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kinesin-I to axonal vesicles (6, 7). If BAPP
processing to ABs occurs at axonal (or dendrit-
ic) blockages and causes kinesin-I release from
vesicles and reduction of axonal transport (7),
then blockages may lead to local stimulation
of BAPP processing, which in turn would
cause additional vesicle stalling and further
local stimulation of BAPP processing. This
proposed sequence of events would generate
an autocatalytic spiral in which processes
leading to axonal blockages and AB produc-
tion become mutually stimulatory. A vicious
cycle of axonal blockages and aberrant AP
generation also provides a rational explana-
tion for early synaptic loss in AD. Such a
mechanism would be critical in AD linked to
polymorphisms in KLC1 (37) as well as in
sporadic AD, which could potentially be ini-
tiated by likely differences in age-dependent
declines in axonal transport among humans.
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The Use of Transit Timing to
Detect Terrestrial-Mass
Extrasolar Planets

Matthew J. Holman'* and Norman W. Murray®

Future surveys for transiting extrasolar planets are expected to detect hun-
dreds of jovian-mass planets and tens of terrestrial-mass planets. For many of
these newly discovered planets, the intervals between successive transits will
be measured with an accuracy of 0.1 to 100 minutes. We show that these
timing measurements will allow for the detection of additional planets in the
system (not necessarily transiting) by their gravitational interaction with
the transiting planet. The transit-time variations depend on the mass of the
additional planet, and in some cases terrestrial-mass planets will produce a
measurable effect. In systems where two planets are seen to transit, the
density of both planets can be determined without radial-velocity observations.

About 130 extrasolar planets (/) have been
detected by (i) short-duration brightness anom-
alies in gravitational microlensing events
caused by planets near the lens star (2), (ii)
reflex motions of the central star (as revealed
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by radial-velocity variations in the stellar
spectrum or radio pulse arrival times) (3-6),
and (iii) variations in the apparent stellar
brightness caused by a planetary transit
(passage of the planet in front of the star)
(7—11). These approaches provide comple-
mentary information. Gravitational microlens-
ing measurements primarily constrain the ratio
of planet mass to stellar mass. Radial-velocity
measurements lead to estimates of the orbital
period, eccentricity, and minimum mass of
the planet. With present technology, radial-

velocity surveys can only detect planets with
masses greater than about 10 M (orbiting
low-mass stars) (/2—14). Transit observations
provide estimates of the orbital period and
planetary radius. Transit surveys, particularly
if space based, will be sensitive to planets as
small as Mercury for the smallest radius stars
observed (/5). Barring major improvements
in the precision of radial-velocity measure-
ments, the measurement of the mass and
radius (and thus the average density) of a
terrestrial-sized extrasolar planet would ap-
pear to be out of reach.

Here, we point out that variations in the
time interval between transits, produced by
gravitational interactions with additional
planets, allow for the orbital period and mass
of the additional planet to be determined
from transit observations alone.

The time interval between successive tran-
sits of an unperturbed planet is always the
same [aside from small corrections due to
orbital precession (/6) or to the decay of the
transiting planet’s orbital semimajor axis as a
result of tidal interaction with the star (/7)].
However, for stellar systems, the presence of a
third star orbiting a stellar binary can produce
short-term variations, in addition to the more
familiar long-term variations, of the period of
the binary (I8, 19). The same is true for plan-
etary systems. The interval between succes-
sive transits of the extrasolar planet HD
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209458b would vary by +3 s if a second planet
(of mass 10~* M, period 80 days, and ec-
centricity e ~ 0.4) existed in that system (20).

Over the course of their orbits, the tran-
siting planet and a second planet exchange
energy and angular momentum as a result of
their mutual gravitational interaction. This
interaction, greatest at each planetary con-
junction, results in short-term oscillations of
the semimajor axes and eccentricities of the
planets, which in turn alter the interval be-
tween successive transits. We illustrate this
effect by considering our solar system (Fig.
1). The gravitational perturbations among the
planets in the solar system lead to transit-
interval variations ranging from tens of sec-
onds for Mercury to thousands of seconds for
Mars. The variations for Earth and Venus
show oscillations with the 583-day Earth-
Venus synodic period. For an exterior tran-
siting planet, the transit interval can be
altered by an inner planet’s indirect influence
on the position of the star, even if the grav-
itational interaction between the planets is
negligible (21).

Next, we investigate the influence of an
additional Jupiter-mass planet on the transit
interval of HD 209458b. We integrate the
heliocentric equations of motion of the hypo-
thetical two-planet system (22). We assume
that the two planets are coplanar, have orbits
that are perpendicular to the sky plane, and
have initially aligned orbital apsides. We
include the mutual gravitational interactions
of the planets and terms that account for the
general relativistic (GR) influence of the
central star (23) but neglect the terms for
the GR influence of the planetary masses,
terms for the oblateness of the star, and terms
for the tidal interaction with the star. During
the course of each integration, we iteratively
solve for the time at which the centers of star
and planet reach their minimum projected
separation.

Sharp increases in the transit interval occur
near the times when the outer planet reaches
its periastron (Fig. 2). Hence, the orbital pe-
riods of both planets in each of the examples
can be determined directly. We chose the pe-
riod and eccentricity of the hypothetical per-
turbing planets such that their pericenter
distances are roughly the same. As a result,
the largest transit-interval variations have
comparable magnitude. For clarity, we ignore
the light-time effect (27) (due to the varying
distance between the star and the observer as
the star moves with respect to the center of
mass of the star and planets) from the dynam-
ical effects. The magnitude of the light-time
effect due to a Jupiter-mass perturber with a
1-AU (astronomical unit) semimajor axis
orbiting a solar-mass star is 0.5 s.

Whether the presence of a companion
planet can be detected from short-term transit
interval variations depends on the difference

between the minimum and maximum transit
interval. We consider jovian-mass (1073 M)
and terrestrial-mass (3 x 1076 M) per-
turbers. A range of perturber periods is tested,
in increments of 0.1 day, starting with the
minimum perturber period that ensures that
the orbits of the two planets do not initially
cross. We follow the same numerical proce-
dure described earlier. During each integra-
tion, simulating 10* days, we recorded the
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times of transit, from which the minimum
and maximum intervals between transits were
determined. For a given perturber ec-
centricity, the period variation decreases as
the perturber period and semimajor axis in-
crease. Likewise, for a given perturber pe-
riod, the variation is greater for larger
perturber eccentricity. The transit-interval
variation is primarily a function of the peri-
astron distance of the perturber, and a com-
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planets with orbital
periods P, of 46.4,

280, and 19.2 days and eccentricities e, of 0.5, 0.3, and 0.1, respectively. Radial-velocity mea-
surements have ruled out the presence of such planets in the actual HD 209458b system (20).
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parison of our different perturber simulations
(Figs. 3 and 4) confirms that the magnitude of
the effect is proportional to the perturber mass.
For time spans shorter than the orbital period
of the transiting planet, the magnitude of the
effect is independent of the mass of the tran-
siting planet (a result that follows from the
equivalence of inertial and gravitational mass).
We estimate the variation in transit inter-
vals for an inner transiting planet by integra-
tion of Lagrange’s equations of planetary
motion (24). Given a transiting planet with
semimajor axis ¢, and period P, and a per-
turbing planet with semimajor axis a, (where
a, > a,), period P,, and mass M,, we find

t51 M 3 3/2\"2
At = —— Pio(1 20, 1
16 (M*) 1 e( \/_ e ) ( )

where At is the magnitude of the typical varia-
tion of the interval between successive transit

Fig. 3. Variations in the interval
between successive transits of a

N
Q
S

and o, = {(a,)/[a,(1 — e,)]}. Equation 1 was
derived by assuming that the perturber follows
a parabolic orbit with a periastron distance
of a, (I — e,). It underestimates the actual
variation in transit period for small period
ratios and best matches the numerical results
for e, > 0.3. The transit-interval variations
increase with P, when the period ratio of
the two planets is held fixed. Thus, for a fixed
timing accuracy, the detection of companions
is easier for systems where the transiting
planet is farther from the star. For a given
perturbing planet mass, the timing varia-
tions are also larger for planets orbiting less
massive stars.

The eccentricity of the outer planet can
be estimated from the relative magnitudes of
the variations Az /At . . If the period of
the perturbing planet is much greater than
that of the transiting planet, the final factor
of Eq. 1 can be ignored. The resulting equa-
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tion can be rearranged to provide an estimate
of the mass of the perturbing planet
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given an estimate of e,.

Large excursions in transit-interval varia-
tion (Figs. 3 and 4) occur near small integer
ratios of the orbital periods of the two planets,
the locations of mean-motion resonances be-
tween the planets. In and near mean-motion
resonances, the planets undergo larger oscilla-
tions of semimajor axis and eccentricity (24).
The width in semimajor axis of each reso-
nance region is proportional to a,(M./M,)"?
and grows rapidly with increasing eccentricity
(24). The ranges of perturber periods (Figs. 3
and 4) in which the transit-interval variations
are irregular correspond to dynamical chaos
that results from the overlap of adjacent mean-
motion resonances (25). We have excluded
the ranges of perturber period in which this
chaos results in short-term dynamical in-
stability because such planetary configurations
are unlikely to be found.

The two planets of the GJ 876 system pro-
vide an excellent example of a 2:1 mean-
motion resonance in an extrasolar planetary
system. Because of the resonant gravitational
interaction between the two planets, the orbital
periods of the inner and outer planet vary from
30.1 days to 31.1 days and from 60.0 days to
59.1 days, respectively, over a libration period
of 550 days (26). Although careful photomet-
ric monitoring has excluded the possibility of
transits of the inner planet of the GJ 876
system (27), such transit-interval variations
would be seen if the inner planet transited.

In some cases, the libration period of a
resonant system can be much longer than
the interval of observation. Thus, the transit-
interval variations due to the resonance
cannot be easily discerned, even if the ampli-
tude of the variation is large. GJ 876’s short
libration period, P, results from the com-
bination of its low-mass star (M. = 0.4 M)
and massive planets (M, =2 M, , M, = 4
M,,), because Py, o P,(M./M,)12 (26, 24)
(and depends on the order of the resonance).
The 10* day integrations used for Figs. 3 and
4 are long enough to sample a full libration
period for the low-order resonances. A
corresponding system with a solar-mass star,
a l-year orbital period for the inner planet,
and Jupiter-mass planets in the 2:1 resonance
would have a libration period of ~50 years.
For Earth-mass planets, the libration period
would be nearly 1000 years. These long-term
effects would not be observable. However, the
smaller transit-interval variations that occur on
the time scale of the orbital periods of the two
planets could be observed.

The feasibility of using this technique to
detect additional planets in transiting systems
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depends on the physical and orbital properties
of the multiple planet systems, the accuracy
with which the times of transit can be mea-
sured, and the time span of the observations.
Our expectations for systems with multiple
Neptune-mass to Jupiter-mass planets are
guided by recent discoveries, as well as by
the giant planets in our solar system. Fourteen
of 117 systems are known to have two or
more planets. These have period ratios ranging
from 2 to 150, and three are known or thought
to be in mean-motion resonances. In the solar
system, neighboring giant planets have period
ratios of two to three. The eccentricities of the
planets in the solar system are small, but in
many of the extrasolar planetary systems the
eccentricities are large, ranging up to e = 0.9.

Both the theory of terrestrial-planet forma-
tion and available observations suggest that the
typical terrestrial-planet system will have a
configuration that results in variations in the
transit interval of hundreds of seconds over time
spans of months to years. Because the escape
velocity from the surface of a terrestrial planet
is smaller than the escape velocity from a solar-
mass star at ~1 AU, all the solid material in the
region from a few tenths to one or two AU
must either accrete into planets or fall onto the
star. The resulting planets are as closely spaced
as dynamical stability permits (28, 29). As ob-
served in the solar system and in the pulsar
planet system, the period ratios are of order two.

Assuming that the observations during the
ingress and egress of a transit are well sam-
pled, the error o, (due to photon statistics
alone) associated with the measured time of
the center of a transit of duration 7. is given by

3)

e (Tay)
Ir
where T is the photon count rate of the star
and p = R /R, is the ratio of the planet radius
to the stellar radius. Kepler (15), a NASA Dis-
covery mission, will monitor 100,000 A-M
dwarf stars brighter than apparent magnitude
V = 14, looking for transits of terrestrial-
sized planets in the habitable zone (30). The
smaller mission, COROT, will monitor 12,000
dwarf stars with apparent magnitudes of V =
11 to ¥ = 16, also searching for terrestrial-
mass planets (37). For Kepler, with its 0.95-m-
diameter aperture, ' = 7.8 x 108 10704 ~12)
h~1, for a star of apparent magnitude V. For
a Jupiter-sized planet in a 1-year orbit about a
solar-mass star with '=12, we find 5, ~ 20 s
(p ~ 0.1, t, ~ 13 h). For a terrestrial-sized
planet, 6,. ~ 500 s (p ~ 0.01). These accu-
racies suggest that the transit-period variations
due to the gravitational influence on each
other of Earth-mass planets with small period
ratios can be detected by Kepler. The observ-
ing cadence for Kepler will be limited by the
rate at which the data are transmitted to Earth.
This will nominally be 15 min but will be re-
duced to 1 min for likely transit candidates.

For brighter stars observed with large-aperture
ground-based telescopes, the presence of more
distant additional planets can be detected. For
example, observing a V=9 star with a 6.5-m-
aperture telescope, 6,. ~ 0.2 s. For such a star,
the photon noise exceeds the errors due to
atmospheric scintillation after ~30 s of accu-
mulated integration (32). Also, microvariabil-
ity at the level of 10 to 50 parts per million is
expected from p-mode oscillations such as those
seen in the sun, with characteristic periods of
300 s. This noise source is competitive with shot
noise in 8-m-class telescopes for V' = 14 stars.

One would like to measure the density of
a transiting planet to determine whether it is a
rocky terrestrial planet such as Earth, an ice/
water giant such as Neptune, or a gas giant
planet such as Jupiter. Unfortunately, when a
transiting planet is perturbed by a nontransit-
ing planet, photometry yields the radius of
the transiting planet but not its mass, whereas
the transit times yield the mass of the per-
turbing planet but not its radius. Thus, neither
planet’s density can be determined.

In cases in which two or more planets
transit their star, the masses and radii of each
planet can be estimated, allowing density de-
terminations for all. For such systems, radial-
velocity observations will not be necessary to
determine their masses and densities. Many of
the target stars in future surveys will be too
faint to allow for radial-velocity detections of
terrestrial-mass planets, even with technical
improvements to the accuracy of such mea-
surements. Thus, the transit-timing technique
may be the only means to estimate the mass
and density of terrestrial-mass planets. If one
sees transits of one planet in a multiple-planet
system, what is the probability of seeing
transits of a second planet? Assuming that
the orbits of the two planets are coplanar, the
probability that the second planet also transits
is a,/a, if a, > a, (if a, < a,, transits of the
second planet are assured in the case of
coplanar orbits). If the orbits of the two
planets are mutually inclined and one planet
transits the center of the star, the probability
that the second planet also transits is

2 . R,
P, = —arcsin| ———
b a, sini

where i is the mutual inclination between the
orbits of the two planets rather than the sky-
plane inclination. This assumes sin i’ > R./a,;
otherwise, transits of the second planet are
certain. For a solar-radius star, a mutual
inclination of a few degrees, and a semimajor
axis a, ~ 1 AU, the probability is roughly
10%. Thus, such double-transiting systems are
likely to be found.

The Kepler team plans to search for transits
with a consistent period, depth, and duration
(15). We caution that any detection algorithm
that looks for evidence of periodic transits in

)
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the photometry must allow for variations in the
transit period due to the perturbations from
unseen planets. An overly restrictive test for
periodicity might reject some of the most inter-
esting and informative planetary systems. The
GJ 876 system discussed above, an extreme
case, might be rejected as only quasiperiodic.
We also caution that experiments looking
for gradual transit-period variations due to
slow secular trends must allow for the pos-
sibility of substantial short-term variations in
the transit period. Transit-period variations
due to orbital precession (/6) or to tidal in-
teraction with a star (/7) require many years
to elapse before they can be detected; without
careful monitoring in the interim to determine
the short-term variations, the results of such
experiments could easily be misinterpreted.
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