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The perturbation functor

in the calculus of variations

O. AMICI - B. CASCIARO — M. FRANCAVIGLIA

ABSTRACT: In the framework of second order Calculus of Variations on jet bundles
we show that the operator which determines the “First Variation” is a functor which we
call “Perturbation Functor”. This functor allows us to link the Jacobi morphism for the
second variation to the first variation of a new Lagrangian. Its naturality properties are
discussed. We also show that it permutes with most of the relevant cohomology functors
of the Calculus of Variations and with the de Rham’s one.

0 — Introduction

In the last decades several techniques having a geometrical origin
have been developed to deal with partial differential equations in general
and, more particularly, for those equations which are the consequence of
a variational principle (see, e.g., [1], [2], [3], [4] and references quoted
therein). In all these frameworks, which are of course based on the use
of the jet-prolongations (possibly of infinite order) of both the bundles
and the equations involved, the tools of homological algebra have revealed
themselves to be extremely powerful. As a few examples we mention: the
work of ANDERSON and DucHAMP ([5], for the introduction of cochain
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complexes in the Calculus of Variations); the work of BRYANT and GRIF-
FITHS ([6] and [7], where the notion of cohomological tower is extensively
used); of TULCZYJEW and DEDECKER ([8], with the introduction of the
so-called “Lagrange complex”); of KRUPKA ([9] and [10], with the intro-
duction of the so-called “variational sequences”; see also [11]).

The Calculus of Variations on jet bundles is a very powerful method
in Analysis, Geometry and Matematical Physics. It allows in fact a global
perspective on the problems and helps, via Noether’s theorem, to provide
a general setting for conservation laws (see, e.g., [14]). The fundamen-
tal ingredients in this direction are contained in the notion of contact
forms, of Poincaré-Cartan forms, of local and global exactness (both at
the “strong” level of the bundle or at the “weak” level of the space of
critical sections).

In recent investigations of ours ([15], [16], [17]) we have been consid-
ering the somehow neglected problem of second variation of a Lagrangian
action from the geometrical viewpoint, together with the ensuing notion
of (generalized) Jacobi equation. In particular, we have been able to show
that the Euler-Lagrange equations together with the Jacobi equations are
in fact the Euler-Lagrange equations of a “derived” variational principle
in a larger space, governed by a “deformed Lagrangian” which is an alge-
braic counterpart of the first variation of the original Lagrangian (see [16]
for the definition of this new Lagrangian, [15] and [18] for an application
to Riemannian Geometry and [19] for a short review).

In the course of our investigations we have realized that most of the
relevant constructions entering the first variation, the second variation,
the Poincaré-Cartan form and the Jacobi morphism can be alltogether
factorized through a functorial operation which can be given the name of
“perturbation functor”. The perturbation functor, denoted by P, essen-
tially associates to any given Lagrangian L its first order deformation, in
such a way that all relevant quantities of the Calculus of Variations are
carried over to the analogous quantities for the new Lagrangian. Such
a functor P is not unique, owing to the well known fact that equivalent
Lagrangians and equivalent Jacobi morphisms exist (see, e.g., [10], [14],
[18]), although it will be possible to choose “canonical” one.

In this paper we shall develop the basic tools to construct a reasonable
(and canonical) perturbation functor in the physically relevant case of
Lagrangian theories of order at most two; generalizations to higher orders
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are of course possible and will be considered elsewhere. We shall then
begin (Section 1) with a short account about the basic framework of
the Calculus of Variations on jet bundles and the notion of first order
deformation of a Lagrangian. Section 2 will be devoted to introduce the
fundamental categories of bundles and morphisms which are needed to
our purposes, as well as to define the perturbation functor P and discuss
some of its basic features; among them, the most useful comes from a
surprising aspect of the procedure which following [16] determines the
deformed Lagrangian, which in turn is determined by the existence of a
class of immersions (which will be investigated in this Section and which
must be taken into account, not only to understand the main properties
of the deformation procedure, but also to avoid mistakes which can occur
in practical calculations). In Section 3 we shall briefly account on some of
the many relations existing between the cohomological interpretation of
our functor P and the existing cohomological tools of [6] and of [9]. Our
comparison will be based on the introduction of suitable ideals of forms
in the de Rham complex of a convenient jet-prolongation of the relevant
bundle. The sub-complex we derive differs in general from the previously
existing ones and, in a sense, it is intermediate between the variational
complex of [9] and the whole de Rham’s complex. We shall investigate
how properties of P reflect in these three cohomological complexes, as
well as in the complex introduced in [6].

Among the results of this comparison we quote the construction of
a second type of “tower prolongation” (here called “Jacobi tower”) ob-
tained by iterating the action of the functor P. This tower prolongation
is in a sense the completion of the “tower prolongation” of BRYANT and
GRIFFITHS and, if applied to the cohomology investigated in [6], it pro-
vides informations on the conservation laws of the higher order Jacobi
fields, while, if applied to the cohomology introduced in [9], it provides
informations on the “Lepagean equivalence” of higher order deformed La-
grangians. Since the notion of “Jacobi tower” applies to any “level” of
the tower construction of [6], we obtain a family of cohomological groups,
here called “JBG-wall” (where JBG means Jacobi, Bryant and Griffiths).
An analogous construction is made for the cohomological groups of [9],
since the Bryant-Griffiths tower construction applies to these groups, too.
Finally, since closed ideals generate their own cohomological groups, we
show that a Jacobi tower construction is possible for both ideals used
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by BRYANT-GRIFFITHS in [6] and by KRUPKA in [9]. As we said above,
we also introduce a new complex in which the Euler-Lagrange form is
closed and we show that even for this complex it is possible to perform
the “wall construction”. More detailed investigations about the interre-
lationship among these various cohomologies will in fact form the subject
of a forthcoming paper ([20]).

Our investigation will pay a continuous attention to the “naturality”
properties of the perturbation functor, especially in view of its possible
applications to the problem of conservation laws. This intriguing aspect
of the theory is still under investigation and will as well form the subject
of a further paper ([21]). The present paper contains an appendix, which
contains a few remarks about the applications to some relevant partial
differential equations of parabolic type (in the sense of [6] and [7], heat
equation and KdV equation included).

1 — Preliminaries and notation

In this first Section we shall recall the main framework we need in
this paper.

1.1 — Basics on calculus of variations

Let us first list some basic facts about the Calculus of Variations on
fibered manifolds. Notation follows closely [2] and [22], to which we refer
the reader for further details.

Let B = (B, M, ) be a fibered manifold over a m-dimensional mani-
fold M, with p-dimensional fibers. We will denote by (z*), u € {1,...,m}
a local coordinate system on M and by (z,y*), a € {1,...,p} a fibered
coordinate system on B over (z").

The bundle of vertical vectors of B is defined as follows. We set Vi =
Ker(Tw) C TB and we define a bundle over B as VB = (Vr, B,vg),
where vp is the appropriate restriction of the natural projection 75 :
TB — B. For notational convenience, if there is no danger of confusion,
we shall write V' B instead of V. In the sequel we shall be also concerned
with double fibrations C—"+B-">M. In this case there are two vertical
bundles, namely those defined by Ker(T'«) over B and by Ker[T'(7 o «)]
over M, respectively; they will be respectively denoted by VEC' (or, more
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simply, just by VC) and by VM(C'. Hereafter, for the sake of simplicity,
“vertical” will shortly mean “vertical with respect to a given projection”
whenever there is no need to specify which projection is being considered
(if this is already clear from the context).

For any (regular) domain D (i.e., D C M is a compact m-dimensional
submanifold with sufficiently regular boundary) I'p (7) will denote the set
of (local) sections A : D — B. Moreover, J*B = (J*B, B, 7*) will denote
the k-th order jet-prolongation of B, with naturally induced coordinates
(=", ¥ Y5, Y, - -+ ). If A € I'p(m) is a local section, locally expressed by
(x#, A\*(z")), thence its k-th order jet-prolongation j*\ has local expres-
sion (z#, A(x”), 0, A“(x"), 02, A (z"), . ..).

A section ¥ : D — J*B is said to be holonomic iff there exists a sec-
tion A : D — B such that ¥ = j*\. We denote by AM = @,.;,.,, \"M
the exterior bundle of M and by Q(M) = @y<),<,, u (M) the module of
its sections, i.e. of differential forms of M. We set:

(1.1) ds=dz' A~ Adx™ | ds,=0,]ds,

where X | (or, equivalently, sometimes iy) denotes inner product with
respect to a vectorfield X on M; the forms (1.1) determine a (local) basis
for m-forms and (m — 1)-forms, respectively.

A fibered morphism £ : J?B — A™M will be called a (second order)
Lagrangian. The Lagrangian L is locally expressed by:

(1.2) L= L(z" y" y5,y,,)ds ,

where L is a scalar density on J?B with respect to coordinate changes
in the base manifold M. The Lagrangian £ defines a variational problem
(of the second order) on B, through the action functionals:

(1.3) A(N) :/ Lo (52N) .
D
Critical sections are those sections A = A\g € I'p(7) such that
0
A= —AN)__. =0
A 8€A( )IE—O

for all homotopic 1-parameter deformations \. (with € €] — a,a[, a >
0) which strongly fix the boundary (i.e., j'A\.lop = j'Map, for any &).
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Here and in the sequel the first variation operator § will shortly denote
the e-derivative % evaluated at ¢ = 0. It is well known that critical
sections are those sections which satisfy the “Euler-Lagrange equations”
of L (see below). From now on we shall consider only homotopic 1-

parameter deformations which strongly fix the boundary.

1.2 — Horizontal forms and canonical momenta

For any integer k let Hor(J*B) = @y<,<,, Hor!(J*B) be the tensor
algebra of horizontal forms of J*B (i.e., those forms which vanish when-
ever they are evaluated on a set of vectorfields containing at least one
vertical vectorfield).

DEFINITION 1.1 (see [23]). The horizontal differential is the oper-
ator dy uniquely defined on Hor(J*B) with values into Hor(J**1B) and
intrinsically expressed by:

(dgw) o ¥ IN =d(wo j*N) VYA€ T(n),

for all w € Hor(J*B), where d is the exterior differential operator of M.

Locally, dy is determined by a family of operators d, acting on
smooth functions, called formal derivatives. As an example, if f : J*B —
IR is a differentiable mapping, then d,, f is the function on J°B defined by:

8f 8f a 8f a 8f o 6][’ " af .
TRt el T e

d.f =

Finally, we set dy = d — dg, where d is now the exterior differential
operator in J*B (see [14]). It is known that d% = 0 and d?, = 0, so that
dydy = —dgdy because of d*> = 0 (in J*B).

We also recall that, if B = (B, M, ) is a fibered manifold and B, =
7 '(z) is its fiber over z, for any x € M, then one defines the dual
vertical bundle by setting V*B = U, (T'B,)*; this vector bundle V*B =
(V*B, B, ug) is not a sub-bundle of the cotangent bundle (T*B, B, 7).
Let us denote by ®;; the tensor product of vector bundles over M.

THEOREM 1.1 (see [14]). There exist two global bundle mor-
phisms denoted by f5(L) : J°B — A™'M @y V*B and f§,(L) :
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J’B — A" ' M@y, V*J' B, and a global bundle morphism e®(L) : J*B —
A" M ®p; V*B, associated to the Lagrangian L and to its action (1.3),
where V*J'B = J'V*B is the dual bundle of the vector bundle V J'B =
JV B (these last two isomorphisms being canonical), which enter the fol-
lowing expression for the first perturbation of L under any homotopic
variation A\, : D — B of any section A\ = \y:

(1.4) (Lo j?A) = B(L) o ' N+ dp[f§)(L) + f5(£)] 0 7N

Equation (1.4) is known as the (global) first variation formula for L.
As we said above, the critical sections of (1.3) satisfy Euler-Lagrange
equations:

eB(L)oj*A=0.
The bundle morphisms entering (1.4) have local expressions given, re-
spectively, by:
f(f [fg)(ﬁ)]g = pg - dupg’/ )
=G0 =p,
[

(1.5) ¢ 5 5
e = [e(£)"]a = pa — d#[f(l)(ﬁ)]g =

= Pa — d,u«pg + dl,deZV )
having defined the canonical momenta (p.,p", pi”') by setting

oL oL oL
1.6) po=pdL)=%—, pi=pL)i=5., p."=pL)" = :
(1.6) (£) By (£) oyt (£) aye,

The local components (fY, f/) of the bundle morphisms f§ (£) and
f(BQ)(/J) are known as the true momenta, while €®(L) is the Euler-Lagrange
morphism.

REMARK. Notice that the bundle morphisms above determine in turn
the following tensorfields, which by an abuse of notation will be denoted
by the same symbols of the corresponding morphisms:

fO(L) = fudy® nds, ,

(1.7) f&y (L) = furdy; Ads,
eB(L) = e,dy” Nds .
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1.3 - Contact forms and symmetries

DEFINITION 1.2. The ideal of contact forms K(J?B), is the ideal
of the exterior algebra €(J3B) formed by those forms n € Q(J?B) which
vanish along all holonomic sections j2X of the bundle J?B = (J?B, M, ).

The ideal IC(J?B) is generated by the following family of local 1-
forms:

(1.8) 0" = dy" —ygdx® , O =dy; —y,,dz7

by the ring Q°(J%B).

DEFINITION 1.3. The Poincaré-Cartan form is the m-form along
the canonical projection of J3B onto B, having the following local ex-
pression:

(1.9) © = O5(L) = (f10° + f0°) Nds,, + L .

Finally, the form Q = Q5(L) = dO is the multiplectic form of the vari-
ational problem (see [24]). This form €2 determines the Euler-Lagrange
equations, which can in fact be equivalently written as:

(1.10) (7°0)*(i,(R)) =0, YveVJ’BxJVB.

For more details see, e.g., [22] and [25].

Now we denote by L the Lie derivative operator, defined on the sec-
tions of a bundle B whenever the bundle is a natural bundle (see [26]) or
a gauge-natural bundle (see [27], [28] and [29]).

DEFINITION 1.4 (see [12] and [25]). An infinitesimal symmetry is
a vectorfield Z € X(J3B) is said to be of L if:
(1.11) L=[0%(L)] =0.
Then E(L,Z,)\) = (4°N)*(2]O(L)) is called the conserved Noether
current associated to E.

If X is a solution of the Euler-Lagrange equations of £ one has
d,[E°(L,Z,\)]* =0 (see [12] and [25]).
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As we explained in the Introduction, we are here interested into in-
vestigating the naturality of the “first order perturbation” procedure, by
means of a functor suitably defined on a suitable category. Obviously, the
“largest” is the category on which the functor is defined, the strongest
will be its naturality properties.

DEFINITION 1.5. A (local) section A : U — B is said to be admissi-
ble for @ if and only if the mapping ¢} = ¢, 0\ : U — ¢}(U) =V, is a
local diffeomorphism.

THEOREM 1.2.  Equation (1.11) is meaningful even if the local 1-
parameter group ® = {®,} generated by = is not a (local) group of bundle
automorphisms, but just a group of diffeomorphisms of the total space.

PROOF. In fact, let us set ¢, = wo P, : B — M. Then the action of
® on A is defined by setting

(1.12) M(@) = (P7A)(2) = @0 Ao (¢7) 7 (2)

for any « € V;; the family {\; }1e(—c ), with e > 0, is a homotopic variation
of A =\ and, as in [22] and [26], we have:

d

dt " Jji—o
where &, = T'm o Z 0 X is a vectorfield over the basis M (which depends

of course on the section \). 0

REMARK. As a consequence, the results of [22] and [26] hold true also
in this case, which is obtained by restoring the classical definition of the
action of a differentiable mapping on a “field”. In fact, let B = (B, M, )
and B’ = (B, M’, ") be two fiber bundles and F' : B — B’ a differentiable
mapping between the total spaces of the two bundles (not necessarily a
bundle morphism). We set frp = 7' o F': B — M’ and call it the basic
map associated to F'. We also say that a section A\ : M — B is admissible
for Fif and only if fr = froX: M — M'is a (local) diffeomorphism; in
this case, of course, M and M’ have to be of the same dimension. Then
the classical action of F' on the set of admissible sections is given by:

(1.14) FAX=Fo)o(fol)™,

for any admissible section A : M — B.
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1.4 — Second variation of Lagrangians
We will follow [16] for the second variation.

DEFINITION 1.6. The first order perturbation L) : J°VB —
A™M of the Lagrangian £ = L is the (unique and global) morphism
with local expression given by:

(1.15) Loy = Layds = {pap® + phpl, + 04" pyy, }ds

where (p%, p, pf,,) are the local components of an element of V.J?B
(canonically identified with J*V B).

The action functional associated to the Lagrangian L) is given by:

(1.16) A :/ Ly o (5°X x j*v)
D

for any local section A € T'p(m) and any vertical vectorfield v which
projects onto the section A\. We also set:

(1.17) eP(Ly) = Eadp® + E,dy* .

THEOREM 1.3. The following holds:
o =[e®(L)]e = €a ,

1.18
( ) E, E[EB(E)]CL:Pa_du[F(ri)]g:Pa_dupﬁ"i'd/tdupﬁy )
where
[Fff)}ﬁ: E[Fg)(ﬁ)]if =Pl —d,P"
(119) B juv —[B N2 7
[F(2)]a :[F(Q)(’C)]a = Pa )
being
9L
P, =
oy®
8L(1)
1.20 P" =[PB(L)]" =
(1.20 PO =
oL
P(f’VEPB E ZV_ (1) ,
P = G

with e, defined by (1.5).
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PROOF. See [16].

REMARK. With the positions of Theorem 1.3 the non-covariant part
E, represents the coefficients of the Jacobi morphism of £ (as defined in
our previous paper [15]).

DEFINITION 1.7. The Hessian mapping Hessz(L): J?°Bx g J?V Bx
J?V B— A™M, where x g denotes the fibered product over B, is given by:

(1.21) Hesss(L) (2,4) (&5 0) = [Pal (@) (P)E" + [P @) (P)E5+
' + [P @ (P)E)1 5

where § = (£%,£5,&5,) are the local coordinates of a further point be-

longing to the fiber of J?V B over the point of B having local coordinates
(@, y).

Equation (1.21) gives in fact the Hessian mapping of the variational
problem (see [17]).

1.5 — Basic categories

We finally list the basic categories used in this paper. We shall adopt
the following standard notation. If 7 is any category , we shall denote
by 7(0O,0’) the set of all morphisms in 7 from O into O’, being O, O’
objects of 7.

i) The category Man having as objects the (C>°-differentiable) man-
ifolds and as morphisms the (C°-differentiable) mappings between
manifolds.

ii) The category Bun whose objects are the fiber bundles B = (B, M, )
over any manifold M (object of Man) and whose morphisms are
the usual bundle morphisms (i.e., the fiber preserving differentiable
mappings between fiber bundles).

iii) By VBun we denote the subcategory of Bun having as objects the
vector bundles and as morphisms the linear bundle morphisms.

iv) In this last category we will make use of the subcategory T'Man
whose objects are the tangent bundles of the manifolds M of Man
and, if M and N are two manifolds of Man, a mapping F : TM —
TN belongs to the set of morphisms T'"Man(TM,TN) in this cate-
gory if and only if F' = T'f is the tangent mapping of the mapping
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f € Man(M,N). In the following, by an abuse of notation, we will
denote simply by T'M the tangent bundle (T'M, M, 7);); moreover T
is the so called tangent functor.

v) Finally, Vec will denote the category of real vector spaces whose
morphisms are linear mappings between pairs of real vector spaces.

The basic functor we shall need between the category Man and the
category Vec, namely the functor which associates to any manifold M
its total de Rham cohomology group Hyr(M), will be denoted by Hyg.
Recently, (see, e.g., [6] and [9]), some new cohomological functors related
to the Calculus of Variations and/or to partial differential equations have
also been introduced in the literature.

A result which can be easily inferred by comparing [6] with [9] is
that the construction needed to obtain the cohomological groups related
to these functors is somehow standard. In fact, all these cohomological
groups are obtained by first choosing some graded ideal Z(J*B) of the
graded exterior algebra Q(J*B) = Hor(J*(B) ® K(J*B) (k = oo is not
excluded) having the property

(1.22) d(Z(J*B)) CZ(J*B) .

One then takes the quotient of (.J*B) with respect to Z(J*B), to obtain
a cochain complex, and then considers the cohomological groups of this
last complex. Notice that Q(J*B) C Q(J*B). Finally, the ideals of
Q(J*B) verifying (1.22) will be called closed ideals.

In order to introduce the aforementioned functors (especially for the
functor defined in [6], which is far too general with respect to the case
considered here) we need some further construction. These will be given
in Section 2, where we shall introduce the “perturbation functor”, while
the relations of our new functor with the functors of [6] and [9] will be

shortly discussed in Section 3.

2 — The first order perturbation functor

Physicists make use of many “perturbation techniques”, which are
quite different among each other. Here we shall consider only those per-
turbations which were studied in an explicit way in [16], since they are
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the starting point from which many physical results are obtained through
the Calculus of Variations; we just quote [30] and [17] (where applications
to gravitational theories can be found, both in the case of General Rela-
tivity and in the case of non-linear gravitational Lagrangians) since these
two papers are more closely related to our present interest.

2.1 — Definition of the functor P

In a previous paper of ours [18] it was shown that the “complete lift”
used in differential geometry (see, e.g., [31]) is nothing but a particular
case of the perturbation technique recently introduced in [16]. The func-
tor we shall be dealing with can be deduced by using the perturbation
considered in the aforementioned papers and is in fact obtained by com-
posing the tangent functor with some other suitable functors, having the
same degree of naturality.

As is well known, adding any divergence to a given Lagrangian £ does
not affect Euler-Lagrange equations e®(L£)oj*\ = 0, but several construc-
tions suffer changes: e.g., the Poincaré-Cartan form changes, giving then
rise to different boundary terms in the action, as well as a different but dy-
namically equivalent version of equation (1.10) (see, e.g., [32]). Therefore,
even in the class of “perturbations” considered here one can define many
different “perturbations” for the same “original” set of Euler-Lagrange
equations. We shall here propose a kind of a “canonical choice”. We think
in fact that our functor is the simplest possible one and, as an example,
we shall compare it with the one which could be deduced from Taub’s
paper [30]. In any case, all the functors obtained in this way would be
“equivalent in a suitable sense” from the viewpoint of the Calculus of
Variations.

Before going on, let us first notice that there is no substantial differ-
ence between mappings and sections from the viewpoint of the Calculus
of Variations. In fact, if the variational problem is defined on the set of
all mappings from M into a further manifold NV, one can uniquely iden-
tify any mapping h : M — N with the section A\, : M — M x N of the
trivial bundle pr; : M x N — M, being pr; the natural projection on
the first factor, defined by A, (z) = (x,h(x)). The converse is also true,
as any section A : M — B is nothing but a mapping which satisfies the
constraint mo A = id. An analogous remark holds also for the groups of
diffeomorphisms.
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In order to define our perturbation functor we need some new cat-
egories and some new functors which are easily obtained from the ones
considered in Section 1. Because of our introductory remarks about con-
servation laws, the category Bun does not contain enough morphisms.
Hence, we denote by B the category having as objects all the bundles
B = (B,M,r) of Bun and as morphisms all the differentiable mappings
between the total spaces of pairs of bundles. If B = (B, M, ) and B’ =
(B', M',7") are two objects of B, we have then B(B,B’) = Man(B, B’).
Obviously, the category Bun is a full sub-category of this category B.

Recall that for any pair of objects B, B’ of B and for any F' € B(,B’)
we have set fr = 7’ o F' and we have called it the basic map associated
to F. It is obvious that F' belongs to Bun(B,B’) if and only if the
basic map fr is constant along the fibers of B. In this case fr defines a
map fp : M — M’ which is called the “induced map” and is such that
fr=7n'oF = from.

The second category we need is denoted by T'B. Its objects are the
tangent bundles TB = (T'B,TM,Tn), i.e. the images under the tangent
functor T of all bundles B = (B, M, ) of B, while its morphisms are the
images by T of the morphisms of B.

A third category we shall need, denoted by RB, is defined as follows:
its objects are the fiber bundles of the trivial type RB = (IR x B,IR x
M,idr x m), where B = (B, M,r) is any object of B, and idgr x 7 :
R x B — IR x M is defined by setting (idg x 7)(t,y) = (t,7(y)) for
any (t,y) € R x B. In this category a morphism F € RB(RB, RB'),
being B = (B,M,n) and B = (B’,M’,n’) objects of B, is a pair of
mappings (idR, F ): IR x B — IR x B’. Hence we have typical morphisms
(idg, F)(e,y) = (&, F(e,y)), where F : R x B — B’ is the mapping
defining a homotopic variation F. € B(B,B') of F, : B — B’, with
e € R;ie., F(e,z) = F.(z), for any ¢ € R and = € M.

REMARK. Since in the Calculus of Variations we are interested only
into a neighborhood of 0 € IR, we can consider as homotopic varia-
tions (modulo a possible reparametrization on €) only the families F. €
B(B, B'), with e varying in the whole of IR, identifying them with the mor-
phisms of the category RB. Since all objects M of the category Man
are objects of B via the trivial bundle structure (M, M, id,,), also the
homotopic variations of local sections can be considered as morphisms in



[15] The perturbation functor in the calculus of variations 15

the previous category; in this last case we shall consider only homotopic
variations strongly preserving the boundary (see [17]).

THEOREM 2.1.  There exists a natural covariant functor from the
category B into the category RB, which, with an abuse of notation, will
be again denoted by R. This functor R will be called the canonical lift.

PrOOF. Immediate, by defining R as the functor which associates to
any bundle B = (B, M, ) of B the bundle RB = (IR x B,IR x M, idr X 7)
of RB and to any morphism F' € B(B, B’) between the objects B and B’
of B the morphism RF = (idg x F) € RB(RB, RB'). 0

The canonical lift of F' acts on a homotopic variation ¢ : R x M —
IR x B in the following way. Let \. : M — B be the family of mappings
defining o, i.e. o(e,z) = A (z). We say that o is admissible for RF
if and only if A\, is admissible for F', for any ¢ € IR. Then we can
consider the mapping 7 : IR x M’ — B’ defining the homotopic variation
FX.=Folo(froX)': M — B for any € € IR, being fr the basic
map associated to F. By these remarks the action of RF' is defined as
(RF).c = (idg,7) : IR x M — IR x B.

Finally we have the further category T#B whose objects are the
bundles T#B = (TR x TB, TR x TM,idrg x Tr), with B = (B, M, )
any object of B, and whose morphisms are the mappings (idTR,F ) €
TEB(TEB, TRB'), where B = (B, M, n) and B’ = (B’, M’, ') are bundles
of Band F : R x TB — B’ is a mapping which defines a homotopic
variation F. : TB — T B’ between linear bundle morphisms.

DEFINITION 2.1. The evaluation functor £ is the covariant functor
from the category T%B with values into the category B defined as follows:
the functor £ associates to any object T#B of T#B the canonical lift
RTB of TB and to any morphism (idrg, F) € TFB(TEB, TRB') the
morphism (idg, Fy) € RB(RTB, RTB'), via the canonical identification
TR = IR x IR obtained by means of the standard chart (IR, idg), Fy being
defined by Fy(z) = F(0, 2), for all z € TB.

We set now EoT =T¢

DEFINITION 2.2. The first order perturbation functor, is defined
on the category B and takes its values into the category RB. It is the
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covariant functor defined by
(2.1) P=EocToR=T:0R

and it associates to any bundle B = (B, M, ) the bundle PB = (IR x
TB,IR x TM,idg x T).

It is now easy to see that the following holds:

PROPOSITION 2.2.  For any homotopic variation o : IR x M — B,
which is assumed to be admissible for a morphism F € B(B,B’), with B
and B’ objects in B, one has:

E(T((RF).0)) = Te((RF).0) = (PsF).(Tso) .

Moreover, we have:
ProproSITION 2.3.  The functor P is a true perturbation functor.

PROOF. Let us consider two bundles B= (B, M, r) and B'=(B’, M'7")
and a morphism F € RB(RB, RB'). We first notice that TeF belongs
toW =T"RxB)@T(R xB) =2 (T*"R®TR) ® (T*"B ® TR) &
(T"RQTB')® (T*B®TB'); here ® and & generically denote the product
bundles over the product of the bases with the natural vector bundle
structures given by pairwise operations in the product of the fibers. Since
the standard chart (IR,idgr) is fixed in IR, we have the mapping w :
W — TB’, which acts as follows: to any element of W it associates the
component belonging to T'B’ ® T*IR, considered as forming a vector of
B’. In fact, if X belongs to W, we have:

0 0
— g - P
X at®dt—|—w®§t+dt®Y+ ,

where « is an arbitrary real number, Y a vector of B’, w a 1-form of B
and P a tensor on T*B ® T'B’. Then it follows:

wX)=Y .
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We have thence (with an obvious meaning of the symbols used):
(2.2) oA = w((PsF).(Teo)) ,

with the obvious relation between the homotopic deformation A, and the
mapping o. (We write 0\ for the first variation of A. since it refers to the
value at € = 0). This proves our claim. 0

2.2 — Coordinate expression of P

Some of the properties which will be useful in the sequel can now
be easily seen in terms of local coordinates. Hence we consider two fiber
bundles B = (B, M, n) and B’ = (B’, M’, '), a morphism F € B(B,5’)
and a homotopic variation o : IR x M — IR x B admissible for . We
notice that M and M’ have the same dimension, since we have assumed
that admissible sections exist; we denote by (z*,y*) and (2*,y?) natural
coordinate systems in B and B', respectively, and by z* = f#(z",y") the
local representation of the basic map fr : B — M’. Then we have:

(2.3) [w((PBF).(Tga))]A_{aF _[aF oF 8(7“] Mafu}aab

oyb Oxr * oy Oz | Y oyt [ Oe
where the matrix ||CY| = [|C%(j'o)| is the inverse of the matrix ||CY|
defined by:
o oy af do°
24 v =C"(j'o) =
( ) C/L C,u(] U) ax# 8ya 6x# Y

which has maximal rank since ¢ is an admissible homotopic variation.
Now we notice that T'o is a section from the basis IR x M into the total
space T*(Rx M)@T(R x B) 2 (T'IR)& (T"R®TB)® (T"M @ TIR) &
(T*M ®@TB). Since o is a section of a bundle and many of its derivatives
are hence constant, we can replace the previous vector bundle by the
simpler vector bundle (VB @ T*IR) & (T*M ® V B). Finally, when the
functor T is considered, the previous bundle simplifies further to a bundle
diffeomorphic to J'B x 3V B. Hence we can define the new action of PgF
by simply setting:

OF4

(2.5) [(PsF).(y, v)]* = {ayb - (duFA)C“afV} o

v 8yb
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for any (y,v) not belonging to the closed subset of J'B x5 V B having
local equation:

(2.6) det ||| = det |[d, [ =0 .

Equation (2.2) shows that the functor P defined by (2.1) is a true pertur-
bation functor, acting through the action (2.5) and defined everywhere
except a closed subset of the bundle (J'B x5V B, M, ), where 7 denotes
the obvious projection, determined by equation (2.6); the elements of the
domain of regularity for PsF' will be called admissible for PgF'. Luckily
enough, the use of this complicated form of the first order perturbation
functor can be avoided in most cases: we shall need it, in fact, only
to study the perturbation of the Noether equation in its classical form,
i.e. when the action of the l-parameter group is defined by (1.12). In
the other cases the category Bun is enough for the study of variational
problems.

PROPOSITION 2.4. In the category Bun, the first order perturbation
functor restricted to a simpler functor P which does not depend any longer
on jlo, but only on the e-derivative of o.

PROOF. In fact, in this case (2.5) becomes

27 [l (PeF)-(Teo)] = S (67"

and all the sections become admissible. Hence (PsF') can be considered
as a fiberpreserving linear mapping defined on V' B taking its values into
VB’'. As a consequence, we can replace P with a new functor P, which
associates to any bundle B over M the bundle VB over M endowed
with the obvious projection and which transforms morphisms according
to (2.7). In other words, P associates to any mapping F € Bun(B, B')
the mapping PsF € Bun(VB,VB') defined by:

~ OF4* 0
(2.8) (PsF) () = 3—yavaay—A :
for any vertical vector v over y € B, having local components v*. This
ends our proof. 0
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DEFINITION 2.3. The functor P is called reduced first-order per-
turbation functor.

REMARKS.

1). Equation (2.8) shows that in this case PgF : VB — VB’ is a bundle
morphism also with respect to the bundle structures VB — B and
VB’ — B’ and moreover F' : B — B’ is the map induced by PyF.
Because of this, in the sequel we shall omit to write the induced maps
and diagrams, for the sake of brevity.

2). We remark that in this case P can be alternatively defined as the
unique functor which associates to any object B in the category Bun
its vertical bundle VB and to any bundle morphism F' € Bun(B, B'),
with B and B’ objects of Bun, the unique bundle morphism 73(F K
VB — VB’ defined by setting:

(2.9) 5(F o X) = Pg(F)(6X)

for all mappings o : IR x M — B which define a homotopic variation
of a section A : M — B.

THEOREM 2.5. When the functor73 is restricted to curves, as in the
case of Riemannian Geometry, it essentially coincides with the tangent
functor T.

ProOF. This follows easily from (2.4) and (2.8). 0

Many of the consequences of Theorem (2.5) existence are well known,
even if they were never explicitely introduced as a consequence of vari-
ational principles (this aspect of Riemannian Geometry includes more
properties than what people generally think; as an example of this fact
we just quote [17], where the curvature of general variational problems
of “harmonic type” is discussed in some detail). The results related to
the existence of the perturbation functor for curves are in fact known as
consequences of the complete lift (see [31]) and are related to our functor
in the following way. The fiber bundle IR x M — IR can be associated to
the Riemannian manifold (M, g) and curves can be thought as sections
of this bundle in an obvious way. Since we have V(IR x M) =R x T'M,
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to any differentiable mapping f : M — M’ one can associate the map-
ping Fy : R x M — IR x M’ defined by Fy(e,z) = (e, f(z)). Then
Proar(Fy) = (id, Tf) : R x TM — IR x TM' and the total differential
Tf of fis nothing but the complete lift of f. Most of the constructions
related to the variational aspects of Riemannian Geometry, e.g. those dis-
cussed in [31], will then coincide with our results (see also [18] for more
details).

2.3—Some Lagrangian properties of the reduced first order perturbation
functor P

Let us now consider the tensor bundle 7M = (TM,M,x,) with
total space T*M = @B, ;)enz T M, where T7 M is the bundle of tensors
of type (r,s), for any (r,s) € IN* and (r, s) # (0,0), while TOM = M x IR.
We set T'M = T,.M, for any r € IN. We stress that, if B, B’ are
two objects in Bun and F' € Bun(B,B’), then the reduced first order
perturbation functor P determines the map 735(F ) which associates to
any vertical vector of the total space of the bundle VB a contravariant
vector of the total space of B’. Hence, at a first sight, this functor seems
to have nothing to do with Lagrangians which are instead determined
by mappings from J2B into A™M. However, this is not the case, since
it easy to see that each vertical bundle VT,.M splits as follows with a
natural projection:

(2.10) pri: VI,M = (T,M) @&y (T,M) — T,M, VreN.

PROPOSITION 2.6. Let L : B — A™M be a Lagrangian. The follow-
g holds:

(2.11) Pragl=(L, L)) :VIPBZJ?VB—VA"M=A"M ®y A" M ,
where L1y is the first order perturbation of the Lagrangian L.

PROOF. It is a straightforward consequence of results of [16] together
equation (1.15) of Section 1, since both the reduced first order perturba-
tion functor and the identification (2.10) preserve symmetries. 0

REMARKS. A virtual application of a strictly analogous functor is due
to Taub, who explicitly introduced a Lagrangian previously used in an
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implicit way to study the stability of relativistic gaseous masses (see [30]
and the papers quoted therein). The perturbed Lagrangian used by Taub
is the following:

(2.12) L,(v) = {5(L)}y (v) + {dulfG) (L) + F5,(L)]}y (v)

for any y € J?B and v € VB, both projecting onto the same point of
B (see (1.4) of [30]). As a consequence, between Taub’s and our pertur-
bation there is only a “difference in simplicity”, since (2.12) is obtained
from (2.11) by means of a formal integration by parts, i.e. by adding to
the Lagrangian a divergence which does not affect the variational problem
(see [32]). This difference might however have some relevance, not only
because of the different complication in the calculations; in fact we know
that divergences determine those physical quantities which are pushed to
the boundary of the region considered and enter the conservation laws
through Stokes’ theorem, so that they cannot be arbitrarily changed.
This is true not only in classical physics, but also in General Relativity
(see [32] for an example related to the Komar superpotential).

We conclude this Section by noticing that the morphism P(£) con-
tains the first order “deformed” Lagrangian L) of £ = Lo in the sense
of [16] and hence it contains informations on the Jacobi equations of the
variational problems.

2.4 — The reduced functor P

In order to consider all the other geometric objects related to the
Calculus of Variations, we need a more sophisticated construction than
(2.10). For this purpose we first recall some results of [31]. Let us de-
note by 7 (M) the module of tensorfields of type (r,s) on M, being
TU(M) = Qo(M) = F(M) the ring of smooth functions, and we set
T(M) = D, gen2 7, (M). We also denote by (x*,v") the local coordi-
nates induced on the tangent bundle T'M by a local coordinate system
(U,z") on M.

PROPOSITION 2.7 (see, e.g., [31] for a proof). There exists an F(M)-
linear isomorphism from T (M) into T(TM), denoted by v and called
vertical lift, defined by:

(2.13a) (S®T)"=S"®T", VS €T/ (M),YT € T,"(M),Vr, s hkeN
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and

(2.13b) ( 0 )v = 0 , (dat)? =dz"

for any pe{l,...,m}).

We need a further definition:

DEFINITION 2.4. The complete lift is the IR-linear map ¢ : 7 (M) —
T(TM) defined by:

(2.14a) fe=df :TM —TR, VfeF(M),

(SRT)=5°T"+S"®T°,

2.14b
( ) VS €T/ (M), VT € T)*(M) , Vr,s,h,k € N
and
0 \° 0
(2.14c) (ax“) = @ty =de Ve (L. m)

Notice that if X and S are a vectorfield and a tensorfield defined
on M, respectively, then the following relation between Lie derivatives
exists:

(Lx(5))° = Lixe(59) -

PROPOSITION 2.8.  Let us fix (r,s) € IN°, with r + s > 1, and let
S € T] (M) be a tensorfield. Consider the total differential T'S : TM —
T(T7M) and the complete lift S¢: TM — T7(T'M). Then there exists an
immersion { = L (M) : TT(TM) — T(TT M) such that ¢-(M)oTS = S°¢,
for any S € T (M).
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PrOOF. In fact, a tensor S € T7 M belonging to the fiber over z € M
has local expression:

0 0
— QU1 T - V1 Vs
(2.15) S =85p oy ® - ® D ®dz" @ - @dx” .
Denoting by (z*, SL1/'7) the local coordinate system of 77 M induced by
the local coordinate system (U, z*) of M, we can write the local expression
of a vector X € Ts(T7 M), being S € TT M a tensor over a point x € U,
as follows:

0 d
o m ] -l
(2.16) X = XG4 X e

We can always find a tensorfield S defined on U such that:

(2.17) (Xuawgm--.w)z = XHepr (s’v#lv--ﬂr)m — GH1-hr

V]...Vg Vy...Vg Vvy...Vg vy...vg
where Y = X#-%- € T, M and Spi--)ir are the local components of S. We
stress that (2.17) is equivalent to (T'S)y = X. Then we set:
(2.18) §X) = (),

since the tensor on the right hand side does not depend on the local
coordinate system nor it depends on the tensorfield S. By using (2.13)
and (2.14) one can see that:

r — Y HL---Hr A v R Vs
(2.19) ) =Xl 5 @ @ 5 @datt @ @ dat
" 0 0
E : (T VI ... Vs
=+ ~ Sulu.ush Jum ® ® Oxhn ® &® Do ® dx & & dx +

. B o
p1 i M. Vh Q) ... vs
+ ;—1 Sl gy @B S @dAT @ @AV @ @ da

This proves our claim. O

REMARK. We stress that, if B = (B,M,n) and B’ = (B, M',«')
are two fiber bundles and F' € Bun(B,B’) is a bundle morphism, then
equation (2.8) can be equivalently written as:

(2.20) Ps(F) = (TF)vs]"
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where [...]* denotes the “vertical part” obtained by projection through
the natural projection of TB onto VM B.

When applied to vectorfields, equation (2.20) gives then rise to vec-
torfields which determine local 1-parameter groups having a trivial action
on the Lagrangians obtained by (2.11), since the the “horizontal” com-
ponents of the original vectorfields are lost. The existence of the family

T =¢(B) : TI(TB) — T(T7B) and equation (2.19) allow us to as-
sociate to the functor P a new functor P in all the cases in which P
acts on tensorfields on the manifold B, considered as obvious bundle
morphisms. In fact, a tensorfield S € 7 (B) can be considered as a mor-
phism S : B — 17 B, with respect to the bundle structure of B and the
obvious bundle structure 77 B — M. Then, by using (2.17), we can set

(2.21) Ps(S) = £ (Ps(S)) -

The local expression of Pz(S) can be easily calculated by using the local
expression of &’ given by (2.16) for any tensorfield S of type (r,s) on B.
This gives quite complicated formulae in the general case, since several
terms are involved. We shall thence limit ourselves to write these formulae
only for vectorfields and 1-forms, because they will be needed below.
Hence, we set:

a\" 0 a1\’
<@> T our (8ya) - ove
a\° 0 a1\ 0
<W> dxr (01/“) oy
(2.22)
(dat)” = dz,  (dy")" =dy* ,
(dz")e = do* | (dy*)" = dv®
Let X =X ”6% + X 62“ be the local expression of a vector field X and
w = wydr" + w,dy® be the local expression of a 1-form, defined on B.

a_0

gya0 We have:

Then, for any vertical vector v = v

_ ) ) oX" 9 ox* 9
= K _— f— ’ ’
(2.23a) Ps(X), =X Ok +X oy Tt oyt v+ T oy v
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and

(2.23b) [Ps(w)], = wudz" + w,dy® + vbg—zgdv” + vb%dva .

2.5 — The variational component of P

In order to determine the last functor into which we are interested
we need some further construction. Let (z*,y") (u, ' € {1,...,m})
be a further local bundle coordinate system whose domain intersects the
domain of the coordinate system (z*,y*). We will denote by " () and
o (z#,y*) the transition functions, together with their inverses ¢* and
1®. Let us consider the tangent bundle T'B and let us recall that in the
charts induced on this manifold the following transformation laws hold:

) o = (@),
i)yt =9t (@ y"),
i) o = v“ng/

iV) Ua/ = U“wzl + 'ang/ s

(2.24)

for any v = v“&% + v® aga € T,B in a point y € B belonging to the

intersection domain. Here and in the sequel we set g@ﬁ, = 0", Y5 =
9,9 and so on. Now, we consider the subbundle 77 : (7r5) " (VB) =
TV B — VB of the cotangent bundle (T*(TB),TB,nrp) and a 1-form
a = a,dzt + o, dy® + Budv* 4 B,dvt € 7V B. Then, the transformation
laws (2.24) induce the following transformations on the local components
of o

i) o =aupl +agty + ﬂmi/,ﬂb?'v” )
i) a = a8+ 5a¢2/b/¢ll))lvb )

i) By = Bul + Bty

iv)  Bu = Baty -

(2.25)

On the other hand, one obtains from (2.4) the transition functions on the
bundle V B by simply setting v = 0. The corresponding transformation
laws of the local components of a 1-form r = p,dz" + p,dy® + o,dv®
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defined on V' B are then given by:

1) p/H/ = p“@l:/ + Pa¢Z/ + 0a¢g’u’¢g vb ’
(226) 11) Pal = pa¢3’ + Ua¢3’b’¢g'vb ’
ili) Ba = Bl .

THEOREM 2.9. Let us consider the vector bundle T*B &g T*V B —
V B, in which the fiber over a vector v € V,B, with y € B, is given by
Ty @ T,V B, with the obvious structure of real vector space. There erists
a bundle isomorphism n, : VB — T*B &g T*V B which associates
to any covariant vector a = oy, dx” + a,dy® + B,dv* + B,dv* of T*V B
over the vector v of VB the ordered pair (w,p) of T*B &g T*V B, being
w = B,dx* + B.dy* and p = o, dxt + a,dy® + B.dv®, with the covariant
vector p belonging to the fiber of T*V B over v.

PRrROOF. Immediate by comparing (2.25), (2.26) together with the
transformation laws of 7™ B.

REMARK. The bundle T*B &5 T*V B — V B possesses a naturally
induced structure of vector bundle. Moreover, the bundle over V B of
covariant tensors of order r determined by the vector bundle structure on
T*B®gT*V B turns out to be isomorphic to T, B®g T,V B, for any r > 0.
Hence, if v,V B denotes the restriction of the bundle of covariant tensors
T, TB to VB, we can consider the power (1.), : v,VB — T,.B &5 T,V B.

DEFINITION 2.5. We set ¢, = &% o (n,),, for any r > 0 and ® =
(¢r)r>1. Then we have the following covariant functor:

(2.27) 7565107”20@0738 =pryo&oPs:7T,B— T VB,

where pry @ T.B ®p T,VB — T,V B is the canonical projection. The
functor P acts on the appropriate categories which can be easily deter-
mined and it is called the variational component of the reduced
first order perturbation functor.

In order to determine the action of the functor P on the local com-
ponents of covariant tensorfields we need some more pieces of notation.
Let us denote by A,.(h) the set of multiple indices

Ar(h‘) = (:uh" <5 Hhy Q1 - "7a7’—h) 3
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with h € {1,...,r}. We make the convention that the multiple indices
in which the p’s do not appear are of the type A,(0) and the multiple
indices not having the a’s are of the type A,(r). We shall call the pre-
vious multiple indices basic multiple indices. The standard action of the
permutation group G, on the basic multiple indices determines all the
multiple indices needed to study the tensors of B. We consider now the
set of local covariant tensors of B defined by:

(2.28) dzAr() — qoo(m) o . d27h) @ dz70D) @ ... @ dzo@r—n) ’

for any A,.(h) € A, and o € G,., having set dz* = dx* and dz* = dy*, for
any pu € {1,...,7} and any a € {1,...,p}, respectively. Then the family
(dz7Ar(M)) " obtained when o spans G, and A,(h) spans A,, is a local
system of generators of T,.B, which is obtained from the standard local
basis of T, B by repeating exactly h!(r — h)!-times each element dz°4r ("),
for any o € G, and A,(h) € A,, for any r > 0. Moreover, if S € ’]}B,

we have:

(2.29) S = Z > Wi So(an(nyydz”Art)

h=0o0c€Gy

where S,(4,(n)) are the standard local components of S and the Einstein
convention on the multiple indices A,(h) is used without any danger of
confusion.

Then, for all sections w : B — T,.B, having local expression:

(2.30) w= Z > R — e dzoAr )

h=00c€Gr

we have:
o(Ar(h

};) ; h' 6a[wa(Ar(h))]dz (Ar( )+

(2.31) .
(Ar(a)
+;LZO Z h!(r —h)! i — 1 — s WolAr(h)a ydz’
oceGyr

having set

ALRYa = (pay -y iy Q1y e ey Qe py1, @)
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and
dzAr(a) _ g,0(u) Q- ®@dz) @ dz71) @ ... @ dz7(@r-r-1) @ d27(@)

being, in this case, dz% = dv?, for any a € {1,...,p}. Obviously, the
functor P can be easily obtained from P in these cases.

REMARK. We conclude this part by noticing that, if = is a vectorfield
and w is a covariant tensorfield both defined on B, then from (2.14d) and
the definition of P we easily obtain:

(2.32) Lz, (Ps(w)) = Ps(Lz(w)) -

3 — Relations of the functor P with the calculus of variations
and with some cohomological functors

3.1— Action on forms of the perturbation functors

Let B = (B, M, ) be a fiber bundle. We shall denote by 7%(B) =
@D, cn Z-(B) the direct sum of the modules 7,.(B) of tensorfields of type
(0,r), i.e. the sections of the bundle 7*B. We also recall that, if B, B are
objects in Bun, then the functor P defines a map 73575/ : Bun(B,B') —
Bun(P(B), P(B')) = Bun(VB,VB'), which transforms a morphism f €
B(B,B') into the morphism P(f) € B(VB,VB'), given by (2.8). This
holds also for the functor P.

A number of results holds becuase of (2.14):

ProrosiTIiON 3.1.  The variational component P of the reduced first
order perturbation functor P acts as a derivative on T*(B), considered as
a T*(M)-algebra, via the natural identification induced by pull-back along
T: B — M.

As a consequence, by using the simplified notation introduced in
Section 2, we have:

(3.1) Ps(w ®w') = Pprp(w) ®w +w @ Perp(w)
and

(3.1/) 7357'1**3(06 & W) =a® ﬁB,T*B(w) )
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for all w € 7.(B), w' € T,(B), a € T,(M) and r,s,h € IN; i.e., in this
section we shall consider the vertical lift as an identification morphism.

ProroSITION 3.2. The variational component 755’T*B of the reduced
first order perturbation functor preserves the symmetries of tensors.

Hence, when 753 is reduced to the exterior algebra of B, we can
replace in (3.1) the tensor product with the exterior product, so that:

(3.2) Ps(QB)) C UV B) .

ProrosiTiON 3.3.  The functor Pg is localizable; i.e., if N is an
open submanifold of M and if m : B" — N defines a sub-bundle of B,
then:

(3.3) [Pa(@)lisr = P (wiss) -
for any w € (B).
Now we are ready to prove one of the main results of this paper.

THEOREM 3.4. There exists a morphism 75;;AB :H;rB — H gV B,
being Hyr the de Rham (IR-valued) cohomology functor.

PRrROOF. We first recall that a function f : B — IR can be identified
with a section f : B — B x IR of the bundle pr; : B x IR — B. Since
we have the identification pr; : VM(B x R) = (VB) x R — VB, the
mapping 755( f) is a section of this bundle, and hence a function. For this
function we have locally:

~ (Of\ _ O(Psf)

PB(@x“>_ oxr

(3.4) Pe ( 5’;1 ) _ a<§y§f>,
(Psf)  Of
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the above identities hold since, in virtue of (2.14) we have:

of
oy®

(3.5) Pahe) = (52 0)) o
for any v = v“% € VB projecting onto y € B. From (2.14) and (3.4),
it also follows:

(3.6) Py (dw) = d(Psw) ,

for all w € Q,(B) and any integer r € {1,...,m + p}. Hence, the map
P ap is a cochain morphism from Q(B) into (V B). As a consequence,
it defines a morphism Py 5 : HirD — Hyr(V B), as we planed. 0

3.2 - Fundamental properties of P

Now, we consider the bundle J?V B together with its natural bun-
dle structure J°V B — VB and the local basis for the contact 1-forms,
given by:

(3.7) 0" = dv* —vida”, 0% =dv? —l,da’ .

The family of 1-forms defined by combining (1.8) together with (3.7)
determines a local basis for the contact 1-forms with respect to the bundle
structure J?V B — B. Moreover, from (2.14) we have:

(3.8) Prp(0®) =0", Prg0s) =0

m

We need two technical lemmae:

LEMMA 3.5. Let f : J?B — IR be a function, which induces the
mapping dyf : J?B — T*M and the perturbation 75J25f : J’VB —
IR, where the obvious identifications with sections are used. Considering
the induced morphisms dy (P 2pf) : J'VB — T*J3V B and Pap(dy f) :
J3V B — T*J3V B, the following hold

(3.9a) dv(?ﬂsf) = jfﬂB(de) )
(3-9b) dH(PﬂBf) - PJ3B(dHf) :
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PRrROOF. The lemma follows easily from (2.14), (3.4) and (3.8). Equa-
tion (3.9b) holds because of (3.6) and (3.9a), being dy = d — dy . 0

Analogous calculations give the following lemma:

LEMMA 3.6. Let w € Q(J?B) be any form the following hold:

(3.10a) dy (Pepw) = Prg(dyw) ,

(3.10D) dy (Prepw) = Prap(dyw) .
Using the previous lemmae, by simple calculations one obtains also
the following fundamental result:

THEOREM 3.7. The variational component of the reduced first order
perturbation functor P satisfies the following “naturality properties”:

Pas(f6)(L£)) =5 (PresL) |
PJ3B(f(g)(L)) :f(‘g)B(ﬁﬂBL) >
(3.11) 75.743(68(5)) =P 75JQB£) )
75J3B(@B('C)) :@VB(ﬁﬂBC) )
Pas(Q5(L)) =QV5(P25L)

Finally, from (1.17), (2.9), (2.11) and (3.11) we deduce that:

THEOREM 3.8. The morphism 75!]43(€B(£)) 18 the Jacobi morphism
of L and the following holds:

(312) 8*(Loj*A)=Pap(e®(L)) 0 j v+ 0[(du fG)(L)+ du fE)(L)) 0 5N
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REMARK. Equation (3.12) gives the second variation of the Lagragian
L expressed by the variational component P of the first order perturba-
tion functor P.

3.3 - The comparison between cohomologies

Now, we determine some relations among the variational component
of the first order perturbation functor P and some of the functors de-
fined by other authors in various cohomological theories related to prob-
lems involving partial differential equations. Obviously, these relations
can be considered as a further measure of the naturality of the functors
P, P and P introduced here. To this purpose we consider two differ-
ent versions of the cohomological theory introduced by ANDERSON and
DUCHAMP (see [5]) and developed by many authors, among which we re-
call VINOGRADOV ([33]; see [6] and [9] for a more detailed bibliography).
We shall also introduce a third version of Vinogradov’s cohomological
theory, which better exploits the naturality of the functors introduceded
here and puts forward some problems which apparently were not consid-
ered in the previous literature known to us.

The cohomology considered in [6] is not extremely well suited to in-
clude the global versions of the Euler-Lagrange equations. In fact, the
only case known to us in which this cohomological theory works well for
variational problems is the case obtained by taking B = M x IR” (with p
any integer) and m = pry; : B — M (see [34]). Moreover, the “tower
construction” of [7] does not seem to be suited to include the differential
equations ensuing from variational problems, as we shall shortly see be-
low. We shall thence suggest a “naive” solution for both problems. We
recall once again that the construction considered here has the unique
purpose of testing the naturality of the variational component of the first
order perturbation functor. Accordingly, “better for our purposes” will
not in general mean “better” (especially when one considers the impor-
tant results of [7] and [10]), even if we believe that it could be useful
to compare some of the possible constructions together with their ap-
plications. Finally, we stress that the variational methods involve many
more types of partial differential equations than people generally think,
as it will be pointed out by the examples of the Appendix (related to
“parabolic” systems of partial differential equations in the sense of [6],
heat equations and KdV equations included). This remark can be es-
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pecially useful for the cohomological groups considered here, since the
problems coming from the degeneracy of the Lagrangian and from the
signature of its associated Hessian do not seem to play an important role,
at least for the moment.

Let again B = (B, M, 7) be a bundle. Let us denote by 7} : J"B —
J* B the canonical projections, for any h, k € N, with A > k and let us set
J°B = B. Then we have canonical inclusions (7}")* : T*J*B — T*J"B,
for any h,k € N, with h > k; we shall use (7})* as identification mor-
phisms. Then, more or less clearly, the specific construction of [9] suggests
to overcome the use of the bundle J*B of infinite jet prolongations of
sections of B which has better “flatness” properties but has a complicated
topology (see, e.g., [34]), by just considering and suitably working on jet
bundles of order k+1, being k the highest order on which the r-forms used
depend. Since in our hypotheses de®(L) = dye®(L) depends on the ele-
ments of J°B, for any Lagrangian £ on J2B, we shall consider Q(J*B) C
Q(J°B), for any k < 5. We shall also consider (M) C Q(B) C Q(J°B),
via the identification morphism 7* : Q(M) — Q(J°B) = Q(B). The pre-
vious identifications allow us to consider the ring of smooth functions
Qy(J*B) as a sub-ring of the ring of smooth functions €,(J°B) which
are constant along the fibers of the bundle ¢ : J°B — J*B, with k < 6.
We shall denote by Q"(J*B) the Q4(J*B)-module of r-forms along the
canonical projection 7' : J"B — J*B, for any h,k < 5, with h > k. Fi-
nally, we denote by Q,(M) the Q(J* B)-submodule of r-forms along the
canonical projection 7% : mon} : J*B — M, for any k < 5; also this mod-
ule will be considered as a sub-module of Q,.(J°B), for all 7 € {1,...,m}.

We shall use the following known results (see [9]):

PROPOSITION 3.9. The following contact forms:

Oive = Wiy = Yurpod®"s Ouvpe = Winps = Yurporda”™
(3.13)
eﬂupas = dyuupaa - y;wpom'dx )

together with the contact forms defined by (1.8), the forms dx* and the
forms dys., ..., determine a local basis C' of the Qo (J° B)-module £2,(J°B)
and hence generate Q(J°B). Moreover, the subset C' obtained from C by
removing only all the forms dz" and dyy,,,.. generates an ideal of Q(J°B),
known as the ideal of contact forms.
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One of the most substantial differences beetwen the viewpoint of [6]
and the viewpoint of [9] is the definition of “solution of a system of
differential equations”. In fact, let Z be an ideal of Q(J°B) and o € T'p(7)
be a local section, being D a domain in M. In [6] the section o is said
to be a solution of the system of partial differential equations defined by
7 if and only if (j°0)*(Z|;6p) = 0, being E = 7n~'(D) the total space
of the bundle over D naturally induced by the bundle structure of B
and (j%0)* : Q(J°E) — Q(M) the total differential of j%¢ : D — J°B.
In the Calculus of Variations a section o is instead a solution of the
system of partial differential equations defined by Z if and only if Zoo =
{woj% /w € I} =0. This alternative definition of solution can be easily
inferred from the general theory, since if w; o j% = 0 for a family (w;)ier
where I # () is any set of indices, then wo j%¢ = 0 for all w belonging to
the ideal Z generated by the family (w;)ie;.

The definition of solution used in [6] cannot be applied immediately
to the Euler-Lagrange equations, since they are globally defined by an
(m+1)-form which is locally of the type e,0* A ds, while (j%¢)*(6*) = 0
holds for all @ € {1,...,p} because of the very definition of the structure
forms 6. We stress moreover that the solution suggested in [34] for
variational problems defined on the trivial bundle B given by pry : M x
IR? — M is however viable, only due to the fact that one can avoid the use
of the contact forms 6 by fixing on IR” the standard atlas containing the
unique chart (IR”,idRy). This obstacle can be overcame by first noticing
that all general constructions of [6] continue to hold if one replaces the
closed ideal Z,, of Q(J*B), used in [6], with any family of closed ideals
Zicr (I # 0). Then we make the following “naive” suggestion: instead
of considering the ideal generated by means of the Euler-Lagrange form
eB(L), we consider the family of ideals generated by the family of m-
forms (iy(£2))vev(s3p) together with the family of contact forms already
considered in [6], where V(J®B) is the module of vertical vectorfields
defined on J?B. The elements of V(J?B) must be here considered as a
mere parameters; for this reason we shall use boldface letters to denote
them. This construction allows us to use the results of [6] also in the
variational case, since (1.10) holds as an equivalent of the Euler-Lagrange
equations. This suggestion could be useful out of the context of this
paper, since equation (A.5) of the Appendix shows that i, (£2) belongs to
the closed ideal Z,,, generated by the contact forms of the adapted basis
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and by the m-form ds, for any v € V(J?B). Hence, the previous ideal
can be replaced by this last one, obtaining cohomological groups which
do not depend on the Lagrangian L.

REMARK. By using a variant of the construction presented in [9],
one can avoid to introduce the notation needed when using the infinite
jet bundle J>°B by just noticing that the set C’ U {ds} generate a closed
ideal Z/ (J°B) of Q(J°B). This fact allows us to consider the cohomolog-
ical groups H/, (J°B) of the quotient cochain complex Q(J¢B) /T, (J°B)
(recall that Q(J*B) C Q(J*B) = Hor(J*B) & K(J*B)), having the total
differential modulo 7/, (J°B) as a coboundary operator. Then the coho-
mological group H,, is obtained by considering the projective limit of
H!..(J°B), in the obvious way.

Also the “tower construction” of [6] (in the following it will be called
BG-tower construction, because the variational component of the first
order perturbation functor will determine a further tower which will be
called here the Jacobi tower) is not well suited to include the Euler-
Lagrange equations of variational problems. In fact, the (m+1)-form
dg (iy(§2)) vanishes, when v € V(J?B) is considered as a mere parameter,
as in (1.10), and the BG-tower construction coincides essentially with the
horizontal derivative. In order to overcome this problem we shall assume
for simplicity that M is orientable and that a global volume form vol is
fixed on M. Then, there exists a unique 1-form Q on J°B such that:

(3.14) () =i, (QAvol) , VYveV(JB).

Following an idea first developed in [17] one can now consider the family
of Lagrangians £} = i, (dgQ)vol : J*B x,y TM — A™M, locally defined
by:

(3.15) LLGN, X) = (5N (d, (2,)v* X*)vol ,

being ﬁa, v® and X* the local components of ﬁ, v and X, respectively,
where A is any section, X is a vectorfield defined on M and v an element
of V(J2B). The first variation of the family of Lagrangians (3.14) splits
into:

(3.16a) (N () =0,
(3.16D) (675N (dy ()]0 X* = 0.
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As is well known, the inverse problem of the Calculus of Variations (i.e.,
the problem of finding a variational principle whose Euler-Lagrange equa-
tion is fixed a priori) is not at all trivial, while the same problem becomes
in a sense trivial if one allows the possibility of considering new variables
which are not a priori restricted to satisfy any further condition (even
if, in some cases, one can consider to be more important the advantages
coming from the introduction of variational methods than the problems
coming from the “triviality” of the new variables; see, e.g., [37]). Replac-
ing the original Euler-Lagrange equations with the new equations (3.16)
goes in fact in this “trivial” direction. However, the usefulness of this
alternative variational principle is garanteed by the results of [6] and [7],
which ensure that the solutions of the equation (3.16a) are of practical
importance, while the second equation (3.16b) does not eliminate any
solution of the first equation (3.16a), since it is always verified by the
vectorfield X = 0 and hence it preserves at least a copy of any solution
of the first equation. A second question is whether the relation between
Q and Q preserves or not the informations on the variational problem
contained in the first (m+1)-form. A positive answer can be obtained by
remarking that being M orientable there exists an atlas of M in which
the local expression of € coincides with the local expression of Q. In
any case, most of the relations needed between €2 and Q can be easily
deduced from the results of [16].

ProrosiTiON 3.10. The following inlcusion holds:

(3.17) Pros(T,.(J°B)) C T

var

(J°VB)

and hence the corresponding homological construction can be easily iter-
ated.

PROOF. This can be easily seen by using (2.7) together with the
appropriate extension of (3.8) to all the involved contact forms. O

REMARK. In particular equations (3.6) and (3.17) entail that P
induces a morphism between the corresponding cohomological groups,
which will be denoted by the same letter (with an abuse of notation).

The new tower construction obtained as in [6] by iterating the ap-
plication of P to the equivalent Euler-Lagrange equations (1.10) of the
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Lagrangians which are obtained by iterating the action of P on the orig-
inal Lagrangian £ has a sure meaning, since it determines the “higher
order Jacobi fields” (the reasons for which those fields must be consid-
ered are strictly analogous to those well explained in [6], whereby they
refer to conservation laws rather than to higher order variations, as here).

Let us now notice that according to the method developed in [6]
and to (3.15) the other “levels” of the relevant BG-tower also determine
variational problems (in a sense “associated” to the original one we are
considering). Accordingly, the previous construction can also be iter-
ated for each level. For the other “levels” of the BG-tower construction
the problem of their usefulness comes from the “triviality” of the varia-
tional principle (3.15); again, because of (3.16), this problem is related to
the usefulness of “Jacobi fields” for generic systems of partial differential
equations, which does not seem to be clear to us, nor it has been con-
sidered in the existing literature. We limit ourselves to remark that, as
in the case of variational problems, also for generic differential equations
“Jacobi fields” determine the directions in which a homotopic variation
of a solution is still determined by means of solutions. This suggests us
to give the following definition:

DEFINITION 3.1. We will call Jacobi tower the set of cohomological
groups so obtained by iterating the action of P on £ while the k*"-Jacobi
tower will be the set of cohomological groups obtained by iterating the
action of P on the Lagrangians constructed by iterating (3.15) till the
k-th term of the corresponding BG-tower. We shall call JBG-wall the
complete set of cohomological groups obtained in this way.

Let us now turn to consider the approach of “variational sequences”.
Differently from [6], the construction of [9] is explicitly worked out for
variational problems, hence it does not present the problems coming from
the definition of solutions of a differential partial equation we discussed
before. A further observation of [9] is that one does not need the struc-
ture of graded exterior algebra on a quotient cochain complex of Q(J°B)
in order to define its cohomological groups, but simply an Abelian group
structure. Finally, a last observation can be obtained from the com-
parison of [6] and [9]. In fact, if Z is a graded complex of closed mod-
ules and (Z");<,<n is its gradation, then Z" can be obtained by setting
Ir =72 4+dI" ", for 1 <r < N and Z' = 7', where each of the mod-
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ules Z" can be chosen by using different criteria for each 1 < r < N.
As an example, in [9] the graded module Zy, with gradation (Z}), is
obtained by taking the graded family of modules which are the ker-
nels of a suitable family of Q°(J°B)-linear applications. This family
can be easily described in the following way. Let ZL(JSU) = ZL(JU)
be the submodule of Q!(J°U), generated by the set C’, of all contact
forms on JU, having set J°U = (7 o n§)~'(U), for any U open set of
M which is the domain of a local coordinate system. Let us also set
Ir(JSU) = TL(JSU) A Q=1 (JSU), for any r € {2,...m}, for any open
set U of M, on which a local coordinate system is defined. Finally, we set
I (JSU) = (ZL (JOU)) ™ AQm=1(JSU), where (ZL (JU))? denotes the
p-th power with respect to the wedge product, for any r € {m+1,... N},
where N is the dimension of JéB. Then, ZJ is the submodule of Q(J¢B)
of r-forms whose restrictions belong to Zi (U), for any r € {2,... N} and
any open subset U of M which is the domain of a local coordinate sys-
tem and I, = dZi ' +I%, for any r € {2,...N}. Again, Pop(Zx) is
contained into the module obtained with the same criteria starting from
the variational problem P s65(L). As a consequence the suitable Jacobi
tower can be constructed and analogous remarks hold, as in the previous
cohomological groups.

Let us now remark that the papers [9] and [10] were published be-
fore [6] and [7], so that they present problem analogous to those we al-
ready mentioned for the tower construction of [6]. In fact, the Euler-
Lagrange morphism e®(£) of a Lagrangian £ is such that dge®(L£) = 0
holds. We overcome this problem by assuming that M is orientable and

that a volume form vol is fixed on M. Then, there exists a unique 1-form
eB(L) on J5(B) such that

(3.18) e®(L) = &%(L) Avol .

Again, we have the family of Lagrangians £V = (dyé®), @ vol : J*B x
TM — AM, v € JV B, defined by:

(3.19) LY (o, X) = ((d,e.)v* X*)vol .

Also in this case all the considerations already made for the BG-tower
construction will follow, so that at the end we have a second “wall con-
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struction” for the Euler-Lagrange differential equation (1.10) which dif-
fers from the standard BG-wall and contains other informations on the
same class of problems. These informations are obviously related to the
“Lepagean (equivalent) forms”, i.e. to the m-forms of J°B which are suit-
ably obtained from £ to determine the same Euler-Lagrange equation
(see [10]).

REMARKS. Let us finally make a couple of remarks, which in a sense
point towards suggestions which could be in contrast with each other. If
one chooses the family of modules 7 in such a way that it has a maximum
number of null spaces (as we shall suggest below), then the properties
of the cohomological groups obtained will be of course “closer” to the
properties of the full de Rham groups of the bundle. On the other hand,
when B coincides with the trivial bundle pry : [0,1] x M — [0,1], the
family (0* A dt), where % is now given by 0% = dy® — y*dt, generates a
closed ideal of differential forms which determines cohomological groups
isomorphic to the de Rham cohomology of M, while the cohomological
groups of [6] and [9] considered here are necessarily trivial.

ExXaAMPLE. As an example of a way to obtain cohomological groups
which are “close” to the de Rham ones, we consider the submodule Z7" 2
of Qm2(J°B) locally generated by the (m+2)-forms 6¢ ANGE Ads

[IEReTIA V1.V
(h,k < 6). Then, by taking Z7 = 0, for any r # m + 2, one obtains
a closed graded module and hence a cohomological graded group. In
this complex (Z7)i<,<n, the Euler-Lagrange form e®(£) is a cochain in
I (see (A.5)) and hence it determines a non-trivial cohomology class.
What is important here is that the combined action of the k-jet extensions
and of the variational components of the first order perturbation functor
allows us to construct the corresponding JBG-wall: this possibilty is a
further sign of the naturality of the functors considered here. Finally, let
us denote by 7 anyone of the graded modules Zpg, Zx and Z;. Then,
the restriction of the total differential to Z determines a structure of
cochain complex, which in turn determines cohomological groups. Again,
the “Jacobi tower construction” can be performed for those groups since
P J6B(i— ) C 7. These cohomological groups could be useful, as the case of
the trivial bundle [0, 1] x M (which is related to the variational aspects of
Riemannian Geometry) shows. We conclude this part by remarking that
one could try to find the “best” closed submodule Z, if it exists, which



40 O. AMICI - B. CASCIARO — M. FRANCAVIGLIA [40]

would contain most of the informations encoded into the cohomological
groups considered here. These problems will be considered in [20].

CoNCLUSIVE REMARK. We conclude our paper by stressing that
in the general case the first order perturbation functor is compatible
with (1.11), via (2.18), so that the conserved Noether currents of the
original Lagrangian £ are transformed by P into the Noether currents
of the deformed Lagrangian 75(5) = Lq). More details will be given
in [21].

— Appendix
A.1 — Augmented variational principles and examples

The basic justification for the introduction of the BG-tower comes
from the KDV equation (see [6] and [7]), hence it seems important to
indicate methods which allow one to write this equation as the Euler-
Lagrange equation of a non-trivial variational principle. This problem
has an importance of its own for other reasons, which are well explained
in the Introduction to Chapter 2 of the book [36]. As a consequence,
many methods have been developed to solve the inverse problem of the
Calculus of Variations, even in those cases in which it is clear from the
beginning that Lagrangians which determine the system of partial differ-
ential equations considered do not exist (e.g., the case of heat equations
and KdV equations).

Unfortunately, people interested into this “generalized aspect of the
inverse problem” have paid more attention to the systems of partial dif-
ferential equations coming from technical applications rather than from
Mathematics and Physics. In this Appendix, instead of applying one of
the existing methods to the KdV equation we prefer to suggest a new
one, because this choice will require simple calculations and will suggest
that, if one does not find the existing Lagrangians to be satisfactory, one
can always try to find new ones. The method considered here belongs
to a larger class of methods in which the basic tool is the addition of
new variables to the original variables of the given system of partial dif-
ferential equations. The first example we mention is the method known
as “method of mirror variables”, explicitely introduced by Glansdorff
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and Prigogine (see [38]), following an earlier example of a hydrodynami-
cal principle stated by Bateman (see [39]) and elaborated by Morse and
Feshbach (see [40]) with some contributions (see, e.g., the papers quoted
therein and in [37]). This method consists in adding to the variables of
the problem, which will be subjected to variations, an identical number
of “mirror variables”, which are considered as mere parameters. Obvi-
ously, this addition implies in many cases that some new solutions are
added to the solutions of the system of partial differential equations one
started from.

The method proposed here consists instead in adding just one new
dependent variable to the original dependent variables of the problem by
requiring that a Lagrangian exists so that: (i) among its Euler-Lagrange
equations the equation for the new variable has a simple and possibly
“canonical” solution; (ii) in corrispondence with this solution, the re-
maining Fuler-Lagrange equations reduce to the original system of the
original variables or, at least, have the same set of solutions. In this way,
it is easy to control the relations between the geometric objects related
to the “associated Lagrangian” with those related to the original system
of partial differential equations (e.g., one might require that the group
of gauge transformations of the system coincides with the sub-group of
gauge transformations of the associated Lagrangian which preserves the
chosen solution for the extra variable; and so on). For the heat equation
and the KdV equation the obvious choice for the new variable is what we
call admissible time measure.

EXAMPLE A.l1 - THE HEAT EQUATION: For the case of the heat
equation, let us consider the trivial bundle B = (IR x R™ x IR*, IR x
IR™, pr), where pr is the canonical projection of IR x IR™ x IR” onto IR x
IR™ and let us look for a first order Lagrangian £ = L(t,z",T,q,...)ds,
where ¢, x*, 7 and ¢ the time coordinate, the spatial coordinate and
the admissible time measure, while ds is the standard volume form on
R xIR™ and “dots” replace the remaining variables, i.e. the partial space-
time derivatives of 7 and ¢q. Moreover, we require that one of the two
Fuler-Lagrange equations of L is satisfied by the solution 7 = ¢ and that
in correspondence of this solution the remaining equation coincides with
the heat equation. There exists a large class of functions L determining
Lagrangians with this property. The whole class can be determined by
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using a procedure analogous to the one used in [37] to show that the heat
equation cannot be determined by a variational principle in the classical
sense (see [37] paragraph 2.6, pp. 65-66). The following function seems
to be the simplest function belonging to this class:

or 0T 0Oq
Al L= 1—— 0 —— .
(A1) a ( 8t> + oxt OxJ
The Euler-Lagrange equations of the “associated” Lagrangian are in fact:
dq .. 0%

A2 — —0'=——=0
(A.22) ot Ozidwi
and

or O
A.2b 1———-0"——=0
( ) ot Oxidxi ’

with the obvious meaning of the symbols used. One sees immediately
that 7 = t makes (A.2b) satisfied, so that (A.2a) reduces to nothing but
9q

the heat equation 3! — Ag = 0 in flat space IR™.

ExAMPLE A.2 - THE KDV EQUATION: In the case of KdV equation
we take m = 1, hence £ = L(t,z,7,u...)ds, with the obvious meaning of
the symbols used. Even in this case, the set of all functions L whose Euler-
Lagrange equations allow the solution 7 = ¢ so that in correspondence of
this solution the remaining equation becomes the KdV equation, is large.
The following function seems to be the simplest one belonging to this
class:

or or 01 0%u
_ 270 0 - - -
(A.3) L =6u o + u()t + 9z D2

This is a second order Lagrangian, whose Euler-Lagrange equations are:

—Uu.

ou Ou Ou
A4 20— 4+ — + — =
(A-da) “ar "ot Tam Y
and
or Or 0%t
A.4b — F — =14+ =—=0.
(A.4b) Cuge T ar 1T gm0

It is immediate to see that equation (A.2b) is satisfied by 7 = ¢ so
that (A.4a) reduces to the standard KdV equation required.
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A.2 — Some technical formulae

We list in this Appendix some formulae used in this papers. Let
us consider the IR-linear mapping ©F : QI'(M) — Q'(J'B), where Q!
are the module introduced in Section 3, which associates to any second
order Lagrangian £ over M its Poincaré-Cartan m-form. Then we can
express the Euler-Lagrange (m+1)-form e5(L) of any Lagrangian £ on
M by means of the multiplectic form QF(L) = dOF(L). In fact, a simple
calculation shows that:

. 0L 9*L
Coytaye,  Oytoy:

e?(L) = QF (L)+( )0" A0 Ads,+

Ly PL . PL L L\
Coyboye,  Oytdys,  Oyedyh,  Oyboy: )’ g
0*L %L %L
(A.5) +1(d, + - 0° A 0" Ads,+
oyb,0ys,  Oyhoye,  Oyboys )" g
%L %L
T 9 AG Ads, — ———— 0" A0 Ad
8yzaayz‘r poT SM ayzayzy P v SM+
%L

b a
0,, N0, ANds,, ,

oyb,0ys,

where £ = Lds holds locally. From the previous equation, by standard
calculations we get:

(A6) dle®(L)]={am+aful+ali8h, + 0l by, 0l 60, 170 AdS,

pop
being
0?L 0?L
A.7 aa == d du - )
(A7) P ( dytaye, 0yb0yz>
2 2 2 2
dyledy, oytoys,  Oyhoy: dyboys,
0?L 0°L 0?L
A9 aZU =d,d, + + 2a, +
(4.9) b Oy, 0y, T By ay Oybdys,
0?L 0’L

—d

Coyb,0ys Oyboye’
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0?L 0°L 0°L

(A.10) At =2y iyt e —

aypa'ayp.y 8ypaygp 8ypaayy
and

0°L
(A.11) Al =
9Yps0Yjir

The coefficients (A.7)-(A.11) are the relevant coefficients which enter the
Jacobi form of the given Lagrangian £; see [16], [17] for details.

1]
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Nodal curves and Brill - Noether theory

E. BALLICO

ABSTRACT: Here we prove some existence theorems for special spanned line bundles
on the general nodal curve of genus g > 2. We give counterexamples to similar questions
for curves with seminormal singularities.

1 — Introduction

In the first 3 sections of this paper we study the Brill - Noether
theory of special divisors on the general k-gonal curve with only ordi-
nary nodes as singularities. On an integral projective curve, Y, there
are at least 4 quite different Brill - Noether theories: one can study
spanned line bundles, line bundles, spanned rank 1 torsion free sheaves or
rank 1 torsion free sheaves. The Brill - Noether theory of rank 1 torsion
free sheaves is the only one in which the set of the solutions is always
a complete scheme. Passing to the spanned subsheaf, one can reduce
the Brill - Noether theory of rank 1 torsion free sheaves to the one for
spanned torsion free sheaves. The Brill - Noether theory of line bun-
dles is interesting because it concerns important closed subschemes of
the non-complete scheme Pic?(Y'). For the relations between the last two
theories for curves with only ordinary nodes or ordinary cusps as sin-

KEY WORDS AND PHRASES: Nodal curve — Irreducible curve — Brill - Noether theory —
Special line bundle — Special divisors — Seminormal singularity.
A.M.S. CLASSIFICATION: 14H51 — 14H20
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gularities, see 2.3. The Brill - Noether theory of spanned line bundles
is the more important one because it concerns the morphisms Y — P”.
But we have an additional problem because we are interested in k-gonal
curves and their Brill - Noether theories depend very much on the sin-
gularities of the degree k pencil. For any rank1 torsion free sheaf F'
on Y, set Sing(F) := {P € Y : F isnot locally free at P}. Thus
Sing(F') C Sing(Y'). We introduce the following definition.

DEFINITION 1.1. Fix integers ¢, x, k and y with k > 2, g > 2k +
r—y+2,9g>x >y >0and x > 0. Let X be a general smooth
(k — y)-gonal curve of genus g — x. Call M € Pic" ¥(X) the degree k —y
spanned line bundle on X and h,; : X — P! the associated morphism
with deg(har) = k — y. Take x + y general points P;, 1 <i <z —y, Aj,
1<j<y,and B;, 1 <j <y,onY. Fix points ¢;, 1 <1i < x —y, with
har(P;) = hp(Q;) for every i. Let m: X — Y be the birational morphism
obtained gluing together the points P; and Q; for 1 < i < x — y, and the
points A; and B; for 1 < j < y. Hence Y is a nodal curve with p,(Y) =g
and x nodes. Set F':= m,(M). Thus F is a rank 1 torsion free sheaf on Y
with deg(F) = k, Sing(F) = {n(4,),...,7(4,)} and h°(Y,F) = 2. We
will say that Y or the pair (Y, F) is the general k-gonal curve of genus
g with © nodes and a pencil with y singularities or just a general nodal
k-gonal curve of genus g with type (x,y).

We work over an algebraically closed field K with char(K) = 0. As a
sample of our results we state here the following one which will be proved
in Section 2.

THEOREM 1.2. Fix integers g, x, y, k and d with k > 2 + y,
x>y>0,2>0,9g>2k+2x+1 and2d > g+ 2. LetY be the general
k-gonal nodal curve of genus g with type (x,y) and F' the degree k pencil
with card (Sing(F)) = y. Then there is an irreducible locally closed subset
Z of PicY(Y) with Z # 0, dim(Z) = p(g—z+y,d,1)—z == 2d—g+z—2—y
such that every R € Z is spanned. Ifd < g—x+y— 1, then we may find
Z such that h°(Y,Hom(F, R)) = 0 for every R € Z.

The case y = x is the easier one. If y = x we obtain an existence
result for embeddings of Y into P, r > 3 (see Theorem 3.1).

In the last section we will consider seminormal curves in the sense
of [17] and [9], i.e. curves with the simplest singularities compatible
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with their number of branches: if the singularity has r branches, then
it is formally equivalent to the germ at 0 € K" of the union of the r
coordinate axis. We will show that for non-nodal seminormal curves
the usual existence theorem for special line bundles (even non spanned
ones) are not always true if one uses only the Brill - Noether number
p(g,r,d) :==g—(r+1)(g+r—d) in its statement as in the case of smooth
curves ([14] or [2]).

2 — Proof of 1.2

In the first part of this section we give several preliminary results
needed for the proof of 1.2 and of other related results. Let Y be an
integral projective curve, m : X — Y its normalization and F' a rank1
torsion free sheaf on Y. The sheaf G := 7*(F')/ Tors(n*(F')) has rank 1
and no torsion. Hence G € Pic(X). We claim that the natural map
a: HY(Y,F) — H°(X,G) is injective; set x := h°(Y,F) and take x
general points Py,..., P, of X; there is f € H(Y, F) with f(7(P;)) =0
for i <z and f(w(P,)) # 0; hence a(f)(F;) = 0 for i < z and a(f)(P,) #
0, proving the claim.We will call the integer § — deg(F') := deg(G) the
d-degree of F. By [10], Lemma 1, we have deg(F) + p,(X) — p.(Y) <
d —deg(F) < deg(F') and § — deg(F') = deg(F) if and only if F' € Pic(Y).
Furthermore, deg(F') — 0 — deg(F') > card(Sing(F')). If F is spanned,
then 7*(F') is spanned and hence G is spanned.

(2.1) Let R be the one-dimensional complete semilocal ring which is ei-
ther the completion of an ordinary node or an ordinary cusp. Let m
be the maximal ideal of R (cusp case) or the intersection of the two
maximal ideals (nodal case). Let M be a torsion free finitely gener-
ated R-module with rank(M) = 1; here we assume that if R is the
completion of an ordinary node, then M has constant rank on each
of the two branches of R. Since char(K) = 0, there is a complete
classification of all such M: there are uniquely determined integers
a, bwitha >0,b>0, a+b=rank(M) such that M = R®* & m®®
[11]. We will need only the case rank(M) = 1.

(2.2) Let Y be an integral projective curve with only ordinary nodes
and ordinary cusps as singularities, 7 : X — Y its normalization
and F' a rank 1 torsion free sheaf on Y. If P € Sing(F'), then the
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completion of F' at P is isomorphic either to the maximal ideal
(the cusp case) or the intersection of the two maximal ideals of the
completion of Oy p (the nodal case). Thus deg(F') — 0 — deg(F') =
card(Sing(F)). Let Y be an integral projective curve with only ordi-
nary nodes and only ordinary cusps as singularities. The following
remark shows the relations between the Brill - Noether theory of
(not necessarly spanned) line bundles on Y and the Brill - Noether
theory of spanned rank 1 torsion free sheaves on Y.

REMARK 2.3. Let Y be an integral projective curve and F' a rank 1
torsion free sheaf such that for every P € Sing(F') the curve has at P
either an ordinary node or an ordinary cusp. By 2.1 for every P € Sing(F)
the completion of the stalk of F' at P is isomorphic to the maximal ideal of
the competion of the local ring Oy p. Thus there is a unique L € Pic(Y)
with F' C L, deg(L/F') = card(Sing(F')) and Supp(L/F) = Sing(F'). We
have h°(Y, F) < h°(Y,L) < h°(Y, F) 4 card(Sing(F')). Furthermore, the
integer h°(Y, L) — h°(Y, F) is the number of points of Sing(F') at which
L is spanned.

REMARK 2.4. Let X be a smooth projective curve of genus g and h :
X — P!, f: X — P! non-constant morphisms such that the associated
morphism j := (h, f) : X — P! x P! is birational. Set a := deg(h),
b := deg(f) and assume ¢ < ab —a — b+ 1. By the genus formula for
a divisor of type (a,b) on P! x P! the curve j(X) is singular. Assume
that j(X) has only nodal singularities; by [1], Proposition 2.4 and its
proof, this is the case if X is a general a-gonal curve and f is general
in the set of all degree b pencils on X not composed with h. Assume
that the monodromy group of a generic fiber of h is the full symmetric
group; since char(K) = 0 this is the case if the reduction of a fiber of
X has exactly a — 1 elements; this condition is always satisfied if X
is a general a-gonal curve and h is the associated degree a pencil. Set
z:=ab—a—b+1—¢q. By our assumptions there is a non-empty set of 2z-
ples (P1,Q1,...,P.,Q.) € X?* with P, # Q; and j(P;) = j(Q;) for every
i,i.e. h(P;) = h(Q;) and f(P;) = f(Q:) for every i. Take 3 general points
of P!, say By, B, and Bs and fix A; € X with j(A4;) = B;, 1 <i < 3. Fix
an integer w with 0 < w < z. Assume the existence of a quasi-projective
integral subvariety T of the scheme Hom"(X,P') of degree b morphisms
sending each A4; onto B;, 1 < i < 3, with dim(7") = w, j € T and such
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that for every ¢t € T the pair j; := (h, f;) associated to the corresponding
morphism f; : X — P! satisfies the previous conditions. We claim that
for a general (Py,...,P,) € X¥ thereist € T and (Q1,...,Q,) € XV
such that P; # Q; for every i and j,(P;) = 7,(Q;) for every i. Consider
the following statement 7'(k), 0 < i < w.

Statement T'(k): for a general (P, ..., P,) € X* there are a (w — k)-
dimensional irreducible subvariety T'(P,... ,P,) € T and (Q1,... , Q%)
€ Xv with P, # @Q; for every ¢ with 1 < ¢ < k such that for every
t € T(P,...,P.) we have j,(P;) = j,(Q;) for every i with 1 < i < k.
Furthermore, the set of all ¢ € T satisfying this condition has codimen-
sion k in 7.

The first assertion of Statement 7'(w) is the claim we want to prove.
Statement 7'(0) is empty: just take T'(@) := T. Assume proved T'(k) for
some integer k with k& < w and take the corresponding points @, ... ,Q;.
Set J:={(P,Q,t) € X*xXT(Py,...,P,) with P£Q, fi(P)¢{f.(P),...,
fi(Py), By, By, B3}, fi(P) = f.(Q) and 7,(P;) = j,(Q;) for every i}. Call
m:J — X and w3 :J — T(P,...,P) the projections on the first and
third factor. Since w < z each fiber of 73 is finite and non-empty. Thus
every irreducible component of J has dimension w — k& > 0. If J contains
a slice {P} x X x {t}, then f;(X) = f;(P) and hence f; is constant; this
is impossible because deg(j;) = b by assumption. Since J is not union of
slices {P} x X x T(P,,...,P), m is dominant. By the assumption on
the monodromy group of the generic fiber of h, for any fixed ¢ € T and
for general P € X either h=(h(P)) N f; ' (f,(P)) = {P} or k= (h(P)) is
contained in f; ' (f.(P)), i.e. h = f,. We apply this observation to the
general element of T'(Py, ..., P;) to obtain the first assertion of T'(k + 1)
and to the general elements of similar codimension k irreducible com-
ponent of T' to obtain the last assertion of T'(k + 1). Hence we obtain
dim(T(Py, ..., Py, Peyr)) < dim(T' (P, ... , Py)) for general Py q, i.e. we
obtain the last assertion of T'(k + 1). We have T'(Pi, ..., Py11) #— for
general Py, because of 7 is dominant. Thus T'(k + 1) holds. By induc-
tion we obtain T'(w), proving the claim.

REMARK 2.5. Let X be a smooth projective curve of genus g and h :
X — P!, f: X — P! non-constant morphisms such that the associated
morphism j := (h, f) : X — P! x P! is birational. Set a := deg(h), b :=
deg(f) and assume ¢ < ab—a — b+ 1. Assume that j(X) has only nodal
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singularities and that the monodromy group of a generic fiber of A is the
full symmetric group. By our assumptions there is a non-empty set of 22z-
ples (P1,Q1,...,P.,Q.) € X?* with P, # Q, and j(P;) = j(Q;) for every
i,1.e. h(P;) = h(Q;) and f(P;) = f(Q;) for every i. Take 3 general points
of P!, say By, B, and Bs and fix A; € X with j(A4;) = B;, 1 <i < 3. Fix
an integer w with 0 < w < z and an integer o > w. Assume the existence
a quasi-projective integral subvariety T' of the scheme Homb(X ,P1) of
degree b morphisms sending each A; onto B;, 1 < i < 3, with dim(7") = w,
j € T and such that for every ¢ € T the pair j, := (h, f;) associated to the
corresponding morphism f;, : X — P! satisfies the previous conditions.
By Remark 2.5 for a general (P,...,P,) € X¥ there is t € T and
(Q1,...,Qw) € X™ such that P; # Q; for every i and j,(P;) = j;(Q;) for
every i. Take a general element (Po_ 41, Qa—witls--- » Pay Qo) of X272,
Let Y be the nodal curve obtained from X gluing together each pair
(P;,Q;), 1 <i < a. By construction Y is a nodal curve with o nodes and
with a degree b pencil of type (a, o — w).

EXAMPLE 2.6. Fix an even integer g = 2b > 6 and let X be a general
smooth curve of genus g — 1. Thus X has no spanned line bundle, L, with
1 <deg(L) < [(g—1+3)/2] = b and a finite set, S, of line bundles, R, with
deg(R) = b+ 1 and h°(X, R) = 2. Furthermore, every R € S is spanned
and card(S) = (20)!/(b— 1)Ib!) # 0 (2], p. 211) . Fix P, @ € X such
that for every R € S the morphism hg : X — P! has hz(P) # hr(Q).
Let Y be the curve obtained from X gluing P and ). Thus Y is a curve
with p,(Y) = g, a unique ordinary node as singularities and with X as
normalization. Call 7 : X — Y the normalization. Thus 7w(P) = n(Q) is
the singular point. For every R € S the rank1 torsion free sheaf 7, (R)
has degree b+2 and h°(Y, 7. (R)) = h°(X, R) = 2. The condition h(P) #
hr(Q) is equivalent to the fact that R is not the pull-back of a spanned
line bundle on Y. Thus the condition hr(P) # hgr(Q) is equivalent to
the spannedness of 7,(R). We claim that there is no M € Pic(Y) with
1 <deg(M)<b+1and h°(Y, M) > 2. Assume the existence of such M.
Thus h°(X,7*(M)) > h°(Y, M) > 2. If deg(M) < b this is impossible
because Y is general. Assume deg(M) = b+1. Then 7*(M) € S. We just
saw that this is impossible by the choice of the pair { P, Q}. Notice that if
we choose { P, Q} general the curve Y is the general nodal curve of genus
g with exactly one node. However, if we fix X general of genus g—1 = 2b
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and take as Y’ the curve obtained from X gluing together two points in
the same fiber of one of the morphisms, then we obtain a nodal curve Y’
with one node, normalization with general moduli and L € Pic(Y”) with
deg(L) = b+1 and L spanned, while p(g,b+1,1) = —1 < 0. Take arank 1
torsion free sheaf F' on Y with deg(F) < b+ 2 and h°(Y, F) > 2. Since
F is not locally free, we have deg(n*(F')/ Tors(n*(F'))) < deg(F') and
indeed deg(7*(F')/ Tors(m*(F))) = deg(F) — 1 ([10], Lemma 1). Since
7*(F)/ Tors(m*(F)) € Pic(X) and h°(X,7*(F)/ Tors(r*(F))) > 2, we
obtain 7*(F)/ Tors(m*(F)) € S. Thus deg(F) = b+ 2 and there is a
natural bijection between S and the set of all such sheaves F'.

EXAMPLE 2.7. Take b, g, X and S as in Example 2.6. Fix a point
A € X such that for every R € S the morphism hp is étale at A. Let
7'+ X — Y’ the birational and bijective morphism with p,(Y’) = g, Y’
with 7/(A) as unique singular point and an ordinary cusp at 7'(A). By
the choice of A we may apply the proof of Example 2.6 in our situation
just with notational modifications. Since as A we may take a general
point of X, this description of the rank 1 torsion free sheaves of degree
at most b+ 2 is the description of such sheaves for the general cuspidal
curve of genus ¢ with a unique singular point.

Examples 2.6 and 2.7 may be generalized in the following way. We
omit the easy proof.

PRrROPOSITION 2.8.  Let X be a smooth projective curve. Fix pos-
itive integers r and d such that for every integer z < d — 2 and every
L € Pic*(X) we have h°(X,L) < r, while the set S := {R € Pic(X) :
deg(R) = d — 1 and h°(X,R) = r + 1} is finite. Fiz P, Q € X such
that for every R € S the morphism hr : X — P" has hr(P) # hr(Q).
Let Y be the curve obtained from X gluing P and Q). Then there is
no M € Pic(Y) with 1 < deg(M) < d and h°(Y,M) > r + 1. Fur-
thermore, every rank 1 torsion free sheaf F' on'Y with deg(F) < d and
h°(Y,F) > r+1 has deg(F) = d and h°(Y, F) =r+1 and there is R € S
such that FF = 7, (R).

ProprosITION 2.9.  Let X be a smooth projective curve. Fix pos-
itive integers v and d such that for every integer z < d — 2 and every
L € Pic*(X) we have h°(X, L) < r, while the set S := {R € Pic(X) :
deg(R) =d —1 and h°(X,R) = r+ 1} is finite. Fiz A € X such that for
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every R € S the morphism hr : X — P7 is étale at A. Let Y be the curve
withm : X — 'Y as normalization map, p,(Y) = po(X)+1 and w(A) as an
ordinary cusp. Then there is no M € Pic(Y') with 1 < deg(M) < d and
hO(Y, M) > r + 1. Furthermore, every rank 1 torsion free sheaf F on'Y
with deg(F) < d and h°(Y, F) > r+1 has deg(F) = d and h°(Y, F) = r+1
and there is R € S such that F' = 7. (R).

REMARK 2.10. Fix an integer y > 0. Let X’ be an integral projective
curve and L € Pic(X’) with h°(Y, L) < y. Let a : X’ — Y be a birational
morphism with Y obtained from X’ creating y new nodes gluing together
y general pairs of points of X’. The proof of 2.6 and 2.7 shows that there
is no R € Pic(Y) with a*(R) = L and R spanned.

REMARK 2.11. Let X be a smooth curve and R € Pic(X) with R
spanned and h°(X,L) =r+1 > 3. Let hg : X — P" be the morphism
induced by R. Fix P, Q € X such that hgr(P) # hr(Q), i.e. such that
h°(X,R(—P — Q)) = r — 1; this condition is satisfied for a general pair
(P,Q) € X x X. Let Y be the curve obtained gluing together P and @,
i.e. let Y be the curve with 7 : X — Y as normalization map, p,(Y) =
Pa(X) + 1 and 7(P) = 7(Q) as an ordinary node. Take a linear space V
with H°(X,R(—P — Q)) Cc V ¢ H*(X,R), dim(V) = r and V spanning
R; since r—1 > 0, R(—P — @) has at most finitely many base points and
hence we may take as V a general linear subspace of H(X, R) containing
H°(X,R(—P — Q)) and different from H°(X, R(—P — @)); in particular
the set of all such linear spaces V is parametrized by an irreducible one-
dimensional variety. The morphism hy associated to V factors through
7 and hence there is Ry € Pic(Y) with 7*(Ry) = R, h°(Y, Ry) = r, Ry
spanned and 7*(H"(Y, R)) = V. Hence if V # V', then Ry and Ry are
not isomorphic.

REMARK 2.12. Let X be a smooth curve and R € Pic(X) with R
spanned and h°(X,L) =r+1 > 3. Let hg : X — P" be the morphism
induced by R. Fix A € X such that hp is étale at P, i.e. such that
h°(X, R(—2P)) = r — 1; since char(K) = 0 this condition is satisfied by
a general A € X. Let Y be the curve with 7 : X — Y as normalization
map, p.(Y) = pa(X) + 1 and 7(A) as an ordinary cusp. Take a linear
space V with H°(X, R(—2A)) Cc V ¢ H°(X, R), dim(V) = r and V span-
ning R; since r — 1 > 0, R(—2A) has at most finitely many base points
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and hence we may take as V' a general linear subspace of H(X, R) con-
taining H°(X, R(—2A)) and different from H°(X, R(—2A)); in particular
the set of all such linear spaces V' is parametrized by an irreducible one-
dimensional variety. The morphism hy associated to V factors through
7 and hence there is Ry € Pic(Y) with 7*(Ry) = R, h°(Y, Ry) =r, Ry
spanned and 7*(H°(Y, R)) = V. Hence if V # V', then Ry and Ry are
not isomorphic.

From Remarks 2.11 and 2.12 and the existence part of Brill - Noether
theory on smooth curves we obtaing at once the following result.

COROLLARY 2.13. Let Y be an integral projective curve with only
ordinary nodes and only ordinary cusps as singularities. Set g := p,(X)
and z := card(Sing(Y')). Fiz integers v, d with r > 2 and p(g — z,r +
x,d) > 0. Then there exists an integer b < d and L € Pic(Y) with
deg(L) =b, h°(Y,L) > r+1 and L spanned.

PROOF OF THEOREM 1.2. Let X be a general smooth (k — y)-gonal
curve of genus g — z. Call M € Pic* Y(X) the degree k — y pencil. First
assume d < g —z+y — 1. We apply [8], part (2) of Cor. 1 of Section 1, to
X with respect to the following data: ¢’ :=g—z, k' ==k —y,r=f =1,
d=deg(E)=y,v=¢ +1. Since (9—x+y+2)/2<d<g—x+y—1, we
obtain the existence of a spanned T' € W;(X) with h°(X,T ® M*) = 0.
Alternatively, we could quote here [6], Theorem 2.2.2. Thus there is an
irreducible component W of W (X) with W # (), dim(W) > p(g—=,1,d)
and such that a general N € W is spanned and with h°(X, N ® M*) = 0.
By our numerical assumptions we have p(g — x,1,d) > x. We claim that
for a general ordered set of  + y points (Py,..., P,_,, Ai,...,B,) there
is (Q1,...,Qu—y) € X with Q; # P, for every ¢ and a locally closed
irreducible subset Z of W with Z # 0, dim(Z) = dim(W) — z and such
that for every R € Z we have hg(P;) = hgr(Q;) for every i < x — y.
The claim and 1.2 in this range follow from Remark 2.10, the proof of
Remark 2.4 (see in particular Statement 7'(k) and Remark 2.5. Now
assume g—z+y <d<g—xz+y+k—3. Weapply [8], part (2) of Cor. 1
of Section 1, k — 4 times with respect to the integers ¢’ := g — x + ¥,
r=fwith2< f<k-3,vy=¢g+r=g—x+y+ [, d= deg(E)
and conclude in the same way. Now assume d > g — z. By assumption
we have  — y < ¢/2 and hence dim(Pic?(X)) > 2 —y. For a general
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R € Pic*(X) we have h'(X,R) = 0 and R is spanned. We apply the
previous proof taking as Z a non-empty open subset of Pic?(X).

3 — Embeddings in P” and the Liiroth semigroup

By [5], Section 1, 2 and 3, for all integers d, g and r with » > 3 and
either d > g+rord—r < g <d—r+[(d—r—2)/(r—2)] there is an irre-
ducible component W (d, g, r) of the Hilbert scheme Hilb(P") of degree d
curves of P” with arithmetic genus g such that a general C' € W(d, g,r) is
smooth, connected and non-degenerate and with h'(C, N¢,) = 0, where
Ne¢,, is the normal bundle of C' in P". In particular W(d, g, r) is generi-
cally smooth and of dimension h°(C, N¢,.) = (r+1)d— (r —3)(g — 1). If
p(g,r,d) >0, then W(d, g, r) contains smooth curves with general moduli
([5], Proposition 3.1). If d > g + r for a general C' € W(d, g,r) we have
h'(C,0¢(1)) = 0 and hence h°(C,0c(1)) =d+1—g. Ifd < g+ for a
general C € W(d, g,r) we have h°(C,O0¢(1)) =r + 1.

THEOREM 3.1. Fix integers g, k, x, r with x > 0, k > 2+ x and
r > 3; assume either d > g + r or the existence of an integer t > 0
and an integer e > 3x such that d = r+2+ e+ t(r —2) and g =
r+2+e—3x+t(r—1). Let Y be a general k-gonal nodal curve of
genus g and type (x,x). Then there exists a very ample L € Picd(Y)
with h°(Y, L) > r + 1 and such that for a general embedding j : Y — P"
associated to L we have j(Y) € W(d, g,r).

PRrROOF. The (omitted) case x = 0 is [4], part (a) of Theorem 0.1.
The case d > g + r is trival, taking non special embeddings. Hence from
now on we will assume d < g + . We will modify the proof of [4],
Theorem 0.1, to obtain 3.1. For all integers d’, ¢/, ' with 0 < 2’ < k —2
and d =r+2+e€ +t'(r—2), ¢ =e —32"+t(r—1) (as in the statement
of 3.1) call A(d',¢’,2") the following assertion:

Assertion A(d', ¢',x'): there is a pair (C,T') with the following properties:

(i) C e W(d',g',r) and C satisfies the thesis of 3.1 for the parameters r,
k,d, g,z and h*(C, N¢,®1z) = 0, where Z is the first infinitesimal
neighborhood of Sing(C) in C;
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(ii) T is a subset of C,¢, contained in a positive divisor, D, of the degree
k — 2’ pencil of C' with card(T") = r+ 2 and such that 7" is in linearly
general position, i.e. such that every proper subset 7" of T spans a
linear subspace (1”) of P" with dim((7")) = card(T") — 1.

Notice that Z in condition (i) of A(d’,¢’,r) is an effective Weil di-
visor of degree 3(card(Sing(C')). Assume A(d’,¢’,z’) and take C, D, T
satisfying it. Fix an integer ¢t with 0 < ¢t < r + 1. We want to prove
A(d +r,g +t,x'). Since any r + 3 points of P” in lineraly general posi-
tion are contained in a unique rational normal curve, it is easy to check
the existence of a rational normal curve D with D intersecting quasi-
transversally C, DNC C T and card(DNC) =t+ 1. Set W := CUE.
By [16], proof of Theorem 5.2, (or [12] and a dimensional count, or [5])
and [5], 2.3 and 3.1, we have h*(W, Ny.,.) =0, W € W(d' +r,g' 4+ t,7)req
and the nodal curve W is smoothable. If ¢ > 2 the nodal curve W is
stable, while if 0 < ¢ < 1 it is only semistable. Fix a subset A of E with
ANC = and card(A) = t + 1. Let V be the pencil of divisors on E
generated by D N C and A. Using Knudsen - Harris - Mumford theory
of admissible coverings ([13], Section 4) we get that the stable reduction
of W in the moduli scheme M, ,
variety of smooth (k — z’)-gonal curves. We may even assume for general
C that W has no non-trivial automorphism, i.e. we may even assume that
M, is smooth at the point corresponding to the stable reduction of W.
By [5], Theorem 3.1, or the proof of [16], 5.2, the rational map 7 from
Hilb(P") to M,
W the fiber of 7 over 7(WW') has the smallest a priori possible dimension.
Thus 7 is flat at W and hence open at W. The proof of [5], Lemma 1.2,
gives also h' (W, Ny, ® I;) = 0 and this means that we may do the pre-

of stable curves of genus ¢’ + t of the

is dominant. A dimensional count shows that near

vious limit without smoothing the nodes in C, i.e. that W is a flat limit
inside Hilb(P") of a family of nodal gonal curves of type (z’,2’). Taking
A general, we see how to obtain the last condition of A(d' +r,¢" +t,2').
Hence we may continue and cover all triples (d, g, z’) claimed by 3.1 if we
may start the induction with some k-gonal curve of type (z/,2’). How-
ever, at the beginning we only know the case ' = 0 (for instance from
part (a) of [4], Theorem 0.1). To start this procedure for the first x steps
we will increase by one the integer 2/, i.e. we will pass from 2’ to ' + 1.
This is possible without modifying the proof of [5], Lemma 1.2, only if
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t < r — 2. For simplicity we will use it and hence in the first = steps
will loose 3z in the upper bound of the genus with respect to the degree.
This explains the the term “—3z” in the expression of g in the statement
of 3.1. We fix P € CNFE and call B the union of Z and the first infinites-
imal neighborhood of P in W. Thus deg(B) = 3 4 deg(Z) = 3 + 32’
As in [5], Lemma 2.1, using a Mayer - Vietoris exact sequence and the
description of Ny, we obtain h'(W, Ny, ® Iz) = 0. Then we may apply
a partial smoothing in which we may preserve 2’ + 1 nodes (the ones of
Sing(C') U {P}), obtaing the case x’ + 1 needed.

REMARK 3.2. In the proof of 3.1 if d < g + r, then we found L with
hO(Y,L) =r + 1.

PROPOSITION 3.3. Flix integers g, x, k and d with k > 2+x, x > 0,
g > 2k+2x+1 and 2d > 2g+6. There is a nodal k-gonal curve Y of genus
g and type (x,x) with as normalization a general (k — x)-gonal curve, X,
of genus g — x and with the following property. There is R € Picd(Y)
with h°(Y,R) = 3, R spanned and such that the associated morphism
hr : Y — P? is étale at every point of Sing(Y), it is birational and the
curve h(Y') has only ordinary nodes as singularities except one point, P;
P is an ordinary point of multiplicity deg(R) — k, h' (P) N Sing(Y) = ()
and the degree k — x pencil on X is induced by the pencil of lines in P?
passing through P.

Proor. Let X be a general smooth k-gonal curve of genus g — .
Call M € Pic" *(X) the degree k — x pencil. By [15] (or see [8], theorem
in part 2 of the introduction, or, for its statement, the introduction of [1]
or [7], 2.2) there is an irreducible component W of W7 (X) with W # (),
dim(W) = p(g—=x,d, 2) such that a general N € W is spanned, h°(X, N®
M*) = 1, the corresponding morphism is birational, and its image, C,
with only ordinary nodes except one point, P, which is an ordinary point
of multiplicity d — k + x. Furthermore, M is induced by the pencil of lines
through P. Fix x of the singular points, say By,...,B,, of C and let Y
be the partial normalization of C' in which we normalize all nodes except
the ones corresponding to the points By,...,B,. Y solves our problem.

DEFINITION 3.4 Let Y be an integral projective curve. Set LS(Y) :=
{d € Z: there is a spanned line bundle L on Y with deg(L) = d} and
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LS(Y) := {d € Z: there is a spanned rank1 torsion free sheaf F' on
Y with deg(F) = d}. LS(Y) will be called the Liiroth semigroup of Y.
LS(Y) is a semigroup of the set, N, of non-negative integers. LS(Y)
will be called the singular Liroth set of Y. It is very easy to find a
nodal curve Y such that LS(Y)" is not a semigroup (see the proof of
Example 2.6 and 1.2 forx =y =1 < k < g).

PropPOSITION 3.5.  Fix integers g, k and x with x > 0, k > 2+
and g > 2k —x + 3. Let Y be a general k-gonal nodal curve of genus
g with type (z,x). Then the singular Liroth set LS(Y) of Y contains
the integers t(k — x) +x for 1 <t < min{z,[(g — z)/(k — )]}, t(k — )
formin{z +1,[(g —x)/(k — )]} <t <[(g —z)/(k — )] and all integers
B>[(g—x+3)/2 +z.

ProoOF. Let m : X — Y be the normalization map. Thus X is a
general smooth (k— x)-gonal curve of genus g—xz. Let M € Pic" *(X) be
the degree k — x pencil. By [3] and [6], Theorem 2.2 (see the discussion
n [6], 0.2), the Liiroth semigroup LS(X) of X contains the integers
t(k—x) (induced by M®") and all the integers o with [(g—z+3)/2] < a <
g —x. If A € Pic(X), then deg(m.(A)) = deg(A) + x and h°(Y, 7. (A)) =
h°(X, A). Hence to show that t(k—x)+x € LS(Y) it is sufficient to show
that m,(M®") is spanned, while to show that [(¢ —x +3)/2] +z + e €
LS(Y) it is sufficient to find A € Picl™™/2%¢(X) " A spanned with
m.(A) spanned, i.e. with m,(A) spanned at each point of Sing(Y"). Move
Y keeping fixed X, i.e. move the 2z points 7—*(Sing(Y")). Since any
symmetric product of X is irreducible and the type is (z, x), for a general
Y we obtain that either w,(M®") is spanned or it is not spanned at
each point of Sing(Y). Assume that the second possibility occurs and
call B the subsheaf of m,(M®") spanned by H°(Y,w,.(M®")). We may
even assume that ¢ is the first integer for which this possibility occurs.
Again, by the irreducibility of the symmetric product we obtain that
7.(M®") /B has the same length, v, at each point of Sing(Y’). By [3] we
have h(X, M®") =t+1for t < [(g—x)/(k —z)]. First assume ¢t < z. X
and hence M are fixed. By Remark 2.10 for general Y there is no spanned
R € Pic(Y) with M®" = 7*(R). If t > x + 1 we have h°(X, M®") >
x4+ 2 and hence applying x times Proposition 2.7 we obtain the existence
of a spanned R € Pic(Y) with M®" = 7*(R). Now take A € Pic(X)
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computing one of the integers o of LS(X) with [(¢g—2+3)/2] <a<g—=x
and A general. By [6], Theorem 2.2, and the generality of A we have
h°(X, A) = 2. Thus using Remark 2.10 we obtain easily that for general
Y and general A the corresponding sheaf m,(A) has no subsheaf B with
length (m,(A)/B) > x and h°(Y, B) = 2, i.e. we obtain the spannedness
of m.(A). Every integer u > g+ 1 may be realized as an element of LS(Y)
and hence of LS(Y')" just taking a general non-special R € Pic"(Y').

ProrosiTION 3.6.  Fiz integers g, k, x, y and t with x > 0, © >
y>0,k>24+xandg>2k—x+3andt < (g—x)/2+1. LetY be a
general k-gonal nodal curve of genus g with type (z,y). If t # a(k —y)
for all integers a, thent ¢ LS(Y). Ift = a(k —y) for some integer a and
y>a, thent¢ LS(Y).

ProoOF. Let m : X — Y be the normalization map. Thus X is a
general smooth (k — y)-gonal curve of genus g — z. Let M € Pic" ¥(X)
be the degree k — y pencil. By [1], Theorem 0.1, there is no L € Pic'(X)
with L spanned, unless ¢t = a(k — y) for some integer a and in this case
we have L = M®* Hence t ¢ LS(Y) if t # a(k — y) for every integer
a. Assume t = a(k —y). By [3] we have h’(X, M®*) = a + 1. Apply
Remark 2.10 and the assuption y > a.

LEMMA 3.7. Fiz integers g, k and © with x > 0 and g > 2k +x + 3.
Let Y be a general k-gonal nodal curve of type (x,0) and M € Pic"(Y)
the degree k spanned line bundle on Y. Then for all integers t with

0<t<[g/(k—1)] we have h°(Y,M®") =t + 1T.

PROOF. Let 7 : X — Y be the normalization. Since h°(Y, M) > 2
the value for h°(Y, M®') is the minimal a priori possible and hence we
may use semicontinuity. By definition of general nodal curve of type
(x,0), X is a general smooth k-gonal curve of type (z,0). By [3] we
have hO(X,7*(M®*) = t+ 1 for t < [(g — x)/(k — 1)]. Thus we may
assume [(¢g —x)/(k —1)] <t <[g/(k — 1)]. We modify the proof of [3].
We need to find an integral nodal curve, T, of type (k,a) (some a) on
P! x P! with normalization of genus g — z, at least  nodes and such
that a subset, S, of Sing(7T") with card(S) = card(Sing(7T’)) — x satisfies a
certain cohomological condition (say h'(P! x P! Is(k —2,0)) = 0 for a
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suitable b). The existence of an integral nodal curve in P! x P! with that
numerical invariants follows from [1], Proposition 3.7 and Proposition 4.1.
By semicontinuity we may even choose as z “omitted” nodes for the
cohomological condition is any subset of Sing(7") we prefer and hence it is
sufficient to have h' (P! x P! Igig(r) (k—2,b)) < . This is even easier than
in [3] (case x = 0 with cardinality of the singular set card(Sing(T")) — ).

ProrosiTION 3.8.  Fix integers g, k and x with x > 0 and g >
2k +x + 3. Let'Y be a general k-gonal nodal curve of type (x,0) and
M e Pick(Y) the degree k spanned line bundle on Y. For any integer z
with 1 < z < (g —x + 3)/2 the following conditions are equivalent:

(i) z =tk for some integer t;
(ii) z € LS(Y);

Furthermore, if z =tk < (g — x + 3)/2 the only rank 1 spanned line
bundle, L, with deg(L) = z is M®".

PROOF. Since M is spanned, tk € LS(Y) for every integer ¢. Thus
it is sufficient to show that every spanned line bundle L with deg(L) <
(g —x + 3)/2 is of the form M®'. Let 7 : X — Y be the normalization.
Since 7*(M) is a spanned line bundle on the general k-gonal curve X,
this is [1], Theorem 2.6.

4 — Seminormal singularities

In this section we will consider seminormal curves in the sense of [17]
and [9], i.e. curves with the simplest singularities compatible with their
number of branches: if the singularity has r branches, then it is formally
equivalent to the germ at 0 € K" of the union of the r coordinate axis.
A seminormal curve singularity is Gorenstein if and only if it is an ordi-
nary double point. The conductor of a seminormal one-dimensional local
ring R is the maximal ideal of R.

DEFINITION 4.1. Let Y be a projective seminormal curve and 7 :
X — Y its normalization. Set g := p,(Y) and ¢ := p,(X). For every
P € Sing(Y), set s(P) := card(m*(P)). We may order the integers
s(P), P € Sing(Y) in non-decreasing order, allowing repetitions. If K =
C the topological type of Y (C) is unique determined by the integers
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(9, ¢; card(Sing(Y); s(P) pesing(v) ) Notice that g = ¢+ 3 pesing(v) s(P) —
card(Sing(Y")). We call this set the numerical data. The weight weight(r)
of the numerical data 7 or of the curve Y is the maximum of the integers
s(P), P € Sing(Y'). We will say that Y is general or that it is general
for a prescribed numerical data if X is a general smooth curve of genus ¢
and the set 7~'(Sing(Y")) is general in X. We will say that Y is general
for the fized normalization X if 7= (Sing(Y")) is general in X.

REMARK 4.2. Let Y be a seminormal curve and 7 : X — Y its
normalization. Fix L € Pic(Y). For every f € H(Y, L) and P € Sing(Y')
with f vanishing at P the section 7*(f) of 7*(L) vanishes at each point
of 77*(Sing(P)). Fix h € H*(X,n*(L)) and assume that for every P €
Sing(Y") h has the same value for a fixed trivialization of L near P and
hence of 7*(L) around 7~ (P) at each point of 7~!(P). Then h is of the
form 7*(f) for some f € H°(Y,L) because conductor of a seminormal
one-dimensional local ring R is the maximal ideal of R.

REMARK 4.3. Let Z be an integral projective curve, L € Pic(Z),
V C H°(Z, L) a linear subspace with dim(V') > 2. Then for every P € Z
there is subspace V(P) of V' with dim(V(P)) > dim(V') —1 and such that
every f € V(P) vanishes at P.

Remarks 4.2 and 4.3 and the definition of general seminormal curve
with fixed normalization give at once the following result.

LEMMA 4.4. Let X be a smooth projective curve of genus q¢ > 0.
Fiz an integer d and let x be the maximal dimension of an irreducible
component of G4(X). Fix a type T for seminormal curves with normal-
ization of genus q and weight(7) > x. Let Y be the general seminormal
curve of type T with X as normalization. Then for every L € Pic(Y') with
deg(L) < d we have h°(Y,L) <r.

REMARK 4.5. Use the notation of Lemma 4.4. Notice that for a
fixed ¢ and any genus ¢ curve we may find a type 7 with weight(7) > d
but d < g. In this sense there is no hope just using the Brill - Noether
numbers p(g,r,d) to have on general seminormal curves the usual Brill -
Noether theory using line bundles, even if we do not require that the line
bundles considered are spanned.

The proof of Remark 2.4 and Remark 2.5 give the following result.
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PropPOSITION 4.6.  Fiz integers g, q, d and e with 0 < e < g —q.
Let X be a smooth curve of genus q and assume the existence of an
irreducible component, T, of G4(X) with dim(T) > g — q + e and such
that for a general pair (R,V') € T the line bundle R is spanned by V. Fix
a type T for seminormal curves with genus g, normalization of genus g
and e singular points. Let Y be a general seminormal curve with Y as

normalization and type 7. Then there is a spanned line bundle of degree d
onY.
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Einstein’s field equations in the light

of constrained hyperbolic systems

F. BORGHERO — S. PENNISI

ABSTRACT: Results previously known in the literature, on the hyperbolicity of Ein-
stein’s equations, are here quoted and improved. This aim is reached by applying recent
techniques on constrained hyperbolic systems. The symmetric hyperbolic form is ob-
tained, also in the four-dimensional formalism using harmonic coordinates. The case
of sources due to the presence of matter is also considered, in particular from the view
point of Extended Thermodynamics

1 — Introduction

The importance of Einstein’s equations is outstanding and needs no
comments. The study of their hyperbolicity presents also some interesting
aspects. Obviously, we don’t have here the presumption to diminish
previously results obtained on this subject by authoritative experts. We
want only to show how a recent general theory on hyperbolic systems,
with differential and algebraic constraints, can be successfully applied also
to this important problem; indeed, the validity of the general theory is
strengthened because our results are comparable with those obtained in
other ways by the above mentioned experts.

KEY WORDS AND PHRASES: Einstein’s field equations — Harmonic coordinates — Con-
strained Hyperbolic systems — Symmetric hyperbolic systems — Extended thermodynam-
1cS.

A.M.S. CLASSIFICATION: 83C05 — 83C55 — 35Q75
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Let us start noticing that in [1] Strumia has shown how Einstein’s equa-
tions can be reduced to a first order system of partial differential equa-
tions, but one of the hyperbolicity conditions according to FRIEDRICHS
(see ref. [2], [3]) seems to fail, the one referring to the possibility, roughly
speaking, to obtain the time derivatives as functions of the other quan-
tities; see also [4] for other details. Although apparently strange, this
result is just what we would expect from the covariance property; in fact,
if the metric tensor g,, is a solution of Einstein’s equations, then so is
Gt = Gaplr? (20,9, 2° i.c. the expression determined from g, by
a general coordinate transformation x — /. This consideration can be
found in papers such as [5]-[7].

In [8] this failure of Einstein’s equations to determine g, uniquely is
compared to the failure of Maxwell’s equations to determine the vector
potential uniquely. Here we propose another comparison which will be
the thread of our subsequent arguments, i.e., the problem of determining
the geodesic curves of a surface X; for the sake of simplicity, we shall
consider ¥ belonging to a 3-dimensional euclidean space. If P = P(u,v)
are the parametric equations of ¥ and P(\) = P[u()\), v())] the equations
of a geodesic curve ~, then

P'(A)
[P'(A)]

is the tangent unit vector and one has

d [ P'(\) } 1 ds
R = —n -,
a [PVl ™ i

where p is the radius of curvature, n is the normal unit vector and s is its
arc-length parameter; therefore, the equations of v can be obtained from
the system

oP d [ P'(\)
oudx {P’(/\)]] =0

(1.1) oP d [ P'(\)
o o) =

These equations don’t determine u(\), v(\), because their linear com-
bination, through the coefficients v’ and v’, is an identity; as Einstein’s
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equations don’t determine g, due to the arbitrariness of the coordinates
transformation, so the equations (1.1) fail to determine u and v because
the parameter A is arbitrary. One may proceed in one of the following
ways:

1. Require |P'(A)| = 1, in addition to equations (1.1); in other words,
we require that A\ is the arc-length parameter.

2. Require d|P'(\)|/dX = 0, |P'(X\o)| = 1, with Ay initial value of A.
Note that these conditions, together with (1.1), are equivalent to

oP  _, ..
orP ...
5 P =0,

This last condition may also be omitted, being content with a A which
is a linear function of the arc-length parameter, without assuming
A=s.

In the same manner we will investigate the hyperbolicity of Einstein’s
equations in one of the following ways:

1. Require that the coordinates z“ aren’t the most general ones, but
the harmonic coordinates defined by T',, = 0 (for the expression of I'*
see the equation (1.2)g below). In this way, the Einstein’s equations
become equations with differential and algebraic constraints. In this
framework they will be studied in Section 2, by applying the gen-
eral methods outlined in ref. [4], where they have been successfully
applied to the equations of relativistic fluid dynamics. See also refs.
[9]-[13] for other examples of physical application, such as the rel-
ativistic magneto-fluid dynamics, the Maxwell electrodynamics, the
equations of the superfluid and those of ultra relativistic gases.

In ref. [4] it is shown also a method to eliminate the algebraic con-
straints, in a manner which corresponds to the following method (2).

2. Require 0,I', = 0, (I'y)s = 0, where (I',)s is the value of T, cal-
culated in the initial manifold 3. This approach will be followed in
Section 3. We will see that these further assumptions are equivalent
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to 0sl'ay = 0, (I'a)x, = 0, which have the advantage to be written in
4-dimensional notation.

Following the general methods of paper [4], we obtain the equations
found in [5]-[7] in another way; in ref. [5], Fischer and Marsden have
transformed these equations in the symmetric hyperbolic form, but
in 3-dimensional notation. Here we reach the same result, but in 4-
dimensional notation.

A third approach, which is present in literature, will be exploited in
Section 4.

The case of sources due to the presence of matter will be consid-
ered in Section 5, showing how the symmetric hyperbolic form can be
obtained also in this case, and also with the equations of relativistic
extended thermodynamics and similar [14]-[16].

We conclude this section reporting the Einstein’s equations.

(1.2) G, = X1,

Nz

with x the einsteinian gravitational constant, 7}, the energy tensor,

G, =R, — 5

g,.,R (Einstein tensor),

R=g""R,s (scalar curvature),

1

R,LLV = 5 gO(ﬁ [_agcﬁgﬂy - 831)9045 + 8ZVgl—Lﬁ + agugl/&]_‘_

- ngFZVFZﬁgaﬂ + gaﬂgparp v

pat v —
= 0.1, — 0,15, + qufgﬁ — I, (Ricci tensor),
Iy = % " (059ra + Oagrs — Orgap)  (Christoffel symbols),
I'* =T%,9*" (Lanczos symbols).

Obviously the Einstein’s equation (1.2) can also be written in the form

1
(13) R;w =X <T,u1/ - 5 Taﬁgaﬁglw> :
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When sources are not present, i.e. T}, = 0, we have the so called “exterior
case” and equation (1.3) reduce to

(1.4) R,, =0.

2 — The Einstein’s equations in harmonic coordinates

The transformation equations of the contracted Christoffel symbols
I'* introduced by Lanczos, are

(F/)A — Fpap(x/)A _ gpaaig(ljl))\ .

Hence we can always find a coordinate system (2’)* where (I')* vanishes;
such coordinates are called harmonic coordinates.

From now on, in this section, we will impose to be already in harmonic
coordinates, so that we have I'* = 0. The Einstein’s equation (1.4)
in the exterior case can be reduced to a first order system by setting
009y = Wayuw; One obtains

aag/u/ = Wapvs

1

59 =Bawsw — OuwWyyap + Oawius + Opwyval = Fuu(Jap, Wasy),
(2.1)

OpWalw = 0,

% gaﬁ (2&)&@,\ - w,\ag) =0 (1e F)\ = 0)
Equations (2.1)1-3 constitute a system of 110 equations in the 50 un-
knowns g, Wau, restricted by the four algebraic constraints (2.1)4, so
that we have only 46 independent wvariables; obviously, in the system
(2.1)1-3 there are also 66 differential constraints.

Now a general method to study the hyperbolicity of systems with
algebraic and differential constraints has been proposed in ref. [4] and
already applied with success to important physical problems.

Here we find another interesting example of physical application. In a
few words the method, applied to the present case, consists in multiplying
the system (2.1);-3 on the left by a suitable matrix of rank 46 so that the
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resulting system is hyperbolic in the time direction defined by ¢, with
ot = —1.

Alternatively, this result may be obtained by taking suitable linear
combinations of the equations (2.1),-3. A possible choice is to consider
the system

100G = t1"Wayw,

s
hgé 5 g ﬁ[_aawﬁ/u/ - a(/twu)aﬁ + 8(1‘4}1//‘5 + aﬂwltua} =
(22) - hfngFuu(gaﬁa waﬁa)a
t*hLs [0swayn] = 0,

1
B) gaﬁ(Qwa,@,\ - W,\aﬁ) =0,

with

v 14 1 v
(2.3) W = glgy) — FEARALE

We prove now that the system (2.2),-3 is hyperbolic. Firstly, we con-
sider the system

t*tadg,., = 0,
v 1 af
hwg 5 g [_tadwﬁ;w — t(udw,,)ag + tadwyug + tﬁdw,wa] = 0,

tahf;g [t[ﬁdwa]wj] = 0,

1
d 5 gaﬁ (2waﬂ,\ —w)\a[;) = 0,

in the unknowns dg,,, dw.s,. It is easy to see that this system has
only the solution dg,, = 0, dw.s, = 0. In fact, equations (2.4); 5 yield
dg;w = 0,

(25) dwﬁu,, = —tﬁt(;dw(;m, + Xﬁgwj,
for every Xj such that

(2.6) Xyt? = 0.
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After that, equation (2.4), gives

Xy = —tPt%dwsgy + %g“f’tktﬁdwéaﬁ.
By substituting in (2.5), (2.6), we obtain
(2.7) P dwsas = —2t° 17 dwspy
and

dwﬁ,uu = _tﬁtédw&uu - g#utatpdw(sP’Y(gg + tﬁt’y)‘

At last, equation (2.4), yields h))t7dwg,, = 0 from which and (2.7) the
relation dwg,,, = 0 follows. This result proves that, from the system (2.2),
the time derivatives can be obtained as functions of the other quantities.

To prove the hyperbolicity of the system (2.2) it suffices now to see
that the following system

ta@adg;w =0,

v ]‘ o
W5 5 910 = Pudnes + Palwuus + Ppdeme] =0,

(2.8) )
tah/;(; [gomdwa]w] = 0,

d % 9" (2wapx — Wrap)| = 0,
with ¢, = n, — At,, has real eigenvalues A and 46 linearly independent
(1i.) eigenvectors dg,,,, dwg,,, for every n, such that n,t* =0, n,n® = 1.
Also this condition is satisfied: in fact in correspondence to the eigen-
value A = 0, equation (2.8); is an identity, while equation (2.8)3 is equiva-
lent to tahﬁ;gdwaw = 0. Therefore, we have 22 equations for 50 unknowns
and, consequently, 28 li. eigenvectors.
In correspondence to A = +1 (from which @zp” = 0, A # 0) we
obtain the eigenvectors

1
dgpw = 07 dwﬁ/_w = X(Soﬁy<,uu> + @6y<6ﬁ>gm/)7

where y.,,~ is an arbitrary symmetric traceless tensor; therefore there
are 2 x 9 Li. eigenvectors corresponding to A = +1. In this way, the
hyperbolicity of system (2.2) has been proved.
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In ref. [4] we find also a method to get rid of the algebraic constraints;
its application to our case leads, as a first step, to the system

taaozg;w = tawa;un

1
h,y(; a 9 [ 8()((*‘-)6;“/ - a(uwu)aﬁ + 8awlluﬂ + aﬁwuua]+

+g’“’g7,;t Oy = h F,,

1.5 (DpWalyn) + 1 By5 00w, + g5t* Datbs = 0,

for the determination of the variables g¢,., wsu, W = Wy, Vs, con-
strained by (2.1),. This system is also hyperbolic and has the advantage
to have an equal number of equations and of independent variables; when
wu = 0, 15 = 0 it reduces to the system (2.2) and, moreover, if w,, =0,
13 = 0 on an initial hypersurface ¥, then w,, = 0, 13 = 0 will propagate
also off 2.

The system (2.9) has been obtained from (2.2) by considering more
equations and more independent variables, an idea somehow similar to
that conceived in Extended Thermodynamics.

The second, and last, step leads to the system

taaagw = t"Wapuw,

h»ya 5 9 [~ 0awpp — OuWiyas + OaWius + Bpwual+
(2.10) +g””gvgt°‘8aww = hs L,

t*h55 (Opwaw) + 1Rt s0awyn+

1
+gf}/5taaa 5 guV(QUJHVB — wﬁﬁ“’) = 0,

in the independent variables g,,,,, Wgu., wyw; in this way all the constraints,
both differential and algebraic, have been eliminated still maintaining the
property to be hyperbolic and to have an equal number of equations and of
independent variables. Obviously, by setting w,, = 0 in equations (2.10),
the differential constraints arising are only identity and one obtains a sys-
tem in the “old variables” but without algebraic constraints; this system
is hyperbolic and, moreover, if (2.1), holds on an initial hypersurface 3,
then it will be satisfied also off X.

Another method to obtain this result is exposed in the next section.
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3 — The Einstein’s equations with the further condition
Ol'py =0

We can easily see that the following relations hold
@ {
(Fﬁ)z =0 (Fﬁ)z = 07

where (I'g)y, is the value of I's on an initial space-like hypersurface X.
The first equivalence in (3.1) is trivial; the second one is based on the
fact that dpI's = 0, (I'5)y, = 0 implies 0y(0;I'5) = 0, (9;I'3)y, = 0, from
which 9,'s = 0 follows. Vice versa, if the equations in the right hand
side of (3.1) hold, then we have

(3.1) I's=0 & {

{ 60F0 - 0 = 80 (81F0> - O7
(0iT0)y, =0,

and, consequently, 0,I'; = 0; this result allows to obtain, from J,I'5) = 0,
for a, 6 = 0,... .4, that 0yI'; = 0. In this way the second equivalence
in (3.1) has been proved.

This suggest to consider the equations

(32) aagl“’ = Wapv; RMV =0, 8[,3(4)(1];“, =0, a[#ru] = 0.

This system has more differential constraints than the system (2.1), but
has no algebraic constraints because (2.1), has to be imposed only on the
initial manifold. The method in ref. [4] already applied in Section 2 to
equations (2.1), can now be applied to the system (3.2). One obtains

t* Oy = t"Wapws R, — 04l — anﬁgZ#gi)a[ﬁww]ﬁa =0,
(3.3)
t* (Ojpwaiu) = 0,

which is the new counterpart of system (2.2).
We note that the equations (3.3), substantially coincide with those
proposed by Fourés-Bruhat, Fischer and Marsden in refs. [5], [7], i.e.,

R;u/ - ga(uau)ra - 2gaﬁg?p,gi)a[ﬁw'y]6a =0
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or, equivalently,
RF“/ - 8(#FV) - ZQQQgZHgg)a[ﬁw'y]Ja + Faw(u;t)a = O,

the only difference is in the last term which doesn’t involve the derivatives
of the variables and, therefore, does not affect the study of hyperbolicity.

We retain very interesting to see how a general method such that of
ref. [4] leads to equations obtained in other ways in literature. These
equations (3.3), writes explicitly

1 « 1 «
(3.4) =5 9" 0o = Fuu — 5 9690w (2Wass — Wsag),
where we have used the relation d,¢%” = —w, *" which comes from g*

contracted with the derivative with respect to x., of the relation
9059°" = 0.

To prove the hyperbolicity of the system (3.3) is now an easy task because
the system

1
—dg,, =0, —3 tﬁdwgl“, =0, ttgdwaym = 0,

imply dg,, = 0, dwg,, = 0, while the system

1
Adg,, =0, —5 gpﬁdwmw =0, t*ppdwaym = 0,

has 50 Li. eigenvectors, i.e.

e the 30 Li. solutions of t’dwg,, = 0, n’dwg,, = 0, corresponding to
the real eigenvalue A = 0,

e the 20 Li. solutions of dg,, = 0, dwg,, = Z..¢s, (with z,, an
arbitrary symmetric tensor) corresponding to the real eigenvalues
A= +1 (ie., psp’ = 0).

But a more interesting aspect is that the system (3.3) can be put in the
symmetric form; this result has been obtained by Fischer and Marsden
for their system of equations, but in 3-dimensional formalism. Here we
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obtain in 4-dimensional notation the same result for our system (3.3). In
fact, it is equivalent to

taaag;w = tawam/?

3.5 1
( ) t, (—5 gaﬁaawﬁ;w) - taa[Twa];w = tTKHV7

where we have used the expression (3.4) for the equations (3.3), and we
have called K, the second member of (3.4).()

The system (3.5) is symmetric; in fact, if we take a linear combination
of its left-hand sides through the coefficients A*”, \™* and substitute d,
with &, we obtain®

1
ta ()\Mv(sguy + 5 ATHV(SWT”V> +

1 / L, " V/l/
2 (tﬁgaﬂ g Owgp + tT)‘m’u’gaﬁéwﬁu”) g9""g""

This expression doesn’t change if we exchange A,, with dg,, and A;,,
with dw,,,, thus proving the symmetric form of (3.5).

The result of this section has been achieved at the cost of dealing
with modified Einstein’s equations, i.e., (3.3)2. A more elegant result will
be obtained in the next section by introducing suitable equations for I'®.

4 — The unmodified Einstein’s equations

In ref. [7], Fischer et al. obtain equations involving I'*, drawing it
from a consequence of Bianchi identities, i.e., V,G* = 0 (where V is the
operator of covariant derivation) or, in other words, from

(4.1) 9,G" + GP'T", + GrTY, = 0.

It seems strange that an equation may be obtained from an identity!

(W Note that (3.5)2 contracted with ¢ gives (3.3)2 and, after that, it remains (3.3)s.
(?)Note that
N 0rwapy =AM Oawrpy = A 0wrps.
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The reason of this apparent paradox is that (4.1) is an identity when
applied to the whole Einstein tensor G*”, while Fischer et al. apply it to

1
G = (g”(ﬁg”)” —3 9‘”9‘”) Gap0, T,

i.e. the expression of G*” calculated on a solution of R,,, — ga(,0\I'* = 0.
In this way they obtain a system of the form

1
(4.2) 9 gﬁya2urﬂ + Ag“(gw, Orgy5)051" = 0.

Therefore (4.2) is not a consequence of Einstein’s equations, but of their
“modified” expressions which are equivalent to them only under the fur-
ther assumption of harmonic coordinates; in this case, it is obvious that
also (4.2) is an identity! On the other hand, one may consider (4.2)
as further equations to consider jointly with Einstein’s ones, disregarding
their origin; assuming the validity of (4.2) is less restrictive than assuming
harmonic coordinates.

So, let us consider the system

R,, =0 (Einstein’s equations),
(4.3) 1
5 g7 o3, T = —AP"(g.,5,009,5)0sT* (Fischer’s equations).

It is expressed in terms of g, and of its first, second and third derivatives;
obviously, it can be reduced to a first order system considering g,,.,, 9a 9.,
02 59u as independent variables.

But the third derivatives of g,, intervene only through the second
derivatives of I'*; therefore, one can consider g,,, 0ngu,, I'*, 0,I'" as

independent variables except for the algebraic constraints

1
(44) I'* = 5 gukgaﬁ (28(19)\/3 — 8)9(16) .



[13] Einstein’s field equations in the light etc. 7

The system (4.3) can now be reduced to a first order one by defining
Wapy = Oagpy, S = 0", ie.

8ag;ul = wa;w )

—% 9% 0awppn = Fiu (G5, Wrys)+
—% 9690w, 7 (2Wags — Wsas) = Sy,
(4.5) Ipwa)uw = 0,
0, I" = S,

1 @ @
5 g 58a5’# = _Agu(.g'yuawk'w) I

3[,355] =0,

where we have used the identity
Ry, = Ry — 9l — 29&69&95)6[6‘*}715& + S + 29&69&L9g)a[6w715m

transformed by the expression (3.4) for R, — 9.,y — 2go‘ﬁg&gg)8[5w7}5a
and by the (4.5) for J;5w.j5o. Moreover (4.5) is the integrability condition
on (4.5)4 such as (4.5); is the integrability condition on (4.5);.

Now it can be easily seen that the system (4.5) is hyperbolic, without
considering the constraints (4.4); therefore, it is sufficient to impose (4.4)
only on the initial manifold 3 and then it will propagate off ¥.. Also (4.5)
can be written in a symmetric form, i.e.,

t aaguu = tawauu y

1
tr (_2 gaﬁaaw,@m/> - taa[‘rwa]/u/ =

1
(46) =i, |:F,uz/ - 5 gzp,gg)w'y oh (2(")04&5 - w&aﬁ) - S;w )

o9, = to8n,

1
af « _ L Qo
t, (5 g 8asg> + 0, S)) = —t.ASrSS.
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Obviously, the system

1

—dg,, =0, —t, 5 7 dw g, — ttrdway, = 0,
1

—dT* =0, tr 5 t7dSh + t°tdSh = 0,

has only the solution dg,, = 0, dw,,, = 0, d['* = 0, dS* = 0. Moreover,
the eigenvectors are the solutions of the system

1

Adg,., =0, — 1, 3 cpﬂdwﬁm, — t*Qrrdway, = 0,
1

AdTH =0, t, 3 ©’dSh + tpdShy = 0;

one obtains the eigenvalues

e A\ = 0, to which correspond, as eigenvectors, the 42 L.i. solutions of
t?dwg,,, = 0, n’dwg,, =0, t°dS5 =0, n’dS4 = 0;

e )\ = £1, and the corresponding 28 L.i. eigenvectors dg,, = 0, dwg,, =
T, dI' = 0, dS! = X"p,, with z,, an arbitrary symmetric
tensor, and X* an arbitrary 4-vector.

In the next section will be considered the case where we have sources
due to the presence of matter.

5 — The case of interaction with matter

Let us consider now the expression (1.3) with x # 0, for Einstein’s
equations. Thanks to the identity V,G*® = 0 and to (1.2),, it yields

(5.1) V. T = 0.

Usually, this equation doesn’t suffice to include the contribution of matter
and we have more equations; they can be written in the form

(5.2) V14 =P forA=1,...,N.

Obviously, for some values of A the equation (5.2) coincide with (5.1);
T°4 and P# are functions of the independent variables. In particular, in
Extended Thermodynamics (see for example, refs. [14]-[16]), the equa-
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tions (5.2) assume the symmetric hyperbolic form by taking suitable in-
dependent variables A, which define the so called “mean field’; more
clearly, the equations (5.2) become

T4
. VA= P
(5.3) o Vehs =P

p 2ret _ oreB  ared
OAg  Ora ' orp
But this result is achieved by considering constant the metric tensor

wit U, being a convex functions of Ap.

9,5 if we avoid this assumption, let us see how the equations (5.3) mod-
ify. The equations (5.2) by taking Ap and g,, as independent variables,
become

aTaA
09y

oT 4

(5.4) ey

Vads = P4 —

Wapw-

Therefore, the only difference is in the second members which don’t in-
volve the derivatives of the field. We can now consider the system con-
stituted by (3.5) with t* = u* and by (5.4)(or, alternatively, by (4.6)
with t* = u® and by (5.4)) and see that it is symmetric hyperbolic in the
time direction u“; moreover, the characteristic velocities don’t exceed the
speed of light and therefore, for Strumia’s Lemma [1], they are hyperbolic
in any other time direction.

For the sake of simplicity, let us consider only the example given by
the equations of fluid dynamics

(5.5) Va(pu®) =0,  Va[(e+p)uu’ + pg*’] = 0.

Here p, e, p can be considered functions of the entropy density s and of
the temperature 1" and they satisfy the Gibbs relation

(5.6) TdSZ%de+(e+p)d(%>.

If we take A = —s + e:Tp, AY = % as independent variables, the Gibbs

relation gives d\ from which one obtains

dp _ T dp _e+p d(pT) 0 <e+p)

(5.7) ox_ " arT T oT oA\ T

the last of which is the integrability condition on (5.7); ».
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Moreover, the above mentioned functions p, e, p satisfy the physical

conditions
o o
Ip -0, o\ oT S0,
oT oT T
0 0
(5.8) ar T 9P
O\ aT P
op 0 (e+p\ e+p
v = > 0.
Tor Toar < T > T |~
e+p e+p
P T T
The system (5.4), for this case, reads
ap « ad Qa(pT) « 6) _
8>\)\ 8a)\+<pg +T o7 AN ) O s =
= PAAY, G, Wopaw ) <pga" L+ 29eT) AW) D+
oT
(5.9)
2
+ [3(6 +p)TAg™ + TQWWWV] Dads =

= Pﬂ(>\, )\PY, Guvs W&;u/)?

which is manifestly symmetric.

Coupling it with (3.5) or with (4.6), one obtains the whole system of
equations, which is also symmetric and hyperbolic.

Obviously, many other situations may be considered, but here we are
satisfied with this one.
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Stability and controllability of an abstract evolution

equation of hyperbolic type and concrete applications

S. NICAISE

ABSTRACT: We consider the stability of an abstract evolution equation using Liu’s
principle based on the exponential stability of the inverse problem with a linear feedback
and on an integral inequality. Russell’s principle also yields some exact controllability
results. Some concrete examples with new stability and controllability results illustrate
the interest of our approach.

1 — Introduction

Stability of different systems of partial differential equations of hyper-
bolic type with linear or nonlinear feedbacks has been recently the object
of several works. Let us quote the stability of the wave equation [18],
[19], [20], [23], [22], [43], [26], [10] and the references cited there, of the
Petrovsky system [11], [13], [15], [1], [4], of the elastodynamic system [1],
[4], [13], of Mawxell’s system [3], [21], [39], [7], [36] or combination of
them [17], [37]. We actually remark that the approach of recent works

KEY WORDS AND PHRASES: Stability of partial differential equations of hyperbolic type
— Integral inequality — Evolution equations — Liu principle.
A.M.S. CLASSIFICATION: 37D35 — 35L10
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cited above has a similar structure, namely the use of Liu’s principle and
of some integral inequalities. Liu’s principle consists in estimating the
energy of the direct system by some terms related to the feedbacks using
a retrograde system with final data equal to the final data of the direct
system. These terms are then estimated using the exponential stabil-
ity of the inverse (retrograde) problem with a linear feedback (based on
Russell’s principle) and an appropriated integral inequality. Therefore
our goal is to present an abstract setting leading to the stability and
controllability (via Russell’s principle) of the abstract system, setting as
large as possible to include all examples of the aforementioned papers
and allowing even new applications.

More precisely we first present an abstract setting of hyperbolic type
and including the above systems. General assumptions guarantee exis-
tence results as well as dissipativeness of the system. In a second step we
show that the exponential decay of the energy of the solution is equiva-
lent to the validity of a stability estimate, estimate that can be checked in
some particular cases. In a third step we use the so-called Russell’s prin-
ciple “controllability via stability” to obtain controllability results for the
abstract system. Finally using Liu’s principle [28] and a new integral in-
equality from [7] we give sufficient conditions on a class of (quite general)
feedbacks which lead to an explicit decay rate of the energy. The strength
of our approach lies in the fact that the controllability and stability results
(with general feedbacks) are only based on the stability estimate with a
linear feedback, estimate that may be checked for an explicit problem
by different techniques, like the multiplier method, microlocal analysis or
any method entering in a linear framework (like nonharmonic analysis for
instance). This approach was successfully initiated in [36] for Maxwell’s
system and is here extended to an abstract system. We further illustrate
our approach by considering different examples for which new stability
and controllability results are even obtained.

The schedule of the paper is the following one: the abstract setting
and its well-posedness are analysed in Section 2. Section 3 is devoted to
the equivalence between the exponential stability and the stability esti-
mate. In Section 4 exact controllability results are deduced from Russell’s
principle. Section 5 is devoted to the stability results for a class of non-
linear feedbacks using Liu’s principle. Some applications are presented in
the last section.
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2 — Abstract setting

In this section we describe a general abstract setting of hyperbolic
type that will be used later on. It is motivated by the examples (and
other ones) given in Section 6 which all enter in this setting.

Let us fix two real separable Hilbert spaces H, V with respective
inner products (.,.)y, (.,.)y and such that V is densely and continuously
embedded into H. Identifying H with its dual H' we have the standard
diagram:

VoH=H —=V.
We suppose given a bounded linear operator A; from V into V' and a
(nonlinear) mapping B from V into V'. We now define two (nonlinear)
operators AT and A~ as follows

(1) D(A*) = {v € V|(£A, + B)v € H},
(2) AT = (A, + B)v,Yv € D(A*).

For shortness we often drop the superscript + at A™.
Motivated by the examples we introduce the following assumptions:

AT is maximal monotone,
A~ is maximal monotone,
D(A") is dense in H,
D(A7) is dense in H,
(Aju,uy =0,Vu € V,
(Bu,u) > 0,Yu €V,

e e e T
o — O D —

where hereabove and below (.,.) means the duality pairing between V'
and V.

LEMMA 2.1. Under the assumptions (3), (5), (7) and (8), the
evolution equation

ot
u(0) = wo,

9 {6u+A1u+BuOinH,t>0,
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admits a unique (weak) solution w € C(IRy,H) for any ug € H. If
moreover uy € D(A), the problem (9) admits a unique (strong) solution
u € Wh*(Ry,H) N L>*(Ry, D(A)) and such that u(t) € D(A), for all
t > 0.

This system is dissipative since its enerqy

£(t) = Sl

is non-increasing. Moreover for ug € D(A), we have

(1) &(S)—&(T) = /:(Bu(t), w()) dt,¥0 < S < T < oo,

d
(12) Eé‘(t) = —(Bu(t),u(t)),Vt > 0.
Under the assumptions (4), (6), (7) and (8), the same results hold for
A~ (with the same expression for the energy and the same identities (11)
and (12) for ug € D(A7)).

PRrROOF. The first assertions follow from nonlinear semigroup the-
ory [42]. For the second assertions it suffices to show (12) since D(A) is
dense in ‘H. For uy € D(A), we have

%g(t) = <§;(t),u(t)>ﬁ = —(Au(t), u(t))n,

by (9). From the definition of A and the fact that u(t) € V, for all ¢ > 0,

we get
d

ZE() = —(Auu(®), u(t)) — (Bul(t), u(®)).

This yields (12) owing to (7). 0
REMARK 2.2. The identity (11) remains valid for uo € H indeed for

a sequence ug, € D(A) such that ug, — o in H, let u, be the solution
of (9) with initial datum ug,, then they fulfill

£.(S) — £,(T) = /S By (1), 1, (1)) di.
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Since the left-hand side tends to £(S)—&(T") (because u,, —u inC(IR.,, H)),
the right-hand side admits also a limit that we denote bnyT<Bu(t), u(t))dt.
This is the so-called hidden regularity of w.

3 — Exponential stability

In this section we find a necessary and sufficient condition which
guarantees the exponential stability of (9). This condition is the validity
of a stabilility estimate that will be checked in some particular cases in
Section 6. We closely follow the arguments of the beginning of Section 3
of [36] given in the case of Mawxell’s system and that can be easily
extended to our abstract setting. The proofs are nevertheless given for
the sake of completeness.

In the whole section we suppose that (3), (5), (7) and (8) hold.

We start with the following definition.

DEFINITION 3.1. We say that the pair (A;, B) satisfies the stabilility
estimate if there exist 7" > 0 and two non negative constants C7, Cs
(which may depend on T') with C; < T such that

(13) /OTg(t) dt < C1E(0) + C /0T<Bu(t),u(t)> dt,

for all solution u of (9).

That property admits the following equivalent formulation:

LEMMA 3.2. The pair (A, B) satisfies the stabilility estimate if and
only if there exist T > 0 and a positive constant C' (which may depend
on T) such that

(14) e < [ Buto),uv)ar,

for all solution u of (9).



88 S. NICAISE [6]

PROOF.
= Since £(t) is non-increasing, the estimate (13) implies that

TE(T) < C1E(0) + C, / L Bu(t), u(t)) d.
By Lemma 2.1 we get
TE(T) < C1E(T) + (Cy + Cs) /0 Bt u(t)) dt.

This yields (14) with C = %gf

<: From the monotonicity of & we may write
T
/ £(t) dt < TE(0).
0

Again Lemma 2.1 yields

/OTg(t) dt < §5(0) + g <€(T) + /OT<Bu(t),u(t)) dt) .

Using the assumption (14) we obtain

T T

/OTE(t) it < 5E(0) + 5 (1+C) /0T<Bu(t),u(t)> dt,

which is nothing else than (13). 0

Examples of pairs (A, B) satisfying the stabilility estimate may be
found in Section 6 below (see also Section 3 of [36]).

We now show that the stabilility estimate is equivalent to the expo-
nential stability of (9).

THEOREM 3.3. The pair (Ay, B) satisfies the stabilility estimate if
and only if there exist two positive constants M and w such that

(15) E(t) < Me“"€(0),

for all solution u of (9).
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PROOF. Assume that the stabilility estimate holds, i.e., by the pre-
vious Lemma, (14) equivalently holds. The identity (11) of Lemma 2.1
then yields

E(T) < C(£(0) = &(T)).

This estimate is equivalent to
E(T) <~€(0),

with v = &5 which is < 1.

Applying this argument on [(m — 1)T, mT], for m = 1,2,--- (which
is valid since our system is invariant by a translation in time), we will get

EMT) <~E((m—-1T) <---<A™EW0),m=1,2,---
Therefore we have
E(mT) < e “"Eg(0),m=1,2,---

withw = £1In 2 > 0. For an arbitrary positive ¢, there exists m = 1,2, - - -
such that (m — 1)T < t < mT and by the nonincreasing property of &,
we conclude

E(t) < E((m — DT) < e=*m=DTE(0) < ~e*tE(0).

2=

Let us now show the converse implication: from Lemma 2.1, for any
T > 0, we may write

/()T(Bu(t),u(t)) dt = £(0) — &(T).

With the help of (15), we get
(16) /O (Bu(t), u(t)) dt > £(0)(1 — Me=T).

The exponential decay (15) also implies

efwT

/ ey < ME©O) L

w
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Consequently for all C; > 0, we may write

_ *wT>

(17) ATsayﬁg<xgw»+<ﬁﬁi—il——

w

- cl> £(0).

Choosing T large enough so that 1—Me=“">0 and C'< min{]\/[(l%%, T4,
(16) and (17) yield (13) with

C, = (M — 01> (1 — Me 7)1, 0

w

4 — Exact controllability results

Using the results of the previous section and Russell’s principle we
deduce exact controllability results for the evolution equation associated
with the operator —A; with controls in L*(]0,T'[; U), the control space U
being a given real Hilbert space such that V is continuously embedded
into U. We then denote by I;; the embedding from V into U and Zy; the
mapping identifying U as a subspace of V', i.e.,

(Tyu,v) == (Iyu, Iyv)y, Yu,v € V.

The exact controllability problem may be formulated as follows: for all
uy € H, we are looking for a time 7' > 0 and a control J € L*(]0,T[;U)
such that the solution u of

ou
— —Au=Ji 't >
(18) e w=Jin V' t >0,
u(0) = wo,
satisfies
(19) u(T) = 0.

THEOREM 4.1.  If the assumptions (3) to (8) hold for the pair
(A1,Zy) and if the pair (Ay,Zy) satisfies the stabilility estimate, then
for T > 0 sufficiently large, for all uq € H there exist a control J &€
L?(]0,T[;U) such that the solution uw € C([0,T],H) of (18) is at rest a
time T, i.e., satisfies (19).
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PRrOOF. For concrete problems the proof is quite standard. We adapt
it to our abstract setting as follows. For further purposes we prefer to
solve the inverse problem (so that the asumption “(A;,Z;) satisfies the
stabilility estimate” is replaced by “(—A;,Zy) satisfies the stabilility es-
timate”): Given py € H, we are looking for K € L?(]0,T[;U) such that
the solution p € C([0,T],H) of

dp .
— 4+ Ap=K "t >
(20) { En + Aip in V,t>0,
p(T) = Po,
satisfies
(21) p(0) = 0.

Indeed if the above problem has a solution the conclusion follows by
setting

u(t) = —p(T — ).

We solve problem (20) and (21), using a backward and an inward system
with linear boundary feedbacks Zy: First given fy in H, we consider
f€C([0,T],H) the unique solution of

ot
f(T) = fo-

(22) {WJFAlfIUfOinH,DO,

Its existence following from Lemma 2.1 by setting u(t) = f(T'—t). More-
over applying Theorem 3.3 to u(t) we get
(23) E(f(1)) < MeTIE(fo).

Second we consider g € C([0,T],H) the unique solution of (whose exis-
tence and uniqueness still follow from Lemma 2.1)

ot
9(0) = £(0).

0 .
(24) {g+A1g+IUg=01nH,t20,
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We now take p = g — f. From (22) and (24), p satisfies (20) with

(25) K=-TIy9g—-1Ivyf.

Let us further consider the mapping A from H to H defined by
A(fo) = 9(T).

We show that for T' > 0 such that d := Me 7 < 1, the mapping A — I
is invertible by proving that ||A][17(,%) = Vd. Indeed using successively
the definition of A, Lemma 2.1, the initial condition of problem (24) and
the estimate (23) we have

[AfollF, = 2&(g(T)) < 2&(g(0)) <
< 2E(£(0)) < 2Me"E(fo) = d| foll3-

Since A — I is invertible for any p, € H, there exists a unique f, € H
such that

(26) po=p(T) = g(T) = f(T) = (A = I) fo.

The proof will be complete if we can show that K € L*(]0,T[;U). For
that purpose, we remark that Lemma 2.1 (identity (11) applied to @ and
g which has a meaning thanks to the hidden regularity) yields

£~ £GO) = [ sl d,

£6(0) - &) = [ g0l dr

Summing these two identities and using the initial condition of prob-
lem (24), the final condition of (22) and the definition of A, we obtain

[ o s Ol + o1 e = ) - () < 310l

Using the identity (26) and the boundedness of (I —A)~! we finally arrive
at the estimate

7 2 2 1 —1 2 1 2
(27) /0(HIUf(t)"U—i_HIUg(t)HU)dtS§H(I_A) poll3 < m“po,’n-

This proves that K given by (25) belongs to L2(]0, T[;U). 0
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REMARK 4.2. Thanks to the assumptions (5) and (6) the (weak) solu-
tion p € C([0,T]; H) of (20) and (21) can be approximated (inC'([0, T]; H))
by a sequence p, € Wh>*(IR,, H)NL>*(IR,, V), € > 0, of (strong) solution
of (20) with K, € L?(]0,T[;U) and po. € V such that

(28) K.— K in L*(J0,T[;U) as € — 0,
(29) Iype — Iyp in L*(]0,T[;U) as € — 0.

Indeed as fo = (A — 1) 'pg, by (5), there exists fo. € D(A) such that

(30) | fo— foelln < e

Consider f. the strong solution of (22) with final datum fy.. By the
dissipativeness of the energy, we get

(31) 1£(@) = fe@)lle < [[fo = foellr < €, ¥t € [0,T7].

Similarly since f.(0) belongs to H, by (6), there exists go. € D(A~) such
that

(32) 190e = fe(0) |l <'e.

We then consider g, the strong solution of (24) with initial datum go..
The dissipativeness of the energy yields

lg(t) = ge(@®)ll2 < 119(0) = goellne <
< 1F(0) = fe(0) [l + 11 £e(0) — goell2 < 2¢,¥t € [0, T,

by (31) and (32).
The estimates (31) and (33) show that p. :== g.— f. tendstop = g— f
in C([0,7T];H) as € goes to 0. Finally by Lemma 2.1 we may write

100 = O dt < 20150 = fol
| 10(9(6) = 9u(0)1 dt < 209(0) = 5.(0) e

These two estimates, the estimates (30), (33) and the definitions of K, :=
—Zyg9. — Iy fe, of pe, K and p lead to the properties (28) and (29). O
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5 — Stability in the nonlinear case

Here we use Liu’s principle [28] and an integral inequality from [7] to
deduce decay rates of the energy using appropriate nonlinear feedbacks.
In view of the examples below we assume that the control space U is of
the form

J
(34) v=11u,
j=1

where for all j =1,---,J € IN* := IN\ {0}, U, is a closed subspace of
L2(Xj, p1;)™5, when (X, [A}, p;) is a measure space such that 11;(X;) <
oo and N; € IN*. For all j = 1,---,J, we suppose given a mapping
g; : RN — IR™7 such that

(35) (9j(x) —g;(y)) - (x —y) > 0,Vz,y € RYi (monotonicity),
(36) g9;(0) =0,
(37) |g; ()] < M(1 + |z]), Ve € R,

for some positive constant M. We finally suppose that B is given by
J
38 (Buw) =3 [ gi(Uow;@) - (o)) duye,),
j=1"%;

where we recall that [;; is the embeding from V to U and therefore (Iu);
is the % component of I u.

Remark that the conditions (35) and (36) guarantee the assump-
tion (8) on B, while (37) guarantees that B is well defined. In most
examples these conditions guarantee that the assumptions (3) and (4)
hold (see Section 6 for some illustrations). We further remark that these
conditions always hold for g;(x) = =, corresponding to linear controls,
ie, B=1y.

We now recall the integral inequality obtained in [7] (compare with
Theorem 9.1 of [22] or its extension by P. Martinez [31], [32]).

THEOREM 5.1.  Let £ : [0,400) — [0,400) be a non-increasing
mapping satisfying

(39) /S T G(E()) dt < TE(S),¥S > 0,
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for some T > 0 and some strictly increasing convexr mapping ¢ from
[0, +00) to [0,+00) such that ¢(0) = 0. Then there exist t; > 0 and ¢,
depending on T and £(0) such that

(40) Et)y <o (%) V>t
where 1 is defined by
(41) o(t) = /t1 % ds, ¥t > 0.

REMARK 5.2. Theorem 5.1 yields exactly the same decay rate as
in Theorem 9.1 of [22] when ¢(t) = t'** for some a > 0 (case leading
to polynomial decay). Note furthermore that the integral inequality of
P. Martinez [31], [32] is different from our integral inequality but gives
similar asymptotic behaviour for the energy. O

We now give the consequence of this result to our system (9).

THEOREM 5.3. Assume that the assumptions (3) to (8) hold for the
pairs (A1, B) and (A1, Zy). Let g;, j = 1,---,J satisfy (35) to (37) as
well as

(42) g;(x) -z > mlz)*, Ve € RN : |z| > 1,

(43) 2| + lg; (2)* < G(g;(x) - x), Yz € R™ : 2] <1,

for some positive constant m and a concave strictly increasing function
G :]0,00) — [0,00) such that G(0) = 0. If the pair (—Ay,Zy) satisfies

the stabilility estimate, then there exist co,c3 > 0 and Ty > 0 (depending
onT, £(0), pj(X;), j=1,---,J) such that

P (cat)

Co

(44) E(t) < c5G ( ) VST

for all solution u of (9), where ¥ is given by (41) for ¢ defined by

(45) o(s) =TuG (1)),

C3

where pr =min;_ ... jp;(X;).
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PRrROOF. By the density of D(A) into H, it suffices to prove (44)
for data in D(A). In that case let u be the (strong) solution of (9)
and consider p the solution of problem (20) and (21) with py = u(T") €
D(A) with T > 0 sufficiently large (whose existence was established in
Theorem 4.1). Consider further a sequence p, of strong solution of (20)
with final data po. tending to p in C([0,7],H) as € goes to zero and
satisfying (28) and (29) (see Remark 4.2).

By (9) and (20) we may write

(Ou+ Avu+ Bu,pe)vry + (Oipe + Aipe — Ko, upvry = 0.

This may be written equivalently

(atuape)H + (atpe’ U’)H + <A1uape>V’,V + <A1pea U>V’,V+
+ (Bu, pe)yry — (Ke,u)yry =0

As the assumption (7) yields

<A1u7pe>V’,V + <A1p67 u>V’,V = 07

the above identity reduces to

(8tu7pe)7'l + (8tpea U)H + (Bu)pe>V’,V - <K€7 U>V/,V =0

Integrating this identity for ¢ € (0,7, we get
T
(u(T), pe(T))r — (u(0),pe(0))n +/0 ((Bu, pe)vry — (Ke,upyry) dt = 0.

By the definitions of K. and B we arrive at

(u(T),pe(T))2 — (w(0), pe(0)) = /OT ((Ke,fuu)u +
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Passing to the limit in € and using the initial and final conditions on p,
we have obtained

25(T)=/0T ((Kv Tyu)y — Z/X 9;((Tru);(z5)) - (IUp)j(ﬂfj)dﬂj(%)) dt

Cauchy-Schwarz’s inequality leads finally to

28(T) < || K| 20,700 [ Luwl| 20,7500+

(46) J . 1/2
+ Hopll 20,009 (Z/O /X |95 ((Trw);(x5)) dﬂj(%‘)dt> :

Let us remark that the estimate (27) and the final conditions on p yield

1
(1—ay

This estimate, the definition of K and p = g — f lead to

/0 (o fOIG + Hog@)7) dt < E(T).

| @< ()

2
(1= iy

[ ol de < £(T).

2
(1 —+d)?
Inserting these estimates in (46) we arrive at

b
(1—Vd)?

x (2_: /OT/X_{’(IUU)J'(%)2+\9j((IUU)j(xj))|2}duj(mj)da .

E(T) <
(47)

We now estimate the right-hand side of (47) as follows: For all j =
1,---,J introduce

57 = A, t) € X; < (0,T)||(Tyw); (x, )] > 1},
85 =A{(z,1) € X; > (0, T)[[(Tyw); (2, t)] <1}
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Let us split up
[ s + o o e ooy = 1+ 17
where
i [ AN )+ s (o o) )
;= /Ej{\(lvu)j(wj)P g ((Tyw); ()12} dpg () dt.
The assumptions (42) and (37) lead to

I < e [ (Tu)s(ay) - gy((ow) (o)) dps (@)t

for some positive constant ¢4 (depending on m and M). By (11) and the
property

(48) g;(x) - >0,Vr € RM,

following from (35) and (36) we arrive at

(49) I < cq(E(0) — E(T)).

Similarly by the assumption (43) and the monotonicity of G we have
I < / G((Tw); () - 95 (Tyu) ;) dpy (;)dt <

/ / (Hvu);(z;) - 9;((Tuw);(x;))) dpj(x;)dt.

Jensen’s inequality then yields

I <Tu;(X;)G (T,ujl(XJ)/o /X_(IUU)J'(%‘) 'gj((IUU)j(xj))dﬂj(%)dt) :
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By (11), we arrive at
(50) 17 < 16 (S5

The estimates (49) and (50) into the estimate (47) and the monotonicity
of G give

- &(T

5ajg%{am_5an+a<amT51))}

for some positive constant ¢; (depending on 7" and max; u;(X;)), where
we recall that p = min; p1;(X;). This finally leads to

5m)zean—san+eangnmxgﬂ%}ﬁgmy_ggqy+g(§ﬁﬁ%£ﬁljﬂ_

As %}f(?’) < %0), the concavity of G yields a constant ¢ (depending

continuously on 7', £(0) and ) such that

£(0) = &(T)

= S%G(am—swn'

Tp

These two estimates lead to

E(0) < &G (%}@) )

for some ¢3 > 0 (depending on 7', £(0), max; u1;(X;), and min; 11,(X;)).
Using this argument in [¢, ¢ + 7] instead of [0, 7] we have shown that

= ¢ H(E(t) = E(+T)),Vt >0,

(51)  E(t) < &G (5(75) —E(t+ T))

T

when we recall that ¢ was defined by (45).
We conclude by Theorem 5.1 since Lemma 5.1 of [7] shows that the
estimate (51) guarantees that £ actually satisfies (39). 0
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The assumption (42) forbids the use of bounded functions g; which
could be a drawback for some applications. Our next purpose is to obtain
a variant of the above result when some mappings g; do not satisfy (42)
adapting the arguments of Theorem 9.10 of [22]. The price to pay is to
assume some regularity results for elements of D(A).

THEOREM 5.4. Assume that the assumptions (3) to (8) hold for the
pairs (Ay, B) and (A1,Zy). Letg;, j=1,---,J satisfy (35) to (37) as well
as (43) for some concave strictly increasing function G : [0, 00) — [0, 00)
such that G(0) = 0. Assume further that J = J, U Jy with J, N Jo = 0,
that for all j € Jy, g; satisfies (42) and there exists ¢; > 0 and o > 2
such that for all j € Jy and all u € D(A), (Iyu); belongs to L*(X;, u;)
with the estimate

(52) ( /X |

J

1/«
’(IUU)j(wj)\adﬂj(xj)) < cqllullpeay,

where we recall that ||ul|pay = |Aull + ||ulln. If the pair (—A:,Zy)
satisfies the stabilility estimate, then for every ug € D(A), the solution u
of (9) satisfies

Y1 (cat)
(53) E(t) < e3Gy <W> YVt > Th,

for some cy,c3 > 0 and Ty > 0 (depending on T, £(0), p;(X;), j =
L,---,J, aand ||u|| pcay), where iy is given by (41) for ¢, defined by (45)
with Gy instead of G, the function G1 being defined by
Gi(z) = G(x) + x°,Vz > 0,
with s = =2 € (0,1).
PRrROOF. We repeat the proof of Theorem 5.3 except for the estimation
of T ;r when j € J,, where we now obtain the following estimation: First

by (37) we remark that

(54) IF < (1+4M?)Jf.
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7= [ NIy P dus ).

So it remains to estimate Jj+. For that estimation we remark that the
assumption (43) yields

(55) g;(x) -z >mylx|, Ve € RV : |z| > 1,

for some positive constant m;. Indeed we notice that (43) and the prop-
erty G(0) = 0 directly imply that

g;(§)-£>0,V[¢| = 1.

Denoting by m; = min=1(g;(&) - £) we have already proved (55) for
|z| = 1. For |z| > 1 let £ = z/|x|, then by the monotonicity of g; we have

(9;(x) = g;(€)) - (|z] = 1)§ = 0,

which implies
g9i(@) - &= g;(§) - &= my.

Multiplying this inequality by |z|, we arrive at (55).
Now using (55) we may write

g <mye /E_+ |(Tow); ()P ((Tow); (25) - g;(Tow) ()" dpy (;).-

By Holder’s inequality we get

£*§"63<L+

J

g </E+(IU“)J'($J') 'gj((IUU)j(JUj))duj(xj)) .

(L) ()| =5 d#j(%’)) X

2—s
1—s

By (11) and the assumption (52) (since o = 2=2) we conclude that

(56) I < es(E(0) = E(T))7,
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where c¢g > 0 depends on T', o and ||ug||p(a) (since Komura-Kato’s theo-
rem (see for instance Proposition IV.3.1 of [42] and Lemma 2.1 guarantee
that [u(t)|[pa) < lluollpeay)-

As before the estimates (50), (54) and (56) into the estimate (47)
and the monotonicity of G give

E0)—-&(T
&) < e {e@ - (1) + 6 (()T4H()) +(E0) - M)}
for some positive constant ¢g depending on T', p;(X;), j =1,---,J, «

and [|uo|| p(a). The concavity of G and of the mapping x — x* yields

E(0) < 3Gy (%}f(ﬂ) )

The conclusion follows as previously. U

REMARK 5.5. In (42) (resp. (43)) the proviso |z| > 1 (resp. |z]| < 1)
may be replaced by |x| > n (resp. |z| < n), for some n > 0 without
changing the conclusion of Theorem 5.3 or Theorem 5.4. 0

Examples of functions g; leading to an explicit decay rate (44) or (53)
are given in [7]. Let us give the following illustrations.

EXAMPLE 5.6. Suppose that g; satisfies (35) to (37) and (42) as
well as

(57) - gj(w) = colz[", |g; ()] < Colz|”, V]z| < 1,

for some positive constants ¢y, Cy, @ € (0,1] and p > «. Then g; satis-
fies (43) with G(z) = 277 and ¢ = 2L — 1 (which is > 1). If p=a = 1
(then ¢ = 1) and under the other assumptions of Theorem 5.3 we get an
exponential decay (since ¥~!(t) = e*). On the contrary if p + 1 > 2«
then we get the decay ¢ ra (since ¥~1(t) = tﬁ) A function g
satisfying all these assumptions is given by

(@) |z|*~ e if 2| <1,
xTr) =
g z if 2] > 1,

for some « € (0, 1]. In that case (57) holds for p = a.
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In the setting of Theorem 5.4 it suffices to take g, satisfying (35) to
2
(37) and (57) to get the decay rate ¢ -1 with ¢’ = min{q, 2 — 1}. Such

a g is given by
|z|* e if |z <1,
glz) =4 = if 2] > 1,

]

for some a € (0, 1], which satisfies (57) for p = a.

EXAMPLE 5.6 (Logarithmic decay). Take g;(§) = exp(—m%,ﬁ)@
for |¢] small enough and for p; > 0. Then by Example 2.4 of [7] (43
holds with

C

~ |logal

and p = max; p; and some constant C' > 0. In the setting of Theorem 5.3
or Theorem 5.4 we will get the decay

C
<—,
|logt[?

since 1~! is bounded from below.

ExAMPLE 5.8 (Log-Log decay). Take g;(§) = exp(— exp(1/|§|2p))@
for || small enough and for p > 0. Then by Example 2.5 of [7] (43) holds
with

C

)= —"—7
|log | log x| |»

and some constant C' > 0. In the setting of Theorem 5.3 or Theorem 5.4

we will get the decay
C

S 7.
|log | log t||¥

Note that combinations of the above examples give rise to the worse
decay rate.
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6 — Examples
6.1 — Second order evolution equations

Some examples given below enter in the following framework: Let H
and V' be two real separable Hilbert spaces such that V is densely and
continuously embedded into H. Define the linear operator A, from V
into V' by

(58) (Agqu, v)vr—yv = (u,v)y,Yu,v € V,

and suppose given a (nonlinear) mapping B, from V into V.
Consider now the second order evolution equation

0*u ou .

W+A2U+BQE :0111 V’,tZO,
ou

'LL(O) = Uog, E(O) = Uq.

This system is reduced to the first order system (9) using the standard
argument of reduction of order: setting H =V x H, V =V x V with
natural inner products,

x = (u,z),

with z = %7: (from now on we use the letter x for generic elements of H
since the letter u is already used in (59) as usual) and introducing the
operators

Az = (—z, Asu), Bx = (0, Byz).

Under appropriate assumptions on By, we can prove the

THEOREM 6.1.  If By is monotone, hemicontinuous, bounded and
satisfies Bo0 = 0, then the assumptions (3) to (8) hold for the pair
(A1, B).

PRrROOF. In the above setting we see that
D(A*) = {z = (u,2) € V| + Ayu + B,z € H}.

To check the assumptions (3) and (4), from the definitions of A;, A, and
the inner product in H we easily verify that

(A (u, 2) — AT (W, '), (u, 2) — (W', 2))5 = (Baz — By, 2 — 2V

The monotonicity of A* then follows from the same property on Bs.
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Let us pass to the maximality of A*: for all (f, g) € H we are looking
for (u,z) € D(A*) such that

uFz=finV,
z+ Asu+ Boz =g in H.

The first identity is equivalent to
u==xz+ finV,
and eliminating u in the second identity we obtain
2+ Az + Boz=gF finV'.

The solvability of this problem is equivalent to the surjectivity of the
operator
AV =V iz— 24+ Asz + Byz.

For that purpose we make use of Corollary 2.2 of [42] which proves that A
is surjective if A is monotone, hemicontinuous, bounded and coercive.
The first three properties easily follows from the same property of Bs.
The coercivity also easily follows from the fact that

(Az, z)viv = |l2ll5 + 1205 + (Bez, 2)vi—v > |I2]17,
this last inequality following from the property (Bsz,z)y/_yv > 0 conse-
quence of the monotonicity of By and the property B0 = 0.
The assumptions (5) and (6) are reduced to the density of D(.A) since

we easily check that (u,z) € D(A) if and only if (—u,z) € D(A™). Let
us now fix (u,z) in H, then let @ € V' be the unique solution of

AQ{L = —BQZ,

whose existence follows from Lax-Milgram’s lemma. Applying Theo-
rem I11.2.B of [41] there exists a sequence of u,, € D(Az) such that

U, — u—uin V, as n — oo,
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where A, is the Friedrichs extension of A,. We conclude by remarking
that (@ + w,, z) belongs to D(A) and tends to (u, z) in H.
The assumption (7) follows from the identity

(A1z,z) = —(z,u)y + (Asu, 2)yr_v,

and the definition of A,. Finally the assumption (8) follows from the
identity
<BI’,SE> = <B22a Z>V’7Va

and the positiveness of Bs. U

In view of this theorem the assumptions (3) to (8) are reduced to the
verification of the above properties of By that we now check for different
systems.

In the rest of the section € is a bounded domain of IR™, n > 2 with a
Lipschitz boundary I'. Some restrictions will be specified later on when
they will be necessary. We further denote by v the unit outward normal
vector along I

6.2 — Nonlinear stabilization of the wave equation
Consider the wave equation
O?u — Au+ f(Ou) =0 in Q := Qx]0, +o0,
u=0on X, :=T(x]0,+o0],

Oyu+ au+ g(Ou) = 0 on Xy :=I'y x]0, +00],
u(0) = ug, Qu(0) = uy in €,

(60)

where Ty is a open subset of I' and I'; = I' \ Ty is the remainder. The
functions f and g are two nondecreasing continuous functions from IR
into itself such that f(0) = ¢(0) = 0 and finally a is a nonnegative real
number. For the sake of simplicity we suppose that

(61) either I'y is not empty or a > 0,
and that

(62) T,NT, =0.
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The stability of this problem was extensively studied in the litterature,
let us cite the papers [18], [19], [20], [23], [22], [43], [26], [10] and the
references cited there. Both papers are restricted to some particular
choices of 'y, a, f and g leading to some exponential or polynomial decay
rates of the energy of the solution of (60). In [25], [29], [31], [32], [33],
[34], some arbitrary decay rates are obtained for different f and g (even
with degenerate or local dissipations). Using the results of the previous
sections, we also obtain arbitrary decay rates for a large class of f and g.

The first point is that problem (60) enters in the framework of prob-
lem (59) from Subsection 6.1 once we take:

H = L*(9),
V={ve H(Q)v=0onTy},
(u,v)V:/Vu‘Vvdx—i-a/ u-vdo,
0 r

1

(Bou,v)yr_y = / flwvdx+ [ g(u)vdo,Yu,v € V.
Q

'y

Let us remark that the assumption (61) implies that the inner product
(+,-)v induces a norm on V equivalent to the usual one. In order to give
a meaning to B, we simply require

(63) |f(@)| < C(1 + [2]"),Vz € R,
(64) lg(2)] < C(1+ |2]7), Yz € R,
for some positive constant C', where @ = Z—fg and = 5 if n > 3 and

a,>1ifn=2.

Now we readily check that these assumptions guarantee that B, fulfils
all the assumptions of Theorem 6.1. Consequently the corresponding pair
(A;, B) satisfies the assumptions (3) to (8). In order to deduce stability
results for our system (60) we need to check that the pair (—A;,Zy)
satisfies the stability estimate (note that we just check that the pair
(—A1,Zy) satisfies the assumptions (3) to (8)), where the control space
U is clearly defined by

U = L*(Q) x L*(I).
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This stability estimate was proved in Theorem 1.2 of [10] under the as-
sumption that there exists zy € IR" such that

(65) m-v>0onIly,m-v<0on T,
1 n
(66) ﬁmax{n— 2,n/3} <a(m-v) < Tz OB Iy,

where as usual m is the standard multiplier defined by
m(x) =z — o, Vo € R",

and R = max,cq |m(z)|. Under these assumptions, appropriated condi-
tions on f and g lead to exponential, polynomial, logarithmic or other
decays. Note that bounded feedbacks are allowed since D(A) < H' () x
H'Y(Q) — L*(Q)x L*(T";), for some a > 2 consequently Theorem 5.4 may
be applied.

For f = 0 or g = 0 similar results hold (changing the control space U)
with less restrictions on I'y and I';, using the exponential decay with linear
feedbacks established in [18], [19], [20], [23], [22], [43], [26].

6.3 — Nonlinear stabilization of the elastodynamic system

With the notation of the above subsection, we consider the following
elastodynamic system:
0?u — Vo(u)+ F(du) =0in Q,
u =0 on X,
o(u)-v+au+ G(Ou) =0 on X,
u(0) = ug, dyu(0) = uy in Q.

(67)

As usual u(z,t) is the displacement field at the point x € €2 at time ¢ and
o(u) = (0i;(u))} ,_; is the stress tensor given by (here and in the sequel
we shall use the summation convention for repeated indices)

04 (U) = QjjkI€kI (U),

where e(u) = (g;(u))? ,_, is the strain tensor given by

A _2 axj 81’1 ’
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and the tensor (a;jxi1)ijxi=1,23 is made of W>(Q) entries such that
Aijkl = Qjikl = Qklij,

and satisfying the ellipticity condition
AijR1€ijERL = QE§Ei5,

for every symmetric tensor (g;;) and some o > 0. Hereabove and below
Vo (u) is the vector field defined by

Vo(u) = (0504(u))i-,-

The mappings F' and G from IR" into itself satisfy the assumptions (35)
to (37). Finally a is a nonnegative real number.

As before we suppose that (61) and (62) hold, but here we further
assume that

(68) F=0or G=0.

This last assumption means that we stabilizate our system either by
boundary feedback or by internal feedback.
The stability of the system (67) was considered in [11], [13], [15], [1],
[4] under some particular hypotheses on T'y, T'j, a, F' and G leading to
exponential or polynomial decay of the energy of the solution of (67).
As in the above subsection problem (67) may be expressed in the
form (59) from Subsection 6.1 with the choices:

H = L*(Q)",
V={ve H(Q)"|v=0onT,},

(u,v)V:/Vu-Vvdx—i-a/ u-vdo,
Q r

1

(Bou, v)yr_y = / F(u)-vdx+ | G(u)-vdo,Vu,v € V.
Q

I'

The assumptions made on F' and G imply that B, fulfils the assumptions
of Theorem 6.1, consequently the corresponding pair (A, B) satisfies the
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assumptions (3) to (8). For the stability results we need to check that the
pair (—A;,Zy) satisfies the stability estimate, where the control space U
is defined by

U=L*T)"if F =0,

U=L*Q)"if G=0.

In the first case the stability estimate was proved in [4] under the as-
sumption (65) (a similar estimate was proved in [11], [1] under stronger
assumptions on I'y and I'y). If the tensor (a;;x;) corresponds to the Lamé
system, then the stability estimate was proved in Lemma 3.2 of [15] under
the weaker assumption

m-v <0onlTl,.

In the second case (i.e. G=0), the stability estimate for the pair (—A;,Zy)
was proved in Lemma 3.6 of [13].

As in the previous subsection, these conditions (on I'y, I'; and the
coefficients (a;;1;)) and appropriated conditions on F' and G lead to expo-
nential, polynomial, logarithmic or other decays. Bounded feedbacks are
also allowed due to the embedding H'(Q) x H'(Q) — L*(Q) x L*(T),
for some o > 2.

6.4 — Nonlinear stabilization of a coupled system

We consider the following coupled system in a bounded domain €2
with a C*-boundary:

O?uy + A%uy + auy + g1 (0suq, Oyus) =0 in Q,
D2uy — Aug + auy + g2 (Oyuy, dyug) = 0 in Q,
u; = d,u; = upy =0 on X =Tx]0, 0],

u;(0) = ug;, Opu;(0) = uy; in Q0 =1,2.

(69)

Here g; are mappings from IR into IR such that the mapping G from IR”
into IR? defined by

G(z,y) = (9:1(2,9), 92(x, ),

satisfies the assumptions (35) to (37). Finally a is a scalar function that
we assume to be in L>(2).
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The above system was considered in [14] when g; (resp. go) only
depends on 0yu; (resp. Oyuz). In that case this author proves exponential
or polynomial decay rates under appropriated conditions on a, g; and
g2. Let us notice that if a = 0 and if g; (resp. g») only depends on 0,u,
(resp. Oyuz), then the above system is splitted up into the wave equation
considered in Subsection 6.2 and the standard Petrovsky system studied
in [12]. Our subsequent analysis then covers the analysis of this last
Petrovsky system.

First problem (69) is in the form (59) with the definitions (see [14]):

H = L*(Q2)?,
V = Hg(Q) x Hy (%),
((ur,ua), (vi,v2))y = /Q (AuyAuy + Vugy - Vo) de+

+ / a (u1vy + ugvy ) do,
Q

(Ba(u1,us2), (v1,v2))vi—y = /Q (g1(uy, ug)vr + g2(uy, us)vy) de,
\V/(Ul,’U,Q), ('Ul,'UQ) S V.

The assumptions made on g; and g, imply that B, fulfils the assumptions
of Theorem 6.1, consequently the corresponding pair (A;, B) satisfies the
assumptions (3) to (8). For the stability results we need to check that the
pair (—A;,Zy) satisfies the stability estimate when the control space U
is given by U = L?(Q2)?. This stability estimate was proved in Lemma 3.1
of [14] under the assumption

1
lall oo (@) < PR

where ¢/, ¢” > 0 are the constants appearing in the above Poincaré type
inequalities:

[l < ¢ [ (Aw) da, Yu € HE(®)

[l oy < ¢ | [Vul* o, Yu € HY(®)
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This condition and appropriated conditions on ¢g; and g, lead to expo-
nential, polynomial, logarithmic or other decays. As before bounded
feedbacks are also allowed.

6.5 — Nonlinear stabilization of Maxwell's equations

We consider Maxwell’s equations in  C IR?® with a smooth boundary
and a nonlinear internal feedback:

E
gaa—t —curl H + g(E) =0in Q :=I'x]0, +o0],

H
8— +curl £ =0 in Q,
(70) o .
div(pH) =0 in Q,
Exv=0,H -v=0onX:=TIx]0,+o0],

E(O) = Eo,H<0) = HO in Q

As usual € and p are real, positive functions of class C*=(2). The func-
tion g from IR” into itself is assumed to satisfy the properties (35) to (37).
The stability of this system was studied in [39] with a linear feedback
g(F) = oF, with ¢ > 0. In particular the exponential decay was shown
in that paper if ¢ > g9 > 0.
Contrary to the above examples this system is not a second order
system but (compare with [7]) it enters in the setting of (9) once we set

M= 1(Q)° x J(, ),
J(Q,p) = {H € L*(Q)*:div(uH)=01in Q,H -v =0 on I'},
((E,H), (B, H )y = / (¢E-E'+ uH - H') da,

V=V xJQu),
V={FeclLl*Q)?* curlE € L*(Q)*,E xv=0onT},

(A(E, H),(E',H')) = / (curl E- H' — H - curl E') d,

(B(E,H),(E',H")) /gExu x v)do.

One readily checks (as in [7, Section 3]) that the assumptions (3) and (4)
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hold since the bilinear form

/(;flcurlE ccurl E' + €E - E') dx
)

is clearly coercive on V. Moreover Lemma 2.3 of [35] implies that (5)
and (6) hold. Finally from the definition of A; (7) clearly holds, while
from the definition of B and the properties (35) and (36) satified by g, (8)
holds. As the results of Section 5 of [39] imply that the pair (—A;,Zy)
satisfies the stability estimate when the control space U is given by U =
L*(Q)3, we may conclude exponential, polynomial, logarithmic or other
decays under appropriated conditions on g. Here bounded feedbacks are
not allowed since V' is not embedded into L*(2)? for some a > 2.

Let us finally notice that Maxwell’s equations with a nonlinear bound-
ary feedback

E
888_75 —curl H =0 in Q :=T'x]0, +o0],

H
uaa—t +curl £ =0in Q,
div(eE) = div(pH) =0 in @,
Hxv+g(Exv)xv=0onX:=Ix]|0,+o0],
E(O) = Eo,H(O) = HO in Q,

was studied in [3], [21], [39], [7], [36]. Different decay rates are avalaible
under different conditions on €, and I' and appropriated assumptions
on g. It was shown in [7] that (71) enters in the setting of (9), where the
assumptions (3) and (5) are also checked under some conditions on €2, €
and g (similar arguments actually imply that (4) and (6) hold as well).
The stability analysis following the point of view of our paper is given
in [36]. We then refer to that paper for the details.
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Asymptotic behavior of convolution powers of
a probability measure on harmonic extensions

of H-type groups

F. TOLLI

ABSTRACT: We give a local (central) limit theorem and a renewal theorem for
radial probability measures on AN -groups.

— Introduction

Solvable extensions of H-type groups have been objects of inten-
sive studies in recent years, since the discovery made by E. DAMEK and
F.Riccr [4] of a counterexample to the Lichnerowicz conjecture. Indeed,
after E. Damek and F. Ricci have shown [5] that, despite the lack of
symmetry, it is possible to develop on these groups a harmonic analysis
similar to the one developed by Harish-Chandra for semisimple groups,
several authors have investigated the possibility to extend to these groups
analogous results known for rank one symmetric spaces: multipliers prob-
lems [2], Paley-Wiener theorems [6], asymptotic behavior of the heat ker-
nel [1], to mention just a few. In this paper we follow the mainstream, but
with a more probabilistic flavor. We first recall two well known results for

KEY WORDS AND PHRASES: Local limit theorem — AN -groups.
A.M.S. CLASSIFICATION: 43A80 — 60BIS
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the convolution powers of a nonarithmetic probability measure p on IR.
The local (central) limit theorem states that if © has mean zero and vari-
1217 converges weakly to a multiple, which
depends only on o, of the Lebesgue measure on IR. The renewal theorem
deals with the potential U(f)(x) = 3.1 u*" * f(x), where f is a con-
tinuous function with compact support. We have that lim, ., . U f(z) is
different from zero if and only if u has finite positive mean and the mass
of f is different from zero; moreover, if this is the case, the value of the
limit is the reciprocal of the mean of p multiplied by the mass of f.
Both these results have been extended to symmetric spaces by Bouge-

*7

ance o then the sequence n

rol in [3] and in this paper we will show how Bougerol’s method can be
easily adapted to the setting of harmonic extensions of H-type groups. In
particular we consider a radial probability measure on an AN-group with
support not concentrated at the origin and we prove that the sequence
p 32
spherical function ¢q. In particular, for any compact set K of the origin
w"(K) decays exponentially. We should recall that the local asymp-
totic behavior of the convolution powers of a probability measure on any

, where 0 < p < 1, converges weakly to a multiple of the

(amenable) connected Lie group has been determined by N. Th. Varopou-
los [10]. According to Varopoulos’ classification our AN-groups are in
the category of NC' groups and if u is a symmetric (i.e. p(A) = u(A™1)
for every measurable set A) probability measure on such groups then
w(K) ~ n=3/2; thus we do not have an exponential decay as for the the
radial measures. To clarify the reason of this difference consider the case
when the measure p has a density f. Then u is symmetric if and only if
f(z™') = f(z)m(z) a.e., where m denotes the modular function. Since
radial densities are symmetric in the usual sense, i.e. f(z™!) = f(z), and
the modular function is trivial only at the origin, we have that probability
measures associated with radial densities are not symmetric.

— Preliminaries

Let n be a two-step nilpotent Lie algebra endowed with a scalar prod-
uct (-, -). Denote by 3 the center of n and by p the orthogonal complement
of 3 in n. Let Jz : p — 3 the linear map defined by

(JzX,Y)=(Z,[X,Y]) (X,Y ep;Z€3).
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Then n is a Heisenberg algebra if
Ji =—|Z]*’I V Z €3,

and the corresponding simply connected group N is called of Heisenberg-
type or simply H-type group. If £ = dimj and m = dimp we have
that m is always even so that @ = 3 + k is a positive integer called the
homogeneous dimension of N. Identifying the group with its Lie algebra
via the exponential map we have that the product on N is given by

1
(X, 2) (X", Z') = (X FXL 2424 X, X']) .
The semidirect product G = N x IR, defined by
1
(X, Z,a) (X', Z,a) = (X +a? X', 7 4+ aZ' + 5a,1/2 (X, X], aa’)

is a solvable Lie group with Lie algebra g = p + 3 + IR. It is equipped
with the left invariant Riemannian metric induced by the scalar product

(X, Z,0),(X, 2 1)) = (X, X"y +(Z,2') + 1

on g. The associated left Haar measure is given by

d
dlg = dg = anXdZ;a

while the right Haar measure is given by

d®g = adXdZda

so that the group is not unimodular. We recall that if S = KAN is the
Iwasawa decomposition of semisimple connected Lie groups of real rank
one, then the solvable group AN = NA is an example of a harmonic
extension of an H-type group.

If g =an,a € Ry,n € N we denote by a(g) the element a and by
r(g) = d(g, e) the geodesic distance of g from the identity e. Furthermore
we denote by S, = {g € G : d(g,e) = r} the geodesic sphere of radius r.
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A function is said to be radial if it depends only on the geodesic
distance or equivalently if it is constant on every geodesic sphere. The
space of the continuous (resp. smooth) radial functions with compact
support is denoted by C.(G)# (resp. CF>(G)#). A (probability) measure
is said to be radial if x,.xu = uxx, = pu ,where, for every r > 0, x,. denotes
the normalized surface measure induced on S, by the Haar measure dg.
Obviously if 4 has a density f we have that u is radial if and only if f is
a radial function. The spherical functions are the radial eigenfunctions of
the Laplace-Beltrami operator A on GG, normalized at the origin. They
are real analytic, since A is elliptic, and have the following properties [5]:

e all the spherical functions are of the form

6:(9) = :r(9)) = [ a(m)**dx,ly). 2 € C
o $.(r) = _.(r);
e ¢_.(r) are holomorphic function of z uniformly bounded in z and r
for -2 < R(z) < £

The Fourier transform of a radial measure p is defined as

Fu(z) = | o.()du(o)

and obviously the Fourier transform of a radial function is defined as the
Fourier transform of the associated measure. If f € C:F*°(G)# then its
Fourier transform Ff is a symmetric entire function that decays expo-
nentially on every vertical line. Moreover the following inversion formula
holds true [9], [1]:

2

ok-3] (m—i— k + 1)
1) = —— s [ FI9)60(r)elis)|ds

where ¢ denotes the Harish-Chandra function i.e.

2@72,2{‘(221){‘ (%)

c(2) = F(Q—;QZ)F(m—FjZ—FQ)’

z e (.
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In the following we will denote by C} the constant in front of the integral

in the inversion formula.

— The Fourier transform of a measure

LEMMA 1. Let i be a nonsingular radial probability measure on G.

Then the Fourier Transform Fu has the following properties:

1.

Fu(t +is) is continuous in the strip S = {t+is€ C:s € R, —% <
t < %} and holomorphic in its interior;
|Fu(t+is)| < Fult), s #0,-% <t < ¢

and Fu(t) < Fu(€) =1, -9 <t< ¥

. . Q Q

limsup [Fpu(t +is)] < Fp(t), —5<t<3.

PRroor.

The spherical functions ¢, (g) are holomorphic functions of z € C that
are uniformly bounded in the strip S. This on the one hand implies
that the Fourier transform of p is continuous on S and on the other
hand, by Cauchy’s formula, that also the derivatives of ¢.(g) are
uniformly bounded in any substrip —% +e<R(2) < % —¢€. Thus the
integral [ ]j—igf)z (9)|du(g) is convergent and this guarantees that the

function Fu(z) is smooth in the interior of S and that j—i}",u(z) =
l

o 50-(9)dp.

We will first show that analogous inequalities hold for the spherical

functions. This has been proved in [5], but for us it is essential to

check that the inequalities are strict. If s € R\{0}, —¢ <t < ¢
and |g| =r # 0,

el =| [ o), ) <

< [ a¥a, ) <

QU2
< ([ awed.wm) T -
=6 9(0)"T = 6g(9)"T =1,
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where the first inequality follows from the passage of the absolute
value under the integral and the second one by Jensen’s inequality.
They are strict because the function a(y) is not constant on S,., for
r > 0 and the first inequality also holds for t = :l:% Then 2) follows
from the fact that the support of i is not concentrated at the origin.

3) This is an immediate consequence of the analogous property of the
spherical functions which, in turn, follows from the classical Riemann-
Lebesgue lemma. U

LEMMA 2. Let p be as in the previous lemma and consider the
function of real variable h(s) = Fu(is). Then

1. The first derivative of h vanishes at zero;
2. The second derivative of h at zero is strictly negative.

PRrROOF. The first statement follows from the symmetry of the spher-
ical functions, namely ¢;s(g9) = ¢_:;s(g). By the proof of the previous
lemma we have

d? d? Q .
h(0) = /G aw)?

dufy) = - | w(a(w)?a(w) ¥ du(w)

S

which is clearly nonpositive. It is equal to zero if and only if a(y) =1 u
a.e. and this is not the case since the support of u is not concentrated at
the identity. O

LEMMA 3. The Harish-Chandra function has the following properties:

1. For s € IR we have

2\ |2
“(3)r (")

. . -2 2 _ 2 .

nlirilwn|c(zs/\/ﬁ)| =4s R = 457Cy;
r(ME )2

2. ¢(2)~" is holomorphic in the region Sqg = {z € C: R(z) > —%} and
there exists k such that

le(2)| 7P < k(1+2))F z€ So.
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PRroOF. Both statements are immediate consequence of the definition
of ¢ and well known properties of the Gamma function. For instance 1
follows from the fact the I'(z) is holomorphic and different from zero for

R(z) > 0 and that ~ 2is for s in a neighborhood of the origin. [

1
T'(2is)

— The local limit theorem

THEOREM 1. Let pu be a nonsingular radial probability measure on G
and f a continuous function with compact support. Then

o[ 0 = [ St

where C' = C1Cy [ s eXP(FHN(O)SQ)dS-

2F 1 (0)

PROOF. Let R be the operator of radialization [4], then [ f(g)du*" =
JoRf(g)dw(g), so we can suppose that f is radial. Since C°(G)* is
dense in C.(G)# [6], we can suppose that f is also smooth. Then, by the
Paley-Wiener theorem, the function f has an integrable Fourier transform
and thus, by the Fourier inversion formula, we have

Fu(0) "0/ | F@)du™(g) =Fu(0) "2 f 5 " (e) =

= O Fu(0) "2 F f(is) Fu(is)"|c(is)|~2ds.
R

Notice that for any positive n

. 3/2 Fulis)\" . SN2 7.
ngrilmCln/ /s|>n (]__H(O)> Ff(is)|c(is)|"“ds =0

since, by Lemma 1, there exists 0 < € < 1 such that |J;“((Z§)|" < €,

for |s| > n and the integrand is uniformly dominated by the integrable
function C|F f(is)(1 + |s|*)|. Lemma 2 and Taylor’s formula give

1 d?
Fulis) = Fpu(0) + 55 Fu(0)s* +o(s2), |s| <,
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which implies that for |s| < n/n, |[Fu(is/\/n)| < exp(—cs*/n) and

- (Fulis/vm)\" Fu'(0)s*\" _ (Fu(0)s?
Jm (T@) e (“ 2fu(0)n> - p< 2F(0) )

Performing a change of variable s — s/y/n and taking in account Lemma 3
we have

. 3/2 Fu(is)\" . C N2 7.
nl—l}—&r-loo Cyn® Ael<n (]:/L(O) ) Ff(is)|e(is)| “ds =

=amof Nt | F () ()

:Clcg/ReXp (“T“H((gj ) S2Ff(0)ds

~ a6, [ e (%) s [ H@)ola)ds, i

— The renewal theorem

We first recall the classical renewal theorem for the potential of a
probability measure on IR. Let p be a nonarithmetic noncentered prob-
ability measure on IR, define the potential measure v = >, ©*" and
set U(f)(x) = v* f(z) for f € C.(IR). Notice that if /i denotes the
Euclidean Fourier transform, and f is also smooth, we have, using the
Fourier inversion formula, that

*7 1 : 1 N —i€x
(1) = Su s @) = 5ot | e O e

The asymptotic behavior of the function U(f)(x) is well known [8]:

e If ;1 does not have first moment, then liI:El Uf(x)=0;

e if ;4 has first moment and its mean m is positive, then lirp Uf(x) =
[ f(y)dy/m and lim Uf(x)=0
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e if 1 has first moment and its mean m is negative, then hrf Uf(z) =
[ f(y)dy/m and lim Uf(x) =

We consider the map 7, : G — IR that sends g = na(g) to In(a(g)). This
induces a map on the space of measures by setting 7,(v)(B) = v(m, ' (B))
for any Borel set in IR. In the following we will denote by p4 the real
measure (). Notice that F(u)(£ +is) = fia(—s). In particular if p
is a nonsingular probability measure on G we have, by Lemma 1, that
14 is a nonarithmetic probability measure on IR. We say that p has
first moment if [ |In(a(g))|du(g) < +oo and, if this is the case, we call
m = [,In(a(g))du(g) > 0 the mean of . Obviously p has first moment
if and only if p4 has (classical) first moment and if this is the case the
mean of u coincides with the (classical) mean of pi4.

THEOREM 2. Let i be a nonsingular radial probability measure on G.
Then if i has mean m

s / fdg

while the above limit is zero if i does not have first moment.

; Qr #
rgrfwe Z,u vV feC.(G),

PROOF. By the density of C>(G)# in C.(G)# we can suppose f
smooth. Then the Fourier inversion formula gives

@ S s = [ g it s

Recalling the asymptotic expansion of the spherical functions [2]
pis(r) = c(is) Zl“lzs (is=1=)r 4 o(— ZFZ (—is=1=F)r
1=0

where I'y = 1 and I';(-) are holomorphic functions on {z € € : R(z) < 1}
that satisfy the estimates [2]

(3) sup |Ty(2)] < d(1+1)*

R(z)<0
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for some constant d independent of z. Then, since |c¢(is)|* = c(is)c(—is),
(2) equals

F f(is) AR e
C — (- [y (is)e™ 37 ds+
S > 1)
F f(is) S\ = . —is—1+Q
+C ————c(is E Ty(—is)el "3 s,
1 R 1— f,U,(ZS) ( ) o l( )

The change of variable is — —is in the first integral allows us to write
the above sum as

ff(ZS —is—1 Q r
201/Rm ZFz —is)e T ds.

Note that, by (3), lim, ;_OEQH Fl(—is)e(‘is‘”%)r =0 for all s € R
=3
and thus, applying the Lebesgue dominated convergence theorem, we are

left to estimate

. Fflis L N— . s+ @y,
TEI-‘H)O 201/1%%0(13) INTT(—is)e T B ds =

(4)

— : : ff(ZS) -\ —1 . (—is—l+Q)r
=20, - TEE_HOO 1};1%1 - WC(ZS) Fl(—zs)e 2" ds

If 0 < b < 1 the function Fj(z) = l_fji_if()z)c(z)*lfl(—z)e(**”%)r is holo-

morphic in {z € €: 0 < R(z) < £} and continuous on its closure. Since
F,(t+is) is rapidly decreasing for s — oo, we can use the Cauchy integral

formula to shift the contour of integration obtaining that (4) is equal to

9 Ff (z's +C§> ) 1 0 |
2C12 lim lim c(z's +_> Fz( is— )e(lsl)rds.
r—+oo b1l Rl—b}"u(is—i—9> 2 2
2

If |s| > n for a fixed positive number 7 the quantity |1 — bFpu(is + £)| =
|1 — bria(—s)| is bounded from below uniformly in b and thus, by the
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classical Riemann Lebesgue lemma, we are reduced to estimate

% ff (ZS + %) Q —1
2, Y lim i Ll (is+ ) x
1 ;THIW 011 Jigen 1= bjia(—s) * <ZS 2

x I (—z’s — %) e(7is=0r g

The function g,(s) = Ff(is+ <)c(is+ L) "'Ty(—is — £), for n sufficiently
small, can be written, by Taylor’s formula, as

()

(© a(s) = 9i(0) + 5 ai(0)s + $*Mi(s), |s] <

V|s| < n and thus, using again the Riemann Lebesgue lemma, we have

where M;(s) are bounded. On the other hand |1 — byia(is)| > cb|s|?,

S

(7) lim lim 82M<8),

(—is=Ur _
S ds = 0.
0 r—+00 b1l Ji51<p 1-— b/j,A(ZS)

We can find smooth functions h; with compact support whose Fourier
transforms satisfy

A~

(=) = @(0) + Lai(0)s +ols), Is| <,

so that, taking in account (6) and (7), we have that (5) is equal to

6(—is—l)rd8 _

Q .
LR hi(—s)
2C lim lim —_
' ; =00 b1 Jig1<y 1 — bria(—s)

2 1 h .
=4rC, lim e " lim—/ Lf)e“rds.
£t r—-to0 11 27 Jr 1 — bpia(s)

By (1) the limit in b is nothing but the potential Uh,(—r) associated with
the measure p4. By the classical renewal theorem we have that if ;1 and
thus g4, does not have first moment then
: —rl _ _ Q
lim e "Uh(-r)=0, VIi=0,1,... 5

r—-+00
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If the measure p and thus ps has mean m then the above limit is zero

for

all [ # 0 while

ho(z)dz  ;
lim Uhg(—r) = /R — - ho(0)

r——4o0 m
Dr(9)(5)
“\r. (X il
:go(O):]:’u(2 0 5 ¢ 5 :/Gf(g)dg
m m . (9) "
2
which, in virtue of (8), concludes the proof of the theorem. 0
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Fonctions finement biharmoniques

dans un espace biharmonique

C. BENSOUDA - M. EL KADIRI — 1I. ROUCHDI

ABSTRACT: We define and study a theory of finely biharmonic functions in a fine
domain of a biharmonic space in the sense of Smyrnelis satisfying the axion D

1 — Introduction

En théorie classique du Potentiel dans IR", la topologie fine a été
définie par H. Cartan en 1940 comme étant la moins fine des topologies
rendant continues les fonctions surharmoniques. Cette topologie a été
ensuite étendue au cadre des diverses théories axiomatiques du Potentiel
et aux théories du Potentiel des processus de Markov.

La théorie du balayage des mesures a permis a FUGLEDE de dévelop-
per et étudier dans [12] une théorie des fonctions finement harmoniques
dans un ouvert fin (i.e., ouvert au sens de la topologie fine) d’un espace
harmonique de Bauer X vérifiant I’axiome de domination (ou Axiome
(D)), généralisant la notion classique de fonction harmonique dans un
ouvert ordinaire de X.

SMYRNELIS [19], [20] a développé une théorie axiomatique des fonc-
tions biharmoniques s’appliquant a un opérateur obtenu par couplage de

KEY WORDS AND PHRASES: Harmonic and biharmonic space — Finely harmonic and
superharmonic function — Finely biharmonic function — Fine open set.
A.M.S. CLASSIFICATION: 31B30 - 31D05
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deux opérateurs différentiels L, et L, du second ordre elliptiques ou pa-
raboliques dans un ouvert €2 de IR", et a montré qu'on peut étendre a
ce nouveau cadre les méthodes et les résultats de la théorie classique ou
axiomatique des fonctions harmoniques. Dans cette théorie un espace
biharmonique (X, H) est la donnée d’un espace localement compact X
muni d’un faisceau d’espaces vectoriels de couples de fonctions réelles
continues sur les ouverts de X vérifiant certains axiomes. A un tel espace
sont associés deux espaces harmoniques de Bauer (X, H;) et (X, Hs).

BOULEAU [4] a ensuite montré que dans la théorie de Smyrnelis les
couples hyperharmoniques > 0 sont exactement les couples excessifs d’une
résolvante triangulaire de noyaux boréliens sur 1’espace de base. BOBOC
et BUCUR [2] ont montré que ces couples s’identifient aussi aux fonctions
excessives d’une famille résolvante de noyaux sur ’espace X ¢ X.

Dans [11], le deuxiéme auteur a introduit et étudié la notion de fonc-
tion finement biharmonique dans un ouvert fin de la théorie classique du
Potentiel dans IR". Outre le fait qu’elle soit 'extension naturelle de la
notion de fonction biharmonique aux ouverts fins, 'intérét de cette notion
réside aussi dans le probleme d’approximation des fonctions continues sur
un compact K par les restrictions a K de fonctions biharmoniques aux
voisinages de K.

Notre but dans ce travail est d’étendre les résultats de [11] au cadre
d’un espace biharmonique de Smyrnelis dont les espaces harmoniques
associés admettent la méme topologie fine.

Les notations utilisées dans tout ce travail seront identiques a celles
des travaux de Fuglede et Smyrnelis cités dans la bibliographie, auquels
on renvoie pour plus de détails.

2 — Mesures biharmoniques

Tout au long de ce travail nous utilisons la théorie locale des fonctions
biharmoniques telle qu’elle est présentée par SMYRNELIS dans [19] et [20],
dont nous rappelons ici quelques résultats nécessaires aux développements
qui suivent.

Soit (X, H) un espace biharmonique au sens de [19] d’espaces harmo-
niques associés (X, H;) et (X, Hz). On note Ut (X) le cone des couples hy-
perharmoniques positifs sur X. Par le mot fonction on entendra toujours,
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sauf mention expresse du contraire, une fonction a valeurs dans IR. L’or-
dre sur I’ensemble des couples de fonctions sur un ensemble M est I'ordre
produit usuel:

(fi9) < (hk) <= f<hetg<k,
(f,9) < (hk) < f<hetg<ek;

on écrira aussi (h,k) > (f,g) (resp. (h,k) > (f,g)) au lieu de (f,g) <

(h,k) (resp. (f,g) < (h,k)). Si (f,g) = (0,0), (vesp. (f,g) > (0,0))
on écrira tout simplement (f,g) > 0 (resp. (f,g) > 0). Soient F =
(f,g9) et G = (h,k) deux couples de fonctions; on pose min(F,G) =
(min(f, k), min(g, k)) (resp.max(F, G) = (max(f, h), max(g, k))), ou, pour
deux fonctions u et v, la fonction habituellement notée min(u,v) (resp.
max(u,v)) est définie par min(u, v)(z)=min(u(z),v(x)) (resp. max(u,v)
(z) = max(u(z), v(x)).

Pour tout couple ® = (f,g) de fonctions sur X, et toute partie £
de X, on note ®¥ le couple réduit du couple ® sur E. On rappelle que

ce couple est défini par
®F = inf{(u,v) € UT(X); (u,v) > ® sur E},

ou l'inf est pris au sens de l'ordre produit. Le couple balayé de & sur F
est noté ®F et défini par ®F = (®F, BE), oli, pour une fonction h sur X,
h désigne la régularisée s.c.i. de h, i.e. la plus grande minorante s.c.i. de
h dans X. On remarquera que 'on a ®¥ = (&7)¥ ot & = max(®, 0).

Si f est une fonction définie sur une partie A de X, on note 7 Rf et
J EA, j = 1,2, respectivement la réduite et la balayée de f sur A dans
I'espace harmonique (X, H,).

Si A est une partie de X, on note A I'adhérence de A dans le com-
pactifié d’Alexandroff de X.

Comme en théorie des espaces harmoniques, c’est la notion de ba-
layée d’'un couple de mesures qui va nous permettre de définir la notion
de couples finement hyperharmoniques, surharmoniques ou harmoniques.
A cet effet, nous rappelons le résultat suivant [20, Théoreme 7.11 et
Théoreme 7.12]:

THEOREME 2.1. Pour tout couple (o,7) de mesures de Radon po-
sitives sur X et toute partie B de X, il existe trois mesures de Radon
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positives o ¥ et TP sur X telles que, pour tout H-potentiel P = (p,q),

/]31Edaz/ pdoE+/ qds”?,
/132Ed7':/ qdr®,

ot PP = (PF, PY).

on ait

Lorsque ¢ = 7 = €,,¢ € X, on notera les mesures oc” ¢F et 77

correspondantes dans le théoréme précédent par o, ¢¥ et 7F respecti-
vement. Ce sont ces mesures qui permettent de définir les notions de
couples finement harmoniques et finement hyperharmoniques.

On note P(X) (resp. P1(X), resp. Po(X)) le cone des H- (resp. Hi-,

resp. Ho-) potentiels et on pose

Py(X) ={q € Po(X)|3p € P1(X) : (p,q) € P(X)}.

LEMME 2.2. Soit (X, H) un espace biharmonique fort. Alors, tout
Ho-potentiel q est l'enveloppe supérieure d’une suite croissante (q,) d’élé-
ments de Py(X).

DEMONSTRATION. Soit (p', ¢") un H-potentiel tel que p’ > 0 et ¢’ > 0.
11 est facile de vérifier que la suite (g,,) définie par g, = min(q, nq’) répond
aux conditions du lemme.

Dans toute la suite de ce travail (X, H) est un espace biharmonique
fort au sens de Smyrnelis dont les espaces harmoniques associés (X, H;)
et (X,H,) vérifient Paxiome (D) et admettent la méme topologie fine,
qu’on appelera topologie fine de X. Les ouverts de cette topologie seront
appelés les ouverts fins de X. On utilisera le mot fin (finement) pour
distinguer les notions relatives a la topologie fine de celle relatives a la
topologie initiale. Pour toute partie A de X, on note Aet 0y A l'adhérence
fine de A et la frontiere fine de A, c’est-a-dire au sens de la topologie fine.

EXEMPLE. Soit © un domaine de IR", n > 1. On note Ha le faisceau
biharmonique défini sur 2 par le Laplacien:

Ha(w) = {(u,v) € [C*(w)]* : Au = —v, Av = 0},



[5] Fonctions finement biharmoniques etc. 135

pour tout ouvert w de €. Le couple (2, Ha) est un espace biharmonique
dont les espaces harmoniques associés sont identiques a l’espace harmo-
nique classique défini par l'opérateur de Laplace sur 2. On rappelle
d’apres [10] que 'espace biharmonique (IR",Ha) est fort si et seulement
si n > 5. Par contre, si Q est un domaine borné de IR", ’espace bihar-
monique (€2, H) est fort pour tout n > 1.

PROPOSITION 2.3.  Pour tout ouvert fin w de X, et tout x € w, on a

Cw _ 1,Cw Cw _ 2,Cw A N @7 4
07 =€, el 7Y =€, ou e, 5 =1,2, est la balayée de la mesure

€, sur Cw dans lespace harmonique (X, H,;).

DEMONSTRATION. En appliquant le théoréme précédent aux cou-
ples P = (p,0), ou p est un H;-potentiel quelconque sur X, on voit que
ol = L% Pour établir I'égalité 76« = €2« il suffit d’utiliser le
lemme précédent en observant que pour tout H-potentiel P = (p,q), la
fonction 132E n’est autre que la balayée de ¢ sur E dans ’espace harmo-

nique (X, Ha,).

REMARQUE. Plus généralement, si o et 7 sont deux mesures de
Radon > 0 sur X et si £ C X, les mesures o” et 7% ne sont autres que
les balayées des mesures o et 7 relativement aux espaces harmoniques
associés (X, Hi) et (X, Ha).

Il est bien connu que pour tout ouvert fin w de X, les mesures €.~

2.0w gont portées par d;w (voir [12]). Donc, d’apres la proposition
précédente, les mesures 05 et 7%, x € w, sont portées par 9;w.
Soit w un ouvert fin de X. Pour tout # € w, on pose u* = o¢«,

T
w _ Cuw w _ ~Cw
VY =¢ Y et A =T1.“.

et €

DEFINITION 2.4. Soient w un ouvert fin de X. Pour tout z € w, le

triplet de mesures (u%, v¥

© X\¢) est appelé le triplet des mesures biharmo-

niques de w au point x.

REMARQUE. Si w est un ouvert H-régulier de X et si x € w, les
mesures i, V¥ et AY, ne sont rien d’autres que les mesures biharmoniques
habituelles de w au point x (voir [19]).

Pour quelques propriétés des mesures biharmoniques, utiles pour la
suite, nous avons besoin de rappeler deux résultats dus & BOULEAU [4]:
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THEOREME 2.5. Il existe un noyau borélien unique ¥V sur X ayant
les propriétés suivantes:

i) Pour toute fonction finie continue ¢ > 0 d support compact sur X,
la fonction V(p) est Hi-surharmonique > 0, finie, continue et H;-
harmonique dans le complémentaire du support de p.

ii) Pour toute fonction Hy-hyperharmonique v > 0 sur X, V(v) est la
fonction hyperharmonique pure d’ordre 2 associée a v.

On rappelle (voir [21]) que la fonction hyperharmonique pure d’ordre
2 associée a une fonction Hy-hyperharmonique v > 0 dans X est la plus
petite fonction H;-hyperharmonique u > 0 telle que le couple (u,v) €
UT(X); elle est donnée par

u=inf{s: (s,v) e Ut (X)}.

REMARQUE. Si f est une fonction borélienne > 0 sur X, alors V(f)
est Hi-hyperharmonique > 0 dans X.

THEOREME 2.6.  Awec les notations du théoréme précédent, on a,
pour tout couple (u,v) € UT(X),

V(v) < u,

i.e. il existe une fonction Hi-hyperharmonique t > 0 telle que u =

V(v) + t.

On va maintenant appliquer les Théoremes 2.5 et 2.6 pour le calcul
du couple balayé sur une partie A de X d’un couple ® = (u,v) € U+ (X)
au moyen du balayage relativement aux espaces harmoniques (X, H;) et
(X, Hs).

Dans la suite, si s et ¢t sont deux fonctions H;- surharmoniques > 0
telles que s < t, on note t — s la fonction v H;-surharmonique > 0 telle
que t = u + s.

PROPOSITION 2.7. Pour tout couple H-surharmonique (s,t) > 0 dans
X et toute partie A de X, on a

—A ~
(s,t) = (R

57V(2I/'€24)

+V(ERM2RY).
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DEMONSTRATION. Remarquons d’abord que 1'on a

—A

(s,t) = (inf{u:u>ssur 4, (u,>RY) e Ut (X)},2RA).
Or, pour tout couple (u,2 RA) € UT(X), on a, d’apres le Théoreme 2.6,
w=VCRY +r

ou 7 est une fonction H;-hyperharmonique > 0. D’autre part, comme
(5,2 RY) e UT(X), on a, d’apres le Théoreme 2.6,

s=V(CR!) +k,

ou k est une fonction H;-surharmonique > 0 dans X. On en déduit que

—A

(s.t) = (VR +'Ry 2R,
d’ou le résultat.

COROLLAIRE 1. Pour tout couple H-surharmonique (s,t) > 0
dans X et toutes les parties A et B de X telles que A C B, on a

DEMONSTRATION. On a, d’apres la Proposition 2.7,

/\A o~ o~ ~
(37t) = (1R;4,V(2§£4) + V(2R1154)a2 Rf)
En utilisant les relations 1]§f§A = R4 ot 2§§§A = 2R4 pour u H;-

hyperharmonique > 0 et v Hg—ﬁyperharmonique % 0 qui découlent aus-
sitot du Théoreme 9.1.1 et du Corollaire 9.2.3 de [7], on obtient

—— B
—A —A

((s,8) ) =(s:0) -

COROLLAIRE 2. Soient w un ouvert fin de X et x € w. Alors la
mesure V¥ est portée par la base b(Cw).
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DEMONSTRATION. D’aprés le Théoréme 2.1, on a, pour tout H-
potentiel P = (p,q) dans X et tout = € w,

ﬁfw(ﬁc):/ pdu$+/ qdv.

— Cw

Comme PC» = 130“’, on a aussi, toujours d’apres le Théoreme 2.1,
PE(z) = / PEedps + / Peedve.

Comme P{¥ = 2ng en vertu du corollaire précédent, on en déduit que

soit

/qdy‘;:/ 2RC“dv?,

pour tout ¢ € P4(X). D’ott, d’apres le Lemme 2.2,

[ adv: = [ 2Rgeav:

pour tout Hs-potentiel ¢ dans X. En prenant ¢ strict, ceci montre bien
que v¥ est portée par b(Cw), grace a [7, Proposition 7.2.2].

Comme b(Cw) C Oyw, on déduit du corollaire précédent que, pour
tout = € w, la mesure v est portée par O;w.

PROPOSITION 2.8.  Soit w un ouvert fin de X. Alors, pour tout
T € w, la mesure V¥ ne charge pas les ensembles H-polaires.

DEMONSTRATION. Soit z € w. Comme la mesure v est portée par
Osw, il suffit de montrer que v ne charge pas les H-polaires contenus
dans Jsw. Soit A un ensemble H-polaire C dsw, on peut trouver un H-
potentiel P = (p,q) dans X tel que p = ¢ = 400 sur A et p(z) < +oc.
On a alors [ gdvy < p(x) < 400, d'ou v¥(A) < v¥({g = +o0}) =0.
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3 — Couples finement hyperharmoniques et couples finement
biharmoniques

On désigne par f-lim et f-liminf respectivement les limites fine et
fine inférieure, c’est-a-dire au sens de la topologie fine. Pour un couple
F = (u,v) de fonctions sur U, on note f-liminf, ., F(z) le couple (f-
liminf, , u(z) f-liminf, ., v(z)).

On rappelle d’abord qu’une fonction » sur un ouvert fin U de X est
dite H,-finement hyperharmonique dans U, 7 = 1,2, si u est finement
s.c.i., a valeurs dans | — oo, +00], et si la topologie fine induite sur U
admet une base B formée d’ouverts fins w tels que w C U et

u(x) 2/ udel©

pour tout = € w ([12, p. 67]).
Par analogie avec cette définition on pose la

DEFINITION 3.1. Un couple (u,v) de fonctions sur un ouvert fin U
de X est dit finement H-hyperharmonique dans U si u et v sont finement
s.c.i. & valeurs dans | — 0o, +00], et si on peut trouver une base B d’ouverts
de la topologie fine dans U formée d’ouverts fins w de X tels que © C U
et

u(x) Z/ udu;’—i—/ vdre | v(x) 2/ vdA?
pour tout z € w.

Ces inégalités sont appelées inégalités de la moyenne.

La définition a bien un sens puisque, pour tout = € w, les mesures
ne, v et A2 sont portées par dsw et ne chargent pas les polaires.

On note U;(U) I'ensemble des couples finement H-hyperharmoniques
dans un ouvert fin U de X, et U; (U) celui des couples finement H-
hyperharmoniques > 0 dans U.

Un couple (u,v) de fonctions sur un ouvert fin U de X est dit fi-
nement H-hypoharmonique dans U si le couple (—u,—v) est finement
‘H-hyperharmonique dans U.

DEFINITION 3.2. Un couple (u,v) de fonctions sur un ouvert fin
U de X a valeurs dans IR est dit finement H-harmonique (ou simple-
ment finement biharmonique) dans U si (u,v) est a la fois finement H-
hyperharmonique et finement H-hypoharmonique.
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On dit qu'un H-potentiel P = (p,q) dans X est semi-borné si les
potentiels p et g sont semi-bornés.

THEOREME 3.3.  Soit (f,g) un couple de fonctions finement s.c.i.
sur U et finement H-hyperharmonique dans U. Si de plus il existe un
H-potentiel semi-borné P = (py,pa) dans X tel que (f,g) > —P, alors
on a (f(x),g(x)) > (" fdu¥ + [“gdv¥, [* gdA\Y) pour tout x € U ou P
est fini.

DEMONSTRATION. Il suffit d’adapter aux couples la démonstration
du Théoreme 9.4 de [12].

COROLLAIRE 1. Un couple (u,v) de fonctions sur un ouvert fin U
de X est finement H-hyperharmonique dans U si et seulement si u et
v sont finement s.c.i. > —oo, et si pour tout ouvert fin relativement
compact w tel que @ C U, sur lequel u et v sont bornées inférieurement,
et tout x € w, on a

*

u(z) Z/ ud,u;—l—/ vdvy, v(x) 2/ vd\.

COROLLAIRE 2.  Un couple (u,v) de fonctions finement continues
sur U a valeurs dans IR est finement harmonique dans U si et seulement
si pour tout ouvert fin relativement compact w tel que @ C U, sur lequel
u et v sont bornées, et tout x € w, on a

u(x) = /ud,u;’ +/vd1/;’, v(z) = /vd)\;’.

On déduit aussi du Théoreme 3.3 les propriétés suivantes des couples
finement hyperharmoniques:

1. L’ ensemble U;(U) est un cone convexe de sommet 0:
1) Yu,v € Z/{f(U), u+ve Uf(U),
i) Yu € Up(U), YA > 0 fini, Mu € Uy (U).
iii) De plus, le cone U;(U) est inf-stable, c’est a dire,
VE, G e Uf(U),min(F, G) S Z/{f(U)

UF(U) a les mémes propriétés.
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2. Si U; et U, sont des ouverts fins de X tels que U; C U, et si F' =
(u,v) € Up(Us), alors Fly, = (u|v,,v|v,) € Up(Uy).

3. Si (U;);er est une famille d’ouverts fins de X et si F' est un couple de
fonctions sur U = U, U; tel que F|y, € Up(U;) pour tout i € I, alors
F e Z/{f(U)

Ces propriétés de faisceau en topologie fine, vraies aussi pour les cou-
ples finement biharmoniques, permettent, quitte a se restreindre aux com-
posantes finement connexes de 'ouvert fin U, de se ramener au cas ou U
est un domaine fin que 'on fixera dans la suite. On rappelle que la topo-
logie fine est localement connexe (voir [12, corollaire du Théoréme 9.11]).
Quitte & ajouter a U I'ensemble polaire des points irréguliers de sa frontie-
re fine, on le supposera, grace au principe de prolongement par continuité
fine, régulier (donc un K, de X).

LEMME 3.4. Soit (h,k) un couple biharmonique > 0 dans X et w
un ouvert fin relativement compact de X. Alors on a

h(zx) = /hd,u;‘j —I—/k‘duf,

et

k(z) = / ked\?,

pour tout T € w.

DEMONSTRATION. D’apres la Proposition 2.7, on a

_——Cw ~ ~ —~
(h,k) = ("R + V(RS2 REY).

h—V(ROw)
Or les fonctions h — V(k) et k sont respectivement H;-harmonique et
Hy-harmonique dans X, donc 2R{Y = k et 1Rng(2ﬁkCW) =h—V(k), dou

——Cw

(h,k) = (h,k) et le lemme découle alors du Théoreme 2.1 et de la
Proposition 2.3.

COROLLAIRE. Soit (h, k) un couple biharmonique dans un ouvert €

de X pour la topologie initiale. Alors (h,k) est finement biharmonique
dans 2.
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THEOREME 3.5. Soient Q un ouvert de X pour la topologie initiale
et (u,v) un couple H-hyperharmonique dans Q2. Alors (u,v) est finement
‘H-hyperharmonique dans €.

DEMONSTRATION. Les fonctions u et v sont s.c.i., donc finement
s.c.i. dans 2. Ces fonctions sont aussi localement bornées inférieurement.
Quitte a se placer localement on peut donc supposer qu’il existe un couple
biharmonique (h, k) > 0 dans Q tel que (u,v) + (h,k) > 0. Soit w un
ouvert fin tel que w C 2 et sur lequel u et v sont bornées inférieurement
et soit = € w, alors on a

u(x) + h(z) = /*(u + h)de, >

Z/ (u~|—h)du§:—|—/ (v+ k)dve.

Or on a d’apres le lemme précédent

h(z) = / hdp + / kdv®,

k(z) = / ked\?,

N

d’ou i} .
u(z) 2/ udui%—/ vdve.

La fonction v est finement Ho-hyperharmonique d’apres [12, Théore-
me 9.8]. On en déduit que le couple (u,v) est finement H-hyperharmoni-
que dans Q.

Les quatres propositions qui suivent résultent immédiatement de la

Définition 3.1 et de celle des fonctions finement H-hyperharmoniques.

PROPOSITION 3.6.  Soit {(un,v,)} une suite croissante d’éléments
de Uy (U). Alors (sup,, un,sup, v,) € Us(U).

PROPOSITION 3.7.  Soit (u,v) € Uy(U), et soit v une fonction
finement Ha-hyperharmonique dans U. Siv' < w, alors (u,v') € Uy (U).
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ProroSITION 3.8. Sotent v et v deux fonctions respectivement
finement H,-hyperharmonique et Ho-hyperharmonique > 0 dans U. Alors
(u,0) € UJT(U), et (+o0,v) € Z/l;r(U).

PROPOSITION 3.9.  Soit (u,v) € U; (U). Alors les fonctions u et v
sont respectivement finement Hq-hyperharmonique et Ho-hyperharmonique
dans U. En particulier le couple (u,0) € U (U).

COROLLAIRE.  Pour tout couple (u,v) € Us(U), les fonctions u et v
sont finement continues dans U.

DEMONSTRATION. Quitte & se placer finement localement et ajouter
a (u,v) un couple biharmonique (h,k) > 0, on peut supposer (u,v) >
0. D’apres la Proposition 3.9, les fonctions u et v sont respectivement
finement H;-hyperharmonique et Hy- hyperharmonique, donc finement
continues.

PROPOSITION 3.10. Soient V' un ouvert fin contenu dans U, (uy, v1)€
Up(U) et (ug,v2) € Up(V) tels que

f—lim inf(ug, v2)(x) > (ui(y),v1(y)), Yy € 0,V N U.

=Y
Alors le couple (u,v) défini par

min((uy,v1), (ug, v2))(x) si x € V,

(w,v)(@) = { (ur,v1) () siz € U\ V

est finement H-hyperharmonique dans U.

DEMONSTRATION. On adapte aux couples la démonstration du Lem-
me 10.1 de [12].

Soit S§(U) le cone des fonctions finement Hy-surharmoniques positi-
ves majorées par un élément de P (X).

LEMME 3.11. Tout v € S)(U) est l’enveloppe supérieure d’une suite
croissante (p, —*RSY), ot (pn) est une suite d’éléments de Pj(X).
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DEMONSTRATION. Le lemme résulte immédiatement du Théoréeme 3
de [14].

LEMME 3.12. Toute fonction v finement Hy-hyperharmonique > 0
dans U est l’enveloppe supérieure d’une suite d’éléments de Sy(U).

PROPOSITION 3.13. Pour toute fonction v finement Ho-hyperharmo-
nique > 0 dans U et tout ouvert fin w Co CU, le couple ([ vdv®, [* vd\*)
est finement H-hyperharmonique dans w.

DEMONSTRATION. D’apres les lemmes précédents, il suffit de démon-
trer la proposition lorsque v est de la forme (¢ — 2J?EqCU) ol ¢q est un
élément de Py(X). Soit g € P5(X) et p un H;-potentiel fini continu tel
que P = (p, q) soit un H-potentiel fini continu dans X. On a, dans w,

(P Py = ([ Bevape o+ [ Btave, [ EEVaxe)

—

Pour compléter la preuve, il suffit d’utiliser les identités (PCV, PSV)Cw =
(PF*,P5) et PYV =2REY, et le fait que *RSY est finement, H,-harmo-

nique dans w.

COROLLAIRE 1. Soient (u,v) € Uf (U) et w un owvert fin régulier
tel que w C U. Alors le couple de fonctions

(/ ud,uf"—i—/ vdyf",/ vdX“)

est finement H-hyperharmonique dans w.

COROLLAIRE 2.  Soient (u,v) € Uf (U) et w un owvert fin régulier
tel que w C U. Alors le couple de fonctions (u,v),, défini par

(/ udp® + / vdy“’,/ vdX") dans w,
(u, v) = . . .
(u,v) dans U \ w

est finement H-hyperharmonique dans U.
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DEMONSTRATION. Comme le couple (u,v) est > 0, les fonctions u
et v sont finement H-hyperharmoniques > 0 dans U d’apres la Proposi-
tion 3.9. Il en résulte alors d’apres [12, Théoreme 14.6 et Théoréme 14.7]
que l'on a f~liminf, ., ([ udp“+[" vdv®) >u(x)et f-liminf, ., (" vd\®)
> v(y) pour tout y € ds;w (on rappelle que p* = €L et \ = ),
d’ou le résultat en vertu du Corollaire 1 et de la Proposition 3.10.

4 — Réduction et balayage des couples finement
hyperharmoniques

Si f une fonction sur U, on note fsa régularisée finement s.c.i. C’est
la plus grande minorante de f qui soit finement s.c.i. dans U, et elle est

donnée par
f(z) =f —liminf f(y), Va € U.

Yy—x

Si F' = (f, g) est un couple de fonctions sur U, on note F' le couple (f, J).
Ce couple est applelé le couple régularisé finement s.c.i. de F' dans U.

DEFINITION 4.1. Soient A C U et F = (f, g) un couple de fonctions
sur U. Le couple réduit de F' sur A, noté F4, est le couple défini par

F4 =inf{(u,v) € U (U); (u,v) > (f,g) sur A}.

Le couple balayé de F' sur A est le couple FA régularisé finement s.c.i.
de F4.

PROPOSITION 4.2. Sotent A C U et F = (f,g) un couple de
fonctions sur U. Alors le couple F4 est finement H-hyperharmonique
dans U.

Pour toute partie A de U, on note j’U}AB;‘, j = 1,2, la balayée sur A
d’une fonction f relativement & U dans 'espace harmonique (X, H,).

PROPOSITION 4.3.  Soient (f,g) un couple de fonctions sur U, et
A

A C U. Posons FA = (FAF{). On a alors (f,0) = (*YR%,0) et

~ ~A
A _2U
Ff =>UR,.
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DEMONSTRATION. Le couple (5UR%,0) est finement H-hyperharmo-
'

nique > 0 dans U et majore (f,0) q.p. sur A, donc (LU}A%A,O) > (f,0) .
D’autre part si (u,v) € U (U) majore le couple (f,0) sur A, alors u est
une fonction finement H;-hyperharmonique > 0 qui majore f sur A, donc

—A —A

(f,0) > ("YRA,0), et par suite (f,0) = ("YR#,0). Soit maintenant
v une fonction finement Ho-hyperharmonique > 0 sur U telle que v > g
sur A. Alors le couple (+00,v) est finement H-hyperharmonique > 0
et majore (f,g) sur A, d’on Q’U}A?g‘ > F'. L’inégalité inverse découle
facilement du fait que pour tout couple finement H-hyperharmonique
(u,v) > 0 tel que (u,v) > (f,g) sur A, la fonction v est finement Hs-
hyperharmonique > 0 et majore g sur A.

PROPOSITION 4.4.  Soient (u,v) € U (U) et A C U. Alors on a

—
(u,v) = (u,v) q.p. sur A.

DEMONSTRATION. Cela résulte en effet du fait que, pour tout couple
finement H-hyperharmonique (u,v) > 0, les fonctions u et v sont respecti-
vement finement H;-hyperharmonique et H,-hyperharmonique positives
et de [12, Théoreme 11.8].

REMARQUE. Si (u,v) € U (U) majore q.p. un couple F' de fonctions
sur A C U, alors (u,v) > FA.

5 — Ordre spécifique dans U} (U)

Remarquons d’abord que le cone Z/l;r(U ) est réticulé pour l'ordre na-
turel, ce qui se démontre comme en théorie des fonctions finement har-
moniques.

L’ordre spécifique, noté <, est défini sur U} (U) par

(u,v) < (s,t) <= (uy,vy) € UJT(U) (s, t) = (ug,v1) + (u,v).

PROPOSITION 5.1.  Soient Fy = (uy,v1), Fy = (uz,v2) € U (U). On

U
a alors [(Fy — Fy)*] < Fi.
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DEMONSTRATION. La proposition se démontre exactement comme
dans le cas des fonctions finement hyperharmoniques (voir [12], p.p. 129,
130 et 131).

COROLLAIRE (Propriété de décomposition de Riesz). Soient F,G
et H trois couples de U;F(U) tels que I < G + H. Il existe alors deux
couples F\, F, € L{JT(U) tels que F = F) + F,, F; <G et I, < H.

THEOREME 5.2.  Soient S,T € Uf(U) et A C U. On a alors
A .
(S+T) =844+T4.

DEMONSTRATION. L’inégalité (m)A < SA4+T4 découle immédia-
tement de la définition du balayage; I'inégalité inverse s’en déduit en
appliquant le corollaire précédent et en utilisant les propriétés des couples
et des fonctions finement hyperharmoniques.

On déduit aussi de la Proposition 5.1 que le cone U} (U) vérifie les
axiomes du Chapitre 4 de [7] quand U est muni de la topologie fine, d’ou
le résultat suivant:

PROPOSITION 5.3.  Le cone Uf (U) est un treillis complétement
réticulé pour ordre spécifique.

Si F,G € U (U), on note F'V G et F' N\ G respectivement le max
et le min au sens de l'ordre spécifique. Si {Fj;i € I} est une famille
d’éléments de U (U), on note A,F; (resp. \/,; F;) enveloppe inférieure
(resp. supérieure) au sens de l'ordre spécifique de la famille {F};i € I}.

Remarquons que, comme dans le cas harmonique, on a

FANG+FVG=F+G

et, pour une famille filtrante croissante (resp. décroissante), au sens de
l'ordre spécifique, {Fj;i € I}, d’éléments de L{JT(U), on a

/\Fi = 1/n\fFZ <resp. \/FZ = sup FZ> .
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6 — Couples finement surharmoniques et couples potentiels fins

Dans ce paragraphe on va se contenter d’énoncer seulement les défini-
tions et quelques propriétés essentielles des couples finement surharmo-
niques et des couples potentiels fins.

DEFINITION 6.1. Un couple (u, v) finement H-hyperharmonique dans
un ouvert fin V' de X est dit finement H-surharmonique dans V si les
fonctions u et v sont finies sur un ensemble dense dans V.

Il n’est pas difficile de voir que, d’apres [12, Théoreme 12.9], pour
qu'un couple (u,v) € Uy(V') soit finement H-surharmonique, il faut et il
suffit que les fonctions u et v soient finies en au moins un point de chaque
composante finement connexe de V.

On note S;(U) l'ensemble des couples finement H-surharmoniques
dans U. 1l est clair que cet ensemble est un cone convexe. On note
également S; (U) le sous-cone de S¢(U) formé des couples finement H-
surharmoniques > 0, et 8}’+(U ), 7 = 1,2, le cone des fonctions finement
‘Hj-surharmoniques > 0 dans U.

DEFINITION 6.2. Un couple P = (p1,p2) € Sf(U) est appelé un
‘H-potentiel fin si tout couple (u,v) finement H-hypoharmonique dans U
qui le minore au sens de ’ordre naturel produit est < 0.

On note P;(U) I'ensemble des H-potentiels fins dans U. Alors P;(U)

est un sous-cone de S§(U). C'est aussi une bande de S7 (U), i.e.,

VP,Q e Sf(U): P+ Qe P;(U)= P,Q e Py(U).

PROPOSITION 6.3. Soit (s1,52) un couple finement H-surharmonique
dans U de X. Alors

i) si sy >0, la fonction s, est finement Hy-surharmonique;
ii) le couple (s1,s2) est un potentiel fin si et seulement si, pour tout
j=1,2, s; est un H;-potentiel fin.
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DEMONSTRATION. Le i) résulte aussitot de la Définition 6.1 et de celle
des fonctions finement Hy-surharmoniques. Montrons le ii). Supposons
que s; soit un H;-potentiel fin dans U pour tout j = 1,2, et soit (u,v)
un couple finement H-hypoharmonique dans U tel que (u,v) < (81, S2).
Comme v est finement Hy-hypoharmonique dans U, on a v < 0, il résulte
alors de la définition des couples finement H-hypoharmoniques que u
est finement H;-hypoharmonique dans U, et donc u < 0. Inversement,
supposons que le couple (sy,s2) soit un H-potentiel fin. Si u est une
fonction finement H-hypoharmonique dans U, telle que u < sy, alors le
couple (u,0) est finement H-hypoharmonique < (s1,s3), d’ou (u,0) < 0,
et par suite u < 0. Donc s; est un H;-potentiel fin dans U. De méme, si
v est une fonction finement Hy-hypoharmonique dans U telle que v < s,
le couple (—oo,v) est finement H-hypoharmonique et on a (—oo,v) <
(s1,82), d’ot v < 0. Donc s, est un Ha-potentiel fin dans U.

PROPOSITION 6.4 (Principe du maximum).  Soient w un ouvert
fin C U et (u,v) € Up(w) tel que iminf, ¢, .., (u,v)(y) > 0, pour tout
y € 0pwnU. Sl existe un H-potentiel fin P dans U tel que (u,v) > —P
dans w, alors on a (u,v) >0 dans w.

On signale que la réstriction de 'ordre spécifique dans U} (U) a S5 (U)
fait de ce dernier un treillis compleétement réticulé.

Comme en théorie des fonctions finement harmoniques, un couple
H € §;(U) sera dit H-invariant (ou tout simplement invariant) s’il est
orthogonal, pour 'ordre spécifique, a la bande des H-potentiels fins. On
note H;(U) 'ensemble des couples H-invariants. Il est facile de voir que
H;(U) est un cone convexe. C’est aussi une bande de S;(U). On a donc,

VS € §f(U),3\P € Py(U),3'H € H,(U) : S = P + H.

Il est clair aussi que tout couple finement biharmonique est invariant,
mais la réciproque est fausse en général. En effet, si h une fonction
invariante dans U qui ne soit pas finement H;-harmonique, le couple
(h,0) est invariant qui n’est pas finement biharmonique.

QUESTION. Le probleme de savoir si une fonction invariante dans U
est la somme d’une suite de fonctions finement harmoniques positives
dans U a été posé par Fuglede dans [17]. A notre connaissance ce
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probleme demeure toujours ouvert. Par analogie avec ce probleme on
peut poser la question suivante:

Est-ce que tout couple invariant dans U est la somme d’une suite de
couples finement H-harmoniques > 07

Méme si la réponse au probleme de Fuglede est positive, il semble qu’il
n’est pas évident qu’il en soit de méme pour les couples H-invariants. En
effet, comme on va le voir dans la suite, si H = (h, k) est un couple H-
invariant, on a h = hy; + V(k), ou V est un noyau borélien sur U, et h;
est invariante. On voit donc que, méme si h; et k sont des sommes de
suites de fonctions finement H;-harmoniques > 0 et Hy-harmoniques > 0
respectivement, il ne semble pas facile d’affirmer que le couple (V(k), k)
est la somme d’une suite de couples finement biharmoniques dans U.

7 — Couples finement hyperharmoniques purs

PrOPOSITION 7.1. Soit v une fonction finement Ho-hyperharmonique
>0 dans un ouwvert fin V de X. Alors la fonction

u, = inf{u > 0; (u,v) € UF (V)}
est finement Hy-hyperharmonique dans V' et l'on a (u,,v) € UJT(V).

Comme en théorie des fonctions biharmoniques, nous adoptons la
définition suivante:

DEFINITION 7.2. La fonction u, de la proposition précédente est
appelée la fonction finement hyperharmonique pure d’ordre 2 associée
av.

Soit (u,v) un couple finement H-hyperharmonique > 0 dans U. On
dit que ce couple est pur si u est la fonction finement hyperharmonique
pure d’ordre 2 associée a v.

Pour alléger les écritures, on notera dans la suite Vy(v) la fonction
finement hyperharmonique d’ordre 2 associée a une fonction finement
Ho-hyperharmonique v > 0 dans U. Cette notation sera justifiée par
la suite.
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PROPOSITION 7.3.  Soit (u,v) € S (U) un couple pur. Si la fonc-
tion v est finement Ho-harmonique dans un ouwvert fin V-.C U, et si u est
finie dans V, alors le couple (u,v) est finement biharmonique dans V.

DEMONSTRATION. Soit w un ouvert fin relativement compact régulier
tel que w C V; alors le couple (u,v),, est finement H-hyperharmonique
dans U d’apres le Corollaire 2 de la Proposition 3.13, et 'on a

(u,v), = (/uduf —I—/vdyf",v)

dans w, d’ott u < [udp® + [vdv®, et, par suite, v = [udp® + [vdv¥
dans w. Comme le couple (u,v) est finement continu, on en déduit qu’il
est finement biharmonique dans V.

PROPOSITION 7.4. Soient vy, vy deux fonctions finement Hao-hyper-
harmoniques > 0 dans U. Alors, si vy < vq, on a Vo(v1) < Vo(vs).

DEMONSTRATION. La proposition résulte immédiatement de la Défi-
nition 7.2 et de la Proposition 3.7.

PROPOSITION 7.5.  Soit (s1,52) € S (U). On a alors Vy(s2) < s1,
i.e. il existe t € Sy (U) tel que Vo(sz) +t = 5.

DEMONSTRATION. Posons s = Vy(s3). Soit w un ouvert fin re-
lativement compact régulier tel que @ C U et soient v € —S}’+(w),
bornée supérieurement, et u € S}’Jr(w), bornée inférieurement, telles que
f-limsup, ., e, v(z) < s1(y) et fliminf, ., e, u(z) > s(y) pour tout
y € Osw. Considérons la fonction

inf(s; +u—v,s) dansw,
R dans U \ w.

Alors, d’apres les conditions ci-dessus sur w et v et la Proposition 3.10,
le couple (w,s2) est finement H-surharmonique dans U. On en déduit
$1+u—wv > s dans w. Les fonctions u et v étant arbitraires, on en
déduit donc d’apres [12, Théoreme 14.6] que, pour tout = € w, tel que
s(z) < 400, on a

si(z) — s(z) > /(81 — 8)de: v,
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Le théoreme de prolongement par continuité fine [12, Théoréme 9.14] nous
assure alors que la fonction s; — s se prolonge en une fonction finement
‘Hi-surharmonique ¢t > 0 dans U et I'on a donc s; = s + .

PROPOSITION 7.6.  Pour tout j = 1,2, soit v; une fonction finement
H;-hyperharmonique > 0 dans U. On a alors

Vo(v1 +v2) = Vo(v1) + Vo(v2).

DEMONSTRATION. L’inégalité Vo (vy + v9) < Vo(v1) + Vo(v2) découle
simplement de la Définition 7.1 et du fait que le couple (Vo (vy HVo (vg), v1+
vg) = (Vo(v1),v1)+(Vo(v2), v2) est finement H-hyperharmonique > 0 dans
U. Montrons 'inégalité inverse. Le résultat est trivial si Vy(v;) = 400 ou
Vo(ve) = +00. Supposons donc que les fonctions Vy(vy) et Vo(v2) soient
finement H;-surharmoniques (on rappelle que 'ouvert fin U est sup-
posé finement connexe). Alors, d’apres la propriété de décomposition de
Riesz des couples finement H-surharmoniques > 0 appliquée a I'inégalité
(Vo(v1 + v2),v1 + v2) < (Vo(v1),v1) + (Vo(v2),v2), on peut trouver deux
couples finement H-surharmoniques dans U, (s1,t1) > (0,0) et (sq,t2) >
(0,0), tels que (Vo(v1 + va),v1 + v2) = (s1,11) + (52,t2), et (s1,t1) <
(Vo(v1),v1) et (sa,t2) < (Vo(v2),v2), ce qui entraine t; = vy et ty = vy
et donc s; = Vy(v1) et so = Vy(v2), ce qui acheve la démonstration de la
proposition.

PROPOSITION 7.7.  Soient (v,) une suite croissante de fonctions
finement Ha-hyperharmoniques > 0 dans U, et soit v = sup,, v,. On a
alors Vo(v) = sup,, Vo(v,,).

DEMONSTRATION.  On a (Vy(v),v) € U (U), et v > w,, donc
(Vo(v),v,) € Uf (U) pour tout n d’apres la Proposition 7.4, donc Vo(v) >
Vo(v,) pour tout n, et par suite Vo(v) > sup,, Vo(v,). D’autre part, on a
(sup,, Vo(v,),sup,, v,) € U (U) pour tout n, d’apres la Proposition 3.6,
donc (sup,, Vo(v,),v) € U (U), d'ott Vy(v) < sup, Vo(vy,).

Pour toute fonction H;-surharmonique s > 0 sur X, la fonction s —

~CU
'R, est bien définie et finement H;-surharmonique dans le complémen-
taire dans U d’un ensemble H;-polaire. Elle se prolonge donc, en vertu du
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principe du prolongement par continuité fine, en une fonction de S}’+(U ),
notée sg.
Soit Vi le noyau borélien sur U défini par

~CU

Vu(f) =V(f) = "'Ryplv

pour toute fonction borélienne f > 0 sur U, ou f est le prolongement de f
a X, nul dans CU, et V est le noyau du Théoreme 2.5. On remarquera
que si U = X, alors Vy = V.

Si w est un ouvert fin de U, on notera V), le noyau égal a Vs dans
chaque composante finement connexe § de w.

On note S;r (X), 7 = 1,2, le cone des fonctions H;-surharmoniques
> 0.

Posons

Sy(X)={te S (X):V(t) e S} (X)}.

Remarquons que si t € S5(X), alors V(t)y = Vu(t|v).

PROPOSITION 7.8.  Soit t € S)(X). Alors la fonction finement
hyperharmonique pure d’ordre 2 associée a la restriction de t a U est
égale a V(t)y.

DEMONSTRATION. Soit ¢y un Ha-potentiel > 0 tel que V(go) < +00.
On a V(t)y = sup, V(t A ngy)y. D’apreés la Proposition 7.7, il suffit
de montrer que la fonction hyperharmonique pure d’ordre 2 associée a
(t Ango)|u est égale a V(t Ango)y, ce qui permet de se ramener au cas ou
V(t) est finie. Le couple (V(t)y,t) est H-finement hyperharmonique > 0
dans U. En effet, on a, pour tout ouvert fin 6§ C 6 C U et tout = € 6,

[vudis + [ v < v - [T lwdid =

1 5CU

= (V) = Ry (2),

car le couple (V(t), 1) est finement H-hyperharmonique dans U et la fonc-

tion 1§V(t) est finement H;-harmoniques dans U d’apres [12, Théore-
me 10.2]. Soit u une fonction finement H;-surharmonique > 0 dans U
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telle que le couple (u, t) soit finement H-surharmonique dans U, et soit u,
la fonction définie par

~CcU
min(u + 'Ry, V(t)) dans U,
1 =
V(t) dans X \ U.
Alors, d’apres le Théoreme 3.10, le couple (ug,t) est finement H-surhar-
monique dans X. Or, comme t > 0, la fonction u; est finement H;-
surharmonique dans X, donc elle est H;-surharmonique dans X en vertu

du Théoreme 9.8 de [12]. Il en résulte, d’apres la définition des couples fi-
nement H-surharmoniques que (uy,t) est H-surharmonique dans X, d’ou

PNel )
u+ 'Ry, > V(t) et donc le résultat.

LEMME 7.9. Pour toute fonction s € SJ%’H(U) magjorée par un élément

de S4(X), il existe une suite croissante (t,) de fonctions de V(X) telle

que s = sup,,(t,)u-
DEMONSTRATION. Le lemme résulte aussitot du Théoreme 3 de [14].

THEOREME 7.10. Pour toute fonction finement Ho-hyperharmonique
v > 0 dans U, Vy(v) est la fonction hyperharmonique pure d’ordre 2
associée a v.

DEMONSTRATION. Soit s € S5(X). On a alors
o ~CU
sly =su +°R;, v,

d’ou, d’apres la Proposition 7.6,

~CU

Vo(slv) = Vo(su) + Vo(CR,  |v),
et, par suite, d’apres la Proposition 7.8,

Vo(su) = Vo(slo) = VoCRSY|u) =
=V(s)y = V(RY)y,
q.p- dans U. D’autre part, un calcul facile donne

~CU

V(s)u = VR, v =Vu(sv) a.p.,
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d’ott Vy(ty) = Vu(ty). En vertu de la Proposition 7.7, le théoreme
découle maintenant du Lemme 7.9 et du fait que tout élément de L{;’JF(U)
est I’enveloppe supérieure d’une suite croissante de fonctions de S?’JF(U)
majorées par des éléments de S)(X).

REMARQUE. Si v est une fonction finement H,-hyperharmonique > 0
dans un ouvert fin w de U, alors la fonction finement hyperharmonique
pure d’ordre 2 associée a v est égale a V,(v).

Le théoreme suivant est une application du précédent:

THEOREME 7.11.  Si (u,v) est un couple finement H-surharmonique
localement borné inférieurement dans X, alors (u,v) est un couple surhar-
monique dans X.

DEMONSTRATION. Quitte & se placer localement, on peut supposer
que(u,v) >0 dans X. Alors la fonction v est finement H,-hyperharmonique
> 0, donc Hy-hyperharmonique dans X d’apres [12, Théoréme 9.8]. D’au-
tre part on a, d’apres ce qui précede, u = V(v)+t, ou t est une fonction fi-
nement harmonique > 0, donc hyperharmonique dans X toujours d’apres
[12, Théoreme 9.8]. Maintenant le théoréme résulte du fait que, dans le
cas ou U = X, le noyau Vy coincide avec le noyau V du Paragraphe 2.

PROPOSITION 7.12. Soit (u,v) € SJT(U) un couple pur. St v est un
Hy-potentiel fin, alors (u,v) est un H-potentiel fin.

DEMONSTRATION. Soit (h, k) un couple finement H-hypoharmonique
dans U tel que 0< (h, k) <(u,v). Alors k est finement H,-hypoharmonique
> 0 et minore v, donc £ = 0. On en déduit que h est finement H;-
hypoharmonique, donc le couple (u—h,v) est finement H-hyperharmonique
> 0, de sorte que u — h > u, et par suite h = 0.

Maintenant on peut donner également quelques applications de la

Proposition 7.13. aux couples invariants.

PROPOSITION 7.13.  Si (h, k) est un couple invariant dans U, alors
k est une fonction Ha-invariante dans U.
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DEMONSTRATION. En effet, si p est un Hy-potentiel fin qui minore
spécifiquement k, alors le couple (h,p) est finement H-surharmonique
dans U et donc le couple (Vy(p), p) est, d’apres la proposition précédente,
un H-potentiel fin qui minore spécifiquement (h, k) d’apres la Proposi-
tion 7.5, donc il est nul.

Comme en théorie des fonctions finement harmoniques, nous avons la

PROPOSITION 7.14.  Soit H = (h, k) un couple invariant dans U.
Alors H est finement H-harmonique dans le domaine fin w = {x €

U; h(z) + k(z) < 400}

DEMONSTRATION. En effet, comme la fonction k& est Hs-invariante
d’apres la Proposition 7.13, elle est finement harmonique dans w d’apres
[12, Théoreme 10.2]. La proposition découle maintenant de la Proposi-
tion 7.3. appliquée au couple (V(k),k) et du fait que la fonction fine-
ment H;-hyperhamonique v > 0 dans U telle que h = u + V(k), qui
est évidemment H,-invariante, est finement H;-harmonique dans w pui-
squ’elle est finie dans w.

PROPOSITION 7.15.  Soit (u,v) € S (U) un couple pur. Alors, siv
est Ha-invariante dans U, le couple (u,v) est H-invariant. En particulier
st v est finement Ha-harmonique dans U, et si u est finie dans U, alors
le couple (u,v) est finement H-harmonique dans U.

DEMONSTRATION.  Soit (p,q) un H-potentiel fin tel que (p,q) <
(u,v). On a alors ¢ < v, et comme v est Hy-invariante et ¢ est un
H-potentiel fin, on a ¢ = 0, et par suite (u,v) = (u1,v) + (p,0), ou
(ur,v) € Sf(U). Mais alors on aura u; > u et donc p = 0 et le couple
(u,v) est invariant. Le reste de la proposition est évident.

8 — Probléme de Riquier fin

Soit w un ouvert fin de X. On note U}(w) P'ensemble des couples
finement hyperharmoniques (u,v) dans w tels qu'il existe un H-potentiel
semi-borné fini P = (p, q) tel que (u,v) > —P.

Si (f,g) un couple de fonctions sur d;w, on pose

def,g):inf{(u,v) € U}(w): f— liminf (u,v)(x)>(f(y), 9(v)),Vy € 0p(w)}.

reEw,r—yY

w

" —w,l ——=w,2 w o —
On pose aussi H (; = (H ;5. H ;) et H; )= —H ;.
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Il est clair que le couple Ffﬁ g (resp. H(; v) est un couple finement
‘H-hyperharmonique (resp. finement H-hypoharmonique) dans w.

On dit qu'un couple (f,g) de fonctions sur dsw est résolutif (pour
le probleme de Riquier fin) si on a H{; ) = Ffﬁ 4 €t si ces couples sont
finement H-harmoniques dans w; on les notera alors par H} ).

Pour tout j =1, 2, et toute fonction f sur d;w, on note jﬁ; (resp.’HY)
la sursolution (la sousolution) du probleme de Dirichlet fin dans I’espace
harmonique (X, H;) pour la donnée frontiere f sur Osw.

Il résulte de la définition et des propriétés des couples finement H-
hyperharmoniques que 'on a ﬁf}}o) = 1?? et ﬁfﬁg) = Qﬁ:, avec les
notations de [12], p. 173, relatives au probleme de Dirichlet fin.

THEOREME 8.1.  Soit (f,g) un couple de fonctions sur O;w. On a
alors

—w,1 * w * w —w,2 * w
1y = [ sawe+ [ give et 755 = [ gdxe,

DEMONSTRATION. Le théoreme se démontre comme dans le cas
finement harmonique ([12], preuve du Théoreme 14.6), en utilisant le
Théoreme 3.3.

COROLLAIRE 1. Pour tout couple (f,g) de fonctions sur Osw, on a

—w A F7w,l o 77w
Higgy=CHy+Hyy  Hy).

19)”

COROLLAIRE 2. Un couple (f,g) de fonctions sur Osw est résolutif
si, et seulement si, pour tout x € w, f est ps-intégrable et g est v-
intégrable et \2-intégrable.

COROLLAIRE 3. Soit (u,v) € Uf (U) et w un ouvert fin de X tel
que w C U, alors on a

F(u,'u) = (U>U)w|w‘
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On dit qu'un couple (f,g) de fonctions sur une partie A de X est
borné par un H-potentiel P sion a (|f],|g|) < P sur A.

COROLLAIRE 4. Soit (f,g) un couple de fonctions boréliennes, borné
sur Oyw par un H-potentiel semi-borné fini. Alors (f,g) est résolutif.

THEOREME 8.2. Supposons que 'ouvert fin w est H-régulier et soit
(f,g) un couple de fonctions finement continues sur 0w, borné par un
‘H-potentiel semi-borné fini. On a alors

pour tout y € Oyw.

DEMONSTRATION. Quitte & ajouter & (f,g) un H-potentiel semi-
borné fini, on peut supposer que le couple (f,g) est > 0. D’apres le
théoreme précédent et le Théoreme 14.6 de [12], on a Hy; ) = (‘Hf +
H(‘g’;)fH;’). Or, on sait d’apres [12, Théoréme 14.7], que pour tout
y € 0w, f-limyey, oy "HY (x) = f(y) et f-limge, oy 2HY (x) = g(y), donc
fliminf,ew oy Hip gy (2) > (f(y),9(y)). Soit sirt P un H-potentiel semi-
borné fini tel que (f,g) < P sur 0;w, alors en appliquant ce qui précede
au couple P — (f,g), on obtient f-limsup,c,, .., H{; (x) < (f(v),9(v)),
et le théoreme est donc démontré.

. . —w,1
PROPOSITION 8.3.  Si g est une fonction > 0 sur dyw, alors H g
est la fonction hyperharmonique pure d’ordre 2 associée a ZF: dans w.

DEMONSTRATION. Si (u,v) € Uj(w) tel que f-liminf(u,v) > (0, g)
sur Jjw, alors v > ZF:, et donc u > Vw(gﬁ_j), d’ou I'inégalité F‘&;}Q) >
Vw(QF:). D’autre part, on peut trouver une suite décroissante (v,) de
fonctions de Sﬁ’+(w) telle que inf, v, = QHZ. On a alors H?&g) <

FFW

inf, (Vo(vn), v,) = (Vu(CH,),2H,), donc Hyg,y < V,(2H,).

THEOREME 8.4. Soient w un ouvert fin régulier tel que @ C U, et

—Cw

(u,v) € UF (U). On a alors (u,v), = (u,v)
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DEMONSTRATION.  Soit (s,t) € U} (U) tel que (s,t) > (u,v) sur
Cw. Alors, pour tout * € w, on a, d’apres le Théoreme 3.3, s(x) >
[ sdpe + [Ttdve et t(z) > [Ttd\e, et donc s(x) > [Tudp + [Todv?

x )
et t(z) > [Twd)\?, car les mesures ¥, v¥ et A sont portées par d;w.
Cw

Donc m > (u,v),. L'inégalité inverse résulte du Corollaire 2 de la
Proposition 3.13.

9 — Fonctions finement biharmoniques

LEMME 9.1.  Pour tout ouvert fin w de X tel que w C X et tout
x Ew, ona [dve > 0.

DEMONSTRATION. D’apres le Théoreme 8.1, le couple ([ dv¥,1) est
finement surharmonique > 0, non identiquement nul dans toute compo-
sante finement connexe de w, donc [ dv¥ > 0 pour tout = € w.

Considérons maintenant la famille D(U) des fonctions f finies fine-
ment continues sur U telles que la limite

f@) ~ [ )
Lf(z) = lim
/ dv;/(y)

F@)— [ Fy)dus (v)

Tz est bien

existe et soit finie pour tout x € U (la fraction
définie lorsque W C X d’apres le lemme précédent).

DEFINITION 9.2. Une fonction f finement continue sur U est dite
finement H-biharmonique (ou simplement finement biharmonique) dans
Usi feD(U)etsi Lf est finement Hy-harmonique dans U.

La proposition suivante met en évidence le lien qui existe entre la
notion de fonction finement harmonique au sens de la Définition 9.1 et la
notion de couple finement biharmonique:

PROPOSITION 9.3.  Soit (u,v) un couple finement biharmonique
dans un ouvert fin U. Alors u € D(U) et Lu = v.
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DEMONSTRATION. Soient z € U et € > 0. Comme v est finement
continue, il existe un ouvert fin wy C U, x € wy, tel que |v(z) —v(y)| <€
pour tout y € wy. Alors, pour tout ouvert fin w C W C wy, € w, on a

lu(x) — /udug —v(x)/dyﬂ < e/dyg‘;’,
donc u € D(U) et Lu = v.

COROLLAIRE. Soit (u,v) un couple finement biharmonique dans un
ouvert fin U. Alors u et finement biharmonique dans U.
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A kinetic approach to studying the asymptotic

behaviour of convection-diffusion equations

R. CAVAZZONI

ABSTRACT: We present a new approach to the study of the large time behaviour
of solutions to the Cauchy problem:

ou &u p—10U
E—@—U % xGIR, t>0,
u(z,0) = uo(x) z € IR.

where p > 2 and uo(z) > 0.

1 — Introduction and main results

The aim of this paper is to show how kinetic methods can be used in
the study of the long time behaviour of the solution to Cauchy problems
for convection-diffusion equations having the form:

ou 0*u 0u
u(z,0) = ug(x), z € IR.

where p > 2 and uy is a nonnegative function from L*(IR). More precisely,

KEY WORDS AND PHRASES: Large-time behaviour — Convection-diffusion equations —
Kinetic theory — Diffusion wave.
A.M.S. CLASSIFICATION: 35K55 — 35B40



164 R. CAVAZZONI 2]

we prove that there exists a function u,, such that, for every ¢ € [1,00),

() im0+ D7Y u ) = (204 1) ey = 0.

In 1950, HoPF [7] found an explicit regular solution to the viscous Burg-
ers equation, i.e. equation (1) with p = 2. His proof makes use of the so
called Hopf-Cole transformation, which turns the viscous Burgers equa-
tion into a linear heat equation. More recently, useful estimates on the
L™-norm of the solution to (1) have been derived (see [11] or [5]). In
particular, the L"(IR) to L(IR) smoothing properties of (1) have been
shown to be exactly the same as the standard heat equation. In 1987,
CHERN and L1u [4] studied the large time behaviour of solutions of vis-
cous conservation laws. In 1991, ESCOBEDO and ZUAZUA [5] analysed the
large time behaviour of solutions to the Cauchy problem for convection-
diffusion equations. The main result of [5] tells us that if p = 2, then the
general solution u = u(x,t) to (1) behaves like the self-similar solution as
t — +o00.

In the case where p > 2, it is proved in [5] that for every r € [1, o0]

(3) H U(,t) - G<7t) HLT—> 0 as ¢ — +oo,

where G is the heat kernel. These results have been obtained by a di-
rect application of standard estimates for the heat kernel and by decay
estimates in the integral equation associated with (1).

Related results on the long time behaviour of nonnegative solutions
of nonlinear diffusion equations are contained e.g. in [6], [8], [11], [12],
[13].

Our main purpose here is the use of a completely different approach to
investigate the asymptotic behaviour of diffusion equations. The underly-
ing idea of our approach is derived from the H-theorem of kinetic theory
of rarefied gases [3]. In the last years the derivation of diffusion equa-
tions as a hydrodynamic limit of particles models has been a well studied
subject in kinetic theory [3]. In this paper we shall look for a suitable
functional to describe the evolution of the solution to problem (1), in a
similar way as for the solution of the Boltzmann equation (see [3] and
references cited in [3]). The kinetic approach has been recently applied
by CARRILLO and TOSCANI [2] for the N-dimensional porous medium
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equation: they have obtained the rate of convergence to equilibrium, by
an analysis of the time evolution of the entropy production.

In the present paper we consider the asymptotic behaviour of the
solution to (1) by techniques different from those of [5]. In particular, we
do not make use of Li-estimates for the derivatives of the solution. We
study separately the cases p = 2 and p > 2. In the case where p = 2, we
construct a suitable functional to prove the convergence to equilibrium
by using the monotonicity in time of the functional. The result on the
large time behaviour of equation (1) is proved in the following theorem.

THEOREM 1.1. Assume that p =2 and

up € L'(IR), / uo(z)dx = 1;
R

up(z) >0 ae. x€lR.

(4)

Let u be the solution to the Cauchy problem (1). Then for every q € [1,00)

lim (2t 4 1) u(,t) = uoo (-, 2t + 1)|| o) = 0,

t——+o0

where
22
1 e 2(2t+1)
Uso (2,2t + 1) = = ,
(2t + 1)1/2 (27T)% A— %/(2#1)1/2 e_y2/2dy
o1/2
(lnd A = m.

A variant of the techniques involved in the proof of Theorem 1.1
enables us to describe the large time behaviour of the solution to (1)
when p > 2. Indeed, we perform the same time dependent scaling. Let
us emphasize that the equation obtained after scaling has coefficients
depending on t. The convex functional, which represents the physical
entropy for the viscous Burgers equation, will be used to study the large
time behaviour also for p > 2. However, in this case the functional is not
monotone in time. Nevertheless, the specific form of the time derivative
allows us to identify the limit as a stationary solution to the Fokker-
Planck equation.
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THEOREM 1.2.  Assume that p > 2 and

up € L'(IR), / uo(z)dx = 1;
R

up(x) >0 ae z€IR.

(5)

Let u be the solution to the Cauchy problem (1). Then for every q € [1,00)

lim (2t + 1) (-, 8) = w26 + 1| oy = 0,

t——+oo

where

(2,2t + 1) ! ( v )
Uno (2, =———qyexp|—=——~ |,

e+ 1) P20+ )
and v = (g exp(fé)d:v)_l.

The paper is organized as follows. In Section 2, we recall some known
results on the initial value problem (1) and we derive some bounds on the
solution. Section 3 is devoted to the study of the functional to which we
alluded above and to the proof of convergence results. In Section 4, we
describe the asymptotic behaviour of (1) when p > 2, and conclude the
proofs of Theorems 1.1 and 1.2. In the last section, we prove that our
method can be applied to study the long time behaviour of the solution
to a class of convection-diffusion equations in IRY, with N > 1.

2 — Preliminaries

In the present section we recall some known results on the solution
to the Cauchy problem (1) and we prove some technical Lemmas.

Let us consider the Cauchy problem (1). Thanks to the results by
Horr [7], we know that the viscous Burgers equation (i.e. equation (1)
with p = 2) admits the following regular solution.

THEOREM 2.1. Let uy € L'(IR). Then

s ] e R |

/:O exp {_; l(x;ty) + Oy ug (1) dn] } dy

6)  u(z,t) =

)



[5] A kinetic approach to studying the asymptotic etc. 167

18 a solution to the viscous Burgers equation for t > 0 and satisfies the
initial condition:

(7) /wu(ﬁ,t)d§—>/auo(§)d§ as *—a andt — 0;
0 0

for every a € R. If ug € C(RR), then u(x,t) — ug(a) if v — a, t — 0.
Moreover, given any T > 0, the function u defined by (6) is the unique
reqular solution to the viscous Burgers equation in the strip 0 < t < T,
satisfying (7) for every a € R.

The solution to (1) given by (6) belongs to the space C ((0,00); L*(IR)).
We shall make use of the following result of [5], on the existence of the
solution together with decay rates, for the initial value problem (1).

THEOREM 2.2.  Given uy € L'(IR), there exists a unique classi-
cal solution u € C ([0,00); L'(IR)) to (1), which satisfies the following
properties:

(i) for every q € (1,00), u € C((0,00); W29(IR)) N C" ((0, 00); L(IR)).
(ii) For every q € [1,00), there exists a constant C, = C (q, ||uoll1) such
that for every t > 0:

(8) { lu(t) ), < C t~1/20-1/9),

Ju@)ll < [luolls-

(iii) Let to be a nonnegative real number. Then there exists a positive
constant Cy, such that for every t > tq:

(9) lu(®)lloc < Coct ™2

If p =2, then
[u(t)]loo < Coct ™2,

for every t > 0.
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One can easily verify that the unique solution in C ([0, 00); L*(IR))
provided by Theorem 2.2 satisfies condition (6) of Theorem 2.1. Then
the unique solution to the viscous Burgers equation in C ([0, 00); L'(IR))
is the function given by (6).

REMARK 2.1. Integrating equation (1) over all of IR, we obtain that
the total mass of solutions is preserved for every ¢ > 0:

(10) /Ru(x,t)dx:/ uo(x)dz.

R

With no loss of generality we assume that / uo(x)dx = 1.
R

LEMMA 2.1.  Consider equation (1) with p = 2. Let u be defined
by (6).

Then a real constant § exists such that

e—1/2 52 22
(11) u(z,t) > Sgijz OXP <—§> exp (—%> ,
for every t > 0.

PROOF. Since [ uo(y)dy = 1, there exists a compact interval I C R
such that [, uo(y)dy > 1.
We have

/:O uo(y) exp {—1 [M + Oy ug (1) dnl } dy >

2t

> /Iuo(y)exp{; [(‘T;ty)+/oyw (n)dn”dy-

Set I = [—4,6], with ¢ € IR.
Then:

(13) > exp (—%) /IUO(Z/) exp {—% = 2ty)2} y >
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Thus:
A 52 x?
(14) u(x,t) > J172 €XP ( 2t) exp (—%> ;
where A = Lexp(—3). 0

In the case where p > 2, we derive a similar estimate under an addi-
tional assumption on the initial value.

LEMMA 2.2.  Let p > 2. Assume that ug(x) > M exp(— |m| ) for
some positive constant M and for a.e. x € IR. Then there exist posztwe
constants B and C' such that

Be™¢ C |z|?
(15) u(w,t) > 2 P (tp_gz> exp (—I> )

for every t > 1.

PROOF. Let us define f: IR x [0, +00) — R as

—Lex —Ql) ex - ’x‘Q
TR TIECR p( 2( >>’

for (z,t) € IR x [0,+00), where « is a positive constant to be chosen
later. We prove that the function f is a subsolution to the equation (1)
in IR x (0,1). We have

f(x,O) < u0($)7
for every x € IR. It is not difficult to see that

0 0? 1
o) SE- 2L pd <

(p—1)at Mr—t
2(t+1)_a+ﬁ€ (t+1)p/2)f’

where 8 = 23 maXZeR[—\/ﬁze*ZZ(p*”]. Then, if > 1 + gM?,
of 0*f

for (z,t) € R x (0,1). As a consequence of the comparison principle

proved in [10], we obtain that for every x € IR, u(z,1) > Bexp(— ‘ml ),
with B = %e o,
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Let us define g : IR x (0,4+00) — R as

= Be= ¢ C |z|?
g(‘r? ) - t1/2 eXp t% eXp 7471: 9

where the positive constant C' will be fixed later and (x,t) € IR x [1, 00).
We have that for every z € R, u(x,1) > g(x,1). Moreover,

_ [ Cw-2) =z (Be® C 7Y
(17) = —Qtp_gzﬂ ~ o7 | Tz &P = oxp |~ g<

S(_C(p—?) BF%>;

25 tr/?

where = 2pr2,8

If we choose C' sufficiently large, then we obtain the last expression
is negative.

Therefore, due to the comparison principle, inequality (15) follows. [0

3 — Convergence results

We now look for solutions to (1) having the form:

1 x 1
(18) u(z,t) = %v (%7L(t)> = R(t)v (y,7);

where R(t), L(t) are unknown functions. Let us impose that the pre-
vious function satisfies (1) and determine what functions R(t), L(t) are
admissible, in such a way that the initial values of u and v are the same.

The time-dependent scaling and the use of a suitable functional are
the main novelty of our approach. Instead of working directly with equa-
tion (1), we analyse the asymptotic behaviour of the solution v to the
problem

ar Oz |ox

dv = 0 [@ + yv — e~ (P=2)7yp yelR, 7>0,
(19)
v(y,0) =vo(y) y € R.
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Indeed, it is easily seen that the solutions u and v to problems (1)
and (19), respectively, are related by

1 x 1/2
u(z,t) = v ( Jog (2t +1) > ,
(20) t+1)" \(@2t+1)"?
e’m—1
v(y,7) =€"u (yeT, 5 ) .

Let us notice that uy = vg.

We shall prove below convergence results on studying separately the
following two cases: p =2 and p > 2.

In Section 5, we shall extend the results for a class of convection-
diffusion equations in IR".

31-Casep=2

We introduce a suitable functional for the Fokker-Planck type equa-
tion (19). We shall prove the time monotonicity of the functional and its
decay to zero as 7 — 400, in order to study the asymptotic decay to a
fixed equilibrium state v., of the solution to (19).

We first derive the equilibrium state v.,, by looking for a stationary
solution to (19):

ov
21 —= o — V2 =0,
(21) By + Yoo — U,
ie.:
e—y2/2
(22) UOO(y): 1/2 )

1 1 /v 2
2 _ - @ _ = —s7/2
(27) 3@ 1) 2/,006 ds

where v, is positive and / Voo (y)dy = 1.
R

Notice that v,, = v;, where, in accordance with the result proved
in [1], v; is the unique self-similar solution to (1) with a smooth profile
verifying

(23)

v —v2| = 0.

8 {81}1 4 ;L'/
ox' | oz’
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Since u € C((0,00); W4(IR)) N C* ((0,00); L4(IR)) for every q €
(1,00), by Theorem 2.2, the solution v to the Cauchy problem (19), be-
longs to the same class.

Moreover, [|v(+,7)|l« < Cw for every 7 > 0. Thanks to Lemma 2.1,
we have, as 7 > 0,

(P1) /R oy, )dy = 1;

(24) 2% T e—1/2 9252 2,27
(P2) w(y,7)> —— " exp (— )eXp (— ve ) :
2(e2 —1)2 e —1 e2r —1

Let us prove the following preliminary result.

LEMMA 3.1. Let v be the solution to (19). Then

(G el

for every T > 0.

ProOF. Thanks to (P2), fixed any 6 > 0, we have:

@) D e (- oo + ) 7] = C@ -2,

for every 7 > § > 0, for some positive constant . Moreover,

er)  —log ffy&;)) < —log (C(8) exp(—19)) < 1w? — log C(5).
Thus,

W) v e
(28) V= <voo(y) 1~ log voo(y)> =

< Co(y,7) + (=1 +yy* — log C(6)) e*y2/2,

where C is a positive constant. Thus (25) follows. 0
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Let us introduce now the following functional, which represents the
physical relative entropy for the viscous Burgers equation.

DEFINITION 3.1. For every solution v to (19), let L : RT — IR be
defined as

o (5w

The main property of L in connection with our discussion is that L
is a monotone non increasing function of 7 when v is the solution to (19).

LEMMA 3.2. Let v be the solution to (19). Then for every T > 0,

. 1 1 ov 5
(30) e (ﬁ B 5) <3_y R ) =

where B0 (y) = €20 (y) and oy, 7) = e /20(y, 7).

PRrROOF.
Let us divide the proof in two steps.
1) We prove that

v

(31) lim 1 <8y +yv — 1)2> =0.

ly|—+00 Voo

Since v(-, 7) € W*4(IR), for every 7 > 0 and for every ¢, with 1 < ¢ < oo,

then: 5
()
\y|in+loo v(y,7) |y|in+loo oy (v, 7)

Moreover, 9_" is bounded. Thanks to formula

(32) u(t) = G(t) % ug — /O VGt — 5) % u(s)ds,

we have
lim zu(z,t) =0,

|z]|—+o0

for t > 0.
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Hence,
lim yv(y,7) =0.
il yu(y,7)

2) Let us prove now that

v

o1 2\
(33) lim 5(8y+yv—v)0.

[y|—+o0

Making use of the previous integral formula (32) for the solution to
(1) yields 2%

ou 1 T—y _(—y?
_— = — - At d
Oxr  (4wt)/? /R 2t ¢ uo(y)dy-+
t 1 1 _(a=y)?
4 I(t—s) 9,2 d
(34) +/0 47r(t.s)/R2(ts)e u?(y, s)ds+

t 1 (x _ y)2 B (L)ffy)2 )
- /0 Am(t — s) /]R 4(t — 8)2e T u(y, s)ds.

Owing to the lower bound of Lemma 2.1, we have that

1|0u x? ou x?
1|ou AN W LA IR V2 SV )
65 %las eXp( 2(2t—|—1)> =gzt eT P (4t(2t+1)>
Therefore,
ou x?
36 e R
(36) el too 4 | O exp( 2(2t+1))

Thus, on performing the time dependent scaling, we get the conclu-
sion. U

Let us now prove the time monotonicity of the relative entropy L.

LEMMA 3.3.  Let v be the solution to (19) and let L be defined
by (29). Then

—L <0
dT (T) _ Y

forT>1.
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PROOF. It is easily seen from formula (32) that 3¢ € L*(IR).
Integration by parts yields:

d/ (U —1—log U> eV 2y =
dT R \ Uso Voo

(% 5) or¢
Y )
= — — = =— |ve — — = || dy =
R \Uss U/ Oy 0y \ Vs U
( 1 1) <8v 2) too
=|— = — +Yyv —v +
Voo O oy -

2
N ~2fm3<1_1»
/]Rve <8y F dy.

Thus, thanks to Lemma 3.2, we have

dL o 2/ < 0 ( 1 1>>2
- = R - <
(38) e / e o \5 Z dy <0,

for = > 1. 0

Let I be the function from IR" into IR given by

d

(39) I(r) = ——L(r).

REMARK 3.1. Thanks to Lemma 3.3,
+oo
/ I(s)ds = L(6) — L(c0) < 400,
5

for any 6 > 1. Since I(7) > 0 for 7 > 1, then there exists a sequence
T — 400 such that I(7;) — 0 as k — +oc.
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Let us define v, : R — IR as

vk(y) = vy, 7), keEN.

PropPOSITION 3.1. A real constant ¢ exists such that if w., is the
function defined by - = é + ¢, then the sequence of functions (vy)ken

Woo

converges a.e. in R to w,, as k — +oo.

PrOOF. Thanks to the previous remark and to (P2)

1 1\\°
[ (2 (L 1)) o
k—+oco JR 0y \ Vs Up

Consequently,

0 (1 1

E" <T - ~—> — 0, strongly in L} _(TR).
Y \ Uk Voo

Since i is a bounded sequence of functions in L2 (IR), then there

exists a function w., such that
1 1 . 1,2
— — ——, strongly in W7 (IR);
W

as k — 400 and

0 1 0 1
— | — ) == (=], R
dy (wm) dy (600) “ey
Hence,
1 1
— = — +g¢
Woo Voo

for some constant ¢ € IR; therefore

M

Yy

2

e
@0) el

e 1 _s?
c+ (2m) (e = 1) 2[we Tds

Since v, > 0, we have ws, > 0. 0
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32-Casep>2

After performing the time-dependent scaling (20) in equation (1) as
p > 2, we study the large time behaviour of the solution to (1).

As a consequence of the results in Theorem 2.2, we have that
lv(-, T)||Lee < Cx, for every 7 > 7y and thanks to Lemma 2.2,

(P1) /Rv(yﬁ)dyz 1;

41 1o _ .
( ) (P2/) ’U(y 7_) > 22¢"Be ¢ exp 2(p 2)/20 exp (_ ’y’2€2 ) .
T (e27 — 1)% (€27 —1)(p=2)/2 er—1)°

where the constants B, C' have been defined in Lemma 2.2.
We shall prove in this case that the large time behaviour of the solu-
tion v is determined by the following equation:

ov v 0

(42) or = 8—3/2 a—y(yv)~

We refer to (42) as the Fokker-Planck equation associated to (1) in
the case where p > 2.
A stationary solution to (42) is given by the function:

(43) Uoo(y) = vexp (—y;) :

where v is a constant. Let us choose 7 in such a way

(44) /Rfyexp (_y;) dy = 1.

In the present section we prove that the large time behaviour of (1)
is given by the function .

Similarly as the case of the viscous Burgers equation, we define the
following convex nonnegative functional.

DEFINITION 3.2. Let v be the solution to (19). Let L be the function
from IR" into IR given by

B v(y, T) VY, )\ 22
(45) L(T)—/R<1_)00<y)—1—logﬁw(y)>e/dy.
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LEMMA 3.4. Ifwv is a solution to (19), then

L(1) < +o0.
Moreover

LEMMA 3.5. Let v be the solution to (19). Then

(46) lim (i - 1) (@ +yv — e_(p_z)Tvp> e W2 =,
ly| =400 \ Use VU dy

for every T > 0.

The proofs of Lemmas 3.4 and 3.5 follow the same lines as those of
Lemmas 3.1 and 3.2, respectively and will be omitted for brevity.

LEMMA 3.6. Let L be defined as in (45). Then

aL_
(47) dr
0 ° 0
= /}R<v_26_|y|2/2 <8Z+yv> —y e W/ (8; + yv) e‘“"”v”) dy,
for > 0.

Proor. Thanks to formula

(48) u(t) = Gt) g — ; /0 VGt — 5) P (3)ds,

we have on integrating by parts,

d/ <_U —1—log _v) ey =
dr R \Uso v

oo

_ (L_l> 0V /2 gy —
R \Us U/ OT

+oo
= e_ly‘2/2 (1 — 1> <6U + yrU — 6_(p_2)TUp)
Voo ©/) \OY

—00

2
_/ 0—26—y|2/2<3”+yv)+U—26—|y2/z<a“+yv> AP T
R dy dy

+
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LEMMA 3.7. Setv(y,7;) = v;(y), where j € IN. Let v be the solution
to (19). Then there exists a sequence (vi)ren Such that:

ov 2
50 I 2/ (—’“ ) dy = 0.
(50) X —1>I+noo ]R’Uk e By + yup Y

ProOF. Let us suppose by contradiction it does not exist a sequence
(71)x in such a way that

8vk 2
y s |y|2/2< ) du — 0.
IHHJPOO Rvk e ay + yvy, Y

Let I be the function 7 : R" — IR defined by
a 2
I(7) :/ v 2e /2 (_v + yv) dy+
R dy

51) :
+/ o=2e—0I2/2 <8_” n yv> e~ =D by
R Yy

On integrating by parts and making use of the L*-norm estimates
for the function v, we deduce that the second integral in (51) tends to 0
as 7 — +00. Therefore, there exists T' > 0 such that for every 7 > T

I(r)>0.

Moreover, % <0as7>T,;then

/DO Ids = L(T) — L(c0) < oo.

Thus we can find a sequence (7;)jen such that I(7;) — 0 as j — 400 and
we have a contradiction. U

The proof of the following result follows the same lines as the proof
of Proposition 3.1.

PRrROPOSITION 3.2. A real constant C' exists in such a way that if
Weo1s the function defined by w., = Cvs, then the sequence of functions
(V) pen converges a.e. in IR 1o W.
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4 — Proofs of Theorems 1.1 and 1.2.

Let us begin with the proof of the following inequality, which allows
us to obtain the decay of the function v towards the equilibrium v, as
T — +00.

LEMMA 4.1.  Let v be the solution to (19) and ws be a positive
function. Assume there exist positive constants 0,05 such that 016_3’2/2 <
Weo (Y) < 0.e7v"/2, a.e. y € R. Then for every T >0

(52) [0 ) =we (Vs <B | (ffik;; - 1og%) 2 g,

where B = B(||v||1,01,602) is a suitable positive constant.

PROOF. Let a € IR, o > 2¢?. Let us fix 7 > 0 and define the
following set:

fill,4+00) = R, : f(2) =2z —1—2log(z).

_{. v(y,7)
AT_{ €eR: o) >

| o

Let us denote by f the function:

We have that f(z) > 0 for every z > §.
Thus,

/T(U—woo)dy:/r<é—l)wmdy<

(53) < / <” - 1) Oae V" 2dy <

Woo
< / 20, (L —-1- logL> e*yQ/Qdy.
T woo o
Since
0< / (U -1 —logv> e‘y2/2dy <
(54) AT woo woo

S/ Le_y2/2dy§ i,

A Weo 01
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we have that:

220, v v 2
_ < 272 1= — Ve v 2qy.
(55) </T (v —ws) dy) < /AT (woo 1 —log woo) e dy

Set B, = IR\ A, and define the function
g:R" =R, g(z)=(2—1)>—a(z—1—1logz).

One can verify that g(z) < 0if 0 <z < §. Hence, for any given 7 > 0,

2
(56) (L — 1) eV /2 <« <L —1—log L) 6—112/27
w

Woo o oo

for y € B,, and

2 2
(/ (v — Way) dy) < / gge—zﬂ/zdy (L — 1) €—y2/2dy <
T T B‘r wOO

67) N )
< 0; (27T)1/2/ (— - 1> eV 2dy.
T wOO
Then
Jo(7) = wae Ol gy <
58
I
01 ) Jr \woo Woo
if 7> 0. 0

Let us prove now Theorem 1.1 to state the large time behaviour of
the solution to (1) in the case where p = 2.

PROOF OF THEOREM 1.1. As a consequence of Proposition 3.1, we
obtain by Lebesgue theorem that as k — +oo,

(59) A (ﬁf&) B ZE‘Z(Z))) e~y = 0.

Thanks to the result of Lemma 4.1 and Proposition 3.1, we have that
lv(-, Tk) =Woo ()| L2 r) — 0, as k — +o00. It follows that ||wee ()| 1wy =1
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and W, = V. Since for every 7 > 0, |[v(-,7)|l < Ca, we have by
interpolation that

im |v = Voo || Lr(m) = O;

as 1 < p < o0.
After performing the time-dependent scaling, we get the conclu-
sion. U

We prove now the main result on the large time behaviour of the
solution to (1) as p > 2.

In contrast to the case where p = 2, we are not able to define a
suitable functional L, which is monotone non increasing in time. Never-
theless, one can prove that [ (=% o) ] _Jog vT) )e‘yz/Qdy converges to

Voo (y) Voo (¥)
Z€ro as T — —+o0.

Proor orF THEOREM 1.2. Thanks to the inequality of Lemma 4.1
and to Proposition 3.2, we deduce that w., = v. Let us prove now that
the function L (7) converges to zero as 7 — +o0.

STEP 1. The function [ is continuous in 7, thanks to the results of
Theorem 2.1. We have to consider the following three cases:

1) there exists 7' > 0 such that I(7) > 0 for every 7 > T'; then L is a
Lyapunov functional and the conclusion follows as for the case where
p=2.

2) There exists T > 0 such that I(7) < 0 for every 7 > T. It follows

that:
2
0< / v2eV /2 <@ + yv) dy <
R oy

_ -2 ,—y2/2 @ 1 p
< /Rv e <0y +yv> e(pd)Tv dy.

Thus, on integrating by parts in the last integral of (60), we have

(60)

2
lim v 2e /2 <@ + yv) dy = 0.
R dy

T—+00

3) The function I(7) changes the sign as 7 € [0,00). Let (7;):e; € [0, 00)
such that I(7;) = 0. Suppose I(1) >0 as 7 € [1,_1,7;) and I(7) <0
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as 7 € [r,7i41]. Then L(7;,_y) > L(r) > 0 for 7 € [r;,_1,7;) and
L(Ti+1) > L(T) > Oas T € [Ti,Ti+1]-

As a consequence of I(7;) = 0, we have that L(r;) — 0 as 7; — +o0.
Thanks to the previous inequalities, L(1) — 0 as 7 — +o0.

STEP 2. Thanks to the inequality proved in Lemma 4.1, we obtain
the result of Theorem 1.2 in a similar way as in the case where p = 2 if
the intial value u, satisfies the assumption of Lemma 2.2.

By density argument the result can be proved in the general case.
The solution to the Cauchy problem (1) satisfies indeed the following
L'(IR)-contraction property proved in [5]:

[ul-8) = (- Dy < lluo = olls,

for every ¢ > 0. Consider now a nonnegative initial value u, € L'(IR) and
approximate ug in L'(IR) by a sequence of functions (ug,)new C L'(IR)
such that wg,(z) > M, exp(—é), a.e. x € IR, where M, are positive
constants. Let u,, be the solution to (1) with initial value ug,. Thanks
to the result on the long time behaviour of u,, and the L' (IR)-contraction
property, we get the conclusion. U

5 — Concluding remarks

Consider the following class of convection-diffusion equations in IR™:

ot
u(z,0) = up(z), r e RN,

%:AU—Q'V(UP) r€RY, t>0,
(61)

where p > 1+ %, N >1; a € R" and v, is a nonnegative function from
LY(IRY).

In the present section we will prove that our procedure can be used
in the study of the long time behaviour of the solution to Cauchy prob-
lem (61).

Given u, € L'(IR"), there exists a unique classical solution u €
C([0,00); L'(R™)) to (61), which satisfies the following properties
(see [5]):
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(i) for every g€ (1,00), ue C((0,00); W*1(IR™)) N C*((0, 00); L*(IRY));
(ii) for every ¢ € [1,00), there exists a constant C, = C(q, ||uol|1) such
that for every ¢t > 0:

ult <C t—N/2(1—1/¢Z),
o) { o<

[u@)]lx < [luolls-

(iii) Let ¢ty be a nonnegative real number. Then there exists a positive
constant C, such that for every t > tg:

(63) lu()lloe < Coct ™72,

By studying the problem in a similar way as the case where p > 2
and N = 1, we can prove the following result.

THEOREM 5.1.  Assume that p > 1+ + and

ug € LY(IRY), /N uo(z)dr = 1;
R

uo(x) >0 a.e. z € RN,

(64)
Let u be the solution to the Cauchy problem (61). Then for every
q € [1,00)

lim (2t + 1)V () = use (2 + 1) g, = 0,

t—+4o0
where
1 2
(@2t +1) = ——— —_— ],
tool, 28 + 1) (2t+1)N/ﬂeXp< 2(2t+1))

and v = ([g~ exp(—x—;)dm)_l.
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We just give an outline of the proof.
PRrROOF. Let us divide the proof in the following four steps.

STEP 1. Following the same procedure of the proof of Lemma 2.2,

2
we prove that if ug(z) > M exp(—%) for some positive constant M and
for a.e. z € RY, then there exist positive constants B and C such that

Be ¢ C |z|?
(65) u(w,t) > N2 exp <tN(p_21)_1> eXp <_4t> )

for every t > 1.

STEP 2. After performing a time-dependent scaling, we study the
long time behaviour of the solution to the following problem:

(66) {giv‘[wwvae“’”“*vﬂ yeRY, 750,

v(y,0) = vo(y) ye RN,

Notice that the solutions u and v to problems (61) and (66) respec-
tively, are related by

u(z,t) = ! N/2v< x

27'_1
vy, 7)=e"u <yeT, € 5 > .

/27 log (2t + 1)1/2> )

The large time behaviour of the solution to (66) is determined by the
following equation:

ov
(68) 5 = Av+ V- (yv).

A stationary solution is given by the function:

(69) Uoo(y) = 7y exp (—%) ;

where v is a constant. We fix v in such a way that

(70) /RN’yeXp (—%) dy = 1.
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STEP 3. Similarly as the case of the viscous Burgers equation, we
define a nonnegative functional. Let v be the solution to (66). Let L be
the function from IR into IR given by

B v(y, ) VY, T\ e
(71) L(T)—/]RN(TJOO(y)—1—log1_)oo(y>>e||/dy.

One can prove that if v is a solution to (66), then L (1) < +o0.
Moreover, if v is the solution to (66), then

1 1 0
(72) lim (— — —) ( v + yiv — al_e—(Np—N—l)T,Up> 6_‘3/'2/2 _ 0’
Voy U

lys|—+o00 0y,

for every 7 >0 and¢=1,...,N.
Consider L defined above. On integrating by parts, we prove that

2
dL N e Ov
“r -2,—ly*/2 .
= /}RN; <U e (8% +yzv> +

(73)
— p 2 W2 (gv + yw) aie(Nle)Tvp> dy,

3

for 7 > 0.
Set v(y,7;) = v;(y), where j € IN. Let v be the solution to (66).
Then there exists a sequence (vy)ren such that:

N

. ov ?
(74) lim Z/]RN ’Uk_Qe_‘yF/Q <a]: + yﬂ}k> dy =0.

koo i Y
Let us suppose by contradiction that it does not exist a sequence
(T%)s in such a way that
N

. o _iy2/2 [OV 2
lim Z/Rva 2emlvl"/2 (8—3;:+ywk> dy = 0.

ke i
Let I be the function I : IR" — IR defined by
I(7r)= i\f:/ v2e v/ (@ + yiv>2 dy+
=1 /RN Jy;

(75) N
+ Z/ v~ 2eIWI*/2 <§U + yiv) ae” NP=N=Dryp gy,
i=1 /RN Vi
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On integrating by parts and making use of the L*°-norm estimates
for the function v, we deduce that the second integral in (75) tends to 0
as 7 — +o00o. Therefore, there exists T' > 0 such that for every 7 > T

I(r)>0.

dL
Moreover, o <0as7>T;then
T

/OQ Ids = L(T) — L(o0) < 0.

Thus we can find a sequence (7;) such that I(7;) — 0 as j — 400 and
we get a contradiction.

Similarly as the cases studied in Section 3, we can prove that there
exists a real constant C' in such a way that if W, is the function defined
by s = CVs, then the sequence of functions (vy),., converges a.e. in
R” to ...

STEP 4. The inequality proved in Lemma 4.1 holds true even in the
case where the functions v and w,, are defined in IR". Moreover, the
conclusion of the proof of Theorem 5.1 is achieved by following the same
procedure as for the proof of Theorem 1.2 in Section 4. O

We have tried to apply the method to study the long time behaviour
1
of the solution to (61) in the case where p = 1 + N and N > 1. Un-

fortunately we are not able to conclude the proof because of technical
difficulties due to the lack of informations about the qualitative proper-
ties of the self-similar solution to (61) (see [1]).
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