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We give Hoeffding and Bernstein-type concentration inequalities for the largest eigenvalue of sums of
random matrices arising from a Markov chain. We consider time-dependent matrix-valued functions on
a general state space, generalizing previous results that had only considered Hoeffding-type inequalities,
and only for time-independent functions on a finite state space. In particular, we study a kind of
noncommutative moment generating function, provide tight bounds on this object, and use a method
of Garg et al. to turn this into tail bounds. Our proof proceeds spectrally, bounding the norm of a certain
perturbed operator. In the process we make an interesting connection to dynamical systems and Banach
space theory to prove a crucial result on the limiting behavior of our moment generating function that
may be of independent interest.

1. Introduction

The study of concentration inequalities has now become textbook material, with a variety of applications
[6]. Two of the most widely used and studied inequalities for scalar-valued random variables in the
independent setting are Hoeffding’s inequality [28], which operates under a boundedness assumption,
and Bernstein’s inequality [5], which operates under an additional bounded variance assumption.

With the wide usage of these inequalities, various generalizations have been made. One line
of work has sought to relax the independence assumption, deriving concentration inequalities for
sums of Markov-dependent random variables. Starting with the result of Gillman [19], improvements
and refinements have been made to address the general setting of time-independent functions of a
nonreversible Markov chain on a general state space [15, 26, 33, 41, 42, 43, 54], resulting in Hoeffding
and Bernstein-type concentration inequalities that generalize nicely the independent setting; these
results are largely spectral in nature.

Another line of work has sought to generalize the scalar setting to concentration inequalities of
sums of independent random matrices, beginning with the work of Ahlswede and Winter [2]. Several
authors have followed the Ahlswede-Winter approach to develop analogs of Hoeffding’s and Bernstein’s
inequalities for sums of random matrices; some works include [8, 24, 52, 53, 57]. However, results
using this framework often have variance proxies that are suboptimal. To this end, [63, 64] developed
techniques to circumvent this barrier, allowing for concentration inequalities that are much tighter in
many cases. These results are powerful and easy to use [65, 66], with various applications [13, 45, 47].

We combine the above two lines of study in our work to develop concentration inequalities —
Hoeffding and Bernstein-type — for the largest eigenvalue of sums of Markov dependent Hermitian
random matrices, by combining the Ahlswede-Winter style argument for random matrices with the
spectral techniques used to study Markov dependent scalar-valued random variables. The starting point
is a deep result of Garg et al. [16], which provides a multi-matrix Golden-Thompson inequality that
supports a spectral approach. Our results are broad and general: we provide inequalities for time-
dependent matrix-valued functions of a nonreversible Markov chain on general (continuous) state
spaces. In this way, our Hoeffding-type bounds vastly generalize previous work and provide sharper
constants, and our Bernstein-type bounds are new in the literature (Section 6). Along the way we prove
a novel Perron-Frobenius type limit lemma for the matrix setting (Lemmas 5.4, 5.5), necessitated by
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our assumptions of nonversibility of the chain on continuous state spaces, that may be of independent
interest.

Thus, this work can be seen as a first systematic study of concentration inequalities in the Markov-
dependent matrix setting. Each of our results involve two bounds: one bounding a noncommutative
moment generating function of the form

2
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E =X;
ﬂexp(z j>

F

and one bounding the tail probabilities
n
Pr )Lmax Z X J >t
j=1

for Hermitian random matrices X, ..., X, arising as functions of a Markov chain. We expect our results
on the former to be optimal, directly generalizing the scalar setting.

These results are readily applicable to a wide variety of settings. For example, the best known
guarantees for offline principal component analysis (PCA) are derived from a combination of the
standard matrix Bernstein’s inequality along with Wedin’s perturbation theorem [32, 38, 69]. Now, if
the sample matrices are not independent, but instead arise from a Markov chain, we again have a bound
for leading eigenvector estimation using our bounds. Our results are also directly applicable to sums of
matrix-valued random variables sampled from a random walk on an expander; Theorem 2.5 improves
on the best known results in this setting [16, 70]. There is also a line of work in machine learning that
realizes stochastic gradient descent (SGD) with constant step size as a Markov chain with a stationary
distribution [4, 11, 48]. Additionally, Hessian information has been used widely to give improved
algorithms and better understand model performance [18, 44]. Our results are able to give precise
bounds on the convergence of the largest eigenvalue of the empirical mean of the Hessian matrices
along the path of SGD to the largest eigenvalue of the expected Hessian with respect to the stationary
measure. This has many interesting and relevant applications in statistical learning and generalization.
More broadly, our bounds are useful in the study of online algorithms, where matrix-valued data is
received and processed in a streaming fashion from an underlying Markov chain. In Section 7 we more
closely focus on an application of our main results to offline PCA for samples arising as a function of
an underlying Markov chain; we present a bound that is a direct generalization of the best known bound
for offline PCA in the i.i.d. setting. This result was first stated in [38], where to our knowledge it was
the first in the literature to give this sort of bound for offline Markov PCA ; it directly uses our Theorem
2.6.

1.1. Related work

In terms of results, the literature on concentration inequalities for sums of Markov-dependent random
matrices is fairly small, in contrast to the scalar setting. Recent progress in this area builds on the work
of [16, 60], which develop a powerful Golden-Thompson inequality [21, 62] that allows for a spectral
analysis of a useful moment generating function; the latter provides a corresponding Hoeffding’s
inequality for when the stationary distribution is uniform and the chain is stationary. The work of
[56] extends this to arbitrary stationary distributions and initial distributions; these works are valid only
for finite state spaces and reversible chains. Our work generalizes these results to general state spaces
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and nonreversible chains using significantly different techniques, which allows us to also improve the
constants in the bounds. Furthermore, our Hoeffding-type result is in terms of both the largest and
smallest eigenvalues, matching the type given in the scalar setting; and we give a Bernstein’s inequality,
which is new in the literature.

In terms of techniques, most related to ours are the works of [15, 26, 33, 41, 42, 49, 54],
which give Hoeffding’s and Bernstein’s inequalities for sums of Markov-dependent scalar random
variables. Broadly speaking, the idea is to bound the largest norm of a perturbed operator. We prove
the corresponding spectral properties of a Markov operator that is the tensored form of the operator
appearing in these works in Section 5; in particular, we generalize to continuous state spaces using
related functional analytic ideas. However, previous techniques are not sufficient for us to prove our
main results; our proof of the result on the limit of the moment generating function (Lemma 5.4) takes
a detour through dynamical systems theory and Banach space theory.

In contrast to the Markov-dependent setting, the sums of independent random matrices have been
studied in depth, and is the model for which we give our bounds. In particular, our results mirror the
type given in [2, 8, 24] in terms of variance proxy, and the analysis proceeds from the same starting
point: bounding a matrix moment generating function; in contrast, later works of [52, 63] sharpen the
variance proxy. Our analysis of the moment generating function arising from the matrix-valued Golden-
Thompson inequality result in bounds resembling more of the former; we believe our analysis is likely
sharp given the form of the moment generating function, so an improvement in terms of the variance
proxy would likely require a different approach and is an interesting open problem.

Besides the spectral approach, there have been a myriad of ways to derive concentration inequalities
relaxing the independence assumption, both in the scalar and matrix settings. The papers of [1, 20]
exploit regeneration-type minorization conditions to derive exponential concentration for ergodic sums;
though these works do not assume a nonzero spectral gap they often have less explicit constants. The
work of [54] uses Marton couplings to obtain concentration inequalities for a scalar-valued function of
a single random sample. The papers of [46, 55] leverage Efron-Stein inequalities and exchangeability
to develop concentration inequalities for random matrices, also relaxing the independence assumption.
Similarly, recent works of [3, 30, 36] demonstrate that matrix functional inequalities, i.e., Poincaré,
directly translate to matrix concentration inequalities; [36] develops a Bernstein’s inequality for
strongly Rayleigh distributions; [39] gives a Chernoff bound for a similar setting. These largely address
single sample concentration of (Lipschitz) functionals; however, some methods can be generalized to
product measures [31], recovering some of the Efron-Stein results. And the work of [16] sketches
a method to reduce studying concentration of random variables sampled from a Markov chain to
concentration of sums of martingale random variables [9, 63]; though the resulting bounds are
suboptimal, they show that qualitatively concentration for Markov chains is more generic than just
the scalar or matrix settings (see [40]). These techniques may be very useful in improving the variance
proxy, better matching the independent setting, where a direct spectral analysis may prove insufficient;
in particular, functional inequalities have emerged as a powerful general tool to derive concentration. It
may be interesting to see if this can be demonstrated in the scalar setting as well.

2. Main Results

In this section we give our main results. Each will hold under a combination of the following
assumptions.
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Assumption 2.1 P is a discrete-time Markov chain on a continuous state space 2 with stationary
distribution [ and absolute spectral gap A (Definition 3.1). s1,...,8, is a sequence of states driven by
P with initial distribution L.

Assumption 2.2 F;: 2" — RI*d j=1,....n, is a sequence of functions each mapping to real
symmetric d x d matrices. Each F} is {,(1t @ 1) measurable (see Section 3).

Assumption 2.3  For all j, Ey[Fj(x)] =0and a;I < Fj(x) 2 b;I forallxe Z .

Assumption 2.4 For all j, By [Fj(x)] = 0 and there exists a constant ¥ such that ||Ey, [F;(x)*]|| < ¥
forallx € &. Moreover, there exists an absolute constant ./ such that ||F, (x) || < M forall jxe Z.

The following two theorems each consist of two statements. The first bounds a certain type
of moment generating function arising from the expected Frobenius norm of a product of matrix
exponentials. The second statement turns this into a tail bound. We only give upper tail bounds; the
corresponding statement for lower tail bounds are clear and the proof proceeds in almost the exact same
way.

Theorem 2.5 (Markov Matrix Hoeffding, Real) Instate Assumptions 2.1, 2.2, 2.3. Then for any 6 > 0,

2 no(h—g:)?
E, 0 Y 1(bj—aj) )

2
. gdexp<7-a(l)' 1

fon (2500

and for any t > 0,

n —? ?
Pry (Amax (Zﬁ(sj)> - t) e (O‘(l) 't ”-/(?(/bjjz“/y) .

Here oi(A) = (1+A)/(1 —A), where A is the absolute spectral gap (Definition 3.1).

The first statement in the above result reveals the sub-Gaussian nature of the moment generating
function; in the scalar case, it exactly reduces to the standard moment generating function. Using our
methods, this bound matches the scalar case given in [15]. The second statement provides a large
deviation tail bound; the bound on the lower eigenvalue follows analogously. Our results offer four
main improvements to that of [56]: first, we give strictly better constants, both in terms of d and the
absolute constants in the exponent (the o(A) differs slightly from their equivalent term for the mixing
of the Markov chain, but is strictly better and is more classical); second, we allow for time-dependent
functions F;, which is a strict generalization; third, our inequality is in terms of both a lower and
upper eigenvalue bound (the a;,b; parameters), giving a result that is directly comparable to the classic
Hoeffding’s lemma; and fourth, our bounds apply to general state spaces.
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Theorem 2.6 (Markov Matrix Bernstein, Real) Instate Assumptions 2.1, 2.2, 2.4. Let 6> = 2;5:1 V.
Then for any 0 < 0 <log(1—A)/. 4,

E, 2 gdexp</o-//—2 (e70—mo-1)

2 M7z ey p

o2 l(e/”e — 1)2)

jﬁleXp <gFj(Sj))

F

Furthermore, if 0 < (1 —1)/(8.#4 /), then for any t > 0,

n - _t2/(32/7[2)
P, (xw (lej(s») 2f> <dMexp <a<x>~02+w>~///r)'

Here
14+ A L A=0,
ah) =7 B()= {g

where A is the absolute spectral gap (Definition 3.1).

This is to our knowledge the first result giving a Bernstein-type inequality for sums of random
matrices arising from markov chains. The first statement in the above result is made up of two terms; the
(e”® — . #0—1)0?%/.4* term coincides with the convex function that makes up the classic Bernstein’s
and Bennett’s inequality. The second term in the exponent reflects the influence of the Markov chain;
compared to previous scalar results [33, 54], our techniques are able to recover a slightly improved
version of this second term in terms of absolute constants. A linear algebraic perspective of the first
statement above is that the first term bounds how much the product of matrix exponentials increases
the magnitude of vectors in the direction of 1, which is the leading eigenvector of the operator P. The
second term is a bound on how much the product of matrix exponentials increases the magnitude of
orthogonal directions, hence involving A.

We now give two corollaries of the above results, generalizing the assumptions above; the proofs
are in the appendix and are classical. Our first corollary generalizes to complex Hermitian matrices via
a complexification technique [12]:

Corollary 2.7 (Extension to Complex Matrices) Instate Assumption 2.1. Now assume that Fj : 2~ —
Ca*d j=1,...,n, is a sequence of functions each mapping to complex Hermitian d x d matrices.

Under Assumption 2.3 (resp. Assumption 2.4), the conclusion of Theorem 2.5 (resp. Theorem 2.6)
holds with an extra multiplicative factor of 2 on the right-hand side.

Our second corollary generalizes to the case that the Markov chain starts at a distribution v:

Corollary 2.8 (Extension to Nonstationary Chains) Let P be a Markov chain on general state space

X with stationary distribution W and absolute spectral gap A. Let sy1,...,s, be a sequence of states
driven by P with initial distribution v, where v < . Instate Assumption 2.2. Let esssup j—;’l be the
dav

essential supremum of the Radon-Nikodym derivative 7 ;.
Under Assumption 2.3 (resp. Assumption 2.4), the conclusion of Theorem 2.5 (resp. Theorem 2.6)
holds with an extra multiplicative factor of esssup Z—“i on the right-hand side.
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Remark 2.9 In many applications these bounds are used to determine how many samples are needed
(i.e., how long the chain has to run) in order for the tail probability to be less than some fixed value;
in these cases the number of samples will depend only logarithmically on esssup d" Alternatively, the
probability of an event under the Markov chain driven by P initialized at v can be bounded by the
probability of an event under the Markov chain driven by P initialized at L up to an extra multiplicative
factor of 14+ x*(v || 1); see Lemma 29 of [37].

We now give some remarks on the above theorems. First, for the first statements regarding the
moment generating function in both Theorems 2.5 and 2.6, the variance proxies are asymptotically
optimal for a class of Markov chains. Let u be a distribution on 2" and let P be a transition kernel
such that P(x,y) = Al,—, + (1 —A)u(y), so that u is the stationary distribution. Let f : 2" — R be
any scalar-valued function, and let F : 2~ — R?*? be defined as F(x) = f(x)I, so that these are all real

symmetric. It is straightforward that
2
n 9 n
Hexp (EF(S]')) =dE, [exp (9 Z f(sﬂ)] 2.1
Jj=1 F Jj=1
since all F(x) commute.

Under this setup, start with our Bernstein assumptions. Let f such that E,,[f] = 0, E,[f?] = 62, and
|f| < . A central limit theorem of [17] states that for a two state Markov chain driven by a P of our
above form that

. 1+4
Vasy = ’}glgoVar ( Z f(s; ) T4 .02, 2.2)

which is called the asymptotic variance. Now suppose that # is such that E,[f 2] < 7 itis classical that
any such variance proxy ¥ that satisfies g(8) = n#' 82 /24 0(6?) for a function g that upper bounds the
scalar moment generating function via

Ey

exp (9 if(s,-))] < ¢%(0)

j=1

upper bounds Var (ﬁ ): 1 f(s )) [33]. This lower bound is indeed obtained by our Markov kernel P

and choice of function f, and therefore the same holds for our matrix-valued function F.

Now assume f are Rademacher, i.e., the probability under p that f(x) = 1is 1/2 and f(x) = —1is
1/2. Define F the same way as above, and so we see that E,;[F| =0and —1 < F(x) <[ forallx € 2 .
Via Equation 2.1 we again reduce to the scalar case since F commute, and through 2.2 we have that
Yasy = (1+A4)/(1 = 1), since the variance of f is 1. Now in this case we have

Ey lexp (6}2]‘(&))] <exp<92 a(A)- >7

as can be seen from our results with d = 1. We see that na;(1) is the variance proxy for a sub-Gaussian
random variable and so naturally upper bounds the asymptotic variance. This lower bound is again
attained for P and f, and therefore the same holds for the matrix-valued function F'.
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2.1. Roadmap

We begin with the quantity
2

(%M’F;‘(Sj))

for ¢ € [-m/2,7m/2] and 6 > 0, developed first in [16, 60]. This will play the role of our moment
generating function. Using properties of the Kronecker product, in Section 4 we show that this moment
generating function is equal to

n—1
<1<§§>vec(1d),E?/2 (H E.?/szfﬁ> 9/2(1®V6C(Id))> ,
J=1 m

F

where P is the lifted Markov operator and Ef/ % is a certain multiplication operator (Definition 3.4).
This quantity is a matrix version of a classical quantity that appears in the analysis of sums of Markov-
dependent scalar random variables — indeed, when d = 1 these are equivalent. Thus, we can apply a
spectral analysis to bound this quantity.

In Section 5 we proceed with this study; this section addresses the main challenges of extending to
continuous state spaces. Using Cauchy-Schwartz we bound the above by

HEG/Z

E,?/z(1®vec (Iy) )

I—I HEO/ZPEG/ZH

1®vec(ld))Hu) i+,

Lemma 5.1 is a symmetrizing result, allowing us to shift our attention to the lifted Leon-Perron operator
P by giving the bound

HEG/Z 1®vec(1d))H ) o

9/2(1®V6C (Iz) )

I—IHEe/sze/zH <dHHEe/2A 9/2*

This lets us replace the operator P, which represents a chain that is not necessarily reversible, by P,
which represents a very simple reversible chain with many of the same important spectral properties
as P. In doing so, we obtain operators E; o/ ZPEG/ > that are now self-adjoint (and even positive
semidefinite) on ¢> (1 @ 1). We focus on boundlng the leading eigenvalue of each of these self-adjoint
matrices.

To simplify the results, we then notice that the eigenvalues of E; 0
6/2 9/2

/ 2PE6/ " are equal to the

eigenvalues of £ , for some other mulitiplication operator E / that is in fact real, since the

/
underlying matrix- valued functions F; are real-valued. Our next mam result states that the leading

0/2

eigenvalue of E; PE%/ 2 is a sort of limit for a corresponding moment generating function. More

precisely, we show that

2
0 COS((P) 9/2 9/2
Jﬂ;lOgEu (TFj(sk) logHE PEy] Hﬂ
F
where s1,...,s, is driven by the Markov chain represented by the Leon-Perron operator P; this result

appears in Lemma 5.4 and 5.5. The realness assumption on the F; is important for the proof of this
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result — we invoke an interesting generalization of the Perron-Frobenius theorem that applies to linear
transformations leaving invariant a cone. This result is our main technical innovation and is crucial in
extending existing results to the continuous state space setting; conveniently it also allows us to sharpen
known bounds in discrete state spaces.

Section 6 gives our final bounds. We first show how to transfer bounds on our moment generating
function to tail bounds; the technique is straightforward and uses the multi-matrix Golden-Thompson
inequality from [16]. We then give these tight bounds on the moment generating function under
both Hoeffding and Bernstein-type assumptions. For Hoeffding-type assumptions we use a coupling
technique to exhibit a two-state chain that acts as the “limit” of our chain. The leading eigenvalue of the
corresponding operator can be solved exactly, giving optimal bounds. For Bernstein-type assumptions,
we use a robust linear algebraic approach to bound the operator norm of a related matrix directly; this
approach will also give optimal results.

3. Preliminaries

3.1. Notation

Lower case, unbolded a denotes scalars or scalar-valued functions, bold a denotes vectors or vector-
valued functions, and upper case A denotes matrices or matrix-valued functions.

The operator ® will denote the Kronecker product, where for matrices A, B of size a X b, ¢ X d,
respectively,
Alle Al"bB

A®B=| : :
AaiB ... AupB

of size ac x bd. This operation has an identification with the tensor product. An important fact we use
is (A®C)(B® D) = AB®CD for matrices of the appropriate sizes. The Kronecker product has an
interesting relationship with the vectorization operator vec, where for a matrix X of size a x b, vec(X)
is the flattened vector of size ab. Importantly, (B ® A) vec(X) = vec(AXB), and so

tr[AB] = (vec(ly), vec(AB)) = <vec(ld), (B" ®A)vec(1d)>.

3.2. Markov chains

Let 2 be a general state space with o-algebra Z := Z(Z"). Let P be a Markov kernel on £ defined,
for a sequence of random variables X1, ..., X}, in the standard way as

P(x,B):Pr(XkEB|Xk,1:x), VB e %
with stationary measure U so that
w(B) = / P(x,B)u(dx), VB 2.

Define ¢,(u) as
ta(u) = {h: 2 - C | Eyln(x)?] < =}

for h: 2" — C measurable. This is a a Hilbert space equipped with the following inner product:

(.= [ F0g@dn ), Vfg e )
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and corresponding norm || f{|,, =, /(f. f) ;- The norm of a linear operator 7' is defined in the usual way:

1Tl = sup [IThll,-
=1

A transition kernel P acts as an operator on ¢ (lt):

(Ph)(x) = /h(y)P(x,dy), Vxe 2,k e b(u).

The projection operator IT corresponding to the distribution u is defined as (ITh)(x) = E,[A]1 (1
is the function such that 1(x) = 1 for all x); this is a rank-1 operator by definition, and is indeed a
projection onto 1 as Ey [h] = (1,h),,. If u is stationary for the transition kernel P then PIT=I1P =II.
An important subset of elements of ¢>(ut) will be the class of “mean-zero functions,” denoted

(u) = {h € ba(u) | TTh = 0}.
Then we have the following definition:

Definition 3.1 (Absolute spectral gap) A Markov kernel P with stationary measure [ admits an
absolute spectral gap 1 — A(P) if

[[PAll

A(P) = —|p-T, <1.

held(u),h#0 1]l

Note that A(P) < 1 always, as ||Ph|[, < ||h||, by Jensen’s inequality, with equality for 7 = 1.
When it is clear from context we will just use A = A(P). The absolute spectral gap characterizes the
convergence of a Markov chain to its invariant measure [59]. For reversible finite-state chains, the
value A(P) corresponds to the second largest eigenvalue and the existence of the gap corresponds to
ergodicity. A Markov chain driven by P is reversible if and only if P is a self-adjoint operator on £, (it).

We define what is known as a Leon-Perron operator [15, 33, 41] that will be important in the sequel:

Definition 3.2 (Leon-Perron operator) Let P be a Markov kernel with stationary measure |. For a
constant ¢ € [0,1), define P. as
Poi=cl+ (1 —¢)IL

If ¢ = A(P) we drop the subscript and call P the Leon-Perron version of P.

We can interpret £, as a transition kernel such that at a state, it stays at that state with probability ¢
or samples a new state independently from u with probability 1 — ¢. Note that if P admits an absolute
spectral gap then P does so as well with the same absolute spectral gap.

3.3. Behavior in tensored space

As we work with matrices, the above will have to be lifted to a tensored space as necessary. We first

consider the product space C? ® C¢ ~ €4 with inner product induced from the standard Euclidean
product, i.e., (a®c,b®d) = (a,b) (c,d), and extend by linearity. Oftentimes we will simply identify
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an element as y € (Cdz; it is straightforward that the standard Euclidean inner product on this larger
space is equivalent to the tensored inner product. So it is no loss to move between one representation to
the other.

Now define /(1 ®1) as the following “lift” of ¢,(ut): formally, define

2 2
Guel)={h: 2 - C" [Eu[|h(x)]] < =}
forh: 2" — C% measurable as a vector-valued function. This is equipped with the inner product

(t.8), = [ (1().8(x)) du(x)

and corresponding norm [|f|[, = | /(f.f),,. This gives the understanding of £> (1 ®1) as a direct integral

of Hilbert spaces indexed by the points of 2Z"; decomposable elements in this space are understood to
be of the form f®@v for f € £r(u),v € € such that (f®v)(x) = f(x)v. Norms of linear operators are
thus defined with respect to this norm in the usual way.

For a Markov operator P on ¢,(1) we can define the operator P := P ® 1> as an operator on {5 ({ ®
1). This operator acts as

/h P(r,dy), Vxe 2 heb(uol);

note that (Ph)(x) is a vector. Whereas for the operator P the leading eigenfunction was 1 and spans
the entire eigenspace for the leading eigenvalue of 1 (assuming nonzero spectral gap), for P the leading
eigenspace is d-dimensional, spanned by {1®ey,...,1® e }. This eigenspace is 1® c,
For a decomposable element f ® v, where f € {,(l),v € ce, projection onto 1 ®Ce is (LA, Qe
v) =E,[f](1®V). For the projection operator IT we can define the lifted version as [1:=T1®I,, again
satisfying TIP = PIT = I1, that performs exactly this operation, i.e., [I(f®v) = (1,f )y (1@v). This
can all be extended by linearity and convergence in ¢,. Then there is a corresponding lift of “mean-zero
functions” as
Auo1)={hebua1)|fh=0},

and can also be identified as /(1 ® 1) = (1) ® €. Similarly, define

I1Phl,

A(P) = :||Pfﬁ}|u

held(uanhzo [y
The following lemma, Lemma 3 from [56], will imply that if P admits an absolute spectral gap, then so

does P with the same absolute spectral gap. Thus, many of the essential spectral properties of P and P
are the same. The proof is deferred to the appendix.

Lemma 3.3 A(P)=A(P).

Lastly, we can define Leon-Perron operators of P as the corresponding lifts of Leon-Perron operators
of P, which is tensorization by /,». With some abuse of notation, we will often interchange the notation



CONCENTRATION INEQUALITIES FOR SUMS OF MARKOV DEPENDENT RANDOM MATRICES 11

P to refer to both Leon-Perron operators of P and Leon-Perron operators of P, but the usage will be
clear from context.

Recall for a scalar-valued function g, the multiplication operator M, is defined as (Mgh)(x) =
g(x)h(x). For a matrix-valued function G we have the following definition:

Definition 3.4 (Multiplication operator) Let G be a matrix-valued function mapping Z to Cd?xd?
matrices. Define Mg be the operator on lr(U ® 1) such that for any h € {(u ®1), (Mgh)(x) =
G(x)h(x). We also call these block diagonal operators.

In other words, Mg is multiplication by a function G in the direct integral of Hilbert spaces [50].

We will often use the multiplication operator Ef; defined as (E%h)(x) = exp(6H (x))h(x), sometimes
dropping the subscript H when it is clear from context.

4. Starting point

Our starting point is the following matrix moment generating function:

ﬁexp<eet¢ . ))

where ¢ € [—7/2,7/2], 8 >0, and s1,...,s, is a sequence of states driven by the Markov chain with
transition matrix P.

To simplify this moment generating function, we first use the property that trfAB "] = vec(I;) " (A®
B)vec(ly), where ® is the Kronecker product and I, is the d x d identity matrix to write

o %)

—tr Lﬁl exp <Ge ) Hexp ( e Fi(s ))] “.2)
= vec(Iy) (H exp < ) ® Hexp ( Fi(s ))) vec(Iy)

and then use successive applications of the property (AC) ® (BD) = (A ® B)(C ® D) to write the above

vec(ly) (H exp ( )) ®exp (962i¢ F,(s,-))) vec(ly).

Lastly, we use the fact that exp(A) ® exp(B) = exp(A ® I; + I; ® B) to ultimately write

I ——

2

, 4.1)

F

= vec(ly)* (Hexp (6H,(s ))) vec(ly) (4.3)
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where Hy,...,H, is a sequence of matrix-valued function on 2, implicitly with respect to ¢, defined
as
e e’ P2 xd?
Hj(x) = TF;'(X) QI+ 2 I;®Fij(x)eC (4.4)

for x € 2. Note that unfortunately H;(x) is not in general Hermitian for any x, though its real and
imaginary parts are both symmetric. We emphasize the identity

exp(A) ®exp(B) = exp(A® I;+1; ® B)

as we will switch back and forth from these two forms as needed.
The above allows us to focus on the matrices H;, which are measurable and satisfy many of the same
probabilistic properties as F; — a more precise statement is given in the next section. We then write

Ey [ﬁl exp(9Hj(Sj))]
:/P(sl,dsz)...P(sn,l,ds,,)ﬁexp(GHj(sj))du(sl) (4.5)
j=1
:/du(sl)/P(sl,dsz)exp(eﬁl(sl)).--/P(sn,l,dsn)exp(eﬁ,,,l(s,,,l))exp(eﬂ,,(s,,)).

Recall that EJ‘.’ the multiplication operator defined as (Eje h)(x) = exp(6H;(x))h(x) for any vector-
valued function h — see Definition 3.4, and recall that P = P® 1 . Ej‘-’ and P act via

(PESW)() = [ exp(6H;(3))h(y)P(x.dy)

and
(&P )0 = [exp (Sr1))exp (§11,0) | 6P

as operators. Then simplifying Equation 4.5, and using the definition of the inner product on ¢, (1 ®1),
we have

Ey

n n—1
exp(eHj(sj))] _ <1®Vec(ld),Ef/2 (HE?“PE%) E,?/z(1®vec(1d))> .46
J=1 J=1

u

5. Bounding the operator norm

Having derived the above, in this section we give a series of bounds that shift our focus to bounding the
norm of a perturbed operator; we address the main technical challenges of studying general continuous
state spaces.
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From Equation 4.6, we apply Cauchy-Schwartz and submultiplicativity of the spectral norm to

obtain
<1®vec(1d) EY (HEG/ZPEJGﬁ> 6/2(1<§§>vec(1d))>
=1 u

= <Ef/2 (1®vec(ly)) (HEG/ZPE?ﬁ> 6/2(1®vec(ld))> 5.D
u

HE6/2 (1®vec(ly)) H HE6/2 (1®vec(ly) ‘

0/2 5.-6/2
11 52|
u
Now P possesses many of the same spectral properties as P, most notably the result from Lemma
3.3. Recall that P is the “lifted” Leon-Perron operator for P, defined as P = (Al + (1 —A)[I) @1, =
AL+ (1 — )T with TT = TI® I2. The following lemma allows us to replace P with its Leon-Perron
version P.

Lemma 5.1 The operator P and its Leon-Perron version P satisfy the following:

(1) Foranyghe fH(u®1), 12

(g,Ph) ‘< (g,Pg) /2<h Ph),

(2) Foroperators S1,S on br(L®1), PSQH <HS]PS*H1/2H52P52H1/2

(3) For any multiplication operator Mg with respect to a measurable matrix valued function G, and for
A 1/2
(vl < vl Mg |

any vector v, Il

Proof For (1), we have

‘<g’ph>ﬂ‘

g,(P—TI+I)h)|

(
(g,TTh) + (g, (P~ TD)h)|

(g, Th) )+‘g fg, (P IT)(h— Hh>‘
(g

IN

IN

fth), |+ A(P)]|(7~Tn)g]], | 1~ O],

where the first inequality follows because I1P = PIT = IT and because IT is a projection and is thus
self-adjoint on £, (1 ®1). Because of this we also have (g, ﬁh>u = (g, fIh>u. Therefore, by Cauchy-

Schwartz, | (g, [Th), | < || Tig],||{Th|| .- Then
[(g.Pn), | < |(e. 1), \M(ﬁ)ﬂ(z_fx)gu |z —Ton|,
< || ttgll,, [ th{],, +A(P) || D]l || 7 ~TDh]],
< |4~ + Tl /2 o~ T2 + ]

<g,Pg>l/2 <h Ph>l/2




14 JOE NEEMAN, BOBBY SHI*, AND RACHEL WARD

For (2), we have

[$185:], = sup  [(2.51PS:h),|
llgll,=hll,=1

= sup ‘<S*fg,1352h>u‘

llglly=IMl,=1
w Bk \1/2 5 1/2
< sup  (SigPsig),” (S:hPS:h),)
llglly =[], =1
Al 1/2 ok pa [11/2
= [[siPsil ;" [Is:2Ps2]],
The result follows by noting that HS’fﬁSl Hu = HSlf’S}* Hu
For (3), the case G = 0 is clear. Otherwise,
L <MG(1®V),M013MEMG(1®V)>”
1M6PMG]|, = 2
[Mc(1@v)],
(MEMa(1@v), TIMEMG(1 ®v)>u . A(MEMc(1®v),(I—TDMEMG(1 ®v)>ﬂ
IMa (1) IMa (1)
7<MZ;M6(1®V),1=IM5M0(1®V)>H Al -TMeMe(1 V)],
IMe (1) IMe(1v)|;
N <M2Mg(1®v),ﬁMéMG(l®v)>u
IMa (1) ’

where the second to last line follows because I — IT is a projection. We can express these terms more
explicitly. First, for the denominator, we have (Mg (1®v))(x) = G(x)v. Therefore, we have

M@V = (vEu[GH) Gv).
Similarly, we have [IM:Mg(1®v)(x) = E4[G(y)*G(y)]v for any x € 2". Then
(McMG(1@v),IIMEMG(1 @ V) p= (Eu[G(x)*G(x)]v,Eu[G(x)*G(x)]v).

Now for any Hermitian matrix A and any vector v # 0 it holds that (Av,Av) > (v,Av)? / ||v||* as a simple
consequence of Cauchy-Schwartz. Therefore, if A is positive semidefinite, then (Av,Av) /(v ,Av) >
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(v,Av) /||v]*. As E,[G(x)*G(x)] is indeed positive semidefinite,

(MEMG(1@v), TIMEMG(1 ®v)>u

1M (1)l

_ (Bul6()" GV, Ey[G(x)* G(x)]v)
(v EulGQ Ga)lv)
_ (WEGR) G)

1MaPMg]|, >

2
vl
IMe(1ev)[2
_ Mol
vl

Rearranging finishes the proof. [

Going back to Equation 5.1, applying Lemma 5.1 parts (2) and (3), and noticing that ||vec(l;)|| =
\/c_i, we establish

<1®vec(1d) EY (HEG/ZPEjeﬁ> 6/2(1<§§>vec(1d))>

u

HEe/z

92 (1@ vec(ly) H HHE"”” WZH (5.2)

1®vec(1d))H“ 1

<dHHEe/2A 9/2 H
u

Thus, we have transferred the study of the problem from P, which represents a general, nonreversible
Markov chain, to P, which represents a reversible chain and thus is much simpler to analyze. Therefore,

the operators EG/ 2PE 6/2" are self-adjoint on /(i ® 1). Now we focus on bounding the leading
eigenvalues of these operators; we make one more simplification:

Proposition 5.2 Let Tj(x) = COg((p)( Fi(x) ® Iy + 13 ® F(x))). Let E}’ be the operator defined as

(E%h) (x) = exp(07T;(x))h(x). Then the norms ofEe/2 9/2 and Ee/2 6],/2 are the same.
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0/2"
j

0/2"

0/2
; ;

J

Proof The operator Ef/ *PE is similar to the operator PE;’~ E’’*. The operator E ?/ 2*Ef/ % acts via

(B £ 00 (0) = enp (1010400 ) i)

0 /e 9 4+ ¢i? el 4 o—i®
= exp <§ <fFj(x) I+ fld ®Fj(x))) h(x)

2
= (Eh)(x),

=exp (M(Fj(x) QI +Id®Fj(x))) h(x)

where the first equality holds because Hj(x),H?(x) commute. As PE% is similar to E?j/ ZPE?]_/ ? we

J
see that Ef/ ZPEJQ/ * and E%/ ZPE?]_/ ? have the same spectrum; as they are both self-adjoint, the spectral

radius equals the operator norm. [

At this point, we have reduced our problem to a considerably simpler form. We can now show that
the operators T; satisfy many of the same probabilistic properties as Fj; the proof is in the appendix.

Proposition 5.3 Let T be the operator defined as T(x) = Cosz((p) (Fx)@I;+1; ® F(x)) with ¢ €
[—7/2,7/2] so that cos(¢) is always nonnegative. Then

(1) IfE[F(x)] =0, then E[T (x)] =0,
(2) Ifal R F(x) 2 bl forallx € 2, then acos(§)I <X T(x) = bcos(9)I forallx € X,
(3) If|[E[F(x)?]|| < 7, then |E[T(x)?]|| < cos*(¢)7,

where all expectations are taken with respect to a measure on 2, and F and T are measurable.

5.1. The leading eigenvalue as the limit

In this subsection we will prove a limit lemma, justifying the use of the leading eigenvalue as a
characterization of the moment generating function, mirroring the scalar case as laid out in [10] —
essentially, what we will prove is that the log limit of the moment generating function is the logarithm
of the leading eigenvalue. This will allow us to shift between time-dependent and time-independent
functions as needed. The main difficulty in extending this theory from the scalar case is proving the
limit statement in part (3) of Lemma 5.5, and in particular, a specific lower bound in the proof. This
lower bound is not difficult to prove in the scalar setting; however, the matrix setting is more subtle and
requires some more care.
Our main lemma is the following:

Lemma 5.4 Let F be a map from X to real symmetric d X d matrices with al < F(x) < bl for
all x € Z'. Let T(x) = %(F(x) @I;+1; F(x)), x€ X, and let E?/z be the operator defined as

(EZh)(x) = exp(OT (x))h(x). Let i be a distribution, let sy ,...,s, be a sequence of states driven by the
stationary Markov chain with transition matrix AI+ (1 —A)1u’, and let P be this transition matrix
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tensored with 1 ;2. Then

2
1 L 0 0/2 51:0/2
r}gl;; logE, jI;Ilexp <§F(Sj)) HF =log HET PE; Hﬂ .
In other words, we take s1,...,s, to be driven by a Leon-Perron operator, where at a given state the

chain stays at that state with probability A and samples a state from g with probability 1 — A. We first
address the case of a simple matrix-valued function F.

Lemma 5.5 Let P = (A + (1 — A1) ® 1 be a Leon-Perron operator. Let F be a simple function
U-almost everywhere, that is, there exist a finite set of real symmetric matrices {Bi,...,Bp} such that
F~Y(Bj) = {x € 2| F(x) = B}} satisfies

w(F~(B))) > 0,¥) € [m], _Z[]M(F’l(Bj)) =1

Assume that for all B;, al = Bj X bl, and let these be tight. Let T be the operator defined as
T(x) = 5 (F (x) ® I+ 1, ® F (x)), with exponential multiplication operator Ef. Define the matrix-valued
function

F(r) =Ey [(1 ~A)exp (gm)> (I — A exp(OT (%)) exp (gm)ﬂ .
Then the following hold:

(1) Let r* be such that F (r*) has an eigenvalue of 1, and let v be an eigenvector corresponding to the

eigenvalue 1 of & (r*). Then r* is an eigenvalue ofE?/zﬁE?/z with corresponding eigenfunction h

such that 0
h(x) = (1=A)(r*I — Aexp(0T(x))) exp <§T(x)) V.
. 0/274.6/2 . .
Conversely, every eigenvalue of E;'~PE;'" is defined this way.
(2) Let p be the largest eigenvalue ofE?/zﬁE?/z. Then p > Ae%.

(3) HE;’/QPE;’/ZHﬂ — pand

1 . A
tim —tog (1@ vee(ly), By (B *PE] Y E}* (1@ vee(l,))) =1logp =log|[E7*PEP?| .
n—e u u

Proof For (1), if r* is an eigenvalue of E?/ ZPE?/ ? with eigenfunction h, then

0

EY?PEY*h—rh=0

= AESh+ (1—2)EYES *h— rh =0

= Aexp(0T (x))h(x)+ (1 —A)exp <§T(x)) E, [exp (%@)) h(y)} — 7*h(x) = 0.
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Let v as defined in the statement of part (1). Plugging in h, the first term on the left-hand side is equal
to

A(1—2)exp(0T (x))(r*I — Aexp(6T (x))) 'exp <gT(x)> V.
The second term is equal to
(1= exp (5700) By (1= Mexp (570) ) 077~ Aexp(o70)) exp (5701 )]
=(1—A)exp (gT(x)) F(r')v
=(1—A)exp (gT(x)) v
* * —1 9
=(1—=A)(r'I—Aexp(0T (x)))(r'I — Aexp(6T (x)))” exp <§T(x)) v
=r*(1=24)(r'I—Aexp(0T(x))) 'exp <gT(x)> v
* -1 0
—A(1—=A)exp(0T (x))(r"'I—Aexp(6T (x)))” exp (ET(x)> v
The third term is equal to
P (1= A)(r*I — Aexp(6T (x))) 'exp (gT(ﬂ) V.

Adding the first two and subtracting the third gives zero, and shows that * is indeed an eigenvalue with

eigenfunction h.

Conversely, if (r*,h) is an eigenpair of E(T’/ 213ET9/ 2, then solving for h in the equation

Aexp(0T (x))h(x)+ (1 —A)exp <gT(x)) E, [exp (gT@)) h(y)} —r*h(x) =0

gives

h(x) = (1— 1) ("I — Aexp(8T (x))) " exp <gT(x)) E, {exp (gr(x)> h(x)] .

Multiplying by exp (%T(x)) on both sides and taking expectations, we see that
0 . 0
E, |exp ET(x) h(x)| = Z(r")E, |exp ET(x) h(x)

so indeed r* is such that .Z (r*) has an eigenvalue of 1 with v =, [exp (%T(x)) h(x)].

For (2), the function .% (r) is continuous in r when r is large enough (so that the inverses exist);
indeed, since F is simple the expectation decomposes as a finite sum, so .# is continuous if all of the
summands are continuous. In particular, since the eigenvalues of all B; are bounded above by b, when
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r > AeP” 7 (r) is continuous in . Now when r — oo the entries of .% (r) approach zero, implying that
all eigenvalues of 7 (r) also approach zero as the eigenvalues are continuous in the entries. On the
other hand, .% (r) decomposes as a finite sum. Consider the summand corresponding to some B; such
that b is its largest eigenvalue. As r — Ae%? from above it is clear that the largest eigenvalue of this
summand goes to oo; then it is clear that the largest eigenvalue of this finite sum must also go to oo;
implying that at least one eigenvalue of .% (r) goes to . Thus, as % (r) is entrywise continuous in r,
and as the eigenvalues are continuous in the entries, for some r* € (1e9”,00) .% (r*) has an eigenvalue
of 1. By part (1). this implies that r* is an elgenvalue of Ee/2 6/2
eigenvalues, and so we have shown that p > A%

For (3), let cf(Eo/2 9/2) be the spectrum of EG/2 /2. As E; 6/2 PEG/2 is self-adjoint on
O(n ®1), the spectrum is real and decomposes as the d1s_]01nt union of the essential spectrum
Ocss (Ey 0/2pph/ 2) and the discrete spectrum o4 (E; 0/2pph/ 2) the latter consisting of all eigenvalues with
finite multlphcity Define the essential spectral radlus as the largest element of the essential spectrum
and the spectral radius as the largest element of the spectrum, so the latter is always at least the former.
Now EG/ZPE?/2 = AEZ + (1 —A)E®/?TIE®/? and thus is a compact perturbation of the operator LE,

as (1—-A)E O/2[1E®/2 is finite rank (rank at most d%). Weyl’s perturbation theorem [67] ensures that
Ocss (Ey o/ 2PE o/ 2) = Oess(AE7 o/ 2) As AE; 9/2 is a block diagonal operator (Definition 3.4), its spectrum
is the union of the spectra of A exp(0T (x )) x € 2 [50], and so the essential spectral radius is bounded
above by Ae%. Therefore, by part (2). the largest eigenvalue p is equal to the spectral radius of

EY?PES? and thus HEG/zPEe/ZH —p.

. Now let p be the largest of all such

To prove the second statement, from Lemma 5.1 we have

. -1
<1®vec(1d),E§’/2(Eﬁ/ZPE;’/z)n E§/2(1®vec(1d))> <dHE"/2 £\ = apn.
’J "L
This implies
1 . -1
limsup—log<1®vec(1d),ET6/2(Eg/zPEg/z)n Eg/2(1®vec(1d))> <logp. (5.3)
n—oo N

u

Let h be a unit norm eigenfunction corresponding to p, and let h be the projection of E; o/ 2( 1®
vec(I;)) onto h; in other words,

h— <E;’/2(1 ®Vec(ld)),h> h. (5.4)
u

Then
< EY* (1@ vee(ly)) — b, (EY/*PE 6/2)”*1ﬁ> =0
u

by definition of h being an eigenfunction and it being a projection of E(T’/ 2(1 ® vec(ly)). Next, we have

<E§’/2<1®vec<zd>>fﬁ,<E?/2ﬁE?/2>"*1<E$/2<1®vec(1d>>fﬁ>>u >0
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as Ep o/ 2PE 072 is positive semidefinite on ¢,(¢ ® 1) — this follows from ETG/ 2 being self-adjoint and P
bemg positive semidefinite on £, (it ® 1). Then

(Er” (@ veell), (£7PE7 ) E7 (1 veell) )
= (. (7 *PE7 )R

+2(E7 (1@ vee(ly)) — b (B7*PE])'h)

u
u

u
+ (E7" (1@ vee(ls)) — B (E7*PE? )~ (E7* (1@ vee(ly) - R))

> <f1, (E?/ZPE?/Z)”’IE>

u

u

2
= <E76~/2(1 ® vec([d)),h>u p" L.

Assume <E(T’/2(1 ® vec(Id)),h> # 0 for now. Then the above shows that
u

1 R -1
1ilginf—log<1®Vec(ld),E?/2 (E;’/ZPE;?/Z)" E$/2(1®vec(1d))> >logp.  (5.5)
n—e n
u

Putting Equations 5.3 and 5.5 together proves the statement.
We now show that <ET6/ 2(1 ®vec(1d)),h> # 0. To do this we make a connection to dynamical
u

systems and the theory of positive operators in Banach spaces, and which uses our realness assumption
on F. For a cone K in a Banach space, an operator A is positive with respect to K if AK C K. In our
case, let the Banach space under consideration be the space of d x d symmetric matrices equipped
with the Frobenius norm, or equivalently, the space of length d? vectors whose reshaping to a d x d
matrix is symmetric equipped with the Euclidean norm; we will show that it is no loss to restrict to
this space. Let Si be the cone of real positive semidefinite d x d matrices; it is a closed, convex cone.
It is also reproducing in the space of real symmetric d X d matrices, in that every symmetric matrix
X can be written as X = X — X, for X1, X, positive semidefinite [27]. We can also identify Si as the
space of length d? vectors whose reshaping to a d x d matrix is positive semidefinite; we now make this
identification. Now let K C /»(u ® 1) be the infinite direct product of S indexed by elements of 27;
in other words, for h € £,(u ®1), h € K if and only if h(x) € S% for all x € 2. This cone is is closed,
convex, and reproducing in the space of all h € ¢, (¢ ®1) such that h(x) can be reshaped to a symmetric
d x d matrix forall x € 2.

Next, we show that we can indeed restrict ourselves to the Banach space of symmetric matrices

0/2p 9/2

equipped with the Frobenius norm, in the sense that any eigenfunction h of E;; can be such that

h(x) can be reshaped into a d x d symmetric matrix. As an operator, we see that

€225 W) = [exp (370 )exp (5700 ) nP(ar),

From the definition of 7 we see that exp(% (x)) = exp(2F(x)) ® exp(2F(x)), and so
exp (§7(x)) exp (5T (y) = exp (§F(x))exp (FF () @ ex P( F(x))exp(§F(y)). If h(y) has a
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decomposition }-;a;(y) @ b;(y) then

e (5700 ) e (5700 ) n0)
“Tew (gF(x)) exp (%@)) a,(y) @ exp (%(x)) exp (gF(y)) b;(y)-

Then it is not hard to see that the function h’ such that h'(y) = ¥;b;(y) ® a;(y) is also an

eigenfunction of Eg/ 213ET6/ g

E?/ ZISE?/ s positive with respect to K. For h € £,(u ® 1) denote h(x) as the d x d matrix reshaped

from the length d” vector h(x). From the action of ETG/ ZPE};/ % and properties of the Kronecker product

we have

exp (5709 ) exp (5700 ) 0) =exp (7)) exp (§70) ) henp (G700 e (5700

It is clear that since ﬁ(y) is positive semidefinite so is the right-hand side above. Then by linearity we see
that the integral of this with respect to P(x,dy) is also positive semidefinite. Therefore, E?/ ZPE?/ *he
K, since x was arbitrary.

Now we use Corollary 2.2 of [51], which ensures that if a cone is closed, convex, and reproducing,
and if A is a positive linear operator with respect to the cone with spectral radius strictly larger than
the essential spectral radius, then the spectral radius is an eigenvalue and there exists a corresponding

nonzero eigenfunction that lies in the cone. In our case, we indeed have all the above are satisfied: our

K is closed, convex, and reproducing, E?/ 213Eg/ s positive with respect to K, and the spectral radius
p is strictly larger than the essential spectral radius, which is at most Ae®”. Then there is a nonzero
eigenfunctionhin K C f(u®1).

This allows us to assert that in the derivation of Equation 5.5 we could have chosen h € K. With this

choice of h it is straightforward in showing <E?/ 2(1 ® Vec(Id)),h> # 0. Indeed, we have
u

. So take (h+h')/2 as the eigenfunction we desire. Next, we see that

<E;’/z(1®vec(1d)),h>u - <1®vec(ld),E;)/2h>u

= <Vec(ld),Eu [exp <§T(x)) h(x)} >
=k, {exp <§F(x)> h(x)exp (gF(x))}

_E, {tr {exp <§F(x)> fi(x) exp (gF(x))” .

Each of these matrices exp (£F (x)) h(x)exp (£F(x)) are positive semidefinite; moreover, as h is
nonzero in the £, space h(x) is nonzero on a set of positive measure (i.e., h(x) cannot be nonzero
only on a set of measure zero). Therefore, since exp (%F (x)) is full rank, by Sylvester’s inertia theorem
[61] we have that exp (4 F (x)) h(x) exp (4F (x)) has at least one strictly positive eigenvalue for all x in
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a set of positive measure, meaning that the trace is strictly positive. Then
<E;’/2(1 ®Vec(ld)),h>u > 0.

t
Using this lemma, we are now able to give the proof of Lemma 5.4.

Proof of Lemma 5.4 We first reduce to the simple case. The range of F is compact, as F' can be seen as
a continuous map of the compact set O(d) X [a,b]. Then for € > 0 let .#; be an e-net of the range of F
with respect to the metric induced by the operator norm. Define F¢ as Fe(x) = argming, 4. || F (x) — BJ|.

Then it is clear that for all x € 27, ||F¢(x) — F(x)|| < €. Define T¢(x) = 1 (Fe(x) ® I +1; ® Fe(x)) and

6/ ? the corresponding block diagonal operator as usual. From this we see that ET converges to ET in

norm, and thus EG/ZPE?S/ converges to E /ZPE?/ in norm via any sequence of £-nets with & — 0.
Then hm log HEG/ZPE}’SMH =log HE9/2PET9/2H ‘
u

From Lemma 5.5 we have

)

hmllog<1®vec(ld) 6/2(E9/ 6/2))‘1 1E6/2(1®Vec(ld))> —10gHE6/2 9/2
u

n—oon

so that, denoting a¢ , = 1 log <1 ®vec(ly),E 9/2 (Egs/ 9/2)” 1E9/2(1 ® vec(Id))> ,
u

lim lim agn—hmlogHEe/zPE?/zH logHEG/2
g—0n—o0 £—0 €

u

In fact, we can give a more refined proof of part (3). of Lemma 5.5 to show that lim a¢, uniformly
n—soo

0/25

converges in €. Let p, be the leading eigenvalue of E " PE; 9/2 We first have by Lemma 5.1 that

<1@vec(ld),E;’s/z(EZ/ZﬁE;’S/Q)" 1E9/2(1®vec(1d)> <dHE9/2 £ = et

80 g n —logpe < (logd)/n. Next, we showed for any unit norm eigenfunction he corresponding to the
leading eigenvalue p; that

2
<1®vec(ld) ES(ESPPE ) 1E6/2(1®vec(ld))> 2< 6/2(1®vec(ld)),hg> pl
It i

SO dg m — logpe > (log< 6/2 (1®vec(ly)), >i) /n—(logpe)/n.

In the proof of part (3). of Lemma 5.5 we showed that h, can in fact be chosen such that for all
x € 2, he(x) can be reshaped to a positive semidefinite d x d matrix. With such structure we lower

bounded <E$1:/ 2(1 ® vec(Id)),hg> > 0. We can actually give a more quantitative lower bound of this
u

quantity that is independent of €; in addition, we can give an upper bound p, also independent of €.
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First note that under an €-net of the range of F, since al < F(x) < bl, that al < F¢(x) =< bl also. Then
0/2p 9/2
S

the upper bound is simple; we have p; = HE
E9/2 0
< (1®Vec(ld)),hg>” = ( vee(la). Ey |exp  37e(x) ) he(x)

-ty o (210 o 0|

Since we have established exp (§F;(x)) he (x)exp (§ Fe(x)) is positive semidefinite for all x € 2, the
trace is equal to the nuclear norm, which upper bounds the Frobenius norm. Therefore,
0 A 0 [ 0 N 0
trlE, |exp ZFS (x) ) he(x)exp ZFS (x) )| =Eu ||lexp ZFS (x) ) he(x)exp ZFS (x)
|

oww (570 ) etwreno (500

> B [e"" o),

< 9. For the lower bound we first write
u

> E,

= eea/zEu [[[he (x)][].

Now since F; takes only finite number of values, we have that he can also only take a finite number of
values (see part (1) of Lemma 5.5). Letting A; = F ! (B;) and denoting h; = h (x) for x € A}, we have

u e (x) Z w(A) [y

Now as [[hgl|,, = 1 we musthave HhJH <1, and so then HhJH > thHZ. But Y. jeim 1(A;) thH2 = thHi,
and thus E [||he (x)]]] > 1.

2
Therefore, <E76~S/2(1 ® vec(Id)),h> > ¢%, and we thus have ag, —logpe > (8(a—b))/n. Putting
u

this all together, we have shown

logd 6(b—a)
n ) )

n

lag,, —logpe| < max{

which implies uniform convergence, since d, 6, a, and b are all constants independent of €. We can then
swap limits:

lim lim a¢ , = lim lim a¢ .
e—0n—re0 n—o0 g—0

0/2 e/z(Ee/sze/z)n 1E9/2 toEe/z( g/szg/z),, 1E9/2

But as E% converges to E;’~ in norm, so does E
which implies weak convergence, that is,

lim <1 ® vec([d),E]qE/2 (Egs/zﬁEg:/z)" 1E9/2(1 ® vec(Id))>

e—0

— <1@vec(zd),Eﬁ/z(E;’/zﬁEﬁ/z)" 1E6/2(1®Vec(ld))>

u

u
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Then we have the chain of equalities

2
1
lim —logE,

n—oon

]ﬁleXP (gﬂw))

F

= lim l10g<1®vec(ld),E?/Z(Eg/zlﬁE?/z)” 1E(9/2(1(2>Vec(ld))>
u

n—eo

= lim hmllog<l®vec(1d) 9/2(E9/ 9/2)” 1E9/2(1®V6C(Id))>
u

n—oe—0n

= lim lim l10g<1®vec(ld) 95/2( 0/2p 9/2)” 1E(9/2(1(2>Vec(ld))>

e—+0n—eo u

0/2 51-0/2
—hmlogHE / PET,,_-/ H

0/2

—logHE PEG/ZH

6. Final bounds

In this section we prove our main theorems regarding the moment generating function and give
concentration inequalities. We first show how to go from bounds on the moment generating function of
Equation 4.1 to tail bounds.

6.1. From the MGF to tail bounds

The reason we have studied the moment generating function of Equation 4.1 is due to the following
result:

Theorem 6.1 (Multi-matrix Golden-Thompson inequality, [16]) Let Hy,...,H; € C**? be Hermitian

matrices. Then
log (tr lexp ( H,~>D < %/ﬁ log (tr Ll_lexp< e )Hexp( ,)D d&(9),

where & is some probability distribution on [—%,%].

(S}

B

<.
Hl“‘ =
-
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From this, we can obtain tail bounds. Recall that F; : 2~ — R?*? are a sequence of measurable
functions from 2 to d X d real symmetric matrices, and let E[F;j] = 0. First,

Pry (ﬂvmax (ZFJ(S1)> > t) < eietEu exp (92«11% (ZFAS”))]
=e By | Amax (exp (9 ZF,@,)))] (6.1)
<e YR, |trexp (9 ZI*}(SJ)] :

We would like to apply Theorem 6.1; we follow the standard outline given in [16]. An immediate

application of Jensen’s inequality on the right-hand side of Theorem 6.1 furnishes an upper bound, and
then taking exponents, we have

o )G o))

Using [[x], < d'/P=1|\x||, for p € (0,1) and choosing p = 7 /4 we have

" 4/m n
tr [GXP (g Z,le(Sj)ﬂ <d'/" ' [GXP (ZIF;(SJ')N :
j= J=

Combining the above two lines, adding in 6, and taking expectation, we have

E |trexp (g@iF,@ﬂ)]
j=1
a2 [ 96@
<d / ”E tr Hexp( )HGXP< Fi(s )) ds(¢9) (6.2)
R R
1-m/4 3 I fe'® ’
=d ”E exp( > )F](Sj) dé (o).
-z j=1 F
Now let Mr(6) be such that
. 2
n Getd)
Mp(0) > E Hexp< > )Fj(s,) (6.3)
j=1
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that is independent of @, i.e., an upper bound on the moment generating function in Equation 4.1 valid
forany ¢ € [—m/2,7/2]. Then

Pry (ﬂvmax (ZFJ(S/)> > l) < e*G’Eu trexp (92Fj(sj)>]

Sdlfﬂ/étef(%/7 Mg <%9> dE(9) (6.4)

—_T

2

=d'"""*exp <9t+logMF <%9>> ,

where the last line holds because & is a probability distribution and Mg does not depend on ¢.
We now give our final bounds on the moment generating function

2
Ey

n eeiq)
e (%)
j=1

F

under both Hoeffding and Bernstein-type assumptions. In Sections 4 and 5 we have reduced the problem
to estimating the leading eigenvalues of the operators

ETG/ 2PE;’/ 2 (6.5)

for j =1,...,n and P the lifted Leon-Perron version of P. Lemma 5.4 has shown that each eigenvalue
is a limit a corresponding moment generating function. Thus, the general idea will be to bound

2
L 6 cos
Ey ||| [Texp (%E’(&))
k=1
F
for each j, and where s1,...,s, is a sequence of states driven by the Markov chain corresponding to P.

In these bounds we will proceed by way of defining a function MF to bound these operators.

6.2. Hoeffding

In this section, fix a matrix-valued function F, and let E;; [F (x)] =0 and al < F(x) < bl forallx € 2 .
For a scalar convex functions W, we have the following proposition:

Proposition 6.2 Let H be a Hermitian d x d matrix such that al < H < bl. Then for any scalar convex

Sfunction ¥,

bl—-H H—al
Y(H) = v
(H) = b—a (a)+ b—a

Here ¥ acts spectrally; if H=UAU", then ¥(H) = U¥Y(A)U*, where ¥ acts on the diagonal matrix
A diagonally, i.e., W(A) is the diagonal matrix such that W(A); = P (Ay).

W(b).
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Proof We simply need to show that for any unit vector u that

b—u*Hu uw*Hu—al
* < - .
uw¥(H)u < 5—a Y(a)+ P ¥(b)

It suffices to show this for eigenvectors v of H. If A is the corresponding eigenvalue, then v*W(H)v =
Y(A). The right-hand side is
b—A A—a
v
b—a (a)+ b—a

Since W is a scalar convex function and a < A < b,

W(b).

b—llp(a)+),—a

lP()L)Sb—a b—a

W(b).

For general u, letu = ):le ci vy be the representation of u in the basis of eigenvectors of H. Then

O

If in the above H is a random matrix such that E[H] = 0, then taking expectations we have

b —a
W(al
(al) +

b—a —a

E[H] = Y(bI),

the right-hand side of which defines an implicit two-point distribution on matrices. Introduce some

notation; let u = [b/(b—a),—a/(b—a)]" and Q = A1+ (1 —A)1u". Then Q is a transition matrix on

two states {0, 1} with stationary distribution u. Let G be a function such that G(0) = al; and G(1) = bl,.
This allows us to make the following argument about a convex ordering of distributions, with proof

in the appendix:

Lemma 6.3 Let F be a function from 2" to Hermitian d x d matrices, and assume Ey[F] = 0 and
al R F(x) 2 bl forallx € Z'. Let s1,... s, be driven by the Leon-Perron operator P. Let Q,11,G be as
above. Let y1,...,y, be driven by Q. Then for any scalar nonnegative convex function ¥,

2
<Eyu
F

2
Ey

ﬁwww»

ﬁwmm»

F

Remark 6.4 The condition on ¥ above does not seem to be very strict. Indeed, it applies to many
natural matrix-valued functions, such as even matrix powers and the matrix exponential.
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Applying this to the scalar convex function x — exp (GCOTSW)C) yields

Iﬂlexp<9c02s(¢)F(sj)> 2 ﬁexp <GCOTS(¢)G(y,')) 2

j:] F j:l F

E, <E, (6.6)

Now let M? € R2*24” be the operator on the two-state state space {0,1} such that (M?h)(0) =
exp(6 cos(¢)a)lp and (MOh)(1) = exp(8cos(¢)b)l 2, i.e.,

exp(6 cos(¢)a)l 0

Then Lemma 5.4 indicates that

1
lim —logE,

n—oon

2
1 2]
Hexp( COZS((P)G(yj)) =logn, 6.7)
j=1

F

where 7 is the largest eigenvalue of M®/2QM®/2, ) = Q ®I,2. Now note that

MO2OMO/?
_|exp (—9 0025(4’) a) 0 exp ( 9c02s(¢) a) 0 ; 68
0 exp ( 6cos(9) b) Q 0 ex (9005(4)) b) @ 1p (6.8)
2 P\ ™2
=K®1Ip.

Then by properties of the Kronecker product, the eigenvalues of the matrix on the left-hand side are
equal to the eigenvalues of K9, a 2 x 2 matrix, the largest of which can be solved for explicitly.
Putting this all together,

r 2
logp = r}i&t%logEu JﬁlexP <9C028(¢)F(Sj)) ‘ .

1 a fcos(9) . ’ 6.9)
< Jim pieg, || TTew (7 G(y»)‘F (
=logn _
= 108 Amax (K?).

With the above we can establish the following result, with proof in the appendix.

Lemma 6.5 Let K% be the 2 x 2 matrix defined in Equation 6.8, and let N be its largest eigenvalue.

Then
2 2 —a 2
n < 7j(0) :=exp (a(),). 6~ cos (‘I;)(b ) )

where a: A — (1+1)/(1—A4).
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Putting our work above together, we can now prove the two statements of Theorem 2.5.

Proof of Theorem 2.5 The discussion in Lemma 5.1 (in particular Equation 5.2) and Proposition 5.2
reveal

) 2
L 0e'* S 6/2 5-6/2
By |[[Texp <7Fj(sj)> H <al]|ereer?| . (6.10)
j=1 F j=1 H
where recall T;(x) = <) (F;(x ®Il;+1;QF;(x)), E 6_/ 2 is the multiplication operator with respect to
j 2 J J T p p p

the matrix-valued function 7; and P=(AI+(1—A)T)®1,. Then Lemma 5.4 and Lemma 6.3 allow us
to bound each of these norms with the norms of corresponding matrices arising from a two state chain,
each of which can be bounded using Lemma 6.5. In other words, for each j we have, verifying that the
operators T; satisfy the assumptions of the lemmas using Proposition 5.3,

R 0%cos(9)2(bi—a;)?
HE;’/ZPE;’/QH“ <exp (a(l)- (¢)8( j—4) ) 6.11)

Then

Ey

2
<dexp (92 -ou(A) (6.12)
F

n i
[Texp GLF/'(S/')
j= 2

~cos(9)* X (D) —aj)2>
8 b

and setting ¢ = 0 we obtain the first statement of the theorem.
To turn this into a tail bound, since cos(¢)? < 1, we can let Mr(8), as described in Equation 6.3, be

" (b;—a;)?
Mp(6) :=dexp (92~a(k)-w>. (6.13)

Using Equation 6.4, we then have

Pry (lmax (,ZEFJ(SJ)> Zt) < (yg)dl /4 exp (—G-H—logMF <E6>)

(6.14)
2Y (b — ‘1./')2>

2

= inf &> " *exp (—9-t+92-a(ﬂt)-
6>0

Optimizing this quadratic over 6 we have

3 x —1*/(8/7°)
Pry (A«max (;F,@ﬂ) > l) < d? /4exp ((X(l) 71(bjaj)2> , (6.15)

as desired. [
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6.3. Bernstein

In this section, fix a matrix-valued function F, and let E, [F (x)] = x| <7, and |F (x)|| <

M forallxe 2.
We take a slightly different approach to bounding the norms of the operators E?j/ ZPE%/ 2 In

particular, consider again Equation 4.1 for a time-independent function 7" and the Leon-Perron operator

P. Then
'nlexp (6 cozs(qb)) F(s))
,I:I

1@ vee(ly), E 2 (ES2PES/? - 1E9/2(1®Vec(ld))>

2

F
:< u (6.16)
<1®Vec(ld) NES(ES2pES/?yn- 1E9/2H(1®Vec(ld))> :

u

fl(1@vee(ly)), B (B7*PEY ) EF (1 @ vee(ly)) )
um

where recall [1=T1® 1, and T (x) = %(F(x) ® 1+ 1, ® F(x)). The third line holds as (1 ®
vec(ly)) = 1®vec(l;) and the last line holds as IT is self-adjoint with respect to the inner product.
Next,

<1®Vec(ld) NES2(ESPES/? - 1E6/2n(1®vec(1d))>
u

< HHE9/2 E9/2pEg/2)n71Eg/2ﬁH H1®VGC(Id)H,2L

0 6.17)

O/ZpEg/z)n lE

et i,

:dHﬁ(ﬁEg)nﬁH
um

with the last line following from ITP = IT so we can introduce another P. Now from Lemma 5.4 and the
above we have

logHEG/ZPEO/ZH = 1im110g<1®vec(ld) /Z(EG/ZA 9/2)” 1Ee/z(l®vec(ld))>

n—yeo g

u

< lim —logdHH PE?) HH (6.18)

n—eoo n

= lim —logHH PE? ”HH

n—yeo g

Although the above may seem a bit contrived, it allows for a general recursive method used in [16,
26, 56, 68]; more importantly, we can extend the final result to time-dependent functions via our limit
lemma. In particular, for an initial function zy, we can track the updates z; := (ﬁE? Y*zq recursively, and
then provide a bound. This method is strong enough to give the sorts of inequalities we are after.

Now we introduce some notation. For an element z € /(1 ® 1) let z| = [Tz and z*- = (1 — )z
In other words, z decomposes as z = HzH Hu 1®v)+ HZLHM p for some v and some p orthogonal to

1C%,
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As per our discussion above, we will bound the evolution of PE]Q z for any vector z. We first have
the following proposition:

Proposition 6.6 Foranyz € {r,(u®1),

(]) sz — ZH,
(2) (Pz)*+ =Pz".

Proof This follows immediately from the definitions. [

We next have a crucial lemma, the proof deferred to the appendix. For ease of exposition, we will
assume that ¢ = 0 throughout, since the factor of cos(¢) is just a scalar and can be pulled through

Lemma 6.7 Foranyz € (,(u®1),
1 |Ega, < e
o e, <o
5 e ], <
@) |[(Efz) |, < o5,

SN— N—

where

V(e — 61 V(e”® -1
o =1+ ( 7 )),oczz\/_(/// ),oc3:e

A

With this lemma we have the following two claims, with proofs in the appendix. These are recursive
bounds.

Claim 6.8 Foranyk, if 6 <log(1/A)/.A, then

o], = %
k _1—7LOC30</<k

A

Claim 6.9 Foranyk, if 6 <log(1/A)/A, then

2

zH <l|log+ 7LO£2
k|| = | X max
u 1*)L(X3 0<j<k

We are now able to prove Theorem 2.6.

HH
z"
=],
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Proof of Theorem 2.6 As in the proof of Theorem 2.5, Lemma 5.1 and Proposition 5.2 give

. 2
n 0 i n .
[Texp ( ——Fis)) <d] |HE{0~,/2PE?,/2H . (6.19)
Jj=1 2 F j=1 / Il

Assume throughout that ¢ = 0 for simplicity, so we can directly use Lemma 6.7 without modification.
Equation 6.18 indicates that

logHEe/zPE%ﬂH < lim —logHH PET ”HH

n—oon

Claim 6.9 exactly gives a bound on this term; letting zy € ¢, (1 ® 1), the claim indicates that

0T, < (a2 ) ol < (o0 4 =22 o, 620
/ L - -3 me - -3 we '

with o 1,02, 03 as in Lemma 6.7 and using ¥ in the definitions of the o; as we are dealing with

N - 22, \"
i i 0 2
time-dependent functions. Then HH(PET]_ )"HHﬂ < (0{/‘,1 + W) . Now

)L(Xz " 1 7L”1/~(e‘//{6—1)2 n
) J52 _ (O _ J
<a1,1+71_laj!3> <1+—///2 <”I(,(e WA 1)+—1716%9 ))

6.21)
nYi ( ae Ale”®—1)
§exp<%<e *%9*14’ 1—;{@'//[9 )
implying
logHEe/zPEe/zH < lim —logHH PET "HH
n—oo n
I Vi (o A0~ 1)
<r}ggzlogexp<//ﬂ (E 7%971+W (6.22)
Vi (e Ale”®—1)
=7 ( —AO ST )
and thus

2 L (e A0 12
<dexp —22"//1 e’ — 0 —1+ o0
(6.23)

2 MO 1\2
)

if 0 <log(1/A)/ A, as desired.
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Let
2 A’(e///(?_l)z
_ MO

To turn this into a tail bound, we will first assume .#Z =1, i.e.,
assumption later. Using Equation 6.4 we have

n ) B 4
Pry (xmax (jZle(sj)> 2;) < érg)dl /4 exp <—9-t+10gMF <E9>)' (6.25)
Then

1(649/”— 1)2
460
MF =dexp (" ( R e v v
1(649/”— 1)2
40/
p(c ( 40/ — | Aein (6.26)

16 2 A 46 /m -1 2
49/” 49/n—1)+ o Me 7)),
16/7r2 16/n2 1 —Ae*o/m
Write L =4/x. Using the inequality ¢* — 1 < xe*, the above becomes
2 2 Lo 2
2(9° (1o o- A1)
dexp(L <ﬁ(e —L9—1)+ﬁW
o2 2 2920210
< 2 L _rg-1)4+ 2 A7 6.27
dexp (L <L2 ( Lo 1) + 17 T elP ( )

2;{92 216
:dexp ((72 (ew — L6 — 1) + O;_ﬁ)

i, and then drop this

Now we argue that
021020 o216
1—2el® —1-1-2L6
when 0 < 0 < (1 —A)/2L, which is less than log(1/A) when 0 < A < 1. Indeed, comparing both sides,
it suffices to show

eZLG - 1
1—2Ael® —1—-21-2L06
for this range of 6, which is equivalent to showing e 219 —1e¢™19 > 1 -1 —2L6. At 6 = 0 they are

equivalent, so we compare derivatives. The derivative of the left-hand side is ALe L0 —2Le=2L0 =
Le 194 —2¢719), while the derivative of the right-hand side is just —2L. Then

e O —2e7%) > 2L

~LO (~,~L0O

2 —-A
— M < 1’
2

which is true by seeing that the left-hand side is a decreasing function in 6, so for 6 > 0 attains its
maximum at 6 = 0. At this value of 6, the left-hand sideis 1 — A1 /2 < 1.
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Then GZA 92€2L6
dexp <62 (6‘L6 — 10— 1) + W)
— A€
e (6.28)
Sdexp <02 (ew — L6 — 1) + ﬁ) .

To recap, at this point we have bounded

2192
< 2( 16 1 o _
Mp(LG)_dt:Xp(O‘ (10 1)+17172L9
Then
- 1-7/4 4
Pry | Amax j:ZlF/'(Sj) >t < Gir;%d -/ exp <9t+logMF (;9))
< d>7"* inf exp (— 61 +g(0))
6>0
where o s
_2(16 ya_ o“AL-0
g0):=0c (e Lo 1)—}—717172[49.

It is standard that the conjuguate g*(7) = sup, {0t — g(0)} bounds the tail probability via

Pr (lmax (i F,-(s,-)) > t) <dexp(g"(t)) (6.29)
j=1

for a convex function g [22]. Using Lemma D.2 with L = 4/, the second statement in Theorem 2.6 is
immediate in the case .Z = 1.
More generally, we have

Pr (Max (iﬁ(%’)) > t) =Pr (lmax (i%) > é) :

Now Ey[Fj(x)/.#] =0, ||Fj|| < 1, and |[Ey[F;(x)?/.#?]|| < ¥;/.#*. Plugging this in and rearranging
delivers the second statement of the theorem. [

7. An Application to Covariance Estimation and Markov PCA

Principal Component Analysis (PCA) is one of the most fundamental problems in data science, used
to reduce the dimensionality of multidimensional datasets while retaining as much of the variance as
possible and implemented in a wide variety of downstream applications [35]. The task is to estimate the
largest eigenvector of a population covariance matrix from samples. Classically, vector-valued samples
X{,...,X, are received i.i.d., and the leading eigenvector of the sample covariance matrix is used to
estimate the leading eigenvector of the population covariance matrix.

More precisely, we fix a distribution p and let £ = [E, [XXT] € R?*4 Let y; > --- > x4 be the
eigenvalues of ¥ in descending order, and let v| be the leading eigenvector of X. The following is a
standard consequence of the classical matrix Bernstein inequality [64] and Wedin’s theorem [69]:
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Theorem 7.1 (Offline PCA, [32]) Fix 6 € (0,1). Let x1,...,X, be drawn ii.d. from [. Assume that
E, {(ijjT — 2) 2] H <V and ijxjT — Z) < . almost surely; let ol = :?:1 V. Let V be the leading

eigenvector of % 2;5:1 X,XjT Then with probability 1 — §

621 (d dy\ 2
ZIn(%) 1 M ( 1
1—<V,V1>2§C1"7(5)2-—+C2 A = (7.1)
(1 —2)* n X1— X2 n
where Cy,C, are absolute constants.
In many data tasks the samples Xx,...,X, are not drawn i.i.d. but have instead some dependent

structure; for example, this can occur with time series data [29, 34]. Specifically, the dependent structure
can be Markovian, where the vectors X; := X;(s;) are vector-valued functions of an underlying Markov
chain. An example of this is in the context of token algorithms for Federated PCA, where multiple
machines are connected via a graph [14, 23, 25]: each machine contains some fraction of the total
dataset and the goal is to obtain the principal component of the entire dataset with respect to some target
stationary distribution; work has also been done to adapt this to the streaming setting [38] (whereas our
following bound is applicable to the offline setting). The following bound is the adaptation of Theorem
7.1 to the Markov setting, which is a consequence of Theorem 2.6 and Wedin’s theorem; it was first
found in [38] and is derived as an immediate application of our results. Thus, our theorems are able to
directly give the first known bounds for offline Markov PCA in the literature.

Theorem 7.2 (Offline Markov PCA, [38]) Fix & € (0,1). Let P be a discrete-time Markov chain
on general state space with stationary distribution [ and absolute spectral gap A. Let s1,...,s, be a
sequence of states driven by P with initial distribution .. Consider a sequence of vector valued functions

E, {(ijj—r 7):)2} ) <Y and ) ij;r -X

let 6% = i=1 Vj. Let ¥ be the leading eigenvector of % Yio XjX]T. Then with probability 1 — 6

X;:=X;(s;),j=1,...,n Assume that < M almost surely;

2 2—m/4 2-7/4 2
1_<€,V>2<Cl%ln(d5 )<1+A>.l+c’ M i (7.2)
=TT =2 12 N -w)1-2) n’ '

where C},C}, are absolute constants.

Observe that the bound from Theorem 7.2 is a natural generalization of the bound from Theorem
7.1 up to constants, the dependence on the absolute spectral gap A, and the extra 2 — w/4 factor
in the dimension (this can be removed with a slightly worse probability of success); when A = 0,
which recovers the independent setting, the bound essentially matches that of Theorem 7.1. Note that
there are now two spectral gaps: the absolute spectral gap A corresponding to the underlying Markov
chain, which governs mixing and thus the spectral norm bound between the sample and population
covariances, and the difference ); — x> corresponding to the population covariance matrix X that
governs the quality of the estimated eigenvector from Wedin’s theorem.

More generally, our bounds can be useful for analyzing algorithms for covariance matrix estimation
for a stationary distribution based on dependent samples from a Markov chain [37].
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8. Discussion

In this work we gave a systematic study of concentration inequalities for sums of Markov-dependent
random matrices, namely, sums of time-dependent matrix-valued functions of a nonreversible Markov
chain on continuousgi state spaces. Our techniques broadly follow the classic literature on spectral
methods for sums of Markov-dependent random variables, as we bound the largest eigenvalue of certain
perturbed operators. To address time-dependent Markov chains on continuous state spaces we first gave
a crucial limit lemma justifying the analysis of the largest eigenvalue of a certain operator, analogous
to the scalar case; in the process, we make an interesting connection to the Krein-Rutman theorem, the
theory of operators leaving invariant a cone, to tackle the spectral analysis.

In addition to this, we gave a tighter bound on the moment generating function in the Hoeffding
setting, exposing the sub-Gaussian nature of the sum, and used this to give improved constants in
the final tail bound. Our technique here was to construct a natural coupling with a two-state chain
via a convex majorization argument, similar to the proof of the classical Hoeffding’s lemma. We also
gave the first Bernstein-type inequality for sums of Markov-dependent random matrices via a recursive,
linear algebraic, argument — our bound on the moment generating function nicely reveals the Markov
dependence, and provides corresponding tail bounds. Both the Hoeffding and Bernstein inequalities
thus generalize exactly, and in the Bernstein case even improves, the scalar setting. In addition, we
expect our general spectral framework to readily extend to other concentration inequalities, such as
Bennett’s inequality and Bernstein’s inequality with unbounded summands (when there is control over
the moments). We hope that our work opens up avenues for application and contributes to a growing
body of work on concentration inequalities of sums of random matrices beyond independence.

One interesting direction is a possible improvement of Corollary 2.8. In general, finite moments of
the Radon-Nikodym derivative j—ﬁ can be much smaller than the essential supremum; specifically, it
is possible in the scalar setting to tradeoff an improved multiplicative factor involving the p" moment
of the Radon-Nikodym derivative with worse constants in the exponent — the proof is just Holder’s
inequality. However, for matrices this argument would force us to consider not the Frobenius norm
squared in the moment generating function but the Frobenius norm raised to some power depending on
p- It would be interesting if such a tradeoff could be made in our setting as well.

Another interesting direction is with regards to the spectral gap of the chain. Our “absolute spectral
gap” is another name for multiplicative reversibilization, commonly used to quantify the mixing of
nonreversible chains and is used to reduce analysis to a reversible chain. Though widespread in the
literature, it can be a pessimistic estimate of mixing [7]; it would be nice to have a bound that depends on
a more “nonreversible” quantity. In addition, compared to the independent setting, our variance proxy
is different and potentially slightly suboptimal; it is in term of a “sum of norms” rather than a “norm
of a sum.” However, we doubt this can be recovered using spectral methods; we believe an improved
variance proxy would require new techniques — such as an application of functional inequalities — that
are not spectral in nature or at least do not rely on the Golden-Thompson inequality utilized here, and
thus imply an entirely new approach for ergodic sums of scalar random variables as well.
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Appendix
A. Proofs for Section 2 (Main Results)

Proof of Corollary 2.7 If Z= X +iY is a complex Hermitian d X d matrix, then X is real symmetric and
Y is skew-symmetric. Then Z is Hermitian if and only if

, | XY

=% i
is a real symmetric 2d X 2d matrix. If Z has eigenvalues A;,...,4; then Z' has eigenvalues
Ay Aly. ..y Ag, Ag, i.e., has the same eigenvalues each with twice the multiplicity. Then call Theorems

2.5 and 2.6 with the matrices Z'. O

Proof of Corollary 2.8 Let H(sy,...,s,) be a measurable function. Then

Ey[H(s1,...,5n)] =E, [@ -H(sl,...,s,,)]

< esssup;{—: ‘Eu[H(st,...,80)]

This gives the bounds on the moment generating function and the tail bounds then follow. [J

B. Proofs for Section 3 (Preliminaries)

Proof of Lemma 3.3 The proof follows in a straightforward manner using properties of the operator
norm of a tensor product. We have

A(P) = P-11]],

= HP®Id2_H®Id2H’J

=[[(P-I)@Ipl,
=[P =1, [zl
= A(P).

O

C. Proofs for Section 5 (Bounding the operator norm)

Proof of Proposition 5.3 For (1), we have

E7(0)] = 2 B[ () 1)+ Bl o F(2)

= 082(¢ (E[F ()] ®1a+ 1 @ E[F (x)])

~—

(@)

~—

:0,

since the Kronecker product is a linear operation.
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Now we prove (2). For some x € 2, let p(x) > --- > py(x) be the eigenvalues of F(x) (the p
are implicitly scalar-valued functions). We have that the eigenvalues of F(x) ® I; are exactly these
eigenvalues but each with multiplicity d — this also holds for I; ® F(x). Now as F(x) ® I; and I; ®
F(x) are Hermitian, a crude estimate is that the maximum eigenvalue of the sum is bounded above by
2p;(x) < 2b and the minimum eigenvalue of the sum is bounded below by 2p;(x) > 2a. The statement
follows.

For (3), we have

T(x)? = M(F(x)2 @I+ 1;@F(x)?+2-F(x) ®F (x)).

4
Then
|E[F(x)* @ L]|| = |[EFx)* &L <7,
and the same holds for ||E[I; ® F (x)?]||. For F(x) ® F(x), we consider (u®@u)*(F(x) ® F (x))(u®u)

for some unit vector u. This is equal to (w*F (x)u). Now by Cauchy-Schwartz,
(u*F (x)u)* < ([|F (x)ul])*
=u'F(x)’u

Then (u® u)*E[F (x) ® F(x)](u ® u) < w*E[F(x)*Ju for any unit vector u. It then follows that
|IE[F (x) ® F(x)]|| < ¥. The statement follows by putting the above together. [J

D. Proofs for Section 6 (Final bounds)
D.1. Hoeffding

Proof of Lemma 6.3 We first note that for any nonnegative convex function ¥, the function W? is convex
for any p > 1. We first describe a generating process for s;. Draw random variables /; with /; = 1 and
Ij ~Ber(l1 —A) for j > 1 and variables Z; ~ u uniformly and independent from each other and let

k
sk=Y, ( IT @ 1@) 1,Z; (D.1)

so that

k
W(F(s)) = Z ( [1 (112)> LY(F(Z))). (D.2)

We can verify that this is a valid construction for a Markov chain driven by P. We now couple (y i)S))
by drawing random variables B; ~ u independent from each other and let

k
=Y ( [T —Iz)) 1B; (D.3)

so that

k
P(Gon) =Y, ( [T« —&)) L¥(G(B))). (D.4)
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We can again verify that this is a valid construction for a Markov chain driven by 0 and is also a valid
coupling. Then

n n n k
[Tere) -1 (z ( I —m) I;‘P(F(Z;))> | 03

k=1 k=1 \k=1 \t=j+1

We can expand this out as a matrix polynomial. Each monomial is of degree n and can be determined
by a tuple o € {0,1}" with a; = 1 always, each entry corresponding to /; and W(F(Z;)). For each o
construct a coefficient ¢, and a partition a of n as follows: if &; = 0 then (1 —I;) appears in cq and
aj=0.If aj = 1 then I; appears in cq and a; is equal to the one plus the number of zeros appearing
sequentially after c; until the next one. Then we have cq[Tj_; W(F(Z;))% as our matrix monomial

corresponding to o. There are clearly 2"~! monomials in this matrix polynomial.
For example, let n = 6. The monomial corresponding to o = (1,0,1,0,1,0) is

(1 —1Ie)Is(1 — L) I5(1 — L)Y (F (Zs))*¥(F (Z3)) ™ ¥ (F (Z1)),
the monomial corresponding to & = (1,0,1,0,0,1) is
I6(1—I5)(1 = L)I(1 — L) W(F (Z6))¥(F (Z3))*W(F (Z1))?,
the monomial corresponding to o = (1,1,1,1,1,1) is
IIsL LIV (F (Z6)) Y (F (Z5)) ¥ (F (Z4))¥(F (Z3))¥(F (22))¥(F (Z1)),
and the monomial corresponding to o = (1,0,0,0,0,0) is

(1=1I)(1=1I5)(1 = L) (1 = B)(1 = L) (1 = L) W(F(Z1))°.

Moreover, it is not hard to see that the monomials in this matrix polynomial are pairwise orthogonal
(with respect to the trace inner product) using the property that (1 —1;)I; = 0. Therefore

2 i 2
Ey HI‘P(F(S;')) =Eu || Xca HI‘P(F(Z./'))“"
j= F e J= F|
B, | Lo | [[2FEZ)" : (D.6)
L « =1 F_
; 2
= Z]E[Ca]Eu HT(F(Z./'))aj
04 j=1 F
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where the last line follows from independence of the I; and Z;. We now apply Lemma D.1 to see that

2 B 2
Eu [[[T®FEG))|| | = X ElcalEu | |[T¥FZ))Y
j=1 F o i j=1 F|
<Y Elcq]Ey ﬁ‘P(G(B;))“f (D.7)
a i j=1 F|
n 2
=Eu | (|[T¥GON| |.
J=1 F

where we use the coupling between y; and s;. [

Lemma D.1 For Z; drawn i.i.d. from u and B; drawn i.i.d. from y, and if E,[F| = E,[G] = 0, and
for a nonnegative scalar convex function ¥, we have

2 2
Eu [[[[T®¥F@)Y) | <Eu [||[T¥GB)
Jj=1 F j=1 F
Proof We have
n 2 n n
By | [ [T®(F @) ﬁ%<_TW@WWHWHmWN
= ¥ = = (D.8)
n—1 1
=E, <]Eu [W(F(Z4))*"] ,HI‘P(F(Z./'))“J' .HI‘P(F(Z;'))“J'>]
Jj= Jj=n—

using the independence of the Z;. Now as ¥ is nonnegative and convex, W% is convex. Therefore, by
Proposition 6.2 and the fact that F' is mean zero, we have

By [W(F(Z,))*] % By [P(G(BA))™] (D.9)

so that

(D.10)
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Now since G maps to matrices that are a constant times the identity, the matrices E, [¥(G(B;))*"/]
commute with all other matrices. This allows us to write

n—1 1
E, KE w6 T Ee) ] \P<F<z,~>>af>]

=1 i=n—1
! o (D.11)
=1 j=n—2

n—2 1
~Ey KEu WP (@) | T @) B [#(G(B)™] T] \P(F(zj))ajﬂ |

We can iterate this process, and using independence of the B; and rearranging (recall all these resulting
matrices commute) we obtain the statement of the lemma. [

Proof of Lemma 6.5, [15] With some abuse of notation, reuse a := cos(¢)a and b := cos(¢)b. Since
¢ € [—n/2,m/2], ¢ is always nonnegative, so the ordering remains the same.
Let ¢ = —a/(b — a). The eigenvalues of K are the roots of the quadratic

0 = det(fI — K?)

(D.12)
=77 — (1+A)[(1 - p)e® + pe?)f) + 10T,
where
_A+(-2)q
=g (D.13)

Then 7 is simply the larger of these two. Instead of solving directly for 1, we can choose any value
that upper bounds 1 that has a considerably simpler form. In particular, if a quadratic is of the form
x2 — bx+ ¢, we can choose any x such that x2 —bx+c¢>0and x2 > ¢; it can be verified that such an x
upper bounds both roots of the quadratic. Thus, with our choice of 77(8) = exp(a(A) - 8%(b —a)?/8),
we show

71(6)* = (14 2)[(1 = p)e® + pe®71(6) + 2°“*?) > 0,

(D.14)
f](e)z Z lee(a+h)'
The first point in Equation D.14 holds if and only if
= 0(a+b) 7 -1

1+ 4



CONCENTRATION INEQUALITIES FOR SUMS OF MARKOV DEPENDENT RANDOM MATRICES 45

Then for the left-hand side of Equation D.15 we have
1(6) +Ae® 7 (6) !

1+A
exp(a(1)0%(b—a)?/8) + Aexp(0(a+b) — a(L)0%(a—b)?/8)
N 1+2
a(L)0%(b—a)?/8+A6(a+b)—Aa(R)0%(b—a)*/8
ZexP( 1+ )
7 Ala+b)  (b—a)?0% (1-2)a(R)
_eXp<9' 1+ 2 8 1+A )

_a)?
= exp (9-[(1—p)a+pb]+92-(bT)),

where the lower bound is by convexity of the exponential map. Now the right-hand side of Equation
D.15 is the moment generating function of the random variable taking value a with probability 1 — p
and value b with probability p, and thus is upper bounded by Hoeffding’s lemma as

(1= p)e® +pe® <exp (9 (1= p)a+ pb] + 67 LS“)Z) .

Putting the two together proves the first line of Equation D.14.
The second line of Equation D.14 can be developed as

log (ﬁ(e)ze*"(“”’)) =log (exp (W — 9(a+b))>

_ Oc(/l)924(b—a)2 _b(a+h)

We show that this is at least —1/a(1). A sufficient condition for this is

a(A)2(b—a)?
HRSar

a(d)(a+b)6 — 0> < 1.

The above is maximized at 8 = 2(a+b)/(a(1)(b —a)?), and plugging this in, we have

a(A)(b—a) )y _ (a+b)?

a(A)(a+b)o— - oy

which is always at most 1 since a < 0 < b. Then

log (71(0)% ")) = —O‘(W’Z(b — bat)

1
>

= R
| —
>

+
>

>logA
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when 0 < A < 1, proving the second line of Equation D.14.
As 7)(0) has been established to be a suitable upper bound, we then replace @ and b in its definition
by cos(@)a, cos(¢)b, respectively to obtain the statement of the lemma. O

D.2. Bernstein

Proof of Lemma 6.7 First we use an explicit decomposition of z. Let z = HzH |(1@vi)+ HZJ‘HM p,and

E2(1®v)) =a(1®Vy) +co, EZp = b(1®v3) +dt, with p,o,7 norm 1 and orthogonal to 1® cé’
and vy, vy, v3 all norm 1. Let D be the multiplication operator that acts diagonally by 7', so that E}’ =
exp(6D).

(1) We have H(E}’ZH)HHH = |a|HzHHu. It suffices to bound |a|. First we see that a =
<1®v2,E$(1®V1)>ﬂ.Then

<1 @ vy, E9(1 ®v1)> = (v2, By exp(8T (x))]v1 ). (D.16)
I
We see this by definition of the multiplication operator E}’ and the definition of the inner product of
0r(u®1). Then
(v2,Eu[exp(6T (x))]vi) = Ey [(v2,exp(0T (x))v1)]

= D.17
=K, l<V2,I+Z%T(x)kV1>]. 17
k=2 "

We used the fact that E, [T (x)] = 0 to remove the k = 1 term. Next,

oo ek k
E[J l<v271+ Z FT('x)kV1>‘| <V27Vl + Z k! <V27EH[ ( ) ]V1> (D18)
k=2 ™"

But the inner products in the sum are bounded by the spectral norm of E, [T (x)X], so we apply
Lemma 6.6.2 from [64] and Proposition 5.3. Thus

|(v2, Ep[exp(6T (x) V1>‘<1+72 ///k 2
(D.19)
V(e — 0 —1)
M*? '
(2) We have ||(E$zl)H ||” = |b| HZLHH. It suffices to bound |b|. As before we see b = <1®V3,E$p>ﬂ.
From our definition of D, we have

o ok
(1ovs.Efp) = <1®v3,1+ Y %D"p>
k=1 "% u

k

_ v O k D.20
= <1®V3,P>H+Z i <1®V3,D P>u (D.20)

o nk

= I; i! <1®V3,ka>ﬂ,
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since 1® v3 and p are orthogonal. Now since || T'|| < .# we also have ||D||, < .#, and so
— " (12 v3,Dp), < (1@0va,D'p) <A (1@ va,Dp),,.
u

This is in turn upper bounded by |[D(1®vs3)||, and lower bounded by its negation by Cauchy-
Schwartz and seeing that [|p||,, = 1. To bound this norm, we have

IDA®YS)|2% = (DA @V3),D(1@V3)),,
= (10v3,Eu[T(x)))(1@v3)) (D.21)
<7.

It then follows that

(rometo) | <7y Gat

(D.22)
B \/7(8‘///6 -1)
= — .
H(E?ZH)J-H =|c| HZH ||” Bounding |c|, we see ¢ = (0,E®(1 ®V1)>“. Then the result follows as in
the previous part.
(4) We simply use the uniform upper bound of |lexp(07 (x))|| < exp(.#6) forall x € Z .
]
Proof of Claim 6.8 We have
. 1
[l = (Pt
u i
0.l " 10
< ||| PETZ;_, + [\ PETZi_,
u u
o 1 N 1
=P (Ef2_ ) || +|P(Efn)
1 u
1 L
<A H E;’ZL‘ 1) +A H (E?zk{l) (D23)
u u

<oz || +ros|zt
k-1 i1
u u

< (ﬂaz+(xaz><ms>+---+<wz><ms ) s ],

0<j<k

< s ],
l—lag 0<j<k

where the last step holds if Aaz = Ae?® < 1, implied if 8 < log(1/A)/.#. O
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Proof of Claim 6.9 We have

HH
z
'k
H u

where we apply Claim 6.8. [

IN

IN

. l
(PE?Z/(,I)
I
. l N [
( E{Qz,!fl) + H(PE?Z,&I)
u u
. [ < [
P(EfZ )| + HP (Efzi)
1 1

[ [

0 0.1

(ETZL1) H + H (ETZk—l)
u

|

u

<ol +oufi],

So ‘ Zl‘c‘fl

< <(X1+

2
Aos

[
+ —— ax HZ
1—Aogo<j<i—11l 7llp

"
062

: |2
max z.
1—)»053)0<j<k1 g’

(D.24)

The following lemma bounds the conjugate function in Equation 6.29. The proof is adapted from

[33] to our setting and is standard.

Lemma D.2 Define

g1 =0 (P —Lo—1), @)=

forany0<0 < (1—1)/2L. If0< A < 1 then

(g1+g2)"(t)

If A =0 then

2 (144 5 2L\
> : .
=212 <17L ° +17L>

2, L\
(1) > ——s = .

Proof Extend g1 and g, to all of R:

0 [0 6<0
S =62t —1o 1), 9>0
0, 6 <0

2 2092 _
82(0) = SO <9< LA

0’AL%62
1—24-2L6
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These are close and convex and so admit convex conjugates:

2 (5 t>0
gT(t)Z{G 1(“’2)’t<6 T (D.25)

where A (x) = (1 +x)log(1 +x) —x and

U (2), 120
gé(t)—{“"“z 2\Zo’L ) N L (D.26)
oo, t<

where iy (x) = (V1+x+x/2+1)"L
Now (g1 + g2)* is consistent with the above definitions, and so (g; + g2)*(t) = sup{6r — g1(0) —
82(0)}. If A > 0, the Moreau-Rockafellar formula [58] states

(81+82)"(1) =inf{gi(n) +g2(2) |11 +12 =1}

_ t 1—A)2 2t
_1nf{62/’l1 (L—lez) + (21022,22 hy <)~G§L) [t1+0 =t,t,6 > 0}

Using A (x) > x?/(2(14x/3)) and hy(x) > (24 x)~! delivers

_ t 1—A)2 2t
lnf{62h1 (L—éz) + (21621),22 hy <7LG§L> |l1 +t =t,t1,tp > 0}

2/(21* 2 /(212
w02, o)
3 T2 T 1=

|1+ =111, 20}

o { (n +0)*/(L%)

Hh+t=tt,p>0
= 2 1 02 201 | 3 B) =
o +3F +5r+ 17

/(2L

144 | ~2 4 2Lt
-1 0 tix

)

where the second to last line uses 17 /a+1t3 /b > (t) +12)? / (a+ b) for nonnegative 1,7, and positive a, b.
If A = 0 then (g1 + g2)*(¢) = g} (¢) and follows from the above analogously. [J
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