UNIVERSIDAD CENTRAL DE VENEZUELA
FACULTAD DE CIENCIAS
ESCUELA DE FISICA
DEPARTAMENTO DE FISICA

ALGUNOS RESULTADOS ASOCIADOS A PROBLEMAS
MODELICOS EN LA MECANICA CUANTICA UNIDIMENSIONAL

SALVATORE DE VINCENZO

CARACAS - VENEZUELA



Universidad Central de Venezuela
Facultad de Ciencias
Escuela de Fisica
Departamento de Fisica

Algunos Resultados Asociados a Problemas Modélicos en la Mecanica
Cuantica Unidimensional

(Trabajo de ascenso presentado por el Profesor Asociado,
Dr. Salvatore De Vincenzo,
para optar a la categoria de Profesor Titular)

Caracas, 25 de Junio de 2014



Universidad Central de Venezuela
Facultad de Ciencias
Escuela de Fisica
Departamento de Fisica

Algunos Resultados Asociados a Problemas Modélicos en la Mecanica
Cuantica Unidimensional
(Trabajo de ascenso para optar a la categoria de Profesor Titular)

Salvatore De Vincenzo

Escuela de Fisica, Facultad de Ciencias, Universidad Central de Venezuela,
A.P. 47145, Caracas 1041-A, Venezuela
URL: |http://fisica.ciens.ucv.ve/~svincenz/svincenz.html
E-mail: 'salvatore.devincenzo®@ucv.ve

MEMORIA

Resultados clasico-cuanticos versus resultados cuanticos exactos para una particula en una caja

La llamada particula en una caja unidimensional, o en un intervalo, es uno de los sistemas modélicos
que pueden usarse para ilustrar aspectos y conceptos importantes de la mecanica cuantica elemental.
Como es sabido, el correspondiente operador Hamiltoniano (auto-adjunto) posee un dominio general
que involucra un nimero infinito de condiciones de frontera; de hecho, ese dominio podria incluir hasta
una familia de cuatro pardmetros de condiciones de frontera. Es de destacar que cada una de estas
condiciones de frontera lleva a la conservacién de la densidad de corriente de probabilidad j(z) =
(h/m) Im(2p(z)2 (x)) en los extremos de la caja, es decir, j(a) = j(b) (para una caja en el intervalo
x € [a,b] = Q). Sin embargo, solo para algunas de estas condiciones de frontera se tiene que j(a) =
j(b) = 0. A pesar de la gran variedad de condiciones de frontera, o de extensiones auto-adjuntas del
Hamiltoniano, clasicamente solo se pueden distinguir dos situaciones o casos: (i) una particula que rebota
entre dos paredes rigidas, y (ii) una particula que desaparece una vez que alcanza una pared y entonces
aparece en la otra pared (o equivalentemente, una particula que se mueve a lo largo de un circulo
con rapidez constante). Por supuesto, en estos dos problemas la particula lleva a cabo un movimiento
periddico, y esta periodicidad, junto con una regla de cuantizacién, nos puede llevar a resultados que
coinciden con los que se obtienen al usar la mecanica cuantica moderna. Especificamente, a partir de la
serie de Fourier de |a posicién de la particula para cada problema podemos identificar tanto a la amplitud
clésica (o de Fourier) como a la frecuencia mecénica del arménico 7-ésimo, luego podemos expresar estas
cantidades en funcién de la etiqueta cuantica n haciendo uso de una regla de cuantizacién como la de
Bohr-Sommerfeld-Wilson. Pues bien, en el limite n > 7 estas cantidades coinciden, respectivamente, con
la amplitud de Heisenberg y la frecuencia espectral asociada a la transicién n — n — 7, ambas obtenidas
usando la mecénica cuéntica moderna. Estos resultados indican que, el caso clasico (i) mencionado
antes corresponde al de una particula cudntica descrita por el Hamiltoniano con la condicién de frontera
de Dirichlet, es decir, ¥(a) = 1(b) = 0; mientras que el caso (ii) corresponde al de una particula
cudntica descrita por el Hamiltoniano con la condicién de frontera periddica, es decir, ¥ (a) = ¢(b) y

P'(a) = ¢'(b) (vea la Ref. [1]).
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La particula en un pozo infinito versus la particula en una caja

Para forzar a una particula cuantica a permanecer en el interior de una caja, hemos identificado dos
casos o modos de confinamiento: (i) si la particula (libre) se esta moviendo sobre toda la linea real, es
decir, si suponemos que la particula se mueve en el interior de un pozo de potencial finito, basta hacer
muy grande al potencial en |a regiones externas al segmento de linea donde finalmente estara la particula.
Este caso se puede llamar “la particula en un pozo de potencial cuadrado infinito” (y la respectiva funcién
de onda satisface la condicién de frontera de Dirichlet en toda la regién exterior, es decir, se anula alli).
(i) Si la particula (libre) ha estado moviéndose dentro de la caja, un potencial externo no es necesario
para confinar la particula, solo condiciones de frontera. Este caso se puede llamar “la particula en la caja”
(y la respectiva funcién de onda -si se habla de confinamiento- debe anular a la densidad de corriente
de probabilidad en los extremos de la caja, siendo la condicién de frontera de Dirichlet solo una de
las infinitas condiciones de frontera que podemos usar). En el caso (i), el teorema de Ehrenfest puede
verificarse para un estado general que es combinacién lineal de autoestados y que pertenece a £2(R).
Es decir, d(X)/dt = (P)/M, y d(P)/dt = (F), pero el calculo de (F") debe hacerse con cuidado ya
que F' = F(z) = —dV (x)/dz, y el potencial V(z) es un pozo de potencial (cuadrado) infinito (lo que
conduce a deltas de Dirac con intensidades infinitas en las paredes del pozo, que estdn presentes en ﬁ’) En
el caso (ii), el teorema de Ehrenfest puede también verificarse, por ejemplo, para estados que pertenecen
a L2(£2) y que satisfacen la condicién de frontera de Dirichlet en los extremos de 2. En efecto, se obtiene
lo siguiente: d(2)/dt = (p)/M, y d(p)/dt = (f) + (fg) = (fp), donde f = f(z) = —dv(x)/dx =0
(v(z) es el potencial dentro de la caja), y fg = fg(w,t) = (—h%/2M) | u |72 8, | Ou/Ox |? es una
fuerza cuéntica no-local en el sentido que es dependiente del estado cuéntico en cuestién u = u(z,t) (y
por lo tanto (fp) es un término de frontera, es decir, es un término que se obtiene evaluando una cierta
cantidad en cada frontera de la caja y luego restando los dos resultados). Por supuesto, las ecuaciones
de Ehrenfest en los dos casos mencionados son equivalentes, es decir, ellas dan los mismos resultados.
En conclusién, tanto en (i) como en (ii) la particula solo puede moverse entre dos paredes, y en cada
caso se tiene un teorema de Ehrenfest que tiene sentido (vea la Ref. [2]).

Sobre el calculo formal de d(z)/dt y d(p)/dt para la particula en una caja

La demostraciéon usual de las ecuaciones de Ehrenfest en la representacién de coordenadas con
x € R no parece tener problemas, sin embargo, la forma tipica que tienen estas ecuaciones no siempre
se mantiene cuando la particula se encuentra en el interior de una caja. Es decir, la demostracién de
estas ecuaciones en este Gltimo caso puede llevar a resultados inesperados. De hecho, en el célculo
formal de las derivadas con respecto al tiempo de (%) y (p) surgen ciertos términos de frontera que
no necesariamente se anulan (aqui llamamos formal al hecho que no nos restringimos a los dominios
de los operadores auto-adjuntos involucrados, ni nos preocupamos por la apropiada clase de funciones
sobre las cuales estos operadores y algunos de sus productos deben actuar). Puede demostrarse que
estos términos de frontera se pueden hacer depender solo de los valores que toman en los extremos
de la caja la densidad de probabilidad, su derivada espacial, la densidad de corriente de probabilidad,
y el potencial externo. Si el término de frontera en d(Z)/dt no se anula, se tiene en general que
d?(z)/dt? # (f)/M. Si la particula se encuentra -digamos- en una caja del tamafio de la recta real,
pero con una probabilidad baja de encontrarse justamente en el infinito, las derivadas con respecto
al tiempo de (Z) y (p) obedecen las relaciones de Ehrenfest usuales. Puede también mostrarse que
d(p)/dt es igual a (f) + (fo) + término de frontera (aqui f = f(z) = —dv(x)/dx, como se dijo antes,
fo = —0Q/0x es la llamada fuerza cuéntica, siendo Q) el potencial cuantico de Bohm, y el término de
frontera depende esencialmente de los valores que alli toman la densidad de probabilidad y de corriente
de probabilidad). Ademas, (fg) puede siempre escribirse como un término de frontera, y la cantidad



que se evalua en los extremos de la caja, en casos particulares, es proporcional a la llamada cantidad de
informacién de Fisher. Desde luego, el término (fp) mencionado en el parrafo anterior es precisamente
(fq). Puede notarse, en general, que (fg) tiene un rol significativo en situaciones en las cuales la

particula esta confinada a una regién, incluso si f = 0 en esa regién, por ejemplo, cuando la particula
(libre) se encuentra confinada a una caja con la condicién de frontera de Dirichlet (vea la Ref. [3]).

La particula en un salto infinito versus la particula en una semi-linea

Asi como pueden identificarse dos modos de confinamiento para una particula cuantica (libre) en un
intervalo finito [2], pueden considerarse también dos tipos de confinamiento al restringir la particula a
un intervalo semi-infinito: (i) el que nos lleva a la llamada “particula libre en un potencial salto infinito”
(y la respectiva funcién de onda satisface inevitablemente la condicién de frontera de Dirichlet en toda
la regién externa al intervalo semi-infinito), y (ii), el que nos lleva a la llamada “particula libre sobre
una semi-linea” (y la condicién de frontera de Dirichlet para la correspondiente funcién de onda es solo
una condicién de frontera mas). De nuevo puede demostrarse que, en cada caso, los valores medios de
la posicidon, el momentum y la correspondiente fuerza, como funciones del tiempo, verifican el teorema
de Ehrenfest. Sin embargo, la fuerza involucrada no es la misma en cada caso. De hecho, uno tiene la
fuerza clésica externa usual en el primer caso, y una fuerza cuéntica de frontera (no-local) en el segundo
caso. A pesar de esta diferencia, los correspondientes valores medios de estas cantidades dan los mismos
resultados. En consecuencia, las ecuaciones de Ehrenfest en las dos situaciones son equivalentes, y la
consistencia interna del formalismo de la mecanica cuantica se ratifica (vea la Ref. [4]).

La trayectoria cldsica a partir del movimiento cuantico para la particula en una caja (transparente)

Como se establece usualmente, la mecanica clasica se puede extraer de la mecanica cuantica impo-
niendo limites matematicos. Este resultado general es [lamado el principio de correspondencia, y se puede
expresar haciendo i — 0 y n — oo junto con la restriccién nh = constante (n es un nimero cuantico
tipico). El teorema de Ehrenfest, bajo ciertas condiciones, proporciona una relacién general formal entre
la dindmica clésica y la cuantica. En particular, bajo las condiciones del principio de correspondencia, los
valores medios (Z)(t) y (p)(t) (en un estado general complejo, normalizado, y dependiente del tiempo)
deben ser iguales a la posicion y al momentum clasicos, z(t) y p(t). Especificamente, se puede probar
que, en el caso de una particula en una caja penetrable (o una caja con paredes transparentes), la funcién
del tiempo (&)(t) se reduce a la trayectoria newtoniana, z(t), haciendo (esencialmente) la aproximacién
de nGmeros cuanticos altos sobre el valor medio, es decir, imponiendo las condiciones del principio de
correspondencia. Es de mencionarse que, en este problema, la conexion clasico-cuantica pudo verificarse
porque se pudo calcular la serie de Fourier asociada a la posicién de la particula, sin embargo, este no
es siempre el caso (vea la Ref. [5]).
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Classical-quantum versus exact quantum results for a particle in a box
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The problems of a free classical particle inside a one-dimensional box: (i) with impenetrable walls and (ii)
with penetrable walls, were considered. For each problem, the classical amplitude and mechanical frequency of
the 7-th harmonic of the motion of the particle were identified from the Fourier series of the position function.
After using the Bohr-Sommerfeld-Wilson quantization rule, the respective quantized amplitudes and frequencies
(i.e., as a function of the quantum label n) were obtained. Finally, the classical-quantum results were compared
to those obtained from modern quantum mechanics, and a clear correspondence was observed in the limit of
n>rT.

Keywords: classical mechanics, particle in a box, Fourier harmonics, Heisenberg harmonics.

Foram considerados os problemas de uma particula livre cldssica dentro de uma caixa unidimensional: (i)
com paredes impenetréveis e (ii) com paredes penetraveis. Para cada problema, foram identificados a partir da
série de Fourier da fungao de posi¢do, a amplitude cléssica ea freqiiéncia mecéanica classica do T-ésimo harménico
do movimento da particula. Depois de usar a regra de quantizacdo de Bohr-Sommerfeld-Wilson, foram obtidos
a respectivas amplitudes e freqiiéncias quantizadas (isto é, como uma fun¢do do rétulo quantum n). Finalmente,
os resultados cldssico-quéanticos foram comparados com aqueles obtidos a partir da moderna mecanica quantica,
e uma clara correspondéncia foi observada no limite de n > .

Palavras-chave: mecanica classica, particula em uma caixa, harmoénicos de Fourier, harmoénicos de Heisenberg.

1. Introduction

The quantum particle in a box (0 < x < L) is one
of the best systems to illustrate important aspects and
key concepts of elementary quantum mechanics [0-3].
The domain of the corresponding self-adjoint Hamilto-
nian operator involves an infinite number of boundary
conditions. Specifically, the domain includes a four-
parameter family of boundary conditions, and each of
the conditions leads to the conservation of the proba-
bility current density j(z) = (h/m)Im (¥ (z)¢/(z)) at
the ends of the box (i.e., j(0) = j(L)). However, for se-
veral boundary conditions, the current is equal to zero
(j(0) = j(L) = 0) [@1]. When a finite square well
potential tends toward infinity in the regions outside of
the box (to confine the particle inside the box), only the
Dirichlet boundary conditions are recovered [@,8]. Simi-
larly, the solutions to Heisenberg’s equations of motion
obtained from the respective classical equations for a
particle bouncing between two rigid walls, lead to only
one of the extensions of the Hamiltonian operator (the
extension that contains the Dirichlet boundary condi-
tions [A]). However, in the classical discussion, another
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case must be considered. Namely, the case where the
particle disappears upon reaching a wall and then ap-
pears at the other end must be considered. This type of
movement (which is very unusual because the particle
is not actually trapped between the two walls) corres-
ponds to that of a quantum particle described by the
Hamiltonian operator under periodic boundary conditi-
ons. Although there are an infinite number of quantum
self-adjoint Hamiltonian operators, all of the operators
do not correspond to a different classical system. In our
cases, each Hamiltonian operator is defined by a spe-
cific boundary condition (rather than the form of each
Hamiltonian). However, if a classical expression is de-
pendent on the canonical variables, the corresponding
quantum operator is not unique because the canonical
operators can be ordered in various ways (see Ref. [H]
and references therein).

The problem of a classical particle confined to an
impenetrable box has been considered in several spe-
cific contexts [BHIME]. In contrast, except for Ref. [O]
and brief comments in Refs. [B,[3,[H], the problem of
a classical particle inside a penetrable box is rarely dis-
cussed. Clearly, in each of these problems, the particle
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carries out a periodic motion. In this short paper, we
wish to illustrate the connection between the periodi-
city of particle motion and quantum jumps. First, the
so-called classical amplitude and mechanical frequency
of the 7-th harmonic of the motion of the particle were
identified from the Fourier series of each position func-
tion (x(t)). Next, the Bohr-Sommerfeld-Wilson quan-
tization rule was used to obtain the respective quanti-
zed amplitudes and frequencies, i.e., the classical am-
plitudes and frequencies as a function of the quantum
label n. Subsequently, these classical-quantum quanti-
ties were compared to the respective transition ampli-
tudes (cp,n—-) and transition frequencies (wy, n—-) Ob-
tained from modern quantum mechanics (Heisenberg-
Schrodinger’s quantum mechanics). In fact, these quan-
tum quantities are the elements that constitute the ma-
trix of Heisenberg’s harmonics &, m = ¢, m €Xp(iwn, mt)
(in this case, the matrix is associated with transitions
n — m =n—7). As a result, the classical-quantum
quantities are equal to the exact quantum quantities
for small jumps (n = n — 7 or n > 7). We believe
that the present manuscript (which is somewhat inspi-
red by the excellent paper by Fedak and Prentis [[3])
may be of genuine interest to teachers and students of
physics because the two simple examples described he-
rein (in particular, the particle inside a penetrable box,
which is discussed in the present article for the first
time) illustrate the deep connection between classical
and quantum mechanics.

2. Classical results

Let us begin by considering the motion of a free par-
ticle with a mass of m, which is confined to a one-
dimensional region of length L that contains rigid walls
at = 0 and = = L (the potential U(x) is zero inside
the box). The particle moves back and forth between
these two points forever. The extended position func-
tion versus time, x(¢) (which is periodic for all times
t € (—o0, +00) with a period of T'), can be written as

—+oo

z(t)= Y falt)Onlt), (1)
where f,(t) = (vVT/2) —v |t —nT — (T/2)|, v > 0 is the
speed of the particle, ©,,(t) = O(t—nT)—O(t—(n+1)T)
(O(y) is the Heaviside unit step function, O(y > 0) =1
and ©(y < 0) = 0) and vT/2 = L. In the time in-
terval nT < t < (n 4 1)T, the zigzag solution (1) is
equal to z(t) = f,(t), where n is an integer, and veri-
fies (nT) = 0 and z((n+ (1/2))T) = L). For example,
the solution at 0 < ¢t < T (n = 0) is z(t) = fo(t);
thus, z(t) = vt for 0 < ¢t < T/2 and z(t) = vT — vt for
T/2 <t <T. In contrast, the sum in Eq. (1) should
begin at n = 0 if the particle starts from z = 0 at
t = 0. In fact, under these circumstances, the solution
of the equation of motion, x(t), verifies the condition
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z(t < 0) = 0. Because the position as a function of
time given in Eq. (1) is periodic in ¢ € (—o0, +00), the
formula can be expanded into a Fourier series

+oo
x(t) = Z a, cos (wrt) . (2)
7=0

The classical amplitude, a,, takes on the following
values

20T
aT:_ﬂ'TTQ, ’7—:173,57.... (3)
Moreover, a, = 0 with 7 = 2,4,6,... and a9 =

vT' /4. The mechanical frequency of the (permitted) 7-
th harmonic of the motion of the particle is

Wr =TW, (4)

where w = 27/T is the fundamental frequency of peri-
odic motion.

Let us now consider the motion of a free particle
with a mass of m in a one-dimensional box. The par-
ticle is not confined to the box, and the walls at x = 0
and x = L are transparent (in this problem, the poten-
tial U(z) is zero inside the box). Under these circums-
tances, the particle starts from = = 0 (for example),
reaches the wall at x = L and reappears at = 0 again
(and it does so forever). The extended position as a
function of time (z(t)) is periodic and discontinuous
and can be written as

+oo

z(t)= > gn(t)On(t), (5)
where g, (t) = vt — nvT, v > 0 is the speed of the par-
ticle and T is the period (0,(t) was introduced after
Eq. (1)). In each time interval nT < ¢t < (n + 1)T, the
(extended) position is z(t) = g, (t), where n is an inte-
ger (as a result, all the discontinuities occur at t = nT).
For example, the solution at ¢t € (0,7) (n = 0) is
x(t) = go(t); thus, z(t) = vt. To be more precise, if
the particle starts from x = 0 at ¢ = 0 (and it begins to
move towards z = L), then the sum in Eq. (5) should
begin at n = 0. In that case, the solution of the equa-
tion of motion (z(t)) verifies the condition (¢t < 0) = 0.
Clearly, the periodic function z(¢t) in Eq. (5) (with
t € (—00,+00)) can be expanded into a Fourier series

“+o0
z(t) = Z ¢y exp (iw,t) . (6)

T=—00

The classical amplitude, c,, has the following values

T=41,42,.... (7)

Cr =1—,
2nT

Moreover, ¢g = vT/2. Once again, the mechani-

cal frequency of the (permitted) 7-th harmonic of the
motion of the particle is

Wy = Tw, (8)
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where w = 27 /T is the fundamental frequency of peri-
odic motion. Note: if the particle is moving from right
to left (starting at « = L, for example) the Fourier se-
ries associated to x(t) is the Eq. (6), but the classical
amplitude is the complex conjugate of ¢,. The series in
Eq. (6) appears to be complex but is actually real. In

fact, because ¢, = —c_, (7 # 0), x(t) can be written
as
“+o0
vl T 1
t) = — — — — si 1) 9
)=y = o 3 gt Q

Thus, the extended function (x(t)) given in Eq. (5)
is discontinuous at ¢ = nT, where n is an inte-
ger. Nevertheless, if one wants to assign a value to
xz(nT), then a value must be assigned to ©(0). At
t = nT, the Fourier series (6) (or (9)) converges to
z(t) = (z(t+) + z(t—))/2 , where z(t£) = 21_% z(t £ e)
and € > 0 (as usual). Thus, in this case, the defi-
nition ©(0) = 1/2 must be applied; therefore (from
Eq. (5)), #(nT) = vT/2. Clearly, the latter choice is
not physically satisfactory because the particle always
reaches x = L (it is moving from & = 0). Thus, we
may prefer to choose ©(0) = 0, which implies that
z((n+1)T) = vT = L, where n is an integer (more pre-
cisely, n > 0). Clearly, when ©(0) = 0 is selected, the
time at which the particle passes through x = 0 cannot
be obtained. This situation is unavoidable; thus, the
best that we can do is to assume that the motion of
the particle in each time interval nT <t < (n+ 1)T is
independent of the other intervals. Therefore, we must
also add (by definition) the condition x(nT) = 0.

3. Classical-quantum exact

quantum results

versus

Thus, we have seen that the classical particle confined
to a box and the particle inside a penetrable box dis-
play periodic motion (between the walls of the box).
This is precisely the type of motion considered by Hei-
senberg in his famous paper published in 1925 ] (For
an english translation of the article, see Ref. [[¥]. For
a delicious discussion on the ideas expressed in Heisen-
berg’s article, see Ref. [[]). To illustrate the important
connection between the periodic motion of a classical
particle (its classical harmonics) and quantum jumps,
the problem of a particle confined to a box (as descri-
bed in Ref. [[3]) was considered in the present study.
Moreover, for the first time, the problem of a particle
inside a box with penetrable walls was also considered
herein.

A condition that quantizes the classical states
of a one-dimensional periodic system is the Bohr-
Sommerfeld-Wilson (BSW) quantization rule (see Refs.
(3, e3))

1
%%dx mu(z) = nh, (10)
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where h is Planck’s constant and n are quantum la-
bels. Integration is conducted over the entire period of
motion. From Eq. (10), the (constant) speed of the
particle (v > 0) was obtained as a function of n (i.e.,
the speed of the particle in quantum state n)

wh
v=v(n)=—n. 11
()= (11)
Moreover, by substituting v(n) into the classical me-
chanical energy equation E = muv?/2, the same quan-
tum energy spectrum given by modern quantum me-
chanics was obtained

w2h? h? snm\2
A LS Y A .
)= o2 ~am (T (12)
where, in this case, n = 1,2,.... Similarly, the ex-

pression for the quantized speed (11) could be substi-
tuted into Eq. (3) and Eq. (4) to obtain the quanti-
zed amplitude and quantized frequency, respectively. In
the former case, substitution was not necessary because
vT/2 = L. Therefore

4L
(n)=-——2 7=1,3,5,.... 13
ar(n) = —arg, T (13)
Moreover, a,(n) = 0, where 7 = 2,4,6,... and

ap(n) = L/2. Thus, a,(n) is independent of the quan-
tum state (n). In the latter case, Eq. (11) was subs-
tituted into Eq. (4), and the quantized frequency was
obtained

27 2mv(n) 72h

wT(n):TT:T 5T :TmL2nETw(n). (14)

Clearly, the Fourier series for x(t) can also be quan-
tized by replacing a, — a-(n) and w, — 7Tw(n) in
Eq. (2). Thus, we can write

z(t,n) = ap(n) + a1(n) cos(w(n)t) +
az(n) cos(3w(n)t) + - - . (15)

Equation (15) describes the classical motion of the
particle in quantum state n. Clearly, these results are
classical-quantum mechanical because they were obtai-
ned by supplementing the classical Fourier analysis with
a simple quantization condition.

Now a question arises: how (and under which con-
ditions) can we generate Eq. (13) and (14) using mo-
dern quantum theory? In his paper published in 1925,
Heisenberg assigned a matrix of harmonics ., =
Cn,m €XPp(iwn, mt) (associated with transition n — m) to
x, where the transition amplitude ¢, m = (¥ | T | Ym)
is a measure of the intensity of light, and =, =
(U, | ¢ | Upy) (where W, (2,t) = ¥y (z)exp (—iELt/h)
are solutions to the time-dependent Schrodinger equa-
tion). In the transition n — n — 7, where n > 7, the
quantized Fourier amplitude ¢, (n) must be equal to the
Heisenberg amplitude ¢, p—r
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cr(n) = cppn—r- (16)
Equivalently,

aT(n) = QCn,n—Ta (17)
because the coefficients of the cosine Fourier se-
ries a,(n) with 7 = 1,3,5,... in Eq. (15) are

always twice that of the exponential Fourier series
> ¢r(n)exp (tw(n)t) [[3] (nevertheless, ar(n) = ¢, (n)
with 7 = 0). The stationary states of a quantum par-
ticle to a box with a width of L under Dirichlet boun-
dary conditions (¢,,(0) = 1, (L) = 0) are characterized
by the energies given in Eq. (12) (E(n) = E,) and the
following eigenfunctions

Yn(x) = \/zsin (n%:c) ,n=1,2,.... (18)

L
Ifcn,n—‘r = <7/}77 | X ‘ wn—-r> == fo dz 7/)7L(x)x¢n—7(x)
is calculated, and the result are substituted into
Eq. (17), we obtain

4L 1-Z 4L
ar(n) w272 (1-2 )2 n>r 72 (19)

where 7 = 1,3,5,..., a;(n) = 0 with 7 = 2,4,... and
ap(n) = L/2. Clearly, the quantized Fourier amplitude
a-(n) (Eq. (13)) can also be obtained from Heisenberg-
Schrodinger’s quantum mechanics.

Likewise, the quantized frequency w,(n) must be
equal to the transition (or spectral) frequency wy, p—r =
(Ey, — Ep—r)/h for n > 7 3]

wr(n) = Wy p—r- (20)

In fact, for the particle confined to the box, wy n—r
was calculated from Eq. (12) with E(n) = E,. Using
Eq. (20), we can write

m2h ( T m2h

n - | — T n.
mL2 QTL) n>rt mL2

wr(n)=r1 (21)
Clearly, the same result given in Eq. (14) was ob-
tained in the limit n > 7.
Next, a particle inside a box with transparent walls
was considered. Using the BSW rule in Eq. (10), the
speed of the particle as a function of n was obtained

_27h

= n (22)

v =wv(n)

By substituting Eq. (22) into E = mv?/2, we obtain

s P (2n7r>2
In this case, n = 0,1,2,.... The quantum energy
spectrum given by modern quantum mechanics (with
the exception of the ground state) is degenerate (see

De Vincenzo

Eq. (27)), and the complex eigenfunctions correspon-
ding to the negative sign (—) are plane waves propa-
gating to the left (they are also eigenfunctions of the
momentum operator p = —ihd/dx with negative eigen-
values). Because the classical motion of the particle
moving to the right is under consideration, a positive
sign (+) must be used. Clearly, each state (n > 0)
with the positive sign in Eq. (27) corresponds to a one-
dimensional trip in which the particle is moving inside
the box from left to right at a constant speed.

Because vT = L, Eq. (22) does not have to be subs-
tituted into Eq. (7); therefore, the quantized amplitude
is independent of n

cr(n) =i—

=+1,42,.... 24
orr’ T (24)

Moreover, co(n) = L/2. Alternatively, by substi-
tuting Eq. (22) into Eq. (8), the following quantized
frequency was obtained

2m 2mv(n)

47%h
wr(n)=17—=1 Sl

T L mL2"

=71w(n). (25)

This frequency must be positive if it corresponds to the
frequency of light emitted as the particle jumps from
level n to level n — 7 < n. Finally, the quantized Fou-
rier series x(t,n) was obtained from z(t) (Eq. (6)) by
replacing ¢, — ¢,(n) and w, — Tw(n)

z(t,n) = -+ co1(n) exp (—iw(n)t) + co(n) +
c1(n) exp (iw(n)t) + - - . (26)

For a free particle in a box with a width of L
and transparent walls, the periodic boundary condition
Yn(x) = (2 + L) is physically adequate. The exact
energy eigenvalues are given in Eq. (23) (E(n) = E,,),
and the eigenfunctions are

1 2
Yn(x) = ﬁexp (iz;mx) ,n=0,1,2,.... (27)

Nevertheless, only the positive sign must be em-
ployed. By calculating ¢, ,—r = fOL dx Y (x) 2 1P _7 ()
and substituting the result into Eq. (16) (the bar re-
presents complex conjugation), we obtain

L

cr(n) = i5—- (28)

In this case, 7 = +£1,+2,... and ¢y(n) = L/2. To
obtain Eq. (28), the limit n > 7 was not applied. Cle-
arly, the quantized Fourier amplitude ¢, (n) (Eq. (24))
was obtained from Heisenberg-Schrédinger’s quantum
mechanics. Note: for a particle moving from right to
left we must take the negative sign in Eq. (27); the-
refore, the corresponding Heisenberg amplitude is the
complex conjugate of c¢.(n) in Eq. (28). Similarly,
Eq. (20) was verified. In fact, wyn—r = (Ep — En_7) /R
was calculated from Eq. (23) using F(n) = E,. Thus,
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in the limit n > 7, the results were identical to those
of Eq. (25)

4m%h

4772hn (1 T
TmLQ

wrn) =7n (1= ) — r-2on.(29)

4. Final notes

In some cases, the BSW quantization rule (Eq. (10))
may fail [20,E0]; however, in the two problems conside-
red in the present study, this rule provides the correct
quantum mechanical energy values. A more flexible
formula that fixes problems associated with the BSW
rule is the Einstein-Brillouin-Keller (EBK) quantiza-
tion rule. For one-dimensional problems, this formula
presents the following form

% %dxmv(x) = (n + %) h,

where n =0,1,2,... and p is the Maslov index [20,E1].
This index is essentially “a detailed accounting of the
total phase loss during one period in units of /2" [20].
In general, each classical turning point and each reflec-
tion gives one unit to p. For example, for a confined
particle in a box, u = 4 (because two turning points
and two hard reflections are observed). Alternatively,
for a particle in a transparent box, u = 0 (because
there are no turning points or reflections). The latter
motion is pretty similar to that of a particle moving fre-
ely on a circle, which corresponds to the familiar plane
rigid rotator problem. Clearly, our results (Eq. (12)
and Eq. (23)) coincide with those provided by the
EBK quantization rule. To conclude, in the approxi-
mation n > 7, the classical-quantum results agree with
the exact quantum results. Nevertheless, the quantum-
classical calculations are easier to perform. Moreover,
the classical-quantum mechanical and exact quantum
energies perfectly match in both problems. Lastly, for
the particle in the open box, the quantized Fourier and
Heisenberg amplitudes are identical and independent
of n.

(30)
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Abstract. The topics of confinement, average forces, and the Ehrenfest theorem are examined
for a particle in one spatial dimension. Two specific cases are considered: (i) A free particle mov-
ing on the entire real line, which is then permanently confined to a line segment or ‘a box’ (this
situation is achieved by taking the limit Vj — oo in a finite well potential). This case is called
‘a particle-in-an-infinite-square-well-potential’. (ii) A free particle that has always been moving
inside a box (in this case, an external potential is not necessary to confine the particle, only bound-
ary conditions). This case is called ‘a particle-in-a-box’. After developing some basic results for
the problem of a particle in a finite square well potential, the limiting procedure that allows us to
obtain the average force of the infinite square well potential from the finite well potential prob-
lem is re-examined in detail. A general expression is derived for the mean value of the external
classical force operator for a particle-in-an-infinite-square-well-potential, F. After calculating sim-
ilar general expressions for the mean value of the position (X) and momentum (P) operators, the
Ehrenfest theorem for a particle-in-an-infinite-square-well-potential (i.e., d()A( y/dt = (ﬁ) /M and
d(ﬁ)/ dr = (1:" )) is proven. The formal time derivatives of the mean value of the position (x) and
momentum (p) operators for a particle-in-a-box are re-introduced. It is verified that these deriva-
tives present terms that are evaluated at the ends of the box. Specifically, for the wave functions
satisfying the Dirichlet boundary condition, the results, d(£)/d¢ = (p)/M and d(p)/dt = b.t.+(f),
are obtained where b.t. denotes a boundary term and f is the external classical force operator for
the particle-in-a-box. Thus, it appears that the expected Ehrenfest theorem is not entirely verified.
However, by considering a normalized complex general state that is a combination of energy eigen-
states to the Hamiltonian describing a particle-in-a-box with v(x) = 0 (= f = 0), the result that
the b.t. is equal to the mean value of the external classical force operator for the particle-in-an-
infinite-square-well-potential is obtained, i.e., d(p)/dt is equal to (ﬁ). Moreover, the b.t. is written
as the mean value of a quantity that is called boundary quantum force, fg. Thus, the Ehrenfest
theorem for a particle-in-a-box can be completed with the formula d{p)/dr = (/).
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1. Introduction

The problem of a non-relativistic quantum particle with a mass of M moving in a square
well potential of finite (arbitrary) depth Vj and width a is one of the basic problems in
one-dimensional (1D) quantum mechanics [1,2]. Some time ago, Rokhsar considered this
problem as a starting model to verify Newton’s second law in mean values (or in Ehren-
fest’s version), d(13) /dt = (ﬁ ), in the case in which the well is infinitely deep [3]. In fact,
the (external) classical force for a particle-in-a-finite-square-well-potential was explicitly
used in that reference. It was noted by Rokhsar that, in the approximation Vy > E
(where E is the energy of the particle), i.e., when the well depth becomes very large, the
matrix elements of the force do not always vanish, and these do not depend on V. Hence
(through a pedagogical example), the equation d(13)/ dr = (ﬁ ) could be verified for a
particle constrained to move in the real line but walled in by two impenetrable barriers or
infinite potential walls. We have seen a similar treatment to that used in ref. [3] in a some-
what old book of solved problems in quantum mechanics [4]. In fact, problem 25(1) of
that reference proposed an estimate of the average force applied by the particle upon a wall
of the infinite square well, i.e., an infinitely high wall (the state of the particle being a sta-
tionary state). Very recently, we realized that the specific topic of the force exerted by the
walls of an infinite square well potential, and the Ehrenfest relations between expectation
values as related to wave packet revivals and fractional revivals, has also been treated [5].

The purpose of this paper is to examine and relate the topics of confinement, average
forces, and the Ehrenfest theorem for a particle in one spatial dimension. We consider two
specific cases or modes of confinement that we have identified: (i) A free particle moving
on the entire real line, which is then permanently confined to a line segment or ‘a box’
(this result is achieved by taking the limit Vj — oo in a finite well potential). We shall call
this case ‘a particle-in-an-infinite-square-well-potential’ (and its respective wave function
satisfies the ‘extended’ Dirichlet boundary condition ¥ (x < 0) = ¥ (x > a) = 0). (ii)) A
free particle that has always been moving inside a box (in this case, an external potential
is not necessary to confine the particle; rather, it is confined by boundary conditions). We
shall call this case ‘a particle-in-a-box’, and one of the boundary conditions that the wave
function can satisfy is the Dirichlet boundary condition, u(x = 0) = u(x = a) =0
(in relation to this case, we only consider this boundary condition in this paper). After
developing some basic results for the problem of a particle in a finite square well potential
(§2), we re-examine in detail the somewhat little known limiting procedure that allows us
to obtain the average force for the problem of the infinite square well potential from
the finite well potential problem (§3). We have certainly seen in some articles that the
eigenfunctions and eigenvalues of the infinite square well potential are obtained from the
eigenfunctions and eigenvalues of the finite well potential [3,6,7] (i.e., by explicitly taking
the limit Vy — oo in the latter V-dependent quantities). Also, in §3, we derive a general
expression for the mean value of the external classical force operator for the particle-in-
an-infinite-square-well-potential, F = —dV(x) /dx. This formula was written in terms
of the energy eigenvalues of the infinite square well potential (which are equal to those
for the particle-in-a-box). In this calculation, the state of the particle is zero everywhere,
but it is a combination of energy eigenstates of the Hamiltonian describing a particle-
in-a-box just inside the infinite square well potential. In §4, after calculating similar
general expressions of the mean value of the position (X) and momentum (P) operators,
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the Ehrenfest theorem for a particle-in-an-infinite-square-well-potential (i.e., d(X )/dt

P)/M and d(P)/dt = (F)) is proven. In §5, we start out by presenting the formal
tlme derivatives of the mean values of the position () and momentum (p) operators for
a particle-in-a-box. These derivatives present terms that are evaluated at the ends of the
box. Specifically, for the Dirichlet boundary condition we find that d y/dt = (p)/M,
nevertheless, d(p)/dr is equal to a boundary term plus ( f ) (where f = —dv(x)/dx is
the external classical force upon the particle inside the box). Hence, it appears that the
expected (or usual) Ehrenfest theorem is not entirely verified. However, by considering
a normalized complex general state that is a combination of energy eigenstates of the
Hamiltonian describing a particle-in-a-box, with v(x) = 0 (= f = 0), we obtain the
significant result that the boundary term for a particle-in-a-box is just equal to the mean
value of the external classical force operator for the particle-in-an-infinite-square-well-
potential, i.e., d(p)/dt = (13 ). Moreover, that boundary term can be written as the average
value of a quantity, which we call a boundary quantum force, fg. Thus, the Ehrenfest
theorem for a particle-in-a-box is completed with the formula d{p)/dt = (fg). Note that,
throughout the article, we use capital letters to denote the operators in the particle-in-
an-infinite-square-well-potential problem, and lower-case letters in the particle-in-a-box
problem. Finally, we draw some conclusions in §6. We believe that the content and results
that follow should be enlightening to all those who are interested in the fundamental
aspects of quantum mechanics.

2. The finite square-well

Let us consider the following finite square-well (external) potential of depth Vj:
Vix) = V[O(—x)+0Ox —a)], —oco<x < +00, (1)

where ®(y) is the Heaviside step function. Note that V(x) = 0 for 0 < x < a and
V(x) = +V, elsewhere (in the limit V; — 0o, we obtain the infinite square well poten-
tial). Because the derivative of ®(y) is the Dirac delta function (6(y)), the external
classical force (or force operator) upon the particle (ﬁ = F(x) = —dV(x)/dx) can
be written as follows:

F(x) =Vo[8(x) —8(x —a)], —o00<x < +o0. )

The most general solution of the (eigenvalue) Schrédinger equation H ¢ (x) = ep(x)
for energies V > ¢ > 0 can be written as follows:

Aexp(+kx), x <0,
¢(x) = { Bexp(+ikx) + Cexp(—ikx), 0<x <a, 3)
D exp(—«x), X za,

where A, B, C and D are constants to be determined from the boundary conditions
imposed on ¢(x) and its normalization. Moreover, k = /2M(Vy—¢)/h and k =
~v/2Me /I are real-valued (and positive) quantities. The Hamiltonian operator

282

H=T+V —P2 1%
+Vx) = +Vx) = ~3M 52

+ V), “4)

Pramana - J. Phys., Vol. 80, No. 5, May 2013 799



Salvatore De Vincenzo

(where T is the kinetic energy operator and P = —ihd /dx is the momentum opera-
tor), describes a particle permanently living on the whole real line, R. This (self-adjoint)
operator (for a finite Vp) is assumed to act on continuously differentiable functions
belonging (and their second derivatives) to the well-known space £>(R) [6]. Thus, any
eigenfunction of A , ¢(x), and its derivative, ¢’'(x), must be continuous at x = 0 and
x = a. Therefore, at x = 0 we have ¢ (0—) = ¢(0+) and ¢'(0—) = ¢'(0+) (where
¢(xx) = lim_, 9o (x £ €), with € > 0). By using these boundary conditions, we obtain
the following:

B:(K—}__ik)A, .

2ik B «k+ik

(—k+ik) C x—ik ®)
C:LAs

2ik

Also, at x = a we have ¢ (a—) = ¢(a+) and ¢'(a—) = ¢'(a+). By using these boundary
conditions, we obtain the following:

_ ik
B= % exp(—ka) exp(—ika)D, 5 -
! = —~ expQika) = — .
(k +ik) ) (o K+ ik
C = - exp(—«a)exp(ika)D,
2ik
(6)

Substituting eq. (5) into eq. (6), we obtain the formula that gives us the possible (discrete)
eigenvalues of H (i.e., the spectral equation for the bound states):

K —ik\> .
(K—l—ik) = exp(2ika). @)

Let us first consider the case in which the solution of eq. (7) is given by the following
equation:

Kk —ik

K+ ik

£ 8
T (8)

From the definitions given in the beginning for « and k, we can write the following
formula:

) ka
= —exp(ika) = tan(7> =

K+ k= kg, ©)
where ko = +/2M Vy/h. Now, by substituting eq. (8) into eq. (9), we obtain the following:

2
cos? (%) = (%) = |cos <k2_a>‘ = kﬁg. (10)

The first set of numerical values for the allowed energies is obtained from the transcen-
dental equation (10). For example, this equation can be solved graphically by intersecting
a straight line with a slope of 1/(koa) with the absolute value of the cosine of the half-
angle (by considering ka as the independent variable). Note that these values depend
on the depth of the well. The respective eigenfunctions are obtained, for example, by
expressing the constants B, C, and D in ¢ (x) (eq. (3)) in terms of A. In fact, the con-
stant B as a function of A (B(A)) is one of the equations in (5). Likewise, by using the
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second result in eq. (5) (B(C)) and the first result in eq. (8), we first obtain the relation
C = exp(ika)B; then, by using B(A), we can write C = (k + ik) exp(ika)A/2ik. To
express D in terms of A, we first substitute exp(ika) (obtained from the first result in eq.
(8)) into ‘B vs. D’ given in eq. (6). Then, by eliminating the constant B with B(A) we
finally obtain D = exp(xka)A. Now, we can write ¢ (x) as follows:

Aexp(+kx), <0

px)=14 <K +,ik> {exp(+ikx) + exp[—ik(x —a)]}, 0 <x <a,

2ik

X >a,
Aexp[—k(x —a)],

(1)

where the remaining constant A is determined by normalization. Note that these eigen-
functions satisfy the relation ¢ (0) = ¢ (a). Therefore, the respective probability density,
plx) = |¢)(x)|2, verifies p(0) = p(a). In fact, we can define space-shifted eigenfunc-
tions, qg(x) = ¢(u), where u = x + (a/2), which verify d(x) = ¢(—x), ie., they are
positive-parity states.

Let us now consider the case in which the solution of eq. (7) is given by the following
equation:

K —ik

K+ ik

o = ()
=exp(ika) = tan| — | = ——. (12)
2 K

By substituting eq. (12) into eq. (9), we obtain the following:

., (ka k\? _ (ka k
sin (7> = (E) = sm(;) = E. (13)

This transcendental equation gives us the second set of eigenvalues of the Hamiltonian in
eq. (4). The respective eigenfunctions are obtained analogously to the previous case, but
now eq. (12) is used instead of eq. (8). The result is the following:

Aexp(+kx), <0
Kk +ik ) . -
p(x)=1 A =T {exp(+ikx) — exp[—ik(x —a)]}, 0<x <a,
i
X >a.

—Aexp[—«(x —a)],
(14)

Note that these eigenfunctions satisfy the relation ¢ (0) = —¢(a). Hence, the probability
density verifies p(0) = p(a) again. Moreover, the space-shifted eigenfunctions (¢ (x))
verify ¢(x) = —@(— x), i.e., they are negative-parity states. If one calculates the mean
value of the operator F (eq. (2)) in any stationary state ¢ (x), the result is always zero. In
effect, the following equation can be written:

“+o00

(F)y = (¢, Fo) = dx F(x) |p(x)> = =V [p(a) — p(0)] = 0. (15)

—00
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3. The infinite well depth limit

In the limit Vj — oo, the finite square well becomes an infinite square well. The
eigenvalues of the Hamiltonian operator (eq. (4)) in the potential

Vix) = v(l]iinoo VWlO(—x)+Ox —a)], —o0<x <400, (16)

are obtained from eqs (10) and (13). By using the definitions for k and kg, we obtain the
following results, respectively:

ka k & T 3r Sm
cos| — || = — = - 0=k— —_— e,
2 ko VO a a’ a
. 27 4w 6w
sin —>0:>k—>—,—,—,....
a
Therefore,
k""" g, = I’ (””)2 E 1,2,3 17)
a & 2M n» n ) ’ ’

Note that the corresponding eigenfunctions for odd (even) n are obtained from the solution
givenineq. (11) (eq. (14)). Clearly, in the limit V; — o0, all the eigenfunctions verify the
result ¢ (x) — 0 = ¢, (x) forx < 0and x > a (this is true because 1/ ~ h//2MVy —
0). In order to obtain ¢ (x) inside the (infinite) well (i.e., ¥, (x)), we need to use the
following two results:

ik Vo — lf)
exp(ika) = 1,
plika) :F( +zk> (VVo-i-l\/— T
where the minus (plus) sign applies to the solution given in eq. (11) (eq. (14)), and
K+ lk V()
2ik Zz

Throughout this paper, we use the approximation sign ‘X’ in any expression in which
Vo > ¢. By substituting these results into ¢ (x) for the interval 0 < x < a (see eqs (11)
and (14)), with k — nm/a and ¢ — E,, we obtain the following equation:

[v,
H(x) = h(x) ~ A —%in(—"”), n=123... 0<x=<a. (I8
E, a

Because V) > ¢, there is practically no contribution from the regions outside the well to
the normalization. Thus, we can write the following (with A € R):

+00

1= lim dx ¢, (x)* = lim / dx ¢, ()|
Vo—o00 Jo

Vo— 00 —0

~ AZE/adx sinz(@>.
En 0 a
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By integrating, we obtain the following equation:

A~ﬁ Eu (19)
- a Vo.

If we substitute this result into eq. (18), we arrive at the usual result:

N 2 |E, Vo . /nmx
Pn(x) & \/;,/ VO"E_n sm(7> ,

nim

= () = lim 9,(x) = \/gsin(Tx), n=1,23.... (20)

Note that this result is independent of Vj at the end, i.e., even before explicitly taking the
limit of Vi — oo. Summing up, the eigenfunctions of the Hamiltonian H (eq. (4)) with
the infinite square well potential (eq. (16)) can be written as follows:

2 . /nmwx
Yu) =/ = sm(—) [O0) -0k —a)], n=1273,..., Q1)
a a

where x € (—o00, +00). Moreover, they satisfy the ‘extended’ Dirichlet boundary con-
dition ¥,,(x < 0) = ¥, (x > a) = 0. We would like to stress that, precisely because
of this boundary condition, the operator H can be considered equivalent to a non-self-
adjoint kinetic energy operator T (see eq. (4)) acting on functions ¥ (x) € £*(R) with
(fw)(x) € L?(R) and verifying the somewhat strong boundary condition ¥ (x < 0) =
Y(x =a)=0[8].

The procedure we have used to obtain v, (x), although correct, does not give us directly
the approximate value that the eigenfunctions assume for x = 0— and x = a+ as func-
tions of V (when V; > ¢). We can solve this issue by introducing a new constant A’,
which is related to A as follows (observe the solutions in eqs (11) and (14)):

k

A= — A’ (22)
K +ik

By substituting eq. (22) into eqs (11) and (14) and using the result A ~ /E,/Vy A, we

obtain the following result:
/ E,
A" | — exp(4kx), x <0,
Vo

B = du(0) ~ | A/ exp(+K,0) & expl—iK,(x — )]}, 0 = % <@,

E,
+ A | —exp[—k(x —a)], x>a,
\ Vo

where the upper (lower) sign applies to the solution givenin eq. (11) (eq. (14)). Moreover,
Kk & /2MVy/h and exp(i K,a) = F1. Clearly, from (23), we have that ¢, (x) — 0 =
Y (x) for x ¢ (0, a) and ¥, (x) = A’ sin (nwx/a) for x € [0, a], where A’ = /2/a. This

(23)
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result is consistent with the result given in eq. (21). Nevertheless (from (23)), we can also
write the results as follows:

(O)N\/g En ()’”(—1)”“\/2 L] =1,2,3 (24)
o ~ a VO’ Pp(a) ~ P VO, n=122,5,....

Therefore, the respective stationary-state probability density, p,(x) = |¢, (x)lz, satisfies
the periodic boundary condition:

n

2F
on0) =ppl@) = ——, n=123.... (25)
aV()

As a consequence, the mean value of the force operator is zero (see expression (15)).
However, it is also important to note that (ﬁ Yo = (Wn, b Y¥,) 1s really independent of Vj
(which is valid when V, tends to infinity). In effect, if we substitute the relations given in
eq. (25) into eq. (15), we obtain the following:

(F)y, = Tim —Volou(@) — pa(0)] = Tim —Vy (222 2L
= lim — — Pn = lim — - =
Yo Vo—> 00 olpnia P Vo—>00 0 aVy aVy
2 2
z_(_En__En)zo, n=1,2,3,.... (26)
a a

This result also tells us that the average force encountered by the particle when it hits the
(infinite) wall at x = 0 is +2E,/a, and at x = a it is —2FE,/a (which is precisely the
result obtained in ref. [4]).

In order to procure a non-trivial mean value of the force operator, let us consider a
normalized complex general state ¥ = W (x, 7) of the following form:

. Ey
V(x,t)= ZA” wn(x)exp(—z?t> , —00 <X < —+00, 27
n=1

where v, (x) is given by eq. (21). Moreover, we have ), _, |A,|> = 1 because | V|> =
(I, W) = 1 (for all ¢). By substituting eq. (21) into eq. (27), we can also write the
following result:

CEn
W(x, 1) = ZA,,u,,(x)exp(—l?t) [O(x) — O —a)], (28)

n=1

where x € (—o0, +00) and the functions u, (x) are given by the following expression:

2 . /nmx
un(x)z,/—sm(—), n=1,2.3 ... (29)
a a

Clearly, in the region 0 < x < a, i.e., just inside the infinite well (the box), u, (x)
coincides Wlth Ya(x). The Hamiltonian for a (free) particle permanently confined to a box
is 51mply h=T (see eq. (4)), and it acts (essentially) on functions u(x) € £>([0, a]) such
that (hu)(x) is also in £%([0, a]) but obeying the Dirichlet boundary condition, u(0) =
u(a) = 0. The normalized eigenfunctions to h are precisely the functions u, (x), and its
eigenvalues are the same as those of H (see eq. (17)).
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The mean value of the force operator at time ¢ in the general state given in eq. (27),
(F)y = (¥, FW), can be written as follows:

(FYo = Y ArAw (Fum exp|:l -

n,m=1

where the matrix elements of F, (1:"),1.,,1 = (Y, 1:"1#,,,) = fj;o dx ¥ (x) F (x) ¥, (x), are
given by the following equation (see eq. (2)):

(F)um = v!iinoo —Vo [9i(@¢n(@) = ¢1(0)¢n (0] . €2V

Substituting the results given in eq. (24) into eq. (31), we obtain the following formula:

2 Y% EnEm 2 vV EnEm
a V() a V()

(F)pm = lim —Vj [(—1)"“"
Vo— 00

2
= —=VE,E,[(-D"" —1]. (32)
a
This result confirms that these matrix elements are really independent of V; (in the limit
Vo — 00) [3]. Moreover, the)A/ do not vanish when r is even (odd) and m is odd (even).
Substituting the formula for (F), ,, given in eq. (32) into eq. (30), we can write a general
expression for the average value of the operator F':

. 2 E, — E,
(F)y = - Z A AV EyEy [(=1D)" — l]exp[i%t] (33)

n,m=1
A

Importantly, (F)yez2m) is valid in the limit as V) approaches infinity. Thus, this result
should also be formally equal to the mean value of a boundary quantum force (for
example, fg) but employing functions u € £*([0, a]) that obey the Dirichlet boundary
condition, u#(0) = u(a) = 0. It is clear that fg cannot be simply written as the derivative
of the external potential inside the box (0 < x < a) because this potential may be zero.
However, the mean value of fg (in a state u € £>([0, a])) does not vanish. We return to
this point in §5.

4. Ehrenfest’s theorem for a particle-in-an-infinite-square-well-potential

Now we show that the mean values of the position ()A( = x) and momentum (f’ =
—ihd/dx) operators at time ¢ for the state W that we used before to calculate the average
force have the expected relationship. First, the expectation value of the position operator
is the following:

. (En - Em)t] i (34)

(X)o = Y A AwX)um exp[l -
n,m=1

where the matrix elements of X, ()A()n,m = (Y, )A(wm) = fj;odx Yr(x)x iy, (x), ie.,

()A(),”,, = foa dx uy (x)xu,, (x), are given by the following expression:
a

. 2’ =m,
K =1 0r e e (35)
Zh E”Em [(_1)n+m _ ]]’ n 751’11

Ma (E, — E,,)?
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Then, we can write a general expression for the average value of the operator X:

. 22 VEE
Ryy = 2420 3 AA, Y[y — 1]

2 Ma ne (En - Em)2
n#m=1

. (En - Em)
X exp[th} , (36)

where the latter summation sign means »,_, > _, with n # m. Likewise, the expec-
tation value of the momentum operator is as follows:

N ( n Em)

(P)y _nglA Am(P)nm exp|: Tt:|, (37)
where the matrix elements of 2, (P), = (¥, P¥) = —ih [727 dx ¢ (x) ¥, (x), iie.,
(ﬁ)n,m = —ihfoa dx u}(x)u,,(x), are given by the following expression:

07
A n=m,
(P)n,m = Zh VE, Em (38)

_1\ntm __ .
i G N

Thus, we obtain a general expression for the average value of the operator P:

P Y = l— Z AL A, —”E"Em [(_1)n+m _ 1] exp|:i (En ;LEm)ti| .

E,—-E,
n#Em=1
(39)

Note that these two (Hermitian) operators act on functions in £?(R) that are different
from zero in the (open) interval (0, a) (although, of course, these functions may have
nodes there).

It readily follows from eqs (36) and (39) that

i(fm ;[u%, (40)
and, considering eq. (33), we arrive at the desired result:

S (Bry = (P (41)

dt

Thus, the Ehrenfest theorem for a particle-in-an-infinite-square-well potential has been
explicitly confirmed for the general state given in eq. (27), which belongs to £*(R).

5. Ehrenfest’s theorem for a particle-in-a-box

In this section, we begin by presenting the formal time derivatives of the mean value of the
position (x = x) and momentum (p = —ihd/dx) operators for a particle-in-a-box. Actu-
ally, the formal calculation of these derivatives for a particle moving in the entire real line
leads us to the Ehrenfest theorem [9,10] (provided that the state and its derivative vanish
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at infinity). However, for a particle-in-a-box (x € [0, a] = 2), the quantities d(x)/d¢ and
d(p)/dr do not always satisfy this theorem. In fact, certain boundary terms (that are not
necessarily zero) arise in the formal calculation of these derivatives. Naturally, there is a
large variety of boundary conditions that can be imposed in this case, one of them is the
Dirichlet boundary condition.

In the (standard) textbooks demonstration of the Ehrenfest theorem, one commonly
notes the presence of the commutators [ﬁ, x] and [fz, pl, where h is the Hamiltonian.
Indeed, the formal evaluation of the mean values of these quantities always leads to the
Ehrenfest theorem. However, to be strict, the writing of these commutators may be mean-
ingless (especially for the particle-in-a-box problem) unless a proper analysis related to
the domains of the involved operators (and their compositions) is made. To examine some
of the difficulties that may arise, as well as the weak points of the formal argument, refs
[11-14] can be consulted (ref. [12], which was recently discovered by the present author,
is particularly important). For a rigorous mathematical derivation of the Ehrenfest theo-
rem (under some not-too-stringent assumptions), see ref. [15]. For a more general (and
rigorous) derivation, see ref. [16]. Recently, we have presented a new, pertinent, strictly
formal study of this problem in which the boundary terms present in the derivatives of (X)
and (p) are also written only in terms of the probability density, its spatial derivative, the
probability current density, and the external potential [17].

Let 0 be a time-independent operator (such as X or p). The time derivative of its
mean value (6), = (u, 6u) in the normalized state u = u(x, t) (= u € L£*(Q)), which
evolves in time according to the Schrodinger equation du /9t = —i hu /h (the Hamiltonian
operator is

2 42
h = —Zh—M% +v(x), (42)
and v(x) is the external potential inside the box), can be calculated as follows:
d . u ou I~ . i o
a(O)u = <§, 0u> + <u, 05> = —(hu, ou) — ﬁ(u ohu)

i . i
== ((hu, ou) — (u, hou>) + (. [h. o), (43)

where [h, 0] = ho — oh, as usual. When 0 = x, we can write

A A n? 0%u*
(hu, Xu) — (u, hxu) = I:_ﬁ dex 5z +/g;dx xvu*ui|

h? 92
— ——/dxu*—(xu)—i—/dxxvu*u .
2M Q 8x2 Q

By developing this expression and using the relation
3%u* ,0%u d [ou* Lou
—U—U — = — u—u —J,
0x? axz  ox \ dx ox

we obtain [13,17]
PO ~n K2 ou™ L ou .
(hu, xu) — (u, hxu) = X u— —u'u

a

- u*— 44)
2M dx dax

0
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Moreover,
(u, [h, $u) = dx u — (xu) + h—z dx xu*az—u.
0x?
By developing this expression, we obtaln
G Th, 51) = — 2 (). (45)
M
For the particle-in-a-box, we take v(x) = 0 and the Dirichlet boundary condition,

u(0,¢t) = u(a,t) = 0. The latter implies that the boundary term in (44) is zero. It
should be noted that with this boundary condition, in addition to x, the operators p and
h are Hermitian (although h is also self-adjoint) [14,17]. After substituting eqs (44) and
(45) into eq. (43) (with 6 = X), we obtain the expected result:

d 1

” — (X = M(ﬁn. (46)

Likewise, when 0 = p, we can write

. R 12 32u* 9 9
(hu, puy — (u, hpu) = |ih— [ ax T2 —lh/ dx v 22
2M Q 3x2 0x Q

n? 3% /d d
—|ih— d x u* o —ihf dxvu*—u .
2M ax2 \ax Q 0x

By integrating by parts the first integral in (u, h ﬁu}, we obtain the result [13,17]:

A A B2 [ 0u* du Bzu “
hu, pu) — (u, hpu) = h— -
(hu, pu) — (u, hpu) =i <ax o ax2>

MOI‘COVGI’A
u, N p u ih XU X 2 +l u vu

By developing the derivative in the last integral above and 51mp11fy1ng, we obtain the
result:

A . . [dv oA
(u, [h, plu) = lh<a> = —ih(f)u, (48)
where f = —dv(x)/dx is the external classical force upon the particle inside the box. By

substituting eqs (47) and (48) into eq. (43) (with 6 = p) and after imposing v(x) = 0
(= f =0), and the Dirichlet boundary condition, we obtain the following result:

ou|?
0x

hZ
oM

d
dt

N

(Pl = (49)

Note that the right-hand side of eq. (49) can be written as the mean value of the quantum
force (the latter is a non-local quantity in the sense that it is not a given function of the
coordinates, but is dependent of the total quantum state of the system)

R 1 9 |oul?

fB=fB(XJ)E—mW£ x| (50)
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in the normalized state u € £2(2), which satisfies the Dirichlet boundary condition.
This is so because, (fg), = fQ dx fg(x,t)|u(x, t)|2. Hence, (fg), is always equal to a
boundary term and fg can be considered a boundary quantum force. Thus, in this case,
the Ehrenfest theorem consists of eq. (46) and the following expression:

d
dt
Note that for a particle-in-an-infinite-square-well-potential (4 — ¥, 0 — —o0, a —
+00), the boundary term in (47) is zero, i.e., (fg)y = 0. In fact, in the open interval

Q = (—o0, +00), ¥ and its derivative 0¥ /dx tend to zero for x — =£oo.
If we consider a (normalized) complex general state u = u(x, t) of the form

= (/B (S

u(x, t) =2An un(x)exp<—i%t>, 0<x<a, (52)

n=1

where the eigenfunctions u, (x) are given in eq. (29), then the general state W (x, t) in
eq. (27) can be written as follows:

U(x,t) =ulx,t)[Ox) —Ox —a)]. (53)

Therefore, the mean values calculated above for a particle-in-an-infinite-square-well-
potential (§4), ()A()q, and (13)4,, are equal to (x), and (p),, respectively. Hence, eqs
(40) and (46) are fully equivalent. Likewise, the mean value ( fg), at time ¢ in the general
state given in eq. (52) can be obtained simply by substituting the latter solution into the
right-hand side of eq. (49). In this way we obtain the following result:

=_= Z A2 AN EnEy [(—1)"*" — ]eXp[i@f]’ 54)

n,m=1

which precisely coincides with the mean value (F am given in eq. (33) for a particle-in-
an-infinite-square-well-potential. This is a significant result of the present paper. Thus,
eqgs (41) and (51) are also equivalent, i.e., they give the same results, although these are
not the same problems.

6. Conclusions

To summarize, we have investigated the equations of motion for the mean values of the
position and momentum operators (Ehrenfest’s theorem) and the average forces for a par-
ticle (ultimately) confined in one spatial dimension. We have noted two ways to achieve
the confinement in a finite region: one of these leads us to the particle-in-an-infinite-
square-well-potential and the other to the particle-in-a-box. In the former case, we nec-
essarily have the Dirichlet boundary condition at the boundaries of the region, but in the
latter case this boundary condition is just one more condition. In fact, there are an infinite
number of boundary conditions for a quantum particle-in-a-box. For example, we have a
one-parameter family of boundary conditions for the self-adjoint operator p [6], and some
further conditions arise (as the Dirichlet boundary condition) if p is only a Hermitian op-
erator. Likewise, we have a four-parameter family of boundary conditions for the self-adjoint
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operator h [6]. Moreover, the (relevant) force for a particle-in-an-infinite-square-well-
potential, f , is not the same (pertinent) force as that for a particle-in-a-box with the
Dirichlet boundary condition, fg. In fact, the mean value of f5 depends only on the value
of the first derivative of the wave function (more specifically, on its modulus squared) at
the boundary. However, in both cases, the particle can only move between the impene-
trable barriers located at the points x = 0 and x = a. Finally, and most importantly, in
each case we have an Ehrenfest theorem that makes sense. We really hope that our article
will be of interest to all those who are interested in the fundamental aspects of quantum
mechanics.
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Caracas, 04/08/2013

The formula that follows Eq. (47) was incorrectly written:

A . h? L0 [(0%u , . 0
(u, [h, plu) = _th Qda:u E (W) —l—zh/ﬁdwu a—w(vu)

This formula must be written as follows:

. R L, 0 (0% ‘ « 0
(u, [h, plu) = (hp) —zhm deu . <8ar2> —|—2fz/ﬂdwu a—ac(vu)

That’s all!

Salvatore De Vincenzo.
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On time derivatives for () and (p): formal 1D calculations
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We present formal 1D calculations of the time derivatives of the mean values of the position (&) and momen-
tum (p) operators in the coordinate representation. We call these calculations formal because we do not care for
the appropriate class of functions on which the involved (self-adjoint) operators and some of its products must
act. Throughout the paper, we examine and discuss in detail the conditions under which two pairs of relations
involving these derivatives (which have been previously published) can be formally equivalent. We show that
the boundary terms present in d(&)/dt and d(p)/dt can be written so that they only depend on the values taken
there by the probability density, its spatial derivative, the probability current density and the external potential
V = V(x). We also show that d{(p)/dt is equal to —{dV/dx) + (fq) plus a boundary term (fo = —9Q/dz is the
quantum force and @ is the Bohm’s quantum potential). We verify that (fg) is simply obtained by evaluating
a certain quantity on each end of the interval containing the particle and by subtracting the two results. That
quantity is precisely proportional to the integrand of the so-called Fisher information in some particular cases.
We have noted that fg has a significant role in situations in which the particle is confined to a region, even if V'
is zero inside that region.

Keywords: quantum mechanics, Schrédinger equation, probability density, probability density current, Bohm’s
quantum potential, quantum force.

Apresentamos calculos formais em 1D das derivadas com respeito ao tempo dos valores médios dos operado-
res da posigdo (Z) e do momento linear (p) na representacdo de coordenadas. Chamamos esses célculos formais
porque nao nos preocupamos com o tipo apropriado de fungoes sobre as quais devem atuar os operadores (auto-
adjuntos) envolvidos e alguns de seus produtos. Ao longo do artigo, examinamos e discutimos em detalhe as
condigdes em que dois pares de relagdes que envolvem essas derivadas (que foram previamente publicadas) podem
ser formalmente equivalentes. Mostramos que os termos de fronteira presentes em d(Z)/dt e d(p)/dt podem ser
escritos de modo que eles sé6 dependem dos valores ai tomados pela densidade de probabilidade, sua derivada
espacial, a densidade de corrente de probabilidade e do potencial externo V' = V(z). Também mostramos que
d(p)/dt é igual a —(dV/dx)+(fq) mais um termo de fronteira (fg = —9Q/0z é a forga quantica e Q é o potencial
quantico de Bohm). Verificamos que (fo) é obtido simplesmente através do cdlculo de uma certa quantidade em
cada extremidade do intervalo contendo a particula e subtraindo os dois resultados. Em alguns casos particulares
essa quantidade é justamente proporcional ao integrando da assim chamada informacao de Fisher. Notamos que
fo tem um papel significativo em situagoes em que a particula é confinada a uma regido, mesmo se V é zero
dentro dessa regiao.

Palavras-chave: mecénica quantica, equagao de Schrodinger, densidade de probabilidade, densidade de cor-
rente de probabilidade, potencial quantico de Bohm, forga quéntica.

1. Introduction rem [0, Q:

. d . T, 1,
Almost any book on quantum mechanics states that — (&) = —([H,&]) = —(p), (1)
the mean values of the position and momentum opera- dt h m
tors ((Z); and (p);) satisfy, in a certain sense, the same d i .
equations of motion that the classical position and mo- %<ﬁ> = ﬁ<[H,ﬁ]> = (f). (2)
mentum (z = x(¢) and p = p(t)) satisfy. This result,
which establishes a clear correspondence between the Note that Eq. (2) contains the average value of the
classical and quantum dynamics is the Ehrenfest theo- external classical force operator f = f(z) = —dV/dx,

1E-mail: salvatore.devincenzoQucv.ve.
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rather than the own force evaluated at x = (). As are-
sult, we are clarifying the statement preceding Eq. (1).

When trying to prove Ehrenfest’s theorem in a rigo-
rous way, the difficulty arises that each of the operators
involved (&, p and H, which must be preferably self-
adjoint) has its own domain, and some plausible com-
mon domain must be found in which Eq. (1) and/or
Eq. (2) are/is valid, which is a non-trivial and compli-
cated matter. To review some of the difficulties that
may arise, as well as certain aspects of these domains,
Refs. [B8] can be consulted (Ref. [@], which was re-
cently discovered by the present author, is especially
important). For a rigorous mathematical derivation
of the Ehrenfest equations (which does not use overly
stringent assumptions), see Ref. [@]. For a more gene-
ral (and rigorous) derivation, see Ref. [B]. For a nice
treatment of this theorem (specifically, for the problem
of a particle-in-a-box) that is based on the use of the
classical force operator for a particle in a finite square
well potential, which then becomes infinitely deep (ef-
fectively confining the particle to a box), see Ref. [@].
For a study of the force exerted by the walls of an infi-
nite square well potential, and the Ehrenfest relations
between expectation values as related to wave packet
revivals and fractional revivals, see Ref. [[M].

The usual formal (or heuristic) demonstration in
textbooks of Egs. (1) and (2) in the coordinate re-
presentation with z € (—o0,400) appears to have no
problem; however, it is known that the quantities (z)
and (p) with z € Q = [a,b] (where Q is a finite inter-
val) do not always obey the Ehrenfest theorem [B,H].
This problem occurs because boundary terms that are
not necessarily zero arise in the formal calculation of
the time derivatives of (Z) and (p). To verify this re-
sult in this article, we carefully reexamine the formal
traditional approach to the Ehrenfest theorem in the
coordinate representation from the beginning. Hence,
we do not consider the domains of the involved (self-
adjoint) operators. Specifically, in this article, we do
not care for the appropriate class of functions on which
these operators and some of its products must act. In
our study, the notion of self-adjointness of an operator
(or strict self-adjointness) is essentially replaced by the
hermiticity (or formal self-adjointness), which is known
to be less restrictive. We believe that a formal study
of this problem alone is worthy and pertinent; in fact,
the strict considerations related to the domains of the
involved operators and their compositions seem to be
too demanding. In our paper, we also examine and
discuss in detail the conditions under which two pairs
of relations involving d(Z)/dt and d(p)/dt (which were
published in Refs. [B,8]) can be formally equivalent.

We start with the position and momentum opera-
tors, & = x and p = —ihd/dz, for a non-relativistic
quantum particle moving in the region z € € (which
may be finite or infinite). The inner product for the
functions ¥ = ¥(z,t) and & = ®(z,t) (belonging at le-
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ast to the Hilbert space £2(f2), and on which & and
p act) is (U, ®) = fQ U, where the bar represents
complex conjugation. The corresponding mean values
of these operators in the (complex) normalized state
U=z, t) (|¥)* = (¥, T) =1) are as follows

(%) =(¥,27) = /dex\II\IJ, (3)
(p) = (¥, p¥) = —iﬁ/Q dx \i% (4)

The operator Z is hermitian because it automatically
satisfies the following relation

<\Ilvi,(1)> - <‘%\Ilv (ﬁ) =0, (5)

where ¥ and @ are functions belonging to £2((2). The
time derivative of expressions (3) and (4) leads us to
the following relations

d . 0 = ov _ QU
dt(m}—/gdxmat(\I/\If)—/gdxm<8t\ll+\llat>

(6)
%(p) = ih/Qda:gt (q/g;f)

. ovov -9 [0V

In the last expression, we have used the commutativity
of the operators 9/0x and 9/0t.

In non-relativistic quantum mechanics, the wave
function W evolves in time according to the Schréodinger
equation

and

0 - R? 02

where H is the Hamiltonian operator of the system and
V = V(z) is the (real) external classical potential. By
substituting in Eqs. (6) and (7) the time derivatives of
U and ¥ (which are obtained from Eq. (8) and its com-
plex conjugate), we obtain d (&) /dt and d (p) /dt. As
will be discussed in the next two sections, these deriva-
tives always have terms that are evaluated at the ends
of the interval 2. However, if these derivatives must
be real-valued, certain mathematical conditions (which
are, of course, physically justified) should be imposed
on the boundary terms. We will show that these boun-
dary terms can be written so that they can only depend
on the values taken by the probability density, its spa-
tial derivative, the probability current density and the
external potential V' at the boundary.

2. Time derivatives for (1)

For example, the time derivative of the average value
of Z specifically depends on the values taken by the
probability density and the probability current density
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in these extremes. In fact, the following result can be
formally proven (see formula (A.1) in Ref. [@])

4 (gt
dt B ) Qmp “

where we use the notation f|Z = f(b,t) — f(a,t) here
and in further discussion. The function j = j(x,t) is
the probability current density

. h - v ih [(OW - OV

and p = p(z,t) is the probability density

FAAE) ()

p="v. (11)

These two real quantities (which are sometimes called
“local observables”) can be integrated on the region of
interest, and each of these integrals is essentially the
average value of some operator. Indeed, the integral of

j is
. ih ov - O
/a dvj =5, ) & (m“"“’m)

ih J - ol

th 5 1 N

— — | dx¥U(—ih)—V.
2mp‘a+m/ﬂx (Z)ﬁx

The integral on the right-hand side in this last ex-

pression is precisely the average value of the operator
p = —ihd/0x (see formula (4)). Finally, we can write

. th 1
drj=— —(p) . 12
[ dwi= g sl ) (12)

The integral of p (which is a finite number only if the
probability density is calculated for a state ¥ € £2(Q))
is precisely the mean value of the identity operator
1= [ydx|x)(x]

It is important to note that the operator p satisfies
the relation

(U, pP) — (pU, ®) = —ih Vo', (13)

for the functions ¥ and ® belonging to £2(2). If
the boundary conditions imposed on ¥ and ® lead
to the cancellation of the term evaluated at the end-
points of the interval 2, we can write the relation as
(U, p®) = (p¥, ®). In this case, p is a hermitian ope-
rator. If we make ¥ = & in this last expression and
Eq. (13), we obtain the following condition (see for-
mula (11))

plo = 0. (14)

Moreover, (U, p¥) = (p¥,¥) = (¥ p¥) =
Im (¥, p¥) = 0, i.e., (p) € R. These last two results
are consistent with Eq. (12).
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Formula (9) was obtained from the following formal
relation (formula (11) in Ref. [B] with A = &):
d i

(@) = (v, ew) - (v,aA0))

- % ((Hw,m) - <\1/,H:z\11>) + %([H,:i]>. (15)

In the case where & = z and H = ih0/0t, this equa-
tion is precisely Eq. (6) (compare the first equality in
Eq. (15) with Eq. (6)). To check Eq. (9), formula (15)
can be developed by first calculating the following two
scalar products:

. h? 0% -
HY, 20) = ——— — Uy
(HY,2P) o Qdajx 92 + dexV ,
A . K2 - 0?
+ [ deaV OU.

Q

Before subtracting these two expressions, we develop
the first integral in (¥, HZW¥). Then, we use the rela-
tion

PU, GOV 0 (0%, ov

Ox? 0x2 Oz \ Ox ox )’
and the definitions of the probability current density
(Eq. (10)) and the probability density (Eq. (11)). Af-
ter identifying the terms that depend on d(xj)/dz and
Op/0x, we obtain the following result
b

, (16)

a

. . K2
HVY V) — (U, HzV) = (thxj + —
sy i) = (a4 )

which is substituted into Eq. (15), leading to formula
(9). The average value of the commutator [H,Z] in
formula (9) is calculated as follows:

. h? 0?

(H,2)) = (Hz) — (zH) = “am ). dz @@ (zD)

+/ dx z VI
Q

2 2

520 B

By developing this expression, we obtain

(.al) = =5 [ aw¥in g = -ty a7

Finally, substituting results (14) and (17) into formula
(9), we obtain the following

d y 1

— (&)= (—xj — (p). 18

L) = apl+ - 19) (18)
In the writing of this formula, we used the condition
(U, p®) = (p¥, ®) (i.e., p is a hermitian operator), but
Eq. (18) is also consistent with the hermiticity of Z
(= (2) €R).
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It is convenient to mention here a result that per-
tains to the Hamiltonian of the system, H. Indeed, this
operator satisfies the following relation

2 = b
(U, H®) — (HV, ®) = _2% (\Pa@ — wcb) , (19)

for the functions ¥ and & belonging to £2(Q2). If
the boundary conditions imposed on ¥ and ® lead
to the cancellation of the term evaluated at the end-
points of the interval 2, we can write the relation
(U, H®) = (HU,®). In this case H is a hermitian
operator. If we make ¥ = ® in this last expression, as
well as in Eq. (19), we obtain the following condition

(see formula (10))

jlb =o. (20)

Moreover, (W,HW) = <H‘~II7 ) = (7, ﬁ\ll> =
Im(¥, HY) = 0, i.e., (H) € R. In formula (18), condi-
tion (20) is not sufficient to eliminate the term evalua-
ted at the boundaries of the interval €2.

We can now compare result (18) with the result ob-
tained in Ref. [B] (see formula (17) in Ref. [A])

d

. b
7 (#) = (-2 R*v) |a + {(v). (21)

From the beginning, Ref. [B] uses real-valued expressi-
ons for the temporal evolution of & and p. For example,
Eq. (21) is obtained from the following

— (&) = —=Im(HV, 2T). (22)

That is, Eq. (21) is consistent with the hermiticity of
#. In fact (as we observed after Eq. (15)), because
H = ih9/0t, formula (6) can be written as follows:

% (#) = % (<ﬁ\p,m> _ <\1/,:zﬁ\1/>) .

Furthermore, because (¥, # HU) = (20, HU), Eq. (22)
is obtained. As observed from the discussion that fol-
lows formula (12) in Ref. [, R2 = W = |¥]> = p is
the probability density and v = v(x,t) is the velocity
field, which is related to the probability current density
as follows: j = pv. From this last formula we can write

/stcj:/gdxv\flﬁ/:@). (23)

Comparing Eq. (23) with formula (12) (after applying
condition (14)), the relation (v) = (p) /m is obtained.
Returning to formula (21), it is clear that it is equal
to formula (18), and the latter is equal to formula (9),
provided that formula (14) is verified. We can then
say that the time derivative of the mean value of the
operator Z is not always equal to (p) /m. For exam-
ple, Ref. [B] shows a specific example that confirms the
validity of Eq. (18).

De Vincenzo

In summary, the temporal evolution of the mean
value of # is given by Eq. (18) and also by Eq. (21).

Assuming that (in addition to & and p) the operator H
is hermitian, we can write the following expression:

d 1
L@ =it -6 (@
(in which we used relation (20)). Only one boundary
condition involving the vanishing of the boundary term
in Eq. (13), but also leading to the vanishing of the
probability current density at the ends of the interval
Q, gives the equation d () /dt = (p) /m. This scena-
rio is clearly possible, for example, for the Dirichlet
boundary condition ¥(a,t) = W(b,t) = 0. However,
the same is not necessarily true for the periodic boun-
dary conditions ¥(a,t) = ¥(b,t) and (0V/0x)(a,t) =
(0w /0x)(b,t) [B].

3. Time derivatives for (p)

Next, we consider the momentum operator p. The fol-
lowing result was formally proved in Ref. [B] (see for-
mula (A.2) in Ref. [B])

d . N A A A R
P = "2 <8x oz 63&2) D

(25)
This formula was obtained from the following formal
relation (formula (11) in Ref. [6] with A = p)

d . i

In the case where p = —ihd/dx y H = ihd/dt, this
equation simplifies to Eq. (7) (i.e., in writing Eq. (26),
no special condition has been imposed). If we want to
verify the validity of Eq. (25), we can begin to deve-
lop formula (26). Thus, we first compute the following
scalar products present there:

(. pw) — (@, Fipw)) + L((F, ). (26)

A s K2 0?W ov - OV
. o . R? - 0% [0V
—ih/ di\Pa—\II.
Q 3:5

By integrating by parts the first integral in (¥, HpW)
and then subtracting these two expressions, we obtain
the following result:

(HU,pU) — (U, HpD)

o) o) o B

=ih— | —— - V—

2m \ Oz Ox Oz
which can be substituted into (26) to produce formula
(25). Likewise, the mean value of the commutator [H, )

b
: (27)

a
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in formula (26) can be explicitly computed using (Hp)
and calculating (pH); in fact,

([H,p]) = (Hp) — (pH) = (Hp)

h? -0 (0% _ 0
—th— [ deV— | =— ih | dzV— (V).
ZQmQx 6‘x<8x2>+2/9x 8x( )
By developing the derivative in the last integral above
and simplifying, we obtain an expected result (see Refs.

[0,2], for example)

N dV - % A
(H, ) = m/de v = ’h<dx> = _in(f),
(28)
where we have also identified the external classical force
operator f = f(z) = —dV/dz. Finally, formula (25)
can be written as follows

b

+(f). (29)

a

4R (0R0Y o
dt Pr = 2m \ Ox Ox 0x?

Note that formula (27) is obtained by making ® = p¥
in relation (19). Thus, if the boundary term in Eq. (19)
is zero because of the boundary conditions (and conse-
quently, H is hermitian), the boundary term in Eq. (29)
does not necessarily vanish. An example of this sce-
nario is provided by the Dirichlet boundary condi-
tion, ¥(a,t) = ¥(b,t) = 0. Indeed, with this boun-
dary condition H, is hermitian, but the boundary
term in Eq. (29) is not zero. Within the case of
the periodic boundary condition, ¥(a,t) = U(b,t) and
(0 /0z)(a,t) = (0¥ /dz)(b, t), the operator H is also
hermitian, but the boundary term in Eq. (29) does
vanish (from the Schrodinger equation in (8) we also
know that (0?W/0x?)(a,t) = (0*°¥/0z?)(b,t) if the
potential satisfies V|Z = 0). Similarly, in an open
interval (@ = (a,b) = (—o00,+00)) the boundary
term in Eq. (29) is zero if U(x,t) and its derivative,
0V (x,t)/0x, tend to zero at the ends of that inter-
val. Specifically, if a wave function tends to zero for
& — 400, at least as | x |727¢ (where ¢ > 0), then
its derivative also tends to zero there, and the boun-
dary term in both in Egs. (19) and (29) vanishes (as a
result, we also have W(x,t) € £2(Q2)). This result pro-
vides the formal argument for the cancellation of these
two boundary terms. Clearly, if ¥ satisfies a homo-
geneous boundary condition for which H is hermitian
and 0W/0x satisfies the same boundary condition, the
boundary term in Eq. (29) vanishes (this result seems
to be very restrictive).

Consequently, result (25) was obtained from formula
(26). Likewise, the following expression for d(p)/dt was
also obtained from formula (26) (see formula (19) in

Ref. [d))
. HH- (G2 ) (0

f9- (3 -v=0
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where (as we said before) R? = p, v = j/p and
f = f(x) = —=dV/dz; moreover, Q = Q(x,t) is Bohm’s
quantum potential,

o LTI _ R 18
2m U] 0z2  2m/p Ox?
2 2 2
_ W1 (19p\ _10% | (31)
4m |2 \ p Oz p Ox?

Now let us verify and reexamine the validity of Eq. (30).
Returning to result (26), it is clear that it can also be
written as follows:

%@ = % (¢rw.pw) - <ﬁp>)+% (Hp) - (w,piw))
and, if the condition
(U, pHT) = (p¥, HT), (32)

is used, we can write

%@) _ % (<I§I\If,px11> — <px11,f1x1/>)

_ % (<ﬁ1\1/,p\11> —M) :

Therefore, the time derivative of (p) is given by the
following

d . 2 P

$<I’> =7 Im(H¥, p¥), (33)
which is automatically real-valued. It is important to
note that the formula

- A , = 0u|

(W PHY) — (pU, HY) = 1?0 (34)
is obtained by setting ® = H¥ in relation (13). If the
boundary conditions imposed on ¥ lead to the cancel-
lation of the boundary term in Eq. (34), then formula
(32) is verified; however, that same boundary condition
can also cancel the boundary term in Eq. (13), with
U = P (the latter would imply that p is hermitian).
The spatial part of the boundary term in Eq. (34) is
unaffected by the presence of the time derivative.

As is known, by substituting the polar form of
the wave function in the Schrodinger Eq. (8) (i.e.,
U = /p exp (iS/h)), where S = S(x,t) € R is essenti-
ally the phase of the wave function) and then separating
the real and imaginary parts, we obtain (i) the quantum
Hamilton-Jacobi equation

oS 1 /98
ox

2
L ) LQiv=0. (3

and (ii) the continuity equation

O, 9F _

0 T oy =0 (36)
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The probability current density j can also be written
in terms of p and S after replacing the polar form of ¥
in formula (10)

.1 0S8
J= E'D%' (37)
Formula (33) can be written as follows
d oV Ov

and by substituting the relation ¥ = /p exp (iS/h) in
Eq. (38), we obtain the following result

d . OpdS 0p0dS
%<P>—/ﬂd$ (&f&:_%&f) (39)
By solving for 95/0t and dp/dt in Egs. (35) and (36),
respectively, and substituting them into Eq. (39), for-
mula (30) is obtained (after some simple calculations).
The boundary term in formula (29) is real-valued if
Eq. (14) is verified. To obtain this result, we first write
that boundary term separately but in terms of p and j

(or v = j/p):

_ 92w
2m  0x2 “

B2 90 0w |’

2m Oz Ox |,

N 60 . m s
B 8mp Ox P

h 0y
( Q- 2V iy 3x>
(Eq. (40) is, in fact, also valid without vertical bars,
|?). As we have observed before, the hermiticity of p
(= (p) € R) requires that the probability density (for
the state W) satisfies formula (14). Differentiating that
formula with respect to time, we obtain the following:

(o (F)eo- 4]

Now, using the continuity equation (Eq. (36)), we ob-
tain the condition

b

a

b

(40)

@b

5|, = (41)

With this last result, the entire boundary term in
Eq. (40) (and therefore in Eq. (29)) is real-valued (the
first term in (40) is always real). Consistently, d{(p)/dt
and (f) are both real-valued quantities in Eq. (29).

In the proof of the formula (30), the condition gi-
ven in Eq. (32) was used; thus, the results in Eq. (29)
(or Eq. (25)) and Eq. (30) are not equivalent. Howe-
ver, from the expression for d(p)/dt that is written after

q. (31), we can write the following;:

d

S0 =+ (LW, pv) — (v, pA) ).
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Now, instead of using Eq. (32), we use relation (34)
(from which we solve for (¥, pH¥)). This process le-
ads to the following expression

d

9y = 2w pw) - wie| )

h a

(in which we have used H = ihd/dt to write the boun-
dary term in Eq. (42)). Indeed, formulas (29) and (42)
are equivalent. The first term on the right-hand side
of Eq. (42) is precisely the entire right-hand side of
Eq. (30). Additionally, the boundary term in Eq. (42)
can be rewritten using Eq. (8). In this way, we obtain
the following result:

bR 02w s /OQ\ .
aJF%‘I’@ u+pQ|“<8x>+<f>'

d . B m o
%<p>— —p5 v

Now, we use the following (remarkable) relation:

O 110\ e

Ox Sm p \ Ox -~ Ox
(where we have made use of the definition of the Bohm'’s
quantum potential given by Eq. (31)), to write

b oQ . b ap dp 2
wal (52 )= [ 8mp<6x>

which leads us to the following result:

= [‘Smp (gﬁ;) ‘f’gl“zl

B2 92w
R/ Gl
+2m ox? N

(43)

b

a

+(/). (44)

Finally, because the following relation is verified:

5 b
”1 <ap> m ] _
_ —p—v - _
8m p \ Ox 2 .
(see Eq. (40)), formula (44) is precisely result (29) (i.e.,
Egs. (42) and (29) are equivalent).

Recapitulating, the temporal evolution of the mean
value of p is given by Eq. (29), but the boundary term
must be real-valued if the mean value of p is real. As
we have demonstrated (see Eq. (40)), to accomplish
this, it is enough that the boundary conditions satisfy
Eq. (14), which implies that Eq. (41) is also satisfied
because the continuity equation is verified. After subs-
tituting Eqgs. (40) and (41) in Eq. (29), this formula
(Eq. (29)) can be written as follows:

i<A>_ _m1(op 2_ m 2
at 'V~ 8m p \ Ox P

2m Oz Ox |,

b

a
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). (45)

a

(o)

Formula (30) also gives us the average value of p,
but this equation must also be consistent with Eq. (14)
(because p is hermitian) and the boundary conditi-
ons should cancel the boundary term that appears in
Eq. (34). This term is precisely

b b b

+ ihp%j

B k2 0p

=3 (46)

and because (8p/8t)|2 = 0 (as a result of the validity of
Eq. (14)), we have that the vanishing of the left-hand

side in Eq. (46) implies the following

oS

b
Pa_

0. (47)

Now, multiplying the quantum Hamilton-Jacobi equa-
tion (Eq. (35)) by p and substituting the expression
05/0x = mv (Eq. (37) with j = pv) and Eq. (47), the
following relation is obtained (in this way, this result is
also a consequence of the elimination of the left-hand
side in Eq. (46))

b m o\|°
pVl, = (—pQ - 05v2) ’a : (48)
Now, returning to formula (30) and substituting rela-
tion (43), we obtain the following result

£<A>_ 1 (0p 2_ m.2
at' = 8m p \ Ox P
(49)

Formula (49) becomes formula (45), as long as rela-
tion (48) is obeyed (this is an expected result!). Thus,
Egs. (29) and (30), together with the condition given
by Eq. (14) (which is consistent with the hermiticity
of p), give us identical results if the boundary term in
Eq. (34) vanishes (which occurs if p is hermitian); i.e.,
if Eq. (48) is verified (see the comment after Eq. (34)).
In conclusion, Egs. (49) and (29) show that the time
derivative of the mean value of p is always equal to a
term evaluated at the ends of the interval containing
the particle plus the mean value of the external classi-
cal force operator. However, as is shown in Eq. (49),
the boundary term may depend only on the values ta-
ken at x = a and x = b by the probability density, its
first spatial derivative, the probability current density
and the external potential.

In agreement with the previous results (see the dis-
cussion that follows Eq. (29)), all of the boundary
terms in Eq. (49) do not vanish for the solutions to the
Schrodinger equation ¥ = W(z,t) satisfying the Dirich-
let boundary condition. In this case, both the density
of probability and the probability current density va-
nish at the ends of the interval, i.e., j|Z =0-0=0

b
+ VL + ().

a
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and p|> = 0—0 = 0. Therefore, we have pV|° = 0
and (pmv2/2)|z = (0/0) — (0/0) = 0. The latter result
because j = pv. p(a) = p(b) (Eq. (14)) and j(a) = j(b)
(Eq. (20)). Moreover, we also know that pQ|Z =0,
which is consistent with Eq. (48). Thus, we can write
the following result

b
4y B 10N
dtpi 8m p \ Ox

The boundary term in Eq. (50) can be written as fol-

lows:
h? (8\/;7)2

+(f). (50)

b

)

2m \ Oz

and (in this case) it coincides with (—9Q/0z) (this re-
sult comes from Eq. (43)). Also (in this case), the
boundary term coincides with the following expression:

21b

h2

2m

h% OW 0¥ ov

En

b

(see the relation that follows Eq. (44)). Consequently,
the mean value of the quantum force fo = fo(z,t) =
—0Q/ 0z can be calculated by simply evaluating a quan-
tity (which, in this case, only depends on p and 9p/dz)
at x = b and at * = @ and then subtracting these two
results. Similarly, if we assign the following expressions

to fQ:
2

fo s 2 1 0 |ov
Q 2m |p|? Oz | Ox

or 9
K10 (0yp

Jo= ~5m0s (ax ) :

which are clearly distinct from each another and also
from —0Q/dz, the correct value for (fqg) is obtained.
However, an exact expression for fo can be obtained
using the relation that precedes Eq. (43), in which
QOp/ox = 0(pQ)/0xr — p0Q/Ox. The result is the

following

10 R2 1 (9p\?
= |—pQ-——=(Z£) |. 51
fa paz[ pQ 8mp<6x) (51)
Clearly, (fq) is always equal to a boundary term. For-
mula (51) can be written without the explicit presence
of Bohm’s quantum potential. Indeed, by substituting

the expression for @ (the expression to the right in Eq.
(31)) in Eq. (51), we obtain the following

10 [R? &
fq [

am” dz?

=—-— 1 . 52
2 (o) (52)
This last result has been known in hydrodynamic for-
mulations of Schrédinger’s theory; see, for example, the
following recent [] (and further references therein).
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Now, if we return to Eq. (50) and assume that the
external potential is zero (= (f) = 0), we can write the
following

-5 (48

dt "’ 2m \ Oz

b
= (fq)-

(53)
Consequently, the mean value of the force encounte-
red by a free particle confined to a region and col-
liding with the two walls is precisely (fg). Then,
from Eq. (53), and because the formula that follows
Eq. (44) (which is also valid without vertical bars, |%)
with (pva/Z)‘(z:b) = (pmv2/2)‘(z:a) = 0 is verified,
we can say that the average force on the particle when
it hits the wall at x = b is given by the following

2 (Y

h2 2

2m

ov

b
B oz

72 2

2m

ov

(@=b) (@=b)

At x = a, the expression for this force is obtained from
Eq. (54) by making the following replacements: b — a
and — — +. Let us now consider the example of the
confined (free) particle moving between x = 0(= a)
and x = L (= b), and in some of its possible stationary
states

U=, (z,1) = \/gsin (”%:c) exp <1Eh"t) . (55)

where E, = h?n?n?/2mL? with n = 1,2,... (na-
turally, the corresponding probability density p =
pn(x) = | ¥, (z,t)|” is independent of time). Using these
results in Eq. (54) (in either of the two expressions),
we can determine that the average force on the particle
at x = L is given by —2E, /L, and at = 0 it is gi-
ven by +2E, /L; therefore, (fg) = 0 (this same result
was obtained in Ref. [[@] following a procedure diffe-
rent from that shown here). However, if the state ¥ is
a linear combination of the solutions (55) (and hence,
the corresponding probability density is also a function
of time), (fg) does not necessarily vanish (in this spe-
cific case, the average force on the particle at x = L is
not always minus the value ((—1)x) at z = 0) [3]. In
Ref. [[3] the issue of the average forces for a particle
ultimately restricted to a finite one-dimensional inter-
val, either because there exists an infinite potential or
because we put the particle in the interval and neglect
the rest of the line, has been recently treated.
Consistently with previous results (see the discus-
sion following Eq. (29)), the entire boundary term in
Eq. (49) vanishes for the solutions ¥ = ¥(z,t) sa-
tisfying the periodic boundary condition. Indeed, we
know that p|Z = j|Z = 0; therefore, pV|Z = 0 (pro-
vided that V|Z = 0) and pQ|Z = 0 (see Eq. (43)).

Finally, because
b
_ OV
= 2Re | U—
’ ( (%c)

2m \ Oz

dp b

ox

)
a

a
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all of the boundary terms in Eq. (49) vanish, and the
result d(p)/dt = (f) is reached. However, in this case,
we also know that d2(z)/dt® # (f)/m. This result oc-
curs because the boundary term in Eq. (24) is not zero
(because the probability current density does not va-
nish at the ends of Q), and its derivative with respect
to t does not vanish either. Clearly, this situation does
not occur when the relation j(a) = j(b) = 0 is obeyed
(as in the case of the Dirichlet boundary condition).
Finally, as was explained before (see the discussion
following Eq. (29)), the boundary term in Eq. (29)
is zero in an open interval (2 = (—o0, +00)), provided
that appropriate conditions can be satisfied as x — 400
(i.e., ¥ and its derivative should vanish at infinity).
Equivalently, the boundary term in Eq (45) is also zero,
as well as that in Eq. (49) (because Eq. (48) is sa-
tisfied). We can then conclude (from Eq. (43)) that
(fo) = 0; therefore, d(p)/dt = (f). From Eq. (24),
relation d(&)/dt = (p)/m is also verified; consequently,

(&) /dt* = (f)/m.

4. Conclusions

We have formally calculated time derivatives of (&) and
(p) in one dimension. Simultaneously, we have identi-
fied the conditions under which two pairs of these de-
rivatives, which have been previously published, can
be equivalent. When the particle is in a finite inter-
val, we have observed that the Ehrenfest theorem is
generally not verified. In fact, because of the large va-
riety of boundary conditions that can be imposed in
this case (and for which p and H are hermitian opera-
tors), the boundary terms that appear in d{(Z)/dt and
d(py/dt (which may depend only on the values taken
there by the probability density, its spatial derivative,
the probability current density and the external poten-
tial) do not always vanish. Particularly, if the boundary
term in d{(&)/dt does not vanish, we generally know
that d2(&)/dt? # (f)/m. If the particle is at any part
of the real line, but there is a very small chance for
it to exist at infinity, the time derivatives of (Z) and
(p) obey the usual Ehrenfest relations, as expected. As
we have demonstrated, d(z)/dt is equal to (p)/m, plus
a boundary term, but we can also say that d(p)/dt is
equal to (f) + (fo) plus a boundary term. In the first
formula, the respective boundary term is zero whene-
ver the probability current density vanishes at the ends
of the interval (see Eq. (24)). As a case in point, the
same result is observed in the second formula when the
probability density and current are zero there (see, for
example, Eq. (45) conjointly with Eq. (43)).

If a free particle (V = const = f =0= (f) =0)is
confined to a box, the quantum force fg (or rather, its
mean value (fqg)) is the quantity that reports the exis-
tence of the box’s impenetrable walls (at least for the
Dirichlet boundary condition). In all cases, the average
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value of fg = —0Q/0x is simply obtained by evalua-
ting a certain quantity at each end of the interval oc-
cupied by the particle and subtracting the two results
(see Eq. (51)). That quantity is precisely proportional
to the integrand of the so-called probability density’s
Fisher information, F(p), in particular cases; for exam-
ple, when p = 0 at the ends of the interval. In effect,
for a particle in an interval Q = [a,b], we obtain the
following (see, for instance, Refs. [0, Id)):

b 2
1 /0p
Flp)=|[| de—|—=—] .
) /a W <3x>
Clearly, in this case, we obtain (fg) by evaluating the

integrand in F(p) (times —A?/8m) at z = a and z = b
(see Eq. (51)).
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We study the issues of average forces and the Ehrenfest theorem for a particle restricted to a semi-infinite interval by an impenetrable wall.
We consider and discuss two specific cases: (i) a free particle in an infinite step potential, and (ii) a free particle on a half-line. In each
situation, we show that the mean values of the position, momentum and force, as functions of time, verify the Ehrenfest theorem (the state
of the particle being a general wave packet that is a continuous superposition of the energy eigenstates for the Hamiltonian). However, the
involved force is not the same in each case. In fact, we have the usual external classical force in the first case and a type of nonlocal boundary
quantum force in the second case. In spite of these different forces, the corresponding mean values of these quantities give the same results.
Accordingly, the Ehrenfest equations in the two situations are equivalent. We believe that a careful and clear consideration of how the two
cases differ but, in the end, agree, is pertinent, and has not been included in the literature.
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1. Introduction sition and momentum operatois(, the Ehrenfest theorem).
Recently, we did a study similar to that in the present article

The problem of a Schdinger particle of mas8/ moving but for the system of a particle confined to a closed interval
in a one-dimensional step potential of finite height (or a po_(|.e., to a box) [17]. Because, in the present case, the relevant

tential barrier) is one of the simplest problems in quantumSpatial integration range for some matrix elements goes from

mechanics. In fact, this problem can be found in almost any~>° 0 0, one could expect some complications in the evalu-

quantum mechanics textbook [1-3]. Let us assume that th@tion of these quantities. We also address this issue herein.
barrier is located at = 0 and that the potential is defined The outline of the paper is as follows. In Sec. 2, we

by V(z < 0) = 0andV(z > 0) = Vo. Ifthe energy of  hresent some basic results for the problem of a particle in a

the particle is such that < Vo, the particle penetrates some finjte step potential. In Sec. 3, we examine the limiting pro-

distance into the barrier. If we want to restrict the move-ceqyre that permits us to obtain the mean value of the exter-

ment of the particle precisely to the semi-space: 0 (the g classical force{l = —dV (z)/dx) for the problem of the

half-line), we have two specific methods to achieve that rép g ticle-in-an-infinite-step-potential from the problem of the

striction. The first method is to take the limit 8 — oo particle in a finite step potential (the state of the particle be-

in the finite step potential. In this case, the (free) particlejyg 5 stationary state). Then, we obtain an expression for the

lives on the entire real line, which is then forever restrictedyean value of for the particle-in-an-infinite-step-potential

to the half-l_lne. We call this case “a partlcle-ln_-an-lnflmte- (the state of the particle being a complex general state). In

step-potential”. The second method is to consider from thenis section, we also calculate explicit general expressions for

peginning Fhat the (free) particle has aI_vvays lived on the halfine mean values of the positioA ] and momentum#®) op-

line. In this case, an external potential is not necessary t@rators. We conveniently avoid the problems associated with

restrict the particle; only boundary conditions are necessarype integration range over the intenfatoo, 0] by consider-

We call this case “a particle-on-a-half-line”, and we only usejng certain generalized limits. Then, we confirm the Ehren-

the Dirichlet boundary conditiony(z = 0) = 0) in this pa-  fest theorem for a particle-in-an-infinite-step-potentia. {

per. d(X)/dt = (P)/M andd(P)/dt = (F)). In Sec. 4, we
The problem of a particle restricted to move on a semipresent the formal time derivatives of the mean values of the

infinite interval (either because there exists an infinite potenposition ) and momentum operatorg)(for a particle-on-a-

tial or because we put the particle on the half-line and negledtalf-line. By using the Dirichlet boundary conditionzat= 0

the rest of the line) has been variously studied [4-16]. Thewhile also supposing that the wave function tends to zero at

purpose of this paper is to examine and relate the two spe: = —oo, we find the following resultsd(z)/dt = (p)/M

cific methods (mentioned above) to achieve the restriction oéndd(p) /dt = b.t.+(f), whereb.t. denotes a boundary term

the movement of a particle to a semi-infinite region.(toa andf = —dy(x)/dz is the external classical force upon the

half-line). We include in the discussion the issues of averaggarticle-on-a-half-line. Moreover, that boundary term can be

forces, and the time evolution of the mean values of the powritten as the mean value of a (honlocal) quantity that we call
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the boundary quantum forcé¢g. Incidentally, by supposing (where¢y(x+) = lim ¢ (x + €), with ¢ > 0). Likewise,
that the first spatial derivative of the wave function tends tothe probability currec;nqc density

zero atx = —oo, theb.t. is simply equal to a certain quan- A B d

tity evaluated atc = 0. By using the latter condition and Jr(x) = —Im [qbk(x)@g(x)} (5)
considering a wave packet that is a continuous superposition M dx

of the energy eigenfunctions of the Hamiltonian describing dwhere the horizontal bar represents complex conjuga-
particle-on-a-half-line, witho(z) = 0 (= f = 0), we obtain  tion) verifies j,(0—) = jx(0+) = jx(0). _In addi-
the meaningful result that tHet. is equal to the mean value tion, the probability densityg,(z) = |¢x(z)[*, verifies
of the external classical force operator for a particle-in-an<x(0—)=0k(0+)=0x(0). Note that,jx(z > 0) = 0; there-
infinite-step-potentialj.e., we find thatd(p)/dt is equal to ~ fore, jx(0) = 0. However, the probability density does not
(F). Hence, the Ehrenfest theorem for a particle-on-a-halfvanish atz = 0 (although the probability density in the region
line is completed with the formuld(p)/dt = (fg). Note =z > 0 decreases rapidly asincreases). Thus, the potential
that, throughout this paper, we use capital letters to denote tHearrier of a finite height (at = 0) is not strictly an impen-
operators in the particle-in-an-infinite-step-potential problenmgtrable barrier [19,20]. In fact, the finite barrierat= 0

and lowercase letters in the particle-on-a-half-line-problemrepresents a very simple type of point interaction. This type
Finally, some concluding remarks are given in Sec. 5. of interaction can be modelled through boundary conditions

only (without any singular potential at = 0); i.e., the cor-

responding (self-adjoint) Hamiltonian operator has the form
2. Particle in a finite step potential given in (4) (withz € R — {0}), whereV in this case is just

the (bounded) finite step potential. This operator has in its
Letus fiI’St Consider the fO||0Wing (eXtema|) f|n|te Step poten'domain a genera' boundary Condition that depends on four

tial of heightVy: (real) parameters [21]. Moreover, for each function belong-
ing to this domain, we obtain that the probability current den-
V(z) =VO(z) (—o00 <z < +o0), (1) sityis continuous at = 0.

As is well known, the standard formula to calculate the
mean value of an operatot in the normalized statg is
given by (4), = (x, Ax). By using the latter formula to
calculate the mean value of the force operdtdiEq. (2)) in
the stationary stateé (x), the result is the following:

where©(y) is the Heaviside step functio®(y < 0) = 0
and©(y > 0) = 1). Because the derivative ¢¥(y) is the
Dirac delta function{(y)), the external classical force upon
the particle ¢ = F(z) = —dV(z)/dz) can be written as

follows: . .
<F>¢k = <¢k7F¢k>
F(z) = —Vod(x) (—o0 <z < +00). 2 +o0
2
The eigensolutions of the (eigenvalue) Sifinger equa- - / da F(z) [fr(2)]” = —Voer(0). (6)
tion Hgbk(x) = exor(x) for positive energied < ¢ < Vp -
can be written as follows: Obviously, ¢r(z) is not a normalized state (because of
_ its behaviour atr = —o0); i.e, ¢x(x) is not a square-
o(z) = O(—2) |exp(ikz) + 7k -k exp(—ika) integrable function. In addition,(z) is not even normal-
-k izable; thus, it makes no sense to divide the right hand side
2ik of (6) by (¢, ¢r) o 6(0). Thus, we write the formula
+O(2) 72— o exp(—agz) (—oo <@ <+00), () (f), = (¢, Fey) (which gives us a finite result) as a mat-

ter of convenience only. Nevertheless, as we will see in the
wherek = /2Me;, /handay, = /2M (Vy — ) /harereal-  next section, this choice has no impact on the results that we
valued and positive quantities. The Hamiltonian operator ~ obtain.
h? o2

P24V(z) = ———+V(z) (4 3. Particle-in-an-infinite-step-potential

v - L
2M Ox2

H=T+V(z)= oYi
(where" is the Kinetic energy operator aritl — ihd)on ;I;}Zepitgeenr;isa?lunons of the Hamiltonian operator (Eq. (4)) in
is the momentum operator) describes a particle living on the

whole real line,R. As usual, one assumes that this (self- V(z)= lim VoO(z) (-o0o<z<+o0), (7)
adjoint) operator (for a finitd{)) acts on continuously dif- o
ferentiable functions belonging (as do their second deriva
tives) to the well-known spacé?(R) [18]. Thus, any eigen-
function of i, ¢, (z), and its derivativep, (), must be
continuous atr = 0. Therefore, atz = 0, we write
6k(0-)=¢x(0+)=¢x(0) and ¢},(0-)=¢},(0+) = }(0)

are obtained from Eq. (3). Clearly, f, — oo, all of the
eigenfunctions verify the result,(x) — 0 = () for
x > 0 because

~

ap ~

V2MVy
no
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and also whereyy(x) is given by Eq. (9). By substituting Eq. (9)
2%k 2i\/Ex into (11), we can also write the following:
. ~ -0
R N \/70 \/
The latter result leads us to write the followmg. U(z,t)=0(—1) / ﬂ A(K) ug () exp <—ib;:t> . (12)
27
0
1 (0+) (= ¢x(0)) ~ —2i V =
0 . .
A where the functions (z) are given by
€k
0+ pE ey 8
Pr(0H)(E £1(0)) = 64 0) Vo ®) ug(z) = 21 sin(kx). (13)
Likewise, to obtainy (x) in the regionz < 0 (i.e., ¥x(x)),
we need to use the following result: In the regionz € (—oc, 0], uk(z) obviously coincides with
, Yir(z) (E. (9)). The Hamiltonian for a free particle living
Z,k ton VetV 1. on the half-line is simplyx = 7' (see Eq. (4)) and acts (es-
th—ar Qe - \/70 sentially) on the functions(z) € £2?((—o0,0]) such that

(Throughout this article, we use the approximation sigri *  (hu)(z) is also in£2((—c0,0]) while obeying the Dirich-
in any expression in which > ;). Thus, the eigensolu- let boundary conditionu(0) = 0. The eigenfunctions ta
tions of the Hamiltoniarf! with the potential given in Eq. (7) are precisely the functions; (), and its eigenvalues are the
have the form same as those df .

Up(x) = O(—2) [expl(ike) — exp(—ika)] The mean value of the force operator at titnie the state

given by Eq. (11){F)y = (U, F'D), takes the form:
= O(—x)2i sin(kx) (—oco0 <z < +00), (9)

for the energies, — E, = h?k?/2M € (0,00) (Note: (Fyy = //dkdk’ A(k)AK) (B (k, k)
0 0

we prefer to use the symbdl in the case of the infi- 27
nite step potential). We have choséne (0,00) so that
exp(ikz) in (9) represents a plane wave moving to the right « [ (Ey — Ey) }
) . exp |[i——t|, (14)

and— exp(—ikx) represents a plane wave moving to the left h
(i.e., the incident wave is all reflected, but the reflected wave
atx = 0 is shifted in phase from the incidentat= 0 by a  where the matrix elements &f, (F)(k,k') = (¢y, Fvp)
factor of —1). Note also thaty (z) satisfies the “extended” = lim (¢, F'¢) ), are given by the following (see Eq. (2)):
Dirichlet boundary condition;,(z > 0) = 0. ) Vooo

The corresponding mean valyé’,, = (g, Fiy) is ~ . -
truly independent of/, (which is vglid%\l/}vhenvf) tends t(>) in- (F)(k, k) = Vflllinoo ~Voor(0)gr (0)- (15)
finity). In effect, one obtains
. ) . ) Substituting the result of the left-hand side in (8) into Eqg. (15)
(F)g, = V(1)1LI100<F>¢k = Vglinoo —Vopr(0) = —4E;,  (10) (With £4.4r — Ej.1/), we obtain the following noteworthy re-

(in which we used the results given in Eqgs. (6) and (8),sult:

with ¢, — Ex). More precisely, we should write . B,

(F)y, = —4Ey |A(k)|?, where A(k) is a complex-valued (BY(k, k') = lim —Vp2i A

function of the “momentak, which multiplies the right-hand Voo 0

side of the solutiongy () (Eq. (3)) and als@, (z) (Eq. (9)). N [ Er

So, we may say that the average force upon the particle (in x (=20) Vo 4V BB (16)

a stationary state) when the partlcle hits the infinite wall at

x = 0 is proportional to-4£}, |A(k)|*. Incidentally, the spe-  Thus, by substituting Eq. (16) into (14), we can write a gen-
cific result that{ ) in a stationary state is independent of the eral expression for the average value of the opet&tahen
height 1}, of one of the walls of a finite square well (when Vo — oc!

Vo — o0), was obtained in Ref. 22.

Let us write an (assumed normalized) complex general . 7 Oodk dk’ ,
wave packetl = ¥(x,t) of the following form: F = _4// o A(K)
I 0 0
\I’(I,t) \/% ( )d)k( ) X A /EkEk’ exp |:Z(E‘khE‘k/)t:| . (17)
X exp <_2Ekt) (—00 < & < +00), (11) ~ Now let us check that the mean values of the position
h (X = z) and momentum = —i%d/dx) operators at time

Rev. Mex. Fis. B59(2013) 84-90
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t for the general stat& verify the Ehrenfest theorem. The for N — oo (wheref(x) should be an absolutely integrable
expectation value of the position operator is the expression function over the intervala, b)) [24]. Clearly, becausé’ is
very large,f (x) does not change significantly whites(Nx)

dk dk/ o / orsin(Nz) are producing cancelling areas [25]. Thus, the re-
A(K') (X) (k. K) :
sult (21) must be interpreted as
X exp [zwt} , (18) s
h / / dk dk’ X)(k, k)
where the matrix elements &, 00
+20 7 Skk’
o o - = dk dk’ 22
() (ks K) = (0, Kepo) = / dar () g (), // gy
0 0
e, where we might have a function &f and/ork’ inside the
0 parentheses. From Egs. (18) and (22), we can write a general
(X)(k, k') = / dx ag(x) v up (x), expression for the average value of the operator
are given by the following improper integral (in the ordinary P 4h2 dk dk’ —
sense): - / / A(k)A(K')
Y N — ] 1 ! E E ’ E — E ’
(X)(k, k") = 4/dmx sin(kx) sin(k'z).  (19) o VR ~ exp [z( k . k )t} 7 (23)
0 (B — Ey)
This (nonconvergent) integral can also be written in terms of
the Fourier cosine transform where we also used = 2M Ey /h, andk’ = /2M Ey. /h.
oo Likewise, the mean value of the momentum operator is as
Fk) = Folf(0)) = [ do f(a) cos(ho) follows:
oo 00 ,
(k > 0) [23]: (P)g = // d";dk AR)AK) (P)(k, )
~ s
(X)(k, k) = =2[Fe(k — ') — Fo(k+ £1)], (20) 00
where f(z) = z. (The latter function ig not absolutely inte- X exp {Z(E’C_Ek)t} ’ (24)
grable overl0, co); thus, it follows that X)) (k, &’) is a diver- h
gent quantity). However, ifX)(k, k') is considered to be a
distribution, we obtain where the matrix elements &f,
N
(X)(k, k') = lim —4 / dz z sin(kz) sin(k'z) ) ) e
Ve (PYkok) = (v, Pins) = =it [ dodu(a) v (o),
/ — 00
_ B 21)
(k2 — k2) .
where we have used the following generalized limits:
lim cos[(k + k')N] = 0, ) /
N5 (P)(k, k) = / d ()l (),
and also e

lim sin[(k+ k' )N]=0.
N—o00

These two results are a consequence of the so-calledf€ given by the following improper integral (in the ordinary

Riemann-Lebesgue Lemmiz., sense):
b (Na)
cos(Nzx s
/dmf(x) { sin(Nx) } =0, (P)(k, k') = ih4k’/dw sin(kz) cos(k'z). (25)

0
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By also consideringP)(k, k') as a distribution, we obtain  which evolves in time according to the Sétinger equation

N du/dt = —ihu/h (the Hamiltonian operator is

(P)(k,k') = lim ih4k’/dw sin(kz) cos(k'z) P G 1
o AkK andy(z) is the external potential inside), can be calculated
=il (26)  asfollows:
This result must be interpreted as a.,. _ Ou . . Ou
g (6)a < ey ,0u> + <u,0 o
//dk k' () (P)(k, k) - %(ﬁu,éw - %(u,éﬁu)
00 P N ; .
00 00 Y =3 ((hu, ou) — (u, hou>> + ﬁ<u, [h, O]uy, (32)
:m//dkdk/o - 27) S
50 B where[h, 6] = ho — oh, as usual. In the case wheje= 1,
) the following results are obtained
Now, from Egs. (24) and (26), we can write a general expres-
sion for the average value of the operatar (hu, #u) — (u, hiu)
R s I K2 ou _Ou N 0
o =ins [ [0 200400 S {x <uax —uax> —uu] (39
v —00
0 0
VELE Ey,—FE and iR
’ - ! ~ Z
x5 _’“E’; exp [i( k - K )t] (28) (u, [, #u) = == (P (34)

. . _ For the (free) particle-on-a-half-line, we takgxz) = 0.
Note that the operator&” and P act on functions that are Moreover, we impose the Dirichlet boundary condition,
square-integrable ot and (generally) different from zero 4,0, ) = 0; however, we also expect that—oc, t) tends

only in the semi-space < 0. strongly to zero. These boundary conditions imply that the
Clearly, expressions (23) and (28) verify the expected repoundary term in (33) is zero. Note that, with the Dirichlet
sult: d 1 boundary condition at = 0 (and, as usual, ignoring the ex-
%QA(),I, = M@)\p‘ (29)  act behaviour of the functions in questionzat= —co, i.e.,

by assuming that these are essentially normalized functions

Likewise, from Egs. (17) and (28), another desired result ism Q), the operatorg and /, (in addition toz) are Hermi-
obtained: d . R tian. Moreover is also self-adjoint; in fact, there exists a
%<P>\p = (F)v. (30)  one-parameter family of self-adjoint Hamiltonians (see, for

In this manner, the Ehrenfest theorem for a particle-in-an-example’ the pedagogical Refs. 7 and 28). However, the mo-

infinite-step-potential has been explicitly confirmed for thementum operator is not self-adjoint and has no self-adjoint
general stat@ given by Eq. (11). extension [7]. After substituting Egs. (33) and (34) into

Eq. (32) (withé = %), we obtain the expected result:
d 1

4. Particle-on-a-half-line £<g:~>u = —(p)u. (35)

In this section, we begin by presenting the formal time deriva‘l_ikewise, in the case wher@= 5, the following results are
tives of the mean values of the positiah=¢ x) and momen-  4iained:

tum (p = —ihd/0z) operators for a particle-on-a-half-line

(z € (—o0,0] = Q). The formal computation of these deriva- (hu, pu) — (u, hpu)

tives for a particle living in the entire real line lead us to the 0

standard Ehrenfest theorem (provided that the state and its _ ihﬁ <3uau _ u<92u> (36)

derivative tend to zero at infinity) [26]. For a particle moving 2m \ Oz Ox ox2 )|

in a closed intervalife., in a box), a strictly formal study of

the quantitiesi(z) /dt andd(p)/dt as well their correspond- and A dy )

ing boundary terms has been recently made [27]. (u, [h, plu) =ik <d> = —ih{f)u. (37)
Let 6 be a time-independent operator (suchiasr p). T

The time derivative of this operator's mean val(®§, = wheref = —dy(z)/dz is the external classical force upon

(u,6u) in the normalized states = wu(x,t) € L23(), the particle on the half-line. By substituting Egs. (36)

Rev. Mex. Fis. B59(2013) 84-90
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and (37) into Eq. (32) (withv = p) and after impos-
ing (z) = 0 (= f = 0) and the boundary conditions
u(0,t) = 0 andu(—o0,t) = 0, we obtain the following re-

sult:

910

d _n
T oM

ou

% (38)

If the wave functionu = w(z,t) tends to zero for
x — —o0, at least ag x |~z ¢ with ¢ > 0 (and therefore
u € L£%(Q)), then its derivativedu(z,t)/0z also tends to
zero there. Hence, relation (38) reduces to

d h? ?

ar P = a7

ou

r (39)

(2=0)

89

and (p),, respectively. Thus, Egs. (29) and (35) are equiv-
alent. Now, by substituting the wave packgtr, ¢) into the
right-hand-side of Eq. (39), we obtain:

oo 00

<fB>u:_4//
0 0

x \/ErEjp exp |:Z(EkhEk)t:| .

dk dk’'
2

A(K)A(K')

(43)

This result is precisely the mean val(ié>q, for a particle-in-
an-infinite-step-potential (see Eg. (17)). This is an important
result of our paper. Consequently, Egs. (30) and (41) are also
equivalent. Final note: we very recently learned of Ref. 30 in
which it was proved that the right-hand side of formula (39)

This specific result has been previously noted [15, 29]. NoiS equal to the mean value of the external classical force for
tice that the right-hand side of Eq. (38) can be written as thé particle-in-an-infinite-step-potential’( = —dV (z)/dz).

mean value of the (nonlocal) quantum force

R 1 9 2

oM [uf Or

ou

/B = fB(z,t) = e

(40)

Because

() = / dz f5(x,1) Ju(z, 1)
Q

However, in that reference, this specific result was directly

obtained by multiplying the Schdinger equation fod by

0¥ /0x, adding the respective complex conjugate relation,

and integrating each term of the resulting expression over a
small interval(—e, +¢), e — 0 [30].

5. Conclusions

We have studied the Ehrenfest theorem and the issue of aver-
age forces for a particle ultimately restricted to a semi-infinite

is always gqual rt]o acertain qua_ntlty e\;aluated atr:)ne T}nd (Sai¥|terval by an impenetrable wall in one dimension (inside the
@ = 0) minus the same quantity evaluated at the other enghyor region, our particle is a free particle after all). We have

(x = —o0), fB can be considered a boundary quantum force

noticed two ways to achieve that restriction. One of these

Thus, in this case, the Ehrenfest theorem consists of Eq. (334545 ys to the particle-in-an-infinite-step-potential, and we

and the following expression:

i) = ().

dt

Note that, for a particle-in-an-infinite-step-potentiale
u— U, (2 =0 — (r = +00)), the boundary term
in (36) is zero (e, (fs)y = 0). In fact, in the open in-
tervalQ? = (—oo, +00), ¥ and its derivative)¥ /0 tend to
zero forx — +oc.

Let us write the wave packet= u(z, t) in the following
form:

u(z,t) = Z\j% A(k) ug(z) exp (—i%t)

(41)

(oo <2 <0), (42)
where the eigenfunctions,,(x) are given in Eq. (13).
Clearly, the general staté(z,¢) given in Eqg. (11) can be
written as follows (see Eq. (12))(z,t) = u(z,t)O(—x).
Hence, the mean value&X )y and(P)y, are equal tdz),,

inevitably have the Dirichlet boundary condition (in our pa-
per, atx = 0). The other method leads us to the particle-
on-a-half-line, and the Dirichlet boundary condition is just
one more condition. In fact, there exists a one-parameter
family of boundary conditions for the (self-adjoint) Hamilto-
nian for a particle-on-a-half-line. In each situation, we have
shown that the mean values of the position, momentum and
force, as functions of time, verify an Ehrenfest theorem that
makes sense (the state of the particle being in each case a gen-
eral wave packet that is a continuous superposition of energy
eigenstates for the respective Hamiltonian). However, the in-
volved force is not the same in each case. In fact, we have
the usual external classical force in the first case and a type of
nonlocal boundary quantum force in the second case. In spite
of these differences, the corresponding mean values of these
quantities give the same results. Accordingly, the Ehrenfest
equations in the two situations are equivalent, and the inter-
nal consistency of the formalism of quantum mechanics is
assured. We hope that our article will be of genuine interest
to all those who are interested in the fundamental aspects of
guantum mechanics.
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Classical path from quantum motion for a particle in a transparent box

(Tragetdria cldssica a partir do movimento quantico para uma particula em uma caiza transparente)
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We consider the problem of a free particle inside a one-dimensional box with transparent walls (or equiva-
lently, along a circle with a constant speed) and discuss the classical and quantum descriptions of the problem.
After calculating the mean value of the position operator in a time-dependent normalized complex general state
and the Fourier series of the function position, we explicitly prove that these two quantities are in accordance by
(essentially) imposing the approximation of high principal quantum numbers on the mean value. The presenta-
tion is accessible to advanced undergraduate students with a knowledge of the basic ideas of quantum mechanics.
Keywords: correspondence principle, classical limit, Ehrenfest theorem.

Consideramos o problema de uma particula livre no interior de uma caixa unidimensional com paredes trans-
parentes (ou equivalentemente, ao longo de um circulo com uma velocidade constante) e discutimos as descrigoes
classica e quantica do problema. Depois de calcular o valor médio do operador da posi¢gao num estado geral
complexo normalizado dependente do tempo e a série de Fourier da funcao de posi¢do, provamos explicitamente
que estas duas quantidades estdo em correspondéncia se (essencialmente) impusermos sobre o valor médio a apro-
ximag&o dos nimeros quanticos principais elevados. A apresentacio é acessivel a alunos de graduagao avangados
com conhecimento das idéias bésicas da mecanica quéntica.

Palavras-chave: principio da correspondéncia, limite classico, teorema de Ehrenfest.

1. Introduction

As typically stated in the field of quantum physics,
classical mechanics can be obtained from quantum me-
chanics by imposing mathematical limits. This general
statement is called the correspondence principle. Two
different formulations or (non-equivalent) limits that
give form to the aforementioned principle are commonly
found in the literature: (i) the Planck formulation em-
ploys the classical or quasi-classical limit & — 0, and
(ii) in the Bohr formulation, the large principal quan-
tum number limit n — oo is applied. Some physicists
believe (and we agree) that the most meaningful prin-
ciple is the combination of (i) and (ii) together with
the restriction nh = constant. In fact, according to the
Bohr-Sommerfeld-Wilson (BSW) quantization rule, the
latter constant is proportional to the classical action .J

nh:%?{d:ﬂp(x):%7 (1)

(where p(x) is the classical momentum, and the integral
is obtained over the entire period of motion). Some par-
ticularly useful descriptions of these fundamental issues
are provided in Refs. [IHG] (to mention only a few).

1E-mail: salvatore.devincenzoQucv.ve.
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As is well known, the Ehrenfest theorem states that
the mean values of the position and momentum opera-
tors (in the time-dependent normalized complex gene-
ral state U = U(x,t)) ()(t) = (¥,2T) and (p)(t) =
(U, p¥) satisfy (essentially) the same equations of mo-
tion that the classical position and momentum (x(t)
and p(t), respectively) satisfy. This theorem can be
properly verified in a straightforward manner when the
potential energy function is well behaved. The most
common example is the potential energy of the simple
harmonic oscillator [@]. In other cases, such as the infi-
nite well and infinite step potentials, verification is pro-
blematic [8-I]. Although the Ehrenfest theorem pro-
vides a (formal) general relationship between classical
and quantum dynamics, it does not necessarily (neither
sufficiently) characterize the classical regime [[2]. Cer-
tainly, using only the aforementioned theorem, one can-
not state that the mean values (Z)(¢) and (p)(¢) are
always equal to the functions x(t) and p(t); however,
this statement does hold true in the limit n — oo (for a
general discussion of the behaviour of a physical quan-
tity for high values of the quantum number n, see, for
example, Ref. [[3]). In fact, this specific aspect of the
relationship between classical and quantum motion has



2313-2

been considered to some extent in a few cases, such as
the free particle and the particle in the harmonic oscil-
lator potential [[A]. The case of the free particle inside
an impenetrable box (or in an infinite potential well)
has also been treated [[3-I]. Specifically, Ref. [[F] ex-
plicitly proved that the mean value (£)(¢) matches the
classical path x(¢) in the approximation of high princi-
pal quantum numbers.

Inspired by the results provided in Ref. [[3] (and by
the general procedure discussed in Ref. [[3]), the aim of
the present paper is to explicitly prove that, in the case
of a particle in a penetrable box (or a box with transpa-
rent walls), the functions of time, (Z)(¢) and z(t), are in
agreement when n is high (we must also appeal to some
semi-classical arguments, of course). In this problem,
the classical particle disappears upon reaching a wall
(say, at © = a) and then appears at the other end (say,
at © = 0), and it does so without changing its velocity.
This situation could be physically achieved if the move-
ment is more like that of a particle along a circle with
radius a and a constant speed (this is true because a
circle can be considered an interval with its ends glued
together). The latter two classical movements (in a box
or in a circle) correspond to that of a quantum parti-
cle described by the free Hamiltonian operator (i.e., the
kinetic energy operator) with standard periodic boun-
dary conditions (which are imposed at the ends of the
box or at any point along the circle). The quantum case
of a particle in a transparent box has been previously
considered to some extent. For example, briefly in an
interesting study on Heisenberg’s equations of motion
for the particle confined to a box [[3]; as an example
to illustrate the agreement between the periodic mo-
tion of classical particles and quantum jumps for large
principal quantum numbers [[¥] (to mention only two
examples). The present article is organized as follows:
in section 2, we introduce and discuss the classical and
quantum versions of the problem at hand. In section 3,
we explicitly prove that (Z)(¢) and x(¢) are in agreement
by imposing the approximation of high principal quan-
tum numbers on the mean value. Finally, we present
concluding remarks in section 4.

2. Classical and quantum descriptions

Let us begin by considering classical motion: we have a
free particle of mass p that resides in a one-dimensional
box but is not confined to the box, i.e., the walls at
z =0 and = = a are transparent (the potential, U(z),
is zero inside the box). In this situation, we assume that
the particle starts from x = 0 (for example), reaches the
wall at £ = a and then reappears at © = 0 (with the
same velocity throughout). The extended position as a
function of time x(t) is periodic and discontinuous and
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can be written as:

+o0
a(t)= > (vt—rT)[O(t—rT)—O(t— (r+1)T)].

@)
Here, ©(y) is the Heaviside unit step function (O(y >
0) =1 and O(y < 0) = 0), v > 0 is the speed of
the particle and T is the period. In each time interval
(rT <t < (r+1)T), the extended position is simply
x(t) = vt — rvT, where r is an integer (thus, all discon-
tinuities occur at ¢t = rT"). For example, the solution at
t€(0,T) (r=0)is (t) = vt. At the end of each time
interval, we must also enforce (i.e., when r is given),
the conditions z(rT) = 0 and z((r + 1)T) = vT = a.
Moreover, if the particle starts at t = 0 from x = 0
(and begins to move towards x = a), then the sum in
Eq. (2) should begin at 7 = 0. In this case, the solution
of the equation of motion, z(t), satisfies the condition
z(t < 0) = 0. Clearly, the periodic function x(t) in
Eq. (2) (with ¢t € (—o00,+00)) can be expanded in a
Fourier series

+oo
a .a 1 2nT
x(t) = 3 + o E — exp (th) .3
(0#)T7=—00

The series in Eq. (3) seems complex but is actually
real-valued (of course, a complex solution z(t) is not
entirely acceptable as a classical trajectory). Moreover,
if the particle is moving from right to left instead of
moving from left to right (say, starting at * = a), the
Fourier series associated with the corresponding exten-
ded position is given by Eq. (3), but the (classical)
amplitude (for 7 # 0) of ia/277 changes to —ia/2nT.

The quantum results that are relevant to the dis-
cussion at hand include the following: first, for a free
particle in a transparent box with a width of a, the
Hamiltonian operator is

A9 2 2 92
S R A R Gl
i = 2 2u ( m@x)  2u 022 (4)

This operator (essentially) acts on functions ¥ =
U(x,t), which belong to the Hilbert space of square-
integrable functions on the interval 0 < x < a and
whose derivatives are absolutely continuous. It is
natural to include the periodic boundary condition,
U(0,t) = ¥(a,t) and ¥,(0,t) = P,(a,t) (where, as
usual, U, = 9U/dz) in the domain of H. With these
boundary conditions, the Hamiltonian is self-adjoint,
its spectrum is purely discrete and doubly degenerate
(with the exception of the ground state), and their ei-
genfunctions form an orthonormal basis [20,E0]. Pre-
cisely, the (complex) orthonormalized eigenfunctions of
H are also eigenfunctions of the momentum operator p,
and can be written separately as follows:

(i) Eigenfunctions of p with eigenvalues p, =
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2whn/a
1 2
Pn(x) = —=exp (zﬂnac) ,
a a
R (20>
E, = — <m> . n=1,23,.... (5
W\ a

Each function ¢, (z) is a stationary plane wave propa-
gating to the right.

(it) Eigenfunctions of p but with eigenvalues
pn = —2mhn/a

R2 [2mn\?
En:(m> n=1,23,.... (6)

Each function y,(z) is a stationary plane wave propa-
gating to the left.

Finally, the eigenfunction of H to the ground state
can be expressed as

Yo(z) = Ep=0. (7)

Va'
This is also an eigenfunction of p with an eigenva-

lue of pg = 0. All of these eigenfunctions specifi-
cally verify the following orthonormality relationships:

J
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<¢n7¢m> = 5n,m7 <XnaXm> = 5n,m7 <¢0,¢0> =1, and
<¢n7 Xm> = <¢na 7/10> = <XTL7 1/10> = 0. Let us note in pas-
sing that in this problem, the BSW quantization rule
(given by Eq. (1)) also provides the exact quantum
mechanical energies (see, for example, Ref. [[1]).

3. Approximation of high principal
quantum number to (Z)(t)

Let us now consider the following complex general state
U = WU(x,t), which is assumed to be normalized

0= Apala)esp (~i%2t) +
n=1
Agtbo () exp <Eht)

+§:1An¢n(x) exp (—z’E;;”t>. (8)

Precisely, due to the normalization condition, || ¥ ||?=
(¥, T) = 1, the (complex) constant coefficients of the
Fourier expansion in Eq. (8) (A_,, Ay and A,) must
satisfy the following relation

DAL PHAP+Y 1A P=1 (9
n=1 n=1

Now, by calculating the mean value of the position operator, & = x, in the general state given in Eq. (8),

(@)(t) = (¥, 2W

_ / da (. )2V (z, 1) = / doa | U(nt) 2, (10)
0 0

we obtain the following expression (throughout the article, the horizontal bar represents complex conjugation)

(2)(t) *f—H— Z ZAA

" (m#)n=0m=0

.a - 1
_Z%ZZAanmn+m

n=1m=1

exp {z’(E” ;E’”) ]

exp{i(ElhE]—z Z ZA WA _m

— €xXp ZTt
(m#)n=0 m=0

ZZA nAm

nlml

(En = Bim) Em)t] .

— exp [—z - (11)

In the latter expression, we made use of Eq. (9). Also note that the last two terms in Eq. (11) are complex

conjugate of each other.

Because we consider that the classical particle is moving from left to right, we must choose the part of (Z)(t)
that corresponds to the quantum motion of plane waves propagating to the right. Hence, in the expansion given in

Eq. (8), we must impose the condition A_,, = 0, where n = 1,2,3,.. ..

S

(m#)n=0m=0

the form

(@) () = 5 ‘H'% Z

Therefore, the infinite series for (%) (¢) takes

_1m exp [Z(E”;Em)t} . (12)

Now, the constants A,, satisfy the following relation (see Eq. (9))

[ Ag P+ [ An =) A4, =1 (13)
n=1 n=0
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By introducing 7 = n — m (= m = n — 7) and changing the sum over m in Eq. (12) to a sum over 7 (note that,
because n =1,2,3,...and m =1,2,3,... withn # m, then 7 = ... —2,—1,+1,42,.... Thus, 7 # 0), we can write

(Z)(t) as follows:
“+ o0

(@)(t) =5 +iy

> 2 S Aud s exp [th] . (14)

(0#)r=—00 = n=0

In the latter expression, we also changed the order of the sums.

Using the expression for the allowed energy values
given in Eq. (5), we obtained the following result

En,— B, 1 T
- =2m— 5T ( - %) . (15)
2nnh

Clearly, when n > 1 or equally when n ~ n — 7 or
n > 7, the following approximation can be obtained
E,—FE,_; 1 _ 2nT
2mnh

Thus, we identified T'(n) as the period of the classi-
cal particle (as a function of n). In fact, from the BSW
quantization rule (see Eq. (1)), the following result was
obtained

Note that, strictly speaking, in the limit as n — oo, one
obtains (E, — E,_,)/h — oo (the same applies to the
model of the particle in the box with rigid walls [I1]).
In other words, the separation between two neighbou-
ring energy levels does not become small as n becomes
large. However, the results expressed in Eq. (16) make
sense because nh = constant (and we are assuming
that i — 0). Nevertheless, the relative spacing satisfies
(Eny1 — En)/E, — 0 for large E,,. This (apparently)
explains why cuantization is not observed at high ener-
gies [E2]. On the other hand, we may assume that the
sum over n in Eq. (14) is significant only around (say)
n = N, such that N > 1. By substituting Eq. (16)
into Eq. (14) (and using the approximation n —7 =~ n),
we obtain

fdopta) M a7
T p(r) = pva = = 2mnh. 17
T'(n) ]
a a = 1 27T
()~ = +i— - A, A, exp {z t} . 18
< >( ) 2 2ﬂ-(0¢;§;—<m T11a£§;dZV fT(n) ( )

However, in the interval of n (in the neighbourhood
of N), we assumed that T'(n) did not change signifi-
cantly (in fact, T'(n) = T = a\/pu/2E, where E is the
energy of the classical particle). Therefore the expo-
nential in Eq. (18) can be separated from the sum.
Precisely, due to the restriction given by Eq. (13), the
sum takes on a value of one; thus, we recovered the
expected classical result

—+00

. a . a 1 27T
(T)(t) =~ 5 + o (075)2_: — exp (th> = z(t).

(19)

4. Concluding remarks

Although the separation between the eigenvalues of
energy tends to increase with an increase in the value of
n, the semi-classical arguments we used to obtain the
result given in Eq. (19) appear to be physically reaso-
nable. In fact, we explicitly proved that the quantum
average, (£)(t), and the classical path, z(t), are in agre-
ement. The mean value, (Z)(t), was initially calculated

in a state that included the general superposition of
energy eigenstates but was finally converted (using the
applied approximation) into a state formed by a num-
ber of stationary states with quantum numbers n in a
band with a narrow width around n = N > 1 (a semi-
classical state, of course). Certainly, for the problem
at hand, classical-quantum correspondence was easy to
verify because the Fourier series associated with the
position of the particle was easy to calculate. Unfor-
tunately, this is not always the case. We believe that
the issues presented herein will be attractive to advan-
ced undergraduate students, as well as to teachers and
lecturers.
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