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The ground-state energy of the Hamiltonian — (1/2)d 2/dx * 4+ AV (x) is analyzed in terms of the zeros of

a perturbative expansion for the inverse of the T matrix, and an expression for (—2E

)'/2 correct to order A*

is obtained. Modifications of the results for long-range potentials of the type V(x)— —a,|x[™",
n=1,.,4 at x >+ oo are discussed. The problem of three-body bound states is considered, leading to an
expression for the ground-state energy of He-like atoms with nuclear charge a> 1, in a strong magnetic

field.

I. INTRODUCTION

It has been observed® that a short-range attrac-
tive potential always produces a bound state in
one or two dimensions. This interesting property
allows one to obtain some general results about
the bound states in the weak coupling limit. In
particular, for the one-dimensional Hamiltonian

1 d2
H=—§'c'i—x—f+)\V(x), (1)

Abarbanel, Callen, and Goldberger? have derived
a formal series for the ground-state energy
E(7) of the form

~(-2Bp2ox [ ax Vi) ex [ dxdy Ve |x -3 |V6)
+00). @

For range-long potentials, these results require
modifications. For example, it has been shown
by Blankenbecler, Goldberger, and Simon® that

if V(x)~ —ax? as x =+,

—(=2E)2= (A + 4232 1m\) f V) +003). (3)

Another example of long-range potentials is that
of a hydrogen atom in a strong magnetic field for
which

H=%p2—a7+%(x2+y2). @

Under a scale transformation
p=GYM4p, r— @/ 4y )
the Hamiltonian becomes
2 a4 1/4
H'=(%7')”2(%-——£/Z—)—+%(x2+y2)) . ()
For y—«, the essential problem reduces toweakly

22

coupled motion in the z direction and one obtains*
for the ground state,

E ~ 1777~ 20T4 (k)2

7o

—InlnGy)Y/ 2]'2 . )

This result is of direct practical importance and
has been used® in dispersion relations to obtain
accurate predictions for Zeeman energy shifts.
Several other significant results® have been ob-
tained by Simon and Klaus, in particular, about
the uniqueness of the bound states.

In the derivation of most of the results per-
taining to the bound states in one-dimensional
weakly coupled potentials, the analysis has been
in terms of the wave functions. Hausmann’ has
analyzed the bound states using the Lippmann-
Schwinger equation but for the wave function. The
discussion in terms of the wave functions, while
being direct, is generally quite complicated re-
quiring a careful incorporation of boundary con-
ditions. We would like to suggest that the T matrix
provides a more convenient tool for the analysis of
bound states as poles of the T matrix. It has the
advantage that one would then be working in the
momentum representation and have access to
integral equations of the Lippmann-Schwinger type
for the T matrix. A particularly convenient form
is the one provided by Noyes® which gives us a
perturbative expansion for essentially the inverse
of the T matrix thus allowing a perturbative de-
scription of the poles of the T matrix and hence
the bound-state energies.

In the present note we analyze the bound-state
energies for attractive one-dimensional potentials
using the Noyes form of the T matrix. In Sec. II
we discuss the general results for short-range
potentials and show that
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-(—2E)‘/"’=>\fde(x)+x2fdxdy VE)V(y)|x-y]

+%)«3f dxdy dz V)WV (|x -y | + |y —2| + |z -x])?

+{-;X‘f dxdy dzdt V)VOIVERVEN|x -y [+6|x =y |?|x - 2z| +3|x -y ||z = ¢|

+6|x=y||ly-z||z=t])+00).

®)

In Sec. III, we consider the modifications required by bound states for long-range potentials. In addition
to obtaining the results (3) and (7), we are able to derive expressions

~2eprran [ ar vt [ asay Vv e -y ] 20, a0 f ax v69) +00) ©®

for V(x)~-a,|x|™ at x —+~ and

_(_2E)I/Z=xfdx V(x)+x2fdxdy VE)VE)|x-v]

+§7\3f dxdydz VE)VOIVE)|x =y |+ |y -2+ ]|z -x])?

+32%a, +a)(n A)( dx V(x))3+0(>\4)

for V(x)~-a,x™* at x =t. In Sec. IV, we consider
the bound states for the Hamiltonian

1 d 1 42
He= o~ 232

(11)

w0 ul) +2,000,) + 2w (|x,

In order to simplify the problem we introduce an
approximation which may be reasonable in gen-
eral. This allows us to obtain an expression for
the binding energy which is valid when A; is small
compared to A, and A,. We include the modifi-
cations due to long-range interactions and use our
results to obtain an approximate expression for
the binding energy of He-like atoms with nuclear
charge a> 1, in a strong magnetic field, anal-
ogous to expression (7) for the hydrogen atom.
This expression is found to agree quite well with
a simple variational expression for the energy.

II. SHORT-RANGE POTENTIALS

We begin the T matrix discussion of the bound
states with the Lippmann-Schwinger equation for
the T matrix:

(p|T|ay= <1>lw|q)+ Z (plwlkxklrlq)

—-zk%24in

(12)

(10)

where the total energy E =342 For the analysis
of the bound states it is preferable to use the
Noyes® form of the equation which is obtained by
writing

(&|T|q)=f(k,q)Xa|T|a), (13)

where (g |T |q) is the forward scattering amplitude
and f(g,q) =1. This relation leads to

alrlo - @hvia/(i- 3 LR

z k2 +in
(14)
with f(k, q) satisfying the integral equation
kIAV
Flk,q)= S_V_"ﬁ
+E ((kleIk) <k|W|q><q |7\Vlk')>
f (k' q)
X B (15)

where Vo=(q|V|q). The bound states correspond
to the zeros of the function in the denominator of
expression (14). Now, since Eq. (15) allows an
iterative solution for f(¢,q), one can locate the
zeros of the denominator and hence obtain the
bound-state energy perturbatively. Before pro-
ceeding with the perturbative derivation of the
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one-dimensional bound-state energy, we note that
in #n dimensions the denominator in (14) is

d"e {qI\VIEf(k,q)
@2m)"  (E - 3k2+in)
It is easily seen that the integral diverges in the
limit E-0 for n <2 so that D(E) always has a zero
in these cases for A~ 0 if the potential is attractive.
This explains the well-known fact that an attractive
short-range potential always produces a bound
state in one or two dimensions howsoever small

be the coupling, but not in three dimensions.

To illustrate the iterative procedure for the
perturbative evaluation of bound-state energy in
one dimension, we consider the first-order so-
lution for f(%, q),

fle,q)=(k|\V |q)/AV,, 17)
which leads to

D(E)=1- (16)

(qIAVIEXEINV |g)

and carries out the % integration to get
~ .
D(E)=1+ LA f dx dy Z_(_x_).mew(lx-yhx-y) .
q Vo

(20)

Expanding the exponential function for ¢ -0 and
retaining only the first two terms to be consistent
with the order of the iteration, we have

D(E)=1+%—Vo——;—f dxdy VE)VQ) |x -y |dxdy .
0

(21)

From the condition that D(E) should vanish at
bound-state energies and the relation ¢ =vV2E, one
finally obtains :

—(=2E)/22 fdx Vix)

+7\2fdxdy VeV |x-y|, (22)

=
bE)=1- o dk AV (E =3 R2+in) * (18)
: which agrees with the expression (2) of Abarbanel,
One then uses the expression Callen, and Goldberger.? We proceed along the
_ i (hea) same lines but include the next two terms in the
@ vie= I ANV (et (19) iterative solution for f(, q):
_J
_ (kIAVig) f dr’ ( ) (klelq)(quVlk'))
Sl 0= W, ) 2n(E Tk ®2v ) - AV,
9 (k’lAVIq)+ dk”
AV, 27(E = k"% +in)
) A (RIAVIQ@IVIE" (k" IV Iq) ]
X ((k |V | k7 - AV, A . 23)

One again uses expression (19) for the potential matrix elements, integrates over the k, %2’, and k” vari-
ables, carries out an expansion in powers of ¢, and finally obtains from the condition that D(E)=0 at

bound-state energies,

—(—2E)1/2=)\f dx V(x) + 22 f dxdy Vx)V(y)|x -]

+%;->\3f dedy dzVR)VOIVER)(|x -y | + |y -2] + |z =x])?

w13t [ axay dz at VYOIV

X(|x—y|3+6|x-y|2|x—z|+3|x—y|"’lz—t|+6|x-y| ly=z||z-t]). (24)

We have evaluated these terms for a particle in a square well of depth v, and width a, to get

1
(2E)*=av, - § @0+ a* 03— Ba" v}

(25)

which agrees with the iterative solution for the bound-state energy obtained by solving the equation

(-2E)* 2 =[2(w, + E)|*/ *tan{[ 2(v, + E)]*/ 2 3a}

(26)
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for the square well. Of course, expression (24) is meaningful only if the integrals occurring in it exist;
i.e., the potentials are of short range.

III. LONG-RANGE INTERACTIONS

In this section we discuss the modifications required if the interactions are of long range. It may be
noted that the case of V(x)—~a, |x|™ for x —+w requires special consideration, since V, in Eq. (15) is not
defined for this potential and therefore one cannot use the analysis in terms of the forward-scattering
amplitude. We first discuss the potentials for which )

Vix)==-a,|x|™ for x ~xo, n=2,3,4. (27)
The analysis for such potentials may be illustrated by considering an integral of the type
1= [Taxve) e, (28)
which for example occurs in Eq. (20). This integral can be written as
1/q © -1/q
I= f dx V(x)eiqlx-yl + dx V(x)eiqlx-yl i f dx V(x)elqlz-yl (29)
-1/q 1/q -
1/4q n=1
~ dxVx) 3, 1 Gg|x -y |y +0(@@™?). (30)
q+0"=1/4q =0 ]l .

To extract the leading terms, the prescription then is to retain terms up to order [x -9 ]"‘1 and integrate
from ~1/q to 1/q. Since g ~), the integral can equivalently be carried out between the limits (~1/2,
1/7). This immediately leads to the following results:

for n=2,

_(-28) /2= [ dx V) 42230 a, +a) [ dx Vi) +003), (31)
for n=3, |

~(=2E)*/2=x f dx V(x)+x2f dxdy Vx)V({y)|x =9 | +2x3(n x)(a,+a_)(f V(x)dx>2+o(x3), (32)
for n=4,

-(-2E)1/2=xfdxv(x)+x2f dxdy Vx)V(Qy)|x -y |

+30 [ drdy 2 VOVOIEN |5 =3 | + [y -2 ] + [z =% ])?

3
+ 3200, ) [ Viltx) s | (33)
r

Relation (31) is a slight generalization of result The corresponding equations are obtained by writing
(3) obtained by Blankenbecler, Goldberger, and
Simon and reduces to their expression for a,=a. *|T|q)=gk,qX~q|T|a), (35)
=a, while the remaining two relations are new . .
results. where (—q|T|qg) is the backward scattering am-

For potentials of the type plitude and g(~¢g,q)=1. On substituting this re-

lation in Eq. (12), one obtains

(~q|T|q)=(~q lwiq>/(1 _zk: <-qEIA_V%I:ng, q)) ,

Vix)—=—a, ]x I" for x =t (34)

the forward scattering amplitude is not defined
and hence one cannot use Egs. (14) and (15). (36)
Alternatively, we may analyze the bound states

in terms of the backward scattering amplitude. with g (¢, ¢) satisfying the integral equation
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o kAVig)
gle,0)= -
+¥ <(k|7\V|k')_ <k'Xqu>i;,ci|AV|k'>)
X g(k'9‘I) 1)

where V,=(-¢|V|g). The bound states once again
correspond to the zeros the denominator of ex-
pression (36). Though this function is somewhat
more complicated in the general case than the
corresponding function in Eq. (14), it has the
advantage that it is well defined for potentials
(34) which have a Coulomb tail.

We retain the leading iterative solution for
g(k,q),

gle,q) =k NV |9)/AVy, (38)
which leads to an expression
_ dk (=g I\VIEYEIAVIq)
Dy(E)=1- f 21 (E-3k2+in)(\Vy) °

for the denominator in Eq. (36). For potential
V(x) in (34) one has the leading behavior

(k|V|g) ~ (a, +a)Inlk-q]|. (40)

kyq=0

We substitute this in (39) and carry out the %
integration to obtain

D,(E)=1+%a, +a.)(In|2E|)/|2E|"/2. (41)

(39)

This is zero for
—(-2E)2=(a, +a_)\(Inx +1nln2) +O(A) (42)

which gives the energy of the bound state.

It is possible to obtain the bound-state energy
for Hamiltonian (6), for y—w=, by using the above
result (42). We first note that Eq. (36) is valid
for the three-dimensional Hamiltonian as well.
Specifically for the Hamiltonian in (6), we take
the unperturbed Hamiltonian to consist of the ki-
netic energy and the simple harmonic potential,
so that the states |k) contain harmonic oscillator
states for motion in the xy plane and free states for
for motion in the z direction; the “weak” Coulomb
potential (-a)(4/y)'/4(1/7) serves as the AV per-
turbation. Now, since the oscillator energies’
are separated by finite energies, for the limit
k-0 one needs to include only the ground state
in the summation of the oscillator states. This
reduces the problem to a one-dimensional problem
with the effective potential being given by an ex-
pectation value of 1/7 between the oscillator states.
Thus we have

1 _ lJ’ -(x2+y2) i(q-k)t(!‘.)
<k q>_ - dxdydze e P

~ =2In|k-q|, (43)

%

Ryq=0
from which it follows that the bound-state energy
for the Hamiltonian in (6) can be obtained from
Eq. (42) with A= a(4/y)"/%. Including the oscil-
lator energy and multiplying by (;7)'/2, one finally
gets

E ~ 3y*2 2203 In(y)"/2 = InlnGy) 2+ 0 (1)]°.

(44)

This expression agrees with the known results.*

IV. THE THREE-BODY PROBLEM

In this section we discuss the problem of a bound state for the Hamiltonian

H=-ld2-ld2+7\u(x)+7\ v(x,) + Aw(| 2, = x,)) (45)
2‘&;{ 2% 1 1 2U\A2 3 1 21/

in the weak coupling limit A;~0. The general problem is much too complicated so that one is forced to
make some approximations. In particular, we obtain an expression for the bound-state energy which is
valid if Ay <<, A,

First consider the case of short-range interactions. If the particles are to be bound, at least one of
the two potentials, u(x,) or v(x,), has to be attractive. Let us assume that v(x,) is attractive and that
particle 2 is bound with the ground-state energy ¢, given by expression (24),

<o=_§(x2f dxv(x)+)\§f dxdy v(x)o(9)|x - y|
+ % ng dxdydz v(x)o(v(2)(|x = y|+ |y -z|+ |z = x|}
+ %ng dxdy dz dt v(x)v( y)v(z)v(£)

X (|x = 9[*+6x = 3|*x = 2| + 3|x = 3I|z — £+ 6x 3|y - 2] 2 -t|)+0(>~2))2- (46)
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We now analyze the scattering of particle 1 in the forward direction by the potential
AV =1 ulx) + A(|x, - x,]) (47)

with particle 2 being in the ground state both in the initial and the final state. Let the states of particle 2
be designated by Ii) and the corresponding energy by ¢;, i=0 being the ground state with the energy given
by Eq. (46). Then the three-body bound-state energy is given by the position of the zero of the denominator
function

_ dk ~— {g,00V |k, i) f(k,i;q,0) ~
D(,E)'l‘fzwz,: E-e;- 3k +in ' (48)

with f(k,i;q,0) satisfying the integral equation

(,i 12V Iq,0)
AV,

dr’ . y <k7iLAVLq,0><q)0[XV[k”j> f(k”j;qyo)
*f 21 Z,:((k”lwlk = A )(E_e,-gk'hin) ’ (49)

f(ksi;q’0)=

where E - ¢,=3¢° and AV, = {g,0|1V|q,0), analogous to Eq. (15). The matrix elements of AV are given by
kyilaVIer, )=, [ dxute)e s, 1, [ drule)er® G erwennsy, (50)

We now introduce our major approximation by replacing ¢; and ¢, by ¢, in the summation over the states.
Since » connects only the diagonal elements in the space of 7, j states, this introduces errors only in
terms of second or higher order in ;. It may be observed that the errors tend to zero in the region of
large k or k’ integrations. The approximation may therefore be worthwhile even in cases where 1, is not
small. Of course, the results are rigorous up to terms which are first order in A;. With this approxima-
tion, the summation over ¢ and j can be carried out, leading to

dk {q,01\VIE)f(k; q,0)

pE=1-} 57 E-¢go-1k+in ’ (51)
and

. _{(RIAVq,0) fdk’( , <k|w|q,o)<q,0|w|k'>>, f(&"q,0)
f(/e,q,o)———w0 + 2—m<k|xv|k)- A (Foei 1k (52)

These equations can be analyzed to give the bound-state energy in the weak-coupling limit and to first
order in 2.

It should be noted that while there is no pole in the integrand of Eq. (52), the w-matrix elements are not
smooth near k’=0 because of factors of the type (0|exp[i(k’ - k)x,]|0) observed in Eq. (50). The origin of
this nonsmooth behavior is essentially the fact that w(|x, - x,|) may not be small for x, -, if x,~~, How-
ever, one can then argue that every successive iteration brings in terms which are of higher order either
in A, or in (A;/X;,;/2,). Hence the leading terms in the first order of A, are obtained from the first two
terms in the iterative solution for f(k,i;q,0). Finally, for carrying out the 2 and %’ integrations, we use
the integral representation (19) for the potentials and use

#i)= |26/ exp(= |26} /2] ) , (53)
for the bound-state wave functions® in evaluating the integrals in the x, space. For example, the first
iterative solution for f(,i;q,0) leads to ’

Aol €l /2

- ?__X_L f u(x)u( y) ig(lx=yl+x=y)
D(E) 1+ p; dxdy _——"—uo e + (ZIE—Eol)llz(lioTlmlE—€o'1,2) ) (54)
where
u°=f u(x)dx, (55)
wy= I w(x)dx . (56)

Using higher-order iterative solutions for f(k,i;q,0), analogous to Eq. (23) but retaining only the leading
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terms in the first order of );, we finally obtain

E=—%<MI dxu(x)+ xff dx dyu(x)u( y)|x - y|
+1 )\i’j‘ dx dy dz u(x)u( Yu(z)(|x = y|+ |y - z|+|z = x|)?

+%x}f dx dy dz dtu(x)u( yyu(z)ut)(|x - y|>+8|x - y|?|x - 2|

2
+8lx=yf*lz = [+ 6l = slly-zllz-2))
Wotko| Vol 8 2\ . A(x2
+€0= N EXATSIYN +0(2%) + 0(A;2%) + 0(22) , (57)

where ¢, is defined in (46), X stands for ), or x,, and
vo=f v(x)dx. (58)
To the order specified, this is a rigorous result for short-range potentials.

V. He-LIKE ATOMS IN A STRONG MAGNETIC FIELD
The Hamiltonian for a two-electron atom in a strong magnetic field is given by

1 v
H=ip2,t,2_ ¢ _@ 1 .Y 2, .2, .2 59
2P1+2p; ” 7 +712+8(xf+y1+x2+y2), (59)

where « is the charge of the nucleus. Under the scale transformation
P"‘(% 7’)1/4 i 7’,"(4/'}’)1/47“ (60)
the Hamiltonian becomes

7 72 712

1 +%(xf+yf+x§+y§). (61)

For y— =, the problem reduces essentially to one-dimensional motion in the z direction, but with the po-
tential having a Coulomb tail. As was mentioned before, for a potential with a Coulomb tail, the forward
scattering amplitude is not defined. However, one can analyze the bound-state energy in terms of poles
of the backward scattering amplitude.

The denominator function for the backward scattering is

) dk 5~ (=q,01\VIk,i)g(k,i;q,0)
Dz(E)‘l"f21rz,~ E—¢;-3k°+in ’ -

with

.. _{k,i|xV]q,0) fdk' ( . , (k,il)\qu,O)(—q,Ol)\Vlk’,j)) gk’,j3q,0)
glk,i;q,0)= v, + sz: <k,l|)\V'k ) = A (E—Gj—%k'z*'in)’

(63)

where AV, =(-¢,0[xV|q,0), analogous to Eq. (37). As before we replace ¢; and ¢, by ¢, and carry out the
summation over 7 and j to obtain

dk (~q,01\VIR)g(k;q,0)

D,(E)=1- Ty e v el (64)
and

. _{EIAVIgq,0) dr’ ~n  (RIAVIg,0){-q,01AVIE") gk’ q,0)

£le g, 0)= 200 +f-ﬂ((k[xV|k>- A >(E_€o_%k,§+m). (65)

These equations can be used to analyze the ground-state energy of Hamiltonian (61). For this we take the
unperturbed Hamiltonian to consist of the kinetic energy, the simple harmonic potential, and the term
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—a(4/¥)*/%(1/r,) so that the states consist of oscillator wave functions in the x and y variables, free-par-
ticle wave functions in the z, variables, and weakly coupled bound states in the z, variable with the ground-

state energy

4a2 1/2 1/292
€= — 7172 [%ln(%) —lnln(%) ] ’

as given in Eq. (44). The scattering potential is

o) G)-G) 6

(86)

(87)

For k,k’-0, one needs to include only the ground state of the oscillator states which essentially reduces
the problem to a one dimensional problem with the effective potential being given by an expectation value

between the oscillator ground states:

1|1,\_1 a(xZey2) i (e 1
<k ;1- k> = 77_ J- dxldhdzle (1 ’1’e“" k"’-(;:)
~ =2In|k-F’|, (68)
ky & =0
and
1 ’ 1 2 2 2' 2 i(k'=b)g, 1
k|—Ik") = = | dx,dy,dz,dx,dy, exp[-(x2+yi+x2+92)]e 1{—
712 m 712
~ =2(ln|k —k’|)ei P2z, (69)

k. R'—>0

For calculating the expectation value of this last
expression between the bound-state wave functions
of particle 2, we take the wave function to be the
same as Eq. (53) but with ¢, given by (66).

In order that D,(E) includes the leading terms in
the first order of the interaction between the two.
electrons, we use the twice iterated solution for
g(k;q,0), i.e., the expression in Eq. (63) with the
g(k’; q,0) on the right-hand side replaced by
(k|AV|q,0)/AV,. We finally get

D,(E)=1+ 2(%)1/4

y In|E — ¢,/ (a- leolt/? )
(21E = ¢,/ leglt/2+1E = ¢4lt/2 ]’

(70)

which, to leading order in «, reduces to

InlE - ¢,l'/?

DI(E)=1+<%)1/4(2¢1—1) ZZ'E—_EOITI7§ . (71)

This expression is equated to zero to give the
bound-state energy. Finally, including the os-
cillator energy and multiplying by (y/4)*/2, one
gets the bound-state energy of the two-electron
atom in a strong magnetic field:

E’ 3L vM? - 20(20 - 1)z In(2)/2 - InIn GG o) /2],
(72)

The above result is valid for ¢ > 1. It is in-
teresting to compare this expression with a sim-
ple variational calculation for the ground-state
energy of the scale transformed Hamiltonian (61).
If we use oscillator ground-state wave functions
for the x and y variables, and wave functions (53)
for the z variable, one obtains for y =,

E=(37)"?[2+]2¢,|
—(4a - 1)(4/9)'/%|2¢,|* /% 1n|2¢,|* /2],
(73)

where we have used the fact that ¢, is expectedv
to be small. Taking ¢, as a variational parameter,
one finds for the variational energy

E 7% = (2a = 3)[z In(E )'/? = Inln(3 ) /2F.
(74)

This expression is equivalent to an independent-
particle approximation with a screened nuclear
charge of z-3 which may be compared with the
corresponding charge of z -  for the case of
v=0. The variational expression agrees very
well with expression (72). Even for He, the coef-
ficients of the second term agree to within about
2%. Therefore though we derived expression (72)
under an assumption that o> 1, it may be a good
approximation for He as well, i.e., for a=2.
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