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ABSTRACT

A geometric approach to the Herglotz problem is developed, based on the bundle of affine scalars on the configuration manifold of the
given system. The environment, originally introduced to formalize the gauge structure of Lagrangian Mechanics [E. Massa, E. Pagani, and
P. Lorenzoni, Transp. Theory Stat. Phys. 29, 69 (2000)], provides the natural setting for the representation of the Herglotz functional as
well as for the study of its extremals. Various aspects of the problem are considered: the Lagrangian approach, leading to a generalization of
the Poincaré-Cartan algorithm; the parametric approach, involving the introduction of an appropriate super-Lagrangian; the corresponding
Hamiltonian and super-Hamiltonian counterparts; the relationship between the Herglotz problem and a constrained variational problem; the
evaluation of the abnormality index [Massa et al, Int. J. Geom. Methods Mod. Phys. 12, 1550061 (2015)] of the resulting extremals; the gauge
structure of the theory and the consequent existence of Herglotz’s functionals gauge-equivalent to ordinary action functionals.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0165641

. INTRODUCTION

In 1930 Herglotz proposed a variational principle in which the Lagrangian L(t, 4", 4, ¢') involved in the definition of the action functional
can also depend on the instantaneous value u(t) = _[t:Ldt of the action itself.’

The original idea was published in 1979 in Herglotz’s collected works.” In this connection see also The Herglotz Lectures on Contact
Transformations and Hamiltonian Systems, published by Guenther et al. in 1996.°

In recent years, Herglotz’s variational principle and its application have attracted renewed interest: in 2002, Georgieva, Guenther, and
Bodurov discussed the subject, obtaining some interesting results in the direction of the first and second Noether theorem.”” In the Con-
ference on Geometry, Integrability and Quantization (Varna, June 2010) Georgieva presented a list of problems admitting a variational
formulation in the sense of Herglotz.”

In 2014 Donchev used Herglotz’s principle to obtain variational formulations of the Bocher equation, the nonlinear Schrédinger equation
and other equations of Mathematical Physics.'’

In 2017 Santos, Martins, and Torres,'! Garra, Taverna, and Torres'” and Tavares, Almeida, and Torres'* worked on Herglotz’s problem
considering time delay and fractional derivatives.

In 2020 Zhang summarized the state of art on the subject, discussing various related problems, like Noether symmetries and conservation
laws, as well as possible generalizations of the principle to time-delay dynamics, fractional dynamics and time-scale dynamics."

In 2023 de Ledn, Lainz, and Muiioz-Lecanda formulated Herglotz’s principle in the geometric environment of contact manifolds,
following an approach based on Pontryagin’s optimality principle.'”

In this paper we propose a revisitation of the Herglotz problem in the geometrical setup introduced some years ago for a gauge-invariant
formulation of Lagrangian Mechanics.' "

The construction, briefly reviewed in Secs. 11 and IV, involves the introduction of a principal fibre bundle P = V,,; over the
configuration space time, referred to as the bundle of affine scalars.

Strictly associated with P are two principal bundles over the velocity space, respectively called the Lagrangian and the co-Lagrangian
bundle, as well as two principal bundles over the phase space, called the Hamiltonian and the co-Hamiltonian bundle.
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The resulting environment is applied to the study of the Herglotz problem, interpreting the Lagrangian as the function involved in the
representation of a map it = L(t,q', u,q') of the co-Lagrangian bundle into the first-jet space ji (P, R).

Various approaches to the study of the extremals of the resulting action functional are developed. Those more closely related to the
Lagrangian setup are presented in Sec. III: a direct method, viewed as a natural generalization of the Poincaré-Cartan formalism, and a
parametric method, based on the conversion of the Herglotz problem into a free variational problem involving a function L over the tangent
space T(P), called the super-Lagrangian.

The argument is completed by an analysis of the behaviour of the formalism under arbitrary transformations of the fibred coordinates
in the manifold P, and by a comparison of the parametric approach with the method of Lagrange multipliers.

The Hamiltonian and super-Hamiltonian aspects of the problem are presented in Sec. IV, through a revisitation of the Legendre trans-
formation, suitably adapted to the context in study. The results are compared with those obtained by applying Pontryagin’s maximum
principle'® " to the Herglotz problem, viewed as a constrained variational problem. The abnormality index of the extremals is explicitly
evaluated.

The invariance properties of the Herglotz functional are discussed in Sec. V, proving the existence of a group of gauge transformations
isomorphic to the group of diffeomorphisms of the bundle P — V,; fibred over the identity map of V,.1. The result is applied to the
characterization of the class of Herglotz Lagrangians gauge-equivalent to ordinary ones, i.e., to Lagrangians giving rise to evolution equations
not involving the variable u.

Il. PRELIMINARIES

A geometric framework for the description of the gauge aspects of Classical Mechanics has been described in Ref. 1. For ease of reading,
a brief outline of the topic is reported below.

(i) The basic environment is a double fibration P N Vi1 L>]R, where:

o Vi LN R, called the configuration space-time, is an (n+ 1)-dimensional fiber bundle, referred to fibred coordinates
t, ql, ....q", with t representing absolute time;

e P Vyu+1 is a principal fiber bundle with structural group (R, +), called the bundle of affine scalars over V., diffeomorphic,
in a non canonical way, to the cartesian product V,+1 x R.

Unless otherwise specified, P will be referred to coordinates t,q',...,q", u, with u representing a trivialization of P. In this way, the
fundamental vector field of P coincides with the field %, while the group of allowed coordinate transformations reads

i=t, 3" =3"(t.q"...q"), a=u+f(tq"...q"), (1)
with det a((q, qn)) # 0. The coordinates in the tangent space T(P) will be denoted by t, ¢, u, t', g"*, .
(ii) The (pull-back of the) absolute time function provides a fibration P LR, Closely related with the latter are three significant bundles,
namely:

o the first-jet space ji (P, R), referred to jet-coordinates t,q', u, q', is;
o the Lagrangzan bundle L(Vut1), quotlent of j1(P,R) with respect to the 1-parameter group of diffeomorphisms generated by
the field -2 5. referred to coordinates t,q', ', it;

o the co-Lagrangian bundle el )(V,Hl), quotient of j; (P,R) with respect to the 1-parameter group generated by the field 8@’

referred to coordinates ¢, qi, u, q". o
Denoting by ji(Vu+1) the first-jet space ji(Vus1, R), referred to coordinates t,q', ¢’, the previous definitions give rise to the
commutative diagram'

jl(P, R) L) S(C)(Vn+1)

| E
g(VM-l) L) jl (Vn+1)

in which all arrows denote principal fibrations. Given a function f, either in .% (V,41) or in .% (P), the symbolic time derivative

d: ' will be denoted by f.
Further significant aspects are:

o the identification of j; (P, R) with the hyperplane t' = 1 in the tangent space T((P), and the consequent existence of a fibration
v:To(P) = j1(P,R) of the open submanifold T, (P) = {X|X € T(P), (X dt) > 0} over the first-jet space ji (P,IR), based on

the prescription v(X) = xd and described in coordinates as v*(g") = Ly v (i) = f,;

t)
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o the existence of an anti-derivation d, of the Grassmann algebra over ji(P,IR), known as the fiber differential,””’ uniquely
defined by the prescriptions

dvfzza%(qu- dt) + f(du—udt) VY feZ(i(PR));

dy-d+d-dy,=-dtnd.

For brevity, the notation w* := dg* — g*dt will often be used.

(iii) In ordinary Lagrangian Mechanics, the invariance of Lagrange’s equations under arbitrary transformations L' = L + f, f € F(Vur1)
is conveniently accounted for (see, e.g., Ref. 14) by interpreting the Lagrangian as the representation of a section i = L(t,¢",4') of the
bundle €(V,41) = j1(Vus1) or, what is the same, of a section £ : ol )(Vn+1) — j1(P,R) equivariant with respect to the action of the
1-parameter group of diffeomorphisms generated by the field %.

The same approach is also suited to a geometrization of the Herglotz problem: to this end one has simply to drop the equivariance
requirement, extending the analysis to the totality of sections £ : £ (V,41) — ji (P, R) described in coordinates as it = L(t,q’, 1,').

The function L 1nvolved in the representation of £ is still called a Lagrangian: more specifically an ordinary Lagrangian in the equivariant
case, corresponding to a =0, and a Herglotz Lagrangian in the opposite case.

Under a change &t = u + f (t,4') of the trivialization of P, the representation of £ transforms into & = L(t, ¢, it — f,4’) + f := L(t, ', i,").
When L is an ordinary Lagrangian, L is also an ordinary Lagrangian, gauge-equivalent to L in the usual sense.

The section £ is called regular if and only if the associated Lagrangian L = £* (i) satisfies the gauge invariant condition det ( ; aq ) +0.

(iv) After these preliminaries, let us focus on the formulation of the Herglotz problem. To this end, in addition to the section ¢:
2O (Vi) - ]1 (P, lR) we introduce another section 0 : V41 — P, described in coordinates as u = s(t,q'). By means of the pair (¢, 0),
every curve y: q' = q'(t), to < t < t1 in Vyy1 can be lifted to a curve § : ¢ = ¢'(¢), u = u(t) in P, with the function u(t) determined by
the ordinary differential equation

du ; dq'
o Ju, L 2
0 (t,q(t) u dt) (22)

with initial data u(t) = s(to,q'(to)) or, equivalently, by the integral equation

u(t) =u(to) + [‘L(t,qi(t),u,%)dt. (2b)

The functional I assigning to each curve y in V41 the difference I[y] = u(t1) — u(to) is called the action integral determined by
the pair ¢, 0. When the section £ is ordinary, and only then, the value of I[y] is independent of the choice of o.

In any case, given the necessary input, the Herglotz problem consists in the determination of the extremals y : [fo, 1] = V41 of the
functional I with respect to deformations of y preserving the endpoints y(to), y(t1), and therefore also the initial value u(t).
The issue is clearly equivalent to identifying the extremals of the functional

5 h P
I[y]:ft L(t,q,u,q)dt

within the family of curves § : [to,#;] - P satisfying the non-holonomic constraint i = L(t,q",u,4") and joining the initial point $(t)
= o(y(to)) with a final point §(t;) varying along the fiber 7' (y(t1)).

The latter is not a variational problems with fixed endpoints. However, since its aim is to characterize the curves along which the first
variation of the difference f[§] = u(t;) - u(to) is zero, it can be approached with the standard techniques of constrained variational calculus,
requiring the vanishing of the first variation 81[§] with respect to the totality of admissible infinitesimal deformations null at both endpoints.

We will return to this aspect in Subsections 111 B and IV B. The analysis will show that the fact that the vanishing of u(t1) is not due to
the assignment of the value u(t;) but to the requirement of stationarity of /] does not affect the characterization of the extremals, but their
normality, assigning them an abnormality index equal to 1.

J. Math. Phys. 64, 102902 (2023); doi: 10.1063/5.0165641 64, 102902-3
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Ill. THE LAGRANGIAN SETUP
A. The direct approach

(i) Following the scheme outlined in Sec. II, we start with an analysis of the functional I[y] = u(t1) — u(y) acting on curves y : [to, #]
= Vus1, with the function u(t) given by Eq. (2b). Every finite deformation y, : ' = ¢'(#,£) of the curve y gives rise to a variation

u(t,§) :u(t0)+fttL(t,w(t,f),u(t,f), %"f)dt,

Ou(tt)
3

In particular, given an infinitesimal deformation X = Xi(t)( 6‘21,) , the corresponding variation U := o obeys the evolution
. -

equation
du 0L _, OL dx* oL

—=— — -+t U 3
dt  aq* +aqk at " ou ©)

The latter entails the identification

(oL . OL dx* oL _dIfye]
U(t) U(to)—/to (aqu+<9qkdt aU)azt ol (@)

characterizing the extremals of the Herglotz functional as curves y : ¢ = ¢'(t) along which the solution of Eq. (3) with initial value U(t) = 0
satisfies U(#) = 0 for all infinitesimal deformations X = Xi(t)( 6‘2,-

To speed up the subsequent analysis, in addition to the fuilction u(t), along each curve y we introduce the auxiliary function
g(t) = exp( ftt oL dt) We have then the identities

vanishing at the endpoints.

dg oL d ) du _ (0L 4 oL
2 " 8ar a8V =85, Urs g(aqk aqX)

whence also
h oL k (9L
t1)U(t) = — X+ dt
¢ Un) f%g(aqk o 1)
ty t
:f [ 8L_£( aL)]Xkdt—f g(aLk_g AL aL aL) o
ty 8q 8q fo dq° dt 8q 8u 8q

Being g(t) # 0, a necessary and sufficient condition for the vanishing of U(t,) for all X’(¢) null at the endpoints is the validity of the
Herglotz equation

Ak Ak A, A k-0 (6)

Parenthetically we observe that, along any extremal curve, Eq. (6) yields the relation

d[g(U_élech)]:g OL i, DL d OL iy DL OL OL :O.
dt 04 dq dt 94" " ou 8q

which, together with U(ty) = X'(to), provides the equality

oL
U=——Xx* 7)
9q
Remark 1. If we introduce the quantities m; := g (%L,, Mo i= g(L -4 g;, ), Egs. (2a), (5), and (6) yield the evolution equations
J. Math. Phys. 64, 102902 (2023); doi: 10.1063/5.0165641 64, 102902-4
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dr  OLAL  d AL AL

E"gaaq”gdtaq" _gf

q
@__7 7+7 %L/ d oL ., OLJ
dt_ dtaqiq qiq

_ %_ i@_@_@m (8b)
“&lor \drag’  ag auaq'q 8t

(8a)

pointing out a correlation between cyclicality of the variables q', t and conservation laws.
More generally, Eqs. (8a) and (8b) may be combined into a Noether-type theorem. To this end, let X = X0 8 +X’ 3 (with X°

= const.) be a vector field over Vy11 satisfying the condition

wOL 0L .. 0L

XX x Lk - =0. 9
ot 8q oq' ©)
Then, on account of Eqs. (8) and (9), the quantity X+ X0m = g[Xi aa;, (L - qf qL )] obeys the conservation law

d i 0\ _ i oL o OL i OL iOL o 0L
E(Xﬂ,+Xﬂo)—Xﬂ,+Xgat X'g 5, = g(X 5 Xaq +X at)’o'

It is worth noticing that, due to the presence of the term g = exp ( ft oL dt) the conserved quantity thus obtained are not functions on

the manifold £ (V,41) but functionals, to be evaluated along the evolution of the system. Therefore, they do not represent first integrals in the
strict sense of the term.

(ii) An explict gauge- invariant approach to Eq. (6) is obtained by assigning a primary role to the section £ : gl )(VWH) - j1 (P,R).
Denoting by ¢ = it - L(t, ¢', 4, ") the corresponding trivialization of ji (P, R), the fiber differential d, ¢ = du — iidt — 2L ¥, pulled back

to 2(9 (Vu+1), determines a 1-form

9=£*(dv(p)=du—Ldt—%wk, (10)
q

whose opposite may be viewed as the natural generalization of the Poincaré-Cartan 1-form associated with L.*!

Theorem 1. Let Z denote the differential ideal generated by the 1-form (10). Then, under the regularity assumption det(%)
# 0, the integral lines of the characteristic distribution associated with T are (lifts of) solutions of the Herglotz equation.

Proof. The ideal 7 is identical to the ideal generated by 9 itself and by the 2-form

Q:= %J(Smﬁ)) = d9— 9N ZLy/p,9

2
:[(aLkJraLa.Lk)dt—d(alLk)+ ?kL S]Awk. (11)
dq° Ou 9g 0q 09" Ou

The associated characteristic distribution includes the totality of vector fields Z € D' (2(9(V),,1)) satisfying the conditions

oL

Z|9= Zj(du Ldt——wk) =0 (12a)
9"
2
Z|Q = ZJ{[(aI;(+aLaLk)dt—d(aI‘k)+ akL S]Awk}=a9. (12b)
dq° Ou 9g 94 04" Ou
Equations (11) and (12) and the regularity assumption imply the relations

0

— |Q=0 13
ou (13)
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- %J(ZJQ) :_ZJ(%JQ) =0 = zja=o (13b)
_ 0 B 0 0L x -
O—WJ(ZJQ)——ZJ(aq,JQ)——W Zlw® = Z]w =0 (13¢)
Z(u) = Z(t)L (13d)
oL 9L oL oL
Z(t)( * ou og )_Z(aq") =0 (130)

A straightforward check shows that every non-zero solution of Eqs. (13c)-(13e) satisfies Z(¢) # 0. Up to a multiplicative factor, we can
therefore set Z(t) = 1. With this choice, Egs. (13¢)-(13¢) reduce to

2=t 2d)=4d" oL oL

Z(aL) oL OL L

whence the thesis. The vector field Z = 5, + q' 2+ L o+ Z’

8 T [m]
(iii) The content of Theorem 1 is further highlighted by noting that the differential ideal generated by the 1-form 9 is also generated by
any multiple of it. This is related to the fact that, in principle, the trivialization ¢ € .Z (ji (P, R)) associated with the section £ may be described
in any coordinate system: the restricted choice adopted so far, based on the identification of u with a trivialization of the bundle P — V.1,
although significant in many respects [e.g., in the definition L = £ (it) of the Lagrangian] is not mandatory at all.
For example, starting with a coordinate system t,q', u of the restricted type and glven a function # = u(¢, q u) satlsfymg G 20, we

may adopt 12 q,u as fibred coordinates in P, and extend them to coordinates #,q',i, ¢’ in €9 (V,41) and t,q',#,¢',# in j1(P,R), with

The description of the section £ takes then the form # = % + % i] % L := L, with L expressed in terms of the variables t,q', ¢’

through the relation u = u(t, q', it) implicitly defined by & = (t, ¢, u).
Recalling the representation ¢ = & — L of the trivialization of j; (P, R) induced by £ we have then the relation

- - O Ol
g oy _ Ou
. Ou (-1) ou ?
According to our conventions, L is not a Lagrangian, but merely a function on the manifold j; (P, R). Nevertheless, the equality

Cldo(i-1)] = ¢ [g”d ] gZS

indicates that the 1-forms 9 and £* [du(z} —L)] din - Ldt - —k w* determine the same differential ideal, and therefore also the same

characteristic distribution in £(9 (Vus1)- ]
Proceeding as in the Proof of Theorem 1, with L and u replaced by L and i, we conclude:

Proposition 1. Independently of the choice of the coordinate it along the fibres of P, given any section £: €9 (V,11) — j1(P,R), the
extremals of the Herglotz functional are determined by the differential equations

di_y 4oL oL Lol

with L(t,q', i, ") = £* (&).

Proposition 1 is essentially a restatement of the fact that, in its original formulation, the Herglotz problem does not impose any condition
on the function u, except the requirement % = L. As such, it does not add anything to what was already known at the outset, but is rather a
test of self-consistency of the geometric setup.

In what follows we stick to the choice of u as a trivialization of P, thus preserving the definition L = £* (i) of the Lagrangian and the
consequent distinction between ordinary Lagrangians and Herglotz ones. Different choices, when needed, will be explicitly declared.
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B. The super-Lagrangian
(i) The central role of the trivialization ¢ =i — L is further emphasized making use of the projection v(X) = (X);lt) of the open

submanifold T (P) c T(P) onto the first-jet space j; (P, R), described in coordinates as v*(§') = qt—,,l, V(i) = %
To analyse this aspect, we lift the opposite —¢ to a function L := v*(-¢) € & (T+(P)), homogeneous of degree 0 in the fiber variables,
described in coordinates as

i ’
. ; u
L:L(t,q,u,%)_7. (14)
The role of L, henceforth called the super-Lagrangian, is clarified by the following

Theorem 2. The solutions of the Herglotz problem based on the pair of sections (£,0) are projections of solutions t = t(1),q' = ¢'(1),
u = u(7) of the Lagrange equations determined by the super-Lagrangian (14), completed with the initial and boundary data t(to) = to, t(171)

=t1,q'(70) = q4'(t0), 4'(11) = ¢'(11), u(70) = o, Lo, = 0.

Proof. The Lagrange equations generated by L read

oL o dy o 150
Tdrou ou dr\t') ou
_d ol oL _d(1oL) oL _1doL Lo oL (15b)
Cdr gg* agt dr\{ agk) og ' dr agk ou agt  a4"
d oL oL df ¢ oL '\ oL
e (DU A [l 15
dr of ot dT( 2 0g tﬂ) ot (159)
On account of the identity % = t'%, Eq. (15a) entails the relation
d 1 oL 1 dr By
t,ifz—i 7:7:A :Uau)
dt t' Ou - t dt ¢

with the constant A determined by the conditions #(7¢) = to, #(71) = t1.

In particular, no matter how the interval [79, 71] is chosen, the inequality #(7o) < #(71), together with the positivity of the exponential,
implies the positivity of both A and #'. This ensures the self-consistency of the algorithm, i.e., the fact that the lifts of the solutions belong to
the submanifold T (P), as well as the possibility of using ¢ rather than 7 as a parameter along the curves.

Written in terms of ¢, Eq. (15b) becomes identical to the Herglotz equation

d oL 9L 9L oL

, )
dt 04  oudq  of

Moreover, in view of Egs. (152) and (15b), taking the non vanishing of t" and the vanishing of %E into account, Eq. (15¢) may be replaced
by the equation

dr aq’k qu

oo d 0L 0L\ w(d 9L oL\ .(d oL oL\ _df 6
“U\d o ou dr of _ot)  do

H=4u gbf, +q aZ’k +t % — L denoting the super-Hamiltonian associated with L.

On the other hand, the homogeneity of degree 0 of L with respect to the variables ', ¢'*, u’ entails the equality H = —L. Equation (16) is
therefore equivalent to the conservation law % = 0. The latter, together with the initial condition i‘,:m = 0, implies the validity of the relation
4
e, i du
gt g w)=1-%-1-Z=0
along the whole evolution.
Summing up, we conclude that the Lagrange equations (15), together with the prescribed initial and boundary data, reproduce the
content of the Herglotz algorithm. O

Theorem 2, together with Hamilton’s principle, indicates that the super-Lagrangian approach transforms the Herglotz problem into
a free variational problem for the action integral | T:L dr, with the difference i — L converted into a first integral and the non-holonomic
constraint & = L reduced to a condition on the initial data.
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The same conclusion holds if, chosen ¢ as the independent variable, we include the function 7(¢) among the unknowns. In this way, using

the relation tl, = % := T, the action integral reads

7 ) i u/ f
f [L(t,q‘,u,q,) - ,]dr - f (L - i) vdt. (17)
7 t t ty

The extremals of the latter, with g'(£o), g'(t1), 7(to), 7(t1) and u(to) fixed, are determined by the Euler-Lagrange equations

i . oL _ . d(.@);aL:O, 1)

d
—(L-1u)=0, - ==, - =
ALY it " ou dt Taqk Taqk

clearly equivalent to Eq. (15), due to the equality % = t'%.

(ii) The conversion of the Herglotz problem into a free variational problem through the introduction of an auxiliary unknown closely
resembles the method of Lagrange multipliers. This aspect is made explicit by observing that, by a mere change of notation (1 — A in place
of 1), the action functional involved in Lagrange’s method can be converted into the gauge-equivalent one fz: [L+(1=-M)(a—-L)-i]dt =

ft:‘/\(L — u1)dt, identical to the functional (17), up to the formal substitution A = 7.
The resulting Euler-Lagrange equations

=0

Ph) @_0 df, 0L\ oL
dt " ou dt

L-i=0, -—=-21 == ==
oq* oq*

are then equivalent to Eq. (18), except for a minor difference related to the interpretation of the multiplier: with the identification A = 7, the
infinitesimal deformation 62 is the time-derivative — % of a parent deformation null at the endpoints, and is therefore subject to the condition

ft:‘ 0L = 87(t1) — 87(ty) = 0. Due to this fact, the vanishing of fr(:l (it — L) SA dt for all admissible §A’s is ensured by the condition & — L = const.

Conversely, if A is regarded as an independent object — as in Lagrange’s method — the vanishing of ft;' (it — L) SA dt for arbitrary SA
requires the stronger condition & — L = 0.

This dissymmetry is reflected in the fact that, while in the super-Lagrangian approach all the unknowns are uniquely determined, in the
method of Lagrange multipliers the function A(¢) is determined only up to a multiplicative factor.

As we shall see, all these peculiarities are formally accounted for by the result, established in Sec. I'V B, that the extremals of the Herglotz
functional are abnormal in the sense of variational calculus.”

IV. THE HAMILTONIAN SETUP
A. The direct approach

(i) Paralleling the discussion in Sec. II, we now focus on the bundles associated with the fibration P - V,41. They include'
o the first-jet space ji (P, Vus1), referred to jet-coordinates , ', u, py, p;;

o the Hamiltonian bundle H(V,+1), quotient of ji (P, V,+1) with respect to the 1-parameter group of diffeomorphisms generated by
the field %, referred to coordinates t, q', PorPs

o the co-Hamiltonian bundle H© (Vu+1)> quotient of ji (P, Vyi1) with respect to the 1-parameter group generated by the field a%o,

referred to coordinates t, qi U

o the phase space IT( Vy+1), at the same time quotient of 7 ( Vy+1) with respect to the 1-parameter group generated by the field 6%0 and
quotient of HO (Vyi1) with respect to the group generated by the field %, referred to coordinates t,q', p,.

The situation is summarized in the commutative diagram

J1(P, Vo) — H(C)(Vn+1)

| |

H(Vn+1) — H(VnJrl)

in which all arrows denote principal fibrations.
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(ii) Every regular section ¢ determines a Legendre diffeomorphism ji(P,R) 2, j1(P, Vus1), uniquely defined by the requirement that
the pull-back of the Liouville 1-form of j; (P, V,+1) coincides with the fiber-differential d,, (& — L) of the trivialization of j;(P,R) induced
by £.

In coordinates, this entails the equality

du—irdt - ;—qu(qu ~gkdt) = y" (du - podt - prdg"),

corresponding to the representation
k OL

. OL .
Pozu—aiqkq) Pk:aiqk- (19)

The diffeomorphism y induces a diffeomorphism ¢ : 29 (V,11) » H (9 (V,41), expressed in coordinates as py = C%Lk and satisfying the

fibred diagram
PR) —= ji(P,Vai)

! !

S(C) (VTL+1> L) H(C) (VTL+1>

Through the latter, every regular section £: 2O (V1) » 1 (P,R)  determines a section hi=y-L- 97 : 7O (Voyr)
— j1(P, Vuy1), locally represented as p, = —H(t,q', u, p;).
The function H, called the Hamiltonian, satisfies the relation

* A —1\* % * A —1\* oL . .
H=-h"(po) ==(4")" €y (po) ==(47") (L_aqqu) =ped* -~ L, (20)
with all expressions at the right-hand side evaluated in terms of t,q’,u,p, through the inverse diffeomorphism ¢~ : HEO (V1)

- 2O (V).
Equation (20) entails the identity

W ZI\* OL ..k .k, OL . _1z*+[ OL OL ,, OL Tk
dH = — NNdL- == dg*-g*a —)=- —dt+ —d — du—q dp|,
(1// ) ( 8qk 9 —4 aqk) (1// ) (8t + aqk q + ou u—-q Pk)

mathematically equivalent to the relations

.« OH OH oL OH oL OH oL

1)

T o of o ot o ou ow

In particular, according the last equality, the vanishing of % implies the vanishing of g—f, i.e., the equivariance of the section
he 1O V) > j1(P, Vur1) under the action of the field %. Consequently, every ordinary Lagrangian section induces a section p, =
~H(t,q',p,) of the phase space IT( V1) into the Hamiltonian bundle #(Vys1)."

(iil) In view of Egs. (19) and (21), the Herglotz equation (6) can be written in the form

dpi OH OH
api | _on o 22
at = o P ou (22
The equation % = L can be similarly reformulated as
du - OH
— =-H+ i'l:7H+,‘7.. 23
= pid P oy 23)
Equations (22) and (23), completed by the relations
df OH
- _ 24
dt 8}71‘ ( )
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provide the Hamiltonian counterpart of the Herglotz algorithm. In the resulting framework, the Hamiltonian obeys the Jacobi-type evolution
equation

dH _OH OH dg OHdp OHdu_OH _ 0H
dt ot 9q dt  Opi dt  Ou dt Ot ou’

B. The super-Hamiltonian

(i) An alternative formulation of the Herglotz problem in Hamiltonian terms comes from the use of the Legendre transformation T'(P)
— T*(P) induced by the super-Lagrangian (14).

Resuming the notation t,q,u,t’,q"",u’ for the coordinates in T(P) and referring the cotangent space T*(P) to coordinates
t.q'su, Yos Y, the transformation reads

_oL_ 1oL 1L _oL_ 1oL gt (250)
Yu = o' = P Ji= aq/i - ¢ 8qi’ Yo = ot = ¢ 85]k ¢ 7P
completed by the expression
- L L L . .
o9, 'kak+t'6—,—L:—L (25b)
Ou oq ot
for the super-Hamiltonian.”
Equations (14), (19), (20), (25a), and (25b) yield the relations
i L
n_o O, (26a)
yu 04
L / ’ B B
yl:a—qu—”—,zH+L—i,:H+L:H—H. (26b)
yu  0q t t
From these, expressing everything in coordinates, we get the representation
I:I:H(t,qi,u,—ﬂ)—)ﬁ. (27)
Yu Yu

In view of Egs. (26) and (27) it is easily seen that the Hamilton equations

d _0H 1 dg OH 1 0H dy, OH dy, 0H

a_od_ 1 _ot , aa, -9 2
dr Oy yu. dr Oy yu Opi dt Ou dr oq (28)

reproduce the content of Eqs. (22) and (24). In a similar way, the equation

du_@H_aH Yi &_i(_ggpi+H_H),

= _ = Z 4+ =

dr ay” 8p’ yuz yuz Yu
together with the first integral % =0, ensures the validity of Eq. (23) along any extremal satisfying the initial requirement H|,_,,
= Ly =0,

(ii) It is worth remarking the close analogy between the correspondences L — L and H — H given by Eqs. (14) and (27), as well as
between the equalities g’ = qT,’,, i = ’f,l and p; = _;%’ po= —i'jz. The reason relies on the fact that, exactly as it happens with the imbedding
j1(P,R) — T(P), the first-jet space ji (P, Vs+1) can be viewed as a submanifold of the cotangent space T* (P), namely as the affine subbundle
formed by the totality of 1-forms w satisfying y.(w) = («, %) =1.

This allows to set up a fibration v: T*(P) — ji (P, Vus1) of the open submanifold T*(P) = {w € T*(P), yu(w) < 0} onto ji (P, Vus1),
described in coordinates as” 5 %

i= T 0= .
P Ju P Yu
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Given any section h : H(?(V,41) = ji(P, Vus1) locally represented as Py =—H(t.q',u,p,), we can then lift the associated trivialization
po + H toafunction H = v*(po + H) = 7%" + H(t, q.u, 7;4’) e Z(TZ(P)).

In this way, if h = y - £- /! is the Hamiltonian section associated with the Lagrangian section £ by the Legendre diffeomorphism (19),
the function H determined by h coincides with the super-Hamiltonian (27) induced by L through the Legendre transformation (25).

(iii) Just as the super-Lagrangian approach is related to the method of Lagrange multipliers, the super-Hamiltonian one reminds the
content of another classical tool for the solution of constrained variational problems, known as Pontryagin’s maximum principle.” "

To analyse this aspect, we denote by V* (P) the bundle of virtual 1-forms over P, referred to local coordinates ¢, q’, u, ¥;»y, and identified
with the quotient of the cotangent space T* (P) with respect to the equivalence relation w ~ 0’ <= w — 0’ oc dt.

We recall that the quotient map 7(w) = [w] makes T* (P) a principal fibre bundle over V*(P), with fundamental vector field Biyo' We
then exploit the fact that the extremals of the Herglotz functional are in 1-1 correspondence with the solutions of the Hamilton equations (28)
belonging to the submanifold H = 0 and that, by Eq. (27), a representation of this submanifold is provided by the section hp : V*(P) — T*(P)
described in coordinates as

Y0 = Yu H(t, q, u,f%) = ~Hp(t,q', t, yi, yu)- (29)
On account of Maupertuis’ least action principle, denoted by @ = y,dt + yidqi +y,du the Liouville 1-form of T* (P), the aforesaid solu-
tions are then extremals of the functional fyG) evaluated on curves j = ji(¢) belonging to the submanifold hp(V*(P)), i.e., of the functional
fyh; (®) = f)7 — Hpdt + yidq' + yudu on the manifold V* (P).
These curves, parameterized in terms of ¢, are solutions of the Hamilton equations

dqg'  OHp du  OHp dyi _ OHp dy. _ OHp

d 9y, dt Oy’ it oq° dt  Ou (30)

determined by the Hamiltonian Hp.
The same situation occurs in the study of the Hamilton-Jacobi equation: formulated in terms of the Hamiltonian Hp, the latter reads

oS i 0SS 0S
-, tHplt.qu, 5, =0, 1
o p(tq u oq 8u) 0 (31)

S(t,q', u) denoting Hamilton’s principal function.
If we adopt the super-Hamiltonian H and focus on solutions with constant energy H = 0 we must instead consider the equation

(. . 8s 8s S
Al u S, 22 =0, 2
(q”ataq’au)o (32)

with S representing now Hamilton’s characteristic function. But, on account of Eq. (27), Eq. (32) can be written as

1 [as i 08 9s\]_
RG] R

which, by the non vanishing of % = yu, is identical to Eq. (31). Therefore, both procedures lead to the same differential equation, the only
difference being in the interpretation or, more simply, in the denomination of the unknown function.

The relationship between the above discussion and Pontryagin’s maximum principle can be highlighted as follows: in Pontryagin’s
approach, the solution of the Herglotz problem is converted into the search for the extremals of the functional

1[j] = ftotl[L +y,-('iqti - "') +yu(% —L)]dt

in the independent variables t, ', u, ', yi, yu, with ¥;» ¥, Playing the role of “multipliers,” needed in order to incorporate the relations dd—‘{ =4

du

% = Lin the extremality conditions.

Writing y, + 1 in place of y, (a mere change of notation, similar to the one made in Sec. II B), subtracting a total time derivative % and

dt
introducing the function

20:81:60 ¥20¢C YdielN Lg

9=yq" + L, (33)
the expression for I[§] takes the form
f i .
I[j] = f (—55 +y,-62—q + Yu @)dt = [—5dt+y,~dq’+yudu. (34)
to t dt 7
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The extremals of the functional (34) satisfy the equations
0 OL
8;5;‘ =Yi+Yu aqi =0 (35)
d¢ 99  du 0% dyi 0% dy 9% 6
dt 9y’ dt — y, it~ 9q’ dt — ou

~ Equation (35), formally identical to Eq. (26a), can be solved with respect to the ¢"s, giving rise to expressions of the form
q' =4'(t.q',yi» yu). Inserting these in Eq. (33) and comparing with Eqs. (20) and (29) we obtain the identification

i P i aL . i
46(1';5] U, g (t)q >}’i>)’u)>yi:yu) = _}/u(aqi q —L) = —yuH= Hp,

proving the complete equivalence between Egs. (30) and (36).

(iv) A noteworthy aspect of the Herglotz problem, viewed as a constrained variational problem, is the abnormality of its extremals. To
analyse this aspect, referring to Ref. 2 for notation and termmology, we note that, in the case in study, the controls 2’ are the variables g’
themselves, while the representation of the constraints reads q' = y (t q,4"), i=v"(t,q',u,q"), with ' = 4" and y* = L. We then recall that
the abnormality index of a kinematically admissible curve § : g' = ¢'(t), u = u(t) coincides with the dimension of the vector space spanned
by the solutions of the linear homogeneous system

ol oyt oL
oy == =0 37
Pk gt TP agT T PP gy (37a)
dpi OV Oy _dpi DL
dt P og TP ag T ar TPag P (370)
k u
dpu oy oy dpu OL —0 (370)

dt TPy TPy Y

in the unknowns p,(t),p, (t).
Equation (37¢) admits the solution p, = A ¢ o zedt (A = const.). Moreover, on account of Eq. (37¢), Egs. (372) and (37b) can be replaced
by the pair of relations

Pi _ oL d@L_ dpi__i@+&dpu_8L OL OL

pe 040 dtoqg  dtp.  pudt i dt  dg 0 ou

The first of these uniquely determines the ratio £ oo while the second one holds identically along any extremal, as a consequence of the

Herglotz equation.

The space of solutions of the system (37) is therefore 1-dimensional, thus assigning the value 1 to the abnormality index of the extremals
of the Herglotz functional.”*

This feature is reflected in the fact — easily verifiable — that Eqgs. (35) and (36) do not determine the functions y,(t), y,(t) uniquely, but
only up to a common multiplicative factor. The same argument explains the indeterminacy of the multiplier A pointed out in Sec. 11 B).

V. GAUGE STRUCTURE OF THE HERGLOTZ FUNCTIONAL

A. Dynamically equivalent Lagrangian sections

As a final topic, we discuss the possibility that different sections £ : 2 (Vu+1) = j1(P,R) determine the same extremal curves in V4.

To this end, let P £, P denote a diffeomorphism of the manifold P fibred over the identity map V41 “, V41, described in coordinates as
x*(u) = G(t,q',u), with % > 0.
The inverse diffeomorphism x™* is similarly described by (x™)* («) = N(t,¢', 1), with G and N satisfying the condition

=G(t,q N(t.q,u)) = N(t.4,G(t.q",u)). (38)
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The map « (as well as % 1) can be raised to a bundle diffeomorphism

’8(6) (VnJrl) % S(c) (Vn+1)

| |

J1WVnr1) == j1(Vat1)

indicated by the same symbol «x, and to a diffeomorphism dx: ji(P,R) — ji(P,R), fibred on the previous one and described in

coordinates as
oG  0G oG

(6" () = G(t.gu),  (8x)" (i i) =g+ % L Si=G

Given a regular section £ : €9 (V,41) - j1(P,R), let L(t,q",u,4') = £* (i) denote the corresponding Lagrangian. Then, the composite
map £' = 8k £ -1 : (V1) — j1(P,R) is itself a regular section, with Lagrangian £* (it) = L'(t,q', u, §') given by the equation

(39a)

L’:(K_I)*.Z*_(ak)*(u):(K—l)*.g*(G):(K_l)*(ac oG i GGL))

oot ou

more conveniently written as

oG 9G ., 9G .
—+— —L=«"(L").
8t+8qkq " u (L) (390)

Returning to the original formulation of the Herglotz problem — which, in addition to the section ¢ : [Ue) (Vus1) = j1(P,R), involves a
second section 0 : V,41 — P, necessary to specify the initial value u(#y) — we can now state

Theorem 3. The diffeomorphism « : P — P transforms the extremals ¥ : [to,t1] — P of the Herglotz functional determined by the pair of
sections £, o into extremals ' = & - § of the analogous functional determined by the pair ' =8k - £ - ¥ ', ¢’ = - 0.

Proof. Preserving the notation G = x* (1), we adopt t,q' and & = G(t,¢', u) as fiber coordinates in P, and transform consequently the
coordinates in ¢ (1),;,) and in ]1 (P,R). In this way, denoting by / : 2O (V1) » ¥ and b’ : €9 (V,11) — &¥*? the coordinate maps
determined by the functions (£,q',u,4") and (¢,q',#,4"') — and also, by abuse of language, the coordinate maps P — r"*? determined by the
functions (t,¢’,u) and (t,¢', &) in P — we have the relation #’ = h - x, mathematically equivalent to x = k™" - #’.

In the coordinate system k', the section £ is represented by the pull-back

9G  0G « 9G \_9G 9G . G,
“ot ot Tou

_f() Z(at aquq+au

Together with Eq. (39b), the last expression entails the equality
L=«")=L k=L -h"0W = L-W'=1-n",

indicating that the function L depends on the variables ¢,q’, i, ' exactly in the same way as L’ depends on t,q", u, . ‘ i

According to Proposition 1 this means that, up to the exchange i1 <> u, the Herglotz equations for the unknowns ¢, q', & derivable from L
are identical to the equations for the unknowns t, ', u derivable from L.

Therefore, if §’: q' = #'(t),u = s(t) is an extremal of the functional j’t:lL'dt subject to the constraint i = L', the curve j: q' = 7'(¢),
it = s(t) is an extremal of the functional ft(:‘ Ldt subject to the constraint & = L, i.e., a solution of the Herglotz problem determined by the
section £ : £(9) (Vi+1) = j1(P,R), described in the coordinate system H.

This entails the identification h-j"=h'-}, whence ' =h™'-h'-y=x-§ and therefore also y'(t) =« (to) = k- 0(t0,q'(t0))
=0'(to,q'(t)), with o' = x - 0. ]

Since the diffeomorphism « : P — P is fibred over V41, the projections on V.1 of the curves § and " = « - § coincide: as far as the
Herglotz problem is concerned, the pairs (¢,0) and (¢,6") = (8x - £ - k™', - 0) determine the same solutions.

In the stated circumstance, the Lagrangians L = £* (it) and L’ = £'* (i1) are said to be gauge-equivalent. In the Herglotz framework, the
gauge transformations are therefore in 1-1 correspondence with the fibred diffeomorphism of P.
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B. Reducible dynamical flows

(1) As estabhshed in { Sec. 111 \ for a non-singular Lagrangian the extremals of the Herglotz functional are integral lines of the dynamical
flowZ =4 +4' a o+ L o+ Z’ 0 — uniquely determined by the Herglotz equations
L L L OL
Z(i,k),ikii.k:o. w0
0q dq° Ou 9g
A dynamical flow p-related to a vector field on ji(Vu41), i€, satlsfymg 5= =0 is said to be reducible. In this special situation, the

determination of the unknowns g (t) is decoupled from the evaluation of u(t), and constitutes a dynamic problem in the ordinary sense.
Several examples of reducible flows may be found in Georgieva.” Others can easily be envisaged, taking advantage of the fact that every
dynamical flow determined by a Lagrangian gauge-equivalent to an ordinary one is automatically reducible.
A geometric approach to the subject can be based on the following observations:

(a) for non-singular Lagrangians, the ﬁelds ~, Z span the characteristic distribution D associated with the ideal Z(Q) generated by the
2-form (11);

(b) the vanishing of %Z’ is mathematically equivalent to [ 0 Z] =
(c) Eq. (40) entails the relation

% %, i.e, to the complete integrability of the distribution D;

2
i) e )Ll 2
Oudg Ou 9q Ou 99
_ 9 (aL L oL aL)_@ PL oz PL
oq-  Ou 04%) Ou ouvgt  ou 04*04"

The vanishing of %—i’ is therefore equivalent to the request

2 2 2
Z( 8L) L &L AL

oudg*) ouogd  ou* og*

By Frobenius theorem, statement (b) ensures that a sufficient condition for reducibility is the differential nature of the ideal Z(Q). We
will return to this point in the Appendix.
At the moment, we focus on statement (c). Its content is enhanced by the following

Lemma 1. A necessary and sufficient condition for a function g € Z (29 (Var1)) to admit a local representation of the form g = Z(f),
where f = f(t,q',u) is the pull-back of a function on P, is the validity of the relations

2 :
% = au(t,q’u) % (41)
9904’ 99" 94"
A25)- 25 e oty »
9q") 0q° Oudg
Proof. Necessity: if g = 8 afqu + au L I, Eq. (41) holds identically. Moreover

g\ (Of of oL of of\aL of
Z(aiz")_z(aq+8”3q)_z(8q) (5”)&1 auz(aq)

A2 Dpn-| |- G- - 2L
o

But, by elementary calculations

8qk aqk ou 8qk aqk ou
(8f) OL 0f 0Og OL Of
Ou

20 -4 2| = ooz - - 28 LA
whence, recalling Eq. (40) and the identification g = Z(f)

Ou Ou Ou Ou Ou
( ag af L d8 0L _of oL of
Z L T T . - . — = 7‘]{ + I ﬁ .
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Sufficiency: on account of Egs. (41) and (42), g admits the representation
g=au(t,q,u)L+ao(t,q,u) +ai(t,q,u)g', (43)
with the functions ay, a, a; satisfying the condition
oL Oday OL Oay Oa; .
9q 9q 9¢° 0q  Oq
Oay OL Bao Ba, .i\ OL
— L+ay, puhiia = 44
(au T ou T ou 8uq)aq’< 4
In view of Eq. (40), trough elementary calculations Eq. (44) reduces to
Oay,  dag N Oay % oL
ot ou 8qi ou aq
y(Qax _Oaw)  (Oa 0w (D4 Oai).: (45)
Ou  9q ot 8(] 09  0q
Deriving with respect to ¢° yields
aau_%+ 661,4_% L OL
or ~ou \og ou)? |ogFog
N Oday B Oas \ OL % B Oay, \ OL 6ak Oas
o Ou 8q ou a4 )oq° 8 Cog

Separating the symmetric and the antisymmetric parts entails the relations

Oay 8ao (861,, aal),- Oay 8a0 8&1,, Oa;
=0 —_— — - =

ot ou \oq ou ot  du o Ou
Oay Oay, 8ak Oas
ou 8(1 8qk 3f1 o

In view of these, the original equation (45) reduces to % - g—;i = 0. Summing up we conclude that, under the stated assumptions,
the 1-form w = apdt + a;dq’ + audu is closed. As such, it admits the local representation w = df <= ap = %, ai = g’;, ay = ?)u’ with
f = f(t,q',u). Equation (43) then takes the form

_of L of, f
L=2(f),

ot 8 '
as required. O
(ii) Returning to the problem of reducibility we now state:
Theorem 4. The validity of a local relation of the form
oL
970, 46
=) (46)

with f = f(t,q',u) is necessary and sufficient for the Lagrangian L to be gauge-equivalent to an ordinary Lagrangian Lc(t, ¢’ q").

Proof. Setting f = - log( ) we have the equality

50225, [0 -A50)+5u 5 - (5a-20)

showing that Eq. (46) is mathematically equivalent to the relation Cf;’ Z(G) =0.
But, on account of Eq. (39b), under the assumption 2% > 0 — here identically satisfied by construction — the Lagrangian L is gauge-

qu
equivalent to the Lagrangian (x')*(Z(G)) which, for -2- 5a 9. 7(G) =0, coincides with Z(G) itself. The conclusion then follows by setting
=Z(G). ]
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Remurk 2. The content of Theorem 4 is confirmed by the fact that, as a consequence of Eq. (46), the Herglotz equation (6) takes the form

Z((%Lk) - - (f) OL _ 0, mathematically equivalent to
Z(ik (e‘f L)) oLy, (47)
9q ag*

Restoring the notation e/ = %, Z(G) = Lc(t, q', ") and employing the relations

oG B oL 9G
7z =)= = 26 Z|(G = ==
(aqk) oq" (&= [ak ]() oq Ou
ad (0G B L\ OLc 8G
W(afL):f-k(Z(G ):%77k’
g" \ Ou 0q 04" 0q

Equation (47) may be rewritten in the form

0~ Z[a(aGL)] 9G dL (8LC 8G) 9G dL (%) Lc.

0g* \ du u 8q 87(11‘ - 87qk u 8q " aq*’

showing that the functions g*(t) are solutions of the Lagrange equations determined by the ordinary Lagrangian Lc.

The previous discussion is summarized in the following

Proposition 2. Given a Lagrangian L(t,q',u,q"), the condition

2 2 2
A2 ) o 50
Ou0q dudgt  ou* ag*

is necessary and sufficient for the associated dynamical flow to be reducible. In particular, L is gauge-equivalent to an ordinary Lagrangian Lc if
and only if, in addition to Eq. (48a), it fulfils the additional relation

oL O’L
k. Au -k g-r’
oudq” 9q 0q" 0q

(48b)

with a, = ay(t, qi, u). ‘
The validity of both conditions (48a) and (48b) is mathematically equivalent to the existence of a function G(t,q',u) € F (P) satisfying the
equation
oG 0 (oG 8G oG

In terms of G, the Lagrangian Lc gauge-equivalent to L is expressed by the relation

oG  0G oG |
Lc(tquq)—g akq B - (50)

Remark 3. Equation (50) includes the gauge-equivalence between ordinary Lagrangians, simply restricting the choice of the fibred diffeo-
morphism « : P — P to the class of principal bundle isomorphisms of P, i.e., requiring the condition g = 1. In the stated circumstance, setting

G =u+h(t,q') and renaming Lc as L', Eq. (50) returns the familiar expression
Oh  Oh dh

L'=L+—+—g"=L+—.
8t+akq T

Another indication of the fact that the “classical” Lagrangian gauge is implicitly present in eq. (50) comes from the observation that if
G(t,q', u) is a solution of eq. (49), any other function G' = G + h(t,q') is itself a solution. The ordinary Lagrangian (50) is therefore defined up
to a transformation Lc — Lc + ‘;’;
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(iii) According to Proposition 2, the most general Lagrangian L(t, ¢', u, §') gauge-equivalent to an ordinary one admits the representation
(51)

for arbitrary Lc = Lc(t, ', ') and for G(t, ', u) satisfying the condition % > 0.

Common examples of Lagrangians of the form (51) are generated by functions G(t,q', u) depending linearly on u, namely G = A(t,q')u
+B(t,q'), with A(t,q") # 0.

From Eq. (51) it can be seen that the term B(t, ') has the effect of replacing the Lagrangian Lc with the gauge-equivalent one Lc — ‘;—?,

and is therefore dynamically irrelevant. Omitting it and writing A in exponential notation we have G = ue™/ (44) whence
L=ef(Lc+ue_ff) = ﬁ(t,qk,f]k)+uf, (52)

with [ = & (t’qk)Lc.
The family (52) includes the ordinary Lagrangians L = [. (<> f = const.), and most of the Herglotz Lagrangians found in the literature.
For example, with the notation of Ref. 9, we have the translation table

1
L==(x*-k&*) —au «— L= E(a’cszxz), f =-at,

B 1
2

x(n+1) 2u . x(n+1)
- — <« L

1

=+
2 n+1 t
1.

L 1y
2
L:Exz—[Za(x)J'c-v—b(t)]u «— I::%J'CZ, f:—Z[adx—fbdt,

s =-2log t,
n+1 f o8

As established in Remark 2, every Lagrangian of the form (52) generates a set of evolution equations in ji(V,+1) identical to those
determined by the ordinary Lagrangian L¢ = ¢~/ ] or by any other Lagrangian gauge-equivalent to it.
In fact, the choice G = ue™/ *1) is just one of the infinitely many possibilities available. For example, setting G(t,q',u) = a g(“ )e‘f (td)

-2}

with g'(£) # 0 generates the Lagrangian

24

L= ;—{[Lc+ocge_ff] = g'(%)

with £ = ¢/ Lc. In particular, for g( g) = ¢"/* the latter reads

L=e +of. (53)

Although of little practical interest, Eq. (53) highlights the fact, already ascertained on theoretical grounds, that adding a symbolic time
derivative to a Lagrangian explicitly dependent on the variable u does not mean performing a gauge transformation: the Lagrangian (53) is

not equivalent to e™/*L but to the ordinary Lagrangian L¢ = e /1.

Remark 4. In a mechanical context, the Herglotz formalism is often presented as a tool for enlarging the class of admissible Lagrangians
L=T+U, keeping the identification T = ¥ mv}, and allowing “hyper-generalized” potentials U = Us(t,q',u) + Ax(t, q'u)g~, able to
represent a wider class of Lagrangian forces. The resulting expression for L is then

1 N PN i
L= > ai(t,4)g'q’ + bi(t,q,u)q" +c(t.q, u). (54)

Actually, the effects of this generalization are more apparent than real. In fact, in order for the procedure to be dynamically significant,
the Lagrangian L must generate a reducible flow, i.e., it must fulfil the requirement (48a). On the other hand, every Lagrangian of the form
(54) automatically fulfils Eq. (48D), with a,, = 0. Therefore, if the associated flow is reducible, L is gauge-equivalent to — and generates the same
equations of motion as — an ordinary Lagrangian.
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APPENDIX: REDUCIBILITY REVISITED

For completeness, given a non-singular section £ : (V1) - j1(P,R), we present an alternative approach to the study of reducibility,
based on the theory of exterior differential systems.
To this end, we refer to Egs. (10) and (11), rewritten here for the reader’s convenience:

9=du—Ldt - 8—,Lk o, (A1)
9q
Q=d9-9A fa/@ua (AZ)

Preserving the notation Z(Q) for the ideal generated by the 2-form (A2) and Z for the dynamical flow generated by ¢, we have then the
properties:

e the characteristic distribution associated with Z((Q) coincides with the two-dimensional module D spanned by the fields %, Z;
o the complete integrability of D is equivalent to the reducibility of Z. In particular, a sufficient condition for Z to be reducible is the
differential nature of Z(Q), i.e., the existence of a 1-form A fulfilling the requirement dQ = A A Q.

Theorem 5. For n > 1, a necessary and sufficient condition for T(Q) to be a differential ideal is the existence of a function f(t,q',u)
satisfying the relation

of

5 9= —df. (A3)

Za/au(e_f 9) —de! o Zypd-
Proof. Sufficiency: Eq. (A3) entails the relation
el =l (@9+9ndf)=d(e9) = d(ea)=0 = do-dfro
Necessity: setting dQ = A A Q and choosing a function g(t, ¢, u, §') satisfying the requirement % = %J)L, we have the equality

0, 0,
0= fa/auQ - 875 Q= fa/aud\g -9A fa/@u(fg/auﬂ) - a—i(dS -9 f/@/au{)). (A4)

Introducing the 1-form w = /5,9 - % 9 + dg and employing the relations

ot % %
Zo)0ud9 = dw + 9 d9+d(8u) A9

SAZB/BuS =9A (w—dg)

0, 0. 0
9/\36/614(-’?6/&49) = 9/\3@/5,4(0) + aii 9- dg) =9A [fa/auw + 87‘13((0 - dg) - d(afi)],
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Equation (A4) reduces to

gg) 9/\[39/3”(4)+—(w dg) - d(

_ O
ou ou

og
ou

0=do+ % a9-9n d(
Ou
From Eq. (A5) we get the pair of relations

Lojoudw = Lojoud N Lojouw + 9 N Lojou(Lojouw)
dd A f@/auw -9In gg/audw =0,

whence also

(Q + SAfa/auS) A fa/@ua) - SAfa/auS/\ fa/auw =Q /\fa/auw =0.

Being rank Q = 27, for n > 1 Eq. (A6) implies Z5,5,@ = 0. In view of Eq. (A5) this entails dw = d(iﬂa/auS -

validity of a local representation of the form

0g o_
Lojod - 5> 9= ~df.

in which, on account of the identities %JS = %Jfa Joud =

o _of  of _,
u ~ Ou’ 8(11‘_'

These make Eq. (A7) identical to (A3), thus completing the proof.

pubs.aip.org/aip/jmp

d9+ %BA(wfdg):dwff)/\,iﬂa/auw.

74
ou

%J,ﬁfa /au9 = 0, the function f is subject to the conditions

Let us now see the implications of Theorem 5. In view of Eq. (A1), the content of Eq. (A3) is expressed by the equation

2
@dt+ gL w+a—f(du Ldt—gwk) f +(6f of

ou’ " uagt " T o 84" u ot " og 1

with f = f(t,q', u). The latter implies the relations
AL g of Ll of

ou Ot akq Ou

&L  of oL oOf
X 9u 9aF T 9k
dudg* Ou 95 0Oq

the second of which is identically satisfied as a consequence of the first.

)dt+

of o

ak

(A5)

(A6)

s 9) = 0, thus ensuring the

(A7)

(A8a)

(A8Db)

Equation (A3) is therefore equivalent to the single condition (A8a) which, as proved in Theorem 4, is necessary and sufficient for the

existence of an ordinary Lagrangian gauge equivalence to L. Summing up, we conclude

Proposition 3. The following statements are equivalent:
o the ideal Z(Q) generated by the 2-form (A2) is a differential ideal;
o there exists a function f(t,q',u) satisfying Eq. (A8a);

+0and 2 (@+@qk+6fL):0;

o there exists a function G(t,q', u) satlsfymg B

o the Lagrangian L is gauge-equivalent to an ordinary Lagrangian.

Remark 5. Proposition 3 does not exclude the existence of reducible dynamical flows generated by Lagrangians not gauge-equivalent to
ordinary ones: it simply restricts this possibility to the case in which the characteristic distribution associated with the ideal T(Q) is completely

integrable, without Z(Q) being a differential ideal.
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oL

representation in j; ( V,+1) is the opposite —(Ldt + ka ) of the Poincaré-Cartan 1-form of L.

ZNotice that, consistently with Eq. (25), the coordinate function ¥, is invariant under the group of transformations (1).

The minus sign reflects the fact that the fiber coordinates in ji (P, V1) are defined according to the identification w = du — py(w)dt — p,(w)dq'.

41t is worth noticing that, although abnormal, the extremals of the Herglotz functional satisfy the property of ordinariness,” ensuring that every infinitesimal deformation
vanishing at the endpoints is tangent to a finite deformation with fixed endpoints. The conclusion follows easily from the discussion in Sec. III A. The details are left to
the Reader.

25 As in the rest of the paper, the coordinate function  is assumed to be a trivialization of the principal bundle P — V,;. The diffeomorphism « is a principal bundle

isomorphism if and only if the associated function G satisfies % =1

20:81:60 ¥20T YdJe Lz

J. Math. Phys. 64, 102902 (2023); doi: 10.1063/5.0165641 64, 102902-20
Published under an exclusive license by AIP Publishing


https://pubs.aip.org/aip/jmp
https://doi.org/10.12775/tmna.2002.036
https://doi.org/10.1063/1.1597419
https://doi.org/10.12775/tmna.2005.034
https://doi.org/10.1063/1.4867626
https://doi.org/10.3934/dcds.2015.35.4593
https://doi.org/10.1016/j.chaos.2017.04.035
https://doi.org/10.16356/j.1005-1120.2020.01.002
https://doi.org/10.1007/s00332-022-09861-2
https://doi.org/10.1080/00411450008205861
https://doi.org/10.1088/0305-4470/35/31/313
https://doi.org/10.1142/s0219887815500619

