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D’Alamebrt and Hamiltonian principles and classical relativity in
Lagrangian mechanics

Bozidar Jovanovié

ABSTRACT. In this note we present invariant formulation of the d’Alambert principle
and classical time-dependent Lagrangian mechanics with holonomic constraints from
the perspective of moving frames.

1. Introduction

We consider a classical mechanical Lagrangian system (Q, L), where @ is an n—dimen-
sional configuration space and L: T'QQ x R — R is a time-dependent Lagrangian.

The d’Alambert principle or d’Alambert-Lagrange principle states that the trajectories
of a mechanical system can be obtained from the condition that the variational derivative
of the Lagrangian vanishes along virtual displacements [TH3]. It is one of the basic tools
in mechanics and is applied to both holonomic and nonholonomic systems. For holonomic
systems, the principle is equivalent to the Hamiltonian principle of least action. Motivated
by the notion of fixed and moving reference frames in rigid body dynamics [2[3], we consider
arbitrary time-dependent transformations between the configuration space @ (the fixed ref-
erence frame) and the manifold M diffeomorphic to @ (the moving reference frame) and
consider trajectories of a classical Lagrangian system in both reference frames (section [2J).
In particular, we consider systems with time-dependent holonomic constraints (section BJ).
All considerations are valid without the assumption that the Lagrangian is regular and are
derived without the use of Lagrange multipliers. For this reason, we do not discuss the
uniqueness of the solution.

In section M we apply the construction of moving reference frames for the invariant
formulation of classical Lagrangian mechanics in a space-time, (n+ 1)-dimensional manifold
Q fibred over R with fibers diffeomorphic to ). The invariant formulation of time-dependent
classical Lagrangian mechanics is well studied (see e.g. [9l10] and references therein). Here
we have tried to present it with minimal technical requirements.

All considered objects in the note are assumed to be smooth.

2. D’Alambert principle and dynamics of relative motions

2.1. D’Alambert principle and Hamiltonian principle of least action. Let us
consider a Lagrangian system (@, L), where ) is an n—dimensional configuration space and
L(q,q,t)is a Lagrangian, L : TQ xR — R. Let ¢ = (¢*,...,q") be local coordinates on Q. A
curve v: q(t) = (¢*(t),...,q"(t)) is a motion of the system if it satisfies the Euler—Lagrange
equations

d oL 0L )
= 1=1,...,n.

2.1 —_—— = —
(21) dt 0¢t  Oqi’ ’
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The solutions of the Euler-Lagrange equations are exactly the critical points of the
action integral

b
(2:2) su) = [ Low e
in a class of curves
(23) 2= ‘Q(Qa 40,491, a, b) = {’Y [a‘7 b] — Qa 7(‘1) = qu/y(b> = ql}

with fixed endpoints (the Hamiltonian principle of least action (1834), see e.g. [2H4,[12]).
Namely, let v € 2, let 75 € £2, s € (—€,€) be a smooth variation of v (o = ), and let

d
= ls=0(7)
be the corresponding vector field along the curve v C @. Then

b
(2.4) lim (1] — Sh)) = / 5L\, dt,

s—0 8

where dL(n)|, is a variational derivative of L along v in a direction of n. Let £ and 7 be
arbitrary time-dependent vector fields and a curve on ). The variational derivative of L
along v in the direction of & is defined by

" 9L d oL

2.5 §L = - — )¢
where & = Y, €%(q,t)0/dq" and v is given by q(t) = (¢*(t),...,¢"(t)) in a local coordinate
system q = (¢',...,q"). Therefore, v(t) is an extremal of the action functional if and only
if it satisfies the Euler-Lagrange equations (2.1]).

In classical mechanics, for a given curve v, ¢(t) = (¢*(t),...,¢"(t)), a time-dependent

vector field n along -« is usually referred to as a vector field of virtual displacements. By using
the variational derivative, we can formulate the dynamics in terms of the d’Alambert prin-
ciple: a curve (t) is a motion of the Lagrangian system (@, L) if the variational derivative
dL(n) is equal to zero,

n

oL d oL, ;
5L(77)|’Y - Z (aqi - %aqi)n |’y =0,

=1

for all virtual displacements 7 along ~ [1H4].

Although the statement of the principle is equivalent to the fact that an element of a
dual space of a vector space is zero if and only if its kernel is the entire vector space, it is
fundamental for the formulation of Lagrangian mechanical systems with constraints.

2.2. Dynamics in the moving frames. In analogy to rigid body dynamics, where we
consider the fixed and the moving frames defined by time-dependent isometries of Euclidean
space, we cousider the moving reference frame in a general Lagrangian system (@, L) as a
time-dependent diffeomorphism

gt:M_>Qa q:gt(l')
Here M = @, but we use different symbols to emphasise the domain and codomain of the
mapping: the variable ¢ is in the fixed frame, while the variable z is in the moving reference
frame. Furthermore, in analogy to the angular velocity in the fixed and in the moving frame,
we define the time-dependent vector fields w; € X(Q) and €, € X(M) by the identities

wa(@) = lomolgess 0 (007 @), Qule) = lomo((9) ™ 0 (g01s) ).

1On the other hand, note that in [5] the rigid body dynamics is considered from the perspective of continuum
mechanics.
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Note that g; is a curve in the Lie group DIFF(Q) and the vector fields w; and € are
elements of its Lie algebra X(Q) = Lie(DIFF(Q E given by the right and left translation of
the velocity ¢;. They are related by the adjoint mapping: w; = Adg, (). Furthermore, as
in the case of the rigid body we have the following proposition.

PROPOSITION 2.1. (i) The angular velocity vector fields are related as follows

dge ()] = Wt|q:gt(z)-
(i) THE ADDITION OF VELOCITIES Let I'(t) be a smooth curve on M and (t) = g:(T'(¢))
be the associated curve on Q. Then

4 = dgy(I)) + we(ge (T (2)))-

Conwersely, for a given curve (t) and the associated curve T'(t) = g; *(v(t)), we have

L =dg; (1)) — Qg ' (v(1))).
For a given Lagrangian L: T'Q) x R — R, we define the associated Lagrangian [ in the
moving frame by

(26) l(:L', i‘, t) = L(Qa (L t)|q:gt(m),q:dgt(i)-i-wt(gt(z))-
The following observation is of fundamental importance for the further explanations.
PROPOSITION 2.2. Let I'(t) and £ be a smooth curve and a vector field in the moving
frame and v(t) = g:(T(t)) and n = dg.(£) the associated curve and the vector field in the fized

frame, t € R. Then the variational derivative of L along v in the direction of & coincides
with the variational derivative of I along ' in the direction of n:

(2.7) 6L(n)|y = 6L(&)Ir.
ProoF. Consider local coordinates ¢ = (¢, ...,¢") and x = (x!,...,2") defined in the

)

domains U and V', neighborhoods of the points gy = g, (z0) € @ and x¢p € M. The mapping
gt is given by functions

(2.8) ¢ = Q' (x,t) = Q. .., x" 1), i=1,...,n,
defined for some time interval I (ty € I),

g:(V) C U, tel.
Then the angular velocity vector field in the fixed frame is given by

o)) = Y 2D

The curves I'(t) and v(t) = g:(I'(t)), t € I, are given locally by the functions z* = z%(t)
and ¢' = Q%(z(t),t). The law of addition of the velocities is

0Q%(x,t) .. Q% (x,t)
(29) _Z oI Bt ot

By plugging [2.8)) and 2.9)) into [2.0]), after straightforward computations, we get that
along I'(t) we have (see e.g. [13])

oL d ol 7i(8_Lii%)8Qj

T T A . - - e ) == 1 e
dri  di 9 8¢  diog’ oric T ™
which together with the definitions of 7,
njlq:gt(m) Z §k|za Jj=1...n
and the variational derivative (23], 1mp1y the statement of the proposition. O

2Here we are not interested in the smooth structures of these infinite-dimensional ob jects
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REMARK 2.1. If we consider the functions Q' that do not depend on time (w; = 0), the
proof of Proposition is actually the proof that the variational derivative (28] does not
depend on the coordinate system of the configuration space Q.

By setting both sides of the equality (Z1) to zero, Proposition can be interpreted
as: If a motion satisfies the d’Alambert principle in one reference frame, then it satisfies the
principle in arbitrary reference frame

As a direct consequence, we also obtain the invariance of the Hamitonian principle of
least action.

THEOREM 2.1. Let 20 = g; *(qo) and z1 = g, '(q1). A curve ¥(t) in fized space Q is
the critical point of the action integral (Z2)) in the class of curves [23)) if and only if the
curve T'(t) = g; *(y(t)) in the moving frame M the critical point of the action integral

b
S)(T) = / (D, T, t)dt
in a class of curves
(M, x0,21,a,b) ={T: [a,b] = M, T'(a) = x,T'(b) = x1}.
REMARK 2.2. Let us recall on the Galilean principle of relativity (see [2J11]):

e All laws of nature are the same at all times in all inertial coordinate systems.
e A coordinate system that is in uniform rectilinear motion with respect to an inertial
frame is also inertial.

Depending on the geometric structure of the 4-dimensional affine space-time, we obtain
two different mechanics: classical and special relativity, which have the same principle of
relativity (see e.g. [6]). On the other hand, d’Alambert’s principle satisfies the following
general variant of the principle of relativity, which does not include any notion of inertial
frames:

o All laws of nature are the same at all times in all reference systems

Again, with suitable geometric structures on space-time manifolds, we can obtain both

the general theory of relativity and classical mechanics. The invariant formulation of classical

Lagrangian mechanics on a space-time manifold is well known (see e.g. [9[10] and references
therein). Here, in section ] we have tried to present it with minimal technical requirements.

3. D’Alambert principle for systems with holonomic constraints

3.1. Time-dependent holonomic constraints. We now consider the Lagrangian
system (@, L, Y;) in which a motion ~(¢) is restricted to time-dependent m-dimensional
immersed submanifolds T = g4(X2),

g X — T, CQ, teR,

without selfintersections. The curves v: R — @Q that satisfy v(t) € T; (¢t € R) are called
admissible.

Typically, we have a situation like in the previous section, where ¥ is a fixed m—
dimensional immersed submanifold of M = (@ without selfintersections. In mechanics,
the above restrictions on a motion of the system are usually called time-dependent (or
rheonomic) holonomic constraints.

REMARK 3.1. Usually one considers embedded submanifolds T; = ¢;(X), t € R. How-
ever, we can assume a non-holonomic system on ) with integrable constraints. As a result,
Q@ is foliated on integral immersed submanifolds without selfintersections and we can con-
sider a motion on a single integral leaf. For example, let us consider a system describing a
rolling without sliding of a disk of radius r over a disk of radius R. The configuration space
is a torus T?. It is known that the corresponding nonholonomic constraint is integrable.
If r/R ¢ Q, the configuration space is foliated on everywhere dense integral curves of the
distribution.
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Consider local coordinates ¢ = (¢, ...,¢") and x = (z!,...,2™), defined in the domains

U and V, neighborhoods of the points g9 = g4,(x0) € @ and xp € X. The mapping g¢; is
given locally by functions

(3.1) ¢ =Q'(x,t) = Q' (', ..., x™, 1), 1=1,...,n,
defined for some time interval I (ty € I),
g(V)cUcCQ, tel
Locally, the submanifolds ¢.(V) C T can be given by equations
(3.2) fald',...,q"t) =0, a=1,....,n—m,
where the rank of the matrix df,/d¢’ is equal to n —m and
fa@M (2t . 2™ )., Q" (t,...,a™, t),t) =0, zcV CX%, tel.

Now we can only define the time-dependent angular velocity vector field w; as a section
of TT,,Q:
d -1
wt(q) = E'SZO (gt+s o (gt) (q))’ q= gt('r)’ z €3,

i.e,

"L 0Q! 9]
alga) =Y DI en
=1

Let T be a smooth curve on ¥ and let v(t) = g:(I'(t)) be the associated curve on Q.
Then, as in the case of moving frames considered above, we have

i = dge(I) + wi(ge(D(1))),

or locally,

_ i an(l‘,ﬁ) ij + an(l‘,ﬁ)

(3.3) Oxd ot

Jj=1

In other words, the admissible velocities (velocities allowed by holonomic constraints)
at the point ¢ = g:(2) € T belong to the affine subspace of the tangent bundle T, Q:

Agt = wi(g:(L'(?))) + dge(T2X)) = wi(g:(T'(2))) + Ty Ye C T4Q.

The vectors that are tangent to the constraint submanifolds n € 7,7, C T,Q and
EeT, X C T, M are called virtual displacements:

Vqﬂg = Tth = dgt(Vm), VI = TZE

Note that in the “moving frame” ¥ C M the space of admissible velocities coincides with
the space of virtual displacements: A, =V, = T, X.

By using the constraint ([3.2)), the spaces of admissible velocities and virtual displace-
ments are usually described by the equations

afa+zafa _ Z@fa —0, a=1,...,n—-m,

respectively.
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3.2. External description of the dynamics: d’Alembert principle. In classical
mechanics, dynamics in the case of ideal holonomic constraints is defined by the d’Alembert
principle: a curve y(t) € T; is a motion of the constrained Lagrangian system (@, L, T;) if
the variational derivative 6 L(n)|, vanishes for all virtual displacements 1 along :

oL d OL. ,
(34) 5L(77>|’Y = Z (aqz - anz)n |'Y = Oa 77|v(t) S V’y(t) = Tv(t)Tt-

i=1

n

In the case of ideal holonomic constraints, the d’Alambert principle is equivalent to
the Hamiltonian principle of least action: the constrained motions are critical points of the
action integral ([Z2)) in a class of curves

(35) 2= ‘Q(Tt7Qan17aab) = {’Y [a’ab] - Qa ’Y(t) € Tt; ’Y(a’) = QOa’Y(b) = ql}
Namely, let 75 € 2, s € (—¢,€) be a smooth variation of v € 2, 79 = v. Then

d
77(75) = E's:O(’ys) € V’y(t) = T'y(t)Tta

and the statements follow from the identity ([2.4).

On the other hand the Hamiltonian principle of least action is not equivalent to the
d’Alambert principle in the case of non-holonomic cost constraints. One of the attempts
to formulate non-holonomic dynamics from the variational principle is given by Kozlov (see
e.g. [3]). We will discuss the non-holonomic constraints in a separate paper.

3.3. Intrinsical formulation of the dynamics. As in the cases of moving frames,
for a given Lagrangian L: T'(QQ x R — R we define the Lagrangian [x;, by
(3.6) In(, @,t) := L(q, 4, )| g=g, (2).4=dg: () +w: (g ()

Instead of solving the system (B.4) in redundant variables (¢!,...,¢") using the method
of Lagrange multipliers, it is more convenient to consider a standard Lagrangian system
(3, 15). We can reduce the problem using the following analogue of Proposition

PROPOSITION 3.1. Let T'(t) and & be a smooth curve and a vector field of virtual dis-
placements along T' in X and let v(t) = g.(T'(t)) and n = dg:(§) be the associated curve and
the vector field of virtual displacements in Q. Then

(3.7) SL(n)|y = SL(E)]r-

PRrROOF. The proof is the same as in the case of Proposition By setting BI) and
B3) into BH), after straightforward computations, along I'(¢) we obtain

il daziz”:(aL d OL . 9Q)

. —_— ) == i=1,...
gri  didi 4 \og  dt aqa) gz’ T oo
which together with the definitions of 7,
_ "L oQ7 )
77]|q:9t(z) = W§k|xa J = 17"'5”7
k=1
and the variational derivative (Z3]), imply B7). O

Since Ty, ()Tt = dg:(T:X), we get.

THEOREM 3.1. A curve vy(t) € Yy is a motion of the constrained Lagrangian system
(Q,L,Yy) if and only if T'(t) = g; *(7(t)) is a motion of the Lagrangian system (3,1x). This

means that in local coordinates (x',...,2™) on ¥ a curve I': z(t) = (x1(t),...,2™(t)) is a
solution of the Fuler—Lagrange equations

ddls  Ols :

P i=1,...,m.

Furthermore, for systems with constraints we also have
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THEOREM 3.2. Let 29 = g; *(qo) and x1 = g, '(q1). A curve ¥(t) in fived space Q is
the critical point of the action integral (Z2)) in a class of curves satisfying the constraints
B3) if and only if the curve T(t) = g; * (v(t)) is the critical point of the action integral

b
Si(T) = / Is(D,T,t)dt
in a class of curves 2(3,x0,%1,a,b) = {T': [a,b] = X, T'(a) = x0,['(b) = x1}.
In particular, we can consider the time-independent constraints,

gt =1,
where 2: ¥ < @ is the inclusion of the submanifold ¥ in ). Then

Is, = Lirx

and Theorem [BT] becomes the standard statement for systems with holonomic constraints
that do not depend on time [21[3].

REMARK 3.2. All considerations are valid without the assumption that the Lagrangian
is regular and are derived without the use of Lagrange multipliers. Therefore, the uniqueness
of the solution is not considered (see [9]). In the case where the Lagrangian is regular, we
can apply the Legendre transformation and proceed to the Hamiltonian description of the
time-dependent mechanical systems. In this case, we have studied Noether symmetries and
integrability in contact and cosymplectic frameworks [718].

4. Space-time formulation of Lagrangian mechanics

4.1. Space-time and reference frames. A space-time manifold in classical La-
grangian mechanics is an (n + 1)-dimensional fiber manifold over real numbers

(4.1) 7: Q — R,

where the fibers are diffeomorphic to an n—dimensional configuration space Q.

The points q in Q are called events and the fibers 7=1(a), a € R, are called spaces of
simultaneous events. We say that the event qg occurred before the event q; if 7(qo) < 7(q1).
A time line (or world line) is a smooth curve s(t), a section of the fibration @IJ), 7(s(t)) = ¢.
A time line s(t), t € [a,b] is between (or connects) the events qo and q; if s(a) = qp and

s(b) = au.
The space of virtual displacements is a subbundle of T'Q, the vertical distribution of the
fibration ([I]), defined by
V = UqeoVq, Vq = kerdr|q = {£ € TqQ, dr|q(§) = 0}.
Since for time lines we have dr(s(t)) = 1, we also consider the affine subbundle of TQ
(the first jet bundle [10]),
J = UqeaJa; Jq ={€§ € TqQ, dr[q(§) = 1}.
It is clear that J is diffeomorphic to V.
The (global) reference frame is a trivialization
Sﬁa:QHQaXRa Qang
Sﬁa(Q) = (Qaata)v
such that
7(02 (Gar ta)) = ta + Ca, ca €R.
In other words: In the reference frame ¢, we set the time ¢, to zero at the space of

simultaneous events 7 1(c,,).
The vertical space V at q in the frame ¢, can be naturally identified with 7,Q, x R

N EVq ¢ Na €Ty, Qa X {ta},  (1a,0) = d%lq(ﬂ), (Garta) = palq).
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If we have two reference frames ¢, and g, the transition function is defined by
bap = Pacpy': Qs xR — Qs xR
is of the form (qa,ta) = ¢aﬁ(Qﬁ7tﬁ) = (gag(qg,tg),tg + (Cg — Ca>).

4.2. Dynamics. The Lagrangian L is a smooth function
L: 7 —R.

Let v4(to) be a curve in Q. To v, we associate the time curve

S(t) = 90;1((7a (ta)a ta))|t:ta+caa

and vice versa. Since V and J are diffeomorphic, J can be identified with T'Q,, x R. In the
context of this identification, the Lagrangian L in the reference frame ¢, is given by

Lo: TQa X R — R,

La(a; dos ta)lga=nata) = L@ Dl qms(y=p2" ((ra(ta) ta)) it 0

With the above notation, the variational derivative of the Lagrangian L in the direction
of the vector field of the virtual displacement 7 along the time line s is defined by

5L(ﬂ)|s = 5La(77a)|'va'
THEOREM 4.1. The variation derivative does not depend on the reference frame g .

PROOF. Let ¢z be another reference frame. Without loss of generality, we can assume
ca =cpg =0 and t, = tg =t (we have translation in time between the reference frames ¢,
and ¢g). Then we have a situation as in section 2] where

QaaQaavaaLaanaa QB,Q,G,V,G,LB,UB, and qa = gaﬁ(qﬂ;t)ana = ngéB(nB)

corresponds to

Qaqa’yaLﬂ% M,:E,F,l,g, and ngt(x)ﬂ?:dgt(f)

respectively. Therefore, the statement follows from Proposition 2.2 O

We thus have an invariant formulation of classical Lagrangian dynamics on the space-
time Q in the form of the d’Alambert principle: a time curve s is a motion of the mechanical
system defined by the Lagrangian L: J — R if the Lagrangian derivative of L is zero,

0L(n)|s = 0,
for all virtual displacements n along s.

THEOREM 4.2. THE HAMILTONIAN PRINCIPLE OF LEAST ACTION A time line s(t)
between the events qo and q1 is a motion of the mechanical system defined by the Lagrangian
L: J — R if and only if it is a critical point of the action integral

7(a1)
St(s) = / L(s(t), 5(t))dt

(a0)

in a class of time lines connecting the events qo and q.
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