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ABSTRACT

The probability density that an electron have certain momenta is given by the
square of the absolute magnitude of a momentum eigenfunction Yum (P, ©, ®), in
which P, ©, and ® are spatial polar coordinates of the total momentum vector re-
ferred to the same axes as the coordinates 7, 6, and ¢ of the electron. The following
general expression for these functions for a hydrogen-like atom is obtained:
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in which ¢ = (2x/vh)P, with v =(47%eZ/nk?) = (Z/nas). The probability E.i(P)dP
that the electron have a total momentum lying within the limits P and P+dP is also
evaluated, and it is shown that the root mean square of the total momentum is equal

to the momentum of the electron in a circular Bohr orbit with the same total quantum
number.

HE eigenfunctions ¥,;.(7, 8, ¢) which are obtained by solving the

Schrisdinger wave equation for a hydrogen atom are functions of the
spatial polar coordinates 7, §, and ¢ of the electron relative to the nucleus.
The interpretation which has been given them is that the square of the
absolute magnitude of an eigenfunction represents the probability per
unit volume that on experimental investigation a hydrogen atom in the
state characterized by this eigenfunction will be found to have the con-
figuration described by 7, 6, and ¢. Thus ]\I/nlm(r, 0, ¢) [2 can be called the
distribution function for the electron; the probability that the electron will
be found in the elementary volume dV in the region given by certain values
of the coordinates relative to the nucleus is }\I'n;,,,(r, 0, o) [2 dv.

In Dirac’s transformation theory the eigenfunction ¥, (7, 8, ¢) is the
transformation function from the cartesian coordinates of the electron to
the quantum numbers, and may be represented by the symbol (x, v, 2/
n, I, m). The transformation function from the momenta p,, p,, . to the
quantum numbers %, /, m, which may similarly be given the symbol (p.,
Py, P:/1, I, m), can also be used to give a distribution function, in this case
in momentum space. If this transformation function is known for a given
set of values of #, /, and m, then the probability that the electron have a total
momentum lying in a given range can be easily calculated. The usefulness
of this transformation function is indicated by one recent application.!

* National Research Fellow in Physics.
1J. W. M. DuMond, Phys. Rev. 33, 643 (1929).

109
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In this paper we are communicating a general expression for the trans-
formation function from momenta to quantum numbers for a hydrogen-
like atom. Weyl? has discussed another method of obtaining the momentum
eigenfunctions as solutions of an integral equation, without, however,
carrying out its application to the case of a hydrogen-like atom.?

2. The transformation function (p., Py, p./n, I, m) can be obtained from
that (x, v, g/#, [, m) by the equation*

(PI’P!HP’/nyl)m)
=h‘3/2f f f ¢~ @milh) eoatypyt2n) (0 g z/m 1, m)dxdydz. (1)

Let us substitute for x, y, 2z the spherical polar coordinates given by the
equations

x=7sin 6 cos ¢
y=rsin 6 sin ¢ (2
2=y cos 0

and write for p,, Py, p-

po=Psin@® cos P
py=Psin® sin (3)
p.=P cos®.

P then is equal in magnitude to the total momentum vector, and the angles
© and ® give the orientation of the momentum vector relative to the car-
tesian axes of coordinates. The function (p,, p,, p./#,l,m) then becomes a
function of P, ©, and ®, which we may call the momentum eigenfunction
and give the symbol T, (P, ©, ®). Eq. (1) is transformed into
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in which y=47n%e’Z /nh?=Z /na,.

2 H. Weyl, Zeits. f. Physik. 46, 1 (1928).

3 On page 43 of his paper Weyl states that the momentum eigenfunctions are given in
his dissertation, Math. Ann., 66, 307-309, 317-324 (1908). We have, on attempting to verify
this, found nothing in his dissertation that we could interpret as constituting a solution of
this problem. :

4 P. Jordan, Zeits. f. Physik 40, 809 (1927).
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The symbols are the customary ones. P;* (cos 0)+ is Ferrers' associated
Legendre function of degree / and order m; and Yol

(2vyr) is an associated
n4l
Laguerre polynomial, defined by the identity®
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. .
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0
then
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The values of the first and second integrals are known. The trans-
formation

p—P=w (10)

converts I, into Sommerfeld’s integral,® which gives a Bessel function of
order tm: '

2
I,=e¢timg f eLimotibeosodyy = Jqr it m]im(b)giimq)_
0

The relation
T_m(b) =152mT ()
permits this to be transformed into
I,=2mim] ,(b)etime, 4

We shall need the relation between the associated Legendre functions
and the Gegenbauer C} functions,” which may be defined by the generating
function?®

5 E. Schrodinger, Ann. d. Physik 80, 484 (1926).

8 A.Sommerfeld, Math. Ann.47,335 (1896); see also Jahnke and Emde, “Funktionentafeln,”
p. 169.

7 L. Gegenbauer, Wiener Sitzungsber. 70, 6 (1874).

8 An explicit expression for the C’s is given in Whittaker and Watson, “Modern Analysis,”
p. 329.
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O,=(1—2ut+u?)—7= ZC;(t)uk. (12)
k=0
When v =1 these functions reduce to the Legendre polynomials. On putting
v =% and differentiating 7 times with respect to ¢{ we obtain the relation
m m m+1/2
Pz(t)=1'3'5 s m=1)(1=)mC" ). (13)

In 1877 Gegenbauer?® evaluated the following definite integral

f ei’°°50c°s¢1,_i/2(z sin 0 sin ¥)C2(cos ) sin**t1/2 640
0

2\ /2
=<——) i i 2CH(cos W) yan(z) . (14)

2
If we put v=m+%, 2=¢, x=0, and r=/—m, this becomes, with the help
of Eq. (13),

: f giccosfeosoJ (¢ sin 6 sin ®)P:n(cos 6) sin fav

0

27[' 1/2 m '
=(—> il“mPl (cos @) 1p1/2(c). (15)
¢

On substitution for I, of its value given in Eq. (11) it is seen that I,
is, except for a constant factor, equal to this integral, so that we may write

m 2\ /2
I,= ZWiZeiim@Pl (cos@)(—) Jip1y2(c)
c

o ANE 2rr P
=—27‘1’(—2)161””4’PZ<COS®)<;) 7’"1/2]14_1/2( 7 ) (1())

Referring to Eqgs. (9) and (16) we see that T,;. (P, ©, ®) contains the
integral ‘

* 21PN o144
f eV e D L7, (2yr)dr, (17)
0

which on substitution bf

£=2yr and ¢=2wP/vh (18)
leads to
(2y)~ e/ f eIy (R LT (8)dE (19)
0

¢ L. Gegenbauer, Wiener Sitzungsber. 75, 221 (1877). The integral is also given in Wat-
son, “Theory of Bessel Functions,” p. 379.
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4. Let
La(®)= f emHREIIT o (BEE) LT (8) dE (20)
0

In order to evaluate this integral we consider a function U defined by the
following identity:
o Tu(¢
U=U(¢,u)= ———ZS)—M”—‘—I. (21)
neip1 (n+1)!
It turns out that we can evaluate this function by using the generating
function for the associated Laguerre polynomials (Eq. (6)), and thus
obtain I,;({) as coefficients of the expansion of U,({, #) as a power series in #.
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w14, by 20,
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Now the last integral is a special case of a more general integral which
has been evaluated by Hankel’ and Gegenbauer,!* who obtained the result

® (2/2a)' T (u+v) (#—i—v ptr+1 22
—at], (58)pn-1dg = F , 1= ). 23
fo e = T 2 ;T a2> (23)
Putting z=3¢, v=1+%, u=145/2, and a =(1+u)/2(1 —u), this gives
4e12(2042) 1 (1— 3 3 2(1—u)>
S ) “ F<z+—,z+2 gy, S >
T(I4+3/2) (14u)2+ 2 2 (1-+u)?
The hypergeometric series F is a degenerate one, equal to
2 1_ )2 —1—2
{HLM_}
(1+u)* )
so that U can be put in the form
1—u?
—A— —, (24)
(1—2xu-tu?)tr?
in which
4(2042) 12 P .
T T3/ et

10 H, Hankel, Math. Ann. 8, 467 (1875).
11 [, Gegenbauer, Wiener Sitzungsber. 72, 343 (1876); see also Watson, “Theory of Bessel
Functions,” p. 384.
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5. We now return to Eq. (12). Operating on both sides with
u~"1(9/0u)u” we obtain

(1 —u?
(1— ;JSTE— 2+ R)CHE @5

Putting »=1I+1 and ¢ =x, we may rewrite Eq. (24) as

4 a A e ]
U=l+—1 Z(z+k+1)c§jl(x)uk=lT S nColia(x)um—i-1, (26)

k=0 1 n=141
Comparing Eqgs. (26) and (21), we see that

An(nAD)! <§2— 1)

l+1 n—I—1 §‘2+1

6. Thus the momentum eigenfunctions are found to be given by the
expression

Toin(P,0, ®) ={(—271)1_/2@iim¢}{<(2?_2r%)—?@>1/2? (c 05@)}

(—i)lwzzl+4lz(n(n——z-1)1 v <§2—1 28
{" (yh)2 (n+1)! > (e §2+1>}’ 28)

in which ¢{=2xP/yh=nP/Zpy,=P/pa. p,, which is equal to 2wue?/k, is the
momentum of the electron in a circular Bohr orbit with =1 and Z=1,
corresponding to a hydrogen atom in the normal state, and p,=Zp,/% is
the momentum of the electron in a circular Bohr orbit characterized by
the total quantum number # and the nuclear charge Ze. The factor — (—z)*
in T may be omitted, since its absolute value is unity.

Some of the Gegenbauer C functions which enter in this expression
are given below. Others can be obtained from these by the application of
the recursion formula

Lu(y) = (27)

v41
C (x)——{xC,_l(x) Crﬁz(x)}
4

1=0 I=1 1=2 1=3 l=4
=1 Col(x) =
ot B v i Co(x) =
n=3 Col(x) =4a2— Clz(x)=4x 3(x)
n=4 Csl(x)= 8x3— Co2(x) =1242—2 Crd(x) = 6x c4(x)
n=>5 Cyl(x) =16z4— 12x2+1 Csz(x) 32x3 12 Cg( )=2422—3 cl (x) = 8x Coi(x)=1
n=6 Csl(x) = 3268 — 3223 +65 [C2(x) =8022 — 482243 | Cy3(x)=80a%—24x Coi(x) =404 —14 Ci¥(x) =102

Gegenbauer'? has shown that his C)(x) functions with a given upper
index when multiplied by the factor (1—x?)*/2~1/4 form an orthogonal set,
for they satisfy the equations

f“ y 2217 (r + 2v) [r(wr 1/2)]25
rr!

L, U e de= o L e

12 1., Gegenbauer, Wiener Sitzungsber. 70, 6 (1874), Eq. (16).

(29)
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The functions of P which occur in the momentum eigenfunctions with
a given value of / also form an orthogonal set; but they are not the Gegen-
bauer orthogonal functions. Since the volume element involves PdP, the
orthogonal functions are in this case

1221+4l!<n(n——l—1ﬂ>”2 ¢t o <§2~1>P
@R\ Dt ) e T e )

in which {=ZP/unp, is different for different functions of the set, since it
involves the quantum number #z. That these functions are normalized can
be shown with the aid of Gegenbauer’s integral (29). The normalization
integral '

22l+4lI __l_]_ ! 1/2712 0 l 2 1 2
o) | e o o
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becomes on substituting x for ({2—1)/({2+1), and omitting the factor before
the integral sign,

f " (1— ) (1— ) 12 [Co7y (2) |2dac= +1(1 — )2 [Cr (2) 2de

-1 —1

+1 1
— a(1—a2) 12 [C, 1 (x) |2dw.
-1

On substituting for x C:_dl_l (x) its value given by the recursion formula

¥ Co(a) = [+ DCoa(®) + (42— 1Ca(2)]
2(r+v)

the second integral is converted into two, each of which vanishes by Eg.
(29). The value of the first integral as given by Eq. (29) is just that required
to make (30) equal to unity.

7. The probability that the electron have a momentum lying in the
‘range between P and P+dP can be written as Z,;(P)dP, in which E,;(P), the
momentum distribution function, is given by

T 2
Eni(P) = f f | Ttn(P,©, ®) | 2P2 sin@dOI®. (31)
0 0

On carrying out the integration this is found to become
o ap 292(1)2(n—1—1)1 2 =1\
EE PGB L [cra(E5)] @
Zn Edl ek et

8. It is of interest to evaluate the diagonal elements of the P? matrix,
which are equal to the average values of the square of the momentum in
the various quantum states:

Pri= f PIE,,(P)dP. (33)
0
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On substituting for P? its value p,2(1+x)/(1—x), it is found that this inte-
gral, aside from the constant factor p,?, differs from the normalization
integral only in having the factor (1+4x) in place of (1—x); and since the
integral involving x vanishes, and the normalization integral is equal to

unity, we obtain
— 2mue?Z\?
Pn2=Pn2 =\ . (341\
nh

Now 2, is just the average value of the square of the momentum of the
electron in a Bohr orbit with total quantum number #; so that the root mean
square momentum for a hydrogen-like atom is the same in the quantum
mechanics as in the old quantum theory, in each case depending only on
the principal quantum number #.



