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I
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We comment on the work of Kimble and Mandel with respect to Markovian approximations and the Lamb
shift. The importance of the quantum properties of the free electromagnetic field in spontaneous-emission

calculations is discussed,

A contribution to the 'understanding of resonance
fluorescence' is due to Kimble and Mande12 (KM),
who have performed very interesting calculations
of the fluorescence spectra. In the comment, we
shall discuss the quantum-electrodynamic (QED)
details of their work which are important for a
correct Heisenberg-picture QED calculation, but
do not imply any significant errors with respect
to their primary goal, an understanding of reso-
nance fluorescence. In particular, we will show
that their separation of the field into creation arid
destruction parts leads to an incorrect expression
for the Lamb shift and explains their not needing
to explicitly make a Markovian approximation. We
will also show that the quantum properties of the
free electromagnetic field play an essential role in
spontaneous-emission calculations'. ' The basic
sections of Ref. 2(b) to which we will continually
refer are Sec. II, "Derivation of the equations of
motion, " and Sec. III, "Spontaneous emission. "
The equations and claims which appear in detail
in Ref. 2(b) were first published in Ref. 2(a).

The solution for the + components of the vector
potential along the direction of the atomic dipole
moment evaluated at the atom, (21) of KM, is

I

p, A, (0, f)= (k/u, ) (Pwiy) b(t)+ p, A;"(0, f) . (1)

Since the transverse current, (9) of KM, is dis-
tributed over all space, (1) shows a Markovian ap-
proximation is made in solving the wave equation
for the + parts of the vector potential. In addition,
it is well-known that the long-time dynamics of the
atomic operators is nonexponential and propor-
tional to 1/f' (Ref. 4). As an equal-time equation,
(1) can only lead to exponential dynamics. The

long-time dynamics proportional to 1/f' are in-
timately related to the logarithmic singularity~'
of the Bethe nonrelativistic Lamb-shift formula.
By looking at y, the parameter identified with the
Lamb shift by KM, Eq. (18) of KM,

1 . 2p, (dy-4, , 3h, Z
(2)

we observe that as 1-0, y is linearly divergent,
not logarithmically divergent. The absence of the
logarithmic divergence in y is closely tied together
with the effective Markovian approximation made
by KM.

Ackerhalt, Eberly, and Knight' (AEK) made a.

calculation analogous to the one appearing in Sec.
II, of KM. They include a special form of retarda-
tion convergence. In addition, a field-mode de-
composition and a Markovian approximation are
explicitly used. , The important point is that they
solve for the creation and destruction parts of the
vector potential by simply equating positive and
negative frequency parts of the field and the atomic
current, in the same way as KM. The shift which
appears in their calculations, essentially y, is
simply twice the mass-renormalization part of
the energy-level shift and is linearly divergent.
The logarithmic Lamb-shift formula does not ap-
pear. The error in the calculation is pointed out
by AEK: the correct equations of motion for the
creation and destruction parts of the field can only
be derived using the Hamiltonian and the canonical
commutation relations. Otherwise, the separation
is ill-defined and not unique. In conclusion AEK
show that a correct separation of the creation and
destruction parts of the vector potential lead to a
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proper logarithmically divergent shift in agree-
ment with standard stationary- state perturbation
theory.

In a subsequent paper by Ackerhalt and. Eberly'
(AE) the wave equation for the creation (+) and
destruction (-) parts of the vector potential is
derived directly from the Hamiltonian using the
canonical commutation relations

2v - - . i, , d J(r', t)/dt
(r r' ~2

(3)

The second term on the right side of (3) is missing
in the work of KM. The absence of this term is
totally responsible for the Markovian character
of their work. If this term is included in their cal-
culation, then the correct frequency shift and the
correct non-Markovian time evolution result.

Milonni, Ackerhalt, and Smith, Senitzky, and
Milonni and Smith' showed that the ordering of
atom and field operators in the atomic operator
equations of motion is unimportant with respect
to obtaining the correct final equations of motion.
However, the Lamb shift can originate from either
the-source field or from the free-field parts of the
vector potential making an interpretation of the
Lamb shift a function of the ordering. Using nor-
mal ordering, the Lamb shift results entirely from
the second term of the source current in (3).
Kimble and Mandel use normal ordering, but they
do not include the second term of the source cur-
rent in (3) obtaining an incorrect expression for the

Lamb shift. Since the source-field part of the vec-
tor potential operates on the entire Hilbert space
and time evolves due to the interaction of both the
atomic and field degrees of freedom, the radia-
tion-reaction interpretation of the Lamb shift does
not imply that the atomic degrees of freedom are
solely responsible for the origin of the Lamb shift.
In a one-sided or symmetric ordering, where only
the total vector potential A, + A appears and the
second term of the source current in (3) makes no
contribution, the Lamb shift results totally from
the free-field part of the vector potential. Since
the free-field part of the vector potential operates
essentially only in the Hilbert space of the field
for all time' (it is the identity operator in the
atomic Hilbert space), the vacuum-field fluctua, —

tion interpretation of the Lamb shift does imply
that the field degrees of freedom are the origin
of the Lamb shift. Therefore, the quantum prop-
erties of the free field either directly or indirect-
ly, through the time evolution of the additional
source term in (3), are the origin of the Lamb
shift in Heisenberg-picture QED spontaneous-
emission calculations. A measurement of the
Lamb shift is consequently an excellent test of
the important role played by the. quantum proper-
ties of the field. '
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.~For a recent review of the present status of resonance
fluorescence research, see the proceeding and ab-
stracts of the International Conference on Multiphoton
Processes, June 6—9, 1977.
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