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ABSTRACT: Two uncertainty relations, one related to the probability density current
and the other one related to the probability density, are derived and discussed. Both
relations are stronger than the Heisenberg uncertainty relations. Their generalization to the
multidimensional case and to the mixed states is also discussed. © 2008 Wiley Periodicals,
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1. Introduction

U ncertainty relations, one of the fundamental
results of quantum mechanics, have been stud-
ied in a large number of articles (see e.g., [1-6]; for
a detailed review, see [7]). The standard approach
to their derivation is based on the wave function .
It is shown below that the approach based on the
probability density current and probability density
yields uncertainty relations that are stronger than the
corresponding Heisenberg uncertainty relation.
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2. One-Dimensional Case

By analogy with continuum mechanics, it is possi-
ble to introduce in quantum mechanics not only the
probability density p but also the probability density
current j related to the “velocity” v

j = po. 1)

The quantities p > 0 and v can be expressed in
terms of two real functions s; = s;(x,t) and s, =
S>(x, t) as follows

p=e*2", )
19

v==2, )
m 0x
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where x is the coordinate, ¢ denotes time, and m is
the mass. Then, by introducing the wave function

w — e(isl—sz)/h, (4)

we can get two basic formulas of quantum mechanics

o=yl )
and
S OO
1= o (1// dx v dx >' ©)

where the star denotes the complex conjugate. It is
seen that instead of p and j, the state of the quantum
mechanical system can be described by the functions
s; and s, or the wave function v [8-10].

It is assumed in this article that the probability
density p has the properties

/ pdx =1 7)
and
1113[1 p(x) = 0. (8)

Taking into account that the mean value
352 o0 352 o0 352
— )= f—ydx = —pd
<ax> Lﬁ” ax U /W ax

equals zero it can easily be shown that ((Ap)?)
appearing in the Heisenberg uncertainty relation

((AX)*)((Ap)*) = R /4 (10)

can be written as the sum of two quantities

2 2
(Apr) = <(aaix) > (5w
((App)*) = <<%> > (12)

that are greater than or equal to zero. The first quan-
tity ((Ap1)?) depends on (ds;/dx) and p and can
be different from zero for the nonzero probability

and
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density current j only. The second quantity ((Ap»)?)
depends only on the form of the wave packet given
by s, and is independent of j. Therefore, the sep-
aration of ((Ap)?) into two parts given above has
a good physical meaning. An analogous separation
was discussed also in [11] within the framework of
one-dimensional stochastic mechanics.

Now we can use the Schwarz inequality
(u,u)(v,v) > |(u,0v)|?, where the inner product is
defined as the integration over all x. For the func-
tionsu = (x — (x))/p and v = (9s,/9x — (351/9x))\/p
we get the first uncertainty relation

9 9 2
(A {(Ap)?) = <(x —(x) (ﬂ —< 51 >)> . (13)

0x ax

Equation (13) was also derived within the frame-
work of Nelson’s stochastic mechanics [11].

The second uncertainty relation can be obtained
by putting u = (x — (x))/p and v = (9s,/9x),/p with
the result

((AX)?)((Ap2)?) = B /4. (14)

Equation (14) is known for example from [12], see
also the stochastic variational approach to the min-
imum uncertainty states [13]. Another discussion of
Eq. (14) can be found in [8-10].

We see that the Heisenberg uncertainty relation
(10) can be replaced by two more detailed uncer-
tainty relations (13) and (14) for the information
carried by the functions s; (information related to the
probability density current j describing the motion
in space) and s, (information related to the prob-
ability density p describing the form of the wave
packet). For real wave functions v, corresponding to
s1 = 0, Eq. (13) gives trivial result 0 = 0, and Eq. (14)
becomes the Heisenberg uncertainty relation (10). In
a general case, the uncertainty relations (13) and (14)
are stronger than the Heisenberg uncertainty relation
(10).

3. Multi-Dimensional Case

We consider the N-dimensional space with the
coordinates x = (xq,...,xy) and the probability
density p > 0 given by the wave function

POt = |y (b (15)

It is assumed that this probability density fulfills
the boundary conditions

ole =0,

Xm=—00

m=1,...,N (16)
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and the standard normalization condition
/,o(x, bHdr =1, dr =dx,...dxy, (17)

where the integration is carried out over the whole
space.
The mean values of the coordinates are defined as

(%) = /xmpdr. (18)

The N x N covariance matrix (AX)? is given by
the equation

(AX), = / (o — (o)) (o — (c)pdz. (19)

Assuming that c,, are arbitrary complex numbers
it can easily be verified that this matrix is positive
semidefinite
2

pdt > 0.

N

> e (AX)2, 00 = /

mn=1

- xm

(20)

Analogously to Section 2, the wave function ' is
written in the form

y =i, @)

where 51 = s1(x1,...,xn,t) and S, = So(xy,..., %N, 1)

are real functions. The functions s; and s, give the
probability density p

p =y =e/" (22)

and the probability density current

ho( d N\ 19
jo = —— (w*—“’ Ld ) -5, @)

2mi Xy X m 0Xy

Further, we calculate the mean value of the
momentum operator p,, = —ih(d/dx,,), which must

be real
—=pdt
a / pat

/ﬁpd <3i> (24)
axm m

(f]m> = /I/f*ﬁmwdf =

Similarly, we get

(ﬁmﬁn) = /(f’mlﬁ)*(ﬁ;zlﬁ)df
_/ 851 851 852 352
— J \ox, ox,

+ ma—xn> ,Od‘l,' (25)

and
(APY, = / [ — PTG — ()T
= (f’mﬁn) - (f’m)(ﬁn>
_[( s, 55 s
- /( 9%, 0, + 9%, an> pdr
/351

Analogously to the matrix (AX)?, it can be shown
that the matrix (AP)? is positive semidefinite.

It can be verified that both matrices appearing in
Eq. (26)

851

(26)

0s, 0s as
(AP, = . 8xl ./ P :
and
0Sy 0
(AP, = / 2 2 i, (28)
0X,, 0X,
(AP;)* + (ADP,)* = (AP)? (29)

are positive semidefinite, too. The matrix (AP;)?
depends on (3s1/9x,,) and p (i.e., s;) and can be dif-
ferent from zero for the nonzero probability density
currentj = (j, . ..,jn) only [see Eq. (23)]. The second
matrix (AP,)* depends only on the form of the wave
packet given by s, and is independent of j. Therefore,
the separation of (AP)? into two parts given by Egs.
(27)-(29) has a good physical meaning.
Now, we define a correlation matrix G

mn /(xm - xm (g;l - <§;l >> ,Od'L' (30)

and create a new 2N x 2N matrix M

(AX)*  GT

where the superscript T denotes the transposition.
Using similar arguments as in case of the matrix
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(AX)?, it can be shown that the matrix M is posi-
tive semidefinite. Further, we make use of a general
result valid for N x N matrices A, B, C, and D, where
D is aregular matrix having the property det(D) # 0
and 1 denotes the N x N unity matrix

1 —BD™\ (A B A—BD7'C 0
(0 1 ) (c D> = ( C D) (32)
leading to

det (é g) — det(A — BD-'C)det(D).  (33)

Applying this equation to the matrix M given by
Eq. (31), the first multidimensional uncertainty rela-
tion for the matrices (AX)? and (AP;)? is obtained

det(M) = det{(AX)*(AP,)?
—G'I(AP)!]'G(AP)?} = 0. (34)
In the one-dimensional form, Eq. (34) leads to Eq.
(13).
Further, we replace the function s; by s, and repeat

the discussion made in the preceding paragraph.
Taking into account the equation

852 852 h 8,0
= [ 22 g =2 d
< me > 8xm pat 2 /axm ‘

h
=5 [plz =0, @9
2 m
where dt’ = dx;---dx,_1dx,41 - --dxy, the matrix

4
mm

element G,,, can be replaced by G

G;nm = /(xnz - (xr‘rf))&pdl’. (36)
ax

m

Performing here the integration by parts in the
variable x,,, assuming that [(x,, — (x.)pl3 __ =0
and using Egs. (17), (18) we get

, h - , h _h
Gmm - _E /[(xm - (xm>)lo]xm:700dt + 2 /,Odf - 2
(3

~

By using Egs. (16)—(18) we get similarly

G:n” = /(xm - <xm))a_pd7:
ox

n

- / G — (DI dT” =0, m£n, (39)
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where dt” = dx; - - - dx,_1dx,,11 - - - dxy. Equation (33)
applied to the matrix

;L (AX)? h/2
M ‘( 2 <AP2>2> 39)

then yields the second multidimensional uncertainty
relation

2
det [(AX)Z(APZ)Z — fﬂ >0 (40)

or, in the one-dimensional form, Eq. (14).

The third uncertainty relation can be obtained
by replacing (AP,)? in the matrix M’ by (AP)? =
(AP;)? + (AP,)?. The resulting matrix remains pos-
itive semidefinite, and Eq. (40) then leads to the
multidimensional uncertainty relation

2
det [(AX)z(AP)Z - hz] >0 (41)

which is known for example from [3-7]. The one-
dimensional form of this relation is the Heisenberg
uncertainty relation (10).

There is one important difference between the
uncertainty relation (41) and the uncertainty rela-
tions (34) and (40). The uncertainty relation (41) is
based on using the wave function ¥ (see [3-7]). In
contrast to it, the uncertainty relations (34) and (40)
are based on using the probability density current
and probability density. Because of Eq. (29), these
uncertainty relations are in general stronger than the
uncertainty relation (41).

Discussion of the multidimensional uncertainty
relations (34) and (40) can be found also in [14].

4. Generalization to Mixed States

Finally, we note that the uncertainty relations (34),
(40), and (41) can be generalized to mixed states
when the system can be found in the states described
with the probabilities w; by the wave function
Vi(x,t), j =1,2,3,.... The density matrix for such a
system can be written as Zi [¥j)w;(;|. The matrices
(AX)?, (AP;)?, (AP,)?, and G can be then defined as

(AX2, =D w / U7 (o — () (6 — (X)W,
j

42)
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where

() = Dy / v Xt (43)
j
]‘ n
* 351]' « aslk
—ij fllfj Kl/fjdf Zwk /I/Ik o dr, (44)
i " k n

(AP, = Z /w] 9595 g ws)

0X, Bx,,
and
N 851]‘ 851]'
e = T [0 (52 = (321 v
(46)
Here, y; = e1—s2)/R s and s,; are real functions and
Z]- w/» =1.

It can easily be shown that the uncertainty rela-
tions (34), (40), and (41) are valid also in this case.
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