Totally singular Lagrangians and affine Hamiltonians

Marcela Popescu

Abstract. A Lagrangian or an affine Hamiltonian is called totally sin-
gular if it is defined by affine functions in highest velocities or momenta
respectively. A natural duality relation between these Lagrangians and
affine Hamiltonians is considered. The energy of a second order affine
Hamiltonian is related with a dual corresponding Lagrangian of order
one. Relations between the curves that are solutions of Euler and Hamil-
ton equations of dual objects are also studied using semi-sprays. In order
to generate examples of second order, a natural lifting procedure is con-
sidered.
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1 Introduction

In the case of hyperregular Lagrangians and Hamiltonians, a duality between La-
grangians and Hamiltonians is usually given by a Legendre transformation. Using
constraints or symplectic technics, one can handle dualities between large classes of
singular Lagrangians and Hamiltonians. We are concerned in this paper with La-
grangians and Hamiltonians that have null vertical Hessians, i.e. the ,,most singular”
Lagrangians and Hamiltonians; they are affine in velocities and in momenta respec-
tively and are called here totally singular ones. The Lagrangian case is remarked in
[2], where it is related to a classification of singular Lagrangians. Marsden and Ratiu
are concerned in [6] with a special case, called here the regular one, when the vector
field given by the Euler equation is uniquely determined. A classification of dynamic
solutions using constraints is considered in [3].

We define in the paper allowed totally singular Lagrangians, i.e. Lagrangians affine
in velocities together with a vector field that is a solution of its Euler equation (in
[2] one say that the Lagrangian allows a global dynamics). We consider a duality of
a such Lagrangian with a corresponding allowed totally singular Hamiltonian that is
affine in momenta, so that the Legendre map sends lifts of the integral curves of the
Euler equation to integral curves of the Hamilton equation (Proposition 2.1). Every
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allowed Lagrangian has a dual allowed Hamiltonian, but the converse is true only
locally (Proposition 2.2). Certain examples of allowed Lagrangians and Hamiltonians
are given.

In the second section we consider allowed totally singular Lagrangians and affine
Hamiltonians of second order, having null vertical Hessians of 2-velocities and mo-
menta respectively. A duality is considered also in this case. An allowed Lagrangian
has a dual allowed Hamiltonian, but for the converse situation, Theorem 3.4 asserts
that, assuming some conditions, an allowed Hamiltonian of second order has a al-
lowed Lagrangian of second order and both can be related to ordinary dual allowed
Lagrangians and Hamiltonians on 7M. A study of some classes of allowed Lagrangians
of second order, including some considered in [6], is performed, obtaining differential
equations that have as solutions curves that verify the Euler-Lagrange equations. In
order to have consistent examples of allowed Lagrangians and Hamiltonians of second
order, a lifting procedure is given from the first to the second order, in the regular
case. In this way, certain examples considered in the first section, or examples con-
sidered in [6] or [2] can be lifted to allowed Lagrangians and Hamiltonians of second
order.

The paper is addressed mainly to a reader interested in geometric mechanics.
We avoid abstract and general constructions, or to mention and to extend some re-
lated problems (such as affine bundles, some aspects of analytical mechanics or Lie
algebroids). We use coordinates on the second order tangent spaces as in [7, 10]. Con-
cerning some new examples we give, we have in mind not to bring over, but to bring
in attention. Further developments can be done to foliations (as in [5]), to a complex
setting (as in [11]) or to other singular cases (as in [14]).

2 Totally singular Lagrangians and Hamiltonians of
order one

A Lagrangian L : TM — IR is totally singular if it is affine in velocities, or, equiva-
lently it has a null vertical Hessian. This class of Lagrangians is considered in [6], [1],
[2], [3] ete. A totally singular Lagrangian L has the form L(x,y) = a(y) + 5, where
a € X*(M) and 8 € F(M). Using local coordinates,

(2.1) L(z',y") = i (¢?)y’ + B(27).
The Euler equation of L, % (g?ﬁ) = ngi, becomes
Oa; O . ap
(22) <8x3 oz’ ) L
where %i =y "2 o or ipdo = dB3.We are interested in the case when ¢ = o' -2 €

X(M).

We say that a (local) vector field ¢ on M is allowed for L if it fulfills the condition
(2.2). In the case when ¢ is a global vector field, one say in [2] that L allows a global
dynamics. Briefly we say in that follows that the Lagrangian L is allowed if an allowed
vector field ¢ exists and it is considered implicitly associated with L if anything else is
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assumed. A dual totally singular Hamiltonian H (i.e. affine in momenta) is associated
here with an allowed L in order to give a natural correlation between the solutions of
the Lagrange equation of L and the Hamilton equation of H.

Some important particular cases are briefly described as follows. The reqular case
is when da is a symplectic form and [ is arbitrary. The allowed vector field ¢ is in
this case the Hamiltonian vector field Xg. A trivial case is when « is closed, when
B = const. and every ¢ € X(M) is allowed for L. Another case is when do has the rank
dim M — 1 and 8 = const. The vector subbundle ker dae C T'M has a one dimensional
fibers, then L becomes allowed considering any section ¢ in ker da.. The case when the
equation (2.2) has multiple solutions is studied in [3], where a classification of such
Lagrangians related to their dynamics on T'M is performed.

A Hamiltonian H : T*M — IR is totally singular (or affine in momenta) iff H has
a null vertical Hessian. The general form of H is

(2.3) H(x,p) = ple) +1,

where ¢ € X(M) is a vector field and v € F(M) is a real function; using coordinates
H(x,p;) = pip(2?)+ v(z7). The Hamilton equations of H are

dx’ i
24) (=%,
dt = 027 Pi T oz
It follows that a integral curve v = (2%,p;) : I = (a,b) — T*M (of the Hamilton
equations) projects to a curve 71 oy = z* : I — M, that is an integral curve of the
vector field ¢ = ¢ 52 € X(M).

All the Hamiltonians considered in this section are totally singular. Notice that
every curve 7y in M that has the local form t — (4(t)) lifts to a curve (") in TM
that has the local form t — (v(t), fli—'ty(t)). We say that v() is the tangent lift of .
If ¢ is an allowed vector field for L, we denote by I'y, , the set of its integral curves
(in M); these curves are solutions of the Euler equation of L. If H : T*M — IR
is a Hamiltonian, we denote by 'y the set of curves in T*M that are solutions of
Hamilton equation of H and by Xgy € X(T*M) the Hamiltonian vector field of H.
In the sequel m# : TM — M and «’ : T*M are the canonical projections. We say
that a Hamiltonian H having the form (2.3) and an allowed Lagrangian L having the
form (2.1) are in duality if the vector field ¢ that corresponds to H is allowed for L
(i.e. iyda = df) and L(z, ) + H(x, ) — a(p) = const. Using coordinates, the two
conditions are equivalent to (2.2) and 5+ v + ajcpj = const. respectively. Since the
Lie derivative has the form £, = i,d + di,, it follows that the condition i,da = df
is equivalent to the condition L, = d(a(y) + §). Thus H and L are in duality iff
the conditions i,da = df and L, = —d7y hold. The following characterization is
straightforward using the definitions and the above remarks.

Proposition 2.1. The allowed totally singular Lagrangian L and the totally singular
Hamiltonian H are in duality iff the following two conditions hold:

1. The projection of the Hamiltonian vector field Xy, ¢ = 7. Xy, is an allowed
vector field for L.

2. The Legendre map L : TM — T*M of L sends every tangent lift of a curve
y€TL, toa curve Loy €Ty,
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Proposition 2.2. 1. If L is an allowed totally singular Lagrangian, then it has a
dual H. If H and H' are two duals that correspond to a same allowed vector

field, then H — H' = const.

2. Let H be a totally singular Hamiltonian having the form (2.8). If ¢ # 0, then,
locally, there is a totally singular Lagrangian L that is a dual with H and has ¢
as an allowed vector field.

Notice that the essential relation is

Oci ;. . 0%
3a:jso 7 Ozt

ol Oy
toni

(2.5) =0,

or Loa+dy = 0. It is a system of partial differential equations that (c;) must satisfy.
The final argument in the proof is obtained using the following Lemma.

Lemma 2.3. If ¢ # 0, then the system (2.5) allows always « as a local solution.

We consider below some examples. Other ones can be found in [2, 3].

Example 1. Let L : TM — IR be a regular Lagrangian and f € F(TM). Then
Lo : TTM — IR, Lo(2%, 9", X', Y?) = Xig—qﬁ(xj,yj) + f(27,9%) is a regular totally

singular Lagrangian. The Euler equations of Ly, gives a vector field G(f) = —g¥ g ny

2+ 9 (5% — 555 ) 0715+ #5) & € X(TM) 1t f € 7 F(M), then
G(f) is a vertical vector field. In the particular case when L comes from a Riemannian
metric on M, then G(f) is the vertical lift of the usual gradient of f. The dual Hamil-
tonian is Hy : T*TM — IR, Ho(z*, yi7p(0)l,p(1)l) = Xip(o)l—&—Yip(l)i—i—v(:rj, y7), where
Xt= g5l md Y' = g7 (5507 — ol ) X'+ 55 ). thus v = g9 5580 — .
In particular, when L = 1 F, F is 2-homogeneous and f(z',y7) = =3 F(z%, y7)+h(a?),
then X* = y* and the solutions of the Euler-Lagrange equations are the integral curves

of a (first order) semi-spray (z%,y*) = 5 = (2%, 9%, vt St (at, y)). For example, it is the case
when L = %gij( ¥)y'y? comes from a (pseudo) Riemannian metric g.

Example 2. The vector field given by Euler equations for the rotational dynamics
of a rigid body about its center of mass, in absence of external forces (see [6, section
1.2 and chapter 15]), can be associated with a totally singular Lagrangian, as follows.
Consider (IIy,II,1I3) € R3, I, € IR}, i = 1,3, and the 1-form F = III,(II3+
Hg)dl’[l—i— IQHQ(H%-F H%)dnz—i- IgHg(H%—i— H%)ng, If Il 7é 12 7é 13 7& Il, then dF has
rank 2 on an open domain, dense in IR3. The totally singular Lagrangian L(II;, H,) =
LT T (T3 4 T03) + LMo XTo (113 + 113)+ I3I151T5(IT3 4 I13) is allowed according to ¢ =
oIl (Ip — Is) 59—+ HaTly (Is — I1) 8-+ 1y (Iy — I2) 55 € ker F.

Example 3. Let Q@ = dw be a symplectic form on M, X; € X (M) be the
Hamiltonian vector field of an f € F(M). Then the totally singular Lagrangian
L(z*,y*) = y'w; + f is allowed and the solutions of the Euler equation of this La-
grangian are the integral curves of X;. A particular case is contained in Example
1.

Example 4. Let X € X(D), f € F(D), where D C IR™ is open , m > 2, X, # 0,
dfe, #0, (V)x € D, and X(f) =0 on D. Let us say that f is a critical function for X.
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It can be easily proved that every point zg € D has a neighborhood Dy C D such that
there are local coordinates (2');_1; on Dy such that X = 8 -2 and f(z%) = 2% Let us
suppose that D = Dg and define w € X*(D), w = 2'd2?+&, where © € X*(D) has the
form m*wy, m: D — Dy, (2°) 5 (2%,...,2™), D; C IR"™ % is open and w; EX*(Dl)
We have obviously ixdw = df, thus the totally smgular Lagrangian L(z*, y*) =

y'w; + f is allowed. When m = 2n we can consider w = Z z22=1dz2>; in this case

a=1

dw is symplectic and the totally singular Lagrangian L(z¢, w* Z 2a—lyy2a 4 21

is regular, thus it is allowed with the corresponding vector field X

Example 5. The totally singular Lagrangian L(z', 2%, y',y%) = e* 2 on IR? is
regular.

Example 6. The Hamiltonian H (z?, %‘Q,pl,pg) = ¢®' py on IR? is totally singular.
The corresponding vector field is ¢ = e aa If we look for a differential form o =

ai(z!, 2?)dz! + as(x!, 2?)dz? such that the Lie derivative L,a = 0, we obtain that
a; = —22f(z!) + ¢ and ap = f(z'). Then da = (f(z )+f( Y)dat A dz?. The
condition that « be non-degenerated is f + f/ # 0.

3 Second order Hamiltonians and Lagrangians

A coordinate construction of T¥M, k > 2, can be found in [7]-[10], or in [13] most
used in this paper. The adapted coordinates on T2M on the domain of an adapted
chart are (2%, y* = y1?, y(??); they change according to the rules 2 = g (z%),
yDi' = %y(l)i, y@i =1 820 _y(Wigy (7 %y@)i. A section S : TM — T?M
of the affine bundle T2M 3 TM is called a (first order) semi-spray on TM. It can
be regarded as well as a vector field I'y on the manifold TM , since T>?M C TTM.
The total space of the induced vector bundle 77" M is also the total space of a
fibered manifold (TM xp; T*M,ro, M). Tt is used in [8, 13] in the study of the dual
geometrical objects of second order on M, in particular the second order Hamiltonians
on M. In the sequel we denote 7;T*M = T**M, considered as a vector bundle over
TM. The tensors defined on the fibers of the vertical vector bundle VZM — T?M of
the affine bundle T2M 23 T'M, or on the fibers of an open fibered submanifold, are
called d-tensors of second order on M. For example, d-vector fields of second order
are sections of VZM — T?M, or, equivalently, of T?M xp; TM = w5TM — T?M,
a d-covector field of second order (or a second order d-form on T?>M, for short) is a
section of T?M x py T*M = 73T*M — T?M; a bilinear d-form on T2M is a section
of T?Mx p (T*M @ T*M) = 73(T*M® T*M) — T?M; and so on.

A Lagrangian of second order on M is a differentiable function L : T?M — IR or
L:W — M, where W C T?M is an open subfibered manifold. For example, in [7]-
[10] W = T2M is T?M\{0} (where {0} is the image of the ,null” velocities) and L :
T?M — IR is continuous. If u € TM, then the fiber T2M = 75 *(u) C T?M is a real
affine space, modeled on the real vector space Tr(,) M. The vectorial dual of the affine
space T2 M is the vector space of affine morphisms T2MT = Af f(T?M, IR). Denoting
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by T?M*t = U T2M' and «f : T2MT — TM the canonical projection, then
ueTk=1M

(T2M*, 71, TM) is a vector bundle. There is a canonical vector bundle epimorphism
over the base TM, I1 : T2M" — T2* M. This projection is also the canonical projection
of an affine bundle with the fiber IR. An affine Hamiltonian of second order on M is
a section h : T?*M — T?M of this affine bundle (or of an open fibered submanifold
W C T?*M), i.e. Hoh = lg2.p; (or Il o h = 1y respectively). Thus an affine
Hamiltonian is not a real function, but a section in an affine bundle with a one
dimensional fiber.

The definition of a affine Hamiltonian was first considered in [13], in order to create
a canonical duality Lagrangian - Hamiltonian, via a Legendre map. The Hamiltonians
considered in [9] are called in [13] as em vectorial Hamiltonians; they are not in a
canonical duality with Lagrangians of higher order (see [13] for more details).

We consider some local coordinates (z*) on M, (2%, y*) on TM, and (x%,y*, p;, T) on

T2 M. The vector bundle morphism IT is given in local coordinates by (2%, 3%, p;, T) I
(', 9", p;). The coordinates p; and T change according to the rules p;; = 8730’2% and

T =T+ %yj ‘Zi] 88;:, p; respectively. Thus the local function Hj changes according
to the rule
. 02zt 9x

D29k dx? L

i d i, 1
(3.1) Ho(x* " pir) = Hol@',y'.pi) + 597y

The corresponding map h : T?*M — T2 M has the local form h(z?, 3%, p;) = (2%, 3,

) B . OH' il . 2,0
iy, Ho(x', y*,p;)). Tt is easy to see that Bpt[f) = %Zi % + %yjyk%. Thus there

is a Legendre® map H : T?>*M — T?M, given in local coordinates by (x%,y%, p;) it
. . . . . . . ) . .. 2 .
(" y", HY), H' (2", y" pi) = %I;f (", y",pi). It is easy to see that h" = 8‘15& is a
symmetric bilinear d-form on T'M, which we call the wvertical Hessian of h. For an
affine Hamiltonian A of second order and the local domain U, the energy &y is given

by the local formula &y = p(oyiy* + 2Ho (2", y*,p(1);)- It can be proved (see [13]) that

the local functions £y glue together in a global function & : T*T'M — R. We say
that an affine Hamiltonian is totally singular if its vertical Hessian is null. A totally
singular affine Hamiltonian A of second order on M has a local form

where (S?) defines an affine section S : TM — T?M given locally by (z%,y") 5,
(z%,y%,S") and f € F(TM). It defines also a (first order) semi-spray, denoted by
Ty € X(T'M), given locally by the formula

;0 ;0
3.3 Io=y'— +25"—,
( ) 0 Y oxt + 8y’t
that we call the associated semi-spray of h.

For example, let I'g = y“”% + QSlﬁ be the local form of a first order semi-
spray. Then the formula Hy(x?, p;) = S'p; defines a totally singular affine Hamiltonian
of second order. In particular, one I'y can be the first order semi-spray defined by a
regular Lagrangian Lo : TM — IR (see [7]).
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Given a totally singular affine Hamiltonian h having the local form 3.2, its energy
€ = p(oyiyM' +2p1);S' + 2f is a totally singular Hamiltonian € : TM — T*T'M. Let
us look for a totally singular Lagrangian on T'M, that is in duality With E. The vector
field on TM, that corresponds to & is ¢ = Iy = y(1)* a -+ 25’ (1)7, the first order
semi-spray defined by h. We denote @i = (i ()i = ZSl(acJ yWi) and v = f.
The system (2.5), where additionally « := &, with

(34) a = a(o)ida?i + a(l)zdy(l)z7

becomes: 255 a(1); 4255 +To(a(0)5) = 0, a(0)i+255 (1), + 25007 +Lo(a);) = 0,
Denoting by Ho(x?, y(D7, P(1);) = Sip (1)i+f, then this system of partial differential
equations becomes:

(3.5)

2980 (3 lvy( )3 a);) + Toleyoy;) = 0,
()i + 2487 + To(aqy;) = 0,

Taking «(g); from the second equation, the first equation becomes

W0
8361 Y

(3.6) Lo(aqyi) = (1)i)-

Let us denote by F; € F(T?** M) the right side of this equation. Let {2}
be a system of local coordinates on the manifold T2*M such that I'g = %. Then

a=1,3m

the local form of the differential equation (3.6) is 8;(1’1 = Fi(2%, a(1);). It is obvious

that this differential equation has local solutions.

There are canonical projections T?'M 5 T2*M = TM x,; T*M 2% TM. If
a = (a;(z7,yM7)) is a d-form on TM, let o/ : TM — T*M = T'M x5 T*M
be the map defined by o/(z) = (2,a;). We say that a map h, : TM — T*'M

is an a-Hamiltonian if m o h, = o’. Using local coordinates, the local form of h, is

(27, y 1)) LA (27, y M7, (27, y™MI), —ho(27, y(D7)) and the local functions hg change

on the intersection of two coordinate charts according to the rule 2hj (7", y™M7") =
2ho (27, y(M7) + F(y(l)i/)ai:. For example, if x : T?*M — T? M is an affine Hamil-
tonian and o : TM — TM x5 T*M is a d-form on TM, then h, = x o' is an
a-Hamiltonian.

Proposition 3.1. Let
(3.7) L(a?,yM7,y®) = 2@ (2, y M) — 2ho(2?, y M),

where o = () s a d-form on TM and hg is the local form an a-Hamiltonian he,.
Then L € F(T*M).

A second order Lagrangian L : T?M — IR gives rise to an integral action I(vy) =
fol L (xz, dft , %ddt”é ) dt on curves v : [0,1] — M, t 5 (zi(t)), vV (0) = a:(()l), M (1) =

acgl). The critical curves of this action, obtained by a variational condition, verify the

well-known Lagrange equation of second order (see, for example, [7]):

OL d OL 1d*> 0L
(38) o dt oy T 2 ae oy@i 0
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The dual counterpart of this action is the integral action of an affine Hamiltonian
h on a curve v : [0,1] — T*M, using the formula:

T d2a da’
(39 1) = [ oG = 200 (. )|

where 7 has the local form ¢ % (z7(t), p;(t)). The critical condition (or Fermat condi-
tion in the case of an extremum) can be used for the integral action; one obtains the
Hamilton equation in the condensed form:

1d%p; _ 9H, 4 d 0Ho _
(3 10) 2 dt? oz’ dt oy ’
’ 1d%z®  9Ho _ 0.
3 diz T op

(See [13] for more details.)

Let h and L be totally singular of second order, having the local forms (3.2)
and (3.7) respectively. Then a d-form on TM, given locally by a = (a;(27,y(17)),
corresponds to L and a first order semi-spray I'g, given by formula (3.3), corresponds
to h. We say that L is in duality with h if the formula (3.6) holds, with a(1); = a;
and h, = hod' (i.e. the a-Hamiltonian h, corresponds to h and «). Using relation
(3.7), one can prove the following fact.

Lemma 3.2. If L is in duality with h, then aH" (2, yV' ay) = — 2L (2t y?, §7)

G/ﬂd a?figz ((E ) y(l) ) al) - _85(1(;)1 ((E y Sl)

We say also that a totally singular Lagrangian L of second order is allowed if
there is a first order semi-spray I'y and a d-form o = («;) such that the following

formula holds T'o(cy;) = —235( Ly ;) + 2T (a (m) Notice that for a second

order Lagrangian, this condition is analogous to the condition (2.2), obtained in the
first order case.

It is easy to see that a totally singular Lagrangian of second order is allowed if it
is in duality with a totally singular Hamiltonian of second order. Thus a local dual
of a totally singular Hamiltonian of second order is allowed. One can easily check the
validity of the following result.

Proposition 3.3. Let o = (o (27, y™M7)) be a d-form on TM and h : TM — T*' M
be an a-Hamiltonian such that there is a 1-form & € X*(T'M) such that « is the top
component of &, i.e. & = gy dz’ + a(l)idy(l)’, with a1y, = . Then the formula

(3.11) L(a?,yM7, Y OL yWDh) = (v O —yWha); + Y Miagy, —h
defines a totally singular Lagrangian L : TTM — IR.

The restriction of L to T?M, has the form Lo (27, y(17 y7) = 4iq; — h. Thus
if a totally singular Lagrangian Lo on T?M has the property that a = («;) is the
top component of a 1-form o on TM, then Lg is the restriction to T?M of a totally
singular Lagrangian L on TM (since T*M C TTM).

Let h be a totally singular Hamiltonian of second order on M, i.e. Ho(a7, y(1J
pi) = piSi(x?, y M) + f(29, yM7). We can consider a local 1-form & = ag);da’ +
a(l)idy(l)i that is a solution of the system (3.5). Considering the d-form o on T M,
defined by its top component, we can construct a totally singular Lagrangian of second
order on M.
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Theorem 3.4. Let h be a totally singular affine Hamiltonian of second order. If the
system (8.6) has a d-form o = (a(1y;) on TM as a global solution, then there is a
totally singular allowed Lagrangian, L : TTM — IR (on TM ), such that:

1. The energy € of h is a dual Hamiltonian of L.

2. The restriction of L to T>*M C TTM is an allowed totally singular Lagrangian
Ly : T?>M — IR (of second order on M ).

3. The pairs (h, L1) and (€,L) are each dual pairs.

Notice that Theorem 3.4 can be adapted in the case when the d-form o = (ay1);)
has a solution on an open fibered submanifold of T?*M — TM.

Every curve v in M that has the local form ¢t — (y%(t)) lifts to a curve 4 in
T2M that has the local form t — (yi(t), ddit(t), %dd; (t)), called the 2-tangent lift of
7.

Proposition 3.5. Let t 2 (vi(t),'yp)i(t)) be an integral curve of the first order

semi-spray Lo that corresponds to h and L be a dual Lagrangian. Then:
1. The curve v1 is the tangent lift of a curve t - (V' (t)), i.e. y1 =W,

2. The curve t 3 (v, w;) in T*M, where w;(t) = a; (v (t), %(t))ﬂ is a solution of
Hamilton equation of h.

3. The curve vy given by 1. is a solution of Fuler equation of L.

We remark in that follows that not all the solutions of the Lagrange equation of
a totally singular Lagrangian of second order come from the integral curves of a first
order semi-spray, but some come from the integral curves of a second order semi-spray.

Let L : T?M — IR be a totally singular Lagrangian, i.e. L(z?,y1M? 4?)?) =
2y (27, yM7) — 28(2?,yM?). The Lagrange equation of L is 85 i%—i—
142 oL _
21 di? oyt

Let us consider a curve on T2M that is a solution of the Lagrange equation,
that has the form t — (2%(t),yMi(t) = &= yPi(t) = 1 d”( ). By a straightforward

2
computation one obtain

OL _ d _OL +1d2 9L  _
9zt~ dt oy(Mi T 2dt2 gy@i

dy®? ([ 8a, Oaj (2)j ( 02 oy ()k
2 dt AyM)i - Ay)7 +2y ozt 6zk8y(1)iy -

8%a; 8% ay 1)k
25, E Gy y2* +2ay<may<1>b + 23y<1)jamk yWk4

’a; 2)k | oy 8/3 1)k 0y, (1)k, (1)j
25 00rgemryPF + §2) — 25 +2W?J( Wt gy Wry 7,
First let us suppose that ‘zf’f)] — a?;?ljﬁ = (0, i.e. locally there is a function « such

oL d 1d®> 0oL  _
By (1)1. In this case, since 57 — 3 8y(1>1 + 2aE g7 —

2 0 da; %a; 1)k o)
2y (63g + o+ 8y(1>Ja81k yWk + ay(l)jaﬂy(m) -
o8 1)k %o, (1k, (1)]
289:7 +281k8 Uﬁy( ) + 8m’“grj y( ) y( V.
It follows that along a curve that is a lift of a solution of the Euler equation, {y(*)7}
is a solution of an algebraic system of equations.

that o; =
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daj i ; 9?2 Jé)
Let us denote by 9ij = azz + ng ay?l)Jaazk y( k4 ‘ayu)jaﬂy(l)m by fi = 2351

Z%y(l)k - 832% yWky(Mi and let U € TM be their domain of definition.

Proposition 3.6. Let us suppose that there is a local vector field S = 3 8% +
Si(x7, y(M )8 O U — TTM such that g;;S7 = f;. Then the image U' = S(U)

is included in T>M and the image of an integral curve of S has the form ~3), where
v is a solution of the Fuler equation of the Lagrangian L.

Corollary 3.7. Let us suppose that the local matriz (g;;) is invertible and (g%) =
(9ij)'. Then, considering the local vector field S = y' 8% + gjkfk% U —=TTM,
the image U’ = S(U) is included in T?>M and the image of an integral curve of S has
the form 3, where y is a solution of the Euler equation of the Lagrangian L.

Notice that the above result is related with [4, Sect. 5].
da; doy;

An other interesting situation arises when the d-tensor ai; = F7 — 5,057 is
non-degenerated. In this case we look for a second order semi-spray, i.e. a vector field
X € X(T?°M), X : T*M — T3M C TT?M, having the local form X = y1)i2. 4
Qy(z)i% + 3f%(z?, y W7, y(2)i)ay?2)i =T+ 3]”'%, such that the Euler equation
holds along its integral curves. Let us consider an integral curve of X. Then along the
curve we have % = X and

oL  d _OL 1d®> 9L  _ o (2)j02; _ @i O
ox’ @t oy (I tyaE gy = 2 Gt Bﬂ 6.7 g 0

oo () o () + 4+ 5t

L 1 2 da

£ — F( L)+ 402 (o) — 6fj(8y?‘f)l WL”J) If we suppose that the d-tensor
~ 8oz] Qo
Qij = Jygi T g7

Fr @ty y@i) = Lai (ngZ - F( y<1)7) —&-I‘Q(az)) =

1qi (gf,. -T (af%) + 172 (6y(2)1)).

In order to have consistent examples of totally singular Lagrangians and affine
Hamiltonians of second order, we give an algorithm for lifting an allowed non-
degenerated non-singular Lagrangian of first order, to an allowed non-singular La-
grangian of second order, also non-degenerated.

We recall that if @ € X*(T'M) has the local expression & = a(o)idxi + a(l)idy(l)i,
then the d-form a defined by (cy(1);) is called its top component. We say that the d-form

is non-degenerated and we denote by (@) = (a;;)~!, then

a on T'M is non-degenerated if the matrix (aij = %) N is non-degenerate in
4.J

=1,m

every point of TM of coordinates (27,y17). We denote (a*/) = (a;;)~". Notice that
the condition does not depend on coordinates. We say that the d-form o on TM is
s-non-degenerated (the initial s comes from skew-symmetric) if the matrix

~ 60&1‘ 3043

i,j=1,m
is non-degenerate in every point of TM of coordinates (z7,y"7). We denote () =
(@;;)~'. Notice that the condition does not depend on coordinates.

Let L : TM — IR, L(z*,y™?%) = ay(29)y™M* + B(z7), be the general form of a
totally singular Lagrangian, where o« € X*(M), f € F(M). We denote by «o;; =

day _ 0oy — _ (1)j g 1,(1)j9@;
(da)ij = 354 — Mﬁ,wify( Jaj; and Qifiy( )Ja—zf.




70 Marcela Popescu

Lemma 3.8. The couple (w;,0;) defines a covector field w : TM — T*TM.

Let us suppose that da is non-degenerate, i.e. L is regular (in our sense). Using
formula

(3.13) 25' = ol (T (ay) — ;).

we obtain a section S : TM — T?M. Then L(xz?, y(M? y2)?) = (42 — §i(27 4(17))w;
+3(27) is a Lagrangian of order 2 on M that has a null Hessian, and it is s-non-
degenerated, since % - % )

We say that the totally singular Lagrangian L, of order 2, is the lift of the La-
grangian L; it is easy to see that L is s-non-degenerated.

= 20[1'1'.
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