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1. Introduction. The study of controlled infinite-dimensional systems gives rise to
many papers (see for instance [GXL], [GXB], [X]) but it is also motivated by various
mathematical problems: partial differential equations ([BP]), sub-Riemannian geometry
on infinite-dimensional manifolds ([Gr]), deformations in loop-spaces ([AP], [PS]). The
first difference between finite and infinite-dimensional cases is that solutions in general
do not exist (even locally) for every given control function. The aim of this paper is to
study “infinite bilinear systems” on Hilbert spaces for which such a solution always exists.
Moreover, to this particular class of controlled systems a nilpotent Lie algebra of degree 2
is naturally associated. On the other hand, given a Hilbertian nilpotent Lie algebra G
of degree 2 we can associate to it in a natural way a bilinear system corresponding to
left invariant distributions on a connected Lie groups G whose Lie algebra is G. The first
result we obtain is an accessibility one which can be considered as a version of Chow’s
theorem in this situation. If we consider infinite-dimensional time optimal controlled
systems the optimal trajectories are always abnormal curves which can be defined as in
the finite-dimensional case. The second result of this paper is to give a “localization” of
such curves: each of them is actually “normal” in some induced system on a submanifold.
Finally we illustrate these results in the case of classical infinite generalized Heisenberg
algebras.

2. Preliminaries

2.1. Infinite-dimensional controlled systems. Let E be a separable Hilbert space in
which we choose an orthonormal basis {ey : A € N}, F' a Hilbertian subspace of E and
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{X; : i € N} a family of smooth vector fields on E such that at each point z in F it is an
orthonormal basis for F.
For every x in F we have a decomposition

Xi(z) =Y XMa)ex (i€N,AeN)
A

where X : E — R are smooth functions.

Let U = {(u)} be the space of absolute square convergent real series, i.e. U = £2(N).
Consider an open subinterval J of R which contains 0 and a real number ¢ > 0 such
that J. = [—¢,+¢] C J. Given a map u : J — U such that for every 0 < b < ¢ we have
u € L%(Jy,U). Finally, consider the dynamical system

(D) =Y Y uBXMw)er = uXi.
A 7 A

Such a system possesses solutions under additional conditions given for instance in
the following quite classical theorem (for a proof see for instance [Be]):

THEOREM 2.1. Consider an open subinterval J of R which contains 0. Let V' be an
open set of a separable Hilbert space E. Let x be a point in V and a € (0,1) a real number
such that the closed ball centered at xo with radius 3a, B(x,3a) is contained in V.

Then we can find a real number b > 0 such that for every x in B(xo,a) there exists a
unique flow

a:Jy x B(zg,a) =V
such that each curve
al-,x): Jy, =V
is a solution of (D) with a(0,x) = x which is contained in B(zo,2a) and is of class H'
(i.e. t — L(a(t,x)) is L?), and provided the following conditions are satisfied:
(i) u € L*(Jy; 1),

(ii) there exists a linear map M € E(EQ(N); E) such that for every x andy belonging
to V we have
(1) X7 () = X (y)| < Midp(z,y)
where

x = Zx’\@\, y= Zy/\eA and dg(z,y) = Z(x)‘ — M2,
A A A

(ili) the map M ov : J, — E belongs to L*(Jy, E),

where we use the notation |u'(t)| = vi(t).

Remark 2.1. The set {X; : i € N} generates in E a distribution F with typical
fiber F'. Conversely if F is a trivial fiber on F with typical fiber F'| there exists a family
{X;(x) : i € N} which is an orthonormal basis in each fiber. If we decompose X; =
ZX?@,\, for each H! curve v which is tangent to F, there exists a family (u;);eny € U

A
such that
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without assuming any additional conditions on the set {X; : i € N}. Note that for a
general sequence (u;);eny € U a curve which is a solution of (D) does not always exist.

2.1.1. BILINEAR HILBERT-SCHMIDT DISTRIBUTIONS. Denote by L(F;F) (resp.
L.s(E; F)) the vector space of linear bounded operators (resp. Hilbert-Schmidt opera-
tors) from E to F and L(F; L(E; F)) (resp. Lu.s(F; Ly s(E; F))) the space of bounded
operators (resp. Hilbert-Schmidt operators) from F to L(E;F) (resp. Lg.s(E;F)).
Consider A € L(F;F) (u — Ay,), B € L(F;L(E;F)) (u — B,) and the operator
B € L(F x E; F) associated to B defined by

B(u,z) = Byz for every u € F and every z € E.
Denote by {f; : ¢ € N} a Hilbert basis for F' and set
Xi(x) = Ay, + By,x.
Consider the associated system (X) defined by
) i = Az + B(u,x).

We call (X) a bilinear system on E. If in addition B € Ly s(F; Ly s(F; F)) we say that
() is a bilinear Hilbert-Schmidt system.

Next, we denote by F the distribution generated by {X; : i € N} and call it a bilinear
distribution. In case B € Ly s(F; Ly s(F; F) we say that F is a bilinear Hilbert-Schmidt
distribution.

Now, by application of Theorem 2.1 we have:

LEMMA 2.1. If F is a bilinear Hilbert-Schmidt distribution then to each horizontal
curve we can associate a control u(t) and conversely.

Remark 2.2. For the previous family {X; : ¢ € N} each Lie bracket [X;, X;] is the
constant vector field Z{A By, (ex) — ABy,(ex)}. So, the Lie algebra generated by this

A
family of vector fields is nilpotent of step 2.

2.2. Bilinear distribution and Hilbert 2-step nilpotent Lie groups. Let G be a Hilber-
tian Lie group and G its Lie algebra. If |-, -] denotes the Lie bracket, the center of G is
the largest subspace Z such that [Z,G] = 0. Let G° = G, G* = [G,GF1] for k > 1 integer.
Recall that a Lie algebra G is nilpotent if there exists k£ > 1 such that Gk = {0}, and G is
nilpotent of step r if G" = {0} with G"~! # {0}. A Hilbert Lie group is r-step nilpotent
if and only if its Lie algebra is also r-step nilpotent.

Consider now a connected Hilbert 2-step nilpotent Lie group G and let Z be the
center of its Lie algebra G, for which we have of course Z O G'.

As Z is a closed Lie sub-algebra of G we have

G=FopZ

where F' = Z1 is the orthogonal complement of Z with respect to the Hilbert inner
product defined on G. The Lie bracket gives rise to a bilinear skew-symmetric map
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A : G x G — G which satisfies the Jacobi identity, that is
A(A(u, v),w) + A(A(v,w),u) + A(A(w,u),v) =0 forallu,v,wegG

and we have ImA C Z. If G is 2-step nilpotent then the Jacobi identity is trivially
satisfied. On the other hand if A is such a skew-symmetric map on a Hilbert space G we
have a unique 2-step nilpotent Lie algebra associated structure on G.

The exponential map exp : G — G is C*°-surjective and is a diffeomorphism from a
neighborhood of 0 onto a neighborhood of the identity. This map allows us to identify a
neighborhood of the identity G with an open set U in G which contains 0. In this chart
we have d, exp(u) = u + %[z, u].

For each u € F' and = € G there exists a unique operator B € L(F x G; F') defined by

(v, B(u,x)) = ([u,v], z) = (A(u,v), x) Vv € F.

The left-invariant distribution F on U induced by F is then equal to dexp(F'). It is
the bilinear distribution associated to A = Idr and B as defined in Subsection 2.1.1 for
system (X). Moreover, if A is a Hilbert-Schmidt operator then B is also a Hilbert-Schmidt
operator and the associated distribution is a bilinear Hilbert-Schmidt distribution.

DEFINITION 2.1. We say that G is a 2-step nilpotent Hilbert-Schmidt Lie group if the
operator A of its Lie algebra is a Hilbert-Schmidt operator.

Remark 2.3. Denote by {f; : i € N} a Hilbert basis for a subspace F of E. If we set
Xi(x) = fi + By,x where B € L(F;L(E; F)), and denote by F the bilinear distribution
on F generated by the family X;, we can define a Lie group structure on F given by the
following product:

GxG—4g,
1
(u,v) Huov:u—&—v—i—i [u, v].
The Lie algebra of this structure is of course E with the Lie bracket structure defined by
[fi, f;] = [Xi, X;] which is isomorphic to the Lie algebra associated to F (see Remark 2.2).
It is easy to see that for this structure of Lie group on F, the left-invariant distribution
defined by F' is precisely F.

So the study of bilinear systems for which the linear operator A is Hilbert-Schmidt
and invertible is equivalent to the study of left-invariant distributions on 2-step nilpotent
Hilbert Lie groups.

3. Accessibility problems on 2-step nilpotent Hilbert Lie groups

3.1. Introduction. The purpose of this section is to study accessibility problems on a
connected 2-step nilpotent Hilbert Lie group.
Let G be such a group and G its Lie algebra. Recall that we have the decomposition

G=Fa2Z
where Z is the center of G and F' is orthogonal to Z.

Further, denote by A : F x F — Z the continuous skew-symmetric bilinear operator
which induces the Lie bracket and by Im A the image of A.
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Let H be a closed Lie algebra generated by F' in G. Obviously we have
H=F®ImA.

One will denote by H the connected Lie subgroup G whose Lie algebra is H. One then
has:

THEOREM 3.1. There is a neighborhood U of the identity e and a subset Uy dense
in HNU such that for every g € G and for every h € gUy there is a horizontal path
of class H' (i.e. with derivative of class L?) which joins h to g. This path is in fact
contained in gH .

THEOREM 3.2. Assume A is a Hilbert-Schmidt operator and Im A is of finite di-
mension. Then for every g € G and for every h € gH there is a horizontal absolutely
continuous path (i.e. with derivative of class L') which joins g and h (this path is con-
tained in gH). Conversely, if two points g and h are joined by a horizontal path then
hegH.

COROLLARY 3.1 (Chow’s theorem).

1) If Tm A = Z then there is a neighborhood U of the identity and a subset Uy dense
in U such that for every h € gUy there is a horizontal path of class H' joining h and g.

2) Moreover, if Z is of finite dimension and A is Hilbert-Schmidt then for every g
and h belonging to G there is a horizontal absolutely continuous path joining g and h.

First we are going to establish a local version of these theorems in the following
subsection.

3.2. Preliminary results. Let {f; : i € N} (resp. {vg : B € N}) be a Hilbert basis
for F' (resp. for Z). There is a non-unique family of pairs of indices {(in,ja) : @ € N}
such that if we put

Zinja = [fia> fial
then {z;;, : @ € N} is a topological basis of Z. More precisely, for every a of N there is
(C! . ) € 2(N) such that
Ziaja = Zc;fija

taja
with Cf' ; = —CJ , forall p€N.

As in Remark 2.3, we can define a Lie structure on G. Let us denote by G the cor-
responding Lie group. It is well known that there exists a diffeomorphism from a neigh-
borhood of the identity of G onto a neighborhood of the identity of G. So without loss
of generality we will suppose that G = G.

We prove the following result:

THEOREM 3.3. There exists a subset D dense in G such that for every y belongmg
to D there is a horizontal path of class H' joining y to the identity element of G. More
if A is Hilbert-Schmidt and the center of G is of finite dimension, then all points of G
can be joined to the identity ofé by a horizontal absolutely continuous path.
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We denote by ][] the finite or infinite product with respect to the operation e.

LEMMA 3.1. Let u = szfl + Z AaZinj, be an element of G such that

T «
" 2
S (X i) < o
noooi<g

then

\Ij(u) = H ¢Zi(¥ja (Aa) i H ¢fi (‘rl)
is well defined. Mgreover, if A is a Hilbert-Schmidt operator then WV is a local diffeomor-
phism from G to G which is surjective.

Proof. It is easy to see that ¥ writes in the basis (f;,v,) as follows:

\II(U) = szfz + chﬁﬂ'a)\avu + %ZZCZ TiTjvy,
[ noo«a

Boi<j
=u+ % ZZC{; TiT 0,

noi<j
The first assertion is thus obvious. Suppose that A is a Hilbert-Schmidt operator. Let us
denote by A : F' x F' — Z the operator defined by

A(z,y) = % Z Z Cliriyjvp
Bo1<j
with = = le fi and y = Zyj f;. Then A is a well defined bilinear Hilbert-Schmidt
operator. V\;hen identifying gjwith F x Z one has for (z,2) e F x Z
U((z,2)) =2+ 2+ Az, x).
Therefore, ¥ is C*°. In addition, the differential of ¥ at (0,0) is

- <Id o>
©OF=\ o 14/

Thus WV is a local diffeomorphism. However if y € G with y= Z vifi+ Z baVq then
i «

u = Zyzfl + Z(ba - %Zciajyiyj)va

1<J

is well defined and satisfies ¥(u) = y. m

3.3. Construction of paths. Let u = inﬁ + Z AaZi,j, be an element of G such

2

that Z(Z ijxiacj) < oo and Z |Aa|? < oo (this last condition holds for example
By «

if {2z;,;, : @ € N} is a Hilbert basis). We shall build an absolutely continuous path

Yu : [0,1] — G joining the identity of G' to ¥ (u).
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Step 1. Let ||ul|% = Z |22, If ||ul|p = 0, just consider the constant path 7, (t) = 0
(identity of G) for 0 <t < 1. Suppose that [|ul| g # 0.

Define the sequence (r;);cn in [ , 2] by
24|

2lful%

rg =0, Ty — i1 = 1fZ>O7

1
then Z —7Ti_1) =5= lim r;.

1— 00

If 1’1 # 0, then for all ¢t € [r;_1,r;] we define the path

ull

xPxQ-¢nJ@Fn-H»¢ﬁ@o

|

ult) = o5, (20t = rio1)
for which it is clear that
Yu(0) = 0.
Let
1 .
(L) = tim i)

2 1— 00

which is well defined because
1
hm Yu (74) H¢f7 x;) infi + 52201‘; TiT U,
iEN i i<y

Let us show that

hm Yu(t) = ’Yu(%)

_,E

Taking ¢ such that ¢ € [r;_1,7;] we have

1
o0 -(3)] <|
‘7() el 5
However

Yulric1) = ¢p (x1) @ ... @by, (2i-1)
=xfi+.. +zio1fic 1+* Z Z kT TRV

Yulriz1) — ’Yu(%) H

Yu(t) — %(H—l)H + ’

1<j<k<z 2
and
2
Yult) =21fi+ .+ @i fior + 20— rie 1)|||m|||§xzfz
1
' N JlulE
Z chkmjxkvﬂ + Z Zcih(t —1i-1) B o TiTRUy-
1<j<k<i p h=1 p
Thus
||U||2F

Yu(t) = Yu(riz1) = 2(t — 11 ” ”F lf%"'zzcﬁl Ti-1 | |2xmhvu.

h=1 pn
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If we denote by ||A]] the norm of the continuous bilinear map A, we get

U 2
) = vl < 20— ) PE 1 5752 00 L0 |
K3

|Z| h=1 u

<t -1y )IIuIIF+HA( . H IIF lfuthfhw

|a32

L2

e Bl
= ( Tlfl) |JJ| +|| ||( Tlfl) ‘-/EI thfh
i i hel

o ol N
> ( ’I"Z,l) +( 7"74,1) |l‘| H || Z|$h|
¢ h

|

Finally one has the estimate
[ty = (5)] < ksl (14 S8Rl + i) = (5) |

Since lim |z;| = 0 (because E |24]* < 00) and v, (%) = lim 7, (r;), the result is proved.
i—00 - i—00
K2

Step 2. Let us define |\|% = Z [Aal?. If [[A] z = 0, we consider v, (t) = v.(3) for

«@
% <t < 1. Suppose that || Az # 0.
Define in [4,1] the sequence (sq)aen by

Aal?
1 | :
0= 75> Sa =4 S0 1+2||)‘||z if o >0, Aq # 0,

Sa—1 if >0, A, =0,

and consider the subdivision of the interval [s4_1, 4] given by

r 1
Ialé = [Sa—1,8a—1 F Z(sa - Sa—l):|7

r 1 1
Igé = _Soc—l + Z(Sa - sa—l)asa—l + i(sa - sa—l):|7
. 1 3
Ia = |Sq—1t i(sa - Sa—l)asa—l + 1(5a - Sa—l)]v

r 3
Ié = |8q-1+ Z(Sa — sa_l),sa}.
For t € [sa—1, S| we define the path
Yut) =T Na) () 0 bz (Aa1) 00 6ay (M) @ [ b (a0)

1€EN
where I' is the path defined for every A, > 0 as follows:
1

Sa—18a 4/\3 .

Lo 7 (Na)(t) = 95, ((f - Sa_l)sa_8a1> if t € I,
AN
1
Ffs;alsa ()‘a)(t) = (bfia ((t — Sa—1 " i(sa - Sal))a) d d)fja (Aa)
Sa = Sa—1
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Sa—15a 3 4/\;%
L3l ™ Qa)(®) = b, | =(t = sa1 = §(s0 = sa-1)) T —
1

o . () e by, (AD) it e,
Sa-18a AN
o, (—A2) e by, (N2) ey, (A3) if t € 14,

and for A\, < 0 we set
L7 (M) () = T35 (]Aa ) (1)

One can easily check that for every A\, positive or negative we have
L7207 (Na)(8a) = @214, (Aa)-
Let
Yu(1) = lm 7y, (sa).

This is well defined because

hm Yu(Sa) H bz (Aa) @ Hd’fi(x )

a—
aeN 1€EN

—szfl—i-Z/\ Zigjea T 3 ZZC”xxvu—llf( ).

noi<j
Let us show that
lim 7,(1) = 7(1)
Fixte [%, 1], then there is t € [s4—1, Sq] such that
17 () = Y (DI < [Iyu(t) = ulsa—1)[| + [7ulsa-1) = (D]

with
’Yu(sa—l) = ¢Zia—1ja—1 ()\a—l) ¢z,131 )\1 H ¢f1 mz
€N
1
=2l S+ 52> Climia;v
noI=1 noi<j
and

Yu(t) = Ff‘:]falsa (Z i fi + Z Z “ﬂ)\lv# + %Z Z C’fjxixjv#).

o l=1 noi<yj

We then have four cases:
r 1
1) tGI;: Sa—l,sa—1+1(sa73a—1)],

r 1 1
2) tel?=|sq_1+~ sa—sa_l),sa_l—ki(sa—sa_l)},

) il
3) 1€ 2= [sat + 5 ) st + o )]
- _Sa—l 2 Sa Sa—1)ySa-1 4 Sa Sa—1)|»
)

4

r 3
telt=|sq_1+ Z(SO‘ - sa,1)7sa}.

49
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By arguments analogous with the ones of Step 1 we show that there is a constant M
independent of ¢ € [s,_1, So] such that

170 (8) = Y (D] € AEM + [[7a(50-1) = (D]

1
Since lim A2 = 0 (because Z)\i < o0) and we know that ,(1) = lim ,(sq) the
result is proved.

Thus, the path has been built and by construction, it is absolutely continuous.

3.4. Proof of the results
3.4.1. PROOF OF THEOREM 3.3. For each u € G consider the decomposition u =
Z xifi+ Z AaVa. Let D be the set of points u of G such that there is a finite number of

i a
indices 7 with z; # 0 and a finite number of indices a with A;_;, # 0. Then it is clear that

~ 2

U(D) is a dense subset of G. Moreover, for any v € D we have Z(Z Cf‘jxiwj) < 00
Boooi<g

because |C;| < [|A]] and there is a finite number of x; # 0. We also have Z 2\ < .

The assumptions of Subsection 3.3 are then satisfied. We can also build a paath joining
any element y € ¥(D) to the identity in G. It remains to be shown that this path is of
class H'!.

On one hand for every t € [0, %]
and we can define a sequence w = (

, there is an index j such that ¢ belongs to [r;_1,7;]
w;)ien by

lul? .

wj(t):{ijij 1fmj7é0andt€[rj,1,rj]
0 otherwise.

Then

3
[Tlwra=2 3 jul.
0 {7:4>1,2;#0}
As there is a finite number of indices j such that z; # 0, the last expression is finite.
On the other hand, for every ¢t € [%, 1] there is an index [ such that t belongs to
I(3) where I(3) is one of the four intervals previously defined. We introduce a sequence
w = (wa)aeN by
4)% if #0, 3 £0,te€I(0)
t)y={ —— ifsg—sp- , Jte
ws(t) = 5, Zepy 8T 5
0 otherwise.

Then

1
[ Iwra =iz Y
2 {B:8>1,25#£0}
and since by assumption, there is a finite number of indices § such that Ag # 0, the last
expression is finite, and then the proof of the general case is complete.
Suppose that A is Hilbert-Schmidt and the center of G is a finite-dimensional space.
Then the map ¥ : G — G is C*° surjective (Lemma 3.1). Take y € G and u € G such that
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U(u) =y. We have u = lefl + Z AaUq. Since A is a Hilbert-Schmidt operator and

K3 «
dim Z is finite, the assumptions of the last paragraph are satisfied: the horizontal path
v associated to u joins the identity to ¥(u). By construction, this path is absolutely
continuous (but not H! in general).

3.4.2. PROOF OF THEOREM 3.1 AND THE FIRST PART OF CHOW’S THEOREM. Let
G be a Hilbertian 2-step nilpotent Lie group and G = F & Z its Lie algebra. Since for
every g the left translation L, takes the horizontal path, joining the identity e to A, into
a horizontal path joining g at Ly(h), it is enough to show the theorem with g = e.

Let H be the connected Lie subgroup whose Lie algebra is H = F @ Im A. As there
exists a diffeomorphism 6 from a neighborhood of the identity in G onto a neighborhood
of the identity in G, by restriction, ¢ induces a diffeomorphism from a neighborhood of
the identity in H onto a neighborhood of the identity in H, if H is the Lie group structure
constructed on the Lie algebra H as in Subsection 3.2. Theorem 3.1 and the first part of
Chow’s theorem are proved by application of Theorem 3.3 to H and H via 6.

3.4.3. PROOF OF THEOREM 3.2 AND THE SECOND PART OF CHOW’S THEOREM. We
have to prove our result for g = e.

Again we use the local diffeomorphism 6 between G and G mentioned in the previous
subsection. As it induces a local diffeomorphism between H and H , we can apply Theo-
rem 3.3 to H and then we get a neighborhood U of e in H such that every point h € H
can be joined to e by a horizontal absolutely continuous path.

Now if h is an arbitrary point of H, we consider a continuous path ¢ : [0,1] — H
joining e to h in H (H is supposed to be connected). From the open covering L. (U) of
¢([0,1]) we can extract a finite subcover

Vi=Leuy(U), 0<ty<t; <...<ty=1.
Then take the points:
ho=e, hi e VoNVi, ha =c(t1), hse VinNV,, ...,
hoi = c(ti), hoiv1 € ViNVig1, ..., han = h.

From Theorem 3.1 there is a horizontal absolutely continuous path ~; joining h;
to hiy1, 1 = 0,...,2N. By concatenation we obtain a horizontal absolutely continuous
path ~y joining e to h. Theorem 3.2 is then proved. For the second part of Chow’s theorem
we only have to take H =G and H = G.

Conversely, if two points g and h are joined by a horizontal path - then Lg_l('y) is a
horizontal path joining e to ' = L;*(h).

Let T be the characteristic subgroup of 7 (see next section). We then have L !(y) C

I' C H and therefore v = L,L; ' (v) is contained in Ly(H).

4. Localization of abnormal curves

4.1. Introduction. Consider a distribution F on a Hilbert manifold M and denote
by I the interval [0, 1]. Then all horizontal curves in M can be parametrized on I. Let
0., (I, F) be the space of horizontal curves (i.e. tangent to F and of class H') with fixed
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origin zg. In general, without more hypotheses we cannot define a Hilbert structure on
Oy, (I, F) if we associate to each horizontal curve its control as in finite dimension. So
if we denote by End : Q, (I, F) — G the map which associates to each curve + its end
point y(1), we cannot define the abnormal curves as “the singular points” of the map
End as we can do in finite dimension. However we can still define an abnormal curve as a
curve v which can lift to a non-trivial curve I' in the annulator F* and which is tangent
to the kernel of the 2-closed form induced on the manifold F* in T*M by the canonical
symplectic form of T* M. Each horizontal curve which is not abnormal is called normal.

Consider a left-invariant distribution F on a 2-step nilpotent Hilbert Lie group G.
Then we can show that a curve v is abnormal if and only if there exists a lift I' in F*
which is constant almost everywhere and moreover (as in finite dimension) we also have

THEOREM 4.1 (cf. [Be]). Let G be a 2-step nilpotent Hilbert-Schmidt Lie group and
F the left-invariant distribution generated by F. The space of horizontal curves Q. (I, F)
of class H* is diffeomorphic to L?(I, F). Every horizontal curve v is abnormal if and only
if v is a singular point of the map FEnd.

The purpose of this section is to give, in the context of 2-step nilpotent Hilbert Lie
groups, some “localization” of abnormal curves in terms of existence of submanifolds in
which such a curve is normal for the induced distribution.

4.2. Characteristic manifolds. Let G be a 2-step nilpotent Hilbert Lie group which
is connected and simply connected. Denote by G = F @ Z its Lie algebra and by F the
left-invariant distribution defined by F' on G. Let R : G — G* be the Riesz representation.
Given any horizontal curve v, the abnormality set of v in G, denoted by A, is the set
of A € G* such that A(u) = 0 for all u € F and A([dL7}%(t),v]) = 0 for all v € G. In

fact, for a non-zero A € A, the curve t — I'(t) = ((dL;(lt))*/\,'y(t)) is a lift of 7 in the
annulator F* of the left-invariant distribution on G defined by F and it is tangent to
the kernel of the closed 2-form induced on the manifold F* by the canonical symplectic
form of the cotangent bundle of G (see [Be]). So, a curve is abnormal if and only if A, is

non-zero.

DEFINITION 4.1 (cf. [Mo]). A connected submanifold S of G is called a characteristic
manifold for an abnormal curve v : [0,1] — G iff:
i) TS N F have a constant dimension,
ii)  is tangent almost everywhere to T'S N F,
iii) «y is normal in S (relatively to T'S N F).

Let v : [0,1] — G be an abnormal curve and g = (0). Then 5 = L;'(v) is an
abnormal curve defined on I and such that ¥(0) = e. A manifold S is a characteristic
manifold for v if and only if S = L;l (S) is a characteristic manifold for 5. So it is sufficient
to study the existence of characteristic manifolds for abnormal curves v : [0, 1] — G such
that v(0) = e.

Let v : [0,1] — G be an abnormal curve such that y(0) = e. We denote by P the
set of closed subspaces K of F such that « is tangent to the left-invariant distribution
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generated by K. It is easy to see that if K belongs to P then the set {dL;(lt)"y(t)} is
included in K. On the other hand P is an inductive set and from Zorn’s lemma, it has a
minimal element H. Denote by H the Lie subalgebra generated by H, that is

H =Ho [H, H|.

Let Gy be the connected and simply connected Lie subgroup of G whose Lie algebra
is H. Then we have the following theorem.

THEOREM 4.2.

1) P has a (unique) smallest element H which is the closure of the vector space
generated by {dL;(lt)ﬁ(t)}.

2) Gy is a characteristic manifold for ~y.

3) If G’ is another connected and simply connected Lie group which is also a charac-
teristic manifold for v then G' = Gp.

Proof.

1) Let H be the closed vector space of G generated by {dL;(lt)"y(t)} and H = H®[H, H|
the Lie algebra generated by H. By the definition of H, 7y is tangent to the left-invariant
distribution generated by H, so H € P. Moreover if L € P then L contains H, so H is

the smallest element of P and it is unique.

2) Suppose that « is abnormal in Gg and denote by A, its abnormality set. Consider
the set K of all u € H such that for every A € A, we have A(u) = 0 and A([u,v]) = 0
for all v € H. It is easy to see that K is a Lie sub-algebra of H which is strictly included
in ‘H.

If we set

H =KnH,
the Lie algebra generated by H' is
H' &[H' H'| K.
As H' C K, v is tangent to the left-invariant distribution generated by H’. On the other
hand, H’ g H which implies that H is not minimal and gives rise to a contradiction.

3) Let G’ be a connected and simply connected subgroup of G which is also a char-
acteristic manifold for . The subspace T.G' N F belongs to P, so it contains H. Hence,
the Lie algebra G’ of G’ contains H, so G’ contains Gg. Suppose G’ # Gy as we have
connected sets then G’ D H and G’ # H which implies that there exists a non-zero
A € HY C G’ and for such a A we have then \(u) = 0 for every u of H; in particular

AL 3(t)) = 0 and A([dL75)3(t),v]) = 0 for all v of M,

so A belongs to the abnormality set of v in Gy, that is 7y is abnormal in Gy, and we have
a contradiction. m

COROLLARY 4.1. Let G be a 2-step nilpotent Hilbert Lie group which is connected
and simply connected, G = F & Z its Lie algebra, F the left-invariant distribution defined
by F and v a horizontal curve with origin e. There exists a unique connected and simply
connected subgroup G in which v is normal relatively to the left-invariant distribution
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induced by (G, FNTG,). The Lie algebra of G, is generated by {dL:/(lt)"y(t) 1t €[0,1]}.

In particular, if Tm A # Z then all horizontal curves are abnormal.

4.8. Application. Classical examples of 2-step nilpotent Lie algebras are Heisenberg
algebras which play an important role in mathematical physics. Below we define three
types of Heisenberg algebras.

4.3.1. CLASSICAL HEISENBERG LIE ALGEBRAS. Let K be a separable Hilbert space
and K* its dual. We define a Lie algebra structure on the space

G=FagZ

with FF= K* @ K and Z = R as follows:

If {Xo : @ € N} is a Hilbert basis of K in F and {X}; : 8 € N} is the dual basis, then
we set

[Xa, Xj] = Capbap-1

where C,g are constants; the other brackets are zero modulo permutations. When
Z(CQQ)Q < oo the Lie algebra is of Hilbert-Schmidt type.
a,B

If Cop =1 for every a, 3, we get the classical Heisenberg algebra.

4.3.2. GENERALIZED HEISENBERG ALGEBRAS. Let K and H be two separable Hilbert
spaces. It is well known (see for example [Gu]) that if {k;} is a Hilbert basis of K and
{ha} is a Hilbert basis of H then the set of tensor products {h, ® k;} is a Hilbert basis
of ,CHs(K,H)

On G =Ly s(K; H)®K® H we define a generalized Heisenberg Lie algebra structure
on G =F®Z by setting FF = Ly s(K;H)® K and Z = H with Lie brackets defined,
with respect to the basis Y,; = (ho ® k4,0) and X; = (0, k;) of F, by

[Yai7 Xz] = Caizoc

where C; are constants; the other brackets which are not the opposite are zero.
This Lie algebra is of Hilbert-Schmidt type if Z(Cia)2 < 00.

[N
If dim H = 1 then we obtain the classical Heisenberg algebras.

4.3.3. L1IE ALGEBRAS OF TYPE (HG). Let (F, Z, A) be a 2-step nilpotent Hilbert Lie
algebra. Denote by L4 s(F') the set of linear skew-symmetric continuous endomorphisms
of F. There exists a unique linear map

J : Z — ,CAs(F)
such that
(2) (Jo(u),v)p = (A(u,v), 2)z Yu,v € F and Vz € Z.

Following Eberlein and Kaplan’s work on generalized Heisenberg algebras in finite dimen-
sion ([Eb], [Kal] and [Ka2]) we can define Lie algebras of generalized Heisenberg (HG)
type as follows:
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DEFINITION 4.2. We say that the Lie algebra associated to (F, Z, J) is of type (HG)
iff:

1) I=()ImJ, # {0},
z#0
2) || (w)|| = ||z ||ull Vz e Z and Vu € I.

If I = F we say that (F, Z, J) is non-degenerate.

PROPOSITION 4.1. All generalized Heisenberg algebras (see Subsection 4.3.2) are of
type (HG).
Proof. By using relation (2) the map J: Z — L4 g(F) will be defined by
Joo (Yai) = X; iff o # 5,
Jza (Yai) = Oa
J. (X)) = =Y.

Let z be any non-zero element of Z such that z = Z AaZa-

e}

If we set Nz = {a : [, # 0} then
ImJ, = Span{Y,;, X; : « € Ny, i € N},
SO
I=()ImJ. =Span{X;:i€N} =K.
270
On the other hand, for every u € K and every z € Z, we can write u = ZuiXi,

z = Z AaZas
J(w) =Y Aaley(w) = Y Aawiley (X)) == > AauiYai,

a€eN aeN,ieN aeNieN

@2 = > Pal sl = (30 Nal?) (3 lwl?) = 12012l m

a€N,ieN a€eN i

and

Such a construction will be given in Subsection 4.3.4.

THEOREM 4.3. Let (F,Z,J) be a Lie algebra of type (HG). Let G be a connected and
simply connected group associated to this Lie algebra, every abnormal curve is tangent
to the left-invariant distribution generated by I, the orthogonal complement of I in F.
Moreover, if I =ImJ, for all z # 0 in Z, then the converse is true.

In particular if (F, Z,J) is non-degenerate there are no abnormal curves except con-
stant curves.

Proof. First if R: G — G* is the Riesz representation then
R(Z) = F*
and
(J.(u),v) = (R(2), [u,v]) Vu,v € F and Vz € Z.
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It is easy to see that an element u belongs to Ker J, if and only if

(J.(u),v) =0 Yov € F,
which is also equivalent to

(R(2),[u,v]y =0 VoveF.

Let G be a connected and simply connected group associated to the Lie algebra G and let
v :[0,1] — G be an abnormal curve. An element R(z) of G belongs to the abnormality
set A, of v in G if and only if

R([dLy5(t), -]) =0,
which, according to the previous argument, is equivalent to

dL3(t) € Ker J..

If (F,Z,J) is a Lie algebra of type (HG) then, from property 2) of Definition 4.2,
J,(u) is non-zero for all u and all z # 0.
As T = ﬂ Im J, and J, is skew-symmetric, we have

z#0
KerJ, C I+.
So finally, if v is an abnormal curve then
-1 . 1
dLW(t)v(t) el

which is equivalent to
V() € I vy,
where 11, is the left-invariant distribution generated by I L. In general the converse is
not true.
If I = Im J, for all non-zero z then it is easy to see that if a curve is tangent almost
everywhere to I this curve must be abnormal.

If (F, Z,J) is non-degenerate, that is if I = F, then I+ = {0} and all non-constant
curves are normal. m

The following result is a consequence of Theorem 4.3.

PROPOSITION 4.2. For all generalized Heisenberg Lie algebras, the abnormal curves
are tangent to the left-invariant distributions generated by Ly s(K; H).

4.3.4. CONSTRUCTION OF LIE ALGEBRAS OF TYPE (HG)

PROPOSITION 4.3. For any Hilbert spaces F' and Z such that the dimension of F is
finite and the dimension of Z is finite or infinite, there exists a map J : Z — L4 s(F)
such that the Lie algebra defined by (F, Z,J) is of type (HG).

Proof. Let {e; : i € N} be a Hilbert basis of F and {z, : @ € N} a Hilbert basis
of Z. Denote by K the Hilbert space generated by

{Xj =egj41:j €N}
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and by N the set of indices « of the basis of Z. As Nz x N is a countable set there exists
a bijection
0:Nz;xN—=N
(1) = 0(av, i)
and if Y, = egg(a,), the Hilbert space generated by Y,; is isometric to the space
Lys(K;Z).
So we can construct a generalized Heisenberg algebra and from Proposition 4.1 there

exists a map J: Z — L4 g(F) defined in this case by

Iz (620(6,1‘)) = €241 ifa#£p
J 2o (€260(a,i)) = 0

Sz (€2i41) = —€20(a,1)
and such that the Lie algebra associated to (F, Z,J) is of type (HG). n

In what follows we will need the next lemma:

LEMMA 4.1 (cf. [Kal]). Let Z be a vector space of finite dimension m and let p be
the smallest integer such that m < 8p + 29 with 0 < q < 3. Then there exists a map

J:Z— ﬁAis(RN)
with N = 2%%9 which satisfies
7= ()]l = llul l|z[].

PROPOSITION 4.4. Let F' be an infinite-dimensional Hilbert space and Z a finite-
dimensional Hilbert space. For any infinite-dimensional subspace I of F there exists a
map J : Z — L4.s(F) such that (F,Z,J) is of type (HG) with Im J, = I for all non-zero
zn Z.

Proof. Let I be an infinite-dimensional subspace of F', p be the integer defined by the
relation m < 8p+ 29 with 0 < ¢ < 3, where m is the dimension of Z, and set N = 24P+4,
If {e; : i € N} is a Hilbert basis of I, then there exists a bijection

0:[1,N]xN—N
(a, 1) — O(a,3).
Set
Yaj = €g(ay)
and
I; = Span{Yy;,...,Yni}.
From Lemma 4.1 there exists a map
JhZ > Las(l;) foralll

such that

L)) = |lv||l |zl Yo € I, and Vz € Z.
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Let w € I and u; be the orthogonal projection of u on I;. If we set

To(u) =Y Ji(w),

leN

the map J is well defined because

l l
()2 = Jim S )P =l S a2
h=0 h=0

l
I201* lim » [l =[] [l
l—o0
h=0

and the end of the proof is then a direct consequence of Lemma 4.1. m
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