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Variational principles are designed for the solution of the Schrédinger equation when a point source is
placed in the presence of an inhomogeneous, absorbing medium represented by an arbitrary complex
potential function. When the point source is allowed to recede to infinity, these stationary structures
reduce to variational principles for the wave function in the standard scattering problem, namely the
outgoing solution to the Schrédinger equation for an incident plane wave. Finally in the asymptotic region,
the well-known bifunctional variational principles for the transition amplitudes arise automatically from
the stationary forms for the wave function describing the standard scattering problem. A few examples
leading to variationally improved wave functions are discussed.

INTRODUCTION

HE object of the present report is to draw atten-
tion to the fact that variational principles may
be constructed for the solution to the point source
scattering problem. Then, by allowing the point source
to recede to infinity, these stationary structures become
variational principles for the wave function describing
the general propagation problems defined by a plane
wave incident upon an inhomogeneous medium. Fur-
thermore, upon selecting the observation point in the
asymptotic region, the variational principles for the
wave function reduce, as they should, to the well-known
bifunctional variational principles for the transition
amplitude.

In Sec. I, two variational principles for the point
source problem are discussed while Sec. II develops
stationary expressions for the wave function in the
ordinary scattering problem. A few simple applications
are given in Sec. ITI. Although these variational prin-
ciples need not in principle be restricted to single-
particle scattering, this study will be limited to poten-
tial scattering where the potential may be nonspherical
as well as complex.

I. POINT-SOURCE VARIATIONAL PRINCIPLE
The point-source problem is defined by the equation
[V*+£—U(r) ]¥(p,r) =8(r—p). ¢y

Upon including the outgoing boundary condition, the
integral equation for the symmetric function ¥(p,r)
may be written as

¥(p,1) =G (r,0)+ f G U (pr)dr, (2)

where G(r,1’) is the free-wave Green’s function
G(r,x) ==l /—dg|r—1']. 3)

Thus (2) represents the problem of a point source at p
in the presence of the medium described by the complex
potential function U(r), and behaves asymptotically
like the following outgoing wave:
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Here, k is a vector of magnitude k pointing in the direc-
tion r, and ¥ (—k|p) is the wave function evaluated at
the source point p which describes the motion of a plane
wave incident in the negative k direction and scattered
by U(r). We note in passing that (4) contains the
statement of reciprocity, namely,

~ ¥(p,r)
lim
= G(r,p)

which states that the relative magnitude of the field
due to a point source placed at p when observed along
the k direction in the far-field region is the same as the
magnitude of the field observed at the near-field point
p when a plane wave of unit amplitude is incident upon
the scattering center in the —k direction.

The following expression defines a variational prin-
ciple for the point-source problem:

Sl(ryp) =2\I,(r:p)

—f\I’(r’,p)[V’2+k2—U(r’)]\l/(r’,r)dr'. (6)

=¥ (=k[p)], ©)

For exact, ¥(r,r'), S1 reduces to ¥(r,p), while for
arbitrary variation §¥ (r,p),

551 (£,p) =20 (1, p) — f SU (¢, D) [V2+E—U(r)]
x (0~ ¥
X[Ve4-B—U () PU(,)dr (7)
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VARIATIONAL PRINCIPLES

The surface term vanishes in virtue of the outgoing
radiation condition upon ¥(r’,p), a condition which is
also imposed upon the trial functions.

A second variational principle for ¥(r,p) is given by

Sa(r,p) =¥ (r,p)
Y (r',p)[V2+E—U () (', r)dr
Xexp[ - ¥(r,p) '

Again, S;=Y(r,p) for exact ¥(r/,r) and the stationary
character of S, may be easily demonstrated by taking
arbitrary variations about the true solution.

(®)

II. VARIATION PRINCIPLES FOR THE WAVE
FUNCTION IN THE STANDARD
SCATTERING PROBLEM

The standard scattering problem is defined as the
outgoing solution of the Schrédinger equation for an
incident plane wave. Let us imagine that the plane
wave moves from left to right in the direction fixed by
the wave number vector ko. If the source point p in (2)
is now allowed to recede to the left into the direction
— kg, then (2) becomes

eikrp

¢iko ~r+fG(r,r’) U(r')

lim ¥ (r,p) —
p—® —_— rp

X¥(r,p)dr' =Ny (ko[ 1), (9)

where ¢ (ko|r) is the wave function for the standard
scattering problem and &V is an uninteresting amplitude
factor (—4nr,) ! exp(ikr,).

When this limiting process is applied to the stationary
expression for Sy, the result is

Sk k ny R U 1)dr
24 o|r>—f¢< o| DOV k= U (r) [ (¢ )i,

(10)
and by partial integration

S1
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N
9
o R e
RY dr

9
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But it is shown in Appendix I that the surface integral
is exactly ¥|ko|r). Therefore,

=gk V(¢ 1) [V R U (¥
=—=u om—f D[V E—U(r)]
X (ko| r')dr’  (12)

is the variational principle for the wave function
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¥(ko|r). Now, it is to be noted that the bifunctional
character of this new principle has arisen quite naturally
from (6). That is, Eq. (12) is stationary for arbitrary,
independent variations of two wave functions, namely
¥(r',r), the solution to the point source problem with
the source point placed at r, and ¥ (ko|7), which de-
scribes the standard scatter problem. Thus, performing
variations about the true solutions

[V2+k2—U (1) W (ko| 1) =0,
and Eq. (1), it follows as in (7) that

(13)

P
8V, = lim— f {\I/(r’,r)a——&[«(kolr’)
7/—%0 S f’
P
k| 1) (') }dS’=0. (14)
[4

The surface term again vanishes as a result of the
outgoing radiation condition since

eikr’ eikr’
fim a0kl ) = e+ —p) =ar (19

¥ 7

A second variational principle for ¢ (ko|r) follows
from (8) by means of the same limiting procedure which
led to ¥, in (12). The result is given by

Vo=y(ko|r) exp(— f\I/(r’,r)[V’2+k2— U(r')]

xuthal )i /vl r)). (16)

Another stationary form for ¥ (ko|r) follows by
eliminating the Schrédinger operator V24-k*—U(r).
Thus, after replacing ¢ (ko| r) by its equivalent from the
integral equation

(k| 1) =ik 74 f G, U ()W (k| ¥)dr', (17)

V:in (12) is transformed to

‘Y1’=eik°"+fG(r,r’)U(r’)nﬁ(koi r')dy’
+ f T (¢, DU ()eikody
—f\P(r',r)U(r')¢(ko| r')dr’

+ff\l/(r’,r)U(r’)G(r',r”)U(r”)

Xy (ko|r")dr'dr”. (18)
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The term e*o'* may be dropped so that what remains
is a variational principle for the scattered part of
Y(ko|r).! This is the near-field analog to Schwinger’s
variational principle? for the transition amplitude while
(12) is analogous to Kohn’s principle.? Both transition
amplitude principles follow immediately by allowing
the observation point r to become infinitely large. For
example, in the stationary form (12), the incident plane
wave may be first subtracted off and what remains is a
variational principle for the scattered wave. Then, in
the asymptotic region, it follows after employing (4),
that

eikr
F (ko—k) = lim (V,—e'0r)
kr—ow
4 eikr eikr
= k)~ [ ——p(=KI1)
7 —4ar
X[V k2 —U (') ¥ (ko r')dY’,

or

B (ko) = 4 (kiR + [U(—k(1)
X[V24k—U )} (ko| ¥)dr'.
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This is the Kohn?® bifunctional variational principle for
the amplitude F for scattering into the direction given
by the unit vector k.

It is desirable to find amplitude-independent sta-
tionary forms. In the case of (12), the Kohn-type vari-
ational principle, we follow the method employed by
Moe* in finding an amplitude-independent form for the
Kohn variational principle on the scattering amplitude.
The two wave functions (k| r) and ¥ (r’,r) are divided
into perturbed and unperturbed parts,

(ko[ 1) =07+ AD(x),
¥(r',;1)=G(r',n)+BW (r'r),

and

where A and B are constants. These are then substituted
into (12) and the requirement

oLe(w]_omew]_
94 9B

)

where
[®(r)]=V,—eikor,

leads easily to the following stationary form for [®(r)]:

fG(rlar)U(f’)q)(l")dl"fW(r’,r)U(r’)eiko.x/dr/

|:<I>(r):|=fG(r’,r)U(r’)eikO"'dr’ ;

The amplitude independent form constructed from the
various integrals appearing in (18) may be written
down at once by analogy with Schwinger’s well-known

(19)

fW(r’,r)[V’2+k2— U(x)]®(t")dr’

amplitude independent variational principle-for the
transition or scattering amplitude. That is, the follow-
ing expression for the scattered wave is also stationary :

f Glr,r) U (¥ (ko| r)dr’ f (D) U (F)eodr’

‘D(r)’=

(20)

f\I/(r’,r)U(r’)gb(ko|r’)dr’——ff\I/(t’,r)U(r’)G(r’,r”)U(r”)\p(ko{r”)dr’dr”

III. ILLUSTRATIONS OF VARIATIONAL PRINCIPLES
FOR THE WAVE FUNCTION

The first example applying a variational principle for
the wave function will concern the rather trivial one-
dimensional scattering for a delta-function interaction.
It is amusing to see how the exact solution follows prac-
tically by inspection if the stationary form (20) is
chosen. Thus, if U(x)=2gd(x), then since G(x,x’)

! A near-field variational principle equivalent to (18) has been
derived for the surface scattering problem by Harold Levine. It
appears in “Lectures by H. Levine, Variational Methods for
Solving Electromagnetic Boundary Value Problems,” September
1, 1954 (unpublished), prepared by L. Mower, Sylvania Electric
Products, Inc., Mountain View, California.

2B. A. Lippman and J. Schwinger, Phys. Rev. 79, 469 (1950).

3 W. Kohn, Phys. Rev. 74, 1763 (1948).

= (2ik)~' exp(ik|x—«']), the scattered wave from (20)

1S
(8/ik)e™1*1(2g)  getle!

= . 21
*e 2g—(29)*/ 2tk tk(1—g/ik) -
Therefore, .
ikx — pikz —ebil_
O

the exact solution. )

A more realistic example is the general three-dimen-
sional propagation problem which will now be con-
sidered in connection with ¥, in (16). After choosing
the undisturbed solutions exp(iko-r) and G(r,t’) for

4 M. M. Moe, thesis, 1956, University of California at Los
Angeles (unpublished).
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Y (ko|r) and ¥(r';r), respectively, it follows that the
improved wave function is given by

Vo(r) =exp(iko- 1)

—1 xp(tkp—iko-
Xexp(; Il MU(r—e)de), (23)

p

where p=r—71'. The integral in (23) may be evaluated®
in terms of an expansion in reciprocal powers of Z by a
stationary phase method which is based upon the ob-
servation that most of the contribution to its value
arises for small angles between ko and g. For excep-
tionally large &, one obtains®

) 2mi (ke . eke
exp<~zko«o>=—k| S(hamp)— b bB)— |, (24)
p p

where £, and p are unit vectors. Thus, the leading term
for the integral may be written down at once. It is

—i .
— f U (r—kos)ds.
2k VY

Consequently, contributions from the other regions in
the space of ¢ give rise to nonclassical or diffraction
effects which is, of course, correlated with higher order
terms in powers of k7! since the leading term is simply
the well-known solution of the Hamilton Jacobi or
eikonal equation along a straight line trajectory. Schiffs
has evaluated the O(k%) term and has indicated a
procedure for further integration. The approximate
wave function in (23) is not new. It has already been
used, although derived in a different way, by Obukhov.”
His method is essentially equivalent to that of Rytov?®
who substitutes a semiclassical-type wave function

—iw(r)

Y(ko| 1) =exp(iko-r) exp (——~—) (25)
exp(tko- 1)

into the wave equation to deduce the following exact

nonlinear equation for w(r):

(V24-E)w(r)=1U (r) exp(iko-1)
+1i exp (ko 1) { V[w exp(—iko-1) ]}2.

Upon dropping the nonlinear term, the solution for
w(r) leads to (23).

It is now interesting to develop an approximate
solution to the point source problem which parallels
(23). Therefore, the free-space Green’s function is

(26)

8 L. I. Schiff, Phys. Rev. 103, 443 (1956).

¢ E. Gerjuoy and D. S. Saxon, Phys. Rev. 94, 1445 (1954).

7 A. M. Obukhov, Izvestica, Geophysical Series No. 2, 155
(1953) (translation by M. D. Friedman).
k 8 S7.)M. Rytov, Izvestica, AN: U.S.S.R. Physica Series No. 2
1937). .
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chosen as trial solution in (8), with the result that
G(r',p)U(r)G(r',1)
G(r,p)

The leading term in %' of this integral is evalu-
ated in Appendix II. Thus the approximate solution of
the point-source problem for high energies and slowly
varying potential functions is the WKB solution®:

Sa(r,p) =G(x,p) exp(f dr’). 27

exp(ik|r—p|)

Sa(r,p)= “ir|r—p]

—7 |r—pl|
XeXp(?kff U(p—l-%)dS), (28)

where 4 is a unit vector in the direction r—p. As one
would expect, the free-wave Green’s function is merely
corrected eikonal-wise for phase change along straight-
line trajectories connecting the points p and r, just as
in the case previously discussed in relation to (23).

As further examples, the WKB solutions for ¥ (r,r’)
and ¥ (ko| r) can be used as trial solutions in (12), (16),
(18), or (20), and lead to a variety of variationally
improved wave functions. Of course, the stationary
forms (18) and (20) have the advantage that the trial
solutions need only be meaningful in regions of space
where the potential is important since the potential
limits the domain of integration in each term. Thus, the
WXKB trial solution

¢(po|r)=exp[iko-r—-~;l;£ U(r~l%0s)ds], (29)

which is a sensible approximation at finite distances
from the scattering center is best employed in connec-
tion with (18) and (20).

It is, however, important to point out that (29)
does not produce any difficulty as a trial solution for
the stationary expressions containing the operator
V2+4k2—U(r), although at first sight it would appear
erroneous on the basis of the radiation condition (15)
which is sufficient for the requirement that the surface
term in (14) vanish. It is demonstrated in Appendix III
that this surface term does in fact vanish when the
trial solution (29) is employed. Consequently, this trial
solution is also valid for the stationary forms (12) and
(16). The plane wave e as trial solution produces
no difficulty since 6f in (15) is in this case the exact f
and the surface term automatically vanishes.
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APPENDIX I

We wish to evaluate the surface integral

lim
r/—0

d 0
{w&dﬂ%~W0ﬁﬂ—W0h%~¢&ﬂfﬂdy,
e ar’ or' '

where the asymptotic forms for large 7' are given by

eikr’

Yo | 1)~ etxo e+ f(ko k7")

y
and
eikr’

(r',r)~

—k#'|1).
— k1D

Here, #' is a unit vector taken in the direction of obser-
vation in the asymptotic region.

The outgoing part of ¥ (ko| r’) may be omitted at once
since the integrand vanishes exactly for this term.
Then, upon employment of (24) for e**0'*’ as r'—w,
there remains

— 2 f
k S

,ikeikr’ ez’kr’

X — | ) ———p(— B
AR D=y

e—ikr'

eikr’ R
[—;—6(130—1”)—

r 7’

a(éo+r~')]

ket

/

ik
x[ 5(ho— ')+

v r

8 (Bo+- 1”)] }r’%ir"

— 2 2k .
_ f(+—y@ﬁmw—WMW'
k S 4
=4y (ko[ 1).

APPENDIX II

In order to evaluate! the leading term (order £71) of
the integral

I=

1 M=t 1 (1) gkl '~ I=ikl =2’ |y — ' | Iy
47rf lr__r//Hr/l_r/I ’

(A1)
10 The basic idea employed in the analysis of this integral

follows Schiff’ in his reduction of the integral in Eq. (23) of the
present report.
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we first eliminate r by the transformation p=r—r’.
Next, the variable of integration is eliminated by
transforming to u=r"—r’. Thus,

x . _ —ik —_ '
Iz—ife plik|o—ul (b—w)]U(x +v)dv. (A2)
4

lo—ulp

For large % and slowly varying U in a length (1), the
principal contribution to the integral arising from the
integration over the angles of u occurs when the phase
is stationary. Therefore, for the main contribution
¢-u~1 and for such small angles 6, one has

lo—u|— (p—w) =[p*+ 12— 2up(1—36°) 1} — (p—pu)

up  6*
<mwy?)"@_”'

Here, the positive sign holds when u<p and the
negative sign is required for u>p.

We first consider the case u <p for which the phase
term is then [2(p—u) J~'ue6?. Hence, for small §

=i@—m(u~

- f exp[3ikupt®/ (p—p)JU (r’+v)dv' (A3)
4

m(p—u)

But du=pu? sinfdbdedu==u®dud (6*/2)d¢, and partial in-
tegration over 6 can be done at once yielding

f a(6%/2) exp( ;iﬂji))

XU (2’ +p sinf cosg, '+ sind sing, 2’+u cosd)
(o—n) exp[3ikupt®/ (p—u)JU|°
ikup

{ hupt?
b exp(”"e ))U’d(02/2).

thup 2(p—u

0

The integral on the right is to be dropped since it is of
order (kup)™! relative to the first term since another
partial integration will introduce an additional power
of (kup) in the denominator. Furthermore, the upper
limit in the first term contains the rapidly oscillating
factor kup and is small compared with the lower limit.
Hence the leading term in (£71) is given by

1 ) —1 [P
I=— f Uy, ' +p)dp=— f U (' +pu)dy,
2ik J, 2k VJ,
(A4)

where 5 is a unit vector in the direction p. When u>p,
ko \6°
le—ul—(p—w)=—2(p—p)— (——)——,
p—u/ 2

and it now follows that the final integral over u which
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remains after the angular integration is

1 0

- eZik(p_p)U<x,7y,7 Z'+,u.)d/.t,

2tk J,
and yields, therefore, terms of order (k~%) and higher.
Consequently, the leading term arises from the domain
u<pand is given by (A4). It is to be mentioned that no
difficulty relative to the angular integration can occur
for p=p. In this case, for small angles,

lo—ul| = (p—w)=2ut,

with the result that the leading term of the integral
over angles is now

—u o eikud — 2| 0T (1 4-u) |°
- U (¢'+u)w0dode =
4rr w20 4 thu 0
1
=—U(x’7y,7 Z’+I-"),
2ik
as before.

APPENDIX III

We wish to demonstrate here that the wave function

Ip(kol l’) =eiko-r+a(r),
where

_1: 0
an=—" fo U (x—hos)ds,

can be used as a trial solution in connection with the
variational principles for ¥ (ko|r) which contain the
Schrédinger operator V24-k2—U(r). Of course, the
associated trial solution for the point source problem is
everywhere outgoing. Therefore, it is required to prove
that the surface integral

9 9
f {\I/(r,r’)—&p (ko] ') — 89 (ko | ') (1,') ldS’ (AS)
S’ or’ ar’

vanishes in the limit #— when
lim &y (ko[ t') = lim[trial ¥/ (ko| r') —exacty (ko[ 1") ]
eikr'
— eiko o/ ta(r’) (eiko t’_*_f(ko_)kf/)_,_)
r

eikr’

=eik°‘r,(6a(r,)_ 1)—f(k0—)kf/)

)
r/
and when

eikr’

lim ¥ (r,1') ~——A(#',1).

7’

As indicated in (4), A (#',x)=y¢(—k#'|r) when ¥ (r,r’)
is exact.
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The second term in &, the standard radiation con-
dition, may be omitted at once. Thus, the problem
reduces to evaluating

etr'r 9
limf A(#x) [_{eiko-r’(ea(r')_.l)}
5 " Lar

7/
r

— giko-’ (ga(r) — 1)ik]r'2d7", (A6)

eilcr’

a
eiko .r’
r,

[(ea(r’)_l)a

= imf A(#,x)
/=00 S

rl
— (ex")—1)giko "'ik]r’zdf'

ikr!

etko-t'—pa(r)pl2qdp!

4+ A@F)y)

e 7 or

(A7)

/

Let us first consider the integral on the left. The term
in brackets, after incorporating the asymptotic form
for etko ¥ ig

— i eikr’ N
[(e“(")—l)ik{ l&(feo-—f’)—i—ﬁ(ko-{-r")
r
—tkre tkre ’ R —ikrs
X b (ko= #") 5 (ko +-#)— ”
r r r
e—-ikr’
= +4md (ko+#)——(ex" - 1),
r

and upon performing the integration over angles, the
result for this part of the surface integral is

4r A (—ko,t) {exp[a(—Ee")]—1}. (A8)

But,
—i X
a(—.@or')=—-—— f U(—kofl—kos)ds
2k Y,
—1 —r/
=— U(0,0,6)dt=0 in the limit #'—c.

—00

Hence, (A8) vanishes.
The integral on the right in (A7), when handled in
a similar manner, reduces easily to

2mi a
lim —Z[A (Bo,p) e expla(bor’) J—a (ko)
ar’

r'—0 k

ad
—A(=ko,1) expla(— Eor’)]~—,a(— Eor’)].
dor



1836 SAUL

However,
i} . —1 d ® .
—a(kky)=—— f U(Lkba’ —Eos)ds
67' Zk 6r’ 0

B U(0,0,)d
S D),
2k o7 = ’

ALTSHULER

where we have chosen #’ in the direction %o. Therefore,
a . —1
—a(Eko’)=—U(0,0, £+),
ar’ 2k

and vanishes in the limit 7= for bounded potentials.
This concludes the proof that (A1) vanishes asymp-
totically.
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The method of moments is employed to determine the ground state of the phonon-polaron system. The
trial function employed in this calculation is a bare-electron wave function. It appears that the msthod is
convergent for this problem. Although the energy is in general a complicated function of the parameter and
must be determined numerically, it is possible to formally construct a power series expansion for the energy
about the unperturbed energy in powers of the coupling constant. The first term in this series has been
determined and agrees with the result of conventional perturbation theory. The second term has not yet
been evaluated to all orders but it appears that it will have the opposite sign from the corresponding term
in perturbation theory. The second and higher terms in some orders of approximation are singular for

small values of the cutoff.

I. INTRODUCTION

THE phonon-polaron problem has been extensively
studied both because of its intrinsic physical
interest and because it is one of the simplest models of
a field theory. Physically the system represents the
interaction of the longitudinal optical mode of a polar
crystal with an electron. The derivation of an appro-
priate Hamiltonian has been discussed at length! and in
the present work the primary concern will be the
mathematical discussion of this operator.

There are several quantities which it is of interest
to calculate in this model. The simplest are the energy
level and structure of the ground state. More com-
plicated quantities are the scattering cross sections and
the structure of the excited states. The description of
the ground state has been carried out at considerable
length and quite successfully by several authors.!:?
The purpose of the present work is to describe an
alternate method of approach. The results obtained are
not quite as strong as some previously attained; how-
ever, it seems likely that the present method can be

* This work was supported by the Office of Naval Research and
the U. S. Atomic Energy Commission.

1 A portion of this work was carried out while the author was
employed at the Radiation Laboratory, University of California,
Berkeley, California.

LH. Frohlichin, Advances in Physics, edited by N. F. Mott
(Taylor and Francis, Ltd., London, 1954), Vol. 3, p. 325.

2 Lee, Low, and Pines, Phys. Rev. 90, 297 (1953); M. Gurari,
Phil. Mag. 44, 392 (1953); T. D. Lee and D. Pines, Phys. Rev.
92, 883 (1953); E. Haga, Progr. Theoret. Phys. (Japan) 11, 449
(1954) ; R. P. Feynman, Phys. Rev. 97, 660 (1955).

extended to improve them. There also is an interesting
suggestion on the existence of the power series ex-
pansion.

The Hamiltonian® is

2

p : .
H=—w Y a*arx+2_ (ax Ve " a ¥ ViFeikr).
2m k k

The sums are cut off for £> K. The first two terms in
this expression represent the energy of the noninter-
acting systems, p?/2m is the kinetic energy of the
electrons and ax*ay is the number of phonons of wave
number k. The number of phonons multiplied by the
energy w which is independent of k gives the total
energy in the phonon field. The @’s are the usual creation
and annihilation operators with the commutation rule
[ax,ax*]=0dxx. The second term is the coupling of the
electron to the phonon field. The V’s, which are defined
by

i fdma\tys 1 \?
)6
E\T 2mew
are the amplitudes for the emission and absorption of
phonons, while the exponential factors take into
account the electron recoil. The dimensionless number
a gives the strength of coupling. In units in which #%
and ¢ are unity, H/w is dimensionless and it is the

operator H/w which is considered in the following
discussion.



