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We discuss the introduction of constraints in a system of n noninteracting particles
which obey the laws of nonrelativistic quantum mechanics. In this paper the particles are
first thought of as being unconstrained (described by the 3n Cartesian coordinates of a
flat space R), but subject to an external potential ¥ which, in a certian suitable limit,
forces the system to remain in a curved subspace V of R. This idea was already em-
ployed in a previous work where we have discussed the motion of one constrained parti-
cle. It was then shown that in order to obtain a meaningful result the particle wave func-
tion should be “uniformly compressed” into a surface (or curve), avoiding, in this way,
the tangential forces which correspond to the dissipative constraints of classical mechan-
ics. The resulting Schrodinger equation could then be separated in such a way that the
part which contained the surface (or curve) variables was independent of the potential ¥
employed in the constraining process. In the present paper we show that this procedure
cannot be carried out for all subspaces ¥ of R in the case of a many-particle system, un-
less V satisfies a certain geometrical condition. The many-particle Schrddinger equation
(as was already the case of the one-particle systems) contains, besides the kinetic energy
term, potentials which are not bending invariants, that is, cannot be obtained from the
metric tensor g; of V¥ or its derivatives. This gives rise to different Schridinger equations
for isometric subspaces, in striking contrast with the usual quantization procedures which
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start from the classical Lagrangian of the constrained system.

I. INTRODUCTION

In a previous paper' we have discussed the
description provided by quantum mechanics for
the motion of a particle subject to one or two in-
dependent constraints (motion over a surface or
curve). The basic idea was to first consider the
particle as freely moving in our ordinary three-
dimensional space, but subject to external forces, of
increasing intensity, in order to effectively bind the
particle to the desired surface or curve. It was
then shown that this procedure gives a perfectly
well-defined result, provided that some precautions
(discussed below) are taken in the definition of the
potentials and wave functions. The more interest-
ing feature of the results obtained in this way is
the presence, in the resulting Schrodinger equation,
of a potential (of geometrical origin) that is not a
bending invariant, since it cannot be derived from
the intrinsic properties of the surface or curve to
which the particles are supposed to be attached.
This situation can be illustrated by the following
example': Let us consider a particle moving on a
plane surface which is continuously folded
(without stretching) around a straight line. Ac-

cording to our results, there will appear during the
folding process an attractive potential, of increas-
ing intensity, around the edge of the folded plane
which will be responsible, when the plane is com-
pletely folded over itself, for the boundary condi-
tion associated to the motion of a particle over a
half plane. This potential will never be obtained in
a usual quantization procedure? starting from the
classical Lagrangian of the (already) constrained
particle, L = %mgijq'iéj, because L only depends on
the metric properties of the plane surface, which
are not affected by the folding process. We can
easily see from this example that the treatment of
the constraint discussed in Ref. 1 is the most ade-
quate to describe a real-world situation, in which
every attempt to reduce the dimension of the sys-
tem is strongly opposed by the uncertainty rela-
tions. This effect, of course, has no counterpart in
the classical description of the same problem.

The aim of this paper is to investigate how far
we can extend the formalism developed in Ref. 1
for a system containing an arbitrary number of
particles. In order to better develop our reasoning
let us consider a classical system described by the
N generalized coordinates ¢',...,g" obtained from
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a system of independent particles, of N +p dimen-
sions, through the use of p-independent spatial con-
straints. If we call Ry, the Cartesian space of

N +p dimensions, described by the coordinates x%,
a=1,2,...,N +p, we can imagine any configuration
of the constrained system as corresponding to a
point in a curved subspace Vy of Ry . ,, defined
by the parametric equations:

x%=x%q'%...,¢") a=1,2,...,N+p. (1)

Let us assume, for the time being, that we can as-
cribe to all points of a suitable neighborhood

lim Vy(u'u? ..., uP)=

A" CRy 4, of Vy the set of coordinates
@' ...,q%u',...,uP), where

u'=u? ..., =uP=0 gives the equation for an ar-
bitrary point of Vy (from now on the g¢’s and u’s
will be, respectively, referred to as internal and
external coordinates). In order to compress the
system from Ry, into an increasingly smaller
neighborhood .4~ (i.e., limiting the range of varia-
tion of the u’s around u“=0, a=1,2, ...,p) we
can imagine a family of potentials

Vy(u',u? ..., uP), where A 1s an appropriate
“squeezing parameter” which determines the
strength of the constraint:

0; (ul)2+ e (u")2=0 )

A— o o o0 , (ul)2+ ctt (uP)z?éO .

We cannot, however, choose the external coordi-
nates and consequently the potentials ¥} in a com-
pletely arbitrary way, since otherwise we could ob-
tain a constrained motion depending on the choice
of V,, which, naturally, is an unacceptable result.
In order to select an appropriate family of poten-
tials ¥, we shall use, as a guiding principle, a
property derived from classical mechanics which
says that the constrained motion can be uniquely
determined only when the constraint forces have a
normal direction for all points of Vy (frictionless
constraint). Well, since in quantum mechanics we
can no longer predict the position of the particles
with pointlike accuracy, it is perfectly natural to
select only constraint forces which have normal
directions in all points of the space Ry ;, where
the system can possibly be found.> This idea can
be put into practice by selecting ¥ such that
VIVa(u', ..., uP)] intersects orthogonally the sub-
space Vy for all points of the neighborhood .#".
This condition can be satisfied (as we shall see in
Sec. II) by requiring the orthogonality between
internal and external coordinates, that is,

JR dR ,
au® g =0, a=12,...,p, j=1,2,...,N
(3)

where R(q', ..., q"u, ..., uP) is the position
vector of an arbitrary point in .#". The problem of

representing the constraint by means of the poten-
tial V(u', ..., uP), taken in the limit (2), will
then be reduced to the question of knowing wheth-
er, given a subspace Vy, such a system of coordi-
nates can actually be constructed. This question
will be discussed in Sec. II of this paper where we
obtain a necessary and sufficient condition for the
construction of a coordinate system satisfying the
orthogonality condition (3). We note that this con-
dition is identically satisfied for p=1 (one con-
straint: Vy is a hypersurface of Ry ,,) or N=1
(N +p —1 constraints: Vy is a curve of Ry ),
which explains why our problem can always be
solved for a one-particle system (the case con-
sidered in Ref. 1), since in this case we have

N +p=3, which implies in N=1, p=2 (curve) or
N=2, p=1 (surface).

We obtain in Sec. III the Schrodinger equation
for a subspace ¥y where (3) can be satisfied. As
already stressed in Ref. 1 this construction gives
rise to “subspace potentials” Ul(q, . . ., ¢") which
depend on both mean and total curvatures and
therefore cannot be obtained from the metric pro-
perties of Vy alone. The question of what happens
to the Vy’s where condition (3) cannot be satisfied
is also considered. The answer, within the frame-
work of the present ideas, is that every attempt to
reduce the system from Ry, to Vy will give a re-
sult which depends on the type of external poten-
tial ¥, employed during the constraining process.
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II. GEOMETRICAL CONSIDERATIONS

Let us consider the possibility of constructing a coordinate system in Ry ,, such that the internal

(q',...,q" and external (u}, ..., uP) variables are mutually orthogonal. Since the internal coordinates are
supposed to be a parametrization T=7(q', ..., q™) of the curved subspace Vy, we can write for all points
of the neighborhood .+

Rig',...,q%u' ..., uD)=14q" ... ,¢")+ ifﬂ(ql, coogNhul o uPRggl oL g, (4)

B=1
|
with where
oA,
aff P N
det " #0, (5) Kjyp=My og/ Kj:gy - (10)

where we have introduced an arbitrary nonsingular
coordinate system, u ', . . ., uP, in the subspace
spanned by the system of normals

Rg((Rg-Ay) =84p) at every point of ¥Vy. From (4)

we have

R 4
R _ & o7,

= 6)
we 2 au’
and
R ar afe .. ofig
— =44+ ~hg+ B——. (7)
d¢’ dq’ ﬂgl 3 P 4 aq’

Assuming, for a moment, that the u“’s and _gj’s are
orthogonal we can write the classical force F due
to the potential ¥, (u!, . .., uP), in terms of the

variables 0/, Q/=g/, j=12,...,N, @V +o=u",
a=12,...,p, as
= N+p AV,
F=VV,= 3 Gl—~ A 3RI
=1 9Q' 3Q
- i GN+aN+gaVA 3R ®)
a,p=1 u® au
where
_8R 3R
il an aQI
and
G'=(G M)y .

It is now easy to see from (8) and (6) that Fis
everywhere contained in the normal hyperplanes of
Vx as we intuitively aniticipated.

Returning to the main object of our calculations
we can, from (6) and (7), write condition (3) as

$ N L+ S w® |-

9
y=1 0u? aqf f=1

Since the quantity between parentheses in (9) does
not contain the index @ we can write from (5)

aq1+ﬁiy”.3f =0, (11)

for all values of ¥ and j. According to the well-
known theory of partial differential equations,* the
integrability condition for the system (11) is given
by

Aypjk=0 (12)
where

a3
8,k = aqk“j;rﬁ_ aqj.“k;yﬂ

+ i (Bj;oyHk;08—Kj;0Blk;oy) - (13)
o=1

Condition (12) can be written in a simpler form in
terms of the components of the symmetric tensor

or Oof,

‘Qa,ij=——é?' qu =Lgsji »

(14)

which appear in the coefficients of the second fun-
damental form of the subspace Vy embedded in
Ry 4p. In fact, we know from the results of dif-
ferential geometry,® that the components u ; jiyB are
not completely independent, but must satisfy the
condition

Ay =8""(Qy s pmj — Ly Qi) s (15)

where summations were carried out over repeated
coordinate indexes. The integrability condition for
our system (11) can then also be obtained by set-
ting the right-hand side of (15) equal to zero. The
fact that this condition enables us to integrate the
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system (11) leads to a simple geometrical interpre- y=12,...,p, p independent solutions by taking
tation. Really, since (11) do not contain explicitly the derivative of f? with respect to each of the
the external variables u',u?,...u? we can get, from u®s [remember condition (5)]. Calling
a particular solution f*(g', ..., q"u', ..., uP), 9f?/3u*=hY we have from (11)
]
9 —— $ w4 hhE 1 hLRB)=0, (16)
aq’ v,B=1

because 1, is antisymmetric in the indexes ¥ and B [see (10)]. On the other hand, assummg the integrabil-
ity of (11), we can arbitrarily choose the values taken by f7 at a fixed point s . ..,q)) of Vy. Let us
then select

f’(q(’),...,qév)=u7, y=112,...,p. a7

[As a matter of fact, since u;,g contains only the variables q’, the external variables will appear as constants
of integration in the solution of (11). What we have done in (17) was to choose a Cartesian coordinate sys-
tem for the normal subspace at the point (g}, . . ., qo) ] If we now consider the behavior of the Jacobian
matrix k7, it is obvious from (16) and (17) that we begin with the identity matrix A% =8, at (g9, - . . , q0),
and, although A}, changes from one to another point of Vy, it will always remain an orthogonal matrix. We
will profit from this circumstance by introducing the change of normals

2 hoR, , (18)

where, due to the orthogonal character of 49, the new normals still form an orthogonal basis in every nor-
mal subspace of Vy. The tensors u;.,, relative to this new choice of normals are given by

(19)

since the h,’,”s satisfy the same system (11) for all values of p. In Eq. (19) we have a necessary condition for
the orthogonality relation (3): We must have a choice of normals for which u;,,, vanishes identically; or in
other words, the derivative of every normal 7, must be contained in the tangent subspace for all points of
Vy. In this case, as (11) clearly shows, we have the same f?s for all points in Vy:

af

FP=fBu', ..., uP), det #0 .

Equation (19) is also a sufficient condition, as can be seen by writing (4) in terms of the normals 7

Rig',...,.q%u' ..., uP)=F4q' ..., ¢"+ ﬁfﬂ(u‘, coubRglgh L9, (20)
.. B=1
and obtaining
R _oF & 59

dg’ ¥ 7 g

which, by hypothesis, is orthogonal to all normals 7, and, therefore, to the derivatives 9R/0u® as given in (6).
As a last remark we observe that (12) is always satisfied when Vy is either a curve or a hypersurface of

Ry 4p- This can be seen from (15), where the first case corresponds to j =k (one internal variable only) and

the second to S=y (with only one normal, its derviatives must necessarily lie on the tangent subspace).

III. SCHRODINGER EQUATION
FOR THE CONSTRAINED SYSTEM

In order to write the Schrodinger equation obeyed by our system during the constraining process we shall
assume that we can find, in the subspace Vy (to which the coordinates of our system will ultimately belong),
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a set of normals 75 satisfying condition (19).° The parametrization of Ry +p Which holds in a neighborhood
A of Vy will then be written in the form (20)

Rigl,...,.q%ul, ..., uD)=1q, ..., ¢M+ i uPrpq’, ... ,q"), 1)
B=1

where we have, for the sake of simplicity, selected Cartesian coordinates for all normal subspaces of Vy.
From (21) we obtain’

R .,
au—a=na, a=l,2,..,p (22)
3R _ aF 8 % OF .
—_— = ubQgp:8"——, j=1,2,...,N (23)
3¢’ dg’ pgl P8 ag*" !
with
- of of
ik -1
8"=@u> 8m=""T7""T - (24)

From (22) and (23) the components of the metric tensor Gy, are

Gr=gi—2 S uPlpy+ $ w " Yy mi8™
B=1 Br=1

(25)
Gj,N+a=GN+a,j=0’ GN+a,N+B=sa ’
with j,k=1,2,...,N; a,=1.2, ...,p. The Schrodinger equation in Ry, will then be written as
# 1 3 i O P
_F L 9 | Ggild U ut=indL
wm VG o GG a0 +Vilu', uly=i# ot (26)

where G¥=(G ‘1),-,-, G =det(Gj;), and m is the mass of the particles.® Notice that, since the constraining po-
tential depends only on the external variables, the values of V) are determined for all points of the neighbor-
hood .#” once they are known in one normal subspace chosen at an arbitrary point of V. In other words,
we have the liberty to choose arbitrarily [as far as (2) is satisfied] the values taken by V; in but one normal
subspace of Vy, the value in the other subspaces being automatically defined by the change in the normals
Aplg', ..., g™). As a matter of fact, this is not an unexpected result, since it agrees with the intuitive idea
of tangential forces.

Now we can turn our attention to the solution of (26). Owing to the particular structure of (24) (orthogo-
nal coordinates) we can break up the summation in (26) into two parts: one containing only derivatives with
respect to internal variables, and other derivatives with respect to external variables:

# & 1 9 ij OY 7 ?? ) ., 0P
_FE s L3l geud | £ & | Y VG -
2m ij§1 VG 3¢’ ¢¢ g’ 2m ;2 |3y * au“(l" GW | +Va=if ot ’ 27

where we also have used the fact that GV +%¥+B—( for a£B. The next step is to redefine the wave func-
tion ¥ in a way that is more adequate to describe the physical meaning of the compression process. The
first thing we must bear in mind is that we are interested in the probability of finding the internal coordi-
nates of our system within a certain volume element of Vy, independent of the values taken by the external
variables u®. Moreover, we are especially interested in the possibility of writing this same probability as
|X;|*V'g dq' - - - dg”, where X; is an internal wave function. This goal can be accomplished by writing the
elementary probability dP for the volume element dV in Ry ., as

dP=|¢|%dV=|¢|VGdg' - - dg¥du' - - - duP
G 1742
-3

Vgdg---dgVdu'-- - duP=|X|"Vgdq'---dg¥du'--- duP, (28)
provided that X can be separated as X;(g’,#)X, (u%,t) (the subscripts i and e stand, respectively, for internal
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and external). The Schrodinger equation (27) can now be written in terms of the new wave function Y.
After performing elementary calculations we have

#3138 GO | X || _# 1 3% I ) O S 3’h Y
2m 52, VG 3q' dg' |Vh 2m vVh i1 | 9uP)?  an? | | Quf d(uPf)?
1 X /ot

- 1 PyY —i
+ﬁVA(u,...,u)X lﬁﬁ , (29)

where # =(G /g)'/%. We are now ready to take into account the effect of the constraining potential

Vi(u', ..., uP). Since in the limit when A— oo [see (2)] the wave function “sees” steep potential barriers in
all directions orthogonal to Vy, its value will be significantly different from zero only for a very small range
of values of u* around ¥u®*=0, a=1,2, .. .,p. In this case we can safely take u*—0 in all coefficients of
Eq. (29), except, of course, in the term V,(u', ..., uP). The result from (25) and (29) is

# X 18 - oh 9*h
2m 4=, Vg 3¢ 8m ;< | | duf 3(uP) | a g
7 %

2m §Z 3(ub)

i OX
dq’

+V . ,uP)X:ih%’ti . (30)

since, obviously, #=1 in all points of Vy. Setting X =X;(g/,t)X.(u°¢) we get the separate equations

77 ﬁ %X, . X, ,

Valul, ... uP)X, =if

(31)

Tom 2 auPr dt
N . BX, 2 aX,
_# s 3 wi | A oh S R (32)
2m k=1 aql aq 8m B=1 du a(u ) u@=0 ot

Expression (31) is just the Schrodinger equation in a p-dimensional Cartesian space in the presence of the
potential ¥, and can be ignored in all future calculations. Expression (32), however, is much more interest-
ing, due to the presence of the internal potential

2
N) i

8m g7

d%h
d(ub)?

oh
ouf

) (33)

u%=0

Ui(ql,. ..5q

which depend on the geometrical properties (not necessarily intrinsic) of the subspace ¥y embedded in

Ry 4p- The first thing we must take into account in the calculation of U; is that since only first- and
second-order derivatives appear in (33), we do not need an exact expression for A, but only a series expansion
up to the second order in the u®s. Using (25) we obtain, after some lengthy but not too difficult calcula-
tions,

172
h= 2] =1- S ohut+t 3 (00 —afakuturt 34
g B=1 By=1
I
?vhere Qj;,- is the mixed tensor gﬂﬂﬁ;,—,. From (34) U, ..., g% = __ﬁZ_(M2+2R) , (36)
it follows that 8m
ah where
= =—Qh 12
oub | a_ B> = i y2
u®=0 (35) M= aél(ﬂm) , (37
3%h i ok k o
a(uB)Z =Qﬁ§iﬂﬁ§k—ﬂﬂ;iﬂﬁ}k : and
u®=0
R= 3 .ok, —al,0k), (38)
Substituting (35) into (33) we obtain at last él kol T e ek
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are, respectively, the mean and total curvatures of
Vn as embedded in Ry ,. For the particular case
of a single-particle subject to one constraint (that
is, moving on a surface) we can, using appropriate
coordinates, write Qf,;k =k,8i, where k,; and k,
are the principal curvatures of the surface V, in
our ordinary space R;. From (37) and (38) we
have R= —2k,k,, M*=(k,+k,)? and from (36)

Ui(ql,q2)=—‘8%(kl—k2)2 , (39)

which agrees with previous results.! Although R
depends only on the intrinsic properties of V- this
is not the case of the mean curvature M, so that
two isometric subspaces ¥y and Vy of Ry, (for
which correspondent points can be found with the
same g;;’s) will have different internal potentials,
and, therefore, different quantum mechanics. As
already mentioned in the introduction this result is
in strong disagreement with the usual quantization
procedures which start from the Lagrangian of the
classical motion.

One last remark that must be made about Eq.
(3) is as follows: As we have just proved it pro-
vides a sufficient condition, in the sense that when-
ever it holds we can, using a relatively ample class
of potentials ¥, (u', . . ., uP), obtain a unique
Schrédinger equation for the constrained system.
Nothing was said, however, on whether (3) was or
was not necessary, that is, if a Schrodinger equa-
tion can still be obtained even when (3) is not satis-
fied. Although we do not have a full analytic
demonstration there are good reasons to believe
that (3) [or (12)] is both necessary and sufficient to
obtain a unique Schrodinger equation (at least
within the context of the present work). The first
reason is based on the fact that if (3) is not satis-
fied there will appear in (27) crossed terms of the
type 3%/dq'du® preventing the separation of the
wave function, which seems to be essential in order
to have a meaningful limit process. We must also
remember that even when the coefficients of the
crossed terms vanish in the limit ¥“—0 [as is the
case with the coordinates (21)], the derivatives with
respect to external variables go to infinity so that
we cannot show, a priori, that those terms can be
disregarded (as a matter of fact, elementary calcu-
lations based on harmonic constraining potentials
V, predict a finite limit). This same problem can
also be seen from the point of view of classical
mechanics. In fact, the total energy in terms of

2899
the coordinates (21) is written as
1 N+p . 2 1 ejej
E=7m 3 (x*+Vy=7mG;q'¢’
a=1
+5m ﬁ @2+ vy,

a=1

(40)

where the G;;’s given in (24) depend on both ¢”s
and u®s. Taking u#—0 in the coefficients of the
kinetic energy, as required by the constraining pro-
cess, transforms (40) into
1 ejej
E=5mg;q', ... ,q¢M4'¢d
—tm $ GV, uh) . @D

a=1

Equation (41) is readily separated as

1 ok
E;=5mgulq, ..., qM)g%ql,

(42)
E,=5m f @+ V', ... ub),
a=1

where each of the equations (42) contain only one
kind of coordinate (internal or external). Let us
consider what happens when the u®s and g”s are
no longer orthogonal. The result will be the same
as in (40) with the term

ica
m 3 Gin yof't
ia

added to its last member. The same separation ob-
tained in (41) is still feasible in classical mechanics
where we can take u,—0 irrespective of the value
taken by u, (or take both of them going to zero if
we so desire). However, as is well known, this is
no longer possible in quantum mechanics because
of the uncertainty relations, and, therefore, we can-
not associate separation energies to the internal and
external motions.
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