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KfTective action for a nonadiabatic quantum process

JUNE 1, 1988

Aurel Bulgac
Department of Physics, Uniuersity of Pennsylvania, Philadelphia, Pennsylvania, l 9104 63-96

I'Received 18 December 1987)

A sum rule for the so-called quantum phases is established, without assuming adiabatic evolution.

By considering two interacting quantum systems, conventionally designated as a boson and a fer-

mionic one, we evaluate the e8'ective bosonic action after integrating out the fermionic variables.
This eRective action contains a nontrivial topological part, which has the same origin as the quan-

tum adiabatic phase. However, the derivation does not rely on any adiabatic assumption.

Recently, there has been an extensive interest in the
so-called quantum adiabatic or Berry's phase, mainly
after the papers of Berry' and Simon. The fact that dur-
ing an adiabatic evolution of a quantum system ihe wave
function acquires an additional phase besides the natural
one (often called the dynamical phase) was known for
quite a long time in molecular dynamics. This addition-
al phase was merely an annoying factor, which compli-
cated the analysis of the molecular processes in the
Born-Oppenheimer approximation. The relevance of this
additional phase to difFerent Selds of physics has become
evident only during the last few years. Recently
Aharonov and Anandan have shown that if there is a
periodic solution (up to a phase factor) of the time-
dependent Schrodinger equation, then Berry s result is al-
ways valid.

For illustrative purposes only we shall first describe a
simple two-level system, a spin- —, particle in a uniformly

rotating magnetic field. From this example one can see
explicitly that the adiabatic result obtained by Berry' is
actually an exact one. The adiabatic assumption is not
needed. In the case studied by Berry and others the
evolving state is an eigenstate of the Hamiltonian at the
initial moment and will evolve in time as an eigenstate of
the instantaneous Hamiltonian. In the general case the
initial state is not an eigenstate of the instantaneous
Hamiltonian at the initial moment, but an eigenstate of
the evolution operator after the completion of a cycle.
Even if this reminds one of the adiabatic result, the mean-

ing is rather difFerent. In the adiabatic limit the trajecto-
ry of the system is independent of the rate with which the
system evolves in time (provided the adiabatic require-
ment is met} and consequently, Berry's phase is indepen-
dent of the velocity with which the system is driven by
external forces along such a trajectory.

The time dependence of the Schrodinger equation usu-

ally come from some external driving force. 1f the rate of
change of this driving force changes, the shape of the
quantum trajectory changes as well (this will be evident
from the analytic example we give) and this will induce a
difFerent quantum phase. One of the consequences of the
appearance of such a phase is the occurrence of an
equivalent Aharanov-Bohm efFect in molecular systems
due to the appearance of an efFective gauge field. More-

over, %ilczek and Zee showed that even non-Abelian
efFective gauge fields appear in the treatment of molecular
systems in the adiabatic approximation if there is a de-
generacy in the electronic structure. %e would like to
point to the fact that such non-Abelian gauge fields are
present always, whether or not a degeneracy occurs.
%hen one treats a physical system as two interacting sub-
systems the appearance of non-Abelian efFective gauge
fields is rather a rule than an exception.

Finally, we compute the efFective action for a bosonic
system in interaction with a fermionic one, after integrat-
ing out the fermionic degrees of freedom. As in the adia-
batic case, the efFective action contains an additional
term, the nonadiabatic quantum phase. The rules for the
evaluation of the efFective action are completely difFerent
from the case of adiabatic evolution. Determining in a
consistent way the fermionic periodic solutions proves to
be crucial in computing the efFective bosonic action.

A SIMPLE ANALYTIC EXAMPLE

Let us consider the following Schrodinger equation:

i A =H(t)tpBg
t

cos8
8 sin8exp(i cot)

sin 8 exp( i cot)—
—cos(9

for a spin- —, particle in a magnetic field precessing uni-

formly around the Oz axis,

B(t)=8(sin8cos(cot ), sin8 sin(cot ), cos8} . (2)

%e choose units such that p8 =fr. In the adiabatic limit
the angular frequency co~0. Obviously, H(0)=H(T),
where coT=2m. The instantaneous eigenfunctions and ei-
genvalues of the above Hamiltonian are (up to an ir-
relevant phase factor)

T

cos(8/2) exp( i cot /2)—
~+ sill(8/2) exp(lcot/2}

—sin(8/2) exp( i cot /2)—
cos(8/2) exp(i cot /2)
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They correspond to the orientation of the spin along and
against the instantaneous magnetic field. Under the adia-
batic assumption, these two states will evolve indepen-
dently in time. The remarkable fact is that these states
will acquire after one period T, besides the expected
dynamical phase exp( i e—+ T ), an additional phase
exp(iy+), exactly equal to half the solid angle subtended
at the center by the circle traced on a sphere by the in-
stantaneous spin.

The general solution to Eq. (1) is, however, in general,
difkrent. There are two linearly independent solutions,
which have the form

a+ exp[ (idiot /2—) i E—+t]
b+ exp[(iait /2) —i E+t ]

d+(t)=

where
1/2

(d
c+——+ 1 —m cos8+

batic result. The difFerence is not only that the process is
not adiabatic, but the initial state is now a superposition
of instantaneous eigenstates. If co~O then ir'j+(0)~P+(0)
and we recover the adiabatic result. It is interesting to
note that

and

5++5 =2m. =O (mod 2m. ),
0++II =4m. =O (mod 2m ),

GENERAL CASK

s+(t)+s (t) =0 .

This is indicative of the fact that one can establish some
kind of sum rule for the quantum phases. At least for
any other value of the spin in a precessing magnetic field
this result can be established in a straightforward manner
as above.

cos8 —(cu/2) —c.+

sin8

a++6+ ——1 .2 2

sin8

—[cos8—(ai/2)] —e+ b~
=0,

%e will show now that the above result is a general
one. This is merely a repetition of the result established
in Ref. 6, which shall be needed later on to establish the
form of the eft'ective action. Let us consider a time-
dependent Hamiltonian H (t) and the corresponding
Schrodinger equation

i fi =H(t )P(t), H ( T)=H(0) .. a(t)
at

The constants a+, bz can be chosen to be real. The in-

stantaneous value of the energy is

(e+) =a++ —(a+ bz )—
and the momentary value of the spin is

s+(t) =—'(2a+b+ cosset, 2a+b+ simot, a+ b+ ) . —(3)

is the solid angle at the center subtended by the circle
traced by the spin on a sphere, which is exactly the adia-

Obviously, g+(t) are not eigenvectors of the instantane-
ous Hamiltonian H(t). Also, the angle between the mo-
mentary magnetic field and the spin is difFerent from 0 or

However, these two vectors, while evolving in time,
rotate with the same frequency and the angle between
them is constant in time [compare relations (2) and (3)].
For these particular choices of initial conditions, the spin
is slaved by the magnetic field as in the case of adiabatic
evolution. For any other choice, the evolution is not
periodic (unless the ratio e+/co is a rational number).
After one period, not only does the magnetic field return
to its initial value, but so does the spin. The wave func-
tions 1(+(t) acquire a phase

1(+(T)=p+(0) exp[ i(m+e+T)] .—

It is trivial to check that

5 =m+e+T=(. e+)T+-,'n„,
where ( e+ )T is the dynamical phase and

The condition that the Hamiltonian is a periodic operator
includes also the case of time-independent Hamiltonians,
but in such a case the period could be chosen arbitrarily.
Let us consider the time evolution of a complete linearly
independent set of wave functions. The formal solution
can be written as (fi= 1 )

ft, (t) = T exp i j dt'H—(t') f&(0)= U(t)g„(0) .
0

The subscript k stands for the whole set of quantum num-
bers necessary to distinguish different wave functions.
Since U(t) is a unitary operator, it can be brought to the
diagonal form by a suitable unitary transformation at any
intermediate time. At least such a statement seems to
hold for any finite dimensional Hilbert space, which is the
only case when one can hope to make a real computation.
The author is not aware of any diSculties in the general
case. A unitary operator would have in general both
discrete and continuous spectra. The simplest example is
the case corresponding to a Schrodinger equation for a
time-dependent Hamiltonian. Strictly speaking, the wave
functions corresponding to the continuous spectrum are
not proper eigenvectors. This fact can generate standard
mathematical diSculties in diagonalizing the evolution
operator, which, however, can be overcome in a variety
of ways (e.g., by confining the physical system into a
sufficiently large box). In nuclear physics, periodic solu-
tions have been studied both theoretically and numerical-
ly for some time.

%hen one deals with a level crossing or quasicrossing
between two electronic terms in a molecule, the adiabatic
assumption is clearly inadequate and one has to take into
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account nonadiabatic e8'ects arising from transitions be-

tween the two terms near the level crossing, which de-
pends drastically on the rate of the time evolution. We
shall be interested in diagonalizing U(T} only. Suppose

it k(0) form a complete set of eigenvectors of U( T), i.e.,

U( T)pl, (0)=exp(i5k )pk(0) =gk(T) .

In the theory of diN'erential equations with periodic
coeScients the numbers 5I, are sho~n as Floquet's in-

dices. Consequently, for any periodic Hamiltonian one
can find a set of functions, which under time evolution re-
turn to their initial values, after one period, up to a phase
factor. The same is true also for time-dependent Hamil-
tonians, but with arbitrary period. We will show that
rnodulo 2m this phase always can be represented as a sum
of the dynamical and geometric phases.

One can always introduce an arbitrary phase 5k ( t ),
such that 5k (0)=0, 5k ( T) =5„,and the functions

k(t ) =exp[ i5k—(t)]6(t),
which are periodic, yz(T)=q&k(0}. We have

sk(t)=(pk(t)
I
H(t)

I
gk(t))—:(gk(t) I

H(t)
I yl, (t)) .

Let us write

5„(t)=y„(t) f dt'e—„(t') .
0

It is straightforward to establish that

dependent Schrodinger equation.
%e will show now that the quantum phases satisfy a

simple sum rule, which is an generalization of the result
mentioned at the end of the preceding section. Let us
consider for simplicity that the Hilbert space is Anite di-
mensional and that

= g s„(t)=0 .
n=1

As one can easily see, one can always subtract from the
Hamiltonian a time-dependent constant Tr[H ( t) ],
which corresponds to a common phase factor
expt i I—odt'Tr[H(t')]] for all wave functions. Let us

consider now the X-partI'ale wave function

where

ill, Q„(l,t)=H(l, t)f„(l,t) .

This wave function satisfies the following time-dependent
Schrodinger equation:

N

Bt n=i

r (t) = f «' fk(t'}
I

t
0 dt

and consequently,

5k ——yk(T) f dt ek(t)—.

The geometric part of the phase y„(T) is given actually
by a contour integral, since yk(T)=y„(0). Such an in-

tegral is gauge invariant, i.e., if we multiply the functions
g„(t) by exp[ia„(t}],with the restriction ak(0)=ak(T),
the value of y&(T) will remain unchanged. Therefore,
the geometric part of the phase acquired by the wave
function under a cyclic evolution depends only on the
path (which is closed under such circumstances), but not
on the velocity with which this path in Hilbert space is
traced. However, the path itself is determined by the
time evolution and will change if the period is changed.
One can see from this proof that the value of the so-called
Flaquet's index is determined not only by the energy
spectrum of the instantaneous Hamiltoman along the
path, but contains also a geometric part which will give
rise to important corrections to the usual semiclassical
Bohr-Sommerfeld quantization rule. There is a major
difference between the adiabatic limit and the general
case. In the adiabatic limit, during the entire evolution
the state remains at all times, during the evolution, an in-
stantaneous eigenstate of the instantaneous Hamiltonian.
In the general case, the quantum state, which after a full
period returns to its initial value, is an eigenvalue of the
evolution operator at the time t =T. If one knows the
period of the motion, one has to diagonalize this operator
in order to find the truly periodic solutions of the time-

In doing so, we actually consider a mapping of the given
Hamiltonian and Hilbert spaces into a diferent Hamil-
tonian, with the same matrix elements, which describes a
fictitious fermion fmld with N states available. The state
described by the above wave function corresponds to an
N-fermion state, n labeling the single-particle states in
this new Hilbert space and l the coordinates. Conse-
quently, this wave function is time independent; it does
not undergo any time evolution, according to the above
equation. Such a wave function corresponds to N nonin-
terating fermions which 611 all the available single-
particle states and thus there is nothing left in the Hilbert
space into which such a state can transform, but itself.
The only thing which can change is the phase, which
after a period is

g (y„—f dt e„)=g y„=0,
n=I n=1

w'hich establishes the sum rule for the quantum phases.
As we mentioned in the Introduction, Vfilczek and

Zee extended Berry's analysis to the case of degenerate
levels and introduced instead of a phase factor a unitary
matrix which characterized the time evolution of a group
of degenerate levels, which, in complete analogy with the
case studied by Berry, supports a similar simple geornetri-
cal interpretation. The degeneracy considered by these
authors was arising due to a symmetry of the Hamiltoni-
an. Berry s analysis did not encompass this case, since in
his expression for the quantum phase, which included a
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certain sum over the whole spectrum, there is an energy
denominator, which, in the case of degenerate levels, van-

ishes. As one can see, however, from the general result,
the fact that there is or not a degeneracy in the spectrum
does not reveal itself in any way. Moreover, the quantum
system can have in general a very complicated time evo-
lution, which can include level crossing as well (such a
degeneracy does not arise from a symmetry of the Hamil-
tonian). In their treatment, Wilczek and Zee were able
to show evidence of the appearance of e8'ective non-
Abelian Aelds in the effective Hamiltonian for nuclear
motion. Do the eft'ective non-Abelian gauge fields appear
only when one deals with a system with degenerate lev-
else Several explicit examples, when this is not the case,
have been worked out in Ref. 9. Even if one does not
have a degeneracy in the electronic spectrum, one can
easily imagine that there are situations when including
only one electronic term will be a bad approximation.
The simplest example is the case of level crossing, when
during the time evolution two electronic terms cross or
approach so closely that a transition between the corre-
sponding states cannot be neglected. This is the famous
Landau-Zener effect, where the occupation probability of
one or another electronic term drastically depends on the
rate of the time evolution. Even when most of the time
evolution is adiabatic, near the level crossing the adiaba-
ticity is broken and one has to consider nonadiabatic
e8'ects. The character of the periodic solutions in such a
case surely will drastically change with the period of the
quantum evolution and one has to consider from the very
beginning at least two electronic terms.

Let us turn to the canonical example, namely, a molec-
ular system. The Hamiltonian is

H = — Vtt+h(R, r),

where the first term describes the relative nuclear motion
and the second one the electrons and the Coulomb in-
teraction between electrons and nuclei. The total wave
function can be represented in the form

4(R, r)=g P„(R)y„(r,R),

h (R, r)p(r, R) =s„y„(r,R)

are the so-called instantaneous electron eigenstates and
eigenvalues which depend parametrically on R, the nu-
clear configuration, and

$2
y —2~(V & +{Ip„(R)

~
V„~ Ip, (R)))

ln

X I V, &,„+& g, (R)
~ V„~ (p„(R)& )y„(R)

+g (pk(R)
~

h(R}
~
gt(R))pt(R)=spk(R) .

In passing, we would like to point out the fact that in the
case of any realistic calculation, the nondiagonal matrix
elements (pt, (R )

~

h (R }
~
tpt(R ) ) are different from zero

(unless they vanish due to some symmetry reasons) and
have to be taken into account since it is practically im-

possible to exactly solve the electronic problem.
In the Born-Oppenheimer approximation one usually

retains only one term in the expression for the total wave
function, or, if there are degenerate electronic terms, only
the corresponding electronic wave functions. If the sum
extends over the whole spectrum it is completely ir-
relevant how one chooses the electronic wave functions,
once the set is complete. The total wave function must
be invariant under the following unitary transformation:

g„(r,R)= U„(R)y (r, R),
(„(R)=U„'~(b~(R),

irrespective of whether one includes a complete set of
electronic wave functions. In the case of only one term,
the unitary matrix U„(R) becomes simply an arbitrary
complex number of modulus unity. Due to such a gauge
invariance of the total wave-function e8'ective gauge fields
A&„(R)=(tp&(R) ~iVtt

~
y„(R)) appear in the nuclear

Hamiltonian. ' Generally speaking, there are non-
Abelian 6elds, which couple in a nontrivial way diferent
components of the nuclear wave functions and cannot be
transformed away by a suitably chosen unitary transfor-
mation. '

Let us consider now two interacting quantum systems,
conventionally designated as bosonic and fermionic sys-
tems (or depending on the physical content, nuclear and
electronic or collective and intrinsic systems), with the
Hamiltonian

8=8,(P,Q)+8,(P,Q),
where P and Q are the canonically conjugate bosonic
coordinates and momenta. The corresponding fermionic
variables are not shown. The path-integral method ap-
plied to the bosonic degrees of freedom only leads to the
following expression for the trace of the evolution opera-
tor (fi= 1 ):

E ( T)=Tr exp( iBT ) =g fg d—p(Q(t), P(t) }exp [ i[P(t) Q(t) —Hs(P(t), Q(t) }]]

X {gk(Q(0),P(0),0)
~

T exp[ —tHF(P(t), Q(t))]
~ q k(Q(0), P(0),0)},

where Q(0) =Q(T), P(0)=P(T), and gk(Q(0), P(0),0}are the eigenvectors of the fermionic evolution operator

T exp i f td@ (F(Pt), Q(t—) }g (kQ(0), (P)0, )0=e x(pi5 )kg (kQ(0), (P)0, )0=/ (kQ( )T, (PT, }T.}
0
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Now the fermionic wave functions yk(Q(t), P(t), t ) play the same role as the instantaneous eigenvectors of the fermion-
ic part of the Hamiltonian in the adiabatic approximation. After some simple manipulations one ends up with the fol-
lowmg expression:

E ( T) =g Ig dp(Q(r), P(t)) expI i[P(t)Q(t) —Hs(P(t)Q(t))] ]

Xexp ~ —(yk(Q(&), P(&), t)
~
@F(P(&),Q(&))

~
q~(Q(&), P(&), &))

Bq „(Q(t},P(r), t )
+i yk t„p t, t

Bt

The expectation value of the fermionic Hamiltonian plays
the role of additional potential energy for the bosonic sys-
tem as one would expect. However, there is an additional
term and one will be inclined to simply discard this term
in a semiclassical treatment of the bosons. As we already
know from the adiabatic result, this is not the case and
this term has to be taken properly into account in a quan-
tum description. Consequently, the effective action for
the bosonic degrees of freedom acquires a topological
contribution (the last term in the exponent} formally
similar to the one obtained in the adiabatic approxima-
tion. The simple form of the effective action is due to
the special choice of the fermionic wave functions, de-
scribed above.

CONCLUSIONS

Whenever a physical system is split into two parts in
order to simplify the analysis and part of the variables are
integrated out, an additional term appears in the effective
action. This term has a geometrical (sometimes called
topological) nature. The meaning is simple. A subsystem
can reach a final quantum state following difkrent paths„
which cannot be deformed continuously one into another.
The effect of the fast variables on the slow ones cannot be
described in terms of potential energy only and, in gen-
eral, one has to take into account efFective gauge fields
generated by the fast subsystem. Upon quantization, one
will observe the appearance of additional terms in the
standard Bohr-Sommerfeld rule, which do not have the
usual interpretation as arising from classical turning

points. These terms manifest themselves as additional
phases. We showed that such terms are present always,
the adiabatic assumption being unnecessary. In addition
to that, we established a sum rule for the quantum
phases.

One can use the present result for studying situations,
when there is a real or avoided level crossing, as in the
famous Landau-Zener effect, or when there are several
close electronic terms, and the energy separation among
them is small enough to prevent the adiabatic approxima-
tion from being applied. The simplest approach will be
as follows: Include relevant electronic configurations,
represent the electronic wave function as a superposition
of only these configurations, and find the corresponding
periodic solutions for a given period. With the electronic
wave function found in this manner, compute the
efFective nuclear action and apply to it the Bohr-
Sommerfeld quantization rule, which will give an equa-
tion for the period.
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