.5 (Subgaussianity). We call a random variable centered if its expectation is zero.
A centered random scalar X € R is called o?-subgaussian if Eexp(AX) < exp(02A?/2) for all
A € R. A centered random vector € R4 is called the same if, for all ©w € R4 with ||u| = 1,
(u,x) is a o?-subgaussian random scalar.®

1. Show that if X is a centered random scalar that is o-?-subgaussian, then aX is a’o?-
subgaussian, and that if Xi,..., X, are independent and each X; is Uiz-subgaussian,
then 31, X; is (3", 0?)-subgaussian. Conclude that a random vector with indepen-
dent entries that are each centered and o2-subgaussian is itself o2-subgaussian.

6Tt is also sometimes useful to say that an X not necessarily centered is o2-subgaussian if X — EX satisfies
our condition, but we will not do that in this assignment.
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2. Show that the following three conditions on a centered random scalar X are equivalent:

(a) There exists o> > 0 such that X is o2-subgaussian.
(b) There exists ¢ > 0 such that, for all t > 0, P[|X]| > t] < 2exp(—ct?).
(c) There exists A > 0 such that Eexp(AX?) < .

3. For X a centered subgaussian scalar, define
I X |lsg := inf{t > 0: Eexp(X?/t?) < 2}.

Note that this is well-defined by Part 2. Show that || - [|s; iS a norm on the space of
centered subgaussian random variables (over a given probability space).

4. Suppose that £ € R is a centered o2-subgaussian random vector. Show that there are
constants ¢, C > 0 such that

P[|lz|| > Covd] < exp(—cd).

That is, a high-dimensional O (1)-subgaussian vector has norm O (/d) with high prob-
ability.

1.5.3 ORTHOGONAL INVARIANCE FOR VECTORS

Exercise 1.5.6 (Factorization of distribution). Suppose € R4 is an orthogonally invariant
random vector, i.e., one having Law(Qx) = Law(x) for all Q € O(d). Suppose also that
x + 0 almost surely. Show that the scalar ||| and the vector & := x/||x| are independent
random variables, i.e., that P[||xz|| € A,z € B] = P[||z|| € A] - P[ € B] for all pairs of Borel
sets A € R.p and B < §9-1.

Exercise 1.5.7 (Moments). Suppose € R4 is an orthogonally invariant random vector
whose entries have finite first and second moments. Show that Ex = 0 and Exx™ = 021,
for some o2 > 0.
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2 FIRST STEPS WITH RECTANGULAR
MATRICES

We now take our first steps into random matrix theory, using the results from the previous
chapter to study the behavior of asymmetric or rectangular matrices with ii.d. Gaussian
entries. In particular, we will focus on the random matrix model

G ~ N(0,1)®dxm, (2.0.1)

a d x m random matrix with i.i.d. Gaussian entries.

2.1 GAUSSIAN RANDOM FIELD VIEWPOINT

Let us start by trying to gain some intuition about what G does to a single y € R™ as well
as several given yi,...,yn, € R™. Immediately our observations about Gaussian random
vectors become very useful, since we can easily completely characterize the laws of these
images.

Proposition 2.1.1. Law(Gy) = N (0, |lyl|°1,).

Proof. Since Gy is linear in GG, whose entries form a Gaussian random vector, Gy is itself a
Gaussian random vector. So, it suffices to compute its mean and covariance:

E(GY)i=E > GiaVa

a=1
=0,
Cov((Gy)i, (Gy);) = E(GY)i(Gy);

E (é Giaya) (é Gjbyb)

m

> VaVp - EGiaGp
a,b=1

(o0 ifixg
Lyl ifi=g 7
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where we have used that the G, are i.i.d. and have mean zero.

Another approach is to work with matrices; it is good to get used to using matrices inside
of expectations in the way written below. For the mean, the following operation is valid in
general when an expectation of a matrix product only has one random matrix involved:

E[Gy] = E[Gly = 0. (2.1.1)

You may check that this is just another form of the linearity of expectation. For the co-
variance, if we write g,...,gm € R4 for the columns of G, so that g, ~ N (0, I;) are i.i.d.
standard Gaussian random vectors, we may treat the entire covariance using similar manip-
ulations:

Cov(Gy) = E(Gy)(Gy)"

E (é yaga) (é Yugyp )

m
z Yalb - [Egag;
a,b=1

= > vi-Ia

a=1

= llyll*1,,
now using that the g, are i.i.d. and have mean zero and covariance identity. O
By the same kinds of calculations, we may also deduce the joint law of any collection of

finitely many Gyu,..., Gyn.

Proposition 2.1.2. Let yi,...,yn € R™. Then,

2L (nyodls - (ynyn) s
Gy oyl w2l - (g yn) s
Law : -~ o, _ : _ _ 2.1.2)
- : : . .
Yn (CTRRTINY FECTRETISY PRSP Y 5

Written more concisely, if Y € R™*" has the y; as its columns, then the covariance
matrix above is (Y'Y ) ® 1.

Proof. The result follows from identical calculations to the previous ones in each block of
the covariance matrix. ]

The previous result fully characterizes the Gaussian random field (a term for a higher-
dimensional Gaussian process) that attaches the random vector Gy € R4 to each point
y € R™, since we have characterized the joint law of any finitely many points of this field.

From this characterization, we may start to probe more particular geometric properties
of the action of G. We may, for example, compute what multiplication by G does to expected
lengths:

E|Gyll? = Tr(Cov(Gy)) = d|lyll% (2.1.3)
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What about angles? By a similar calculation you can find
E(Gy1,Gyz) = Tr(Cov(Gy1, Gy2)) = d{y1,y2), (2.1.4)

(Actually, this also follows directly from the calculation for distances by the polarization
identity (y1,2) = 3ly1 + ¥2lI> — $ly1 — y2ll% Try working it out.) Indeed, G acts in the
same way on the entire Gram matrix of any finite collection of vectors in expectation: for
Y1,...,Yn € R™ organized into the columns of Y, we have

E(GY) (GY)=dY'Y. (2.1.5)

Remark 2.1.3 (Gram matrices). The Gram matrix is a fundamental geometric object that
does not always get its due in a linear algebra class. For a set of vectors y; as above, Y'Y
describes the entire relative geometry of this set. Looking at the entries, we see that the
Gram matrix contains the lengths of the y; (on the diagonal) and the angles between each
pair (on the off-diagonal). Actually, this information fully specifies the geometry of this set
of vectors: if any other y,...,y;,, € R™ have the same Gram matrix, then there must be an
orthogonal Q € O(m) such that Qy; = y;; that is, it is possible to get from one point cloud
to the other by rotations and reflections.

The above calculations suggest that we should normalize away the factors of d through-
out by considering instead

P 1 P 1 ®dxm
G- G, Law(G) - N (o, 3) (2.1.6)
This matrix will satisfy the appealing properties
EIGyl? = llyl, (2.1.7)
E Gy, Gy2) = (y1,92), (2.1.8)
EGY) (GY)=Y"Y. (2.1.9)

That is, in expectation, G preserves lengths, angles, and Gram matrices, and thus looks as
if it preserves all of the geometry of R™! We will see in short order that this is true in a
specific quantitative sense with high probability as well, making multiplication by G a very
useful algorithmic and computational tool.

First, though, let us clarify an important caveat. Again, the above makes it look like G
preserves the relative geometry of any given point cloud yi,...,y, € R™ while mapping it
to R4, But, this holds for any d, including d < m, and even d = 1! Thus, part of the above
optimistic intuition is a kind of illusion created by taking expectations.

There are two important cautions about this 1ntu1t10n First, once d < m, once we draw
G at random, of course we can find y # 0 such that Gy 0 (any y in the kernel of G), and
for such y we will have 0 = IIGyII < |lyll. Thus, G cannot and will not preserve the relative
geometry of any vectors we multiply it by, and in particular we can easily find vectors
depending on G whose relative ‘geometry it badly distorts. On the other hand, if we first
pick y and then draw a random G then we have reason to hope that ||Gy|| will concentrate
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around the value ||y|| suggested by the previous calculations; indeed, our calculations show
that Law(Gy) = N (0, L1lylI21,), to which Lemma 1.3.1 should apply.

Second, even provided we make sure G is independent of the y that we multiply by it,
the extent to which the above properties hold with high probability rather than merely in
expectation will depend on how large d is: when d = 1, then G - g’ forg ~ N(0,1;), and
we still have [EHé\yiHZ = E(g,¥;)* = |lyill%. But, it should be intuitively clear that we cannot
actually have (g, vy;)?> = ||y;||*> simultaneously for very many ;, even if we choose them in
advance of drawing G. (Exercise: Try constructing concrete counterexamples.)

We will see next that what we have mentioned above are the only obstructions to G
behaving as we wish: provided that (1) d is not too small and (2) that we fix a point cloud
Y1,...,Yn in advance of drawing CA}', we will have that multiplication by G approximately
preserves the relative geometry of the y; (that is, G acts as an approximate isometry on
these points), even for d <« m.

2.2 APPLICATION: DIMENSIONALITY REDUCTION

2.2.1 JOHNSON-LINDENSTRAUSS LEMMA

Validating our heuristic reasoning above, the Johnson-Lindenstrauss lemma states that, in a
certain sense, a deterministic point cloud that is typically deformed substantially by G must
be quite large relative to the dimension we are mapping it into, so the above obstruction to G
preserving geometric structure is the only one. However, and this is an important condition
that we will return to later, this result only concerns whether G deforms pairwise distances
between the y;. This is not the same as preserving all aspects of the global geometry of the
y;, but is an intuitive notion and is relevant to various applications.

Definition 2.2.1. Given yi,...,y, € R™, a function f : R™ — R is pairwise e-faithful
(this is not standard terminology) on the y; if, for all i, j € [n],

(I =Ollyi —y;lI> < If (yo) = FyNI? < (1 +O)llyi —y;ll. (2.2.1)

Theorem 2.2.2 (Johnson-Lindenstrauss [J1.82, IM98]). Let y1,...,yn € R™ be arbitrary

and € € (0,1). Suppose that
logn

d=?24 g (2.2.2)

€
Note that the lower bound on d does not depend on the dimension m at all! Then, with
probability at least 1 — %, multiplication by G ~ N (0, é)@dxm is pairwise e-faithful on

the Yi.

In fact, as the proof will make clear, by increasing the constant C in the assumption d >

C '°§2" to some C = C(K), you can achieve a success probability 1 — ,%K for any given K > 0.
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Proof. The proof actually has little to do with the y;. Notice that being pairwise e-faithful
is a matter of preserving (’2“) many vector norms to within a factor in [1 — €,1 + €]. We will

show that this is true with high probability for any choice of (’2‘) vectors, and therefore also
for the é\(yi -yYj) = é\yi — ayj.
Consider an arbitrary € R™. Recall that Law(Gx) = N (0, éIImIIZId). We then have

P NGz -zl?| > elzl?| = P [lIgl? = lzl?] > ellzl?]
G~N(0,5)edxm g~N (0,5 1z(2)
1
- p Hnmnz lgl? - 22| > e||m||2]
g~NOIp Lld
= P |[ligl*-d|>ed]
g~N(0,I)
and, using that € < 1 whereby ed < d, by Lemma 1.3.1 we have
< 2exp (—éezd). (2.2.3)

This gives a bound on the probability of embedding a single vector with low distortion of
the length:

P [a-olzl? < 1Gel? < (1 +0lal?] = 1—2exp(—1(—:2d). (2.2.4)
G~N(O,é)®d><m 8

Finally, let E;; be the event that (1 — €)ly; — y;ll*> < II@yi — G‘\g}/jll2 < (1+6e)lly: — yjll°.
Then, by the union bound we have that
(1;) - 2exp (—é€2d>

IA

P[some E;; does not occur]

1
2 2
< —= d>
< n°exp < 86
—lex <3Io 1’L—1€2d> (2.2.5)
n P & 8 ’ o
and the result follows since, if d > 24'°§2", then this is at most 1/n. O

Multiplication by a random matrix for the purposes of dimensionality reduction is some-
times called the Johnson-Lindenstrauss transform (JLT) after this result. The original JLT and
its algorithmic applications sparked many directions of further research. Let us briefly go
over a few of these.

2.2.2 SIMPLE EXTENSIONS

It is easy to extend the proof to show that we also have (1 —€)|ly;ll < |.f(y)|l < (1 + €)ly;]l
with the same high probability up to constants (say, by increasing n by one and adding 0
to the y;, or by including further appropriate “bad events” in the union bound argument
above). As mentioned before, it is also possible to get an error bound of 1/nX for any K > 0
by suitably increasing the constant 24 in the statement of the Theorem and adjusting the
last step accordingly.
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2.2.3 LOWER BOUNDS

It is natural to ask if the result is optimal: could it be possible to reduce d even further? In
factitis not. The original paper of Johnson and Lindenstrauss [J1.82] showed that dimension
Q(logn) is needed for any given constant €, but with no dependence on €. Only relatively
recently was it shown that the Johnson-Lindenstrauss result is actually tight up to constants.
This was first shown for embeddings produced by applying a linear map to the y; (i.e.,
multiplying them by a matrix) [LN14], and finally extended to arbitrary embeddings [LN17].

2.2.4 SPARSE AND FAST JLTS

Another line of work has explored how to speed up the matrix-vector multiplication required
to form the embeddings f(y;) = CA;'yi. All such work is basically predicated on finding spe-
cial structured matrices G that allow for faster matrix-vector multiplication. The simplest
such structure is sparsity of the matrix involved; see [DKS10, KN14] for some results in
this direction. Perhaps the most elegant idea studied in this direction is quite different: the
algorithm of [AC09] uses that the fast Fourier transform algorithm may be used to mul-
tiply quickly by the discrete Fourier transform matrix. Their version of the JLT is based
on performing this multiplication (which does not reduce the dimension of the vector, as
the discrete Fourier transform matrix is square) and then subsampling a random subset of
entries of the result. There is a further caveat that some vectors have sparse Fourier trans-
forms, so subsampling their Fourier transform runs a risk of ending up with an unusually
small vector. Thus, a further preprocessing step is required to avoid this particular set of
“bad” vectors; see the paper for more details.

2.2.5 PROOF TECHNIQUE: FIRST MOMENT METHOD

As we have seen, the proof technique is merely an application of the union bound. However,
it is perhaps worth emphasizing some aspects of how specifically we are using the union
bound that also hold in many modern applications. While the union bound might seem
trivial, and indeed is when applied to just a few events, the union bound when applied to
many carefully chosen events is actually a quite sophisticated tool." If one wishes to bound
the probability of a “bad event” E, one may decompose it into E = E; U - - - U Ey and bound

N
PIE] < 3 PLE] < N - maxPLE]. (2.2.6)
i=1 =

Often, the P[E;] are roughly the same. Then, the above becomes a clear “competition”
between N, the number of ways that a bad event can happen, and P[E;], the probability of
a given way that it can happen.’ In high-dimensional probability, often N is very large and

1See in particular the book [Tal05], whose results show that the values of a tremendous number of
random optimization-like quantities including the norms of very general Gaussian random matrices can, in
principle, be controlled accurately by nothing more than a sufficiently careful use of the union bound.

2Borrowing the language of statistical physics, these quantities are sometimes called “entropy” and “en-
ergy,” respectively.
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P[E;] is very small, leading to the kind of competition on an exponential scale that we saw
in the proof.

As an aside, it is also worth being aware that this approach is also often called the “first
moment method,” because one may phrase the bound as

N N N
P[some E; occurs] = P [Z 1{E; occurs} > 1} <E [Z 1{E; occurs}} = > P[E] (2.2.7)
izl

i=1 i=1

by Markov's inequality. Thus one is computing the first moment (or expectation) of the
random variable #{i : E; occurs}. There is also a widely used “second moment method”
which involves computing the second moment and thus variance of this random variable,
using which you can show that some E; does occur with high probability. For instance, you
could use this to show that, for a suitable point cloud, if d is too small then multiplication by
G is not pairwise e-faithful. (Note that this does not answer the question about lower bounds
posed above, since it only applies to this particular method of embedding by multiplication
by a random matrix.)

2.3 THE GEOMETRIC (RANDOM FIELD) METHOD OF RANDOM
MATRIX THEORY

We will next extend our approach to the JLT to understand more intrinsic properties of
@, namely its singular values and vectors. This will both give us a first treatment of our
first fundamental random matrix model—that of rectangular matrices with ii.d. Gaussian
entries—and will hopefully further clarify why the JLT works well.

We will see below that this amounts to controlling the operator norm of a certain sym-
metric “error” matrix M. The general approach we take to this task is one of the main
methods of random matrix theory that we will study, so let us outline it separately here.

The chief trouble is that the operator norm is a quantity whose definition involves an
uncountable quantification over test vectors. We adopt the following notation for closed
balls in R4, which will be useful soon:

B (x,7) := {y € R4 ly — x| <7}, (2.3.1)
B := B4(0,1) > S 1. (2.3.2)

The operator norm can be formulated in either of the equivalent ways

IM| = sup |&"Mx| = sup |x" Mx]|. (2.3.3)
resi-1 xeBd
In either case, if S9! or B4 were replaced by a finite set, we could use the first moment
method, bounding P[|x" M x| > t] (which as we will see boils down to yet another applica-
tion of Lemma 1.3.1 on the concentration of norms of Gaussian random vectors) and using
a union bound to control P[||M || > t], but this is not the case.
But, it will turn out to be useful to take this hypothetical situation more seriously, so let
us define notation for these notions.
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Definition 2.3.1. For any bounded set X ¢ R4 and M € R%*4 we define

sym

M |lx :=sup |x" Mx|. (2.3.4)

xeX

This is not always actually a norm; depending on X, it may only be a seminorm, where
|M || x = 0 can hold for M =+ 0. The definition will be useful in any case, however. Applying
the first moment method to a general random matrix gives the following:

Proposition 2.3.2. Let M € R%4%4 be a random matrix and X C R4 be a finite set. Then,

sym

PlIMIx > t] <IX] - max Pllea" Mx| > t]. (2.3.5)
T

As mentioned above, controlling the second factor above involving scalar probabilities
will be possible in our case using Lemma 1.3.1; in general, it reduces to simpler questions
involving scalar probability theory. Thus, the key point will be the tradeoff between the fac-
tor of | X| in the bound above, which makes the bound deteriorate as | X| grows, versus the
error in approximating || M| by || M ||x, which we will soon see decreases as | X| increases.
We will therefore reduce the matter of bounding || M || to merely that of finding a sufficiently
small set | X| that behaves like a sufficiently dense “grid” of S4~! or B4 to approximate the
operator norm accurately (the sets we work with will not actually be grids but will behave
similarly). We call this general approach the Geometric Method of random matrix theory,
because it reduces the matter of understanding norms of random matrices to (possibly more
complicated variants of) the above purely geometric question.

2.4 RECTANGULAR GAUSSIAN MATRICES: SINGULAR VALUES

We focus on “short fat” matrices, that is, the setting d < m (often we will also mention how
our results specialize to the asymptotic regime d <« m). We also return to working with
G ~ N (0,1)®9 M again in order to simplify the notation.

As we have mentioned, the same argument as used in the proof of Theorem 2.2.2 actually
implies the following more general result.

Theorem 2.4.1. There is a constant C > 0 such that the following holds. For any
Z1,...,xny € R™, if d > CY and G ~ N (0,1)®9<™ then

€2

P|IGzill? - dlzil?| < edllz;|? forall i € [N]| > 1 — (2.4.1)

1
N
Before, we took N < n? and the x; to be all possible y; — yi, but we can apply the same tools

to any x;.
We may reframe this by rewriting

[I1Gzil1? = llzill*| = 2] (GTG)x; — ] (AL x| = |2] (GTG - dly)x;]|. (2.4.2)
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Thus it seems that, from the “point of view” of a small number of deterministic quadratic
form evaluations, the random matrix G'G behaves like dI,,, and indeed the JLT is based
on this fact. Had we stuck with our previous normalization, we would see the different
normalization that G G behaves like I,,,. In any case, this of course cannot be true without
restricting the number of quadratic form evaluations, since the matrices G'G and GG
have rank at most d <« m.

This is another “paradox” (that we will resolve in short order) of high-dimensional prob-
ability and geometry: somehow, a very low-rank random matrix can actually act like the
identity against a large number of test quadratic forms. This is basically just a variation on
the same paradox we saw in G preserving lengths and angles in expectation, but note that
the above statement does actually state that an event happens with high probability, so it
cannot merely be accounted for by saying that the random variables involved are not close
enough to their expectations.

We will now work towards a more sophisticated and “more spectral” (or more intrinsic
and geometric) explanation of this phenomenon than the union bound based proof we saw,
which is relatively simple but maybe not very enlightening. To do that, we will undertake
an analysis of the eigendecomposition of the matrix GG € R ™, seeking to make claims
about the distribution of its eigenvectors and eigenvalues (the same information as the right
singular vectors and singular values of G).

Note that GTG > 0, so its eigenvalues are non-negative. Call these Ay > --- > A, > 0.
Since rank(G"G) < d, we have Aj,1 = - - - = Aj,, = 0. The remaining eigenvalues are related
to the singular values of G by A; = 0;(G)?. We begin by studying these eigenvalues, or
equivalently the singular values of G.

2.4.1 APPLYING THE GEOMETRIC METHOD

It will be more convenient to instead consider the eigenvalues of GG™ € Rfyﬁfl. Since the
eigenvalues of GG™ and GG are equal except that the latter has m — d extra eigenvalues
equal to 0, GG™ will provide us with the same information; at the end, we will return to
GG and deduce some geometric intuitions about it. The probabilistic reason for working
with GG instead is that, if gi,...,gm € R? are the columns of G (distributed i.i.d. as

N (0, 1)), then we have
m
GG™ = > gig]
i=1
which is a sum of m > d ii.d. random matrices of dimension d. As we will see, in such a

situation it is justified to hope for a matrix-valued law of large numbers to hold, giving us

~m - Egig
= mId
= EGG". (2.4.3)

Roughly speaking, this heuristic is more accurate than the same applied to G" GG where the
roles of d and m are reversed because we want in our appeal to the law of large numbers to
work with an expression having “as much averaging as possible.”
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Remark 2.4.2. To emphasize the difference in how we are discussing these two matrices:
above we observed that G"G looks like dI,, from the point of view of a small enough
number of quadratic forms, but we also observed that it cannot actually be close to this
matrix (for instance by simple rank considerations). On the other hand, the above heuristic
suggests that GG looks like m1I;, and we will show below that this is actually true, and
use that to understand the trickier behavior of GTG.

Concretely, we expect the difference of operator norms |GG™ — m1,| to be small. This
kind of statement that a sum of independent or weakly dependent random matrices is close
in operator norm to its expectation is often called a matrix concentration inequality. Let us
write A := GG — ml,.

Remark 2.4.3 (Statistical interpretation). Expanding in a sum of rank one terms again, we
may also view
iA=i§g'97—[EggT (2.4.4)
m m 1:1 1Y 1 1 e
as the difference between a sample covariance and the true covariance of several i.i.d. draws
gi,...,gm from N (0,1;). Thus, our investigation will also address the natural statistical
question of how good of a statistical estimator the sample covariance is (in this particular

case).

To show that ||A| is relatively small, we will apply the Geometric Method outlined in
Section 2.3 with M = A.

2.4.2 NETS, COVERINGS, AND PACKINGS

To do this, our first task will be to develop some tools for relating || M| x for finite X to
| M ||, discretizing the continuous optimization appearing in the operator norm.

Definition 2.4.4 (e-net). A set X = {x1,...,zn} S Y C R4 is an e-net or e-covering of Y
if

N
V< B, e), (2.4.5)

i=1

or equivalently if, for all y € VY, there is x; € X such that ||y — x;|| < €.

The following key result shows that we may indeed discretize the operator norm and
bound it by a maximum over a suitable net.

Lemma 2.4.5. Suppose that M € RZ*? and X is an e-net of $%! for € < 3. Then,

sym

IMllx < [IM]l <

o IMx. (2.4.6)
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Figure 2.1: An illustration of a covering (left) and a packing (right) of a given set in R? by
balls of the same radius.

The same is true if X is instead an e-net of B-.

Proof. The first inequality is immediate. For the second, let x € $4! be such that |x" M x| =
M|, and let x; € X be such that || — x;|| < €. We then have

IMlx = |z M|
=|(®x+xi—x) " M(x+x;—x)|
=|le"Mx+x"M(x;—x) + (x; — ) Mx;|
> |e"Mzx| - |2"M(x;—x)| — |(x; — )" Mx;|
> (1-2¢e)IM],

and rearranging gives the result. The same argument applies verbatim in the case of a net
of B<. O

Next, we need to develop some further tools for constructing e-nets in a way such that
we have some control over their size. As you can convince yourself, it is rather tricky to
contrust explicit e-nets by hand by completely describing the vectors of X. Fortunately,
there is a more abstract approach that lets us non-constructively show that small e-nets
exist. This proceeds by considering a complementary notion:

Definition 2.4.6 (e-packing). A set X = {x1,...,zy} € Y C R4 is an e-packing of Y if the
balls B4 (x;, €) are pairwise disjoint, or equivalently if ||xz; — x|l > 2e for all i, j € [N]
distinct.

Proposition 2.4.7. Let X be a maximal e-packing of Y, one that cannot be extended to
a larger packing by adding more points. Then, X is a 2e-net of V.
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Proof. Let y € Y \ X. Since adding y to X must yield a set that is not an e-packing, there
must be some x € X such that B4(x, €) n B4(y,€) # &. Letting z be in the intersection, we
have ||z —y|| < ||z — 2|l + |ly — z|| < 2¢. Thus, either y € X or y € B%(x, 2¢) for some = € X,
giving the result. O

Thus, to show that small nets exist, it suffices to show that small maximal packings exist.
But, there is a fundamental volumetric bound on the size of arbitrary packings, including
maximal ones: roughly speaking, the total volume of the union of the balls in a packing
cannot be much bigger than the volume of the set being packed (at least for a nice full-
dimensional convex set).

Proposition 2.4.8. Let X be any e-packing of B4. Then, |X| < (1 + %)d.

Proof. We have
U Bz, €) = BY(0,1 +¢), (2.4.7)
reX

and the union on the left-hand side is disjoint. Thus, taking volumes,

|X| - vol(B4(0,€)) < vol(B%(0,1 + €)). (2.4.8)
Rearranging,
vol(B4(0,1 +€)) <1+e)d_< 1>d
| X| < Vol (B (z.€) c =(1+ <) (2.4.9)
by scaling considerations of the volumes of d-dimensional balls. O

Corollary 2.4.9. For any € > 0, there exists an e-net X of B? of size |X| < (1 + 2)%.

Proof. Let X be a maximal §-packing of B%. By Proposition 2.4.8, |X| < (1 + %)d, while by
Proposition 2.4.7, X is an €-net. O

2.4.3 COARSE NON-ASYMPTOTIC BOUND ON SINGULAR VALUES

Finally, we may put together the pieces to bound ||Al|: we use the existence of a not-too-large
e-net by the above non-constructive method, approximate the operator norm by discretizing
to test vectors in this net, and use the first moment method.

Theorem 2.4.10. If d < m, then

PLIA] > 64Vdm] < 2 exp (—‘é) . (2.4.10)
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Proof. Let us fix € := 1/4. Let X be an e-net of B4 as in Corollary 2.4.9, by which we can
assume |X| < (1 + 2)? = 94, By Lemma 2.4.5, we have [|A]| < —%5-|Allx = 2[|Allx. Thus we
may bound

t
PMAnzt]sPmexzz] (Lemma 2.4.5)
<94. ma)>(<[P [|mTAm| > ;] (Proposition 2.3.2)
xre

and writing & := x/||x||, since ||z|| < 1 for all x € X, we may bound
<99 maxP [|£TA:§| > t] . (2.4.11)
xeX 2

Let us work with this inner probability for any given @ (and its corresponding normalization
z) for a moment: expanding the definition of A,

P[l:chA:fcl > ;] [P’[I IGT2|?> —m| > ;]

t
P [||Ig||2—m| > ] (2.4.12)
g~N(0,In) 2

These probabilities are all equal, not depending on a, so we have

t
Plial =<9t B [lgl*-m]| > 1]
g~N(0,I1n) 2

To the remaining probability we can apply Lemma 1.3.1, which it will be convenient to do
specifically in the form (1.3.5). We can also bound 9 < exp(3). Together, these observations

give
< 2ex 3d—lmin if (2.4.13)
= coP 8 4m’?2 .-

Now, let us take t := C+/dm for some C to be chosen momentarily. Noting that v/dm > d
since d < m, we may further bound

2
< 2exp <3d - é min {id, gd})

. \c? c
= 2exp (d- [S—mm{%,m}]> (2.4.14)

and finally we see that taking C := 64 gives the result. O

To give a corollary in a form that is maybe easier and more intuitive to understand
concerning the singular values of GG, we will use the following basic eigenvalue perturbation
inequalities.
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Proposition 2.4.11. Let A, A € R%%4 Then,

sym

Ad(A) — Al = A4(A+A) <A (A+A) <A (A) + Al (2.4.15)

Proof. For both bounds, we use the variational description of the eigenvalues. For the upper
bound, we have

AM(A+A)= sup 2" (A+A)x
resd-1
< sup (xTAx + | Al)
resd-1
= ( sup wTAa:) + [|A]l
resd-1
= A1 (A) + Al

Similarly, for the lower bound,

Ad(A+A)= inf 27T (A+A)x
resd-1
> inf (T Az - ||A]])
resd-1
= ( inf a:TA:c) — Al
resd-1

=Aqa(A) - Al O
These are special cases of Weyl’s inequalities, which are a good more general tool to be aware

of. The proof of the more general inequalities similarly uses a more general variational form
of arbitrary eigenvalues given by the Courant-Fischer min-max theorem.

Corollary 2.4.12. For any d < m,

P|vm - 64Vd < 04(G) < 01(G) < /m +32Vd | = 1 - 2exp(~d).

Proof. We will use the basic bounds

IA

Vv1+x for all x = 0, (2.4.16)
V1 —x

1+

R NIR

forall0 < x < 1. (2.4.17)

>1

Both may be viewed as consequences of the concavity of the square root function: the first
says that one affine transformation of the square root lies below a tangent line to it, while
the second says that another affine transformation lies above a secant segment connecting
two points on its graph. Then, on the event that ||A|| > 64+/dm from Theorem 2.4.10, using
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that GG = mI,; + A, we have

01(G) = A1 (GGT)
<\m + ||A]l (Proposition 2.4.11)
<\Vym + 64Vdm

=ym-_|1+64 i
\ m
[esnf) |
<vm-|1+32,/— (2.4.16)
m

- Jm + 32/d.

Likewise, for 04 (G) we have a similar argument. First, though, note that if m — 64/dm < 0,
then /m — 64+/d < 0 as well, so the result holds vacuously in this case. Otherwise,

04(G) =\ Aa(GGT)

>m — ||A|l (Proposition 2.4.11)

>\Vm - 64vdm

= Jm - 1—64\/;
m
(-3

> m- |1 - 64— (2.4.17)
m

= Jm — 64+/d,

completing the proof. O

Of course, what you should remember is just the softer statement that the singular
values of G are, with high probability, all in the range

Jm-0Had) <o (G) <---<04(GQ) < /m+0((K/d) (whend <m) (2.4.18)

We highlight this because it is a fundamental fact about the spectra of random matrices
that you should try to commit to your intuition. We will see considerably more precise
elaborations of this claim soon, too. Note that, indeed, once m > d, then all of these
singular values are ./m to leading order and GG' ~ ml1 , as we proposed earlier.

The top d eigenvalues of the larger matrix GG € R <™ are also then approximately m;
however, for this matrix, there are m — d more eigenvalues that are identically zero. Thus,
the eigenvalues of %GTG are all either zero or close to 1; that is, it is close to a projection
matrix. It is then natural to ask: a projection to what subspace? To answer this question we

must understand the singular vectors of G, to which we now turn our attention.
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2.5 RECTANGULAR GAUSSIAN MATRICES: SINGULAR VECTORS

While the ordered singular values o,(G) > --- > 04(G) are well-defined for any G, the
individual singular vectors are not always well-defined. Suppose we take the singular value
decomposition (SVD),

a
G=UzIV'™ = Z O'i’u,i’UlT,
i=1

for {ui,...,uq} ¢ R? and {vi,...,v4} € R™ orthonormal sets. When are we justified in
viewing u;(G) and v;(G) as well-defined functions?

Actually, the answer is never, because the SVD does not disambiguate between the pair
of singular vectors (u;,v;) and the pair (—u;, —v;); either pair would give rise to the same
decomposition. To get around this minor issue, we may instead consider the rank-one matri-
ces associated to the pairs of singular vectors, Z; = u;v, . These matrices are unchanged by
a simultaneous change of sign, and from them we may also recover the more geometrically
meaningful projection matrices

Li:=Z,Z] = uju/, (2.5.1)
Ri = Z:Zl = ’Ui’UlT. (252)

It is sometimes useful for the sake of intuition to identify a projection matrix with the
subspace it projects to; thus, u;u; and v;v,; describe not the singular vectors but the entire
lines in those directions. Z; contains the information of this pair of lines, and its being one
of the rank-one matrices in the SVD says that G maps the line spanned by v; to that spanned
by u;. Z; also contains one more bit of information, saying whether that mapping maps v;
to a positive or negative multiple of w;.

However, there are more nuances. For instance, if 0; = 0, then Z; is equivalent to —Z;
in the SVD. And, more substantially, if o; = 0}, even if neither are zero, then Z; and Z; are
not uniquely determined. Indeed, writing

~

U:=| ui uj eR> V:i=| v oF e R>m

we have that the sum of the two corresponding terms in the SVD is
O'i(Ri + RJ) = (ri(uivi + 'U,J"U}—) = aiﬁVT = O'l(ﬁQ)(VQ)T

for any Q € O(2). This gives rise to equivalent decompositions of R; + R; as a sum of
rank-two matrices. Since 0; = 07, the expression o;(R; + R;) is what appears in the SVD for
these two components, so these equivalent decompositions mean that R; and R; are not
uniquely determined in this case.

As an extreme example, consider the case d = m and G = I;, the identity matrix. All
d of its singular values are 1, and it admits many SVDs of the form G = Z?Zl u;u; for any
orthonormal basis {u1,...,u4}. Thus, the more repeated singular values there are, the more
dire this issue becomes. However, as the following fact of linear algebra shows, these are
the only issues.
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Proposition 2.5.1. Suppose that G € R™ with d < m, 04(G) > 0, and the singular
values 0 (QG),...,04(G) are distinct. Then, there exist unique Z; = Z;(G) € R¥*m
such that each R; has rank one, has o;(Z;) = 1, and

d
G = Z O'l(G)Zl(G)

i=1

2.5.1 DISTINCTNESS OF SINGULAR VALUES

Remarkably, the conditions of the above Proposition 2.5.1 hold not merely with high prob-
ability but almost surely for Gaussian random matrices (and, though we will not discuss it
here, for other matrices whose entries are independent random variables whose laws are
absolutely continuous with respect to the Lebesgue measure).

Theorem 2.5.2. Let G ~ N (0,1)%4*™ with d < m. Then, almost surely, the following
hold:

1. 04(G) > 0.
2. The singular values o0, (G),...,0,4(G) are distinct, i.e., we have the strict inequal-
ities 071 (G) > - - - > 04(G).

We will use the following result to establish both parts, which should be intuitive but is
a little bit clunky to prove. You can prove it as an exercise—one approach is to show the
more geometric fact that any hypersurface has Lebesgue measure zero.

Lemma 2.5.3. Suppose p € R[x,...,xn]is a non-constant polynomial, and g ~ N (0, Iy).
Then, for any a € R, P[p(g) = a] = 0.

The first part of Theorem 2.5.2 can be proved quite directly using this result, as follows.

Proof of Theorem 2.5.2, Claim 1. Note that we have 04(G) = 0 if and only if G is rank-
deficient, which occurs if and only if P(G) := det(GG") = 0. (Note that this is not the case
if we take det(G'"G) instead, which is zero whenever d < m.) It is easy to show that p
is a non-constant polynomial of the dm entries of the matrix argument: it is non-constant
because, for example, for rank-deficient matrix inputs it is zero while for full-rank inputs it
is non-zero. Thus P[o;(G) = 0] = P[P(G) = 0] = 0 by Lemma 2.5.3. O

For the second part we will need to establish some tools from the theory of symmetric
polynomials as well as a relationship between polynomials of the eigenvalues of a matrix
and polynomials of the entries of a matrix. First, the following are the basic notions of the
general theory of symmetric polynomials.
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Definition 2.5.4. A polynomial f € R[ty,...,ts] is symmetric if, for all permutations
T E S, We have f(tn(l), ceny tTl'(d)) = f(tl, Ceey td).

Theorem 2.5.5 (Fundamental theorem of symmetric polynomials). Define the power
sum polynomials

da
skt ..., ta) 1= >tk
i=1

Then, if f € R[ty,...,t;] is a symmetric polynomial, then there exists some polynomial
g of d variables such that

f(ty,...,ta) =gsi(tr, .., tq), ..., 8q(t1,...,tq)).

In words, this result says that any symmetric polynomial is some polynomial of the power
sum polynomials, or that the power sum polynomials algebraically generate the symmetric
polynomials (which form a subring of the ring of all polynomials).

The power sum polynomials have an important role in random matrix theory, because
they serve as a bridge between the properties of the entries of a matrix and the properties
of the eigenvalues, a connection that we will see much more sophisticated uses of later. The
basic underlying fact is quite simple, however. Suppose here and below that X & Rfyﬁ?. Let
us define the power trace polynomials of X,

d
Sk(X) := Tr(Xk) = z Xalazxazag L Xak,laankal-

The latter expression shows that S (X') is a polynomial of the entries of X.
Proposition 2.5.6. sx(A1(X),...,Az(X)) = Sk (X).

This is just a simple consequence of the fact that the eigenvalues of X* are the A;(X)k.
However, it leads to the following important corollary.

Corollary 2.5.7. Suppose that F(X) = f(A1(X),...,A4(X)) for f a symmetric polyno-
mial (i.e., F(X) is a symmetric polynomial of the eigenvalues of X). Then, F(X) is also
a (not necessarily symmetric) polynomial of the entries of X.

Remark 2.5.8. The assumption that f is symmetric is crucial. For instance, you may check
as an exercise that F(X) = A;(X) is not a polynomial of X.

With these tools, we are now ready for the proof of the second part of the main Theorem.
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Proof of Theorem 2.5.2, Claim 2. Consider first a function of X € R%%4  defined as:

sym

fty,..t) = ] ti—t)?

1<i<j=<d

F(X) = f(A(X),...,Aqa(X))
=[] QuX)-2a;(X))>.

l<i<j=d

Clearly we have that X has a repeated eigenvalue if and only if F(X) = 0. Further, F(X)
satisfies the conditions of Corollary 2.5.7. Therefore, F(X') is a polynomial of the entries of
X. (Note that, remarkably, we can draw this conclusion non-constructively from the tools
above.)

Now, returning to the setting of the Theorem, we see that G has a repeated singular
value if and only if P(G) = 0, where P(G) := F(GG"). As before, P is non-constant merely
because some matrices do have repeated singular values and some do not. Thus, we may
conclude as before by Lemma 2.5.3 that

P[G has a repeated singular value] = P[P(G) = 0] = 0,
as claimed. ]

Remark 2.5.9. The proof above shows that the set of symmetric matrices with a repeated
eigenvalue is a hypersurface in the space RZ:?, which may be identified with R4 @+D/2, A

priori, since we described this set as {X : F(X) = 0} for a polynomial F, we only know that

its codimension is at most 1 (i.e., the dimension of this hypersurface is at most @ - 1).
Actually, its codimension is exactly 2. For example, the dimension of ngxnf is %“) = 3,
while the 2 x 2 matrices with a repeated eigenvalue are merely multiples of the identity,
whose dimension is clearly 1 = 3 — 2 (indeed, these matrices form a line in the space of
all symmetric matrices). Note that one polynomial constraint can in fact encode several,
for instance if F(X) = F;(X)2 + F»(X)?%2 = 0, then F;(X) = F»(X) = 0. As discussed for
instance by [BKL18], a more complicated version of this sum-of-squares structure is indeed
what happens in the case of F(X).

We have established that, on an almost sure event, we are justified in speaking of the
singular vectors of a Gaussian random matrix, at least via the rank-one matrices Z;(G) and
the projections to the left and right singular vectors L;(G) and R;(G). We are now ready
to study the laws of these objects.

2.5.2 ORTHOGONAL INVARIANCE FOR MATRICES AND HAAR MEASURES

We will see that orthogonal invariance, as we discussed for vectors earlier, is crucial to
understanding these distributions. The appropriate definitions for random matrices are as
follows:
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Definition 2.5.10 (Orthogonal invariance of matrices). We say that a random matrix
X e RYM (or its law Law(x)) is:

- Left-orthogonally invariant if, for each (deterministic) orthogonal matrix Q €
O(d), we have Law(Q X)) = Law(X).

- Right-orthogonally invariant if, for each (deterministic) orthogonal matrix @ €
O(m), we have Law(X Q) = Law(X).

- Bi-orthogonally invariant if it is both left- and right-orthogonally invariant.

Further, we say that a random symmetric matrix X € R%*4 is symmetric-orthogonally

sym

invariant if Law(QX Q") = Law(X) for each Q € O(d).

The following property is then simple to check using either explicit mean and covariance
calculations or by using that the rows and columns of an i.i.d. Gaussian random matrix are
i.i.d. standard Gaussian vectors, which are themselves orthogonally invariant.

Proposition 2.5.11. G ~ N (0, 1)®4*™ js bi-orthogonally invariant.

Corollary 2.5.12. If G ~ N(0,1)®4™ then L;(G) and R;(G) are both symmetric-
orthogonally invariant, for each i = 1,..., d. Further, the stronger equalities of law hold
that

Law((QLl(G)QT,...,QLd(G)QT)) _ Law((Ll(G),...,Ld(G))) for all Q € O(d),

Law((QRl(G)QT,...,QRd(G)QT)) _ Law((Rl(G),...,Rd(G))) for all Q € O(m).

The following basic linear algebra observation is a useful preliminary to the proof.

Proposition 2.5.13 (Invariance and equivariance of SVD). Let G € R?™ be a (determin-
istic) matrix such that 07(G) > - -+ > 04(G) > 0. Let Q; € O(d) and Qr € O(m).
Then,

0i(Q:GQy) = 0i(G),

Z:(Q:1GQyp) = Q1LZi(G)Qy,
Li(Q:GQp) = QLLi(&QY,
Ri(Q:GQR) = QrRi(G)Qg.

Proof of Corollary 2.5.12. Let us prove the simpler claim about the individual L;: we have,

34



by combining the above results,

Law(QL;(G)Q") = Law(L;(QG)) (Proposition 2.5.13)
= Law(L;(G)). (Proposition 2.5.11)
The result for the individual R; and the collections of all L; and R; follows similarly. O

Let us comment on the intuition behind what we have derived so far. Consider the
L;(G). Recall that, for u; some choice of the left singular Vectors in the SVD (which for
G are almost surely well-defined up to a sign flip), L;(G) = u;u;. As we have discussed,
we may identify this rank-one projection matrix with the line formed by span(wu;). Thus the
collection (L, (G),...,L;(Q)) is a collection of d orthogonal lines, i.e., a coordinate system
for R4 consisting of d orthogonal axes, although without a “positive direction” chosen for
any of the axes. The above result says that this object for G ~ N (0, 1)®4*™ has an orthog-
onally invariant distribution. We will next try to formally explain in what sense this makes
(L1(G),...,Li(G)) have the law of the unique “uniformly random” choice of coordinate
system.
To do this, we will show that after all it is possible to give a meaning to the left singular
vectors “u;(G)” (and similarly for the right singular vectors), provided we allow for some
further randomization.

Definition 2.5.14. Suppose G ~ N (0,1)®®™ with d < m. Z; = Z;(G) € R¥M jg
(almost surely) a well-defined rank-one matrix with 0, (Z;) = 1. There then exist exactly
two pairs of vectors ('u,(l) (1)) (u(z) (2)) such that u(“) (“) = Z;, which are related
by u(l) = (2) and ”1(1) = 1(2). Let us define further random variables (u;, v;) ~
Unn‘({(u(” (1)) (u!?, 1(2))}) These random variables have a well-defined law, and
may be viewed as generated randomly from G along with one more bit of randomness

to make the above choice. Finally, we define associated random matrices

~

U:=| % - Ug |€RPY Vi=| ¥ -+ Uy | € R™4,
| |

The above is just a slightly elaborate way of formalizing that we break the sign ambiguity of
u; by choosing a random sign, and making that choice compatible between u; and v;. It is
easy to check that

d

G =) 0i(@ud =UZ(G)VT,

i=1
and we may also view the above as choosing a random such SVD of G among the 24 equiv-
alent ones. At a heuristic level, you may just think of

| | | |
U=| xwi(@ - zw(@) |, Vi=| z201(G) -+ zwi(@) |,
| | | |

with the signs chosen to make the above SVD hold.
We will now see how the following fact determines the laws of these matrices.
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Proposition 2.5.15. The random matrices U and V are left-orthogonally invariant.

For (7, first note that U € O(d), i.e., this is an orthogonal matrix. The characterization of
the law then follows from the next result.

Theorem 2.5.16 (Haar). There exists a unique probability measure supported on O(d)
that is left- or right-orthogonally invariant, called the Haar measure and which we de-
note Haar(@(d)). It is the same as the law of the matrix whose columns are the vectors
formed by applying the Gram-Schmidt orthonormalization procedure to d i.i.d. random
vectors sampled from either N (0, I;) or Unif (S4-1).

Corollary 2.5.17. Law(ﬁ) = Haar(O(d)).

For V consisting of the right singular vectors, the above cannot quite work verbatim
since this matrix is not square. Indeed, it belongs to a different special set of matrices,
which is worth knowing about in its own right.

Definition 2.5.18 (Stiefel manifold). The Stiefel manifold of dimensions m > d, denoted
Stief(m, d), is the set

Stief(m,d) 1= {V e R™4 . VTV = I},

or equivalently the set of m x d matrices with orthonormal columns.

This is a very natural geometric structure: it is the set to which the matrix of right singular
vectors in the SVD belongs, but also it has an important relationship to parametrizing the
set of d-dimensional subspaces of R™ (an object called the Grassmanian manifold), since it
may be viewed as the set of all possible orthonormal bases of such subspaces.

One practical way to think of the Stiefel manifold is as the set of matrices that can be
extended to orthogonal matrices in @(m) by adding m — d more columns. Therefore, the
above extension of Theorem 2.5.16 should not be surprising.

Corollary 2.5.19. For any 1 < d < m, here exists a unique probability measure sup-
ported on Stief (m, d) that is left-orthogonally invariant, again called the Haar measure
and which we denote Haar(Stief (m, d)). It is the same as the law of a matrix formed
by sampling from Haar(©(m)) and keeping only the submatrix formed by the first d
columns.

Remark 2.5.20. Note that Stief(m, 1) = $4°1, and Haar(Stief(m, 1)) = Unif(S4-1), the uni-
form measure we discussed in Chapter 1.
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Corollary 2.5.21. Law(‘N/) = Haar(Stief(m, d)).

We have gotten as close as we might hope to defining “the laws of the singular vectors”
of G: though those singular vectors are not well-defined, we have described well-defined
randomized versions U and V of the matrices formed by those vectors and identified their
laws.

2.5.3 CONNECTION TO RANDOM PROJECTIONS

Previously, we raised the issue of the behavior of G'G € RZ™: this is a matrix of rank
d, yet which “looks like” dI,, from the point of view of a small number of quadratic form
evaluations. Using our findings about the singular values and vectors of G, we may clarify
this situation. Let X~ = 3(G) € R‘siyfnd be the diagonal matrix of singular values. If m > d,
then X ~ /ml,.
We have G = ﬁZVT, SO
G G=VVT ~mVV".

Since V € Stief (m,d), VYV = Py is a projection matrix to the d-dimensional column
space V := coI(V). By the left-orthogonal invariance of ‘7, this random d-dimensional
subspace has law invariant under orthogonal transformations. You should think of this law
as, in a similar spirit to the Haar measures above, the unique law of a “uniformly random”
d-dimensional subspace of R™,

Now, consider a quadratic form: for x € R™,

IGx)? = £ GT Gz ~ m| Pyxl| >

We may view Py x as first expressing x in a random coordinate system, and then zeroing out
all but d coordinates of x in this coordinate system. Since in a random coordinate system x
should have entries of roughly the same size, we should expect

d
| Pya||® ~ allwllz,

and thus
IGz|* ~ dllz|l?,

compatible with Theorem 2.4.1.

Thus the geometric mechanism behind the above observation about quadratic forms
and the Johnson-Lindenstrauss transform can be seen as the principle that suitably rescaled
random projections preserve the norms of deterministic vectors. As we have discussed, while
for any given projection there will exist some vectors that “escape” this behavior and are
either very close to or nearly orthogonal to the range of a random projection, one must fix
a very large number of deterministic vectors in order to expect to find such a vector with
respect to a random projection. (Indeed, you may reflect on how this is basically the same
phenomenon as needing exponentially many vectors to produce an e-net of $4-1.)
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2.6 APPLICATION: COMPRESSED SENSING

We will now see one last application of the ideas developed so far. This is for the problem
of compressed sensing, recovering x € R™ from y = Gz € R? with G € R¥™ (the same
dimensions as before).

For general x € R™, we need G to be injective, which requires d > m. Compressed
sensing concerns making d much smaller, provided we are promised that a is sparse. In
this setting, while we will discuss taking G' random, we view ourselves as having control
over GG (the so-called sensing matrix) in general, so the sparsity assumption should be seen
as in a basis of our choosing. Thus to take advantage of compressed sensing we should
encode any prior knowledge of x in a basis that makes x sparse. (For example, if x encodes
an image, we might choose a wavelet basis.)

2.6.1 NULL SPACE AND RESTRICTED ISOMETRY PROPERTIES

Let us denote sparsity by
lxllo:=#{i € [m]: x; + 0}. (2.6.1)

Note that this “£°-norm” is not actually a norm, because it is not homogeneous in x.

Assuming that ||x||o < k makes the task of recovering x easier. At the extreme, if k = 1,
then y = Gz is just (up to scaling) one of the columns of G. Thus provided the columns
of G are well-separated, it will be easy to recover . You can show that it is possible to
construct exp(Q(d)) unit vectors in R% that have, say, pairwise inner products of magnitude
each at most 1/2, which we may use as the columns of GG (and such a choice will be robust
to a small amount of noise). Thus when k = 1 then we may take d as small as O (logm)
while still being able to recover any 1-sparse x.

How does the situation change for larger k? We will show below that it actually does not
change that much.

First, let us specify what we mean by x being “recoverable.” The following definition is
not standard but useful.

Definition 2.6.1. We say that G distinguishes k-sparse vectors if Gx + Gz’ for any
x + x’ with ||z|o, [|2'|lo < k.

If G distinguishes k-sparse vectors, then compressed sensing is information-theoretically
possible: by, say, brute force search over an e-net of sparse vectors followed by a rounding
procedure, we may exactly recover any k-sparse x from y = Gx. We will not go into the
computational feasibility of compressed sensing here, which is a deep area in its own right.
You may look up the role of £!-norm minimization for such algorithms to get started with
computational approaches.

The following more linear-algebraic definition is actually equivalent to distinguishing
k-sparse vectors.
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Definition 2.6.2 (Null space property). We say that G has the k-null space property (k-
NSP) if, for all  + 0 with ||z||g < k, Gz * 0.

Proposition 2.6.3. G distinguishes k-sparse vectors if and only if G has the 2k-NSP.

Proof. If G does not distinguish k-sparse vectors, then there exist x = x’ with [|x||o, |||l <
k such that Gx = Gx'. In particular, G(x —x’) = 0, and ||x — x’||p < 2k, so G does not have
the 2k-NSP. Conversely, if G does distinguish k-sparse vectors and x'” # 0 has ||z" || < 2k,
then we may write " = x —a’ for x + " and ||z ||, ||’ |lo < k (by partitioning the 2k indices
on which x” is non-zero in some arbitrary way). Reversing the above argument then shows
that G has the 2k-NSP. O

We will in fact be able to show the following, more quantitative property.

Definition 2.6.4 (Restricted isometry property). We say that G has the (k, 6)-restricted
isometry property ((k, d)-RIP) if, for all x + 0 with ||zl < k,

(1 -8zl < |Gxl* < (1 + )|zl (2.6.2)
The following implication is immediate.
Proposition 2.6.5. If G has the (k, )-RIP for any 6 < 1, then G has the k-NSP.

The RIP is more useful than the NSP both for analyzing compressed sensing when some
noise is further added to y = G, and for analyzing algorithms for recovering x, but here
we will just view it as an analytic tool for establishing the NSP.

2.6.2 RANDOM SENSING MATRICES

The following is the main result that we will show.

Theorem 2.6.6. Forany 1 <k <m and 6 € (0, 1), if

160 m

and G ~ N (0,1)%4*m then

Z

(%)

k
P[G has the k-NSP] = P[G has the (k,5)-RIP] = 1 — -~ > 1 — 2 ( i ) . (263)

m
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Note that this scaling of d is consistent with our earlier observation that d 2 logm was the
right condition for k = 1. Remarkably, the result implies that, while

d=m

is needed for arbitrary x to be recoverable from G, for the specific case of k-sparse vectors
it suffices to have only the far smaller

d z klog () (2.6.4)

Proof. For S < [m] with |S| = k and = € R™, let 8 € R be the restriction of x to the
indices in S. Likewise, for G € R¥™ let GS) € R4*k be the restriction of G to the columns
whose indices are in S. If ||x|lg < k and the non-zero indices of & are contained in such S,
then

)2 = |22, (2.6.5)
Gr=GYg®, (2.6.6)

We may then view the (k, §)-RIP as requiring that, for all S < [m] with |S| = k and all
x®) e R¥, we have

(1=8)z® 1> < IG92™)* < A+ 6)[l2]°. (2.6.7)

But this just amounts to asking that
1-6<M(GO'GY) <A (GD'GY) <1+, (2.6.8)

or again equivalently that
IGS"GYS — Iyl < 6. (2.6.9)
We will then proceed by union bounding,
P[G does not have the (k,8)-RIP] <= > P[IG®' G - L]l > 5. (2.6.10)
se()

This is almost exactly the kind of deviation that we bounded before in Theorem 2.4.10. First,
let’s decode our statement into that form. Introduce H ~ N (0,1)®%*4  the scaling and
aspect ratio that Theorem 2.4.10 addresses. We have Law(G') = Law(d~'?H ). Thus,

PGS GS — I > 6]=P [H;HHT - IkH > 5]
=P[||HH™ - dI|| > §d].

The only difference between this and what Theorem 2.4.10 covered is that there we were
concerned with deviations of the order O(+kd), while here we are concerned with O(d),
which is much larger since d > k under our assumption. But, we may still apply the inter-
mediate result (2.4.13) from that proof, which gives

2 32
< 2exp <3k — é min {54;1, (5201})

52
= 2exp <3k — 32d) , (2.6.11)
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using that 6 < 1 so §%/4 = (6/2)% < §/2. Returning to the union bound, we first recall the
non-asymptotic bounds on binomial coefficients

(#) = ()= ()"

which we will use twice below. We may bound the terms in the union bound uniformly as

32

2

P[G does not have the (k,5)-RIP] < (T) - 2exp (3k - 5d>
em\X 52

< (k) - 2 exp (3]( — 320{)

(2.6.12)

completing the proof. The alternate form of the bound follows from the lower bound on
binomial coefficients above. O]

2.7 EXERCISES

2.7.1 GEOMETRIC METHOD

Exercise 2.7.1. Let X € ngxmd be a centered random symmetric matrix. Write vec(X) €
R4(@d+1)/2 for the (symmetric) vectorization of X, the vector formed by concatenating the
entries on and above the diagonal of X (choose any order of entries you like). Show that

there are constants ¢, C > 0 such that, if vec(X) is a o-2-subgaussian random vector, then
P[|| X | > Covd] < exp(—cd).

In particular, this implies that a high-dimensional random symmetric matrix with indepen-
dent O (1)-subgaussian entries has operator norm O (1/d) with high probability. This applies,
for instance, to matrices with i.i.d. Gaussian or bounded entries.

1.5.5
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2.7.2 JOHNSON-LINDENSTRAUSS

Exercise 2.7.2. In this problem, you will prove a lower bound on the dimension required for
embedding a particular point cloud that almost matches the Johnson-Lindenstrauss lemma.
Along the way, you will see some linear algebra that you might not have been introduced to
before.

1. Let Ay,..., A, = 0. Show that

(I A% Al

Al :=#{i:A; # 0} > - )
’ 1 SEAL Al

(2.7.1)

Reinterpret this as a relationship between the rank, trace, and Frobenius norm of a
positive semidefinite matrix.

2. Suppose M € R has M > 0, M;; = 1foralli € [n],and |M;j| <1//mnforalli =+ j.

sym

Show that rank(M) = n/2.

3. Let v € R". Consider the monomials in the entries of v, polynomials of the form

v - - vy for a; = 0. The degree of such a monomial is a; + - - - + a,. Show that the
number of different monomials of degree exactly k is <Y+’,:_1), and show the bound

r+k-1 ( r+k—1)k
<le-——) .
k k

4. For k = 1 and X € R™" with X > 0, write X°k for the matrix that has entries

sym

(X©®k);5 = X{‘j, i.e., for the entrywise kth power of X (note that X °* + X*). Show that

X°k > 0, and that rank(X °%) < (kX))

5. Let yo := 0 and y; := ey,...,Yn = €y, a point cloud of n + 1 vectors in R" (e; is the
ith standard basis vector, with 1 in the ith coordinate and O in all others). Show that
there are constants c, €p > 0 such that, for all € € (0, €p), there exists ng = ng(€) such

that, if n > ng(e) and d < 627;2%111/5)’ there do not exist zg, z1, ..., 2z, € R4 such that

(1 -e)llyi —yill* < llzi — 211> < (1 + €)lly; — y;lI* for all i, j € {0, 1,...,n}.

Conclude that the dimension of the embedding satisfying the above property that is
described by the Johnson-Lindenstrauss lemma for these points is tight up to a factor
of O(log(1/€)).
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2.7.3 ORTHOGONAL INVARIANCE FOR MATRICES

Exercise 2.7.3. This exercise proves a version of the result of Exercise 1.5.6 for random
matrices. Let X € deyfﬁ be a symmetric-orthogonally invariant random matrix. Suppose that

the eigenvalues of X are almost surely distinct. Define the frame of eigenvector projections
V(X) = (0(X)v(X)T,...,va(X)va(X)T) € (R4,

Show that A(X) € R4 and V(X)) are independent random vectors, where the latter after
vectorizing may be viewed as an element of (RW )4,
Exercise 2.7.4. Consider the following abstracted version of a situation we encountered in
discussing the singular vectors of a Gaussian random matrix. Suppose that L € Rfyﬁ]d is
a random matrix that always takes values having rank(L) = 1 and A;(L) = 1, i.e,, L is a
rank-one projection matrix. There then exist exactly two distinct unit vectors w;,u> such
that Lu; = u;, and w1 = —uy. Draw i ~ Unif ({1, 2}) independently of L, and define o := u;.
Suppose that L is symmetric-orthogonally invariant, i.e., has Law(QLQ") = Law(L) for
all Q € O(d). Show (precisely!) that the law of u is then orthogonally invariant, i.e., having

Law(Qu) = Law(t).

Exercise 2.7.5. Let Q ~ Haar(O(d)). Calculate the entrywise moments

EQij, EQijQke, EQijQreQmn, EQijQieQmnQyrs,

in terms of d and the indices i, j, k, ¥, m,n,r,s € [d].

Exercise 2.7.6. Let U ~ Haar(Stief(m,d)) for some 1 < d < m, and let x € S} c R™
be deterministic. Let P := UU" € R ™ and note that this is a projection matrix. Let
g ~ N(0,I,). Show that

2 2
J’-.-.J’-
Law (| Pz|1) :Law< . gLx' " > 94 2).
g1+...+gd+gd+l+...+gm
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State and prove a concentration inequality expressing that, if d and m are both large, then
| Px|? is close to % with high probability.

(HINT: Recall that U has the same law as Q ~ Haar(©®(m)) truncated to the first d columns.
Express this fact in linear algebraic terms, writing Law(U) = Law(QU ) for a suitable
deterministic U?). Plug that into the expression || Pz|?> = |[UUx|%.)

44



3 CLASSICAL LIMIT THEOREMS

We now proceed, chronologically backwards, to the older asymptotic results that initiated
random matrix theory, motivated then sometimes by physics and sometimes by statistics.
On the one hand, this will involve asymptotic statements about convergences as dimension
tend to infinity, without concrete bounds on probabilities of fluctuations like in, e.g., our
previous centerpiece Corollary 2.4.12 above. On the other hand, the statements to come will
concern finer-grained information than our previous inequalities, much in the same way that
the central limit theorem (CLT) is more precise or refined than the law of large numbers. We
first explain what new information these statements will give us and why and when it might
be useful.

3.1 MAIN PHENOMENA AND MOTIVATION

Let us switch to a scaling that is more conventional to classical random matrix theory
and that will make some of the phenomena we are interested in clearer. Consider G ~
N(0,1)84m with columns gi,...,gm € R%, and let

M6 - L g (3.1.1)
= = mi:lglgi. A
Let Ay = --- > A4 be the eigenvalues of M. As we have seen, we expect M ~ I; by an

informal law of large numbers argument, and Corollary 2.4.12 makes this precise, showing
that if m > d, then with high probability we have A1,...,A; € [1-0(J/d/m),1+0(yd/m)].

It is instructive to consider the case d = 1, in which case M = M is a scalar, M =
% > 91'2 for gi ~ N (0,1). In this case, Corollary 2.4.12 says that, with high probability,
M e [1-0(/1/m),1+0(/1/m)]. But we know from classical probability that we can make
much more precise statements about the shape of the fluctuations around 1: not only are
they of order /1/m, but their distribution is roughly /N (0, 2/m) by the CLT. Let us see two
kinds of analogous matrix-valued results that we will show soon.

WIGNER SEMICIRCLE LIMIT THEOREM We first ask, how does the distribution of the d eigen-
values Ay > - - - > A4 look near 1 when m > d? Perhaps you are tempted to predict that it
should look Gaussian, by analogy with the CLT. But this is wrong: Figure 3.1 shows that the
typical shape is well-approximated not by the Gaussian bell curve, but by a semicircle cen-
tered at 1, of radius scaling as ~ 2./d/m. Note in particular the key qualitative difference
between the semicircle distribution and the Gaussian: the former is compactly supported,
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Semicircle: Center = 1, Radius = 2/d/m

) TN

0.85 0.90 0.95 1.00 1.05 1.10 1.15

Figure 3.1: A histogram of the eigenvalues of M with d = 500 and m = 100000 along with
the semicircle prediction proposed in the main text.

suggesting that the eigenvalues actually concentrate significantly more strongly than a hy-
pothetical Gaussian limiting distribution would predict.

MARCHENKO-PASTUR LIMIT THEOREM It is also natural to ask the same when d/m — ¢ for
some ¢ € (0, ). In this case, Corollary 2.4.12 is even less informative, only telling us that
Al,...,Ag € [0,0(1)] with high probability, i.e., that the eigenvalues are bounded (a priori
the lower bound is —O (1), but we also know that A; > 0 since M > 0). But what is the shape
of their distribution and what are their actual typical extreme values? We will see that there
is a family of densities depending on ¢ answering this question, called the Marchenko-Pastur
laws pmp (). Like the semicircle law, these are totally alien to classical probability, but play
a central role in random matrix theory. For instance, as we will prove and as Figure 3.2
illustrates, when m = d, then the density of eigenvalues converges as d — « to

duMp( 1) 1 4 - x
= [—=, 3.1.2
dx 21T X ( )
supported on x € [0,4]. (As we will see and as you should expect, as ¢ — 0 these densities
will approach a semicircle shape, but as this example shows, for larger ¢ they can look
qualitatively extremely different.) What is this strange distribution and where does it come
from?

Remark 3.1.1 (A word on convergence of random measures). You would be right to wonder
what it means to say that a histogram of the Aq,...,A; “looks like” some deterministic
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| Marchenko-Pastur Prediction: s=+/(4 — x)/x
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Figure 3.2: A histogram of the eigenvalues of M with d = m = 1000 along with the
Marchenko-Pastur prediction proposed in the main text.

curve. The histogram must be renormalized appropriately depending on d, but also and
more importantly, the histogram itself (i.e., the collection of bin heights) is random. That
is, there are two layers of probability here: the A; themselves are random, according to
some (as yet mysterious) probability measure, but we are then drawing a picture of their
distribution, which is therefore a random probability measure. What we are saying, and
will say more precisely below (and already you may convince yourself that this holds with
numerical experiments), is that (1) the expected height of each bin lies close to the specified
curve, and (2) the random height of each bin concentrates around its expectation.

One motivation for studying these questions comes from statistics. Suppose we are
trying to perform covariance estimation: there is an unknown covariance matrix X € R4x4,
and we are given gi,...,g94 ~ N (0,X). We try to estimate X by the sample covariance,
Si= % >, gig;, which is none other than M above.

In this context, the second limiting behavior alluded to above says something remark-
able: even when 2 = I; and we are observing pure white noise, if we do not have enough
data points—the number of observations m is only proportional to, not much larger than,
the number of features d of each observation—then this direct estimate of X will be inconsis-
tent. In particular, we will be led to believe that there are spurious correlations in our dataset:
some eigenvalues of X that are larger than others, and therefore particular directions in R4
in which the g; are systematically biased. Understanding how S behaves is the first step
towards designing revised estimators that avoid these issues, a technique called eigenvalue
shrinkage. (It should make sense that the right thing to do is to somehow “squeeze” the
eigenvalues we think S has closer together, hence this name. If you are familiar with Stein’s
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paradox in classical statistics, you might revisit that and observe that this strategy is similar
in spirit.)

3.2 CONVERGENCE OF RANDOM MEASURES

Let us first make more precise what it means for random “histograms” or, more formally,
random measures, to converge to a deterministic measure in a way that captures the numer-
ical experiments presented above. We will present this in a somewhat sophisticated way,
but will try to refer back to our concrete experiments and observations about histograms to
keep the discussion grounded.

Definition 3.2.1. We write P(R) for the set of probability measures on R, with respect
to the Borel o-algebra.

3.2.1 DETERMINISTIC WEAK CONVERGENCE

We first propose a more sophisticated way to view the histograms of a finite collection of
numbers A = (A1,...,Az) € R (not necessarily random for now). We associate to these their
empirical measure or empirical distribution

a
ed(A) := %zé;\i € P(R). (3.2.1)
i=1

If you are not familiar with measure-theoretic language, just think of this as a function that
takes (measurable) sets and outputs the fractions of A; that fall in that set:

#lield]l: A€ A}
d .

In particular, for intervals A = [a, b], this counts the fraction of A; falling into that interval.
Therefore, ed () contains all the information needed to draw a histogram of the A; with any
bin width, making it a more convenient object to work with.

Next, still thinking of deterministic A, what does it mean for a sequence of such empirical
distributions to converge? We propose a definition for general measures, and then say what
this means for empirical distributions.

ed(A)(A) = (3.2.2)

Definition 3.2.2 (Weak convergence). A sequence L; € P(R) converges weakly to u €

P(R), denoted ug L) u, if, for all bounded continuous functions f : R — R, we have
[ fdua — | fdp as d — oo.

As we will see in a moment, under a mild extra assumption, we are also allowed to
consider certain discontinuous f, in particular f(x) = 1{x € [a,b]}. Provided we can do
this, in the case of pg = ed(A@), we learn that, if y has a continuous density p, then

p(t)dt. (3.2.3)

#lieldl: A €la,bl} jb
d

a
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Let us check that (3.2.3) describes the pictorial convergence of histograms. In a his-

togram, we plot the fraction of Aﬁd) that fall in bins of some width 6 > 0, which is the above

situation for the interval [a,a + &] for some left bin edge a € R. Thus if ed(A @) W, u

which has a continuous density p, and if the above consequence indeed holds, then for any
choice of § we will have, as d — o,

a+o
height of bin with left edge a — J p(t)dt. (3.2.4)
a

In our experiments, though, we observe not just this convergence of bin heights. We also
see that, as 6 — 0, the shape of the limiting bin heights converges, too. To see this, the bin
heights must be renormalized—clearly, if we just take § — 0 above, all heights will converge
to zero. However, we have

a+o
(Isim) % ;ijrgo(height of bin with left edge a) = (|SiLT(1J % L p(t)ydt = p(a) (3.2.5)
by the Lebesgue differentiation theorem (which just says that, for p continuous, averages
of its value over shrinking intervals [a,a + &] converge to its point value at the point to
which the intervals shrink). Thus we see that, upon renormalizing like this, if empirical
distributions converge weakly, then histograms of shrinking bin widths will indeed converge
to the curve that is the density of the limiting distribution p.

3.2.2 EQUIVALENT CONDITIONS

As we have alluded to above, there are actually several equivalent definitions of weak conver-
gence, and you might have seen other ones emphasized in your studies. Also, confusingly,
there are some conditions that are equivalent for characterizing when a sequence of proba-
bility measures converges to another probability measure, but that become distinct when we
are concerned with, say, a sequence of probability measures converging to another measure
(for instance, describing how in what sense the point masses 9§, converge to 6y as n — ).
The following describes many equivalent conditions in the simpler case of probability mea-
sures converging weakly to another probability measure, along with some notes.

Definition 3.2.3. Let u € P(R). Its cumulative distribution function (cdf) is cdf (u) : R —
R with cdf (u) (£) 1= Px-uy[X < t] = p((—oco, t]).

Theorem 3.2.4 (Extended portmanteau theorem). Let ug, u € P(R). (We emphasize that
we assume these are probability measures on R, without which assumption some of the
equivalences below are false.) Then, the following are equivalent:

1. For every continuous, bounded function f : R — R, [ fdug — [ fdu. This is the
standard definition of weak convergence in more general settings.

2. For every continuous, compactly supported function f : R — R, [ fdug — [ fdu.
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This is usually known as vague convergence and sometimes denoted p; v, u, but
is equivalent in our setting.

3. For every smooth, compactly supported function f : R — R, [ fduz — [ fdu.

4. For every f : R — C of the form f(x) = exp(itx) fort € R, [ fdusz — [ fdu. These
integrals, as a function of the parameter t, are the characteristic functions of g
and pu, and this result is called Lévy’s continuity theorem.

The equivalence of the following further conditions to Condition 1 above is usually
called the portmanteau theorem. To formulate them, we introduce the notion of a
continuity point x of a measure y on R: it is a point where the cumulative distribu-
tion function cdf (u) is continuous (as we encountered above), or equivalently for which
p({x}) = 0.

5. ug(A) — u(A) for all Borel sets A for which p(0A) = 0 (generalizing continuity
points, such sets are sometimes called continuity sets of p).

6. ua(la,bl]) — u(la,b]) for all a < b continuity points of u.

7. Ug((=o0,a]) — pu((—oco,a]) for all a continuity points of p. The condition is equiv-
alently that cdf (ug) (a) — cdf(u)(a) for all such a.

Note that the last three conditions may be viewed as analogous to the first four, where
we consider families of indicator functions f = 1, for various families of sets A.

Note that Condition 6 above is precisely what we proposed earlier in (3.2.3). Thus we see
that this is indeed equivalent to the definition we gave of weak convergence, provided the
endpoints of the interval are continuity points of u. That clause is to exclude edge cases
of the following kind. Suppose that p; = 8,,4, for instance, the empirical distribution of a
few numbers that are all equal to 1/d. Then, clearly the natural limit we wish this sequence
to have is u = 69. However, if we take a = b = 0, then uy([0,0]) = 0 for all d, while
u([0,0]) = 1. You may convince yourself that the condition above is a natural condition for
excluding all such situations.

3.2.3 RANDOM WEAK CONVERGENCE

The above discussion concerns deterministic Al@ and the empirical measures u; of such
collections of points. We will be interested in the more complicated situation of random
A, usually Al = A;(M@) for M@ e R&¢ a random matrix. Then, A{” are themselves
random, and pg = ed(A?) is a random measure.

Essentially the same definition as Definition 3.2.2 is sensible, and will guarantee the same
sort of bin-wise convergence of histograms. The only additional rub is that we must specify
a mode of convergence: unlike before, the quantities I; := [ fdug = éZ‘Ll f (Aﬁd)) are now
random, and we are asking for them to converge to the deterministic number I := [ fdpu.
You will recall that there are many levels of strength at which to ask that this happens. The
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ones that we will work with are the following:
1. I; — I in expectation if EI; — I.
2. I; — I in probability if, for all € > 0, P[|I; — I| > €] — 0.

3. I; — I'inL?if E(J; — I)? — 0, or equivalently (prove it if you do not see why it is true)
if I; — I in expectation and Var[I;] — O.

We therefore are justified in introducing the following definition.

Definition 3.2.5 (Random weak convergence). Let u; be random probability measures
on R: random variables taking their values in the set of probability measures on R.
We say that u; converge weakly in expectation (respectively, weakly in probability and

2
weakly in L?) to u, denoted g W), u (respectively, Ly (WP) u and pg el W), if,
for all f bounded and continuous, [ fdu, converges in expectation (respectively, in
probability and in L?) to [ fdpu.

Again, you can view this in the previous context as a statement about the convergence
of random histograms, where we ask either for expected bin heights to converge, or for
stronger conditions like (for L? convergence) the variance of their heights also decreasing.

Remark 3.2.6. Random measures can be slightly tricky to work with in general, but we will
only ever study the simpler discrete random measures ed(A@) for ¥ a random vector.

It is natural to ask whether versions of the equivalent conditions from Theorem 3.2.4 for
the deterministic case remain equivalent in the random case, if we fix a mode of convergence
and replace all convergences of numbers in that Theorem with convergence of random vari-
ables in that mode. This is indeed the case, but requires some further assumptions: while
in the proof of Theorem 3.2.4 one essentially approximates various classes of test functions
f by one another and shows that the error terms that arise are small, for random measures
these error terms will themselves be random, and one needs to show that they are small in
a sense appropriate to the mode of convergence one works with.

3.3 THE COMBINATORIAL (MOMENT) METHOD OF RANDOM
MATRIX THEORY

How can we actually prove weak convergence of random measures in the above sense?
And, how can we deal with specifically the empirical distributions of eigenvalues of random
matrices? Let us give a name to these objects: for M < Rfyﬁd, we define the empirical
spectral distribution

d
esd(M) = ed(A(M)) = % S Saam € P(R).

i=1
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Some of the salient issues are already apparent if we just consider trying to prove that
esd(M @) converges weakly to some u for deterministic matrices M4 e RZx4. For in-
stance, the method of characteristic functions and Lévy’s continuity theorem (Condition 4
of Theorem 3.2.4) would ask for us to show the convergence of

1 a
> exp(itAj(M@))
j=1

U

for all t € R, which will clearly be intractable in all but the simplest situations where we
have a very precise understanding of the eigenvalues of M ) already.

Most often, as in the example of G ~ N (0,1)®4*™ we have studied already, the infor-
mation we have about M will concern its entries. So, we would like a tool for proving weak
convergence that allows us to use that information to analyze the eigenvalues. It turns out
that one powerful idea for doing this is to study weak convergence through the moments of
a measure.

We have seen the basic underlying algebraic fact already in Section 2.5.1. In our new
language, it is that the averages of polynomials over esd(M) are polynomials in the entries
of M € R%x4, Concretely,

sym

d d
| Medesd M) = L SN = Tr(M¥) = Y Mis, -+ My Mi
i=1 i i

i1yeenig=1

which we have seen is a polynomial of the entries of M. In particular, if we are interested in
weak convergence in expectation, we wish to establish the convergence of E [ fd(esd(M (@))
for various functions f. To do this for polynomials f, it suffices to consider the monomials
f(A) = A%, and the above expectation becomes

E [de(esd(M(d)))} = i E[M; i, - - - My i Mii, 1.

i1yeenig=1

As we will see, we may understand the right-hand side of such an expression combinatori-
ally, by considering which (iy,...,ix) € [d]* make the biggest contributions and how many
of these terms there are.

To give a complete outline, we will prove limit theorems for eigenvalue distributions by
proceeding as follows:

1. Estimate E [ fd(esd(M@)) for f(A) = Ak for each k > 0.

2. Establish covergence weakly in expectation of esd(M () to some u for polynomial test
functions, i.e., that E [ fd(esd(M@)) — [ fdu for f(A) = A¥ for all k > 0, and thus
for all polynomials f.

3. Establish convergence weakly in expectation for larger classes of functions f (in partic-
ular f = 1;,,7) by approximating them by polynomials, using tools like the Weierstrass
approximation theorem.
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4. Establish stronger modes of convergence by showing that, for f polynomials and then
more general functions, the random variables [ fd(esd(M@)) concentrate around
their expectations.

We will see that, while they can be technical, Steps 2 through 4 can be performed mechan-
ically for many applications. The art and nuance of this method is in the first step. We
therefore call this general approach the Combinatorial Method of random matrix theory,
because it reduces the matter of understanding eigenvalue distributions (and, as we will see,
other related properties like norms) of random matrices to the combinatorics of the above
expectations of entrywise monomials.

3.4 WARMUP: CENTRAL LIMIT THEOREM BY MOMENTS

Let us give an example of the Combinatorial Method for the weak convergence of determin-
istic measures, namely the CLT. The following result gives a general tool for dealing with the
latter analytic steps of the method in this case.

Theorem 3.4.1 (Carleman’s criterion). Suppose u,, u € P(R) are all o->-subgaussian for
some o2 > 0, and that

E Xk= kadun(X) - Jxkdu = F xk
X~pn X~

for each k > 1. Then, u, LA u.

Proof Sketch. By Theorem 3.2.4, it suffices to show that the characteristic functions converge
pointwise, i.e., that for all £ € R,

Jexp(itx)dun(x) - Jexp(itx)du(x).
By Taylor’s theorem, for any K > 1, we may estimate

K .

] (ltx)k |t|K+1|X|K+1

exp(ltx) = Z +0 ( .
= K (K +1)!

Thus,

' Iexp(itx)dun(x) — Iexp(itx)du(x) '

K . k . k
<3 O ) — [ a0
+O<J (K +1)! d“"(XHJ (K + 1) d”'(x))'

For any given K, each term in the first sum converges to zero by our assumption. And,
estimating subgaussian moments, the last term decays as K~X/2. Thus, taking K — o gives
the result. O
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We will use this to show the following weak version of the CLT. A standard and sim-
ple truncation argument lets you extend this to the correct general statement without the
subgaussianity assumption.

Theorem 3.4.2 (Subgaussian CLT). Suppose that X, X»,... are i.i.d., o?-subgaussian,
and have EX; = 0 and EX? = 1. Then,

. 1 < W) .
Uy = Law(\/ﬁi;){l) N(0,1) =: .

Proof. Standard properties of subgaussian random variables show that p,,u are all o?2-
subgaussian. Thus, by Theorem 3.4.1, it suffices to show the convergence of moments.
Consider some k > 1. First, recall that

P o7k 0 if k is odd,
z-n01 | (k=1)!! if kiseven

Further, the right-hand side has the combinatorial interpretation of being the number of
matchings of the set [k], or the number of partitions into subsets of size exactly 2.

Now, consider the left-hand side of the limit. We have, expanding in a similar spirit to
what we have suggested for matrices above,

k
. 1< _
Mk.—[E<\Fi_§1X1)

1

n
=z 2 EXa--- X

11,.mig=1

Let us introduce some notation. First, write Part([k]) for the set of partitions of the set
[k]. A partition 1t € Part([k]) is a set of subsets T = {A;,..., Ay}, where the A; are disjoint,
non-empty, and A; Ll - - - U Ap = [k]. We call the A; the blocks of the partition. Thus we can
use ordinary set-theoretic notation to talk about partitions, writing |7r| for the number of
blocks in 17, and A € 1T to say that A is a block of .

Next, given ¢ = (i1,...,ix) € [n]¥, we write type(z) € Part([k]) for the partition where
a,b € [k] are in the same block if and only if i, = i}. For example, with k = 9 and n = 5,

type((1,5,1,1,5,3,3,4,2)) = {{1,3,4},{2,5}, {6, 7}, {8}, {9} }.

Thus we may group the above sum by type:

Mk = W Z Z [E[Xi1 " 'Xik]

mePart([k])  je[nlk
type(¢)=T1T
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Now, note that if type(Z) =  with T € {A,,..., A} and thus |mr| = £, then there are some
distinct ji,..., j¢ such that X;, - - - X;, = Xj‘-f“' - -Alj‘?“. Since the X, are independent, the

expectation of such an expression factorizes as E[X;, - - - Xj, ] = [E[le-f”] - E[X}?f‘], and
since the X, are further i.i.d., we have

1
=iz 2 > [TEX™M

mePart([k]) 4e[n]k Aem
type(¢)=T1T

Crucially, this manipulation tells us that all the terms of type ™ make the same contribution
to this sum. So, we see a counting problem typical of the Combinatorial Method appear:

1 ) .
= k2 Z (n [E[XlAl]) #{1 € [n]* : type(?) = 11}
mmePart([k]) \Aem

Further, the indices of a given type are generated by assigning a distinct value to all positions
in each block of 7r. Therefore,

:ﬁ 2. (n [E[XlAl])n(n_l)"'(n—|7T|+1)

mmePart([k]) \Aem

To simplify the exposition, let us allow ourselves an approximation here; as an exercise you
may show it does not affect the result:

> (ﬂ [E[Xf"])n"'

Q

mmePart([k]) \Aem
= 2 (H [E[X{A]>n—’</2+'"
mePart([k]) \AeTm

Finally, notice a few more properties of this sum. First, every term where 1t has a block
of size 1 has an E[X;] = O factor, and thus does not contribute. So, all non-zero terms
involve 1t having all blocks of size at least 2, and thus || < k/2. If |1r]| < k/2, then the
corresponding term is o(1) as n — oo. And, the number of terms in the entire sum does
not depend on n. Therefore, the sum of all terms for 7t with || < k/2 or 1 having a block
of size 1 is o(1). Finally, for r with all blocks of size 2, since [E[Xlz] = 1, the first factor
involving expectations equals 1. Thus we have

= #{mr € Part([k]) : 7t is a matching} + o(1),

since the 7t with |r| = k/2 and |A| = 2 for all A € 1t are precisely the matchings. O

3.5 WIGNER SEMICIRCLE LIMIT THEOREM

We will prove in detail using the Combinatorial Method the following theorem, one of the
first and most important results of classical random matrix theory.
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Definition 3.5.1 (Wigner matrix). Let v be a probability measure on R. We write Wig(d, v)
for the probability measure on R%*4 where we sample W ~ Wig(d,v) by drawing

sym

Wij = W;; ~ v ii.d. and setting W;; := 0.

Definition 3.5.2 (Semicircle measure). The (Wigner) semicircle measure is the probabil-
ity measure, denoted psc, supported on [—2, 2] with density %\/ 4 — x2 on that interval.

Theorem 3.5.3 (Wigner’s limit theorem). Suppose that v is a probability measure and

with [xdv(x) = 0 and [x%dv(x) = 1. Let W@ ~ Wig(v,d) for each d > 1. Then,

esd(%W(‘”) R 20N Usc for a mode of convergence M € {E, P}.

Remark 3.5.4 (Relation to rectangular matrices). Recall that we saw the semicircle distri-
bution show up in numerical experiments with the matrices % zﬁl gig; for gi ~ N (0,1,)
ii.d., when m > d. In that case, the semicircle had a radius of 2./d/m and was centered at
1, so we would expect to see Lsc appear if we instead considered \/%(% > gig! —Ia) =

ﬁ > it (gig] — I;). Indeed you may check numerically that this is the case. It is also rea-
sonable that this random vector behaves somewhat like a Wigner matrix, at least if we ignore
the diagonal. You may check that the off-diagonal entries of g;g; are pairwise uncorrelated,
so if, hypothetically, we took m — oo for d fixed, then the above matrix would converge to a
symmetric Wigner matrix with Gaussian entries by the CLT. Thus it should be plausible as a
“softening” of this that the m > d limit, where both parameters grow but m grows faster,
would give rise to the behavior of a Wigner matrix as well.

Remark 3.5.5 (Universality). One important aspect of this theorem is that it gives a uni-
versal limit regardless (essentially) of the entrywise distribution. You may think of this
as analogous to the CLT, which gives a universal limit for the sums of i.i.d. random vari-
ables essentially regardless of their distributions (up to centering and scaling). In fact, the
moment assumptions in Theorem 3.5.3 can be relaxed even more: it suffices to just have
[xdv(x) = 0 and [ x?dv(x) = 1, but no further moments beyond the second need neces-
sarily be finite. See Exercise 3.10.2 to be guided through this proof, and Section 3.5.3 for
more discussion of universality.

We will proceed according to the same strategy we outlined before.

3.5.1 CONVERGENCE OF EXPECTED MOMENTS

As for the CLT, the main ingredient of the proof is the following.
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Definition 3.5.6. We say that a sequence of random measures p; € P(R) converges in
expected moments to a deterministic u € P(R) if, for all k > 1,

ijkdud(x) - Jxkdu(x).

We denote this py SR, U.

Lemma 3.5.7. In the setting of Theorem 3.5.3, if all moments of v are finite, then
1 (d) E mom.
eSd(\/ﬁ” ) Usc.

We separate out the computation of the moments of the semicircle distribution into a
separate claim, which will be treated in Exercises 3.10.5 and 3.10.6.

Definition 3.5.8 (Catalan numbers). We denote by Cat, the Catalan numbers, defined to
satisfy the recurrence

Catg =1,
Y
Catpyg = Z CatyCaty,_ forall k > 1.
k=0

The following gives a combinatorial interpretation that is straightforward to prove by show-
ing that the number of non-crossing matchings also satisfies the above recurrence.

Proposition 3.5.9. Caty is the number of non-crossing matchings of [24], matchings
that have no crossings when drawn as a matching of points arranged in a line.

There is also an explicit formula, though we will not need to use it.
.l 1 240
Proposition 3.5.10. For all £ > 0, Caty = ﬁ(e)-

For example, the first two matchings of [4] in Figure 3.3 are non-crossing, while the last has
a crossing.

Proposition 3.5.11. The moments of the semicircle law are given by
0 if k odd
E X* = #{non-crossing matchings of [k]} = { o } (3.5.1)

X~pisc Caty if k = 2¢ even
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e o o« e ././_\.\. o o« e e
1 2 3 4 1 2 3 4

Figure 3.3: The three matchings, two non-crossing and one crossing, of four objects that
arise in the computation of the fourth moments of N (0,1) and usc.

k[0 2 4 6 8 10 12 14 16
Ex-won[XK1|1 1 3 15 105 735 6615 72765 945945
Ex-ue XK1 |1 1 2 5 14 42 132 429 1430

Table 3.1: A comparison of the first few moments of N (0, 1) (the “matching numbers”) and
of usc (the Catalan numbers).

Generally, there are many fewer non-crossing matchings than general matchings, as we
can see from the scaling behaviors that, roughly, the total number of matchings is ~ k*/2
while the number of non-crossing matchings is ~ 2k (both by Stirling’s formula, omitting
lower order terms). The first few of each sequence are given in Table 3.1.

Proof. With the above result in hand, we may proceed to the main calculation of the mo-
ments of the empirical spectral distributions, which is more complicated than but very much
parallels the one from the CLT. The main complication is that the “template” object that we
use to group terms by becomes considerably more complicated than a partition. We let
W := W@ 1o lighten the notation and calculate:

k
My -= [ElTr (1W)

d \vd
1
= T ETr(W*)

and by expanding the matrix multiplication in indices,

1
= Adk/2+1 z EWiioWizis - = - Wi i Wiy -
i1l €[d]

We associate to each such term the following combinatorial object, giving a notion of the
“type” of each term above. The terminology below is non-standard but useful for us.

Definition 3.5.12 (Closed walk graph). A directed graph G is a closed walk graph if it
has the following properties:

1. There is a distinguished root vertex root = root(G) € V(G).

2. The (directed) edges of G are numbered 1 through |E(G)|, and when traversed in
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this sequence form a closed walk starting and ending at root.

You may convince yourself that such a graph precisely describes the pattern of equalities
among the indices in a term above, where we “forget” the actual values of the i,. See
Figure 3.4 for an example.

We write V(G) and E(G) for the vertex and edge set of a closed walk graph. Also, let
us write UE(G) for the multiset of edges of G stripped of the information of their direction
(i.e., replacing directed edge (i, j) with undirected edge {i,j}, but retaining repetitions).
And, introduce independent random variables W, ~ v for each undirected edge e € UE(G).
Since W;; = 0, all terms making a non-zero contribution will never have i, = i,,1 (with index
arithmetic done modulo k), so the associated closed walk graph will never have vertices with
self-loops. Thus, we may rewrite

1
Mak = 2y > dd-1)---@-IVGI+1)-E| J] Wel.
G closed walk graph ecUE(G)
G loopless
|E(G)|=k

Further, let UUE(G) be the set of unique undirected edges of G, and let the multiplicity m(e)
of e € UUE(G) be the number of times that that edge occurs (in either orientation) in G. We
may then factorize as in our CLT argument,

1
= ki1 > dd-1)---@-VGI+1 - [] E [wme)]
G closed walk graph ecUUE(G) W~v
G loopless
|E(G)|=k

and finally as before since Ey -, W = 0, we may restrict

1
= kT > Add-1)---@d-IV@|+1- ] E wme,
G closed walk graph ecUUE(G) W~v
G loopless
|[E(G)|=k

m(e)>2 for each eeUUE(G)

which just asks that each edge appear at least twice in G, in either orientation.

Recalling what happened next in the CLT argument, we must find which terms make
the largest contribution. Since k is constant, this amounts to understanding for which G
(satisfying the conditions in the sum above) we have |V(G)| = k/2 + 1 = |E(G)|/2 + 1.
Consider G the graph where each edge of G is stripped of its orientation, and parallel edges
are collapsed down to a single edge, so that Gisa simple undirected connected graph. We
have IE(ﬁ)I < |E(G)|/2 by the last restriction we made above, while IV(5)| = |V(G)|.

Since G is connected, we have IV(CN})I < |E(5)| + 1, with equality if and only if G is a tree.
(Proof: a simple induction establishes the result with equality for trees, and any connected
non-tree has a spanning tree, for which equality holds, as well as further edges.) Thus we
have |V(G)| < |E(G)|/2 + 1, with equality if and only if G is a (rooted) tree traversal: a
rooted tree where each edge occurs exactly twice, directed in opposite directions, and where
the edges are numbered so that, if followed in order, they visit each vertex of the tree exactly
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Figure 3.4: The closed walk graph associated to a term of the form
Wi isWinisWisisWisisWisis Wisi, in Tr(W0), where 1iy,...,is are all distinct. We include
these index labels for reference, but we think of a closed walk graph as not being decorated
with those indices, but rather only the ordering of the directed edges traversing them. We
do include the identity of the “root” or starting vertex of the closed walk, which is whatever
vertex had the label i;, which we show as shaded.

once. When G satisfies this equality, then m(e) = 2 for all e € UUE(G). Thus, we find a
counting interpretation of the limiting empirical moments,

1 1 k
Myk = E=Tr <ﬁ 1%% > - Z 1
d d G arooted tree traversal
[E(G)|=k

= #{rooted tree traversals with k edges}.

It remains to show that the number of rooted tree traversals with k directed edges (of
a tree with k/2 undirected edges) is Caty/,. Clearly this number is zero when k is odd by
parity considerations. Suppose then that k = 2 is even. We want to show that the number
of tree traversals where the underlying tree has £ edges is Caty.

It is useful to make a few transformations of our description of the Catalan numbers as
counting non-crossing matchings (proving which we leave as an exercise). First, Caty is the
number of parenthesizations of length 2£: the number of ways to arrange 2¢ parentheses
that adhere to the usual rules of grammar, where every parenthesis gets closed and you only
close a parenthesis that has been opened. For instance, “(() ())” and “Q) () ()” are valid,
while “()) (” is not, even though the number of open and closed parentheses is equal.

Next, Caty is in turn equal to the number of Dyck paths of length 2, the paths in 7> of
length 2¢ that start at the origin, return to the x-axis, move right and either up or down with
every step, and never go below the x-axis. Finally, the bijection between Dyck paths and tree
traversals is just to “spread out” the tree traversal, viewing it over an x-axis of “time,” or to
“glue” levels of a Dyck path.

See Figure 3.5 for examples of all of these bijections. Note that a tree traversal, being a
closed walk graph, is supposed to be decorated with information about the order in which
edges are traversed, but because of its special structure beyond just a closed walk graph, we
can replace the labels on edges, which are a little redundant, with an ordering on vertices, as
we do above—the order in which the vertices are visited fully determines the order in which
the directed edges are traversed. O
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3.5.2 UPGRADING TO WEAK CONVERGENCE IN PROBABILITY

We will now use the convergence of moments to sketch the proof of a version of Theo-
rem 3.5.3 involving weak convergence in probability, provided that all moments of v are
finite. It is straightforward to then deduce the version of this for convergence of counts of
eigenvalues in an interval, as follows.

Corollary 3.5.13. In the setting of Theorem 3.5.3, for any a < b, 3#{i : Ai(ﬁW@) €
[a,b]} — usc([a,b]) in probability.

Proof. Write A\? := Ai(ﬁW“’”). For any 0 < € < b;—“, we may define functions f,g: R — R
as follows:

(0 ift <a,
1-¢<t jfa<t<a+e,
ft)y:=41 ifa+e<t<b-g, },
bt ifth-e=<t=<b,
0 ift=b
(0 ift<a-e,
1-%t ifa-e<t=<a,
git)y=411 ifa<t<b, ,
bret - jfh<t<b+e,
L O ift=b+e€

These are continuous and bounded, and satisfy f(t) < 1{t € [a,b]} < g(t), and therefore

1 & 1 1 4
> PO = o#li A € la,bl) < - > gAY,
i=1

i=1

S

We also have

deusc—usc([a,b])‘
= j(f - 1[a,b])dﬂsc‘

- j (f(t)—1[a,b]<t>>psc(t>dt'

|| O - L Epsc®dr+ | O - LawE)psc(bdt

b
a

< j (F() = Liap (£) psc(t)dt

a

+

b
| w- 1[a,b](t))l)sc(t)dt'
<2-€-2- Teaﬁpsc(t)

< Ce.
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Figure 3.5: An example of the bijection between four kinds of objects that the Catalan num-
bers (Caty in this case) count, as used in the proof of Lemma 3.5.7: non-crossing matchings,
parenthesizations, Dyck paths, and rooted tree traversals. We also show the mapping from
Dyck paths to tree traversals by showing which vertices along the Dyck path are identified
to form the tree.
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for some absolute constant C, and likewise with f replaced by g. In particular, we find that,
using Theorem 3.5.3 (with weak convergence in probability) on f and g and combining with
the above observation, for any e,

lim P [usc([a,b]) —Ce < %#{i A e [a,b]} < psc([a,b]) + Ce] - 1.

But, taking € — 0, this is just by definition the convergence in probability given in the
statement. O

We now sketch the rest of the proof of the weak convergence in probability statement.
Let us write W = W@ := %WW and pg := esd(W) again; the below technique is sensible
in a much wider range of settings. We want to show that, for any bounded continuous f,

deUd L8 dellsc-

On the other hand, we only know that, extending Lemma 3.5.7 by linearity, for any polyno-
mial p, we have

J pdug = J pdpsc.

To get from the latter to the former, we have to handle two differences: the difference
between convergence in expectation and convergence in probability, and the difference be-
tween polynomials and bounded continuous functions.

To deal with the second issue, the following will be our main tool.

Theorem 3.5.14 (Weierstrass approximation). Let f : [—B, B] — R be a continuous func-
tion on a compact interval and € > 0. Then, there exists a polynomial p € R[x] such
that, for all x € [-B,B], |f(x) — p(x)| <€.

Now, suppose we are given a bounded continuous f. Since psc is supported on [-2,2],
we expect that p; should not have many outlier eigenvalues far from this interval. So, pick
some B > 2 and € > 0, and let p be a polynomial approximating f on [—B, B] as above. We
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may then decompose

U

deud - deusc

F0 - jfdusc

IA

‘Ms. Il M

-
Il
—

1 d
p(Ai) — EE 2 p(A;)

S

+

L ZP(/\ ) —Jlﬂdusc

1 1

SE (f(Ai)—p(Am‘

i:|A;1<B

1
17 > f@)

i|A;|>B

+ Z p(Ai)

l\)\ |>B

+ I(f - p)dusc

The second term converges to zero by convergence of expected moments. The third and
sixth terms are small (specifically, at most €) by our assumption on p approximating f on
[—B, B]. The trickier error terms are the first, fourth, and fifth terms, whose treatment you
will see in Exercise 3.10.1, showing that

d
Z s Zv(?\)

i=1

1
=2 (A2 o0,
i:|A;|>B

2 S p@wl Lo,

i|A;|>B

The first statement asks that [ pduy concentrate around its expectation. The second and
third both, in slightly different ways, ask to control outlier eigenvalues from the limiting
support [—2,2]. Further, in Exercise 3.10.2, you will remove the assumption that all mo-
ments of v are finite and fully prove Theorem 3.5.3 with convergence in probability.

More generally the above are the two obstructions that may arise to extending conver-
gence of expected moments to weak convergence in probability (or stronger modes):

1. The empirical moments of eigenvalues may converge in expectation to a limit, but not
concentrate around that limiting value. In this case, you can think roughly speaking
that weak convergence fails even for the simple case of polynomial test functions
(this is not precisely valid since the definition of weak convergence does not allow
polynomial test functions, but is an accurate intuition still).
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2. There may be many or very large outlier eigenvalues which make the moments—which
are affected by outliers—behave in ways that are not representative of the actual weak
limit.

3.5.3 UNIVERSALITY

One of the remarkable things about Theorem 3.5.3 is the universality statement that it con-
tains. Namely, after the relatively straightforward extension in Exercise 3.10.2, an improved
version of the Theorem says that the limiting eigenvalue distribution of matrices drawn from
Wig(d,v) as d — « is the same provided only that v has mean 0 and variance 1. You should
think of this as being similar to the universality latent in the central limit theorem, which
makes precisely the same kind of statement for sums of i.i.d. random variables distributed
according to v.

As in the case of the central limit theorem, this universality phenomenon actually can be
pushed considerably beyond the case of W;; ~ v for some v that does not depend on either
d or i, j. Let us give (without proof) two examples of even more general statements; we will
mention some more later and plenty can be found throughout the literature.

SPARSE RANDOM MATRICES First, consider allowing v to depend on d. We consider a simple
example given by “sparsifying” the distribution Unif ({+1}), often called the Rademacher
distribution: for a parameter p € (0, 1], define the sparse Rademacher distribution as the
probability measure

SparseRad(p) := gé,l/ﬁ +(1-p)oo+ gél/ﬁ.

Note that we have arranged so that, for any p, these measures all have mean 0 and vari-
ance 1. If p is a constant, then Theorem 3.5.3 applies and gives convergence of the empirical
spectral distribution to the semicircle law of normalizations of W4 ~ Wig(d, SparseRad(p)).

But, it turns out to be permissible to take p = p(d) decreasing sufficiently slowly with d.
In particular, we have the following.

Theorem 3.5.15. Let p(d) € (0,1] for each d € N. Consider Wigner random matrices
W@ ~ Wig(d,SparseRad(p(d))) and write pgy := esd(ﬁW(d)). The following hold:

1. If p(d) -d - ©as d — oo,thenudm»u_c,c.

2. If p(d) -d — c € (0, ), then gy i) y. for some probability measure y. + usc.

We note that the condition on p(d) - d is precisely the same as the condition on the central
limit theorem holding for such sparse random variables: if p(d) - d — o then the sum of d
ii.d. random variables distributed as SparseRad(p(d)), suitably normalized, has a Gaussian
limit, while if p(d) - d — ¢ € (0,) then this limit, as you may check, has the law of a
difference of two independent Poisson random variables.

A simple reason for the breakdown of the semicircle limit theorem when p(d) - d — ¢
is as follows. The probability that a given column of W4 is identically zero is roughly
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(1 - p(d)4. When p(d) > 1/d, then this converges to zero, but when p(d) ~ 1/d, then
it converges to a constant. In the latter case, we expect a constant fraction of the columns
of W@ to be zero. Since whenever column i of a matrix is zero then e; is an eigenvector
with eigenvalue zero, this means in the above situation we expect a constant fraction of
eigenvalues of W@ to be zero. Thus, the limit of u; would need to include a point mass
at zero, which usc does not. (Continuing the analogy with sums of i.i.d. random variables,
the same argument applies in that case: once p(d) ~ 1/d, a sum of d i.i.d. random variables
of this sparsity has each summand identically zero with high probability, so the limiting
distribution must have a point mass at zero).

INHOMOGENEOUS RANDOM MATRICES We may also allow for the entry distributions of W (4)
to be different, provided they have some shared regularity conditions. One simple such
setting is the following.

Theorem 3.5.16. Suppose that, foreach 1 <i < j<d, 0j; = 0ij = a®

;i > 0 satisfy the
following:

1. There exists constants ¢,C > 0 independent of d such that, for all 4 = 1 and

l<i<j<d,
c<(fl-2],sC
2. Foralld =1 and i € [d],
d
>of=d
j=1

(d)

Suppose that W@ are random matrices with W}id) = Wi ~ N(O, (Tl-zj) independently

and let 4 := esd(-5 W @). Then, pg ™ pisc.

You should think of such results as being akin to the “triangular array” versions of the
central limit theorem.

3.6 COMBINATORIAL METHOD FOR EXTREME EIGENVALUES

We also sketch how we can control the norm of a matrix, [|W| = max{|A,(W)I, [A1(W)]},
by similar moment computations, for the case of Wigner matrices. Let us see why our
calculations so far do not suffice.

First, note that u; converging weakly in any of the modes we have discussed to usc is
certainly insufficient. Note that, in fact, this weak convergence is not affected at all by the
value of Al(%W“’”). The same is true even for deterministic weak convergence: no point
mass with weight 1/d affects the weak convergence of probability measures, since it only
contributes O(1/d) to the integral of any bounded function.

Still, we may try to reuse our calculations to bound the spectral norm, as follows. We
may write the finding of Lemma 3.5.7 in a way more relevant to our setting as follows. Given
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the entrywise distribution v, for each k, there is a A>x = Ak (V) such that

2k
ETr (\}EW(‘“) € [d - Caty — Agi,d - Caty + Aox].

The point of this for our purposes in Theorem 3.5.3 was that, since A,, does not depend on
d, upon dividing by d the limit of the above is Caty.
For extreme eigenvalues, suppose for example that we want to control the probability

1
el awell=e]
Vd
In particular, since the support of usc is [—2,2], we would like to show that this decays

rapidly in 4 as soon as t = 2 + €. We can try to bound as follows by a Chebyshev-like
inequality:

2k
e[z el gl = e
1 2k
P |:TI’ (\/EW(‘”> = tZk:|
< t?k[ETr (\/HW( ))

d-Caty  Ax
= t2k t2k

) 2k AZk
: (t) 4+ i

We see a few important features.

First, in order for the first term to decay once t = 2 + €, we will need to take k = k(d) >
log(d), say k(d) = (logd)'*® for some § > 0. (If, e.g., we try to run this argument with
k constant, we will only get that the norm is O(d'/2¥) with high probability, which is not
useless but is far from a tight bound.)

On the other hand, when we try to do set t = 2+ €, we also find that we need finer control
over Ay, than we have established. Namely, in order for the second term to tend to zero
with our choices above, we need that limy_ A;,/fk < 2. Our analysis thus far does not ensure
this—all we have argued is that A,; can be taken to depend only on k, not on d—and it is
a non-trivial extension of the combinatorics we have encountered in Lemma 3.5.7 to do so,
amounting to carefully examining the error terms that appear. The following is one version
of this.

Lemma 3.6.1. Suppose that v is a probability measure satisfying the assumptions of
Theorem 3.5.3, that in addition has E,, -, |w|¥ < k% for some C > 0 and for all k > 1
(for instance, v can be any bounded or subgaussian distribution). Then, in the context
above, there are A, B > 0 depending only on C such that we may take Ay, = A - kB - 22k,

Using this together with the argument above gives the following limit theorem for the spec-
tral norm and extreme eigenvalues.
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Theorem 3.6.2. In the setting of Theorem 3.5.3, under the additional assumption on v
from Lemma 3.6.1, we have the following convergences in probability:

1 (d)‘
|a™
1 (d)) L3
Aq (\/aW 2,
(L) 2

Fo

While our argument above only shows that A; = Al(%W(d)) is not too large with high
probability, note that it is easy to derive that A; is also not too small with high probability
directly from Theorem 3.5.3: we have

PlA; <2 —-€] <P[ua((2 -¢,2)) =0],

which converges to zero since in fact by Theorem 3.5.3 we know that

1a((2—€,2)) & psc((2 —€,2)) > 0.

Remark 3.6.3 (Weaker conditions). In the same spirit as the universality discussed in Exer-
cise 3.10.2 and Section 3.5.3, it is possible to loosen the moment conditions to only require
that the fourth moment is finite. In an interesting nuance, this is optimal and very general,
but is slightly stronger than the loosest possible condition for Theorem 3.5.3 (weak conver-
gence in probability to the semicircle law) to hold. That is, there is a choice of entrywise
distribution v with finite second moment but infinite fourth moment such that the eigen-
values of %W(‘i) converge weakly to the semicircle law, but has divergent spectral norm,

I ﬁW(‘i) || = w (1) with high probability. Exercise 3.10.3 asks you to construct such v.

3.7 MARCHENKO-PASTUR LIMIT THEOREM

We give a brief discussion of the statement and proof by the moment method of the second
limit theorem we alluded to before, for the eigenvalues of GG" for a rectangular Gaussian
random matrix GG. (One may also derive from this the distribution of singular values of G,
which are just the square roots of the non-zero eigenvalues of GG".)

Definition 3.7.1. For ¢ € (0, «), define the measure puup() by

1

e 0 = max (0.1~ Loy + 10 e (Ao (R 1) (122 ) ax

where
A.=A.(c)=(1=+/c)2=1+c=+2./c.
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Theorem 3.7.2. Suppose that d = d,, and m = m, are increasing sequences with
dn/m, — c € (0,0). Suppose G = G ~ N(0,1)®4™ and let M = M@ :=
%G’G’T € R4xd, Then, esd(M @) L2 Ump(c) for any M € {E, P, L%}.

sym

To interpret the result, consider two cases. First, if ¢ < 1, then d < m, so M is full
rank (generically) and we expect none of its eigenvalues to equal zero. That corresponds
to the delta mass 6 being absent from the expression for ump(). In this case, the shape
of the limiting distribution is supported on the interval centered at 1 + ¢ and of radius
2./c = 24/d/m. Its shape will be a general “blob” for specific finite ¢, but as ¢ — 0, after
rescaling it will resemble a semicircle—recall that a semicircle of width 2+/d/m is precisely
what we observed earlier in this setting in Figure 3.1.

Second, if ¢ > 1, then d > m, so M is rank deficient (generically), having rank only m,
and should have a fraction of d:im =1- % =1- % of its eigenvalues equal to zero, which
explains the presence and coefficient of §¢ in pmp(). The remaining density has total mass
%, and is again centered at ¢ + 1 (wWhere now c is the “dominant” part) and has radius 2./c. It
may be surprising at first that, as ¢ — oo, the limiting shape (with a different rescaling) will
also be a semicircle. But that is just because the spectrum of G'G is the same as that of
GG up to padding with zeros, so there is a general symmetry between the continuous parts
of tmp () and pmp(i ¢y for all ¢ (which is slightly obscured since we view GG" as normalized
by m = d/c, changing the scaling of the continuous part).

The proof by moments is a more complicated version of our argument for Theorem 3.5.3.
We see the similarities and differences upon taking the first few steps:

1 by o L Tk
ST (MY = — - Tr(GGT)Y)

k
= ¢ z (GGT)i1i2 e (GGT)ikil

= kel > GujiGijiGipyGiyjp - - - Giyji Gy

Thus we will end up counting a kind of bipartite version of the closed walk structures that
appeared for Theorem 3.5.3. Moreover, the parameter ¢ will appear as a weight given to
these objects, since the number of distinct j. indices that a given bipartite graph can be
labelled by will be of the form m? = d?/c?, while the number of distinct i. indices will just
be of the form d4. Still, it is possible to carry out these calculations and prove Theorem 3.7.2
with essentially the same tools we have seen already. The objects now playing the role of
the Catalan numbers—the limiting moments in this calculation—are similar objects called
the Narayana polynomials (which are now not just numbers but functions because of the
dependence on the scalar parameter c).
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3.8 THE ANALYTIC (RESOLVENT) METHOD OF RANDOM MATRIX
THEORY

There is another, quite different approach to the limit theorems we have seen, which plays
an important role throughout random matrix theory and often gives a useful and more pow-
erful alternative to the combinatorial method. This involves analytic properties of certain
generating functions associated to matrices and measures, and thus we call this family of
approaches the Analytic Method. We describe the main objects and ideas here and outline
a different way to prove the semicircle limit theorem using these tools.

3.8.1 RESOLVENT OF A MATRIX

The following somewhat unusual-looking definition is the main one involved in the analytic
method.

Definition 3.8.1. For X € R‘siyff, let spec(X) C R denote the set of eigenvalues of X
(without multiplicity).

Definition 3.8.2. The resolvent of a matrix X € RZ:? is the function R = Rx : C\
spec(X) — C4*d gjven by
R(z):=(zI; - X)L

Note that, unlike most of our discussion, here we will see that we must work with complex-
valued matrices in order to take advantage of the full power of this construction. Moreover,
unlike the basic theory of complex-valued random matrices, the values of R(z) are not in
general Hermitian matrices and thus do not necessarily have real eigenvalues.

The clearest way to understand the relation between R(z) and the spectrum of X is
through complex analysis. Let us consider a single entry R,,(z) = e R(z)e, for some
a,b € [d]. We may view R, : C\ spec(X) — C as a complex-valued function. Suppose the
spectral decomposition of X is

d
X = Z )\l—vi'viT
i=1
for unit eigenvectors v; € R%. The resolvent is then

d
R(z) = (zI; - X)™' = )

i=1

1

and the individual entries are
ViaVip

a
Rap(z) = Z Z_ A

i=1
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We see that, in the language of complex analysis, Ry, is a meromorphic function: it is
complex-analytic everywhere away from spec(X). At the points of spec(X), R;p has poles.
Supposing for the sake of simplicity that all eigenvalues of X have multiplicity 1, the quan-
tities viavip = (Vv )ap are the residues of R, (z) at the respective poles at z = A;.! Thus,
the poles describe the eigenvalues of X, while the associated residues describe the projec-
tion matrices v;v; in the direction of the eigenvectors of X. The complex analysis tools of
Cauchy’s residue theorem and related results connecting poles and residues to contour in-
tegrals in the complex plane, when used on the resolvent, therefore give information about
the eigenvalues and eigenvectors of a matrix.

3.8.2 CAUCHY AND STIELTJES TRANSFORMS

The following is the object related to the resolvent for empirical spectral distributions that
we will work with here.

Definition 3.8.3. The Cauchy transform of a probability measure pu is

G2 = E [ 2],

X~u z—X

defined on z € C \ supp(u).

Remark 3.8.4. The Stieltjes transform is simply a name for the negative of the Cauchy trans-
form, —G,(z). Sometimes one or the other is called the Cauchy-Stieltjes transform; con-
fusingly, sometimes our G,(z) is called the Stieltjes transform, though usually not. In any
case, when reading elsewhere in the literature, it is important to keep track of what sign
convention is being used across different sources.

Note first that the Cauchy transform is a kind of moment generating function: for |z|
large enough and u compactly supported, we may expand

1 1 1
Gu(z) = =E = EX, 3.8.1
so in particular the ordinary moment generating function (ordinary in the technical sense of

lacking the 1/k! factors appearing in the expansion of Eexp(zX)) is

1. (1
Gy (—) = > ZFEX*.
z z k=0

It is then not surprising that it is possible to invert the Cauchy transform to determine p,
as with the moment generating function ¢,(z) := Ex-, exp(zX), which for purely imaginary
z = it gives the characteristic function, which in turn for p with a density is just the Fourier
transform of that density.

1If A; has multiplicity greater than 1, then the residues will be the entries of the projection matrix to the
associated eigenspace.
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Indeed, we may give more intuition about the Cauchy transform by considering its real
and imaginary parts: if z = s + it, then

Im(Gu(2) = E |m< 1 )

o \z-X
Im(z - X)
CX-u lz- X2
PO T
X~u (X—S)2+t2
s—X

Re(Cu@) = E X2+ 2

The imaginary part in particular has a nice interpretation: the Cauchy distribution with shape
parameter t, denoted Cauchy(t), has density

1
pCauchy(t)(x) = ;ﬁ for x € R.

+t
Thus, we have

Im(Gy(s +1it)) = —WX[E“ PCauchy(t) (§ = X) = =TT J PCauchy(t) (§ — x)du(x).

If u has a density, then the right-hand side is a multiple of the density of the (classical)
convolution u * Cauchy(t). While a Cauchy distribution is very heavy-tailed (neither its first
or second moment are finite!), we still expect this convolution to approach the identity as
t — 0, so the following should not be surprising.

Theorem 3.8.5 (Cauchy inversion formula). If cdf(u) is continuous at a,b € R with
a < b, then

b)) = ~L lim [ Im(Guts + it)d
H(a,bl) = = lim | Im(Gy(s + it)ds.

Moreover, if u has a continuous density p(x), then

p(x) = —%tliry+ Im(G,(x +it)).

This implies, after some bookkeeping, the following results.

Theorem 3.8.6. The following hold:

1. If y and v are probability measures for which G,(z) = G,(z) for all z € C\ R,
then u = v.

2. If py, p are probability measures such that G,,(z) — G,(z) for all z € C\ R, then
U, — u (in the sense of weak convergence).

3. If u, are random probability measures and u is a deterministic one and G, (z) A
Gu(z) for all z € C\ R, then uy, )

u (that is, with weak convergence in proba-
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Figure 3.6: Plots of the real and imaginary parts of G, (z) for various choices of Im(z) > 0
as Re(z) varies. Observe that the function is only defined away from [-2,2], and that
Im(Gs (z)) indeed approximates the semicircle density as Im(z) — 0. The branch cut of
the function z — /z%2 — 4 is the interval [-2, 2]; while Re(G,4 (z)) has a well-defined limit
on this interval, Im(G,(z)) changes sign and thus the function cannot be extended to the
interval.

bility).

Thus, we may view the Cauchy or Stieltjes transforms as containing the same information
as a probability measure, and may prove limit theorems by proving convergence of these
transforms (just as with characteristic functions in classical probability).

At the same time, for u = esd(X) for a matrix X € R‘siyﬁd, the Cauchy transform is related
to the resolvent:

1

1 & 1
Gesd(x) = — Zl oA d Tr(Rx(z2)) = tr(Rx(2)).

The resolvent and Cauchy transform are thus reasonable to compute for the measure esd(X)
(unlike, in most cases, the characteristic function and related objects like the moment and
cumulant generating functions), and thus it is this family of transform or generating func-
tion methods that is mostly used in the analytic approach to random matrix theory.

3.8.3 OUTLINE OF ANALYTIC METHOD PROOF OF SEMICIRCLE LIMIT THEOREM

Let us sketch how working with the Cauchy transform would give an alternative proof of
the semicircle limit theorem. First, the following is a straightforward calculation in complex
analysis (see Exercise 3.10.4).
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Proposition 3.8.7. G, (2) = %(z —Vz2—-4)forallze C\[-2,2].

We will also use the following basic linear algebra fact, which follows as a special case of
Exercise A.1.5.

Proposition 3.8.8 (Schur complement for matrix inversion). Suppose that a € R, b €
R4-!, and C € R{E V*@-1 js invertible. Then, provided the inverse exists, the entry in
position (1, 1) of the matrix
=1
a b’
b C

1
a-brC-1b’
The same also holds for complex-valued matrices.

equals

Now, suppose that W@ ~ Wig(u,d) for some p of mean zero and variance 1. Write
W@ = %WW. We have

d
1 —
Gesq(iv@)(2) = i Z((ZId —~ W=y,
i-1

and, using Proposition 3.8.8 to derive the value of the single entry (i, i) of this matrix inverse,

d

1 1

P /\d )
A= z-w (zI 1 - WP 1,

where Wf? denotes the matrix with the ith row and column both removed, and w; is the
ith row of W@ with the ith entry removed (leaving a (d — 1)-dimensional vector). We
are using Wi(id) = 0, though this is not an essential assumption here. Note that, by the
Wigner matrix assumption, w; is independent of Wﬁ?). Thus, conditional on /Wff), in the
denominator above is a quadratic form of a random vector with a deterministic matrix. We
have Ew; (zI4-1 — /Wf?))‘lfu\i = %Tr(zId_l — /Wff))‘l, and it turns out that such quadratic
forms concentrate around their expectations. Thus we have

1 & 1
~ =D

i=1 zZ — [Eé Tr(ZId_l - W\N(‘li))_l

S

and since all of the Wf‘f) have the same law, we further have

1
- EiTrzl,, - W)

and, up to changing d to d — 1 in the normalization of both the trace and the entries of W,
we find

1
z = EGgyira-,(2) -

~
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Thus, we expect Gesq(ir @) (2) L G(z), for G(z) a solution of

1

G(Z) = 2—76(2)

Solving this quadratic equation gives precisely G(z) = Gy (2).

Remark 3.8.9. Actually, solving the quadratic equation would reach a juncture where we
must choose one of two signs in G(z) = %(z ++/z2 —4). To choose the right sign, we may
refer back to the moment generating function expression (3.8.1). This leads us to expect
that, as z — 0, G(z) should scale like 1/z (this is true for any Cauchy transform, not
just that of the semicircle law). Above, the two choices of signs give the scalings G(z) =
Hz+Vz2-4) =21 +.1- %) ~ 2(1 + (1 - %)), and only choosing the minus sign gives
the correct behavior.

The key to making this precise is to argue, slightly differently, that with high probability
we have w7 (zI; 1 — Wf’f))*lfu\l ~ %Tr(zId_l — Wi‘f))*l, which makes rigorous the approx-
imate recursion alluded to above. In fact, it is possible to show that with high probability
w] Xw; ~ % Tr(X); this is a general property of quadratic forms with well-behaved random
vectors. One strong version of such a result is the Hanson-Wright inequality; see [RV13].

3.9 APPLICATION: BOUNDING EXTREMAL STRUCTURES IN
RANDOM GRAPHS

Let us use the tools developed so far to learn something about random graphs via spectral
graph theory, the method of using the linear algebra of the adjacency matrix (and variants
thereof) to learn about a graph’s combinatorial properties.

We write G = (V,E) for a graph specified by its vertex set V and edge set E. We only
work with undirected graphs, so E is a set of pairs of elements of V. Here we will always
take V = [d]. For disjoint subsets S, T = V, we define

ES, T):={{i,jl€E:ie€S,jeT},

the set of edges between S and T.

Definition 3.9.1. Let G be a graph on vertex set [d] with d even. The minimum and
maximum bisections of G are the numbers

MinBis(G) := Sng[ig] |E(S,[d]\ S)],
IS|=d/2

MaxBis(G) := 5(2?5(1 |E(S,[d]\S)].
IS|=d/2

One may view these problems, especially the minimum bisection problem, as motivated by
community detection: given a graph G, we look for the way to divide it into two balanced
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subsets such that as many edges as possible lie within the two subsets, making the two
subsets natural “communities” in the graph.

Our analysis will use the following reformulation of these problems in terms of o €
{+1}4, the indicator vector of membership in S having x; := (—1)11i€S}, Note that the prop-
erty that |S| = d/2 is then the same as (1,x) = Z‘f:lxi = 0. We focus on the minimum
bisection case; the maximum bisection can be treated symmetrically. Introduce the adja-
cency matrix of G, A € {0,113 having A;; = 1{i ~¢ j} and A;; = 0. We have:

sym

MinBis(G) = min |E(S,[d]\ S)]
scld]
IS|=d/2

d
1

= min = > Aj(x;—x;)?

me{il}d8.z vt

(Laoy—0 =1

d
. 1
min  — Z Aij(l —Xin)
zei+1}d 4 sl
(Lay=0 Y

min %(ZIE(G)I —x"Ax)

xe{+1}
(1,2)=0
E
LEG L s
2 ze{+1}4
(1,2)=0
and by a symmetric computation
) E 1
MaxBis(G) = E(G)] +— max x'Ax.
2 4 peg+1)d

(1,2)=0

Note that |E(G)|/2 is the expected number of edges cut by a bisection chosen uniformly
at random,; it is also easy to show that choosing a bisection by a greedy algorithm cuts at
most this number of edges. So, this number is a reasonable baseline for bisections (both
maximum and minimum), and the above calculation describes the amount by which the
minimum and maximum bisections deviate below and above this quantity, respectively.

We now study how these quantities behave on a random graph, choosing the following
simple model.

Definition 3.9.2. The Erdos-Rényi graph on d vertices with edge probability p has each
edge present with probability p independently. We write G(d, p) for the law of such a
random graph.

In the context of community detection, we may view this as a natural null model: we may ask
how many edges a bisection can typically cut in a uniformly random graph, and if in a given
observed graph we observe many more edges cut, then we may be justified in viewing this as
a statistically significant finding. We focus here on the case of p constant; taking p = p(d)
decreasing is much more realistic for applications like social networks, but raises the same
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issues of extending claims about eigenvalues of random matrices to sparse random matrices
that we mentioned in Section 3.5.3.

Let p € (0,1),let G ~ G(d,p), and let A be the adjacency matrix of G. A is a random
matrix whose diagonal is zero and whose off-diagonal entries are ii.d. The off-diagonal
entries are distributed as Ber(p), and in particular are bounded, have expectation p, and
have variance p (1 — p). Thus, the matrix

1
W m(A EA)
is a Wigner matrix, having the law Wig(v,d) for a certain v = v, (a “whitening” of the
distribution Ber(p)). Note also EA is just the matrix that is zero on the diagonal and p on
the off-diagonal, i.e.,
EA =pll" — pl,.

Thus, we may rearrange to write

A=pll" —pl;++p(1 —-p)W.

For the minimum bisection, we then have

MinBis(G) = E@G) 1 max x' (}911T —pli++p(1 - P)W> T
2 4w6{i1}d
(1,2)=0
_E@] pd Jp(d-p) max T Wa
2 4 4 ze{+1}d

(1,2)=0

where we have expanded and used that (1,z) = 0 and ||x||? = d. Finally, bounding "Wz <
lzlI? W], we find

L 1E(G)]
2

p, Jpd-p)

4 d 1 dlwWl.
A symmetric bound again holds for the maximum bisection. But now, we may use Theo-
rem 3.6.2 to control the norm || W ||, which gives, roughly speaking, that ||W| ~ 2/d. Also,

note that [E(G)| = >1.i<j<q Aij is just a sum of ii.d. random variables, and thus concen-

trates around its expectation E|E(G)| = %(‘;) ~ %2. Making these statements precise, we find

a bound of the following form on the bisections in an Erd6s-Rényi random graph:

Theorem 3.9.3. Let p € (0,1) and G = G ~ G(d,p). For any € > 0, with high
probability as d — oo,

éoﬁ - (”9(12_”) + e) d3/2 < MinBis(G) < MaxBis(G) < édZ + (”9(12_’9) + e) a3,

One way to interpret this finding is that all bisections in a dense random graph—one where
p = O(1) is a constant—are of the same size as a random bisection, up to lower-order
fluctuations whose size we have explicitly bounded.
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Remark 3.9.4. The above style of analysis is applicable whenever we have a spectral bound
on a combinatorial quantity concerning a graph, that is, a bound involving the spectrum of
the adjacency matrix or another matrix constructed from the graph. Finding such bounds
is one of the main focuses of spectral graph theory, and such bounds are known for very
many combinatorial quantities of interest, including (in addition to the extremal bisections)
the maximum cut, the independence number, and the chromatic number.

3.10 EXERCISES

3.10.1 SEMICIRCLE LIMIT THEOREMS

Exercise 3.10.1 (Finite moments, convergence in probability). We showed in Lemma 3.5.7
that, if v has mean 0, variance 1, and all moments finite, then W@ ~ Wig(d,v) have
the random measures p; := esd(ﬁ/\("”) converging in expected moments to the semicircle
distribution psc, where W@ := %W(””. That is, for all k > 1,

tim € [ [t dua0] = [ x*dusc 0.

The goal of this problem is to finish the proof of Theorem 3.5.3 for weak convergence in
probability, as outlined in Section 3.5.2.

1. Show that the above convergence, for any given k > 1, also holds in L?. That is, show
that, for all k > 1,

— 00

lim Var kadud(X)] = 0.

Conclude that, for any polynomial p(x),

deﬂd ~E U ded] = 0.

2. Let N(e) := #{i : |A;(W@)| > 2 + ¢}, the number of eigenvalues of W@ that lie
outside of the support of psc by € or more. Show that, for any € > 1,

1 = a)2!
(d)
N(O) < 5y IOV,
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Conclude that .
=N(e) 2o

as d — o for any fixed € > 0, and therefore that also

% S W@y B

A (WD) |>2+€

for any fixed bounded function f and € > 0.

3. Adapt the argument from Part 2 to show that the latter conclusion also holds for
polynomials (even though they are not bounded): show that for any polynomial p,

1 —
S 2 IpQuw @y o,

LA (W) |>2+¢

4. Following the sketch from Section 3.5.2, put together Parts 1, 2, and 3 to prove a
version of the semicircle limit theorem with weak convergence in probability: show
that, for any bounded continuous function f : R — R,

deﬂd L deﬂsc-

You may use the Weierstrass approximation theorem (Theorem 3.5.14).

Exercise 3.10.2 (Removing finite moments assumption). The above Exercise 3.10.1 showed
that, if v has mean zero, variance 1, and all moments finite, then W@ ~ Wig(d, v) have
esd(; W @) converging weakly in probability to pisc. That is, for any f : R — R smooth and
of compact support, %Zle f (Ai(%W(d))) — [ fdusc in probability (we considered more
general f, but only worry about convergence in probability for these f for this problem).
In this problem, you will probe what conditions on v are really necessary for what kinds of
limit theorems. You should consult Exercise A.1.4 before continuing with this problem.

1. Let f be a smooth and compactly supported function. Show that there is a constant
K = K(f) depending only on f such that, for any A, B € R%x4

sym

1 if(A-(A» 1 ff(MB)) <L ja-B
dizl l dizl ' N \/a -
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2. Prove that Wigner’s semicircle limit theorem (convergence in probability of averages
of smooth and compactly supported functions, as stated above) holds only under the
assumption that v has mean 0 and variance 1.

Exercise 3.10.3 (Limitations of edge limit theorem). Find a choice of v that has mean 0 and
variance 1 but such that, for W@ ~ Wig(d, v), we have limg_. [P[II%W(‘”II > Cy] =1 for
some diverging sequence C; — oo. Consequently, the Wigner edge or norm limit theorem
(Theorem 3.6.2) does require further moment assumptions on v.

3.10.2 SEMICIRCLE LAW
Exercise 3.10.4 (Cauchy transform). This exercise requires a bit of complex analysis. Prove

Proposition 3.8.7 by computing the Cauchy transform

G =
psc (2) X~[Esc

T

[ 1 ] 1 r 4 — x?2 z—-+/z2 -4
—dx = —F—.

z—-X 2 Z-X 2

To do this, consider instead a contour integral of the integrand around a large closed con-

tour that separates z (a pole of the integrand) from the interval [—2, 2] (the branch cut of

the integrand) and use the residue theorem.

Exercise 3.10.5 (Moments from Cauchy transform). Using Exercise 3.10.4, calculate the mo-
ments of usc and prove Propositions 3.5.10 and 3.5.11, the values of the moments of usc
and the explicit formula for the Catalan numbers.

Exercise 3.10.6 (Moments from scratch). The following outlines an alternative derivation of
the moments of the semicircle distribution. Define

1 2
my:= E Xk:ZTr,[ V4 — x2xkdx.
)

X~psc

Use the substitution x = 2sin 0 for 6 € [—g, g] to evaluate these moments and thus give an
alternative proof of Proposition 3.5.11.

80



Exercise 3.10.7 (Cauchy transform from moments). Use Exercise 3.10.6 to calculate the
Cauchy transform of psc, giving a proof of Proposition 3.8.7 not requiring complex anal-
ysis.

Exercise 3.10.8 (Hermite polynomials and semicircle law). This problem demonstrates that
the semicircle distribution is not actually entirely alien to the limit theorems of probability
theory outside of random matrix theory.

1. Define a sequence of polynomials
Ho(x) =1,

Hi(x) = x,
Hg1(x) = xHa(x) — Hy(x).

Show that these are orthogonal polynomials for the standard Gaussian measure:

0 ifa+b
al ifa=>b |-’

E Ha(g)Hb(g) = '{
g~N(0,1)

2. Show that Hj(x) = dHz-1(x). Let W ~ GOE(d). Recall that the characteristic polyno-
mial of W is the polynomial pw (t) = det(tI; — W), whose roots are the eigenvalues
of W. Using the above identities, show that, for all d,

E pw(t) =Ha(t).
W ~GOE(d)

Make a guess for what you think the limiting empirical distribution of the collection
of roots of H;(+/d - t) might be. Be bold, or, if you can’t, try a numerical experiment.

3. Show that the H; are equivalently defined by the identity

2 a 2
H,(x)exp (_XZ> = (—1)“0{1& exp (_XZ) .

Conclude that all roots of H; are real.
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4. Show that the roots of H; are the eigenvalues of the d x d matrix

0 V1 0 0 --- 0 0 ]

Vi 0 V2 0 --- 0 0

0 V2 0 V3 0 0

T . 0 0 V3 0 0 0
0O 0 0 O 0 d—1

| 0O 0 O d—1 0

5. Show that your prediction in Part 2 is correct: the empirical distribution of the roots
of H;(+/d - t) converges weakly to what you guessed. You may be somewhat heuristic
since this is a bit of a challenging computation to formalize fully, but do your best to
make a convincing calculation.

3.10.3 ANALYTIC METHOD

Exercise 3.10.9 (Spectral densities). Given a matrix W € R2%4 with eigenvalues A; > - - - >
A4, associated eigenvectors v1,...,vs € S471, and another unit vector € S4°!, define the

spectral density of x with respect to W to be

d
pw .z = > (i, x)0n,.
i-1

This describes how the mass of x is distributed over the eigenvectors of W. Verify that
HUw o 1S a probability measure. Prove that its Cauchy transform is related to the resolvent by

Guw.(2) =" Rw(2)x.
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4 FREE PROBABILITY

Our next goal is to develop a systematic way to answer the following kinds of questions:
1. Suppose that W ~ Wig(d, N'(0,1)) and G ~ N (0,1)®4™ are drawn independently.
What do the eigenvalues of the random matrix
1 1
—W + —GG" 4.0.1
Nz ” ( )
look like?

2. Suppose G, H ~ N (0,1)®4™ are independent. What do the singular values of the
(square but asymmetric) random matrix

GH'™ 4.0.2)
look like?

The results in the previous chapter characterize some related eigenvalue and singular
value distributions, namely the eigenvalue distribution of the individual summands in (4.0.1)
and the individual factors in (4.0.2). So, we are asking: how does adding or multiplying
independent random matrices affect the spectrum? In fact, while these specific example
may look artificial, we will see that later in this chapter that similar random matrices arise
in several interesting applications.

Let us first note that the situation is not entirely hopeless if we are guided by scalar
probability. Indeed, if X ~ y and Y ~ v are independent scalar random varaibles, then

Law(X +Y)=puxv
is given by the convolution. The convolution can be characterized in various ways:
- Densities: If y and v are absolutely continuous with respect to Lebesgue measure and
have respective densities p, and p,, then the density of the convolution is

puer(®) = | pul9)py(t = 5.

- Generating functions / transforms: Write ¢, (t) := Ex., exp(tX) and @, (t) := log ¢, (1)
for the moment and cumulant generating functions of a probability measure p. Then,

¢u*v = qb,u(bv, (4.0.3)
Wu*v = (.Uu +Yy. (4.0.4)

The first identity is also satisfied by the characteristic function, which is just the mo-
ment generating function evaluated at imaginary arguments.
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- Moments: Suppose that for each k > 1 we have

EX* = my, (4.0.5)
EYX = ny. (4.0.6)
A simple calculation with the binomial theorem gives that the moments of the convo-
lution are
S (k
E Sk= FE(X+YV)k=> ( >mank_a. (4.0.7)
S~uxv ;(:5 a=0 a

Provided a condition like that in Theorem 3.4.1 holds, these moments determine the
convolution. Further, this method generalizes very simply to the product of X and Y,
as we also have
E (XY)K = myny. (4.0.8)
X~u
Y~v
As we have seen, the moment or combinatorial method is one from scalar probability
that extends especially nicely to random matrix theory. So, we will now explore how to adapt
the third characterization above of the scalar convolution to certain sums and products of
random matrices.

4.1 COMPUTING JOINT TRACIAL MOMENTS

As we will be working with moment calculations very extensively, a bit of extra notation will
be useful going forward.

Definition 4.1.1. For X € R&:4, write tr(X) := % Tr(X).

sym
The following will also turn out to be convenient.
Definition 4.1.2. For u a measure, we write ¢ - i := Law(cX) where X ~ L.

As we have seen, the combinatorial method analyzes the distributions of eigenvalues
and singular values by looking at traces of powers of matrices (or expectations of those
in the case of random matrices). We refer to these quantities as the tracial moments of a
matrix. We have seen in Chapter 3 that a large part of the work of determining the limiting
eigenvalue distribution of a sequence of random matrices M = M@ involves determining
these tracial moments of M,

dlim Etr(M¥).

In either of the two examples above, M is itself a polynomial of two random matrices
(either the sum or the product, in our case). So, in either case, upon expanding the power
above, we will have a linear combination of joint tracial moments, the expected values of
traces of products of two random matrices. This is analogous to a mixed moment EX2Y? of
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two scalar random variables X, Y, except that since matrices do not commute in general, we
can have expressions such as Etr XY X?Y that cannot in general be reduced any further.
Let us see how such expressions arise in the case of a sum of two matrices, and work towards
a sufficient condition under which they may be analyzed.

4.1.1 FIRST STEPS WITH WORD EXPANSION

With our normalized trace notation notation, convergence of expected moments of two
sequences of random matrices X = X @Y = Y@ e RZ<4 can be written as

dlim Etr X* = my, 4.1.1)
allim EtrY* = ny 4.1.2)

for some associated moment sequences myg, 1. We will now explore under what circum-
stances we can say anything about the limits

(]Ilim Etr(X + Y)k =5 =277

in terms of my, ng. (It is not even obvious under what circumstances the limits defining s
exist, but let us suppose they do for the moment.)

Following the scalar case, we will assume that X and Y are independent (for each 4).
We will also assume that X and Y are symmetric-orthogonally invariant, because, as we will
see in a moment, the following property will be useful in our calculations.

Proposition 4.1.3. Suppose X € IR{dede is a symmetric-orthogonally invariant random
matrix. Then,
EX* = (Etr X¥) I,

Proof. The matrix X* is also symmetric-orthogonally invariant, so without loss of generality
we may assume k = 1. We have that EX = EQX Q" = Q(EX)QT for any Q € O(d), and
the only matrices that have this property are multiplies of the identity. So, we must have
EX = cl,. Taking normalized traces then gives ¢ = Etr X. O]

To compute the s, we will try to mimic the binomial expansion leading to the formula
for scalar random variables in (4.0.7). We will run into the issue that, since X and Y are
matrices and not numbers now, they do not necessarily commute, and so we cannot always
group all X and Y together. We introduce a few definitions to work with the resulting
quantities.

Definition 4.1.4 (Word). A word in matrices X,Y of length k is w € {X,Y}k. We
may also identify this combinatorial string w with a polynomial w(X,Y ) in two non-
commuting formal variables, which contains just one monomial.
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We will freely move back and forth between the “string interpretation” and the “polynomial
interpretation” of what a word is. For instance, words include X X X X = X4 X XYY =
X?2Y? and XY XY. Our point about non-commutativity above is just saying that the last
two examples are different words.

Definition 4.1.5 (Limiting joint tracial moments). For w € {X, Y }*¥ a word, we define

t(w) = ;im Etrw(X,Y).

Note that each such quantity depends on the distribution of the ambient sequence of
pairs X = X@ Y = Y@ but for the sake of brevity we do not indicate this in the
notation.

These are precisely the joint tracial moments we alluded to before. Just as the my are the
moments of the limiting spectral distribution of X (and similarly for the n; and Y), the
t(w) should be viewed as the moments of the limiting “joint spectral distribution” of the
distribution of the pair (X,Y).

Remark 4.1.6. One may make this idea more precise by appealing to invariant theory. It is
an algebraic fact that the polynomials p(X) that are orthogonally invariant, i.e., satisfying
p(X)=p(QXQ") forall Q € O(d), are generated algebraically by the polynomials tr(X¥)
over k > 1. Likewise, the polynomials p(X,Y) with p(X,Y) = p(QXQ",QY Q") for all
Q € O(d) are generated algebraically by the polynomials tr(w(X,Y)) over all words w.
Thus the “joint spectral distribution” above may be viewed as the collection of values of all
invariant polynomials of the pair (X,Y).

Again, let us ignore the issue of whether this limit exists for now; we will see that we
eventually end up working under a condition that ensures that it always does. The following
result is the outcome of a binomial-type expansion of (X + Y)¥, except where we are not
allowed to commute X and Y:

Proposition 4.1.7 (Word expansion). Provided all limits involved exist, we have

sk=IlmEtr(X +Y)k= > t(w).
de we{X, Yk

For a few special kinds of words, we can evaluate £t (w) just using the observations above.
First, note that when w only involves X or only involves Y, then, by definition, the moment
convergence assumptions (4.1.1) and (4.1.2) respectively determine t(w):

tHXH) =t(X - X) =my,
tYS =t(Y---Y) =ny.
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Second, if w involves both X and Y but in two separate factors, then we may use indepen-
dence and orthogonal invariance to determine ¢ (w):

t(X2Y?) = lim Etr X4Y?

d— oo
= allim tr(EX%)(EY'?) (independence)
= gllim tr (Etr X4)I; - (EtrY?)1,) (Proposition 4.1.3)

Jim (Etr X*)(EtrYP)tr I,

manb

Lastly, t(w) inherits the following property from the corresponding property of the trace.
For two words w1, w,, we write w;w; for their concatenation, which is compatible with our
polynomial interpretation since the polynomial associated to wyw- is w1 (X, Y)w»(X,Y).

Proposition 4.1.8 (Cyclic property). For w; € {X,Y }% and w» € {X,Y}?, t(ww») =
t(wowq).

For instance, this lets us calculate
H(X2YPXC) = t(X¥YYP) = mycnyp,

and similarly for words with the roles of X and Y reversed.

Let us summarize what we have learned above in a formal statement. The words for
which we can so far compute t(w) explicitly in terms of the m, and n;, assuming only that
X and Y are independent and orthogonally invariant are of the following kind.

Definition 4.1.9 (Tangled and simple words). Call a word w € {X,Y }* simple if by a
cyclic permutation (writing w = w;w> and replacing w with w>w;) w can be brought to
the form X2Y? (where possibly a = 0 or b = 0). Call a word tangled if it is not simple.

Lemma 4.1.10 (Simple word values). Let w be a simple word with a occurrences of X
and b occurrences of Y, and let X and Y be independent, symmetric-orthogonally
invariant, and satisfy (4.1.1) and (4.1.2). Then, t(w) = many.

We may in fact compute the first few s, using just these quite basic observations. The
key observation, which you may verify by hand, is that all words of length at most 3 are
simple.
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Corollary 4.1.11 (Summation rules for k = 1, 2, 3). If X and Y are independent, symmetric-
orthogonally invariant, and satisfy (4.1.1) and (4.1.2), and sk := limg_ Etr(X + Y)k,
then

S1=m; +n,,
S =mp +2min; + Ny,
S3 = M3 + 3mon; + 3min, + ns.

Proof. We use the word expansion of Proposition 4.1.7, the evaluation of t(w) for simple
words of Lemma 4.1.10, and the fact that all words of length 1, 2, and 3 are simple. As an
example, let us write out the derivation in detail for k = 2:

S=t(XX)+t(XY)+t(YX)+t(YY) (Proposition 4.1.7)
=My + MmN, + MN; + No (Lemma 4.1.10)
=my + 2mMminy + Ny,

giving the result. O]

We remark that these are identical to the formulas in (4.0.7) from the case of scalar random
variables; that is, for these low-degree moments, we do not yet see the (generally quite large,
as we will see) effect of the non-commutativity of X and Y.

As another remark, it is possible to relax these conditions slightly and only assume that
one of X and Y is orthogonally invariant.

Corollary 4.1.12. The result of Corollary 4.1.11 holds if X and Y are independent,
satisfy (4.1.1) and (4.1.2), and Y is symmetric-orthogonally invariant.

Proof. Let us introduce an additional random matrix Q = Q@ ~ Haar(O(d)). Then, since
tr(QAQT) =tr(A) and QA*Q™ = (QAQT)* for any A € R%%4 we have

sym

k kNT
E (X +Y) X’;E/’QtrQ(XJrY)Q

T TV\k
XE,Q”(QXQ +QYQ")

and now, since Law(QY Q") = Law(Y") for any fixed () by the invariance of Y,

— T k
= X’;Qtr(QXQ + YY)k

Letting X@ := QX@QT, the sequence of pairs (X@,Y) still satisfy (4.1.1), and are
symmetric-orthogonally invariant and independent, so the result follows by applying Corol-
lary 4.1.11 to these pairs. O
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Unfortunately, if we try to continue the same approach to compute s;, we get stuck
because we encounter our first tangled words: you may check that

S =My +4dmsn; +4dmons +dmins + g + (XY XY) +t(Y XY X)
=My +4msn, + 4mon, + 4mins + ng + 2t(XYXY),

where we have reduced slightly by using the cyclic property of t(-). Note that these two
tangled words precisely correspond to the two “missing” terms of m,n, accounting for the
difference between the above and the binomial formula (4.0.7).

4.1.2 GAUSSIAN ORTHOGONAL ENSEMBLE CALCULATIONS

To understand more about how tangled words behave, let us work out some cases for a
simple example, where we can also compute the values of s; exactly using other special
properties of the random matrices involved.

Definition 4.1.13. Consider W € RZx¢ with independent entries on and above the di-
agonal, distributed as W;; = Wj; ~ N (0,02) for i < j and W;; ~ N (0,202). We write
GOE(d, o) for the law of such a random matrix, which we call the Gaussian orthogonal

ensemble (GOE).

The GOE is one of the nicest and most widely studied random matrices, because it enjoys
several useful properties beyond just the Gaussianity of its entries (that distinguish it from,
for instance, the somewhat but less nice Gaussian random matrix Wig(d, N (0, 0?)) that has
the same off-diagonal entries but equals zero on the diagonal). The main special property is
the following.

Proposition 4.1.14. W ~ GOE(d, 0?) is a symmetric-orthogonally invariant random
matrix; that is, Law(QW Q") = Law(W) for all Q € O(4).

The following is also inherited from a simple variant of Theorem 3.5.3:

Corollary 4.1.15. If X@ ~ GOE(d, 1), then esd(X @) £2, s and esd (X @) L2
HUsc.

Finally, for our purposes, the following property will be very useful: if X 4| Y 4 ~ GOE(d, %),
then

Law(X@ + Y@) = GOE (d, 2) _ Law(VZ - X@). 4.1.3)

d
With these ideas in hand, consider our question of computing

6Iiim Etr(X + YY)k =: ¢
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in this special case where X = X@|Y = Y@ ~ GOE(d, %) are drawn independently.
(Note that this satisfies the assumptions we worked under previously: X and Y are indeed
independent and both are symmetric-orthogonally invariant.) By Lemma 3.5.7 from the
previous chapter, we know that each sequence has converging moments, which in this case
are in fact the same, given by

0 if k is odd
. x ~ ’
a'z'lTo[E”X = M _{ Caty if k is even }’

lim Etr Yk = N = M.

d— o

And, the relation (4.1.3) also gives the explicit answer

Sp = dllim Etr(X + Y)k = dllim Etr(+/2X)k = 2K/2m,, (4.1.4)

for the limiting moments of the sum.
In particular, we may write out the first few values:

m; =n; =0,
51221/21’1’11:0,
1’I’L2=TL2=1,
$p =222my, = 2,
1’}13:1’13:0,
s3 = 5**m3 = 0,
my =ng = ¢,

sS4 = $%Pmy =

As a sanity check, we may verify that the formulas derived in the previous section for sy, so,
and s3 indeed hold:

0=35
=m; +n
=0+0,
2 =25

=My +2min; + np
=1+2-0-0+1,

0=s3
=ms3 +3myn; +3mn, + nj
=0+3-0-0+3-0-0+0.

Similarly, we may deduce the value of t( XY XY) in this case. In fact, it is possible to
do so in two ways, using the above type of expansion or using a more direct combinatorial
analysis of the trace defining this value. Let us show both arguments.
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Proposition 4.1.16. If X,Y ~ GOE(d, %) are independent, then

H(XYXY)=0.

Proof 1. We compute using the previous observations,

8254
=My +4msng +4mon, + dmins + ng + 2HLXY XY)
=24+4-0-0+4-1-1+4-0-0+2+2t(XYXY)
=8+ 2t(XYXY),

and rearranging gives the result. O

~

Proof 2. Let X,Y ~ GOE(d, 1), so that we can take X = ﬁf and Y = Y. Expanding
the definition of the normalized trace, we find

d

1 NV
Etr XY XY = > EXiYiuXeeYe
i,k =1
1 & . 5 o
=3 > E[XijXke] - E[YjYp;]
i,j,k,f=1

where the inner expectation is non-zero only when i = k and j = £. There are only O(d?)
such terms, so in total we have

1 2
=" 0(d?)
1
-0 (g).
giving the result. O

We might hope that, at least in this simple example and perhaps in other cases, all tan-
gled words w have t(w) = 0. Then, in the word expansion sy = >.,,c(x vk £ (w) we could
restrict the summation to only simple words, whose values are determined by Lemma 4.1.10.
Unfortunately, the next example shows that that is too much to hope for even for indepen-
dent GOE matrices.

Proposition 4.1.17. If X,Y ~ GOE(d, 3) are independent, then

t(X%Y?%2X%Y?) =3>0.

Proof. Let us just give the proof that the value is positive; we will discuss the idea of how to
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calculate the exact value below. Calculating as before,

d

1 ~N N N NN ~N NN
Etr XXYYXXYY = > EXiiXixYVieYomXmnXnp YpqYai
i,j,k,,mmn,p,q=1
1 d Sy oY o Y
== > E[XijXjk XmnXnp] - E[YieYemYpqYail

i,j.kmm,p,q=1

Here, all expectations are certain Gaussian moments and thus are non-negative for every
term. And, there is a positive contribution from the terms where i = k = m = p, of which
there are Q(d>). So, we get

1 5
> =5 - Q(d)

=Q(1),
giving the result. O

Another way to intuit that this trace should be biased towards being positive is to note that
we may rewrite

tr X2Y?X?Y? =tr XY’ X?Y?’X =tr((XY?X)?),
the trace of a positive semidefinite matrix.

Remark 4.1.18 (Graphical method for joint tracial moments). Using this direct combinatorial
method, you may also convince yourself that Propositions 4.1.16 and 4.1.17 also hold for
X,Y ~ Wig(d, ﬁ - v) for any v with mean zero and variance 1.

In general, the proof technique from Lemma 3.5.7 using closed walk graphs to “keep the
books” of the expansion of a trace can be generalized to compute t(w) for any word w
when X,Y are independent Wigner matrices with the above scaling. You may check that
the right thing to do is to consider closed walk graphs where the edges are ordered and
have two “colors” corresponding to the entries of X (say blue) and the entries of Y (say
red). The word w specifies the order in which the edges are colored as the closed walk
is traversed; for instance, if we consider the word w = X?Y?2X?2Y? studied above, we
have the edge sequence colored blue, blue, red, red, blue, blue, red, red. Only the closed
walk graphs where each colored edge occurs with multiplicity at least 2 (in either direction)
make a non-zero contribution, and only those graphs with the maximum possible number
of vertices subject to that constraint make a leading order contribution. As in Lemma 3.5.7,
these will again be the doubled trees, but now we must count doubled trees with a suitable
edge coloring that respects the order of colors prescribed by the word w. See Figure 4.1 for
an example corresponding to the proof of Proposition 4.1.17.

Thus we seem to have reached a difficult position: in the GOE case, some tangled words
are negligible, while others are not. To make progress, we may gather from the above ob-
servation on positive semidefiniteness that the issue making t(X?Y?2X?Y?) > 0 is that
the polynomials X? and Y? are “uncentered,” in particular having a non-zero and indeed
positive semidefinite mean. Namely, we have by Proposition 4.1.3 that EX? = EY? =
(Etr X?)I; ~ moI; = I, for large d. That makes the following result giving a “fix” to
this issue not surprising.
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Figure 4.1: The graphical description of the three “types” of terms or colored closed walk
graphs that give the value t(X?Y?2X?2Y?) = 3 in Proposition 4.1.17, as described in Re-
mark 4.1.18. As in Figure 3.5, we give the ordering in which the vertices of each tree are
visited, but really the information included in a closed walk graph is the ordering in which
the edges are traversed; for a tree these are equivalent collections of information.

Proposition 4.1.19. If X,Y ~ GOE(d, %) are independent, then

0= allim [Etl’((X2 = Id)(Y2 = Id)(XZ = Id)(YZ = Id))

= t(X?Y?X?%Y?) - 2t(X*Y?) - 2t(X?Y?) + 4t(X?*Y?)
+ (XY +t(YH) - 2t(X?) = 2t(Y?) + 1.

Proof. Expanding the product and using the linearity of trace and expectation lets us write
the given limit as a linear combination of the t(w): after simplifying, we find

Lﬁ; Etr (X2 —I)(Y? - I;)(X? - I)(Y*? - 1)
= tH(X?Y?2X?%Y?) - 2t(X1Y?) - 2t(X?Y?) + 4t(X?Y?)
+ XY + (YY) —26(X?) - 28(Y?) + 1
Using Lemma 4.1.10 and Proposition 4.1.17 to evaluate all terms,
= t(X?Y?X2%Y?) = 2muny — 2MoNg + 4Mony + My + Ny — 2Mo — 2o + 1
=3-2-2-1-2-1-2+4-1-1+2+2-2-1-2-1+1
=0,

as claimed. O

The above observation is at the heart of the crucial definition that we present next.
Hopefully from this sketch you can see how, by such combinatorial experiments, you could
have arrived at this definition yourself.
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4.1.3 ASYMPTOTIC FREENESS

Continuing to experiment, you would see that the centering of monomials performed in
Proposition 4.1.19 indeed makes all such “recentered words” have limiting normalized trace
equal to zero. This turns out to be a property that simultaneously has very powerful con-
sequences in determining the empirical spectral distribution of X + Y, and holds for many
sequences of pairs (X = X@ Y = Y @), Thus, we give it its own name and take it as the
fundamental assumption of the rest of our study of free probability theory.

Definition 4.1.20 (Asymptotic freeness). Let X = XY = Y@ e RZ*d be a sequence
of pairs of random matrices satisfying the convergence of moments

ﬁllim Etr X* = my, (4.1.5)
gllim EtrY* = ng. (4.1.6)

We say that this sequence of pairs (X,Y) is asymptotically free if, for all £ > 1 and all
ki,.... ke, 1, ..., 0 = 1, we have

lim Etr (XXM — my, L) (YO —np 1) - - (XK =y L) (Y —ny, 1)) = 0. (4.1.7)

d— o

For the sake of brevity, below we assume that asymptotic freeness also includes in the
definition the convergence of moments.

One way to understand the definition is that each individual factor has limiting normal-
ized trace zero:

lim Etr(X*e —my, Iy) = lim Etr(Y% —ny,I,) = 0.

Asymptotic freeness is the condition that you cannot interleave such factors and somehow
generate an “alignment” that makes the trace become substantial in the limit.

You should think of the typical situation where asymptotic freeness breaks down as that
where X and Y commute. In that case, we could rewrite, e.g.,

lim Etr (XK —mpIy) (Y = npdy) (XK — mpdy) (Y —nply))

allim Etr (X* — muI)> (Y = npIy)?)

fim %[E((Xk —md)?, (Y — nIp)?),

where now the two matrices whose inner product we are taking are positive semidefinite
and typically have eigenvalues of order O (1), whereby this limit will typically be non-zero
(for instance, you could engineer a situation where both of (X* —mI;)? and (Y —m,I,)?
have all eigenvalues at least € > 0). Generally, you should hold the intuition that

“freeness is maximal non-commutativity.”

Let us now see how the traces of words t(w) behave under asymptotic freeness. The
key observation is that, upon expanding the products in these conditions, we obtain a linear
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system in the t(w) for various words w. For instance, you may check that the case t = 2
and k; = k, = ¥1 = > = 1, which gives the condition

0= dlim Etr (X —m L) (Y —n 1) (X — i I;) (Y —ni1y))

gives, upon expanding and rearranging by linearity, the equation

0=t(XYXY)-nmt(XYX)-mt(XY?+mmnt(XY)
- mt(X?Y) + nit(X?) + mn t(XY) - mnit(X)
~mt(YXY) +mmt(YX) +m?t(Y?) - min t(Y)
+mmt(XY) -mnit(X) - m?nt(Y) + mn?
=t(XYXY) -2mt(X?Y)-2mt(XY?)
+dmmt(XY) + nt(X?) + m3t(Y?)
—2mnit(X) - 2min t(Y) + mén2,

where in the second formulation we condense a little bit using the cyclic property. More-
over, this linear system is “triangular,” in the sense that in the constraint associated to a
centered version of the word w, t(w) occurs with coefficient 1, and all other words appear-
ing have length strictly smaller than the length of w. Thus, this linear system may be solved
recursively, and we obtain the following.

Theorem 4.1.21. Suppose that X = X@ Y = Y@ e Raxd are asymptotically free.
Then, for every w € {X,Y }X, there exists a polynomial T,, on 2k inputs depending
only on the word w such that

t(W) = Tw(mls---amksnly---snk)-

Further, for all k > 1, there exists a polynomial Sy on 2k inputs depending only on k
such that

allim Etr(X + YY)k = Sp(my,..., My, Ny, ..., Nk).

Proof. The first claim follows from the argument given above. The second claim follows
from the word expansion in Proposition 4.1.7, and indeed that gives the explicit description

Sk = Z Tw
we{X,Y}k

relating the two families of polynomials. O

As we have mentioned before, you should think of the t(w) as the joint tracial moments
of X and Y in the limit d — oo, describing a “joint spectral distribution” in this limit. Then,
the Proposition says that, under asymptotic freeness, this joint spectral distribution of X
and Y is fully determined by the individual limiting spectral distributions of X and Y (the
individual limiting tracial moments m; and 7). See Remark 4.1.6 above for a more precise
discussion of these notions.
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In the scalar case, the simple condition that gives the same behavior is independence:
if scalar random variables X and Y are independent, then their individual distributions
determine their joint distribution. Thus, asymptotic freeness is in some ways analogous
to independence of scalar random variables (for this reason it is also sometimes called
asymptotic free independence instead).

4.1.4 SUFFICIENT CONDITIONS FOR ASYMPTOTIC FREENESS

We state without proof some conditions under which a sequence of pairs X = X@ and
Y = Y@ are asymptotically free.

Theorem 4.1.22. X,Y are asymptotically free if any of the following conditions hold:
1. X,Y ~ GOE(d, %2) are independent (for any fixed o2 > 0).
2. X,Y are independent, X converges in expected moments, and Y ~ GOE(d, %2).

3. X,Y areindependent, X converges in expected moments, and Y ~ Wig(d, ﬁ-v)
for any v with mean 0, variance 1, and all moments finite.

4. X and Y@ converge in expected moments, and Y = QY ¥ QT for a matrix
Q ~ Haar(O(d)) drawn independently of X.

The proofs of such statements are almost always using the combinatorial method to ver-
ify directly that the conditions in the definition hold, using calculations similar to those
described in Remark 4.1.18.

4.2 FREE CONVOLUTIONS

We now return to our original motivation question and derive properties of empirical spec-
tral distributions under sums or products (in a certain modified sense) of pairs of asymptoti-
cally free matrices. Note that, while originally we proposed considering pairs of independent
random matrices, we have eventually arrived at a different condition. Asymptotic freeness
and independence are generally incomparable: some pairs of independent random matrices
(such as commutative ones) are not asymptotically free, while certain dependent pairs of
matrices can be asymptotically free.

4.2.1 ADDITIVE FREE CONVOLUTION

While the calculation is tedious, one may compute any particular S, the polynomial of
mi,..., Mg, N1, ..., Nk giving limg_. E(X + Y)¥, using the description we derived above.
To do this, we first compute each T,, for w of length k using the triangular linear system
described above, and then add all of these together to obtain Sx. S1,S52, and S3 are as we
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derived in Corollary 4.1.11. For the next case k = 4, you may compute that, if X and Y are
asymptotically free, then

allim Etr(X +Y)?* = Sy(my, mo, m3, ma, Ny, N, N3, Ny)

= my + 4msng + 4man, + 4dmns + ny + 2mon? + 2mini - 2minl.
In contrast, the corresponding formula for X, Y independent scalars from (4.0.7) is
E(X + Y)4 =My +4msn, + 6mon, + 4mins + na.

We see a few salient differences between the structures of the formulas: the matrix case re-
quires terms of degree greater than 2, and also requires some terms to appear with negative
coefficients.

Further study of these polynomials gives that, further, the values of the Sy are the mo-
ments of a certain probability measure; i.e., if X and Y converge in expected moments and
are asymptotically free, then X + Y also converges in expected moments.

Theorem 4.2.1. Suppose that X = X@ Y = Y@ e Ra are asymptotically free.
Suppose further that there exist compactly supported u, v € P(R) such that

myg = E Ak,
A~p

ng= E Ak,
A~V

Then, there exists a unique y € P(R) such that, for all k > 1,

Se(my, ..., My, N1, ...,Ng) = A[E AK,
~y

This y is also compactly supported.

Definition 4.2.2 (Additive free convolution). We call y above the additive free convolu-
tion of y and v, and write

y =: 4 HEV.
Thus what we have shown is the following remarkable fact.

Theorem 4.2.3. Suppose that X,Y are an asymptotically free sequence, as in Defini-
tion 4.1.20, where esd(X) 22, ; and esd(Y) =222, v. Then, esd(X +Y) 2™ y@v.

As the name suggests, you should think of additive free convolution as an analog of the
convolution operation * from classical probability. If X ~ g and Y ~ v are independent
scalar random variables, then Law (X +Y) = u * v. Likewise, if X4 and Y 4 are asymptoti-
cally free random matrix sequences and have empirical spectral distributions converging in
expected moments to u and v respectively, then X 4 + Y @ has empirical spectral distri-
bution converging in expected moments to y B V.
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Remark 4.2.4. There is also some additional technology developed in the free probability
literature that lets one automatically infer stronger modes of convergence such as con-
vergence weakly in probability or weakly almost surely, provided that the esd(X @) and
esd(Y @) converge in the same mode. This follows from versions of asymptotic freeness
with stronger modes of convergence; see, e.g., [HP99] for some such results. We will not
explore this direction here.

4.2.2 MULTIPLICATIVE FREE CONVOLUTION

There is a parallel theory for studying products of random matrices as well. A bit of care is
required in the setup, since in general the product of symmetric matrices is not symmetric.
Still, we have:

Theorem 4.2.5. Suppose that X,Y are an asymptotically free sequence of random
matrices, as in Definition 4.1.20, such that moreover X > 0 almost surely. Then, there is
a polynomial Ry on 2k inputs (whose coefficients are universal constants not depending
on X, Y, or their moments m, and n;) such that the limiting value of any expected
tracial moment of X1/2Y X1/2 is

dllim Etr(X'2Y X'2)k = Ry (my, ..., my, N1, ..., Nk). (4.2.1)

Further, if m; are the moments of a compactly supported measure y and 7y are the
moments of a compactly supported measure v, then Ry (m,, ..., mg, n1,...,N) are the
moments of another compactly supported measure, which is also uniquely determined
by its moments.

Definition 4.2.6. We write u X v for the measure discussed above, called the multiplica-
tive free convolution of y and v.

Proof. The argument is actually very simple with the tools we have developed already: we
just observe that these moments, after an application of the cyclic property of the trace,
are a special case of the tangled joint moments that asymptotic freeness lets us derive the
limiting values of via Theorem 4.1.21:

Jim Etr( X2y X1/2)k = dlim Etr( XY (XY)k1X1/2)

dlim Etr(XY)k
t(XY ---XY)

= TXY"'XY(ml’""mk!nll"'lnk)’

giving a polynomial of the m, and n,, as claimed. We omit the proof of the second claim
that these are in fact moments of a probability measure. O

We will see some examples of situations in which multiplicative free convolution arises
in the applications below.
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4.3 TRANSFORM METHODS

To learn how (most of the time) one actually computes with the free convolution operations,
let us take the opportunity to introduce a new family of objects that are behind the last
of our three main methods of random matrix theory, to which we will return in the next
chapter.

4.3.1 R-TRANSFORM AND COMPUTING ADDITIVE FREE CONVOLUTIONS

For additive free convolution, we have the following tool.
Definition 4.3.1. The R-transform of a probability measure u is R, (z) = G[,l(z) - %

Here, G, 1'js the functional inverse of the Cauchy transform, viewed as an inverse of formal
power series: using the moment generating function expression from (3.8.1), we find a power
series such that G, 1(G,4(z)) = z when the composition of power series is computed term by
term. In particular, while, as we will see in an example below, there is often an ambiguity in
computing the inverse G,!, the right way to choose this inverse is so that R, (z) indeed has
a Taylor series (not a Laurent series allowing negative powers of z) around z = 0; in other
words, there should not be a singularity as z — 0.

The useful property of the R-transform with regard to additive free convolution is as
follows:

Theorem 4.3.2. R,y (z2) = Ry(2) + R\ (2).

You may compare this with the cumulant generating function g, in (4.0.4), which has the
same property for the classical convolution, Y 4, = Y, + @,.
Indeed, the above power series expansion of R, (z) leads to a series of the form

RIJ(Z) — Z K]f(ree(u)zkfll
k=1

Here the K,ﬁree(u) are each polynomials of the moments of u called the free cumulants, which
are also additive under additive free convolution, paralleling the classical cumulants. If
my = Ex-, Xk, then the first few free cumulants are

K{ree =my,

Kkiree = my, — m3,
kfree = ms — 3mom, + 2m3,

ke = my — 4msm, — 2m3 + 10mom? — 5mf.
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In contrast, the classical cumulants are

K1 = my,
2
K2 = Mz —my,
K3 = M3 — 3moym, + 2m3,

Ky = My — 4mzm; — 3ms + 12mymi — 6mj.

As in the case of moment formulas for additive free convolution, the first three free and
classical free cumulants are the same, while for the fourth and beyond they are different.

Example 4.3.3. One may compute R, (z) = z. This means that the second free cu-
mulant of psc is K?ee(usc) = 1 (this is just the variance, per the above formula), and
all others are zero. This characterizes the semicircle law, and is parallel to how the
second classical cumulant (also equal to the variance) of the Gaussian measure is 1 and
all others are zero.

The R transform gives a fairly practical (though often algebraically involved) recipe for
calculating the free convolution, as illustrated below:

N
RIJ + RV = RIJEEV - GIJEEV - u B v.
/
\% - GV - RV

Let us work out an explicit example, both to illustrate some points about additive free
convolution and to convince you that, while involved, the above calculations are quite pos-
sible to carry out in closed form in many cases.

Proposition 4.3.4. Let u = Unif({—1, +1}), the standard Rademacher distribution. Then,
u &8 p is the (centered) arcsine law, the probability measure on R with density

1

du(x) =1{x € [-2,2]} ———=dx.
T4 — x°
Proof. We first compute the Cauchy transform:
1 1 1 1 z

Culz) =5 o i T 2o

Solving z = G,(y) for v, we solve a quadratic equation and find

1++1+4z2

Y= 2z

Thus, the R-transform R, (z) = G, L(z) - % is given by one of the choices of sign in

1++1+4z2
2z '

Ru(z) = —

100



We see that the only choice that avoids a singularity at z = 0 is the positive sign, so we have

-1+ 14422
Ru(z) = P ’
z
and therefore .
-1++v1+4z
R[JEEI[J(Z) = ZRH(Z) = = .
Thus,
1 V1+4z2
G;Hlau(z) = RIJEIJ(Z) + E = f

Inverting this again, we see that G,g, is given by one of the two choices of sign in

1

GUEE[J(Z) = im.

To make this choice, note that by the moment generating function expansion (3.8.1), we
expect to have that, for any probability measure v, that lim,_. zG, (z) = 1. Only the positive
sign above will achieve this, so we have

1

G = —
usp(2) P

Finally, let p = pusu(x) be the density of p @8 p. Since u is supported on {-1,+1}, reason-
ing about the empirical spectral distribution interpretation of u @ yu shows that it must be
supported on a subset of [-2,2]. So, in computing p(x), we can restrict our attention to
|x| < 2. Theorem 3.8.5 gives

oo D imm
pix o W (x+in?2—4

eeos AN T+ 12— x2) + (2tx)i
—(4+t?2-x2) - (2tx)i
(4+ 12— x2)2 + (2tx)2
1 . 1
—— |im
T -0+ /(4 + 2 — x2)2 + (2tx)?

I
|
|
5

Im (\/—<4 12— x2) - (2tx)i>

Here, to continue precisely, we should be careful about the definition of the complex-valued
square root we have been referring to all along. It turns out that the standard definition is
a consistent one here, having a branch cut along the negative real axis. That is, we take the
square root as behaving suchthat, for ¢ > 0 and € > 0 small we take V—c + €i = /ci and
V—c — €i = —,/ci. In our setting, since t > 0, the point we are taking the square root of is in
the latter situation, and we get

1 i V4 +t2—-x2(1+0(1))+0(1) -1

—— lim
T t—0+ V@4 + 2 —x2)2 + (2tx)?
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where the asymptotic notation refers to the limit t — 0. Then, we may just compute the
limit directly,

1 V4-x%

T/(4 - x2)2
1

/4 — x?’

giving the result. O

4.3.2 S-TRANSFORM AND COMPUTING MULTIPLICATIVE FREE CONVOLUTIONS

There is also a similar transform and corresponding recipe for multiplicative free convolu-
tion.

Definition 4.3.5. The S-transform of a probability measure u is S,(z) = %R‘j Lz,

Theorem 4.3.6. S;xv(2) = S,(2)Sy(2).

Again, using this result and our tools for Cauchy transforms, you can compute multiplicative
free convolutions with a similar chain of operations as for additive free convolutions, but
with one more “layer” since we have defined the S-transform in terms of the R-transform,
which is itself defined in terms of the Cauchy transform:

N
SuSv = Su&v - Rulzlv - Gu&v - UKV,
/

4.4 APPLICATION: NEURAL NETWORK LOSS LANDSCAPES

We outline an argument due to [PB17] making certain predictions about the structure of the
landscape of the optimization arising in training a neural network using additive free con-
volution. As a warning, this argument is quite unrigorous and is much more of a physicist’s
than a mathematician’s argument. You should think of its goal as being not to prove a the-
orem but to, by any means necessary, reach a concrete endpoint of a calculation in order to
obtain some concrete predictions that may then be compared with empirical observations.
This is a very useful way of reasoning to become comfortable with and I encourage you to
interrogate any discomfort you might have with these calculations.
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4.4.1 SETUP AND DEFINITIONS

We work in the setting of learning a general non-linear high-dimensional mapping F : R%n —
R4out, We want to approximate this map by one of the form

Yy, V,W) =W (Vx),

for V € Rdinxdiner qnd W € Rdouxdiner - where (x), = max{0,x} and this operation applies
entrywise to vectors (this is the so-called rectified linear unit or ReLU non-linearity com-
monly used in modern neural networks). We also abbreviate 8 = (V, W), and view this as
a vector O € Réndinertdinerdout the vector of all parameters available for tuning in §. We then
also write y = y(x;0).

We are also given a training set of examples (x1,y1),..., (Tm,ym) for z; € R4 and
Yk € R and want to learn 6 such that ¢ (x;0) =~ yx for each k € [m].

We make the following assumptions about the dimensions di,, dinter, dout, M involved.
The first is for simplicity:

d:= din = dinter = dout;

saying that our network is “square” in shape (in particular, V and W are square). Note
then that @ € R2%*. The second expresses that we are in the “big data” regime of having a
comparable amount of data to the dimensionality of the parameters:

4 _ e (0,m),
m

as in the setting of the Marchenko-Pastur limit theorem. In particular, the actual ratio of the
number of parameters to the number of data points is
2d? d
— =2— — 2c.
dm m
In training our network, we seek to minimize a training loss, which we take to be the
simple €2 loss:

1

o md
LO) == > 5@ —yl? == > > (3i(0) — i)’
2 k=1 k=1i=1

N |

where we introduce new notation yy;(0) = (y(x; 0));, suppressing for now the dependence
on xy. We then run some procedure like gradient descent, stochastic gradient descent, or
adaptive gradient descent (such as Adam or AdaGrad) to attempt to minimize L(8).

In general, in doing so we should expect to approach a critical point of L, one where
VL(B) = 0. Near a critical point, the landscape of L is determined by the Hessian matrix
V2L (0); in particular, by multivariate Taylor expansion, near a critical point 8y,

L(O) ~ %(9 — 00)TV2L(60) (6 — 6).

This local landscape can have the structure of a saddle point: along certain one-dimensional
directions it can look like an upward-opening parabola, and along others like a downward-
opening parabola. The eigenvalues of V2L(0,) describe how many “principal” directions
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of each kind there are (for a total of the ambient dimension 2d?. We call the fraction of
negative eigenvalues the (normalized) index of a critical point.

We then want to answer the following kind of question: as training proceeds, how does
the index of the critical points we encounter change? This (somewhat indirectly) says some-
thing about the convergence of training, since saddle points of higher index have a larger
number of favorable directions and thus are “easier to escape” and continue descending the
loss landscape, at least for noisy gradient methods like stochastic gradient descent.

4.4.2 FREE PROBABILITY HEURISTICS FOR HESSIAN SPECTRUM

To understand these questions, we need to calculate the gradient and Hessian, a straightfor-
ward though notationally elaborate exercise in the chain and product rules. We write «, 8
below for general indices of 8, corresponding to an index in either V' or W.

(VL)(0)« = 04L(0)

m d
= > 3 (P (0) — Vi) 0aIni(0),

k=1i=1
(VZL)(O)(XB = aaaBL(O)
m d m d
= > D> 0uIki(0)3pI1i(0) + D D> 14i(0)0x0sIki (0),
k=1

i=1 k=1k=1

-

@, @,

where we define the residuals
7% (0) = ki (0) — Vi,
the errors in approximating coordinate i of training data point k. We would like to make a

prediction about esd(V2L(60)) in terms of the value of L(0). To do this, we start with the
following assumption:

Heuristic O: @ and @ are asymptotically free.

We will not be precise with defining a sequence of matrices, checking that they converge in
expected moments, and so forth, but rather will just proceed at an intuitive level. If we be-
lieve Heuristic 1, it should be enough to understand the spectra of @ and @ individually,
and then the spectrum of V2L(0) will behave like their additive free convolution.

For @, note that if we define the Jacobian of the function g : R24° — Rdm a5 J (0) €

R24°xdm with entries
Jo (ki) (0) = 0xTii(0),

then we have

(D) =J©O)JO)".

We make two remarks. First, @ > 0, so this term is “fighting against” the loss landscape
having more descent directions or critical points having high index. Second, @ does not
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depend on the training outputs y, and thus is just a function of the neural network archi-
tecture as well as the relative over- or under-parametrization, the relationship of d to m.
We have seen that the Marchenko-Pastur law is the “canonical” limiting distribution for such
matrices, which suggests that we might guess:

Heuristic 1: @ obeys the Marchenko-Pastur limit theorem: for some suitable scaling S\ =

S (d, m),
1
esd (SU) . @) = UMP(2¢),

where we calculate 2d?/dm = 2d/m — 2c¢ by our assumption.

For @, we calculate in some more detail. Note that yy;(0) = Yy (V, W), for any k € [m]
and i € [d], is piecewise bilinear in V' and W. Thus, second derivatives with respect to
two entries both in V' or both in W will always be zero, so (2) will have the block matrix

structure
@=| o o
| BT 0

for an (asymmetric) B € R4*4* where the entries of B are

B L _ i Vw2 )
(psQ),(S,t) ananSt o= kl ananSt ] .
The eigenvalues of @ are then +0;(B) fori =1,...,d, so it suffices to compute the latter.

Expanding the expression for yy;, we have

t=1 q=1

d d
Yki= (W (V) )i= > Wa (Z vmxkq) :
4
Thus many of the derivatives involved above are zero; we may compute

0P o )
aquawst(V,W) =1{i=s}-1{p =t} - L{(Vap)p = 0} - Xz

The sum for an entry of B then reduces to

m
Biparisy = Hp =t} D> 1 (V,W) - L{(Vxi), = 0} - xpq.
k=1

In particular, there is a B that differs from B only by a permutation of the columns (and
therefore has the same singular values) that has a block-diagonal structure because of the
1{p =t} term above:

B

B@
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Here we have B(?) ¢ R%*4 having entries

m
BE = D ns(V, W) - L{(Vxr), = 0} - Xiq-
k=1

Another way to write this is
Bw _ RDP X,

where R = R(V,W) € R4™ has entries Ry = ks, DP) € R™™ js a diagonal matrix with
D,(i) =1{(Vxi), 2 0}, and X € R™*4d has entries Xkq = Xiq (.e., the matrix of the training
data). The singular values of B are the disjoint union of the singular values of the B® for
p =1,...,d. We now make the following (dramatically!) heuristic assumptions about this
setting:

Heuristic 2: X and R have ii.d. Gaussian entries, D®) has independent Ber(%) diagonal
entries, and all of these entries are mutually independent.

Specifically, we suppose Ris ~ N (0,eS®)) ii.d. for a parameter € to be fixed later and some
scaling S® = S® (d,m). Note first that this assumption fixes the scale of the loss of 0,
which will depend on €:

m d
LO)=> DR} ~e-SPmd=:esV
k=1i=1

for a further scaling S'®) = S (d, m). Also, we then find that the singular values of B, which
are the same as those of §, which are the disjoint unions of those of E(”), have, upon
rescaling, the same empirical distribution as those of \/eGH™ for G, H ~ N (0,1)4em/2
where we reduce m to m/2 since DP) zeroes out about half of the initial m dimensions.
Let us build up a few tools for expressing the final result of our heuristic calculations.

Definition 4.4.1. For a probability measure v, write sym(v) := Law(sX) where s ~
Unif ({=1}) and X ~ v independently.

Definition 4.4.2. For a probability measure v supported on Rsq, write /v := Law(/X)
when X ~ v.

Proposition 4.4.3. Let G = G H = HY ~ N (0,1)®¥™ be drawn independently for
m = m(d) having d/m — c € (0, ). Then,

1 :
ed (U (mGHT>) FRO HMp o) B HMP()-
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Proof. By the Marchenko-Pastur limit theorem,

1
esd <EHHT> L mom. HMP(c) -

Then, we have

ed(0(GH")) = \esd(GHTHGT).
The moments of the measure inside the square root are
tr(GH"HG")* = (bG"G)'?H"H(G"G)'*),
and the result then follows by Theorem 4.2.5. O

For G, H as in our case, we then have
2
(o (Zem) -t

when d, m — « with % — ¢ (recall that /g is the law of +/X when X ~ p). We normalize by
2/m above because that is the dimension of G and H. Then, have

1 VE [ =2
esd (m . @) - 7 *sym ( ull\Z}IP(ZC)) .

Finally, suppose that S := mv/S® = S§U) so that @ and @ are on the same scale.
Then, combining our heuristic arguments, we find that we expect the following relationship
between L(0) and the e.s.d. of the Hessian at 0:

1 €
esd (§ . VZL(O)) = UMP(2c) B (\ZW - sym (\/m» =:pee when L(0) ~¢-mdS®.

This is a rather involved combination of additive and multiplicative free convolution, but
in principle we have the tools to compute it using R- and S-transforms. The result is a
concrete measure p. ¢, with one parameter ¢ controlling the amount of overparametrization
in the model we are studying, and the other parameter € controlling the loss level we are
interested in.

4.4.3 IMPLICATIONS

In particular, from p.  we can calculate the normalized index for a given ¢ (overparametriza-
tion) and € (loss) as
ind(c, €) := pce((—,0]) € [0,1].

In [PB17], this is computed and analyzed asymptotically (we omit the rather gruesome de-
tails) and the following two qualitative phenomena are extracted:

1. For ¢ € (0,1), there is an €, = €4(c) > 0 such that, if € < €, then ind(c,e) = 0.
That is, the theory predicts that, at a “macroscopically” large scaling of the loss value,
all critical points achieving that loss will be local minima, and thus one expects noisy
gradient descent to become stuck at roughly this level of loss.
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On the other hand, €, — 0 as ¢ — % Note that, when ¢ = %, then m = 2d so
2d? = md and the total number of dimensions of the training data (= md) equals
the total number of parameters (= 2d?). Thus we expect to be able to interpolate the
training data exactly once ¢ > 1 and the theory suggests that in fact gradient descent

will be able to reach such an interpolation.

2. Moreover, in the underparametrized regime c € (0, %), for € slightly greater than e,
we have the scaling

_ 3/2
ind(c,€) ~ f(c) (E € )

for some function f(c). We may interpret this as saying that, towards the end of train-
ing, when we are approaching the best loss level that gradient descent will reach (= €),
then the normalized index of the nearby critical points will decrease superlinearly with
the loss.

These findings are compatible with previous models for neural network loss landscapes
and even can be corroborated to some extent (most convincingly for small ¢) in numerical
experiments, including the specific exponent 3/2. See [PB17] for full details.

Remark 4.4.4. The paper also offers the simplifying heuristic of replacing sym( u,{”}fP(ZC))
with usc, independent of ¢, which is a coarser model but one that might be sensible when
we do not assume the special structure coming from the ReLU non-linearity.

4.5 APPLICATION: COVARIANCE DENOISING BY FREE
DECONVOLUTION

As we have proposed before, one of the main statistical uses of free probability is to help
us understand the estimation of covariance matrices when we have inadequate data for the
sample covariance to be a consistent estimator. Consider the following setting: we have a
sequence X = X e R&xd positive semidefinite matrices, with esd(='?) — p. The =@ are
covariances of an increasing number of features we are interested in of a population, and u
describes the limiting correlation structure of this growing collection of features.

Suppose, though, that we only have access to a relatively small number of samples of
this population, xi, ..., ~ N(0,29) independently, w1th £ _ ¢ as in our previous
discussions. We want to estlmate the limiting spectrum u from these observations. A natural
choice of estimator of X is the sample covariance

M>

_ 1
m
and thus a natural choice of estimator of u is

[ = esd(2).
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Figure 4.2: An example of the performance of the algorithm presented in Section 4.5. We
take d = 500, m = 2500, and X to be the diagonal matrix half of whose entries are 1 and
half of whose entries are 2. Thus its true empirical spectral distribution is y = 361 + 36>,
shown in green. In light gray is the empirical spectral distribution of the sample covariance
s nominally an estimate of u but performing very poorly in this case and having output
close to (%61 + %62) X Ump(1/5)- In black is the estimate obtained from the algorithm, with a
very conservative grid of 15 values of t; and 50 values of z;, with imaginary part equal to 1.
The construction and solution of the linear program requires less than a millisecond in the
MOSEK solver accessed through cvxpy.

However, our tools show us that this estimator will be inconsistent, in the sense that it will
not converge to u as d — oo, and in fact we can characterize this inconsistency precisely.
Introducing g; ~ N (0, I;), we have Law(x;) = Law(=!/?g;), and thus

> (law) s1/2 (1 igigf) >1/2
mio
Therefore, we have
b—-pumx HMP(c)s
a kind of smoothing of y by multiplicative free convolution.

Two extremes are instructive to consider. First, note that as ¢ — 0 we have uyp) — 61,
so indeed in this limit—which corresponds to m > d where we have much more data than
features we want to estimate—we do recover an accurate estimate of u. Second, if =@ = I,
so that u = 6, then this limit is just pump(), and the above recovers the Marchenko-Pastur
limit theorem.

Let us see now how to use our knowledge of free probability to devise a denoising pro-
cedure for this estimate. We will use the following characterization of multiplicative free
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convolution with the Marchenko-Pastur measure, which can be obtained from calculations
with the S-transform.
Proposition 4.5.1. For any compactly supported probability measure p,

1
z-x(1-c+czGumpyp, (2))

Gurppe) (2) = J dp(x).

You may view this as an implicit equation for the Cauchy transform of the multiplicative
free convolution similar to, but more complicated than, the one we derived for the Cauchy
transform of the semicircle measure in Section 3.8.3. As a sanity check, note again that
as ¢ — 0 the right-hand side tends to G,(z). If u = 6;, then this gives a self-consistency
equation or implicit formula for the Marchenko-Pastur law pvp (), again in the spirit of the
one we saw for the semicircle law.

Let us write X = /\(fl), the eigenvalues of the sample covariance. The idea of the algo-
rithm is what we believe that the process generating these eigenvalues makes it so that

ed(AN) = U B Umpd/m),

where we substitute the empirical quantity d/m, to which our data gives us access, for the
theoretical asymptotic quantity c. If this is true, then by Proposition 4.5.1, we should have

1
z-x(1- % + %ZGed()\)(Z))

Gedn)(2) = J du(x)

for all z.
Let us fix a grid of t1,...,ty € R, and propose a discrete estimate for u of the form

M
I:l\ = Z waéta;
a=1

for some w, > 0, > w, = 1. Further, let us take a grid of z;,...,zy € C (in practice it works
well to choose these spaced along a horizontal line slightly above the real axis). Write

d

AL 1 1
Gy = Gean (20) = 7 z:zi Zo AL

noting that we may compute these from the z;, together with the A;, all quantities available
to us. The Cauchy transform equation, evaluated at these z;, then becomes

M 1
szz Wg,.
d  d_ A\ Wa
a1 2p — Xa(1 — -+ -ZpGp)

This is just asking that the w, approximately satisfy a linear system: separating the real and
imaginary parts, for suitable A € R>N*M and b € R?N, we just want



Though both A and b depend on the @h, this is not a problem, since those are just numbers
now that we can compute from our data.
We may then solve any of a variety of convex optimization problems to do this, say of

the form
minimize |[[Aw - bll,

subjectto w = 0,
1Tw = 1.

In particular taking p = o is appealing, which leads to a linear program. As illustrated in
Figure 4.2, the results are strikingly good in situations where the estimator esd(2) for u
is completely ineffective. See also [EK08] for some theoretical results guaranteeing strong
approximations as M,N — oo (though note that the algorithm presented there is a small
variation on what is presented here).

4.6 APPLICATION: SPECTRUM OF SPARSE TREE-LIKE GRAPHS

We now look at an interesting example involving additive free convolution, which also gives
us an opportunity to mention one more of its important properties.

4.6.1 FREE CENTRAL LIMIT THEOREM

In terms of the classical convolution operation s, the classical CLT may be written as the

statement that 1 1
xk (W)
(U k- ) = - u JERIMAEN 1
\/E (%(_J) \/E k— oo N(O, )

k times

for any u € P(R) with mean 0 and variance 1. This also implies the closely related fact that
U = N(0,1) is the only u € P(R) with mean 0 and variance 1 satisfying the fixed point
equation

é Cu*E =
(In fact, the observation that N (0, 1) satisfies this can be used as the basis of a proof of the
CLT; such reasoning is sometimes called a renormalization argument.)
Now, suppose we replace the classical convolution * above with the additive free convo-
lution ®. For any fixed k, the measure

1 Bk
N
is only sensible (in general) as a limit as d — o of the empirical spectral distributions of a
sequence of d X d random matrices. So, this measure involves a rather tricky “double limit”
of d — o followed by k — c. More specifically, by Theorem 4.1.22, the above may be viewed
as the limiting empirical spectral distribution of matrices of the form

1

\/E(X1+"'+Xk),
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where X; = X i(d) are i.i.d. random orthogonally invariant matrices with esd(Xj;) W, u. If,
hypothetically speaking, we took the limit k — o first, then we might expect an entrywise
central limit theorem to hold, so that the above becomes a Wigner random matrix, whose
limiting empirical spectral distribution is usc.

Indeed, this heuristic argument turns out to be sound, and a version of the central limit
theorem holds with * replaced by @ and N (0, 1) replaced by pusc.

Theorem 4.6.1 (Free central limit theorem). For any compactly supported u € P(R) of
mean 0 and variance 1,
\/E — k- St
k times

Further, u = usc is the only compactly supported u € P(R) with mean 0, variance 1,
and satisfying

L wE) —
5 HEw =p

Remark 4.6.2 (Free Poisson limit theorem). You might be familiar with the following limit
theorem from classical probability, concerning the limiting distribution of a count of rare
events: as k — o, the sum of k i.i.d. random variables distributed as Ber(A/k) for a fixed
A > 0 converges weakly to Pois(A). In our above convolution notation, this says

— 00

A A .
LBer (E) % - - % Ber (k)l_’ Pois(A).

~
k times

We might ask, what happens in the case of additive free convolution rather than ordinary
convolution? It turns out that the answer is one of the distributions we have seen already,
the Marchenko-Pastur law:

A A
\Ber (k) |---m@Ber (k)}ﬁ HMP(A) -

—
k times

Indeed, Ber(A/k) is the limiting e.s.d. of any projection matrix whose rank is a fraction A/k
of the ambient dimension. Thus the left-hand side above is a sum of many free low-rank pro-
jections, which is indeed reminiscent of (though not identical to) the original matrices whose
limiting e.s.d. gave the Marchenko-Pastur distribution, a sum of i.i.d. rank one matrices g;g;
for g; standard Gaussian.

4.6.2 CYCLES

We now proceed to our application of additive free convolution, which will use the above
facts. We begin with a mystery. Consider on the one hand D = D@ e RZx4 a random
diagonal matrix with D;; ~ Unif({£1}) ii.d., and write X = QDQ" and' Y = RDR" for
Q,R ~ Haar(O(d)) (omitting the (d) superscripts from here on out). We may view the
individual laws of these matrices as being differences of projections: X = P, — P, for
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a pair of projections P;, P, having P, + P, = I and rank(P;) ~ d/2 (though with some
fluctuations, as really rank(P;) is a sum of 4 i.i.d. Ber(1/2) random variables). In particular,
X =P, - (1I- P,) =2P, — I, so it may be interpreted as a reflection across the (random)
row space of P; (and thus is an orthogonal matrix, as we can check by noting that X? = I).

X and Y are asymptotically free by Theorem 4.1.22. They have the respective conver-
gences

esd(X) 22O Unif({+1}),
esd(Y) 22O Unif({+1}).

Thus we also have

esd(X +Y) 22O Unif({+1})%2,

Using the R-transform, the right-hand side may be computed to be the arcsine law (see
Example 4.3.4), having density
Apins (X) = 1{x € (=2,2)} —~—_dx
Has Ao
Remark 4.6.3. By the remarks above, this also shows that a shifted and rescaled arcsine
distribution is the limiting empirical spectral distribution of a sum of two independent pro-
jections to two uniformly random subspaces of dimension d/2, i.e., Ber(1/2)%2.

Remark 4.6.4. In either of the cases above of Unif ({+1})#2 or Ber(1/2)®?, we see the striking
phenomenon that the additive free convolution of two discrete measures can be, and in
fact almost always is, a continuously supported measure. This is in constrast to classical
convolution, where ueu for any u supported on two atoms {a, b} can of course be supported
only on at most three atoms {2a, 2b,a + b}.

The arcsine distribution also appears as a limiting e.s.d. in the following, apparently
completely different, situation. Consider the cycle graph C,; on d vertices. Its adjacency
matrix is

010 0 1
101 ---00
010 ---00

ACd_ s s e e
000 --- 01
100 -~ 1 0 |

This matrix is circulant, and therefore is diagonalized by the discrete Fourier transform.
Performing this calculation, you may show that the eigenvalues are, up to reordering, of the
form 2 cos(2mrj/n) for j =0,...,d — 1. A bit more computation shows that these (determin-
istic!) collections of numbers again have the arcsine distribution as their empirical limiting
distribution:

esd(Ac,) — pas = Unif ({x1})®2. (4.6.1)

See Figure 4.3 for an illustration.
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Figure 4.3: Histograms of the empirical spectral distributions of the adjacency matrix of
Cio00 and of D + QDQ™ € R!000x1000 for Dy ~ Unif ({+1}) and Q ~ Haar(1000).

X Y X Y X Y X Y
0

Figure 4.4: An illustration of the labelling of the graph on Z used in the argument of Sec-
tion 4.6.2.

Let us find an explanation of this unusual coincidence: we will see that, in fact, the com-
binatorics of moments of the cycle graph have a natural interpretation in terms of freeness.
We have the interpretation

o1
my = gm aTr(A’éd)

= allim l#{Closed walks of length k in C;},

where a closed walk is any sequence i1,1y,...,1x-1,1ix = 11 such that i, and i,,; are adjacent
in C; (or whatever graph is under discussion). Write Z for the infinite graph on the vertex set
of the integers, where each pair {i,i + 1} are connected. Note that, in C;, once d > k/2, the
number of closed walks starting from any given i; is same as the number of closed walks
in Z starting from 0. That is, the neighborhood of radius k/2 around any vertex of C; looks
just like the same neighborhood around O in Z. Thus,

0 if k is odd, }

(k> if k is even

my = #{closed walks of length k in Z starting from 0} = {
k/2

As an aside, comparing these moments to those of pas is one way to prove (4.6.1) above.
Now, recall our two matrices X,Y above. They satisfy X? = Y? = I;, and, by asymp-
totic freeness,

im LETr(XY - XY) =0,
d—oo d
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for any number of interleaved repetitions of X and Y.

Consider labelling each edge of Z with X or Y, so that the two labels alternate (see
Figure 4.4). View a walk on Z as a sequence of edge traversals, which corresponds to a se-
quence such as (X,Y, X, X,Y,...). Convince yourself of the following: a walk is closed if
and only if this sequence, when written as a product XY X XY - - -, is cancellable, meaning
that it can be rewritten down to I; by only using the identities X? = Y2 = I;. For exam-
ple, XYY XYY XX = XY?XY?X? = X? = I corresponds to a closed walk, while
YYXY XX =Y?2XY X? = XY does not. Moreover, any non-cancellable sequence when
viewed as a product, can be rewritten down to a product of the form XY XY --- XY.

Thus by the above observations, we have

dlim %[E Tr(word in X,Y ) = 1{word is cancellable}.

Therefore,

my = #{closed walks of length k in Z starting from 0}
= #{cancellable words of length k}

- > lim l[ETr(wordinX,Y)
d— oo d

words of length k

im LETr(X + V)X,
d— o d

Thus, even if we did not know that the limit was pas, this argument would show us that

esd(Ac,) — Unif ({+1})®2.

4.6.3 GENERALIZATION TO HIGHER DEGREE

The above argument, while nice, is perhaps not very impressive, because after all it is easy to
also do direct calculations with pas. Let us now show how, by pushing it just a little further,
we can quickly obtain a large amount of rather more difficult information.

Definition 4.6.5 (Girth). The girth of a graph, written girth(G), is the length of the short-
est cycle in G (or +oo if there are no cycles).

Consider a sequence of graphs G = G4, each on d vertices, such that G is p-regular, i.e.,
such that every vertex has degree p. (There are no p-regular graphs on d vertices unless
pd is even, so we should really take only even d when p is odd, but we will not introduce
special notation to handle this caveat.) Suppose also that girth(G4) — « as d — c.

For p = 2, such a sequence of graphs is given by the cycles Cy, since of course girth(Cy) =
d. For p = 3, it is not at all obvious that such graphs exist. Such graphs would be a very
strong form of so-called expander graphs. The reason for this terminology is that, for G
p-regular, every neighborhood around every vertex of G of radius smaller than girth(G) is a
p-regular tree. In particular, the sizes of these neighborhoods grow very fast with the radius
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v, roughly as p”. Such graphs therefore have many favorable properties such as fast mixing
of random walks, making them useful in computational applications; see, e.g., [HLWO06] for
an introduction to this area. You should thus also think of graphs of high girth as locally
tree-like.

Theorem 4.6.6 (Erdos, Sachs [ES63]). There exists a sequence of graphs G4 as above
with girth(G'?) = ¢, log,,_, (d) for a constant c, > 0.

The above result is based on a non-constructive argument with the probabilistic method,
but explicit constructions for various classes of special p have been found as well, like the
famous Lubotzky-Phillips-Sarnak graphs of [LPS88]. See also [LS21] for some discussion of
the history of this problem.

Remark 4.6.7. Actually, even if we choose G@ uniformly at random from the set of all p-
regular graphs on d vertices, it will typically have a relatively small number of short cycles,
and the results we prove below also apply to these random regular graphs. This is again a
field unto itself, but see [Wor99] for an introduction.

Here we will ask: what does the empirical spectral distribution of a p-regular graph of
high girth look like? (This question is intimately related to quantifying the mixing time
and related expansion properties of such graphs as mentioned above.) One can answer
this question with combinatorics calculations of moments, of course. But, following our
argument for cycles and using our general understanding of free probability, watch how
quickly we can reason about this problem.

Write T, for the infinite p-regular tree, and choose some vertex v in this tree to serve as
aroot (like the role of 0 in Z before). By the same argument as for C; and Z, by the diverging
girth of G'¥, we have

1
my = JmaTr(A’g)

= #{closed walks of length k in T, starting from vo}.

We may again label the edges of T, with matrices Xj,..., X}, such that each vertex is
adjacent to exactly one edge having each label. Suppose that X; = Q;DQ; for D random
diagonal as before, and Q; ~ Haar(@(d)) i.i.d.; in particular, these X; are asymptotically
free. (We have not said what exactly it means for more than two sequences of matrices to be
asymptotically free, but the definition is the natural extension of Definition 4.1.20 to tangled
moments of three or more matrices.) The same exact argument as before then gives

= #{cancellable words of length k in X,,..., X}

o1 .
= > lim H[ETr(word in X1,...X,)
words of length k in X7,..., X, d=oo

o1
J'I‘; E[ETr(Xl + 1+ XK
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Figure 4.5: Examples of densities of the Kesten-McKay laws pixm(p) for different values of the
parameter p.

Thus we find a natural generalization of the arcsine limit theorem for the e.s.d. of large
cycles, namely:
esd(G') — Unif ({+1})®F.

By moment calculations or using the R-transform, you may compute this free convolution
to be the Kesten-McKay law, Unif ({£1})®F = ukm(p), having density

i () = 1 {x e [2fp 1200 1]} pyap - 1) - x?

21 (p? — x2)

dx.

If you are familiar with Ramanujan graphs, the interval of support of the eigenvalues above,
[-2{p — 1,2,/p — 1], is the same as appears in their definition. Note also that pxm) = Has,
matching our previous observation.

Finally, the free central limit theorem immediately implies what these limiting distribu-
tions look like in the further limit p — c (note that here we are discussing a sequence of
two limits: first d — oo, and then the behavior of a limiting object arising there as p — ).
The above expression shows that # - HKM(p) 18 supported on [-2 + 0(1),2 + 0(1)], and the
free CLT implies more specifically

L i) = = - Unif({£11) — pisc

v e S e O
See Figure 4.5 for examples of the Kesten-McKay densities illustrating this convergence even
for p = 10.
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4.7 EXERCISES

4.7.1 EXAMPLES OF ASYMPTOTIC FREENESS

Exercise 4.7.1. Define the 2 x 2 matrix

4 1]

Let t ~ Unif([0, r]) and define the random rotation matrix

. cos(t) sin(t)
U:= [ —sin(t) cos(t) ]

Finally, define X @4 := I; ® A € R2¥2d gpnd Y@ := I,  (UAUT) € R2¥*2d random
matrices.

1. Show that the sequences X @4 and Y 9 converge in expected moments (i.e., that
lim g e ﬁ[ETr X @D exists for all k and likewise for Y ?9) and that the pair of se-
quences is asymptotically free. (View the definition of asymptotic freeness as re-
stricted to a sequence of matrices in only even dimensions.)

2. To what measure must the empirical spectral distribution of X @4 4+ Y @4 then con-
verge in expected moments? Why?

3. Show that the empirical spectral distribution of X ?4 + Y 24 almost surely consists
of at most two atoms. Therefore, qualitatively, it will never resemble the measure
you described in Part 2. For example, in a histogram of the eigenvalues, only at most
two bins will ever be non-empty. Explain formally and precisely why this is not a
contradiction to Part 2.
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5 SPIKED MATRIX MODELS

5.1 MOTIVATION: OUTLIERS IN REAL-WORLD SPECTRA

In the previous section, we developed tools to understand how the “shape” or the “bulk” of
the eigenvalues of a matrix is affected by noise. For example, we can understand the weak
limit of X + W where W ~ GOE(d), or of Z/?GGT='? where G ~ N (0,1)®4<™_ But,
in both cases, this weak limit only describes how the shape of the spectrum of X and X
changes under such noising operations.

In reality, especially in statistical operations, we often are interested in understanding
not this bulk behavior of all of the eigenvalues together, but in the behavior of outlier eigen-
values, which indicate, say in the case of a sample covariance matrix, “exceptional” corre-
lations. These appear as single outliers in a histogram, or as “elbows” in the scree plot of
A; as a function of i. An example with singular values on a real-world dataset is shown in
Figure 4.2. The example shows nicely a useful intuition to have for real-world spectra of
noisy matrices that include some statistical signal. Unlike what we have been able to handle
with free probability, usually such consist of two distinct components: a bulk of mostly
meaningless eigenvalues which arise due to noise, and a few informative outliers.

To understand how we should set our expectations in working with such data, we will
take up the question of producing theoretical models that reproduce this phenomenon, and
understanding how algorithms perform on those models.

You should see immediately that the methods from the previous chapter will not be
useful. Free probability is (at the level of detail we have considered) a tool for establishing
weak convergence and convergence in expected moments. And, as we saw in Section 3.6,
that is in general not enough to get any information about individual extreme eigenvalues;
intuitively, a single outlier contributes %6 A to the e.s.d. of a matrix, which cannot be “seen”
by weak convergence. However, instead of the moment methods in Section 3.6, here we will
pursue more sophisticated techniques for understanding these outliers.

5.2 SPIKED ADDITIVE (WIGNER) MODEL

The simplest model producing outlier eigenvalues is to simply add a rank-one perturbation
to a matrix. Suppose W = W@ ~ GOE(d, 1), x = ¥ € R? with |||l = 1, and consider

Y =YW@ =W + BJdzx".
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Figure 5.1: A histogram and scree plot of the singular values of a matrix of measurements
of levels of interaction on Twitter between members of Congress ( from the
Stanford Large Network Dataset Collection). In either plot, four outlier values are clearly
visible.

We take x to be deterministic, though all of the results will still apply if it is random but
independent of W. We also normalize and write

Wi L

W = \/HW’
Y = \/IHY =W + Bxx'.

5.2.1 BASIC PROPERTIES

Exercises A.1.3 and 5.6.1 have you show that, as 8 grows, the top eigenvector of Y aligns
more and more with x. Further, by Exercise A.3.10, provided «x is deterministic or random
independently of W, then Law(x"Wa) = N (0, 2||lxx” II%) = N (0, 2), with high probability,
for any € > 0, we will have

Amax(Y) 22 Yz =BVd—x™ Wz > (B—€)Vd

and thus once B > 2 then Y with high probability will have its largest eigenvalue signifi-
cantly larger than the typical value of 2+/d for Y ~ GOE(d).

Moreover, we may show that the other eigenvalues of Y are essentially the same as those
of W:

Proposition 5.2.1. Forall2 <k < d, Ax(W) < A (Y) < A1 (W).

Proof. For the first inequality, just note that Y > W by construction (i.e., the perturbation
we are adding is positive semidefinite). For the upper bound, by the Courant-Fischer min-
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Figure 5.2: An illustration of the asymptotic results describing the phase transition in the
spiked additive or Wigner model from Theorem 5.2.2.

max theorem, we have

Ax(Y)= max minv'Yw.
dim(V)=k ||1{:\6|Y1

Any such V must contain a non-zero vector v orthogonal to « and the top k — 2 eigenvectors
of W. For such v, we have v"Yv = v"Wwo < Ar_1 (W), and the result follows. O

Thus, after normalizing, A, (SA’), cen, Ad(?) are likewise “sandwiched” among the eigenvalues
of I//V\, and in particular with high probability liein [-2 —0(1),2 + 0(1)]. A bit more thought
also shows that these eigenvalues will moreover have the same empirical distribution of the
semicircle. Thus it is only Al(?) that can be an outlier: esd(i’\) will look either like the
semicircle (as it does for /VV, or equivalently when S = 0) or like the semicircle with a single
outlier.

So, our model indeed captures the behavior we wanted. Next comes the natural quanti-
tative question: how large does B have to be for an outlier to appear? We have seen above
that 8 > 2 suffices to create an outlier. Could it be that this is also necessary? Or perhaps
any B > 0 suffices to “nudge” one of the top eigenvalues out of the bulk of the semicircle?
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5.2.2 PHASE TRANSITION OF LARGEST EIGENVALUE

Surprisingly, neither guess is correct: there is a critical B required for an outlier to appear,
but it is not 2 as the above argument suggests.

Theorem 5.2.2 ([FP07]). Consider Y = Y @8 as above, for fixed 8 > 0 and d — oo
and any deterministic z = z@ a unit vector. Write v; = v,(Y) = v,(Y) for the
eigenvector associated to the largest eigenvalue. Then, the following results hold, with
all convergences of random variables to deterministic scalars being convergences in
probability or almost surely:

- If B < 1, then:

A (YY) -2,

(v, )% — 0.

- If B > 1, then:

Al(?)~ﬁ+[13>2,

(v, )% — 1—i > 0.

BZ

We may summarize the key features in the result as follows:

1. This model exhibits a phase transition: there is a critical value 8. = 1 such that the
behaviors of the model and the impact of the perturbation when B < B4 versus when
B > B« look completely different.

2. Our previous idea about what value of g would suffice to create an outlier eigenvalue
proposed that the mechanism for an outlier appearing was the xza " perturbation com-
pletely “overpowering” W to forcibly make 'Yz large. What actually happens is
subtler: when B =1 + €,  “colludes” with the eigenvectors of W to create an outlier
whose associated eigenvector is only very slightly correlated with .

3. Even when 8 > 1, 2\1(?) ~ B+ % is an inconsistent estimator for the parameter 8 of
the model, one systematically biased to be larger than the truth.

4. Similarly, for any fixed §, v1(Y) is an inconsistent estimator for the parameter x, in
the sense that ||v1(Y) — || 4+ 0. Indeed, if we view = as the “north pole” of S4-1,
then v; is concentrated around a “latitude” that moves closer to the pole as f — co. It
turns out that this is not a systematic bias: v;(Y") looks close to /1 — B~2x plus an
appropriate amount of Gaussian noise, and so unlike the overestimate of 8 by A; (SA’),
this cannot in general be systematically corrected.

The inconsistency phenomena are similar to what we saw earlier in estimating d X d co-
variance matrices from O(d) samples (e.g. in Section 4.5). There, the paucity of data or
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“information” in the model was captured by a small number of samples; here, it is captured
by B not growing fast enough.

We will outline the main ideas of the proof below using the resolvent and Cauchy trans-
form, omitting some more difficult technicalities.

Proof. We will first analyze the statements about 7\1(?), and then use those to prove the
statements about v; (lA’).

We use a characterization of the eigenvalues that has not yet been useful to us in random
matrix theory, the characterization in terms of determinants or the characteristic polyno-
mial. Namely, A > 2 (we will see the relevance of this assumption in a moment) is an
eigenvalue of Y if and only if

0=detAl;-Y)
=det(Al; — W - Bxx ")

and, since A > 2 while ||I/7V\|| — 2 in probability, the matrix AI; — W is with high probability
invertible, in which case we may continue

=det((AI; — W)™ - det(Iy — BAL; — W) lzx™),

where we note that we have made the resolvent appear. The first term is non-zero, so the
above is equivalent to

0=det(I;— BAI;— W) 'zz")
Now, using the determinant identity from Exercise A.1.6,

= det(I; - Bx" (AI; — W) lz)
=1-Bz"(AL; - W) 'z

Since W is orthogonally invariant, introducing an independent Q ~ Haar(©O(d)), we have

1291 _ B(Qx)" (AL, - W) (Qu)
=1-B(AL; - W)™, (Qz)(Qx)")

and supposing this expression concentrates over the randomness in Qx, we have by Exer-
cise 1.5.7

~1-B (AL - W), 2 T)
_1-B- %Tr(AId _W!
which we recognize as a Cauchy transform,

=1- BGesd(ﬁ\/)(A)
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and by our outline of proving the semicircle limit theorem using the Cauchy transform in
Section 3.8.3, we expect to have as d — o

~ 1= BGus (A).

Thus, we expect an outlier eigenvalue A > 2 to exist provided that there is such a A solving
the equation

A—+VA2—-4 1

Guse V) = =—5——= 3.
As we have illustrated in Figure 3.6, limy_o+ Gy (A) = 1, and it is clear from the definition
of the Cauchy transform that G, (A) is decreasing over A € (2, o) (recall that this equals
E quscﬁ, so increasing A just increases the denominator uniformly over all X). So, there

will exist a solution A > 2 if and only if 8 > 1, and in that case we may compute
1
5

A concise way to think of this calculation is to remember the definition of the R-transform

(Definition 4.3.1) and its value for the semicircle law (Example 4.3.3):
1 1
GI]SlC(B) = Rysc (B) + B =B+ E

We now consider the result concerning the eigenvector. Define

FB) = fa(B) := Ay (W + Bza™).

A=Gu(B) =B+

Consider differentiating this in 8. By Exercise A.1.7, this derivative is
fi(B) = (zxT, v01(W + Pz )v1 (W + Bza")T) = (@, v1(Y))?.
On the other hand, for any given S, our above argument suggests that

2 if <1,
dlmfd(ﬁ):{ B_i_% if§>1 }:fm(ﬂ)

In fact, by arguing more carefully, one may show the following facts:
1. Almost surely, f,;(B) is smooth for all 4 and all B = 0.
2. Almost surely, f;(B) — f«(B) forall B = 0.

And, the following additional fact is immediate from the definition of f; and f.:
3. f4 and f. are convex functions.

We now use the deterministic fact that if f; — f. pointwise and both functions are smooth
and convex, then f); — f., pointwise as well. This follows easily from fixing some B,e > 0
and observing that by convexity

Sa(B) — fa(B—€)
€

< fi(B) =

Sa(B+€) — fd(B).
€
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Taking d — o we then have

fOO(B) _fOO(B_
€

) < Iitri'lninffé(ﬁ) < limsup f}(B) < Sfo (B + EZ _foo(B),
e d—oo
and the result then follows by taking € — 0.

Applying this in our situation, we find that, almost surely,

0 if <1,
(a:,vl(Y)>2=f,§(B)—'f§o(B)={ 11 ifgil }
BZ
as claimed. O

Remark 5.2.3 (More spikes). The same argument also works for a model of the form

k
Y =W +vd > Bixix]
i=1
for ||x;|| = 1. The outcome is just a superposition of k copies of the case k = 1: there
are a number of outlier eigenvalues equal to the number of 8; > 1, and the corresponding
eigenvectors have the same correlations with the corresponding a; as in Theorem 5.2.2.

5.3 SPIKED COVARIANCE (WISHART) MODEL

Let us now consider a similar question in the more realistic setting of covariance estimation.
We consider, as before, 1, ...,z ~ N (0,) for = = =@ € R&<? positive semidefinite and
with % — c¢. But now, instead of Z having eigenvalues converging to a non-trivial shape, we
give it only a single exceptional outlier eigenvalue:

S:=1I;+ Bxx’

for some ||x|| = 1 and 8 € R.o. We construct the sample covariance

3 s

/\

_ L
m

and, as before, seek to estimate X by 5. We have already seen that this is not in general a
good idea: even if B = 0, we will have esd(3) — Umpc) + 01 = esd(X). But, maybe we can still
use this poor estimator to detect the outlier eigenvalue in X?

We therefore ask the same question from the previous section of $: when does it have
an outlier eigenvalue? And, when does its top eigenvector give a good estimate of x? In fact,
essentially the same phenomenon holds here as in the spiked additive model.

A ~dB .

Theorem 5.3.1 ([BBAPOS5, Pau07]). Consider 2 = Z( Fre) as above, for fixed B,c > 0 and
d — o and any deterministic = %) a unit vector. Write v; (%) for the unit eigenvector
of A;(Z). The following hold, with all convergences in probability:
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- If B < /c, then:

AL(E) -~ (1 ++/e)?,
(v1(2), )% - 0.

- If B > /c, then:

B
(01(2), z)? — (1 - BCZ> (1 + 2) > 0.

The proof is a more complicated version of the same argument using the resolvent that we
have sketched for the additive model.

ME) - 1+B) (1 + C) > (1+ 0)2,

5.4 APPLICATION: COMMUNITY DETECTION IN THE DENSE
STOCHASTIC BLOCK MODEL

We can use these tools to make predictions about a problems asking us to detect or estimate
community structure in graphs.

5.4.1 Two BALANCED COMMUNITIES

One simple example is the stochastic block model. Consider a graph on d vertices, divided
into two groups of % each, say S U T = [d]. We then generate a random graph G with
independent edges where:

+p ifi,jeSori,jeT,
— B otherwise '

1
u»[i~j]={%
2

That is, edges are more frequent within communities than between them.
One way to get a hint of the matrix structure of this problem is to introduce = € {+1}4,
the indicator of membership in the two groups. In that case,

, , 1
Pli ~ J] = E + BXin.
Thus, writing A for the {+1}-valued adjacency matrix, we have
EA;j = P[i~jl-(+1) + P[i 4 j]-(=1) = 2Bxix;},

or equivalently
EA =2Bxx’.

(This is not correct on the diagonal, but let us omit these corrections, which do not affect
the result.)
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We employ a common device of extracting this “signal” by recentering A:

A=(EA)+(A-FEA) =W +2Bxx".
=W

If B = 0(1), then, conditional on x, W is nearly a Wigner matrix: its entries are indepen-
dent, centered, and have variance 1 + o(1). They are not i.i.d., but it turns out that similar
arguments to the i.i.d. case can still be carried out. Since ||| = +/d, we see that this model
will have the scaling of the additive spiked matrix model when we take 8 ~ 1//d. So, let us
set

>
—
8

= xr=-—-".
Vd ||
With these definitions, we have ~
A=2BJdzz" + W.

Thus, the threshold corresponding to the spiked Wigner matrix transition is E « = 1/2. Using
a more general isotropic local law (for “nearly Wigner” matrices), you can show the following
rigorously.

Theorem 5.4.1 (Spectral algorithm for stochastic block model). Suppose that ﬁ > 0is
fixed and B := B/+/d in the above model. Let A € {0,+1}9%4 be the random adja-
cency matrix constructed as above. The following then hold, with all convergences in
probability:

- If E < 1/2 (including if 3 = (), then:

1
7a
$<v1<A>,w>2 ~o0.

A1(A) = 2,

. If3>1/2, then:
1
vd
1 2 1 1
d(v1(A),:I:) 1 4l§2>0.

!
AL(A) - 2B+ — > 2,
1 B 23

pFrom the results on eigenvalues, we can make a strong claim immediately about detect-
ing or hypothesis testing for community structure: if E > 1/2, then computing and thresh-
olding A; (A) with high probability distinguishes the model above from the null model of an
Erdos-Rényi random graph, the case E = 0 where each edge is just present with probability
1/2 independently.
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To make a result about estimating the community assignments a, we must be a little bit
more careful. Set v := /d - v;(A), so that |v]| = ||| = v/d. The natural estimator of z is to
take y := +sgn(v), the entrywise sign. Note that v itself is only determined up to a global
sign flip, so the sign ambiguity is inescapable. Indeed, x itself is only identified up to a sign
flip, since  and —x give rise to the same (in law) random A. So, let us choose this sign
arbitrarily.

We may then analyze the performance of this as follows: we know that |(v,x)| = (1-€)d

(here € = e(ﬁ) =1-—41- 1/432 < 1/4[?2 can be computed from the result). We also know

d

(v, y)| = [{(v,sgn(v))| = > |vi| = max | (v,8)| = [{v,z)| = (1 —€)d.
i=1 se 1+

Since ||v|| = |ly|l = vVd we may convert these bounds into
min{||v — z|?, ||v + x|°} = 2d — 2(v, ) < 2ed,
min{||v — yl?, llv + y|I?} = 2d — 2{v,y) < 2€d.
Thus by triangle inequality
min{||x — y||2, ||z + y||2} < (2\/@)2 = 8ed.
Reversing the previous manipulation,
(1-3e)d < Kz, y)| = [#{i:x; = yi} —#{i:xi = —yi}l.

and finally this implies a direct bound on our estimation error, showing that either y =
sgn(vi(A)) or y = —sgn(v1(A)) is a good estimate of x:
max{#{i:xi =yihL#liix; = —yi}} > (1 - 3€>d >(1- iA d.
’ 2 882
This simple argument shows that, past the slightly larger threshold E > 4/3/8 =~ 0.612,
the estimator sgn(v;(A)) achieves non-trivial estimation of the community structure of the
graph. More careful analysis shows that in fact § > 1/2 already suffices.

5.4.2 MORE COMMUNITIES, DIFFERENT SIZES

We may also propose a more expressive model as follows: suppose we instead have k com-
munities S; U - - - U Sk = [d], and |S;| = «;d for some «,..., & = 0 with > «; = 1. We can
also have a matrix of interaction strengths between the communities B € [0, 1]¥*, such
that, if o : [d] — [k] returns the label of the community that i belongs to, then we sample
edges independently with
Pli ~ j] = Bo(i)o(j)-

For this to make sense as an undirected graph, B should be symmetric. The previous case
of two balanced communities is &¢; = &> = % and

s ] el A0S T
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We see that there is a matter of scaling to clarify, since previously the interesting tran-
sition occurred when a ~ 1/+/d. To that end, let A at first just be the {0, 1}-valued adja-
cency matrix. This will not be close to a Wigner matrix; for instance, the entries will not
be centered. To figure out what to do about this, consider the statistics of an entry chosen
uniformly at random: for i, j ~ Unif([d]), we have

k
[EAij = z O(a(beab =a'Ba =: Y,
a,b=1

[EAij - ([EAij)z = b(l — b) = 0'2.

VarAfj

Previously, we had y = % and 0?2 = %. A natural centered and normalized A, in particular
one that is close to a Wigner matrix, is then

1 1
Ai=—(A-yll" )= ————— (A —yl11").
U( yll") ?ﬁjyﬁ yll?")

You can check that, in the previous case, this is precisely the {+1}-valued adjacency matrix.
This also tells us what the natural “null model” is that we should compare against: the
model where edges are drawn i.i.d. with the same probability, i.e., where A;; iid Ber(y). This,
with the same transformation as above, would lead to A truly being a Wigner matrix, with
i.i.d. entries of mean 0 and variance 1.
Up to permutations, the expectation of A itself (not a random entry as above) will be a
block matrix of the form

[EA = [ Bab]‘(xad]‘;hd :| .
a,belk]

Thus our decomposition of A will take the form

Note that X is a determinstic matrix that is just a function of our parameters, in this case
« and B. In the previous case, we had

o N[5

having entries of order O(1/+/d), and we will see that the same scaling is natural in this
more general case.
We may compute

-~ Bap —y 1[5
X =EA= [ Jy(d —y) 1a“d1;bd ]abe[k] - \/H[ Babl“‘ldlg‘hd ]

where we write B for the matrix with

Eub::\/a' Bap —y

Vy(IT=y)’
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a kind of normalization of B with respect to the «;’s. We assume that B has constant
entries as d — oo.

W above will again be approximately a Wigner matrix, so the behavior of this model will
depend on the eigenvalues of X. In words, the “signal part” X of the decomposition of A
above is a block matrix with block (a, b) having size x,d X «,d, and with entries all equal to
ﬁab on this block. What are the eigenvalues of such a matrix? First, suppose B-= Z'le piviv;]
is the spectral decomposition, with v; € R¥. Then, let ¥; € R% be a vector with k blocks,
with block number a equal to viz14,4, @ kind of “unbalanced Kronecker product” of v; with
vectors of all ones of different sizes. We then have

le

k
~J NT
Aivivi .
i=1

S|

On the other hand, if the «; are not constant, then this is no longer a spectral decomposition,
since the v; are no longer orthogonal.

The above does tell us that rank(X) < k, and that the column (equivalently, row) space
of X is the space of vectors that are constant on blocks of the above sizes. Thus, consider
a general w € RX, lifted in the above fashion to @ € R4 which has entries w; on the first
o d entries, entries w» on the next x»d entries, and so forth. Xw then has the same block
structure, where block a has entries % Sk Bap - apd - wp = Jd(BDw), for D € Rk*k
the diagonal matrix of the &,. Thus, the eigenvalues A of X satisfy the equation, for some
w € RX, that

VdBDw = Aw.

Multiplying on either side by D'/?| this is equivalently
(VAD'?BD'?)(D"?w) = A(D"?w).

Therefore, R
XX) = VdAN(DY2BD?).

There is one last wrinkle, which is that, unlike in the previous case where we assumed
a = 0, in this case the eigenvalues of a general D'/2BD'/2 could be positive or negative.
Fortunately, the same result as Theorem 5.2.2 holds both for more spikes (Remark 5.2.3)
and for possibly negative spikes, with the same transition for negative outlier eigenvalues.
This extended theory for spiked additive models then implies the following.

Theorem 5.4.2 (Spectral algorithm for detection in generalized stochastic block model).
Let A € {0, l}fyﬁ]d be a random matrix as constructed above. That is, there is o : [d] —

[k] for k constant as d — o such that |0~!(a)| = x,d for some x, € (0,1) that are
constant as d — oo, and

1 ~
A;j ~ Ber <y - VY1 —-y) 'Bab>

for some y € (0,1) and a matrix B ¢ Rk that is also constant as d — . (These

sym

parameters may be computed from a stochastic block model on any number of commu-
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nities with any interaction strengths, as we have done above.) Define

—~ 1
A=——(A-y117),
T

B:= |DY2BD'".

The latter will play the role of an “effective signal-to-noise ratio.” The following hold,
with both convergences in probability:

- If E < 1 (including B- 0), then

1 ~
—|lA|l — 2.
\/H” |

. If1§> 1, then
1

P
Al - B+ =>2.
\/H“ Il — B 3

Thus, the spectral algorithm of examining A(A) for outliers can detect the community
structure in our graph if and only if

IDY2BDY?| > 1.

This elegant characterization gives us a way to take a spectral property of our finitely many
model parameters (o which determines D, and B which determines B) and turn it into a
characterization of when a spectral algorithm works or not as d — oo.

5.5 APPLICATION: NON-GAUSSIAN NOISE AND NON-LINEAR PCA

Theorem 5.2.2 holds with a noise distribution given by any Wigner matrix Wig(d, u) with,
say, subgaussian entries, provided that u has variance 1 to maintain the same scaling. That
is, for all such choices of additive noise distribution, computing and thresholding A;(Y")
detects a spike if and only if g > 1.

Actually, whenever u = N (0, 1), it is possible to do better—in this sense, Gaussian noise
is the hardest noise distribution to handle of a given scale! This idea was proposed in the
statistical physics literature by [KXZ16, LKZ15] and proved to work by [PWBM18].

5.5.1 POWER OF ENTRYWISE NON-LINEARITIES

Consider a larger class of algorithms, where, before computing A, (Y ), we apply an entrywise
non-linear function to Y. Say, we fix some ¢ : R — R and compute

d(Y)ij = Pp(Yij).

Could it be that A;(¢p(Y)) is a more effective test statistic than A, (Y)? And, if so, how do
we design ¢?
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We will make another assumption, that the entries of x are relatively “flat,” say having
|x;| < polylog(d)/~/d for all i with high probability. Consider, say,  ~ Unif(S91) or = ~
Unif({+1//d}%). We have

Y =W+ B\/E rx',

and thus the entries are
Yij = Wij + B\/axixj,
where the second term is much smaller than the first, of order about O(1/+/d) under the

above models. When we apply ¢, it is sensible to take a Taylor expansion. Doing this and
manipulating a bit further, we have:

P(Y)ij = p(Wy; + Bdxix))
= p(Wij) + d),(Wij)B\/axixj + AS)
= p(Wij) + EL (W) 1BVdxix; + AYY + AL
Here Al(-}) is the error in the Taylor expansion, which we expect (for most entries) to scale
as |A(.Jl.)| < (BVdxixj)? = O(1/d). Thus we will have [|A"|| = O(1). The other error terms

i
are

AG = (' (W) — EL' (Wij) D BVdxix;.

Thus A® is a random matrix with independent centered entries of order O(1/+/d), and so
again we expect [|A? || = O(1).
In particular, the above expansion means

HY) = pW) + (Eypuldp (w)1B)Vdaza™ + AV + AP

and the first two terms have operator norm 0(~/d) while the latter two have operator norm
O(1). Thus, A1(¢p(Y)) is roughly the top eigenvalue of the first two terms, which form
another spiked matrix model. In this model, the noise distribution is Law(¢ (w)) for w ~ u,
while the effective amount of signal is

B - Euw-uld’ (w)] = qus'(w)p(w)dw.

Note that we should also assume E¢p(w) = 0, or else the noise will not be centered.
Actually, the real effective amount of signal needs to be normalized by the standard
deviation of the new noise distribution, which is no longer one but rather:

0% = Eypup(w)® = J(b(w)zp(w) dw.

Thus, the “effective B” is in fact:
[P w)p(w) dw
I b (w)2p(w) dw

“gain” from ¢

e = Berr() = B - - E[¢'(w)] = §

where the latter factor is the “gain” in the effective amount of signal from applying the
entrywise non-linearity ¢. As a sanity check, merely scaling ¢ has no effect on this gain,
as we should expect. Concretely, %d)(Y) will then behave like a spiked matrix model with
noise variance 1 and signal strength Bes.
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5.5.2 OPTIMIZING THE NON-LINEARITY

We now try to maximize B.s, and see if the result can be made greater than 1, the threshold
of detectability in a spiked Wigner model. This is a problem in the calculus of variations.
Since we must take ¢ such that E¢p(w) = [ p(w)p(w)dw = 0, and we may scale ¢ by
any constant, let us assume that the numerator of the “gain factor” above is 1 and try to
minimize the denominator. This gives the functional optimization problem:

minimize [ ¢(w)?p(w)dw
subjectto [ Pp(w)p(w)dw =0,
[¢' (w)p(w)dw = 1.

Suppose ¢ (w) is optimal for this problem. Consider adding a small 6 (w) to ¢(w). In order
for the resulting ¢ to still satisfy the constraints, we must have

Jé(w)p(w)dw = Ié’(w)p(w)dw = 0.
The second of these constraints may also be rewritten, by integrating by parts, as
Jé(w)p’(w) dw = 0.
For small 6 (w), we may expand the objective function to leading order:

j«b(w) £ 5w))2p(w) dw ~ j¢<w>2p<w> ‘2 j b (W) S (w)p (W) dw.

Thus the second term must be zero for all 6 (w) satisfying the above two constraints. This
can only happen if (thinking in linear-algebraic terms) ¢(w)p (w) lies in the span of the two
functions appearing in the constraints with &,

d(w)p(w) =ap(w) +bp' (w)

for some a, b € R. In other words, we must have

_ p'(w)
d(w) —a+bp(w).

Finally, to determine these constants we recall our constraints on ¢, which are two equations
that require

0= Jd)(w)p(w)dw = ajp(w)dw + bJp’(w)dw =a+ pr(w)dw =a,
p'(w)?
p(w)

1= [ ¢ wipw) dw = — [ $w)p’ (w) dw = -b dw

Let us define
p'(w)?
p(w)

F=F(u) :=I dw
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Then, the above says that a = 0 and b = —1/F, so the optimal ¢ is

1p"(w)
w) =—— .
b (w) Fo(w)
This achieves an objective function of
L (pw)? 1

2 _ L
Jd)(W) p(uf)oiuf—F2 o (w) w= g

in our minimization, and the gain it gives in the amount of signal is therefore

1
Beff=B-W=Bﬁ-

We thus reach the following elegant result.

Theorem 5.5.1 ([PWBM16]). Consider Y as in Theorem 5.2.2, but with W ~ Wig(d, u).
Suppose that u has density p(w) > 0, and let ¢p(w) = —F(lu)%. Write By (u) =
1/4/F(u). Then, whenever B > B.(u) then thresholding A;(¢(Y)) distinguishes this

fromY ~ Wig(d, u), and this choice of ¢ leads to the optimal such threshold.

5.5.3 FISHER INFORMATION, FISHER SCORE, AND DENOISING

A few remarks are in order. F(u) is called the Fisher information of u, and may be thought of
as quantifying how much information an observation y = x + w for w ~ u carries about x.
When F(u) is larger, then denoising y to estimate x is easier, which causes the threshold of
detectability to decrease above. The Fisher information has the following several equivalent
forms.

Proposition 5.5.2. For any p with a smooth density p that is positive everywhere,
p'(w)?
P = [ 2022 4,
(1) ow)
= [ (tog oy w))?p(w) dw
= E ((logp) (w))?
w~p

—J(Iogp)”(W)p(W)dw

— E (logp)”(w).
w~u

In the above denoising setup, it may be helpful to consider the function L(x | y) := p(y —x),
the likelihood of x given the observation . Then £(x | v) := log p (v —x) is the log-likelihood
often encountered in statistics, and the above expressions involving log p may be viewed as
measuring geometric properties of the log-likelihood when x =~ 0. This is sensible in our
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setting, because we are precisely interested in denoising very small signals x = O(1//d)
that have suffered very large amounts of additive noise w = O(1). So, for instance, one of
the forms above can be viewed as
2
x—0> )

To understand this quantity, suppose we actually want to estimate x by maximizing the
likelihood numerically. Knowing that x is small, we can start at an uninformative guess
x© =0, and then take a “gradient step,” which in this simple one-dimensional setting just
boils down to following the derivative of the function; the greater the derivative, the more
we expect the log-likelihood to increase in our first step. The above then measures the
magnitude of this rate of increase, which is a proxy for how informative y is about x.

Our denoising function, ¢p(w) = —p’(w)/p(w) (omitting the normalizing constant for a
moment) is called the Fisher score, and is just the derivative we encountered above: ¢(y) =
%ﬂ (x | »)lx=0. Thus applying ¢ to Y;; really is performing the naive one gradient step
approach to approximately maximize the likelihood sketched above, starting from x(® = 0.
In fact, when we include the constant —1/F, note that the last interpretation of F above is
equivalently

0
Fu) = (50 1)

’
x=0

329
F(u) = _wﬂéuﬁ (x1y)

and thus overall the function

20(x| )

x=0

P(y) =-—

Ew~u %B(X | )

x=0

is similar to taking a Newton step to maximize the likelihood (though if we really did that
we would not take the expectation in the denominator above).

5.5.4 GAUSSIAN NOISE IS HARDEST

Now let us return to the special role of the standard Gaussian with regard to the Fisher
information. The following describes this, and implies, together with Theorem 5.5.1, that
A1(p(Y)) is a superior test statistic to A1(Y ) for detecting a spike precisely when u =+
N(0,1).

Proposition 5.5.3. F(N(0,1)) = 1, while whenever u = N (0,1) has mean zero and
variance one and a strictly positive smooth density, then F(u) > 1.

Proof. For u = !N (0,1), the density is p(w) = ﬁexp(—%wz), so (logp)”’(w) = —1 and the
result follows from Proposition 5.5.2.
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For the other result, one could go through a calculus of variations calculation like we did
before. But there is also a simplifying trick, as follows: consider

R S 2
0= J Sy (P W) = wp(w))? duw
=F(u)+1+ Zpr’(w)dw

=F(u) +1 —2Jw2p(w)dw

=F(u)+1-2
=F(u) - 1.

This shows that F(u) > 1 for all u satisfying the assumptions. Further, equality is achieved
if and only if p'(w) + wp(w) = 0. We may write this as having, for all test functions f, that

0= jf(w)(p%w) Fwpw)) = - jf’(w)p(w) . wa(w)p(wx

or equivalently that
E fflw)= E wf(w),
w~u w~p

which Exercise A.3.4 shows uniquely characterizes u = N (0,1). O

Further, one may show the following, though we will not have time to go into the
proof.

Theorem 5.5.4 ([PWBMI16]). Write Pyp := Law(W + B/dxx™) where Wij = Wji ~
N(0,1) for all i < j (including the diagonal) and where = ~ Unif(S4~1). Then, for
all 0 < B < 1, there exists no sequence of functions f4 : R&%? — {0, 1} such that

lim Paolf(Y) =01 =1,
Jim Paglf YY) =1]=1.
Such a sequence of functions is often referred to as a sequence of tests or hypothesis

tests that strongly distinguish or achieve strong detection between P, (which is just the
law of a matrix of i.i.d. random entries distributed as N (0, 1)) and Py g.

This result is often summarized as strong detection (in the above sense) being information-
theoretically impossible when 8 < 1.
We may therefore summarize our findings as follows:

1. The spiked matrix model is computationally hardest for Gaussian noise, among all
“nice” centered distributions of additive noise having a given variance.

2. For a spiked matrix model with additive non-Gaussian noise, non-linear PCA with a
suitable entrywise non-linearity (the test statistic A;(¢(Y)) performs strictly better
than ordinary PCA (the test statistic A1 (Y")).
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5.6 EXERCISES

Exercise 5.6.1 (Soft analysis of spiked models). Before doing this exercise, you should solve
Exercise A.1.3, since you will need to use that result here. Suppose that v is a probability
measure on R with mean 0, variance 1, and that is o2-subgaussian for some o2 > 0. Let
W = W@ <~ Wig(d,v), and let z = £ € R4 with ||z| = 1. Let A > 0 be a constant not
depending on d and consider the matrix Y = Av/d xzx™ + W. Give a function f : R-¢ — [0, 1]
such that f is non-decreasing, f(A) — 1 as A — o, and such that, for any fixed A > 0, we
have that
lim P[(v1(Y),2)* = f(A)] = 1.

You may use the limit theorems for |W (@) | from Theorem 3.6.2. Informally, this says that
the top eigenvector of Y can achieve an arbitrarily good estimate of a rank-one perturbation
of W in the x direction, provided the magnitude A of the perturbation is large enough.
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§) CONCENTRATION INEQUALITIES FOR
SPECTRAL STATISTICS

In the past three chapters on limit theorems, free probability, and spiked matrix models,
we have been studying asymptotics in random matrix theory. That is, we have been making
statements about the d — o limit without precisely specifying rates of convergence. These
have been statements like:

esd(W) — u (weakly),
A1 (W) — ¢ (in probability).

In this chapter, we will develop some aspects of the non-asymptotic theory of random
matrices. Here, we will be more concerned with results for finite d, giving explicit bounds
on quantities like

E(d) := EAM (W),
T(d,s):=P[IAM (W) -EAM(W)| > s].

It is already natural and useful to ask such questions about the classical models we have
been studying, like Wigner and Wishart matrices, and we will start out with those examples.

But we will see that, once we take the non-asymptotic perspective, the range of questions
it makes sense to ask expands dramatically. When we only care about asymptotics, we must
ask questions about sequences of random matrices whose statistics of interest (empirical
spectral distribution, norm, and so on) converge in some sense. The kinds of matrices we
have been looking at have been constrained by this requirement that they must make sense
as part of a sequence of growing matrices with d — oo.

If we wanted, say, to ask about Gaussian random matrices whose entries are correlated
in some complicated way, we would then have to orchestrate a sequence of such correlated
models converging to some interesting limit. Once we only care about a single random
matrix of a single dimension d x d, we can ask about all the same questions about far more
general models that do not come from any natural such sequence. We will see a sequence
of tools for answering these questions, building up to recent developments suggesting that,
often, we can have the best of both worlds: similarly precise information to the classical
limit theorems, for almost arbitrary models of random matrices, with explicit conclusions
and error bounds for finite d.
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6.1 GENERIC MODELS OF RANDOM MATRICES

Let us introduce a few quite generic models to have in mind as we proceed in developing
these new tools.

6.1.1 INDEPENDENT, DIFFERENTLY-DISTRIBUTED ENTRIES

One simple generalization of Wigner and GOE matrices retains the entrywise independence
but allows the distribution to vary from entry to entry. For instance, sometimes below we
will work with Gaussian random matrices with entries distributed as

Xij = Xji ~ N (Uij, O'l-zj) independently for each 1 <i < j <n.

The GOE is recovered by taking p;; and (rizj = 0?(1+1{i = j}) for some constant 2. We will
also work a bit with the case of X;; = Xj; arbitrary independent random variables, usually
subject to another regularity assumption such as being bounded almost surely. These kinds
of random matrices, in particular when they are centered having EX = 0, are sometimes
called generalized Wigner matrices in the literature.

6.1.2 (GAUSSIAN SERIES

We will also see that we can work even more generally, allowing for a broad class of corre-
lation structures in random matrices. These are easiest to understand in the Gaussian case,
though we will eventually see that we can generalize their treatment even further.

Definition 6.1.1. Consider any deterministic symmetric matrices Ay, A1,..., Ap € R;’lyﬁd,
and let g1,...,g9p ~ N (0,1) independently. We call the following random matrix the
Gaussian series associated to the sequence (Ai)?:o:

D
X = X(g) = AO + ZglAl

i=1

Clearly any such X is a symmetric random matrix with entries that have a multivariate
Gaussian joint distribution. In fact, the converse is also true, so such Gaussian series are a
way of writing the most general possible Gaussian random matrix. We will use below the
notations symvec(-) and symmat(-) discussed in Appendix A.1.

Proposition 6.1.2. Let X be a random symmetric matrix having Law(symvec(X)) =
N (u,%). Then, there exist Ao, Ay,...,Ap € R4 such that Law(X) = Law(Ag +

sym
2?21 giA;). Moreover, it is possible to take D < @ in the latter representation.

Proof. Fix D = ¢4} Note that p € RP and = € RLxP is positive semidefinite. Consider ex-

sym

panding 2 = 2?21 a;a; (say, if (p;,a;) are the eigenpairs of X, then we can take a; = ./p;a,).
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Then, we have that Law(symvec(X)) = Law(p + Z?:l gia;) for g; ~ N (0,1) independently.
Undoing the symvec(-) operation (which is a bijection between symmetric matrices and D-
dimensional vectors) then gives the Gaussian series representation. O

Remark 6.1.3. While it is always possible to take D = @, sometimes it is easier to write

an “overparametrized” Gaussian series with D larger than this, which we will always allow
in our future results about these models.

In particular then, all of the Gaussian models we have seen before can be written as
Gaussian series models. For instance, the GOE corresponds to taking @ many A;, in-
dexed Aj for 1 < i < j < d, where A;; = \/2e;e] and A;; = eieJT- + eje/. But, we can
also write dramatically more general such series. The following is an interesting class of

examples.

Example 6.1.4 (Patterned Gaussian matrices). Consider a partition {(i,j) :1 <i < j <
d} =S u---uSp. Let A; € {0,1}2%4 have (A;)ap = 1{(a,b) € S;} for each a < b, for
i=1,...,D, and set Ay = 0. Then, the associated Gaussian series is a random matrix
with each entry distributed as N (0, 1), but some entries “glued” to take equal values
according to the partition of the S;. For instance, taking the partition into diagonal

subsets you can write Gaussian Toeplitz or circulant matrices.

Remark 6.1.5 (Rectangular and asymmetric matrices). We may embed the question of the
singular values of square asymmetric or even rectangular Gaussian matrices into this same
framework: if B € R**? has jointly Gaussian entries, then we may take

0 B
. (a+b)x(a+Db)
X = [ BT 0 ] cR ’

whose eigenvalues you may check will be +0;(B) for 0;(B) the singular values (together
with some zero eigenvalues; see Exercise A.1.2). This X is symmetric and has jointly Gaus-
sian entries, and thus may be written as a Gaussian series.

6.2 PRINCIPLES OF CONCENTRATION INEQUALITIES

The relationship between random matrix theory and concentration inequalities has several
different sides. Recall that a classical or scalar concentration inequality for some random
variable Y gives a bound of the form

PLIY —EY| > s] <T(s) (6.2.1)

More specifically, the classical concentration inequalities you have probably seen (Chernoff,
Hoeffding, Bernstein) all concern the special case

N
Y=>X;
i=1

for X; ii.d. or at least independent.
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We have already seen in our discussion of the e-net method for bounding random matri-
ces in Chapter 2 that this can be a useful tool for bounding the spectral norm of a random
matrix. Recall how that worked: we had

IMI| = max |[v' Mwv],
vesi-1

€-nets gave us a way to discretize this maximum and the union bound gave us a way to
control P[||M | > s] by controlling each P[|v" Mwv| > s]. Finally, if the entries of M have
lots of independence, then v™ M v can be expanded into an expression that standard scalar
concentration inequalities apply to.

While previously we looked at the case M = GG™ — EGGT, let us quickly recap here
how such an argument would look in the simpler case M = W ~ GOE(d). We may choose
an e-net X of $4-! with | X| < (1 + %)d, whereby

PIIW ] > s] = P[ max |[v' Wwo| > s]
vesd-1

< P[max|v"Wwovl| > (1 - 2¢)s]
veX

where a simple calculation shows that Law(v"Wwv) = N (0, 2) for all v, so

<Xl P [llgl>1-2¢)s]
gG~N(0,2)

2\4 1 - 2¢)?
S<1+E) exp(—(4€)-52>

_9¢)2
:exp(log(1+§)-d—(142€)-52).

Let us be very quantitative here: this will show a strong tail bound once s > (C + §)+/d for

any 6 > 0, where
oo |4los(1+ 2)
(1-2€)2"

which, even if we minimize over €, gives C ~ 4.27.

Getting to the point, this approach gives us a weak kind of information: even though we
know ||W|| = 2+/d with high probability, the above calculation only establishes tail decay
beyond a very large deviation to 4./d. One way to see what the problem is is that this
calculation conflates two matters: that of what the typical value of ||W| is, and that of
how spread out the distribution of ||W|| is around that typical value. It may seem that
these two are hopelessly intertwined: for instance, when you write the formula for the
variance, a simple measure of the latter, it involves the expectation, a measure of the former,
Var[X] = E(X — EX)2. Yet we will see that in fact these two issues can be disentangled, and
that this is a much more fruitful way to understand functions of many random inputs (like
W ~ ||[W]|) than the previous direct approach.

You may think of the following as the two very high-level guiding principles of concen-
tration inequalities:
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- Principle 1: Separation of Location and Concentration. It is possible to understand
the behavior of the deviation probabilities P[|X — EX| > s] without understanding EX
at all.

- Principle 2: Concentration of Non-Linear Functions. A function of many random
variables f(x) = f(xi,...,xy) concentrates around [Ef(x) provided two properties
hold:

(a) the x; are only weakly dependent, and
(b) f is only weakly sensitive to each of its N inputs.

The first principle is describing what we suggested above. The second describes when we can
hope for concentration of general functions like W ~ ||W||. Note that, at least directly, the
Chernoff/Hoeffding/Bernstein family of inequalities you may be familiar with is not useful
here. Indeed, the e-net approach above is essentially a device for reducing concentration of
the non-linear function ||W || of W to concentration of the many linear functions (W ,vv ™).
In our case, this was possible because the convex function ||W || is a supremum of many
linear functions. It is possible to some extent to generalize this idea, but we will instead
examine more direct manifestations of the above for very general f, on which we place
nearly no structural assumptions.

Principle 1 above suggests that, if we want to apply the general ideas of concentration in-
equalities to random matrices, we may develop separate tools for understanding the typical
values or expectations of things like random matrix norms and the concentration of these
quantities. We will see that the latter task is in some sense easier, in that it does not really
have to do with the matrix structure of our questions. Instead we will consider x1,..., Xy
random variables, usually independent, and f(x1,...,xy) € R a function. If for instance we
want to discuss properties of a Wigner matrix, we would take N = @ +d = @ the
number of scalar degrees of freedom of a symmetric matrix.

6.3 GENERAL-PURPOSE VARIANCE BOUNDS

The simplest kinds of concentration inequalities bound the variance of a function of many
random variables Var[ f (x1,...,xn)]. By Chebyshev’s inequality, such bounds translate into
concentration inequalities of the form

PLIf (@)~ Ef )] = 51 < L@,

These are fundamentally limited by the rate O(1/s?) on the right-hand side: often this rate
of decay with s is simply very far from the truth, and thus variance bounds do not suffice
to characterize the actual tails of f(a). Still, they can already be very useful, and are often
easier to prove than stronger bounds, as we will see below.

It is instructive to recall what happens for f the sum function. Suppose that x; are
independent. We then have the elementary identity

i=1 i=1

N N
Var[ f(x)] = Var [Z xi] = > Var[x;]. (6.3.1)
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Thus the variance is controlled by a sum of scalar variances.

6.3.1 EFRON-STEIN AND BOUNDED DIFFERENCES

The fundamental result about concentration of measure at the level of the variance is that
a simple variant of the same is true even for non-linear f. Let us adopt the notation x.; :=
(X1yeeey Xit1, Xis1,---,XN) € RN~ for a vector with the ith coordinate removed.

The following elementary observation will be useful for interpreting our result.

Proposition 6.3.1. Let X be a random variable and Y be an independent copy of X.
Then, Var[X] = 3E(X — Y)2.

Proof. Expanding gives E(X — Y)2 = EX? + EY? — 2EXY = 2EX? — 2(EX)?. O

Theorem 6.3.2 (Efron-Stein). For any « = (x1,...,xy) independent and f : RN — R,
N
Var[f (X1,...,Xn)]1 < >, E Varlf(2)],
i=1""t 7"

where, more explicitly,

EVarlf@l=_ E(F (X1, X0) = E (1, x0))2,

X150 Xi-1,Xi415--XN Xi

with all coordinates but x; being constant in the innermost expectation. Alternatively,
by Proposition 6.3.1, this is equivalent to

Var[f(Xl, A ,XN)]

N
1
< *mEyZ(f(xl,---,xiflsxi,xiJrl,---,xN) — (X1, X1, Viy X1, -+, XN)),
=1
where x, y are independent copies.

This is similar in spirit to (6.3.1): the variance of a general non-linear function of in-
dependent random variables is controlled by a sum of variance-like quantities describing
the “variance in the ith coordinate” of f. Also, the inner terms in the second expression
above may be viewed as the effect on the value of f of resampling the ith coordinate, which
is a natural measurement of the sensitivity of f in the ith coordinate in the sense of our
Principle 2.

Proof. The proof is quite simple using some basic ideas about martingales and conditional
expectations, but let us give that proof in perhaps friendlier language. In general, for f :
RN — R, write E; f for the average over the ith coordinate with respect to the law of x;:

(Eif)(®) = Ex, f (X1,.00, Xi-1, Xi, Xit1, -+ -5 XN).
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This is a function only depending on the coordinates other than i of f. By Fubini’s theorem,
these operations commute with one another, and so we may also write Es := E;, - - - E;, for
the operation averaging over a set of indices S = {iy,..., ix}.

Now, we may decompose

f=(-EufH)+Enf-Eunf)+---+ Eq. . Nn-13f —Ep.nf) +Eq N f-

Since Eqy,. ny.f = Ef(x), we have

.....

f-Ef(x)=(f -Enf) + (Eqyf —Epop f) + - -+ (Eponv-13f — Eqpon ).
Note that, for instance,
EC(f () — Eqyf () (Eqyf (x) — Eqpof ()
=Ef(x)Eqy f(z) — Ef () Eqr 21 f ()
—EEq f(2)Eqyf () + EEqy f () Eqr 200 f ()
= EEqy f () Eqy f () — EEq1 2y f () Eq1 0 f ()

—EEq f () Eqy f(x) + EEq1 ) f (@) Eq1 0y f ()
-0,

and similarly all cross-terms like this cancel. Thus,

Var[f(z)] = E(f(x) — Ef (x))?
=E(f-Em )+ -+ EEq. n-11f — B )2

Finally, considering e.g. the last term we have

by Jensen’s inequality, and working similarly on each term gives the result. O

We derive a simple consequence, which is like a version for the variance of the bounded
differences inequality that you may have seen before.

Proposition 6.3.3. If X € [a, b] almost surely, then Var[X] < i(b —a)?.

Proof. You may show as a simple calculus exercise that Var[X] = E(X — EX)? = min, E(X —

¢)?, with the minimum achieved at ¢ = EX. Taking ¢ = “T”’ then gives the result. O

Definition 6.3.4 (Coordinate influences). Suppose f : 3V — R. For a given « € =N, the
maximum influence of coordinate i on f at x is

Dif (@) :==sup f(X1,. ey Xic1, Vs Xit1y -, XN) — Inf f(X1,...,Xi21, Y, Xit1, -+, XN) = 0.
YVES yes

We also write
Aif = sup {D;f(x)},

zesN
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and write D f(x) := (D1f(x),--- ,Dyf(x)) and Af := (A1 f,...,AnS).

Corollary 6.3.5. Let f : SN — R. Then, in the setting of Theorem 6.3.2, we have

EIDf (@)

=

N
Varl £ (x1,..... 3] = 7 . E(Dif @))° =

i=1

In particular, if |D; f (x)| < A; for some constant A; for all x € RV, then

1 1
Varlf (x1,....xw)1 < 3 3 AF = ZIASI2.
i=1

This is another clear manifestation of Principle 2: the variance of any, perhaps very non-
linear, function of independent random variables is controlled by the maximum that that
function may be affected by changing each coordinate.

Remark 6.3.6. In fact, all of this goes through just as well for f:3; X - - - x 2y — R for any
measurable spaces 3;, provided that x; € 3; are independent.

6.3.2 VARIANCE OF THE CHROMATIC NUMBER

The chromatic number of a graph G, denoted x(G), is the minimum number of colors re-
quired to color its vertices so that any two adjacent vertices have different colors. Consider
the Erd6s-Rényi random graph G on d vertices, viewed as a N = <’§) -dimensional binary ran-
dom vector. It is easy to check that D;x(G) < 1 for all G: changing any one edge changes the
number of colors needed by at most 1, since one vertex may always be given a new color to
generate a valid coloring for the new graph. Unfortunately, this only shows Var[x(G)] s d?,
a poor bound since x(G) < d always anyway.

To sharpen this, we can use Remark 6.3.6 and group some of the coordinates together:
let X; contain all d — 1 edges incident with vertex 1, X, contain all d — 2 edges incident
with vertex 2 but not vertex 1, and so forth until X;_; contains just the outcome of the one
edge between vertex d — 1 and vertex d. We may view G as this (d — 1)-dimensional coarse-
grained random vector (Xi,...,X;_1). By the same argument as above, x(G) changes by at
most 1 from a modification of any X;. Thus, we immediately learn that Var[x(G)] s d. Other
combinatorial reasoning shows E[x(G)] ~ d/logd (though, in accordance with Principle 1,
we did not need to know this to establish our variance bound), so this indeed gives strong
concentration of order O (~/d) around this value.

The Efron-Stein family of results is a powerful tool in general for many optimization
problems over graphs, because of this kind of limited sensitivity to individual edges or
vertex neighborhoods.
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6.3.3 VARIANCE OF A7 FOR BOUNDED ENTRIES

Let us now see a random matrix application. We will show the following remarkable fact, in
whose setting we see the advantage of working non-asymptotically: we can treat very general
classes of random matrices that do not necessarily form a nice sequence approaching a
legible limit.

Theorem 6.3.7. Let W € R%%? have independent entries with arbitrary distribution,
such that |W;;| < K almost surely for all 1 < i < j < d. Then, Var[A;(W)] < 16K?.

Note the startling generality: the result implies, for instance, that the largest eigenvalue
of any random graph with independent edge values has variance at most 16; moreover, this
is an exact bound with no error term in d. Moreover, the entries need not be centered, so
we may apply this to models with a “signal” in their expectation like the stochastic block
models we saw earlier.

The proof uses a useful trick to modify Corollary 6.3.5 in a way that is often useful,
which we state separately first.

Definition 6.3.8 (One-sided coordinate influence). In the context of Definition 6.3.4, we
also define

D f(x) := SUF;f(Xl,---,Xifl,y,xiﬂ,---,XN) - f(x),
ye

and write D* f(x) := (Df f(x),...,Dyf(x)).

Corollary 6.3.9. In the context of Corollary 6.3.5, we also have

N
Var[f(z)] < > E(D] f(x))? = | D* f(z)|°.

i=1

Proof. Using our second form of the Efron-Stein inequality, writing ¥ for the vector x with
the ith coordinate replaced by y;, we have

N
Var[ f(x1,...,Xn)] < ;m[Ey Z(f(w) — f(z'"))?,
Yio1

where the laws of the random variables f(x) — f(x¥) are symmetric, whereby

N
- ;x[Ey > (max{0, f(z) — f(D)} + min{0, f(z) — f(z'?)})?

=1

N .
= w[Ey Z(maX{O,f(a:) — f(x'™)})?
=1

N

<E> (Df f(®))?,

E

1

Il
—_
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giving the result. O

Proof of Theorem 6.3.7. It suffices to control the ijM (W), i.e., the upper maximum coor-
dinate influences of each entry of a matrix on the largest eigenvalue. Let W and W' be two
matrices that only differ in coordinate i, j and have all coordinates bounded by K, and let
v be the top eigenvector of W. We then have

AMW) =AM (W) =vWv; — max v ' W'v

llvll=1
<vWuv, —v] W',
= (1 +1{i = j}) (Wi; — W) viivy;
< 4K - |vyil - vyl
Thus, we have
DiAL(W) < 4K - vyl - vy,
Applying the Corollary above,

Var[A; (W)] < 16K*E > |viil? - [vy|* < 16K?,
l<i<j=<d

since 2?:1 V12 = 1. O

6.3.4 POINCARE INEQUALITIES

One annoyance of the previous results is that they strongly depend on the boundedness of
the entries of W. The theory of Poincaré inequalities gives a vast generalization of Efron-
Stein types of results to many other distributions. Here, let us give one example that is
accessible with the tools we have seen so far, which will at least let us treat Gaussian models,
including the GOE.

Definition 6.3.10 (Poincaré inequality). We say that a probability measure p on RN sat-
isfies the Poincaré inequality with constant C > 0 if, for all C! functions f : RN — R, we
have

Varlf(@)1=C E IVf (@)

We abbreviate this as y having PI(C).

Theorem 6.3.11 (Gaussian Poincaré inequality). For any N > 1, N (0, Iy) has PI(1).

A few remarks are in order. Note first the similarity to the version from Corollary 6.3.5
earlier, with the somewhat “harsher” notion of gradient D f (x) that measured the maximum
possible effect on the value of f by changing each coordinate arbitrarily:

Var[f(x)] = QEIIDf(w)IIZ.
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In exchange for the more specific assumption of Gaussian inputs and a more delicate proof
we will see below, we gain both a “gentler” measurement of sensitivity through the gradient
and the possibility of working with unbounded distributions and values of f(a). Second,
there are many other variants of Poincaré inequalities, sometimes involving a different no-
tion of gradient, often associated to a Markov process for which u is the stationary distri-
bution. In all such cases, it can be of great interest to identify the constant C; the above
result is sharp in terms of this constant, since the inequality is an equality for N = 1 and
f(x) = x. This is often phrased as the Poincaré constant of the measure N (0, Iy) being
equal to 1, the important qualitative aspect being that this value is independent of N.

We prove the result by the following useful general result that lets us reduce to the case
N =1.

Lemma 6.3.12 (Tensorization of Poincaré inequalities). Suppose that u, ..., uy are prob-
ability measures on R each having PI(C). Then, u = u; ® - - - ® uy (i.e., the law of a vector
of entries independently drawn from each of the ;) also has PI(C).

Proof. We bound by Efron-Stein and use our assumption on the individual y;:

Var [f(z)]

Toi~H1® U1 ®U;41® - ®UN Xi~Hi

Var[f(x)] <
z~p -

IA

N
2
N
Z | CEx, (Bif (2))?]
C

|| Vf(@®)]?

giving the result. O

Proof of Theorem 6.3.11. By Lemma 6.3.12, it suffices to prove the result for N = 1. In this
case, we use a very Gaussian-specific trick to introduce an opportunity to use Efron-Stein
again. Introduce z,...,2zk, z},...,2, ~ Unif({£1}) ii.d. random signs. We will be a bit
heuristic with the central limit theorem below, but this argument is easy to make rigorous:

1 k
x\y{far [f(x)]szar{ (fg )} (CLT)

k 2
= % Z ZE’ (f (\}E Z Zj+ j%) - f (\/IE Z zj+ j%)) (Efron-Stein)
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Here, by just enumerating the outcomes of the pair (z;, z;) we see that

S5l (ege e i) o (hze- &)

i=1 J#i Jj*i
k 2
=2 >E 2 S 1 > z; (Taylor expansion)
457 vk ﬁjﬂ ! ’
1 & 1 i
_*Z[Ef’ (221)
k i=1 * \/E j*i
~  Ef0?8 (CLT)
x~N(0,1)
completing the proof. ]

The first part of the proof is often referred to as the tensorization of the Poincaré inequality:
if it holds with the same constant over several probability measures, then it also holds with
that constant over their product.

The following minor variant is easy to derive using that Lipschitz functions are almost
everywhere differentiable.

Corollary 6.3.13. Suppose that f : RN — R is L-Lipschitz, meaning that | f(x) — f(y)| <
L||xz — y||. Then,

Var [f(x)] < L°.
T~N(0,Iy)

6.3.5 VARIANCE OF A; FOR GAUSSIAN ENTRIES

We may now obtain the following Gaussian-valued version of Theorem 6.3.7.

Theorem 6.3.14. Let W € R&x4 have independent entries W;; = Wj; ~ N (uij, 07;).

sym

Then, Var[A; (W)] < 2 max;; Ufj.

Again, the result is remarkably general, applying uniformly to the GOE, to spiked matrix
models, or to heterogeneous or heteroskedastic versions of those with different entry vari-
ances.

Proof. Let g € R44+D/2 he a standard Gaussian vector, with entries indexed by pairs (i, j)
with 1 < i < d. We may view W = W (g) as having entries W;; = u;; + 0;g;; for all i < j.
We are interested in this language in concentration of the function f(g) := A; (W (g)). This
satisfies:

1f(g) = f(R)] =1A(W(g)) - M (W (h)| < [W(g) - W(h)|F < \/ﬁmiij,xaijllg - hll,

with the /2 coming from each entry of g happening either once or twice in W(g). The
result then follows from Corollary 6.3.13. O
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The following is another simple corollary pertaining to scalar-valued probability.
Proposition 6.3.15. Let « ~ N (0, Iy). Then, Var[max ; x;] < 1.

Proof. Use that the function f(x) = max}, x; has Lipschitz constant 1. O

This is a non-trivial concentration result, since, as you have probably seen,

N
E max x; ~ \2log N.

Remark 6.3.16 (Superconcentration). Actually, the results of both Theorem 6.3.14 and Propo-
sition 6.3.15 are suboptimal: in reality, by subtler calculations, we have

Var [mj\éxxi] =0 1 ,
e~N(0,Iy) i=1 log N

1
X~G\(/)aEr(d,1>[Al(X)] =0 (W) )

We may view both of these random variables as being maxima of certain Gaussian random
fields, projections in different directions of an underlying Gaussian random vector:
N N
max x; = max{x, e;),
i-1 i-1

AL X) = maxl(X,v'vT).

veSa-

The phenomenon that the true variance of such Gaussian maxima is smaller than our general
tools indicate is called superconcentration and has been studied deeply in [Cha08, Chal4].

6.4 GENERAL-PURPOSE SUBGAUSSIAN TAIL BOUNDS

Bounding the variance, say as Var[X] < ¢?, can only give us tail bounds via Chebyshev’s
inequality of the form

1
P[IX — EX| > 5] < —.
s

This rate of decay is often severely suboptimal; even as we saw with our epsilon net calcula-
tion earlier, what we really should hope for is subgaussian rates of the form

2
PIIX — EX| > 5] < exp (—2;2> , (6.4.1)

where the scaling with s is the same as the tails of N (0,0?). We will now see some ma-
chinery for proving such results, which are very common and useful in modern probability
theory, even beyond random matrices.
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6.4.1 SUBGAUSSIANITY VIA MARTINGALES

Recall that we saw in Corollary 6.3.5 of the Efron-Stein inequality that, if the influence on
f(x) of coordinate i is bounded as |D;f(x)| < A; then, whenever the x are independent
random variables,

1 N
Var[f(x)] < 1 > Az,
i=1
In fact, it turns out that this may be directly boosted to a subgaussian rate of tail de-
cay.

Theorem 6.4.1 (McDiarmid). Under the above assumption,

52
PLIf(z) - Ef(x)| > s] < 2exp (—N> ’
2- i D1 A7
where we use this form to emphasize that this amounts to taking o2 = iZﬁil A? in
(6.4.1), i.e., plugging our variance bound into the role of the variance parameter in the
Gaussian tail bound.

Proof Sketch. We just give the main idea and some remarks. In fact, the idea is similar to
the proof of the Efron-Stein inequality: we decompose

f=-Enf)+Enf -Eanf)+- -+ Eq. ~n-13f —Ep,nf) + Eqon S,

and note that the sequence of partial sums starting from the end of this sum

En,.nf(®), En, Ny f(®), -, Eqyfx), f(x)

form a martingale, the so-called Doob martingale associated to the function f. One way to
think of these is as a sequence of “forecasts” of the function f(a) of unknown inputs, which
is increasingly refined as we are given the outcomes of each coordinate.

A general philosophy in working with martingales is that they resemble random walks—
many inequalities that hold for random walks also hold for martingales. The assumption
of McDiarmid’s inequality is that the increments of the martingale—analogous to the steps
of the random walk—are bounded. Thus McDiarmid’s inequality is a martingale analog of
Hoeffding’s inequality (really the general analog for arbitrary martingales is often called the
Azuma or Azuma-Hoeffding inequality, of which McDiarmid’s inequality is a consequence
when applied to the special case of a Doob martingale). The proof of such results usually
amounts to imitating the proof for random walks, with suitable adjustments. Here the proof
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is by a Chernoff bound: say for the upper tail,

Plf —Ef >s] =Plexp(A(f —Ef)) > exp(As)]
< exp(—As)Eexp(A(f —Ef))
= exp(—=As)Exy exp(A(E<y-1.f — E<nf))
Exy i eXp(A(E<ny-2f — E<n-1.f))

[Ex1 eXP(/\(f - [Eslf)),

and now from the innermost expectation (over x1) to the outermost (over xy) we iteratively
apply the same reasoning as in Hoeffding’s inequality. O

This inequality is useful, but has a few shortcomings. First, it cannot give us an analog
of our main corollary of Efron-Stein, which was in terms of the coordinatewise influences in
Corollary 6.3.5, stating that

Var[f(x)] = gIIDf(w)IIZ.

For direct comparison, the bounded differences inequality only tells us that we may have a
subgaussian tail bound with the weaker parameter

N 2
0?5 3 (supl(Dif @)1)
i=1 ~ *
The reason that this can be less useful should be intuitive: the former inequality is capturing
how big ||Df(x)||> can be at any given x (even if we ignore the expectation and take a
supremum), while the latter is capturing only how big each coordinate of D f(x) can be, not
taking advantage of the fact that the coordinates might never all be large at once.

Recall in particular that our application of bounding the variance of A; (W) for W with
independent bounded entries in Section 6.3.3 crucially used the stronger variance bound, re-
lating the coordinates of DA, (W) to the entries of the top eigenvector of W. Accordingly,
we will not get tight subgaussian tail bounds on random matrices from just McDiarmid’s in-
equality. And, as in our passage from the direct application of Efron-Stein in Corollary 6.3.5,
we would like to be able to work with unbounded distributions and functions as well.

6.4.2 NON-TENSORIZATION OF SUBGAUSSIANITY

Given this situation, it is natural to try to imitate the Efron-Stein inequality, but controlling
instead of the variance some quantity that corresponds to subgaussian tail bounds. The
following are important definitions related to this matter.

Definition 6.4.2. For a random variable X, we define the moment and cumulant gener-
ating functions as

¢dx(A) == Eexp(A(X — EX)),
Yx(A) = log px(A).
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Recall that an equivalent definition of X being o2-subgaussian (Exercise 1.5.5) is having
Wx(A) < 3022 for all A € R.

Proposition 6.4.3. If X is o2-subgaussian, then it admits the tail bound

2
P[IX — EX| > s] < 2exp (—222) .

Proof. The same as the proof of Chernoff’s inequality. O

The key use to us of the Efron-Stein inequality was that it establishes the tensoriza-
tion of variance: the variance of a non-linear function of independent random variables is
controlled by individual variances of that function in each coordinate at a time. And, the
inequality was tight for f(a) a linear function, since the variances of independent random
variables add:

N N
Var {z xl} = > Var[x;].
i-1 i-1
Note that the cumulant generating function enjoys the same property:

N
Wsn 5 Q) = 2 Wy ().
i=1

In particular, this implies that subgaussianity is linear over independent random variables: if
X1,...,Xn are independent and x; is aiz-subgaussian, then Zil x; is (Zjl-\]:1 O'iz)-subgaussian.

It is then very tempting to try to extend this to non-linear functions as the Efron-Stein
inequality did for variances: we might expect that, for x; independent,

? N
Elogexp(A(f(z) ~ Ef(x))) < Y E log Eexp(A(f () ~ Ef (@)).

B T
i=1"""1

Such an inequality would mean that, if f(ax) is “subgaussian in each coordinate,” then it is
also subgaussian as a function of all of its random inputs at once. Sadly, such an inequality
cannot hold.

Example 6.4.4. Let x1, x2,x3 ~ 2N (0, 1) independently, and let f(x) = x1x2x3. On the
right-hand side of our putative inequality, we have terms like

1
E Iog)[(Elexp(?\xlxgxg)z E logexp (22\2x§x§)

X?2,X3 X2,X3
1
=A% E x5x3
2 x2,x3
1
= ZAZ
2

Thus, f is 1-subgaussian in each coordinate, so we would expect f(x) to be 3-subgaussian,
or at least C-subgaussian for some C > 0. Yet this is not true: the left-hand side above
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is

1
log E_ exp(Ax1x;x3) = log E exp (—A2x§x§)
e

X1,X2,X3 X3 2

1
log [ ———
©x A1 —A2x3

=OO,

showing that the left-hand side expectation does not converge for any A € R.

6.4.3 LOGARITHMIC SOBOLEV INEQUALITIES

For this reason, the issue of conveniently establishing subgaussian tail bounds for large
classes of functions of independent random variables in high dimension is subtler than the
same question for the variance. Fortunately, it is still possible through the technology of
logarithmic Sobolev inequalities (LSI), which we briefly sketch now.

These inequalities are based on the following substitute for the variance, called the en-
tropy (and related to some extent to the Shannon and relative entropies, at least for discrete
random variables).

Definition 6.4.5. For X > 0, define Ent[X] := E[X log X] — E[X]log E[ X].

Note that Ent[X] is the “gap” in the Jensen inequality for the convex function f(x) = x log x
applied to the random variable X, just like Var[X] = E[X?] — (E[X])? is the same kind of
gap for f(x) = x?. Thus for instance Ent[X] > 0 with equality if and only if X is constant,
and Ent[X] is another way of measuring the “spreadness” of a random variable’s law.

The first key property of this quantity is that it satisfies an inequality precisely in the
style of Efron-Stein.

Lemma 6.4.6. For any « = (x1,...,xy) independent and f : RN — R,

N
Ent[f (x1,...,xx)] < >, E Ent[f()].
=17t

It should not be clear what the relationship is between the entropy and subgaussianity,
since entropy is an even milder measurement of spreadness than the variance. The key
observation is that the entropy appears naturally in the derivative of the moment generating
function: . .
XEnt[exp(?\X)] + X¢X(7\) log px(A).

Since subgaussianity asks for a bound on the moment generating function, it is natural that a
bound on Ent[exp(AX)] should suffice. The following expresses what is needed.

b (A) = EXexp(AX) =

154



Lemma 6.4.7 (Herbst). Suppose that, for all A € R, Ent[exp(AX)] < %UZAZE[GXP(AX)].
Then, X is o?-subgaussian.

Finally, we would like some family of inequalities like the Poincaré inequalites for the
variance: inequalities that on the one hand tensorize, in the sense of generalizing easily to
product measures, and on the other hand that control the subgaussianity of a wide range of
non-linear functions of a random variable or vector.

Definition 6.4.8 (Modified log-Sobolev inequality). We say that a probability measure u
on RV satisfies the modified log-Sobolev inequality with constant C > 0 if, for all C!
functions f : RN — R, we have

Entlexp(f (@)] = C E IV.f (@) exp(f ().

We abbreviate this as y having MLSI(C).

This definition satisfies two important properties: (1) it tensorizes, just like the Poincaré
inequality did per Lemma 6.3.12, and (2) it can be used to deduce subgaussian concentration
inequalities for Lipschitz functions of & ~ u. Let us state these precisely:

Lemma 6.4.9 (Tensorization of modified log-Sobolev inequality). Suppose that u, ..., uy
are probability measures on R each having MLSI(C). Then, y = 1 ® - - - ® uy (i.e., the
law of a vector of entries independently drawn from each of the p;) also has MLSI(C).

Proof. The argument is identical to that for Lemma 6.3.12, just using Lemma 6.4.6 instead
of the Efron-Stein inequality:

N
gp;g[eXp(f(cc))] <2 E Ent[f(x)]
-1t 1

~.

N
< C Y E@if(x)*exp(f(x))
i-1

= CE|Vf(x)|?exp(f(x)),
giving the result. .

One can use this to prove the following:

Theorem 6.4.10 (Gaussian modified log-Sobolev inequality). For any N > 1, N (0, Iy)
has MLSI(3).

The proof of the N = 1 case is beyond the scope of our discussion, but from there the case
of general N > 1 follows immediately by tensorization.
Next, let us see how the MLSI implies subgaussian concentration inequalities.
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Lemma 6.4.11. Suppose u has MLSI(C) and f is L-Lipschitz. Then, if x ~ u, f(x) —
Ef(x) is 2CL2-subgaussian.

Proof. We apply the MLSI to the function g(x) = exp(Af(x)), which gives, for all A € R,
Entlexp(Af ()] < CEIIVASf ()]1*exp(Af (x)) < CA°L°Eexp(Af (x)).

But, this is precisely the inequality in the condition of the Herbst Lemma (Lemma 6.4.7), with
0% = 2CL?, and the result follows. O

The following corollary is a crucially important theorem of modern probability, perhaps
the most ubiquitous strong concentration inequality you will come across.

Theorem 6.4.12 (Gaussian Lipschitz concentration). Suppose f is L-Lipschitz and x ~
N (0, Iy). Then, f(x) is L?>-subgaussian, whereby

2
P[1f(z) — Ef ()] > s] < exp <_2SL2> :

Proof. The result is immediate upon combining Lemma 6.4.11 (that MLSI implies subgaus-
sian concentration of Lipschitz functions) with Theorem 6.4.10 (that standard Gaussian dis-
tributions have MLSI). O

6.4.4 SUBGAUSSIANITY OF A1 FOR GAUSSIAN ENTRIES

Let us see some applications of Theorem 6.4.12. A simple one is that the result can recover
the concentration of the norm of a Gaussian random vector that we derived much more
painstakingly earlier in Section 1.3:

Corollary 6.4.13 (Gaussian vector norm). Let x ~ N (0, Iy). Then, ||x|| is 1-subgaussian.
Consequently,

e
P [zl — Ellzll| = s] <2exp (—)
z~N(0,Iy) 2

Proof. The function f(x) = ||«| is 1-Lipschitz, since |||x| — [lyll| < |l — yll by triangle
inequality, and the result follows by Theorem 6.4.12. O

Note that Exercise 1.5.4 also showed that E|z| = (1 + 0(1))+/d, making this a complete
picture of the typical value of the norm.

We may also treat arbitrary matrices with independent Gaussian entries, as we did earlier
for the variance.
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Corollary 6.4.14 (A; of independent Gaussian matrices). Let W & Rfyxmd have indepen-
dent entries W;; = Wj; ~ N (i, ). Then, A; (W) is (2 maxi<i<j<q 0;;)-subgaussian.
Consequently,

2
P [|A(W)—EA (W) ] zs]s2exp(—sz).
z~N(0,Iy) 4maxo;

Proof. From our earlier argument for Theorem 6.3.14, we may view W = W(g) for g ~
N(0,Ip) with D = @, and then f(g) := A1 (W (g)) is (v/2 maxi<i<j<q 0i)-subgaussian.
The result then follows by Theorem 6.4.12. O

Note in particular that this applies both to W ~ GOE(d) and to W + B/ dxx™ for any B, x as
in the spiked matrix model, to show that the largest eigenvalues of these are 2-subgaussian,
compared to the typical values A; < /d we derived earlier.

6.4.5 SUBGAUSSIANITY OF A; FOR GAUSSIAN SERIES

We may actually treat the concentration of the largest eigenvalue of a much more general
model of a Gaussian random matrix. These will also play a central role in the rest of our
study of matrix concentration.

The following result gives a concentration inequality for the top eigenvalue of any Gaus-
sian series, and therefore any random matrix with jointly Gaussian entries. The concentra-
tion will be governed by the following parameter.

Definition 6.4.15. For X = A( + Z?:1 giA; a Gaussian series, we define

2
0 (X)? = ||m”a_x1 [E(’uT(X — [EX)v)
D
= max > (vTAw)?
lwli=1 =

D
= max <Z A?z,v®4> ,
i-1

lvl=1

sometimes called the weak matrix variance statistic or parameter, in contrast to a simi-
lar quantity we will see below in Definition 7.1.1.

Remark 6.4.16. From the last form, one may also write 0« (X)) = [|T'||iyj, the injective norm
of the symmetric 4-tensor T" formed by symmetrizing Z?:1 A?Z with respect to all permuta-
tions of the indices.

The injective norm is difficult to compute in general [HL13], so the following upper bound
can be more convenient.
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Definition 6.4.17 (Matrix covariance). We write Cov(X) := Cov(vec(X)), and

D
Z vec(A;)vec(A;)"

i=1

v(X)?:= || Cov(X) Il =

Proposition 6.4.18. If X = Cov(symvec(X)) is as in Proposition 6.1.2, then

0« (X) <v(X) < V2|Z].

Proof. For the first inequality, we have

D
0« (X)? = max <z A?Z,v®4>
i-1

llvll=1

D
”m”axl <Z vec(Ai)vec(Ai)T,vec(va)vec(fv'vT)T>
L V|

IA

lvll=1

D

max <Z vec(A;)vec(A;)T, va>
i=1

=v(X)°.

For the second inequality, note that Cov(X) is a submatrix of the matrix

EE]l e

whose operator norm is 2| X|].

Theorem 6.4.19. Let X be the Gaussian series of (Ai)?:()- Then, A;(X) and || X || are
both o4 (X)?-subgaussian, and hence also v (X )?-subgaussian and 2||X|/>-subgaussian.
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Proof. By the same bounds as we have seen before, we may bound

1A1(X(g)) — M (X (h)] = X (g) — X (h)l

D
D> (gi —hi)A;
i=1

llvll=1

D
= max |v’ (Z(gi - hl-)Ai) v
i=1

Ve

= max | D (gi —hi) (v A;v)
lvli=1 | &
D 1/2
< max Z('UTA{U)2> g — hll (Cauchy-Schwarz)
vI=2\i=1
= 04+(X) - llg - hll,

which gives the result by Theorem 6.4.12. The argument for || X || is essentially the same,
except instead of the inequality [A1(X) — A1 (Y)| <= | X =Y ||, weuse that | | X || - Y ||| <
X -YI. O

Note that, using the weaker result of v(X)?-subgaussianity, the case of independent
Gaussian entries from before just corresponds to X = Cov(symvec(X)) being a diagonal
matrix of the 05-, so we easily recover Corollary 6.4.14. At the other extreme, we can consider
the matrix X = gl,1;, where g ~ N (0,1) and thus X is just a constant matrix with all
entries equal to g. We have A;(X) = max{0,dg}, and thus is at best d?-subgaussian, since
Law(dg) = N (0,d?) (and the truncation at zero only affects the lower tail, not the upper
tail). And indeed, in this case we have Cov(X) = 1,2 1;2, so v(X)? = d? and the above result

is again sharp.
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/ TYPICAL SPECTRAL STATISTICS AND
“MATRIX CONCENTRATION”
INEQUALITIES

7.1 NON-COMMUTATIVE KHINTCHINE INEQUALITY

We now switch gears slightly and focus on matrix norms rather than maximum eigenval-
ues. Theorem 6.4.19 gives a remarkably general result showing that || X || for any Gaussian
random matrix X concentrates around its E|| X ||. The mean remains mysterious: clearly
for different choices of A; in a Gaussian series we may engineer a great variety of matrix
structures with eigenvalues on different scales and so forth. Yet, even more surprising than
our general treatment of concentration, the following result nearly pins down the location
of the mean of any Gaussian random matrix up to constants.

Definition 7.1.1. For a random matrix X, define
o(X)?:=|E(X - EX)?],

sometimes called the matrix variance statistic or parameter (in contrast to its relative
in Definition 7.1.1). For X the Gaussian series of Ay, A,..., Ap, this is equivalently

D

2. A

i=1

o(X)? =

Note that o (X)) is something that we can compute in terms of the deterministic matrices
A, that specify the Gaussian series model of X . Thus it is supremely remarkable that this
quantity nearly captures the scaling of the expected norm of X up to constants:

Theorem 7.1.2 (Non-commutative Khintchine (NCK) inequality [LP86, LPP91]). There are
absolute constants ¢, C > 0 such that, for any centered d x d Gaussian random matrix
X (i.e., any Gaussian series with Ay = 0), we have

c-0(X) <E|X]| <Cylogd - 0(X).
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Concretely, one may take ¢ = 1/+/2 and C = /2e.

Let us first check that, unfortunately, both the upper and lower bounds can be tight in
different cases, so the \/@ cannot be removed in general, though it can sometimes, an
issue we will revisit later.

Example 7.1.3 (Diagonal matrix). Consider X diagonal with X;; ~ N (0,1) ii.d. Then,
we have EX?2 = I, so 0(X) = 1. On the other hand, E|| X || = [Emax;-’l=1 | X = \/@, SO
in this case the upper bound above is tight (up to constants).

Example 7.1.4 (GOE matrix). Consider X ~ GOEY” (d). A simple calculation by expand-
ing the matrix multiplication shows that EX? = (d — 1)I4, so 0(X) = +/d — 1. And, we
have E|| X || = (2 + 0(1))-/d as we have seen, so in this case the lower bound above is
tight (up to constants).

Also, let us compare this with the concentration inequality we proved for || X||. Re-
call by Theorem 6.4.19 that || X || is 04 (X)?-subgaussian, for the parameter o4 (X) as in
Definition 6.4.15. In fact we may show that these fluctuations at least do not swamp the
expectation:

Proposition 7.1.5. We have:

Var[[| X1 s 0+(X)? s (E|| X |2

Proof. The first result is immediate from Theorem 6.4.19 (or, slightly more directly, from
using the Gaussian Poincaré inequality from Theorem 6.3.11 with the Lipschitz bound from
Theorem 6.4.19). For the second result, we recall the definition

lvll=1

b 172
0 (X) = max ( ('vTAi'v)z) )
1

i=

On the other hand,

D D
Z(UTAiv)Z = Var {Z UT(giAi)v} = Var[v" Xv],

i=1 i=1

for any fixed v. In particular then, we have

D 1/2
(;(’UTA{U)2> =+/Var[vT Xv] = \/j Elv'Xv],

since v" X v is a centered (scalar) Gaussian random variable and, for any such g, we have
VVar[g] = {/1t/2 - Elgl, since 2/ = Eg-a01)|gl. Thus, by Jensen’s inequality over the
maximum,

0+ (X) < maxdE -E v Xv]| S‘IE-[Emax lvT Xv| =1/E-[E||X||,
lol=1 \ 2 2 lvll=1 2

completing the proof. O
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Let us prove Theorem 7.1.2. We will consider the upper and lower bounds separately.
The lower bound is much simpler using our above observation.

Proof of Theorem 7.1.2: Lower Bound. First, note that by Jensen’s inequality we have
EIX[* = EIX?] = [EX?|| = 0(X)2.
On the other hand, using Proposition 7.1.5 above,
EIX 1% = (EIX)* + Var[I X1 s (EI X )2
Putting the two inequalities together,
(EIX1? 2 0(X)?,

and the result follows. O

The real content of the result is in the upper bound. For that, we will follow the Combi-
natorial Method as we have discussed in Section 3.6. Let us define, given a Gaussian series
model,

=EX?= ZAZ

The Combinatorial Method prescribes that we estimate the expectations of traces of high
powers of X, which is achieved by the following.

Lemma 7.1.6 (Non-commutative Khintchine trace estimate). We have:

ETr X% < 2k — 1)* - Tr VX,
The following is a simple but important preliminary.

Proposition 7.1.7. Let A, B € R%%4 and 0 < s < 2t. Then, Tr(ABsAB?-5) < Tr(A2B?!).

sym

Proof. Consider the spectral decomposition B = > ; A;v;v,;, where we omit any zero eigen-
values. Then, we may expand

Tr(AB'AB?*~) = ZASAZfSTr(Aviv;Avjv;)

_ ZAS)\Zt S(,UTA,UJ)Z

N
s (||}2\\i'||) A1 (0] Av))?
i,j J
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Now, this is a convex function of s € [0, 2t], viewed as a continuous variable. A convex
function is maximized at one of the endpoints of a closed interval, and the above expression

is the same for either s = 0 or s = 2t, so we find

< Z R\Et('t)iTA'vj)2

i,J

and undoing our first manipulation gives

= Tr(A2B?%),
completing the proof.
Proof of Lemma 7.1.6. We expand the moments we are interested in as follows:

T:=ETr X%

D 2k
=ETr (Z giAi)

i=1

D D 2k—1
= > Eg;Tr (Ai (Z giAl-) )
i=1

i=1

Now, using Gaussian integration by parts on each term gives

D 2k-2 D v D 2k-2-t
=S S ETr| A (Z giAi) A; (Z giAl-)
i i=1 i=1

to which we may apply Proposition 7.1.7,

D 2k-2 D 2k-2
< z ETr A? (Z giAi>

i=1

D D 2k-2
= (2k1)ETr((Z A%) (ZgiAi) )
i=1 i=1

= (2k — 1)[E(V,X2H>.

By von Neumann’s trace inequality (Exercise A.1.4) followed by Holder’s inequality, we may

continue

T < 2k — 1)E(A(V), A(X?k2)) (von Neumann)

< 2k = DIV IKEIAX )| o

= 2k - 1) Tr(VHVFETr(X @*-2e1) %
= 2k = 1) THVR)VRETr(X2k) 1%

< 2k - D) Tr(VHVKETr X2

= 2k - 1) Tr(VHVETIk,
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Finally we have reached a closed inequality for T, which, upon rearranging, reads
T% <2k — 1 Tr(V¥)=,
completing the proof. ]
With the Lemma proved, we can give the proof of the upper bound of Theorem 7.1.2 easily.
Proof of Theorem 7.1.2: Upper Bound. We have
EIl X < E(Tr X2k)2
< (ETr X %)% (Jensen)
<2k - (Tr(EX2)k) 2% (Lemma 7.1.6)
<2k (d- o=
= dﬁ\/ﬁ - 0.

Optimizing over k gives that the best choice is k < logd, and plugging this in gives the
result. O

7.2 SUMS OF INDEPENDENT RANDOM MATRICES

We will next see how it is possible to derive very general matrix concentration inequalities
for sums of arbitrary independent random matrices,

X = Z H; for H; random and independent,

starting from the NCK inequality. This should be surprising: an entire random matrix H;
seems to allow for much more general structure than the g;A; for deterministic A; that
appear in NCK. Yet, these extensions actually follow from NCK by two elementary tricks.

7.2.1 TRICK 1: GAUSSIAN TO RADEMACHER

The first trick is truly trivial-looking: the NCK inequality with Gaussian random variables
implies the same, with a slightly larger constant, for Rademacher random variables having
distribution Unif ({+1}).

Lemma 7.2.1. Suppose A; € R4*4 are deterministic. We have

sym
TT
<.|l= E
2 gi~N(0,1)

E
zi~Unif({=1})

> giA;

i

zZiAi

i
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Proof. Introduce g; ~ N(0,1) and z; ~ Unif({x1}) all independent of one another. Since
Law(g;) = Law(zi|gi|), we may rewrite and use Jensen’s inequality:

L > giA; > zilgil A
i i

E
Zi,3i

> D Ellgill - ziA;

2
=.]= id
T z;~Unif({+1})

and the result follows by rearranging. We have used the elementary integral calculation
Ellgill = v2/mt. O

We call a random matrix of the form > ; z; A; a Rademacher series. As a consequence,
a version of the NCK inequality holds for Rademacher series. In fact, this was the original
form of the NCK inequality studied in [LP86, LPP91]; the conveniences of the Gaussian form

were only realized later.

Z ZiA;

i

Corollary 7.2.2 (Rademacher NCK inequality). There are absolute constants ¢,C > 0
such that, for any centered d xd Rademacher series X = Z?:l ziA;with z; ~ Unif({+1}),

we have
c-0(X)<E|X| <Cyllogd - o(X).

7.2.2 TRICK 2: SYMMETRIZATION

It seems like we have not made much progress. The next trick is really the key: any sum of
independent random matrices, merely so long as they are centered, can be controlled by a
random Rademacher series: > ; z; A; where the A; are random but independent of z;. As we
will see, we may then apply NCK conditionally on the A; and obtain non-trivial bounds.

Lemma 7.2.3. Suppose H; € Rfyxnf are arbitrary independent random matrices. Intro-
duce z; ~ Unif({x1}) independent of one another and of the H;. Then,

E <2E

> (H; - EH)) > ziH;

Proof. Introduce (H/) an independent copy of the collection (H;). We then have

‘ (Jensen)

E =r
H:

1

> (H; - EH)) E > (Hi - H))

<E

>.(H; - H})
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and now, since H; — H| has a symmetric law, we have

=E|> zi(H; - H))
i

+E ZZL'H{
i

<E ZziHi
i

=2E

ZziHi
i

giving the result. O

As a corollary, we can derive the following inequality, which we may view as a version of
the NCK inequality for general sums of independent random matrices.

Corollary 7.2.4 (Independent sum NCK). There is an absolute constant C > 0 such that,
for any independent random H; € R4x4

sym
1/2

E < Cyllogd - E

> (H; - EH})

> H;
i

However, on its own this inequality is not directly useful, since the expression on the right-
hand side is still the expectation of a norm of a random matrix (indeed, arguably of a more
complicated random matrix than on the left-hand side). We will see below how to use this
as a stepping stone to derive more practical inequalities.

7.2.3 MATRIX CHERNOFF BOUND

We first consider an inequality for the special case of sums of independent positive semidef-
inite random matrices.

Theorem 7.2.5 (Matrix Chernoff). There are absolute constants C;, C> > 0 such that, for
any H; € R%*4 random, independent, and satisfying H; > 0 almost surely, and for any

sym

€ > 0, we have

1/2
1/2
E|[S B < |[|SEH|  +Ciylogd (EmaxiHil)
B . 1
1 1
<(1+o||SEH; +(1+i) Cylogd - Emax | Hl.

p 1
1

Often in applications, || H;|| is uniformly bounded almost surely, in which case the second
term above is just O (log d). In that case, the inequality is usually effective just once there are
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sufficiently many of the H; that the first term overwhelms this error term. Also, sometimes
it is fine to take € = 1 and just use a bound ignoring constant factors,

> EH;
i

but sometimes, especially when the number of terms in the sum is large, it can be useful to
take € small in which case the above can become a quite sharp estimate.

+ logd - Emax || H,l|,
13

Proof. First, note that we may bound by triangle inequality

E\

On the second term, we use the independent sum NCK:

:

+ E —[EHi) .

172
- EH;)

logd E (independent sum NCK)

l 1/2
<4/logdE {(mlax ||Hi||>
1/2
< flogd ([E max ||H1-||) ([E‘

Thus we find that, for some absolute C > 0,

1/2:|

1/2
i ) . (Cauchy-Schwarz)

1/2

But now, this is a quadratic inequality for the norm we are interested in. Solving it gives
that, for another constant C’,
1/2\ 2
)Y

which is the first form of the result. The second follows from using a weighted arithmetic-
geometric mean inequality, a simple but handy scalar bound:

1/2
e Iogd([EmaxllHiH) ([E
1

1/2

1/2
1 C'\Jlogd ([E max ||Hl-||) ([E
1

(x+y)>=x%+9%+2xy
=x2+y2+2(\/Ex)(

<x?+ 3%+ (Vex)' +
=(1+e)x2+< )

completing the proof. O

T iR
D Q m
ty_‘/v
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7.2.4 MATRIX BERNSTEIN BOUND

Theorem 7.2.6 (Matrix Bernstein). There are absolute constants C;,C> > 0 such that,
for any H; € Rg‘yﬁd random, independent, and centered (i.e., with EH; = 0),

< Ciy/logd

1/2

1/2
E + Cologd ([EmaxllHillz) )
1

2 Hi
i

S EH?
i

If we write X := >; H; and || H;|| < K almost surely for all i, then we may write the above
in a form similar to the upper bound of the NCK inequality, with an extra error term:

E S/logd - 0(X) + logd - K.

2. Hi
i

In this sense, which we will discuss further a little bit later, a fruitful way to view the matrix
Bernstein inequality is as a universal NCK inequality, extending the Gaussian NCK setting
to general independent sums. As with matrix Chernoff, quite often in applications we have
|| H;|| uniformly bounded almost surely, in which case the second term is just O(logd).

Proof. The result follows directly by composing the independent sum NCK with the matrix
Chernoff bound, as follows:

E||> Hi|| < \/@ E||> H? - (independent sum NCK)
i i »
< \/@ ([E > H? ) (Jensen)
i 1/2
< \Jlogd ; EH?||  ++logd Emax | H| (matrix Chernoff)
which gives the result. O
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A ADDITIONAL EXERCISES

A.1 LINEAR ALGEBRA

Exercise A.1.1 (Symmetric vectorization). Recall that (A, B) := Tr(AB) defines an inner
product on R&¥4. Define a function symvec : R&:4 — R4@*+1/2 with the set indexing the

sym

latter identified with (i, j) € [d]? having i < j, so that
symvec(A) i) = Aii,
symvec(A)(l-,j) = \/? . Aij forall i < J

Show that symvec is a linear bijection, and that, for all A, B € RZ%4 we have

sym

(A, B) = (symvec(A),symvec(B)).

Below we also write symmat : R4@+1D/2 — Rdxd for the inverse, symmat = symvec™!.

Exercise A.1.2 (Symmetric dilation). Let B € R" " have rank v < min{m,n} and have

non-zero singular values oy, ..., 0, > 0. Show that the eigenvalues of the block matrix
Ome B
BT 01’L><‘l’l,
are oy, —01,...,0,, —0, (allowing for multiplicity) and the eigenvalue zero with multiplicity
m+mn-—2r.

Exercise A.1.3 (Eigenvector perturbation bound). Write v; (X)) for the unit-norm eigenvector
of A1 (X)) for X € R4%4 Whenever this notation is used below, you may assume that A; (X)

sym
occurs with multiplicity 1 as an eigenvalue of X.
Suppose M € R%x4 and that A has the same dimensions as M and satisfies the operator

sym

norm bound [|A|| < A1 (M) — A2 (M). You will show the perturbation inequality

, lal ]
(vi(M), vy (M +A))*=1- (Al(M) — M (M) — ||A||) '

Follow these steps, where we abbreviate v := v1 (M) and v := v1 (M + A).

1. Show that A; (M) — Ai(M + A) =2 Ay (M) — A2 (M) — [|A]l for all i = 2.
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2. Using Part 1, show that [[Av]| > (A; (M) — A2 (M) — ||A]]) - (I — 07 )vll.

3. Complete the proof.

Exercise A.1.4 (Eigenvalue perturbation bound). Let A, B € Réx4

sym *
1. Show the perturbation inequality
d
min > (Ai(A) = Ar( (B))? < |A - BJ3.

1T permutation of [d] i1

You may use the Birkhoff-von Neumann theorem, which states that the set of doubly
stochastic d x d matrices (i.e., P € R4 such that P;; = 0 forall i, j € [d], X ; P;; = 1
foralli € [d],and >}; Pij = 1 for all j € [d]) is the convex hull of the set of the d x d
permutation matrices (those P with exactly one 1 in each row and each column and
all other entries 0, of which there are d!).! You may also use that a linear function over
a convex polytope is maximized at one of the vertices.

2. Prove that, for arbitrary numbers A; = - - - Agand p; = - - - = pg,
d d
TrpermuryiitirZ)n of ] i:zl(?\i — Pr@)? = i:zl(?\i - pi)°.
Thus the result of Part 1 can be rewritten concisely as
IACA) = X(B)ll2 < IlA - BllF,
often called the Hoffman-Wielandt inequality.

3. Deduce the von Neumann trace inequality, the statement that

(A,B) =Tr(AB) < (A(A),X(B)).

Exercise A.1.5 (Schur complement). Let A € R™"™ B € R"™" C € R™™, and D € R™",
and suppose that D is invertible.

1. Verify that

A B In Owax| [A-BD'C B
¢c D||-D'C I, |~ Owxm D |

The upper left block A — BD~!C is called the Schur complement by D of the block
matrix on the left-hand side.

ISee [Tro22] for a careful proof and further discussion.

170



2. Show that

det ([ g g }) =det(D) - det(A — BD'C). (A.1.1)

3. Show that, when all inverses involved exist, then the upper left m x m block of
A B
C D
is(A-BD'C) L

Exercise A.1.6 (Determinant identity). Show that, for any matrices A € R™" B € R"™,
det(I,, — AB) = det(I,, — BA).

A.l.1

Exercise A.1.7 (Differentiating eigenvalues). Define f; : R44+D — R by f;(x) = A;(symmat(X))
(see Exercise A.1.1 for the definition of symmat and symvec). Show that f; is differentiable at
any x such that the ith largest eigenvalue of symmat(X) is simple. In this case, show that

V fi(symmat(X)) = symvec(v;(X)v;(X)").

A.2 COMBINATORICS

Exercise A.2.1. For any n > 1, show that

Exercise A.2.2 (Binomial coefficients). Let 1 < k < n. Show that
() =(2)= ()
—] < <=1 .
k k k
A.3 GAUSSIAN MEASURE

A.3.1 INTEGRATION BY PARTS AND MOMENTS

Exercise A.3.1 (Gaussian integration by parts). Let g ~ N (0,X) for some X € R%*4 with

sym
> > 0 (i.e., X is positive semidefinite). Prove that, for any smooth function f : R4 — R with
f(x) < C|lz||X for some C,K > 0, we have

d
Elgif(g)] = > Si;E[0,f(9)] = (ZE[V.f(g)]); (A3.1)
j=1
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where 0;f is the partial derivative with respect to the ith argument and V is the gradient
(the second equality is just by the definition of gradient).

Exercise A.3.2 (Moments). This problem derives the moments of Gaussian scalars and ran-
dom vectors.

1. Let g ~ N (0,1) (a Gaussian scalar, not a vector). Prove that, for k > 1, Eg?*~! = 0 and
Eg?* = [1%,(2i — 1).

2. Letg ~ N(0,%X) asin Part 1, and let 1 < i; < --- < iy < d. Let M be the set of
all matchings of the set I = {i,,...,ix}: a matching is a set of disjoint pairs {i,, iy}
whose union is I. For example, the three matchings of {1, 2, 3,4} are {{1,2}, {3,4}},
{{1,3},{2,4}}, and {{1,4}, {2,3}}. Prove that

k
E[lj[lgia} => [I = (A.3.2)

MeM {a,b}eM

(For example, one case of the claim is that Eg19293gs = 312334 + 213304 + 214303.)
Generalize this to allow for repetitions among the iy,...,ix. Try to be precise. Explain
why Part 2 is a special case of this latter generalization.

Exercise A.3.3 (Subgaussian moments). By the previous exercise, when g ~ N (0, 1), then
Eg?* < (2k)* for all k > 1. Show that, in fact, there exists a constant C > 0 such that, if X is
o2-subgaussian (see Problem 1), then E|X|¥ < (Co2k)*/2 for all k > 1.

Exercise A.3.4. Suppose that u is a probability measure on R with a smooth density p(x)
that has p(x) > 0 for all x € R. Suppose that, for any smooth and compactly supported
SR =R, Egeplgf(g)] =Eg-ulf (g)]. Show that p = N (0,1) (i.e., that the converse of the
d = 1 case of Part 1 of the previous exercise holds).

A.3.2 INTERPOLATION AND COMPARISON

Exercise A.3.5. Suppose that F : RY — R is a smooth function satisfying the bounds
max{|F(x)|, IIVF(a:)H%, IIVZF(:E)II%} < C(1 + ||z|)X for some C,K > 0 and all x € R4, where
V?F is the d x d Hessian matrix of second derivatives. Let X, A € Rfyﬁ,d be positive semidefi-
nite. Define 2(t) := (1 —t)X + tA for t € [0, 1], and write

fty:=E_ F(g)

g~N(0,X(t))
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That is, we are considering the value of an expectation of a general function of a Gaussian
vector as the covariance matrix moves along a line in matrix space. Show that the derivative
of this value is

f@ = % <A - E VZF(g)> .

" g~N(0,5(t))

Here, (A, B) = Tr(AB) = }; j A;jBij is the Frobenius inner product.
You may differentiate under the expectation (i.e., bring a derivative inside an expectation)

without justification, but you should consider on your own time what the justification would
be.

A3.1

Exercise A.3.6. Show that, if F as above is also convex, and g ~ N (0,X) and h ~ N (0,T) are
independent Gaussian vectors (that is, the entries of g may be correlated with one another,
and likewise for h, but entries of g are independent of entries of h) for any X, T € Rfyﬁd
positive semidefinite, then

EF(g) < EF(g + h).

Informally, expectations of convex functions of Gaussians are only increased by adding
independent noise. Show that the same also holds for F(x) = maxjecq4) X;, though it is not
smooth.

A.3.5

Exercise A.3.7. Suppose thatg ~ N (0,X) and h ~ N (0, A) are arbitrary centered Gaussian
vectors as in Part 1. Show that dy(i, j) := (E(g; — gj)?)'/? defines a metric on [d] provided
it is not the case that g; = g; almost surely for any distinct i, j € [d], and similarly for
dp (i, j) := (E(h; — hj)?)'/2. Suppose that, for all i, j € [d], we have d4(i, j) < dn(i,j). Show
that

E max g; < E max h;.
icld] ield]

A.3.3 APPLICATIONS
Exercise A.3.8. This problem derives some applications of Exercise A.3.7.

1. The Gaussian width of a compact set X C R4 is

w(X) := E  max{(g,x).
g~N(0,I;) TEX

By the orthogonal invariance of g, you may view this as measuring the width of X in
the direction of a random ray through the origin in R%; hence the name. Let W ~
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GOE(d, 1) (recall this means W;; = W;; ~ N (0,1 + 1{i = j}) independently for all
i < j). Show that, for any compact X < S4-1(1),

E max ' Wx < 2w (X).
W ~GOE(d) z€X

A.3.7

2. Specializing the above result, prove the following three bounds. Note that there are
no further error terms in any of these statements; they hold exactly as written and
non-asymptotically for all 4:

[E[Al(W)]er[ max = Wz | <24,

xeSI-1(1)

] |2
E [ max x Wzx| <2 /= -d,
ze{xl/V/d}4 i T

E max Wz | <2 d.

zeS4-1(1)
x;=0 for all ie[d]

Explain why the first result is sensible in relation to but does not follow from the
semicircle limit theorem.

3. Let G ~ N(0,1)®¥m je. arandom rectangular d X m matrix with ii.d. standard
Gaussian entries. Adapt your argument from above to show that

E[IGI] < Vd + Vm.

Explain why this result is sensible in relation to but does not follow from the Marchenko-
Pastur limit theorem.

Exercise A.3.9. This problem, using a technique in the same spirit of those developed above,
explores the concentration of functions of Gaussian random variables without using MLS
inequalities. Let f : R"™ — R be a smooth function and let g ~ N (0, I,,) be a standard
n-dimensional Gaussian vector.

1. Let g,h ~ N (0,1I,) independently, so that h is an independent copy of g. Write
g(t) =sin(t)g + cos(t)h for t € [0,7r/2]. This is a kind of interpolation in the style of
Homework 3, Problem 3, but between two independent copies of the same Gaussian
random vector. Show that

/2
£g) - f(h) = jo (V(g(t),g (1) dt,

and that Law((g(t),g’(t))) = Law(g,h) = N (0, I»;) for all t € [0, 7r/2], whereby the
integrand above has the same law at each t € [0, 77/2].
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2. Let¥: R — R be a convex function. Show that
T
E¥(Flg) - f(h) < EY(TUTf(9) ),
g:h g,h 2
and therefore also that

TT
EY(f(g) - Ef(@) < EY (§<Vf(g),h>> .

3. Suppose now that f is also L-Lipschitz, i.e. that |V f(x)| < L for all x € R" (for a
smooth function this is equivalent to the usual definition). Prove that f(g) — Ef(g) is
(%L)Z-subgaussian, and therefore that

2
P[If(g) —Ef(g)] > t] <2exp (—;;) -
This is a slightly weaker (in the constant in the exponential) version of the Gaussian
Lipschitz concentration inequality we discussed in class. In fact, relatively simple
further arguments show that the same holds even if f is not smooth, and can be
Lipschitz in the weaker sense that |f(x) — f(y)| < L||lx — y|| for all z,y € R™. You
may use this without proof below.

4. Let £ ~ N(0,%) for any n X n covariance matrix X > 0. Write o2 := max;-, Var[x;] =
max", X;;. Let M := max", x;. Prove that there is an absolute constant ¢ > 0 such that

2
PIIM — EM| > t] < 2exp (—ct2> .
o

5. Prove that the map A : R‘s%d — R4 mapping a matrix to its eigenvalues in descending
order is 1-Lipschitz when matrices are given the Frobenius norm and vectors the £
norm. Using that, prove that there is an absolute constant ¢ > 0 such that, for W ~

GOE(4), W= ﬁW, any L-Lipschitz function f: R — R, and any i € [d],

2
P [ > t} < 2exp (‘szd2> ,

o~ — t2
P[|f (W) —Ef (W) | > t] < 2exp (—cde) .
Note that the first result makes it easy to upgrade weak convergence in expectation
of esd(W) to the semicircle law to various stronger kinds of weak convergence (weak
convergence in probability, L? or any L?, almost surely, and so forth).

d d
S FA(W)) - [% S FA(W))
i=1

i=1

1
d

A.l4
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A.3.4 MISCELLANEOUS

Exercise A.3.10 (Isotropy of GOE). Let W ~ GOE(d, 0?). Let symvec be the operation from
Exercise A.1.1. Show that

Law(symvec(W)) = N (O, 202Id(d+1)/2).
Conclude that, for all X,Y e Rd4x4

sym

Law({W, X)) = N (0,20° [ X 1),
EW,X)(W,Y) =20%(X,Y).
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