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ABSTRACT

Planetary companions to the source stars of a caustic-crossing binary microlensing events can be detected
via the deviation from the parent light curves created when the caustic magnifies the starlight reflecting off the
atmosphere or surface of the planets. The magnitude of the deviation is 6, ~ €,p, ', where ¢, is the fraction
of starlight reflected by the planet and p, is the angular radius of the planet in units of the angular Einstein
ring radius. Because of the extraordinarily high resolution achieved during the caustic crossing, the detailed
shapes of these perturbations are sensitive to fine structures on and around the planets. We consider the
signatures of rings, satellites, and atmospheric features on caustic-crossing microlensing light curves. We find
that, for reasonable assumptions, rings produce deviations of the order of 10%¢,, whereas satellites, spots,
and zonal bands produce deviations of the order of 17%6,. We consider the detectability of these features using
current and future telescopes and find that, with very large apertures (>30 m), ring systems may be
detectable, whereas spots, satellites, and zonal bands will generally be difficult to detect. We also present a
short discussion of the stability of rings around close-in planets, noting that rings are likely to be lost to
Poynting-Robertson drag on a timescale of the order of 10° yr, unless they are composed of large (> 1 cm)

particles or are stabilized by satellites.

Subject headings: gravitational lensing — planets and satellites: general — planets: rings

1. INTRODUCTION

Precise radial velocity surveys have detected over 100
planetary companions to FGKM dwarf stars in the solar
neighborhood.”? Among the interesting trends that have
been uncovered in this sample of planets are a positive cor-
relation between the frequency of planets and metallicity of
the host stars (Gonzalez 1997, 1998; Laughlin 2000; Santos,
Israelian, & Mayor 2001; Reid 2002), a paucity of massive,
close-in planets (Zucker & Mazeh 2002; Pitzold & Rauer
2002), and a “piling up” of less massive, close-in planets
near periods of P ~ 3 days. This latter trend is important
because the number of planets that transit their parent stars
is roughly proportional to 1/a, where a is the semimajor
axis. The discovery and interpretations of these global
trends provide clues to the physical mechanisms that affect
planetary formation, migration, and survival.

A somewhat different way of obtaining clues about the
physical processes at work in planetary systems is to acquire
detailed information about individual planets. With radial
velocity measurements alone, such information is limited
only to the minimum mass M, sini of the planet and the
semimajor axis ¢ and eccentricity of its orbit. However, if
the planet also transits its parent star, then it is possible to
infer considerably more information. A basic transit mea-

I Hubble Fellow.
2 See http://cfa-www.harvard.edu/planets/catalog for a list of planets
and discovery references.
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surement allows one to infer the radius, mass, and density of
the planet, as has been done with the only known transiting
extrasolar planet, HD 209458b (Charbonneau et al. 2000;
Henry et al. 2000). This in turn allows one to place con-
straints on the planet’s orbital migration history (Burrows
et al. 2000). More detailed photometric and spectroscopic
data during (and outside of) the transit can be used to study
the composition of, and physical processes in, the planetary
atmosphere (Seager & Sasselov 2000; Seager, Whitney, &
Sasselov 2000; Charbonneau et al. 2002; Brown, Libbrecht,
& Charbonneau 2002), to measure the oblateness, and thus
constrain the rotation rate, of the planet (Hui & Seager
2002; Seager & Hui 2002), and to search for rings and satel-
lites associated with the planet (Sartoretti & Schneider 1999;
Schneider 1999; Brown et al. 2001).

The “classical” method of searching for planets via
microlensing was first proposed by Mao & Paczynski (1991)
and subsequently further developed by Gould & Loeb
(1992). In this method, a planetary companion to the pri-
mary lens star produces a small perturbation atop the
smooth, symmetric lensing light curve created by the pri-
mary. The microlensing method has several important
advantages over other methods, as well as several disadvan-
tages (see Gaudi 2003 for a review). The most important
advantage is that the strength of the planet’s signal depends
weakly on the planet/primary mass ratio, and thus, it is the
only currently feasible method to detect Earth-mass planets
(Bennett & Rhie 1996). The other advantage is that it ena-
bles one to detect planets located at large distances of up to



528 GAUDI, CHANG, & HAN

several tens of kiloparsecs. However, it also has disadvan-
tages, the most important of which is that the only useful
information one can obtain is the mass ratio between the
planet and the primary. Thus, classical microlensing
searches only allow one to identify the existence of the
planet and build statistics about the types of planetary sys-
tems, but cannot be used to obtain detailed information
about the discovered planets. This is especially problematic
in light of the fact that follow-up of the discovered systems
will generally be difficult or impossible.

Recently, Graff & Gaudi (2000) and Lewis & Ibata (2000)
proposed a novel method of detecting planets via microlens-
ing. They suggested that one could detect close-in giant
planets orbiting the source stars of caustic-crossing binary
lens events via accurate and detailed photometry of the
binary lens light curve. In this method, the planet can be
detected because the light from the planet is sufficiently
magnified during the caustic crossing to produce a notice-
able deviation to the lensing light curve of the primary. The
magnitude of the deviation is ¢, ~ epp;1 , where ¢, is the
ratio of the (unlensed) flux from the planet to the (unlensed)
flux from the star and p), is the angular radius of the planet
in units of the angular Einstein ring radius 0g of the lens
system. The Einstein ring radius is related to the physical
parameters of the lens system by

2RSch

Or D (1)
where Rsen = 2GM /c? is the Schwarzschild radius of the
lens, M is the total mass of the lens, D = DysD,/Djs, and
Dy, Dy, and Dy are the distances between the observer and
source, observer and lens, and lens and source, respectively.
For searches in the optical, the light from the planet will
be dominated by the reflected light from the star, and
€y ~ 1074 for close-in planets.> Adopting typical parame-
ters, p, ~ 107, and thus 8, ~ 1%. Graff & Gaudi (2000)
demonstrated that this level of photometric precision is cur-
rently within reach of the largest aperture telescopes. The
exquisite resolution afforded by caustics may allow one to
study features on and around the source in detail, and with
larger aperture telescopes, one may able to study spots and
bands on the surfaces of detected planets by looking for
small deviations to the nominal light curve (Graff & Gaudi
2000). Here we study the signatures of these and other struc-
tures on lensing light curves, quantify the magnitude of the
deviations, and assess their detectability using current and
future instrumentation. Specifically, we consider the signa-
tures of rings and satellites as well as atmospheric features
such as spots, zonal bands, and scattering. Lewis & Ibata
(2000) considered using variations in the polarization dur-
ing the planetary caustic crossing to probe the composition
of the planetary atmosphere. The effects of the phase of the
planet on the light curve were considered previously by
Ashton & Lewis (2001).

The layout of the paper is as follows. In § 2, we discuss
binary lenses and their associated caustic structures and
describe the magnification patterns near caustics. We dis-
cuss expectations for the existence, stability, and properties

3 Because the fraction of reflected light decreases as ¢, o< a=2, optical
searches will generally only be sensitive to close-in planets. However,
planets may have significant intrinsic flux in the infrared, enabling the
detection of more distant companions at longer wavelengths.
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of rings, satellites, and atmospheric features of close-in
extrasolar planets in § 3. In § 4, we lay out the formalism for
calculating microlensing light curves and apply this formal-
ism to make a quantitative predictions for the deviations
caused by planets (§ 4.1), satellites (§ 4.2), rings (§ 4.3), and
atmospheric features (§ 4.4). We address the detectability of
these deviations in § 5 and summarize and conclude in § 6.

2. BINARY LENSES AND CAUSTIC CROSSINGS

If a microlensing event is caused by a lens system com-
posed of two masses, the resulting light curve can differ dra-
matically from the symmetric curve due to a single-lens
event. The main new feature of binary lens systems is the
formation of caustics. Caustics are the set of positions in the
source plane (&, n) on which the magnification of a point
source is formally infinite. The set of caustics forms closed
curves, which are composed of multiple concave line seg-
ments that meet at points. The concave segments are
referred to as fold caustics, whereas the points are cusps.
The number and shape of caustic curves vary depending on
the separation and the mass ratio between the two lens com-
ponents. Figure 1 shows an example caustic structure of a
binary lens system with equal-mass components separated
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a binary lens. In this case, the system has equal-mass components separated
by one Einstein ring radius. The coordinates are centered at the midpoint of
the binary, and all lengths are normalized by the Einstein ring radius. The
solid and dashed straight lines are the two source trajectories considered in
the numerical simulations. The insets are the details of the regions around
the second caustic crossings of these trajectories.
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by 0. For more details on the caustic structure of binary
lenses, see Schneider & Weiss (1986) and Erdl & Schneider
(1993). The caustic cross section generally decreases with
decreasing mass ratio and decreases for widely and closely
separated components. Therefore, the majority of caustic-
crossing binary lens events will have caustic structures simi-
lar to that shown in Figure 1. Most source trajectories
(straight lines through the source plane) will not intersect
the caustic near cusps; therefore, the majority of caustic
crossings will be simple fold caustic crossings. Near a fold
caustic, the total magnification A4 of a point source is generi-
cally given by (Schneider, Ehlers, & Falco 1992; Gaudi &
Petters 2002)

Aluy) = (“—l)l/le | )

r

where 1, is the angular normal distance of the source from
the fold in units of O, u, is related to the local derivatives of
the lens potential and describes the effective ““ strength ™ of
the caustic (also in units of 0g), and A is the magnification
of all the images unrelated to the caustic. The divergent
nature of the magnification (as A o ull/ %) translates into
high angular resolution in the source plane.

Because of the divergent magnification near a caustic, the
light curve of a caustic-crossing binary lens event is charac-
terized by sharp spikes that are generally easily detectable.
Mao & Paczynski (1991) predicted that ~7% of all events
seen toward the Galactic bulge should be caustic-crossing
events. Analyses of the databases of the MACHO (Alcock
et al. 2000) and OGLE (Jaroszynski 2002) lensing surveys
have demonstrated that binary microlensing events are
being detected at a rate roughly consistent with theoretical
predictions. Therefore, a significant sample of caustic-cross-
ing binary lens events should be available each year for
planet searches. The planetary caustic crossing is expected
to occur within ~1 day (a/0.1 AU) of the stellar caustic
crossing. Therefore, in order to detect close-in planets and
their associated structures, extremely dense sampling for a
period of ~2 days centered around one of the stellar caustic
crossings is required. Caustic crossings occur in pairs, and
although the first caustic crossing may not be detected in
real time because of its short duration, it can be inferred
afterward from the enhanced magnification interior to the
caustic. Follow-up observations can therefore be prepared
before the second caustic crossing, and dense sampling
throughout the second caustic crossing will be possible.

The usefulness of caustic-crossing binary lens events has
already been demonstrated in numerous ways. Precise
photometry during the caustic crossings of several events
has been used to measure the limb-darkening profiles of
stars located in both the Galactic bulge and the Small
Magellanic Cloud (Albrow et al. 1999, 2001a; Afonso et al.
2000; An et al. 2002), and spectra taken during the unusu-
ally long caustic crossing of one event have been used to
resolve the atmosphere of a K giant in the bulge (Castro et
al. 2001; Albrow et al. 2001b). It also has been proposed that
irregular structures on the source star surface, such as spots,
can be studied in detail by analyzing the light curves of caus-
tic-crossing binary lens events (Han et al. 2000; Chang &
Han 2002). The same principles that make these measure-
ments possible also allow one to study tiny structures on
and around the planetary companions to the source stars of
caustic-crossing events.
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What is the ultimate resolution that can be obtained dur-
ing a caustic crossing? In geometric optics, this is set by the
frequency of measurements and the number of photons that
can be acquired in a given measurement, so that extremely
small structures in the source plane could, in principle, be
probed with sufficiently large telescopes and sufficiently
high cadence. However, for very small sources, geometric
optics breaks down, and diffraction effects become impor-
tant. For a fold caustic crossing, this occurs when the angu-
lar size p, of the source in units of 0 satisfies p;, < ps, where
(Ulmer & Goodman 1995; Jaroszynski & Paczynski 1995)

- \ 2/3 s
pd:(lszSCJ e (3)

Here ) is the wavelength of the light. For A ~ 800 nm (/
band) and M =0.3 M., p; ~7 X 10-%4,'°. For nearly
equal-mass binaries, such as shown in Figure 1, u, ~ 1.
Thus, the ultimate resolution achievable during a caustic
crossing is p;0g ~ 20 pas, or a length of p 0 Dos ~ 26 km at
the distance of the bulge. This is considerably smaller than
the size of any of the structures we consider here, so we can
safely ignore diffraction effects.

3. SATELLITES, RINGS, AND ATMOSPHERIC
FEATURES OF CLOSE-IN PLANETS

All of the planets in our solar system have at least one sat-
ellite, with the exceptions of Mercury and Venus, so it seems
at least plausible that satellites are common by-products of
the formation of planetary systems. Satellites are perturbed
by the tidal bulges they induce on their parent planets, and
their orbits evolve under the influence of this torque. If the
timescale for this evolution is sufficiently short, the satellite
will spiral inward until impacting with the parent planet or
outward until it reaches the Hill radius of the planet and is
lost to the parent star. The survival of satellites has been
considered by numerous authors in the context of our solar
system (see, e.g., Ward & Reid 1973). More recently, Barnes
& O’Brien (2002) studied the lifetimes of satellites in the
context of extrasolar planetary systems and found that sat-
ellites with Mg, > M, cannot survive for more than ~5
Gyr around Jupiter-like planets with separations a <0.25
AU, assuming a solar-mass primary star. Therefore, rela-
tively massive satellites around close-in planets are expected
to be rare. However, the lifetime of satellites depends sensi-
tively on the (uncertain) tidal Q-value of the planet and
therefore may be significantly in error. Furthermore, plan-
ets around lower mass stars are expected to retain their sat-
ellites for a longer period of time.

Satellites of close-in planets are unlikely to have substan-
tial atmospheres because their surface escape speeds are
generally small enough that most light-element gases will
have evaporated over the age of the system. The equilibrium
blackbody temperatures of satellites of planets with ¢ < 0.1
AU are T 2900 K, and any gases with an atomic mass less
than ~18 (including H, He, CH4, NH3, and H,O) will have
been entirely lost over the ~5 Gyr age of the system for sat-
ellites with mass <M,,. Therefore, the scattering surface of
any extant satellite will likely be rocky.

Ring systems exist around all of the gas giants in our solar
system and therefore might also be expected to be common
debris from planetary formation. The rings we observe in
the solar system have varied properties, but at least some,
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such as the rings of Saturn, are composed of icy materials
that give rise to high albedos. Such high albedos would aid
considerably in detection in the current context. Unfortu-
nately, ices cannot exist as separations less than

L. 1/2 Le 1/2
an~ (rmr‘ ) =27AU(7) (4)

sub ©

where L« is luminosity of the parent star and Ty, = 170 K
is the sublimation temperature of ice. Thus, close-in planets
cannot have rings composed of icy material. Rocky rings
are not precluded; however, the constituent particles are
subject to numerous dynamical forces, including Poynting-
Robertson (PR) drag, viscous drag from the planet exo-
sphere, torques from satellites and /or shepherd moons, and
internal collisions. The characteristic decay time for PR
dragis (Goldreich & Tremaine 1982)

2
tor ~ 105 yr—2— = (1 5
R yrg cm3 ecm \ 0.1 AU/ ~’ (5)

where p and r are the density and radius of the particles,
respectively. For close-in planets, the decay time ¢,4 for vis-
cous drag is likely to be considerably larger than #pg (Gold-
reich & Tremaine 1982), unless the planet’s exospheres are
quite dense, p= 10-1¢ g cm—3. Interparticle forces only serve
to spread the ring. Therefore, the dominant effect, aside
from satellite perturbations, is likely to be PR drag. It is
clear that rings of close-in planets will be lost to the planet
on a relatively short timescale unless they are stabilized by
interactions with satellites. Since, as we have just discussed,
satellites around close-in planets are themselves generally
not long-lived, it is not clear that this is a viable method of
maintaining rings. A definitive exploration of the stability
of rings and satellite systems around close-in planets is
beyond the scope of this paper, but warrants future study.

An enormous amount of effort has been devoted to model-
ing of the atmospheres of extrasolar planets, with ever-
increasing levels of sophistication (see, e.g., Saumon et al.
1996; Burrows et al. 1997; Seager & Sasselov 2000). Special
emphasis has been placed on close-in planets (Seager &
Sasselov 1998; Goukenleuque et al. 2000). The recent con-
frontation of observations of the radius and atmosphere of
HD 209458b (Brown et al. 2001; Charbonneau et al. 2000)
with theoretical predictions (Seager & Sasselov 2000;
Burrows et al. 2000) generally indicates that considerably
more work needs to be done (Guillot & Showman 2002;
Fortney et al. 2002). The problem of modeling the atmos-
pheres of close-in planets is an especially difficult one
because of the fact that these planets are tidally locked to
their parent stars and subject to strong stellar irradiation. It
seems likely that nonequilibrium processes, weather, and
photoionization will all play a role in accurate theoretical
models. It is therefore perhaps a bit premature to speculate
on the existence and nature of surface features, such as zonal
bands and spots, on extrasolar planets. There are intriguing
indications, however, that close-in planets may possess
large-scale surface features. Showman & Guillot (2002) and
Cho et al. (2002) showed that the extreme day-night temper-
ature difference in close-in, synchronized planets drive large-
scale zonal winds that can reach ~2 km s~!. These circula-
tion patterns result in nonuniform surface temperatures that
may lead to significant variations in the scattering, reflecting,
and absorbing properties of the atmosphere.
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Regardless of whether or not surface irregularities exist
on extrasolar planets, it is clear that a uniform surface
brightness, which has been assumed in previous microlens-
ing simulations (Graff & Gaudi 2000; Lewis & Ibata 2000;
Ashton & Lewis 2001), will likely not be an accurate repre-
sentation of the global illumination pattern of the planet.
Even for simple Lambert scattering, in which each area ele-
ment of the planetary atmosphere reflects the incident flux
uniformly back into the 27 available solid angle, the surface
brightness profile of the planet is nonuniform because of
projection effects. Departures from Lambert scattering are
expected and depend on such properties as the particle size
of the condensates in the atmosphere (Seager & Sasselov
2000).

To summarize, it remains unclear whether satellites or
ring systems can exist around close-in extrasolar planets.
Models of the close-in planetary atmospheres have not yet
reached the level of sophistication required to definitively
predict whether large-scale surface features such as zonal
bands or spots will be present. It seems quite likely, how-
ever, that the surface brightness profile of extrasolar planets
will not be uniform, as has previously been assumed when
calculating the effects of microlensing. We therefore proceed
with rampant optimism and assume that all of the above
structures (rings, moons, zonal bands, spots, and nonuni-
form surface brightness profiles) may exist and consider the
nature and magnitude of their effects on microlensing light
curves.

4. QUANTITATIVE ESTIMATES

In this section, we estimate the magnitude of the features
in lensing light curves produced by satellites, rings, and at-
mospheric features, relative to the nominal light curve pro-
duced by an isolated, circular planet with uniform surface
brightness. For the most part, we use semianalytic means to
produce quantitative estimates in order to elucidate the
dependence of the deviations on the parameters of the
system. However, in some cases the signals cannot be com-
puted analytically. We therefore complement our semiana-
lytic results with detailed numerical simulations.

The time-dependent total flux F(¢) from a system com-
posed of a star and N additional source components being
microlensed can be generically written as

F(t) = FxAx(t) + ﬁ:EAi(I) + B, (6)

where Fx is the unlensed flux of the star, 4« is the magnifica-
tion of the star, F; and 4, are the unlensed flux and magnifi-
cation, respectively, of the ith additional component (which
may include planets, satellites, rings, etc.), and B is any
unlensed blended flux. We henceforth assume no blending,
but note that any deviation in the light curve is suppressed
in the presence of blending by a factor (1 + f;/A4nb) "', where
f» = B/(Fx + >_ F) is the ratio of blend to total source flux
and A,, is the total magnification in the absence of
blending.

Generally, we have that F; < Fx and ) F; < Fx, and thus
the observed magnification can be approximated as

F(1)

Agps = m ~ Ay + Aot ; Adio = Z:fiAi . (7
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where we have defined A4, the extra magnification due to
the planetary companion and associated structures, and the
flux ratio f; = F;/Fx between the ith component and the
star.

For a uniform, circular source sufficiently close to a linear
fold caustic, the magnification is (Chang 1984; Schneider et
al. 1992)

1/2
Ay = <”—> Go(z) + Ao , (8)
Ps
where z = u, /py is the normal distance of the source from
the caustic in units of the source size. The function Gy(z)
describes the normalized light curve for a uniform, circular
source crossing a fold caustic and can be expressed in terms
of elliptic integrals (Schneider & Weiss 1986). It is useful
because it can be used to describe the magnification of any
source that can decomposed into components with azimu-
thal symmetry. Gy has a maximum of ~1.38 at z ~ —0.66.
In the range —1 < z < 1, the mean value of Gy(z) is 0.95 and
the rms is 1.04. The magnification can also be written as
a function of time by defining ¢ =utgcscy and
z = (t — t.c)/At, where ¢, is the time when the center of the
source crosses the caustic, «y is the angle of the trajectory
with respect to the caustic, and the timescale of the caustic
crossing is At = pytg cscy. Here g = 0 /u is the timescale
of the primary event and x is the relative lens-source proper
motion.

For typical microlensing events toward the Galactic
bulge, g ~ 320 uas and u ~ 12.5 km s~ ! kpc~!, and thus
tg ~ 22 days. We assume that the primary source is a G
dwarf in the bulge, i.e., that it has a radius R« = R and is
located at the distance Do,y = 8 kpc. The angular radius
is 0 ~ 0.6 uas, and thus the dimensionless source size is
px = 0x/0g = 1.8 x 1073. The caustic-crossing timescale
for a source of physical radius R is

Aty ~ 1 hr csc’y(Ri) . 9)

®

Thus, the primary caustic crossing is expected to last
2Aty ~ 2 hrfor Ry« = R-.

4.1. Planet

The largest contribution to A4y generally will be from
the planet itself, A4, = f,4,. In the case of light reflected by
a planetary atmosphere or surface, the flux fraction f, will
depend on the radius R, of the planet, its distance a from the
star, the scattering properties of the atmosphere, and the
phase of the planet. Generically, the flux ratio f, between
the planet and star can be written as (Sobolev 1975)

I = qu)(a) ) (10)

where « is the phase angle, defined as the angle between the
star and Earth as seen from the planet, ®(«) is the phase
function, and ¢, is the flux ratio at « = 0,

_ R, ? -5 a - R, ?
ep,szfp<7> ~ 228 x 10 ﬂp(O.l AU> Ron)

(11)

Here ./, is the geometric albedo of the planet. For a
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Lambert sphere, .7, = 2and

D(a) :%[Sina—k(w—a)cosa] . (12)
The magnification A, of the planet will depend on
the size of the planet as well as its surface brightness.
The surface brightness, in turn, depends on the phase of
the planet as well as the scattering properties of the at-
mosphere. The effects of the phase of the planet on the
magnification have been considered by Ashton & Lewis
(2001), and we consider the effects of Lambert sphere
scattering on the magnification in § 4.4.3. We therefore
assume that the planet has a uniform surface brightness
and is at full phase (o« = 0 and thus ® = 1), unless other-
wise stated. In this case, the magnification of the planet
is simply given by equation (8), with p; = p,, where p, is
the angular radius of the planet in units of 0p. Adopting
this expression, the contribution of the perturbation from
the planet is

Uy

Ad, =, (5) 1/200(21,) . (13)

Note that we have assumed that f,49 < 1. In most cases,
Ay is of the order of unity, and this will be an excellent
approximation. We furthermore assume that f;4p< 1 in
deriving all analytic expressions. During the planetary
caustic crossing, the rms* of Gy is ~1. Thus, the magni-
tude of the deviation is given by the coefficients of the G
function in equation (13),

N\ 12
h=e (p;) . (14)

For binary lenses with caustic structures similar to that
shown in Figure 1, u, is of the order of unity (Lee,
Chang, & Kim 1998).

Thus, for typical microlensing bulge parameters,
8, = 1.67 x 1073/, (R,/Ryp)**(a/0.1 AU) %, and for a
planet with properties similar to HD 209458b
(R, = 1.347 Ry,p and a = 0.0468 AU; Brown et al. 2001)
and @/, = %, 0, ~ 0.8%. From equation (9), the duration of
planetary caustic crossing is 2A#, ~ 16 minutes cscy for
R, = 1.347 Ryyp.

4.2. Satellites

The magnitude of the deviation caused by a satellite
can be estimated using the same formalism as used for
the planet (§ 4.1). As for the planet, we assume that the
satellite has a uniform surface brightness and phase
a = 0. The deviation A4, caused by the satellite is then

1/2

Adgy = € <£> GO(Zsa) ) (15)

sa

where €, is the flux ratio between the satellite and star
and pg, is the dimensionless size of the satellite. In anal-
ogy to the case of the planet alone, we can define
bsa = €sa(Uty/ psa)l/ %2 to be the magnitude of the deviation
from the satellite. If we assume that the distance of the

4 The rms is the relevant quantity for signal-to-noise considerations; see

§5.
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satellite from the planet is small compared to a, we can
relate this to the magnitude of the deviation due to the

planet by
RN
Osa = Kisa <R—S§) 611 ) (16)

where kg = /4, is the ratio of the geometric albedos
of the satellite and planet and Ry, is the radius of the sat-
ellite. The ratio kg, will depend quite strongly on the
compositions of the planet and satellite. As we argued in
§ 3, satellites of close-in planets are unlikely to have sub-
stantial atmospheres, and therefore the scattering surface
will be rocky in composition. Albedos of rocky bodies
depend on their composition but are generally low, <0.3.
For definiteness, we assume that xg = 0.1 and assume a
satellite radius of Ry, = 0.2R,,. This is ~2R,, for a Jupi-
ter-size planet. Then 65 =~ 1%0,.

Assuming typical bulge parameters, an analog of the
HD 209458 system at D,s = 8 kpc, and for the second
caustic crossing of the dashed trajectory in Figure 1,
which has the properties v = 71° and u, = 0.82, we find
6p =7.19 x 1073 and Ar, = 8.48 minutes. Adopting these
parameters, Figure 2 shows the total magnification asso-
ciated with the planet and satellite, Ady = A4, + Adgq,
as well as the extra magnification from the satellite alone,
AAg,. We show the effect for various satellite positions.
The time it takes for the caustic to cross the satellite is
2Ats, ~ 3.4 minutes.
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FiG. 2.—Top: Caustic-crossing microlensing light curves from a planet
with and without a satellite with radius equal to 20% of the radius of the
planet and albedo equal to 10% of the planet’s albedo. The solid line shows
the light curve from the planet only. The other lines show the magnification
including a satellite with various relative positions. The events arise from
the second caustic crossing of the dashed source trajectory through the
binary lens systems depicted in Fig. 1. Bottom: Additional magnification
AAg, caused by the satellite alone.
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4.3. Rings

Rings of extrasolar planets have such low mass that they
have no observable dynamical effect on the host star’s
motion. However, as shown by the example of Saturn’s ring,
they can be significantly more extended than planets. This
makes them much easier to be identified by transits, for
which the signal varies as the area ) of the feature that
occults the star, and microlensing, for which the signal is
23/4 because of the competing effects of the amount of
reflected light (x€2) and the magnification (o<1~ 1/4).

We can obtain an analytic estimate of the signal caused
by a ring by assuming a face-on geometry. We model the
ring as a circular annulus with uniform surface brightness,
outer radius R, and inner radius R;,. The magnification
from the ring is then

AAdy = 6:H | (17)

where we have defined

RoN\32 R\
(1%[]“> GO(Zout) - (R_l;l> GO(Zin)

and zoy = 2,(R,/Rout) and similarly for z;,. The shape and
magnitude of the function H will depend on the relative sizes
of Roys Rin, and R, but will generally be of the order of
unity for the ring systems considered here. The magnitude
of the deviation due to the ring is therefore roughly &,
which in terms of the deviation from the planet is

O = Kribp 19
P

H=

, (18)

where ki = .o7,i/.o/, is the ratio of the geometric albedos of
the ring and planet. We argued in § 3 that any surviving ring
systems of close-in planets must be rocky in nature, and thus
the albedos will generally be small. Adopting k; = 0.15,
O = 15%0,.

Figure 3 shows the total magnification associated with
the planet and ring system, Ad, = A4, + AA,;, where we
have adopted the same parameters for the planetary devia-
tion as in § 4.2, namely, 6, = 7.19 x 103 and Az, = 8.48
minutes. We also show the magnification from the ring sys-
tem alone, AA4,;. We show the effect of the ring for various
inner radii, and in order to isolate the effect of varying the
inner radius on the resulting light curve, we fix the total area
of the ring systems to be m(R2, — R%) = 10R}. The two
small bumps on the left- and right-hand sides of the primary
peak are caused by the ring’s entrance and exit of the caus-
tic. The time between the two ring-induced bumps (or
between one of the bumps and the primary peak), relative to
the timescale of the planetary perturbation, is a measure of
the relative dimension of the ring compared to the size of
the planet disk. The time it takes for the caustic to cross the
ring system is 2At; = 2(Rou/R,)At,. For the largest ring
system shown in Figure 3, this is ~74 minutes. We find that
the signal of the ring generally decreases slowly as the gap
between the planet and the ring increases.

Although our analytical expressions for the deviations
induced by a simple, face-on ring system are useful in that
they allow one to gain insight and find relatively simply scal-
ings for the magnitude of the effect, they are limited in their
scope. In particular, they cannot be used to access the effects
of inclined ring systems. For this, numerical integration
must be employed in order to calculate the magnification of
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FiG. 3.—Top: Caustic-crossing microlensing light curves from a planet
with and without a face-on ring with different gaps between the planet’s
disk and the ring. The solid line shows the light curve from the planet only.
The icons show the ring geometries for the corresponding light curves with
rings. The inner ring radius is R;; = 1.6R,, (dotted line), 2.4R,, (short-dashed
line), and 4.0R), (long-dashed line), where R, is the radius of the planet. The
outer ring radius is adjusted so that the projected area of the ring is equal to
n(R2, — R2) = 10R;. The ring has an albedo equal to 15% of the albedo of
the planet. The lens system and the source trajectory responsible for the
events are the same as for the light curves presented in Fig. 2. Bottom:
Additional magnification A4,; caused by the ring alone.

the ring. We consider sources crossing the second caustic of
the dashed trajectory in Figure 1. To calculate the light
curve, we first compute the full binary lens magnification on
each area element on the surface of the source and then
average the magnifications of the individual elements,
weighting by the surface brightness of each element. We
again assume typical microlensing parameters and a source
system analogous to HD 209458 at 8 kpc. This yields
€, = 1.26 x 10~ and p, g = 8.02 minutes. The effects of u,
and v are included implicitly in our numerical integration of
the binary lens magnification for the specific trajectory we
have adopted. For the planet-only case, we find that our
numerical and analytic light curves agree quite well, indicat-
ing that our numerical integrations are accurate, the caustic
is well approximated by a simple linear fold, and we are
using the appropriate values of v and u, in our analytic
expressions.

In the numerical simulations, we model ringed planets in
the same manner as the analytic calculations. We assume
that the ring is an infinitely thin annulus without any gap,
with inner and outer radii R;, and R, respectively. We
assume that the planet has a uniform albedo of .«7, = % for
pure Lambert scattering. We assume that the ring has an
albedo of .o7;; = 0.1, and thus x; = 0.15, unless otherwise
specified. For the simulations, we take the effects of the
planet’s phase and the ring’s inclination into consideration.
For some specific geometries of the planet, host star, and
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observer, the planet will cast a shadow on the ring. We also
take this effect into consideration. We then investigate the
variations of the pattern of ring-induced anomalies depend-
ing on these various factors affecting the shape of the ring.

Defining the projected shape of a ringed planet requires
many parameters, such as the inclination of the ring, the
phase angle, the radius of the planet disk, and the inner and
outer ring radii. As a result of the large number of parame-
ters, it is often difficult to imagine the planet’s shape based
on these parameter values. We therefore simply use small
icons to characterize the planet and ring shapes instead of
specifying all these parameters whenever we present light
curves resulting from specific realizations.

Figure 4 shows the effect of the width of the ring on the
light curve. All of the systems have a common inner ring
radius and gap between the planet disk and the ring, but dif-
ferent outer ring radii. We have also assumed that the ring
system is viewed at an angle of i = 75° with respect to the
normal to the ring plane. Not surprisingly, increasing the
width of the ring increases the magnitude and duration of
the ring-induced perturbation.

Figure 5 shows the dependence of the ring-induced anom-
aly pattern on the albedo of the ring particles. We test three
different albedos of .«Z;; = 0.05, 0.1, and 0.2 (corresponding
to ki = 0.075, 0.3, and 0.6), and the difference in the gray
scale of the rings in the icons represents the variation of the
albedo. As expected, the magnitude of the ring signal is pro-
portional to the albedo of ring particles.

In Figure 6, we demonstrate the effects of a shadow cast
on the ring by the planet. In this case, we must also take into
account the phase of the planet to be self-consistent. For the
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Fi6. 4.—Top: Caustic-crossing microlensing light curves from a planet
with inclined rings of different widths. The rings have a common inner
radius of Ry, = 2.0R, but different outer ring radii of Roye = 2.6R,, 3.0R,,
and 4.0R,,. The ring has an inclination of i = 75° and albedo relative to the
planet of 15%. The lens system and the source trajectory responsible for the
events are the same as for the light curves presented in Fig. 2. Bottom:
Additional magnification A4,; caused by the ring alone.
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FiG. 5.—Top: Caustic-crossing microlensing light curves from a planet
with inclined rings with different albedos. The total magnification is shown
for a planet with rings of equal size, [inner and outer ring radii of
(Rin, Rowt) = (2.0,2.6)R,], but relative albedos of x = 0.075 (solid line),
0.3 (dotted line), and 0.6 (dashed line). The inclination of the ringsis i = 75°.
The lens system and the source trajectory responsible for the events are the
same as for the light curves presented in Fig. 2. Bottom: Additional
magnification A4,; caused by the ring alone.

geometry depicted in Figure 6, the planet is at quarter-
phase. We find that the shape of the part of the light curve
arising from the planet is strongly dependent on the phase
of the planet, as discussed in detail by Ashton & Lewis
(2001); however, the shape of the signal due to the ring does
not depend strongly on the effect of the shadow of the planet
because of the relatively small surface area of the ring
occulted by the planet.

From the light curves in Figures 4-6, we conclude that
the typical magnitude of ring-induced deviations is
Ori ~ Kri0p, confirming our analytic estimates, although
there are considerable variations depending on the inclina-
tion and size of the ring.

4.4. Atmospheric Features

In contrast to the signatures of satellites and rings, at-
mospheric features that are located on the surface of the
planet will only produce detectable deviations while the
planet is resolved. The planet is only effectively resolved
when it is within about one planet radius from the caus-
tic. Therefore, deviations caused by spots, bands, or oth-
erwise nonuniform surface brightness profiles will only be
noticeable during a time ~2A7, centered on the caustic
crossing; outside of this the flux from the planet will
essentially be given by the unresolved flux (i.e., the mean
surface brightness times the area of the planet disk) times
the magnification of a point source at the center of the
planet disk.
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FI1G. 6.—Top: Caustic-crossing microlensing light curves from a planet
with a ring, where the planet’s shadow is cast on the ring. Note that,
because of the specific geometry of the planet, host star, and observer, the
planet is at quarter-phase. Each ring has inner and outer ring radii of
(Rin; Rout) = (2.4,3.0)R,, is seen face-on, and has an albedo relative to the
planet of 15%. The lens system and the source trajectory responsible for the
events are the same as for the light curves presented in Fig. 2. For all line
types, the heavier curve is for the planet only, while the lighter curve is for
the planet and the ring. Bottom: Additional magnification A4,; caused by
the ring alone.

4.4.1. Spots

Spots, such as the Great Red Spot on Jupiter, have been
observed on the gas giants in our solar system and are
regions of cyclonic activity that have slightly different tem-
peratures and pressures from their surrounding atmos-
pheres. As a result, the colors and albedos of spots are also
slightly different. These spots can be quite large relative to
the planetary radii; the Great Red Spot has a size larger than
R, In this subsection, we provide an analytic estimate of
the effect of a spot on the microlensing light curve. We
model the spot as a circle of radius Ryp, with an albedo equal
to a fraction kg, of the albedo of the remainder of the plane-
tary surface. The deviation caused by the spot is then
AAg, =6

o { 1= (1 — k) (Ryp/R,)’

Note that, in deriving equation (20), the mean surface
brightness of the spotted planet has been normalized to that
of the planet without the spot. This ensures that the magnifi-
cations of the two cases are identical when the source is not
resolved. That this is true can be seen by noting that, for
Zsp, Zp — —00, the term in square brackets goes to zero

1 — Kgp

X
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because Go(zsp) — (Rsp/R, ) Go(z,,) Since we are gener-
ally concerned with small spots with Ry,/R, < 1, we can
make an estimate of the magnitude dsp of the deviation
caused by the spot by ignoring terms in equation (20) of the
order of (Ry,/R, ) or higher and looking at the resulting
coefficient to the Gy(zyp) function. We find that

R\ 32

S

Opp >~ —(1 —rgp) (Rp) Op - (21)
P

For kg = 0.8 and Ry, = 0.2R, (~2Rg for R, = Ryyp), we
find that g, ~ 2%6),.

In Figure 7, we show the total magnification AA,
with and without a spot of radius Ry, = 0.2R, and rela-
tive albedo ks, = 0.8. We have adopted the same parame-
ters as in §§ 4.2 and 4.3, ¢, = 7.19 x 1073 and Az, = 8.48
minutes. We vary the position of the spot as shown. We
also show AAg,, the deviation caused by the spot from
the light curve of a planet with uniform surface bright-
ness. We find the magnitude of the deviation caused by
the spot to be ~1%¢,, in rough agreement with our ana-
lytic estimate. Since, for linear fold caustics, the magnifi-
cation is independent of position along the direction
parallel to the caustic, the results in Figure 7 are applica-
ble for any circular spot located on the star at the same
perpendicular distance from the caustic as the spots
shown. Microlensing of spotted planets is analogous to
microlensing of spotted stars; see Han et al. (2000), Lewis
(2001), and Chang & Han (2002) for examples of such
light curves.
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FiG. 7.—Top: Caustic-crossing microlensing light curves from a planet
with and without a spot with radius equal to 20% of the radius of the planet
and albedo equal to 80% of the planet’s albedo. The solid line shows the
light curve from the planet only and the magnitude of the deviation due to
the planet. The other lines show the magnifications including a spot with
various relative positions. The lens system and the source trajectory respon-
sible for the events are the same as for the light curves presented in Fig. 2.
Bottom: Deviation A4, due to the spot.
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4.4.2. Zonal Bands

As can be seen on the surface of Jupiter, gaseous giant
planets may exhibit color variations on their surface, e.g.,
zonal bands, which will cause surface brightness variations
within a given spectral band. In this subsection, we investi-
gate whether zonal bands can produce noticeable signatures
in lensing light curves.

We model zonal bands by stripes that are parallel with the
equator of the planet. We assume that the albedos of these
stripes alternate with relative values xp,, and we vary the
total number of stripes. Analytic estimates are generally
impossible for arbitrary inclinations of the planet; however,
for the special case in which the planet is seen pole-in, the
pattern of the zonal bands is simply concentric annuli with
alternating albedos. In this case, we can find a semianalytic
expression for the deviation from a uniform surface bright-
ness due to the zonal bands. The resulting expression is
somewhat complicated,

1 — Kba ’
AAdp, =6 ~ H|, (22)
T L — (1= ) (Roa/ Ry)’
where
% 2 Nipa— 32
Rypa o R
H' = (Rb ) Go(zp) Z M( b‘“) Go(Zba,i)
P i=1 1'

(23)

and Ny, is the number of bands, Ry, ; is the outer radius of
the ith band, z;; = z,(R,/Rpa,i), ¢ = 1if Np, is odd, £ = 0 if
Np, is even, and

Npa—1

R%a = Z ( l)HﬂRbaz . (24)
i=1

Note that as Ny, — o0, Adp, — 0. The term in square
brackets in equation (22) cannot be reduced to a simpler
expression and must be calculated explicitly using the ana-
lytic form for the G, function.

In Figure 8, we show the total magnification A4, of
the planet, with and without N, bands with relative
albedos kp, = 0.8, similar to that of the Jupiter (Pilcher
& McCord 1971). We have adopted the same parameters
as in the previous sections, except here we consider the
second caustic crossing of the solid trajectory in Figure 1,
which has the properties u, = 0.31 and ~ = 89°. This
yields 6, = 4.41 x 1073 and Az, = 8.02 min. We vary the
number of bands from Ny, = 3 to 5, and the bands have
equally spaced radii (and thus cover different surface
areas on the source). We also show AAy,, the normalized
deviation caused by the banded structure from the light
curve of a planet with uniform surface brightness. We
find the magnitude of the deviation caused by the bands
to be

Sba ~ 30%(1 — k)N, 6, - (25)

Here the scaling with ky, is only approximate. The scal-
ing with Ny, depends on the geometry of the zones;
B =1 for zones with equally spaced Ryp,; (as shown in
Fig. 8), whereas (= for equal-area bands. For equal—
area zones, the numerlcal coefficient in equation (25) is
also somewhat smaller, ~20%.
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FiG. 8.—Top: Caustic-crossing microlensing light curves from a planet
with and without surface albedo variations caused by zonal bands. The
zonal bands are parallel with the planet’s equator and cause alternate varia-
tions of the surface brightness, and the planet is seen pole-on. The albedos
of the bright and dark regions differ by 20%, and the mean surface bright-
ness of each model has been adjusted in order to match that from the
uniform planet. The events arise from the second caustic crossing of the
solid source trajectory through the binary lens systems depicted in Fig. 1.
Bottom: Deviation A4y, caused by the zonal bands.

For geometries in which the planet is not pole-on, we
must resort to numerical calculations. For these calcula-
tions, we assume a total of nine bands (with four dark
lanes), with relative albedos of kp, = 0.8, as in the previous
example. The albedos are normalized such that the average
albedo is 2. Figure 9 shows the effect of zonal bands for a
planet with inclination i = 90 (i.e., the axis of rotation in the
plane of the sky) and various orientations of the equator
with respect to the caustic. As before, we assume the source
trajectory indicated by the solid line in Figure 1. The solid
curve is the light curve resulting from a planet having a uni-
form surface brightness with .«7,,. From the figure, one finds
that the deviations induced by the zonal bands are ~1%0,,
similar to the pole-on case. Note that these deviations are
generally an order of magnitude smaller than the typical
deviations induced by rings.

4.4.3. Lambert Sphere Scattering

Even without any irregular structure, the surface bright-
ness profile of a planet will generally not be uniform because
of projection effects and the scattering properties of the at-
mosphere. The surface brightness distribution will therefore
vary depending on the latitude ¢ and longitude w of the
planet’s surface as well as the planet’s phase angle «. To
illustrate the pattern of lensing light-curve deviations caused
by a realistic atmosphere, we adopt the simple assumption
of pure Lambert scattering, where the incident radiation
from the host star is scattered isotropically. Under this
assumption, it can be shown that the surface brightness pro-
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Fi16. 9.—Top: Caustic-crossing microlensing light curves from a planet
with and without zonal bands. The zonal bands are parallel with the
planet’s equator and cause alternate variations of the surface brightness,
and the inclination of the planet is 90°. The albedos of the bright and dark
regions differ by 20%. The solid curve is the lensing light curve correspond-
ing to a planet with uniform surface brightness. The lens system and the
source trajectory responsible for the events are the same as for the light
curves presented in Fig. 8. Bottom: Deviation AAy, caused by the zonal
bands.

file is

- 3cos(a — w) coswcos? 1)

— FP
S(oz,w, w) - Sz @(0{)

2 )
7r9p

) S =
(26)

for w > o — 7/2 and zero otherwise (Sobolev 1975). Here S
is the mean surface brightness of the planet and ®(«) is the
phase integral introduced in § 4.1 and displayed explicitly in
equation (12). We show the surface brightness distribution
for a Lambert sphere with o = 0 in Figure 10, along with
the resulting microlensing light curve. As in § 4.4.2, we have
assumed the solid source trajectory in Figure 1. We compare
this to the light curve resulting from a planet with a uniform
surface brightness and an albedo equal to the geometric
albedo of the Lambert sphere (i.e., .«/, = %). We find that
the light curve of a Lambert sphere differs from a uniform
surface brightness profile by ~10%0,. The light curve from
a Lambert sphere is more highly magnified because of the
fact that the surface brightness profile is more centrally con-
centrated, and therefore the source is effectively smaller.
The precise shape of the light curve from the planet will
depend on the scattering properties of the atmosphere,
which in turn depend on the constituents of the atmosphere,
such as the size of the condensates (Seager & Sasselov 2000).
Therefore, resolution of the planetary caustic crossing
would provide invaluable information about the physical
processes in the planetary atmosphere. This is complemen-
tary to the suggestion by Lewis & Ibata (2000) of probing
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F1G. 10.—Top: Caustic-crossing microlensing lensing light curves from a
planet with the surface brightness profile expected from Lambert scattering
(dotted line) and a uniform surface brightness profile (solid line). The lens
system and the source trajectory responsible for the events are the same as
for the light curves presented in Fig. 8. Bottom: Deviation AA4;, in the
magnification of a Lambert sphere from a source with uniform surface
brightness.

the planetary atmosphere via polizarization monitoring
during the planetary caustic crossing.

5. DETECTABILITY

In this section, we review the magnitudes of the effects of
the features we have considered and assess their detectabil-
ity with current and/or future telescopes. Table 1 summa-
rizes our analytic expressions for the magnitudes 6, of the
deviations caused by each structure x that we considered
(satellites, rings, spots, and zonal bands), in terms of the
magnitude ¢, of the deviation due to only the planet. Also
shown is the characteristic timescale Af, of each deviation,
relative to the timescale of the planetary caustic crossing
At

I])3y approximating the perturbations from each structure
x as boxcars with amplitudes ¢, and durations Az,, we can
write down approximate expressions for the ratio of the
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signal-to-noise ratio Q, for a given perturbation to the
signal-to-noise ratio of the planetary pertrubation,

0 At )\
0 (A—z) | @

These ratios are displayed in Table 1; they allow one to
easily estimate the detectability of the various features in
terms of the detectability of the planetary deviation. For
example, if one were to require a signal-to-noise ratio of
0, = 20 for a secure detection of the planet signal, then the
signal-to-noise ratio of the deviation from a ring with
relative albedo k. = 0.15 and relative (outer) radius of
Rii/R, =4 would be Q4 ~0.15 x V4 x 20 = 6. For rea-
sonable parameters, we expect that 0./ 0, < 1 for satellites,
spots, and bands, whereas for rings O,i/ Q) ~ 30%.

We now provide a more accurate estimate of the expected
signal-to-noise ratio for the various features. Assume that a
microlensing light curve is monitored continuously from
fmin 1O Tmax, for a total duration 7, with a telescope that col-
lects i, photons per second per unit flux. The signal-to-noise
ratio Q, of a deviation AA4 (¢) is then

8
6P

~

Imax 1/2
R {l dt[AAx(z)f} . (28)

(B+F) T /i,
where Fx is the unlensed flux of the primary star and B is the
background flux (sky+unresolved stars). The term in curly
brackets is essentially the rms of the deviation during the
time of the observations. We assume that the source system
is an analog of HD 20458 at D,y = 8 kpc. The primary has
I = 19.5 (a GO V star at 8 kpc with 1.2 mag of extinction),
and its planet has R, = 1.347 Ry,p, a = 0.0468 AU, and
oAy = % Adopting typical bulge parameters (M = 0.3 M.,
Do = 6 kpc, Dys = 8 kpc) and a caustic crossing with prop-
erties u, = 1 and = 90°, this gives 6, = 7.93 x 10~3 and
At, = 8 minutes. We assume a total background flux of
19.3, which includes the moon-averaged sky background at
an average site and the contribution expected from unre-
solved stars in the bulge for a seeing of 0775. We assume that
a telescope of diameter A7 collects n, = 2700(A7/10 m)?
photons s~! at 7 = 20, which corresponds to an overall
throughput (including detector efficiency) of ~50%. Finally,
we assume that the light curve is monitored from —5Az,
before the caustic crossing until 5Az, after the caustic cross-
ing of the primary star, for a total duration of 7 ~ 80
minutes.

The resulting signal-to-noise values for the various devia-
tions are tabulated in Table 1. For 10 m class telescopes, the
deviation from the planet should be detectable with
0, ~ 15. This is in rough agreement with the results of Graff

TABLE 1
ESTIMATED SIGNAL-TO-NOISE RATIOS FOR PLANETARY STRUCTURES

ABSOLUTE S/N

MAGNITUDE TIMESCALE RELATIVE S/N
FEATURE 0/ At /At, 0./0, 10m 30m S0m 100 m
Planet.................. 8y = 61,(u,</p[,)1/2 . ... 15.1 45.2 75.4 150.7
Satellite.... Fsa(Rsa/ RI,)3/ 2 Ry /R, Ksa(Rsa/ RI,)2 0.1 0.2 0.3 0.7
Ring..... Fori R,i/R, nri(Rri/Rp)l/2 6.1 18.4 30.7 61.4
Spot..... —(1 — »»csp)(Rsp/R,,)”2 Ry, /R, (1 = Ksp)(Ryp /R)? 0.1 0.3 0.5 0.9
Bands.........o....... 0.3(1 — k)N 1 0.3(1 — kpa) Ny, 0.1 03 0.6 1.1
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& Gaudi (2000) and Ashton & Lewis (2001) for full phases.
However, Ashton & Lewis (2001) find that the signal-to-
noise ratio depends quite strongly on the phase of the
planet. Adopting a different phase would therefore affect the
relative signal-to-noise ratio Q./Q, between the planet and
the satellite, ring, spot, or band features, but generally not
the absolute signal-to-noise ratio Q.. For the deviations
from the other structures, we have adopted the parameter
values appropriate to the short-dashed line in Figure 2 for
the satellite, the dotted line in Figure 3 for the ring, the
short-dashed line in Figure 7 for the spot, and the long-
dashed line in Figure 8 for the zonal bands. For these
perturbations, we find signal-to-noise ratios of Qg = 0.1
(satellite), Qyi = 6.1 (ring), Oy, = 0.1 (spot), and Qp, = 0.1
(zonal bands). These are in rough agreement with the
expected scaling with O, and generally indicate that it will
be impossible to detect spots, bands, and satellites with 10 m
class telescopes. Rings are potentially detectable, but only
under somewhat optimistic scenarios, i.e., large, face-on
rings. We therefore consider the detectability with larger
aperture telescopes, such as the proposed 30 m aperture
California Extremely Large Telescope (CELT; Nelson
2000) or the European Space Agency’s proposed 100 m
aperture Overwhelmingly Large Telescope (OWL; Dierickx
& Gilmozzi 2000). We find that rings will generally be
detectable with reasonable signal-to-noise ratio for A7 =30
m, and that spots, satellites, and bands are likely to be unde-
tectable with any foreseeable telescope.

For the deviations caused by Lambert scattering shown
in Figure 10, we find that Q ~ 1%Q,. Therefore, the nonuni-
form nature of the surface brightness may be measurable
with 100 m class telescopes.

6. SUMMARY AND CONCLUSION

Planetary companions to the source stars of caustic-
crossing microlensing events can be detected via the brief
deviation created when the caustic transits the planet, mag-
nifying the reflected light from the star. The magnitude of
the planetary deviation is 6, ~ €,p, '~, where ¢, is the frac-
tion of the flux of the star that is reflected by the planet and
pp is the angular size of the planet in units of the angular
Einstein ring radius of the lens. For giant, close-in planets
(similar to HD 20958b), ¢, ~ 1074, and for typical events
toward the Galactic bulge, p, ~ 10~4. Thus, 6, ~ 1%, which
is accessible to 10 m class ground-based telescopes.

Because of the extraordinarily high angular resolution
afforded by caustic crossings, fine structures in and around
the planet are, in principle, also detectable. We first pre-
sented a brief discussion on the existence and stability of
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satellites, rings, and atmospheric features of close-in plan-
ets, concluding that although rings and satellites may be
short-lived because of dynamical forces, the ultimate fate of
such structures is not clear. There are good reasons to
believe that atmospheric features may be important in
close-in planets. We therefore considered the signatures of
satellites, rings, spots, zonal bands, and nonuniform surface
brightness profiles on the light curves of planetary caustic
crossings. Where possible, we used semianalytic approxima-
tions to derive useful expressions for the magnitude of the
deviations expected for these features, as a function of the
relevant parameters, such as the albedo or size of the
feature. We express these deviations in terms of ¢,, the mag-
nitude of the planetary deviation.

We find that rings produce deviations of amplitude
~10%6),, whereas spots, zonal bands, and satellites all pro-
duce deviations of the order of ~1%¢,. These semianalytic
estimates are supported by more detailed numerical simula-
tions. We also find that the light curve of a planet with the
surface brightness profile expected from Lambert scattering
deviates from that of a uniform source by ~10%0,. This
affords the possibility of probing the physical processes of
the atmospheres of distant extrasolar planets by constrain-
ing their surface brightness profiles and therefore the scat-
tering properties of their constituent particles.

We assessed the detectability of spots, rings, satellites,
and bands with current and future telescopes. We found
that, for reasonable assumptions and 10 m class telescopes,
the planetary deviation will have a signal-to-noise ratio of
~15, a ring system will only be marginally detectable with a
signal-to-noise ratio of ~6, and all other features will be
completely undetectable. For 30 m class or larger telescopes,
rings should be easily detectable. The detection of the non-
uniform nature of the planetary surface brightness profile
arising from Lambert scattering requires 100 m class tele-
scopes for bare detection. Spots, satellites, and zonal bands
are essentially undetectable for even the largest telescopes
apertures.
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