On Pfaff systems

P. Popescu and M. Popescu

Abstract. The aim of the paper is to extend the dynamics of first or-
der Lagrangians to that of Pfaff forms, i.e. differential forms on tangent
bundles. The action on curves of a Pfaff form is natural associated with
that of a second order Lagrangian linear in accelerations, while the con-
verse association is not unique. An equivalence relation of Pfaff form is
considered, that is compatible with gauge equivalent Lagrangians. In or-
der to express the Euler-Lagrange equation as a second order Lagrange
derivative of a Pfaff form, then controlled and higher order Pfaff forms are
considered.
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1 Introduction

The second order Lagrangians are considered, for example, in [4], [13], [18] etc. The
second order Lagrangians that are affine in acceleration are involved in some spe-
cial problems and they are studied for example in [1], [2], [3], [4], [7], [11], [14] etc.
These Lagrangians, are the most singular possible - their vertical Hessian vanishes
and according to [4, Sect. 6.3], some special regularity conditions can be considered.
Third order Lagrangians that are affine in the third order derivatives, possessing an
acceleration-extended Galilean symmetry, are studied in [8]; they extend the second
order case considered previously by the authors and can be a model for a future de-
velopment of the present paper. Other geometric aspects concerning Pfaff forms can
be found in [15].

In this paper we study of some aspects of Pfaff forms, i.e. differentiable one forms
on R x TM. Considering an action of a Pfaff form w on differentiable curves on the
differentiable manifold M, it is the same as the action of a second order Lagrangian
affine in accelerations that corresponds canonically to w (Proposition 2.1). Conversely,
the action of a second order Lagrangian affine in accelerations can correspond to at lest
a Pfaff form (Proposition 2.2). We prove that one can consider a certain equivalence
relation on Pfaff forms such that an equivalence class corresponds to gauge equivalent
Lagrangians that give the actions (Proposition 3.1).
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Considering controlled Pfaff forms (Proposition 3.3), higher order Pfaff forms,
top Pfaff forms and Lagrange derivatives of Pfaff forms, then the Euler Lagrange
equation of a Pfaff form can be obtained by (two) successive Lagrange derivatives of
Pfaff forms (Proposition 4.1), considering an Ostrogradski Pfaff form, closed related to
Ostrogradski momenta. The Euler-Lagrange equation contains the second derivatives
and we prove that in the case of a regular Lagrangian, its solutions are integral curves
of a global second order differential equation (Proposition 4.2).

2 Pfaff forms, Lagrangians and actions on curves

A Pfaff form is a differentiable form w € X*(R x TM). Using these local bases, a
Pfaff form w has the local form

where

W= wi(t, 2, y?)dxt + w;(t, 27,97 )dy* is a new (global) Pfaff form that we call the
essential component of w;

wo: RxTM — R is a (global) Lagrangian that we call the Lagrangian component
of w.

We say that the Pfaff form w = wg + ' is pure if wg = 0, Lagrangian if w’ = 0 and
mized if w is neither pure nor Lagrangian.

It is easy to see that a first order Lagrangian L : TM — R is the same as the
Lagrangian Pfaff form wy = Ldt.

Let n: R x TM — 7*T*M, having local the form n = n;(t, 27, y?)dz* and coming
from a section of the induced vector bundle R x p3T*M — R x TM. It can be
regarded as well as a Pfaff form, and is called a top Pfaff form. A Pfaff form w having
the form (2.1) defines a top Pfaff form & = w;(t, 2%, y*)dz*. According to a definition
given below, the top Pfaff form @ is degenerated when it is regarded as a Pfaff form.

A Pfaff form can be related to a second order dynamic form considered in [4].
According to [4, Section 2], a first order dynamic form on the bundleY = RxM — M
is a one contact and horizontal two form v on J*(Y), having the local form v =
vi(t,o?, yh)dat A dt + pi(t, 27,97 )dy® A dt. Obviously a first order dynamic form is
equivalent to give a pure Pfaff form. An advantage to use Pfaff forms is having the
Lagrangian forms in the same setting. An other motivation to use Pfaff forms is given
by their action on curves, that relates them to the second order Lagrangians that are
affine in accelerations, i.e. the vertical Hessian vanishes.

If v : [a,b] — M is a curve on M, then for every ¢ € [a,b] one can consider in
F(t) = (¢, %(t)) € R x TM the scalar ws ) ('fT;’(t)). The action of the Pfaff form w
on v is given by the formula

(2.2) L) = / i (‘ZZ@)) dt.
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Let us relate the action of Pfaff forms on curves to the actions of Lagrangians on
curves. First, we define the action of a first order Lagrangian L") : R x TM — R on
a curve v : [a,b] — M, by the formula:

If v : [a,b] — M is a curve on M, then the curves ‘;—z : [a,b] = TM (the velocity
curve) and ‘;27;’ : la,b] — T?*M C TTM (the acceleration curve) are called here the
first order lift and the second order lift respectively, of the curve v. A second order
Lagrangian on M is a differentiable map L® : R x T2M — R, where T?M is the

second order tangent space of M. Then L) defines also an action on v by formula:

b 2
L= [ 12 (620, 50, 5 0)

A second order Lagrangian L is affine in accelerations if its vertical Hessian van-
ishes. Using local coordinates, L(t,z% 4% 2%) = fo(t,2%,y*) + 2%g;(t, 2%, y*). Notice
that if g; = 0, then L = fj is a first order Lagrangian. In this case fy is obtained
projecting L : T2M — R on fo : TM — R, by the natural projection T2M — TM.

It is easy to see that the Lagrangian action Iy, of a Lagrangian Ly is the same
as the Pfaff action I, of the Lagrangian Pfaff form wy = Lodt € X*(R x TM). It
worth to remark that wp is a closed form only if Ly = Lo(t). Let us remark also
that the formula (2.2) is free of coordinates and gives an easy tool to obtain an action
involving accelerations, velocities, position and time. More precisely, the accelerations
are involved affinely, as follows.

Proposition 2.1. Ifw € X*(R x TM) is a Pfaff form, then there is a second order
Lagrangian L : T2M — R, affine in accelerations, such that I,, = I, .

Notice that using coordinates (3%, 2") on T?2M, the Pfaff form given by the
above Proposition has the form:
(2.3)
LP :T2M - R, L (t, 2%y, 2%) = wot, ', y") + w;(t, 27,57 )y + @i (t, 27, y7) 2

The following result shows that the action of every second order Lagrangian, affine
in accelerations, can be represented as well as an action of a suitable Pfaff form.

Proposition 2.2. Let L® : R x T?M — R be a second order Lagrangian affine in
accelerations. Then there is a Pfaff form w € X*(R x TM) such that 1, = I

The actions of Pfaff forms on curves are related to the well-known actions of the
first and the second order Lagrangians on curves. Let us consider two points z, y € M
and v = (z§(t)) be a curve joining x and vy, i.e. x{(0) = z and z}(1) = y. Let us
consider variations of 7o, as curves joining  and y, having the local form 7. = (x%(t)),
where 2% (t) = x{(t) + ehi(t).

In the case of the actions of second order Lagrangians on curves, the specific
variational conditions, impose:
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(2.4) hi(a) = h'(b) =0,
(2.5) ddfj(a) - dd’“:(b)zo.

For a second order Lagrangian L(?) : R x T2M — R, the extreme curves of the
action I (2) are given by the well-known Euler-Lagrange equations

oL®  doL®  q% 9L®
ozt dt Oy Jr@ 0zt

(2.6)

In the particular case of a Lagrangian (2.3), the Euler-Lagrange equations have the
form

60)0 &uj L.T% &Dj d2ll% d 8w0 &uj L.T% &Dj d2£lié d2

- . . : . ; : —w; = 0.
Ozt Oxt dt  Oxt dt2 dt Oyt Oyt dt Wi oyt dt? H—dt2wZ

(2.7)

Let us consider R? with coordinates = and y. The canonical symplectic form
a = dx A dy gives the Pfaff form w) = &dy — jdi and the second order Lagrangian
Lo(t,&,9,%,4) = @ — 9% on R?; here (x,y) := (z',2%); (4,9) := (y',%?), in the
previous notations. This Lagrangian was involved in [7], concerning its invariance to
the (2 + 1)-Galilean symmetry; the authors prove in the Appendix that the general
form of a one-particle Lagrangian which is at most linearly dependent on Z,and i
leading to Fuler-Lagrange equations of motion which are covariant with respect to the
D = 2 Galilei group, is given, up to gauge transformations, by L(t,z,y,&,9,%,§) =
—k(zy — yi)+ %(ﬂcQ + 9?). This Lagrangian is affine in velocities, but it can come
from two Pfaff forms:
wy = —k(ady—ydi)+ E(mdx + ydy),

(2.8) wo = —k(idy— gdi) + %(iﬂ +92)dt.
In order to put together these two Pfaff forms, we define below an equivalence rela-

tion, ruled by their action and implicitly by their second order Lagrangians, affine in
velocities.

3 Equivalence of Pfaff forms

A first order Lagrangian F : R x TM — R and a Pfaff form w € X*(R x T M) gives
the Pfaff form ' = w + dF. Then

® 9F OF d«' OF dy i da . o dxt
wa(v)—fu(v)Jr/a (gﬂw dt+8yi ¥ )dt = L, (v)+F(z (b)7g(b))—F(w (a),g(a))

According to the variation conditions (2.4) and (2.5), it is easy to see that I, and
I, have the same extreme curves.

Analogous considerations as made in [6] for the gauge equivalence of first order
Lagrangians can be transposed for second order Lagrangians (see for example [12,
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Section 4.4]). It reads that the second order Lagrangians L and L' = L+ &F |
F:RxTM — R, are gauge equivalent, i.e. they have the same extreme curves. Here
%F stands for Lyp, the second order Lagrangian associated with the Pfaff form dF.
The analogous gauge form for actions of the corresponding Pfaff forms, reads that the
Pfaff forms w and w’ = w + dF have the same extreme curves.

We notice that the Lagrangians given by [3, formula (11)] or [2, formula (34)] are
gauge equivalent, but they are studied without using this fact.

Let us consider the submodule G € X*(R x TM) generated by the local dif-
ferential forms {6z = dz® — y'dt} A form n € G iff it has the local form
n = a;(t,x7,y7)dx". Tt is easy to see that any form 7 € G vanishes along the (second
order) lift of a curve on M. Thus for any Pfaff form w € X*(R x TM), the Pfaff
forms w and w’ = w + n have the same extreme curves (see [11] for other implications
concerning the module G).

We say that:

=1m"

o two Pfaff forms w,w’ € X*(R x M) are equivalent if there is an F € X*(R x M)
such that W' —w — dF € G;

e two second order Lagrangians L' and L are gauge equivalent if there is an F €
X*(R x TM) such that L' — L = 4.F.

It is easy to see that two equivalent Pfaff forms have the same extreme curves. Anal-
ogously, two second order Lagrangians L’ and L that are gauge equivalents have the
same extreme curves.

Proposition 3.1. Two Pfaff forms w' and w are equivalent iff their second order
Lagrangians L, and L., are gauge equivalent.

It follows that the property of the above Proposition can be used as a definition
of equivalent Pfaff forms.

Corollary 3.2. If two Pfaff forms correspond to the same second order Lagrangian
affine in accelerations, then they are equivalent.

The Poincaré-Cartan form 6y, = Ldt + gyL 0z of a first order Lagrangian L, where
dxt = dx’ — y'dt, is obviously equivalent to the canonical Lagrangian form Ldt and
both correspond to the same Lagrangian L, seen of second order by T?M — TM — R.

There are two possibilities to associate a Pfaff form to a pointed Lagrangian
L(t,z',y") = y'v;: w1 = vyda' and wy = Ldt respectively. The first is pure and
the second is a Lagrangian one, but they have the same action on curves, that given
by the action of the same Lagrangian. It is easy to see that dw; — dwy = 0 iff v¥ = 0;
thus w; and wy are not differential equivalent (i.e. w; —ws = dF) for L # 0. Thus
there are Pfaff forms that are not differential equivalent (i.e. their difference is not a
exact differential), but equivalent.

Every Pfaff form w that has the local form w = wodt 4+ w;dx® + @;dy’ is locally
equivalent to the local Pfaff form w’' = (wy + y'w;)dt + @;dy?, since w — W' = w;dz’.
But, in general w’ is not a global Pfaff form.

The Pfaff forms wy = —k(idy — ydi)+ 5 (tdr + jdy) and wy = —k(idy — ydi)+
2 (i + 9?) considered previously are equivalent, since wy — wo = 2 (&(dz — @dt) +
y(dy — ydt)). Let us consider below two other situations.
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1) Considering the canonical symplectic form in R? given by (g;;) = ( 0 1 >,

-1 0
we obtain the pure Pfaff form wy = —ke;;jy'dy?, or wy = —ke;;#'di’ where k is a
non-null constant, that corresponds to the second order Lagrangian Lo(z?,y¢, 2%) =
—keijy'z?, or Lo(z', i, &7) = —ke; '@
my"y’ §;; ma'&? §;; i

The Lagrangian L(z°,y, z) = — keijytad, or L(xt, 4%, i) =
ke; 37 was considered in [7, 8, 1].
In order to obtain a Pfaff form we have two possibilities: w = my'd;;dz? —ke;;y'dy’

LV
and W' = %dt _

kaijyidyj; the first is pure and the second is a mixed one.
Eijyizj

[P

L(z%, 3", 37) = —m ||2]| + E”yij, where ||Z]| = 4/ % was considered in [10]. The

[l

where Hy(l)H = 7yiy2j§”j or

2) The Lagrangian L(z%, 9%, 2%) = —m ||y(1) |+

. . my's;; .
two Pfaff forms, one pure and one mixed, can also be considered: w = —deﬂ +

iy’ j r_ (1) cijy’ j
”y(’1)||3clyi7 and W' = mHy Hdt—i— ”y(’l)” dy’ .

Unlike the first example, in the second example the Pfaff form w’ is not differen-
tiable in the points where (y* = 0).

3.1 Controlled and higher order Pfaff forms

Let us extend the top Lagrange derivative to a broader class of Pfaff forms.

Let 7 : E — TM a weak fiber manifold over the tangent bundle (i.e. a sub-
mersion) such that the composed projection 7y : E — M is a fiber manifold (i.e. a
surjective submersion). A bundle map of two fibered manifolds over the base M is
a map that send fibers to fibers (E, = m;, (z) is the fiber of € M). We denote
by 7mrar : TM — M the canonical projection. Using local coordinates (z%) on M,
(x',u%) on E and (z*,y’) on TM that are adapted to the fibered manifold structures,
then we have the local forms (z?,y7) "2 (2%), (2%, u®) “5 (2%), (2%, 97, u®) B (2%, y7),
(2%, u®, y?,v7%) B (2%, u®) and (2,97, u®,v?) & (p'(z?, 97, u®,v?)). If coordinates
change, then one follow the rules: ' = a2 (z), y* = %”;: v u® = u® (2f,u®),

A controlled Pfaff form on E is bundle map w : R x E — T*T M over the base
M. A controlled top Pfaff form on E is a bundle map @ : R x F — T*M over
the base M. Using local coordinates a controlled Pfaff form w has the local form,
w = wi(t,zt, u®)dzt + 0;(t, v',u®)dy’; the local functions change according to the

i il ail .
rules w; = %’”7@-/ and w; = %(Di/ + %‘”7%/ respectively. Analogously, a controlled

top Pfaff form @ has the form @ = w;dz? and @; = %wi/. Obviously a controlled
Pfaff form w as above gives rise to a top Pfaff form @.
Let us define the Lagrange controlled top derivative of w as

o0w; j ow; 0o 4 ow;

/ A AN A A L
(3.1) EL(tab yt ut vY) = [w; (&ij S 5

)]da.

Proposition 3.3. The Lagrange controlled top derivative of w is a global map E., :
RxTE —T*M, over M.
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Considering the (local) operator 4 = £ 4yi -4y 2 then &, = (w;— Lw;)da’.

If E = TM, we obtain the definition of a controlled Pfaff form w or top Pfaff
form, as above. The Lagrange controlled derivative of w : &/, : R x TTM — T*M
restricts to the Lagrange derivative of w: &/ : R x T?M — T*M given above by
formula (3.1), since T?M C TTM; using local coordinates, this inclusion looks as
(zi, 4, ) — (2,4, i, 20).

We call:

a k-order Pfaff form any controlled Pfaff form w: R x T*M — T*TM and
a k-order top Pfaff form any bundle map @ : R x TFM — T*M.

It is easy to see that any k-order Pfaff form w = w;dz® + @;dy’ gives a k-order top
Pfaff form @ = @,;dz’.

Let us define now the Lagrange top derivative &(Jkﬂ) of a k-order Pfaff form w : R x
T*M — T*TM. The Lagrange controlled top derivative of w is EU(JkH) :RxTTFM —
T* M restricts to the Lagrange derivative of w: &(Ukﬂ) :RxT*HIM — T*M, according
to the inclusion T*+'M C TT*M. Using local coordinates, the inclusion has the form
(2t 9t .. wh, 00 — (2h Y. wth Yt Wt DY), Y R x TT*M — T*M has
the local form

EL(t byt wh, XY W) = [w — (0“” + ale] + g“’;Y]—i- -+ ng; W)]dxt

and the restriction to R x TF+t1M is

ERHD o R TFHIN — T M, EFTV (¢, 28 ..., 20wl o) =

Ow;  O0w; Ow; . Ow; _. )
o i i g i 4 i~ i
[wi (at 9077 + -+ 5. + ks )]dx",
or
(3.2) EGHD) — [u,; — iwl]dxi
dt ’

where 2 = 1s the local operator given by 4 5= m + 9l 2 57 Tt w? 82’ +w 8?11“

The first order Lagrange top derivative of a Pfaff form w = w;dz® + w;dy* is the
second order top Pfaff form £ = =& :R >< T°M — T*M glven using (3 2).

In the case k = 3, the local operator < is given by c‘lit = at + 9 2 557 T # 3‘2 +

dt
w’ azi + o 8wi' In the case when @ = w;dz? has the order 2, then g:’)’z = 0 and the

third order Lagrange top derivative 55,3) has the order at most 3, as w. This is the
case below when the Euler-Lagrange top form of a Pfaff form has the third order.

We say that a k-order Pfaff form w : R x TFM — T*TM is effectively of order
k (or the order k is effective) if w can not be induced be a (k — 1)-Pfaff form o’ :
RxT*=1M — T*TM (using the canonical projection T¥M — T*~1M). Analogously,
a k-order top Pfaff form w : R x TFM — T*M is effectively of order k if w can not
be induced be a (k — 1)-Pfaff form @’ : R x T*=*M — T*TM.

The Lagrange top derivative of an effective k-order Pfaff form w : R x T*M —
T*TM is at most effective (k4 1)-order top Pfaff form Y LR x TR+IM — T*M.
In the case when an effective k-order Pfaff form w = w;dx? 4 @;dy’ has the associated
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top Pfaff form @ = w;dz’ of an effective s-order, s < k — 1, then the Lagrange top
derivative Eu(,kﬂ) has an effective k-order, as w.

It is easy to see that if @ : R x TFM — T*M, o(t, 2%, y", ..., 2%) = @;(t,2*, y°, .. .,
z')dz’ is a k-order top Pfaff form, then (E;; = 924) and (Ey;;, = %) are covariant
tensors: a bilinear form EZ and a trilinear form EZ respectively, on the fibers of T* M.
Then @ is effective of order k iff EL # 0. We say the k-order top Pfaff form @ is affine
in k-accelerations if B2 = 0.

We say also that a k-order Pfaff form w, with @ the associated Pfaff form, is affine

in k-accelerations if its Lagrange top derivative 55,k+1) is affine in k-accelerations (if
the effective order of @ is less than the effective order of w) or in (k + 1)-accelerations
(if the effective orders of w and @ are the same).

Using relation (3.2) it is easy to see that if a k-order Pfaff form w and its its
associated top Pfaff form @ have effectively the orders k, then the Lagrange top
derivative of w is affine in the (k + 1)-accelerations, i.e. denoting § = €£k+1), then

E=0and B} = 5‘%’““)7 specifically F;; = gff

4 The Euler-Lagrange equation as a top Pfaff form

Any second order Lagrangian L : R x T 2M — R gives rise to at most forth order top
Pfaff form &;dx*, that we call the Fuler-Lagrange top Pfaff form of L, where

oL d oL d* dL

41 _ 9oL doL d oL
(4.1) ' Oxt dt8y2+dt2 0z’

d _ 9,50 i o j 0 i 0 i i g i :
where 5 = 5t 507 T2 g7 W 55 T 55 and (z*,y*, 2%, w", w") are the canonical

local coordinates on T*M induced by the local coordinates (x%) on M. In the case
when a second order Lagrangian L, is affine in accelerations and it is associated
with a Pfaff form w, its local formula is given as in formula (2.3) with L®) = L.
We say that the Euler-Lagrange top Pfaff form & = &, of L, is the Euler-Lagrange
top Pfaff form of w. Specifically, if w is a Pfaff form given by formula (2.1), then
L, (t, 2ty 2Y) = wo + yiw; + 2'@;, thus

Owg Ow; , O0w; . d, Owy Ow; O0w; d?
4.2 Ei=—— 4+ Lo 4 L — — L Ly ; L)+ —=
D &=gi T oV Yo ” T @ ay Ty it gt e
where % = %erj%qtzj%erj%, since gfi = @;(t,z%, 9", 2*) and the forth order

coordinates (u?l) are not involved. Thus the top Pfaff form £ is at most third order
in this case.

We prove below that the Euler-Lagrange top Pfaff form can be obtained using two
second order Pfaff forms.

Proposition 4.1. Let w be a (first order) Pfaff form such that the Euler-Lagrange
top Pfaff form &, is of third order. Then the following assertions holds true.

1. IfQ is a first or a second order Pfaff form such that such that Q = @, then there
s a second or a third order Pfaff form ®, uniquely determined by the conditions
that the Lagrange top derivative of Q is ® and the Lagrange top derivative of ®
is the Euler-Lagrange top Pfaff form &, .
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2. There are two second order Pfaff forms @ and ® such that Q) = @, the Lagrange
top derivative of Q) is ® and the Lagrange top derivative of ® is &,,.

We call the second order Pfaff form € constructed in 2. of Proposition 4.1 as an
Ostrogradski Pfaff form of w.

The above construction is related to a general approach, related to the classical
Ostrogradski theory.

Let L:R x T?M — R be a second order Lagrangian. There is a top Pfaff form
w= 8 L dx* associated with this Lagrangian, that is of order at most 2. Let us suppose
that w is a first or second order Pfaff form w such that its top Pfaff form is w, i.e.
w = wdzr’ + gZLz dy’. One can consider for example w = ;g?f dz* + a
formula Q = Q,dz* + Q;dz* = (8L - ) da? + 3 aL - dz? defines a Pfaff form of order
at most 2.

Then n: RxT?M — T*TM, n(t, 2%,y 2%) = (gyLi — ) dxt + aley is a second
order Pfaff form. The Lagrange top derivative of 7 is &g R xT?M — T*M,

5” = (8L- —w; — iaL) dz’. Usually (8 L — w; — ;t ZL1> is denoted by p;.

oy dt 0z*
d d®> 9L __ 9L d,, _ d (0oL __d oL\
Since & = 731‘7' Tdt By + A2 Bxt  dtVi dt (ﬁyi Wi dt azi)’ it follows
_ (9L . d oL i :
that p = (az’ dtwi) dzt + Wi — 35 540 dy® is at most third order Pfaff form

and its Lagrange top derlvatlve is 5&4) = &,, the Euler-Lagrange top Pfaff form of
w. This algorithm can produce Pfaff forms for a second order Lagrangian, taking a
suitable Pfaff form w.

A k-order semi-spray S : R x TFM — T**t1M is a section (t, x(k)) 2 (t, S(t, x(k)))
of the affine bundle R x TF*1M — R x T*M, obtained as a product of the affine
bundle T¥+'M — T*M and the identity R — R.

Let &, : R x T®M — T*M be the Euler-Lagrange top Pfaff form of a Pfaff form
w. We say that a second order semi-spray S : R x T?M — R x T3M is adapted

to the Pfaff form w if £, 0S5 = 0. The local form of S and &, are (¢, 2,3, 2%) 3,

(t,xi,yi,zi,Si(t,xi,yE,zi)) and &, = &dx® with & given by (4.2) respectively. De-

noting h;; = % — g—ZZ, then there are local functions f;(t,z%, 3%, 2) such that
gi(t7 xi7 yiv Zia wl) = hzgwj + fl(ta xia yi7 Z’L)

More precisely:

_ Owg _ DPwg _ _DPwo i dw;  Pw;  Owy
Ei = 5% — Diny’ axfay'y + (ami Btdy’ Bz dy
ﬂ J Owi Ow; J Wi 82451', J 82@i 82 Wi 7
8yjay77)y — ot aw ¥ T 8t2 sroi¥’ + (Gooar T zaressy y? —
_ Pwo i 0w j  Ow; g @ 5 9w, O j
dyoy Y oyt Toyp s T thz + (Qawkay; a$kay Dyt +

2w,  0° O oo B 0 i
+(28yﬂ%t 3t{;uy] )ZJ+6(;:J 2+ (W 6y"8y )Z #+ ({;ij - 3?!}{) e
The condition that S is adapted to the Pfaff form w reads

(4.3) hii S + fi(t, 2, y', 2') = 0.
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Notice that the third order semi-spray S gives a system of third order equations,

having the form

A3zt ) o drt APt
S'(t,x", —,—=) =0;
dt3 + (71‘7 dt’ dt2 ) )

its solutions are the integral curves of the vector field S.

A Pfaff form w is regular if the local matrices (h;; =

_ 0w, 0w

Oy Oyt

) are non-singular.

Proposition 4.2. If the Pfaff form w is regular, then the solutions of the generalized
Euler-Lagrange equation € = 0, where £ is given by (4.2) has the same solutions as
of a second order equation given by a global second order semi-spray S : R x T?>M —
T3M.
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