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Fig. 1.— Illustration of transits and occultations. Only the combined flux of the star and planet is observed. During a transit, the flux
drops because the planet blocks a fraction of the starlight. Then the flux rises as the planet’s dayside comes into view. The flux drops
again when the planet is occulted by the star.

as well align theX axis with the line of nodes; we place the
descending node of the planet’s orbit along the +X axis,
giving ! = 180!.
The distance between the star and planet is given by

equation (20) of the chapter by Murray and Correia:

r =
a(1! e2)

1 + e cos f
, (1)

where a is the semimajor axis of the relative orbit and f
is the true anomaly, an implicit function of time depending
on the orbital eccentricity e and period P (see Section 3 of
the chapter by Murray and Correia). This can be resolved
into Cartesian coordinates using equations (53-55) of the
chapter by Murray and Correia, with ! = 180!:

X = !r cos(! + f), (2)
Y = !r sin(! + f) cos i, (3)
Z = r sin(! + f) sin i. (4)

If eclipses occur, they do so when rsky "
#
X2 + Y 2 is

a local minimum. Using equations (2-3),

rsky =
a(1 ! e2)

1 + e cos f

!

1! sin2(! + f) sin2 i. (5)

Minimizing this expression leads to lengthy algebra (Kip-
ping 2008). However, an excellent approximation that we
will use throughout this chapter is that eclipses are centered

around conjunctions, which are defined by the condition
X = 0 and may be inferior (planet in front) or superior
(star in front). This gives

ftra = +
"

2
! !, focc = !

"

2
! !, (6)

where here and elsewhere in this chapter, “tra” refers to
transits and “occ” to occultations. This approximation is
valid for all cases except extremely eccentric and close-in
orbits with grazing eclipses.
The impact parameter b is the sky-projected distance at

conjunction, in units of the stellar radius:

btra =
a cos i

R!

"

1! e2

1 + e sin!

#

, (7)

bocc =
a cos i

R!

"

1! e2

1! e sin!

#

. (8)

For the common case R! $ a, the planet’s path across
(or behind) the stellar disk is approximately a straight line
between the pointsX = ±R!

#
1! b2 at Y = bR!.

2.2 Probability of eclipses

Eclipses are seen only by privileged observers who view
a planet’s orbit nearly edge-on. As the planet orbits its star,
its shadow describes a cone that sweeps out a band on the
celestial sphere, as illustrated in Figure 3. A distant ob-
server within the shadow band will see transits. The open-
ing angle of the cone, ", satisfies the condition sin" =
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Fig. 2.— Illustration of a transit, showing the coordinate system discussed in Section 2.1, the four contact points and the quantities T
and ! defined in Section 2.3, and the idealized light curve discussed in Section 2.4.

(R! + Rp)/r where r is the instantaneous star-planet dis-
tance. This cone is called the penumbra. There is also an in-
terior cone, the antumbra, defined by sin! = (R!!Rp)/r,
inside of which the transits are full (non-grazing).
A common situation is that e and ! are known and i is

unknown, as when a planet is discovered via the Doppler
method (see chapter by Lovis and Fischer) but no informa-
tion is available about eclipses. With reference to Figure 3,
the observer’s celestial longitude is specified by !, but the
latitude is unknown. The transit probability is calculated as
the shadowed fraction of the line of longitude, or more sim-
ply from the requirement |b| < 1+ k, using equations (7-8)
and the knowledge that cos i is uniformly distributed for a
randomly-placed observer. Similar logic applies to occulta-
tions, leading to the results

ptra =

!

R! ±Rp

a

"!

1 + e sin!

1! e2

"

, (9)

pocc =

!

R! ±Rp

a

"!

1! e sin!

1! e2

"

, (10)

where the “+” sign allows grazing eclipses and the “!”
sign excludes them. It is worth committing to memory the
results for the limiting case Rp " R! and e = 0:

ptra = pocc =
R!

a
# 0.005

!

R!

R!

"

# a

1 AU

$"1
. (11)

For a circular orbit, transits and occultations always go to-
gether, but for an eccentric orbit it is possible to see transits
without occultations or vice versa.
In other situations, one may want to marginalize over

all possible values of !, as when forecasting the expected
number of transiting planets to be found in a survey (see
Section 4.1) or other statistical calculations. Here, one can
calculate the solid angle of the entire shadow band and di-
vide by 4", or average equations (9-10) over !, giving

ptra = pocc =

!

R! ±Rp

a

"!

1

1! e2

"

. (12)

Suppose you want to find a transiting planet at a particu-
lar orbital distance around a star of a given radius. If a frac-
tion # of stars have such planets, you must search at least
N # (# ptra)"1 stars before expecting to find a transiting
planet. A sample of >200 #"1 Sun-like stars is needed to
find a transiting planet at 1 AU. Close-in giant planets have
an orbital distance of approximately 0.05 AU and # # 0.01,
giving N >103 stars. In practice, many other factors affect
the survey requirements, such as measurement precision,
time sampling, and the need for spectroscopic follow-up
observations (see Section 4.1).

2.3 Duration of eclipses

In a non-grazing eclipse, the stellar and planetary disks
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Fig. 10.— Transits of two different super-Earths, GJ 1214b (left) and CoRoT-7b (right). The planets are approximately the same size,
but because GJ 1214b orbits a small star (spectral type M4.5V) its transit depth is much larger than that of CoRoT-7b, which orbits a
larger star (G9V). References: Charbonneau et al. (2009), Léger et al. (2009).

Fig. 11.— The combined 8 µm brightness of the K star HD 189733 and its giant planet, over a 33 hr interval including a transit and an
occultation. The bottom panel shows the same data as the top panel but with a restricted vertical scale to highlight the gradual rise in
brightness as the planet’s dayside comes into view. The amplitude of this variation gives the temperature contrast between the dayside
(estimated as 1211 ± 11 K) and the nightside (973± 33 K). From Knutson et al. (2007b).
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Fig. 14.— Examples of data used to measure the projected spin-orbit angle !. The top panels show transit photometry, and the bottom
panels show the apparent radial velocity of the star, including both orbital motion and the anomalous Doppler shift (the Rossiter-
McLaughlin effect). The left panels show a well-aligned system and the middle panels show a misaligned system. The right panels
show a system for which the stellar and orbital “north poles” are nearly antiparallel on the sky, indicating that the planet’s orbit is either
retrograde or polar (depending on the unknown inclination of the stellar rotation axis). References: Winn et al. (2006; 2009a,b).

their effects on other transiting planets. The same princi-
ple can be used to detect habitable “exomoons” (Kipping et
al. 2009) or habitable planets at the Trojan points (Lagrange
L4 and L5) in the orbits of more massive planets (Ford &
Gaudi 2006, Madhusudhan & Winn 2009).
Longer-term orbital perturbations should also be mea-

surable, due to additional bodies (Miralda-Escudé 2002) or
relativistic precession (Jordán & Bakos 2008, Pál & Koc-
sis 2008). For very close-in planets, the orbital precession
rate should be dominated by the effects of the planetary tidal
bulge, which in turn depends on the deformability of the
planet. This raises the prospect of using the measured pre-
cession rate to infer some aspects of the planet’s interior
structure (Ragozzine & Wolf 2009).
In addition, the precise form of the transit light curve

depends on the shape of the planet’s silhouette. With pre-
cise enough photometry it may be possible to detect the
departures from sphericity due to rings (Barnes & Fortney
2004) or rotation (Seager & Hui 2002, Barnes & Fortney
2003). Already it has been shown that HD 189733b is less
oblate than Saturn (Carter & Winn 2009b), as expected if
the planet’s rotation period is synchronized with its 2.2-
day orbit (slower than Saturn’s 11 hr rotation period). Soon
we will have a sample of transiting planets with larger or-
bital distances, for which synchronization is not expected
and which may therefore be rotating quickly enough for the
oblateness to be detectable.
Another prize that remains to be won is the discovery

of a system with more than one transiting planet. This
would give empirical constraints on the mutual inclination
of exoplanetary orbits (Nesvorný 2009), as well as esti-

mates of the planetary masses that are independent of the
stellar mass, through the observable effects of planet-planet
gravitational interactions. Already there are a few cases in
which there is evidence for a second planet around a star
that is known to have a transiting planet (see, e.g., Bakos et
al. 2009), but in none of those cases is it known whether the
second planet also transits.
Ground-based transit surveys will still play an important

role by targeting brighter stars over wider fields thanCoRoT
and Kepler. With brighter stars it is easier to rule out false
positives, and to measure the planetary mass through radial-
velocity variations of the host star. For the smallest plan-
ets around the relatively faint stars in the CoRoT and Ke-
pler fields this will be difficult. Bright stars also offer more
photons for the high-precision follow-up investigations that
make eclipses so valuable.
Ground-based surveys will continue providing such tar-

gets, and in particular will mine the southern sky, which is
comparatively unexplored. Two contenders are the Super-
WASP and HAT-South surveys, which will aim to improve
their photometric precision and discover many Neptune-
sized or even smaller planets in addition to the gas giants.
The MEarth project, mentioned in Section 5.1, is specif-
ically targeting small and low-luminosity stars because of
the less stringent requirements on photometric precision
and because the habitable zones occur at smaller orbital
distances, making transits more likely and more frequent
(Nutzman & Charbonneau 2008).
An attractive idea is to design a survey with the fine

photometric precision that is possible from space, but that
would somehow survey the brightest stars on the sky in-

21


