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Abstract

We develop a novel convergence analysis of the classical deterministic block Krylov methods
for the approximation of h-dimensional dominant subspaces and low-rank approximations of
matrices A € K™*" (where K = R or C) in the case that there is no singular gap at the index h
ie., if o, = op41 (where o4 > ... > 0, > 0 denote the singular values of A, and p = min{m, n}).
Indeed, starting with a (deterministic) matrix X € K"*" with r > h satisfying a compatibility
assumption with some h-dimensional right dominant subspace of A, we show that block Krylov
methods produce arbitrarily good approximations for both problems mentioned above. Our
approach is based on recent work by Drineas, Ipsen, Kontopoulou and Magdon-Ismail on the
approximation of structural left dominant subspaces. The main difference between our work
and previous work on this topic is that instead of exploiting a singular gap at the prescribed
index h (which is zero in this case) we exploit the nearest existing singular gaps.

Keywords. Dominant subspaces, low-rank approximation, singular value decomposition, prin-
cipal angles.
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1 Introduction

Low-rank matrix approximation is a central problem in numerical linear algebra (see [21]). It is well
known that truncated singular value decompositions (SVDs) of a matrix A € K™*" (for K = R
or K = C) produce optimal solutions to this problem ([2], 1l 15 21]). Indeed, let A = UXV*
be a SVD and let o1 > ... > 0, > 0 be the singular values of A, where p = min{m,n}. Given
1 < h < rank(A), recall that a truncated SVD of A is given by Aj, = UpX, V)", where the columns
of U and Vj, are the top h columns of U and V, respectively, and ¥j is the diagonal matrix
with main diagonal given by oi,...,0p. In this case, we have that ||A — Apll2.r < ||[A — Bll2.r
for every B € K™*" with rank(B) < h, where || - |2 r stand for spectral and Frobenius norms
respectively. Nevertheless, it is well known that (in general) computation of a SVD of a matrix
is expensive. This motivates the efficient numerical computation of approximations of truncated
SVDs of matrices [6] 12, [13] 20} 211, 26, 27].

A closer look at the optimal approximations shows that they can be described as A; = P, A,
where P, € K™*™ is the orthogonal projection onto the range R(Uj) = Uy, spanned by the top
h columns of U. Hence, one of the main strategies for computing low-rank approximations is the
computation of convenient h-dimensional subspaces 7 C K™ and considering the corresponding
low rank approximations. There are several methods for the efficient computation of low-rank ap-
proximations of the form PA for an orthogonal projection P € K™*™ based on the construction
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of convenient h-dimensional subspaces R(P) = T (equivalently, orthonormal sets of h vectors).
Among others, implementations of the subspace iteration (or block power) and block Krylov meth-
ods have become very popular [6, 11, 12 20, 21, 22 26]. Yet, even if PA is a good low-rank
approximation of A (that is, if ||PA— Al|s &~ op41), PA and A might not share some other features.
For example, the singular values o;(PA) and o;(A) might be quite different for some 1 <i < h. It
could also be the case that the range R(PA) C K™ is not close to any h-dimensional left dominant
subspace Uy, C K™ of A; here, the distance between subspaces is measured in terms of the principal
angles between them (see [20]). Thus, to derive low-rank approximations that share some other
features with A, it seems natural to consider first the construction of subspaces 7 that are close to
the subspaces Uy. Once this is achieved, these subspaces can be used to construct approximated
truncated SVDs of the form P A that do share some other features with A. Moreover, the subspaces
T themselves are also relevant in the study of principal component analysis [16] (since they are
approximations of the principal components Uy,) and for the estimation of the leverage scores for
the construction of CUR decompositions (see the recent survey [4] and the references therein).

As opposed to the low-rank approximation problem of the matrix A (see [3]), the singular gap
on — opa1 > 0 plays a role in the approximation of the h-dimensional left dominant subspace Uy,
of A. Indeed, if the singular gap is positive then the condition number of computing the (uniquely
determined) left dominant subspace U}, of A depends (up to small factors) on the inverse of the
singular gap (o, —oj,41) ", irrespectively of the method being used to approximate Uj, (see [24} 25]).
This fact is reflected in the convergence analysis of deterministic iterative methods used to compute
approximations of Uy, as those considered in [6 22], 26]; indeed, in the deterministic setting, the
upper bounds for the principal angles between U, and its approximations obtained in the previous
works become arbitrarily large as the singular gap o, — o,4+1 > 0 tends to 0. Furthermore, in case
the singular gap is zero then we get an infinite family of h-dimensional left dominant subspaces
of A; this introduces a new problem, that is choosing a convenient h-dimensional left dominant
subspace of A to approximate.

The previous facts could lead us to believe that the problem of approximating h-dimensional left
dominant subspaces of A when the singular gap oj, — 0,41 = 0 is not well posed for its analysis in
the deterministic setting. In this manuscript, we challenge this belief for the block Krylov iterative
method. Indeed, in case o}, = op41 we show that the existence of infinitely many h-dimensional
left dominant subspaces of A can be used to our advantage, by developing a method for choosing
a convenient such dominant subspace that is close to the subspace obtained by the block Krylov
method. To do this we adapt some of the main ideas of [6], to deal with the approximation of
left dominant subspaces. Indeed, we consider a starting guess matrix X € K™ " that satisfies
some compatibility assumptions with A, which can always be achieved even with r = h (i.e.,
for a minimal choice of 7). Our approach is based on enclosing o; > 0j41 = o, = 0 > Op+1
in such a way that 7 < h and k > h are the nearest indices for which there are singular gaps.
These gaps appear explicitly in the upper bounds related to our convergence analysis of block
Krylov methods. In this context, we show that block Krylov subspaces produce arbitrarily good h-
dimensional approximations of conveniently chosen left and right h-dominant subspaces. Moreover,
we show that block Krylov spaces can also be used to compute arbitrarily good approximations of A
of rank at most h that share some other features with A, even when the singular gap o5 —opy1 =0
(see Section [2Z4] for a detailed description of the problems mentioned above). Thus, our results
complement the convergence analysis in [6]. Besides the fact that the no singular gap case is of
interest (due to the common occurrence of repeated singular values in applications with some degree
of symmetry), we believe that our approach to the convergence analysis of block Krylov iterative
methods can be extended in different directions, not only to cover the convergence analysis of other
methods but also to allow for a more general understanding of subspace approximation problems
(e.g. for clustered singular values).

The paper is organized as follows. In Section [2] we recall the notions of principal angles between
subspaces, dominant subspaces and their relation to SVDs and we describe the context and main



problems considered in this work. In Section Bl we state our main results on h-dimensional dominant
subspace approximations (Section [B.]]) and low-rank approximations by matrices of rank h (Section
[B:2]) when there is no singular gap at the index h. At the end of Section, we include some discussion
on how is that our approach can be adapted to deal with more general situations (such as the
clustered singular value case). In Section ] we present the proofs of the results described in Section
[} some of these proofs require some technical facts that we consider in Section [} (Appendix).

2 Preliminaries and description of the main context

We begin by recalling some geometric notions that play a central role in the convergence analysis
of iterative algorithms. Then, we describe the context and problems that are the main motivation
of our work.

2.1 Principal angles between subspaces

Let S, T C K" be two subspaces of dimensions s and ¢ respectively. Let S € K"*¢ and T € K"*! be
isometries (i.e., matrices with orthonormal columns) such that R(S) = S and R(T) = 7. Following
[11], we define the principal angles between S and T, denoted

0<60:1(S,7T)<...<0k(S,T) < g where k= min{s, t},

determined by the identities cos(6;(S,7)) = 0;(S*T) = o;(T*5), for 1 < i < k; in this case the
roles of S and T are symmetric. If we assume that s <t (so k = s) the principal angles can be also
determined in terms of the identities

$in(0s_i41(S, 7)) = 03((I — TT*)S) = 03((I — TT*)SS*) = o:((I — Pr)Ps) (1)

for 1 < i < s, where Py € K"*™ denotes the orthogonal projection onto a subspace H C K"; it is
worth noticing that in this last case the roles of S and T' (equivalently the roles of Ps and Py ) are not
symmetric (unless s = ¢). Principal angles can be considered as a vector valued measure of the dis-
tance between the subspaces S and 7. Following [23] we let (S, T) = diag(61(S,T),...,0s(S,T))
denote the diagonal matrix with the principal angles in its main diagonal. As a consequence of the
previous facts we get that

| sin©(S,T)ll2,r = |(I — Pr)Psll2,r

are (scalar measures of) the angular distances between S and T (see [11 23]).

2.2 Dominant subspaces

We begin with a formal description of the class of dominant subspaces of a matrix, without assuming
a singular gap. Let A € K”*" and let 01 > ... > 0, > 0, where p = min{m, n}, denote its singular
values. Let &’ C K™ be a subspace of dimension 1 < h < rank(A4) < p. We say that S’ is a left
dominant subspace for A if S’ admits an orthonormal basis {wy, ..., w,} such that AA*w; = O'i2 w;,
for 1 < ¢ < h. Equivalently, S’ is a left dominant subspace for A if the h largest singular values of
Psi A are o1 > ... > oy,. In this case we have that

[Psr A= All < [[QA = Al

for every orthogonal projection @ € K"*™ with rank(Q)) = h and every unitarily invariant norm;
that is, Ps/A is an optimal low-rank approximation of A (see [2, Section IV.3]).

On the other hand, we say that S C K" is a right dominant subspace for A if S admits an
orthonormal basis {z1,...,2,} such that A*Az; = ngi, for 1 <4 < h. Similar remarks apply also
to right dominant subspaces. It is interesting to notice that the class of hA-dimensional left dominant
subspaces of A coincides with the class of h-dimensional right dominant subspaces of A*; in what
follows we will make use of this fact.



2.3 Dominant subspaces and SVDs

Let A =UXV™* be a full SVD for A € K™*", where K=R or K =C, ¥ € R™*" and U € K™*™
and V € K™ are unitary (orthogonal when K = R) matrices. In this case X is a (rectangular)
diagonal matrix, with diagonal entries given by the singular values of A. In what follows we let u;
(respectively v;) denote the columns of U (respectively of V).

Given 1 < h < m, we define the subspace Uy, = Span{uy,...,up} C K"; similarly, if 1 < h <n,
we let V, = Span{vy,...,v,} C K" Then, U and V), are left and right dominant subspaces
respectively. In case o5, > op,41 then it is well known that the left (respectively right) dominant
subspace for A of dimension A is uniquely determined; hence, in this case U}, and V; do not depend
on our particular choice of SVD for A.

On the other hand, if o}, = 05,11 then we have a continuum class of h-dimensional left dominant
subspaces: indeed, let 0 < j = j(h) < h < k = k(h) be given by j(h) = max{0 < ¢ < h : o> op},
where we set 09 = +oo0 and k = k(h) = max{1 < ¢ <rank(A) : oy = op}. If we further let Uy = {0}
then, it is straightforward to check that an h-dimensional subspace S’ is a left dominant subspace
for A if and only if there exists an (h — j)-dimensional subspace U C U, SU; := Uy, ﬁl/{jL C K™ such
that &’ = U; @ U. Therefore, we have a natural parametrization of h-dimensional left dominant
subspaces in terms of subspaces U that vary over the Grassmann manifold of (h — j)-dimensional
subspaces of U, © U; C K™.

It is a basic fact in linear algebra that given S’ a left dominant subspace of dimension kA > 1,
there exists a SVD, A = UXV* such that 8’ = U, i.e., the subspace spanned by the top i columns
of U; and a similar fact also holds for right dominant subspaces.

2.4 Main problems considered in this work

Throughout the rest of the paper we consider the following block Krylov algorithm for approxima-
tion of left dominant subspaces and computation of low-rank approximations (see [6]).

Algorithm 2.1 (Block Krylov algorithm for left dominant subspace and low-rank approximation)

Require: A € K™*" starting guess X € K"*"; target rank h < rank(A); power £ > 0.
Set
Ky=Ki(A X):=(AX (AA")AX - (AAHIAX) e Kmx(EHDT (2)

Ky = ,Cg(A,X) = R(Kz) cK™.

Test that d := dim Iy > h. In this case:
Ensure: Uj, € K"xh
1: Compute an orthonormal basis Ux € K™*? for IC,.
2: Set W = Ui A € K¥" (notice that rank(W) > h).
3: Compute Uy, € K" jsometry, such that R(Uw,p) is a left dominant subspace of W.
4: Return: Ug € K™% and U}, = Uy Uw,n € Kmxh,

with orthonormal columns

Once Algorithm 1] is performed, we consider the output matrices Ui and U,. We assume
further that o, = op.1; in this setting, our first main problem is to show the existence of some
h-dimensional subspace 7 C K, that is close to some h-dimensional left dominant subspace U}, of
A. In this context, proximity between subspaces is measured by | sin (U, T)||2,F i.e., in terms
of (the spectral or Frobenius norm of) the sines of the principal angles between the subspaces U,
and T (see Section B.]). Once we establish the existence of 7 C Ky as above, we get the low-rank
approximation PrA of A, where Py denotes the orthogonal projection onto 7. We point out that
the previous approach does not provide an effective way (algorithm) to compute 7.

Therefore our second main problem is to obtain upper bounds for the approximation error
|A = Ap|lo.r, for the low-rank matrix A, = UhU;A computed in terms of the output of Algorithm
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21l Further, we require that the upper bound for the approximation error of A by A}, becomes
arbitrarily close to ||A — Apll2,r (optimal approximation error as described at the beginning of
Section [I) as the power ¢ increases. Hence, by solving this second problem, we obtain (in an
effective way) the low-rank approximation Ay of A (see Section B.2) that behaves much like the
optimal low-rank approximations Ay of A.

In the case that there is a singular gap i.e., o5, > o541, these problems have been recently
solved in [6]. In this work we adapt the approach considered in [6] to construct approximations of
dominant spaces and low-rank approximation of A, based on the block Krylov subspaces Ky, in the
case that there is no singular gap at the index h.

3 Main results

In this section, we state our main results related to dominant subspace approximations and low-
rank matrix approximations in terms of block Krylov subspaces. The proofs of these results are
considered in Section[dl At the end of this section, we include some comments and further research
problems related to the present work.

Our results are motivated by the recent work of P. Drineas, I.C.F. Ipsen, E.M. Kontopoulou
and M. Magdon-Ismail [6]. In that work, the authors merged a series of techniques, tools and
arguments that lead to structural results related to the approximation of dominant subspaces from
block Krylov spaces in the presence of a singular gap. The convergence analysis obtained in [6] has
a deep influence in our present work; indeed, we shall follow some of the lines developed in that
work, that we refer to as the DIKM-I theory. Of course, at some points, we have to depart from
those arguments to deal with the no-singular-gap case.

3.1 Approximation of dominant subspaces by block Krylov spaces

In what follows we consider the convergence analysis of the block Krylov iterative method for
approximating left dominant subspaces of a matrix A (Algorithm [Z]). Once the Algorithm 2] is

performed, we describe the output matrix Uy, in terms of its columns Uj, = (uq,...,u). We also
consider the matrices U; = (4q,...,4;) € K™ for 1 <i < h.
As before, let A € K"™*" with singular values o1 > ... > 0, for p = min{m,n}. Given

1 < h <rank(A) <p, we let 0 < j(h) < h be given by
j=jh)=max{0 <l <h : oy >o0p} (3)
where we set 09 = +00 and
k =k(h) =max{l < /¢ <rank(A) : o, = o}}. (4)

Since h < rank(A), we get that o, = o, > 0. As mentioned in the preceding sections, we will focus
on the case when h < k (i.e., when o}, = 0p,41). Moreover, we will further assume that h < r < k so
that o, = 0, = o) where X € K™*" is the starting guess in Algorithm [ZT} otherwise (if £ < r) we
could simply apply the DIKM-I theory, using the singular gap oy > o041 (since, in the generic case,
X is full rank and satisfies the compatibility hypothesis of the DIKM-I theory). Let A = UXV* be
a full SVD of A. In case 1 < k < p then we consider the following partitioning of U, ¥ and V'

Yk
Y= U= (U, U, V=W V .
(5 ) U= v V= V)

Algorithm [2.1] will provide a reasonable output as long as the starting guess matrix satisfies
certain compatibility conditions with A. Hence, we consider the following



Definition 3.1. Given X € K"*" we say that (A4, X) is h-compatible if there is an h-dimensional
right dominant subspace S C K" for A, with

O(S,R(X)) < gz.
A

Given X € K" " notice that (A, X) is h-compatible if and only if dim(X*S) = h, for some
h-dimensional right dominant subspace S of A.

Throughout the rest of the work, we fix 1 < h < rank(A) < p = min{m,n} and we let
0<j=jh) <h<k=k(h) <rank(A) be defined as in Eqs. (@) and ). The next result will
allow us to show that block Krylov methods produce arbitrarily good approximations of right and
left dominant subspaces under the previous hypothesis (see Remark below). In what follows,
given a matrix Z we let ZT denote its Moore-Penrose pseudo-inverse.

Theorem 3.2. Let t > 0 and let ¢p(x) be a polynomial of degree at most 2t + 1 with odd powers
only, such that ¢(o1), ..., ¢(ox) > 0. Let (A, X) be h-compatible and let KKy = Kt (A, X). Then,
there exists an h-dimensional left dominant subspace S’ for A such that

Isin©(Ky, 8)ll2p < 2| sin OR(VEX), ViVj) 2 +

16k, Il (Zk) Iz lIVil L X (Vi X) |2

In case j = 0 (respectively k = rank(A)) the first term (respectively the second term) should be
omitted in the previous upper bound. Moreover, we have the inequality

O(R(VyX),ViV;) < O(R(X), V).
Proof. See Section .11 O

We point out that Theorem B2l above is related to [6, Theorem 2.1] from the DIKM-I theory. In
case o, = op41 (and hence k > h), the hypothesis in Theorem B2l involves the (continuum) class of
h-dimensional left dominant subspaces of A; that is, we are allowed to consider any such dominant
subspace to test our assumptions. In particular, the hypothesis is satisfied in a generic case.

As mentioned in Section [Z3], since o; > 0j41 and o}, > op41 the subspaces V; = R(V;) and
Vi = R(Vj) do not depend on the particular SVD of A = UXV™* being considered. Hence, the
principal angles ©(R(V,*X),VV;) in Theorem do not depend on the particular SVD of A,
since they coincide with ©(R(Py, X), P, V;) (here Py, € K"*™ denotes the orthogonal projection
onto V, C K").

To apply Theorem B2l we need to bound the principal angles ©(R(V,*X), R(VV;)) (notice that
[6, Theorem 2.1] does not require such bound). We remark that the second inequality in Theorem
provides an alternative method to have control of the previous principal angles.

Using the results from [28] we can interpret the second term in the upper bound in Theorem B2
as a measure of how close the subspaces R(X) and (the k-dimensional right dominant subspace) Vy
are; indeed, the smaller this second term is, the closer the subspaces are. The distance between these
subspaces does not seem to have been considered before in the analysis of convergence of dominant
subspaces obtained by block Krylov methods, under our present assumption that h < r < k (where
the dimension of the dominant subspace is strictly bigger than that of R(X)).

Remark 3.3 (Convergence analysis to dominant subspaces). Theorem suggests a strategy to
obtain a convergence analysis of subspaces obtained from the block Krylov method to A-dimensional
left dominant subspaces. We now describe this strategy in detail for the benefit of the reader. With
the notation of Theorem we consider the following steps:



Step 1. Beginning with A, X and ¢ > 0, we first consider the (auxiliary) block Krylov matrix

Ky = K (A", AX) = (A*(AX) (A*A)A*(AX) .- (A*A)IA*(AX))

constructed in terms of A* € K™*™ and (the auxiliary starting guess matrix) AX € K™*",
Assume that 1 < j < h so that 0;(A*) = 0j(A) > 0j41(A) = gj41(A%).

Notice that if ¢)(x) € K[z] is any polynomial of degree at most 2¢ with even powers only and
such that ¢(o1) > ... > (o) > 0 then ¥, = V(¢)(2)-$?)V*X is such that R(¥,) C K,; here
we have used the convention ¥2¢ = (X¢)*.2¢ € K™*" for the sake of simplicity. Moreover, it is
well known that there are convenient choices of 1(x) which warrant that the angles between
R(¥,) and (the j-dimensional left dominant subspace of A*) V; become arbitrarily small as
q increases.

Step 2. Assume that k& < rank(A); an application of Theorem to the matrix A, with starting
guess matrix WU, and ¢t = 0 (so that ¢(z) = x), shows that there exists an h-dimensional left
dominant subspace S’ of A such that

. . Ok+1 * *
588 O(K11(4, ). o < 21 sin OR(L)), Vo + LIV 0 (0 o 6)
where we have used the inclusion Ko(A*, ¥,) C K441(A, X), the properties of principal angles
described in Remark [£2] and that A* = VXU* is a SVD of A*.

Step 3. As mentioned in Step 1., the first term in the upper bound in Eq. (fl) is known to be-
come arbitrarily small for convenient choices of ¥ (x); we will show that there are choices of
() for which both the expressions | sin ©(R(¥,)), V;)|l2,r and ||V | ¥, (VV,) |2 r become
arbitrarily small as ¢ increases. ,

We point out that the cases in which j = 0 or k& = rank(A) can be tackled in a similar way. The
reader will notice that Theorem 3.2 allows for other possible approaches to the convergence analysis
of subspaces obtained from the block Krylov algorithm to h-dimensional left dominant subspaces.

In what follows we consider the different steps of the strategy for the convergence analysis of
the block Krylov subspaces to the h-dimensional left dominant subspaces described in Remark
We begin by obtaining an upper bound related to the claim in Step 1. Thus, given A with singular

values o1 > ... > 0, > 0 (with p = min{m,n}), we introduce
%:MEO for 1 <i<rank(A4)-—1.
Oit1

The following result is a straightforward consequence of the results from [6].

Theorem 3.4. Let (A, X) be h-compatible and assume that 1 < j < h, so then v; > 0. Let i)(z) €
Kl[z] be a polynomial of degree at most 2q with even powers only and such that 1(o1),...,¢¥(0;) > 0.
If we let Wy =V ((2) - B)V*X then

. — * * 1
[ sin ©(R(¥q), V))lla,r < (115,012 19(25) 2 VL X (Vi X) [|o,r T2
j
Proof. See Section [.2] O

In the next result we obtain an upper bound required in Step 3 of Remark



Theorem 3.5. Let (A, X) be h-compatible, let ¢ > 0 and assume that o1 > 0. Let Thy(x)
be the Chebyshev polynomial of the first kind of degree 2q and set (x) = Toy(x/ok+1). Then,
Y(oy) > ... > P(og) > 1 and if we let ¥y =V () - L2)V*X then

1

. Y(ok)
O(R(T,),V; XV X) op ——— 6
[sin ©(R(¥y), Vj)l2,r < oo )H 1 X(ViX) |2, p (e (6)
IV LT (V) < o VL X (VX o g 7
R N (R
Moreover, in this case we have
—2q min{\/ , 1}
¥(ox) < 1 and ! <4 2 . (8)
Plog) = (L+5)% Y(o%) (1 + %)
Proof. See Section [.2] O

Remark 3.6. Consider the notation in Theorem [3.8] above. We point out that the first inequality in
Eq. () corresponds to a worst case scenario; moreover, numerical examples show that the upper
bound can be (typically) tightened. Indeed, let T5,(x) be the Chebyshev polynomial of the first
kind of degree 2¢ and set ¢)(z) = Toy(x/0k+1). For > 1 we get the representation

@+ VDD 4 (2 — VA1)
qu(.%') = B .

For 1 </ <k+1,setn =

=14 7. Then =mnj-m > 1and

Okt1

Vo Tulm) ARV Eove

Wlog)  Toglng-me) 2% + | fn? — L)% + (= \fmf — %)% it (L)%
J ]

The upper bound above is sharp since

li qu (Uk) _ 1
1m = 3
m—oo Tog(n; - m) (14 5)

Nevertheless, in the regime 7;, n, € (1, 1+¢) for small € > 0 (which is quiet relevant for applications)
we can expect better upper bounds. Indeed, numerical examples show that if 1 < 7, < n; then we
have that for ¢ > 1,
Ylog)  Tog(me) - g~ 2 minty7;, 1} )
Plog)  Tog(nj-me) — I+)
which is a tighter upper bound than that in Eq. (&) for n; € (1,1 4+ ¢) for small ¢ > 0. We
conjecture that Eq. (@) is true (under the previous restrictions). In fact, notice that when 7 ~ 1
then —2all) 2q1(nj)’ so Eq. (@) is true (see [6]). On the other hand, for v; > 1 then Eq. (§)

Taq(njne)
shows that

Wow) _ Toglw) 1y

U(og)  Tag(ny-me) — (L+75)%

In the following result we apply the strategy described in Remark B3] and obtain upper bounds
for the convergence of block Krylov subspaces to h-dimensional left dominant subspaces for the
spectral norm (the Frobenius norm case can be handled similarly); to simplify the statement below,
we consider the following constants: given a h-compatible pair (A4, X) set C(A4, X, 5, k)2 r = Cop
determined as follows. If h < k < rank(A) and 1 < j then

Cor(V, X) = Cop = max {2 [V X7 X) o, 1V XV X) o } - (10)

If j=0welet Cop = ||Vk*,J_X(Vk*X)T||27F; if k = rank(A) then we set Co p = 2[|V;"} X(V/X M2,k
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Theorem 3.7. Let (A, X) be h-compatible, assume that 0 < j < h < k < rank(A), and let
Kgi1 = Kgr1(A, X) € K™, for ¢ > 0. Let Ty (z) be the Chebyshev polynomial of the first kind
of degree 2q and set (x) = Tog(x/oks1). If we let Wy = V((X) - X2)V*X then there exists an
h-dimensional left dominant subspace S’ of A such that:

o490, < Cor (FE5 Ty * o ) O

where Co p = Co p(V, X). In particular, since R(A¥,) C Kgy1 and dim R(A¥,) > h,

(12)

. 1 2—2q min{/ , 1}
Mmmmﬁgmf§@f< )

+4
(14 ;)2@+D) (14 p)*

In case j = 0 then the first terms (in the expressions between parentheses) in Eqs. () and ([I2)
should be omitted.

Proof. See Section O

As already mentioned, the upper bound in Eq. (1)) can be obtained by following the three-step
strategy in Remark B2l The reader can check that in case k = rank(A) (so that ;11 = 0) then we
can set Y(x) = Thy(x/oy) = Tog(x/0j41) and get the bound in Eq. (I omitting the second terms
in the expressions between parentheses; in this case Eq. (I2)) becomes

4Co

et 2t 2—2q 111111{\/')/7-7 1} )
(1+75)3

150 O (Kg11, ) ll2,r <

We point out that Theorem B complements the convergence analysis described in [6, Corollary
2.5]. That is, this result can be applied in contexts in which [6, Corollary 2.5] can not be applied;
moreover, Theorem B.7] shows the existence of h-dimensional subspaces T C K11 = Kgy1(A4, X)
that are arbitrarily good approximations of some h-dimensional left dominant subspace S’ of A
(for sufficiently large ¢ > 0). As opposed to Theorem [B.2] Theorem [B.7] does not require a priori
knowledge of ©(R(V}X),V,*V;) (see the comments after Theorem B.2)). On the other hand, the
speed at which the upper bound in Eq. (I2]) decreases depends on both gaps «y; and 7; in particular,
this result warrants a better convergence speed when both singular gaps are significant.

3.2 Low-rank approximations from block Krylov methods

Notice that the upper bounds in Theorem B.7] can be made arbitrarily small for large enough ¢ > 0.
Therefore the corresponding block Krylov subspace contains (arbitrarily good) approximate left
dominant subspaces. Still, the previous results do not provide a practical method to compute such
approximate dominant subspaces and the corresponding low-rank approximations. In this section
we revisit Algorithm 2Tl without assuming a singular gap, as a practical way to construct low-rank
approximations. Our approach to deal with this problem is based on the approximate left dominant
subspaces of a matrix A; indeed, we follow arguments from [26].

For the next results, we consider Algorithm 2. Ilwith input: A € K™*™ starting guess X € K"*"
and power ¢ = g+ 1 for some g > 0; we set our target rank to 1 < h < rank (A). Once the algorithm
stops, we consider the output matrices U and Uh; we further describe U}, in terms of its columns,
Up, = (i, ..., 45) € K™% In this case we set

Ui = (4g,...,%;) € K™ for 1<i<h. (13)

As before, we let j = j(h) < h < k = k(h) be defined as in Egs. (@) and [, and we consider the
notation used so far. Further, given 1 < i < h we let A; = U; £; V;* € K™*" denote a best rank-i
approximation of A (so that ||[A — A;l|2 = 0i41).



Let (A, X) be h-compatible and let ¢ > 0. In what follows we make use of the constants
(A, X,q,7,k)2,p = 02 given by: for k < rank(A) then let T5,(z) be the Chebyshev polynomial of
the first kind of degree 2q, ¥(x) = Thq(x/ok11) and set

— Ylog) 1 1 !
Sor = V2Cur <7/)(Uj) A+ " blow) 0+ %)2> ’ Y

where Cy p is defined as in Eq. ([I0). In case j = 0 the first term should be omitted. In case
k = rank(A) then let ¥(x) = Thg(z /o)) = Tog(x/0j41) and set

PR V2 Caor
£ ) W)

Theorem 3.8. Let (A, X) be h-compatible and let ¢ > 0 be such that 02 < 1. Let Uk be the output
of Algorithm [21] with the power parameter set to ¢+ 1 > 1. Then there exists an h-dimensional
right dominant subspace S of A such that

(15)

HAPS_UKU;(APSHZF So-h—i—l '52,F- (16)
Proof. See Section 3] O

Although rather technical, the previous result allows us to get the following estimates for the
first h singular values of A.

Theorem 3.9. Let (A, X) be h-compatible and let ¢ > 0 be such that 6o < 1. Let A, = UhU;:A,
where Uy, is the output of Algorithm 2 with the power parameter set to ¢ +1 > 1. Then,

O'Z'—O'h+1'(52 SUz(Ah) SO’Z' fOT' 1 SZSh (17)
Proof. See Section [4.3] O

Theorem 3.10. Let (A, X) be h-compatible and let ¢ > 0 be such that 6o < 1. Let Uy, be the output
of Algorithm 2] with the power parameter set to ¢+ 1 > 1. Then, for every 1 < i < h we have that

|A = Uil Allg.r < |A = Aillo.p + 0i41 - 0F (18)
where 62  are defined in Eq. (I4) or (I3).
Proof. See Section O

Using the previous results together with estimates for s  as defined in Eqs. () and (&) we
can obtain the following upper bounds for the approximation of singular values and approximation
errors using the block Krylov Algorithm 2.11

Theorem 3.11. Let (A, X) be h-compatible, let 0 < j < h < k < rank(A), and let Co p be defined
as in Eq. [I0). Assume that

1 272q min{,/7% ,1}
V20, ( ) <1, (19)

+4
(14 ;)2at! (1+7x)?

where we follow the convention: vy = 400 in case j = 0. Let U, be the output of Algorithm (2.1
with the power parameter set to g+ 1 > 1; Let

A; :(A],IA]Z-*A for 1<i<h,
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be the rank-i approzimation of A obtained from Algorithm (2. Then, for 1 <i < h:

1 272q min{,/7 , 1} .
Ui—0h+1'\/§CQ (1+’Yj)ZQ+1 +4 (1+’Yk)3 So'i(Ah) < o;
and
~ A 1 2—2q min{/7 , 1}
A-UUA < ||A - A; i1 V2C 4
I i Allzr < | lo.p + Gigr - V2Cr <(1 I 7 IV
Proof. See Section [4.3] O

Theorem B.IT] complements the analysis in the deterministic setting obtained in [0, Corollary
2.6]. That is, this result can be applied in contexts in which [6, Corollary 2.6] can not be applied
(i.e., when there is no singular gap). Theorem BITlshows that the distance ||A— Ay, (q)||2,r, between
the low-rank approximations flh(q) of A obtained from the block Krylov method and A, converges
to the minimial distance |A— Ay ||2,F as the power parameter (number of iterations) ¢ > 0 increases.
Moreover, it also shows the convergence of the first h singular values of Aj, to the corresponding
singular values of A. Thus, our approach follows the paradigm introduced in [20] for the assessment
of the quality of low-rank approximations. On the other hand, the speed at which the upper
bounds in Theorem B.IT] decrease depends on both gaps 7; and ~; that is, this result warrants
better convergence speeds when both singular gaps are significant.

Remark 3.12. There is a vast literature related to low-rank approximation, both from a deterministic
and randomized point of view, taking into account singular gaps, or disregarding these gaps (see
the survey [17]).

Randomized methods [7, 8, 12} 13} 20] typically draw a random n X r matrix X (a starting
guess matrix) and consider the random subspace R(X) C K" given by the range of X. One of the
advantages of this approach is that it is possible to prove that, with high probability, X satisfies
some compatibility properties with the structure of A, regardless of the particular choice of A (see
[5]); on the other hand, the conclusions of the randomized approach then typically hold with high
probability. Thus, these conclusions do not apply to particular choices of matrices X. In this setting,
the work [20] contains a deep analysis of the block Krylov method for low-rank approximations,
when the starting guess matrix is drawn from a standard Gaussian random matrix. The gap-
independent bounds obtained in [20, Theorems 10 and 12] (see also [20, Theorems 11 and 12])
imply that a number O(1/4/¢) of iterations in Algorithm 2] are required to warrant (with high
probability) that ||A—Ax(q)|la < (14¢)||A— Apll2 and |o:(A)% —04(A1)?] < e (A)2, for 1 < i < h.

Notice that we follow a deterministic approach where we consider a fixed (deterministic) n x r
matrix X satisfying a set of specific (explicit) compatibility hypotheses with the structure of A
(that hold in generic cases) and obtain conclusions that hold for the particular matrices X and
A. In our deterministic setting, Theorem BI1] implies (for a fixed h-compatible pair (A4, X) and
1 <j < h<k<rank(A)) that

A 1 9—2¢ min{\/y , 1}
|A = UsU; Alla.r < |A = Aill2,p + 0ig1 - 22 Cp max ;

4
(14 ;)20H (1 +)°

where C'r = max{2 HVJ*LX(V]*X)THF, HVle(Vk*X)THF}- Hence, if ¢ is the smallest integer satis-

fying

M%CF) < min {(2¢ + 1) log(1 + ;) , 2 log(2) ¢ min{\/7, 1}}

then Algorithm 2] provides a low-rank approximation of A such that |4 — Ap(¢)|2 < (1+¢)||A—
Apll2, |oi(A)? — 0:(Ap)?| < eop(A)?, for 1 < i < h. Thus Theorem BIT] implies that, (for fixed

log(
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A and X), a number O( (min{2 log(1 +v;), 2v2 min{,/7x, 1} })~! log(w_%cF)) of iterations in
Algorithm 2Tl are required to achieve the previously mentioned approximation errors. On the other
hand, we remark that it is well known that an analysis of convergence such as that derived in
Theorem B7] (for dominant subspaces) or Theorem BIT] can be used to obtain upper bounds for
the approximation errors in the randomized setting (for example, see Saibaba’s work in the context
of the Subspace Iteration Method [22]). We will consider these issues elsewhere.

Remark 3.13. As a final comment, we point out that the present results together with the results
from [6] do not cover the complete picture of the convergence analysis of deterministic block Krylov
methods. For example, assume that we are interested in computing an approximation of an h-
dimensional dominant subspace of the matrix A in the case that there is a small singular gap
op > Opy1, for which v, ~ 0 (so ~ 1). This situation corresponds, for example, to the case

g,
where o7, lies in a cluster of singular }:/gllues Ojg1>...>0p>... >0 forl <j<h<k<rank(A)
and 011 — o ~ 0. In this case [6] Theorem 2.1] exhibits a rather slow speed of convergence with
respect to the power parameter (number of iterations) ¢ > 0. Although our approach does not
apply directly to the case where oy, lies in a cluster of singular values, it seems that our results and
techniques could shed some light on the convergence analysis in this case. Indeed, let us consider
the following heuristic argument: let A = UXV* and assume that oj41 > ... >0, > ... > 0 >0,
for 1 <j <h<kandsete=oj41 —o0p~0. Let us construct an auxiliary matrix

* .
Asuix = USaul V', Yaux = diag(or,...,05,¢...,¢,0441,...,0p)

where p = min{m, n} and ¢ = 1/2(04+1+0y). We will use the key fact that the dominant subspaces
U; and Uy, of A and A, of dimensions j and k, respectively, coincide (although h-dimensional
dominant subspaces of A and A,u.x do not necessarily coincide). Similarly, the gaps v;, 4; > 0 and
Y, Y& > 0 of A and A,ux are comparable.

Let T5,4(x) be the Chebyshev polynomial of the first kind of degree 2¢ and set ¢)(z) = Thq(x /o)1)
and let ¥, = V(¢(X) - £?)V*X. Then, by Theorem we get that ||sin ©(R(¥,)),V))|l2,r and
Vi v (Vk )Vl|l2.7 decay (as a function of the number of iterations) in terms of the enveloping
gaps 7; and 7. Hence, if we now apply Theorem to the auxiliary matrix A, with starting
guess U, and with ¢t = 0, we see that there exists an h-dimensional left dominant subspace S}, of
Aaux such that

sin ©(R(Aaux¥q), S )ll2,r < 2/ sin O(R(¥)), Vi)ll2.r + = HVkJ_\II (Vi) 2 -

1+7
It seems reasonable to expect that the difference between ©(R(AV,), S ) and O(R(Aaux¥q), S}

aux auX)
can be bounded in terms of some measure of the spread of the cluster o; > ... > 0. Assuming this

last fact and putting together the previous estimates, we now conclude that

Isin © (Kqs1, Squ)l2,F < [|sin O(R(AY), S ll2,r

where the upper bound would decay in terms of the gaps 7; and v; and the power parameter; here
we have used that R(AV,) C Ky41 = R(Kg41(A4, X)).

At this point, we remark that the subspaces 8., = Sh.(¢) are not necessarily dominant
subspaces of A. Yet, the subspaces S.,, satisfy that there exist (h — j)-dimensional subspaces
U C Uy 6 Uj such that S

awux = U; ©U. Using this last fact we could show that [|A — Ps; All2,r
can be bounded by [|A — Ajl2r + [[(o01; — c)lg;fH;F, where ||A — Ajllo.r = [|[A — Apll2,r and
(oesj — )?71 ll2,F = 0, because we are assuming that ;41 > ... > oy forms a cluster of singular
values. That is, even when S), is not an h-dimensional left dominant subspace of A, it would
behave much like one. Thus, in case v, > 0 and 7, ~ 0 but with significant gaps v; and 73, we
would conclude the existence of the subspaces S/, (¢q) that become close to Ky rather fast, as

aux
g > 0 increases. In this case S, could be used to study the low-rank approximations obtained
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from Algorithm 2] (similarly to the way that we have used the existence of a dominant subspace
of A lying close to K411 to study low-rank approximations obtained from Algorithm ). We will
consider this type of analysis elsewhere.

4 Proofs of the main results

In this section we present detailed proofs of our main results. Some of our arguments make use
of some basic facts from matrix analysis, that we develop in Section Bl (Appendix). We begin by
recalling the notation introduced so far; then we consider some general facts about block Krylov
spaces, principal angles and principal vectors between subspaces that are needed for developing the
proofs below.
Notation 4.1. We keep the notation and assumptions introduced so far; hence, we consider:

1. A € K™*" with singular values o1 > ... 0, > 0, with p = min{m, n}.

2. 1 < h <rank(A) < p; moreover, we let 0 < j(h) < h be given by

j=jh)=max{0 <l <h : op>0p} <h

where we set o9 = +00 and

k= k(h) =max{l < /¢ <rank(A) : op =0} > h.

3. A starting guess X € K™*" such that (A4, X) is h-compatible; that is, we assume that there
exists an h-dimensional right dominant subspace S of A such that ©(R(X),S) < §I. In this
case, dim X*S§ = h; in particular r > rank(X) > h.

4. For any ¢ > 0 we consider Ky = K;(A, X) constructed in terms of A and X as in Eq. (),
that is
K= Ki(A, X) = (AX (AAM)AX ... (AA")PAX) e Rmx(Hbr

and consider the block Krylov space Ky = KCy(A, X) = R(K,).

5. A=UXV* a SVD of A. Given 1 </ <rank(A) we consider the partitions

5,
5 — U=(U, U V=(V, Vi.). 20
( Eu) , (Ue Ury) (Ve Vi) (20)

Since the pair (A, X) is h-compatible then we further assume that R(V;*X) = R(V},); this can
always be done by choosing a convenient SVD of A.

Notice that for every polynomial p(z) € K[x] of degree at most ¢ we get that the range of
P(AA*)AX € K™ " is contained in Ky. In terms of a SVD of A, we get that

P(AAAX = Up(EHTV*X = Up(D)V*X

where ¢(z) = x p(2?) € K[z] is a polynomial of degree at most 2¢ + 1 with odd powers only, and
represents a generalized matrix function (see [Il, [14]). Here ¥ = diag(oy,...,0,) € R™*", where
p = min{m, n}; hence,

¢(X) = diag(¢(01), ..., d(op)) € K™
In this case we write

®:=Up(D)V*X € K™, (21)
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so by the previous facts, R(®) C K. Let S be an h-dimensional right dominant subspace S of A
such that ©(R(X),S) < 51 as above. As already mentioned, we can consider a SVD of A = UXV*
in such a way that S = Vj,. In this case, R(V;X) = R(V}’): if we assume further that ¢(o;) # 0
for 1 <i < h (so ¢(X3) € K"*" is an invertible matrix) then dim R(®) > h, where ® is defined as
in Eq. (2I). We will further consider similar facts related to convenient block decompositions of a
SVD of A.

Remark 4.2. We mention some further properties of the principal angles between subspaces (see
Section 2] for definitions) that we will need in what follows. Let S, T C K" be two subspaces
such that s = dimS < dim7 =t¢t. If &’ € S and T C T’ are subspaces with dimensions s’ and ¢/
respectively, then

10(S, T)l2.p < 1O(S, Tll2,p 5 [Isin©(S, T )l2,r < [[sinO(S, T)ll2,p
and similarly
10(S" Dllzr < 10(S, Tllz,p 5 [Isin®(S", T)ll2r < [[sin©(S, T)ll2r,

which follow from the definition of principal angles (see Eq. (I)). On the other hand, dim S+ =
n—s>n—t=dim7" and therefore, for 1 < j < min{s,n — t},

sin(0(n—1)—j11(S*, 7)) = 05((I = Ps1)Pri) = 0j(Ps(I = Pr)) = sin(0s—j41(S, 7)) -

By the previous identity, we see that the positive angles between S and T coincide with the positive
angles between S and 7 Notice that as a consequence of this last fact we get that

10(S, T)ll2,r = 1O(SH, TH) |2, - (22)

Remark 4.3 (Principal vectors between subspaces). In what follows we shall also make use of the
principal vectors associated with the subspaces S, T C K" such that s = dimS < dim7T = ¢
indeed, by the construction of the principal angles, we get that there exist orthonormal systems
{u1,...,us} C S and {v1,...,vs} C T such that

(ui,vj) = 65 cos(0;(S,T)) for 1<4,j<s,

where 0;; is Kronecker’s delta function. We say that {uy,...,us} and {v1,...,vs} are the principal
vectors (directions) associated with the subspaces S and 7. Notice that the previous facts imply,
in particular, that the subspaces S; = Span{ui,...,u;} C & and 7; = Span{vy,...,v;} C T are
such that
(S, T;) = diag(601(S, T),...,0;(S,T)) eRI*  for 1<j<s.

In this case we say that {ui,...,u;} C S are principal vectors corresponding to (S,T,j) (here it
is implicit that 1 < j < s = min{dimS, dim7}). If S € S and 7 C T are two j-dimensional
subspaces then, it follows that ©(S;,7;) < O(S,T); that is, S; and T are j-dimensional subspaces
of § and T respectively, that are at minimal angular (vector-valued) distance.

4.1 Proof of Theorem

We now present a proof of Theorem We divide our arguments into steps.

Proof. Step 1: adapting the DIKM-I theory to the present context. Consider Notation [£1l By
construction o; > 0j41 = oy = op. We first assume that 1 < j and £ < rank(A) < p = min{m,n}.
Since k < rank(A) then o, = o} > og41 > 0.

We consider X € K™*" such dim(X) = s > h and such that there exists a right dominant
subspace § C K" of dimension h with ©(S,X) < w/21, where X = R(X) C K" denotes the
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range of X. Consider A = UXV™ a full SVD. We now consider the partitioning as in Eq. (20)
corresponding to the index 1 < k < rank(A). It is worth noticing that ¥i, R(Ux) = Uy and
R(Vy) = V) do not depend on the particular choice of a SVD of A; also notice that the partition is
well defined since k < rank(A). Let ¢(z) be a polynomial of degree 2t + 1 with odd powers only,
such that ¢(o1), ..., ¢(ox) > 0; hence ¢(3y) is invertible.

Step 2: applying the DIKM-I theory to the adapted model. We let K; = K¢(A, X) denote the block
Krylov subspace and let P, € K™*™ denote the orthogonal projection onto K;. Notice that if we
let & € K™*" be as in Eq. (ZI)) then R(®) C K;. Consider for now an arbitrary h-dimensional
subspace &’ € K™. Then

Isin ©(Ke, 82 = I(I = P)Pslz,p < [I(I — 297) Py, (23)

where we have used that dim K; > dim R(®) > dim S’ = h. We now consider the decomposition
¢ = ) + Py |, where

Pp = Upd(Zp) Vi X and g =Up 1(Zk, 1)V X
By [6l Lemma 4.2] (see also [I8]) we get that
|(I — ®®")Ps/|jo,p < |Ps: — ®B|2r for BeK™™,
By the previous inequality we get that
(I = @7 Ps/|lo.r < (I — 2®])Psz.r - (24)
We can further estimate
|(Z = 2®}) Psillo.r < [[(1 = ®42))Psrllzr + | ®r, 1 &} Pr[l2.p - (25)

Step 3: dealing with the fact that R(V;}X) # R(V,*). We now consider the two terms to the right
of Eq. (23). In our present case, we have to deal with the fact that R(V;*X) # R(V}*) when h < k.
Indeed, since (S, X) < 7/21 and S C R(V)) we see that if we let

W=RViX)=Wxckr

then & > dim(W) :=d > h. Let
T = ¢(Zp)W C K.

Since, by hypothesis, ¢(Xz) € RF¥** is an invertible matrix then dim7 = d and
O, 0! = U, PrU; . (26)

We now consider H' = Span{es,...,e;} C KF, where j = j(h) > 1 and {e1,...,ex} denotes the
canonical basis of K¥; notice that H' = R(V;*V;). We also consider the principal angles

OW, H') = diag(Or(W,H'),...,0;(W,H)) € RI*J.
By Proposition Bl we get that
OW, H') < O(X, V) < %I,

since V; C R(Vj) and V;*V; = H’, and the second inequality above follows from the fact that
0;(X,V;) < 6;(X,S) < T, for 1 <i < j,since V; CS (see Section 2T]).

Step 4: computing the left dominant subspace S'. Let {wr,...,w;} C W and {fi,...,f;} € H
be the principal vectors associated with W and H' (as described in Section ). Let W' =
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Span{wi,...,w;} C W; in this case, O(W,H') = ©(W',H'), by construction. Consider the sub-
space T' = ¢(Zp) W C T so dim(7") = dim(W') = j = dim(H'); since H' is an invariant subspace
of ¢(Xj) then Proposition [5.2] implies that

ST, H)lp < |[sin OOV, 1) |- = || sin OOW, H') |1

since ||¢(Zx)(I — Pyr)|2 ||0(Z) |2 = 1, where we used that ¢(o;) > ¢(op) > 0, for 1 < i < k and
that ¢(Uj+1) = ¢(og).

Let 7" =T o7 sodimT” =d—jand 7" C (T")*. Since dim((7")*) = dim((H)*), by Eq.
[22) we see that

1O(T", (H))llo,r < NOUT)S, (H)D)llor = 10(T, H )26 < OOV, H)|l2,r -

Let {y1,...,y4—;} C T" and {z1,...,24—;} C (H')* be the principal vectors associated with 77
and (H')*. Then, if we let H” = Span{z1,...,2,_;} we have that dimH" = h — j,

Isin ©(T", H")l2,r < | sin©(T", (H')")|lo,r < || sin©OW, H')|2,r -
On the one hand, we have that 7 = 7’ & T”; on the other hand, we have that
Sl = Uk(%l @ H//) — uj @ UkH// g Z/[k g Km

is an h-dimensional left dominant subspace of A (see Section [23)).

Step 5: obtaining some more upper bounds. Since
| sin (T, H |27, || sinO(T", H")||lo.r < || sinOW, H)||2.7
then Proposition 5.3 implies that || sin©(7 , H' & H")|j2,r < 2||sin @©W, H')||2,r. Hence
(I = ®4]) Porlla, e = [ sin OURT , 8')o,p < 2] sin O, 1) o.r, (27)

since Uy, is an isometry and R(®y) = Uy T (see Eq. (26])).
By Proposition 5.4 since W = R(V;X),

o = (VX)) (Uro(Sk) Pw)
Since U, € K™*F has a trivial kernel, we get that
(Ukd(Z) Pw) = (6(Z) Pw) Uk Pr)' = (6(S0) Pw) PrUL = (6(2) Pw)'U;

where we have used Proposition 5.4} that (UyPr)! = (U,Pr)* = PrU; since UyPr is a partial
isometry and that ker((¢(3x)Pwy)")* = 7. The previous facts show that

Oy | D] Py = U, 1 (S, 1)V X (VEX)T(6(5k) Pw)'US Py

so then,

1Pk, 1 D} Psr |2, < [16(Sk, 1) ll2 1 6(S8) 2 1V L X (Vi X) o, (28)
The result now follows from the estimates in Eqs. (23], [24) and (23] together with the bounds in
Eqgs. 27) and (28).

The cases in which j = 0 or k = rank(A) can be dealt with similar arguments. Indeed, notice
that if j = 0 then we can take 7 C T such that dim 7 = h, and set &' = U, 7. By construction,
S’ C R(®g) is a left dominant subspace of A (in this case any subspace of Uy is a dominant
subspace of A). Finally, in case k = rank(A) then ¥ | = 0 and then ¢(X; ) = 0, so that we also
get @ | =0. U
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Some comments related to the previous proof are in order. We have followed the general lines
of the proof of [6 Theorem 2.1]. Nevertheless, the assumption in [6] (i.e., that R(V;X) = R(V}¥))
automatically implies that ||(/ — ‘bk‘bL)PS’HZ, r =01in Eq. ([24). Since we are only assuming that
the pair (A, X) is h-compatible, our arguments need to include Steps 3, 4 and the first part of Step
5.

With the notation of the proof, a careful inspection of the arguments above shows that the
subspace &’ can be computed explicitly (in terms of several objects that we describe below). We
include the following pseudo-code of the construction of &', for the convenience of the reader. In the
code, we invoke the construction (in terms of convenient singular value decompositions) of principal
vectors corresponding to triplets (S,7,7) as considered in Remark We keep using Notation

E1l

Algorithm 4.1 (Construction of S’ as in Theorem [3.2))

Require: A = UXV* € K™ a SVD of A, (a compatible) starting guess X € K"*"; rank
parameters 0 < j < h < k < rank(A); power parameter ¢ > 0; a polynomial ¢(x) € K[z] of
degree at most 2t + 1 with odd powers only, such that ¢(o7), ..., ¢(or) > 0. Set

W=R(V;X) , T=¢E)W , H =RVV)).

Ensure: An h-dimensional left dominant subspace S’ of A.

Compute principal vectors {wi,...,w;} C W corresponding to (W, H', j).

Set W' = Span{wi,...,w;} C W and compute 7" =T © ¢(Zp)W'.

Compute principal vectors {z1,...,2,_;} C (H')* corresponding to (7", (H')*,h — j).
Set H” = Span{z1,...,2,—;} and 8" := Up(H' @ H") = U; & U, (H").

Return: the left dominant subspace &’ C K.

4.2 Proofs of Theorems [3.4], and 3.7

Proof of Theorem [3.]] Under our present assumptions we have that ©(R(X),V;) < 7w/21; ie.
R(V;7X) =V;. In this case we can argue as in the proof of [6l Proof of Theorem 2.1] and conclude
that

Isin ©(R(¥q), Vi)llzp < [9(Z5,1) - 53 1ll2 1((Z5) - B 2 VL X (VX) |2,

where we used that v(01),...,¢(c;) > 0 so that in this case (%;) - E? is an invertible matrix.
Moreover,

N2
90550 22 15 5 e < IS0l (s e (222

The result now follows from the previous inequalities and the identity o;1/0; = (1 + Wj)_l. O
In what follows we make use of the next result from [6].
Lemma 4.4 ([6]). Assume that k& < rank(A), so that o} > o1 > 0, and let

Ok+1
Let Th4(x) € Rlz] be the Chebyshev polynomial of the first kind of degree 2q. Then Th,(x) has
even powers only. Furthermore, if we set ¢(z) = Ty, (x /o)1) then

Glo1) > > dor) =1, (o) = 5 (L) 20 ™V o 1<i<k

=~ =
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and |¢(0;)| < 1, for i > k + 1. Hence,

9—2q min{\/75 , 1}

1
19 (Xk) " 2 ([P (B, L)ll2 < 4 [

O

We point out that the inequalities ¥(o1) > ... > 1(0k4+1) in the lemma above are a consequence
of the super-linear growth for large input values (i.e., in this case for > o1) of the gap amplifying
Chebyshev polynomials (see [6]).

Proof of Theorem [3.8. Let Ty,(x) € R[z] be the Chebyshev polynomial of the first kind of degree
2q. Since op41 > 0 we can set ¢(z) = Toy(x/0k+1). By Lemma 4] we get that ¢(oy) > ... >
(ok+1) = 1 and hence

[9(25) " Hl2 = and  [[Y(Xj41)ll2 = P(oj41) = P(ox) .

1
¥(ay)
Thus, Eq. (@) follows from Theorem B.4] and the identities above.

Consider ¥, = V(1(X) - £2)V*X; then
VkiJ_\IIQ(Vk*\IIQ)T - (WEk,L) : Ei,i)kaiX((WEk) : Ei)VI:X)T .
Since ¥(Xg) - Ez € KF*F is invertible, then Proposition [5.4] implies that
((Sk) - SVEX)T = (Ve X)T((Sk) - 50 Prvex)T
Hence, the previous identities imply that
VL@ (Vi) o < 19(Sk,0) - SRz Ve L X (Ve X) o, rll (0 (k) - £2) 72 -

Again, by Lemma[£.4] we get that ‘W(El@i)‘zi 2 < J]%+1 while H(?/)(Ek)-zz)_ng < (Y(oy) O']%)_l.
Putting everything together, we get that

1 Ok+1 ?
Vi (VW) o p < —— Vi X (i X)T :
IV 0V 0 o < o IV XX (22

Thus, Eq. (@) now follows from the previous inequalities and the identity o q/0r = (1 +v) L.
Finally, notice that the first inequality in Eq. (8) was shown in Remark B.6] while the second
inequality is a consequence of Lemma [£4] O

Recall that given an h-compatible pair (A, X') we defined C(A, X, j,k)2 p = Co r as follows: if
h <k <rank(A) and 1 < j then
Cor(V, X) = Cop = max {2 [V X7 X) o, 1V L XV X) o } - (29)

If j=0welet Cop = ||Vk*’LX(Vk*X)T||27F; if k = rank(A) then we set Cy p = 2 HleX(Vj*X)THg,F.

Proof of Theorem [3.7 Assume first that 1 < j < h < k < rank(A); notice that o), = o > op41 >
0, since k < rank(A). To obtain the claimed convergence analysis we follow the strategy described
in Remark B3l Let Ty, (x) be the Chebyshev polynomial of the first kind of degree 2¢ and set
Y(z) = Tog(x/0)+1). By Theorem B if we let ¥, = V(¢9(X) - £2)V*X then

1
(1+75)?

Jsin ©CR(Y,). )l < S VX7 X
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* *\ 1
Vi L eV Y Vi L X (Vi X) |2, a (31)

F >~ T <o
)Tl w( Won) P

Since VW, = (X)) 2 V;* X then R(V;*¥,) = R(V}¥) so that the pair (A, ¥,) is h-compatible and
dim W, > h. If we apply Theorem to this last pair with ¢ = 0 and ¢(z) = x and consider

Eqgs. (B0) and 31 above, we conclude that there exists an h-dimensional left dominant subspace
S’ ¢ K™ for A such that

. (o) 1
Isin ©(Ko(A, ¥y), 82 < Vi X (V7 X) lop g +
q aloy) | GEEnE
1 1 1
Vi XV, F—
e o VX0 X) e s
where we have used the identity oj,1/0% = (1 + )~ '. Since 2 p(z) € Rlz] is a degree 2(q + 1)
polynomial with even powers only, then we get that R(¥,) C R(K,) where

Kq =K (A", AX) = (A"(AX) (A*A)A*(AX) .- (A"A)IA*(AX)) e K@t

Thus, Ko(A4,¥,) C Ko(A, K,;) C K4i1(A, X); using the properties of principal angles and the
estimates above, we now see that

[ sin ©(Kqr1(A, X),8")|l2,r

IN

| sin ©(Ko(A, ¥y),S)l2,r
Y(og) 1 1 1
@f<w@>u+wﬂ+wwwu+wﬁ>’

where Cy p = Co p(A, X) is defined as in Eq. (29).
The case j = 0 can be treated with similar arguments (the details are left to the reader). [

IN

Remark 4.5 (Construction of &’ as in Theorem [B7)). A simple inspection of the proof above shows
that the h-dimensional left dominant subspace S’ C K™ as in Theorem B.7 can be constructed using
Algorithm [l with starting guess ¥, = V(¢(X) - £?)V*X € K"*" and setting t = 0 (the rest of the
parameters remain the same). Notice that this is in accordance with the general strategy described

in Remark

4.3 Proof of Theorems [3.8], [3.9] and B.17]

Throughout this section we consider Notation ] and the notation from Theorem In par-
ticular, we consider Algorithm 1] with input: A € K™*" starting guess X € K"*"; moreover,
we set our target rank to: 1 < h < rank (A). We let Ux € K™*d denote the matrix whose
columns form an orthonormal basis of the Krylov space K,y constructed in terms of A and X,
for some fixed ¢ > 0; further, we let U; € K™% denote the matrix whose columns are the top i
columns of the output Uy, of Algorithm 2.T] for 1 < i < h. We mostly focus on the case in which
1 <j < h <k < rank(A); notice that in this case we have that o, = o} > 0, since h < rank(A).
The cases j = 0 or k = rank(A) can be treated with similar arguments (the details are left to the
reader).

In what follows we make use of the constants do  given by: for k < rank(A) then let T, (z) be
the Chebyshev polynomial of the first kind of degree 2q, ¢(x) = Thq(x/0k+1) and set

o) 1 L)
Fi=V2Cyp ( + ; 32

Wloy) (117 " Blow) (4 7w? .
where Cy p is defined as in Eq. ([29). In case j = 0 the first term should be omitted. In case
k =rank(A) and 1 < j, then let ¢(z) = Ty(x/0}) and set

S = V2 Cor
T () )

(33)
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Proof of Theorem[3.8. We first assume that 1 < j < h < k < rank(A4) so 75 > 0. Let Th,(x) be
the Chebyshev polynomlal of the first kind of degree 2¢q and set ¢( ) = Toq(x/ok41). Consider

=U () - L) V*X € K™ and notice that A*W, = V(((X) - £?) V*X = ¥,. Arguing as in
the proof of Theorem [3.5] we get that

. - * 1
[sin ©(R(Wy), Uj)|lo,r < ZEZ’;; IV X (V7 X) Nz (1+7)
5 _ 1 1
HU]:’L\IIq(UI:\II ) l2,F < ZZ)( 5 Vi XV ) HQ’FW.

Notice that U ¥, = ¥(25) %2 V;* X so that R(U;¥,) = R(U;") and the pair (A*, ¥,) is h-compatible.
Using the previous estimates together with TheoremB.2 applied to the matrix A*, the starting guess
matrix W, and t = 0 (with ¢(z) = ) we get that there exists an h-dimensional right dominant
subspace S € K™ of A such that

(34)

HSin@(R(\Pq) )HQF CQF <7/}(0'k) 1 1 1 > B 02, F

+ - 9
Plog) (L+75)  wlok) (1+%)? V2
where we have used that R(A*¥,) = R(¥,) and Cy p is defined as in Eq. 29). Hence, by Eq. (34)

and our hypotheses we now see that
7T

O(R(¥,),S) < Tk (35)

On the other hand, arguing as in the proof of Theorem B.7] we see that R(A¥,) C Ky41(A, X). We
now set Ag = A Pg, where Ps denotes the orthogonal projection onto S ¢ K". In this case we
get that A = Ag + (A — Ag) so that Ag(A — Ag)* = APs(I — Pg)A* = 0. If we let Vg € K™*"
denote the top right singular vectors of Ag then R(Vs) = S. Notice that Eq. (33) implies that
R(Vé‘\ﬂq) = R(Vg) so we can apply Lemma in this context. Hence, we consider the principal

vectors {wi, ..., w,} C ¥y, corresponding to the pair of subspaces (R(¥,),S); we also let Q € K™*"
be an isometry with columns wy, ..., wy, so that R(AQ) C R(A¥,) C K441. Recall that Uk (being
the output of Algorithm [Z1] with power parameter set to ¢ + 1) denotes the matrix whose columns
form an orthonormal basis of the Krylov space KCy41. Then, the previous facts together with Lemma
show that

|As — Uk Uk Agll2.r (I = AQAQ)N Agllo,r = |45 — AQ(AQ) Aglo,r

<
< | A— Agllz [ tan ©(R(¥),S)|l,r -

On the one hand, ||A — Agll2 = op41, since S is an h-dimensional right dominant subspace of A.
On the other hand, Eq. (B3] also implies that
|4 = Agll2 || tan O(R(Wy), S)l2,r < i1 V2 |sin O(R(Vy), 8)|l2,r < oni1 G,

where we have also used Eq. (B4). O

Proof of Theorem [3.9. We keep using the notation from the proof of Theorem above. As a
consequence of Theorem and Lidskii’s inequality for singular values, we get that

‘Ui(APS‘) — O'Z(UKU;(APS*)’ < HAPS — UKU}'}APSHQ < opt1 0o,1<i<h.
Therefore, for 1 < ¢ < h, we have that
0i(A) > 0;(UgUj A) = 04(Ap) > 0/(UxUjy APg) > 0i(APs) — 01 02 -

The result now follows from the previous facts and the identities 0;(APg) = 0;(A), for 1 <i < h. O
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Proof of Theorem [Z10. We keep using the notation from the proof of Theorem B8 above. In
particular, we consider the existence of an h-dimensional right dominant subspace S for A that
satisfies Eq. (34]). We now argue as in the proof of [6, Theorem 2.3.] and consider the estimate for
the Frobenius norm first. Indeed, by [3] Lemma 8] we have that

A-UUrA=A-Ug(ULA); for 1<i<h,

where (U} A); denotes a best rank-i approximation of Uj-A. By the same result, we also get that
Uk (U} A); is a best rank-i approximation of A from R(Uk) in the Frobenius norm i.e.,

A—-Ug(UrA)lr = i A—-UgY|F. 36
14~ U(UiA)llp = min |4~ U lr (36)

We now consider a SVD, A = UXV* such that the top A columns of V' span the h-dimensional
right dominant subspace R(V}) =V}, = S (recall that this can always be done). For 1 <1i < h we
set

A=A+ ALJ_ where A; = UZEZ‘/Z* and ALJ_ =A—A;.
Then, by [0, Lemma 7.2] we get that

1A — 007 A% < [|A — A% + || A; — UkUg Adl % (37)

Now we bound the second term in Eq. (31). Under the present notation, we get that ©(R(V},), R(¥,)) <
T 1In, by Eq. B8). Hence, O(R(V;), R(¥,)) < §I; (see Section 2.1 and we see that R(V;*¥,) =
R(V;*), for 1 < i < h. Thus, we can apply Lemma in this context. Hence, we consider the
principal vectors {wy,...,w;} C R(¥,) corresponding to the pair (R(V,), R(V;)). Moreover, we let

Q € K™ be an isometry with R(Q) = Span{wy,...,w;} so that R(AQ) C R(A¥,) C K411. The
previous facts together with Lemma show that

(I — AQ(AQ)N Ai||r = ||A; — AQ(AQ)T Ay|

<
< A= Aillz [ tan ©(R(¥), R(V:)) |l ¢
< A - A2 || tan ©(R(¥q), R(Vi)) | F -

[Ai = Uk Uk Ail|

By Eq. (@A) we get that O(R(V},), R(¥,)) = O(S, R(¥,)) < I I; then,

| tan ©(R(¥,), R(VA)) |l < V2 |sin O(R(T,), RVA) | < 35
where we have used Eq. ([34]). Therefore, the previous inequalities imply that
1A =GO AlE < | A= Aillf + (0041 - 65)° (38)

This proves the upper bound in Eq. ([I8) for the Frobenius norm. To prove the bound for the
spectral norm, recall that by [12, Theorem 3.4.] we get that Eq. (B8]) implies that

|A = U;UFA|3 < [|A = A3 + (0541 - 0F)%,

since rank(U;UFA) < i. The upper bound in (I8) for the spectral norm follows from this last
fact. O

Proof of Theorem[Z11l Let us fix an h-compatible pair (A, X) and assume that 0 < j < h <
k < rank(A). We follow the conventions: 7y = 400 in case j = 0. Let Thy(z) be the Chebyshev
polynomial of the first kind of degree 2¢ and set ¢ (x) = To,(x/0%41); in this case, by Theorem
we get that

T;Z)(O-k) 1 1 2—2q min{/7 , 1}
d
o) S Trme ™ e ST
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Hence, if we let d2 p be defined as in Eq. ([B2]) then we get that

(39)

) 9—2q min{\/7; , 1}
Go,p <V2Cop ((1 + ;)2at! o (14 7)? >

Thus, if Eq. ([I9) is satisfied then d2 < 1. In this case, we can apply Theorems and B.10] and
get, for 1 <i < h:

0; —0opy1-02 < 0i(Ap) <oy and  [|A-UUjAll2r < |A = Ajll2,r + 0it1 - F -
Therefore, the result is a consequence of the previous two bounds together with the estimate in Eq.

B9). ]

5 Appendix

In this section we include several technical results that were used in the proofs of the main results.
Most of these technical results are elementary and can be found in the literature; we include the
versions that are best suited for our exposition together with their proofs, for the convenience of
the reader.

Proposition 5.1. Let V € K™% be an isometry and let V', X C K" be subspaces such that
dimX > dimV’ = j, V' C (ker V¥)L = R(V) and O(X,V') < 7/21;. Then W = V*X C K* is
such that dimW > j and if we let H' = V*V' then

oW, H) <O(x,V) e R,

Proof. First notice that
PyPy/ Py < PYVV*Py.

By hypothesis rank(Py Py Py) = j which shows that dim W = rank(V*Py) > j. On the other hand,
since V' is an isometry then OO, H') = O(VW,VH') = O(VV*X,V’). Consider D = VV*PyVV*,
then R(D) = VV*X, so dim R(D) = dim W > j. Moreover,

0<D<L PR(D) = Py PyPyr = P DPy < PV’PR(D)PV/ ,

where we used that Py VV* = Py. Then, cos? ©O(X,V’) < cos? O(VV*X,V') € R7*J and the result
follows from the fact that f(x) = cos?(z) is a decreasing function on [0, 7/2]. O

Proposition 5.2. Let B € KF** be such that B = B* and let H', W' C K* be subspaces such that
Py B = BPyy, dimH' = dimW' and H', W' C ker(B)*. If we let BW' =T,

Isin©(H', T)ll2.p < [|BU — Po) |2 [|BY||2]| sin ©(H', W) 2. -
Proof. Notice that (BPy/)! = Py BT = BT Py, Then,
(I — Py))Prr = (I — Py)(BPyw) (BPyw)" = (B(I — Pyyr)) (I — Pyy) Py (BPy ).

Also, notice that (BPyy)" = Py BT Pr; in particular, ||(BPyy)'||2 < || BT||2. Finally, since dim 77 =
dim W' = dim H’ the previous facts imply that

Isin©(H', T2, < |BU = Pro)|l2 | B ||z ]| sin ©(H', W) |2,
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Proposition 5.3. Let T/, T" and H', H" be pairs of mutually orthogonal subspaces in K*, such
that dim(H') < dim(7") and dim(H") < dim(7"). Consider the subspaces in K* given by the
(orthogonal) sums T =T' @ T" and H =H' &H", so dim(H) < dim(T). In this case we have that

Isin ©(T, H)l2,r < | sin (T, 1) |[2,p + || sin O(T", H")[[2,r -

Proof. We will make use of the following fact: given two subspaces R, S C K¥ of the same di-
mension d then the non-zero singular values of P — Ps coincide with the non-zero entries of
(sin(fy),sin(6y), . .. ,sin(6),sin(f;)), where O(R,S) = diag(fy, ..., 0;). In particular, ||sin O(R,S)||2 =
|Pr — Ps2 and V3 | sin ©(R, )¢ = 1P — Ps|s.

Let 7g € 7" and 7y’ € T” be such that dim 7] = dimH’, dim 7]’ = dimH"” and ©(T',H') =
O(Ty, H'), ©(T",H") = (T, H"). Let To = Tqg & Ty C T; since dimH = dim Ty we get that
O(H,T) < O(H,Ty). The previous remarks show that we can assume further that dim 7”7 = dim H’
and dim 7" = dimH", so that dim 7 = dim H. In this case we have that

[sin©(T, H)ll2 = |Pr—Pulla <||Prr — Pull2 + |[Prr — Pyrll2
= |Isin©(T", 1)z + [|sinO(T", H")|2,

where we used that Pr = P + Prv and Py = Py + Pyr. The Frobenius norm can be handled
similarly. O

Proposition 5.4. Let B € KP*9 and let C € K" with R(C) =V C K9 such that V C ker B*.
Then
(BC)' = CT(BPy)T.

Proof. In this case R(BC) = BV and ker BC' = ker C. Moreover,
BCCY(BPy)! = BPy(BPy) = Pgy and
C'(BPy)'BC = C'(BPy)'BPy,C = C'P i (3p, ). C = Prr ot »
where we used that ker(BPy) = V*, since V C ker B+. O
Let C' € K™*€¢ have rank p. For 1 <i < p we define
Pé,i(A) = C - argmin, vy [[A = CY|le  for £=2,F.

Due to the optimality properties of the projection CCT (see [12]) we get that

|4—CCTAle < |[A-PE (A for £=2,F. (40)
The following result is |26l Lemma C.5] (see also [3]).

Lemma 5.5 ([26]). Let A € K™*" and consider a decomposition A = Ay + As, with rank(Ay) = i.
Let Vi € K™ denote the top right singular vectors of Ay. Let Z € K™"*P be such that rank(V{*Z) = i
and let C = AZ. Then rank(C) > i and

141 =P (ADlle < 142207 2) e for €=2,F.
The following is a small variation of [26, Lemma C.1]

Lemma 5.6. Let A € K"*" and consider the decomposition A = Ay + Ay, with A1 A5 = 0 and
rank(A1) = i. Let Vi € K™ and Vs € K< (=1 denote the top right singular vectors of A1 and
Ay respectively. Let K C K™ be a subspace such that Vi*(K) = R(V}). Let {x1,...,z;} C K denote
the principal vectors corresponding to the pair (I@,R(Vl)) and let Q € K™ be an isometry with
R(Q) = Span({x1,...,x;}) C K. Then,

141 = (AQ)(AQ) A [la,r < [|[A — Ail2 || tan O(K, R(V1)) |2, -
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Proof. Notice that by construction
~ m
O(R(Q), B(1)) = O(K, R(W)) < 5 I.
Then, we get that rank(AQ) = i. Hence, we have that

A1 — (AQ)(AQ) Ay |op < [|A1 — Pi’g,i(Al)Hz,F < | 42Q(V7 Q) 2,p
< A2l V5 RV Q) lo. 7

|Az|l2 || tan ©(R(Q), R(V1))||2,F

|A = Ayll2 || tan ©(K, R(V1))ll2,F ,

where we have used Eq. ([#0), Lemmal[5.5] that the isometry V5 satisfies that As = A2V2 V5" and the
identity |[V5Q(Vi Q) |la.r = || tan O(R(Q), R(V1))||2.#V1))||2.r, that holds by [6] Lemma 4.3], since
rank(V;*Q) = i. O
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