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The Dirac problem of the Hamiltonian formalism of systems with constraints and the realization of constraints by small masses
[1, 2] is considered. It is shown that, with a mass tending towards zero under certain initial conditions, limiting motions exist and
match the motions of the Hamiltonian system with constraints. The results obtained are used in the problem of realizing a unilateral
holonomic constraint. © 2000 Elsevier Science Ltd. All rights reserved.

It is well known that, to describe the motion of Hamiltonian systems with constraints, it is possible to
use the so-called “generalized Dirac Hamiltonian formalism” [1, 2]. The Dirac problem reduces to an
investigation of the variational Lagrange problem [2, 3], and here the Lagrange function is singular
with respect to velocities. It has been shown [2] that a constraint can be realized by small masses, and
solutions of the singularly perturbed equations obtained can be sought in the form of formal expansions
in series in powers of a small parameter.

Below it is shown that, when a mass tends to zero, limiting motions exist (for an appropriate choice
of the initial conditions), and the formal series indicated are asymptotic. These results are applied to
the problem of realizing a unilateral holonomic constraint by elastic forces.

1. FORMULATION OF THE PROBLEM

Following the well-known approach [2], we shall examine a Hamiltonian system on a manifold M of
dimension 2n with Hamiltonian

H = Hy(p,q,. Q)+ P* /(2e) + €H,(p,q. 0.€) (1.1)

where € > 0 is a small parameter, and the function H, is not-degenerate with respect to the momenta

p. Here {p, q} € R”*. We shall assume that all the functions are smooth.

The constraint is set by the equality P = 0, and in this case the compatibility condition
{P.Hp)=-Hpp =0 (12)
must be satisfied.

Let O = f(p, q) be the solution of Eqs (1.2). It was shown in [2] that the Hamiltonians of the Dirac
equation with a constraint take the form

p=-Hgy §4=Hg,, P=0, Q=f (1.3)
where Hy(p, q) = Hy(p, ¢, Q) |Q=f.> We shall assume that
Hogo(p-4.0),_, >0 (1.4)

Here and below, the subscripts 0, q, p, etc. denote partial derivatives with respect to the corresponding
variabies.
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2. ATHEOREM ON TAKING THE LIMIT

Let pg and g - the solutions of Egs (1.3) — exist in the time interval [0, T]. Let p, g, P and Q be the
solution of Hamilton’s equations with Hamiltonian (1.1). We shall assume that, at the initial instant of
time, the following relations are satisfied

| P(0) - po(0)1+1g(0)~ go(0) I< VE, 1Q(0)- f(py(0),q(0))I< Ve, I P(O)I< e (2.1)
Theorem. For sufficiently small € in the interval [0, T, the following estimates hold
Q- f(po,40) = O(e), P=0(e), 1p-py!=0(WE), Ig-go1=O(E)

Progof. It is convenient to expand the function Hy of Hamiltonian (1.1) in a series in powers of

Q-1
Ho = H3(p.a)+ 5 Hoggl,_ (© - F(p.a) +0(@~ 1) +...
Ho(p,9) = Ho(p.q. f(p.9))

Note that HyQ|o=r = 0, since Q = f(p, q) is the solution of Eq. (1.2).
We make a replacement of variables with the generating function

S=pg+R@-f(p.9)
In the new variables, the equations of motion will take the form
P =—Hoy(p1,q))+ O(R)+O(e), §=Hg, +O(R)+O(€)

i>l = _HOQQQI +Q|2Fi(pl’ql7lee)+ PlGI (pl’ql’ R,Ql,£)+0(£) (22)

O =R/e+g(p,q)+QF(p.q.0.)+RGy(p.q,,.8.Q,8)+ O(¢)

where F, G and g are smooth functions which are determined from the replacement of variables.
We put PV = P,/Ne and make the time replacement T = #/Ve:

2.3
P = —HypoQ + QI Fy +0(e), 0f = PV +0(Je) @)
The prime denotes a derivative with respect to 7.

System (2.3) is a classical system with fast and slow variables, and Ve acts as a small parameter. Owing
to inequality (1.4), the zeroth solution of the unperturbed system is stable. We can use the general results
on the evolution of perturbed Hamiltonian systems [4]: a constant K exists such that, in the interval
0 < 1 < T/g, the following inequality is satisfied

IB/El+1Q 1+1p, ~pol+1g, — gy 1< KE

which confirms the theorem.

3. THE SEARCH FOR A SOLUTION IN THE FORM OF A SERIES
IN POWERS OF THE SMALL PARAMETER

Quantities of the order of unity on the right-hand side of the last equation of system (2.2) are the
sum of two terms, one of which vanishes when P;, 0, = 0. We shall seek a replacement of variables
that eliminates the free term on the right-hand sides of the final two equations of system (2.2). We begin
with the free term g(p, q) of the order of unity
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S = pygq +(P, - €8(p2, 91 ))Q, (3.1)
In the new variables, Eqgs (2.2) take the form

P2 = ~Hg,(p2.92)+ O(Py) + O(8), 4, = Hgp(Py,47)+O(P)+ O(€)

. . . (32)
Py = ~HogoQr + Q3 F + O(P) + O(€), Qy = Py /e+0(Qy)+ O(P)) + Ofe)
Here, F , as in Section 2, is a smooth function of the variables p,, g,, and Q5, and of the parameter €.
Now, the free term in the last two equations is a quantity of the order of €.
The same replacements will be made as in the proof of the theorem. Then system (3.2) takes the form

p; = O(E), ¢; = OWE), PD =-Hypo0, + 0FF +JeO(PP)+ O(e*?)

(3.3)
05 = PP +e0(0,) +eO(P?) + O(e*'?)
We will assume that the initial conditions satisfy equalities (2.1), and therefore the variables p and
q are bounded, while P and Q are small. The following estimates (cf. [4]) will be made: we introduce
the function

. @ _ .. -
Z=%(P(2)2 +HOQQQ22)_ | Q2F(Q)dQ
0

By virtue of what has been said in Section 2, Z = O(g) in times of the order of 1/VE.
It can be verified that, for an arbitrary function Z with respect to the time 1, by virtue of system (3.3),
the following estimate holds

Z’< MJez+Ne¥'?\Z (3.4)

where M and N are positive constants. In fact, since Z = O(e), we have Z'** < Z and o = 0, and
consequently all higher powers of P and Q are majorized by the function Z (multiplied, perhaps, by
some constant). Solving inequality (3.4), we obtain

TIe TiJe
——————<«/ dt
({ MZ + NeNZ I

T T
M Z(f) +Ne< (M\/Z(O) + Ne)exp—z-

Therefore, if at the initial instant the function Z was of the order of €7, then, in the entire time interval
1€ [0, TINe ], it will be of the same order. Returning to the variables P® and Q,, we establish that they
are quantities of the order of &. This means that, for the initial system (1.1), P = -eg(p, q) + 0(e¥%),
0 =f(p, q) + O(g) is the solution. However, these terms are the first in the power series [2], which can
be verified by direct substitution.

Then, making replacements similar to replacement (3.1), the free terms are eliminated successively.
Let the free term of order ¢ in the penultimate equation of system (3.2) be equal to gg(p, g).
Replacement with the generating function

S = pyq; + P(Q, —€81(P3.92) Hogo(p3:42))

eliminates the free term of the order of € in the penultimate equation of system (3.2). In the final equation
of (3.2), the free term, as before, is of the order of €. Suppose it is equal to €g,(p, g); then it is eliminated
by the replacement

S = pags + (P - €72,(ps.92))0s
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and so on. In this case we will obtain estimates similar to (3.4), and only power of € in the second term
of (3.4) will increase: at the kth step this power will be equal to (2k + 1)/2, and consequently P*) and
Q, are quantities of the order of €. In the initial variables, we obtain the required power series.

Remark. As a rule, the series obtained is divergent since in the general case it is not possible to eliminate the
free term [5]. When all the functions are analytical, the coordinates of the free terms may be replaced by a quantity
of the order of (-1/Ne). It must be pointed out that, in the procedure described above, in order to eliminate the
next free term of the order of €, we make two successive replacements (cf. [5]).

4. REALIZATION OF A UNILATERAL CONSTRAINT

Consider the problem of realizing a unilateral holonomic constraint by elastic forces with a large
coefficient of elasticity [6, 7]. Suppose the “free” system is specified by the Hamiltonian

H = Hy(p,q,Q)+a(g,Q)P* 12+ NV(Q) 4.1)
0%*12, 9=<0
= , N>1
V(Q) {O‘ 050

where p, P, g and Q are semigeodesic coordinates in which the unilateral constraint is specified by the
condition Q = 0, while the quadratic form of the kinetic energy contains no products of p and P. It is
well-known [8] that such coordinates always exist locally. For simplicity, we shall assume that they are
introduced globally (cf. [9, 10]).

The equations of motion have the form

p=-Ho,—a,P*12, g=Hy,, Q=aP

. 4.2
P=-Hyy-agP?12-NQ, Q<0; P=-Hog-ayP* 12, 0>0. “2)

Suppose that, in the time interval [0, T'], a system with a unilateral constraint moves on the constraint,
and here, with ¢ € [0, T), the constraint reaction is positive, while, at the instant ¢t = T, leaving the
constraint occurs and here the reaction of the corresponding system with a bilateral constraint has a
simple zero [7, 10].

The solution of system (4.2) in the time interval [0, T] generally fluctuates with amplitude 1/N [7].
When investigations an actual system it is necessary to solve the equations of motion in the half-spaces
Q < 0and Q > 0 and then to join the solutions. We shall show that, with the appropriate selection of
the initial conditions of “free” system (4.2) from (1/N) — the vicinity of the initial conditions of the
corresponding system with a unilateral constraint in any time interval [0, T;] € [0, T), motion occurs
in the region Q < 0, and the amplitude of the oscillations in this case is a quantity O(N ) for fairly
large values of the parameter N.

We will first consider the realization of a bilateral constraint, i.c. we will assume that the potential
energy of the elastic force V(Q) is equal to Q%2 in all cases. When ¢ € [0, T), the reaction is positive,
and consequently Hy, > 0.

Let us assume that € = 1/N and make a canonical replacement of variables with the generating function

S = pg+ P(Q+eHyy(p.q.9))
In the new variables, the equations of motion will take a form similar to that of (2.2), apart from the
replacement of P by (, and therefore it is possible to use a similar method to that described in Section
3 (cf. [9]). In particular, we establish that, with an appropriate choice of the initial conditions
Q = -eHyy +O(e*'?)
and the conjugate momentum will be a quantity of the order of €.

Remark. It is clear that the estimates obtained here do not contradict the theorem [9] in which the initial conditions
for P and Q, generally speaking, could be any from the e-vicinity of zero. The “revised” initial conditions physically
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correspond to placing a point on an elastic surface, waiting while the surface sags and only then pushing the
point.

The coordinate Q vanishes when Hyy = O(\E). Thus, we have established that, in the time interval
[0, T + O(Ne)], motion occurs in the half-space QO < 0. It must be noted that here quantities of the
order of Ve may be both positive and negative.

Let us return to the problem of realizing a unilateral constraint. Suppose the reaction is positive at
the initial instant of time, i.e. Hyy > 0. For any prescribed 0 < T; < T an ¢ exists such that [0, T\] €
[0, T + O(\e)]. However, in the interval [0, T + O(Ve)] the motion of “free” system (4.2) will again
occur in the half-space @ < 0, and the amplitude of the fluctuations about the “equilibrium” Q = -€Hy,
will be no more than O(¢*?). Then, in a time interval of the order of Ve, the quantity Q may oscillate
and then becomes positive.

I wish to thank A. I. Neishtadt for useful discussions.
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