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Tail inequalities for sums of random matrices
that depend on the intrinsic dimension
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Abstract

This work provides exponential tail inequalities for sums of random matrices that de-
pend only on intrinsic dimensions rather than explicit matrix dimensions. These tail
inequalities are similar to the matrix versions of the Chernoff bound and Bernstein
inequality except with the explicit matrix dimensions replaced by a trace quantity
that can be small even when the explicit dimensions are large or infinite. Some ap-
plications to covariance estimation and approximate matrix multiplication are given
to illustrate the utility of the new bounds.

Keywords: Large deviation; random matrix; intrinsic dimension.
AMS MSC 2010: Primary 60B20, Secondary 60F10.
Submitted to ECP on April 14, 2011, final version accepted on March 10, 2012.

1 Introduction

Sums of random matrices arise in many statistical and probabilistic applications,
and hence their concentration behavior is of significant interest. Surprisingly, the clas-
sical exponential moment method used to derive tail inequalities for scalar random
variables carries over to the matrix setting when augmented with certain matrix trace
inequalities. This fact was first discovered by Ahlswede and Winter [1], who proved
a matrix version of the Chernoff bound using the Golden-Thompson inequality [7, 23]:
trexp(A + B) < tr(exp(A)exp(B)) for all symmetric matrices A and B. Later, it was
demonstrated that the same technique could be adapted to yield analogues of other tail
bounds such as Azuma’s and Bernstein’s inequalities [3, 9, 19, 8, 16, 15]. Recently, a
theorem due to Lieb [12] was identified by Tropp [25, 24] to yield sharper versions of
this general class of tail bounds. Altogether, these results have proved invaluable in
constructing and simplifying many probabilistic arguments concerning sums of random
matrices.

One deficiency of many of these previous inequalities is their dependence on the
explicit matrix dimension (this is reviewed in Section 3.3), which prevents their ap-
plication to infinite dimensional spaces that arise in a variety of data analysis tasks
(e.g., [22, 18, 6, 2, 11]). In this work, we prove analogous results where the dimen-
sion is replaced with a trace quantity that can be small even when the explicit matrix
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Tail inequalities for sums of random matrices that depend on the intrinsic dimension

dimension is large or infinite. For instance, in our matrix generalization of Bernstein’s
inequality, the (scaled) trace of the second moment matrix appears instead of the matrix
dimension. Such trace quantities can often be regarded as notions of intrinsic dimen-
sion. The price for this improvement is that the more typical exponential tail e~* for
t > 0 is replaced with a slightly weaker tail ¢(e! —t —1)"! ~ e~**!°¢* Ast becomes large,
the difference becomes negligible. For instance, if ¢t > 2.6, then (e —t — 1)7! < e t/2,

There are some previous works that also give tail inequalities for sums of random
matrices that do not depend on the explicit matrix dimension, at least in some spe-
cial cases. For instance, in the case where the summands all have rank one, then
Oliveira [16] gives a bound where the dimension is replaced by the number of sum-
mands. Rudelson and Vershynin [21] also prove similar exponential tail inequalities for
sums of rank-one matrices using non-commutative Khinchine moment inequalities by
way of a key inequality of Rudelson [20]; the extension to higher rank random matri-
ces is not explicitly worked out, but may be possible. Indeed, Magen and Zouzias [14]
pursue this direction, but their argument is complicated and falls short of giving an
exponential tail inequality—this point is discussed in Section 3.3.

To concretely compare the new technique to previous results based on the matrix ex-
ponential moment method, consider the sum 2?21 v;A;, where Ay, Ao, ..., A, are fixed
symmetric d x d matrices, and ~1,72,...,7, are independent standard normal random
variables. Tropp gives the following tail bound for the largest eigenvalue of the sum
(Theorem 4.1 in [25]):

Pr lxmax (Z%AZ) > \/2|Z||2t] <d-et
=1

where Y = Z?:l Af. Combining Theorem 3.2 with Lemma 4.3 in [25] gives the follow-
ing new tail bound:

i tr(X) t
P ; A | > /2| X < : .
T lAmdx (le ’Yz ’L> jil H ||2t1 — )\max(z) et —t— ]_

Note that tr(X)/Anax(X) < d but t(e! —t — 1)~ > e~! for t > 0, so no bound al-
ways dominates the other. However, for moderately large values of ¢, and when d >
tr(X)/Amax(Y), the new bound is a significant improvement.

2 Preliminaries

Let &1,&o,...,&, be random variables, and for each i =1,2,...,n, let

Xi=Xi(61,82,..,&)

be a symmetric matrix-valued functional of £1,&o,...,&;. Assume the X; have the same
common range. We use E;[ - | as shorthand for E[ - | &1,&s, ..., &—1]. For any symmetric
matrix H, let Aymax(H) denote its largest eigenvalue, exp(H) := I + > .-, H*/k!, and
log(exp(H)) := H.

The following convex trace inequality of Lieb [12] was also used by Tropp [25, 24].

Theorem 2.1 ([12]). For any symmetric matrix H, the function M + trexp(H +log(M))
is concave in M for M = 0.

The following lemma due to Tropp [24] is a matrix generalization of a scalar result
due to Freedman [5] (see also [28]), where the key is the invocation of Theorem 2.1. We
give the proof for completeness.
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Lemma 2.2 ([24]). Let I be the identity matrix for the range of the X;. Then

tr <exp (i X — i:lnIEi [exp(Xﬁ]) — I)] <0. (2.1)

Proof. The proof is by induction on n. The claim holds trivially for n = 0. Now fixn > 1,
and assume as the inductive hypothesis that (2.1) holds with n replaced by n — 1. In this
case,

E

E |tr (exp (Z X, — ZlogEi [exp(Xﬂ]) — I)]
B n—1 n
=E |E, |tr (exp (Z X — Zlog E; [exp(X;)] + logexp(Xn)> — I>H

<E |tr (exp <i X; — Zlog E; [exp(X;)] + log E, [exp(X")]> - I)]

=T |tr (exp <Z X; — i log IE; [exp(Xi)]> - I)]

<0

where the first inequality follows from Theorem 2.1 and Jensen’s inequality, and the
second inequality follows from the inductive hypothesis. O

3 Exponential tail inequalities for sums of random matrices

3.1 A generic inequality

We first state a generic inequality based on Lemma 2.2. This differs from earlier ap-
proaches, which instead combine Markov’s inequality with a result similar to Lemma 2.2
(c.f. Theorem 3.6 in [25]).

Theorem 3.1. Foranyn € R and anyt > 0,
Amax (17 > Xi—) logE; [exp(an')]> > t]
=1

i=1
< tr (]E _UZXi + Zlog E; [exp(nXﬁ]}) et —t—1)"h
i=1 i=1
Proof. Let A:=n> ", X; — > logE;lexp(nX;)]. Note that g(z) := ¢* — z — 1 is non-
negative for all € R and increasing for « > 0. Letting {\;(A)} denote the eigenvalues
of A, we have

Pr

Pr [/\max(A) > t} (et —t— 1) =k []l{)\max(A)>t} . (et —t— 1)}
E [* ) Apae(4) = 1]

D (M = Ni(4) - 1)]

%

IN

IN

E

= E[tr(exp(4) — A —1)]
< (E[-A))

where the last inequality E[tr(exp(A) — I)] < 0 follows from Lemma 2.2. O
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When Z?zl X; has zero-mean, then the first sum in the right-hand side of the in-
equality from Theorem 3.1 vanishes, so the trace is only over a sum of matrix logarith-
mic moment generating functions

tr <IE)

For an appropriate choice of 7, this trace quantity can be small even when the X; have
large or infinite explicit dimension.

Zlog E; [exp(nXM]) )

=1

3.2 Some specific bounds

We now give some specific bounds as corollaries of Theorem 3.1. The proofs use The-
orem 3.1 together with some techniques from previous works (e.g., [1, 25]) to yield new
tail inequalities that depend on intrinsic notions of dimension rather than the explicit
matrix dimensions.

First, we give a bound under a subgaussian-type condition on the distribution.

Theorem 3.2 (Matrix subgaussian bound). If there exists ¢ > 0 and k > 0 such that for
alli=1,...,n,

1 « n-o
E;[X;] =0, Amax [ =) logE; X < ; d
X B )

1 & 252k
tr (n Zlog E; [exp(nXQ])] < 1 ;

=1

E

for all n > 0 almost surely; then for any t > 0,

1 — 1 t

Pr [ Apax | — X, — — log E; [ex X > —

o (£ -y ol -
<tr (IE

nn2 72k

3

log IE; [eXp(nXi)]D (e —t—-1)7"

i=

(et —t—1)"t
=k-tlet —t—1)"1

Now suppose
1 — 1 & t
)\max — XZ‘ - — lo Ei ex X,L S —.
(z L3 o ool >]) .

By the sub-additivity of the map M — A\pax(M)—i.e., Amax(A4) < Amax(B) +Amax(A—B)—
it follows that

1< 1 t _no? ot 202t
Am'x _ Xi S )\max - 1 Ei Xl _ S _ —_— = . O
N (n ; ) (m ; og ; [exp(n H) i -

We can also give a Bernstein-type bound based on moment conditions. For simplicity,
we just state the bound in the case that the A\,,.x(X;) are bounded almost surely.
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Theorem 3.3 (Matrix Bernstein bound). If there exists b > 0, & > 0, and k > 0 such
that forallt=1,...,n,

b

IN

Ez[Xz] = 07 /\max<Xi)

max( ZE X2> SC_T2, and I |tr

almost surely; then for anyt > 0,

252t bt -
Amax X; — | <k-tlet—t—1)""L.

Proof. Letn > 0. Foreacht=1,...,n

exp(nX;) 2 T+ nX; —|—

and therefore, by the operator monotonicity of the matrix logarithm and the fact log(1+
r) <,

b —1
log By [exp(nX,)] 2 ———— - Bi[X7)].

Since e —x — 1 < 22/(2(1 — 2/3)) for 0 < x < 3, we have by Theorem 3.1 and the
subadditivity of the map M — Apax(M),

X, o2 t < n*52kn t_ -
Z > s | <o Y

provided that 1 < 3/b. Choosing

V262t /n )

3
Ty ( 20t/(3n) + /202t /n

gives the desired bound. O

3.3 Discussion

The results of this paper can be viewed as another sharpening of the matrix expo-
nential moment method for deriving exponential tail inequalities for sums of random
matrices, which has its origins in the work of Ahlswede and Winter [1] and was sub-
sequently generalized and improved by many others [3, 9, 19, 8, 16, 15, 25, 24]. The
novel feature of our results when compared to previous results is the absence of ex-
plicit dependence on the matrix dimensions. Indeed, nearly all previous tail inequali-
ties using the exponential moment method (either via the Golden-Thompson inequality
or Lieb’s trace inequality) are roughly of the form d - e~* when the matrices in the sum
ared x d[1, 3,9, 19, 8, 15, 25, 24]. For instance, a corollary of the “Master Tail Bound
for Independent Sums” of Tropp (Theorem 3.6 in [25]) can be written as

Pr [Amax (nZ&:) > Amax (Z log E[GXP(UXi)]> +t
i=1

i=1

<d-et

forallt > 0 and n > 0 (see Corollary 3.7 in [25]). Of course, when the random matrices
are always confined to a single lower-dimensional space, then these previous results
clearly depend only on this lower dimension (i.e., d is replaced by this lower dimen-
sion). However, this situation is significantly less general than what is required in many
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applications that involve very high or infinite dimensional matrices, such as the analysis
of ridge regression [11], kernel methods [22, 6, 2], and Gaussian process methods [18].
Our results therefore widen the applicability of the matrix exponential moment method
to handle these cases.

Relative to the tail inequalities of Rudelson and Vershynin [21] and Oliveira [16],
we note that our inequalities apply to random matrices of any rank, rather than just
rank-one (or low-rank) random matrices. Although [21] and [16] only explicitly pro-
vides inequalities for the rank-one case, the work of Magen and Zouzias [14] gives an
extension that applies to higher rank random matrices. [14] considers the specific case
where X1,...,X, are i.i.d. copies of a random matrix X which satisfies ||E[X]|2 < 1,
IX|l2 <+, and rank(X) < r almost surely; their bound has the following form:

Pr [ >4/ ngn} <r-n-exp(—(cilogn) - (logt))
n
2

for some unspecified positive constants ¢; and c;. It should be noted, however, that
the right-hand side decreases only polynomially in ¢ rather than exponentially, which
is qualitatively weaker than the previous results of [21] and [16]; therefore, it is not a
strict improvement or generalization.

One disadvantage of our technique is that in finite dimensional settings, the relevant
trace quantity that replaces the dimension may turn out to be of the same order as the
dimension d (an example of such a case is discussed next). In such cases, the resulting
tail bound from Theorem 3.3 (say) of k- t(et —t— 1)*1 is looser than the d- et tail bound
provided by earlier techniques [25], and this can be significant for small values of .

We note that the general matrix exponential moment method used here and in pre-
vious work leads to a significantly suboptimal tail inequality in some cases. This was
pointed out in [25], but we elaborate on it here further. Suppose z1,...,z, € {+1}¢ are
i.i.d. random vectors with independent Rademacher entries: each coordinate of z; is +1
or —1 with equal probability. Let X; = z;x] — I, s0 E[X;] = 0, Amax(Xi) = Amax(E[X?]) =
d — 1, and tr(E[X?]) = d(d — 1). In this case, Theorem 3.3 implies the bound

I - 2(d— 1)t (d—1)t . .
P max - 1L -1 S . —t—1 .
r l)\ (n ;.ﬁ x; > > " + d-tle"—t—1)

1 n
- ;X — E[X]

3n

On the other hand, because the x; have subgaussian projections, it is known that

1 < [T1d + 16t 10d + 2t
/\Inax < Z szaﬁ;— - I) > 2 i + +
n im1 n n

(see Lemma A.1 in Appendix A). First, this latter inequality removes the d factor on the
right-hand side. But more importantly, the deviation term ¢ does not scale with d in
this inequality, whereas it does in the former. Thus this latter bound provides a much
stronger exponential tail: roughly put, Pr[Amax(3 i, zix] /n—1) > ¢-(\/d/n+d/n)+7] <
exp(—Q(nmin(r,72))) for some constant ¢ > 0 (note that the dimension d does not ap-
pear in the exponent); the probability bound from Theorem 3.3 is only of the form
exp(—Q((n/d) min(r,72))). The sub-optimality of Theorem 3.3 is shared by all other ex-
isting tail inequalities proved using this exponential moment method. The issue may be
related to the asymptotic freeness of the dxn random matrix [z1|z2] - - - |2,] [27, 10]—i.e.,
that nearly all high-order moments of random matrices with independent entries vanish
asymptotically—which is not exploited in the matrix exponential moment method. This
means that the proof technique in the exponential moment method overestimates the
contribution of high-order matrix moments that should have vanished. Formalizing this

Pr < 2¢7t/2
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discrepancy would help clarify the limits of this technique, but the task is beyond the
scope of this paper. It is also worth mentioning that this phenomenon only appears
to hold when the x; have independent entries (and other similar cases). In cases with
correlated entries, our bound is close to best possible in the worst case.

4 Examples

For a matrix M, let | M| r denote its Frobenius norm, and let || M2 denote its spec-
tral norm. If M is symmetric, then | M||s = max{Amax (M), —Amin(M)}, where A\pax(M)
and Apnin (M) are, respectively, the largest and smallest eigenvalues of M.

4.1 Supremum of a random process

The first example embeds a random process in a diagonal matrix to show that Theo-
rem 3.2 is tight in certain cases.

Example 4.1. Let (21, 22,...) be (possibly dependent) mean-zero subgaussian random
variables; i.e., each E[z;] = 0, and there exists positive constants o1, 09, ... such that

o}
Elexp(2;)] < exp (2) vn € R.

We further assume that v := sup,{o?} < co and k := 1 3°, 6?7 < co. Also, for convenience,
we assume log k > 1.3 (to simplify the tail inequality).

Let X = diag(z1, 22,...) be the random diagonal matrix with the z; on its diagonal.
We have E[X]| = 0, and

2 2 2 2
log E[exp(nX)] = diag (T];l, U 202 - )

by the operator monotonicity of the matrix logarithm, so

n2vk
5

2
Amax (log Elexp(nX)]) < % and tr (log Elexp(nX)]) <
By Theorem 3.2, we have
Pr [AmaX(X) > \/2vt] <k-tlet —t—1)"L.

Therefore, letting ¢t := 2(7 + logk) > 2.6 for T > 0 and interpreting Amax(X) as sup;{z;},

Pr lsgp{zi} > 2\/812}1){0—1'2} (log M + T>

sup; {07}

<e .

Suppose the z; ~ N(0,1) are just N i.i.d. standard Gaussian random variables. Then
the above inequality states that the largest of the z; is O(log N + 7) with probability at
least 1—e~7; this is known to be tight up to constants, so the log N term cannot generally
be removed. This fact has been noted by previous works on matrix tail inequalities [25],
which also use this example as an extreme case. We note, however, that these previous
works are not directly applicable to the case of a countably infinite number of mean-
zero Gaussian random variables z; ~ N(0,0?) (or more generally, subgaussian random
variables), whereas the above inequality can be applied as long as the sum of the o7 is
finite.
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4.2 Covariance estimation

Our next example uses Theorem 3.3 to give a spectral norm error bound for estimat-
ing the second moment matrix of a random vector from i.i.d. copies. This is relevant
in the context of (kernel) principal component analysis of high (or infinite) dimensional
data [22].

Example 4.2. Let z1,%2,...,2, be iid. random vectors with ¥ = E[z;z]], K =
Elx;x] z;x]], and ||z;|l2 < ¢ almost surely for some ¢ > 0. Let X; := z;z] — X and

S, i=n 0wl We have Apax (Xi) < €2 — Apin(2). AlSO, Amax(n~ ' 27 B[X?]) =
Amax (K — X?) and Eftr(n~' Y | E[X?])] = tr(K — X?). By Theorem 3.3,

n 3n .

. 2max (K — Z2)t (2 = Apin (D))t tr(K — X2) t
. — < .
Pr lAmdx (En Z) > \/ + = /\max(K _ 22) et —t—1

Since Amax(—Xi) < Amax(Y), we also have

. \/2)\max(K — ) )\max(E)t] o _tr(K - 5?) t

Pr | Amax (X2 — X, < . .
r[ a( ) > n L Amax(K — X2) et —t—1

Therefore

Pr

n 3n

. _y2 2y . ,
15, = 5], > \/QAmaX(K 22t max{l? — Awin(2), Amdx(z)}t]

tr(K — X2?) 2t
o AInax([(_zq) €t—t—1.

Above, the relevant notion of intrinsic dimension is tr(K — X?)/Anax (K — X?), which
can be finite even when the random vectors x; take on values in an infinite dimensional
Hilbert space. A related result was given in [29] for Frobenius norm error ||£’n —X|F
rather than spectral norm error. This is generally incomparable to our result, although
spectral norm error may be more appropriate in cases where the spectrum is slow to
decay.

4.3 Approximate matrix multiplication

Finally, we give an example about approximating a matrix product AB™ using non-
uniform sampling of the columns of A and B.

Example 4.3. Let A := [ay]az| - |am] and B := [by|bs| - - |bnm] be fixed matrices, each
with m columns. Assume a; # 0 and b; # 0 for alli = 1,2,...,m. If m is very large,
then the straightforward computation of the product AB™ can be prohibitive. An alter-
native is to take a small (non-uniform) random sample of the columns of A and B, say
GiyybiyyQiyybiy, ... a,,b; , and then compute a weighted sum of outer products

1 n aij bT

i

ni4 P
where p;; > 0 is the a priori probability of choosing the column index i; € {1,2,...,m}
(the actual values of the probabilities p; fori =1,2,...,m are given below). An analysis

of this randomized approximation scheme is given below. This scheme was originally
proposed and analyzed by Drineas, Kannan, and Mahoney [4], where the error measure
used was the Frobenius norm; here, we analyze the spectral norm error. The spectral
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norm error was also analyzed in [14], but the result had a worse dependence on the

allowed failure probability.
Let X1, X5, ..., X, be i.i.d. random matrices with the discrete distribution given by

1 0 albf
Pr [Xj _ L [ ” — pi o a2l

forallt = 1,2, coe,m, wherepi = Haz”QHbZ”Q/Z and 7 := Z:il ||a1||2\|bz||2 Let
. 1 & 0 ABT
M, = ﬁZXj and M := {BAT 0 }

j=1
Note that || M,,— M ||, is the spectral norm error of approximating AB™ using the average

of n outer products Z;L:laijb;j /pi;, where the indices are such that i; = i < X; =

a;b] /pi forj =1,2,... n.
We have the following identities:

o~ (1[0 @b\ _ 0 S iaib]]
EX) =D p Giloar “0']) = [gmina =5 =n
, I\ (1 [abibial 0O - 2llalBlbdE e
w@X) =t | D pi (5 70 paranr|) ) T2 — =
i=1 pl 1% Vg i=1 Di
ABTBAT 0 -
tr(E[X;]?) = tr ([ 0 BATABTD = 2tr(ATAB" B);

and the following inequalities:

T bHT
[X;ll2 < max L OT wh = Jobi s =Z
i=1,...,m D; biai 0 9 i=1,...,m Di

IE[X;]ll2 = [AB[l2 < [|All2[|Bll2
IELX]ll2 < 1All2[1B]2Z.

This means || X; — M|z < Z + ||All2[|B]l2 and [B[(X; — M)?]|l2 < [B[X7] - M?[|2 <
lAl21|Bll2(Z + ||All2||Bll2), so Theorem 3.3 and a union bound imply

N 2(||Alls || Blla(Z Alls||B t A Alls||Bll2)t

HMn—M||2>\/ (IIA[l2Bll2(Z + | All2]|Bll2)) +( + [1All2]|Bl2)
n 3n

4< 7% —tr(ATABTB) > t

= \UlAll2lBll2(Z + [|All2||Bll2) } et —t—1

Pr

Letra := ||Al|%/||Al3 € [1,rank(A)] and r5 = | B||%/||B||3 € [1,rank(B)] be the numeri-
cal (or stable) rank of A and B, respectively. Since

A A|lr||B
 ALelBle _

[All2[Bllz = [[All2[|Bll2

we have the simplified (but slightly looser) bound (fort > 2.6)

M, — M
| by . | f20+ VaTB) | At VTATRY e e
[ATT53 n n

Therefore, for any e € (0,1) and 6 € (0,1), if

(8 +2\/§> (1+,/rArB)102g(4\/rArB/5)7

3 ¢

Pr

n =
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then with probability at least 1—¢ over the random choice of column indices i1, i, ..., i,
1 n aij b;l' T
LS80 ABT|| < el Ala)Bla
n =1 pij 2

A Sums of random vector outer products

The following lemma is a tail inequality for the spectral norm error of the empirical
covariance matrix of subgaussian random vectors. This result (without explicit con-
stants) is due to Litvak, Pajor, Rudelson, and Tomczak-Jaegermann [13] (see also [26]).

Lemma A.1. Letx,,xo,...,x, be random vectors in R¢ such that, for some v > 0,
E{xlx: ‘ .’131,.1?2,...,$i_1:| =1 and
E{exp (aTx;) | 21,20, ... ,xi,l} <exp (|lal3v/2), VYaeR?
foralli=1,2,...,n, almost surely. For all ¢; € (0,1/2) and t > 0,

1 n
Pr[ —
n

1=1

E xix] —

> ——c < 2e7t
1 _ 260 60,t,7l‘| —=

where

R <\/32 (dlog(1 +2/e0) +1)  2(dlog(l +2/e) +t)> |

n n

For completeness, we give a detailed proof of Lemma A.1 by applying the tail in-
equality in Lemma A.2 to Rayleigh quotients of the empirical covariance matrix, to-
gether with a covering argument based on the estimate in Lemma A.3 from [17].

Lemma A.2. Let&q,&s,...,&, be independent random variables such that
Eilexp(n&)] < exp(vn?/2), VneR
foralli =1,2,...,n, almost surely. For anyt > 0,
1 — 32t 24t 1< 32t
Pr|=> (& >y /= 28 ~* and Pr[ S (& -Eiled) <m/1 <e .
n n n n n

Proof. Observe that IE;[exp(n|&;])] < E;[exp(né:)+exp(—n&i)] < 2exp(yn?/2) foralln € R.
By Chernoff’s bounding method, E;[1c2-.y] < 2¢=¢/(2%) for all € > 0. Therefore, for all

n<1/(2y),
E:exp(n€?)] = 1+ qE:[€2] + 1 / " (exp(ne) — DEiflLggrsylde
<14 B[] + 2 / " (exp(ne) — 1) exp(—e/(27))de

8y2n? 8212
= 1B + gy < e T+ T

where the first equation follows from integration-by-parts. Since the above holds almost
surely foralli =1,2,...,n,

eXP<n§(£3Ei[5?D) exp(ngafm[sﬂ)) Jespln(e - m»ﬂ
S TS W) PR
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By Chernoff’s bounding method, forall 0 <75 < 1/(2y) and e > 0,

1 ¢ 2 2 8727”72
- 2 _ R [£2 < _ T ).
Pr[n > Ez[sznwl _exp( me+ Ty

4vy+e
bound. Similarly, foralln < 0and e >0,

Setting n := % 1—, /2 ) and e := v4/32t/n+2vt/n gives the first claimed probability

n

1 822
D (& -FEE)) < —61 < exp (nm + W) < eXp<77ns + 8v2m72>.

Prl=
rnizl 1—2vn

Setting 7 := —ﬁ and ¢ := v4/32t/n gives the second claimed probability bound. O

Lemma A.3 ([17]). For any ¢, > 0, there exists Q C S%! := {a € R? : |la||s = 1} of
cardinality < (1 +2/¢p)? such that Va € S™13g € Q. ||a — ql|2 < €o.

Proof of Lemma A.1. Let ¥ := (1/n) Y1, m;z], let S* 1 := {a € R? : ||al|s = 1} be the
unit sphere in R?, and let Q C S9! be an ¢y-cover of S¢~! with respect to || - |2 of
minimum size. By Lemma A.3, the cardinality of ) is at most (1 + 2/¢)%.

Let F be the event in which max {|qT(2 —I)ql:q€ Q} < €eo,t.n- Observe that for
all ¢ € Q, E[(¢"x;)? | x1,29,...,7;_1] = 1 = q"q, and Elexp(nq z;)|x1,22,...,7; 1] <
exp(yn?/2) foralln € Rand i = 1,2,...,n, almost surely. Therefore, by Lemma A.2 and
a union bound, Pr[E] > 1 — 2e~*. Now assume the event E holds. Let ap € S?~! be such
that |of (2 — INag| = max{|a™ (¥ — I)a| : a € S* 1} = || ¥ — I||,. Using the triangle and
Cauchy-Schwarz inequalities, we have

12 =12 = |og (£ = Do
< Iqrggqu(ﬁ— Dl + |ag (£ = I)(ao = @)l + (g — a0) (X = I)q]

< nggltf@ — Dal + laoll2l| £ — Illzlao — gllz2 + llg = aoll2| 2 = I]l2]lqll2

S Eeo,t,n + 260”2‘ - IH2

SO ”ZA‘ - I||2 < ﬁ *Eeg,t,n- O
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