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SOME REMARKS ABOUT FLOWS OF
HILBERT-SCHMIDT OPERATORS

B. BOUTIN AND N. RAYMOND

ABSTRACT. This paper deals with bracket flows of Hilbert-Schmidt operators. We
establish elementary convergence results for such flows and discuss some of their
consequences.

1. INTRODUCTION AND RESULTS

1.1. Context. Consider a real separable Hilbert space H equipped with the Hilber-
tian inner product (-,-) and the associated norm || - ||. The set of bounded operators
from H to ‘H will be denoted by £(H) and the associated norm by || - ||. Let (e,)nen
be a Hilbertian basis of H and denote by D(H) the subset of bounded diagonal
operators with respect to that basis:

TeDH)=VneN, I\, eR, Te, = \e,.

The purpose of this paper is to analyze the structural and convergence properties of
some flows of Hilbert-Schmidt operators for which D(H) turns out to be an attractive
Hilbert-Schmidt subspace. We obtain an alternative convergence proof that applies
for example to the flows (in infinite dimension) of Brockett, Toda and Wegner.
The present paper is mainly motivated by the work by Bach and Bru [1] where
they tackle in particular the example of the Brockett flow in infinite dimension. We
extend one of their results to a wider class of flows of Hilbert-Schmidt operators. We
may notice here that such flows of operators have deep applications in mathematical
physics. For instance, as recently proved by Bach and Bru in [2], they can be used
to diagonalize unbounded operators in boson quantum field theory.

This paper also aims at being a modest review of the methods and insights appear-
ing in finite dimension with the idea to extend them in infinite dimension. These
methods are explained, for instance, in the seminal papers [6] and [3] (see also [1],
and [10] for the Wegner flow), but also in the nice survey [5]. Their relations with
numerical algorithms such as the QR or LU decompositions are very deep and the
idea of interpreting discrete algorithms as samplings of continuous flows has now a
long story (see, for instance, [7, 8] and [9]). Commenting this idea would lead us far
beyond the scope of this paper, but we will briefly discuss it when describing our
numerical illustrations.

1.2. Results. Let us now describe the results of this paper. For that purpose, we
introduce some general notations.

Notation 1.1. Below are the notations that we will constantly use in the paper.
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(a) We denote Lo(H) the set of the Hilbert-Schmidt operators on H and the associ-
ated norm is || - ||us. In other words, H € Lo(H) means that, for any Hilbertian
basis (en)nen, we have

> [[He, | < +o0,

n>0
and this last quantity is independent from the Hilbert basis and is denoted by
|H|[}s and we have |H|| < ||H|lus. We also recall that the Hilbert-Schmidt
operators are compact and that, if (\,(H))nen is the non-increasing sequence of
the eigenvalues of H, we have

—+00
1H[fs = D A(H)I?
n=0

(b) We will denote by S(H), A(H) and U(H) the sets of the bounded symmetric,
bounded skew-symmetric and unitary operators respectively. We also introduce
So(H) = S(H) N Lo(H) and Ay(H) = A(H) N Lo(H). They are Hilbert spaces
equipped with the scalar product (A, B) — Tr(A*B).

(c) In the sequel we will use a fived Hilbert basis (e,)nen and for any H € Lo(H)
and any integers i, j € N, we will denote h; ;(t) = (H(t)e;, e;).

1.2.1. An elementary convergence result. We will consider infinite systems deter-
mined by matrices that are balanced in the sense of the following definition.

Definition 1.2. A family of real-valued functions (g; ;)i jen defined on R is said to
be balanced if

Vi,j €N, Jei; € L7(R,Ry), VEER, [gi;(t)] < cii(t)]g4(t)] -
It is said to be pointwise bounded if, for allt € R, sup |g; ;(t)| < +o0.
2%

Let us now state one of the main results of this paper. It is a general convergence
result for infinite systems of differential equations. As we will see, many different
classical situations may be reduced to this result.

Theorem 1.3. Consider H € C*(R, Ly(H)) such that

i) the function t — ||H(t)||ns is bounded,
ii) the family (h; ;)i jen is balanced,
iii) there exists a pointwise bounded and balanced family of measurable functions
(gij)ijen defined on R such that

+o00
(1.1) VEER, B,(t) =Y gi;(0)]hii (1)
j=0

Suppose that there exists T > 0 and a sign sequence (€;)en € {—1, 1}, such that
(12) Vt>T, Vk,l €N, k >/, Egg&k(t) >0.

Then we have the integrability property

(1.3) Ve e N, Z/ 190, (t)[| e (8] At < +o00,

j=0 7T
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and any diagonal term hy(t) converges at infinity to a real value denoted by hy(c0).

Under the additional semi-uniform lower bound condition

(1.4) VEEN, e >0, Vi £ L, V> T, |gis()] > co.
we have
+oo +oo
(1.5) Z/ |he,j(t)|2dt:/ IH(#)er — hus(t)ed|? dt < +oo.
i# T r

Suppose moreover that, for any ¢ € N, the function t — ||H'(t)es|| is bounded, then
for any £ € N, H(t)e, converges to hye(o0)ey.

Remark 1.4. Theorem 1.3 remains true if, instead of the assumption (1.2), we only
assume that there exists a one-to-one integer mapping function ¢ : N — N, a time
T >0 and a sign sequence ¢, € {—1,1} (¢ € N) such that

VE>T, VkeN, k¢ {¢(i), 0<i<l—1}, egouu(t) >0.

We will apply Theorem 1.3 to “bracket” flows. Let us state a proposition that
describes the fundamental property of such flows.

Proposition 1.5. Let G : S(H) — A(H) be a locally Lipschitzian function and let
us consider the following Cauchy problem
(1.6) H'=[H,G(H)], t>0, H(0) = Hp € S2(H) .

There exists a unique global solution H € C*([0, +00), Sa(H)) unitarily equivalent to
the initial data Hy. More precisely there exists U € C*([0, +00),U(H)) such that for
any t >0 one has H(t) = U(t)*HoU(t).

Let us now provide two corollaries of Theorem 1.3.
First let us introduce two convenient definitions.

Definition 1.6. Given a Hilbertian basis (e,)nen, we introduce

i. the symmetric family of symmetric Hilbert-Schmidt operators (E; ;) jyene de-
fined by
Eoi() = SleCei+ei(e;) ifi#
’ e; ()e; ifi=j
i1. the skew-symmetric family of skew-symmetric Hilbert-Schmidt operators (Efj)(i’j)eNz
defined by
1 * *
E() = E(ej(')ei —ei(ej).
Since the families (E} ;);<; and (Elij),q are Hilbertian bases of Sy(H) and Ay (H)
respectively, this motivates the following definition.

Definition 1.7. We say that G € L(S3(H), A2(H)) is diagonalizable when there
exists a Hilbertian basis (en)nen and a skew-symmetric family (g; ;) such that

In this case, we say that (g; ;) is the matriz-eigenvalue of G. Note that the matriz-

eigenvalue of G is balanced and pointwise bounded (G is bounded).



4 B. BOUTIN AND N. RAYMOND

Corollary 1.8. Let G € L(S2(H), A2(H)) be a diagonalizable map such that its
matriz-eigenvalue satisfies (1.2) and (1.4). Then the Cauchy problem (1.6) admits
a unique global solution H € C([0,+00), So(H)) which weakly converges in Sy(H)
to a diagonal Hilbert-Schmidt operator H.,. Moreover, if o is a diagonal term of
H, with multiplicity m, then « is an eigenvalue of Hy of multiplicity at least m.

Then we can apply our theorem to the finite dimensional case and even get an
explicit convergence rate. Note that this presentation does not involves a Lyapunov
function and relies on the a priori convergence of H(t). This is a way to avoid, as far
as possible, the considerations related to the evolution of the corresponding unitary
matrices (U(t)):>o in U(H) (that is not compact in infinite dimension).

Corollary 1.9. Consider a finite dimensional Hilbert space H of dimension d. Un-
der the assumptions of Corollary 1.8, the solution of (1.6) converges to a diagonal
operator Hy, = diag () qcpey_1 n L(H) and the ay are exactly the eigenvalues (with
multiplicity) of Hy. If, in addition, the eigenvalues of Hy are simple, then there exist
T,C > 0 such that, for allt > T, we have

IH(t) = Hool < Ce™",

where v = lTH_f |gij (i — a)| > 0 with
T ={(,7)€{0,....,d=1}*:i<j and g;;(c; — ;) <O0}.

Note that, in Corollary 1.9, we have not to exclude special initial conditions to get
an exponential convergence (see [4, Theorem 3]).

The following proposition states that, even in infinite dimension, we may find expo-
nentially fast eigenvalues of a generic Hilbert-Schmidt operator thanks to a bracket
flow. Note that, in this case, we get a stronger convergence as the one established by
Bach and Bru in [1, Theorem 7] for the Brockett flow and that we may also consider
non symimetric operators.

Proposition 1.10. Assume that Hy € Lo(H) (not necessarily symmetric) is diago-
nalizable with eigenvalues (\;j);>1 with decreasing real parts. Let us also assume that
we may find P € L(H) such that PHyP~' = A where A = diag(\;)jen i a diagonal
operator and such that the minors of P, P; = ((Pe;, €;))o<i j<s are invertible for all

JeN.

We use the choice
GH)=H —(H)*.
Then, we have, for all { € N,

—+00

H(t)e, — Z (H(t)ee, ej)e; = Mee + O (e7) | 6= min R(\; — A\jp1) .

0<j<t
j=+1

Note in particular that, in the symmetric case, H(t) converges to a diagonal operator
H., that has exactly the same eigenvalues as Hy (even in infinite dimension). This
property is slightly stronger than the last one stated in Corollary 1.8: for the Toda
flow, in infinite dimension, no eigenvalue is lost in the limit.
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1.2.2. Organization of the paper. Section 2 is devoted to the proof of Theorem 1.3,
Proposition 1.5 and Corollary 1.8. We also provide examples of applications of our
results (to the Brockett, Toda and Wegner flows) in infinite dimension. In Section
3, we discuss the case of finite dimension to the light of our results and discuss the
exponential convergence of the flows (Corollary 1.9 and Proposition 1.10).

2. EXISTENCE AND GLOBAL CONVERGENCE RESULTS

2.1. Proof of the main theorem. This section is devoted to the proof of Theo-
rem 1.3. We start by stating two elementary lemmas.

Lemma 2.1. Consider h € C*(Ry) a real-valued bounded function, F € L*(Ry) and
G a nonnegative measurable function defined on R, such that

vt >0, K(t) = F(t) + G(1).

Then, the function G is integrable and h converges to a finite limit at infinity.

Proof. Observe that, due to the sign of GG, one gets for all x > 0

/:|G(t)|dt:/OIG(t)dt:h(m)—h(O)—/OxF(t)dtg2sﬂ§1p|h|+/0+oo|F(t)|dt.

Therefore G is integrable and, for all x > 0

which converges as x tend to infinity. O

Lemma 2.2. Let w be a function defined on R, with nonnegative values. Suppose
that w is Lipschitz continuous with Lipschitz constant C' > 0. Then, for any x > 0,
one has

“+o0o
w(r)* < 20/ w(y) dy < +oo.

Suppose moreover that w is integrable, then lirp w(z) =0.
T—r+00

Proof. Since w is Lipschitzian, we have, for all x,y € R,

w(r) < Cle —y| +w(y),

so that, integrating with respect to y between z and x + %, we get

w(z)

w(r)?  w(x)? T
et [T v,

and the conclusion follows. O

We can now complete the proof of Theorem 1.3.
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2.1.1. Convergence. Consider first Equation (1.1) with ¢ = 0. Thanks to the sign
property (1.2) we have

eolibo(t) = D 1905 (D)l 1hog (t)[*.
JEN

The boundedness of ¢t — ||H(t)||us implies the boundedness of ¢ — hgo(t) and
thus Lemma 2.1 implies the existence of a finite limit hgo(co) and the integrability

property

+oo
L S lonstollbos OF di < +0.
T jen
Then, the rest of the proof is by induction on ¢ € N. Let ¢ > 1 be an integer and
assume that, for any integers 0 < k£ < ¢ — 1, we have

+o0
[ S a0l < +00.
T jen

Equation (1.1) with ¢ = ¢ and the sign assumption (1.2) give

ech (t) = Y €ogen(®)her(®)? + ) lge i (0)|lhes(£)]

k<e—1 >0

Again, t + hy,(t) is bounded. Let us now prove the integrability of the first sum
in the right hand side. Since the families (g; ;) and (h; ;) are balanced, we get the
following

30, >0, Yt > T, Yk <L =1, [gop(t)|[her(t)]® < Crlgre(t)]|one(t)]*.

Therefore we have

(2.1)
—+00 “+o0
/ S laes(lies Pt < S / gre(8) e (8) 2t
T k<1 k<t—177T
+o00
<, Z/ S 1913 ()] kg (8) 2t < 400
k<t—17T  jen

Finally, Lemma 2.1 applies and we get the existence of a finite limit hy ¢(c0) together
with the integrability property:

+o0o
/ Z 9,5 ()] e (8)]* At < 400,
T e

and then, thanks to (2.1), we find

—+o00
/ Z |90 ()] [he(#)]?dt < +00.
T

jeN

This ends the proof of the integrability property and of the convergence of diagonal
terms.
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2.1.2. Stronger convergence. Consider now the additional assumption (1.4). For any
fixed ¢ € N, we have

+o0o
S [ hesrar< 230 [ gl 07 < +oc.

J#L j#L
For any t > T', we let
= |yt dt = [|K,(t)] with Ko(t) = H(t)ey — hgo(t)eg
J#L
For t > s > T, the Cauchy-Schwarz inequality implies that
|we(t) — we(s)| < ([ Ke(t) — Keo(s)[[[[Ke(t) + Ke(s)]] -
On one hand, we have

[1K(t) + Ko(s)]| < 2sup 1H (o) [1s-

On the other hand, we write
[ Ke(t) — Ko(s)|| < [[H(t)ee — H(s)ee| + [hee(t) = heels)|

t t
s/Hmewwa/memU

t
< 2/ |H'(0)es|| do < 2]t — o,

where M is a uniform bound of ¢ — ||H'(t)e(||. Finally, w, is a nonnegative and Lip-
schitz continuous function, which is moreover integrable thanks to (1.5). Therefore
Lemma 2.2 implies that wy(t) goes to 0 as t goes to +oo.

2.2. Proof of Proposition 1.5.

2.2.1. Local existence. Let us introduce the function F': S(H) — S(H) defined by

(2.2) VH € S(H), F(H)=[H,G(H)].

Note indeed that, for all H € S(#), by using that G is valued in A(H), we have
F(H)*=(HG(H)—-GH)H)"=G(H)*H*— H*"G(H)" = F(H).

Moreover F'is locally Lipschitzian since GG is. By using the Cauchy-Lipschitz theorem
in the Banach space (S(H), || - ||) with the function F', we get the local existence of
a solution of the Cauchy problem (1.6), on a maximal time interval [0, Tinax), With
Tiax > 0.

2.2.2. Global existence. Let us now show that T},., = +00 and that, we have, for all
t € [0,+00), H(t) € Lo(H) and ||H(t)||lns = ||Hollns- Let us consider the following
Cauchy problem:

(2.3) U'=UGH), U0 =1d,

where H is the local solution of (1.6) on [0, Tiax). Since the equation is linear,
we know that there exists a unique solution U defined on [0, T},.x). By using that
G(H(t)) € A(H), it is easy to check that, on [0, Tinax), we have U*U = UU* = 1d.
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Then an easy computation shows that the derivative of t — U(t)H (t)U(t)* is zero
and thus

Vt € [0, Tnax) , H(t) =U(t)"HoU(t).
From this, we infer that, for all t € [0, Tyax), H(t) € Lo(H) and || H (t)||us = || Ho||ns-
Therefore, on [0, Tinax), the function H is bounded in L£o(H) C L(H). Thus we get
Thax = +00.

2.2.3. Linear case. Let us now discuss the proof of Corollary 1.8. First we notice
that, since L£o(H) is an ideal of £(#), the function F' defined in (2.2) sends the
Hilbert space Sa(H) into itself. Thus, we may apply the Cauchy-Lipschitz theorem
in this space and the global existence is ensured by the investigation in the previous
section. Let us reformulate (1.6) in the Hilbert basis (e,,)nen. We easily have

hii(t) = 2(G(H(t))es, H(t)e;) .
Then we notice that

H(t) =) heot)Epy,  GH) = grchre(t)Eil,.

k<t k<t
We get
+00 >
H(t)e: =Y hij(tle;,  GH(®)e:i =~ gijhij(t)e;,
=0 =0
and thus

—+o0
hi(t) = =2 Z gij i (t)]* .
=0

Moreover we notice that

' ()] < 2H@IGHO) < 2IGIIH ®)Es = 201G Hollks -

Therefore, thanks to the assumptions on (g; ;), we may apply Theorem 1.3.

Then we let ay = hyy(+00) and we notice that

+oo

D IH e = [H®)llis = Il Hollbs
=0

and thus, with the Fatou lemma, we get

—+00
2 < ¢ <lminf [|H(t)|}s = [ Hollfs -
sup | _;0@_ iminf || H (1) = | Hollfs

We introduce the Hilbert-Schmidt operator Hy, := diag (cy) defined by

+o0 +oo
Ve eH, Ho(z) = E opree,,  where 1= g Teey .
/=0 =0

In particular, we get that, for all £ € N, H(t)e, converges to H,.ep. Let us now
L

consider x € ‘H and € > 0. There exists L € N such that ||z — Z[Bg@g” < e. Since
=0
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IH@)| < [[H(#)]lns = [ Hollns and [[Hoo| < [[Hollns, we get that, for all £ > 0,
L
I(H () = Hoo)z|| < |(H(t) = Hoo) Y weel| + 2¢]| Hollws
=0
and, for ¢ large enough, it follows that

I(H(t) = Hoo)z|| < 2¢||Hollns + &

Therefore H(t) strongly converges to H., and thus H (t) weakly converges to H, in
So(H).

Let us consider an eigenvalue « of H,, with multiplicity m and associated with the
eigenvectors ey, ,...,eq, . Then, for all € > 0, there exists 7" > 0 such that, for all
jed{l,...,m},
|H(T)es, — aey]| < e.
or equivalently
[Hof; —afil| <e,  with f; =U(T)ey, .
Therefore, the spectral theorem implies that

Ve >0, range (]l[a,w%](Ho)) >m.

This proves that « is an eigenvalue of Hy with multiplicity at least m.

2.3. Examples. Let us now provide examples of applications of our convergence
results.

2.3.1. Brockett’s choice. For a given A = diag(as) € D(H) with a non-increasing
sequence (as)een € RY, we take G1(H) = [H, A]. Since £o(H) is an ideal of L(H),
we have G : So(H) = Ax(H) and ||Gy|| < 2||Al|. Moreover G is diagonalizable
and g;; = a; — a;.

2.3.2. Toda’s choice. If H € Sy(H), we introduce
H™ = )" hyele and  Gy(H)=H™ — (H)*.

1<i<j
By definition, we have G : So(H) — Ax(H) and |G| < 2||H || < 2|[H]|ns. In
addition, G is diagonalizable with ¢, ; = —1 for ¢ < j.

2.3.3. Wegner’s choice. Let us finally discuss a non-linear example. We take G3(H) =
[H,diag(H)]. Since G3 sends the symmetric operators in the skew symmetric op-
erators, we get that (G3 generates a flow that preserves the Hilbert-Schmidt norm.
Thus the flow is global. Explicitly we have H' = [H, [H,diagH]]. In particular, we
get

hii(t) =2 Z(hi,i(t) — hy ()i (1)]*

If, for large times, the diagonal terms become distinct (in the sense of (1.2) and
(1.4)), then, by Theorem 1.3, H(t) converges to a diagonal matrix H.,. Actually, in
this case, the convergence is exponential in finite dimension (see Section 3.1.3 where
the linearization of the same kind of system is explained).
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3. EXPONENTIAL CONVERGENCE

3.1. A stronger convergence in finite dimension. This section is devoted to
the proof of Corollary 1.9.

3.1.1. Reminder of the stable manifold theorem. Let us recall a classical theorem.

Theorem 3.1. Consider F € C1(RY,R?) such that F(0) = 0 and the differential
dFy is diagonalizable with no eigenvalues with zero real parts. Denote E_ and E.
respectively the stable and unstable subspaces of dFy and k = dim(E_) so that d—k =
dim(FE,). Let us consider the following Cauchy problem

(3.1) H'(t)=F(H(t)), teR, H(0)=Ho,
and suppose, for any Hy € R?, there exists a unique global solution H € C*(R,R?).

Then there exists V a neighborhood of 0 in R? and two C'-manifolds in V, say
W_ and W,, with respective dimensions k and d — k, tangent at 0 to E_ and E
respectively, and such that for all Hy € V, the solution of (3.1) satisfies:

(a) limyy100 H(t) =0< Hy € W_,

More precisely, the manifold W_ (stable at +oc) is the graph of a C*-map denoted
w_ defined over E_ NV and satisfying p_(0) = 0 et dp_(0) = 0. The same result
holds for W,

The above result is a classical consequence of a fixed point argument and the con-
vergence to such hyperbolic equilibrium point is exponential in the stable manifold,
with a convergence rate similar to the one of the linearized Cauchy problem in the
tangent space E_, i.e. of order at worst O(e™"") where

—v = max ({R(sp(dFp))} NR_) < 0.

3.1.2. Convergence to the diagonal matrices: a naive estimate. From Corollary 1.8,
we know that H(t) converges to H., = diag(ay) where the oy are exactly the eigen-
values of Hj since H is of finite dimension. This convergence analysis is then reduced
to a small neighborhood of H,,. The differential equation reads

H'=F(H),  F(H)=[HGH),

and, since G and H,, are diagonal in the canonical bases, we have G(H.,) = 0. We
deduce that the differential of F' at H,, is given by

VH € S(H),  dFy_(H) = [H., G(H)|.

Thus dFy__ is an endomorphism of the space of symmetric matrices and it is diago-
nalized in the basis E; ; since a straightforward computation gives

dFu, (Eij) = gij(ci — a;)Eij .

Since 0 is an eigenvalue of dFy_ of multiplicity d, we cannot directly apply the stable
manifold theorem. Nevertheless, we can elementarily get the following proposition.
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Proposition 3.2. Let us introduce
T =1(G,7)€{0,...,d—1}*:i < j},
and assume that
—y = mﬁxgm(ai — ;) < 0.
Then, for all € > 0, there exist T, C' > 0 such that, for allt > T,
17 (t) — diag(H (t))[us < Ce™".

Proof. Let us define
R(H) = F(H) — F(Hx) — dFy (H — Hx) = [H — Hoo, G(H — diag(H))] ,
and
A(t) = H(t) — diag(H(t)) .

Let us now consider € > 0 and 7" > 0 such that, for all ¢t > T, we have

[H(t) — Hollws <€, [|R(H(?))[lns < 26 |G| AE) s -
For all H € S(H), we notice that diag (dFy_(H)) is zero. Therefore we have

A'(t) =dFy(A(t)) + R(H(t)) — diag (R(H(t))) .

The Duhamel formula reads, for ¢t > T,
t
At = I AT) [l (R () - ding (R(H ()} ds.
T
where A and R(H) — diag (R(H)) € Span (E; ;)i<j. Since (E; ;) is orthonormalized
for the HS-norm, we deduce that
t

1A s < e IAT) |lns +/T e R(H(s)) — diag (R(H(s))) [lns ds,

so that .
AR lus < AT |Ins + 2€HGH/ e[ A(s)|[ns ds .
T

From the Gronwall lemma, we get, for t > T,

N AW®) Ins < T A(T)||use®NEN=T)

and thus
JA®#)[|ns < e H2EICNEDA(T) ||y .

We deduce that the same convergence holds for the diagonal terms.
Let us now eliminate the dependence in € in the exponential. We easily have
H'(t) = F(H(t)) = [H(t), G(H(t))] = [H(1), G(A1))],
so that for all ¢t > T
1H' (#)llns < 2/ G| Hollusl| A®)lus < 2G| HollusCe 9"
It follows that

(=r+et

e

+oo
[H(t) = Hoollns < / 1H"(s)llns ds < 2[|GIl]| Hollns
t _’Y‘i'ﬁ
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We get therefore the existence of a constant D that depends on € and || Ho||ys only
such that for all t > T,

| H(t) — Hoo||ns < Del=7+9t

Coming back to the previous proof with De(=7"9)* in place of €, we get then from
the Gronwall lemma

A1) Ins < € [|A(T)|[use2 I fret T
that may be bounded independently from ¢t > T'. Therefore we may omit the € term
in exponential convergence rate.
O
Remark 3.3. In particular, this proposition may be used as follows. Let us consider
e such that 0 < e < ir71_f la; — o] and assume that ||Hy — Hllns < € which may be

wmsured by using the flow up to the time T'. Then, there exists a permutation 11 such
that

HFIO - HOOHHS = 0(5) ; ]Z[O = H*HOI_I) [;roo = dlag(df) )

where (0u)seqo,....qp denotes the sequence of the eigenvalues of Hy in the opposite order
with respect to g; ;. Then we have

Hﬁ(t) — diag(fl(t))HHs < Ce .
In other words, up to a permutation and as soon as we are close enough to the limit,

we can insure an exponential convergence (with rate ) to the diagonal matrices.

3.1.3. Proof of Corollary 1.9. Tt is actually more convenient to work on the side of
the unitary transform U. We recall that, from (2.3), U satisfies

U =UGWU*HU) = F(U).
Let us first notice that U converges.

Proposition 3.4. The function t — U(t) converges as t tends to +o00. Moreover,
the limit Uy, belongs to the finite set

{IT*diag(e,)II, Il € &, ,¢e € {£1}}.

Proof. The orthogonal group is compact since the dimension is finite. If U converges
to Uso, then Uy is still unitary and H,, = Ul HoU. There exists an orthogonal
transformation @y such that QoHyQ} = diag(ay) where the oy are in non-increasing
order. Thus, there exists a permutation II such that

Hy = (ULQIT")Ho (1TIQ0U)
Thus, since H,, is diagonal with simple coefficients, I1QoU,, is itself diagonal and
thus, we get (IIQyUs)? = Id.

Now we know that H(t) tends to Hy, so that U’(t) goes to 0 as t goes to +00. Since
the orthogonal group is compact and that F is continuous with a finite number of
zeros, we deduce that U must converge to a zero of F. O



SOME REMARKS ABOUT FLOWS OF HILBERT-SCHMIDT OPERATORS 13

We can notice that the proof of Proposition 3.4 relies on the convergence of H ()
when ¢ goes to 4+oco. Without this a priori convergence, we would not get the
convergence of U(t) for any given Hy. As in [4, Theorem 3], one should exclude
from the initial conditions the union of the stable manifolds of all the stationary
points that are not attractive. With the compactness of U (), this would imply the
convergence of U(t) towards the (unique) attractive point. Actually such restrictions
on the initial conditions are not necessary to get the convergence as explained in the
following lines.

Let us now parametrize, locally near U, the orthogonal group U(#) by its Lie alge-
bra A(H). By the local inversion theorem, it is well known that exp : A(H) — U(H)
is a local smooth diffeomorphism between a neighborhood of 0 and a neighborhood
of Id. We recall that

(dexp(A)) ™' (H) = exp(—4) Y | (<21A1))!

For t > T, we may write U(t) = Uy exp(A(t)). Thus we have
U' = UG (e W H eA)

We get
A(t) = G (e AW Hooe™)e 0 + Ry (1),
with Ry(t) = O(||A(¢)]|*). We infer that
A(t) = G([Hoo, A]) + Bo(t),

with Ry(t) = O(||A(t)]|?). Now A — G([Hw, A4]) is an endomorphism of the space of
skew-symmetric matrices A(#H) and it is diagonalized in the basis Ezi] with ¢ < j with
eigenvalues g; j(o; — ;). By assumption these eigenvalues are not zero. We may ap-
ply the stable manifold theorem. Since A(t) goes to 0, this means, by definition, that
A(t) belongs to the stable manifold near 0. Therefore it goes exponentially to zero,
with a convergence rate a priori of order O(e™ "), with v = i;lf |gi j (o — )| > 0.

Of course, the convergence may be stronger, depending on the stable manifold on
which A(?) is evolving. Then H(t) inherits this convergence rate.

3.2. Abstract factorization of Hilbert-Schmidt operators. Actually it is pos-
sible to get a quantitative convergence to the eigenvalues of non self-adjoint operators
in infinite dimension. Note that, in Theorem 1.3, we do not have such a quantifica-
tion, even for symmetric operators.

3.2.1. Chu-Norris decomposition for Hilbert-Schmidt operators. Let us consider an
application G : L(H) — A(H) of class C' and the following Cauchy problem:

H'(t) = [H(), G(H(t)],  H(0) = Hy € Lo(H).
We also introduce the equations
g () = i()G(H(1)), 91(0) =1d,
9a(t) = (H(t) — G(H(1)))g2(t) 92(0) = 1d.

Then we have the following lemma (coming from a straightforward adaptation of
the theorems in [6] that are actually true for bounded operators).
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Lemma 3.5. The solutions H, g, and go are global and of class C*. Then, we have
g1 € CHR,U(H)) and

(3.2) H(t) = g1(t)"" Hogi(t) = g2(t) Hogy ' (t)
and thus we have H € C*(R, Lo(H)).

Moreover we have the relations
(3.3) etfo = ¢, (t)ga(t), H®) — g2(t) g1 (t) .

Proof. Let us just give some insights of the proof. By easy calculations, we get
(197) =0, (1Hg})' =0, and (g, ' Hgy)' = 0, which ensures both the first algebraic
properties and the global character of the solutions in the considered spaces. The
first exponential factorization follows from the uniqueness result for the following
Cauchy problem
Z'(t) = HoZ(t), teR, Z(0)=1Id,

of which both e'#o and g, (t)g(#) are solutions. The second exponential factorization
then easily follows as a consequence. Il

3.2.2. Proof of Proposition 1.10. 1t is easy to see that

¢
= Z ag;(t)e;
j=0
Thus we may write

etfoe, = E o () g (t

We get
¢
Pl f, = Z api(t)o(t)e;, fo = Pey.
We have
¢
(3.4) Zozg,j(t)gl(t)ej = P lethy, Zpgje Tvj + Z pejev;
j=0 j=J+1
where v; = P~'e;. We may also write
€0 910
(35) AJ — PJCtAJ _|_ O(et%()\J+l)) .
€J givg
and
givo
A; = Pjethv : leg . .. e5] + O(eFP+))
givg

By using the simplicity of the eigenvalues, we get, by using a Neumann series and the
fact that Pj is invertible, that A is invertible when t is large enough. In addition,
we get

(3.6) |AGY] = O (e7RA))
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From (3.4), we get
¢ J
> a () Hogi(t)es = > prghie™u; + O (M)
so that, with (3.2),
¢ 7
> ar(Na(tVH (e = Y pejhie™v; + O (7))
§=0 =

which may be written as

H(t)eo givo
AJ = PJAJetAJ + O(€t§R(AJ+1)) .
H(t)e, grvg
or, with (3.6),
H(t)e() gTU()
f = A PsA jet™ : + O(ePAv+1=A7)y |
H(t)e, givg
From (3.5), we get
giﬁUO €0
(3.7) D =M PTTA | | 4 O A
givs €y
and thus
(3.8) : — AF'PAS P Ay | |+ O Ay
H<t>eJ ey
Therefore the space spanned by e, ...,e; is invariant by H(¢) up to an error of

order O(e®Av+1=21)) In view of (3.8), we get the conclusion by induction on J > 0.
In other words, we approximate the diagonal terms of H(t) one by one by moving
J from 0 to 4o0.

3.3. Numerics. In the following numerical illustrations, we consider the finite di-
mensional example of flows evolving in matrices of M (R) with d = 5. As an initial
data, let fix Hy = Q diag((?)1<¢<q Q*, where Q = exp(Bs) is a unitary matrix defined
through the following choice of B; € A;(R) skew-symmetric:

B, = (bi,j>7 b@j =1, for ¢ > 7.

The numerical solver to compute any of the below approximate solutions is an adap-
tive 4th-order Runge-Kutta scheme.
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Brockett - Convergence of diagonal entries of H(t) Brockett - Exponential convergence with rate ~
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FIGURE 1. Brockett flow — Convergence of diagonal entries (left),
exponential convergence of H(t) (right).

3.3.1. Brockett’s choice. The considered Brockett’s bracket flow is given by the
choice A = diag(d —¢)o<i<q—1 € D(R?) with non-increasing diagonal elements. With
these data, we observe the convergence to the limit H,, = diag([25,16,9,4,1]), see
Figure 1. The diagonal terms are sorted in a descending order, according to the
coefficients in A. The effective exponential rate of convergence v = 3 coincides, for
sufficiently large times, with the worst expected one (Corollary 1.9). The matrix of
gij(c; — ) is there:

0 -9 =32 —-63 —-96
-9 0 =7 =24 —45
-32 -7 0 -5 -16
-63 =24 -5 0 -3
-9 —-45 —-16 -3 0

Let change the initial data to the following one Hy = Q diag(f?)1<p<q Q*, where

Q= < ((1)) ex;g(()1>94))’ Then H, takes the above block form

1 (0
3.9) (0 )
where K € S§4(R) has spectrum {4,9,16,25}. Then we observe the convergence to

the limit H,, = diag([1,25,16,9,4]), with an exponential rate v = 5. Namely, the
matrix of ¢; j(a; — ;) is then:

0 24 30 24 12
24 0 -9 =32 —63
30 =9 0 -7 =24
24 =32 =7 0 -3
12 -63 =24 -5 O

In fact, in that case the exact flow evolves in the linear subspace described in (3.9)
and the positive coefficients of the above matrix concern precisely the evolution of
the flow transversally to that subspace. It is only because of the very specific form of
the initial data that the numerical flow evolves in the same way, elsewhere numerical



SOME REMARKS ABOUT FLOWS OF HILBERT-SCHMIDT OPERATORS 17

Toda - Convergence of diagonal entries of H(t) Toda - Exponential convergence with rate

25 I__ ................................... 1‘71 —— = Cexp(—t)
R |
: =3 1007 0 — — H-Hy
=1 \ H — diag(H)

204

\
Il llus
-
5

FIGURE 2. Toda flow — Convergence of diagonal entries (left), expo-
nential convergence of H(t) (right).

Toda - Convergence of extradiagonal entries
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F1GURE 3. Toda flow — Convergence of extradiagonal entries.

error due to the finite precision would have induced a convergence of the numerical
solution to the totally sorted limit with rate v = 3.

3.3.2. Toda’s choice. For the same test case, the Toda flow gives similar results, see
Figure 2. Once again, the effective exponential rate of convergence is v = 3 and
coincides, for sufficiently large times with the theoretical one. Actually the matrix

of g; j(a; — a;) is there:

0 -9 -16 —-21 —-24
-9 0 -7 =12 -15
-16 -7 0 -5 =8
-21 -12 -5 O -3
-24 -15 -8 =3 0

On Figure 3, we present the numerical counterpart of Proposition 1.10. For any
1 < ¢ < d—1, we compute the norm of the residual column ||(h; ,—ad;)e<;<all along
the time. The thick dashed curves corresponds to the numerical computations and
the thin continuous ones corresponds to the expected rate of convergence, namely
Ry — apy1) € {9,7,5,3} successively, because of the precise distribution of the
eigenvalues of Hj in this example.
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Wegner - Convergence of diagonal entries of H(t)

Wegner - Exponential convergence with rate v
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FIGURE 4. Wegner flow — Convergence of diagonal entries (left), ex-
ponential convergence of H(t) (right).

3.3.3. Relation with the QR algorithm. The exponential relations in Lemma 3.5 are
the keystone for the connection of the Toda flow to the well-known QR algorithm.
Under assumptions of Proposition 1.10, exp(Hy) is invertible and diagonalizable with
eigenvalues (e);>; with decreasing moduli. This is a sufficient condition for the
convergence of the QR algorithm applied to efo. We already get ¢ (t) € U(H) and,
for that flow, the Cauchy-Lipschitz theorem ensures that g, takes value in the subset
of upper triangular matrices. At t = 1, el = ¢(1)g»(1) is therefore nothing but a
QR factorization of effo. Thus e#() = gy(1)g,(1) corresponds to the first iteration
of the discrete algorithm and, since the differential equation is autonomous, that
handling iterates along integer times so that the sampling sequence (e”(™) mimics
the QR algorithm applied to ef°. In fact, the diagonal coefficients of g, are not
all positive (even if they would be, up to a product with a diag(41) matrix, that
corresponds to a change in the initial data for g; and g» depending on Hy), and the
two algorithms slightly differ.

3.3.4. Wegner’s choice. Consider now the above initial data for the Cauchy problem
associated to Wegner’s flow. The solution converges to H,, = diag([4,9, 16,25, 1]).
The exponential rate to the limit is v = —9 that matches the expected value. Indeed
a simple calculation gives, for £ € S(H)

dFy (E) = [Hu, [E, Hy]

so that for i < j
dFy, (Ei;) = —(0 — o)’ Ey 5 .

Therefore, at the limit H,,, one has the following " matrix-eigenvalue”:

0 —-25 —144 —-441 -9
—25 0 —49 =256 —64
—144 —49 0 —81 =225
—441 =256 =81 0 —576

-9 —64 225 =576 O

In that case, for any possible diagonal limit H.,, the corresponding eigenvalues of
dFy_ are all negative, except 0 that is an eigenvalue of multiplicity d.
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