ORIE 6334 Spectral Graph Theory October 27, 2016

Lecture 19
Lecturer: David P. Williamson Scribe: Faisal Alkaabneh

1 Chernoff bounds

Today we will look at a matrix analog of the standard scalar Chernoff bounds. This
matrix analog will be used in the next lecture when we talk about graph sparsification.
While we’re more interested in the application of the theorem than its proof, it’s still
useful to see the similarities and the differences of moving from the proof of the result
for scalars to the same result for matrices.

Scalar Chernoff bounds get used all over the place in theoretical computer sci-
ence, so much so that one now sees the phrase "By a standard application of Cher-

noff bounds...” without even seeing the theorem references or the random variables
defined.

Theorem 1 ((Scalar) Chernoff bound) Let X1, Xs, ..., X independent random vari-
ables with X; € [0, R]. Let piin < E [Zle X,-] < pmax. Then for all 6 > 0,

k i 66 MmaX/R
Pr [Z Xi > (1+6)pimax | < (m)
=1

k e 9 Hmin/R
ZXi < (1 - 5)H’min < (m) .

=1

Pr

By a simple application of calculus, one can further show that if 6 <1,

k ] 66 ,Ufmax/R S e /3R
Pr ZXl 2 (1 + (S)Mmax S (m) <e max
i=1

-4

k
e Nmin/R —52 e 2R
Pr [Z Xi < (1= 6)ptmin | < (m) < @70 pma/
i=1

The corresponding matrix version looks remarkably similar, except for the dimen-
sion d of the matrix appearing in the bound.

OThis lecture is extremely indebted to a lecture of Nick Harvey at the Sixth Cargese Work-
shop on Combinatorial Optimization, http://www.cs.ubc.ca/~nickhar/Cargese2.pdf, as will be
completely obvious if you go look at his notes.
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Theorem 2 (Tropp 2011) Let X1, Xs, ..., Xj be random symmetric d X d matrices.
s.t. 0 X X; <X R-1I for some constant R. Suppose fimin] =< ZleE[X,;] = fhmaxd -
Then for all § > 0,
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2 Proof of scalar version

We now walk through the proof of the scalar version in order to set up the similarities
of the proof of the matrix version. We will use the following.

Theorem 3 (Markov’s inequality) For X a random variable s.t. X >0,

EX]

Pr(X >a] <
a

Proof: Since X is nonnegative, we have that

E[X]>a -Pr[X >al.

We will show the following two claims.

Claim 4 For any 6 > 0,

k k
Pr [Z X, > t] <e"T[E["].
i=1 =1

Claim 5 For X random variable X € [0, 1],

E["] <14 (" —=1)E[X].
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Now let us prove the claims, and show how they imply the scalar Chernoff bound.
Proof of Claim [4k

k [k
Pr [ZX,- > t] =Pr|) 60X, > Qt]
=1 L =1
B k
= Pr |exp (Z HXi> > exp(&t)]

=1

I k
<e . F |exp (Z 9Xi>] by Markov’s inequality
L i=1

"k
— 0. Hexp(@Xi)]
Li=1

k

= e "] E lexp(63)],

=1

where the last equality follows by the independence of the X;. O

Proof of Claim [5} Because €% is a convex function, we know that e <
1+ (e — 1)z for z € [0,1]. Hence,

Ee”] <1+ (e’ —1)E[x].

Proof of Theorem [1} We'll only prove the upper bound, with R = 1. We can
show that

k
HE
1

i=

=1

~ exp (Z log(1 + (¢ — 1)E M)

Zeexi] < H(l +( - 1)E [XZ]> by Claim [5]

i=1
k

< exp (Z(ee - 1)E [XZ]> using log(1 +2) <z
i=1

< exp[(e” — 1)ftmax].
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Applying Claim [4] to the above with with ¢ = (1 + §)fimax, @ = In(1 + ), we get

k
Pr [Z X; > (1+ 5)umax] < exp[—In(1+90) - (1 4+ §)ftmax]) - €xXP(0tmax)
i=1

g max
= (aza=)

3 Concepts and facts needed for matrix version

We’d like to extend the same logic as used in the scalar version to matrices, but it
isn’t clear that some of the concepts we’ve used will carry through, like the convexity
of matrices, or what the log of a matrix even is. So before diving into the proof, we
need to think about what concepts extend and which ones don't.

We first define the concepts of a spectral mapping. For function f, symmetric
matrix A, with eigenvalues )\; and orthonormal eigenvectors x, xs, ..., x,, recall that

k
A= Nzl = XDXT
i=1

for D = diag()\;), where X has z; as its ith column. Then we define f(A) = X f(D)X7*
where f(D)y; = f(Dy); for example, for f(z) = z*, f(A) = f(A*) = XD*XT as
we’ve already seen. We can extend concepts of monotonicity and concavity to matrices
as follows.

Definition 1 Function f is operator monotone if A = B implies that f(A) = f(B).
f is operator concave if

f(1=a)A+aB) = (1-a)f(4) +af(B)
for a € 10,1] and for all A, B.

Sadly, f monotone does not imply that f is operator monotone, and f concave
does not imply that f is operator concave. ®

To get around these problems we will use a careful combination of things that are
known to hold. Some facts we will need:

Fact 1 If f(x) < g(z) for all x € [l,u], then for symmetric A with Apin(A) >
L Amin(A) < u then J(A) < g(A).

Fact 2 If X, Y are random matrices and X <Y, then E[X] < E[Y].
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Fact 3 (Weyl monotonicity) For A, B € R4 symmetric, A < B, \j(A) < \i(B)
for all v.

Corollary 6 If f is monotone, then A < B implies tr(f(A)) < tr(f(B)).
Fact 4 log is operator concave.

Recall that A = 0 implies that A is positive definite (that is, for symmetric A, A
has all positive eigenvalues).

Definition 2 If A, B > 0, then A ® B = exp(log(A) + log(B)).
The following fact is the key ingredient to the proof.
Fact 5 If Ay, A, ..., Ay, independent random matrices such that A; = 0 for all i, then

4 Proof of matrix version

We can now give the proof of the matrix version of Chernoff bounds. We state the
following two claims so that the parallels with Claims 4| and [5] are clear.

Claim 7 For any 6 > 0,

Pr [/\max(z X;) > t] < e ogr

Claim 8 Let X be random symmetric matriz such that 0 X X <X 1. Then

E[e™] 21+ (¢ —1)F[X].

We now give the proofs of these claims.
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Proof of Claim The proof is somewhat analogous to the Proof of Claim [4]

k k
Pr [)\max (Z Xz-> > ¢ P (Z OXZ) > Qt]
=1 =1

exp <)\max (i ¢9XZ->) > eXp(Gt)]

k
exp ()\max (Z HXZ) )] by Markov’s inequality.
i=1

= Pr

= Pr

S 6_0t . E

We notice that

e (80) () o0

by the properties of spectral mapping, and because the trace dominates the maximum
eigenvalue given that the matrices are positive semidefinite. Then

Pr [)\max (2:: Xi> > t] <e”.E ;tr (exp (ZI; 9Xi>>]
)

— 0t [tr(€_9X1 o e Yoo, @—QXk)} by definition of ®
< e 0. tr(E e 0E[e"]o..0F [e_eXkD by Fact [f]

O

Proof of Claim [8] The proof is analogous to the proof of Claim[f] For = € [0, 1],
e’ < 14 (¢ — 1)z by convexity. Since 0 < X =< I, Apin(2) > 0 and Apay(z) < 1.
Then by Fact [I]

Then by Fact [2]

O
We can now complete the proof of the Matrix Chernoff bound.
Proof of Theorem [2} We only prove the upper bound, and we assume R = 1.
Then by the operator concavity of the log function,

ZlogE [GGX'J — k‘Z%logE [GHX’} < klog (Z %E [€9Xi}> ) (1)



Then we have that

9X1]® OFE BXkD

(exp (Z log )) by definition of ®

exp (k: log (Z %E [eaxi] ) > ) by [I] and Corollary [6]
=1

k
1
< d- Max (exp <k10g (Z z ))) since trace is at most dAax

k
=d- exp k log )‘max <Z %E [eeXi}>

k
1
I+ (f —1) Z EE [e?%] >> by Claim [§] and Weyl Monotonicity

by operator mapping

< d-exp | klog A\pax

=d-exp klog( +%(e —1) - Amax (ZE[X])))

<d-exp (' = 1) fmax) using log(1+2) <z

Then by plugging in the above to |7l and using t = (1 4 §) tmax, € = In(1 + 6), we
get

Pr [ max (ZX) (1+9) umaX] <d-exp(—In(14 6)(1+ §)tmax) €XP(Ofbmax))

g max
=d- ((1 +€5)1+6)# '

O
In the next lecture, we will apply this result to sampling edges from graphs to get
sparse versions of the graph.
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