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Figure 2. Emission peaks from acetylene (C,H,), hydrogen cyanide (HCN),
carbon dioxide (CO,), and water (the unlabeled peaks) are evident in this
piece of a Spitzer IR spectrum. The model assumes the emitting gases are in
thermal equilibrium. A jansky is 1026 W m? Hz'. (Adapted from ref. 1.)

One such issue concerns the trans-
port of water in the plane of the disk. As
you move away from the central star,
the temperature falls. Eventually you
encounter a region, fancifully called the
snow line, beyond which water exists as
ice. (In our solar system, the snow line
is in the asteroid belt.) Water vapor that
diffuses outward across the snow line
from inner regions of the protoplane-
tary disk condenses and is unable to dif-
fuse back into the region whence it
came. Thus the existence of the snow
line implies a mechanism for removing
water from the disk’s inner region. On
the other hand, icy solids circulating in
the viscous disk experience a head-
wind, so they lose angular momentum
and drift toward the central star. Once
they cross the snow line, they sublimate
and replenish the water vapor in the
inner disk. Which mechanism is more
effective, drying or replenishing? Addi-
tional measurements of water-vapor

and water-ice abundances may answer
that question, particularly if observers
can obtain data for a number of disks
whose ages are known.

Just how Earth received its life-
sustaining water is a matter of consid-
erable debate in the planetary science
community. Although some scientists
argue that Earth gathered its water
from its local environment, the majority
view is that the water was delivered by
agents from afar, such as comets. That
view, though, needs to confront an em-
pirical embarrassment: The ratio of
deuterium to hydrogen (D/H) meas-
ured in three high-eccentricity comets is
much higher than that observed in
Earth’s oceans. Perhaps, though, water
was delivered by icy bodies that origi-
nated closer to Earth, near the region
where Jupiter formed. In that some-
what warmer region, the D/H of the
condensed ice may be less than that ob-
served in comets and more in line with

our planet’s value. Ongoing analyses of
Spitzer and Keck spectra should further
specify the quantity and distribution of
water in the inner protoplanetary disks.
They could be of significant value to sci-
entists modeling the delivery of water
to Earth. But the data will in all likeli-
hood not be able to distinguish HDO (as
opposed to H,0) peaks.

The abundance of water and organic
molecules seen by Spitzer was surpris-
ingly high —at least to Najita, who, with
Alfred Glassgold, has modeled the en-
vironment probed by Spitzer. The IR-
emitting molecules, she points out, are
near the surface of the circumstellar
disk, a relatively hot region illuminated
by the central star and bathed in UV
and x-ray radiation that suppresses mo-
lecular formation. Thus the relatively
large quantities of water and organics
might indicate both substantial molec-
ular synthesis within the circumstellar
disk and a transport process that brings
material from the disk’s central plane to
its surface. Or it just might indicate
chemistry not originally envisioned by
Najita and Glassgold. That’s a possibil-
ity the two are currently puzzling out.

Spitzer is not finished collecting IR
spectra for protoplanetary disks. Dur-
ing its final cryogenic observing cycle,
which begins this summer, Carr and Na-
jita will join forces with Blake’s team to
observe the terrestrial-planet-forming
regions of some 40 disks. The Herschel
Space Observatory, scheduled for launch
in October of this year, will look for cold
water vapor in the outer parts of proto-
planetary disks. And qualitatively new
information may be provided by the
Atacama Large Millimeter Array, cur-
rently under construction in Chile and
scheduled for completion in 2012. At
least for distances beyond about 10 AU
or so, ALMA’s impressive resolving
power should provide astronomers
with their first look at the distribution
of HDO. Steven K. Blau

References

1. J. Carr, J. Najita, Science 319, 1504 (2008).

2. C. Salyk et al, Astrophys. ]. 676, 149
(2008).

Nuclear and electronic motion in molecules
can be computed separately

When a molecule’s electrons are in a nonstationary state, predicting the behavior of the nuclei is not

straightforward.

The equations that govern molecular
structure are well known, but their so-
lutions are not. Exact analytical solu-
tions to the Schrodinger equation don't
exist for systems of more than two in-

www.physicstoday.org

teracting particles, and exact numerical
solutions are prohibitively time-
consuming for systems with more than a
few particles. Researchers need to make
approximations, and one of the most

basic of those is the Born-Oppenheimer
approximation. Put one way, it says
that the molecular wavefunction can
be written as the product of a nuclear
wavefunction and an electronic wave-
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function, and that the nuclear kinetic-
energy operator acting on the electronic
wavefunction is negligible. Put another
way, it says that when the heavy nuclei
move around, the light electrons adjust
so quickly that the response might as
well be instantaneous.

The Born-Oppenheimer approxima-
tion allows computational chemists to
split the Schrodinger equation into sep-
arate equations for the electronic and
nuclear wavefunctions and solve them
one at a time. First, they find the elec-
tronic energy—usually the ground-
state energy—for many different con-
figurations of fixed, or “clamped,”
nuclei. (Approximations are still
needed; see the article by Martin Head-
Gordon and Emilio Artacho, PHYSICS
TODAY, April 2008, page 58.) The elec-
tronic energy as a function of the nu-
clear coordinates forms the potential
energy surface on which researchers
can then study the motion of the nuclei.

But if the electrons are not in a sta-
tionary state—if they’re in the process
of relaxing from an excited state or ad-
justing their charge distribution in re-
sponse to ionization by a laser—that
protocol breaks down: A nonstationary
state doesn’t have a definite energy that
can be used to create a potential energy
surface. Some researchers, including
Yngve Ohrn and Erik Deumens of the
University of Florida and Todd
Martinez of the University of Illinois at
Urbana-Champaign, have developed
ways to model the dynamics of the
electrons and nuclei simultaneously,
bypassing the Born-Oppenheimer ap-
proximation. Now, Lorenz Cederbaum
of the University of Heidelberg in Ger-
many has come up with a different ap-
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proach—a way of treating the time-
dependent electronic and nuclear dy-
namics quantum mechanically and
separately.'

As time goes by

Cederbaum has published prolifically
on the problem of calculating the elec-
tron dynamics for a fixed nuclear
geometry. But it always bothered him
that he was ignoring the nuclear mo-
tion, so he set out to solve for the nu-
clear wavefunction too. Ohrn describes
the result as “an elegant way of looking
at the dynamics of electrons and nuclei
in molecules, and very much a contin-
uation of Cederbaum’s work of the past
several years.”

In contrast to the time-independent
Schrédinger equation, which admits
real-valued solutions, the time-
dependent Schrédinger equation is
inherently complex. As a starting
form for the molecular wavefunction,
Cederbaum considered a product of a
nuclear wavefunction, an electronic
wavefunction, and an additional time-
dependent phase that he then treated
as part of the electronic wavefunction.
He collapsed the time-dependent
Schrodinger equation onto the space of
nuclear coordinates and chose the
time-dependent phase in a way that
eliminated a particularly cumbersome
term. The nuclear Hamiltonian that
was left looked exactly like a kinetic-
energy term plus a potential-energy
term. When he took the electronic
wavefunction to be a stationary state,
the potential-energy term became
equal to the energy of that state—
reproducing the standard Born-
Oppenheimer approximation exactly.

Distorted geometry

Cederbaum’s  effective  time-
dependent potential-energy function is
made up of derivatives of the electronic
wavefunction with respect to the nu-
clear coordinates. In practice those de-
rivatives could be computed by calcu-
lating the time-dependent electronic
wavefunction for many different con-
figurations of clamped nuclei (see fig-
ure 1), creating a function that depends
on time, the electronic coordinates,
and —parametrically—the nuclear co-
ordinates. Like the standard Born-
Oppenheimer approximation, Ceder-
baum’s method thus allows a potential
energy surface for the nuclei to be com-
puted from the clamped-nuclei solution
to the electronic problem.

Charge-transfer model

To test his method for a time-dependent
system, Cederbaum used a simple
charge-transfer model, sketched in fig-
ure 2a, in which the nuclear interaction
is represented as a harmonic spring and
the electronic motion is modeled as a
two-state system. The single electron
can be in the left-hand state |L>, the
right-hand state [R>, or any superposi-
tion of the two. The electronic eigen-
states are (|[L> + |R>)/A\/2 and (|L> —
[R>)/\/2, and their energy separation is
a linear function of the distance d be-
tween the nuclei. The appeal of the
model is that an exact analytic solution
exists to which Cederbaum could com-
pare his approximation.

Figure 2b shows the behavior of an
electron initially in the nonstationary
state [L>. When the nuclei are clamped
at any fixed separation d, the electron
oscillates between states |[L > and |[R> in
a perfect sinusoid whose period de-

Figure 1. Theoretically calculated
electron dynamics following ioniza-
tion of an organic molecule for two
different Fixeg nuclear geometries.
Hole density is shown in green, and
surplus electron density is shown in
orange. In the equilibrium molecular

eometry at left, the hole lingers on
ie molecule’s benzene ring to a
much greater extent than in the dis-
torted geometry at right. From
clamped-nuclei co|cu?dtions such as
these, it is possible to extract an
effective time-dependent potential
energy surface, From which the
nuclear dynamics can be predicted.
(Adapted from ref. 2.)
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(a) A single electron can occupy either of two sites or any superposition of the
two. The sites themselves —the nuclei—are connected by a harmonic spring.
The electronic eigenstates, the symmetric and antisymmetric superpositions of
IL> and |R>, are separated in energy by an amount that depends on the
nuclear separation d. [b) The electron starts on the left-hand site and is
allowed to propagate. When the nuclear distance is fixed (red curve), the
electron oscillates sinusoidally between the two sites. But the time-dependent
Born— (j)penheimer approximation (purple curve) predicts a damped oscilla-

tion an

a charge density that eventually equilibrates. The exact solution

(green curve) agrees with the Born-Oppenheimer approximation for short
times, but at longer times the oscillation amplitude increases again.

pends on d. Under Cederbaum’s
Born-Oppenheimer approximation,
which allows d to vary, the oscillation
amplitude gradually decreases until the
electron density equilibrates to an equal
mix of [L> and |R>. The exact solution
yields similar behavior at times much
shorter than the period of nuclear vi-
bration, but at longer times the ampli-
tude increases again, and the density
never reaches equilibrium. In real sys-
tems, molecular vibrations with peri-
ods of tens of femtoseconds set the time
scale of chemical processes.

Validity only over short durations is
a general characteristic of Cederbaum’s
method. Its range of accuracy can be ex-
tended by considering the electronic
wavefunction as a superposition of two
(or three, four, or even more) orthogo-
nal electronic states, each with its own
complex phase, associated nuclear
wavepacket, and effective nuclear po-
tential. The resulting equations of mo-
tion are coupled —the effective nuclear
potential for each wavepacket depends
on the electronic dynamics of all the
others—but still solvable by the same
method. In the charge-transfer model,
two orthogonal states span the entire
electronic space, so including them
both yields the exact solution. In real
systems, the number of electronic states
is infinite, and including more and
more of them would give successively
better approximations.

Cederbaum hasn’t yet determined
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how many states he would need to in-
clude for his method to give useful re-
sults for a real system. But he points out
that it’s not necessary to extend the time
horizon to infinity. Many electronic
processes of interest last for only a few
femtoseconds—after that, a full de-
scription of the electronic and nuclear
dynamics may no longer be needed.

Attosecond applications

Real systems to which Cederbaum’s
method could be applied are likely to be
deeply entwined with the emerging
field of attosecond physics. With light
pulses of ever-decreasing durations
and ever-more-precisely controlled
shapes, researchers are able to probe
and even control molecular systems on
the time scale of electronic motion (see
PHYsICS TODAY, April 2003, page 27,
and June 2006, page 13). Explains
Mathias Nest of the University of Pots-
dam in Germany, “Up to now theorists
have described these processes mostly
in a fixed-nuclei approximation. Ceder-
baum’s approach might open a way to
include the nuclear motion, so that in
the future chemical reactions can be
controlled via the control of the elec-
tronic motion.”

Johanna Miller
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