PHYSICAL REVIEW D

VOLUME 41, NUMBER 2

15 JANUARY 1990

Remarks on the Born-Oppenheimer approximation

José Wudka
Physics Department, University of California at Davis, Davis, California 95616
(Received 7 August 1989)

The Born-Oppenheimer formulas, as modified by the introduction of the adiabatic connection,
are derived from the effective action obtained by integrating out the fast variables. The parallels
and differences with Berry’s approach are stressed, and the corrections to the approximation are in-

vestigated.

One of the time-honored applications of the adiabatic
approximation is the well-known Born-Oppenheimer
(BO) approximation.! Recently this approximation was
reexamined in view of the developments originating from
the results of Berry.? In this light the usual formulas are
modified by the appearance of a gauge potential whose
effect is to ensure invariance of the measurable quantities
against a change of phases in the states used.

In this paper the BO results are derived from the for-
malism originally described by Berry.® The procedure is
not immediate due to the fact that the usual BO Hamil-
tonian contains terms of higher order in # than those pro-
duced by the usual adiabatic approximation.

We will consider a system with two types of physically
distinguishable coordinates: the ‘“slow” ones, denoted by
Q; and the ““fast” ones, denoted by q. The corresponding
canonical momenta will be denoted by P and p, respec-
tively. The classical example is a molecule where the q
denote the electronic coordinates and the Q the nuclear
ones. We will assume a total Hamiltonian of the form

H;=H(Q,P)+H/(q,p;Q) ;

moreover we assume that the eigenfunctions of Hg,
denoted by |n(Q)), are known and satisfy

H;[n(Q))=E,(Q)In(Q)) .

Note that both states and energies depend on Q as a pa-
rameter. The usual BO approximation consists in pro-
posing |¥, ) =®(Q)|n(Q)) as an ansatz for the complete
wave function; then it is assumed that the fast variables
do not suffer transitions from their instantaneous state so
that a projection unto |n ) is appropriate. In this manner
one obtains the effective Hamiltonian found in Ref. 2,
which describes the time evolution of P:

HYo=(n|H|V,) .

We will not need the precise form of H,. Regarding
H_, however, we will assume, for simplicity,

HS=—1—P2+ Vo(Q) .

2M
Substituting in the definition of H'% we get
HY == (P—A AW+ VRV,

where
AM=i(n|Vqyln),

Vi (Q)=E,(Q)

2
_h__ 2 _a_(n_a| §|1;>_ _(A(n))2 .
M 7| 9Q 9Q
Such an expression for H% corresponds to a Lagrangian
LW =1MQ*+#AM-Q—VR(Q)—V,(Q) . (n

Note that L% contains terms both linear and quadratic
in #.

The question we wish to address now is how to obtain
the above expression for L% using the approach
developed by Berry. To this end we consider for the mo-
ment only the Hamiltonian H, with Q a set slowly vary-
ing (in time) external fields. Then the time evolution of
the state |n ) is given by

— it
In,t)=exp —ZfoE”(Q(t))dt

+ifolA‘"’-'th]|n(Q(t))) , (2)

which just expresses the usual adiabatic assumption that
the evolution is given, up to a phase, by the instantaneous
eigenvalues of the Hamiltonian. The first term in the ex-
ponent is the usual dynamic phase, the second term is the
adiabatic phase, A" being the adiabatic connection.
Note that the above expression is useful even when
Q(#1)#Q(0) as it is explicitly invariant under phase
changes in the eigenstates of H .

In the following we will also need the corrections to
this formula; the natural way of including these is to ex-
pand the state of the system at time ¢, denoted by |¢), in
the instantaneous eigenbasis of H £

[£)=3 c,(D)In,t), 3)
with |n,t) defined in (2). Substituting in the time-

dependent Schrodinger equation, we find that the ¢, must
obey

i€, ()= H p (1)C, (1) @)
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where

o -iexp(—ia),,m)<le-VQ|m) for n¥£m;
"™ |0 otherwise;

wnmEfotQ'( Alm — A("'))dt—%fot(En—Em )dt .

Note that #=%" and this implies we can take
2 k 'C k 12: 1.

Since the fast variables, to lowest order, are assumed to
remain in state |n ), the appropriate initial conditions are
¢, (0)=3§,,. Then the iterative solution of (4) yields

en(0=1= [ ar' [ "at" S (), (1) +0)
I

~exp | [ldr' [ dt”Z?{,,, W) |,

L, , ) (5)
ck(t)=—‘lfodt Fin(t')+O(H?) for k#n .

Substituting this expression for ¢, in (3), we can immedi-
ately read off the effective action produced by ““integrat-
ing out” the fast variables, under the assumption that
transitions among instantaneous states are neglected.
The final result is

S(n)_f

_En(Q)+hQ_ A

+iﬁf0tdt’27{,,,(t)7{,,,(t') dt
!

where we have also neglected, to be justified later, contri-
butions of order #° to c,,.

The expression for S'% is non-local in time; but this
can be considerably simplified if we are interested only in
the leading contributions in 1/M. Note that # is linear
in Q and that the last term in S'™ contains the operator
product O, =TQ,(1)Q,(t") whlch admits an expansion
in terms of local operators. This operator is not infrared
divergent due to the two time derivatives. The leading
contribution in the operator-product expansion is propor-
tional to the identity operator, the coefficient being the
expectation value of @ in the “perturbative” vacuum of
Q; that is, the leading contribution in 1/M can be ob-
tained by averaging O using the free action
So=1M [dt Q2. The final result is

00b=lﬁ6(t _tl)Sab+ T

where the ellipsis indicates higher powers of 1/M. As
was to be expected, the leading term is proportional to a
delta function: in the limit of large M only contact terms
survive. Within this approach it is also clear that the
neglected O(#>) terms are of order #/M? or higher.
Note that we have assumed that ¥, is independent of M;
if this condition is not met, the above results must be
modified: for example, a quadratic term in ¥V, which
grows linearly with M would lead to a nonlocal contribu-
tion to the effective action of order #/M.

The leading corrections to the above expression come
from a quadratic term in ¥, and are of order #/M>’%;

corrections produced by cubic or higher terms in V,, are
of order #i/M?.

If the above expansion for @ is substituted in SU} we
get

Sw=[dr(#Q- AW~V + )

which, when combined with the action for the slow coor-
dinates, f ((.22 /2M —V)dt, reproduces (1). Thus the
usual adiabatic formulas are capable of reproducing the
BO Hamiltonian H(") The procedure is not, however,
straightforward as H (e contains terms of order #°, and
these originate from the corrections to the usual adiabatic
expressions. The final expansion is consistent since the
neglected terms are of higher order in 1/M.

These considerations do not address the corrections in-
duced by the transitions among “fast” states as indicated
by the nonzero ¢, in (5). These terms must induce an
imaginary term in Seﬁ, indeed, a nonzero ¢, for k*n in-
dicates that, as time progresses, probability is drained
from state |n) and distributed among all the states.
Thus, from the point of view of state |n ) alone, the evo-
lution is nonunitary. This effect is in fact included in the
imaginary contributions to @, and therefore must be of
order #/M?3/2, But we can also see this explicitly: let

6= 2 ‘Ck‘z 5
k#n
then we have 6+/c,[*=1, and, therefore, |c,|
=V1—-60~1—60/2~exp(—6/2). It follows that the
imaginary term in S\ is i#6 /2; using (5) we obtain

n ﬁ ’ ’
ImS‘eff’zEfdt dt %ﬂnk(t)ﬁk,,(t ),

this expressnon contains the operator product g,
=Q,()Q,(t") (without the time ordering). The leading
contribution (in 1/M) to the operator-product expansion
of & vanishes as V;—0, therefore 0~#/M>"2.

From the above considerations we conclude that the

effective action for the slow variables is given by f L%,

with L% defined in (1); these results reproduce the for-
mulas obtained by conventional methods. We have also
seen that the BO approximation summarizes the leading
terms in an expansion in 1/M, which in general differs
from an expansion in powers of #i. The corrections to
H'% are of order #/M>/%, /M.

Though the above method is quite general, there are al-
ternative procedures* which, in favorable cases, yield the
corrections to the adiabatic approximation using symme-
try principles. As a specific example assume we have a
set of conserved quantities & =j"(p,q)+J(P,Q) and
that H H(O’ (p,q)+Q,F?j". We also assume
[H(O’,j'] 0, [ J']=0 and that the action of J" on Q,
is ofthe form t[J’ Q.1= Zb abe

If we define C,,, =3, F’T/,, then a straightforward
application of the formallsm developed in Ref. 4 yields

SS(nJ

d as(n) Q
be b 8Qc

dr 8Qa
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Now we expand Sﬁ,’,'f"—“fdt[W(Q)-i- A4,0Q)Q,+ -1
which, when substituted in (6), requires

oW
Cabc Qs 20 =0,

an an

__ oW
aQaan )

Cabc Qb

These equations express the invariance of the theory un-
der the transformations generated by the &, and in some
cases fully determine 4 once W is known. For example,
if Q constitutes a three-dimensional vector, and
Cbe =€ape> then we must have W=A|Q|+c (A,c arbi-
trary constants), and A4, is the vector potential corre-

sponding to an Abelian monopole of strength A. In gen-
eral (7) does not fully determine A, but it can be quite
useful in restricting the possible form it can take. For
further developments see Ref. 4.

For the BO approximation we assume that the C have
no dependence on M and expand W and A4 in powers of
1/M. Then the above constraints are solved iteratively
(note that for consistency terms in two time derivatives
must be considered together with those of order 1/M?).
It must be kept in mind, however, that in general the
form we used for H is not correct for many applications
and that the equations must be modified accordingly.
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